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ABSTRACT 
It is suggested that in practical nonaqueous battery systems the alkali 

and alkaline earth metals are always covered by a surface layer whlch is in- 
stantly formed by the reaction of the metal with the electrolyte. This 
layer, which acts as an interphase between the metal and the solution, has 
the properties of a solid electrolyte. The corrosion rate of the metal, the 
mechanism of the deposition-dissolution process, the kinetlc parameters, the 
quality of the metal deposit, and the half-cell potential depend on the char- 
acter of the solid electrolyte interphase (SEI). 

The electrochemical behavior of the alkali metals in 
nonaqueous systems was extensively studied in the 
last 15 years, mainly in connection with high energy 
battery systems. This work is summarized in Ref. 
(1-4). The electrode kinetics of the alkali metals in 
these systems were treated and analyzed following the 
Butler-Volmer equation. It was generally assumed (1- 
4) that the rate-determining step (rds) is the transfer 
of electrons from the metal to the ions in the solution. 
Some experimental results indicate that this assumption 
is oversimplified and the real situation is much more 
complex. For example, the anodic transfer coefficient 
(aa) measured for the reaction 

was in many cases 0.45-0.13 (1-5). In one case, ora, 
(for reaction [I])  was found to be insensitive to the 
concentration of Li+ ions in the solution (7 )  while in 
another case (6) it was extremely sensitive to the con- 
centration of Na+ in the solution. The most complex 
behavior of these systems is demonstrated in Table I. 
This table contains six similar nonaqueous systems. 
However, when these systems are electrolyzed, the first 
three yield aluminum as expected from thermodynamic 
considerations, while the other three yield lithium or 
magnesium in a ~ ~ a r e n t  contradiction to thermody- 
naAcs. Each of the  first three systems is used as- a 
bath for the electroplating of aluminum. The surfaces 
of the electrodes immersed in these systems are in 
direct contact with the solution either during electroly- 
sis or under open-circuit conditions. The last three 
systems are examples of nonaqueous battery (NAB) 
systems. In these systems the electrodeposited metal 
is the more reactive or,e. 

Recently, it was concluded by Dey (13), and Rauh 
and Brummer (14) that in some NAB systems the lith- 
ium metal is covered by a Li+ conducting film. A more 
detailed model for such a film has been described for 

Electrochemical Society Active Member. 
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the magnesium electrode in thionyl chloride solutions 
(12). 

In this paper it will be emphasized that the electrode 
kinetics and the deposition-dissolution mechanism of 
the alkali and alkaline earth metals in NAB systems 
are entirely different from those characteristic of other 
nonaqueous or aqueous electrochemical systems. A 
model will be proposed aimed at explaining the com- 
plex and unique behavior of NAB systems. 

The SEI  model.-It is suggested that in practical NAB 
systems the alkali and alkaline earth metals are always 
covered by a surface layer at least 15-25A thick (12). 
This layer is formed instantly by the contact of the 
metal with the solution. The thickness of this freshly 
formed layer is determined by the electron tunneling 
range. This layer consists of some insoluble products 
of the reaction of the metal with the solution. It acts 
as an interphase between the metal and the solution 
and has the properties of solid electrolyte, through 
which electrons are not allowed to pass. Therefore, it is 
called "Solid Electrolyte Interphase (SEI) ." 

The existence of this electronic insulating layer on 
the anodes in NAB systems is the principle difference 
between NAB and aqueous-like systems such as, Ex- 
amples 1-3 in Table I. It should be emphasized that 

Table I .  Electrolyis of nonaqueous systems 

Eiectro- 
deposited 

No. Electrolyte Solvent metal 

- 

Ref. 

1 A l ~ r ~  + LiBr Toluene A1 
2 AlCk + LiCl + 

LiAlHr Diethyl ether A1 
3 AiCL + LiCl + 

LiAlH. THF A1 

4 AlCL + LiCl Thionyl chloride Li 
5 AlCL + LiCl Propylene carbon- 

ate Li 
6 FeCL + MgCL Thionyl chloride . Mg 
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in NAB systems (according to this suggestion) there 
is never a direct and free contact between the metal 
and the solution. Thus, these batteries will be called 
SEI batteries. The electrochemical behavior of SEI 
electrodes will be governed by the properties of the 
SEI. The following properties of the SEI should be 
considered: ~ t s  morpnology (compact or porous, size of 
the crystals); its thickness (L) ; the type and the con- 
centration of the lattice defects; the transference num- 
bers of electrons (t.), cationic defect ( t t ) ,  anionic 
defect ( t - )  ; the mobility of these defects. The poten- 
tial difference A@M/~,,~ contains three components (12) 

the total overpotential contains similar tenns. 
The simplest and most important case for NAB sys- 

tems is a SEI electrode having t t  = 1 and t. = 0, 
i.e., the SEI is a pure cationic conductor. In this case, 
the electrode will be reversible for its own cations 
and thus will obey the Nernst law. The dissolution- 
deposition process for SEI electrode having Schottky 
lattice defects is schematically described in Fig. 1. It 
has three steps: (a) on cathodic polarization a metallic 
cation sheds its solvent molecules, crosses the solution/ 
SE interface and enters inside a vacancy in the SEI; 
( i i )  it migrates through the bulk of the SEI by 
Schottky vacancies mechanism; (iii) finally, it reaches 
the metallic surface and accepts an electron from the 
metal and becomes a member of the metallic lattice. 
On anodic polarization the metallic cation moves in 

MIGRATION IN SE (m) 

Fl#. I.  A schematic description of the deposition-dissolution proc- 
B a  [m hd). 

the opposite direction. The dissolution-deposition proc- 
ess in a real SEI electrode is more complicated as some 
of the following phenomena can be involved: crystal- 
lization; grain boundary effect; shorts through the SEI 
during prolonged deposition; breakdown and repair of 
the SEI during prolonged dissolution; adatoms 
formation in the M/SE interface; and adsorbed ions in 
the SE/solution interface. Some of these phenomena 
will be discussed later. 

It is possible to electrodeposit alkali or alkaline 
earth metals (12) from NAB systems on an inert cath- 
ode. However, in these cases the metal should start to 
deposit only after the electrode surface is completely 
covered by a passivating layer which acts as a SEI 
through which the electrons cannot pass (12). 

Kinetics of the SEX elect7ode.-As it was mentioned 
the most important and simple case is t +  = 1 (t-, t. 
= 0). In this case, the rds may be any one of the 
three steps described above. For highly conductive SEI 
at small thickness the charge transfer reaction a t  one 
of the SEI interfaces may be the rds. However, when 
the SEI is thick enough the migration of ions through 
it may be the rds. Moreover, it is known that the ionic 
conductivity of pure solid crystals is very low at  room 
temperature (15), a fact which strengthens the last as- 
sumption. In this case it is possible to use Eq. [3] de- 
scribing the migration of ions in a solid crystal under 
external field (16). It is assumed that L is larger than 
the space charge lengths in the SEI, and there is no 
change in the concentration or mobility of the mobile 
lattice defects through the SEI 

a = half-jump distance, v = vibration frequency of 
the ion in the crystal, n+  = concentration of the 
lattice cationic defect, Z = the valance of the mobile 
ion, W = a barrier energy for jumping, E = electric 
field. The assumption that the migration of the cation 
in the SEI is the rds means that the largest fraction of 
the electrode overpotential (q) will develop on the SEI, 
i.e. 

q = E L  I41 

On the substitution of Eq. [4] in Eq. 131, one gets 

i = 4ZFan+" exp (- W/RT) sinh(aZFq/RTL) 151 
At q = 0, the forward and backward ionic current 
through the SEI are equal and the ionic exchange cur- 
rent density (i,') can be defined 

where id is given by (7) 

and Eq. [51 becomes 

For high field conditions (aZFq > RTL) a Tafel- 
like equation is obtained 

i = id exp (aZFq/RTL) COI 

and the Tafel slope is 
2.3 RTL 

b = -  
aZF 

That means that one cannot expect to get a sole 
Tafel slope when measuring the kinetics of the alkali 
and the alkaline earth metals in NAB systems. The 
minimum value of b can roughly be estimated using 
Eq. [Ill. For z = 1, a = 3A, L = 20A one gets b 400 
mV 
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However, Tafel slopes of several volts can be measured 
for a thicker SEl electrode. 

For low field conditions, Eq. [5] reduces to Ohm's 
law 

. 4azZ~Fzvn+ exp (- W / R T )  q 
1 = .- 

RT L ClZl 
or 

where p is the resistivity of the SEI. The reaction re- 
sistance of an electrode is defined as 

thus 

The relation between id and p is given by 

where 
""7 nl 

P =  4a"2FAvn+ exp ( - W/RT) 
1171 

The reaction resistance of SEI electrode increases 
linearly with the thickness of the SEI (Eq. [I51 1. Thus 
no sole value of R, can be measured in these NAB 
systems. 

Another interesting aspect is the way the concen- 
tration of the cation in the solution affects the reaction 
resistance. In the case of regular electrode kinetics re- 
garding an electron transfer reaction the concentration 
effect is given by (18) 

where a, is the anodic transfer coefficient and i, is the 
exchange current density tor the electron charge trans- 
fer (CT) reaction. 

However, in the case of SEI electrodes two extreme 
cases can be identified: (i) L >> space charge length 
and the rds is migration through the SEl. In this case 
the concentration of the cation in the solution is not 
expected to afiect R, and the calculated apparent a, 
should be close to zero; (ti) L G space charge length. 
In this case the concentration of the ions in the solu- 
tion may aflect the concentration of the derects in the 
SEI and thus may affect R,, i,', and p. It can be ex- 
pected that the apparent transfer coefficient as defined 
in Eq. [18b] will be decreased to zero as L increases. 
The direction of this efiect depends on the type of the 
lattice delects and on the pzc of the SEX. 

Literature examples.-The double-layer capacitance 
in nonaqueous solutions has values of 10-30 rF c m - 2  
(19). Any nonaqueous alkali or alkaline earth metal 
system which shows electrode interiacial capacitance 
smaller than 5 pF cm-"hould be suspected for an 
anode being coated by SEI. Scarr (20) measured 2.4-5.2 
rF cm-qn the Li/PC + LiC104 system. Values smaller 
than 1 f l  cm-2 were measured for the Mg/SOClz, 
Mgz+, and the Li/SOC12, Li+ systems (21). The 
anodic transfer coefficient (a,) for the lithium elec- 
trode in nonaqueous solution was found to be smaller 
than 0.5 which means that the Tafel slope (b) is larger 
than 120 mV. The results are summarized in Table 11. 
Scarr (20) found a smaller a, value where the "double 
layer" capacity was smaller: a, was 0.25 where Cdl was 
2.4 ,LF cm-2, a, was 0.5 where Cdl was 5 ,LF cm-2. This 
can be explained by different thicknesses of the SEI 
in these two experiments. If we assume that the di- 
electric coefficient of the SEI is 10, then in the first 

Table II. The kinetic parameters for the Li electrode in 
nonaqueous system 

b(8) 
a.(l) al(m (mV) System Ref. 

0.25 250 LI (HI), DMSO, 
LiCL (a2) 

0.2 PC, LIA~CI. (11 
0.13 450 PC, LWClc (5) 

0.5 PC, LiCl01 (20) 
0.25 PC, LiClOd (20) 
0.25 PC, LlAlCh (1) 

0.17.0.52~~ TC. LiALCh (23) 

experiment L was about 40A and in the second one 
only aole 

In other cases it was found that a linear relation 
between the overpotential and the current density is 
continuous beyond the expected value predicted by 
the Volmer-Butler equation. The lithium electrode in 
SOClz shows ohmic behavior up to 600 mV (23). The 
Li electrode in pc exhibits ohmic behavior up to 200 
mV (7). The value of the Tafel slope ( b )  should be 
at least five times larger than the highest overpotential 
value on the linear plot. Thus the expected Tafel slopes 
for these electrodes should be 3 and 1V (at least), 
respectively. 

Complications associated with SEI batteries (SEX 
with t - > O).-So far the simplest SEI anodes having 
t +  = 1 were discussed. These anodes are mostly de- 
sirable from a practical point of view. SEI anodes 
having t +  < 1, t- > 0 (t, = 0) are undesirable for 
battery applications and may exhibit a much more 
complex behavior. The current through such SEI is 
carried both by cationic and anionic defects. As a re- 
sult, on anodic polarization (discharge of the battery), 
anlons will be injected from the solution into the SEI 
and will finally reach the M/SE interface. In such 
systems, especially where t- > t+,  this process may 
lead to the increase of the thickness of the SEI and to 
increase in the polarization. In NAB having such SEI, 
the anode will be severely polarized and even blocked 
after a short period of discharge time. 

Another disadvantage of such a system is the effect 
o f t -  on the emf of the battery and on the anodic half- 
cell potential. These electrodes are not expected to fol- 
low a simple Nernst equation, but a more complicated 
one (19) 

. t -  + - (AG side reaction) 1191 
mF 

The over-all side reaction may be 

nXSolm- + mM + (M,X,) SEI + nme 1201 

where Xm- is an anion in the solution which is capable 
of migrating through the SEI. 

It seems that this case is relevant to many NAB sys- 
tems which use calcium or magnesium as the anode 
since in many magnesium or calcium compounds, the 
value of t +  is smaller than 1 (15) (e.g., chlorides and 
oxides). This may be the reason we have no calcium 
or magnesium nonaqueous batteries. 

It was found that calcium and magnesium SOClz 
cells have less capacity than the lithium one (24-26). 
In addition, it was observed that the Ca anode in 
the SOClz cell became coated by a white precipitate 
during discharge until it was completely blocked (25, 
26). 
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A similar situation may exist in the Mg-MnOz dry 
cell (24). In this case the passivating layer on the 
surface of the anode (MgO or Mg(0H)z) may have 
t ~ , + z  < 1. As a result the OCP of this cell is lower 
than expected. A similar phenomenon was observed 
during cycling of Li in LiBF4-PC solutions (27). The 
stripping overpotential rose with time and a buildup 
of a passivating layer on the top of the lithium deposit 
was observed by SEM. This type of behavior may be 
attributed to SEI having t- > 0. An attempt to im- 
prove the electrochemical performance of Mg electrode 
in SOClz solution by doping the SEI with higher 
valance cations was made but with no success yet (24). 

Shorts during deposition.-The plating current effi- 
ciency of lithium in organic systems reaches 100% 
(2, 14, 28, 27). However, the stripping efficiency is 
much lower than 100% and declines with wet standing 
and with the plating current density (27, 28). The 
reason for this phenomenon seems to be the formation 
of shorts through the SEI during plating as a result of 
local excessive heating and the high electric field on 
the SEI. The increase of the plating rate should ag- 
gravate the formation of shorts. The formation mecha- 
nism of these shorts may be the dissolution and trap- 
ping of metallic atoms in the cationic vacancies and 
of electrons in the anionic vacancies. This type of phe- 
nomenon occurs during the electrolysis of solid alkali 
halides at elevated temperatures and it causes the in- 
crease of the electronic conductivity of the solid (29). 
A more detailed description of this problem can be 
seen in Fig. 2. As a result of local heating, some part of 
the SEI becomes an electronic conductor (Fig. 2a), and 
therefore, lithium metal begins to deposit in the bulk 
of the SEI (Fig. 2b). This process continues and a ball 
of lithium totally covered by SEI is formed (Fig. 2c).As 
the current diminishes, this short zone in the SEI dis- 

Ll SOLUTION 

0 ~ih (a] 

Fig. 2. The effect of a partial short on the deposition-dissolution 
process (see text). 

appears and later, when the battery is discharged, this 
insulated lithium ball will not be dissolved (Fig. 2d). 
This results in a decrease in the discharge current 
efficiency. In order to alleviate this problem the ionic 
resistivity of the SEI should be decreased by doping. 
This way both the electric field, which will be de- 
veloped on the SEI, and the electrical heating of the 
SEI will be reduced. 

The growth rate of the SE1.-A slow corrosion rate, 
and therefore, a long shelf life is expected for systems 
in which, at least, one of the corrosion products is 
very insoluble and immediately precipitates on the 
anode surface to form a dense and hole-free SEI which 
is a very good insulator for electrons. However, even in 
this case, the thickness of the SEI will slowly increase 
with time of storage. The rds for this process will al- 
ways be the cathodic reaction, i.e., the reduction of 
the solvent. The functional relation between the thick- 
ness of the SEI and the storage time is determined by 
the mechanism of the cathodic reaction. Two extreme 
cases can be identified. (i) The anode surface and the 
SEI are not completely homogeneous, i.e., the anode 
contains anodic areas in which metallic ions are dis- 
solved and cathodic areas in which the electrons are 
migrating through the SEI and reducing the solvent. 
This case may be relevant to practical systems having 
impurities which are able to create cathodic zones. 
(ii) In an ultrapure system, the anode and the SEI are 
completely homogeneous and thus no well-defined 
cathodic areas can exist. In this case, the rds will be 
the diffusion of electrons through the SEI to the solu- 
tion side. 

For the first case, the gruwth rate of the SEI can be 
formulated as follows 

V,,ce~~ = OCP (i = 01, %, q. = cathodic and anodic 
overpotential; R = resistance of the solution. In prac- 
tical NAB systems both q, and iR can be neglected. 
Thus 

% = V - E ~  1221 

If we assume that (i) the corrosion current follows 
Ohm's law and (ii) the electronic resistivity of the SEI 
[p(e)] is constant with time then we get 

It was assumed that all the corrosion products pre- 
cipitate on the anode, to give a homogeneous film thus 

where K is a constant. 
From Eq. [23] and [24] one gets 

After integration of Eq. [25] 

where Lo = L at t = 0. This is a parabolic law of 
growth of the SEI. 

The second mechanism involves the diffusion of elec- 
trons through the SEI as the rds for the corrosion of 
the anode. The corrosion current density will follow 

where D is the diffusion coefficient of the electrons in 
the SEI and C, is the concentration of the electrons in 
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the SEI near the M/SE interface. From Eq. [24] and 
rz11 

dL KFDC,, -=- 
dt  L 

After integration a parabolic law of growth is ob- 
tained 

L = (Loz + 2KFDCot) % [291 

Although the two corrosion mechanisms both lead to 
parabolic law of growth they should be considered as 
first approximation only. A practical system may be 
more complicated due to the following: p(e) or D may 
change with L ;  the SEI may contain cracks, holes, and 
grain boundaries a t  which the greatest part of the elec- 
tronic leakage current may take place. The SEI may 
be nonhomogeneous and contain crystals of different 
sizes (21).  Therefore deviations from the parabolic law 
of growth are expected. 

The thickness of the SEI of Li in LiAlC4-SOC12 
system was measured as a function of time at  room 
temperature. The value of a in Eq. [30] was calcu- 
lated for several Li electrodes (21) 

Not all the Li electrodes exhibited the parabolic law 
of growth as values between 0.2 and 0.5 were obtained. 

Summary 
A model which is designed to explain the complex 

and unique electrochemical behavior of alkali and 
alkaline earth metals NAB systems was presented in 
this paper. This model is supported by many experi- 
mental results, I t  was indicated that the deposition- 
dissolution mechanism of alkali and alkaline earth 
metals in SEI-NAB systems is entirely different from 
that in aqueous or aqueous-like systems. Therefore 
the improvement or control of this process should be 
done by different means. It is concluded that a proper 
anodic SEI is the key for the operation of NAB. It 
seems that the controlling of the properties of the 
SEI, i.e., reducing t- and t,, increasing t +  as close as 
possible to unity, and reducing p (by doping the SEI), 
will improve the performance of the SEI nonaqueous 
batteries. 

Manuscript submitted Dec. 27, 1978, revised manu- 
script received April 9, 1979. This was Paper 4 pre- 
sented at the Atlanta, Georgia, Meeting of the Society, 
Oct. 9-14, 1977. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the June 1980 
JOURNAL. All discussions for the June 1980 Discussion 
Section should be submitted by Feb. 1, 1980. 

Publication costs of this article were assisted by 
Tel-Aviv University. 
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Primary Li/SOCI, Cells 
VIII. Effect of Type of Carbon on the Performance 

A. N. Dey* 

P. R. Mallory & Company, Incorporated, Laboratory for Physical Science, Burlington, Massachusetts 01 803 

ABSTRACT 

Twelve different carbons having a large variation in physical properties 
such as particle size, BET surface area, density, and electrical conductivity 
were evaluated as cathodes for Li/SOC12 hermetic D cells. The particle size, 
BET surface area, and density did not affect the performance of the cells in 
terms of delivered energy density except in extreme cases such as graphite, the 
particle size of which is larger by three orders of magnitude. At least five 
different types of carbon were found to be as good as Shawlnigan Black at  
high rates. 

The performance limiting process of the Li/SOC12 Cell fabrication and testing.-Hermetic D size (OD: 
cells was found (1) to be the passivation of carbon 3.30 cm, Ht: 6.05 cm cells were made using either 
cathode by the precipitation of LiC1, the product of (51 cm) or (38 cm) long (4.445 cm wide) cathodes 
SOClz reduction on the porous carbon cathode accord- made from the various carbons depending upon the 
ing to the reaction thickness of the cathodes; 51 cm for thinner cathodes 

and 38 cm for thicker cathodes, respectively. The length 
SOClz + 2Li+ + 2e + 2LiC1+ SO and the width of the Li anode was the same as the 

We examined (2) the cathode reaction profiles as well 
as the cathode expansion characteristics in an effort to 
optimize the cathode structures for maximum energy 
density, using Shawinigan Black carbon. It was felt 
that, in addition to the cathode structure, the type of 
carbon may also play an important role in determining 
the performance of the cathode. Only a few types of 
carbon other than Shawinigan Black were reported 
to be used (3-5) in Li/SOC12 cells so far. We selected 
twelve different types of carbon having diverse prop- 
erties in terms of particle size, density, and electrical 
conductivity for evaluation as cathodes in the Li/SOC12 
system. We chose a high rate hermetic D cell as a 
vehicle for this evaluation. The experimental details 
and the results are reported here. 

Experimental 

Carbons.-Of the twelve types of carbon selected, 
Neo Spectra AG, Raven-420, Raven 3500, Royal Spec- 
tra, and Conductex 950 were from Cities Service Com- 
pany, Columbia Division; Elftex-12, Mogul L, Regal 
660-R, Vulcan XC-72R, Monarch 700, and Sterling R 
were from Cabot Corporation; and Graphite KSlO was 
from Lonza Corporation. The above carbons were used 
as received without any pretreatment. 

Specific resistivity of the carbons was measured by 
pressing pellets at 13,300 psi and measuring the elec- 
trical resistance of the pellets at 1 kHz using a General 
Radio Impedance Bridge. 

Cathode fabrication.-The various carbons were 
mixed with colloidal Teflon binder in a 90: 10 weight 
ratio and the mixture was pasted on expanded nickel 
current collector to make carbon cathodes. The finished 
cathode; were found to be quite different from car- 
bon to carbon. The thickness of the cathodes varied 
from carbon to carbon. In cathodes with some types of 
carbon, there were visible cracks along the ribs of the 
expanded nickel current collector. The appearance.of 
the cathodes made from the various types of carbon 
are shown in Fig. 1. Only the gross physical character- 
istics of the cathodes are visible from the photographs. 
Cathodes were also characteried using SEM (scanning 
electron microscope). The electrical resistance of the 
cathode across its thickness was also measured using 
two copper electrodes (0.71 cm2). 

Electrochemical Society Active Member. 
Key words: inorganic, electrolyte, carbon. cathode. 

cathode; only the thickness of the Li was varied de- 
pending upon the length; viz. 0.038 cm thick Li was 
used with 51 cm long electrodes and 0.051 cm thick Li 
was used for the 38 cm long cathodes. 

The details of the cell construction and the electro- 
lyte preparation are available elsewhere (6). The cells 
were filled with 1M LiAlCL-SOC12 electrolyte and 
then sealed hermetically. The performance character- 
istics of the cells were evaluated by discharging them 
at  constant currents ranging from 0.03 to 3.OA at 25°C. 
The efficacy of the various carbons was determined 
from the capacities and the energy densities delivered 
by the cells. 

Results and Discussion 
Carbons.-The properties of the various carbons 

used are listed in Table I. The Shav~inigan Black is 
made by the continuous thermal decomposition of 
acetylene at  800°C. The other blacks are made by the 
furnace process except for the Royal Spectra and Neo 
Spectra AG which are made by the Channel process. 
In the Channel process, the carbons are subjected to 
thermal oxidation, thereby incorporating oxygen on 
the carbon surface which in turn results in higher 
volatile matter content and a low pH, most likely due 

Fig. 1. Photograph of carbon cathode specimens made from the 
various types of carbon. 
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Table I. Types of carbon and their properties 

Par- BET 
Letter tlcle surface Apparent Fixed Volatile Specific 
Desig- size area density carbon matter resistance 

Carbon type Supplier nation (mp) (m'lg) (ib/ftq pH ( $ 6 )  ( % I  (0-em) 

Shawinigan Black 
Neo Spectra AG 
ELftex.12 
Mogul-L 
Raven-420 
Raven.35W 
Regal 660-R 
Royal Spectra 
Conductex.950 
Vulcan XC-72R 
Monarch-700 
Sterling R 
Graphlte KS10 

(Shawlnigan) 
(Columbian) 
(Cabot) 
(Cabot) 
(Columblan 
(Columbian) 
(Cabot) 
(Columbian) 
(Columbian) 
(Cabot) 
(Cabot) 
(Cabot) 
(Lonza) 

to the formation of carboxylic acid groups on the car- 
bon surface. 

The particle size of the various carbons varied from 
10 mp for Royal Spectra to 75 mp for Sterling R. 
Graphite KSlO has the largest particle size of 10 
microns. Correspondingly, the surface areas of the vari- 
ous carbons varied from 25 mz/g for Sterling R to 
1125 m2/g for Royal Spectra. Shawinigan Black has 
the lowest apparent density of 1.2 lb/ft3 (0.0192 
g/cm9. Among the other carbon types, the lowest 
apparent density was 6 lb/ft3 (0.0961 g/cm3) for Royal 
Spectra and Vulcan XC-72R. The highest apparent 
density was 17 lb/ft3 (0.272 g/cm3) for Raven 3500 
and 420 (excluding graphite, the density of which is 
140 lb/ft3 2.24 g/cmJ). 

The electrical resistivity of the various carbons was 
measured by pressing the carbons in pellets at  a pres- 
sure of 13,300 psi. The values shown in Table I were 
obtained while the pellets were under pressure. On 
releasing the pressure, the resistivity values increased 
significantly. It appears that the carbons with the 
highest surface areas viz. Royal Spectra and Neo 
Spectra AG have the highest electrical resistivities. 
Next to graphite, Shawinigan Black and Vulcan XC- 
72R have the lowest resistivity. The resistivities of Elf- 
tex-12, Sterling R. Conductex 950, and Raven 420 are 
slightly higher. The resistivities of Mogul-L and Raven 
3500 were almost twice as much as the above carbons. 

between the carbon particles appear to be much greater 
in cathodes made from Shawinigan Black than in the 
cathodes made from the other carbons. This is con- 
sistent with their bulk densities. 

Cell performance.-The details of the relevant cell 
construction parameters and the test results of the D 

The measured electrical resistance of the cathodes 
made from the above carbons, across its thickness, Fig. 2. SEM photographs of cathode specimens made from Mogul 
also followed approximately the same pattern. L, Raven 3500, Neo Spectra, Elfex 12, Raven 420, and Royal Spectra; 

Cathodes.-The cathodes were characterized by scan- original magnification 1000~.  
ning electron microscopy at 1000 and 10,000 magnifi- 
cations. The photographs revealed the microstructure 
of the cathodes. The photographs of the cathodes made 
from the various types of carbon at  1000 magnification 
are shown in Fig. 2 and 3. The photographs were taken 
at  or near a surface microcrack on the cathode. The 
filaments crossing over the cracks are Teflon filaments 
from the Teflon binder. They demonstrate the efficacy 
of Teflon in binding the carbon particles in a filamen-1 
tary web. This allows the carbon cathode to expand 
(2) on discharge without loosing its mechanical in- 
tegrity. The filamentary nature of the binder also 
prevents mechanical blockage of the active sites on 
the carbon particle where the discharge of SOCl2 occurs 
according to the reaction [I]. 

Note that the photograph of the Shawinigan Black 
cathode, shown in Fig. 4, was at  2000 magnification in- 
stead of 1000. The carbon particles of the Shawinigan 
Black cathode appear to be somewhat less conglomer- 
ated than the other types of carbon This is reflected 
in the exceptionally low bulk density of the Shawini- 
gan Black compared to the other carbons. 

The microstructures of the cathode surface were fur- 
ther clarified at  a magnification of 10,000 X . The photo- 
graphs are shown in Fig. 5 and 6. Again, the spacings 

Fig. 3. SEM photograph of cathode specimens made from Vulcan 
XC72R. Monarch 700, Sterling R, Graphite KS10, Regal 660R, and 
Conductex 950; original magnificotion 1000~. 
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Fig. 4. SEM photograph of cathode specimens made from Shaw- 
inigan Black carbon; original magnification, 2OOOX and 10,000X. 

Fig. 5. SEM photograph of cathode specimens made from Mogul 
L, Raven 3500, Neo Spectra, Elfex 12, Raven 420, and Royal Spectra; 
original magnification 10,000X. 

Fig. 6. SEM photograph of cathode specimens made from Vulcan 
XC72R, Monarch 700, Sterling R, Graphite KS10, Regal 660R. and 
Conductex 950; original magnification 1 0 , 0 0 0 ~ .  

cells with the carbons described above are summarized 
in Table 11. The typical discharge curves of Li/SOC12 
D cells made with the Sterling R carbon are shown 
in Fig. 7. Since we have chosen a practical hermetically 
sealed D cell structure instead of experimental bottle 
or bag type of cell (with excess electrolyte, etc.) for 
the evaluation of the various types of carbons, i t  is 

I 
0 2 4 6 8 10 12 14 16 

CELL CAPACITY,  A Hr 

Fig. 7. Typical discharge curves of Li/SOClz hermetic D cells with 
Sterling R carbon cathode. 

possible to analyze the data with reference to actual, 
practical cell performance rather than in terms of 
criteria that cannot be translated to actual cell per- 
formance. The energy densities of all the cells made 
with various types of carbons and tested at  various 
currents are plotted as a function of current and shown 
in Fig. 8. The data points are shown in letters G to T 
representing various types of carbons. The two solid 
lines represent the data points of D cells with Shawini- 
gan Black; the line with shaded circles belongs to the 
cells with 38 cm long electrodes and the line with un- 
shaded circles belongs to the cells with 51 cm elec- 
trodes. It is clear that almost all types of carbon with 
the exception of Mogul L (J), Raven 3500 (L), and 
Graphite KSlO (T) are as good as the Shawinigan 
Black carbon insofar as the performance of the 
Li/SOC12 cells is concerned. The five types of carbon 
which were found to be the most promising, particu- 
larly for high rate cells are Elftex-12 (H) ,  Regal 660 R 
(M), Vulcan XC-72R (P), Monarch 700 (R),  and 
Sterling R (S).  In addition Conductex 950 ( 0 )  also 
performed very well. 

The properties of Mogul L (J) were quite interesting 
in that the cells using it had a higher intrinsic energy 
density than did the other cells except Shawinigan 
Black although the rate capability was significantly 
poorer, most likely due to its low electrical conductiv- 
ity. Graphite KSlO (T), on the other hand, has an ex- 
cellent electrical conductivity, but a poor performance, 
due to its larger particle size and crystallinity. The 
poor performance of Royal Spectra and Raven 3500 
may be due to their poor electrical conductivity and 
poor electrode integrity. 

One may arrive at an altogether different conclu- 
sion if one compares the performance of the cells made 
with various types of carbon, based on normalizing the 

0 
001 0 0 5  01 0 5  10 5 0  

DtSCHARGE CURRENT. A 

Fig. 8. Energy density of hermetic Li/SOC12 D cells made from 
various types of carbon a t  various currents ot room temperature. 
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Table I t .  Performance characteristics of Li/SOC12 hermetic D cells with various carbons a t  25°C 

Elec- Energy 
trode Elec- Discharge Capacity Total density 
length Carbon trolyte Li wt Cell wt current to  2OV energy (W-hrl 

Cell No. (in.) wt (g )  wt (g)  (€3 (g)  (A) (A-hr) (W-hr) in.*) 

Neo Spectra AG; thickness: 0.020 in., resistance: 1.150 

Elftex-12; thickness: 0.026 in., resistance: 0.710 

Mogul-L; thickness: 0.037 in.. resistance: 1.300 

Raven-420; thickness: 0.036 in., resistance: 0.580 

Raven-3500; thickness: 0.029 in., resistance: 1.M 

43.8 13.9 
11.7 3.7 
Would not run 
Would not run 

43.1 11.7 

Regal-660R; thickness: 0.024 in. 

Royal Spectra 

N-1 20 4.4 44.4 

Conductex-950; thickness: 0.029 in., reslstance: 0.700 

0-1 20 7.6 43.4 
0-2 20 7.6 46.1 
0.3 20 7.6 46.2 
0-4 20 8.1 46.2 
0-6 20 7.6 45.9 

Vulcan XC-72R; thickness: 0.028 in., resistance: 0.370 

Yonarch-700; thickness: 0.029 in., resistance: 0.820 

Gterling R; thickness: 0.036 in., reslstance: 0.810 

Shawinlgan; thickness: 0.018 in., resistance: 0.303 

103 20 - - 
108 20 - - 
95 20 - 
109 20 - - 
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data with respect to the carbon weight and the elec- of carbon. It is reasonable to speculate that some- 
trode areas. For example, if we plot the cell capacity/wt what better performance may be obtained with the 
of carbon in the cathode (instead of energy density) other carbons after suitable optimization of the method 
us. current density (current/electrode area) for the of preparation since the physical properties of the 
various types of carbon, we obtain a plot shown in carbon mix were found to be quite different from 
Fig. 9. The various letters remesent the various data carbon to carbon. ~ - - - - - . --. 
points belonging to the varidus types of carbon The Cnnrl~~rinne 
solid lines represent the data points belonging to 
Shawinigan Black for cells with both the 38 and 51 
cm electrodes. Based on this type of analysis, the obvi- 
ous conclusion is that almost all types of carbon are 
inferior to Shawinigan Black since all data points 
fall below Shawinigan Black The reason for this is 
that Shawinigan Black has the lowest bulk density of 
all the carbons, thus having the highest capacity/ 
carbon wt value. We have shown already that this has 
little bearing on the volumetric energy density of an 
actual cell. The increase in the carbon weight (with 
the denser carbons) results in only 1% or less increase 
in the cell weight. Thus, the dense carbons do not sig- 
nificantly affect the gravimetric energy densities either. 

It should be pointed out that the method of prepa- 
ration of the cathode using Shawinigan Black has 
been thoroughly optimized whereas no such exhaustive 
optimization has been carried out for the other types 

--..-.-.,.-..- 
1. Of the twelve types of carbon (including graph- 

ite) tested, all except three types had almost as good 
a performance as the Shawinigan Black carbon in 
most cells manufactured today. It should be noted that 
the process for making the carbon-Teflon cathode mix 
has been developed for Shawinigan Black over a long 
time. This is not the case with the other carbons. 

2. The most outstanding carbon types were Shawini- 
gan Black, Elftex-12, Regal 660R, Vulcan XC-72R, 
Monarch 700, Sterling R, and Conductex 950. 

3. Mogul L carbon has a low electrical conductivity 
and a poor rate capability but its intrinsic energy den- 
sity was found to be as good as that of Shawinigan 
Black and significantly higher than that of all the other 
carbons. This type of carbon might be particularly 
suitable for low rate high energy density cells. 

4. The particle size, BET surface area, and the bulk 
densitv of the various carbons do not amear to affect 

a PHLWNI6AN 15- 
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the performance of the cathodes excepi in the case 
of graphite. 
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A Finite Difference Numerical Analysis of 

Galvanic Corrosion for Semi-Infinite 

Linear Coplanar Electrodes 

P. Doig and P. E. J. Flewitt 

Central Electricity Generating Board, South Eastern Region, 
Scientific Services Department, Gravesend, Kent, England 

ABSTRACT 
A finite difference numerical analysis technique has been used to evaluate 

the distribution of the electrode potential within the electrolyte above a gal- 
vanic corrpsion couple with linear, semi-infinite, coplanar electrodes. Corro- 
sion reactions are assumed to be under activation control with logarithmic 
polarization behavior. The analysis accommodates any combination of elec- 
trochemical polarization parameters, corrosion current densities, solution 
conductiv~ty, electrode dimensions, and depth of corrosion solution as variable 
parameters. Further, the analysis has been adapted to include the influence 
of an externally impressed polarization. The accuracy of the analysis pro- 
cedure has been established by comparison with experimental results obtained 
from a model zinc-copper galvanic corrosion couple. The effects of various 
parameters on the electrode potential distribution at  the surface of the corro- 
sion couple have been examined and their significance discussed. 

The distribution of electrode potential across the 
surface of heterogeneous corroding electrodes is of 
fundamental importance in describing the localization 
and kinetics of nonuniform corrosion phenomena. In 
general, corrosion of service components can occur 
under various operating conditions ranging from very 
shallow condensed layers to bulk volume solutions. 
Previous papers (1, 2) have evaluated analytically the 
distributions of electrode potential across coplanar 
corrosion couples in which the electrode reactions are 
subject to activation control. In order to achieve an 
analytical solution, ion current flows within the so- 
lution were restricted to the plane of the electrode 
surface. Although valid for shallow corrosion solutions 
with moderate conductivity, such a restriction is- not 
adequate for the more general case of corrosion under 
bulk solutions where current flows normal to the cor- 
roding electrode surface become significant. 

A number of other analyses have been developed 
which either are based on linear polarization kinetics 
(3-9) with or without the additional requirement of 
similar polarization parameters for the anodic and 
cathodic electrode reactions, or assume general Tafel 
kinetics (10) with equal anodic and cathodic po- 
larization parameters. As discussed previously (1, 2), 
the assumption of linear polarization kinetics is not 
valid for many corrosion reactions where the 
electrode reactions are subject to activation con- 
trol resulting in logarithmic polarization behavior 
which is rarely similar for both the anodic and cath- 
odic reactions. At present there is no analytical pro- 
cedure available which can generally accommodate 
different logarithmic polarizations such that it becomes 
necessary to adopt a numerical technique. There are 
two basic techniques available for such analysis. The 
earlier and perhaps simpler of these is based on the 
firite difference technique of solution by successive 
iteration or relaxation (11). This technique has been 
shown theoretically to be suitable for the evaluation 
of the electrode potential in two-dimensional electro- 
chemical cells (12). More recently, the finite element 
technique has been developed (13) and shown to be 
particularly efficient when applied to electrochemical 
processes which result in signiflcant changes in the 
electrode geometry (14). The relative simplicity of 

the finite difference technique, however, recommends 
its application to general corrosion phenomena where 
such shape changes are not of prime significance and 
are small in relation to the over-all corrosion cell di- 
mensions. 

This paper describes the application of a numerical 
finite difference method to the evaluation of electrode 
potential distribution within the electrolyte above a 
coplanar, linear, semi-infinite corrosion couple in 
which the electrode reactions are subject to activation 
control with different polarization parameters. This 
corrosion couple geometry was chosen to simulate the 
phenomenon of intergranular corrosion which results 
from either second-phase precipitation or selective 
solute segregation to the grain boundaries brought 
about by strengthening heat-treatments, fabrication, 
or component service. Here, the grain boundary region 
may be either anodic or cathodic to the matrix and the 
distribution of the electrode reactions is of importance 
in creating surface defects which may develop into 
incubation sites for surface-initiated failure processes 
such as fatigue and stress corrosion cracking. 

The present analysis considers not only the free cor- 
rosion condition but includes a facility fur simulating 
the effects of an externally applied superimposed po- 
larization. Results obtained from the free corrosion 
numerical analysis are compared with experimental 
results obtained from a model copper-zinc galvanic 
corrosion couple. The influence of the various experi- 
mental parameters, in particular the solution depth and 
applied polarization, on the distribution of electrode 
potential are discussed. 

Analysis of the Electrode Potential Distribution 
The present analysis is based on a model galvanic 

corrosion couple consisting of two semi-infinite, co- 
planar, strip elements shown schematically in Fig. 1. 
The electrode surface lies in the XY plane and is inflnite 
in the -t- Y directions. The couple consists of a cathodic 
element A of width a in the - X direction and anode B 
of width b in the + X direction covered by an elec- 
trolyte of depth w in the + Z direction. The electrolyte 
is bounded by perfect insulators at z = w and x = 
- a and + b. The symmetry of the electrode comigura- 
tion constrains all current flow to the XZ plane such 

Key words: corrosion, copper, numerical analysis, cathodic pro- that the is reduced to a two-dimens'onal prob- 
bctlon, potentlostatic control, zinc. lem. 
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electrolyte rl 
Fig. 1. Schematic diagram showing the arrangement of electrodes 

in the corrosion couple. Element A is the cathode and element B is 
the anode. 

The various current us. electrode potential relation- 
ships for the anodic and cathodic reactions are assumed 
to be subject to activation control with logarithmic 
(Tafel) polarization behavior. Polarization character- 
istics of the anodic and the cathodic reactions for each 
element of the corrosion couple are shown schemati- 
cally in Fig. 2. Thus the net cathodic current density per 
unit length of corrosion couple, on element A at 
an electrode potential Ex is 

where EA is the free corrosion potential of element A, 
&(A) is the free corrosion current density, and and 

are the Tafel parameters for the anodic and cath- 
odic reactions, respectively. Similarly for element B, 
the net anodic current density per unit length of cor- 
rosion couple, i.c.1, on element B at an electrode po- 
tential Ex ls 

where EB is the free corrosion potential of element 
B, i o (B)  is the free corrosion current density, and .B 
and are the anodic and the cathodic Tafel param- 
eters. Thus, anodic current flows within the electrolyte 
from tne element B to element A following an electric 
potential gradient equal and opposite to the electrode 
potential gradient (dE,/dx). The electrode potential 
distribution across the corrosion couple surface at 

i o ( ~ j  io(B) 

log, (currentdensity) ; AK' 

Fig. 2. Schematic polarization cuwn for the two elements of the 
cwmsion couple shown in Fig. 1. a and p ore the Tofel parameters 
for the respective anodic and cathodic reactions. 

-a 0 
Distance x 

Fig. 3. Schematic diagram showing the electrode potential dis- 
tribution in solution across the surface of the galvanic corrosion 
couple shown in Fig. 1. 

z = 0 is illustrated schematically in Fig. 3. At distances 
x < 0, anodic current is complemented and effectively 
reduced, by an excess cathodic current generated on 
element A. 

Since there is no accumulation or loss of ions in the 
bulk of the electrolyte the distribution of electrode 
potential within the electrolyte must satisfy Laplace's 
equation 

V ~ E  = o ~ 3 1  
subject to the following boundary conditions: 

For z = 0 the normal derivative of electrode poten- 
tial E is given by 

dE 
- = C I ~ I / C  dz for - a < x < o ]  

dE - = &(,l/C for 0  < x <  b 
dz 

where Cis the conductivity of the corrosion electrolyte. 
Since there is no current flow normal to the in- 

sulating boundaries 

Equation [3] has been solved by the finite difference 
method of successive over-relaxation (15) using an 
iterative numerical procedure on an IBM 370 computer 
(11, 12, 16). This required a notional rectangular Car- 
tesian grid to be established over the region defined 
by the electrolyte. The potential values at the nodal 
points, defined by the intersection of the grid lines, 
were then determined by iterative solution of the sys- 
tem of finite difference equations associated with the 
numerical solution of Laplace's equation. The present 
computer program (16) allows the experimental pa- 
rameters a, b, w, &(A), io(B),  E A ,  E B ,  a ~ ,  ~ B I  PA, BB, and 
C to be specified by the user. 

The program provides a graphical plot of equipo- 
tential lines across the XZ plane and the corresponding 
electrode potential us. x values across selected grid 
lines parallel to the electrode surface including z = 0. 
Typical results for a hypothetical symmetrical corro- 
sion couple with the given electrochemical parameters 
are shown in Fig. 4. Figure 4(a) shows the equipotential 
distribution in the XZ plane with the dimensional scales 
expanded for clarity of presentation. Figures 4(b) and 
(c) show the electrode potential us. x plots for z = 0 
(the electrode surface) and w (the solution surface), 
respectively. The symmetry of the solutions obtained 
for a range of similar parameters provides confidence 
in the application of the technique and confirms that 
the specified error of calculation was sufficiently small 
to give accurate results. 



Vol. 126, No. 12 NUMERICAL ANALYSIS OF CORROSION 

In practice there are many corrosion situations of 
technological interest in which the galvanic corrosion 
couple is subject to an external applied polarization, 
either galvanic or potentiostatic, where the mixed elec- 
trode potential of the corrosion couple is displaced from 
its equilibrium value. Common examples include 
cathodic protection and potentiostatic or galvanostatic 
polarization measurements. Under these circumstances 
the electrode potential distribution over the corrosion 
couple will be changed in a nonuniform, complex mali- 
ner. This change will influence the distribution and in- 
tensity of the corrosion reactions on the electrode sur- 
faces. Such applied polarization effects may be ex- 
amined using the above analysis simply by modifying 
the boundary condition, Eq. [6] .  For typical inert 
counterelectrodes, e.g., platinum, with very low polari- 
zation parameters and for values of w which are com- 
parable or large with respect to the electrode dimen- 
sions, we can reasonably approximate the electrode 

Fig. 4. Computer analysis results showing: (a, upper left) equipo- 
tential distribution, (b, upper right) electrode potential in solution 
vs. x a t  r = 0, and (c, lower left) electrode potential vs. x at  z = 
w = 0.01m for an electrode couple with ola = a* = PA = BB = 
0.05V, C = 10 n- lm- l ,  i0(n) = i o ( ~ )  = 1 Am-2, a = b = 
w = 0.01m, and EA = -En = 0.5V. 

potential along the boundary z = w to be a constant 
El. This value Ea is a user definable variable in the 
present computer program. This boundary plane simu- 
lates the position of the counterelectrode which passes 
that external current required to produce the polariza- 
tion. The net external current flow may be deduced 
from an integration of the resulting electrode poten- 
tial us. x plot for z = 0 and the current density Eq. I11 
and [2]. 

An example of this analysis with a value of ES = 
4.5V, is shown in Fig. 5 for the same variables as il- 
lustrated in Fig. 4. Figure 5 (a) shows the equipoten- 
tial distribution in the XZ plane, again with the Z axis 
expanded for clarity, and Fig. 5(b) shows the elec- 
trode potential across the surface of the galvanic couple, 
z.e., z = 0 when polarized and under free corrosion 
conditions. Clearly, the over-all distribution of elec- 
trode potential within the solution is significantly modi- 
fied by the applied polarization The distribution at the 
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Fig. 5. Computer analysis results showing: (a, left) the equipotential distribution above the galvanic corrosion couple described in Fig. 4 
with an applied anodic polarization E3 = +4.5V, and (b, right) electrode potential in solution vs. x a t  z = 0 for both open-circuit free 
corrosion and applied anodic polarization. 

-1.0 2.0 

surface is shifted in the direction of the applied polari- 
zation but its general form is preserved with the cath- 
odic element remaining cathodic to the anodic element, 
however, in this caFe, the gradient dE/dx is increased 
in the region of the couple interface x = 0, when com- 
pared with the free corrosion condition, Fig. 5(b). 

E3=4.5V 

. 

Experimental Test of the Numerical Solution 
The analysis described above has been applied to 

a copper-zinc galvanic couple corroding in a 0.01M 
hydrochloric acid solution. The experimental cell, 
shown schematically in Fig. 6, comprises an open Per- 
spex vessel placed across the copper-zinc couple and 

E:V 

- 0.5 

I Electrometer I 

X ; m  
I 

-0.01 

f ree cormsbn 

;0.5 

filled with solution to depths of 2 and 20 mm. The dis- 
tribution of electrode potential across the couple was 
measured using a reference microelectrode (Ag/AgCl) 
(1, 2, 17) with probe diameter - 0.1 mm, accurately 
positioned using a micromanipulator. Distributions 
were measured at  solution depths corresponding to 
z = 1 mm and w. The electrode potential of the refer- 
ence microelectrode was measured to be + 100 & 2 mV 
with reference to a saturated calomel electrode. All 
measured potential values are reported with reference 
to the saturated calomel electrode scale. 

The polarization parameters for zinc and copper in 
0.01M hydrochloric acid have been measured (1) and 
these are listed in Table I together with the solution 
conductivity C. These values were used in the numeri- 
cal analysis to calculate the equipotential distribution 
above the experimental corrosion couple and the re- 
sults obtained for the two solution depths are shown 
in Fig. 7. Figure 8 shows the experimental results ob- 
tained for the electrode potential us. x  at z = 1 mm 
and w for both solution depths superimposed on the 
analysis results. 

Both the calculated and measured equipotential dis- 
tributions are different for the two solution depths. The 
equipotential distribution above the 2 mm depth [Fig. 
7(a)]  is almost independent of z, i.e., the current flow 

Table I. Experimental valuas for the parameters used in the 
calculation of electrode potential distribution above the 

copper-zinc corrosion couple in 0.01M hydrochloric acid' 

Cu AnodIc Tafel parameter, a (V) 0.025 0.001 
Cathodic Tafel parameter, ,9 (V) 0.05 0.05 
Corrosion current, 1. (Am-') 1.00 1.00 
Free corrosion potential, E (V SCE) -0.985 -0.845 

Fig. 6. Schematic diagram showing the experimental arrangement 
far measurement of electrode potential distribution above the o,~o~~,","~~,"&~~=Co,~2~;"80~;'tI~1~~p"~~,"," Iit.%2ai 
copper-zinc corrosion couple. 0.02m. 
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Fig. 7. Calculated equipotential distribution obove the experimental copper-zinc corrosion couple for solution depths: (a, left) w = 0.002m 
and (b, right) w = O.OZm. 

1 .  l m m  

Cu E:Vrr.e.  Z. 

ws2mm 

-5 0 5 x;,,,~ 10 15 20 

Fig. 8. Calculated curves and experimental points showing the electrode potential vs. x at: (a, left) z = 1 mm and (b, right) z = w for w 
= 2 and 20 mm. 

in solution is primarily in the 2 X direction, whereas 
the distribution above the 20 mm depth example [Fig. 
7(b)] is highly dependent on z. The very good agree- 
ment observed between the measured and the cal- 
culated electrode potential us. x plots in Fig. 8 support 
the accuracy and validity of this numerical analysis 
procedure. 

Discussion 
The experimental results show the present finite dif- 

ference method of numerical analysis to be capable of 
evaluating the distribution of electrode potential above 
a coplanar galvanic corrosion couple in which the el&- 
trode reactions are subject to activation control. Ap- 
plication of such an analysis requires an experimental 
determination of the various electrochemical param- 
eters describing the electrode reactions of each com- 
ponent of the couple, the value of any applied polariza- 
tion, as well as the physical dimensions of the corro- 
sion cell. 

The distribution of electrode potential for z > 0 
within the corrosion cell is important only insofar as it 
is this which can be measured directly with an ex- 
ternal reference electrode via a Luggin probe. This 
volume distribution is a result of the electrode poten- 
tial variation across the surface of the galvanic corro- 
sion couple at z = 0. It is this latter distribution which 
describes the kinetics and localization of the corrosion 
reactions. Clearly, both the volume and associated sur- 
face distributions of electrode potential are dependent 
on all of the above electrochemical parameters and 
physical dimensions (Fig. 4-8). 

The distribution of electrode potential across a gal- 
vanic corrosion couple describes the localization of the 
corrosion reaction; consequently, any consideration of 
corrosion behavior requires a knowledge of this dis- 
tribution. The present analysis procedure allows this 
to be calculated using experimentally determined 
polarization behavior from any combination of elec- 
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trodes on which the reaction kinetics are subject to 
activation control. The infinite number of permutations 
of electrode polarization parameters, corrosion cur- 
rents, conductivity, and electrode dimensions which 
can occur makes quantitative discussion of the separate 
influence of each variable on the resulting electrode 
potential distribution difficult. However, the qualitative 
effect of changes in each of these variables may be 
predicted intuitively and are not discussed further in 
this paper. 

The influence of changes in solution depth, w,  how- 
ever, is not so readily envisaged. Clearly, for very small 
solution depths the earlier approximation to unidirec- 
tional current flow in the X direction remains valid 
and potential distributions may be obtained analyti- 
cally (1, 2). However, for larger solution depths a 

Fig. 9. Computer analysis results for the corrosion couple de- 
scribed in Fig. 4 showing the equipotential distribution for: (a, 
upper left) w = 0.001m, (b, upper right) w = O.lm, and (c, lower 
left) the electrode potential in solution vs. x at  z = 0. 

numerical method of analysis is required. Figure 9 
shows calculated results obtained using the symmetri- 
cal model case shown in Fig. 4 for different values of 
w = 1 and 100 mm. Figures 9(a) and (b) show the 
equipotential distribution within the solution with the 
Z axes adjusted for clarity of prksentation [c.f. Fig. 
4(a) with w = 10 mm]. Figure 9(c) shows the cal- 
culated electrode potential us. x at z = 0 for both 
values of w.  Clearly, the case for w = 1 mm [Fig. 
9(a)] may be approximated to a unidirectional current 
flow. i.e., all equipotentials are nearly normal to the 
electrode surface. Figure 9 (b), w = 100 mm, however, 
shows the case where w is large and the equipotentials 
at z + w are parallel to the electrode surface and the 
potential at z = w is almost constant. The main point 
of interest in these results, however, is the observation 
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that the absolute values and shape of the electrode po- 
tential us. x distributions at  z = 0 are significantly 
different for the two values of w [Fig. 9(c)]. This re- 
sults in a different distribution of anodic dissolution 
over the anodic element B. Such an effect is of par- 
ticular interest when considering the relative corro- 
sion behavior of galvanic couples under thin film and 
bulk solution environments. This may be of significance 
when attempting to reproduce service corrosion con- 
ditions in simulated laboratory tests. Previous analy- 
ses (1, 2) found the parameter (idwC)'h to be of 
fundamental significance in scaling distances over 
which potential changes were significant. Here, this 
parameter has values of 10 and 1 Vsm-1 for w = 1 
and 100 mm, respectively. Clearly, as the magnitude of 
this parameter increases the earlier approximation of 
unidirectional current fiow becomes more accurate. 

Similarly, changes in the electrode potential distri- 
bution above a corrosion couple resulting from an 
externally applied polarization are not readily pre- 
dicted. Such polarization is effected by superimposing 
an additional external current flow normal to the 
surface of the corrosion couple. Changes in the 
local current density at the electrode surface must be 
reflected in a shift in the electrode potential, Eq. [I] 
and [2]. The additional current is supplied by some 
external source and is introduced via an additional, 
usually inert, counterelectrode located remote from, 
but usually parallel to, the surface of the corrosion 
couple. In the present analysis this position is defined 
as the plane z = w and the electrode is polarized to 
a constant potential Ea. When EQ is fixed positive to 
the normal free corrosion potential a net anodic cur- 
rent is drawn from the corrosion couple which shifts 
the electrode potential everywhere in the anodic direc- 
tion Similarly a negative value for E3 shifts the po- 
tential distribution in the cathodic direction. Thus, as 
shown in Fig. 5(b), the relative distribution of corro- 
sion reactions is influenced by an externally applied 
polarization. Such changes may be of fundamental 
importance when considering electrochemically ac- 
celerated test methods for assessing the localization of 
corrosion in service components, e.g., crevice and pit- 
ting corrosion. 

The present results clearly show that the localized 
corrosion behavior of a galvanic corrosion couple is 
dependent not only on the various electrochemical 
parameters, but also on the corrosion cell geometry 
and the magnitude of an externally applied polariza- 
tion. The dependence cannot be described analytically 
but may be evaluated using the numerical finite dif- 
ference procedure described above. The results to 
date indicate the need for caution in correlating local- 
ized corrosion behavior under different environmental 
conditions. 

Conclusions 
1. The electrode potential distribution above a semi- 

infinite, linear, coplanar, galvanic corrosion couple in 
which the electrode reaction kinetics are subject to 
activation control may be evaluated numerically using 
flnite difference methods. 

2. The absolute values and distribution of electrode 
potential and associated corrosion behavior are de- 
pendent not only on the electrochemical parameters 
but also on the corrosion cell dimensions. 

3. Externally applied polarization of a galvanic cor- 
rosion couple preserves the over-all form of the elec- 
trode potential distribution at the couple surface but 
changes its precise shape and the relative absolute po- 
tential values. 
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LIST OF SYMBOLS 
u Tafel parameter describing the anodic dissolu- 

tion behavior of element n (V) 
pn Tafel parameter describing the cathodic re- 

duction behavior of element n (V) 
C specific conductance of the solution (a-'m-1) 
En the bulk corrosion potential of element n (V) 
Ex the electrode potential at position x (V) 
Ea the imposed electrode potential at the boundary 

z = w (V) 
i,(.) the free corrosion current density on element 

n (Am-2) 
i the net anodic current density generated on 

the anode at  potential Ex (Am-2) 
kcx) the net cathodic current density generated on 

the cathode at  potential Ex (Am-2) 
w depth of solution above the corrosion couple 

surface (m) 
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Anodic Dissolution and Passivation of 

Titanium in Acidic Media 
Ill. Chloride Solutions 

Eugene J. Kelly* 
Oak Ridge Nationul Laboratory, Chemistw Division, Oak Ridge, Tennessee 37830 

ABSTRACT 
The electrochemical behavior of titanium in deoxygenated acidic chloride 

solutions, with and without, additions of Ti (111) and Ti (IV) ions, has been 
determined and compared with that observed In acidic sulfate media. A mono- 
layer mechanism has been developed, for the active-state dissolution and 
passivation of titanium in acidic med~a. According to this mechanism, the 
metal is oxidized in a sequence of one-electron charge-transfer reactions 
which results in the formation of adsorbed reaction intermediates correspond- 
ing to each of the relevant valence states of titanium (+I,  +2, +3, +4) and 
which leads to Ti(II1) ions in solution in the active and active-passive transi- 
tion regions. The mechanism is in quantitative agreement with the experi- 
mental results for both chloride and sulfate media. In acidic chloride solutions, 
as well as in acidic sulfate solutions, the rates of oxidation at a passive 
titanium surface of Ti(lI1) ions in solution to Ti(1V) and of yduction at an 
active-state surface of T i ( N )  ions in solution to Ti(II1) are directly propor- 
tional to the concentrations of Ti(II1) and Ti(IV), respectively. The reduction 
of Ti(1V) at an active surface is responsible for the fact that, at a critical 
concentration of Ti (IV), an active-state surface passivates. In localized corro- 
sion systems, active and passive surfaces are in simultaneous contact with the 
electrolyte within the occluded cell, and the aforementioned oxidation and 
reduction reactions serve to couple the active-state and passive-state electro- 
chemical systems. Such electrolyte-coupled active-passive systems are capable 
of generating the critical concentration of Ti(1V) required to passivate the 
active-state surface, a fact which explains random spontaneous cessation of 
localized corrosion (self-healing). Tne critical concentration of Ti(lV) is 
much greater in chloride solutions than in sulfate media and takes much 
longer to attain Consequently, the halide ion functions as a promoter of 
localized corrosion 

The results of a study of the electrochemical be- 
havior of titanium in deoxygenated acidic chloride so- 
lutions, with and without additions of Ti(II1) and 
Ti(1V) ions, are presented in this report. The work 
complements an earlier investigation of the mecha- 
nistic~ of active-state dissolution and passivation of 
titanium in acidic sulfate media (1). In addition, the 
comparative study of the effects of Ti(II1) and Ti(IV) 
ions on the dissolution of titanium in acidic sulfate (2) 
and acidic chloride solutions provides a new rationale 
for the "random" spontaneous cessation of localized 
corrosion and for the role of chloride ion as a pro- 
moter of localized attack. 

Although there have been numerous investigations 
of the electrochemical behavior of titanium in acidic 
media, mechanistic studies of the active-state dissolu- 
tion and passivation (active-passive transition) proc- 

to exist only in the passive state and, consequently, 
plays no role in the active-state dissolution and passi- 
vation processes. The monolayer model will be shown 
to apply to acidic chloride media as well as to acidic 
sulfate solutions and, therefore, it is examined in de- 
tail in the Discussion section of this paper. Here, it is 
sufficient to state that the equation which was derived 
on the basis of the monolayer model accurately de- 
scribes the effects of both potential and pH on the 
steady-state current density in both the active and 
active-passive transition potential regions. It is par- 
ticularly significant that the model accounts for the 
experimentally determined diagnostic relationships 
represented by Eq. [ll-[3] 

a log i m , d d p H  = -2/3 

d In &d/dEm.d = F/%RT 
esses have been extremely limited in number, i.e., 
few investigators have attempted to describe the elec- dE,,d/dpH = - (4/3) (2.303RT/F) B1 
trochemical polarization data in a quantitative fashion where i,,d and Em,d represent the maximum anodic 
and to relate the mathematical description of the po- current density arising from the metal dissolution re- 
larization data to a specific reaction scheme (1, 3, 4). action and the corresponding potential, respectively, 

According to a monolayer mechanism developed for i.e.. the observed values, i, and Em (as shown, for 
the titanium/acidic sulfate system (I) ,  the metal is example, in Fig. 2), corrected for the hydrogen evolu- 
oxidized in a sequence of one-electron charge-transfer tion reaction (HER). Others have reported that log 
reactions which results in the formation of adsorbed im and Em are linear functions of pH, for acidic sul- 
reaction intermediates corresponding to each of the fate solutions, but no interpretations accompanied 
relevant valence states of titanium (+I,  +2, +3, +4) these reports (7, 8). 
and which leads to Ti(II1) ions in solution in the ac- Several investigators, although relying on rather 
tive and active-passive transition regions. The surface limited data, have subscribed to a monolayer concept. 
intermediates are analogous to the adsorbed (FeOH) Caprani et al. (4) measured the apparent valence state 
and (NiOH) intermediates in the mechanism of active- of the dissolution product as a function of potential in 
state dissolution of iron (5) and nickel (6). A phase the active, transition, and passive potential regions. 
oxide, as opposed to monolayer species, is considered On the basis of a schematic monolayer model, they de- 

Electrochemical Society Active Member. 
rived an equation for the anodic current density/poten- 

~ e y  words: corrosion, k~netics, passivity, polarization. tial relationship which, although omitting pH as a 
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variable, was in accord with their data and closely 
resembled that given earlier by the author (1). Brynza 
et al. (9) employed an impedance technique to study 
the passivation of titanium in 5N HzS04 and concluded 
that their results (capacitance and resistance as func- 
tions of potential and frequency) were consistent with 
a monolayer adsorption mechanism, but were not com- 
patible with the hypothesis that a phase oxide was 
present in the active and active-passive transition po- 
tential regions. Similar capacitance data have been re- 
ported by others and also interpreted as a faradaic 
adsorption pseudocapacitance (1, 7) .  Armstrong et al. 
(10, 111, in rejecting the phase-oxide model (see be- 
low) and adopting a monolayer viewpoint, relied 
primarily on open-circuit potential/time curves ob- 
served during the spontaneous activation of passive 
titanium in sulfuric acid solutions. 

Thomas and Nobe (3, 12) studied the electrochemi- 
cal behavior of titanium in acidic sulfate solutions and 
developed a mechanism for the active-state dissolution 
process based on the assumption that an oxide layer is 
present on titanium not only in the passive state but 
also in the active state. This assumption was justified 
on the grounds that "the thermodynami,~ data on these 
oxides (Ti203 and TiOz) indicate their possible pres- 
ence even on active titanium." However, the fact that 
thermodynamic data do not preclude the existence of 
a particular oxide cannot be interpreted as evidence 
for its presence. The question of whether or not a 
phase oxide exists on titanium in the active and/or 
active-passive transition region will be considered be- 
low. In any event, the authors derived an equation 
which was comparable to their experimental rate ex- 
pression, Eq. [4] 

ia = k[H+]O." exp (0.43FE/RT) 141 

where i. represents the current density correspond- 
ing to the active-state dissolution process and 
the other symbols have their conventional significance. 
There are difficulties with this equation First, it not 
only fails to account for the diagnostic relationships 
given by Eq. [I]-131, it indicates, contrary to fact, 
that there is no potential for which the anodic current 
density is a maximum, i.e., it does not account for i, 
at Em (see Fig. 2). Obviously, neither the equation 
nor the mechanism on which it is based address the 
question of the passivation mechanism, i.e., the active- 
passive transition potential region. Second, contrary to 
the indications of Eq. [41, neither (a  log i./a ~ H ) E  nor 
(d log i./aE),~ are constants. The fact that (a log i J 
BE)P~  is not constant corresponds to the well-estab- 
lished fact that titanium does not exhibit Tafel behavior 
in the active state (1, 4, 8, 11). All of the aforemen- 
tioned limitations and errors can be traced to the 
authors' statement that Eq. 141 is only meant to apply 
in the "vicinity of the active corrosion potential!' The 
anodic polarization measurements used in arriving at 
Eq. [4] were restricted to the linear polarization region 
(within 15 mV of the open-circuit potential) and, con- 
sequently, anodic Tafel behavior was not actually ob- 
served, but merely assumed. With the assumption 
that the anodic dissolution process exhibits Tafel be- 
havior, the magnitude of the anodic Tafel slope was 
calculated using the measured values of the slope of 
the linear (small) polarization curve, the cathodic 
(HER) Tafel slope, and the corrosion current deter- 
mined by extrapolation of the cathodic Tafel line to 
the corrosion potential. Even if it were known that 
the anodic process followed Tafel kinetics, this method 
for determining the magnitude of the diagnostically 
important anodic Tafel slope is inappropriate for 
mechanistic studies because small errors in the cath- 
odic polarization data can lead to a large error in the 
calculated anodic slope. A more fundamental flaw 
exists in the fact that the small (linear) polarization 
method cannot distinguish between a linearized Tafel 
equation and any other current density/potential re- 

lationship which can be linearized over the very nar- 
row potential regions to which the method is applied. 
It is shown in the present paper that, as applied to 
titanium in the active state, the method merely evalu- 
ates the slope of the tangent to the partial anodic po- 
larization curve (log i* us. E), a curve which does not 
exhibit Tafel behavior. One final difficulty with the 
mechanism proposed by Thomas and Nobe is that, in 
the presence oi added Ti (111) ions, i, is considered to 
be proportional to the square root of the concentra- 
tion of Ti(rI1). More recently (2), it has been proven 
that i, is not a function of the concentration of Ti(1II) 
(see Results and Discussion section). 

The phase-oxide concept, according to which a phase 
oxide (as opposed to adsorbed monolayer species) 
exists on titanium in the active and/or active-passive 
transition potential regions, is frequently encountered 
in the literature on titanium. Some investigators have 
attempted to explain the most salient features of the 
electrochemical polarization curves on the basis of 
tnermodynamic considerations, for example, by at- 
tempting (unsuccessfully) to identify Em with a ther- 
modynamic equilibrium potential corresponding to the 
formation oi  an oxide (13, 14). Others have invoked 
the concept in order to explain various singular ob- 
servations, for example, the observation (15) that the 
initial anodic current density at a freshly fractured 
suriace is much greater than the steady-state current 
density in the active-state potential region (obviously, 
there is no a priori reason to suppose that a monolayer 
concept could not account for this fact as readily as 
a phase-oxide concept). Studies of the type just cited 
are never mechanistic in the senss defined in the sec- 
ond paragraph of this paper, and are mentioned only 
because they illustrate the pervasive nature of the 
phase-oxide school of thought. 

Although electron diffraction (16-18), electrochemi- 
cal polarization (19-23), ellipsometric (24), reflecto- 
metric (24, 25), and photopotential (25, 26) measure- 
ments have provided useful information concerning 
the physical and electrochemical properties of oxide 
films formed on titanium in the passive state, they have 
not provided reliable evidence for the existence of 
oxide films (as opposed to adsorbed monolayer species) 
in either the active or active-passive transition poten- 
tial regions. With decreasing potential within the pas- 
sive potential region, the oxide film thickness de- 
creases, and film thicknesses down to approximately 
15-20.4 have been demonstrated at potentials clearly 
in the passive potential region. At still lower poten- 
tials, the theoretical limitations inherent in the el- 
lipsometric (27), reflectometric (28), and photopoten- 
tial techniques, i.e., the inability to unambiguously 
distinguish between a limitingly thin phase-oxide and 
adsorbed monolayer species, casts doubt on conclusions 
concerning the potential at which a phase oxide first 
forms. As an illustration of the interpretational diffi- 
culties which arise, consider the photopotential tech- 
nique employed by Oshe et al. (26) in a study of 
titanium in sulfuric acid solutions. In the derivation 
of the photovoltage equation (29), one presupposes 
the existence of an oxide phase, and assumes that the 
transport of charge carriers (electrons or holes) with- 
in the oxide phase is properly described by classical 
concepts, i.e., by a diffusion fiux represented by Fick's 
law and by a migration flux equal to the product of 
the charge carrier concentration and field-dependent 
drift velocity. It is unlikely that this description of 
charge transport is applicable to very thin oxide films 
where, for example, chafge transport by electron tun- 
neling has been demonstrated (24), and it obviously 
does not encompass the transition from the ultimately 
thin but finite phase-oxide to the monolayer species. 

Experimental 
The three-compartment cell assembly (test, refer- 

ence, and counterelectrode compartments) was made 
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of Pyrex glass and Teflon and was so designed that 
solutions could be added to or removed from the cell 
without exposure to the atmosphere. All compartments 
were jacketed and maintained at a constant tempera- 
ture (k0.02"C) which, except where noted, was 30". 
A stream of hydrogen was passed through all com- 
partments at all times. The hydrogen source was a 
Matheson generator which produces ultrapure gas 
via diffusion of electrolytically generated hydrogen 
through a palladium membrane. Additional stirring 
in the test compartment was achieved with a Teflon- 
coated magnetic stirrer. 

The titanium electrodes employed in this study were 
made from zone-refined, polycrystalline titanium (Ma- 
terials Research Corporation). The cylindrical elec- 
trodes (diameter = 0.635 cm) were mounted on 
Teflon electrode holders which exposed either one 
planar surface or the cylindrical surface or both. All 
solutions were prepared from reagent grade chemicals 
and triply distilled water. Acidic chloride solutions 
having the desired pH were made by mixing 1M HCI 
and 1M NaCl solutions Stock solutions of 0.1M 
Ti(1II) in IN HCl were prepared by dissolving 0.9593g 
of zone-refined titanium in 21.31 ml of 12.2N HCI at 
65'-70'C. The resultant solution was cooled to room 
temperature and diluted to 200 ml with water. The 
entire preparation was conducted under a helium atmo- 
sphere, using helium-saturated liquids. Stock solutions 
of 0.1M Ti(1V) in 1M HC1 were prepared by adding 
hydrogen peroxide (30% solution) to stock Ti(II1) 
solution until the purple color of the latter just dis- 
appeared. The next drop of Hz02 produced an orange 
color which was eliminated by addition of some Ti (111) 
solution. The final solution contained a negligible ex- 
cess of Ti (111). 

The electrochemical measurements were made with 
a PAR potentiostat (Model 173), a PAR program- 
mable waveform generator (Model 1751, an Aardvark 
potential scanner (Model SCAN-4), an Orion pH 
meter (Model 801-A), and a Hewlett-Packard/Moseley 
recorder (Model 7100B, Model 17501A plug-ins). 

All electrode potentials (E) were measured against 
a saturated calomel reference electrode and, unless 
stated otherwise, all E values are given with reference 
to SCE. 

The potential-step method was used to determine 
all of the polarization curves with the exception of 
those shown in Fig. 3 (curves I-IV) and Fig. 9. The 
term "steady state" is used in the operational sense to 
mean that there was no discernible change with time 
in the value of the current density at a given poten- 
tial and that the indicated value was not dependent 
on whether the previous potential was more positive 
or more negative. 

In this paper, by convention, net and partial anodic 
(oxidation) current densities are positive, while net 
and partial cathodic (reduction) current densities are 
negative. 

Results and Discussion 
A typical activation curve observed on immersing 

a titanium electrode into 1N HC1 is shown in Fig. 1. 
Due to the presence of an air-formed oxide film on 
the metal following pretreatment (polishing with 300 
nm a-A1208 and rinsing with distilled water), the po- 
tential initially lies in the passive potential region. The 
slow decrease in the open-circuit potential in the re- 
gion above -300 mV vs. SCE is attributed to slow 
dissolution of the oxide film, a process which, under 
steady-state conditions, is completed at approximately 
-300 mV vs. SCE with the transition from the limiting 
thin phase-oxide to adsorbed monolayer species. Below 
-300 mV, adjustment in the coverages of the adsorbed 
reaction intermediates is accompanied by the sub- 
sequent rapid decrease in potential. Ultimately, a 
stable active-state corrosion potential of -665 mV vs. 
SCE is attained. Since the surface state during activa- 
tion is not in a steady-state condition, the transition 

0 4 8 12 16 20 24 28 
TIME (h r  ) 

Fig. 1. Spontaneous activation of titanium in IN HCI 

at -300 mV is not abrupt. However, when the activa- 
tion curve shown in Fig. 1 is correlated with the steady- 
state polarization curve shown in Fig. 2, the singular 
significance of the potential value of -300 mV is ap- 
parent. Similar activation curves have been reported 
by other investigators. Brauer and Nann (14) ex- 
amined activation curves obtained in 6N HzS04 and 
noted that for a variety of pretreatment processes the 
rapid decrease in potential always occurred at ap- 
proximately -280 mV vs. SCE. Thomas and Nobe (7) 
observed a sudden decrease in potential at -300 mV 
vs. SCE for 1N H2S04 (also observed by the present 
author). The presence of only one arrest in the activa- 
tion curves observed for preanodized titanium in 10M 
H2S04 was interpreted by Armstrong et al. (10) to 
mean that only one phase oxide forms during anodic 

Fig. 2. Steady-state anodic polarization of titanium in IN HCI 
and 1 N HzSO4. 
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polarization into the passive potential region, that it 
is removed during activation, and that only monolayer 
species exist on the surface after activation. 

The steady-state anodic polarization curve for tita- 
nium in 1.OM HC1 is shown in Fig. 2 (curve C). As the 
potential of the metal is made increasingly positive 
(noble) relative to the corrosion potential, the anodic 
current density rises to a maximum (i,) at the criti- 
cal potential (Em = -530 mV us. SCE) and then de- 
creases as the metal is transformed from the active to 
the passive state. For comparison purposes, the steady- 
state anodic polarization curve observed in 1N H&04 
is also shown in Fig. 2 (curve B). In acidic chloride 
and acidic sulfate solutions, the steady-state anodic 
polarization curves are completely unaffected by stir- 
ring. Moreover, it has been reported previously (for 
acidic sulfate media) that potentiostatic currentltime 
transients spanning the time range from a few micro- 
seconds to steady state are totally unaffected by stir- 
ring (1). 

The monotonic decrease in the anodic current density 
with increasing potential in the potential region posi- 
tive (noble) to Em is interrupted at approximately 
-300 mV us. SCE, i.e., for any potential positive to 
-300 mV us. SCE the steady-state current density ex- 
ceeds that which would be expected from extrapola- 
tion of the polarization curve observed between Em 
and -300 mV us. SCE This is the only discontinuity 
in the steady-state polarization curve in the potential 
region positive to Em and represents the potential at 
which the transformation from an adsorbed mono- 
layer system to a phase oxide occurs. Consequently, 
throughout this paper the term "active state" refers to 
the potential region negative to Em, the term "passive 
state" refers to the potential region positive to the 
discontinuity potential (approximately -300 mV us. 
SCE for 1M HCI or 1N HzS04), and the active-passive 
transition potential region lies between the two de- 
fined states. 

Effect of potential scan ?ate.-Anodic polarization 
curves for titanium in 1M HC1 were measured with 
scan rates ranging from 0.01 to 10 mV/sec and are 
shown, together with the steady-state polarization 
curve, in Fig. 3. In each case, the potential scan origi- 

SCAN RATE 

I : I 0  mVlsrc 
II: 4 mV/seo 
m: 0.4 mv/sec 
IP: 0.04 mvlsec 
P: STEADY STATE 

0.04 - 
0 -100 -200 - 3 0 0  - 4 0 0  -5W - 6 0 0  -700 

POTENTIAL ImV vs S.C.E.1 

Fig. 3. Effect of scan rate on anodic polarization curves in 1N 
HCI. 

nated from the steady state at -650 mV us. SCE. 
Stirring had no effect on the curves, i.e., the chloride 
system like the sulfate system is entirely under activa- 
tion control. The very large effect of scan rate on the 
polarization curves, an effect which may be attributed 
to the low rates of the interfacial reactions which de- 
termine the potential dependent steady-state coverages 
of the adsorbed reaction intermediates, argues against 
the application of the potentiodynamic technique to 
mechanistic studies of titanium dissolution. For ex- 
ample, with increasing scan rate, the maximum anodic 
current density (i,) increases and the corresponding 
potential (Em) becomes increasingly positive. More- 
over, the disparity between the potentiodynamic and 
steady-state curves, at constant scan rate, is dependent 
on such variables as the pH and temperature. One con- 
sequence is that the value of i, and Em as diagnostically 
significant parameters is lost when the potentiodynamic 
method is used. The limited value of the potentiody- 
namic technique is all the more obvious when one con- 
siders that, with all other factors constant, the disparity 
between the potentiodynamic and steady-state polari- 
zation curves depends on the surface state at the start 
of the scan Cyclic scanning, for example, always re- 
sults in hysteresis loops the shapes of which depend on 
the initial surface conditions as reflected by the initial 
current density at the originating potential. Phase 
oxides, formed by scanning into the passive potential 
region, exhibit a transitory existence in the active 
and/or active-passive potential regions and can lead to 
erroneous mechanistic conclusions when the latter are 
based on potentiodynamic polarization curves (14) or 
on correlations thereof with optical data (25). The 
common practice (8, 30, 31) of waiting a fixed but in- 
adequate time interval at each potential when using 
the potential-step method also results in a disparity be- 
tween the observed and steady-state polarization 
curves, together with the attendant interpretational 
ambiguities, and is best avoided. 

Effect of temperature.-The effect of temperature on 
the steady-state polarization data in 1N HC1 is shown 
in Fig. 4. As the temperature increases, Em (measured 
against a SCE at the same temperature as the test 

POTENTIAL (mVvr S.C.E.1 

Fig. 4. Effect of ternperoture on Em and I,,, in 1N HCI 
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solution) remains constant (-530 mV us. SCE), while 
i, increases. The data show that log im is a linear 
function of (l/T). The slope, d log i,/d(l/T), leads 
to a calculated apparent activation energy of 57.3 kJ/ 
mole (13.7 kcal/mole). Similar results have been re- 
ported earlier for IN  HzS04, for which it was found 
that Em was independent of temperature and d log 
i,/d(l/T) was constant (1). The apparent activation 
energy reported for 1N was 59.9 kJ/mole 
(14.3 kcal/mole). In a qualitative sense, it has been 
known for many years that Em is independent of tem- 
perature and i, increases with increasing temperature 
(32, 33). Typical of the apparent activation energies 
that have been reported for i, are 14.6 kcal/mole in 
6N HzS04 (14), 20 kcal/mole in 20% HC1 (341, and 
11 kcal/mole in (0.1M HC1 + 0.9M NaCl) (31). 

Coulomettic weight-loss data.-Potentiostatic coulo- 
metric weight-loss experiments were performed at Em 
(-530 mV us. SCE) and Em + 90 mV (-440 mV vs. 
SCE) with 1N HC1 at 30°C. The apparent valence ( z )  
was calculated according to the equation, z = AQ/wF, 
where A and F represent the atomic weight of titanium 
and the Faraday constant, respectively, and w repre- 
sents the weight loss occurring during the passage of 
Q coulombs of charge. The following results were ob- 
tained: z = 2.94 (Q = 18.88C, w = 3.192 mg), E = Em, 
P = 2.21%; z = 2.94 (Q = 36.47C, w = 6.164 mg), 
E = Em, P = 2.15%; and z = 2.97 (Q = 32.73C, w = 
5.48 mg), E = Em + 90 mV, P = 1.18%. Here, P 
represents the current corresponding to the hydrogen 
evolution reaction, expressed as a percentage of the 
observed current, if z = 3.00. For comparison, the re- 
sults obtained (1) in 1N HzS04 were as follows: 

E = Em, T = 6OSC, P = 0.17%; 
and 

z = 3.00 (Q = 24.04C, w = 3.98 mg), 

These results clearly demonstrate the faradaic oxida- 
tion of the metal to Ti (110, not only in the active state, 
but also in the active-passive transition region. This is 
true for both acidic chloride and acidic sulfate solu- 
tions. Additional proof of the quantitative faradaic 
oxidation of titanium to form Ti(II1) ions in solution 
has been presented earlier (2) for active-state disso- 
lution in acidic sulfate solutions. 

Effect of pH.Steady-state anodic polarization 
curves for titanium in the active and active-passive 
transition regions have been determined for chloride 
solutions ([Cl-] = 1M) having pH values ranging 
from -0.078 to 2.00, and are shown in Fig. 5. The metal 
spontaneously activates in these solutions and exhibits 
an active-state corrosion potential (volts us. SCE) 
given approximately by the expression, E,,, = -0.667 
- 0.023 pH. The maximum pH for which there exists 
a stable active state was estimated to be 2.3, and a 
stable active state was not attainable at pH = 2.5. 

The curves shown in Fig. 5 demonstrate that as the 
pH decreases, i, increases and Em becomes increasingly 
positive (noble). These qualitative observations have 
been reported by many investigators for both chloride 
and sulfate solutions (31, 33-35). However, attempts 
to establish quantitative relationships among i,, Em, 
and pH have been very limited in number, and not 
successful. This situation can be attributed to the fail- 
ure to obtain steady-state data, and/or to the failure 
to correct the anodic polarization curves for the effect 

0.01 -240 i -320 -400 -480 -560 -640 -720 -800 

POTENTIAL IrnVvs S.C.E.) 

Fin. 5. Effect of pH on anodic polarization curves in chloride 
media ([CI-1 = IM). 

of the HER. For sulfuric acid solutions (1-ION) at 2Z°C, 
Peters and Myers (8) reported that (d log im/dpH) = 
-0.77, and (dE,/dpH) = -50 to -60 mV/pH. Thomas 
and NoDe (7) reported that for acidic sulfate solutions 
(pH = 0.25-2.0) at  24"C, (d log i,/dpH) = -0.84 
and (dE,/dpH) = -60 mV/pH. In neither case were 
the data corrected for the HER. When corrected for 
the H!3R, the arorementioned values of (d log i,/dpH) 
and (dEddpH) approach those given by Eq. [I] and 
Eq. [3J, respectively. In chloride solutions ([Cl-] = 
1M) ranging from pH = -0.08 to pH = 1.58, the data 
observed at 98'C by Griess (311, uncorrected for the 
HER, gives (dE,/dpH) = -78.6 mV/pH at 30'C com- 
pared to the value of -80 mV/pH given by Eq. [3]. 
This agreement with Eq. [31 results from the fact that 
the correction for the HER becomes less important as 
the temperature increases. This is apparent from the 
fact that Em is independent of temperature while E,,,, 
becomes increasingly negative as the temperature in- 
creases (for example, dE,,ddT - -1.1 mV/degree in 
1N HC1). 

In Fig. 6, the correction of i, and Em for the effect 
of the HER is shown for pH = 1.00. The cathodic Tafel 
line corresponding to the HER has a slope of -120 
mV/decade, i.e., (a logli,]/aE) = -F/2 (2.303RT), 
and gives the corrosion current density (k,,,) at the 
corrosion potential (E,,,,). The partial anodic polari- 
zation curve (id) corresponding to just the oxidation 
of the metal to form Ti(lI1) ions in solution is ob- 
tained by adding liHl to the observed anodic polariza- 
tion curve (i,). The corrected value of the current 
density maximum (i,,d) is greater than i,, and the 
corrected corresponding potential (Em,,+) is more nega- 
tive than Em. As shown by the coulometric weight-loss 
data (see above), the correction of i, and Em for the 
HER is negligible in 1N HCl and 1N HzS04 but be- 
comes increasingly important as the pH increases. 
Moreover, at any specified pH, the correction is greater 
in chloride than in sulfate media. The latter fact is 
reflected in the greater difference between Em and 
E,,,, observed in sulfate solutions for any pH value. 

The polarization curves shown in Fig. 6 clearly 
demonstrate that neither i, nor id obey the Tafel equa- 
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exactly the same as those found for acidic sulfate so- 
lutions, Eq. [I] and 121. 

The effect of pH on Em and on Em,d is shown in Fig. 
8. The results show that Em,d, unlike Em, is a linear 
function of pH, i.e. 

-475 -525 -575 -625 -675 -725 -775 -825 
POTENTIAL (mv VS S.C.E.1 

Fiw. 6. Correction of Em and I, for the effect of the HER in IM 
[CI-] at pH = 1.00. 

tion, i.e., (a log id/dE)p~ is not constant, an important 
mechanistic fact cited in the beginning of this paper. 

In Fig. 7, log im,a is plotted against pH and against 
Em,& The results show that log im,d is a linear function 
of pH, and also a linear function of Em,&, i.e. 

d log &,,,d/dpH = -2/3 
and 

151 

d In im,d/dEm,d = F/2RT [el 
where it should be noted that Eq. 151 and [6] are 

0.1 
-500 -540  -580 -620 -660 -700 -740 -780 

POTENTIAL (mV vs S.C.E.1 

Variation of log 
in 1M [CI-1. 

with and with 

Again, the results for acidic chloride solutions are 
exactly the same as for acidic sulfate solutions, i.e., 
Eq. [ I ]  is identical to Eq. [3]. Equation [7] also follows 
from the relationship 

when the results shown by Eq. [5] and [6] are in- 
serted into Eq. [8]. 

The existence of such simple functional relation- 
ships as those represented by Eq. [5]-[7], together 
with their mechanistically significant constants (i.e., 
-2/3 and simple multiples of RT/F), must be ac- 
counted for by any mechanism proposed for the dis- 
solution of titanium. 

Linear polarization.-In Fig. 9, the net active-state 
current density (i.) is plotted against q, where q repre- 
sents (E - E,,,). The results are shown for pH = 1.00 

nu 

Fig. 8. Variation of Em ond EmZd with pH in 1M [CI-1 
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Fig. 9. Linear polorizotion of titanium in 1M [tl-I at pH = 
1.00; scan rate = 1.34 X mV/sec. 
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and were obtained by continuous scanning (scan rate = 
1.34 x 10-3 mV/sec) from an initial steady state at 
Em,. Despite the extremely low scan rate, some hys- 
teresis is evident. The slopes of the "linear" polariza- 
tion curves, (diJdq)MO, for the scans in the negative 
and positive directions are 5.90 x 10-8 and 6.00 x 
10-BA mV-1 cm-2, respectively. 

The net current density is given by Eq. [9] 

where id and in represent the current densities cor- 
responding to the metal dissolution and hydrogen 
evolution reactions, respectively. In accordance with 
the results shown in Fig. 6, Eq. [9] becomes 

where & = F/%RT, and where no a priori assumption 
has been made concerning the nature of the functional 
relationship between id and q. Then, for the linear 
polarization case, Eq. [lo] gives the result 

According to Eq. [ i l l ,  the linear relationship between 
in and 11 observed in Fig. 9 merely requires that the 
functional relationship between id and q, whatever its 
actual form, may be linearized for small values of 11, 
i.e., (diddq) = constant. In particular, it does not 

M O  
require id to be an exponential function of q, i.e., to 
exhibit Tafel behavior, a fact cited earlier in the paper 
Equation [ I l l  may be rewritten in the form 

where. use has been made of the fact that, at  q = 0, 
ad = amp Equation [12] shows that it is merely the 
slope of the tangent to the log id m. E curve at  ECorr 
that is calculable from known values of i,,, p,, and 
(di./dq),,. Conversely, if the values of (d In id/dtl)n=o, 

born, and PC taken from Fig. 6 are inserted into Eq. 
[121, the calculated value of (diJdq) is 5.76 X 

9-0 
10-BA mV-1 cm-2, i.e., virtually the same as that ob- 
served in Fig. 9. If id obeyed the Tafel equation, id = 
i ,,,, exp paq, then, with d In iddq = pa Eq. [I21 
would reduce to the usual linear polarization equation 

and the slope, (d In id/dq)n+O, calculated from known 

values of p,, i,,, and (dia/dq)-,, would be mecha- 
nistically significant. However, &'-is evident in Fig. 6, 
d In id/dq is not constant, i.e., id does not obey the Tafel 
equation, and, consequently, contrary to what has been 
assumed (3) ,  the calculated (using Eq. 1121) value of 
(d In id/dq)n+O does not represent a mechanistically 
significant Tafel constant (see the beginning of this 
paper). 

Effects of Ti(I11) and Ti(IV) ions.-For acidic sul- 
fate solutions, it has been shown (2) that Tl(II1) ions 
in solution are oxidized at a passive titanium surface 
to form Ti(1V) ions in solution and that the oxidation 
reaction is first order with respect to the concentration 
of Ti(II1) ions. The current density (i3) correspond- 
ing to the oxidation of Ti(1II) ions simply adds to the 
current density (i,*) corresponding to the dissolution 
of the substrate metal in the absence of Ti(III), i.e. 

where i, is the observed anodic current density in the 
passive potential region, C3 is the concentration of 
Ti(II1) ions, and ks is the rate constant for the oxi- 
dation of Ti(II1) ions, i.e., k3 = (i3/C3). The differ- 
ence between curves A and B in Fig. 2 illustrates the 
effect of Ti(II1). It should be noted that ipb, at con- 

stant potential, is not affected by the presence of either 
Ti(II1) or Ti(1V) ions. The effects of potential and 
pH on k3 have been discussed earlier (2). In the present 
study, it has been found that Eq. [I41 also applies to 
acidic chloride solutions. In Fig. 10, i, is plotted against 
C3 for a titanium electrode maintained at E = 0 mV 
vs. SCE in 1N HCI. Again, i, is a linear function of C3, 
and from the slope, (aip/aCs)E=o, the calculated value 
of (k3)E=0 is 1.13 x 10-4A cm-2liter mole-'. The value 
of (k3)==0 observed in 1N HzS04 was 1.12 x ~ O - ~ A  
cm-2 liter mole-' (2), i.e., approximately ten times 
greater than the value observed in 1N HC1. It should 
be noted that the oxidation of Ti(II1) is activation 
controlled, i.e., i, is not affected by stirring. 

In acidic sulfate solutions, Ti(1V) ions in solution 
are reduced at an active-state titanium electrode to 
form Ti(1J) ions in solution, and the reduction reac- 
tion is first order with respect to the concentration of 
Ti (IV), i.e. 

4 = -k4C4 [I51 

where i4 represents the current density associated with 
the reduction reaction, C4 is the concentration of 
Ti(1V) ions in solution, and le4 is the rate constant for 
the reduction reaction. The current density, i.t, simply 
adds to the current densities corresponding to the dis- 
solution of the metal to form Ti(II1) ions in solution 
and to the hydrogen evolution reaction, id and in, re- 
spectively, to yield the observed current density (i,) 

Since, at constant potential, neither id nor i~ are af- 
fected by the presence of Ti(II1) or Ti(IV) ions in 
solution, one may rewrite Eq. [16] in the form 

where inb represents the value of i, observed in the 
absence of Ti(IV), i.e., (id + i ~ ) .  Equation [I71 ap- 
plies to acidic chloride solutions as well as to acidic 
sulfate media (2).  The polarization curves shown in 
Fig. 11 show the decrease in i, which accompanies the 
addition of Ti(1V) ions to 1N HCl. According to Eq. 
[171, the polarization curves shown in Fig. 11 may be 
used to evaluate k4 at any specified potential by sim- 
ply subtracting i, from i.* and dividing the result by 
C4, i.e., ( k 4 ) ~  = (i.' - ia)/C4. Alternately, ( k a ) ~  
may be determined by adding Ti (IV) ions to the solu- 
tion while maintaining a constant electrode potential. 
The results of such an experiment conducted in 1N HCl 
at E = -530 mV vs. SCE are shown in Fig. 12, where 
-i4 (i.e., in* - i.) is plotted against C4. The results 
demonstrated the validity of Eq. 1171, and from the 
slope, [a(-i4)/aC4], yield a value of 1.80 x 10-4A 

Fig. 10. Determination of the rate constant (ks) for oxidation of 
Ti(lll) to Ti(IV) a t  a passive titanium electrode in 1N HCI; E = 
0 mV vs. SCE. 
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Fig. 11. Effect of Ti(lV) ions on the steady-state anodic polari- 
zation to titanium in IN HCI. 
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Fig. 12. Determination of the rate constant (k4) for reduction of 
Ti(lV) to Ti(lll) a t  on octive titanium electrode in IN HCI; E = 
Em = -530 mV vs. SCE. 

cm-2 liter mole-' for (k4)~=-530 in 1N HCl. The 
value of (kp)E=-530 observed (2) in 1N HzS04 was 
6.31 x 10-3A cm-2 liter mole-', approximately 35 
times greater than in 1N HCI. It should be noted that 
the reduction of T i (N)  is activation controlled, i.e., i4 
is not affected by stirring. 

Spontaneous cessation of localized corrosion and the 
role of chloride ion as a promoter of localized corro- 
sion.-As shown in the preceding section, the partial 
anodic polarization curve (log id vs. E )  is not affected 
by the presence of Ti (IV) ions in solution and, conse- 
quently, the intersection of the partial cathodic po- 
larization curve (log(iH - k& us. E) with the par- 
tial anodic polarization curve is displaced to more 
positive (noble) open-circuit potentials and corre- 
spondingly greater corrosion current densities as C4 
increases, i.e., as lin - k4C41 increases. However, when 
l i ~  - k4C41 just exceeds im,d, i.e., when C4 exceeds p 
critical value ('24.1 given approximately by the ex- 
pression 

c4* * ( & ) C ~ = O / ( ~ ~ ) E = E ~  I181 

then the partial cathodic polarization curve can no 
longer intersect the partial anodic polarization curve 
in the active-state potential region and, consequently, 
the active-state surface passivates. A detailed analysis 
of this phenomenon is given in Ref. (2). 

In localized corrosion systems, both active and 
passive surfaces are in contact with the electrolyte 
within the occluded cell (36). Consider the case of 

crevice corrosion of titanium in neutral or weakly 
acidic sulfate or chloride solutions. Acidification within 
the crevice, a consequence of hydrolysis of titanium 
dissolution products (Ti+4 + 2HzO = [Ti(OH)z] +2 
+. 2H+ and Ti+ 3 + Hz0 = (TiOH) + 2  + H+ ) coupled 
with mass transport limitations, can result in very low 
(<I) pH values in the innermost region of the crev- 
ice (31). The innermost surface of the crevice exists in 
the active state (low potential and low pH), whereas, 
nearer the entrance to the crevice, the titanium sur- 
face exists in the passive state (37-39). 

In the course of their egress from the innermost re- 
gion of the crevice, Ti(II1) ions formed by active-state 
dissolution encounter conditions (i.e., a passive sur- 
face) under which they are known to be oxidized (&) 
to Ti(1V) ions in solution. The resultant Ti(1V) ions 
are transported back to the innermost region of the 
crevice where they encounter conditions (i.e., an ac- 
tive surface) under which they are known to be re- 
duced (ia) to Ti(II1) ions in solution. The reduction of 
Ti(1V) has been shown to result in an ennobling of 
the active-state corrosion potential and a corresponding 
increase in the open-circuit (corrosion) dissolution 
rate of the active-state surface. Thus, Ti(1V) ions 
would adversely affect the rate of crevice corrosion, 
but only as long as Cq remained below the critical 
concentration (Ca*) required to passivate the active 
surface. The attainment of C4*, given by Eq. [18], is 
accompanied by the spontaneous cessation of localized 
corrosion. This phenomenon of spontaneous cessation 
of localized corrosion has long been recognized (36, 
40), but not previously explained. 

If one substitutes the values of im and ( ~ ) E = E ,  
observed for 1N HC1, i.e., 1.55 x 10-sA cm-2 and 1.80 
X 10L4A cm-2 liter mole-', respectively, into Eq. [la], 
one obtains a value of 86 mmoles for the critical con- 
centration of Ti(1V) required to passivate an active- 
state surface in 1N HC1, i.e., for (C~*)INHCI. On the 
other hand, the values of im and (k4)~=~, , ,  observed 
in 1N HzSO4, 5.30 x 10-5A ~ m - ~  and 6.31 X 10-aA 
cm-2 liter mole-', respectively, give a value of only 
8.4 mmoles for (C4*) x2s04, i.e., it reqv.ires 10.3 times 
as large a concentration of Ti(1V) to passivate the 
active-state surface in the chloride solution as in the 
sulfate solution. 

The fact that (C~*)IN ECI is ten times larger than 
( C ~ * ) ~ N H , S O ~  suggests that spontaneous cessation of 
localized corrosion would be much less likely to occur 
in the chloride solution, i.e., the halide ion in effect 
amcts as a promoter of localized corrosion. However, it 
is necessary to consider the relative times required 
for an electrolyte-coupled active-passive system to 
generate C4* in the chloride and sulfate solutions. In- 
sight into this problem may be gained by considering a 
system consisting of an active-state surface (potentio- 
statically maintained at Em) and a passive-state sur- 
face (potentiostatically maintained at, for example, 
0 mV us. SCE) in contact with v (liters) of stirred 
electrolyte initially (t  = 0) free of Ti(II1) and Ti(1V) 
ions. For such an electrolyte-coupled active-passive 
system, the increase in C4 with time is given by Eq. 
r i m  
L- -2  

C4 = -"[I - exp (-Kt/Fv)] + Apk3gt [19] 

where, in order to simplify writing, Q, 8, and K rep- 
resent the following 

and A, and A, are the areas of the active and passive 
surfaces, respectively (2). The required values of ks, 
k4, and id have been given elsewhere in this paper, 
for both 1N HC1 and 1N HzS04, and the values of i,* 
may be taken from Fig. 2. Using these values, it can 
be shown that the term, -a[l - exp (-Kt/Fv)], is 
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negligible compared to C4*, regardless of the values of 
A, and A,. Consequently, for the purpose of estimat- 
ing the time (t*) required to attain C4*, Eq. [I91 re- 
duces to the form 

c4* - ~ , k ~ p t *  ~231 
which, on inserting the value of C4* given by Eq. 1181, 
gives t* 

t* - im/Apk~k@ C241 
In order to simplify writing, symbols with a bar over 
them refer to IN HCl and symbols without a bar refer 
to 1N HzS04. According to Eq. [24], the ratio, 
(t') is HCI/(~*)IN H ~ S O ~  i.e., @/t8), exhibits a lower 
limit of 9.91, i.e., (k3/k3), corresponding to Aa >> A,,, 
and increases as (A,/A,) increases. For example, 
(P / tb )  increases to 13.8, i.e., to (k3/g) (&4/k4) 
[ ( b  + &)/(k3 + k4)], when Ap = _Aa Finally, (t*/t*) 
reaches an upper limit of 106, i.e., (i,/im) (k4/k4) (ip*/ - 
ip*), for A, >> Aa. In localized corrosion (crevice 
corrosion or SCC), the case of interest is (A, A A,) 
and, consequently, not only is the concentration of 
Ti(1V) required for spontaneous cessation of localized 
corrosion ten times greater in IN HCl than in 1N 
HzSO4, but, in addition, the time required to generate 
C4* is one or two orders of magnitude (more likely 
the latter since, generally, A, >> A.) greater in the 
chloride media. The result is that the halide ion func- 
tions as a promoter of localized corrosion. It might be 
noted that, with A, A A,, the concentration of Ti(II1) 
which exists when C4 = C4* is approximately equal 

Among the requirements satisfied by the proposed 
mechanism are the following: the oxidation of the 
metal (as in the cases of the active iron, nickel, and 
cobalt electrodes) must occur in a sequence of single- 
electron transfer reactions (42) ; corresponding to each 
of the four valence states of titanium encountered in 
the oxidation of the metal to the Ti(1V) state, there 
exists a surface intermediate (indicated by subscript 
(‘ a I s  in . Eq. [25] - [341) ; only one proton or water mole- 
cule is involved in any single reaction (43); and 
neither Ti (1) nor Ti (11) exist except as surface inter- 
mediates. In addition, it is recognized that in the pH 
region of interest, Ti(II1) ions in solution exist as 
Tiaa+3 and its first hydrolysis product, (TiOH) +2, 
whereas, Ti(1V) ion; in -solution exist- only- as 
[Ti(OH)z] + z  (43). 

For the reaction system represented by Eq. [25]-[34], 
the steady-state current density is given by Eq. 1351 

id/F = 3(Gs + k s ~ a ( ~ + ) N ) +  4 ~ ( G 3  + kks4M) 

I(l /PQR)+(l/PQ)+(l/P)+ 1 + N + MNI +[(k-z: + kza - ic-zaa(~+)R)/PQRk25] 
1351 

to (A,/A,) (kJks)Ch*, i.e., to 4.74 x (AJA,) 
and 1.37 x 10-1 (Aa/Ap) mole/liter in 1N HzS04 and 
1N HCl, respectively, values too small to introduce any 
complications into the preceding analysis. According to 
Schmets et al. (41), the standard potential of the 
Ti(III)/Ti(N) couple is approximately 0.10V us. SHE. 
Consequently, if the open-circuit potential of the once 
active surface, on passivation at Cd*, were determined 
primarily by the Ti (111) /Ti (IV) couple, then, with 
(C3*/C4*) E: (A./Ap) (k4/ks), the potential would lie 
in the passive potential region (> - 0.30V us. SCE). 
This has been confirmed for sulfate solutions (2). 

The electrolyte-coupled active-passive system just 
described contains all of the chemical and electro- 
chemical elements present in localized corrosion and, 
consequently, serves to demonstrate in a quantitative 
fashion the critical roles played by Ti (III), Ti (IV), and 
C1- ions in determining the cessation or propagation of 
localized corrosion. In a true localized corrosion system, 
the time required to generate C4* increases as a con- 
sequence of mass transport limitations. However, if 
one assumes that the ratio of the diffusion coefficients 
of Ti(II1) in chloride and sulfate media is approxi- 
mately the same as that for the Ti(1V) ion, then there 
is obviously nothing in the mass transport process that 
could completely ameliorate against the above-de- 
scribed electrochemical kinetic factors responsible for 
the role of halide ions as promoters of localized cor- 
rosion. 

Active-state dissolution and passivation mechanism. 
-The highly restrictive set of diagnostic relationships 
observed in both acidic sulfate and acidic chloride so- 
lutions, i.e. 

d log &,d/dpH = -2/3 [51 

may be derived on the basis of the following mecha- 
nism 

Ti + Hz0 = Ti (HzO). 1251 

where, in order to simplify writing, the following defi- 
nitions apply 

M = (e4/e3) = .x32/ (~F-~zu(H+ ) + k34) C361 

In the preceding equations, ej represents the fraction of 
the available sites occupied by the jth species, with 
j = 1, 2, 3, and 4 indicating the valence state of tita- 
nium in the surface species. In addition, a bar over a 
rate constant indicates a potential dependent rate 
constant, i.e., Te = k2 exp (cFE/2RT). The rate 
constants, k*, are assumed to be independent of ej 

values, i.e., Langmuir kinetics are assumed to prevail. 
For the system of reactions indicated by Eq. [25]- 

[34], the general current density expression is given 
by Eq. L411 

where, for each of the electron-transfer reactions, a 
corresponding term appears on the right side of Eq. 
[41], as illustrated by Gz7e(on-) - j E 1 ~ ~ e ~ )  for the 
reaction shown by Eq. [27]. Similarly, expressions are 
written for (de~,o/dt), (doton-)/dt), and (asj/ 
dt)i=i,z,a,4. For the steady-state case, all (d%/dt) ex- 
pressions equate to zero, and the resulting set of equa- 
tions may be solved 8 ~ ~ 0 ,  @(OH-), and 8, in terms of the 
rate constants (alone or, where indicated by the spe- 
cific reaction, multiplied by a(a+,)..Insertion of the 
steady-state e values into Eq. [41] followed by re- 
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arrangement of terms, yield Eq. 1351. The systematic 
reduction of Eq. [351 to correspond to the results con- 
tained in Eq. [51-[I] requires very few assumptions. 
Let e~ represent the sum of all e terms, i.e., e~ =, enzo 
+  OH-) + 4 (j = 1, 2, 3, 4). The first assumpt~on is 
expressed by the condition 

This condition simply means that &. = 1. i.e.. there is 
no significant "baremetal." ~rnposi%on of this condi- 
tion immediately reduces Eq. 1353 to Eq. [43] 

In Eq. [43], the term, 4N(& + h4M), is related to 
the formation of Ti(1V) ions in solution and, on the 
basis of the coulometric weight-loss data in the vicin- 
ity of Em, has been shown to be negligible compared 
to the term, 3(&9 + ksla(~+)N) ,  which is related to 
the formation of Ti(II1) ions in solution. Consequently, 
Eq. [431 reduces to the form 

as a consequence of the increase in 94 at the expense 
of b.2. 

In addition to satisfying the diagnostic relations, 
Eq. [51-[I], it should be noted that as E becomes in- 
creasingly positive in the active-passive transition re- 
gion, Eq. [46] reduces to the limiting case 

id/3F+ (k31k-sz/k~k.d(kzo + kao)a(~+)zexp(FE/RT) 
C49l 

i.e., the polarization curve should approach a limiting 
Tafel line having a slope, (aE/a log i d ) p ~ ,  equal to 
(-2.303RT/F), i.e., -60 mV/decade, and a second- 
order dependency on a(H+), i.e., (a log id la pH)^ = -2. 
The limiting Tafel slopes observed for curves A, B, and 
C of big. 5 are -83, -76, and -61 mV/decade, respec- 
tively. From curves A and B, one obtains (a log id/ 
JPH)E= -400 = -1.89, and from curves B and C 
(extrapolated limiting Tafel line), one obtains (a log 
id/JpH)~= -400 = -2.0. The small derivations from 
ideal values can be attributed to neglect of the term, 
4~ (Fa + k34M), in Eq. [431 and subsequent equations. 

Of the eight distinct steady-state current density 
cases generated bv substitution of the limitine values - ~ . -- - -- 
of M &d N into ~ q .  [45], only~that g i v e n - b y - ~ ~ .  1461 

id/F = 3(%0 + kkslat~+~N)/[(l/PQR) satisfies the experimentally determined criteria repre- 
+ + + + + MN1 1441 sented by Eq. 151-[I]. Suppose, however, that in writ- 

ing the reaction scheme shown by Eq. [251-[341. the 
The second assumption is that (1 + N + MN) >> 
[ (l/PQR) + (l/PQ) + (l /P) 1, which is equivalent to 
(82 + 83 + 84) >> ( ~ H Z O  +  OH-1 + 81). This is less 
an assumption than a necessity, i.e., if one examines 
all of the possible potential and pH dependencies of all 
of the terms in Eq. [44] (see Eq. [361- [401) , it becomes 
evident that it is not possible to satisfy Eq. [5]-[I] 
unless this assumption is made. The assumption re- 
duces Eq. 1441 to the expression 

natures of the adsorbed surface species and the-solu- 
tion species were left unspecified, i.e., if the surface 
species were simply represented by T i ( I ) ,  Ti(II), 
Ti(IlI)., and Ti( IV) ,  and the solution species by 
Ti(lII), and Ti(IV),. Then, proceeding as before, one 
would again obtain Eq. [35]-[45], unchanged except 
for omission of a(H+). Again, insertion of the limiting 
values of M and N into Eq. [45] generates eight limit- 
ing cases for the steady-state current density. Three 

- -  - 

of the eight cases can be eliminated because they fail 
id/F = 3 (F29 + b l a ( ~ + , N ) / ( l  + N + MN) [45] the test, (a2 log i d / a E 2 ) p ~ , ~ = ~ m  = (-), i.e., they fail 

to exhibit a maximum in the polarization curve. For 
According to Eq. [361, there are two limiting values the remaining cases, one sets (a  log id / JE)p~ ,~=Em 
of M. According to Eq. [371, the two limiting values equal to zero, solves for Em,d, inserts Em,d into the cur- 
of M lead to five distinct limiting values of N. If these rent density equation and, thereby, obtains im,d. Then, 
limiting values of M and N are inserted into Eq. [451, Em,d and im,d must satisfy Eq. [I] and Eq. [5], respec- 
a total of eight distinct cases for the steady-state cur- tively. Only two cases survive these tests, case I and 
rent density are generated, one of which is given by case 11. If r,, represents the rate of the nth reaction, 
Eq. 1461 

Application of the condition, (a  log id/aElpH = 0 at 
E = Em,d, to Eq. [461 gives the result then case I requires the following: rzs + f (pH), 780 + 
Em,d = (2/3) (2.303RT/F) log (b1k-32/2kmk32) ~ ( P H ) ,  731 = & I ~ ( H + ) ,  732 # ~ ( P H ) ,  and r-sz = k-sl 

a(H+). These requirements are precisely those satis- 
- (4/3) (2.303RT/F) pH [47] fied by the reaction scheme given by Eq. [25] - 1341. 

i.e. Other reaction schemes which satisfy these require- 
dE,.d/dpH = - (4/3) (2.303RT/F) ments can be written, but only by invoking species not .- - 

known to exist, or unlikely to  exist at low pH. For 
which is identical to Eq. 171. Substitution of Em,d from example, if one substitutes (TiO)., (TiOOH), (TiOz), 
Eq. 1471 into Eq. [461 gives Eq. [48] TiO+. and TiO+ + for the corresoondine surface and ~-~~ -..- ~. 

Lsd = (kSlk-32/2k30k32) 113 (kZ9 + kSO) (2/3) ,215 solution species in E;. [25] -[34], all requirements can 
be met (1). but such a seauence of basic s~ecies is 

LYOJ 

provided, (3/2) >> (k31k-3~/2k~obza(~+)~'~(k~o/k31), 
i.e., provided the second term in the denommator of 
Eq. [46] is negligible at  Em,d compared to the first and 
third terms. From Eq. L481, one obtains the expres- 
sion 

d log i,,,.d/dpH = -2/3 
which is identical to Eq. [6]. The denominator of Eq. 
1461 is equal to [(az + e3 + e4)/e~1 and therefore, the 
condition leading to Eq. [48] may be expressed in the 
form, [(ez + e3 + e4)/ezl = [(ez + e4)/ezl = 3/2. 
However, since (ez + e4) = e~ = 1, it follows 
that at Ernad, as = 2/3 and e4 = 1/3. As E becomes in- 
creasingly positive relative to Em,d, passivation occurs 

less likely -6 exist in acidic-media, if at  all. For case 
11, the requirements are the following: rzs + f(pH), 
730 f f(pH), 7-30 = =-30a(~+), 732 f f(pH), and 
734 = k34acH+). Again, no reasonable reaction scheme, 
i.e., one involving only known species, can be devised 
to satisfy these requirements. In summary, the mecha- 
nism of active-state dissolution and passivation of 
titanium is rather uniquely represented by the reaction 
scheme given by Eq. 1251 - [34]. 

Electron diffraction studies have shown that dark 
gray to black hydride layers can be formed on titanium 
by corrosion in concentrated HzSO4 or HCl, or by 
strong cathodic polarization in more dilute acids. For 
example, TiH has been observed after cathodic polari- 
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zation for 100 hr  in  6N HzS04 (25°C) at  -0.8V vs. SCE, 
and TiHo.9 after 100 hr in 1N HzS04 (24") at a cath- 
odic current density of 20 rnA/cmz (44). Similarly, TiH 
has been observed after corrosion for 20 hr  at  18°C in 
15 weight percent HC1 (45),  and TiHz after corrosion 
for 20 hr  at 15'C in 12N HC1 (45),  or after 16 hr  in 
concentrated HC1 at  20" (44). Formation of hydride 
is dependent on pH, electrode potential, temperature, 
etc., and, for the systems described in the present 
study, would not be expected to occur except under 
strong cathodic polarization (46).  Indeed, the only ob- 
servation that could be considered to reflect the pres- 
ence of hydride occurred under strong cathodic po- 
larization, where it was found that the current density 
at constant potential increased with time to values 
much greater than expected on the basis of extrapo- 
lation of the cathodic Tafel line established at  higher 
potentials. Thomas and Nobe observed this same phe- 
nomenon in 4N KC1 at  potentials below approximately 
-875 mV us. SCE (47),  and in acidic sulfate solutions 
at potentials more negative than approximately -1.OV 
us. SCE (12),  and noted the possibility of hydride 
formation as the cause. At one time, hydride was 
assigned a dominant role in the behavior of titanium 
in acidic media and, in fact, was assumed to be re- 
sponsible for the passivity of the metal (45).  This 
viewpoint was based on qualitative interpretations of 
corrosion tests and electrochemical polarization data in 
aerated solutions, interpretations which can no longer 
be considered valid when viewed in the light of present 
knowledge concerning the conditions under which 
oxide passivity or active-state dissolution occur, the 
effects of 02, Ti(III), Ti(IV), pH, etc., and the inter- 
pretational ambiguities which are from nonsteady- 
state data. In addition to the present studies, the work 
of Mansfeld (48,49) clearly refutes the concept of 
"hydride passivity." His studies showed that passiva- 
tion of titanium failed to occur in anhydrous methanol 
containing HCl or H2SO6 but occurred in the usual 
manner when traces of water were added. However, as 
indicated by the cathodic polarization curves, condi- 
tions for hydride formation were equally favorable 
with or without the added water. 

Summary 
The electrochemical behavior of titanium in deoxy- 

genated acidic chloride solutions has been determined 
and compared with the results obtained earlier in 
acidic sulfate media. 

A monolayer mechanism for the active-state dis- 
solution and passivation of titanium in acidic media has 
been developed and shown to be in quantitative agree- 
ment with the experimental results. 

A comparative study of the effects of Ti(II1) and 
Ti(1V) ions on the electrochemical behavior of tita- 
nium in acidic chloride and acidic sulfate solutions 
has provided explanations for (i) the random sponta- 
neous cessation of localized corrosion, and (ii) the role 
of halide ions as promoters of localized corrosion. 
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ABSTRACT 

This paper describes the results of an electrochemical investigation con- 
cerning the pitting resistance of cold-worked AISI 304 L and 316 L stainless 
steels in  deaerated 3.5 weight percent (w/o) NaCl solutions of different pH's 
(pH = 2, 7, and 9). An anisotropic behavior of specimen surfaces with differ- 
ent orientations to the direction of deformation is shown and discussed in 
relation to characteristic structural aspects. 

A systematic study of the influence of cold plastic 
deformation on the corrosion behavior of commercial 
austenitic stainless steels in different aggressive media 
has been carried out in our laboratory from 1970 on- 
ward ( 1-9), and is now coming to an end. 

In this paper, a general view is given of the results 
concerning the pitting resistance of AISI Types 304 L 
and 316 L stainless steels cold-worked under various 
conditions, immersed in deaerated 3.5 w/o NaCl solu- 
tions of different pH's (pH = 2,7, and 9). 

Literature data on pitting corrosion of cold-worked 
stainless steels are scant and inconsistent (10-16). In 
particular, the critical pitting potential has been ob- 
served either to remain unaffected by cold work, or to 
shift to more negative values. This inconsistency should 
not arouse surprise: as a matter of fact, commercial 
steels are generally considered, and especially after 
cold plastic deformation their microstructure is neither 
simple, nor well controlled by the different authors 
(also in relation to the different working conditions). 

Present address: LTM-CNR, Cintsello Balsamo, Milano, Italy. 
'Present address: ClSE Segrate MUano ltaly. 
Kev words: corrosion. '~ittinn. iusten~&c stainless steels. cold . - -. 

p l a s ~ c  deformation. 

Experimental and Materials (Microstructure Analysis) 
Materials were first annealed at 1050°C for 1 hr  and 

water quenched (solution heat-treatment), then sub- 
mitted to cold plastic deformation by either tension, 
drawing, or rolling, at  room temperature (25°C) or 
at liquid nitrogen temperature (-196'C). Chemical 
com~ositions and some structure characteristics of the 
stainless steels under study (after the solution heat- 
treatment) are given in Table I. The microstructure 
analysis of the deformed materials was carried out by 
means of magnetic measurements, x-ray diffraction, 
and transmission electron microscopy. 

Magnetic measurements (17) enable us to determine 
(following the scheme of Table 11) the weight per- 
centage of ferromagnetic a'-martensite in the deformed 
steels [the weight percentage of 6-ferrite in the non- 
deformed state being negligible (see Table III)]. 

Transmission electron microscopy shows the pres- 
ence of the following: (i) dislocations, with a tendency 
to their arrangement in a cell structure; (ii) deforma- 
tion bands, which can be resolved either as deforma- 
tion twins or as a-martensite, and (iii) platelets of 
='-martensite (approximately one micron in length and 

Table I .  Chemical compositions and some structure characteristics of the commercial austenitic 
stainless steels under study (after the solution heat-treatment) 

ASTM Subse- 
Composition (w/o) grain- quent 

size Mdsob Mae cold- 
Steeltype C Si Mn P S Cr Ni Mo Cu N number' ( " C )  ('C) working 

AISI3ML 0.025 0.45 1.39 0.023 0.021 18.60 8.75 0.50 0.24 0.036 6.6.5 +22 <-I96 Tension 
0.032 0.54 1.64 0.009 0.009 18.60 8.70 0.48 0.20 0.038 7.7.5 t 1 6  <-I96 Drawing 
0.020 0.41 1.40 d.032 0.013 18.10 10.30 0.32 0.24 0.039 4-5 + 18 <-I96 Rolling 

AISI S l 6 L  0.022 0.43 1.51 0.033 0.023 16.80 10.65 2.90 0.07 0 033 5-5.5 -14 < -196 Tension 
0.023 0.40 1.45 0.034 0.021 16.60 10.90 3.00 0.08 0.037 5.5-6 -17 <-I96 Drawing 
0.026 0.41 1.24 0.008 0.011 16.10 10.90 2.20 0.07 0.034 3.5-4.5 + 7  <-I96 Rolling 

nDeterm1ne-d according to ASTM Designation E 112. 
bTemperature at which 50% of martensite Is formed In tension after a true strain of 0.30 [calculated according to Ref. (17) and 

( l8) l .  
Martensite starting temperature. 
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Table II.  Scheme showing how the w/o of ferromagnetic phase 
(M%) in the deformed oustenitic stainless steels under study is 

determined (17) 

r a  = spec lc  saturation magnetlzatfon (emulg) measured a t  a 
given magnetic field strength H (as a rule in our measure- 
ments, H = 20,000 oe) 

r. = specific saturation magneti;ation (emulg) corrected for the 
austenite paramagnetic contribution as follows: r. = r a  - 
2.5 x 104 H 

a,' constant calculated for each steel cornpodtion as follows 
(from Angel): 

r.' = 160.4 t 21 A r t '  x ACI 

160.4 = specffic saturation magnetization (emulg) of a totally. 
martensitic reference heat whose chemical composition (wlo) 
Is as follows (from Angel): C = 0.09; Si = 0.42; Mn = 0.42; 
Cr = 18.20; Ni = 8.6; Mo = 0.29; N = 0.053 

A r l '  = coefficients calculated from Angel's data. His values for 
each eiement are as follows: C = 8.34; Si = 3.38; Mn = 
-0 29. Cr = 2.77 Ni = -0.076. Mo = 0.33. N = 36 

Act = dkerence betLeen the weiiht percenta'ges of the element 
9" in a given steel and in the reference steeL 

a few tenths of a micron in width) at the intersec- 
tions of the deformation bands; in all three cases the 
amounts increase with increasing degree of deforma- 
tion. Dislocations or deformation bands prevail when 
the steels under study are deformed at  room tempera- 
ture, while deformation bands with platelets of a'-mar- 
tensite prevail in the case of cold-working at liquid 
nitrogen temperature (Fig. la) .  In this latter case, the 
deformation structure at  the higher degrees of de- 
formation consists almost solely of small equiaxed 
grains of a'-martensite (Fig. lb). 

The results of the microstructural investigations are 
summarized in Table 111. The phenomenological aspects 
previously described in the literature (17-23) are 
confirmed. 

Specimens for the electrochemical exueriments were 
cut so as to obtain different orientations of the surface 
exposed to the aggressive medium, with respect to the 
direction of deformation. Longitudinal ( L )  and trans- 
versal (T) surfaces in the cases of tension and draw- 
ing, and longitudinal (L), long-transversal (TL), and 
short-transversal (Ts) surfaces in the case of rolling 
were considered. 

A detailed description of the arocedure for soeci- 
N.B.: The values of the different magnetic quantities are given men surface preparation of the ~olarization celi and 

in cgs units to  allow an easy comparison with data of Ref. (17). electrode assembly is given elsewhere (4-7). The test- 
Relation between SI units and cgs unlts is as follows: ing solution temperature was maintained at  40°C. in 

Conversion order to compare the results with those obtained in a 
fgixfg physiological saline solution in previous research work. 

Quantity cgs unit Si unit unlts Nitrogen was continuously bubbled to remove the air. 
Magnetic field Oersted Ampere turns Saturated calomel reference electrodes (SCE) were 

(oe) per meter used. 
Magnetic moment emu 

( A h )  Weber meter 4r , The currently popular electrochemical techniques, 
( W b  m) i.e., the cyclic polarization (or electrochemical hystere- 

Table Ill. Results of the microstructural investigations 

Magnetic 

Deformation 
measure- Transmlsslon electron microscopy 

Vlckers 
ments 

Tem- hard- 
Disio- 

per- De- ness 
Ferro- cations 

ature greea num- 
X-ray diffraction magnetic density Defor- 

Steel type Type (T) ( % I  berb Phases* 
phase ( x IOU mation a'-mar- AUS. 
(wlo) cmlcm3) bands= tensite* tenite- 

AISI 304 L 

AISI 316 L 

AISI 304 L 

AISl316 L 

AISI 304 L 

AISI 316 L 

- 
1. 
m.q. 
m. 
m. 
I.P. 
v.1. - 
n.0. 
1. 
m.q. 
m. 
P. 
v.1. - 
1. 
m. 
P. 
m. 
v.1. 
v.1. - 
1. 
m. 
1.P. 
m. 
v.1. 
v.1. - 
m.q. 
P. 
P. 
m. 
P. 
v.1. - 
m.q. 
P. 
P. 
m. 
P. v.1. 

- 
n.0. 
1. 
m.q. 
m. 
P. 
I.P. - 
n.0. 
n.O. 
n.0. 
m.q. 
m. 
P. - 
n.0. 
m.q. 
m. 
m. 
P. 
1.p. - 
n.o. 
v.1. 
1. 
1. 
P. 
1.p. - 
1.0. 
n.0. 
n.0. 
m.q. 
m. 
1.p. - 
n.0. 
1.0. 
n.0. 
m.q. 
m. 
1 n 

Quantified as reduction in the cross-sectional area 
b Values measured on transversal sections (in the rase of roiling long-transversal sections) with respect to  the deformation direction 
Cv.l. = very little (<I%);  1. = little (1.10% 1; m.q. = medium quantity (1040%); m. = much (4040%); p. = prevailing (60.80%); Lp. =' 

largely prevailing (>SO%); n.0. = not observed. 
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Fig. 1. Deformation structure of AlSl Type 304 L stainless steel 
rolled at liquid nitrogen temperature: (a) deformation degree, 
10%; (b) deformation degree, 50%. 

sis) technique (16,24-29) and the scratch method 
under potentiostatic conditions (30) were applied for 
investigating the pitting resistance of the stainless 
steels under study. 

As is well known, cyclic anodic polarization (or elec- 
trochemical hysteresis) curves enable us to deter- 
mine: (i) a critical pitting potential (E,), at which 
pitting is initiated in the forward scan portion; and 
(ii) a protection potential against pitting (EPmt), more 
active than E., at which the growing pits are repassi- 
vated in the reverse scan portion. Pitting attack will 
initiate and propagate if the potential rises above E,, 
while new pits will not initiate and existing pits will 
not propagate if the potential remains below E,,,t. 
Inside the hysteresis loop the pitting attack will not 
initiate, but will propagate if initiated at other po- 
tentials. E, and EPmt values were taken from the 
curves of potential us. logarithm of current density, 
as shown for example in Fig. 2.3 

The pitting susceptibility of the stainless steels under 
study was also tested by means of the smatch method 
according to the following procedure.4 The electrode 
was anodically polarized at a potential value about 
200 mV below the critical pitting potential determined 
by the electrochemical hysteresis technique. Then the 
specimen surface was scratched with a sapphire point, 
and the current-time curve was recorded for a few 

'The sweep was always reversed a t  a current density of 100 
pA/cm2. 

4 Before testing by  this method specimens were prepassivated 
in a 30 w/o H N O ~  solution at 55'6 for  30 m i n  (4.6). 

Fig. 2. Cyclic potentiodynamic anodic polarization curves (sweep 
rate 20 mV/min, sweep reversal current density 100 pA/cm2) for 
AlSl Type 304 L stainless steel in deaerated 3.5 w/o NaCl solution 
a t  40°C, indicating the effect of the degree of deformation (0% 
and 50%) and of the pH (pH = 2 and 7). Deformation by rolling 
a t  liquid nitrogen temperature, long-transversal surfaces exposed. 
Potential values referred to a saturated calomel electrode WE) .  
The upper curves show how Ec and Eprot values are determined. 
Cathodic branches of the polarization curves are also reported. 

minutes until the scratch repassivated. This procedure 
was repeated with the electrode potential adjusted in 
10 mV steps to more and more noble values, until a 
critical value E, was reached, at which the scratch 
failed to repassivate--a failure that was indicated by a 
gradual rise in current with time. 

After the electrochemical tests, the specimens were 
removed from the assembly and examined under a 
metallographic microscope. 

ResultsS 
Both the cyclic polarization and the scratch methods 

show a decrease in critical pitting potential with in- 
crease in the degree of deformation (Fig. 3 and 4). 
Moreover, an anisotropic behavior of specimen surfaces 
with different orientations to the direction of deforma- 
tion should be emphasized. In fact, for every given 
value of the degree of deformation, E, decreases when 
passing from the longitudinal to the transversal sur- 
faces. This anisotropic behavior may be shown also by 
steels not deformed by cold-work. 

The values of Ec obtained by the scratch method 
are always less noble (with a maximum difference of 
about 100 mV) and more reproducible than the corre- 

6 The results shown here refer only to cold-rolling; flrst, be- 
cause this is the most widely used operation i n  the case of aus- 
tenitic stainless steels, and second, because, for the sake of come 
Darison. tests are i n  uroeress on cold-rolled austenitic stainless 
iteels high purity, l iboratory produced. A'nyway, the results 
shown for the case of cold-rolling are quite slmilar to the ones 
obtained on materiala cold-worked by tension or drawing. 
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fig. 3. Critical pitting potential (E,,  determined by the cyclic polarization method, sweep rote 20 mV/min) vs. degree of deformation for 
AlSl Type 304 L and 316 L stainless steels deformed by rolling at both room and liquid nitrogen temperatures, and exposed to deaerated 
3.5 w/o NaCl solution pH = 7, at 40°C, with different orientations of the specimen surface to the direction of deformation (L = longi- 
tudinal, TL = long-transversal, and Ts = short-transversal surfaces). Potential volues referred to a saturated calomel electrode (SCE). 

I I I 

Fig. 4. Critical pitting potential (Ec, determined by the scratch method under potentiostatic conditions) vs. degree of deformotion 
for AlSl Types 304 L and 316 L stainless steels deformed by rolling at both room and liquid nitrogen temperatures, and exposed to de- 
aerated 3.5 w/o NaCI solution pH = 7, a t  40°C, with different orientations of the specimen surface to the direction of deformation (1 = 
longitudinal, TL = long-transversal, and Ts = short-transversal surfaces). Potential values referred to a saturated calomel electrode 
WE) .  

L surface -- - - 

2s°C AlSl 316 L -- Tr surface - Ts surface 

2 5 ' ~  AlSl 316L  -- 

- 

I I I I I I I 1 I 
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- 1 9 6 ' ~  AISI 316 L 
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3.596NaCl ; p H = 7 ; 4 0 ° C ; ~ 2  

I I I 
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sponding values obtained by the cyclic polarization 
method. 

Repassivation of pits in electrochemical hysteresis 
experiments occurs at  potentials EPmt which are gen- 
erally some hundred millivolts less than E, (no matter 
how the E, was obtained) (Fig. 5 and 6).  In any case, 
the protection potential also decreases with increase in 
the degree of deformation. 

On increasing the degree of deformation, especially 
for the acid pH's and the transversal surfaces, the 
passivity region and the hysteresis loop in the cyclic 
polarization curves tend to contract (Fig. 2).  

As a whole, the results obtained in 3.5 w/o NaCl 
solution confirm those obtained in a physiological saline 
solution in previous research work (4-7). 

Microscopic observation shows that the pit shape 
and general distribution over the specimen surface are 
unrelated to structural effects of cold plastic deforma- 
tion such as dislocations, deformation bands, marten- 
site transformation. Moreover, the pit location appears 
to be unrelated to structural features such as grain 
boundaries. The results of morphology studies recently 
described in the literature (15) are thus confirmed. 

Discussion 
In our opinion, an explanation of the detrimental 

effect of cold-work on the pitting resistance of the 
commercial stainless steels under study, and especially 
of the anisotropic pitting corrosion behavior of the 
specimen surfaces with different orientations to the 
direction of deformation, cannot neglect other struc- 
tural aspects not included among those of the previ- 
ously given microstructure analysis (i.e., dislocations, 
deformation bands, and martensite transformation). 
Thus, the role played by the nonmetallic inclusions 

through their shape and space distribution should be 
considered. 

It is widely acknowledged that in the case of stain- 
less steels, sulfide inclusions and complex sulfide-oxide 
or sulfide-silicate inclusions are the most active sites 
for pit nucleation. Selective dissolution of sulfide in- 
clusions, whether isolated, or surrounding oxide or 
silicate particles, results in microcavities from which 
the pit propagation can occur (pitting being thus un- 
derstood as one kind of crevice corrosion) (14,31-42). 

During plastic deformation, fractures in the inclu- 
sions and/or cracks at the inclusion-matrix boundary 
can occur, mostly due to differences in deformability, 
with microcavities formation (43,44). 

Moreover, in the deformed state of the steel, the 
inclusions (which in the as-cast state are spherical and 
randomly distributed) deform to give triaxial ellip- 
soids with the major axis on the longitudinal sections 
(in relation to the direction of deformation) and with 
the minor axis on the transversal ones (45). 

As a result, the transversal sections of the deformed 
steels show a greater density of inclusions and a geo- 
metric shape of the inclusions more favorable to pit- 
ting nucleation and propagation than the longitudinal 
sections (40). Thus, the anisotropic pitting corrosion 
behavior of deformed steels could remain reasonably 
explained. 

Also, the anisotropic behavior shown by materials 
not deformed by cold-work could be explained 
through the influence of factory thermomechanical 
treatments such as hot-rolling, an influence that is not 
completely cancelled by the solution heat-treatment. 

The presence of .'-martensite (even if it becomes 
far more prevalent, as shown in Table I11 for the 
cold-working at  liquid nitrogen temperature) generally 

-500 
0 10 30 50 0 10 30 50 0 10 30 50 

D e f o r m a t i o n  degree (%) 

Fig. 5. Critical pitting patential and protection potential against pitting (Fo  and F p m t  respectively, both obtained by the cyclic Polar- 
ization method, sweep rate 20 mV/min, sweep reversal current density 100 pA/cm2) vs. degree of deformation for different orientations of 
the specimen surface ro the direction of deformation (L = longitudinal, TL = long-transversal, and Ts = short-transversal surfaces), in 
the case of AlSl Type 304 L stainless steel deformed by rolling at room temperature, and exposed to deaerated 3.5 w/o NaCI solutions 
of different pH's (pH = 2, 7, and 9), a t  40°C. Potential values referred to a saturated calomel electrode (SCE). 
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fig. 6. Critical pitting potential and protection potential against pitting (Eo and Fpmt respectively, both obtained by the cyclic polar- 
ization method, sweep rate 20 mV/min, sweep reversal current density 100 wA/cm2) vs. degree of deformation for different orientotions of the 
specimen surface to the direction of deforrnotion (L = longitudinal, T L  = long-transversal, and Ts = short transversal surfaces), in the 
case of AlSl Type 316 L stainless steel deformed by rolling at room temperature, and exposed to deaerated 3.5 w/o NoCl solutions of dif- 
ferent pH's (pH = 2  7, and 9). at 40°C. Potential values referred to a saturated calomel electrode (SCE). I n  the pH 9 solution, no pitting 
corrosion has been observed on the undeformed material. 

does not seem to produce any significant beneficial 
effect on pitting resistance of the commercial stainless 
steels under study (e.g., see the critical pitting poten- 
tial curves at  room temperature and liquid nitrogen 
temperature in Fig. 3 and 4). This seems to disagree 
with the results of some authors concerning other 
types of stainless steel, e.g., the so-called TRIP steels, 
in which the transformation of austenite to marten- 
site during cold-work at  room temperature generally 
increases the pitting resistance (16). 

In order to attain further confirmation of the hy- 
pothesis concerning the very important role played 
by the nonmetallic inclusions, the subsequent step in 
our research work will be the investigation of the pit- 
ting resistance of cold-worked high purity austenitic 
stainless steels prepared in the laboratory. 
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Distribution of Potential Around a Scratch in a 

Passive Film 

P. H. Melville 
Central Electricity Research Laboratories, Materials Division, Leatherhead, Surrey, England 

ABSTRACT 
A Fourier analysis technique has been used to solve the problem of the 

potential distribution around a long narrow scratch in a passive film on an 
electrode surface. Analytic solutions have been obtained for situations where 
linear polarization kinetics may be assumed for the unscratched region, and 
where the current density is constant over the scratch and very much greater 
than the current density over unscratched regions. If the half-width 1 of the 
scratch is very much smaller than the Wagner polarization parameter for the 
unscratched region LC, a simple expression is obtained for the potential dis- 
tribution close to the scratch. There is a small additional increase in electrode 
potential at the scratch, but the main increase in potential is over a distance 
characterized by LC and not by the size of the scratch. The potential, within 
the electrolyte and along the electrode depends mainly on the logarithm of 
distance from the center of the crack. There is an angular dependence of the 
potential only for distances 5 21 from the center of the scratch. 

The distribution of potential around coplanar cells 
consisting of parallel strips of cathode-anode-cathode 
has been solved by Waber and his associates (1-6) for 
linear polarization kinetics for a number of different 
situations. The solutions are obtained in the form of 
Fourier series for finite systems or as Fourier integrals 
for infinite ones. More recently a similar method of 
solution has been extended by Nanis and Kesselman 
(I), Gal-Or.et al. (a), and McCafferty (9) for a cir- 
cular cathode with a concentric central anode. Other 
problems of practical interest which may be approxi- 
mated by this kind of model are the distribution of po- 
tential around a scratch in a passive film and the dis- 
tribution of potential around a pit, when the electrode 
is submerged in a bulk electrolyte. In these systems 
the anode is very small compared with the cathode, 
which may be treated as infinite. One dimensional 
solutions [e.g., Ref. ( lo)]  cannot be used for these 
systems since they are valid only when the depth of 
the electrolyte on the surface of the electrode is very 
much smaller than the width of the anode. As shown 
below for the case of a scratch analytic solutions may 
be obtained for the potential distribution, and since for 
most practical situations the width of the scratch is 

very much smaller than any of the other dimensions 
of the system, the solutions reduce to a comparatively 
simple form (Eq. [42]). The potential around a pit 
will be considered elsewhere. 

It is assumed that quasi steady-state conditions pre- 
vail and that there are no appreciable concentration 
gradients in the electrolyte, so that the problem re- 
duces to the solution of the Laplace equation. These 
conditions may not be satisfied, if the scratch is repassi- 
vated very rapidly. The solutions are also restricted 
to those conditions where the potential is never very 
far from the free corrosion potential for the un- 
scratched electrode, so that linear polarization may be 
assumed. The model may also be applied to other 
situations with similar geometry, e.g., the distribution 
of potential around the mouth of a stress corrosion 
crack. 

Mathematical Model 
The problem considered is shown in Fig. 1. An in- 

finite plate in the x-y plane at z = 0 has a narrow 
scratch of infinite length and width 21 covering the re- 
gion -1 < x < +I. This is submerged in an infinite 
electrolyte. The electrostatic potential P(x,z) in the 
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Fig. 1. Schematic representation of a scratch of width 2J on an 
infinite plate. 

electrolyte is given by the Laplace equation. The 
boundary conditions require that P is zero or con- 
stant at  z = ca and that the solution is symmetric 
about x = 0. This requirement is satisfied by solutions 
of the form [cos ~xe-ux], so that the general solution 
for an infinite system is a Fourier integral of the form 

P = A~ + cos ~xe-* dv [I1 

where the constant A, and the function A (v) have to 
be determined. 

If r is the conductivity of the electrolyte, the current 
density j* flowing across the surface of the electrode 
is given by 

121 

The electrode potential E(x),  measuring the drop in 
potential across the electrode surface is related to the 
electrostatic potential by 

E(x) = v - P(x, O) 131 

where V is some constant. E and j* are related by the 
electrochemical reactions at the electrode and may be 
described by some function j'(E), where different 
functions for j* ( E )  apply for the scratch (anode) and 
the rest of the electrode (cathode). If the changes in 
potential are small, so that linear kinetics may be 
assumed, as in Ref. (1-8), this becomes 

where E, is the free corrosion potential and where Lo 
is Wagner's polarization parameter (11) and has the di- 
mensions of length. Lo and E, have the values La and 
Ea over the scratch (anode), and LC and E, over the 
rest of the electrode (cathode). From Eq. [2] - [4] the 
reactions at the electrode require that at z = 0 

where @(x/l) is the step function 

Fourier analysis may be achieved most readily by sub- 
stituting for the Fourier transform of @ (x/l) - sin vl cos vx " 

dv [TI 
v 

avoiding the need for integration. Considerable simpli- 
fication may be achieved, if it may be assumed that 
the current density across the scratch is constant and 
very large, i.e., over the region of the scratch 

where I is the total current flowing through a unit 
length of the scratch. Equation [5] then becomes 

In this approximation there is a small additional cur- 
rent density 

flowing through the scratch that has been neglected in 
Eq. [9] since this is small compared with 1/21. Waber 
and Rosenbluth (2) have considered a situation with 
similar geometry, i.e., an anode of finite width at  the 
center of an infinite cathode. In their analysis the 
Wagner polarization parameter has the same value for 
both the anode and the cathode, and the current den- 
sity flowing from the anode has to be calculated. In 
the present analysis the polarization parameter and 
the free corrosion potential for the anode are not spe- 
cified, but the current density flowing from the anode 
is fixed. However, despite the very different assump- 
tions the equations describing the two situations are 
similar, since substitution for L, = LC = L into Eq. 
151 to give the situation considered by Waber and 
Rosenbluth gives 

which is identical to Eq. [9] except for a factor (l/L) 
(E, - E,) instead of I/21r. Substitution for the Fourier 
integrals for P and $ into Eq. 191 gives 

1 S: -vA(r) C O S V X ~ V = - [ A ~ +  (Ec-V)I 
LC 

1 -  I 1 - s i n ~ l c o s a d ~  +-so A(.) cosvxdv- --so 
LC r nl v 

[I21 
from which 

A, = - (Eo - V) 1131 

1 1 sin V I  
A(v) =-- 

s nl V[V + l/Lc] 
1141 

The electrostatic potential is then given by substituting 
for A, and A (v) in Eq. [I]. 

Distribution of Potential Along the Electrode 
It is useful to define a reduced potential 

Along the electrode surface this is given from Eq. [I], 
[13], and [14] as 

This may be rearranged to give 

L 2 s: sin"'."" 
p(x,O) = -- dv 

21 n 

where the first term may be recognized as the step 
function @ of Eq. 161 and [I], and the second term 
may be integrated using 
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J: E d t = f ( w )  = Ci(w) sinw 

where Ci(w) and Si(w) are the cosine and sine in- 
tegral functions. On substitution for E = d l  and I = 
l/Lc this then gives 

for the potential along the surface of the electrode in 
terms of the reduced potential p (see Eq. [I51 ) and the 
reduced dimensions 6 and h. Equation [19] is essen- 
tially the solution obtained by Waber and Rosenbluth 
(2). In the case of a scratch further simplification may 
be made. If the scratch is narrow, and the half-width 
1 is much less than the Wagner polarization parameter 
LC for the unscratched electrode, so that h << 1, and 
the region of interest is restricted that close to the 
scratch, i.e., x << LC, an expansion of f (w) for small 
w may be used. The sine and cosine integral functions 
have expansions 

where 7 = 0.5772. . . is Euler's constant. 
Expansion of Si (w), Ci(w), sin w and cos w and 

substitution into Eq. [I81 then gives 

On substitution into Eq. [lg] this then gives 

1 
P(&O) =PO --Il l  + 111) In (1 + 111) 

2n + (1 - lfl) ln I1 - lcl11 1231 
where 

1 
PO=P(O,O) = - [ ( I - r )  - I n l l  1241 

is the potential (in reduced units) at the center of the 
scratch 

The potential is shown as a function of position for 
different values of h in the linear plot of Fig. 2 and 
with the logarithm of distance from the center of the 
scratch in Fig. 3. The full lines are results obtained by 
using the approximate form of Eq. [23] and the 
dashed lines are for the exact solution given by Eq. 
[19], where this differs from the approximate solu- 
tion. The simple form of Eq. 1231 gives a very close 
approximation for h ( 0.1 and for t ( O.l/h, i.e., up 
to the value of E, where Eq. [23] would predict nega- 
tive values for p. These curves show that there is a 
small additional increase in the potential at the scratch, 
but for small h the distance over which there is in- 
crease in the potential is characterized by the polariza- 
tion parameter LC and not by the size of the scratch. 

Variation of Potential in the Electrolyte 
In their model Waber and Rosenbluth (2) considered 

only the potential along the electrode surface. How- 
ever the potential at  any point in the electrolyte may 
be evaluated from Eq. [I], [13], and [14]. The reduced 

Fig. 2 Variation of potential along electrode with distance from 
center of scratch for different values of A = I/L,. Full lines are 
approximate solution (Eq. [23]). Dashed lines are full solution 
(Eq. [19]) where this differs from the approximate solution. 

orsrmce ~m csliTsa or EC~UTCH, F - d a  

Fig. 3. Variation of potential along electrode with distance from 
center of scratch for different values of h = \/LC. Full lines are 
approximate solution (Eq. 1231). Dashed lines are full solution 
(Eq. [19]) where this differs from the approximate solution. 

potential at a point (XJ) is given by 

which like Eq. 1161 may be rearranged to give 

[sinv(l + x) + sin d l -  ~ ) l e - ~ "  
p(x,z) = - - dv 

& 1 7, 

1 L, - [sin d l +  x) + sin v(l- x)le-"' dv C261 ---1 & 1 v + l/L, 

The first term is readily integrated using 

and the second term may be integrated by writing - sin ~Xe-vz e-~(z-iX) - e-v(z+iX) 
dv =smA[ 0 22 

v + l/L, 
[28l 

and using 

r s  dt = h(ab) = rabEl(ab) I291 

where El (w) is the exponential integral function 
On substitution for E = x/l, S. = 211, and h = l/L, 

this then gives 
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El (w) may be expanded in the form 

so that for small w 

h(w) = - ( ~ + l n w )  + w ( 1 - r - l n w )  +Ow2[321 

Thus for h small and (x2 + z2) << LC 

where p. = p(0,O) is the electrode potential at the 
center of the scratch given by Eq. [24]. Equation 1331 
reduces to Eq. [23] for 5 = 0. The reduced potential p 
is shown in big. 4 in the form (p - p,) as a function 
of distance p from the center of the scratch, where 

1 
p=(p+p)1 '2=-($+~2)1/2  1341 

1 
for different angles 

S e = tan-'- = tan-' 4 
P x 

[351 

where e = 0 is in the plane of the electrode (see Fig. 1). 
Only very close to the scratch is there any angular de- 
pendence of p for the same distance p from the center 
of the scratch. For 6 >> 1 and 5 >> 1 Eq. [331 and 
[23] give simply 

1 
P(P) = ~ ~ - - C l + l n ~ l  1361 

orpmc. RM eBNTBR OF scmw", p - 12*.~)'/~/1 

Fig. 4. Variation of potential in the electrolyte as a function of 
distance from center of the scratch for different voluer of the 
angle 8 (Eq. 1331 and [37]). Dashed line indicates logarithmic 
approximation (Eq. [36] and [39]). 

As shown by the dashed line of Fig. 4, this is a good 
approximation to the potential distribution for p >_ 2. 

Discussion 
As shown in the previous sections, provided that the 

scratch is narrow (1 << LC), a good approximation for 
the potential around the scratch is given by 

where the reduced potential and the reduced coordi- 
nates of Eq. [33] have been replaced by their true 
values, and where 

1 1  4 Po = - (Ec - V) + -- [ ln- + 0.423 ] (381 
n a  1 

is the potential at the center of the scratch For larger 
distances from the center of the scratch, for r = ($ + 
z2)1'2 2 21 Eq. 1371 reduces to 

These equations are valid for r << LC, or while the 
equations predict P > (V - E,). For larger values of 
r the full forms of Eq. 1191 and [301 should be used. 
The electrode potential (see Eq. [3]) is given by 

These equations predict E(x) = E, away from the 
scratch, as expected, with a minimum value for E(x) 
at the center of the scratch given from Eq. [38] as 

The assumption of linear polarization kinetics is justi- 
fied provided that the scratch is narrow and the cur- 
rent flowing from it is small, so that the potential is 
everywhere close to the free corrosion potential 
E, for the unscratched electrode. Since for narrow 
scratches, 1 << LC, the polarization parameter appears 
only as In LC, accurate determination of the polariza- 
tion curves is unnecessary, and the results are rela- 
tively insensitive to the assumption of linear kinetics. 
As shown in Fig. 2, there is little change in potential 
over the width of the scratch, provided 1 << LC, and 
thus the assumption of a uniform current density j,* 
for the scratch is a reasonable approximation. A small 
contribution to the current from the scratch was neg- 
lected in the derivation of Eq. [9]. Substitution for the 
potential at the center of the scratch from Eq. 1381 
into Eq. [lo] and substitution for ja8 from Eq. [8] 
gives the value of this extra current density at the 
center of the scratch as 

However, provided 1 << LC, the error made in neglect- 
ing this contribution is small. 

Conclusions 
1. A Fourier analysis technique has been used to 

solve the problem of the potential distribution around 
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a long narrow scratch in a passive film on an electrode 
surface. 

2. Analytic solutions have been obtained for situa- 
tions were linear polarization kinetics may be assumed 
for the unscratched region and where the current den- 
sity is constant over the scratch and very much greater 
than the current density over unscratched regions. 

3. These solutions are expressed as sine, cosine, and 
exponential integral functions, but if the half-width 1 
of the scratch is very much smaller than the Wagner 
polarization parameter for the unscratched region LC, 
as will generally be the case, a simple expression (Eq. 
[37]) is obtained for the potential distribution close to 
the scratch. 

4. Under the conditions 1 << L, the potential de- 
pends only on In LC, so that accurate determination of 
the polarization curve is unnecessary. The conditions 
imposed by 2 (above) are also satisfied for 1 << 4. 

5. There are two characteristic lengths, 1 and 4, and 
provided 1 << LC, there is a small additional increase 
ir, electrode potential at  the scratch, but the main in- 
crease in potential is over a distance characterized LC 
and not by the size of the scratch 

6. The potential within the solution and along the 
electrode depends on the logarithm of distance from 
the center of the crack. There is an angular depend- 
ence of the potential only for distances 5 21 from the 
center of the scratch. 
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Surface-Stress Phenomena at  the Start 
of Epitaxial Electrodeposition of Nickel 

H. Feigenbaum*,' and R. Weilf 
Department of Materials and Metallurgical Engineering, 

Stevens Institute of Technology, Hoboken, New Jersey 07030 

ABSTRACT 
In studies to determine the internal stresses during epitaxial nickel elec- 

troc~stallization. bendine of thin couuer substrates was observed to occur 
uponapplication of the deposition p o t z i a l  but before any deposit had formed. 
This   hen omen on was attributed to the changes in the surface tension upon 
appliiation of the deposition potential. The si2n of the internal stress in the 
discrete crystallites, which constitute the initial electrocrystallization, could 
only be determined in the absence of the otherwise overshadowing stress con- 
tribution due to the lattice mismatch between substrate and deposit. Deposition 
was interrupted, so that upon resumption of deposition now on a nickel sub- 
strate the mismatch-stress contribution was absent. Then it was found when a 
new layer of crystallites formed, that they were under a compressive stress. 
Such new crystallite layers formed when the nickel surface became passi- 
vated during a prolonged interruption or a polarity reversal. Sulfur from 
saccharin addition to the electrolyte prevented the passivation. 

The relationships between structure, electrode po- 
tential, and internal stress in epitaxial nickel deposits 
up to thicknesses of 100 nm were reported in a pre- 
vious paper (1). It was found that the initial stress 
was dominated by an extrinsic, tensile component due 
to the stretching of the nickel crystal lattice to fit that 
of the copper substrate. Then, as this extrinsic stress 
was relieved by the formation of interfacial disloca- 
tions, there developed an intrinsic tensile component 
due to the coalescence of the three-dimensional epi- 
taxial crystallites (TEC), which were found (2, 3) to 
constitute the initial structure. However, two phe- 
nomena associated with the beginning of deposition 
were observed which have not yet been published.2 

Electrochemical Society Active Member. 
1 Present address: Engelhard Industries. Ediaon, New Jersey. 
Key words electrodepositlon epitaxy electrolyte 
aThe pape; by Feigenbaum A d  Weil'(1) is an abridged version 

of an interim revort submitted to the American Electrovlaters' 
Society. The data reported here were included in the inthrim re. 
port, but left out of the published paper, which dealt primarily 
wlth the subjects most relevant to practical plating. 

One of these phenomena is that the substrate, which 
was insulated so that only one side was plated, tried 
to bend upon the application of the deposition poten- 
tial before any deposit had formed. The second phe- 
nomenon concerned the state of stress of the TEC be- 
fore they coalesced. As the extrinsic stress over- 
shadowed other contributions during the initial electro- 
crystallization of nickel on copper substrates, homo- 
epitaxial deposition was necessary to determine the 
intrinsic stresses in the TEC. To eliminate the extrinsic 
contribution, deposition was interrupted so that upon 
resumption, there was now a nickel substrate. This 
communication deals, therefore, with substrate bend- 
ing prior to deposition and the detailed investigation 
of the intrinsic stresses in TEC using plating-interrup- 
tion techniques. 

Experimental Procedure 
The stresses were determined from the attempted 

bending of the substrate in the form of narrow strip 
plated on one side, the other one being insulated. An 
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electrobalance, similar to one used previously for the 
same purpose by Klockholm (4), applied a force to one 
end of the substrate strip to prevent the bending. The 
force was applied by means of a glass rod which hooked 
through a small hole at the end of the substrate as 
schematically shown in Fig. 1. The other end of the 
glass rod was attached to the electrobalance. The force 
exerted by the electrobalance was calibrated immedi- 
ately prior to each experiment by hanging known 
weights on the substrate strip. 

The plating cell is also schematically shown in Fig. 
1. It consisted of a small glass dish to which a nickel 
clamp was rigidly attached. The substrate strip (A, Fig. 
1) was held in the nickel clamp between two glass 
slides (D, Fig. 1) which provided electrical insulation. 
A 99.99% nickel counterelectrode (B, Fig. 1) lay on 
the bottom. The substrate side to be plated faced 
downward. When a compressive stress developed in 
the deposit, the substrate tended to bend upward. In 
order that contact with the glass rod would not be lost 
when the substrate tried to deflect upward, an initial 
force was applied to the substrate by the electrobal- 
ance. The plating vessel was attached to the platform 
which in turn was rigidly connected to the electrobal- 
ance. The whole assembly was shock mounted. 

The substrates were 55 mm long, 5.5 mm wide, and 
75 pm thick cube-textured, copper strips. The insula- 
tion for the side not to be plated was a photoresist 
layer. Other preplating treatments have been previ- 
ously (1) described. The plating solution contained 
112 g/liter NiS04 x 6&0 and 30 g/liter &Boa and 
was prepared with water distilled so as to minimize in- 
organic and organic impurities (3). Further purifica- 
tion of the plating solution was the same as in previ- 
ous experiments (3). Tine pH was 3.0 f 0.1, the tem- 
perature 20°C. and the current density 2.5 mA/cmz. 
To some plating solutions either 10-3 moles/liter sac- 
charin or 6 x 10-6 moles/liter phenosafranine were 
added. A fresh solution was used for each experiment. 

The potential of the cathode us. SCE was monitored 
during each plating experiment. To increase the sen- 
sitivity, only the range from -800 to -1000 mV was 
recorded. The Luggin capillary (C in Fig. 1) was lo- 
cated in the nickel holder 5 mrn below the substrate 
surface. The plating was interrupted for either 12 or 
120 sec. In some experiments, the connections to the 
current source were reversed for approximately half 
the interruption time. Thus the nickel-plated strip be- 
came the anode in the cell. The magnitude of the cur- 
rent was not changed during this polarity reversal. 
After plating, the substrates were dissolved (3) and 
the deposits examined by transmission electron micro- 
scopy. 

Fig. 1. Schematic drawing ot plating cell, showing lubstrote (A), 
counterelectrode (81, Luggin copillary (C), glass insuloton (D), 
electrical contocts (E and F), and glass rod ottochment to electro- 
balonce (G). 

The instantaneous stress, Si was calculated from 
the restoring force, F, exerted by the electrobalance 
usiog the equation (1) 

where L, W, T, and v are the length, width, thickness, 
and Poisson's ratio of the substrate and t is the deposit 
thickness. The thickness of the deposit was calculated 
on the basis of 100% efficiency, uniform-layer forma- 
tion, and bulk density. 

Results and Discussion 
Substrate bending before deposition.-The initial 

portion of the curve of the electrobalance restoring 
force vs. deposition time is shown in Fig. 2. When the 
current was turned on, the electrobalance exerted a 
force of about 0.2 mg marked OA in Fig. 2. There was 
also a peak in the magnitude of the electrode potential 
shown in Fig. 3 and marked P; it occurred after 1 sec 
of plating. It was previously (3) found by transmission 
electron microscopy and verified in this study that 
the first TEC are observed after the development of 

D E P O S I T I O N  T I M E  ( S E C . )  

Fig. 2 Restoring force by electrobalance vs. deposition time. 
Curve 1 obtained in nickel-ploting solution, curve 2 obtoined in 
solutions in which sodium ions were substituted for nickel. 
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Fig. 3. Electrode potentials before ond after 120 sec deposition 
interruption in  odditive-free and sacchorin-containing electrolytes. 

this electrode-potential peak. Hence the potential at 
P may represent the nucleation potential. Thus the 
initial electrobalance force segment OA, which was 
applied prior to the potential peak, was not due to TEC 
formation. The sharp rise in the electrobalance force 
in Curve 1 of Fig. 2 which starts after about 1.5 sec is 
due to the stress, primarily the extrinsic contribution, 
in the nickel deposit. The initial attempted bending of 
the substrate, which was counteracted by the force 
segment OA was not caused by bouyancy due to gas 
bubbles, which would have caused a deflection opposite 
to the observed one. Experiments in which the sub- 
strate was charged with hydrogen showed that this 
phenomenon did not cause the attempted bending 
either. 

The cause of the attempted bending of the substrate 
was probably the change in surface tension due to 
the application of the deposition potential (5). This 
phenomenon is thus related to the electrocapillary 
effect on either side of the potential of zero charge. 
kedlein, Damjanovic, and Bockris (6) observed a 
similar phenomenon when potentials were imposed on 
gold and platinum electrodes and provided a formula 
for calculating the change in the surface energy. Using 
this formula, a force of 0.2 mg under the conditions of 
this study is equivalent to a surface-tension change of 
240 dynes/cm. It appeared relevant to check further 
whether the application of the deposition potential 
rather than metal plating caused the initial substrate 
bending. Approximately the same potential which was 
imposed initially for nickel deposition, i.e., about -900 
mV with respect to SCE, was applied to a copper sub- 
strate in an eletrolyte which contained the same nor- 
mality of NanSOa as NiS04 in the plating solution. 
Thus no metal deposition could occur. The resulting 
graph of electrobalance force us. time is Curve 2 in 
Fig. 2. There is very little difference in the magnitude 
of the restoring force OB and the segment OA, which 
resulted in the nickel-plating solution. This result 
shows that the initial restoring force is not due to a 
stress in the deposit. As the instantaneous stresses in 
this study were calculated from the slope of the elec- 
trobalance force us. thickness, the initial segment did 

not affect the subsequent results. There may have been 
small changes in the restoring force due to the changes 
of the potential with thickness and the gradual change 
from a copper to a nickel substrate. However, any such 
effects were smaller than the experimental uncertainty. 

Deposition intemptions and polarity reversal.-Two 
graphs oi instantaneous stress us. thickness of epi- 
taxial nickel deposits on copper substrates are 
shown in Fig. 4. The portions of the graphs prior to 
the interruptions were discussed in the earlier paper 
(1). It was round that there was a sharp rise in stress 
to the maximum plateau marked P1 in Fig. 4. The 
stress plateau corresponds to the steep slope in Curve 
1 of Fig. 2. The plateau was caused primarily by the 
extrinsic contribution due to the mismatch between 
the crystal lathces of the deposit and substrate. The 
experimental stress values at the maximum plateau 
ranged from 1800 to 2200 MPa. This range of values 
was due primarily to the uncertainties in the deposit 
thickness at the very early stage. The extrinsic stress 
at a thickness of 5 nm which is on the plateau was cal- 
culated to be 1400 MPa by a formula due to van der 
Merwe (7). The difference between the extrinsic and 
experimental stress values was attributed (1) to an 
intrinsic, tensile contribution due to the coalescence of 
crystallites. The reason for postulating this cause of 
the intrinsic stresses was that it was in the range of 
values found (8) to be due to crystallite coalescence 
in homoepitaxial vapor deposits of nickel, in which 
there was, of course, no extrinsic contribution. 

The sharp decrease in the stress after the maximum 
is due to the formation of misfit dislocations which 
results in a relaxation of the extrinsic contribution. 
The extrinsic stress then decreases inversely propor- 
tionally to the thickness. So when the stress tends to 
level off, the intrinsic contribution due to crystallite 
coalescence, which decreases only slightly with thick- 
ness, predominates. 

The stress maxima were related to the deposition 
potential. In deposits from the additive-free solution, 
a hump, marked H in Fig. 3 occurs at the same thick- 
ness as the stress maxima. In nickel deposits produced 
in the electrolyte containing saccharin, which had the 
same initial portion of the stress us. thickness as is 
shown in Fig. 4, the stress maximum corresponded to 

Fig. 4. Instantaneous stress in deposits from additive-free elec- 
trolytes. (a) Deposition interrupted for 120 sec at 15 nm thickness. 
(b) Deposition interrupted for 120 sec at  50 nm thickness. 
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the maximum in the magnitude of the potential marked 
M in Fig. 3. 

When plating was interrupted, the nickel deposit 
was already continuous and covered the copper sub- 
strate. In the experiment represented by Curve a of 
Fig. 4, plating was interrupted at  an average deposit 
thickness of 15 nm. The last stage of crystallite coales- 
cence is shown in Fig. 5 specifically in the area marked 
B. It occurred at  an average thickness slightly less than 
15 nm. The region marked B is an epitaxial nickel 
deposit which had formed on an annealing twin in the 
substrate and had a {110) plane parallel to the surface 
as determined by selected-area electron diffraction. On 
both sides of Region B, which are marked A, a { l o o )  
plane was parallel to the surface. In Region A with 
the exception of a few rectangular pores, the deposit is 
a complete layer. The TEC were always nucleated and 
their coalescence was completed first on { loo)  sub- 
strate grains. Thus, the favored plane for epitaxial 
growth is the same as the one which preferentially 
develops in nonepitaxial nickel deposits from sulfate 
electrolytes or Watt's solutions and is perpendicular to 
the fiber axis. At a thickness of 1 5  nm, a complete 
deposit layer covered the whole substrate. Thus when 
plating was resumed after the interruption, the sub- 
strate was nickel. This condition was necessary for 
this study as already pointed out. 

As soon as the deposition was interrupted, the elec- 
trobalance force us. time graph became horizontal. So 
the instantaneous stress, which is proportional to the 
slope, was zero. After a 120 see interruption, when 
plating resumed in the additive-free or phenosafranine- 

Fig. 5. Transmission electron micrograph showing incomplete 
crystallite coalescence in (110)-oriented deposit in area B and 
completed coalescence in {loo)-oriented deposit in area A. 

containing electrolytes, the electrobalance force de- 
creased irom the horizontal value as can be seen at  
B in Fig. 6a. Figure 6a is the actual record of the elec- 
trobalance force us. time which was proportional to 
deposit thickness. Because of the negative slope from 
B to C in k ig. 6a, the stress was compressive as shown 
in big. 4. At C in Fig. 6a the stress became tensile. The 
behavior of the electrobalance shown in Fig. 6a differs 
from that in Fig. 2. In Fig. 2, the slope remained posi- 
tive so that the stress was tensile because of the mis- 
match in the lattice dimensions of the substrate and 
deposit which overshadowed all other contributing 
factors as already discussed. At the time correspond- 
ing to Point B in Fig. 6a, i.e., when plating resumed 
arter a 120 sec interruption, the electrode potential also 
peaked as shown in Fig. 3. 

After an interruption of only 12 sec, the stress did 
not become compressive and there was only a small 
peak of about - 1 0  mV in the magnitude of the elec- 
trode potential compared to - 4 0  mV above the steady- 
state value of Fig. 3. When the polarity was reversed 
during a 1 2  sec pause, a compressive stress and a 
- 4 0  mV potential peak developed again when plating 
resumed. 

In the electrolyte containing saccharin, no compres- 
sive stresses developed after an interruption of plating. 
Regardless of whether the polarity was reversed and 
even after interruptions as long as 1 0  min, the stress 
was tensile when deposition resumed. Also as seen in 
Fig. 3, the potential returned without a peak to the 
value it had berore the pause. It is noteworthy that the 
shapes of the instantaneous-stress us. thickness graphs 
for deposits plated in the presence of saccharin were 
the same before an interruption as those shown in 
Fig. 4 (1). The magnitudes of the maxima were also 
the same, but then the stress values became lower 
than those in deposits from the additive-free electro- 
lyte and continued to decrease with increasing thick- 
ness. However, the stresses did not become compressive 
until a thickness of 800 n m  was reached (11. 

The initial force exerted by the electrobalance prior 
to the beginning of deposition, such as shown in Fig. 2, 
was sometimes observed after an interruption. When 
the stress did not become compressive upon the re- 
sumption of deposition, the initial electrobalance force 
was smaller than the 0.2  mg shown in Fig. 2. Thus, the 
effect is smaller on a nickel surface than on a copper 
one. The magnitude of the initial electrobalance force 
decreased with the electrode potential which was ap- 
plied when plating resumed. The electrode potential 
and, therefore, the initial electrobalance force thus 
decreased with increasing thickness at which the in- 
terruption occurred. 

When a compressive stress developed after a plating 
resumption, there was no observed initial electrobal- 
ance force. In Fig. 6a, there is no force increase before 
the decrease due to the compressive stress. The force 
was apparently absent in spite of the larger magnitude 
of the potential which was applied when plating re- 
sumed. The potential was greater when a compressive 
stress developed because of the larger peak seen in 
Fig. 3. It is thus indicated that the state of the surface 
upon which a compressively stressed deposit developed 

Fig. 6. Restoring force by electrobalance vs. deposition time after 
(a) 120 sec interruption of deposition in additive-free electrolyte, 
(b) 120 sec interruption of deposition during which polarity was 
reversed for 6 0  sec in phenosafranine-containing electrolyte. 



Vol. 126, No. 12 ELECTRODE 

after the interruption had a different potential of zero 
charge from that on which the stress remained tensile. 
When the polarity was reversed for about half of the 
120 sec interruption in the electrolyte containing 
phenosafranine, a greater force of about 0.4 mg was 
applied by the electrobalance before the compressive 
stress developed as seen in Fig. 6b. As the potential 
peaked exactly at  the point marked B in Fig. 6b where 
the electrobalance force reversed itself, nickel deposi- 
tion resumed after the electrobalance force was ap- 
plied. This experiment was not performed in an addi- 
tive-free solution. There are strong indications of a 
difference in the states of the surfaces when a com- 
pressive stress developed after a prolonged polarity 
reversal as compared to a short one. 

The transmission electron-microscopic examinations 
of the samples which experienced plating interruptions 
showed that they were still epitaxial. There was one 
exception, namely the one represented by Fig. 6b. In  
all other samples, deposits which formed on one sub- 
strate grain were single crystals as determined by 
selected-area electron diffraction. However, the dis- 
location density was two to three times greater in sam- 
ples which developed a compressive stress after a 
plating interruption. In all the deposits from the sac- 
charin electrolyte which never developed a compres- 
sive stress after a plating pause, the dislocation den- 
sity was the same. The electron diffraction patterns 
of the deposits which experienced a polarity reversal 
of about 60 sec and are represented by Fig. 6b showed 
some rings meaning that they were no longer com- 
pletely epitaxial. The structure is shown in Fig. 7. The 
small crystallites, some indicated by arrows, were 
fcund by dark-field electron microscopy to be non- 
epitaxial. There are also a number of twins visible in 
Fig. 7. Such profuse twinning is characteristic of de- 
posits from phenosafranine-containing electrolytes. 

During a 120 sec interruption or a polarity reversal 
which preceded the development of a compressive 
stress, the nickel surface undoubtedly became oxidized. 
When plating resumed new layers of crystallites were 
nucleated as indicated by the large potential peak. As 
was already mentioned, the potential peak was found 
(3) to be associated with TEC nucleation. The ob- 
served higher dislocation densities are also indicative 
of formation of new TEC and their coalescence (3). 
During a 12 see interruption without polarity reversal, 
the oxidation was less severe. Thus, as indicated by 
the much smaller potential peak, it was not necessary 
to start a whole new layer of TEC. In the presence of 
sulfur from the saccharin which is known to prevent 
passivation of nickel anodes, i t  was also not necessary 
to start a new TEC layer as shown by the absence of 
the potential peak. 

The new TEC were probably in compression. There 
is evidence that homoepitaxially vapor-deposited nickel 
(8) and silver (9) crystallites while still discrete be- 
fore coalescence are in compression. Compressive 
stresses have also been observed initially when cop- 
per (10) and cobalt (11) were electrodeposited on 
platinum. These electrodeposits were probably non- 
epitaxial so.that the extrinsic component was missing. 
Wilcock et al. (9) found that the lattice parameter of 
small, discrete crystallites was smaller than that of 
bulk due to surface-tension effects. As the crystallite 
size increased and the interatomic spacing tried to 
approach the bulk value, the substrate opposed it and 
thereby imposed the compressive stress. The compres- 
sive instantaneous stresses which developed after cer- 
tain plating interruptions can therefore be attributed 
to the presence of a layer of not yet coalesced TEC 
which formed because of the oxide film on the nickel- 
deposit substrate. When there was no oxide or i t  was 
so thin as to be epitaxial so that most of the existing 
crystallites could continue to grow and coalesce, the 
resulting tensile stress probably offset the compressive 
one in the newly formed ones. Thus no compressive 
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Fig. 7. Transmission electron micrograph showing nonepitoxiol 
crystallites, some marked by arrows, which developed following a 
60 sec polarity reversal during 120 sec deposition interruption. 

stress was observed after a 12 sec interruption or in 
the saccharin-containing electrolyte. 

It is not known whether the oxide which probably 
caused TEC nucleation after a plating pause was re- 
duced first. As all electron-diffraction patterns showed 
the presence of NiO on the surfaces of the samples, i t  
could not be determined whether there was an oxide 
layer within the specimens. During the prolonged 
anodization where the polarity was reversed for half 
of the 120 sec plating pause, a different oxide (12) 
was probably produced as was also indicated by the 
effect of the potential on the surface tension shown 
in Fig. 6b. This oxide, probably NiOOH, either pre- 
vented epitaxial growth or was partially reduced to 
Ni(OH)2 before deposition was resumed (12). The 
relatively long delay before the potential peak and the 
development of the compressive stress shown in Fig. 
6b could have been due to the partial oxide reduction 
and resulted in the nonepitaxial crystallites seen in 
Fig. 7. 

As seen in Curve a of Fig. 4, the stress eventually 
returned to approximately the same value it had be- 
fore the interruption. However, a t  the deposit thick- 
nesses involved, the stress is higher than it would have 
been if there had not been an interruption. During 
continuous plating, the stress decreased with increas- 
ing deposit thickness because of the increase in the 
size of the coalescing crystallites (1). At thicknesses 
where the deposit is continuous, the extrinsic contri- 
bution becomes very small. The intrinsic stress was 
attributed (1) to a continued requirement for coales- 
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cence of existing crystallites at  their pyramidal or 
dome-shaped tops. After a new layer of TEC was 
formed, the intrinsic stress is larger because the size 
of the coalescing units is smaller. Therefore the stress 
is greater than it would have been if there had been 
no pause and the size of the coalescing unit had not 
been reduced. When the pause occurred at  a larger 
thickness as in Curve b of Fig. 4, the effect was more 
pronounced as the crystallites were larger before the 
interruption. Therefore the stress rose to a higher 
value than that which was prevalent before the pause. 
When the stress did not become compressive after a 
pause there was still a small time interval after plat- 
ing resumed before the stress returned to the original 
value. The development. of some new crystallites, 
which were in compression, was probably responsible 
for this effect. 

It is interesting to speculate whether the lower 
stress of pulse-plated deposits is due to the formation 
of new crystallites which are in compression. Because 
of the much higher pulse frequency used commercially, 
it is unlikely that there is sufficient time for substrate 
oxidation during plating interruptions as was the case 
in this study. However, because of the larger current 
densities employed in pulse plating, the overpotentials 
are much higher than in this study. Thus the nuclea- 
tion of a new layer of three-dimensional crystallites 
at the start of each pulse is probable. Such crystallites, 
which would probably not be epitaxial, are likely to 
be under compressive stress (10, 11). Upon coales- 
cence, the instantaneous stress would become tensile. 
Such a cyclical stress pattern from compressive to 
tensile which corresponded to variations in the over- 
potential was observed by Schneider and Weil (13). 
The average stress, which is the integral of the instan- 
taneous stress over the thickness would thus be re- 
duced by pulse plating as has been frequently ob- 
served. 

Conclusions 
An initial deflection of the substrate which occurred 

prior to electrocrystallization was attributed to the 
change in surface tension when the deposition poten- 
tial was applied. 

Discrete TEC were in a state of compressive stress, 
which changed to tensile when they coalesced. How- 
ever, when nickel was epitaxially deposited on cop- 
per, the compressive stress was overshadowed by the 
higher tensile misfit stress. When new TEC formed 
on nickel substrates, which had become slightly oxi- 
dized during a 120 see interruption of deposition, or 
the application of an anodic pulse, the compressive 
stress was manifested. 

No compressive stress was observed after an inter- 
ruption of deposition when very few or no new TEC 

formed as was the case in the presence of the passiva- 
tion-inhibiting additive, saccharin, or when the pause 
was too short for sufficient oxidation of the nickel 
surfaces. 

After the prolonged application of an anodic current 
during an interruption of deposition, when the sample 
was again made cathodic, some oxide reduction took 
place prior to the nucleation of new crystallites, some 
of which were no longer epitaxial. 
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The Redox Properties of Bleomycin and Tallysomycin 
and a Series of Their Metalloderivatives 

James C. Dabrowiak and Frank S. Santillo 
Department of Chemistty, Syracuse University, Syracuse, New Ymk 13210 

ABSTRACT 
D-c polarographic and cyclic voltammetric studies on bleomycin A* (BLM- 

As), tallysomycin A (TLM-A), a series of their metalloderivatives, and four 
of their components have been conducted. The antibiotics exhibit two re- 
duction processes. The first, at -1.22V, has been assigned to the two electron 
reduction of the 4-amino pyrimidine moiety of the drugs. A second multielec- 
tron reduction process appears to be associated with the bithiazole portion of 
the antibiotics. The first polarographic wave, due to the pyrimidine moiety, 
is sensitive to metal binding phenomena. The binding of Fe(II), Co(I1, III), 
Ni(II), and Zn(I1) to the antibiotics, causes this wave to disappear from the 
polarogram of the metalloderivatives. Thus, for these metal ions the pyrimidine 
moieties of the drugs appear to be metal ligating sites. The involvement of 
this group in metal ligation in the case of Fe(II1) is highly dependent on the 
mode of preparation of the complex, and Fe(II1) complexes containing both 
bound and unbound pyrimidine residues are possible. The impact of the elec- 
trochemical results on the proposed mechanism of action of the pharmaceuti- 
cals is also discussed. 

Bleomycin-A2 (BLM), 1 and tallysomycin-A (TLM), 
2 are fungus-produced glycopeptides which exhibit 

antitumor properties (1, 2). Of the two antibiotics, 
bleomycin is an important anticancer drug, and it is 
clinically employed in the treatment of squamous cell 
carcinomas, lymphomas, and testicular carcinomas (3). 

The mechanism of action of neither drug is com- 
pletely understood. However, recent evidence suggests 
that both antibiotics operate by a metal mediated 
redox mechanism involving iron ions (2, 4-7). It has 
been proposed that BLM exists in the cancer cell as 

Key worda: polamgraphy, cycUc voltammetry, antlblotlc, bleo 
mycln, taIIysomycln, blthesole, pyrknidlne, metal complexes 

its Fe(I1) complex, Fe(II)BLM, which is in turn 
bound to DNA, the drug receptor site. The Fe(I1)-BLM 
complex is air sensitive and it can be readily air oxi- 
dized to Fe(II1)BLM with the production of a radi- 
cal (Eq. [XI (8,9) 

ol 
Fe(I1) BLM + Fe(III)BLM + radical 113 

Apparently it is the radical which leads to DNA dam- 
age and ultimately to the death of the cancer cell. In 
view of the structural similarity of BLM and TLM, 
both antibiotics probably operate by the same biologi- 
cal mechanism 

In an effort to more clearly deflne the role of the 
metal ion in the mechanism of action of both antibiotics, 
we initiated a study of the physical and chemical 
properties of a group of metallobleomycins and metal- 
lotallysomycins (10-12). An important aspect of the 
study is the delineation of the redox characteristics of 
the drugs and their metalloderivatives. This paper 
treats the electrochemical properties of bleomycin As, 
1, tallysomycin-A, 2, and a series of their metal com- 
plexes. In order to understand the electrochemical be- 
havior of the antibiotics it was also necessary to ex- 
amine the redox characteristics of four model com- 
pounds. They were: peptide M of TLM, 3 (13), the 
amino acid bithiazole 4, the 4-amino pyrimidine 5, and 
the hydroxy-imidazole, 6. 

Experimental 
The drugs BLMAe.HC1 and TLM-A-5HC1.9HzO and 

peptide M of tallysomycin, 3, were furnished by Bristol 
Laboratories. The amino acid bithiazole, 4, the 4-amno 
pyrimidine, 5, and the hydroxy-imidazole 6, were kindly 
provided by S. Hecht, Department of Chemistry, Massa- 
chusetts Institute of Technology, Cambridge, Massa- 
chusetts 02139. U.V.-visible absorption and ESR mea- 
surements were done in the previously described 
manner (10). All polarographic studies were done in 
a standard H cell (at 25°C) using a microcomputer- 
controlled electrochemical station (14). The polaro- 
graphic solutions (10-3M) were deaerated with a 
stream of water-saturated nitrogen gas 20 min prior 
to each run and were blanket& with nitrogen during 
the run. To scan the entire potential window, two 
types of working electrodes were used. A dropping 
mercury electrode (DME) covered the potential range 
from -1.8 to +0.15V, while a carbon paste electrode 
(CPNjl) covered potentials from -0.6 to +1.5V. The 
CPNjl was fabricated using the design described by 
Adams (15). Cyclic voltammetric studies were accom- 
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plished using a Metrohm micrometer type hanging 
mercury drop electrode (HMDE). The reference elec- 
trode was a Ag/AgCl saturated NaCl system, and the 
counterelectrode was a Pt wire. Determinations'were 
done in pH 8 phosphate buffer (0.05M) that was 
0.15M in NaCl and in doubly distilled deionized water 
that was 0.15M in NaC1. Unless otherwise noted, the 
pH of the unbuffered solutions was adjusted by addi- 
tion of 0.1N NaOH or 0.1N HCl. The pH of the air- 
sensitive complexes, Fe (111, Co (11) , Cu (I), was ad- 
justed under nitrogen in an inert atmosphere box. 

The polarographic behavior of bleomycin as a func- 
tion of pH was studied in doubly distilled deionized 
water. The observed El12 values in volts as a func- 
tion of pH were: El12 (pH); -0.81, (2.3); -0.90, 
-1.15, (3.4); -0.96, - -1.2 (4.2); -1.26 (5.3); -1.24 
(7.5); -1.28 (9.2); -1.32 (11.0). 

Using a mercury pool, controlled potential elec- 
trolysis (CPE) of the antibiotics, of any of their metal- 
loderivatives, or of the bithiazole, 4, was unsuccessful. 
The observed current decay as a function of time 
proved to be nonexponential and to terminate at a 
nonzero value of current. Calculation of the number of 
electrons transferred from the decay curve yielded a 
multielectron process. CPE of the 4-amino pyrimidine, 
5, at -1.60V was successful and yielded a polaro- 
graphic n value of 2.2. The d-c polarogram of 5 be- 
fore reduction, showed a single reduction process at  
-1.36V. The polarogram of 5 after CPE showed the 
loss of the reduction wave at -1.36V. A check of the 
absorption properties of the solution containing the 
4-amino pyrimidine before and after electrolysis re- 
vealed that of the two ultraviolet absorptions of 5 at 
230 and 275 nm, only the lowest energy absorption band 
remained after reduction. The diffusion current as- 
sociated with the Cu (11) + Cu (I) reduction of Cu (11) - 
BLM and Cu(1I)TLM was found to be one-half the 
value observed for the pyrimidine-centered reduction 
of BLM and TLM. 

The metal complexes were made by adding the ap- 
~rouriate amount of M(I1) (C104)a where M is Fe. - 
Co, Ni, Cu, or Zn to a 1 0 - 3 ~  solution of the drug in 
either a pH, 8.0 phosphate buffer or in water followed 
by the adjustment of the pH to 8.0. No difference in 
the electrochemical behavior between the two methods 
of complex preparation could be detected. 

Two procedures were used for preparing the Fe(III) 
antibiotic complexes. In one, the solution containing 
the Fe(I1)-drug complex was exposed to oxygen to 
yield the Fe(II1)-drug complex. The second approach 
involved preparing the Fe(II1) -drug compound by di- 
rectly combining Fe(II1) (Clods and the antibiotic. 
Buffered (phosphate) and unbuffered pH, 8.0 solutions 
were used for both preparations. Cu(1)Cl was used 
to prepare the Cu (I)  -drug compounds in buffered and 
in unbuffered media. 

Results and Discussion 
The polarographic assignments.-The Altered d-c 

polarograms of BLM, 1, TLM, 2, peptide M, 3, the 
amino acid bithiazole, 4, and the 4-amino pyrimidine, 
5, are shown in Fig. 1. The two drugs exhibit identical 
redox behavior and yield two reduction waves: a two 
electron wave at  -1.22V and a multielectron wave 
(-16 electrons) at  -1.48V. Cyclic voltammetric studies 
(CV) showed that both waves are electrochemically 
irreversible and that the irreversibility was independ- 
ent of the CV scan rate (up to 3.2V sec-1). In addi- 
tion, the current associated with the multielectron 
wave (-1.48V) was found to vary with the length of 
time that the mercury drop was in contact with the 
polarographic solution. Neither BLM nor TLM ex- 
hibited an oxidation wave using a CPNjl electrode. 

The polarographic assignments of the two reduction 
waves of BLM and TLM was accomplished using the 
model compounds 3-6. One of the model compounds, 
peptide M, exhibited a single irreversible reduction 
process at -1.22V (Fig. lb) .  CV studies showed the 
absence of a reverse peak for this wave. The El12 
value and the irreversible characteristics of the wave 
were identical to the first reduction process of BLM 
and TLM (Fig. la) .  Thus, the moiety in BLM 
and TLM responsible for the reduction must also be 
present in peptide M. A check of the literature revealed 
that the reduction must be occurring at either the 
pyrimidine or the imidazole residue of the two drugs 
and peptide M (16). Since model compound 6, the 
hydroxy-imidazole, did not exhibit reduction behavior 
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Fig. 1. The filtered d-c polarogram of (a) bleomycin A2, I, and 
bllywmycin-A, 2; (b) peptide M of tallysomycin; (c) the amino 
acid bithiaxde, 4; and (dl the 4-amino pyrimidine, 5. v = 1 mV/ 
see, pH, 8 phosphate buffer. 

in the polarographic window of observation, but the 
4-amino pyrimidine, 5, did (Fig. Id), the first reduc- 
tion wave of BLM and TLM was assigned to the 4- 
amino pyrimidine moiety of the two antibiotics. Al- 
though CPE experiments with the drugs were not 
successful, electrolysis of 5 at -1.60V showed the 
reduction to be a two electron process. At pH 8, 5 
exhibited a reduction wave with the El12 value of 
- 1.36V under the same experimental conditions that 
the antibiotics exhibited a single reduction wave at 
-1.22V. As was earlier shown by Elving et al. (16-18), 
pyrimidines exhibit reduction behavior which is 
strongly dependent on pH. In acidic solution (pH -3) 
pyrimidines generally yield two reduction waves which 
merge to form a single wave at high pH (pH -9). 
The pH dependency of the first reduction waves of 
BLM and TLM is shown in Fig. 2. In acidic solution 
the drugs exhibit two reduction waves [Fig. 2 
(waves I and 11, which merge at  pH -5.5 to form a 
single wave, wave III)]. By analogy with pyrimidines, 
wave I is associated with the formation of the proto- 
nated one electron reduction product of the 4-amino 
pyrimidine moiety of 1 and 2 (Eq. [2] ) . Wave 11, which 
exhibits less pH dependence than does wave I, corre- 
sponds to the production of the protonated one electron 
reduction 

pyrimidine + H+ + e- -, pyrimidine H* [2] 
wave I 

pyrimidine H* + Hz0 + e- + pyrimidine Hz + OH- 
wave I1 

pyrimidine + 2Hz0 + 2e- + pyrimidine Hz + 2 OH- 
wave I11 

C41 

product of the previously fonned species (Eq. 131). 

1 
2 4 6 8  10 12 

pH 

Fig. 2 A plot of € 1 1 ~  as a function of pH for the pyrimidine n- 
drctian of bleomycin Aa and tallysomycin-A. 

Above pH 5.5 a concerted two electron reduction oc- 
curs to give directly the dihydropyrimidine (Eq. 141). 

Both BLM and TLM exhibit a second, multielectron, 
reduction wave at -1.48V (Fig, la) .  Since this wave 
is observed for the amino acid bithiazole, 4, at -1.46V 
(Fig. lc) and it is absent in the polarogram of pep- 
tide M, 3, and the 4-amino pyrimidine, 5, the wave must 
be associated with the bithiazole moiety of the anti- 
biotics. The wave yielded an unusually high dihsion 
current for the drug concentrations employed (10-3M). 
Furthermore, there appeared to be no linear relation- 
ship between concentration and the diffusion current. 
Multiple scan CV on a single drop shows that the cur- 
rent of the cathodic reaction ultimately decreased to 
zero (Fig. 3). If the HMDE is left in solution momen- 
tarily without an applied potential, and then scanned 
with CV, the current is found to be negligible. All of 
these features suggest that not only does the wave 
exhibit catalytic activity (17, 19) but that it reflects 
some sort of adsorption phenomenon between the drug 
(perhaps due to the sulfur atoms of the bithiazole) 
and the mercury working electrode. No further experi- 
ments were done to establish the mechanism of the 
catalytic activity. 

The metal comp1eses.-Complexation of Fe(II), 
Co (11, 1111, Ni (II), and Zn(I1) caused the pyrimidine 
wave to disappear from the polarogram of the anti- 
biotic in both buffered and unbuffered media. In view 
of the fact that Ni(I1) and Zn(I1) are known to bind 
to the pyrimidine moiety of both drugs (8, 10-12, 20) 
the similar polarographic behavior of all of the metal- 
loderivatives infers that Co(I1, 111) and Fe(I1) also 
utilize the pyrimidine moiety as a binding site. The 
electrochemical studies show that complexation to the 
heterocycle causes its reduction potential to be dramati- 
cally altered and to shift out of the window used for 
the polarographic studies ($1.5 to -1.8V). The fact 
that all of the complexes studied exhibited an unaf- 
fected bithiazole reduction wave at -1.46V is indica- 

Fig. 3. Cyclic voltammograms as a function of the number of 
scans of the second reduction wave of BLM and TLM: (a) one scan, 
(b) five scans, (c) 100 scans, on a single drop, v = 3.2 V/sec. 
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Fig. 4. The filtered d-c polarograms of (a) Cu(1I)BLM-TLM and 
(b) C d l )  BLM-TLM in a pH, 8.0 phosphate buffer. 

tive that the nitrogen-sulfur heterocycle is not in- 
volved in metal binding. 

The polarograms of the Cu (11) drug complexes (Fig. 
4a) indicate that the pyrimidine wave is unaffected 
by complexation. Thus, the electrochemical data infer 
that the pyrimidine moiety is unbound in the Cu(I1) 
complexes. However, this conclusion is at variance 
with the earlier established binding site of Cu(I1) on 
BLM and TLM (10-12). The apparent contradication is 
resolved by considering the reduction wave at -0.53V 
(at -0.43V in unbuffered media) to be due to the metal 
centered reduction, Cu(I1) + Cu (I), of the copper (11) 
complexes. Thus, at potentials more negative than - -0.6V the polarographic experiment is actually ex- 
amining the Cu(1) antibiotic complexes. The unaf- 
fected pyrimidine wave implies that the Cu(1) drug 
complexes, and not the divalent compounds, contain 
an unbound moiety. Confirmation of this conclusion 
was obtained by studying the electrochemistry of the 
Cu(1) derivatives (Fig. 4b). As expected the polaro- 
grams of these complexes possess an unaffected py- 
rimidine wave indicating that Cu(1) does not bind to 
the 4-amino pyrimidine moiety of the antibiotic. The 
results were the same in buffered and unbuffered 
media. Although more detailed studies are necessary, 
Cu(1) does in fact appear to be bound to the anti- 
biotic. While the dissolved CuCl is relatively passive 
to oxygen, the Cu (I) -drug complexes are very air sen- 
sitive, and they readily oxidize in the atmosphere to 
the Cu (11) derivatives. The polarographic, U.V. visible 
absorption, and ESR properties of the oxidation pro- 
duced Cu(I1)-drug complexes were identical to those 
of the compounds synthesized from the antibiotics 
and Cu(I1) (C104)~. Efforts to observe Cu(1) bound 
to the pyrimidine moiety by studying the Cu(I1)-Cu(1) 
couple of the Cu(I1)-drug complex with CV failed. 
Electrochemical irreversibility was observed for the 
most rapid scan rates employed (3.2V sec-I), indicat- 
ing that the Cu(1)-pyrimidine bond-breaking step is 
more rapid than the time frame of the electrochemical 
measurement. 

The polarographic behavior of the Fe(II1) -drug com- 
plexes is dependent on the mode of preparation of the 
compound. If the trivalent complex is prepared by air 
oxidation of the Fe(I1)-drug compounds with mo- 
lecular oxygen, the pyrimidine moiety of the antibiotics 
remains bound to Fe(II1) since polarographic analysis 
of the complexes shows the absence of a pyrimidine 
wave. The results obtained in buffered and unbuffered 

solutions were the same. If the Fe-(111)-drug com- 
plexes are synthesized by combining equal molar 
amounts of Fe(II1) (Clods and the antibiotics in a 
phosphate buffer, the pyrimidine remains unbound. 
Carrying out the same synthesis in the absence of 
buffer ion results in an Fe(II1)-drug complex contain- 
ing a bound pyrimidine group. 

The electrochemical results and their implication on 
the mechanism of action of the antibiotics.-At least 
two important points which bear on the proposed 
mechanism of action of the pharmaceuticals can be de- 
rived from the electrochemical studies. The first con- 
cerns the mechanism by which the air-sensitive drug 
complexes, Cu (I), Co (11). and the biologically im- 
portant Fe(I1) compounds are oxidized by molecular 
oxygen. The observation that none of these complexes 
exhibit a metal-centered oxidation process in the 
accessible potential range implies that the oxidation 
by molecular oxygen must be an inner sphere process 
(21), i.e., there is direct contact between the 0 2  
molecule and the antibiotic bound metal ion. The limit- 
ing voltage in the polarographic experiment, +1.5V, 
from a thermodynamic standpoint is a considerably 
stronger "oxidant" than is molecular oxygen (22). 
However, in no case was a metal-centered oxidation 
wave observed. This observation strongly implies that 
the species present at the electrode surface in the 
"electrochemical" experiment and the one ultimately 
oxidized by molecular oxygen in the "chemical" 
oxidation are different. The most logical explanation 
for this observation is that the chemical oxidation pro- 
ceeds via an unstable dioxygen-drug complex. The 
electrochemical experiment is not examining that com- 
plex but is, in fact, examining a metal complex which 
does not contain bound dioxygen. Evidence that this 
type of inner sphere mechanism must be operating in 
the metallobleomycins has recently been given (23). 
In every case these complexes are relatively resistant 
to oxidation at the electrode surface (as is evidenced 
by the lack of an oxidation wave). All of the dioxygen 
complexes, on the other hand, are unstable and rapidly 
convert to metallobleomycins having the next higher 
oxidation state of the metal ion, and a radical. The 
radical which is produced by the redox process either 
remains bound to the now oxidized metal ion as it 
does in Co(II1)-BLM-02- (23), or it may be rapidly 
ejected as is the case for the iron and copper blw- 
mycin systems. Although the DNA degrading ability 
of the Cu(1) complexes of BLM and TLM in the pres- 
ence of oxygen has been unexplored, these complexes 
like the Fe(I1) derivatives appear to be radical pro- 
ducers and as such should be capable of degrading 
DNA. 

A second point evident from the electrochemical 
studies is that buffer ions can play an important role 
in the coordinating ability of at least one metal ligat- 
ing site, the 4-amino pyrimidine moiety of TLM and 
BLM. While this group remains bound to divalent 
iron, components present in a phosphate buffer pre- 
vent it from binding to trivalent iron. In view of the 
fact that many experiments with the metallo-anti- 
biotics have been carried out in buffered media and 
that buffer ions can significantly affect the metal bind- 
ing site, closer attention should be paid to the effects 
that extraneous ions can have on the redox character- 
istics of the iron-drug complexes. 

Acknowledgment 
We acknowledge Dr. S. T. Crooke of Bristol Labora- 

tories for supplying the bleomycin Ap, tallysomycin-A 
and peptide M of tallysomycin. This investigation was 
supported by Grant Number CA 25112-01 awarded by 
the National Cancer Institute, DHEW, and an N.I.H. 
Institutional Award to Syracuse University. 

Manuscript submitted Nov. 13, 1978; revised manu- 
script received ca. July 25,1979. 



Vol. 126, No. 12 PROPERTIES OF BLEOMYCIN AND TAUYSOMYCIN 2095 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the June 1980 
JOURNAL. All discussions for the June 1980 Discussion 
Section should be submitted by Feb. 1, 1980. 

Publication costs of this article were assisted by 
Syracuse University. 

REFERENCES 
1. H. Umezawa, Biomedicine, 18, 459 (1973). 
2. 3. E. Strong and S. T. Crooke, Cancer Res., 38, 

3322 (1978). 
3. R. H. Blum, S. K. Carter, and K. A. Agre, Cancer, 

31,903 (1973). 
4. E. A. Sausville, J. Peisach, and S. B. Horwitz, Bio- 

chem. Biophys. Res. Commun., 73, 814 (1976). 
5. E. A. Sausville, R. W. Stein, J. Peisach and S. B. 

Horwitz, Biochemistry, 17, 2740 (19783. 
6. E. A. Sausville, R. W. Stein, J. Peisach, and S. B. 

Horwtz, tbrd., 17, 2746 (1978). 
7. W. J. Lown and S. Sims, Biochem. Biophys. Res. 

Commun., 77,1150 (1977). 
8. J. C. Dabrowiak, F. T. Greenaway and F. S. San- 

tillo, in "Bleomycin: Chemical, i3iochemical and 
Biological Aspects," S. Hecht, Editor, Springer- 
Verlag, New York (1979). 

9. Y. Sugiura and T. Kikuchi, J. Antibiot., 31, 1310 
(1978). 

10. J. C. ~abrowiak ,  F. T. Greenaway, W. E. Longo, 
M. Van Husen, and S. T. Crooke, Biochim. Bio- 
phps. Acta, 517,517 (1978). 

11. J. C. Dabrowiak, F. T. Greenaway, and R. Grulich, 
Biochemistry, 17,4090 (1978). 

12. F. T. Greenawa~. J. C. Dabrowiak. M. Van Husen. 
R. Grulich a i d  S. T. Crooke Blochem. Biophys: 
Res. corndun., 85,1407 (19783. 

13. M. Konishi, K. Saito, K. Numata, T. Tsuno, K. 
Asama, H. Tsukiura. T. Naito, and H. Kawaauchi, - 
J. Antibiot., 30,789 (1977). 

14. D. J. Macero, L. W. Burgess, Jr., T. M. Banks, and 
F. C. McElroy, Proceedings, Symposium on Mi- 
crocomputer Based Instrumentation, National 
Bureau of Standards. Gaithersbure. Marvland. -, - , 
D. 45. June. 1978. . - - , - - - - -, - - . - . 

15. R. N. Adams, "Electrochemistry at  Solid Elec- 
trodes," p. 280, Marcel Dekker, New York (1969). 

16. P. J. Elving, S. J. Pace, and J. E. O'Reilly, J. Am. 
Chem. Soc.. 95.647 (1973). , . - . -. . . , . 

17. L. D. Smith and P. J. Elving, ibid., 84, 2741 (1962). 
18. J. E. O'Reilly and P. J. Elving, J. Electroanal. 

Chem., 21,196 (1969). 
19. L. Meites, in "Polarographic Techniques," p. 182, 

Interscience Publishers, New York (1965). 
20. J. C. Dabrowiak. W. Loneo. M. Van Husen. F. T. 

Greenaway, and S. T . c ~ ~ ~ ~ , A ~ % % ~  i?ih% 
tional Meeting of the American Chemical So- 
~Ltty, Chicago, Illinois, September 1977, MEDI, 
UDl. 

21. J. L. Tobe, in "Inorganic Reaction Mechanism," 
Thomas Nelson and Sons, Ltd., Ontario, Canada 
11972). 

22. w.'M.-tattimer. in 'The Oxidation States of the 
Elements and .Their Potentials in Aqueous Solu- 
tions," Prentice-Hall, Inc., New York (1938). 

23. Y. Sugiura, J. Antibiot., 31,1206 (1978). 

Kinetic Stability of Nitrate Ion in Molten 
Nitrate by Raman Spectroscopic Studies 

of '"-Enriched KNO, 
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ABSTRACT 
Raman spectra of nonrandom mixtures of 180-enriched potassium nitrate 

with normal 1.60-nitrate reveal that 180,  1 0 0  interchange does not take place in 
the melt untll the decomposition of nitrate occurs. The kinetic stability of 
nitrate ion with respect to oxygen exchange processes is thus established for 
low temperature melts. At higher temperatures sodium from the glass was de- 
tected in the potassium nitrate. Possible oxygen exchange with the glass has 
been inferred from the decrease in total 1 8 0  content. 

The nature of the active species in molten nitrates 
has long been the subject of considerable controversy. 
Kerridge (1) has recently summarized the state of 
affairs and has pointed out the importance of small 
amounts of nitrite impurity and differences in  thermal 
history to the results of chemical processes observed 
in molten nitrates. The importance of chemical reac- 
tions with the siliceous container can also explain some 
of the many discrepancies between results of different 
workers. Since the kinetic stability of the nitrate ion 
is an important parameter in establishing the reversi- 
bility of proposed chemical reactions i t  seemed desir- 
able to attempt to measure the kinetic stability of the 
nitrate ion in nitrate melts. Previous studies have 
shown that Raman spectroscopy can provide useful 
information on ' 8 0  exchange reactions with nitrate ion 
(2, 3). 

Experimental 
A nonrandom 180-enriched sample of KNO3 was 

prepared by dissolving 50 mg of n-KN03 and 35 mg of 
52% 180-enriched KNO3 (Isomet) in about 1 ml of neu- 
tral distilled water and slowly evaporating the solution 
to dryness. In neutral solution 1 8 0  from NOS- does not 
' Electrochemical Society Active Member. 
Key words: oxygen-exchange, nitrate decomposition nitrite. 

exchange with water which means that the 180 con- 
taining nitrate groups will be dispersed homogeneously 
but the 180 atoms will remain with their original nitro- 
gen and hence will not be randomly distributed. 
Samples of about 15 mg were placed in the 1 mm ID 
region of soft-glass Pascal dropping pipettes (Kimble) 
and dried under vacuum for about 2 hr at 150'C and 
then sealed off under vacuum.' One sample of the 
original mixture was left unmelted for comparison 
while the other samples were melted in a tube oven for 
about 15 min just above melting point. Although the 
solid mixture was white, the melts were at  first rather 
gray, however, a small amount of gas trapped in the 
solid and released on melting (or a decomposition 

Soft-glass pipettes were used for convenience of sample manip 
ulation however the low softening temperature (-SW'C) would 
normafiy make them less than ideal. The major goal of the work 
was to determine the lifetlme of Nos- with respect to oxygen ex- 
change and the exchange with glass was not anticipated. A ref- 
eree has suggested that oxygen diffusion would be negligible in 
glass since that is the case for fused silica at 470'C IE. L. Wil- 
liams, J. Am. Ceram. Soc., 48, 190 (1965); G. H. Frishat, "Ionic 
Diffusion in Oxide Glasses," Diffusion and Defect Monograph 
Series, p. 28,Trans. Tech. Publications, Bay Village, Ohio (1975) 1.  
This COnClUSlOn may not be valid since fused silica has a very high 
Softening temperature and presumably a much higher activation 
el:ergy for oxlde diffusion than soft glass A more detailed study 
with different containers and atmosphere is necessary to advance 
this topic. 
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product) caused the melt section to rise up the tube 
leaving the gray ring on the tube below. The lower 
part of the tube was removed and the tubes were re- 
sealed under vacuum. Raman spectra taken at  this 
point revealed no difference from the unmelted sample 
so it appeared that decomposition of nitrate was not a 
problem. The samples were then remelted at different 
temperatures for appropriate times. Temperatures 
were measured with a Chromel-Alumel thennocouple 
placed near the samples and could be in error by as 
much as 10'C. The Raman spectra were obtained for 
the room temperature solids on a PHO spectrometer 
after sample excitation with the 488.0 nrn line of a co- 
herent Radiation Model 52 argon-krypton mixed gas 
laser. A narrow-band pass interference filter was used 
to remove unwanted laser lines. Peak intensities were 
measured from peak heights since the half-widths of 
all the peaks were equal within the experimental error. 
Slit widths of 1.0 cm-1 and laser power of about 200 
mW at the sample gave spectra with suitable signal to 
noise to measure the intensities with an estimated 
error of 5%. 

Occasionally the room temperature solids were ob- 
tained all or partly in the metastable KNOa!III) 
phase which gave peak positions about 3 cm-1 higher 
than the KNOa(I1) room temperature phase. When 
this occurred it wa? necessary to wait until the solid 
naturally transformed to KNO31II) or to heat the 
sample to 120'C and cool slowly (4). 

Results and Discussion 
Raman spectra for the unmelted reference sample 

and the melted samples are shown in Fig. 1, while 
Raman intensities for each peak expressed as per- 
centage of the total area are presented in Table I. 
Previously (2, 3) it has been shown that the peaks at  
1050, 1030, 1010, and 990 cm-1 can be assigned to the 
symmetric stretching modes of the N1803-, N1602180-, 
N16018Oz-, N'80a- ions in KN03 and that the relative 
intensities of these peaks can be used quantitatively to 
measure the fraction of each ion present in the sample. 
The peak at  1070 cm-1 has been assigned to a NaNOs 
impurity. The N160~180- peak for NaN03 may con- 
tribute slightly to the 1050 cm-1 KNl6Os peak but this 
has been neglected in the calculations. Assignment of 
the 1070 cm-1 peak to the NaNOa species was based on 
the following facts: (i) the peak position matches that 
of NaN03 (5), (ii) sample (d) was dissolved in water 
and the peak at  1070 cm-1 was not observed, only the 
peaks at 1050,1030,1010, and 990 crn-l, which is consist- 
ent with both NaN03 (aq) and KNOs (aq) having iden- 
tical dilute solution peak positions (61, (iii) the solution 
used in (ii) was evaporated to dryness and the Raman 
spectrum of the solid again showed the 1070 cm-1 peak 
Raman spectra obtained in this laboratory for mixed 
NaN03, KNO* solids obtained from solutions of the 
mixed salts give peaks at  1070 and 1050 cm-1, (iv) 
sodium ion from the glass seemed to be the only logical 
impurity. It should be pointed out that a weak 1070 
cm-1 peak was also seen in the pure 51.5% 1 8 0  KNOa 
thus its presence is not due to exchange in the prepara- 
tion process. The increase in the intensity of the peak 
in sample (d) indicates considerable cation exchange 
between the melt and the glass at the higher tempera- 
ture. 

