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The Anodic Behavior of Zinc in KOH Solutions 
T. P. Dirkse,* David De Wit, and R. Shoemaker 

Calvin College, Grand Rapids, Michigan 

ABSTRACT 

The anodic behavior of zinc in strongly alkaline solutions was studied 
making special note of the limiting current density and of the overvoltage for 
the zinc/zincate reaction. The effect of temperature, KOH concentration, pres- 
ence of zincate, and amalgamation on these values was measured. Under the 
conditions studied, zincate ion diffusion away from the electrode controls the 
limiting current density. The overvoltage at amalgamated electrodes is that 
for the charge transfer reaction, while at nonamalgamated electrodes it is 
due to adatom diffusion. 

In developing and designing alkaline batteries using 
zinc anodes, there are several modifications that can 
be made to improve the performance of the system. 
One such modification is the amalgamation of the zinc 
electrode. This is done in practically all zinc-alkaline 
batteries. The purpose is to raise the hydrogen over- 
voltage and thus reduce the corrosion or open-circuit 
reaction. This amalgamation, however, may also af- 
fect the other zinc electrode processes. 

A review of the published literature revealed that 
few factual data are available to show what effect 
electrolyte concentration, amalgamation, zincate con- 
centration, and temperature have on the anodic 
processes of the zinc/zincate electrode. For this reason 
a program of work was undertaken to obtain such in- 
formation, and the results are reported here. 

It is generally agreed that the anodic zinc processes 
in an alkaline solution consist of at least: (a) the for- 
mation of the charge transfer ~roduct, probably zinc 
hydroxide; (b) the dissolution of this product in the 
electrolyte; and (c) the formation finally of a passi- 
vating layer, either by precipitation from the electro- 
lyte or because of inability of the electrolyte to dis- 
solve the charge transfer product as fast as it is formed. 
While this model serves to account satisfactorily and 
qualitatively for most observations made on the zinc 
electrode, still there is little agreement as to the de- 
tails of these various steps. Furthermore, it has been 
difficult to get sufficient experimental information to 
describe some of these processes in detail. 

Experimental 
Two methods were used to study the zinc electrode 

processes. 

Interrupter.-An interrupted d.c. was used to study 
the overvoltage of the ,zinc electrode processes. The 
circuit has been described (1). A standard resistor 
was placed in the circuit, and the voltage drop across 
this was measured on an oscilloscope to determine the 
current rate. All traces on the oscilloscope were photo- 
graphed, and in calculating the overvoltage, correction 
was made for the internal IR drop. The cell, Fig. 1, 
held about 20 ml of electrolyte. The working zinc elec- 
trode area was the cross-sectional area of a 0.063-in. 
diameter zinc wire encased in a Teflon tube. This was 
polished smooth on an emery cloth (3/0) before use 
in the cell. The reference electrode was a 1-in. length 
of similar wire which had previously been amalga- 
mated. It was held in a polyethylene tube. The aux- 
iliary electrode was a circular zinc sheet, about 0.75 
in. diameter, embedded in the bottom of the Plexiglas 
cell case. In making a series of measurements the cur- 
rent was first increased in several steps then decreased, 
and finally increased again. In the anodic direction 
measurements were discontinued when the electrode 
became passive or a limiting current density was 
reached. 

' Electrochemical Society Life Member. 

Sine wave.-In the second approach to the study of 
.the zinc electrode reactions, the method of Kordesch 
and Marko (2 )  was used. A zinc wire served as the 
reference electrode in some instances, while in others 
a HgO/Hg reference was used. The latter was con- 
nected to the cell by a capillary and contained the 
same KOH concentration as the cell. The cell case was 
8.8 x 5.4 x 2.3 cm. The counter electrodes were two 
commercial zinc electrodes, 4 x 5 cm, and these were 
encased in fibrous sausage casing separator. The work- 
ing electrode, amalgamated where required by dipping 
it for 30 sec in a solution containing 50 g/l of HgClz, 
was inserted between these electrodes. The current 
was increased manually at prescribed time intervals 
and the polarization (IR free) of the working zinc 
electrode was measured. A typical anodic curve is 
shown on Fig. 2. 

Results 
In making measurements on the anodic processes, 

two values were used for comparisons: (a) the limit- 
ing current density (a in Fig. 2) ; and (b) the over- 
voltage associated with the formation of zincate. For 
convenience this latter was taken as the overvoltage 
at a current density of 50 ma/in2 ( b  in Fig. 2). These 
values were all obtained by use of the sine wave pulse 
tester method. 

Four variables were considered: (i) KOH concen- 
tration; (ii) zincate concentration; (iii) effect of amal- 
gamation; and ( iv)  temperature. A summary of the 
results at room temperature is given on Fig. 3 and 4. 

Limiting current density.-The limiting current den- 
sity (lcd), Fig. 3, shows a general tendency to de- 
crease markedly with increasing KOH concentration 
in the range of 30-45%. Below 30% KOH the lcd varies 
somewhat erratically with KOH concentration. For 
KOH solutions saturated with ZnO there is no ap- 
parent effect of KOH concentration on lcd in solutions 
of 20-30% KOH. Furthermore, the presence of appre- 

reference 

working , I 

Fig. 1. Cell  care used for studying anodic zinc electrode proc- 
esses. 
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Fig. 2. Anodic overvoltage current curve for a zinc electrode in 
35% KOH saturated with ZnO. Open circles, zinc; closed circles, 
amalgamated zinc. 

20 50 40 
*/a KOH 

Fig. 3. Limiting anodic current density for zinc electrodes a t  
room temperature. Circles, zinc; squares, amalgamated zinc; open 
symbols, KOH solutions; closed symbols, KOH saturated with 
ZnO; dashed line, diffusion coefficients (relative scale) for zincate 
ions, from ref. (7). 

ciable amounts of zincate in the solution results in a 
slightly lower Icd for plain zinc electrodes but has no 
significant effect on the lcd of amalgamated zinc elec- 
trodes. 

Zincate overvoltage.-The overvoltage for the zinc- 
ate reaction, Fig. 4, shows irregularities with KOH 
concentration. But in all cases it is lower at the amal- 
gamated electrodes. This is true in the presence as well 
as in the absence of zincate ions. The overvoltages 
in KOH solutions containing no zincate originally 
(open symbols, Fig. 4) are subject to some uncer- 
tainty because of the uncertainty in the open circuit 
voltage in plain KOH solutions. Since no zincate is 
present, it is possible that no equilibrium potential 
for the zinc/zincate reaction is obtained. However, a 
fairly constant potential was obtained at the beginning 
of each run, and this value was within the experi- 
mental uncertainty of that which was obtained by ex- 
trapolation of the potentials obtained in solutions con- 
taining varying amounts of zincate. 

Temperature effect.-These anodic processes were 
also studied over the temperature range of 0-50°C. The 
Icd did increase with temperature for both types of 

% KOH 

Fig- 4. Overvoltage for zincate formation a t  zinc electrodes in 
KOH solutions. Symbols same as for Fig. 3. 

'C. 

Fig. 5. Variation of Icd and overvoltage a t  a zinc/zincate elec- 
trode with temperature. Circles, Icd; squares, overvoltage; open 
symbols, zinc; closed symbols, amalgamated zinc. All solutions 
were 40% KOH + 0.5M ZnO. Dashed line, diffusion coefficients 
(relative scale) for zincate ion, from ref. (7). 

electrodes but the difference between amalgamated 
and nonamalgamated zinc became less as the temper- 
ature was lowered, Fig. 5. The effect of temperature on 
the overvoltage of the zinc/zincate reaction is very 
slight. 

Discussion 
The results obtained in this study for nonamalga- 

mated electrodes can readily be accounted for and 
explained in terms of the generally accepted outline 
of the mechanism for the anodic zinc reactions as out- 
lined in the introductory paragraphs. However, the 
effects of amalgamation on the zinc electrode per- 
formance cannot be so readily explained in terms of 
this scheme. The effects are two: 

1. Amalgamation raises the lcd, except at temper- 
atures near 0°C. 

2. Amalgamation lowers the overvoltage for the 
zindzincate reaction. 

The extensive work of Hampson et al. (5) suggests 
a possible explanation for these phenomena. This ex- 
planation assumes that the oxidation of nonamalga- 
mated zinc begins with the movement of zinc atoms 
from the kink sites (lattice dissolution points, e.g., 
screw dislocations) to become mobile surface atoms 
with a low coordination number (adatoms). 

Znkink + Znad Il l  
These adatoms readily adsorb OH- ions and this may 
stabilize them. 
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Metallic zinc electrodes have a high double layer ca- 
pacity (5a). This results from the charge transfer re- 
action, Eq. 131, which may proceed in two one-electron 
stages. 

Zn(OH)zad=+ Zn(OH)zads + 2e 131 

i, for reaction [31 is of the order of 200 ma/cmz (5b). 
Reaction [3], which is in agreement with the work 

of Gerischer (6), is followed by 

Zn(0H)z ad -, Zn(0H)z dim [41 
and 

Zn(0H)z dlss + 2 OH- + !h(OH)4' [51 

As the zincate concentration increases, a further reac- 
tion occurs (3). 

Zn(0H)a' + ZnO + 2 OH- + Hz0 161 

The rate-controlling processes may be [I], [4], or 
[51. Reaction [31 is likely not rate controlling because 
of the high value for i,. Reaction [2] probably is also 
a fast reaction. 

The anodic oxidation of amalgamated zinc electrodes 
proceeds by a somewhat different mechanism because 
the surface is different. Amalgamation "smooths out" 
the surface or makes it approach a liquid. Conse- 
quently atoms can dissolve at any point on the sur- 
face. There are no kink sites and no adatoms. Further- 
more, there is no evidence for OH- adsorption at a 
zinc amalgam electrode, in contrast to a nonamalga- 
mated electrode (5d). Therefore the first step likely is 

Zn(Hg) + 2 OH- + Zn(0H)z + 2e [71 

The Zn (OH) 2 is not necessarily adsorbed and goes into 
solution 

Zn(OH)z+ Zn(OH)z dlss 181 

This is then followed by reactions [5] and [6]. 
The fact that the variation of lcd with KOH concen- 

tration, Fig. 3, is the same for both types of electrodes 
suggests that the same process is rate-limiting in each 
case. This could be reaction [41 or [81. Reaction [51 
is a fast reaction and reaction 161 is too slow to take 
any part in the results we obtained. 