Over-all 180-enrichments of the samples calculated 
from peak intensities are given in Table I and averaged 
21.5% excluding sample (d) which showed exchange 
with the glass. This value compares well with the 
21.4% 180-enrichment expected from the mass meg- 
surements of the two forms of KN@. Intensity calcula- 
tions for the 51.5% 180-enriched sample employed in 
this work showed that the 180 was distributed ran- 
domly over all the nitrate ions, e.g., an intensity ratio 
of about 1: 3: 3: 1 was observed. Comparison of rows 
(a), (e), and (f) of Table I shows that the 1 8 0  from 
the enriched KNOs did not exchange with the 1 0 0  from 
the natural KNOa during the preparation. Even more 

cm -' 
Fig. 1 .  Raman spectra of the symmetric stretching ryion of a 

mixture of natural-KNOs + 51.5% 180-enriched KNO3. From 
left to right the peaks are due to NaNleOg, KNLB&, KN1B&180, 
KNl60l8&, KN1803. (0) Never melted, (b) melted 8 hr at W C ,  
(c) melted 2 hr at 410"C, (d) melted 2 hr at 470°C. 
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Table I .  Raman intensities expressed as percentages of the total intensity in the 
symmetric stretching region of isotopic nitrate ions 

NaWWs KN'Ws KWWs1W KWW'WP K N W s  Calculated '9 
Sample 1070 cm-1 1050 cm-I 1030 em-' 1010 cm-I 990 cm-I  enrichment^ (%) 

(a) Never melted 1.2 61.5 16.0 15.6 5.76 21.5 
(b) Melted B hr at 960'C 1.2 62.9 15.8 15.2 5.76 21.1 
( c )  Melted 2 hr at 410'C 2.4 57.7 20.0 14.8 5.0 21.6 
(dl  Melted 2 hr at 470'C 10.1 47.7 30.2 10.2 1.75 18.6 

average1 21.5 
( 0 )   calculated^ for no % exchange 1.2 58.7 16.2 16.9 5.98 (21.4) 
( f )  Calculated* for total exchange 1.2 47.1 39.7 10.9 0.99 (21.5) 
( 8 )  Calculated' for total exchange 10.1 43.8 37.0 8.4 0.64 (18.6) 

Sample (d)  waa omltted due to obvlous 1% exchange wlth sillcate. 
Calculated for no exchange based on nonrandom 51.5% Nos- in natural Nos- for comparison to (a)  and fb ) .  

JCalculated for total exchange based on random distribution of a 21.5% over-all enrichment for comparison to (a)  and (b). 
'Calculated for total exchange based on random distribution of 18.6% over-all enrichment for comparison to (d) .  

important, comparison of rows (a) ,  (b ) ,  (e) ,  and (f) 
shows that the nitrate melt at  360°C did not show any 
measurable 180 exchange over an 8 hr  period. The 
kinetic stability of NO3- in nitrate melts is thus estab- 
lished below the decomposition temperature. Decotnpo- 
sition temperatures for Nos- are not well established 
since some small decomposition can occur at rather 
low temperatures. For KNOs melt the onset of appre- 
ciable decomposition occurs at  about 400°C (1, 6). At 
this temperature 1 8 0  exchange among the NO3- groups 
does occur (Fig. l ( c ) ,  Table I)  but cation exchange 
with the glass does not seem too severe. At 470°C 
decomposition is more appreciable as indicated by the 
exchange of 180 among the NOa-. The increase in the 
intensity of the peak a t  1070 cm-1 indicates that cation 
exchange with the glass was quite considerable 
(-10%). Although the 1 8 0  exchange was obviously 

considerable in sample d (Fig. 1) comparison of rows 
(d) and (g) indicate that complete exchange had not 
been obtained. The over-all decrease in ' 8 0  enrichment 
from 21.5 to 18.6% (sample d )  suggests that 1 6 0  from 
an external source has exchanged with the nitrate oxy- 
gens at  470'C. The decrease is too large and in the 
wrong direction to be a kinetic isotope effect and since 
the tubes were vacuum sealed, atmospheric oxygen 
should not be present. It is also difficult to envisage an 
oxygen containing impurity of such magnitude. Oxy- 
gen exchange from the soft-glass container appears to 
be the most likely source of 1 6 0  (1). At 470" the glass 
tube was on the verge of softening at which point the 
chemical exchange at  the glass surface would be ex- 
pected to be enhanced. Kerridge (1) has commented 
on the fact that results of electrochemical studies in 
molten nitrates appear to depend on container mate- 
rial. Attempts to search for 1 8 0  in the glass tubes was 
precluded by the broad weak character of the Raman 
spectrum of glass. 

The above exchange results clearly indicate that 
NOs- is kinetically stable below the decomposition 
temperature for a long period of time. This greatly 
weakens self-dissolution mechanism of NO.- 

as proposed by Duke et al. (7) since not only must the 
equilibrium concentration of NOS+ be small but its rate 
of formation must be extremely slow. The correspon- 
dence between the 100-exchange rate and the decom- 
position temperature suggests that the active species in 
nitrate melts is more likely to come from decomposi- 
tion products as proposed by Zambonin et al. (8, 9) and 
Kerridge (1). Decomposition of the form 

as suggested by Zambonin and Jordan (8) could occur 
with Oz- coming from the glass (1). Nitrite can also 

arise by direct thermal decomposition of nitrate 

Kerridge has noted that although the forward reaction 
of [IV] may be very fast, the reverse reaction appears 
to be very slow which is consistent with the rather slow 
1 8 0  exchange rates even above the decomposition tem- 
perature (sample c). By the exchange rate criterion 
the reverse reactions of [11] and [111] must also be 
slow at least for situations where the oxide apparently 
comes from silicate species. A search for peaks due 
to other species proved unsuccessful. Although un- 
doubtably some nitrite must have been present, a 
careful search of the 800 cm-1 region did not reveal the 
expected peaks. Since it is felt that a 5% NOz- pres- 
ence would be easily detectable i t  might be concluded 
that even for sample (d)  relatively little KNOI 
actually decomposed during the exchange process. This 
implies that recombination of oxygen with NOz- to 
replace the decomposed NOS- occurs readily which is 
similar to that found in radiation decomposition 
studies (3). 

The above methods should be generally useful for 
investigating effects of solutes, atmosphere, and con- 
tainer material on reactions of nitrate and other poly- 
Memorial University of Newfoundland. 
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Molar Volume and Electrical Conductivity 
Measurements in the Ternary Molten Salt 

System NaCI-CsCI-MnCI, 
I. Molar Volumes 
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ABSTRACT 
Densities in the ternary system NaC1-CsC1-MnClz have been measured by 

the Archimedian technique at  temperatures varying between 550" and 1050°C. 
The molar volumes of the solutions show positive deviations from additivity 
which become more pronounced in the CsC1-rich melts. The behavior of the 
system is explained in terms of a complex ion model based on the presence 
of NaMnzC4 and CszMnC4 complex species in these melts. It is shown theo- 
retically and proven experinlentally that the molar volumes in the ternary 
system may be predicted by the simple expression 

V12.a = tV1.a + (1 - t )  V19 
where t = XCsCI/ (XNC! + XC~CI), V12.3 is the molar volume of the ternary 
system, and Via and V1$ are the molar volumes of the binary system MnC12- 
CsCl and MnC12-NaCl, respectively, having the same MnClz content as the 
ternary. This expression is valid along a composition path for which y = con- 
stant, where y = 1 - XMnCb. It is of interest to note that the t-fraction aver- 
age equation formulated hereln was also found applicable to predicting the 
enthalpy of mixing and activities in several ternary systems (7) from data 
on their component binary systems. 

There have been few systematic molar volume mea- 
surements on ternary solutions of transition metal 
chlorides with alkali chlorides, particularly on ternary 
systems. In the present investigation densities in the 
ternary system NaC1-CsC1-MnClz have been measured 
over the entire composition range and for temperatures 
varying between 506" and 1050°C. This ternary sys- 
tem is of interest as the physicochemical properties of 
two of its component binary systems, namely, the sys- 
tems NaC1-MnC12 and CsC1-MnC12, differ significantly. 

The NaC1-MnClz system is characterized by rela- 
tively low exothermic enthalpies of mixing which 
reach a maximum value of only -1900 cal/mole at  a 
composition of about 35 mole percent (m/o) MnClz 
(1,2). In this system, the change of volume on mixing 
shows slight positive deviations from additivity (3,4). 
On the contrary, in the CsC1-MnC12 system the en- 
thalpies of mixing are strongly exothermic and reach 
their maximum value of -5400 cal/mole at a composi- 
tion close to 33 m/o MnCh, representing the stoichio- 
metric composition for the compound CszMnCb. The 
change of volume on mixing in the CsC1-MnClz system 
also indicates pronounced posltive deviations from 
additivity which have their maximum value at  about 
this same composition 

The thermodynamic properties of these solutions 
have been attributed to the presence of MnC142- type 
complex species whose strength is dependent on the 
size of the alkali metal cation (A+) present (5-7). 
In general, the thermodynamic stability of these 
complex species increases as the alkali metal cation is 
changed from Li+ to Cs+.Tetrahedrally coordinated 
complexes of this kind have also been suggested by 
Gruen and McBeth (8) from spectrophotometric work, 
from Raman spectra by Bues et al. (9), and more re- 
cently by Tanemoto and Nakamura (10). 

Electrochemical Saclety Active Member. 
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brio, Canada. 
Key words: f u ~ d  salts, molar volumes, ternary systems. com- 

plexes. 

Accordingly, one of the aims of the present investi- 
gation was to observe the effect of complex formation 
on densities and molar volumes in a ternary system 
which becomes progessively dominated by the 
stronger CszMnC4 type complex species as NaCl is 
replaced by CsC1. 

Experimental 
Pure anhydrous MnClz was prepared from reagent- 

grade material. The purification included first heating 
under vacuum and then subjecting the solid to a 
stream of gaseous HCl at  temperatures about 100°C 
below the MnClz melting point. Reagent-grade NaCl 
and reagent-grade CsCl, the latter containing 0.2% 
RbCl or less, were dehydrated by heating normally at 
about 130" under vacuum for a b u t  10 hr. 

The density measurement apparatus was similar to 
that used in previous work (3) in this laboratory, 
except that it contained a side arm used to introduce 
argon gas to the melt for stirring. The technique in- 
volved the measurement of the weight change of a 
fused quartz sinker having a volume of about 0.8 cm8 
containing platinum. Weight changes were determined 
using a fused quartz spring-type thermobalance sus- 
pended from a pulley, the entire system being enclosed 
in glass tubing. A cathetometer which could be read 
to the nearest 0.005 cm was used to read spring ex- 
tension changes. The lower part of the apparatus 
containing the salt was made of fused quartz and all 
measurements were taken in the presence of an argon 
gas atmosphere. An electrically heated tubular furnace 
allowed measurements to be taken up to about 1050"C, 
with a maximum uncertainty in the measured tem- 
perature of +3'C. Each run necessitated about 100 
cm3 of salt mixture. 

In the Archimedean density technique used herein, 
the sinker was calibrated to determine its volume by 
measuring the weight change before and after im- 
mersion in water at a specified temperature. The 
weight change of the same sinker, as measured before 
and after immersion in the molten salt, was used to 
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determine the density (p) of the molten salt from the 
simple formula 

where F is the buoyant force and v is the volume of 
the sinker. 

The measurement could involve systematic sources 
of error, particularly at high temperatures. These 
errors included surface tension effects and salt con- 
densation on the fused quartz fiber used to suspend the 
sinker. Surface tension errors depended on the diam- 
eter of the fiber at the liquid-gas interface and were 
minimized by using fibers having diameters of less 
than 0.1 mm. Salt condensation on the suspension 
fiber was minimized by measuring densities in the 
MnClz-rich solutions over short periods of time and 
by avoiding temperatures higher than 870°C. 

The ternary compositions studied are given in the 
composition triangle shown in Fig. 1. In all, densities 
for about 41 different compositions were measured as 
functions of temperature. 

The ternary composition parameters are defined as 

where XI represents the mole fractions of component 
i and 1.0 h t h 0 and 1.0 k y k 0. Then t = 0 and 
t = 1 represent, respectively, the binary MnC12-NaC1 
and MnC12-CsC1 binary systems, and y = 0 and y = 1 
are, respectively, pure MnClz and the NaC1-CsC1 
binary system 

Constant values of t describe solutions having a 
constant mole ratio of CsCl to NaCl. Hence, at con- 
stant y, as t is increased from 0 to 1, the same moles of 
MnClz are interacted with a salt mixture in which the 
CsCl content is increased at the expense of the NaCl 
component. 

Resu Its 
For a given composition the measured densities were 

found to decrease linearly with increasing tempera- 
ture. Accordingly, the results were fitted to the linear 
expression 

P = A + B T  ~ 4 1  

where A and B are constants and T is the temperature 
in degrees Kelvin. The coefficients A and B have been 
calculated by the method of least squares. These data 
are presented in Table I which also includes estimates 
of standard errors, maximum deviations, and cor- 
relation coefficients. Over-all errors in the density 
data were of the order of 0.3%. Reproducibility of the 
results was confirmed by measuring the densities over 
a complete temperature cycle. 

The density data determined in this study may be 
compared with previously reported results for NaC1, 
CsCI, and MnClz. The data, calculated from fitted 
equations, were compared over an overlapping tem- 
perature range and absolute values of maximum de- 
partures are given to the nearest 0.1%. 

For the density of NaC1, the departures are 0.3, 0.2, 
0.3, and 0.2% in comparison with the values of Ku- 
charski and Flengas (3) ,  van Artsdalen and Yaffe (11) 
as reported by Janz et al. (12), Zuca and Ionescu- 
Vasu (13), and Grjotheim et al. (141, respectively. 

For the density of CsCl the departures are 0.3, 0.6, 
0.2, 0.7, and 0.3% in comparison with the data of 
Kucharski and Flengas (3) ,  Yaffe and van Artsdalen 
(15) as reported by Janz et  al. (12), Zuca and Olteanu 
(16), Grjotheim et  al. (14), and of Markov et  al. (17), 
respectively. 

For the density of MnClz the departures are 0.4, 
0.8, and 0.2% in comparison with the data of Kuchar- 
ski and Flengas ( 3 ) ,  Murgulescu and Zuca (18) as 
reported by Janz et  al. (121, and of Markov et  al. (171, 
respectively. 

It should be noted that Kucharski and Flengas (3) 
placed an accuracy of -c0.3% on their density data, and 
the values for NaCl and CsCl from Janz et  al. (12) 
were given uncertainties of 20.4  and 20.1%. respec- . - 
tive1y.- 

The density data allow calculation of the molar vol- 
ume, V, of the molten salt where 

and z, the mean molecular weight, is given by 

Figures 2 and 3 show the molar volumes for the 
MnClz-NaC1-CsC1 ternary system as a function of 
composition. The significance of the linearity in Fig. 3 
is discussed subsequently. Figure 4 shows the molar 
volume of the NaCI-CsC1 binary system at three tem- 
peratures. 

Discussion 
In addition to the molar volume composition trends 

shown previously, it is of interest to compare the ob- 
served molar volume of the solution (V) with the 
ideal additive molar volume ( V U ~ )  given by 

0 .25 .SO .75 1.00 
NaCl t -  CsC1 

Fig. 1. MnClz-NaCI-CsCI ternary showing the pattern used for 
selection of cornpositionr for experiments. 

where, V1" is the molar volume of pure component i. 
The difference between the measured molar volume 
of the molten salt and the ideal additive molar volume 
is the excess molar volume, AVxS 

Figure 5 shows the excess molar volumes in the 
ternary MnClz-NaC1-CsC1 system as a function of y 
for five constant t values at 1075°K. The trend of in- 
creased positive deviation with increasing y is ap- 
parent. A possible slight negative deviation exists at  
low values of both t and y for solutions rich in NaCl. 

Figure 5 also shows the maximum positive devia- 
tions from additivity occurs at a mole fraction of MnClz 
of about 0.33. This value corresponds to a ratio of total 
alkali chloride to MnClz of about 2:l.  It should be 
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Table I. Least squares fit of density vs. temperature ( O K )  for various values of the 
composition parameters t and y for the MnClz-NaCI-CsCI ternary molten salt system 

- - - . - - . - -- , 
Temperature Standard Maxlmum Correlation 

t range ('C) A' - B  x 10' ermr deviation coefficient 

noted that this 2: 1 ratio coincides to the stoichiometry similar to the molar volume of pure molten MnC12, 
of the reaction regardless of the value of t. 

Coefficients of thermal expansion, U, where a is 
2ACl+ MnClz -, M n C 4  r81 given by 

where, A, is an alkali metal. 1101 
The binary NaCI-CsC1 system exhibits positive 

molar volume deviations which have also been 0b- may be determined from the density data. 
served by Zuca and Olteanu (19) and are of about Since = mlp, it may be shown that 
the same magnitude as in the MnC12-NaC1 binary 
systems. 

In addition to the excess molar volumes it is also 
of interest to examinethe behavior of the partial 
molar volume of MnClz ( Vaanca). 

Partial molar volumes are defined by the expression 

where, n;, m, na represent the mole numbers for the 
components MnC12, NaCl, and CsC1, respectively. 

These values, shown in Fig. 6, have been deter- 
mined graphically from the data, along constant t 
composition paths, by the method of tangents (20). 

In the region where y is less than about 0.6, the 
values of the partial molar volumes of MnClz are 

Substituting p = A + BT into Eq. [Ill yields 

From the results of this study, the density decreases 
with increasing temperature and therefore u will be 
positive and will decrease with increasing tempera- 
ture. Equation [I21 was used to calculate the coeffi- 
cient of thermal expansion at 1075'C and the results 
are shown in Fig. 7. 

The coefficients of thermal expansion decrease as 
MnClz is added to the NaCl-CsC1 melts, exhibit a 
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Fig. I Molar volunu as a function of y for five values of con- 
s?ant t for the MnC12-NaCI-CsCI ternary system a t  107S°K. 

Fig. 3. Molar volume as a function ot t for eight values ot con- 
stant y for the MnC12-NaCI-CsCI ternary system a t  1075°K. 

minimum at about Xnnnclz = 0.33, then increase and 
finally decrease to a value representing pure MnC12. 

Application of the compler ion model to the cal- 
culation of molar volumes in the NaC1-CsC1-MnClg 
system.-The existence of complex species in fused 
salt-ionic solutions should be compatible with the 
concept of the cation and anion interlocking quasi- 
lattices proposed by Temkin (21). Complex species 
appear to form in some charged asymmetric fused 
salt solutions in which mixing involves ions having 
different valences (5-7,22). The application of an 
ionic model requires the following pstulates (5-7) : 

Fig. 4. Molar volume of the NaCI-CsCI system as a function of t 
a t  three temperatures. 

Fig. 5. Excess molar volume as a function of y for five values of 
constant t for the MnC12-NaCI-CsCI ternary system a t  107S°K. 

1. The fused salt is taken as a continuous and 
highly electrified medium, so that interlocking anionic 
and cationic quasi-lattices exist to preserve local 
electrical neutrality. 

2. The difference between a complexed and a 
noncomplexed state, involving a cation M+2 in a 
mixture containing A+, M+a, and X- species is sim- 
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Fig. 6. Composition dependence of the partial molar volume of 
MnClz in the MnClz-NaCI-CsCI ternary system at 1075°K. 

Fig. 7. Composition dependence of the coefficient of thermol ex- 
pansion for the MnClz-NaCI-CsCl ternory system at 107S°K. 

ply defined by a characteristic "shorter" bond dis- 
tance M-X* for the complexed state, as compared to 
the M-X bond distance for the noncomplexed state. 

3. Complexed ionic species must still belong to 
their respective quasi-lattices and not disrupt the 
continuity of the molten structure. Hence the ligands 
X* in a complex MX*, interact with the surround- 
ing A+ cations in the sequence 

whereby an anion X is always a cation "bridging" 
species. 

4. Under such restrictions, the complex represents a 
coordinated configuration of the type MX*. which may 
be treated as a statistical entity. 

5. The formation of a complex is favored by the 
presence of foreign cations which "compete" less fa- 
vorably with the central cations M+Z for the same 
ligands X-. Accordingly, the size of the foreign cation 
decides its capability for promoting or preventing the 
formation of complexes. 

6. In the ternary system containing MnC12 and where 
two ligand donors are present, namely NaCl and CsCl, 
Mnzf always has C1- ions in its first coordination shell. 
The strength of each Mn-C1 type bond will be expected 
to be influenced by the ions in the second coordination 
shell. Thus, if a Na+ cation is replaced by a Csf cation 
in the second coordination shell of Mnz+ cation, then 
the type of bonding in the Mn-C1 pair is expected to 
change and accordingly bond distances are also ex- 
pected to differ. From this point of view, the smaller 
Naf cation would exert a stronger attraction for the 
C1- ions in tthe first coordination shell thereby relax- 
ing the Mn-C1 bond, as compared to a situation where 
a Csf cation is introduced. 

In this sense, when the formulas NazMnCL and 
CspMnClr are written, it is not implied that they repre- 
sent discrete complex ions or compounds within the 
molten salt structure. However, regardless of the na- 
ture of the bonds present in the NaC1-CsC1-MnClz 
system, it is possible to select arbitrarily such melt 
components for the treatment of the results. This ap- 
proach is often applied in describing the activities of 
components in condensed phases. 

The effect of complexing on the molar volume shown 
in Fig. 3 may now be explained by a simple treatment. 
The melt components arbitrarily selected are MnClz, 
NaCl, CsCl, NazMnCh, and CszMnClr. These species 
will be used for the NaC1-MnC12 and CsCl-MnCh 
binary melts and for the ternary NaC1-CsC1-MnClz. 

The amounts of the five components selected above 
may be determined if it is assumed that the following 
reactions occur in their respective binaries 

- - 
and 

2CsCI + MnClz = CszMnC4 1141 
It is further assumed that in the ternary system, MnClz 
is distributed between the two possible complex species 
NazMnCh and CszMnCL, in the same mole ratio as the 
ratio of NaCl to CsC1. The latter is readily found from 
Eq. [2] to be 1 - t/t. The mass balance for the ternary 
system NaC1-CsC1-MnClz may then be considered on 
the basis of the two regions y k 0.6667 and y -L 0.6667; 
that is, XM,CI~ 6 0.3333 and X ~ n c l ~  % 0.3333. 

The amounts of the components in the reacted sys- 
tem may also be expressed in terms of the composi- 
tion parameters y and t which lead to the expressions 

Table I1 gives the mass balances for the two regions 
of the ternary. 

Considering the results on partial molar volumes 
given in Fig. 6 and the mass balances given in Table 
11, the ternary solutions at  y values less than 0.6667 
should contain both unreacted MnClz and amounts of 
complex species. The amounts of the latter become 
progressively less as y -i 1. 

However, as shown by the constant value of the 
partial molar volume 7 ~ ~ ~ 1 ~  in this range (Fig. 61, 
the presence of the alkali chloride does not appear to 
affect the over-all packing ability of the MnClz in 
these solutions to any significant extent and its par- 
tial molar volume remains at about the same value as 
for pure MnClz (- 55.5 cm3). The situation changes 
at  y values higher than 0.6667. In this concentration 
range, unreacted MnClz should no longer be possible 
and the solutions, in addition to containing excess 



Vol. 126, No. 12 TERNARY SALT SYSTEM NaC1-CsC1-MnClz 2103 

Table II.  Maw balance for tho MnCIz-NaCI-CsCI ternary system 

Prlmary 
Corn- compo- 

ponent sition Reacted system composition 

For u 6 0.6667 - ( X N ~ O I  + XCSOI) 2 - 3 
MnCL Xsr.ol, XM.~I,  =- 

a 2 
NaCl XN.OI 0 

Xo.01 tu 
IhMrlCL 0 -=- 

2 1 
For u > 0.6667 
MnCL Xmnbl. 0 

alkali chlorides, also contain MnClz in its complexed 
f o m  

In the NaC1-MnClz system, at  t = 0, the partial molar 
volume (- 57 cm3) of MnClz in NazMnC4 is only 
slightly larger than that corresponding to pure molten 
MnClz (- 55.5 cm9 at the same temperature. This 
probably is indicative of the weak nature of the 
NazMnC4 complex species. In the MnClz-CsCl binary 
system at  t = 1, the partial molar volume of MnClz 
(- 67.5 cm3) is significantly larger and reflects the 
stronger CsMnClr complex. This behavior suggests 
that these complex species accommodate themselves 
less efficiently within a melt structure. 

The molar volume of the solution, V, may now be 
represented in terms of the partial molar volumes of 
the arbitrarily selected components in each composition 
range of the reacted system. 

In the following treatment it is assumed that the 
partial molar volumes Ti of the various species that 
have been arbitrarily selected are composition inde- 
pendent, and, therefore, the partial molar volume 
for any given component should be the same in cor- 
responding binary and ternary systems. 

Considering first the portion of the ternary given by 
Y ' 0.6667, the molar volume may be expressed as 

The third term in expression 1151 may be multi- 
plied by the arbitrary term [ ( I  - t )  + t]  whereupon 
Eq. 1151 may be rewritten as 

As the partial molar volumes (Vi) have been as- 
sumed to be composition independent at  constant y, 
the terms 

II- 2-3y.-  - VNsZMncl4 + - 
2 2 

VMncla = V1.a [I71 

and 
Y- 2 - 3 ~ -  - VC~ZMUCU + - 2 2 

V~ncla = Vla 1181 

where V13 and Vla are, respectively, the molar vol- 
umes of the NaC1-MnCle and CsC1-MnClz binary sys- 
tems, for the given y value. 

Accordingly, the molar volume of the ternary sys- 
tem Visa may be written as 

Vl.z;l= (1 - t)  Via + tVia I101 
at constant y. 

Furthermore, for y = 0.6667, Eq. 1151 reduces to 

Considering now the region of the ternary repre- 
sented by y > 0.6667, the molar volume may be ex- 
pressed as 

+ [ty - 2t (1 - Y) lvcscl 1211 

On rearrangement Eq. 1211 may be written 

For this composition range in the ternary system, if 
it is assumed that all the partial molar volumes are 
composition independent at constant y, then the terms 

(3y - 2 ) 7 ~ . c l +  2 (1 - t/)VNaZMnc14 = V1.2 [23] 
and 

( 3 ~  - 2)vcscl + 2 (1 - Y )YCszMnClc = V l  Lz4] 

where, Vlr and Vl.3 are again the molar volumes of 
the NaC1-1MnC12 and CsC1-MnC12 binary systems for 
the given y value. Hence, Eq. [19] is valid in this re- 
gion of theternary. 

This treatment predicts a linear relationship between 
the molar volume and t for constant u values. In Fig. ~ - - -  ....- - - ~ - - - ~  ~ 

3 graphs of V us. t at constant y vilues are almost 
linear and therefore the theoretical treatment predicts 
the experimentally observed concentration dependence 
of the molar volumes in this system. 

The integral enthalpy of mixing in the ternary sys- 
tems NaC1-CsC1-MnClz and the partial molar free en- 
ergies of mixing in the systems CoC12-NaC1-KC1, NiClz- 
NaCl-KCl, NaC1-CsC1-MnClz, and in AgC1-NaC1-RbCl, 
have been shown (7) to vary approximately linearly 
with respect to t at constant y values. These results 
were explained by a "t-fraction average" relationship 
which was also derived from a theory based on com- 
plex forming reactions (7). This t-fraction average 
relationship may now be written in a general form as 

AZ19,3 = ~ A Z ~ , ~  + (1 - t)&Zl2 at  y constant 1251 

where Z represents a molar or partial molar thermody- 
namic property and the subscripts 1, 2, and 3 identify 
the three components in a ternary system Then the 
ternary solution is described by the subscripts 1, 2, 3 
and subscripts 1, 2 and 1, 3 represent two constituent 
binary systems of the ternary, while t is a concentra- 
tion parameter of the form 

x2 t = -  
xz + Xs 

The application of Eq. [23] to a ternary charge asym- 
metrical system which contains a reactive component 
MC1, and two alkali metal chlorides having low reac- 
tivity toward each other requires that the ternary 
composition triangle contains the reactive salt as com- 
ponent 1. Where applicable, the t-fraction average rule 
is extremely useful in predicting the thermodynamic 
properties of a ternary system from binary data 
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Molar Volume and Electrical Conductivity Measurements 
in the Ternary Molten Salt System 

NaCI-CsCI-MnCI, 
I I .  Electrical Conductivities 

N. R. Carmichael*,' and S. N. Flengas 

Department ot Metallurgg and Materials Science, University of Toronto, Toronto, Ontario, Canada M5S 1A4 

ABSTRACT 

Electrical conductivities in the ternary molten salt s stem NaCl-CsC1- 
hlnCl2 have been measured in U-tube capillary-type celE over the entire 
ternary composition range and at  temperatures varying between 510' and 
1054°C. Molar conductivity and apparent activation energies for the process 
have been calculated. The "t-fraction average" relationship obeyed by some 
of the thermodynamic properties for this system (10) is not applicable to 
electrical conductivities. The concentration dependence of the molar conduc- 
tivity indicates the presence of complex species in this system 

Electrical conductivity data on pure molten salt and 
on simple binary systems are numerous. These have 
been compiled critically by Tomlinson (11, Janz and 
Reeves (2), and Solomons (3) and in publications on 
conductivity and molar volumes (4). 

The physicochemical properties of the binary molten 
salt solutions of MnCl2 in alkali chlorides have been 
investigated extensively in this laboratory. Thus, the 
partial molar properties of the systems MnClt-LiC1, 
MnC12-NaCl, MnC12-KCl, and MnC12-CsC1 have been 
obtained by emf measurements (5), and corresponding 
molar volumes and electrical conductivities have been 
measured over the entire composition range (6). 

The concentration dependence of the molar volumes 
and of the electrical conductivities of these systems has 
been interpreted in terms of a complex ion model pro- 
posed previously (7, 8) for the purpose of understand- 
ing thermodynamic properties. 

Electmchemlcal Society Actlve Membtr. 
1 Present address: Unlon Carblde Canada Limlted. Toronto. On. 

tarlo. Canada. 
Key words: fused salt6 electrical conductivitles, ternary sys- 

tems. 

It has also been shown theoretically and proven ex- 
perimentally (9) that in several ternary charge asym- 
metrical fused salt solutions the concentration de- 
pendence of an integral thermodynamic property AZ 
in a ternary system 1, 2, 3 may be calculated with rea- 
sonable accuracy from corresponding binary data using 
the expression 

AZ(1,z.s) = (1 - t )  fl(1.z) + tAZ(ia) [ll 
where t is a ternary concentration parameter defined as 
t = Xs/(X2 + XJ) and X's are ternary mole fractions. 

For this equation component 1 is always that com- 
ponent which forms a complex configuration, while 
components 2 and 3 may be considered as ligand 
donors. 

A similar relationship was also found to be appli- 
cable (10) to the concentration dependence of the 
molar volumes, V, in the ternary system NaCl-CsC1- 
MnC12, which are given as 

vti,o,z., = (1 - t )Vl .~  + tV1.a P I  
where components 1, 2, and 3, were, respectively, 
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MnClz, NaCI, and CsCl. One of the aims of the present 
investigation was to test the applicability of the "t- 
fraction average" relationship to a transport property 
such as the electrical conductivity of a ternary system. 

The test system chosen for this purpose was the 
ternary MnClz-NaC1-CsC1 in which the two component 
binary systems MnC12-NaCl and MnC12-CsC1 are 
characterized by pronounced differences in their ther- 
modynamic behavior. 

Comparison data are facilitated by selection of com- 
positions in a suitable pattern. For the purposes of 
these experiments, a grid was constructed on the tern- 
ary field using the two composition parameters y and 
t, where 

Y = 1 - XMIICI~ = XN~CI + XcsCl 131 
and 

Compositions y and t are identical with those used in 
our previous work on molar volumes (10). 

Experimental 
The measurement of electrical conductivity in molten 

salts has been discussed by many investigators; for 
example Tomlinson (11, Janz and Reeves (21, Solo- 
mons (3). 

The most commonly used approach for measuring 
molten salt electrical conductivity is the capillary cell 
technique. This technique was used in the present 
work. The capillary cell technique has several ad- 
vantages; the cell is usually straightforward in design, 
widely applicable, and yields high cell constants. 

When using this technique, the cell is calibrated to 
determine its cell constant L/A as given in the ex- 
pression 

where R is resistance, I/K is the electrical conductivity, 
L is length, and A is the area. Calibration consists of 
measuring the cell resistance when the cell contains a 
liquid of known specific resistivity and then using 
Eq. [3] to determine the cell constant. 

The cell resistance is also measured when the cell 
contains the molten salt and, knowing the cell constant 
from calibration, the electrical conductivitv of the 
mdten salt may be calculated with the use of Eq. [5]. 
Capillary fused quartz electrical conductivity cells, 
calibrated at  room temperature, were used to measure 
electrical conductivities. Resistances were measured as 
functions of frequency. composition of the molten salt, 
and temperature. 

The electrical conductivity cell is shown in Fig. 1 
and is similar to that used in this laboratorv in ~ r e v i -  
ous work (6). The electrodes were platinu; wire 
(0.095 cm diam) welded to lead rods of Inconel (0.125 
cm diam) which passed through vacuum sliding seals 
at  the top of the cell. Fused quartz was used for the 
lower portion of the cell. 

Capillary fused quartz tubing having an internal 
diameter of about 0.15 cm was connected to standard 
fused quartz tubing of about 1.3 cm ID. Thus, the re- 
stricted path of the capillary was, by far, the largest 
contribution to the cell constant. Fused quartz is char- 
acterized by a very low thermal expansivity, hence, 
when a cell is calibrated at room temperature, the 
calibration value so determined may be expected tp 
represent the cell constant at elevated temperatures 
used in this study with little loss in accuracy. 

The cells were calibrated using 1 demal KC1 solu- 
tion and a commercial conductivity bridge (Model RC- 
18, Industrial Instruments) equipped with a Wagner 
ground and a series of variable capacitors. The bridge 
was limited to frequencies of 1 and 3 kHz. Null point 
could be seen on a built-in cathode ray oscilloscope. 
The frequency dependence of resistance was also in- 
vestigated during the initial stages of this work using 

Wilson Sliding Soals 

Do Khotinsky Cornont 

Fig. 1. Electrical conductivity cell 

another a-c conductivity bridge equipped with a vari- 
able frequency generator. 

Jones and Bradshaw's data (11) on the conductivities 
of the 1 demal KC1 solution were used for calibration. 
During calibration, the cells were kept at constant 
temperature to within rO.l°C. Typical cell constants 
were of the order of 1000 cm-1. During calibration and 
measurements, the electrode tips on both sides of the 
conductivity cells were kept at  the same distance 
above the capillary tube openings. Reagent grade 
MnClz . 4Hz0, NaC1, and CsCl were used as the starting 
materials. 

Dehydration of MnC12 . 4HzO reportedly proceeds 
according to the following steps (12, 13) 

where s, 1, and g are solid, liquid, and gas, respectively. 
Reagent grade manganese chloride (hydrated) was 

obtained from the McArthur Chemical Company and 
A and K Petro Chem Industries Limited. In order to 
remove most of the water, the manganese chloride was 
partially dehydrated by heating under concnuous 
evacuation, first, in an open container in a vacuum 
drying oven and then in a heated Pyrex tube. The pre- 
dried salt was loaded into one compartment of a two- 
compartment fused quartz purification unit and was 
heated under continuous evacuation. At approximately 
400°C, dry argon and then dry HCl were allowed to 
flow through the cell. The salt was melted and held 
under dry HC1 gas for about 1 hr. The system was then 
purged with dry argon gas. Following the argon purge, 
the MnC12 was distilled under continuous evacuation to 
the second, cooler compartment. Then the two-com- 
partment purification unit was cooled and removed 
from the furnace. 

In typical purification, reagent-grade NaCl (Shaw- 
inigan distributed by McArthur Chemical Company 
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Limited) or analar-grade CsCl (British Drug Houses 
Limited) was vlaced in one compartment of the two- 
compartment purification unit and purified following a 
procedure similar to that just outlined for p~edried 
MnC1p. Hence, all three salts were melted under HC1 
and sublimed. The purified salts were stored in bottles 
in dessicators. 

During a typical experiment, the appropriate exact 
amounts of MnC12, NaCl, and CsCl were weighed sep- 
arately and quickly transferred into the conductivity 
cell. The ground joints carrying the conductivity elec- 
trodes and the sliding seals were then placed in posi- 
tion, as shown in Fig. 1. Prior to heating, the cell was 
evacuated and then argon was allowed in the system. 
Finally, the eel1 was heated under vacuum to a tem- 
perature below the melting point of the salt mixture 
and argon was again admitted. 

After the salts had melted, they were thoroughly 
mixed by allowing argon gas to flow through the 
capillary tube by diverting the direction of gas Row. 
This also ensured removal of gas bubbles which adhere 
to capillary tubes and contribute to errors during mea- 
surements of conductivity by this technique. The slid- 
ing seals, shown in Fig. 1, allowed electrode height 
adjustment and electrode tip positioning as required. 

During measurements, the gas flow was redirected to 
simply blanket the melt. A system of clamps and by- 
passing tubes were used for regulating the gas flow in 
or over the melt. Mixing was repeated until two succes- 
sive resistance readings gave identical values. Re- 
sistance measurements were made for both increasing 
and decreasing temperatures. Temperature was mea- 
sured using a Chromel-Alumel thermocouple in a 
fused quartz tube placed immediately alongside the 
cell. Temperatures were also measured at the bottom 
and the top of the capillary for every temperature to 
check for temperature gradients along the cell. 

Occasionally at  low temperatures, solid formation 
was evident by the rapid decrease in resistance with 
decreasing temperature. However, such salt freezing 
was only allowed for a short time and then the cell 
was reheated well into the all-liquid range and the 
molten salt was mixed by argon bubbling. The mea- 
surement of resistance made after reheating and mix- 
ing were in excellent agreement with any made before 
the freezing. The correction for lead wire resistance 
was usually of the order of 0.3n. 

Results 
Using the variable frequency bridge the resistance 

was more frequency dependent at the lower fre- 
quencies studied. From 0.3 to 3 kHz the change was 
normally less than 0.2%. In the frequency range 1-5 
kHz the frequency dependence was negligible. Fre- 
quencies higher than 5 kHz were sometimes examined, 
but sensitivity was poor. Because of the time required 
to balance the bridge, small variations in temperature 
would have effects similar in magnitude to the changes 
in resistance caused by frequency changes. 

A single test of the calibration cell indicated that the 
frequency dependence was small: for example, the re- 
sistance at 0.3 and 3 kHz was 9659 and 9652~,  respec- 
tively. Thus, for the purposes of this work, resistance 
values obtained with the RC-18 model conductivity 
bridge at a frequency of 3 kHz were used both for 
calibration and molten salt electrical conductivity 
determinations. 

Electrical conductivities haxe been represented in 
Table I for the 41 ternary compositions by quadratic 
expressions with respect to temperature as 

where T is in degrees Kelvin and A, B, and C are 
constants determined by a least squares computer 
technique. 

Figure 2 shows the electrical conductivity as a func- 
tion of y for five constant t values and at  a tempera- 
ture of 1075°K. In Fig. 2 there is a trend to lower elec- 

Fig. 2. Electrical conductivities in the ternary system NaCI-CsCI- 
MnClp, as a function of y for constant t values, a t  1075°K. t = 0 
and t = 1 represent, respectively, the binary systems NoCI-MnClz 
and CsCI-MnClz. 

trical conductivity as t increases, that is, as NaCl is 
replaced by CsC1. There is also a trend to a more pro- 
nounced minimum at about XhlnclZ = 0.33 as t in- 
creases. Figure 3 shows the electrical conductivity as a 
function of t for eight constant y values at a tempera- 
ture of 1075°K. 

Fig. 3. Electrical conductivities in the ternor). system NoCI-CsCl- 
MnClz, as a function of t for constant y values, at  107S°K. 
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Table I. Least squares fit of electrical conductivity vs. temperature ("K) for various values,of the 
composition parameters t and y for the MnC12-NaCI-CsCI ternary molten salt system 

K = A + BT + ma (n-1 
Temperature 

t range ('C) -A B x lW 
em-1) (T 1s given in 'K) 

Standard Maximum Correlation 
-C x 10' error deviation coefficient 

The molten salt results were reproducible with 
increasing and decreasing temperatures. Separate 
"check" experiments gave good agreement with the 
main experiments. The uncertainty in calibration, salt 
composition, and temperature are the main sources of 
error. An estimate in the uncertainty in accuracy of the 
data is k 2 % .  

The electrical conductivity data determined in this 
study may be compared with previously reported re- 
sults for NaCl, CsCl, MnClz, and for certain composi- 
tions in the three binary systems. The data were com- 
pared over an overlapping range of temperature and 
absolute values of the maximum departure are given to 
the nearest 0.1%. Unless otherwise noted, the data for 
comparison was determined from fitted equations. 

For NaCl, the departures are 0.6, 4.2, and 1.1% in 
comparison with the values of Kucharski and Flengas 
(6), van Artsdalen and Yaffe (13) as reported by 
Janz et  al. (4).  and Grjotheim et al. (14).  

For CsCl, the departures are 1.0 and 11.0% in com- 
parison with the data of Kucharski and Flengas (6) 
and by Yaffe and van Artsdalen (15) as reported by 
Janz et  al. (4 ) ,  respectively. 

For MnC12, the departures are 0.5 and 1.1% in com- 
parison with the data of Kucharski and Flengas (6 )  
and by Murgulescu and Zuca (16) as reported by Janz 
et al. (4), respectively. 

For approximate compositions Xannclz = 0.70, X N ~ C I  = 
0.30, and for XM,CI, = 0.40, XN~CI = 0.60, the departures 
are 2.0 and 3.0%, respectively, in comparison with the 
values of Kucharski and Flengas (6).  

For the compositions Xannclz = 0.70, XC,CI = 0.30, 
and for X M , C I ~  = 0.40, XC,CI = 0.60, and for X M ~ C ~ ~  = 
0.25, Xc,cl = 0.75, the departures are 0.8, 2.9, and 1.0%, 
respectively, in comparison with the data of Kucharski 
and Flengas (6). 

For the compositions Xiqacl = 0.75, Xc.cl = 0.25, for 
XN,CI = 50, Xcscl = 50, and for X N ~ C ~  = 0.25, Xcsc, = 
0.75, the departures are 4.6, 0.7, and 1.6%, respectively, 
in comparison with the experimental unfitted data in 
binary systems by Zuca and Olteanu. 

,Kucharski and Flengas 66) assigned an accuracy of 
f 2% to their electrical conductivity data, and the 
values for NaCl and CsCl from Janz et al. (4) were 
given uncertainties of 0.8 and 5.0%, respectively. Thus, 
the agreement with Kucharski and Flengas is very 
good. The agreement of this work to the values in 
Janz et  al. (4) for NaCl and CsCl is outside the com- 
bined error limits. But for NaCl and CsCl, a large 
difference in values has also been indicated at higher 
temperatures between the values in Janz et al. (4) and 
Zuca and Ionescu-Vasu (17) for NaCl and Zuca and 
Olteanu (18) for CsCl. 
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Discussion 
Molar conductivity.-From the data on electrical 

conductivities, molar conductivities (A) were calcu- 
lated using the standard expression 

where x is the electrical conductivity and V is the 
molar volume of the solutions. Molar volumes mea- 
sured at the same compositions in our previous work 
(10) were used in these calculations. 

The molar conductivities have been calculated at  
1075°K using Eq. [61. Figure 4 shows the molar con- 
ductivity as a function of y at five constant t values. 
There is a trend to lower molar conductivities as t in- 
creases. For t 5 0.25, the minimum molar conductivity 
occurs at  about y = 0.6. The additivity of the molar 
conductivity AM(.~,J,) is given as 

where AM~CI~", AN.c~", and Ac,cl" are the molar con- 
ductivities of pure MnC12, NaCl, and CsCI, respectively. 

Let AAM represent the difference between the molar 
conductivity of the solution and the additive molar 
conductivity taken at the same temperature, then 

Figure 5 shows the deviation from additivity, AAM, 
as a function of y at five constant t values. The devia- 
tions are negative and tend to a minimum at y values 
between 0.6 and 0.67. 

The nonzero intercepts at y = 1.00 for t = 0.25, t = 
0.50, and t = 0.75 are due to the deviations from addi- 
tivity in the NaCl-CsC1 binary. 

The dependence of AAM on composition changes in y 
shown may reflect the effect of complexing. The form- 
ing of a complex is expected to reduce the mobilities 
of the constituent ions of the complex relative to their 
states in the pure components, even though the com- 

Fig. 4. Molar conductivities in the NaCI-CrC1-MnCl2 ternary 
mom, as a function of y for constant t values, at 1075'K. 
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Fig. 5. Deviation from additivity of molar conductivity in the 
NaCI-CsCI-MnC12 ternary system, at 1075". 

plex species need not be an independent carrier itself. 
Hence, as MnClz is added to the NaC1-CsC1 melt, 
complexing occurs and AAM is reduced. Since the excess 
molar conductivities shown in Fig. 5 indicate minimum 
values at  about X M ~ C ~ ~  = 0.33, there is evidence for the 
complex to be of the form MnC14-2, particularly in the 
CsC1-rich melts. 

Figure 6 shows the molar conductivity as a function 
of t for the MnClz-NaC1-CsC1 ternary system for eight 
values of constant y. 

Figure 6 indicates that the conductivities of the 
ternary solutions cannot be generally approximated by 
the t-fraction average relationship which was followed 
by the molar volumes in this system (10). 

Figure 7 shows the effect of temperature on the 
molar conductivity in the NaCI-CsCI system. The tem- 
perature dependence of the molar conductivities is 
used to calculate the apparent activation energies for 
the conductivity at  constant pressure, according to the 
expression 

where AM is given by Eq. [a]. For these calculations. 
molar volumes were available from our previous 
work (10). 

Table I1 contains a compilation of the calculated ap- 
parent activation energies for molar conductivity for 
three different temperatures. For certain compositions, 
data valid in the liquid state had to be extended to 
temperatures below the liquidus. 

In Table 11, pure molten MnC12 is represented by 
y = 0 for all t values. Pure molten NaCl is given as 
y = 1, t = 0, and pure molten CsCl as y = 0, t = 1. 
The binary systems MnC12-NaCl and MnC12-CsCI are 
represented by t = 0 and t = 1, respectively. Finally, 
the binary system NaC1-CsC1 is given as y = 1. 

All apparent activation energies are temperature 
dependent and decrease with increasing temperature, 
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Fig. 7. Molor conductivities of the NoCI-CsCI binary w t e m  
function of t, at three temperotures. 

Fig. 6. Molar conductivities in the ternary system NoCI-CsCI- 
M n C k  as o function of t for constant y volues, at 1075%. 

as expected. Figure 8 shows plots of the activation 
energy, AEM,~, as a function of the composition param- 
eter t, at a temperature of 1075°K for y values varying 
between 0 and 1. The data indicate some interesting 
trends. 

For compositions having y values up to 0.45, the 
activation energies increase as t increases from 0 to 1 
and have values of the order of 3000 cal .mole-', 
which are close to that for pure molten MnClz (2925 
cal .mole-'). In this composition range the solutions 
are expected to contain "unreacted" MnC12 in excess 
and its presence appears to dominate the activation 
process. 

For com~ositions having v values between 0.667 and 

suggests that the alkali chlorides present dominate 
the over-all activation process. 

According to the complex ion model, the solutions 
in this composition range are expected to contain "un- 
reacted" alkali chloride and the amount of the free 
MnClz should be at a minimum. 

It may be concluded that the presence of complex 
species in these melts has very little effect on the 
activation processes which determine the temperature 
dependence of their electrical conductivity. On the 
contrary, the formation of complexes in a molten so- 
lution has the significant effect of decreasing its total 
electrical conductivity. 
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Concentration Changes in Porous Zn Electrodes during Cycling 
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ABSTRACT 
Concentration changes which occur in porous zinc secondary electrodes 

during cycling have been measured. Changes occurring within cycles are 
similar to those postulated in the convective flow theory of zinc secondary 
electrode shape change (1). The drastic cumulative changes in concentration 
as cycling progresses predicted by the theory were not observed in the cells 
studied. Overpotential measurements taken during cell operation have been 
compared with values of concentration overpotential calculated on the basis 
of the observed concentration changes. Failure of the experimental overpo- 
tentials to correlate with the calculated values is discussed. 

The porous zinc electrode in a zinc-silver oxide sec- 
ondary cell with "normal" convection has been modeled 
in the "y" direction (see Fig. 1) by Choi, Bennion, and 
Newman (l).a The model was used to predict several 
observable properties associatld with cell operation as 
functions of the y dimension and time, e.g., volume 

Electmchemical Society Active Member. 
1 Present address: ADek Corporation, Newberg, Oregon. 
'Graduate Student, Department of Chemistry, University of 

Oregon. 
Key words: electrolyte, battery, convection, electroosmosis. 

Normal convection: convection similar to that in commercial 
Cells which use similar membrance separators: 

average fluid flow rates, material distribution over the 
electrode, and cumulative concentration variations at  
the ends of cycles as cycling progresses. Also, cumula- 
tive changes in cell terminal potential difference at the 
ends of half-cycles due to resistive overpotential were 
pr6dicted as a function of number of cycles.4 It was 
predicted that decreasing the membrane-pumped con- 
vective flows in these cells would decrease the rate of 
development of shape change of the zinc electrode. 

4 The Chol, Bennion, and Newman predictions published in Ref. 
(1) are based on the properties of the RAI P2291 cation exchange 
membrane. 
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Several of these predictions have been tested experi- 
mentally and the results published (2,3). In this paper 
the results of experiments designed to observe the pre- 
dicted concentration variations in the y direction in 
the zinc compartment in zinc-silver oxide cells with 
normal convection are described. Certain features of 
the concentration variations during cycles as discussed 
in the original theoretical paper are confirmed; how- 
ever, the drastic cumulative concentration effects pre- 
dicted at the ends of cycles were not observed. 

The cell used in these experiments incorporated 
several Hg-HgO reference electrodes which allowed 
observation of certain test electrode overpotentials 
during cell cycling. These overpotentials are described 
and discussed in terms of anticipated overpotentials 
based on observed concentration changes and apparent 
electrode current densities. 

Equipment and Procedures 
Test and counterelectrodes.-The zinc electrodes 

used were furnished by AFAPL (Air Force Aero Pro- 
pulsion Laboratory, Wright-Patterson Air Force Base, 
Ohio). They came in the discharged state wrapped in 
Viskon (cellulose rayon) paper and consisted of pressed 
blended ZnO and HgO on expanded silver screen (3.23 
X 10-%! of Ag/cm". They were prepared "in house," 
by Air Force employees according to the procedure 
described by Keralla (4, 5). They differed significantly 
from electrodes used in our previous work (2, 3) in 
that no inert nonconducting binder was included in 
the electrode mix. These electrodes evolved no mea- 
surable quantities of gas during normal cycling. They 
were approximately 10.2 cm long, 6.4 cm wide. and 
0.2 cm thick. The quantity of ZnO present on each elec- 
trode was adequate to yield a theoretical capacity, at 
100% utilization, in excess of 12 A-hr. The silver elec- 
trodes also came in the discharged state. They were of 
approximately the same apparent surface area, 66 cm2, 
were 0.40 mm thick, and consisted of porous sintered 
silver (1 % palladium) on expanded silver screen. They 
were prepared according to the procedure of Falk and 
Fleischer (6). Estimated theoretical capacity of these 
electrodes at 100% utilization was 6.5 A-hr. 

Acrylic electrode holders.-The acrylic holder for the 
zinc electrode is shown in Fig. 1. It provides a rec- 
tangular chamber for the zinc electrode which is just 
large enough to contain the dry discharged electrode. 

Fig. 1. Front and side schematic views of the acrylic holder for 
the test electrode. Positions of reference electrodes, a-e, are indi- 
cated. Sampling ports are designated h, i, j. The serum cap rubber 
material is indicated by cross-hatching. Electrode lead port, f; 
filling port, g. Opening k serves both as a filling port and as a lead 
through to the capillary for flow measurement during cycling. y axis 
parallels direction from k to i ,  z axis parallels a to e, x axis is 
perpendicular to the page, front view. The test electrode reservoir 
is immediately above the electrode chamber as shown but also in- 
cludes volume above in the attached capillary and gas trap. 

Five Hg-HgO reference electrodes, the design and 
preparations of which have been described previously 
(Y ) ,  are designated by letters a through e. Electrodes 
b, c, and d are located behind the test electrode and 
are connected to the test electrode chamber through 
small, approximately 1 mm diam, holes in the acrylic 
walls as indicated in the figure. Electrodes a and e com- 
municate with the fluid in the test electrode cavity be- 
tween the electrode and the membrane by means of 
the shallow channels cut into the Lucite (approxi- 
mately 0.005 in. deep) as shown. Ports g and k are used 
to evacuate and vacuum fill the cell. After filling is 
completed, port g is plugged. The sampling ports are 
designated by letters h, i, and j. An enlarged view of 
the sampling port design for the cell is shown in Fig. 2. 

The acrylic holder for the silver electrode also pro- 
vides a rectangular chamber just large enough to con- 
tain the electrode. Reference electrodes are provided as 
on the zinc side of the cell; however, no provision is 
made for sampling the silver compartment. Ports are 
provided for vacuum filling and for making electrical 
contact to the electrode as described previously (3). 

Both zinc and silver electrode holders have reservoirs 
at one end as shown by the dotted line in Fig. 1. These 
communicate through ports similar to k, Fig. 1, with 
gas burettes and 0.20 cm diam horizontally positioned 
glass capillary tubes which are used to measure the 
average rate of gas evolution at each electrode and 
the volumetric fluid flow rates as described previously 
(2, 3). The cell is, therefore, almost identical in design 
to the experimental cell described by Choi (1, 2). It 
differs in the inclusion of the sampling ports, the ref- 
erence electrodes, in the provision of larger volumes 
of reagents in the gas burettes above the reservoirs, 
and in membrane materials as described below. The 
cell differs from Choi's model in these same respects 
and also in that the real zinc electrodes are wrapped in 
Viskon paper which was not reflected in the model. 
The cell was operated with the electrodes positioned 
vertically and the reservoirs located above the elec- 
trodes. During cycling the electrode compartments and 
reservoirs were filled with fluid and the gas burettes 
and capillary tubes were partially filled; thus, both 
electrodes were operated flooded and with head space. 
As shown in Fig. 1 a large 0 ring, laid into a V groove 
surrounding the zinc electrode seals the cell when 
the zinc and silver electrode holders are bolted to- 
gether with six 0.25 in. bolts. 0 rings are used for 
seals at reference, filling, and lead ports. 

Sampling of cell fluid and analysis.-Sampling was 
done with a sharp beveled syringe which penetrated 
the serum cap (shown in Fig. 1 and 2) and the elec- 
trode to a controlled depth. The syringe sample was 
transferred to a small diameter (-0.1 cm diam) glass 
capillary tube; one end of the tube was plugged with 
modeling clay and the sample was spun in an ordinary 
laboratory centrifuge for 3 min. Immediately after 
centrifuging the visually clear sample fluid was re- 
leased onto paraffin-covered paper then taken up in a 
5.0 rliter measuring pipette and transferred to a par- 
tially filled volumetric flask containing HC1 and Cs+ 

Fig. 2. Expanded view of the sampling port. The rubber serum cap 
is indicated by cross-hatching. The brass screw for path length 
adjustment is shown, but not the locking nut. 
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at 0.25N and 1000 ppm. After making to volume and 
shaking, the samples were determined by atomic ab- 
sorption (AA) or atomic emission (AE) spectroscopy. 
Relative precision of the analysis as determined by 
repetitive analysis of solution used to fill the cell was 
22% for zinc and -cl% for potassium. Centrifuging 
methods were checked for effectiveness with standard 
solutions and no detectable difference could be found 
between 3, 5, and 15 min centrifuging times on the 
ordinary centrifuge nor were differences detected be- 
tween samples centrifuged at the spin rate of the 
ordinary centrifuge and samples spun at 20,000 rpm on 
a high speed centrifuge. 

Chemical analysis of used electrodes.-The distribu- 
tion of zinc compounds over the zinc electrode surface 
after cycling was of interest. After removal from the 
cell the zinc electrode was sectioned with a sharp 
narrow scalpel blade and each section was labeled. 
Care was taken to record the position which the sam- 
ple occupied on the electrode with respect to the elec- 
trode lead and the reference electrodes. Each section 
was treated with excess 6N HC1 to dissolve the zinc, all 
solid zinc compounds, and materials in solution in the 
fluid trapped in the pores of the electrode. The result- 
ing solutions were made to known volumes from which 
aliquots were taken, and Zn was determined by com- 
mon EDTA titration. The results are reported in terms 
of ZnO (7). The silver screen from each section was 
dried and weighed. 

Electrical equipment and measurements.-All cell- 
cycling experiments were carried out at constant 
current. Potential differences across the working cell 
terminals, i.e., between the zinc test and silver elec- 
trode, were recorded continuously (f20 mV). A 
Flexopulse Hg 108A6,5 repeat-cycle timer, was used 
as a reversing switch which allowed continuous vari- 
ation in cell charge and discharge times. The switch 
also allowed for brief intervals of a few minutes 
duration with no cell current between half-cycles. 
Potential differences between the various reference 
electrodes and the working electrodes were moni- 
tored periodically (&2.0 mV) using a second channel 
of the high impedance recorder connected sequentially 
to different pairs of electrodes by an Eagle Signal 
Model MT-19 Step Switch5 controlled by another re- 
peat-cycle timer. A small commercial Zn-HgO pri- 
mary cell was used as a bucking potential in the ref- 
erence electrode to zinc electrode circuit to allow the 
use of a more precise scale on the recorder. 

Electrolytic solution.-The solution used for filling 
the cells was prepared from singly deionized distilled 
water and reagent grade chemicals. KOH was first dis- 
solved in water to prepare a concentrated solution. 
This solution was diluted to a specific gravity of 1.40 
at 20'C. Fine grained reagent grade ZnO was then 
added in excess of the amount required to saturate 
the solution, and magnetic stirring was continued for 
several days. The solution with excess crystalline ZnO 
was stored in tightly capped polyethylene bottles. 
Potassium and zinc concentrations in this solution 
were measured at 9.5 f 0.1F and 1.13 -c 0.02F, re- 
spectively, by AE and AA. 

Cell filling.-The filling procedure in each case in- 
volved evacuation of the cell and rubber filling lines 
by mechanical pumping followed by slow simultaneous 
vacuum filling of the compartments with solution 
from a common reservoir. Following return of pres- 
sure in the filled cell to atmospheric, the cell was left 
to soak for at least 24 hr before the appropriate ports 
were plugged and cycling was begun. 

Treatment of data.-Because it is difficult to measure 
the dimensions of the samples accurately and because 
of total weight differences between different elec- 

sEagle Signal. 736 Federal Street, Davenport, Iowa 52803. 

trodes, the collector screen material is used to nor- 
malize the data. The normalization ratio used for each 
sample is 

*=[wmOi/ Qzno* ( ~ ~ ~ l 6 6 . 0 ~ ~ 2 /  $wCsl)]I 

where Wznoi = weight of total zinc expressed as zinc 
oxide, sample i, and Wcsi = weight of collector screen, 
sample i. The ratio, Qzno/Qzno., compares the ZnO per 
unit area at a particular position on the electrode 
with the average value for the electrode as a whole 
and serves as a measure of electrode uniformity. 

Separator system, cell assembly, and precycling 
treatment.-The separator system in the cell consisted 
of one layer of 0.001 in. dyne1 between the silver elec- 
trode and the RAI membranes. Two layers of RAI 
P2291 40/30 were used as a dendritistatic membrane 
and a layer of Viskon paper, 0.004 in. thick, separated 
the zinc electrode from the RAI membrane. Only the 
Viskon was wrapped around the zinc electrode, the 
other separator layers were simply in the form of flat 
sheets which overlapped the closing 0 ring. 

After filling, the cell was charged to 2.4 A-hr at  
0.10A followed by three 2.0 A-hr half-cycles at  the 
same rate. After a brief evacuation and return to at- 
mospheric pressure, the filling ports were sealed and 
the gas burettes and flow tubes attached. 

Data-taking schedule.-Based on the predictions of 
Choi et al. (1) fluid samples were taken from each 
sampling port before cycling began at  the 1.00A rate 
and at the ends of each of the first eight complete 
cycles. Volume average fluid flow rates were measured 
during cycle six and again during cycle sixteen for 
comparison with flow behavior previously reported 
in a similar cell (2). 

After eight cycles and again after the sixteenth 
cvcle. the cell was allowed to relax for over 16 hr -" ---, - ~ -  

and then cyciing was resumed. Subsequently the cell 
was cycled until the 40th cycle after which it was 
opened, the zinc electrode removed, sectioned, and 
analyzed. Sampling of the zinc electrode compartment 
wlthin the cycles was carried out during cycles 11, 
16, 29, and 40. 

Results 
There was no measurable gas evolution detected 

during normal cycling of the cell. Average volumetric 
fluid flow rates measured during cycle 6 are shown in 
Fig. 3. 

Zinc and potassium concentrations in the zinc com- 
partment before cycling began at the 1.00A rate and 
at the ends of cycles one through eight are compared 
with Choi's predictions in Fig. 4 and 5. Zinc concen- 

1 :  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 10 MINUTES 

Fig. 3. Cycle 6, average volumetric flow rate data. Zn compart- 
ment: ., charge; 0, discharge. Ag compartment: ., charge; 0, 
discharge. Positive flow indicates flow from the electrode into the 
electrode reservoir and capillary. 
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1 2 3 4 5 6 7 8 9  
NUMBER OF CYCLES 

Fig. 4. Volume average molar concentration of potassium ion be- 
fore cycling was begun and at the ends of cycles one through eight. 
The lines indicate the predicted concentrations [Choi e l  a/. (111 
a t  top T, middle M, and bottom B of the cell a t  the ends of cycles. 
Experimental values at the top 0,  middle B, and bottom A ports 
of the cell are shown. 

1 1 1 1 1 < 1 1 1 1  
1 2 3 4 5 6 7 8 9 '  

NUMBER OF CYCLES 

fJ 

Fig. 5. Volume average molar concentrations of zinc M o r e  cy- 
cling began, after reloxotion, and a t  the ends of cycles one through 
eight. The lines indicate the predicted concentrations [Choi et 01 
( I ) ]  at the top T, middle M, and bottom B, of the cell ot the ends 
of cycles. Experimental values ot the top 0,  middle W, and bottom 
A ports of the cell are shown. 

trations after relaxation are shown for comparison 
with initial values. 

Zinc and potassium concentrations measured within 
cycles are shown in Fig. 6 through 11. 

ZnO distribution data for the zinc electrode is 
shown in Fig. 12 and 13. The electrode was cut into 
30 sections with 10 cuts perpendicular to the y axis 
and 3 cuts parallel to the y axis. The distribution data 
shown in Fig. 12 have been summarized in Fig. 13 in 
order to compare it with the data of Choi et al. (2). 

Summarized potential differences us. time data are 
shown in Fig. 14 for cycle No. 11, three cycles after a 
24 hr relaxation period. Concentration data were taken 
as indicated in the figure caption. Analysis of the 
potential vs. time data for all cycles indicated the 
characteristics listed below. Many of the listed charac- 
teristics are illustrated by the data in Fig. 14 and 15. 
The reader is cautioned that these two figures are un- 

0 40 80 1 2 0 1 8 0 2 0 0 2 4 0  
TIME (MINI 

Fig. 6. Experimental values of volume overoge Zn concentrations 
a t  the top (h) sampling port during several cycles. Points 0, 0,  
a, and @ refer to cycles 11, 16, 29, and 40 which were three, 
eight, thirteen, and twenty-three cycles since cell relaxation, 
respectively. 

IQO 

95 

x 

gS.0 
U 

0 40 80 120 180 ZW 240 
TlME (MIN) 

Fig. 7. Experimental values of volume overage K ion concentm- 
tions at the top (h) sampling port during several cycles. Points 0, 
0, a, and 0 refer to cycles 11, 16, 29, ond 40 which were three, 
eight, thirteen, and twenty-three cycles since cell relaxation, 
respectively. 

TlME (MINI 

Fig. 8. Experimental values of volume overage Zn concentrations 
a t  the middle (i) sampling port during several cycles. Point 0, B, 
IJ, and refer to cycler 11, 16, 29, and 40 which were three, 
eight, thirteen, and twenty-three cycles since cell reloxation. 
respectively. 

usual in that time flows from right to left on the ab- 
scissas. 

1. Overpotentials measured between the test elec- 
trode and referencs b, c, and d located behind the 
test electrode were remarkably uniform at about 10- 
15 mV during that portion of the charge half-cycle 
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Fig. 9. Experimental values of volume average K ion concentra- 
tions a t  the middle (i) sampling port during several cycles. Points 0, ., O, and refer t o  cycles 11, 16, 29, and 40 which were three, 
eight, thirteen, and twenty-three cycles since cell relaxation, 
respectively. 

Y.L 
RESERVOIR ~ i - 2 ~  

Fig. 12 Normalized ZnO distribution, cell with "normal" convec- 
tion. Sections from middle of the electrode, 0; and from the sides, 
0, 0. A uniform unused electrode corresponds to Qzno/Qzn0. = 
1.0. 

25 
6 
g 2.0 
U 

j I.!, 
1.0 

0 4 0 0  120m100#O 
T I Y  (MIMI 

Fig. 10. Experimental values of volume average Zn concentrations 
a t  the bottom (j) sampling port during several cycles. Points, A, A, 
A, and A refer to cycles 11, 1929, and 40 which were three, eight, 
thirteen, and twenty-three cycles since cell relaxation, respectively. 

Y'L Y.0 
RESERVOIR 

I 
LEAD 

I 

I Fig. 13. Normalized ZnO distribution, cell with "normal" convec- 
tion. This experiment, e; data of Choi et a/. (2) 0. 

0 40 80 120 I 6 0  200 240 
TIME IMIN) 

Fig. 11. Experimental values of volume average K ion concentra- 
tions a t  the bottom (j) sampling port during several cycles. Points 
A, A, A, and A refer to cycles 11, 16, 29, and 40 which were 
three, eight, thirteen, and twenty-three cycles since cell relaxo- 
tion, respectively. 

when divalent silver oxide was being formed. Inspec- 
tion of data for later cycles in this region indicates a 
tendency for the overpotenial indicated by electrode 
c, the one in the middle of the cell, to become smaller 
than those indicated by electrodes b and d. During 

given half-cycles, this effect reached as great a value 
as 5 mV. 

2. Up to about cycle 30, electrodes b and d con- 
sistently indicated test electrode overpotentials of 
10-15 mV greater than electrode c during the initial 
part of the charge half-cycle while monovalent silver 
oxide was the predominant species being formed. 
From cycle 30 to 40, electrodes b, c, and d were in 
closer agreement but c still tended to indicate a 
smaller test electrode overpotential, -5 mV, than b 
and d in the monovalent silver oxide formation re- 
gion. 

3. During most of the charge half-cycle, excluding 
that portion near the change-over from formation of 
monovalent to divalent silver oxide, electrodes a and 
e tended to indicate test electrode overpotentials 20- 
70 mV more negative than those indicated by elec- 
trodes b, c, and d; usually the difference was less, 
near 10 mV, during the early part of the formation 
of divalent silver oxide tending toward 30-40 mV 
difference toward the end of the half-cycle. Magni- 
tudes of overpotential exhibited by the electrode 
pair a to test were generally slightly smaller (5-10 
mV) than those exhibited by the pair e to test in 
this region. 
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L I  8 1 I , , , , l l , , l , , l , l l ! I I  I I I I  

10 MINUTES 

fig. 14. Potential vr, time data for cycle 11. Time flows from right to left. v indicates potential difference between zinc test and silver 
counterelectrode; read from scale on left vertical axis. a, b, c, d, e indicate potentials measured between designated reference electrodes 
positioned as shown in Fig. 1 and the zinc test electrode. Read values from scale on right vertical axis. Related values of reference to test 
electrode potential differences were 1.347V. Letters Si indicate points in time where fluid samples were taken from sampling ports. 

4. In the silver oxide transition region where the 
zinc to silver electrode potential difference increases 
rapidly, commonly associated with the change-over to 
predominance of divalent silver oxide formation, the 
pairs a to test and e to test commonly indicated notice- 
ably larger overpotentials, commonly 50 mV and at 
times 100 mV larger, than those indicated by b, c, 
and d (see Fig. 15). 

5. Throughout the testing of the cell the test elec- 
trode overpotentials were generally larger in magni- 
tude in the discharge region than in the charge region, 
i.e., commonly reaching over 100 mV and exhibiting 
greater changes than on charge; e.g., changing from 
near zero overpotential at the start of discharge to as 
much as 200 mV near the end of discharge. From 
cycles 1 to 20 the overpotential between electrode c 
and the test electrode was commonly 10 mV less near 
the end of discharge than electrodes b and d. After 
cycle 20 this trend reversed with c commonly indicat- 
ing a higher overpotential, i.e., about 10 mV by the 
end of discharge. 

6. During the discharge half-cycle difference be- 
tween the behavior of a and e to test electrode poten- 
tial differences and b, c, d, to test electrode potential 
differences were fairly regular, beginning at  approxi- 
mately 10-30 mV near the start of the half-cycle and 
increasing to 30 to over 50 mV near the end of the 
half-cycle. 

7. At the transition from divalent to monovalent 
silver on discharge, the pair a to test commonly indi- 
cated, for a short time, a change to greater overpoten- 
tial. To a lesser extent the pairs c, d, and e to test ex- 
hibited this same cffect. 

8. The data for early cycles and the data for late 
cycles are remarkably similar indicating that cycling 
of this cell could probably have been successfully con- 
tinued. 

Discussion 
Our primary intent in this experiment was to test 

assumptions involved in the convective flow theory 
regarding concentration changes which occur within 
cycles and predictions made on the basis of the theory 
concerning cumulative concentration changes at  the 
ends of cycles as cycling proceeds. Therefore, the 
physical design of the cell used in the experiment ap- 
proximated, as closely as possible, that postulated in 
the theory and used in previous experiments (1,2). 

Because of variability observed in the properties of 
membrane materials from batch to batch, it was be- 
lieved important to establish close similarity of mem- 
brane materials used in this and earlier experiments. 
Volume average fluid flow rates under the same con- 
ditions of current density were chosen to provide the 
comparison 

Volume average fluid flow rates and features of 
the behavior of the flows at  the ends and beginnings 
of half-cycles which may be compared with those of 
Choi et al. (2) are illustrated in Fig. 3. Both sets of 
data show the sharp changes in flow rates at ends and 
beginnings of half-cycles which have been interpreted 
as indicating the importance of electroosmotic driving 
forces. The magnitudes of the observed flows are very 
similar to those reported by Choi et al. (about 2 X 
10-4 cmvsec in the region of steady flow) at  the same 
nominal current density of 15 mA/cm2, leading us to 
conclude that membrane transport parameters were 
similar in the two cases. Experience with the flow 
measurements has led us to believe that the sharpness 
of the changes in flow rates at the ends and begin- 
nings of half-cycles are typical of cells in which the 
electrodes are tightly packed so that membrane flex- 
ing is not extensive. Thus, the flow data also indicate 
that packing in the present cell was similar to that in 
the cells of Choi et al. 

The concentration data in Fig. 4 and 5 indicate a 
discrepancy between predicted and observed cumula- 
tive concentration changes at  the ends of cycles. As 
shown in Fig. 5 the solution was rapidly supersatu- 
rated with zincate on initiation of cycling and the 
supersaturation as measured at ends of cycles relaxed 
only after several hours with no cell current. Sample 
sizes taken from the cell were 10 @liters, a size which 
would have essentially drained an electrode area of 
0.1 cm2 of solution. Thus, the measured quantities 
are recognized to be volume average quantities, as 
are the predicted values. These numbers are not 
offered as being typical of concentration values in in- 
dividual pores. 

Failure to observe the predicted large cumulative 
decreases in concentrations as cycling proceeded may 
be attributable to physical differences between the 
actual cell and the cell as modeled (1, 8). In particu- 
lar, the larger reservoir volumes in the actual cell 
could be a factor since these volumes are coupled 
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Fig. 15. Potential vs. time data for cycle 3 during the change 
from predominantly monovalent to predominantly divalent silver 
oxide a t  the positive. Time flows from right to left. The upper con- 
tinuous line is the record of potential difference between the work- 
ing electrodes. The broken line is the record of potential differences 
between the references and the test zinc electrode. Both pens are 
center zeroed. Chart scales for the two sets of data are different; 
for the continuous line, major chart divisions are 0.5V; for the 
broken line, major chart divisions ore 100 mV. Due to inclusion of 
the bucking potential difference in the reference electrode measure- 
ments, the values should be read 1.351V plus the potential indi- 
cated by the recorder. Relaxed potential differences between ref- 
erence electrodes and zinc electrodes are 1.347V. Reference se- 
quence from right to left in the figure is a, b, c, d, e, open, a, b, 
c, d, e, open, open, open, open, open, repeat. 

by the volumetric flows to the fluid in the Viskon 
paper next to the RAI membrane. The possibility of 
channeling and enhanced mixing of fluid in this re- 
gion should not be ignored. 

The data shown in Fig. 6-11, observed concentra- 
tion changes during particular cycles, do reflect the 
kinds of trends within cycles postulated by the con- 
vective flow theory. The data also indicate a magni- 
fication of concentration effects as cycling proceeds 
with especially pronounced effects near the center 
and bottom of the electrode. Although Choi's com- 
puter codes did predict concentration changes within 
cycles, they have not been reported; therefore, 
within cycles, the data can only be compared with 
qualitative assumptions related to the theory. 

A third comparison between the experiments re- 
ported here and the experimental and theoretical 
work of Choi et al. (1, 2) may be made with respect 
to material redistribution. Values of Qzno/Qzno* in 
Fig. 12 indicate a substantial migration of active ma- 
terial from the resewoir end of the electrode toward 
the middle and lower end but also a movement from 
the sides toward the middle, i.e., the classic shape 
change pattern (the pattern was also reflected on the 

silver counterelectrode). The data are averaged in 
Fig. 13 and compared with Choi's data. The migration 
of material away from the reservoir end of the elec- 
trode is in accord with predictions of the convective 
flow theory. Differences which do exist in the two 
sets of results may be related to the larger reservoir 
volume in the present case which would tend to 
moderate large fluctuations in electrolyte concentra- 
tion at the reservoir end of the electrode. The move- 
ment of material from the sides toward the middle of 
the electrode was not predicted by the convective flow 
theory nor was it observed in the earlier work of Choi 
et al., however this could be due to the different pat- 
tern of electrode sectioning. Finally, the initial physi- 
cal uniformity of given electrodes is always ques- 
tionable. Single electrodes from batches have been 
destructively tested for uniformity of material distri- 
bution but this does not guarantee the physical uni- 
formity: of c ziven test electrode. 

According to the convective flow theory, concentra- 
tions in the cell are a function of y dimension only and 
it would follow that concentration overpotential would 
be a function of y dimension only. In designing this 
cell, the reference electrodes were placed with the 
thought in mind that electrodes b, c, and d would give 
indications of concentration overpotential as a func- 
tion of y dimension over the zinc electrode. It was 
assumed that activation overpotential would be only 
a few millivolts, at most, at the low nominal current 
densities used in these experiments (9).  Because of 
cell geometry it was assumed that patterns of cur- 
rent distribution would be such that only negligible 
IR drops would be included in the measured b, c, or d 
to test electrode potential differences,e and that over- 
potentials at b, c, and d would correspond to electro- 
lytic solution samples taken from ports h, i, and j at 
approximately the same y dimension levels in the cell 
(see Fig. 1 for relative positions of sampling ports and 
reference electrodes). 

Concentration overpotential or changes in concen- 
tration overpotential as indicated by potential differ- 
ences between the various reference and test elec- 
trodes may be discussed in terms of the cells B and B' 

Cell B 

Cell B' is the same as B except concentrations in the 
zinc compartment solution are different; the liquid 
phase in the zinc compartment is designated 6" and 
concentrations are Cz,, C O H ,  CK, and CH)O, where 
Czn concentration of zincate, Zn(OH)*=; COH = 
concentration of hydroxide, OH-; CK = concentration 
of potassium, K f ;  and CHZO = concentration of water, 
HzO. 

The half-reactions are 

HgO + 2eo + Hz@ -t Hg + 2 OH-6 [21 

The equilibrium between Zn(OH)4' and ZnO is not 
considered here because the data indicate (common 
existence of long-lived supersaturated zincate solu- 
tions) that these species are not equilibrated. 

Designating the difference of electrical potential be- 
tween phases ul  and uz as U we may write 

where p, is the electrochemical potential of one mole 
of electrons in the phase designated by the superscript. 

ORecent experimental results have lef t  l ltt le doubt that large 
IR drops are included i n  these measurements. These results wl l l  
be reported i n  a following paper. 
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One can use Eq. [3] and appropriate conditions of 
local equilibrium to derive expressions for cell volt- 
ages UB,  or U'B as functions of potassium, hydroxyl, 
zincate, and water concentrations and their activity 
coefficients. Differences, U'B - UB,  yield expressions 
from which concentration overpotential or changes in 
concentration overpotential can be estimated for com- 
parison with measured changes in total overpotential. 
Using the procedure outlined above, it can be shown 
that 

where feE mean ionic activity coefficient of the species. 
The expression given by Boden (10) has been used to 
calculate the mean ionic activity coefficients as func- 
tions of ionic strength in these solutions. The third 
and fourth terms in [4] have been neglected. Addi- 
tional comments about these terms are offered below. 

The results for cycle 11 are shown in Table I. In 
the calculations, concentrations at  sampling time D, 
midway through the charge half-cycle, are taken to 
represent those in phase 6'. 

For instance, consider sampling port h and the elec- 
trode pair consisting of reference electrode b and the 
test zinc electrode; the potential difference exhibited by 
the pair at sampling time D has been taken as a refer- 
ence value characteristic of concentrations in phase 6'. 
At later sampling times, E, F, G, etc., concentrations 
of the zinc electrode have changed to values charac- 
teristic of phase 6" and changes in the potential dif- 
ference for the same pair have then been calculated 
on the basis of Eq. [4] and the measured concentra- 
tion changes at sampling port h. These calculated 
changes are then compared with observed changes 
which are listed in the next column. 

As shown in Table I, the predicted changes during 
charge are small as are the observed changes. The 
correlation between predicted and observed values is 
not good. In the region of cell discharge there is no 
agreement between the calculated and measured values 
leaving little doubt that concentration overpotential 
is not the dominant factor in this region. 

The factors which have not been included in the 
above computations of concentration overpotential, i.e., 
the third and fourth factors in Eq. [4] can be estimated 
using the Henderson approximation (11). The esti- 
mated contributions of these additional terms are only 
a few millivolts, certainly not of the magnitude of the 
discrepancies between theory and observation on 
discharge which amount to hundreds of millivolts. 
Similarly, using electrode kinetic data as reported by 
Bockris and Nagy (13) one would predict activation 
overpotentials at these apparent current densities of 
only a few millivolts. An obvious explanation of the 

observed discrepancies is that concentrations in the 
cell are not simply functions of the y dimension as 
postulated by the convective flow theory. Other re- 
lated possibilities include nonuniform current densi- 
ties over the electrode, i.e., higher current densities 
in active locations than that calculated by dividing 
total cell current by apparent electrode area. Reasons 
for nonuniform current distribution could be several, 
including channeling of fluid flows, nonuniform elec- 
trode construction, thin film passivation, pore plugging 
through product deposition, and loss of contact of ac- 
tive zinc from the current collector (12, 14-17). 

It has been suggested (18) that closer study of the 
rate of decay of overpotential when cell currrent is 
terminated could shed light on the causes of the large 
overpotential on discharge. As illustrated in Fig. 14, 
at the termination of each half-cycle, a large fraction 
of the total cell overpotential decays within the re- 
sponse time of the recorder (time for full scale de- 
flection, 0.5 sec) indicating a resistive effect. How- 
ever, it is also clear that zinc electrode overpotential 
is not symmetrical between charge and discharge as 
would be expected for a simple resistive effect. The 
interpretation of transient overpotential data in por- 
ous electrode systems is not simple (19) and we are 
unable at this time to use the available data to at- 
trioute particular fractions of observed overpotentials 
to specific processes. 

It was anticipated that comparisons of potential dif- 
ferences between reference electrodes a and e and the 
test electrode with those of the other three reference 
electrodes with respect to the test electrode would yield 
comparative data on overpotential at the front and 
back of the test electrode. Overpotentials as indicated 
by a and e were consistently larger than those indi- 
cated by b, c, and d and increased as time proceeded 
during both charge and discharge half-cycles. This 
observation is in accord with what one would expect 
on the basis of assumed conductivity decreases (in- 
creasing potassium hydroxide concentration) in the 
zinc compartment on charge; however, during dis- 
charge when conductivity should be increasing, the 
opposite effect was not observed. The data suggest 
that the larger overpotentials indicated by references 
a and e, at times, simply reflect higher current den- 
sities at the edges of the zinc electrode. This latter 
possibility would be more in accord with observations 
of the behavior of these electrodes in the time periods 
when the silver electrode is shifting from predominance 
of formation of one oxide to the other (Fig. 15). Elec- 
trodes a and e indicate strong shifts of current den- 
sities to the edges of the zinc electrode when the silver 
electrode is shifting from a potential characteristic of 
one oxide to the other. It appears that, on charge, the 
center of the silver electrode reacts first and, as for- 
mation of the monovalent oxide is completed, cell 
current is shifted to the electrode edges for comple- 
tion of monoxide formation before the divalent oxide 

Table I. Changes in overpotential during cycle 11,. mV 

Sampling port 1, Sampling po 
zference electrode c to test reference electrod, 

D - Zero by defi- - Zero by defl- - Zero by den- 
nition nition nition 

E -1 + 1 +S -2 +8 0 
P 0 +I +9 - 1 + 11 +1 
C -8 .. -9 .. -7 .. 
H -13 -127 - 10 -121 -8 -U1 
1 - 16 - 149 - 13 - 141 -15 - 145 
J - 17 -219 - 10 -228 - 16 - 248 

* See Fig. 10 to relate sampling time designation to sampling times during the cycle. 
**  Sampling time G coinclded with the changeover from divalent to monovalent oxide, overpotentials show anomalously high valuea. 
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formation begins. Once divalent oxide formation be- 
gins, current density appears to shift back toward the 
middle of the electrode and current density again 
becomes more uniform. On discharge a similar set of 
events appears to happen in reverse, the current den- 
sity on the zinc electrode being controlled by the 
availability of reactant at  the silver electrode. 
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Effect of Hydrogen Evolution on 

Current Distribution during 

Electrodeposition a t  Vertical Electrodes 

Richard Alkire* and Po-Yen Lu*J 
Department of Chemical Engineering, University of Illinois, Urbanu, Illinois 61801 

ABSTRACT 

Experiments were carried out at vertical sectioned electrodes on which 
copper was deposited in the presence of simultaneous hydrogen evolution. 
By measurement of copper deposited on each electrode section, it was possible 
to ascertain the local rate of each electrode reaction. The influence of hydro- 
gen evolution on the rate of copper deposition supported the interpretation 
that two kinds of mass transfer effects occur simultaneously. In one, bubbles 
produced locally cause stirring on detachment while, in the other, bubbles 
produced below the point of interest rise upward and thereby cause stirring. 
A mathematical model was developed to predict the current distribution in 
cells having nonuniform potential fields. The model included ohmic resistance 
of electrolyte, Tafel kinetics for hydrogen evolution, mass transfer, for copper 
deposition, and the particular cell geometry under study. Calculations agreed 
to within 20% of experlmental data. 

Industrial electrolytic processes often involve re- 
actions which proceed with less than 100% current 
efficiency owing to gas evolution Although gas evolu- 
tion may seem disadvantageous from a current effi- 
ciency standpoint, the stirring provided by the gas- 
sing may provide considerable enhancement of mass 
transfer processes near the electrode surface. In 
chlorate cells, for example, the anodic process is mass 
transport limited, and the mass transfer coefficient is 
determined by the rate of gas evolution. In the in- 
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vestigation reported here, the effect of gas evolution 
on the current density distribution was studied in 
order to develop an engineering model for scale-over 
between systems of different configuration. 

The influence of gas evolution on mass transfer at a 
veitical electrode has been vigorously investigated 
during the past decade. In the more fundamental 
studies, gas evolution was carried out in the presence 
of a simultaneous redox reaction. The average mass 
transfer coefficient for the redox reaction was deter- 
mined by measuring the change in concentration ratio 
of redox agents after a period of steady-state elec- 
trolysis. In this manner, studies by Venczel (1) and 
by Ibl et al. (2, 3 )  led to development of a penetration 
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model for which the mass transfer coefficient for the 
redox reaction was proportional to the square root of 
the gas evolution rate. Their work supported the hy- 
pothesis that bubble detachment causes very localized 
flow of solution near the 'electrode which, in turn, is 
responsible for mass transfer enhancement. This con- 
cept was developed further by Rougar and Cezner (4) 
in a study of heat and mass transfer at gas-evolving 
electrodes. Along different lines, Janssen and Hoog- 
land (5-7) proposed a hydrodynamic model by which 
mass transfer was controlled by upward flow of so- 
lution, caused by rising bubbles, as well as by local 
stirring owing to coalescence of rising bubbles. 

While both of the aforementioned processes are 
evidently operative during gas evolution, the relative 
importance of each depends on electrolysis conditions 
in a way which is not yet agreed on. While investi- 
gating chlorate cell processes, T. R. Beck (8) found that 
the rate of hypochlorite oxidation was mass transfer 
limited and that the mass transfer coefficients resulting 
from gas bubble disengagement and from convective 
diffusion were additive, as had Rohsenow (9) for an 
analogous situation in heat transfer. Meanwhile, Ku- 
tateladze (10, 11) found that a different averaging 
rule gave an improved empirical fit of heat transfer 
data Vogt (12) reexamined the early electrolytic data 
of Roald and W. Beck (13) and found agreement with 
the averaging rule of Kutateladze. 

Mass transfer studies by Fouad and Sedahmed (14- 
17) have been carried out for various configurations. 
These authors have suggested that the stirring of elec- 
trolyte by gas evolution may be more economical than 
stirring by forced flow. 

In the work reported below (18), copper deposition 
was carried out in the presence of hydrogen evolution 
in an electrolytic solution containing 0.01M CuS04 
and 1.5M HzSO4. The effect of electrolytic hydrogen 
evolution on the rate of copper deposition was studied 
by measuring the current distribution along a sectioned 
electrode. After electrolysis, the amount of copper 
deposited on each electrode section was determined by 
an electrochemical method. By this procedure, the 
current distributions for both copper and hydrogen 
reactions were found. Measurements were carried out 
in various cells having different configurations in 
order to ascertain whether a mathematical model 
could be developed for predicting gas evolution effects 
on the behavior of electrolysis cells. This study dif- 
fered from previous investigations in that ( i )  direct 
measurement of local mass transfer rates were made 
possible by employing metal deposition onto a sec- 
tioned electrode, and ( i i )  mass transfer data were in- 
corporated into a current distribution model to predict 
behavior of gas evolving cells. 

Experimental Apparatus 
Two classes of cell configurations, shown in Fig. 1, 

were investigated. In the cell of the left side, a Teflon 
cloth (C) permitted passage of current between elec- 
trodes but impeded flow circulation between anode and 
cathode compartments; in this cell, the current dis- 
tribution along the electrodes was nearly uniform. 
The cell on the right side of Fig. 1 has an insulator 
(D) between electrodes so that current was forced 
to pass around the end of the insulator; in this geom- 
etry, the current distribution along the electrodes was 
highly nonuniform. The upper segment of the right- 
hand cell (G) extended above the surface of the 
electrolyte so that current flowed only around the 
lower end of the insulator (D). 

Cells were immersed in a tank having dimensions 
12.5 x 20 x 37.5 cm. Various spacer shims (E, F) 
were used to establish the electrode-separator dis- 
tance, ranging between 0.318 and 1.90 cm (YE to in.). 
Legs of various heights (H) were used to establish the 
relative position of the cell with respect to the upper 
and lower surfaces of the electrolyte. 

Fig. 1. Cell construction details. k f t :  A1 configuration for uni- 
form current distribution. Right: A2 configuration for nonuniform 
current distribution. 

The sectioned electrode (B) was prepared in eight 
sections, each 2 x 1.5 cm, cast in polystyrene and 
separated from each other by less than 0.1 cm. The 
unsectioned electrode (A) had the same over-all di- 
mension, i.e., 2 x 12 cm. Both electrodes were fab- 
ricated by carefully rolling shiny platinum foil (0.010 
cm thick) onto smooth copper slabs coated with con- 
ducting (silver) epoxy cement. 

A constant current power supply (Lambda No. 
LK351-FMOV) was used for electrolysis. The current 
passing through each electrode section was found by 
measuring the voltage across calibrated resistors with 
a multipoint recorder (Leeds & Northrup Speedomax) ; 
the potential difference between electrode sections 
was less than 10 mV. 

Following electrolysis, the amount of copper de- 
posited on each electrode section was measured by 
anodic stripping chronopotentiometry. The potential/ 
time trace was obtained with use of a constant current 
power supply (PAR 173) and X-Y time base recorder 
(Houston 2000). The anodic stripping method was 
calibrated by preparing platinum foils onto which 
known weights of copper had been previously de- 
posited by electroplating. The anodic stripping mea- 
surements gave results which agreed to within 0.3% 
of the known weight of copper on the foils. 

Experimental Procedure 
Electrolytic solution was prepared with reagent 

grade chemicals and distilled water; the composition 
was 0.01M CuS04 and 1.5M HzS04. The copper con- 
centration was determined by an ASTM method (19) 
in which copper is electrodeposited onto a Pt  foil from 
a solution of known volume, and the foil is weighed. 

After assembly and immersion of a cell, the elec- 
trodes were activated by applying alternately positive 
and negative potentials as described by Gileadi (20) ; 
this procedure was found necessary in order to obtain 
reproducible behavior. Electrolysis under gas-evolu- 
tion conditions was usually carried out for a period 
of 60 sec and was immediately followed by anodic 
stripping chronopotentiometry of the copper deposit 
on each electrode section. Electrodes prepared in this 
manner exhibited reproducible behavior. For example, 
nine consecutive gas-evolution experiments were car- 
ried out at an applied current density of 30.5 mA/cmz; 
it was found that the total amount of copper deposited 
varied by less than 0.2% from run to run. At 161 mA/ 
cmz, the total amount of copper deposited in nine 
consecutive gas-evolution experiments varied by less 
than 0.4%. 
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Electrochemical behavior of the sectioned electrode 
was compared with that of the unsectioned electrode 
in order to observe whether the method of sectioning 
altered over-all performance. Gas-evolution experi- 
ments were thus carried out over a range of current 
densities between 0.41 and 406 mA/cmz; the amount of 
copper deposited on the sectioned electrode was found 
to agree to within 1.2% of the amount of copper de- 
posited on the unsectioned electrode when operated 
under identical conditions. By direct visual observa- 
tion, hydrogen evolution on the sectioned electrode 
appeared to be the same as hydrogen evolution from 
the unsectioned electrode. There was, for example, no 
evidence of preferential evolution at the electrode 
edges between sections. 

Experimental Results and Discussion 
Owing to the large number of cell configurations 

studied, it was convenient to adopt a shorthand nota- 
tion, as in the example A1-2-3-S-%-H. The symbol 
"Al" denotes that the electrode was assembled as 
shown on the left side of Fig. 1; the alternative as- 
sembly is denoted "A2." The second symbol gives the 
distance between the upper exit of the electrolyte 
slot and the solution level in the chamber, in this ex- 
ample 2 cm. The third symbol gives the clearance be- 
tween the lower entrance of the electrolyte slot and 
the bottom of the tank, in this example 3 cm. The 
fourth symbol, S, means that the sectioned electrode 
was used as the working electrode (cathode); alter- 
natively, we use "U" when the unsectioned electrode 
was cathodic. The fifth symbol gives the distance be- 
tween the working electrode and separator, in this 
case 41, in. The last symbol gives the spacing between 
counterelectrode and spacer, in this case $5 in. 

Effect of gas lift.-In cell A1-3-3-U-Y4-Y4, there was 
3 cm of electrolytic solution above and below the 
openings of the catholyte slot in which hydrogen evo- 
lution occurs. The gas bubbles thus streamed upward, 
out of the slot to the free surface where they dissipated. 
As a consequence of bubble motion, electrolyte was 
pumped upward through the cathode chamber. In Fig. 
2, the total quantity of copper plated in the above cell 
"with pumping" is shown for two different current 
densities and for experiments of various duration 
ranging between 15 sec and 4 min. Under the condi- 
tions reported in Fig. 2, the current efficiency of the 
copper reaction was less than 10%. The quantity j ~ ,  de- 
notes the current density for the hydrogen evolution 
reaction. These data indicate that the amount of cop- 
per plated was proportional to the plating time. There- 
fore, it may be concluded that steady-state conditions 
were rapidly established and that they remained un- 
changed during the periods of electrolysis used in this 
study. That is, copper did not become depleted from the 
electrolytic solution during the period of electrolysis. 
These results also illustrate that, even though deposited 
under limiting current conditions, the copper adheres to 
the surface. It was found that with substantially longer 
periods of electrolysis, the deposit was powdery and 
loosely adherent; such operating conditions were 
avoided in this study. 

In cell A1-0-0-U-Y4-Y4, there was no free electrolyte 
outside of the catholyte slot so that electrolyte cir- 
culation was possible only within the catholyte cham- 
ber; Fig. 2 provides results obtained in this cell "with- 
out pumping!' These data indicate that recirculation 
of fresh electrolyte by gas lift through the catholyte 
compartment enhances mass transport of copper. 

Effect of electrode inclination.-With cell A1-3-3-U- 
%-%, studies were conducted at  nine angles of in- 
clination, ranging between +60' and -60" with re- 
spect to vertical, and at five current densities, ranging 
between 14 and 243 mA/cmZ. It was found that the 
average mass transfer coefficient for a vertical elec- 
trode was identical to "overhung" electrodes in which 

Plating Time (minutes) 

Fig. 2. Comparison of mass transfer rates for cells with and 
without pumping effect through catholyte compartment. 

the gas bubbles continued to scour the electrode sur- 
face as they rose along it. For electrodes inclined in 
repose, the average mass transfer coefficient was 5-10% 
lower than for vertical electrodes. These results indi- 
cate that when the gas is evolved uniformly over the 
electrode surface (type A1 cells), mass transfer is 
controlled primarily by microconvection because of 
bubble detachment, not by macroconve~ction because of 
rising bubbles. 

With cell A2-3-3-U-%-%, studies were carried out 
at three angles of inclination between $15' and -15" 
with respect to vertical and at three current densities 
between 6.5 and 80 mA/cm2. In this cell, gas evolution 
occurred primarily at the bottom edge of the cathode 
because of the nonuniform current distribution; the 
course of the bubble street was found highly dependent 
on angle of inclination. For overhung electrodes, the 
bubble street remained very close to the electrode 
surface during ascent. For electrodes in repose, the 
bubble street separated from the electrode and rose 
vertically until it encountered the opposite (insulating) 
wall of the catholyte chamber. At an inclination of 
+15" (overhang), the average mass transfer coeffi- 
cient was about 15% greater than at vertical and about 
30% greater than at an inclination of -15" (repose). 

These two sets of experiments indicated that the 
average mass transfer coefficient for the copper re- 
action depends both on the local rate of gas evolution 
and on the path of the bubble street rising along the 
electrode. That is, the reaction rate distribution for 
the copper reaction can be expected, in general, to de- 
pend on the rate distribution of the hydrogen evolu- 
tion reaction. 

Effect of 'electrode-separator gap distance.-Experi- 
ments were conducted with two classes of cells: 
A1-3-3-U-x-3/4 and A2-3-3-U-x-%, where x = 0.318, 
0.476, 0.635, 0.952, 1.27, and 1.90 cm (%, 3/16, Y4, %, 
Yz and 5/4 in.). For each cell, experiments at  two cur- 
rent densities (30 and 161 mA/cm2) were carried 
out, each for 2 min. For both cells, it was found that 
the average mass transfer coefficient changed by less 
than 5% on variation of gap spacing. 
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Effect of electrode height.-Electrode heights of 1.5, where jnz is expressed in A/cm2 and y is the distance 
3, 6, and 12 cm were investigated with cell A1-3-34- up from the bottom edge, expressed in cm. 
M-M operated for periods of electrolysis equal to 1 The data in Fig. 3 have therefore shown that the 
min at nine different current densities. Experimental over-all mass transfer coefficient for copper plating is 
data are shown in Fig. 3, in which current densities 
are given for the partial hydrogen reaction (in2). These 0.0066j~~O.53 + 0.0007Oj~~y 
data indicate that the average mass transfer coefficient 
depends not only on the local hydrogen evolution 

(for 0.080< < 0.330 A/cm2) 

rate but also on electrode height. km= 1 141 
The data in Fig. 3 support the view that there are 0.0016j~~O.15 + O.0O070jn2y 

two kinds of bubbles available for local stirring at any 
point along the electrode: (i) "Type 1 bubbles," pro- (for 0.010 < jnz < 0.080 A/cm2) 
duced locally, which lead to stirring on detachment, 1, where the hydrogen evolution rate is not 
and (ii) "Type 2 bubble%" produced below the point evenly distributed along the electrode, then it would 
of interest, which move past the point of interest at  be reasonable to modify Eq. 143 to obtain the local co- 
some distance from the surface. Owing to the linear efficient 
nature of the lines in Fig. 3, we follow T. R. Beck (8) 
in proposing 

km(y) = kl(y) + kz(y) 111 0.0066j~~O.5~ + 0.00070 Kim (y)dy 

By extrapolation to zero length, the y intercepts in (for 0.080 < jn2 < 0.330 A/cma) 
Fig. 3 are proportional to the mass transfer coeffi- k, = 
cient for type 1 stirring at  various hydrogen evolution [51 
rates. For current densities above 0.080 A/cmz it was 
found that 

0.0016jd"s + 0.00070 f jA2(g) dy 

kl = 0.0066j~~0~5~ cm/sec 121 (for 0.010 < jn2 < 0.080 A/cmB) 
where j ~ ,  is expressed in units of A/cmz. 

This result is in good agreement with the penetration 
model of Venczel and Ibl (1-3) for which an exponent 
of 0.5 is expected. Over the range 0.010 < in, < 0.080 
A/cm2, it was found that data fit the equation kl = 
0.0016 j~,O.ls. 

In Fig. 3 it may be seen that the amount of copper 
plated varied linearly with electrode height and that 
the slope of the data varied with gas evolution rate. 
Since the current distribution in Type A1 cells was 
essentially uniform, these data therefore support the 
interpretation that the mass transfer coefficient as- 
sociated with Type 2 bubbles varies linearly with elec- 
trode height. By subtracting each y intercept from 
each data point in Fig. 3 and then plotting the dif- 
ference us. jn2, it was found 

Electrode Length ( cm)  

Fig. 3. Effect of electrode height on mass transfer rate for copper 
deposition in presence of hydrogen evolution. (Electrode area = 
24 cmz, duration of elwtrolysis = 60 sec.) 

The form used in Eq. [5] was employed in the analysis 
of data taken in Type A2 cells described below for 
which the current distribution was highly nonuniform. 

Effect of gas evolution on current eficiency.-Cells 
A1-3-3-U-35-M and A2-3-3-U-M-35 were used to 
generate the dependence of the average mass trans- 
fer coefficient on the average gas evolution rate shown 
in the upper portion of Fig. 4. It is striking that the 
difference in mass transfer coefficient between these 
two cells is no more than 15% even though the current 
distributions within the cells were very different as 
shown below. The lower portion of Fig. 4 shows how 
the current efficiency for copper deposition depended 
on gas evolution rate for cell Al; these results were 
calculated from the data presented in the upper por- 

A A 2  Cell 
0 A1 Cell 

Flg. 4. Upper: Variation of average mass transfer coefficient with 
gas evolution rate. Lower: Variation of average current efficiency 
of metal deposition with gas evolution rate. (Electrode height is 12 
cm.) 
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tion of Fig. 4. The foregoing data could be used, for 
,example, in selecting the optimum gas evolution rate 
which would enhance mass transfer while maintaining 
reasonable current efficiency. 

Measurement of local muss transfer rates.-By em- 
ploying the sectioned electrode method, the local re- 
action rate was measured with cell A1-3-3-S-%-% 
during experiments of 1 min duration It was found 
that the total current distribution (hydrogen plus cop- 
per reactions) was uniform to within 3% along the 
height of the electrode at each of the five current 
densities studied. 

After electrolysis, the copper deposit on each sec- 
tion was stripped to determine the local mass transfer 
coefficient characteristic of each of the eight sections. 
Results are shown in Fig. 5. It is seen that the mass 
transfer coefficient was larger at the upper part of 
the electrode, where more type 2 bubbles were avail- 
able for stirring. 

The mass transfer flux of copper is defined by 

Since the copper reaction occurred under limiting 
current conditions in this study, it is fair to assume 
that Cs(y) = 0. Also, the data in Fig. 2 indicated that 
depletion of reactants did not occur within the catho- 
lyte; therefore, Cb(y) may be assumed to be constant 
along the electrode. Finally, the rate distribution of 
the hydrogen evolution reaction must have been very 
nearly uniform since the total current distribution 
was uniform and since the current efficiency for the 
copper deposition reaction was low (Fig. 4 shows 
between 1.5 and 15% over the range 0.014 < j ~ ,  
< 0.243 A/cmz). Therefore, substitution of Eq. [4] 
into Eq. [6] gives the quantity of copper to be ex- 
pected on each electrode section. The solid lines in 
Fig. 5 show the calculated results for the three sets of 
data for which Eq. [4] is valid. The deviation be- 
tween experimental data and the calculation is a 

Theory 
0 Experiment t -- 

0 u 
(top) (bottom) 

Electrode Position 

Fig. 5. Current distribution for copper deposition reaction a t  
various hydrogen evolution rates (A1 configuration). 

maximum of 16% at  the upper portion of the elec- 
trode. 

Sectioned electrode experiments were also carried 
out with cell A2-3-3-S-%-% in experiments of 1 min 
duration. In this cell, the current distribution was 
highly nonuniform; the distribution of plated copper 
after 1 min of electrolysis is shown in Fig. 6 for 
several values of applied current. The copper reac- 
tion rate was highest at the upper and lower edges of 
the cathode, where current entered the catholyte re- 
gion. Comparison of Fig. 5 and 6 illustrates that chang- 
ing the potential distribution influenced the mass 
transfer of copper because of the altered hydrogen 
evolution distribution. The hydrogen evolution rate 
was larger at the extremities of the cathode since, in 
cell A2, the current entered the cathode compartment 
at the upper and lower (open) ends of the catholyte 
region. It is also seen in Fig. 6 that the mass transfer 
coefficient for copper deposition was larger at the ex- 
tremities of the cathode, since hydrogen evolution was 
most vigorous there. 

Because both copper and hydrogen reaction rates 
were highly nonuniform in cell A2, it was necessary 
to develop a mathematical model for the current and 
potential distribution within the cell before further 
analysis of the data in Fig. 6. 

Theoretical Model 
The objective of the following theoretical study was 

to develop a mathematical model for predicting the 
current distribution in cells where electrolytic gas 
evolution influences the rate of a second simultaneous 
reaction. A detailed theoretical treatment was not pos- 
sible since the basic transport processes were not yet 
agreed on. The foregoing experimental observations 
sufficed, however, for establishing a working model. 

In the acid copper electrolyte investigated here, 
the copper concentration was sufficiently low that di- 
lute solution transport theory can be used; also, the 
acid concentration was sufficiently high that migration 
effects do not influence copper ion transport. In the 

Current Theory Expt. 
0.4 A -------- E l  

(- gj 
0 0 

0 0  O 

f 0 
0 I,' 

\ A O 0 " "  /,' 
*. \&*A/'' ---- -----_-- ---' 

0 M 
(top) (bottom) 

Electrode Position 

Fig. 6. Current distribution for copper deposition reaction in the 
presence of hydrogen evolution a t  various applied currents (A2 
configuration). 
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electrochemical system studied here, only two elec- 
trode reactions occurred (copper deposition and hy- 
drogen evolution), and there were no homogeneous 
reactions of importance. The foregoing experimental 
program provided evidence that the copper reaction 
rate was governed by mass transfer alone and that 
steady-state operation was rapidly achieved and 
maintained throughout the period of electrolysis. Also, 
the data in Fig. 2 indicated that depletion of copper 
from the catholyte was small during one pass through 
the cathode chamber; that is, depletion of copper oc- 
curred locally, near the cathode surface, but not ex- 
tensively throughout the catholyte volume. Finally, 
visual observation during electrolysis indicated that 
the bubbles occupied a very small fraction of the 
catholyte volume, estimated to be less than 5%, so 
that the resistance of the electrolyte would not be 
expected to be altered appreciably because of the 
presence of the bubbles. The foregoing experimental 
observations were built into a quantitative model in 
order to provide a theoretical calculation of current 
distribution data reported in Fig. 6. 

The geometry of the cathode in cell A2-3-3-S-?4-Y4 
was 2 cm wide by 12 cm high; the catholyte layer 
was M cm thick, and current entered from the ends 
of the catholyte slot. Since the ratio of height to 
thickness was very large (12: M), it was justifiable 
to assume that the potential varies in the vertical di- 
rection but not in the transverse direction. As a con- 
sequence, the potential distribution was modeled by 
a one-dimensional equation Thus the flow of current 
in the catholyte solution obeys a one-dimensional form 
of Ohm's law 

The current flowing in the catholyte varied with 
height along the electrode because of electrochemical 
reactions occurring on the cathode surface 

di 1 -- --- 
all B 

(jcu+z + jn+) 
According to Ref. (2),  the rate of hydrogen reduction 
depended on potential according to the Tafel equa- 
tion 

The rate of copper reduction was mass transfer 
limited 

jcu t 2  = 2Fkm(y) Cb~,,tz 1101 

By combining Eq. [7] through [lo] one finds 

where km( y) is to be found from Eq. [5] and [91 
[ i l l  

where b = 0.00070; a = 0.00158, and d = 0.15 when 
0.010 < j ~ ,  < 0.080 A/cm2; and a = 0.0066 and cl = 
0.531 when 0.080 < j ~ ,  < 0.330 A/cmz. 

Equations [ I l l  and [12] contain two unknowns, km 
and #; although the two equations could be reduced 
to a single equation by elimination of km, the resulting 

single equation would be no easier to solve than the 
two simultaneous equations. 

The second-order differential equation required that 
two boundary conditions be specified. In the electrol- 
ysis cell, current entered the catholyte slot at  both 
ends. If "f" denotes the fraction of current entering 
the upper opening, then 

where y = 0 represents the lower edge of the cath- 
ode, and y = H represents the upper edge of the 
cathode. 

Equations [Ill-[13] were solved by an iterative 
scheme which involved finite difference methods im- 
plemented on a digital computer (18). 

Comparison of Model with Experimental Data  
Calculations were performed for comparison with 

data shown in Fig. 6 for an applied current of 2 k  For 
applied currents less than 2A, the value of in the 
center of the cathode was less than 10 W c m Z  so that 
the model would not be applicable (see constraints on 
validity of Eq. [5]). 

The parameters used in the calculation included 
i. = 10-8 mA/cm2 (21), a = 0.5 (211, Cb = 10-5 
gmole/cm3, and K = 0.5 mho/cm (22). The value of f 
was chosen aiter examination of the total current dis- 
tribution, which exhibited a minimum located halfway 
up the cathode. The total section currents for sections 
located beneath the minimum was three times the 
total current of the sections located above the mini- 
mum. Therefore the value of f was set at 0.25. 

With use of the foregoing parameters, the results 
were found as given by the solid line in Fig. 6. It may 
be seen that agreement is good at the extremities of 
the cathode, where hydrogen evolution is most vigor- 
ous. Near the middle of the cathode, the theoretical 
results fall about 20% below the experimental data. 
Owing to the appearance of the integral term, it may 
be recognized that small errors in determination of 
j~~ at the bottom of the cell (near y = 0) will beget 
errors in k, over the remainder of the cathode sur- 
face. Since the maximum section current was en- 
countered at the bottom of the cathode, it may be 
concluded that the discrepancy between theory. and 
experiment arises from the uncertainty with which the 
local mass transfer coefficient may be predicted via 
Eq. Dl. 

Conclusions 
By measuring local rates of metal deposition during 

simultaneous gas evolution, a mass transfer correla- 
tion was obtained (Eq. [5]) for predicting the effect 
of electrolytic hydrogen evolution on the rate of cop- 
per deposition from acidified sulfate solutions. The 
form of the correlation supported the interpretation 
that gas evolution influences metal deposition by two 
routes: Bubbles generated at the electrode surface 
stir the electrolyte within the diffusion layer, while 
bubbles moving upward past the electrode induce a 
convective flow which also enhances mass transfer. 

It was found that the mass transfer coefficient at- 
tributed to bubble detachment varied with the square 
root of the gas evolution rate at rates above 80 mA/ 
cm2 in agreement with observations and theories by 
Ibl and co-workers (1-3). Below 80 mA/cmZ, the 
square root dependence was not followed. The abrupt 
change in exponent at 80 mA/cm2 may be of funda- 
mental interest and may therefore be worthy of fur- 
ther study. 

Although the mass transfer coefficient represents a 
combination of the foregoing two influences of gas 
evolution, there remains some question over how the. 
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mass transfer coefficient should be defined (12). The 
experimental technique developed in this study should 
be used to assist in the further resolution of the matter. 
The method of study used here could also be modified 
to study additional geometries, such as horizontal and 
inclined electrodes, as well as evolution of other gases 
and different ranges of solution pH. 

The effect of nonuniform potential distribution was 
investigated in order to establish a mathematical 
model of the gas evolution process. The model included 
consideration of mass transport, reaction kinetics, 
ohmic resistance, and cell geometry. It was found that 
the current distribution predicted by the model agreed 
to within 20% of experimental data. The availability 
of a mathematical model makes possible a quantita- 
tive level for engineering scale-up and optimization 
which was previously unavailable. It would be useful 
to expand the model to include economic factors and 
thereby assess further the trade-off between pumping 
costs and stirring by gas evolution. 

I t  seems important to develop strategies for the en- 
gineering of electrochemical systems in a quantitative 
manner even when the understanding of underlying 
fundamental principles is incomplete. The prediction 
of the current distribution is of central importance in 
the design of individual cells or cell components. How- 
ever, during the past decade, current distribution 
models have tended to treat more complex physical 
situations with more complex mathematics. In con- 
tradistinction, the present investigation has sought 
simple strategies for modeling a complex process to 
within engineering tolerance but, at the same time, 
without recourse to empiricism. 
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LIST OF SYMBOLS 
B spacing between cathode and separator, cm 
Cb local bulk concentration, mole/cms 
Ca local surface concentration, mole/cms 
f fraction of applied current entering top of cath- 

ode chamber, dimensionless 
F Faraday's constant, 96,500 C/equiv. 
H electrode height, cm 

j current density, Ncms 
exchange current density, Ncms 

$ total applied current density, A 
3~~ local reaction rate for gas bubbles, Ncm9 
kl local mass transfer coefficient (contributed by 

type 1 bubbles), cm/sec 
kz local mass transfer coefficient (contributed by 

type 2 bubbles), cm/sec 
k, local mass transfer coefficient, cm/sec 
Q -  local mass transfer rate, mol&/cm~-sec 
R universal gas constant, 8.3143 J/mole-"K 
T temperature, "K 
y distance from the bottom of the electrode, cm 
a cathodic transfer coefficient, dimensionless 

potential in the electrolyte, V 
potential in the metal phase, V 

K conductivity, (0-cm-1) 
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Effect of Multiple Reactions on 

Metal  Deposition 
in Flow-Through Porous Electrodes 
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ABSTRACT 

Two different reaction systems were investigated in a flow-through porous 
electrode: (i) FeSO4, Fe2(S04)3, and CUSOI jn HzS04, and (ii) CuSO4 and 
CoS04 in &SO4. The porous cathode was fabricated from Pt screens through 
which convection of electrolvte occurred oarallel to the flow of electrical 
current in the solution phase: The local r i te of each cathodic reaction was 
measured and compared to theoretical predictions. The mathematical model 
incorporated the effects of internal mass transport, ohmic resistance in the 
electrolyte, and multiple electrochemical reaction kinetics under conditions 
of steady plug flow of electrolyte. The use of literature values for system pa- 
rameters yielded predictions of current distributions which agreed favorably 
with the experimental data over the range of flow rates, applied potentials, 
and reactor lengths investigated. Depending upon operating conditions, the 
calculated collection efficiencies agreed to within 0-9% of the correspond- 
ing experimental values. 

One advantage of electrochemical processes is the 
high selectivity which may be obtained by accurate 
control of the electrode potential. Flow-through po- 
rous electrodes offer high volumetric reaction rates 
owing to the large internal surface area available for 
reaction. The attainment of both large production 
rates and high selectivity, however, requires optimi- 
zation between the competing effects of reactant sup- 
ply and ohmic resistance. Therefore, models of po- 
rous electrode behavior represent an important first 
step toward engineering scale-up and economic assess- 
ment of design trade-offs (1). 

Reviews of porous electrode literature are available 
(2-4) and some aspects of industrial applications 
have been identified (5). However, treatment of multi- 
ple reaction systems has been limited to date. The first 
detailed theoretical treatment of multicomponent sys- 
tems (6) evaluated several metal deposition and elec- 
troorganic sequences and is the basis for the present 
study. Other recent studies have considered the inter- 
action of convection, axial diffusion, and ohmic re- 
sistance for two-step electron transfer reactions (7,8). 
Theoretical models have been developed for two- 
component reaction systems where the parasitic sec- 
ondary reaction occurs at a rate characterized by either 
its half-wave potential (9) or by a linear approxima- 
tion to the polarization equation (10). The importance 
of feeder plate and counterelectrode placement in 
minimizing current efficiency loss by secondary reac- 
tions has also been studied (11). Various experimental 
studies are known and have been described previously 
(6) .  Continued interest in the removal of metal ions 
from multicomponent solutions has led recently to 
both fundamental (12) and applied studies (13,141. 

The purpose of the investigation reported here was 
to evaluate the effect of multiple reactions upon the 
recovery of metals in flow-through porous electrode 
cells within which electrolyte flow occurs parallel to 
the flow of electrical current in the solution phase. Two 
different electrochemical reaction systems were 
studied: metal deposition in the presence of a redox 
couple and codeposition of a mixture of metal ions. 
The electrode was designed in a manner which per- 
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lPresent address: Mobil Research and Development Corpora- 
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Key words: porous electrode, metal deposition, mathematical 

model, copper. 

mitted measurement of local rate for each reaction 
under conditions amenable to detailed comparison 
with the theoretical models. 

Apparatus 
The cylindrical electrolysis cell was fabricated 

from Plexiglas@ as shown schematically in Fig. 1. The 
electrode was supported by a 1.5 mm ledge in the cell 
block wall. A saturated mercurous sulfate reference 
electrode was connected to a tap located 2 mm down- 
stream from the support ledge. To withdraw solution 
samples, 24 gauge Teflon@ tubing (Alpha Medical Sup- 
plies) was positioned 5 mm below the reference elec- 
trode tap in the center of the flow stream. Provisions 
for additional reference electrode and sample with- 
drawal taps were made in an adjoining area of the 
flow loop directly above the piston. A sintered glass 

Fig. 1.  Cross-sectional schematic diagram showing eomponen'ts of 
an assembled experimental flow-through cell. 
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frit was sealed into a recessed area in the piston to 
ensure radial uniformity in the inlet electrolyte flow 
(15). Electrical connections to the electrode sections 
were made with 26 gauge platinum wire fed tlirough 
small-diameter holes in the cell block which were 
fitted with compression gaskets. 

The porous electrode was comprised of 1.3 cm-diam 
disks of 100 square mesh plain weave platinum screen 
(Unique Wire Weaving, Hillside, New Jersey) having 
a wire diameter of 0.003 in. Spacers of 1.4 cm-diam 
disks cut from 105 mesh Teflon@ gauge (Cole-Parmer, 
No. 6630-72) were used to separate the electrode sec- 
tions. The contact wires were sandwiched between ad- 
jacent metal disks in each section and the entire elec- 
trode was compressed between the edge of the piston 
and the electrode support ledge. 

The 1 cm-thick platinum counterelectrode was con- 
structed from stacked metal screen disks and was lo- 
cated in the flow stream approximately 6 cm down- 
stream of the reference electrode tap. The cell as- 
sembly was connected to the remainder of the flow 
system with standard taper joints having seamless 
Teflon@ sleeves. Electrolyte was stored under nitrogen 
in a glass reservoir and was gravity fed through the 
Teflon@ and glass flow loop to the cell. Flow rates 
were controlled by the use of needle valves and were 
monitored by a series of precision rotameters (Gilmont, 
No. 2-5). When electrolysis was not in progress, the 
diffusion of oxygen into the system through the Teflon@ 
tubing was counterbalanced by continuous sparging of 
nitrogen (Union Carbide, high purity dry grade) 
through the feed reservoir while circulating electro- 
lyte through the recycle loop. A variable voltage con- 
troller and a magnetic drive "Metl-Less" pump (March 
Manufacturing Company, Model MDX-MT-3) were 
used for this purpose. 

The flow system was equipped with a bypass leg 
containing a small flow-through cell used for on-stream 
measurement of residual dissolved oxygen. An oxygen 
analyzer (Beckman No. 10081, sensor No. 93553) was 
used to monitor dissolved oxygen concentration at the 
inlet. An additional glass reservoir was used as a reac- 
tant-free feed source when reactor purging was re- 
quired during the course of an experiment. 

A potentiostatic power source (Wenking 68TS-3) 
was used to control the cathode potential with respect 
to the reference electrode nearest the counterelectrode. 
A multichannel, zero-resistance operational amplifier 
circuit (built in-house) was used to measure the indi- 
vidual section currents, which were displayed on a 
multipoint recorder (Leeds and Northrup Speedomax 
W). Total steady-state cell current was measured with 
an X-Y recorder (Houston Instruments 2000). A linear 
function generator (built in-house) was used to obtain 
polarization behavior or to implement programmed 
voltage changes at the cathode. A sweep rate of 1 mV/ 
sec was used for all polarization curve traces; results 
were independent of sweep rate. The total cell current 
was integrated with a coulometer (Vari Tech VT-1176- 
B). 

Procedure 
Solutions were prepared from reagent grade chemi- 

cals and singly distilled, deionized water having a con- 
ductivity of less than 3 x 10-6 (a cm)-l. The solu- 
tions used in this study were: (i) 2 mmole FeS04, 
1 mmole Fez(S04) 3, and 2 mmole CuS04 in 1.5M &SO4 
and (ii) 2 mmole CuSO4 and 2 mmole C0S04 in 0.1M 
&So4. Copper and cobalt ion concentrations were 
measured by atomic absorption spectroscopy (Instru- 
mentation Laboratory, Incorporated 251) following 
gravimetric dilution. Ferric and ferrous ion concen- 
trations were determined spectrophotometrically 
(Beckman DU monochromator 2440, Gilford photo- 
multiplier 222-A) using a 1,lO-phenanthroline method 
(17). Solution conductivities were measured with a 
conductivity bridge (Leeds and Northrup 4959) in a 
cell calibrated with 0.1 demal KC1 at 26°C. Solution 
densities were determined with an immersion hydrom- 
eter and electrolyte viscosities were measured with 
an Ostwald viscometer. Diffusion coefficients of reac- 
tive species were obtained from rotating disk polari- 
zation data. The parameters of the electrolyte solu- 
tions, reactant ions, and reduction reactions are listed 
in Tables I and 11. The solution was placed in the feed 
reservoir and deoxygenated by sparging with nitrogen. 

The dissolved oxygen concentration in the inlet 
stream was measured and, in the iron-copper system; 

Table I. Properties of experimental systems 

a) Iron redox/copper solution 
0.002M FeSO. 
0.001M Fes(SOd)s 
0.002M CUSOI 
1.5M H ~ S O I  

Properties of Iron redox and copper aolutions 

Property Value Iron redox system Reference Copper system Reference 

I ( 0  cm)" 0.538' 0.538' 
c g/(cm sec) 1.307 f 0.005 x 10-3. 1.307 f 0.005 x lo-2* 
P glcm.7 1.085 f 0.0005* (21) 1.085 k 0.6005. 
n equiv./mole 1.0 2.0 

(21) 

D cm2/sec 4.22 k 0 . 1  x lo-'* (22) 5.92 f 0.18 x 10-e. (25) 
k cmlsec (6.15 x 10-9) Re0.W (23) (6.98 x 10-3) Reo% (23) 
40 Alcma 9.7 x 10-6 (24) 1.4 x 10-6 (26) 

i 0.5 (24) 1.09 (26) 
-0.5 (24) -0.38 (26) 

~r V 0.0 0.540 k 0.025' 

b) Copperlcobalt solutlon 
0.002M CUSOI 
0.002M COSOI 
0.1M &SO, 

Property Value Copper system Reference Cobalt system Reference 

(n cm)-l 
g l  (cm sec) 
glcm" 
equiv./mole 
cm'lsec 
cmlsec 
Alcms 

v 

Measured In this laboratory. 
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Table II. Electrode properties and experimental conditions 

Cross- Estimated 
sectional Electrode NO. Of NO. of specific surface Flow rate, 

System area, cm* length, mm screens sections Porosity area, cm'lcma mllmin 

. Includes separator material. 
b Based on total length and Ref. (16). 

saturated sodium sulfite was added to the feed reservoir 
to reduce the residual oxygen concentration in the 
flow circuit to less than 0.3 ppm. The addition of excess 
sulfite was carefully avoided since sulfite ion is elec- 
trolytically reactive in the range of electrode poten- 
tials employed in this study. Sulfite treatment was not 
required with the copper-cobalt system since the back- 
ground current attributable to dissolved oxygen was 
less than 2% of the total cell current. 

Electrolyte was pumped through the cell and re- 
cycle loop at a rate of 100 ml/min for 15 min. An inlet 
sample was extracted and the electrolyte flow was 
set by opening both the outlet sample port and the 
needle valves. The flow rate was determined by col- 
lecting measured volumes and was steady to within 
2% of the mean value reported. Continuous electrolyte 
flow through the sample port enabled collection of an 
outlet sample without undue perturbation of the sys- 
tem. The flow through the port was less than 5% of 
the total flow. The desired potential was applied to 
the cell and, after a period of steady-state operation, 
an outlet sample was collected and the total cell cur- 
rent, section currents, potential drop across the elec- 
trode, total coulombs passed, and the time duration of 
the experiment were recorded. The cell was then 
purged with reactant-free electrolyte, while main- 
taining the applied potential to the cathode, until the 
total cell current had decreased to near zero. 

The cell was removed from the flow system and the 
electrode separated into ten equal sections. The amount 
of metal deposited on each section was determined by 
nitric acid stripping and subsequent analysis by 
atomic absorption spectroscopy. Inlet and outlet 
reactant concentrations were determined by the afore- 
mentioned analytical procedures and gave mass 
balances which closed to within 4%. 

Theoretical Model 
Since the theoretical models used in this work have 

been presented previously (61, the following para- 
graphs are intended only to review the underlying 
principles. Electrolyte flows in the direction of the y 
coordinate, the electrode is of thickness 1, and the 
counterelectrode is located downstream of the porous 
electrode. Other details of cell construction are not 
considered in the development of the model equations. 
Electrolyte flows through the porous matrix, supplying 
reactants to the interior surface where electrochemical 
reaction occu&.. The local reaction rate is a function 
of position since the potential and species concentra- 
tion vary along the reactor length as the result of 
ohmic and transport limitations. 

The model accounts for steady-state operations un- 
der isothermal conditions. The electrode phase is iso- 
potential, is of uniform porosity, and has pore dimen- 
sions which are large with respect to the double layer 
thickness. The solid surface of the interior region, on 
which electrochemical charge transfer occurs, is of 
arbitrary configuration and is accounted for in the 
model by a specific area term. Conduction in the so- 
lution phase obeys Ohm's law; migration effects are 
neglected. Convection through the electrode occurs 
by plug flow. Mass transport of reactant species from 

a well-mixed core region to the surface is assumed to 
occur across a mass transfer diffusion layer which oc- 
cupies a negligible fraction of the pore volume. These 
constraints allow the model equations to be written 
in one-dimensional form in which the heterogeneous 
electrochemical reactions appear as pseudohomogene- 
ous source terms. 

For the case of metal deposition in the presence of 
a redox couple, the electrode reactions are 

M s + n  + ne- + M30 (metal deposition) 

The reaction rate of the redox system will be char- 
acterized by 

Deposition of the metal is assumed to proceed inde- 
pendently of the redox reaction with the rate expres- 
sion 

In these equations, 9 is the potential with respect to 
the rest potential of the redox couple, while 9, is the 
thermodynamic rest potential of the redox couple with 
respect to the metal ion. The rest potential difference 
is computed by consideration of the ionic concentra- 
tion of reactants as they enter the porous electrode. 

By following the same derivation given in Ref. 
(6) ,  the dimensionless model equations are 

Ct" - ~tC1' = - xlF1 

*" = €1Fl + *z 
where 

F1 = CZ ex~[al*l - Ct exp [ - B E 1  

Symbols are defined in the List of Symbols section 
which follows the text. In Eq. [4], the single and 
double primes refer to first and second derivatives, re- 
spectively. The dimensionless boundary conditions for 
downstream counterelectrode placement are 
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Although a more rigorous expression for the boundary 
conditions might be specified (91, the contribution of 
a preelectrode diffusion layer to over-all cell behavior 
is negligible for the range of flow rates investigated 
here. Equations 141 and [51 constitute the dimension- 
less model for a redox-metal system and are solved 
by the procedure described at  the end of this section. 

For the case of multiple metal deposition, it is as- 
sumed that the deposition of each metal proceeds in- 
dependently of the other so that the individual reac- 
tion rate expressions have the form given by Eq. [3]. 
By following the same algebraic procedures (61, the 
dimensionless equations of the model are 

where 

FI = expCalrtl(0 + *r~)l  - Ci exp[-8in1(0 + *r~ri)] 

The appropriate boundary conditions are given by 
Ea. 151. - - -  

The model equations were first linearized about a 
trial solution, then recast into finite difference form 
by employing central difference operators. The re- 
sulting set of tri-diagonal matrices was inverted by a 
modified Gauss-Jordan elimination method (18) with 
the use of a CDC/CYBER-175 computer. Solution of 
the nonlinear coupled equations was obtained by suc- 
cessive approximation to within a convergence of 
0.01%. The number of iterations required for con- 
vergence was dependent upon the system being 
modeled, but was usually less than ten The choice of 
101 mesh points gave results which were accurate to 
within the linewidth used in graphical representation 
of the results. At the limiting current, numerical cal- 
culations were found to give results which were iden- 
tical to analytical calculations. 

Comparison of Experiment and Theory 
Values of the physical properties of the two chemi- 

cal systems are listed in Table I. Electrode geometry 
properties are given in Table 11 along with the range 
of experimental conditions studied. While additional 
experimental studies could have been made, it was 
felt that the results shown in Fig. 2-11 were adequate 
to evaluate the accuracy of the theoretical model. 

The effective electrolyte conductivity used in theo- 
retical calculations was calculated with the Brugge- 
mann (19) equation 

Ka = K&S 171 

Microscopic observation revealed that the wire surfaces 
of the screens were not smooth, as assumed correlations 
of specific surface area (16). Based on auxiliary limit- 
ing current data in a single reaction system (I) ,  it 
was concluded that the value obtained by Ref. (16) 
should be increased by 15% to account for surface 
roughness effects. With this procedure, it was found 
that (i) the adjusted specific surface areas were es- 
sentially identical to those best values found by Gracon 
(15) using a different procedure, (ii) the total current 
for the single reaction system agreed to within 3% of 
model predictions, and (iii) current distribution data 
agreed well with model predictions as illustrated below. 

It was found that numerical results obtained with 
the model were very sensitive to the value chosen for 
the applied potential, @,. By estimating the IR correc- 
tion external to the porous electrode, it was possible 
to measure the value of ga to within an accuracy of 4%. 

Within this experimental error limit, the value of 9. 
used in the model was chosen for achieving the best 
agreement between observed and predicted total cell 
current. Typically, this range of adjustment was less 
than 25 and 40 mV for the redox-metal and multiple 
metal systems, respectively. The calculated total cell 
current agreed to within 2% of the observed value. 

Over-all electrode performance.-Table I11 contains 
data for the comparison of measured and predicted 
recovery effectiveness, defined by the relation 

These data are illustrated in Fig. 2 and 3. 
For the Cu/Co system, Fig. 2 shows that the recovery 

of the more noble metal (Cu) increases with electrode 
length for a given flow rate, indicating mass transfer 
control. At the highest flow rate studied, measured 
copper recovery is in good agreement with the model 
predictions while at lower flow rates, measured values 
are about 5% less than predicted values (see discus- 
sion of Fig. 3 below). The experimental data also in- 
dicate that cobalt recovery is independent of electrode 
length; model calculations are in good agreement and 
confirm that kinetic limitations control cobalt deposi- 
tion under the experimental conditions studied. 

Figure 3 depicts the flow dependence of metals re- 
covery in the Fe redox/Cu system The ferric reduc- 
tion rate is mass transfer controlled and is in good 
agreement with the model predictions at  high flow 
rates. At lower flow rates, ferric recovery deviates 
from the predicted value by up to 9%. The recovery of 
Cu is mass transfer controlled at  low flow rates, 
where experimental deviations are at most 11% from 
the predicted values. At higher flow rates, copper dep- 
osition becomes limited more by reaction kinetics than 
by mass transfer. Good agreement exists between 
theory and experiment. 

The data in Table I11 indicate that the differences 
observed between theoretical and experimental mass 
transfer controlled recovery data were most pro- 
nounced at low flow rates and long electrode lengths. 
A potential source of the discrepancies could be flow 
maldistribution of electrolyte within the porous elec- 
trode. To test the extent to which channeling occurred 
within the cell, copper deposition was conducted at the 
limiting current at a flow rate of 6.35 ml/min in an 

Table Ill. Recovery effectiveness 
(a) 

V, - I t  8expt. 8c.1~ C.E.c=ot.. % 
mllmin mA Fee Cu* Fee Cu* PetJ Cue 
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V , FLOW RATE , ml/min 

Fig. 2. Dependence of recovery efficiency upon flow rate and 
reactor length in the copper/cobalt systems. Solid lines give 
theoretical predictions. 

V ,  FLOW RATE , ml/min 
Flg. 3. Dependence of recovery efficiency upon flow rote in the 

imnlcopper system with a reactor length of 5.0 mm. Solid lines 
give theoretical predictions. 

electrode of thickness 0.39 cm. Postelectrolysis anal- 
ysis of the radial distribution of copper indicated that 
19% more copper per unit area was deposited on the 
1 mm-wide periphery of the screens than upon the 
central region located in the mainstream of electrolyte 
'flow. This corresponds to a situation where approxi- 
mately 6% of the inlet flow is channeled along the wall 
of the cell block. This result is consistent with the re- 
covery data reported in Table I11 as well as with the 
current distribution data presented in the following 
section. 

These data indicate the high volumetric reaction 
rates which may be attained within small-scale, flow- 
through porous electrodes. The volumetric current 
densities reported in Table I11 range between 1.8 x 
lo4 and 1.9 x 105 A/mS or 500-5300 A/fts. 

Figure 4 illustrates the potential difference, A*, 
measured between upstream and downstream elec- 
trode surfaces for various flow rates and electrode 
thicknesses. The values of A+ given in Fig. 4 include 
correction for IR drop between the downstream refer- 
ence electrode and downstream electrode surface. 
Correction for the liquid junction potentials was not 
made, but may be estimated to be on the order of 10 
mV (1). These resuIts illustrate that the model tracks 
measured behavior to within 20% and that the model 

0.6 I 

- THEORY 

- 

0.4 - 

Fig. 4. Flow dependence of potential difference between upstream 
and downstream faces of cathodes of various lengths. Solid lines 
give theoretical predictions. 

predicts values which are conservative with respect 
to the data. 

Current distribution data.-In the absence of axial 
dispersion effects, the partial limiting current distri- 
bution for an electroactive species can be obtained 
(201 by integration of the expression for the lwal 
concentration over the entire electrode. The result, 
which is independent of counterelectrode placement, 
is 

Figure 5 shows the partial current distribution of the 
more noble species in each system. The solid line cor- 
responds to Eq. [9]. For high flow rates, the predic- 
tions are in good agreement with the data. The devia- 
tion of the experimental current distributions from the 
theoretical line is an inverse function of electrolyte 
flow rate; the exit concentration for the lowest flow 
rate is 6% larger than that predicted by the model. 
These observations provide additional support to the 
hypothesis of electrolyte channeling within the reactor. 

The copper current distributions for the redox-metal 
system are shown in Fig. 6. The current distributions 
have been normalized so that the integral average is 
unity 

For a flow rate of 1.3 ml/min (not shown), copper dep- 
osition occurred at the mass transfer limited rate 
throughout the entire reactor as the result of the 
small potential gradient in the solution phase within 
the electrode. Consequently, electrode behavior re- 
sulting from the occurrence of parallel multiple reac- 
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Fig. 5. Comparison of measured current distributions with theory 
(Eq. [91) for the reacting species under mass transfer control: 
copper in Cu/Co systems, (0.78-6.64 rnl/min), iron in Fe/Cu 
system (1.30-16.3 ml/min). 
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Fig. 6. Flow dependence of the rate distribution of copper reac- 
tion in the Fe/Cu system. Reactor length is 0.5 cm. Upper figure: 
experimental data. Lower figure: theoretical predictions. 

tions can be predicted by a linear combination of the 
individual mass transfer controlled reaction rate dis- 
tributions. At higher flow rates, however, electrode 
operation is more complex. For a flow rate of 1.65 

ml/min, the convective supply rate is sufficiently low 
to allow removal of a significant percentage of the 
copper from solution in the upstream region of the 
electrode. Still larger flows yield increased nonuni- 
formity in the potential distribution, precluding cop- 
per deposition at the mass transfer limited current in 
the upstream regions of the cathode. The local reac- 
tion rate exhibits a maximum owing to the interaction 
of ohmic and mass transport phenomena. Close to the 
counterelectrode, the local copper deposition rate de- 
creases owing to depletion of copper ion in the elec- 
trolyte. The copper deposition rate rises slightly near 
the reactor outlet as the result of the wall channeling 
phenomenon discussed previously. Additional increases 
in the fluid flow rate cause a downstream shift in the 
maximum of the copper current distribution and even- 
tually yield reaction rate distributions that are skewed 
towards the downstream regions of the electrode. 
Under these conditions, over-all electrode utilization 
is improved at the expense of lower reactant conver- 
sions. 

Generally, the quantitative agreement between theo- 
retical predictions and experimental data in Fig. 6 
is good. The results indicate that, for a flow rate of 
1.65 ml/min, the potential gradient within the electrode 
is sufficiently large that copper deposition is kineti- 
cally limited in approximately the upstream third of 
the reactor. The reaction is mass transfer limited in 
the downstream region (as indicated by a surface-to- 
bulk concentration ratio of less than 10-4). Reaction 
kinetics exert a more pronounced influence on the 
copper current distribution at  larger flow rates and 
eventually result in the local maxima observed ex- 
perimentally. The model demonstrates qualitative ac- 
curacy by correctly predicting the range of operating 
conditions over which the maxima occur. The precise 
magnitudes of the maxima are underestimated slightly 
and are shifted into the downstream region. Alteration 
of the reaction kinetics for copper deposition resulting 
from the presence of the ferric-ferrous sulfate redox 
couple may contribute to the lack of agreement. Also, 
the decrease in interstitial electrolyte velocity as the 
result of wall channeling could account for some of the 
observed differences. 

The current distributions for cobalt deposition in 
the presence of copper ion for three electrode lengths 
are depicted in Fig. 7-9. Qualitative reactor behavior 
was analogous to that observed for the iron redox- 
copper system. Local maxima in the cobalt current dis- 
tribution were observed to occur as a consequence of 
the interaction of kinetic, ohmic, and mass transfer 
phenomena described above. The maxima appeared at 
significantly lower flow rates and for much shorter 
electrode lengths than in the iron-copper system 
because of the substantially lower electrolyte conduc- 
tivity within the porous structure. The apparent sharp- 
ening and downstream shift of the cobalt distributions 
for the longer electrode lengths compared to Fig. 7 
are an artificial consequence of the normalization pro- 
cedure described by Eq. [ lo] .  

The agreement of the model with the experimental 
data is good, although the theory slightly underesti- 
mates the driving force for the cobalt reaction. The 
model accurately predicts the magnitude and location 
of the maxima and correctly indicates parameter 
ranges over which cobalt deposition in the upstream 
regions of the electrode is precluded owing to ex- 
cessive ohmic losses in the solution phase. 

Combination of Fig. 5 with Fig. 8 and 9 indicates 
the degree of separation of the two metal deposits 
which can be achieved within the porous electrode. 
This chromatographic-like behavior is a consequence 
of the opposing nature of the potential and concen- 
tration gradients existing within the electrode and is 
observed only when the counterelectrode is located in 
the downstream position. For an electrode length of 
0.26 cm and a flow rate of 1.37 ml/min, 97 and 91% 
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Fig. 7. Flow dependence of the rate distribution of the cobalt 
reaction in the Cu/Co system. Reactor length is 0.13 cm. Upper 
figure: experimental data. Lower figure: theoretical predictions. 

of the inlet copper and cobalt, respectively, are re- 
claimed by the electrode. Whereas 90% of the recov- 
ered copper is removed from the feed stream and de- 
posited in the upstream third of the reactor, less than 
6% of the cobalt is found in this region. Increasing the 
flow rate to 1.80 ml/min reduces the degree of overlap 
in the two partial current distributions, yields a more 
uniform total current, and improves electrode utiliza- 
tion but reduces the fractional recovery of cobalt to 
71%. Subsequent flow rate increases result in more 
uniform electrode behavior at the expense of lower 
recoveries of the secondary reactant. 

In the data presented thus far, the overpotential at 
the downstream face of the cathode was maintained so 
that extensive evolution of hydrogen at the reactor 
outlet was avoided. The effect of the level of the ap- 
plied potential on the reaction rate distributions of 
copper in the presence of the iron redox couple is 
shown in Fig. 10. All potentials are us. the down- 
stream saturated mercurous sulfate reference elec- 
trode (SMSE) and have been corrected for IR drop. 
The ferric ion current distributions for all runs were 
identical within experimental error and corresponded 
to mass transfer controlled behavior. For the lowest 
applied voltage, the driving force for reaction in the 
upstream region was so small that the copper deposi- 
tion rate was only 10% of that nearest the counter- 
electrode. The relative rate of metal deposition in 
the upstream region increased as a function of the ap- 
plied potential. Greater penetration of the potential 
into the electrode occurred in spite of the increased 
ohmic losses that result from the correspondingly 
higher volumetric reaction rates. The current distri- 
bution became more uniform as the potential increased 
to -648 mV us. SMSE, where electrode operation is 
accompanied by the noticeable increase in the hydro- 

0 1.0 
Y, DISTANCE 

Fig. 8. Flow dependence of the rate distribution of the cobalt 
reaction in the Cu/Co system. Reactor length is 0.26 cm. Upper 
figure: experimental data. Lower figure: theoretical predictions. 

gen evolution rate in the downstream regions. Further 
increases in the applied potential resulted in the 
evolution of undissolved hydrogen gas which collected 
at the exit face of the cathode. 

The model predictions compare reasonably well 
with the experimental measurements from a qualita- 
tive viewpoint, but suffered from quantitative inac- 
curacy for intermediate values of the applied poten- 
tial. In contradistinction to the disparity between the 
calculated and observed current distributions, the pre- 
dicted copper recoveries agreed surprisingly well with 
the data. As Fig. 11 amply demonstrates, a significant 
improvement in the 'fractional recovery of copper was 
realized by affecting modest increases in the level of 
applied potential. For example, an increase in the 
metal recovery efficiency from 54 to 79% was gained by 
a 0.13V incremental increase in the cell potential. Fur- 
ther increases in +, beyond this point, however, yielded 
negligible improvements in the extent of copper re- 
moval due to radial mass transport limitations and 
increased hydrogen gas evolution in the downstream 
regions of the electrode. 

Conclusions 
This program was designed to investigate the funda- 

mental aspects of porous electrode behavior. Large 
volumetric reaction rates were attained and desirable 
electrode operating regimes were identified for multi- 
component systems in simple, laboratory cells. The 
complex interaction among mass transport, ohmic, and 
kinetic phenomena affects reactor performance, which 
is very sensitive to operating conditions such as flow 
rate, applied potential, and electrode geometry. Ex- 
perimental results obtained over the range of condi- 
tions studied indicate that existing theoretical models 
provide adequate predictions of electrode behavior. 
Consequently, the evaluation of practical porous elec- 
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Fis. 9. Flow dependence of the rate distribution of the cobalt 
reaction in the Cu/Co system. Reactor length is 0.39 cm. Upper 
figure: experimental data. Lower figure: theoretical predictions. 

trode applications would beneflt from the incorporation 
of mathematical models in the conceptual stages of 
reactor design 

Models should be utilized with increased effective- 
ness to suggest optimum cell design, arrangement of 
cell clusters, and process control strategies for large 
scale equipment. This would circumvent the necessity 
of anticipating optimum operating conditions on the 
basis of intuition alone. The utility of highly sophisti- 
cated models, however, may be compromised if a large 
number of system parameters are unknown. Complica- 
tions in scale-up are often encountered owing to oc- 
currence of electrolyte channeling. Development of cell 
designs for which scale-up of flow effects is predict- 
able would, therefore, be welcome. 
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LIST OF SYMBOLS 
English Characters 
a specific surface area, cmZ/cm3 pore volume 
c concentration, gmole/cm3 
C c/cq concentration, dimensionless 
D axial diffusion coefficient, cmz/sec 
d,  characteristic particle diameter, cm 

the 

-* , POTENTIAL, volts 
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Fig. 10. Potential dependence of the rate distribution of the 
copper reaction in the Fe/Cu system. Reactor length is 0.5 cm. 
Upper figure: experiment01 data. Lower figure: theoretical predic- 
tions. 

Fig. 11. Dependence of copper recovey upon applied potential in 
the Fe/Cu system and with a reactor length of 0.5 cm. Solid line 
gives theoretical prediction. 

0.9 

e symbol of electronic charge 
f intrinsic reaction rate, A/cma 
F Paraday's constant, 96.500 C/B equiv. 

I I I 

- - ! current density, A/cm2 
exchange current density, A/cmS 
electrochemical reaction rate, A / m 2  

J reaction rate, dimensionless 
k mass transfer coefficient. cmlsec , . 
1 electrode length, cm 
Mi symbol for species i participating in reaction 
n number of electrons in a reaction, g equiv./gmole 
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N species flux, moles/cm*-sec 
R gas constant, 8.314 J/gmole-deg 
Re pvd /# Reynolds number, dimensionless 
Sc d p h  Schmidt number, dimensionless 
T temperature, O K  

v mass average velocity, cm/sec 
V volumetric fiow rate, cmVmin 

distance along electrode, cm f g/l distance along electrode, dimensionless 
q symbol of electronic charge of species i 

Greek Characters 
anodic transfer coefficient 

,9 cathodic transfer coefficient 
r void fraction, cma void space/cms reactor volume 
r aknFzl2co/~RT, mass transfer coefficient, dimen- 

sionless 
vl/D, velocity, dimensionless 

K electrolyte conductivity, (a-cm) -1 
viscosity, g/cm sec f species concentration, dimensionless 
density, g/cms 
i,alzF/~RT, electrochemical reaction rate con- 
stant, dimensionless 

~p potent!al, V 
4 potential, dimensionless 
4, applied potential, dimensionless 
x ioal2/nFDc0, mass transfer resistance parameter, 

dimensionless 

Superscripts 
1 value a t  reactor outlet 
o value at  reactor inlet 
s surface value 

Subscripts 
i species i 
r reference value 
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Semiconductor Electrodes 
XXII. Electrochromism and Photoelectrochemistry a t  WOa  Layers 

Prepared by Thermal and Anodic Oxidation of W 

Benjamin Reichman and Allen J. Bard* 

Department of Chemistry, The University of Texas at Austin, Austin, Texas 78712 

ABSTRACT 

Electrochromism was studied with WOs layers prepared by thermal oxida- 
tion of W, and compared to the electrochromic behavior of other WOa elec- 
trodes (anodic, amorphous, and annealed films). Although the WOa layers 
obtained by thermal oxidation of W are crystalline, the electrochromic per- 
formance with this electrode is comparable to that of the evaporated 
amorphous WOs electrode. The photoelectrochemical behavior of these elec- 
trodes, and in particular the effect of a pretreatment of repeated color-bleach- 
ing cycles, was also studied. Repeated color-bleaching cycles resulted in a 
significant improvement in the photoelectrolytic behavior of the WO3 layers. 
The photocurrent increased and the spectral distribution of the photocurrent 
shifted to longer wavelengths. The repeated color-bleaching cycles also cause 
a great improvement in the electrochromic behavior of the W03 electrode as 
compared to that of the initially prepared electrode. 

Electrochromism of WOa electrodes has been the years in connection with its use in display devices 
subject of intensive investigation during the last few (1-5). A major problem with the WOa evaporated film 

* Electrochemical Soclety Actlve Member. 
which is commonly used as the display electrode, is 

Key worda: electrode, electrolyte. the fact that it dissolves in the HzSO4-aqueous solution, 
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which is usually used as the electrolytic solution in the 
device (6-8). Several methods have been attempted to 
circumvent this problem [e.g., nonaqueous solvents 
with sulfuric acid or Li+ as the electrolyte (6.7.9-11)l. 
In some solutions the W03 evaporated film electrode 
was found to be more stable than in aqueous solutions, 
but in these cases the response times for the color- 
bleach process were longer (6, 7). Display systems 
based on solid electrolytes have also been studied 
(12-14). Display devices based on dielectric materials 
which absorb water to replace the liquid electrolyte 
also failed to show satisfactory performance (15-18). 
As opposed to the amorphous W a  evaporated film 
(which is obtained by vacuum evaporation), uoly- 
crystalline W03 formed by heating the evaporated film 
to 400°C was found to be more stable in aqueous sul- 
furic acid solution; the electrochromic performance of 
such electrodes was very poor, however (1,7. 13-21). 

In this paper, we describe the electrochromic process 
with W03 electrodes obtained by thermal oxidation of 
tungsten metal. These WO3 layers are crystalline, but 
as opposed to the crystalline WO3 which is obtained by 
annealing the amorphous evaporated W03 films. they 
show good electrochromic behavior and with a per- 
formance similar to that of the amorphous WOR evap- 
orated film. On the other hand, the stability of the 
WOa obtained by thermal oxidation of W is also high 
and therefore these WOs layers or modification of them 
seem to be promising materials for electrochromic dis- 
play devices. 

Because WOs is an n-type semiconductor. it has re- 
cently attracted attention in photoelectro~hemica1 
applications. Photooxidation of water was studied using 
WO3 single crystals (22-23) and polycrystalline WOa 
prepared by several methods (24-28). In most of these 
electrodes, photoanodic current is generated only under 
irradiation with light of wavelength below 400-480 nm. 
Several methods have been tried to extend the re- 
sponse of wide bandgap semiconductor electrodes to 
longer wavelengths. We show here that treatment of 
the thermally oxidized WO3 electrode by repetitive 
color-bleaching cycles leads to a marked extension of 
the photoelectrochemical response. This change in the 
spectral distribution of the photocurrent suggests that 
the repeated color-bleaching cycles cause the creation 
of new electronic states in the WOs lattice which are 
located a t  energies within the bandgap of the semi- 
conductor. 

Experimental 
The thermally oxidized W03 electrodes were pre- 

pared by heating W disks in air in a furnace at  about 
750" for 30 min. The WOa layers obtained were yellow 
in color with usual thicknesses of about 25 pm [as 
estimated by weighing before and after oxidation tak- 
ing a WO3 density of 7.16 g /cmVl)] .  Part of the WOs 
was scraped off and electrical contact to the underlying 
W was made with silver epoxy cement. The WOa ano- 
pic film was prepared as described earlier (7). The 
area of the electrodes was -1.3 cmz. 

Electrochemical measurements were performed with 
a Princeton Applied Research (PAR) potentiostat 
(Model 173) which was supplied with voltage from a 
PAR Model 174 universal programmer. The reference 
electrode was Hg/Hg2S04/1M (+0.67V US. 
NHE) and the counterelectrode was a Pt wire. The un- 
compensated IR, caused by solution and electrode re- 
sistance, was corrected with the positive feedback cir- 
cuit of the potentiostat. An Oriel 450-W xenon lamp 
and Model 7240 grating monochromater were used to 
illuminate the electrodes. The radiant power was 
measured with Model 550-1 Radiometer/uhotometer 
(E.G.&G., Salem, Massachusetts). The semiconductor 
electrodes were irradiated through a flat Pyrex win- 
dow. X-ray diffraction spectra were determined with 
a Philips Norelco x-ray diffractometer. IR spectra were 
taken with Beckman IR spectrophotometer IR5A. For 
these measurements, the W03 was scraped from the 
electrode and a pellet with KBr was made (0.5% ) . 

Results 
Electrochromic behavior.-Typical current-voltage 

curves, in the dark, of the 25 ~m layer of WO3 obtained 
by thermal oxidation of W in air are shown in Fie. l (a). 
The cathodic current which starts at  -+0.55V is 
associated with coloration of the W03. The potential 
where the coloration starts is similar to that for the 
evaporated and anodic WO3 films (7, 32). The shape of 
the current-voltage wave, however, is more like that of 
the evaporated W03 film, i.e., the anodic (bleaching) 
current starts -200 mV after reversal of the potential 
scan. The variation of electrochromic current with 
scan rate, v,  (Fig. 2) is close to v'fz dependence, as 
previously found for the evaporated WO3 film (7, 32). 
As we discussed previously (7, 32), this dependence 
demonstrates that the electrochromic current is con- 
trolled by diffusion of hydrogen through the film, 
rather than by the nernstian (thin layer) response 
shown by the anodic film. This behavior has been re- 
produced by a digital simulation model and will be 
discussed elsewhere (38). The response time for the 
color-bleaching process is of the order of one second, 
as shown by potential-step experiments [Fig. l ( b ) l .  
X-ray diffusion measurements made with these WOs 
layers show that they are crystalline. It has previously 
been reported that the crystalline W03 film obtained 
by annealing a WOs evaporated film at  400°C was not 
electrochromic (1, 7, 20-21). However, W03 crystalline 
layers formed by annealing the evaporated film have a 
monoclinic structure [Fig. 3(b) ]  (6, 20. 33) while the 
WOa layers obtained by thermal oxidation of W has a 
triclinic structure [Fig. 3 (a ) ]  (26, 33). The difference 
in the crystal structure of these two forms of WOa is 
clear from comparison of Fig. 3 (a) and 3(b). The peak 
at  d = 3.84, which is characteristic of triclinic struc- 
ture (33). appears only in the x-ray pattern of the 
WOs obtained by thermal oxidation of W [Fig. 3(a)l .  
This peak never appears in the pattern of the mono- 
clinic structure (33). Another distinct difference be- 
tween the pattern of Fig. 3(a)  and (b) is the pair of 
peaks at d = 2.64, and d = 2.66 which are character- 
istic of the triclinic structure (33) while in the mono- 
clinic structure only the one in d = 2.62 appears. In 
both cases, there is some deviation from complete 
randomization of the crystallites and preference for 
some planes exists. 

We previously studied an anodically formed WO3 
film (7, 32) which exhibited very good electrochromic 
behavior and was amorphous. Recently, an electro- 
chromic WOs anodic film prepared under constant 
current conditions, which is crystalline was described 
(34). The crystal structure of these anodic films from 
the x-ray spectra shown in Ref. (34) also appears to be 
triclinic. Although the electrochromic behavior of the 
crystalline WOa obtained by thermal oxidation of W in 
the initially prepared form was poor, it improved on 
repeated cycling through a number of color-bleaching 
cycles. As shown in Fig. 4, the electrochromic current 
was low initially but increased gradually upon cycling. 
The current increased markedly during the first few 
scans, finally resulting in a steady-state i-E curve after 
about 20 hr of cycling at 100 mV/sec. Together with the 
observed increase in cathodic current, there was an 
increase in the depth of coloration. Although initially 
the coloration was weak, very good coloration was 
eventually attained by cycling. After this treatment, 
the i-E curves remained constant over a long period of 
time (i.e., for at  least two months of continuous cycling 
in the aqueous sulfuric acid), implying good stability 
of the electrode. One can show that the higher stability 
of this electrode is not connected with the fact that the 
W03 layer here is thick compared to that usually used 
with the evaporated film electrode (-1 pm). Neither is 
it connected with the fact that for the same amount of 
charge penetrating into the lattice, the concentration 
of charge in the thicker film is lower. As the digital 
simulation model clearly shows (38), in the time scale 
used in these experiments, the hydrogen does not 
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penetrate very deeply into the lattice and most of the can also not be attributed to further oxidation of the 
charge at these times is concentrated in the first 1 pm. W substrate with continuous replenishment of oxide, 
Thicker films were used in these experiments simply to as we have shown happened in the case of the W O s  
produce W O s  layers which are yellow in color in the anodic film (7). The fact that we observe equal 
bleached form. The apparent stability of the electrode amounts of charge during the cathodic and the anodic 
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Fig. 2. Cyclic voltammograms recorded at different scan rates a t  WOa layers prepared as in Fig. 1. The numbers on the curves are scan 
rates in mV/sec. 
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Fig. 3. X-ray diffraction pattern recorded for (a) WOs layers ob- 
tained by thermal oxidation of W; (b) WOs film obtained by an- 
nealing to 4W°C, the evaporated film on glass. The d spacing as- 
sociated with the different pcnks is marked in the figures. 

processes during cycling eliminates this possibility. 
Moreover, further oxidation of the W can probably 
not occur with such thick oxide films at the low positive 
polarizations (-+2V) used in these experiments; 
usually -100V is needed to grow 1 sm of WO3 anod- 
ically (7). Thus, the stability of the WOs layers ob- 

tained by thermal oxidation of W must be inherent in 
the material itself. During the repeated color-bleach 
cycling, no change in the degree of porosity of the film 
was found as can be judged from the scanning electron 
microscope pictures shown in Fig. 5(a, b). This is in 
contrast to the more porous W03 anodic film electrode 
(7) in which the degree of porosity increased during 
repeated color-bleach cycling [Fig. 5(c, d)]. More- 
over, IR-spectroscopic measurements of pellets pre- 
pared with W03 scraped from the electrode show that 
the amount of water in the thermally oxidized film, 
which is initially small, does not increase during this 
color-bleaching process in contrast to the behavior of 
the anodic and evaporated film electrodes (7 ) .  In Fig. 
6, IR spectra taken with (a) a typical anodic film elec- 
trode after cycling for several hours, (b) an evaporated 
film electrode, and (c) an electrode of WO3 obtained 
by thermal oxidation are shown for comparison. The 
peaks at 1650 and 3500 cm-1 which are the character- 
istic IR peaks of water, are largest for the anodic film 
electrode which show that these films contain the high- 
est amounts of water. They are smaller in the evap- 
orated film electrode and are negligible for the WOs 
obtained by thermal oxidation, showing that these 
latter films are "dry!' In the previous paper (7), we 
have shown that the amount of water in the anodic 
film and also in the evaporated film electrodes in- 
creases during continuous color-bleaching cycles and 
the rate of coloration is related to this amount of 
water. For the WOa layer obtained by thermal oxida- 
tion, the spectrum shown in (c) is typical for both a 
virgin layer or for a layer which was cycled many 
times in the color-bleach region. An IR spectrum 
similar to (c) was also obtained for evaporated films 
which were annealed at 400'C for 3 hr [x-ray pattern 
in Fig. 3(b)]. 

Fig. 4. Change af current during repeated color-bleach cycling a t  the WOs electrode prepared by thermal oxidation of W. t h e  numben 
in the figures represent voltammograms recorded a t  different times during the repeated color-bleaching proces;: curve 1, first cycle; curve 
2, after 2 hr of color-bleaching steps between 0 and +2.8V a t  2 Hz frequency; curve 3, after addition01 15 hr cycling a t  100 mV/sec within 
the potential limits shown in Fig. 1; curve 4, after additional 3% hr color-bleaching steps as in No. 2 
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Fig. 5. Electron microscope 
picture of WOs obtained by 
thermnl oxidation and anodic 
oxidation of W: (a) "as pre- 
oared" WO? thermallv oxidized 
7 - 

WOa; (b) after cycling i t  in the 
color-bleaching region for about 
20 hr; (c) "as prepared" anodic 
W& film; (dl after cycling i t  in 
the color-bleaching region for 
about 20 hr. 

I I I I L 
4000 3000 2500 2000 1500 WOO 

WAVENUMBER CM'I 

Fig. 6. IR spectra of (a) W03 anodic film electrode after cycling 
for 20 hr; (b) WOs evaporated film electrode after cycling for 7 
hr; (c) WOa layer obtained by thermal oxidation of W metal, either 
fresh or after cycling. 

Photoelectrochemical behavior of thermally oxidized 
WOs electrode and effect of cycling.-We also found, as 
described below, that these changes in the thermally 
oxidized WOs upon cycling also cause an improvement 
in the photoelectrochemical behavior of the electrode. 
The steady-state photocurrent-potential curves in 1M 
H1S04 of the thermally oxidized WOs electrode after 
cycling through the color-bleach process for different 
times, with illumination of the electrode by the full 
power of 450-W xenon lamp is shown in Fig. 7. The 
photocurrent increased gradually as a result of the 
continuous cycling, paralleling the increase in the cur- 
rent for the electrochromic process. At the same time 
a small decrease in the dark current for the oxidation 
of water occurred. Continuous cycling finally resulted 
in the establishment of a maximum photocurrent; 
cycling beyond this point through the color-bleach 
process caused a small gradual decrease in the photo- 
current. A similar phenomenon was also observed re- 
cently with TiOp (35). The increase in the photocurrent 
upon cycling is at least partially attributable to changes 
in the spectral distribution of the anodic photocurrent 
(Fig. 8). With the fresh electrode, the photocurrent 
started at about 400 nm. However, with continuous 
cycling through the color-bleach process the current 
response shifted to longer wavelengths with a peak in 
the photocurrent appearing at about 450 nm. This 
change in the spectral distribution of the photocurrent 
suggests that cycling causes the creation of new states 
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Fig. 7. Steady-state anodic photocurrent a t  the W03 electrode, 
obtained by thermal oxidation of W a t  different times during a 
continuous color-bleaching process in 1M HzS04 solution. The num- 
bers represent the times as in Fig. 4. 

Fig. 8. Spectral distribution of the anodic current measured a t  
+22V, a t  different times during the continuous color-bleaching 
process: curve 1, "as prrpared", curve 2, after 3 hr cycling in the 
color-bleaching region (100 mV/rec); curve 3, after 20 hr cycling. 
The spectra were corrected for the power spectra of the lamp. 

in the W03 lattice, located at  energies within the band- 
gap. The anodic photocurrent in such an activated 
electrode occurs, not only via the valence band-conduc- 
tion band transitions, but also through transitions in- 
volving these new states. The photocurrent at this 
activated electrode was very stable for at  least 3 hr  
under illumination. The space charge capacity of the 
electrode at  different stages during the continuous 
color-bleach cycling could not be measured because a 
small dark current exists at  potentials positive of the 
flatband potentials. 

Photoelectrochemical behavior of anodic film WOS 
electrode and effect of cycling.-An anodic photocur- 
rent could also be observed with the anodic film WO3 
electrode, prepared as previously described (7) .  The 
photocurrent observed with these amorphous WO3 
electrodes were 10-100 times smaller than those with 
the thermally oxidized WOs layers described above. 
The steady-state photocurrent-potential curves at 
different times after color-bleach cycling are shown in 
Fig. 9 (a). The currents in the electrochromic region at 
the same times are shown in Fig. 9 (b)  for comparison. 
Note that as opposed to the case of the thermally oxi- 
dized WOa, the photocurrent with the anodic WOa film 
decreased as a result of the cycling, while at  the same 
time the electrochromic current increased. 

Discussion 
We (7, 32) and others (20) have shown that the 

existence of water in the W03 amorphous film is im- 

Fig. 9. (a) The anodic photocurrent, and (b) the electrochromic 
current recorded with WO3 anodic film a t  different times during 
continuous color-bleaching cycles (100 mV/sec): curve 1, "as pre- 
pared" electrode; curve 2, after lfi hr; curve 3, after 6 hr; 
curve 4, ofter 20 hr. The area of the electrode, 1.3 cmz. 

portant for a good electrochromic performance with 
these films, and that "dry" WOs which was obtained 
by annealing the evaporated film to 400°C was a very 
poor electrochromic. In the present work, we see that 
the water in the film, high porosity, and low density 
are less important factors for good electrochromic 
behavior, if the W03 layer has the right crystal struc- 
ture. The fact that the W03 obtained by thermal oxi- 
dation of W is electrochromic, while the WOs which is 
obtained by annealing the evaporated film to 400°C is 
not, although they are both polycrystalline, must be 
caused by the difference in the crystal structure of both 
films. The triclinic structure of the thermally oxidized 
WOs, must allow more rapid transfer of protons or hy- 
drogen atoms within the crystal lattice to form the blue 
hydrogen tungsten bronze (H,W03) as compared to the 
monoclinic structure of the annealed evaporated film. 
That the crystalline form of WOs shows electrochromic 
properties similar to those of the amorphous WOs is 
interesting from a practical point of view, because the 
crystalline form is much more stable as compared to 
the amorphous one in the aqueous sulfuric acid used as 
the electrolyte for display devices. The increase in the 
electrochromic current as well as the depth of colora- 
tion under repeated color-bleach cycling suggests fur- 
ther changes in the crystal lattice as a result of this 
continuous cycling process. As opposed to the behavior 
of W03 evaporated and anodic films described in a pre- 
vious paper (7), the improvement in the electrochromic 
performance in the case of the thermally oxidized WOs 
layer is not associated with changes in the porosity or 
the amount of water in the film and does not result in 
qualitative changes in the shape of the current-voltage 
curves. For the thermally oxidized WO3 films, the in- 
crease in the electrochromic current and the depth of 
coloration must be mainly due to an increase in the 
amount of hydrogen which can exist in the W03 lattice 
at equilibrium, rather than to an increase in the rates 
of reactions (38). The photocurrent measurements sug- 
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gest that on cycling new electronic levels are produced 
in the WO3 which promote photooxidation of water. 
These new levels may involve defects which may also 
allow an increase in the amount of hydrogen which can 
penetrate the W03 lattice at equilibrium, and thus im- 
proving the electrochromic performance. It is interest- 
ing to compare this effect of continuous cycling on the 
photooxidation behavior with the effect of annealing of 
WOa electrodes obtained by sputtering, found by 
Gissler and Memming (27).  These authors found that 
the current associated with the photooxidation of water 
increased upon annealing the sputtered W03 layer in 
an oxygen atmosphere; the longer was the annealing 
time, the higher was the photocurrent. The highest 
response was obtained with W03 formed by heating 
tungsten in an oxygen atmosphere to high tempera- 
tures (760"-780°C). These authors also found changes 
in  the spectral distribution of the current on annealing 
similar to those found here and attributed these effects 
to the production of intraband bulk states. These find- 
ings suggest that the new states produced by Gissler 
and Memming by annealing the WO3 samples in an 
02 atmosphere can also be created by continuous 
electrochemical cycling. Note that while the continuous 
cycling process causes an improvement in the photo- 
electrochemical properties for the thermally oxidized 
WO3 film, it causes a degradation in the photocurrent for 
the anodic WO3 films. This indicates that the nature of 
the change in the W03 lattice for these two films is dif- 
ferent. In fact, we have previously shown (7,321 that, 
as a result of the repeated color-bleach cycling with the 
anodic film, the amount of water in these films and its 
porosity increases. While these changes produce a large 
improvement in the electrochromic performance, they 
may well cause a deterioration in the photoelectro- 
chemical behavior. On the other hand, the changes in 
the case of the thermally oxidized WO3 layers on cy- 
cling, are not associated with changes in the water con- 
tent or porosity of the film, but rather with the creation 
of states or defects in the film which lead to an im- 
provement in both electrochromic and photoelectro- 
chemical behavior. 
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ABSTRACT 

The potentiodynamic E/I displays covering the potential range of both 
the electrosorption of hydrogen and oxygen on platinum at 25% in HzS04 
solutions (0.5M 6 C 6 12.1M) are presented. Through the changes of the 
profile with the acid concentration (HS04-/SO4= ratio) different behaviors 
were observed in the hydrogen electrosorption and oxygen electrosorption 
potential regions. The electroreduction process of the oxygen-containing layer 
revealed a possible surface restructuring contribution which is comparable 
to that already described for the platinum/molten bisulfate interfaces. The 
different possibilities for anion interaction are qualitatively considered. 

The electrosorption and electrodesorption of hydro- 
gen and oxygen at platinum electrodes has been the 
subject of extensive research, both in dilute acid 
aqueous solutions (1-3), and in molten bisulfates (4-6). 
These processes are sensitive to the perturbation con- 
ditions at the interface, the ionic composition of the 
solution, the crystallographic structure of the metal, 
and the electrode history (7-12). Moreover, they are 
even more complex because surface restructuring also 
contributes to the over-all process, particularly in the 
oxygen electrosorption and electrodesorption potential 
range (13). 

A relatively large amount of data on the influence of 
ionic adsorption has been published covering the whole 
potential range of water thermodynamic stability. The 
influence of the sulfuric acid concentration on the limit- 
ing oxygen coverage revealed that the Pt/O ratio 
changes from 0.5 to 1.0 as limiting values. when the 
acid concentration changes from 1M to 11M (7.10, - . . 
14-20). 

The relatively large amount of available data indi- 
cates that with sufficiently strong anion adsorption the 
potentiodynamic E/I profiles can be appreciably 
changed. The anion influence in the oxygen electro- 
sorption potential range is explained in terms of both 
site blocking and electrostatic influence on the initial 
stage of theelectrmxidation processes. In the hydrogen 
potential range, however, the anion influence seems to 
be more complex (9,11,21). The present investigation 
was undertaken to attempt to differentiate more com- 
prehensively the anion influence in the oxygen-con- 
taining monolayer potential regions and to correlate 
the results with those previously obtained with the 
Pt/molten bisulfate interfaces (4-6). 

The qualitative data obtained indicate that no single 
model for the interaction of the ions with the adsorbing 
electrode surface can be applied (11, 12) to explain the 
changes produced by the anions in the potential range 
of the hydrogen adatoms and in the potential range of 
the oxygen-containing monolayer. 

Experimental 
Conventional electrolysis cell and perturbation tech- 

niques were used to obtain the stabilized triangular 
potential sweep E/I displays at different potential 
sweep rates ( v )  (0.01 V/sec 6 v L 0.3 V/sec) as de- 
scribed in previous publications (4-6). The working 
electrode consisted of a smooth polycrystalline Pt wire 
(spectroscopically pure, Johnson-Matthey and Com- 
pany) of 0.228 cm2 apparent area. For each new experi- 
ment the working electrode was first polished with 
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alumina, washed in triply distilled water immersed in 
a 1: 1 volume ratio H2S04-HNOs (both Merck p.a.) for 
30 min and then rinsed with triply distilled water. The 
potential of the working electrode was measured 
against a reversible hydrogen electrode in the same 
solutions, but all the potentials were referred to the 
normal hydrogen electrode. The equilibrium potentials 
of each Pt/H2S04 solution were independently mea- 
sured against a saturated calomel electrode and later 
referred to the NHE scale. The estimated error due to 
the liquid junction potential in the concentration range 
covered by the present work is of the same magnitude 
as that of the proper potentiodynamic measurements. 

Acid solutions of different concentrations (0.5M 4 C 
L 12.1M) were prepared with triply distilled water and 
97% (Merck, p.a.) sulfuric acid which was treated with 
ax. hydrogen peroxide (Riedel-de Haen) in the usual 
way (22). Before each run, the solutions were deoxy- 
genated by bubbling purifled nitrogen and the working 
electrode in the cell was first activated by repetitive 
triangular potential scans at either 0.05 or 0.1 V/sec 
from 0.03 to 1.5V (RHE) until a stable E/I profile was 
obtained. Runs were made at 25'C. The gas was con- 
tinuously passed above the previously deoxygenated 
solutions in the cell during each run. 

Results 
Conventional stabilized E/I displays run with tri- 

angular potential sweeps at 0.05 V/sec between the 
E A ,  and E A ,  switching potentials comprised within the 
potential range corresponding to the thermodynamic 
stability of water, show that both the anodic and the 
cathodic E/I contours depend considerably on the elec- 
trolyte concentration (Fig. 1). 

Although, in principle, the charge balance resulting 
from the present data confirms the findings of previous 
works (7, 10) further interesting details are observed. 
Thus, the charge balances of the stabilized E/I profiles 
show that Q,, the over-all anodic charge (9, = QH,. + 
QoJa) to Qc, the over-all cathodic charge (Q, = QH, + 
Qo,~) ratios are close to one. Q H , ~  QH,~, Qo,~,  and Q o , ~  
denote the anodic and cathodic charges associated to 
the potential region of the hydrogen and oxygen layer, 
respectively. The Q,/Qc = 1 ratio, however, is no 
longer obeyed when the hydrogen and oxygen mono- 
layer regions are independently considered. Appar- 
ently only during the first potential sweep, in the hy- 
drogen adatom region both the anodic and the cathodic 
charges are almost equal ( Q H , ~ / Q H . ~ ) ~ = I  ~l 1 while 
in the oxygen-containing monolayer region (&or/ 
Q O , ~ ) ~ = ~  > 1. Contrarily, when the stabilized E/I pro- 
file is considered, then (Q~,a/Q~,c)n=n < I, and. (QoJ 
QO,~),,=,, > 1. Nevertheless, when the Ek, l~rnit 1s con- 
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Fig. 1. Potentiodynamic E/I displays for different H?SOa concen- 
trations run a t  50 mV/sec and 25°C. (. . . . . I  0.50M; (.-.-.-) 
3.93M; (-) 7.42M; (-----I 12.1M. 

fined to the potential region just preceding the oxygen 
monolayer electroformation. the charge ratio resulting 
from the stabilized E / I  profile approaches the value of 
one. But this is not the case when the same charge 
analysis is extended to the hydrogen adatomv potential 
range. Then, the Q H , * / Q H , ~  charge ratio only approaches 
one as v increases. The charge related to the electro- 
formation of the oxygen-containing monolayer ap- 
proaches a smooth sigmoid curve when plotted as a 
function of the potential. At a constant potential, the 
charge decreases quite appreciably as the HzS04 con- 
centration increases (Fig. 2). 

The multiplicity of the hydrogen adatom E / I  profile 
(Fie. 1) for sulfuric acid concentrations lower than ca. 
7 to-%M involves at least three well-defined anodic cur- 
rent peaks (I,, 11,, III,), a hump at  more anodic poten- 
tials (IV.), two well-defined conjugate cathodic cur- 
rent peaks (L, 111,) and also the conjugate cathodic 
hump (IV,). At the higher acid concentrations the 
contributions of current peak 11, and the humps IV, 
and IV, are appreciably magnified at  the expense of 
current peaks I., I,, 111,. and 111, when Ehnc is more 
positive than 0.1V thereabouts (Fig. 1). Therefore, the 

Fig. 2, Integral charge related to the oxygen-containing species 
read a t  different anodic potentials plotted as a function of the 
anodic potential. (0) 0.50M HzS04; ( X I  3.93M iizS04; ( 0 )  
7.42M HzS04; (0) 12.1M HzSOa. 

distribution of the hydrogen adatom current peaks de- 
pends on the sulfuric acid concentration. At a constant 
composition the current peak heights increase linearly 
with v .  However, the shift of the hydrogen peaks, both 
in the anodic and in the cathodic sweep, towards more 
negative potentials with increasing acid concentration 
are not as large as reported (10) if the electrode po- 
tentials are referred to the NHE instead of the RHE. 
The reverse occurs in the potential range of the oxy- 
gen-containing layer. The resolution of the E / I  dis- 
plays, as far as the hydrogen adatom current peak is 
concerned, particularly current humps IV, and IV, is 
slightly improved when compared to previous data. 

The electrosorbed oxygen species in agreement with 
previous results (10, 14) start to form on the electrode 
at  potentials which are more positive as the HzSO4 
concentration increases (Fig. 1). The stabilized E / I  dis- 
plays in the potential range of the electrosorption of 
the oxygen containing species show, with sulfuric acid 
concentrations lower than 12M, two anodic current 
peaks (Va and VI,) and a single wide cathodic current 
peak (VII,). With higher sulfuric acid concentrations 
a wide anodic current peak is observed. As the poten- 
tial sweep rate increases, the oxygen electroreduction 
current peak becomes wider and relatively more asym- 
metric due to the interference of the aging process dur- 
ing and after the electroformation of the oxygen- 
containing monolayer. 

The potential difference between the hydrogen 
adatom potential region and the oxygen-containing 
monolayer potential region increases as the sulfuric 
acid concentration increases. But, although this sug- 
gests that the double layer region becomes more ex- 
tended, the anodic current in this region is always 
smaller than the cathodic current. In principle, this 
reveals that during the negative going potential excur- 
sion there is a faradaic cathodic current contribution in 
the so-called double layer potential region. 

The heights of the current peaks ( I , )  located in the 
oxygen electrosorption potential range also fit linear 
I , / v  relationships but the cathodic current peak has to 
be referred to the unit anodic charge, since the latter, 
at  a constant E A . ~  depends on v ,  (Fig. 3 ) .  The influence 
of v both on the height and location of the current 
peaks associated with the oxygen-containing film is 
similar to those already known in other electrolytes 
under uncontrolled aging of the electroformed species. 
The situation is also similar for the hydrogen adatom 
current peaks, except that while the electrodesorption 
current peak potentials are independent of v, those of 
the electrosorption process become slightly more nega- 
tive as v increases. 

The oxygen electroformation potential shifts linearly 
towards more positive potentials with the anion 
concentration (HSO4- + SO4=-) (Fig. 4). The same 
trend 1s observed for AE,, the potential difference of 
the anodic and cathodic current peak potentials ob- 
served in the oxide region. 

The electroreduction current peak VII, under com- 
parable perturbation conditions moves more slowly 
towards the positive potential side as the HzS04 con- 
centration increases. Simultaneously, the Ip ,e /AIp,c ,~tz  
ratio also increases. A l P , , l l z  denotes the cathodic cur- 
rent peak width at 0.5 I,,,. These effects reveal that 
the increasing electrolyte concentration influences not 
only the charge but also the energetic distribution of 
the species anodically formed and hinders to a certain 
extent the rate of their chemical transformation into 
more stable species. 

Discussion 
The effects associated with changing HzSO4 concen- 

tration are, in part, derived from the change of the 
ionic composition of the electrolyte of the solution due 
to the ionization equilibria 

The relative concentrations of the HzS04, HS04-, 
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Fig. 3. Ip,c/Qo,a vs. v and Ip.a vs. v plots. (0 3.93M; ( x 
7.42M; (+) 121M. 

07 
5 10 

[SOL H-+SO; ]/(moles liter) 

Fig. 4. ED, the extrapolated potential related to the initiation of 
the oxygen containing film formation as a function of the H2S04 
anion concentration. 

and Sods- as a function of acid concentration covering 
the range employed in the present work are well es- 
tablished (15). On the other hand, the adsorption of 
HSO4- ions on platinum electrodes has been deter- 
mined by using radio-tracer techniques (16, 18) and 
quantitatively studied (19) by means of the triangular 
potential sweep technique (17).  It is concluded that 
adsorbed HSO4- occupies two oxygen adsorption 
sites (9). The adsorption equilibrium in 0.5M HzSOI 
is attained after 100 sec and the maximum coverage 
(ca. 0.15) is reached at 0.8V (9), a potential which 
corresponds to that of the initiation of the oxygen- 
containing monolayer. 

The increasing concentration of sulfuric acid anions 
affects in a different way the hydrogen and the oxy- 
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gen electrosorption regions. Thus, in the hydrogen 
adatom region, the distribution of both the anodic and 
cathodic current peaks are altered without a substan- 
tial trend in the shift of the corresponding peak po- 
tentials with the sulfuric acid concentration. Appar- 
ently under the present circumstances, the effect of in- 
creasing the anion concentration changes the relative 
heights of the hydrogen adatoms current peaks which 
can be explained as a simple selective blocking of the 
various hydrogen adsorption sites. This effect, in prin- 
ciple, coincides with that already described for the 
role of 0x0-anions on the potentiodynamic displays 
with different acid electrolytes ( l l ) ,  but from the 
charge balances already described, the anion influence 
is complicated by the possible occurrence of different 
electrochemical processes in the potential range of the 
hydrogen adatoms electroformation. Thus, the values 
of the Q H , ~ / Q H , ~  and QO,~/QO.~ ratios different from 
one indicate that a fraction of the oxygen-containing 
layer is electroreduced in the potential range of the 
hydrogen adatoms electroformation The products 
which formed that fraction should be more stable than 
the product initially electroformed. Moreover, if the 
electroreduction of the oxygen-containing layer occurs 
irreversibly, then within a constant potential range 
the corresponding charge should decrease as the po- 
tential sweep rate increases. The existence of different 
surface species produced in the course of the anodic 
reaction are associated with the aging processes al- 
ready described (1-6, 11). Therefore, the influence of 
anions in the hydrogen adatom potential range is 
actually more involved than was thought earlier. Other 
than the two possibilities already discussed (11, 15), 
namely either the prevalence of a simple blocking 
effect by the anions, or a significant disturbance of the 
adsorption energy for a particular type of site, a third 
possibility is that the electrode surface is simultane- 
uously influenced both by the anion adsorption and by 
a residual layer of strongly bound oxygen-containing 
species. Thus, taking into account the location of the 
potential of zero charge for the Pt/HzS04 (aq) interface 
(E, c: 0.3V) (23, 24) in this potential range it is rea- 
sonable to expect either a relatively low electrostatic 
or rather unfavorable energetic conditions to the 
anion adsorption. There, the energetics of the surface 
is predominantly influenced by the remaining oxygen- 
containing species. This is particularly relevant when 
data from the stabilized E/I displays are considered. 
Then, the latter main contribution is the surface block- 
ing. Therefore, unless the perturbation variables on 
the anion adsorption process are precisely adjusted, 
only a qualitative comparison of results is feasible. 

The adsorption of anions on the platinum 
surface affects the oxygen electrosorption region in 
an entirely different manner, but very smilar to that 
already described for other ions (9, 19). The change 
of the potential for the maximum oxygen coverage 
was attributed to an increasing strength of the Pt-0 
bond and/or to the greater extent of oxidation (25). 
The retardation effect was also assigned to the presence 
of HS04- ions and/or undissociated H2S04 molecules 
(14). The former ion is known to modify the oxygen 
chemisorption region on platinum (19). The electro- 
sorption of the oxygen-containing species initiates at 
a more positive potential as the electrolyte concentra- 
tion increases. The influence of the anions, in this case, 
as recently suggested (12) may act by blocking the 
surface sites and coupling the electrosorption of the 
oxygen-containing species and the anion desorption. 
This combined effect is produced by the strong anion 
adsorption, probably assisted by the electrostatic in- 
teraction between the positively charged electrode sur- 
face and the anion. 

Finally, a third contribution of the anions is re- 
vealed through the electroreduction current peak of 
the oxygen-containing species. As already known, this 
current peak contour is a complex one and it involves 



VoE. 126, No. 12 ELECTROSORPTION AT PLATINUM 2143 

the electroreduction of different nonequilibrium spe- 
cies. The latter participates in chemical aging processes 
which quite likely involve a change in microstructure 
and distribution of lattice sites. Therefore, the changes 
revealed by the electroreduction current peak are as- 
sociated with surface restructuring. In this manner 
the characteristics of the E/I profiles recorded with 
the highest H2S04 concentration approaches those de- 
scribed in detail for the platinum/molten bisulfate 
interface (4-61, except that the hydrogen adatoms po- 
tential range and the oxygen monolayer potential 
ranges for the latter interface are closer together be- 
cause of the effect of temperature. Furthermore, from 
the present results one explains a t  least qualitatively 
that the relatively slow aging rate of the oxygen mono- 
layer on platinum in the molten bisulfates, a t  tem- 
peratures above 200°C thereabouts, as compared to 
aqueous solutions a t  room temperature, is probably 
due to adsorption of the HSOI- ion a t  the metal/elec- 
trolyte interface as the major contribution. 

On the other hand, the strong interaction between 
HSOa-/S042- ions and platinum a t  high positive po- 
tentials assists the following electroche~~ical processes, 
namely, the platinum dissolution as Pt(l1) and Pt(IV) 
(26, 27) in  the aqueous electrolytes either at room or 
even higher temperatures, the SzOsZ- electroforma- 
tion in the same electrolytes at low temperatures, and 
the S2072- electroformation in the molten bisulfate 
electrolytes. 
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Mixed Alkali Effect in Hydrate Melts 
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ABSTRACT 
Electrical conductivities, densities, and glass transition temperatures have 

been measured as a functlon of composit~on in the hydrate melt systems 
XNaNOs- (0.2 - X) MN03-0.8Ca(NOs)~ - 4.09Hz0 for M = K and T1. Unlike 
mixed monovalent cation fused salts and network oxide glasses and melts, in 
the experimental range of -5-0 70°C no minima were observed in the 
isotherms of equivalent conductance A for the Na/K hydrate melts and weak 
minima (-3%) only at the. lowest temperature for the Na/T1 hydrate melts. 
A review of data and theones currently in the literature leads to the conclu- 
sion that a strong mixed alkali effect, i.e., minimum in the A isotherm, should 
be observed only if the time scale for rearrangement of the local liquid struc- 
ture is very long compared to the time scale for local ionic transport. This 
condition is not met by the hydrate melts in the experimental temperature 
range. It should, however, be met at lower temperatures, and extrapolation of 
the data indicates that the hydrate melt A isotherms develop appreciable 
minima at  such lower temperatures. 

The "mixed alkali effect" refers to deviations from 
additivity in isotherms of various properties as a func- 
tion of composition as one alkali is replaced for another 
in a glass or melt, e.g., the system (1 - X)NazO- 
XKz0-3Si02, where 0 G X L 1 and the compositions 
refer to numbers of moles. The term "mixed alkali 
effect'' should more properly be "mixed monovalent 
cation effect," since the phenomena of interest are 
also observed in systems containing noninert gas con- 
figuration monovalent cations such as Ag+ or TI+. 
However, in the present paper we defer to the more 
common usage and use the more restrictive term. 

A number of comprehensive reviews of the mixed 
alkali effect in network oxide glasses and melts have 
been published in recent years (1-6). In general it 
is found that there is no mixed alkali effect for equi- 
librium thermodynamic properties; e.g., molar volumes, 
elastic moduli, heat capacities, etc., are either linear 
functions of composition in mixed alkali systems, or 
there are small deviations from additivity no larger 
than those encountered in typical nonmixed alkali 
systems. Also in mixed alkali glasses there are no 
changes with composition in infrared vibrational fre- 
quencies due to cation motions, and Raman vibra- 
tional frequencies due to network motions vary lin- 
early with composition ( 6 ) .  On the other hand, a 
very pronounced mixed alkali effect is observed for 
properties related to ionic transport. This is illustrated 
in Fig. 1 by the very deep minima in isotherms of 
electrical conductivity a, us. composition for the sys- 
tem (1 - X)NazO-XKz0-3Si02 (7). There is some 
question as to whether a mixed alkali effect can be 
said to occur for properties related to the rearrange- 
ment of the over-all liquid structure, e.g., shear vis- 
cosity q and glass transition temperature T,. Mixed 
network oxide glass viscosity and T, isotherms gen- 
erally show minima at intermediate compositions, 
but Shelby ( 4 )  has noted that these deviations from 
additivity are no larger than those typically observed 
in nonmixed alkali systems. In addition Moynihan 
and co-workers (8, 9) have noted that linear com- 
position dependence of the parameters of the VTF 
equation for the temperature dependence of shear 
viscosities of liquids can lead to moderately nonlinear 
viscosity isotherms for systems which would ordi- 
narily be expected to form fairly ideal solutions. Like- 
wise Moynihan et al. (10) found that in mixed alkali 
glasses the parameters characterizing nonlinearity 

and the distribution of relaxation times in structural 
relaxation are composition invariant. 

In the present paper we present the results of an 
investigation to determine whether a mixed alkali 
effect could be detected in monovalent cation nitrate- 
calcium nitrate tetrahydrate melts. The properties 
measured were electrical conductivity, density, and 
glass transition temperature. 

Experimental Procedure 
The systems investigated were of molar composition 

XNaNOa- (0.2 - X) MN03-0.8Ca (NOS) z.4.09HzO with 
0 6 X 5 0.2 and M = K or T1. Compositions studied 
corresponded to X = 0.0, 0.1, and 0.2. 

Reagent grade chemicals were used to prepare the 
melts. The exact H2O/Ca(NOa)z molar ratio in the 
calcium nitrate tetrahydrate was 4.090 r 0.007, as 

Electrochemical Society Active Member. 
Key words: conductlvlty, hydrate melt, mlared alkali, glass Fig. 1. Electrical conductivity isotherms for (1 - X)Na20-XKzO- 

transition temperature, density. 3Si02 glass. 
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determined by vacuum dehydration of three samples. 
The melts were prepared by weighing the components 
into a container, which was then tightly capped to 
prevent water loss, and heated to 50°C in a water 
bath to melt the calcium nitrate tetrahydrate. Agita- 
tion at  50°C with a magnetic stirrer caused the mono- 
valent cation nitrates to dissolve in the molten cal- 
cium nitrate tetrahydrate. 

During measurement of conductivity and density p 
the samples were thermostated in a water bath 
equipped with a refrigeration unit. Bath temperatures 
were determined to a precision of r0.02"C using a 
calibrated Hg-in-glass thermometer for density mea- 
surements and a calibrated Pt resistance thermometer 
for conductivity measurements. Densities were deter- 
mined to an accuracy of 0.1% over the range 0'-70°C 
with a dilatometer. Glass transition temperatures at  
a heating rate of 8'C/min were measured by DTA to 
an accuracy of r0.5"C using the procedure of Angell 
and Sare (11). 

Electrical conductivities were measured over the 
range -5"-70°C using a dipping cell with the elec- 
trodes separated by a length of glass capillary. The 
cell was calibrated with 0.1 demal KC1 solution and 
had a cell constant of 51.28 cm-1. Conductances were 
measured to an accuracy of 0.1% with a Wayne-Kerr 
B221 admittance bridge over the frequency range 
0.35-5 kHz. Over this frequency range the measured 
conductances increased by about 0.5% at the highest 
temperatures and by only 0.1% at the lowest tem- 
peratures, showing that there were no substantial 
contributions to the measured conductances from elec- 
trode polarization. The conductivities reported below 
were calculated using the values measured at  1 kHz. 

Results 
Densities were linear functions of temperature 

within experimental error and are presented in Table 
I in the form of least squares fits to the equation 

Also given in Table I are equivalent weights E and 
equivalent volumes V. at  20". Within experimental 
error the equivalent volumes are linear functions of 
composition 

In Fig. 2 the temperature dependence of the elec- 
trical conductivity a, for one of the melts is shown 
in the form of an Arrhenius plot. Arrhenius plots 
for the other melts were quite similar in appearance. 
The non-Arrhenius temperature dependence i.e., curv- 
ature of the plot in Fig. 2, is typical for highly con- 
centrated aqueous solutions in this temperature range. 
The isothermal dependence of the conductivity on melt 
composition is shown in Fig. 3. Our a, values for the 
Q2KNO3-0.8Ca(NO3)~.4.09H20 melt are in good agree- 
ment with those interpolated from the results of 
Angell (12), taking into account the likelihood of 
small differences in the water contents of the melts 
in the two studies and the strong dependence of a, 
on water content in this concentration range (13-15). 

Equivalent conductances for the melts were calcu- 
lated from the expression 

Table I. Parameters for density equation, equivalent weights, and 
equivalent volumes at 2O"C for 

XNoNO3-(0.2 - X ) M N O ~ - O . ~ C O ( N O ~ ) ~  . 4.09H~O melts 

"2.8 L.8 ~ O ~ / T I K I  

Fig. 2. Arrhenius plot of electrical conductivity of 0.2KN03- 
0.8Co(N%)z . 4.09H20 melt. 

u lo-do o .I 0 . 2  

X 

Fig. 3. Electrical conductivity isotherms for XNaN03-(0.2 - 
X)MN03-0.8Ca(NO3)2 . 4.09H20 melts, 0, M = K, A, M = TI. 

In the temperature range of this study the tempera- 
ture dependence of A for hydrate melts can be well 
described by the so-called VTF equation (8,12-16) 

In A (cmZ/nequiv.) = A - M In T("K) 

-B/(T('K) - T o )  Dl 

where A, B, and To are adjustable parameters. The 
equivalent conductance data for the melts were fitted 
to Eq. [3] to the nearest 1°K in To using a procedure 
described previously (16). The best fit parameters 
are given in Table 11. In each case the VTF equation 
fits the data within a few tenths of a percent. The 
experimental glass transition temperatures are given 
in the last column of Table 11. 
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Table II. Best fit  VTF equation parameters and glass transition 
temperatures for XNaNO3-(0.2 - X)MN&-0.8Ca(NOs)~ . 4.09Hi0 

melts 

Std. 
dev. T. 

P X A B To I n A  ('K) 

The B and To values in Table I1 are about the same 
as those reported in previous studies (8, 12, 14-16) 
in this temperature range for melts containing sub- 
stantial amounts of calcium nitrate tetrahydrate. The 
To parameter may be interpreted theoretically as the 
temperature at  which the free volume (17) or con- 
figurational entropy (18) of the melt vanishes. Tg 
is the temperature at  which the shear viscosity reaches 
about 1O11P for concentrated aqueous solutions (19). 
The ratio Tg/To for the systems studied here is con- 
stant within experimental error and equal to about 
1.07. Roughly constant values of T,/T. of about this 
magnitude have been observed for other ionic liquids 
in which To has been extracted from data in a tem- 
perature range corresponding to the few orders of 
magnitude in shear viscosity above the highly fluid 
lower limit of around 10-2P for liquids (8, 14, 20-24). 
This is the range in which free volume or configura- 
tional entropy theories of transport seem to give the 
best correlations with other liquid properties. 

Comparing Fig. 1 and 3, i t  appears that the XNaNO3- 
(0.2 - X) MN03-0.8Ca (NOS) 2.4.09H20 hydrate melts 
do not exhibit a mixed alkali effect in the temperature 
range studied here. That is, the logarithmic a, iso- 
therms in Fig. 3 do not show perceptible negative 
deviations from linearity. 

A somewhat more sensitive indicator of the elec- 
trical mixed alkali effect is the deviation from addi- 
tivity of the a,, or A isotherms on a linear scale. This 
may be characterized by the ratio r defined either as 

taken at  the composition of maximum deviation from 
additivity, where u0,,dd or A.dd are the conductivity 
or equivalent conductance predicted on the basis of 
mole fraction weighted additivity of the 0,'s or A's 
of the two single alkali systems. (r, and r~ are gen- 
erally not greatly different.) 

In Table I11 are given values of m calculated from 
the parameters of Table I1 at  the temperature ex- 
tremes (-5' and 70%) of this study for the hydrate 
melts. In view of experimental uncertainties, the best 
accuracy that can be claimed for TA is about 20.01. 
Hence in terms of m only the Na/Tl hydrate melt 
at  the lowest experimental temperature shows a 
mixed alkali effect ( r ~  > I ) ,  and this barely outside 
experimental uncertainty. 

The equivalent conductance activation enthalpy AH* 
can be calculated from the VTF equation parameters 
of Table I1 

AH* I -Rd lnA/d (l/T) = RBTz/(T - To)z - RT/2 

where R is the ideal gas constant. In the experimental 
temperature range the A H *  values for the hydrate 
melts are all very similar at a given temperature and 
range from 6.9-7.2 kcal/mole at 70°C to 19.2-21.1 
kcal/mole at  -5°C. In the last column of Table I11 
are tabulated the deviations of activation enthalpy 
from additivity as a function of composition 

Table Ill. r* and &AH* as a function of temperature for 
XNaNOp(0.2 - X)MN03-0.8Ca(N03)% . 4.09H20 melts. 

Entries in rows marked with an asterisk are extrapolated beyond the 
experimental temperature range. 

6AH0 (kcaU 
M T ('C) r~ mole) 

where the subscripts refer to the monovalent cation 
fraction, e.g., M/(M + Na), of one of the monovalent 
cations. In the experimental temperature range the 
AH* values are additive functions of composition 
within experimental error. 

Discussion 
Experimental manifestations and theories of the 

mixed alkali effect.-To attempt to account for the 
lack of an appreciable mixed alkali effect in electrical 
conductivity of the hydrate melts, we begin with a 
more complete summary of experimental observa- 
tions on mixed alkali system electrical transport prop- 
erties and theories for this behavior. In this section 
references are given only for points which are not 
covered adequately in the general review papers 
(1-3, 5). 

The following are the experimental characteristics 
of the electrical transport mixed alkali effect: 

1. For vitreous substances the mixed alkali effect 
(i.e., r > 1) is observed both in glasses and liquids 
and in network oxide and fused salt systems. r can 
vary from very large values (r, = 2.6 x lo4 at  50°C 
in Fig. 1) to values ciose to unity [TA = 1.04 for 
molten Na/KN03 at 350'C (25) and 1.14 for molten 
Na/TlNOs at  310'C (26)] to nearly unity within 
experimental error for the hydrate melts studied here. 

2. A H * ,  the conductivity activation enthalpy, ex- 
hibits positive deviations from additivity as a func- 
tion of composition, i.e., SAH* > 0. This has the effect 
of making r increase with decreasing temperature 
(cf. Fig. 1 and 4). For the hydrate melts in the ex- 
perimental temperature range &AH* = 0. 

3. Other conditions being the same, r increases with 
an increase in difference in the alkali ion radii. 

4. The source of the mixed alkali effect on electrical 
conductivity in terms of the individual monovalent 
ion mobilities is that the mobilities exhibit different 
composition dependences. Usually there is a crossover 
composition for the mobility isotherms, such that at 
the composition extremes the monovalent cation pres- 
ent in higher concentration possesses the higher mo- 
bility (27, 28). 

5. For a given system the magnitude of the mixed 
alkali effect shows a complicated dependence on 
over-all monovalent cation concentration. At a given 
temperature there always seems to be a concentration 
below which the mixed alkali effect is absent (or at 
least indetectably small). This is shown in Fig. 4 
in which isotherms of resistivity p,(=l/r,) are plotted 
for three compositions for Y (NazO + K20) - (1 - Y) 
Bi03 melts (29). At 1000°C no mixed alkali effect, i.e., 
no deviation from additivity in the p, isotherms, is 
observable for any of the compositions. By 860°C, 
however, the 20 and 28 mole percent (m/o) alkali 
melts exhibit a mixed alkali effect, i.e., a maximum 
in the PO isotherms, but no mixed alkali effect is yet 
discernible in the 12 m/o alkali melt. For the borate 
melts of Fig. 4 r, at a given temperature increases 
with increasing total alkali concentration. At high 
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Fig. 4. Electrical resistivity isotherms for Y(Na20 + Kz0)- 
(1 - YIB203 melts. 

alkali concentrations, however, this trend may be 
reversed. This is shown in Fig. 5 for Y (Naz0 + Kz0)- 
(1 - Y)Si02 melts (30) for which r,, decreases with 
increasing alkali content. 

Numerous explanations have been proposed for the 
mixed alkali effect on electrical transport properties. 
Some of these have now been shown experimentally 
to be incorrect, e.g., the theory that the mixed alkali 
effect is due to phase separation. The remaining 
theories, all of which have at least some drawbacks, 
may be classified into two general categories: cationic 
interaction theories and structural/mechanistic theo- 
ries. 

The cationic interaction theories are typified by 
those proposed by Moynihan and Laity (27, 28), 
Mazurin (31), and Hendrickson and Bray (32). In 
general they suggest that partial replacement of one 
monovalent cation by a second leads to some sort 
of attractive interaction among the cations or, in the 
extreme, to the formation of associated cationic com- 
plexes. This in turn causes a relative reduction in 
the average ionic mobilities. While such interactions 
may account for moderate deviations from additivity 
in the u,, or A isotherms, they cannot explain the 
extreme sort of behavior typified by Fig. 1. In this 
case the initial replacement of a small amount of 
Kz0 by NazO in the Kz0-3Si0~ glass causes such a 

0.02 
0 0.5 1 

K/lK+Nal 

Fig. 5. Electrical conductivity isotherms at 900'C for Y(Naz0 + 
Kz0)-(1 - Y)SiOz melts. 

rapid drop in r, at 50°C that one would have to 
assume that each Na+ ion complexed and completely 
immobilized some 40K+ ions (33). 

An example of a structural/mechanistic explanation 
of the mixed alkali effect is that of Stevels (34). He 
assumes that a variety of monovalent ion sites exist 
in a glass or liquid. When the glass or liquid contains 
a mixture of monovalent ions, each kind of ion pref- 
erentially occupies sites which are energetically most 
favorable for it. Presumably these most favored sites 
are different for different types of ions. Thus mixing 
of the monovalent ions leads to a net reduction in 
the number of ions loosely bonded to the network. 
If these are responsible for the measured electrical 
conductivity, then mixing of the monovalent ions 
leads to a relative reduction in r,,. Evidence in favor 
of this last point of view is to be found in the recent 
papers of Ravaine and Soquet (35) and of Tomozawa 
(36), who suggest that network oxide glasses are 
weak electrolytes and that electrical conductivity is 
due to the transport of a relatively small number of 
mobile, i.e., loosely bound, ions. 

Whatever the correct explanation for the mixed 
alkali effect, it seems inevitable that it must predict 
that the effect will eventually decrease and disappear 
as the total concentration of monovalent cations 
decreases. As the average distance between cations 
increases, any intercationic interactions must become 
progressively weaker and any correlations among the 
interactions of the cations with the structure must 
vanish. 

Importance of the relative rates of ionic transport 
and structural rearrangement.-A condition required 
by all of the structural/mechanistic theories for the 
mixed alkali effect, which is usually left unstated, 
is that the structure of the medium be fixed or, more 
precisely, that the time scale for rearrangement of the 
local structure be long compared to that required 
for the local diffusion of monovalent cations from 
site to site. If this condition is not met, to use Stevels' 
theory (34) as an example, the character of the sites 
occupied by the various ions will change constantly 
on the time scale of average occupancy, so that the 
notion of preferential occupancy of different types 
of sites by different ions becomes meaningless. 

A good figure of merit for the relative time scales 
of local structural rearrangement and ion transport 
is the ratio (37) 

<t,> is the mean relaxation time at constant strain 
for disappearance of a shear stress via viscous flow 
and G. the solid-like (i.e., limiting high frequency) 
shear modulus of the melt or glass. <r,> is the mean 
relaxation time at constant polarization for disap- 
pearance of an electric field within the material via 
the ionic transport process, ~,,(=8.854 x 10-14 F/cm) 
the permittivity of free space, and E. the limiting high 
frequency dielectric constant. Typical values for ionic 
melts and glasses of G, and em are, respectively, 
-1011 dyne/cmZ and -6, so that 

with q in P and u, in a-1 cm-1. 
In Fig. 6 are shown logarithmic plots of <.c,>/<.cu> 

us. q for a number of ionic melts. The data for LiC1. 
5.77H20 and 0.4Ca(NOs)z-0.8KNO3 are from pre- 
vious publications (19, 37). For Ca(N08)2.8Hz0 we 
have plotted the longitudinal stress to electric field 
relaxation time ratio <r~>/<.c,> (38) ; this should 
differ very little from <r,>/<t,>. The <r.>/<.c,> 
ratios for the network oxide melts were calculated 
via Eq. [7] using measured values of q and r, and 
estimated values of G, and e,, taken all from the data 
compilations of Mazurin et al. (391, except for the 
U. values at high q for 0.2Naz0-0.8SiO~, which were 
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Fig. 6. Ratio of shear or longitudinal dress relaxation time to 
electric field relaxation time vs. shear viscosity for ionic liquids. 

t e e n  from the paper of Kaneko and Isard (40). The 
main uncertainties in Fig. 6 arise from the estimation 
of G, and r ,  for the low viscosity melts; this may lead 
to errors of at most a factor of 2 in the <T~>/<T,> 

values. 
The first thing to note about the plots of Fig. 6 

is that at  low viscosities and high temperatures the 
<~?>/<r,,> ratios for all systems approach unity. 
Thls is in fact predicted from the approximate validity 
of the Stokes-Einstein equation (which relates q 
to ionic difision coefficient D) and the Nernst-Ein- 
stein equation (which relates u0 to D) for high tem- 
perature ionic melts (28). Combining these two ex- 
pressions with Eq. [ I ]  one gets 

where NA is Avogadm's number, Z the ionic charge 
in units of the electronic charge e, CM the ionic con- 
centration, and d the ionic diameter. Using typical 
values of CM = 20 nole/liter for ionic melts (cf. Table 
IV), Z = 1, d = 0.2 nm, C, = 6, and G, = 1011 dyne/ 
cm2, one obtains via Eq. [9] the value <,>/<r,> 
= 0.3, i.e., of the order of unity. 

With decreasing temperature and increasing vis- 
cosity <rS>/<r,> increases and, in the case of the 
network oxide melts and the anhydrous fused salt, 
reaches extremely large values in the vicinity of 
the glass transition (q - 10"-10'aP). This increase 
in <rS>/<rS> at high viscosities is due to the failure 
of the Stokes-Einstein equation, since it is known 
that the Nernst-Einstein equation is approximately 
valid for alkali ions in network oxide glasses in and 
below the glass transition region (41). 