Reactions 141 and [8] are step (b) in the anodic 
process outlined in the introductory paragraphs. The 
rate of dissolution of the charge transfer product is an 
important factor especially because of the apparent 
high solubility of this substance and the slow decom- 
position of the resulting solute species (3) .  It is rea- 
sonable to expect that this rate of dissolution will de- 
crease with decreasing temperature. This qualitatively 
accounts for the temperature effect on the lcd. Un- 
fortunately, no quantitative data are available to eval- 
uate this suggestion. 

However, the rate of dissolution of the charge trans- 
fer product will also depend on the zincate concentra- 
tion in the layer of electrolyte in contact with the elec- 
trode surface. In order for the charge transfer product 
to continue to dissolve, it is necessary that the zincate 
ions diffuse away from the electrode. The diffusion of 
zincate ions from the electrode thus controls the lcd 
because it affects the rate of dissolution of the charge 
transfer product. The shape of the curves on Fig. 2 
does suggest such a diffusion controlled process. 

The diffusion currents and the diffusion coefficients 
for zincate ions have been measured by a polaro- 
graphic method over a range of temperatures and 
KOH concentrations (7). These values'for the diffusion 
coefficients at 25°C are included on Fig. 3 and 5. 

There is a marked similarity between the variation 
of lcd and of diffusion coefficient with KOH concen- 

tration at the higher concentrations. There is likewise 
a similarity between these values as a function of 
temperature, Fig. 5. Thus it is reasonable to conclude 
that the lcd's observed in our work can be explained 
by the diffusion control of the zincate ion (4). In our 
work, convection as well as diffusion undoubtedly 
played a role and so the processes cannot be expected 
to be strictly or only diffusion controlled. 

It was noted also that the Icd was higher at the 
amalgamated electrodes. This is likely a surface area 
effect. Amalgamation produces more reaction sites 
on the surface. This larger available area serves to 
reduce the actual current density at which the elec- 
trode is being oxidized. The current densities used in 
Fig. 2, for example, are calculated on the basis of 
the gross geometrical area. A lower current density 
would give rise to a lower overvoltage, Fig. 2. In either 
event, the result would be to give a higher lcd at the 
amalgamated electrodes. 

It may be argued that if the above explanation is 
correct, then the presence of zincate ions in the solu- 
tion should result in a lower lcd. A solution already 
containing zincate ions can dissolve fewer additional 
zincate ions (from the electrode reaction) than can 
a solution which originally contained no zincate ions. 
There is some evidence for this at the plain zinc elec- 
trodes, Fig. 3. The fact that this effect is so slight is 
explained by the high solubility of the charge transfer 
product. This substance gives zincate concentrations 
considerably higher than those obtained by saturat- 
ing aqueous KOH with ZnO (3). 

The difference in overvoltage for the zinc/zincate 
reaction at the two types of electrodes can be ex- 
plained by the difference in the mechanism of the re- 
action at the two electrodes. The overvoltage, or en- 
ergy barrier, for nonamalgamated zinc electrodes is 
associated with reaction [I]  while for amalgamated 
electrodes it is associated with reaction [7], the charge 
transfer reaction. 

Acknowledgment 
This work was sponsored and supported by the U.S. 

Air Force Aero Propulsion Laboratories. The authors 
also wish to thank Dr. N. A. Hampson for his many 
helpful discussions and suggestions. 

Manuscript received Aug. 9, 1967; revised manu- 
script received Nov. 13 1967. This paper was presented 
at the Chicago ~ee t ing :  Oct. 15-19, 1967, as Abstract 27. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1968 
JOURNAL. 

REFERENCES 
1. T. P. Dirkse and G. Werkema, This Journal, 106, 

88 (1959). 
2. K. Kordesch and A. Marko, ibid., 107,480 (1980). 
3. T. P. Dirkse, ibid., 102,497 (1955). 
4. R. Landsberg, H. Furtig, and L. Muller, Wiss. Z. 

Techn. Hochschule fur Chemie Leuna-Memeburg, 
2.453 (1959/60). 

5. (a) J. P. G. Farr and N. A. Hampson Trans. Faraday 
Soc., 62, 3493 (1966): (b) J. P. ~ . ' F a r r  and N. A. 
Hampson, J. Electroanalytical Chem., 13, 433 
1967). (c) J. P. G. Farr N. A. Hampson and 
M. ~ . ' ~ i l l i amson ,  ibid., 13: 462 (1967); (d) h. A. 
Hampson, Ph.D. Thesis, University of London, 
1966. 

6. H. Gerischer, Z. physik. Chem., 202,302 (1958). 
7. J. McBreen, "Study to Im~rove the Zinc Electrode 

for Spacecraft - Electrochemical Cells," 2nd 
Quarterly Report on Contract NAS 5-10231 June 
1967, Yardney Electric Corp, New York, N.Y: 



Solubility and Complex Formation of AgCl 
in Propylene Carbonate-Water Mixtures 
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ABSTRACT 

The solubility and complex formation equilibria of silver chloride in pro- 
pylene carbonate-water mixtures (0.004 to 3.57M HzO) have been studied 
potentiometrically in a constant ionic medium of 0.1M tetraethylammonium 
perchlorate, at 25°C. The complexes are predominately mononuclear, and the 
principal species in solution is AgClz-. The over-all complex formation con- 
stants pn(n = 1,2,3) decrease and the solubility product Ks, increases with 
increasing water concentration. Approximate empirical expressions describing 
t h e h a n g e s  are: log K,, = -20.0 + 3.25 ~ C H ~ O  and log pz = +21.2 - 4.87 
~ C H ~ O .  The intrinsic solubility of AgCl (K,,) is 10-4.7, essentially indepen- 
dent of the water content of the solvent. 

Although the dielectric constant of propylene car- 
bonate [< = 64.4 ( I ) ]  is nearly as large as that of 
water ( E  = 78.54), the solubility and complex forma- 
tion equilibria of silver chloride are vastly different in 
the two solvents. Our studies (2) have established that 
mononuclear complexes predominate in solutions con- 
taining excess chloride and have provided accurate 
values of the equilibrium constants in anhydrous prop- 
ylene carbonate. These constants are summarized in 
Table I and are compared with the corresponding con- 
stants for aqueous solutions (3, 4). Although the solu- 
bility product (K.,) is more than ten orders of magni- 
tude smaller in propylene carbonate than in water, the 
complex AgC12- is so stable that the solubility equi- 
librium of AgCl in excess chloride, represented by the 
reaction 

AgCl(s) + C1- s AgC12- 

(equilibrium constant Ks2) is six orders of magnitude 
greater in propylene carbonate. 

These dramatic differences in equilibrium constants 
reflect large differences in solvation of ions in the two 
solvents, and their detailed variation is of interest in 
the general context of solvation theory. In addition, the 
current interest in silver chloride both as a reference 
electrode and as a battery cathode material in apro- 
tic electrolytes (5-9), has prompted us to study these 
equilibria in mixtures of propylene carbonate with 
water. 

Experiment01 
Propylene carbonate was obtained from Matheson, 

Coleman, and Bell, and purified by distillation, as de- 
scribed in detail elsewhere (10). Gas chromatographic 
analysis indicated that the purified solvent contained 
less than 10 ppm organic impurities and water. Silver 
perchlorate (Chemical Procurement), tetraethyl am- 
monium chloride (Eastman), and tetraethyl ammo- 
nium perchlorate (Eastman) were dried over an- 
hydrous CaS04 in a dessicator before solutions were 
prepared. Solutions were analyzed (? 0.1%) for 
chloride ion by potentiometric titration with aqueous 
silver nitrate, and for silver ion (2 0.2%) by poten- 
tiometric titration with the propylene carbonate- 
chloride solutions of known concentration. Mixtures 
of propylene carbonate with triule-distilled water 

tained a Teflon-coated magnetic stirrer, and the entire 
cell was jacketed and maintained at  25.0" f 0.l0C by 
means of a Haake circulating thermostat. Solution 
preparation, storage, and all experiments were car- 
ried out in a dry nitrogen atmosphere in a glovebox. 
Etched silver wires were used for electrodes in both 
compartments, and a uniform ionic strength of 0.100M 
was maintained in all three compartments with 
EbNC104. The reference compartment contained either 
Ag+ at approximately 0.004M concentration or C1- 
saturated with AgCl at the same concentration. The 
compartment with the stirrer contained various con- 
centrations of Ag+ and C1- which were added from 
2 ml RGI micrometer burettes containing 0.1M 
AgC104 or 0.1M Et4NC1 in the same solvent mixture 
as was used for the supporting electrolyte. Potentials 
were measured with a Fluke high-impedance differen- 
tial voltmeter, and were usually steady to within 0.1 
mv. 

Results 

The results of nine experiments in different solvent 
mixtures are summarized in Table 111. The values 
given in the table were selected to give a representa- 
tive shape of both the saturated and unsaturated por2 
tions of the titration curve. Sufficient data have been 
given to permit future workers to make different sta- 
tistical curve-fitting calculations, but when measure- 
ments were so closely spaced that they provided no 
additional information, the extra points were elim- 

Table I. Solubility and complex formation equilibria for AgCl 
in water and propylene carbonate 

(0.1M ionic strength. 25"C) 

Solvent 
Water Propylene 
(3,41 cartonate (21 

were prepared by weight, and their density measured Table I,. Density of propylene carbonate-water mixtures at 25'C 
with a pycnometer. The density values (Table 11) 
were used in converting to molar concentrations. 