In view of all the foregoing, we suggest the follow- 
ing with regard to the causes and/or conditions for 
the mixed alkali effect on electrical transport proper- 
ties. Monovalent cationic interactions may give rise 
to relatively small mixed alkali effects, i.e., r values 
slightly larger than unity, such as those observed in 
fused salts at high fluidities where <r,>/<r,> -- 1. 
Such cationic interactions depend strongly on inter- 
ionic distance and should decrease rapidly in magni- 
tude, along with the magnitude of the mixed alkali 
effect, with decreasing monovalent cation concentra- 
tion. For large mixed alkali effects of the magnitude of 
those in Fig. 1, 4, and 5 to be observed the condition 
must be met that <rs>/<r,> >> 1, i.e., that the 
melt structure remain fixed on the time scale of the 

local diffusive steps of the monovalent cations. This 
condition allows structural/mechanistic effects to come 
into play. Probably structural/mechanistic effects do 
not depend as strongly on interionic distance as do 
the monovalent cation interactions. 

In Table JY we have listed the viscosity ranges of 
the sodium ion melts of Fig. 6 corresponding to the 
temperature ranges of the conductivity data of Fig. 
3-5. Correlations between the magnitude of the mixed 
alkali effect, i.e., of r, and the value of <-c,>/<r,> 
are immediately apparent. For the 12 m/o alkali borate 
melt of Fig. 4 <r,>/<r,> is small (between about 
4 and 8) from 1000' to 85O0C and no mixed alkali 
effect is observed in this temperature range. For the 
20 and 28 m/o alkali borate melts <r,>/<r,> varies, 
respectively, from about 5 to 30 and from about 6 
to 40 in the range 1000'-800°C. No mixed alkali effect 
is observed at the higher temperature where <+,>/ 
<r,> is small. At the lower temperatures, where 
<r.>/<r,> becomes substantially larger, however, 
a pronounced mixed alkali effect is observed. For the 
alkali silicate melt data of Fig. 5 at 900°C <T.>/<T,> 

is about 5 x 104, 2 x 104, and 0.8 x 104 for the 
respective compositions 20, 30, and 40 m/o alkali; 
<r.>/<s,> decreases in the same order as the r, 
values obtained from Fig. 5. 
Mixed alkali effect in hydrate melts.-The absence 
or smallness of the mixed alkali effect in the XNaNOa- 
(0.2 - X)MNOa-0.8Ca(NOs)~.4.09H~O melts in the 
temperature range studied here is probably due to a 
number of reasons. First, the total alkali concentration 
CM in the hydrate melts is considerably smaller than 
in the other systems discussed here, as shown in 
Table IV. This concentration is small enough probably 
to make any cationic interaction contributions to the 
mixed alltali eKect negligible. Second, from the data 
for the two hydrate melts given in Fig. 6 and the 
estimated viscosity data for the present systems in 
Table IV, <G>/<T,> is close to unity for this system 
in the experimental temperature range. Third, judging 
from reducible cation (Ag+, TI+, and Cd+2) diffusion 
coefficients in a Ca(N03)2.4.09H20 melt in the range 
15"-60°C (42) the Ca+2 and alkali ions in this tem- 
perature range have comparable electrical mobility- 
charge products. This means that in the present ex- 
periments we are attempting to observe an effect on 
uo due to the mixing of monovalent cations against 
a background due to the other ions which contributes 
at least 80% of the total u,. Note that the second and 
third reasons are not unrelated. At lower tempera- 
tures <.c,>/<T,> for these melts should gradually 
become considerably larger than unity. When this 
occurs some species in the system must become im- 
mobile relative to the monovalent cations. In silicate 
or borate systems the immobile part is the silicate 
or borate network. In the hydrate melts the immobile 
part would be presumably some sort of network 
formed at low temperature from the hydrated divalent 
cations and the anions. 

We predict, consequently, that at temperatures some- 
what below those investigated here these hydrate 

Table IV. Temperature and viscosity ranges and alkali ion 
concentrations for sodium ion melts with conductivity data shown 

in Fig. 3-5 
pp -- - - - 

csl 
(mole/ 

System T ('C) log n(P) ltter) 
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melts should begin to show an appreciable mixed 
alkali effect. To provide a rough test of this prediction 
we have listed in Table I11 r~ and &AH* at  -20" 
and -40% extrapolated from experimental data using 
Eq. 131 and [5]  and the parameters of Table 11. There 
is some danger in doing this, since i t  is known ( 1 5 )  
that extrapolation of data to lower temperatures using 
the VTF equation invariably leads to underestimates 
of A and overestimates of AH*. However since the 
errors in the extrapolated values of A and of AH* 
for each of the hydrate melts should, respectively, 
all be of the same sign, the errors in r~ and 6AH*, 
which measure properties of the melts relative to one 
another, should be considerably smaller than the 
errors in  the A or AH* values themselves. 

The extrapolated r A ( > l )  and 6AHe(>O) values 
for the hydrate melts do indeed indicate that at lower 
temperatures these systems will exhibit appreciable 
mixed alkali effects. Confidence in  this conclusion is 
enhanced by these observations: ( i )  The results show 
the expected trend of increase in T A  with decreasing 
T .  ( i i )  That r~ is greater for the Na/Tl hydrate melt 
than for the Na/K hydrate melt in the extrapolated 
region agrees with the same trend in the experimental 
region, although the latter result is close to the limits 
of experimental uncertainty. ( i i i )  In the anhydrous 
alkali nitrate melts r~ is also larger for the Na/T1 
system than for the Na/K system (25, 26) .  

In the near future we intend to check experiment- 
ally whether these hydrate melts do exhibit appre- 
ciable mixed alkali effects at  low temperatures and 
high viscosities. If indeed they do, mixed alkali ni- 
trate-divalent cation nitrate systems, which are good 
glass formers over wide composition ranges in the 
form of both hydrate melts and anhydrous fused 
salts, may prove valuable low temperature model 
systems for unraveling the combined dependence of 
the mixed alkali effect on concentration and <.e,>/ 
<t> ratio. 
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ABSTRACT 
Potential and current distributions are calculated for a partially passi- 

vated rotating disk electrode. A discontinuous local polarization relation is 
used to reflect the change from the active to the passive state. Results of the 
model yield a z-shaped polarization curve similar to curves measured experi- 
mentally .by Epelboin et al. The limiting cases of mass transfer control and 
ohmic control are treated. Comparison of previous experimental results with 
the model is in harmony with the conclusion that the electrode is mass transfer 
controlled in the transition region. 

Passivation of iron in sulfuric acid has been noticed 
by investigators for some time. In his experiments 
Flade (1) observed a potential characteristic of the 
passive-active state transition. Somewhat later, Oster- 
wald (2) considered the potentiostatic measurements 
of Franck (3). An explanation was presented which 
relates the oscillating current-potential behavior to 
an ohmic drop in the solution and the stability of an 
iron oxide film. In a series of papers, Hurlen (4-6) 
presented kinetic parameters important for the de- 
scription of the iron electrode. In this paper a model 
is developed which corresponds to the experimental 
results obtained with an iron rotating disk electrode 
in sulfuric acid solution. 

More recently, Epelboin et al. (7) showed the im- 
portance and validity of an electronic device for ob- 
taining polarization curves. Briefly, they explained the 
hysteresis of the current-potential curve observed 
with potentiostatic control in terms of the operating 
characteristic of the potentiostat. They also introduced 
a negative impedance converter (NIC). This device 
was used to control the current-potential behavior of 
the iron electrode without hysteresis but with a con- 
tinuous, reversible transition from the active to the 
passive state. Because of its shape, the curve is re- 
ferred to as a z-shaped curve. 

In this paper the portion of the polarization curve 
which descends from the limiting current plateau to a 
very small current is called the transition region. In the 
transition region, active and passive states exist on 
different portions of the disk electrode. 

The polarization curves obtained by Epelboin et al. 
with a NIC are given in Fig. 1. The limiting current 
varies with the square root of rotation speed. The 
dotted region of the plateau is not a stable region; 
here the measured currents were reported to have 
large fluctuations. 

In this paper Epelboin et al. suggest the applicabil- 
ity of a local polarization relation which decreases 
sharply to a low current density. 

Model Development 
A simple model is presented for the passivation of 

iron in 1 molar sulfuric acid which accounts for the 
kinetic resistance in the double layer and the nonuni- 
form ohmic potential across the disk surface. The 
model does not consider mass transfer of chemical 
species explicitly. However, the effect of mass trans- 
fer limitations is included in the kinetic expression. 

To characterize the over-all response of a disk elec- 
trode undergoing anodic polarization, a local polari- 

zation curve is needed. There are many kinetic expres- 
sions from which to choose; however, we have con- 
sidered an expression which shows a discontinuous 
change from the active to the passive state. For ex- 
ample, in the active region a modified Butler-Volmer 
relationship is presumed to apply 

i = nFka exp [- (V - oo) ] 
RT 

- nFk,c~, + + exp [g (v - l o )  ] 111 

At a characteristic value of the driving force, V - o, 
= (V - 9.). = 0.28V, a passive film is presumed to 
form; and the current density changes discontinuously 
to an extremely low value that remains constant with 
further increases in V - lo. 

The electric driving force is the local potential dif- 
ference V - @,, where V is the potential of the iron 
rotating disk electrode and 9. is the potential measured 
by a saturated calomel electrode immediately adjacent 
to the surface but outside the double layer. The state 
of the electrode can be characterized by the value of 
V - @,. If V - h at the edge is equal to or less than 
(V - @,)* = 0.28V, then the active state prevails. The 
passive state exists over the entire disk when V - 9, 
at the center of the disk is greater than (V - .Po)*. In 
the transition region which exists between these con- 
ditions, both states exist simultaneously on the disk. 
Figure 2 is a description of the local polarization rela- 
tionship. 

I 4500 rom I 

Electrochemical Society Student Member. 
. ->.tit.' - 

* *  Electrochemical Society Active Member. 
Key words: passivation, pitting and current, potential Fig. 1. Current-voltage behavior of a rotating dirk electrode ob- 

distribution. tained by Epelboin et a/. 
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Fig. 2. Local polarization behavior for kinetic control 

It is possible to include the effects of mass transfer 
limitations without explicitly calculating the mass 
transfer of chemical species. This is accomplished by 
including the concentration dependence of the limit- 
ing reactant in the kinetic expression. An applicable 
expression is 

i = a k a  (sy exp [g (V - oo) I 

The ratio CR,O/CR, is equivalent to 1 - i/i,i,. The elec- 
trode is still presumed to passivate locally for values 
of V - 9, greater than (V - o,).. However, the shape 
of the local polarization curve is noticeably different. 
Figure 3 schematically illustrates the local polarization 
curve when the effect of a limiting species is included. 
Results will be presented which indicate the merits of 
the two polarization relations discussed here. 

We must mention that the model presented here 
considers only one of the possible arrangements of 
the active and passive state. In addition to an active 
disk with a passive ring outside it, one could also 
consider a passive disk with an outer active ring, and 

v-e0 ,v  

Fig. 3. Local polarization behavior when mass transfer limitations 
are considered. While this curve quolitatively represents the be- 
havior for a range of parameters, the cuwe was actually drawn with 
nFk, = 1.0 X 108 A/&, p = 0.01, and = 4500 rpm. 

an active ring between an inner passive disk and an 
outer passive ring. All three possibilities were ob- 
served experimentally by Epelboin et al. 

Analysis 
Laplace's equation is solved for the region between 

the electrode surface and a countereledrode well re- 
moved from the surface. The equations describing the 
problem are 

V % = O  ~31 

r=O o is well behaved 141 

where i = f (V - 'Po) refers to Eq. [I] without mass 
transfer limitations and to Eq. 121 when mass transfer 
limitations are considered. 

One does not hope to find a solution to Laplace's 
equation subject to these boundary conditions in the 
literature. A solution is obtained by superimposing 
solutions to Laplace's equation subject to boundary 
conditions which are algebraically equivalent to those 
given above. The three solutions are 

where *I, @I, and on1 all satisfy Eq. [3],  141, [8], and 
[Q]; while on the disk electrode at  z = 0, they satisfy 
the following 

A solution for 91 subject to the boundary conditions 
specified has been given in rotational elliptic coordi- 
nates by Newman (8) and takes the form 

where 
T = ~ ~ \ / ( l - q 2 ) ( 1 + t ~ ) ,  z=rpv€ 

The current density at the working electrode is given 
by 

From the orthogonal properties of Legendre polyno- 
mials, the B, coefficients can be expressed as 

It is convenient to use the results of Nanis and Kes- 
selman (9)  for solutions to the second and third terms 
in Eq. [ lo].  The potential just outside the double layer 
is the potential of most concern and is given as 

where K[ (r , /r)  21 and E [ (rO/r)2] are, respectively, the 
complete elliptic integrals of the first and second kind 
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as defined by Abramowitz and Stegun (10). [New- 
man (11) quoted the results of Nanis and Kesselman 
without realizing the difference in the definition of 
the elliptic integrals.] A similar expression applies for 
0111 but with r, replaced by r,. 

Solution Technique 
The current and potential distributions on the ac- 

tive portion of the disk are determined from the Bn 
coefficients given by Eq. [15]. To calculate the Bn co- 
efficients, the n-coupled equations are solved using 
a multidimensional Newton-Raphson iteration pro- 
cedure. 

To obtain a satisfactory initial guess for the most 
important B coefficient, B ,  this coefficient was made 
equivalent to the ohmic potential given by the pri- 
mary resistance relationship for a disk electrode (12). 
Thus we set B, = mpilim/4r. 

In the transition rrom active to passive state, the 
point of passivation, r,, is unknown. However, a con- 
straint in addition to the n orthogonal constraints for 
B, is obtained. The value of V - Qo is specified at the 
edge of the active region. Computationally it is con- 
venient to replace the unknown r, with V. Therefore 
the point of passivation is presumed to occur at a 
specified location, and the potential, V, of the working 
disk electrode is calculated. Now the n + 1 equations 
are calculated using the same Newton-Raphson tech- 
nique. 

In the completely passive region, no detailed calcu- 
lations are needed as the current density is uniformly 
equal to i,. The potential distribution is simply given 
by Eq. 1161 and [171. 

The Newton-Raphson method was found to be effi- 
cient, as convergence was obtained within a few itera- 
tions. For the transition region, calculati~ns were also 
done using a method of successive approximations. Eu- 
cellent agreement was obtained. However, conver- 
gence was very slow for this method, and it was 
necessary to damp the calculations strongly. 

Results and Discussion 
The principal value of the model and the analysis is 

an over-all description of the total current from the 
rotating iron electrode during anodic polarization. The 
kinetic parameters used to fit the model to the experi- 
mental results are included in Table I. The solution 
conductivity from the literature is also given (13). To 
obtain an adequate comparison of the experimental re- 
sults and the model, it is necessary to decide exactly 
how the comparison should be made. For example, dif- 
ferent results and different values of k, are used if one 
decides to match the experimental and calculated 
currents at the point of passivation vs. a good com- 
parison of the kinetically controlled regime. 

Kinetic considerations.-Figure 4 presents a com- 
parison of the experimental results of Epelboin et at. 
at a rotation speed of 4500 rpm and the model when 
the value of k, is such that I,.,, = I,,t at the point 
where the disk begins to passivate. The highest rotation 
speed was chosen since mass transfer limitations were 

Table I. 

-- 

The reference electrode I. posttloned In the bulk aolutlon.tt 

t This value of k. corresponds to a n  exchange current density 
of 9.1 x 106 Alcm' at cse+* = 4.0 molelliter. 

tt Claude GabrielU, Personal communication. 

Fig. 4. Comparison of experimental results and calculations when 
kinetic factors control: (solid line) calculations, (dashed line) ex- 
perimental results. The lines marked uniform and primary refer to 
the transition region behavior of a completely active disk which 
passivates a t  (V - %)r = 0.28V a t  its edge for the respective 
current density distributions. 

less than at  the lower speeds. A good agreement in 
the transition region is obtained at the expense of poor 
agreement in the active kinetic region 

The transition region shown in Fig. 4 does not nor- 
mally occur for an active electrode. Normally in- 
creases in V - 4,,f result in further increases in I. 
However, from the viewpoint of the model, the transi- 
tion region occurs as a result of boundary condition 
[6] and the ohmic potential drop. As one travels 
along the transition region from A to B, the size of the 
active portion decreases and the total disk current 
drops. To see how the electrode potential varies in 
this region it is helpful to recall the simple relation- 
ship for the primary resistance for a disk electrode 
given by Newman (12) 

Since V - 4 is specified at  r = T,, the value of 
V - o,f approaches 0.28V as I and r, approach zero. 
However, since r. should here be replaced by r, in 
Eq. [18], the decreasing part of the transition is not 
linear but is bowed outward as shown in Fig. 4. 

The shape of the transition can be seen in view of 
the current density specified at the edge and Eq. [MI. 
The measured driving force can be written as 

or alternatively 

V - *,I = 0.28 + *,(r = r,) - 4,r 1201 
It is convenient to express o.(r = r,) as 

where e is a number which varies from 1 for a pri- 
mary distribution to 862 = 0.810569 for a uniform dis- 
tribution. Since r, is unknown, let us replace it with 
the average current density iaYs according to 

(with neglect of the small current on the passivated 
part of the disk). The electrode polarization in the 
transition region can tlow be expressed as 

In the experimental system, the reference electrode is 
in the bulk solution, and is essentially zero. Then, 
this relationship shows that the calculated transition 
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region curve should be a parabola if the average cur- 
rent density on the active portion and e remain con- 
stant. The experimental curves have approximately 
this shape, and deviations can be explained in terms of 
variations in i,, and r 

Returning to Fig. 4, we observe that both the ex- 
perimental and calculated curves deviate from a 
parabolic shape over the range of the transition. If 
point A' represents an entirely active electrode, then 
the difference between A and A' is attributable to 
different current distributions. Point A' has a more 
uniform distribution than that at the calculated point 
A. 

Near point B the calculated results approach a 
disk of uniform current density, since the current den- 
sity approaches that given by Eq. [6]. Using Eq. [22] 
we can determine that the current density at the bot- 
tom is greater than at the top of curve B-A. One can 
also conclude that the distortion from a parabola is 
caused by an increase in i,, from A' to B in addition 
to changes in e. 

To show the calculated variation in current dis- 
tribution that occurs over the course of the transition 
region, Fig. 5 is presented. Following Newrnan (14), 
we have normalized the ohmic potential with respect 
to the primary resistance for a disk of radius r,. The 
uniform current density limit is provided for refer- 
ence. One notices that as the active surface area de- 
creases the current density on the active portion be- 
comes more nearly uniform. For example, the ratio of 
the current density at the center to that at the edge 
varies from 0.07 when r,/r, = 1.0 to 1 when r,/r, 0. 
The current distribution approaches the uniform llmit 
as rp/ro + 0 and the primary limit when r, = r,. 
Mass transfer limitations.-If one considers mass 

transfer limitations, a local polarization relation given 
by Eq. [2] is valid. The results of the model using this 
equation are given in Fig. 6. Parameters are again 
given in Table I. p is determined from the data and 
the defining relation 

iu, = rs/K 1231 

It f also necessary to specify the reaction order, p, 

0.8- 
0 0.2 09 0.6 0.8 1.0 

Radiol Position on Active Portion, r/rp 

Fig. 5. Variation of the ohmic potential across the active portion 
of the disk 

Fig. 6. Comparison of measured and calculated polarization 
curves: (satid line) calculations (p  = 0.01). (dashed line) experi- 
mental results [Ref. (711. 

of the limiting reactant. Levich (15) has indicated the 
effect of the reaction order on the approach to a limit- 
ing current plateau; for smaller values of p the curve 
follows more closely the kinetic and limiting current 
limits. Figure 7 shows the effects of varying the re- 
action order p of the limiting reactant. 

The calculated transition region shown in Fig. 6 
and 7 is substantially mass transfer controlled. As one 
proceeds from the completely active to the completely 
passive state, the current density is uniform across the 
disk and given by Eq. [23]. The decrease in current 
is completely attributable to the decrease of the active 
area. 

A discrepancy between the model and the experi- 
ments is revealed in Fig. 6. The model yields four dis- 
tinct curves in the transition which are characteristic 
of the four rotation speeds. In the lower portion of the 

Fig. 7. Comparison of calculated polarization curves for different 
reaction orders of the limiting reactant. The four curves for any 
given value of p correspond to rotation speeds of 750, 1600, 3000, 
and 4500 rpm. 
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transition, the experimental curves overlap. The four 
distinct curves of the model indicate four different 
average or limiting current densities, although the 
superimposed experimental curves give evidence of the 
same uniform current density existing for all four 
rotation speeds. The experimental curves also reflect 
an increase in the average current density as one 
travels toward the passive state. 

Epelboin et al. made measurements of the total cur- 
rent from the disk electrode and the dimensions of the 
active electrode. Figure 8 presents the results of these 
measurements and calculations from the model. How- 
ever, it should be emphasized that some of the ex- 
perimental results indicated that the current was re- 
stricted to a thin ring and no noticeable faradaic re- 
action occurred inside the inner radius or beyond the 
outer radius of the ring, whereas the model considers 
an active disk whose radius decreases as the passive 
state is approached. Therefore, comparison of the 
model with the experimental results for equivalent 
areas may compare the results of rings with those of 
a disk. 

The upper curve on Fig. 8 refers to the situation 
where kinetic factors determine the current distribu- 
tion on the disk (as was the case for the calculations 
shown in Fig. 4). Here the average current density on 
the disk in the transition region increases markedly as 
the size of the active disk approaches zero, although 
the increase is gradual for relatively large values of 
the active area. 

The horizontal line on Fig. 8 is characteristic of a 
mass transier controlled active-disk region (as was the 
case for calculations shown in Fig. 6 and 7). The ex- 
perimental results of Epelboin et at. appear to re- 
semble closely the behavior typical of a mass transfer 
region. In fact, their results look like two mass transfer 
regions coupled by a steep transition. Most of their 
experimental curve is for ring shapes. It is remarkable 
that a mass transfer controlled ring region would 
have a lower average current density than a disk re- 
gion. One is also surprised that the experimental 
curve and the horizontal line do not meet when the 
disk is completely active as this shows an incon- 
sistency between i,,, obtained from pvz and i.,, ob- 
tained from I and measurements of the active dimen- 
sions An explanation could be given in terms of a re- 
gion existing near A' (Fig. 6) where the disk remains 
active and a decrease in the current density occurs. 

01 I I I J 
0 0.05 0.10 0.1 5 0.20 

Active Area, cmZ 
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Rotation Speed 45M)fpm 
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Fig. 8. Current density on the active portion of the disk electrode 
in the transition region: (- -) experimental results of Epelboin 
ef 01.. (dashed line) results of the model when mass transfer 
effects are included, (solid line) results of the kinetic model. 
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Of course, the model presented here cannot substan- 
tiate this. 

Consideration of ring shapes.--Since a significant 
portion of the transition region is a ring and not a 
disk, one should consider whether a consideration of 
rings can account for the average current density de- 
creasing as the passive state is approached (Fig. 8). 
A comparison of the measured potential and current 
with that calculated for rings may clarify this matter. 
Consider a normalized resistance function, g(ri/r,), 
which contains the important measured parameters 

- - 

- 

. . 
where 

o o ( r = r p )  =V-*ref-0.28 

Therefore with choice of a rotation speed, measured 
potential, and current, a value of g(ri/r,) is defined. 
This measured value of g can be campared with func- 
tions defined for rings of various current distribu- 
tions. Namely, consider go defined by a ring of uniform 
current, i,,, = pvc; g* defined by a ring of average 
current density, i,, = j ( r ) ;  g+ defined by a ring 
of average current density, i., = pL/% j!r) and the 
primary resistance of a ring given by Miksis and New- 
man (16). f ( r )  is defined by Newman (17) as 

- 

- 

@,(r = rp) for go and g* are calculated using the re- 
sults of Nanis and Kesselman. g* can be related to go 
by 

g* (ri/rp) = go (ri/rp)df(r) 1251 

2 

Figure 9 illustrates the behavior of these functions. It 
is important to compare values of g obtained experi- 
mentally with go, g*, and g+. For example, if we con- 
sider a point where n = 4500 rpm, I = 0.54A, illrn = 
2.80 A/cm2, V - e,,f = 1.42V, then g(rj/r,,) is cal- 
culated to be 0.37. This is the smallest value of g one 
can obtain from the data. For this example g intersects 

- -- - - -- - - - -- - - - -- --- ----- - - - - -- -- - - - - - - ____ -.-.---.---.-.- __._ 

Fig. 9. Correlation of normalized resistance functions 



Vol. 126, No. 12 ANODIC 

the g+ curve, ri/rp = 0.85, which corresponds to a thin 
ring near the periphery of the disk. However, i t  is in- 
consistent to have a g value obtained near the limit- 
ing current plateau equivalent to a calculated value 
of g, g+, which corresponds to the primary resistance 
of a thin ring. An increase in i ~ ,  will lower the value 
of g and i t  will asproach the more appropriate values 
of g o  and g*. Also, as one travels down the transition 
region, the current distribution becomes more uniform 
and increases in i,,, must occur. 

Summary and Conclusions 
The simple model presented yields a z-shaped curve 

for the anodic polarization of iron in sulfuric acid very 
similar to that obtained experimentally by Epelboin 
et al. The model accounts for the kinetic resistance 
at  the surface, the ohmic potential, and the effect of 
mass transfer limitations. In the transition region the 
model predicts the same general response of the disk 
electrode for the limit of mass transfer control and 
for the case of kinetic control. However, the calculated 
current density remains constant in the transition re- 
gion when mass transfer limitations are included, 
whereas the current density increases in  the transition 
region as the passive state is approached when 
strictly kinetic factors are considered. Epelboin et al. 
report current densities which decrease in the transi- 
tion. Analysis presented here states that the experi- 
mentally obtained average current density must in- 
crease as the passive state is obtained. The analysis 
is valid for both disk and ring shapes. 
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LIST OF SYMBOLS 
Bn coefficient in the expansion for the poten- 

tial, V 
CF.+ + concentration of ferrous ions at  the elec- 

trode surface, mole/liter 
c ~ r  concentration of the limiting reactant at  

the electrode surface, mole/liter 
CR,. concentration of the Limiting reactant in 

the bulk solution, mole/liter 
E complete elliptic integral of the second 

kind 
F Faraday's constant, 96,487 C/mole 
f dimens~onless ratio defined in Ref. (17) 
Cl normalized resistance, defined by Eq. [24] 
go normalized resistance, Fig. 9 
tl* normalized resistance, Fig. 9 
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gt normalized resistance, Fig. 9 
! local current density, A/cmZ 
tavr average current density, A/cm2 
iii, limiting current density, A/cmZ 
ZD current density on the passive portion of 

the disk, A/cm2 
1 total current on the disk, A 
K complete elliptic integral of the first kind 

2 anodic rate constant, mole/sec cm2 
cathodic rate constant, cm/sec 

Mzn Legendre function of imaginary argument 
n number of electrons transferred 
Pen Legendre polynomial of order 2n 

I reaction order of limiting reactant 
universal gas constant, 8.3143 J/mole-OK 

r radial coordinate, cm 
Ti inner radius of the ring, cm 

electrode radius, cm 

$ radius of the active portion, cm 
absolute temperature, "K 

V potential of rotating disk electrode, V 
(V - 9,). passivation potential, 0.28V 
z axial coordinate, cm 

Greek letters 
a, anodic transfer coefficient 

cathodic transfer coefficient 
B constant in equations, A-sec'/2/cm2 
• defined by Eq. [21] 
n rotational elliptic coordinate 
K bulk solution conductivity, n-1-cm-1 
I rotational elliptic coordinate 
91. +'I. ~otential  in the solution. V . .  - 
90 solution potential immediately adjacent to 

the electrode surface, V 
0 rotation speed of the disk 
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Evaluation of Sintered Sic as an Electrode 

and Container Material in Sodium/Sulfur Cells 

R. R. Dubin*.' and S. Prochazka 
G e w a l  Electric Corporate Research and Development, Schenectady. New York 12301 

It has generally been found that the use of com- 
mon metals and iron-based alloy steels as the cathode 
container material in a sodium/sulfur (Na/S) cell is 
unsatisfactory (1-4) unless protective coatings are 
employed. The molten sodium polysulfide (Na2Sz) 
catholyte readily produces extensive physical degrada- 
tion of such unprotected containers and forms metal 
sulfide corrosion products. The presence of corrosion 
prodricts within the cathode structure has been linked 
to decline in general cell cycling performance and 
capacity (5). Physical degradation of the graphite 
current collector, increased internal cell resistance, 
and degradation of the beta (5) or beta" (6) solid 
electrolyte have also been associated with the pres- 
ence of corrosion product impurities. 

The preferred configuration for a Na/S battery 
seems to be one where the cathode container serves 
as both container and electrode. This further com- 
plicates the identification of acceptable cathode con- 
tainer materials since it requires the material to: 
(i) be a suitable electronic conductor, (ii) remain 
stable under both static conditions and under anodic 
and cathodic currents, (iii) remain impervious to 
molten catholyte and surrounding gaseous atmosphere, 
and (iv) be readily formable. Most metals fail to 
satisfy condition (ii) while most ceramics hi1 to 
satisfy conditions (i) and/or (ii). This work uses 
these criteria to evaluate an electrically conductive 
ceramic, sintered Sic, as a dual function cathode con- 
tainer/electrode in a sodium/sulfur cell. Our conclu- 
sion is that conditions (i-iv) can all be satisfactorily 
met with this material; however, it is clear that nu- 
merous additional conditions such as satisfactory mech- 
anical strength, oxidation resistance, and cost must 
be met before a candidate material can be accepted 
as a practical solution to the Na/S battery container 
materials problem. 

Several general physical properties of sintered Sic  
ceramic are given in Table I and can readily be seen as 
desirable in Na/S cell fabrication. In particular, the 
low density, high decomposition temperature, and 
high bend strength are particularly advantageous. 
Furthermore, the material can be readily formed into 
complex shapes by a variety of standard techniques 
such as injection molding, slip casting, and isostatic 
pressing. 

Experimental 
Sintered Sic test specimens were fabricated as both 

pressed disks and cast crucibles according to the 
method of Prochazka (7). Both types of specimens 
were made from submicron Sic  powders having a 
specific surface area of about 8 m2/g. The powders 
were obtained by pyrolysis of trichloromethylsilane 
and contained 1/2% of boron and 1% elemental car- 
' Electrochemical Soclety Active Member. 
'Present address: Measurex Corporation. Cupertino, California 

85014 
Key words: ceramics, battery, cormrlon. 

bon as sintering promoting additives. The disk speci- 
mens were fabricated using standard powder pressing 
techniques while the crucibles (OD = 2.54 cm) were 
prepared by slip casting (into plaster-of-Paris molds) 
an aqueous dispersion of Sic  powder which was 
stabilized by tetramethylammonium hydroxide at pH 
10.5 and an addition of 1/2% of ureaformaldehyde 
resol.1 All specimens were sintered in 600 Torr nitro- 
gen at 2180°C to a density of 3.05 g/cm3 which cor- 
responded to about 5% closed residual porosity. Nitro- 
gen is introduced into Sic during sintering in Nz 
resulting in electronic conductivity in the ceramic 
of about 30 a-1 cm-1 at  room temperature as discussed 
in Ref. (7). The corrosion behavior of the various 
test specimens was evaluated in molten sulfur and 
sodium polysulfide under static (no applied potentials) 
and cycling conditions. 

Chemical stability in molten sulfur and Na& was 
evaluated under static conditions by reacting highly 
polished specimens of sintered Sic  in each melt 
(350°C) for various time intervals (up to 14,540 hr) 
and then performing precision mass change measure- 
ments and optical and scanning electron microscopy 
on each specimen. Specimens were reacted with the 
appropriate melt contained within sealed, evacuated 
(10-5 Torr at 25"C), Pyrex ampuls. The NazSl was 
produced, according to reaction TI], by the reaction 
of dry powders of anhydrous NazS (99.9% NazS with 
Hz0 less than 0.1%, Research Organic/Inorganic Cor- 
poration) and zone refined sulfur (99.9999% S, Ato- 
mergic Chemical Corporation) 

The zone refined S was baked under vacuum and 
used as the reactant in stability experiments. Dry 
box and high vacuum bake-out techniques were rig- 
orously employed to exclude water and water vapor 
from all chemical reactants during synthesis and 
storage. 

Stability under cycling was evaluated in a lab- 
oratory cycling apparatus and in actual Na/S test 
cells. The laboratory cycling apparatus is shown in 
Fig. 1 and consisted of a glass (Corning 7052) outer 
tube into which a 1 cm diam sintered Sic rod was 
fitted. The exterior surface of the rod opposed a 

1 URAC 180. American Cyanamld Company. 

Table I. Physical properties 

Density: 3.1 g/cma 
Percent theoretlcal denslty: 97.5% 
Slntering temperature: -2000'C 
Peritectlc decomposition tem- 

perature (does not melt): -27W'C 
Reslstivity (minimum) : 0.03 ncm at 300'C 
Bend strength: >50K psi 
Oxldation resistance: Excellent 
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ROD OF SlNTEREo Sic 4 , : h  I 

WPOSED SIC ROD FACE 

MOLTEN Na2S4 

COUNTER ELECTRODE -w I 
Rg. 1. Laboratory cycling apparatus 

molybdenum disk counterelectrode and was coated 
with glass, leaving only an exposed face in electrical 
contact with the melt. The exposed test face was 
polished and three fiducial scratch marks were made 
on it. The physical features of the test face were 
observed under a microscope and photographed, after 
which time it was inserted into the molten Na2S4 and 
galvanostatically cycled (progressively) anodically and 
cathodically at  current densities of 30, 80, and 125 
mA/cmz for 675, 100, and 100 hr, respectively. The 
rod was removed from the apparatus periodically 
so that the physical features of the test face could 
be observed microscopically and photographed. 

Cell cycling experiments were carried out using the 
slip cast sintered Sic  cathode containers whose fabri- 
cation was described earlier. The sintered bodies were 
mass spectrometer helium leak tight and of nominal 
dimensions: OD = 2.54 cm, length z 7.4 cm, and wall 
thickness = 0.15 cm. Containers were fabricated with 
closed bottoms and flanged surfaces on the open end 
thus allowing the use of conventional metal O-ring 
mechanical seals and assembly techniques (5). A 
graphite felt current collector was friction fit into the 
container cavity as is common practice in conventional 
cells. Cell cycling was carried out at  300'C at  approxi- 
mately 20 mA/cm2 average container wall current 
density for a total of 1100 hr using an automatic cycling 
apparatus. Precision mass determinations of the cath- 
ode container were made before and after cycling. 
Microscopic examination and analysis of electrical 
cycling data were all used to evaluate material per- 
formance. A photograph of an assembled cell with 
sintered Sic  cathode container is shown in Fig. 2. 

Results 
The results of the chemical stability (static) experi- 

ments are summarized in Table 11. No significant 
weight changes were noted except for the data point 
at 120 h r  which js believed to reflect a measuring 
error. Specimen surfaces remained highly reflective 
and highly polished with no evidence of surface reac- 
tion, pitting, etching, or scale formation found in any 

Table II. Chemical stability results 

Thick- Percent 
Exposure ness Weight wt 

Envlron- time change change change 
ment ( h r )  Sample (%)  (mg) ( % )  

Sulfur 120 S-15 <0.5 + 36.3 + 6.7 
Sulfur 360 S.13 <0.5 -0.08 -0.01 
Sulfur 864 53-5 <0.5 -0.02 -0.03 
N&I 1,360 NS-14 <0.3 -0.31 -0.1 
NaoS. 14,540 NS-16 <0.3 +O.14 +0.05 

Fig. 2. Sodium-sulfur test cell with sintered Sic cathode con- 
tainer: (A) Sodium filled anode container, (B)  mechanical O-ring 
cathode containzr clamp seal (see Ref. 5). (C) interior cell com- 
ponents (not shown, see Ref. 5 )  consisting of beta-alumina tube 
glass sealed to ceramic header and positioned along central axis of 
cathode container, graphite felt, catholyte, (D) sintered Sic cath- 
ode container, and (El electrode contacts. 

of the specimens, even after 14,540 hr exposure to 
molten Nap&. 

Micrographs of the sintered Sic rod face are shown 
in Fig. 3 after cycling evaluation in the laboratory 
apparatus of Fig. 1. Figure 3(a) was taken prior to 
melt exposure while Fig. 3(b) and 3(c) were taken 
after cycling at a constant current density of 30 mA/ 
cm2 for 675 hr and 80 mA/cm2 for 100 hr, respectively. 
Careful microscopic examination showed neither sur- 
face degradation nor detectable alteration of physical 
surface features. Note the consistency of the promi- 
nent features in the left portion of the micrographs. 

Substantial surface degradation of the sintered Sic  
test face was caused by cycling at  125 mA/cmz for 
100 hr as evidenced by Fig. 3(d). Significant roughen- 
ing of the surface was evident; however, no reaction 
products were found on the test face or in the melt. 
This suggested that any reaction products formed 
were soluble in the melt. The average geometric cath- 
ode container wall current density found (8) in 
prototype Na/S cells is less than 70 mA/cm2 which is 
significantly smaller than the 125 mA/cm2 current den- 
sity at  which the sintered Sic decomposition occurred. 

Figure 4 shows the first ten cycles of the capacity cy- 
cling diagram for the cell shown in Fig. 2. The cell 
passed 79 cycles and a total of 406 A-hr. The internal 
resistance was determined to be 0.33a from the initial 
cell polarization curve. This value corresponded to 
typical values obtained with conventional metal cell 
containers. The cathode chemical composition was cal- 
culated as a function of depth of discharge and is 
shown on the right-hand vertical axis of the capacity 
cycling diagram. Examination of the diagram shows 
that charge cycles consistently brought the cell into 
the two-phase region and that discharge compositions 



2158 J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY December 1979 

Fig. 3. Micrographs of sintered Sic rod test face after cycling in Na2S4: (a) no cycling, (b) 675 hr cycling a t  30 mA/cm2, (c) 100 hr 
cycling a t  80 mA/cmZ, and (dl 100 hr cycling a t  125 mA/cmZ. 

were somewhat beyond the 100% depth of discharge 
composition given by NazSs. 

Microscopic observation of the sintered Sic cell body 
after cycling showed no evidence of corrosion at in- 
terior or exterior surfaces. Weight change results 
showed a 0.003% (1.05 mg) increase after 406 hr of 
cycling. This observed weight change was within the 
limits of experimental error. 

Auger electron spectrometry was employed to eval- 
uate the possibility of Si transport from the sintered 
Sic cell body to the beta-alumina solid electrolyte 
surface. The technique was applied to the surface of 
beta-alumina tubes employed in cells utilizing sintered 
Sic  cathode containers. No conclusive evidence for Si 
transport was found. 

Summary and Conclusions 
The chemical inertness of sintered Sic  has been 

demonstrated in anhydrous melts (350°C) of sulfur, 
and a range of sodium polysulfides (primarily NazS1) 
under a variety of experimental conditions. These in- 
clude: the application of anodic and cathodic currents 
for extended time periods, melt exposure with no ap- 
plied potentials, and conditions of actual Na/S cell 
cycling. In addition, the ability to cycle such cells in 
the two-phase region was demonstrated. Lastly, the 
electrical and mechanical properties as well as the 
formability of this material were shown to be adequate 
for use in first generation prototype Na/S cells. 

We conclude that sintered Sic  can be used success- 
fullv as a noncorrodable structural material in Na/S 

WEf? OF CYCLES cells. It may be used either as an electrically conduct- 
ing or nonelectrically conducting cell component in 

Fig. 4. Capacity cycling diagram for sintered Sic test cell contact with catholyte and/or oxidizing atmosphere. 
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Sintered SIC cathode containers may also be useful 
diagnostic tools in prototype Na/S cell development 
since their use should eliminate the presence of com- 
mon metal sulfide corrosion products typically found 
in laboratory test cells employing conventional metal 
containers. 

Although the use of sintered Sic  in Na/S cells ap- 
pears to offer many advantages compared to most un- 
protected metals, further evaluation is required (in- 
cluding cost) before this new material is proven prac- 
tical for use in production line Na/S cells. 

Manuscript submitted March 23, 1979; revised manu- 
script received May 21. 1979. This was Paper 18 pre- 
sented at the Washington, D.C. Meeting of the Society, 
May 2-7,1976. 

Any discussion of Kis paper will appear in a Dis- 
cussion Section to be published in the June 1980 
JOURNAL. All discussions for the June 1980 Discussion 
Section should be submitted by Feb. 1, 1980. 

Publication costs of this article were assisted by 
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Trace Gas Flow Control Using Polymer Permeation 

J. P. Franey 

Bell Laboratories, Murray Hill, New Jersey 07974 

In recent years the interest in and usage of gas- 
materials interaction experimentation has increased 
rapidly. This is primarily due to advanced semicon- 
ductor manufacture, and to increased environmental 
interest (1). Previous techniques of gas-materials 
testing generally have been qualitative (2, 3) due to 
difficulties in maintaining stable corrosive concentra- 
tions in laboratory test environments. The gas genera- 
tion system described herein, however, can be used 
to provide very stable gas concentrations along with 
a wide dynamic range. 

Assessment of Previous Techniques 
The traditional urocedures for makine various con- 

centrations of gkes have been to use mechanical 
valves (4), gas syringes (5), or permeation tubes (6). 
For different reasons, each is less than satisfactory. 

Difficulties encountered with mechanical valves are 
caused by variations during operation in orifice or 
needle sizes. The most severe concentration variations 
occur when blending a corrosive gas. Experience in 
this laboratory indicates that stainless steel needle 
valves are corroded in less than a week bv H.S. Such - <  --.- 
effects occur even with vacuum leak valves which 
use an optically flat sapphire for the sealing face and 
a nickel, chromium, and gold-plated copper gasket 
for the mating face. This is demonstrated in Fig. 1, 
where exposure for two days to pure H?S is shown to 
have etched the mating face of the valve and formed 
copper sulfide particles. 

In principle, syringe injection of a trace constituent 
into a carrier gas is capable of producing arbitrarily 
low concentrations. With typical experimental air- 
stream flows of <25 liters/min-1, however, the mini- 
mum trace constituent level that can be achieved with 
commercially available syringes (2) is E 100 ppm. 
Further, small syringes are often fabricated from 
stainless steel, which will corrode rapidly upon ex- 
posure to certain trace gases.   in ally, syringes can 
only be used in a continuous system if the injectant 

is thus unsuitable for generation of controlled ppb/ 
ppm concentration of gases in carrier flows. 

A permeation tube method for gas concentrations 
is successful for short time periods. The corrosion- 
resistant permeation tubes operate at the vapor pres- 
sure of the gas being used. The diameter and wall 
thickness are limiting factors due to the high vapor 
pressures (e.g., H2S at 23" c 252 psi). Hence, only 
polymers of high strength can be used in this method 
(7) thus limiting its dynamic range. The tube is lim- 
ited to a finite lifetime due to its limited gas supply 
(8) ; although refillable tubes (9) minimize this prob- 
lem, the necessity for recalibration after refilling ren- 
ders this method unsuitable for this application. 

Laboratory Procedure 
The technique presented in this paper uses a flat 

sheet of an appropriate polymer of arbitrary thick- 
ness and cross-sectional area which forms a seal be- 
tween a gas source (H2S was used in these tests, al- 
though the principal is a general one) and a chamber 
in which a low concentration is desired (Fig. 3). 

is in liquid form. For most contaminants of interest, 
this requires cryogenic techniques' 'yringe 

~ i ~ ,  1, Triple-pla+ed gold for high-vacuum leak 
Key words: corrosion, gas, permeation, polymer, environment. valve after two days of exposure to pure Has.  
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A glass joint with a polymer seal is shown in Fig. stant until the concentration level stabilizes which 
2. The experimental apparatus (Fig. 3)  was varying can be from 1 hr to 1 day depending on the polymer 
size disk holders of diameters 5-45 mm. The labora- characteristics (diffusion rate + thickness). The con- 
tory air supply is incorporated as a carrier gas after centrations of trace gases can be calculated using 
it is filtered through activated charcoal. The test cham- these formulas 
ber has an internal volume of 450 cm3 and the H2S PP A 
analyzer flow is 1180 cm3/min. HzS is converted by Concentration (ppb) = - [ConversionFactor] 
a 99.9% efficient catalyst to Sop. The detector mea- QT 
sures SOz by pulsed fluorescence techniques. The where 
sample polymer in its holder is subjected to the trace (cm3 of gas) (cm thickness) 
gas source via a pressure-regulated gas cylinder con- = 
taining 60 pounds of > 99.5% pure H2S which is used cmz area (cm Hg) sec 

as a source. The chamber carrier flow is determined A = ofmaterial (cm2) 
by the gas analyzer sample flow rate which is con- 
stant throughout the tests. The temperature variance Q = Flow of diluent gas (cm3/min) 
of the polymer value is the same as the room (52"C), 
which does not have a substantial effect on the sys- T = Thickness of polymer (cm) 
tem's stability. The regulated gas pressure is held con- 

p = Pressure (cm Hg) 

( I  ppbv) (6.02 x 1023m01ec of gas) (60 sec) 
Conversion Factor = 

(2.5 x 101omolec gas/cm3 25°C) (2.24 x 10"cm" ( I  min) gas) 

= 6.45 x 1010 

Inserting the parameters of the test system into the 
equation above gives the calculated concentration 

Fig. 2. Glass joint-polymer diffusion flow "valve" after two days 
of exposure to pure HzS. 

TEST CHAYBER 

L EYER 
SUPPLY 

t 
TRACE GAS SUPPLY 

Fig. 3, Schematic diagram of experimental apparatus 

(6.03 x 10-9) (1.28 x 102) (2.27) 
[HzSl = 

(1180) (0.21) 

x 6.45 x 1010 = 456 ppbv 
The measured concentration was 560 ppb which was 
18% higher than computed, but within the inherent 
error values of the measuring instruments. (The Q 
value has a maximum variation of 2% and the p 
value has a maximum variation of 20%.). 

Results 
A wide range of gas concentrations can be achieved. 

The minimum level achieved thus far (9 a 1 ppb) 
has been maintained without intervention for periods 
exceeding 1 week. The maximum level achieved (3500 
r 70 ppb) is equally stable. Many polymer types, size 
configurations, and pressures were used to achieve the 
concentrations shown in Fig. 4. 

A B C D E F  

Pig. 4. Operating parameters of selected diffusant materials. 
(a) 17 mm diam PVC (84 mils thick); (b) 17 mm diam PVC 
(9.5 mils thick); (c) 9 mm PVC with filler (9.5 mils thick); (d) 7 
mm PVC with filler (9.5 mils thick); (e) 45 mm poly(viny1idene) 
chloride (0.5 mils thick); (f) 45 mm cellulose acetate (10 mils 
thick). 
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e o o ~  100 I 2 0  440 I60 480 200 
H2S CONCENTRATION (PPB) 

Fig. 5. Hz5 concentration as a function of source pressure 

Figure 5 shows changes in concentration with re- 
spect to pressure variation. The increases are linear 
within the tolerances of the error bars, as predicted 
by the concentrations equation previously given. Sim- 
ilar results have been derived for concentration 
changes as a function of cross-sectional areas of poly- 
mer exposed. All of the polymer films tested (Fig. 4) 
were exposed to pure H2S for times in excess of a 
week. 

Many polymeric materials have long been used in 
contact with gases without noticeable deterioration. 
The polymer films selected in these tests contain no 
materials that are expected to react with HIS and thus 
no deterioration is anticipated. Exposures of as much 
as several weeks have not produced visual or permea- 
tion rate changes for any of the polymers, in contrast 
to that experienced with mechanical valve systems. 

No visual degradation of any of the polymer cor- 
rosive gas handling devices have been apparent (Fig. 
2), unlike the mechanical valve systems (Fig. 1). 

I t  is of interest to determine the lifetime of an HzS 
supply tank (60 lb HzS) in a polymer permeation 
system with a concentration of 456 ppb and a flow of 
1180 cma/min. Calculations show that the supply would 
be depleted in 6 x 104 years. The number is so large 
it is conceivable that leaks in the system could pre- 

dominate as a major source for depletion of the gas 
supply. Even a leak of many orders of magnitude 
above the permeation rate of the polymer would still 
not deplete the tank over a several year period. Given 
these facts, this type of gas generation can be consid- 
ered a permanent source of trace gas at  normal ex- 
perimental flow rates. 

Conclusions 
A gas dilution system has been developed using 

polymers as "valves" to control the flow of corrosive 
HzS gas in the ppm/ppb range. This technique can be 
applied to environmental trace gas testing (1) and gas 
blending, semiconductor manufacturing (10) or any 
process that requires metering of trace amounts of 
gas. In principle, the same technique should be satis- 
factory for all corrosive or noncorrosive gases. Using 
polymer characteristics, size, pressure, and tempera- 
ture as variables, this system has an extremely wide 
dynamic range. Due to the inertness of selected poly- 
mers to HzS gas, no degradation of the system is ap- 
parent even after several weeks of exposure. 

Manuscript submitted Oct. 30, 1978; revised manu- 
script received April 30, 1979. This was Paper 245 
presented at the Pittsburgh, Pennsylvania, Meeting of 
the Society, Oct. 15-20, 1978. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the June 1980 
JOURNAL. All discussions for the June 1980 Discussion 
Section should be submitted by Feb. 1, 1980. 
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Preparation of Pt-Fe Alloy Foils by 
Electrodeposition of Fe 

A D. Franklin* and I. Epp 
National Bureau of Standards, Washington, D.C. 20234 

Alloys of Fe in Pt are usually prepared from the 
melt. However, Bartholomew and Boudart (1) re- 
port preparing a 50% a/o Fe in Pt foil by electro- 
plating Fe onto Pt foil from a room temperature 
aqueous electrolyte, followed by annealing in Hz at 
elevated temperatures. We report here a somewhat 
similar technique. The electrolyte was an equimolar 
mixture of reagent grade KC1 and FeC12, which was 
held in borosilicate glass at about 500°C, well above 
the liquidus temperature of about 400°C (2).  A nitro- 
gen atmosphere was provided, and a slug of Fe was 
kept in the bottom of the melt to keep the Fe in 
solution in the ferrous state. The glass, not far from 
its softening point, was a potential source of impuri- 
ties. However, none of the oxides of which it was 
composed should be reducible by Fe at 500aC, and 
commercial laboratory glasses are otherwise quite 
pure. No impurities on a significant scale were ex- 
pected. The anode was a piece of pure Fe and the 
cathode was the Pt foil to be converted to a Pt-Fe 
a110 y. 

The amount deposited was controlled by controlling 
the total number of coulombs passed. The weight loss 
of the Fe anode correlated well with the total charge 
passed if all of the Fe transported was assumed to 

Electnchemical Society Active Member. 
Key words: fused salt electrodeposition, iron-platinum alloys, 

nonaqueous electrodeposition. 
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Fig. I .  Lattice parameters of Pt-Fe alloys prepared by electro- 
deposition. The point marked x i s  from Crangle and Shaw [Ref. (3)l. 

be in the ferrous state. The weight gained by the 
cathode was always somewhat less because of deposi- 
tion on the lead wires. At current densities above 
approximately 60 mA/cmZ, the Fe deposited as long 
needles but below this current density the deposition 
appeared to be much more uniform. 

X-ray diffraction powder patterns of the as- 
deposited surfaces showed either little diffraction or 
else showed complicated patterns indicating several 
ordered fcc or tetragonally-distorted fcc phases. No 
Fe patterns were observed for specimens prepared at 
low current densities. Evidently, even at this low 
temperature (500°C) the Fe alloys with the Pt, at 
least on the surface. 

The foils were cleaned in dilute acetic acid and 
distilled water and annealed in a mixture of five 
percent HZ in He at  about 1200°C for 16 hr and then 
furnace cooled. After this treatment, the foils with 
Fe content up to about 10 a/o exhibited only a sharp 
disordered fcc x-ray pattern. Figure 1 displays the 
lattice parameter as a function of a/o Fe, obtained 
from the weight gain of the foil as measured after 
annealing. The data obey Vegard's law (linear de- 
pendence of lattice parameter on concentration), the 
points all falling on the same line as that reported 
by Crangle and Shaw (3) for a 10.1 a/o specimen 
prepared from the melt. It is quite apparent that 
these foils are homogeneous alloys in a well-annealed 
condition. 
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Hydrogen in TiO, Photoanodes 
D. 5. Ginley* and M. L. KnotekX 

Sandia Laboratories, Albuquerque, New M e d o  87185 

Transition metal oxides show potential as photo- 
anodes in photoelectrochemical cells for a variety of 
photocatalytic reactiotls of technological promise. A 
number of difficulties exist before their potential 
can come to fruition. Among these is a detailed under- 
standing of the mechanisms of conduction and doping 
in most of the oxides. In addition, the chemistry of 
the surface is poorly understood. We have examined 
the effects of hydrogen in a number of titanium di- 
oxide photoanodes with the goal of eventually under- 
standing its role in these problems. 

The precise nature of the defect is not obvious in 
this defect doped material. Simple oxygen vacancies 
or Ti3+ interstitials are not of themselves sufficient 
to explain the defect structure of rutile. Von Hippel 
( I ) ,  Hill (2), and others (3, 51, have suggested that 
the inclusion of hydrogen in the rutile lattice may 
have an important role in determining the properties 
of defects. Chester and Bradhurst (3) have shown that 
highly conductive surface layers may be formed by 
electrolytic doping with hydrogen. The layers arc thin 
(20 nm) and the thickness is independent of dis- 
location density. Hydrogen is not unique in this re- 
spect and rutile may be electrochemically dopci by 
other cations as well as has been recently shown by 
Haneman and Steenbeeke (4). Johnson (5) has also 
shown that Ti02 may be interstitially doped with Li 
and that the characteristic blue color, as in the case 
of hydrogen reduction, results after Li diffusion. Van 
Ruyven and Chase (6) have also shown that hydro- 
gen-free rutile exhibits no conductivity creep, while 
rutile with hydrogen shows creep. Bates and Perkins 
measured the IR absorption of incorporated OH-, 
OD-, and OT- in Ti02 and found a large shift from 
the free ion values (e.g., free OH- at  3600 cm-1 us. 
OH- in Ti02 at 3277 cm-1). These observations sug- 
gest that understanding the nature of hydrogen in 
rutile is crucial to understanding the defect structure 
and its properties. Further, hydrogen is of crucial 
importance as an intermediate species in the water 
decomposition reaction on the rutile surface (8). Re- 
cent work by Wilson (9) and in this laboratory sug- 
gests that electrochemically generated intermediates 
on the Ti02 surface greatly affect the measured flat- 
band potential and thus the ability of the cell to 
operate without bias. Hydrogen probably plays an 
important part in this process. 

In this paper, we show that hydroeen or deuterium 
can be incorporated into the rutile lattice both elec- 
trochemically and thermally. Measurements indicate 
that the hydrogen may be occupying two different 
sites, similar to what Jorgensen and Norton (10) 
have shown for SiOz. An activation energy has been 
obtained for the thermal diffusion process. Depth 
profiling electron-stimulated desorption (ESD) mea- 
surements have been obtained on these surfaces and 
show that in an electrochemically doped surface there 
is a high density of hydrogen in a shallow surface 
layer approximately 100 nm thick. In contrast to the 
work of Chester and Bradhurst, these surface layers 
appear highly resistive from both electrochemical 
measurements and ESD. I t  also appears that the acti- 
vation energies for hydrogen diffusion, hydrogen re- 
duction, and hydrogen scavenging by oxygen are 
vastly different as is reflected in the differing initia- 
tion temperatures for the processes. Preliminary elec- 
trochemical measurements on electrochemically doped 
rutile photoanodes will be presented. Large shifts in 

both the flatband potential (VFB) and the near-U.V. 
spectral response have been observed. 

Experimental 
All the samples employed were single crystal c-axis 

wafers of Ti02 from N. L. Industries, Incorporated 
containing no A1203 or other stabilizer. Optical sur- 
faces were obtained by polishing with diamond grit. 

Deuterium-hydrogen exchange was accomplished in 
two ways: thermally and electrochemically. A com- 
plete or partial thermal exchange of hydroxyl hydro- 
gens for deuterium in clear as grown Ti02 (i.e., an 
OH -, OD transformation) could be obtained in a 
platinum-lined autoclave of the standard configuration. 
Exchanges were performed from 250" to 350'C by en- 
suring sufficient D2O (Stohler isotope 99%+) or 
H20 was present so that the sample remained im- 
mersed. This resulted in steam pressures from 1600- 
3000 psi above the liquid. Clear as grown Ti02 samples 
with thermally exchanged OH and OD never exhibited 
any conductivity increases or blue color. The electro- 
chemical doping of the Ti02 anode and all electro- 
chemical measurements were made with a PAR Model 
173 potentiostat/galvanostat equipped with a PAR 179 
digital coulometer and a PAR 175 universal program- 
mer. All measurements were made using a standard 
three electrode setup with the Ti02 anode, a smooth 
Pt  cathode, and a Corning, Model 476015 standard 
calomel reference electrode. The flatband potentials 
were determined from plots of the square of the pho- 
tocurrent us. potential (11). Extrapolation of the 
square of the photocurrent intercepts the potential 
axis at  the flatband potential. Spectral response data 
were obtained using a lOOW medium pressure xenon 
source through a Schoefel grating monochromater. 
Intensities were measured with a HP-8330A radiant 
flux meter. Back contact to the Ti02 was made with 
In/Ga eutectic and the electrolyte was composed of 
1M LiOD in DzO or 1M NaOH in Hz0 for deuterium 
or hydrogen doping, respectively. Potentials were kept 
below 10V us. SCE ~ n d  currents less than 10 mA/cm2. 
Exchange was observed under both constant current 
(1 mA/cm2) and constant voltage (>2V cathodic) 
conditions. 

Ti02 wafers were reduced in vacuum (2 x 10-7 
Torr) or hydrogen (1 atm) for between 5 min and 
2 hr at  750°C depending on the conductivity desired 
(-102-10-3 a-cm). Samples reduced this way invari- 
ably were homogeneously blue in color, with the in- 
tensity of the blue color a function of the reduction 
time, while samples reduced in UHV (10-10 Torr) 
by electron beam bombardment were yellow but pro- 
ceeded to turn blue on standing. We speculate that 
the defects created in UHV, Ti3+ interstitials, are hy- 
drogen-free but pick up hydrogen as it diffuses in 
from the surface. The 0H.and OD infrared stretching 
modes and the blue color of reduced rutile could be 
removed by annealing in 0 2  or air at  between 500"- 
800°C. The blue, electrochemically introduced surface 
layers could be diffused evenly through the samples 
at 250" in air. 

Surface measurements were performed in a UHV 
system that was ion pumped with a base pressure of 
<1 x 10-l0 Torr. Depth profiling was performed with 
a Physical Electronics Model 04-161 sputter ion gun 
using Ar+ ions at  1 keV energy. Electron stimulated 
desorption (ESD) measurements were made using cur- 
rents of approximately 150 nA (-0.5 uA/crn2) and 

Electrochemical Society Active Member. an electron energy of ?O eV. The desorbed ion; were 
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lyzer and the ion current through the quadrupole was 
measured by counting techniques. 

Results and Conclusions 
The results of the bulk exchange experiments were 

monitored by the strength of the OH and OD IR 
stretching vibrations at 3276 and 2436 cm-l, respec- 
tively (7). Figure 1 shows the IR absorption spectra 
for a sample before any treatment, showing the 
presence of OH, as well as two isothermal anneals at  
250°C in DzO which demonstrates that OD is replac- 
ing OH in the lattice. It was found that further treat- 
ment could completely exchange OD for OH so that no 
OH mode was observable. By a similar treatment, all 
all OD could be reexchanged for OH. 

We note that the condition of this exchange is 
much milder than others reported in the literature 
(i.e., 250'C us. the 800"-900°C reported by Von 
Hippel et al., and 450"-800°C by Hill). 

Using Fick's law, the diffusion coefficient activa- 
tion energy was estimated for D exchange. The total 
amount of exchanged D was taken as proportional to 
the strength of the OD IR absorption (12). The re- 
sult obtained is E, - 0.45 eV, which compares well 
with Hill's value for H migration (2). 

One interesting point to note is that the level of 
OD after exchange is very near the "natural" OH 
level in the untreated virgin sample. If the OH is in- 
deed associated with defects, then the fact that the 
OD level matches the initial OH level merely results 
from both being associated with the same defect den- 
sity. We conclude from this that the OH'S, being a 
nonneutral species are compensating some charged 
defects. We note that it is possible to remove totally 
both the OH and OD IR signals by annealing the 
sample in 02, 1 atm, at 500'C for 1 hr. This treatment 
either reacts the with the lattice H to form HzO, 
or acts to remove the defects from the bulk, or both. 

1 EXCHANGED 285C 10 DAYS 

EXCHANGED 285C 5 DAYS 

VIRGIN 

i 
I , I I , 1 

4000 3500 3000 2500 2000 
FREQUENCY (cm-I) 

Fig. 1. Infrared absorption curves showing the OH and OD stretch 
absorptions a t  3275 and 2436 cm-1, respectively, as a function of 
exchange time a t  285'C. When driven to completion the OD level is 
equal to the OH level in the virgin sample. 

Electrochemical doping.-Electrochemical exchange 
was carried out on samples which had been slightly 
vacuum or hydrogen annealed to increase their con- 
ductivity by defect introduction (1015-1017 donors/ 
cm3). The samples were light blue in color before 
doping. The electrochemical doping was seen to ex- 
hibit a threshold at  --0.9-1.2 eV us. SCE. After long 
periods of electrolysis (1-3 days, 100 pA-l mA/cmz), 
the current was seen to saturate and the cell imped- 
ance increased dramatically. The electrochemical ex- 
change (D or H loading) produced a deep blue spot 
(Fig. 2a) which covered but was not uniform over 
the area exposed to the electrolyte. IR analysis showed 
that the OH level was changing in the spot and that 
OD was present, but high background absorptions 
limited precise measurement. It appears, however, 
that the bulk of the incorporated H or D cannot be 
accounted for in terms of incorporation as OD or 
OH. By loading at  sufficiently high voltage, the sam- 
ple could be made to shatter throughout the region 
exposed to the electrolyte, usually where cathodic 
currents were between 1 and 10 rnA/cmz. 

The blue spot was quite stable at room temperature 
in that there was no lateral (or other) diffusion of 
the blue color. Annealing at gradually increasing tem- 
peratures resulted in an abrupt difiusion of the blue 
spot to give a uniformly blue sample at  a temperature 
of 250'C in the air. The samples were nominally c-axis 
normal to the surface and since the diffusion perpen- 
dicular to the c-axis is very small, it is reasonable to 
expect the small lateral diffusion. As we shall see be- 
low, however, the surface loading of D does not seem 
to be a straightforward process. There seems to be a 
surface layer with quite different properties than the 
bulk. 

Electron stimulated desorption.-The blue spot on 
the electrochemically exchanged sample was examined 
by electron stimulated desorption to determine the 
density and makeup of surface species. An electron 
beam of 70 eV at 150 nA was impinged on the sam- 
ple and the mass distribution of the desorbed positive 
ions was measured. The results are shown in Fig. 3. 
Masses 1, 2, 3, 4, 16, 17, and 18 are evident correspond- 
ing to H+, (?+, Hz+), (H-D+), Dz+, 0 + ,  OH+, and 
OL)+, respect~vely. No mass 7 corresponding to in- 
corporated lithium was observed in runs with an 
LiOD electrolyte. It was possible to sample both on 
and off the blue spot and, as seen in the figure, there 
is a large difference in surface concentration between 
the blue spot and the virgin surface. The thermally 
exchanged samples were also examined in this way 
and surface levels very similar to the spot were found. 

As the blue spot bocomes more heavily loaded, it is 
found that the ESD electron beam caused charging, 
suggesting that the surface layer is insulating. The 
charging resulted in a large increase in the surface 
concentration of the H and D related species, indicat- 
ing that cohsiderable field induced migration was oc- 
curring. The levels before charging were still much 
higher on the blue spot than off it as noted above. 
This charging is similar to the effect seen in the ex- 
change, namely, that an insulating layer seemed to 
have formed. These observations appear to be in 
conflict with those of Chester and Bradhurst. How- 
ever, it may be that to a certain concentration level 
electrochemically introduced hydrogen compensates 
conductive defects and beyond that point acts as a 
donor. By this mechanism, it may be possible to get 
a very narrow inversion layer near the surface that 
is quite conductive. 

The surface was depth profiled by argon ion sput- 
tering using ESD as our probe. It was found that the 
layer of very high concentration of D was from 
60 to 200 nm thick. The blue color, however, extended 
through a much thicker layer. We must wonder why 
such a shallow well-defined layer is formed, but note 
that similar layers with high H content are seen on 
other oxides as well by other techniques (13). 



VoL 126, No. 12 Tic 22 PHOTOANODES 2165 

Fig. 2. (a, top) Photograph 5X magnification of an electrocherni- 
cally deuterium-doped rutile wafer. Doping was accomplished by 
current controlled cathodic aging an undoped TiOz wafer in LiOD, 
D20 for 48 hr a t  100 FA. The darkened circular region was exposed 
to the electrolyte and contains deuterium as determined by ESD, the 
remainder does not; (b, bottom) Identical to 20 except that the 
sample was aged at  10 mA for three days resulting in a shattering 
of the sample in the region exposed to the electrolyte. 

As recently shown by Knotek and Feibelman (14), 
it is possible to extract considerable bonding informa- 
tion from ESD threshold data, since the thresholds 
reflect the core ionization potentials of the bonding 
site atom. Thus, under ideal conditions, it is possible 
to determine to which atom the bulk of the H is 
bonded, Ti as a hydride or 0 as a hydroxide. In this 
case, however, the charging of the surface made such 

ESD MASS SCAN 

1 ,  OFF BLUE SPOT 

Fig. 3. Electron-stimulated desorption mass scans with the elec- 
tron beam on and off the blue exchanged spot. Ar+ ion sputter 
depth profiling with ESD CIS the probe showed a layer of high D 
content was approximately 1000A thick. The layer was highly re- 
sistive and caused charging effects in ESD. 

a study impossible, but further work will include such 
an examination. Studies of surfaces prepared in UHV 
by exposure to Hz0 show that there are both hydride 
type hydrogens bonded to Ti's and hydroxide-like hy- 
drogens bonded to 0's (15). This information comes 
from the threshold behavior of the ion yield us. elec- 
tron energy (14). 

Electrochemical measurements.-To evaluate the 
importance of the incorporated hydrogen on photoelec- 
trochemical properties of TiOz anode in a photoelec- 
trolysis cell, a number of electrochemical experiments 
have been carried out on illuminated anodes. In gen- 
eral, these experiments entail aging lightly doped Ti02 
anodes in 1M NaOH in various potential and current 
regimes. Figure 4 and Table I enumerate the results 
of such an experiment on one rutile anode. Scan 1 
is that for the virgin, lightly hydrogen reduced anode 
and its photoresponse is that expected, giving an ef- 
fective gap of approximately 3.0 eV. Its measured 
flatband of -0.865V us. SCE is also normally found 
(16). 

As the sample begins to age cathodically, one sees 
the gradual hydrogenation of the surface layer of the 
electrode. Current controlled aging was employed so 
as to avoid the incorporation of too much hydrogen 
and subsequent shattering of the sample, which oc- 
curs at current densities between 1-10 mA in 1-3 
days. As the hydrogen doping proceeds, the flatband 
starts moving to positive values us. SCE and then 
levels off. This shift is generated by three effects. 
Butler and Ginley have recently shown how the flat- 
band potential of a photoanode can be predicted from 
the atomic electronegativity of the constituent atoms 
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Wavelength I n m l  

Fig. 4. Successive ogings of o lightly hydrogen reduced rutile 
anode in IM NaOH: cune 1, virgin sample, curve 2, 100 #A 14 hr 
cathodic, curve 3, 100 /LA 20 hr cathodic, curve 4, O.OV vs. SCE 
20 hr, cune 5, +l.OV vs. SCE 23 hr, and curve 6, +5.OV vs. X ' E  
4 days. 

of the semiconductor (17). In this case, the introduc- 
tion of hydrogen into the lattice increases the bulk 
electronegativity of the oxide so as to move VFB to 
more positive potentials. Rough calculations indicate 
that if one out of five Ti& moieties on the surface were 
hydrogenated, the appropriate shift in VFB would re- 
sult. However, two other factors must be evaluated; 
the change in the bandgap of the oxide which is small 
based upon photoresponse measurements, and the 
change in the point of zero zeta potential of the sur- 
face which may be significant if the relative pKa of 
the surface is altered. 

The relative lack of change in VFB from scan two to 
scan three most likely results from the near saturation 
of the available surface sites with hydrogen. The sub- 
stantial loss of quantum efficiency for the cathodically 
aged sample seems to indicate that the hydrogenated 
surface region acts as if it has many recombination 
centers or more likely that photoexcited states either 
radiatively or nonradiatively decay without giving 
rise to holes that can participate in photoelectrolysis. 
These hypotheses are currently under investigation. 

Treatment four is the reverse aging of the sample 
under illumination at  O.OV us. SCE. Most of the hy- 
drogen is removed from the surface layer in this 
process, but the VFB shows that perhaps 20-30% of 
the hydrogen remains. This is further substantiated 
by the continued presence of the blue spot. However, 
as the photoresponse curve number four shows, the 
quantum efliciency is totally restored. This indicates 

Table I.  Dependence of VFB on aging conditions in 1M NaOH 

Measured 
Treat- VPB 
ment Condltlons (us. SCE) 

Ag<d ca th~dl~a l ly  100 LA 14 hr -0.735 : Aged cathodically 100 PA add. 20 hr -0.750 
4 Aged O.OV us. SCE 20 hr -0.817 
5 Aged anodlcally + 1.OV us. SCE 23 hr -0.765 
6 Aged anodlcally +5.OV w. SCE 4 days -0.705 

that the remaining hydrogen is located on a lattice site 
that is normally not photoactive in the photoelectrol- 
ysis process. 

Continued agihg in the anodic direction at  +1.0 and 
+0.5V us. SCE, scans five and six respectively, result 
in the gradual diffusion of Ti3+ interstitials out of the 
surface layer as has recently been discussed by Butler 
(18).  The removal of the electropositive Tia+ results 
in a more positive V F ~  and the reduced number of 
donors results in the observed decrease in o. The 
blue spot remains, indicating the continued presence 
of hydrogen in the surface. 

Conclusion 
Similar to the case for SiOz, more than one impor- 

tant lattice site for hydrogen is indicated for TiOz. 
Very high levels of hydrogen are found in the near 
surface region in exchanged samples and certainly 
the hydroxyl hydrogens represent only a portion of 
the incorporated hydrogen. We are now trying to 
determine the nature of the role of hydrogen in de- 
fects for both conduction and surface reactions. Fur- 
ther, large changes in VFB and o result after hydrogen- 
ation, indicating the electromigration and the electro- 
chemical doping of the surface layers in oxide photo- 
anodes may be crucial in evaluating electrode stability 
and performance. The use of an appropriate electro- 
chemical dopant may result in the advantageous modi- 
fication of an electrodes properties. 
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lines (Fig. 11 and 12) without benefit of essential in- 

The Electrochemistry of Electroless Deposition 
of Copper 

5. M. EI-Raghy ond A. A. Abo-Salama (pp. 171-176, Vol. 126, No. 2) 
Francis M. Donahue:l The subject paper purports to 

present a better method of studying electroless cop- 
per plating processes. This correspondent takes excep- 
tion to this contention both in terms of their approach 
to the problem and, to some extent, the interpretation 
of their data. 

formation. In order to draw the lines, the exchange 
current densities and Tafel slopes for the partial proc- 
esses must be known. On the basis of the data pre- 
sented in the subject paper, it can be categorically 
stated that this information was not available. There- 
fore, there is no justification for the labelling of the 
lines with concentrations. Further, there is a clear 
implication from those lines that the respective Tafel 
slopes change with concentration, an unusual situation 
which cannot be substantiated. 

The method of separating the partial processes and 
measuring the current flow was first used by Lukesz The Com~osition of Anodically Formed Iron Oxide Films 
to demonstrate that hydrogen gas was not the re- 
ductant for cupric ion and as an aid in proposing a 
mechanism for formaldehyde oxidation, not to mea- 
sure plating rates. The authors concede that the cou- 
pling current is less than the actual plating rate and 
that the working potentials for the anode and cathode 
are different from the actual mixed potential. The 
point of the experiments, therefore, is not clear. It 
cannot be to demonstrate that the separated processes 
operate; Lukesz did that. It cannot be to demonstrate 
that electrochemical reduction of cupric ion and elec- 
trochemical oxidation of formaldehyde are the partial 
processes; Paunovic3 did that. 

The authors have apparently misunderstood our use 
of mixed potential analyses4.5-see their concluding 
comments. The primary purpose of the mixed poten- 
tial analysis is to establish rate laws for the partial 
processes. This is done by independently measuring 
the plating rate and the mixed potential for a series 
of plating baths. One of the consequences of these 
types of studies is the ability to determine interactions 
among the various reactant species.4 Since Schoenberga 
reported that formaldehyde was bonded with cupric 
ion in the plating bath, it was not surprising that 
Shippey's data5.7 showed that formaldehyde (the 
anodic partial process reactant) participates in the 
cathodic partial process. Experiments in separated 
compartments cannot reveal such interactions which 
occur under actual plating conditions. Incidentally, 
from the electroless plating data given in Fig. 10 and 
column 2 of Table I, this correspondent was able to 
estimate the reaction order for formaldehyde in the 
cathodic partial process; it was approximately equal 
to that of Shippey.5 

Another interesting interaction which one may not 
be able to study using separated compartment experi- 
ments is the effect of gas evolution on mass transfer. 
It has been shown that hydrogen gas evolution (prod- 
uct of the anodic partial process) usually determines 
the mass transfer conditions in electroless copper 
plating baths and that cupric ion (reactant of the 
cathodic partial process) is the only species which is 
substantially affected.8 That the authors did not ob- 
serve this effect (see Table I) has been ascribed to 
the low plating rates which they obtained.0 

M.  Cohen, D. Mitchell, and K. Hashimoto 
(pp. 442-444, Vol. 126, No. 3) 

A. M. 0lmedo:s I agree with Cohen and co-workers 
that the temperature rise for RHEED is small and 
would be insufficient to cause any changes in the ox- 
ide or hydroxide. I have made some experiments with 
RHEED to characterize the oxide grown in an alka- 
line solution of 3M-NaOH and I found the presence 
of an hydrated iron oxide in the electrolyte used. 

The specimens were prepared with a sheet of an- 
nealed spectroscopic grade polycrystalline iron. The 
slow cooling after the high temperature treatment led 
to sufficient grain growth in the polycrystalline sheet 
to allow diffraction patterns of iron to be obtained 
from single grains. Previous to each experiment the 
surface was prepared by electropolishing in butyl+ 
cellosolve+perchloric acid mixture followed by abun- 
dant washing with methanol. The oxides were grown 
electrochemically in a conventional three electrode 
cell containing alkaline solution of 3M-NaOH using 
Hg/HgO/lM NaOH reference electrode. Solutions 
were deaerated with 4N N2 prior to each experiment. 
All experiments were performed under potentiostatic 
conditions. 

The phenomena of passivity of iron in alkaline so- 
lutions has been known for a long time.10 The oxides 
grown in this work have a thickness of a few tens of 
angstroms as it has been mentioned in a previous ar- 
ticlell and from previous work it appeared that it was 
possible to prepare reproducible passivated surfaces 
in this media in the potential range -0.4-0.65V us. 
the reference electrode mentioned.llJ2 The anodic 
limit corresponds to the onset of oxygen evolution re- 
action and the cathodic limit to the potential range 
where a slight partial reduction of the film starts. Two 
techniques were used: (i) the iron was passivated em- 
ploying a single potential sweep from Hz evolution to 
0.3V and was cycled several times between these 
limits, (ii) the iron was passivated employing the step 
technique. Both responses may be found in the previ- 
ous works mentioned.llJ2 the plots are qualitatively 
similar for different concentrations of NaOH. 

The electron diffraction pattern for the iron elec- 
trode cycled several times between Hz evolution to 
0.3V (us. the reference electrode mentioned) is shown 

1 Department of Chemical Engineering, The University of Mlch- 
&an, Ann Arbor, Mlchigan 48109. nComidon Naclonal de Energla Atomica, 1429 Buenos Aires. 
ZR. M. Lukes, Plating, 51,1066 (1064). Argentina. 
a M. Paunovic, ibid., 55, 1161 (1968). 10 B Kabanov R. Burstein, and A. N. Frumkin, Discuss. Faradnu 
*F. M. Donahue, This Journal, 119, 72 (1972). SOC., i, 259 (194:). 
1F M. Donahue and F L. SI?lppey Plating 00,135 (1973). A. M. Olmedo, R. Pereiro, and D. J. Schiffrin, 3. Electroanal. 
a L: Schoenberg, This journal, 118,'1571 ( I&) .  Chem. Interfacial Electrochem., 74, 19 (1916). ' F. L. Shippey and F. M. Donahue Plating 80 43 (1913). ' ?C .  V. D'Alkaine. 8. Perelro, and D. J. Schiffrin, Paper No. 727 

M. D~nahue, This Journal, acckpted fo; p;blication. presented at the 25th I.S.E. Meeting, Brighton, England (1974). 
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Fig. I .  Reflection electron diffraction pottern of iron passivated 
cyclically. 75 kV. 

in Fig. 1. In Table I the d-values measured are pre- 
sented. This diagram is perfectly consistent with a 
polycrystalline Fez03 . 1.2Hz0 (ASTM card 22.1117). 
The pattern suggests that the oxide is composed of 
randomly oriented microcrystallites. The electron dif- 
fraction pattern for the film grown at 0.200V anodic 
(US. the reference electrode mentioned) during 2 hr 
is shown in Fig. 2. The final current density observed 
at  the end of the growth was approximately 0.4 PA 
cm-2. In Table I1 the d-values measured are presented. 
The inner ring, which is very faint and is masked by 

. the shadow of the iron sheet, corresponds to a spac- 
ing of 2.52-2.53A which is present not only in the hy- 
drated oxide mentioned before but also in FesO4 and 
~FezOs. The values of the two more intense rings are 
very close to those of a iron (ASTM card 6-0696). As 
the sample was rotated in the chamber the rings ap- 
peared fainter and in some cases showed up some 
points corresponding to the iron substrate. 

The results presented here showed that the iron 
passivated in an alkaline solution of NaOH may form 
a hydrated film in accordance with some previous 
work mentioned in the paper of reference. 

Morris Cohen:l3 We were pleased to receive con- 
firmation of a low temperature rise due to the use of 
RHEED. The observation of a hydrated oxide at high 

1. National Research Council of Canada. Ottawa. Canada. 

Table I 

Table I I  

Fig. 2. Reflection electron diffraction pattern of iron passivated 
by potential step technique (passivated during two hours). 100 kV. 

pH is not inconsistent with our observations of an- 
hydrous oxide at near neutral pH's. In these highly al- 
kaline solutions more iron may be going into solution 
which would then be anodically redeposited as hy- 
drated oxide. The cycling used in the described ex- 
periments would increase the amount of iron in solu- 
tion and hence also increase the thickness of the de- 
posited film. 

Discharge Reaction Mechanisms in LilS0Cl~ Cells 

C. R. Schlaikjer, F. Goebel, and N. Marincic 
(pp. 513-522, Vol. 126, No. 4) 

M. H. Miles:l4 The abrupt change in the open-circuit 
potential of the Li/SOC12 cell below -20" reported 
in the paper under discussion is interesting, how- 
ever thermodynamic calculations do not support the 
postulate that this is due to the cell reaction chang- 
ing from 

or the related reaction involving (SO), to 

8Lics1 + 3SoCl~(i) + 2Sc.1 + L~ZSO~(S)  + GLiCl(s) 
[21 

at temperatures below -20°C. Calculations based upon 
available thermochemical data's"' show only small 
differences in AH0 for these two reactions unlike the 
large changes expected from the experimental re- 
sults of Fig. 6 in the paper under discussion. For exam- 
ple, calculations based upon heats of formation give 
AH0 = -86.1 kcal/equiv. for reaction [I]  and a very 
similar value of -86.2 kcal/equiv. for reaction [2] at  
standard conditions. However, using 

and the results shown in Fig. 6 AH = -77 kcal/equiv. 
between +72T and -20'C and changes abruptly to 
-66 kcal/equiv. at temperatures below -20°C. 

From basic thermodynamic relationships,22 it can 
be readiLy shown that 

1'Chemistry Division, Naval Weapons Center. China Lake, Cali- 
fornia 93555. 

Nat. Bur. hand.  Tech. Note, 270-3 (1968) 
Nat. Bur. Stand. Circ., 500 (1952). " W. M. Latimer "Oxidatron Potentials? 2nd ed., pp. 72, 329, 

Prentice-Hall, New Pork (1952). 
IaA. A. Shidlovskii and A. A. Voskresenskii, Zh. Fiz. Khim., 39, 

3097 (1965)  Chem Abstr. 64 8996a (1966) 
I ~ D .  E. ki ico and L. 'A. '~romle,  ~ n d :  ~ n g .  Chem., 55(7), 32 

I1.301, 
,A""',. 

E. Erdb's, Collect. Czech. Chem. Comm., 21, 1428 (1962). 
ibid., 27, 2273 (1962). 

=F. Daniels and R. A. Alberty "Physical Chemistry," 4th ed., 
PP. 3198, 196-198, Wiiey, New YO& (1975). 
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(aAH/aT)p = nFT (a2E/aT2)p = ACp [41 
and 

(aAS/aT)p = nF(a2E/aT2)p = ACP/T [51 
where ACp is the change in heat capacity for a reaction 
at  constant pressure. Since ACp is relatively small for 
most reactions, both AH and AS are usually fairly 
constant over moderate temperature ranges, hence 
E us. T will generally show a linear relationship as 
observed for the Li/SOClz cell reaction. From heat 
capacity data,l6,1631 ACOp is only -4.2 cal/K for reac- 
tion [I]  and -2.8 cal/K for reaction [2] per equiv- 
alent, hence AH0 would change less than 0.5% over a 
100°C temperature range for either reaction. Since 
In K,. = -AHVRT + ASo/R, the constancy of 
AHo and AS0 is also the basis of the linear relation- 
ship observed between In K,, and 1/T for many 
reactions.23 

For the Li/SOC12 cell recction below -20°C, an- 
other linear relationship between the open-circuit po- 
tential and the temperature is to be expected. Using 
AS = ~ F ( ~ E / ~ T ) P  and the data points at -40% and 
-60°C in Fig. 6, it is found that AS = 58 cal/K for a 
reaction involving one equivalent. At temperatures 
between +72' and -20T, a quite different value of 
AS = 23.7 cal/K is obtained. Any postulated changes 
in the cell reaction below -20°C should be consistent 
with abrupt changes in AH and AG to less negative 
values and with an abrupt increase in AS. Contrary 
to the statement by the authors (likely a misprint), 
AG is not constant over any temperature range for 
the Li/SOC12 reaction but varies directly with the 
cell potential according to AG = -nFE. 

Thermochemical calculations support the postulated 
formation of SO or (SO),,. If about half of the sulfur- 
containing products in reaction [I]  were actually pres- 
ent as SO, then the calculated value of AH0 would 
be close to the experimental value of -77 kcal/equiv. 
Differences reported between the experimental and 
standard state conditions would likely cause relatively 
small changes in the enthalpy for this cell reaction. 

C. R. Schlaikjer:24 The authors would like to thank 
Dr. Miles for submitting his comments. 

For any electrochemical cell being discharged at 
vanishingly small current, the potential is determined 
by the free energy change associated with the elec- 
trochemical reactions occurring on the electrode sur- 
faces. This potential is not affected by any chemical 
reactions involving products which may be present in 
the electrolyte subsequent to discharge, unless these 
products polarize one or both electrodes through 
direct chemical reaction. The enthalpy and entropy 
changes per equivalent for each of reactions [I] and 
[21, using the references cited by Dr. Miles, and those 
noted from the experimental data are as follows: 

AH' A.V 

reaction Ill -86.1 kcal/equlv. -5.62 calldeq equiv. 
reaction I21 - 86.2 kcallequiv. -9.78 calldeq equlv. 
found -77 kcallequlv. t 23.7 calldeq equk. 

*Assuming 601 Is formed as a condensed phase. 

Apparently, neither reaction 1 nor 2 reflect the elec- 
trochemical reaction which occurs during the discharge 
of a Li/SOC12/C cell at ambient temperature, even 
though the over-all reaction may be as indicated in 
Eq. Dl. 

These observations and the arguments presented in 
the paper indicate that one or more intermediates 
exist in the solution as the result of discharge, which 
decompose on standing to sulfur and sulfur dioxide. 
The abrupt change in slope of the open-circuit poten- 
tial as a function of temperature below -20°C may 
indicate that another discharge reaction becomes 
significant, but does not necessarily mean that the 

(bid,  pp. 170.173. 
CTE Laboratorlea. Waltham, Massachusetts 02154. 

electrode reactions produce Li2SOs and sulfur directly. 
Dr. Miles used the two points at -40" and -60'C to 
calculate AS for the electrochemical reaction in this 
region. The observed dependence may be affected by 
the kinetics of the electrode reactions below -20°C. 
We believe that the data presented in the paper are 
not sufficient to establish what the slope aE/aT really 
is in this region. 

Blomgren et al.28 have reported that the initial or 
electrochemical step in the reduction of both thionyl 
chloride and sulfuryl chloride involved the transfer 
of only one equivalent per mole. Dey et a1.m also re- 
ported that solutions of thionyl chloride when reduced 
in supporting electrolyte did not yield two equivalents 
per mole, but fell short of this value by the time the 
SOClz had disappeared. On standing, the electrolyte 
was said to have regenerated thionyl chloride, which 
on further electrochemical reduction yielded a total 
value near two equivalents per mole. If these observa- 
tions are correct, then SOC1. could be an intermediate 
in the discharge of Li/SOC12/C cells 

Dr. Miles mentioned a misprint on page 517, first 
column, 5th line from the bottom: the entry AG 
should read AH. 

Electrochemical Potential Spectroscopy: 
A New Electrochemical Measurement 

A. H. Thompson (pp. 608-616, Vol. 126, No. 4) 
T. Jaoobsen, K. West, and S. AUung:27 In the paper 

by Ynomgson the incremental capacity, defined as 
- Ax/AV is determined for Li,TiSz by a potential 
stepping technique. The - Ax/AV us. x dependence 
(Fig. 2 and 3 of the paper) shows definite peaks at  x 
= 1/9 and x = 1/4. It is argued that due to the 
COUlOmblC interactions superlattices of intercalated 
Lit ions may be formed for x = 1, 1/3, 1/4, 1/7, 1/9, 
. . . and the observed peaks are taken as a verificat~on 
of the lattices x = 1/9 and x = 1/4. 

Although we do agree with the author on the forma- 
tion of regular structures during intercalation and his 
results are basically in agreement with our findings, 
we have some objections to his analysis of the capac- 
ity us. composition dependence. 

Consider the stage in the intercalation process, 
where a superlattice corresponding to x = xi has just 
been completed. On further intercalation this is grad- 
ually transformed into a new and denser lattice, which 
is completed at x = xi+l. During this transformation 
all Li+ ions are inserted at position with identical 
nearest neighbor distances and to a first approxima- 
tion the interaction energy of these ions will not de- 
pend on the degree of transformation. Later on when 
the i + 1 lattice is completed the Li t  ions now in- 
tercalated will have a shorter nearest neighbor dis- 
tance and an increased interaction energy. 

For XI < x < xi t i  the LiSiS2 electrode potential 
can be written as 

RT 1 - 0 1  
V=V%/~+l+-ln-+AVi,,t(e~) I l l  

F fi 
where Voili+~ is the standard potential of the i/i + 1 
lattice transformation. ei is the degree of transforma- 
tion defined as (x  - xi)/(xitl - xi) and AVi.t(e1) ac- 
counts for the minor change in interaction energy dur- 
ing the transformation. 

Ignoring the interaction term AVl,t(el) the normal- 
ized differential capacity, - dx/dV, can be derived 
from Eq. [I] 

8 0  E Blomgren V Z Leger M L Kmnenberg T. Kalnokl- 
Kh, k d ' ~ .  J. ~rodk  cap& No. &, "poker Sources i:' J. Thomp- 
son, Editor, p. 563, Proceedings of the 11th International Sympo. 
slum Brlghton la78 Academlc Press London (1979) 

*l i .  N. ~ e i  W.'Bowden, J. Milier, and P. ~Iialis, Report 
DELET-TR.78-~563-1, Apdl, 1979. " FysisbKemlsk lnstltut, The Technkal University of Denmark. 
DK 2800, Lyngby, Denmark. 



2170 J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY December 1979 

As the term ei(l - 91) has a maximum for ei = 0.5 
this relation predicts capacity peaks to be present be- 
tween the ordered structures. The differences in stan- 
dard potential for the sequence of latiice transforma- 
tions taking place during the complete discharge of 
Li,TiSz is mainly determined by the decrease in near- 
est neighbor distance when denser structures are ini- 
tiated. Therefore the capacity us. composition relation- 
ship is expected to be a series of peaks, showing 
minimas where complete lattices are present. In case 
two (or more) lattice transformations have similar 
standard potentials the structure of intercalated Li t  
ions will be a mixture of the three (or more) lattices 
involved and the separating minimas may vanish. 

Returning to Fig. 2 and 3 in Thompson's paper, it is 
seen that the capacity peaks at x = 1/9 and x = 1/4 
are separated by a minimum for x close to 1/7. Thus 
the first peak should preferably be attributed to the 
formation of the 1/7 lattice. Although the expected 
minimum after the x = 1/4 peak is obscured by the 
superposition of denser structures, this peak is prob- 
ably due to the transformation of the 1/7 lattice into 
the 1/3 lattice. 

In a study if Li,TiSz by means of slow linear po- 
tential sweeps we have obtained results very similar 
to the ones given by Thompson. At very slow scan 
rates, where the Li,TiSz phase is close to equilibrium 
conditions, the observed current given by i = Q,., 
dx/dV dV/dt is proportional to the differential normal- 
ized capacity - dx/dV. Figure 1 shows this quantity 
determined at a sweep rate of 28 pV sec-I as a func- 
tion of the electrode potential. To analyze this we 
have assumed a series of consecutive lattice trans- 
formations each having an emf expression of the form 

where the interactions are accounted for by the term 
linear in el. By differentiation it is easily seen that 
Eq. [3] predicts symmetrical peaks around el = 0.5 

Potential vs. Li 

Fig. 1. Normalized differential capacity of LizTiSz vs. electrode 
potential determined by linear scan voltammetry (25°C. 28 rV 
1 ) :  -, experimental; - - - - - -, calculated; -.-.-.-., 
contributions fram the four lattice transformations considered. 

Table I .  Model parameters (Eq. 131) 

The peak width is determined by the interaction pa- 
rameter f. 

This model has been fitted to the experimental ca- 
pacities by means of a nonlinear least squares com- 
puter program. The resulting calculated curve also 
given in Fig. 1 shows good agreement with the experi- 
mental one. As it is seen from the parameters in Table 
I the capacity behavior is described by the formation 
of a 1/7 lattice, transformation of this into a 1/3 lattice 
followed by a denser lattice at x = 0.65 before the 
complete close packed structure is formed. The value 
of x = 0.65 -- 2/3 can be explained as a 1/3 lattice 
of empty sites. The rather high values of the inter- 
action parameter f for the dense states are not sur- 
prising as the Lit-Li+ distances in this region are 
small and interactions other than those between near- 
est neighbors may be of importance. 

On the basis of these results the superlattice forma- 
tion as suggested by Thompson appears a very suitable 
model for the intercalation of Li+ into TiSz although 
more detailed studies are required to obtain a satis- 
factory description of the denser states. 

A. H. Thompson:28 The authors T. Jacobsen et al. 
raise some good points that were not fully discussed 
in my paper. I agree that the phase diagram for the 
LizTiSn system is still very much uncertain. The peaks 
in incremental capacity at the x = 1/4 and 1/9 com- 
positions seem to clearly suggest ordering effects. Also, 
the temperature dependent data clearly indicate that 
a probable ordering occurs at x = 1/3. But at present, 
there are not enough data to unambiguously specify 
the phase diagram. Additional electrochemical and 
particularly structural data are required. Nonetheless 
several specific replies need to be made to the Jacob- 
sen discussion since I do not believe that the present 
data fully support the proposed model. 

1. The model proposed by Jacobsen et al. assumes 
that all additional lithium ions intercalated between 
two ordered compositions enter identical sites. This 
would only be true if the ordered compositions are 
perfectly ordered and if the additional lithium do not 
interact with each other. The latter constraint would 
only be valid close to the xi composition. Also, the 
relatively high diffusivity of Li in Li,TiSz suggests a 
highly defected structure involving both the octa- 
hedral and tetrahedral sites. Under these conditions, 
a highly defected or incipient model for the ordering 
is probably more appropriate. 

2. The data of my paper do not support minima at 
x = 1/7 and x = 1/3. Close inspection of Fig. 3 shows 
that x = 1/7 lies on the falling edge of the x = 1/9 
peak and that x = 1/3 lies on the falling edge of the 
x = 1/4 peak. 

3. The qualitative differences between the electro- 
chemical aotential s~ect rosco~v (ECPS) data and the .--.---- ~ 

linear potkntial sweip data may 'be explained by the 
rate differences. The ECPS data taken at 1-10 +4/cm2 
correspond to continuous discharge rates of 10-2-10-1 
fl/sec compared to -30 rV/sec for the linear sweep 
data. 

It should be further pointed out that minima in 
-dx/dV would be expected when there is two phase 
formation. Recent studies on Li,TaS2 by the au- 
thor29.30 describe ECPS results on two phase systems. 

"Exxon Research and Engineering Company, Corporate Re- 
search Laboratories, Linden, New Jersey 07036. 

A. H. Thompson, TO be published in the Conf. Proc., "Fast Ion 
Transuort in Solids." Geneva. Wisconsin. May 1979. " A: H. Thompso~i, Physica; To be pubiished. 
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In these cases there are sharp minima in -dx/dV 
at the unique compositions and broad maxima be- 
tween the phase boundaries similar to the model dis- 
cussed by Jacobsen et al. Such behavior may also be 
seen in Li,TiS2 at lower temperatures. 

In conclusion, the comment by Jacobsen et al. pre- 
sents some new, independent data supporting the 
electrochemical evidence that lithium ions form or- 
dered arrays in Li+Ti&. The details of the phase dia- 
gram remain uncertain but it is now clear that such 
ordering effects are common among the alkali metal 
intercalates of layered compounds. The model pro- 
posed in the comment would not appear to fit the 
LiTiSz results in detail but may be appropriate at 
lower temperatures. 

Electrochromism in Anodic Iridium Oxide Films: 
11. DH Effects on Corrosion Stabilitv and the 

Mechanism of Coloration and ~ l i a c h i n ~  

5. Gottesfeld and 1. D. E. Mclntyre (pp. 742-750, Vol. 126, No. 5) 
D. N. Buckley31 and L. D. Burke92 Arising from the 

article of Gottesfeld and McIntyre, we would like 
to comment on a few aspects of anodic oxide films 
formed by potential cycling. 

When we first reported33 in 1975 that visible color 
changes could be reversibly induced in iridium oxide 
films by changing their potential, this behavior was 
thought to be unique among the noble metals. Indeed 
the growth of such thick films by potential cycling 
reported a few years earlier3425 was also considered 
unique to iridium. More recent work36 has shown, 
however, that similar films on rhodium also clearly 
exhibit visible color changes under the influence of 
potential. These films can be grown on rhodium in 
NaOH solutions under potential cycling conditions 
(0.01-1.55V (HE), 5 Hz, 25"-80°C). At suitable thick- 
nesses, their color changes reversibly from pale yellow 
at lower potentials to dark green at higher potentials. 
A disadvantage of rhodium is the relatively high 
potential required for coloration, leading to some 
simultaneous oxygen evolution. However, although it 
is only slightly less expensive than iridium on a 
weight basis, films of rhodium require a smaller mass 
of metal than similar films of iridium because of its 
considerably lower density (55% that of iridium). 
Thus possible applications in electro-optical devices of 
the originally discovered iridium system suggest simi- 
lar applications for the more recently reported rhodium 
system. 

The paper under discussion strongly supports the 
originally suggested proton migration rnechanism33,37.38 
for color changes in iridium oxide films. There have 
been recent suggestions39 that these changes involve 
not proton migration but electron transfer across the 
oxide-electrolyte interface. The species in the electro- 
lyte which would be oxidized and reduced under such 
a mechanism have not been identified by the propo- 
nents of this theory and it is difficult to see how such 
oxidation/reduction could occur in the electrolytes in 
question. In any case the observations reported in the 
paper under discussion, in particular the kinetic effects 
of stirring and of buffering the electrolyte together 
with the observations in aprotic solvents, clearly 
demonstrate the involvement of protons and should 
effectively end this controversy. 

"Department of Materials Science and Engineering. University 
of Pennsylvania Philadelphia Pennsylvania 191U4. 
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=D. N. Buckley and L. D. Arke ,  J. Chem. ~oc . '~aradby  ~ r a n s :  

I. 71.1447 11975b. . 
A. capon a n d  R. Parsons, J. Electroanal. Chem. Interfacial 

Electrochem. 39 275 (1972) 
'ZD. A. J. i a n i  and R. woods ibid. 55 375 (1974) 
"L. D. Burke and..E. J. M. i ) '~u l~kad ,  ibid., 93,'ll (1978) 
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We agree that, in practical applications, activation 
(i.e., film growth) would probably be most conveni- 
ently achieved by means of square waveforms. How- 
ever, the reported rate of activation by 0.5 Hz square 
waves (4.8 x 10-2 mC cm-2 sec-1) is, in fact, slower 
than the rate observed by us33 using 10 Hz triangular 
waves (18 x 10-2 mC cm-2 sec-1). It would be in- 
teresting therefore to observe the rate of activation 
by square waves of frequency higher than 0.5 Hz. 
In this connection it should be noted that at the 
current densities encountered at  higher frequencies 
(as high as 1A cm-2 for 10 Hz triangular waves and 
typical iridium oxide films) the relatively small 
(typically -0.1-0.5-n for a 1 cm2 electrode in 0.5M 
H2S04) resistance between the working and reference 
electrodes can cause appreciable error in electrode 
potential. Thus, in the absence of automatic ZR com- 
pensation, increasing frequency will cause the actual 
potential experienced by the electrode to become in- 
creasingly distorted from the nominal waveform so 
that results obtained with triangular and square 
waves are expected to become similar. 

Finally, the effect,37 on the activation rate, of the 
maximum and minimum potentials of the waveform, 
confirmed in the paper under discussion, raises the 
question of the mechanism of film growth. Similar 
results have been obtained for rhodium." This could 
be regarded as being in accord with classical passiva- 
tion behavior so that periodic breakdown at lower 
potentials of a passive inner film is necessary for con- 
tinued growth of the over-all film. A dissolution-pre- 
cipitation mechanism suggests itself but we have so 
far found no evidence for this in the case of rhodium. 
Thus, details of the mechanism of film growth are not 
clear at  this stage. 

J. D. E. McIntyre:40 Electroch~omism.-The phe- 
nomenon of electrochromism (EC) in hydrous Group 
VIII metal oxides has proven to be widespread.41 
For example, thick oxide films of iridium, rhodium, and 
nickel can be grown by potential cycling and/or elec- 
trochemical or chemical precipitation. In contrast to 
WOa, these oxides are all colored by anodic transfer 
of an electron into the metal substrate coupled with 
cation ejection into, or anion injection from, the elec- 
trolyte in order to preserve electroneutrality. Follow- 
ing the report of EC in anodic rhodium oxide by 
Burke and O'Sullivan,42 Gottesfeld43 investigated its 
characteristics for optical displays. Color changes from 
yellow to dark green or purple-brown were observed, 
depending on the amplitude of the cathodic pulse 
limit employed. McIntyre et ~1.44245 have investigated 
the formation and electrochromic properties of nickel . - 

oxide. 
Continuing studies of these hydrous Group VIII 

metal oxides have further extended our understand- 
ing of their complex electrochromic behavior. The ex- 
perimental results46 of Gottesfeld and McIntyre (GM) 
showed that coloration of anodic iridium oxide pro- 
ceeds by a mechanism involving transfer of electrons 
into the metal substrate and transport of ions across 
the oxide-electrolyte interface. The excess positive 
charge generated in the lattice by oxidation of Ira+ 
ions to I++ could be compensated either by ejection 
of mobile cations or injection of mobile anions, just 
as for the electrolyte contained within the film pores.46 
No evidence was found in either aqueous or nonaque- 
ous electrolytes for an electroneutralization mecha- 
nism proposed by Beni and Shay,47A8 which involved 

40 Bell Laboratories Murray Hill New Jersey 07974 
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transfer of electrons across the oxide-electrolyte in- 
terface from or to unknown donor or acceptor species 
in solution. In the acidic aqueous solutions investi- 
gated by GM, it was concluded4'J that the mobile ions 
responsible for electroneutralization were protons and 
that these species may migrate through the hydrous 
oxide by a Grotthus-type chain mechanism involving 
chemically bound or occluded water, possibly assisted 
by proton tunneling. Ejection of a proton from the 
lattice by such a mechanism is formally equivalent 
to OH- injection, but the actual species transferred is, 
of course, H+ . 

The presence of bound water appears to be essential 
for fast coloration and bleaching of these films. Iridium 
and nickel oxide films formed by thermal oxidation 
of the metals are electrochemically inactive, as are 
thermally dehydrated anodic iridium oxide films. The 
latter films can also be deactivated by immersion in 
nonaqueous electrolytes containing dissolved hygro- 
scopic ions (e.g., Li+),  or solvent molecules (e.g., 
DMSO) which can strongly coordinate iridium metal 
ions (and also protons), replacing bound Hz0 in the 
film.41 The porous anodic films can be rehydrated by 
cycling in aqueous electrolyte.48 The mechanism of 
the electrochromic effect in anodic iridium oxide films 
thus differs significantly from that in W@, since "dry" 
evaporated films of this material are electrochemically 
active and electrochromic. Protons are apparently able 
to migrate into an amorphous WO3 film without large 
amounts of water being present, possibly owing to 
the more open channel structure of this oxide. The lat- 
ter is evidenced by the ability of WOs to accommodate 
the large cations K+,  Rbf, Csf, TI+, and NHaf.49 
However, the kinetics of the electrochromic reaction 
are improved by two to three orders of magnitude in 
anodic W03 films containing water.50 Multicrystalline 
I r a  electrodes grown by a high temperature vapor- 
transport method also exhibit electrochemical redox 
behaviorpl the large currents observed probably in- 
dicating ion penetration into the solid. The latter ma- 
terial was not reported to be electrochromic, however. 

It was also noted by GM.46 that the channeled 
rutile-type structure of Ir02 could facilitate injection 
of small foreign ions into its lattice. According to a 
rigid sphere model, the maximum radius of an ion 
which can be inserted into this structure is only 
~0.65A. The only monovalent ions which satisfy this 
criterion are H+ and Lif and these would require 
desolvation before injection. Anions such as F- (7 

= 1.36A) and CN- ( r  - 1.9A) are too large to be 
inserted into this type of lattice. Rice,52 however, has 
recently reported that electrochromism can be gener- 
ated in anodic iridium oxide films by injection of these 
anions from nonaqueous electrolytes. This implies that 
the structure of the grains in these porous amorphous 
films is not rutile-like, unless only surface iridium 
ions are oxidized and reduced in nonaqueous electro- 
lytes. Recent studies by McIntyre and Pecks3 have 
shown that in aqueous acid solutions all iridium ions 
in this oxide, whether surface or bulk, can undergo 
the electrochromic redox reaction, changing oxidation 
state from I11 to IV. Analysis of a deuterated oxide 
film in both colored and bleached states, utilizing the 
nuclear reaction sHe(d,p)rHe to measure the total D 
content in each, revealed conclusively that D+ ions 
were ejected during colorHtion.54 Simultaneous Ruther- 
ford backscattering measurements showed that the 0 

67 G. Beni and J .  L Shay Appl. Phys. Lett., 33, 561 (1978). " J. L. Shay and G E ~ k n i  Conference Report of 1978 Biennial 
Display Conference,'~derry kill, New Jersey, October, 1978. 

"P. C. Dickens in "Solid State Chemistry of Energy Conver- 
sion and Storage '( J. B. Goodenough and M. S. Whittingham Edi- 
tors, Advances in Chemistry Series No. 163, p. 165, ~mgr ican  
Chemical Society, Washington, D. C. (1977). 

mB. Reichman and A. J. Bard, This Journal, 126, 583 (1979). " J. Horkans and M. W. Shafer, ibid., 124, 1202 (1971). ' C. E. Rice Proceedings International Conference on Fast Ion 
Transport in Solids, Lake Geneva, Wisconsin, May, 1979. " J D. E. McIntyre and W. F. Peck Jr. To be published. 

W. L. Brown, T. M. Buck, J. D. E: ~ e i n t y r e ,  and W. F. Peck, 
Jr., TO be published. 

content remained virtually unchanged. These results 
appear to prove that an OD- anion injection mecha- 
nism (non-Grotthus) was not operative in this case. 

According to currently available evidence the color- 
ation reaction in hydrous iridium oxide films can pm- 
ceed by anodic removal of an electron coupled with 
charge neutralization by either cation ejection or anion 
injection. The mechanism that predominates will be 
determined by which ions have the highest mobility in 
the oxide lattice and/or which have the lowest desol- 
vation energy. Further work is required to clarify the 
roles of the electrolyte and oxide structure, composi- 
tion and solvation in the electrochromic reaction. 

Film Growth.-In the experimental studies of anodic 
iridium oxide film growth by GM,55,46 no attempt 
was made to maximize the film growth rate. Square- 
wave potential cycles were employed to maximize 
the time spent by the electrode at the anodic and 
cathodic extremes and to grow the film at a con- 
venient rate. Since the initial large current pulse in 
each half-cycle decays rapidly, it is probable that 
modulating frequencies higher than 0.5 Hz could be 
well employed. With large area electrodes, trapezoidal 
or sinusoidal potential waves can be used to avoid 
current-limiting or uncompensated resistance effects. 

Electron microscopy studies56 reveal clearly that 
the anodic iridium oxide film grows by a dissolution- 
precipitation mechanism to form a highly porous 
structure which has an average grain size of 0.05-0.1~ 
and which, in addition to macrovoids, contains large 
numbers of microvoids -25A in diam. Growth of the 
anodic oxide at higher cycling frequencies might pro- 
duce a smaller grained film with faster coloration and 
bleaching times. However, corrosion and stability tests 
would be required to assess the suitability of such 
films for device applications. 

In this connection, it should be noted that the stabil- 
ity data for anodic iridium oxide films formed by 
rapid square-wave cycling (0.5 Hz) in 0.5M 
and those grown by slow (100 mV sec-1) linear po- 
tential sweeps may not be directly comparable. In the 
experimental studies of GM46 the 0.5 Hz cycling fre- 
quency used in the stability tests caused the films to 
be exposed to 0.5M NazS04 (pH 3.5) electrolyte 
under dynamic corrosion conditions for >0.5 X 106 
cycles, a time - 2 0 ~  longer than in the studies of 
Beni and Shay.47.48 The latter workers employed 0.5M 
H2S04 electrolyte and a modulating frequency of 10 Hz 
for a similar number of cycles. The lengths of time 
spent by the electrode at the anodic and cathodic po- 
tential limits in each c-b cycle well may have a sig- 
nificant effect on the film corrosion rate and the degra- 
dation of bleaching times. 

Care must also be exercised in interpreting the re- 
sults of optical measurements alone in such tests. For 
normally incident light, interference effects cause the 
reflection contrast ratio, C R  = Rbleaehed/Reolored7 to 
saturate over the film thickness range 125-230 nm,s7 
which is in the range of interest for electro-optic de- 
vice applications. Such measurements must be com- 
bined with coulometry to show that improved color- 
bleach times resulting from chemical or heat-treat- 
ments are not simply due to film dissolution. By em- 
ploying light incident at 45" to the surface and polar- 
ized parallel to the plane of incidence, this anomalous 
saturation effect can be avoided. At h = 546 nm, the 
incident angle of 45" is very close to the Brewster 
angle of the hydrous oxide-electrolyte interface. In- 
terference effects are therefore suppressed and under 
these conditions log CR is linearly proportional to 
both film thickness and absorption coefficient, i.e., the 
Beer-Lambert law is obeyed. 
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ABSTRACT 
The effects of C, Zr, Ti, and Nb on the oxidation resistance of 17% Cr 

steels have been investigated by means of isothermal heating and cyclic heat- 
ing at  temperatures up to 1000'C. It has been found that C has a detrimental 
effect on the oxidation resistance of 17% Cr steels. The oxidation behavior of 
steels containing Zr is different from that of steels containing Ti and Nb. Zr 
improves the oxidation resistance of 17% Cr steels to a great extent. Par- 
ticularly, alloys containing Zr at  a concentration which exceeds the stoichio- 
metric equivalent of the total amount of C and N show excellent oxidation 
resistance up to 1000°C. Electron probe microanalysis shows the presence of 
a protective oxide layer consisting of Si-rich oxide at  the metal-oxide inter- 
face, and no Zr is detected in the scales. With steels containing Ti and Nb, on 
the other hand, there is no protective Si-rich oxide, but Ti and Nb are 
detected in the scales. These scales are not protective. As the effective factors 
of excellent oxidation resistance of Cr steels containing Zr, the behavior of 
carbide, grain growth, and phase transformation have been investigated. 

Many investigators have been concerned with the 
high temperature oxidation behavior and kinetics of 
Fe-Cr alloys (1). Seybolt found that Cr203 is formed 
in the scale by oxidizing Fe alloys containing more 
than 13% chromium (2). Coplan and Cohen and 
others have reported that Fe alloys containing more 
than 16-20% chromium show excellent oxidation re- 
sistance (3). 

The allowable oxidation temperature of commercial 
17% chromium steel (AISI 430 steel) is about 800°C. 
It is well known that increasing the chromium content 
and adding elements such as silicon, aluminum, and 
rare earth metals will greatly improve the oxidation 
resistance of 17% chromium steel (4-7). However, 
these methods involve addition of a large amount of 
the effective elements. Moreover these alloys have 
many problems in production, formability, weldabil- 
ity, etc., so they are scarcely used. 

It is inevitable that 17% chromium steels contain 
various added elements and impurities. It is important 
to study the effects of these elements. The effect of 
carbon has been reported for carbon steels, low alloy 
steels, Fe-A1 alloys, and Ni-Cr austenitic steels (1, 8). 
It has been reported that carbon in steels changes 
into CO and breaks the oxide film. It is surprising that 
there are so few reports about the effect of carbon 
on the oxidation resistance of commercial 17% chro- 
mium steels. 17% chromium steels partially transform 
the austenitic structure by increasing carbon content 
above 800°C (9). Therefore, it is important to study 
how structure affects high temperature oxidation. 

First, the present authors have investigated the ef- 
fect of carbon on the oxidation resistance of 17% 

Key words: oxide scale. grain size. ferrite, nitride, carblde. 

chromium steels. In the results, it  was found that car- 
bon is extremely detrimental to high temperature oxi- 
dation. For improving the oxidation resistance of 17% 
chromium steels, it  would seem necessary to remove 
the detrimental effect of carbon. 

Chromium steels with extra low carbon contents 
have no practical use, because their toughness is low- 
ered due to the increasing coarseness of grain which 
occurs at  temperatures above 800°C. Therefore, the 
effect of the addition of zirconium, titanium, and ni- 
obium which have a strong affinity for carbon and 
nitrogen, and also form carbide and nitride, have 
been investigated. Wright and others had studied the 
oxidation resistance of 16% Cr-Fe alloy containing 
0.05% zirconium at  1100" and 1200°C and reported 
only a slight effect of zirconium (6). The present 
authors have systematically investigated the oxida- 
tion resistance of 17% chromium steels containing up 
to 1% zirconium, and it was found that at this con- 
centration zirconium is an extremely beneficial ele- 
ment (10). 

Comstock studied the effect of titanium to see 
whether this element could be used to prevent break- 
away behavior during oxidation of chromium steels 
(11). 

In the present paper, the effect of zirconium is 
compared with that of titanium and niobium. Zirco- 
nium, found to be the most beneficial element, was 
investigated thoroughly in relation to carbon and 
nitrogen. Also, the long-term high temperature oxi- 
dation resistance of chromium steels containing zir- 
conium was studied. 

It was found that chromium steels containing zir- 
conium are superior to AISI 430 and 304 steels in 
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oxidation resistance. Chromium steels containing zir- 
conium have already been used commercially. 

Specimen Preparation 
Thirty-five test alloys were produced by melting 

electrolytic iron and the required amounts of addi- 
tives in a 17 kg vacuum induction furnace and a 50 
kg air induction furnace. These ingots were made of 
3.2 mm thick plates by forging and hot-rolling. After 
sheets of 1.2 mm in thickness were made by cold- 
rolling, the sheets were heat-treated and pickled in 
acid. Various kinds of samples were produced from 
these sheets. They were used in various tests after 
polishing with emery paper No. 320, degreasing, and 
washing in acetone-alcohol. 

The chemical compositions of alloys are shown in 
Table I. Commercially produced materials were used 
in the case of 430 Zr, AISI 430, and 304 steels. 

Experiment 
The samples of 20 mm in width, 25 mm in length, 

and 1.2 mm in thickness were used in isothermal oxi- 
dation tests at 825"-1000°C for 100 and 250 hr. The 
degree of oxidation resistance was measured by the 
weight gain. Oxide scales were collected in an A1203 
crucible covered with a lid to prevent the scattering 
of scales while cooling. 

In the case of long-term oxidation tests at 800" 
to 900°C for 1000 hr it was usually impossible to col- 
lect oxide scales and only weight change was mea- 
sured. However, for AISI 304 and 430 steels, oxide 
scales could be collected. Alloys of the types consid- 
ered are often used for automobile exhausts. 

Because the automobile exhaust is usually heated 
cyclically, cyclic heating tests were done on our al- 
loys by 30 min heating-cooling cycles. These experi- 
ments were done at 1000°C for 500 cycles and at 800"- 
900°C for 1000 or 2000 cycles. Because it is impossible 
to gather oxide scales in cyclic heating tests, the re- 
sults were shown by the amount of weiqht change. 
We found the amount of scaling off of ferritic stainless 
steels to be slight and the amount of weight change 
to be nearly equal to the amount of weight gain. 

Table I. Chemical composition of alloys (w/o) 

Zr / 
Alloy C 51 Mn Cr Zr N (C + N) 

i 
10 
11 
12 
13 
14 
15 
I6 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 

AISI 430 
AISI 304 
430 Zr 

The oxidation behavior of steels containing Zr, Ti, 
and Nb at  1000°C for 24 hr was determined with the 
differential thermobalance. 

The structures of oxide scale were shown with the 
optical microscope, x-ray diffraction, and electron 
probe microanalysis. 

Grain sizes and amount of carbonitride precipitates 
of test alloys were determined. 

Experimental Results 
Effect of carbon.-First, the effect of C on oxidation 

resistance has been studied in detail. 
Figure 1 shows the weight increase in isothermal 

oxidation of Cr steels containing 0.01-0.05% C at  
825"-1000'C after 250 hr. In all steels, the weight 
gain abruptly increases above 900°C. Increasing C 
content increases the weight gain. However, it is diffi- 
cult to recognize differences in weight gain due to 
different C contents at less than 875°C because here 
the weight gain is small. 

Figure 2 shows the effect of C on cyclic oxidation 
at 1000°C for 500 cycles. Increasing the C content in 
steels linearly increases the weight gain. 

It is clear that C has a detrimental effect on the 
oxidation resistance of 17% Cr steels. In the case of 
Cr steels containing more than 0.03% C, the amount 
of weight gain greatly increases, and also the sam- 
ples expand and transform. 

It has been suggested that C may gasify and break 
the scale in carbon steels. In 17% Cr steels, Cr203 is 
formed on the alloy surface. Because CO cannot be 
produced at partial pressure of oxygen at the metal- 
oxide interface, it is difficult to accept the above 
theory. Therefore, it may be more valid to rely on 
structure changes to determine the oxidation resist- 
ance. 

Figure 3 shows phase boundary a, a + 7 in the Fe- 
Cr (9). The amount of the austenitic phase ( 7 )  in- 
creases with the amount of C and N. In the austenitic 
structure, the diffusion rates of elements are much 
lower and the thermal expansion coefficient is larger 
than in the ferritic (a) structure. By increasing the 
fraction present in the austenitic structure, the diffu- 
sion rates of Cr and Si toward the alloy surface be- 
come slower (12-14). The diffusion of these effective 

850 900 950 
Temperature ( "C ) 

' TI. 
t Nb. 
: Ni. 

Fig. 1. Weight gain of 17Cr steels with various amounts of carbon 
after 250 hr a t  8 5 0 " l W C .  (Wart: abnormal oxidation.) 
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(30rnin. heating and 

hg. 2. Effect of C content on oxidation resistance of 17Cr steels 
a t  1000% for 500 thermal cycles. 

Fig. 3. Effect of C and N content on the d ( u  + .v) boundary in 
the Fe-Cr system. 

elements toward the surface becomes insufficient, 
thermal strain arising from the different thermal ex- 
pansion breaks (15) the oxide scale, and then the 
diffusion of Fe is accelerated. The above results are 
explained in detail later. 

It is found from Fig. 2 that steels containing extra 
low C and N are resistant to oxidation to a certain 
degree. If these steels are used as heat-resistant ma- 
terials, the deterioration of the toughness due to the 
coarseness of grain at  more than 800'C causes prob- 
lems which make it difficult to use these steels. There- 
fore, it may be preferable to fix C and N with Zr, Ti, 
or Nb. 

Effect of zirconium.-Figure 4 shows the effects of 
Zr, Ti, and Nb on the isothermal heating resistance 
at 1000°C for 100 hr. We already reported that the 
oxidation resistance of 17% Cr steels is improved by 
increasing the Zr content. The behavior in Fig. 4 is 
in accordance with the oxidation behavior which was 
examined with the thermobalance at 100O0C, as shown 
in Fig. 5. All alloys used contain about 0.03% C. Steel 

Zr. Ti & Nb (Ole) 

Fig. 4. Effect of Zr, Ti, and Nb content on weight gain of 17Cr 
steels at  IOOO'C after 100 hr. 

Fig. 5. Weight gain as function of time for 17Cr steels with 
different amount of Zr, Ti, and Nb a t  1000°C in air. 

containing no Zr shows abnormal oxidation within a 
short period, abruptly increasing weight gain. Alloy- 
ing Zr eliminates the abnormal oxidation and improves 
the oxidation resistance of 17% Cr steels to a great 
extent. The oxidation behavior of 17% Cr steels con- 
taining Zr obeys one parabolic law up to 1000°C. 

Figure 6 shows changes of the allowable oxidation 
temperature of 17% Cr steels with Zr/(C+N) ratio, 
resulting from the fact that Zr has a strong affinity 
for C and N. The steel containing no Zr, causes ab- 
normal oxidation and greatly increases its weight at  
temperature above 900'C. The alloys in which Zr/ 
(C+N) ratios are 4.5 and 5.5 show a strong increase 
of weight gain in the temperature range 925"-950°C. 
The alloys containing Zr, in a concentration which ex- 
ceeds the stoichiometric equivalent of the total amount 
of C and N in the steels (i.e., alloys in which Zr/ 
(C+N) ratio is more than 8.1), show excellent oxi- 
dation resistance up to 1000'C and are covered with 
a fine protective oxide scale. The above facts suggest 
that fixing C and N with Zr is very effective for oxi- 
dation resistance. 

Figure 7 shows the effect of the Zr/(C+N) ratio 
on the cyclic oxidation of steels containing 0.01, 0.03, 
and 0.05% C at 100O0C, the same effect of Zr is ex- 
pected in cyclic heating. Figure 7 and. Fig. 6 show 
that all C contents increasing Zr/(C+N) ratio in 
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Fig. 6. Weight gain a5 Fftl for 17Cr steels with different 
(C + N) ratios. 

Number of cycles 

100O0C. Cyclic oxide 
C : -001 

1000°C, Cyclic oxidation 
l c : e 0 0 3  1 Z~/(C+N)~ 

./Yo - 

1 

steels is very effective for increasing resistance to = 1 I / 
,'. I 

oxidation for cyclic heating. 
Therefore, an excellent oxidation resistant steel is 

obtained by incorporation of Zr, at a concentration 
which exceeds the stoichiometric equivalent of the 
total amount of C and N. .- c 

The effect of Zr is meater in steels containing a !% 
large amount of C. ~ l l & i n g  Zr at a concentration ;x- 
ceeding its stoichiornetric equivalent gives the same 
degree of oxidation resistance in steels at  all levels 
of C to prevent abnormal oxidation. The excellent 
oxidation resistance is due to coverage of the alloy 
surface with a fine protective oxide scale. 

Effect of titanium.-As shown in Fig. 4, if 17% Cr --we' 

steel contains a small amount of Ti (less than 0.3%), 
the oxidation resistance of the steel is slightly low- 200 400 
ered, while steel containing a large amount of Ti Number of cycles 
(more than 0.5%) has good oxidation resistance. How- 
ever, the effect of Ti is smaller than that of Zr. The 
oxidation behavior of steel containing 0.64% Ti stud- 
ied through weight gain determined with a thermo- 
balance is shown in Fig. 5. Incorporation of 0.64% 
Ti delays the occurrence of abnormal oxidation, but 
abnormal oxidation is not completely suppressed and 20 - 
oxidation of this alloy does not obey a parabolic law. 

Ti, as well as Zr, fixes C and N, but the affinity of "E / 
P - 

U 
Ti with C and N is slightly weaker than that of Zr. - 

15- 
/ 

Therefore, the effect of Ti on oxidation resistance at - / 
/O 

1000'C is weaker than that of Zr. Also Ti is more mo- 
bile in steel than Zr, because the atomic size of Ti C .- 
is smaller than that -of Zr. The size difference also 
make us expect that Ti affects the structure of the - 
oxide scale. The results of observations of the oxide r 

0 .- 
scale are explained later. 

Effect of niobium.-It might be expected that Nb 5- 
has a similar effect as Ti or Zr, because of fixing C 
and N. However, the effect of Nb on oxidation re- 
sistance at 1000'C is much weaker than that of Zr I I 

and Ti, as shown in Fig. 4. The oxidation behavior of 200 400 600 
steels containing Nb is clearly different from that of Number of cycles 
steels containing Zr and resembles that of steels con- 
taining Ti. Alloying a small amount of Nb in the Fig. 7. Effect of Zr/(C + N) ratio on cyclic oxidation resistance 
steels (less than 0.5%) causes a lowering of the oxi- of 17Cr steels containing various amounts of carbon. a (top) = 
dation resistance. If a large amount of Nb (more than -0.01%, b (center) = -0.03, c (bottom) = -0.05. 

1000aC, Cyclic oxidation 
C: -005 

I 

Zr/(C+N)- 
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0.6%) is alloyed, the oxidation resistance is slightly 
improved. Steel containing 0.67% Nb causes abnormal 
oxidation sooner than steel containing 0.64% Ti (Fig. 
5), and its oxidation behavior does not obey a para- 
bolic law. 

The long-term oxidation resistance of Cr steel which 
contains 27.-In order to investigate whether the oxi- 
dation resistance of steel containing Zr is lowered by 
heating at high temperatures for a long period, the 
alloys used were isothermally heated at  800"-900°C 
for 1000 hr, as shown in Fig. 8. 

In all oxidation tests, steel containing Zr is uni- 
formly covered with thin oxide scale and shows ex- 
cellent oxidation resistance. On the other hand, AISI 
430 steel shows abnormal oxidation and large weight 
gains in severe oxidation tests at more than 850°C for 
1000 hr; steel containing Ti shows abnormal oxida- 
tion at 900'C for 1000 hr, AISI 304 steel has poor oxi- 
dation resistance in all oxidation tests, because the 
oxide scale peels off. 

Figure 9 shows the results of cyclic heatinq tests at  
800"-900°C for 1000 or 2000 cycles and at 1000°C 
for 500 cycles. Steel containing Zr shows the best ox- 
idation resistance of all steels used. AISI 430 steel 
shows a large weight increase at T > 9OOT, and AISI 
304 steel shows a very high rate of peeling off of the 
scale at T > 800°C. These results also agree with Fig. 
i n  -". 

The oxide scale structure.-The structure of oxide 
scale formed in several oxidation tests was studied 
by observation with the optical microscope, by x-ray 
diffraction, and by analysis with the EPMA. Figure 
11 shows the cross section of the oxide scale formed 
on steel containing Zr. The oxide scale adheres uni- 
formly and tightly. No inner oxidation occurs on this 
steel. Oxides in steel containing Ti or Nb have an 
extremely high rate of peeling off and are covered 
with a porous, thick oxide scale. 

Second, the oxide scale was analyzed with the x-ray 
diffraction technique, as. shown in Table 11. It was 

observed that all steels involved form both the co- 
rundum type and the spinel type of oxides when 
heated to the oxidation condition as in the above 
test. On steel containing Ti, Ti02 is formed, besides 
the corundum-type and the spinel-type oxides. How- 
ever, Zr oxide is not detected in the oxide scale formed 
on the steel containing Zr. It seems obvious that the 
difference in oxidation resistance is directly related 
to the difference in structure of formed oxides. 

Figure 12 shows the EPMA image analysis of the 
oxide scales of the various steels. In the steel con- 
taining Zr, the outer oxide layer consists the oxides 
of Mn and Cr. Mn is found particularly in the outer- 
most layer. Si concentrates uniformly at the metal- 
oxide interface; Fe is scarcely detected in any oxide 
of the layers. Excess Zr is observed as Zr oxide par- 
ticles beneath the alloy surface. This phenomenon 
is notably found at 1000°C but the oxide structure 
at 1000" is essentially similar to that at 900°C. These 
results agree fairly well with those of the micro- 
analyzer line analysis in Fig. 13. 

The latter shows that the oxide scale has three 
layers. The outermost layer is rich in Mn and Cr and 
contains a slight amount of Fe. The second layer is 
rich in Cr and contains Si. The innermost layer con- 
sists of Si-rich oxide which contains Cr. Furthermore, 
Zr oxide particles are found at a small distance from 
the metal-oxide interface. 

In the steel containing Ti, a large amount of Ti is 
found in the oxide scale, probably because it diffuses 
rapidly in the steel. In steel containing Ti, the oxide 
scale has four layers. The outermost layer is rich in 
Fe, Ti, and Mn. The second layer is rich in Cr. The 
third layer is rich in Cr, Si, and Ti and in the inner- 
most layer Ti can be detected. Ti oxide particles are 
detected just beneath the metal-oxide interface. Un- 
like Zr, Ti is present in oxide scale and the amount 
of Si in the oxide scale is very small. Also, the outer- 
most oxide scale is thick and porous, causing it to 
easily peel off. 

Ti has a stronger affinity for oxygen than Si, and 
therefore the scale in steel containing Ti has hardly 
any Si oxide in the inner layer. The steel has to con- 
tain a large amount of Ti to keep good oxidation re- 
sistance. It is likely that abnormal oxidation observed 
in the experiments resulted from the fact that the 
steels contained only a small amount of Ti (less than 
0.64%). 

Nb diffuses more slowly in steel and has a weaker 
affinity for oxygen than Ti. Nb is found in diluted 
form in the oxide scale. Therefore, the oxide scale of 
steel containing Nb is similar to that of AISI 430 
steel, except for the fact that steel containing Nb 
produces Nb oxide. 

In steel containing Nb, as well as in steel contain- 
ing Ti, the oxide scale is thick and porous, peeling 
off easily. The oxide scale has three layers. The outer- 
most layer is rich in Fe, Mn, and Nb. The second 
layer is rich in Cr and in the innermost layer Cr and 
Si are detected. Also, Nb oxide particles, as well as 
Zr oxide particles, are detected a small distance from 
the metal-oxide interface. 

The oxide sczle on AISI 430 steel has four layers. 
The outermost layer is rich in Fe and Mn. The second 
layer is rich in Fe, Mn, Cr, and Si. The third layer 
is rich in Cr, Mn, Si, and Fe, and i i  the innermost 
layer Cr, Si, Mn, and Fe are detected. 

Changes of carbonitrides and hardness by heating, 
In the case of alloying Zr which is the most effective 
element for increasing oxidation resistance, the change 
in the amount of carbides and nitrides and the change 

800 850 900 in the hardness of the steels were investigated by 
Temperature ( 'C ) heating at high temperatures for 15 min. The results 

are shown in Fig. 14. X-ray diffraction shows that 
Fig. 8. Long-term oxidation resistance of 430 Zr steel a t  800"- precipitates present in steel containing Zr are Zr(C, N) 

POO% and in AISI 430 steel are M~CIJ. In steel containing 
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Fig. 10. Appearance of 430 Zr  steels after cyclic oxidation 

80O0C 
1000 cycles 

900°C 

Zr, the amount of precipitates is in agreement with 
the amount of the carbonitrides expected from the 
amount of C and N. Apparently Zr fixes C and N com- 
pletely. In AISI 430 steel, M23Ce dissolves above 900°C. 

From the results of hardness measurements, steel 
containing Zr shows single structure, but AISI 430 
steel shows the precipitation of martensite due to a 
partially austenitic transformation. 

Furthermore, the stable Zr precipitates prevent 
grain growth in the steel when it is heated up to 
1000°C (Fig. 15). 

Discussion 
The above results clearly demonstrate the effects 

of C, Zr, Ti, and Nb. Evidently C is very harmful to 
oxidation resistance, and the oxidation resistance 

1 

AlSl AlSl 430Zr 
430 304 

caused by Zr, Ti, and Nb, respectively, decreases in 
the sequence 

Zr >> Ti > Nb 

1000 cycles 
AISI A I  SI 430Zr 430 304 

g 
500 cycles 

430Zr ,4151 
304 

I t  is explained below how these elements behave 
during heating at high temperature. 

As seen in Fig. 5, the oxidation behavior of alloys 
used is similar until abnormal oxidation occurs, there- 
fore it can be suggested that the oxides formed in the 
early stage are almost the same. However, the steels 
containing no Zr show abnormal oxidation in the next 
stage, while steels containing Zr show no abnormal 
oxidation. It is recognized that one of the most im- 
portant factors that cause the above difference is the 
behavior of C during heating at high temperatures. 
On steel containing Zr, C couples with Zr. In the ab- 
sence of Zr, C is dissolved or almost dissolved by 
heating at  high temperatures. Therefore, the steels 
containing no Zr transform ( m  + 7 )  two-phase struc- 
tures at 100O0C, while the steel containing Zr con- 
sists of a single phase o structure, because Zr fixes 
C and N. The diffusion rate of Cr in the austenitic 
structure is very much slower than in the ferritic 
structure (Table 111) (12-14). Therefore, the Cr con- 
centration of the surface is lower in the austenitic 
phase. 

From the observations of the oxide scale, it is evi- 
dent that there is a large difference between the high 
temperature behavior of Zr, Ti, and Nb. Figure 16 
shows schematically the oxide scale formed on steels 
containing Zr, Ti, and Nb and AISI 430 steel. On the 
presence of Zr, Zr carbides and nitrides are formed 
which are stable in the steel up to 100O0C, also, oxy- 
gen which diffuses into the steel is fixed by the excess 
Zr content. So the diffusion of Cr and Si toward the 
surface is accelerated and a protective oxide scale 
composed of these elements is formed on the surface. 

At high temperatures, Ti or Nb carbides are almost 
dissolved near the metal surface. Ti can diffuse rap- 
idly toward the surface of the steel, and it is found 
in the oxide scale. Furthermore, Ti has a stronger 
affinity for oxygen than Si, so i t  is difficult for Si 

Fig. 11. Cross sections of oxide scales of 17Cr steels containing Zr, Ti, and Nb a t  1000°C for 250 hr. 
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Fig. 120. EPMA image analysis 
of oxide scale formed on 17Cr 
steels containing Zr, Ti, and Nb 
heated at 1000°C for 250 hr. 

oxide to be formed. However, in order to get the oxi- 
dation resistant steel by alloying Ti, a large amount 
of Ti (perhaps, about 1%) must be added to the 
steel. This steel would have no practical use. 

Nb is similar in behavior to Ti, but the effect of 
Nb on oxidation resistance is lower than that of Ti, 
the diffusion rate of Nb being slow, because of its 
large atomic size. Therefore, Nb has a poorer effect 
than Ti. 

Therefore, Zr-containing steel causes no abnormal 
oxidation at 1000°C during a long period, while the 
oxide scale on steel containing Ti or Nb or AISI 430 
steel is broken due to the precipitation of austenitic 
structure and then causes abnormal oxidation after 
an incubation period. Once abnormal oxidation oc- 
curs, the protective resistance of the scale is lost and 
abnormal oxidation is at an accelerated rate. 

Ti and Nb, as well as Zr, are ferrite formers. Alloy- 
ing a large amount of Ti and Nb controls the pre- 
cipitation of austenitic structure. Also, the volume 

ratio in which the carbides are stable becomes very 
large. If the steels contain a large amount of Ti or 
Nb, the decomposition of the carbides is to a certain 
degree controlled. These steels are resistant to oxi- 
dation, but they are not used in practice. 

Conclusion 
C has a harmful effect on the oxidation resistance 

of 17% Cr steels, and it was investigated whether 
this harmful effect could be eliminated by alloying 
with Zr, Ti, and Nb which may be expected to fix 
C and N by compound formation. This proved indeed 
the case, the effect of Zr being more beneficial than 
that of Ti and Nb. The difference in those effects 
results from the stability of carbonitrides at the high 
temperature and depend on whether the steels have 
a single structure ( a )  or a two-phase ( a  + y) struc- 
ture. Zr-containing steel forms uniformly a protective 
Si-rich oxide in the inner, and Cr-rich oxide in 
the outer oxide layer. These oxides prevent the oxida- 

Table 11. X-ray diffraction analysis of oxide scales 

Alloys 
Temperature, "C 
Tlme, hr 
Scale layer 
Splnel typet 
Corundum type 
TiO. 
a-Fe 

AISI 430 

900 10W 
1000 50 

0 1 0 1  
W W S S  

s s s m w  - - - -  - - - -  
' 0, outer layer. 

* * I  inner layer. 
t ~ s > s > m s > m > w > m w > w .  



Vol. 126, No. 12 OXIDATION RESISTANCE 21 81 

Fig. 12b. EPMA image analysis 
of oxide scales formed on 17Cr 
steel containing Zr, Ti, and AlSl 
430 steel heated a t  900°C for 
1000 hr. 

tion of Fe. Therefore, this alloy shows excellent oxida- The carbides are unstable in Ti- or Nb-containing 
tion resistance UD to 1000°C. steels and Ti or Nb are found in the oxide scale. 

Scale , Metal Scale ., Metal - I 

-20 0 20 40 
Distance from metal-oxide 

0 1 .  \ o  
-20 0 20 40 

Distance f r m  metal-oxide 
interface(p) 

Scale , Metal 

Distance from metal-oxide 
interface(P) 

Fig. 13. EPMA line analysis of oxide scale formed on 17Cr steels containing Zr, Ti, and Nb heated a t  1000°C for 250 hr. 
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Fig. 14. Changes of the amount of carbides and nitrides and 
hardness of the steels by heating for 15 min at  various tempera- 
tures. 

Temperature ( O C )  

Fig. 15. Grain size changes by heating for 15 min 

Particularly steel containing Ti has a large amount 
of Ti oxide in the scale. Steel containing Zr has no 
Zr in the oxide scale. 

Table Ill. Self-diffusion rates in ferridc Fe-Cr and austenitic 
Fe-Cr-Ni alloys 

D at 
Struc- Element 1000'C Refer- 

Alloy ture diffusing (cm9. see-') ence 

FeTiMn Spinel 

Fig. 16. Schematic models of oxide scale formed on l7Cr steels 
containing Zr, Ti, Nb, and AlSl 430 steels heated at  1004°C. 

The alloy containing Zr, a t  a concentration which 
exceeds the stoichiometric equivalent of the total C 
and N in the steel, shows excellent oxidation resistance 
up to 1000°C. Because Zr carbonitrides are stable in 
the steel a t  100O0C, Zr carbonitrides prevent the grain 
growth and keep the single phase ( a )  structure. 
Therefore, preservation of the protective oxide scale 
structure contributes to the improvement of oxidation 
resistance. 

Manuscript submitted Oct. 10, 1978; revised manu- 
script received May 21, 1979. This was Paper 13 pre- 
sented a t  the Seattle, Washington, Meeting of the So- 
ciety, May 21-26,1978. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the June 1980 
JOURNAL. All discussions for the June 1980 Discussion 
Section should be submitted by Feb. 1, 1980. 

Publication costs of this article were assisted by 
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ABSTRACT 

As an exploratory experiment, the sweep voltammetry technique along 
with the "point electrode" technique were applied to a single crystal of 
stabilized zirconia doped with copper. Both techniques clearly showed the 
existence of a well-defined change in the oxidation state of the copper. The 
sweep voltammetry equations were fairly well obeyed and gave an activation 
energy for the diflusion coefficient of the active species of about 1.6 eV. The 
close~similarities observed between the oxidation and reduction processes favor 
an explanat~on in terms of a prevalent difiusion of electronic carriers toward 
fixed copper centers. 

The change in the oxidation state of species dis- 
solved in solid electrolytes can have a profound in- 
fluence on the behavior of electrochemical systems 
based on these materials. It has been suggested (1) 
that impurities with variable valencies might induce 
significant modifications in the electronic conductivity 
of solid-oxide electrolytes and therefore alter the per- 
formances ot oxygen gauges. If such a suggestion is 
confirmed it is probable that impurities might also 
markedly influence the shelf life of batteries. On the 
other hand, such redox reactions can be put to use in 
electrical energy storage systems, for example in single 
phase batteries as has been recently proposed (2,5). 
From a more academic view a key point is the ex- 
tent to which a redox electrochemical reaction occur- 
ring in a solid electrolyte can be compared to a regu- 
lar electrode reaction. Can we define and measure a 
relevant redox potential? Some exploratory experi- 
ments (3) performed on iron and cerium-doped sta- 
bilized zirconia indicated rather smeared-out phe- 
nomena. Other data obtained with the point electrode 
technique (4)  showed the existence of rather well- 
defined redox potentials. The lower limit in the con- 
centration which might result in the formation of an 
impurity band might also be crucial for some appli- 
cations. More generally, redox reactions are obviously 
correlated to electrochemical coloration (5). 

Very few electrochemical studies have been devoted 
to redox reactions in solid electrolytes. A series of in- 
vestigations by Hladik (6) dealt with reduction to the 
metallic state of mercury, cadmium, and cobalt ions 
dissolved in a LiC1-KC1 eutectic. A recent review 
paper (5) summarizes research done in this field and 
proposes a specific description of this type of redox 
reaction. 

The goal of the work reported here is to estimate the 
capability of linear sweep voltammetry in character- 
izing a change in valency of a dissolved ion. Copper 
dissolved in stabilized zirconia was selected as it is 
likely to change its valency within the redox stability 
interval of the electrolyte. 

According to the arguments developed in the review 
paper quoted above ( 5 ) ,  a valence change of a point 
defect is compensated by a variation in the stoichio- 
metric ratio. In stabilized zirconia it corresponds to a 
change in the oxide vacancy concentration. However, 
if the concentration of this point defect is small, as 
compared to the main dopant concentration, the va- 
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cancy concentration can be viewed as constant to 
within a good approximation and the redox process 
will not result in any significant variation of the ionic 
conductivity. The electronic conductivity will also re- 
main small compared to the ionic conductivity if the 
energy levels associated with the investigated point 
defects are distant from the bandedges and if their 
concentration is small enough to prevent the forma- 
tion of an impurity band. Under these circumstances, 
the inner electrostatic potential is constant within the 
bulk of the material under open-circuit conditions 
( 7 , 3 ) .  The space charge, which may have resulted 
from the entrapping of electrons or electron holes, 
remains negligible due to an effective ionic com- 
pensation. The situation is thus similar to that pre- 
vailing in conventional aqueous electrolytes. 

Regarding the redox reactions proper, one specific 
question remains: Can the oxidized and reduced states 
of the investigated point defect be treated as true 
chemical species? Is diffusion of electroactive species 
more likely to occur than a simple transfer of electrons 
between the relevant electronic states? 

Experimental Technique 
The theory of linear sweep voltamrnetry was de- 

veloped by Delahay (8) in aqueous electrochemistry. 
Tnis technique simply consists of applying a potential 
varying linearly with time to an appropriate electrode 
and recording the resulting current. 

When the electrode reaction is sufficiently rapid 
and when a diffusion process is primarily involved, the 
current plot I = f(t) or I = f (E) exhibits a peak. In 
the case of linear diffusion within a semi-infinite ma- 
trix, the value of the peak current, I,, obeys the equa- 
tion 

where A is a constant which depends on the electrode 
area and on the nature of the electrode, in the case of 
a reduction process, Do is the diffusion coefficient of 
the oxidized species, C, its initial concentration, T the 
absolute temperature, and v the sweep rate. 

This equation is applicable with either soluble or 
insoluble species produced in the reaction. 

In the case of a very rapid electrode reaction, the 
peak potential E, on the current plot I = f (E) is inde- 
pendent of the sweep rate. On the other hand, with 
slow electrode reactions it varies as the logarithm 
of v. 
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Experimental 
The measurements were made on a zirconia single 

crystal (about 5 x 3 x 2 mm) stabilized with 9 mole 
percent (m/o) of Y203. A single crystal was selected 
in order to eliminate possible precipitation and diffu- 
sion of dissolved species at grain boundaries (9). This 
single crystal was prepared in our laboratory by 
Giroud and Vitter (10) by a combination of the zone 
melting and the self-crucible techniques. 

The dissolution of copper was obtained by chemical 
diffusion The crystal was immersed in powdered CuO 
for 3 days at 1000°C. The diffusion coefficient of cop- 
per in stabilized zirconia is certainly very low, as dis- 
cussed in the conclusion. To improve the homogeneity 
of copper concentration, it was necessary to heat the 
crystal, without CuO, for a long time before the mea- 
surements. In our experiment, it was kept at  1000°C 
in air for a week. The surface was polished to elimi- 
nate all traces of the CuO powder. 

An analysis performed after the experiments yielded 
15 ppm -c2 of copper. This concentration is greater 
by a factor of approximately 5 than the concentra- 
tion usually observed. 

To perform the experiments under adequate condi- 
tions and especially to prevent any parallel oxygen 
electrode reaction, it was necessary to maintain a 
very low oxygen pressure over the measuring electrode. 
For this purpose we used an experimental setup previ- 
ously described (11) in which a stabilized zirconia 
pellet is pressed between two alumina tubes with gold 
O-rings inserted between the tubes and the pellet to 
insure gas tightness. In this investigation, the pellet 
had the same yttria content as the single crystal and 
the crystal was simply placed in contact with it as 
shown in Fig. 1. 

A recent study (12) of the electrical characteristics 
of the contact between two stabilized zirconia samples 
of identical composition has shown it to be purely 
ohmic. No overpotential appears at such a contact in 
particular under the conditions prevailing in the cyclic 
voltammetry experiments (current of a few A, under 
pure argon.) 

The counterelectrode was formed by a porous layer 
of platinum coated on the lower base of the pellet 
(Fig. 1). It was surrounded by air. 

The working electrode was a platinum foil pressed 
in contact with the single crystal. Obviously this foil 
did not ensure an intimate contact with the crystal 
surface and the actual area of the electrode was con- 
sidered unknown. 

With this geometry, the current lines were probably 
not rigorously parallel; however, to a first approxima- 
tion, a linear diffusion of the electroactive species was 

The electric circuit is depicted in Fig. 1. The X-Y 
recorder shown in this figure gave the I = f (U)  plot 
from which the values of I, and E, could be directly 
extracted. The parameter U is the cell voltage. It in- 
cludes the electrode potential E and the IR drop. 

Figure 2 shows an example of a U(I) plot obtained 
at 1232°K at a sweep rate of 36 mV sec-1. A peak is 
observed both on forward and reverse sweeps. 

Figure 3 shows the influence of the sweep rate on 
the position and magnitude of the experimental peaks 
at 1000°K. 

These curves are not perfectly consistent with ex- 
pected shapes either in the case of two soluble species 
or in the case of an electrochemical deposition. One 
reason is the important ohmic drop; another is the 
existence of a small parallel reaction involving traces 
of oxidized species (02, C02, HzO). It cannot be com- 
pletely eliminated as demonstrated by the previous 
oxygen electrode reaction studies (13). 

To take into account the latter phenomena, the peak 
current was measured as indicated in Fig. 2 (the 
additional current to be corrected for was assumed to 
vary linearly in the range of interest). 

Forward Sweep 

According to the usual treatment, the peak current 
measured on the forward sweep curve was plotted as a 
function of the square root of the sweep-rate. Figure 4 
shows an example of plots so obtained for the cor- 
rected current and the crude experimental values (cf. 
Fig. 2). Both obey the conventional square-root law. 

From the expression of the peak current ( I )  the pro- 
portionality coefficient ?, can be written as 

assumed. 
Another characteristic of this electrochemical cell 

is its rather high ohmic resistance. 

XY recorder 

Fig. I. Circuit diagram of the sweep voltommetry experiments Fig. 2. Voltammogram of the electrode Pt/ZrOz-Yz&-Cu.0 
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Fig. 5. Variations of the T$ coefficient vs. tempemtun 

Fig. 3. Influence of the sweep rate on the voltammogram the determination of the activation energy of the elec- 
troactive diffusion coefficient. 

% 
o It should be noted that the sweep rate was con- -- --0 unm,mu.d lp Y sidered to be equal to the variation in the voltage, 

-.so.,.d.d Ip 
U, applied to the cell and not to the variation of the 
electrode potential E, as it should be. The variation 
of the latter is not perfectly linear because of the 
ohmic drop. The calculation of the correction for this, 

2- T:1232K according to the formulas of Delahay (a), indicates 
that here also the resulting error is small, of the order 
of 3% in the values of 7. 

Following the usual procedure for this type of in- 
vestigation, we have also plotted the peak electrode- 

1 - potential variations us. the sweep rate. The peak poten- 
tial was calculated from the experimental peak volt- 
age, Up, according to 

Ep=Up-I& [I111 
o 6 ro v ~ ~ I , ~ v ~ I ' "  

The ohmic drop IpR was measured by the switch tech- 
Fig. 4. Peak current lp vs. the sweep rate nique. It is approximate, but in this case the possible 

induced error is significant only for sweep rates higher 
than 50 mV sec-l. A typical example is shown in Fig. 

[I11 6. It was found that E,  is independent of the sweep 
rate. 

where K is a constant including the electrode area and 
C. which is assumed to be a constant. Since its actual 
value is unknown, it is not possible to calculate Do 
from the experimental value of 7. Nevertheless it is 
reasonable to assume that K does not vary markedly 
with temperature (14) and therefore that Tr2 has the 
same activation energy as Do. Figure 5 shows the mea- 
sured variations of Tyz us, reciprocal temperature. 
The activation energy E., obtained for Do in this way, 
is equal to 1.64 eV. 

The activation energy derived similarly from the 
values of I, without correction (cf. Fig. 2) is 1.55 eV. 
The small difference between these values indicates 
that the uncertainty of the experimental results does 
not induce a broad scatter in the determination of E ,  
(it probably has a major effect on the preexponential 
factor of Do). This method thus seems appropriate for 

Reverse Sweep 
The characteristics of the reverse sweep are rele- 

vant to the reoxidation of the point defects reduced 
during the forward sweep. The conditions prevailing 
were not identical to those of the forward process; 
in fact, the reverse sweeps started before all of the 
investigated point defects were in the reduced state 
in the bulk of the material. In principle the conven- 
tional sweep voltammetry equations cannot be ap- 
plied to this situation and the characteristic param- 
eters deduced from the reverse sweep plots, and 
presented below, must be considered with some cir- 
cumspection 

As for the forward sweep, we observed that: (i) 
the peak current is a linear function of the square root 
of the sweep rate. The Arrhenius plot of the Ty2 coeffi- 
cient is also a straight line. The activation energy Ed 
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oxidation (nuare peek) ;+ &ooO. I 
tig. b. Variations ol: the peak potential Ev = Up - RIP vs. the 

weep rota. 

obtained from it for the diffusion coefficient of the re- 
duced electroactive species is equal to 1.5 eV, and ( i i )  
the Deak ~otential is independent of the sweep rate 
( ~ i g  6). - 

Theoretically, according to Delahay (8), when both 
electroactive species are soluble this peak potential 
obeys the following equations, for the negative sweep 

RT 
Ev = El12 - 1.1 - 

nF 
[NI 

For the positive sweep i t  is 
RT 

E , ' = E l ~ +  1.1- 
nF 

[VI 

The parameter n is the number of electrons ex- 
changed in the redox reaction. The half-wave polaro- 
graphic Ellz is equal to 

RT 

and fo and fR are the chemical activity coefficients of 
the oxidized and reduced electroactive species, respec- 
tively. 

The difference between the reverse and forward 
peak potentials is equal to 

RT av = 2.2- 
nF 

m 
In principle the calculation of this difference pro- 

vides a direct determination of n. Experimentally the 
scatter observed in this determination was rather 
broad; the values of n so calculated lie between 1 
and 2 without any noticeable trend. 

Ella may also be obtained from the above formulas; 
its variation as a function of temperature is shown in 
Fig. 8. 

Direct Determination of E" 
A simple method called the "point electrode tech- 

nique" for direct determination of redox potentials in 
solid electrolytes was proposed some years ago (4) 
and has been successfully applied to various oxides 
(3). It consists, first, in electrochemically reducing a 
small amount of the investigated material around a 
point electrode simply by passing an appropriate cur- 
rent. Then, under open-circuit conditions, the poten- 
tial, E, of this electrode is recorded during the slow 
reoxidation of the material in a constant low oxygen 
pressure. In the case of a single phase system, the plot 
of E us. time exhibits a wave. The calculation (3) 
showed that the potential at the inflection point is Eo. 

This technique was applied to the sample. A typical 
plot is shown in Fig. 7. In the entire investigated 
temperature range (900' < T < 1300°K) a marked 
wave with an inflection potential around -450 mV/air 
was observed. Another small wave could be distin- 
guished at about -750 mV/air. The latter completely 

Fig. 7. Depolariration curve obtained by the "point electrode" 
technique with the electrode PtfZrOz-YzQ-Cu,O. 

vanished at temperature below 1000°K. Both waves are 
not observed on stabilized zirconia without copper 
doping. The redox potentials which were deduced 
from these waves are shown in Fig. 8 as functions of 
temperature. 

The fact that the waves were not horizontal plateaus, 
as generally observed with multiphase systems (111, 

Fig. 8. Redox potentials: dashed lines: thermodynamical coexist- 
ence electrode potentials (16); 0: derived from the voltammograms 
(E l tz ) ;  *: derived from the depolarization curves (En). 
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indicates that copper is indeed dissolved in the elec- One possible explanation is to ascribe the wave at  
trolyte. To further confirm this point, a selective -450 mV/air to the reduction Cut -+ Cu". This would 
electrolysis (3) of the sample was carried out. An ap- suppose that copper dissolved in stabilized z i r c o ~ a  in 
propriate voltage corresponding to a reduction stage air at high temperature is in the +1 oxidation state. 
intermediate between the two waves was applied dur- The second wave could be interpreted in terms of a 
ing one day so that almost all of the crystal was re- reduction of an associated defect, for instance (Cuz, 
duced. The voltage was maintained during the cool- Vo). 
ing of the sample. It was observed that at room tem- The other explanation is that the first wave corre- 
perature the crystal was transparent and clear before sponds to the reduction Cut + -, Cu+ and the second 
doping; after doping it was slightly reddish and after to a further reduction into Cue. If such is the case the 
electrolysis it had a milky appearance. No traces of redox potentials would show shifts of about 300 mV 
copper were detected on the platinum electrode after with respect to the coexistence electrode potentials. 
electrolysis. Similar exploratory experiments performed on ions of 

Discussion and Conclusion iron (0.45 m/o) and cerium (1 m/o) dissolved in sta- 
 it^ the resenres regarding the experi- bilized zirconia indicated the same trend. The poten- 

mental conditions, it seems reasonable to conclude that tials where redox Processes were were higher 
the investigated electrode reaction is rapid,  hi^ is than the corresponding coexistence electrode poten- 
well substantiated by the absence of any variation in tials (around 1.1 V/air with iron for instance). But 
the peak voltage with the sweep rate. in these cases the redox potentials were far from be- 

The diffusion coefficients of active species cannot be ing as well-defined as with copper. In fact with these 
evaluated from Eq. [I] or [II] since the surface area ions, the voltammograms did not exhibit marked peaks 
of the electrode is absolutely unknown. Nevertheless, but instead. Their periods were Of the 
it can be observed that the calculated activation en- order of second with iron and 5 sec with cerium 
ergies for diffusion of active species are similar and 
the potentials E" and El12 do not differ by more than Acknowledgment 
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The high field intrinsic ionic conduction model, proposed originally by 

Bean, Fisher, and Vermilyea in connection with the kinetics of growth of 
anodic oxide films on Ta, is extended to include motion of both defects gen- 
erated by the field, and in addition the role of the interfaces is examined. It 
is foundthat for thin films ( 104A), one of two situations can be expected: 
(i) The rate-controlling step is injection of one of the defects at the appro- 
priate interface, leading to Mott-Cabrera kinetics, or (ai) Defects are generated 
homogeneously in pairs and migrate to opposite interfaces with negligible 
recombination and negligible space charge. The two cases lead to steady-state 
ionic conduction proportional to exp ( -  w (F)/~T) and X exp (- W (E)/kT), 
respectively, where W(E_) is the net activation energy and is a function of 
the mean field strength E, and X is the film thickness. In the author's opinion, 
data currently available do not allow a decisive choice to be made between 
these two forms for the steady-state anodic oxidation of valve metals, at least 
for film thicknesses up to several thousand angstroms. 

The kinetics of growth of thin films on metals and For sufficiently high field strengths, and on sub- 
semiconductors have for a very long time been inter- stituting for D and ,, from ~ q .  [3] and 141, Eq. [2] 
preted in terms of the so-called high field ionic con- reduces to (11) 
duction equation 

J =  AexppE [I] J = 2avn exp[- W(E)/kT] [5l  

where J is the dux density of an ionic species in the where W(E) is the net activation energy, given by 

product film, E the elect& field strength in the film, 
and A and fl temperature-dependent constants. In 
particular, the kinetics of growth of anodic oxide 
films on the "valve metals" (principally Ta, Nb, and 
Al) have been interpreted using an equation either 
of the form of [I] or close to it (1-9). Likewise, the 
Mott-Cabrera (10) model for the erowth of thin 
tarnish films is based on an equation of?he same form. 

Almost any model for ionic conduction based on 
the field-assisted transport of ionic species across 
one or more activation barriers can under certain 
circumstances lead to an equation of this form. Thus 
if a model is chosen in. which ionic species of charge 
q surmount a succession of identical and symmetrical 
potential barriers of height U and spacing 2a, with 
only motion with and against the field considered, the 
following transport equation can be deduced (11,12) 

Dn a; sin h(qaE/kT) 
J=- - -  

kT az (qaE/kT) 
i?1 

where D is the diffusion coefficient for the model, and - 
p the electrochemical potential for the mobile ionic 
defects, given, respectively, by 

D = 4a2~ exp (-U/kT) 131 

and v is the frequency at which the ionic species 
attempt the barrier crossing, pa the standard electro- 
chemical potential, n the concentration of the ionic 
species, 1L the electrostatic potential, and x the position 
coordinate. 

The conditions on 121 in order that it accurately 
represent the model are: (i) The space charge con- 
centration must not exceed about 1020 e/cms. (ii) The 
mobile ionic defect concentration must be small com- 
pared with the lattice ion concentration (a condition 
applying to [4] as well). (iii) Transport conditions 
must not depart radically from steady-state conditions. 
(iv) The field strength must not be too large, spec- 
ifically IqaEl << U. 
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W (E) = U - qaE I61 

If we wish to extend the realm of validity of Eq. [51 
to very high field strengths, where IqaEJ is not small 
compared to U, then higher order field terms must be 
added to Eq. [6] (7) in the manner first demonstrated 
experimentally by Young for the anodic oxidation of 

Equation [5] is written in the form appropriate for J 
positive, and is Verwey's (14) equation for inter- 
preting the kinetics of anodic oxidation of the valve 
metals. As it stands, however, the model upon which 
Eq. [5] is based is incomplete as it takes no account 
of either space charge effects or boundary processes. 
Equation L5] simply relates the flux density, J, to 
the local field strength and defect concentration. 

Mott and Cabrera (10) supposed that for thin films 
and high field strength, ion transport would be con- 
trolled by the rate at which they were generated 
at the appropriate boundary. They assumed that, 
once formed, the defects would move very rapidly 
through the film and hence would contribute a neg- 
ligible space charge. In that case, the field at the 
interface would equal the mean field strength in the 
film. Their equation can be written 

J = vcMo exp [- W,(E,)/lcT] [el 

where vo and W,(E,) are analogous to u and W(E) 
but apply to the interfacial process and barrier, Mo 
is the concentration per unit area of species in a 
position to enter the film as ionic current carriers, 
and E, the field at  the interface, equal to the mean 
field, according to Mott and Cabrera (10). 

Dewald (15) was the first to treat the problem, 
allowing for an entrance barrier, diffusion barriers, 
and space charge due to the mobile ionic species. 
Young (16) subsequently extended Dewald's treat- 
ment to include a uniform background space charge 
of sign opposite to that of the mobile species. Here, 
only the results obtained in the various limiting cases 
are presented. 
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Defining -n,q as the background space charge 
concentration, X as the film thickness, and according 
to 

u = (4nqZa/KlcT) [91 

where K is the dielectric constant of the film (un- 
rationalized electrostatic units) the limiting cases are 
as follows (7):  (i) For uln, - n,lX << 1, Eq. [8] 
with E, = or the Mott-Cabrera equation results. 
(ii) For an,X >> 1, Eq. [51 with n = n, and E = % 
results, which is essentially Verwey's equation. (iii) 
Finally for a n 3  >> 1 and an.X << 1 the following 
result is obtained - 

J = X-'(KkTv/Znq*)exp[-W(E)/kT] [lo] 
w 

where E is the differential field strength defined as 
- ( ~ V / ~ X ) J , T  with V the anodic overpotential. 

This section is completed by summarizing the con- 
duction model proposed by Bean, Fisher, and Ver- 
milyea (17). The model may be described as an 
intrinsic one as it involves the homogeneous genera- 
tion of defect pairs, with no impurities, or background 
space charge. It is essentially an extension of the 
Frenkel defect model for linear ionic conduction in 
crystals to high field strengths where dissociation 
of lattice cations to produce interstitial cations and 
vacancies (Frenkel defects) and their recombination 
are strongly influenced by the applied electric field. 
The result obtained by Bean et al. on making the 
following assumptions (some implicitly) is given 
below: (i) Only the interstitial cations are mobile, 
i.e., the vacancies are immobile. (ii) The concentration 
of defect pairs is low compared to the lattice ion 
concentration. (iii) The concentrations of cation va- 
cancies and interstitials are everywhere essentially 
equal, hence space charge is negligible. (iv) Under 
steady-state transport conditions, the net rate of 
formation of defect pairs is everywhere zero. ( v )  The 
interfacial processes do not need to be considered 

2ahNvfvh 
J =  ( Wf(E) + Wh(E) 

2 kT 
) ,111 

where N is the concentration of cation lattice sites, ah 
the diffusion activation distance, a, for the mobile 
defect, vh and vf the kinetic frequency terms for defect 
migration and lattice dissociation, respectively, and 
Wh(E) and Wr(E) are the net activation energies for 
defect migration and lattice dissociation, respectively, 
and are of the form given in Eq. [6] or [7]. 

As was the case for Verwey's equation, the model 
on which Eq. [ I l l  is based is incomplete, and for 
the same reason, so it cannot be used with any 
confidence to describe film growth without further 
clarification. This clarification has been provided by 
Dignam and Ryan (18, 7) for the Bean-Wsher-Ver- 
milyea equation, in precisely the same way as it 
was provided by Dewald for Verwey's equation, i.e., 
by introducing explicitly space charge and interfacial 
kinetics, the latter being associated with injection of 
interstitial cations at the metal-oxide interface. The 
treatment leads to a characteristic space charge length, 
X,, given by 

For X << X,, the result is adherence to the Mott- 
Cabrera equation (i.e., interfacial control) while for 
X >> X, to the Bean-Fisher-Vermilyea equation. 

This completes the summary of the models for high 
field ion conduction which have been proposed to date, 
with two possible exceptions, which are now men- 

tioned only briefly as they do not bear directly on 
the content of this paper. The first concerns whether 
or not the proper field to insert in the expressions 
for the net activation energies, W(E), should be the 
Maxwell field, rather than some other field, such as 
the Lorentz field. While this question is of considerable 
importance in connection with transient ionic con- 
duction phenomena, and certain other phenomena 
(2, 7), it introduces nothing new in the case of 
steady-state transport within an idealized, periodic, 
transport medium, the subject of this paper. 

The second concerns equations proposed by Young 
(19, 20) to account for transient ionic conduction 
according to which conducting species are generated 
at a rate proportional to JnE. As this equation has 
no precedence, and there is no well-defined micro- 
scopic model underlying either it, or the process which 
prevents n increasing indefinitely, a quantitative anal- 
ysis of ion transport based on these equations is not 
possible at present. 

The purpose of this paper is to examine the very 
restrictive conditions which Bean et al. imposed in 
deriving their equation for high field intrinsic ionic 
conduction and to investigate the results of relaxing 
some of these. 

Qualitative Analysis of High Field Ionic Conduction 
Through Thin Films 

Before beginning a detailed analysis, a qualitative 
discussion of high field ionic conduction through thin 
films is presented. The various possible consequences of 
slowly increasing the potential drop across a thin 
film specimen which is in contact at both interfaces 
with good conducting media, one of which is a source 
of cations, the other a source of anions, is considered. 

The film will be treated as uniform in thickness and 
initially free of ionic current carriers for all practical 
purposes. As the field in the film and at its interfaces 
increases, ionic defects will first be generated at ap- 
preciable rates at the weakest points for the system. 
Only three possible processes (or conceivably a com- 
bination of them) exist: (i) generation of cationic 
defects at the appropriate interface: (ii) generation 
of anionic defects at the appropriate interface: (iii) 
generation of Frenkel (or conceivably Schottky) de- 
fect pairs within the film, by lattice dissociation (or 
at dislocations and grain boundaries). The assumption 
is made that for present purposes the cationic defects 
can be regarded as interstitial cations, the anionic 
defects as cation vacancies, and only Frenkel defect 
pair generation need be considered. Since many oxide 
films appear to have a vitreous structure, the true 
nature of the defects may be quite different from 
these. Apart from the possible introduction of a dis- 
tribution of kinetic parameters, the essential picture 
should not be altered if other defect pairs are con- 
sidered. 

Suppose that the first process to take place is defect 
injection at one of the interfaces. If the resulting 
defects were to move with an appreciable velocity 
at the fields required for their generation, the onset 
of ionic conduction would correspond to the onset 
of defect injection, and Dewald's model would result. 
For sufficiently high velocity and thin enough films, 
space charge would be negligible and the Mott- 
Cabrera limit of Dewald's model would apply. In the 
other limit a space charge would be established 
throughout the film, but concentrated near the en- 
trance interface, and would act to isolate the inter- 
facial and transport processes, leading to adherence 
to Eq. [lo] for sufficiently thick films. 

It is possible, though not very likely, that under 
conditions of significant rate of production of defects 
at one interface (cation vacancies, say), their velocity 
of migration would be negligible. The result, as the 
voltage is slowly increased, would be the establish- 
ment of a negative space charge concentrated at the 
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generating interface, the effect of which would be to 
increase the magnitude of the field in the interior of 
the film and at the far interface, relative to that at 
the generating interface. This could again reduce to 
Dewald's model, but it is also conceivable that before 
the cation vacancies achieve a significant velocity 
(as the voltage is increased) a significant rate of 
generation of interstitial cations could be achieved, 
either by lattice dissociation within the film, or by 
injection at the other interface. If the former took 
place, the interstitial cations so produced would mi- 
grate with an appreciable velocity, since the net 
activation energy for formation of a defect pair 
(Frenkel defect) must sureiy be greater than the 
lesser of the net activation energies for migration of 
the defects generated. This alone, however, would 
not allow a steady current to be established. For that 
to happen, either significant mobility for the cation 
vacancies or significant rate of injection of interstitial 
cations at the other interface must be achieved as 
the voltage is increased. In both cases, the modified 
Bean-Fisher-Vermilyea model (i.e., the model as mod- 
ified by Dignam and Ryan (18, 7))  results. In the 
latter case, however, there is the additional com- 
plication of a space charge zone next to the interface 
toward which the mobile defects (interstitial cations) 
move. This possibility will not be considered since 
no new type of behavior is expected to result from it. 
The possibility also seems rather remote. 

We turn now to consider what would happen in 
the event that the first process to take place, on 
increasing the voltage, is the homogeneous generation 
of defect pairs (Frenkel defects, say). As for the case 
in which boundary defect injection is the "primary" 
process, there are several possibilities which are now 
explored. 

As noted before, at least one of the defects must 
have an appreciable drift velocity under condition 
of appreciable rate of formation of the Frenltel de- 
fects. Let us suppose it is the interstitial cation. Again, 
in order for a steady current to be established, either 
significant mobility for the cation vacancy or sig- 
nificant rate of production of interstitial cations at 
the appropriate interface must be achieved as the 
voltage is increased. While the latter situation leads 
once more to the modified Bean-Fisher-Vermilyea 
model, the former represents a possibility not pre- 
viously considered, and a possibility that is by no 
means improbable. It is this situation that is now 
examined analytically. 

High Field Intrinsic Ionic Conduction with Both 
Defects Mobile and Negligible Defect Injection 

a t  the Boundaries 
From elementary rate theory, the rate of formation 

of Frenkel defects per unit volume, RI, is given by 

Rr = (N - n - ) ~ f  exp[-Wr(E)/lcT] 
= Nvrexp[-Wt(E)/kT] for n- << N [13] 

where n- is the concentration of cation vacancies. 
[The symbols f, +, and - are used as subscripts to 
distinguish kinetic parameters associated with: defect 
pair formation (f), cation migration (+), and anion 
migration (-).I The net activation energy for the 
process is given by an expression of the form of 
[6] or [7]. In the interest of simplicity, we set 

where q is the charge on the interstitial cation and 
its direction of migration is taken as the positive 
x direction, so that E is positive. With this same 
convention, the flux densities of the ionic defects 
are given by 

JI = 2 n+v+ [I51 

where v is the speed of the defect in question and 

from Eq. [I51 and 151 is given by 

with WI (E) in turn given by 

Defining r as the capture cross section of a cation 
vacancy for an interstitial cation, the rate of recom- 
bination of defect pairs per unit volume, R ,  takes the 
form 

R, =on+% (v+ + v-) 1181 

The continuity condition must be separately satisfied 
for each of the defect fluxes, so that 

where Rr - R, is the net rate of generation of defect 
pairs per unit volume. For steady-state transport 
conditions, an+/at = 0 = aE/at and these equations 
will be very nearly satisfied for conditions which do 
not depart radically from those for steady state (21). 
Thus on setting an/at = 0 = aE/at and substituting 
for J and R, using Eq. [15] and LIB], Eq. [19] becomes 

Finally, the variation of E with position is given by 
Poisson's equation which, for unrationalized electro- 
static units, takes the form 

The problem now reduces to solving simultaneously 
Eq. 1201 and [21], subject to the following boundary 
conditions imposed by our restriction that no defect 
injection occur at either of the film interfaces 

where J = J+ - J-  and is the total metal ion flux 
carried by the interstitials and vacancies, and the 
positions x = 0 and x = X corresponding to the film 
interfaces. As this problem cannot be solved analytic- 
ally, we turn first to the simpler problem which arises 
when space charge can be neglected so that dE/dx 
= 0 and v +  can be treated as constants independent 
of position. 

Negligible space charge.-For dE/dx = 0 = dv,/dx, 
the first part of Eq. [20] integrates directly to give, 
on using the boundary conditions, [22] 

n+v+  + n-v- = ncXv+ [231 

Elimination of n- between Eq. [20] and [23] gives an 
equation which can be written in the form 

where c and s are dimensionless variables representing 
the interstitial cation concentration and position in 
the film, respectively, and are defined according to 

and C is the value of c at x = X (or s = S). Equation 
1241 has a physically meaningful solution only if 
C < 1. This solution is 
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1 2c - C 
arctan 

2(1- C2) (1 - Cz)n 

-C 
= s +  arctan 

2(1- ~ 2 1 %  (1 - cz) 
1271 

where the final term is the integration constant evalu- 
ated from c = 0 at s  = 0 (see [22]). On substituting 
for c and s  according to c = C at s = S, multiplying 
by 2(1 - C2)n and taking the tangent, Ea. [271 - - .  - - -  
becomes 

C(~-Cz) -%=tan [S( l -Cz )%l  [281 

Since this equation leads to a rather complicated 
dependence of C on S (or n+x on X), as discussed at 
the beginning of this paper, only the limiting cases, 
corresponding to the thin and thick film limits, re- 
spectively, will be examined. We anticipate that for 
sufficiently thin films, defect recombination will be 
negligible so that the flux density will be given simply 
by the rate of formation of defect pairs per unit 
area, i.e., by XRf. For sufficiently thick films, however, 
defect recombination (and possibly space charge as 
well) will play an important part in the over-all 
transport rate. 
Thin film limit.-For S << 1 (or x << X,) the tan- 
gent in Eq. [28] may be replaced by its argument, 
giving 

C--S(I-C2) US,  S < < I  C291 

Expressions for C and S can be obtained from Eq. 
[25] and [26], respectively, on replacing n+  and x 
by n t X  and X. Substituting the results into Eq. 1291 
gives 

n+x = XRr/v + 1301 

However, from C221, at x = X, J = J+ which in turn 
equals n+xv+ from Eq. [15], so that 

J = n+Xv+ = XRr [311 

where the final equality follows from Eq. 1301. This 
is the result anticipated. Substituting for RI from 
Eq. [13], Eq. 1311 takes the form 

where E is independent of positior. and hence equal 
to the mean field. Equation [32] remains valid when 
Wt(E) and Wt(E) are represented by nonlinear 
functions of E. 
Thick film limit.-For S >> 1, Eq. [28] reduces to 

since S ( l  - C2) H can never be as large as n/2 and C 
is inherently positive. Substituting for C from Eq. 
1251 with n+  replaced by n+x, Eq. [33] can be written 
in the form 

Substituting for Rr and v t  from Eq. [I31 and [16], 
and making the simplifying assumption that v+ and 
v- differ in magnitude by approximately two powers 
of ten or moke, Eq. [34] becomes 

where al, v,, and WI(E) belong to the defect having the 
lower speed, v. Again, this equation remains valid 
when Wf(E) and W- ( E )  are represented by nonlinear 
functions of E. 

The similarity between Eq. [35] and the Bean- 
Fisher-Vermilyea equation, [Il l ,  is striking; formally 
they differ simply by a factor of 2. The mechanisms 
are, however, quite different, as can be seen from 
the fact that while in Eq. 1353, al, v~ and WI(E) be- 

long to the defect having the lower speed, in Eq. 1111 
the corresponding quantities belong to the defect 
having the higher speed. 

It is clear from the foregoing analysis that X, 
plays the role of a characteristic recombination length 
in the sense that for X << X,, recombination is negli- 
gible, while for X >> X ,  it plays an important part 
in the transport kinetics. From Eq. [26], [13], and 
[16], and again making the simplifying assumption that 
v+ and v- differ greatly in magnitude, the following 
expression for X, is obtained 

Although we can safely assume that for thin enough 
films, Eq. [32] represents the correct solution for 
the model being analyzed, we cannot say with any 
certainty that Eq. 1353 will ever represent the model, 
since we have'excluded space charge from the analysis. 
The consequences of including space charge is exam- 
ined next, first for conditions in which defect re- 
combination may be neglected, then for conditions in 
which it plays an important part. 

Space charge effects for Rt >> R, or X << X,.- 
Under conditions in which both space charge and 
defect recombination may be neglected (dE/dx e 0, 
Rr >> R,) the model leads to transport equation, 
[32]. The form of J for steady-state transport with 
R, = 0 but dE/dx g 0 is now determined. For these 
conditions, Eq. 1203 can be written 

where we have substituted for Rr using Eq. 1131 and 
[14], and for vt using Eq. [16] and [171, and have 
introduced the following new parameters 

Since ultimately we will assume that A+ and A- differ 
in magnitude by at least 2 powers of ten, the algebra 
is simplified at this stage by setting p+ = 8- = 8. 
(Note that for these conditions, A+/A- = v+/v-.) 

On multiplying Poisson's equation, 1211, by eQE it 
can be written 

where 
z = exp (BE) 1411 

Differentiating Eq. [40] by x and substituting for 
d (n-ePE) /dx from Eq. [37] then gives 

dzz/dsz = [ (y + 1) /2]zy [421 

where s is a new dimensionless distance, defined ac- 
cording to 

and 

Integration of Eq. 1421 leads to 

where z, is the value of z for n+ = n- or for dE/dx 
= 0 = dz/ds. From Eq. [40] and the fact that n+  = 0 
at  x = 0 = s (Eq. 1221) it follows that in Eq. [451, 
the negative sign applies for s < s,, the positive sign 
for s > s,, where n+ = n- at s = s,. 

An analytical solution to Eq. 1451 does not exist 
for arbitrary y. Furthermore, since the main objective 
of the present analysis is to show that X,. (Eq. [431) 
acts as the characteristic space charge length for this 
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model we present here only the h a 1  results, with the 
details given in the Appendix. 

For the particular case 7 = 1 (i.e., a = af) we ob- 
tain for X << X,., Eq. [32] (derived for no space 
charge and negligible recombination rate), while for 
X >> X,, and V ~ / V I  >> eXIX=,, the following result 
is obtained 

Equation [46] is an interesting result as it is of a 
form that might suggest there are no space charge 
effects, since for consfant temperature J is predicted 
to be a function of E only, and independent of film 
thickness. Yet space charge effects are definitely pres- 
ent, since E varies with position in the film (see Ap- 
pendix, Eq. [A-101 ) . Apparently for the particular 
conditions chosen in deriving Eq. [46] (i.e., a* = 
a+ and vh/vl >> eX/Xcz) the increase in J with in- 
creasing X resulting from homogeneous generation of 
defect pairs (see Eq. [32] ) is just compensated by the 
inhibiting effect of space charge buildup with increas- 
ing X (see Eq. [lo] ). For the more general case (i.e., 
for a + af and no restriction on vh/vl) this compensa- 
tion would almost certainly be incomplete, but present 
nevertheless. 

An expression for the characteristic space charge 
length, X,., for this model is obtained from Eq. [391 
and [43], again neglecting the magnitude of one of 
A* relative to the other, to give 

Note that while it is the parameters for the defect hav- 
ing the higher speed that enter the expression for the 
flux density, it is those of the defect of lower speed that 
enter the expression for the characteristic space charge 
length. 

Space charge effects for X >> X,, and X,-A com- 
plete analytical approach to the situation in which 
both space charge and defect recombination are im- 
portant will not be attempted, as it can only be 
treated by numerical methods. However, it is clear 
that for sufficiently thick films, through most of the 
film, both the net rate of formation of defect pairs and 
the space charge concentration will be essentially 
zero. That this does indeed represent a possible con- 
dition can be seen by making the substitutions 

into Eq. [20] and [21]. The net result is simply the 
Bean-Fisher-Vermilyea equation, [ I l l ,  if one of the 
defects has a much higher speed than the other. 

Equations [48] and [49] cannot be applied at or 
near the two interfaces, however, as they are con- 
trary to the boundary conditions, [22], for those re- 
gions. Near the interface x = 0 there will be a nega- 
tive space charge (n- > n+,  see [22]) and a net 
positive rate of generation of defect pairs. Similarly, 
near the interface x = X there will be a positive space 
charge zone and again a net positive rate of formation 
of defect pairs. From Poisson's equation, [21], the field 
therefore increases on approaching either of the inter- 
faces from the space charge free region (neutral re- 
gion) of the film. Since there is no net formation of 
defects in the neutral region of the film, cationic 
defects migrating through the neutral region can in a 
sense be considered as having been formed in the 
space charge zone near x = 0. Similarly the anionic 
defects traversing the neutral region can be consid- 
ered as having been formed in the other space charge 

zone. If the anionic defects are very much less mobile 
than the cationic defects, then virtually all of the net 
defect formation, both anionic and cationic, must take 
place in the space charge zone near x = 0, with the 
lower mobility of the anionic species being compen- 
sated by the shorter path they must travel before 
reaching the appropriate interface. The net result in 
that case is qualitatively the same as for the modified 
Bean-Fisher-Vermilyea model. The detailed form of 
the space charge zone in the two cases is, however, 
different. 

Summary and Conclusions 
In the preceding sections, three different character- 

istic lengths have been introduced for models involv- 
ing homogeneous generation of defect pairs. These act 
to define regions of transition from one form of ki- 
netic behavior to another. All three map be expressed 
as follows 

Wt(E) - W(E) xt = x ~ O  exp ( 
2kT 

) [sol 

where t = c (Eq. [12] ), r (Eq. [36]), or c' (Eq. [47]) ; 
W(E) = Wh(E) for t = c, otherwise Wl(E); and Xto, 
t = c, r, or c' are constants essentially independent of 
temperature. On setting K 10, a - 10-8 cm, q - le, 
T - 300°K, v c W, r - 10-14 cmz, and N - 1022 cm-3, 
the result Xto - 1 6  is obtained in all three cases. 

One consequence of the above is that X, - X,, so 
that for the situation in which negligible defect in- 
jection occurs at  the interfaces, there are in fact only 
two kinetic regimes, according to X << X ,  X,, and 
X >> X ,  X,., respectively, and a complicated transi- 
tion regime for X -. X,, X,.. The high field intrinsic 
ionic conduction model leads therefore to only three 
forms of limiting kinetic behavior: for thin fdms, 
either Mott-Cabrera kinetics (Eq. 121) or kinetics ac- 
cording to Eq. [32], and for thick films, Bean-Fisher- 
Vermilyea kinetics. We next estimate the ranges of 
film thickness required to satisfy the conditions on 
each of the limiting kinetic equations. 

On using the Frenkel defect model for the defect 
pairs, since Uf is typically of the order of several elec- 
tron volts, it is expected that Wf(E) - W(E) > 0.5 eV 
and hence that Xt >> 1046. Thus thin film behavior 
is expected for X V 0 4 A  and possibly for much 
thicker films. On the other hand, it is certain that for 
some forms of extended defects (e.g., in vitreous or 
amorphous media), WI(E) can be substantially greater 
than Wf(E). For such a situation, one that is realized 
for Na+ ion migration through sodium borosilicate 
glasses, and for the migration of ions through ion ex- 
change polymers, boundary injection of the high mo- 
bility defect is expected to take place more readily 
than migration of the low mobility defect. This leads 
again to Mott-Cabrera kinetics for X 7 1046, since 
the condition Wf(E) - Wh(E) > 0.5 eV is still ex- 
pected to be satisfied. (If small activation energies are 
involved, linear, not high field, transport conditions 
are expected, and such behavior lies outside the 
bounds of the present analysis.) 

It is just conceivable, however, that a situation 
might arise in which WI(E) - Wf(E) and at the same 
time W.(E,) > Wl(E), Wf(E), where W,(E,) is the 
net activation energy for boundary injection of the 
high mobility defects. In that case, the Bean-Fisher- 
Vermilyea equation would be satisfied for all films 
thicker than about one or two molecular layers. This 
situation is highly improbable, however, since defect 
pair formation at the appropriate boundary constitutes 
in effect boundary injection of the more mobile defect, 
leading to W,(E) - Wt(E) and hence W,(E,) << 
Wr(E), since E, is greater than E (see discussion fol- 
lowing Eq. [491). 

In summary, therefore, for films lO4A, one of two 
situations can be expected: kinetics in accord either 
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with Eq. [El (Mott-Cabrera) or Eq. 1321. Although 
Eq. [32] predicts a dependence of E on X for fixed J ,  
the dependence is difficult to detect for p large. Thus 
Eq. 1321 predicts the same dependence of E on X for 
fixed J as of E on J for fixed X. For high field anodic 
film formation, the latter is typically a few percent 
per decade change in J so that the dependence of E 
on X can only be observed if measurements covering 
a range in X are characterized by a large ratio of the 
largest to smallest X. Even then difficulties are intro- 
duced by changes in electrode area during anodization. 
Thus in the very thin fflm region, (X <" 100A) some 
reduction in electrode area with increasing X is ex- 
pected due to a reduction in electrode roughness as 
film growth proceeds. This effect will tend to offset 
the thickness dependence of J predicted by Eq. [32]. 
For thicker films, on the other hand, it is difficult to 
eliminate the creeping of electrolyte up the electrode 
tab, producing an effect in the same sense as that 
predicted by Eq. [32], and hence serving as a plausible 
explanation for it. 

In the author's opinion, there are to date no results 
for the anodic oxidation of the valve metals that rule 
out the possibility that for thin films the correct steady- 
state conduction equation is of the form of Eq. [32]. 
To lend credibility to this statement, three sets of data 
that relate to the thickness dependence of the field for 
galvanostatic conditions are examined in turn. 

In 1955 Vermilyea (22) published data for the anodic 
oxidation of Ta in order to show that Dewald's model 
(15) (see beginning of this paper) was not in agree- 
ment with the experiment. This he did by showing 
that a graph of film thickness, X, (obtained by capaci- 
tance measurements) us. anodizing potential, V, was 
much better represented by a straight line than it was 
by a concave downward curve of the form predicted 
by Dewald's equation. This data covered a range of 
thickness from about 100 to 5000A. For these condi- 
tions, Dewald's equation (Eq. [lo]) predicts that on 
increasing the film thickness from 100 to 5000A (a 
factor of 50 increase in X) under galvanostatic con- 
ditions, an increase in the differential field strength 
will be required equal to that required to produce a 
50-fold increase in current density at constant X, 
which is about a 12% increase (2). This should have 
been reflected as a 12% decrease in the slope of X us. - 
V (i.e., dX/dV = l/E). 

Interpreting Vermilyea's result in terms of Eq. 1321, 
or more accurately, in terms of the model leading to 
Eq. 1321, we first inquire as to what is expected on 
the basis of this model. For sufficiently thin films, Eq. 
[32] would be a valid approximation and would pre- 
dict the graph of X us. V to be concave upward, with 
the slope increasing at the rate of about 7% per 10- 
fold increases in the fflm thickness. As the thickness 
approaches the value corresponding to the character- 
istic recombination length, X ,  and/or the character- 
istic space charge length, X,, the ever increasing ef- 
fect of defect recombination and space charge will 
cause the slope of X us. V to fall below that predicted 
by Eq. [32], ultimately leading to a concave down- 
ward shape to the graph. Thus we expect the curve 
to be initially concave upward, going through an in- 
flection point for X - Xr, X, (i.e., for X >" IO'A), 
then becoming concave downward, and finally becom- 
ing linear for X >> X,, X,. in accordance with the 
Bean-Fisher-Vermilyea equation (Eq. [ l l ]  ) . Thus for 
the range of thickness studied by Vermilyea, the mddel 
predicts either that the curve be concave upward over 
its entire length, with a ratio of final to initial slope 
of 1.12, or else sigmoidal in shape, with the slope a 
maximum at the inflection point. An examination of 
Vermilyea's published graph led the author to the 
conclusion that the data are entirely consistent with 
this latter prediction, with the slope at  the inflection 

point (at about 3000A) being several percent higher 
than that at  the ends of the curve. The f ad  is the data 
are not sufficiently precise to settle the issue. Other 
data of this nature are equally ambiguous in this con- 
nection. 

Young has made a more direct evaluation of the 
variation of field with film thickness for the growth 
of TazOr films (23). These data are reproduced in Fig. 
1. Films were formed at a current density of 10 mA/ 
cm2 with the charge, AQv, required to form the film 
from an overpotential of 10.1V to V noted. In addi- 
tion the electrode capacitance at 10.1V and V were 
measured. Measurements were made covering a range 
of V from about 15 to 140V with a separate electrode 
used for each determination. From the data, the in- 
cremental field, El., a (V - lO.l)/~Qv, was calcu- 
lated and graphed as a function of (V - 10.1) (upper 
curve Fig. (1) ). For the middle curve, El,, was calcu- 
lated by Young using the quantity [AQ . A(l/c)]% 
as a measure of the increment in film thickness, where 
A(l/c) is the change in the reciprocal capacitance on 
forming the film from 10.1V to V. Since AQ should be 
proportional to electrode area, while A(l/c) is in- 
versely proportional to it, it would appear that [AQ 

A ( l /c)]  % should be a measure of AX which is inde- 
pendent of electrode area. This will only be true if 
neither the electrode area nor the effective dielectric 
constant change on forming from 10.1V to V. The 
compensation for surface area should be good, how- 
ever, provided it changes by no more than a few 
percent. 

Superimposed on the data are horizontal lines, drawn 
by Young on the assumption that Eh, is independent 

T~ 6-9p\ 
' c o o  

Fig. 1. Incremental field, Ei,,, as a function of formation over- 
potential less 10.1V. for the anodic oxidation of To a t  10 mA/cmz 
and 25°C. For the upper set of data, increments in film thickness 
were determined from measurement of the charge passed; for the 
middle by a combination of charge passed and capacitance; and in 
the lower curve the ratio of "true" to opparent electrode area is 
graphed. The data are according to Young (23). 
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of V, and curved lines, calculated from Eq. 1321, on 
the basis that a factor of 10 increase in X produces a 
7% decrease in E at fixed current density [i.e., a fac- 
tor of 10 increase in current density at fixed X pro- 
duces a 7% increase in E(2)]. The curved line repre- 
sents the upper set of data a b u t  as well as does the 
horizontal line (better up to about 3000A), while it 
definitely is a poorer representation of the middle set. 
For the upper and middle sets of data to be compatible, 
the ratio of the "true" to apparent electrode area must 
vary with V according to the bottom set of data (23). 
The fact that this ratio falls well below 1 for small 
values of V means that there is some effect missing 
from the analysis (e.g., a variation of effective dielec- 
tric constant or porosity with thickness) so there is 
no basis for preferring the middle to the upper set 
of data. To account for the apparent curvature in the 
upper set of data by area and current efficiency ef- 
fects alone would require one to postulate that the 
electrode area increased with increasing film thick- 
ness, or the current efficiency decreased with increas- 
ing film thickness. The former is contrary to expecta- 
tion, film forming should exert a polishing action on 
the metal surface reducing its area. The latter effect is 
limited to 1% or less (and hence cannot account for 
the curvature) since the current efficiency is known to 
be high up to V - 200V (2). 

Recalling that as the voltage is increased, the curve 
. predicted by Eq. 1321 will ultimately yield values for 

Ej,,, which are too low, and noting the uncertainties 
introduced by possible variations in-electrode area and 
effective dielectric constant with film thickness, one 
cannot with justification reject the model leading to 
Eq. [32] on the basis of these data either. 

The final set of data to be examined were obtained 
by Dignam and Ryan (24). The data in Fig. 2 are for 
A1 anodically oxidized at constant current, i, in a gly- 
col-borate electrolyte (25) with the time derivative 
of the anodic overpotential, (aV/at)i, determined by 
electronic differentiation. Data were obtained for a 
range of current densities, with the fractional change 
in (aV/at)i with increasing film thickness being es- 
sentially independent of current density beyond the 
smooth maximum [at AQ - 3 mC/cm2 in Fig. 21. AQ 
= 0 corresponds to the film left after electropolishing, 
which is about 25A thick (26). Since 1 mC/cm2 cor- 
responds to about 5.5A, the ratio of the film thickness 
at AQ = 18 mC/cm2 to that at AQ = 3 is about 2.4. 
Analysis of all of the data presented in Ref. (24) leads 
to the results summarized in Table I. 

It is readily shown that for electrode area and cur- 
rent efficiency constant, Eq. [32] leads to the result 

where n is the volume of oxide per faraday of charge 
passed, F the faraday, i the current density, and Ex 
the field strength for thickness X. 

From the data of Bernard and Cook (251, a three- 
fold increase in i at constant X results in a 3% in- 

Fig. 2. Time derivative of the formation overpotential as a func- 
tion of charge passed for the anodic oxidation of Al at 1.98 X 
10-2 mA/cm2 and 25°C. Thz units for (JV/Jt)i are arbitrary, 
those for AQ, mC/cmz. Data according to Dignam and Ryan (24). 

Table I. Fractional decrease in  field for about a three-fold increase 
in film thickness (-45-135A) for the anodic oxidation of Al at 
constant current. The data are taken from Fig. 3 of Ref. (24). 

% decrease . . -. . . . . . . 
Current Final over deciiase adjusted to 
density Initial film in a )-fold 

(mAlcm2) thickness (aVldt)~ increase 

9.51 x 1GJ 3.04 4.7 4.6 
1.98 x 10- 3.11 5.8 5.5 
4.86 x lo-' 2.63 3.7 4.2 
2.20 x 10-1 3.17 3.0 2.9 

Average, 4.3 f 1.1 

crease in E, so that a three-fold increase in X at  con- 
stant i would require a 3% decrease in E and hence in 
(aV/at)i. The observed decrease of (4.3 2 1.1%) is 
in satisfactory agreement with this value. The shape 
of the curve of (aV/at)t us. AQ is certainly qualita- 
tively correct [Ex = const - pf-1 In (X/i)l. 

Other explanations for these data can, of course, be 
offered, and in fact the author has on two occasions 
(25, 7) offered different explanations for these data 
both differing from the present one. Clearly, however, 
one cannot rule out the model leading to Eq. [321 on 
the basis of these data. The question remains, there- 
fore, an open one. 

Manuscript submitted Nov. 9, 1978; revised manu- 
script received May 11,1979. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the June 1980 
JOURNAL. All discussions for the June 1980 Discussion 
Section should be submitted by Feb. 1, 1980. 

Publication costs of this article were assisted by the 
University of Toronto. 

APPENDIX 
Solution of Eq. [45] for the Particular Case y = I 

As an analytical solution to Eq. [45] does not exist 
for arbitrary 7, the particular case -y = 1 (i.e., a = 
af) will be considered. For such a case, the solution is 

Using this result, with Eq. 1371 and [41] (setting p+ 
= p- = pf = p ) ,  we can write 

Using the boundary conditions n +  = 0 at s = 0, n- 
= 0 at s = S, Eq. [47] integrates to give 

n+z = (znXc./A + ) [sinh (s - sn) + sinh snl [A-31 

n-r = (znXC,/A-) [sinh(S - sn) - sinh (s - s,)] 
[A-41 

At s = s., n+  = n- = n, and z = z ,  which with Eq. 
[A-31 and [A-41 gives 

nn = (X,./A+) sinhs, = (Xc./A-) sinh (S - sn) 
[A-51 

Since X,,, A+, A-, and S are all finite and positive, it 
follows from Eq. [A-51 that 

S>sn>Oandnn>  0 [A-61 

Evaluating J = J+ (x = x,) - J- ( x  = xn) using 
Eq. [15], [16], [39], and [41] give? 

J = ~r[exp(- Uf/kT) 1 (A+ + A-)nnzn [A-71 

Once again, an explicit analytical expression for J 
cannot be obtained, so we examine the two limits S 
<< 1 and S >> 1. 

For S << 1 (i.e., for low space charge conditions), 
Eq. [A-51 with [A41 leads to 

which on eliminating sn and rearranging gives 

(A t  + A-Inn = SX., = X [A-91 
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where the h a 1  equality follows from Eq. [43]. Fur- 
thermore, from Eq. [A-l] and [A-61, z is independent 
of position for S << 1. Making use of this result and 
Eq. [A-91, Eq. [A-71 reduces to Eq. [321, as of course 
i t  must if the analysis has been carried out correctly, 
since Eq. [321 was derived for conditions of no space 
charge and negligible recombination rate. 

For high space charge conditions, given by S >> 1, 
we may replace Eq. [A-11 by the following approx- 
imate one 

z = (z./Z)expls - s.1 [A-101 
On taking the logarithms and replacing z by eaE, and 
E by - (d$/ds)/X,., Eq. [A-101 becomes 

---- ' d' - ln(z./2) 7 ( s  - s.) [A-111 
Xc, ds 

where the negative sign applies for s < s,, the positive 
sign for s > sn. Integration of Eq. [A-111 from s = 0 
to s = s,, and from s = s, to s = S and adding gives 
on solving for In z, and taking the antilog 

where F= [$(s = 0) - $(s = S) I/SXc, and is the 
mean field strength in the film. 

To complete the analysis we solve Eq. [A-51 for 
nu making the same approximation as was used in 
writing down Eq. [A-101, to give 

nn = %Xc. (A+A-) - % exp (S/2) [A-131 
which with Eq. [A-121 leads to 

nut, = X.. exp (PC) 

(A+A-1% 
] [A-141 

From Eq. [A-51 we deduce that for (A+/A-) << 
e-S, s. << 1, whereas for (A-/A+) << eyS, (S  - 
s.) << 1. For either case, the final exponential factor 
in Eq. [A-141 reduces approximately to unity. Thus 
if one of the defects moves with a speed much larger 
than the other, Eq. [A-71 and [A-141 lead to 

J z v i  
(A+ + A-1 

Xc. [exp (-Uf/kT) 1 [exp(BZ) I 
(A+A-)% 

[A-151 
On substituting for X,, from Eq. 1431, for, A* from 
Eq. [39], for p from Eq. [38], and neglecting one of 
A- relative to the other, Eq. [A-151 can be written 

NvmKkT )"ex.[- w ~ ( Z )  + Wh (E) 
2rrqa 2kT 1 

[A-161 

where yh and w ~ ( H )  belong to the defect having the 
higher speed, in contrast, to Eq. 1351 obtained by 

including defect recombination but excluding space - - 

charge. 
Equation [A-161 is presented in the body of the 

uauer as Ea, r461. - - - -  - 
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Glow Discharge Tube Glass Electrodes 

William Primak and Emmet Monahan 
Argonne National Laboratory, Argonne, Illinois 60439 

ABSTRACT 
When glass plates are used as electrodes at several hundred "C in a glow 

tube, the alkali and light alkaline earth ions migrate, and a depleted surface 
layer forms. The surfaces may collapse and fracturing may occur. On the 
opposite face of a cathode plate, the alkali may segregate, in part within the 
glass, causing blistering. On the opposite face of an anode plate, segregation 
of gas may occur, but this is uncertain as the effects are less obvious. The 
depleted zone appears to have quite a sharp boundary as the volume of glass 
possessing reduced refractive index corresponds to the volume containing the 
number of ions equivalent to the charge transported for several of the glasses. 
For Pyrex glass the equivalency corresponds to about 20% of the sodium 
ions being tied up by aluminum. Deterioration of cathode plates is greater than 
that of anode plates. The most severe effects are found at blocking interfaces. 
The glasses studied were Pyrex, an optical crown glass, a soda-lime glass, a 
borosilicate glass containing zinc oxide and titania in addition to alkali, and 
a barium crown glass. 

The behavior of a glow tube with heated glass elec- 
trodes was described by Wolf (1) many years ago. He 
used a large area heated soda-lime glass electrode 
separated from an iron electrode, apparently by a few 
inches, and the assembly was located under a glass bell 
jar. He was concerned mainly with the form of the 
discharge and its characteristics. He took special note 
of the manner in which the discharge broke up into 
rosette type figures. 

Our own interest in the behavior of glass electrodes 
in a glow tube stemmed from trying to understand the 
behavior of glass in ion bombardment where we found 
the charge had been conducted ionically causing ion 
depletion in a surface layer of the glass (2). The glow 
discharge experiments were begun fo study the effects 
of ionic conduction in the absence of (i) the high 
energy transfers and (ii) penetration depths of the 
ions comparable, in some cases, to the thicknesses of 
the layers being depleted. 

The present paper deals with the destructive effects 
which are observed in the glass electrodes. Similar 
destructive effects have been seen in attempts to use 
ceramic electrodes in other cases, notably as electrodes 
in open cycle MHD generators. The glow tube offers a 
more controlled means for studying some of the effects 
of ionic conductivity on electrodes; and the use of 
glass, which is transparent, offers the opportunity to 
make observations and measurements which would be 
more difficult or impossible on ceramic bodies. 

Methods 
The glow tube.-The problem in designing the glow 

tube was to confine the discharge to the nlass elertrode 
since it was desired to measure the current flowing 
through the glass. Since the electrical instrumentation 
was to be connected to it, this electrode had to be near 
ground potential. Because of the behavior of the dis- 
charge as a~function of pressure in the glow tube (the 
Paschen curve) which has a minimum, two modes of 
operation are possible: on the low pressure side, the 
pumping tube (which is an alternate ground) must be 
short compared to the glow tube; while on the high 
pressure side of the minimum, the pumping tube must 
be long. The advantage of working on the low pressure 
side is that the curve is very steep on this side, whereas 
on the high pressure side the slope is small. The latter 
condition requires a very large ratio of the length of 
the pumping tube compared to the discharge path, 
hence the former arrangement was tried first. However, 
it was found to be unsatisfactory because the currents 

Key words: glass, electrode, tubes. 

attainable at the low pressure were too small. In the 
present arrangement the pumping tube is about 3.5m 
long, and the discharge length is about 50 cm. It is 
possible to have a potential drop across the glow tube 
and glass electrode of 3-3.5 kV before breakdown to 
the pump occurs. 

The glow tube is mounted vertically. The high volt- 
age electrode, an aluminum disk on a tungsten lead-in, 
is located at the upper end. The pumping tube is 
attached at this end. Both the glow tube and the pump- 
ing tube are made of 25 mm Pyrex glass tubing. The 
glass electrode assembly is inserted at the lower end 
through a conical joint and extends 35 cm into the 
glow tube. This region of the glow tube is surrounded 
with a pot furnace about 6 in. long. The thermo- 
couple to read the temperature is located in the pot 
furnace, and it is presumed to be but a few degrees 
different from the electrode temperature. The thermo- 
couple and McLeod gauges to read the pressure are 
mounted near the end of the pumping tube. A grounded 
electrode is located in this vicinity to protect the pump 
and instrumentation. 

The glass electrode plate to be studied sits on a 
stainless steel cylinder 3/8 in. diam and about as long 
(graphite was used also, see below), the contact surface 
of which is finished flat to about a fringe or less over a 
goodly portion of its surface as determined by placing 
the optically finished glass disk upon it and examining 
the Fizeau fringes. The metal surface was refinished for 
each run by means of a suitably finished set of hones 
used with ethanol as a lubricant. The stainless steel 
cylinder was supported on an aluminum rod about 
1/8 in. diam within a closely fitting vitreous silica tube 
which had been fire polished on the end until it had 
become constricted slightly, enough to prevent the glass 
electrode plate from passing through. As described 
above, this silica tube assembly was 35 cm long. It 
rested on the tungsten lead-in in a short conical joint. 
Electrical contact and mechanical stability were ob- 
tained by placing a short aluminum cylinder 3/8 in. 
diam between the tungsten lead-in and the aluminum 
rod. A tabulation through which gas could be leaked 
to maintain the desired pressure was attached to the 
side of the conical joint. 

Operating procedure.-After assembly, the tube was 
pumped down with a rotary oil pump while helium was 
leaked in to maintain pressure at about 0.1 mm Hg. The 
furnace was raised to the desired temperature. Then 
the tube was pumped down to the minimum pressure 
reached with the leak turned off, 0.03-0.04 mm Hg, 
backfilled with helium to a pressure over 0.1 mm Hg, 
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Fig. 1. Monochromatic fringes observed on scanning C-1 glass 
cathodes; curve A, after 19 mC a t  0.55~; curve B, after 9.7 mC ot  
0.545~; and curve C, after 46 mC at  O.447+. 

AREA (cM*) 
Fig. 2. Profiles of depleted zones (plotted against nX (rodiur)Z to 

permit a determination of the volume by integration) of Pyrex glass 
cathodes after 8.1 (circles), 13.1 (squares), and 25.8 mC (diamonds). 

and this was repeated several times. Then the main 
pumping valve was turned off, the system pumped 
through a leak which bypassed the valve, and the 
helium leak was adjusted until the system remained at 
a steady pressure of 1-1.2 mm Hg. Conical joints in the 
vicinity of the glow tube were lubricated with Apiezon 
"T"; all other joints were lubricated with Apiezon "N". 
The helium leak was a micrometer leak valve termi- 
nating in a copper tube which was sealed into the 
system with Apiezon "W". The pumping leak was a 
bellows sealed semineedle valve connected in parallel 
with the main stopcock with rubber tubing. 

The power supply was connected to the glow tube 
with a protecting resistor chain in series to limit the 
current. A number of runs were made with a power 
supply whose voltage was adjusted with step switches, 
but problems with the discharge arose when the volt- 
age had to be adjusted to control the current as the run 
progressed. This power supply was replaced with a 
Plastic Capacitor, Incorporated power pack (5000V 
with llOV a-c input) which was continuously adjust- 
able with a small variable autotransformer in the input 
line. Most of the results reported here were obtained 
with this power supply. 

For most of the runs the current was recorded with 
a General Electric photoelectric recording potentiom- 

AREA (cM*) 
Fig. 3. Profiles of depleted zones of a C-1 glass cathode after 9.7 

(circles), 18.7 (squares), 46.3 (diamonds), and 76.7 mC (triangles). 

eter placed across a 10n resistor between the glow tube 
and ground. The charge was determined by integrating 
the charts. The voltage across the glow tube was deter- 
mined with a high voltage probe designed for and 
attached to a Simpson digital volt-ohm meter. Cur- 
rently, the current is determined by a second Simpson 
digital volt-ohm meter, and both the current and the 
voltage are recorded on a dual-trace recorder con- 
nected to the analogue outputs from these meters. The 
analogue ouput of the current measuring meter is also 
connected to an integrator based on a frequency 
counter with automatic cutoff when the desired charge 
is reached. All of the anode plate data and a few of the 
cathode plate data were obtained with this equipment. 
For the higher charge runs, currents of about 195 & 
were maintained. This was reduced to make the lower 
charge runs of convenient length. 

When the runs are started, the voltage across the 
glow tube may drop, sometimes precipitously, as 
contact with the supporting conducting cylinder is 
developed. Then it may remain relatively constant for 
a long time until a considerable depletion occurs, when 
the voltage rises until, if the run is long enough, dis- 
charge to the pump or around the protecting vitreous 
silica tube occurs. The well-known peculiar character- 
istics of the glow tube, which has led to its application 
for voltage regulation, are such that large changes in 
voltage applied across the resistor chain and glow tube 
cause much smaller changes in voltage drop across the 
tube. 

Optical and other examination of the glass plates.- 
Both sides of the plates were examined under the 
binocular microscope with reflected light, as was also 
the block on which it sat. The plate was then examined 
under vertical illumination with monochromatic light 
in a metallurgical microscope. When fringe patterns 
were observed, they were recorded by illuminating a 
very small area, measuring the reflected light with a 
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Fig. 4. Photomicrograph of a 
portion of the lower surface (in 
contact with stainless steel) 
showing the central "C"-shaped 
blisters on the right and the 
outer ring blisters on the left. b 
The vertical dimension of the 5 
fiaure is 3/4 mm of the date. r 

photomultiplier tube, and recording the light intensity 
as the plate was translated on the microscope stage 
(fringe profiles). To further understand the fringe 
systems, the fringe profiles were obtained at several 
wavelengths, and the chromatic fringe system ob~erved 
at particular points on the plate were obtained by 
recording the light intensity as the wavelength was 
altered. These procedures were employed for fringe 
systems which covered the whole plate. Where local 
effects were seen, the fringe systems were photo- 
graphed. In order to prevent confusion from reflection 
from the face opposite that being studied, the plate was 
set with an oil of matching refractive index on a glass 
plate whose back side was blackened. In particular 
cases, the chromatic fringe system over a larger wave- 
length range was obtained in a reflectivity unit for a 
DK-2A spectrophotometer in which an area about 1.2 
mm across was illuminated. The contours of the plate 
surfaces were studied in a Twyman-Green inter- 
ferometer, and defects which formed were examined in 
a Zeiss interference microscope. 

The depth profiles of the depleted zones were deter- 
mined from the scanning microscope recordings with 
monochromatic light (fringe profiles). The recorder 
tracings showed fringe maxima and minima whose 
positions were digitized and fed into a computer along 
with the assumed refractive index, the measured wave- 
length, the fringe order, and the plate dimensions. 
Then the computer performed the necessary computa- 
tions and plotted the depth profile. Occasionally the 
fringes were irregular or confused and sometimes it 
was not certain that the first fringe at the edge of the 
plate was the first order. In these cases the fringe 
order at particular points on the plate were identified 
from the chromatic fringes. Their recorder tracings 
were digitized, and in the computer the data were 
converted to fringe location as a function of wave 
number, which is a linear function. A least squares fit 
was made and the thickness at this point was calculated 
from the slope of the regression. This thickness and the 
wavelength of the monochromatic fringes could be 
used to calculate the fringe order at this point. 

If the boundary of the depleted zone is sharp, the 
amplitude of the chromatic fringes can be used to esti- 
mate the refractive index in the depleted zone from the 

well-established formulas for the reflectivity of a layer 
on a substrate. 

The weight loss of the plate (50-75 pg for the longer 
runs) as determined on a microbalance was sufficiently 
precise to calculate which constituents were depleted. 

Materials.-Extensive results are reported here for 
Pyrex glass, an optical crown, glass C-l obtained from 
Hayward Scientific Glass Corporation whose composi- 
tion is unknown (with refractive index 1.521 and 
density 2.57 g/cms), and a soda-lime glass whose typi- 
cal pot composition was furnished to us as 13.86% 
NazO, 8.63% CaO, 3.82% MgO. One run was made on a 

Table I. Ion equivalent of the measured charge (charges) and the 
original ion content of the depleted volume (DVC) 

Depleted 
Sample Charge volume Charges DVC 

No. (mC) (10" cma) (10'0) ( 10'~) 

C-1 glass cathodew 

C-l glass anode* 

IS 226 14.3 I42 146 

Pyrex glass cathodesb 

Soda-lime glass* 

Frit g l w  (borosilicate with titanla)& 

3908-1 61.6 7.56 39.0 40.6 

Assuming composition in text, no collapse correction, density 
2.57 g/cmY, 1.02 x lW conducting charges/cma. " No correction for collapse. 

c Corrected for collapse. 
Assum~ng zinc does not migrate, titanium changes valency by 

one, and sodium and calcium do migrate. 
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Fig. 5. Photomicrograph of 
some of the blisters in the central 
area seen in monochromatic 
light. The area covered is 1.8 
mm across on the plate. 

Fig. 6. Left, microphotograph of the stainless steel block; right, of the plate in contact with it. Note that the ring patterns of the blisters 
match. 
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Fig. 8. Same as Fig. 7 but the 
face on the stainless steel plate. 

1. The composition of the C-1 glass was not known. but 
if it is assumed to have a typical optical crown glass 
composition, 6.1% soda, 10.1% potassia, and 11.4% 
calcia, depletion of these ions would account, closely, 
for the observed depletion volumes. Results are given 
in Table I. 

When the glass plate was removed from the stainless 
steel, droplets could be seen to condense on the con- 
tacting glass surface; and from the droplets, under the 
binocular microscope, little gas bubbles could be seen 
arising, evidently alkali reacting with water to evolve 
hydrogen. When the surface was washed off with 
water and dried, peculiar blisters were seen. In the 
center of the plate, which conformed more closely to 
the stainless steel, the blisters were larger and 
possessed a " C " 4 r  donut shape. Farther out, toward 
the periphery, was a ring of smaller blisters, and this is 
presumed to be the edge of close electrical contact. The 
diameter of the peripheral ring varied, depending on 
the flatness which had been achieved in working the 
stainless steel. Photographs of the blisters are shown in 
Fig. 4 and 5. These figures should be compared with 
Fig. 8, shown above for another purpose, where the 

whole surface can be seen, the outer row of blisters 
near the edge of the contact area and the collapsed 
central area where the "Cn-shaped blisters occur. The 
stainless steel became stained with a pattern which 
matched the pattern of the blistering, as can be seen in 
Fig. 6. As is evident from the fringe pattern in Fig. 5, 
there are changes in refractive index, presumably as- 
sociated with changes in composition, over a much 
larger volume than the volume of the blisters. Each of 
the blisters is fractured in the center, presumably 
where the sodium exuded and made contact with the 
stainless steel. 

Pyrex glass has the refractive index 1.472 and a layer 
of vitreous silica (refractive index 1.458) will give 
chromatic fringes 9.4% of the reflectivity of the Pyrex 
'glass. The amplitude of the chromatic fringes on the 
depleted layer was 6.7% corresponding to a refractive 
index 1.462. The same calculation made for the C-1 
glass gave a value 1.483-1.487 for the refractive index 
of the depleted layer compared to 1.52 for the original 
glass. 

The depleted layers on the Pyrex glass showed little 
collapse. The collapse observed with the C-1 glass 
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Fig. 10. The contours calcu- 2 
Iated A, from interferogram 
shown in Fig. 7; B, from Fig. 9; 
and C, from Fig. 8 are plotted 
as crosses. Also plotted, as x's 
are the contours from another 5 0 
set of interferograrns of the same 
surfaces in which the fringes are 
vertical. The former gives the 
plate contour along the vertical -2 
diameter, the Iotter along the 
horizontal diameter. DISTANCE ACROSS PLATE DIAMETER 

varied but was particularly noticeable for the longer 
runs at the higher temperatures. Sample 12, run for 
135 mC at  325°C was studied in detail because a central 
area had collapsed leaving an uncollapsed rim. Collapse 
occurred on both the depleted side and the side in 
contact with the stainless steel. The following inter- 
ference patterns observed in the Twyman-Green 
interferometer were photographed: the reflection from 
each face; and the reflection from the back face, the 

light passing through the sample. These were separated 
easily because the interferometer was illuminated with 
white light passing through an interference filter, and 
the visibility curve consisted of only about 50 fringes. 
Since the reflections from each face depend only on the 
distance and the reflection for light passing through the 
plate depends also on (N-1)' where N is the refractive 
index, the contour data could be used to calculate the 
refractive index of the collapsed region. The front face 
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Fig. 11. Photomicrogr~ 
C-1 glass onode, side in 
with stainless steel. A 
traverses from the upper 
the left lower edge. The 
dimension of the figure 
of the plate. 

~ p h  of o 
contact 
fracture 
right to 

! smaller 
is 1 mm 

showed chromatic fringes corresponding to a 20.4 front face, and 2 refers to the back face. When the data 
fringe thickness at  wavelength 0.5461~. The rear face are inserted. the equation becomes 
also showed chromatic fringes which, in this case, cor- 
responded to an increase in refractive index which was 1.79 = 0.521 X 0.127 + 1.521 X 0.33 + AN1[20.45/ 
estimated as 0.036 and to a thickness corres~ondine to (1.521 - A N I ) ~  - 0.036(2.22/1.557) - -. - - .  
2.22 fringes at  wavelength 0.5461p; a small correction. 
T~~ Twyman-Green interferograms were read by which gives 0.0488 for AN the change in index of refrac- 

tion of the depleted zone, hence refractive ihdex 1.4722. 

n h c a c d i e  This is nearly the refractive index of vitreous silica. It 
are shown in Fig. 7, 8, and and the calculated con- indicates that both the alkali and the alkaline earths 
tours in Fig. is seen that the front face collapsed have migrated out of the depleted zone in this plate. 

0.33 fringes, the back face 1.27 fringes, and fringe DUdng a 212 mC run with the '-' a 75 pg 
change in the interferogram of the reflection through (*? pg) weight loss was found' If the '-' is a 

the plate corresponded to fringes. This last corre- typical optical crown glass, the soda-calcia/~otassia 
sponds to ratio would be about 3/2, hence the electrochemical 

equivalent weight loss for the alkali, alkaline earth, 
1.79 = (N - 1)Dz + NDI + ANl[nl/(N -  AN^)] - and accompanying oxygen would account for the 

ANz [n2/ (N + AN,) 1 weight loss observed. 
The occurrence of "C"-shaped blisters was typical 

where N is the refractive index of the unaltered plate, for the back faces of the glass cathodes supported on 
1.521, n is the fringe order, the subscript 1 refers to the stainless steel. For several runs, a graphite cylinder 
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was polished flat by rubbing on a flat lapped glass 
plate, and this was used as the supporting cylinder. For 
a 135 mC run with C-1 glass at a temperature of 330°C, 
the face in contact with the graphite showed a fairly 
uniform distribution of ordinary protuberances. The 
graphite, originally flat to a fringe, became convex 
about 6 fringes and was altered in color to a blue violet 
with gray spots. It is presumed that the reason for the 
glass behaving differently on the graphite is that the 
graphite absorbs and combines with the alkali. 

Anodes.--Our initial attempts to utilize the glass 
plates as anodes were unsuccessful; the runs were 
interrupted by discharges and breakdown around the 
glass plate. However, when the technique of flattening 
the supporting cylinder was developed and the con- 
tinuously adjustable voltage power supply was secured, 
the glass was operated successfully as the anode at the 
higher temperatures used with these glasses. If the 
runs were of any length, and particularly with the 
Pyrex glass, the glass plates were held with consider- 
able force to the stainless steel when the electrode 
assembly was removed from the glow tube. It is pre- 
sumed that this force was an electrostatic potential 
across the depleted layer. The pattern of scratches on 
the stainless steel cylinder was reproduced on the glass 
plate, in reverse; i.e., the scratches on the metal were 
matched with elevated lines on the glass. Typically, on 
cooling or after standing for some time, many of the 
plates developed curved fractures on the depleted side, 
having radii of a considerable fraction of the plate 
radius. Some of these fractures were close to the edge 
of the depleted region, others well within it. The 
fractures could be seen by tipping the plate under the 
binocular microscope to catch a reflection by side il- 
lumination, and they appeared to be much deeper than 
the depleted layer. There appeared to be a metallic 
deposit (possibly sputtered material) on the surface 
which was not easily removed. It was dissolved with 
boiling aqua regia. The scratch pattern then appeared 
to be fainter, but it was not removed. The above ob- 
servations about its depth were made after removal of 
deposit. Between the lines of the scratch pattern there 
could be seen under the microscope in monochromatic 
light a patchy appearance which showed chromatic 
effects (relative intensity change with wavelength) 
indicating it may have been caused by small bubbles. 
This may be oxygen segregating when the zone is 
depleted. A photomicrograph is shown in Fig. 11. 

It was not possible to study the depleted layer of 
these plates by scanning them under the microscope 
with monochromatic light because of the scratch pat- 
tern (or for the plates depleted on graphite, of the 
porosity pattern). However, it was possible to obtain 
the depth at a number of points along the radius by 
recording the chromatic fringes observed under the 
microscope with a small aperture. About the same 
volume relationships were found as for the depleted 
layers on the cathodes. Thus, it appears there is a 
fairly sharp boundary for the depleted layer under 
these conditions. The depleted layers of the anodes 
appear to have a rectangular profile compared to the 
"hat" shape of the cathodes. An example is shown in 
Fig. 12. 

After standing for some time, the face in contact with 
the plasma developed a pattern which, under the 
microscope, appeared to consist of lighter patches and 
smaller circular darker areas. They did not show 
chromatic effects. In the interference microscope, the 
light patches were found to be areas which had spalled 
off; they were depressed to various depths from about 
0.015 to 0.07& A photomicrograph is shown in Fig. 13. 
At high magnification the interference pattern showed 
small concave areas in contact with each other, a 
scalloped surface, and in the midst of these concave 
areas sat the areas which had spalled off. The dark 
patches may have been an optical effect associated with 

Fig. 12. Profile of the depleted zone of a C-1 glass anode plotted 
against the radius squared after 226 mC. E is the edge of the de- 
pleted zone. 

- - 

the scalloping rather than the image of objects on the 
surface. 

Discussion 
When the glasses which have been studied (Pyrex, 

crown, soda-lime, and others) are used as electrodes in 
a glow tube, the alkali and light alkaline earth ions 
are transported leaving a depleted layer. Light alkaline 
earths are specified because chromatic fringes seen 
when a barium crown glass was employed were of 
small amplitude, indicating the barium had not been 
transported. Little evidence of the oxygen was seen, 
and it is presumed that, mostly, it diffuses out of the 
surface. However, there may have been some segre- 
gated within the glass when the depleted zone rested on 
a metal plate. When the anode is the free surface it is 
relatively undamaged, although secondary destruction 
may occur later (spallation of very thin layers). When 
the anode face of the plate is in contact with the metal 
(glass cathode) some of the segregation of metal occurs 
within the glass plate (much as growths may occur on 
electrodes in aqueous solutions) causing blistering and 
similar destruction Similar but less severe destructive 
effects may be occurring with oxygen segregation in 
the cathode surfaces of the glass anodes, but the effects 
are less evident. However, because of the absence of the 
electrical contacting agent present in the other case 
(the deposited alkali metal) the experiments could not 
be carried as far. 

Attempts have been made to utilize ceramic elec- 
trodes in open cycle MHD devices, and very destructive 
effects and short lifetimes have been encountered. As 
found here, the effects observed on cathodes have been 
much more severe than on anodes, suggesting the kinds 
of effects observed here make a significant contribution 
to the deterioration. These may be described briefly as 
caused by ionic transport to and segregation at  inter- 
faces, and by volume changes and associated stresses 
associated with the depletion and the "piling-up" of 
ionic constituents. 
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Fig. 13. Photomicrograph of a 
C-1 glass anode, side facing dis- 
charge, in interference contrast; 
the shading indicates different 
elevations, dark high. The diam- 
eter is 0.72 mm on the plate. 
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Luminescence of Terbium-Activated Alkali Rare Earth 

Metaphosphate Glasses 
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ABSTRACT 
Excitation and emission spectra of Tb3+ were measured in alkali 

yttrium terbium metaphosphate glasses having the general composition 
n(Mz0 . Pz05) [ ( I  - x)Yfi3 . xTb203 . 3P2051. The effects of Tb concentra- 
tion, Ce codoping, and alkali and its concentration on the intensities of TW+ 
emission at the 4f-5d transition bands were investigated. The TW+ emission 
was anomalously enhanced at a Tb concentration where the population of 
TbH-TW+ pairs becomes maximum. Sensitization of Tb3+ emission at the 
f--d bands was found to take place at a very low Ce concentration (<lo0 
ppm), whereas the sensitization via the direct energy transfer from the Ce3+ 
absorption band occurred at higher Ce concentrations. The intens~tles of Tb3+ 
emission was found to increase in the order of Li, Na, K, when n is fixed, and 
with increasing alkali, when M is fixed. 

Investigations on absorption and fluorescence spectra 
of rare earths in inorganic glasses such as borate, sili- 
cate, and phosphate glasses were extensively made in 
the past (1-3). However, the practical use of the glassy 
phosphor was seldom reported. The use of Nd or other 
rare earth-doped glasses in laser applications is per- 
haps the only exception (4). This is probably due to 
its weak fluorescence as compared with its crystal- 
line counterpart. Recently, several crystalline rare 
earth metaphosphate compounds such as RP3Os (5) 
and MFW4012 (6-8) have been investigated as laser 
materials or vacuum ultraviolet phosphors. In these 
stoichiometric compounds, the concentration quenching 
of fluorescence from the activator rare earth such as 
Nd, Eu, and Tb is suppressed due to the reduced inter- 
actions of these rare earths in the continuous PO4 
tetrahedra network. More recently, it was found that 
the metaphosphate glass having a composition identi- 
cal to or related to these metaphosphate compounds 
could be made easily (9). A series of glasses having 
a composition n (Mz0 .Pz05) ( R Z O ~ . ~ P ~ O ~ ) ,  where n 
r 0, M = alkali, and R = yttrium or rare earth was 
prepared. Moreover, these glasses were found to 
fluoresce strongly when a suitable activator was in- 
corporated. Indeed, the intensity of green emission of 
the Tb-activated glass was comparable to that of a 
good green emitting crystalline phosphor, Zn~Si04:Mn 
under 254 nm U.V. excitation. Therefore, it was thought 
that the fundamental fluorescent properties of these 
glasses should be understood in order to develop bet- 
ter glassy phosphors of practical importance. In this 
report, alkali yttrium terbium and alkali terbium 
glasses having the general composition n(MzO.Pz05) . 
[ ( I  - x)Y~Os~xTbz03.3P205] were chosen to study 
the effects of various parameters such as Tb concen- 
tration, Ce coactivation, and alkali and its concentra- 
tion on the fluorescent properties of Tb3+ ions. In the 
following text, the composition n(MzO.Pz05) [ ( I  - x)  
Yz03~xTbzO8~3Pz05] is abbreviated to &YI-,T,P with 
M = L, N, or K, where L stands for Li and N stands 
for Na, respectively. 

Experimental Procedure 
Glass samples were prepared by casting the glassy 

melts of stoichiometric mixtures of M2HPO4 or MzCO3, 
(N&)zHT04, Y&, and Tb4O7 into a cylindrical 
graph~te die of 20 mm in diameter. They were then 
annealed in an electric furnace to remove thermal 
stresses. The purity of MzHP04, MzCOS, and 
(NH4)zHPOn was of reagent grade. Y2O3 was 99.9% 

Key words: glassy phosphors, concentratlon dependence, Ce co- 
activation, energy transfer, inhomogeneous broadening. 

grade. As Tb407, five different reagents, three of which 
are of 99.9% grade and the other two of 99.999% 
grade, from four different suppliers were used. For 
Ce-doped samples, Ce-doped Tb407 was prepared by 
firing, at llOOLC, respective oxalates precipitated from 
the stoichiometric acidic solution. A polished glass 
plate of a few millimeters thick was used for various 
measurements. 

Excitation, emission, and transmission spectra were 
measured with a Hitachi MPF-4 fluorescence spectro- 
photometer equipped with two gratings blazed at 300 
nm and an on-line data processor that processes the 
measured data with an interval of 1 nm. The excita- 
tion spectra were corrected for the spectral sensitivity 
of the instrument with the on-line data processor, as- 
suming a constant quantum efficiency of rhodamine 
B solution. No such correction was made for the emis- 
sion spectra used for half-bandwidth measurements. 
Unless otherwise noted, all the excitation spectra of 
TW+ emission were measured on the Tb3+ emission 
due to the 5D4 + 7F5 transition at 543 nm with slit 
width of 5 nm. 

Results and Discussion 
 mission and transmission spectra.-Figure 1 shows 

an emission spectrum for a NzTP glass under 250 nm 
excitation. The emission spectrum consists of emission 
lines due to sD4 + 7Fk transitions of Tb3+ only. How- 
ever, in glasses with low Tb content weak emission 
lines due to 5D3 + 7Fk transitions also appeared. The 
general features of the emission spectrum, i.e., peak 
position, peak shape, and relative intensity ratio of 
the observed emission lines changed very little with 
Tb or alkali atom concentration. Detailed descriptions 
of half-bandwidth variations with these parameters 
are to be discussed later. 

Figure 2 shows a transmission spectrum for the 
same NzTP glass. The glass has several absorption 
bands due to 4f--4f transitions of Tb3+ in the near 
U.V. region but it is fairly transparent from 400 to 700 
nm except for an absorption band at -480 nm. The 
intensities of these absorptions were proportional to 
the Tb concentration, as expected. 

Effect of Tb concentration.-Excitation spectra of 
the N2Y1-,T,P system were measured to investigate 
the effect of Tb concentration on the intensity of Tb3+ 
emission. The Tb407 used in this experiment (desig- 
nated Tb407 (A) in Table I) contained the least amount 
of Ce as an impurity so that the effect of Ce sensitiza- 
tion was very small (see next section). In Fig. 3, ex- 
citation spectra of three different glasses, i.e., 
NzY1-,T,P glasses with x = 0.1, 0.3, and 1.0 are shown. 
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Wavelength (nml 

Fig. 3. Excitation spectra of Tb3+ emission in 2(Na10. Pas) 
[(I - x)YzOs . xThO3 . 3PzOsl glasses, x = 0.1, 0.3, and 1.0. 

Wavelength (nm) 

Fig. 1. Emission spectrum of 2(Noz0 . PzOs) (Tho3 . 3PzOs) 
gloss under 250 nm excitation. 

Wavelength (nrnl 

Fig. 2. Transmission spectrum of 2(Naz0 . Pz05) (Tbz03 . 3P205) 
glass. Sample thickness = 1.5 mm. 

It is seen that there exist two major bands in  the ex- 
citation spectra, one at 220 ? 1 nm and another at  
250 ? 1 nm. These two bands are known to be due to 
the 4fa + 4f75d transitions of Tb3+. The transition 
?F + 7D is responsible for the stronger band at  220 
nm, while the spin-forbidden transition 7F -, 9D is 
responsible for the weaker band at  250 nrn (10, 11). 
The peak positions of these f--d bands (45.4 x 103 
cm-I and 40.0 x 103 cm-I) are in a fair agreem'ent 
with those in Tb-doped YPOd crystal (44.7 x 103 cm-1 
and 37.3 x 103 cm-1) (12). Much weaker bands at  
longer wavelengths ( h  A 280 nm) are due to 4 f 4 f  
transitions, as was pointed out previously. In Fig. 4, 
the peak intensities of Tbsf emission at  the two f--d 
bands, I (7F + 7D) and I(7F + 9D), in the NzYl-,T,P 
system are plotted against x. I t  is seen from Fig. 3 

Fig. 4. Peak intensities of Tba+ emission at 4f-5d transition 
bands vs. Tb concentration x in Z(Naz0. PzOs) [(I - x)YzOa . 
xThOs 3PzOsl glasses. 

and 4 that the anomalous enhancement of the peak 
intensities, particularly of I(7F + 9D), took place at  
x = 0.3. The density of the NzYl-$,P glass, on the 
other hand, increased linearly with increasing Tb con- 
centration from 2.82 g/cm3 at x = 0.05 to 3.18 g/cm3 
at  x = 1.0. No anomaly existed at x = 0.3 in the den- 
sity data. This should mean that the enhancement of 
Tb3+ emission in the NzYo.~To,~P glass could not be 
caused by changes in structure or by phase segregation 
in it. Therefore, the enhancement effect must be ac- 
counted for by the Tb--Tb interaction that was char- 
acteristic of this particular composition. 

As in the case of YbP309 crystal (5), Tb3+ ions are 
most likely in truncated octahedra formed by six oxy- 
gens at  the corners in the metaphosphate glass. Since 
the Na-0 bonds are weaker than Y-0 or Tb--0 
bonds, sodium ions are distributed in interstitial sites 
in the YbP309 like structure. Each Wf ion is then 
surrounded by six other Y3+ or Tb3f ions as its 
nearest neighbors. When n out of Z nearest neighbor 
positions are occupied by Tb3f ions, a molecule of 
( n  + 1) activators results. The general relationship 
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for the activator concentration %+I at which the con- 
centration of (n + 1) activator molecules becomes 
maximum is given by (13) 

& + l = ~ + l / l + Z  

The concentration for the maximum TW+-Tbs+ pair 
population is then given by substituting n = 1 and 
Z = 6, i.e. 

= 2/7 - 0.289 - 0.3 

Accordingly, the population of TWt-That paim 
should become maximum at x - 0.3 in the Nfli-,T=P 
system. Recently, Danielmeyer (14) suggested that 
when active ions are arranged in pairs in an insulating 
medium, enhanced fluorescence could result due to 
crystal field overlap mixing of 41 and 5d states of pair- 
ing rare earth ions. The present observation could in- 
deed be a typical example of such an enhancement 
effect. 

On the other hand, the half-bandwidths of Tbs+ 
emission lines due to 5D4 + 7Fk transitions (k = 3-6) 
decreased with increasine Tb concentration. For ex- 
ample, the half-bandwidths of 5D4 + ?Fg emission 
band was 578 cm-1 for x = 0.05, and 525 cm-1 for 
x = 1.0, respectively. Again, there existed no anomaly 0 
at x = 0.3. The results indicate that the degree of in- 200 250 300 350 
homogeneity in crystalline symmetry around Tb3+ Wovelength (nm) 
ions becomes large when the active ions are diluted. 

Sensitization of Tb3+ emission by Ce3+ doping.- Fig. 5. Excitation spectra of TbS+ emission in 2(Naz0. ?205) 

During the course of our above-mentioned experi- [(I - y)Tbz03 . vCezOs 3PzOsl glasm, Y = 0.002 and 0.005. 

mentsrit was noticed that the peak intensities of Tb3+ 
emissions at the f-d bands, especially I(7F + 'JD) at 
-280 nm, changed considerably when Tb407 raw ma- 
terials from other suppliers were used. A careful ex- 
amination of the emission spectra of these glasses re- 
vealed the presence of a weak emission band peaking 
at about 320 nm that was confirmed to be due to Ce 
impurity contained in the Tb407 raw materials. It was 
also found that the degree of enhancement of I(7F + 
OD) was roughly proportional to the intensity of C$+ 
emission, i.e., to the Ce3+ concentrations. Table I 
shows the ratio of peak intensities of Tb3+ emissions, 
I(7F + 'D)/I(7F + 7D) as well as the intensity of C@+ 
emission at 314 nm in the NzTP glasses prepared from 
five different Tb4O7 raw materials. To find the approxi- 
mate concentration of the impurity Ce in respective 
Tb407, a series of Ce-doped NzTP glasses were pre- 
pared by using Tb407 containing 200 to 5000 ppm Ce 
(with respect to Tb). The intensity of the CeS+ emis- 
sion peak at 314 nm in these glasses were measured. 
The Ce concentration in respective Tb407 was then 
estimated by extrapolating the log-log plot of Ce con- 
centration us. Ce emission intensity for the Ce-doped 
NzTP glasses. Such numbers are listed in the last col- 
umn of Table I. The error of this estimate could be as 
much as 40%. It should be noted that the claimed 
purity of Tb407 has little to do with the actual Ce 
contamination level. Figure 5 shows the excitation 
spectra of Tba+ emission in 0.2 and 0.5% Ce-doped 
NzTP glasses. It is seen that there appears a new 
band at 295 nm at this high Ce doping level. The in- 

Table I. Intensity ratio of TbS+ emissions at f-d bands, 
intensity of C6+ emission at 5 = 314 nm, and estimated Ce 

concentration in Z(Naz0 . PzOs) (TbzOs .3PzOs) glasses prepared 
from five different TbrO7 raw materials 

Intensity Ce 
of C.9 coneen- 

emission tration 
Purity I(rF-b - ) I  (arbitrary 

ThOI (%) I(T-B m) units) &%?) 

tensities of TW+ emission at  the f--d bands as well 
as that at 295 nm in the NzTP glasses, both Ce-doped 
and undoped, are plotted against Ce concentration in 
Fig. 6. It is clearly seen that there exist two different 
sensitization mechanisms which are operative at dif- 
ferent concentration ranges of Ce. First, the sensitiza- 
tion of Tb" emission at the f--d bands, particularly 
that of I(7F -, OD), is probably due to the nonradiative 
energy transfer from the 5d levels of CP+ to the 5d 
levels of Tbr+, and starts to take place at a very 
low Ce concentration ( 3 10 pprn). Saturation seems to 
occur at about 100 ppm. In Fig. 7, the excitation 
spectra of Ce3+ emission at 314 nm in NzYo.8Ca.zP and 
N~To.~~~CO.,,,,~P glasses (C stands for Ce) are shown. 
It can be seen that quenching of C@+ emission takes 
place approximately at the positions of f--d bands of 
Tb3+ in NzTo.~~~CC,.OOSP glass. This may be taken as an 
evidence for the energy transfer from the 5d levels of 
CP+  to those of Tb3+. 

At a Ce concentration of 100 ppm or higher, the 
sensitization of Tb3+ emission via the energy transfer 
from the Ce absorption band at 295 nm to the 4f 
levels of Tb3+ becomes appreciable. Similar sensitiza- 
tion of Tb" emission by CeS+ ions was reported in 

80': 

I lc?rnrOrptkd 01A-295 

Ce concentration in T 4 4  . ppm ( m l T b )  

Fig. 6. Peak intensities of TbS+ emission at 4f-5d transition 
bands, and at Ce absorption band, vs. Ce concentration in 
Z(Naz0 PzOs) [(I - v)Tbz03 yCezOa . 3P2051 glasses. 
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Wavelength (nm) 

Fig. 8. Peak intensities a f  lbS+ emission at 4f-5d transition 
bands vs. I l r  in TbPsOs and n(Mz0 P A )  (TbzOa 3PzOs) 
glasses. The quantity r is tho radius of TbS+ or M +  ion plus that 
of oxygen (1.4011). 

emission at the f - d  bands for these glasses are plotted 
against l/r, where T is the radius of Tba+ or M+ ion 
plus the radius of the oxygen ion (1.40A). The peak 
positions of the f-d bands of these glasses are listed 
in Table 11. In Table 111, the half-bandwidth data of 
Tba+ emission lines due to 5D4 + 7Fk transitions (k  = 
3-6) are summarized. First, it is seen that both 
I(7F -, 7D) and I(7F + 8D) decrease linearly with 
increasing 1/r. or increase with increasing r, when n 

fig. 7. Excitation spectra of C23+ in 2(Na,0. pB3) is fixed. At the same time, the peak positions of the 
( 0 . 8 ~ ~ 0 ~  .0.2ce20s . 3pzO5) and . pzos) (0.995TbzOs . f-d bands shift slightly toward longer wavelengths, 
0.005CezOa . 3Pz05) glasses. and the half-bandwidth increases in the order of Li, 

Na, and K, respectively. According to Reisfeld(l), the 
shift of the f--d absorption of Ce3f or W+ toward 

Ca(P03)2 glasses (I5)* in LiTbl-~CezP401z* and in longer wavelengths, a so-called nephelauxetic effect, Tbl-zCezP,Op crystalline phosphors (8). can be brought about when active ion-oxygen ion 
In summary, we have observed the sensitization of bonds become more covalent. On the other hand, the Tb3+ emission at  the f - d  bands by Ce3+ ions. Since half-bandwidth is a measure of inhomo- 

this sensitization seems to be operative only at a very geneity in microcrystalline symmetry around active 
low Ce concentration, interesting phenomena such as ions. The wider the half-bandwidth, the more in- 
the pair enhancement described in the preceding sec- homogeneous the microcrystalline symmetry. ~h~ 
tion could well be masked unless the concentration of peak intensity of emission from active ions is gener- 
the Ce impurity in Tb107 is checked carefully. allv exwcted to decrease with increasing inhomo- 

Effects of alkali and its concentration.-As men- 
tioned previously, the emission spectrum of MnY1-,T,P 
glasses changes very little with M, n and x. However, 
the intensity of Tb3+ emission at the f - d  bands, as 
well as the half-bandwidth of Tbs+ emission lines, 
change considerably with these parameters. The effect 
of Tb concentration has already been discussed. To in- 
vestigate the effect of alkali M and its concentration 
n on Tb3+ emission, a nonalkali-containing TbPsOg 
glass and a series of alkali terbium glasses MnTP, 
with M = Li, Na, or K, and n = 2, 4, or 6, were pre- 
pared. The Tb407 raw material, Tb407 (B) of Table I, 
was used throughout. In Fig. 8, the intensities of Tbs+ 

Table II. Peak positions of f-d transition bands in TbP30s and 

geieity - in microcrystalline symmetry. ~icordingly, 
the observed intensity change with alkali must be ex- 
plained by the change in nature of Tb--0 bonding. 
As was mentioned, the presence of an increasing 
nephelauxetic effect in the order of Li, Na, and K 
means that the covalency of Tb-0 bonding increases 
in this order. This can be expected because the elec- 
trons of oxygen ions are shifted more toward Tb3+ 
ions as M-0 bonds become increasingly ionic with 
increasing electronegativity difference between M and 
0. Therefore, the increasing covalency of -0 bond- 
ing seems to explain the observed intensity increase 
with increasing ionic radius of alkali. The same rea- 

n(Mz0 . PzOd ( ~ b z &  . 3PzO5) glasses (wavelength in nm) 

TbPsOo LYTP LaTP LDTP NYTP NITP NaTP KPTP ILTP KeTP 

Table Ill. Half-bandwidths of SD4-7Fk Tbs+ emission bands in n(Mz0 - PzOs) (TbzOs 3Pz05) 
glasses (wave numbers in em-'). 

TbPaOo LnTP LTP LTP NYTP NdTP NsTP KPTP ILTP KeTP 

Qa - 'Fs 611 519 498 481 525 501 505 539 497 513 
6D* - -'F 378 352 330 337 357 341 361 374 344 361 
SD4 - -'F 487 410 397 405 410 400 4QZ 427 391 410 
W - ?F. 301 263 242 252 260 262 258 276 260 268 
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soning may also be applied to explain the anomalously Acknowledgments 
weak I(?F + 7D) of TbPsOs glass, since its Tb--0 The authors wish to thank E. 0. Johnson and 
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any of M 5 P  glasses. However, i t  cannot explain the ing the course of this work. They also wish to thank 
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glass. stage of this work. 

When alkali M is fixed, on the other hand. 
I(7F + 7D) increases with increasing n, but I(7F -t OD) 
becomes maximum at  n = 4. No nephelauxetic effect 
seems to exist when the alkali content is changed. The 
half-bandwidth decreases markedly when alkali is 
added compared to the case of TbPsOg glass. I t  be- 
comes minimum at n = 4, coinciding with the occur- 
rence of a maximum I ('F + 9D) at the same 71. These 
results seem to indicate that as more alkali is added 
certain atomic arrangements are stabilized more fre- 
quently than others so that inhomogeneity in micro- 
crystalline symmetry around Tb3+ ions is decreased. 
Therefore, the intensity increase with increasing alkali 
can be explained well by the improved or more homo- 
geneous microcrystalline symmetry around W+ ions. 

Summary 
The effects of Tb concentration, Ce coactivation, and 

alkali and its content on Tb3+ emission intensities at  
the f - d  bands were investigated in M.Yl-,T,P glasses. 
In the N2Y1-,T,P system, the enhancement of Tb3+ 
emission was found to occur at  the Tb concentration 
where the Tb3+-Tb3+ pair concentration becomes 
maximum. This pair enhancement might be explained 
by a crystal field overlapping model. In the N~TI-,CUP 
system, the sensitization of Tb3+ emission at the f-d 
bands, via a probable energy transfer from 5d levels 
of Ce3+ to those of Tb3+, was found to take place at very 
low Ce concentrations. At higher Ce concentrations 
(>I00 ppm), the sensitization via an ordinary energy 
transfer from the Ce3+ absorption band took place. In 
the M 3 P  system, the intensity of Tb3+ emission in- 
creased with increasing ionic radius of alkali, when n 
is fixed, and with increasing n, when M is fixed. The 
former observation was explained by the change in  
the bonding nature of Tb--0 bonds, whereas the latter 
was interpreted by the change in microcrystalline sym- 
metry around TW+ ions. 

Manuscript submitted April 23, 1979; revised manu- 
script received May 14, 1979. This was Paper 223 pre- 
sented at  the Boston, Massachusetts, Meeting of the 
Society, May 6-li, 1979. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the June 1980 
JOURNAL. All discussions for the June 1980 Discussion 
Section should be submitted by Feb. 1, 1980. 

Publication costs of this article were assisted by 
RCA Research Laboratories. 
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Optical and Electrical Characterization 

of Electrophoretic Displays 
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Xerox Research Centre of Canada, Mississauga, Ontario, LSL IJ9 Canada 

ABSTRACT 
The operational optical and electrical characteristics of an electrophoretic 

display based on anatase Ti02 suspended in a dyed dielectric fluid are de- 
scribed. Optical response times as low as 10 msec were obtained with this 
system. The optical response of the device is related to the Ti02 particle 
mobility and to the dynamics of removal of a charged particle from a con- 
ducting electrode. The electric field threshold was found to be controlled by 
the particle-electrode interaction forces which are in the 10-ION range. The 
electrical conductivity of the system results mainly from charge control agent 
(which dissociates into ions) remaining in solution. Despite this ionic con- 
duction, electrical resistivities of the order of 1010 acm and switching energy 
densities of 3 rJ/cm2 were obtained. The optimal performance of this type of 
display device is predicted. The resDonse time. electric field threshold. and 
electrical conductivity limitations of-the electrophoretic display are outlined. 
Possible improvements in the materials ~ackaee  and cell fabrication tech- 
niques to overcome some of these drawbacks are &ggested. 

The electrophoretic display (EPD) is a passive 
device utilizing electric field induced migration of 
charged pigment particles in a fluid suspension con- 
taining a contrasting dye. The "on" and "off' optical 
states are produced by moving the particles toward or 
away from a viewing transparent electrode. With the 
development of a suitable materials package this con- 
cept has the potential of providing a low profile dis- 
play device that would operate at reasonablv low volt- 
ages with low power consumption. In addition, it can 
provide high optical contrast under ambient lighting 
conditions. 

In the years following the invention of the EPD (1) 
various groups (2-4) have studied the behavior of dif- 
ferent versions of these devices. This work has con- 
firmed that the EPD has many of the features desired 
for passive display application. However, the device 
has certain limitations mainly associated with the 
complexities of formulating a suitable materials pack- 
age and the influence of the properties of the suspen- 
sion on the characteristics of the system. 

In this publication we present the results obtained 
in a study of a tightly controlled EPD materials pack- 
age. Simultaneous measurement of the optical and 
electrical characteristics of an EPD cell were made as 
a function of variations in the formulation of the sus- 
pension. We also examined some basic properties of 
these charged particles in dielectric media and at- 
tempted to relate the operating characteristics of the 
device to the particle mobility, charge, and the force of 
interaction between a charged particle and a conduct- 
ing electrode. In this way we are able to define which 
materials formulation parameters have to be modified 
to produce a display with optimal characteristics and 
to examine the fundamental limitations of the process. 

Materials: Selection 
The choice of a materials package for the EPD de- 

pends, to some extent, on the features desired in the 
particular display application under consideration. We 
started from the premise that a passive device should 
closely resemble the optical properties of a printed 
page. This application requires investigation of a sys- 
tem which alterdtes between white and a dark con- 
trasting color. The choice of available materials is thus 
somewhat reduced and we considered a suspension of 

Electrochemical Society Active Member. 
Key words: display, electrophoresis, titanium dloxlde, conduc- 

tivity, partlcle.electrode interactions. 

charged "white" particles in a dielectric fluid containing 
molecularly dissolved dye. 

The particles that provide the best "white" image 
are those exhibiting a large scattering power. Of all 
the readily available pigments titanium dioxide has the 
greatest refractive index and is the obvious choice for 
the "white" particles. We chose to use the anatase form 
of this pigment rather than rutile even though it has a 
lower refractive index. Anatase is less dense and has a 
smaller static dielectric constant than rutile. These 
factors compensate, to some degree, for the decreased 
optical reflectivity by reducing gravitational settling 
and dielectrophoretic phenomena. 

As Ti02 particles are not readily dispersed in an 
insulating fluid a dispersant must be used to facilitate 
dispersion. In addition, a charge control agent (CCA) 
is required to impart a permanent charge to the pig- 
ment particles. We used an ionic surfactant in a dual 
role of dispersant and CCA for xylene suspensions of 
TiOz. This surfactant may not provide optimal stability 
or particle charge but appears to impart a stable charge 
to the Ti02 particles. Preliminary experiments indi- 
cated that the conductivity of a suspension of Ti02 in 
xylene with added CCA was dominated by surfactant 
remaining in solution, particularly when the materials 
were not maintained in a moisture-free environment. 
The adsorption isotherm for the CCA on Ti02 was de- 
termined using atomic absorption and infrared spec- 
troscopy and electrical conductivity measurements. At 
monolayer coverage of the surfactant on the Ti02 the 
dispersion has maximum stability. 

Optical contrast with the "white" Tion particles is 
developed by adding a dye to the dielectric suspending 
fluid. To provide good hiding power the dye solution 
should be as absorbing as possible in the visible spec- 
tral region. The dye should be reasonably pure and 
free of ions as it is used at high concentration. In many 
applications the electrical conductivity of the system 
has to meet rather severe criteria. Moreover, the dye 
should preferably be a passive component of the sys- 
tem. Interactions between the particles and the dye 
should be minimal to maintain the optical contrast 
and particle charge. Two dyes which appear to satisfy 
the conductivity requirements, but interact somewhat 
with the particles are Oil Blue A and Sudan Black B. 

A suspension was prepared by adding an appropriate 
amount of dried CCA and Ti02 to the suspending fluid 
(xylene). This mixture was dispersed using ultrasonic 
agitation and the dye was then added to the solution. 
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This suspension was then transferred to the measuring 
cell. 

Methods of Characterization 

The performance of any display device is character- 
ized by its optical and electrical behavior. Important 
parameters include response times, electrical field 
thresholds, memory, contrast ratio, electrical current 
densities, and over-all power consumption In this 
work we set out to examine both the performance of 
the EPD and to estimate some fundamental properties 
of the electrophoretic dispersion system, such as 
particle size, mobility, charge, particle-substrate inter- 
action forces, and relevant ionic mobilities. For this 
task we refined the technique of simultaneous optical 
and electrical transient measurements. In this pro- 
cedure a voltage waveform is applied to the particle 
dispersion contained in a suitable cell and its optical 
and electrical response is monitored. The technique is 
schematically illustrated in Fig. 1. The dispersion con- 
taining the particles and the dyed suspending fluid is 
placed in a planar capacitor cell. The cell thickness is 
defined by an inert polymeric spacer which is clamped 
mechanically between two glass plates coated with 
transparent tin or indium oxide electrodes. Monochro- 
matic light is directed onto the cell at an angle of inci- 
dence of 45" and the light scattered from the particles 
is detected by a photomultiplier positioned normal to 
the cell surface. Measurements with a white light 
source would, in certain cases, provide more appropri- 
ate device characteristics but as we are interested in 
understanding the fundamental aspects of the device, 
use of monochromatic light allows for a simplified in- 
terpretation of the data. The scattered light intensity 
reflects changes in the spatial distribution of particles 
in the cell which in turn can be related to the response 
times, memory, and under some conditions, to particle 
velocities. The photomultiplier signal is amplified and 
fed into one channel of a multichannel analyzer. The 
driving voltage waveforms were produced either by a 
wave generator or by a digital-to-analog converter 
operating under microprocessor control. These wave- 
forms were amplified by power supplies capable of 
delivering high voltages and currents allowing cell 
charging to occur on a time scale (<lo psec to 99% of 
the final voltage) that is short when compared to the 
observed optical or electrical transients. 

The electrical currents are followed by measuring 
the voltage developed across a resistor in series with 
the cell. This voltage is amplified and fed into a second 
channel of the multichannel analyzer. The charge flow- 
ing through the electrophoretic cell was evaluated by 
numerical integration of the current. The analyzer is 
interfaced to a minicomputer which is used for data 
analysis and graphical recording. 

Details of the methods used to study the fundamental 
properties of suspensions of charged particles in a fluid 
are described in another publication (51, where the 

Fig. 1. Experimental arrangement for optical and electrical char- 
acterization of electrophoretic displays. C is the electrophoretic cell 
containing the suspending fluid with dissolved dye, charge control 
agent, and particles; L i s a  laser; E is  a beam expander; M a mirror; 
F a filter; P a photomultiplier; WG a wave generator; PA a power 
amplifier, and M C A  a multichannel analyzer. 

analysis of the optical transients is discussed and ad- 
ditional experimental details are given. 

In the remainder of this section we define the rele- 
vant device parameters. The on-time to,, and off-time, 
toft, are defined, in this paper, as the elapsed time for 
the intensity of the scattered light to change by 
AI(1 - z ) .  AI is the difference between the saturated 
scattered light intensities in the on and off states. i.e.? 
A1 = I,. - Ioff. The selection of a particular value of z 
is somewhat arbitrary but for an approximately ex- 
ponential process the choice of z = l/e is appropriate. 
Alternative values such as z = 0.1 could also be em- 
ployed. The memory time may be defined in a similar 
manner. For a square wave driving voltage repro- 
ducible response is observed if the voltage is applied 
for a time about three times longer than the response 
time. Measurements are made after about 100 cycles of 
the applied voltage have elapsed. The definitions of 
voltage or electric field thresholds required for switch- 
ing this display device are somewhat arbitrary as the 
number of particles removed from the electrodes de- 
pends on the previous applied voltage history. We 
measure the intensity of scattered light, I, as a function 
of the applied square wave field, E, with monotonically 
increasing or decreasin~ field and define threshold as 
equivalent to d l / d E .  Finally, the energy required to 
switch the device is equal to the integral of the product 
of applied voltage and device current over the longer 
response time (to, or t,tf). 

Results and Discussion 
Optical ptoperties.-The optical response of a typical 

EPD cell to a square wave driving voltage is shown in 
Fig. 2. This particular cell was fabricated using a 64 
pm spacer and encloses a suspension containing suffici- 
ent Ti02 particles to give an electrode coverage of 
approximately three and one-half particle layers when 
fully imaged on the electrode. For the concentration of 
dye used in this experiment the extinction distance was 
20 am-I at 632.8 nm. The amplitude of the applied 8 Hz 
square wave driving voltage was 100V. The inserts in 
Fig. 2 show, on expanded time scales, the details of the 
optical changes that occur in the period immediately 
following the reversal of the applied driving field. 

The optical response of the device is naturally field 
dependent. Figure 3 shows the observed field de- 
pendence of both the on-time, to,, and the off-time, tOff, 
for four different cells. These results show the reason- 
able consistency between cells of varying spacing con- 
taining different concentrations of particles and of 
added charge control agent. As outlined in the previous 
section the response times are measured at the I/e 
points in the optical response characteristic and this is 
depicted in the inserts in Fig. 3. The scatter in the 
points shown in Fig. 3 is not due to inaccuracies in the 
measurements but reflects the dependence of the re- 
sponse times on waveform frequency. The lines drawn 
in the figure indicate a linear time us. 1/E dependence. 

To understand the relation between the measured 
optical response of the EPD cell and the fundamental 
properties of the materials, optical ang electrical 
transient experiments were also performed bn a system 
containing very few particles. These sub-monolayer 
studies are described in detail elsewhere (5) and only 
observations relevant to the EPD will be reported here. 
At low pigment concentration praticle-particle inter- 
actions are minimized and the transient optical re- 
sponse can be used to estimate the mobility of the 
particles. This allows an estimate of the particle charge 
using the usual treatment of the electrostatic driving 
force being balanced by viscous drag giving rise to a 
condition of constant velocity. The size of the particles 
was determined by in situ quasi-elastic light scattering 
and the average diameter found to be 1.2 pm even 
though the primary particle size is -0.2 pm. 

The sub-monolayer studies showed that the mobil- 
ities of the particles were strongly dependent on the 
concentration of excess CCA in the fluid. The adsorp- 
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Fig. 2. The optical response of 
an EPD containing approximately 
3.5 layers of Ti& particles for 
an applied voltage of 1M)V with 
a 64 pm cell. The inserts show, 
on an expanded scale, details of 
the response at  times shortly 
after the polarity of the square 
wave driving field was reversed. 
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Fig. 3. Field dependence of the 
response times, t, and torr for 
four EPD cells. The 64 pm cell 
contained approximately 3.5 lay- 
ers of particles and the two 
formulations shown differed in  
the charge control agent content 
(by factor of four). The same 
EPD mixtures were used for the 
125 pm cell resulting in a 
doubling in  the number of 
particle layers. Schematic dia- 
grams illustrating the definitions 
of the response timer are in- 
cluded. 

tion of this CCA on the particle is partially reversible. 
t.e., it appears impossible to completely remove the 
"free" CCA from the fluid volume. Minimizing the 
amount of CCA in solution leads to an optimal particle 
mobility. Experiments were made on systems with and 
without the addition of the contrasting dye. The results 
of these experiments show that addition of the dye de- 
creases the particle mobility. Adsorption of dye on the 
Ti02 surface was also detected. These results suggest 
that adsorbed dye interferes with the charging process 
at  the TiOn/fluid interface. Furthermore, it was ob- 
served that the apparent particle mobility increases 
with increasing electric field. At typical imaging fields 
and CCA concentrations used in EPD the mean particle 
mobilities were 5 x 10-5 cm2/Vsec in the presence of 
the dyes. These mobilities correspond to a particle 
charge Q = 4.5 x 10 -17C or 300 positive unit charges. 

If the "on" response timm were limited only by particle 
transit through the cell, then the on-time would be 
5.0 msec for a 50 pm cell at a driving voltage of 100V. 
At CCA concentrations lower than those required in 
our EPD mobilities up to 8 x 10-4 cmz/Vsec were 
observed. 

At low particle concentration, corresponding to far 
less than a layer of particles on the electrodes after 
imaging, reversal of the field applied to an imaged cell 
did not result in an instantaneous removal of particles 
from the electrode. A certain delay time before any 
particles migrate was observed. This delay time in the 
removal of particles from an electrode was field 
dependent, decreasing with increasing field. Under 
certain conditions, generally at the lower cell thick- 
nesses, it was observed that the removal time in the 
sub-monolayer case was comparable to, or greater than 



2214 J. Electrochem. Svc.: SOLID-STATE SC 

the transit time of the particles through the cell. Re- 
moval times, defined as that time where a maximum 
number of particles leaves the electrode per unit time, 
were measured directly and found to be around 6.0 
msec at imaging fields of 1.6 V/pm. 

In the EPD cell sufficient particles have to be present 
to provide an acceptable optical contrast. For our 
anatase particles in the dyed fluid this requires that at 
least three to four layers of Ti02 particles must be 
present to give a reasonable "white" image. In the 
simplest description of the processes involved in re- 
moving these particles from an electrode we might 
consider that the second, or any subsequent layer, is 
less strongly attached to the electrode than the layer 
directly in contact with the electrode. This will lead to 
instantaneous removal of the outer layers or removal 
with a shorter delay time than that for a sub-mono- 
layer from the electrode. The delay time for the mono- 
layer in contact with the electrode will reflect the 
removal times of all other layers and its own removal 
time. 

In the optical response of the EPD the amplitude of 
the reflected signal is controlled mainly by the pres- 
ence of the first most strongly held layer of particles. 
This layer was estimated to contribute about (1 - I/e) 
of the maximum signal attainable with the anatase/ 
dye system. This means that the time taken to convert 
the image from "black" to "white," t,, mainly reflects 
the arrival of the first layer of particle., at the viewing 
electrode. These particles are those ariginating in the 
more weakly bound layers at the opposite electrode or 
those particles redistributed spatially through the cell. 
Comparison of the on-time with our earlier studies on 
the mobility of these particles at low concentration 
indicates that t, is partially controlled by the particle 
transit time. The times plotted in Fig. 4 show that to, 
is not completely proportional to cell thickness. How- 
ever, the thicker cells contained more layers of par- 
ticles and some spatial distribution of particles through 
the cell leads to a shortening of the on-times. 

The off-time. t,rf, is governed by the removal of the 
most strongly bound particles. The results summarized 
in Fig. 4 show that at any particular field toff is greater 
than t ,  and this is further evidence that particle re- 
moval from the electrodes controls the off-time. A 
quantitative description of the above concept has been 
developed to model the optical response of the EPD 
device and details were presented in another publi- 
cation (6). 

Electrical properties.-The transient electrical re- 
sponse accompanying the optical changes for the EPD 
device depicted in Fig. 2 is given in Fig. 4. The elec- 
trical transient behavior arises from many different 
contributions and this is discussed in more detail be- 
low. 

I 1 I 
0.0 5 0  0 100.0 

Time lmsec) 

Fig. 4. The electrical current transient of an EPD observed 
simultaneously with the optical transient shown in Fig. 2. Note that 
the major portion of the steady-state current density has been 
removed in plotting the current. 
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The complex electrical transient behavior accom- 
panying the imaging process is the result of many dif- 
ferent interactions in the materials package. To assess 
the relative importance of the various contributions, 
the electrical transient accompanying application of a 
square wave driving voltage to a cell containing vari- 
ous sub-sets of the materials package was determined. 
Figure 5 shows the relative current densities observed 
as the various components aie added to the suspension 
fluid. Xylene alone exhibits transient current densities 
of - 1.0 nA/cmz for 100 ~lm cell at a field of 1 V / F ~  
and the addition of the dye, at EPD concentration, 
leads to an order of magnitude increase in the tran- 
sient current and the appearance of a defined current 
peak. Addition of the charge control agent to the 
xylene produces a much larger "steady" current as 
this compound ionizes, to some degree, in the fluid. A 
current peak characteristic of the solute is observed 
on reversing the applied field. The transient electrical 
behavior of this system was studied in considerable 
detail and the results have been reported elsewhere 
(7) .  A solution containing both the charge control 
agent and the dye shows transient currents greater 
than the sum of the currents of solutions of these 
species alone. This indicates an interaction between 
these solutes producing a greater concentration of ionic 
species. It should be noted that moisture present in 
any of these materials can produce even greater 
changes than those shown in Fig. 5 and at every stage 
we attempted to keep the water content of all mate- 
rials at the lowest practical level. It is obvious from 
Fig. 5 that addition of anatase particles to the system 
also results in a dramatic increase in the transient 
conductivity. The first current peak, in Fig. 4 and 5, 
may be ascribed to the positive ion of the charge con- 
trol agent as its position corresponds exactly to that 
observed for the CCA in xylene (7). This current 
peak time varies with applied field and cell thickness 
in exactly the same manner as was found for the sur- 
factant in the solvent. The large increase in current 
observed on adding the particles to the fluid system 
shows that further interactions need to be considered. 
The particles appear to interact with both the charge 
control agent and the dye and it is possible that the 
fluid may remove ionizable species from the surface of 
the TiO? The result is an increased ionic content in the 
suspension. 

The transient current behavior of the device is im- 
portant as the power consumed by a display is an im- 
portant selection criterion. The EPD has inherent 
memory and to form an image or erase an area of the 
display requires only the application of voltage for 
sufficient time to achieve the required optical contrast. 
As t,ff is greater than t ,  the erase charge may be 

- EPD MIXTURE 

XYLENE+CCA+DIE 

XYLENE+ CCA 

E XYLENEI DYE 
8 vo = IOOV 

d =125pm 

5. . 0 5 

Time Imsecl 

Fig. 5. The observed current density for the different components 
of the EPD. The measurements were performed an a 125 ~ r n  cell 
with a driving voltage of 1WV. The current density scale for the 
xylene + dye system has been expanded ten times. 
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larger than the imaging charge and we chose to use 
the erase energy as a measure of the energy required 
to switch the device. At an applied field of 1 V/#m 
the switching energy density is -3 rJ/cme for the cell 
whose characteristics are shown in Fig. 2 and 3. 

"Steady-state" currents measured at times corre- 
sponding to five optical response times were found to 
increase linearly with field at lower fields, tending to 
saturate at higher fields. The "steady-state" currents 
increase approximately as the square root of the con- 
centration of added charge control agent. These cur- 
rents are generated by dissociation of neutral mole- 
cules in the bulk of the cell. The peak currents (de- 
fined as the currents in excess of the "steady-state" 
current) increase, roughly linearly, with electric field. 
The average resistivities of the EPD materials at 
operating fields of 1-2 V/pm are about 1010 acm. 

The excess currents when integrated over several 
optical response times are approximately independent 
of the applied field. Total currents integrated over 
several response times typically exceed the C-V prod- 
uct of the cell by a factor of five. Again bulk genera- 
tion of ions is responsible for this effect. Most of these 
observations parallel the behavior of the charge con- 
trol agent alone in dielectric media. A theoretical in- 
vestigation of the transient conductivity in this sys- 
tem indicates that space charge perturbations of the 
electric field do not appear to be important at EPD 
operating conditions if ionic charge neutralization 
takes place at the electrodes, but have to be taken 
into account at low fields. It is also interesting to note 
that the observed excess charge density of - 8 nC/cmz 
is in rough agreement with the estimated total charge 
of the TiOz particles. 

Threshold and memory.-The interaction between 
the charged particles and the electrodes governs the 
threshold behavior of the device. Figure 6 shows the 
total number of particles, N, removed from the elec- 
trode as a function of the magnitude of the applied 
square wave driving field. This plot was determined 
from the saturated optical response of the cell as the 
applied field was decreased in definite steps. The opti- 
cal response was found to show large and slowly vary- 
ing hysteresis effects dependent on both the magni- 
tude and frequency of the voltage that had been ap- 
plied to the device. 

The relative number of particles that migrate per 
unit change in field, dN/dE, is also plotted against 
field in Fig. 6. This characteristic of the EPD is con- 
trasted with the threshold behavior of a submonolayer 
of particles. For the latter, a reasonablv well-defined 
threshold field was observed but at the high EPD 
particle concentration such a threshold is absent. It is 
also of interest to note that if insufficient charge con- 

Electric Field (Vlpml 

Fig. 6. The electric field threshold dN/dF for systems containing 
both a sub-monolayer and multilayers of particles. The total num- 
ber of particles, N, moving a t  a given field, E, is also shown for the 
multilayer case. 

trol agent is added to the system then a considerable 
fraction of the particles swept to an electrode on the 
first application of a field cannot be removed at any 
applied voltage. In this case it appears that the par- 
ticles lose their charge on contacting the electrode 
and the adhesive (van der Waals) force is sufficient 
to hold the particle on the surface. 

We attempted to compare the calculated particle- 
electrode interaction forces with the observed thresh- 
olds. The interaction force between a charged dielec- 
tric particle and the conducting substrate in an ex- 
ternal field includes a removal force proportional to 
QE which is opposed by attractive forces. These are 
the image force, proportional to QZ, the induced dipole- 
image force (a) ,  proportional to E2, and the adhesive 
force. Neglecting the adhesive force and approximating 
the dielectric constant of the Ti02 agglomerates by 
r = 30 we obtain a range of electric field extending 
from 0.1 to 0.45 V/#m for which spherical particles 
should be removed from the electrodes. Experimental 
values are around,0.7 V/#m indicating a contribution 
from the adhesive forces. The average particle-elec- 
trode interaction forces based on experimental values 
of the removal field and particle charge are about 
0.9 x 10-'ON. The removal force for a second layer 
of particles was estimated by considering the first 
layer as a dielectric, uncharged barrier. We found that 
the average removal force for the second layer is 
-. 0.5 x 10-'ON showing that the removal forces have 
a wide distribution in a multilayer system resulting 
in a poorly defined threshold. 

The particle-electrode interaction which is a com- 
bined effect of adhesive and electrostatic forces gives 
the EPD an inherent memory. Once imaged on a sur- 
face the particles are only slowly removed in the ab- 
sence of an applied field. This property of the device 
allows for considerable savings in device power con- 
sumption and requirements on addressing circuitry 
by reducing the need for frequent refreshing. The 
typical memory times of our devices were several 
hours. 

Finally, it should be emphasized that electro- 
phoretic displays exhibit noticeable history effects. 
The response times depend, for example, on the time 
the cell is kept at open circuit between the erasure 
and writing cycles. In square wave simulations of the 
optical responses, the response times increase as the 
driving frequency decreases presumably because of 
changes in packing of the particles on the electrodes. 
As pointed out above, the electric field thresholds are 
also strong functions of the previous voltages applied 
to the cell. 

Summary 
Optical and electrical characteristics of EPD devices 

were investigated together with a study of fundamen- 
tal properties of Ti02 dispersions in nonaqueous media. 
This permitted us to examine the inherent limitations 
of EPD's and also to assess the possibility of device 
improvement. 

The EPD has certain attractive features which dis- 
tinguish it from other passive display devices. EPD's 
can be made to provide high optical contrast coupled 
with wide angle viewability. This is possible despite 
the lowered contrast resulting from the presence of 
dye in the fluid between the particles and particle-dye 
interactions. In a thin film sandwich structure the cell 
may be operated at reasonably low voltage without 
consuming excessive power. The inherent memory 
of the device is a great advantage as this can be the 
most significant factor in reducing the over-all energy 
consumed in operating the device. 

The response times of our EPD mixture are as low 
as 10 msec. In this system the off-times are governed 
by the dynamics of removing particles from an elec- 
trode. The on-times appear to be partially controlled 
by the transit of particles through the cell. However, 
in cells with high particle concentration complete 
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sweepout of particles onto the electrode does not oc- 
cur and some particles may remain spatially distrib- 
uted through the cell. These particles can control the 
on-times. Some improvement of the response time 
can be achieved by altering the removal of particles 
from the electrodes. This might be achieved by modi- 
fying the particle-substrate forces either by employing 
blocking layers on the electrodes or overcoating the 
particles with a polymer. However, these changes will 
likely effect the threshold characteristics and memorv.  ore substantial improvements in the electrich 
characteristics of the EPD should be possible if charge 
control agents which do not leave excess neutral mole- 
cules and ions in solution can be identified. With such 
a material the steady-state currents would be signifi- 
cantly decreased and the excess currents would be 
associated only with the motion of charged particles 
and counterions. 

The nature of the particle-electrode and particle- 
particle interactions lead to a system having a poorly 
defined threshold field for multilayers of particles. This 
characteristic limits the choice of an addressing scheme 
for any graphic display system using this technology 
and some details of the procedures available to fab- 
ricate an addressed display will be detailed in a sub- 
sequent publication. 

Manuscript submitted Oct. 24, 1978; revised manu- 
script received June 22,1979. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the June 1980 
JOURNAL. All discussions for the June 1980 Discussion 
Section should be submitted by Feb. 1, 1980. 

Publication costs of this article were assisted by 
Xerox Research Centre of Canada. 
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Debris-Induced Effects from Spin-on 

Diffusion Sources 

T. C. Chandler, Jr.,*al J. W. Faust, Jr.," and R. B. Hilborn 
College of Engineering. University of South Carolina, Columbia, South Carolina 29208 

ABSTRACT 
This paper explores the problems associated with some commonly occurring 

disturbances in spin-on silica film thickness. Among the problems encountered 
with these films are "potholes" and "comet-like" variations in the film thick- 
ness induced by debris and airborne particles. Data are presented which reveal 
the,degree to which such disturbances degrade the uniformity of the diffused 
regon. 

It has been established that silica film diffusion 
sources can be successfully applied to a variety of 
problems in electronics device fabrication. Becker (1) 
has shown that commercially available silica films can 
be utilized successfully in integrated circuit fabrica- 
tion and, in fact, provide some advantages over the 
more common gaseous diffusion sources. Chandler 
et al. (2) have demonstrated that high quality solar 
cells can be manufactured using silica film diffusion 
sources when proper care is taken to insure a uniform 
deposition of the source film. Studies such as these 
have confirmed that silica film diffusion sources dis- 
play advantages such as high purity, low tempera- 
ture deposition, and better flexibility in process con- 
trol. In addition it has been observed (1-4) that the 
various forms of doped SiOz diffusion sources provide 
approximate time and temperature independent sur- 
face concentrations, minimal surface damage, and the 
advantage of ambient controlled diffusion limiting (3). 

Despite the routine use of silica films by some madu- 
facturers, little guidance for their usage is provided 
in detail in the open literature. This lack of informa- 
tion can pose problems for the nonroutine user such as 
the small production operation. Part of the problems 

with utilizing the spin-on silica film is the occasional 
occurrence of macroscopic disturbances in the film 
thickness appearing as round "potholes" or "comet" 
shaped nonuniformities. These disturbances can be 
quite large (greater than 200 pm across) resulting in a 
nonuniform diffusion in the affected area. 

It is the purpose of this paper to show the causes 
for these larger disturbances and to establish a simple 
basis for the identification of debris-induced disturb- 
ances. In addition, experimental results are given 
which yield a quantitative view of diffused layer non- 
uniformities that result from the gross disturbances 
typically encountered. 

Theory 
The theoretical aspects of this phenomenon are 

quite straight forward. It has been verified in previ- 
ous studies (4-6) that silica films act as nearly con- 
stant diffusion sources under certain conditions. In 
most cases silica films (including anodized, sputtered, 
spin-on, and paint-on films) maintain their constant 
source characteristics for temperatures above 900°C 
in a suitable ambient. Another factor, the importance 
of which is less obvious, is the final thickness of the 
de~osited film. The thickness of the silica film is an 

Eleetrochemieal Society Active Member. important factor because it is a principal variable 
'Present address: U.S. Air Force Materials Laboratory. Electro- which governs the behavior of the dopant concentram 

magnetic Materials Division (LPQ) WPAFB Ohio. 
Key words: diffusion, contamin&ion, un$ormitY, silica 8h. tion in the film. A simple model exists (5,6) which 
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for the first-order case is an accurate representation 
of the oxide silicon diffusion system 

X 
C.i(X, t )  = C, erfc -- ( 2VD.it ) 111 

where C., the surface concentration of impurities, is 
dependent on the concentration of dopant in the silica 
layer. More correctly, the value of C, is a constant 
which is some fraction of dopant concentration, C,, in 
the oxide film 

where M is the segregation coefficient and D.1 and D, 
are the diffusion coefficient for the dopant in the two 
media. Barry (5,6) has also shown that for well-con- 
trolled depositions Eq. [2] is valid when 

where b is the silica film thickness and the quantity 
Lax is the diffusion length of an impurity atom in the 
oxide layer. Radiotracer studies (I) have also con- 
firmed the relationship between C.. C,, and b, but it 
must be understood that for this simple model Eq. [2] 
is only valid when b A L,. 

When inequality [3] is maintained the silica film 
can easily yield a value of C. equal to 99.7% of the 
given C, value. Observations in previous studies (2,3) 
revealed that when b was less than 2 d x t  no signifi- 
cant diffusion of impurities across the oxide-silicon 
interface occurred. 

The simple model represented by Eq. [I] and in- 
equality [3] has some serious implications. It is ob- 
vious that nonuniform diffusions from chemically 
homogeneous silica films are quite possible and it 
would appear that any disturbance or effect which 
alters the film thickness can produce these variations. 

Theoretical limitations.-It should be noted that 
silica films of all types are referred to as constant dif- 
fusion sources, but as pointed out above this is not 
entirely true. The value of C, in any silica film is 
constantly changing during the diffusion cycle. When 
the requirements of inequality [3] are maintained 
very good approximations to constant source condi- 
tions are possible. It has been found that silica films 
provide good constant source conditions for limited 
periods of time, usually less than 60 min. Most sim- 
ple diffusion models cannot account for this behavior 
because these models do not consider the loss of dop- 
ant from the oxide to the ambient. In reality these 
losses are considerable. During a normal diffusion 
cycle the oxide layer is quickly depleted of its dopant 
at the oxide-silicon interface and at the oxide-ambient 
interface. As the cycle progresses the diffusion Aux 
at the oxide-silicon interface will become sufficiently 
limited as to yield a gaussian distribution of impurities 
in the substrate as opposed to the erfc of Eq. [I]. 

Experimental 
It has been found that when using the common 

spin-on or paint-on diffusion sources two distinct 
classes of nonuniformity may result. The first group 
includes striations, bubble-induced pinholes, and 
microcracks. All three of these disturbances result 
from improper deposition procedures and can occur 
under the cleanest of conditions. The second class of 
disturbance is more severe and includes the "pot- 
holes" and "comets" mentioned previously. These dis- 
turbances, unlike those of class I, vary radically in 
size and shape (no two are alike) and, if adjacent to 
each other on the wafer, these disturbances can com- 
bine to produce areas of poor coverage many milli- 
meters wide. 

The procedures are outlined here for the charac- 
terization of the class I1 disturbances and the deter- 

mination of the role that dust and debris play in the 
formation of these disturbances. Ten p-type wafers, 
with (111) orientation, having a background boron 
concentration from 1 x 1016 to 6 x 10'6 atoms/cm3, 
were etched in a buffered HF solution for 10 min 
to remove all residual oxides and then treated 1 min 
in aqua regia to eliminate any metallic ions adhering 
to the surfaces. The wafers were rinsed four times in 
deionized water. This procedure was repeated four 
times and the wafers were stored separately in high 
purity methanol until needed. 

Five of these wafers were used to establish the 
existence of the various disturbances described above. 
The diffusion source used was a boron-doped spin-on 
silica film. No care was taken to insure film uniform- 
ity, but all spin procedures and precautions (given by 
the source film manufacturer) were observed. The 
disturbances in the silica film did not always occur, 
and on the initial run only two out of five samples dis- 
played any appreciable variations in the film integrity. 
The fiawed samples were saved for further examina- 
tion. The remaining wafers were cleaned and the dep- 
osition repeated until five flawed samples were ob- 
tained. The various disturbances were photographed 
while the film was wet and photographed after the 
bake-out cycle. The bake-out cycle, which drives off 
the carrier fiuids, was accomplished by baking the 
wafers in dry nitrogen at  approximately 90°C for 1 hr 
and then increasing the temperature to a maximum 
of 200°C over an additional 3 hr period. [This is a re- 
finement of the procedure of Ref. (3).] 

The five samples, two of them displaying repre- 
sentative fiaws, were fired at 1000'C in a nitrogen 
ambient for 10 min. This allowed the film to form a 
rigid lziyer suitable for profilometer scanning. The 
profilometer, sensitive to 30A, was employed to profile 
the larger disturbances. Because it was suspected that 
these larger disturbances were due, at least in part, to 
dust and residual debris, the remaining five cleaned 
wafers were prepared with great care to insure a uni- 
form silica film thickness. Before the carrier fiuids 
were baked out, the wafers were exposed to alumina 
grit of various particle sizes to see what effect these 
particles would have on the film uniformity. These 
samples were then photographed, heat-treated, and 
profiled as described above. In addition, a particle 
density count was taken for correlation with the total 
area of poor coverage on each wafer. 

To evaluate the uniformity of the diffusion in the 
regions of poor coverage, the diffusion source layer 
was etched away and a profile of the resistivity was 
constructed using the well-known four-point probe 
method (8). Eeach wafer chosen for the four-point 
probe profiling was eventually stain etched using the 
commonly employed HF-HN4 formulation (9) .  The 
silica film employed in this study yields, under perfect 
conditions, a surface concentration, C ,  of 1 X 1020 
atoms/cma; the stain will blacken any area of concen- 
tration greater than or equal to 1 X 10'8 atoms/cma 
(10). Those areas which are left uneffected represent 
regions of poor diffusion. The total area of poor diffu- 
sion was approximated and correlated with the par- 
ticle count data. 

Results 
In doing repeated spins using the flrst five wafers, it 

was confirmed that the more common nonuniformities 
in silica film thickness could be eliminated using sim- 
ple procedures. The striation problem and bubble 
damage can be eliminated by adjusting the spin- 
speed and temperature of the spin-on source liquid. 
The nonuniformities resulting from cracking of the 
drying film can be avoided by employing lower tem- 
peratures and longer cycle times during bake-out. In 
general these three film disturbances are rare when 
one truly adheres to recommended deposition pro- 
cedures. The second class of disturbance, the gross 
variations in the film integrity, appear not to be re- 
lated to either the striation phenomenon or the micro- 
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cracking. These very large "potholes" are due to 
bubble formation interacting with debris to form 
large areas of disturbed silica film. Consider Fig. 1A. 
This figure represents a typical formation induced by 
the impact of a particle with the wet film. Bubble 
formation is found to be especially prevalent in such 
situations. The evolution of this disturbance can be 
observed in progress under an optical microscope. The 
disturbance is formed in two stages. First the impact; 
bubbles and ripples form quite rapidly, in fact, the 
nucleation of bubbles appears to be more easily 
achieved in the presence of debris. The result of this 
rapid bubble generation is an enhancement of the dis- 
turbing effect of the impact. This situation is very 
similar to Fig. 2 which represents such a formation 
prior to the bursting of the bubbles. The second stage of 
the evolving disturbance is its equilibrium condi- 
tion which can take one of two forms. Figure 1B shows 
a small light weight particle floating in the fluid. The 
meniscus around the particle appears to be concave 
and thickness variations near the particle are quite 
small. This type of equilibrium configuration does not 
greatly degrade film integrity. In support of this 
conclusion, a comparison between the particle counts 
and the total area of poor diffusion, Fig. 3, reveals 
that most submicron &articles have little effect on the 
final diffused rL:ion uniformity. A possible explana- 
tion is that the surface tension of the spin-on silica 
solution is sufficient to prevent the situation of Fig. 1C 
from occurring. 

The second common way that this equilibrium con- 
dition manifests itself is illustrated in Fig. 1C where 
the particle adheres to the silicon surface. This situ- 
ation is also accompanied by thickness variations, 
but their effect is only a secondary hazard. Here one 
can see the danger of iocalized contamination of the 
silicon from the particle or in some cases diffusion 
flux limiting due to the barrier the particle presents, 
Either case is unacceptable. In some cases submersed 
particles can produce the disturbance illustrated in 
Fig. 4. When a particle adheres to the silicon prior to 
or during the spinning the comet-like formation is 
produced. This disturbance resembles most others ex- 
cept for the tail which is a region of excessively thin 
silica film. 

Unfortunately another situation arises in initially 
bubble-free liquids, see Fig. 5. Figure 5 illustrates a 
single, extremely large bubble containing a particle 
of unknown origin. The bubble is generated at  some 

3 SUBSTRATE B 

SUBSTRATE c 

Fig. 1. The three stages in the evolution of a debris-induced 
disturbance. (A) Impact or simple contact; (0) and (C), two 
equilibrium conditions possible, seen via microscope examination. 

Fig. 2. A disturbed region induced by a particle impact. The 
bubbles have not burst, tending to enhance the i l l  effects of the 
impact. 

Fig. 3. Normalized graph of particle count vs. the region of poor 
diffusion. The quantity I represents the maximum data point for 
each scale. This graph yields a qualitative view of debris-induced 
effects, but note that the trend is toward decreased quality with 
increased particle size. 

point during the particle impact, producing a total 
disturbed region much larger than the particle. The 
bubble aids in maintaining the thin region around 
the particle. When these bubbles burst, as they were 
observed to do, the displaced film will creep toward 
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Fig. 4. A comet-like formation produced by a particle which has 
adhered to the substrate during spinning. Notice the long tale of 
thin silica film. 

Fig. 5. A large pothole generated by a particle enclosed by a 
bubble. The thickness of the silica inside the bubble is too small to 
measure. 

the particle, but the carrier liquid will evaporate long 
before the region of poor coverage can be restored. 

I t  would appear that the simplest solution to the 
problem of these gross disturbances is to guard against 
the generation of bubbles in the silica film during 
deposition. Bubble formation is the only observable 
trait class I and class I1 disturbances have in common, 
thus their elimination may insure significant de- 
creases in both types of disturbance. As described in 
Ref. (3)  this bubble formation is a complex process 
and a detailed discussion is beyond the scope of this 
paper, but in brief, bubbles originate during the rapid 
evaporation of the source solution. The solvents 
utilized in many common formulations are quite vola- 
tile and thus are sensitive to ambient pressures and 
temperatures. Even so, it has been found (2)  that 
adherence to recommended deposition procedures pre- 
vent bubbles from forming. 

Diffused region.-Evaluation of the diffused regions 
of selected samules confirm that the surface concen- 
tration, C., is not uniform for samples displaying 
variations in the silica film. Stain etching of some 
samples reveal spots where essentially no diffusion 
took place. To gain a better comparative review of 
these effects, a typical sample was profiled by the 
four-point probe technique. The results were seen in 
Fig. 6A; notice that there is no region on which a 
device could be reproducibly fabricated. The range of 
resistivities observed are 1.0-0.001 a-cm, the latter 
value being characteristic of a normal diffusion from 
this source. The high resistivity regions indicate that 
the flux of impurity atoms was greatly restricted in 
these regions. Figure 6B is a plot of the profilometer 
data for the region also shown in Fig. 6A. Notice the 
one-to-one relationship between this disturbance and 
the resistivity data. 

Conclusions 
This study provides evidence to support the claims 

of the foregoing discussion that nonuniform diffusions 
from chemically homogeneous spin-on source solu- 

Fig. 6. Plots of data gathered on the diffused region below a 
very large disturbance. (A) lsorho (constant resistivity) map. (0) 
Film thickness mop. 
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tions are possible. The silica film thickness acts as a 
controlling factor such that normal diffusion will oc- 
cur only when the thickness is greater than or equal 
to L, as stated in inequality 133. Films which do not 
meet this condition will act as a limited source. The 
results of this study indicate that many (if not most) 
gross variations in diffused layers are the result of 
debris-induced variations in the silica film thickness. 
It has been established that many kinds of disturb- 
ances can occur when using spin-on films, but all of 
them can be eliminated. Debris-induced damage is the 
easiest to eliminate because the problem is centered 
around contamination due to residual particles from 
etchants, sample preparation, and airborne dust. In 
the final analysis it would appear that the obvious 
answer is to maintain the optimum conditions of 
cleanliness and process control. 

Because debris-induced damage and bubble damage 
are induced by similar mechanisms, the equilibrium 
state of both tvaes of disturbance resemble each other. - . - . . - - . 
It was found t ia t  when debris was involved this fact 
could be easily established by microscope examina- 
tion. Bubble damage appears as pinholes, usually 
quite small <1 pm wide). Under extreme magnifi- 
cation these pinholes are circular with a "halo" of 
thin silica around them. One should consult the 
photomicrographs of Ref. (3). In the case of debris- 
induced disturbances any particle sufficiently massive 
to induce macroscopic thickness variations are quite 
conspicuous under the microscope. If no particle simi- 
lar to those in Fig. 2 and 5 can be found, then, most 
probably, it is simple bubble damage. In the case of 
the comet-like formations, Fig. 4, these can form only 
when a particle is present. The basic problem with 
controlling debris-induced damage is not that ade- 
quate clean factors are impossible to maintain. On the 
contrary, it was observed in this research that ex- 
cellent results could be achieved maintaining moderate 

precautions. There are some miscanceptions about 
silica films, one of which is that because the film 
covers the surface it will invariably have a uniform 
diffusion and the film will protect the substrate from 
impurity contamination. This and previous studies to- 
gether reveal this not to be the case. Uniform diffu- 
sions require uniformly thick films and although a film 
may prevent contamination from a particle, the mere 
presence of the particle may destroy the uniformity of 
the diffused layer. 

Manuscript submitted Dec. 16, 1978; revised manu- 
script received May 29,1979. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the June 1980 
JOURNAL. All discussions for the June 1980 Discussion 
Section should be submitted by Feb. 1, 1980. 

Publication costs of this article were assisted by the 
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ABSTRACT 

A new technique to evaluate the equivalent circuit elements of a semi- 
conductor-electrolyte interface is presented. The technique is based on im- 
pedance measurements over a wide frequency range. We present results on 
n-type TiOz-aqueous electrolyte interfaces, which we can represent in terms 
of an equivalent circuit of passive elements. The equivalent circuit was 
interpreted in terms of two space charge layers with two different doping 
levels. The effect of surface treatment on the relative areas and on the lateral 
distribution of the two regions is also presented 

Over the last twenty-five years, many attempts have 
been made to determine the electrical properties of 
semiconductor-electrolyte interfaces from impedance 
measurements (1-12). 

The basic physical phenomena which are associated 
with distribution of charges on the electrolyte-semi- 
conductor interface and their importance in photoelec- 
trochernistry are fairly well understood and can be 
represented in terms of generalized equivalent cir- 
cuits (13) but their actual measurement and identi- 
fication in terms of an equivalent circuit for a par- 
ticular system has rarely been attempted. It is par- 

* Electrochemical Soclety Active Member. 
1 Present addre=: Department of Physics, Brooklyn College, 

Brooklyn, New York 11210. 
Key words: semlconductor, electrolyte, interface. impedance. 

ticularly desirable to be able to represent the semi- 
conductor-electrolyte interface in terms of passive 
elements, the physical significance of which can be 
ascertained by variations of the electrode potential, 
pH, and other external parameters. It is also im- 
portant to assign the passive elements to a spatial 
configuration of the various charge accumulatiun 
modes. 

We present here an experimental method (14) 
which meets these requirements, and we demonstrate 
the method with a study of the Ti&-aqueous electro- 
lyte interface. 

Experimental 
The experimental arrangement is shown in Fig. 1. 

Terminals A and B are connected tp. a gain-phase 
meter, which is part of a Hewlett-Packard 3043A net- 
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TO hp 351S.A 
GAIN.PHASE METER 

I A 

AMMETER 
CARBON ELECTRODE 

Fig. 1. Schematic diagram of the experimental apparatus. (For 
more details, see text.) 

work analyzer. The gain-phase meter measures the 
relative magnitude, M, and the phase difference, e, of 
the two input signals. This information is equivalent 
to the complex voltage ratio 

where Z, is the impedance of the reference circuit and 
Z  is the impedance of the electrochemical cell. 

The real and the imaginary parts of the impedance 
of the cell can be deduced from Eq. [I]  by using the 
following relations 

Z = R + j X  [21 
Rr [ ~ ; O m d i n € J  ] 

R =  - - - I  
1 + ( W T ~ ) ~  M 

sin 0 WT. cos 0 ] , ,  x =  RF rWTr - - - 
1 + ( w ~ r ) ~  M 

where w is the angular frequency, e is the phase anqle, 
M is the magnitude, and rr = CJt, is the relaxation 
time of the reference circuit. 

TiOz single crystals were purchased from Atomergic, 
sawed and measured perpendicular to the C axis. The 
resulting wafers (-1 mm thick) were mechanically 
polished, etched in NaOH at 500" for 1 hr, rinsed 
in running distilled water, rinsed for 2 hr in boiling 
HCI, and washed again with running distilled water. 
The wafers were doped with Hz/Ar mixture at 850°C 
for 20 min. The counterelectrode was Pt or carbon rod 
with surface area at least an order of magnitude larger 
than the working electrode. The reference electrode 
was standard calomel electrode. Ohmic contact was 
made by rubbing In-Ga alloy. In each case the contact 
was checked with a curve tracer. Measurements were 
made in a standard 3-electrode single compartment 
electrochemical cell made out of Teflon, under Nz 
atmosphere. The electrodes were mounted in the cell 
by pressure fit between two silicon rubber gaskets, 
which also determined the electrode area which was 
exposed to the electrolyte. Electrolytes were made 
with off-the-shelf analytical grade chemicals and 18 
Mn resistivity distilled water. Measurements were 
made at "zero" current (< 10 ~A/cmz). 

Results 
The equivalent circuit.-A general equivalent cir- 

cuit which represents the semiconductor-electrolyte 
interface is shown in Fig. 2,4 (13). The impedance. ZI. 
is given by an unknown number of R-C elements in 
parallel, shown in Fig. 2B. As far as the frequency 
response is considered, Fig. 2A can be represented by 
the simpler equivalent circuit given in Fig. 2C (2). 

The voltage dependence should tell us if CH can be 
neglected and if Csc is equal to C'SC or a correction 
for the capacitance of the Helmholtz layer should 
be made (15). 

Fig. 2. Equivalent circuit of the semiconductor-electrolyte inter- 
face. (A) Rp is the resistance associated with the faradic current 
flow. Rso, Rsc, and Rs' are the resistances of the solution, somi- 
conductor, and space charge layer. CH and C'sc are the capaci- 
tances associated with the Helmholtz layer and the space charge 
Ioyer. Z1 is the impsdance associated with any charge accumula- 
tion parallel to the space charge layer with a different time 
constant. (0) Detailed description of 21. (C) Reduced equivalent 
circuit: 

Csc = C'sc i f  CH >> C'SC 
Rs = Rso + Rsc if R's << Rsc 

Assuming that o = RsCsc is the smallest time 
constant in the equivalent circuit, then at very high 
frequency the system will behave as a single capacitor 
and resistor connected in series. In this frequency 
range, the impedance is given by 

We can subtract the series resistance from Z  and get 

The admittance of this circuit is given by 

and in terms of the equivalent circuit in Fig. 2C we 
get 

From the high frequency portion of the response curve 
we can obtain Csc and subtract wCsc from B to get 

The last expression is a superposition of curves with 
Lorentzian line shape. If the overlap is small enough, 
we should get a series of maxima which completely 
characterize each R-C element. The position of the 
maximum will give us the inverse relaxation time 
while the ratio of the amplitude to the position will 
give us the capacitance. 

Figure 3 illustrates the procedure and shows the 
accuracy and resolution that can be obtained with this 
technique. An analog test circuit, consisting of re- 
sistors and capacitors with the values shown in paren- 
theses, was measured with the network analyzer. Curve 
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Fig. 3. Response cuwes for model circuit shown a t  the right-hond 
corner. In parentheses ore shown the values of the vorious elements 
taken a t  their stated values. Below them are the values measured 
from the response curves. 

(I) is a plot of log R us. log f. At high frequencies 
this curve becomes independent of frequency and 
gives the value of RS according to Eq. [41. Curve (11) 
is a plot of log (2RX) us. log f. If the high frequency 
part of the curve can be represented as a single re- 
sistor and a capacitor connected in series, then ac- 
cording to Eq. 141 

log ( 2 d )  = -log f - log Csc [lo1 
and in the high frequency range curve (11) should 
have a slope of 1 and Csc can be evaluated from the 
intercept. The parameters RS and Csc are used to cal- 
culate curve (111) which is a plot of BSS us. log f. The 
positions and amplitudes of the maxima in curve (111) 
are used to calculate the capacitive and resistive ele- 
ments in Z1. In Fig. 3, these calculated values are listed 
on the circuit diagram. We can see from the com- 
parison of the actual values to the measured ones that 
the accuracy is adequate. Figure 4 illustrates the pro- 
cedure on an electrochemical cell with n-type TiOz 
as the anode and Pt as the cathode. The concentration 
of the electrolyte is such that the imaginary part of 
the impedance originates entirely from the TiOs- 
electrolyte interface. The equivalent circuit Z1, is found 
to consist of a single resistor RA in series with a single 
capacitor CA. 

The equivalent circuit of the TiOn-electrolyte inter- 
face remains the same under various pH conditions, 

6 Bx10-~ 
\ Tn 0, in PHOSPHATE AREA - 0.1 on2 

WTENTIAL = I1.26 V US SCE 

- 
0s 

a 3 -  

Fig. 4. Response curves for n-type Ti& in 0.33M phosphote 
buffer. On the right-hond corner is the equivolent circuit con- 
structed from the cuwes in the manner explained in the text. 
Capacitances ore in fiF ond resistances in ohms. The dashed cuwe 
under Bss is the theoretical f it  to a single Lorentzian according to 
Eq. P I .  

potentials, doping levels, etchants, etc. The only devi- 
ation from this equivalent circuit, as manifested by the 
fit of Bss to a single Lorentzian line, was observed 
when we approach the flatband potential. Figure 5 
shows that potential dependence of the capacitive ele- 
ments in the equivalent circuit of TiOz, polished to 
0.3~ finish but unetched. It is obvious that both Csc 
and CA obey the Mott-Schottky relation (16, 17) 

where c is the dielectric constant, A is the area, e the 
electronic charge, ND the effective doping level, U the 
electrode potential, Um the flatband potential, and T 
the temperature, indicating that the capacitive ele- 
ments originate from the space charge layer. RS is in- 
dependent of potential, as shown in Fig. 6, and results 
from the electrolyte resistivities. The ratio of RS be- 
tween electrolytes under different ionic strength con- 
ditions is the same as that found by an independent 
measurement of the conductivity of the various elec- 
trolytes. RA is dependent on potential being high at 
anodic potentials and lower when we approach the 
flatband conditions. This qualitative behavior of RA 
and Rs as a function of potential is also highly repro- 
ducible and independent of electrolyte, doping, etch- 
ing, equilibrium time, etc. The quantitative behavior 
of RA is not as reproducible as evident from the scatter 
of the points in Fig. 6. 

When the polished TiOz crystals are etched for 1 
hr in NaOH at 500TC, two distinct topographies are 
apparent and their SEM pictures are shown in Fig. 
7. We were able to measure the im~edance character- 
istics of the two regions on the same wafer, by mov- 
ing the area which was exposed to the electrolyte 
from one region to the next. The equivalent circuit 
was the same at both surfaces and identical to the 

POTENTIAL (V vr SCEI 

Fig. 5. Mott-Schottky plots of Csc ond CA for 0.1 cme n-type 
Ti& polished but unetched in 0.33M phosphate buffer, p H  = 6.5. 
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POTENTIAL IV vr SCEl 

Fig. 6. Potential dependence of Rs and RA. The same conditions 
or in Fig. 5. 

one shown before. The potential dependence of the 
resistive elements was also the same. Figure 8 shows 
the Mott-Schottky plot of the two capacitors on the 
matte surface and both behave in a linear way. Fig- 
ure 9 shows the Mott-Schottky plots of the two ca- 
pacitors on the smooth surface and both are highly 
nonlinear. But when we add the two capacitors and 
plot the Mott-Schottky plot of the sum, the behavior 
is linear as shown in the same figure. 

Discussion 
The experimental finding that lies in the heart of 

this work is the establishment of the equivalent cir- 
cuit of the TiOz-electrolyte interface. In depletion and 
weak inversion modes the TiOz-electrolyte interface 
is characterized by two R-C elements connected in 
parallel. Under most experimental conditions, both 
capacitive elements seem to result from charge distri- 
butions that obey the Poisson equation as manifested 
here by the linear Mott-Schottky plots. With the 
NaOH-etched smooth surface the individual capaci- 
tive elements do not obey the Mott-Schottky relation 
but their sum does. Both CA and CSC show approxi- 
mately the same flatband potential which varies with 
the expected Nernstian dependence of pH (18). This 
indicates that both capacitance elements result from 
charge accumulation at the semiconductor space charge 
layer and not from surface states. 

The linear behavior of the Mott-Schottky plots also 
indicates a constant distribution of dopant normal to 
the TiOz-electrolyte interface. The resistivity of the 
Ti& is of the order of 0.1 a-cm so its contribution 
to Rs is negligible and Rs is determined exclusively 
by the conductivity of the electrolyte. This accounts 
for the fast relaxation time, rsc = RsCsc, and leaves 
us to explain the origin of the slower relaxation time, 
TA = (Rs + RA)CA. There are several alternative ex- 
planations for the existence of the two distinct relaxa- 
tion times. Most of them originate from explanation 
of a similar equivalent circuit which has been found 
in MOS devices (19-21). They range from lateral 
heterogeneity in a-c current flow (19, 20) to contri- 
butions from minority carriers to charge accumula- 
tion at the interface (21, 22). Although none of these 
explanations can be excluded, the simplest explana- 
tion to account for our observations is to assunie that 
we are dealing with a heterogeneous crystal with two 
different regions having two different doping levels 
that extend uniformly at least to depths larger than 
the thickness of the space charge layer. Assuming the 
same flatband potential in both regions, from Eq. [I l l  
we get 

[I21 

where A is the area and ND is the doping level of the 
two regions. This ratio should be independent of po- 
tential. The faster relaxation time measured is deter- 
mined by the resistance of the electrolyte 

1 

. 7 

I 1 

F Fig. 7. SEM pictures of the 
matte and smooth surfaces ob- 
tained from n-type Ti02 polished 
and etched with NaOH. 
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POTENTIAL IV rr SCEI 

Fig. 8. Mow-Schottky plots of Csc, CA, and CA + Csc for the 
matte area of 0.1 cmz n-type TiOz, polished and etched with NaOH, 
in 0.33M phosphate buffer, p H  = 6.5. 

POTENTIAL (V vl SCEI 

Fig. 9. Mott-Schottky plots of Csc, CA, and CA + Csc for tha 
smooth area of the same wafer as in Fig. 8. 

tsc = RSO CscO = Rs Csc 1131 
where Csco is the capacitance of the SC region per 
unit area of this region and Rso is the resistance of 
the electrolyte per unit area of the SC region. The 
resistive element in the slower relaxation time might 

have a contribution from the bulk of the semiconductor 

where pA is the resistivity of region A and Zsc is the 
thickness of the semiconductor. This implies that 

If both regions have the same flatband potential then 
we can apply Eq. [I11 and get 

1l pn ZSC << RsO, then 

From Eq. 1121 and-1171 we can evaluate the abso- 
lute areas and the ratio of the doping levels. Knowing 
the areas, we can evaluate the doping levels in the 
individual regions from their prospective Mott- 
Schottky plots. This was done for the unetched Sam- 
ple in Fig. 5 and the results are shown in Fig. 10 and 
11. 

A critical test that will determine the self-consist- 
ency of the model is that the areas of the two regions 
and the series resistance are independent of the elec- 
trode potential. From Fig. 11 we can see that ASC is 
independent of potential over the entire potential 
range and occupies 80% of the available surface. From 
Fig. 10 we can see that RsO is also very closely po- 
tential independent, being 7 2 l n-cmz over the en- 

POTENTIAL (V vr SCEI 

Fig. 10. Potential dependence of the electrolyte resistance for 
1 em* Ti02 wafer that was described in Fig. 5. 
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Fig. 11. Fraction of the area ASC/(ASC + A*) of the T i02  wafer 
with the lower doping level. 
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tire potential range. When we approach the flatband 
potential, Rso starts to fall, but this can easily be due 
to the fact that close to the flatband potential we start 
to get some deviations from the equivalent circuit with 
two relaxation times. After knowing the relative areas, 
we can return to Fig. 5 and determine the doping levels 
of the two regions and we find that 

With such doping levels P ~ l ~ ~ l  must be << RSO as as- 
sumed, because the conductivity of the semiconductor 
scales linearly with the doping level. We can summar- 
ize the equivalent circuit of TiOz-electrolyte interface 
as shown in Fig. 4 as being due to two regions with 
different doping'levels. The regions must extend at 
distances greater than the thickness of the space 
charge layer, the dominant area being the area with 
the lower doping level. The roughness did not enter 
into the calculation of the doping level here, and a 
roughness factor of at  least 2 is needed to explain the 
lack of observable shift of the flatband potential of 
the more highly doped region, from the expected con- 
tribution of the capacitance of the Helmholtz layer 
(15) The two capacitive elements, Csc and CA, result 
from two space charge layers of two regions on the 
crystal with two different doping levels. The relevant 
independent parameters in Fig. 4 are not Rs and RA 
but, rather, Rs and the relative geometric area of the 
two regions. Any potential dependence of Rs will be 
amplified in RA by the factor ASC/AA - 1. The obser- 
vations that the areas of the two reeions are independ- 
ent of potential, as shown in Fig. 11, and that the se- 
ries resistance of the two regions is the same after 
normalization to the same area and is also independ- 
ent of potential, as shown in Fig. 10, constitute a 
strong self-consistent support for the interpretation 
of the impedance measurements. 

The presence of two regions with two different dop- 
ing levels can also account for the results on the 
etched samples which are shown in Fig. 7, 8, and 9. 
The results here tell us about the spatial distribution 
of the two regions as well. On the smooth surface, 
the two regions are mixed in patches which are smaller 
in size than the thickness of the space charge layer 
and, as a result, the individual Mott-Schottky plots 
are not linear while the sum of the capacitances mea- 
sures the "average" doping level and is linear. In this 
case, it is impossible to measure the relative areas and 
the individual doping levels of the two regions. On 
the other hand, in the matte area, the individual re- 
gions are larger than the thickness of the space charge 
layer. The individual areas show good Mott-Schottky 
behavior as is evident in Fig. 8. The relative areas and 
the individual doping levels can be evaluated and they 
come out to be 

Conclusions 
The results that were presented here fully describe 

the equivalent circuit of the interface between a TiOz 
single crystal and an aqueous electrolyte in terms of 
completely passive elements. We have thus, for the 
first time, eliminated the difficulties previously en- 
countered (23) in determination of such important 
parameters as flatband potential and doping level. 

The equivalent circuit is shown in Fig. 4. The equiy- 
alent circuit was interpreted in the following way: 
the two capacitive elements result from space charge 
layers of two regions on the crystal, one which oc- 
cupies -80% of the area and has lower doping level, 
while the other occupies -20% of the area and has 
higher doping level. The resistive elements in both 
regions are due to the electrolyte. We did not find any 
significant difference in the flatband potential. The 

subject of the flatband potential of Ti02 as a function 
of pH and doping level will be discussed in a subse- 
quent paper. Although the explanation of the equiva- 
lent circuit in terms of two regions with different dop- 
ing levels is self-consistent, an independent evaluation 
of the surface heterogeneity will be required to de- 
termine the uniqueness of this interpretation. 

The results here are representative of experimental 
results from many wafers which were taken from two 
single crystals which were obtained from the same 
source over a period of 15 months and doped under 
a variety of conditions, but it is obvious that the re- 
sults should be a function of the method under which 
the crystal is grown and doped. In this respect, the 
results should be regarded as a demonstration of the 
utility of a technique rather than a demonstration of 
inherent properties of the TiOz-electrolyte interface. 
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Effect of Excess Component Element during 

LPE on Electrical Properties of CdTe 

J. Saraie,* M. Kitagawa, and T. Tanaka 
Depa~tment of Electronics, Kyoto University, Kyoto 606, Japan 

ABSTRACT 
Epitaxial layers of CdTe from CdClz solution show n-type conduction and 

theircarrier concentration increases with the increase in the amount of excess 
Cd added to the solution during growth. The maximum available value is 4.8 x 
1017/cm3. Carrier concentrations of p-type substrates change after growth 
from that of before growth and they decrease with the increase in the amount 
of exceess Cd. High temperature defect equilibria have been calculated in 
which cadmium vacancy, interstitial cadmium, and vacancy-chlorine asso- 
ciates are taken into account. Equilibrium constants of formation of those as- 
sociates have been determined. The carrier concentrations at  room tempera- 
ture have been explained by assuming the precipitation of some fraction of 
the native defects into neutral clusters during quenching. 

The II-VI compounds have a strong tendency of 
self-compensation due to the ionic properties of bond- 
ing and it is well known that electrical properties of 
these materials are severely affected by the vapor 
pressure of a component element. It is desirable that 
the crystal growth is carried out under a well-defined 
pressure of component element in order to control the 
material properties. It has been reported as for CdTe 
that the electrical properties of bulk crystals grown 
under different Cd vapor pressures are very different 
(1. 2). 

Recently we have reported the experimental results 
of LPE of n-CdTe in the CdTe-CdClz system (3). The 
method employed in that paper is adequate for the 
growth of highly doped low resistivity material since 
chlorine is automatically doped and it is a shallow 
donor in CdTe. The growth is carried out in a sealed 
quartz ampul and a well-defined vapor pressure is 
maintained during growth. The addition of small 
amount of excess component element to the nutrient 
charge can change the vapor pressure inside the 
ampul during growth and hence the electrical proper- 
ties of grown layers and substrates. In this paper we 
report the experimental results on the electrical prop- 
erties of the epitaxially grown CdTe layers and those 
of the substrate as a function of growth temperature 
and an amount of excess component element (Cd or 
Te). 

Theoretical calculation of defect equilibria of CdTe 
was performed first by de Nobel (4, 5) and many 
works have been published later (6-16). de Nobel has 
proposed the defect model in which cadmium vacancy 
(VCd) is a doubly ionizable native accepter and inter- 
stltial cadmium (Cdi) is a singly ionizable native 
donor. But it has been proved later that Cd, is doubly 
ionizable from the experimental results of high tem- 
perature conductivity (7, 9, 11) and high temperature 
carrier concentration (10). Cdi and VT~,  or Vrd and 
Tei cannot be distinguished by the sign of the electric 
charge and Chern et al. (13, 14) and Selim et al. (16) 
have considered those four native defects. Vcd can 
make single and double associates with donors. The 
single associate is an acceptor and the double associ- 
ate is a neutral one. As for halogen donor Canali et al. 
(17) have deduced the enthalpy of formation of single 
and double associate and Stuck et al. (15) have cal- 
culated the defect equilibria of halogen-doped semi- 
insulating CdTe using these values. As for indium 
donor Chern et al. (13) have determined the equilib- 
rium constant of formation of the single associate. In 
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tion, component vapor pressure, defect equilibria. 

the calculation of the defect equilibria of heavily chlo- 
rine-doped CdTe in this paper, V C ~  and Cdi (both are 
doubly ionizable) are considered as the native defects, 
and the single and double associates are taken into 
account. The experimental results are compared with 
the calculated results. 

Experimental 
CdTe layers were epitaxially grown using CdClz as a 

solvent on (111) oriented substrates of D - t v ~ e  CdTe 
doped with The detailed t&hAcque was 
previously reported (3). A sealed quartz ampul con- 
taining the growth boat is shown in Fig. 1. The growth 
temperatures (TG) were 550"-65O0C, the cooling rate 
(R,) was 0.55°C/min, and the temperature range in 
cooling (AT) was 20'C. The excess amounts of the 
component element added to the charge were 6, 4, 2, 
1, 0.4 atomic percent (a/o) of Cd and 1 a/o of Te. 
These atomic fractions are referred to the amount of 
CdTe in the charge. The experiments without the ex- 
cess element were also performed and we refer to 
them as the growth from the "stoichiometric solution" 
in the following part. After growth the solution was 
decanted and the ampul was pulled out from the 
furnace and air-quenched in order to freeze out the 
equilibrium state at a growth temperature. 

Small indium electrodes were alloyed on the grown 
layer and the electrical properties were measured by 
the van der Pauw method between room and liquid 
nitrogen temperature. Electroless plated gold was used 
as the electrodes for the measurement of the p-type 
substrates. 

Experimental Results 
The grown layers were flat and mirror-smooth and 

the thickness was 30-60 pm. All the samples showed 
n-type conduction. Some papers on III-V compounds 
(18-21) have reported that the grown layers on ( I l l ) *  
and ( 1 1 1 ) ~  substrates show rather different properties. 
In our case the differences of the electrical properties 
between the layers on (1ll)cd and ( 1 1 1 ) ~ ~  were small 
and we discuss the averaged data. 

Figure 2 shows the electrical properties of the grown 
layers at  room temperature as a function of the growth 

WFER NOTCH 
QUARTZ PLUG ICHARGE~ SUBSTRATE 

QUARTZ AMPOULE GRAPHITE BOAT 

Fig. 1. Schematic drawing of the growth arnpul 
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L 1 0 2  
Id' 550 600 650 PC) 

GROWTH TEMPERATURE 

Fig. 2 Electrical properties of grown layers a t  room temperature 
as o function of growth temperature. These samples were grown 
from stoichiometric solution. 

temperature Tc in the case of the stoichiometric solu- 
tion. The carrier concentrations are 2 x lOle/cm3 and 
do not depend on To. The mobility is 300-400 cm2/V-sec 
and decreases slightly with the increase in TG. The re- 
sistivity is as low as 1 n.cm. Figure 3 shows the de- 
pendence of the electrical properties on the excess 
amount of Cd or Te. In this case the growth tempera- 
ture is 550'C. The carrier concentration increases with 
the increase of excess amount of Cd. The mobility 
curve has a maximum at about 2 a/o excess of Cd. In 
Fig. 4 examples of the temperature dependence of the 
carrier concentration and the mobility are shown. The 
mobility of all the samples decreases with decreasing 
temperature. Figure 5 shows the electrical properties 
of the p-type substrate after growth. The carrier con- 
centration of the substrate is about 1.3 x 1017/cm3 be- 
fore growth and it does not change after the growth 
from the stoichiometric solution, while it decreases 
with the increase of excess amount of Cd. 

Discussion 
Donors which are the origin of n-type conductivity 

are considered to be chlorine introduced from the 

I 

- 1 0  2 4 6 
ATOMIC PERCENT OF EXCESS Cd 

Fig. 3. Electrical properties of epitaxial layers grown under 
cadmium or tellurium excess conditions. 
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C.. r I 
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TEMPERATURE 10001T (1 I K I  

Fig. 4. Temperature dependence of electrical properties of grown 
Ioycrs. Sample 105 was grown from stoichiometric solution, sample 
116 was grown under 2% Cd excess condition and sample 118 
under 6% Cd excess condition. 

ATOMIC PERCENT OF EXCESS Cd 

Fig. 5. Electrical properties of p-type substrate after growth under 
codmium or tellurium excess conditions. 

CdClz solution. Chlorine would be contained up to the 
solubility limit and the grown layers are highly doped. 
It is the reason why all the samples show the tendency 
of ionized impurity scattering in Fig. 4. The maximum 
carrier concentration, 4.8 x 1017/cm3, is higher by a 
factor of 102 than that of the indium-doped epitaxial 
layer from Bi solvent (22, 23) and CdClz seems to be 
an adequate solvent for the growth of low resistivity 
material. 

The dependence of carrier concentration on excess 
Cd or Te is due to the change in the vapor pressure of 
Cd during growth. The crystal growth will be per- 
formed maintaining equilibrium between solid and 
vapor phase through the solution. The carrier con- 
centration at mom temperature can be estimated by 
calculating the defect equilibria at  the growth tem- 
perature and assuming the rate of precipitation of 
native defects during quenching. 

Defect formations and their ionization are described 
by the following relations and equilibrium constants 
for chlorine-doped grown layers 
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CdXi = C&i + e' K l =  2% exp (-AEl/kT) [6] 

C d l =  C d i  + e' KZ = 0.5% exp (-AEe/kT) [?I 
VX cd = V'cd + e. Ka = 2p0 exp (-AEs/kT) 181 
V'C~ + e' = V"cd K'4 = 0.5/no exp (aE4/kT) 191 

(VcaCl~e) = (VcaCl~.d' + e. 

K5 = 0.5~0 exp (-AEJ~T) [lo] 

where = 2(2xm*, kT/h2)312, m*. = 0.11 mo; PO = 
2(%m*, kT/h2)812, m*,  = 0.40 mo; A E ~  = ionization 
energy. 

Charge neutrality equation 

Total concentration of chlorine 

The symbols used are usual ones. 
The set of equations, [I]-[13], was solved with a 

computer as a function of cadmium vapor pressure 
using [(Cl)totil as a parameter. The energy 

level d~agram in Fig. 6 shows the most probable posi- 
tion of energy levels of defects in CdTe deduced from 
the literature. Table I lists the d u e  of equilibrium 
constants used in the calculation. 

Calculated isotherms of CdTe:Cl a t  550°C are 
shown in Fig. 7 and Fig. 8. Figure 7 is a result using 
the value of equilibrium constants in Table I. Figure 
8 is a result using the value of 4/1.55 x 1022 as the 
pre-exponential factor of Kp and assuming Kp = KDP 
as Canali et al. (17) have proposed. In Fig. 8 the con- 
centration of the (VcdCl~~) acceptors is larger than 
that of the C~T. donors. It means that the grown layers 
are essentially p type: This situation is the same in the 
above range of pcd and the range of [(Cl)total1 be- 
tween 1 x 1017 and 5 x 1019 cm-3. It contradcts the 
experimental results and it is why we adopt the value 
of 0.04/1.55 x 1022 as the pre-exponential factor of Kp. 

The carrier concentrations at room temperature can 
be deduced from the isotherms in Fig. 7. In the case 
of the stoichiometric solution pcd inside the ampul 
during growth is determined by the dissociation of 
CdClz and CdTe if we neglect the interaction of 
CdClz and CdTe. The vapor pressure of CdClz is 
rather high and about atm at  550". But pcd re- 
sulting from dissociation of CdClz is very low and is 
calculated to be 1.4 x 10-8 atm at 550°C from the 

Fig. 6. Energy level in CdTe introduced by disorders 

- 
"E 
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Z 
0 
&017 

1 g lo1= 

VAPOUR PRESSURE OF Cd (atrn) 

Fig. 7. Defect concentration isotherms at 5M'C for chlerina- 
doped grown layers. [(Cl)bbll is token to be 5 X 1018 cm-3. 
The dotted curve shows the electron concentration at room tem- 
perature when all Vcd ore frozen during quenching. The broken 
curve shows the one when 8.4% of Vcd precipitate into neutral 
clusters. 

thermodynamic data (36). It is about 1/3 of the 
minimum pressure of CdTe at 550°C, 4.5 x 10-6 atm 
(4). It means that the dissociation of CdClz is sup- 
pressed by that of CdTe. pcd in the ampul is consid- 
ered to be 4.5 x 10-6 atm at 550°C. Then we can also 
neglect the contributions of CdClg dissociation to pcd 
in the case of the Cd excess condition. It is assumed in 
the following that the grown layers at  550°C from the 
stoichiometric solution are equilibrated with pcd of 
4.5 x 10-6 atm due to the dissociation of CdTe. 

In order to calculate the room temperature carrier 
concentrations we must assume the condition of the 
redistribution of atomic disorders and free carriers 

Table I. Equilibrium constants, K = KO exp(-H/kT) or KO exp(-AEIkn. Concentrations are expressed in cm-8 

H or AE 
KO (eV) References Remarks 

Kr' 
Kt 

Ka 
KP 

Kor 
K1 
Ks 
K# 
K.' 
K, 
KI 
KT 

7.6 x 1 W  1.04 
1.03 x lWTa 1.73 

(6) 
Adjusted from Smith (10) by increastng the actlvation en- 

ergy leaving the absolute values at 550'C unchanged. 
1.0 x 1 W  -0.81 

-0.98 
(5) 

0.0411.55 x 1 P  Reduced pre-exponential factor from Canall et al. (17) 



Vol. 126, No. 12 ELECTRICAL PROPERTIES OF CdTe 2229 

VAPOUR PRESSURE OF Cd (dm) 

Fig. 8. Defect concentrotion isotherms a t  550°C for chlorine- 
doped gmwn layers. The pre-exponential factor of Kp and KDP is 
taken to be 4/1.55 X 1022 and KDP is token to be equal to Kp. 
The dotted curve shows the one as in Fig. 7 (left, holm concentra- 
tion; right, electron concentration). 

during quenching. If it is assumed that all the atomic 
disorders are frozen and only the free carriers redis- 
tribute, the grown layers from stoichiometric solution 
must be semi-insulating as shown in Fig. 7 by the 
dotted curve. The speed of quenching is not sum- 
ciently rapid because the samples are quenched to- 
gether with the graphite boat with rather large heat 
capacity and in these cases it is necessary to consider 
the precipitation of atomic disorders. Such effects 
have been reported by de Nobel (4.51, and Chern 
et al. (13) have taken account of the precipitation of 
Cdl and V C ~  for indium-doped CdTe. There are many 
VCI'S at high temperature as shown in Fig. 7. If some 
fraction of them precipitate into neutral clusters, the 
same number of electrons as that of total charges of 
precipitating Vcd must be created in order to maintain 
electrical neutrality. Those electrons can make the 
sample conductive n-type which otherwise is semi- 
insulating. We have adjusted the rate of precipitation 
to satisfy the condition that the carrier concentration 
at room temperature is 2 x 1016 cm-3 at the pcd of 4.5 
x 10-6 atm as for the grown layers from the stoichio- 
metric solution. The value has been determined to be 
0.084. The broken line in Fig. 7 shows the carrier con- 
centrations at room temperature assuming that the 
rate of precipitation of Vcd is constant in the shown 
range of pcd. The rate of precipitation of Cdi is as- 
sumed to be unity in the above calculation, it does not 
affect the result, however, because the concentration of 
Cdl is small in the n-type material. The minimum 
value of [(Cl)btall is adopted in Fig. 7 which gives 
our maximum carrier concentration of 4.8 x 1017 
cm-3 at  smaller pcd than the saturation pressure of 
pure Cd at 550°C. Even if we assume the larger 
[,(Cl)t,ta~l, the calculated curves of carrier concentra- 
t~ons at  room temperature differ only slightly with 
each other so far as we adjust the rate of precipitation 
of V C ~  as above. But the concentration of the double 
associates increases with the increase in [ (Cl) 
and as discussed in the following, [(Cl)total] cannot 
exceeed 2.4 x 10'9 cm-3 in order to describe the ex- 
perimental value of mobility. 

If we use the value of 0.04/1.55 x lOm for the pre- 
exponential factor of Kp and assume that KDP = Kp, 
the value of [(Cl)btal] and the rate of precipitatidn 
of V C ~  can be adjusted so as to satisfy the above condi- 
tion. It is necessary to know the number of double 
associates to determine the value of KDP. We can esti- 
mate the maximum number of the double associates 
from the value of mobility. The double associates 
can scatter electrons as neutral centers. The mobility 
of electrons in CdTe due to neutral impurity scatter- 

ing is expressed as follows 

PN = 1.52 x 102Q/Nn cmVV . sec 1141 
where N, is the concentration of the neutral centers. 
It reveals that the value of Nn cannot exceed 3.0 X 
1017 cm-a by roughly assuming that the value of the 
room temperatures mobility of 500 cm2/V . sec is de- 
termined only by neutral impurity scattering. This 
condition is satisfied if KDP. L Kp/100. We estimate 
HDP = Hp/2 in Table I because Hp is pairing enthalpy 
between divalent and monovalent centers and HDP is 
that between monovalent centers. In our case KDP ~1 

Kp/lOOO at the temperatures of 550'-650°C. 
Figure 9 shows the carrier concentrations at room 

temperature of the layers grown at 5509, 600°, and 
650°C. The total chlorine concentration and the rate of 
precipitation of Vcd are roughly assumed to be the 
same at 600" and 650°C as those at 550°C. The experi- 
mental data are plotted at  the minimum pressure of 
CdTe and are rather well described by the calculated 
curves. 

The effective pcd during growth has been deduced 
from Fig. 3 and 7. They are shown in Fig. 10. It seems 

I@@ 
10-6 10-~ IO-~ lo-' 

VAPOUR PRESSURE OF Cd (atrn) 

Fig. 9. Calculated electron concentration a t  mom temperature of 
the layers grown a t  550'. 600°, and 650°C. The value of [(Cl)tota1l 
and the rate of precipitation of V C ~  during quenching are assumed 
to be the same for a11 temperatures. Open circles are the experi- 
mental results for the grown layers from stoichiometric solution. 

Fig. 10. Effective vapor pressure of cadmium inside the ampul 
vs. excess amount of cadmium added to the charge. 
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that they change nearly exponentially with excess Cd 
content in the solution. 

The change of the properties of the substrates is de- 
scribed under the same calculation Phosphorus is 
considered to be a shallow acceptor substituting Te 
site. As the reaction of defect formation and ioniza- 
tion, the aforementioned formulas [I] - [3], [6] - [9], 
and the following are considered 

P X ~ e  = P'T~ + e. K7 = 0.5~0 exp (-AEdkT) [15] 

Charge neutrality equation 

Total concentration of phosphorus 

The value of K7 is listed in Table I. The equilibrium 
reactions of phosphorus itself with vapor phase are 
neglected. The set of those equations can be solved by 
Brouwer's plot but we have solved it with a computer. 

Figure 11 shows the isotherms at 550°C in the case 
of total phosphorus concentration of 5 x l O l 8  cm-8. 
This value of [(P)btal] is close to that obtained by 
Hall et al, at 900" and 950°C (39). The experimental 
results are plotted simultaneously in Fig. 11 at pcd 
shown in Fig. 10. Those experimental results seem to 
be near the calculated curve of the hole concentration 
at high temperature except two points at  high pcd. 
If we adjust the rate of precipitation of Cdi by making 
the hole concentration at room temperature to be 1.3 
x 1017 cm-3 at pcd of 4.5 x 10-8 atm, the value has 
been determined to be small and to be 0.0046. This 
small value means that Cdi is stabilized by the exist- 
ence of acceptors as in the case of CdTe:Au (37,38). 
The broken curve in Fig. 11 is the calculated hole con- 
centration at room temperature. (The dotted curve is 
the one when we assume complete freeze of Cdi.) 
The rate of precipitation of V C ~  is arbitrarily chosen to 
be the same as that estimated above for the grown 
layers, but it does not affect the results essentially 
since the concentration of V C ~  is small in p-type sub- 
strates. The broken curve in Fig. 11 explains well the 
experimental data under pcd of 2 x 10-4 atm, but 
above 3 x 10-4 atm the sample should be semi-in- 
sulating and the calculated results do not explain the 
experimental data. We cannot fit all the experimental 
data by changing the value of [(P)t,tsl] and the rate 
of precipitation of Cdi so far as we adjust the carrier 

-5 IV - - 
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10-~ lo-= lo4 10-~ I O - ~  lo4 
VAPOUR PRESSURE OF Cd (atrn) 

Fig. 11. Defect concentration isotherms ot 550°C for the phas- 
phorus-doped substrates. [(P)t.,al] is taken to be 5 X 10'8 cm-3. 
The dotted curve shows the hole concentration a t  room temperature 
when 1111 Cdi are frozen during quenching. The broken curve shows 
the one when 0.46% of Cdi precipitates into neutral clusters. 
Open circles are the experimental results. 

concentration at 4.5 x 10-6 atm. This deviation seems 
to be easily described by the increase in [ (P )ba ]  
(39) and/or the rate of precipitation at high pcd. 

In all the above discussion we have adjusted the 
value of the rate of precipitation of native defects so 
as to explain the experimental results. Chern et al. 
(13) have considered two kinds of native donors (Cdi 
and V T ~ )  and two kinds of native acceptors (Vcd and 
Tei). They have proposed the model in which only 
Cdi and Vcd easily precipitate into neutral clusters and 
others are stable during quenching. It may be possible 
to correspond our values of the rate of precipitation 
to the roughly estimated values of the rate of the con- 
centration of easily precipitating defects in their 
model. As for phosphorus-doped CdTe Selim et al. 
(16) have proposed the complex defect model includ- 
ing PT* Pi, Pcd, their associates and four kind of 
native defects. They have reported the calculated 
results at 700'C in which the hole concentrations 
have a maximum at high pcd. It may be possible to ex- 
plain the experimental data not by adjusting the rate of 
precipitation but by adopting different defect models 
from ours but the further discussion of detailed defect 
model is beyond the scope of this paper. 

Summary 
Epitaxially grown CdTe layers in the CdTe-CdCh 

system show n-type conduction. The electron concen- 
trations at room temperature change by many orders 
by the addition of Cd or Te to the charge during LPE, 
and maximum value available is 4.8 x 1017 cm-8. The 
properties of the p-type substrates also change after 
growth from that before growth and the hole con- 
centrations decrease with the increase in the amount of 
excess Cd. It reveals that the addition of excess com- 
ponent element to the charge is a useful and simple 
method to control the component vapor pressure inside 
the ampul and hence to control the electrical prop- 
erties of grown layers. 

We have calculated the defect equilibria at  the 
growth temperature, considering the doubly ionizable 
native defects, V C ~  and Cdi and taking into account the 
single and double associates between Vcd and CIT, 
The probable values of the equilibrium constants of 
the formation of those associates have been deter- 
mined. The experimental results of the electron con- 
centration of the grown layers are explained, assum- 
ing the values of [ (Cl) total] and the rate of precipita- 
tion of VC~. The effective vapor pressure of cadmium 
inside the ampul has been determined with which the 
grown layers were equilibriated during growth. The 
calculation in which simple phosphorus acceptor, PTe, 
is considered shows that the experimental results of 
the hole concentration of the substrates are well ex- 
plained at pcd < 2 x atm but they cannot be 
explained at P C ~  > 3 x 10-4 atm so far as the same 
values of [(P)btsl] and the rate of precipitation of 
Cdi as those at the low pcd are used. The possible 
origin of the deviation was discussed. 
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ABSTRACT 

Experimental results are presented showing that outdiffusion of recom- 
bination centers from the GaAs substrate into the epitaxial layer takes place 
during growth. Such outdiffusion decreases the carrier lifetime in the epi- 
taxial layer to much lower values than the radiative recombination limit. 
Furthermore, it introduces a lifetime gradient across the epitaxial layer which 
depends critically on the growth velocity and thermal treatment. High rates 
of growth (such as those attainable in electroepitaxy) and high cooling rates 
can minimize the adverse effects of normally available substrates on the epi- 
taxial layers; however, good quality substrates are essential for the con- 
slstent growth of device quality layers. 

I t  has been established that the performance of 
many compound semiconductor devices is adversely 
affected by nonradiative recombination centers. Their 
presence in the  device active region leads to a decrease 
in the device efficiency [as in  the case of solar cells 
(I)]. Furthermore, the recombination-enhanced diffu- 
sion of such centers (2) causes a slow degradation of 
the device performance [as in the case of semicon- 
ductor lasers (3)]. 

The nonradiative recombination centers in GaAs 
are usually associated with residual impurities such as 
oxygen (4), transition metals (51, and nonstoichio- 
metric point defects (6). The origin of nonstoichio- 
metric defects is not fully understood, although in 
GaAs i t  has been attributed to the solidus of the phase 

Electrochemical Socletv Active Member. ' Preseht aaures: hCA- hesearch Laboratories, David Sarnoff 
Research Center, Princeton New Jersey 08540. 

Key words: growth, semi~onductor, lasers. 

diagram (7) and/or to As depletion of the substrate 
during the heating cycle prior to epitaxial growth (8). 
Growth at low temperatures and backmelting of the 
substrate prior to growth (9) tend to reduce the con- 
centration of nonstoichiometric defects and improve 
the quality of the grown epitaxial layer. 

Poor quality GaAs substrate material is a source of 
defects which can diffuse into the epitaxial layer during 
the growth process. The available melt-grown GaAs 
substrates are in most instances highly compensated 
(101, exhibit large carrier concentration inhomo- 
geneities (ll), and contain high concentration of non- 
radiative recombination centers (12,13). 

The present work is concerned with the outdiffusion 
of recombination centers from GaAs substrates into 
GaAs LPE layers. Minority carrier diffusion length 
and lifetime profiles obtained with EBIC-mode (SEM) 
measurements are employed for the study of such out- 
diffusion. Growth conditions required to minimize 
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the outdiffusion of recombination centers are pointed 
out. 

Experimental 
Epitaxial . growth and sample preparation.-LPE 

growth of GaAs was carried out employing classical 
thermal cooling techniques and electromigration-con- 
trolled electroepitaxy (14, 15). Cd-doped (p N 2 X 
10'1 cm-3) 300 pm thick (100) substrates were used. 
Epitaxial growth was performed in a two-well graphite 
boat. In one of the wells the substrates were back- 
melted (about 25 @m) with an under-saturated solu- 
tion to remove the As depleted layer formed during 
the heating cycle. After backmelting the substrate 
was positioned in the second well containing 2.5g of 
an undoped Ga-As solution with a GaAs source on 
top. In the electroepitaxy experiments layers ranging 
in thickness from 10 to 100 pm were grown at 900°C 
on an area of 0.5 cmz at a rate of about 6 pm/min by 
passing an electric current of 60 A/cmz for a period of 
2-20 min. Growth was terminated by turning the 
current off. In the thermal growth experiments the 
growth was performed from equilibrated solutions 
by cooling from 910' to 900°C at a rate of l0C/min. 

In both procedures, after growth was completed, the 
system was kept at the growth temperature for time 
periods ranging from 1 min to 3 hr with the grown 
layer in contact with the solution. The experiment 
was terminated by quenching the system to room 
temperature with an initial cooling rate (from 900" to 
700°C) of about 7O0C/min. The solution was left over 
the epitaxial layer or wiped by the moving slider 
prior to cooling. 

After cooling, if the excess Ga-GaAs mixture was 
not wiped, it was removed from the epitaxial layer 
surface by boiling in HC1; the epilayer was cleaved 
and etched in AB etchant for about 30 sec. Interference 
contrast microscopy was employed to determine the 
thickness of the epitaxial layers. Whenever necessary, 
the part of the epitaxial layer grown during cooling 
to room temperature (about 5-10 pm in thickness) was 
etched away in 5 parts HzS04 + 1 Hz0 + 1 HZ&. 
Ohmic contacts were soldered on the substrate and the 
epilayer employing 8n and In in an Hp atmosphere. 

The epitaxial layers were n-type with a carrier con- 
centration of about 5 x 10'8 cm-s. Schottky barriers 
required for EBIC-mode measurements were made by 
evaporating aluminum or gold on the surfaces of the 
epitaxial layer. 

Minority carrier diffusion length and lifetime.-Mea- 
surements of the minority carrier diffusion length were 
performed utilizing electron beam excitation as shown 
schematically in Fig. 1. The diffusion length was ob- 
tained from the dependence of the electron beam-in- 
duced current (EBIC) on the distance between the 
generation position and the collecting Schottky barrier 
or the p-n junction (16). Reabsorption of photons re- 
sulting from radiative recombination in general intro- 

ELECTRON 
BEAM (1 1 

Fig. 1. Schemotic representation of the experimental configuration 
far the determination of the minority carrier diffusion length by 
the EBIC method; see text. 

duces uncertainties in the determination of the minor- 
ity carrier diffusion length. However, in the present 
case, such uncertainties are of no consequence, since 
the lifetime of the minority carriers was significantly 
lower (up to two orders of magnitude) than the radia- 
tive recombination limit. A 35 keV electron beam en- 
ergy was used in all experiments to minimize the effect 
of surface recombination on the measured diffusion 
length (17). 

The configuration shown in Fig. 1 made possible the 
determination of the diffusion length, L,, of the minor- 
ity carriers in the epitaxial layer near the epilayer 
surface (with the electron beam at position 1 and 
with current circuit I), and near the substrate (with 
the electron beam in position 2 and with current cir- 
cuit 11); the minority carrier diffusion length was also 
determined in the p-type substrates (with the elec- 
tron beam in position 3 and with current circuit 11). 

Values of lifetime, r, were estimated from the stan- . . 

dard relationship, L = (qw )I1: where fi is the 
. -  . 

minority carrier mobility and kT/e equals 0.026V at 
300'K. In p-type GaAs (substrates in the present case) 
the electron mobility can be noticeably smaller than 
the mobility of electrons in n-type material of similar 
free carrier concentration (18). Accordingly, in evalu- 
ating the electron lifetime in the substrates recently 
calculated theoretical values of electron mobility in 
p-type GaAs were used (18). In these calculations the 
contribution of electron scattering by heavy holes and 
the difference in screening energies between holes and 
electrons have been taken into account. In the case 
or holes their mobility as majority or minority car- 
riers is expected to be similar at room temperature and 
for free carrier concentrations below 10" cm-3 (since 
screening effects and carrier-carrier scattering are not 
significant). Accordingly, in evaluating the hole life- 
time in epitaxial layers, the hole mobility value of 
p, N 300 cm2/V-sec was used, i.e., the hole mobility 
in p-type GaAs with hole concentration of 5 x 10'8 
cm-3 (19), which is similar to the electron concen- 
tration in the epitaxial layers. 

Results and Discussion 
Substrate.-The minority carrier lifetime in the 

substrate material was found to be about 10-10 sec, 
i.e., two orders of magnitude smaller than the lifetime 
value expected from band-to-band radiative recom- 
bination (20). It was also determined that the sub- 
strate material is highly inhomogeneous with local 
lifetime fluctuations exceeding a factor of 4. These 
findings clearly indicate that the lifetime in the sub- 
strates is controlled entirely by nonradiative recom- 
bination and thus the substrate must contain a high, 
nonuniform, concentration of recombination centers. 

Outdiffusion of recombination centers from the sub- 
strate.-The lifetime in the epitaxial layers was mea- 
sured as a function of position on a given plane parallel 
to the surface, as a function of distance from the sub- 
strate-epitaxial layer interface, and as a function of 
time the layer was kept at the growth temperature. 

Typical results of the lifetime measurements as a 
function of position on a plane parallel to the surface 
of the epitaxial layer are given in Fig. 2. The upper 
curve corresponds to positions near the surface of the 
epitaxial layer. The layer was 40 .um thick; it was 
grown electroepitaxially and was kept 20 min at  the 
growth temperature (from the beginning of growth to 
the beginning of cooling). It is evident from Fig. 2 that 
lifetime inhomogeneities of a similar nature are pres- 
ent near the substrate-epitaxial interface and near the 
surface of the layer; however, near the surface the 
lifetime values are significantly higher. It should be 
noted that even the highest values of lifetime are well 
below the values (of the order ofi 10-7 sec) expected 
from radiative band-to-band recombination (20). 
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'"" ; b ;j ; 1 '  
Distance ( m m )  

Fig. 2. Minority carrier lifetime profiles along two planes parallel 
k the growth interface; 0-near the original growth interface 
(position 2 in Fig. 1); .-near surface of epitaxial Iayer (position 
1 in Fig. 1). 

The above behavior of the minority carrier lifetime 
can be understood if one considers that the substrate 
represents a source of recombination centers which dif- 
fuse into the epitaxial layer during the growth process 
and thermal treatment. On this basis, the difference 
between the lifetime near the epitaxial layer surface 
and the lifetime near the epitaxial layer-substrate 
interface should decrease with increasing exposure 
time of the system to the growth temperature. Simi- 
larly, the lifetime in the epitaxial layer should de- 
crease with increasing exposure time to the growth 
temperature. As is seen from Fig. 3, such behavior is in- 
deed found in electroepitaxially and in thermally 
grown layers. The lifetime in both electroepitaxially 
and thermally grown layers behaves similarly upon 
exposure to high temperature after growth, as it is 
dominated by recombination at outdiffused centers. 

The fact that recombination centers outdiffuse from 
the substrate into the epitaxial layers is further sup- 

ported by the results shown in Fig. 4. Here the lifetime 
measured near the epitaxial layer surface is plotted as 
a function of thickness of the epitaxial layers, all of 
which have been exposed to a high temperature 
(growth temperature) for the same period of time 
(20 min). The layers were grown by electroepitaxy 
and at the same growth rate of about 6 pm/min. It is 
seen that the liretime increases by about two orders of 
magnitude (near the surface) as the distance from 
the substrate (thickness of the layer) increases from 
5 to 90 pm. 

If the simplified assumption is made that the life- 
time is inversely proportional to the concentration of 
the recombination centers, the data of Fig. 3 and 4 
can be used to estimate the diffusion constant of the 
recombination centers. Thus, treating the substrate- 
epitaxial layer interface as a limited diffusion source 
(21) the lifetime becomes 

where x is the distance from the substrate-epitaxial 
layer interface, t is the time, and D is the diffusion con- 
stant of recombination centers. From this expression 
the solid line in Fig. 3 is obtained by taking x = con- 
stant and the solid line in Fig. 4 by taking t = constant. 
From these plots a value for the diffusion constant of 
the recombination centers of approximately 5 x 10-9 
cmVsec is obtained (900'C). The same value of 5 x 
10-9 cmz/sec has been reported for point defect diffu- 
sion in GaAs (gallium vacancies) at 1000'C (22). 

It is important to note that the observed lifetime 
behavior which is consistent with the above diffusion 
model, cannot be explained on the basis of impurity 
segregation effects. A recent experimental and theo- 
retical analysis of impurity segregation in GaAs dur- 
ing electroepitaxy (23) has shown that the maximum 
changes of the dopant segregation coefficients do not 
exceed 40%, i.e., they are two orders of magnitude 
smaller than the changes required to account for the 
presently reported lifetime behavior. 
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Fig. 3. Minority carrier lifetime as a function of time at  the 10 100 
growth temperature (900'C); A, 0 near the original growth inter- Layer thickness (pm) 
face; A, .-near the surface of the epitaxial layer; circles corre- 
spond to Iayers grown by electroepitaxy and triangles to thermally Fig. 4. Minority carrier lifetime near the surface of the Iayers as 
grown layers; all layers were 40 pm thick. a function of the layer thickness. 
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Growth velocity and the effects of outdiffusion.-The 
diffusion constant of impurities and point defects de- 
creases exppnentially with decreasing temperature, 
and thus lowering the growth temperature should 
drastically reduce the effects of outdiffision from the 
substrate. However, there are limitations to the lower- 
ing of the growth temperature as the attainable 
growth rate decreases significantly and single crystal 
growth becomes problematic. 

On the other hand, it is evident that the effects of 
outdiffusion can be reduced if the growth velocity, R, 
is much greater than the velocity of the diffusion front 
propagation VD. In a diffusion process a constant con- 
centration profile can be approximated as d/4Dt = 
const.; consequently, v~ = &/dt = const. v g t .  Thus, 
the condition R >> VD can be expressed as 

Equation [2a] represents the case where growth is 
performed for certain time t and Eq. [2b] represents 
the case where the growth of a layer of a thickness 
d is required. 

In the present case the outdiffusion constant of re- 
combination centers was found to be 5 x 10-9 cmz/sec. 
Thus, according to Eq. [2b], for a layer 40 / ~ m  thick the 
growth rate required to reduce significantly the effect 
of outdiffision is R >> 0.75 @m/min. In the present 
experiments the electroepitaxial growth velocity was 
about 6 pm/min, which is high enough to satisfy the 
above condition for reducing significantly the effects 
of outdiffusion of recombination centers. Accordingly, 
it is not surprising that, without a postgrowth heat- 
treatment epitaxial layers 40 p m  thick were consist- 
ently grown with a lifetime of about 10-7 sec. 

The growth velocity in thermal LPE is limited by 
the slow solute transport to the growth interface and 
by the fact that the relatively smalI supercooling must 
be used to prevent spurious nucleation in the solution 
(24). These limitations are overcome in electroepitaxy 
(15). 

Summary and Conclusions 
It was found that outdiffusion of recombination cen- 

ters from a substrate to the epitaxial layer takes place 
during liquid phase epitaxial growth. From the study 
of the time dependence of the diffusion process a dif- 
fusion constant of 5 x 10-9 cm2/sec at 900°C was ob- 
tained for the outdiffusion of recombination centers. 
This value is the same as that reported for the diffusion 
constant of Ga vacancies in GaAs at 1000". It should 
be noted that outdiffusion of point defects from the 
substrate has recently been suggested (25) on the 
basis of measurements on the distribution of residual 
deep levels in LPE GaAs crystals employing photo- 
capacitance in conjunction with step-etching. 

According to the present results, the recombination 
of minority carriers at the outdiffused defects con- 
stitutes the limiting factor for the minority carrier 
lifetime in the epitaxial layers. It has also been shown 
that the substrate-epitaxial layer interaction during 
the growth process can be reduced by increasing the 
growth velocity. Thus utilizing high growth velocities 
attainable in electroepitaxy, an improvement of as 
much as two orders of magnitude in the minority car- 
rier lifetime was observed. The present results could 
account for the improved characteristics of GaAs 
lasers grown under high growth velocities (26). 

Thus, the recombination characteristics of excited 
carriers in epitaxial layers are significantly influenced 
by compositional and structural defects in the sub- 

strate. Since it is generally accepted that the quality of 
melt-grown GaAs substrates is poor (in terms of de- 
fects, residual impurities, and compositional idhomo- 
geneities) (13) improved GaAs substrates are essential 
for the consistent growth of device quality GaAs LPE 
layers. 
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Etching Uniformities of Silicon in CF4 + 4% 0, Plasma 
Masanobu Doken and lsao Miyata 

Nippon Telegraph and Telephone Public Corporation, 
Musashino Electrical Communication Laboratory. Tokyo 180, Japan 

ABSTRACT 
The etch rate uniformity of silicon and polysilicon in a CF4 + 4% 0 2  plasma 

was investigated using a volume-loading apparatus. The results of experi- 
mental and theoretical studies show that the etching process of silicon and 
polysilicon in CF4 + 4% Oz plasma is a diffusion limited one. Therefore the 
etch rate can be made uniform across a wafer by using rings which control 
the diffusion of free radicals from the direction normal to the surface of wafer. 

Silicon-gate technology provides higher packing 
density and higher switching speed for MOS LSI 
(1, 2). Patterning of the polysilicon gate electrode 
requires an etching technology that is capable of pro- 
viding precise and uniform etching across the wafer. 
Plasma etching is one of the promising processes out 
of many etching techniques that have been tried be- 
cause it results in a closer etching tolerance. 

As plasma etching is a chemical process, some un- 
dercutting can occur. So a uniform etch rate is neces- 
sary to obtain uniform pattern generation. 

For slow etch rate materials such as silicon dioxide, 
etch rate uniformity of 23% can be readily achieved 
with a perforated metal tunnel (etch tunnel) (3-6). 

For fast etch rate materials such as silicon or poly- 
silicon, however, etch rate uniformity becomes 20- 
30%, and is degraded as the wafer spacing is de- 
creased. The etch rate is also nearly inversely pro- 
portional to the load size (area to be etched) in a 
volume-loading apparatus (7). 

In this paper we report that a sufficiently uniform 
etch rate can be achieved by using simple aluminum 
rings mounted in the apparatus. The rings are thought 
to control the diffusion of free radicals from the di- 
rection normal to the surface of wafer and make the 
density of free radicals uniform at the surface of 
wafer. 

Theoretical calculation of the etch rate uniformity 
is performed based on a diffusion limited model and 
the results show good agreement with the experimental 
data. 

Experimental Procedures and Results 
Plasma etching was carried out in the IPC 2005-1813 

SC plasma etcher which has a quartz reaction cham- 
ber of 8 in. in diameter and 13 in. in length. The etch 
tunnel was also used. The etching gas used was CF4 + 
4% 0 2 .  The pressure and the flow rate of the gas in 
the reaction chamber were maintained constant 
through the experiments at 0.55 2 0.05 Torr (about 
73 Pa) and 22 2 2 cm3/min, respectively. 

The rf power (at 13.56 MHz) was coupled into the 
external electrodes of the reaction chamber with an 
automatic impedance matching network. 

Figure 1 shows a schematic representation of the 
plasma etcher. The wafers to be etched were loaded 
onto an aluminum boat perpendicular to the cylindri- 
cal axis of the reaction chamber. 

Polished single crystal silicon wafers of 5 a-cm, 
n-type conductivity and oriented in <loo> direction 
were mainly used in the experiments. The wafer size 
was 3 in. in diameter. In the experiment on under- 
cutting, wafers on which an oxide thickness of lOOOA 
was thermally grown and then 5000A of phosphorus- 
doped polysilicon was deposited were used. Shipley 
Chemical Company's AZ1350J photoresist was used 
as the etching mask and the etching depth was mea- 
sured with Talystep. 

Key words: diffusion, gas plasma, etch rate, patterning, reactor. 

Figure 2 shows the variation of the etch rate of 
single crystal silicon wafers us. the number of wafers 
loaded in the reaction chamber. The value of the 
etch rate was measured at the center of wafer. The 
wafer spacing was 9.5 mm, the area exposed to free 

etching gas outlet 

'- etch tunnel 

- + A l l  I quartz 1 

external 1 
electrodes 

Fig. 1 .  Schematic representation of plasma etcher 

etching gas inlet 

Wafer spacing 9.5mm 

reaction 
chamber 

- 1600 - RF Power 50W 
c .- 
E 
\ 1200 
oa - 

800 
+ 
e 
JZ 400 
0 

G 
' 0 2 4 6 8  

Number of 3" Wafers 
Fig. 2. Silicon etch rate variation with wafer load 
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radicals was 26.5 cm2 per wafer, and the rf power 
was set at 50W. 

In this experiment, quartz dummy wafers which 
were the same size as the silicon wafers were used to 
keep the gas flow constant. Therefore, the total num- 
ber of the silicon and quartz wafers was 8 throughout 
this experiment. The etch rate of the silicon wafer de- 
creased at the rate of 10% per silicon wafer. This 
loading effect is thought to arise from the competition 
among the wafers to acquire the available etching 
radicals (4, 8, 10). 

Figure 3 shows the etched depth and the wafer tem- 
perature us. etch time. The rf power was 200W and 
the area exposed was 90 cm2. The wafer temperature 
was measured with Hermet which was a heat sensi- 
tive label and had hermetically sealed temperature 
indicators. The wafer temperature was nearly uniform 
over the wafer, for the temperature difference be- 
tween the center and the periphery was less than 
3°C. 

The etching depth increased almost linearly with 
etching time. In order to investigate the temperature 
dependence of the etch rate in detail, the etching be- 
havior in the initial few minutes was analyzed. 

In general the etch rate A can be expressed as 

where T is absolute temperature, k is Boltzmann con- 
stant. E is activation energy. and B is a proportional . . 
constant. 

E can be obtained from the slope of the log A vs. 
1/T plot as shown in Fig. 4. The value of E is 0.02-0.04 
eV. Almost the same activation energy has been re- 
ported by Horiike and Shibagaki, and Mogab from 
different experiments (9,lO). 

l 8 0 1 ~ 1 1 1 1 1 1 1 1 1  
- 
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U 
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' 0 2 4 6 8 1 0  
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Fig. 3. W a t e r  temperature and etching depth vs, etching t ime 

- 10000 1 0 Wafer Periphery 1 
C .- I Wafer Center < 5 0 0 0  

Temperature I O ~ / T  (OK- '  1 
Fig. 4. Temperature dependency of etch rate 

Figure 5 shows the etch rate uniformity across a 
wafer vs. the wafer spacing L. Two silicon wafers 
were set back to back between two aluminum dummy 
wafers as shown in Fig. 5(b). L = oo means to re- 
move the aluminum dummy wafers in Fig. 5 (a). 

Only the etch rate at the wafer center was slower 
than that of the wafer periphery and the etch rate 
uniformity was degraded as the wafer spacing de- 
creased. Then the average etch rate per wafer de- 
creased as the wafer spacing decreased (11). 

The following results were obtained from the above 
experiments about the etch rate of silicon in CFI + 
4% 0 2  plasma: (i) considerable loading effect; ( i i )  
small temperature dependence; and (iii) large wafer 
spacing dependence. These experimental results sug- 
gest that the etching process of silicon in CF4 + 4% 
0 2  plasma is a diffusion limited one. 

I I l l l l l l l l l  

Wafer Spacing L(mm) 

Distance from Wafer Center (mm) 
(a Etchrate uniformity 

silicon wafers aluminum 
dummy 

J4Gzfer 
'I boat > 

( b )  Wafer Setting 

Fig. 5. Radial etch ra te  uniformity across wafer with wafer 
spacing. 
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Theoretical Calculation 
The etch rate uniformity was calculated based on 

a diffusion limited model under the following assump- 
tions. 

( i )  The lifetime of free radicals contributing to the 
etching process is sufficiently long that all arrive at  
the wafer surface ( 9 ) .  So, the etch rate is simply 
proportional to the density of the free radicals at  the 
diffusion layer surface. 

( i i )  The free radicals are generated within the 
space between the reaction chamber and the etch 
tunnel. Since this space is cylindrically symmetrical 
about the tube axis and narrow compared with tube 
diameter, the generation rate G can be treated as 
constant with location. 

( i i i )  The thickness of the diffusion layer h, the 
diffusion coefficient D in the reaction chamber, and 
the diffusion coefficient d in the diffusion layer of the 
free radicals are independent of the density and lo- 
cation of the free radicals. 

( i v )  The thickness of diffusion layer is negligible 
compared to thickness of wafer and the wafer spacing. 

( v )  The diffusion velocity of the free radicals is 
faster than the drift velocity. With this assumption, 
the density of the free radicals can be considered to 
have cylindrical symmetry about the axis of the reac- 
tion chamber. 

As the volume of the reaction chamber is about 10 
liters and the gas flow rate is 22 cmt3/min at 1 kg/cm2, 
the drift velocity is estimated to be about 0.85 cm/sec. 
From kinetic theory of molecule, the diffusion coef- 
ficient is expressed as 

D = cf/3 

where f is mean free path of free radicals and c is 
the mean square velocity. 

If the free radicals are all fluorine and the density 
of carbontetrafluoride is higher than that of fluorine 
free radicals ( 7 ) ,  f and c are 8 x 10-3 cm and 6 x lo4 
cm/sec at  25°C and 0.5 Torr, respectively. Then D is 
calculated as 160 cmZ/sec. Therefore the assumption 
(5) may be reasonable. 

The diffusion equation is expressed as follows using 
cylindrical coordinates ( r ,  @, z )  as shown in Fig. 6 

where N = N ( r , z )  is the density of the free radicals. 
Variable @ is eliminated by the symmetry, and the 
diffusion equation becomes a two dimensional equa- 
tion. 

The boundary conditions are as follows 

aN - = 0 at  all surfaces 
an 

141 

Here, an implies the differential to normal direction 
against the reaction chamber walls and dummy wafer 

Fig. 6. Calculation model 

surfaces. 
G = 0 inside tunnel 151 

This condition is used within the etch tunnel and 
means that generation and recombination of the free 
radicals do not occur. 

a N ( r , z )  N ( r , z )  
D - = d - at  the diiusion layer surface 

az h 
161 

This condition is used at  the diffusion layer surface 
and means that the flow of free radicals is continuous. 

The values of D, d, and h are unknown but only the 
ratio of d/Dh = K is sufficient to solve the diffusion 
Eq. [3]. So K is treated as a parameter in calculation 
of N .  As N is proportional to G/D, ND/G was calcu- 
lated and G/D can be selected arbitrarily in this cal- 
culation. The calculation was carried out by numeri- 
cal method about the case shown in Fig. 5. The pro- 
cedure of calculation is shown in the Appendix. 

The calculated etch rate uniformity across a wafer 
and the experimental results are shown in Fig. 7 .  The 
uniformities are normalized by the etch rate at the 
wafer center in the case of L = m. The calculated 
results are shown only in the case of K = 0.088 cm-I. 
The experimental values are the same used in Fig. 5. 

The calculation shows that the etch rate uniformity 
is degraded as the wafer spacing decreases and K in- 
creases. Free radicals are generated only in the annu- 
lar volume between the etch tunnel and the reactor 
wall, so there is a density gradient of free radicals 
across the wafer surface. The calculated results show 
that this gradient decreases as the wafer spacing in- 
creases and K decreases. 

Coincidence between the experimentally and theo- 
retically calculated etch rate uniformity becomes 
quite good when the value of K is set at  0.088 cm-1 
as shown in Fig. 7 .  The change in etch rate at  the 
center of the wafer with wafer spacing also shows 
good agreement with experiments as shown in Fig. 8. 

Radical Diffusion Control 
From the studies mentioned above, the etch rate uni- 

formity of silicon wafers can be explained by a dif- 
fusion limited model. Therefore, to improve the etch 
rate uniformity, it can be thought effective to control 
the diffusion of free radicals. 

For this purpose we have tried to use simple alumi- 
num rings as shown in Fig. 9 .  These rings are set in 
parallel with the wafers in the apparatus. The rings 
restrict the diffusion of free radicals from the direc- 

1 . 1 '  I ' I S  I ' I J l ' l ' l ' I '  I  

200 Wafer Spacing L(mm) 

Distance from Wafer Center (mm 1 
Fig. 7. Calculated radial etch rate uniformity across wafer with 

wafer spacing. K is  set at 0.088 cm-1 in calculation. 
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tion normal to the wafer surface at the wafer periphery 
to slow down the etch rate there. 

One of the experiments using these rings is shown 
schematically in Fig. 10. The wafers covered with 
phosphorus-doped polysilicon were used to investigate 
the undercutting in this experiment and were placed 
as shown in Fig. 10(b). The wafer spacing was 13.8 
mm, the rf power was 50W, and the area of polysili- 
con exposed to free radicals was 26.5 cmz. 

The etch rate uniformity improved from a value of 
10% without the rings to a value less than 5% with 
the rings. The improvement in the etch rate uniformity 
is especially pronounced in the center of the wafer. 
With this effect the uniformity of the undercutting over 
the wafer was also greatly improved. 

Figure 11 shows the uniformity of the undercutting 
on the wafer with the etching time and the width of 
the mask pattern as parameters. As can be seen from 
this experiment, aluminum rings offer a quite uniform 
etch rate over the wafer which causes a uniform pat- 
tern generation on the wafers as shown in Fig. l l (b) .  
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APPENDIX 
Equation [31 was solved by the difference method. 

We divide z and r into thin layers of thickness m and 
n, respectively, and consider only the region as shown 
in Fig. 12, because of the cylindrical and plane (z = 0) 
symmetry. Derivatives were approximated by differ- 
ence quotients. From Eq. [3] 

Conclusions NI+~,J - 2Nu + NI-IJ 1 NI+IJ - Ni-IJ 
The main conclusions of the present investigation are n2 +- (i - l ) n  2n 

the following: (i) The etching process of silicon and 
polysilicon in a CF4 + 4% 02 plasma is diffusion lim- + NIJ+I - ~ N I J  + NIJ-1 G 
ited; and (ii) The variation in etch rate across a wafer + - = O  

mz 
can be reduced by the addition of rings which control 

D 

the diffusion of free radicals. Uniform etch rate offers where i and j are integers and Nu = N((i  - l)n,  
(j - 1) m) = N (7, z ) .  From this difference equation 

uniform pattern generation because plasma etching is 
an isotropic etching process. 

1601 - Calculated 4 
120 

Experimental 

p Wafer Spacing L (mm) 
Fig. 8. Etch rate a t  wafer center vs. wafer spacing. K is set a t  

0.088 cm-1 in calculation. 

ring A 

Fig. 9. Example of aluminum rings 
of aluminum is 0.4 mm. 

r ing B 
for uniform etching. Thickness 

The chamber wall, Al dummy wafer surface, and the 
surface of the diffusion layer are represented by 
i = I or j = J, j = J1 and j = 52, and j = 2, respec- 
tively, as shown in Fig. 12. Then the boundary con- 
ditions are as follows. 

From Eq. [4] 

Nlj = NI-IJ; NjJ = Nld-1 at  the chamber wall 

[A-21 

Nwa = NIJZ+I; NI.JI = NWI-I 

at  Al dummy wafer surface [A41 

From Eq. [5 1 
G = 0 inside etch tunnel [A-41 

From Eq. [6] 
Nw - NI,~ - dNu -- 

m h 
Namely - 

1 
Nla = - Ni.8 at the diffusion layer surface 

dm 
[A-51 

And from the symmetry 

NIJ = NZJ; NI.I= N u  without wafer surface 

[A-61 

N I ~  was calculated by the iterative method using 
Eq, 171 under the boundary conditions of Eq. [A-21- 
[A-61. In calculation, m and n were chosen at 1/32 
and 1/16 in., respectively. 

As N is proportional to G/D, C/D can be selected 
arbitrarily in this calculation. The boundary condition 
of Eq. [A-51 contains d/hD = K. So N was calculated 
for various values of K. 

Since etch rate is proportional to N at the surface 
of the diffusion layer, theoretically calculated etch 
rate uniformity can be obtained and compared to the 
experimental etch rate uniformity. K was selected at 
the value of 0.088 cm-1 that gave good coincidence 
between calculation and experiment. 
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ABSTRACT 

Oxygen microsegregation and swirl defect formation in Czochralski-grown 
silicon were studied by employing interface demarcation, spreading resistance 
measurements, infrared absorption, high resolution etching, and x-ray topog- 
raphy. It was found that for forced convection conditions of growth, oxygen 
segregation is microscopic growth rate-controlled. Maxima in oxygen concen- 
tration occurred at minima in the microscopic rates indicating that the segre- 
gation coefficient of oxygen is greater than 1. The distribution of swirl defects 
was found to be critically dependent on the amplitude of the microscopic 
growth rate fluctuations; this dependence made it possible to show that the 
critical impurity nuclei are not related to oxygen but to some impurity, 
most likely carbon, having a segregation coefficient less than 1. 

Unlike float-zone grown silicon, the study of swirl 
defects in Czochralski (1-4) grown silicon has thus 
far received little attention. The presence of a 
high concentration of impurities, particularly oxygen 
(5, 6) and carbon (7, 8) constitutes an interference 
in the study of swirls in Czochralski silicon. Thus, 
the possibility of impurity precipitation (9-13) dur- 
ing crystal cool-down and subsequent heat-treatments 
has prevented the unambiguous identification of the 
nuclear mechanisms (14) of swirls. In fact, the pres- 
ence of oxygen precipitates (SiOn) in a swirl-like 
pattern in Czochralski-grown silicon are often re- 
ferred to as swirls while no SiOz precipitation is ob- 
served for float-zone silicon. This leads to the ques- 
tion as to whether or not swirls in Czochralski sili- 
con act as nucleation centers for SiOz precipitates. 

Since oxygen is the most predominant impurity in 
Czochralski-grown silicon and has been found to af- 
fect various stages of thermal device processing (15- 
1'0, oxygen microsegregation was studied in the pres- 
ent investigation; the study mas correlated with a 
study of swirl defect formation. Interface demarca- 
tion (18) (for the determination of the microscopic 
growth rates) was employed in conjunction with 
spreading resistance measurements, x-ray topography, 
infrared absorption, and high resolution etching. 

Experimental 
Crystal growth.-Silicon crystals were grown in 

the <loo> direction at constant pulling rates and 
doped with boron or antimony to concentration levels 
of -lOls/cm3 and lOl8/cm3. The crystals were pulled 
either from 75g melts or 10 kg melts. The crystal 
pull rates, crystal and crucible rotation rates, crystal 
diameters, and crucible aspect ratios (d/h) employed 
were: 

Interface demarcation was applied during growth 
from 75g melts by employing current pulses of 18A 
and 50 msec duration with a repetition rate of 0.5 sec. 
The details of the technique and the mathematical 
analyses for the determination of microscopic rates 
of growth are similar to those employed elsewhere 
(18). 

Measurements.-From IR absorption measurements 
(19) (using a Fourier spectrometer) the variation 
in mean oxygen concentration from seed to tail end 
was determined to be 2 x 1018-5 x lOl7/cm3 for crys- 
tals pulled from 10 kg melts and 1 x 1018-7.5 x 1017/ 
cm3 for crystals pulled from 75g melts. Carbon con- 
centrations were also determined from IR absorption 
measurements (20), and typically were found to be 
about lOl6/cm3. 

All microscopic measurements were carried out on 
longitudinal (100) slices (1 - 2 mm thick), cut along 
the <loo> direction. Fluctuations in dopant concen- 
tration were determined from single probe spreading 
resistance measurements a t  5 &m intervals on slices 
heat-treated at 800°C for 1 hr (to eliminate oxygen 
donors) and lapped, etched, and Syton polished. For 
the determination of fluctuations in oxygen concen- 
tration, the slices were heat-treated at 450°C (21-24) 
for 50 hr, lapped again to remove about 50 of the 
surface layer, reetched, and Syton polished; spreading 
resistance measurements were carried out again on the 
identical locations used prior to heat-treatment; ref- 
erence marks were employed for identifying these 
locations. The difference in carrier concentrations, de- 
termined from the successive spreading resistance 
measurements was taken equal to the thermally ac- 
tivated oxygen donor concentration. The latter was 
converted to oxygen concentration through silicon 
samples from the same crystal, for which the thermal 
donor concentration was determined as above and the 

Rotation rate oxygen concentration from IR absorption measure- 
ments. The mean thermal donor concentrations and 
the corresponding oxygen concentration values for 

pull.rate crystal crucible ~ i ~ ~ ~ t ~ ~  ratio two silicon samples employed in the present analysis 
are shown in Table I. 

75g melts: 40 mmlhr 0-20 rpm 0-20 rpm -20 mm (2-2.5) Interface demarcation lines and dopant striation 
kg melts: 75 mm,hr 0.40 rpm 0.20 rpm -,5 mm (1.7.2,2) (in crystals doped to concentration levels of - l O l s  

atoms/cm3) were revealed by employing the Sirtl 
* Electrochemical Society Active Member. etchant following Syton polishings; the details of the 
Key words: defects, infrared, x-ray. etching procedure are discussed elsewhere (18). 
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The swirl defect distribution was revealed through 
copper decoration (at 1000°C for 45 min). The slices 
were subsequently lapped, polished, and preferentially 
etched with the Sirtl or Wright etchant (25). The 
swirl defect distribution and dopant striations, as re- 
vealed by etching, were recorded using interference 
contrast microscopy. In some instances the swirl dis- 
tribution was obtained with x-ray transmission to- 
pography. 

Results and Discussion 
The present investigation is based on experimental 

correlations between variations in dopant concentra- 
tion, oxygen concentration, microscopic growth rate, 
and distribution of swirl defects. 

Dopant concentration variations and microscopic 
growth rate.-A segregation analysis was carried out 
(dopant concentration distribution as a function of 
microscopic growth rate) for Sb-doped crystals (lo1*/ 
cm3) pulled from 75g melts (about 20 mm in diam) 
under seed rotation (5 rpm) and under crucible rota- 
tion (7.4 rpm). Measurements were carried out on 
longitudinal (100) slices, 0.5 mm from the periphery; 
the results are shown in Fig. 1 and 2, respectively. In 
both figures the photomicrographs exhibit periodic 
dopant striations (broad lines), interface demarca- 
tion lines (fine lines), and spreading resistance probe 
impact traces. The microscopic growth rates (ob- 
tained from the space of the demarcation line and the 
frequency of the current pulses) and the dopant con- 
centration (obtained from the spreading resi>tance 
measurements) along the region depicted by the 
photomicrographs are also shown in the two figures. 

The period of the dopant striations coincides with 
the period of seed rotation in big. 1 and that of cru- 
cible rotation in Fig. 2. Thus, the striations in Fig. 1 
are 135 pm apart; since the average pulling rate was 
11 pm/sec, the period of the striations is 12.2 sec in 
good agreement with the period of rotation of 12 sec 
(5 rpm). In Fig. 2 the striations are 105 pm apart; 
since the average pulling rate was 13 psec, the period 
of striations is 7.7 sec, in good agreement with the 
period of crucible rotation of 8.1 sec.1 The coincidence 
of the period of dopant striations with the period of 
seed and crucible rotation indicates that growth in 

'Although under the present experimental conditions the stri- 
ations exhibited the same perlod as that of the crucible rotation, 
i n  general significant differences between these may be observed. 

3.01 I I I I 100 200 300 400 500 
Distonce Grown ( p m )  

Fig. 1. Microsegregation analysis in Si: microscopic growth rates 
and dopant concentration variation for longitudinal segment of a 
(20 mm diam) crystal ~ u l l e d  under seed rotation (5 rpm) 
pulling-rate: 40 mm/hr. Dopant remelt-striations (dark lines), 
interface demarcation (faint lines), and the impact traces of 
spreading resistance measurements are visible. 

Distance Grown ( u m )  

Fig. 2. Microsegregation analysis in Si: growth rate and dopant 
concentration variation for longitudinal segment of a crystal (20 
mm in diam) pulled under crucible rotation (7.4 rpm); pulling-rate: 
40 mm/hr. Dopant striotions (dark lines), interface demarcation 
(faint lines) and impact traces of the spreading resistance mea- 
surements are again vi5ible in the photomicrograph. No backmelting 
is associated with striotions under crucible rotation. The amplitudes 
of microscopic growth rate and dopant concentration variation 
under crucible rotation are significantly smaller than under seed 
rotation (see Fig. 1). 

both cases took place under forced convection con- 
ditions (18, 26, 27). 

As seen in Fig. 1 and 2, the dopant concentration 
maxima and minima coincide with the microscopic 
growth rate maxima and minima, respectively. Ac- 
cordingly, segregation in the present case is micro- 
scopic growth rate-controlled (the distribution coeffl- 
cient of Sb in Si is less than one). 

In the case of seed rotation, there are about nine 
interface demarcation lines between successive rota- 
tion striations, as seen in Fig. 1. The demarcation lines 
were introduced at  0.5 sec intervals; thus, between 
successive rotational striations 4.5 sec of growth 
elapsed while the seed rotation period was 12 sec. 
Accordingly, in the seed rotation case, there is sig- 
nificant backmelting within each rotational cycle. 
As is typical for growth with backmelting, between 
two successive rotational striations the microscopic 
rate increases to a maximum and then subsequently 
decreases abruptly; the microscopic growth rate 
varies from zero to 45 &m/sec. 

In the case of crucible rotation (Fig. 2) there are 
about 15 demarcation lines between two successive 
striations, i.e., the elapsed growth time is 7.5 sec or 
approximately equal to the crucible rotational period 
(8.1 sec). Thus, under crucible rotation there is no 
backmelting and the amplitude of variations in 
microscopic growth rate and dopant concentration 
are a fraction of those observed under seed rotation 
although the thermal configuration of the growth 
apparatus was the same in both cases. 

Oxygen concentration variations and microscopic 
growth rate.-The oxygen concentration distribu- 
tion in Si can be determined by spreading resistance 
measurements after the oxygen in the crystal is ac- 
tivated to oxygen donor levels by heat-treatment at  
450°C (for 50 hr in the present case). Accordingly, 
the boron dopant concentration shollld not exceed 
the activated oxygen donor concentration which for 
Czochralski-grown crystals has a maximum value 
of about 10lVcm3. At these boron concentrations i t  
is not possible to relate directly the carrier concen- 
tration variations to the microscopic growth rate be- 
cause interface demarcation lines cannot be revealed 
by chemical etching. It will be assumed, however, 
that the dependence of dopant concentration varia- 
tions on the microscopic growth rate found in crys- 
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Fig. 4. Swirl defect distribution on a (100) longitudinal slice of a 
crystal pulled under 5 rpm seed rotation; crystal diameter: 75 mm; 
pull-rate: 75 mm/hr; boron dopant concentration: 10'5/cm3. Slice 
was Cu-decorated for 45 min a t  1000°C and Sirtl-etched. Swirls 
are striated with the period of seed rotation. 7 ~ .  

Distance Grown (pm) 

Fig. 3. Oxygen microsegregation analysis for a crystal pulled 
under seed rotation (4 rpm); crystal diameter: 20 mm; pull rate: the segregation of both boron and 0x3'- 
12 rrmlsecr m r n n  concentmtian. 1-03 Y 1 0 1 6 1 ~ ~ 3  I,,) gen is ~ ~ C ~ O S C O P ~ C  growth rate-controlled, the varia- .- r.. . , - - - , . . . - -. . - - - - . . . - - . . - -. . . . - . . -. . . . . - - , > . - , -. . . . , -, 
Dopant concentration variation determined from longitudinal rpread- 
ing resistance measurements after a heot-treatment at 800'C for 
1 hr; (b) net free carrier concentration determined from spreading 
resistance measurements in the same region as (a), measurements 
were made after a subsequent h:at-treatment a t  450°C for 50 hr; 
(c) thermal donor concentration variation obtained from the differ- 
ence of measurements, between (a) and (b), point for point; (d) 
oxygen concentration variation computed from thermal donor con- 
centration values in (c) and calibration values in Table I. 

tals with high dopant concentrations (Fig. 1 and 2) 
is the same for crystals with low boron concentrations 
grown under identical conditions. 

Typical boron concentration variations along the 
growth direction (0.5 mm from the periphery) in a 
Si crystal pulled from a 75g melt (at a rate of 12 
rm/sec) with seed rotation (4 rpm) are shown in 
Fig. 3a. Spreading resistance measurements were 
carried out after the crystal was heat-treated at 
80OSC, as in the crystal analyzed in Fig. 1. The pe- 
riodic variation in concentration is associated with 
rotational striations as in the case of Fig. 1 and thus 
the concentration maxima must correspond to micro- 
scopic growth rate maxima. The variation of carrier 
concentration after heat-treatment at 450°C (see above) 
is shown in Fig. 3b; the values represent the differ- 
ence between the acceptor (boron) concentration 
and the activated oxygen donor concentration. Sub- 
tracting the values in Fig. 3b from the values in Fig. 
3a (point by point) one obtains Fig. 3c, and con- 
verting the activated oxygen donor concentration to 
oxygen concentration through calibration data (Table 
I)  one obtains Fig. 3d. 

It is seen in Fig. 3d that the variation in oxygen 
concentration is periodic and exhibits the same period 
as the boron concentration variations; thus, oxygen 
segregation is microscopic growth rate-controlled. 
Furthermore, since the maximum change in carrier 
concentration following the 450°C heat-treatment 
(Fig. 2b) occurs near boron concentration minima, 
the oxygen concentration maxima occur near micro- 
scopic growth rate minima (see Fiq. 1 ) .  It is thus 
concluded that the segregation coefficient of oxygen in 
Si is greater than 1, consistent with earlier reports 
(28). 

tions in oxygen concentration are appreciably greater 
than the variations in boron concentration. On the 
basis of steady-state segregation (29), the variation 
in concentration, PC/C (C is the average concentra- 
tion) can be related to the distribution coefficient 
(k,), the boundary layer thickness (6), and the dif- 
fusion coefficient (D) according to: aC/C 2. (1 - k,) 
aVG/D where AV is the amplitude of the rate varia- 
tion, since in the present case the absolute value of 
11 - k,l = 0.2 for oxygen (28) and for boron (301, 
the observed larger variation in oxygen concentration 
must be due to larger values of 6/D in the case of 
oxygen. 

Swirl defect and dopant striations.-Swirl defects 
and their distribution were investigated in Si crys- 
tals (75 mm in diam) grown by the Czochralski 
method from 10 kg melts in the <loo> direction and 
B-doped to a level of -1015/cm3. Longitudinal seg- 
ments near the periphery of the crystals, grown un- 
der forced convection (31), were employed in this 
study. To reveal swirl defects the crystals were Cu- 
decorated at  1000°C; the time of heat-treatment was 
kept to 45 min to minimize oxygen clustering (9). 

Typical results for a crystal pulled with seed rota- 
tion (5 rpm) are shown in Fig. 4 and at  a higher mag- 
nification in Fig. 5a. It is seen that the microdefects 
are striated with a period corresponding to that of the 
seed rotation (see below). A (400) Moku x-ray trans- 
mission topograph obtained from the identical region 
of Fig. 5a is shown in Fig. 5b. The distribution of 
microdefects in both instances is identical. The micro- 
defects are thus believed to correspond to A-type 
swirl defects found in float-zone Si. Consistent with 
the prevailing view that swirl defects in Si are clusters 
of thermally generated point defects ( I ) ,  they are 
not observed when a high density of dislocations is 
present, since dislocations serve as sinks for point 
defects. A typical x-ray transmission topograph of 
a Cu-decorated Czochralski-grown Si crystal (doped 
with B to 1015/cm3) with a high density of dislocations 
is shown in Fig. 6; tangles of dislocations are seen 
but swirl microdefects are absent. If, however. dislo- 
cations are introduced after growth in a dislocation- 
free crystal, swirl microdefects are not annihilated: 
as seen in the photomicrograph of Fig. 7, swirl defects 

Table I. Dependence of thermal donor concentration on oxygen concentration after heat-treatment a t  450" for 5 0  hr 

Initial hole Hole concentration Oxygen thermal 
concentration, after heat-treat- donor concen- Oxygen concen. 

No. cm-a ment, ema tration, cm-a tration, 
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fig. 5. Swirl defect distribution on a portion of the slice i n  Fig. 4, 
transmission topograph from the identical region shown in Fig. 5(a) is 
and 5(b) is identical. 1 2 ~ .  

revealed through Sirtl etching, is shown i n  Fig. 5(a) A (400) Lang 
seen i n  Fig. 5(b). The distribution of swirl defects i n  both Fig. 5(a) 

Fig. 6 A (220) Lang transmission topograph of a (100) longitudinal 
slice from a crystal having a high density of dislocations; boron 
dopant concentration: 10'5/cm3. Tangles of dislocations are seen 
but striated distribution of swirl defects is absent (see Fig. 5). Dark 
bands are due to variations i n  slice thickness. 1.1 X. 

are formed during crystal growth rather than during 
postgrowth heat-treatments. 

Unlike the swirl defects in float-zone Si, those in 
as-grown Si by the Czochralski method cannot be re- 
producibly revealed by chemical etching. This fact 
need not be surprising since the high impurity con- 
centration, particularly carbon and oxygen, present 
in Czochralski-grown Si (orders of magnitude higher 
than in float-zone grown Si) may attenuate the dif- 
ference in etching behavior between the matrix ma- 
terial and the swirl defects. Actually, when hydrogen 
is introduced into Si during growth by the float-zone 
method, swirl defects cannot be revealed by chemical 
etching (32). 

The effect of the microscopic growth rate on swirl 
defect distribution is seen in Fig. 8; the period of the 
swirl defect striations is the same as the period of 

Fig. 7. Presence of swirl defects in region of crystal (left-hand 
side) where thermal slip was introduced during Cu decoration. 
Slice was Sirtl-etched for revealing swirl defects. 

seed rotation (the crystal was grown under forced 
convection conditions with 20 rpm seed rotation and 
a pulling rate of 21 &m/sec). This striated distribution 
of defects cannot be attributed to mechanisms pro- 
posed in the literature, i.e., neither to growth rate- 
controlled incorporation of excess point defects from 
the crystal-melt interface (33) nor to the extent of 
supersaturation of equilibrium point defects during 
crystal cool-down (34); on the basis of their diffusion 
coefficient near the melting temperature of Si (-10-5 
cmZ/sec (1) ), thermal point defects can diffuse over 
distances well in excess of the 68 &rn periodic spacing 
of swirl defects (Fig. 8) in one rotational cycle ( 3  
sec) which from the above models should result in a 
uniform, nonstriated distribution of swirl defects. On 
the other hand, since rotational striations are micro- 
scopic growth rate-controlled, it must be concluded 
that the observed striated distribution of swirls, hav- 
ing the periodicity of rotational striations, is also 
microscopic growth rate-controlled; the microscopic 
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Fig. 8. Swirl defect striations on a (100) longitudinal slice of a 
crystal pulled under a seed rotation of 20 rpm (no crucible rota- 
tion); pulling-rate: 21 pm/sec; crystal diameter: 75 mm. Slice was 
Cu-decorated and preferentially etched. Region shown corresponds 
to forced convection conditions of growth. The pzriod of swirl stria- 
tions is microscopic growth rate-controlled (see text). 1 5 0 X .  

growth rate, through its variations, determines the 
location of critical impurity nuclei needed for swirl 
defect formation. 

A closer examination of the swirl defect distribu- 
tion shows that the swirl defect striations do not co- 
incide with the dopant striations; instead the swirl 
microdefects are located at  the seed side of the dopant 
striations (Fig. 8) and thus, near microscopic growth 
rate maxima (see Fig. 3 and 9). As pointed out above, 
however, the oxygen concentration maxima are 
found near microscopic growth rate minima. Thus, 
swirl defect formation does not take place at oxygen 
concentration maxima. Acccrdingly, the critical nuclei 
for swirl defect formation are not related to oxygen 
but to an impurity whose concentration maxima are 
near microscopic growth rate maxima, i.e., to an im- 
purity with a distribution coefficient less than one. 
Carbon is present in moderately high concentrations 
(about 1016/cm3) and its distribution coefficient is 
0.07 (13); thus, the critical nuclei for swirl defect 
formation must be related to carbon. 

The striated nature of swirl defects in Fig. 8 is 
consistent with this conclusion since the variations 
in carbon concentration should be significant under 
the growth conditions of this crystal; thus, from the 
carbon segregation coefficient, the amplitude of the 
microscopic growth rate variations (45 pmlsec) and 
assuming a diffusion boundary layer thickness of about 
350 pm it is calculated (27) that the AC/C,,,,,, f- 

58%. When fluctuations of the concentration of car- 

bon are not pronounced, the distribution of swirl 
defects is not striated but random as shown in Fig. 10. 
In this case the crystal was grown under the same 
conditions as the crystal shown in Fig. 8 except with 
crucible rotation (20 rpm) rather than seed rotation. 
As pointed out above, with crucible rotation the 
microscopic growth rate fluctuations are far less pro- 
nounced than with seed rotation. In the present case, 
the rate fluctuations are about 10 pm/sec leading to 
AC/C,,,,, values of about 14%, assuming the same 
values for the carbon segregation coefficient and dif- 
fusion boundary layer thickness assumed for the case 
of seed rotation. 

Summary 
On the basis of a microscopic growth rate analysis 

carried out through interface demarcation, i t  was 
shown that, in the presence of forced convection con- 
ditions of growth, the amplitude of fluctuations in the 
microscopic growth rate is far greater (i.e., by a factor 
of 4-5) under crystal rotation than under comparable 
rates of crucible rotation. Under the forced convec- 
tion conditions, oxygen segregation was shown to be 
microscopic growth rate-controlled, with maxima in 
oxygen concentration corresponding to minima in 
microscopic rates of growth. Thus, the segregation 
coefficient of oxygen was shown to be greater than 1. 

Microdefects in dislocation-free Czochralski-grown 
silicon were found to be similar to swirl microdefects 
( A  clusters) in float-zone silicon. The distribution 
of these swirl microdefects was found to be critically 
dependent on the amplitude of fluctuations in the 
microscopic growth rate. For large variations in the 
microscopic growth rate the distribution of swirls 
was found to be striated; for relatively small rate 
variations, however, a fairly uniform swirl distribution 
was found. Thus, depending on the growth conditions, 
swirls (microdefects) may not necessarily be dis- 
tributed in a swirl-like pattern in Czochralski silicon. 

The distribution of swirls was related to a corre- 
sponding distribution of critical impurity nuclei re- 
sponsible for swirl formation. Since the striated dis- 
tribution of swirls was found displaced from oxygen 
concentration maxima [where oxygen precipitation 
normally occurs (35) I it was concluded that the criti- 
cal nuclei are not related to oxygen. Thus, the exact 
microscopic locations of swirls and swirl-like pat- 
terns of SiOz precipitates are not expected to coin- 
cide under conditions of microscopic growth rate- 
controlled segregation. Under conditions of nonsteady- 
state segregation, however, it is possible for the lo- 

Fig. 9. Schematic representation of the relative location of swirl 
striations, oxygen concentration maxima, and microscopic growth 
rate fluctuations in Si grown under seed rotation. Swirl striations 
are located near the growth rate maxima, whereas oxygen concen- 
tration maxima are found near growth rate minima. 

Fig. 10. Swirl defect striations in a (100) longitudinal slice of a 
crystal pulled under a crucible rotation of 20 rpm (no seed rota- 
tion); pulling-rate: 21 pm/sec; crystal diameter: 75 mm. Slice was 
Cu-decorated and preferentially etched. Region shown corresponds 
to forced convection conditions of growth. The relatively small 
microscopic growth-rate fluctuations result in random swirl distribu- 
tion (see Fig. 7 and text). 1 5 0 X .  
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cation of swirl microdefects and SiOz precipitates 
to coincide. 

Since swirl formation was found to take place near 
microscopic growth rate maxima, the critical nuclei 
must be related to an impurity with a segregation 
coefficient less than 1, as the concentration of such 
an impurity does exhibit concentration maxima at 
microscopic growth rate maxima. Because carbon 
has a segregation coefficient less than one and is 
present in fairly high concentrations in Czochralski- 
grown silicon, it is believed that the critical nuclei 
for swirl microdefect formation are related to carbon. 
In fact, the average carbon concentration in the pres- 
ent investigation was within the range for which 
swirls are found in float-zone silicon; the swirl dis- 
tributions in  these cases were striated. 

Manuscript submitted Dec. 1, 1978; revised manu- 
script received April 23, 1979. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the June 1980 
JOURNAL. All discussions for the June 1980 Discussion 
Section should be submitted by Feb. 1, 1980. 

Publication costs of this article were assisted by the 
Massachusetts Institute of Technology. 
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Radiation Levels Associated with 
Advanced Lithographic Techniques 
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ABSTRACT 

Estimates of the radiation absorbed dose in critical device oxide layers 
due to x-ray and direct-write electron beam lithography are developed. 
Layered structures of photoresist, aluminum, silicon dioxide, and silicon are 
used for explicit calculations. It is shown that radiation levels in the Megarad 
(SiOz) range can be expected for both of these advanced lithographic tech- 
niques. The consequences of this process-induced radiation damage are 
briefly considered. 

X-ray and direct-writing electron beam lithography significant for very large scale integration (VLSI). 
techniques for integrated circuits are expected to be These lithographic technologies have demonstrated 

Electrochemlcal Society Active Member. 
linewidth resolution capability below 1 &m. Significant 
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during the use of these technologies and is a potential 
problem. If the x-rays and electrons have sufficient 
energy to penetrate to critical dielectric layers such 
as silicon dioxide, the radiation damage phenomena ob- 
served in dielectric films exposed to ionizing radiation 
will result (1,2). Process sequences must be designed 
to take this damage into account so that its effects can 
be minimized. Comparisons of the radiation damage 
associated with various lithographic processes and 
between these and other radiation exposures can be 
made from estimates of the associated radiation dose 
levels. Estimates of the radiation absorbed dose in 
critical device structures are developed in this paper. 
The consequences of this process-induced radiation 
damage are briefly considered. 

X-Ray Lithography 
In order to estimate the radiation absorbed dose due 

to x-ray lithography, consider the typical metal oxide 
semiconductor (MOS) device structure schematically 
represented in Fig. 1. The silicon substrate is covered 
by a film of silicon dioxide which is covered by a 
film of aluminum metallization which is in turn cov- 
ered with a film of photoresist to be patterned with 
x-ray lithography. The x-rays are assumed to im- 
pinge on this assemblage in a narrow parallel beam. 
The x-ray intensity is exponentially attenuated as it 
passes through the films (3). The intensity loss per 
unit area LU in an incremental thickness to of silicon 
dioxide is (4) 

Table 1. X-ray absorption coefficients and x-ray characteristics 

Cu L. A1 Km Rh L. 

Energy (Lev)  0.930 1.187 2.697 
Wavelength ( A )  13.336 8.338 4.597 
3 Reaist 3350 970 170 

,j 
i 

silicon and aluminum are essentially the same in the 
x-ray energy range 0-3 keV considered here. 

The effect of varying the x-ray energy was first 
explored. As an example, an explicit calculation was 
made for a structure of 50 nm of silicon dioxide be- 
neath 0.7 pm of aluminum beneath 0.5 pm of resist (see 
Fig. 1). The energy loss per unit mass (dose) in the 
incremental oxide thickness or the radiation absorbed 
dose in the oxide was obtained by multiplying the in- 
tensity loss in the oxide from Eq. [I] by the x-ray 
energy and dividing by the mass of the oxide film 
(4) and expressed in Megarad(SiO2) (1 radl corre- 
sponds to 100 erg/g of energy absorbed in the material 
of interest). The oxide dose normalized to an x-ray 
energy deposition density of 1 J/cma absorbed in the 
resist film was calculated as a function of x-ray en- 

where Ix = incident x-ray intensity, in photons~cm2; ergy. For the aluminum K, for example, an in- 
tensity of 3.6 x 1012 photons/cmz is required for an ri = absorption coefficients for the resist (R), alumi- x-ray deposition density of 1 J/cm3 in the 0.5 ,,m re- num (A), or silicon dioxide (O), in cm2/g; and ti = 

thickness of resist, aluminum, or silicon dioxide, in 
sist film. Figure 2 illustrates the variation of the oxide 

g/cmz. EfFects such as photon backscattering have been dose as a function of x-ray energy under the conditions 

neglected. The x-ray absorption coefficients can be ob- 'pecified' The energies of and 
tained from data by and Ebisu (5) rhodium characteristic x-rays are indicated. The dip 

The absorption coefficients used for silicon dioxide an; in absorbed dose near 1.6 keV is due to x-ray absorp- 

the resists were calculated as a weighted average of t i o ~ ~ d g ~ ~ e c t  of varying either the resist thickness the coefficients of the constituents of these Alms. Table 
I summarizes the absorption used in the or the gate conductor (aluminum) thickness on the 

CalC~lati~ns in this paper. Values are given for three 'The SI unit for absorbed dose Is the gray (GY) i n  units of 
different x-ray energies representing the characteristic J'kg' One rad Gy' 
x-rays of copper, aluminum, and rhodium. The choice 
of an optimum x-ray energy has been discussed by 
Sullivan and McCoy ( 6 ) .  The resist formulation used 
for calculating the coefficients in Table I was (CSHEOZ),, 
better known as PMMA. The actual coefficients for 
other resists considered in this paper will not vary 
significantly from these values. The calculations sum- 
marized in this paper are for aluminum gate struc- 
tures, however the results would be the same for silicon 
gate structures since the absorption coefficients for 

EXPOSING 
RADIATION 

PHOTORESIST f R 

ALUMINUM 

Fig. I. Schematic diagram of typical device structure 
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fig. 2 Radiation absorbed dose in the oxide layer due to x-my 
exposure of the typical structure specified in the text. The energies 
of copper, aluminum, and rhodium characteristic x-rays are indi- 
cated. Dose is normalized to an x-ray energy deposition density of 
1 J/cm3 absorbed in the resist film. 
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radiation absorbed dose in the oxide was also ex- this figure have been made for a typical device struc- 
amined. The oxide thickness was assumed constant at ture (0.5 pm resist, 0.7 aluminum, 50 nm oxide) 
50 nm. Figure 3 shows the variation in oxide dose and for three x-ray energies. The energy deposition 
(normalized as before) with aluminum thickness for densities required for the exposure of several com- 
aluminum and copper characteristic x-rays. The upper monly used x-ray resists are indicated on this figure 
bound of the band on this figure represents the result (7,8). Thus, for typical x-ray resists, device struc- 
for a 0.5 pm resist film, while the corresponding lower tures, and x-ray sources, the expected dose in the 
bound represents a 1.0 I J ~  resist film. It is obvious oxide of the device will range from about 0.1 
from this figure that the dose in the oxide varies only Mrad(SiO2) to tens of Megarad(Si0z). 
slowly with either resist or metallization thickness. 

Figure 4 illustrates the variation in radiation ab- Direct-Write Electron Beam Lithography 
sorbed dose in the oxide as a function of x-ray energy For direct-write electron beam lithography, the 
deposition density or resist absorbed dose required radiation absorbed dose in the oxide layer (see Fig. 1) 
for resist exposure. The calculations represented in can be determined by applying an expression which 

relates electron energy deposition with penetration 

0.10 
depth such as the one given by Everhart and Hoff 
(10). Figure 5 gives energy deposition us. penetration 
depth for 15 and 25 keV electrons based on the work 
by Everhart and Hoff. The energy deposited in the 

0.08 oxide and the resultant absorbed dose can be calcu- 
- - lated by integrating the energy deposition curves of 

Fig. 5 over the portion of the curve subtended by the 
5 > oxide. 
5 0.06 The variation in oxide absorbed dose with alumi- 
c num thickness for 15 and 25 keV incident electrons is 
"Y - shown in Fig. 6. The oxide thickness was 50 nm and 
= the resist thickness 0.5 ~ r n  for the curves shown here. - 
5 0.04 Varying the resist thickness between 0.5 and 1.0 tun 
Y "Y resulted in negligible differences. The oxide dose ex- 
0 0 

I I I I I I 
0.02 

- 

- 
0.2 0.4 0.6 0.8 1.0 OI 

3 
ALUMINUM THICKNESS [ p m l  1 - 

E, 
Fig. 3. Radiation absorbed dose in  the oxide layer vs. aluminum ; 0,02 

thickness for x-ray exposure. Bands for aluminum and copper char- 
acteristic x-rays are shown. The bandwidth indicates a variation of 

= 
0.5-1.0 pm in resist thickness. Dose is normalized to an x-ray =\a 
energy deposition density of I J/cm3 absorbed in the resist film. 
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PENETRATION DEPTH [pg/cm2J - 
- Fig. 5. Energy deposition per unit path length vs. penetration 

depth for 15 and 25 keV electrons. The measure of penetration - 
depth used here is mass thickness-the product of material density 
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x-ray energy deposition density in the photoresist. Device structure in text. Dose is normalized to an incident electron fluence of 1 
is specified in text. pC/cmz. 
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pressed in Megarad(SiO2) is normalized to an electron not detected by capacitance-voltage measurements 
beam exposure flux of 1 &/crn2 incident on the resist alone. Annealing at temperatures in  excess of 550°C 
film. has been found necessary to remove these traps (13, 

Figure 7 illustrates the variation in radiation ab- 16). 
sorbed dose in the oxide as a function of electron If not removed, these neutral electron traps can 
beam flux required for resist exposure. The calcu- contribute to device instability or to reliability prob- 
lations represented in this figure have been made for a lems by trapping hot electrons (17). The thinner 
typical device structure (0.5 pm resist, 0.7 pm alumi- oxides required for VLSI will lead to higher electric 
num, 50 nm oxide) and for two electron beam en- fields in the devices. Device operation under these 
ergies. The electron beam fluence required for the ex- high field conditions will result in  energetic carriers 
posure of several commonly used electron beam resists which can be injected into the oxide. These carriers 
(8,9,11) are indicated on this figure. The electron can charge the neutral trapping centers and thereby 
fluenre required for resist exposure varies from ap- modify the device characteristics. In particular, a com- 
proximately 0.05 pC/cm2 for EPB to as much as 50 PC/ bination of transconductance degradation and thresh- 
cm2 for PMMA. This, in turn, results in an oxide dose old voltage shift might be expected for MOS tran- 
in a typical device structure in the Megarad(SiO2) sistors. 
range when direct-write electron beam lithography These problems will certainly be overcome by the 
is  used. ingenuity of process designers as the thrust toward 

Discussion VLSI accelerates. However, these considerations sug- 
l-he estimates given in previous sections illustrate gest that the limits of optical lithography, resist sensi- 

that the radiation absorbed dose incurred in critical tivity, and the understanding of removing ionizing 
device oxide layers while using these techniques is as radiation damage by annealing are concerns relevant 
large as that which has been observed to cause severe the development of reliable VLSI circuits. 
device degradation (1,2, 12). The calculations have as- 
sumed the use of positive resist. The use of negative Acknowledgment 
resist would reduce the problem since critical device This was as part the Semicon- 
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ABSTRACT 
The thermal oxidation kinetics of silicon in 02-Hz-HC1 mixtures and the 

electrical properties of the silicon dioxide films grown in the mixtures have 
been studied in order to characterize the effect of Hz0 and Clz on silicon 
oxidation. Oxidations were carried out at 1100'C over a wide range of Hz 
and HCl flow rates at  a constant O2 flow rate. The partia! pressures of 02, 3, 
H20, HCl, and Cl2 were calculated trom equilibrium chem~cal thermodynamics. 
Parabol~c rate constants were calculated from the Oz and Hz0 partial pres- 
sures and the values were in quite good agreement with the experimental 
data. But the experimental data showed that linear rate constants were 
greatly dependent on Cl2 partial pressure. The effective mobile ion density 
depended only on the Clp partial pressure (pc12) and was independent of the 
Hz0 partial pressure. The effective mobile ion density was rapidly decreased 
with increasing pel2 before it approached a minimum constant value. The 
fixed charge density also depended only on PC,,, but the decreasing rate with 
Increasing pel, was small. 

Many investigations have been reported concerning 
the thermal oxidation of silicon in 02-HC1 mixtures. 
The oxidation results in a bias-temperature stability, 
a lower interface state density, and a larger minority 
carrier lifetime (1-6). On the other hand, the oxida- 
tion kinetics and the dependence of the resulting 
oxide properties on Hz0 and C12 have not been studied 
sufficiently. The oxidation relationships have been 
investigated using the mixed oxidant 0 2  and Hz0 
produced by the reaction of 0 p  and HCl (7-9). How- 
ever, the oxidation rates have not been explained 
quantitatively as yet because of insufficient considera- 
tion of the partial pressures of the gases actually 
present. For that purpose, partial pressures must be 
calculated from thermodynamic considerations of the 
chemical reaction involved (10, 11). For the silicon 
oxidation in 02-HCl mixtures, it is very dificult to 
identify the separate effects of Hz0 and Clz on the 
oxidation rates and the oxide properties since the 
ratio of Hz0 to C12 partial pressures is always con- 
stant. In order to evaluate the effects of Ha0 and Cl2 
independently, it is necessary to vary the partial 
pressures of Hz0 and Clz by means of the additions 
of HzO, Clp, or Hp to the 02-HCl mixtures. 

This work studies the thermal oxidation kinetics 
of silicon in 02-H2-HCl mixtures in order to charac- 
terize the effect of H2O and Clp on silicon oxidations. 
This work also discusses the dependence of the oxide 
properties on the partial pressures. Oxidations were 
carried out at 1100'C over wide ranges of Hp and HCl 
flow rates at a constant O2 flow rate. The partial 
pressures of Hz0 and C12 produced by the high tem- 
perature reaction of 02, H2, and HCl were calculated 
on the basis of chemical equilibrium theory. Values 
of parabolic and linear rate constants in the silicon 
oxidation relationship for 02-H?O mixtures were de- 
termined using these partial pressures for comparison 
with the experimental values. The effects due to the 
Hz0 and Cl? partial pressures on the fixed charge 
density and the effective mobile ion density are dis- 
cussed. 

Experimental 
The silicon wafers were (100) oriented, 4-6 ncm, 

and n-type. All the wafers were cleaned using boiling 

Key words: silicon oxidation kinetics, silicon dioxide, hydrogen 
chloride. 

trichlorethylene, then boiling acetone, a deionized- 
water rinse, boiling nitric acid, a 2.5% hydrofluroric 
acid dip, and a deionized water rinse. They were 
oxidized at 1100°C in various mixtures of 02, Hz, and 
HCl immediately after cleaning. Flow rates of the 
gases were 1.5 liters/min for 02, 0-3.0 liters/min for 
HZ, and 0-0.72 liter/min for HC1. The HCI was of 
99.99% purity and was used as obtained from the 
manufacturer. In order to prevent silicon corrosion 
by the HC1 added to the oxidation gas, the HCl flow 
was started after a 1 min oxidation was carried out 
in pure 0 2  for the 02-HC1 oxidations, or in a 02-H~ 
mixtures for the 02-H2-HCl oxidations. 

MOS capacitor structures were fabricated in the 
following manner. The silicon dioxide layers were 
1 ~m in thickness in consideration of field oxide appli- 
cation. Aluminum of 7000A thickness was evaporated 
using an electron beam. The wafers were then annealed 
for 30 min in Hz at 400°C, and the electrode patterns 
were formed by photoresist operations. 

The oxide thickness was measured with a Taylor- 
Hobson Talysurf 4. The MOS capacitors were evalu- 
ated using the capacitance-voltage (C-V) technique 
at  a frequency of 1 MHz. The C-V characteristics 
measured were enough to obtain the flatband voltage 
(VFB). The values of the fixed charge density were 
determined from VFB of the C-V characteristics after 
a 60 min bias-temperature (BT) stress at 200°C under 
the short circuit for the initial MOS capacitors. The 
effective mobile ion density was determined from the 
VFB shift of the C-V characteristics after a 60 min 
BT stress at  200" with an applied voltage of -200 
to 200V. 

Results and Discussion 
Kinetics and oxide growth.-The plots of oxide thick- 

ness us. oxidation time with Hz flow rates of 0, 0.6, 
1.8, and 3.0 liters/min are shown in Fig. 1. The de- 
pendence of oxidation rates on HC1 flow rates changes 
with Hz flow rates. Oxidation rates increase with 
increasing HC1 flow rates for an Hz flow rate of 0 
liter/min. However, they decrease for Hz flow rates 
of 0.6 and 1.8 liters/min. 

The oxide thickness us. oxidation time data pre- 
sented in Fig. 1 were evaluated using the linear 
parabolic oxidation model (12). The general rela- 
tionship in the model can be rewritten as 
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sures of Op and H2O. With this assumption, we used 
1100°C the general relationship for 02-Hz0 silicon oxidation 

18 Llmin (7, 8) with the partial pressures of Oz and Hz0 cal- 
culated from Eq. [2] and [3]. The general relationship 

WVmin became the same form as Ea. rll. at 1100'C oxidation. - - -. 
in which B and B/A are (7,8) 

B = B1+ Bz 141 

Bi = piBa 151 
Bz = poB4 1'31 

.... 
A018 
-0.36 where the subscript 1 refers to oxidation by 0, and 

0 0.72 subscript 2 to oxidation by HzO. The values of B1 
I and Bz are proportional to the partial pressures of 

05 I 2 5 lo 2o 50 loo the oxidants, while Al and A2 are independent of 

OXIDATION TIME l h r )  the partial pressures. Bs and Ba are parabolic rate 
constants at atmospheric pressures of 0 2  and HzO, 

Fig. 1. Oxide thickness vs. oxidation time for silicon oxidation in respectively. The values of pl and pz are the partial 
02-HZ-HCI mixtures. pressures of the oxidants, which are shown in Fig. 2. 

The constant B was calculated from Eq. [4], [51, and 
t [6]. Where Ba and Bq were substituted with the value 

(x,+,) =B(-)-A [I] shown in Table I, the values of pl and pz were taken 
SO - Xi from Fig. 2. The constant B/A was calculated from 

where t is oxidation time, x, is oxide thickness, xi 
is the thickness of an initial layer of oxide, and B 
and B/A are the parabolic and linear rate constants, 
respectively. We made an assumption that the values 
of xi of 02-HCl oxidation and 02-HZ-HC1 oxidation 
were the same as 0 2  oxidation and Hz0 oxidation, 
respectively, so the values of xi were settled as xi = 
230A and xi = OA for each case. The experiments 
were carried out to assure the condition of x, >> xi 
in which condition the error in xi had little effect 
on the experimental value of B and B/A in Eq. [I]. 
The value of oxide thickness x, was given experi- 
mentally as the function of oxidation time as shown 
in Fig. 1. Using these values we can plot (xo + xi) 
vs. t/(x,, - xi), whose slope means B and the inter- 
cept means -A, respectively. The experimental data 
of B and B/A for 02-HZ-HCI oxidations with various 
Hz and HCl flow rates including zero Hz flow rate 
are shown in Table I. 

These rate constants, B and B/A, were also cal- 
culated under the following model. It was assumed 
that the gas phase equilibria were established rapidly 

The partial pressures of the gaseous species were 
obtained from Eq. [2]  and [3]. The calculation proc- 
esses are shown in detail in the Appendix. We assumed 
that O2 and Hz0 were the only oxidants, so the oxida- 
tion rate constants only depended on the partial pres- 

Eq. [7] ;sing the values of B1 and Bz calculated from 
Eq. [5] and [6], and A1 and Az were substituted with 
the values from Table I. The calculated values of B 
and B/A are tabulated in Table 11. Experimental and 
calculated values of B and B/A are plotted against 
HCI flow rate in Fig. 3 and 4, respectively. 

As shown in Fig. 3, the agreement between the 
calculated and experimental values of the parabolic 
rate constant was satisfactory. The results suggest 
that the assumptions for the gas phase equilibria and 
the calculations of the partial pressures are adequate 
and that the parabolic rate constant is independent 
of PC,,. On the other hand, Fig. 4 shows that the 
calculated and experimental values of linear rate 
constants were mismatched. The present model, which 
assumes that the oxidation rate constants are inde- 
pendent of PC],, cannot explain the experimental 
values of the linear rate constant. Minkowski et al. 
(13) have reported an additional phase formed at 
the oxide-silicon interface for 02-HCl oxidation. There- 
fore, the interfacial reaction for OZ-HZ-HCl oxidation 
is considered to also be influenced by HCl similar 
to O2-HC1 oxidation. The linear rate constant involves 
the reaction rate constant at the oxide-silicon inter- 
face, so that it is considered that the linear rate con- 
stant for 02-HZ-HCl oxidation is dependent on P C I ~ .  

Fixed charge density and effective mobile ion dens- 
ity.-The values of VFB is given by (14) 

Table I .  Experimental values of rate constants for silicon oxidation in a-Hz-HCI mixtures a t  
1100°C [n-type, 4-6 ncm, (100) oriented silicon] 
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"2 
-0 LImin 
--- 0.6 Vmin 

1.8 Vmin 

Fig. 2 Equilibrium partial pressures in 02-HI-HCI mixtures a t  
1100'C vs. the HCI flow rate. The Oz flow rate is 1.5 literdmin. 
The total pressure is 1 atm. 

He Vmin 

- X - - - - x  0 0  ( E X ~  
V x a6 Exp) 
Y 1.8 (Em1 
0 0.1 
m ---cda,Md 

HCL (L/min) 

Fig. 3. Comparison of experimental and calculated values of the 
parabolic rate constant vr. the HCI flow rate in 02-HZ-HCI mix- 
tures. 

where OMS is the metal-semiconductor work function 
tliflerencer Q,, the fixed charge at the oxide-semicon- 
duator interface, C, the oxide capacitance, and Q. 
the excess charge induced in the silicon by the mobile 
ion in the oxide. The VFB shift, AVFB, which can be 
obtained from the difference between the VFB after 
BT stress with any applied voltage and the VFB after 
BT stress under the short circuit, is equal to -aQ,/C,. 
A plot of the Axed charge density (Q.,/q) us. HCl flow 
rate is shown in Fig. 5. It can be observed from Fig. 5 
that Qsa/q tends to decrease with increasing HCl 
flow rate, the decrease being greater the smaller the 
Hz flow rate. Plots of A Q ~ / ~  us. the applied voltage 
(VA) are presented in Fig. 6-8. For the case of 0 
liter/min H2, AQ,/q increases with increasing V A  for 
0 liter/min HCl, while it is almost constant for 0.18 
and 0.36 liter/min HCI. For the case of 0.6 liter/min 

Table II. Calculated values of rate constants for silicon oxidation 
in &-Hz-HCI mixtures a t  llOO°C [n-type, 4-6 a m ,  (100) 

oriented silicon] 

os ~ f r  HCI B BIA 
(Utenl  (literal (Ute& (&I A ( p d  
mia) h) min) hr) ( ~ m )  hr) 

Hz, dQo/q diminishes with increasing HCl flow rate 
(Fig. 7). For the case of 1.8 liters/min HZ, A Q J ~  
is almost independent of HCl flow rate (Fig. 8). From 
these results, AQ./~ tends to decrease with increasing 
HC1 flow rate, and this tendency is greater for a 
small Hz flow rate. The increase of AQ./q tends to 
level off at about lOOV of an applied voltage. 

The effective mobile ion density (NI,), which is 
the number of unneutralized N.+ ions after BT stress 
(1, 2, 4-6), was calculated from the CalAVp~(+) - 
AVFB(-) I/q (1). Here, AVFB(+) is the VFB shift 

HCL (L/min) 

Fig. 4. Comparison of experimental and calculated wlues of the 
linear rate constant vs. HCl flow rote in 02-Hz-HCI mixtures. 

"2 
oao Vnin 
x 0.6 Umin 

1.8 Llmin 

, '\*, 
0 0.1 0.2 0.3 - 0.4 05 0.6 07 08 

HCI (L/ min) 

Fig. 5. Dependence of fixed charge density on HCI flow rate 
added to &-Hz ambient during oxidation. 
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after a positive BT stress, and AVFB(-) the VFB 
shift after a negative BT stress. Plots of Nion, cal- 
culated from the data in Fig. 6-8, are presented as a 
function of HC1 flow rate in Fig. 9. The dependence 
of Q,/q on pciz was determined from Fig. 2 and 5. 
It can be observed in Fig. 10 that Q.,/q is gradually 
decreased with increasing pel,, and it little depends 
on H z  flow rate, i.e., the H z 0  partial pressure. Some 
authors state that Q../q is independent of pclZ !4). 
Figure 11 shows NI.. as a function of pci,. NI., rapidly 
decreases with increasing PCI, and falls to the mini- 
mum value at  a critical Clz partial pressure of 5x 

Applied voltoge (V)  

Fig. 6. Change of the shift AQo/q after BZ stress with applied 
voltage under BT stress in silicon dioxide grown in 02-HCI mix- 
tures. 

CmdRia 
of BT Swesr Hz 0.6 Vmin 

3 Tmnp.200.C 0 0 Llmln 
Time 60min. A 0.18 Vmin 
Error a36 Vmin 

- 
-G - ,',---- A- - - - - - - - _ 

I 

Applied voltage (V) 

Fig. 7. Change of the shift AQo/q after BT stress with applied 
voltage under BT stress in silicon dioxide grown in 02-Hz-HCI mix- 
tures with the Hz flow rate of 0.6 liter/min. 

Condilion 
d BT S t n s  

Temp.2OO.C 
Tim 6Omln 
Error 

n i 4 + &  

Vmin 
Vmin Vmin 
Vmin 
I/nin 

Applied voltage (V)  

Fig. 8. Change of the shift A Q J ~  after B t  stress with applied 
voltage under BT stress in silicon dioxide grown in 02-Hz-HCI 
mixtures with the Hz flaw rate of 1.8 liters/min. 

Fig. 9. Dependence of effective mobile ion density on HCI flow 
rote for the thermal oxidation of silicon in OZ-H~-HCI mixtures. 

Hz Vmin 

0 0 

x 0.6 
1.8 

A f t u  OV,2oO.c 
60min 

-_  

EQUILIBRIUM Pch Atm) 

Fig. 10. Dependence of fixed charge density Qas/q on CI2 partial 
pressure pciz for the thermal oxidation of silicon in 02-Hz-HCI 
mixtures. 

EQUILIBRIUM Pel, ( 1 6 ' ~ t m )  

Fig. 11. Dependence of effective mobile ion density Ni, on Clz 
partial pressure pciz for the thermal oxidation of silicon in 02-Hz- 
HCI mixtures. 
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10-3 atm. Furthermore, it depends only on pcl, and 
is independent of the Hz flow rate, i.e., actually the 
Hz0 partial pressure. 