The cell consisted of two electrode compartments Weight % 
H@O 

=w 
connected by a salt bridge with coarse glass frits at moleflter Density, g/m~ 
each end. One of the electrode compartments con- 

* Electrochemical Society Active Member. 
**  Electrochemical Society Associate Member. 
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Table Ill. Titration data" 
Experiment No. 1 Experiment No. 5 (Continued) 

Experiment No. 2 

Experiment No. 3 

E* = 0.1351. CII~O = 0.0147M 
C.tu % E - 
0.370 5.748 -1.0195 
0.379 3.924 -0.9129 
0.384 2.790 -0.9468 
0.388 2.015 -0.9178 
0.390 1.622 -0.8932 
0.392 1.225 -0,8535 
0.393 0.985 -0,8055 
(0.393) (0.912) (-0.7800)b 
0.393 0.904 -0.7797 
0.394 0.824 -0.7737 
0.394 0.743 -0.1695 
0.395 0.663 -0.7653 
0.395 0.582 -0.7510 
0.395 0.500 -0.7309 
0.396 0.460 -0.7246 

Experiment No. 4 

Expedment No. 5 

Experiment No. 6 

Experiment No. 7 
E" = 0.940, Cry, = 0.845111 
CA. E - - 

Experiment No. 8 
E" = 0.868. Cxtp = 2.09M 
c*. * - E 

Experiment No. 9 
Eu = 0.768, Ctr20 = 3.57M 
CA. Crl E 

CA., Cnl in millimoles/liter. E in volts. All data at 25°C in 
0.1M EtrNC104. 

b Interpolated saturation point: data preceding are for unsatu- 
rated, data following are for saturated solutions. 

inated from the table. The total concentrations of sil- 
ver and chloride (Gas and Cc,) were calculated from 
the known volumes and concentrations of the titrat- 
ing solutions. The potential E is the value measured 
after equilibrium had been reached and may be con- 
verted to the concentration of free silver ion by means 
of the equation 

RT 
E = Eo + -In [Ag+] 

F 
111 

using the value of E O  listed with each experiment. We 
have previously shown that the Nernst equation holds 
for silver ion in Et4NC104 supporting electrolyte in 
anhydrous propylene carbonate (2) .  This was verified 
to within 0.5 mv in propylene-carbonate water mix- 
tures as well. 

As the concentration of water increases, the satura- 
tion point of the titration curve shifts to lower 
CA./CC~ ratios, making it difficult to evaluate the 
equilibrium constants accurately in unsaturated solu- 
tions of high water content. Nevertheless, an attempt 
was made to evaluate the equilibrium constants for 
all solvent mixturei both in unsaturated and saturated 
solutions, using the methods described previously (2). 

In unsaturated solutions, the equilibrium species 
were assumed to be Ag+, C1-, AgCl, AgClz-, and 
AgCla', on the basis of our experiments in anhydrous 
propylene carbonate (21, and Leden's experiments in 
aqueous solutions (3, 4). The mass balances and equi- 
libria may be combined to give the two equations 

which define the unsaturated portion of the titration 
curve. A nonlinear least-squares pit-mapping tech- 
nique (2, 11) was used to fit the data to the theoretical 
curve. The values of the three constants 81, 82, and 
83 were adjusted to minimize the function 

where I 
zi = 

(CCO i - [Cl-I i t i = 1,2,3 . . . (points in set) 
[&+Ii 

and 141 

For each point Eq. 121 was solved by Newton's ap- 
proximation method to obtain [Cl-li consistent with 
the assumed values of 8". If the equilibrium expres- 
sions were exact and the data were exact, we should 
observe Zi = Z'i for each point and hence U = 0. Be- 
cause of experimental errors and theoretical approx- 
imations, U was finite, provided the number of points 
in the set exceeded the number of adjustable param- 
eters. From the shape of the pit U (81, 82, 83), the 
standard deviations of the constants were calculated 
(2 , l l ) .  

The best values obtained for the constants, together 
with their standard deviations, are given in Table IV. 
Figure 1 shows the deviations of the experimental 
data from the theoretical equations, expressed as the 
ratio Z'/Z. The abscissa is the average number of chlo- 
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W M 8  

EM. No. 7 h ~ . = I 3 . 5 %  - 

Fig. 1. Variation of experimental measurements from theoretical 
Eq. [2-41. The detailed data are given in Table I l l  and the con- 
stants used for the theoretical curves are given in Table IV. 

rides bound to a silver ion, defined by the equation 

i.e., E = 2 corresponds to the predominance of AgC12- 
and F = 3 to the predominance of AgCl3'. For a good 
fit, the values of Z'/Z should be normally distributed 
about unity. The constants were obtained with the set 
of crosses or solid points, the open points being dis- 
carded. 

Systematic deviations from the theoretical equations 
were observed at high values of E (high c c d ~ n g  
ratios). Similar deviations were observed previously 
(2) and were attributed to the failure of the con- 
stant ionic medium assumption. However, the devia- 
tions are smaller for experiment 5, even though the 
total concentrations are nearly ten times larger 
than in experiment 4. One possible explanation is that 
complexes of higher %, possibly polynuclear, may exist 
in solutions of hieh chloride-to-silver ratin hilt these 

tal concentrations in 5 were approximately ten 
times those in 6, and the combined sets of data 
were fitted with the same three constants. The values 
of Z' /Z  agreed (Fig. 1) to within 10%. although a , 
slightly different set of constants would have produced 
a better fit to experiment 6. The slight difference, 
which appears to be outside the precision of the in- 
dividual experiments, may reflect small amounts of 
polynuclear complexes, but is small enough to be 
accounted for by systematic errors in the measure- 
ments. 

The value of pi calculated from experiment 7 is 
uncertain, but is probably less than 1014. Saturation 
of the solution at low Cng/Ccl ratios made it difficult 
to cover a wide range of 5i without doing experiments 
in very dilute solutions; and since these would be sub- 
ject to systematic errors from impurities in the solvent 
and supporting electrolyte, they were not attempted. 
The constants p, calculated from experiments 8 and 9 
are uncertain for the same reason. The best fit to ex- 
periment 3 was obtained with log & = 12.2, but an al- 
most equally good fit was obtained with log p~ = 13.5 
(see Fig. 1). Thus we have indicated in Table IV that 
log pz is between 12 and 14. Since a large excess of 
chloride is present and 6 is nearly 3, log ,93 is more 
certain. For this set of data p1 could not be determined, 
but it is almost certainly less than @z. 

In experiment 9, the shape of the curve was not 
even close to the theoretical, and no amount of pa- 
rameter adjustment (within reasonable values) could 
make Z'/Z close to unity for all three points. There- 
fore we assumed that T = 3 and hence that the com- 
plex AgCls' predominates. This gave log p3 = 14.2 2 
0.5, which we have listed in Table IV. & and pi are 
probably less than 1012, but more detailed studies of 
these solutions with high water concentrations are 
required before accurate estimates of the constants 
are possible. 

From each point obtained in the saturated region, a 
value of the solubility product K,, can be obtained by 
solving the equation (2) 

using Newton's approximation method. These values 
are shown in Fig. 2 and 3. Systematic variations of 
- log K,, to smaller values as Cng/Ccl increases are 
observed in all the experiments, but were greatest for 
the lowest and highest water content. Similar devia- 
tions were observed before (2) but no simple explana- 
tion is apparent. The values of the solubility product 
listed in Table IV were obtained from the region close 

- - -  --- -- . -- -. - . . - . . -. . . -. - - - - - , - - - - - - - - 
are of less importance as the water content is in- to the saturation point. 
creased. Values of the constant Ksz were obtained by com- 

The predominance of mononuclear complexes has bining the experimental values of pz and K,, according 
been confirmed in experiments 5 and 6. The to- to the relation 

Table IV. Equilibrium constants for AgCl in propylene carbonate-water mixtures 

Log of equilibrium constants 
Expt. No. 

(see crq~ 
Table 111) mole/liter 81 Pa Ba K.. K d  

Errora are standard deviations except for B y  and 81 in 8 and 8, where the data sets were too small for statistical treatment. 
Walculated using the relation K.n = Kao,98. 
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Fig. 2. Variation of experimental solubility product throughout 
the saturated region of the titration curve. Best values are listed 
in Table IV. 
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Fig. 3. Variation of experimental solubility product throughout 
the saturated region of the titration curve. Best values are listed 
in Table IV. 

and assuming that the variances were additive. 

Discussion 
The results of our experiments have shown a smooth 

variation in all the equilibrium constants as the con- 
centration of water increases. The constants obtained 
in this study with the lowest water concentration are 
in agreement with those obtained previously (2); and 
for water contents below 10-zM, the constants vary 
by an amount approximately equal to the experi- 
mental error. 

Although no simple equilibrium or structural model 
predicts the form of the equations, a convenient em- 
pirical expression of the dependence on water con- 
centration is a linear function of the square root of 
C H ~ O  A similar dependence has been observed for4he 
standard potential of the Ag/AgCl electrode in 
ethanol-water mixtures ( 12). Approximate expres- 
sions for the constants obtained in this work are 

log pl = + 15.3 - 3.25 ~cG 
log pz = 21.1 - 4.87 VG 

log pa = 23.75 -7.55 V G f o r  C H ~ O  < 0.5M 

log Kso = - 20.0 + 3.25 d G  
log Ksl = - 4.7 

log K.z = + 1.1 - 1.62 d G  
log Ksa = + 3.75 - 4.3 .\/=for CHZO < 0.5M 

These equations give the experimental values of the 
constants within approximately f 0.5 logarithmic 
units and are convenient for rough interpolation or 
extrapolation. 

Figure 4 is a graphical representation of the results 
of this study, calculated using the above empirical 
expressions. Curves showing the solubility S of AgCl 
as a function of the concentration of added chloride C 
are drawn for solvents of various composition. In solu- 
tions of moderate chloride concentration (10-2 M), 
the solubility of AgCl decreases by about a factor of 
20 as the solvent is changed from pure propylene car- 
bonate to propylene carbonate containing 3M Hz?, 
and by an additional factor of 1000 as the solvent is 
changed to pure HzO. It is curious coincidence, how- 
ever, that the solubility of AgCl in the absence of 
added chloride (left of diagram) is almost exactly the 
same (2 x 10-SM), independent of the composition of 
the solvent. This coincidence is all the more remark- 
able because in propylene carbonate the predominant 
species are undissociated AgCl molecules, and in water 
the predominant species are Agf and C1- ions. 

Although large changes are observed as the water 
concentration is increased from zero to the two-phase 
boundary (approximately 3.6M), the equilibrium con- 
stants for solubility and complex formation of silver 
chloride in this water-saturated propylene carbonate 
solution are still very different from those in pure 
water. Since the solutions on opposite sides of the mis- 
cibility gap are in equilibrium, this implies that sim- 
ilar dramatic changes in equilibrium constants would 
be found if small amounts of propylene carbonate were 
added to water. 

A qualitative explanation of these large changes 
may be found in a discussion of the factors influenc- 
ing the free energy of solvation of ions in the mixed 
solvents. The solubility product KsO reflects the free 
energy change for the reaction 

and is larger (less negative log K,.) the more strongly 
the ions are solvated. Thus a medium of higher dielec- 
tric constant, or stronger speciflc interactions be- 

Fig. 4. Solubility fSJ of silver chloride in propylene carbonate 
water mixtures containing excess chloride of concentration C. 
These curves were calculated using the equilibrium constants in 
Table IV. 
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tween the ions and solvent, would tend to increase K,,. 
As the medium is changed from propylene carbonate 
to water, the dielectric constant changes very little, 
but the hydrogen bonding of the solvent to chloride 
ions is very much less in propylene carbonate than in 
water. Thus we may attribute the changes in K,, 
which we observe largely to the differences in hydro- 
gen bonding between chloride ion and solvent. Since 
propylene carbonate is probably a relatively weakly 
coordinating ligand, the free energy of solvation of the 
cation probably does not change very much as the 
composition of the solvent changes. Of course, the 
separation of the observed variation in K,, into con- 
tributions from solvation of cation or anion is a non- 
thermodynamic procedure, and we can discuss rigor- 
ously only the variation of the sum of the two free 
energies of solvation. 

The other constant for which simple qualitative 
arguments may be clearly made is K,z, which reflects 
the free energy change for the reaction 

Here we observe directly the difference in free energy 
of solvation for two anions. If there were no specific 
interactions with the solvent, we would expect K,z to 
be somewhat greater than unity, simply because 
AgC12- is a larger ion than C1-. As the dielectric con- 
stant of the medium increases, we would expect the 
effect of size to be less, and thus expect K,z to ap- 
proach closer to unity. As is clear from Table IV, the 
observed values of Ksz decrease below unity at water 
concentrations around 0.5M, and are nearly five orders 
of magnitude smaller than unity in pure water (Table 
I). Hydrogen bonding of the solvent to C1- would tend 
to decrease K,z, and this apparently causes the over- 
whelming change as the solvent is changed from pro- 
pylene carbonate to water. Coordination of the solvent 
to silver would be expected to increase KSz, and this 
may be a partial contribution to observed value KSz = 
10 in the anhydrous solvent, but is certainly a much 
smaller effect than hydrogen bonding. This observa- 
tion tends to confirm our previous statement that most 
of the increase in K,, with increasing water content 
was attributable to increased solvation of C1- and not 
Agt. 

The intrinsic solubility of AgCl (K,I = ptKra) re- 
flects the free energy of solvation of the neutral 
complex AgCl, and this varies only slightly over 
the range from anhydrous propylene carbonate 
(K,1 = 10-5) to water (K.1 = 10-6.5). If anything, 
this variation implies that the coordinate bonding of 
propylene carbonate to silver is greater than water, 
but the effect is much smaller than the variations in- 
volving the solvation of the chloride ion. 

Since these experiments were carried out in a con- 
stant ionic medium of 0.1M Et4NC104, it is of interest 
to estimate the effect of the tetraethylammonium and 
perchlorate ions on the observed concentration equi- 
librium constants. The effect of ionic strength can be 

estimated from the Debye-Huckel theory and is es- 
sentially the same for all the solvent mixtures. At 
zero ionic strength, log pl and log pz would be approxi- 
mately 0.35 units greater and log K,, would be ap- 
proximately 0.35 units more negative. The effect of 
ionic strength on the constants pa, KI1, and K,z is 
negligible in the range where the Debye-Huckel 
theory is applicable. Ion pairing with the supporting 
electrolyte would tend to increase pi, p2, and A, and 
decrease K,,, but have little effect on K,,, K.2, and K,:,. 
However, since the dielectric constant of these solvent 
mixtures is high, and since little evidence for ion pair- 
ing between alkali metal, tetraalkyl ammonium, 
halide, or perchlorate ions, has been observed in water, 
the effects of ion pairing on the measurements de- 
scribed here is probaby very small. 

As is well-known (5-8), the solubility of AgCl can 
be suppressed by using electrolytes such as LiAlCll 
which have a low concentration of free chloride ion. 
Studies are now in progress which are intended to 
elucidate the equilibria in such systems. 
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II. Semiconduction and Electrode Performance 

Donald Tuomi 

Roy C. lngersoll Research Center, Bmg-Warner Corporation, Des Plaines, Illinois 
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ABSTRACT 

The anodic oxidation of nickel hydroxide in pure lithium hydroxide elec- 
trolytes produces an n-type semiconductor. The anodic oxidation involves 
lithium mieration into the active material. The beta phase is characterized -. . . . . - - - - - - - 

at room temperature by Seebeck coefficients near -100 pv/'K and electrical 
conductivities of 1 mho/cm. This is in contrast to the positive Seebeck co- 
efficient for lithium nickelate. 

The nickel hydroxide positive electrode is con- 
sidered to involve a divalent Ni(OH)2 and a trivalent 
nickelate discharge and charge state. The designation 
beta phase was used by Tuomi (1) to describe the 
oxidized state without giving an explicit chemical 
composition formulation. Variations in the electro- 
chemical processing conditions can modify the beta 
phase structural characteristics. The beta phase, how- 
ever, appeared to be consistently an n-type semicon- 
ductor through hot point probe tests. On the other 
hand, the beneficial effects of LiOH additions to the 
battery electrolyte frequently are attributed to "p" 
type semiconduction enhancement in the charged 
phase as noted in Li doped NiO. 

The following brief electrical property study was 
performed to clarify the experimental problem. 

Experimental 
The oxidized product formed from crystalline 

Ni(0H)z during charge in pure LiOH electrolytes is 
structurally related to lithium nickelate (1). An Edi- 
son tubular positive electrode set was charged at 25" 
and 85°C in 5M LiOH using a 300 ma rate for 216 hr 
(69.8 amp-hr) to give complete oxidation to tri- 
valent beta phase. After charging, the active material 
was removed, pulverized, and fractionated to beta plus 
nickel flake using magnetic separation. The beta pow- 
der was processed further to give the four samples: 
(a) C:uw, a 25°C charge unwashed; (b) C:w, a 25°C 
charge washed with distilled water; (c) H:uw, a 85°C 
charged unwashed; and (d) H:w, a 85°C charge 
washed with distilled water. The chemical analyses 
and x-ray diffraction examinations were performed on 
portions using earlier procedures (1). One sample set 
was fired in oxygen at 850°C for 16 hr. 

Samples compressed into the annulus between two 
contact rings were used to measure the electrical prop- 
erties. The Seebeck coefficient was calculated from 
the temperature and voltage differences measured 
when the center ring was heated. The electrical con- 
ductivity measurement involved a four point probe 
using very low frequency a-c current fo minimize 
contact resistance effects. 

The chemical analysis results are summarized in 
Table I, while the electrical and structural observa- 
tions appear in Table 11. The sample titled Li,Ni1-~0 
was formed by repeated grinding and refiring of a 
NiO-LiC*H~02 mixture at 850°C in oxygen for a 12 hr 
total time. 

Discussion 
The material structure depended on the processing. 

The initial product was identified as small particle 
size beta phase with the hexagonal lithium nickelate 
structure. Firing in oxygen converted three samples 
to the cubic NiO phase with x < 0.3 in LiZNil-,O, and 

one to a hexagonal lithium nickelate at x = 0.41. The 
reaction product of NiO and LiCpHsOz was hexagonal 
nickelate at x = 0.45. The general observations are 
consistent with the prior investigators (2). However, 
the hexagonal unit cell volumes were 6% greater than 
anticipated. 

The electrochemical oxidation in LiOH converted 
the Ni(0H)z to a trivalent oxide with a 2.86 to 3.07 
valence as shown in Table I. This was accompanied by 
a nickel content decrease from 63.4% to 56-59%. This 
is higher than 53.9% for HNiOz . Hz0 and less than 
74% for HNi02 or 60.1 for LiNiOz. Since no attempt 
was made to remove sorbed water the solid phase is 
more consistently viewed as an anhydrous oxide than 
a simple hydrate such as NizOaxHzO. 

The C:uw and C:w 25°C product has a lower 
lithium content than the 85°C material. The differ- 
ence in Li content for the washed and unwashed ma- 
terials could not readily be explained by extraneous 
LizCOs formation. The comparable product valence 
states suggest protons effectively exchange for Li. 
The data clearly indicate Li sorption during charge. A 
loaded tube impregnated with electrolyte and dried as 
above contained only 0.16% Li. 

The lithium to nickel molar ratio varied from 0.2 
to 0.7 for dried materials and did not change during 
850°C firing. This ratio is not consistent with viewing 
the reaction product as LiNiOz. On the other hand, the 
charged phase lithium content implies oxidation in 
LiOH electrolyte is best not simply viewed as pro- 
ton migration out of Ni(0H)z to form an HNiOz phase. 
Rather hydroxyl at the double layer reacts with pro- 
tons forming water while lithium ions make transitions 
into the active phase interior. Process details depend 
on the charge distribution through solid-electrolyte 
interphase. 

The 850°C oxygen atmosphere firing process in- 
creased the nickel content to the 70% range with cor- 
responding lithium percentage increases. By contrast, 
the nickel valence dropped to 2.2-2.5 from 3. The cubic 
fired products Li,Nit-,O with x < 0.3 showed calcu- 
lated x values based on both Li and Ni were consistent 
with the nickel valence determination. The fired H:uw 
sample with the highest Li content corresponded to 
hexagonal Lia.rlNio.sgO. After firing the measured and 
calculated (% Li in Li,Nil-=O) valence states are re- 
lated as shown in Table 111. The valence change and 
structural modifications are consistent with a 
(H,Li)zNil-,O containing sorbed Hz0 transformation 
to LizNil-,O accompanied by water and oxygen evolu- 
tion. 

The electrical measurements, Table 11, provide more 
detailed insight into the problem complexity. Con- 
ventionally, the addition of lithium to NiO is viewed 
as introducing holes into the band structure (i.e., Nit3 
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Table I. Chemical analyses and structural form for dried and fired 
anodic oxides as described in text 

Sample C:uw C:w H:uw H:w LirNi~.rO 

Ni Valence 

% Ni 

S Li 

Li/Ni Moles 

LirNil-=O 
I = 
Crystal 
Symm. 