Rohatgi et al. (5, 6) have analyzed the passivation 
mechanism in 02-HC1 oxides. They established rela- 
tions wherein passivation P, expressed as (N - NiOn)/N, 
was proportional to ncl, the C1 content of the oxide 
a m ,  where N is the mobile ion density. The depen- 
dence of Nion on pel, for zero HZ flow rate, shown in 
Fig. 11, can be explained from the experimental data 
of the plot of P us. P H C ~  by Rohatgi (6). Therefore, 
the C1 content of the oxide film is suggested to be 
the dominant factor in the passivation mechanism 
for Oz-H2-HCl oxides similar to 02-HCl oxides. Tress- 
ler et al. (10) have analyzed the experimental data 
of 02-HC1 oxidation obtained by Kriegler et al. (1) 
and reported that Nl,, in the oxide film achieves the 
minimum value at  C12 partial pressure higher than 
I x 10-8 atm. This value is approximately the same 
as the experimental value in this work. Therefore, 
it is considered that NI,, is independent of the Ha0 
partial pressure and depends only on PC],. It was 
reported by Kriegler et al. (15) that the passivating 
effect of HCl on the oxidation was not observed when 
Hz0 was mixed in the 02-HCl mixtures. From the 
above discussion, i t  is clear that the decrease of the 
Clp partial pressure that occurs by introducing H20 
causes Nj,, to increase, and Hz0 itself is not a dom- 
inant factor in controlling NI,.. Therefore, even if 
Hz0 is mixed in the oxidation gases, the passivation 
due to HCl gas can be retained by introducing HCl 
gas which provides the Clz partial pressure required 
to decrease NI,. 

Summary 
The 02-Hz-HCl oxidation processes were studied 

in order to clarify the effect of the thermal oxidation 
kinetics of silicon on the electrical properties of silicon 
dioxide. The oxidation kinetics were related to the 
partial pressures of the gases in the equilibrium mix- 
tures. Values of the parabolic rate constant for the 
oxidation calculated from a treatment that uses the 
equilibrium partial pressures of 0 2  and Hz0 agreed 
approximately with the experimental values. The 
dominant factors in the oxidation rate are the partial 
pressures of OP and H20. 

The fixed charge density and the effective mobile 
ion density in the oxide films were measured and the 
effects due to the partial pressures of the reacting 
gases on these properties were investigated. The ef- 
fective mobile ion density depends only on the Clz 
partial pressure in the oxidation gases and decreases 
with increasing the C12 partial pressure. The effective 
mobile ion density achieves the minimum value at 
Clp partial pressure higher than a certain value. I t  
can also be shown that the fixed charge density is 
gradually decreased with increasing Clp partial pres- 
sure, while most authors have said that the fixed 
charge density is independent of pclz. 
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APPENDIX 
Calculations of the equilibrium partial pressures 

are made from the following equations. The equilib- 
rium constants of reaction [21 and [3] are (11) 

where, K, and Kb denote the equilibrium constants 
of reactions [2] and [3], respectively, and the p's 
are the equilibrium partial pressures. The used units 
of K, and Kb are atm- Yz, and the used units of the p's 
are atm. Values of the p's are 

where the n's are the numbers of moles, N is the total 
numbers of moles, and P the total pressure which is 
1 atm in this study. Values of the n's are 

where X, Y, and Z are the numbers of moles for 
Hz, 02, and HCl before reaction, respectively. Values 
of a are the numbers of moles for Hz converted into 
HzO, and b the numbers of moles for HCl converted 
into Hz0 and Clz. Values of the equilibrium constants 
at 1100'C used for these calculations were taken from 
the previous work (11). Values of K. and Kb are 
5.623 x 10-2 and 5.623 x 106 atm-%, respectively. 
Values of X, Y, and Z were the ratlo of each reactlon 
gas flow rate to the total gas flow rate. Equations 
[A-11-[A-131 give a unique set of a and b for a given 
set of K,, Kb, X, Y, and 2. Values of the partial pres- 
sures can be obtained from Eq. [A-31 - [A-I]. 

LIST OF SYMBOLS 
B parabolic rate constant for 02-Hz-HC1 oxida- 

tion, pm2/hr 
Bt ~arabolic rate constant for 0 9  oxidation 

;m2/hr 
Bz parabolic rate constant for Hz0 oxidation, 

pmz/hr 
B/A linear rate constant for O~-HZ-HC~ oxida- . . 

tion, pm/hr 
B1/A1 linear rate constant for 0 2  oxidation, pm/hr 
B2/A2 linear rate constant for Hz0 oxidation, pm/hr 
B3 value of B1 for the case of pl = 1, pm2/hr 
B4 value of Bz for the case of pz = 1 mVhr 
c o  capacitance per unit area of the dlide, farad/ 

cm2 
K., Kb equilibrium constant, atm-% 
nn,, n ~ c l ,  . . . numbers of moles of Hz, HCl, . . . 
NI,, effective mobile ion density, cm-2 
PI partial ~ressure  of oxidant. atm 
PHZ, PHCI, . . . partial pressure of HZ, HCl, . . ., atm 
h s  metal-semiconductor work function differ- 

ence, V 
fixed charge density, cm-2 
excess charge induced in the silicon by 
mobile ion in the oxide, cm-2 
oxidation time, hr 
applied voltage, V 
oxide film thickness, pm 
thickness of an initial layer of oxide, pm 
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Fe-Cr-Al Alloy, High Temperature Corrosion in 
Sulfur Vapor 

E. M. Jallouli, J. P. Larpin, M. Lambertin, and J. C. Colson 

Laboratoire de Recherches sur la RBactiuit6 des Solides, 
Faccclte de Sciences Mirande, B.P. 138-21 004 Dijon Cedex, France 

ABSTRACT 

The corrosion of Fe-17Cr-xA1 [x = 4 or 6 weight percent (w/o)] steels is 
studied at high temperature (750'-950'C) under a low sulfur vapor pressure 
(6.2 x 10-Vorr). Observation and analysis of the kinetic curves obtained 
allowed several successive corrosion steps to be clarified. The study of the 
morphology and the composition of the corrosion scales show their trans- 
formation during the dinerent steps of the sulfidation process. All the re- 
sults obtained allow a mechanism of corrosion, closely dependent on the 
mechanical stresses developed in the scales during the reaction, to be proposed. 

The efficiency of adding aluminum to steels in order 
to improve tnelr resistance against oxidation has been 
known lor several years now (1-3). Tnis element addi- 
tion also seems oenericial for alloys intended to be 
used at nigri temperature in Sz, kzS, and SOz atmo- 
spheres (o-Y? .. 

however, 11 the corrosion mechanisms of Fe-Cr-A1 
alloys oy oxygen are relatively well-known and have 
led to mucn work it is not so xor corrosion mecnanisms 
by sultur. 

lviost authors who have dealt with those questions 
have examned the aenavior of this type of alloys in 
HzS/H2 mlxtures ok various compositions (10-12). 
Mrowec studied the corrosion of alloys with various 
chromium (18-25% ) and aluminum (1-5%) contents 
(13) or with constant chromium (20%) and various 
aluminum (l-20%) contents (14) in sulfur vapor at 
atmospheric pressure. In similar conditions, Nishida 
effected the sulfidation of cast irons (2% C) containing 
up to 25% A1 (8). He also tried to determine the com- 
position and structure of the various mixed sulfides 
(Fe-Cr-A1)S likely to occur during sulfidation on 
Fe-Cr-A1 alloys (15). 

There is a basic difference between the oxidation 
and sulfidation of alloys containing aluminum. Indeed, 
if it is easy to obtain a compact and protective layer 
of alumina on the metal as soon as the aluminum 
concentration reaches a b u t  4-5%, alternatively, it is 
much more difficult to observe the formation of a sul- 
fide layer (13). This is probably due, on the one hand 
to far larger diffusion rates in the sulfide than in the 
oxide (16, 17) and, on the other, to the rather slight 
differences between the values of free energy of for- 
mation of aluminum sulfide and the sulfides of the 
other elements (18). The present paper is devoted to 
studying corrosion by sulfur vapor, at high tempera- 
ture, of Fe-17 Cr-xAl alloys containing 4 and 6% alu- 
minum, respectively, in order to compare their be- 

Key words: Fe-Cr-A1 alloys, sulAdation kinetics, morphological 
study. corrosion model. 

havior with that of Fe-17 Cr alloys previously investi- 
gated, in the same conditions (19). 

Experimental 
The kinetic study was achieved in thermogravi- 

metry witn a silica spring thermobalance specially 
adapted to operate under sulfur vapor pressure (20). 
'I'nat later is established following the "cold point 
plinciple and fixed by the temperature of liquid sul- 
iur. I h e  whole apparatus was neated at  a higher tem- 
perature (rOOLC) in order to avoid sulfur condensation. 
'I'he accuracy of the thermobalance is better than 0.2 
mg. The otner techniques used were optical and scan- 
ning electron microscopy, x-ray wavelength dispersive 
analysis, and x-ray diffraction 

Both alloys investigated were prepared in a vacuum 
induction furnace. The ingot obtained was hot-rolled, 
then annealed for 30 min at 800'C in a Nz-10% Ha 
atmosphere and finally quenched in the air. 

Small bored platelets about 10 x 10 x 2.5 mm were 
used. Before use, the samples were carefully polished 
with grit paper through 800 grade, and then washed 
successively in water and alcohol. 

Account taken of their composition (listed in Table 
I) both alloys investigated show a ferritic structure at 
high temperature. Their approximate grain size is 
ASTM 2. 

The sulfidation study was conducted under a pres- 
sure of 6.2 x 10-2 Torr in the temperature range 750"- 
950'C; the reaction time was up to 100 hr. 

Table I. Composition of the investigated alloys 

Alloy composition 
Alloy 
No. wlo Fe w/o  C wlo Cr wlo A1 wlo 01 

I bal. 0.004 16.14 4.05 0.0024 
I1 bal. 0.005 16.55 6.05 0.W12 



Vol. 126, No. 12 HIGH TEMPERATURE CORROSION 2255 

Table 11. Parabolic rate constants determined in the two parabolic parts of the reaction 

First parabolic part Second parabolic part 
K.(P cm4.  min-1) ( x 104) Kp(g2. cm4. mln-l) ( x  lod) 

Yly 750 800 850 900 950 750 800 850 900 950 

I 0.021 0.078 0.12 022 0 .a  0.12 0.54 0.90 2.19 3.96 
II 0.012 0.026 0.074 0.19 0.33 0.10 0.2% 0.58 2.51 2.81 

Results 
In the above conditions, the kinetic curves AW/A = 

f ( t )  (AW = weight gain; A = sample surface; t = 
time) all show the same profile (Fig. 1);  first a para- 
bolic part, followed by a second where the rate in- 
creases, then a third one again parabolic. The (AW/A)Z 
= f ( t )  curves (Fig. 2) show that the rate constants 
corresponding to the second parabolic part are, in all 
cases, higher than those of the f i s t  parabolic part 
(Table 11). 

For each alloy, the activation energies were deter- 
mined for the two parabolic parts; they are listed in 
Table 111. For a same alloy the values obtained are 
identical. 

Account taken of the (AW = A )  = f ( t )  curve pro- 
files the morphological observations were achieved 
systematically in the three parts. 

At the beginning of the reaction, three distinct layers 
can be observed (Fig. 3). The microcrystallized outer 
layer is made of pyrrhotite Fel-,S. The intermediate 
layer is composed of an iron, chromium, and aluminum 
sulfide whose x-ray analysis shows that it is similar to 
daubreelite FeCrzS4. Nishida (15) showed that in fact 
there is a whole series of sulfides of this type 
FeCr,Alz-,S4 with neighboring parameters. Mrowec 
(13, 14) considers that a fraction of trivalent chromium 
ions in the sulfospinel FeCr2S4 can be substituted by 

Table I l l .  Activation energyvalues determined in the two 
parabolic parts of the reaction 

E (kcal . mole-1) 

Alloy First parabolic Second parabolic 
NO. part part 

trivalent ions of iron and aluminum The stoichio- 
metric formula of this phase can be written as 
Fe (FeA1,Crz-,-y) S4. Let us term it Fe(Fe, Cr, Al)zS4. 
Finally, the inner porous layer is composed of a 
Fel-,S and sulfospinel mixture. This morphology cor- 
responds to the first parabolic part of the curves and 
can be observed on both alloys. 

As sulfidation proceeds cracks occur in the inter- 
mediate compact Fe(Fe, Cr, A1)& layer (Fig. 4). The 
thickness of the porous inner layer, then, increases ab- 
normally. Meanwhile, under the larger cracks, nodules 
of a new compact layer of Fe(Fe, Cr, Al)zS4 can be 
observed on the metallic core. This morphology cor- 
responds to the period when the reaction rate increases 
and this for both alloys under examination. 

Finally, after an even longer time, corresponding to 
the second parabolic part of the curves a complex 
morphology occurs. Six distinct layers can be observed 

Fig. 1. Sulfidation kinetics of the alloy I in sulfur a t  6.2 x 10-2 Fig. 2. Sulfidation kinetics plotted in parabolic form of the alloy 
Torr. I in sulfur a t  6.2 x 10-2 Torr. 
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Fig. 3. Cross section of an alloy I specimen sulfidized at 850°C 
in 6.2 X 10-2 Torr sulfur for 4 hr (X1000). 

Fig. 4. Cross section of an alloy I specimen sulfidized a t  850°C 
i n  6.2 X 10-2 Torr sulfur for 7 hr (~200) .  

on alloy (I). From the outer sulfide-gas interface to 
the inner metal-sulfide interface we can observe suc- 
cessively (Fig. 5) (i) a porous layer of pyrrhotite 
Fel-,S; (ii) a cracked, compact layer of mixed sulfide 
Fe(Fe, Cr, Al)zS4; (iii) a porous layer formed of a 
mixture Fel-,S-Fe (Fe, Cr, A~)zS*; (iv) a compact 
layer of Fel-,S; ( v )  a compact layer of Fe(Fe, Cr, 
A1)2S4; and (vi) a porous layer of mixture Fel-,S- 
Fe (Fe, Cr, A1) .2S4. 

For alloy (11) the intermediate compact layer of 
pyrrhotite [layer (iv)] couid never be observed. 

It should be noticed that the presence of sulfides 
Cr2S3 and AIzSI could never be detected, as done by 
Mrowec (13,14), either in the inner or intermediate 
layer even at room temperature. 

Discussion 
Both the kinetic and morphological results obtained 

show that the sulfidation of Fe-17 Cr-xAl alloys oc- 

Fig. 5. Cross section of alloy I specimen sulfidized a t  850°C 
in 6.2 X 10-2 Torr sulfur for 50 hr (~200) .  The exte'rnal FeS 
layer is very brittle and disappeared during polishing. 

curs in several successive steps, the corrosion layer 
morphology being a function of the reaction progress. 

During the first parabolic period it could be shown 
that, whatever the composition of the alloys, three 
layers developed: a Fel-,S outer layer, a sulfospinel 
intermediate layer, and an inner layer consisting of 
a mixture of both previous sulfides. However, con- 
trary to what has been shown by Mrowec (13,14) the 
pyrrhotite outer layer is not compact but porous. Al- 
though our experimental conditions are different (Psa 
= 6.2 x 10-2 Torr instead of 1 atm) this probably does 
not justify this particular morphology of sulfide 
Fel-,S and the explanation is to be looked for in the 
growth process of the corrosion layer. It may be 
thought that, at the very beginning of the reaction, 
two compact layers form on the alloy: an inner layer 
of sulfospinel and an outer layer of pyrrhotite [Fig. 
6 (I)] .  Then the three constituents of the alloy (Fe, 
Cr, A1) diffuse throughout the inner compact layer 
LFig. 6 (II)] to form at the interface of both layers, a 
new building element of Fe(Fe, Cr, Al)zS4, destroying 
the compacity of the outer layer [Fig. 6 (III)]. The 
excess of iron sulfidizes in its turn. As for the porous 
inner layer which grows subsequently, it is certainly 
formed through a well-known, internal dissociation- 
resulfidation process (18). The progress curves AW/A 
= f ( t )  being parabolic, the over-all rate of corrosion 
is certainly governed by a cationic diffusion step 
through the compact layer of mixed sulfide. Unfortu- 
nately the results available do not allow us to stage 
the diffusion of whichever element (Fe, Cr, or Al) is 
prevailing to determine the rate. 

As the reaction proceeds cracks occur in the compact 
layer, probably related to the internal dissociation 
process and to mechanical stresses. Sulfur can then 
penetrate through gas diffusion and bring about an 
abnormal thickening of the inner porous layer. 
Straight below the layer cracks, nodules of mixed sul- 
fide Fe(Fe, Cr,A1)2S4 develop on the alloy. This evolu- 
tion of the layer results in the acceleration observed on 
the kinetic curves. 

The nodules then develop and join to give a new 
inner compact layer of mixed sulfide. Finally (for 
alloy I only) an intermediate layer of iron sulfide oc- 
curs. The innermost, porous layer probably forms by 
internal dissociation-resulfidation, as in the first part 
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ALLOY 

ALLOY 

ALLOY 

Fig. 6. Mechanism of formation of the different corrosion layers 
a t  the beginning of the sulfidation. 

of the reaction The progress curves being identical 
for each alloy, the rate is probably still governed by 
the diffusion of one of the three constituting elements 
of the alloy (Fe, Cr, or Al) through the innermost, 
compact layer of mixed sulfide. 

Summary 
This work shows that high temperature sulfidation 

of Fe-17 Cr-xA1 alloys does not occur uniformly but 
that several successive steps are involved resulting in 
composition change of the corrosion layers which form 
and changes in the profile of the kinetic curves. The 
morphology of these layers is closely dependent on 
the mechanical stresses which develop and their com- 
position is determined by the initial alloy. 

Despite the complexity of this question, all our 
results enable us to put forward a mechanism which 
allows the corrosion layer growth to be explained. 

Several questions, however have still no answer. 
First, we do not understand why, at the beginning,of 
the reaction, we do not observe the formation of two 
compact layers as, for example, in the case of Ni/Cr 
alloys (21,22) whose growth would be governed by 

a mechanism similar to that described by Smeltzer 
(23).  

Then it is difficult to explain why the sulfldation 
rates are different in the two parabolic parts of the 
curves as everything tends to show that the processes 
fixing these rates are identical. 

Finally, it is difficult to understand in which way 
the composition difference of the alloys justifies the 
formation of different corrosion layers over the sec- 
ond parabolic part of the transformation. 
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ABSTRACT 
The compositional variations of the thermodynec and mass transport 

properties of the p phase "LiAI" in the lithium-aluminum system have been 
investigated over the temperature range from 415' to 600". At 415'C, the 
emf of the single phase "LiA1" lies between 300 and 70 mV relative to pure Li 
and this corresponds to a Li activity increasing from 0.0063 to 0.31 over the 
phase stability range from, 46.8 to 55.0 atomic percent Li. At the ideal stoi- 
chiometry, the standard Gibbs free energy of formation of "LiA1" is -29.2 
kJ/mole at 415°C and the corresponding enthalpy and entropy are -43.3 
kJ/mole and -20.6 J/mole 'K, respectively. Two different electrochemical 
transient techniques have been used to measure the chemical diffusion co- 
efficient in "LiAl" as a function of the stoichiometry; the experimental results 
obtained are in good agreement. On the lithium deficit side of the ideal stoi- 
chiometry, the chemical diffusion coefficient increases with decreasing Li con- 
centration, becoming about 10-4 cme/sec near the phase boundary. On the 
other hand, it is composition independent on the Li excess side of "LiAl," 
varying with temperature from 2.4 x 10-6 cmz/sec at 415'C to 1.8 X 10-6 
cmVsec at 600°C. 

being the most electronegative and one 
of the lightest elements, is presently being considered 
for use as an anode material in both ambient and 
elevated temperature batteries being developed for 
load leveling and for use as power sources for electric 
vehicles. However, lithium is highly corrosive and 
presents difficulties in materials selection and cell 
design. Also, lithium dissolves appreciably in the 
chloride salts typically used in high temperature 
cells, causing self-discharge due to the corresponding 
increased electronic conduction in the molten salt 
electrolyte. Furthermore, if potassium is allowed to 
evaporate, it will tend to be displaced by lithium at 
high activity, and it is difficult to retain liquid lithium 
in a porous metallic matrix for a prolonged period 
of time during repeated charge-discharge cycles. These 
problems may be reduced or avoided by the use of 
certain solid lithium alloys as anode materials. 

One such candidate material is a two-phase lithium- 
aluminum alloy. During charge-discharge cycles, the 
over-all electrode composition traverses a two-phase 
region bounded by the saturated solid solution of 
lithium in aluminum, the a phase, and the aluminum- 
rich side of the vario-stoichiometric intermetallic 
compound whose nominal composition is "LiA1," the 
p phase. In this two-phase region the lithium activity 
is composition independent. The open-circuit voltage 
us. pure lithium, measured using a lithium-conduct- 
ing electrolyte, has been determined over an appre- 
ciable range of temperature (1-3). There have also 
been a few measurements of the potential in the 
more lithium-rich portion of the lithium-aluminum 
system (4). However, such data are not consistent, 
and little is known about the variation of the lithium 
activity with respect to composition in the a and p 
single phase regions. 

On charging and discharging of a lithium-aluminum 
electrode, lithium is transported through the bulk 
solid electrode due to the presence of concentration 
gradients. The values of the chemical diffusion co- 
efficient in these alloys are, therefore, of interest from 
both practical and theoretical points of view. James 
(5) carried out a study of the charge-discharge char- 
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method, Gibbs free energy of formatlon, ~oulometrie tltratlon. 

acteristics of lithium-aluminum electrodes and in- 
ferred that the chemical diffusion coefficient in "LiAl" 
is 5 x 10-5 cmZ/sec at 430'C. Using a galvanostatic 
method, L'vov and co-workers (6) reported that the 
chemical diffusion coefficient in "LiA1" with a com- 
position of 48 atomic percent (a/o) Li increases from 
2 x 10-7 to 6.9 x 10-8 cm2/sec over the temperature 
range from 380" to 500Y2, with an apparent activation 
energy of 30 kcal/mole. From galvanostatic transient 
measurements, Melendres (7) estimated that the chem- 
ical diffusion coefficient in "LiAI" is of the order of 
10-8 cmz/sec at 450°C. There is a considerable amount 
of disparity among these results and no information 
about the composition dependence of this phenomenon 
within the "LiA1" phase. 

To provide a better fundamental understanding of 
the electrochemical behavior of this practically im- 
portant solid alloy electrode, the thermodynamic prop- 
erties and chemical diffusion coefficient have been 
determined within the vario-stoichiometric p phase 
"LiA1." Similar data have also been obtained within 
the a phase and will be reported elsewhere. 

Theoretical Considerations 
Detetmination of thermodynamic properties from 

emf measurements.-For the purpose of illustration, 
consider that one has the following galvanic cell 

Ao/electrolyte for AtZ~/AvB 111 

where A,B is a general formula which can denote 
the one-phase or two-phase solid electrode in ques- 
tion, y is the A/B ratio, and A0 serves as a source 
or sink of the electroactive species A and also pro- 
vides a reference activity for component A. With the 
help of such a galvanic cell, the activity can be 
determined as a function of composition for the binary 
system A,B by using the coulometric titration tech- 
nique as briefly described below. This method was 
first demonstrated by Wagner (8) in an investigation 
of the dependence of the activity of Ag on the Ag/S 
ratio in "AgzS." 

It is assumed that both A,B and A0 are electronic 
conductors and that the electrolyte is a purely ionic 
conductor. Under equilibrium conditions, the open- 
circuit voltage of the above cell, E, provides a mea- 
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sure of the activity of A, a ~ ,  in the electrode A,B, 
since 

-zAFE = RT In a~ 111 

where ZA, F, R, and T are the charge number of the 
electroactive species A in the electrolyte phase, the 
Faraday constant, the gas constant, and the absolute 
temperature, respectively. In the above expression, 
the reference electrode A0 is assumed to be pure A 
at its standard state with unit activity, i.e., a ~ o  = 1, 
for simplicity. Of course, an electrode containing A 
with a fixed activity other than unity may also be 
used as a reference electrode. In such a case, an ad- 
ditional term, -RT In aAO, must be added to the 
right-hand side of Eq. [I]. 

The composition of the binary solid A,B can be 
systematically changed by passing current through 
the cell. In so doing, a definite amount of A will be 
transported across the cell via ionic conduction in the 
electrolyte and electronic transport in the external 
circuit. Depending on the direction of the applied 
current, the species A can thus be added to or re- 
moved from the solid electrode A,B electrochemically. 
Assuming the electrolyte is a purely ionic conductor, 
the change in the over-all composition, ~ y ,  from 
Faraday's law, is 

@ = 1dtIaFn. 121 

where n~ is the number of gram atoms of component 
B in A,B. The activity of A in the new composition 
may be evaluated from the cell emf after waiting a 
sufficiently long time to allow the composition to 
achieve equilibrium throughout A,B, as evidenced 
by the achievement of a steady-state open-circuit 
voltage. If chemical diffusion within the A,B is rapid, 
it is possible, within certain restrictions, to obtain ac- 
tivity-composition data (coulometric titration curves) 
over appreciable ranges of composition and tempera- 
ture by this method. 

Since the left-hand electrode of cell [I] is used to 
supply or remove component A from A,B, it is gen- 
erally desirable to use a third separate reference 
electrode, as has been done in coulometric titration 
experiments on several other materials (3, 9-11). 

In such experiments, one generally has to know 
the composition of A,B at one point in the concentra- 
tion range studied in order to convert the precisely 
measurable compositional changes produced by this 
method to exact compositions according to Eq. [2]. 
Thus even though one can achieve unusually precise 
resolution in compositional changes, the accuracy of 
the actual values may be limited by the techniques 
used for sample preparation or composition analysis. 
This problem may become more difficult if one wants 
to study a single phase material with a narrow range 
of phase stability. In appropriate cases, this difficulty 
may be overcome by starting the coulometric titration 
from pure B. If the electrolyte is an essentially ionic 
conductor and there is no loss of either A or B from 
the A,B by evaporation, dissolution in the electrolyte, 
or diffusion into the electronic contact material, the 
composition can be easily evaluated and controlled to 
within about 10-10 moles, for example. by passing 
a constant current of 1 PA for 10 sec. This precision 
is well above that which can be obtained by using 
conventional materials preparation or analytical tech- 
niques. The success of this coulometric titration tech- 
nique also requires that the rate of homogenization, 
which is determined by diffusion processes within the 
A,B, be relatively fast. 

If the coulometric titration curve is determined by 
starting with pure B the standard Gibbs free energy 
of formation for A,B, AG~~(A,B),  can be evaluated 
as a function of composition by integration of the 
titration curve according to the following expression 
(3) 

LMIC PROPERTIES OF LiAl 

The variation of the corresponding enthalpy, AHio 
(A,B), and entropy, AS~O(A,B), with composition can 
also be determined from the temperature dependence 
of these data, using well-known thermodynamic rela- 
tions (3). 

Determination of chemical diffusion coeficients using 
electrochemical methods.-The use of various electro- 
chemical techniques for the study of transport prop- 
erties within solids was recently reviewed in detail 
by Weppner and Huggins (1%). Two different transient 
electrochemical techniques were employed in this 
study to determine the chemical diffusion coefficient 
within the "LiA1" phase. The basic principles and 
the resulting equations are briefly summarized in 
this section Such techniques generally involve the 
displacement of the composition of an electrode sys- 
tem from equilibrium or steady state by the imposition 
of a step in either potential or current, and the mea- 
surements of the other (dependent) variable as a 
function of time. 

For the sake of simplicity, the variation of the 
volume with composition is neglected. It is also as- 
sumed that diffusion in the solid electrode is the 
rate-determining process and that the system is iso- 
thermal and isobaric. The composition of the electrode 
is expressed as A,+sB, where 6 represents a small 
deviation from the stoichiometric ratio y. 
Potentiostatic method.-One technique involved the 
imposition of a sudden step in the potential across 
the cell [I], which we shall call the potentiostatic 
intermittent titration technique (PITT), for conve- 
nience. In such experiments, it is assumed that a 
planar electrode initially has a uniform concentration 
of the mobile species A, C, corresponding to an equi- 
librium voltage E, with respect to a suitable reference 
electrode. At t = 0 a new activity (and therefore 
concentration) of A is imposed on the electrode surface 
of the A,+aB by applying a voltage step, BE, between 
the sample and the reference electrode. The new con- 
centration in the A,+aB at the electrode-electrolyte 
interface (x  = 0) is C,. Chemical diffusion will occur 
due to the concentration gradient imposed within the 
A,+aB. As a result, the electroactive species must 
be continuously supplied by transport through the 
electrolyte phase in order to keep the surface con- 
centration constant at the imposed value C., until the 
electrode reaches the composition C, everywhere. The 
magnitude of this transient current 1 provides a mea- 
sure of the chemical diffusion flux as a function of 
time t. Assuming one-dimensional transport, the chem- 
ical diffusion process in the solid is described by 
Fick's second law 

~ C A  azc~ 
= D -  

at  ax2 
141 

where x is distance into the solid from the electrolyte/ - 
electrode interface, CA the local concentration, and D 
the chemical diffusion coefficient. The latter is as- 
sumed to be approximately concentration independent 
in the molar concentration range from C. to C,. The 
appropriate initial and boundary conditions for such 
potentiostatic experiments are 

CA=C., OLXGL,  t = O  151 

CA=C8 x=O, t>O 161 

acn 
- = O  x = L ,  t z o  

ax 
171 

Equation [7] expresses the condition that the electro- 
active species A, enters the solid only at x = 0, and 
the phase boundary at x = L is impermeable. This 
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same condition holds if the electrolyte is in contact 
with both sides of a planar electrode and there is no 
diffusion across the centerline. 

The solution of Eq. 141-[7] giving the composition 
in terms of position and time has one of two standard 
forms. Either it is comprised of a series of error 
function or related integrals, in which it is most 
suitable for numerical evaluation at small times, or 
it is in the form of a trigonometrical series which 
converges most satisfactorily for large values of time 
(13) .  These can be written for the present case as 

[ (-11% (erfc 
( n + l ) L - x  + erfc - "'" )] I81 

& & 
and 

The time-dependent electric current I ( t )  is related 
to the concentration gradient at the electrode-electro- 
lyte interface by 

where S  is the cross-sectional area common to both 
the electrolyte and the sample electrode. Neglecting 
the higher order terms in Eq. [ a ]  and [ 9 ] ,  the expres- 
sions for the current as a function of time are found 
to be 

I ( t )  = ZAFS(C, - C,) (E/rct )Ya if t << LZ/: [11] 

and 

BAFS ( ca - CO)  6 n26t - 
1 ( t )  = exp - - if t  >> Ln/D 

L  4L2 

Therefore, in the short time approximation, i.e., - 
in the initial stage of diffusion, when t << L2/D, the 

chemical diffusion coefficient D  can be dete~mined 
from the slope of the linear plot of I us. l / d t ,  pro- 
vided that the concentration difference (C,  - C,)  
is known. The expression of Eq. 1111 is sometimes 
known as the Cottrell equation (14) .  In the long time 

approximation, i.e., t >> LZ/D, the chemical diffusion 

coefficient 6 can be evaluated from either the slope 
of a linear plot of In 1  us. t without a knowledge of 
(C.  - Co) ,  or from the intercept on the In I axis at 
t  = 0  on the same plot, if (C,  - C,) is known. Because 
of this, one can therefore also use these conditions 
to obtain a value for the quantity (C .  - Co) .  

After equilibration following each voltage step, the 
change of stoichiometry, A6, is directly related to the 
concentration difference (C ,  - C,) by the following 
expression 

A8 = V M ( C ~  - Co)  = Q / z A F ~ B  1131 
with 

where V M  is the molar volume of the electrode sample. 
Q  represents the total charge transferred during the 
titration corresponding to the voltage step AE, and 
nB is the number of moles of the static component B. 

Knowing the fact that VMns/S = L, one may rewrite 
the current-time expressions in terms of charge Q  
and the thickness of electrode by substituting Eq. 1131 
into Eq. 1111 and 1121 as follows 

After each voltage step, the charge Q can be deter- 
mined either by graphically evaluating the area under 
the 1-t curve or by using a coulometer in the external 
circuit. 

An advantage of using the PITT method is that 
side reactions such as the nucleation of new phases 
can be avoided if the voltages are controlled within the 
stability range of the single phase. A disadvantage 
is that the ohmic voltage drop in the bulk electrolyte, 
which varies with time, cannot be readily eliminated 
from the imposed voltage difference. In addition, 
there is typically a small initial current transient 
related to the accumulation of charge at the electro- 
lyte-electrode interface. 
Galvanostatic method.-A new method known as the 
galvanostatic intermittent titration technique (GITT) 
was recently introduced by Weppner and Huggins 
(9, 15) which does not have the shortcomings men- 
tioned above. It involves the imposition of a constant 
current 1 through the cell for a time interval r. The 
voltage between the working electrode and the ref- 
erence electrode, E, is measured as a function of 
time during the current pulse. This causes the passage 
of a constant flux of the mobile species A across the 
electrode-electrolyte interface. The diffusion process 
within the sample is assumed to obey Fick's second 
law of diffusion, i.e., Eq. [ 4 ] .  Under galvanostatic 
conditions, the initial and boundary conditions are 

The solutions of Eq. [4]  with Eq. [Ill-1191 are given 
elsewhere (16)  

LierfC 2 ( n +  1 ) L - x  + ierfc - 
2nL + ] [20] 

2(D"t)% 2 ( D t )  % 
and 

It 
C A ( X , ~ )  - C o = -  

ZAFSL 
ZAFSD 

OI 

2  -&' ( -1 )"  nzn2D"t - - - exp (- , ) cos 
X 2 n - - 1  n2 

nn(L L  - x ,  I 
I211 - 

For small values of time, i.e., t  << L2/D, the time 
variation of the concentration of the electroactive 
species at the electrolyte-electrode interface ( x  = 0 )  
can be approximated by the first term in the infinite 
series of Eq. 1201. The resulting expression, known to 
electrochemists as the Sand equation [ I l l ,  is 
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In principle, Eq. 1221 may be employed to evaluate - 
the chemical diffusion coefficient D if the time varia- 
tion of the surface concentration C,(t) is known. 
Unfortunately, the instantaneous value of the concen- 
tration at  the electrolyte-electrode interface is usually 
not directly measurable. This difficulty can be avoided 
for the short time case, for example, differentiating 
Eq. [22] with respect to the square root of time and 
then expanding it by dE as follows 

in which the surface concentration C, is replaced by 
the stoichiometric parameter 6 through the relation- 
ship CA = (U  + ~ ) / V M  for a solid binary compound 
A,+aB. Rearrangement of this expression yields 

- 
The chemical diffusion coefficient, D, can be deter- 
mined from Eq. [24] because all the quantities are 
either known or experimentally measurable. The 
quantity d ~ / d $  is directly obtained from the mea- 
surement of the voltage as a function time during 
the constant current pulse. The value of dE/d6 in 
the above expression is determined from the slope 
of coulometric titration curve, which is obtained by 
plotting the steady-state equilibrium voltage of the 
electrode against the composition or the stoichiometric 
parameter after each galvanostatic titration step. 

If sufficiently small currents and short time intervals 
are employed so that the transient response of the 
voltage E is a linear function of the square root of 
time, i.e., d ~ / d d ?  = A E ~ / V ~  and the coulometric 
titration curve is reasonably linear over the composi- 
tion range involved i n  that step, i.e., dE/d6 = AE./AS, 
Eq. [241 can be put into the simplified form (15) 

Here AE, represents the change in the steady-state 
voltage as a result of the current pulse, and aEt is 
the total change of voltage during the passage of 
the constant current, eliminating the I R b  drop. 

In this method the ohmic voltage drop in the bulk 
electrolyte between the working electrode and the 
reference electrode, which is present as an added time- 
independent constant, can be easily eliminated by 
substraction through the extrapolation of E vs. di 
data to zero time (15). - 

At larger times, i.e., when t > LZ/D, the concen- 
tration at  the electrode surface can be approximated 
by the first two terms on the right-hand side of 
Eq. [21], giving 

IL - 
C, (t) - C. = I~/zAFSL + - if t > Lz/D 

~ZAFS; 
1261 

Thus at longer times the concentration change, as well 
as the potential change, at  the surface will aoproach 
a linear relationship. It can be seen from Eq. [26] 
that the slope is independent of the chemical diffusion 
coefficient. This is not true, however, for the extrapo- 
lated intercept at  t = 0, for 

- 
which permits the evaluation of D in this manner as 

well, provided, as before, that the coulometric titra- 
tion curve can be assumed to be linear over the range 
of composition involved in the current pulse. That is 

Experimental Considerations 
Experiments were performed using an electmchem- 

ical cell consisting of three electrodes, namely, working 
(sample) electrode, counterelectrode, and reference 
electrode immersed in a molten chloride electrolyte, 
similar to that reported in earlier studies (3, 10, 15). 
In order to avoid contamination, both sample prep- 
aration and experiments were carried out in a helium 
glove box from which the oxygen, nitrogen, and 
moisture were continuously removed. Both the refer- 
ence and counter (lithium reservoir) electrodes were 
electrochemically prepared by coulometric titration of 
Li into a spiral of pure (99.9999%) aluminum with a 
diameter of 0.2 cm to a composition of 40 a/o of Li. 
The two-phase Al, "LiA1" electrode had a stable 
voltage of about +300 mV relative to pure lithium. 
An important advantage of using these lower lithium 
activity two-phase electrodes is to reduce the solution 
of Li in the molten LiCl-KCl(e) electrolyte (18). 
and thereby minimize the electronic leakage current 
(19). 

The LiCl-KC1 eutectic electrolyte was purchased 
from Lithcoa (Lithium Corporation of America, Bes- 
semer City, North Carolina). It was ground to powder 
in a mortar and pestle and then heated in an alumina 
crucible at about 420°C for 12 hr in the glove box. 
These molten salt electrolytes were clear and colorless 
without any further purification Alumina crucibles 
have been found to be suitable for use as containers 
for such molten salt electrolytes (9,10, 11, 15). 

The "LiA1" electrode was made by melting the high 
purity A1 wire and Li ribbon (99.9% ) in a molybdenum 
crucible at a temperature about 15"-20'C above the 
melting point of "LiA1" (718'C). This was followed by 
annealing at  450'C for 15 hr for homogenization. The 
single phase "LiA1" was hard and brittle and had an 
initial composition of 50 a/o of Li. Dense electrodes 
were made by carefully grinding the cast and an- 
nealed alloy into the form of a thin pellet. Other 
samples of the "LiA1" compounds were ground to 
fine powder in a porcelain mortar and pestle, sieved 
to 150 mesh, and then cold pressed into pellets using 
a stainless steel die with a plunger at a pressure 
about 1.2 x 10s psi under helium atmosphere. The 
resulting pressed pellets generally had densities near 
90% of the theoretical value (1.739 g/cms). The sample 
electrodes were held in a cage made of 0.02 cm diam 
Mo wire, which was also used as the electrical lead. 

Electrical measurements were made at  temperatures 
from 415" to 600°C using a potentiostat/galvanostat 
(PAR Model 173) with a plug-in digital coulometer 
(PAR Model 179). The voltage-time or current-time 
behavior was directly measured by use of a Hewlett- 
Packard 34702 multimeter, which was connected to 
the output of the PAR potentiostat/galvanostat, and 
a digital timer. Simultaneously, the transient behavior 
of voltage or current was also displayed on a chart 
recorder. The cell temperature was determined by 
means of two Chromel-Alumel thermocouples. 

Results and Discussion 
Thermod~namic properties.-All the experimental 

data reported in this paper were measured with re- 
spect to the solid two-phase Al, "LiA1" reference 
electrode with a composition of 40 a/o Li, but are 
plotted with reference to pure Li, using the following 
expression for the potential difference between Li and 
Al, "LiAl" electrodes as a function of temperature. 

m i A I . 8  
- EL, = 451 - 0.220T('K)rnV [29] 
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Fig. 1. Temperature dependence of emf for two-phase Al, "UAI" 
reference electrode. 

This relation was determined from measurements at  
temperatures from 375' to 600°C as shown in Fig. 1. 
Experimental results reported in the literature are 
also included for comparison. The new data are in 
excellent agreement with those determined by Yao 
et al. ( I ) ,  and Weppner and Huggins (3) .  However, 
the emf values reported by Sharma and Seefurth (2) 
are lower by about 5 mV than those represented by 
Eq. [29]. Equation 1291 is the same expression as 
that reported by Yao et al. (1) from emf measure- 
ments of electrochemically prepared lithium-aluminum 
alloys at  lower temperatures, from 280" to 380°C. 
Using pure A1 as the starting material, the coulo- 
metric titration curve, i.e., the steady-state open- 
circuit voltage of the lithium-aluminum electrode over 
a wide range of composition, at 423'C is shown in 
Fig. 2. It clearly shows that three single phases, i.e., 
a, p, and 7, exist at 423°C. The solid solubility of Li 
in A1 is 9.2 a/o Li, and the p phase of "LiA1" extends 
from 46.8 to 56 a/o Li at that temperature. 

The r phase was found to exist between 60.3 and 
61.7 a/o Li. Thus this intermediate phase has a nom- 
inal composition Li3Alz, rather than LizA1, as reported 
in the standard compilations of phase diagrams for 
binary systems (20).  Phases with compositions of 
L i d 4  and LisAlz have been reported at room tem- 
perature by several investigators (21, 22). The most 

recent DTA investigation of the Li-A1 systems by 
Myles et al. (23) indicates that the solid compound 
LisAlz exists, but that neither LizAl nor L i d 4  are 
present at 423°C. They found that the compound 
Li3A12 decomposes peritectically at  520aC, while the 
compound L i d 4  undergoes a peritectic decomposition 
at 335-C. At 423°C the stable phases are LiaAlz and 
liquid lithium saturated with aluminum for Li con- 
centrations in excess of 60 a/o. No attempts were 
made to establish the liquidus compositions because 
of voltage drift at high Li activities. The emf data 
of lithium-rich lithium-aluminum alloys reported by 
Selman and co-workers (4)  indicate that the Li-rich 
liquidus composition is 82.8 a/o Li at 427°C (700'K). 

It is well known that the coulometric titration curve 
may be used to map out the phase diagram. In binary 
systems, the composition range of constant activity 
or chemical potential at fixed temperature and pres- 
sure corresponds to two-phase mixtures, according 
to the Gibbs phase rule. As shown in Fig. 2, three 
single phase regions separated by constant-voltage 
regions of two-phase mixtures can be clearly identified. 
Thus, the temperature variation of the phase bound- 
aries can be determined from measurements of emf 
as a function of composition at various temperatures. 

Figure 3 shows coulometric titration curves in the 
p phase region at three different temperatures. Over 
the temperature range investigated, the titration curves 
all exhibit a similar composition dependence. As 
can be seen, the potential rises rapidly on the lithium 
deficit side of the p phase "LiAl" as the Li concen- 
tration decreases. In the region of positive deviation 
from the ideal stoichiometry, i.e.. 6 > 0. the emf 
however varies almost linearly with the stoichiometric 
parameter 8. 

In the temperature range of 415'-505% the stability 
range of the p phase was found to be nearly inde- 
pendent of temperature. The minimum composition 
on the lithium deficit side of "LiAI" is 46.8 f 0.3 a/o 
Li and that at the lithium excess boundary 55.5 f 0.5 
a/o Li. The earlier emf measurements of electro- 
chemically prepared lithium-aluminum alloys by Yao 
et al. (1)  indicated that the phase boundary on the 
lithium deficit side is about 47 a/o Li in the tem- 
perature range of 300'-380°C. Using two independent 
techniques, quantitative metallography and lattice pa- 
rameter measurements, Levine and Rapperport (24) 
reported that this phase boundary comoosition is 
45.8 a/o over the temperature range 150"-550°C. 

Thus, although differing in the value of its com- 
position, experimental data obtained by various in- 
vestigators usinq different techniques indicate that 
the lithium deficit boundary of "LiAl" is nearly tem- 
perature independent over a wide temperature range. 
However, at temperatures higher than 500°C, the 

fig. 2. Coulometric titration curve for lithium-aluminum system 
at 423% 

Fig. 3. Coulometric titration curves for "UAl" a t  different hm- 
pemtuns. 
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locations of the phase boundaries were difficult to 
determine with confidence owing to a high self-dis- 
charge rate as evidenced by a slow voltage drift 
with time. 

The coulometric titration curve data determined by 
means of GITl' coincide well with those measured 
with PITT, as illustrated in Fig. 4. The emf of "LiAI" 
lies between 300 and 70 mV relative to pure Li a t  
415'C. This corresponds to a lithium activity which 
increases from 0.0063 to 0.31 over the composition 
range of the phase at this temperature. These data 
are rather close to those obtained by extrapolation 
of the emf measurements by Yao et al. (1) but 
substantially different from those recently reported 
by Selman et al. (4).  The enhancement factor, d In 
a d d  In CLI, which relates the chemical diffusion 
coefficient to the component diffusion, may be deter- 
mined from the slope of the titration curve (15) 
according to the expression 

d l n a ~ j  F -=- dE 
(1 + 8) - 

d l n  CLI RT dB 
[sol 

This quantity varies as a function of composition, as 
shown in Fig. 5. As it may be seen, it is large and 
strongly dependent on the composition on the lithium 
deficit side of "LiAl," but remains nearly composition 
independent on the lithium excess side. 

Figure 6 shows the standard Gibbs free energy of 
formation of "LiA1" as a function of the stoichiometry 
at  415'C, evaluated by integration of the coulometric 
titration curve according to Eq. [3]. At the ideal 
stoichiometry, i.e., 8 = 0, the standard Gibbs free 
energy of formation is -29.2 kJ/mole. The largest 
negative value was found to occur at  about 50.6 a/o 
Li, or 8 = 0.025. 

In the temperature range from 375" to 500eC, the 
temperature dependence of the emf was found to be 
linear for all compositions within "LiA1." The partial 
molar entropy of Li, A&, at  each composition was 
determined by 

The experimental results are given in Fig. 7. Other 

0 G I T T  This Work 

S P I T T  Thiswork 
2 x Yao el al. 11971) 

3 %[man et al. (19771 
W 
# 

W 

100- 

- 

Fig. 4. Cwlometric titration curve of "UAI;" compariwn of re- 
sults from PlTT and GITT. 

Fig. 5. Compositional variation of the enhancement hcmr within 
"LiAI" at  415%. 

Fig. 6. Standord Gibbs free energy of formation of "LiAI" as a 
function of composition at  415%. 

data reported in the literature are-also included for 
comparison. Again the values of ASL~ determined in 
this work are in good agreement with those extrapo- 
lated from the results reported by Yao et al. ( I ) ,  but 
are quite different from those reported by Selman et dl. 
(4).  The partial molar entropy of Li in "LiAl" shows 
a minimum near 47.4 a/o Li (6 = -0.10). In addition, 
aFLl is negative for compositions less than aborlt 
51.9 a/o Li and positive for lithium excess composi- 
tions, where it increases linearly with stoichiometric 
parameter 8. 

The standard entropy of formation of Lil+aAl, AS0f, 
is also shown as a function of composition in Fig. 7. It 
was determined by using the expression 

The minimum value of ASof/2 + 8 is at  8 = 0.025. At 
8 = 0, the value of AS% is -20.6 J/mole "K. 
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fig. 7. Partial molar entropy of U and standard entropy of forma- 
tion of "LiAI" vs. composition. 

The standard enthalpy of formation, AH?, was cal- 
culated as a function of the stoichiometry according to 
the definitional expression 

The results at 415'C are shown in Fig. 8. The standard 
enthalpy of formation at 6 = 0 is -43.3 kJ/mole. 
AHof/2 + 6 has a minimum value at 8 = 0.025 and 
its compositional dependence is similar to that of 
AGor/2 + 6. 

Mass transport.-Typical current-time measure- 
ments using PITT are presented in Fig. 9, in which the 
current is plotted as.a function of l / t l ' 2 .  According to 
Eq. [15], a straight line passing through the origin is 
expected for small times in such a plot. Indeed, a 
linear relationship can be seen for times between 80 
and 800 sec. 

At very short times after a voltage step, deviations 
from this linear relationship were found, being more 
pronounced when using larger voltage steps. Accord- 
ing to Eq. 1151 the current should be infinite at the 
moment when the chemical diffusion process starts. 
This theoretical situation is not experimentally pos- 
sible, however, as the applied voltage step AE is given 

Rg. 8. Standard enthalpy of formotion of ''UAI" as a function 
of composition a t  415°C. 

Fig. 9. Current vs. l/t'lz; short time PIIT approximation 

by the expression 
RT a ~ t  

aE=-In- 
F a ~ t o  

+ IRs I341 

where a=, is the Li activity in the surface of the sam- 
ple, a ~ i o  is the fixed lithium activity of the reference 
electrode, and IRb represents the ohmic voltage drop 
in the bulk electrolyte phase between the sample and 
the reference electrode. This ohmic voltage drop in 
the electrolyte varies with the current and thus can- 
not be completely eliminated using the PITT ap- 
proach. Therefore, the boundary condition of instan- 
taneous change in the surface concentration is not 
fulfilled at very small values of time. This problem may 
be minimized by placing the reference electrode very 
close to the working electrode and using small voltage 
steps, e.g., 5 to 10 mV. 

Figure 9 also shows a nonlinear relation at large 
times, when the short time approximation is no longer 
valid. Figure 10 shows the same experimental results 
in a semilogarithmic plot. A straight line can be seen 

Fig. 10. Exponential dependence of current on time; long dmc 
PlTT approximation. 
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except at short times, in agreement with the theo- 
retical prediction of Eq. 1161. - 

The chemical diffusion coefficient, D, calculated from 
the linear portion of the short time data shown in Fig. 
9 is 3.06 x 10-6 cm2/sec. Values evaluated from the 
slope and the intercept at  t = 0 in the plot given in 
Fig. 10 are 2.46 x 10-6 and 2.62 x 10-6 cmZ/sec, re- 
spectively. These three values correspond quite well, 
as expected from the theory. 

Figure 11 shows the typical transient voltage re- 
sponse obtained by means of GITT. At small times, 
the voltage varies linearly with the square root of 
time as expected from Eq. [23]. According to Eq. 1241 - 
the chemical diffusion coefficient D can be determined 
from the slope dE/dtlle and the factor dE/d6, which is 
assumed to be constant during each small current 
pulse. These two quantities are not affected by the 
voltage drop, IRb,  in the bulk electrolyte between the 
sample and reference electrode. Therefore, ohmic 
effects in the electrolyte and interface are totally 
eliminated when using the GITT method. 

Using both GITT and PITT the compositional varia- 
tion of the chemical diffusion coefficient was deter- 
mined in "LiA1!' These data are plotted in Fig. 12. 
Although there is some scatter in the values of the 
chemical diffusion coefficient, this parameter is quite 
composition dependent on the lithium-deficient side of 
the ideal stoichiometry, approaching an extremely 
high value in the order of 10-4 cmZ/sec near the 
(a + p)-6 phase boundary. It may be regarded as 
virtually composition independent with an average 
value of 2.4 x 10-6 cmz/sec at 415" for the lithium- 
rich side. 

It can be seen from Fig. 12 that the chemical diffu- 
sion coefficient data obtained by means of the PIlT and 
GITT methods are in good agreement. Also, data ob- 
tained using dense pellets are not significantly differ- 
ent from those measured by employing electrodes 
made of cold-pressed pellets. Furthermore, the chemi- 
cal diffusion coefficients given in Fig. 12 show no ob- 
servable difference between charging and discharging. 
This result is in contradiction with the contention of 
other investigators (7) that there is considerable dif- 
ference in diffusion mechanism between charge and 
discharge. 

For the purpose of comparison, the chemical diffi- 
sion coefficient interpolated from the data reported 
by L'vov and co-workers (6) is also given in Fig. 12. 
The results presented by James (5 x 10-5 cm2/sec at 
430°C) (5) and Melendres (10-8 cmZ/sec) (7) are not 
included because the composition was unspecified. 

An attractive feature of electrochemical transient 
techniques for the study of transport properties within 
solids is that a number of kinetic parameters may be 
obtained in a single experiment under specific condi- 

Fig. 11. Time dependence of voltage using G l l l  

SamPLe &&& Direction - 
0 Synthetic Pdlet GITT Li- 
0 Pressed PeIlet GlTT Li++<-Li 

#& A Pressed Pellet PITT L i - - ~ i + + i (  

0 

- L'vov et al. (19751 

Fig. 12. Chemical diffusion coefficient in "UAI" as a function of 
composition at  415%. 

tions. One quantity of particular interest is the dif- 
fusivity, also sometimes called the component diffusion 
coefficient or self-diffusion coefficient. The diffusivity 
DL, is different from the chemical diffusion coeffi- - 
cient, D, as defined by Fick's first law of diffusion in 
the presence of an activity gradient, but they are re- 
lated to each other through an enhancement factor 
(15) according to the equation 

This relation is valid only when the lithium atoms or 
ions dominate the mass transport process, i.e., the alu- 
minum atoms or ions are virtually immobile. In fact, 
NMR studies on "LiA1" (25,213) support this assump- 
tion. 

The diffusivity of Li in "LiA1" as a function of stoi- 
chiometry at 415°C is shown in Fig. 13. The enhance- 
ment factor and the chemical diffusion coefficients 
were taken from Fig. 5 and 12, respectively. At this 
temperature, the diffusivity is seen to gradually de- 
crease by almost an order of magnitude from 1.6 x 
10-6 cmz/sec at 8 = -0.1 to 3.0 x 10-7 cm2/sec at  
8 = -0.17. The self-diffusion coefficient of Li7 in 
"LiAl," measured by Willhite and co-workers (26) 
using NMR techniques, is also shown in Fig. 13 for 
comparison. Thus, the experimental results determined 
by various investigators using completely different 
techniques are in close agreement. 

The composition dependence of the chemical diffu- 
sion coefficient at five different temperatures from 415" 
to 600°C is shown in Fig. 14. The influence of composi- 
tion is seen to be similar at all temperatures investi- 
gated. The chemical diffusion coefficient is nearly con- 
stant on the Li excess side, but increases with decreas- 
ing Li concentration on the Li deficit side. 

The temperature dependence of the experimental 
data at fixed compositions could be fit to an expression 
of the form - - - 

D = D,exp (-AH/RT) [361 
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Fig. 13. Variation of diffusivity of Li in "LiAI" with composition 
a t  415°C. 

Fig. 14. Compositional variation of chemical diffusion coefficient 
within "UAI" a t  differed temperatures. - 
The apparent activation energy AH was found to be 
essentially independent of lithium concentration for 
lithium-rich compositions, with a value of 47.7 W/ 
mole (11.4 kcal/mole). On the Li-deficit side, how- - 
ever, AH was observed to linearly decrease with de- 
creasing lithium concentration, reaching 7.5 kJ/mole 
(1.8 kcal/mole) near the phase boundary. 

The dependence of the apparent activation energy 
on the composition in this phase is not understood at  
this time. Equation [361 indicates that the temperature 

w 

dependence of the chemical diffusion coefficient D de- 
pends on the influence of temperature on both the 
diffusivity DLI and the enhancement factor d In a ~ i / d  
In CLi. Unless the enhancement factor is temperature- 

independent, or they both exhibit Arrhenius behavior, 
the chemical diffusion coefficients should not have a 
temperature dependence of the simple Arrhenius form. 
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Optical Evaluation of Polycrystalline Silicon 

Surface Roughness 
K. I.. Chiang, C. J. Dell'Oca," and F. N. Schwettmann' 

Hewlett Packard Laboratories, Palo Alto, California 94304 

The surface roughness of polysilicon films is becom- 
ing increasingly important in the fabrication of inte- 
grated circuits. Surface roughness can interfere with 
photolithographic processes required to achieve ever 
decreasing polysilicon geometries. The operation limits 
of devices formed on polysilicon (e.g., capacitors) are 
also surface roughness dependent. In many cases, 
processes and devices can be tailored such that the re- 
producibility rather than the absolute surface rough- 
ness becomes most important. This note describes the 
nondestructive, optical evaluation of polysilicon film 
roughness. 

The reflectance, R, of a rough surface is related to 
the reflectance of an ideally smooth surface R. by the 
equation (1-3) 

R/R. = exp - (4n cos 0,~,/h)2 

where A, 0,, and AW represent, respectively, the wave- 
length, the angle, and the solid angle of observance. 
The surface roughness is characterized by an rms 
height, ro, and an rms slope, m,. If the wavelength is 
much larger than the rms roughness, then the diffuse 
reflectance term can be neglected and the result is 
specular reflectance from a surface with an "effective" 
refractive index. The equation then reduces to 

R/Ro = exp - (4n cos 0, u.,/A)2 

This analysis holds as long as the material is infinitely 
thick, that is, there are no returning waves from re- 
flection at the back interface of the material.1 

The polysilicon films were grown on a previously 
formed oxide film on silicon. In the ultraviolet, poly- 
silicon (like silicon) is highly absorbing and films on 
the order of 2000A thick appear optically infinite. 

The surface roughness was measured using a Beck- 
man Model 25 double beam spectrophotometer modi- 
fied to accommodate two 3-in. wafers. The reference 
was a single crystal silicon wafer which had the stan- 
dard chemical-mechanical polish and a mirror-like 
surface. The angle of incidence was 10 deg and mea- 
surements were made in the U.V. region, 200 to 350 nm 
wavelengths. This spectrophotometer measures in ab- 
sorbance units, A, where 

or, using the previous equations 

A = (4n cos Oo uJA)2/2.3 

Thus, A is linearly dependent on 1 - 2  with a slope of 
(4n cos 0g0)2/2.3 and a zero intercept. 

Since roughness is mostly governed by deposition 
temperature, polysilicon films were prepared at 98O0, 

Electrochemicsl Socletv Active Member. 
Key words: polysllicon, roughness, reflectance. 
'The theory was originally based on the analysis of radar wave 

reflection from a highly conducting surface. 

930', and 880°C and the surface of these films was 
analyzed optically. As expected, the absorbance in the 
ultraviolet wavelength range is higher for the higher 
deposition temperatures (Fig. 1). That is, the reflect- 
ance is decreasing or the film surface roughness is in- 
creasing with deposition temperatures. If the optical 
model is correct, the rms surface roughness can be ob- 
tained from the dependence of A on the reciprocal of 
the wavelength squared. This is depicted in Fig. 2 
where, to a good approximation, the linear depen- 
dence of A on l/Az is verified as well as the intercept 
at zero. The surface rms roughness obtained from the 
slope of these lines is given in Table I. Note that i t  
increases with deposition temperature and, further. 
that uo < A as is required by the approximations made 
in the model. 

Veriflcation of results was qualitatively made with 
a scanning electron microscope (Fig. 3) and a me- 
chanical profilometer (Fig. 4). In each case, the rough- 
ness is larger for the 980°C dewsition. The ~ e a k  to 
peak value obtained with the-surface profiiometer 

880° C 

0 I 

200 220 240 260 280 300 320 340 

Wave Length (nml 

Fig. 1. Ultraviolet abrorbnce of polysilicon films grown a t  the 
indicated temperatures. 
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Table I. Polysilicon film properties 

Deposition F i l m  Deposition 
temperature thickness rate Calculated 

('C) ( A )  (Almin)  a. ( A )  

2- 

for the 980" deposition is between 100-300A, which 1 + 
is in the same range as the optically measured value. o- if 
However, the profilometer tip covers a large area and 
tends to underestimate the roughness. 980 C 930 C 880 C 

Fig. 4. Representative profile measurements of surface roughness 
1.0 for polysilicon deposited a t  the indicated temperatures. 

The possibility that the observed effects are to some 
extent due to the result of using a polished single 
crystal reference surface was checked. Thick polysili- 
con layers (-7 em) on oxidized silicon were polished 

0.8 with the same process used for single crystal wafers. 
Then, the polished polysilicon surface was compared to 
that of the single crystal. Over the U.V. range of in- 
terest, the difference between the two surfaces is 0.008 
absorbance units, which is about the accuracy of the 
instrument. Thus, single crystal silicon can be used 

a 0.6 as the reference for convenience. 
For thin polysilicon films (<2000A), it may be 

(Y 

0 possible to do the measurement at one wavelength 
c 
a since the refractive index of polysilicon is approxi- 
n mately the same as that of single crystal silicon. Near 
L 

o total destructive interference can be realized at the 
m 
n silicon oxide-polysilicon interface? This approach is 
4 0.4 feasible by choosing the thickness of the oxide be- 

tween silicon and polysilicon such that destructive 
interference occurs within this layer at the particular 
wavelength. 

In conclusion, the surface roughness of polysilicon 
can be easily evaluated by a spectrophotometer mea- 

0.2 surement of reflectance in the ultraviolet. A single 
reading at one wavelength can be sufficient for this 
characterization. Convenient wavelengths are 2039 
and 3262A where r, is given by 250dx and 400dx A, 
respectively. 
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Fig. 3. Representative $EM micrographs of polysilicon surface roughness for various deposition temperatures 
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Chemical Etching of InP by HzOz-HzS04-H,O Solution 
Yorimitsu Nishitani and Truyoshi Kotani 

Fujitsu Laboratories, Limited, Nakahara-ku, Kawasaki, Japan 

InGaAsP/InP has been considered a useful semicon- 
ductor material for microwave and optoelectronics de- 
vices. Liquid phase epitaxy (LPE) and vapor phase 
epitaxy (VPE) have been used for growing InGaAsP 
or InP layers on InP substrate. A surface treatment of 
InP substrate before the growth is important to obtain 
high quality epitaxial layers. Usually, InP substrate 
is etched by Brz-CHsOH solution (1, 2). Br2-CH80H 
solution is suitable for etching of InP substrate before 
growth, because the etch rate is high enough to elimi- 
nate the mechanically damaged layer. However, it is 
difficult to obtain a reproducible smooth surface be- 
cause a large number of small pits and scratches appear 
on the etched surface. 

This note describes the characteristics of InP etching 
by Haz-HzS04-Hz0 solution and a technique for 
etching InP substrates which provides a smooth sur- 
face by preetching in the HzOP-HzSOI-Hz0 solution, 
before a B~z-CHsOH solution etch. HzOz-H2SO4-H20 
solution has been used for selective etching of InGaAsP 
(3, 4) but the details of etching InP have not been re- 
ported. 

InP(100) doped with Sn and InP(111)B doped with 
Sn and Cr were used for the experiments. Specimens 
were mirror-polished mechanically on one side. They 
were approximately 400 pm in thickness and 5 x 5 mma 
in area. The etching was carried out in a 30/cm3 solu- 
tion in a Teflon vessel. The specimens were cleaned in 
trichloroethylene, acetone, and alcohol, and etched by 
the solution with stirring at room temperature. 
Etched depth of each sample was measured by an 
interference technique. Surface conditions were evalu- 
ated by an optical microphotograph. A conventional 
horizontal LPE growth system was used for the growth 
of InP. The starting growth temperature was 650°C. 

Figure 1 shows the dependence of etching time for the 
etched depth of specimens etched by 0.92 H~0~-100 
HzS04-5Hz0 solution. The etch rate for each plane was 
constant. It was as small as 0.06 pm/min for InP(111)B 
and 0.02 pm/min for InP(100). There were no notice- 
able differences between dopants Sn or Cr on the etch 
rate. Surfaces etched by this solution were smooth. 
Figure 2 shows the HzOz content dependence of etch 
rate. The etch rate increases linearly with increasing 
Hz02 content. The etch rate for InP(111)B was three 
times larger than that for InP (100) and is independent 
of dopants in the case of InP(111)B. Moreover, the 
etch rate seems to be independent of the ratio of HzS04 
and Hz0 content. However, for the Hz02 content of 
more than 30 volume percent (v/o) (etch rate = 0.66 
@n/min for InP(ll l)B),  the etched surface was not 
smooth. Figure 3a shows an example of the etched 
surface of InP(11l)B doped with Sn etched in Br2- 
C&OH solution of 0.3 v/o Brz for 3 min and etched off 
6 ~m after cleaning in trichloroethylene, acetone, and 
alcohol. A number of small pits and scratches were ob- 

served on the surface due to the selective etching at 
the damaged areas remaining on the polished surface. 
Such extreme defective surfaces are sometimes ob- 
tained independently of Brz content in the solution 
when InP substrate was etched in the Brz-CBOH 
solution Figure 3(b) shows a surface of InP epitaxial 
layer grown on the InP(111)B substrate shown in 
Fig. 3 (a). 

A number of defects were observed on the surface. 
The defect pattern is the same as that of the substrate 
shown in Fig. 3(a). Therefore, it is clear that almost all 
of these surface defects propagate from the substrate. 
Figure 3(c) shows a surface of InP(111)B doped with 
Sn etch by Br2-C&OH solution of 0.3 v/o for 3 min 
after etching by H~O~-H~SO~-HZO solution of 14 v/o 
Hz02 (etch rate = 0.36 @m/min for InP(111)B) for 1 
min. Such defects as shown in Fig. 3(a) were not ob- 

ETCHING TIME (rnin) 

Fig. 1. Etching time dependence for etched depth of InP etched 
by HzOz-HzS04-Hz0 solution. 

Fig. 2 Hz02 content dependence for etching rate of InP etched 
by Hz%-H250r-HzO solution. Key words: liquid phase epitaxy, InP, etchlag, surface defects. 
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Fig. 3. (a) Surface of InP substrate ~ t c h e d  by Br2-CHsOH solution for 3 min without preetching, (b) Surface of InP epitaxial layer grown 
on the same substrate as shown in (a), (c) Surface of InP substrate etched by B~Z-CHROH solution with preetching by H~O~-H?SO..-I~ZO 
solution for 1 min, (d) Surface of InP epitaxial layor grown on the same substrate as shown in (c). 

served and reproducible smooth surfaces were ob- 
tained. Figure 3(d) shows a surface of the InP epi- 
taxial layer grown on the InP(11l)B substrate shown 
in Fig. 3(c). The surface was smooth relative to the 
former case. The same results were obtained for 
InP(l11)B doped with Cr and InP(100) doped with 
Sn. 

HN03, HZS04, HCl, and HF were examined for the 
preetching solution before etching by Brz-CH30H so- 
lution. HN03 and HzSOa were slightly effective in de- 

eliminate the damaged layer by Brz-CHaOH solution 
which has a high etching rate. 

In summary, it is shown that the smooth etched 
surface of InP is obtained with good reproducibility by 
using an Hz02-H2S04-Hz0 solution in which the Hz02 
content is less than 30 v/o. We have also described an 
etching technique by which a smooth and damage-free 
surface can be obtained for the preparation of InP 
substrate before growth, by using an HzO~-HzS04-Hz0 
solution. 

creasing those defects generated on the surface after 
subsequent Brz-C&OH etch, especially scratches, be- Acknowledgments 
cause InP can be etched by HN03 or HzS04 only a very 
little, but they were not effective for small pits. HCI The authors wish to thank O' Ryuzan, T' Yamaoka' 

made the surface of InP rough ( 5 )  and HF was not and K. Akita for helpful discussions. They also wish to 

effective in obtaining a smooth surface. Therefore, for thank S' Nakai for assistance' 

obtaining a smooth sirface, it is necessary to clean the ~ ~ ~ ~ ~ ~ ~ i ~ t  submitted Feb. 12, 1979; revised manu- 
polished surface chemically by preetching and then script received May 1, 1979. 
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Ge-Doped Si,N. Film 
Y. Tarnaki, 5. Isomae, A. Shintani,* and M. Maki 

Hitachi Limited, Central Research Laboratory, Kokubunji Tokyo 185, Japan 

SisN4 films have been extensively used in silicon 
semiconductor device fabrication as an oxidation mask, 
a diffusion mask, or a passivating film because of its 
chemical stability. However, chemical vapor deposited 
(CVD) SisN4 films on Si substrates often cause dislo- 
cations in the substrate. This is because the intrinsic 
stress in SisN4 films is large (1-3). It is difficult to 
reduce this stress effectively by varying deposition 
conditions, although stress in the film does depend 
somewhat on deposition conditions. 

In order to avoid the stress effect, silicon oxynitride 
(Si,O,N,) films have been studied (4-6). It is known 
that the properties of Si,O,N, films depend on film 
composition. Although the stress in Si,O,N, films, with 
a composition near SiOz, is fairly small, resistance to 
oxidation is low. Therefore, the development of a new 
oxidation-resistant film with low intrinsic stress has 
been desirable. In line with this, recent investigations 
revealed that the stress in Si3N4 films is lowered by 
Ge doping during deposition. 

In this paper, the deposition conditions and film 
properties of Ge-doped Si3N4 films (for simplicity, Ge- 
SiN films) are described. It is shown that Ge-SiN films 
deposited at temperatures about 700°C with suitable 
gas flow rates have low stress levels (-1.5 x 108 N/m2) 
and relatively low oxidation rates (-0.1 nrn/min). 

The furnace used for CVD was a horizontal, infra- 
red, lamp-heated reactor. The temperature of the sus- 
ceptor, on which Si substrates were placed, was mea- 
sured using a thermocouple, and temperature fluctua- 
tions were controlled to within -cl0C. Si&(4% in Ar), 
NH3, and GeH4(0.1% in Np) were used as the reacting 
gasses and NZ as the carrier gas. 

During experiments, the following gas flow rates 
were kept constant: Nz : 24 liter/min, Si- : 16 ml/ 
min, and NH3 : 1.5 l/min. The GeH4 flow rate was 
varied from 0.08 to 1.28 ml/min to control the Ge con- 
tent in the film. Deposition time ranged from 6 to 15 
min and film thickness was about 200 nm. The sub- 
strates used were dislocation free, (100) oriented, n- 
type, 0.01 am, 40 mm in diameter, and 250 pm thick. 

Thickness, Ge content, stress, and oxidation rate were 
measured In order to evaluate the properties of Ge-SiN 
films. The thickness of the films were mechanically 
measured using a Dektak. Variations in the film thick- 
ness within a wafer were less than 10%. To investigate 
the Ge content in the film, the ratio of Ge to Si was esti* 
mated using an ion microanalyzer (IMA). The stresses 
in the films were measured by means of x-ray diffrac- 
tion (7). Ge-SiN film stresses were found to be tensile 
as in Si3N4 films. TO estimate the oxidation rate, the 
oxide layer formed on Ge-SiN film by oxidation was 
etched off with diluted hydrofluoric acid, and the re- 
sultant film thickness was compared with that of as- 
de~osited film. 

The Ge content in Ge-SiN films depended on deposi- 
tion temperatures and GeH4 flow rates. The Ge con- 
tent increased with GeH4 flow rates (GeHa/Si& ratio) 
but decreased with increasing deposition temperature. 
No Ge atoms were detected by IMA in films deposited 
at temperatures above 850°C. The deposition rate de- 
creased with deposition temperature and became quite 
low (<1 nm/min) at temperatures below 650°C. To 
obtain both the desired composition and suitable depo- 
sition rate, it is necessary to deposit Ge-SiN films in 
the temperature range between 700"-800°C. 

The properties of Ge-SiN films deposited at  tem- 
peratures around 700°C were studied in detail. The 
deposition rate for Ge-SiN films is shown in Fig. 1. 
The deposition rate increases with increasing GeHd 
SiH4 ratios. A steep increase in the deposition rate is 
found at the ratio of 0.01-0.02, and a gradual increase 
is observed when the ratio is larger than 0.02. However, 
the film surface tended to be rough or milky with in- 
creasing GeH4/SiH4 ratios. In particular, if the ratio 
exceeded 0.04, surface smoothness became unacceptable 
for practical use. 

IMA analysis revealed that almost uniform Ge dop- 
ing is realized throughout the film. In addition, the 

Electmchernical Society Active Member. Fig. 1. Deposition rate of Ge-SiN films or o function of GeHa/ 
Key words: chemical vapor deposition, stress, oxidation mask. S i b  ratio. 
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Ge/Si ratio in the films deposited at 720eC, where the 
ratio of GeH&/Si&' 0.01-0.08, was measured. The 
Ge/Si ratio in Ge-SiN films is shown in Fig. 2. The 
Ge content in the film is nearly proportional to the . -  - 
GeH4/SiI& ratio. 

The stress in Ge-SiN films is shown in Fig. 3. Stress 
decreases considerably when the Ge/Si ratio is larger 
than 0.01. This tendency is similar to that of the depo- 
sition rate. Minimum stress is found at r ratio of 0.015. 
and this minimum value is approximately 1/5 of that 
of undoped Si3N4. 

Next, the resistance of Ge-SiN films to oxidation was 
evaluated. The oxidation rates for Ge-SiN film at  
1000°C in wet oxygen are shown in Fig. 4. Although the 
oxidation rate grew rapidly with increasing Ge/Si 
ratios, the rate of Ge-SiN film oxidation for Ge/Si 
ratios of less than 0.02 is, at most, twice as fast as in 

Fig. 2. Ge/Si ratio in Ge-SiN films as a function of GeHJSiHt 
ratio. 

0 0.02 0.04 
Ge / Si 

Fig. 3. Stress in Ge-SiN films as a function of Ge/Si ratio . 

Fig. 4. Oxidation rota of Ga-SiN films as a function of Ge/Si 
ratio. 

SbN4 films. The Ge-SiN film oxidation rate for Ge/Si 
ratios greater than 0.04 could not be measured because 
of surface roughness. 

These four figures indicate that the deposition rate, 
stress, and oxidation rate of Ge-SiN films are closely 
related to the Ge/Si ratio. In addition, drastic changes 
in these three curves are found at Ge/Si ratios around 
0.01. It is considered that some structural changes oc- 
cur at around the 0.01 ratio. 

From the present results, the best conditions were 
deposition temperatures of about 700°C and Ge&/Si& 
ratios of about 0.02. For example, a 100 nm thick Ge- 
SiN film deposited at  700'C and Ge&/SiI& = 0.02 
(stress was about 1/5 that of Si3N4 films) successfully 
resisted oxidation for 10 hr at 1000'C in wet oxygen. 
A 1.4 pm thick SiOx film is normally grown on bare Si 
under these oxidation conditions. Therefore, the Ge- 
SiN film can be used as a mask for selective oxidation. 
On the contrary, a 100 nm thick Si,O,N, film with an 
equivalent SisN4 mole fraction of 0.3 (stress was about 
1/2 that of SisN4 films) has been completely converted 
to SiOz under the same oxidation conditions (6). 

The new Ge-SiN films have made it possible to real- 
ize considerable reductions in intrinsic stress with 
gradual increases in the oxidation rate. However, some 
related problems still remain unresolved. These will 
be the subjects of future studies to improve surface 
smoothness and to investigate the structure of Ge-SiN 
films. It is considered that Ge-SiN films will find 
practical applications as thin films in the fabrication 
of semiconductor devices, particularly because they 
have much less stress than the Si3N4 films presently 
used. 

Acknowledgments 
The authors wish to thank Drs. K. Sugawara and 

M. Ogirima for useful discussions. 

Manuscript submitted Jan. 29, 1979; revised manu- 
script received May 15,1979. 



Vol. 126, No. 12 Ge-DOPED SisN* FILM 2273 

Any discussion of this paper will appear in a Dis- Series, New York (1969). 
cussion Section to be published in the June 1980 2. M. Tamura and H. Sunami, Jpn. J. Appl. Phys., 11, 
JOURNAL. All discussions for the June 1980 Discussion 1097 (1972). 
Section should be submitted by Feb. 1, 1980. 3. E. A. Irene J. Electron. Mater., 5,  287 (1976). 

4. D. M. ~ r o k n  P. V. Gray F. K. Heumann H. R. 
Publication costs of this article were assisted by 

Hitachi Limited. Philipp, anh E. A.  aft This Journal, i l 5 ,  311 

REFERENCES (1968). 
5. M.  J. Rand and J. F. Roberts ibid., 120, 446 (1973). 

1. W. A. Westdorp and G. H. Schwuttke, in "Thin 6. A. K. Gaind and E. W.  ear;, ibid., 125, 139 (1978). 
Film Dielectrics," F. Vratny, Editor, p. 546, The 7. T. Tokuyama, Y. Fujii, Y. Sugita, and S. Kishino, 
Electrochemical Society Softbound Proceedings Jpn. J. Appl. Phys., 6,1252 (1967). 

DISCUSSION 

SECTION 

This Discussion Section fncludea dlscuasion of papers appearing 
in the Journal of The Electrochemical Societll, Vol. 126, No. 4 and 
6, Apru and June 1979. 

Editor's Note: 
The article to which thls refers perhaps should have been a 

discussion and not a stand-alone communication. Thls note is to 
make amends for that. 

Refers to A. G. Revesz (pp. 502-503, Vol. 126, No. 3) 
and E. A. Irene (pp. 1708-1714, Vol. 125, No. 10) 

Dear Dr. Hackerman: 

It was with astonishment that I read A. G. Revesz's 
attempted denigration' of my recent paper2 in J. Elec- 
trochem Soc. My surprise does not stem from a belief 
that my work is sacrosanct but rather that you author- 
ized the publication of a clear and direct criticism (as 
opposed to new data or theory) of a reviewed paper 
as an "accelerated brief communication" rather than as 
a "discussion" which, I presume, would have afforded 
me a simultaneous reply to the attack 

I consider this action as an affront to my integrity 
and to prospective authors. I, therefore, request that 
you also publish this letter which contains below my 
answer to Revesz's objections. 

The goals of my paper2 were firstly to present several 
interesting experimental results on very thin SiOz films 
(oxidation kinetics, dielectric breakdown, and TEM) 
which show differences between dry 0 2  and Hz0 grown 
films, and secondly to suggest a unifying idea which 
seems to correlate the results and may lead to further 
research. 

Pertaining to the oxidation kinetics, I make no at- 
tempt to describe the initial oxidation regime by an 
analytical function. Rather, I compare the linearity (or 
curvature) of the dry 0 2  and Hz0 oxidation data. In 
this context I believe that my analysis is valid. Based 
on this analysis and the physical idea underlying the 
linear parabolic model,3 I postulate that the Hz0 grown 
thin SiO2 films are more protective than dry 0 2  films 
since the kinetics of oxidation for the Hz0 grown films 
is more diffusion limited. This simple idea is borne out 
by the dielectric breakdown measurements. 

The TEM results show that the films have very small 
(<20A) inhomogeneities. If the inhomogeneities are 
micropores and if the dry 0 2  grown films have more 
or larger micropores, then micropores explain the data. 
Revesz4 had argued that SiOz films contained micro- 
channels which are characterized by pn-dn bonding 
of Si to 0. It is my understanding that such bonding 
results in greater electron densities and shorter bond 

=A. G. Revesz, This Joural, 126, 502 (1979). 
'E. A. Irene, ibid., 125, 1708 (1978). 
aB E. Deal and A. S. Grove J. Appl Phus 36 9770 (1965). 
*A: G. Revesz. J .   on-~ryst.'~olids, 4.347 i'197b). 

lengths hence a positive density fluctuation in regions 
with more psc-~JC bonding. Such higher density re- 
gions in the oxide as an explanation of my results are 
not excluded by the TEM results but they are excluded 
by the kinetics and conductivity results. The existence 
of micropores is common in ceramic materials and we 
are presently trying to image micropores in SiOz films. 

Sincerely, 
Eugene A Irene 
IBM Thomas J. Watson Research Center 
Yorktown Heights, New York 10598 

The Dissolution of Sic and Other Materials in 
Molten Si 

W. P. Minnear (pp. 634-636, Vol. 126, No. 4)  
Werner Kiininger:5 Results of growth velocity of 

my own experiments in liquid phase epitaxy of Sic  
from a C-saturated Si-solution on Sic substrate-crys- 
tals confirm your results in calculating boundary layer 
thickness. Assuming the same diffusion constant, 
growth velocity was calculated from temperature de- 
pendent solubility of C in Si and temperature gradient 
in the melting volume. 

But the summary conclusion that the only practical 
limits of dissolution rate are the boundary layer and 
solute concentration can only be valid for a very small 
material quantity like filaments. For greater quantities, 
such as bigger crystals, and more complicated geo- 
metric~ the melting heat and heat conductions must be 
taken into consideration. What is the influence of the 
melting heat? 

W. P. Minnear:e My paper basically establishes that 
Fick's law, Eq. [I] 

describes the rate of disappearance of Sic, Si*, SiOz, 
and carbon in molten Si. Since the diffusion constant, 
D, is not independently variable, the concentration 
gradient is what for practical purposes establishes the 
flux of solute, J, to the solvent. Two terms constitute 
grad(C): (i) the difference in solute concentration, 
AC, between the surface of the dissolving body, C, and 
the bulk of the solvent, c, and (ii) the effective bound- 
ary layer thickness, 8. The value of Cs should nearly 
always be approximately the saturation value for the 
conditions which prevail at the surface of the body. 
The only remaining variables affecting J are C and 8. 
For the experimental configuration discussed in the 

D-3200 Hildesheim West Germany. 
QGeneral Electric bompany, Corporate Research and Develop- 

ment, Schenectady, New York 12301. 
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original paper, these terms can be treated macroscopi- 
cally as scalar quantities due to radial symmetry. In 
other practical situations such as the growth of single 
crystals, large with respect to 6, grad(C) may vary 
spatially and may not be everywhere characterizable 
by a single value for the ratio AC/6. However, the flux 
defining parameters at any point still remain C and 6. 

It is true that a heat of reaction, AH, associated with 
the solute/solvent interface can affect the dissolution 
rate. The driving force for free convection is the dif- 
ference in density of the solvent, ~ p ,  across the mass 
boundary layer. Density differences are directly related 
to temperature differences through the coefficient of 
thermal expansion. Therefore, a AH which affects the 
temperature at the solid/liquid interface affects 6 
through Ap. Alternatively 

Furthermore, Eq. [21 and 141 are geometry sensitive. 
The actual temperature rise at the solid/liquid inter- 
face does indeed depend on the heat transfer and dis- 
sipation at the interface, but ultimately the total effect 
can be represented by some effective boundary layer 
thickness. 

The original conclusions are correct. It must be 
recognized however that except for idealized geom- 
etries 6 may vary from point-to-point near a dissolving 
body. 

Enhancement of Lateral P-N-P Current Gain 
by Gettering 

R. Kesavan, P. N. Andhare, K. L. Bhola, and D. V. Singh 
(pp. 642-644, Vol. 126, No. 4) 

James A. T~p ich :~  In the paper Kesavan et al. make 
the statements, "If the lateral p-n-p current gain is 
increased by an order because of improved lifetime, 
one would expect the beta of n-p-n also to increase by 
similar order. The fact that this does not happen shows 
an interesting interaction of surface and bulk lifetime. 
In n-p-n transistor the lifetime is governed by the sur- 
face lifetime whereas in the lateral p-n-p significant 
contribution comes from the bulk lifetime." I do not 
dispute their claims that changes in the fabrication 
procedure produced improved devices due to a getter- 
ing effect but I feel that their suggested reasons are in 
error. 

The authors seem to have overlooked some of the 
factors which govern the current gain of a bipolar 
transistor. In the standard textbook analysis8 there are 
three terms which make up the common base current 
gain, alpha, from which beta is easily calculated. These 
terms are (i) the emitter injection efficiency, (ii) the 
base transport factor, and (iii) the collector collection 
efficiency. For the paper under consideration only the 
first two terms need to be looked at. 

If we consider the base transport factor first, we see 
that it is equal to (cosh (WB/L~B).-~ where WB is the 
basewidth and L,B is the minority carrier diffusion 
length in the base. As the lifetime in the material in- 
creases LUB will also increase. For WB << L ~ B ,  cash 
(WB/W~B) is very nearly one and the current gain is 
determined primarily by the emitter injection effi- 
ciency. For a shallow emitter device the emitter in- 
jection efficiency is given by (1 + (UBWB/UEWE)) -1 
where UB and UE are the conductivities of the base and 
emitter and WB and WE are the basewidth and the 
emitter depth. It should be noted that this term is 
independent of the minority lifetime in the base. 

For the case of the lateral transistor described in the 
paper the basewidth was not "much less" than the 

Tektronlx Inc. Beaverton Oregon 97077. 
'S  K. ~ h a h d i  "The ~ h e o < y  and Practice of Microelectronics,'. 

~ o h n  Wiley and )Sons, Inc, New ~ o r k  (1968). 

minority carrier diffusion length. Thus the base trans- 
port factor should have had a substantial effect on the 
current gain and any improvement in the bulk life- 
time would be reflected in an improvement in beta. 
For a vertical transistor however the improvement in 
lifetime will not have as dramatic an effect since the 
base transport factor would have already been close 
to unity because of the narrow basewidth. 

One further comment concerns the surface lifetime. 
One would expect that any surface effects on lifetime 
would contribute to the degradation of lateral transis- 
tor beta since one side of the active base region would 
be bounded by the oxide-silicon interface. 

Thus it would seem that an improvement in bulk 
lifetime can easily explain the large improvement in 
lateral transistor beta with a significantly smaller im- 
provement for the vertical transistors. 

R. Kesavan, P. N. Andhare, K. L. Bhola, and D. V. 
Singh:S The author has commented that "For a vertical 
n-P-n transistor the improvement in lifetime will not 
have as dramatic an effect since the base transport 
factor would have already been close to unity because 
of the narrow basewidth." Accepting the fact that the 
basewidth in the vertical n-p-n transistor is about five 
times less than the basewidth in the lateral p-n-p 
transistor, the minority carrier lifetime in the base of 
the vertical n-p-n will have to be of the order of 
microseconds to make the ratio WB/L~B N 0.1 and 
[cosh ( W B / L ~ B ) ] - ~  close to unity. In our transistor it 
is of the order of nanoseconds. It can be seen that 
[cosh (WB/L.B)]-~ will be much less than 1 for life- 
time of this order. For example, even for a diffusion 
length of the order of 1 bm (approximately correspond- 
ing to the lifetime of the order of 10 nsec) the factor 
[cosh(W~/L,~)] -1 would be of the order of 0.65 only.10 
For our n-p-n transitors the lifetime being only a 
fraction of a nanosecond the base transport factor will 
be far away from unity. Hence it is justified in expect- 
ing the transport factor to improve if the process em- 
ployed by us can improve the bulk lifetime. So the 
contention of the author will be true only in special 
cases where the lifetime is of the order of microsec- 
onds. 

Thus it can be seen that there is scope for improve- 
ment in the transport factor of the vertical n-p-n 
transistor. Yet no significant improvement in the beta 
of n-p-n has taken place. One has, therefore, to look 
up the expression for base transport factor given in 
Eq. [9]-[I41 in footnote I0 wherein the effective life- 
time in the base region of the vertical n-p-n- is given 
as a parallel combination of the bulk and surface life- 
time. Combining this with the fact that the beta in 
lateral p-n-p is governed by bulk lifetime rather than 
surface lifetime," one can say that the improvement 
in beta of vertical n-p-n is not of the same order 
though bulk lifetime is improved by getterinc only 
because the surface lifetime is masking the effective 
lifetime of the n-p-n transistor. Hence the improve- 
ment in beta of the n-p-n is not very significant in spite 
of improved bulk lifetime. 

Now regarding the comment concerning the surface 
lifetime. One would expect that any surface effects on 
lifetime would contribute to the degradation of lateral 
transistor beta provided the surface lifetime in the 
lateral p-n-p- and that in the vertibal n-p-n are of the 
same order. Further the fact that the lateral p-n-p- 
is insensitive to the surface lifetime whereas the 
vertical n-p-n is more sensitive to the surface lifetime 
shows that the absolute values of surface lifetime in 
the two cases are of different order. This could pre- 
sumably be due to the fact that the base region of the 
lateral p-n-p- is formed by epitaxy and the base of the 
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vertical n-p-n is formed by diffusion. These regions 
also differ in type and concentration. 

The Relationship Between Oxide Grain Morphology and 
Growth Mechanisms for Fe-Cr-AI and Fe-Cr-AI-Y Alloys 

F. A. Golightly, F. H. Statt, and G. C. Wood 
(pp. 1035-1042, Vol. 126, No. 6) 

James L. Smialek:l2 In the above recent paper the 
relationship of growth stress and A1203 scale ad- 
herence on FeCrAl alloys was reemphasized. The au- 
thors have argued that a coupling of inward oxygen 
diffusion and outward aluminum diffusion causes lat- 
eral growth within the scale. The growth stress is a 
direct result of the lateral oxide growth subject to 
the constraints of the underlying metal substrate. The 
existence of the growth stress has been impressively 
documented by micrographs of the severely con- 
voluted scale on pure YeCrAl alloys. The absence of 
growth stress and lateral growth in A l 2 0 3  scales 
formed on Y-doped alloys has been attributed to block- 
ing the outward diffusion of aluminum.1~.14 

Golightly et al. have also reviewed convincing evi- 
dence that the primary transport mechanism is by in- 
ward grain boundary diffusion of oxygen. The sec- 
ondary mechanism of aluminum outward diffusion 
was proposed to be via a limited number of short-cir- 
cuit paths. Thus, only a small amount of Y would be 
required to segregate to these paths and block or 
retard aluminum diffusion in the scale. The nature of 
the short-circuit paths for aluminum diffusion remains 
somewhat speculative. Grain boundary diffusion has 
been discounted in light of diffusion studies of bulk 
Al&;l5 dislocation pipe diffusion was favored instead. 
The purpose of the present note is to call attention to 
the possibility of oxide grain boundaries as short-cir- 
cuit paths for aluminum in A l z a  materials. 

The commonly sited paper minimizing grain bound- 
ary diffusion of aluminum in bulk A1203 is that by 
Paladino and Kingery.15 There are a number of factors 
which limit the applicability of this work: (i) No 
comparison was made between single crystal and poly- 
crystal specimens. Only polycrystalline samples were 
studied. (ii) The grain size of the polycrystals studied 
was 130 and 200 pm, nearly two orders of magnitude 
greater than normally observed in A1203 scales formed 
at 1200'C. (iii) The absence of grain boundary diffu- 
sion of aluminum was concluded only from the shape 
of the diffusion profiles and from the equivalent results 
obtained for both grain sizes. ( iv)  The lowest tem- 
perature studied was 1670°C. nearly 500°C higher than 
the range of interest for MCrAl oxidation. 

The possibility of observing grain boundary diffu- 
sion of aluminum in the work by Paladino and Kingery 
can be discussed directly by invoking the usual con- 
cept of effective diffusion coefficients 

where D,f* = effective (measured) coefficient; Dl = 
lattice coefficient; Deb = grain boundary coefficient; 
and f = volume fraction of grain boundaries. 

For a model grain shape [tetrakaidecahedron (Foot- 
note 16)] 

where 6 = grain boundary width [-100A for Altos 
(Footnote 16)l. 

Thus for 130 and 200 pm grain sizes 
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Clearly, in order to produce a measurable change in 
D e ~ ,  we must have Deb ?= 10401. At 1670°C, Debo - 
104Dlo,le,17 and indeed oxygen diffusion is noticeably 
greater in polycrystalline materials than in single crys- 
tals. If grain boundary diffusion of aluminum was 
significant (e.g., 102DlM). although not as high as 
10*Dl*l, the grain boundary effect of aluminum would 
not have been observed in 130 pm grain size samples. 
It is therefore strongly urged that the role of grain 
boundary diffusion of aluminum be reconsidered in 
transport controlled processes in AlzO3. 

There is evidence that some outward diffusion of 
aluminum occurs at A l z a  grain boundaries in scales 
formed on NiA118 and Pt2A1.19 Often the oxide grain 
boundaries exhibit distinct ridges at the gas-oxide 
interface. It thus appears that preferential aluminum 
transport up grain boundaries has occurred and that 
new oxide has formed at the gas-oxide interface 
(lacey structure). This may be an accentuated form of 
the dimpled oxide structure normally observed on 
MCrAl alloys. 

The effect of Y on transport in bulk AlzOs materials 
has not been studied extensively. In the sintering study 
of Y-doped A1203:0 originally sited by Golightly et al.. 
it was found that Y indeed segregated to grain bound- - . . . - - - - 

aries, allowed pores to become situated on slow-mov- 
ing grain boundaries, and reduced the rate of pore re- 
moval (although full density was eventually achieved). 
These phenomena were discussed as the results of a 
two-fold reduction in the grain boundary interdiffu- 
sion coefficient (at 1250'C). The amount of segregant 
required to cause this effect was estimated to be less 
than 0.2 monolayers of yttria at the grain boundaries. 
(This is in accord with the small levels of Y alloy 
additions required to eliminate buckling of the A1203 
scales.) It could not be determined from the sintering 
study whether the reduction in grain boundary diffu- 
sion coefficient was primarily due to oxygen or alu- 
minum effects. 

Transmission electron microscopy of Ah03 scales 
formed on Y-doped NiCrAl have indeed shown large 
areas where erain boundam porosity was wide- - - 

spread." By angogy to the sincered ~ 1 . ~ 0 3  morphology, 
Y has probably segregated to oxide grain boundaries. 
By reducing grain boundary diffusion in the scales, 
the grain boundary porosity is allowed to persist. Con- 
versely, in the scales on pure NiCrAl, very few grain 
boundary pores were observed, while entrapped inter- 
granular pores were common. 

Reductions in oxidation rates of Y-doped FeCrAl,I4 
\r and Hf-dooed CoCrAl.22 and Zr-doped NiCrAP - - -. - - -- -. A--- - - -  ~ 

have been measured. ~ m r h  the 100 hr weight change 
data for CoCrAl, it is estimated that k, was reduced 
bv a factor of 1.5-2.2 (1100Qnd 1200'C) with the 
aidition of 60.3 w/o Y or Hf. Similarly, the addition 
of 40.07 w/o Zr t~ NiCrAl reduced k, by a factor of 4 
at 1150" and 1200'C. Thus, these kinetic oxidation 
studies suggest that the additions of limited amounts 
of oxygen-active metals such as Hf or Zr, as well as 
Y, are effective in retarding diffusional transport in 
AlzOs. It also becomes particularly compelling to sug- 
gest that these adherence additives reduce grain 
boundary diffusion of aluminum and prevent growth 
stress as a consequence. 

Recent 0 1 8  tracer studies of A1203 scales formed 
on FeCrAl alloys have indeed shown that Y additions 
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do suppress aluminum outward diffusion.% Similar 
studies have shown only primary inward oxygen diffu- 
sion for both pure and Zr-doped NiCrAl scales.25 Differ- 
ences in oxidation time and temperature may account 
for the apparent discrepancy in the relative amounts 
of outward alumium diffusion. 

In summary, the kinetic oxidation studies do show 
some reduction in oxidation rates with the addition 
of Y, Hf, or Zr. Since grain boundary diffusion has 
been identified as a major transport mechanism for 
A1203 scale growth, it is likely that this rate reduction 
was caused by a reduction in grain boundary diffu- 
sion This is consistent with reduced grain boundary 
diffusion found in sintering studies of Y-doped Alz03. 
The intergranular poyosity in the sintered Y-doped 
A1203 and in the A1203 scale on Y-doped NiCrAl also 
suggests that similar grain boundary diffusion effects 
may be operating. The extent to which this grain 
boundary effect reflects a reduction in aluminum 
diffusion rather than oxygen diffusion cannot be as- 
sessed. Grain boundary ridges at the gas surface sug- 
gest the occurrence of some aluminum grain boundary 
diffusion. 

The original work on aluminum diffusion in bulk 
A1203 does not preclude at least some degree of en- 
hanced grain boundary diffusion of aluminum, al- 
though it purports to do so. The significance of alu- 
minum grain boundary diffusion in fine grained MzOs 
is suggested, at least as a secondary or tertiary trans- 
port mechanism Its occurrence is believed to support 
the growth stress model of Golightly et al. for Alzq 
scales. 

F. A. Golightly, F. H. Stott, and G. C. Wood:*e It is 
pleasing to read Dr. Smialek's interesting discussion of 
the mechanism of growth of a-A1203 scales at high 
temperature. His own transmission electron micro- 
scopical studies of such oxides have provided valuable 
information and this contribution is most welcome. It 
is apparent that he agrees essentially with the model 
proposed in our papers, although there are some signifi- 
cant differences in the precise detail. We should like 
to respond to some of his comments and hope that this 
will encourage further research in this area. 

As indicated in our earlier publication14 and em- 
phasized by Dr. Smialek, the results of Paladino and 
Kingery have only limited applicability to the present 
work and conclusions about transport in thermally 
grown a-A1203 can only be speculative. It is not pos- 
sible to be dogmatic about the relative fluxes of alu- 
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minum or oxygen in the scale or about their diffusion 
paths. The suggestion that oxide grain boundaries pro- 
vide short-circuit paths for both aluminum and oxygen 
is interesting but there is no real evidence that alu- 
minum diffuses faster along such boundaries than along 
other short-circuit paths in the oxide. The concept of 
counter current flow of Al3f and 0 2 -  (or OH-) ions is 
quite widely accepted in the growth of thin anodic films 
under high fields when produced by anodizing in elec- 
trolytes. However, it must be remembered that this is 
a low temperature process through glassy, amorphous, 
or very fine grained v-Al203. Growth by diffusion at 
high temperature in polycrystalline a-A1203 is by no 
means necessarily the same process. It is difficult to 
envisage Al3+ ions being able to diffuse along oxide 
grain boundaries when a counter flux of oxygen pre- 
dominates. We remain to be convinced that Al3+ and 
0 2 -  ions can pass each other in the boundaries. 

The discussion paper cites the fact that the oxide 
grain boundaries exhibit distinct ridges at the gas- 
oxide interface as evidence for outward diffusion of 
aluminum along the boundaries. However, in the origi- 
nal paper,'3 it was indicated that such features could 
be accounted for by formation of oxide within the vi- 
cinity of the oxide grain boundaries. It is not necessary 
to invoke grain boundary diffusion of aluminum. Dr. 
Smialek quotes several references which indicate that 
yttrium and similar additions reduce the oxidation rate 
of a-A1203-forming alloys and thus are effective in re- 
ducing diffusional transport in the oxide. However, al- 
though the observed weight gains during oxidation of 
the yttrium-containing alloys were indeed less (al- 
though not considerably so) than those for the yttrium- 
free alloys in our own research, it is difficult to make 
precise correlations between the complex oxidation ki- 
netics and diffusion processes in the scale. The rates of 
weight gain during oxidation are determined not only 
by the a-A1203 scale thickness, but also by the extent 
of oxide convolutions and by oxidation of the reactive 
element additions. 

Finally, in considering growth of a-AlzOs, it is not 
really sufficient to consider the oxide alone. From re- 
sults quoted in the literature, it is apparent that the 
oxide-alloy substrate system should be taken as a 
whole. The morphology of u-AlzO3 developed on one 
particular alloy is often quite different from that de- 
veloped on another. The alloy substrate and the oxide/ 
alloy interface as well as the oxide are important. For 
instance, deformation and plastic flow of the alloy sur- 
face, which we believe to be quite significant during 
development of a-A1203 on the relatively weak Fe-Cr- 
A1 alloys, may occur considerably less easily on 
stronger materials. This will affect the scale morphol- 
ogy and configuration and, possibly, the over-all oxi- 
dation behavior. 
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Amorphous Molybdenum Disulfide Cathodes 
A. J. Jacobson, R. R. Chianelli, and M. S. Whittinghamf 
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Interest in secondary lithium 
batteries has recently centered around 
crystalline layered compounds such as 
titanium disulf ide (1) . Although the 
group IVB and VB dichalcogenides were 
found to be electrochemically active, 
those of group VIB were much less ac- 
tive. Thus crystalline compounds such 
as MoS2 react in electrochemical cells 
with only about 0.1 Li/Mo (1, 2). In 
contrast, when a chemical lithiatinq 
agent such as n-butyl lithium is used, 
around 1.5 Li/Mo are consumed (3). 
However, x-ray powder diffraction data 
suggests that this additional reaction 
is a result of the formation of 
lithium sulfide and not of a highly 
intercalated MoS2 (4). This decompo- 
sition behavior can be explained on 
thermodynamic grounds (1). 

Here we report electrocheniical 
data on amorphous MoS2 prepared at am- 
bient temperatures by the reaction of 
lithium sulfide with molybdenum chlo- 
ride (5). This synthetic technique 
gives materials with properties radi- 
cally different from those commonly 
produced at higher temperatures, and 
in some cases such as VS2 compounds 
that cannot be made at elevated tem- 
peratures. X-ray diffraction studies 
indicated that amorphous molybdenum 
disulfide is formed in this reaction, 
and that crystallization although ini- 
tiated on heating at around 200-300°C 
is not complete until 800°C. A very 
large increase in the surface area, 
found on heating the material to 200- 
300°C, is suggestive of a radical re- 
organization of the crystalline struc- 
ture. Table 1 shows these surface 
areas, measured by standard BET tech- 
niques, and the capacities of the sul- 
fides in lithium cells to a 1.4** volt 

*Electrochemical Society Active Member 
Key words: battery, cathode, molybdenum 
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TABLE 1. PROPERTIES OF MoS2 

TEMP SURFACE AREA CAPACITY 

150 5 
275 50 
400 6 3 
600 4 4 

Crystalline <5 

cut-off at 0.5 ma/cm2 (LiC104/dioxo- 
lane electrolyte). Very clearly the 
low temperature MoS2 structure has a 
substantially larger capacity for 
electrochemical reaction with lithium 
than the common crystalline MoS2 
(>800°C sample). The discharge be- 
havior is shown in Fig. 1. Whereas 
the two lowest temperature samples 
show a smoothly varying voltage/com- 
position profile, the break in the 
curve of the 400°C sample is sugges- 
tive of the presence of two phases. 
At higher temperatures, the capacity 
falls off rapidly just as reported 
earlier (1,2) for crystalline MoS2. 

Equally surprising, we found that 
this low temperature molybdenum sul- 
fide phase is highly reversible; even 
after 244 discharge/charge cycles the 
electrochemical capacity exceeded 50% 
of that of the 2nd discharge. This 
data is shown in Fig. 2. The 400°C 
sample also showed high reversibility, 
but at a much lower capacity, a0.2 
Li/Mo on the second discharge drop- 
ping to ~0.1 after 500 cycles. 

The sloping discharge/charge 
data of Fig. 2 bears similarity to 
that of the Li/TiS2 reaction, which 
may suggest that a similar non- 
stoichiometric reaction may also be 
taking place between lithium and this 
amorphous molybdenum sulfide phase. 
If high x-value phases of the formula 
LixMoS2 are formed then the amorphous 
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MoS2 phase is at least kinetically more 
stable than the crystalline MoS2 phase, 
with respect to the reaction (1,2,4) 
x>o.1 

Whether this apparent stability re- 
flects differences in the electronic 
(i.e. long range) structure or in the 
local bonding environment is unknown. 
We are presently making a study of 
the bonding within this general class 
of amorphous sulfides using EXAFS and 
other x-ray techniques. This struc- 
tural study combined with electro- 
chemical examination of other amor- 
phous sulfides (6) should help deter- 
mine the chemistry occurring, and 
whether materials of this type have 
improved long term cathode capabili- 
ties over the more conventional in- 

0 I I I I I I 
0 0.2 0.4 0.6 0 .8  1 .O 

LITHIUM/MOLYBDENUM RATIO 

FIG 1 Effect of heat treatment on 
MoS2 in lithium cells 

tercalation compounds. 
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Arsenic Diffusion Through Thin Oxides 
Sunil N. Shabde and Kim Helliwell' 
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I n  t h e  h igh dens i ty  NMOS and VMOS processes 
Arsenic d i f f u s i o n  i s  normally used t o  form 
source and dra in  junct ions.  One parameter 
o f  p rac t i ca l  i n t e r e s t  i s  t he  minimum oxide 
thickness t h a t  w i l l  mask t h e  As d i f f u s i o n  
a t  a given temperature. The masking oxide 
thickness can be pred ic ted i f  the  As d i f f u -  
s i v i t y  i n  Si02 i s  known. I n  t h i s  i n v e s t i -  
ga t ion  we repo r t  t he  experimental determi- 
na t ion  o f  t he  masking oxide thickness and 
the d i f f u s i v i t y  o f  As i n  Si02 a t  1000°C 
f o r  sealed capsule d i f f us ion .  The r e s u l t s  
o f  our work are compared w i t h  t he  prev ious ly  
published d i f f u s i v i t y  values. It was a lso  
found dur ing the i nves t i ga t i on  t h a t  t h e  etch 
r a t e  o f  oxide abrupt ly  lowed down f o r  oxide 
thickness less  than 120H. Another analnoly 
d i  covered i s  t h a t  f o r  thicknesses less  than 
2 d  t h e  d i f f u s i v i t y  o f  As i n  the  oxide 
becomes very l a rge  approaching t h a t  i n  pure 
s i l i con .  

EXPERIMENTAL PROCEDURE 

The experimental approach used was t o  
d i f f u s e  arsenic a t  1000°C i n  a number o f  
s i l i c o n  samples w i t h  varying thicknesses o f  
thermal ly  grown SiOp. The oxide was then 
s t r ipped and the  sheet r e s i s t i v i t y  o f  t h e  
arsenic d i f f u s i o n  was measured. A p l o t  o f  
V / I  vs. oxide thickness gives an estimate 
o f  t h e  masking oxide thickness. By matching 
a t h e o r e t i c a l l y  ca lcu la ted p l o t  o f  V / I  vs. 
oxide thickness w i t h  the  experimental p l o t ,  
a value f o r  t he  d i f f u s i o n  c o e f f i c i e n t  o f  
arsenic i n  Si02 was obtained. 

The samples were prepared by etching down 
ox id ized wafers t o  given thicknesses using 
a known e tch  r a t e  so lu t i on  o f  20:l HF. To 
measure t h e  etch r a t e  accurately, f ou r  wafers 
o f  14-23 Qcm p-type 1-0-0 s i l i c o n  w i t h  known 
beginning thicknesses were etched simultane- 
ously f o r  c a r e f u l l y  t imed i n te rva l s .  The 

measurements o f  t he  oxide thickness were 
taken a f t e r  each etch step, a t  5 pos i t ions  
on each wafer using an IBM 7840 f i l m  t h i c k -  
ness analyzer (FTA). 

EXPERIMENTAL RESULTS 

P lo t s  o f  t he  measured oxide thicknesses f o r  
one wafer as a func t ion  o f  cumulative etch 
t ime i s  given i n  Figure 1. The slope i s  
f a i r l y  constant, as expected, down t o  about 
120A, where there  i s  an abrupt change i n  
the  slope. This change occurred t o  the  same 
degree f o r  a l l  f ou r  wafers. Also, t he  
"dewet" t imes f o r  these wafers were consds- 
t e n t  w i t h  t he  slowed etch r a t e  below 120A. 
The maximum e r r o r  i n  measuring the  dewet 
t ime was estimated t o  be 5 sec. From the 
ava i l ab le  measurements a normal e tch  r a t e  

Fig. 1. Etch time i n  20:l HF 
vs. oxide thickness 

Keywords: Arsenic, Sealed-capsule, 
d i f f u s i v i t y ,  s in2  
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o f  2.20 f 0.4A per  sec and he t r a n s i t i o n  
oxide thickness o f  122 * 1 & were determined. 
The e r r o r  1 i m i t s  given are  1 u l i m i t s .  The 
slow etch r a t e  deter  ined from the  dewet 
t imes was 1.22 f 0 . d .  Combining a1 1 t h e  
uncer ta in t ies  i n  t h e  measurement s t a t i s t i -  
c a l l y ,  we f i n d  t h a t  t he  standard de i a t i o n  11 f o r  t he  f i n a l  oxide thickness i s  12 . 
A f t e r  being etched, t he  wafers were d i f f used  
w i t h  As a t  1000°C f o r  1 hour i n  a sealed 
capsule, and then s t r i pped  o f  oxide. The 
V / I  was measured a t  roughly t h e  same po in t s  
on each wafer where t h e  oxide thicknesses 
were prev ious ly  measured. The r e s u l t i n g  
r e l a t i o n  between V / I  and oxide thickness i s  
p l o t t e d  i n  Figure 2. The p o i n t  a t  which 
arsenic appears t o  begin penet ra t ing  i s  401. 

THE MODEL 

Sah, e t  a l .  (1) have given an expression f o r  
t he  concentrat ion p r o f i l e  o f  a dopant which 
i s  p a r t i a l l y  masked. The expression i s :  

m 

where m i s  t h e  c o e f f i c i e n t  o f  segregation o f  
t he  dopant between the  SiOp and Si; a = (m- 
r) / (m+r); r = m, Do and D are t h e  d i f -  
fus ion c o e f f i c i e n t s  o f  t he  arsenic i n  oxide 
and s i l i c o n ,  respect ive ly ,  and xo i s  t h e  
oxide thickness. The va r i ab le  x represents 
the  depth i n  the  s i l i c o n  w i t h  x = o corres- 
ponding t o  t h e  in ter face.  

Using t h i s  expression, V / I  can be determined 
t h e o r e t i c a l l y  f o r  a given oxide thickness 
and oxide d i f f u s i o n  c o e f f i c i e n t .  The s i l i -  
con d i f f u s i o n  c o e f f i c i e n t  i s  taken as 4.6 x 

10-15 cm2/ sec which i s  cons is tent  w i t h  the 
j unc t i on  depth o f  0 . 3 ~  measured i n  di f fused 
bare wafers. Our procedure was t o  f i t  the 
theo re t i ca l  curve t o  t h e  exper i  en ta l  po in ts  a by ad jus t i ng  Do u n t i l  V / I  a t  40 was consis- 
t e n t  w i t h  t h e  experimental r e s u l t  o f  roughly 
110~2. I n  t h i s  way Do i s  found t o  be 6.5 x 
10-18 cmz/sec. The curve corresponding t o  
t h i s  value o f  Do i s  p l o t t e d  i n  t h e  f i gu re ,  
together  w i t h  curves fyr 09 = 1.2 x 10-18cm2/ 
sec, and Do = 1 x 10- cm /sec, t o  show the 
s e n s i t i v i t y  o f  Do t o  t he  p o s i t i o n  o f  t he  
t heo re t i ca l  curve. A comparison o f  our 
r e s u l t s  w i t h  prev ious ly  publ ished data i s  
given i n  Table I. 

Table I. As D i f f u s i v i t y  i n  Si02 

- -  

6.5 x 10-18 1000°C Sealed 18% 1 seal,/ capsule capsu le1 

Di f fus ion 
Source 

D i f f u s i v i t y  
i n  Si02 

(cmZ/sec) 

CONCLUSIONS 

Temp/ 
Ambient 

Ghezzo 
and 

Brown 
(2 1 

The fo l l ow ing  conclusions are  drawn from the 
above work: 

1. The masking oxide thickness f o r  As 
d i f f u s i o n  i n  s i l i c o n  a t  1000°C f o r  1,Hr 
i n  sealed capsule ambient i s  401 .L 12A. 

3.5 x 

1 . 5 ~ 1 0 - l 6  

2. The As d i f f u s i v i t y  i n  t h e  thermal ly  grown 
oxide a t  1000°C i n  t h e  i n e r t  ambient o f  
sealed capsule i s  determined t o  be 6.5 x 
10-18 cm21sec. 

3. As a s i de  r e s u l t  i t  was found t h a t  t h e  
e tch- ra te  o f  Si02 'n 20:l HF slows down 
ab rup t l y  below 120B. The slow down could 
be a r e s u l t  o f  boron oxide near t he  S i -  
SiO2 i n t e r f a c e  o r  t h e  excessive unoxi-  
d ized S i  atoms w i t h i n  Si02 near t he  inter-  
face. 

1100°C 
Argon 
1100°C 
02 

Fig. 2 V / I  Var ia t ion  w i t h  t he  oxide thickness. 
S o l i d  c i r c l e s  represent experimental data. 

Arsenic 
glass 
Arsenic 
glass 
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4. The f l a tness  o f  t h g  V/I vs. oxide t h i c k -  
ness p l o t  below 20A does not  match we l l  
w i t h  t he  t heo re t i ca l  p l o t .  A po s i b l e  
reason f o r  t h i s  i s  t h a t  below 2 0 i  t he  
oxide becomes more o r  1 ess t ransparent 
t o  As d i f f us ion ,  i.e. t he  d i f f u s i o n  co- 
e f f i c i e n t  approaches t h a t  o f  Si .  This 
may happen e i t h e r  due t o  excessive p in-  
holes i n  t he  t h i n  oxide o r  due t o  the  
oxide being s i l i c o n  r i c h  o r  both o f  
these reasons. 
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Determination of Electroless Copper Deposition Rate 

from Polarization Data in the Vicinity of the Mixed Potential 

M. Paunovic* and D. Vitkavage 

Kollmorgen Corporation, PCK Technology Division, Glen Cove, New York 11542 

There are basically two electro- 
chemical methods for determination of 
the rate of an electrochemical reaction 
at the mixed potential. In the first 
method (the intercept method) the rate 
is determined as the current coordinate 
of the intersection of the high over- 
voltage polarization curves for the 
partial cathodic and anodic process, 
measured from the rest potential. In 
the second method (the low overvoltage 
method) the rate is determined from 
the-low overvoltage polarization data 
for the partial cathodic and anodic 
process, measured from the mixed 
potential. 

Both methods have been extensively 
used for the determination of the rate 
of corrosion of metals (1-6). Consider- 
ably less has been published so far on 
the determination of rate of electroless 
deposition of metals, on the basis 
of these methods (7,8). 

The subject of this communication 
is the evaluation of applicability of 
various forms of the low overvoltage 
method to the determination of the 
rate of the electroless copper deposi- 
t i o n .  

EXPERIMENTAL 

The solutions were prepared with 
analytical grade reagents and deionized 
water. The electroless copper bath used 
for these studies contained: 0.05 M 
CuS04.5H20, 0.15 M EDTA, 0.072 M CH20 , 

NaOH to pH 12.5. Formaldehyde was 37% 
solution "Baker Analyzed" Reagent. 
Oxygen was removed by bubbling nitrogen. 
Temperature was 25OC. 

An all-glass three compartment 
cell with three electrodes was used. 
The test zlectrode was a platinum wire 
(0.397 cm in area) and the auxiliary 
electrode a .platinum sheet (2 cm2 in 
area) electroplated with copper. 
Plating was done in an acid copper 
solution (CuSO .5H20 - 188 g/l, H2SO4- 
- 74 g/l) at 18 mi\/cm2 for 5 min. A 
saturated calomel electrode (SCE) was 
used as a reference electrode. 

The current-potential curves were 
obtained with a PAR (Princeton Applied 
Research, Princeton, N.J.) Model 174A 
Polarographic Analyzer. The potential 
sweep in these measurements was 
1 mV/sec. 

RESULTS AND DISCUSSION 

Typical current-potential curves 
in the vicinity of the mixed potential 
for the electroless copper deposition 
(average of six trials) are shown in 
Fig. 1. Calculation of the rate of 
deposition from these curves requires 
knowledge of the anodic and cathodic 
Tafel slopes, ba and bc, respectively. 

Tafel slopes were determined using 
Mansfeld's curve fitting procedure 
( 3 , 4 )  and the direct curve fitting 
procedure to the Stern-Geary equation 

ij = idep Ej 
*Electrochemical Society Active 

Member 
= lo vj.lba - 10 -nj/b, 111 

Key words: deposition, metals, 
overvoltage, polarization Ej 



Vol. 126, No. 12 ELECTROLESS COPPER DEPOSITION 2283 

where i- is the current density, q -  
the oveholtage (polarization), anJd 
idep the deposition current at the 
mixed potential (2). Equation [l] 
represents the Stern-Geary equation 
applied to the electroless metal 
deposition (id replaced for icorr 
in the originafPequation) . We 
obtained that b, = 940 and bc = 310 mV. 
The Mansfeld's method was used for 
the anodic region only. 

The rate of deposition, ide , 
was calculated from (a) the equagion 
111, (b) the Stern-Geary equation 
with the polarization resistance, R 

P 

and (c) the Le Roy equation (5,6) 

The rate of electroless copper 
deposition determined gravimetricall 
for the used bath, was 1.59 mg/hr/cmT: 
or idel! was 1.35 mA/cm2 with the mixed 
potentla1 Emp = -680 mV vs. SCE. 

Equation [l] was used to calculate 
the rate i from a pair of ij-'4 
values. ~fk~~olarization resista ce 

3 , for equation [2], was calculated the slope of the straight line 
obtained from the least squares fitting 
of data. Rp values for curves 1, 2c 
and 2a (Fig. 1) are 62.5, 57.3 and 
81.9n respectively. The computer was 
used to calculate the rate from 
equation [3]. 

Rates of deposition calculated 
from equations [I-31 are shown in 
Table I. 

The comparison of these, and 
other results, shows that the best 
results are obtained with the Le Roy 
equation applied to the polarization 
data in the anodic range. 

Table I. Rate of deposition 
calculated from polarization data; 
(idep) grav. = 1.35 mA/crn2 

Eq. idep, d/cm2 

Fig. 1, Curve 
1 2 c 2 a 

For equation [I] rate was calcu- 
lated from qj = 20 mV for 
curves 1 and 2a and r( = -20 mV 
for curve 2c. j 

It is interesting to note that 
here, in the metal deposition, as in 
the corrosion (9) the partial reaction 
which does not involve distruction or 
building of a crystal lattice of a 
metal gives better results. 

CONCLUSIONS 

Described experimental results 
show that the rate of electroless 
copper deposition can be determined 
from the polarization data in the 
vicinity of the mixed potential. The 
best results were obtained using 
Le Roy equation. 

A subsequent paper will report 
more complete data and take into 
account other factors that determine 
the current-potential relationship, 
e. g. diffusion, multiple barrier (lo), 
and others. 
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Fig. 1. Polarization data for 
electroless copper deposition. 

o Curve 1, initial potential 
sp-30 mV 

x Curve 2a, initial potential Gp, 
anodic sweep 

A Curve 2c, initial potential Emp, 
cathodic sweep 

Curve drawn from Eq. [l] for 
ba= 940 mV, bc=310 mV, and 
i =1.35m~/cm~ 
dep 



The Calculation of Polarization Curves in the 

Vicinity of the Limiting Current 

J. M. Bailey and 1. M. Ritchie 
Department of Physical and Inorganic Chemistry, 

University of Western Australia, Nedlands, Western Australia 6009 

When calculating the shape of a the surface concentration is  given by 
polarization curve i n  the vicini ty  of i t s  
limiting current,  it has been assumed i n  a cS = cb { l - ( i / i d ) }  151 
number of important papers and tex t s  (1-3) 
tha t  the exchange current density i s  independ- Thus io is a function of i and Eq. (3) is 
en t  of the polarization current. invalid. 

In the part icular  case where the 
electrode reaction is the reduction of Mz+ t o  
M, and Tafel behaviour may be assumed, the 
relevant equations fo r  the charge transfer 
and diffusion overpotentials (qc and nd) are  

where the symbols have t h e i r  usual meanings. 
The t o t a l  overpotential is then assumed t o  be 
given by 

where q;, is  the charge t ransfer  overpotential 
i n  the absence of any diffusion control. 

However, when a slow transport s tep i s  
present i n  the overall  electrode reaction, the 
surface concentration Cs is no longer equal t o  
the bulk concentration Cb, and so the exchange 
current density is  no longer equal t o  i;, the 
value corresponding t o  pure charge t ransfer  
control. In general, the exchange current 
density is a function of the surface 
concentration 

Since correct treatments of the problem 
have already been given by Breiter and 
Clamroth (4) fo r  the part icular  case of the 
hydrogen overvoltage, and by Vetter ( 5 )  for  
the general case, it seems l ikely tha t  the 
assumption of the independence of io on i has 
been made for  convenience i n  the belief tha t  
the error  incurred w i l l  not be large. The 
purpose of th i s  note is t o  draw attention t o  
the assumption before it becomes widely 
accepted since, as w i l l  be shown, the errors  
associated with it need not be negligible. 

F i r s t l y  we note t h a t  

Combining equations [ I ] ,  121, [4], 151 and 
[61 we get  for  the t o t a l  overpotential 

In Fig. 1 we compare a polarization curve 
which has been calculated according t o  
Eq. [7] (solid l ine)  with one which has been 
calculated according t o  Eq. 131 (dashed l i n e ) .  
The parameters chosen for  these calculations 
were the same as those used by Stern and 
Geary i n  the i r  paper (1); viz a = 0.41, 
i d  = 5 x 10-3 A an-2 and i& = 1 x 10-6 A ~ m - ~ .  

where O i  is the standard exchange current From Eqs . [31 and [71 it can be seen tha t  
density. I f  the ra te  of the electrode the error  i n  q, Aq, incurred by not allowing 
reaction is  par t i a l ly  governed by diffusion, for  the variation of io i s  given by 

Key words: overpotential, diffusion, 
charge-transfer. 

The magnitude of An can be seen t o  
increase with qd and hence with the polar- 
ization current. For the values used i n  
Fig. 1, the error  incurred i n  assuming that  
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Fig. 1. A p l o t  of the  t o t a l  over- 
po ten t i a l  aga ins t  t h e  logarithm 
of t he  current  dens i ty  assuming 
a = 0.41 and i d  = 5 x 10-3 A cm-2. 
The dotted l i n e  i s  from Stern  and 
Geary (1) and assumes a value of 
io of 10-6 A cm-2. The s o l i d  l i n e  
i s  t he  corresponding p l o t  allowing 
f o r  t he  va r i a t i on  of io with i. 

io is independent of i i s  about 70% of rld. 
The maximum e r r o r  i n  t he  current ,  which occurs 
near the  knee of the  curve, is about 10%. 
These e r r o r s ,  which increase  with increas ing 
a ,  a r e  s u f f i c i e n t l y  l a rge  t o  warrant t h e  use 
of equation [71 r a t h e r  than equation [31.  
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Electron Stoichiometry of Anodic Dissolution 
of Gold in Aqueous Alkaline Cyanide 

D. W. Kirk,* F. R. Foulkes,** and W. F. Graydon 
Department of Chemical Engineering and Applied Chemistry, 
University of Toronto, Toronto, Ontario, Canada M5S 1A4 

In an earlier paper (I), it was shown by 
the use of slow anodic potential sweep 
measurements that the electrochemical dis- 
solution of gold in de-oxygenated aqueous 
alkaline cyanide solutions was character- 
ized by the presence of three current peaks. 
These peaks were shown to correspond to 
three potential regions of enhanced gold 
dissolution rates. These current peaks also 
had been observed by other workers (2,3,4,5); 
but, no attempts had been made to determine 
electron stoichiometry, which was assumed to 
be 1 or 2, depending on the peak. 

By means of weight loss measurements at 
fixed potentials it was concluded (1) that 
the reactions in the three peak regions 
corresponded to a single overall dissolution 
process, namely 

Coulometric analyses indicated that the values 
of n, the number of moles of electrons passed 
per mole of gold dissolved, were 0.85, 0.95, 
and 1.05 for peaks 1,2, and 3, respectively. 

In order to explain the fact that the 
observed n values for peaks 1 and 2 were less 
than unity, it was suggested that, in addition 
to the main electrochemical reaction [I], some 
concurrent chemical dissolution process also 
may have been taking place, which tended to 
lower the apparent values of n. In the case 
of peak 3, it was readily shown that the n 
value was slightly greater than unity on 
account of the onset of some gold oxidation 
to gold (111) oxide, which begins to form at 
potentials just anodic to the peak potential 
for peak 3. 

Although chemical gold dissolution in de- 
oxygenated alkaline cyanide has not pre- 
viously been reported, such dissolution would 
be expected to proceed independently of 
electrochemical dissolution provided that the 
gold substrate be neither under cathodic 
protection nor protected by an impervious 
anodic oxide film. For strict additivity 
of the two dissolution Drocesses. the absence 
*Eleetrochsmical Society Student Member. 

~Electrochamlcal Society Active Member. 

of competition for sites also is required. 
Such additivity between a chemical and 
electrochemical process has been long re- 
co~nized in the electrochemical behaviour of 
zinc. In the present work with gold, anodic 
currents begin to flow at potentials more 
positive than about -0.90 V vs S.C.E* Since 
all three peaks occur at potentials more 
positive than this, cathodic protection can 
be ruled out. Likewise, interference from 
the formation of gold (111) oxide films 
would be expected only at potentials more 
positive than the thermodynamic formation 
potential of gold (111) oxide, which occurs 
in the vicinity of peak 3. If the chemical 
dissolution process is independent of the 
electrochemical process, and is the only 
additional secondary process, subtraction of 
the chemical weight loss for the appropriate 
time, concentration, and surface area from 
the total measured weight loss during the 
electrochemical measurement should yield an 
n value reflecting only the electrochemical 
dissolution. 

Chemical dissolution rates were determined 
by measuring the weight losses of gold foil 
electrodes (99.99% purity) suspended in 
alkaline cyanide electrolyte solutions. The 
gold foil was given the same electrochemical 
cleaning pretreatment as that described~pre- 
viously for the electrochemical dissolution 
experiments (1). The solutions were pre- 
pared from analytical grade potassium 
hydroxide and potassium cyanide, using doubly 
distilled water. De-oxygenation was effected 
by continuous bubbling of oxygen-free 
nitrogen. To test for complete removal of 
oxygen, additional experiments were carried 
out using oxygen-free nitrogen which had 
been scrubbed with a solution of vanadous 
chloride. No significant differences in the 
weight losses were observed using this 
procedure. 

The following sample calculation will 
clarify the method used to compute the 
chemically corrected n values: In 
0.10 M KOH + 0.10 M PCN solution 
* All potentials are against S - C . E .  

Key *da1 metal, anode, potential, dissolution. 
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a t  -0.680 V the  passage of 0.07258 C 
( =7.522.10-' F) over a period of 5.00 minutes 
r e su l t ed  i n  a weight l o s s  of 1.80.10 from 
a 2.73 cm2 gold f o i l  e lec t rode .  The r a t e  of 
chemical d issolu t ion  under the s a w  conditions 
of temperature and concentration was found t o  
be  4.00. lo-' g * s - ' * ~ m - ~ ,  which corresponds t o  
a chemical weight l o s s  of 3.28.10-5 g f o r  an 
e lec t rode  of the same a rea  and dissolut ion  
time. Therefore the corrected elect_rochemi- 
c a l  weight l o s s  was (18.0-3.28) x 10 = 
14.72.10-'~ o r  7.473.10-' mol o f  gold, and the  
correc ted  n value i s  7.552.10-'F + 7.473. lo-' 
mol = 1.01 ~ .mol- ' .  The uncorrected value is 
0.823 ~.mol- ' .  Because the chemical dissolu- 
t i o n  r a t e  was found to  be a function of cy- 
anide concentration,  hydroxide concentration,  
temperature, and the surface  s t a t e  of the  
gold, the chemical correc t ion  f o r  each electo- 
chemical datum was matched with respect  to  
concentrations and temperature. 

The gold d issolut ion  data  with and without 
the chemical weight l o s s  correc t ions  a r e  pre- 
sented i n  Table 1. Approximately f i f t y  
measurements were made i n  each of the  three  
peak regions to  determine average n values. 
Data obtained a t  po t en t i a l s  more pos i t i ve  
than the  r eve r s ib l e  po ten t i a l  f o r  gold (111) 
oxide formation (about +0.30 V) were no t  used 
i n  determining the average n value f o r  peak 3 
on account of in ter ference  from the  formation 
of gold (111) oxide a s  discussed above. The 
r e s u l t s  c l ea r ly  show t h a t  n=l  f o r  the three  
peak regions, and t h a t  the chemical dissolu- 
t i o n  accounts f o r  near ly  a l l  the devia t ion  
from uni ty  previously observed i n  the e l ec t ron  
stoichiometry. There i s  no s i g n i f i c a n t  d i f f -  
erence between the mean value of n ca lcula ted  
f o r  each peak region, and an ove ra l l  value of 
1.03f0.02 is obtained a t  the  95% confidence 
l eve l .  The s l i g h t l y  pos i t i ve  b i a s  which s t i l l  
remains (Table I )  is a t t r i b u t e d  t o  s l i g h t  
d i f ferences  i n  the  nature  of the gold surface  
i n  chemical and electrochemical d i s so lu t ion  
experiments. 

It can be concluded t h a t  the electrochemi- 
c a l  d issolu t ion  of gold i n  a lka l ine  cyanide is 
c l e a r l y  a one e lec t ron t r ans fe r  reac t ion  
throughout the po ten t i a l  region -0.90 to  +0.30 
V. Furthermore, throughout t h i s  po ten t i a l  
domain only a one e lec t ron t r ans fe r  e lec t ro-  
chemical process and chemical d i s so lu t ion  
occur. The chemical process may occur as  a 
r e s u l t  of-trace oxygen contaminafion (6): 
2Au+4CTT + M 2  + H * O + ~ A U ( C N ) ~  +20H [2] 
Al ternat ive ly ,  an oxygen-free process such a s  
the following (1) may be invglved: 
AU + HCN + CN- -+ 4 ~ 2  + Au(CN)2 131 
A more de t a i l ed  study of t h i s  process i s  
current ly  underway. 

Publ ica t ion  c o s t s  o f  t h i s  a r t i c l e  were 
a s s i s t e d  by t h e  University of Toronto. 

Table I 
Number of Faradays per  mole of 

gold dissolved i n  aqueous a lka l ine  
cyanide. Temperature = 23.5'C 

Faradavs o e r  mole of - - 

gold dissblved 
Po ten t i a l  Without With Chemical 
(V vs S.C.E.) Chemical Correction* 

Correction* 
Peak 1 
-0.90 0.94k0.36 1.02t1.9 
-0.80 
-0.75 
-0.70 
-0.68 
-0.66 
-0.65 
-0.63 
-0.60 

Peak 2 
-0.1 

0 
+0.05 
+o. 10 
+0.15 

Peak 3 
+0.20 
+0.25 

0.80k0.60 
0.89k0.35 
0.79k0.13 
0.82k0.05 
0.81f0.72 
0.85f0.11 
0.8720.17 
0.92t0.20 

Average 0.85f0.02** 

0.91f0.21 
0.94kO. 14 
0.95t0.05 
0.98k0.04 
0.95k1.52 

Average 0.95+0.02** 

+O. 30 1.0320.06 1.04f0.06 
Average 1.04*0.04** 1.07k0.06** 

Above E' f o r  Au (111) 
M.30 1.04k0.11 - - 
+O. 38 1.07k0.07 - - 
+0.40 1.4520.17 - - 
+0.50 3.11 - - 
M .  60 2.65 - - 
+O. 80 3.10 - - 
* 95% confidence l i m i t s  
** 95% confidence limits based on a l l  

measurements i n  peak range. 
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ABSTRACT 
Investigations of the effect of surface additives on the performance of 

lithium-aluminum alloy electrodes were conducted. Predeposition of 4.48 X 
10-7 mole/cm2 of indium or magnesium on aluminum wire electrodes led to 
improved lithium utilization during early cycles but lower capacity retention. 
The higher lithium utilization was attributed to the more dendritic surfaces 
formed by the addition of In and Mg. Upon discharge, the higher lithium ex- 
traction caused greater depletion of the #-phase LiAl, which held the elec- 
trode radial structure together. This in turn led to faster electrode attrition 
and lower capacity retention. Results of early cycles confirmed the importance 
of surface effects. 

Lithium-aluminum alloy electrodes have shown a 
great deal of promise for meeting the performance 
requirements of negative electrodes in molten salt sec- 
ondary batteries. The lithium-aluminum phase dia- 
gram at 423°C (Fig. l) (1) shows that from 0 to 9.2 
atomic percent (a/o) lithium, a solid solution, the 
a-phase exists; the 8-phase is from 46.8 to 56 a/o lith- 
ium, and the ?-phase is from 60.3 to 61.7 a/o lithium. 
In the two-phase region between ol and p, the potential 
is a constant 297 mV anodic to (more positive than) 
pure lithium. The large concentration range ensures 
high power density and a steady potential for the LiAl 
anode. In an effort to improve electrode performance, 
ternary systems are being investigated. Melendres (2) 
has shown that incorporation of 5-19 a/o magnesium 
into the LiAl electrode, led to a marked morphological 
change which improved the structural stability of the 
electrodes upon cycling. Visser (3) tested the cycle 
lives of engineering-type LiAl electrodes with various 
metal additives, tin, lead, copper, and indium; while 
tin, lead, and copper showed no improvement, the elec- 
trode with 3.9 weight percent (w/o) indium showed 
superior lithium retention capacity over a large number 
of cycles. Photomicrographic examination of the elec- 
trodes showed the LiAlIn alloy to be much more den- 
dritic, and it was postulated that this led to the im- 
proved retention. The purpose of this investigation was 
to test the hypothesis that structural improvement by 
the incorporation of magnesium and indium is indeed 
a surface effect. This has been done by testing LiAl 
electrodes with the ternary component on only the 
electrode surface. 

Experimental 
Lithium chloride (99% minimum assay) and potas- 

sium chloride (99.8 minimum assay), obtained from 
BDH Chemicals Limited, Poole, Dorset, were used to 
prepare the LiCl-KC1 eutectic (melting point 352'C) 
(4). The mixture of 59 mole percent (m/o) LiCl and 
41 m/o KC1 was heated under vacuum for several 

'Research and study conducted under the supervision of 
Professor Douglas Inman at Imperial College, London. 

days to remove the water of hydration. The anhydrous 
mixture was then melted, and constant potential elec- 
trolysis at 0.2V anodic of a/p LiAl was carried out to 
remove inorganic impurities, using an aluminum cath- 
ode and a graphite anode. 

I I 
0 

0.2 0.4 0.6 0.8 1.0 

Lithium atomic fraction 

Fig. 1. Potential-composition diagram for the lithium-aluminum 
system at 423°C (1). 
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The additives, MgClz (Hopkins & Williams Limited, 
Essex, England) and InCls (BDH Chemicals Limited) 
were dehydrolized by first reacting with 2,2 dimeth- 
oxypmpane (Aldrich Chemicals Company) followed by 
heating under vacuum (5). 

To minimize contact with air, all cell assembling 
operations were performed inside a nitrogen dry box, 
and an argon blanket filled the cell during experiments. 
A simphfied schematic of the cell is shown in Fig. 2. 
It consists of a counterelectrode of a/@ LiAl, a refer- 
ence electrode of u/p LiA1, electrochemically prepared, 
and a working electrode. (Typically, three working 
electrodes were used in each experiment.) The counter- 
electrode was prepared by packing lithium metal (99% 
purity, BDH Chemicals) into an aluminum shell, ?h in. 
OD, 1 in. long, and placing the shell in contact with 
molten LiC1-KC1 eutectic. Lithium, being a liquid at 
this temperature, readily alloyed with the aluminum. W I . ~  ciesrmae 

99.9% pure aluminum, diameter 0.74 mm (BDH Chemi- ' '" '" mlt 

cals) was used for the working electrodes and as start- countarelecrrods 

ing material for the reference electrode. I.ICI-KCI cvtectic 

In all experiments the working electrode was dipped "d "adif'"e 

1 cm into the melt. The level was indicated by a notch 
in the wire. A small inner beaker was used to contain ,,, ,,., 
the melt in which the additive (InCla or MgCl2) was 
dissolved. A thin glass membrane, permeable to lith- 
ium ions, but not to indium or magnesium ions, sepa- 
rated the inner beaker from the main beaker. The 
emf's of In(III)/In(O) and Mg(II)/Mg(O) were re- 
spectively 2.OV and 0.42V anodic of Jp LiAl (4). It 

Fig. 2. Schematic of the call 

was therefore possible to predeposit Mg and In on the 

meant that at the applied current density of 215 m ~ /  
cm2, the rate of formation of @-phase LiAl was not 
controlled either by slow diffusion or reaction kinetics. 
On the contrary, the lithium utilization upon discharg- 
ing was not 100%; James ( 6 )  suggested that this was 
due to diffusion limitations. Similar first cycle curves 
were observed with electrodes that had been prede- 
posited with additives. 

Figure 4 shows the charging and discharging curves 
for the three electrodes: (a) initially pure aluminum, 
(b) pure aluminum initially charged with 1.04 x 10-7 
moles of magnesium (compared to 4.3 x 10-4 moles 
of aluminum in the entire electrode), and (c) pure 
aluminum initially charged with 1.04 x 10-7 moles of 
indium. Although the amount of each additive was 
small, its concentration on the surface could be quite 

aluminum working electrodes without forming LiAl 
alloys in the process. Predeposition of magnesium was 
carried out at +0.2V of ~ / p  LiAl, and that of indium 
was at +0.5V of Jp LiAl. A Wenking control amplifier, 

lS0 

Model PCA 72L, was used for constant potential elec- 
trolysis. The amount of additives deposited was mea- 
sured by a Bentham Hi-Tek Gated Integrator and loo' 

-150 

Results and Discussion 
Figure 3 shows the charging and discharging curves 

'The current density is based on the initial external electrode 
area. Since the electrode porosity changed with each cycle, it 
was not possible to know the exact surface area. 

- 

Fig. 3. F int  cycle charging and dirchorging curves of initially 
pure Al electrode. 

' 

of an initially pure aluminum electrode. On the first 
charge, simple calculation showed that the entire elec- 1 2 3 4 5 6 7 8 9 1 0 1 1 1 2 1 3  

trode was completely converted to B-phase LiAl. This TI- (min] 

high. Both the addition of Mg and In led to higher 
charging and discharging overpotentials. However, the 
ternary electrodes also had higher lithium utilizations 
-utilization being defined as the ratio of the amount 
of lithium discharged to the theoretical amount upon 
complete conversion from p-LiA1 to U-LiAl. Examina- 
tion of the electrodes at the end of the cycle tests 
showed both the LiAlMg and LiAlIn electrodes to have 
rougher surfaces than the LiAl electrode. Thus the 
higher surface area, accompanying the more (micro-) 
dendritic electrode could have explained the higher 
utilization of the ternary electrodes. Also evident from 
Fig. 4 is the presence of additional plateaus on the 
discharge curves of LiAlMg and LiAlIn systems, indi- 
cating the formation of extra phases involving Mg and 

Disoharge 

DVM. After predeposition, the working electrodes were 
transferred to the main beaker (again 1 cm in the 
melt) for cycling tests. 

The melt temperature was maintained at about 
e 

420". The electrodes were subjected to repeated gal- 
vanostatic (constant current) charging and discharging ' '.. - 
at a current density of 215 mA/cm2.2 The cut-off volt- 2 
ages were -0.15 (of Jp LiA1) on charging, and + 0.15 ": charge 
(of Jp LiAl) on discharging. The current was sup- -50.  

plied by an Advance regulated d-c power source, Type 
PP1. When the voltage reached the prescribed cut-off 
point, the polarity was manually reversed. A Servo- -100 

scribe chart recorder Type RE 511.20 (Goerz Electro) 
was used ta record the potential variation. 

- 
. 
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Time (min) 

Fig. 4. Charging and discharging behavior of (a) initially pure Al 
electrodes, (b) electrode predeposited with 1.04 X moles Mg, 
(c) electrode predeposited with 1.04 X moles In. 

In. No attempts were made to identify the composi- 
tion of the new phases. Melendres (2) has identified 
the presence of LiMgAlz and LizAlMg compounds in 
his work. The extra plateaus gradually disappeared 
with repeated cycling. This was probably due to the 
dilution of the additives on the surface, either by mi- 
gration into the electrode interior, or dissolution into 
the melt. 

A plot of lithium utilization us. the number of cycles 
is shown in Fig. 5. In the first few cycles the utiliza- 
tion rose to a maximum, reflecting the favorable 
changes in the electrode, i.e., increasing porosity. The 
utilization then declined with each additional cycle. 
The reason for the decline was not clear; it could be 
due to the loss of electrode material by the breaking of 
the dendrites, or to the accumulation of impurities 
such as oxides on the surface, thereby reducing the 
available aluminum.3 More work is needed to under- 
stand the decaying mechanism. As can be seen, the 
LiAlIn electrode exhibited the highest utilization in 
the first 18 cycles. The LiAlMg electrode had greater 
utilization than the LiAl for up to the 15th cycle. How- 
ever, the utilization of the ternary electrodes decayed 
more rapidly than that of the LiAl electrode which 
remained nearly constant up to about the 20th cycle. 

The higher capacity retention of the LiAl electrode 
may well be due to its lower utilization. As explained 
by Melendres (7) ,  the radial structure of the electrode 

'Although argon was constantly circulated around the melt. the 
cell was not completely leak-proof and, i n  time. oxldes could 
have accumulated. 

cycles 

Fig. 5. Lithum utility as a function of the number of charge/ 
discharge cycles. 

is held together by the 8-phase, without which the 
electrode would simply fall apart. It follows then that 
the more lithium extracted during the discharge, the 
weaker the electrode becomes and therefore the faster 
it will erode. This form of attrition would be greatly 
reduced by the use of engineering electrodes (3) in 
which the electrode material is wrapped in a zirconia 
fabric. 

The long-term effect of the surface additives could 
not be accurately assessed because it was not certain 
that the additives remained on the surface throughout 
so many cycles. It is more likely that the additives mi- 
grated into the bulk of the electrode, or dissolved 
in the melt, as shown by the gradual disappearance 
of the additional discharge plateaus. Electrodes made 
entirely from LiAlIn and LiAlMg alloys would be 
more suitable for long-term tests. However, the results 
of early cycles confirmed that surface modification by 
the incorporation of Mg and In improved electrode 
performance. 

Conclusion 
Predeposition of 4.48 x 10-7 mole/cma of indium 

and magnesium on aluminum wire electrodes led to 
improved lithium utilization during early cycles. Ex- 
amination of the electmdes after the test showed the 
ternary electrodes to be more dendritic. The higher 
surface area was believed to be the key to the im- 
provement of electrode performance. The retention 
capacity of ternary electrodes was lower than the 
binary LiAl. This might be caused by the higher 
utilization since higher lithium extraction depleted 
the @-phase LiAl which held the electrode radial 
structure together. 

Engineering electrodes which utilize materials such 
as zirconia fabric to contain the electrode material 
would be more suitable to assess the long-term per- 
formance of ternary electrodes. However, the short- 
term results from the wire electrodes indicate that the 
improved electrode performance resulting from the 
addition of In and Mg is mainly a surface effect. 
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C.-H. Tsang 

The winners of the Young Authors' 
Prizes were announced at the Awards 
and Recognition Session held on Tues- 
day afternoon, October 26, during the 
Los Angeles, California, Meeting of The 
Electrochemical Society. 

Chi-Hwa Tsang, currently at the Uni- 
versity of Pennsylvania, won $200 for 
his paper "Mass Transfer to an Imping- 
ing Jet Electrode," which appeared in 
the September 1978 issue of the Journal. 

Dimitri A. Antoniadis, Assistant Pro- 
fessor a t  M.I.T., and Adalberto G. Gon- 
zalez, Professor a t  the Metropolitan Uni- 
versity of Mexico, each won $200 for 
their paper entitled "Boron in Near- 
Intrinsic <loo> and <Ill> Silicon 
under Inert and Oxidizing Ambients- 
Diffusion and Segregation," which ap- 
peared i n  the May 1978 issue of the 
Journal. 

Mr. Tsang is a native of Taiwan, 
China. He received his B.S.E. de- 
gree in chemical engineering from 
National Cheng-Kung University at Tai- 
nan, Taiwan i n  1974 and an M.S. i n  
chemical engineering from Clarkson Col- 

'oung Authors' Awards for 1978 

0.  A. Antoniadis A. G. Gonzalez 

lege of Technology in 1978. Mr. Tsang 
is currently working for his Ph.D. in 
the Laboratory for Research on the 
Structure of Matter and the Department 
of Materials Science and Engineering 
at the University of Pennsylvania. Mr. 
Tsang's paper is a result of his M.S. 
thesis research under Professor D-T. 
Chin. 

While Mr. Tsang has a continued 
interest i n  electrode processes/kinetics, 
his current Ph.D. research is in in- 
vestigating the catalytic properties of 
transition metal-noble metal alloys. 

Dr. Antoniadis was born in Athens, 
Greece. He received his B.S. in physics 
from the University of Athens i n  1970 
and his Ph.D. in electrical engineering 
from Stanford University in 1976, where 
he remained as Research Associate and 
Instructor. Since 1978 he has been an 
Assistant Professor at M.I.T. He is a 
member of The Electrochemical Society 
and of IEEE. 

Dr. Antoniadis' research interests are 
i n  the area of characterization, model- 
ing, and numerical simulation of semi- 

conductor device fabrication and oper- 
ation. He is a primary author of the 
computer program SUPREM (Stanford 
University Process Engineering Models). 

Dr. Gonzalez was born i n  Tijuana, 
Mexico. He received his B.S. degree 
in physics from the National University 
of Mexico in 1971, and the M1.S.E.E. 
degree from Stanford University i n  1972. 
He finished his Ph.D research work at 
Stanford in 1977. Dr. Gonzalez joined 
the Department of Electronic Engineer- 
ing at the Metropolitan University of 
Mexico, Mexico City, i n  1978. He is 
currently working as a full-time pro- 
fessor and is in charge of the Mini and 
Microcomputer Laboratory. He is pres- 
ently directing a joint government1 
industry sponsored project on the de- 
velopment of microcomputer-controlled 
communications equipment. 

Dr. Gonzalez's general research in- 
terests include the development of hard- 
ware and software for industrial ap- 
plications, using microprocessors. He 
has a very strong interest in bipolar 
and MOS transistor simulation and op- 
timization. 

Nominations Invited for Edward Goodrich Acheson Award and Prize 
The Edward Goodrich Acheson dollars ($2000). The following have re- 1966-Warren C. Vosburgh 

Award and Prize was established in ceived the Award: 1968-Francis L. LaQue 
1928 to recognize a person who, i n  the 1970-Samuel Ruben 
judgment of the directors of the Soci- 1929-Edward G. Acheson 1972--Charles W. Tobias 
ety, has made contributions to the ad- 1931-Edwin F. Northrup 1974-Cecil V. King 
vancement of any of the objects, pur- 1g33-colin Garfield Fink 1976-N. Bruce Hannay 
poses, or activities of The Electrochem- 1 g 3 i j - ~ ~ ~ ~ k  J, T~~~ 1978-David A. Vermilyea 
ical Societyas to merit the award. Such 1937-frederick M. ~ ~ ~ k ~ t  
contributions may consist of, but shall 1g39-Francis C, F~~~~ Nominations for the next Award to be 
not be limited to, (a) a discovery per- 1942-Charles F. Burgess presented at the Fall Meeting of the So- 
taining to electrochemistry, electro- ciety in 1980 in Hollywood, Florida, 
metallurgy, or electrothermics, (b) an 

1944--William B'um are invited. Nominees do not have t o  be 
invention of a plan, process, or device, 1946-H' Jerma'in Creighton members of the Society to be consid- 
or research evidenced by a paper em- 1948-Duncan A. ered. Furthermore, there are no dis- 
bodying information useful, valuable, or 1951-Ge0rge W. "jna' tinctions, restrictions, or reservations 
significant in the theory or practice of 1953-J. W. Marden regarding age, sex, race, citizenship, or 
electrochemistry, electrometallurgy, or 1954--Ge0rge W. Heise place of origin or residence. 
electrothermics, and/or (c) distin- 1956-R0bert M. Burns Please send nominations with sup- 
guished services rendered to the So- 1958-William J. Kroll porting documents to Fritz G. Will, 
ciety. 1960-Henry B. Linford General Electric, R&D Center, P.O. Box 

The Award consists of a gold medal, 1962-C. L. Faust 8, Schenectady, New York 12301 by 
a bronze replica, and two thousand 1964-Earl A. Gulbransen March 1, 1980. 
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ECS Membership Statistics 

The following three tables give a breakdown of membership as of Oct. 1, 1979. NEW MEMBERS 
Table I. ECS Membership by Sections 

Section 1977 1978 1979 It is a pleasure to announce the 
following new members of The Electro- 

Boston 
Chicago 
Cleveland 
Columbus 
Detroit 
Indianapolis 
Metropolitan New York 
Midland 
National Capital Area 
Niagara Falls 
North Texas 
Ontario-Quebec 
Pacific Northwest 
Philadelphia 
Pittsburgh 
Rocky Mountain 
San Francisco 
South Texas 
Southern California-Nevada 
Non-Section 

Subtotal-In Good Standing 
Delinquents (Active and Student) 

TOTAL 

287 291 374 chemical Society as recommended by 
214 237 the Admissions Committee and a p  
140 144 proved by the Board of Directors in 
84 82 91 October 1979. 

Table II. ECS Membership by Divisions* 

Battery 
Corrosion 
Dielectrics and Insulation 
Electrodeposition 
Electronics - 7 

General Materials and Processes 1548 1523 
Semiconductors 1777 1788 
Luminescence 554 511 - - 

Electrothermics and Metallurgy 863 873 
Industrial Electrolytic 693 698 
Organic and Biological Electrochemistry 599 625 
Physical Electrochemistry 1550 1618 
Energy Technology Group - 205 

A member may be included In the count of several Divisions. 

Table Ill. ECS Membership by Grade 

Active 
Member Reps. of Contributing Companies 
Emeritus 
Life 
Honorary 

Subtotal Active in Good Standing 

Delinquent 

Total Active on Record 

Students and Associates 
Delinquent 

Total Students and Associates 

Total Individual Members 

Active Members 
Auciello 0. Downsview Ont. Canada 
Buoncri;tia;li A M Niwpor i  News:Va. 
Car0 P Metidoin f iance 
c l a d  K: G .   idd dings Derby, England 
tour): A J . ' s ~  P ~ U I  ' ~ n .  
~ o u g ~ h s  ' D  'L  'palo Alto, ca. 
ESS J. M. ba'i~as TX. 
~ e i i  E. D: N. ~ndia~ant ic  FI. 
G,b!iey A '  Monroeville Pa 
Griffin 'T.'kE. Bethesda' Md: 
Holmitrom b. Gotebokg Sweden 
Lapham, J.: ~ k s t f o r d ,  MA. 
Mehta J R St. Paul Mn. 
~ ~ l l e r ' ~ '  J.'' Hopewelj Junction, N.Y. 
~ o r r i i o n '  R: P. Wayne Pa 
Nicolet h. A. ~asaden'a da 
Nordemann j M. ~ontbvideo, Uruguay 
Perrymore i. ' Dailas Tx. 
Reddy S. k. 5. Napirville II. 
Shia b. A. ~r ibgepor t  pa.' 
Stieibold b. R. chandler Ar. 
 lat tow ski, C. P:. Framin ham, Ma. 
Washburn J. W Tulsa %k. 
~estbroo<, P. M:, ~ e s i u l t e ,  Tx. 
White H. W. Columbia Mo. 
~ i d d d r ,  G. A:, Dallas, Tk. 
Yeh, H. L., Suffern, N.Y. 

Student Members 

Reinstatement 
O'Malley, R. F., Chestnut Hill, Ma. 

Member Representatives 
Barlow, G. A,. Molycor Inc. 
Heym, G. E., Marston kkcelsior (Bermuda) 

Ltd. 
Mcllvaine, B., Philips Laboratories 

Notice to Subscribers 
Your subscription to the 

JOURNAL OF THE ELECTRO- 
CHEMICAL SOCIETY will expire 
on December 31, 1979. Avoid 
missing any issue. A subscription 
renewal card invoice and return 
envelope have been mailed to all 
subscribers. To insure proper 
handling, mail your check for 
$80.00 with the completed card 
invoice in the envelope provided. 
[Subscribers located outside the 
Continental United States and 
Canada must add $5.00 to the 
subscription price for postage 
($85.00), and payment must be 
made by money order or check 
in U.S. Funds.] 
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NEWS ITEM 

Third International Meeting 
on Solid Electrolytes 

The Third International Meeting on 
Solid Electrolytes, "Solid State lonics 
and Galvanic Cells," will be held Sept. 
15-19, 1980 at the Sasakawa Hall, Mita, 
Minato-ku, Tokyo, Japan. 

The meeting will deal with experi- 
mental, theoretical, and applied aspects 
of solid ion conductors as well as mixed 
ionic-electronic conductors. 

For further details, contact the meet- 
ing chairman, Dr. T. Takahashi, De- 
partment of Applied Chemistry, Faculty 
of Engineering, Nagoya University, Chi- 
kusa-ku, Nagoya 464, Japan. 
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POSITION WANTED 

Please address replies to the box 
number shown, c/o The Electrochemi- 
cal Society, Inc., P.O. Box 2071, Prince- 
ton, N. J. 08540. 

Doctorate i n  Elnctroanalytical Chemistry 
-Desires position in industry or academic 
institution. Exnerienced in nolaroEraohY. 
chronopotentior6etry cyclic \oltamimetri, 
anodic stripping voltammetry, etc. Have also 
worked on corrosion inhibitors by the Gal- 
vanostat~c method. Reply Box C214. 

Nominations Solicited for Fifth Electrochemical 
Society Award in Solid State Science 

and Technology 
Nominations are solicited by the Honors and Awards Committee for the 

Solid State Science and Technology Award. Since establishment of the 
biennial award in 1972, the recipients have been the following: 

1973 William G. Pfann 1977 Robert N. Hall 
1975 Harry C. Gatos 1979 Morton B. Panish 

The next award will be presented at the Spring 1981 Meeting of the Society. 
The recipient of this Award must have made distinguished contributions 

to the field of solid state science. He need not be a member of the 
Society, and there are no restrictions regarding age, sex, race, citizenship, 
ot place of origin. 

The Award consists of a silver medal together with a bronze replica 
and the sum of $1500. The recipient will deliver an address to the Society 
on a subject related to the contributionsfor which the Award is presented. 

This is one of the Society's most prestigious awards, and we urge 
all members of the Society to give serious consideration to possible 
candidates. Please send nominations, with supporting documents, to 
Don W. Shaw, Texas Instruments, Inc., P.O. Box 225936, MS-145, Dallas, 
Texas 75265. The supporting documents need not be lengthy, and may 
consist of a half-page description of the contributions made, a half- 
page biography, and a list of publications of the candidate. I f  the 
paper titles are not included in the publication list, please identify 
the most outstanding papers. I f  the Committee needs more information, 
the nominator will be contacted. If possible, please submit the nomina- 
tions by March l, 1980 to facilitate consideration by the Committee. 
Nominations close at the opening of the Spring 1980 Meeting. 

Summer Fellowship Award Program 
of The Electrochemical Society 

The Board of Directors of The Electrochemical Society has voted to allocate 
$4,500 for summer fellowships in 1980. The Award subcommittee shall have the 
discretion of deciding the number of recipients and the amount granted to each, 
within the limits of the appropriation. 

The purpose of the award is to assist a student in continuing hislher graduate 
work during the summer months in a field of interest to The Electrochemical 
Society. According to the rules for the Society Summer Fellowship Program, i f  
one award is given, i t  shall be called the Edward G. Weston Fellowship Award; 
if two awards are given, the second one shall be designated the Colin Garfield 
Fink Fellowship Award; if more than two are given, the third award shall be 
called the Joseph W. Richards Fellowship Award. 

Candidate's qualifications: "The award shall be made without regard to sex, 
citizenship, race, or financial need. I t  shall be made to a graduate student 
pursuing work between the degree of B.S. and Ph.D., in a college or university in 
the United States or Canada, and who will continue their studies after the sum- 
mer period. A previous holder of an award is eligible for reappointment." 

Qualified graduate students are invited to apply for these fellowship awards. 
Applicants must complete an application form and supply the following in- 
formation: 

1. A brief statement of educational objectives. 
2. A brief statement of the thesis research problem including objectives, 

work already accomplished, and work planned for the summer of 1980. 
3. A transcript of undergraduate and graduate academic work. 
4. Two letters of recommendation, one of which should be from the applicant's 

research adviser. 
5. Successful recipients of fellowships shall agree not to hold other appoint- 

ments or other fellowships during the summer of 1980. 

Application forms are available from the Chairman of the Fellowship Awards 
Subcommittee, to whom completed applications and letters of recommendation 
should be sent: Professor Keith Prater, Ultra Energy, Inc., 1164 15th Street West, 
North Vancouver, British Columbia, Canada V7P 1M9. 

Deadline for receipt of completed applications will be January 1, 1980, and 
award winners will be announced on May 1,1980. 



490C JOURNAL OF THE ELECTROCHEMICAL SOCIE 

NATO ADVANCED STUDY INSTITUTE ON 
CHEMICALLY SENSITIVE 
ELECTRONIC DEVICES 

A NATO Advanced Study Institute on Chemically Sensitive Electronic 
Devices wi l l  be held at the Peddie School, Hightstown, N.J. from 9 June 
to 21 June 1980. The fundamental principles of transducer action for 
chemical sensors, the resulting device physics and selected areas of 
application will be presented in a series of lectures by: P. Bergveld and 
G. A. Bootsma, Twente Technical University; P. Buck, University of North 
Carolina; G. Farrington, General Electric; M. Green, Imperial College; 
T. Matsuo of Tohoku University; I. Lundstrom of Lin Korping University; 
I. Lauks and J. N. Zemel, University of Pennsylvania; S. Pace, Stauffer 
Chemical. This course is primarily intended for the young researcher at 
the post doctoral level but consideration wi l l  be given to anyone i n  the 
process of initiating research in these areas. The student body wi l l  be 
sought from a broad range of disciplines such as: electrical engineering, 
chemistry and chemical engineering, physics, material science and bio- 
medical science and engineering. Limited travel and living assistance is 
available. Special arrangements are being made to provide low cost travel 
to and from the Peddie School. For further information and applications 
write t o  either: 

J. N. Zemel P. Bergveld 
University of Pennsylvania Twente University of Tech. 
Moore School/D2 Dept. of Electrical Eng'g 
200 S. 3 r d  Street P.O. Box 217 
Philadelphia, Pa. 19104 Enschede, Netherlands 
U.S.A. 

POSITIONS AVAILABLE 

RESEARCH 
SCIENTIST 

Corrosion Science 
Electrochemistry 

Metallurgy 
Physics 

This senior position i n  the FONTANA 
CORROSION CENTER will be of in- 
terest to persons who hold a Ph.D. 
degree in metallurgy, physics, physi- 
cal chemistry, or corrosion science, 
and who have an established record 
of scientific research. The successful 
applicant will direct research on a 
wide variety of fundamental and 
applied problems. 

Interested persons should send re- 
sumes and the names of three ref- 
erees to Prof. D. D. Macdonald, 
Director 

FONTANA CORROSION C,ENTER 
Dept. of Metallurg~cal Eng~neer~ng 

The Ohio State University 
116 West 19th Avenue 
Columbus, Ohio 43210 

An equal opportunitylaffirmative 
action employer 

A 

Faculty Position - Extractive (Chemical) 
Metallurgy-Henry Krumb School of Mines 
Columbia University, seeks applicants for 
full-time position (assistant, associate, or 
full professor, depending on qualifications of 
applicant) for teaching and research in  ex- 
tractive metallurgy. Applicants should pos- 
sess a doctoral degree and show evidence of 
knowledge and experience i n  areas of pyro. 
metallurgy, heat and mass transfer applied 
to metal extraction, design, and mathemati- 
cal modelling of processes. Those interested 
should write to Prof. H. H. Kellogg, Henry 
Krumb School of Mines, Columbia University, 
New York, N.Y. 10027, and enclose a brief 
vita. Columbia University is an equal oppor- 
tunitylaffirmative action employer. 

NEW BOOKS 

Active and Passive Thin Film Devices, 
edited by T. J. Coutts. 
1978 Academic Press lnc 111 Filth Ave., 
~ew 'yo rk ,  NY 10003. ib pikes, bound. 
This book Drovides a comorehensive account 
of the properties of thin 'films, the theories 
of thin f i lm  phenomena, and.th@ir wide range 
of aDDl~cat~ons. The DroDerttes of each tyDe 
of d i i i ce  are discussed by experts in  the  
field, covering both general properties and 
those specific to the material and to the 
method of preparation. Similarly, the appli- 
cattons are consodered In terms of those 
which exploit preparational properties or 
those wh~ch simply explo~t the small sizes 
obta~nable with fllms. In addltlon for manv 
of the active devices the background theory 
necessary for understanding the physical 
operation is given. 

Intergranular Corrosion of Stainless Al- 
loys. 
1978 ASTM 1916 Race St. Philadelphia, PA 
1910h. 257 pages, bound. $24.00. 
The volume oDens with a keynote oaDer that 
suggests a unified testing- s y s k i n  for all 
sta~nless alloys. There are eight other papers 
dominated by three themes; the state of the 
art in testing austenitic stainless skels; 
intereranular corrosion testine of stainless 
steel: for nuclear systems; and evaluat~on 
tests for f e r r ~ t ~ c  stamless steels. 

?Y December  1979 

Ferritic Steels for Fast Reactor Steam 
Generators, edited by S. F. Pugh and 
E. A. Little. 
1978, British Nuclear Energy Society. Dis- 
tributed by Thomas Telford Ltd. P.O. Box 
101 26-34, old st., London E C ~ P  ~ J H ,  England. 
2 volumes (507 pages), paper. $100.00. 
The 80 papers delivered at this conference 
were presented in  five technical sessions and 
a general discussion. The sessions were: 
~ntroductory; physical metallurgy and me- 
chanical properties; behavior In  sodium; 
waterside corrosion: welding and manufac- 
ture. Among the papers are: design codes for 
fast reactor steam generators; the physical 
metallurgy of chromiumolybdenum steels for 
fast reactor boilers; mechanical properties 
data on 9% Cr steel; corrosion of ferritic 
steels In  flowing sodium; tribology of ferritic 
steels in  sodium; review of waterside per- 
formance of 9CrlMo boiler tube material: 
oxidation of ferritic steels in  steam; con: 
cept for fabrication of a fast reactor steam 
generator: residual stresses i n  21% CrlMo 
welds 

Introduction to Microelectronics, 2nd 
ed., by D. Roddy. 
1978 Pergamon Press Maxwell Hor~se Fair- 
view' Park, Elmsfwd, ' NY 10523. 216 bages, 
paper. $10.00. 
Since the introduction of the transistor, the 
electron~c properties of solids In  general and 
Semiconductors in  oarticular have been ex- 
plotted at a remarkable rate. In this book 
only those devices and circuits which are 
reasonablv well establ~shed ~n ~ract ica l  aD- 
pl icationrare described. In this second edi- 
tion a new chapter on semiconductor 
mehories has been included. Some of the 
existing chapters have been expanded to  in- 
clude details of the developments which ap- 
Dear to be most im~ortant. The book Uses 
Sllmetric units. 

Chemical Coatings Conference. 
1976 National Paint & Coatings Assoc. InC. 
1500'~hode lsiand Ave., N.W. ~ashingtdn,  ~d 
20005. Five parts: Powder Coatings, 167 pages. 
$15.00 Water-Borne Coatings 142 pages 
$15.00: Radiation Cured coatinks 126 pages' 
$l0.00! High Solids Coatings 66 Gges $10.00: 
~lectrbcoating, 91 pages, $1b.00.  ape;. $40.06 
Set. 
These volumes include 18 papers on pawder 
coatings 13 on water-borne coatings SIX on 
high sol;ds, seven on radiation curihg, and 
seven on electrocoating. Among the indi- 
vidual papers are: the powder coatings mar- 
ke t  new applications and powder-handling 
eqdipment. conversion to water-reducible 
paint future water-borne coatings. high 
solid;, low energy-is ther,e compat/bilit~?; 
experience with high sollds coatings for 
major appliances; electron beam equ~pment; 
graphics-metal decoration; effects of energy, 
ecology, and economics on electrocoatlng; 
automotive electrocoat. 

Except where noted, these books 
have been prepared by the staff of 
The Engineering Societies Library, and 
were selected for inclusion in the 
Journal by Dr. Daniel Cubicciotti of 
Stanford Research Institute. The Elec- 
trochemical Society does not have 
copies available for sale or loan. Or- 
ders for the books should be for- 
warded directly to the publishers. 

BOOK REVIEWS 

"Proceedings of the International Sym- 
posium on Atomic, Molecular, and 
Solid.State Theory, Collision Phenom- 
ena, and Computational Methods," 
International Journal of Quantum 
Chemistry, Val. XIII, Quantum Chem- 
istry Symposium No. 12, 1978, edited 
by P.-0. Lowdin. Published by John 
Wiley and Sons, Inc., New York (19781. 
550 + xvi pages, $30.00. 
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This volume contains the proceedings 
of the Eighteenth Sanibel Symposia, 
which, for the first time, was not held 
on Sanibel Island. The conference was 
held at Flagler Beach, Florida, during 
the period March 12-18, 1978, and was 
arranged by the University of Florida 
in collaboration with Uppsala University 
in Sweden. 

The proceedings consists of 45 in- 
vited and contributed papers varying 
in length from 1 to 28 pages. The topics 
covered include graph theoretical and1 
or numerical applications to various 
current atomic and molecular problems 
in quantum chemistry and solid-state 
theory. The following areas that are 
discussed would be of particular inter- 
est to readers of This Journal: Coulom- 
bic interactions in polymer theory, ab 
initio cluster-type calculation for a 
single hydrogen impurity in a nickel 
crystal, magnetic impurities and the 
Kondo effect, force fields in d-band 
metals, molecular model of impurity 
bands in semiconductors, localized 
electronic states near dislocations in 
Mo, valence bond dissociation energies 
of diatomic intermetaliic compounds, 
x-ray band spectra calculations of V 
metal, and Green's function methods 
for point defects, surfaces, and inter- 
faces in  solids. 

Problems related to intermolecular 
interactions are discussed for the fol- 
lowing systems: Infrared spectra of the 
hydrogen bond, oxopyridine-water inter- 
actions, and group function application 
to two interacting, rigid HF molecules. 

The figures and diagrams are clearly 
and attractively displayed throughout 
the volume. The references in most of 
the articles are current through 1978. 
In his introductory remarks, the editor 
hopes that the proceedings will "reflect 
the current status of the research in 
quantum chemistry and solid-state 
theory on an international level." To 
this end, the volume succeeds as i t  rep- 
resents an excellent collection of high 
quality articles. Even though most of 
the papers do not involve solid-state 
theory, these proceedings would, never- 
theless, be a definite asset to anyone 
who is interested in the state-of-the-art 
computational methods as applied to 
the solid state. 

Zvi C. Kornblum 
The Cooper Union 

New York, New York 

"Principles of Metal Surface Treatment 
and Protection," by D. R. Gabe, 2nd 
ed., published by Pergamon Press, 
Elmsford, New York (1978). 208 pages, 
$11.00. 

This is volume 28 of the International 
series on Materials Science and Tech- 
nology published by Pergamon. I t  is 
designed primarily for those interested 
in an overview of the topic. From an 
initial chapter on "Protection" i t  sur- 
veys electrodeposition and coating tech- 
niques (hot dip, diffusion, nonmetallic 
and metallic, oxide, and conversion), 
as well as testing and selection of ap- 
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Engineers 
The Westinghouse Advanced Technology Laboratories are the 
center for research and development for the Defense and 
Electronic Systems Center. 
The advanced technology responsibilities in integrated 
electronics, solid state, electromagneticand applied sciencesare 
combined to facilitate the interchange of information in the 
development of the techniques that form the basis for the 
Westinghouse advanced systems. 
Immediate openings exist in these laboratories for persons with 
appropriate degree and 2 to 10 years experience in the following 
areas: 

Computer Aided Technology Systems 
Integrated approaches to automated product design and 
manufacturing of IC'S. 

Integrated Circuits & VLSl R&D 
Digital IC Design-advanced high speed MOS and bipolar 
digital devices and circuits and CAD techniques. 
Analog IC Desigwadvanced devices and circuits including 
AID'S and lFlRF amplifiers. 
Digital Architecture--high speed circuits for signal and data 
processing circuits. 
Silicon Processing-definition/development of chemical and 
electron beam processesfor the production of VHSlC devices 
and circuits. 

ATL is located in suburban Baltimore within easy access to the 
educational and cultural facilities of the Baltimore and 
Washington metropolitan areas. Also, yorl will participate in a 
vety generous employee benefit program. 

Please send resume, stating present salary, to: 

J. C. Higinbotham. Dept. 613 
Westinghouse 
P.O. Box 1693 
Baltimore, MD. 21203 

An Equal Opportunity Employer 

Westinghouse 
- - - - - - - - - - - - - - - - - 

I 
I CHANCES OF ADDRESS 

ATTACH 
SHOULD BE PROMPiLY LABEL 

I REPORTED. 

I W a l l  t o  tho Elrculatlon namr 
Department The Electro- I chemical boc:ety, Inc.. 

I 
P. 0. Box 2071, Prince. addrerr 
ton, N.J. 08540. 
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Chemist and Chemical 
Engineer for Plating 
Operations at IBM, 
East Fishkill NY 
Challenging, Excellent Career Opportunities 
in State-of-the-Art Technology: 

PROCESS CHEMICAL ENGINEERIPLATING 
WITH LEADERSHIP SKILLS - 
EXPERIENCED in process development, optimiza- 
tion, and process control in microelectronics tech- 
nology, including at least five years in electroless 
and electroplating operations. Demonstrated abil- 
ity to provide technical direction in complex, 
diverse plating operation required. 

EL ECTROL ESS PLATING DEVELOPMENT CHEMIST- 
EXPERIENCED, a minimum of five years, in develop- 
B g  and operating electroless plating baths. The- 
oretical and practical knowledge of plating bath 
chemistry formulation and control required; knowl- 
edge of metallurgical analysis of plated films 
desirable. 

Scenic Mid-Hudson Site, 
approximately 60 miles north of NYC, is one of 
IBM's largest. Comprises one of the most sophisti- 
cated facilities in the world for manufacture of 
integrated circuits. 

Outstanding Benefits 
include medical, dental, retirement plans and 
tuition refund. 

Send Resume Today 
to Michael A. DiMeglio, Employment Manager, 
Dept. JEI, IBM Corporation, Route 52, Hopewell 
Junction, NY 12533. 

I I --- - - - - - -  
I - I- - - --- - - - --- 
1 - 1  
I 1  . 

An Equal Opportunity Employer 
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propriate coatings. A short section on 
the theory of corrosion protection 
followed by an extremely short appendix 
on the calculation on economic benefits 
concludes the book. 

It is an excellent introduction to the 
topic for technicians and even for se- 
nior personnel who can further extend 
their knowledge by the lengthy lists 
of references. 

Julius Klerer 
The Cooper Union 

New York, New York 

"Principles of Photochemistry," by J. A. 
Barltrop and J. D. Coyle, published by 
John Wiley & Sons, Inc., New York 
(1979). 207 pages, $12.50. 

This is a well written, terse coverage 
of the field of photochemistry applied 
to organic molecules. I t  presupposes 
a familiarity with quantum mechanics 
and reaction mechanics and, as such, 
is designed for the honors college se- 
nior to postgraduate student. Forty-two 
problems at the end of the book test 
the readers' diligence. For the person 
in the field, i t  might prove to be a 
succinct review and for those senior 
personnel wishing to obtain an over- 
view of the field, it would be an excel- 
lent and thorough introduction. 

Julius Klerer 
The Cooper Union 

New York, New York 

"Adhesion of Solids," by 6. V. Deryagin, 
N. A. Krotova, and V. P. Smilga. 
Published by Plenum Press, New York, 
NY (1978). 457 pages; $49.50. 
This book represents a major and 

significant contribution by the authors 
to the field of adhesion. The present 
edition is the English translation of 
the original Russian text published in 
Moscow in 1973. The phenomenon of 
adhesion is ubiquitous in nature and 
recently there have been a number of 
symposia and symposium proceedings 
volumes covering various aspects of 
adhesion. Although there are many pro- 
ceedings volumes or edited works (chap- 
ters written by different authors), the 
field of adhesion generally suffers from 
the paucity of monographs covering in 
detail the subtopics in the broad spec- 
trum of adhesion. So, in the light of 
this fact, the present volume should be 
a most welcome addition to the adhe- 
sion literature. 

The senior author (9. V. Deryagin) 
has been a very productive researcher 
and a prolific writer during his long 
and illustrious research career. He is 
internationally acclaimed for his many 
seminal research works in the general 
field of surface and colloid science and 
has contributed a great deal i n  the 
area of adhesion. 

The book starts with an interesting 
Foreword by David Tabor, a renowned 
authority i n  the general area of surface 
science. As this monograph presents 
and summarizes the work of Professor 
Deryagin and his associates over the 
bast 40 years, so it's natural that the 



Vol. 126, No. 12 J .  Electrochem. Soc.: REVIEWS AND NEWS 493C 

emphasis is on the role of electrostatic 
attractive forces in adhesion, as Dery- 
agtn's school has been the main pro- 
ponent of the electrostatic theory of 
adhesion and electro-adhesion phe- 
nomena, and they have argued i n  this 
book the importance of electrostatics 
i n  adhesion with skill and vigor. How- 
ever, i n  addition to the emphasis on 
the role of electric charge separation 
at the interface, other aspects of adhe- 
sion are described as well, particularly 
the role of diffusion in the adhesion of 
polymers. 

This book is divided into nine chap- 
ters, and an interesting and informative 
Introduction precedes the main body 
of the text. There is a Conclusion sec- 
tion at the end of the text followed 
by a long (about 50 pages) Appendix i n  
which, among other items, methods of 
adhesiometry, various kinds of adhe- 
siometers, and effect of double layer 
on the electrostatic component of ad- 
hesion are discussed. 

Among the many topics discussed i n  
this monograph include: phenomena as- 
sociated with the breaking of adhesive 
joints, such as fast-electron emission, 
luminescence, gas discharge, and radio- 
wave emission; adhesion of semicon- 
ductors from the standpoint of the 
electrical effects involved in surface 
modifications; adhesive properties of 
many other materials including d~tsts 
and powders, compatible and incom- 
patible polymers, and surface coatings; 
and friction processes i n  relation to 
adhesion. I t  should be added that i n  
addition to the theoretical treatments, 
the experimental tools and apparatuses 
are carefully delineated. 

There is a bibliography at the end 
of each chapter and as this book was 
originally addressed to the Russian 
audience, except for a few references, 
it is a review of the work carried out 
i n  the Soviet Union by Professor Dery- 
agin and his associates. 

All in all, this is an important book 
i n  the field of adhesion and the authors 
should be thanked for sharing their 
work with the adhesion community i n  
a coherent fashion. This book should 
grace the library shelves and should 
be a valuable acquisition to personal 
collections of those who consider them- 
selves as serious "students" of the 
fascinating world of adhesion science. 

K. L. Mittal 
IBM Corporation 

Hopewell Junction. New Yolk 

Book Rev iewers  N e e d e d  

The Electrochemical Society 
needs competent individuals to 
review books for the Journal. 

Any Society member who 
wishes to volunteer his services 
should send his name, address, 
and field of competence to the 
attention of the Book Review 
Editor, Dr. Julius Klerer, c /o  The 
Electrochemical Society, P.O. 

At NCR Microelectronics 
you'll be part of a far-sighted 

R&D enterprise. 

If vou like beina involved in long range state-of-the-art investigations 
as.well as deslgis of custom c h 1 6  for ipeclf c requmements, nere IS an 
o~~ort,nlh, to loin a creatlve R8D organlzat on that has NCR's powerful 
reiources behind it. 
At NCR Microelectron cs in M~am'sburg. Ohlo, much of the work we are 
doina in memories and microprocessor capabi t es IS exploratory in 
nature. Still, we have been manufacturing MOS semiconductors for 
NCR's needs for many years. Our well developed processing capability 
is unsurpassed. We are a leader in LSI design, non-volatile memory 
technique and deeply involved in VLSl development. All of this to help 
create the most cost-effective, computerized systems for NCR's world 
market. 
We are expanding. We have immediate growth and promotion-created 
openings at all levels for engineers and scientists with BSIMSIPhD 
degrees in Electrical Engineering. Solid State Physics, or other com- 
patible professional engineering disciplines. Your professional efforts 
can be extended in Advanced Development, Process Development or 
Engdneer~ng. Memory and Systems Des gn as well as Circult Design and 
QA engineering. Salaries are fully commensurate with appropriate ex- 
perience.  eni if its, including relocation assistance to one of the most 
attractive and affordable areas of the midwest, are what you would 
expect from the world's second largest computer company. 

I t  you have the quallflcations we are looking for, then let's explore 
!or mutual interests. Send your resume to: T. F. Wade, Dept. M-113 
NCR Microelectronics, 8181 Eyers Road, Miamisburg, Ohio 45342. 

Complete Computer Systems 

An Equal Opportunity Employer 

Box 2071, Princeton, N.J. 08540 I 1  ' 



sophisticated computer-com- 
patible research instruments. 

Other equipment includes pH meters, ion meters, millivolt meters, conductivity meters, 
electrodes, corrosion instruments, current measurement instruments and industrial 
electrochemical instruments. 

For a brief descrlption of the Tacussel product line, write or call for their mini-catalog, or 
ask for detailed information on a specific product. 

Tacussel products are available in the United States exclusively through 

AS3 ASTRA SCIENTIFIC INTERNATIONAL, INC. 
P.O. BOX 2004ISANTA CLARA, CALIFORNIA 95051TTELEPHONE (4081 244-3040rlELEX 348-399 



Current Titles in 
Electrochemistry 

Modern Aspects of Electrochemistry The Comprehensive Treatise of 
Number 13 Electrochemistry 
edited by B. E. Conway Volume 1 
University of Ottawa, Canada edited by J. O'M. Bockris 
and J. O'M. Bockris Texas A&M University 
Texas A&M University B. E. Conwav 
praise for the series 
"All the topics are of importance and current interest, and the 

University ofOttawa, Canada 
reviews are timely and welcome. well written and documented." Ernest 

-ASLIB Case Western Reserve University 
Topics covered in this volume include electrolyte solutions. the and Ralph E. White 
state of solvent molecules at electrode surfaces, changed colloid Texas A&M University 
interfaces, surface chemistry of oxide electrodes, and electro- 
chemistry and bio-electrochemistry charge transfer complexes. 

The first truly comprehensive treatiseonelectrochemistry, this 
volume presents contributions by preeminent experts in the field 

approx. 300 pp.. 1979. $42.50 today. Topics covered include the ionic double layer structure 
without specific adsorption, potentials of zero charge. insulator1 
electrolyte interface. and the adsorption of organic molecules. 

Water approx. 475 pp.. illus.. 1979, $49.50 

A Comprehensive Treatise Surface Contamination 
Volume 6 Genesis, Detection, and Control 
Recent Advances 

edited by K. L. Mittal 
edited by Felix Franks IBM Corporation, Hopewell Junction, New York 
University of Cambridge, England in two volumes 
This work examines recently developed aspects of the physics and Surface Contamination consolidates a wide range of current 
chemistry of water and aqueous systems, emphasizing the role of research and developmental activities relating to surface 
water in determining the properties of aqueous solutions Or solid and cleaning. General aspects discussed include 
hydrates, and modem techniques for studying aqueous systems. techniques for cleaning. monitoring surface cleanliness. and the 
470 pp., illus., 1979. $45.00 ramifications of surface contaminations in adhesions. 

Volume 1: approx. 500 pp.. 1979,539.50 
Volume 2: approx. 550 pp.. 1979, $39.50 

Photoelectrochemistry two volume set: $70.00 

by Yu. Ya. Gurevich and Yu. V. Pleskov Solution Chemistry of Surfactants 
Academy of Sciences of the USSR, Moscow edited by K. L. Mittal 
and Z. A. Rotenberg IBM Corporation, Hopewell Junction, New York 
translated from Russian by H. Wroblowa 

in two volumes Case Western Reserve University Solution Chemistry of Su?+-tants presents comprehensive 
translation edited by H. Wroblowa and B. E. Conway coverage by top authorities in the field of theoretical, as well as 
Photoelectrochemistry presents the theory of photoemission in a practical, aspects of adsorption and aggregation behavior of 
novel and accessible fashion that does not require familiarity with surfactants. 
quantum mechanics. Special emphasis is given to photoemission, Volume I: 544 pp.. 1979, $45.00 
electrochemical, and radiation-chemical problems. approx. 260 Volume 2: 462 pp., 1979, $39.50 
pp., illus., 1979, $39.50 two volume set: $75.00 

Prices slightly higher outside the U.S. 

PLENUM PUBLISHING CORPORATION 
227 West 17th Street. New York. N.Y. 1001 1 
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THE ELECTROCHEMICAL SOCIETY 
BOOKS IN PRINT 

Monograph Series 
The following hardbound volumes are sponsored by Tha Electrochemical Society, Inc. and published by John WileY 

& Sons, Inc. Members who wish to receive a discount must send their orders to the Society Headquarters, P.O. BOX 2071, 
Princeton, N.J. 08540. The books will be shipped by John Wiley 8 Sons, Inc. Invoices for the cost of the volume plus 
postage and handling will be sent by Society Headquarters. Terms: Payment upon receipt of invoice. Ail prices are subject 
to change without notice. 

Corroslon Handbook, edited by Herbert H. Uhlig (1948). The Primary Battery, Volume I, edited by George W. Helse 
1188 pages, $42.95. and N. Corey Cahoon (1971). 500 pages, $42.95. 

Arcs in  Inert Atmospheres and Vacuum, edited by W. E. Handbook on Corrosion Testing and Evaluation, edited by 
Kuhn. A 1956 Sprlng Symposium (1956). 168 pages, W. H.Ailor (1971). 873pages, $62.50. 
$13.95. Modern Electroplating, edited by Frederick A. Lowenhelm. 

The Stress Corroslon of Metals, by Hugh I. Logan (1966). Third Edition (1974). 801 pages, $37.95. 
306 pages. $27.95. Marine Corroslon. by Francis L. LaQue (1975). 332 pages. 

The Corroslon of Light Metals, by H. P. Godard, W. B. Jep- $27.50. 
son, M. R. Bothwell, and R. L. Kane (1967). 360 Pages, The Primary Baltery, Volume 11, edited by George W. Helse 
$24.95. and N. Corey Cahoon (1975). 528 pages. $42.95. 

High-Temperature Materials end Technology, edited by I. E. Lead-Acld Batteries, by Hans Bode (1977). 387 pages, 
Campbell and E. M. Sherwood (1967). 1022 pages, $48.75. $33.00. 

Alkaline Storage Batteries, by S. Uno Falk and Alvin J. Thin Films-lnterdlffuslon and Reactions, edited by J. M. 
Saikind (1969). 656 pages, $49.50. Poate, K. N. Tu, and J. W. Mayer (1978). 576 pages, 537.50. 

Society Published Monograph Series 
The following hardbound proceedings volume is sponsored by and published by The Electrochemical SoCiei~, InC. I t  

should be ordered from: The Electrochemical Society, Inc., P.O. Box 2071, Princeton, N.J. 08540. Remittance must accom- 
pany order for this volume. 

PasslvHy of Metals (Proceedings of The Fourth Interna- 
tlonal Symposium on Passivity). R. P. Frankenthal and 

12/79 J. Kruger, Editors. A 1977 symposium. 1078 pages, $65.00. 

OUT-OF-PRINT SOCIETY VOLUMES 
The tollowing volumes sponsored or published by The Electrochemical Soclety, Inc. are now out-of-print. Xerographic 

copies' or reprintst of these volumes are available. 

'Vapor Pfatlng. C. F. Powell, I. E. Campbell, and B. W. Gon- Electron and Ion Beam Science end Technology, Third In- 
ser, Ed~tors. A 1955 symposium. 158 pages. ternational Conference. R. Bakish, Editor. A 1968 sym- 

The Structure of Electrolytic Solutions. W. J. Hamer, Editor. poslum. 725 Pages. 
A 1957 symposium. 441 pages. Optical Properties of Dielectric Films. N. Axelrod. Editor. 

Technology of Columbium (Niobium). B. W. Gonser and A 1968 symposium. 325 Pages. 
E. M. Sherwood, Ed~tors. A 1958 symposium. 120 pages. 'Thin Film Dielectrics. F. Vratny, Editor. A 1968 symposium. 

' Surface Chemistry of Metals and Semlconductor~. H. C. 680 pages. 
Gatos, J. W., Faust, Jr., and W. J. La Fleur, Editors. A Ohmic Contacts to Semiconductors. B. Schwartz, Editor. 
1959 symposium. 526 pages. A 1968 symposium. 356 pages. 

Electrode Processes, First Conference. E. Yeager, Editor. Semiconductor Silicon. R. R. Haberecht and E. L. Keri, 
A 1959 symposium. 374 pages. Editors. A 1969 symposium. 750 pages. 

Mechanical Propertles of lnlermetalllc Compounds. J. H. Chemical Vapor Deposltlon, Second lnternatlonal Confer- 
Westbrook, Editor. A 1959 symposium. 435 pages. ence. J. M. Blocher, Jr. and J. C. Withers, Editors. A 1970 

Zirconium and Its Alloys. J. P. Pemsler, E. C. W. Perryman, symposium. 872 pages. 
and W. W. Smeltzer, Editors. A 1965 symposium. 205 Semlconductor Silicon 1973. H. R. Huff and R. R. Burgess, 
pages. Editors. A 1973 symposium. 936 pages. 

t Measurement Technlques for Thin Fllms. B. Schwartz and Hlgh Temperature Oxldatlon of Metals. By P. Kofstad. The 
N. Schwartz, Editors. 1965 and 1966 Symposia. 347 pages. Co,rosion Monograph Series. 340 pages. 

t Electrode Procesres, Second Conference. E. Yeager. H. * Chemical Vapor Deposition, Fourth International Con- 
Hoffman, and E. Eisenmann. Editors. A 1966 s~mposium, ference. G. F. Wakefield and J. M. Blocher, Jr., Editors. 
190 pages. A 1973 symposium. 595 pages. 

Electrolytlc Rectlflcatlon and Condudlon Mechanisms In Electrets, Charge Storage and Transport in Dielectrlcs. 
Anodic Oxide FllmS. P. F. Schmidt and D. M. Smyth, M. M. perlman, Editor. A 1973 symposium. 675 pages. 
Editors. A 1967 symposium. 230 pages. * Fine Particles. W. E. Kuhn and J. Ehretsmann, Editors. 

' Electrets and Related Electrostatic Charge Storage Phe- 
nomena. L. M. Baxt and M. M. Perlman, Editors. A 1967 A symposium' 352 pages' 
symposium. 150 pages. * Corrosion Problems in Energy Converslon and Genera- 

' Dielectrophoretlc and Electrophoretic Deposltlon. E. F. tion' '. '. TedmOn, Editor. A symposium' 484 pages' 
Pickard and H. A. Pohi, Editors. A 1967 symposium. 138 ' Electrocatalysls. M. W. Breiter, Editor. A 1974 symposium. 
pages. 378 pages. 

Order from Unlversiiy Microfilms, Inc., 300 North Zeeb Street, Ann Arbor, Mich. 48103. Specify an Eiectrochemical 
Society volume. 

t Order from Johnson Reprint Co., 355 Chestnut St., Norwood, N.J. 07648. Specify an Electrochemical Soclety vol- 
ume. 
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Announcement 
To decrease costs and improve the use of the annual and decennial indexes, the author-chosen random key 

words is being abandoned starting in 1978. Instead, the following Standard Key-Descriptor List will be used. 
Each author should follow the instructions below for the proper selection. 

Standard Key-Descriptor List 
A selection of no more than four standard key-descriptors from the attached list is required for each JOURNAL 

article. These descriptors are used for the yearly and decennial indexes. 
These descriptors are divided into four classes: Material, Component or System, Electrical or Optical Phe- 

nomena and Techniques, Chemical or Physical or Other Phenomena and Techniques. The author should tend 
to select one descriptor from each of these classes with a maximum of four. Avoid selection of all descriptors 
from a single class. Words appearing in the title should be avoided since they are the prime source of other im- 
portant descriptors. 

The key-descriptors are purposefully general in order to control the over-all size of the JOURNAL index and 
thereby reduce costs. Specificity is determined by the author in the judicious choice of the article title. 

Standard Key-Descriptors 

"Material" 

Abrasive 
Acid 
Additives 
Adhesives 
Addresses 
Aerosol 
Air 
Alloy 
Amalgam 
Amorphous 
Anion 
Atmosphere 

Electrical/Optical Chemical/Physical/Other 
Component, System Phenomena-Techniques Phenomena-Techniques 

Amplifier 
Anode 

Acoustics Absorption 
Antiferroelectricity Activation 

Activity Coeff. 
Additive 
Adsorption 
Allotrophy 
Analysis 
Anneal 
Association 
Azcotropes 

Battery Biological 
Boiling 
Bonding 

Carbon Capacitor Capacitance Catalysis 
Cations Cathode Candoluminescence Chelation 
Ceramics Cell Cathodoluminescence Chemisorption 
Chelates Circuits Charge Chromatography 
Cleaners Coils Chemiluminescence Chronopotentiometry 
Coatings Computer Coercive Force Coagulation 
Colorants Connectors Conductance Condensation 
Composites Contacts Current Conduction 

Couplers Current Density Contamination 
Cryotrons Current Efficiency Convection 

Crystallography Cooling 
Corrosion 
Cracking 
Crystallization 
CVD 

Defects Diodes Depolarization Deposition 
Dendrite Discharge Desorption 
Dielectrics Dialysis 

Diffraction 
Diffusion 
Dipole 
Discharge 
Dissolution 
Dissociation 
Doping 
DTA 

Electret Electrode Electroluminescence Economics 
Electrolyte Electrostatics Effusion 
Electron Ellipsometry Electrodeposition 
Emulsion EPR Electrodialysis 
Environment ESCA Electroless 
Eutectic ESR Electrolysis 



"Material" 

I1 I11 IV 

Electrical/Optical Chemical/Physical/Other 
Component, System Phenomena-Techniques Phenomena-Techniques 

Electromachining 
Electromigration 
Electroosmosis 
Electrophoresis 
Embrittlement 
EMF 
Energy Conversion 
Energy Storage 
Energy Transfer 
Enthalpy 
Entropy 
Epitaxy 
Equilibrium 
Etching 
Evaporation 
Extraction 

Films 
Finishes 
Free Radicals 
Fuels 
Fused Salts 

Filters 
Fuel Cell 
Fuses 

FEM 
Ferroelectricity 
Ferromagnetism 
FIM 
Fluorescence 

Failure 
Fission 
Free Energy 
Fusion 

Gas 
Glass 

Gates (elec) Gettering 
Growth 

Heat Capacity 
Heteroepitaxy 
Hydrolysis 

Impurity Integrated Circuits Impedance Inhibition 
Inorganic Incandescence Ion Exchange 
Insulator Infrared Ion Implantation 
Interfaces Interferometry Isomerization 

Junctions 

Kystrons Kinetics 

Liquid Lasers 
Lubricants 

LEED 
Luminescence 

Levitation 

Membrane Magnetrons Magnetism Machinery 
Metals Masers Microwave Masking 

Mixers Mobility Mass Spectroscopy 
Multivibrators Mass Transport 

Mechanics 
Melting 
Migration 

Neuristors Nuclear Particles Nuclear Reactions 
Nucleation 

Oils 
Organic 

Orthicons 
Oscillators 

Optics Osmosis 
Overvoltage 
Oxidation 

Particles Photocathode 
Particles, Nuclear Photodiode 
Plastics Plasmas 
Poisons 
Polymers 

Paramagnetism 
Photoconductivity 
Photoelectricity 
Photoluminescence 
Photovoltaic 
Phosphorescence 
Piezoelectricity 
Potential 
Power 
Pyroelectricity 

Passivity 
pH 
Phases 
Phase Transformation 
Polarization 
Polarography 
Pollution 
Polymerization 
Pressure 



"Material" 
Electrical/Optical Chemical/Physical/Other 

Component, System Phenomena-Techniques Phenomena-Techniques 

Quantum Theory 

Refractories 
Rubber 

Semiconductor 
Slag 
Solids 
Solvents 
Surfaces 

Rectifiers 
Relays 
Resistor 
Resonators 

Seals 
Separators 
Switches 

Radiofrequency 
Reflectance 
Refraction 
Resistivity 
RHEED 

Radioactivity 
Reduction 
Relativity 
Reliability 

SEM Solidification 
Solar Solubility 
Spectra Solvation 
Superconductivity Spalling 

Sputtering 
Sublimation 
Sulfldation 
Stress-Strain 
Stoichiometry 
Synthesis 

Terminals 
Transducers 
Transistors 
Triodes 
Tubes 

Thermionic Emission Tafel Slope 
Thermodynamics Topography 
Thermoelectricity Transients 
Thermoluminescence Transport 
Transmittance Trapping 

Tunneling 

Ultraviolet 

Vidicon Visible Vacuum 
Valence 
Vaporization 
Voltammetry 

Water 
Whiskers 
Wood 

Work Function 



APPLICATION FOR ADMISSION 
TO 

alp Fletfrur~emirtrl $uriefg, ync, 
Return completed application to: 

Secretary 
The Electrochemical Society, Inc. 

Post Office Box 2071, Princeton, New Jersey 08540 
609-924-1 902 

F O I  o f t i e n  UID o n l y  

Notlce of Ackn. 

recap S 

Checked: 

Approvedt 

To the Board of Directors of The Electrochemical Society, Inc: 

Please print comp!ete 
name and address 
as it should 
appear on mailings. 

Name: 

Address: 

Business Telephone: (include area code) 

I hereby make application for admission to The Electrochemical Society, Inc., as a member, 
and enclcse the  mount of $ covering the first year's dues. (Please see reverse side for proper class of membership and 
dues applying thereto, noting the options with regard to the date of election and active life membership and the credit available for 
ncnmember meeting registration.) 

1. Date of Birth: (month) (day) (Year) 

2. Please check LOCAL SECTION with which you wish to affiliate: 

- Boston (05) - Detroit (25) - Natl. Capital Area (45) - Pacific Northwest (65) - San Francisco (85) 
- Chiczgo (10) - Indianapolis (30) - Niagara Falls (50) -Philadelphia (70) - So. Calif.-Nevada (90) 
-Cleveland (15) - Metrcpolitan N.Y. (35) - North Texas (55) -Pittsburgh (75) - None (99) 
- Co:umbus (20) - Midland (Mich.) (40) - Ontario-Quebec (60) - Rocky Mountain (80) 

3. Please indicate your DIVISIONAL and GROUP interests, noting Your primary interest(s1 with the number 1 and secondary interest(s) 
with the number 2. 

- Battery (AO) - Electronics (EO) - Energy Technology Group (GO) - Corros:on (BO) check specific interest(s1 below - Industrial Electrolytic (10) 
- Dielectrics and Insulation (CO) General Materials and Processes (El) -Organic and Biological 
- Electrodeposition (DO) Luminescence (E2) Electrochemistry (FO) 

Semiconductors (E3) - Physical Electrochemistry (JO) - Electrothermics and Metallurgy (HO) 

4. Education: 
Institution Dates Attended Major Subject Degree Earned 

5. Work Experience: 
Name of Employer (current, fol!owed by pievious) Dates Position 

6. The Society's Constitution provides that two Active Members of the Society (who can substantiate the above record) must recom- 
mend you for admission t~ membership. I t  will facilitate the handling of your application if you are able to have your references 
s:gn this application fo:m; if this is not convenient, please list their names and addresses. On a student application, only a single 
faculty member recommendation with signature (including tit le and and institution) is required. 

Name (please print) Signature Address 

Name (please print) Signature Address 

The undersigned certifies that the above statements are correct and agrees, if elected to the Society, to be governed by its Con- 
stitution and Bylaws and to promote the objects of the Society as stated i n  its Constitution. 

Date 19 - (signature) 

Rev. 10178 



EXTRACTS FROM T H E  CONSTITUTION AND BYLAWS 

Membership 

Section 1. The individual membership shall consist 
of Active, Honorary and Emeritus Members. The Board 
of Directors may from time to time authorize other 
classifications of membership as defined in the Bylaws 
of the Society. 

(Active Member-Annual Dues $40.00) 

BYLAWS-Article II 
Non-Voting Membership 

(Student Member-Annual Dues $4.00) 

*, 

i 
g 
3 
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Section 1. Student Member. A Student Member shall 
be a full-time undergraduate or graduate student reg- 
istered for a degree in natural science or engineering. 
The applicant for Student Membership shall be recom- 
mended by a member of the faculty of the school. 
Upon graduation with a Bachelors degree or equiva- 
lent in natural science or engineering, the Student 
Member may apply for Active Membership. The ap- 
plication shall be approved by two Active Members of 
the Society in good standing. If the Student Member 
enters graduate school as a full-time student, the per- 
son may choose to apply for Active Membership or 
remain a Student Member. 

Section 2. An Active Member shall be interested in 
electrochemistry or allied subjects and possess a Bach- 
elor's degree, or its equivalent, in engineering or nat- 
ural science. In lieu of a Bachelor's degree, or its equiv- 
alent, any combination of years of undergraduate 
study and years of relevant work experience in elec- 
trochemistry or allied subjects adding to at least seven 
years shall be required. Election to Active Membership 
shall require the recommendation of two Active Mem- 
bers in good standing. 

BYLAWS-Article XXI 
Dues and Fees 

Section 2. When individuals are elected to member- 
ship, they must elect to initiate their membership as of 
January 1 or July 1 of the year of election; or, if elec- 
ted during the last quarter, January 1 of the year 
following election. In the case of a July 1 election for 
starting membership, dues will be prorated. 

v, 

$ n 

Section 1. The annual dues for Active Members shall 
be forty dollars. The annual dues for Student Mem- 
bers shall be four dollars. Each member shall receive 
the JOURNAL OF THE ELECTROCHEMICAL SO- 
CIETY. 

Admission and Dismissal of Members 

2 .? 
';i 9 CI a 

2 0 ' 4 

Section 1. Application for individual membership 
shall be in writing on a form adopted by the Board of 
Directors. 

Section 3. Any Active Member who shall pay in one 
lump sum the amount equivalent to two-thirds of 
the remaining dues to age sixty-five at  the time of 
payment, but not less than an amount of 5 years of 
full dues, shall be exempt from payment of any fur- 
ther dues and shall be consiaered an Active Member 
during the remainder of h ~ s  or her life. 

Section 2. The Admissions Committee shall be a ro- 
tating committee consisting of three members. One 
member shall be appointed each year by the President 
with the approval of the Board of Directors for a term 
of three years to replace the outgoing member. This 
Committee shall receive from the Secretary all prop- 
erly executed and properly recommended applications 
for admission which he has received from persons de- 
sirous of becoming members of the Society. It shall be 
the duty of this Committee, after examining the cre- 
dentials of applicants, to make appropriate recom- 
mendation to the Board as to approval or rejection of 
the applications. Unanimous approval of an applicant 
by this Committee shall be required before the candi- 
date's name may be submitted to the Board of Direc- 
tors for election. The election to membership shall be 
by a mail vote of the Board of Directors. The candidate 
shall be considered elected two weeks after the date 
the proposed membership list is mailed to the Board if 
no negative votes have been received by the Secretary. 
If a candidate receives one negative vote, his applica- 
tion shall then be considered and voted upon at the 
next meeting of the Board of Directors. Two negative 
votes cast at this meeting shall exclude a candidate. 
The Board of Directors may refuse to elect a candidate 
who, in its opinion, is not qualified for membership. The 
names of those elected shall be announced to the So- 
ciety. Duly elected candidates shall have all the rights 
and privileges of membership as soon as their entrance 
fee, if any, and dues for the current year have been 
paid. 

Section 3. A member desiring to resign shall send a 
written resignation to the Office of the Society. 

Section 4. Upon the written request of ten or more 
Active Members that, for cause stated therein, a mem- 
ber be dismissed, the Board of Directors shall consider 
the matter and, if there appears to be sufficient reason, 
shall advise the accused of the charges against him. He 
shall then have the right to present a written defense, 
and to appear in person before a meeting of the Board 
of Directors, of which meeting he shall receive notice 
at least twenty days in advance. Not less than two 
months after such meeting the Board of Directors 
shall finally consider the case and, if in the opinion of 
the majority of the Board of Directors a satisfactory 
defense has not been made and the accused member 
has not in the meantime tendered his resignation he 
shall be dismissed from the Society. 

Section 7. The entrance fee, if any, annual dues and 
any other payments to be made by the members of the 
Society shall be paid in accordance with regulations 
set forth in the Bylaws. 

A11 members receive a subscription to the Journal of The Electrochemical Society. 
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BOARD OF DIRECTORS ACTION 
OF OCTOBER 9, 1960 Section 8. Any member delinquent in dues after 

April 1 shall not receive the Society's publications an3 
If application for new membership is received within will not be allowed to vote in any Society election 

four months of the payment of nonmember registration until such dues are paid. All members in arrears for 
at a Society Meeting by the applicant, the difference one Year after April 1 shall lose their membership sta- 
between the nonmember and member registration fees tus and can be reinstated only by action of the Board 
shall be credited toward the fist year's dues. of Directors. 



Call for Papers 
158th Meeting, Hollywood, 

Florida, October 5-10, 1980 
Dirmens which have scheduled sessions are listed on the overleaf, along with symposium topics. 

I. Symposium Papers. 
Authors desiring to contribute papers to a symposium listed on the overleaf should check first with the symposium 
chairman to ascertain appropriateness of the topic. 

2. General Session Papers. 
Each of the Society Divisions or Group which will meet in  Hollywood, Florida, can plan a general session. I f  your 
paper does not f i t  readily into a planned symposium, you should specify "General Session." 

3. T o  Submit a Meeting Paper. 
Each author who submits a paper for presentation a t  a Society Meeting must do three things: 

A-Submit one original 75-word abstract of the paper on the attached form or a facsimile thereof. Deadline for  re- 
ceipt o f  75-word abstract is M a y  1, 1980. 

0-Submit original and one copy of an Extended Abstract of the paper. Deadline for  receipt o f  Extended Ab- 
stract i sJune  1, 1980. See (6) below for details. 

CDe te rm ine  whether the meeting paper is to be submitted to the Society Journal for publication. See (7) be- 
low for details. 

Send a l l  material t o  The Electrochernicol Society, Ins., P.O. Box 2071, Princeton, N.J. 08340. 

Unless the 75-word and required Extended Abstracts are received a t  Society Headquarters by stated deadlines. the 
papers will not be considered for inclusion in  the program. 

4. To Submit a Recent News Paper. 
Recent News Papers and Extended Recent News Papers are invited for this meeting. Each author must submit one of 
the following items to the Session Chairman: 

A-Triplicate copies of a 75-word obstroct of a Recent News Paper, for a 10-minute presentation. Deadline for re- 
ceipt is August 25, 1980. 

B-Triplicate copies of a 75-word abstract and, also, a 200-300 word abstract of an Extended Recent News Paper, 
for a 20-minute presentation. Deadline for receipt is August 15, 1980. 

Send a l l  material to the appropriate Session Chairman listed, for Recent News Papers only. 

5. Meeting Paper Acceptance. 
Notification of acceptance for meeting presentation, along with scheduled time, will be mailed to authofl with 
genet01 ~nstructions no earlier than two months before the meeting. Those authors who require more prompt noti- 
fication are requested to submit with their obstracts a self-addressed postal card with full author-title listing on 
the reverse. 

6. Extended Abstract Volume Publication. 
Al l  scheduled papers will be published in  the EXTENDED ABSTRACTS volume of the meeting. The volume is pub- 
lished by photo-offset directly from typewritten copy submitted by the author. Therefore, special care should be given 
to the following instructions to insure legibility. 