Dried 
Fired 
6 
Dried 
Fired 
S 
Dried 
Fired 
6 
Dried 
Fired 
Dried 
Fired 
Dried 
Fired 

3.07 
2.31 

-0.76 
55.86 
69.44 + 13.58 

2.63 
3.25 + 0.62 
0.398 
0.40 
- 

0.29 
Hex 
Cubic 
NiO 

2.97 
2.19 

-0.78 
59.28 
72.85 + 13.57 

1.58 
1.82 + 0.24 
0.225 
0.22 - 
0.18 

Hex 
Cubic 
NiO 

2.97 
2.53 

-0.44 
55.62 
64.54 + 8.92 

4.73 
5.35 + 0.62 
0.71s 
0.69 - 
0.41 

Hex 
Hex 

2.86 
2.30 

-0.56 
56.84 
70.47 + 13.63 
2.32 
2.99 + 0.67 
0.343 
0.81 - 
0.28 

Hex 
Cubic 
NiO 

- 
2.88 - 
- 

61.7 - 
- 

5.70 - 
- 

0.81 - 
0.45 
- 

Hex 

Table 11. Electrical data from dried and fired anodic oxide samples 
as described in text 

Sample C:uw C:w H:uw H:w LLNix-SO 

S pv/'C Dried -107 -58 -92 -85 - 
Fired + g7 + 137 + 113 + 99 + 70 

a Mho/cm Dried 3.3 4.5 0.68 0 92 - . . . . . . - - 
Fried 0.7 0.77 0.70 0.51 0.18 

Table I l l .  % Li in Li, Nil-,O valence states after firing 

Calc Anal 

local sites) and forming a p-type semiconductor (3). 
The anodic oxidation, however, converted the Ni(0H) 2 

insulator to a high electrical conductivity n-type semi- 
conductor. The reaction product has a negative See- 
beck coefficient varying from -58 to -107 cv/"C at  
0.7-5.0 mho/cm. The firing process produces the ex- 
pected p-type conduction with S between +97 to +I37 
pv/'C and r near 0.7 mho/cm. This compares to +70 
rv/"C at  0.16 mho/cm for the direct reaction product 
Li0.45Ni0.550. Lower nickel valence state fired products 
are also p-type. Thus, the LiOH electrolyte modifica- 
tion of the charged phase does not involve the antici- 
pated semiconductor doping effect (4). It should be 
noted that Richardson (5) observed that the higher 
valence state precipitated nickelic oxides are also 
n-type semiconductors as has been previously noted 
for the KOH anodic oxidation product (6). 

Even for a pure LiOH electrolyte the electrochemi- 
cally oxidized Ni(OHI2 is an n-type semiconductor 
beta phase. The semiconductor gross features are not 
under drastic control by alkali cation content. The n- 
to p-type transformation on heat treatment suggests 
the lattice or local electronic coordination imperfection 
depends on the hydrogen ion distribution effect on 
local band structure. 

The characteristic Li,Nil-,O composition formed 
by firing at 850°C is consistent with a trivalent nickel 
stabilization by local site symmetry conditions. The 
p-type conductivity for 0 < x < 0.5 is not simply in- 
terpretable as trivalent ion promotion through the 
local band electrostatic neutrality condition as in 
slightly Li doped NiO. 

The recent results of Bosman and Crevecoeur (7) 
indicate a band model rather than the thermally ac- 
tivated carrier hopping model applies to nickel oxide. 
The detailed study of anodic oxidation products as 
well as the simple Li,Nil-,O system could provide 
considerable insight into electronic processes in elec- 
trochemical systems. The local site symmetry con- 
straints in high density, well-ordered, lithium nickel- 

ates are markedly stronger than in the less crystalline 
anodic product which frequently can approach an 
amorphous structure having only first and second 
nearest neighbor symmetry. The dilemma is accentu- 
ated when it is noted that the case of trivalent nickel 
oxidation to tetravalent alpha phase depends on elec- 
trolyte composition and electrode processing. Clearly 
interpreting chemical additive effects as altering semi- 
conduction processes is questionable without detailed 
study. 

The high electrical conductivity of the oxidized 
phase does not necessarily inhibit mass transport in 
the relevant electrochemical processes. A high elec- 
tronically active site density is implied by the high 
conductivity with the probable low carrier mobility 
along with contact resistance in the fine grain mate- 
rial. Under such conditions, a variety of unusual be- 
haviors related to imperfection densities would not be 
surprising. The space charge distributions within the 
compounds during cycling will depend partially on the 
electronic transport properties interactions with the 
mass transport as well as the interphase phenomena 
including Peltier effects, and the electronic-ionic ex- 
change processes. 

Detailed studies on the importance of impurity 
banding, metallic conduction, etc. to electrode be- 
havior may be undertaken through a systems approach 
to the problem. The interpretation of n-type high con- 
ductivity in the anodic oxidation product with p-type 
in the cubic and hexagonal divalent-trivalent nickel 
solid solution of Li,Nil-,O compounds requires a de- 
tailed knowledge of imperfection structure relation- 
ships to band structure. It should be emphasized that 
the semiconductor under consideration is an ex- 
tremely complex chemical and structural system re- 
flecting the formation conditions. A priori the system 
is not conceptually related to ceramic or single crystal 
cubic NiO. Rather the material represents a solid so- 
lution with nonstoichiometric characteristics and con- 
siderable disorder in the system Ni-0-Li-H. Mott's 
review (8) on electrons in disordered structures brings 
attention on to one class of problems to be solved. The 
mass and charge transport in the electrochemical ox- 
idation-reduction process provides a general phase 
transformation kinetics problem. 
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The Electrolysis of Ammonium Bifluoride in 

An hydrous Hydrogen Fluoride 
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ABSTRACT 

The electrolysis of ammonium bifluoride in anhydrous hydrogen fluoridc 
(AHF) was investigated. Polarization curves of Monel in solutions of NHdHF,! 
in AHF did not show any diffusion-limited regions indicative of a potential- 
dependent stepwise reaction. The results of this study indicate that the fluori- 
nation of NH4HFz in AHF occurs by a radical mechanism involving anodically 
generated fluorine. Chronopotentiometric data, current-potential curves, and 
product yields us. time curves, indicate that the fluorinating agent, during 
electrolysis, is a "loose" complex between .F  and NiFz and/or CuF2. Trans- 
N2Fz was the only N-F product formed from the electrolysis of NHIHFl in 
AHF. 

The use of anhydrous hydrogen fluoride (AHF) as 
a solvent for the electrolysis of ammonium salts has 
not been investigated in much detail. Several investi- 
gators have reported using AHF as a solvent for the 
electrolysis of NaHFz (1, 2) but their results in- 
dicated that the solvent was not anhydrous. Several 
electrolyses (3, 4) have been performed using molten 
NH4HFz; however, they were not reported in much 
detail either. 

Anhydrous HF has many properties which make it 
a valuable solvent system for studying the chemistry 
of both organic and inorganic fluorine-containing 
species. Among these are its ability to dissolve a vari- 
ety of ionic and covalent compounds in significant 
amounts and its ionizing powers toward dissolved 
ionic species. In both of these aspects, it is very sim- 
ilar to water. Also, like water, its self-dissociation con- 
stant is small, so that the activity of ionic species con- 
tributed directly by AHF to a system under study 
will be low. Such properties are particularly valuable 
to an electrochemical approach for studying reaction 
kinetics in AHF, since the more "waterlike" the sol- 
vent system, the more applicable will be past electro- 
chemical experience. 

In this investigation an attempt was made to de- 
termine the electrochemical mechanism involved in 
the anodic fluorination of NaHF2 dissolved in AHF. 
A free radical mechanism involving fluorine atoms 
has long been recognized by many workers as the 
mechanism involved in the electrochemical fluorina- 
tion of organic materials in HF (5). Some workers 
claim the fluorinating agent is a higher valent metal 
fluoride or metal fluoride compound. Cotton (6) sug- 
gests that a nickel anode in HF and KF might form 
KzNiFe and KsNiFe which could act as fluorinating 
agents at the electrode surface. However, none of 
these higher valent fluorides have ever been identified. 
Of course, it is possible that these fluorides might be 
next to the metal and covered with the normal valency 
metal fluoride such that electron diffraction studies or 
other analytical devices would not detect them. 

Experimental 
The system developed for handling and storing the 

HF and the electrolytic cells used in this work has 
been previously described (7,8). The electrolytic cells 
were constructed of Kel-F and Teflon with Teflon fit- 

* Electrochemical Society Active Member. 
'Present address: Gulf South Research Institute. New Iberia, 

Louisiana. 

tings and valves. All tubing in contact with the cells 
was either Teflon or Kel-F. 

Anhydrous HF was prepared, using commercial HF, 
by a distillation and electrolysis procedure similar to 
that of Rogers, Johnson, and Evans (9). Conductivity 
of AHF prepared in this manner was usually around 
10-5 ohm-' cm-1. Water concentration was estimated 
from an empirical relation given by Ukaji and Ka- 
geyama (10). 

Monel (alloy No. 400), in the form of 0.125 in. rod, 
was used as the working electrode. Previously re- 
ported data (8, 11) indicates that Monel is probably 
the most desirable anode material for use in AHF. 
The Monel electrodes were prepared by mechanical 
sanding and buffing to a smooth surface. Then they 
were degreased in hot benzene, washed with distilled 
water, and vacuum dried. Nickel screen was used for 
the auxiliary electrode. 

The reference electrode used was the Hg/Hg,Fy 
electrode. Initial work on this electrode was reported 
by Koerber and DeVries (12); details of construction 
and performance have been discussed previously (8, 
13). 

Volatile electrolysis products were analyzed using a 
Beckman IR 5-A infrared spectrometer, an F & M gas 
chromatograph (Model 720 with a nickel block), and 
a modified Electrodynamics Corporation mass spec- 
trograph (Model 21-620). A description of the tech- 
niques involved in these analyses has been reported 
(7, 8). Cryogenic programming (using 2 coiled, 7 ft, 
Y4 in. OD Monel tubes) from -196°C to room temper- 
ature was used to separate the volatile products for 
identification by IR and mass spectral methods. A 70 
ft column packed with 50% Halocarbon Oil 13-21 on 
30-50 mesh Kel-F molding power at O0C, was used for 
quantitative GC analysis of the volatile products (14). 
Irtran-2 (Eastman Kodak Company) was used as the 
liquid and gas IR cell window material. 

A unique IR liquid cell was developed in this lab- 
oratory to analyze the soluble products (15). 

All ammonia used for the NHaHFz-AHF solutions 
was double-distilled and all potentials were us. Hg/ 
HgzFz at -20°C. 

Results 
A typical steady-state polarization curve for Monel 

in AHF is shown in Fig. 1. The current increase past 
-2 .8~  is due mainly to Fz evolution. A hysteresis is 
noted when reverse polarization is done rapidly, in- 
dicating existence of a film on the electrode surface. 
The passive-type region between open circuit and 
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Fig. 1. Polarization curves for Monel in AHF 

-2 .8~ is due mainly to formation of a metal fluoride 
film. Weight losses for Monel between open circuit 
and 2 . 8 ~  were similar to those at open circuit. A typ- 
ical anodic polarization curve for a Monel electrode in 
AHF for only 30 min is shown in Fig. 2. The current 
density peak at -1.4~ indicates an initial film forma- 
tion. Curves run after an electrode had been in AHF 
for at least 2 hr did not exhibit this peak. 

Anodic polarization curves were made in solutions 
of NH3 dissolved in AHF to determine if the fluorina- 
tion of NI&+ proceeded in a stepwise fashion as a 
function of potential. Liquid IR spectra showed that 
NHs dissolved in AHF formed NH4HFz and possibly 
some NH4H2F3 (7, 8). TWO typical steady-state po- 
larization curves made in a 1M solution of NH4HFz in 
AHF are shown in Fig. 3. A plateau-like region can 
be seen between 3.4 and 3.8~. This current limited re- 
gion was noted in all polarization curves run in AHF- 
NH4HF2 solutions; however, its magnitude was not de- 
pendent on the NH4HFz concentration. Fast polariza- 
tion curves were also made with a voltage increase of 
0.9 v/min. Figure 4 shows two fast anodic polarization 
curves made in 0.1M NI&HFz in AHF. 

Galvanostatic cathodic reduction curves were made 
in an attempt to clarify the diffusion-limited region 
described above. Reduction curves for Monel, polarized 
anodically at 2, 4,5, and 6v in 0.021M NH4HF2 in AHF, 
are shown in Fig. 5. The potential arrest at -2.7~ 

Fig. 2 Polarization curve for Monel (in AHF for 30 min) 

POTENTIAL. WLTS VS 4fHp.F~ 

Fig. 3. Anodic polarization curves of Monel in 1 M  NHlHFz in AHF 

- - -  
POTENTIAL, WLTS VS Hg/Hp.Fz 

Fig. 4. Fast anodic polarization cuwes of Monel in 0.1M NH4HF2 
in AHF. 

is close to the reduction potential for fluorine accord- 
ing to Fig. 1. As shown in Fig. 6, the cathodic charge 
required for reduction appears to depend on the total 
charge passed at 8v rather than the increment of 
charge passed between reductions. These results in- 
dicated that a species other than the metal fluoride was 
being reduced during these reduction experiments. 

If the potential arrest at -2.7~ was due to the re- 
duction of fluorine, it should be possible to reach a 
state where the metal fluoride film would be saturated 
with fluorine. This effect is shown in Fig. 7. It should 
be noted that 154 coulombs were passed at 6 . 0 ~  and a 
cathodic current applied until the potential returned 
to approximately the initial open circuit potential be- 
fore the runs in Fig. 7 were made. Once the metal, 
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Table I. Values obtained from the cathodic reduction measurements 
made on Monel in a solution of 0.01M NH4HFz in AHF 

I I I 
-UXC.oDIIuL 
.worn ST- . S O "  I 

No, of reduc- No. of coul. 
o 4 0 "  tion coul. applied 
A 5 0 "  

Anodic potentlav required x 109 anodically 

. . . . . , ,, s o  r ~ ~ r r a m ~ m a m ~ r ~ n r m ~  rmn 
I I O ( Y F I  I : : 

sec applied (Cd (Cx) CdCsx100 

Fig. 5. Stripping curves for Monel electrodes polarized anodically 
in 0.021M NH4HFs in AHF. 

6.0 v/30 sec 
6.0 v/15 sec 
6.0 v/5 sec 
6.0 v/2 sec 
4.0 v/30 see 
4.0 v/ l5 see 
4.0-v/ll sec 
4.0 v/5 sec 
4.0 v/3 sec 

None of the liquid IR spectra indicated the presence 
of any soluble electrolysis products (7, 8).  Liquid 
spectra taken before and after extended electrolysis 
were identical except for the relative size of the N H 4 +  
absorption bands. 

Figures 8, 9, and 10 show the yields of the anodic 
products formed from the electrolysis of 0.1M and 

nm. -Q I I I I  A - # . O M  Nsnr, 

Fig. 6. Cathodic stripping of Monel electrodes from +b.Ov in 
2.13 X 10-2M NHIHF~ in AHF. 

TIME, MINUTES 

fluoride film is saturated, it should be possible to de- Fig. 8. Yield of 5.0~ electrolysis products as a function of time 
crease the applied anodic charge and thus have a de- 
crease in the cathodic charge required to reduce the 
sorbed fluorine. This is shown in runs 3 to 8 of Fig. 7. 
In Table I, values obtained from reduction measure- 
ments in 0.01M NH4HF2 in AHF are given. It can be 
seen from the table that as the anodic charge decreases 
the ratio between the reduction charge and anodic 
charge begins to approach unity. Also, it should be 
noted that the anodic and cathodic charges for 6.0 v/ 
2 sec and 4.0 v/30 sec were almost identical. 

Constant potential electrolyses were performed 
using various concentrations of N H 4 +  and anodic po- 
tentials. Initially these electrolyses were made in order 
to identify the products formed. As described above, 
a cryogenic GC column was utilized for this work. 
After the volatile produtts were identified, the cou- 
lombic yields of the products were determined as a 
function of time using a 70 ft Halocarbon Oil Kel-F 
powder GC column. 

TIMEl MINUTES 

Fig. 9. Yield of 7.h electrolysis products as a function of time 

Fig. 7. Cathodic reduction curves for Monel in 2.16 X 10-8M TIME. MlNYTEI 

NH1HF2 in AHF. Fig. 10. Yield of 9 .b  electrolysis products as a function of time 
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1.OM solutions of NH~HFz in AHF at potentials of 5.0, 
7.0, and 9.0~. Table 11 summarizes these results giv- 
ing the net current efficiency for each of the elec- 
trolysis products. The equivalent weight of the metal 
fluoride was calculated assuming formation of NiF2 
and CuFz. The current density range given in Table I1 
is the variation of the observed current densities dur- 
ing electrolysis. Most of these runs had a lower cur- 
rent initially. During electrolysis, the current usually 
increased with time until a relatively constant current 
region was reached. 

Discussion 
Polarization curves of Monel in solutions of NH4 HFz 

in AHF were made in an attempt to detect a potential- 
dependent stepwise reaction (see Fig. 3 and 4). A 
plateau-like region was noted around 4.0~; however, 
it did not auuear to be deuendent on the NHdHF2 con- 
centration. polarization cbrves of metals or-alloys in 
solutions of ammonium salts in HF could not be found 
in the literature for comparison. Constant potential 
electrolyses at 5.0v, in 0.1M and 1.OM solutions of 
NH4HFz in AHF, produced no volatile or soluble N-F 
or nitrogen containing species. Thus, it was concluded 
that the constant current region was probably due to 
a phenomena not directly related to the presence of 
NH4HF2. 

Fast polarization curves were made to see if the 
lack of a thick fluoride film (the type formed during 
steady-state polarization) would result in different 
anodic polarization characteristics. The only differ- 
ences noted were a broader plateau region around 4v 
and erratic behavior in the slope of the curve past the 
plateau region. Both of these changes are probably due 
to the inability of the system to reach equilibrium 
conditions during the fast scan (0.9 v/min.) Points 
taken for the steady-state curves were recorded after 
approximately 20 min at each potential. 

The galvanostatic reduction curves presented above 
indicate that both metal fluoride and fluorine were 
formed on the electrode surface during anodic charg- 
ing. When cathodic current was applied, only the 
trapped or sorbed fluorine was reduced. Continuous 
anodic charging resulted in more sorbed or trapped 
fluorine, this being due to the increasing film thick- 
ness. Experiments performed on nickel anodes in HF 
indicated similar phenomena (8, 16). 

Constant potential electrolyses showed that tram- 
N2F2 was the only N-F species formed during the elec- 
trolysis of NH4HFz in AHF. Previously reported data 
(7, 8) indicated that the formation of NzF2 decreased 
rapidly with the addition of increasing concentrations 
of water. Also, as the water concentration increased, 
increasing amounts of OF2 and NF3 were formed. 
The "induction period" (the time required for the 
yields to reach a constant value) noted in Fig. 10 
and 11, are typical of electrolytic fluorination studies 
reported by other workers (1, 17, 18) including two 
studies on the electrolysis of molten NH~HFz (3, 4). 

The effect of increasing current density on the yield 
of N2F2 should be noted (see Table 11). A previously 

Table II. Current efficiency of produch formed from the electrolysis 
of NH4 HF2 in AHF 

Current Total % Yield of current passed 
NHIHFs density charge Anode 
concen- Poten- range. passed. Tram- corro- 
tration tial, v ma/cma coulomba Fs NyF. sion 

reported study of the electrolysis of molten NKHF2 
(3) stated that a minimum current density of 30 ma/ 
cmz was required in order to obtain N-F species. 

From the data presented above, it is concluded that 
the electrolytic fluorination of NI&+ in AHF occurs by 
chemical reaction with anodically formed fluorine. A 
free radical mechanism is thought to occur in the elec- 
trochemical fluorination of organic materials in HF 
(5). Some workers claim that the fluorinating agent is 
a higher valent metal fluoride or metal fluoride com- 
pound (6). Another possibility for the identity of 
the fluorinating agent for this study is a loose complex 
between NiF2, CUF~, and .F or FZ (5). 

If the agent was a loose complex, fluorination would 
occur between the complex and the substrate adsorbed 
on the anodic film. This type process would thus re- 
quire an induction period for buildup of the film con- 
tainine the comulexed NiFe and/or CuF.. Initiallv. low 
yields-of fluorinated species would oc& due k the 
small amount of film on the anode. As the film in- 
creased, so would the concentration of fluorinating 
agent in the film, thus increasing the yield of fluor- 
inated species. 