A-Abstracts are to be from 500 to 1000 words in letters. Please include zip code in  address. It is not 
length and should not exceed two pages, singie spaced. necessary to designate paper as "Extended Abstract" 
The abstract should contain to whatever extent practi- or to quote the divisional symposium involved. 
cal al l  significant experiment01 data to be presented D--lf figures, tables, or are used, they 
during oral delivery. should follow the body of the text and should not ex- 

B-Abstracts should be typed single spaced on the ceed one page. Submit only the important illustrations 
typing guide forms which are sent to each author after and avoid use of halftones. Lettering and symbols 
the submission of a short abstract. I f  i t  is necessary to should be no smaller than '/s inch in  size. Figure cap- 
use white bond paper, i t  should be 8% x 11 inches tions should be typed beneath the figure and be no 
with 1% inch margins on al l  sides. Submit ol l  copy in wider than the figure. Table titles should be typed 
black ink. Do not use handwritten corrections. above and the same width as the table. 

C-Title of paper should be in  capital letters. E-Mail original and one copy of the abstract to: 
Authods) name and affiliation and address should be The Electrochemical Society, Inc., 'P.O. Box 2071, 
typed immediately below in  capital and lower case Princeton, N.J. 08540, unfolded. 

Abstracts exceeding the stipulated length will be returned to author for condensation and retyping. 

7. Manuscript Publication in Society Journal. 
Al l  meeting papers upon presentation become the property of The Electrochemical Society, Inc. However, presen- 
tation incurs no obligation to publish. I f  publication in Journal  is desired, papers should be submitted as promptly 
as possible in ful l  manuscript form in  order to be considered. I f  publication elsewhere after presentation is dr- 
sired, written permission from Society Headquarters is required. 
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Hollywood, Florida, Meeting Symposia Plans-Fall 1 980 
October 5-10, 1980 

a.) For receipt no later than May 1, 1880, submit a 75-word abstract of the paper to be delivered on the enclosed form. 
b.) For receipt no later than June 1, 1980, submit two copies of an extended abstract, 500-1000 words. 
c.) Send all abstracts to The Electrochemical Society, Inc., P.O. Box 2071, Princeton, N.J. 08540, with the exception of Recent 
News Papers. See details on preceding page. 

BATTERY 

Characteristics of Fuel Cell 
and Battery Electrodes 

This symposium wili focus on recent ad- 
vances i n  the development of fuel cell and 
battery electrodes that may lead to a better 
understanding of electrode characteristics 
both from a theoretical and practical view- 
point. I t  wi l l  include characteristics of solid, 
i iqu~d, and porous electrodes which are used 
in fuel cells, primary, and secondary bat- 
teries. Papers are requested covering the 
following topics: 1. the correlation between 
fundamental electrochemical parameters and 
design characteristics for both practical and 
model electrodes; 2. materials selection, 
component optimization, and electrode con- 
struct~on technboues for efficient, low cost 
electrodes. 3. e~ectrocatal~sis on platinum, 
platlnum 'alloy, supported, and non-noble 
metal catalysts. 4. the effects of surface 
properties and' charge transport on the 
charge and discharge characteristics of 
primary and secondary battery electrodes; 5. 
the properties of high current density elec- 
trodes for use i n  high power density battery 
systems and high temperature fuel cells; and 
6. the design of novel electrodes, electrode. 
separator, and electrode-matrix packages for 
enerev storage or eneray conversion devlces. 

suggestion< and inquiries should be sent 
to the Symposium Chairman: A. A. Adams, 
U.S. Army MERADCOM, Electrochemical Di- 
vision (DRDME-EC), Fort Belvo~r, Va. 22060. 

safe operation. 
. . 

Suggestions and inquiries should be sent 
to the Symposium Chairman: H. V. Venka- 
tasetty. Honeywell Corporate Material Sci- 
ence Ctr., 10701 Lyndale Ave., S. Bloom~ng- 
ton, Minn. 55420. 

Rechargeable Alkaline Zinc Electrodes 
This symposium wil l  focus on recent ad- 

vances i n  zinc electrode technology used 
i n  rechareeable batteries. both i n  vented and - -  ~~ - - - ~ -  .. . - 
sealed cell tvoes. Systems of interest include 
zinc-nickel oxide, iinc-silver oxide, etc. 

Both basic and applied papers are being 
solicited. Suitable t o ~ i c s  would include: 1. 
porous electrode modeling; 2. electrode ki- 
netics and solution chemistry; 3. shape 
chanee and dendrite control: 4. eiectrolvte 
dlstr;butlon and aasslng phenomena; 5 sip- 
arator technology; 6. optimization of elec- 
trodes and battery designs; 7, charging tech- 
niaues: 8. ~ost - tes t  analyses: 9. Derformance 
in electr ic '  vehicle t y p i  batteries; and 10. 
economic and manufacturing considerations. 

The publication of a proceedings volume is  
being considered. Suggestions and inquiries 
should be sent to the Symposium Chairman: 
E. G. Gagnon, General Motors Corp., Re- 
search Laboratory. Electrochemistry Dept., 
Warren, Mich. 48090. 

Uninterruptible Power Supplies 
This symposium wili include theoretical 

and experimental methods of all aspects of 
uninterruptible power systems, related bat- 
tery systems, computer applications, and 
economics. Papers are solicited i n  these 
areas. Possible subjects of interest are: 1. 
maintenance-free batteries for UPS; 2. eco- 
nomics of batterv UPS: 3. battery mainte- 
nance and safeti; 4. high-rate battery de- 
sign; 5. single-phase UPS; 6. battery pa- 
rameter trade-offs far UPS: 7. forward-trans- 
fer UPS: 8 UPS computer apDl~catbons; 9 
UPS process control application; 10. battery 
diagnostic instrumentation; 11. modern bat- 
terv chareine methods: and 12. Dower factor 

General Session 
Recently developed test methods and ana- 

lytical procedures which ass~st In the char- 
acterization of battery c o m p o n e n t s ~ l e c -  
trodes, electrolyte, separators, etc.-wlll be 
the subject of the general session. Papers 
describing the application of analytical tech- 
niques and equipment such as optical and 
electron microscopy, x-ray diffraction and 
fluorescence, spectroscopy, and voltammetry 
t o  battery related materials are solicited. 

Results obtained i n  bench, field. and fleet 
testing of cells and batteries for various ap. 
plications wil l  also be considered. Correla- 
tion of laboratory test results with field test 
results would be of particular interest. 

Suggestions and inquiries should be sent 
t o  the Session Chairman: J. R. Plerson, 
Globe-Union, Inc., P.O. Box 591, Milwaukee, 
Wis. 53201. 

BATTERY/CORROSlONlELECTROTHERMICS 
RND METALLURGYIENERGY TECHNOLOGY 

BATTERY/CORROSIONI 
ENERGY TECHNOLOGY 

Energy Storage for 
Solar Applications 

This symposium wil l  include papers deal- 
ing with technology requirements for com- 

Donent svstems. develoDment. and economic 

tower, photovoltaic, and photogalvanic ap- 
pllcations; 2. technology development of pho. 
tochareeable batteries: 3. other ohotochemi- 
cal stoiage technolog~es; 4. results of labora- 
tory eva uat#ons. aovanced system tests, and 
aoollcat.on exDer ments. maler a s orob ems. 
5: kecent deveiopment of batteries, fuel cells; 
and other electrochemical systems; 6. de- 
sign of storageisolar systems; and 7, techni- 
cal, economic, and social barrlers to com- 
mercialization. 

Suggestions and inquiries should be sent 
to the Symposium Co-Chairmen: A. R. Land- 
grebe, U.S. Dept. of Energy, Energy Storage 
Systems, 600 E. St. NW, Room 414, Washing- 
ton. D C. 20545: R. H. Mulier. Universitv of 

CORROSION 
Corrosion in Organic Solvents 

This symposium wil l  include papers which 
deal with all aspects of corrosion i n  organic 
media. These aspects could include: 1. 
morphology of corrosion processes i n  or- 
ganic media; 2, effect of specific functional 
groups-acids, alcohols, etc.; 3. corrosion 
kinetics; 4, mass transport influence on 
corrosion process; 5. electrochemical tech- 
niques including cell design, reference elec. 
trode selection, etc.; and 6. inhibitors used 
to affect corrosion rates. 

The overall scope of the symposium should 
include both theoretical and applied aspects 
of the subject. 

Suggestions and inquiries should be sent 
to the Symposium Chairman: J. R. Ambrose, 
Dept. of Materials Science and Engineering, 
University of Florida, Gainesville, Fla. 32611. 

International Symposium 
on Atmospheric Corrosion 

Papers concerning all phases of atm0- 
Spheric corrosion and i ts testing and evalua- 
tion are being solicited. Areas of interest 
include laboratory service, and environ- 
mental testing and may range from funda- 
mental studies to engineering problems. 
Papers on statistical treatment of data, eval. 
uation criteria, and theoretical considera- 
tions are desired, as well as those con- 
cerned with recording and retrieval of data 
and environmental and weather factors. 

Of particular interest are papers tabulating 
long-term atmospheric test results from es- 
tablished test sites throughout the world for 
all metals. Effects of plating, conversion 
coats anodizing and cladding are appro- 
priatd subjects. kesults of attempts to cor- 
relate laboratory and field testing may be re. 
ported. 

The publication of a proceedings volume 
as part of the Corrosion Monograph Series 
is being considered. 

Suggestions and inquiries should be sent 
to the Symposium Chairman: W. H. Ailor, 
Reynolds Metals Co.. Metallurgical Research 
Div., Richmond, Va. 23261. 

General Session 
PaDers on all asoects of low and high 

temder&ure corrosion wil l  be considered. 
Exper'mental techn ques for the study of cor- 
rosion ohenomena are also of interest. .. . 

~ u g g i s b o n s  and inqu~ries should be rent 
t o  the Session Chairman: K. Nobe, Univer- 
sity of California. Boslter Hall 5405, Los 
Angeles, Cai~f. 90024. 
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CORROSION/DIELECTRICS AND 
INSULATION/ELECTRONICS/ 

ELECTROTHERMICS AND METALLURGY1 
ENERGY TECHNOLOGY 

Fiber Optics: Materials and Devices 
This SYmoosium will be devoted to tooics 

or M. Hatzakis, IBM Corp., Thomas J. Watson 
Research Ctr., P.O. Box 218, Yorktown 
Heights, N.Y. 10598. 

relevant-to the components and mateiia~s 
Thin Films of 

Tunneling Dimensions 
associated with f iber optic systems. Topics 
concerning optical fibers, optical sources, 
ootical detectors. and inteerated ootics will 

Materials and New Processing 
Technologies for Photovoltaics 

- 
The purpose of this SYmPosium is to oro- be included in order to provide the widest 

basis for interest and discussion. 
Paoers are solicited on the followine 

mote a dialogue between those scientists 
Interested in  thin film surface physics and 
in  the ohysics of interfacial lavers and those This symposium will deal with all aspects 

of the materials, processing, and character- 
ization of photovoltaic devices, with the ex- 
ception of amorphous silicon photovoltatcs 
which will be covered i n  another svmoosium. 

topics: 1. process control; 2. relations b& 
tween fiber properties and process parame- 
ters; 3. new materials systems and novel 
orocesses: 4. drawina conditions and their 

working I n  the field of tunneling device 
physics. Papers of interest will focus on the 
properties and applications of thin filnls of 
tunneling dimensions. Examples of su~table effects on fiber properties, pa!ticularly 

strength; 5. fundamental understanding of re- 
actions and orocesses; and 6. materials and 

Papers are especially solicited on fabrica- 
tion techniques, including junction forma- 
tion, metallization, and antireflection coat- 
ing, on low cost silicon, novel thin film 
materials, encapsulation and packaging tech- 
nologies and materials, failure mechanisms, 
and on modelline and characterization tech- 

topics include: 1. chemical and physical prop- 
erties: film preparation, growth, deposition, 
multilayered structures-film characteriza- process requirements to be expected in 

future optical communications systems. 
Paoers dedicated to the study of injection 

tion e g  , surface and interfacial composi- 
t;on, defects, film un'formity, tunneling phe- 
nomena. electronic and electrica behavior lasers, light-emitting diodes, and deiectors 

for fiber optic systems are desired. Topics 
include: 1. materials erowth svstems: 2. new 

of interfaces: and 2. applications: super- 
conduct~ve tunneling, solar cells, interfacial 
layer devices, novel tunneling devices. 

A number of invited DaDers will be ore- 

niques. Papers %n both concentrator and 
flat panel photovoltaics will be welcome. 

A proceedings volume for this symposium 
is planned. Papers for this volume must be 
provided, i n  camera-ready copy form, at the 
time of presentation. 

Suaeestions and inquiries should be sent 

material systems; 3. riiaterials~proper'ties and 
their relation to device performance: 4. new 
device structures; 5. device fabrication tech- 
noloay: 6. device orooerties necessarv for 

Sented and contributed papers are soliciied. 
The publication of a proceedings volume is 
being considered. 

Suggestions and inquiries should be sent 
to the Symposium Co-Chairmen: J. Shew- 
chun, Dept. of Engineering Physics, McMaster 
University, Institute of Materials Research, 
Hamilton. Ont., Canada L8S 4M1: or S. I. 
Raider IBM Corp. Thomas J. Watson Re- 
search' Ctr., P.O. Bbx 218, Yorktown Heights, 
N.Y. 10598. 

DIELECTRICS AND INSULATION1 
ELECTRONICSIELECTROTHERMICS 

AND METALLURGY 
Defects and Transport in 

Semiconductors and Dielectrics 

optimum system design; 7. device packaging 
and technology problems. Review papers on 
selected tODiCS will be oresented. and i f  to t l ic  Symposium Co-Chairmen: J. Amick, 

Exxon Research and Engineering, P.O. Box 
8. Linden, N.J. 07036; P. Rai-Choudhury, West- 
inghouse Research Laboratories, Pittsburgh, 
Pa. 15235; or E. Sirtl, Heliotronic GmbH, Post- 
fach 1129, D-8263 Burghausen, Germany. 

Volume wili be published. 
Suggestions and inquiries should be sent 

to the Symposium Co-Chairmen: M. I. Cohen, 
Bell Laboratories, Room 6D-325, Murray Hill, 
N.J. 07974; or M. DiDomenico, Bell Labora- 
tories, Room 20-354, Murray Hill, N.J. 07974. CORROSIONIELECTRONICSI 

ENERGY TECHNOLOGY1 Ionic and Electronic 
Conduction in Glasses 

Papers are solicited on ionic and elec- 
tronic conduction phenomena i n  glasses. Of 
particular interest are papers relating struc- 
ture to conduction processes and mecha- 
nisms. Glasses are taken to include amor- 
phous thin films as well as bulk materials. 
Suggested topics include electrodelglass re- 
actions, charge injection, influence of im- 
purities, heat-treatment, and radiation. Field 
effects include low and high field behavior 
and onset of breakdown. Also of interest 
are application-oriented papers treating, for 
example, nonlinear conduction, stress gen- 
eration, optical properties, and electrochemi- 
cal behavior. 

Suggestions and inquiries should be sent 
to the Symposium Chairman: D. B. Dove, IBM 
Corp.. Thomas J. Watson Research Ctr., P.O. 
Box 218. Yorktown Heights, N.Y. 10598. 

PHYSICAL ELECTROCHEMISTRY 
Materials Problems in 

Photoelectrochemical Devices 
Papers will be accepted on any aspect of 

the development of photochemical convertors 
which stresses the solution to normal and 

This is the fourth in  a series of jointly 
sponsored symposia on the defect chemistry 
of nonmetallic solids. This symposium ,will 
deal with the generation and interactions 
of defects charge transport, and defect-re- 
lated proderties in semiconductors and ,in- 
sulators. Both ex~erimental and theoretical 

photocorrosion. 
Suggestions and inquiries should be sent 

to the Symposium Co-Chairmen: J. O'M. 
Bockris, Dept. of Chemistry, Texas A & M 
University. College Station. Texas 77043; R. L. 
White. Stanford Universitv. Electrnnirs Lah. papers a re  solic/ted. Subjects within the 

scope of the symposium include isolated 
nalnt defects. imauritv centers. defect as- oratories, stanford. calif. '& 

- . . . .. -. . - - - - - 
1305; or K. Nobe, 

University of California Boelter Hall 5405, 
Los Angeles, Calif. 90024.' i0ciatei;a"d defict brdering in  dielectric 

materials and in  elemental and compound 
semiconductors, as well as interface effects 
~ncluding insulator to metal, insulator to 
semiconductor, and insulator to insulator 
phenomena. Experimental results are in- 
vited which involve such techniques as 
electrical conductivity, resonance techniques, 
optical methods including laser techniques, 
phase diagram determinations, preparation 
of crystals and films containing controlled 
deviations from stoichiometry, dielectric 
breakdown, and mobility determinations. 

Suggestions and inquiries should be Sent 
to the Symposium Co-Chairmen: D. M. Smyth. 
Materials Research Ctr., Lehigh University, 
Bethlehem, Pa.18015: A. Reisman, IBM Corp., 
Thomas J. Watson Research Ctr., P.O. Box 
218 Yorktown Heights N.Y. 10598 or J. B. 
~ a g n e r  Jr. Center fo; Solid stat; Science, 
~ r i zona '  state University, Tempe, Ariz. 85281. 

DIELECTRICS AND INSULATION 
General Session 

Papers which deal with all aspects of di- 
electric materials including their prepara- 
tion, characterization, interactions, and uses 
and whose subject matter is not covered by 
the special symposia are invited to be 
submitted,to this sessi&. 

Suggestions and lnqu~ries should be sent 
to the Session CoChairmen: G C. Schwartz 
IBM Corp., Data Systems Oiv., k p  461, ~ o p e l  
well Junction. N.Y. 12533; or R. G. Frieser, 
IBM C0rp.i Data Systems Div., Zip 41A, Hope- 
well Junctdon, N.Y. 12533. 

Resist and Patterning Technology 
A symposium wili be held to discuss vari- 

ous asoects of the microlithoaraohic oroc- 
esses and materials used in  tKe fabrication 
of integrated circuits, printed circuit boards, 
information storage devices, and other novel 
aDolications such as microenaravina and 
b;olos~ca pattern~ng. Of specialiinter€%t are 
new 0rgan.c an0 .norgan c res.st materials 
an0 emereina l~thoeraohic tecnnloues asso- 

structures. 
Original work or substantial review papers 

are solicited for the followine tooics: 1. DIELECTRICS AN0 INSULATION/ 
ELECTRONICS 

Dielectric Isolation 
for VLSl and Other Devices 

resists: organic and inorganic materials for 
photon, x-ray, electron, and ion source ex- 
oosure. chemistrv. adhesion. characteriza- 

ELECTRODEPOSITION 
General Session 

Original papers dealing with theoretical 
and applied aspects of electrodeposition and 
metal finishing that do not come under the 
special symposia are invited for this ses- 

iion, processing iechniques [coating, expo- 
sure, development, baking, stripping); 2. 
printing: contact (vacuum, conformable), 
proximity and projection (normal and deep 
u.v.), x-ray, laser, holographic, synchrotron, 
electron and ion beam, resistless direct radi. 
ation patterning; test structures for evalu- 
ating misregistration optically or electrically: 
micrometrology: lithographic yield; 3. etch- 
ing: solution, vapor phase, plasma, and ion 
assisted techniques applied to metals and 
organic and inorganic dielectrics including 
radiation-sensitive materials, patterning as- 
sociated contamination: 4. masks: materials, 
fabrication, inspection, cleaning, degrada- 
tion, repair; 5. modeling: image formation in 
resists, resist Drocessina techniques, limita- 

This symoosium's aim is to focus on all 
aspects of dielectric ;solat~on for devace ap. 
pl:cat;on. Emphas:s will be placed on recent 
advances, both theoretical and exnerimental. sion. 

Suggestions and inquiries should be Sent 
to the Session Chairman: R. Sard Oxy Metal 
Industries. 21441 Hoover Rd., ~ i r r e n ,  Mich. 
48089. 

Suggested topics are: 1. oxidation-modeling 
(two dimensional oxidation, high pressure 
oxidation. HCI oxides): 2. isolation Dracess 
schemes (isoplanar, LOCOS, 0x1~: R O ~ , ~ O P .  
OGI, porous Si, total isolation, SOS): 3. 
process methods (thermal oxidation high 
pressure oxidation, CVDsmd; 4. gebmetry 
aspects (bird's beak modifications. olanariza- 

ELECTRODEPOSITIONI 
PHYSICAL ELECTROCHEMISTRY 

Electrocwstallization tion techniques) 5. physicallchem~cal elec- 
tr'cal character~zat'on methods and results 
(stress and defect analvsis n and arodn~l iqn. The purpose of this symposium i s  to 

provide a forum for active workers in  
nucleation phase formation crystallization. 
and depo$tion on electrode; to make origi- 
nal fundamental contributions to these and 
related aspects of electrocrystallization. A 
number of invited papers are expected to be 
presented by international experts. Papers 
are solicited in  the following areas: 1. 
stochastic nature of twodimensional and 
three-dimensional nucleation and growth 
processes. 2. statistical aspects of crystal 
growth i; metal deposition 3. adsorption 
and other initial stages o i  deposition: 4. 
under and overpotential deposition; 5. faCtOr5 

tions of optical lithography; and 6. device 
results: high resolution devices and struc- 
tures that exemplify the apolication of ad- 
vanced microlithographic techniques. 

The publication of a proceedings volume 
is being considered. I t  is sueeested that 
authors should have camera-ready copies of 

- - - . - - . - 
lat~on areas, interrelationship between stress/ 
defects and processlmaterials aspects prox- 
lmlty effects. dooant deoletion rffrr;+ en. 
hanced or retarded diffus~on ;tfeitsi-Gld-6 
dev~ce fabrication and analysis (density 
aspects, device performance imorovements, 
new device CaDabilities reliabilitvl their oapers for inclusion in a proceedings 

volume at the time of submission of the ex- 
tended abstract. 

Suseestions and inouiries shiuld be sent 
to the Svmposium Co-Chairmen: H. B. Pocae. 
IBM Corn.. Data Systems Div. Hooewell 
Junction, N.Y. 12533: or R. ~ u m a r :  Burrauehs 

Sueqestions and inquiries, as well as corn- 
ments on the structure of this symoosiu?I, 
should be sent to the Symposium Co-Chalr- 
men: A. M. Voshchenkov. Bell Laboratories, 
Crawfords Corner Rd., Holmdel, N.J. 07733: 

C0.n . Comoonents Group ~ e c h n o l o ~ ~ -  Ctr . 
16701 W. Bernard0 Dr ,  $an Oiego, Calif. 
92127. 
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that inflWnce the formation and growth of 
thick deposits and their relationship to 
passivation processes; 6. the atomic and 
micro structure of electrodeposits and their 
relationships to pertinent properties; 7. 
chemically modified surfaces; and 8.,theo- 
retical develooments and comouter slmula- 

Research Laboratories MIS 118 P.0 Box 
225936, Dallas, Texas i5265; or E B. Stone- 
ham, Hewlett-Packard, Santa Rosa Div., 1400 
Fountain Grove Pkwy.. Santa Rosa, Calif. 
95404. 

ELECTRONICSIENERGY TECHNOLOGY 
Properties and Preparation of 

Amorphous Silicon for 
Electronic Devices 

Semiconductors and New Electronic 
Technologies General Session 

This SYmPOsium will consist of state-of-the. 
art Invited papers and contributed presenta- 
tions on application related aspects of the 
deposition, characterization, and understand- 
Ing of amorphous silicon based films. Con. 
tributions are sought on photovoltaic and 
photoconductive response (e.g., solar cells, 
detectors), novel device configurations (e.g. 
stacked cells, arrays), the role of additive; 
(e.g., H, F, 0, dopants), diagnostics of prep- 
arative plasmas k g .  mass spectroscopy 
Optical sPectroscopy),'and new preparatioi 
or characterization techniques. Papers on 
electronic properties as they pertain to possi- 
ble devices will also be considered. 

Suggestions and inquiries should be sent 
to the Symposium Co-Chairmen: M. H. Brod- 
sky, IBM Corp., Thomas J. Watson Research 
Ctr., P.0, BOX 218, Yorktown Heights, N.Y. 
10598; or D. E. Carlson, RCA Laboratories, 
Princeton, N.J. 08540. 

ELECTROTHERMICS AND METALLURGY 

~ - -  
tion studies. 

Suggestions and inquiries should be sent 
to the Symposium Co-Chairmen: R. G. Bar- 
radas Dept. of Chemistry Carleton Uni- 
versity, Ottawa, Ont., canaba KIS 5B6;. or 
R. Weil, Dept. of Materials and Metallurgical 
En~ineerine. Stevens Institute of Technol- 

Original papers are requested on elemental 
and compound semiconductors including 
materials of interest in  electronic devices. 
Areas to be covered include: 1. oreoaration 

o G  castk  Point Station. Hoboken, N.J. 
07030. 

and characterization of single 'crystalline, 
polycrystalline, and amorphous semicon- 
ductor materials in bulk form or as thin 
films; 2. preparation by growth and deoosi- ELECTRONICS 
tion techniques; 3. characterization by' de- 
structive and nondestructive diagnostic tech- 
niques; 4. advances i n  techniaues to modifv Semiconductors 

Annealing of Semiconductors 
This symposium will include invited and 

contributed papers on a variety of topics 
related to the annealing of defects in  single 
crystal and polycrystalline semiconductors. 
The defects may have been introduced dur- 
ing growth, by high temperature processing, 
ion implantation, neutron transmutation 
doping, and any other means. Because of 
the current widesoread interest in  laser and 

their elzctronic properties and device pro& 
essing characteristics; 5. characterization 
and elimination of defects eenerated durin. 
maternal preparat~on and d<v~ce f a b r ~ c a t ~ o f  
6. materials possessing high electrical con: 
ductivlty and thermal stability for VLSl ap- 
plications: 7. oreparation and Drooerties of 
insulating and' passivating layeis ior device 
applications: 8. metallization processes for 
interconnections and semiconductor con- 
tacts; 9. novel materials useful in  the fabri- 
cation and processing of silicon integrated 
circuits, solar cells, power devices, laser 
diodes, and LED'S: 10. new develooments 

Science and Technology 
of Halide Lamps and Lasers electron beam annealing i t  is expected 

that these and other localized annealing 
technioues will be emohasized. However. 

This symposium will be devoted to the 
fundamental and applied aspects of the hiah in  wet and dry processes employed'in the 

fabrtcation of active and passlve electronic 
devices: 11. microl i tholra~hic techniaues for 

the organizers of the syinposium encourage 
abstracts on the latest advances in conven- 
tional thermal annealing and on economic 
comparisons of the newly develoDed local- 

temperature halide chemistry in  lamps (&- 
candescent and discharge) and lasers. Topics 
of interest include: 1. chemical effects of patterning of thin films aild small stiuctures 

by optical, x-ray. E-beam, and ion-beam 
methods: 12. selective etching and deposi- 
tion of thin films by physical and chemical 
techniques involving sputtering, plasma, re- 
active ion etching, evaporation, plating, and 
chemical solutions; 13. novel resist mate- 

gaseous and condensed phase halides in-dii- 
charges and in temperature gradients: 2. 
high temperature metal halide reaction ki- 
netics and thermodvnamics: 3. ohase eaui- 

ized' methods with more conventional ones. 
Abstracts on other topics such as the im- 
pact of highly localized annealing on de- 
vice, thin film, and metallization technology, 
basic electronic and ionic mechanisms of 
annealing, ultrarapid melting and recrystal- 
iization phenomena associated with pulsed 
laser annealing, transmutation doping, the 
effects of grain boundaries on annealing 
processes in  polycrystalline materials, novel 
measurement techniques will be welcomed. 

Suggestions and inquiries should be sent 
to the Symposium Co-Chairmen: R. F. Wood 
or R. T. Young, Oak Ridge National Labora- 
tory, Solid State Div., Oak Ridge, Tenn. 
37830. 

libria, vaporization- phenomena, complex 
molecuies; 4. tungsten halogen lamp chem- 
istrv; 5. transport cycles; 6. halide-electrode. 
wall interactions; 7. electrode reactions: and 
8. impurity effects. 

Suggestions and inquiries should be sent 
to the Symposium Chairman: E. G. Zubler. 
General Electric Co., Lighting Research and 
Technical Services Operation, Nela Park, 
Cleveland, Ohio 44112. 

ENERGY TECHNOLOGY 
Fuels from Nonfossil 

Energy Storage Systems 

rials and processes for lithographic applica- 
tions; 14. masking films for selective etching 
and deoosition: 15. isotrooic and anisotrooic 
etching of bulk crystalline and amorphous 
materials; and 16. fabrication of three-di- 
menslonal device microstructures useful in  
instrumentation and biomedical applications. 

Suggestions and inquiries should be sent 
to the Session Chairmen: E. Bassous, IBM 
COrp.. Thomas J. Watson Research Ctr., P.O. 
Box 218, Yorktown Heights, N.Y. 10598. 

Electron Microscopy 
of Semiconductors Recent News Papers Session 

This symposium will deal with processes 
to produce hydrogen based on nonfossil en- 
ergy storage systems such as fusion and 

Recent News Papers and Extended Recent 
News Papers consisting of topics covered by 
the symposia and sessions being sponsored 
or cosponsored by the Electronics Division 
are invited for oresentation. 

This symposium will be devoted to the ap- 
plications of electron microscopy in  under- 
standing Semiconductor materials and cor- soiar enerfy. Processes to be considered in- 

clude high temperature electrolysis, thermo- 
chemical. and thermochemicalihvbrid Droc- relating-material characteristics with device 

performance. A few invited speakers will pre- 
sent overviews on the followine tonics: 1. Suggest~ons i n d  lnaulr$es should be sent esses. Primary emphasis will be-placed on 

experimental results including materials for 
electrodes and electrolvtes. chemical reac- 

to thz-Session Chairman: W. A. Pliskin, IBM 
Corp., Dept. 175 Zip 462 Route 52 Hopewell 
Junction, N.Y. ' 12533. A special' Call for 
Recent News Papers will appear in the June 
July, and August 1980 issues of the JOURNAL: 

structural characterization of b fec ts  and 
their influence on device performance; 2. 
determination of local chemistry via electron 
energy loss sDectroscoDY and enersv dis- 

tions,and so on. papers dealing with funda- 
mentals (thermodynamics, chemistry, etc.) 
will also be considered as well as Papers 
dealine with theorv and modelina of ProC- persive x-ray analysis; -3. grain boundary 

Structure in  polycrystalline sem~conductors; 
and 4. structure and orooerties of amor- esses -and components. The <ymposium 

will consist of invited and contributed papers. 
Sueeestiane and inauiries should be sent 

ELECTRONICS/ELECTROTHERMlCS 
AND METALLURGY 

phous semiconductors. ' Abstracts covering 
original research on various topics where 
electron microscopy has been a valuable tool 
in  evaluating materials or solving material 
problems are also solicited for a twenty 
minute oral presentation. 

The publication of a ~roceedines volume 

t o ~ t h ~ ~ ~ y m p o s f u m  cdchairmen: J. A. Filio. 
Brookhaven National Laboratory. Bldg. 129. 
Untnn. N Y. 11973: or M. Bowman. Universitv Process and Use Related 

Radiation Effects in Electronic Devices o ~ ' ~ ~ l i f o r n < a , - ~ o s '  nlamos scienthc ~abora: 
tory, P.O. BOX 1663, Los Alamos, N.M. 87454. 

Ionizing radiation and its influence on 
electronic materials, devices, and circuits is 
the subject of this SYmPosium. Radiation ef- 

is being considered. Suggestions and in- 
quiries should be sent to the Symposium 
Co-Chairmen: S. Mahajan Bell Laboratories 
Murray Hill N.J. 07974. dr M. S.  brah hams: 
RCA ~abora'tories, ~rin'ceton, N.J. 08540. 

General Session 
Papers are solicited in  all areas on en- 

ergy technology not covered by concurrent 
symposia. Of particular interest are elec- 
trochemical aspects of power sources and 
converters, as well as of energy distribution, 
storage, and conservation. Power sources in. 
clude fossil and biomass, nuclear, geo and 
ocean thermal, and solar. Contributions to 
specific applications, such as power sources 
and fuels for individual transportation, or 
fuels for transmission in  pipelines, are also 

fects arising from device processing or from 
device operation in  environments where ion- 
izlng radiation is Present are to be dis- 

Semiconductor Materials 
and Technologies for High Speed Logic 

cussed. Papers which deal with theseiopics 
on a fundamental or applied level are so- 
licited for this symposium. State-of-the-art 
reviews or investigations into specific topics 
are both acceptable. Suggested areas for 
contributed papers are: process induced 
radiation damage and its influence an de- 

This symposium will be concerned with all 
sern~conductor materials and technologies ap- 
propriate to high speed integrated logic ex- 
cepting those related to Josephson junc- 
tions. Invited and contributed papers in the 
following areas are planned: 1. advanced 
silicon materials appropriate for high speed 
logic such as silicon-on-sapphire. 2. GaAs ma- 
terials preparation including cristal growth, 
heteroepitaxy, LPE, VPE, MBE, and imp!anta- 
tion; 3. other theoretically promising material 
candidates such as InP, Ge, ternaries, and 
quaternaries; 4. advanced processing tech- 
niques, e.g. self-alignedlshort gate tech- 
niques; 5. improved dielectric and passiva- 
tion svstems; and 6. studies relating process- 
ins technolow to yield, reliability, radiation 
hardness. andlor ease of fabrication. 

SUe~eStionS and inquiries should be sent 
to the S~mposium Co-Chairmen: M. R. 
Namordi, Texas Instruments, Inc., Central 

vice stability; alpha particle or cosniic Fay 
induced soft failures in  high density cir- 
cuits; and radiation-hardenlne of hieh den- 

solicited. 
Suggestions and inquiries should be sent 

to the Session Co-Chairmen: A. J. Nozik. 
Solar Enerqy Research Institute. 1536 Cole 
Blvd. Golden Colo. 80401. or J. McBreen, 
Brookhaven ~a t i ona l  ~aboratory, Upton, N.Y. 
11973. 

sitv or high performance integrated circ;its. 
Paoers discussing damage mechanisms. 

devicelcircuit stabilitv, and their measure- 
ment and characterization will be consid- 
ered. Studies of materials, processes, or de- 
sivns which imoact the stabilitv of such de- 
vices or circuits are also solicited. The pub- 
lication of a proceedings volume is being 
considered. 

ENERGY TECHNOLOGYIINDUSTRIAL 
ELECTROLYTICIPHYSICAL 

ELECTROCHEMISTRY Sureestions and inquiries should be sent 

Ion Exchange: 
Transport and Interfacial Properties 

- -~ .- 
to the Svmoosium 'Co-Chairmen: J. M. 
Aitken. IBM Corn.. Thomas J. Watson Re- 
search Ctr., P.O. Box 218, Yorktown Heights 
N.Y. 10598; or T. May, Intel Corp., 3585 sw 
198th Ave., Aloha, Ore. 97005. 

This symposium will emphasize the proc- 
esses and properties of materials broadly de- 
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fined as ion exchangers and ionic conductors. Calif. 95014; or M. M. Dorio, General Electric interest warrants. Topics suitable for pres- 
Papers should perram to interfacial material Co., Nela Park #3400, Cleveland, Ohio 44112. entation will include: 1. chlor-alkali mem- 
transport, analogous to "electrodes" and to brane cells, including new applications: 2. 
~ U I K  transport, analogous to "ionlcs"! Mate progress in porous separators; 3. high tern- 
rlals mlghr be typ~cal synthetic organlc po~y- INDUSTRIAL ELECTROLYTIC perature battery ceramics, others: and 4. 
mer solids, but could include free-standing porous battery separators. The publication of 
liquids, liquids in  inert supports, liquids In Regeneration of Chemicals the proceedings volume is being considered. 
gelled binders, single crystals, pressed Pel- Suggestions and inquiries should be sent 
lets, and composites. Materials need not This symposium will explore new deveiop- to the Symposium Chairman: M. M. Dorio, 
be in  the form of membranes. Contacting ments in  the use of electrolysis to regen- General Electric Co., Nela Park #3400, Cleve- 
media mtght be electrolytes but could also erate chemicals which have been previously land, Ohio 44112. 
be ion-generating metals, inert metals, or decomoosed, contaminated, or diluted in  an 
other &nductorc. Specific topics include: 
1. macroscopic models, equations of motion, 
interfacial potential theory, reconciliation of 
models with thermodynamic theones; 2. 
microscopic models for thermodynamic and 
transport properties, structural factors in 
relation to single ion partitioning, salt ex- 
traction, ion pairing, activity coefficients, and 
mobilities; 3. experimental methods for mea- 
surlng electrical properties, transient and 
steady-state ionic and electroneutral spe- 
cies transport, comparison of models and ex- 
periments, analysis of interfacial transport, 
kinetics. adsorotion. blocked vs. nonblocked 
~nterfaces: 4 'applicat'ons of spectroscopic. 
dsffract on, magnetic, and other none ectr'cal 
mernods to strdcture and dynamic proper- 
ties; 5. synthesns, fabrication, an0 character- 
4zat;on of new materials for ion exchanger 
and on exchane ne memorane aoollcat8ons- 
stability of maGria~s; and 6. progress i n  de- 
vices, device concepts, and device applica- 
tions w ine  ion exchaneine materials 

SuggestGns and inqiir izs should be sent 
to the Symposium Co-Chairmen: R. P. Buck, 
Oept. of Chemistry, University of North Caro- 
lina. Chaoei Hill. N.C. 27514: R. S. Yeo. The 
Continental Group, Inc.. Energy Systems 
Laboratory, 10432 N. Tantau Ave., Cupertino, 

~ndust;ta process. Regeneration can occur 
slmultaneous wltn consumption (one-stage 
orocessl or after cons~motion ltwo-stane or 
mi t is tage process). papers are inviteb in  
the fields of 1. organosynthesis, 2. redox reac- 
tions. 3. waste treatment, 4. etching, 5. elec- 
troolating. 6. inorganic synthesis. 7. leach- 

couver. B.C., Canada V6S 2L2. 

Separators 
This Symposium will consist of invited 

and contributed papers dealing with criti- 
cal arabiems and new develooments in  seo- 
a;atir;-in [ndustrin eiictroiytic processes. 
TWO major areas of interest are the chlor- 
alkali and battery fields. For the former, 
papers on both ion exchange membranes 
and porous diaphragms are solicited. Areas 
of battery separators which will be of in- 
terest are new develooments for ambient and 
high temperature secondary batteries. Re- 
search in  prlmary batteries and miscellane- 
ous separator topics will be considered i f  

PHYSICAL ELECTROCHEMISTRY 
Third International 

Symposium on Molten Salts 

This Symposium will stress two major 
topics of importance to molten salt chem- 
istry and technology molten salts in  energy 
conversion and coniervation and fundamen- 
tal aspects of molten salt chemistry. 

Topics suitable for the symposium include: 
1. aoolications of molten salts in batteries 
and'iuel cells; 2. applications in solar en- 
ergy storage 3. uses of molten salts in  coal 
and oil shaie conversion; 4. catalytic prop- 
erties of molten salt media. 5. advances in  
electrochemistry and spectrdscopy of molten 
salt solutions. and 6. thermodynamic and 
transport proderties of melt systems. 

Suggestions and inquiries should be sent 
to the Symposium CoGhairmen: G. Maman- 
tov Dept. of Chemistry University of Ten- 
nedsee Knoxville ~enn . '  37916. S. J. Yosim, 
~ tomick  ~nternatibna~ 8900 ~e'soto Ave. Ca- 
noga Park Calif. 91304 or M. Blander: Ar- 
gonne ~d t i ona l  ~aboiatory, Argonne, 111. 
60439. 

a.) For receipt no later than May 1, 1980, submit a 75-word abstract of the paper to be delivered on the enclosed form. 
b.) For receipt no later than June 1, 1980, submit two copies of an extended abstract, 500-1000 words. 
c.) Send all abstracts to The Electrochemical Society, Inc., P.O. Box 2071, Princeton, N.J. 08540, with the exception of Recent 
News Papers. See details on preceding page. 

Use overleaf in submitting your abstract for 
The 1980 Fall Meeting 

of 
The Electrochemical Society, Inc. 

to be held at 
The Diplomat 

Hollywood, Florida 
October 5-10,1980 



75-Word Abstract Form 
(Deadline for receipt-May 1,1980) 

HOLLYWOOD, FLORIDA, MEETING-OCTOBER 5-1 0, 1980  
Submit to:The Eloctmchemical Society, Inc. 

P.O. Box 2071, Princeton, N.J. 08540 

Schedule for -.--.--...-.-.--.--------- of ... - 
Symposium ECS Division 

Abstract NO. 
(do not wrlto In this 8p.m) 

(Authon) (Underline name of author msentlna pap.~) - ..- ............................................................. 

(Bualnna Afillrtfon and Addmr) --.-.. .- .......................................................................................................................... 

-.-.---.------.-- - " ....... ............-- 
(ZIP Code) (7.1. No) 

m p a  abstract in  this IMO-double spaced.) 

Do you require any audiovisual equipment? 
35 mm (2 x 2 in.) slide projector 

IJ Vu-Graph 
other (specify) 

Is a full length paper on this work to be 
submitted for Society Journal publication? 

Yes NO 

Paoers OreSented before a Society technical meeting become the 
properly of the Society and may not oe oublisheo elsewhere without 
wrltten Derm#sslon of the Soc~ety PaDers oresented at Society tech- 
nlcal meet~ngs must w authored tay a member or sponsored by an 
acflve member. 

-... ..................................... ................................. ................................................ 
Insen name of Soclew member author or soonsor 
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The Computer-Derived 1978 Journal Index 

The Publicatiotr Committee of thc Society rccommcndcd to Journal articles, reviews, brief communications, discussions, 
the use of a computer-derived index in 1968, and this practice and news and reviews listed in the contents pages. They do 
is planned to be continued. This index is published two not include meeting papers, abstracts, and news items. Thcsc 
months earlier than the usual indcx and makes possible in- indices wcrc prepared for the Journal by the Institute for 
dcxing more information than before. These indiccs rcfer only Scientific Informationm , Philadelphia, Pennsylvania. 

Using the Index 
1. Given any author, go directly to his name in the author 

and titlc index to find the full paper titlc with a page 
citation or, if he is a secondary author, to find a cross- 
reference to a primary author. 

2. Givcn any topic, go to thc subject indcx and search for 
the key word itself. 

3. For a detailed explanation of symbols and abbrevia- 
tions, see the sample pages bcforc the individual au- 
thor and titlc indcx and the subject index. 

4 .  Chemical formulae cannot be reproduced directly be- 
cause the conventional computer printout appears in 
capital letters only. For example, 813 could bc three 
atoms of bismuth or boron triiodide. To avoid this am- 

biguity, an attempt has bcen made to write out chemi- 
cal formulae. 

5 .  In the author index, an author is always listed with all 
available initials. wh~ch for lack of space sometimes 
can mean omission of one or two letters from the cnd 
of his last name. This truncation is indicated by a 
period at the end of the last name. 

The Publication Committce will appreciate comments on 
the usefulness and accuracy of this indcx. 

NEWTON SCHWARTZ 
Chairman 

Publication Committee 



JOURNAL ARTICLE 
AUTHOR AND TITLE INDEX 

To locate a full description of a source item, look up the primary author. Under a given name. 
journal articles of primary authorship are described first. Items of secondary authorship 
follow. These are cross-referenced to  the primary author whose name follows the word SEE. 

Primary 
Author \ 

Issue 
Number, Volume Page 

\ 
CRAMER SD '\ \ \ 

N 6  126 891 

Article E S T I M A T I O N  O F  THE SLOPE OF P O L A R I Z 4 T I O N  CURVES 
I N  THE V I C I N I T Y  OF THE CORROSION P O T E N T I A L  

Title CREVEC0E.C S E E  D E W I T  H J  1 2 6  779 
CRIPPA PR SEE BARALDI P 126 1207 
CROSET M  D I A Z  J DIEUMEGA -D MERCANDAoLM 

N 9  1 2 6  1543 
I N F L U E N C E  OF CURRENT D E N S I T Y  O N  THE 
C O M P O S I T I O N  OF GAAS ANODIC  O X I D E  F I L M S  

C U B I C C I O - D  L A U  K H  
N 5  126 771 

V A P O R I Z A T I O N  OF Z R L 4  FROM 
S O L I D  Z I R C O N I U M  I O D I D E S  

~econdary  c 1 0 D L A u  K H  
Authotfs) N 1 0  126 1 7 2 3  

K I N E T I C S  O F  O X I D A T I O N  O F  Y T T R I A  HOT-PRESSED 
S I L I C O N  N I T R I D E  

CUBICC1D.D S E E  L A U  K H  126 4 9 0  
CURRAN J S  G I S S L E R  W 

N 1  126 5 6  

Cross D I F F E R E N T  PHOTOELECTROCHEM I C A L  B E H A V I O R  O F  
S I N T E R E O  AND F L A M E - O X I D I Z E D  F E 2 0 3  

Referenced C U R R I E  J E  S E E  CONWAY B E  126 985 
secondary-ZAKONAG. I SEE L E I  D H E I  S O H  126 2 0 4  

Author CZAKONAG- I  S E E  L E I D H E I S - H  126 3 9 1  
DABROW IA-JC SA-LO FS 

N 1 2  126 2091 
OF B L E O M Y C I N  AND T A L L Y S O M Y C I N  

T H E I R  M E T A L L O D E R I V A T I V E S  

Primary / 
Author 
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TO FIND ARTICLES ON A SPECIFIC TOPIC: 
I .  Locate any one of the words (Primary Terms) that describes the topic. If you want every ti- 

tle that includes primary term, select only the articles marked with an arrow (> ). This 
eliminates unnecessary lookups. 

2.To narrow selection, use any of the other words (Co-Terms) listed below that Primary Term. 
When using co-terms, always disregard arrows. 

3.Two word terms occur when they are generally used together to describe a single concept 
(e.g, heat-lransfer).This simplifies multiple co-term lookup. 

4.The PAGE NO. refers to the beginning page in the Journal on which the article containing 
the keyword appears. 

PRIMARY TERM 
CO-TERM 

PAGE 
NO. 

and "PLATINUM" 
check all 
entries under 
Co-term "PLATINUM" 

ELECTROCATALYS I S 

PRIMARY TERM 
This word is 
selected from the 
contents of one 
or more articles. 

A C R Y L I C  A C I D  - 
ANION INFLUENCE 
ANODIC A C T I V A T I O N >  
AUGER SPECTROSCOo> '' \ To find all articles 
C H L O R I N E  E V O L U T I  . > I 1 8 9  concerned with 
ELECTRON D I F F R A C .  67 "EL ECTROCA TA L YSIS" 
E L E C T R O O X I D A T I O N  > 2 1 8  check only entries 
ELECTROSORPTION - 2 1 4 0  with this mark. 
ETHYLENE - - - - 2 1 8  
HYDROGEN ABSORPT 67 
HYDROGEN MONOLAY* 2 1 4 0  

CO- TER M HYDROGEN P E R O X I D E > 1 8 3 1  
These words also 
were selected from 
the contents o f  articles 
about "ELECTROCATALYSIS". 

I R O N  O X I O E  - - - 
N-TYPE - - - - -  :I  itt to marks 
OXYGEN MONOLAYER 2 1 4 0  indicate same 
OXYGEN REDUCT I ON 7 8 page. 
PHOTOANODE - - - 
P L A T I N U M  - - - - 

Co-term identical / 
to Co-term POTENTIODYNAMICS 2 1 8  To find articles 
"PLA TINUM" REDOX - - - - - - 939 concerning 
above. R I N G  D I S K  ELECTR. I* "ELECTROCATAL YSIS" 



xii JO 

P R I M A R Y  TERM PAGE 
CO-TERM NO. 

A-C IMPEOENCE 
C E R I U M  O l O X I O E  - > I 1 6 6  
P L A T I N U M  ELECTRO. 
P O W R I Z A T I O N  - - - 
T R A N S I E N T  DECAY - " 

A B S O R P T I O N  SPECT. 
C E R I U M  - - - - - > I 5 5 0  
C R Y S T A L  F I E L O  - - " 
GARNET P m s P m R s  - 
PHOTOLUMINESCENCE * 
TEMPERATURE RANGE " 

ABUSE TOLERANCE 
B A T T E R Y  - - - - - > I 6 3 7  - - - - - - - " 
L I T H I U M  - - - - - " 
SULFUR D I O X I D E  - " 

AC A O M I T T A K E  
I N T E R F A C E  - - - -> 4 2 4  
P L A T I N U M  - - - - " 
R O T A T I N G  D I S K  - - " 
S U L F U R I C A C I D - -  " 
SWEEP F R E O U E K Y  - " 

ACCEPTER HYPOTHE. 
E L E C T R C P O L I S H I N G  > 7 9 5  
TANTALUM - -.- - " 
WAGNERS THEORY - " 

ACETON(TR1LE 
E F F I C I E N C Y  - - -> 6 0 3  
ELECTRODE B E W V I  .>I 8 9 2  
F E R R I C  O X I O E  - - " 

F L A T B A L D  POTENTI.> 5 9 8  
GAAS - - - - - -> 5 9  - - - - - -  6 0 3  

I N D I U M  P W S P H I O E  5 9 8  
L l W I O  JUNCTION - 6 0 3  
N-TYPE - - - - - 5 9  
N--TYPE CONDUCTION I 8 9 2  
P-TYPE - - - - - 5 9  
PHOTOELECTROCHEM. " 

5 9 8  
P H O T O V O L T A I C  C E L L  6 0 3  
R E G E N E R A T I V E  C E L L  " 
SEMICONDUCTOR - - 5 9  - - 5 9 8  
S I N G L E  C R Y S T A L  - " 

- 6 0 3  
SURFACE E F F E C T  - 5 9  

A C I O  M E D I U M  
E H r n G E  C A P A C I T Y  -> 9 3  
HVDROXIOE-TYPE - . 
I R I O I U M  - - - - - " 
T H I N  F I L M  - - - - " 

ACID SULFATE 
A N O O I C  OISSOLUTI .>  9 5  
CORROSICN R A T E  - " 
GOLO - - - - - -  * 
OXYGEN E V O L U T I O N  " 
p H  - - - - - - -  " 

A C I D I C  C H L C R I O E  
A N O D I C  O I S S O L U T I - > I 6 6 6  
COPPER - - - - - " 
C O R R O S I C N  - - - - " 
D I S S O L U T I O N  K I N E -  " 
E L E C r R O O I S S O L U T I - > I l l 8  
N I C K E L  - - - - - " 

A C I D I C  S U L F A T E  
A N O D I C  O I S S O L U T I - > 2 0 6 4  
C H L O R I O E  S O L U T I O N  " 
C O R R O S I C N  - - - - " .- --.- 
OEOXYGENATEO SOL. * 
P A S S l V A T I O N  - - - " 
T I T A N I U M  - - - -  " 

A C R Y L I C  A C I O  
E L E C T R O C A T A L Y S I S  > 9 3 9  
P O L Y M E R I Z A T I r n  - " 
REDOX - - - - - - " 
R I N G  D I S K  ELECTR. " 

A C T I N  
I O N I C  P E R M E A B I L I . > 1 4 7 1  
MEMBRANE P R O T E I N S  - 
POLAROGCAPHY - - " 
S P E C T R I N  - - - -  " 

A C T I V A T I O N  ENERGY 
N I C K E L  COBALT OX.> l3S3 
OXYGEN E V O L U T I O N  " 

URNAL OF THE ELECTROC 

P R I M A R Y  TERM PAGE 
CO-TERM NO. 

-- - - 
A C T l V A T I O N  E K R G Y  I C O N T O )  

P O T E N T I O S T A T I C  - 1 3 5 3  
P U L S E  - - - - - - " 
T E F L O N  EONDEO - - " 

A C T 1  VATOR 
B A C K S C A T T E R I N G  - > I 6 7 1  
CONCENTRATION - -> 1 0 6  
E L E C T R O L E S S  - - - I 6 7 1  
G L A S S  SUBSTRATE - " 
L U M I N E S C E N C E  - - 1 0 6  
M E T A L  D E P O S I T I O N  I 6 7 1  
P A L L A D I U M  - - - - 'I 

POWDERED PHOSPHOR 1 0 6  
QUENCHING YECHAN. " 

R A D I A T I O N  - - - - " 
R A R E  E A R T H  - - - " 

A C T I V I T Y  C O E F F I C .  
L I T H I U M  N I T R I D E  -> 2 4 8  
MOLTEN S A L T  - - - " 
N I T R I D E  S O L U T I O N  * 

A D H E S I O N  
ANOOIC O X I D E  F I L M >  6 2 4  
D U C T I L I T Y  - - - - 'I 

F R A C T U R E  - - - - " 
T A N T N U M  - - - - " 

AOSORPTI  ON 
C E U  K I N E T I C S  - -> 
H I G H L Y  R E A C T I V E  -> 
HYOROGEN - - - - 
L I T H I U M  B A T T E R Y  - 
P H A S E  D I A G R A M  - - 
P O T E N T I A L  - - - - 
R E A C T I V I T Y  - - - 
SPECTROSCOPV - - 
TEMPERATURE OEPE. 
T I T A N I U M  D I S U L F I .  
U R A N I U M  POWDER - 
VOLTAGE S T E P S  - - 

A G I N G  E F F E C T S  
O E F E C T  W P I N G  - -> 
E L E C T R O M I G R L T I O N  
ENERGY CONVERSION 
SEnICONOUCTOR - - 

A G I N G  K I N E T I C S  
OXYGEN MONOLAYER > 5 9 2  
P E R T U R B A T I O N  PRO. " 
P L A T I N U M  - - - - 
P O T E N T I O D Y W M I C S  " 

A G I T A T I O N  
DEFECT - - - - -> 4 7 9  
E T C H - - - - - -  " 
S E L L 0  E T C H  - - - " 
S I L I C O N  E V N U A T I .  * 
U L T R A S O N I C  - - - " 

A I R  ENVIRONMENT 
N I C K E L  GOLO A L L O V > 1 2 7 4  
O X I D E  F I L M  GROWTH " 
U N A L L O Y E D  N I C K E L  " 

ALCOHOL 
I N O U C E O  I N S T A B I L . > 1 3 0 1  
K E T O N E  - - - - - " 
S I L I C O N  G A T E  MOS " 

A L K A L I  M E T A L  
A L K A L I N E  M E T A L  - > 2 0 4 7  
NONAQUEOUS BATTE. - 
S O L I D  E L E C T R O L Y T E  s# 

A L K A L I  RARE E A R T H  
C E S I U M  COACTIVAT.>2206 
GLASSY P n o s P n o R s  - 
L U M I N E S C E N C E  - - " 
M E T I P H O S P H A T E  - - ." 
T E R B I U M  A C T I V A T I .  a 

A L K A L I N E  M E T A L  
A L K A L I  METAL - - > 2 0 4 7  
N O N A Q U E W S  BATTE. " 
S O L 1 0  E L E C T R O L Y T E  " 

A L K A L I N E  S O L U T I O N  
C A T A L Y T I C  OECOMP.>1924 
CURRENT O E N S I T Y  -> 5 4 1  
E P O X I O E  D I M E R S  - > I 6 9 3  
E Q U I L I O R I U M  POTE. 5 @ 1  
F U E L  C E L L  - - - - 1 9 2 4  
K I N E T I C  A N A L Y S I S  I 6 9 3  
PERHYOROXYL I O N  - I 9 2 4  

lHEMICAL SOCIETY 

P R I M A R Y  TERM PAGE 
CO-TERM NO. 

A L K A L I N E  S O L U T I O N  1 C O N T O I  
P H T H A L I M I O E  - - - 1 6 9 3  
R E A C T I C h  ORDER - 5 4 1  
R E O K T I C N  - - - - 1 6 9 3  
S T R U C T U R U  A N A L Y -  " 
Z I N C  ELECTRODE - 5 4 1  

A L L O Y  
A L U M I N U M  - - - -> 5 7 4  
B U B B L E  O Y N A M I C S  - " 
E L E C T R C O E P O S I T I O N > Z 1 6 2  
E L E C T R O P O L I S H I N G  5 7 4  
FOIL - - - - - -  2 1 6 2  

FUSED S A L ~  - - - * 
G A s e o u s  DISCHARGE 5 7 4  
GROOVE S P A C I N G  - " 
I R O N  P L A T I W Y  - - 2 1 6 2  
N I C K E L  - - - - - 5 7 4  
P R E P A R A T I O N  - - - 2 1 6 2  
SURFACE MORPWLO.  5 7 4  

A L T E R N A T I h G  VOLT. 
CORROSION POTENT.>1908 
F A R A O A I C  R E C T I F I -  " 
M I L O  S T E E L  - - - " 
P A S S I V A T I O N  - - - " 
P O L A R I Z A T I O N  - - " 

A L U M I N A  
CUPROUS C H L O R I O E  > I 9 6 3  
D I S P E R S E D  A L U I I N A  " 
GROWTH M E C H A N I S N  > I 0 3 5  
I O N  C O N D U C T I V I T Y  1 9 6 3  
O X I D E  MORPHOLOGY I 0 3 5  
Y T T R I U M  - - - - - " 

A L U M I N U M  
A L L O Y  - - - - - -> 5 7 4  
A N O D I C  B E H A V I O R  - > I 6 5 9  
A N O O I C  F I L M  - - - > 2 0 4 2  
A N O O I Z A T I O N  - - -> 7 7 9  - - - > I 5 4 8  
A N T I M O N Y  - - - - > I 9 9 2  
AQUEOUS S O L U T I O N  > I 9 9  
B U B B L E  O Y N A M I C S  - 5 7 4  
C A P A C I T O R  - - - -> I 6 2  
C H L O R I O E  I O N  - - 1 6 5 9  
CORROSION - - - -> 11 
O I E L E C T C I C  B R E A K -  1 6 2  
Q T A - - - - - - -  1 9 9 2  

E L E C T R O P O L I S H I N G  5 7 4  
E T K Y L E k C  GLYCOL - I 1  
F I L M  F O R M A T I O N  - 2 0 4 2  
G A u I u n  - - - - - 1 9 9 2  
GASEOUS D I S C H A R G E  5 7 4  
GROOVE S P A C I N G  - " 

H Y O R I D E  FORM - - 1 9 9  
IMPEOENCE - - - - 7 7 9  
L I Q U I D  A S S O C I A T I .  1 9 9 2  
N I C K E L  - - - - - 5 7 4  
N I T R A T E  I O N  - - - 1 6 5 9  
O X I D E  CHARGE DEN.> 8 7 8  
P A S S I V I T Y  - - - - 1 6 5 9  
p H  - - - - - - - 1 9 9  
P H A S E  C I A G R A M  - - 1 9 9 2  
P I T T I N G  P O T E N T I A L  1 6 5 9  
P O L Y S I L I C O N  - - - 1 6 2  
P O T E N T I A L  - - - - 1 9 9  
R E L A X A T I O N  T I M E  - 7 7 9  
S A L T  S O L U T I O N  - - 1 9 9  
S I L I C O h  - - - - - 8 7 8  
S I L I C O h  D I O X I D E  - 1 6 2  

- 8 7 8  
SOLAR C C L L E C T O R  - I 1  
S T O I C H I C M E T R V  - - 7 7 9  
SURFACE w R P m L o .  5 7 4  
TERNARY P H A S E  - - I 9 9 2  
T U N N E L I N G  - - - - 1 5 4 8  
VAPOR I N F U S I O N  - * 
WORK F U N C T I O N  - - 8 7 8  

A L U M I N U M  ALLOY 
C O R R O S I C N  T E S T  -> 1 1 0  
I N T E G R A T E D  C I R C U -  " 
L I F T - O F F  M E T A L L I - > I 2 5 7  
M E T A L L I Z ~ T I O N  - - 1 1 0  
P L A S T I C  ENCAPSUL. " 

SPUTTEC D E P O S I T I .  1 2 5 7  

ALUM I N U M  A R S E N I O E  
O I O O E  - - - - - -> 6 3 7  
O I Y O C A T I O N  - - - " 
6 1 1 s  - - - - - -  " 
G A L L I U M  - - - - - " 
L I G H l - E M I T T I N G  - " 
OUaNTUM E F F I C I E N -  " 
S I L I C O N  - - - - - " 

December 1979 

P R I M A R Y  TERM PAGE 
CO--TERM NO. - - - 

A L U M I N U M  BROMIOE 
A R C M A T I C  HYOROCA.>I474 
C Y C L I C  VOLTAMMET. * 
P O T A S S I U M  M O M  I O E  " 
S U R F A C E  PROCESSES - 

A L U M I N U M  C U L O R I O E  
C O N D U C T I V I T Y  - - > I 6 4 4  - - > I 6 5 0  
C V O  - - - - - - - > I 6 0 1  
D E N S I T Y  - - - - - 1 6 4 4  
F U S E 0  S U T  - - - " - - - 1 6 5 0  
G A W L I N I U M  C K O R .  1 6 0 1  
GASEOUS COMPLEX - * 
H A L I D E  - - - - - 1 6 4 4  
I R O N  C H L O R I O E  - - 1 6 0 1  
LI T n l u M  CHLORIDE 1650 
N - A L K Y L P Y R I O I N I U *  1 6 4 4  
TRANSPORT - - - - * 
V I S C O S I T Y  - - - - " 

A L u M r N u n  COVERAGE 
ARGON - - - - - - > I 3 3 5  
CVO - - - - - - - . 
E V A P O R A T I O N - - -  " 
I N S U L A T I O N  - - - " 
P O L V S I L I C O N  - - - - 
P R E S S U R E  V A R I A T I .  * 
S I L I C O N  O I O X l O E  - " 

A L U M I N U M  O I F F U S I .  
M A S K I N G  STRUCTURE> 2 9 2  
P L A N A R  G A L L I U M  - " 
S I L I C O N - - - - -  " 

ALUMINUM F L U O R I D E  
O E F E C T  I N T E R A C T I . > 1 3 8 5  
F L U O R I T E  - - - - " 
I O N I C  C O N O U C T I V I .  " 
I O N I C  M O T I O N  - - * 
L E A 0  - - - - - -  " 
S O L I D  E L E C T R O L Y T E  

A L U M I N U M  O X I D E  
A L U M I N U M  POWOER - > I 3 0 4  
C O M P O S I T E  SYSTEM - 
0 1  SOROEREO SYSTEM ' 

A L U M I N U M  P I T T I N G  
C H L O R I O E  P I T T I N G  > I 8 5 5  
COMPLEX I O N  - - - * 
P I T  I N I T I A T I O N  - " 

A L U U I N U M  POWOER 
A L U M I N U M  O X I O E  - > I 3 0 4  
C O M P O S I T E  SYSTEM " 
0 1  SOROEREO S Y S T E M  " 
L I T n I u M  - - - - ->less 
M E T A L  S U L F I D E  - - " 
N E G A T I V E  ELECTRO. " 
POWOER E L E C T R O D E  " 
RECHARGEABLE C E L L  " 

A L U M I N U M  S O L U B I L -  
B A R I U M  T I T W A T E  -> 1 6 5  
C O N O U C T I V I T Y  - - " 
T H E R M I S T O R  - - - " 

AMALGAM CORROSION 
C A P I L L A R Y  PORE -> 9 0 3  
C R E V I C E  C O R R O S I O N  " 
D E N T A L  AMALGAM - " 

A M B I E N T  PRESSURE 
C A R B O N  - - - - - > I 4 2 2  
CARBON MONOXIDE - " 
E O U I L I B R I U M  - - - " 
OXYGEN - - - - - " 
S I L I C O N  - - - - - " 

AMMONIA 
B R E A T H  T E S T  - - -> 8 8 3  
C L E A N I N G  - - - - " 
HYDROGEN P E R O X I D E  9 

P H O T O R E S I S T  F I L M  " 
S T R I P P I N G  - - - - * 
WAFER SURFACE - - " 

AMMONIA G A S  
D I E L E C T R I C  F I L M  -> 9 9 6  
D X I O A T I O N  R E S I S T .  - 
S I L I C O N  O X Y N I T R I .  " 
THERMAL N I T R I D A T .  * 

AMMONIACAL SCLUT. 
COPPER Z I N C  - - - > I 2 9 9  
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P R I M A R Y  TERM P A  GE 
CO--TERM NO- 

A M M O N I A C A L  SOLUT-  (CONTO) 
D E Z I N C I F I C A T I O N  - 1 2 9 9  
STRESS CORROSION ** 

AMMONIUM CICHROM. 
L U M I N E S C E N C E  - - > I 9 7 5  
O X I O A T I O N  - - - - " 
PHCSPHCR LUMINES.  " 
THERMAL OECOWOS. " 
Z I N C  S U L F I D E  - - " 

AMORPHOUS SEMICO.  
D E P O S I T I O N  - - -> 6 8 8  
HYDROGEN CONTENT " 
MASS SPECTROMETRY " 
P H O T O V C L T A I C  PRO. " 
S I L I C O N  - - - - - " 

AMORPHOUS S I L I C O N  
ARGON - - - - - - > I 2 4 7  
E P I T A X I A L  GROWTH " 
KRYPTON - - - - - " 

NEON - - - - - -  " 

A N A L Y T I C  S O L U T I O N  
F O U R I E R  A N A L Y S I S  > 2 0 8 1  
L I N E A R  P W A R I Z A T .  " 
P A S S I V E  F I L M  - - " 
P O T E N T I A L  O I S T R I .  " 
SCRATCH - - - - 2 " 

ANGLE L A P P I N G  
I O N  I M P L A N T A T I O N  > I 9 8 2  
J U N C T I O N  D E P T H  - " 
S T A I N I h G  - - - - " 

A N I O N  I N F L U E N C E  
E L E C T R O C A T A L Y S I S  > 2 1 4 0  
E L E C T R O S O R P T I O N  - " 
HYOROGEN MONOLAY. " 
OXYGEN MONOLAVER 
P L A T I N U M  - - - - " 
S U L F U R I C  A C I O  - - .. 

ANNEAL 
C H A N N E L I N G  - - -> 2 7 7  
CHROMIUM - - - - " 
D I F F R A C T I O N  - - - " 

E P I T A X I A L  R E L A T I .  " 
P L A T I N U M  - - - - " 
S A P P H I R E  - - - - 0, 

A N N E A L I N G  
C-V C U R V E  - - - - > I 0 7 8  
C A D M I U M  T E L L U R I D E >  8 0 9  
C A P A C I T I N C E  - - - > I 7 3 1  
CHARGE D E N S I T Y  - > I 5 7 3  
CORONA CHARGING - 1 0 7 8  
D E F E C T  ISOTNERM - 8 0 9  
D E P T H  P R O F I L E  - - > I 7 3 7  
E L E C T R O h  MICROSC. 8 0 9  
G A L S  - - - - - - 1 7 3 7  

H I G H  TEMPERATURE 1 7 3 1  
H Y D R O G E N A T I O N  - - > I 7 5 0  
I N T E R F A C E  S T A T E  - 1 5 7 3  
L A T T I C E  O E F E C T  - 8 0 9  
O X I D E  - - - - - - 1 7 3 7  
O X I D E  F I L M  GROWTH 1 7 3 1  
PHOSPHORUS O W I N G  1 0 7 8  
P L A S M A  D E P O S I T I O N  1 7 5 0  
R E O X I D A T I O N  - - - 1 7 3 1  
S I L I C O N  O I O X I O E  - 1 0 7 8  - 1 5 7 3  
S I L I C O N  N I T R I D E  - 1 7 5 0  
S I L I C O N  O X I D E  - - 1 7 3 1  
THERMAL O X I D A T I O N  1 5 7 3  
T I T A N I U M  D I O X I D E  1 7 3 1  
T R A P P I N G  D E N S I T Y  1 0 7 8  
X P S  - - - - - - - 1 7 3 7  

ANODE 
CONSTANT CURRENT > 5 5 5  
CONSTANT P O T E N T  I .> 3 6 0  

CORROSION - - - - 
CRYSTAL G R o u T n  - 
C V C L I C  CORROSION > 
D E E P  D I S C H A R G E  - 
E L E C T R C C X I O A T ~ O N  > 
I R O N  O X I O E  - - -> 
L E A 0  A C I D  B A T T E R Y  

L E A D  O I O X I O E  - - 
L I G H T  EFFECT - - 
O X I D E  F I L M  GROWTH 
P H  DEPENDENT - - 
P H O S P H C f i I C  A C I O  - 

JOURNAL ART 

P R I M I R I  TERM P A G E  
CO-TERM NO- 

A M O E  ( C O N 1 0 1  
P H O T O C D N O U C T I V I T Y  9 7 2  
PHOTOCURRENT - - 4 1 9  
P L A T I N U M  - - - - 555 
SEMICONDUCTOR - - 4 1 9  
T H I O C Y A N A T E  - - - 9 7 2  

ANODE M A T E R I A L  
L I T H I U M  BORON - -> 8 6 6  
MOLTEN S A L T  8ATT.  - 
THERMAL A N A L Y S I S  " 

ANODE MECHANISM 
C A L C I U M  A N I D E  - -> 1 7 6  
F U S E D  S A L T  - - - '. 
L I T H I U M  C H L O R I D E  " 
OVERVOLTAGE - - - " 
THERMAL B A T T E R Y  - " 

A N O D I C  
B L E A C H I N G  - - - - > 2 1 7 1  
C O L O R A T I O N  - - - " 

CORROSION S T A B I L .  * 
ELECTROCld2OMISM - " 
I R I D I U M  O X I D E  - - " 
M E C H A N I S M  - - - - " 

A N O D I C  A C T I V A T I O N  
AUGER SPECTROSUI.> 7 8  
E L E C T R O C A T A L Y S I S  " 
OXYGEN R E O U C T I O N  " 
P L A T I N U M  - - - -  " 
S I  NGLE C R Y S T A L  - " 
STRUCTURE S E N S I T .  " 

A N O D I C  B E H A V I O R  
A L U M I N U M  - - - - > I 6 5 9  
C H L O R I D E  I O N  - - " 
N I T R A T E  I O N  - - - " 

P A S S I V I T Y  - - - - " 
P I T T I N G  P O T E N T I A L  " 

A N O D I C  C O R R O S I W  
E U T E C T l C  - - - - > I 0 8 7  - - - - > I 0 9 3  
F U S E 0  S A L T  - - - 1 0 8 7  - - -  1 0 9 3  
L I T H I U M  C H L O R I D E  1 0 8 7  

1 0 9 3  
P O T A S S I U M  C K O R I .  1 0 8 7  

1 0 9 3  
S U L F I D A T I O N  - - - " 
VOLTAMMETRY - - - 1 0 8 7  - - -  1 0 9 3  

A N O D I C  D I S C H A R G E  
F E L T M E T A L  - - - -> 9 9 3  
L I T H I U M  BORON - - * 
M O L T E N  S A L T  - - - .. 
V O L T A G E  R E W L A T I .  * 

r m o l c  OI~SOLUTI. 
A C I O  S U L F A T E  - -> 9 5  
A C I D I C  C P L O R I O E  - > I 6 6 6  
A C I D I C  S U L F A T E  - > 2 0 6 4  
C H L O R I D E  S O L U T I O N  " 
COPPER - - - - - 1 6 6 6  
C O R R O S I O N  - - - - 0, - - - -  2 0 6 4  
C O E R O S I O N  R A T E  - 9 5  
OEOXYGENATEO SOL. 2 0 6 4  
0 1 S S O L U T 1 0 N  K I N E .  1 6 6 6  
GOLD - - - - - - 9 5  
I R O N  - - - - - - > 2 1 5 O  
OXYGEN E V O L U T I O N  9 5  
P A S S I V A T I O N  - - - 2 0 6 4  
p H  - - - - - - - 9 5  
P O T E N T I A L  O I S T R I .  2 1 5 0  
S U L F U R I C  A C I D  - - " 
T I T A N I U M  - - - - 2 0 6 4  

ANOOIC F I L M  
A L U M I N U M  - - - - > 2 0 4 2  
A N C O I C  C X I O E  - - > I 3 7 0  
B L E A C H I N G  - - - -> 7 4 2  
C O B A L T  S U L F A T E  -> 7 2 5  
C O L O R A T I O N  - - - 7 4 2  
C O R R O S I O N  S T A B I L .  " 
D E P T H  P R O F I L E  - - 1 3 7 0  
ELECTROCHROMI SM - 7 4 2  
F I L M  F O R M A T I O N  - 2 0 4 2  
GAAS - - - - - - 1 3 7 0  
G R I D  CORROSION - 7 2 5  
I R I D I U M  O X I D E  - - 7 4 2  
L E A D  A C I D  BATTERY 7 2 5  
P A S S I V A T I O N  - - - 1 3 7 0  

'ICLE SUBJECT INDEX 

P r l I M I R V  TERM PAGE 
CO-TERM NO. ---- -- 

A N O D I C  F I L M  (COHTOI  
S I L V E R  O X I O E  - - 7 2 5  
X P S  - - - - - - - 1 3 7 0  

A N O D I C  F O R M A T I O N  
C O M P O S I T I O N  - - - > 2 1 6 7  
I R O N  O X I D E  F I L M  - - 

A N O D I C  O X I D A T I O N  
BANDGAP S H I F T  - - > I 5 9 2  
BORATE EUFFER - -> 1 8 7  - -> + 4 2  
CADMIUM T E L L W I D E >  7 6 8  
C A R R I E R  CONCENTR.> 1 1 8  
C O B A L T  D I O X I D E  - 1 8 7  
C O M P O S I T I O N  - - - 4 4 2  
C O N S T A L T  VOLTAGE > 8 9  
COPPER D O P I N G  - - 1 5 9 2  
CURRENT D E N S I T Y  - > I 2 6 8  

- > I 5 4 3  
D I A B E T E S  - - - -> 4 3  
D I a E C T R I C S  - - - > I 3 7 4  
ELECTROCHROMISM -> 5 8 3  

- > P I 3 3  
E L L I P S C M E T R Y  - - 1 3 7 4  
F I L M  GRCWTH - - -> 4 7 0  
F I L M  STRUCTURE - 5 8 3  
F L A O E  P C T E N T I A L  - 4 7 0  
G A A S  - - - - - - 1 2 6 8  

- - - - - - 1 5 4 3  

GLUCOSE SENSOR - 4 3  
- > I 6 8 7  

H A L L  D A T A  - - - - 1 1 8  
I M P L A N T A T I O N  - - 4 3  
I N D I U M  P M l S P H I O E  I 1 8  
I N H I B I T I O N  - - - 1 6 8 7  
I O N  I M P L A N T A T I O N  1 1 8  
I O N  S C A T T E R I N G  - 1 5 4 3  
I R O N  O X I D E  F I L M  - 4 4 2  
UREdS-RINGER - - 4 3  - - 1 6 8 7  
L I N E A R  P O T E N T I A L  4 3  
MERCURY - - - - - 7 6 8  
MOSSBAUER SPECTR. 1 8 7  
N A T I V E  O X I D E  - - 7 6 8  
N I C K E L  - - - - - 4 7 0  
N I O B I U M  - - - - - 1 3 7 4  
OPEN C I R C U I T  - - " 
O P T I C A L  PROPERTY 1 5 9 2  
P A R A B O L I C  GROWTH 8 9  
P A S S I V A T I O N  T I N E  1 2 6 8  
P A S S I V E  F I L M  - - 4 4 2  
PHOTOELECTROCHEM. 2 1 3 3  
P L A T I N U M  ELECTRO. 4 3  

1 8 7  
1 6 8 7  

R E A C T I C L  R A T E  - - 5 8 3  
S I L I C O h  - - - - - 8 9  
S U L F U R I C  A C I O  - - 4 7 0  
T A F E L  SLOPE - - - 1 3 7 4  
T E L L U R I U M  D I O X I O E  7 6 8  
THERMAL O X I O A T I O N  2 1 3 3  
T I T A N I U M  D I O X I D E  1 5 9 2  
T R A N S I E N T  A N A L I S .  1 3 7 4  
T U N G S T E L  - - - - " 
TUNGSTEN T R I O X I D E  5 8 3  

2 1 1 3  
UREA - - - - - - 1 6 8 7  
VACUUM EVAPORATI .  5 8 3  

A N O D I C  O X I D E  
A N O D I C  F I L M  - - - > I 3 7 0  
D E P T H  P K O F I L E  - - " 
E L L I P S G M E T R Y  - -> 9 8 6  
GAAS - - - - - - I 3 7 0  
P A S S I V A T I O N  - - - " 
SUBSTRATE CONSTA. 9 8 6  
T I T A N I U M  - - - - " 
X P S -  - - - - -  - 1 3 7 0  

A N O D I C  O X I O E  F I L M  
A D H E S I O N  - - - -> 6 2 4  
D I E L E C T R I C S  - - -> 7 6 6  
D U C T I L I T Y  - - - - 6 2 4  
F R A C T U R E  - - - - " 
I O N I C  CONDUCTION 7 6 5  

> I 9 7 2  
S E L F  D I S C H A R G E  - " 
T A N T A L U M  - - - - 6 2 4  
T A N T A L U M  P E N T O X I  7 6 5  

A N O D I C  S T A B I L I T Y  
C O L D - R O L L E D  STEEL> 5 0 7  
C O R R D S I C N  R E S I S T .  - 
H E X A F L b C R C A R Y N A .  " 
L I T H I U M  - - - - - " 
L I T H I U M  B A T T E R Y  - " 

xiii 

P R I M A R Y  TERM P A G E  
C O - T ~ R M  NO. 

A N O O I C  S T A B I L I T Y  (CONTO) 
T A N T A L U M  - - - - 5 0 7  
TETRAHYDROFURAM - " 

A N I D I C  Z I N C  O X I O E  
C R Y S T A L L I T E  GROW.>1914 
N U a E A T I O N  - - - " 
S O L U T I O N  P R E C I P I -  " 
Z I N C  O X I O E  F I L M  - " 

A N O O I Z A T I O N  
ALUMINUM - - - -> 7 7 9  - - - - > I 5 4 8  
B I S M U T H  T R I T E L L U . > l l 9 1  
C I R C U I T  - - - - - > I 7 1 8  
C O N D U C T I O N  - - -> 8 0 3  
CORROSION - - - - 1 7 1 8  
D E N D R I T E  - - - - * 
E L L I P S O M E T R Y  - - 1 1 9 1  
F I L M  F O R M A T I O N  - 1 7 1 8  
G A L L I U M  S E L E N I D E  1 1 9 1  
GOLD M E T A L L I Z A T I -  1 7 1 8  
IMPEDENCE - - - - 7 7 9  
X E I L  SALOMGN - -> 5 4 4  
L A Y E R  P E R I O D I C I T V  1191 
L A Y E R E D  SEMICOND- " 
OXYGEN I S O T O P E  - 5 4 4  
R E D U C T I O N  - - - - 8 0 3  
R E L A X A T I O N  T I M E  - 7 7 9  
S I L V E R  BROMIDE - 8 0 3  
S T C I C H I G M E T R Y  - - 7 7 9  
T U N N E L I N G  - - - - 1 5 4 8  
V A N A D I U M  - - - - 5 4 4  
VAPOR I N F U S I O N  - 1 5 4 8  
WATER - - - - - - 1 7 1 8  

ANTIMONY 
ALUMINUM - - - - > I 9 9 2  
L R V S T A L  GROWTH -> 8 7 5  
C Z O C H R A L S X I  - - - * 
DOPED M E L T  - - - " 
D T A  - - - - - - - 1 9 9 2  
G A L L I U M  - - - - - " 
I N S T A B I L I T Y  - - - 8 7 5  
L I O U I O  A S S O C I A T I .  1 9 9 2  
MORPHOLOGY - - - 8 7 5  
P H A S E  D I A G R A M  - - 1 9 9 2  
S I L I C O N  C R Y S T A L  - 8 7 5  
TERNARY P H A S E  - - 1 9 9 2  

A N T I  MONV EVAPORA. 
A R S E N I C  - - - - - > I 7 6 1  
D O P I N G  - - - - -  " 
E P I T A X Y  - - - - - " 
I O N  I M P L A N T A T I O N  " 
MOLECULAR BEAM - " 
S I L I C O N  - - - - - " 
U L T R A H I G H  VACUUM " 

A P P L I C A T I O N  
F U E L  C E L L  - - - -> 7 C  
H I  STORY - - - - - " 

A P P L I E D  P O L A R I Z A .  
COPPER Z I N C  - - - 5 2 0 5 7  
E L E C T R O D E  POTENT. " 
G A L V A N I C  CORROSI .  " 
N U M E R I C A L  ANALVS. " 
S O L U T I O N  D E P T H  - - 

A P R O T I C  SOLVENT 
C H E M I L U M I N E S C E N C E >  4 1 4  
ELECTROGENERATEO " 
ENERGY C O N V E R S I O N  " 
PHOTOINOUCEO - - * 
SEMICONDUCTOR - - * 
V P  C O N V E R S I O N  - - , " 

A W E O U S  B A S E  
O X I D A T I O N  - - - -> 9 8 3  
P-HIOROXYBENZALD. - 
S T E E L  ANODE - - - " 
S T E R E O S E L E C T I V I T Y  " 

AOUEOUS ELECTROL.  
DARK P O T E N T I A L  - > I 8 6 8  
F L A T B A N O  P O T E N T I .  " 
GROUP I I - V I  COMP. " 

I O D I N E  D O P I N G  - - " 
L I G H T  ADSORPTION - 
O P T I C A L  ABSORPTI .  - 
Z I N C  S E L E N I D E  - - " 

AOUEOUS M E D I A  
CONDUCTING ELECT.>205C 
O R G A N O M E T A L L I C S  - " 
SEMICONDUCTOR - - " 



xiv JOU 

P R I M A R Y  TERM PAGE 
CD-TERM NO. -- - 

A O U E W S  C X I O A T I O N  
I N C O N N E L  6 0 0  - -> 7 5 0  
NUCLEAR REACTOR - " 
xps - - - - - - -  " 

AOUEOUS S O L U T I O N  
ALUMINUM - - - -> 1 9 9  
E T C H I N G  - - - - - > I 4 0 6  
E T U Y L E N E O I A M I N E  - " 
H V D R I D E  FORM - - 1 9 9  
p H  - - - - - - -  * 
P O T E N T I A L  - - - - " 
PVROCATECHOL - - 1 4 0 6  
S A L T  S O L U T I O N  - - 1 9 9  
S I L I C O N  - - - - - 1 4 0 6  

AOUEOUS SYSTEM 
n I G n  TEMPERATURE > 9 0 8  
REFERENCE ELECTR. " 
THERMAL C E L L  - - - 

ARC P L A S M b  SPRAY. 
C E R A M I C S  - - - -> 8 3  
P H O T O E L E C T R O L Y S I S  " 
R U T I L E  ANODE - - * 
T I T A N I U M  D l O X I O E  " 

ARGON 
ALUMINUM C O V E R A G E > l 3 3 5  
AMORPHOUS S I L L  C O N > 1 2 4 7  
CVO - - - - - - - 1 3 3 5  
E P I T A X I A L  GROUTH 1 2 4 7  
E V A P O R A T I O N  - - - 1 3 3 5  
I N S U L A T I O N  - - - " 

K R Y P T O N  - - - - - 1 2 4 7  
NECN - - - - - -  " 
P O L V S I L I C O N  - - - 1 3 3 5  
PRESSURE V A R I A T I .  
S I L I C O h  O I O X I O E  - " 

AROMATIC CYMIOCA-  
A L U M I N U M  B R O M I D E  > I 4 7 4  
C Y C L I C  VOLTAMMET- " 
P O T A S S I U M  B R O M I D E  * 
SURFACE PROCESSES " 

A R S E N I C  
A N T I M O N V  EVAPORA.>I761 
O O P I N G  - - - - - " 
E P l T A X Y - - - - -  " 
I O N  I M P L A N T A T I O N  
MOLECULAR BEAM - " 
S I L I C O h  - - - - - " 
U L T R A H I G H  VACUUY " 

A R S E N I C  O E S J R P T I .  
AUTODOPING - - -> 8 2 2  
E P I T A X I A L  GROWTH " 

S I L A N E  - - - - - " 
S I L I C O h  - - - - - " 

A R S E N I C  O O P I N G  
C O N O L K T I V I T V  - - > I 4 3 4  
CVO - - - - - - -  " 
O X I D E F I L M  - - -  " 
T I N  O X I O E  - - - - " 

A R S E N I C  FWESSURE 
C A P L E S S  A N N E K  - > I 9 9 7  
GAAS - - - - - - ,# 

I O N  I M P L A N T A T I O N  " 

A R S I N E  G A S  
D E V I C E  C U A L I T V  -> 3 0 0  
E P I T A X V  - - - - - " 
GAAS - - - - - -  " 
GERMANIUM - - - - " 

M O L V B O E W M  - - - " 
T R I * E T H V L G A L L I U M  " 

ATMOSPHERE 
O O P I N G  - - - - - > I 7 8 5  
HELIUM-UVOROGEN - * 
H E T E R O E P I T A X Y  - - s* 

S I L I C O N  GROWTH - - 
ATMOSPHERIC CORR. 

F A B R I C A T I O N  METH.> l533 
O X I O A T I O N  - - - - " 
PERMALLCV F I L M  - " 

ATMOSPHERIC EFFE. 
C O B A L T  - - - - - > I 4 5 9  
CORROSION - - - - - 
OXYHYOCCXIOE - - " 

YAL OF THE ELECTROCHE 

P R I M A R Y  TERM PAGE 
CO-TERM NO. -- -- 

A T O M I C  A B S O R P T I O N  
G A A S  C R V S T U  - - > I 9 8 8  
SPECTROSCOPY - - " 
T R A C E  ELEMENT - - " 
ZEEMAN TECHNIOUE " 

AUGER SPECTROSCO. 
A N O D I C  A C T I V A T I O N >  7 8  
BORON D I F F U S I O N  - > I 8 0 5  
BDEDN N I T R I D E  - - " 
BORON R I C H  L A Y E R  " 
CADMIUM S E L E N I O E  > 9 4 9  
CAOMIUM S U L F I D E  - " 
CORROSION - - - -> 5 4 7  
CVO - - - - - - - > I 7 6 6  
O E P T H  P R O F I L E  - - 1 8 0 s  
E L E C T R O C A T A L V S I S  > 6 7  

7 8  
E L E C T R O N  OIFFRAC.  6 7  
E L L I P S O M E T R V  - -> 4 5 0  
ENERGY C O N V E R S I O N  9 4 9  
G A A S  - - - - - - 4 5 0  
UVCROGEN ABSORPT. 6 7  
HYOROGEN I N J E C T I .  1 8 0 5  
I N  S I T U  - - - - - 4 5 0  
I O N  I M P L A N T A T I O N  > 9 8  
[ R O N  - - - - - - 5 4 7  

L E E 0  - - - - - - 4 5 0  
O X I O A T I O N  - - - - 5 4 7  
OXYGEN CONCENTRA. 1 7 6 6  
OXYGEN R E D U C T I O N  7 8  
P A L L A O I U M  - - - - 5 4 7  
P A S S I V E  O X I O E  - - " 

P H O T O E L E C T R I  C I  TV 9 4 9  
P L A T I N U M  - - - -  6 7  - - - -  7 8  

P O L V S I L I C O N  - - - 1 7 6 6  
RHEEO - - - - - - 4 5 0  
SEMICONDUCTOR - - 9 4 9  
S E M I  I N S U L A T I O N  - 1 7 6 6  
S I L I C O N  - - - - - 1 8 0 5  
S I N G L E  C R V S T I L  - 6 7  - 7 8  
STRUCTURE SENSIT.  6 7  

7 8  
SURFACE A N U V S I S  4 5 0  
SURFACE CONTAMIN. 9 8  
T H I N  F I L M  - - - - 6 4 7  
V P E  - - - - - - - 4 5 0  
xps - - - - - - - 5 4 7  - - - - - - - 9 4 9  - - - - - - - 1 7 6 6  

A U S T E N T I C  
CORROSION - - - -> 3 7 e  
D U P L E X  3 0 8  - - - " 
INTERGRANULAR - - *, 
MICROSTRUCTURE - " 
P H A S E  TRANSFORMA. * 
P I T T I N G  - - - - - " 
S T A I N L E S S  S T E E L  - " 

A U T O M P I N G  
ARSENIC OESORPTI.> a 2 2  
E P I T A X I A L  GROYTH * 
S I L A N E  - - - - -  " 
S I L I C O N  - - - - - " 

B A C K S C A T T E R I  NG 
A C T I V A T O R  - - - - > I 6 7 1  
E L E C T R O L E S S  - - - " 
G L A S S  SUBSTRATE - " 
M E T A L  D E P O S I T I O N  " 
P A L L A O I U M  - - - - * 

BANOGAP S H I F T  
A N O U I C  O X I D A T I O N  > I S 9 2  
COPPER O O P I N G  - - " 
O P T I C A L  PROPERTY " 
T I T A N I U M  O I O X I O E  " 

B A R I U M  C K O R O S I L .  
E U R O P I U M  - - - - > I 7 3 4  
H I G H  QUENCHING - " 
PHOSPHORS - - - - " 
PHOTOLUMINESCENCE " 
TEMPERATURE - - - " 

B A R 1  UM F L U O R I O E  
E L E C T R O N I C  CONOU.>2023 
S O L I O  E L E C T R O L V T E  " 

B A R I U M  F L U O R I T E  
C A L C I U M  F L U O R I T E  > 6 6 7  
C E S I U M  F L U O R I T E  - * 
D E F E C T  I N T E R A C T I .  " 
I O N I C  C O N D U C T I V I .  " 

lMICAL SOCIETY 

PU IMARY TERM PAGE 
CO-TERM NO. 

--- - 
B A R I U M  F L U O R I T E  (CONTO) 

S O L I O  S C L U T I C U  - 6 6 7  
S T R O N T I U M  F L U O R I .  " 

U R A N I U M  F L U O R I T E  * 

B A R I U M  T I T A N A T E  
ALUMINUM SOLUBIL.> 1 6 5  
C O N D L K I I V I T Y  - -  * 
THERMISTOR - - - * 

B A T T E R Y  
ABUSE TOLERANCE ' - > I 6 3 7  
O T A  - - - - - - -  " 

L I T H I U M  2 - - - - " 
SULFUR O I d X I O E  - " 

B E N Z U  C U L O R I O E  
CARBON O I O X I O E  -> 4 0 1  
O I M E T U V L F O R M A M I D E  " 
R E O U C T I G N  MECHAN. " 

B E R Y L L I U M  W P I N G  
P H O T O E L E C T R O L Y S I S > Z O 0 7  
QUANTUM E F F I C I E N .  " 
T I T A N I U M  O I O X I O E  ' 
I A T E R  G X I O A T I O N  - " 

B E T A - I L U M I N A  
C E L L  MEWBRANE - - > I 4 5 1  
ELECTRODE SHAPE - " 
F A I L U R E  A N A L Y S I S  " 
MONOCRYSTAL - - - > I 5 1 3  
R A D I O C H E M I S T R Y  - - 
S O D I U M  SULFUR - - 1 4 5 1  
SOOIUM-22 L A B E L  - 1 5 1 3  

B I R G E - S P C L E R  
O I S S O C I A T I O N  - - > I 3 9 6  
MET& H A L I D E  GAS " 
MODEL C A L C U L A T I O N  " 
THERMOCHEMISTRY - " 

B I S A Z I O E  E E S I S T  
C R O S S L I N K I N G  - -> 2 7 3  
P H O T O R E S I S T  SYST. " 
R E C I P R O C I T Y  F A I L .  *o 

B I S M U T H  T E I T E L L U .  
A N O O I Z A T I O N  - - - > I 1 9 1  
E L L I P S G M E T R Y  - - * 
G A L L I U M  S E L E N I D E  " 

L A V E R  P E R I O D I C I T Y  " 
L A Y E R E D  SEMICOND- ' 

B I S U L F A T E  CATALY. 
CATHODE F I L M  - -> 1 9 0  
CHROMIUM - - - - " 
E L E C T R O O E P O S I T I O N  " 
POLVCHRCUATE - - " 

B I T H I A Z O L E  
B L E O M V C I N  - - - ->PO91 
C Y C L I C  VOLTAMMET. ' 

M E T A L  CCMPLEX - - " 
POLAROGEAPHV - - " 
P Y R I M I C I N E  - - - " 
REDOX - - - - - - " 
T A L L Y S C U Y C I N  - - " 

B L E A C H I N G  
A N O D I C  - - - - - > Z I T I  
A N O D I C  F I L M  - - -> 7 4 2  
C O L O R A T I O N  - - - " - - - 2 1 7 1  -. . 
C O R R O S I C N  S T A 8 I L .  7 4 2  

2 1 7 1  -. - 
ELECTRCCPROM I S M  - 7 4 2  - 2 1 7 1  
I R I D I U M  O X I D E  - - 7 4 2  - - 2 1 7 1  
M E C H A N I S M  - - - - " 
p H  - - - - - - -  " 

B L E O M Y C I N  
B l T H l A Z O L E  - - - > 2 0 9 1  
C Y C L I C  VOLTAMMET. 
M E T A L  COMPLEX - - " 
POLARGGEAPHV - - " 
P Y R I M I D I N E  - - - " 
REDOX - - - - - - ., 
T A L L Y S C M Y C I N  - - " 

B L U E  L I G H T  EMISS.  
G A L L I U M  - - - - -> 3 4 1  
L U M I N E S C E N C E  - - " 

S O L U T I C L  GROWTH - a* 

Z I N C  S E L E N I D E  - - sw 

December 1979 

P R I M A R V  TERM PAGE 
CO-TERM NO. -- - 

BORATE B U F F E R  
A N O D I C  O X l O A T l O N  > 1 8 7  

> 4 4 2  
C O B A L T  D I O X I D E  - 1 8 7  
C O M P O S I T I O N  - - - 4 4 2  
I R O N  O X I O E  F I L M  - ' 
MOSSBAUER SPECTR. 1 8 7  
P A S S I V E  F I L M  - - 4 4 2  
P L A T I N U M  ELECTRO. 1 8 7  

BORON D I F F U S I O N  
AUGER SPECTROSCO-> 1 
BORON N I T R I D E  - - 
BORON R I C H  L A V E R  
D E P T H  P R O F I L E  - - 
HYDROGEN I N J E C T I .  
S I L I C O N  - - - - - 

BORON D O P I N G  
C V D  - - - - - - -> 
D E P O S I T I O N  - - - 
D I E L E C T R I C S  - - - 
J O P A N T  O I S T R I B U T . >  
E T C H I N G  - - - - -> 
L P E  - - - - - - - 
M E L T B A C K  - - - - 
PHOSPHORUS O O P I N G  
S I L I C O N  - - - - - - - - - -  
S I L I C O h  D I O X I D E  - 
S O D I U M  H V O R O X I O E  

BORON G E T T E R I N G  
L S 1  D E V I C E  - - - > I 7 5 4  
O X Y C U L O R I O E  - - - " 
P n o s P n o R u s  - - - " 
P I P E  Y I E L D  - - - * 
S I L I C O N  - - - - - " 

BORON N I T R I D E  
AUGER SPECTROSCO.>1805 
BORON D I F F U S I O N  - " 
BORON R I C H  L A Y E R  " 
C V O  - - - - - - - > I 9 5 1  
D E P T H  PROFILE - - 1 8 0 s  
GROWTH PARAMETER 1 9 5 1  
HYDROGEN I N J E C T I .  1 8 0 5  
PHOSPHOR O O P I N G  - 1 9 5 1  
S I L I C O N  - - - - - 1 8 0 5  

BORON R E O I S T R I B U .  
D I F F U S I O N  MODEL ->ZOO1 
T H E R M N  O X I D A T I O N  " 

BORON R I C H  LAYER 
AUGER SPECTROSCO->1805 
BORON D I F F U S I O N  - " 
BORON N I T R I D E  - - " 
D E P T H  P R O F I L E  - - " 

HYDROGEN I N J E C T I .  " 
S I L I C O N  - - - - - " 

B R E A T H  T E S T  
AMMONIA - - - - -> 
C L E A N I N G  - - - - 
HVORGGEN P E R O X I D E  
P H O T O R E S I S T  F I L M  
S T R I P P I N G  - - - - 
U A F E R  SURFACE - - 

B R O M I N E  D I F F U S I O N  
D I F F U S I O N  COEFFI.> 
I O N  EXCHANGE - - 
N A F I  ON MEMBRANE - 

B U B B L E  DYNAM l C S  
A L L O Y  - - - - - -> 
A L U M I N U M  - - - - 
E L E C T R O P O L I S H I N G  
GA SEOUS D l  SCHARGE 
GROOVE S P A C I N G  - 
N I C K E L  - - - - -  
S U R F A C E  MORPHOLO. 

B U F F E R  C A P A C I T Y  
CURRENT E F F I C I E N . > 1 8 6 1  
E L E C T R O O E P O S I T I O N  " 
UYOROGEN E M L U T I .  " 
N I C K E L I R O N A L L O Y  " 

B U K  P H A S E  
EMF - - - - - - - > I 4 6 7  
M O L T E N  S A L T  - - - " 
S I L V E R C K O R I O E -  " 
S O D I U M  C H L O R I D E  - " 
SURFACE T E N S I O N  - " 
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P R I M A R Y  TERM P A G E  
CO-TERM NO. - 

C-V C U R V E  
A N N E A L I N G  - - - - > I 0 7 8  
CORONA CHARGING - " 
PHOSPHORUS D O P I N G  " 
S l L I C O N  O l O X I O E  - ' 
T R A P P I N G  D E N S I T Y  " 

C A D M I U M  H A L I D E  
CRYSTALLOGRAPHY -> 3 2 5  
D I F F R A C T I O N  - - - " 
M I X E D  C R Y S T A L S  - " 

P O L Y T Y P I S M  - - - " 
VAPOR GROWN - - - * 

P R I M A R Y  TERM PAGE 
CO-TERM NO. - - 

P R I M A R Y  TERM P A G E  
CO-TERM NO. ---- - 

P R I M A R Y  TERM P A G E  
CO-TERM NO. -- - 

C A P A C I T X  CCONTO) 
L I T H I U M  B A T T E R Y  - 5 2 3  
O R G A N I C  ELECTROL. " 
R A T E  C A P A B I L I T Y  - " 
SECONDARY B A T T E R Y  " 
SYSTEM S T A B I L I T Y  " 
TETRAHYOROFURAN - " 

C A R B O X Y L A T I O N  CCONTOI 
S Y N T H E S I S  - - - - 4 0 4  
T A R T R O N I C  A C I D  - " 

CATHOLYTE I C O N T O )  
O P E N  P A N  STUOY - 1 4 9 6  
R E O U C T I O N  - - - - " 
THERMAL B A T T E R Y  - * 

C A R R I E R  CONCENTR. 
A N O D I C  O X I O A T I O N  > 
C E R I U M  O I O X I O E  -> 
D O P I N G  - - - - - 
EL~CTRICAL CONOU. 
H A L L  D A T A  - - - - 
r N o r u v  PMSPHIDE 
I O N  I M P L ? N T A T I O N  
1R A B S O R P T I O N  - -> 
N I O B I U M  P E N T O X I O E  
SEMICONDUCTOR - - 
S I L I C O N  - - - - - 

C A T I O N  A B S O R P T I O N  
ENERGY CONVERSION> 9 5 4  
PHOTOANOOE - - - " 
PHOTOELECTROCHEM'. * 
R U T H E N I U M  - - - - " 
SOLAR C E L L  - - - * 
SURFACE TREATMENT " 

C A P I L L A R Y  PORE 
AMALGAM CORROSION> 9 0 3  
C R E V I C E  CORROSION " 
D E N T A L  AMALGAM - " 

C A P L E S S  A N N E N  
A R S E N I C  PRESSURE > I 9 9 7  

C A T I O N  F I L M  
U I S P L A Y  D E V I C E  -> 1 6 7  
GOLD SUBSTRATE - " 
N - H E P T Y L V I O L O G E N  * 

CAOMIUM S E L E N I O E  
AUGER SPECTROSCO.> 9 4 9  
C A D M I U M  S I L F I O E  - " 

G A A S  - - - - - - " 
I O N  I M P L A N T A T I O N  " 

ENERGY C O N V E R S I O N  " 
P t 4 C I O E L E C T R I C I T Y  - 
S E M I C O h O U T O R  - - " 

C A T A L Y S T  
D E P O S I T  I O N  - - -> 3 9 4  
E L E C T R O L E S S  - - - " 
P A L L A D I U M  - - - - * 
U V  l R R A C I A T E D  - - " 

C A T I O N  R A D I U S  
C A T H O L Y T E  - - - - > I 4 9 6  
MOLTEN N I T R A T E  - " 
N I T R A T E  S A L T  - - * 
O P E N  P A N  STUOY - " 
R E O U C T I O N  - - - - " 
THERMAL B A T T E R Y  - " 

. 
A M B I E N T  PEESSURE > l a 2 2  
CARBON MONOXIDE - " 

CATHODE - - - - - > 2 0 5 2  
CADMIUM S U L F I D E  

AUGER SPECTROSCO.> 9 4 9  
C A D M I U M  S E L E N I O E  " 

CHARGE TRANSFER - > I 1 8 7  
ENERGY C O N V E R S I O N  9 4 9  
F L A S H  E Y A P O R A T I O N > 1 8 2 0  
I N D I U M  D O P I N G  - - " 
M O B I L I T Y  - - - - " 
P H O T O E L E C T R I C I T Y  9 4 9  
SEMICONOUCTOR - - -  " 

S O D I U M  MONOSULFI. 1 1 8 7  
x p s  - - - - - - - 9 4 9  

- ~ 

CHROMIUM S T E E L  - > 2 1 7 3  
E O U I L I B R I U M  - - - 1 4 2 2  
L I T H I U M  - - - - - 2 0 5 2  
N I O B I U M  - - - - - 2 1 7 3  
O X I O A T I O N  RESIST.  - 
OXYGEN - - - - - 1 4 2 2  
S I L I C O N  - - - - - " 
T H I O N Y L  C H L O R I D E  2 0 5 2  
T I T A N I U M  - - - - 2 1 7 3  
Z I K C O N I U M - - - -  " 

C A T A L Y T I C  OECOMP. 
A L K A L I  h E  S O L U T I O N > I 9 2 1  
F U E L  C E L L  - - - - " 
P E R M O R C X Y L  I O N  - " C E L L  K I P E T I C S  

ADSORPTION - - -> 6 0 8  
L I T H I U M  B A T T E R Y  - " 
P H A S E  D I A G R A M  - - " 
P D T E Y T I A L  - - - - 

CATHOOE 
CARBON - - - - - > 2 0 5 2  
C O N V E C T I O N  - - -> 2 3  
COPPER - - - - - " 
C U P R I C  C X A L A T E  -> 3 5 1  
CURRENT D E N S I T Y  - 2 3  
E L E C T R O O E P O S I T I O N  " 

H D S T  L A T T I C E  - - > I 3 1 1  
I R O N  SULFUR - - -> 8 8 7  
L I T H I U M  - - - - - 2 0 5 2  
L I T H I U M  B A T T E R Y  - 8 8 7  
L I T H I U M  C E L L  - -> 4 9 7  
MASS TRANSPCRT - 2 3  
NONAOUECUS C E L L  - 8 8 7  
P L A N E  V E R T I C N  - 2 3  
P O T A S S I U M  I R U 4  5. 8 8 7  
POWER SOURCE - - 1 3 1 1  
SEAUATER C E L L  - - 3 5 1  
SECONDARY B A T T E R Y  4 9 7  
SOLID s o L u r 1 m  - 1 3 1 1  
T H I O N Y L  C H L C R I O E  2 0 5 2  
V A N A D I U M  O X I D E  - 4 9 7  

.. - 
SPECTROSCOPY - - " 
T I T A N I U M  O I S U L F I .  " 
V O L T A G E  STEPS - - " CARBON D I O X I D E  

B E N Z A L  C K O R I O E  -> 4 0 1  
D I M E T H Y L F O R M A M I J E  " 
F U R N A C E  - - - - - > 2 0 1 2  
GAS FLOW METHOD - " 
G A S  S O L U B I L I T Y  -> 3 2 8  
HYDROGEN - - - - 2 0 1 2  
L O V E R  TEMPERATURE * 
MOLTEN S A L T  - - - 3 2 8  
O X Y G E N  - - - - - " 

CAOMIUM T E L L U R I D E  
A N N E A L I N G  - - - -> 8 0 9  
A N O D I C  C X I O A T I O N  > 7 6 8  
D E F E C T  ISOTHERM - 8 0 9  
E L E C T R O N  MICROSC.  " 

L A T T I C E  O E F E C T  - " 
MERCURY - - - - - 7 6 8  
N A T I V E  C X l D E  - - " 

T E L L U R I U M  D I O X I D E  

C E L L  MEMBRANE 
BETA-ALUMINA - - > I 4 5 1  
ELECTRODE SHAPE - " 
F A I L U R E  A N A L Y S I S  " 
S O D I U M  SULFUR - - * 

C E R A M I C S  
ARC PLASMA SPRAY.> 8 3  
C O N T A I N E R  M A T E R I - > 2 1 5 6  
CORROSION - - - - > I 7 2 3  - - - - 2 1 5 6  
O T A  - - - - - - -  > 1 

HOT-PRESSED - - - 1 7 2 3  
I O N I C  C O N D U C T I V I -  I 
L I T H I U M  O X I O E  - - " 
M O I S T U R E  CONTENT " 
O X I O A T I O N  K I N E T I .  1 7 2 1  
P H O T O E L E C T R O L Y S I S  8 3  
P H Y S I C A L  PROPERT. 1  
R E F R A C T O R I E S  - - 1 7 2 3  
R U T I L E  ANOOE - - 8 3  
S I L I C O N  C A R B I D E  - 2 1 5 6  
S I L I C O N  N I T R I D E  - 1 7 2 3  
S I N T E R I N G  - - - - 2 1 5 6  
S O D I U M  SULFUR - - " 

T I T A N I U M  D I O X I D E  8 3  
Y T T R I U M  - - - - - 1 7 2 3  

. 
OXYGEN P R E S S J R E  - 2 0 1 2  
PRESSURE CONTROL " 
REOUCT I O N  MECHAN. 4 0 1  C A L C I A  

C E R I U M  O I O X I O E  -> 2 6 4  
I O N I C  C G N O U C T I V I .  " 
Y T T R I A  - - - - - " 

S O D I U M  CARBONATE 3 2 8  
SULFUR O I O X I O E  - " 
W U S T I T E  P H A S E  - - 2 0 1 2  

C A L C I U M  AhOOE 
ANOOE MECHANISM -> I 7 6  
F U S E D  S A L T  - - - 
L I T H I U M  C H L C R I O E  " 
OVERVOLTAGE - - - " 

THERMAL B A T T E R Y  - " 

CARBON I M P U R I T Y  
H E A T  EXCHANGER -> 9 3 5  
MOLYBDENUM R E T A I .  " 
S I L I C O N  C R Y S T A L  - " 

CATHOOE F I L M  
B I S I L F A T E  CATALY.> I 9 0  
CHno*I"Y - - - - " - - - -  
E L E C T R O O E P O S I T I O N  " 
POLYCHROMATE - - " CARBON MONOXIDE 

A M B I E N T  PRESSURE > I 4 2 2  
CARBON - - - - - " 
CONDUCTANCE MOOU.> 6 2 7  
E O U I L I B R I U M  - - - I 4 2 2  
OXYGEN - - - - - a 
SENSOR - - - - - 6 2 7  
S I L I C O N  - - - - - 1 4 2 2  
T H I N  F I L M  - - - - 6 2 7  
T I N  O X I O E  - - - - " 

CARBON S T E E L  
E L E C T R O O E P O S I T I O N >  9 1 1  
MYOROGEN S U L F I D E  * 
M A R C A S I T E  - - - - " 
P Y R I T E  - - - - - " 

C A L C I U M  F L U O R I  OE 
C H E M I C A L  P J T E N T I . > I 3 6 O  
MEASUREMENT - - - " 

OXYGEN - - - - - '* 
S O L I D  E L E C T R C L Y T E  " 

CATHOOE RAY 
C E R I U M  - - - - - > I 5 5 6  
C O N C E N T E A T I C N  - - " 
E F F I C I E N C Y  - - - " 

GAOOL I N I U M  - - - " 
GARNET FHOSPHORS 
T E R B I U M  - - - - - " - - - - -  " 

C A L C I U M  F L U O R I T E  
B A R I U M  F L U O R I T E  -> 6 6 7  
C E S I U M  F L U O R I T E  - " 

D E F E C T  I N T E R A C T I S  
I O N I C  C O N D U C T I V I -  * 

C E R I U M  
A B S O R P T I O N  5PECT.>1550 
CATHOOE RAY - - - > I 5 5 6  
C O h C E N I R A T I O N  - - " 
C R Y S T A L  F I E L D  - - 1 5 5 0  
E F F I C I E N C Y  - - - 1 5 5 6  
G A D O L I N I U M  - - - " 
GARNET PHOSPHORS 1 5 5 0  

1 5 5 6  
PHOTOLUMINESCENCE 1 5 5 0  
TEMPERATURE RANGE *s 

T E R B I U M  - - - - - 1 5 5 6  - - - - -  " 

C A T H O D I C  P O L A R I Z .  
N I  C B I U M  ELECTRODE> 5 3 5  
P O T A S S I U M  HIOROX. " 
SURFACE CHANGE - " 
x p s  - - - - - - - " 

S O L I D  S O L U T I O N  - " 
S T R O N T t L L  F L U O R I .  " 
U R A N I J M  F L U O R I T E  " 

C A L C I U M  h I T R A T E  
H Y D R A T E 0  M E T N S  -> 9 8 5  
N U U E A T  I O N  - - - " 
T H A L L I  UM - - - - " 

CARBON TETRAFLUO. 
C O M P E T A T I V E  MECH.> 4 6 4  
E T C H I N G  - - - - - " - - - - - > I 4 1 9  
HYDROGEN - - - - " 
I O N  A S S I S T A N C E  - 4 6 4  
R E A C T I V E  I O N  E T C H  1 4 1 9  
S I L I C O N  O I O X I D E  - 4 6 4  - 1 4 1 9  

C A T H O O I C  REACT I O N  
C R E V I C E  CORROSION> 
CURRENT O I S T R I B U .  
M A T H E M A T I C A L  MOO. 
P I T T I N G  - - - - - 

CATHCOOLUUINESCE.  
E L E C T R O N  BOMBARD. > 
HOST S E L S I T I Z A T I . >  
L A N T H A h U M  OXYSUL. 
LOW ENERGY - - - 
N O N R A D I A T I V E  PRO. 
PHOSPHCRS - - - - 
PRASEOOYMIUM - - 
T E R B I U M  - - - - - - - - - -  
T R A P P I N G  - - - - 
xp s - - - - - - - 
Y T T R I U M  O X I S I L F I .  
Y T T R I U M  O X Y S U L F I .  

C A P A C I T A N C E  
A N N E A L I N G  - - - - > I 7 3 1  
F L A T B A N O  P O T E N T I . > 1 5 0 5  
H I G H  T E C P E R A T U R E  1 7 3 1  
MOTT-SCHOTTKY - - 1 5 0 5  
O X I O E  F I L M  GROWTH 1 7 3 1  
P O T E N T I A L  O I S T R I .  1 5 0 5  
R E O X I O A T I O N  - - - 1 7 3 1  
S I L l C O L  O X I O E  - - " 

T I T A N I U M  O I O X I O E  1 5 0 5  
1 7 3 1  

C E R I U M  O l O X I O E  
A-C IMPEOENCE - -> 1 1 6 6  
C A L C I A  - - - - -> 2 6 4  
C A R R I E R  CONCENTR.> 5 6 2  
O E F E C T  STRUCTURE > 2 0 9  
D O P I N G  - - - - - 5 6 2  
E L E C T R I C A L  CONOU. " 
EXCHANGE CURRENT > I 1 5 5  
I O N I C  C O N O K T I V I .  2 6 4  
N I O B I U M  P E N T O X I O E  5 6 2  
N O N S T O I C H I O M E T E Y  2 0 9  
O V E R P O T E N T I A L  - - 1 1 5 5  
O X I O E  SEMICONDUC. 2 0 9  
P L A T I N U M  ELECTRO. 1 1 5 5  

1 1 6 6  
P O I N T  OEFECT - - 2 0 9  
P O L A R I Z A T I O N  - - 1 1 5 5  

- - 1 1 6 6  
THERMOGRAVIMETRY 2 0 9  
T R A N S I E N T  DECAY - 1 1 6 6  

CARBONATE 
C O M P O S I T I O N  PROF.> 5 2 7  
F U E L  C E L L  - - - - " 
MOLTEN S A L T  - - - " 
STEADY S T A T E  EQU. " 

CARBONTETRAFLUOR. 
D I O D E  SYSTEM - -> 2 2 6  
P L A S M A  E T C H I N G  - " 
R E A C T I V E  SPUTTER. " 

C h P A C I T O R  
A L U M I N U M  - - - -> 1 6 2  
D I E L E C T R I C  BREAK. * 
P O L Y S I L I C O N  - - - * 
S I L I C O N  O I O X l O E  - " C A R B O X Y L A T I O N  

D E R I V A T I V E  - - -> 4 0 4  
O--CARBOXYMETHYL - " 
R E O U C T I O N  - - - - " 

C A T H O L Y T E  
C A T l C N  E A O I U S  - - > I 4 9 6  
MOLTEN N I T R A T E  - " 
N I T R A T E  S A L T  - - " 

C A P A C I T Y  
D I S S O L V E D  SULFUR > 5 2 3  
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P R I M A R Y  TERM PAGE 
CO-TERM NO. 

- 
C E R I U M  O I C X I O E  (CONTO1 

Y T T R I A  - - - - -  2 6 4  

CERIUM ~CPING 
OECAY PEOCESS - - > I 2 1 3  
E U R O P I U M  D O P I N G  - > I 2 2 1  
G A D O L I N I U M  O O P I N G  " 
GARNET PHOSPUORS I 2 1 3  

1 2 2 1  
RARE E A C T H  ACTIV.  1 2 1 3  

1 2 2 1  
T E R B I U M  D O P I N G  - - 
THERMAL OEPENOEN. 1 2 1 3  

I 2 2 1  

P R I M A R Y  TERM P A G E  
CO-TERM NO. 

-- - 
C H E M I C A L  E O U I L I B .  

C O M B U S T I O N  GASES > I 0 5 4  
D E P O S I T I O N  - - -  " 
HOT CORROSION - - " 
S O D I U M  S U L F A T E  - " 

C E M I C A L  E T C H I N G  
C L E A N I N G  PROCESS > I 5 8 1  
E P I T A X I A L  L A Y E R  -> 2 8 7  
GAAS - - - - - - 1 5 8 1  
H E A T  TREATMENT - " 
H O L E  D I F F U S I O N  L. " 
HYDROCHLORIC A C I D  2 8 7  
I N D I U M  P H O S P H I O E  " 
M A T E R I A L  S E L E C T I .  '" 

P H O S P H O R I C  A C I D  - " 

C H E M I C A L  P O T E N T I .  
C A L C I U M  F L U O R I D E  > I 3 6 0  
MEASUREMENT - - - " 
OXYGEN - - - - - " 
S O L I D  E L E C T R O L Y T E  " 

CHEM I C A L  TREATME. 
C O N D U C T I V I T Y  - - > I 7 9 2  
E L E C T R I C A L  MEASU. " 
HYDROGEN O I F F U S I .  " 
P-TYPE - - - - -  " 
R E S I S T I V I T Y  S H I F T  * 
S I L I C O N S U R F A C E -  

P R I M A R Y  TERM PAGE 
CO-TERM NO. 

- 

P R I M A R Y  TERM PAGE 
CO-TERM NO. - 

C ~ O N O A M P E R O M E T R Y  (CONTO) 
P O T A S S I U M  C K O R I .  1 9 0 2  
P O T E N T I O M E T R Y  - - I 0 2 9  

C K O R I N E  I N C O R W .  
HYOROCHLORIC A C I O >  1 4 3  
O X I D A T I O N  - - - - " 
P L A N A R  D E V I C E  - - * 
S I L I C O N  - - - - - " C+UONOCOULOMETRY 

ELECTROHYOROOIME.> 5 7 9  
E T H Y L  C I N N A Y A T E  - " 
LOW TEMPERATURE - " 
M E T H Y L  C I N N A M A T E  " 
R E A C T I O N  ORDER - " 

C H L O R I N E  C X I O A T I .  
D I O X I D E  AMBIENCE > I 2 8 8  
O X I O A T I O N  K I N E T I . > 1 7 8 9  
S I L I C O h  O I O X I D E  - 1 2 8 8  - 1 7 8 9  
S T A C C I N G F A U L T  - " 
THERMAL O X I D A T I O N  1 2 8 8  

1 7 8 9  
T R I C H L C C O E T H Y L E N E  " 

CHLOROACRYLATE 
ELECTRCL BEAM - - > l a 2 9  
I N T E G R A T E D  CIRCU. " 

MOLECULAR O B I T A L  " 
POLYMER - - - - - " 
P O S I T I V E  R E S I S T  - - 
T R I F L U O E O E T H Y L  - - 

C I R C U I T  
A N O O I Z A T I O N  - - - > I 7 1 8  
C O R R O S I O N  - - - - " 
D E N D R I T E  - - - - " 
F I L M  F O R M A T I O N  - " 
GOLD M E T A L L I Z A T I .  " 
WATER - - - - - - " 

C E S I U M  
D E P T H  P E O F I L E  - -> 6 6 0  
DOPANT - - - - - ** . . 
GAAS - - - - - - .' 
I O N  S E L E C T I V E  - -> 3 4 7  
MASS SPECTROMETRY 6 6 0  
P O T A S S I U M  - - - - 3 4 7  
P V C  M A T R I X  - - - " 

SECONOACY I O N  - - 6 6 0  
S I L I C O N  - - - - - " 
U L T R A H I G H  VACUUM " 
Z I N C  FERROCYANIOE 3 4 7  

C L E A N 1  NG 
AMMONIA - - - - -> 8 8 3  
B R E A T H  T E S T  - - - " 
HYDROGEN P E R O X I D E  " 
P H O T O R E S I S T  F I L M  * 
S T R I P P I N G  - - - - " 
WAFER SURFACE - - " 

C L E A N I N G  PROCESS 
C H E M I C A L  E T C H I N G  > I 5 8 1  
G A A S  - - - - - - " 
H E A T  TREATMENT - . 
H O L E  D I F F U S I O N  L -  " 

C H L O R O A L U M I N A T E  
CHRONOAUPERCMETRY>1029 
COPPER - - - - - " 
D I S K  ELECTRODE - " 
F U S E D  S I L T  - - - *' 
P O T E N T I C N E T R Y  - - " 

C E S I U M  C C A C T I V A T .  
A L K N I  RARE E A R T H > 2 2 0 6  
G L A S S Y  PHOSPHORS " 

LUMINESCENCE - - -1 

METAPHOSPHATE - - " 
T E R B I U M  A C T I V A T I .  " 

C E S I U M  F L U C R I T E  
B A R I U M  F L U O R I T E  -> 6 6 7  
C A L C I U M  F L U O R I T E  " 
D E F E C T  I N T E R A C T I -  * 
I O N I C  CONOUCTIVI .  " 
S O L I D  S C L U T I O N  - " 
S T R O N T I U M  F L W R I .  '. 
U R A N I U M  F L U O R I T E  * 

C H A N N E L I N G  
ANNEAL - - - - -> 2 7 7  
CHROMIUV - - - - - 
D I F F R A C T I O N  - - - " 
E P I T A X I A L  R E L A T I .  " 
P L A T 1  NUM - - - - " 
S A P P H I R E  - - - - " 

CHLOROMETHVLATEO 
D R Y  E T C h l N G  - - - > I 6 2 8  
N E G A T I V E  R E S I S T  - " 
P O L Y S T Y E E N E  - - - " 
S U B M I C f i G N  TECHNO. " 

C H E M I L U M I N E S C E N C E  
A P R O T I C  SOLVENT -> 4 1 4  
ELECTROGENERATEO " 
ENERGY CONVERSION " 
PHOTOINOUCEO - - " 
SEMICONDUCTOR - - * 
V P  C O N V E R S I O N  - - " 

C L E A N I N G  S O L U T I O N  
HYDROGEN PEROX I O E > I 4 2 8  
O X I O A T I O N  - - - - " 
S I L I C O N  WAFER - - " 
S U L F U R I C  A C I D  - - " C M L O R O S I L C X A N E  

HYDROCHLORIC A C I O > I O B I  
S I L I C O N  O X I D E  - - *@ C H € M I S O R P T I O N  

R U T H E N I U M  T R I C K . >  6 1  7 
SURFACE WAVE - - " 
T I N  D I O X I D E  - - - * 
xps - - - - - - - " 

C L O S E  S P A C I N G  
E N T H A L P I  - - - - > I 6 0 4  
VAPOR TRANSPORT - ' CHROMATE 

C H L O R I D E  S O L U T I O N >  3 8 5  
C R E V I C E  CORROSION - 
I N H I B I T I O N  - - - " 
I R O N  - - - - - -  " 

CLOSED FORM 
P R I M A R Y  R E S I S T A N . > 1 3 0 7  
R I N G  ELECTRODE - " C H L O R A L U M I N A T E  

E L E C T R O O X I O A T I D N  > 2 3 1  
M E L T  C O M P O S I T I O N  " 
MOLTEN S A L T  BATT. " 

S U L F U R  - - - - - " 

CHROMATE S E N 5 1  T I .  
COLOR T V  T U B E  - - > I 2 9 4  
D I A Z O  S E N S I T I Z E R  '' 
PHOSPHOC O E P O S I  1. *' 

COAL CHAR 
F E R R O U S  S U L F I D E  -> 8 9 4  
G A S I F I C A T I O N  - - " 
I R O N  A L L O Y  - - - * 
S U L F I O A T I O N  - - - " C K O R I O E  I O N  

ALUMINUM - - - - > I 6 5 9  
A N O D I C  B E H A V I O R  - " 
D I S S O L U T I O N  - - -> 9 1 9  
N I C K E L  O X I D E  F I L M  " 
N I T R A T E  I O N  - - - 1 6 5 9  
P A S S I V A T I O N  - - - 9 1 9  
P A S S I V I T Y  - - - - 1 6 5 9  
P I T  I N I T I A T I O N  - 9 1 9  
P I T T I N G  P O T E N T I A L  1 6 5 9  

CHARGE C A P A C l l Y  
A C I D  M E D I U M  - - -> 9 3  
HYOROXIOE-TYPE - -0 

I R I D I U M  - - - - - .' 
T H I N F I L M - - - -  " 

CHROMIUM 
ANNEAL - - - - -> 2 7 7  
B I S I L F A T E  CATALY.> 1 9 0  
CATHODE F I L M  - - " 
C H A N N E L I N G  - - - 2 7 7  
D E G R A D A T I O N  - - - > I 0 4 7  
D I F F R A C T I O N  - - - 2 7 7  
E L E C T R O O E P O S I T I O N  1 9 0  
E P I T A X I A L  R E L A T I .  2 7 7  
E T C H I N G  - - - - - > I 0 7 5  
I M P A T 1  C I O O E  - - 1 0 4 7  
I N T E R O I F F U S I O N  - " 
M E T A L L I Z A T I O N  - - " 
P H O T O L I T H O G R W W  1 0 7 5  
PHOTOMASK C C A T I N G  " 
P L A T I N U M  - - - - 2 7 7  - - - - 1 0 4 7  
POLYCHROMATE - - 1 9 0  
S A P P H I R E  - - - - 2 7 7  
S I L I C O h  - - - - - 1 0 4 7  
S I L V E R  - - - - - " 

T H I N  F I L M  - - - - 1 0 7 5  

CHROMIUM F I L M  
G A S  P L A S M A  - - - > I 7 9 4  
M O S - L S I  PROCESS - " 

PHOTOMASK - - - - " 
R E V E R S A L  E T C H I N G  " 

COBALT 
A T M O S P H E R I C  E F F E . > 1 4 5 9  
C O B A L T  HARDENED -> 3 9 1  
C O B A L T  OXYHYOROX. " 
C O R R O S I O N  - - - - 1 4 5 9  
G A A S  - - - - - - > I 5 8 4  
GAASP - - - - - - " 
GOLD ELECTROOEPO. 3 9 1  
H O L E  D I F F U S I O N  L. 1 5 8 4  
MOSSBAUER SPECTR. 3 9 1  
N I C K E L  - - - - - 1 5 8 4  
OXYHYOROXIOE - - 1 4 5 9  
V P E  - - - - - - - 1 5 8 4  

CHARGE D E N S I T Y  
A N N E A L I N G  - - - - > I 5 7 3  
I N T E R F A C E  S T A T E  - 9. 

S I L I C O h  D I O X I D E  - " 
THEQMAL O X I D A T I O N  " C K O R I O E  P I T T I N G  

A L U M I N U M  P I T T I N G  > I 8 5 5  
COMPLEX I O N  - - - " 
P I T  I N I T I I T I O N  - * 

CHARGE STORAGE 
D I E L E C T R I C  P W P E . > 1 9 5 8  
E L E C T R I C A L  PROPE. " 

P O L A R I Z A T I O N  - - " 
P O L Y V I N V L  B U T Y R A L  " 

CHARGE T R A N S F E R  
CADMIUM S U L F I D E  - > I 1 8 7  
D I G I T A L  S I M U L A T I . > I O I I  
E T C U I N G  - - - - -> 8 5 5  
GAAS E L E C T R O M  - 0, 

GROUP 111-V tOMP. " 

H O L E  I N J E C T I K U  - L O 1 1  
I L L U M I N A T E D  - - - " 
Lraulo JUNCTION - * 
PHOTOANODE - - - * 
PHOTOEFFECT - - - 8 5 5  
REDOX - - - - - - 
SEMICONDUCTOR - - L O 1 1  
S O D I U M  W N O S U L F I .  1 1 8 7  
SOLAR C E L L  - - - 1 0 1  1 

C O B A L T  CONCENTRA- 
C O R R O S I O N  SUPPRE.> 9 4 4  
L I G H T  I N T E N S I T Y  - . 
PHOTOANODE - - - " 
S U L F A T E  CONCENTR. " 
T I T A N I U M  D I O X I D E  " 

C K O R I D E  S O L U T I O N  
A C I D l C  S U L F A T E  - > 2 0 6 4  
A N O D I C  O I S S O L U T I .  " 
CHROMATE - - - -> 3 8 5  
CORROSION - - - - 2 0 6 4  
C R E V I C E  CORROSION 3 8 5  
OEOXVGENATEO SOL. 2 0 6 4  
I N H I B I T I O N  - - - 3 8 5  
I R O N - - - - - -  " 
P A S S I V A T I O N  - - - 2 0 6 4  
T I T A N I U M  - - - - " 

C K O R I N A T I O N  
C Y C L O O E X T R I N  - -> 5 0 0  
M O O I F I E O  ELECTRO. * 
S E L E C T I V I T Y  - - - * 

C K O R I N E  
E V O L U T I O N  KfNETI .>ZOPC 
O X I D E  F I L M  - - - " 
P L A T I N U M  ELECTRO. " 

C O B A L T  D I O X I D E  
A N O O I C  O X I O A T I O N  > 1 8 7  
B O R A T E  BUFFER - - " 
MOSSBAUER SPECTR. " 
P L A T I N U M  ELECTRO. " 

C O B A L T  HAROENEO 
C O B A L T  - - - - -> 3 9 1  
C O B A L T  OXYHYOROX. " 
E L E C T R O O E P O S I T I O N >  4 4 5  
F I L M  F O R M A T I O N  - ' 
GOLO - - - - - -  * 
GOLD ELECTROOEPO. 3 9 1  

> I 6 0 8  
H I G H  TEMPERATURE 4 4 5  
MOSSBAUER SPECTR. 3 9 1  

I 6 0 8  

CHROMIUM S T E E L  
CARBON - - - - - > 2 1 7 3  
N I O B I U M  - - - - - " 
O X I D A T I O N  R E S I S T .  " 
T I T A N I U M  - - - - " 
Z I R C O N I U M  - - - - " CHARGE TRANSPORT 

O I P H T H A L O C Y A N I N E  > I 4 9 0  
ELECTROCkROMISM - " 
O X I O A T I C N  PRODUCT * 

CHRONOAMPEROMETRY 
C H L O R O A L U M I N A T E  - > I 0 2 9  
COPPER - - - - - " 
0 1  SK ELECTRODE - " 
F U S E O  5N.T - - - " - - - > I 9 0 2  

L E A O  C H L O R I D E  - - " 
L E A O  S U L F I D E  - - " 
O X I D A T I O N  - - - - 

C K O R I N E  E V O L U T I .  
D E S O R P T I O N  - - - > I 3 4 3  
E L E C T R O C A T A L V S I S  >I 1 8 9  
R U T H E N I U M  - - - - " 
S T O I C H I O M E T R Y  - - 1 3 4 3  
T A F E L  SLOPE - - - * 
T I T A N I U M  O X I O E  - 1 1 8 9  
T I T A N I U M  SUPPORT. * 

C H E M I C A L  O I F F U S I .  
I R O N  S U L F I D E  - -> 6 7 3  
N O N S T O I C H I O M E T R Y  " 
P O I N T  DEFECT - - " 

C D B A L T  MONOXIDE 
ELECTROTRANSPORT > 7 6 0  
O X I O A T I O N  THEORY " 
P O I N T  D E F E C T  - - 
T R A N S I T I O N  M E T A L  * 
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P R I M A R Y  TERM P A G E  
CO-TERM NO. -- - 

P R I M A R Y  TERM P A G E  
CO-TERM NO. 

P R I M A R Y  TERM P A G E  
CC-TERM NO. - - 

CONOUCT I V I T V  I C O N T D I  
N - U K Y L P Y R I O I N I U M  1 6 4 4  
O X l O E  F I L M  - - - 1 4 3 4  
P-TYPE - - - - - I 7 9 2  
R E S I S T I V I T Y  W I F T  " 
S I L I C O N  SURFACE - " 
TERNARY SYSTEM - 2 0 9 8  - 2 1 0 4  
T H E R M I S T C R  - - - 1 6 5  
T I N  O X I D E  - - - - 1 4 3 4  
T R A N S I T I O N  T E Y P E -  2 1 4 4  
TRANSPORT - - - - 1 6 4 4  
V I S C O S I ~ Y  - - - - '' 

P R I M A R Y  TERM PAGE 
CO-TERM NO. - 

C O B A L T  O X I O E  
ELECTROOE MATERI .>1817 
LANTHANUM S T W N T .  " 
POWER - - - - - - " 
T H E R M O E L E C T R I C I T Y  " 

COMPLEX. I O N  MOOEL I C O N T O I  
TERNARY SYSTEM - 2 0 9 8  

C O N V E C T I V E  O l F F U .  I C O N T O I  
R O T A T I N G  D I S K  - - 4 3 1  - - 4 3 7  
S I N U S O I O A L  - - - 4 3 1  - - - 4 3 7  
VOLTAMMETRY - - - 4 3 1  - - - 4 3 7  

C W P O S I T E  S Y S T E M  
A L U M I N U M  O X I O E  - > I 3 0 4  
A L U M I N U M  POUOER - " 
01 SOROEREO SYSTEM " C O B A L T  OXWYOROX.  

C O B A L T  - - - - -> 3 9 1  
C O B A L T  HARDENED - " 
GOLO ELECTROOEPO. " 
MOSSBAUER SPECTR. " 

C O M P O S I T I O N  
A N O O I C  F O R M A T I O N  > 2 1 6 7  
A N O O I C  O X I O A T I O N  > 4 4 2  
B O R A T E  B U F F E R  - - " 
I R O N  O X I O E  F I L M  - " - 2 1 6 7  
P A S S I V E  F I L M  - - 4 4 2  

COPOLYMER 
L I T H O G R A P H V  - - -> 1 5 4  
M E T H A C R V L I C  A C I O  . 
METNVL METWACRVL. - 
P O S I T I V E  R E S I S T  - " 
R A D I A T I O N  SENSIT.  

C O B A L T  S U L F A T E  
ANOOIC F I L M  - - -> 7 2 5  
G R I D  CORROSION - " 
L E A O  A C I O  B A T T E R Y  " 
S I L V E R  O X I O E  - - " 

CONNECTOR 
COPPER - - - - ->I 
O I F F U S I O N  - - - - 
GOLO A L L O Y  - - - 
O X I O A T I O N  K I K T I -  
R E L I A B I L I T Y  - - - 

CONSTANT CURRENT 
ANOOE - - - - - -> 
CONSTANT POTENTI .  
O X l O E  F I L M  GROWTH 
P H  OEPENOENT - - 
P L A T I N U M  - - - - 

COPPER 
A C I D I C  C K W I D E  ->I666 
A N O O I C  O I S 5 0 L U T I .  " 
C A T n o o E  - - - - -> 2 3  
C H L O R O A L U M I N A T E  - > I 0 2 9  
CHRONOAMPEROMETRV " 
C O O E P O S I T I O N  - -> 5 6 6  
CONNECTOR - - - - > I 7 9 8  
C O N V E C T I O N  - - - 2 3  
CORROSION - - - - 1 6 6 6  
C R A C K I N G  - - - -> 7 0 1  
CURRENT O E N S I T Y  - 2 3  
C V D  - - - - - - - > I 4 2 5  
C V C L A B L E  C E L L  - -> 6 9 9  
O E P O S I T I O N  - - - > 2 1 6 7  
O I F F U S I O N  - - - - 1 7 9 8  
O I F F U S I O N  CONTROL 5 6 6  
0 1  SI ELECTSUOE - I 0 2 9  
D I S S O L U T I O N  K I N E .  1 6 6 6  
ELECTROOE - - - - 6 9 9  
E L E C T R O D E P O S I T I O N  2 3  
E L E C T R O L E S S  - - - 2 1 6 7  
F U S E 0  S A L T  - - - 1 0 2 9  
G L A S S Y  L A Y E R  - - 1 4 2 5  
GOLD ALLOV - - - 1 7 9 8  
I N T E R C N A T I O N  - - 6 9 9  
MASS TRANSPORT - 2 3  
O X I D A T I O N  - - - - 1 4 2 5  
O X I D A T I O N  K I N E T I .  1 7 9 8  
P A S S I V I T Y  - - - - 1 4 2 5  
P L A N E  V E R T I C A L  - 2 3  
P O T E N T I O M E T R V  - - 1 0 2 9  
R E L I A B I L I T Y  - - - 1 7 9 8  
R O T A T I N G  D I S K  - - 5 6 6  
S O O I U M  N I T R I T E  - 7 0 1  
S O L I D - S T A T E  C E L L  6 9 9  
S T R E S S  CORROSION 7 0 1  
TRANSGRANULAR - - " 
Z I N C  - - - - - -  5 6 6  

C O U P O S I T I O N  PROF. 
CARBONATE - - - -> 5 2 7  
F U E L  C E L L  - - - - " 
MOLTEN S U T  - - - " 
STEADY S T A T E  EOU. 

C O D E P O S I T  I O N  
COPPER - - - - -> 5 6 6  
O I F F U S I O N  CONTROL " 
R O T A T l h G  D I S K  - - " 
Z I N C  - - - - - -  " C O N C E N T R A T I O N  

A C T I V A T O R  - - - -> 1 0 6  
CATHODE R A Y  - - - > I 5 5 6  
C E R I U M  - - - - - * 
C O N V E C T I O N  - - - > 2 1 1 0  
C Y C L I N G  - - - - - " 
E F F I C I E N C Y  - - - 1 5 5 6  
E L E C T R O O S M O S I S  - 2 1 1 0  
G A O O L I N I U M  - - - 1 5 5 6  
GARNET PHOSPHORS * 
L U M I N E S C E N C E  - - 1 0 6  
P O l O E R E O  PHOSPHOR " 
QUENCHING MECHAN. " 

R A D I A T I O N  - - - - " 
R A R E  E A R T H  - - - " 
T E R B I U M  - - - - - 1 5 5 6  - - - - -  I, 

Z I N C  ELECTROOE - 2 1 1 0  

CONDUCTANCE 
O I F F U S I O N  - - - - > I 6 8 2  
E L E C T R O N  E X C H A N G E > 1 8 2 7  
F U E L  C E L L  - - - - 1 6 8 2  
HALOGEN - - - - - " 
HYDROGEN - - - - " 
N A F I O N  MEMBRANE - * 
POLYMER - - - - - " 
S I L I C A  SURFACE - 1 8 2 7  
T H E R M A L L Y  GROWN - " 
TRANSPORT PROPER. 1 6 8 2  

C O W  P L A S T I C  Off. 
CORROSION - - - ->PO75 
P I T T I N G  R E S I S T A N -  " 
S A L T  S O L U T I O N  - - " 
S T A I N L E S S  S T E E L  - " CONSTANT POTENTI .  

ANOOE - - - - - -> - - - - -  -> 
CONSTANT CURRENT 
CORROS I O N  - - - - 
C R Y S T A L  GROWTH - 
L E A O  A C I D  B A T T E R Y  
OX I O E  F I L M  GROWTH 
P H  O E P E m E N T  - - 
P H O S P H O R I C  A C I D  - 
P L A T 1  NUY - - - - 

CDLD-ROLLED S T E E L  
A N O O I C  S T A B I L I T Y  > 5 0 7  
C O R R O S I C N  R E S I S T .  - 
HEXAFLLCROARSEHA.  " 
L I T H I U M  - - - - - " 

L I T H I U M  B A T T E R Y  - " 
T A N T A L U M  - - - - ' 
TETRAHYCROFURAN - " 

COLOR T V  P I C T U R E  
G A S  D I S C H A R G E  - ->LOO8 
PHOSPHORS - - - - 
U L T R A V I G L E T  E X C I .  " 

CONSTANT V M T A G E  
ANODIC C X I O L T I O N  > 8 9  
P A R A B O L I C  GROWTH " 
S I L I C O L  - - - - - - 

COLOR T V  TUBE 
CHROMATE S E N S I T I  - > I 2 9 4  
D I A Z O  S E N S I T I Z E R  " 
PHOSPHOR D E P O S I T .  " 

CONTACT M a T E R I Y  
CONTACT RESISTAN.>ZOI  7 
R U T H E N I U M - - - -  " 
R U T H E N I U M  O I O X l O E  " 
S U L F I O A T I O N  - - - " C O L O R A T I O N  

A N O O I C  - - - - - > a 1 7 1  
A N O D I C  F I L M  - - -> 7 4 2  
B L E A C H l h G  - - - - " - - - - 2 1 7 1  

CONTACT RESISTAN.  
CONTACT M A T E R I A L  >PO17 
n U T Y E Y I U M  - - - - . CGUOUCTANCE MOOU. 

CARBON MONOXIDE -> 6 2 7  
SENSOR - - - - - " 
T H I N  F I L M  - - - - " 
T I N  O X I O E  - - - - 

CORROS I C N  S T A B I L .  7 4 2  
2 1 7 1  

. . . . . . -. . - - 
R U T H E N I b M  O I C X I O E  " 
S U L F I O A T I O N  - - - " COPPER B R O M I D E  

I O N I C  CONOUCTIVI.> 8 1 8  
P H A S E  01AGRAM - - " 
S I L V E R  I O O I O E  - - " 

ELECTRCCMROM I S M  - 7 4 2  - 2 1 7 1  
I R I D I U M  O X I D E  - - 7 4 2  - - 2 1 7 1  
M E C H A N I  EM - - - - " 

p H  - - - - - - -  " 

C O N T A I N E R  U T E R I -  
C E R A M I C S  - - - - > P I S 6  
C O R R O S I C N  - - - - " 

S I L I C O N  C A R B I D E  - " 
S I N T E R I N G  - - - - " 
S O O I U M  SULFUR - - * 

CONDUCTING ELECT.  
A a u E o u s  MEDIA - - > 2 0 s c  
O R G A N O M E T A U I C S  - " 
SEMICONDUCTOR - - a 

COPPER O E P O S I T I O N  
CURRENT 0 1  S T R I B U . > 2 1 1 8  
E L E C T R O D E P O S I T I O N  " 

E L E C T R O L E S S  - - -> 1 7 1  
G A L V A N I C  C E L L  - - " 
G A S  L I F T  - - - - 2 1 1 8  
HYDROGEN E V O L U T I .  " 
M A T H E M A T I C A L  MOO. " 
O X I O A T I O N  - - - - 1 7 1  
R E O U C T I O N  - - - - * 
V E R T I C A L  ELECTRO. 2 1 1 8  

C O M B U S T I O N  G A S E S  
C H E M I C A L  E O U I L I B . > I O 5 4  
O E P O S I T I O N  - - - " 
HOT C O R R O S I O N  - - " 
S O D I U M  S U L F A T E  - " 

C O N D U C T I O N  
A N O D I Z A T I O N  - - -> 8 0 3  
E L E C T R O L Y S I S  - - > l 3 6 8  
R E D U C T I O N  - - - - 8 0 3  
S I L V E R  B R O N I O E  - " 

S O L 1 0  B R O M I N E  - - 1 3 6 8  

C O N T A M I N A T I O N  
CURRENT D E N S I T Y  -> 5 4  
E L E C T R O L Y S I S  - - " 
GLOW OISCHARGE -> 3 1 9  
HONFARAOAY - - - 5 4  
P L A S U A  C E P O S I T I O N  3 1 9  
PLASMA E T C H I H G  - " 
R A D I A T I O N  DAMAGE " 
S P U T T E R I N G  - - - " 
WATER - - - - - -  5 4  

C W P E T A T I V E  MECH. 
CARBON TETRARUC.> 4 6 4  
E T C H I N G  - - - - - " 
I O N  A S S I S T A N C E  - - 
S l L I C O h l  O I O X I O E  - " 

C O N O b C T l V I T Y  
A L U M I N U M  C K O R I D E >  1 6 4 4  COPPER D O P I N G  

A N O D I C  O X I O A T I O N  > I 5 9 2  
a A N D G A P  S H I F T  - - " 
COPPER PRECIPITA.> I 1 4  
O P T I C A L  PROPERTY 1 5 9 2  
P O I N T  D E F E C T  - - > 2 1 8 3  
S I L I C O N  UAFER - - I 1 4  
S O L A R  C E L L  - - - " 
SWEEP VOLTAMMETRV 2 1 8 3  
T I T A N I U M  O I O X I O E  1 5 9 2  
V A L E N C E  CHANGE - 2 1 8 3  
Z I R C O N I A  - - - - ' 

> I 6 5 0  
A L U M I N U M  S M U B I L . >  1 6 5  
A R S E N I C  D O P I N G  - > I 4 3 4  
B A R I U M  T I T A N A T E  - 16s 
C H E M I C A L  TREATME.>1792 
COMPLEX - - - - - > 2 1 0 4  
COMPLEX I O N  M O O E L > 2 0 9 8  
CVO - - - - - - - 1 4 3 4  
D E N S I T Y  - - - - - 1 6 4 4  
E L E C T R I C A L  MEASU. 1 7 9 2  
F U S E O  S A L T  - - - I 6 4 4  - - - 1 6 5 0  - - - 2 0 9 8  - - - 2 1 0 4  
G L A S S  - - - - - - > 2 1 4 4  
H A L I D E  - - - - - 1 6 4 4  
H Y D R A T E  M E L T  - - 2 1 4 4  
HYOROGEN O I F F U S I -  1 7 9 2  
L I T H I U M  C t l L O R I O E  I 6 5 9  
MEASUREMENT - - - 2 0 9 8  - - -  2 1 0 4  
M I X E D  A L K A L I  E F F -  2 1 4 4  
MOLAR VOLUME - - 2 0 9 8  - - 2 1 0 4  

C O M P E T I N G  REACTI .  
M U L T I P L E  R E A C T I O . > I 9 2 8  
POROUS ELECTROOE " 

REACTOC A N A L Y S I S  " 

C O N V E C T I C h  
CATHODE - - - - -> 2 3  
C O N C E N T R A T I O N  - - > 2 1 1 0  
COPPER - - - - - 2 3  
CURRENT M N S I T V  - " 
C Y C L I N G  - - - - - 2 1 1 0  
O I F F U S I O N  - - - - > I 7 1 3  
E L E C T R O O E P O S I T I O N  2 3  
E L E C T R C C S Y O S I S  - 2 1  1 0  
MASS TRANSPORT - 2 3  
M I G R A T I O N  - - - - 1 7 1 3  
MOLTEN S A L T  - - - " 
P L A N E  V E R T I C U  - 2 3  
POROUS ELECTRODE 1 7 1 3  
TRANSPORT E O W T I .  " 
Z I N C  ELECTROOE - 2 1 1 0  

C O N V E C T I V E  D I F F U .  
E L E C T R G N  TRANSFER> 4 3 1  

> 4 3 7  
HYDRODYNAMICS - - 4 3 1  - - 4 3 7  

COMPLEX 
C O N D U C I I V I T Y  - - > 2 1 0 4  
F U S E O  S N T  - - - " 
MEASUREMENT - - - " 
MOLAR VCLUME - - " 
TERNARY SYSTEM - * 

COMPLEX I O N  
A L U M I N U M  P I T T I N G  > I 8 5 5  
C H L O R I O E  P I T T I N G  " 
P I T  I N I T I A T I D N  - * C W P E R  I O N  CONOU. 

CUPROUS C K O R I O E  > I 6 5 4  
CUmROUS I O O r O E  - " COMPLEX I C N  MODEL 

CONDUCT I V I T Y  - - > 2 0 9 8  
F U S E O  S A L T  - - - " 

MEASUREMENT - - - " 
MOLAR VOLUME - - " 

.. ... --.... 
R u B ~ O I U Y  C n L O R I O E  
S O L I D  E L E C T R O L Y T E  - 
X-RAV D I F F R A C T I O N  " 



P R I M A R V  TERM PAGE 
CO-TERM NO. -- - 

COPPER P R E C I P I T A .  
COPPER W P I N G  - -> I 1 4  
S I L I C O N  WAFER - - " 
SOLAR C E L L  - - - " 

COPPER Z I N C  
AMMONIACAL SCLUT.>L299 
A P P L I E D  POLAR1 ZA.>2057 
D E Z I N C I F I C A T I O N  - 1 2 9 9  
ELECTRCOE POTENT. 2 0 5 7  
G A L V A N I C  CORROSI. " 
N U M E R I C N  ANALIS.  " 
S O L U T l C N  D E P T H  - * 
STRESS CORROSION 1 2 9 9  

CORONA C H A R G I N G  
A N N E A L I N G  - - - - > I 0 7 8  
C-V CURVE - - - - " 
PHOSPHCEUS D O P I N G  " 
S I L l C O h  D I O X I D E  - " 
T R A P P I N G  D E N S I T Y  - 

CORROSION 
A C I D I C  C H L O E I O E  - > I 6 6 6  
A C I D I C  S U L F A T E  - > 2 0 6 4  
A L U M I N U M  - - - -> 11 
ANODE - - - - - -> 3 6 0  
4 N O O I C  O I S S O L U T I .  I 6 6 6  

2 0 6 4  
A N O O I Z A I I O N  - - - > I 7 1 8  
ATMOSPI IERIC EFFE.>I459 
AUGER SFECTROSCO.> 5 4 7  
A U S T E N T I C  - - - -> 3 7 4  
C E R A M I C S  - - - - > I 7 2 3  - - -  - > 2 1 5 6  
C H L O R I D E  S O L U T I C N  2 0 6 4  
C I R C U I T  - - - - - I 7 1 8  
COBALT - - - - - 1 4 5 9  
COLD P L A S T I C  DEF.>ZO75 
CONSTA h T  POTENT I. 3 6 0  
C O N T A I N E R  MATERI .  2 1 5 6  
COPPER - - - - - 1 6 6 6  
C R Y S T A L  GROWTH - 3 6 0  
CURRENT O S C I L L A T . > 1 3 6 3  
D E N D R I T E  - - - - 1 7 1 8  
OEGXVGEkATED SOL. 2 0 6 4  
D I S S O L U T I O N  K I N E .  1 6 6 6  
DUPLEX 3 0 8  - - - 3 7 4  
ENVIRONMENT - - - > 2 1 5 9  
E T H Y L E N E  GLYCOL - 1 1  
F I L M  F C E Y A T I C N  - 1 7 1 8  
FLOW CONTROL - - 2 1 5 9  
GOLD M E T A L L I Z A T I .  1 7 1 8  
HOT-PRESSED - - - 1 7 2 3  
INTERGRANULAR - - 3 7 4  
I R O N  - - - - - - 5 4 7  - - - - - -  1 3 6 3  
L E A D  A C I O  B A T T E R Y  3 6 0  
M A T H E M A T I C A L  MOD.>1662 
NICROSTEUCTURE - 3 7 4  
N I C K E L  - - - - - > 2 0 3 8  
O X I D A T I C N  - - - - 5 4 7  
O X I J A T I O N  K I N E T I .  1 7 2 3  
OXYHYDf iCXIDE - - 1 4 5 9  
P A L L A O I L Y  - - - - 5 4 7  
P A S S I V A T I O N  - - - 2 0 6 4  
P A S S I V E  O X I D E  - - 5 4 7  
P A S S I V I T Y  - - - - 1 3 6 3  
P E R M E A T I O N  - - - 2 1 5 9  
PHASE TEANSFORYA. 3 7 4  
PHOSPHCRIC A C I D  - 3 6 0  
P I T  GRObTH - - - 1 6 6 2  
P I T  I N I T I A T I O N  - 0. 

P I T T I N G  - - - - - 3 7 4  
P I T T I N G  RESISTAN.  2 0 7 5  
POLYMER - - - - - 2 1 5 9  
R E F R A C T C R I E S  - - 1 7 2 3  
S A L T  F I L M  - - - - 1 6 6 2  
S A L T  S O L U T I O N  - - 2 0 7 5  
S I L I C O h  C A R B I D E  - 2 1 5 6  
S I L I C O N  N I T R I D E  - 1 7 2 3  
S I N T E R l N G  - - - - 2 1 5 6  
S O D I U M  SULFUR - - Bm 

SOLAR COLLECTOR - 1 1  
S T A I N L E S S  S T E E L  - 3 7 4  - 2 0 7 5  
SULFUR SEGREGATI. 2 0 3 8  
S U L F U R I C  A C I D  - - 1 3 6 3  - - 2 0 3 8  
T H I N  F I L M  - - - - 5 4 7  
T I T A N I U M  - - - - 2 0 6 4  
TRACE GAS - - - - 2 1 5 9  
TRANSPORT L A W  - - I 6 6 2  
WATER - - - - - - 
xp s - - - - - - - 1 7 1 8  

5 4 7  
Y T T R I U M  - - - - - 1 7 2 3  

m N A L  OF THE ELECTROC 

P R I M A R Y  TERM PAGE 
CD-TERM NO. 

- 
CORROSION F I L M  

L E A O  A C i D  B A T T E R V > I 8 4 8  
PHOSPHORIC A C I D  - " 
P O S I T I V E  ELECTRO. " 

CORROSION POTENT. 
A L T E R N A T I N G  VOLT.>1908 
F A E A O A I C  R E C T I F I .  " 
L I N E I R  POLARIZAT.> 8 9 1  
M I L D  S T E E L  - - - 1 9 0 8  
N U M E R I C A L  METHODS 8 9 1  
P A S S I V A T I O N  - - - 1 9 0 8  
P O L A R I Z A T I O N  - - " 
THREE P O I N T  - - - 8 9 1  

CORROSION R A T E  
A C I D  S U L F A T E  - -> 9 5  
A N O D I C  D I S Y I L U T I .  " 
GOLD - - - - - -  " 
OXYGEN E V O L U T I C N  " 
p,, - - - - - - -  " 

CORROSION R E S I S T .  
A N O D I C  S T A B I L I T Y  > 5 0 7  
COLD-ROLLED S T E E L  " 
HEXAFLUIROARSENA.  * 
L I T n I u m  - - - - - - 
L I T H I U M  B A T T E R Y  - ' 
TANTALUM - - - - " 
TETRAHYDROFURAN - " 

CDRRCSION S T A B I L .  
A N O D I C  - - - - - > 2 1 7 1  
A N C O I C  F I L M  - - -> 7 4 2  
W L E A C H I N G - - - -  " 

- - - - 2 1 7 1  
C O L O R A T I O N  - - - 7 4 2  - - - 2 1 7 1  
ELECTRCCW2OMISM - 7 4 2  - 2 1 7 1  
I R I D I U M  O X I D E  - - 7 4 2  - - 2 1 7 1  
MECHANISM - - - - " 
p,, - - - - - - -  .. 

CORROSION S U W R E .  
C O B A L T  CONCENTRA.> 9 4 4  
L I G H T  INTENSITY - " 
PHGTOANODE - - - " 
S U L F A T E  CONCENTR. " 
T I T A N I U M  O I O X I D i  " 

CORROSION T E S T  
ALUMINUM ALLOY -> 1 1 0  
I N T E G R A T E D  CIRCU.  " 
M E T A L L I Z A T I O N  - - " 

P L A S T I C  ENCAPSUL. " 

COULCMETRY 
C Y C L I C  V O L T A M M E T - > 2 0 3 5  
L I T H I U M  - - - - - " 
R E D U C T I O N - - - -  " 

SULFUR OXYCHLORI. - 
C R A C K I N G  

COPPER - - - - -> 7 0 1  
S O O I U M  N I T R I T E  - * 
S T k E S S  CORROSION *m 
TRANSGRANULAR - - " 

C R E V I C E  CORROSION 
AMALGAM CORROSION> 9 0 3  
C A P I L L A R Y  PORE - 
C A T H O D I C  R E A C T I O N >  1 5  
C H L O R I D E  S O L U T I O N >  3 8 5  
CHROMATE - - - - 9. 

CURRENT O I S T R I B U .  I S  
D E N T A L  AMALGAM - 9 0 3  
I N H I B I T I O N  - - - 3 8 5  
I R O N  - - - - - - " 

M A T H E M A T I C A L  MOD. 1 5  
P I T T I N G  - - - - - " 

C R O S S L I N K E D  TVPE 
E L E C T R O N  R E S I S T  - > I 6 3 5  
HOMOPOLYMER - - - " 
I N T E G R A T E D  CIRCU.  " 
METHACRYLATE - - " 
2 ~ 2 . 2 - T R I C H L O R O E .  " 

C R O S P I N K I N G  
B I S A Z I D E  R E S I S T  -> 2 7 3  
P H O T O R E S I S T  SYST. " 
R E C I P R O C I T Y  F A I L .  " 

C R Y S T A L  F I E L D  
A B S O R P T I O N  SPECT.>1550 

!HEMICAL SOCIETY 

P R I M A R Y  TERM P A G E  
CD-TERM NO. 

- 
C R V S T A L  F I E L D  ( C O N T D I  

C E R I U M  - - - - - 1 5 5 0  
GARNET Fl-OSPHORS " 
PHOTOLUMINESCENCE - 
TEMPERATURE RANGE " 

C R V S T A L  G E O I T H  
ANODE - - - - - -> 3 6 0  
ANTIMONY - - - -> 8 7 5  
CONSTANT P O T E N T I .  3 6 0  
C O R R O S I C N  - - - - " 

C Z O C H R A L S K I  - - - 8 7 5  
DOPED MELT - - - " 

I N S T A B I L I T Y  - - - " 
L E A O  A C I D  B A T T E R Y  3 6 0  
MORPHOLCGY - - - 8 7 5  
O P T I M U M  C O N D I T I O N > 1 6 2 5  
PHOSPHORIC A C I D  - 3 6 0  
R U T H E N I U M  D l  O X I D E  1 6 2 5  
S I L I C O N  C R V S T A L  - 8 7 5  
THERMAL E X P A N S I O N  1 6 2 5  

C R Y S T A L L  I T E  GROW. 
ANOOIC Z I N C  O X I D E > 1 9 1 4  
N U C L E A T I O N  - - - " 
S O L U T I O N  P R E C I P I .  * 
Z I N C  O X I D E  F I L M  - - 

CRYSTALLOGRAPHY 
C A D M I U M  H A L I D E  -> 3 2 5  
D I F F R A C T I O N  - - - 
M I X E D  C R Y S T A L S  - " 
P O L Y T Y P I S M  - - -  .. 
VAPOR GEOUN - - - - 

C U P R I C  O X A L A T E  
CATHODE - - - - -> 3 5 1  
SEAWATER C E L L  - - * 

CUPROUS C b L O R I D E  
A L U M I N A  - - - - - > I 9 6 3  
COPPER I O N  CONDU.>1654 
CUPROUS I O D I D E  - " 

D I S P E R S E D  A L U M I N A  1 9 6 3  
I O N  C O N D U C T I V I T Y  " 

R U B I D I U M  C P L O R I D E  1 6 5 4  
S O L I D  E L E C T R O L V T E  " 
X-RAY D I F F R A C T I O N  " 

CUPROUS l r n r o ~  
COPPER I O N  CONDU.>1654 
CUPRCUS C H L C R I O E  " 
R U W I D I L Y  C H L O R I D E  " 
S O L 1 0  E L E C T R D L Y l E  .' 
X-RAY D I F F a A C T I O N  " 

CURRENT C E N S I T Y  
A L K A L I  L E  S O L U T I O N >  5 4 1  
A N O D I C  C X I O A T I O N  > I 2 6 8  

> I 5 4 3  
CATHODE - - - - -> 2 3  
C O N T A M I N A T I O N  - -> 5 4  
C O h V E C T I O N  - - - 2 3  
COPPEQ - - - - - " 
COPPER E A E C l R O D E . > I I 8 0  
E L E C T I C C E P O S I T I O N  2 3  

.--- 
E L E C T R C L Y S I S  - - 5 4  
E O U I L I E R I U M  POTE. 5 4 1  
F L U I D I Z E D  ELECTR.  1 1 8 0  
GAAS - - - - - - I 2 6 8  - - - - - - 1 5 4 3  

I O N  S C A T T E R I N G  - " 
MASS TRAkSPCRT - 2 3  
M U L T I L A Y E R  ANALV.>1479 
NONFARACAY - - - 5 4  
P A S S I V A T I O N  T I M E  1 2 6 8  
P L A N E  V E R T I C A L  - 2 3  
R E A C T I C N  ORDER - 5 4 1  
R E S I S T I V I T Y  - - - 1 4 7 9  
S P R E A D I L G  R E S I S T .  " 
WATER - - - - - - 5 4  
Z I N C  ELECTRODE - 5 4 1  

CURRENT O I S T R I B U .  
C A T H O D I C  R E A C T I O N >  1 5  
COPPER C E P O S I T I O N > Z 1 1 8  
C R E V I C E  CORROSION 1 5  
C Y L I N D E  I C A L  C E L L  > I 3 4 8  
D I S K  ELECTRCOE - * 
E L E C T R O O E P O S I T I O N  2 1 1 8  
GAS L I F T  - - - - " 
HYDROGEh E V O L U T I .  " 
M A T H E M A T I C A L  MOO. 1 5  

2 1  1 8  
P I T T I N G  - - - - - 1 5  
R E S I S T A N C E  - - - 1 3 4 8  

December 1979 

P R I U A R V  TERM PAGE 
CO-TERM NO. 

- - 
CURRENT D I S T R I B U .  (CONTO) 

V E R T I C A L  ELECTRO- 2 1 1 8  

CURRENT E F F I C I E N .  
B U F F E R  C A P A C I T Y  - > I 8 6 1  
E L E C T R O D E P O S I T I O N  . 
HYDROGEN E V O L U T I .  * 
N I C K E L  I R O N  A L L O Y  " 

CURRENT G A I N  
EM I T T E R  EFFICIEN., 6 4 2  
G E T T E R I N G  - - - - " 
P-N-p - - - - - -  " 
PHOSPHORUS PENTO. " 
T R A N S I S T O R  - - - " 

CURRENT O S C I L L A T .  
CORROSION - - - - > I 3 6 3  
I R O N  - - - - - -  " 
P A S S I V I T Y  - - - - " 
S U L F U R I C  A C I D  - - " 

CURRENT P E A K  
E L E C T R O S O R P T I O N  -> 2 5 7  
HYDROGEN ADATOM - " 
P E R T U R B A T I O N S  - - " 
P L A T I N U M  - - - - " 
P O T E N T I N  - - - - " 

C U T T I N G  T O M S  
C V D  C O A T I N G  - - - > I 2 8 1  
E T A  P H A S E  - - - - " 
T I T A N I U M C A R B I O E  " 

TOUGHNESS B E H A V I .  " 

-.- 
A L U M I N U M  C H L O R I O E > 1 6 0 1  
A L U M 1  NUN COVERAGE> 1 3 3 5  
& n d o , , - - - - - -  " .- 
A R S E N I C  D O P I N G  - > I 4 3 4  
AUGER SPECTROSCO.>I766 
BORON W P I N G  - -> 3 1 3  
BORON N I T R I D E  - - > I 9 5 1  
C O N D U C T I V I T Y  - - 1 e 3 4  
COPPER - - - - - > I 4 2 5  
O E P O S I T I O N  - - - 3 1 3  
D E P O S I T I O N  R A T E  ->LO42 
D I E L E C T R I C S  - - - 3 1 3  

- - -> 3 3 4  - - - > I 7 2 8  
DOPANT INCORPORA.> 6 4 4  

> 6 5 3  
E P I T A X I A L  F I L M  - 6 4 4  - 6 5 3  
E V A P O R A T I O N  - - - 1 3 3 5  
G A C O L I N I U M  CHLOR. 1 6 0 1  
G A L L I U M  A N T I M O N I . > 2 0 3 1  
GASEOUS COMPLEX - 1 6 0 1  
G L A S S Y  L A Y E R  - - 1 4 2 5  
GROWTH MECHANISM > 3 1  
GROWTH PARAMETER 1 9 5 1  
I N F R A R E D  ABSORPT. 1 7 2 8  
I N S U L A T I O N  - - - 1 3 3 5  
I N T E G R A T E D  CIRCU.  3 3 4  

I 0 4 2  
I O N  I M P L A N T A T I O N  > I 0 1 9  
I R O N  C H L O R I D E  - - 1 6 0 1  
LOW PRESSURE - -> 8 3 3  - - 1 0 1 9  

L O U  TEMPERATURE - 1 7 2 8  
M E T A L O R G A N I C S  - - 2 0 3 1  
O X I D A T I O N  - - - -> - - - -  8 3 8  

1 4 2 5  
- - - - 1 7 2 8  

O X I D E  F I L M  - - - 1 4 3 4  
OXYGEN CONCENTRA. 1 7 6 6  
P A S S I V I T Y  - - - - 1 4 2 5  
PHOSPHOR D O P I N G  - 1 9 5 1  
PHOSPHORUS - - - 3 3 4  
PHOSPHORUS OOP I N G  3 1 3  

8 3 3  
8 3 8  

1 0 1 9  
1 0 4 2  

P H O S P H O S I L I C A T E  - 3 3 4  
P O L Y M E R I Z A T I O N  - 1 7 2 8  
P O L Y S I L I C O N  - - - 1 3 3 5  - - -  1 7 6 6  
P O L Y S I L I C O N  F I L M  8 3 3  

8 3 8  
P R E S S U R E  REDUCTI .  I O I Z  
P R E S S U R E  V A R I A T I .  1 3 3 5  
R E S I S T I V I T V  - - - 8 3 3  
SEMICONDUCTOR - - 2 0 3 1  
S E M I  I N S U A T I O N  - 1 7 6 6  
S I L A N E  - - - - - 1 7 2 8  
S I L I C O N  - - - - - 6.4 
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P R I M A R Y  TERM PAGE 
CO-TERM NO. 

---- - 
CV 0 I C O N T D I  
SILICO~ - - - - - 6 5 3  
S I L I C O h  D I O X I D E  - 3 1 3  - 1 0 4 2  - 1 3 3 5  
S I L I C O N  F I B E R  - - 3 1  
S I L I C O N  F I L M  - - 1 0 1 9  
T I N  O X I D E  - - - - 1 4 3 4  
W H I S K E R S  - - - - 3 1  
X P S  - - - - - - - 1 7 6 6  

CVO C O A T I N G  
C U T T I N G  T O O L S  - - 5 1 2 8 1  
E T A  P H A S E  - - - - " 
T I T A N I U M  C A R B I D E  9* 

TOUGHNESS B E H A V I .  " 

C Y C L A B L E  C E L L  
COPPER - - - - -> 6 9 9  
ELECTROOE - - - - " 

I N T E R C A L A T I O N  - - " 

S O L I D - S T A T E  C E L L  " 

C Y C L I C  C C C R U S I O N  
ANODE - - - - - -> 3 6 5  
D E E P  D I S C H A R G E  - " 
L E A O  A C I O  B A T T E R Y  " 
L E A O  O I C X I D E  - - " 

C Y C L I C  VOLTAMMET. 
ALUMINUM B R O M I D E  > I 4 7 4  
A R C M A T I C  HVDR0CA.- " 
B I T H I A Z O L E  - - - > 2 0 9 1  
B L E O M Y C I N  - - - - " 
C O U O M E I R Y  - - - > 2 0 3 5  
IMPEOENCE - - - ->  9 8 9  
L I T H I U M  - - - - - 2 0 3 5  
M E T A L  COMPLEX - - 2 0 9 1  
POLAROGRAPHY - - * 
P O T A S S I U M  B R O M I D E  1 4 7 4  
P Y R ~ M I O ~ N E  - - - 2 0 9 1  
REDOX - - - - - - 0, 

R E O U C T I C N  - - - - 2 0 3 5  
R E S I S T I V E  CAPAC I. 9 8 9  
SMALL A W P L I T U O E  - 
SULFUR OXYCHLOR I. 2 0 3 5  
SURFACE PROCESSES 1 4 7 4  
T A L L Y S C C Y C I N  - - 2 0 9 1  
VOLTAMMOGRAM - - 9 8 9  

C Y C L I N G  
C O N C E N T R A T I O N  - - > Z I l O  
C O N V E C T I C N  - - - " 

E L E C T R C C S M O S I S  - " 

Z I N C  ELECTRODE - ' 
C Y C L O O E X T C I N  

C H L O R I N L T I O N  - -> 5 0 0  
M O O l F I E O  ELECTRO- " 
S E L E C T I V I T Y  - - - '. 

C Y L I N D R I C A L  C E L L  
CURRENT O I S T R I B U . > 1 3 4 8  
D I S K  ELECTRODE - " 
R E S I S T A N C E  - - - " 

C Z O C H R A L S K I  
A N T I M O N V  - - - -> 8 7 5  
C R Y S T A L  GROWTH - 
DOPED MELT - - - * 
G A L L I U M  W P I N G  -> 2 8 4  
GERMANIUM - - - - q* 

H E A T  P I P E  - - - - " 

I N S T A B I L I T Y  - - - 8 7 5  
I N T E G R A T E D  C I R C U . > I I 4 2  
L I F E T I M E  - - - - " 

M I N O R I T Y  C A R R I E R  * 
MORPHOLOGY - - - 8 7 5  
R A D I A L  h E l T  GRAD. 2 8 4  
S E G R E G A T I O N  - - - " 
S I L I C O N  - - - - - 1 1 4 2  
S I L l C O h  C R Y S T A L  - 8 7 5  
SYMMETRY - - - - 2 8 4  
THERMAL PROCESSI .  1 1 4 2  

DARK P O T E N T I A L  
AOUCOUS E L E C T R O L . > l 8 6 6  
F L A T B A h O  P O T E N T I .  " 
GROUP 1 1 - V I  COMP. * 
I O D I N E  C O P I N G  - - " 
L I G H T  A B S O R P T I O N  - 
O P T I C A L  ABSORPTI .  " 
Z I N C  S E L E N I O E  - - " 

DECAY PROCESS 
C E R I U M  O O P I N G  - - > I 2 1 3  
G A R N E T  F M S P M R S  * 

JOURNAL ART 

P R I M A R Y  TERM P I G E  
CO-TERM NO - 

DECAY PROCESS I C O N T O >  
RARE E A R T H  ACTIV.  1 2 1 3  
THERMAL DEPENDEN. " 

D E C O M P O S I T I O N  
E F F U S I O N  - - - -> 4 9 0  
N I T R I C  O X I D E  - - > I 0 6 7  
P O T A S S I U M  S U L F A T E  4 9 0  
R E D U C I N G  C O N D I T I .  1 0 6 7  
S C A N D I A  D O P I N G  - 
V A P O R l Z A T I O N  - - 4 9 0  
Z I R C O N I A  - - - - 1 0 6 7  

DEEP D I S C H A R G E  
ANODE - - - - - -> 3 6 5  
C Y C L I C  CORROSION " 
L E A O  A C I O  B A T T E R Y  " 
L E A D  D I O X I D E  - - " 

OEFECT 
A G I T A T I O N  - - - -> 4 7 9  
E T C H - - - - - -  " 
S E L L 0  E T C H  - - - " 
S I L I C O N  E V A L U A T I .  ' 
U L T R A S O N I C  - - - " 

DEFECT D E N S I T Y  
E L E C T R I C  F I E L D  - > I 7 7 1  
L I O U I D  C R Y S T A L  - " 
O X I O E  T H I C K N E S S  - " 
S I L I C O N  D I O X I D E  - " 

DEFECT D O P I N G  
A G I N G  E F F E C T S  - ->  3 3 8  
t L E C T R O M I G R A T  I O N  " 
ENERGY C O N V E R S I O N  " 

SEMICONDUCTOR - - " 

DEFECT G E N E R A T I O N  
L I O U I O  C R Y S T A L  -> 8 5  
N E M A T I C  D I S P L A Y  - " 

OEFECT I N T E R A C T 1  
A L U M 1  NUM F L U O R I D E > 1 3 8 5  
3 A R I U M  F L U O R I T E  -> 6 6 7  
C A L C I U M  F L U O R I T E  " 
C E S I U M F L U O R I T E -  " 
F L U O R I T E  - - - - 1 3 8 5  
I O N I C  C O N D L X T I V I .  6 6 7  

1 3 8 5  
I O N I C  M O T I O N  - - *' 
L E A D  - - - - - - " 
S O L 1 0  E L E C T R O L Y T E  " 
S O L I D  S O L U T I O N  - 6 6 7  
S T R O N T I U M  F L U O R I .  " 
U R A N I U M  F L U O R I T E  " 

O E F E C T  1 SOTHERM 
A N N E A L I N G  - - - -> 8 0 9  
C A D M I U M  T E L L U R I D E  " 
i L E C T R O N  MICROSC. * 
L A T T I C E  D E F E C T  - " 

O E F E C T  STRUCTURE 
C E R I U M  O I O X I O E  -> 2 0 9  
D O P I N G  - - - - - > I 3 8 1  
E L E C T R O E P I T A X Y  - " 
E L E C T R O N I C  CHARA. " 
G I A S - - - - - -  " 
N O N S T O I C H I O M E T R Y  2 0 9  
O X I d E  SEMICONOUC. " 
P O I N T  OEFECT - - " 
THERMAL L P E  - - - 1 3 8 1  
THERMOGRAVIMETRY 2 0 9  

D E G R A D A T I O N  
CHROMIUM - - - - > I 0 4 7  
I M P A T T  D I O D E  - - " 
I N T E R D I F F U S I O N  - " 
M E T A L L I Z A T I O N  - - " 
P L A T I N U M  - - - - " 
S I L I C O N - - - - -  " 
S I L V E R  - - - - -  " 

D r n O R I T E  
A N C O I L A T I O N  - - - > I 7 1 8  
C I R C U I T  - - - - - " 

CORROSION - - - - " 
F I L M  F O R M A T I O N  - " 

GOLD M E T A C L I Z A T I .  * 
UATER - - - - - - " 

D E N S I T Y  
ALUMINUM C K O R I O E > 1 6 4 4  
C O N D U C T I V I T Y  - - " 
F U S E D  S A L T  - - - " 
H A L I D E  - - - - - * 

XCLE SUBJECT INDEX 

P R I M A R Y  l E R M  P A G E  
CO--TERM NO. -- - 

D E N S I T Y  ICONTO I 
N - b L K Y L P Y R I O I N I U M  1 6 4 4  
TRANSPOET - - - - * 
V I X O S I T Y  - - - - " 

D E N T A L  A M M G A M  
AMALGAM CORROSION> 9 0 3  
C A P I L L A R Y  PORE - - 
C R E V I C E  CORROSION * 

DEOXYGENATEO S a .  
A C I D I C  S U L F A T E  - > 2 0 6 4  
A N O O I C  0 1 5 S C L U T I .  " 
C H L O R I D E  S O L U T I O N  " 
CORROSION - - - - " 
P A S S I V A T I O N  - - - - 
T I T A N I U M  - - - - " 

O E P O L A R I  Z L T I O N  
E L E C T R E T  B E H A V I O R > 1 2 0 7  
M E L A N I H  - - - - - * 

O E P D S 1 T I O h  
AMORPHOUS SEMICO.> 6 8 8  
BORCN O C P I N G  - -> 3 1 3  
C A T A L Y S T  - - - -> 3 9 4  
C H E M I C A L  E O U I L I B . > 1 0 5 4  
COMBUSTION G A S E S  o. 
COPPER - - - - - > 2 1 6 7  
cvo - - - - - - - 3 1 3  

O I E L E C T S I C S  - - - " 
E L E C T R O L E S S  - - - 3 9 4  - - - 2 1 6 7  
HOT C O R R O S I O N  - - 1 0 5 4  
HY DROGEN CONTENT 6 8 8  
MASS SPECTRGMETRY " 
P A L L A D I U M  - - - - 3 9 4  
PHCSPHCSUS D O P I N G  3 1 3  
P H O T O V O L T A I C  PRO. 6 8 8  
S I L I C O h  - - - - - " 

S I L I C O h  O I O X I O E  - 3 1 3  
S O O I U M  S U L F A T E  - 1 0 5 4  
U V  I R R A C I A T E O  - - 3 9 4  

D E P O S I T I O N  R A T E  
C V D - - - - - -  - > I 0 4 2  

I N T E G R A T E D  CIRCU,  " 

PHOSPHORUS D O P I N G  " 

P L A N A R  KEACTOR -> 9 3 0  
PLASMA - - - - - " 
PRESSURE REOUCTI .  1 0 4 2  
S I L I C O h  D I O X I D E  - " 
S I L I C O N  O X I D E  - - 9 3 0  

D E P T H  P R O F I L E  
A N N E I L I k G  - - - - > I 7 3 7  
A N O D I C  F I L M  - - - > I 3 7 0  
A N O O I C  C X I D E  - - " 
AUGER SPECTROSCO.>I8OS 
BORON O I F F U S I O N  - " 

BORON h I T R I O E  - - " 
BORON R I C H  L A Y E R  " 
C E S I U M  - - - - -> 6 6 0  
DOPANT - - - - - " 
GAAS - - - - - -  " 

- - - - - - 1 3 7 0  - - - - - -  1 7 3 7  
HYOROGEh I N J E C T I .  1 8 0 5  
MASS SPECTROMETRY 6 6 0  
O X I O E  - - -  - -  - 1 7 3 7  
P A S S I V A I I O N  - - - 1 3 7 0  
SECONDARY L O N  - - 6 6 0  
S I L I C O h  - - - - - " - - - - - 1 8 0 5  
U L T R A H I G H  VACUUM 6 6 0  
X P S  - - - - - - - 1 3 7 0  - - - - - - - 1 7 3 7  

O E S I V * T I V E  
C A R B O X Y L A T I O N  - -> 40. 
0-CARBCXYMETHYL - " 
R E D U C T I O N  - - - - " 
S Y N T H E S I S - - - -  " 
T A R T R O h I C  A C I O  - ' 

O E S O R P T I C N  
C H L D R I h E  E V C L U T I . > 1 3 4 3  
S T O I C H I O M E T R Y  - - " 
T A F E L  SLOPE - - - " 

D E S T R U C T I V E  E F F E -  
G L A S S  ELECTRODE - > 2 1 9 6  
GLOU T U e E  - - - - .' 
I O N I C  CONOUCTIVI .  " 

OEVELOPER TEMPER. 
DEVELOPMENT R A T E  > 2 0 2 6  

PRI'MARY TERM P A G E  
CO-TERM NO. - - 

OEVELOPER TEMPER. I C O N T O )  
E L E C T R O N  BEAM - - 2 0 2 6  
L I N E  EDGE P R O F I L E  " 
O P T I C A L  EXPOSURE " 
P H O T O R E S I S T  - - - " 
P O S l T I V E  D I A Z O  - * 

D E V E L O P I N G  T I M E  
E L E C T R O N  BEAM - - > I 4 3 0  
L I N E  WIDTH - - - * 
POLYMETHYLMETHAC. " 
R E S I S T  - - - - - " 
S L O P E  ANGLE - - - 

DEVELOPMENT R A T E  
OEVELOPER TEMPER.>2026 
E L E C T R O N  BEAM - - " 
L I N E  EDGE P R D F I L E  " 
O P T I C A L  EXPOSURE " 
P H O T O R E S I S T  - - - " 
P O S I T I V E  D I A Z O  - " 

D E V I C E  O U A L I T Y  
A R S I N E  GAS - - -> 3 0 0  
E P I T A X Y  - - - - - " 
G A A 5  - - - - - -  " 
GERMANIUM - - - - " 
MOLYBDENUM - - - " 

T R I M E T H Y L G A L L I  UM " 

O E Z I N C I F I C A T I O N  
AMMONIACAL SOLUT.>1299 
COPPER Z I N C  - - - " 
S T R E S S  CORROSION " 

D I A B E T E S  
A N O D I C  O X I D A T I O N  > 4 3  
GLUCOSE SENSOR - " 
I M P L A N T A T I O N  - - " 

KREBS-RINGER - - * 
L I N E A R P O T E N T I A L  " 
P L A T I N U M  ELECTRO. " 

D I A P H R A G M  
OXYGEN R E D U C T I O N  > I 5 0 2  
PLATINUM-OXYGEN - " 
P O L A R I Z A T I O N  - - " 

0 I A Z  IOE-5-SULFON. 
E L E C T R O N  BEAM - -> 8 6 0  
E P R  - - - - - - -  " 
MASS SPECTROSCOPV " 
D-NAPTHOOUINONE - " 
P H E N O L I C - T Y P E  - - " 
R E S I N  - - - - - - " 

D I A Z O  S E N S I T I Z E R  
CHROMATE S E N S I T I . > I Z 9 4  
COLOR TV T U B E  - - " 
P H o s P n o R  DEPOSIT. - 

O I C H A L C O G E N I O E  
I N T E R C A L A T I O N  - -> 3 4 9  
L I T H I U M  - - - - - - 
L O *  VDLTAGE BEHA. * 
SECONDARY BATTERY 
TOPOCHEMICAL C E L L  " 

D I E L E C T R I C  BREAK. 
A L U M I N U M  - - - -> 1 6 2  
C A P A C I T O R  - - - - " 
P O L Y S I L I C O N  - - - " 
S I L I C O N  O I O X I O E  - " 

D I E L E C T R I C  F I L M  
AMMONIA G A S  - - -> 9 9 6  
F I L M  T H I C K N E S S  - > I 5 3 9  
OX I D A T I O N  RESIST.  9 9 6  
P O L I l M l O E  - - - -> 2 6 9  
P R I S M  COUPLER - - 1 5 3 9  
R E F R A C T I V E  I N D E X  " 
S I L I C O N  D I O X I D E  - * 
S I L I C O N  O X Y N I T R I .  9 9 6  
S I L I C O N  SUBSTRATE 1 5 3 9  
SPUN-ON F I L M  - - 2 6 9  
THERMAL N I T R I O A T .  9 9 6  
T H I C K N E S S  P K O F I L E  2 6 9  
T H I N  F I L M  - - - - " 

D I E L E C T R I C  F L U I D  
0 1  S S O C I A T I O N  - -> 9 2 5  
STEADY S T A T E  CON. " 
SURFACTANT - - -  " 
T R A N S I E N T  CONDUC. " 

D I E L E C T R I C  I S O L A .  
I N T E G R A T E D  CIRCU.> 8 7 0  



P R I M A R Y  TERM PAGE 
CC-TERM NO. 

- 
D I E L E C T R I C  ISOLA. I C O N T O )  

S I L I C O N  A N O D I Z A T -  8 7 0  
S I L I C O N P O R O S I T Y  " 

D I E L E C T R I C  PROPE-  
CHARGE STORAGE - > I 9 5 8  
E L E C T R I C A L  FROPE. " 
P O L A R I Z A T I O N  - - " 
P O L Y V I N Y L  B U T Y R A L  " 

D I E L E C T R I C S  
ANOOIC C X I O A T I O N  > I 3 7 4  
A N O D I C  O X I D E  F I L M >  7 6 5  
BORON OOPING - ->  3 1 3  
cvo - - - - - - -  " - - - - - - -> 3 3 4  - - - - - - - > I 7 2 8  

D E P O S I T I O N  - - - 3 1 3  
E L L I P S C W E T R Y  - - 1 3 7 4  
I N F R A R E C  ABSORPT. 1 7 2 8  
I N T E G R A T E D  CIRCU. 3 3 4  
I O N I C  CONDUCTION 7 6 5  
LOW TEMPERATURE - 1 7 2 8  
N I O B I U M  - - - - - 1 3 7 4  
OPEN C I R C U I T  - - " 
O X I D A T I C N  - - - - 1 7 2 8  
PHOSPHCEUS - - - 3 3 4  
PHOSPHORUS O O P I N G  3 1 3  
P H O S P H C S I L I C A T C  - 3 3 4  
POLYMERIZATION - 1 7 2 8  
S I L A N E  - - - - - " 
S I L I C O N  D I O X I D E  - 3 1 3  
T A F E L  SLOPE - - - 1 3 7 4  
T A N T A L U M  P E N T O X I .  7 6 5  
T R A N S I E U T  ANALYS. 1 3 7 4  
TUNGSTEN - - - - " 

O I F F R A C T I C M E T R Y  
OOU-E CRYSTAL -> 
GROUP 1 1 1 - V  COMP. 

I N D I U M  P W J S P H I O E  
I N G A P A S  - - - - - 
L A T T I C E  M I S M A T C H  
L P E  - - - - - - - 
OUARTEENARY - - - 

D I F F R A C T  I O N  
ANNEAL - - - - ->  
CAOMIUM H A L I D E  -> 
C H A N N E L I N G  - - - 
CHROMIUM - - - - 
CRYSTALLOGRAPHY - 
E P I T A X I A L  R E L A T I .  
M I X E D  C C Y S T A L S  - 
P L A T I N U M  - - - - 
P O L V T Y P I S M  - - - 
S A P P H I R E  - - - - 
VAPOR GCOWN - - - 

D I F F U S I N G  S P E C I E S  
n l G n  TEMPERATURE > I 9 4 8  

N I C K E L  CHROMIUM - " 
P H O S P H I O A T I O N  - - " 
PHOSPHOEUS VAPOR +* 

D I F F U S I O N  
CONDUCTANCE - - - > I 6 8 2  
CONNECTOR - - - - > I 7 9 8  
C O N V E C T I O N  - - - > I 7 1 3  
COPPER - - - - - 1 7 9 8  
E L L I P S O Y E T R V  - -> 2 4 2  
F U E L  C E L L  - - - - 1 6 8 2  
GOLD ALLOY - - - 1 7 9 8  

HALOGEN - - - - - 1 6 8 2  
HYDROGEL - - - - ' 
HYDROGEN PROTON -> 8 5 0  

I N T E R F A C E  POTENT. 2 4 2  
I O N I C  CCNOUCTOR - '. 
M I G R A T I C N  - - - - 1 7 1 3  
MOLTEN SALT - - - " 

N A F I O N  LEMBRbNE - 1 6 8 2  
O X I D A T I C N  K I N E T I .  1 7 9 8  
PHOTOELECTROCHEM. 8 5 0  

POLYMER - - - - - 1 6 8 2  
POROUS ELECTROOE 1 7 1 3  
R E L I A B I L I T Y  - - - 1 7 9 8  
R O T A T I N G  ELECTRO. 2 4 2  

S I L V E R  S A L T  SOLU. " 
T I T A N I U M  O I O X I D E  8 5 0  
TRbNSPCET EGUATI .  1 7 1 3  
TRANSPOET PROPER. 1 6 8 2  

D I F F U S I O N  C O E F F I .  
B R O M I N E  D I F F U S I O N >  3 6  
I O N  EXCHANGE - - " 
N A F I O N  MEMBRANE - " 

lURNAL OF THE ELECTROCI 

P R I M A R Y  TERM PAGE 
CO--TERM NO. - 

D I F F U S I O N  C O E F F I .  I C O N T D L  
P H O S P W O A T  I O N  - - > I 4 3 2  
TRANSPORT EOUATI.> 9 8 8  
Z I N C  - - - -  - -  1 4 3 2  
ZINC PHOSPHIOE - '' 

D I F F U S I O N  CONTROL 
C O D E P O S I T I O N  - -> 5 6 6  
COPPER - - - - - 
R O T A T I N G  D I S K  - - " 
Z I N C  - - - - - - " 

D I F F U S I O N  MODEL 
BORON R E D I S T R I B U . > 2 0 0 1  
THERMAL O X I D A T I O N  " 

D I F F U S I O N  PROCESS 
GAAS - - - - - -> 1 3 5  
PHGSPHORUS O I F F U . > l 2 5 2  
PHOSPHORUS D O P I N G  " 
P L A N A R  O l F F U S I O N  1 3 5  
P L A N A R  > U N C T I O N  - " 
S I L I C A  F I L M  - - - 1 2 5 2  
S I L I C O N  D I O X I D E  - 1 3 5  
T I N O O P I N G  - - -  * 

D I G I T A L  S I M U L A T I .  
CHARGE TRANSFER - > I 0 1 1  
HOLE I N J E C T I O N  - " 

I L L U M I N A T E D  - - - " 
L I D U I D J U N C T I O N -  " 
PHOTOANODE - - - " 
SEMICONDUCTOR - - " 
SOLAR C E L L  - - - " 

O I M E T H V L F ~ M A M I O E  
B E N Z A L  C I V O R I O E  -> 4 0 1  
CARBON O I O X I D E  - " 
R E D U C T I O N  MECHAN. " 

O I O D E  
A L U M I N U M  A R S E N I O € >  6 3 7  
D I S L O C A T I O N  - - - " 

G A A s - - - - - -  " 
G A L L I U M  - - - - - 
L I G H T - E M I T T I N G  - " 
OUANTUM E F F I C I E N .  " 
S I L I C O N  - - - - - " 

O I O O E  SYSTEM 
CARBONTETRAFLUOR.> 2 2 6  
P L A S M A  E T C H I N G  - " 
R E A C T I V E  SPUTTER. " 

D I O X I D E  AMBIENCE 
C H L O R I N E  O X I O A T I . > 1 2 8 8  
S I L I C O N  D I O X I D E  - " 

THERMAL O X I D A T I O N  " 

O I P H T H A L O C Y A N I N E  
CHaRGE TRANSPORT > I 4 9 0  
ELECTROCHRCMISM - > I 3 3 9  - 1 4 9 0  

L U T E T I U M  - - - - I 3 3 9  
O X I O A T I O N  PRODUCT 1 4 9 0  
O X I D A T I O N  S T A T E  - 1 3 3 9  

D I R E C T  CURRENT 
HYDROGEN PEPMEAT.>I633 
M E T A L  O U A N T I T Y  -> 8 8 1  
P L A T I N G  - - - - - 1 6 3 3  
P L A T I N G  C Y C L E  - - 8 8 1  
P U L S E D  P L A T I N G  - " - 1 6 3 3  

D I S C H A R G E  
L I T H I U M  - - - - - > 2 1 6 8  

R E A C T I O N  MECHANL. " 
T H I O N l L  C H L O R I D E  " 

D I S C H A R G E  C A P A C I .  
P H Y S I C A L  S T R U C T U . > l 8 9 9  
POROUS I R O N  ELEC.  " 

POWDER R E D U C T I O N  " 
S I N T E R I N G - - - -  " 

D I S C H A R G E  CHARAC. 
F L U O R I D E  - - - -> 7 0 9  
G A L V A N I C  C E L L  - - '' 
S O L I D  E L E C T R O L Y T E  " 

D I S C H A R G E  D A T A  
I R O N  - - - - - -> 3 5 7  
SECONDARY BATTERY " 
S O L U B L E  SYSTEM - " 
T I T A N I U M  - - - - " 

lEMICAL SOCIETY 

P R I M A R Y  TERM P A G E  
CO-TER M NO. 

- 
D I S C H A R G E  REACTI .  

L I T H I U M  ANODE - -> 5 1 3  
P R I M A R Y  C E L L  - - " 

S O L U B L E  CATHODE - " 
T H I O N Y L  C K O R I D E  " 

D I S K  ELECTRODE 
C K O R O A L U M I N A T E  - > I 0 2 9  
CHRONOAMPEROMETRY * 
COPPER - - - - - " 
CURRENT O I S T R I B U . > l 3 4 8  
C Y L I N D R I C A L  C E L L  " 
FUSED SALT - - - 1029 
PHCTOCCEUOSI  ON - > I 4 8 3  
PHOTON F L U X  - - - " 
P O T E N T I O M E T R Y  - - 1 0 2 9  
REOOX - - - - - - 1 4 8 3  
R E S I S T A N C E  - - - 1 3 4 8  

O I S L O C A T I C N  
A L U M I N U M  A R S E N I O E >  6 3 7  
D I O D E - - - - - -  I 

F I L M  EDGE - - - - > I 0 1 4  
GAAS - - - - - - 6 3 7  
G A L L I U M  - - - - - " 
L I G H T - E M I T T I N G  - " 
OUANTUM E F F I C I E N .  " 
S I L I C O U  - - - - - " 
S I L I C O N  D I O X I D E  - 1 0 1 4  
S I L I C O N  N I T R I D E  - * 
V I S C O E L A S T I C I T Y  - " 

OISOROEREC SYSTEM 
ALUM1 NUM O X I D E  - > I 3 0 4  
ALUMINUM POWDER - * 
COMPOSI  TE SYSTEM " 

01 SPERSEO N U M I N A  
A L U M I N A  - - - - - > I 9 6 3  
CUPROUS C I V O R I O E  - 
I O N  C O L O U C T I V I T Y  " 

D I S P L A Y  D E V I C E  
CATION F I L M  - - -> 1 6 7  
E L E C T R I C A L  CHARA.>2211 
ELECTROPHORESIS - - 
GOLD SUBSTRATE - 1 6 7  
N - H E P T Y L V I O L O G E N  " 
O P T I C A L  CHARACTER 2 2 1 1  
T I T A N I U M  O I O X I O E  " 

D I S S O C I A T I O N  
BIRGE-SPONER - - > I 3 9 6  
O I E L E C T C I C  F L U I D  > 9 2 5  
MASS S P E C T R O X O P Y > 1 8 2 5  
M E T A L  H A L I D E  G A S  1 3 9 6  
MODEL C A L C U L A T I O N  " 
S E L E N I  UM S U L F I D E  1 8 2 5  
STEADY S T A T E  CON. 9 2 5  
S U R F b C T b N T  - - - " 
THERMOCHEMISTRY - 1 3 9 6  
THERMOOYNLMICS - 1 8 2 5  
TRANS1 E N T  CONOUC. 9 2 5  
V A P O R I Z A T I O N  - - 1 8 2 5  

D I S S O L U T I C N  
C H L 9 R I O E  I O N  - ->  9 1 9  
F I C K S  LAW - - - -> 6 3 4  
MOLTEN S I L I C O N  - " 

N I C K E L  C X I O E  F I L M  9 1 9  
P % S S I V A T I O N  - - - " 
P I T  I N I T I A T I O N  - " 
S I L l C O h  C A R B I D E  - 6 3 4  

D I S S O L U T I C N  KINE.  
A C I O I C  C H L O R I O E  - > I 6 6 6  
A N O D I C  O I S S O L U T I .  " 
COPPER - - - - - N 

C O R P O S I C N  - - - - " 

O I S S O L V E C  S U L F L R  
C A P A C I T Y  - - - -> 5 2 3  
L I T H I U M  B A T T E R Y  - " 
O R G A N I C E L E C T R O L .  9, 

R A T E  C A P A B I L I T Y  - " 
SECONOAEY B A T T E R Y  " 
SYSTEM S T A B I L I T Y  " 
TETRAHYOROFURAN - - 

DOPANT 

C E S I U M  - - - - -> 6 6 0  
D E P T H  P E O F I L E  - - " 
GAAS - - - - - -  I 

MASS SPECTROMETRY " 
SECONDARY I O N  - - " 
S I L I C O N  - - - - - I 

U L T R A H I G H  VACUUM " 

December 1979 

PRIMARY TERM PAGE 
CO-TERM NO. 

- 
O W A N T  D I S T R I B U T .  

BORON D O P I N G  - -> 1 3 8  
L P E  - - - - - - - . 
MELTBACK - - - - " 
S I L I C O N  - - - - - . 

DOPANT E F F E C T  
O X I D A T I D N  K I N E T I . > 1 5 1 6  

> I S 2 3  
P H Y S I C A L  YODEL - " 
P O I N T  DEFECT - - 1 5 1 6  
P O I N T  E F F E C T  - - 1 5 2 3  
S I L I C O N  D I O X I D E  - 1 5 1 6  - I S 2 3  

DOPANT INCORPORA. 
CVO - - - - - - -> 6 4 4  - - - - -  - -> 6 5 3  
E P I T A X I A L  F I L M  - 6 4 4  - 6 5 3  
S I L I C O N - - - - -  6 4 4  - - - - -  6 5 3  

DOPED MELT 
A N T I M O N Y  - - - -> 8 7 5  
C R Y S T A L  GROWTH - -9 

C Z O C H R A L S K I  - - - n 

I N S T A B I L I T Y  - - - " 
MORPHOLOGY - - - " 
S I L I C O N  C R Y S T A L  - I 

O W I N G  
A N T I M O N Y  E V A P O R A - > I 7 6 1  
A R S E N I C  - - - - - " 
ATMOSPHERE - - - > I 7 8 5  
C A R R I E R  CONCENTR.> 5 6 2  
C E R I U M  D I O X I D E  - " 
D E F E C T  STRUCTURE > I 3 8 1  
E L E C T R I C A L  CONDU. 5 6 2  
E L E C T R O E P I T A X Y  - 1 3 8 1  
E L E C T R O N I C  CHARA. " 
E P I T A X Y  - - - - - 1 7 6 1  
G A A S  - - - - - - 1 3 8 1  
HELIUM-HYDROGEN - 1 7 8 5  
H E T E R O E P I T A X V  - - " 
I O N  I M P L A N T A T I O N  1 7 6 1  

> I 7 7 9  
LOW TEMPERATURE - " 
MOLECULAR BEAM - 1 7 6 1  
N I O B I U M  P E M O X I D E  5 6 2  
O X I D A T I O N  - - - - 1 7 7 9  

P O L Y S I L I C O N  - - - " 
S I L I C O N  - - - - - 1 7 6 1  
S I L I C O N  GROWTH - 1 7 8 5  

THERMAL L P E  - - - I 3 8 1  
J L T R A H I G H  VACUUM 1 7 6 1  
V L S I  D E V I C E  - - - 1 7 7 9  

O O P I N G  P R f f I L E  
GAAS - - - - - -> 2 9 6  
GROWTH PROCESS - " 

L P E  - - - - - - -  " 
M O B I L I T Y  P R O F I L E  " 
T I N  - - - - - - -  " 

D O U B L E  C R Y S T A L  
O I F F R A C T l O M E T R Y  -> 6 6 4  

E P I T A X I A L  L A Y E R  - > I 2 2 8  
GROUP 1 1 1 - V  COUP. 6 6 4  
INDIUM P n o s P n I o E  - 
I N G A P A S  - - - - - " 
L A T T I C E  M I S M A T C H  " 
L P E  - - - - - - -  " 
PENOELLOSUNG - - I 2 2 8  
OUARTERNARY - - - 6 6 4  
S T R A I N  O I S T R I B U T .  1 2 2 8  
X-RAY D I F F R A C T I O N  09 

DOUBLE P U L S E  
F A S T  ELECTRODE -> 1 I 4 8  
G A L V A N O S T A T I C S  - " 
O V E R P O T E N T I N  - - " 

- . - . . . . . - 
CHLOROMETHYLATED > I 6 2 8  
N E G A T I V E  R E S I S T  - " 
POLYSTYRENE - - - " 
SUBMICRON TECHNO. * 

OTA 
ABUSE TOLERANCE - > I 6 3 7  
A L U M I N U M  - - - - > I 9 9 2  
A N T I M O N Y  - - - - " 
B A T T E R Y  - - - - - 1 6 3 7  
C E R A M I C S  - - - > 1 
E O U I L I B R I U M  - - - > I 4 0 3  
G A L L I U M  - - - - - I 9 9 2  
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PRJMARY TERM PAGE 

CO-TERM NO. - - 
P R I M A R Y  TERM PAGE 

CO-TERM NO. 