If the fluorination process were due only to Fg 
formed at the anode, there would be no need for the 
relatively long induction periods noted in Fig. 9 and 
10. If fluorination occurred due to formation of higher 
metal fluorides, it is still difficult to explain the long 
induction periods. Of course, it is possible that the 
loose complex involved Fz instead of .F. However, if 
a complex is formed, the more active fluorine radical 
would be preferred to the molecule. This would also 
help to explain previously reported data (8, 16) 
where an anodically charged (in KF-AHF solution) Ni 
electrode was put under vacuum and then returned 
to the electrolytic cell and cathodically reduced. Very 
little of the sorbed fluorine had been removed from 
the film as a result of the vacuum. 

Morrow and co-workers studied reactions between 
Fg and NH3 in a copper T-shaped reactor (19). They 
were able to form NFs, N2F4, NzFz, and HNFz along 
with small amounts of Nz and HF. With an excess of 
NHa only N2F4, N2F2 and HNFI were formed. When an 
excess of fluorine was used only NF3 and NH4F were 
formed. They concluded that the initial step in these 
reactions was the formation of .F  from Fz. The cop- 
per reactor could have acted as a catalyst for the dis- 
sociation. 

A reason for excess fluorine, in the above reactions, 
to hinder N2Fz formation might be that large amounts 
of fluorine result in relatively fewer fluorine radicals 
to react with NH3. This might also explain the effect 
of water on the yields of NF3 and trans-NZFZ in liquid 
HF. In aqueous HF, there should be fewer fluorine 
atoms in the film, thus decreasing the yield of any 
species dependent on .F for its formation. 

Conclusions 
In view of the above data, the following mechanism 

is proposed for the formation of NzF2 in these studies. 
This mechanism is similar to that proposed by Morrow 
(19) and Colburn (4). 

The first step in the mechanism above occurs at 
the electrode surface as a result of an anodic bias 
equal to or greater than the fluorine evolution poten- 
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tial. As a result of our experiments, it is felt that the 
fluorine radicals utilized in step [2] are associated in 
a loose complex with NiFz and/or CuFz in the anodic 
film. By use of bond dissociation energies given by 
Wilson (2), the following values were calculated (in 
units of kcal/mole) for the heats of formation of steps 
[2] to [6]: [2] -78, [31 -62.4, 141 347.8, [5] -107.9, 
and 161 -662. Upon addition of these values, -562.5 
kcal/mole is obtained for AHf of the net equation given 
in step [I]. Another factor which makes this mech- 
anism more probable is that NHzF formation has 
never been observed. If fluorine gas were the fluorinat- 
ing agent in step [2], the heat of formation would be 
reduced to -31 kcal/mole, making the initial step of 
this mechanism less favorable. 

Why trans-NzFz is formed instead of cis-NpFz is 
difficult to explain. One answer might be that either 
the metals (Ni, Cu, Hg, or Pt)  or metal fluorides pre- 
sent in the electrolytic cells catalyzed the formation 
of trans-NzF2 from any cis-NzFz that was formed. It 
is also possible that under the experimental conditions 
used, the trans isomer required the least energy. Cis- 
NzFz is reported to be the more active form of NzFz 
(20). 
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On the Mechanism of Formation of Thin Oxide 
Layers on Nickel 

K. Hauffe,* L. Pethe,' and R. Schmidt 
Jnstitut fur physikalische Chemie der Universitiit in Gottingen, G e m n y  

and S. Roy Morrison 
Stanford Research Institute, Menlo Park, California 

ABSTRACT 

It could be demonstrated that the initial period of oxidation of nickel at 
400hnd 500" is governed by a logarithmic rate law. However, after approxi- 
mately 5 hr  at 400°C and 1 hr at  500°C the rate of oxidation changes into a 
fourth power rate law ruling in a special oxide-thickness region. This rate 
law can be understood if a negative space charge, caused by nickel-ion va- 
cancies, in the growing NiO layer is assumed and if the current of nickel- 
ion vacancies from the surface of the oxide layer to the metal-oxide interface 
is caused predominantly by an electric field established over the layer. The 
experimental results of the oxidation of nickel are in fair agreement with the 
proposed mechanism. 

During the oxidation of nickel, generally, the metal so that one of the reactants, nickel or oxygen, or 
is covered with a practically pore-free coherent oxide both, must diffuse through the oxide layer. The oxida- 
layer of NiO in which the reacting components, nickel tion rate of nickel is slower than that of most other 
and oxygen, are spatially separated from one another metals. Since nickel oxide is a p-type semiconductor, 

Electrochemical Society Active Member. 
1Fresent address: Chemistry Department. Marathwada Univer- the assumption of the existence of electron holes lei0 

slty, Aurangabad, India. and nickel-ion vacancies INil" in nickel oxide is 
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justified (1). Accordingly, a preferred diffusion of 
nickel ions and electrons via vacancies and holes, re- 
spectively, should occur during the oxide growth caus- 
ing a parabolic rate law if the oxide layer is thick 
enough so that this diffusion process is rate-determin- 
ing. Such a rate law was found at high temperatures 
when a rather thick oxide layer was formed (2). 

As could be demonstrated, however, the oxidation 
of nickel between 400" and 500°C in the thin oxide 
film region cannot be evaluated by a parabolic rate 
law. By a log-log representation of the oxide layer 
thickness us. the time, a rate law was found to lie 
between tl'3 and tll4 indicating that under these ex- 
perimental conditions additional phenomena become 
predominant. Oxidation experiments with nickel at 
400°C in oxygen at various gas pressures performed 
by Engell, Hauffe, and Ilschner (3) showed a rate law 
of the form 

I: tll3.7 

where C is the thickness of the oxide layer formed in 
time t. This rate law was found up to lOOOA thickness 
of the oxide. The kinetics of oxidation obtained at 
475°C by Gulbransen and Andrew (4) also obeys this 
time law up to an oxide layer thickness correspond- 
ing to 13 pg/cm2. For thicknesses larger than this 
value, a transition to the parabolic rate law has been 
found by us (3). In this investigation, however, such 
a transition could not be detected because the oxida- 
tion time was not long enough. Below 400°C, several 
authors could evaluate their experimental results by 
a logarithmic rate law, especially when the thick- 
ness of the oxide layer was very small (< 50A) (5) 
or also larger than 200A (6). 

The nickel oxidation at 400°C was repeated and 
enlarged by 500°C experiments. As shall be demon- 
strated from the theoretical viewpoint below, the 
nickel oxidation in the thin oxide layer region can be 
described by a fourth power rate law (At4 w t + 
const). This was, indeed, the case for the oxidation ex- 
periments performed at 400hnd 500°C at various oxy- 
gen pressures. 

Experimental 

A Sartorius vacuum microbalance was used which 
operated automatically and recorded the changes in 
the weight of the sample with time. The sensitivity 
of the balance could be varied between 1 and 100 pg 
for a maximum load of lg. The balance was connected 
with a flexible red brass tube to enable a horizcmtal 
movement of the balance in order to center the sam- 
ple, suspended by a glass fiber, in the glass reaction 
tube. The temperature of the latter was controlled to 
k0.5'C by means of a regulated furnace. A grounded 
steel block was used near the constant temperature 
zone to minimize the temperature gradient in the re- 
action vessel. All experiments have been performed in 
oxygen with NZ < I%, in a static system, where 
Hz0 and COz have been removed by a cooling trap. 
Because of the large gas reservoir, the uptake of 
oxygen by the sample during oxidation did not cause 
a change of pressure in the reaction vessel. The vac- 
uum system consisted of a mechanical pump and an 
oil diffusion pump with a cooling trap containing 
solid Cop in acetone. 

Pressures higher than 1 Torr were read on a 
mercury manometer, separated from the rest of the 
system by another cooling trap while those between 
1 and 10-3 Torr were measured with a thermotron 
valve supplied by Leyboldt. For pressures below 10-3 
Torr an ionization gauge of Heraeus was used. In 
order to decrease the gas turbulence and convection 
currents in the system, the portion of the reaction 
vessel passing through the zone of the temperature 
gradient was made narrower than the rest by con- 
necting a 20 cm long piece of 7 mm diameter glass tube 
above the reaction vessel of 32 mm diameter. In addi- 

OXIDE LAYERS ON Ni 

tion, such an arrangement prevents a significant fiux 
of hot gas from the reaction chamber to the balance. 

Pure nickel sheets (99.9% Ni), 0.2 mm thick, were 
supplied by the courtesy of Vacuumschmelze AG, 
Hanau, who provided the following analysis in weight 
per cent: 0.061 Fe, 0.001 Mn, 0.0045 Si, 0.001 Cu, 0.007 
Co, 0.029 C, and 0.044 Mg. Specimens 2 x 2.7 cm2, 
weighing nearly 950 mg were degreased agd abraded 
under pure benzene with emery paper of 6/0. Subse- 
quently, the grinding dust was wiped off by a piece of 
filter paper. They were then dried at room temper- 
ature in vacuum. Since before suspension, the sample 
had to pass through the hot zone of the reaction vessel, 
oxygen free pure nitrogen was continuously passed 
through the system during hanging in order to avoid 
any uncontrolled preoxidation. 

After suspending the nickel sample, the reaction 
vessel was closed, evacuated, and the furnace moved 
into the required position. The sample was then re- 
duced in hydrogen at 1 atm for 15 to 20 min and later 
annealed for 1 hr at a pressure of 10-3 Torr. Oxygen 
was then introduced into the reaction chamber to 
start the reaction. Experiments have been carried out 
at 400' and 500" at various oxygen pressures between 
50 and 700 Torr. 

Since the attainment of pressure equilibrium in 
the system, after introducing oxygen, took nearly 2-3 
min, the initial weight was found by extrapolation for 
the experiments at 400°C. The rate of oxidation at 
500°C was fast enough to make the extrapolation in- 
accurate. Therefore, the initial readings were taken 
in an inert nitrogen atmosphere at the same pressure 
employed for oxidation. 

Results 
For illustration of our results, the rate of oxide 

growth is plotted both as weight increase per square 
centimeter, Am/A, and as thickness, t, of the oxide layer 
vs. time. While 4m/A is represented in pg/cm2, the 
thickness is in angstrom ( A )  units. For the calcula- 
tion of 5, a roughness factor r of 2 has been assumed as 
an empirical average surface increase. Therefore, in all 
graphical representations, 1 pg/cmz of weight increase 
corresponds to 31.G. 