- - 
D T A  I CONTD 1 

H Y D R O S T A T I C  PRESS 1 4 0 3  
I O N I C  C O N D U C T I V I .  1 
L E A O  F L U O R I D E  - - 1 4 0 3  
L I C U I D  A S S O C I A T I .  1 9 9 2  
L t T n t u M  - - - - - 1 6 3 7  
L I T H I U M  O X I D E  - - I 
M O I S T U R E  CONTENT * 
P H A S E  D I A G R A M  - - I 9 9 2  
P H A S E  T R A N S I T I O N  1 4 0 3  
P H Y S I C A L  PROPERT. I 
SULFUR D I O X I D E  - I 6 3 7  
TERNARY PHASE - - 1 9 9 2  

D U C T I L I T Y  
A O H E S I C L  - - - -> 6 2 4  

A N O D I C  O X I D E  F l L M  " 
F R L C T U R E  - - - - " 
TANTALUM - - - - " 

P R I M A R Y  TERM PAGE 
CO-TERM NO- 

- - 
P R I M A R Y  TERM PAGE 

CO-TERM NO. - 
E L E C T R O D E P O S I T I O N  I C O N T O )  

P m E P A R A T I O N  - - - 2 1 6 2  
P Y R I T E  - - - - - 9 1 1  
S A C C H A R I N  - - - - 2 0 8 5  
STEREOMICROSCOPY 1 1 2 3  
SURFACE STRESS - 2 0 8 5  
THERMAL PREPARAT. 2 0 4  
T I N  N I C K E L  A L L C Y  " 
V E R T I C A L  ELECTRO. 2 1 1 8  

E L E C T R I C A L  MEASU. 
C H E M I C I L  TREATME.>1792 
C O N O U C T I V I T Y  - - " 

HYDROGEN O I F F U S I .  " 
p - T Y P E  - - - - - " 
R E S I S T I V I T Y  S H I F T  - 
S I L I C O N  SURFACE - " 

E L E C  T R O C H R M I I  SM ICONTO) 
TUNGSTEN T R l O X l D E  5 8 3  

2 1 3 3  
VACUUM EVAPORATI .  5 8 3  

ELECTROCRYSTALLI .  
E L E C T R O D E P 0 5 1 T I O N > Z 0 8 5  
E P I T A X Y  - - - - - " 
N I C K E L  - - - - -  " 
P A S S 1 V A T I O N  - - - " 
S A C C H I R I N  - - - - " 
SURFACE STRESS -- - 

E L E C T R I C A L  PROPE. 
CHARGE STORAGE - > I 9 5 8  
D I E L E C T R I C  PROPE. " 
P O L A R I Z A T I O N  - - " 
P O L Y V I N Y L  BUTYRAL " 

E L E C T R O D I S S O L U T I  . 
A C I D I C  C K O R I D E  - > I 1 1 8  
N I C K E L  - - - - -  " 

ELECTRODE 
COPPER - - - - -> 6 9 9  
C Y C L A B L E  C E L L  - - " 
I N T E R C A L A T I O N  - - " 
S O L I D - S T A T E  C E L L  " 

ELEC TROANALYSI  S 
E L E C T R O L Y T E  CONC.> 5 0  
S E M I  I N T E G R A T I O N  - " 
SUPPOUTING ELECT.  " 
VOLTAMMETRY - - - " 

E L E C T R O E P I T A X Y  
D E F E C T  STRUCTURE > I 3 8 1  
D O P I N G  - - - - - " 
ELECTRONIC cnrar. " 
G A A S  - - - - - - " 
THERMAL L P E  - - - " 

ELECTROGENERATED 
A P R O T I C  SOLVENT -> 4 1 4  
CHEMILUMINESCENCE " 
ENERGV CONVERSION " 
PHOTOINDUCED - - " 
SEYICONOUCTOR - - " 
VP CONVERSION - - " 

ELECTRODE B E H A V I  
A C E T O N I T R I L E  - - > I 8 9 2  
F E R R I C  C X I O E  - - " 
N-TYPE CONDUCTION " 

DUPLEX 3 0 8  
A U S T E N T I C  - - - -> 3 7 4  
CORROSICN - - - - " 
INTERGRANULAR - - " 
MICROSTEUCTURE - " 
PHASE TRANSFORMA. " 
P I T T I N G  - - - - - " 
S T A I N L E S S  S T E E L  - " 

ECONOMIC GROWTH' 
FUTURE - - - - -> 8 I C  

S O C I A L  CHANGE - - " 

E F F I C I E N C Y  
A C E T O N I T R I L E  - -> 6 0 3  
CATHODE RAY - - - > I 5 5 6  
C e R I U M  - - - - - " 
C O N C E N T S A T I O N  - - 
G I l S  - - - - - - 6 0 3  

G A D O L I N I U M  - - - 1 5 5 6  
GARNET FHOSPHORS ' 
L I Q U I D  J U N C T I O N  - 6 0 3  
P H O T O V C L T A I C  C E L L  " 
R E G E N E R A T I V E  C E L L  * 
S I N G E  CRYSTAL - * 
T E R B I U M  - - - - - 1 5 5 6  - - - - -  " 

E L E C T R O C A P I L L A R Y  
EXTENSOMETER - -> 2 5 2  
P L A T I N U M  - - - - " 
S A L T  S O L U T I O N  - - " 
SURFACE STRESS - - ELECTRODE K I N E T I -  

ELECTRON TRANSFER, 9 8 8  
HEME - - - - - -  " 
HEMOPROTEIN - - - " 

E L E C T R O C A T A L Y S I S  
A C R Y L I C  A C I D  - -> 9 3 9  
A N I O N  I N F L U E N C E  - > 2 1 4 0  
A N O D I C  A C T I V A T I O N >  7 8  
AUGER SPECTROSCO.> 6 7  

7 e  

ELECTRODE MATERI .  
C O B A L T  O X I D E  - - > I 8 1 7  
LANTHANUM STRONT. " 
POWER - - - - - - " 
T H E R M O E L E C T R I C I T Y  " 

ELECTROHYOROOIME. 
CHRONOCOULOMETRY > 5 7 9  
E T H Y L  CINNAMATE - " 
LOW TEMPERATURE - * 
METHYL CINNAMATE " 
R E A C T I O N  ORDER - " 

. - 
C H L O R I N E  E V O L U T I . > 1 1 8 9  
E L E C T R O N  O I F F R A C .  6 7  
E L E C T R O O X I D A T I O N  > 2 1 8  - - - - - . - . - - . - 
E L E C T R O S O R P T I O N  - 2 1 4 0  
E T H Y L E N E  - - - - 2 1 8  

ELECTROOE MODEL 
POROUS ELECTRODE > I 8 3 5  
REACT I O h  P R O F I L E  " 

SURFACE M O R P m L O .  " 

Z I N C  PCRE E L E C T R -  " 

ELECTROLESS 
A C T I V A T O R  - - - - > I 6 7 1  
B A C K S C A T T E R I N G  - " 

C A T A L Y S T  - - - -> 3 9 4  
COPPER - - - - - > 2 1 6 7  
COPPER D E P O S I T I O N >  1 7 1  
D E P O S I T I O N  - - - 3 9 4  - - -  2 1 6 7  

G A L V A N I C  C E L L  - - 1 7 1  
G L A S S  SUBSTRATE - 1 6 7 1  
METAL D E P O S I T I O N  * 
O X I D A T I O N  - - - - 1 7 1  
P A L L A O I U M  - - - - 3 9 4  - - - -  1 6 7 1  

R E D U C T I O N  - - - - 1 7 1  
U V  I R R A O I A T E O  - - 3 9 4  

HYDROGEN ABSORPT. 6 7  
HYDROGEN MONOLAV. 2 1 4 0  
HYDROGEN P E R O X I D E > I 8 3 1  
I R O N  O X I O E  - - - " 
N - T y p E  - - - - - " 
OXYGEN Y O N I L A V E R  2 1 4 0  
OXYGEN R E D U C T I O N  7 8  
PHOTOANODE - - - 1 8 3 1  
P L l T I N U Y  - - - - 6 7  - - - -  7 8  - - - -  2 1 8  - - - - 2 1 4 0  
P O L V M E R I Z A T I O N  - 9 3 9  

P O T E N T I O D Y N A M I C S  2 1 8  
REOOX - - - - - - 9 3 9  
R I N G  0 1 %  ELECTR. " 
R U T H E N I U M  - - - - 1 1 8 9  
S I N G L E  C R Y S T A L  - 6 7  - 7 8  
STRUCTURE S E N S I T .  6 7  

7 8  
S U L F W I C  A C I D  - - 2 1 4 0  
T I T A N I U M  O X I D E  - 1 1 8 9  
T I  T A N I U M  SUPPORT. ' 

ELECTRODE POTENT-  
A P P L I E O  P O L A R I Z A . > 2 0 5 7  
COPPER Z I N C  - - - " 
G A L V A N I C  C O R R O S I -  . 
N U M E R I C A L  A N A L I S .  - 
S O L U T I C H  D E P T H  - " 

E F F L U E N T  GAS 
EOUILIBRIUM - - -> e 2 7  
GERMANIUM - - - - " 
OXYGEN S O L U B I L I  TY " 

ELECTRODE SHAPE 
B E T A - A L L M I N A  - - > I 4 5 1  

C E L L  MEMFRANE - - " 
F A I L U R E  A N A L Y S I S  " 
SODIUM SULFUR - - " 

E F F U S I O N  
O E C O M P O S I T I O N  - -> 4 9 0  
P O T b S S I U M  S U L F A T E  " 

S O L I D  PHASE - - -> 7 7 1  
V A P O R I Z A T I O N  - - 4 9 0  - - 7 7 1  
Z I R C O N I U M  I O D I D E  " 

E L E C T R O L Y S I S  
CONDUCTION - - - > I 3 6 8  
C O N T A M I N A T I O N  - -> 5 4  
CURRENT D E N S I T Y  - " 
MASS TRANSFER - -> 3 9 8  
N O N A R A D A Y  - - - 5 4  

P E R I O D I C  CURRENT 3 9 8  
R O T A T I N G  D I S K  - - * 
S O L I D  BROMINE - - 1 3 6 1  
WATER - - - - - - 5 4  

ELECTROOEPOSI  T I O N  
ALLOY - - - - - - > 2 1 6 2  
B I S U L F A T E  CATALY.> 1 9 0  
BUFFER C A P A C I T Y  - > I 8 6 1  
CARBON S T E E L  - -> 9 1 1  
CATHODE - - - - -> 2 3  
CATHODE F I L M  - - 1 9 0  
c n R o M ~ u ~  - - - - " 

C O B A L T  HARDENED -> 4 4 5  
CONVECTION - - - 2 3  
COPPER - - - - - - 
COPPER O E P O S I T I O N > Z I  I 8  
COPPER ELECTROOE.>L180 
CURRENT O E N S I T I  - 2 3  - 1 1 8 0  
CURRENT O I S T R I B U .  2 1 1 8  

E L E C T R E T  
HETEROCHARGE - - > I 7 0 8  
MEMBRANE - - - - * 
P O L A R I Z A T I O N  - -  " 
POLYSTYRENESULFO. " 
P O L Y V I N Y L  A L C O H U  " 
P O T A S S I U M  - - - - " 
SODIUM - - - - - " 

ELECTROCHEMICAL 
P O T E N T I A L  - - - - > 2 1 6 9  
SPECTROSCOPY - - " ELECTROLYTE 

I N D U S T R Y  REPORT - > 2 4 3 C  

ELECTRDCHROME 

P n o s P n o T u N t s r  IC -> 8 0 5  
PROTON CONDUCTION * 
TUNGSTEN T R I O X I D E  " 
Z I R C O N I U M  PHOSPH. " 

ELECTROLYTE CONC- 
ELECTROANALYSL S -> 5 0  
S E M I  I N T E G R A T I O N  - " 
SUPPORTING ELECT. " 
VOLTAMMETRY - - - " E L E C T R E T  BEHAVIOR 

O E P O L A R I Z A T I O N  - > I 2 0 1  
M E L A N I N  - - - - - " 

C U R R E h l  E F F I C I t L .  1 8 6 1  
E L E C T R C C R Y S T A L L I . > 2 0 8 5  
E L E C T R C L  M I C R O S C . > I I 2 3  ELECTROCHROM I S M  

A N O D I C  - - - - - > 2 1 7 1  
ANODIC F I L M  - - -> 7 4 2  
A N O a I C  O X I O A T I O N  > 5 8 3  

> 2 1 3 3  
B L E A C H I N G  - - - - 7 4 2  - - - -  2 1 7 1  
CHARGE TRANSPORT > I 4 9 0  
C O L O R A T I O N  - - - 7 4 2  

- - - 2 1 7 1  
CORROSION S T A B I L .  7 4 2  

2 1 7 1  
O I P H T H A L O C Y A N I N E  > I 3 3 9  

1 4 9 0  
F I L M  STRUCTURE - 5 8 3  
I R I D I U M  O X I D E  - - 7 4 2  - - 2 1 7 1  

L U T E T I U M  - - - - I 3 3 9  
MECHANISM - - - - 2 1 7 1  
O X I D A T I O N  PRODUCT 1 4 9 0  
O X I D A T I O N  S T A T E  - 1 3 3 9  
P n  - - - - - - - 2 1 7 1  

PHOTOELECTROCHEM. 2 1 3 3  
R E A C T I O N  R A T E  - - 5 8 3  
THERMAL O X I D A T I O N  2 1 3 3  

ELECTROLYTE FLOW 
E L E C T R I C  V E H I C L E  > I 3 2 1  
H E A T  TRANSFER - - " 

L E A O  & C I D  BATTERV " 
P R O P U S I O N  - - - " 

E P I T A X Y  - - - - - 2 0 8 5  
F I L M  F O R M A T I O N  - 4 4 5  
F L U I D I Z E D  ELECTR.>1176 

1 1 8 0  
FOIL - - - - - -  2 1 6 2  

F U S E D  S A L T  - - - " 

G A S  L I F T  - - - - 2 1 1 8  
GOLD - - - - - - 4 4 5  
H r G n  TEMPERATURE " 
HYDROGEL E V O L U T I .  1 8 6 1  

2 1 1 8  

HYDROGEN S U L F I D E  9 1 1  
I R O N  P L A T I N U M  - - 2 1 6 2  
M A R C A S I T E  - - - - 9 1 1  
MASS TRANSPORT - 2 3  
M A T H E M A T I C A L  MOD. 1 1  7 6  

2 1  1 8  
MDSS8AUER SPECTR.> 2 0 4  
N I C K E L  - - - - - 2 0 8 5  
N I C K E L  I R O N  A L L O V  1 8 6 1  
ORGANIC I N C L U S I C N  1 1 2 3  
P A S S I V A T I O N  - - - 2 0 8 5  
P L A N E  V E R T I C N  - 2 3  
POLYCHECMATE - - 1 9 0  

E L E C T R I C  F I E L O  
DEFECT D E N S I T Y  - > I 7 7 1  
L I O U I D  C R Y S T A L  - " 
O X I D E  T H I C K N E S S  - * 
S I L I C O N  D I O X I D E  - " 

E L E C T R O L V T E  S A L T  
ENERGY C O N V E R S I O N > l 4 4 5  
H E R M E T I C  D-CELL - '' 
L I T H I U M  BORON CH. ' 
T H I O N Y L  C H L O R I D E  " 

E L E C T R I C  V E H I C L E  
E L E C T R O L Y T E  FLOW > I 3 2 1  
H E A T  T E a N S F E R  - - 8- 

L E A O  A C I D  B A T T E R Y  " 
P R O P U L S I O N  - - - 8 ,  

E L E C T R C M I G R A T I O N  
A G I N G  EFFECTS - -> 3 3 8  E L E C T R I C A L  CHARA. 

D I S P L A Y  D E V I C E  - > 2 2 1 1  
E L E C T R C F H O R E S I S  - * 
O P T I C A L  CHAEACTER " 
T I T A N I U M  O I O X I D E  - 

DEFECT D O P I N G  - - '' 
ENERGY CONVERSION " 
SEUICONOrCTOR - - " 

ELECTRON A F F I N I T Y  
I N O I U M  S E S O U I O X I . > 1 0 8 1  
O X I D E  SEMICONDUC. '' 
P H O T C V O L T A I C  PRO- " 

E L E C T R I C A L  CONDU. 
C A R R I E E  CONCENTR.> 5 6 2  
C E R I U M  D I O X I D E  - " 
D O P I N G  - - - - - * 
N I O B I U M  P E N T D X I D E  ' 
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P R I M A R Y  TERM PAGE 
CO-TERM NO. 

- 
E L E C  I R O N  eEAM 

CHLOROACRYLATE - > I 8 2 9  
OEVELOPER TEMPER.>2026 
D E V E L O P I N G  T I M E  - > I 4 3 0  
OEVELOPMENT R A T E  2 0 2 6  
OIAZIOE-5-SULFON.> 8 6 0  
ELECTRON R E S I S T  - > I 6 9 9  
E P R  - - - - - - - 8 6 0  
G L Y C I O V L  METHACR. 1 6 9 9  
HALOSTYRENE - - - " 

I N T E G R A T E 0  CIRCU.  1 8 2 9  
L I N E  EDGE P R f f I L E  2 0 2 6  
L I N E  W I D T H  - - - 1 4 3 0  
L I T H O G R A P H Y  - - -> 6 9 4  - - - 1 6 0 0  
MASS SPECTROSCOPY 
MOLECULAR O B I T A L  
N E G A T I V E  - - - - 
O-NAPT*COUINONE - 
O P T I C A L  EXPOSURE 
PHENOL I C - T Y P E  - - 
P H O T O R E S I S l  - - - 
POLYMER - - - - - - - - - -  
POLYMER R E S I S T  - 
POLYMETHACRYLONI .  
POLYMET+YLMETHAC. 
P O S I T I V E  D I A Z O  - 
P O S I T I V E  R E S I S T  '- 
R E S I N  - - - - - - 
R E S I S T  - - - - -- - - - - -  
SLOPE AhGLE - - - 
T R I F L U O C O E T H V L  - 
X-RAY - - - - - - 

ELECTRON SOYBARD. 
CATHODCLUMIYESCE.> 5 7 1  
LANTHANUM OXYSUL. * 
LOW ENERGY - - - " 
PHOSPHOES - - - - " 
T E R B I U M  - - - - - " 
xps - - - - - - -  " 
Y T T R I U M  O X Y S t L F I .  " 

ELECTRON OIFFRAC.  
AUGER SPECTROSCO.> 6 7  
E L E C T R O C A T A L Y S I S  " 
HYOROGEh ABSORPT. 
P L A T I N U M  - - - - 
S I N G L E  CRYSTAL - * 
S T R l K T U E E  S E N S I T .  O' 

E L E C T R O N  EXCHANGE 
CONDUCTANCE - - - > I 8 2 7  
S I L I C A  SURFACE - " 
THERMALLY G R C l N  - 

ELECTRON I N J E C T I .  
L I  O U I O  AMMONIA - > 2 0 7 C  
SEMICONDUCTOR - - " 

SOLVATEC E L E C T R O N  " 

ELECTRON MICROSC. 
A N N E A L l h G  - - - -> 8 0 9  
CADMIUM T E L L W I D E  88 

DEFECT I S O T h E R M  - " 
E L E C T R O O E P O S I T I O N > l  I 2 3  
L A T T I C E  DEFECT - 8 0 9  
O R G A N I C  I N C L U S l C N  1 1 2 3  
STEREOMICROSCOPY " 

ELECTRON E E S I S T  
CROSSLI tuKEO TVPE > I 6 3 5  
E L E C T R O h  BEAM - - > I 6 9 9  
G L Y C I O I L  METWCR. " 

> I 7 0 3  
HALCSTVEENE - - - 1 6 9 9  
HOMOPOLVMER - - - 1 6 3 5  
I N T E G R A T E D  C I R C U .  " 
L I T H O G E A P H Y  - - - 1 6 9 9  - - -  1 7 0 3  
METHACRVLATE - - 1 6 3 5  
MONO01 SPERSE - -> 0 9 6  
N E G A T I V E  - - - -  - - - -  1 6 9 9  
POLYMER R E S I S T  - - I 7 0 3  
POLVSTYKENE - - - 6 9 6  
WAFER F A B R I C A T I O N  I 7 0 3  
2 ~ 2 . 2 - T R I C H L O R O E .  1 6 3 5  

ELECTRON TRANSFER 
C O N V E C T I V E  OIFFU.> 4 3 1  

> 4 3 7  
ELECTRODE K I N E T  I .> 9 8 8  
H E Y E  - - - - - -  

P R I Y A R V  TERM PAGE 
CO-TERM NO. 

- -- 
ELECTRON TRANSFER ( C O N T O 1  

H E M D P R O T E I N  - - - 9 8 8  
HYDRODYNAMICS - - 4 3 1  - - 4 3 7  
R O T A T I N G  D I S K  - - 4 3 1  - - 4 3 7  

S I N U S O I D A L  - - - 4 3 1  - - -  4 3 7  
VOLTAMMETRY - - - 4 3 1  - - -  4 3 7  

E L E C T R O N I C  CHARA. 
D E F E C T  STRUCTURE > I 3 8 1  
D O P I N G  - - - - - " 

E L E C T R O E P I T A X Y  - " 
G A A S  - - - - - -  " 
THERMAL L P E  - - - " 

E L E C T R O N I C  CONOU. 
B A R I U M  F L U O R I D E  - > 2 0 2 3  
S O L 1  0  E L E C T R O L Y T E  

ELECTROOSMOSIS 
C O N C E N T R A T I O N  - - > 2 L I O  
C O N V E C T I O N  - - - " 
C Y C L I N G  - - - - - ' 
Z I N C  ELECTRODE - " 

E L E C T R O O X I O A T I O N  
ANODE - - - - - -> 
C H L O R A L U M I N A T E  -> 
E L E C T R O C A T A L Y S I S  > 
E T H A N E  - - - - -> 
E T H Y L E N E  - - - - 
F U E L  C E L L  - - - - 

EFFECT - - 
M E L T  C O M P O S I T I C N  
METHANE - - - - - 
MOLTEN S A L T  BATT.  
N-BUTANE - - - - 
P H O T O C O N O U C T l V I T l  
P L A T I N U M  - - - - 
P O T E N T I O D V N A M I C S  
PROPANE - - - - - 
SULFUR - - - - - 
T H I O C Y A N A T E  - - - 
TRIFLUOROMETHANE 

ELECTROPHORESIS 
0 1  S P L A Y  D E V I C E  - > 2 2 1 1  
E L E C T R I C A L  CHARA. " 
O P T I C A L  CHARACTER * 
T I T A N I U M  D I O X I D E  " 

E L E C T R O P O L I S H I N G  
ACCEPTER HVPOTHE.> 7 9 5  
A L L O Y  - - - - - -> 5 7 4  
A L U M I N U M  - - - - " 

B U B B L E  D Y N A M I C S  - 0, 

GASEOUS D I S C H A R G E  " 
GRGOVE S P A C I N G  - * 
N I C K E L  - - - - -  " 
SUCFACE MORPHOLO. " 
T A N T A L U M  - - - - 7 9 5  
WAGNERS TMEORV - " 

E L E C T R O S O R P T I O N  
A N I O N  I N F L U E N C E  - > 2 1 4 0  
CURRENT PEAK - -> 2 5 7  
E L E C T R O C A T A L Y S I S  2 1 4 0  
F I L M  F O R M A T I O N  - > I 1 7 2  
G O L D  ELECTRODE - " 
HYDROGEN AOATOM - 2 5 7  
HYDROGEN MONOLAY. 2 1 4 0  
OXYGEN MONOLAYER * 
P E R T U R B A T I O N S  - - 2 5 7  
P L A T I N U M  - - - - " - - - -  2 1 4 0  
P O T E N T I A L  - - - - 2 5 7  
P O T E N T I A L  PERTUR. 1 1 7 2  
S O D I U M  H Y D R O X I D E  " 
S U L F U R I C  A C I D  - - 2 1 4 0  

E L E C T R O S T A T I C S  
F I L T R A T I O N  - - - > I 4 2 6  
M I C R O M I N I T U R I Z A T .  " 
PHOTOLlTHOGRAPHY * 
P H O T O R E S I S T  - - - " 
P L A S M A  E T C H I N G  - " 

ELECTROTRANSPORT 
C O B A L T  MONOXIDE -> 7 6 0  
H I G H  R E S I S T A N C E  - > I 8 1 1  
L O U  PRESSURE - - " 

M I C R O G R A V I T Y  - - ' 
O X I D A T I O N  THEORY 7 6 0  
P O I N T  DEFECT - - " 

P R I M A R Y  TERM PAGE 
CO-TERM NO- 

- 
ELECTROTEANSPORT ( W N T D l  

P U R l F I C A T l O N  - - I 8 1 1  
T H O R I U M  - - - - - * 
T R A N S I T I O N  M E T A L  7 6 0  

E L L I P S O M E T R Y  
A N O D I C  O X I O A T I O N  > I 3 7 4  
A N O D I C  O X I D E  - -> 9 8 6  
A N O D I Z A T I O N  - - - > I 1 9 1  
AUGER SPECTROSCO.> 4 5 0  
B I S M U T U  T R I T E L L U .  1,191 
O l E L E C 1 C l C S  - - - 1 3 7 4  
O I F F U S I C N  - 7 - -> 2 4 2  
GAAS - - - - - -  4 5 0  - - - - - - > I 5 8 9  
G A L L I U M  P W S P M I O E  " 
G A L L I U M  S E L E N I O E  1 1 9 1  
I N  S I T U  - - - - - 4 5 0  
I N T E R F A C E  POTENT.  2 4 2  
I O N I C  CCNOUCTOR - 
L A V E R  P E R I O O I C I T Y  1 1 9 1  
L A Y E R E D  SEMICONO. " 

L E E D  - - - - - - 4 5 0  
N l O B l U M  - - - - - 1 3 7 4  
OPEN C I R C U I T  - - * 
O P T I C A L  L A Y E R  - ->  1 3 1  
PROCESS CONTROL - 1 5 8 9  
R E S I O U A L  F I L M  - - " 
RHEED - - - - - - 4 5 0  
R O T A T I N G  ELECTRO. 2 4 2  

S I L I C O N  O l O X I O E  - 1 3 1  
S I L l C O h  I N T E R F A C E  " 

S I L V E R  S A L T  SOLU. 2 4 2  
S T R E S S - S T R A I N  - - 1 3 1  
SUBSTRATE CCNSTA. 9 8 6  
SUBSTRATE ROUGHN.> 7 9 9  
SURFACE A N A L Y S I S  4 5 0  
T A F E L  SLOPE - - - I 3 7 4  
T I T A N I U M  - - - - 9 8 6  
T R A N S I E h T  A h U Y S .  I J 7 4  
TRANSPARENT O X I D E  7 9 9  
TUNGSTEN - - - - 1 3 7 4  
U N I F O R M  O X I D E  - - 7 9 9  
VPE - - - - - - - 4 5 0  

EMF 
B U L K  P H A S E  - - - > I 4 6 7  
MOLTEN S A L T  - - - " 

NERNST - - - - - > I 4 5 6  
S I L V E R  C K O R I O E  - 1 4 6 7  
S O D I U M  C H L O R I D E  - " 
SURFACE T E N S I O N  - - 
Z I N C  ELECTRODE - 1 4 5 6  
Z I N C  H Y D R O X I D E  - " 

E M I S S I O N  SPECTRUM 
GLOW D I S C H A R G E  ->  4 6 0  
N I T R O G E N  - - - - " 
PLASMA TEMPERATU. " 
R F  P L A S M A  - - - - " 
R O T A T I O h A L  TEMPE. * 

E M I T T E R  E F F I C I E N .  
CURRENT G A I N  - -> 6 4 2  
G E T T E R I N G  - - - - " 

P-,+p - - - - - -  '. 
PHOSPHCEUS PENTC. " 

TRANS1 STOR - - - 0, 

ENERGY C C h V E R S I O N  
A G I N G  E F F E C T S  - -> 3 3 8  
A P R O T l C  SOLVENT ->  4 1 4  
AUGER SFECTROSCO.> 9 4 9  
CADMIUM S E L E N I O E  " 
CAOMIUM S U L F I D E  - " 
C A T I O N  ABSORPTION> 9 5 4  
C H E M I L U M I N E S C E N C E  4 1 4  
D E F E C T  O O P I N G  - - 3 3 8  
ELECTROGENERATEO 4 1 4  
E L E C T R O L Y T E  S U T  > I 4 4 5  
E L E C T R C M I G R A T I O N  3 3 8  
H E R M E T I C  O-CELL - 1 4 4 5  
L I T n r u m  BORCN CH. * 
P H O l O A h O O E  - - - 9 5 4  
P H O T O E L E C T R I C I T Y  9 4 9  
PHGTOELECTRCCHEM. 9 5 4  
PHOTOINOUCEO - - 4 1 4  
R U T H E N I U M  - - - - 9 5 4  
SEMlCOhCUCTOR - - 3 3 8  - - 4 1 4  - - 9 4 9  
SOLAR C E L L  - - - 9 5 4  
SURFACE TREATMENT - 
T H I O N V L  C H L C R I O E  1 4 4 5  
V P  C O N V E R S I O N  - - 4 1 4  
X P S  - - - - - - - 9 4 9  

P R I M A R T  TERM PAGE 
CO-TERM NO. 

- - 
ENERGY STORAGE 

HYDROGEt+CKORINE> 7 1 3  
M A S S  HEAT E3.t A N C E  * 
- - -  .. 

S T O I C H I O M E T R V  - - a* 

ENTHALPY 
C L O S E  S P A C I N G  - - > I 6 0 4  
VAPOR TRANSPORT - " 

ENVIRONMENT 
CORROSION - - - - > 2 1 5 9  
FLOW CONTROL - - .' 
P E R M E A T I O N  - - - " 
POLYMER - - - - - " 
TRACE GAS - - - - " 

E P I T A X I A L  F I L M  
C V D  - - - - - - -> 6 4 4  - - - - - -  -> 6 5 3  
DOPANT INCORPORA. 6 4 4  

6 5 3  
S I L I C O N  - - - - - 6 1 4  - - - - -  6 5 3  

E P I T A X I A L  GROWTH 
AMORPHOUS S I L I C D N > 1 2 4 7  
ARGON - - - - - - * 
A R S E N I C  OESORPTI.> 8 2 2  
A U T O D O P I N G  - - - 
F I L M  T H I C K N E S S  - > 2 0 3 3  
I N T E R F A C E  MIGRAT. " 
K R Y P T O N  - - - - - 1 2 4 7  
N E O N  - - - - - -  " 
S I L A N E  - - - - - 8 2 2  
S I L I C O N  - - - - - ** - - - - - 2 0 3 3  

E P I T A X I A L  L A Y E R  
C H E M I C A L  E T C H I N G  > 2 8 7  
D O U B L E  C R Y S T A L  - > I 2 2 8  
HVOROCHLORIC A C I D  2 8 7  
I N D I U M  P H O S P H I O E  " 

M A T E R I A L  S E L E C T I .  " 

PENDELLOSUNG - - 1 2 2 8  
P H O S P H O R I C  A C I D  - 2 8 7  
S T R A I N  O I S T R I B U T .  1 2 2 8  
X-CAY D I F F R A C T I O N  " 

E P I T A X  l A L  L A Y E R S  
G A A S  E P I L A V E R  - - > I 1 3 4  
LOW PRESSURE - - " 
P V R O L Y S I S  - - - - " 

E P I T A X I A L  R E L A T I  
ANNEAL - - - - -> 2 7 7  
C H A N N E L I N G  - - - * 
C H C O M I U N  - - - - " 
D I F F R A C T I O N  - - - " 

P L A T I N U M  - - - -  " 
S A P P H I R E  - - - - " 

E P I T A X Y  
A N T I M O N Y  E V A P O R A - > I 7 6 1  
A R S E N I C  - - - - - " 
A R S I N E  GAS - - -> 3 0 0  
U E V l C E  O U A L l T Y  - * 
D O P I N G  - - - - - 1 7 6 1  
E L E C T R O C R Y S T A L L I . > 2 0 8 5  
E L E C T R O O E P O S I  T I O N  " 
G A A S  - - - - - - 3 0 0  
GERMANIUM - - - - * 
I O N  I M P L A N T A T I O N  1 7 6 1  
MOLECULAR BEAM - * 
MOLYBDENUM - - - 3 0 0  
N I C K E L  - - - - -  2 0 8 5  
P A S S I V A T I O N  - - - " 
S A C C H A R I N  - - - - " 
S I L I C O N  - - - - - 1 7 6 1  
S U R F A C E  S T R E S S  - 2 0 8 5  
TR I M E T H Y L G U L I U M  3 0 0  
U L T R A H I G H  VACUUM 1 7 6 1  

EPOX I D E  O I M E R S  
A L K A L I N E  S O L U T I O N > I 6 9 3  
K I N E T I C  A N A L Y S I S  " 
P H T H A L I M I O E  - - - * 
R E D U C T I O N  - - - - " 
STRUCTURAL ANALY. * 

EPR 
O I A Z  IOE-5-SULFON.> 8 6 0  
E L E C T R O N  BEAM - - " 
M & S S  SPECTROSCOPY " 
O-NAPTHOOUINONE - " 
P H E N O L I C - T Y P E  - - " 
R E S I N  - - - - - - " 
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P R I M A R Y  TERM PAGE 
CC-TERM NO. ----- - 

E O U I L I B R I U M  
A M B I E N T  P R E S S M E  > I 4 2 2  
CARBON - - - - - * 
CARBON MONOXIDE - " 
011 - - - - - - - > I 4 0 3  
E F F L U E N T  G A S  - -> 8 2 7  
GERMANIUM - - - - " 
H Y O R O S T A T I C  PRESS 1 4 0 3  
L E A 0  F L U O R I D E  - - " 
OXYGEN - - - - - 1 4 2 2  
OXYGEN S O L U B I L I  T Y  8 2 7  
P H A S E  T R A N S I T I O N  1 4 0 3  
S I L I C O N  - - - - - 1 4 2 2  

P R I M A R Y  TERM PAGE 
CO-TERM NO. - 

P R I M A R Y  TERM PAGE 
CO-TERM NO. 

--- - 
P R I M A R Y  TERM P A G E  

CO-TERM NO. - - 
F L A T B A N O  POTENTI .  

A C E T O N I T R I L E  - -> 5 9 8  
AOUEOUS ELECTROL.>186B 
C A P A C I T A N C E  - - - > I S 0 5  
DARK P O T E N T I A L  - 1 8 6 8  
GROUP I I - V I  COMP. " 
I N O I U M  P H O S P H I O E  5 9 8  
I O D I N E  W P I N G  - - 1 8 6 8  
L Itnr ABSOWTION - 
MOTT-SCHOTTKY - - 1 5 0 5  
O P T I C A L  ABSURPTI .  I 8 6 8  
PHOTOELECTROCHEM. 5 9 8  
P O T E N T I A L  O I S T R I .  I S 0 5  
SEMICONDUCTOR - - 5 9 8  
S I N G L E  C R Y S T A L  - ' 
T I T A N I U M  O I O X I O E  1 5 0 5  
Z I N C  S E L E N I O E  - - 1 8 6 8  

F L O A T  CURRENT 
S T A T I O N A R Y  B A T T E . > 1 5 1 0  

E T H Y L E M  .GLYCOL I C O N T O )  
S O L A R  CCLLECTOR - 11 

F E R R I C  OX I O E  
A C E T O N I I R I L E  - - > I 8 9 2  
ELECTROOE B E M V I .  " 
F L A M E  C X I O A T I O N  -> 5 6  
U-TYPE CONOUCTION 1 8 9 2  
PHOTOCURRENT - - 5 6  
P U L S E O  I L L U M I N A T .  " 
S I N T E R I N G  - - - - " 
SOLAR C E L L  - - - " 

E T H Y L E N E O I A M I N E  
AaUEOUS S O L U T I O N  > I 4 0 6  
E T C H I N G  - - - - - " 
PYROCATECHOL - - " 
S I L I C O N - - - - -  " 

E U R O P I U M  
8 A R I U M  CHLOROSIL.>1734 
n I G n  QUENCHING - " 
PHCSPHORS - - - - " 
PHOTOLUMI NESCENCE " 
TEMPERATURE - - - * 

FERROUS S L L F I O E  
C O A L  CHAR - - - -> 8 9 4  
G A S I F I C A T D O N  - - - 
I R O N  A L L O Y  - - - " 
S U L F I O A T I O N  - - - " 

F I C K S  L A W  
O I S S O L U I I O N  - - -> 6 3 4  
MOLTEN S I L I C O N  - 
S I L I C O L  C A R B I D E  - " 

F I L M  EDGE 
D I S L O C A T I O N  - - ->LO14 
S I L I C O N  O I O X I O E  - " 
S I L I C O h  N I T R I D E  - * 
V I S C O E L L S T I C I T Y  - " 

E O U I L I B R I U M  P C T E -  
A L K A L I  h E  S O L U T I O N >  541 
CURRENT D E N S I T Y  - " 

R E A C T I C k  OROER - " 
Z I N C  ELECTROOE - " 

E V R O P I U M  OOPING 
C E R I U M  D O P I N G  - - > I 2 2 1  
G A O O L I N I U M  O O P I N G  * 
GARNET PHOSPHORS ' 
RARE E A R T H  A C T I V .  " 
T E R B I U M  O O P I N G  - " 
THERMAL OEPENOEN- " 

E Q U I V A L E N I  CIRCU. 
IMPEOENCE PARAME.>IOBZ 
PSEUDOINDUCTANCE " 

FLOW CONTROL 
CORROSION - - - - > > I 5 9  
ENVIRONMENT - - - " 
P E R M E A T I O N  - - - " 
POLYMER - - - - - " 
TRACE GAS - - - - " 

E T A  P H A S E  
C U T T I N G  T O O L S  - - > I 2 8 1  
CVO C O A T I N G  - - - " 
T r T A N I U M  C A R B I O E  " 
TOUGHNESS B E H A V I .  " 

E U T E C T I C  
A N O O I C  CORROSION > I 0 8 7  

> I 0 9 3  
F U S E 0  S A L T  - - - 1 0 8 7  - - - 1 0 9 3  
L I T H I U M  C H L O R I D E  1 0 8 7  

1 0 9 3  
P O T A S S I U M  C K O R I .  1 0 8 7  

1 0 9 3  
S U L F I O A T I O N - - -  " 

VOLTAMMETRY - - - 1 0 8 7  - - - 1 0 9 3  

F I L M  F O R M A T I O N  
A L U M I N U M  - - - - > 2 0 4 2  
ANOOIC F I L M  - - - " 
A N C D I Z A T I O N  - - - > I 7 1 8  
C I R C U I T  - - - - - " 
C O B A L T  HARDENED -> 4 4 5  
C O R R O S I C N  - - - - 1 7 1 8  

FLOW-THROUGH 
GASEOUS R E A C T A N T 5 > 1 8 8 S  
REACTOR - - - - - " 
T R I C K L E  B E 0  ELEC. * 

E T C H  
A G I T A T I C N  - - - -> 4 7 9  
OEFECT - - - - - '* 
S E L L 0  E T C H  - - - " 
S l L I C O h  E V A L U A T I .  " 

FLU~OIZEO'ELECTR. 
COPPER ELECTROOE.>I IBO 
CURRENT D E N S I T Y  - " 
E L E C T R O D E P O S I T  I O N > I I 7 6  

O E h O R l  T E  - - - - " 
E L E C l R O O E P O S I T I O N  a 4 5  
E L E C T R C E O R P T I O N  - > I 1 7 2  

- - - -  

U L T R A S O N I C  - - - " 
E V A P O R A T I O N  

ALUMINUM C O V E R A G E > 1 3 3 5  
A R G O N - - - - - -  " 
CVO - - - - - - -  -0 

I N S U L A T I O N  - - - " 
P O L Y S I L I C O N  - - - " 
PRESSURE V A R I A T I .  " 
S I L I C O N  O I O X I O E  - " 

E T C H I N G  
AOUEOUS S O L U T I O N  > I 4 0 6  
BORON O C P I N G  - -> 3 4 5  
CARBON TETRAFLUO.> 4 6 4  

> I 4 1 9  
CHARGE TRANSFER -> 8 5 5  
CHROMIUM - - - - > I 0 7 5  
C O M P E T I T I V E  MECH. 4 6 4  
E T H Y L E N E C I A M ~ N E  - 1 4 0 6  
GAAS ELECTROOE - 8 5 5  
GROUP I I I - V  COMP. " 
HYDROGEN - - - - 1 4 1 9  
I O N  A S S I S T A N C E  - 4 6 4  

GOLD - - - - - - 4 4 5  
GOLD ELECTRCDE - 1 1 7 2  
GOLO M E T U L I Z A T I .  1 7 1 8  
H I G H  TEMPERATURE 4 4 5  
POTENT I AL PERTUR. 1 1  7 2  
S O D I U M  h Y O R O X I O E  " 
WATER - - - - - - 1 7 1 8  

1 1 8 0  
M A T H E M A T I C A L  MOO. 1 1 7 6  

F L U O R A P A T I T E  
S T R E A M I N G  POTENT.>1905 
Z E T A  P O T E N T I A L  - " 

F L U O R I D E  
0 1  Y H A R G E  CHARAC.> 7 0 9  
GALVANIC C E L L  - - * 
S O L 1 0  E L E C T R O L Y T E  " 

F I L M  GROWTH 
ANOOIC C X I D A T I O N  > 4 7 0  
F L A O E  P O T E N T I A L  - " 
M A T H E M A T I C A L  MO0.>1261 
N I C K E L  - - - - - 4 7 0  
N O B L E  M E T A L  L A Y E R  1 2 6 1  
SUBSTRATE O I F F U S .  " 
S U L F U R I C  A C I O  - - 4 7 0  

E V O L U T I O N  K I N E T I .  
CHLORINE - - - ->209C 
O X I D E F I L M  - - -  " 

P L A T I N U M  ELECTRO. * F L U O R I N E  GAS 
I N D U C T I O N  P E R I O D  > I 9 4 6  
M I C R O C I R C U I T  - - " 
S I L I C O N  E T C H  - - * 

M A S K I N G  - - - - -2 
O R I F I C E  S I Z E  - - 
PHOTOEFFECT - - - 
P H C T O L I T H O G R W H Y  
PHOTOMASK C O A T I N G  
PYROCATECHOL - - 
R E A C T I V E  I O N  E T C H  
REOOX - - - - - - 
S A P M I F E  - - - -  
S I L I C O N  - - - - - - - - - -  
S I L I C O N  D I O X I D E  - 
SODIUM r v o R o x r o ~  
T H I N  F I L M  - - - - 

EXCHANGE CURRENT 
C E R I U M  D I O X I D E  - > I 1 5 5  
O V E R P O T E N T I A L  - - " 
P L A T I N U M  ELECTRO. " 

P O L A R I Z A T I O N  - - " 
F I L M  STRUCTURE 

ANOOIC C X I O A T I O N  > 5 8 3  
ELECTROChwOM I S M  - " 
R E A C T I O N  R A T E  - - " 
TUNGSTEN T R I O X I O E  " 

VACUUM EVAPORATI .  * 

F L U O R I T E  
ALUMINUM FLUOR I O E > I 3 8 5  
O E F E C T  I N T E R A C T I .  " 
I O N I C  CONOUCTIVI .  ' 
I O N I C M O T I O N  - -  " 
L E A 0  - - - - - -  " 
S O L 1 0  E L E C T R O L Y T E  " 

EXTENSOMETER 
E L E C T R O C A P I L L A R Y  > 2 5 2  
P L A T  I N U M  - - - - " 
S A L T  S O L U T I O N  - - " 
S U R F A C E  STRESS - " F I L M  T H I C K N E S S  

O I E L C C T R I C  F I L M  -2-1539 
E P I T A X I A L  GROWTH > 2 0 3 3  
I N T E R F A C E  MIGRAT. " 
P R I S M  CCUPLER - - 1 5 3 9  
R E F R A C T I V E  I N D E X  " 

S I L I C O N  - - - - - 2 0 3 3  
S I L I C O h  D I O X I D E  - 1 5 3 9  
S I L I C O N  SUBSTRATE ** 

F I L T R A T I O h  
E L E C T R O S T A T I C S  - > I 4 2 6  
M I C R O M I k I T U R I Z A T .  " 
PHOTOL I T H O G R W H Y  " 
P H O T O R E S I S T  - - - " 
P L A S M A  E T C H I N G  - " 

F L A O E  P O T E N T I A L  
A N O O I C  C X I O A T I O N  > 4 7 0  
F I L M  GRCWTH - - - * 
N I C K E L  - - - - -  * 
S U L F U R I C A C I O - -  ** 

F O I L  
A L L O Y  - - - - - - > 2 1 6 2  
E L E C T R O O E P O S I T I O N  * 
F U S E O S A L T  - - -  " 
I R O N  P L A T I N U M  - - " 
P R E P A R A T I O N  - - - " 

F W R I E R  A N A L Y S I S  
A N A L Y T I C  S C L U T I O N > 2 0 8 1  
L I N E A R P O L A R I Z A T .  " 
P A S S I V E  F I L M  - - " 
P O T E N T I A L  O I S T R I .  " 
SCRATCH - - - - - " 

F A B R I C A T I O N  
I N T E G R A T E D  C I R C U . > I 4 1 5  
MOS-LSI - - - - - " 
P O L Y S I L I C O N  - - - " E T C H I N G  OEFECT 

GROUP 111-1 '4  A L L . > 1 2 7 2  
I N O I U M  P M S P H I O E  " 
X-RAY D I F F R A C T I O N  * 
11 I-A F A C E  - - - " 
1 1 1 - 8  F b C E  - - - " 

FABR I C A T I O N  I I E T H -  
A T M O S P H E R I C  CORR.>1533 
O X I O A T I O N  - - - - * 
PERMALLOY F I L M  - " 

F A I L U R E  A N A L Y S I S  
BETA-ALUMINA - - > I 4 5 1  
C E L L  MEMBRANE - - " 
ELECTRODE W I P E  - " 
S O O I W  SULFUR - - " 

E T H A N E  
E L E C T R C C X I O A T I O N  > 7 7 5  
F U E L  C E L L  - - - - 
METHANE - - - - - " 
N-BUTANE - - - - " 
PROPANE - - - - - " 
T R  IFLUOROMETHANE " 

E T H Y L  C I N N A M A T E  
CHRONOCOULOMETRY > 5 7 9  
ELECTROHYOROOIME. " 
LOW TEMPERATURE - " 
METMYL C I N N A M A T E  " 
R E A C T I G N  OROER - " 

FRACTURE 
A O H E S I O N  - - - -> 6 2 4  
A N O O I C  O X I D E  F I L M  " 
D U C T I L I T Y  - - - - " 
TANTALUM - - - - " 

F b R A O A I C  R E C T I F I .  
A L T E R N A T I N G  V O L T - > I 9 0 8  
CORROSION POTENT. '' 
M I L O  S T E E L  - - - " 
P A S S I V A T I O N  - - - " 
P O L A R I Z A T I O N  - - " 

F U E L  C E L L  
A L K A L I N E  S O L U T I O N > 1 9 2 4  
A P P L I C A T I O N  - - -> 7 C  
CARBONATE - - - -> 5 2 7  
C A T A L Y T I C  DECOMP. 1 9 2 4  
C O M P O S I T I O N  PROF. 5 2 7  
CONOUCTANCE - - - > I 6 8 2  
D I F F U S I O N  - - - - * 
E L E C T R O O X I O A T I O N  > 7 7 5  
E T H A N E  - - - - - " 
HALOGEN - - - - - 1 6 8 2  
H I S T O R Y - - - - -  7 C  
HYDROGEN - - - - 1 6 8 2  
L I T H I U M  C W O R I O E  > 9 6 0  
METHANE - - - - - 7 7 5  

F L A M E  OX I O A T I C N  
F E R R I C  CXLOE - -> 5 6  
PHOTOCURRENT - - " 
P U L S E O  I L L U M I N A T .  " 
S I N T E R I N G - - - -  " 

SOLAR C E L L  - - - " 

F A S T  ELECTROOE 
D O U B L E  P U L S E  - - > I 1 4 8  
G A L V A N O S T A T I C S  - ' 
O V E R P O T E N T I A L  - - " E T H Y L E N E  

E L E C T R O C A T A L Y S I S  > 2 1 8  
E L E C T R O C X I O A T I O N  " 
P L A T I N U M  - - - - " 
P O T E N T I O O Y N A M I C S  " 

F E L T M E T A L  
A N C O I C  D I S C H A R G E  > 9 9 3  
L I i n z u M ~ o r m ~ - -  * 
MOLTEN S A L T  - - - " 
VOLTAGE REGULATI .  a 

F L A S H  E V A P O R A T I O N  
C A O M I U U  S U L F I D E  - > I 8 2 0  
I N O I U M  D O P I N G  - - " 
M O B I L I T Y  - - - - " E T H Y L E N E  GLYCOL 

A L U M I N U M  - - -  -> 11 
C O R R O S I  CN - - - - * 
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P R I M A R Y  TERM PAGE 
CO-TERM NO. 

-- - 
F U E L  C E L L  I CONTOI  

M I G R A T I C N  POLARA. 9 6 0  
MOLTEN CARBONATE " 
M O U E N  S A L T  - - - 5 2 7  
MOLTEN S A L T  BATT. 9 6 0  
N-BUTANE - - - - 7 7 5  
N A F I O N  MEMBRANE - 1 6 8 2  
PERHYDRGXYL I O N  - 1 9 2 4  
POLVMER - - - - - 1 6 8 2  
P O T A S S I U M  C h L O R I .  9 6 0  
PROPANE - - - - - 7 7 5  
STEAOV STATE EOU. 5 2 7  
TRANSPORT PROPER. 1 6 8 2  
TR IFLUOROMETHANE 7 7 5  

FURNACE 
CARBON C I O X I O E  ->PO12 
G A S  F L C W  METHOD - " 
HYOROGEN - - - - ' 
LOWER TEMPERATURE * 
OXYGEN PRESSLRE - " 
PRESSURE CONTROL " 
W U S T I T E  P H A S E  - - " 

F U S E 0  S A L T  
A L L O Y  - - - - - - > 2 1 6 2  
ALUMINUM C H L ( R I D E > 1 6 4 4  

> I 6 5 0  
ANODE MECHANISM -> 1 7 6  
ANOOIC CORROSION > I 0 8 7  

,1093 
C A L C I U M  ANODE - - 1 7 6  
CHLOROALUMINATE - > I 0 2 9  
CHRONOAMPERCNETRY 0, 

> I 9 0 2  
C O U 4 E X  - - - - - > 2 1 0 4  
COMPLEX I O N  MOOEL>2098 
C O N D U C T I V I T Y  - - 1 6 4 4  - - 1 6 5 0  - - 2 0 9 8  - - 2 1 0 4  
COPPER - - - - - 1 0 2 9  
D E N S I T Y  - - - - - 164. 
D I S K  ELECTROOE - 1 0 2 9  
ELECTRCOEPOS I T 1  CN 2 1 6 2  
E U T E C T I C  - - - - 1 0 8 7  - - - -  1 0 9 3  
F O I L  - - -  - -  - 2 1 6 2  
GLASS FORMING - - > I 8 7 6  
H A L I D E  - - - - - 1 6 4 4  
I R O N  P L A T I N U M  - - 2 1 6 2  
L E A O  C H L O R I O E  - - 1 0 0 2  
L E A O  S U L F I D E  - - " 
L I T H I U M  C H L O R I O E  1 7 6  

1 0 8 7  
1 0 9 3  
1 6 5 0  

MANGANESE C h L O R I .  1 8 7 6  
MEASUREMENT - - - 2 0 9 8  

- - - 2 1 0 4  
MOLAR VCLUME - - 2 0 9 8  - - 2 1 0 4  
MOLTEN S A L T  - - - 1 8 7 6  
N - A L K V L P Y R I O I N I U M  1 6 4 4  
OVERVOLTAGE - - - 1 7 6  
O X I O A T l C N  - - - - 1 9 0 2  
P O T A S S I U M  CHLORI .  1 0 8 7  

1 0 9 3  
1 9 0 2  

P O T E N T I O M E T R Y  - - 1 0 2 9  
P R E P A R A T I O N  - - - 2 1 6 2  
S U L F I D A T I O N  - - - 1 0 9 3  
TBA C H L O R I O E  - - 1 8 7 6  
T 8 A  l O O I O E  - - - * 
TERNARY SYSTEM - 2 0 9 8  - 2 1 0 4  
TETRA-N-BUTYLAMM. 1 8 7 6  
THERMAL B A T T E R Y  - 1 7 6  
TRANSPORT - - - - 1 6 4 4  
TRANSPORT PROPER. 1 8 7 6  
V I S C O S I T V  - - - - 1 6 4 4  
VOLTAMMETRY - - - 1 0 8 7  - - - 1 0 9 3  

F U T U R E  
ECONOMIC GROWTH -> 8 l C  
S O C I A L  CHANGE - - " 

G A A S  
A C E T O N I T R I L E  - -> 5 9  - -> 6 0 3  
A L U M I N U M  A R S E N I O E >  6 3 7  
A N N E A L I h G  - - - - > I 7 3 7  
A N O O I C  F I L M  - - - > I 3 7 0  
ANOOIC G X I O A T I O N  > I 2 6 8  

> I 5 4 3  
A N O D I C  C X I O E  - - 1 3 7 0  

LNAL OF THE ELECTROCH 

P R I M A R Y  TERM PAGE 
CO-TERM NO. 

- - 
GAAS I C O N T O I  

A R S E N I C  PRESSURE > I 9 9 7  
A R S I N E  GAS - - -> 3 0 0  
AUGER SPECTROSCO.> 4 5 0  
C A R E S S  ANNEAL - 1 9 9 7  
C E S I U M  - - - - -> 6 6 0  
C H E M I C A L  E T C H I N G  > I 5 8 1  
C L E A N I N G  PROCESS * 
C O B A L T  - - - - - > I 5 8 4  
CURRENT D E N S I T Y  - 1 2 6 8  - 1 5 4 3  
D E F E C T  STRUCTURE > I 3 8 1  
O E P T H  P R O F I L E  - - 6 6 0  - - 1 3 7 0  - - 1 7 3 7  
D E V I C E  Q U A L I T Y  - 3 0 0  
D I F F U S I O N  PROCESS> 1 3 5  
D I O D E  - - - - - - 6 3 7  
D I S L O C A T I O N  - - - " 
DOPANT - - - - - 6 6 0  
D O P I N G  - - - - - 1 3 8 1  
O O P I N G  P R O F I L E  -> 2 9 6  
E F F I C I E N C Y  - - - 6 0 3  
E L E C T R O E P I T A X Y  - I 3 8 1  
E L E C T R C N I C  CHARA. " 
E L L I P S O M E T R Y  - - .SO - - > I 5 8 9  
E P I T A X Y  - - - - - 3 0 0  
G A A S P  - - - - - - 1 5 8 4  
G A L L I U M  - - - - - 6 3 7  
GALLIUM P n o s P n x o E  1 5 8 9  
GERMANIUM - - - - 3 0 0  
GROWTH PROCESS - 2 9 6  
H E A T  TREATMENT - 1 5 8 1  
H O L E  D I F F U S I O N  L. " 

1 5 8 4  
I N S I T U - - - - -  4 5 0  
I O N  I M F I A N T A T I O N  1 9 9 7  
I O N  S C A T T E R I N G  - 1 5 4 3  

L A R G E  G R A I N  - - -> 7 0 3  
L E E 0  - - - - - - 4 5 0  
L I G H T - E M I T T I N G  - 6 3 7  
L I O U I O  J U N C T I O N  - 6 0 3  
L P E  - - - - - - - 2 9 6  
MASS SPECTROMETRY 6 6 0  
M O B I L I T Y  P R O F I L E  2 9 6  
MOLYBDENUM - - - 3 0 0  
N-TYPE - - - - -  5 9  
N I C K E L  - - - - -  1 5 8 4  
O X I D E  - - - - - - 1 7 3 7  
P-TYPE - - - - - 5 9  
P A S S I V A T I O N  - - - 1 3 7 0  
P A S S I V A T I O N  T I M E  1 2 6 8  
PHOTOELECTROCHEM. 5 9  
P H O T O V O L T A I C  C E L L  6 0 3  
P L A N A R  D I F F U S I O N  1 3 5  
P L A N A R  J U N C T I O N  - *, 
PROCESS CONTROL - 1 5 8 9  
OUANTUM E F F I C I E N .  6 3 7  
R E G E N E R A T I V E  C E U  6 0 3  
R E S I D U A L  F I L M  - - 1 5 8 9  
RHEEO - - - - - - 4 5 0  
SECONDARY I O N  - - 6 6 0  
SEMICONDUCTOR - - 5 9  
S I L I C O N  - - - - - 6 3 7  - - - - -  6 6  0 
S I L I C O N  D I O X I D E  - 1 3 5  
S I N G L E  C R Y S T A L  - 6 0 3  
SOLAR C E L L  - - - 7 0 3  
SURFACE A N A L Y S I S  4 5 0  
SURFACE E F F E C T  - 5 9  
THERMbA L P E  - - - 1 3 8 1  
T H I N  F I L M  - - - - 7 0 3  
T I N  - - - - - - - 2 9 6  
T I N  OOPING - - - 1 3 5  - - -> 7 9 7  

TR I M E T H Y L G A L L I U M  3 0 0  
U L T R A H I G H  VACUUM 6 6 0  
V P E  - - - - - - - 4 5 0  - - - - - - -  - - - - - - - 7 9 7  

1 5 8 4  
X P S  - - - - - - - 1 3 7 0  - - - - - - - 1 7 3 7  

GAAS CRYSTAL 
A T O M I C  A B S O R P T I O N > I 9 8 8  
SPECTROSCOPY - - a 

T R A C E  ELEMENT - - " 
ZEEMAN T E C W N I a U E  " 

GAAS ELECTROOE 
CHARGE TRANSFER -> 8 5 5  
E T C H I N G  - - - - - n 

GROUP 111-v COUP. " 
P H O T O E F F E C T  - - - * . 
REOOX - - - - - - n 

EMICAL SOCIETY 

P R I M A R Y  TERM PAGE 
CO-TERM NO. 

- 
G A A S  E P I L A Y E R  

E P I T A X I N  L A Y E R S  > I 1 3 4  
LOW PRESSURE - - " 
P Y R O L Y S I S  - - - - - 

GAAS GROWTH 
VAPOR E T C H  - - - > I 2 4 1  

G A A S  O X I D E  
I N E R T  E L E C T R C L Y T E > 1 2 3 5  
I N T E R F A C E  S T A T E  r * 

GAASP 
COBALT - - - - - > I 5 8 4  
GAAS - - - - - -  " 
H O L E  O I F F U S I C N  L. " 
N I C K E L  - - - - - " 
V P E  - - - - - - -  " 

G A O O L I N I U M  
CATHODE RAY - - - > I 5 5 6  
C E R I U M  - - - - - - 0  

C O N C E N T R A T I O N  - - W 

E F F I C I E h C Y  - - - " 
GARNET FWOSPHORS " 
T E R B I U M - - - - -  " - - - - -  " 

G A O O L I N I U M  CHLOR. 
A L U M I N U M  C H L O R I O E > l 6 0 L  
CVO - - - - - - - -9 

GASEOUS COMPLEX - " 
I R O N  C H L O R I D E  - - 

G A D O L I N I U M  O O P I N G  
C E R I U M  O O P I N G  - - > I 2 2 1  
E U R O P I U M  D O P I N G  - " 

GARNET F h O S P M l R S  " 
RARE E A R T H  A C T I V .  " 
T E R B I U M  W P I N G  - " 
THERMAL OEPENOEN. " 

G A L L I U M  
A L U M I N U M  - - - - > I 9 9 2  
A L U M I N U M  A R S E N I D E >  6 3 7  
ANTIMONY - - - - 1 9 9 2  
B L U E  L I G H T  EMISS.> 3 4 1  
D I O D E  - - - - - - 6 3 7  
D I S L C C A T I O N  - - - - 
OTA - - - - - -  - 1 9 9 2  
G A k S  - - - - - - 6 3 7  
I N D I U M  A R S E N I O E  - > I 4 0 0  
L I G H T - E M I T T I N G  - 6 3 7  
L I O U I O  L S S O C I A T I .  1 9 9 2  
L U M I N E S C E N C E  - - 3 4 1  
M I X E D  C R Y S T A L  P H s  1 4 0 0  
P H A S E  D I A G R A M  - - 1 9 9 2  
OUANTUM C F F I C I E N .  6 3 7  
S I L I C O L  - - - - - * 
S O L U T I  C h  GROWTH - 3 4 1  
SOURCE GAS P H A S E  1 4 0 0  
TERNARY P H A S E  - - 1 9 9 2  
T H E R M 0 0 V N A M I C S  - 1.00 
V P E - - - - - - -  " 
Z I N C  S E L E N I O E  - - 3 4 1  

G A L L I U M  A K T I M O N I .  
C V D - - - - - -  - > 2 0 3 1  

M E T A L O R G A N I C S  - - " 

SEMICONCUCTOR - - " 

G A L L I U M  D C P I N G  
C Z O C H R A L S K I  - - -> 2 8 4  
G E R M A N I L M  - - - - s* 

HEAT P I P E  - - - - " 
R A D I A L  H E A T  GRAD. - 
SEGREGATION - - - " 
SYMMETRY - - - - " 

G A L L  I W PUOSPH I O E  
E L L I P S C N E T R Y  - - > I 5 8 9  
GAAS - - - - - - I 

PROCESS CONTROL - " 
R E S I D U A L  F I L M  - - " 

G A L L I U M  S E L E N I D E  
A N O O I Z A T I O N  - - - > I 1 9 1  
B I S M U T H  T R I T E L L U .  " 
E L L I P S C M E T R Y  - - n 

L A Y E R  P E R I O O I C I T Y  " 
L A Y E R E D  SEMICONO. " 

G A L V A N I C  C E L L  
COPPER O E P O S I T I O N >  1 7 1  
O I S C H A R G E  CHARAC.> 7 0 9  
E L E C T R C L E S S  - - - I 7 1  
F L U O R I O E  - - - - 7 0 9  

December 1979 

P R I M A R Y  TERM PAGE 
CO-TERM NO. 

- - 
G A L V A N I C  C E L L  (CONTD) 

O X I D A T I O N  - - - - 1 7 1  
R E D U C T I O N  - - - - " 
S O L 1  D E L E C T R O L Y T E  7 0 9  

G A L V A N I C  CORROSI  
A P P L I E D  POLARIZA.>2057 
C O P P E R Z I N C - - -  " 
ELECTROOE POTENT. " 
N U M E R I C A L  ANALYS. " 
S O L U T I O N  O E P T H  - " 

G A L V A N O S T A T I C S  
DOUBLE P U L S E  - ->I 1.8 
F A S T  ELECTROOE - " 
O V E R P O T E N T I A L  - - . 

GARNET PHOSPWDRS 
A B S O R P T I O N  SPECT.>1550 
CATHODE R A Y  - - - > I 5 5 6  
C E R I U M  - - - - - 1 5 5 0  - - - - -  1 5 5 6  
C E R I U M  W P I N G  - - > I 2 1 3  - - > I 2 2 1  
C O N C E N T R A T I O N  - - 1 5 5 6  
C R Y S T A L  F I E L D  - - 1 5 5 0  
DECAV PROCESS - - 1 2 1 3  
E F F I C I E N C Y  - - - 1 5 5 6  
E U R O P I U M  O O P I N G  - 1 2 2 1  
G A D O L I N I U M  - - - 1 5 5 6  
G A O O L I N I U M  D O P I N G  1 2 2 1  
PHOTDLUMINESCENCE 1 5 5 0  
RARE E A R T H  ACTIV.  1 2 1 3  

1 2 2 1  
TEMPERATURE RANGE 1 5 5 0  
T E R B I U M  - - - - - 1 5 5 6  - - - - -  " 
T E R B I U M  O O P I N G  - 1 2 2 1  
THERMAL OEPENDEN. 1 2 1 3  

1 2 2 1  

GAS A D S O R P T I O N  
P A S S I V E  F I L M  - - > I 7 2 0  
SURFACE ROUGHNESS " 

GAS D I S C H A R G E  
COLOR T V  P I C T U R E  > I 0 0 8  
PHOSPHORS - - - - " 
U L T R A V I O L E T  EXCI .  " 

GAS FLOW METHOO 
CARBON O I O X I D E  - > 2 0 1 2  
F U R N A C E  - - - - - " 
HYOROGEN - - - - " 
LOWER TEMPERATURE " 
OXYGEN PRESSURE - " 
PRESSURE CONTROL " 
W U S T I T E  P H A S E  - - ' 

GAS I N S U L A T I O N  
I N S U L A T I O N  - - -> 5 5 C  
L I Q U I D  1NSU.ATION * 
S O L 1 0  I N S U L A T I O N  - 

GAS L I F T  
COPPER O E P O S I T I O N > 2 1 1 8  
CURRENT O I S T R I B U .  " 
E L E C T R O D E P O S I T I O N  . 
HYOROGEN E V O L U T I .  
M A T n E M A T I C N  MOO. " 
V E R T I C A L  ELECTRO. " 

G A S  P L A S M A  
c n 6 o n I u M  FILM - ->17g. 
M O S - L S I  PROCESS - " 
PHOTOMASK - - - - I 

R E V E R S A L  E T C H I N G  " 

GAS S O L U B I L  I T Y  
CARBON D I O X I D E  -> 3 2 8  
MOLTEN S A L T  - - - " 
OXYGEN - - - - - " 
S O D I U M  CARBONATE . 
S U L F U R  O I O X l O E  - " 

6 A S E O U S  COMPLEX 
A L U M I N U M  C K O R I O E > I 6 O I  
c v o - - - - - - -  I 

G A D O L I N I U M  CHLOR. " 
I R O N  C H L O R I O E  - - " 

GASEOUS D I S C H A R G E  
A L L O T  - - - - - -> 5 7 4  
A L U M I N U M  - - - -  * 
B J B B L E  O V N A M I C S  - " 
E L E C T R O P O L I S H I N G  " 
GROOVE S P A C I N G  - " 
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P R I M A R Y  TERM PAGE 
CO-TERM NO. - 

P R I M A R Y  TERM PAGE 
CO-TERM NO. 

---- - 
P R I M A R Y  TERM PAGE 

CO-TERM NO. 

---- - 
P R I M A R Y  TERM PAGE 

CO-TERM NO. - 
GASEOUS C I S C H A R G E  I C O N T O 1  

N I C K E L  - - - - -  5 7 4  
SURFACE MORPMLO.  " 

GLOW TUBE I CONTO) 
I O N I C  C O N O U C T I V I .  2 1 9 6  

G R I D  CORRCSION ICONTO) 
S I L V E R  O X I D E  - - 7 2 5  

H U O G E N  1 C O N T D I  
POLYMER - - - - - I 6 8 2  
TRANSPORT PROPER. * 

GLUCOSE O X I D A T I O N  
K I N E T I C  PHENOMENA> 2 1 7  
KREBS-RINGER - - " 
MASS TRANSPORT - " 
P L A T I N U M  ELECTRO. " 

GLUCCSE SENSOR 
A N O D I C  O X I O A T I O N  > 4 3  

> I 6 8 7  
D I A B E T E S  - - - - 4 3 
I M P L A N T A T I O N  - - " 

I N H I B I T I O N  - - - 1 6 8 7  
KREBS-RINGER - - 4 3  - - I 6 8 7  

L I N E A R  P O T E N T I A L  4 3  
P L A T I N U M  ELECTRO. ** 

1 6 8 7  
UREA - - - - - -  " 

G L Y C I O Y L  METHACR. 
E L E C T R O N  BEAM - - > I 6 9 9  
E L E C T R O N  R E S I S T  - " 

- > I 7 0 3  
H A L O S T Y R E N E  - - - 1 6 9 9  
L l  THOGRAPHY - - - " - - -  1 7 0 3  
N E G A T I V E  - - - - 1 6 9 9  
POLYMER R E S I S T  - - - 1 7 0 3  
WAFER F A B R I C A T I O N  * 

GROOVE S P A C I N G  
A L L O V  - - - - - -1 5 7 4  
A L U M I N U M  - - - - " 
B U B B L E  CYNAMICS - " 
E L E C T R O P O L I S H I N G  " 
GASEOUS D I S C H A R G E  " 
N I C K E L  - - - - -  * 
SURFACE qonpmLo. - 

H N O S T Y R E N E  
E L E C T R O N  BEAM - - > I 6 9 9  
ELECTRON R E S I S T  - - 
G L Y C I O Y L  METHICR.  " 
L I T H O G R A P H Y  - - - " 
N E G A T I V E  - - - - " 
POLYMER R E S I S T  - . 

GASEOUS REACTANTS 
FLOI-THROUGH - ->1885 
REACTOR - - - - - " 

. T R I C K L E  BED ELEC. " 

G A S I F I C A T I O N  
COAL CHAR - - - -> 394 
FERROUS S U L F I D E  - * 
I R C N  A L L C Y  - - - * 
S U L F I D A T I O N  - - - " 

GROUP I I - V I  COMP. 
AOUEOUS ELECTROL.>I868 
DARK P C T E N T I L  - " 
F L A T B A N O  P O T E N T I .  " 
I O D I N E  C O P I N G  - - " 
L I G H T  A I S O R P T I O N  " 
O P T I C A L  ABSORPTI .  " 
Z I N C  S E L E N I O E  - - " 

HEAT EXCHANGER 
CARBON I M P U R I T Y  -> 9 3 5  
MOLYBDENUM R E T A I .  " 
S I L I C O N  C R Y S T A L  - " GERMANIUM 

A R S I N E  GAS - - -> 3 0 0  
C Z O C H R A L S K I  - - -> 2 8 4  
D E V I C E  O U A L I T Y  - 3 0 0  
EFFLUENT G A S  - -> a 2 7  
E P I T A X Y  - - - - - 3 0 0  
E O U I L I B R I U M  - - - 8 2 7  
GAAS - - - - - - 3 0 0  

G A L L I U M  D O P I N G  - 2 8 4  
H E A T P I P E - - - -  " 
LOLYBDELUM - - - 3 0 0  
OXYGEN S O L U B I C I T Y  8 2 7  
R A O I A L  F E A T  GRAD. 2 8 4  
S E G R E G A T I O N  - - - 0s 

SYMMETFY - - - - " 

T R I Y E T C Y L G A L L I U M  3 0 0  

HEAT P I P E  
C Z O C H R A L S K I  - - -> 2 8 4  
G A L L I U M  D O P I N G  - " 
GERMANIUM - - - - " 
R A D I A L  H E A T  GRAD. " 
SEGREGATION - - - " 
SYMMETRY - - - - " 

GROUP 1 1 1 - I V  ALL. 
E T C H I N G  D E F E C T  ->I 
INDIUM P n o s P n I o E  
X-RAY D I F F R A C T I O N  
111-A F A C E  - - - 
1 1 1 - 8  F A C E  - - - 

GROUP 1 I 1-V COUP. 
CH4RGE TRANSFER -> 
D I R R A C T I O M E T R Y  -> 
DOUBLE C C Y S T U .  - 
E T C H I N G  - - - - - 
G A 4 S  ELECTRCOE - 
I N O I U M  P M S P H I O E  
I N G A P A S  - - - - - 
L A T T I C E  M I S M A T C H  
L P E  - - - - - - - 
PHOTOEFFECT - - - 
O U A R T E f i N A R l  - - - 
REOOX - - - - - - 

HEAT TRANSFER 
E L E C T R I C  V E H I C L E  > I 3 2 1  
E L E C T R O L Y T E  FLOW " 
L E A O  A C I D  BATTERY " 
P R O P U L S I O N  - - - " 

H E A T  TREATMENT 
C H E M I C A L  E T C H I N G  > I 5 8 1  
C L E A N I N G  PROCESS * 
G A A S  - - - - - -  * 
H O L E  D I F F U S I O N  L. " 

G E T T E R I N G  
CURQENT G A I h  - -> 6.2 
E M I T T E R  E F F I C I E N .  " 
L A S E R  - - - - - - > I 4 3 6  
L A T T I C E  DAMAGE - " 

p-p+p - - - - - - 6 4 2  

P n o s P n o R u s  PENTO. *# 

S I L I C O h  UAFER - - 1 4 3 6  
T R A N S I S T O R  - - - 6 4 2  

G l C O  
A C I D  S U L F A T E  - -> 
A N O O I C  O I S U I L U T I .  
C O B A L T  HARDENED -> 
CORROSION R A T E  - 
E L E C T R O D E P O S I T I O N  
F I L M  F O R M A T I O N  - 
H I G H  TEMPERATURE 
OXYGEN E V O L U T I O N  
p H  - - - - - - - 

HELIUM-HYDROGEN 
ATMOSPHERE - - - > I 7 8 5  
D O P I N G  - - - - -  " 
H E T E R O E P I T A X Y  - - " 
S I L I C O N  GROWTH - " 

G L A S S  
C O N U U C T I V I T Y  - - > Z I e O  
H Y D R A T E M E L T  - -  " 
M I X E D  A L K A L I  EFF.  " 
T R A N S I T I O N  TEMPE. " 

GROWTH M E C H A N I  SM 

A L U M I N A  - - - - - > I D 3 5  
CVD - - - - - - -> 3 1  

O X I D E  MCRPHOLOGY 1 0 3 5  
S I L I C O L  F I B E R  - - 3 1  
W H I S K E R S  - - - - " 

Y T T R I U M  - - - - - 1 0 3 5  

HEME 
ELECTRODE K I N E T I . >  9 8 8  
E L E C T R O N  TRANSFER " 
HEMOPROTEIN - - - * 

GOLO A L L O Y  
CONNECTOR - - - - > I 7 9 8  
COPPER - - - - - " 
D I F F U S I O N  - - - - " 

O X I D A T I O N  K I N E T I .  " 
R E L I A B I L I T Y  - - - " 

GOLD C O A T I N G  
L I T H O G R A P H Y  - - - > I 5 1 4  
P R O C E S S I N G  - - - " 
P U L S E  ELECTROPLA. * 

c a o  ELECTROOE 
E L E C T R O S O R P T I O N  - > I 1 7 2  
F I L M  F O R M A T I O N  - " 
P O T E N T I A L  PERTUR. " 
S O D I U M  H Y D R O X I D E  * 

GCLD ELECTROOEPD. 
C O B A L T  - - - - -> 3 9 1  
C O B A L T  HAROENED - " 

- > I 6 0 8  
C O B A L T  OXYHYDRDX. 3 9 1  
YDSSaAUER SPECTR. " 

1 6 0 8  

GCLO MERCURV 

S I L I C O N  - - - - - > I 0 8 4  
.OFK F U K T I O N  - - " 

G L A S S  E L E C T R O D E  
D E S T R U C T I V E  EFFE.>2196 
G L O W T L B E - - - -  0, 

I O N I C  C C N D U C T I V I .  " 

G L A S S  F O E M I N G  
F U S E D  S A L T  - - - > I 8 7 6  
MANGANESE C h L O R I .  " 
MOLTEN S A L T  - - - " 
T B A  C H L O R I D E  - - " 
T B A  I O D I D E  - - - s* 

TETRA-N-BUTYLAMM. " 
TRANSPCRT PROPER. " 

G L A S S  S U B S T R A T E  
A C T I V A T C C  - - - - > I 6 7 1  
B A C K S C A T T E R I N G  - " 
E L E C T R C L E S S  - - - " 
M E T A L  D E P O S I T I O N  " 
P A L L A O I L "  - - - - ' 

HEMOPROTEI  N 
ELECTRODE K I N E T I  .> 9 8 8  
E L E C T R O N  TRANSFER " 

MEME - - - - - -  " 

H E R M E T I C  0-CELL 
E L E C T R O L Y T E  S A L T  > I 4 4 5  
ENERGY C O N V E R S I O N  " 
L I T H I U M  BORON CH. " 
T H I O N Y L  C H L O R I D E  " 

HETEROCHARGE 
E L E C T R E T  - - - - > I 7 0 8  

MEMBRANE - - - - " 
P O L A R I Z A T I O N  - - " 
POLYSTYRENESULFO.  " 
P O L Y V I N Y L  A L C O H a  " 
P O T A S S I U M  - - - - " 
S O D I U M  - - - - - " 

GROWTH PARAMETER 

8 0 R O N  N I T R I D E  - - > I 9 5 1  
CVD - - - - - - -  " 

P n o s P n o f i  DOPING - - 
GROWTH PRCCESS 

O O P I N G  F i?OFILE -> 2 9 6  
GAAS - - - - - -  .. 
L P E  - - - - - - -  * 
M O B I L I T Y  P R O F I L E  " 
T I N  - - - - - - -  " 

H A F N I U M  0 IKETONA. 
H A F N I U M  D I O X I D E  - > I 2 0 3  
THERMAL DECOWOS. - 
T H I N  F I L M  GRCWTH " 
Z I R C O N I U M  D I K E T O .  * 
Z I R C O N I U M  O I O X I D E  " 

H L F N I U M  D I O X I O E  
H A F N I U M  OIKETONA.>L203 
THERMAL OECOWOS. " 
T H I N  F I L M  GROWTH " 
Z I R C O N I U U  D I K E T O .  " 
Z I R C O N I U M  J I O X l D E  " 

H A L 1  DE 
ALUWINUM C H L C R I D E > 1 6 4 4  
C O N D U C T I V I T Y  - - * 
D E N S I T Y  - - - - - " 
F U S E D  S A L T  - - - " 
N - A L K Y L F Y R I O I N I U M  " 
T R A N S P C I T  - - - - ** 
V I S C O S I T Y - - - -  - 

H E T E R O E P I T A X Y  
ATMOSPHERE - - - > I 7 8 5  
D O P I N G  - - - - - " 
HELIUM-HYDROGEN - " 
S I L I C O N  GROWTH - " 

G L A S S Y  L A Y E R  
COPPER - - - - - > I 4 2 5  
C V D  - - - - - - -  I 

O X I O A T I C N  - - - - " 

P A S S I V I T Y  - - - - " 
HEXACYANOFERRATE 

O X I D E  F I L M  - - -> 7 3 2  
P A S S I V E  I R O N  - - * 
SEMICONDUCTOR - - " 
T L F E L  SLOPE - - - a 

GAASSY PHOSPHORS 

A L K A L I  RARE E A R T H > 2 2 0 6  
C E S I U M  COACT I V A T .  * 
L U M I N E S C E N C E  - - " 
METAPHCSPHATE - - " 
T E R B I U U  A C T I V A T I .  - 

c a o  MET ALL I ZAT I. 
A N O O I Z A T I O N  - - - > I 7 1 8  
C I C C U I T  - - - - - " 
CORROSION - - - - " 

D E N D R I T E  - - - -  * 
F I L M  F O R M A T I O N  - " 
WATER - - - - - - m 

HEXAFLUOPOARSENA. 
A N O O I C  S T A B I L I T Y  > 5 0 7  
COLD-ROLLED S T E E L  " 
CORROSION R E S I S T .  " 
L l T n I u M  - - - - -> 1 8 1  - - - - -  5 0 7  
L I T H I U M  8 A T T E R Y  - " 
D R G A N I C  PROOUCT - 1 8 1  
S O L I D  CORROSION - . 
TANTALUM - - - - 5 0 7  
TETRAHYOROFURAN - I 8 1  - 5 0 7  

GLOW D I S C C A R G E  
C O N T A M I h A T I O N  - -> 
E M I S S I C N  SPECTRUM> 
N I T R O G E h  - - - - 
PLASMA D E P O S I T I O N  
P L A S M A  E T C H I N G  - 
PLASMA TEMPERATU. 
R A O I A T l O N  DAMAGE 
R F  P L A S M A  - - - - 
R O T A T I C N A L  TEMPE. 
S P U T T E R I N G  - - - 

GOLD SUBSTRATE 
C A T I O N  F I L M  - - -> 1 6 7  
D I S P L A Y  D E V I C E  - " 
N - H E P T Y L V I O L U G E N  * 

H A L L  D A T A  
A N O D I C  O X I D A T I O N  > 1 1 8  
C A R R I E R  CONCENTR. " 
I N D I U M  P M I S P H I O E  " 
I O N  I M F L A N T A T I O N  " 

G R A I N  STRUCTURE 
MICROSTRUCTURE - > L O 6 1  
N I C K E L  - - - - - ., 
O X I D A T I O N  - - - - " HALOGEN 

CONDUCTANCE - - - > I 6 8 2  
D I F F U S I O N - - - -  * 
F U E L  C E L L  - - - - .' 
HYDROGEN - - - - " 

N A F I O N  MEMBFANE - " 

G R I D  CORROSION 
A N C O I C  F I L M  - - -> 7 2 5  
C O B A L T  S U L F A T E  - " 
L E A O  A C I D  BATTERY " 

n l G n  FIELD 
I N T E R F A C E  ROLE - > 2 1 8 8  
I O N I C  CONDUCTION " 
T H I N  F I L M  - - - - " 

GLOW TUBE 
D E S T R U C T I V E  E F F E - > Z I P 6  

G L A S S  ELECTRODE - " 



P R I M A R Y  TERM PAGE 
CO-TERM NO. ---- - 

H I G H  PRESSURE 
W O R O G E h  EVOLUTI .>  9 8 5  
LOW T E M P E R A T W E  - > I 8 2 2  
O X I O E  F I L M  GROWTH " 

R E A C T I C L  MECHANI. 9 8 5  
S I L I C O N  - - - - - 1 8 2 2  
STEAM O X I O A T I O N  - " 
TRANS1 T I O N  S T A T E S  9 8 5  

H I G H  O U E h C H I N G  
B A R I U M  C K O R O S I L - > 1 7 3 4  
E U R W I U M  - - - -  " 
P H o s P n c s S - - - -  " 
PHOTOLUMINESCENCE * 
TEMPERATURE - - - " 

H I G H  R A T E  
I N D I U M  O X I O E  - -> 6 9 1  
POLYESTER F I L M  - * 
R E A C T I V E  SPUTTER. . 
T I N  D O P I N G  - - - - 

n I G n  RESISTANCE 
E L E C T R C T f i A N S F n R T  > I 8 1 1  
L O 1  PRESSURE - - " 
M I C R O G R A V I T Y  - - * 
P U R I F I C A T I O N  - - " 
T H O R I U M  - - - - - " 

H I G H  TEMPERATURE 
A N N E A L I h G  - - - - > I 7 3 1  
AQUEOUS SYSTEM -> 9 0 8  
C A P A C I T A N C E  - - - 1 7 3 1  
COBALT HARDENED -> 4 4 5  
D I F F U S I N G  S P E C I E S > 1 9 4 8  
E L E C T R O O E P O S I T I O N  4 4 5  
F I L M  F C R M A T I O N  - * 
GOLO - - - - - -  " 
N I C K E L  CHROMIUM - 1 9 4 8  
O X I D A T I O N  K I N E T I . > I 1 0 5  
O X I D E  F I L M  GROWTH I 7 3 1  
P A R A B O L I C  K I N E T I .  1 1 0 5  
P H O S P H I O A T I O N  - - 1 9 4 8  
PHOSPHORUS VAPOR " 
REFERENCE ELECTR. 9 0 8  
R E O X I D A T I O N  - - - 1 7 3 1  
S I L I C O N  O X l O E  - - " 
THCRUAL C E L L  - - 9 0 8  
 TITAN^.,^ D I O X I D E  1 7 3 1  
Z I R C A L C Y  O X I D A T I .  1 1 0 5  

H I G H L V  R E A C T I V E  
A D S O R P T I O N  - - -> 4 9 5  
HYDROGEN - - - - " 
R E A C T I V I T Y  - - - * 
TEMPERATURE OEPE. " 
U R A N I U M  POWOER - " 

H I  STORY 
A P P L I C A T I O N  - - -> 7 C  
F U E L  C E L L  - - - - * 

HOLE D I F F U S I O N  L. 
C H E M I C A L  E T C H I N G  > I 5 8 1  
C L E A N I N G  PROCESS " 

COBALT - - - - - > I 5 8 4  
GAAS - - - - - - 1 5 8 1  - - - - - - 1 5 8 4  
G**SP - - - - - - u. 

H E A T  TREATMENT - 1 5 8 1  
N I C K E L  - - - - - 1 5 8 4  
VPE - - - - - - -  " 

H O L E  I N J E C T I O N  
CHARGE TRANSFER - > I 0 1  I 
D I G I T A L  S I M U L A T I .  " 
I L L U M I N A T E D  - - - " 
L I Q U I D  J U N C T I O N  - " 
PHOTOANCOE - - - " 
SEMICONDUCTOR - - " 
SOLAR C E L L  - - - " 

HOMOPOLYMER 
C R O S S L l h K E D  TYPE ,1635 
E L E C T R C L  R E S I S T  - 
I N T E G R A T E D  CIRCU. " 

METHACRYLATE - - " 
2.2.2-TUICHLOROE. " 

HOST L A T T I C E  
CATHODE - - - - - > I 3 1 1  
POWER SOURCE - - " 
S O L I D  S C L U T I O N  - 

H O S T  S E N S I T I Z A T I .  
CATHOOOLUMINESCE.> 3 0 5  
N O N R A O l A T I V E  PRO- " 

LNAL OF THE ELECTROC 

P R I M A R Y  TERM PAGE 
CO-TERM NO. - 

HOST S E N S a T I Z A T I .  I C O N T O )  
PRASEODYMIUM - -  3 0 5  
T E R B I U M  - - - - - " 
T R A P P I N G  - - - - " 
Y T T R I U M  O X I S U L F I .  - 

HOT CORROSION 
C H E M I C A L  E O U I L I B . > 1 0 5 4  
COMBUSTION GASES " 
D E P O S I T I O N  - - - " 
S O O I U M  S U L F A T E  - * 

HOT-PRESSED 
C E R A M I C S  - - - - > I 7 2 3  
CORROSION - - - - " 
O X I D A T I O N  K I N E T I .  " 
R E F R A C T O K I E S  - - " 
S I L I C O N  N I T R I D E  - " 
Y T T R I U M  - - - - - " 

H Y D R A T E  MELT 
C O N D U C T I V I T Y  - - > 2 1 4 4  
G L A S S  - - - - - - - 
M I X E O  A U A L I  EFF.  * 
T R A N S I T I O N  TEMPE. " 

HYDRATED M E T U S  
C A L C I U M  N I T R A T E  -> 9 8 5  
N U C L E A T I O N  - - - " 

T H A L L I U M  - - - - " 

H Y O R I D E  FORM 
ALUMINUM - - - -> 1 9 9  
AQUEOUS S O L U T I O N  " 
p H  - - - - - - -  " 
P O T E N T I A L - - - -  * 
S A L T  S O L U T I O N  - - " 

HYDROCHLORIC A C I O  
C H E M I C A L  E T C H I N G  > 2 8 7  
C H L D R I N e  INCORPO.> 1 4 3  
C H L O R O S I L O X A N E  -> L O B 1  
E P I T A X I A L  L A Y E R  - 2 8 7  
I N D I U M  P H O S P H I O E  " 

M A T E R I A L  S E L E C T I .  " 

M O B I L E  S O D I U M  - -> 1 4 9  
O X I D A T I O N  - - - - 1 4 3  - - - -  1 4 9  
P A S S I V A T I O N  - - - " 

P H A S E  S E P A R A T I O N  > I 1 2 9  
P H O S P H O K I C  L C 1 0  - 2 8 7  
P L A N A R  D E V I C E  - - 1 4 3  
S I L I C O N  - - - - - " 

S I L I C O N  O I O X I O E  - 1 4 9  
S I L I C O N  O X I D E  - - I 0 8 1  - - 1 1 2 9  
S O O I U M  N E U T R A L I Z .  1 4 9  
S O D I U M  P A S S I V A T I .  1 1 2 9  

HYDRODYNAMICS 
C O N V E C T I V E  OIFFU.> 4 3 1  

> 4 3 7  
ELECTRON TRANSFER 4 3 1  

4 3 7  
R O T A T I N G  D I S K  - - 4 3 1  - - 4 3 7  
S I N U S O I O A L  - - - 4 3 1  - - - 4 3 7  
VOLTAMMETRY - - - 4 3 1  - - -  4 3 7  

HYDROGEN 
A D S O R P T I O N  - - -> 4 9 5  
CARBON O I O X I O E  - > P O I 2  
CAf iBON TETRAFLUO.>1419 
CONOUCTANCE - - - > I 6 8 2  
D I F F U S I O N  - - - - " 
E T C H I N G  - - - - - 1 4 1 9  
F U E L  C E L L  - - - - 1 6 8 2  
F U R N A C E  - - - - - 2 0 1 2  
G A S  FLOW METHOD - * 
HALOGEN - - - - - 1 6 8 2  
H I G H L Y  R E A C T I V E  - 4 9 5  
LOWER TEMPERATURE 2 0 1 2  
N A F I O N  MEMBRANE - 1 6 8 2  
OXYGEN PRESSURE - 2 0 1 2  
PHOTOANOOE - - - > 2 1 6 3  
POLYMER - - - - - 1 6 8 2  
PRESSURE CONTROL 2 0 1 2  
R E A C T I O N  K I N E T I C S > 1 5 9 6  
R E A C T I V E  I O N  E T C H  1 4 1 9  
R E A C T I V I T Y  - - - 4 9 5  
R U T I L E  L A T T I C E  - 2 1 6 3  
S I L I C O N  O I O X I O E  - 1 4 1 9  
TEMPERATURE D E P E -  4 9 5  
T I T A N I U M  O I O X I O E  2 1 6 3  
TRANSPORT PROPER. 1 6 8 2  

ZHEMICAL SOCIETY 

P R I M A R Y  TERM PAGE 
CO-TERM NO. --- - 

HY DROGEN I CONTO I 
U R A N I U M  POWOER - 4 9 5  - 1 5 9 6  
W U S T l T E  P H A S E  - - 2 0 1 2  

HYOROGEN ABSORPT. 
AUGER SPECTROSCO.> 6 7  
E L E C T R O C A T A L Y S I S  " 
E L E C I R O h  D I F F R A C .  " 
P L A T I N U M  - - - -  " 

S I N G L E  C R Y S T U  - ' 
STRUCTURE SENSIT.  " 

HYOROGEN A O A W M  
CURRENT P E A K  - -> 2 5 7  
E L E C T R C S O R P T I O N  - - 
P E R T U R B I T I O N S  - - " 
P L A T I N U M  - - - - " 
P O T E N T I A L - - - -  " 

HY OROGEN CONTENT 
AMORPHOLS SEMICO.> 6 8 8  
D E P O S I T I O N  - - - " 
MASS SPECTRCMETCY ' 
P H O T O V O L T A I C  PRO. " 
S I L I C O N  - - - - - " 

HYDROGEN O I F F U S I -  
C H E M I C A L  TREATME.>1792 
C O N O U C T I V I T Y  - - .' 
E L E C T R I C A L  MEASU. " 

P--TYPE - - - - - " 
R E S I S T I V I T Y  S H I F T  " 
S I L I C O N  SURFACE - " 

HYOROGEN E R E C T  
S I L I C O N  O I O X I O E  -> 1 2 2  
S I L I C O h  I N T E R F A C E  '. 
THERMAL O X I O A T I O N  " 

HYOROGEN E M L L T I .  
BUFFER C A P A C I T Y  - > I 8 6 1  
COPPER O E P O S I T I O N > 2 1 1 8  
CURRENT O I S T R I B U .  " 
CURRENT E F F I C I E N .  I 8 6 1  
E L E C T R C O E P O S I T I O N  " 

2 1 1 8  
GAS L I F T  - - - - " 
H I G H  PRESSURE - -> 9 8 5  
N L T d E M A T I C A L  MOO. 2 1 1 8  
N I C K E L  I R O N  U L C Y  1 8 6 1  
R E A C T I O N  MECHANI .  9 8 5  
T R A N S I T I O N  S T A T E S  " 

V E R T I C A L  ELECTRO. 2 1 1 8  

HYOROGEN I N J E C T I .  
AUGER SPECTROSCO.>lIOS 
BORON D I F F U S I O N  - " 
BORON h l T R I D E  - - " 
BORON RICH LAYER " 
D E P T H  P R O F I L E  - - " 

S 1 L I C O h  - - - - - - 
HYOROGEN MONOLAY. 

A N I C N  I N F L U E N C E  - > 2 1 4 0  
E L E C T R O C A T A L Y S I  S  - 
E L E C l R C S O R P T l O h  - " 
OXYGEN MONOLAYER " 
P L A T I N U M  - - - - " 
S U L F U R I C A C I O - -  " 

HYDROGEN PERMEAT. 
D I R E C T  CURRENT - > I 6 3 3  
P L A T I N G  - - - - - " 
P U L S E 0  P L A T I N G  - " 

HYDROGEN P E R O X I D E  
AMMONIA - - - - -> 8 8 3  
B R E A T H  TEST - - - " 

C L E A N I N G  - - - - " 
C L E A N I h G  S O L U T I O N I 1 4 2 8  
E L E C T R O C A T A L Y S I S  > I 8 3 1  
I R O N  O X I O E  - - - " 
N-TYPE - - - - - " 

O X I D A T I O N  - - - - I 4 2 8  
PH0TOANU)E - - - 1 8 3 1  
P H O T O R E S I S T  F I L M  8 8 3  
S I L I C O N  WAFER - - I 4 2 8  
S T R I P P I h G  - - - - 8 8 3  
S U L F U R I C  A C I O  - - 1 4 2 8  
WAFER SURFACE - - -383 

HYOROGEN PROTON 
O I F F U S I C N  - - - -> 8 5 0  
PHOTOELECTROCHEM. " 

T I T A N I U M  D I O X I D E  " 

December 1979 

P R I M A R Y  TERM P A G E  
CO-TERM NO- 

HYDROGEN S U L F I O C  
CARBON S T E E L  - -> 9 1 1  
E L E C T R O D E P O S I T I O N  - 
M A R C A S I T E  - - - - " 
P Y R I T E  - - - - - * 

H V D R O G E N - C H L m I  N E  
ENERGY STORAGE -> 7 1 3  
* A S S  H E A T  BALANCE * 
R E G E N E R A T I O N  - - " 
S T O I C H I O M E T R Y  - - " 

H Y D R O G E N A T I O N  
A N h E A L I N G  - - - - > I 7 5 0  
P L A S M A  D E P O S I T I O N  - 
S I L I C O N  N I T R I D E  - " 

n r n R C L y s 1  s 
I M P U R I T Y  - - - -> 9 8 1  
L I Q U I D  C A T H O L Y T E  " 
L I T H I U M  B A T T E R Y  - " 
T H I O N Y L  C H L O R I D E  " 

H Y D R O S T A T I C  PRES. 
D l * - - - - -  - - > I 4 0 3  

E Q U I L I B R I U M  - - - * 
L E A D  F L U O R I D E  - - " 
P H A S E  T R A N S I T I O N  " 

HYDROXIOE-TYPE 
A C I O  M E D I U M  - - -> 9 3  
CHARGE C A P A C I T Y  - " 
I R I D I U M  - - - - - * 
T H I N  F I L M  - - - - se 

I L L U M I N A T E 0  
CHARGE TRANSFER - > I 0 1 1  
D I G I T N  S I M U L A T I -  " 
H O L E  I N J E C T I O N  - " 
L I Q U I D  J U N C T I O N  - " 
PHOTOANODE - - - * 
SEMICONDUCTOR - - * 
5 0 L A R  C E L L  - - - " 

I W A T T  D I O D E  
CHROMIUM - - - - > I 0 4 7  
D E G R A D A T I O N  - - - " 
I N T E R O I F F U S I O N  - " 
M E T N L I Z A T I O N  - - * 
P L A T I N U M  - - - -  " 
S I L I C O N  - - - - - " 
S I L V E R  - - - - -  I 

IMPEDENCE 
A L U M I N U M  - - - -> 7 7 9  
A N O O I Z A T I O N  - - - " 

C Y C L I C  VOLTAMMET.> 9 8 9  
I N T E G R A T E D  ELECT.> 7 9 3  
I O N  S E L E C T I V E  EL. .. 
R E L A X A T I O N  T I M E  - 7 7 9  
R E S I S T I V E  CAPACI .  9 8 9  
S M A L L  A M R I T U D E  - " 
S O L I D - S T A T E  - - - 7 9 3  
S T O I C H I O M E T R Y  - - 7 7 9  
VOLTAMMOGRLM - - 9 8 9  

IMPEOENCE PARAME. 
E Q U I V A L E N T  C I R C U . > 1 0 8 2  
PSEUOOINOUCTANCE " 

I W L A N T A T  I O N  
A N W I C  O X I O A T I O N  > 
D I A B E T E S  - - - - 
GLUCOSE SENSOR - 
KREBS-RINGER - - 
L I N E A R  P O T E N T I A L  
P L A T I N U M  ELECTRO. 

I M P U R I T Y  
H Y D R O L Y S I S  - - -> 
L I Q U I D  C A T H O L Y T E  
L I T H I U M  BATTERY - 
T H I O N Y L  C H L O R I D E  

I M P U R I T Y  REOISTR.  
I M P U R I T Y  S E G R E G A - > I  
I N T E R F A C I A L  F L U X  
M O V I N G  BOUNDARY - 
N U M E R I C A L  M L U T I .  
S I L I C O N  O X I D A T I O N  

I M P U R I T Y  SEGREGA. 
I M P U R I T Y  R E O I S T R . > 1 9 3 9  
I N T E R F A C I A L  F L U X  " 

M O V I N G  BOUNDARY - " 
N U M E R I C A L  Y I L U T I .  " 
S I L I C O N  O X I D A T I O N  " 
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P R I M A R Y  TERM PAGE 
CO-TERM NO- 

---- - 

P R I M A R Y  TERM PAGE 
CO-TERM NO. 

P R I M A R Y  TERM PAGE 
CO-TERM NO. 

P R I M A R Y  TERM PAGE 
CO-TERM NO. - 

I f f i A P A S  I C O N T O I  
OUARTERNARY - - - 6 6 4  

I N T E R C A L A T I O N  I C O N T D I  
TOPOCHEMICAL C E L L  3 4 9  

I O N  BEAM I C O N T O )  
P O L Y O I M E T H Y L S I L O .  4 8 3  
POLYMETHYLMETACR. " 
R A O I A T I O N  Y I E L D  - " 
R E S I S T  M A T E R I A L  - " 

I N  S I T U  
AUGER SPECTROSCO.> 4 5 0  
E L L I P S C U E T R Y  - - " 
G L A S  - - - - - -  " I N T E R D I F F U S I O N  

CHROMIUM - - - - > I 0 1 7  
D E G R A D A T I O N  - - - " 
I M P A T T  OIOOE - - " 

M E T A L L I Z A T I O N - -  " 
PLA~INUM - - - - - 
S I L I C O N  - - - - - " 
S I L V E R  " 

I W I  B I T I O N  
A N O D I C  O X I O A T I O N  > I 6 8 7  
C H L O R I D E  S a U T I D N >  3 8 5  
CHROMATE - - - - " 
C R E V I C E  CORROSION " 
GLUCOSE SENSOR - 1 6 8 7  
I R O N  - - - - - - 3 8 5  
KREBS-RINGER - - 1 6 8 7  
P L A T I N U M  ELECTRO. " 
UREA - - - - - - " 

L E E 0  - - - - - - " 
RHEEO - - - - - - " 
S U R F A C E  A N A L Y S I S  " 
V P E  - - - - - - -  " 

I O N  C O N D U C T I V I T Y  
A L U M I N A  - - - - - > I 9 6 3  
CUPROUS C H L O R I D E  " 
D I S P E R S E D  ALUMINA ' I N C O N N E L  COO 

AOUEOUS OX I D A T I O N >  1 5 0  
NUCLEAR REACTOR - " I O N  EXCHANGE 

B R O M I N E  D I F F U S I O N >  3 6  
D I F F U S I O N  COEFFI .  * 
N A F I O N  MEMBRANE - " 

I N T E R F A C E  
AC A D M I T T A N C E  - -> 4 2 4  
P L A T I N U M  - - - - " 
R O T L T I N G  D I S K  - - " 

S U L F U R I C  A C I D  - - " 
SWEEP FSEOUENCY - " 

I N D I U M  A R S E N I O E  
G A L L I U M  - - - - - > I 4 0 0  
M I X E D  C R Y S T A L  PH. " 
SOURCE GAS P H A S E  " 
THERMODYNAMICS - " 
VPE - - - - - - -  " 

I N S T A B I L I T Y  
A N T I M O N Y  - - - -> 8 7 5  
C R Y S T A L  GROWTH - - 
C Z O C H R A L S K I  - - - " 

DOPED MELT - - - " 
MOCPHOLOGY - - - * 
S I L I C O N  C R Y S T A L  - " 

I O N  I M P L A N T A T I O N  
ANGLE L A P P I N G  - - > I 9 8 2  
A N O D I C  O X I O A T I O N  > 1 1 8  
A N T I M O N Y  EYAPORA.>1761 
A R S E N I C  - - - - - " 
A R S E N I C  PRESSURE > 1 9 9 7  
AUGER SPECTROSCO.> 9 8  
C A P L E S S  ANNEAL - 1 9 9 7  
C A R R I E R  CONCENTR. 1 1 8  
C V D  - - - - - - - > L O 1 9  
D O P I N G  - - - - - 1 7 6 1  - - -  - - > I 7 7 9  
E P I T A X Y  - - - - - 1 7 6 1  
G A A S  - - - - - - 1 9 9 7  
H A L L  O A T 4  - - - - 1 1 8  
I N D I U M  P H O S P H I D E  " 
J U N C T I O N  D E P T H  - I 9 8 2  
L O U  PRESSURE - - 1 0 1 9  
1 0 1  TEMPERATURE - 1 7 7 9  
MOLECULAR BEAM - 1 7 6 1  
O X I D A T I O N  - - - - 1 7 7 9  
PHOSPHORUS D O P I N G  1 0 1 9  
P O L Y S I L I C O N  - - - 1 7 7 9  
S I L I C O N  - - - - - 1 7 6 1  
S I L I C O N  F I L M  - - I 0 1 9  
S T A I N I N G  - - - - 1 9 8 2  
SURFACE CONTAMIN. 9 8  
U L T R A H I G H  VACUUM 1 7 6 1  
V L S I  D E V I C E  - - - 1 7 7 9  

I N T E R F A C E  MIGRAT.  
E P I T A X I A L  GROWTH > 2 0 3 3  
F I L M  T H I C K N E S S  - " 

S I L I C O N  - - - - - * 
I N D I U M  D C P I N G  

C A D M I U M  S U L F I D E  - > I 8 2 0  
FLASH EVAPORATION " 

M O B I L I T Y  - - - - " 

I N S U L A T I N G  F I L M  
NEW TECHNOLOGY -> 5 0 4  
TAPER E T C H I N G  - - " 

TAPERED WINDOW - " 
I N T E R F A C E  W T E N T .  

O I F F U S I C N  - - - -> 2 4 2  
E L L I P S O M E T R Y  - - so 

I O N I C  CCNDUCTOR - " 
R O T A T I N G  ELECTRO. " 

I N D I U M  O X I D E  
H I G H  R A T E  - - - -> 6 9 1  
P O L Y E S T E R  F I L M  - " 

R E A C T I V E  SPUTTER.  " 
T I N  D O P I N G  - - - " 

I N D I U M  P H C S P H I O E  
A C E T O N I T R I L E  - -> 5 9 8  
A N O D I C  G X I O A T I O N  > 1 1 8  
C A R R I E R  CONCENTR. - 
C H E M I C A L  E T C H I N G  > 2 8 7  
O I F F R A C T I O M E T R Y  -> 6 6 4  
D O U B L E  C R Y S T A L  - " 
E P I T A X I A L  L A Y E R  - 2 8 7  
E T C H I N G  D E F E C T  - > I 2 1 2  
F L A T O A N O  P O T E N T I .  5 9 8  
GROUP I I I - I V  A L L -  1 2 7 2  
GROUP I I I - V  COMP. 6 6 4  
H A L L  D A T A  - - - - 1 1 8  
HYORDCPLOR I C  A C I D  2 8 7  
I N G A P A S  - - - - - 6 6 4  
I O N  I M P L A N T A T I O N  1 1 8  
L A T T I C E  M I S M A T C H  6 6 4  
L P E  - - - - - - -  - 
M I T E R 1  A L  S E L E C T I .  2 8 7  
PHOSPHCCIC A C I O  - " 

PHOTOELECTROCHEM- 5 9 8  
OUARTERLARY - - - 6 6 4  
S E M I C O N O K T O R  - - 5 9 8  
S I N t L E  C R Y S T A L  - " 
X-RAY 0 I F F R A C T I  ON 1 2 7 2  
11 1-1 FACE - - - " 
1 1 1 - 8  F A C E  - - - " 

I N D I U M  S E S O U I O X I .  
E L E C T R O N  A F F I N I T Y > I O B I  
O X I D E  SEMICONOUC. * 
P H O T O V O L T A I C  PRO. " 

I N D U C E D  I N S T A B I L .  
ALCOHOL - - - - - > I 3 0 1  
KETONE - - - - - " 

S I L I C O N  G A T E  MOS " 

I N S U L A T I O N  
A L U M I N U M  C O V E R A G E > 1 3 3 5  
ARGON - - - - - - " 
c y o  - - - - - - -  .. 
E V A P O R A T I O N  - - - " 
G A S  I N S U L A T I O N  -> 5 5 C  
L I O U I D  I N S U L A T I O N  " 
P O L Y S I L I C O N  - - - 1 3 3 5  
PRESSURE V I R I A T I -  " 
S I L I C O N  D I O X I D E  - 
S O L 1 0  I N S U L A T I O N  5 5 C  

S I L V E R  S A L T  SOLU. " 

I N T E R F A C E  R O L E  
H I G H  F I E L D  - - - > 2 1 8 8  
I O N I C  C C N D U C T I O N  - 
T H I N  F I L M  - - - - * 

I N T E R F A C E  S T A T E  
A N N E A L I h G  - - - - > I S 7 3  
CHARGE O E N S I T V  - * 
G A A S  O X I D E  - - - > I 2 3 5  
I N E R T  E L E C T R C L Y T E  " 
I N T E R F E R E N C E  - - > I 9 7 9  
M O B I L E  I O N  - - - " 

N O S  C A P A C I T O R  - - " 
S I L I C O N  - - - - - * 
S I L I C O h  D I O X I D E  - 1 5 7 3  
THERMAL O X I D A T I O N  * 

I N T E R F A C I A L  F L U X  
I M P U R I T Y  R E D I S T R . > I 9 3 9  
I M P U R I T I  SEGREGA. " 
MOVING BOUNOARY - " 
N U M E R I C A L  S O L U T I .  " 
S I L I C O N  O X I D A T I O N  " 

I N T E G R A T E D  CIRCU.  
A L U M I N U M  A L L O Y  -> 1 1 0  
CHLOROACRYLATE - > I 8 2 9  
C O R R O S I O N  T E S T  - 1 1 0  
C R O S V I N K E O  T Y P E  > I 6 3 5  
C V D  - - - - - - -> 3 3 4  - - - - - - - > I 0 4 2  

C Z O C H R A L S K I  - - - > I 1 4 2  
D E P O S I T I O N  R A T E  - 1 0 4 2  
D I E L E C T R I C  I S O L A - >  8 7 0  
D I E L E C T R I C S  - - - 3 3 4  
E L E C T R O N  BEAM - - 1 8 2 9  
E L E C T R O N  R E S I S T  - I 6 3 5  
F A B R I C A T I O N  - - - > I 4 1 5  
HOMOPOLYMER - - - 1 6 3 5  
L I F E T I M E  - - - - 1 1 4 2  
L I O U I D  STANDARD -> 1 0 3  
M E T A L L I Z A T I O N  - - 1 1 0  
METHACRYLATE - - 1 6 3 5  
M I N O R I T Y  C A R R I E R  1 1 4 2  
MOLECULAR O B I T A L  1 8 2 9  
MDS - - - - - - -> 2 0 C  
M O S - L S 1  - - - - - 1.15 
P A S S I V A T I O N  L A Y E R  1 0 3  
PHOSPHORUS - - - 3 3 4  
PHOSPHORUS D O P I N G  1 0 4 2  
P H O S P H O S I L I C A T E  - 3 3 4  
P L A S T I C  ENCAPSUL. 1 1 0  
POLYMER - - - - - 1 8 2 9  
P O L Y S I L I C O N  - - - 1 4 1 5  
P O S I T I V E  R E S I S T  - 1 8 2 9  
PRESSURE REOUCTI .  1 0 4 2  
R E F R A C T I V E  I N D E X  1 0 3  
SEMICONDUCTOR - - 2 0 C  
S I L I C O N - - - - -  " - - - - -  1 1 4 2  
S I L I C O N  ANOOIZAT.  8 7 0  
S I L I C O N  O I O X I D E  - 1 0 4 2  
S I L I C O N P O R O S I T Y  8 7 0  
THERMAL PROCESSI .  1 1 4 2  
TRANSPARENT F I L M  1 0 3  
TR I F L U O R O E T H Y L  - 1 8 2 9  
2.2.2-TRICFLOROE. 1 6 3 5  

I N T E G R A T E D  ELECT.  
I M P E D E N C E  - - - -> 7 9 3  
I O N  S E L E C T I V E  EL. " 

5 O L I O - S T A T E  - - - " 

I N T E R C A L A T I O N  
COPPER - - - - -> 6 9 9  
C Y C L A B L E  C E L L  - - " 
D I C H A L C O G E N I O E  -> 3 4 9  
ELECTRODE - - - - 6 9 9  
L I T H I U M  - - - - - 3 4 9  
L o b  VOLTAGE BEHA. " 
SECONDARY BATTERY " 
S O L I D - - S T A T E  C E L L  6 9 9  

I O N  R O L E  
M I C R O b A V E  - - - - > I 0 2 4  
N E U I R 4 L  S P E C I E S  - " 
P L A S M 4  E T C H I N G  - 
S I L I C O N  - - - - - " 

I O N  S C A T T E R I N G  
A N O D I C  O X I D A T I O N  > I 5 4 3  
CURRENT D E N S I T Y  - * 
G A A S  - - - - - -  .. 

I N T E R F E R E L C E  
I N T E R F A C E  S T A T E  - > I 9 7 9  
M O B I L E  I O N  - - - " 
MOS C A P A C I T O R  - - * 
S I L I C O h  - - - - - * 

I O N  S E L E C T I V E  
C E S I U M  - - - - -> 3 4 7  
P O T A S S I U M  - - - - " 
P V C  M A T R I X  - - - " 
Z I N C F E R R O C Y A N I D E  ' 

INTERGRANULAR 
A U S T E N T I C  - - - -> 3 7 4  
CORROSION - - - - * 
DUPLEX 3 0 8  - - - " 
MICROSTEUCTURE - " 
P H A S E  TRANSFORMA. " 
P I T T I N G  - - - - - " 
S T A I N L E S S  S T E E L  - " 

I O N  S E L E C T I V E  EL. 
I M P E D E N C E  - - - -> 7 9 3  
I N T E G R A T E D  ELECT.  * 
S O L I O - S T A T E  - - - " 

I O N I C  CONDUCTION 
A N O D I C  O X I D E  F I L M >  7 6 5  

> I 9 7 2  
D1.ELECTRICS - - - 7 6 5  
nrcn FIELD - - - > 2 1 8 8  
I N T E R F A C E  R O L E  - " 
S E L F  D I S C H A R G E  - 1 9 7 2  
TANTALUM PENTOXI .  7 6 5  
T H I N  F I L M  - - - - 2 1 8 8  

I O N I C  C O N O U C T I V I .  
A L U M I N U M  F L U O R I D E > I 3 8 5  
B A C I U M  F L U O R I T E  -> 6 6 7  
C A L C I A  - - - - -> 2 6 4  
C A L C I U M  F L U O R I T E  6 6 7  
C E R A M I C S  - - - -> I 
C E R I U M  D I O X I D E  - 260 
C E S I U M  F L U O R I T E  - 6 6 7  
COPPER BROMIDE -> 8 1 8  
D E F E C T  I N T E R A C T I .  6 6 7  

I 3 8 5  
D E S T R U C T I V E  E F F E - > 2 1 9 6  
D T A  - - - - - - -  1 

F L U O R I T E  - - - - 1 3 8 5  
G L A S S  ELECTRODE - 2 1 9 6  
GLOW T U a E  - - - - * 
I O N I C  M O T I O N  - - 1 3 8 5  
L E A D - - - - - -  " 
L I T H I U M  O X I O E  - - 1 

I N D U C T I O N  P E R I O D  
F L U O R I h E  G A S  - - > I 9 4 6  
M I C R C C I C C U I T  - - " 
S I L I C O N  E T C H  - - " 

I O D I N E  
P O L L U T I O N  C O N T R O L > I 8 4 2  
S O D I U M  S U L F A T E  - '* 
S O L I D - S T A T E  PROBE 0. 

SULFUR O I O X I O E  - " 
SULFUR FROBE - - - 
SULFUR T R I O X I O E  - " 

I NOUSTRY REPORT 
E L E C T R O L Y T E  - - - > 2 4 3 C  

I N E R T  E L E C T R O L Y T E  
GAAS O X I D E  - - - > I 2 3 5  
I N T E R F A C E  S T A T E  - " 

I O D I N E  O C P I N G  
AOUEOUS E L E C T R O L . > I 8 6 8  
DARK P O T E N T I A L  - " 
F L A T B A h D  P O T E N T I .  " 
GROUP I l - V 1  COUP. " 
L I G H T  A e S O R P T I O N  * 
O P T I C A L  A B S O R P T I -  " 
Z I N C  S E L E N I D E  - - " 

I N F R A R E D  ABSORPT. 
c v o - - - - - -  ->I 7 2 8  

O I E L E C T C I C S  - - - " 
LOW T E M P E R A T a E  - " 
O X I D A T I C N - - - -  " 
P O L Y M E R I Z A T I O N  - " 
S I L A N E  - - - - - 'I I O N  A S S 1  STANCE 

CARBON T E T R A R U O . >  4 6 4  
C O M P E T A T I V E  MECH. " 
E T C H I N G  - - - - - " 

S I L I C O h  D I O X I O E  - * 

I N G A P A S  
O I F F R A C T I O M E T R Y  -> 6 6 4  
D O U B L E  C R Y S T A L  - " 
GROUP 1 1 1 - V  COMP. " 
I N D I U M  FNOSPHI  D E  mm 

L A T T I C E  M I S M A T C H  - 
L P E  - - - - - - -  .. 

I O N  BEAM 
L I T H O G R A P M .  - - -> 4 8 3  
P A T T E R N  O U P L I C A T .  " 
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P R I M A R Y  TERM P A G E  
CO-TERM NO. - 

I O N I C  C O N O U C T I V I .  I C O N T O )  
M O I S T U R E  CONTENT I 
P H A S E  D I A G R A M  - - 8 1 8  
P H Y S I C A L  PROPERT. I 
S I L V E R  I O O l O E  - - 8 1 8  
S O L I D  E L E C T R O L Y T E  1 3 8 5  
S O L I O  S E L U T I O N  - 6 6 7  
S T R O N T I U M  F L W R  1. " 
U R A N I U M  F L U O R I T E  " 
Y T T R I A  - - - - - 2 6 4  

I O N I C  CONDUCTOR 
D I F F U S I O N  - - - -> 2 4 2  

E L L I P S C U E T R Y  - - " 
I N T E R F A C E  POTENT. " 
R O T A T I N G  ELECTRO. " 

S I L V E R  SALT SOLU. " 

I O N I C  MODEL 
L A N T H A N I D E  M E T A L  > I 3 8 7  
M E T A L  H A L I D E  GAS " 
MOLECULAR STRUCT. " 
T R A N S I T I O N  M E T A L  " - - 

V I B R A T I C N A L  FREO. " 

I O N I C  M O T I O N  
ALUMINUW F L U C R I O E > 1 3 8 5  
D E F E C T  I N T E R A C T 1  . " 

F L U O R I T E  - - - - " 
I O N I C  C C N O U C T I V I .  ' 
L E A D  - - - - - - " 

S O L I D  ELECTROLYTE " 

I O N I C  P E R Y E A B I L I .  
A C T I N  - - - - - - > I 4 7 1  
MEMBRANE P R G T E I N S  " 
POLAROGEAPHY - - " 
S P E C T R I h  - - - - " 

I R  ABSORPTION 
C A R R I E R  CONCENTC.> 2 6 0  

SEMICONDUCTOR - - " 

S I L I C O h  - - - - - " 

I R I D I U M  
A C I O  M E D I U M  - - -> 9 3  
CHARGE C A P A C I T Y  - " 
HYOROXICE-TYPE - " 

T H I N F I L M - - - -  " 

I R I D I U M  O X I D E  
A N O D I C  - - - - - > 2 1 7 1  
A N O D I C  F I L M  - - -> 7 4 2  
B L E A C H I N G  - - - - * - - -  - 2 1 7 1  
C O L O R A T I O N  - - - 7 4 2  - - -  2 1 7 1  
CORROSION S T A B I L .  7 4 2  

2 1 7 1  
ELECTRCCHROMISY - 7 4 2  - 2 1 7 1  
MECHANISM - - - - " 
p,, - - - - - - -  " 

I R O N  
A N O D I C  O I S S O L U T I . > 2 1 5 0  
AUGER SPECTROSCO.> 5 4 7  
C H L O R I D E  S O L U T I C N >  3 8 5  
CHROMATE - - - - " 

CORROSION - - - - 5 4 7  - - - - > I 3 6 3  
C R E V I C E  CORROSION 3 8 5  
CURRENT C S C I L L A T .  1 3 6 3  
0 1  SCHARGE D A T A  -> 3 5 7  

l N H I 8 l T l O N  - -  - 3 8 5  
I R O N  S U L F I D E  - -> 6 8 3  
O X I D A T I C N  - - - - 5 4 7  
P A L L A D I U M  - - - - " 
P A S S I V E  O X I O E  - - " 
P A S S I V I T Y  - - - - I 3 6 3  
P O T E N T I A L  D I S T R I .  2 1 5 0  
SCALE - - - - - - 6 8 3  
SECONOAEY B A T T E R Y  3 5 7  
S O L U B L E  SYSTEM - " 
S U L F I D A T I O N  - - - 6 8 3  
S U L F U R I C  A C I D  - - 1 3 6 3  - - 2 1 5 0  

T H I N  F I L M  - - - - 5 4 7  
T I T A N I U C  - - - - 3 5 7  
XPS - - - - - - - 5 4 7  

I R O N  A L L E Y  
COAL C H I R  - - - -> 8 9 4  

FERROUS S U L F I D E  - " 
G A S I F I C l T l O h  - - " 
S U L F I D A T I O N  - - - " 

P R I M A R Y  TERM PAGE 
CD-TERM NO. 

- 
I R O N  C H L O R I D E  

A L U M I N U M  C K O R I D E > I 6 0 1  
C V D  - - - - - - -  " 
GADOLINIUM c n L o R .  " 
GASEOUS COMPLEX - " 

I R O N  C m O M I U M  
M O D U L A T I O N  SPECT.> I 3 2 8  
P A S S I V A T I O N  F I L M  * 

I R O N  O X I D E  
ANODE - - - - - -> 4 1 9  
E L E C T R O C A T A L Y S I S  > I 8 3 1  
HVOROGEN P E R O X I D E  " 
N - T y p E  - - - - -  " 
PHOTOANDOE - - - " 
PHOTOCURRENT - - 4 1 9  
SEMICONDUCTOR - - " 

I R O N  O X I D E  F I L M  
A N C O I C  F O R M A T I O N  > 2 1 6 7  
A N O D I C  O X I D A T I O N  > 4 4 2  
B O R A T E  BUFFER - - " 
C O M P O S I T I O N  - - - " - - - 2 1 6 7  
P A S S I V E  F I L M  - - 4 4 2  

I R O N  P L A T I N U M  
A L L O Y  - - - - - - > 2 1 6 2  
E L E C T R O D E P O S I T I O N  " 
F O I L  - - - - - -  " 
F U S E D  S A L T  - - - " 
P R E P A R A T I O N  - - - " 

I R O N  S U L F I D E  
C H E M I C A L  D I F F U S I . >  6 7 3  
I R O N  - - - - - -> 6 8 3  
N O N S T O I C H I O N E T R Y  6 7 3  
P O I N T  D E F E C T  - - " 
S C A L E  - - - - - - 6 8 3  
S U L F I D A T I O N  - - - " 

I R O N  SULFUR 
CATHODE - - - - -> 8 8 7  
L I T H I U M  BATTERY - " 
NONAOUEOUS C E L L  - * 
P O T A S S I U M  I R O N  S. " 

l SOTOPE S E P A R A T I  . 
UNDERVOLTAGE - - > 2 0 4 5  

J U N C T I O N  D E P T H  
ANGLE L A P P I N G  - - > I 9 8 2  
I O N  I M P L A N T A T I O N  " 

S T A I N I N G  - - - - " 

J U N C T I O N  P O T E N T I .  
P O T A S S I U M  C K O R I . > l 6 1 8  
S I L V E R  - - - - -  " 

S I L V E R  C H L O R I D E  - " 
T H E R M U  L I Q U I D  - " 
THERMOCELL - - - " 
TRANSPORT ENTROPY .' 

K E I L  SALOMON 
A N O D I Z A T I O N  - - -> 5 a 4  
OXYGEN I S O T O P E  - " 
V A N A D I U M  - - - - o* 

KETONE 
ALCOHOL - - - - - > I 3 0 1  
I N D U C E D  I N S T A B I L .  " 
S I L I C O N  GATE MOS " 

K I N E T I C  A N A L Y S I S  
A L K A L I N E  S O L U T I O N > 1 6 9 3  
E P G X I D E  O I M E R S  - " 

P H T H A L I M I D E  - - - " 
R E D U C T I O N  - - - - " 
STRUCTURAL ANALY. " 

K I N E T I C  PHENOMENA 
GLUCOSE O X I O A T I O N >  2 3 7  
KREBS-RINGER - - * 
MASS TRANSPORT - " 
P L A T I N U M  ELECTRO. " 

K I N E T I C  S T A B I L I T Y  
N I T R A T E  I O N  - - - > 2 0 9 5  
OXYGEN EXCHANGE - o* 

P O T A S S I U M  N I T R A T E  " 
RAMAN SPECTROSCO. 

- - -  

A N O D I C  O X I D A T I C N  > 4 3  
> I 6 8 7  

D I A B E T E S  - - - - 4 3  

3EMICAL SOCIETY 

P R I M A R Y  TERM PAGE 
CO-TERM NO. 

- 
KREBS-R1 NGER 1 CONTD) 

GLUCOSE OX I D A T I O N >  2 3 7  
GLUCOSE SENSOR - 4 3  - 1 6 8 7  
l Y P L A N T A T I O N  - - 4 3  
I N H l 8 1 7 1 0 N  - - - 1 6 8 7  
K I N E T I C  P H E N W E N A  2 3 7  
L I N E A R  P O T E h T I A L  4 3  
MASS TRANSPORT - 2 3 7  
P L A T I N U M  ELECTRD.  4 3  

2 3 7  
I 6 8 7  

UREA " 

KRYPTON 
AMORPHCUS S I  L I C O N > L 2 4 7  
ARGON - - - - - - .. 
E P I T A X I A L  GROWTH " 

NEON - - - - - -  * 

L A M I N A E  FLCW 
L I M I T I N G  CURRENT > I 9 3 7  
MASS TRANSFER - - . 
R O T A T I N G  HEMISPH.  

L A N T H A N I O E  M E T A L  
I O N I C  MCOEL - - - > I 3 8 7  
M E T A L  H A L I O E  GAS " 
MOLECULAR STRUCT. " 
T R A N S I T I O N  M E T A L  " 
V I B R h T I C N A L  FREO. " 

LANTHANUM O X V S l A .  

CATnCDOLUMINESCE.> 5 7 1  
E L E C T R C L  BOMBARD. 
LOW ENERGY - - - " 
P n o s P n c f i s  - - - - -- 
T E R B I U M  - - - - - " 
x p s  - - - - - - -  " 
Y T T R l U L  O X Y S U L F I .  " 

LANTHANUM STRONT. 
COBALT C X l D E  - - > l a 1 7  

ELECTRCOE M A T E R I .  * 
POWER - - - - - - " 

T H E R M O E L E C T R I C 1  TY " 

L A R G E  G R A I N  
G A A S  - - - - - -> 7 0 3  
SOLAR C E L L  - - - " 
T H l N F l L C - - - -  *. 

L A S E R  
G E T T E R I N G  - - - - > I 4 3 6  
L A T T I C E  DAMAGE - * 
S I L I C O N  WAFER - - " 

L A T T I C E  CLMAGE 
G E T T E R l h G  - - - - > I 4 3 6  
L A S E R - - - - - -  #a 

S l L i C O h  WAFER - - " 

L A T T I C E  DEFECT 
A N N E A L I N G  - - - -> 8 0 9  
C A O M I U C  T E L L U R I D E  " 
D E F E C T  ISOTHERM - " 
E L E C T P O L  MICROSC.  " 

LATTICE M I s M A T c n  
D I F F R A C T I O M E T R Y  -> 6 6 4  
D O U B L E  C R Y S I U  - " 
GROUP I I l - V  COUP. " 

I N O I U M  F H O S P H l O E  " 
I N G A P A S - - - - -  " 
L p E  - - - - - - -  " 
OUARTECLARY - - - " 

L A Y E R  P E R l O O l C I T Y  
A N O O I Z A I I O N  - - - > I 1 9 1  
8 1 S M U T h T R I T E L L U .  " 
E L L I P S C M E T R Y  - - " 
G A L L I U M  S E L E N I D E  " 
L A Y E R E O  SEMICONO. " 

LAYEREO SEMICONO. 
A N O D I Z A T I O N  - - - > I 1 9 1  
B l  SMUTH T R I T E L L U .  " 

E L L I P S C M E T R V  - - " 

G A L L I U M  S E L E N I D E  " 

L A Y E R  P E R l O O I C l  TY " 

L E A O  
A L U M I N U M  F L U O R I  D E > I 3 8 5  
D E F E C T  I N T E R A C T I .  " 
F L U O R I T E  - - - -  " 
I O N I C  C E N O U C T I V I .  " 
I O N I C  M O T I O N  - - * 

December 1979 

P R I M A R Y  TERM PAGE 
CO-TERM NO. 

- 
L E A D  I C O N T D I  

S O L I O  E L E C T R O L Y T E  1 3 8 5  

L E A D  A C I D  B A T T E R Y  
ANODE - - - - - -> 3 6 0  - - - - - -> 3 6 5  
A N O O I C  F I L M  - - -> 7 2 5  
C 0 8 4 L T  S U L F A T E  - " 
CONSTANT P O T E N T I .  3 6 0  
CORROSION - - - - * 
CORROSION F I L M  - > I 8 4 8  
C R Y S T A L  GROWTH - 3 6 0  
C Y C L I C  CORROSlON 3 6 5  
D E E P  D I S C H A R G E  - * 
E L E C T R I C  V E H I C L E  > I 3 2 1  
E L E C T R O L Y T E  FLOW * 
G R I D  CORROSION - 7 2 5  
U E A T  TRANSFER - - 1 3 2 1  
L E A O  D I O X I D E  - -> 7 - - 3 6 5  
L E A D  O l O X I O E  P L A . > l 1 0 0  
L E A D  S U L F A T E  - - 7 

- -> 9 9 1  
OX I D A T  I O N  - - - - 7 
P H C S P H O R l C  A C I  0  - 3 6 0  - 1 8 4 8  
P O S I  T l V E  ELECTRO. * 
P O S I T I V E  P L A T E  - 7 
P R O P U L S I O N  - - - 1 3 2 1  
S I L V t R  O X I D E  - - 7 2 5  
S U L F U R I C  A C I O  - - 7 
T H E R M O P A S S l V A T I O N  1 1 0 0  
WATER P A S T E  - - - 9 9 1  

L E A D  C H L O R I D E  
CHRONOANPEROMETRY>I902 
F U S E D  S A L T  - - - " 
L t A D S U L F l O E  - -  * 
O X I O A T I O N  - - - - * 
P O T A S S I U M  C K O R I .  " 

L E A D  O I O X I O E  
I N O O E  - - - - - -> 3 6 5  
C Y C L I C C O R R O S I O N  " 
D E E P  D I S C H A R G E  - " 
L E A O  A C I D  B A T T E R Y >  7  

3 6 5  
L E A D  S U L F A T E  - - 7 
O X l D A T I O N  - - - - " 
P O S I T I V E  P L A T E  - " 
S U L F U R I C A C I O - -  " 

L E A D  O l O X I O E  P L A .  
L E A O  A C I D  B A T T E R Y > 1 1 0 0  
T H E R M O P A S S I V A T  I O N  " 

L E A D  F L U O R I D E  
D T A  - - - - - - - > I 4 0 3  
E O U I L I B R I U M  - - - 00 

H V D R O S T A T I C  P R E S S  " 
P H A S E  T R A N S I T I O N  " 

L E A D  S U L F A T E  
L E A O  A C I D  BATTERY> I 

> 9 9 1  
L E A D  D I O X I D E  - - 7 
O X I D A T I O N  - - - - " 
P O S I T I V E  P L A T E  - " 
S U L F U R I C  A C I D  - - " 
W l T E R  P A S T E  - - - 9 9 1  

L E A O  S U L F I D E  
CHRONOAMPEROMETRY>1902 
F U S E O  S A L T  - - - " 
L E A D  C H L O R I D E  - - " 
O X I D A T I O N  - - - - " 
P O T A S S I U M  CHLORI .  

L E E D  

AUGER SPECTROSCO.> 4 5 0  
E L L I P S O M E T R Y  - - * 
G A A S  - - - - - -  " 
I N  S I T U  - - - - - " 
RHEEO - - - - - - " 
SURFACE A N A L Y S I S  " 
VPE - - - - - - -  " 

L I F E  TEST 
O X I O E  C O A T I N G  - - > I 4 3 9  
P E R C H L O R I C  A C I O  - " 
P O L A R I Z A T I O N  - - " 
S O D I U M  C H L O R I D E  - " 
T I T A N I U M  ANODE - " 

L I F E T I M E  
C L C C H R A L S K I  - - - > I 1 4 2  
I N T E G R A T E D  CIRCU.  ' 
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PRIMARY TERM PAGE 
CO-TERM NO. 

- - - 
P R I M A R Y  TERM PAGE 

CO-TERM NO. 
P R I M A R Y  TERM PAGE 

CO-TERM NO. 
P R I M A R Y  TERM PAGE 

CO-TERM NO. ----- - 
L I T H I U M  B A T T E R Y  I C O N T O 1  

O R G A N I C  ELECTROL. 5 2 3  
7 2 9  

P H A S E  D I A G R A M  - - 6 0 8  
P O T A S S I U M  I R O N  S -  8 8 7  
P O T E N T I A L  - - - - 6 0 8  
R A T E  C A P A B I L I T Y  - 5 2 3  
SECONOACY BATTERY " 
SPECTRCSCOPV - - 6 0 8  
SYSTEM S T A B I L I T Y  5 2 3  
T A N T A L U Y  - - - .- 5 0 7  
TETRAHVOROFURAN - " - 5 2 3  
T n n m Y L  CKORIDE 9 8 1  
T I T A N I U M  O I S U F I .  6 0 8  
VOLTAGE S T E P S  - - " 

L I T H C G R A P H Y  I C O N T D I  
P R O C E S S I N G  - - - 1 5 1 a  
P U L S E  ELECTROPLA-  
P A O I A T I O N  SENSIT.  I S 4  
R A D I A T I O N  Y I E L D  - 4 8 3  
R E S I S T  - - - - - 6 9 4  
R E S I S T  M A T E R I A L  - 4 8 3  
WAFER F A B R I C A T I O N  1 7 0 3  
X-RAY - - - - - - 6 9 4  

L I F E T I M E  I C O N T O 1  
M I N O R I T Y  C A R R I E R  11.2 
N I C K E L  CADMIUM -> 7 2 0  
P A T T E R N  RECOGNIT.  " 
S I L I C O N  - - - - - 1 1 4 2  
THERMAL FUOCESSI .  " 

L I O U I O  C A T H M Y T E  I C O N T O 1  
T H I O N Y L  C N L O R I D E  9 8 1  

L I U U l D  C R Y S T I L  
D E F E C T  D E N S I T Y  - > I 7 7 1  
D E F E C T  GENERATION> 8 5  - -  -~ - -  - - -  

E L E C T R I C  F I E L D  - 1 7 7 1  
L I F T - O F F  Y E T A L L I .  

A L U M I N U M  ALLOY - > I 2 5 7  
S P U T T E E  O E P C S I T I .  - N E M A T I C  D I S P L A Y  - 8 5  

O X I D E  T H I C K N E S S  - 1 7 7 1  
S I L I C O N  D I O X I D E  - " 

LONG TERM T E S T I N G  
T I M E  V A R I A T I O N  - > I 6 1 4  
WATER ELECTROLYL.  * 

L I G H T  A B S C R P T I O N  
AUUEOUS E L E C T R O L . > I 8 6 8  
DARK PCTENT1I.L - 
F L A T B A N C  P O T E N T I .  " 
GROUP I I - V I  COMP. " 

I O D I N E  D O P I N G  - - " 
O P T I C A L  A B S O W T I .  " 
Z I N C  S E L E N I O E  - - " 

L I O U I O  I N S U L A T I O N  
G A S  I N S U L A T I O N  -> S 5 C  
I N S U L A T I O N  - - - " 
S O L I D  I N S U L A T I O N  " 

L I O U I D  J U N C T I O N  
A C E T O N I T R I L E  - -> 6 0 3  
CHARGE TRANSFER - > I 0 1 1  
D I G I T A L  S I M U L A T I .  " 
E F F I C I E N C V  - - - 6 0 3  
G A L S - - - - - -  " 
H O L E  I N J E C T I O N  - 1 0 1 1  
I L L U M I N A T E D  - - - " 
PHOTOANODE - - - " 
P H O T O V O L T A I C  C E L L  6 0 3  
R E G E N E R A T I V E  C E L L  * 
SEMICONDUCTOR - - 1 0 1  1  
S I N G L E  C R Y S T A L  - 6 0 3  
SOLAR C E L L  - - - I 0 1 1  

LOW ENERGY 
CATHODOLUMINESCE.> 8 7 1  
ELECTRON BOMBARD. " 
LANTHANUM OXYSUL. " 
PHOSPHORS - - - - " 
T E R B I U M  - - - - - " 
x p s  - - - - - - - " 
V T T R I U Y  O X V S U L F I .  * 

LO PRESSURE 
CVO - - - - - - -> 8 3 3  - - - -  - - - > I 0 1 9  
ELECTROTRANSPORT > I 8 1 1  
E P I T A X I N  L A Y E R S  > I 1 3 4  
GAAS E P I L A Y E R  - - . 
H I G H  R E S I S T A N C E  - 1 8 1 1  
I O N  I M P L A N T A T I O N  I 0 1 9  
M I C R O G R A V I T Y  - - 1 8 1  1  
PHOSPHORUS D O P I N G  8 3 3  

I 0 1 9  
P O L Y S I L I C O N  F I L M  8 3 3  
P U R I F I C A T I O N  - - 1 8 1 1  
P Y R O L Y S I S  - - - - I 1 3 4  
R E S I S T I V I T V  - - - 8 3 3  
S I L I C O N  F I L M  - - 1 0 1 9  
THORIUM - - - - - I 8 1 1  

L t T n I u M  BORON 
ANDOE M A T E R I P A  -> 8 6 6  
ANODIC D I S C H A R G E  > 9 9 3  
F E L T M E T A L  - - - - " 

MOLTEN S A L T  - - - " 
4 O L T E N  S I L T  BATT. 8 6 6  
THERMAL A N A L Y S I S  * 
VOLTAGE REGULATI .  9 9 3  

L I G H T  E F F E C T  
ANODE - - - - - -> 9 7 2  
E L E C T R C C X I O A T I O N  " 
P H O T O C C N O U C T I V I  TY " 
T H I O C Y A N A T E  - - - - 

L I T H I U M  BCRON CH- 
E L E C T R O L Y T E  S A L T  > I 4 4 5  
ENERGY CONVERSION " 
H E R M E T I C  0 - C E L L  - " 

T H I O N Y L  C H L O R I D E  " 

L I G H T  I N T E N S I T Y  
C O B A L T  CONCENTRA .> 
CORROSICN SUPPPE. 
PHOTOANODE - - - 
S U L F A T E  CONCENTR. 
T I T A N I U M  O I O X I O E  

L I G H T - E M I T T I N G  
A L U M I N U M  A R S E N I D E >  
O I O O E  - - - - - - 
D I S L O C A T I O N  - - - 
G A I *  - - - - - - 
G A L L I U M  - - - - - 
D U I N Y U M  E F F I C I E N .  
S I L I C O N  - - - - - 

L I U U I O  S T A N O m D  
I N T E G R A T E D  CIRCU.> 1 0 3  
P A S S I V A T I O N  L A Y E R  " 
R E F R A C T I V E  I N D E X  " 
TRANSPARENT F I L M  " 

L I T H I U M  
ABUSE TOLERANCE - > I 6 3 7  
ALUMINUM POWDER - > I 8 5 3  
A N C O I C  S T A 8 I L l T Y  > 5 0 7  
B A T T E R Y  - - - - - 1 6 3 7  
CARBON - - - - - > 2 0 5 2  
CATHODE - - - - - " 
COLO-ROLLED S T E E L  5 0 7  
COCROSION R E S I S T .  " 
COULOMETRY - - - > 2 0 3 5  
C Y C L I C  VOLTAMMET. ' 
D I C H A L C O G E N I O E  -> 3 4 9  
D I S C H A R G E  - - - - > 2 1 6 8  
O T A  - - - - - - - 1 6 3 7  
HEXAFLUOROARSENA.> 1 8 1  

5 0 7  
I N T E R C A L A T I O N  - - 3.9 
L I T H I U M  B A T T E R Y  - 5 0 7  
LOW VOLTAGE BEHA. 3 4 9  
M E T A L  S U L F I D E  - - 1 8 5 3  
N E G A T I V E  ELECTRO. * 
ORGANIC PRODUCT - 1 8 1  
POWDER ELECTROOE 1 8 5 3  
R E A C T I O N  MECHANI. 2 1 6 8  
RECHARGEABLE C E L L  1 8 5 3  
R E D U C T I O N  - - - - 2 0 3 5  
SECONDARY BATTERY 3 4 9  
S O L I D  CORROSION - 1 8 1  
SULFUR D I O X I D E  - 1 6 3 7  
SJLFUR OXYCHLORI. 2 0 3 5  
TANTALUY - - - - 5 0 7  
TETRAHYDROFURAN - 1 8 1  - 5 0 7  
T H I O N Y L  C H L O R I D E  2 0 5 2  

2 1 6 8  
TOPOCHEMICAL C E L L  3 4 9  

L I T H I U M  C E L L  
CATHODE - - - - -> 4 9 7  
SECCNOACY B A T T E R V  
V A N A D I U M  O X I D E  - " 

L I T n I u M  CVLORIDE 
A L U M I N U M  CI+LORIDE>l650 
ANODE MECHANISM -> 1 7 6  
A N O D I C  CORROSION > I 0 8 7  

> L O 9 3  
C A L C I U M  ANODE - - 1 7 6  
C O N O U C T I V I T V  - - 1 6 5 0  
EUTECT I C  - - - - 1 0 8 7  - - - - 1 0 9 3  
F U E L  C E L L  - - - -> 9 6 0  
FUSED S A L T  - - - - - -  1 7 6  

1 0 8 7  - - - 1 0 9 3  - - - 1 6 5 0  
M I G R A T I C N  POLAPA. 9 6 0  
MOLTEN CARBCNATE * 
MOLTEN 5 U T  BATT. .' 
OVERVDLTAGE - - - I 7 6  
P O T A S S I U M  C h L O R I .  9 6 0  

1 0 8 7  
I D 9 3  

S U L F I O A T I O N  - - - " 
THERMAL BATTERY - 1 7 6  
VOLTAMMETRY - - - 1 0 8 7  - - -  1 0 9 3  

LOW TEMPERATURE 
CHRONOCWLOMETRY > 5 7 9  
C V D -  - - - - - - > I 7 2 8  
D I E L E C T R I C S  - - - " 
D O P I N G  - - - - - > I 7 7 9  
ELECTROHYDROOIME. 5 7 9  
E T H Y L  C I N N A M A T E  - * 
H I G H  PRESSURE - - > I 8 2 2  
I N F R A R E D  ABSORPT. 1 7 2 8  
I O N  I M P L A N T A T I O N  1 7 7 9  
METHYL C I N N A M A T E  5 7 9  
O X I D A T I O N  - - - - 1 7 2 8  - - - - 1 7 7 9  
O X I D E  F I L M  GROWTH I 8 2 2  
P O L Y M E R I Z A T I O N  - 1 7 2 8  
P O L Y S I L I C O N  - - - 1 1 7 9  
R E A C T I O N  DROER - 5 7 9  
S I L A N E  - - - - - 1 7 2 8  
S I L I C O N  - - - - - 1 8 2 2  
STEAM O X I O A T I O N  - - 
V L 5 1  D E V I C E  - - - 1 7 7 9  

L I M I T I N G  CURRENT 
L A M I N A R  FLOW - - > I 9 3 7  
MASS T f i A N S F E R  - - * 
R O T A T I N G  H E M I S P H .  " 

L I N E  EDGE P R O F I L E  
DEVELOPER TEHPER.>2026 
DEVELOPWENT R I T E  " 

E L E C T R C h  B E A M  - - '* 
O P T I C A L  EXPOSURE " 
P H C T O R E S I S T  - - - 8 ,  

P O S I T l V E  D I A Z O  - " 

L I N E  W I D T H  
D E V E L O P I N G  T I M E  - > I 4 3 0  
E L E C T R C L  BEAM - - 
POLYMETHYLMETHAC.  * 
R E S I S T  - - - - - " 
SLOPE A h G L E  - - - 

L I N E A R  P C L a R I Z A T .  
A N I L Y T I C  S O L U T I O N > 2 O B l  
CORROSION POTENT.> 8 9 1  
F O U R I E R  A N A L Y S I S  2 0 8 1  
N U M E R I C A L  METHODS 3 9 1  
P A S S I V E  F I L M  - - 2 0 8 1  
P O T E N T I L L  O I S T R I .  " 
SCRATCH - - - - - * 
THREE P C l N T  - - - 8 9 1  

L I N E A R  P O T E N T I A L  
A N C O I C  C X I O A T I O N  > 4 3  
D I A B E T E S  - - - - " 
GLUCOSE SENSOR - " 
I M P L A N T A T I O L  - - " 
KREBS-RINGER - - " 
P L A T I N U M  ELECTRO. " 

L I O U I D  AMMONIA 
E L E C T R O L  I N J E C T  I .>207C 
SEMICONDUCTOR - - " 
S O L V A T E O  E L E C T R O N  " 

L I T H I U M  L I T R I D E  
A C T I V I T Y  COEFFIC.> 2 4 8  
MOLTEN SALT - - - " 

N I T R I D E  S O L C T I O N  " 

LOW VOLTAGE B E W .  
D I C H A L C O G E N I D E  -> 3 4 9  
I N T E R C A L A T I O N  - - " 
L I T H I U M - - - - -  - 
SECONDARY BATTERY * 
TOPOCHEMICAL C E L L  " 

LOWER TEMPERATURE 
CARBON D I O X I D E  - > 2 0 1 2  
F U R N A C E  - - - - - * 
G A S  FLOW METHOD - " 

HYORCGEN - - - - " 
OXYGEN PRESSURE - " 
PRESSURE CONTROL - 
W U S T I T E  P H A S E  - - " 

LITHIUM OXIDE 
C E R A M I C 5  - - - -> 1 
,,TI - - - - - - -  " 
I O N I C  C C N D U C T I V I .  ' 
M O I S T U R E  CONTENT " 
P H Y S I C b L  PROPERT. * 

L I r n r u m  ANODE 
D I S C H A R G E  REACTI.> 5 1 3  
P R I M A R Y  C E L L  - - -0 

S O L U B L E  CATHODE - su 

T H I O N Y L  C H L O R I D E  " 

L I T H I U M  BATTERY 
A D S O R P T I O N  - - -> 6 0 8  
A N C O I C  S T A B I L I T Y  > 5 0 7  
C A P A C I T Y  - - - -> 5 2 3  
CATHODE - - - - -> 8 8 7  
C E L L  K I N E T I C S  - - 6 0 8  
COLD-ROLLED S T E E L  5 0 7  
C O S R O S I O N R E S I S T .  * 
0 1  SSOLVEO SULFUR 5 2 3  
HEXAFLUOROARSENA. 5 0 7  
H V O R O L Y S I S  - - -> 9 8 1  
I M P U R I T Y  - - - -  * 
I R O N  SULFUR - - - 8 8 7  
L I O U I O  CATHOLYTE 9 8 1  
L I T H I U M  - - - - - 5 0 7  
M E T A L L I C  O X Y S A L T  > 7 2 9  
NONAUUEOUS C E L L  - 8 8 7  

L I T H O G R A P H Y  
COPOLYMER - - - -> I 5 4  
E L E C T R O N  BEAM - -> 6 9 4  - - > I 6 9 9  
E L E C T R C L  R E S I S T  - * 

- > I 7 0 3  
G L Y C I O Y L  METHACR. 1 6 9 9  

1 7 0 3  

L P E  
BORON D O P I N G  - -> 
U I F F R A C T I O M E T R Y  -> 
DOPANT O I S T R I B U T .  
D O P I N G  P R O F I L E  -> 
DOUBLE C R Y S T A L  - 
GAAS - - - - - - 
GROUP I I I - v  COMP. 
GROWTH PROCESS - 
1 N O I U M  P l l O S P H I D E  
I N G A P A S  - - - - - 
L A T T I C E  M I S M A T C H  
MELTBACK - - - - 
M O B I L I T Y  P R O F I L E  
OUARTERNARY - - - 
S I L I C O N  - - - - - 
T I N  - - - - - - - 

GOLD C O A T I N G  - - > I 5 1 4  
HALOSTYCENE - - - 1 6 9 9  
I O N  BEAM - - - -> 4 8 3  
M E T W C R I L I C  A C I D  1 5 4  
METHYL METHACRYL. " 
N E G A T I V E  - - - - 1 6 9 9  
P A T T E R N  W P L I C A T .  4 8 3  
P O L Y O I  M E T H Y L S I L C .  * 
POLVMER - - - - - 6 9 4  
POLYMER R E S I S T  - 1 6 9 9  - , 7 " X  

L I O U I D  A S S O C I A T I .  
A L U M I N U M  - - - - > I 9 9 2  
A N T I M O N I  - - - - " 
QTA - - - - - - - " 
G A L L I U M  - - - - - " 
P H A S E  D I A G R A M  - - " 
TERNARY PHASE - - " 

L I Q U I D  C A T H O L V T E  
H Y O R O L Y S I S  - - ->  9 8 1  
I M P U R I T V  - - - -  ' 
L I T H I U M  BATTERY - " 

POLVNETCACRYLONI .  b 9 4  
P O L V Y E I ~ V L M E T A C R .  4 8 3  
P O S 1 1 1 b E  R E S I S T  - 1 5 4  
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P R I M A R Y  TERM PAGE 
CO-TERM NO. - 

P R I M A R Y  TERM PAGE 
CO-TERM NO. 

- 

P R I M A R Y  TERM PAGE 
CO-TERM NO. - 

P R I M A R Y  TERM PAGE 
CO-TERM NO. 

-- - 
MASS SPECTROSCOPY I C O N T O )  

V A P O R I Z A T I O N  - - I 8 2 5  
METHACRVLATE ( C O N T D I  

2.2.2-TRICHLOROE. 1 6 3 5  

M E T H A C R Y L I C  A C I D  
COPOLYMER - - - -> 15. 
L I T H O G R A P H Y  - - - " 
METHACRYLOYL C H L . > L 8 8 I  
M E T H Y L  METHACRYL. 1 5 4  

1 8 8 1  
POLYMER M I X T U R E  - . 
P O S I T I V E  R E S I S T  - 1 5 4  - 1 8 8 1  
R 4 O I A T I O N  SENSIT.  1 5 4  

METHACRYLEYL CHL.  
M E T H A C R Y L I C  A C I D  > I 8 8 1  
METHYL METHACRYL. * 
POLYMER M I X T U R E  - " 

P O S I T I V E  R E S I S T  - " 

L S I  D E V I C E  
BORON G E T T E R I N G  - > I 7 5 4  
O R G A N I C  R E S I S T  - > I 5 3 1  
OXYCHLOEIOE - - - 1 7 5 4  
PHCSPHCCUS - - - " 

P I P E Y I E L D  - - -  " 

S I L I C O N - - - - -  " 
SILICC~ D I O X I D E  - 1 5 3 1  
S P U T T E F  E T C H  - - " 

MEMBRANE 
E L E C T R E T  - - - - > I 7 0 6  
HETEROCHARGE - - " 

MASS TRANSFER 
E L E C T R O L Y S I S  - -> 3 9 8  
L A M I N A R  FLOW - - > I 9 3 7  
L I M I T I N G  CURRENT '* 
P E R I O D I C  CURRENT 3 9 8  
R O T A T I N G  D I S K  - - " 
R O T A T I N G  HEMISPH.  1 9 3 7  

MASS TRANSPORT 
CATHODE - - - - -> 2 3  
C O N V E C T I O N  - - - " 

COPPER - - - - - " 
CUERENT D E N S I T Y  - " 
E L E C T R O D E P O S I T  I O N  " 

GLUCOSE O X I D A T I O N >  2 3 7  
U I I E T I C  PHENOMENA '' 
UREBS-RINGER - - " 

P L A N E  V E R T I C A L  - 2 3  
P L A T I N U M  ELECTRO. 2 3 7  

P O L A R I Z A T I O N  - - 
P O L Y S T I E E N E S U L F C .  
P O L Y V I  N V L  ALCOHOL 
P O T A S S I U M  - - - - 
S O D I U M  - - - - - 

MEMBRANE P R O T E I N 5  
A C T I N  - - - - - -: 
I O N I C  P E R M E A B I L I .  
POLAPCGFAPHY - - 
S P E C T R I N  - - - - 

L U M I N E S C E L C E  
A C T I V A T C R  - - - -> L O 6  
A L K A L I  RARE E A R T H > 2 2 0 6  
AMMONIUM OICW(OM.>1975 
B L U E  L l G C T  EMISS.> 3 4 1  

C E S I U M  COACTIVAT.  2 2 0 6  
C O N C E N T E A T I O N  - - L O 6  
G A L L I U M  - - - - - 3 4 1  
GLASSY PHOSPHORS 2 2 0 6  
YETAPHDSPHATE - - " 
OX I D A T I C N  - - - - 1 9 7 5  
PHOSPHOE L U M I N E S .  " 
POWDEREC PHOSPHOR LO6 
QUENCHING MECHAN. 
R A D I A T I O N  - - - - " 

RARE E A R T H  - - - " 
S O L U T I C h  GROWTH - 3 4 1  
T E R B I U M  A C T X V A T I .  2 2 0 6  
THERMAL DECGMPOS. 1 9 7 5  
Z I N C  S E L E N I D E  - - 3 4 1  
Z I N C  S U L F I D E  - - 1 9 7 5  

MERCURY 
A N 0 3 1 C  C X I D A T I O N  > 7 6 8  
C A J M I U M  T E L L I R I O E  '. 
N A T I V E  C X I D E  - - " 

T E L L U R I U M  D I O X I D E  " 
METHANE 

E L E C T R O O X I O A T I O N  > 7 7 5  
E T H A N E  - - - - - " 
F U E L  C E L L  - - - - " 
N-BUTANE - - - - " 
PROPANE - - - - - * 
TR I F L U O R O Y E T H A N E  s* 

METHYL C I N N A M A T E  
CHEONOCOULOMETRY > 5 7 9  
ELECTROHVORODIME. " 
E T C Y L  C I N N A M A T E  - " 
LOW TEMPERATURE - " 
R E A C T I O N  ORDER - " 

METHYL METHACRVL. 
COPOLYMER - - - -> 1 5 4  
L I T H O G R A P H Y  - - - " 

M E T H A C R I L I C  A C I D  " 
> r a a l  

METHACRYLOYL CHL. " 
POLYMER M I X T U R E  - " 
P O S I T I V E  R E S I S T  - 1 5 4  - I 8 8 1  
R A D I A T I O N  S E N S I T .  1 5 4  

M E T A L  COWFLEX 
B I T H I A Z O L E  - - - > 2 0 9 1  
R L E O M Y C I N  - - - - * 
C Y C L I C  UOLTAMMET. " 
POLAROGCAPHY - - " 
P Y R I M I O I N E  - - - " 
REDOX - - - - - - ,. 
T A L L I S C M I C I N  - - " 

M A T E R I A L  S E L E C T I .  
C H E M I C A L  E T C H I N G  > 2 8 7  
E P I T A X I A L  L A Y E R  - " 
HYOROCHLORIC A C I D  " 
INDIUM PHOSPHIOE " 
PHOSPHORIC A C I D  - * 

M A T H E M A T I C A L  MOO. 

C A T H O D I C  R E A C T I O N >  1 5  
COPPER O E P O S I T I O N > Z I I 8  
CORROSION - - - - > I 6 6 2  
C R E V I C E  CORROSION 1 5  
CURRENT O I S T R I B U .  * 

2 1 1 8  

M E T A L  D E P C S I T I O N  
A C T I V A T C R  - - - - > I 6 7 1  
B A C K S C A T T E R I N G  - " 
E L E C T R O L E S S  - - - " 
G L A S S  S L B S T R A T E  - " 
M A T H E M A T I C A L  MOD.>2125 
M U L T I P L E  R E A C T I C .  " 
P A L L A D I L M  - - - - 1 6 7 1  
POROUS CATHODE - 2 1 2 5  

L U T E T I U M  
D I P H T H A L O C Y A N I N E  > I 3 3 9  
ELECTRCCHROMISM - " 

O X I D A T I O N  S T A T E  - " 

MANGANESE C K O R I -  
F U S E D  S A L T  - - - > I 8 7 6  
G L A S S  F C R M I N G  - - " 

MOLTEN S A L T  - - - - 
T B A  C H L O R I D E  - - " 

T B A  I O O I O E  - - - " 

TETRA-N-BUTYLAMM. " 
TRANSPCET PROPER. " 

-..- 
E L E C T R O D E P O S I T  I O N > I I 7 6  

2 1 1 8  
F I L M  GROWTH - - - > I 2 6 1  
F L U I D I Z E 0  ELECTR. 1 1 7 6  
G A S  L I F T  - - - - 2 1 1 8  
HYDROGEN E V O L U T I .  " 

M E T A L  O E P O S I T I O N  > Z I P 5  
M U L T I P L E  R E A C T I O .  " 

N O B L E  M E T A L  L A Y E R  1 2 6 1  
PIT G R o w T n  - - - 1 6 6 2  
P I T  I N I T I A T I O N  - " 
P I T T I N G  - - - - - 1 5  
POROUS CATHODE - 2 1 2 5  

S A L T  F I L M  - - - - 1 6 6 2  
S U B S T R A T E  O I F F U S .  1 2 6 1  
TRANSPORT L A U  - - 1 6 6 2  

V E E T I C A L  ELECTRO. 2 1 1 8  

M E T A L  H A L I D E  GAS 
BIRGE-SPONER - - > I 3 9 6  
D I S S O C I A T 1 0 h  - - " 

I O N I C  MCOEL - - - > I 3 8 7  
L A N T H A N I D E  M E T A L  " 
MODEL C A L C U L A T I O N  1 3 9 6  
MOLECULAR STRUCT. 1 3 8 7  
THERMOCHEMISTRY - 1 3 9 6  
T R A N S I T I O N  M E T A L  1 3 8 7  
V I B R A T  I C N A L  FREO. " 

MANGANESE PORPHY- 
PHCTOELECTROCHEM.> 7 0 5  
P L A T I N U M  ELECTRO. " 
WET SOLAR C E L L  - " 

M I C R C C I R C U I T  
F L U O R I N E  GAS - - > I 9 4 6  
I N D U C T I O N  P E R I O D  * 
S I L I C O N  E T C H  - - " 

M A R C A S I T E  
CACBON S T E E L  - ->  9 1 1  
E L E C T R O O E P 0 5 1 T I O N  " 

HYDROGEL S U L F I D E  " 
P Y R I T E  - - - - - " 

M E T A L  O U A N T I T V  
D l R C C T  CURRENT -> 8 8 1  
P L A T I N G  C Y C L E  - - " 

P U L S E D  P L A T I N G  - " 

M I C R C G R A V I T Y  
C L E C I R O T R A N S P O R T  > I 8 1  1  
H I G H  R E S I S T A N C E  - " 
L O U  PRESSURE - - " 
P U R I F I C A T I O N  - - " 
THORIUM - - - - - - MEASUREMENT 

C A L C I U M  F L U O R I D E  > I 3 6 0  
C H E M I C A L  P O T E N T I .  " 
COMPLEX - - - - - > 2 1 0 4  
COMPLEX I O N  MOOEL>2098 
C O N D U C T I V I T Y  - - " - - 2 1 0 4  
F U S E D  S A L T  - - - 2 0 9 8  - - -  2 1 0 4  
MOLAR VOLUME - - 2 0 9 8  

- - 7 1 0 4  

M E T A L  S U L F I D E  
A L U M I N U M  POUDER - > I 8 5 3  
L I T H I U M  - - - - - " 
N E G A T I V E  ELECTRO. " 
POWOER ELECTROOE " 
RECHARGEABLE C E L L  .' 

M A S K I N G  
E T C H I N G  - - - - - > I 0 0 4  
O R I F I C E  S I Z E  - - " 

S A P P H I R E  - - - - " 

M I C H O M I N I T U R I Z A T .  
E L E C T R O S T A T I C S  - > I 4 2 6  
F I L T R A T I O N  - - - " 

PHOTOLITHOGRAPHY " 
P H C T O R E S I S T  - - - 4. 

P L A S M A  E T C H I N G  - " 

MICRCSTRUCTURE 
A U S T E N I I C  - - - -> 3 7 4  
CORROSION - - - - " 

O U P L E X  3 0 8  - - - " 
G R A I N  STRUCTURE - > I 0 6 1  
I N T E R G R A N U L A R  - - 3 7 4  
N I C K E L  - - - - - 1 0 6 1  
O X I D A T I O N  - - - - " 
P H A S E  TRANYORMA.  3 7 4  
P I T T I N G - - - - -  " 

S T A I N L E S S  S T E E L  - " 

MICROWAVE 
I O N  R O L E  - - - - > I 0 2 4  
N E U T R A L  S P E C I E S  - " 
P L A S M A  E T C H I N G  - " 
S I L I C O N  - - - - - " 

M A S K I N G  STRUCTURE 
A L U M I N U P  D I F F U S I . >  2 9 2  
P L A N A R  G A L L I U M  - * 
S I L I C O N  - - - - - '. 

M C T A L L I C  CXVSALT 
L I l r l I C Y  BATTERV -> 7 2 9  
O R G A h I C  ELECIROL.  " -.. 

OXYGEN - - - - - 1 3 6 0  

S O L I D  E L E C T R O L Y T E  " 

TERNARY SYSTEM - 2 0 9 8  - 2 1 0 4  

MASS H E A T  BALANCE 

ENERGY STORAGE -> 
HYDROGEL-CHLORI NE 
R E G E N E R A T I O N  - - 
S T O I C H I C M E T R Y  - - 

MASS SPECTROMETRY 
AMORPHCUS SEMICC.> 
C E S I U M  - - - - -> 
D E P O S I T  ION - - - 
D E P T H  P E O F I L E  - - 
DOPANT - - - - - 
GAAS - - - - - - 
HYDROGEN CONTENT 
P H O T O V O L T A I C  PRO. 
SECONDACY I C N  - - 
S I L I C O N  - - - - - - - - - -  
U L T R A H I G H  VACUUM 

M E T A L L I Z A T I O N  

A L U M I N U M  A L L O Y  -> 1 1 0  
CHROMIUM - - - - > I 0 4 7  
CORROSION T E S T  - 1 1 0  
D E G R A D A T I O N  - - - 1 0 4 7  
I M P A T T  C I O D E  - - " 
I N T E G R A T E D  CIRCU. 1 1 0  
I N T E R D I F F U S I O N  - 1 0 4 7  

P L A S T I C  ENCAPSUL. 1 1 0  
P L A T I N U M  - - - - 1 0 4 7  
S I L I C O N  - - - - - " 
S I L V E R  - - - - -  " 

MECHANISM 
A N O D I C  - - - - - > 2 1 7 1  
B L E A C H I N G  - - - - " 
C O L O R A T I O N  - - - '' 
CORROSION S T A B I L .  " 
ELECTROCHROMISM - " 

I R I D I U M  O X I D E  - - " 

p H  - - - - - - -  * 

M E L A N I N  
D E P O L A R I Z A T I O N  - > I 2 0 7  
E L E C T R E T  B E H A V I O R  " 

M E T A L O R G A L I C S  
C V 3  - - - - - - - > 2 0 3 1  
G A L L I U M  A N T I Y O N I .  " 
SEMICONDUCTOR - - " M I G R A T  I O N  

C O N V E C T I O N  - - - > I 7 1 3  
D I F F U S I O N  - - - - * 
MOLTEN S A L T  - - - " 
POROUS ELECTROOE " 
TRANSPORT EOUATI .  " 

MELT C O M P O S I T I O N  
C H L O R A L U M I N A T E  -> 2 3 1  
E L E C T R O O X I O A T I O N  * 
MOLTEN S A L T  BATT. " 
SULFUR - - - - - " 

METAPHOSPHATE 

A L K A L I  F A R E  E A R T H > 2 2 0 6  
C E S I U M  C O A C T I V A T .  " 

GLASSY F H O S P m R S  " 
L U M I N E S C E N C E  - - " 
T E R B I U M  A C T I V A T I .  * 

MASS SPECTROSCOPY 
D I  ALIDE-5-SULFON.> 8 6 0  

O I S S O C I A T I O N  - - > I 8 2 5  
E L E C T R C L  B E 4 M  - - 8 6 0  
E p R  - - - - - - -  - 
O-NAPTHOOUINONE - " 
P H E N O L I C - T Y P E  - - " 
R E S I N  - - - - - - " 
S E L E N I U W  S U L F I D E  1 8 2 5  
THERMODYNAMICS - " 

M Q T B A C K  
BORON D O P I N G  - -> 1 3 8  
JOPANT O I S T R I B U T .  " 
L P E  - - - - - - -  " 
S I L I C O N  - - - - - * 

M I G R A T I O N  POLARA. 

F U E L  C E L L  - - - -> 9 6 0  
L I T H I U M  C H L O R I D E  " 
MOLTEN CARBONATE " 
M O L T E N  S A L T  BATT. " 
P O T A S S I U M  CHLORI .  " 

METHACRYLATE 
C R t S S L  I L L E D  T Y P E  > I 6 3 5  
E L E C T R O N  R E S I S T  - o* 
HOMOPOLYMER - - - " 
I N T E G R A T E D  C I R C U .  " 
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P R I M A R Y  TERM PACE 
CO-TERM NO. - - 

N - A L K Y L P Y R I O I N I U M  
ALUMINUM C K O R I D E > L 6 b 4  
C O N D U C T I V I T Y  - - " 
O E N S I T V  - - - - - " 
F U S E D  S A L T  - - - " 
H A L I D E  - - - - - " 
TRANSPORT - - - - * 
V I S C O S I T Y  - - - - " 

N-BUTANE 
E L E C T R O O X I O A T I O N  > 7 7 5  
E T H A N E  - - - - - " 
F U E L  C E L L  - - - - " 
M E T H A N E - - - - -  " 
P R O P A N E  - - - - - " 
TR IFLUORDMETHANE " 

P R I M A R Y  TERM PAGE 
CO-TERM NO. - 

M I L O  S T E E L  
A L T E R N A T I N G  VOLT.>1908 
CORROS I C N  PGTENT. " 

F A R A D A I C  R E C T I F I .  " 
P A S S I V A T I O N  - - - " 
P O L A R I Z b T I O h  - - " 

M I N O R I T V  C L R R I E R  
C Z O C H R A L S K I  - - - > L I * 2  
I N T E G R A T E D  C I R C U .  " 
L I F E T I M E  - - - - " 
S I L I C O N  - - - - - " 

THERMAL PROCESSI .  " 

P R I M A R Y  TERM PAGE 
CO-TERM NO. 

-- - 
MOLECULAR BEAM 1 CONTO) 

E P I T A X Y  - - - - - 1 7 6 1  
I O N  I Y P L A N T A T l O N  " 
S I L I C O N - - - - -  " 
U L T R A H I G H  VACUUM " 

MOLECULAR O B I T A L  
CHLOROACCYLATE - > I 8 2 9  
E L E C T R O N  BEAM - - ** 
I N T E G R A T E D  C I R C U S  " 
POLVMER - - - - - 
P O S I T I V E  R E S I S T  - " 
T R I F L U D R O E M Y L  - " 

MOLECULAR STRUCT.  
I O N I C  MODEL - - - > I 3 8 7  
L A N T H A N I O E  M E T A L  " 
M E T A L  H A L I D E  GAS " 
T R A N S I T I O N  M E T A L  " 
V I B R A T I O N A L  FREO. " 

MOLTEN CARBONATE 
F U E L  C E L L  - - - -> 9 6 0  
L I T H I U M  C H L O R I D E  " 
M I G R A T I O N  W L A R A .  " 

MOLTEN S A L T  BATT. " 

POTASSIUM c n L o R r .  " 

P R I M A R Y  TERM PAGE 
CO-TERM NO. 

- 
MOLYBDENUM R E T  AI. 

CARBON I M P U R I T Y  -> 9 3 5  
HEAT EXCHANGER - " 
S I L I C C h  C R Y S T A L  - " 

M O N O C R Y S T U  
BETA-ALUMINA - - > I 5 1 3  
R A D I O C H E M I S T R Y  - " 

S O D I U M - 2 2  L A B E L  - " 

MONOOISPERSE 
E L E C T R O N  R E S I S T  -> 6 9 6  
N E G A T I V E  - - - -  " 

POLYSTYRENE - - - " 
M I X E D  A L K A L I  EFF. 

C O N D U C T I V I T Y  - - > 2 1 4 4  
GL.53 - - - - - - * 
H Y D R A T E  MELT - - " 
T R A N S I T I O N  TEMPE. " 

MORPHOLOGY 
ANTIMONY - - - -> 8 7 5  
C R Y S T A L  GROWTH - " 
C Z O C H R A L S K I  - - - " 
DOPED WELT - - - " 
I N S T A B I L I T Y  - - - " 
S I L I C O h  C R Y S T A L  - " 

N-HEPTYLVIOLOGEN 
C A T I O N  F I L M  - - -> 1 6 7  
D I S P L A Y  D E V I C E  - * 
GOLD SUBSTRATE - " 

N-TYPE 
A C E T O N I T R I L E  - -> 5 9  
t L E C T R O C A T A L Y S l S  > I 8 3 1  
G A A S  - - - - - - 5 9  
HVOROGEN P E R O X I D E  1 8 3 1  
I R C N  O X I D E  - - - " 
P-TYPE - - - - - 5 9  
PHOTOANODE - - - 1 0 3 1  
PHOTOELECTROCHEM. 5 9  
SEMICONDUCTOR - - * 
SURFACE E F F E C T  - " 

M I X E D  C R Y S T A L  PH. 
G A L L I U M  - - - - - > I 4 0 0  
I N D I U M  A R S E N I O E  - " 

SOURCE GAS P H A S E  " 
TMERMOOYIAMICS - " 
V P E  - - - - - - - .9 

M o R P n a c G y  CONTR. 
NEOOYM I U M  PENTAP.>1567 
P O L Y M E R I Z A T I O N  - " 
POLYPHOBPHORLC A. " 
S I N G L E  C R Y S T A L  - " M I X E D  C R Y S T A L S  

c A o n i u n  H A L I D E  -> 3 2 5  
CRYSTALLOGRAPHY - " 
D I F F R A C T I O N  - - - - " 
P O L Y T Y P l S M  - - - 9, 

VAPCR GECWN - - - " 

MOLTEN N I T R A T E  
C A T H D L Y T E  - - - - > I 4 9 6  
C A T I O N  R A D I U S  - - " 
N I T R A T E  S A L T  - - " 
OPEN PAN s r u o y  - * 
R E D U C T I O N  - - - - " 
THERMAL B A T T E R Y  - " 

MOS 
I N T E G R A T E D  CIRCU.> 2 0 C  
SEMICONDUCTOR - - " 

S I L I C O N  - - - - - " 

MOS C A P A C I T O R  
I N T E R F A C E  S T A T E  - > I 9 7 9  
I N T E R F E S E N C E  - - " 

M O B I L E  I O N  - - - " 

N-TVPE CONDUCTION 
A C E T O N I T R I L E  - - > I 0 5 2  
ELECTRODE B E H A V I -  * 
F E R R I C  O X I D E  - - " 

M O B I L E  I C N  
I N T E R F A C E  S T A T E  - > I 9 7 9  
I N T E R F E R E N C E  - - " 

MOS C A P L C I T O R  - - 
S I L I C O N - - - - -  " 

MOLTEN S A L T  
A C T I V I T Y  COEFFIC.> 2 4 8  
A N C D I C  D I S C H A R G E  > 9 9 3  
B U L K  PHASE - - - > I 4 6 7  
CARBON D I O X I D E  -> 3 2 0  
CARBONATE - - - -> 5 2 7  
C O M P O S I T I O N  PROF. " 
C O N V E C T I O N  - - - > I 7 1 3  
D I F F U S I O N  - - - - " 
EMF - - - - - - - 1 4 6 7  
F E L T M E T A L  - - - - 9 9 3  
F U E L  C E L L  - - - - 5 2 7  
F U S E D  S A L T  - - - > I 8 7 6  
G A S  S O L U B I L I T V  - 3 2 8  
G L A S S  FORMING - - 1 8 7 6  
L I T H I U M  BORON - - 9 9 3  
L I T H I U M  N I T R I D E  - 2 4 8  
MANGANESE CHLORI. 1 0 7 6  
M I G R A T I O N  - - - - 1 7 1 3  
N I T R I D E  S O L U T I C N  2 4 8  
OXVGEN - - - - - 3 2 8  
POCOUS ELECTRODE 1 7 1 3  

S I L I C O L  - - - - - " 
N A F I O N  MEMBRANE 

B R O M I N E  D I F F U S I O N >  3 6  
CONDUCTANCE - - - > I 6 8 2  
D I F F U S I O N  - - - - '' 
D I F F U S I O N  COEFFI .  3 6  
F U E L  C E L L  - - - - 1 6 8 2  
HALOGEN - - - - - * 
HYDROGEN - - - - " 
I O N  EXCHANGE - - 3 6  
POLYMER - - - - - 1 6 8 2  
TRANSPORT PROPER. " 

M O B I L E  S C C I U M  
HYDROCHLORIC A C I D >  1 4 9  

n o s - L S I  
F A B R I C A T I O N  - - - > I 4 1 5  
I N T E G R A T E D  C I R C U .  " 
P O L Y S I L I C O N  - - - " 

O X I D A T I G N  - - - - " 
P 1 9 9 1 Y l T l " U  - - - n . . - - . . . . . - . 
S 1 L I C O h  D I O X I D E  - " 
S O D I U M  N E U T R A L I Z .  " MOS-LSI  P F O C E S S  

CHROMIUM F I L M  - - > I 7 9 4  
G A S  P L A S M A  - - - " 
PHOTOMASK - - - - " 
R E V E R S L L  E T C H I N G  *' 

M O B I L I T Y  
C A D M I U M  S U L F I D E  - > l e Z O  
F L A S H  E V A P O R A T I O N  " 

I N D I U M  C O P I N G  - - " 
N A T I V E  O X I D E  

A N G O I C  O X I D A T I O N  > 7 6 6  
CADMIUM T E L L U R I D E  " 

MOSSBAUER SPECTR- 
ANODIC O X I D A T I O N  > 1 8 7  
BORATE EUFFER - - * 
COBALT - -  - - - > 3 9 1  
C O B A L T  D I O X I D E  - 1 8 7  
C O B A L T  MARDENED - 3 9 1  

- > l b O S  

M O B I L I T Y  P R O F I L E  
D O P I N G  P R O F I L E  -> 2 9 6  
G A A S  - - -  - -  - 0. 

GROWTH PROCESS - * 
L p E  - - - - - - - r. 

T I N  - - - - - - -  " 

MECCURY - - - - - " 
T E L L U R I U M  D I O X I D E  " 

N E G A T I V E  
E L E C T R O N  BEAM - - > I 6 9 9  
E L E C l R D N  R E 5 1  S T  -> 6 9 6  - 1 6 9 9  
G L Y C I O Y L  METHACR. " 
HALOSTVRENE - - - ' 
L I T H O G R A P H Y  - - - . 
MONODISPERSE - - 6 9 6  
POLYMER R E S I S T  - 1 6 9 9  
POLYSTYRENE - - - 6 9 6  

S I L V E R  C H L O R I D E  - 1 4 6 7  
s o o l u n  CARBONATE 3 2 8  
S O D I U M  C H L O R I D E  - 1 4 6 7  

COBALT CXVHVDROX. 3 9 1  
E L E C T R O D E P O S I T  I O h >  2 0 4  
GOLD ELECTRCOEPC. 3 9 1  

MODEL C A L C U L A T I O N  
BIRGE-SFONEK - - > I 3 9 6  
D I S S O C I A T I O N  - - ' 

M E T A L  H A L I D E  GAS " 
THERMOCFEMISTRY - " 

STEADY S T A T E  EOU. 5 2 1  
S U L F U R  D I O X I D E  - 3 2 8  
SURFACE T E N S I O N  - 1 4 6 7  
T B A  C H L O R I D E  - - 1 8 7 6  
T B A  I O O I D C  - - - " 

TETRA-N-BUTYLAMM. " 

1 6 0 8  
P L A T I N U M  ELLCTRO. I 8 7  
THERMAL PREPARAT.  2 0 4  
T I N  N I C K E L  A L L O Y  " 

MOTT-SCHOTTKY 
C A P A C I T A N C E  - - - > I 5 0 5  
F L A T B A L D  P O T E N T I .  * 
P O T E N T I A L  D I S T R I -  " 
T I T A N I U M  O I O X I O E  " 

M O V I N G  BOUNDARY 
I M P U R I T Y  R E O I S T R . > I Y 3 9  
I M P U R I T Y  SEGREGA. " 

I N T E R F A C I A L  F L U X  " 
N U M E R I C A L  S G L U T I .  " 
S I L I C O L  O X I D A T I O N  " 

M O D I F I E D  ELECTRO. 
C H L O R I N L T I O N  - -> 5 0 0  
C Y C L O D E X T R I N  - - ** 
S E L E C T I V I T V  - - - " 

I R A N S P D R T  E O U A T I .  1 7 1 3  
I Q A N S P O C T  PROPER. 1 8 7 6  
VOLTACE R E G U L A T I  9 9 3  

N E G A T I V E  ELECTRO. 
A L U M I N U M  PCWDER - > I 8 5 3  
L I T H I U M  - - - - - " 

M E T A L  S U L F I D E  - - " 
POWDER ELECTRODE " 
RECHARGEABLE C E L L  " 

M O D U L A T l C k  SPECT. 
IRON C n f i o n I u M  - ->1328 
P A S S I V A T I O N  F I L M  " 

MOLTEN S A L T  BATT. 
ANODE M A T E R I A L  ->  8 6 6  
C H L O R A L U M I N L T E  -> 2 3 1  
E L E C T R O O X I O A T I O N  * 
F U E L  C E L L  - - - -> 9 6 0  
L I T H I U M  BORON - - 8 6 6  
L I T H l U M C H L O R l O E  9 6 0  
M E L T  C O M P O S I T I O N  2 3 1  
U I G R A T I C N  POLARA. 9 6 0  
MOLTEN CARBONATE " 
P O T A S S I U M  C H L O R I .  " 

SULFUR - - - - - 2 3 1  
THERMAL A N U Y S I S  8 6 6  

M O I S T U R E  CONTENT 
C E R A M I C S  - - - > I 
D T A  - - - - - - -  * 
I O N I C  C C N O U C T I V I .  ' 
L I T H I U M  O X I D E  - - " 

P H Y S I C A L  PROPERT. 

N E G A T I V E  R E S I S T  
CHLOROMETHYLATED > I 6 2 8  
ORV E T C H I N G  - - - * 
P O L Y S T Y R E N E  - - - " 
SUBMICRON TECHNO- " W L T I L A V E E  ANALY. 

CURRENT D E N S I T Y  - > I 4 7 9  
R E S I S T I V I T Y  - - - " 

S P R E A D I N G  R E S I S T .  " 
N E M A T I C  O I S P L A Y  

D E F E C T  GENERAT I O N >  8 5  
L I O U I D  C R V S T A L  - * 

MOLAR VOLUME 
COMPLEX - - - - - > 2 1 0 e  
COMPLEX I O N  M O O E L > 2 0 9 8  
C O N D U C T I V I T V  - - " - - 2 1 0 4  

FUSED S P L T  - - - 2 0 9 0  
- - - 2 1 0 4  

MEASUREMENT - - - 2 0 9 0  - - - 2 1 0 4  
TERNARY SYSTEM - 2 0 9 8  - 2 1 0 4  

M U L T I P H A S E  O I F F U .  
OXYGEN D I F F U S I O N  > I 1 1 1  
Z I R C N O V - 4  - - - " 

NEODVMIUM P E N T A P -  
U O R P n 0 L M . Y  CONTR.>I567 
P O L Y M E R I Z A T I O N  - * 
POLYPHOSPHORIC A. " 
S I N G L E  C R Y S T A L  - " 

NEON 
AMORPHOUS S I L I C O N > 1 2 4 7  
ARGON - - - - - - - 
E P I T A X I A L  GROWTH " 
KRYPTON - - - - - " 

MOLTEN S I L I C O N  
O I S S O L U T I O N  - - -> 6 3 4  
F I C K S  LAW - - - - " 

S I L I C O N C A R B I D E -  " M U L T I P L E  REACTIO.  
COMPET I N G  R E A C T I . > 1 9 2 8  
M A T H E M A T I C A L  MOD.>2125 
METAL D E W S I T I O N  " 

MOLYBDENUM 
A R S I N E  GAS - - -> 3 0 0  
D E V I C E  D U A L I T V  - * 
E P I T A X Y - - - - -  " 
G A A S  - - - - - - " 
GECMLNIUM - - - - " 

TR I M E T H Y L G A L L I  UM * 

POROUS CATHCOE - * 
POROUS ELECTRODE 1 9 2 8  
REACTOR A N A L Y S I S  " 

MOLECULAR BEAM 
A N T I M O N Y  E V A P O R A - > I 7 6 1  
A R S E N I C - - - - -  " 
D O P I N G  - - - - - ** 
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P R I M A R Y  TERM P A G E  
C W T E R M  NO. 

- 
P R I M A R Y  TERM PAGE 

CO-TERM NO. 

----- - 
P R I M A R Y  TERM PAGE 

CO-TERM NO. 

- - 

P R I M A R Y  TERM PAGE 
CO-TERM NO. 

-- 
NUCLEAR REACTCR 

ADUEOUS O X I O A T I O N >  7 5 0  
I N C O N N E L  6 0 0  - - ' 

NERNST 
E M F - - - - - -  - > I 4 5 6  
Z I N C  E L E C T R O E  - " 
Z I N C  H Y D R O X I D E  - ' 

N I O B I U M  ELECTRODE 
C A T H O D I C  POLARIZ.> 5 3 5  
P O T A S S I U M  HYDRDX. - 
SURFACE CHANGE - " 
xps - - - - - - -  " 

O P T I C A L  PROPERTY I C O N T D I  
COPPER D O P I N G  - - 1 5 9 2  
T I T A N I U M  D I O X I D E  " 

O P T I M U M  C O N O I T I O N  
C R Y S T A L  GROWTH - > I 6 2 5  
R U T H E N I U M  D I O X I D E  
THERMAL E X P A N S I O N  - NEUTRAL S P E C I E S  

I O N  R D L E  - - - - > l o 2 1  
MICROWAVE - - - - " 
PLASMA E T C H I N G  - " 
S I L I C O N  - - - - - 

N U U E A T  I O N  
A N W I C  Z I N C  O X I D E > I 9 1 4  
C A L C I U R  N I T R A T E  -> 9 8 5  
C R Y S T A L L I T E  GROW. 1 9 1 4  
HYORATED M E T A L S  - 9 8 5  
S O L U T I C N  P R E C I P I .  1 9 1 4  
T H a L L I U M  - .- - - 9 8 5  
Z I N C  O X I O E  F I L M  - 191. 

N U M E R I C A L  ANALYS. 
A P P L I E D  P O L A R I Z A . > 2 0 5 7  
COPPER Z I N C  - - - " 
E L E C T R C O E  POTENT. " 
G A L V A N I C  CORROSI .  " 
S O L U T I C L  D E P T H  - " 

N I O B I U M  P E N T D X I D E  
C a R R I E R  CONCENTR.> 5 6 2  
C E R I U M  D I O X I D E  - " 

D O P I N G  - - - - -  n 

E L E C T R I C A L  CONOU. " 

O R G A N I C  ELECTROL.  
C A P A C I T Y  - - - -> 5 2 3  
D I S S O L V E D  SULFUR " 
L x T n I u M  BATTERY - - NEW TECHNOLOGY 

I N S U L A T I N G  F I L M  -> 5 0 4  
TAPER E T C H I N G  - - " 
TAPERED WINDOW - 

N I T R A T E  I O N  
A L U M I N U M  - - - - > I 6 5 9  
A N O D I C  B E H A V I O R  - 1- 

C E L D R I D E  I O N  - - " 
K I N E T I C  S T A B I L I T Y > 2 0 9 5  
OXYGEN EXCHANGE - * 
P A S S I V I T Y  - - - - 1 6 5 9  
P I T T I N G  P O T E N T I A L  * 
P O T A S S I U M  N I T R A T E  2 0 9 5  
RAMAN SPECTROSCO. * 

N I T R A T E  S U T  
C A T H O L Y T E  - - - - > I 4 9 6  
C A T I O N  R A D I U S  - - " 

MOLTEN N I T R A T E  - - 
OPEN P A N  STUDY - " 
R E D U C T I O N  - - - - I 

THERMAL B A T T E R Y  - " 

-> 7 2 9  
M E T A L L I C  D X Y S A L T  " 
R A T E  C A P A B I L I T Y  - 5 2 3  
SECONOARY B A T T E R Y  - 
SYSTEM S T A B I L I T Y  ' 
TETRAHYOROFURAN - I 

N I C K E L  
A C I D I C  C P L O R I D E  - > I 1 1 8  
ALLOY - - - - - -> 5 7 4  
A L U M I N U M  - - - - " 
A N O D I C  C X l D A T I O N  > 4 7 0  
B U B B L E  DYNAMICS - 5 7 4  
C O B A L T  - - - - - > 1 5 R 4  

O R G A h l C  I N C L U S I O N  
E L E C I R W E P O S I T I O N > I ~ Z 3  
E L E C T R O h  YICROSC.  " 

W M E R I C A L  METHODS 
C O R R O S I C N  PCTENT.> 8 9 1  
L I N E A R  P O L A R I Z A T .  " 
THREE P C I N T  - - - " 

CORROS I C N  - - - - > 2 0 3 8  
E L E C T R O C R Y S T A L L I - > 2 0 8 5  
E L E C T R C D E P D S I T I O N  
ELECTRCDISSOLUTI . .  1 1  1 8  
E L E C T R O F O L I S H I N G  5 7 4  
E P I T A X Y  - - - - - 2 0 8 5  
F I L M  GRC#TH - - - 4 7 0  
F L A O E  P C T E N T I A L  - * 
GAAS - - - - - - 1 5 8 4  
G A A S P - - - - - -  ., 
GASEOUS D I S C H A R G E  5 7 4  
G R A I N  STRUCTURE - > I 0 6 1  
GROOVE S P A C I N G  - 5 7 4  
H O L E  D I F F U S I O N  L. 1 5 8 4  
MICROSTEUCTURE - I D 6 1  
O X I O A T I O N  - - - - n 

P A S S I V A T I O N  - - - 2 0 8 5  
S A C C H A R I N  - - - - " 
SULFUR SEGREGATI. 2 0 3 8  
S U L F U R I C  A C I D  - - 4 7 0  - - ,O*R 

ORGAN1 C PRODUCT 
HEXAFLUORDARSENA.> 1 8 1  
L I T H I U M  - - - - - * 
S O L 1 0  CORROSION - " 
TETRAHYDROFURAN - * 

N U M E R I C A L  SOLUTI .  
I M P U R I T Y  R E D I S T R . > l 9 3 9  
I M P U R I T Y  SEGREGA. " 
I N T E R F A C I A L  F L U X  " 
M D V I N G  BCUNOARY - " 
S I L I C O N  O X I D A T I O N  " O R G A N I C  R E S I S T  

L S I  D E V I C E  - - - > I 5 3 1  
S I L I C O N  O I O X I O E  - I 

S P U T T E R  E T C H  - - I 

N I T R I C  O X I D E  
D E C O M P O S I T I O N  - - > I 0 6 7  
R E D U C I N G  C O N O I T I .  0, 

S C A N O I A  D O P I N G  - " 
Z I R C O N I A  - - - - 

0-CARBOXYMETHYL 
CARBOXILATION - -> 6 0 1  
D E R I V A T I V E  - - - " 
R E D U C T I C N  - - - - " 
S Y N T H E S I S  - - - - " 

T A R T R O N I C  A C I O  - " 

O R G A N D M E T N L  I C S  
ADUEOUS M E D I A  - - > Z 0 5 C  
C O N D U C T I N G  ELECT.  " 
SEMICONDUCTOR - - " 

N I T R I D E  S O L U T I O N  
A C T I V I T Y  CDEFFIC.> 2 1 8  
L I T H I U M  N I T R I D E  - " 
MOLTEN S A L T  - - - " 

N I T R O G E N  
E M I S S I O N  SPECTRUM> 4 6 0  
GLOW D I S C H A R G E  - 8.  

PLASMA TEMPERATU. " 
R F  PLASMA - - - - " 
R O T A T I O N A L  TEMPE. n 

N O B L E  M E T A L  L A Y E R  
F I L M  GROWTH - - - > I 2 6 1  
MATHEMATICAL moo. - 
SUBSTRATE OIFFUS.  " 

NDNA DUEOUS BATTE. 
A L K A L I  M E T A L  - - > 2 0 4 7  
A L K A L I N E M E T A L  - " 
S O L I D  E L E C T R O L Y T E  * 

0 - N A P T H O O U I N O N E  
D I  AZIOE-5-SULFON.> 8 6 0  
E L E C T R O N  B E A M  - - 
E P R  - - - - - - -  I 

MASS SPECTRCSCOPY " 
P H E N O L I C - T Y P E  - - n 
R E S I N  - - - - - - n 

O R I F I C E  S I Z E  
E T C H I N G  - - - - - > 1 0 0 4  
M A S K I N G  - - - - - " 
S A P P H I R E  - - - - I 

---- 
SURFACE MORPIOLO. 5 7 4  
SURFACE STRESS - 2 0 8 5  
VPE - - - - - - - 1 5 8 4  CRTHCPHOSPHORI c 

OXYGEN R E D U C T I O N  > 7 8 6  
P A R A L L E L  MECHANI. " 
P L A T I N U M  - - - - " 
VOLTAMMETRY - - - " 

N I C K E L  CADMIUM 
L I F E T I M E  - - - -> 7 2 0  
P A T T E R N  RECCGNIT. " 

OPEN C I R C U I T  
ANOOIC O X I D A T I O N  > I 3 7 1  
D I E L E C T R I C S  - - - " 
E L L I P S C M E T R Y  - - " 

N I O B I U M  - - - - - " 
T A F E L  SLOPE - - - " 
TRANSIEPiT ANALYS. " 
T U N G S T E h  - - - - 

N I C K E L  C h R D M I U M  
D I F F U S I L G  S P E C I E S > 1 9 4 8  
n I G n  TEMPERATURE - 
P H O S P H I C A T I O N  - - " 
P n o s P n o ~ u s  VAPOR " 

O V E R P D T E N T l A L  
C E R I U M  D I O X I O E  - > I 1 5 5  
D O U B L E  P U L S E  - - > I 1 4 8  
EXCHANGE CURRENT 1 1 5 5  
F A S T  ELECTROOE - 1 1 4 8  
G A L V A N O S T A T I C S  - " 
P L A T I N U M  E L E C T R D -  1 1 5 5  
P O L A R I Z A T I O N  - - " 

OPEN P A N  STUDY 
C A T H O L Y T E  - - - - > I 4 9 6  
C A T I O N E A O I U S - -  " 
MOLTEN L I T R A T E  - m* 

N I T R A T E  S A L T  - - * 
R E O U C T I O N  - - - - " 
THERMAL B A T T E R Y  - " 

O P T I C A L  ABSORPTl .  
AOUEOUS E L E C T R O L . > I 8 6 8  
DARK P O T E N T I A L  - I 

F L A T B A N D  P O T E N T I .  " 
GROUP I I - V I  COMP. vm 

I O D I N E  D O P I N G  - - " 
L I G H T  A B S O R P T I O N  " 
Z I N C  S E L E N I D E  - - " 

N I C K E L  C C B A L T  CX. 
A C T I V A T I O N  E N E R G Y 2 1 3 5 3  
OXYGEN E V O L U T I O N  * 
P O T E N T I C S T A T I C  - 
P U L S E  - - - - - - I 

T E F L O N  BONDED - - " 

NONAOUEOUS C E L L  
CATHODE - - - - -> 8 8 7  
I R O N  SULFUR - - - n 

L r T n I u M  BATTERY - n 

P O T A S S I U M  I R O N  S. " 

OVERVOLTAGE 
A N W E  M E C H A N I S M  -> 1 7 6  
C A L C I U M  ANODE - - " 
F U S E D  S A L T  - - - " 
L I T H I U M  C H L O R I O E  * 
THERMAL B A T T E R Y  - I 

O X I O A T I O N  
AMMONIUM DICHROM.>1975 
ADUEOUS 8 A S E  - -> 9 8 3  
A T M O S P H E R I C  CORR.>1533 
AUGER SPECTROSCO.> 5 4 7  
C H L O R I N E  INCORPO.> 1 4 3  
CHRONOAMPEROMETRY>l9D2 
C L E A N I N G  S O L U T I O N > 1 1 2 8  
COPPER - - - - - > I 4 2 5  
COPPER D E P O S I T I O N >  1 7 1  
C O R R O S I O N  - - - - 5 4 7  
C V O  - - - - - - -> 8 3 8  - - - - - - -  - - -  1 4 2 5  - - - - > I 7 2 8  
D I E L E C T R I C S  - - - * 
D O P I N G  - - - - - > I 7 7 9  
E L E C T R O L E S S  - - - 1 7 1  
F A B R I C A T I O N  METH. 1 5 3 3  
F U S E 0  S A L T  - - - 1 9 0 2  
G A L V A N I C  C E L L  - - 1 7 1  
G L A S S Y  L A Y E R  - - 1 4 2 5  
G R A I N  STRUCTURE - > I 0 6 1  
HYDROCHLORIC A C I D  1 4 3  

> 1 4 9  
HYDROGEN P E R O X I D E  1 4 2 8  
I N F R A R E D  ABSORPT. 1 7 2 8  
I O N  I M P L A N T A T I O N  1 7 7 9  
I R O N  - - - - - -  5 4 7  
L E A D  A C I O  BATTERY> 7  

N I C K E L  GOLD A L L O Y  
A I R  ENVIRONMENT - > I 2 7 4  
O X I D E  F I L M  GRDWTH " 
UNALLOYED N I C K E L  " 

N O N A W E D U S  StXVE.  
R U T H E N I U M  O X I D E  -> 4 0 7  
WORKING ELECTRODE " 
X P S  - - - - - - -  * 

NICKEL IRCN A L L o r  
B d F F E R  C A P A C I T Y  - > I 8 6 1  
CURRENT E F F I C I E N .  0. 

E L E C T R O D E P O S I T I O N  " 
HYOROGEL E V O L U T I .  " 

NONA GUEOUS S Y S T E M  
TERNARY SYSTEM -> 9 9 0  
X-RAY D I F F R A C T I O N  " 

NONFAR4OAY 
CONTAMINAT I O N  - -> 5 4  
CURRENT D E N S I T Y  - n 

E L E C T R O L Y S I S  - - . 
WATER - - - - - - n 

N O N R A D I A T I V E  PRO. 
CATHODOLUMINESCE.> 3 0 5  
H O S T  S E N S I T I Z A T I .  - 
PRASEODYMIUM - - " 
T E R B I U M  - - - - - * 
T R A P P I N G  - - - - I 

Y T T R I U M  O X I S U L F I .  " 

NMSTOICHIOMETRY 
C E R I U M  D I O X I D E  -> 2 0 9  
C H E M I C A L  D I F F U S I - >  6 7 3  
D E F E C T  STRUCTURE 2 0 9  
I R O N  S U L F I D E  - - 6 7 3  
O X I D E  SEMICONDUC. 2 0 9  
P O I N T  DEFECT - - * - - 6 7 3  
THERMDGRAVIMETRY 2 0 9  

O P T I C A L  CHARACTER 
D I S P L A Y  D E V I C E  - > 2 2 1 1  
E L E C T R I C A L  CHARA. I 

E L E C T R C P H O R E S I S  - I 

T I T A N I U M  O I O X I D E  I 

N I C K E L  O X I O E  F I L M  
C H L O R I D E  I O N  - -> 9 1 9  
D I S S O L U T I O N  - - - n 

P A S S I V A T I O N  - - - * 
P I T  I N I T I A T I O N  - n O P T I C A L  EXPOSURE 

DEVELOPER T E W E R . > 2 0 2 6  
DEVELOPMENT R A T E  " 

E L E C T R O N  B E A M  - - 
L I N E  EDGE P R O F I L E  " 
P H O T O R E S I S T  - - - " 
P O S I T I V E  D I A Z O  - " 

N I O B I U M  
ANOOIC C X I O A T I O N  > I 3 7 4  
CARBON - - - - - > P I 7 3  
CHROMIUM S T E E L  - .' 
O I E L E C T E I C S  - - - 1 3 7 4  
E L L I P S O M E T R Y  - - * 
O P E N C I E C U I T  - -  " 

O X I D A T I C N  R E S I S T .  2 1 7 3  
T A F E L  SLOPE - - - 1 3 7 4  
T I T A N I U M  - - - - 2 1 7 3  
T R A N S I E N T  ANALYS. 1 3 7 4  
TUNGSTEN - - - - n 

Z I R C O N I U M  - - - - 2 1 7 3  

O P T I C A L  L A Y E R  
E L L I P S C M E T R Y  - -> 1 3 1  
S I L I C O h  O l O X I O E  - " 
S I L I C O N  I N T E R F A C E  " 
S T R E S S - S T R A I N  - - * 

O P T I C A L  PROPERTY 
A N O D I C  C X I D A T I O N  > I 5 9 2  
BANOGAP S H I F T  - - 
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P R I M A R Y  TERM PAGE 
CO-TERN NO. 

- 
O X I D A T I O N  I CONTDI  

L E A O  C H L O R I D E  - - 1 9 0 2  
L E A O  O I C X I O E  - - 7 
L E A O  S U L F A T E  - - 
L E A O  S U L F I D E  - - 
L O U  TEMPERATURE - 
L U M I N E S C E N C E  - - 
MICROSTCUCTURE - 
M O B I L E  S O D I U M  - - 
N I C K E L  - - - - - 
P-HYOROXYBENZALD. 
P A L L A O I U Y  - - - - 
P A S S I V A T I O N  - - - 
P A S S I V E  O X I D E  - - 
P A S S I V I T V  - - - - 
P E R M A L L C V  F I L M  - 
PHOSPHOR L U M  I N E S .  
PHOSPHCEUS D O P I N G  
P L A N A R  O E V I C E  - - 
P O L V M E R I Z A T I O N  - 
P O L Y S I L I C O N  - - - 
P O L Y S I L I C O N  F I L M  
P O S I T I V E  P L A T E  - 
P O T A S S I E M  C H L O R I .  
R E D U C T I C N  - - - - 
S I L A N E  - - - 
S I L I C O N  - - - - - 
S I L I C O L  D I O X I D E  - 
S I L I C O N  WAFER - - 
S O D I U M  N E U T R A L 1  2. 
S T E E L  AhOOC - - - 
S T E R E O S E L E C T I V I T V  
S U L F U R I C  A C I D  - - - - . 
THERMAL OECOMPOS. I 9 7 5  
T H I N  F I L M  - - - - 5 4 7  
V L S I  D E V I C E  - - - 1 7 7 9  
XPS - - - - - - - 5 4 7  
Z I N C  S U L F I D E  - - 1 9 7 5  

O X I D A T I O N  K I N E T I .  
C E R A M I C S  - - - - > I 7 2 3  
C H L O R I N E  O X I O A T I . > 1 7 8 9  
CONNECTCR - - - - > I 7 9 8  
COPPER - - - - - " 

CORROSION - - - - 1 7 2 3  
D I F F U S I C N  - - - - 1 7 9 8  
DOPANT E F F E C T  - - > I 5 1 6  

- - > I 5 2 3  
GOLD A L L C I  - - - 1 7 9 8  
n l c n  T e v P E n n r u a E  >IIOS 
HOT-PRESSED - - - 1 7 2 3  
P A R A B O L I C  K I N E T  I 1 1  0 5  
P H Y S I C A L  MODEL - 1 5 2 3  
P O I N T  OEFECT - - 1 5 1 6  
P O I N T  E F F E C T  - - 1 5 2 3  
R E F R A C T O R I E S  - - 1 7 2 3  
R 5 L I A B I L I T Y  - - - 1 7 9 8  
S I L I C O h  O I O X I D E  - 1 5 1 6  - 1 5 2 3  

- I 7 8 9  
S I L I C O N  N I T R I D E  - 1 7 2 3  
S T A C K 1  h G  F A U L T  - 1 7 8 9  
THERMAL O X I O A T I O N  " 
T R I C H L O R O E T h n E N E  * 
V T T R I U M  - - - - - 1 7 2 3  
Z I R C h L O I  O X I O A T I .  1 1 0 5  

O X I D A T l O N  PRODUCT 
CHARGE TRANSPORT > I 4 9 0  
D I P H T H A L O C Y A N I N E  " 

ELECTRCCHROMISM - 
O X I D A T I O h  E A T E  

S I L I C O N  - - - - ->  5 0 2  

O X I D A T I O N  R E S I  ST. 
AMMONIA GAS - - -> 9 9 6  
CARBON - - - - ->.?I73 
CHROMIUM S T E E L  - " 
D I E L E C T R I C  F I L M  - 9 9 6  
N I O B I U Y  - - - - - 2 1 7 3  
S I L I C O N  O X V N I T R I .  9 9 6  
THERMAL N I T R I D A T .  * 
T I T A N I U M  - - - - 2 1 7 3  
Z I R C O N I L M  - - - - " 

O X I O A l l O N  S T A T E  
0 1 P H T k A L O C V A N I N E  > I 3 3 9  
ELECTRCCHROYISM - - 
L U T E T I U M  - - - -  * 

O X l O A T l O h  THEORV 
C O B l L T  MONOXIDE - >  7 6 0  
E L E C T R C I T ) I N S P O R T  " 
P O I N T  OEFECT - - " 

JOURNAL ART 

P R I M A R Y  TERM PAGE 
CO-TERM NO. 

- - 
O X I O A T I O N  THEORY I C O N T O 1  

T R A N S I  T I O N  METAL 7 6 0  

O X I O E  
A N N E A L I N G  - - - - > I 7 3 7  
O E P T H  P R O F I L E  - - " 

G A A S  - - - - - - . 
x p s  - - - - - - -  " 

O X I O E  CHARGE DEN. 
ALUMINUM - - - -> 8 7 8  
S I L I C O N  - - - - - " 

S I L I C O N  O I O X I O E  - " 
WORK F U N C T I O N  - - " 

O X I O E  C O A T I N G  
L I F E  T E S T  - - - - > I 4 3 9  
P E R C H L O R I C  A C I O  - " 
P O L A P I Z L T I O N  - - " 
S O D I U M  C H L O R I D E  - " 
T I T A N I U M  ANODE - " 

O X I O E  F I L M  
A R S E N I C  D O P I N G  - > I 4 3 4  
C H L O R I N E  - - - - > 2 0 9 C  
C O N D U C T I V I T Y  - - 1 4 3 4  
C V D  - - - - - - -  " 

E V O L U T I O N  K I N E T I .  2 0 9 C  
HEXACYANOFERRATE > 7 3 2  
P A S S I V E  I R O N  - - " 
P L A T I N U M  ELECTRO. 2 0 9 C  
SEMICONOUCTOR - - 7 3 2  
T A F E L  S L O P E  - - - 3. 

T I N  O X I O E  - - - - 1 4 3 4  

O X I O E  F I L M  GROWTH 
A I R  ENVIRONMENT - > I 2 7 4  
A N N E A L I N G  - - - - > I 7 3 1  
ANCOE - - - - - -> 5 5 5  
C A P A C I T A N C E  - - - 1 7 3 1  
CONSTANT CURRENT 5 5 5  
CONSTANT P O T E N T I .  " 
H I G H  PRESSURE - - > I 8 2 2  
H I G H  TEMPERATURE 1 7 3 1  
LOW TEMPERATURE - 1 8 2 2  
N I C K E L  GOLD ALLOV 1 2 7 4  
PH DEPENDENT - - 5 5 5  
P L A T I N U M  - - - - " 
R E O X I D A T I O N  - - - 1 7 3 1  
S I L I C O N  - - - - - 1 8 2 2  
S I L I C O N  O X I O E  - - 1 7 3 1  
STEAM O X I O A T I O N  - 1 8 2 2  
T I T A N I U M  O I O X I O E  1 7 3 1  
U N A L L O V E O  N I C K E L  1 2 7 4  

O X I O E  MORPHOLOGY 
A L U M I N A  - - - - - > I 0 3 5  
GROUTH MECHANISM " 

V T T R I U M  - - - - - " 

O X I O E  SEMICONDUC. 
C E R I U M  O I O X I O E  -> 2 0 9  
O E F E C T  STRUCTURE " 
E L E C T R O N  A F F I N I T Y > I O 8 I  
I N D I U M  S E S D U I O X I .  " 
N O N S T O I C H I  OMETRV 2 0 9  
P H O T O V O L T A I C  PRO. 1 0 8 1  
P O I N T  OEFECT - - 2 0 9  
THERMOGRAVIMETRY " 

O X I O E  T H I C K N E S S  
O E F E C T  O E N S l T V  - > I 7 7 1  
E L E C T R I C  F I E L O  - " 
L I O U I D  C R V S T A L  - " 
S I L I C O N  O I O X I O E  - * 

OXYCHLORIOE 
BORON G E T T E R I N G  - > I 7 5 4  
L S I  D E V I C E  - - - " 
e n o s P n o R u s  - - - -, 
P I P E Y I E L D  - - -  " 

S I L I C O N  - - - - - " 

OXYGEN 
A M B I E N T  PRESSURE > I 1 2 2  
C A L C I U M  F L U O R I D E  > I 3 6 0  
CARBON - - - - - 1 4 2 2  
CARBON O I O X I O E  -> 3 2 8  
CARBON MONOXIDE - 1 4 2 2  
C H E M I C A L  P O T E N T I .  1 3 6 0  
E O U I L I B R I U M  - - - 1 4 2 2  
G A S  S O L U B I L I T Y  - 3 2 8  
MEASUREMENT - - - 1 3 6 0  
MOLTEN S A L T  - - - 3 2 8  
S I L I C O N  - - - - - 1 4 2 2  
S O 0 1  UM CARBONATE 3 2 8  
S O L I D  E L E C T R O L Y T E  1 3 6 0  

'ICLE SUBJECT INDEX 

P R I M A R Y  TERM PAGE 
CO-TERM NO. - 

OXVGEN 
SULFUR D I O X I D E  

OXYGEN CONCENTRA. 
AUGER SPECTROSCO.>I 7 6 6  
CVD - - - - - - -  " 
P O L I S I L I C O N  - - - " 
S E M I I N S U L A T I O N  - * 
x p s -  - - - - - -  " 

OXYGEN D I F F U S I O N  
M U L T I P H A S E  O I F F U . > L I I L  
Z I R C A L C Y - 4  - - - " 

OXYGEN E V C L U T I O N  
A C I O  S U L F A T E  - -> 9 5  
A C T I V A T I O N  E N E R G Y > 1 3 5 3  
A N O D I C  D I S S O L U T I .  9 5  
C O R R O S I C N  R A T E  - " 
GOLO - - - - - -  " 
N I C K E L  COBALT OX. 1 3 5 3  
p,, - - - -  - - -  9 5  

P O T E N T I O S T A T I C  - 1 3 5 3  
P U L S E  - - - - - - " 
T E F L O N  BONDED - - * 

OXVGEN EXCHANGE 
K I N E T I C  S T A B I L I T V > 2 0 9 5  
N I T R A T E  I O N  - - - " 
P O T A S S I U M  N I T R A T E  - 
RAMAN SPECTROSCO. " 

OXYGEN I S C T O P E  
A N O O I Z A T I O N  - - -> 5 4 4  
K E I L  SALOMON - - " 

V A N A D I U M  - - - - " 

OXYGEN MONOLAYER 
A G I N G  K I N E T I C S  -> 5 9 2  
A N I O N  I N F L U E N C E  - > 2 1 4 0  
E L E C T R C C A T A L Y S I S  " 
ELECTROSORPT I O N  - " 

HYOROGEh MUNOLAY. " 
P E R T U R B f i T I O h  PRO. 5 9 2  
P L A T I N U M  - - - - " 

- - - - 2 1 4 0  
P O T E N T I C O Y N A M I C S  5 9 2  
S U L F U R I C  A C I D  - - 2 1 4 0  

OXYGEN PRESSURE 
CARBON O I O X I O E  - > 2 0 1 2  
F U R N A C E  - - - - - " 
GAS F L C 8  METHOD - " 
HVOROGEN - - - - " 
LOWER TEMPECATURE " 
PRESSURE CONTROL " 
U U S T I T E  P H A S E  - - " 

OXVGEN R E C U C T I W  
4NOOIC A C T I V A T I O N >  7 8  
AUGER SPECTROSCO. " 

OIAPHRAGM - - - - > I 5 0 2  
E L E C T R D C A T A L Y S I S  7 8  
ORTHOPNOSPHORIC -> 7 8 6  
P A R A L L E L  MECHANI. " 
PHOSPHOEIC A C I D  - > I 6 3 1  
P L A T I N U M  - - - - 7 8  - - - - 7 8 6  
P L A T I N U M  O I S S 3 L U .  1 6 3 1  
PLATINUY-OXYGEN - 1 5 0 2  
P O L ~ R I Z A T I O N  - - " 
S I N G L E  C S Y S T A L  - 7 8  
STRUCTUFE S E N S I T .  " 
VOLTAMMETRY - - - 7 8 6  

OXYGEN S O L U B I L I T Y  
E F F L U E N T  G A S  - -> 8 2 7  
E O U I L I e R I U M  - - - " 

GERMANIUM - - - - " 

OXYHYOROX I O E  
ATMOSPCERIC EFFE.>1459 
COBALT - - - - - " 
C O R R O S I C N - - - -  " 

P--HVOROXY SENZALD-  
AQUEOUS B A S E  - -> 9 8 3  
O X I O A T I O N  - - - - " 
S T E E L  ANOOE - - - " 
S T E R E O 5 E L E C T I V I T Y  " 

P-N-P 
CURRENT G A I N  - -> 6 4 2  
E M I T T E R  E F F I C I E N .  " 

G E T T E R I N G  - - - - " 
P H o s P n o f i u s  PENTO. so 

T R A N S I  STOR - - - " 

PRIMARY TERM PAGE 
CO-TERM NO. - - 

P-TYPE 
L C E T O N I T R I L E  - -> 5 9  
C H E M I C A L  TREATME.>1792 
C O N O U C T I V I T V  - - " 
E L E C T R I C A L  MEASU. " 
GAAS - - - - - - 5 9  
HYDROGEN O I F F U S I .  I 7 9 2  
N-TYPE - - - - - 5 9  
PHOTOELECTROCHEM. * 
R E S I  S T I V I T V  S H I F T  1 7 9 2  
SEMICONOUCTOR - - 5 9  
S I L I C O N  SURFACE - 1 7 9 2  
SURFACE E F F E C T  - 5 9  

P I L L A O I U M  
A C T I V A T O R  - - - - > I 6 7 1  
AUGER SPECTROSCO.> 5 4 7  
B A C K S C A T T E R I N G  - 1 6 7 1  
C A T A L Y S T  - - - -> 3 9 4  
CORROSION - - - - 5 4 7  
D E P O S I T I O N  - - - 1 9 4  
E L E C T R O L E S S  - - - " - - - 1 6 7 1  
G L A S S  SUBSTRATE - " 
I R O N  - - - - - - 5 4 7  
M E T A L  D E P O S I T I O N  1 6 7 1  
O X I O A T I O N  - - - - 5 4 7  
P A S S I V E  O X I O E  - - " 
T H I N  F I L M  - - - - * 
UV I R R A D I A T E D  - - 3 9 4  
I P S  - - - - - - - 5 4 7  

P A R A B O L I C  GROUTH 
A N O D I C  O X I O A T I O N  > 8 9  
CONSTANT V O L T l G E  - 
S I L I C O N  - - - - - " 

P A R A B O L I C  K I N E T I .  
H I G H  TEMPERATURE > I 1 0 5  
O X I O A T I O N  K I N E T I .  " 
Z I R C A L O Y  O X I O A T I .  " 

P A R A L L E L  MECHANI  . 
0 R T H O P H O S P M ) R I C  -> 7 8 6  
OXVGEN R E O U C T I D N  " 
P L A T I N U M  - - - -  " 
VOLTAMMETRV - - - " 

P A S S I V A T I O N  
A C I D I C  S U L F A T E  - > 2 0 6 4  
A L T E R N A T I N G  VOLT.>I9OB 
A N O D I C  O I S 5 0 L U T I -  2 0 6 4  
A N 0 0 1 C  F I L M  - - - > I 3 7 0  
A N O D I C  O X I O E  - - " 
C H L O R I O E  I O N  - -> 9 1 9  
C H L O R I D E  S O L U T I O N  2 0 6 4  
CORROSION - - - - " 
CORROSION POTENT. 1 9 0 8  
DECXYGENATEO SOL. 2 0 6 4  
D E P T H  P R O F I L E  - - 1 3 7 0  
D I S S O L U T I O N  - - - 9 1 9  
E L E C T R O C R V S T A L L I  . > 2 0 8 5  
E L E C T R O O E P O S I T I O N  * 
E P I T A X Y - - - - -  " 
F A R A O A I C  R E C T I F I .  1 9 0 8  
GAAS - - - - - - 1 3 7 0  
HVOROCHLORIC A C I D >  1 4 9  
M I L O  S T E E L  - - - 1 9 0 8  
M O B I L E  S O D I U M  - - 1 4 9  
N I C K E L  - - - - - 2 0 8 5  
N I C K E L  O X I O E  F I L M  9 1 9  
O X I O A T l O N  - - - - 1 1 9  
P I T  I N I T I A T I O N  - 9 1 9  
P O L A R I Z A T I O N  - - 1 9 0 8  
S A C C H A R I N  - - - - 2 0 8 5  
S I L I C O N  D I O X I D E  - 1 4 9  
S O D I U M  N E U T R A L I Z .  " 
SURFACE STRESS - 2 0 8 5  
T I T A N I U M  - - - - 2 0 6 4  
X P S  - - - - - - - 1 3 7 0  

P A S S I V A T I O N  F I L M  
I R O N  CHROMIUM - - > I 3 2 8  
M O O U L A T I O N  SPECT. " 

P A S S I V A T I O N  L A V E R  
I N T E G R A T E D  C I R C U S >  1 0 3  
L I Q U I D  STANDARD - " 

R E F R A C T I V E  I N D E X  " 
TRANSPARENT F I L M  " 

P A S S I V A T I O N  T I M E  
A N O D I C  O X I D A T I O N  > I 2 6 8  
CURRENT D E N S I T Y  - * 
G A A S  - - - - - -  " 



PR IMARY TERM PAGE 
CO-TERM NO. 

- 
P A S S I V E  F I L M  

A N I L Y T I C  S O L U T I O N > 2 0 8 1  
ANODIC O X l O A T l O N  > 4 4 2  
BORATE eUFFER - - " 
C O M P O S I T I O N  - - - " 
F O U R I E R  A N A L Y S I S  2 0 8 1  
G A S  A O S C R P T I O N  - > I 7 2 0  
I R O N  O X I D E  F I L M  - a 4 2  
L I N E A R  P C X A R I Z A T .  2 0 8 1  
P O T E N T I A L  O I S T R I .  " 
SCRATCH - - - - - " 

SURFACE R O U G m E S S  1 7 2 0  

P A S S I V E  I R O N  
HEXACYAhCFERRATE > 7 3 2  
O X I D E  F l L M  - - - " 
SEMICONDUCTOR - - " 
T A F E L  SLOPE - - - " 

P A S S I V E  O X I D E  
AUGER SPECTROSCO.> 5 4 7  
CORROSION - - - - * 
I R C N  - - - - - - " 

O X 1 O A T l C N  - - - - " 
P A L L A D I U M  - - - - - 
T H I N  F l L M  - - - - " 

xps - - - - - - - " 

P A S S I V I T Y  
A L U M I N U M  - - - - > I 6 5 9  
A N O D I C  EEHAVIOR - " 

C H L O R I D E  I O N  - - " 
COPPER - - - - - > I 4 2 5  
C O R R O S I C N  - - - - > I 3 6 3  
CURRENT O S C I L L A T .  " 
cvn - - - - - - - 1 4 2 5  - - 

GLASSY L A Y E R  - - " 
l R D N  - - - - - - 1 3 6 3  
N I T R A T E  I O N  - - - 1 6 5 9  
O X I D A T I O N  - - - - 1 4 2 5  
P I T T I N G  P O T E N T I A L  1 6 5 9  
S U L F U R I C  A C I D  - - 1 3 6 3  

P A T T E R N  O U P L I C A T .  
I O N  BEAM - - - -> 4 8 3  
L I T H O G R A P H Y  - - - " 

P O L Y D I M E T H Y L S I L C .  " 

POLYMETHYLMETACR. " 

RAOIATIGN Y I a o  - - 
R E S I S T  M A T E C I A L  - " 

P A T T E R N  RECOGNIT.  
L I F E T I M E  - - - -> 7 2 0  
N I C K E L  C A D M I W  - " 

PENDELLOSLNG 
>OUBLE C R Y S T A L  - > I 2 2 8  
E P I T A X I A L  L A Y E R  - " 
S T R A I N  O I S T R I B U T .  " 
X-RAY D I F F R A C T I O N  " 

PECCHLOR l C  A C I D  
L I F E  T E S T  - - - - > I 4 3 9  
O X l J E  C O A T I N G  - - " 
P O L A R I Z A T I O N  - -  " 

S O D I U M  C H L O R I D E  - o* 

T I T A N I U M  ANCOE - " 

PERHYORGXVL I O N  
A L K A L I N E  S O L U T l C N > 1 9 2 4  
C A T A L Y T I C  OECOYP. " 
F U E L  C E L L  - - - - " 

P E R 1  O D I C  CURRENT 
E L E C T R O L Y S I S  - -> 3 9 8  
MASS TRANSFER - - ' 

R O T A T I h G  D I S K  - - * 

PERMALLOY F I L M  
ATWDSPHERIC CORR.>1533 
F A B R I C A T I O N  METH. " 
O X I O A T I C N  - - - - " 

P E R M E A T I O N  
CORROSICN - - - ->2159 
ENVIRONMENT - - - " 
FLOW CONTROL - - " 
POLYMEf i  - - - - - " 

TRACE G A S  - - - - " 

P E R T U R B A T I O N  PRO. 
A G I N G  K I N E T I C S  -> 5 9 2  
OXYGEN CCNOLAYEC " 
P L A T I N U M  - - - - - 
P O T E N T l C O Y N A Y I C S  " 

JRNAL OF THE ELECTROCI 

P R I M A R Y  TERM PAGE 
CO-TERM 110. -- - 

P E R T M E A T I O N S  
CURRENT P E U  - -> 2 5 7  
E L E C T R O S O R P T l O N  - " - -  

HYDROGEN ADATOM - " 
P L A T I N U M  - - - - " 
P O T E N T I A L  - - - - " 

P H  
A C I D  S U L F A T E  - -> 9 5  
ALUMINUM - - - -> 1 9 9  
A N O O I C  - - - - - > 2 1 7 1  
A N O D I C  O I S S O L U T I -  9 5  
AOUEOUS S O L U T I O N  1 9 9  
B L E A C H I N G  - - - - 2 1 7 1  
C O L O R A T I O N  - - - 
CORROSION R A T E  - 9 5  
CORROSION S T A B l L .  2 1 7 1  
E L E C T R O C M O M I S M  - " 
GOLD - - - - - -  9 5  
H Y O R I D E F O R M  - -  1 9 9  
I R I D I U M  O X I D E  - - 2 1 7 1  
MECHANISM - - - - " 
OXYGEN E V O L U T I C N  9 5  
P O T E N T I A L  - - - - 1 9 9  
S A L T  S O L U T I O N  - - " 

P H  DEPENDENT 
ANODE - - - - - -> 5 5 5  
CONSTANT CURRENT " 

CONSTANT POTENTI .  " 
O X I D E  F I L M  GROWTH " 
P L A T I N U M  - - - -  " 

P H 4 S E  D I A G R A M  
A D S O R P T I O N  - - -> 6 0 8  
ALUMINUM - - - - > I 9 9 2  
ANTIMONY - - - - " 
C E L L  K I N E T I C S  - - 6 0 8  
COPPER BROMIDE -> 8 1 8  
O T A  - - - - - - - 1 9 9 2  
G A L L I U M  - - - - - ' 
I O N I C  CONOUCTIVI .  8 1 8  
L l O U I O  A S S O C I A T I .  1 9 9 2  
L I T H I U M  B A T T E R Y  - 6 0 8  
P O T E N T I A L  - - - - " 
S I L V E R  I O D I O E  - - 8 1 8  
SPECTROSCOPY - - 6 0 8  
TERNARY P H A S E  - - 1 9 9 2  
T I  T A N I U M  O I S U L F I .  6 0 8  
V O L T A G E  S T E P S  - - * 

P H A S E  S E P A R A T I O N  
N Y O R O C ~ O R I C  A C I O > 1 1 2 9  
S I L I C O N  O X I D E  - - " 
S O D I U M  P A S S I V A T I .  " 

P H A S E  TRANSFORMA. 
A U S T E N T I C  - - - -> 3 7 4  
CORROSION - - - - " 
OUPLEX 3 0 8  - - - " 
INTERGRANULAR - - " 

MICROSTRUCTURE - " 
P I T T I N G  - - - - - " 
S T A I N L E S S  S T E E L  - " 

P W S E  T R A N S I T I O N  
O T A  - - - - - - - > I 4 0 3  
E O U I L I B R I U M  - - - " 
H Y D R O S T A T I  C P I E S .  " 

L E A D  F L U O R I D E  - - * 

P H E N O L I C - T Y P E  
OIAZIOE-5-SULFON.> 8 6 0  
ELECTRON BEAM - - " 
E p R  - - - - - - -  " 
S A S S  SPECTROSCOPY 
0-NAPTHOOUINONE - " 
R E S I N  - - - - - - * 

P H O S P H I O A T I O N  
D I F F U S I N G  S P E C I E S > 1 9 4 8  
D I F F U S I O N  C O E F F I . > 1 4 3 2  
n a c n  TEMPERATURE 1 9 4 8  
N I C K E L  CHROMIUM - " 
PHOSPHORUS VAPOR *' 
ZINC - - - - - -  1 4 3 2  

Z I N C  P H O S P H I D E  - " 

P H I S P H O R  D E P O S I T .  
CHROMATE S E N S I T I . > 1 2 9 4  
COLOR TV T U B E  - - *' 
D I A Z O  S E N S I T I Z E R  " 

P W S P H O R  D O P I N G  
BORON N I T R I D E  - - > I 9 5 1  
C V D  - - - - - - -  " 
GRGSTH P A P I M E T E R  " 

HEMICAL SOCIETY 

P R I M A R Y  TERM P A G E  
CO-TERM NO. --- - 

PHOSPHOR LUMINES.  
AMMONIUM O I C m O M . > 1 9 7 5  
L U M I N E S C E N C E  - - " 
O X I D A T I O N  - - - - " 
THERMAL DECOWOS. " 
Z I N C  S U L F I D E  - - " 

PHOSPHOR P A R T I C L E  
SCREEN * E I G H T  - - > I 5 6 3  
V O I D  T R ~ Y S M I S S I D N  " ... . . 
WEIGHT C P T I M I Z A T .  " 

P H O S P H O R I C  A C I D  
ANODE - - - - - -> 3 6 0  
C H E M I C A L  E T C H I N G  > 2 8 7  
CONSTANT P O T E N T I -  3 6 0  
CORROSION - - - - " 
C O R R O S I C N  F l L M  - > I 8 4 8  
C R Y S T A L  GROWTH - 3 6 0  
E P I T A X I A L  L A Y E R  - 2 8 7  
HYOROCHLORIC A C I D  " 
I N O I U M  F H O S P H I O E  " 
L E A D  A C I D  B A T T E R Y  3 6 0  

1 8 4 8  
M A T E R I A L  S E L E C T I .  2 8 7  
OXYGEN R E O U C T I O N  > I 6 3 1  
P L A T I N U M  O I S S O L U -  " 
P O S I T I V E  ELECTRO. 1 8 4 8  

PHOSPHORS 
B A R I U M  CHLOEOSIL.>1734 
CATHIDOLUMINESCE.> 5 7 1  
COLOR T V  P I C T U R E  > I 0 0 8  
E L E C T R O N  BOMBARD. 5 7 1  
E U R O P I U M  - - - - 1 7 3 4  
GAS D I S C H A R G E  - - 1 0 0 8  
H l G H  OUENCHING - 1 7 3 4  
L A N T H A L U M  CXYSUL. 5 7 1  
LOW ENERGY - - - " 
PHOTOLUMINESCENCE 1 7 3 4  
TEMPERATURE - - - " 

T E R B I U M  - - - - - 5 7 1  
U L T R A V I C L E T  EXCI .  1 0 0 8  
X P S  - - - - - - - 5 7 1  
Y T T R I U M  O X Y S I L F I -  " 

PHOSPHORUS 
BORON G E T T E R I N G  ->I 7 5 4  
cvo - - - - - - -> 3 3 4  
O I E L E C T R I C S  - - - " 
I N T E G R A T E D  CIRCU. " 

L S I  D E V I C E  - - - 1 7 5 4  
O X Y C H L C R I O E  - - - " 
P H O S P H C S I L I C A T E  - 3 3 4  
P I P E  Y I E L D  - - - 1 7 5 4  
S I L I C O N - - - - -  " 

PHOSPHORUS D I F F U .  
D I F F U S I C N  P R O C E S S > 1 2 5 2  
PHOSPHCEUS D O P I N G  " 

S I L I C A  F l L M  - - - " 

PHOSPHORUS D O P I N G  
A N N E A L I N G  - - - ->LO78 
BORON D O P I N G  - -> 3 1 3  
C-V CURVE - - - - 1 0 7 8  
CORONA CHARGING - " 
C V O  - - - - - - - 3 1 3  - - - - - - -> 833 - - - - - - -> 8 3 8  - - - - - -  - > I 0 1 9  - - - -  - - - > I 0 4 2  
O E P O S I l l O N  - - - 3 1 3  
D E P O S I T I O N  R A T E  - 1 0 4 2  
O I E L E C T E I C S  - - - 3 1 3  
D I F F U S I C N  P R O C E S S > 1 2 5 2  
I N T E G R A T E D  C I R C U .  1 0 4 2  
I O N  I M P L A N T A T I O N  1 0 1 9  
LOW PRESSURE - - 8 3 3  - - 1 0 1 9  
O X I D A T I O N  - - - - 8 3 8  
PHOSPHORUS O I F F U .  1 2 5 2  
P O L Y S I L I C O N  F l L M  8 3 3  

8 3 8  
P R E S S U R E  REDUCTI .  1 0 4 2  
R E S I S T I V I T Y  - - - 8 3 3  
S I L I C A  F I L M  - - - 1 2 5 2  
S I L I C O L  D I O X I O E  - 3 1 3  - 1 0 4 2  - 1 0 7 8  
S I L I C O L  F l L M  - - 1 0 1 9  
T R A P P I N G  D E N S I T Y  1 0 7 8  

PHOSPHORU5 PEhTO. 
CURRENT G A I N  - -> 6 4 2  
E M I T T E R  E F F I C I E N -  " 
G E T T E R I h G  - - - - " 

December 1979 

P R I M A R Y  TERM PaGE 
CO-TERM NO. - 

P m S P H O R U S  PENTO. 1CONTDI  
P-t+P - - - - - - 6 4 2  
T R A N S I S T O R  - - - 

P H I S P H O R U S  VAPOR 
D I F F U S I N G  S P E C I E S > I 9 4 8  
H l G H  TEMPERATURE " 
N I C K E L  CHROMIUM - " 
P H O S P H I O A T I O N  - - " 

P H I S P H O S I L I C A T E  
c v o  - - - - - - -> 3 3 4  
D I E L E C T R I C S  - - - ' 
I N T E G R A T E D  C I R C U S  " 
P n C S P n o R u S  - - - - 

P H I S P H O T U N G S T I C  
E L E C T R O C H R W E  - -> 8 0 5  
PROTON CONOUCTION " 
TUNGSTEN T R I O X I O E  " 
Z I R C O N I U M  PHOSPH. " 

PWITGANOOE 
C A T I O N  ABSORPTION> 9 5 4  
CHARGE TRANSFER ->LO11 
C O B A L T  CONCENTRA.> 9 4 4  
CORROSION SUPPRE. " 
D I G I T A L  S I Y I L A T I .  1 0 1 1  
E L E C T R O C A T A L Y S I S  > I 1 3 1  
ENERGY CONVERSION 9 5 4  
H O L E  I N J E C T I O N  - I 0 1 1  
HYDROGEN - - - - > 2 1 6 3  
HYDROGEN P E R O X I D E  1 8 3 1  
I L L U M I N A T E D  - - - 1 0 1 1  
I R O N  O X I D E  - - - 1 8 3 1  
L I G H T  I N T E N S I T Y  - 9 4 4  
u a u r o  JUNCTION - 1011 
N-TYPE - - - - - 1 8 3 1  
PHOTOELECTROCHEM. 9 5 4  
R U T H E N I U M  - - - - " 
R U T I L E  L A T T I C E  - 2 1 6 3  
SEMICONDUCTOR - - 1 0 1 1  
S O L A R  C E L L  - - - 9 5 4  - - - l o l l  
S U L F A T E  CONCENTR. 9 4 4  
SURFACE TREATMENT 9 5 4  
T I T A N I U M  D I O X I D E  9 4 4  

2 1 6 3  

P H O T O C O N D U C T I V I T Y  
ANODE - - - - - -> 9 7 2  
E L E C T R O O X I O A T I O N  " 
L I G H T  E F F E C T  - - . 
T H l O C Y A N A T E  - - - " 

PHOTOCORROSI W 
0 1  SK ELECTRODE - > I 4 8 3  
PHOTON F L U X  - - - " 
REOOX - - - - - - " 

P H O T K U R R E N T  
ANCDE - - - - - -> b l 9  
F E R R I C  O X I D E  - -> 5 6  
F L A M E  O X I D A T I O N  - . 
I R O N  O X I D E  - - - 4 1 9  
PHOTOELECTRODE -> 4 7 5  
P U L S E D  I L L U M I N A T .  5 6  
SEMICONDUCTOR - - 4 1 9  
S I N T E R I N G  - - - -  5 6  
S O L A R  C E L L  - - - " 
SUBBANDGAP ILLUM.  b 7 5  
T I T A N I U M  O X I D E  - " 

PI(O1OEFFECT 
C H l R G E  TRANSFER -> 8 5 5  
E T C H I N G  - - - - - . 
G A A S  ELECTRODE - " 
GROUP 111-V COMP. " 
REDOX - - - - - - " 

P H O T O E L E C T R I C I T Y  
AUGER SPECTROSCO.> 
C A D M I U M  S E L E N I D E  
C A D M I U M  S U L F I D E  - 
BNERGY CONVERSION 
SEMICONDUCTOR - - 

PHOTOELECTROCHEM. 
A C E T C N I T R I L E  - -> 5 9  - -> 5 9 8  
A N C O I C  O X l D A T I O N  > 2 1 3 3  
C A T I O N  ABSORPTION> 9 5 4  
D I F F U S I O N  - - - -> 8 5 0  
ELECTROCHROMISM - 2 1 3 3  
ENERGY CONVERSION 9 5 4  
F L A T B A N O  POTENTI .  5 9 1  
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P R I M A R Y  TERM PAGE 
CO-TERM NO. 

-- - 
PWOTOELECTMCHEM. I C O N T D I  

GAAS - - - - - - 5 9  
W D R O G E h  PROTON - 8 5 0  
I N D I U M  P H O S P H I O E  5 9 8  
MANGANESE PORPHY.> 7 0 5  
N-TYPE - - - - - 5 9  
,=-TYPE - - - - - .. 
PHOTOANCOE - - - 9 5 4  
P L A T I N U M  ELECTRO. 7 0 5  
R U T H E N I U M  - - - - 9 5 4  
SEMICOHCUCTCR - - 5 9  - - 5 9 8  
S I N G L E  C R Y S T U  - " 
S O L A R  C E L L  - - - 9 5 4  
SURFACE E F F E C T  - 5 9  
SURFACE TREATMENT 9 5 4  
THERMAL O X I D A T I O N  2 1 3 3  
T I T A N I U M  D I O X I D E  8 5 0  
T U N G S T E h  T R I O X I D E  2 1 3 3  
W E 1  SOLAR C E L L  - 7 0 5  

PHOTOELECTRODE 
PHOTOCURRENT - -> 4 7 5  
SUBBANOGAP I L L U M .  " 
T I T A N I U M  O X I D E  - " 

P H O T O E L E C T R O L Y S I S  
ARC PLASMA.  SPRAY.> 8 3  
B E R Y L L I U M  D O P I N G  >ZOO7 
C E R A M I C S  - - - - 8 3  
OUANTUM E F F I C I E N .  2 0 0 7  
R U T I L E  ANOOE - - 8 3  
T I T A N I U V  O I C X I O E  " 

2 0 0 7  
WATER O X I D A T I O N  - " 

P H O T O I N D U C E D  
A P R O T I C  SOLVENT -> 4 1 e  
C H E M I L U M I N E S C E N C E  " 
ELECTROGENERATEO " 

ENERGY C O N V E R S I O N  " 
SEMICONDUCTOR - - " 
V P  C O N V E R S I O N  - - " 

P H O T O L I T H C G R A P H Y  
CHROMIUM - - - - > I 0 7 5  
E L E C T R O S T A T I C S  - > 1 * 2 6  
E T C H I N G  - - - - - 1 0 7 5  
F I L T R A T I O N  - - - 1 4 2 6  
M I C R O M I N I T U R I Z A T .  " 

PHOTOMASK C G A T I N G  1 0 7 5  
P H C T O R E S I S T  - - - 1 4 2 6  
PLASMA E T C H I N G  - " 

T H I N  F I L M  - - - - 1 0 7 5  

PHOTOLUM I N E S C E N C E  
A B S O R P T I O N  SPECT.>1550 
B A R I U M  C K D R O S I L . > 1 7 3 4  
C E R I U M  - - - - - 1 5 5 0  
C R Y S T A L  F I E L D  - - " 
EUROPIUM - - - - I 7 3 r  
GARNET P M S P M R S  1 5 5 0  
U I G H  O U E L C H I N G  - 1 7 3 4  
PHOSPHORS - - - - " 
TEMPERATURE - - - " 
T'MPERATURE RANGE 1 5 5 0  

PHOTCMASK 
C H R O M I L M  F I L M  - - > 1 7 9 e  
GAS P L A S M A  - - - " 
MOS-LSI PROCESS - " 
R E V E R S A L  E T C H I N G  " 

PHOTOMASK C O A T I N G  
CHROMIUM - - - - > I 0 7 5  
E T C H I N G  - - - - - " 
P n o T o L  ITHOGRAPHY - 
T H I N F I L M - - - -  " 

PHOTON F L U X  
0 1 %  E L E C T R O D E  - > I 4 8 3  
P H O T O C O R R O S I W  - " 
REDOX - - - - - - " 

P H O T O R E S I S T  
DEVELOPER TEMPER.>2026 
DEVELOPMENT R A T E  " 
E L E C T R C N  B E A M  - - " 
E L E C T R O S T A T I C S  - > I 4 2 6  
F I L T R A T I C N  - - - " 
L I N E  EDGE P R f f I L E  2 0 2 6  
M I C R O M I N I T U R I Z A T -  1 4 2 6  
O P T I C A L  EXPOSURE 2 0 2 6  
PHOTOLITHOGRAPHY 1 4 2 6  
P L A S M A  E T C H I N G  - " 
P O S I T I V E  D I A Z O  - 2 0 2 6  

JOURNAL ART1 

P R I M A R Y  TERM PAGE 
CO-TERM NO- 

- 
P H D T O R E S I S T  F I L M  

AMMONIA - - - - -> 8 8 3  
B R E A T H  T E S T  - - - " 
C L E A N I N G  - - - - " 
HYOROGEN P E R O X I D E  " 
S T R I P P I N G  - - - - " 
WAFER SURFACE - - " 

P H O T O R E S I S T  SYST. 
8 l S A Z I O E  R E S I S T  -> 2 7 3  
C R O S S L I N K I N G  - - " 
R E C I P R O C I T Y  F A I L .  " 

P H J T O V O L T A I C  C E L L  
A C E T O N I T R I L E  - -> 6 0 3  
E F F I C I E N C Y  - - -  
G A A S  - - - - - -  .. 
L I  O U I O  J U N C T I O N  - " 
R E G E N E R A T I V E  C E L L  * 
S I N G L E  C R Y S T A L  - * 

P H O T O V O L T A I C  PRO. 
AMORPHOUS SEMICO.> 6 8 8  
D E P O S I T I O N  - - - " 
E L E C T R O N  A F F l N I T Y > I O 8 I  
H Y M O G E N  CONTENT 6 8 8  
I N O I U M  S E S O U I O X I .  1 0 8 1  
MASS SPECTROMETRY 6 8 8  
O X I D E  SEMICONDUC. 1 0 8 1  
S I L I C O N  - - - - - 6 8 8  

P t l T H A L I M I O E  
A L K A L I N E  SOLUT I O N > L 6 9 3  
E P O X I D E  D l M E R S  - " 
K I N E T I C  A N I L Y S I S  " 
R E D U C T I O N - - - -  " 
STRUCTURAL ANALY. " 

P H I S I C A L  MODEL 
DOPANT E F F E C T  - - > I 5 2 3  
O X I D A T I O N  K I N E T I .  " 
PO l N T  E F F E C T  - - " 

S I L I C O h  D I O X I O E  - - 
P H Y S I C A L  PPOPERT. 

C E R A M I C S  - - - -> 1 
D T A  - - - - - - - ., 
I O N I C  C O N D U C T I V I .  .' 
L I T H I U M  O X I D E  - - " 
M O I S T U R E  CONTENT * 

P H Y S I C A L  STRUCTU. 
D I S C H A R G E  C A P A C I . > I B 9 9  
POROUS I R O N  ELEC.  " 
POWDER R E D U C T I O N  " 
S I h T E R I N G - - - -  qo 

P I P E  Y I E L D  
BORON GETTER I N G  ->I 7 5 4  
L S I D E V I C E  - - -  " 
O X Y C H L O R I D E  - - - " 

PHOSPHORUS - - - " 

S I L I C O N  - - - - - " 

P I T  GROWTH 
CORROSION - - - - > I 6 6 2  
M A T H E M A T I C A L  MOD. .. 
P I T  I N I T I A T I O N  - " 
S A L T F I L M - - - -  " 
TRANSPORT LAW - - " 

P I T  I N I T I A T I O N  
A L U M I N U M  P I T T I N G  > I 8 5 5  
C H L O R I D E  I O N  - -> 9 1 9  
C H L O R I D E  P I T T I N G  1 8 5 5  
COMPLEX I O N  - - - " 
CORROSION - - - - > I 6 6 2  
D I S S O L U T I O N  - - - 9 1 9  
M A T H E M A T I C A L  MOD. 1 6 6 2  
N I C K E L  O X I D E  F I L M  9 1 9  
P A S S I V A T I O N  - - - " 
P I T  GROWTH - - - 1 6 6 2  
S A L T  F I L M  - - - - " 
TRANSPORT L A M  - - " 

P I T T I N G  
A U S T E N T I C  - - - -> 
C A T H O D I C  R E A C T I O N >  
CORROSION - - - - 
C R E V I C E  CORROSION 
CURRENT D I S T R I B U -  
D U P L E X  3 0 8  - - - 
INTERGRANULAR - - 
M A T H E M A T I C I L  MOD. 
MICRCSTRUCTURE - 
PHASE TRANSFORMA. 
S T A I  N E S S  S T E E L  - 

:CLE SUBJECT INDEX 

P R I M A R Y  TERM PAGE 
CO-TERM NO. -- - 

P I T T I N G  POTENT IN 
A L U M I N U M  - - - - > I 6 5 9  
A N O D I C  B E H A V I O R  - ."  
C H L O R I O E  I O N  - - " 
N I T R A T E  I O N  - - - " 
P A S S I V I T Y  - - - - " 

P I T T I N G  R E S I S T A N -  
C O L D  P L b S T I C  DEF.>2075 
C O R R O S I C N  - - - - " 
S A L T  S O L U T I O h  - - " 
S T A I N L E S S S T E E L -  " 

P L A N A R  D E V I C E  
C H L O R I h E  INCORPC.> 1 4 3  
HYDROCHLORIC A C I D  " 

O X I D A T I C N  - - - - " 
S I L I C O N  - - - - - .' 

P L A N A R  D I F F U S I O N  
D I F F U S I O N  PROCESS> 1 3 5  
G * A s - - - - - -  " 
P L A N A R  JUNCTION - " 
S I L I C O N  D I O X I D E  - " 
T I N O O P I N G  - - -  " 

P L A N A R  G A L L I U M  
A L U M I N U M  O I F F U S I . >  2 9 2  
M A S K I N G  STRUCTURE " 
S I L I C O h  - - - - - " 

P L a N A R  J L L C T I O N  
D I F F U S I O N  PROCESS> 1 3 5  
GAAS - - - - - -  " 
P L A N A R  O I F F U S I D N  " 
S I L I C O N  D I O X I D E  - " 

T I N O O P I N G  - - -  " 

P L A N A R  REACTOR 
D E P O S I T I O N  R A T E  -> 9 3 0  
PLASMA - - - - - '' 
S I L I C O L  O X I D E  - - " 

P L A N E  V E R T I C A L  
CATHODE - - - - -> 2 3  
CONVECT I O N  - - - * 
COPPER - - - - - * 
CURRENT D E N S I T Y  - " 
E L E C T R O O E P O S I T I O N  " 

nnss T ~ A N S P O R T  - I 

PLASMA 
D E P O S I T I O N  R A T E  -> 9 3 0  
P L A N A R  REACTOR - " 
S I L I C O N  O X I D E  - - " 

P L A S M A  D E P O S I T I O N  
A N N E A L I h G  - - - - > I 7 5 0  
C O N T A M I h A T I C N  - -> 3 1 9  
GLOW D I S C H A R G E  - " 

H Y D R O G E L A T I O N  - - 1 7 5 0  
P L A S M A  E T C H I N G  - 3 1 9  
R A D I A T I C N  DAMAGE " 
S I L I C O N  N I T R I D E  - 1 7 5 0  
S P U T T E R I N G  - - - 3 1 9  

PLASMA E T C H I N G  
CARBONTETRAFLUOR.> 2 2 6  
C O N T A M I L A T I C N  - -> 3 1 9  
D I O D E  SYSTEM - - 2 2 6  
E L E C T R C S T A T I C S  - > I 4 2 6  
F I L T R A T I O N  - - - " 
GLOW D I S C H A R G E  - 3 1 9  
I O N  R O L E  - - - - > I 0 2 4  
M I C R O M I N I T U R I Z A T .  1 4 2 6  
MICROWAVE - - - - 1 0 2 4  
N E U T R A L  S P E C I E S  - " 

PHOTOLITHOGRAPHY 1 4 2 6  
P H O T O R E S I S T  - - - * 
PLASMA D E P O S I T I O N  3 1 9  
R A D I A T I C N  DAMAGE " 
R E A C T I V E  SPUTTER. 2 2 6  
S I L I C O h  - - - - - 1 0 2 0  
S P U T T E R I N G  - - - 3 1 9  

PLASMA TEHPERATU. 
E M I S S I O N  SPECTRUM> 4 6 0  
GLCW D I S C H A R G E  - " 

N I T R O G E N  - - - - '' 
R F  P L A S M A  - - - - - 
R O T A T I C N A L  TEMPE. " 

P L A S T I C  E N C A P S U .  
A L U M I N U M  A L L O Y  -> 1 1 0  
CORROSICN T E S T  - " 
I N T E G R A T E D  C l R C U -  " 

M E T I L L I Z A T I O N  - - " 

P R I M A R Y  TERM P A G E  
CO-TERM NO. - 

P U T  I N G  
D I R E C T  CURRENT - > I 6 3 3  
H Y W O G E N  PERMEAT. " 
P U L S E D  P L A T I N G  - " 

P L A T I N G  C Y C L E  
D I R E C T  CURRENT -> 8 8 1  
M E T A L  O U A N T I T Y  - " 
P U L S E D  P L A T I N G  - " 

P L A T  I N U Y  
AC A D M I T T A N C E  - -> 4 2 4  
A G I N G  K I N E T I C S  -> 5 9 2  
A N I O N  I N F L U E N C E  - > P I 4 0  
ANNEAL - - - - -> 2 7 7  
ANOOE - - - - - -> 5 5 5  
A N O D I C  A C T I V A T I O N >  7 8  
AUGER SPECTROSCO. > 6 7  

7 8  
C H A N N L I N G  - - - 2 7 7  
CHROMIUM - - - - " - - - - > I 0 4 7  
CONSTANT CURRENT 5 5 5  
CONSTANT P O T E N T I .  " 
CURRENT PEAK - -> 2 5 7  
D E G R A D A T I O N  - - - 1 0 4 7  
D I F F R A C T I O N  - - - 2 7 7  
E L E C T R O C A P I L L A R Y  > 2 5 2  
E L E C T R O C A T N Y S I S  6 7  

7 8  
> 2 1 8  

2 1 4 0  
E L E C T R O N  D I F F R A C .  6 7  
E L E C T R O O X I D A T I O N  2 1 8  
E L E C T R O S O R P T I O N  - 2 5 7  - 2 1 4 0  
E P I T A X I A L  R E L A T I .  2 7 7  
E T H Y L E N E  - - - - 2 1 8  
EXTENSOMETER - - 2 5 2  
HYDROGEN ABSORPT. 6 7  
HYDROGEN AOATOM - 2 5 7  
HYDROGEN MONOLAY. 2 1 4 0  
I M P A T T  O I O D E  - - 1 0 4 7  
I N T E R D I F F U S I O N  - " 
I N T E R F A C E  - - - - 4 2 4  
M E T A L L I Z A T I O N  - - 1 0 4 7  
ORTHOPHOSPHORIC -> 7 8 6  
O X I D E  F I L M  GROWTH 5 5 5  
OXYGEN M N O L A Y E R  5 9 2  

2 1 4 0  
OXYGEN R E D U C T I O N  7 8  

7 8 6  
P A R A L L E L M E C H A N I .  " 
P E R T U R B A T I O N  PRO. 5 9 2  
P E R T U R B A T I O N S  - - 2 5 7  
P n  DEPENDENT - - 5 5 5  
P O T E N T I A L  - - - - 2 5 7  
P O T E N T I O D Y N A M l C S  2 1 8  

5 9 2  
R O T A T I N G  D I S K  - - 4 2 4  
S A L T  S O L U T I O N  - - 2 5 2  
S A P P H N I E  - - - - 2 7 7  
S I L I C O N  - - - - - 1 0 4 7  
S I L V E R  - - - - -  " 

S I N G L E  C R Y S T A L  - 6 7  
- 7 8  

STRUCTURE S E N S I T .  6 7  
7 8  

S U L F U R I C  A C I D  - - 4 2 4  - - 2 1 4 0  

SUEFACE STRESS - 2 5 2  
SWEEP FREQUENCY - 4 2 4  
VOLTAMMETRY - - - 7 8 6  

P L A T I N U M  D I S S O L U .  
OXYGEN R E D U C T I O N  > I 6 3 1  
PHOSPHORIC A C I D  - * 

P L A T I N U M  ELECTRO. 
A-C IMPEOENCE - - > I 1 6 6  
A N O D I C  O X I O A T I O N  > 4 3  

> 1 8 7  
,1687 . -.. 

B O R A T E  BUFFER - - 1 8 7  
C E R I U M  O I D X I O E  - > I 1 5 5  - 1 1 6 6  
C H L O R I N E  - - - - > 2 0 9 C  
C O B A L T  D I O X I D E  - 1 8 7  
D I A B E T E S  - - - - 4 3  
E V O L U T I O N  K I N E T I .  2 0 9 C  
EXCHANGE CURRENT 1 1 5 5  
GLUCCSE O X I D A T I O N >  2 3 7  
GLUCOSE SENSOR - 4 3  - 1 6 8 7  
I M P L A N T A T I O N  - - 4 3  
I N H I B I T I O N  - - - 1 6 8 7  
K I N E T I C  PHENOMENA 237 
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P R I M A R Y  TERM P A G E  

CO-TERM NO. 

- 
P L A T I N U M  ELECTRO. I CONTOJ 

KREBS-RINGER - - 4 3  - - 2 3 7  - - 1 6 8 7  
L I N E A R  F O T E N T I A L  4 3  
MANGANESE PORPHY.> 7 0 5  
MASS TRANSPORT - 2 3 7  
MOSSBAUER SPECTR. 1 8 7  
O V E R P O T E N T I A L  - - 1 1 5 5  
O X I D E  F I L M  - - - 20% 

PHOTOELECTROCHEM. 7 0 5  
P O L A R I Z A T I O N  - - 1 1 5 5  - - 1 1 6 6  
T R A N S I E h T  DECAY - " 

URE, - - - - - - 1 6 8 7  

V E T  SOLAR C E L L  - 7 0 5  

R A T I N U M - C X Y G E N  
D I A P H R A G M  - - - - > I 5 0 2  
OXYGEN F E O U C T I O N  " 
P O L A R I Z A T I O N  - - " 

P O I N T  D E F E C T  
C E R I U M  D I O X I D E  -> 2 0 9  
C H E M I C A L  O I F F U S I . >  6 7 3  
C O B A L T  MONOXIDE ->  7 6 0  
COPPER D O P I N G  - - > 2 1 8 3  
D E F E C T  STRUCTURE 2 0 9  
DOPANT EFFECT - - 5 1 5 1 6  
E L E C T R C T R A N S W R T  7 6 0  
I R O N  S U L F I D E  - - 6 7 3  

NONSTOICHIOMETRY 2 0 9  

6 7 3  
O X I D A T I O N  K I N E T I .  1 5 1 6  
O X I O A T I C N  THEORY 7 6 0  
O X I D E  SEMICONDUC. 2 0 9  
S I L I C O N  D I O X I D E  - 1 5 1 6  
SWEEP VCLTAMMETRY 2 1 8 3  
THERMOGRAVIMETRV 2 0 9  
T R A N S I T  I C N  M E T A L  7 6 0  
VALENCE CHANGE - 2 1 8 3  
Z I R C O N I A  - - - - ' 

P O I N T  E F F E C T  
DOPANT E F F E C T  - - > I 5 2 3  
O X I D A T I C N  K I N E T I .  " 
P H Y S I C A L  MODEL - " 
S I L I C O h  O I O X I O E  - " 

P O L A R I Z A T I O N  

A-C IMPEDENCE - - > I 1 6 6  
A L T E R N A T I N G  VOLT.>l9OB 
C E R I U M  C I O X I O E  - > I 1 5 5  

- 1 1 6 6  
CHARGE STORAGE - > I 9 5 8  
CORROSICN PCTENT. 1 9 0 8  
D I A P H R A G M  - - - - > I S 0 2  
O I E L E C T R I C  PROPE. 1 9 5 8  
E L E C T R E T  - - - - > I 7 0 8  
E L E C T R I C A L  PROPE. 1 9 5 8  
EXCHANGE CURRENT 1 1  5 5  
F A R A O A I C  R E C T I F I .  1 9 0 8  
HETEROCHARGE - - 1 7 0 8  
L I F E  T E S T  - - - - > I 4 3 9  
MEMBRAhE - - - - 1 7 0 8  
M I L D  S T E E L  - - - 1 9 0 8  
O V E R P O T E N T I A L  - - 1 1 5 5  
O X I D E  C O A T I N G  - - 1 4 3 9  

OXYGEN R E D U C T I O N  1 5 0 2  
P A S S I V A T I O N  - - - 1 9 0 8  
P E R C H L C R I C  A C I O  - 1 4 3 9  
P L A T I N U M  ELECTRC. 1 1 5 5  

1 1 6 6  
PLATINUM-OXYGEN - 1 5 0 2  
POLYSTYLENESLLFO.  1 7 0 8  
P O L Y V I N Y L  ALCOHOL - 
POLVV I N V L  B U T V R A L  1 9 5 8  
P O T A S S I U M  - - - - 1 7 0 8  
SOOIUM - - - - - - 
S O D I U M  C H L O R I D E  - 1 4 3 9  
T I T A N I U M  ANODE - " 

T R A N S I E h T  DECAY - 1 1 6 6  

POLAROGRAFHY 
A C T I N  - - - - - - > I 4 7 1  

B I T H I A Z C L E  - - - > 2 0 9 1  
B L E O M Y C I N  - - - - * 
C Y C L I C  VOLTAMMET. " 
I O N I C  P E R M E A B I L I .  1 4 7 1  
MEMBRANE P R O T E I N S  " 
M E T A L  CCMPLEX - - 2 0 9 1  
P Y R I M I D I N E  - - - " 
REOOX - - - - - - * 
S P E C T R l h  - - - - 1 4 7 1  
T A L L Y S O M V C I N  - - 2 0 9 1  

NAL OF THE ELECTROC 

P R I M A R Y  TERM P A G E  
CO-TERM NO. 

- - - 
P O L L U T I O N  CONTROL 

IOOINE - - - - - > l a 4 2  
S O D I U M  S U F A T E  - " 
S O L I D - S T A T E  PROBE " 
SULFUR D I O X I D E  - - 
SULFUR PROBE - - " 
SULFUR T R I O X I O E  - " 

P a Y C H R O M A T E  
B I  S U L F A T E  CATALY.> 1 9 0  
CATHODE F I L M  - - " 
CHROMIUM - - - - " 
E L E C T R O O E P D 5 1 T I O N  " 

P O L Y D I M E T H Y L S I L O .  
I O N  BEAM - - - -> a 8 3  
L I  THOGRAPHV - - - " 
PATTERN ounrcnr.  - 
POLYMETHYLMETACR.  " 
R A O I A T I O N  V I E L O  - " 
R E S I S T  M A T E R I A L  - " 

P I L Y E S T E R  F I L M  
H I G H  R A T E  - - - -> 6 9 1  
I N O I U M O X I O E  - -  " 
R E A C T I V E  SPUTTER. " 
T I N  D O P I N G  - - - " 

P I L Y I M I O E  
O I E L E C T R I C  F I L M  ->  2 6 9  
SPUN-ON F I L M  - - " 
T H I C K N E S S  P R O F I L E  " 
T H I N  F I L M  - - - - " 

P a Y M E R  
CHLOROACRYLATE - > I 8 2 9  
COhDUCTANCE - - - > I 6 8 2  
CORROSION - - - - > > I 5 9  
D I F F U S I O N  - - - - 1 6 8 2  
ELECTRON BEAM - -> 6 9 4  - - 1 8 2 9  
ENVIRONMENT - - - 2 1 5 9  
FLOW CONTROL - - * 
F U E L  C E L L  - - - - 1 6 8 2  
H A L O G E N  - - - - - " 
HYDROGEN - - - - n 

I N T E G P A T E O  CIRCU.  1 8 2 9  
L I T H O G R A P H Y  - - - 6 9 4  
MOLECULAR D B I T A L  1 8 2 9  
N A F I O N  MEMBRANE - 1 6 8 2  

P E R M E A T I O N  - - - 2 1 5 9  
POLVMETHLCRVLONI .  6 9 4  
P O S I T I V E  R E S I S T  - 1 8 2 9  
R E S I S T  - - - - - 6 9 4  
TRACE GAS - - - - 2 1 5 9  
TRANSPORT PROPER. 1 6 8 2  
T R I F L U O R O E T H Y L  - I 8 2 9  
X-RAY - - - - - - 6 9 4  

POLYMER M I X T U R E  
M E T H 4 C R Y L I C  A C I O  > I 8 8 1  
METHACRVLOYL CHL. " 
METHVL METHACRVL. " 

P O S I T I V E  R E S I S T  - - 
P a Y M E A  R E 5 1  S T  

ELECTRON BEAM - - > I 6 9 9  

E L E C T R O N  R E S I S T  - " 
- > I 7 0 3  

G L V C I D Y L  METHACR. 1 6 9 9  
1 7 0 3  

HALOSTYRENE - - - 1 6 9 9  
L I T H O G R A P H Y  - - - I - - - 1 7 0 3  
N E G A T I V E  - - - - 1 6 9 9  
WAFER F A B R I C A T  I O N  1 7 0 3  

P O L Y M E R I Z A T I O N  
A C F Y L I C  A C I D  - -> 9 3 9  

C V D  - - - - - - - > I 7 2 8  
O I E L E C T R I C S  - - - " 

E L E C T R O C A T N Y S I S  9 3 9  
I N F R A R E D  ABSORPT. 1 7 2 8  
L O U  TEMPERATURE - " 

MORPHOLOGY CONTR.> 1 5 6 7  
NEOOVMIUM PENTAP. " 
O X I D A T I O N  - - - - 1 7 2 8  
POLYPHOSPHORIC A. 1 5 6 7  
REOOX - - - - - - 9 3 9  

R I N G  D I S K  ELECTR. '. 
S I L A N E  - - - - - 1 7 2 8  
S I N G L E  C R Y S T A L  - 1 5 6 7  

P I L Y M E T H A C R Y L O N I .  
ELECTRON BEAM - -> 6 9 4  
L I T H O G R A P H Y  - - - n 

POLYMER - - - - - I 

lHEMICAL SOCIETY 

P R I M A R Y  TERM PAGE 
CO--TERM NO. 

- 
POLYMETHACRYLONI .  (CONTO) 

R E S I S T  - - - - - 6 9 4  

POLYMETHVLMETACR. 
I O N  B E A U  - - - -> 4 8 3  
I ,TU"C.C.FU" - - - " - - . . . - - . . . . . . . 
P A T T E R N  OUPLICAT.  - 
POLYOI METHILSILC. * 
R A O I a T I O N  Y I E L D  - " . .- -- 

R E S I S T  M A T E R I U  - " 

POLYMETHVLMETHAC- 
D E V E L O P I N G  T I N E  - > I 4 3 0  
E L E C T R C N  B E A M  - - " 

L I N E  W I C T H  - - - " 
R E S I S T  - - - - - " 
SLOPE A N G L E - - -  " 

POLYPHOSPHORIC A. 
MORPHOLCGY C O N T R r > l S 6 7  
NECOYMIUV PENTAP.  " 
P O L Y M E R I Z A T I O N  - " 
S I N C L E  CRVSTAL - " 

P O L Y S I L I C C N  
A L U U I N U M  - - - -> 1 6 2  
A L U M I N U M  C O V E R A G E > 1 3 3 5  
ATGQN - - - - - - " 
AUGER S F E C T R O S C C - > I 7 6 6  
C A P A C I T O R  - - - - 1 6 2  
CVD - - - - - - - 1 3 3 5  - - - - - - - 1 7 6 6  

D I E L E C T R I C  BREAK. 1 6 2  
D O P I N G  - - - - - > I 7 7 9  
E V A P O R A T I O N  - - - 1 3 3 5  
F A B R I C A T I O N  - - ->1*1S 
I N S U L A T I O N  - - - I 3 3 5  
I N T E G R A T E D  CIRCU.  I 4 1 5  
I O N  I M P L A N T A T I O N  1 7 7 9  
LOW TEMFERATURE - * 
N O S - L S I  - - - - - 1 4 1 5  
O X I D a T I O N  - - - - 1 7 7 9  
OXYGEN CONCENTRA. 1 7 6 6  
P R E S S U F E  V A R I A T I .  1 3 3 5  
S E M I I N S U L A T I C N  - 1 7 6 6  
S I L I C O N  D I O X I D E  - 1 6 2  - 1 3 3 5  
V L S l  D E V I C E  - - - 1 7 7 9  
x p s  - - - - - - - 1 7 6 6  

P O L Y S I L I C C N  F I L M  
C V D  - - - - - - -> 8 3 3  - - - - - -  -> 8 3 8  
LOW PRESSURE - - 8 3 3  
O X I O A T I C N  - - - - 8 3 8  
PHOSPHCFUS D O P I N G  8 3 3  

8 3 8  
R E S I S T I V I T Y  - - - 8 3 3  

POLYSTYRENE 
CHLOROMETHYLATEO > I 6 2 8  
ORV E T C H I N G  - - - " 
E L E C T R O h  R E S I S T  -> 6 9 6  
MONOOISPERSE - - " 
N E G A T I V E  - - - - " 

N E G A T I V E  R E S I S T  - 1 6 2 8  
S U B M I C F C N  TECHNC. " 

POLYSTYRENESULFO.  
E L E C T R E T  - - - - > I 7 0 8  
HETEROChARGE - - " 
MEMBRANE - - - - " 
P O L A R I Z A T I O N  - - " 

P O L V V I N Y L  ALCOHOL - 
P O T 9 S S I U Y  - - - - " 
S O D I U M  - - - - -  " 

P O L Y T Y P I  SY 
CADMIUM H A L I D E  -> 3 2 5  
CRYSTALLOGRAPHY - * 
D I F F R A C T I C N  - - - " 

M I X E D  C F Y S T A L S  - " 

VAPOR GROWN - - - " 

P O L Y V I N V L  ALCOHOL 
E L E C T R E T  - - - - > I 7 0 8  
HETEROCHARGE - - " 

MEMBRANE - - - - " 
P O L A R 1  Z A T I O N  - - " 
POLYSTYCENESLLFO.  " 
P O T A S S I U M - - - -  * 
S O D I U M  - - - - - " 

P O L Y Y I N I L  B U T Y R A L  
CHARGE STORAGE - > I 9 5 8  
D I E L E C T R I C  PROPE. " 

December 1979 

P R I M A R Y  TERM PAGE 
CO-TERM NO. 

-- - 
P I L V V I N V L  B U T Y R A L  I C O N T D J  

E L E C T R I C A L  PROPE. 1 9 5 8  
P O L A R I Z A T I O N  - - " 

P m o u s  CATHODE 
M A T H E M A T I C A L  MOO.>2125 
M E T A L  D E P O S I T I O N  " 
M U L T I P L E  R E A C T I O .  " 

POROUS ELECTRODE 
C O M P E T I N G  R E A C T I . > 1 9 2 8  
C O N V E C T I O N  - - - > I 7 1 3  
O I F F U S I O N  - - - - " 
ELECTRODE MODEL - > I 8 3 5  
M I G R A T I O N  - - - - I 7 1 3  
M O L T E N  S A L T  - - - " 
M U L T I P L E  R E A C T I D .  1 9 2 8  
R E A C T I O N  P R O F I L E  1 8 3 5  
REACTOR A N A L Y S I S  1 9 2 8  
S I L V E R  C K O R I O E  -> 9 6 5  
S I N G L E  PORE ELEC. " 
S O L U B L E  R E A C T A N r  " 
SURFACE MORPHOLO. 1 8 3 5  
TRANSPORT E O U A T I .  1 7 1 3  
Z I N C  PORE ELECTR.  1 8 3 5  

POROUS I R O N  ELEC. 
0 1  SCHARGE CAPAC1.>1899 
P H V S I C A L  STRUCTU. " 
P O I O E R  R E O X T I O N  " 
S I N T E R I N G  - - - - * 

P O S I T I V E  D I A Z O  
DEVELOPER T E M P E R - > 2 0 2 6  
DEVELOPMENT R A T E  - 
E L E C T R O N  BEAM - - " 
L I  YE EDGE P R O F I L E  " 
O P T I C A L  EXPOSURE - 
P H O T O R E S I S T  - - - " 

P O S I T I V E  ELECTRO. 
C O R R O S I O N  F I L M  - > I 8 4 8  
L E A O  A C I O  B A T T E R Y  " 
P H O S P H O R I C  A C I D  - " 

P O S I T I V E  P L A T E  
L E A O  A C I D  B A T T E R Y >  7  

L E A D  O I O X I O E  - - " 
L E A D  S U L F A T E  - - " 
O X I D A T I O N  - - - - " 
S U L F U R I C  A C I O  - - " 

P O S I T I V E  R E S I S T  
CHLOROACRVLATE - > I 8 2 9  
T"P"l "HFR - - - -> 16. -- -- - . .. 
E L E C T R O N  B E A M  - - 1 8 2 9  
I N T E G R A T E D  CIRCU.  " . -  - . . 
L I T H O G R A P H Y  - - - 1 5 4  - ~ 

N E T H A C R I L I C  AC I D  

METHACRYLOYL CHL. 
METHYL METHACRVL. 

MOLECULAR O B I T &  
POLYMER - - - - - 
POLYMER M I X T U R E  - 
R A D I A T I O N  S E N S I T .  
T R I F L U O R O E T H Y L  - 

P O T A S S I  UM 
C E S I U M  - - - - -> 3 4 7  
E L E C T R E T  - - - - > I 7 0 8  
HETEROCHARGE - - " 
I O N  S E L E C T I V E  - - 3 4 7  
MEMBRANE - - - - 1 7 0 8  
P O L A R I Z A T I O N  - - * 
POLYSTYRENESULFO.  " 

P O L V V I N Y L  ALCOHOL " 
P V C  M A T R I X  - - - 3 4 7  
S O D I U M  - - - - - 1 7 0 8  
Z I N C  F E R R O C Y A N I O E  3 4 7  

P O T A S S I U M  B R O M I D E  
A L U M I N U M  B R O M I D E  > I 4 7 4  
A R O M A T I C  HYOROCA. " 
C Y C L I C  VOLTAMMET. " 
SURFACE PROCESSES " 

P O T A S S I U M  C H L O R I  . 
A N O D I C  CORROSION . > I 0 8 7  

> I 0 9 3  
C H P O N O A M P E R O M E T W > l 9 0 2  
E U T E C T I C  - - - - 1 0 8 7  - - - -  1 0 9 3  
F U E L  C E L L  - - - -> %O 
F U S E 0  S A L T  - - - 1 0 8 7  

- - - 1 0 9 3  
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P R I M A R Y  TERM PAGE 
CO-TERM NO. 

- 
P R I M A R Y  TERM PAGE 

CO-TERM NO- - 
P R I M A R Y  TERM PAGE 

CO-TERM NO- 

- 
P R I M A R Y  TERM PAGE 

CO-TERM NO. -- - 
P O T A S S I U M  C K O R I .  I C O N T O 1  

F U S E D  S A L T  - - - 1 9 0 2  
J U N C T I O N  P O T E N T I ~ > l 6 1 8  
L E A O  C H L O R I D E  - - 1 9 0 2  
L E A O  S U L F I D E  - - " 
L I T H I U M  C H L O R I D E  9 6 0  

1 0 8 7  
1 0 9 3  

M I G R A T I C N  POLARA. 9 6 0  
MOLTEN CARBCNATE " 
MOLTEN S A L T  BATT. " 

OX I D A T  I C N  - - - - 1 9 0 2  
S I L V E R  - - - - - 1 6 1 8  
S I L V E R  C H L O R I D E  - " 
S U L F I O A T I D N  - - - L O 9 3  
THERMAL L I Q U I D  - 1 6 1 8  
THERMOCELL - - - " 
TRANSPCPT ENTROPY " 
VOLTLMMETRV - - - 1 0 8 7  - - -  1 0 9 3  

POTENTIOMETRY I C O N T O I  
CHRONOAMPEROMETRY 1 0 2 9  
COPPER - - - - - " 

D l  SK ELECTROOE - " 
F U S E O  S A L T  - - - " 

P R I S M  COUPLER (CONTO) 
F I L M  T H I C K N E S S  - 1 5 3 9  
R E F R A C T I V E  I N D E X  " 
S I L I C O N  D I O X I D E  - " 
S I L I C O N  SUBSTRATE " 

P V R I  T E  I CONTD I 
E L E C T R O O E P O S I T I O N  9 1 1  
H Y W O G E N  S L C F I O E  * 
M A R C A S I T E  - - - - " 

PYROCATECMIL 
ADUEOUS S O L U T I O N  > I 4 0 6  
E T C H I N G - - - - -  - 
E T H Y L E N E O I U I N E  - I 

S I L I C O N  - - - - - I 

P O T E N T I O S T A T I C  
A C T I V A T I O N  E N E R G Y > 1 3 5 3  
N I C K E L  COBALT OX. " 
OXYGEN E V O L U T I O N  " 
P U L S E  - - - - - - " 
T E F L O N  BONDED - - * 

POWDER ELECTROOE 
ALUMINUM POWOER - > I 8 5 3  
L I T H I U M  - - - - - " 
M E T A L  S U L F I D E  - - " 
N E G A T I V E  ELECTRO. - 
RECHARGEABLE C E L L  " 

PROCESS CONTROL 
U L I P S C M E T R V  - - > I 5 8 9  
G A L S  - - - - - -  " 
G A L L I U M  P H O S P H I D E  ' 
R E S I D U A L  F I L M  - - " 

P R O C E S S I N G  
GOLD C C A T I N G  - - > I 5 1 4  
L I T H O G R A P H Y  - - - * 
P U L S E  ELECTROPLA. " 

P R O C E S S I N G  VARlA.  
REOUCT I G N  E T C H I N G >  8 4 9  
SEMICONDUCTOR - - ., 
T I T A N I U M  D I O X I D E  n 

P Y R O L V S I S  
E P I T A X I A L  L A Y E R S  > I 1 3 4  
GAAS E P I L A V E R  - - " 
LOW PRESSURE - - " 

QUANTUM E F F I C I E N .  
A L U M I N U M  ARSENIO€> 6 3 7  
B E R Y L L I U M  C O P I N G  > a 0 0 7  
D I O D E - - - - - -  6 3 7  
D I S L O C A T I O N  - - - " 
G A A S - - - - - -  n 

G A L L I U M  - - - - - 
L I G H T - E M I T T I N G  - n 

P H O T O E L E C T R O L V S I S  2 0 0 7  
S I L I C O N  - - - - - 6 3 7  
T I T A N I U M  D I O X I O E  2 0 0 7  
WATER O X I D A T I O N  - " 

POWDER R E D U C T I O N  
D I S C H A R G E  C A P A C I . > l 8 9 9  
P H Y S I C A L  STRUCTU. - 
POROUS I R O N  ELEC. " 
S I N T E R I N G  - - - - * 

P O T A S S I U M  HYDROX. 
C A T H O D I C  P O L A R I Z . >  5 3 5  
N I O B I U M  E L E C T R O O E  " 
SUQFACE CHANGE - " 
xps - - - - - - -  " 

PROPANE 
E L E C T R O C X I D A T I O N  > 7 7 5  
E T H A N E  - - - - - I 

F U E L  C E L L  - - - - * 
METHANE - - - - - " 
N-BUTANE - - - - I 

TRIFLUCROMETHANE " 

POWDERED PHOSPHOR 
A C T I V A T O R  - - - -> 1 0 6  
C O N C E N T R A T I O N  - - " 
L U M I N E S C E N C E  - - " 
QUENCHING MECHAN. " 
R A D I A T I O N - - - -  " 
RARE E A R T H  - - - " 

POUER 
C O B A L T  O X I D E  - - > I 8 1 7  
ELECTROOE M A T E R I -  " 

LANTHANUM STRONT. " 

T H E R M O E L E C T R I C I T Y  " 

POWEE SOURCE 
CATHODE - - - - - > I 3 1 1  
H O S T  L A T T I C E  - - " 
S O L I D  S O L U T I O N  - " 

P O T A S S I U M  I R O N  5. 
CATHODE - - - - -> 8 8 7  
I R O N  SULFUR - - - " 
L I T H I U M  B A T T E R Y  - " 
NONAQUEOUS C E L L  - " 

P O T A S S I U M  N I T R A T E  
K I N E T I C  S T A B I L I T Y > 2 0 9 5  
N I T R A T E  I O N  - - - " 
OXYGEN EXCHANGE - " 
RAMAN SPECTROSCO. " 

P O T A S S I U M  S U L F A T E  
D E C O M P O S I T I O N  - -> 4 9 0  
E F F U S l C h  - - - - " 

V A P O R I Z A T I O N  - - " 

QUARTERNARY 
O I F F R A C T I O M E T R Y  -> 664 
D O U B L E  C R Y S T A L  - " 
GROUP I I I - V  COMP. " 
I N D I U M  P H O S P H I O E  I 

I N G A P A S  - - - - - I 

L A T T I C E  M I S M A T C H  - 
L P E  - - - - - - -  * 

P R O P U L S I  C N  
E L E C T R I C  V E H I C L E  > I 3 2 1  
E L E C T R C L Y T E  FLOW " 
MEAT T R A N S F E R  - - * 
L E A O  A C I D  B A T T E R Y  " 

PROTON CONOUCTION 
ELECTRCCWIOME - -> 8 0 5  
PHOSPHOTUNGSTIC - I 

TUNGSTEN T R I O X I D E  * 
Z I R C O N I U M  PHOSPH. ' 

PSEUDOINDUCTANCE 
E Q U I V A L E N T  C I R C U . > I O 8 2  
IMPEDENCE PARAME. " 

QUENCHING MECHAN. 
A C T I V A T O R  - - - -> 1 0 6  
CONCENTRATION - - " 
L U M I N E S C E N C E  - - I 

POWDERED PHOSPHOR " 
R A D I A T I O N  - - - - " 
R A R E  E A R T H  - - - " P O T E k T I  A L  

A D S O R P T I O N  - - -> 6 0 8  
A L U M I N U M  - - - -> 1 9 9  
AQUEOUS S O L U T I O N  " 
C E L L  U I h E T I C S  - - 6 0 8  
CURRENT PEAK - -> 2 5 7  
E L E C T R O C H E M I C A L  - > 2 1 6 9  
E L E C T R O S O R P T I O N  - 2 5 7  
H V O R I O E F O R M  - - 1 9 9  
HYOROGEN ADATOM - 2 5 7  
L I T H I U M  B A T T E R V  - 6 0 8  
P E R T U R B A T I O N S  - - 2 5 7  
p H  - - - - - - - 1 9 9  
P H A S E  D I A G R A M  - - 6 0 8  
P L A T I N U M  - - - - 2 5 7  
S A L T  S O L U T I O N  - - 1 9 9  
SPECTRCSCOPY - - 6 0 8  - - 2 1 6 9  

T I T A N I U M  O I S L L F I .  6 0 8  
V O L T L G E  S T E P S  - - " 

P O T E N T I A L  O I S T R I .  
A N A L Y T I C  S O L U T I O N > 2 0 8 1  
A N O D I C  O I S S M U T I ~ > 2 1 5 0  
C A P A C I T A N C E  - - - > I 5 0 5  
F L A T B A N O  P O T E N T I .  *. 
F O U R I E R  A N A L V S I S  2 0 8 1  
I R C N  - - - - - - 2 1 5 0  

L I N E A R  P O L A R I Z A T +  2 0 8 1  
MOTT-SCCCTTKY - - 1 5 0 5  
P A S S I V E  F I L M  - - 2 0 8 1  
SCRATCH - - - - - 9, 

S U L F U R I C  A C I D  - - 2 1 5 0  
T I T A N I U M  D I O X I D E  1 5 0 5  

PRASEOOVMIUM 
CATHOOOLUMINESCE.> 3 0 5  
HOST S E N S I T I Z A T I .  " 
N O N R A O I A T I V E  PRO. " 
T E R B I U M - - - - -  " 
T R A P P I N G  - - - - " 
Y T T R I U M  O X I S U L F I +  * 

P U L S E  
A C T I V A T I O N  E N E R G V > I 3 S 3  
N I C K E L  COBALT OX. ' 
OXYGEN E V O L U T I O N  " 
P O T E N T I O S T I T I C  - I 

T E F L O N  BONDED - - " 

R A D I A L  HEAT GRAD. 
C Z O C H R A L S K I  - - -> 2 8 4  
G A L L I U M  D O P I N G  - a' 

GERMANIUM - - - - n 

H E A T  P I P E  - - - - " 
SEGREGATION - - - * 
SYMMETRY - - - - I 

P R E P A R A T I O N  
A L L O Y  - - - - - - > 2 1 6 2  
E L E C T R O D E P O S I T  I O N  " 
F O I L  - - - - - -  .. 
F U S E O  S 4 L T  - - - *s 

I R O N P L A T I N U M - -  " 

P U L S E  ELECTROPLA.  

GOLD C C A T I N G  - - > I 5 1 1  
L I T H O G R A P H Y  - - - " 
P R O C E S S I N G  - - - * 

R h O I A T I O N  
A C T I V A T O R  - - - -> 1 0 6  
C O N C E N T R A T I O N  - - " 
L U M I N E S C E N C E  - - " 
POWOEREO PHOSPHOR " 
QUENCHING YECHAN. " 
RARE E A R T H  - - - * 

P U L S E 3  I L L U M I N A T .  
F E R R I C  O X I D E  - -> 5 6  
F L A M E  C X I D A T I O N  - * 
PHOTOCURKENT - - " 
S I N T E R I h G  - - - - .. 
SOLAR C E L L  - - - " 

PRESSURE CONTROL 
CARBON D I O X I D E  - > 2 0 1 2  
F U R N A C E  - - - - - ms 

G A S  FLOW METHOD - " 
HYDROGEN - - - - " 
LOWER TEMPERATURE " 
OXYGEN PRESSURE - " 
W U S T I T E  P H A S E  - - " 

PRESSURE R E D U C T I .  
C V D - - - - - -  - > I 0 4 2  

D E P O S I T I O N  R A T E  - " 

I N T E G R A T E D  CIRCU. " 
PHOSPHORUS D O P I N G  " 
S I L I C O N  D I O X I D E  - " 

PRESSURE V A R I A T I .  
A L U M I N U M  COVERAGE>1335 
ARGON - - - - - - " 
CVO - - - - - - -  .. 
E V A P O R A T I O N  - - - " 
I N S U L A T I O N  - - - " 

P O L V S I L I C O N  - - - " 
S I L I C O h  D I O X I D E  - * 

R A D I A T I O N  DAMAGE 
C O N T A M I N A T I O N  - -> 3 1 9  
GLOW OISCHARGE - " 
P L A S M A  O E P O S I T I O N  " 
P L A S M A  E T C H I N G  - " 
S P U T T E R I N G  - - -  n 

P U L S E D  P L A T 1  NG 
D I R E C T  CURRENT -> 8 8 1  

- > I 6 3 3  
HYDROGEN PECMEAT. " 

MET& Q U A N T I T Y  - 8 8 1  
P L A T I N G  - - - - - 1 6 3 3  

P L A T I N G  C Y C L E  - - 8 8 1  

R A D I A T I O N  S E N S I T .  
C O W L Y M E R  - - - -> 1 5 4  
L I T H O G R A P H Y  - - - - 
M E T H A C R Y L I C  A C I D  q* 

METHYL METHACRYL. " 
P O S I T I V E  R E S I S T  - - P U R I F I C A T I O N  

ELECTROTRANSPORT >I 8 1  1 
H I G H  RESISTANCE - -# 

LOW PRESSURE - - I 

M I C R O G R A V I T V  - - " 
T H O R I U M  - - - - - * 

R A D I A T I O N  Y I  a 0  
I O N  BEAM - - - -> 4 8 3  
L I T H O G R A P H Y  - - - " 
P A T T E R N  D U R I C A T .  " 
P O L Y D I M E T H Y L S I L O .  " 
POLYMETHYLMETACR. " 
R E S I S T  M A T E R I A L  - - 

RAOIOCHEM I S T R Y  

BETA-ALUMINA - - > I 5 1 3  
MONOCRVSTAL - - - n 

S O D I U M - 2 2  L A B E L  - * 

RAMAN SPECTROSCO. 
K I N E T I C  S T A B I L I T Y > 2 0 9 5  
N I T R A T E  I O N  - - - " 
OXYGEN EXCHANGE - " 
P O T A S S I U M  N I T R A T E  " 

RARE E A R T H  
A C T I V A T O R  - - - -> 1 0 6  

P O T E N T I A L  PERTUP. 
E L E C T R O S O R P T I O N  - > I 1 7 2  
F I L M F O E M A T I O N  - " 
G O L J  ELECTROOE - - 
S O D I U M  H Y D R O X I D E  " 

PVC M A T R I X  
C E S I U M  - - - - -> 3r )7  

I O N  S E L E C T I V E  - - " 

P O T A S S I L M  - - - - " 
Z I N C  F E E R O C Y A N I O E  " 

P O T E N T I O O I N A M I C S  
A G I N G  K I N E T I C S  -> 5 9 2  
E L E C T R O C A T A L Y S I S  > 2 1 8  
E L E C T R C C X I O A T I O N  " 
E T H Y L E N E  - - - - " 
OXYGEN YCNOLAYER 5 9 2  
P E R T U R B A T I O N  PRO. " 

P L A T I N U M  - - - - 2 1 8  - - - - 5 9 2  

P R I M A R V  C E L L  
0 1  SCHARGE REACTI.> 5 1 3  
L l T H I U Y A N O D E - -  " 
S O L U B L E  CATHODE - " 
T H I O N Y L  C H L O R I D E  " 

P Y R I M I D I N E  
B I T H I A Z C L E  - - - > 2 0 9 1  
B L E O M Y C I N - - - -  I 

C Y C L I C  V Q T A M M E T .  " 
M E T A L  COMPLEX - - * 
POLAROGRAPHY - - " 
REOOX - - - - - - " 
T A L L Y S C M Y C I N  - - " 

P R I M A R V  R E S I S T A N .  
CLOSED FORM - - - > I 3 0 7  
R I N G  ELECTRODE - * 

POTENTIOMETRY 
C H L O R O A L U M I N A T E  ->I 0 2 9  

P R I S M  COUPLER 
O I E L E C T R I C  F I L M  - > I 5 3 9  

P Y R I T E  
CARBON S T E E L  - -> 9 1 1  
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P R I M A R Y  TERM PAGE 
CO-TERM NO. - 

RARE E A R T H  I C O N T O 1  
CONCENTRATION - - 1 0 6  
L U M I N E S C E N C E  - - " 

POUDEREO PHOSPHOR " 

D U E N C H l h G  MECHAN- " 
R A D I A T I O N  - - - - " 

RARE E A R T H  A C T I V -  
C E R I U M  D O P I N G  - - > I 2 1 3  - - > I 2 2 1  
OECAY PROCESS - - I 2 1 3  
E U R O P I U M  D O P I N G  - 1 2 2 1  
G A D O L I N I U M  D O P I N G  " 

GARNET FrOSPHORS 1 2 1 3  
1 2 2 1  

T E R B I U M  D O P I N G  - - 
THERMAL O E P E W E N .  1 2 1 3  

1 2 2 1  

R A T E  C A P A e I L I l Y  
C A P A C I T Y  - - - -> 5 2 3  
D I S S O L V E 0  SULFUR " 
L I T H I U M  B A T T E R Y  - " 

O R G A N I C  ELECTPOL. " 
SECONDARY B A T T E R Y  " 
SYSTEM S T A B I L I T Y  " 
TETRAHYDROFURAN - " 

P R I M A R Y  TERM PAGE 
CO-TERM NO. - 

P R I M A R Y  TERM PAGE 
CD-TERM NO. 

P R I M A R Y  TERM PAGE 
CO-TERM NO- 

- - 
RECHARGEABLE.CELL 

ALUMINUM POWDER - > I 8 5 3  
L I T H I U M  - - - - - " 
M E T A L  S U L F I D E  - - " 
N E G A T I V E  ELECTRO. " 
POWDER ELECTRODE " 

R E F R A C T O R I E S  CCONTDI  
HOT-PRESSED - - - 1 7 2 3  
O X I O A T I C N  K I N E T I .  " 
S I L I C O N  N I T R I D E  - " 
Y T T R I U M  - - - - - " 

R E S I S T I V I T Y  S H I F T  I C O N T D J  
C O N D U C T I V I T Y  - - 1 7 9 2  
E L E C T R I C A L M E A S U .  " 
HYOROGEN O I F F U S I .  " 
p-T"pE - - - - - 
S I L I C O N  S U R F A C E  - " 

REGENERAT I O N  
ENERGY STORAGE -> 7 1 3  
HYOROGEk-CHLORINE " 
MASS H E A T  B L L A N C E  " 

S T O I C H I C M E T R Y  - - " 

R E C I P R O C I T Y  F A I L .  
B I S A Z I O E  R E S I S T  -> 2 7 3  
C R O S S L I N K I N G  - - " 
P H C T O R E S I S T  SYST. " 

R E V E R S A L  E T C H I N G  
C n R o M I u M  FILM - - > 1 ? 9 4  
G A S  PLASMA - - - " 
M O S - L S I  PROCESS - " 
PHOTOMASK - - - - " 

R E G E N E R A T I V E  C a L  
A C E T C N I I R I L E  -- -> 
E F F I C I E N C Y  - - - 
G A l S  - - - - - - 
L I O U I O  J U N C T I O N  - 
P H O T O V O L T A I C  C E L L  
S I N G L E  C R V S T A L  - 

R E L A X A l I O h  T I M E  
A L U M I N U M  - - - -> 
A N O O I Z A T I O N  - - - 
IMPEOENCE - - - - 
S T C I C H I C M E T R Y  - - 

REOOX 
A C R Y L I C  A C I D  - -> 9 3 9  
B I T H I A Z O L E  - - ->PO91 
B L E O M Y C I N  - - - - " 
CHARGE TRANSFER -> 8 5 5  
C Y C L I C  VOLTAMMET. 2 0 9 1  
0 1  Y ELECTRODE - > I 4 8 3  

R F  PLASMA 
E M I S S I O N  SPECTRUM> 
GLOW D I S C H A R G E  - 
N I T R O G E N  - - - - 
P L A S M A  TEMPERATU. 
R O T A T I O N A L  TEMPE. 

R e E O  
AUGER SPECTROSCO.> 
E L L f P S O M E T R I  - - 
G A A S  - - - - - - 
I N  S I T U  - - - - - 

L E E 0  - - - - - - 
SURFACE A N A L Y S I S  
VPE - - - - - - - 

- ~ 

E L E C T R O C A T U Y S I S  9 3 9  
E T C H I N G  - - - - - 8 5 5  
G A A S  ELECTRODE - " 

GROUP 1 1 1 - V  COMP. " 
M E T A L  COMPLEX - - 2 0 9 1  
PHOTOCORROSION - 1 4 8 3  
PHOTOEFFECT - - - 6 5 5  
PHOTON F L U X  - - - 1 4 8 3  
POLAROGRAPHY - - 2 0 9 1  
P O L Y M E R I Z A T I O N  - 9 3 9  
P Y R I M I D I N E  - - - 2 0 9 1  
R I N G  D I S K  E L E C T R -  9 3 9  
T A L L Y S O M Y C I N  - - 2 0 9 1  

R E L I A B I L I T Y  
CONNECTOR - - - - > I 7 9 8  
COPPER - - - - - " 
O I F F U S I C N - - - -  " 
GOLO A L L O Y  - - - . 
O X I O A T I C N  K I N E T I .  " 

R E A C T I O N  K I N E T I C S  
HYDROGEN - - - - > I 5 9 6  
U R A N I U M  W V O E R  - " 

R I N G  0 1 S K  ELECTR.  
A C R Y L I C  A C I D  - -> 9 3 9  
E L E C T R O C A T U Y S I S  " 
P O L Y M E R I Z A T I O N  - " 
REOOX - - - - - - . R E A C T I O N  MECHANI  - 

D I S C H A R G E  - - - - > 2 1 6 8  
n I G n  PRESSURE - -> 9 8 5  
H Y O R O G E I  E V O L U T I .  " 

L I T H I U M  - - - - - 2 1 6 8  
T H I O N Y L  C H L C R I O E  * 
T R A N S I T I O N  S T A T E S  9 8 5  

R E D U C I N G  C O N O I T I .  
D E C O M P O S I T I O N  - - > I 0 6 7  
N I T R I C  O X I D E  - - " 
S C A N O I A  D O P I N G  - " 

Z I R C O N I A  - - - - " 

R E O X I D A T  I O N  
A N N E A L I N G  - - - - > I 7 3 1  
C A P A C I T I N C E  - - - " 
H I G H  TEMPERATURE " 
O X I D E  F I L M  GROWTH " 

S I L I C O h  O X I D E  - - " 
T I T A N I U M  D I O X I D E  * 

R I N G  ELECTRODE 
CLOSED FORM - - - > I 3 0 7  
P R I M A R Y  R E S I S T A N .  " 

R E D U C T I O N  
A L K A L I N E  SOLUT I O N > 1 6 9 3  
A N C O I Z A T I O N  - - -> 8 0 3  
C A R B O X Y L A T I O N  - -> 4 0 4  
CATHOLYTE - - - - > I 4 9 6  
C A T I O N  R A D I U S  - - " 
CONDUCTION - - - 8 0 3  
COPPER D E P O S I T I O N >  1 7 1  
COULOMETRY - - - > 2 0 3 5  
C Y C L I C  VOLTAMMET. " 

D E R I V A T I V E  - - - 4 0 4  
E L E C T R G L E S S  - - - 1 7 1  
E P O X I O E  O I M E R S  - 1 6 9 3  
G A L V A N I C  C E L L  - - 1 7 1  
K I N E T I C  A N A L Y S I S  I 6 9 3  
L I T H I U M  - - - - - 2 0 3 5  
MOLTEN N I T R A T E  - 1 4 9 6  
N I T R A T E  S A L T  - - " 

O-CARBOXVMETHYL - b 0 4  
OPEN P A N  STUDY - 1.96 
O X I D A T I O N  - - - - 1 7 1  
P H T H A L I M I O E  - - - 1 6 9 3  
S I L V E R  BROMIDE - 8 0 3  
STRUCTURAL ANALY. 1 6 9 3  
SULFUR O X Y C H L O R I -  2 0 3 5  
S Y N T H E S I S  - - - - 4 0 4  
T A R T R O N I C  A C I D  - " 

THERMAL B A T T E R Y  - 1 4 9 6  

R E D U C T I O N  E T C H I N G  
P R O C E S S I N G  VARIA.> 8 4 4  
SEMICONDUCTOR - - " 
T I T A N I U M  D I O X I D E  " 

R O T A T I N G  D I S K  
AC A O M I T T A N C E  - -> 
C O D E P O S I T I O N  - -> 
C O N V E C T I V E  OIFFU.> 

> 
COPPER - - - - - 
O I F F U S I O N  CONTROL 
E L E C T R O L Y S I S  - -> 
E L E C T R O N  TRANSFER 

HYORODYNAMICS - - - - 
I N T E R F A C E  - - - - 
MASS TRANSFER - - 
P E R I O O I C  CURRENT 
P L A T I N U M  - - - - 
S I N U S O I O A L  - - - - - -  
S U L F U R I C  A C I D  - - 
SWEEP FREOUENCY - 
VOLTAMMETRY - - - - - -  
Z I N C  - - - - - - 

R E A C T I O N  CROER 
A L K A L  I N E  S O L U T I O N >  5 4 1  
CHRONOCCULOMETRY > 5 7 9  
CURRENT D E N S I T Y  - 5 4 1  
E L E C T R G ~ Y D R O D I M E .  5 7 9  
E O U I L I e E I U M  POTE. 5 4 1  
E T H Y L  CINNAMATE - 5 7 9  
L O U  TEMPERATURE - " 

METHYL CINNAMATE " 
Z I N C  ELECTRODE - 5 4 1  

R E S I D U A L  F I L M  
E L L I P S C M C T R Y  - - > I 5 8 9  
61.S - - - - - -  n . - 
G A L L I U M  P H O S P H I O E  " 
PROCESS CONTROL - " 

R E S I N  
O I A Z  IOE-5-SULFON.> 8 6 0  
E L E C T R C N  B E A M  - - " 
E p R  - - - - - - -  ,. 
MASS SPECTRCSCOPY 
0-NAPTHOOUINONE - " 
PHENOC I C - T Y P E  - - " 

R E A C T I O N  P R O F I L E  
ELECTRODE MGOEL - > I 8 3 5  
POROUS ELECTKODE " 
SURFACE MORPHOLO. " 
Z I N C  P C R E  ELECTR. " R E S I S T  

O E V E L O P I N G  T I M E  - > I 4 3 0  
E L E C T R O N  BEAM - -> 6 9 4  - - 1 4 3 0  
L I N E  U I D T H  - - - " 
L I T H O G R A P H Y  - - - 6 9 4  
POLYMER - - - - - " 
P I L Y M E T b A C R Y L O N I .  " 

POLYMETHYLMETHAC. 1 4 3 0  
SLOPE A N G E  - - - " 
X-RAY - - - - - - 6 9 4  

R E S I S T  M A T E R I A L  
I O N  B E A M  - - - -> 4 8 3  
L I T H O G R A P H Y  - - - " 
P A T T E R h  O U P L I C A T .  " 
D O L I O I  METHYLSILO.  " 
POLYUET+YLMETACR.  - 
R A D I A T I O N  Y I E L D  - '. 

R E S I S T A N C E  
CURRENT D I S T R I B U . > 1 3 4 8  
C Y L I N D R I C A L  C E L L  " 
D I S K  ELECTRODE - " 

R E S I S T I V E  CAPACI .  
C Y C L I C  VLKTAMMET.> 9 8 9  
IMPEOENCE - - - - " 

SMALL A M P L I T U D E  - " 
VOLTAMMCGRAM - - " 

R E A C T I O N  B A T E  
A N C D I C  C X I O A T I O N  > 5 8 3  
ELECTROCHROMISM - " 
F I L M  STRUCTURE - " 

TUNGSTEN T R I O X I O E  " 
VACUUM EVAPORAT I. " 

R O T A T I N G  ELECTRO. 
D I F F U S I O N  - - - -> 2 4 2  

- - - - >  . 
E L L I P S O M E T R Y  - - * - -  " 
I N T E R F A C E  POTENT. " 

I O N I C  CONDUCTOR - " - " 
R O T A T I N G  ELECTRO. " 

S I L V E R  S A L T  SOLU. " 

R E A C T I V E  I O N  E T C H  
CARBON TETRAFLUO.>1419 
E T C H I N G  - - - - - " 

HYOROGEh - - - - " 

S I L I C O N  O I O X I O E  - * 

R E A C T I V E  SPUTTER. 
CARBONTETRAFLUOR.> 2 2 6  
O l O J E  SYSTEM - - " 
nIcn R A T E  - - - -> 6 9 1  
I N D I U M  C X I O E  - - " 
PLASMA E T C H I N G  - 2 2 6  
P O L Y E S T E R  F I L M  - 6 9 1  
T I N  D O P I N G  - - - " 

R E D U C T I O N  MECHAN. 
B E N Z A L  C K O R I O E  -> 4 0 1  
CARBON D I O X I D E  - " 

D I M E T H Y L F O R M A M I D E  " 
R O T A T I N G  HEMISPH.  

L A M I N A R  FLOW - - > I 9 3 7  
L I M I T I N G  CURRENT " 
M A S S  TR4NSFER - - " 

R E f E C E N C E  ELECTR. 
AOUEOUS SYSTEM -> 9 0 8  
H I G H  TEMPERATURE " 
THERMAL C E L L  - - " 

R E A C T I V I T Y  
A D S O R P T I O N  - - -> 4 9 5  
H I G H L Y  C E A C T I V E  - " 
HYOROGEh - - - -  " 
TEMPERATURE OEPE. " 
U R A N I U M  POWDER - " 

R O T A T I O N A L  TEMPE. 
E * I S S I O N  SPECTRUM> 4 6 0  
GLOW D I S C H A R G E  - *# 

N I T R O G E N  - - - - " 
P L A S M A  TEMPERATU. " 
R F  PLASMA - - - - " 

R E F R A C T I V E  I N O E X  
D I E L E C T R I C  F I L M  - > I 5 3 9  
F I L M  T H I C K N E S S  - " 

I N T E G R L T E O  C I R C U - >  1 0 3  
L I O U I O  STANDARD - " 
P A S S I V A T I O N  L A Y E R  " 
P R I S M  COUPLER - - 1 5 3 9  
S I L I C O N  O I O X I O E  - " 
S I L I C O N  SUBSTRATE " 
TRANSPARENT F I L M  1 0 3  

R E F R A C T O R I E S  
C E R A M I C S  - - - - > I 7 2 3  
CORROSION - - - - " 

REACTOR 
FLOI-ThROUGn - - > I 8 8 5  
GASEOUS REACTANTS " 
T R I C K L E  BED ELEC. " 

R E S I S T I V I T Y  
CURRENT D E N S I T Y  - > I 4 7 9  
CVO - - - - - - -> 8 3 3  
L O U  PRESSURE - - 
M U L T I L A Y E R  ANALY. 1 4 7 9  
PHOSPHCCUS D O P I N G  8 3 3  
P O L Y S I L I C O N  F I L M  " 

S P R E A D I N G  R E S I S T .  1 4 7 9  

R U B I D I U M  C K O R I D E  
COPPER I O N  CONOU.>I6S4 
CUPROUS C H L O R I D E  " 
CUPROUS I O D I D E  - " 
S O L I D  E L E C T R O L Y T E  " 
X-RAY D I F F R A C T I O N  * 

REACTOR ' A N A L Y S I S  
C O M P E T I N G  R E A C T 1  . > I 9 2 8  
M U L T I P L E  R E A C T I C .  " 
POROUS ELECTRODE " 

R E S I S T I V I T Y  S H I F T  
C H E M I C A L  TREATME.>1792 
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P R I M A R V  TERM PAGE 
CC-TERM NO- - 

R U T H E N I U M  
C A T I O N  ABSORPTION> 9 5 4  
C H L O R I N E  E V O L U T I . > l 1 8 9  
C O N T L C T  M A T E R I A L  > 2 0 1 7  . . 
CONTACT R E S I S T A N -  " 
E L E C T R O C A T A L Y S I S  1 1 8 9  
ENERGV C O N V E R S I O N  9 5 4  
PHOTOAMODE - - - " 
PHOTOELECTRCCHEM. " 
R U T H E N I U M  O I O X I O E  2 0 1 7  
SOLAR C E L L  - - - 9 5 4  
S U L F I O A T I O N  - - - 2 0 1 7  
SURFACE TREATMENT 9 5 4  
TITANIUM O X I D E  - 1 1 8 9  
T I T A N I U M  SUPPORT. " 

R U T H E N I U N  D I O X I O E  
CONTACT M A T E R I A L  > 2 0 1 7  
CONTACT R E S I S T A N .  " 
C R Y S T A L  GROWTH - > I 6 2 5  
O P T I M U M  C O N D I T I O N  " 
R U T H E N I U M  - - - - 2 0 1 7  
S U L F l D A 7 1 0 N  - - - " 
THERMAL E X P A N S I O N  I 6 2 5  

R U T H E N I U M  O X I D E  
NONAOUEOUS SOLVE.> 4 0 7  
WORKING E L E C T R M E  ' 

R U T H E N I U M  T R I C H L -  
C H E M I S O R P T I O N  - -> 6 1 7  
SURFACE WAVE - - 
T I N  O I O X I O E  - - - " 
x p s  - - - - - - -  .. 

R U T I L E  ANODE 
ARC P L A S M A  SPRAY.> 8 3  
C E R A M I C S  - - - -  " 
P H O T O E L E C T R O L Y S I S  " 

T I T A N I U M  O I C X I O E  " 

R U T I L E  L A T T I C E  
HYDROGEN - - - - > 2 1 6 3  
PHOTOANOOE - - - " 
T I T A N I U M  O I O X I O E  " 

SACCHAR I N  
ELECTRCCRYSTALL I - > 2 0 8 5  
E L E C T R O O E P O S I T I D N  " 
E P I T A X Y  - - - - - " 

N I C K E L  - - - - -  " 
P A S S I V A T I O N  - - - " 
SURFACE STRESS - " 

S A L T  F I L M  
C O R R O S I C N  - - - - > I 6 6 2  
M A T H E M A T I C A L  MOO. " 

P I T G P O . T H  - - -  " 
P I T  I N I T I A T I O N  - " 

TRANSPORT LAW - - " 

S A L T  S O L U T I O N  
A L U M I N U M  - - - -> 1 9 9  
AQUEOUS S O L U T I O N  " 
C O L D  P L b S T I C  O E F + > 2 0 7 5  
C O R R O S I O N - - - -  " 
E L E C T R O C A P I L L A R Y  > 2 5 2  
EXTENSOMETER - - " 
H Y O R I D E  FORM - - 1 9 9  
pH - - - - - - -  " 
P I T T I N G  R E S I S T A N .  2 0 7 5  
P L A T I N U M  - - - - 2 5 2  

' P O T E N T I A L  - - - - 1 9 9  
S T A I N L E S S  S T E E L  - 2 0 7 5  
S U R F A C E  S T R E S S  - 2 5 2  

S A P P H I R E  
ANNEAL - - - - -> 2 7 7  
C H A N N E L I N G  - - - " 

CHROMIUM - - - -  " 

D l F F R A C l I O N  - - - " 

E P I T A X I A L  R E L A T I -  " 

E T C H I N G  - - - - - > I 0 0 4  
M A S K I N G - - - - -  * 
O R I F I C E  S I Z E  - - " 
P L A T I N U M  - - - - 2 7 7  

S C N E  
I R O N  - - - - - -> 6 8 3  
I R O N  S U L F I O E  - - " 
S U L F I O A T I O N  - - - " 

S C A N D I A  D C P I N G  
O E C O M P C S I T I C N  - - > I 0 6 7  
N I T R I C  C X I O E  .- - - 
R E D U C I N G  C O N O I T I -  " 

JOURNAL ARTICLE SUBJECT INDEX 

P R I M A R Y  TERM PAGE 
CO-TERM m3. 

S C A N O I A  W P I N G  l C O N T O l  
Z I R C O N I A  - - - - 1 0 6 7  

scarrcn 
A N A L Y T I C  S O L U T I O N > Z O 8 1  
F O U R I E R  A N A L Y S I S  " 
L r N E A R  P O L I R I Z A T .  " -. . 
P A S S I V E  F I L M  - - " 
P D T E N T I N  O I S T R I .  " 

SCREEN WEIGHT 
PHOSPHOR P I S I T I U E > I 5 6 3  
V O I D  T R A N S M I S S I O N  " 
W E I G H T  O P T I M I Z A T -  " 

SEAWATER C E L L  
CATHOOE - - - - -> 3 5 1  
C U P R I C  O X A L A T E  - " 

SECONDARY B A T T E R Y  
C A P A C I T V  - - - -> 5 2 3  
CATHODE - - - - -> 4 9 7  
D I C H A L C O G E N I O E  -> 3 4 9  
D l  SCHARGE DATA -> 3 5 7  
0 1  SSOLVEO SULFUR 5 2 3  
I N T E R C A L A T I O N  - - 3 4 9  
I R O N  - - - - - - 3 5 7  
L I T H I U M  - - - - - 3 4 9  
L I T H I U M  B A T T E R Y  - 5 2 3  
L I T H I U M  C E L L  - - 4 5 7  
COC V O L T A G E  BEHA. 3 4 9  
O R G A N I C  ELECTROL.  5 2 3  
R A T E  C A P A B I L I T Y  - " 

S O L U B L E  SVSTEM - 3 5 7  
SVSTEM S T A B I L I T Y  5 2 3  
TETRAHVOROFURAN - " 
T I T A N I U M  - -  - -  3 5 7  
TOPOCHEMICAL C E L L  3 4 9  
V A N A D I U M  O X I O E  - 4 9 7  

SECONDARY I O N  
C E S I U M  - - - - -> 6 6 0  
D E P T H  P R O F I L E  - - " 
DOPANT - - - - - * 
G A A 5  - - - - - - " 
M A S 5  SPECTROMETRI  " 
S I L I C O N  - - - - - * 
U L T R A H I G H  VACUUM * 

SEGREGATION 
C Z O C H R A L S K I  - - -> 2 8 4  
G A U I U M  O O P I N G  - * 
GERMANIUM - - - - " 
H E A T  P I P E  - - - - - 
R A D I A L  H E A T  GRAD. " 
SYMMETRY - - - - " 

S E L E C T I V I T Y  
C H L O R I N A T I O N  - -> 5 0 0  
C V C L O O E X T R I N  - - " 
M O O I F I E O  ELECTRO. - 

S E L E N I U M  S U L F I D E  
DI S S O C ~ ~ T ~ ~ H  - - > I 8 2 5  
MASS SPECTROSCOPY " 

THERMODYNAMICS - " 
V A P O R I Z 4 T I O N  - - " 

SELF D I S C H A R G E  
A N O D I C  O X I D E  F I L M > 1 9 7 2  
I O N I C  C O N O K T I O N  " 

S E L L 0  E T C H  
A G I T A T I O N  - - - -> 4 7 9  
D E F E C T  - - - - - " 
E T C H - - - - - -  " 
S I L I C O N  E V N U A T I .  " 
U L T R A S O N I C  - - - " 

SEMICONDUCTOR 
A C E T O N I T R I L E  - -> 5 9  - -> 5 9 8  
A G I N G  E F F E C T S  - -> 3 3 8  
ANODE - - - - - -> 4 1 9  
A P R O T I C  SOLVENT -> 4 1 4  
AOUEOUS M E D I A  - - > 2 0 5 C  
AUGER SPECTROSCO.> 9 4 9  
C A D M I U M  S E L E N I D E  " 
C A D M I U M  S U L F I D E  - " 
C A R R I E R  CONCENTR.> 2 6 0  
CHARGE TRANSFER - > I 0 1 1  
C H E M I L U M I N E S C E N C E  4 1 4  
CONDUCTING ELECT.  2 0 5 C  
C V D  - - - - - - - > 2 0 3 1  
D E F E C T  O O P I N G  - - 3 3 8  
D I G I T A L  S I M U L A T I .  1 0 1 1  
ELECTROGENERATEO 4 1 4  

P R I M A R Y  TERM P A G E  
CC-TERM NO. 

SEMICONOUCTOR I C O N T O 1  
E L E C T R O M I G R A T I O N  3 3 8  
E L E C T R O N  INJECT1.>207C 
ENERGY CONVERSION 3 3 8  

4 1 4  
0.- . . 

F L A T B A L D  P O T E N T I .  5 9 8  
GAAS - - - - - - 5 9  
G A L L I U M  A N T I Y O N I .  2 0 3 1  
HEXACYANCFERRATE > 7 3 2  
H O L E  I N J E C T I O N  - 1 0 1 1  
ILLUMINATED: - - - " 
I N D I U M  FHOSCHIDE 5 9 8  
I N T E G R A T E D  C I R C U S >  2 0 C  
I R  A B S C F P T I C N  - - 2 6 0  
I R O N  O X I O E  - - - 4 1 9  
L I Q U I D  AMMONIA - 2 0 7 C  
L I Q U I D  J U N C T I O N  - 1 0 1 1  
M E T A L O R G A N I C S  - - 2 0 3 1  
M 0 5  - - - - - - - 2OC 
N-TYPE - - - - - 5 9  
O R G A N O M E T A L L I C S  - 2 0 5 C  
O X I D E  F I L M  - - - 7 3 2  
P--TYPE - - - - - 5 9  
P A S S I V E  I R O N  - - 7 1 2  
PHOTOANODE - - - 1 0 1  1 
PHOTOCURRENT - - 4 1 9  
P H O T O E L E C T R I C I T V  9 4 9  
PHOTOELECTROCHEM. 5 9  

5 9 8  
PHOTOIhOUCEO - - 4 1 4  
P R O C E S S I N G  VARIA.> 8 4 4  
REOUCT I O N  E T C H I N G  " 
S I L I C O L  - - - - - 2 o c  - - - - - 2 6 0  

S I N G L E  C R Y S T N  - 5 9 8  
SOLAR C E L L  - - - 1 0 1 1  
S O L V A T E O  E L E C T R O N  2 0 7 C  
SURFACE E F F E C T  - 5 9  
T A F E L  SLOPE - - - 7 3 2  
T I T A N I U M  D I O X I D E  8 4 4  
VP C C N V E C S I O N  - - 4 1 4  
X P S  - - - - - - - 9 4 9  

S E M I  I N S U L A T I O N  
AUGER SPECTROSCO.71766 
cvo - - - - - - -  " 
OXYGEN CONCENTRA. " 
P O L Y S I L I C O N - - -  " 
xps - - - - - - - " 

S E M I I N T E G R A T I O N  
E L E C T R O A N A L Y S I S  -7 SO 
E L E C T R O L Y T E  CONC. " 
S U P P O R T I N G  ELECT.  " 
VOLTAMMETRY - - - * 

SENSOR 
CARBON MONOXIDE -> 6 2 7  
CONOUCTANCE W O U .  " 
T H I N  F I L M  - - - - " 
T I N  O X I D E  - - - - ' 

S I L A N E  
A R S E N I C  O E S O W T I . >  8 2 2  
4UTDOOPING - - - " 
CVO - - - - - - - > I 7 2 8  
O I E L E C T R I C S  - - - * 
E P I T A X I A L  GROWTH 8 2 2  
I N F R A R E D  ABSORPT. 1 7 2 8  
LOW TEMPERATURE - " 
D X l D A T I C N  - - - - " 
P O L Y M E R I Z A T I O N  - * 
S I L I C O N  - - - - - 8 2 2  

S I L I C A  F I L M  
D I F F U S I C N  P R O C E S S > 1 2 5 2  
PHOSPHORUS O I F F U .  " 

PHOSPHCRUS D O P I N G  " 
S I L I C A  SURFACE 

CONOUCTANCE - - - > I 8 2 7  
E L E C T R C N  EXCHANGE - 
THERMALLY G R O I N  - " 

S I L I C O N  
ALUMINUM - - - -> 8 7 8  
A L U M I N U M  A R S E N I O E >  6 3 7  
A L U M I N U M  O I F F U S I  .> 2 9 2  
A M B I E N T  PRESSURE > I 4 2 2  
AMORPHCUS SEMICO.> 6 8 8  
A N O D I C  O X I O A T I O N  > 8 9  
A N T I M O N V  EVAPORA-,1761 
AOUEOUS S O L U T I O N  ,1406 
A R S E N I C  - - - - - 1 7 6 1  
A R S E N I C  O E S O W T I . >  8 2 2  
AUGER SPECTROSCO.>l805 

P R I M A R Y  TERM PAGE 
CO-TERM NO- - - 

S I L I C O N  I C O N T O I  
AUTOOOPING - - - 8 2 2  
BORON D I F F U S I O N  - 1 8 0 5  
BORON O O P I N G  - -> 1 3 8  - -> 3 4 5  
8 0 - N  G E T T E R I N G  - > I 7 5 4  
BORON N I T R I D E  - - I 8 0 5  
BORON R I C H  L A V E R  " 
CARBON - - - - - 1 4 2 2  
CARBON MONOXIDE - - 
C A R R I E R  CONCENTR.> 2 6 0  
C E S I U M  - - - - -> 6 6 0  
C H L O R I N E  INCORPO.> 1 4 3  
CHROMIUM - - - - > I 0 4 7  
CONSTANT VOLTAGE 8 9  
CVO - - - - - - -> 6 4 4  - - - - - - -> 6 5 3  

C Z O C H R A L S K I  - - - > I 1 4 2  
D E G R A D A T I O N  - - - 1 0 4 7  
O E P O S I T I O N  - - - 6 8 8  
D E P T H  P R O F I L E  - - 6 6 0  - - 1 8 0 5  
O I O O E  - - - - - - 6 3 7  
D I S L O C A T I O N  - - - " 
OOPANT - - - - - 6 6 0  
DOPANT O I S T R I B U T .  1 3 8  
OOPANT INCORPORA. 6 4 4  

6 5 3  
O O P I N G  - - - - - 1 7 6 1  
E P I T A X I A L  F I L M  - 6 4 4  - 6 5 3  
E P I T A X I A L  GROWTH 8 2 2  

> 2 0 3 3  
E P I T A X V  - - - - - 1 7 6 1  
E O U I L I B R I U M  - - - 1 4 2 2  
E T C H I N G  - - - - - 3 4 5  - - - - - 1 4 0 6  
E T H Y L E N E O I A M I N E  - " 
F I L M  T H I C K N E S S  - 2 0 3 3  
GAAS - - - - - - 6 3 7  - - - - - - 6 6 0  

G A L L I U M  - - - - - , 6 3 7  
GOLD MERCURV - - > I 0 8 4  
H I G H  PRESSURE - - > I 8 2 2  
NYDROCHLORIC A C I D  1 4 3  
HYDROGEN CONTENT 6 8 8  
HYCROGEN I N J E C T I .  I 8 0 5  
I M P A T T  OIOOE - - 1 0 4 7  
I N T E G R A T E 0  CIRCU.> 2 0 C  

1 1 4 2  
I N T E R D I F F U S I O N  - 1 0 4 7  
I N T E R F A C E  MIGRAT. 2 0 3 3  
I N T E R F A C E  S T A T E  - > I 9 7 9  
I N T E R F E R E N C E  - - " 
I O N  I M P L A N T A T I O N  1 7 6 1  
I O h  ROLE - - - - > I 0 2 4  
I R  A B S O R P T I O N  - - 2 6 0  
L I F E T I L L E  - - - - 1 1 4 2  
L I G H T - E M I T T I N G  - 6 3 7  
L O U  TEMPERATURE - 1 8 2 2  
L P E - - - - - - -  1 3 8  

L S I  D E V I C E  - - - 1 7 5 4  
M A S K I N G  STRUCTURE 2 9 2  
MASS SPECTROMETRY 6 6 0  

6 8 8  
MELTBACK - - - - 1 3 8  
M E T A L L I Z A T I O N  - - 1 0 4 7  
MtCROWAVE - - - - 1 0 2 4  
M I N O R I T Y  C A R R I E R  1 1 4 2  
M O B I L E  I O N  - - - 1 9 7 9  
MOLECULAR BEAM - 1 7 6 1  - - - - - - - 2 0 C  
NOS C A P A C I T O R  - - 1 9 7 9  
N E U T R A L  S P E C I E S  - 1 0 2 4  
O X I D A T I O N  - - - - I 4 3  
O X I D A T I O N  R A T E  -> 5 0 2  
O X I O E  CHARGE DEN. 8 7 8  
O X I O E  F I L M  GROWTH 1 8 2 2  
O X Y C H L O R I O E  - - - 1 7 5 4  
OXYGEN - - - - - 1 4 2 2  
P A R A B O L I C  GROWTH 8 9  
PHOSPHORUS - - - 1 7 5 4  
P H O T O V O L T A I C  PRO. 6 8 8  
P I P E  Y I E L D  - - - 1 7 5 4  
P L A N A R  D E V I C E  - - 1 4 3  
P L A N A R  G A L L I U M  - 2 9 2  
P L A S M A  E T C H I N G  - 1 0 2 4  
P L A T I N U M  - - - - 1 0 4 7  
PYROCATECHOL - - 1 4 0 6  
QUANTUM E F F I C I E N .  6 3 7  
SECONDARY I O N  - - 6 6 0  
SEMICONOUCTOR - - 2OC - - 2 6 0  
S I L A N E  - - - - - 8 2 2  
S I L I C O N  O I O X I O E  - 8 7 8  
S I L V E R  - - - - - 1 0 4 7  
5 0 0 1 U M  HVOROXIDE 3 4 5  



JOUR 

P R I M A R Y  TERM PAGE 
CO-TERM NO. --- - 

S I L I C O N  I CONTD I 

1 7 6 1  
WORK F U N C T I O N  - - 8 7 8  - - 1 0 8 4  

S I L I C O N  ANOOIZAT. 
D I E L E C T R I C  1SOLA.> 8 7 0  
I N T E G R A T E D  CIRCU.  " 
S I L I C O N  P O R O S I T Y  " 

S I L I C O N  C A R B I D E  
C E R A M I C S  - - - - > 2 1 5 6  
C O N T A I N E R  MATERI .  - 
CORROSION - - - - " 
D I S S O L U T I O N  - - -> 6 3 4  
F I C K S L A W - - - -  " 

MOLTEN S I L I C O N  - " 
S I N T E R I h G  - - - - 2 1 5 6  
S O D I U M  SULFUR - - " 

S I L I C O N  C R Y S T A L  
ANTIMONV - - - -> 8 7 5  
CARBON I M P U R I T Y  -> 9 3 5  
C R Y S T A L  GROUTH - 8 7 5  
C Z O C H R A L S K I  - - - " 
OOPEO MELT - - - " 
H E A T  EXCHANGER - 9 3 5  
I N S T A B I L l T Y  - - - 8 7 5  
MOLYBDELUM RETAI .  9 3 5  
MORPHOLOGY - - - 8 7 5  

S I L I C O N  D I O X I D E  
A L U M I N U M  - - - -> 1 6 2  - - -  -> 8 7 8  
A L U M I N U M  C O V E R A G E > I 3 3 5  
A N N E A L I N G  - - - - > I 0 7 8  - - -  - > I S 7 3  
ARGON - - - - - - 1 3 3 5  
BORON C O P I N G  - -> 3 1 3  
C-V CURVE - - - - 1 0 7 8  
C A P A C I T O R  - - - - 1 6 2  
CARBON TETRAFLUO.> 4 6 4  

> I 4 1 9  
CHARGE O E N S I T Y  - 1 5 7 3  
C H L O R I b E  O X I O A T I . > l 2 8 8  

> I 7 3 9  
C O M P E T A T I V E  MECH. 4 6 4  
CORONA CHARGING - 1 0 7 8  
CVO - - - - - - - 3 1 3  - - - - - - - > I 0 4 2  - - - - - - - 1 3 3 s  

DEFECT D E N S I T Y  - > I 7 7 1  
D E P C S I T l O N  - - - 3 1 3  
D E P O S I T I O N  R A T E  - 1 0 4 2  
D I E L E C T R I C  BREAK. I 6 2  
O l E L E C T E I C  F I L M  - > I 5 3 9  
O I E L E C T R I C S  - - - 3 1 3  
O I F F U S l C h  PROCESS> 1 3 5  
O I O X l O E  A M B I E N C E  1 2 8 8  
D I Y O C A T I O N  - - - > I 0 1 4  
DOPANT E F F E C T  - - > I 5 1 6  - - > I 5 2 3  
E L E C T R I C  F I E L D  - 1 7 7 1  
E L L I P S G M E T R Y  - -> I 3 1  
E T C H I N G  - - - - - 4 6 4  - - - - -  1 4 1 9  
E V A P O R A T I O N  - - - 1 3 3 5  
F I L M  EOGE - - - - 1 0 1 4  
F I L M  T H I C K N E S S  - 1 5 3 9  
GAAS - - - - - - 1 3 5  
HYDROCHLORIC A C I D >  1 4 9  
HYDROGEh - - - - 1 4 1 9  
HYDROGEN E F F E C T  -> 1 2 2  
I N S U L A T I O N  - - - 1 3 3 5  
I N T E G R A T E D  CIRCU. l o b 2  
I N T E R F A C E  S T A T E  - 1 5 7 3  
I O N  A S S I S T A N C E  - 4 6 4  
L I Q U I D  C R Y S T A L  - 1 7 7 1  
L S 1  O E V I C C  - - - > I S 3 1  
M O B I L E  S O D I U M  - - 1 4 9  
O P T I C A L  L A Y E R  - - 1 3 1  
O R G A N I C  R E S I S T  - 1 5 3 1  
O X I O A T I O N  - - - - 1.9 - - -  - .. 
O X l O A T I O N  K I N E T I .  1 5 1 6  

1 5 2 3  
1 7 8 9  

O X I O E  CHARGE DEN. 8 7 8  
O X I O E  T H I C K N E S S  - 1 7 7 1  
P A S S I V A T L O N  - - - 1 4 9  
PHOSPHCRUS O O P I N G  3 1 3  

1 0 4 2  
1 0 7 8  

P H Y S I C A L  MODEL - 1 5 2 3  
P L A N A R  O I F F U S l O N  1 3 5  

,NAL OF THE ELECTROC 

P R I M A R Y  TERM PAGE 
CO-TERM NO. 

S I L I C O N  D I O X I D E  (CONTO1 
P L A N A R  J U N C T I O N  - 1 3 5  
P O I N T  DEFECT - - 1 5 1 6  
P O I N T  E F F E C T  - - 1 5 2 3  
P O L Y S I L l C O N  - - - 1 6 2  - - -  1 3 3 5  
PRESSURE R E D U C T I .  1 0 4 2  
PRESSURE V A R I A T I .  1 3 3 5  
P R I S M  COUPLER - - 1 5 3 9  
R E A C T I V E  I O N  E T C H  1 4 1 9  
R E F R A C T I V E  I N D E X  1 5 3 9  
S I L I C O N - - - - -  8 7 8  
S I L I C O N  I N T E R F A C E  1 2 2  

1 3 1  
S I L I C O N  N I T R I D E  - 1 0 1 4  
S I L I C O N  SUBSTRATE 1 5 3 9  
S O D I U M  N E U T R A L I Z .  1 4 9  
SPUTTER E T C H  - - 1 5 3 1  
S T A C K I N G  F A U L T  - 1 7 8 9  
S T R E S S - S T R A I N  - - 1 3 1  
THERMAL O X I O A T I O N  1 2 2  

1 2 8 8  
1 5 7 3  
1 7 8 9  

T I N  D O P I N G  - - - 1 3 5  
T R A P P I N G  D E N S I T Y  1 0 7 8  
T R I C H L O R O E T H Y L E N E  I 7 8 9  
V I S C O E L A S T I C I T V  - 1 0 1 4  
WORK F U N C T I O N  - - 8 7 8  

S I L I C O N  E T C H  
F L U O R I N E  GAS - - > a 9 4 6  
I N D U C T I O N  P E R I O D  " 

M I C R O C l R C U I T  - - " 

S I L I C O N  E V A L U A T I  
A G I T A T I O N  - - - -> 4 7 9  
D E F E C T  - - - - - I 

E T C H  - - - - - -  I 

S E L L O E T C H  - - -  " 

U L T R A S O N I C  - - - mo 

S I L I C O N  F I B E R  
CVO - - - - - - -> 3 1  
G R O W T H M E C H A N I S M  
WHISKERS - - - -  ' 

S I L I C O N  F I L M  
C V D  - - - - - - - > I 0 1 9  
I O N  I M P L A N T A T I O N  " 
LOW PRESSURE - - " 

P n o s P n o R u s  DOPING rm 

S I L I C O N  G A T E  MOS 
ALCOHOL - - - - - > I 3 0 1  
INOUCEO I N S T A B I L .  " 
KETONE - - - - - " 

S I L I C O N  GROWTH 
ATMOSPHERE - - - > I 7 8 5  
D O P I N G  - - - - - * 
HELIUM-HYDROGEN - " 
H E T E R O E P I T A X Y  - - " 

S I L I C O N  I N T E R F A C E  
E L L I P S O M E T R Y  - - >  1 3 1  
HYDROGEN E F F E C T  ->  1 2 2  
O P T I C A L  L A V E R  - - I 3 1  
S I L I C O N  O I O X l O E  - I 2 2  - 1 3 1  
S T R E S S - S T R A I N  - - I 

THERMAL O X I D A T I O N  I 2 2  

S I L I C O N  N I T R I D E  
A N N E A L I N G  - - - - > I 7 5 0  
C E R A M I C S  - - - -> 1 7 2 3  
CORROSION - - - - n 

D I S L O C A T I O N  - - - > I 0 1 4  
F I L M E D G E - - - -  n 

HOT-PRESSED - - - 1 7 2 3  
HYDROGENATION - - 1 7 5 0  
O X I D A T I O N  K I N E T I .  1 7 2 3  
P L A S M A  D E P O S I T  I O N  1 7 5 0  
R E F R A C T O R I E S  - - 1 7 2 3  
S I L I C O N  O l O X l O E  - 1 0 1 4  
V I S C O E L A S T I C I T Y  - " 
Y T T R I U M  - - - - - 1 7 2 3  

S I L I C O N  O X I D A T I O N  
I M P U R I T Y  R E O I S T R . > 1 9 3 9  
I M P U R I T Y  SEGREGA. " 
I N T E R F A C I A L  F L U X  " 
M O V I N G  BOUNDARY - - 
N U M E R I C A L  S O L U T I .  . 

S I L I C O N  O X I D E  
A N N E A L I N G  - - - - > I 7 3 1  

:REMICAL SOCIETY 

P R I M A R Y  TERM PAGE 
CO-TERM NO. 

- 
S I L I C O N  O X I D E  I C O N T O I  

C A P A C I T A N C E  - - - 1 7 3 1 '  
C H L O R O S I L O X A N E  - > I 0 8 1  
D E P O S I T I O N  R A T E  -> 9 3 0  
H I G H  TEMPERATURE 1 7 3 1  
HYDROCHLORIC A C I D  1 0 8 1  

> I 1 2 9  
O X I O E  F I L M  GROWTH 1 7 3 1  
P H A S E  S E P A R A T I O N  1 1 2 9  
P L A N A R  REACTOR - 9 3 0  
P L A S M A  - - - - - " 
R E O X l O A 7 I O N  - - - 1 7 3 1  
S O D I U M  P A S S I V A T  1. 1 1 2 9  
T I T A N I U M  D I O X I D E  1 7 3 1  

S I L I C O N  C X Y N I T R I .  
AMMONIA G A S  - - -> 9 9 6  
D I E L E C T R I C  F I L M  - " 
O X I O A T I C N  R E S I S T -  - 
THERMAL N I T R I D A T .  " 

S I L I C O N  P C R O S I T V  
D I E L E C T R I C  I Y I L A . >  8 7 0  
I N T E G R A T E D  C I R C U .  " 
S I L l C O h  ANOOIZAT.  ' 

S I L I C O N  SUBSTRATE 
O I E L E C T C l C  F I L M  - > I 5 3 9  
F I L M  T H I C K N E S S  - " 
P R I S M  CCUPLER - - " 
R E F R A C T I V E  I N D E X  " 
S I L I C O N  O l O X I O E  - " 

S I L I C O N  SURFACE 
C H E M I C A L  TREATME.>I792 
C O N D U C T I V I T Y  - - " 
E L E C T R I C &  MEASU. " 
HVDROGEh O I F F U S I .  " 
P-TVPE - - - - -  " 

R E S I S T I V I T Y  S H I F T  " 

S I L I C O N  WAFER 
C L E A N I N G  S O L U T I  O N > I 4 2 8  
COPPER D O P I N G  - -> I I 4  
COPPER P R E C I P I T A .  " 
G E T T E R l N G  - - - - > I 4 3 6  
HYOROGEh P E R O X I D E  1 4 2 8  
L A S E R  - - - - - - 1 4 3 6  
L A T T I C E  DAMAGE - " 

O X I D A T I O N  - - - - 1 4 2 8  
SOLAR C E L L  - - - 1 1 4  
S U L F U R I C  A C I D  - - I 4 2 8  

S I L V E R  
CHROMIUM - - - - > I 0 4 7  
O E G R A O l T I O N  - - - " 
I M P A T T  C I O D E  - - " 

I N T E R O l F F U S I O N  - " 
J U N C T I C h  P O T E N T I . > l 6 1 8  
M E T N L I Z A T I O N  - - L O 4 7  
P L A T I N U M  - - - - 
P O T A S S I U M  C H L O R I -  1 6 1 8  
S I L I C O N  - - - - - 1 0 4 7  
S I L V E R  C K O R I D E  - 1 6 1 8  
THE*MAL L I Q U I D  - " 
THERMOCELL - - - " 
TRANSPCRT ENTROPY " 

S I L V E R  B R C M I O E  
A N O D I Z A T I O N  - - -> 8 0 3  
C O N D U C T I O N  - - - " 

R E D U C T I C N  - - - - " 

S I L V E R  C H L O R I D E  
B U L K  PMASE - - - > I 4 6 7  
EMF - - - - - - -  " 
J U N C T I O N  P O T E N T I . > I 6 1 8  
MOLTEN SALT - - - 1 4 6 7  
POROUS ELECTRODE > 9 6 5  
P O T A S S I U M  C H L O R I .  1 6 1 8  
S I L V E R  - - - - - * 
S I N G L E  PORE ELEC. 9 6 5  
S O D I U M  C K O R l O E  - 1 4 6 7  
S O L U B L E  REACTANT 9 6 5  
SURFACE T E N S I O N  - 1 4 6 7  
THERMAL L I a u l o  - 1 6 1 8  
THERMOCELL - - - " 
TRANSPORT ENTROPY - 

S I L V E R  l O O l O E  
COPPER BROMIDE -> 8 1 8  
I O N I C  C C N D U C T I V I .  ' 
P H A S E  D I A G R A M  - - * 

S I L V E R  O X I O E  
A N O D I C  F I L M  - - -> 7 2 5  
C O B A L T  S U L F A T E  - " 

December 1979 

P R I M A R Y  TERM PAGE 
CO-TERM NO. --- - 

S I L V E R  O X I O E  I C O N T D I  
G R I D  CORROSION - 7 2 5  
L E A D  A C I D  B A T T E R Y  " 

S I L V E R  S A L T  SOLU. 
D I F F U S I O N  - - - -> 2 4 2  
E L L I P S O M E T R Y  - - " 
I N T E R F A C E  POTENT. " 
I O N I C  CONDUCTOR - " 
R O T A T I N G  ELECTRO. " 

S I N G L E  C R Y S T A L  
A C E T O N I T R I L E  - -> 5 9 8  - -> 6 0 3  
A N O D I C  A C T I V A T I O N >  7 8  
AUGER SPECTROSCO.> 6 7  

7 8  
E F F I C I E N C Y  - - - 6 0 3  
E L E C T R O C A T A L Y S I S  6 7  

7 -  . - 
E L E C T R O N  D I F F R A C .  6 7  
F L A T B A N D  P O T E N T I .  5 9 8  
G A A S  - - - - - - 6 0 3  
HVDROGEN ABSORPT. 6 7  
I N D I U M  P H O S P H I D E  5 9 1  
L I Q U I D  J U N C T I O N  - 6 0 3  
MORPHOLOGY CONTR.>1567 
NEODYMIUM PENTAP. " 
OXYGEN R E O U C T I O N  7 8  
PHGTOELECTROCHEM. 5 9 8  
P H O T O V O L T A I C  C E U  6 0 3  
P L A T I N U M  - - - - 6 7  - - - -  7 8  

P O L I M E R I Z A T I O N  - 1 5 6 7  
P o L y P H o s P n m I c  A. 
R E G E N E R A T I V E  C E L L  6 0 3  
SEMICONDUCTOR - - 5 9 8  
STRUCTURE S E N S I T .  6 7  

7 8  

S I N G L E  PORE ELEC.  
POROUS E L E C T R O D E  > 9 6 5  
S I L V E R  C K O R I D E  - " 
S O L U B L E  REACTANT 

S I N T E R I N G  
C E R A M I C S  - - - - > 2 1 5 6  
C O N T A I N E R  MATERI .  " 
C O R R O S I O N - - - -  " 
0 1  SCHARGE CAPACI .>1899 
F E R R I C  O X I D E  - -> 5 6  
F L A M E  O X I D A T I O N  - " 
PHOTOCURRENT - - " 
P H V S I C A L  STRUCTU- 1 8 9 9  
POROUS I R O N  ELEC. " 
POWDER R E D U C T I O N  " 
P U L S E 0  I L L U M I N A T -  5 6  
S I L I C O N  C A R B I D E  - 2 1 5 6  
S O O I U M  SULFUR - - " 
SOLAR C E L L  - - - 5 6  

S I N U S O I O A L  
C O N V E C T I V E  OIFFU.> 4 3 1  

> 4 3 7  
E L E C T R O N  TRANSFER 4 3 1  

4 3 7  
HYOROOYNAMlCS - - a 3 1  - - 4 3 7  
R O T A T I N G  D I S K  - - a 3 1  - - 4 3 7  
VOLTAMMETRY - - - 4 3 1  - - -  4 3 7  

SLOPE ANGLE 
D E V E L O P I N G  T I M E  - > I 4 3 0  
E L E C T R O N  BEAM - - " 
L I N E  W I D T H  - - - " 
POLYMETHILMETHAC.  " 
R E S I S T  - - - - - " 

S M A L L  A M P L I T U D E  
C V C L I C  VOLTAMMET.> 9 8 9  
IMPEOENCE - - - - " 
R E S I S T I V E  CAPACI .  " 
VOLTAMMOGRAM - - 

S C K I A L  CHANGE 
ECONOMIC GROWTH -> B I C  
F U T U R E  - - - - - " 

S O D I U M  
E L E C T R E T  - - - - > I 7 0 8  
HETEROCHARGE - - " 
MEMBRANE - - - - " 
P O L A R I Z A T I O N  - - " 
POLYSTYRENESULFO.  - 
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P R I M A R Y  TERM PAGE 
CO-TERM NO. 

-- - - -- - 
S O 0  I U M  I CONTOI  

P O L Y V I  N I L  ALCOHCL 1 7 0 8  
P O T A S I U M  - - - - .. 

S O D I U M  CARBONATE 
CARBON O I O X l O E  -> 3 2 8  
G A S  S O L F B I L I T Y  - - 
MOLTEN SALT - - - " 
OXYGEN - - - - - " 
SULFUR O I O X I O E  - " 

S O D I U M  C H L C R I D E  
B U L K  PHASE - - - > I 4 6 7  
E M F -  - - - - - -  " 
L I F E  T E S T  - - - - > I 4 3 9  
MOLTEN SALT - - - 1 4 6 7  
O X I O E  C C A T I N G  - - 1 4 3 9  
P E R C H L C E I C  A C I D  - .. 
P D L A R I Z I T I O N  - - * 
S I L V E R  C H L O C I O E  - 1 4 6 7  
SURFACE T E N S I O N  - " 

T I T A N I U M  ANOOE - 1 4 3 9  

S O D I U M  H Y D R O X I D E  
BORON O C P I N G  - -> 3 4 5  
E L E C T R O S O R P T I O N  - > I 1 7 2  
E T C H I N G  - - - - - 3 4 5  
F I L M  F C R M A T I C N  ' -  1 1 7 2  
GOLD ELECTRODE - - 
P O T E N T I A L  PERTUR. " 
S I L I C O N  - - - - - 3 4 5  

S O D I U M  M O k O S U L F I .  
C A D M I U M  S U L F I D E  - > I 1 8 7  
CHARGE TRANSFER - " 

5 0 0 1  UM NEUTRAL 12. 
H Y W O C H L O R I C  A C I D >  1 4 9  
M O B I L E  S O D I U M  - - - 
O X I D A T I C N  - - - - - 
P A S S I V A T I O N  - - - - 
S I L I C C N  D I O X I D E  - " 

S 0 0 1 U M  N I T R I T E  
COPPER - - - - -> 7 0 1  
C R A C K I N G  - - - - " 
S T R E S S  C C R R C S I O N  " 
TRANSGRANULAR - - " 

S O D I U M  P A S S I V A T I .  

HYDROCHLORIC A C I D > 1 1 2 9  
PHASE S E P A R A T I O N  " 
S I L I C O N  O X I D E  - - " 

S O D I U M  S U L F A T E  
C H E M I C A L  E Q U I L I B . > I O S ~  
COMBUSTION G A S E S  * 
D E 0 0 4 1 T T C N  - - - " . - . - . . - 
HOT CORROSION - - " 
I O O I N E  - - - - - > l e a 2  
P O L L U T  I C N  CCNTROL " 

S O L I D - S T A T E  PROBE " 
S U L F U R  D I O X I D E  - " 
SULFUR PROBE - - " 

SULFUR T R I O X I O E  - " 

S O 0 1  UM SULFUR 
B E T A - A L U V I N A  - - > I 4 5 1  
C E L L  MEMBRANE - - " 
C E R A M I C S  - - - - > 2 1 5 6  
C O N T A I h E R  MATERI .  " 
C O R R O S I O N - - - -  " 
E L E C T R O D E  SHAPE - 1 4 5 1  
F A I L U R E  A N A L Y S I S  " 
S I L I C O N  C A R B I D E  - 2 1 5 6  
S I N T E R I N G - - - -  " 

S O D I U M - 2 2  L A B E L  
B E T A - A L U M I N A  - - > I 5 1 3  
MONOCRYSTAL - - - " 

R A D I O C H E M I S T R Y  - " 

SOLAR C E L L  
CAT I O N  LBSORPT I O N >  9 5 4  
CHARGE TRANSFER - > I 0 1 1  
COPPER D O P I N G  - -> 1 1 4  
COPPER P R E C I P I T A .  " 

D I G I T A L  S I M U L A T I .  1 0 1 1  
ENERGY C O N V E R S I O N  9 5 4  
F E R R I C  C X I D E  - -> 5 6  
F L A M E  O X I D A T I O N  - " 
GAAS - - - - - -> 7 0 3  
HOLE I k J E C T I O N  - 1 0 1 1  
I L L U M I N A T E D  - - - " 
L A R G E  G R A I N  - - - 7 0 3  
L I Q U I D  J U N C T I O N  - 1 0 1 1  
PHOTOANCDE - - - 9 5 4  

JOURNAL AR1 

P R I M A R Y  TERM PAGE 
CO-TERM NO. - - 

SCLAR C E L L  I CONTO I 
PHCTOANOOE - - - 1 0 1 1  
PHOTOCURRENT - - 5 6  
PHOTOELECTROCHEM. 9 5 4  
P U L S E D  I L L U M I N A T .  5 6  
R U T H E N I U M  - - - - 9 5 4  
SEMICONDUCTOR - - L O 1 1  
S I L I C O N  WAFER - - 1 1 4  
S I N T E R I N G  - - - - 5 6  
S U R F A C E  TREATMENT 9 5 4  
T H I N  F I L M  - - - - 7 0 3  

SCLAR COLLECTOR 
A L U M I N U M  - - - -> 11 
CORROSION - - - - " 

E T H Y L E N E  GLYCOL - " 

S O L I D  B R O M I N E  
C O N D U C T I O N  - - - > 1 3 6 B  
E L E C T R O L Y S I S  - - - 

S O L 1 0  CORROSION 
HEXAFLUOROARSENA.> 1 8 1  
L I T H I U M  - - - - - " 

O R G A N I C  PRODUCT - " 
TETRAHYDROFURAN - " 

sale E L E C T R ~ Y T E  
A L K A L I  M E T A L  - - > 2 0 4 7  
A L K A L I N E  M E T A L  - " 
A L U M I N U M  F L U O R I D E > I 3 8 5  
B A R I U M  F L U O R I D E  - > 2 0 2 3  
C A L C I U M  F L U O R I D E  > I 3 6 0  
C H E M I C A L  P O T E N T I .  " 
COPPER I O N  CONOU.>1654 
CUPROUS C H L O R I D E  " 

CUPROUS I O O I O E  - ** 
D E F E C T  I N T E R A C T I .  1 3 8 5  
D I S C H A R G E  CHARAC.> 7 0 9  
E L E C T R O N I C  CONOU. 2 0 2 3  
F L U O R I D E  - - - - 7 0 9  
F L U O R I T E  - - - - 1 3 8 5  
G A L V A N I C  C E L L  - - 7 0 9  
I O N I C  C O N O K T I V I .  1 3 8 5  
I O N I C  MOTION - - " 
L E A D  - - - - - -  " 
MEASUREMENT - - - 1 3 6 0  

NONAOUEOUS BATTE. 2 0 4 7  
OXYGEN - - - - - 1 3 6 0  
R U B I D I U M  C K O R I O E  1 6 5 4  

X-RAY D I F F R A C T I O N  " 

S O L I D  I N S U L A T I O N  
G A S  I N S U L A T I O N  -> S 5 C  
I N S U L A T I O N  - - - " 

L I O U I D  I N S U L A T I O N  " 

SCL I 0  P H A S E  
E F F U S I O N  - - - -> 7 7 1  
V A P O R l Z A T I O N  - -  " 
Z I R C C N I U M  I O D I D E  " 

s a r  D S O L U T I O N  
B A R I U M  F L U O R I T E  -> 6 6 7  
C A L C I U M  F L U O R I T E  " 
CATHODE - - - - - > I 3 1 1  
C E S I U M  F L U O R I T E  - 6 6 7  
D E F E C T  I N T E R A C T I .  " 

H O S T  L A T T I C E  - - I 3 1 1  
I O N I C  C O N D U C T I V I .  6 6 7  
POWER SOURCE - - 1 3 1  1  
S T R O N T I U M  F L U O R I .  6 6 7  ~ ~ 

U R A N I U M F L W R I T E  " 

S O L I D - S T A T E  
IMPEOENCE - - - -> 7 9 3  
I N T E G R A T E D  ELECT.  " 
I O N  S E L E C T I V E  EL. " 

S n t o - s T A r E  CELL 
COPPER - - - - -> 6 9 9  
C Y U A B L E  C E L L  - - * 
ELECTRODE - - - - " 

I N T E R C A L A T I O N  - - " 

SOLIC-STATE PROBE 
I O D I N E  - - - - - > I 8 4 2  

P O L L U T I O N  CONTROL " 
S O D I U M  S U L F A T E  - " 
SULFUR D I O X I D E  - " 

SULFUR PROBE - - -0 

SULFUR T R I O X I O E  - " 

SOLUBLE CATHODE 
0 1  SCHARGE REACTI .>  5 1 3  
L I T H I U M A N O O E - -  " 

P R I M A R Y  C E L L  - - " 

!ICLE SUBJECT INDEX 

P R I M A R Y  TERM PAGE 
CO-TERM NO. 

- 
s a u m E  CATMDE (CONTOI 

T H I O N Y L  C H L O R I D E  5 1 3  

S O L U B L E  REACTANT 
POROUS ELECTRODE > 9 6 5  
S I L V E R  C H L O R I D E  - " 
S I N G L E  PORE ELEC. " 

S O L U B L E  SYSTEM 
D I S C H A R G E  D A T A  -> 3 5 7  
I R O N  - - - - - -  * 
SECONDARY B A T T E R Y  " 
T I T A N I U M  - - - - " 

S O L U T I O N  D E P T H  
A P P L I E D  P O L A R I Z A - > 2 0 5 7  
COPPER Z I N C  - - - " 
ELECTRCOE PCTENT. " 
G A L V A N I C  C O R R O S I -  " 
N U M E R I C A L  A N A L Y S -  " 

S O L U T I O N  GROWTH 
B L U E  L I G H T  EMISS.> 3 4 1  
G A L L I U M  - - - - - '. 
L U M I N E S C E N C E  - - " 
Z I N C  S E L E N I D E  - - " 

S O L U T I O N  P R E C I P I .  
ANOOIC Z I N C  O X I D E > I 9 1 4  
C R Y S T A L L I T E  GROW. " 
N U C L E A T I O N  - - - " 
Z I N C  O X I D E  F I L M  - " 

SOLVATEO ELECTRON 
E L E C T R O h  I N J E C T I . > 2 0 7 C  
L I Q U I D A M M O N I A  - " 
SEMICONDUCTOR - - " 

SOURCE GAS P H A S E  
G A L L I U M  - - - - - > I 4 0 0  
I N D I U M  A R S E N I O E  - ' 
M I X E D  C F Y S T A L  PH. " 
THERMODYNAMICS - " 

V P E  - - - - - - -  " 

S P E C T R I N  
A C T I N  - - - - - - > I 4 7 1  
I O N I C  P E R M E A B I L I .  " 
MEMBRANE P R O T E I N S  " 
POLAROGEAPHY - - " 

SPECTROSCCPY 
A D S O R P T I O N  - - -> 6 0 8  
A T O M I C  A B S O E P T I O N > l 9 8 8  
C E L L  K I h E T I C S  - - 6 0 8  
E L E C T R O C H E M I C A L  - > 2 1 6 9  

G A A S  C R Y S T A L  - - 1 9 8 8  
L I T H I U M  BATTERY - 6 0 8  
P H A S E  D I A G R A M  - - " 
P O T E N T I A L  - - - - " - - - - 2 1 6 9  
T I T A N I U M  O I S L L F I .  6 0 8  
TRACE ELEMENT - - 1 9 8 8  
VOLTAGE S T E P S  - - 6 0 8  
ZEEMAN T E C H N I Q U E  1 9 8 8  

S P R E A D I N G  R E S I S T .  
CURRENT D E N S I T Y  - > I 4 7 9  
M U L T I L A Y E R  ANALY. " 

R E S I S T I V I T Y  - - - " 

SPUN-ON F I L M  
D I E L E C T R I C  F I L M  -> 2 6 9  
P O L Y I Y I D E - - - -  " 
T H I C K N E S S P R W I L E  " 
T H I N F I L M - - - -  " 

SPUTTER O E P O S I  T I .  
ALUMINUM ALLOY - > I 2 5 7  
L I F T - O F F  M E T A L L I .  " 

SPUTTER E T C H  
L S I  D E V I C E  - - - > I 5 3 1  
O R G A N I C  R E S I S T  - " 
S I L I C O N  D I O X I D E  - " 

S P U T T E R I N G  
C O N T A M l N A T l O N  - -> 3 1 9  
GLOW D I S C H A R G E  - " 
P L A S M A  O E P O S I T I O N  " 
PLASMA E T C H I N G  - " 
R A O I A T I C N  DAMAGE " 

S T A C K I N G  F A U L T  

C H L O R I N E  OX I O A T  1.>1789 
O X I D A T I C N  K I N E T I .  * 
S l L l C O h  D I O X I D E  - " 

P R I M A R Y  TERM PAGE 
CO-TERM NO. 

- 
STACK1 NG F A U L T  I CONTO) 

THERMAL O X I O A T l O N  1 7 8 9  
TR ICHLOROETHYLENE " 

S T A I N I N G  
ANGLE L A P P I N G  - - > I 9 8 2  
I O N  I M P L A N T A T I O N  " . - - -  - 

J U K T I O N  D E P T H  - " 
S T A I N L E S S  S T E E L  

A U S T E N T I C  - - - -> 3 7 a  
C O L D  P L A S T I C  DEF.>2075 
CORROSION - - - - 3 7 4  - - - -  2 0 7 5  
D U P L E X  3 0 8  - - - 3 7 4  
INTERGRANULAR - - ' 
MICROSTRUCTURE - " 
P H l S E  TRANSFORMA. " 
P I T T I N G  - - - - - " 
P I T T I N G  R E S I S T A N .  2 0 7 5  
S A L T  S O L U T I O N  - - " 

S T A T I O N A R Y  BATTE. 
F L O A T  CURRENT - - > I 5 1 0  

STEADY S T A T E  CON. 
D I E L E C T R I C  F L U 1 0  > 9 2 5  
D I S S O C I A T I O N  - -  ' 
SURFACTANT - - - " 
T R A N S I E N T  CONDUC. " 

STEADY S T A T E  EOU. 
CARBONATE - - - -> 5 2 7  
C O M P O S I T I O N  PROF. - 
F U E L  C E L L  - - - - " 
MOLTEN S A L T  - - - " 

STEAM O X I D A T I O N  
H I G H  PRESSURE - - > I 8 2 2  
LOW TEMPERATURE - " 
O X I D E  F I L M  GROWTH " 
S I L I C O N  - - - - - 

S l E E L  ANODE 
AQUEOUS B A S E  - -> 9 8 3  
O X I D A T I O N  - - - - " 
P-HYOROXYBENZALO. " 
S T E R E O S E L E C T I V I T Y  " 

STEREOMICROSCOPV 
E L E C T R O O E P O S I T I O N > I 1 2 3  
E L E C T R O k  MICROSC. " 
O R G A N I C  I N C L U S I O N  " 

S T E R E O S E L E C T I V I T Y  
AQUEOUS B A S E  - -> 9 8 3  
O X I O A T l O N  - - - - " 
P - M O R O X Y B E N Z A L O ~  " 
S T E E L  ANODE - - - " 

S T O I C H I O M E T R Y  
ALUMINUM - - - -> 7 7 9  
A N O O I Z A T I O N  - - - " 
C H L O R I N E  EVOLUTI.>13.3 
D E S O R P T I O N  - - - " 
ENERGY STORAGE -> 7 1 3  
HY OROGEN-CKOR I N E  " 

IMPEOENCE - - - - 7 7 9  
MASS HEAT BALANCE 7 1 3  
R E G E N E R A T I O N  - - " 
R E L A X A T I O N  T I M E  - 7 7 9  
T A F E L  SLOPE - - - 1 3 4 3  

S T R A I N  D I S T R l B U T .  
DOUBLE C R Y S T A L  - > I 2 2 8  
E P I T A X I A L  L A V E R  - " 
PENDELLOSUNG - - " 
X-RAY D I F F R A C T I O N  " 

S T R E A M I N G  POTENT. 
F L U O R A P A T I T E  - - > I 9 0 5  
Z E T A P O T E N T I A L  - " 

STRESS CORROSION 
& U M O N I A C A L  SOLUT.>1299 
COPPER - - - - -> 7 0 1  
COPPER Z I N C  - - - 1 2 9 9  
C R A C K I N G  - - - - 7 0 1  
D E Z I N C l F l C A T I O N  - 1 2 9 9  
S b D I u M  N I T R I T E  - 7 0 1  
TRANSGRANULAR - - * 

S T R E S S - S T R A I N  
E L L I P S O M E T R Y  - -> 1 3 1  
O P T I C A L  L A Y E R  - - - 
S I L I C O N  O I O X I O E  - " 
S I L I C O N  I N T E R F A C E  - 
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P R I M A R Y  TERM 
CO-TERM 

PAGE 
NO. 

- 
P R I M A R Y  TERM P A G E  

CO-TERM NO. -- - 
SURFACE CHANGE I C D N T O I  

N I O B I U M  ELECTRODE 5 3 5  
P O T A S S I U M  HYDROX. " 
*ps - - - - - - -  " 

SURFACE CCNTAMIN. 
AUGER SPECTROSCO.> 9 8  
I O N  I M P L A N T A T I O N  " 

SURFACE E F F E C T  
& C E T O N I T R I L E  - -> 5 9  
G&*S - -:- - - - " 
,+TYPE - : - - - " 
p - T y p E  - - - - - " 
PHOTOELECTROCHEM. " 
SEMICONCUCTOR - - " 

P R I M A R Y  TERM P A G E  
CO-TERM NO. 

P R I M A R Y  TERM PAGE 
CD-TERM NO. - - 

SU-FUR D I O X I D E  
ABUSE TOLERANCE - > I 6 3 7  
B A T T E R Y  - - - - - I 

CARBON O I O X f O E  -> 3 2 8  
O T I  - - - - - - - 1 6 3 1  
GAS S O L U B I L I T Y  - 3 2 8  
I O D I N E  - - - - - > 1 B 4 2  
L 1 T H I U M  - - - - - 1 6 3 7  
MOLTEN S A L T  - - - 3 2 8  
OXVGEN - - - - - . 
P O L L U T I O N  CONTROL 1 8 4 2  
S O 0 1  UM CARBONATE 3 2 8  
S O D I U M  S U L F A T E  - I 8 4 2  
S O L I D - S T A T E  PROBE " 
SULFUR PROBE - - I 

SULFUR T R I O X I D E  - - 
SULFUR OXYCHLORI .  

COULDMETRY - - - > 2 0 3 5  
C Y C L I C  VOLTANMET. " 
L I T H I U M  - - - - - I 

R E D U C T I O N  - - - - 

S T R I P P I N G  
AMMONIA - - - - -> 
B R E A T H  TEST - - - 
C L E A N I N G  - - - - 
HYDROGEL P E R O X I D E  
P H O T O R E S I S T  F I L M  
I A F E I  SURFACE - - 

S T R O N T I U M  F L U O R I .  
B A R I U M  F L U O R I T E  -> 
C A L C I U M  F L U O R I T E  
C E S I U M  R U O R I T E  - 
D E F E C T  I N T E R A C T I .  
I O N I C  C C N O U C T I V I .  
S O L I D  S C L U T I D N  - 
U R A N I U M  F L U O R I T E  

SYMMETRY I C O N T O I  
R A D I A L  H E A T  GRAD. 2 8 4  
S E G R E G A T I O N  - - - " 

SVNTHE 5 1  S 
C A R B O X Y L A T I O N  - -> 4 0 4  
O E R I V A T I V E  - - - " 
O-CARBOXYMETHYL - " 
R E D U C T I O N  - - - - * 
T A R T R O N I C  A C I D  - " 

SYSTEM S T A B I L I T Y  
C A P A C I T Y  - - - -> 5 2 3  
O I S S O C V E D  SULFUR " 
L I T H I U M B A T T E R V -  " 
ORGANIC E L E C T R O L -  " 
R A T E  C A P A B I L I T Y  - " 
SECONDARY BATTERY " 
T E T R 4 H I D R O F U R A N  - " 

STRUCTURAL ANALY. 

A L K A L I  h E  S O L U T I O N > I  
E P O X I O E  D I M E R S  - 
K I N E T I C  A N A L Y S I S  
P H T H A L I M I D E  - - - 
R E D U C T I O N  - - - - 

SURFACE YORPHOLO. 
A L L O Y  - - - - - -> 5 7 4  
A L U M I N L M  - - - - " 

B U B B L E  O V N A M l C S  - " 
ELECTRCDE NODEL - > I 8 3 5  
E L E C T R O P O L I S H I N G  5 7 4  
GASEOUS D I S C H A R G E  ' 
GROOVE S P A C I N G  - " 
N I C K E L  - - - - -  ' 
POROUS ELECTRODE 1 8 3 5  
R E A C T I C L  P R O F I L E  " 

Z I N C  P O E E  ELECTR. '' 

T A F E L  SLOPE 
A N O D I C  O X I D A T I O N  > I 3 7 4  
C H L O R I N E  E V O L U T I . > 1 3 4 3  
D E S O R P T I O N  - - - * S m F U R  PROBE 

I O D I N E  - - - - - > I 8 4 2  
P O L L U T I O N  CONTROL " 
S O D I U M  S U L F A T E  - 8.  

S O L I D - S T A T E  PROBE " 
SULFUR D I O X I D E  - " 
SULFUR T R I O X I D E  - n 

STRUCTURE S E N S I T .  
ANODIC A C T I V A T I O N >  
AUGER SPECTROSCO.> 

.--- ~ 

D I E L E C T R I C S  - - - 1 3 7 4  
E L L I P S O M E T R Y  - - " 
HEXACYANOFERRATE > 7 3 2  
N I O B I U M  - - - - - 1 3 7 4  
O P E N  C I R C U I T  - - " 
O X I D E  F I L M  - - - 7 3 2  
P A S S I V E  I R O N  - - " 
SEMICONDUCTOR - " 
S T O l C H I O M E T R Y  - - 1 3 4 3  
T R A N S I E N T  ANALYS. I 3 7 4  
TUNGSTEN - - - - " 

E L E C T R C h  O I F F R A C .  

HYDROGEh ABSORPT. 
OXYGEN R E D U C T I O N  
P L A T I N U M  - - - - - - - -  
S I N G L E  CRYSTAL - - 

SURFACE PCOCESSES 
ALUMINUM B R O M I D E  > I 4 7 4  
A R O M A T I C  HYOGOCA. .' 
C Y C L I C  VOLTAMMET. ' 
P O T A S S I U M  B R O M I D E  " 

S W F U R  S E G R E G A T I  . 
CORROSION - - - - > 2 0 3 8  
N I C K E L  - - - - -  n 

S U L F U R I C  A C I D  - - " 

T U L Y S O M Y C I N  
B I T H I A Z M E  - - - > 2 0 9 1  
B L E O M I C I N  - - - - " 
C Y C L I C  VOLTAMMET. " 
M E T A L  COMPLEX - - " 
P O L A R O G R A P H I  - - " 
P Y R I M I D I N E  - - - " 
REDOX - - - - - - " 

SLLFUR T R I O X I D E  
I O D I N E  - - - - - > I 8 4 2  
P O L L U T I O N  CONTROL " 
S O D I U M  S U L F A T E  - *, 
S O L I D - S T A T E  PROBE " 
SULFUR D I O X I D E  - * 
SULFUR PROBE - - " 

SURFACE RCUGHNESS 
GAS 4 D S C R P T I C N  - > I 7 2 0  
P A S S I V E  F I L M  - - " SUBBANDGAP I L L U Y .  

PHOTOCURRENT - -> 4 7 5  
PHOTOELECTRODE - - 
T I T A N I U M  O X I D E  - ' 

SURFACE STRESS 
E L E C T R C C A P I L L A R Y  > 2 5 2  
E L E C T R D C R V S T M L I  .>20B5 
E L E C T R O C E P O S I T I E N  " SUBMICRON T E C H M .  

CHLOROMETHILATED > 1 6 ~ 8  
D R Y  E T C H I N G  - - - * 
N E G A T I V E  R E S I S T  - " 
POLYSTYRENE - - - 

S U - F U R I C  A C I D  
AC A D M I T T A N C E  - -> 4 2 4  
A N I O N  I N F L U E N C E  - > P I 4 0  
A N O D I C  D I S Y ) L U T I . > Z l 5 0  
A N O D I C  O X I O A T I O N  > 4 7 0  
C L E A N 1  NG SGLUTION>1.28 

CORROSION - - - - > I 3 6 3  - - - - > 2 0 3 8  

CURRENT O S C I L L A T .  1 3 6 3  

E L E C T R O C A T M Y S I S  21.0 
ELECTROSORPTION - - 
F I L M  GROWTH - - - 4 7 0  
F L A D E  P O T E N T I A L  - I 

HYCROGEH MONOLAY. 2 1 4 0  
HYDROGEN P E R O X I D E  1 4 2 8  
I N T E P F A C E  - - - - 4 2 4  
I R O N  - - - - - - 1 3 6 3  - - - - - -  2 1 5 0  
L E A D  A C I D  BATTERV> 7  
L E A D  D I O X I D E  - - I 

L E I 0  S U L F A T E  - - 
N I C K E L  - - - - -  4 7 0  

- - - - - 2 0 3 8  
O X I O A T I O N - - - -  7  - - - -  1 4 2 8  
OXYGEN H O N t X A I E R  2 1 4 0  
P A S S I V I T I  - - - - 1 3 6 3  
P L A T I N U M  - - - - a 2 1  - - - -  2 1 4 0  
P O S I T I V E  P L A T E  - 7 
P O T E N T I A L  O I S T R I .  2 1 5 0  

R O T A T I N G  D I S K  - - 4 2 4  
S I L I C O N  UAFER - - 1 4 2 8  
SULFUR SEGREGATI .  2 0 3 8  
SWEEP FREDUENCY - 4 2 4  

E P I T A X V - - - - -  " 
EXTENSOMETER - - 2 5 2  

N I C K E L  - - - - - 2 0 8 5  
P L S S I V A T I O N  - - - " 
P L A T I N U W  - - - - 2 5 2  
S L C C H A C I N  - - - - 2 0 8 5  

S A L T  S C L U T I O N  - - 2 5 2  

TANTALUM 
ACCEPTER HYPOTHE.> 
A O H E S I O N  - - - -> 
A N O D I C  O X I D E  F I L M  
A N O D I C  S T A B I L I T Y  > 
COLO-ROLLED S T E E L  

CORROSION R E S I S T .  
D U C T I L I T Y  - - - - 
E L E C  TROPOC I S H I  NG 
F R I C T U R E  - - - - 
HEXAFLUCUOARSENA. 
L I T H I U M  - - - - - 
L I T H I U M  B A T T E R Y  - 
TETRAHYDROFURAN - 
WAGNERS THEORY - 

SUBSTRATE CONSTA. 
A N O D I C  C X I D E  - -> 9 8 6  

ELLIPSCMETRY - - - 
T I T A N I U M  - - - -  9. SURFACE T E N S I O N  

B U L K  P + A S E  - - - > I 4 6 7  
EMF - - - - - - - " 
MOLTEN S A L T  - - - " 
S I L V E R  C H L O R I D E  - ' 
S O D I U M  C H L O R I D E  - " 

S V s S 7 Q A T E  D I F F U S .  
F I L M  G R C l T H  - - - > I 2 6 1  
M A T H E M A T I C A L  MOO. " 
N O B L E  M E T A L  L A Y E R  " 

SVBSTCATE ROUGHN. 
E L L I P S O M E T R Y  - -> 7 9 9  

TRANSPACENT O X I O E  " 

U N I F O R M  O X I D E  - - . 
SUmFACE TFEATMENT 

C A T I O N  ABSORPTION> 9 5 4  
ENERGY CCNVERSION ' 
PHOTOANODE - - - *' 
PHOTOELECTROCHEM. " 

R U T H E N I U M  - - - - " 

SOLAR C E L L  - - - '' 

TANTALUM P E N T O X I .  
A N O D I C  O X I D E  F I L M >  7 6 5  
D I E L E C T R I C S  - - - " 
I O N I C  CONDUCTION * S U L F A T E  CONCENTR. 

COBALT CONCENTRA.> 9 4 4  
CORROS ICN SUPPRE. 
L I G H T  I N T E N S I T v -  " 
PHOTOANODE - - - -0 

T I T A N I U V  D I C X I D E  * 

S U L F  I D A T  I C N  

A N O D I C  CORROSION > I 0 9 3  
COAL CHAR - - - -> 8 9 4  
CONTACT M A T E R I A L  > 2 0 1 7  

CONTACT R E S I S T A N .  " 
E U T E C T I C  - - - - 1 0 9 3  

FERROUS S U L F I D E  - 89. 
F U S E D  S A L T  - - - 1 0 9 3  
G A S I F I C A T I O N  - - 8 9 4  
I R O N  - - - - -  -> 6 8 3  

1 9 0 N  A L L O Y  - - - 8 9 4  
I R O N  S U L F I D E  - - 6 8 3  

L I T H I U M  C H L O R I D E  1 0 9 3  
P O T A S S I U M  C h L O R I .  " 
R U T H E N I U M  - - - - 2 0 1 7  

R U T H E N I U M  D I O X I D E  " 
S C 4 L E  - - - - - - 6 8 3  
VOLTAMYETRV - - - 1 0 9 3  

TAPER E T C H I N G  
I N S U L A T I N G  F I L M  -> 5 0 4  
NEW TECHNOLOGY - ,' 
T A P E R E D  WINDOW - " 

TAPERED WINDOW 
I N S U L A T I N G  F I L M  -> 5 0 4  
NEW TECHNOLOGY - " 
T A P E R  E T C H I N G  - - " 

T b R T K O N I C  A C I D  
C A R B O X Y L A T I O N  - -> 4 0 4  
D E P I V A T I V E  - - - " 
O-CARBOXVMETHYL - " 
R E O U C T I O N  - - - - " 
S Y N T H E S I S  - - - - " 

TBA C H L O R I D E  
F U S E D  S A L T  - - - > I 8 7 6  
G L A S S  F O R M I N G  - - " 
MANGANESE CHLORI .  " 

MOLTEN S U T  - - - " 
T B A  I O D I D E  - - - " 
TETRA-U-BUTVLAMM. * 
TRANSPORT PROPER. * 

SURFACE WAVE 
C H E M I S C C P T I O N  - -> 6 1 7  
R U T H E N I U M  T R I C H L .  " 
T I N  D I O X I D E  - - - " 

x p s  - - - - - - -  " 

S U R F L C T A N T  
D I E L E C T E I C  F L U I D  > 9 2 5  
O I S S O C I ~ T I O h  - -  " 

STEADY S T I T E  CON. " 
T R A N S I E N T  CONOUC. " 

SWEEP FRECUENCY 
AC A D M I T T A N C E  - -> 4 2 4  
I N T E R F A C E  - - - - " 
P L A T I N U M  - - - - " 
R O T A T I N G  O I S K  - - - 
S U L F U R I C  A C I D  - - se 

SUPPORTING ELECT.  

ELECTROANALYSI s -> 5 0  
ELECTROLYTE CONC. - 
S E M I  I N T E G R A T I O N  - - 
VOLTAMMETRY - - - u 

SURFACE A N A L Y S I S  

AUGER SPECTUOSCO.> 4 5 0  
E L L I P S O M E T R Y  - - I 

GAAS - - - - - -  n 

I N  S I T U  - - - - - u 

L E E 0  - - - - - -  I 

RHEEO - - - - - - n 

V P E  - - - - - - -  I 

SWEEP VOLTAMMETRV 
COPPER O O P I N G  - - > 2 1 8 3  
P O I N T  DEFECT - - " 
V A L E N C E  CHAhGE - " 
Z I R C O N I A  - - - - " SULFUR 

C H L O R A L U M I N A T E  -> 2 3 1  
ELECTRCCXIDATION I 

MELT C C V P O S I T I O N  " 
MOLTEN S A L T  8 1 1 1 .  * 

SYMMETRY 
C Z O C H R A L S K I  - - -> 2 8 4  
G A L L I U M  D O P I N G  - " 
GERMANIUM - - - - " 
HEAT P I P E  - - - - " 

TBA I O O I O E  
F U S E D  S A L T  - - - > I 8 7 6  
G L A S S  F O R M I N G  - - " 
MANGANESE C M L O R I -  " 
MOLTEN S A L T  - - - * 

SLRFACE CHANGE 
C A T H D D I C  P t X 4 R I Z . >  5 3 5  
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P R I M A R Y  TERM PAGE 
CO-TERM NO. 

---- - 
T B A  I O D I D E  I CONTO 1 

T B A  C H L C R I O E  - - 1 8 7 6  
TETRA-N-BUTYLAMM. " 
TRANSPORT PROPER. * 

T E F L O N  BONDED 
A C T I V A T I O N  E N E R G Y > I 3 5 3  
N I C K E L  COBALT OX. " 
OXYGEN E V O L U T I O N  " 
P O T E N T I C S T A T I C  - " 
P U L S E  - - - - - - " 

T E L L U R I U M  O I O X I D E  
ANOOIC O X I D A T I O N  > 7 6 8  
CADMIUM T E L L U R I D E  " 
MERCURY - - - - - " 

N A T I V E  C X I D E  - - " 

P R I M M Y  TERM P A G E  
CO-TERM NO. 

- 
P R I M A R Y  TEll* P A G E  

CO-TERM NO. --- - 
P R I M A R Y  TERM PAGE 

CO-TERM NO- - 
TERNARY SYSTEM I C O N T O )  

F U S E 0  S b L T  - - - 2 1 0 4  
MEASUREMENT - - - 2 0 9 8  - - - 2 1 0 4  
MOLAR VOLUME - - 2 0 9 8  - - 2 1 0 4  
N O N A O U E W S  SYSTEM> 9 9 0  
X-RAY D I F F R A C T  I O N  

THERMAL L I O U I D  I CONTO) 
P O T A S S I U M  C K O R I .  1 6 1 8  
S I L V E R  - - - - - " 
S I L V E R  C)ILORIDE - " 
THERMOCELL - - - 
TRANSPORT ENTROPV ' 

T N R M O G R A V I M E T R Y  
C E R I U M  D I O X I D E  -> 2 0 9  
DFFECI  SrPUCIUPE - - -. - . . - . . . - - . . . . - 
N O N S T O I C H I O M E T R Y  " 
O X I D E  SEMICONOUC. " 
P O I N T  DEFECT - - " 

T H E R M U  L P E  
D E F E C T  STRUCTURE > I 3 8 1  
D O P I N G  - - - - - - 
E L E C T R C E P I T A X Y  - " 
E L E C T R O N 1 5  C H M A .  " 
GAAS - - - - - -  ' 

T N R M O P A S S I V A T I O N  
L E A D  A C I D  B A T T E R Y > 1 1 0 0  
L E A D  D I O X I D E  PLA. " TETRA-N-BUTYLAMM. 

F U S E O  S A L T  - - - > I 8 7 6  
G L A S S  FORMING - - " 
MANGANESE CHLORI .  " 
MOLTEN S A L T  - - - " 

T B A  C K O R I O E  - - " 
T B A  I O O I O E  - - - * 
TRANSPORT PROPER. " 

T H I C K N E S S  P R O F I L E  
O I E L E C T R I C  F I L M  -> 2 6 9  
P O L Y I M I O E  - - - - " 
SPUN--ON F I L M  - - " 
T H I N  F I L M  - - - - " 

THERMU. N I T R I D A T .  
AMMONIA GAS - - -> 9 9 6  
D I E L E C T R I C  F I L M  - * 
O X I D A T I O N  R E S I S T .  " 
S I L I C O N  O X Y h I T R I .  * 

T H I N  F I L M  
A C I D  M E D I U M  - - -> P3 
AUGER SPECTROSCO.> 5 4 7  
CARBON MONOXIDE -> 6 2 7  
CHARGE C A P A C I T Y  - 9 3  
CHROMIUM - - - - > I 0 7 5  
CONDUCTANCE MOOU. 6 2 7  
CORROSION - - - - 5 4 7  
D I E L E C T R I C  F I L M  -> 2 6 9  
E T C H I N G  - - - - - 1 0 7 5  
GAAS - - - - - -> 7 0 3  
H I G H  F I E L D  - - - > 2 1 8 8  
HYOROXIOE-TYPE - 9 3  
I N T E R F A C E  R O L E  - 2 1 8 8  
I O N I C  CONDUCTION " 
I R I D I U M  - - - - - 9 3  
I R O N  - - - - - - 5 4 7  
L A R G E  G R A I N  - - - 7 0 3  
O X I O A T I O N  - - - - 517 
P A L L A D I U M  - - - - - 
P A S S I V E  O X I D E  - - " 
PHOTOLITHOGRAPHY 1 0 7 5  
PHOTOMASK C O A T I N G  " 
P O L Y I M I O E  - - - - 2 6 9  
SENSOR - - - - - 6 2 7  
SOLAR C E L L  - - - 7 0 3  
SPUN--ON F I L M  - - 2 6 9  
T H I C K N E S S  P R O F I L E  " 
T I N  O X I D E  - - - - 6 2  7 
X P S  - - - - - - - 5 4 7  

TEMPERATURE 
B A R I U M  C K O R O S I L . > 1 7 3 4  
E U R O P I U M  - - - - " 
H I G H  O U E N C H I N G  - * 
PHOSPHORS - - - - " 
P H O T O L C I I N E S C E N C E  * 

TETRAHYDR(FURAN 
A N O D I C  S T A B I L I T Y  > 
C A P A C I T Y  - - - -> 
COLO-ROLLED S T E E L  
CORROSION R E S I S T .  
0 1  S S U V E O  SULFUR 
HEXAFLUOROARSENA.> 

T H E R M U  C X I O A T I O N  
A N N A L I h G  - - - - > I 5 7 3  
A N O D I C  O X I D A T I O N  > 2 1 3 3  
BORON REDISTRIBU.>2OOI  
CHARGE D E N S I T Y  - 1 5 7 3  
C H L O R I N E  O X I O A T I . > 1 2 B B  

> I 7 8 9  
O I P F U S I C N  MODEL - ZOO1 
D I O X I D E  AMBIENCE 1 2 8 8  
ELECTRCCHROM I S M  - 2 1  3 3  
HYDROGEN E F F E C T  -> 1 2 2  
I N T E R F A C E  S T A T E  - 1 5 7 3  
O X I D A T I O N  K I N E T I .  1 7 8 9  
PHOTOELECTROCHEM. 2 1 3 3  
S I L I C O N  O I O X I O E  - 1 2 2  - 1 2 8 8  - 1 5 7 3  - 1 7 8 9  
S I L I C O N  I N T E R F A C E  1 2 2  
S T A C K I L G  F A U L T  - 1 7 8 9  
T R I C H L O C O E T H Y L E N E  " 
TUNGSTEN T R I O X I D E  2 1 3 3  

TEMPERATURE DEPE. 
A D S O R P T I O N  - - -> 4 9 5  
H I G H L Y  I E A C T I V E  - " 
HYDROGEL - - - - * 
R r A c r l v i r ~  - - - - 
U R A N I U M  W Y O E R  - " 

L I T n l u M  - - - - - - - - - -  
L I T H I U M  B A T T E R Y  - - 
O R G A N I C  ELECTROL.  
O R G A N I C  PRODUCT - 
R A T E  C A P A B I L I T Y  - 
SECONDARY B L T T E R Y  
S O L I D  CORROSION - 
S Y S T E M  S T A B I L I T Y  
T A N T A L U M  - - - - 

TEMPERATURE RANGE 
A B S O R P T I C N  SPECT.>1550 
C E R I U M  - - - - - I 

C R Y S T A L  F I E L D  - - " 

GARNET FHOSPHORS SU 

PHOTOLUMINESCENCE * 
T H I L L I U M  

C A L C I U M  N I T R A T E  -> 9 8 5  
HYCRATEO M E T A L S  - " 
N U C L E A T I O N  - - - " 

T E R B I U M  
CATHODE RAY - - - > I 5 5 6  - - -> - 
CATHODCLUMINESCE.> 3 0 5  

> 5 7 1  
C E R I U M  - - - - - I S 5 6  - - - - -  " 
C O N C E N T R A T I O N  - - " 

- - .. 
E F F I C I E N C Y  - - - " - - -  " 
E L E C T R O N  BOMBARD. 5 7 1  
G A O O L I N I U M  - - - 1 5 5 6  - - -  " 
GARNET FNOSPHORS " 

nosr SELSITIZATI. 3 0 5  
L A N T H A N U M  OXYSUL. 5 7 1  
COW ENEEGY - - - " 
N O N R A D I A T I V E  PRO. 3 0 5  
PHOSPHCRS - - - - 5 7 1  
PRASEOOYMIUM - - 3 0 5  
T E R B I U M  - - - - - 1 5 5 6  - - - -  - ,. 
T R A P P l h G  - - - - 3 0 5  
xps - - - - - - - 5 7 1  
Y T T R I U M  O X I S U F I .  3 0 5  
Y T T R I U M  O X Y S U L F I .  5 7 1  

THERMAL A N A L Y S I S  
&NODE M A T E R I A L  -> 8 6 6  
L ~ T n ~ u n ~ o f i o ~ - -  
M O L T E N  S A L T  BATT. " 

THERMAL PREPARAT. 
E L E C T R O O E P O S I T I O N >  2 0 4  
MOSSBAUER SPECTR. - 
T I N  N I C K E L  A L L O Y  " 

THERMAL BATTERY 
ANOOE MECHANISM -> 1 7 6  
C A L C I U M  ANODE - - " 
C A T H O L Y T E  - - - - > I 4 9 6  
C A T I O N  R A D I U S  - - " 
F U S E D  S A L T  - - - 1 7 6  
LI THIUM c n L o u 1 ~ ~  * 
MOLTEN N I T R A T E  - 1 4 9 6  
N I T R A T E  S A L T  - - * 
OPEN P A N  STUDY - * 
OVERVOLTAGE - - - 1 7 6  
R E O U C T l O N  - - - - 1 4 9 6  

THERPAL FSOCESSI .  
C Z O C H R A L S K I  - - - > I 1 4 2  
I N T E G R L T E D  CIRCU.  * 
L I F E T I M E  - - - - . 
M I N O R I T Y  C A R R I E R  * 
S I L I C O h  - - - - - - 

T H I N  F I L M  GROWTH 
H A F N I U M  DIKETONA.>1203 
H A F N I U M  D I O X I D E  - " 
THERMAL OEUIMPOS. " 
Z I R C O N I U M  DIKETO.  " 
Z I R C O N I U M  D I O X I D E  " 

T H I O C Y A N A T E  
ANOOE - - - - - -> 9 7 2  
E L E C T R O O X I O A T I O N  - 
L I G H T  E F F E C T  - - " 
P H O T O C O N D U C T I V I T Y  " 

T H I O N Y L  C+LORIDE 
CARBON - - - - - > 2 0 5 2  
CATHODE - - - - - " 
D I S C H A R G E  - - - - > 2 1 6 8  
D I S C H A R G E  R E A C T I S >  5 1 3  
E L E C T R O L Y T E  S A L T  > I 4 6 5  
ENERGY CONVERSION - 
H E R M E T I C  0 - C E L L  - " 
H Y D R O L Y S I S  - - -> 9 8 1  
I M P U R I T Y  - - - - " 
L I a u I o  CATHOLYTE - 
L I T H I U M  - - - - - 2 0 5 2  - - - - -  2 1 6 8  
L I T H I U M  ANODE - - 5 1 3  
L I T H I U M  B A T T E R Y  - 9 8 1  
LITHIUM BORON cn. 1 4 4 s  
P R I M A R Y  C E L L  - - 5 1 3  
R E A C T I O N  MECHANI. 2 1 6 8  
S O L U B L E  CATHODE - 5 1 3  

T n e R M A L L  Y GROUN 
CONDUCTANCE - - - > I 8 2 7  
E L E C T R O N  EXCHANGE * 
S I L I C A  SURFACE - " 

T H E R M I S T C R  
ALUMINUM SOLUBIL.>  1 6 5  
B A R I U M  T I T A N A T E  - " 
C O N D U C T I V I T Y  - - " 

T+€RMAL C E L L  
AQUEOUS SYSTEM -> 9 0 8  
H I G H  TEMPERATURE " 
REFERENCE ELECTR. " 

THERHOCELL 
J U N C T I C h  P O T E * I T I . > 1 6 1 8  
P O T 4 S S I U M  CHLORI .  " 
S I L V E R  - - - - - " 
S I L V E R  C I U O R I O E  - " 
THERMAL L I a u I o  - *- 
TRANSPORT ENTROPY - 

THERMAL OECOMPOS. 
AMMONIUM 01CHROM.>1975 
H A F N I U M  D I K E T O N A . > L 2 0 3  
H A F N I U M  O I O X I O E  - " 
L U M I N E S C E N C E  - - 1 9 7 5  
O X I D A T I O N  - - - - n 

PHOSPHOR LUMINES.  " 
T H I N  F I L M  GROWTH I 2 0 3  
Z I N C  S U L F I D E  - - 1 9 7 5  
Z I R C O N I U M  D I K E T O .  I 2 0 3  
Z I R C O N I U M  O I O X I D E  " 

T E R B I U M  A C T I V A T I .  
A L K A L I  RARE E A R T H > 2 2 0 6  
C E S I U M  C O A C T I V A T .  " 
G L A S S Y  PHOSPIQRS 
L U M I N E S C E N C E  - - " 
METAPHOSPHATE - - T H E R Y O C H E M I S T I Y  

BIRGE-SPONER - - > I 3 9 6  
D I S S O C I A T I O N  - - " 

M E T A L  H A L I D E  G A S  * 
MODEL C A L C U L A T I O N  " 

T E R B I U M  D O P I N G  
C E R I U M  D O P I N G  - - > I 2 2 1  
E U R O P I U M  D O P I N G  - U 

G A D O L I N I U M  D O P I N G  " 

GARNET FHOSPHORS " 
RARE E A R T H  A C T I V .  " 

THERMAL OEPENDEN. " 

TERNARY PHASE 
A L U M I N U P  - - - - > I 9 9 2  
A N T I M O N Y  - - - - " 
D T L  - - - - - - - .. 
GALLIUM - - - - - - 
L I Q U I D  A S S O C I A T I r  ' 
PHASE D I A G R A M  - - " 

T N R M A L  OEPENDEN. 
C E R I U M  D O P I N G  - - > I 2 1 3  - - > I 2 2 1  
DECAY PSOCESS - - 1 2 1 3  
E U R O P I U M  D O P I N G  - 1 2 2 1  
G A D O L ~ N I U Y  D O P I N G  " 

GARNET PHOSPHORS 1 2 1 3  

1 2 2 1  
RARE E I R T H  A C T I V .  1 2 1 3  

1 2 2 1  
T E R B I U M  D D P I N G  - " 

THERMODYNAMICS 
O I S S O C I L T I O N  - - > I 8 2 5  
G A L L I U M  - - - - - > I 4 0 0  
I N D I U M  A R S E N I O E  - ' 
MASS SPECTROSCOPY 1 8 2 5  
M I X E D  C R Y S T A L  PH. 1 4 0 0  
S E L E N I U M  S U L F I D E  1 8 2 5  
SOURCE GAS P H A S E  I 4 0 0  
V A P O R I Z A T I O N  - - 1 8 2 5  
VPE - - - - - - - 1 4 0 0  

T W R I U M  
E L E C T R O l R A N S P O R T  > I 8 1  1 
H I G H  R E S I S T A N C E  - " 
L O *  PRESSURE - - * 
M I C R O G R A V I T Y  - - " 
P U R l F I C A T I O N  - - " 

T m E E  P O I N T  
CORROSION POTENT.> 8 9 1  
L I N E A R  P O L A R I L A T .  - 
N U M E R I C U .  METHODS " 

THERMAL E X P A N S I O N  
C R Y S T A L  GROWTH - > I 6 2 5  
O P T I M U M  C O N D I T I O N  " 
R U T H E N I U M  D I O X I D E  " 

T H E R M O E L E C T R I C I T Y  
C O B A L T  C X I O E  - - > I 8 1 7  
ELECTRCOE MATERI. " 

L A N T H A h U M  STRONT. " 
POWER - - - - - - " 

TERNARY S l S T E M  
COMPLEX - - - - - > 2 1 0 4  
COMPLEX I O N  MOOEL>PO98 
C O N D U C T I V I T Y  - - 4. 

- - 2 1 0 4  
F U S E 0  S A L T  - - - 2 0 9 8  

T I M E  V A R I A T I O N  
LONG TERM T E S T I N G > l 6 7 4  
WATER ELECTROLYZ. ' THERMAL LIauIo 

J U N C T I O N  P O T E N T I . > 1 6 1 8  
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P R I M A R Y  TERM PAGE 
CO-TERM NO. --- - 

P R I M A R Y  TERM P A G E  
CO-TERM NO. - 

T I T A N I U M  O I O X I O E  (CONTO) 
O P T I C A L  P R W E R T Y  1 5 9 2  
O X I D E  F I L M  GROWTH 1 7 3 1  
PHOTOANODE - - - 9 4 4  - - - 2 1 6 3  
PHCTOELECTROCHEM. 8 5 0  
P H O T O E L E C T R O L Y S I S  8 3  

2 0 0 7  
P O T E N T I A L  O I S T R I .  1 5 0 5  
P R O C E S S I N G  VARIA.> 8 4 4  
QUANTUM E F F I C I E N .  2 0 0 7  
R E D U C T I O N  E T C H I N G  8 4 4  
R E O X I D A T I O N  - - - 1 7 3 1  
R U T I L E  AYOOE - - 8 3  
R U T I L E  L A T T I C E  - 2 1 6 3  
SEMICONOUCTOR - - 8 4 4  
S I L I C O N  O X I D E  - - 1 7 3 1  
S U L F A T E  CONCENTR. 9 4 4  
WATER O X I D A T I O N  - 2 0 0 7  

P R I M A R Y  TERM PAGE 
CO-TERM NO. - 

T R A N S I S T O C  
CURRENT G A I N  - -> . 6 4 2  
E M I T T E R  E F F I C I E N .  - 
GETTER I N G  - - - - " 
p-+p - - - - - - " 
PHOSPHORUS PENTO. " 

T R A N S I T I C L  M E T A L  
C O B A L T  MONOXIOE -> 7 6 0  
ELECTRCTRANSPORT - 
I O N I C  MCDEL - - - > I 3 8 7  
L A N M A N I D E  M E T A L  ' 
M E T A L  U U I O E  GAS " 
MOLECULAR STRUCT. " 
OX I O A T I C N  THEORY 7 6 0  
P O I N T  OEFECT - - " 
V I B R A T I C N A L  FREO. 1 3 8 7  

T R A N S I T I C N  S T A T E S  
H I G H  PRESSURE - -> 9 8 5  
HYOROGEN E V O L U T I .  " 
R E A C T I C L  MECHANI. " 

T R A N S I T I C N  TEMPE. 
C O N D U C T I V I T Y  - - > 2 1 4 4  
G L A S S  - - - - - - " 
H Y D R A T E  MELT - - " 
M I X E D  A L K A L I  E F F .  " 

P R I M A R Y  TERM PAGE 
CO-TERM NO. - - - 

T R A P P I N G  O E N S I T Y  
A N N E A L I N G  - - - - > I 0 7 8  
C-V CURVE - - - - 
CORONA C H A R G I N G  - " 
P H O S P W R U S  O O P I N G  * 
S I L I C O N  O l O X l O E  - " 

T R I C H L O R O E T H Y L E N E  
C H L O R I N E  O X I O A T I . > I 7 8 9  
O X I O A T I O N  K I N E T I -  " 
S I L I C O N  D I O X I D E  - rn 

S T A C K I N G  F A U L T  - " 
THERMAL O X l O A T l O N  " 

T I N  
D O P I N G  P R O F I L E  -> 2 9 6  
G**S " 
GROWTH FROCESS - - 
L P E  - - - - - - -  * 
M O B I L I T Y  P R O F I L E  . 

T I N  D l O X l O E  
C H E M I S O f i P T I O N  - -> 6 1 7  
R U T H E N I U M  T R I C H L .  " 
SURFACE WAVE - - " 
xps - - - - - - -  " 

T I N  D O P I N G  
O I F F U S I C N  PROCESS> 1 3 5  T R I C K L E  B E 0  ELEC. 

FLOW-TWOUGH - - > I 8 8 5  
GASEOUS R E A C T A N T S  " 
REACTOR - - - - - " 

GAAS - - - - - -  " - - - - - -> 7 9 7  

H I G H  R A T E  - - - -> 6 9 1  
I N D I U M  O X I D E  - - " 
P L A N A R  O I F F U S I O N  1 3 5  
P L A N A R  JUNCTION - " 
POLYESTER F I L M  - 6 9 1  
R E A C T I V E  SPUTTER. - 
S I L I C O S  O I O X I O E  - 1 3 5  
V P E  - - - - - - - 7 9 7  

TRIFLUOROETHYL 
CHLOROACRYLATE - > I 8 2 9  
E L E C T R O N  BEAM - - " 
I N T E G R A T E D  C I R C U S  " 
MOLECULLR 0 8  I T A L  " 
POLYMER - - - - - " 
P O S I T I V E  R E S I S T  - * 

T I T A N I U M  O I S U L F I -  
A D S O R P T I O N  - - -> 6 0 8  
C E L L  K I N E T I C S  - - " 
L l T n x u u  BATTERY - - 
P H A S E  D I A G R A M  - - " 
P O T E N T I A L  - - - - * 
SPECTROSCOPY - - " 
VOLTAGE S T E P S  - - " 

T I N  N I C K E L  A L L O Y  
E L E C T R O O E P O S I T I O N >  2 0 4  
YOSSBAUER SPECTR. - 
THERMAL PREPARAT. * 

TRIFLUOROMETHANE 
E L E C T R O O X I O A T I O N  > 7 7 5  
E T C A N E  - - - - - " T I T A N I U M  O X I O E  

C H L O R I N E  E V O L U T I . > I I 8 9  
E L E C T R O C A T N Y S I S  " 
PHOTOCURRENT - -> 4 7 5  
PHOTOELECTRODE - " 
R U T H E N I U M  - - - - 1 1 8 9  
SUBBANDGAP ILLUM.  4 7 5  
T I T A N I U M  SUPPORT- 1 1 8 9  

T I T A N I U M  SUPPORT. 
C H L O R I N E  E Y O L U T I . > I 1 8 9  
E L E C T R O C A T A L Y S I S  " 
R U T H E N I U M  - - - - " 
T I T A N I U M  O X I D E  - " 

T W O C H E M I C A L  C E L L  
O I C H A L C O G E N I O E  -> 3 4 9  
I N T E R C A L A T I O N  - - " 
L I T H I U M  - - - - - " 
LOW VOLTAGE BEHA. " 
SECONDARY B A T T E R Y  . 

TRANSPARENT F I L M  
I N T E G R A T E D  C I R C U S >  1 0 3  
L l O U I O  STANDARD - " 
P A S S I V k T I O N  L A Y E R  " 
R E F R A C T I V E  I N D E X  " 

F U E L  C E L L  - - - - 
METHANE - - - - - 
N-BUTANE - - - - 
PROPANE - - - - - 

T I N  O X I D E  
A R S E N I C  M P I N G  - > I 4 3 4  
CARBON MONOXIDE -> 6 2 7  
CONDUCTANCE IUDU.  " 

C O N D U C T I V I T Y  - - 1 4 3 4  
CVQ - - - - - - -  " 
O X I D E  F I L M  - - - " 
SENSOR - - - - - 6 2 7  
T H I N  F I L M  - - - - " 

T I T A N I U M  
A C I D I C  S U L F A T E  - > 2 0 6 4  
A N O O I C C I S S O L U T I .  * 
ANOOIC C X I O E  - -> 9 8 6  
CARBON - - - - - > 2 1 7 3  
C H L C R I O E  S O L U T I O N  2 0 6 4  
C H R O M I b M  S T E E L  - 2 1 7 3  
CORROSICN - - - - 2 0 6 4  
OEOXYGEhATEO SOL. " 
D I S C H A R G E  D A T A  -> 3 5 7  
E L L I P S C M E T R Y  - - 9 8 6  
I R C N  - - - - - - 3 5 7  
N I O B I U M  - - - - - 2 1 7 3  
O X I O A T I C N  R E S I S T .  a 
P A S S I V A T I O N  - - - 2 0 6 4  
SECONOAFV B A T T E R Y  3 5 7  
S O L U B L E  SYSTEM - * 
SUBSTRATE CONSTA. 9 6 6  
Z I R C O N I W  - - - - 2 1 7 3  

TRANSPARENT O X I O E  
E L L I P S C M E T R Y  - ->  7 9 9  
SUBSTRATE RCUGHN. " 
U N I F O R M  O X I D E  - - " 

TRANSPORT 
A L U M I N U M  C H L O R I O E > 1 6 4 4  
C O N D U C T I V I T Y  - - " 
D E N S I T Y  - - - - - " 
F U S E D  S A L T  - - - vw 
H A L I D E  - - - - - " 
N - A L K Y L P Y R I O I N I U M  " 
V I S C O S I T Y - - - -  " 

T R I M E T H Y L G A L L I U M  
A R S I N E  G A S  - - -> 
D E V I C E  Q U A L I T Y  - 
E P I T A X Y  - - - - - 
G A A S  - - - - - - 
GERMANIUM - - - - 
MOLYBDENUM - - - 

TUNGSTEN 
A N O D I C  O X I D A T I O N  > 
D I E L E C T R I C S  - - - 
E L L I P S O M E T R Y  - - 
N I O B I U M  - - - - - 
OPEN C I R C U I T  - - 
T A F E L  S L O P E  - - - 
T R A N S I E N T  ANALYS. 

TRANSPORT ENTROPY 
J U N C T I O N  P O T E N T I . > 1 6 1 8  
P O T A S S I  OM CHLORI .  
S I L V E R  - - - - - .. 
S I L V E R  C H L O R I D E  - " 
THERMAL L I O U I O  - " 
THERMOCELL - - - " 

TOUGHNESS B E H A V I  . 
C U T T I N G  T O O L 5  - - > I 2 8 1  
CVO C O A T I N G  - - - " 
E T A  P H A S E  - - - - " 
T I T A N I U M  C A R B I D E  " 

T W G S T E N  T R I O X I D E  
h N O O I C  O X I O A T I O N  > 5 8 3  

> 2 1 3 3  
ELECTROCHROME - -> 8 0 5  
E L E C T R o C n R O M I S M  - 5 8 3  

TRACE ELEMENT 
A T O M I C  48SORPT I O N > 1 9 8 8  
G A A S  C R Y S T A L  - - " 
SPECTROSCOPY - - " 
ZEEMAN T E C H N I O U E  " 

TRANSPORT E O U A T I .  
C O N V E C T I O N  - - - > I 7 1 3  
D I F F U S I C N - - - -  * 
D I F F U S I O N  COEFFI .>  9 8 8  
M I G R A T I C N  - - - - I 7 1 3  
MOLTEN C U T  - - - .' 
POROUS ELECTRODE " 

- 2 1 3 3  
F I L M  STRUCTURE - 5 8 3  
PHOSPHOTUNGSTIC - 8 0 5  
PHOTOELECTROCHEM. 2 1 3 3  
PROTON CONDUCTION 8 0 5  
R E A C T I O N  R A T E  - - 5 8 3  
THERMAL O X I O A T I O N  2 1 3 3  
VACUUM E V A W R A T I .  5 8 3  

T I T A N I U M  ANODE 
L I F E  T E S T  - - - - > I 4 3 9  
D X I O E  C O A T I N G  - - 

. P E R C H L O G I C  A C I D  - " 
P O L A R I Z A T I O N  - - * 
S O D I U M  C K O R I O E  - " 

TRACE GAS 
CORROSION - - - - > 2 1 5 9  
ENVIRONMENT - - - " 
F L C W  CCNTROL - - " 

P E R M E A T I O N  - - - " 
POLYMER - - - - - " 

T R A N S G R A N l h A R  
COPPER - - - - -> 7 0 1  
C R A C K I N G  - - - - " 
S 0 0 1 U M  N I T R I T E  - - 
STRESS C O R W S I O N  " 

T R A N S I E N T  ANALYS. 
A N O D I C  O X I O A T I O N  > 1 3 7 4 '  
D I E L E C T R I C S  - - - " 
E L L I P S O M E T R Y  - - " 

N I O B I U M  - - - - - " 
OPEN C I R C U I T  - - " 

T A F E L  S L O P E  - - - " 
TUNGSTEN - - - - " 

TRANSPORT LA. 
C O R R O S I C N  - - - - > I 6 6 2  
M A T H E M A T I C A L  MOO. " 
P I T G R O W T H  - - -  " 
P I T  I N I T I A T I O N  - 
S A L T  F I L M  - - - - " 

TRANSPORT PROPER. 
CONDUCTANCE - - - > I 6 8 2  
D I F F U S I O N - - - -  " 
F U E L  C E L L  - - - - * 
F U S E D  S A L T  - - - > I 8 7 6  
G L A S S  F O R M I N G  - - " 
H A L O G E L  - - - - - 1 6 8 2  
HYDROGEN - - - - * 
MANGANESE C H L O R I .  1 8 7 6  
MOLTEN S A L T - - -  " 

N A F I O N  MEMBRANE - 1 6 8 2  
POLYMER - - - - - " 
T B A  C H L C R I O E  - - 1 8 7 6  
T E A  I O O I O E  - - - " 
TETRA-L-BUTYLAMM. " 

-~ --. 
Z I R C O N I U M  PHOSPH. 8 0 5  

T U N N E L I N G  
A L U M I N U M  - - - - > I S 4 8  
A N O O I Z A T I O N  - - - " 
VAPOR I N F U S I O N  - " 

T I T A N I U M  C A R B I D E  
C U T T I N G  TOOLS - - > I 2 8 1  
CVO C O A T I N G  - - - " 

E T A P H A S E - - - -  " 
TOUGHNESS B E H A V I .  " 

T I T A N I U M  D I O X I D E  
A N N E A L I N G  - - - - > I 7 3 1  
A N O D I C  C X I O A T I O N  > I 5 9 2  
ARC P L A S M A  SPRAY.> 8 3  
BANDGAP S H I F T  - - 1 5 9 2  
B E R Y L L I U M  O O P I N G  >ZOO7 
C A P A C I  TANCE - - - > I 5 0 5  - - -  1 7 3 1  
C E R A M I C S  - - - - 8 3  
C O B A L T  CONCENTRA.> 9 4 4  
COPPER OOPING - - 1 5 9 2  
CORROSICN SUPPRE. 9 4 4  
O I F F U S I O N  - - - -> 8 5 0  
J I S P L A Y  D E V I C E  - > 2 2 1 1  
E L E C T R I C A L  CHARA. * 
E L E C T R C P H O R E S I S  - " 
F L A T B A N O  P O T E N T I .  1 5 0 5  
H I G H  TEMPERATURE 1 7 3 1  
HYOROGEL - - - - > P I 6 3  
HYOROGEL PROTON - 8 5 0  
L I G H T  I N T E N S I T Y  - 9 4 4  
MOTT-SCHOTTKY - - 1 5 0 5  
O P T I C L L  CHARACTER 2 2 1 1  

U L T R A H I G H  VACUUM 
A N T I M O N Y  EVAPORA.>1761 
A R S E N I C  - - - - - n 

C E S I U M  - - - - -> 6 6 0  
O E P T H  P R O F I L E  - - " 
DOPANT - - - - - I 

D O P I N G  - - - - - 1 7 6 1  
E P I T A X Y  - - - - - - 
G A A S  - - - - - -  6 6 0  
I O N  I M P L A N T A T I O N  1 7 6 1  
MASS SPECTROMETRY 6 6 0  
MOLECULAR BEAM - 1 7 6 1  
SECONDARY I O N  - - 6 6 0  
S I L I C O N  - - - - - " - - - - -  1 7 6 1  

U L T R A S O N I C  
A G I T A T I O N  - - - -> 4 7 9  
O E F E C T  - - - - - n 
E T C H  - - - - - -  I 

S E L L 0  E T C H  - - - " 
S I L I C O N  E V U U A T I .  " 

U L T R A V I O L E T  E X C I  . 
COLOR T V  P I C T U R E  > I 0 0 8  

T R A N S I E N T  CONDUC. 
D I E L E C T R I C  F L U I D  > 9 2 5  
O I S S O C I A T I O N  - - " 
S T E A D Y  S T A T E  CON. " 
SURFACTANT - - - " 

T R A P P I N G  
CATHOOCLUMI NESCE. > 3 0 5  
HOST S E N S I T I Z A T I .  " 
N O N R A O I  AT l V E  PRO. " 
PRASEOOYMIUM - - " 
T E R B I U M  - - - - - " 
Y T T R I U l #  O X I S U F I .  " 

T R A N S I E N T  DECAY 
A-C IMPEDENCE - ->I 1 6 6  
C E K I U M  D I O X I D E  - " 
P L A T I W M  ELECTRO. " 
P O L A R I Z A T I O N  - -  * 
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P R I M A R Y  TERM PACE 
CO-TERM NO. 

U T R A V I O L E T  E X C I -  I C O N T O 1  
P A S  D I S C H A R G E  - - 1 0 0 8  
PHOSPHORS - - - - " 

U N A L L O Y E D  N I C K E L  
A I R  E N V I R O N M E N T  - > I 2 7 4  
N I C K E L  GOLD A L L C Y  ' 
O X I O E  F I L M  GROWTH " 

UNDERVOLTAGE 
I S O T O P E  S E P A R A T l . > 2 0 4 5  

U N I F C R M  C X I D E  
E L L I P S C M E T R Y  - -> 7 9 9  
SUBSTRATE ROUGHN- " 
TRANSPARENT O X I D E  * 

U R A N  I U M  F L U O R I T E  
B A R I U M  F L U O R I T E  -> 6 6 7  
C A L C I U M  F L U O R I T E  " 
C E S I U M  F L U O R I T E  - " 
D E F E C T  I N T E R A C T I -  " 
I O N I C  C O N O U C T I V I -  " 
S O L I D  S O L U T I O N  - " 

STRONT 1UM F L U O R I -  " 
U R A N l U U  PCWDFR 

A D S O R P T I O N  - - -> 4 9 5  
H I G H L Y  R E A C T I V E  - ' 
HYDROGEN - - - - " - - -  - > I 5 9 6  
R E L C T I C h  Y l h E T I C S  " 
R E A C T I V I T Y  - - - 4 9 5  
TEMPERATURE OEPE. " 

UREA 
A N O D I C  O X I D A T I O N  > I 6 8 7  
GLUCOSE SENSOR - " 

I N H I B I l I O N  - - - " 
KREBS-RINGER - - " 
P L A T I N U M  ELECTRO.  " 

U V  I R R A D I A T E D  
C A T A L Y S T  - - - -> 3 9 4  
O E P O S l  T I O N  - - - " 
E L E C T R C L E S S  - - - " 
P A L L A D I U M  - - - - " 

VACUUM E V A P O R A T I .  
A N O D I C  O X I D A T I O N  > 5 8 3  
E L E C T R C C h R O M I S M  - * 
F I L M  STSUCTURE - " 
R E A C T I O N  R A T E  - - " 
T U N G S T E L  T R I C X I D E  " 

V A L E N C E  CFANGE 
COPPER D O P I N G  - - > 2 1 8 3  
P O I N T  OEFECT - - " 
SWEEP VOLTLMMETRY " 
Z I R C O N I a  - - - - * 

V A N A D I U M  
A N O O I Z A T I O N  - - -> 5 4 4  
K E I L  SALOMON - - " 

OXYGEN I S O T C P E  - " 

VANADCUM O X I D E  
CATHODE - - - - -> 4 9 7  
L I T H I U M  C E L L  - - " 
SECONDARY BATTERY " 

VAPOR E T C F  
GAAS GRCWTU - - - > I 2 9 1  

VAPOR GRObN 
C A D M I U M  H A L I D E  -> 3 2 5  
CRYSTALLOGRAPHY - " 
D I F F R A C T I O N  - - - " 

M I X E D  C R Y S T A L S  - " 
P O L I T Y P I S *  - - - " 

VAPOR I N F U S I O N  
A L U M I N U M  - - - - > I 5 4 8  
A N O D I Z A T I O N  - - - *' 
T U N N E L I N G  - - - - " 

VAPOR TRAhSPORT 
C L O S E  S P A C I N G  - - > I 6 0 4  
E N T H A L F Y  - - - - " 

V A P O R I Z A T I O N  
D E C O M P O S I T I O N  - -> 4 9 0  
D I S S O C I A T I O N  - - > I 8 2 5  
E F F U S I C U  - - - - 4 9 0  - - -  -> 7 7 1  

MASS SPECTROSCOPY 1 8 2 5  
P O T A S S I U M  S U L F A T E  4 9 0  

JOURNAL A 

P R I M A R Y  TERM PAGE 
CO-TERM NO. -- - 

V A P O R I Z A T I O N  I C O N T O )  
S E L E N I U M  S U F I D E  1 8 2 5  
S O L I D  P H A S E  - - - 7 7 1  - - - - -  - 

THERMODYNAMICS - 1 8 2 5  
Z I C C O N I U M  I O D I D E  7 7 1  

V€RT I C A L  ELECTRO- 
COPPER O E P O S I T I O N > 2 I l 8  
CURRENT O I S T R I B U -  " 
E L E C T R O D E P O S I T I O N  " 
GAS L I F T  - - - - " 
HYDROGEN EVOLUTI .  " 
M A T H E M A T I C N  MOD. * 

V I B R A T I O N A L  FREO- 
I O N I C  MODEL - - - > I 3 8 7  
L A N T H A N I D E  M E T A L  " 
M E T A L  H A L I D E  G A S  " 
MOLECULAR STRUCT. " 
T R A N S I T I O N  M E T A L  - 

V I S C O E L A S T I C I T Y  
D I S L D C A T I O N  - - - > I 0 1 4  
F I L M  EDGE - - - - " 
S I L I C O N  D I O X I D E  - " 
S I L I C O N  N I T R I D E  - * 

v x s c o s l r Y  
A L U M I N U M  C K O R I O E > 1 6 4 4  
C O N D U C T I V I T Y  - - * 
D E N S I T Y  - - - - - * 
F U S E D  S A L T  - - - * 
H A L I D E  - - - - - " 

N - A L K Y L P Y R I D I N I U M  " 
T R A N S P O R T - - - -  " 

Y L S I  D E V I C E  
D O P I N G  - - - - - > I 7 7 9  
I O N  I M P L A N T A T I O N  " 
LOW TEMPERATURE - " 
D X I O A T I O N - - - -  " 
P O L V S I L I C O N  - - - " 

V O I D  T R A N S M I S S I O N  
PHOSPHOR P A R T I C L E > 1 5 6 3  
SCREEN WEIGHT - - " 
W E I G H T  O P T I M I Z A T .  " 

VOLTAGE R E G U L A T I .  
A N O D I C  D I S C H A R G E  > 9 9 3  
F E L T M E T A L  - - - - " 
L I T H I U M  BORON - - " 
M O L T E N  S A L T  - - - " 

VDLTAGE STEPS 
A D S O R P T I O N  - - -> 6 0 8  
C E L L  K I N E T I C S  - - " 
L I T H I U M  B A T T E R Y  - " 

P H A S E  D I A G R A M  - - " 
P O T E N T I A L - - - -  * 
SPECTROSCOPY - - " 
T I T A N I U M  O I S U L F I .  " 

VOLTAMMETRY 
A N C O I C  CORROSION > I 0 8 7  

> I 0 9 3  
C O N V E C T I V E  DIFFU.> 4 3 1  

> 4 3 7  
E L E C T R O A N A L Y S I  S -> 5 0  
E L E C T R O L Y T E  CONC. " 
E L E C T R O N  TRANSFER 4 3 1  

4 3 7  
E U T E C T I C  - - - - 1 0 8 7  - - - -  1 0 9 3  
F U S E D  S A L T  - - - 1 0 8 7  - - - 1 0 9 3  
HYDUOOYNAMICS - - 4 3 1  - - 4 3 7  
L I T H I U M  C H L O R I D E  I 0 0 7  

1 0 9 3  
O R T H O P H O S P M I R I C  -> 7 8 6  
OXYGEN R E D U C T I O N  " 

P A R A L L E L  M E C W N I .  * 
P L A T I N U M  - - - -  " 
P O T A S S I U M  CFVORI .  1 0 8 7  

1 0 9 3  
R O T A T I N G  D I S K  - - 4 3 1  - - 4 3 7  
S E M I  I N T E G R A T I O N  - 5 0  
S I N U S O I D A L  - - - 4 3 1  

- - - 4 3 7  
S U L F I D A T I O N  - - - L O 9 3  
S U P P O R T I N G  ELECT.  5 0  

VOLT AMMOGRAM 
C Y C L I C  VOLTAMMET.> 9 8 9  
IMPEDENCE - - - - " 

LRTICLE SUBJECT INDEX 

P R I M A R Y  TERM PAGE 
CC-TERM NO. -- - 

VDLTAMMOGSAM ( C O N T D I  
R E S I S T I V E  C A P A C I .  9 8 b  
SMALL A M P L I T W E  - " 

VP C O N V E R S I O N  
* P R O T I C  SOLVENT -> 4 1 4  
C H E M I L U N I N E S C E N C E  " 
ELECTROGENERATED " 
ENERGY CCNVERSION " 
PHOTO1 N O W E D  - - " 
S E M I C O N O W T O R  - - " 

V P E  
AUGER SPECTROSCD.> 4 5 0  
C O B A L T  - - - - - > I 5 8 4  
E L L I P S O M E T R Y  - - 4 5 0  
GAAS - - - - - - s. - - - - -  -> 7 9 7  - - - - - -  1 5 8 4  
GAASP - - - - - - .' 
G A L L I U M  - - - - - > I 4 0 0  
HOLE O I F F U S I O N  L. 1 5 8 4  
I N  S I T U  - - - - - 4 5 0  
I N D I U M  A R S E N I O E  - I 4 0 0  
L E E D  - - - - - - 4 5 0  
M I X E D  C R Y S T A L  PH. 1 4 0 0  
N I C K E L  - - - - - 1 5 8 4  
RHEED - - - - - - 4 5 0  
SOURCE GAS P H A S E  1 4 0 0  
SURFACE A N A L Y S I S  4 5 0  
THERMODYNAMICS - 1 4 0 0  
T I N  D O P I N G  - - - 7 9 7  

WAFER F A B R I C A T I O N  
E L E C T R O N  R E S I S T  - > I 7 0 3  
G L Y C I O Y L  METHACR. - 
L I T H O G R A P H Y  - - - " 
POLYMER R E S I S T  - " 

WAFER SURFACE 
AMMONIA - - - - -> 8 8 3  
B R E A T H  T E S T  - - - " 
C L E A N  I NG - - - - " 
HYDRDGEh P E R O X I D E  " 
P H O T O R E S I S T  F I L M  " 
S T R I P P I N G  - - - - " 

WAGNERS THEORY 
ACCEPTER HVPOTHE.> 7 9 5  
E L E C T R O P D L l S H l N G  " 
T A N T A L U M  - - - - " 

WATER 
A N D O I Z A T I O N  - - - > I 7 1 8  
C I R C U I T  - - - - - " 
CONTAM L C A T I O N  - -> 5 4  
CORROSION - - - - 1 7 1 8  
CURRENT D E N S I T Y  - 5 4  
D E N D R I T E  - - - - 1 7 1 8  
E L E C T R C L Y S I S  - - 5 4  
F I L M  F O P M A T I W  - I 7 1 8  
GOLD M E T N L I Z A T I +  " 
NONFARAOLV - - - 5 4  

WATER ELECTROLYZ.  
L O N G  TERM T E S T I N G > L 6 7 4  
T I M E  V A R I A T I O N  - " 

WATER O X I D A T I O N  
B E R Y L L I U M  D O P I N G  > P O 0 7  
P H O T O E L E C T R O L Y S I S  " 
OUANTUM E F F I C I E N .  " 
T I T A N I U M  D I O X I D E  ' 

WATER P A S T E  
L E A D  A C I D  B A T T E R Y >  9 9 1  
L E A D  S U L F A T E  - - " 

WEIGHT O P T I M I Z A T .  
PHOSPHOR P A R T L C L E > I S 6 3  
SCREEN WEIGHT - - " 
V O I D  T R A N S M I S S I O N  " 

WET SOLAR C E L L  
MANGANESE PORPHY.> 7 0 5  
PHOTOELECTROCHEM. " 

P L A T I N U W  ELECTRC. " 

WHISKERS 
CVO - - - - - - -> 31 
GROWTH MECHANISM 
S l L I C O h  F I B E R  - - " 

WORK F U N C T I O N  
A L U M I N U M  - - - -> 8 7 8  
GOLD MERCURY - - > I 0 8 4  
O X I D E  CHARGE OEN. 8 7 8  

P R I M A R Y  TERM PAGE 
CO-TERM NO. ----- - 

W m C  F U N C T I O N  <CONTO) 
S I L I C O N - - - - -  8 7 0  - - - - - 1 0 8 4  
S I L I C O N  D I O X I D E  - 8 7 8  

WORKING ELECTRODE 
NONIOUEOUS SOLVE.> 4 0 7  
R U T H E N I U M  O X I D E  - " 
x p 5  - - - - - - - " 

W U 5 T I T E  P H A S E  
CARBON D I O X I D E  ->PO12 
FURNACE - - - - - * 
G A S  FLOW METHOD - " 
HYDROGEN - - - - a 
LOWER TEMPERATURE * 
OXYGEN PRESSURE - " 
PRESSURE CONTROL " 

X-RAY 
E L E C T R O N  BEAM - -> 6 9 4  
L I T H O G R A P H Y  - - - * 
POLYMER - - - - - " 
POLYMETHACRVLONI .  * 
R E S I S T  - - - - - " 

X-RAY D I F F R A C T I O N  
COPPER I O N  CONDU.>1654 
CUPROUS C H L O R I D E  * 
CUPROUS I O D I D E  - " 
D O U B L E  C R Y S T A L  - > I 2 2 8  
E P I T A X I A L  L A Y E R  - " 
E T C H I N G  D E F E C T  - > I 2 7 2  
GROUP I I I - I V  A U .  . 
I N 0 1  UM P H O S P H I O E  * 
N O N A W E O U S  SYSTEM> 9 9 0  
PENOELLOSUNG - - 1 2 2 8  
R U B I D I U M  C K O R I O E  1 6 5 4  
S O L I D  ELECTROLYTE . 
S T R A I N  O I S T R I B U T .  1 2 2 8  
TERNARY SYSTEM - 9 9 0  
1 1  I - A  F A C E  - - - 1 2 7 2  
1 r l - B  F A C E  - - - " 

XPS 
A N N E A L I N G  - - - - > I 7 3 7  
A N O D I C  F I L M  - - - > I 3 7 0  
A N O D I C  O X I D E  - - " 
AQUEOUS O X I O A T I O N >  7 5 0  
AUGER SPECTRDSCO-> 5 4 7  

> 9 4 9  -..-- 
C A D W I U U  S E L E N I O E  9 1 9  
C A D M I U M  S U L F I D E  - ' 
C A T h O O I C  POLARIZ.>  5 3 5  
C b l H O D O L U M l N E S C E + >  5 7 1  
C H E M I S O R P l I O L  - -> 6 1 7  -... . . . 
CDRROSION - -- - - 5 4 7  
C V D  - - - - - - - 1 7 6 6  
D E P T H  P R O F I L E  - - 1 3 7 0  - - 1 7 3 7  
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YTTR I A  
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C E R I U M  D I O X I D E  - " 
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THERMAL OECOMPOS. " 
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X-RAY D I F F R A C T I O N  " 
1 1  1 - 8  F A C E  - - - " 

1 1 1 - B  F A C E  
E T C H I N G  D E F E C T  - > I 2 7 2  
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I N D I U M  P H O S P H I O E  " 
X-RAY D I F F R A C T I O N  " 
1 1  I - A  F A C E  - - - " 

2.2.2-TRICHLOROE. 
C R O S S L I N K E D  T Y P E  > I 6 3 5  
E L E C T R O N R E S I S T -  " 

HOMDPOLYMER - - - " 
I N T E G R A T E D  C I R C U -  " 
METHACRYLATE - - " 
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