Unfortunately, the oxidation experiments at 400°C 
had poor reproducibility of the order of k 25%. The 
reason for the lack of reproducibility is not yet known. 
No oxygen-pressure dependence of the oxidation rate 
could be derived at 400" since the expected change of 
the rate lies within the limits of reproducibility. At 
500°C, however, a significant dependence of the oxi- 
dation rate on the oxygen pressure has been observed. 

For the evaluation of the measurements, different 
rate laws have to be considered. The first period of 
oxidation is found best represented by a logarithmic 
rate law 

am/A = kl ln(t  + to) + const [ll 

kt is a constant and to must be evaluated by trial and 
error. In Fig. 1 and 2, the measuring data at 400" and 
500°C are plotted in a semilogarithmic diagram. The 
constants kt and to are summarized in Table I. As can 
be seen from Fig. 3 and 4, the following larger periods 
of oxidation can be evaluated by a fourth power rate 
law 

(Arn/Al4 = ko(t + to) [21 

According to Eq. [2], the measuring points are plotted 
as (Am/A)4 us. the time t. The values of k, in Table I 
have been calculated from the slopes of the straight 
lines in Fig. 3 and 4. Furthermore, the time t and the 
oxide-layer thickness .$ for the transfer from the 
logarithmic to the fourth power rate law are sum- 
marized. 

As can be seen from Fig. 4, the kinetics of the oxi- 
dation obtained both by Gulbransen and Andrew and 
by us (4, 3), can be represented by the same rate law. 
While the absolute values of the rate of oxidation 
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Fig. 1. Semi-logarithmic plot of the rate of oxidation of nickel 
a t  400°C and various oxygen pressures. Only the first 5 hr of ox- 
idation have been plotted since later on deviations from the 
straight lines occur. to was determined by trial and error. 

Fig. 2. Semi-logarithmic plot of the rate of oxidation of nickel 
a t  500°C and various oxygen pressures. Only the first 2 hr of ox- 
idation have been plotted since later on deviations from the 
straight lines occur. to was determined by trial and error. 

quoted in (3) are in fair agreement with the present 
data, those of Gulbransen and Andrew are smaller in 
spite of the higher temperature (475°C). Obviously, 
this discrepancy is caused by the higher iron content 
of our nickel samples. A high impurity of a tri- 
valent metal causes an increase in the rate of oxida- 
tion but has no influence on the time law. 

Finally, in Fig. 5 there is represented the oxygen- 
pressure dependence of the rate constant of the fourth 
power rate law. The reproducibility is not good. But 
the increase of the rate with increasing oxygen pres- 
sure can be clearly demonstrated. 

Discussion 
According to other oxidation experiments with 

nickel, the oxide layer growth was expected to follow 
a logarithmic rate law at the very beginning of oxi- 
dation. The period of this rate law becomes smaller 
with increasing temperature. At 500°C this period 
lasted only approximately 1 hr while at 400°C the 
period was about 4 hr. The isothermal logarithmic rate 
constants are nearly independent of the oxygen pres- 
sure (see Table I). The understanding of the logarith- 
mic rate law is at present not satisfying in spite of the 
large effort in theoretical treatment (7-9, 11, 12). This 
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Table I. Oxidation of nickel with thin oxide layers a t  400' 
and 500°C 

Transition Rate con- 
from the stant t of 

Temper- Constants of logarithmic to the fourth 
ature of the logarithmic the fourth rate power 

oxidation rate law law at about rate law, 

Po,. kt. 
'C Tors to. hr $g/cm= Hour A* cm-8 h-1 

Calculated with the estimated value for the surface roughness 
7 = 2. 

unsatisfying situation was discussed by Hauffe and 
Schottky (10). 

After the logarithmic period of oxidation, the ex- 
perimental data obtained at longer exposure time both 
at 400' and 500°C fit very well the relation of the 
fourth power rate law derived below. Furthermore, 
it is predicted by our theory that the validity of the 
fourth power rate law is limited. At a certain thick- 
ness of the oxide layer, it starts to obey the rate law 
and approximately after doubling the thickness of 
the oxide layer, the rate law is no longer valid. At 
400°C, the validity of the fourth power rate law could 

Fig. 3. Oxidation of nickel a t  500°C and different oxygen pres- 
sures. In order to demonstrate the validity of the fourth power 
rate law, is plotted vs. time. 
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Fig. 4. Oxidation of nickel a t  400°C. ( ~ m / A ) 4  vs. time is plot- 
ted. The reproducibility of the% experiments was unsatisfactory 
(225%),  but nevertheless, each experiment followed the fourth 
power rate law. Only two curves are represented as examples. As 
comparison to other measurements, the lines I and I I  are plotted 
from experimental data obtained by G u l b r a n ~ n  and Andrew and 
by Engell e t  01, respectively. 

Fig. 5. Oxygen-pressure dependence of the rate of oxidation a t  
500°C. k.'/d is plotted vs. po2. 

be observed after the thickness had reached about 
500A and at 500°C, about 1000A. That is in rather 
good agreement with the theoretically predicted value 
given below. Since the oxidation rate became rather 
slow with increasing thickness of the oxide layer, we 
did not wait for the doubling of the initial thickness. 
The change into the parabolic rate law at longer oxida- 
tion time has been found. 

In the present paper, the mechanism of the depen- 
dence of the rate of oxidation on the oxygen pressure 
is not discussed because more experimental data are 
necessary. In spite of the scattering of the values 
around the straight line in Fig. 5, the oxygen pressure 
dependence of ko is demonstrated. 

The fourth power rate law.-Under the assumption 
that the corresponding chemical equilibrium is es- 
tablished at the phase boundaries Oz/NiO and NiO/Ni, 
the ambipolar diffusion and/or the electric field trans- 
port of nickel ions via nickel-ion vacancies INil" and 
electron holes lei0 must be the rate-determining step 
of the oxidation. The rate of oxidation is proportional 
to the flux of nickel ions, jIw4,,,, via nickel-ion vacan- 

l...l 
cies. In the following derived equations, x shall de- 

note the local coordinate perpendicular to the surface 
(NiO/Oz) of the sample with x = 0 at the surface and 
x = E at the interface NiO/Ni. As already discussea 
(10, 151, j can be written as a function of x 

DINil , , ,  cINi ,,,, and uINil,,  are the diffusion coefficient, the 
concentration, and the mobility of the nickel-ion va- 
cancies, respectively, and V is the electrical potential. 
A similar equation can be employed for the descrip- 
tion of the flux of holes. Both relations have to be 
combined with the Poisson equation 

which results in rather complex integro-differential 
equations (15, 10, 11). zlNiIw (= -2) is the valence of 
the nickel-ion vacancy, e the elementary charge, c t  the 
concentration of electron holes, s the permittivity of 
free space, and F the dielectric constant. 

Since the mathematical evaluation yields in equa- 
tions which cannot be tested directly by available ex- 
perimental data, we have decided to introduce phys- 
ically reasonable simplifications supplying time laws 
which can be employed for the evaluation of oxidation 
experiments.2 Therefore, the following two cases have 
been introduced 

'+ " a INII" C ~ ~ i l "  [4aI 
and 

The first case is characterized by a strong chemisorp- 
tion of oxygen and by a positive space charge in the 
NiO layer. This results in a cubic rate law (3). As 
can be seen from the experimental data, both in the 
former (3) and in the present paper, the obtained data 
fit better the (Am/A!4 - t rate law which is derived 
below under the val~dity of condition [4b]. This con- 
dition is characterized by a negative space charge in 
the NiO layer usually involved in an ambipolar diffu- 
sion of ionic and electronic species. Under our experi- 
mental conditions, such space-charge layers can have 
a thickness of several hundreds or thousands of ang- 
stroms depending on the disorder of the oxide lattice - 
(16). 

It is assumed, as in the metal semiconductor-rectifier 
theory, that the position of the valence band in NiO 
with respect to the Fermi level in the metal is inde- 
pendent of the thickness of the oxide, and, to our ap- 
proximation, the doping of the oxide. It is, further- 
more, similarly assumed that the surface state due to 
the oxygen ion pins the Fermi potential at the oxide- 
gas interface, independent of oxide thickness. Fur- 
thermore, it is speculated that the energy levels of 
electrons on the adsorbed oxygen are deep, so the 
Fermi potential is pinned near the valence band at 
the oxide-gas interface, closer than the pinning of the 
Fermi potential at the oxide-metal interface. It is 
also assumed that the acceptors in NiO are reasonably 
shallow. 

In the mathematical analysis below, the p-type situ- 
ation is specified, as the system to be analyzed, al- 
though of course the n-type case will be similar. In 

3With this approximation we dime% from the approach of 
Fromhold, who considered in detail the influence of space charge 
effects in oxide erowth 1111. In the cited work, no avoraximation 
was made and numerical methods of solution were iherefore re- 
quired. The present approximation, limiting the range of validity 
of the expression is not a drawback as the ranne of vallditv is 
where space charge effects show the strongest iauence. Because 
of the approximation analytical methods become possible. The 
characterization of oxide growth is then separated into three parts, 
first the region of very thin oxide (parabolicl, second an interme- 
diate region dominated by space charge effects lpresent work), 
and third, the region of thick oxides dominated by diffusion (para- 
bolic). Analysis of the laws for the transition between these reglons 
requires numerical methods. 
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the following, we substituted j lNil" c , ~ ~ , , , ~  etc, by j, c, from Eq. [71 and [lo], we obtain 
etc. We assume the current of nickel-lon vacancies 9 ~e,uV,2 1 
from the surface to the metal is predominantly ariven 3=- . -  

8 ze E3 
[I41 

by the electric field. lhereiore, we write 
and with the relation 

Thus with Eq. [3a] we obtain 

With the relation, fulfilled in the first approximation 
(10) 

dj  (x) /dx = 0 
we obtain 

dc dV dJV -- +c-=O 
dx dx d x z  

Inserting dV/& from Eq. [5] and d2V/dx2 from the 
Poisson relation 

d2V zce 
-=-- 
dx2 E ~ o  

[GI 

yields 
dc a 2 zeu 
-=-- cS with a = - 
dx 2 jee0 

[TI 

Integration with the limiting condition that the density 
of nickel-ion vacancies is constant at the surface, i.e. 

c = co for x = 0 at the interface gas/oxide 

supplies 
c = 1/ (ax + 1/ca2) [a1 

By insertion of Eq. [5], dV/dx and V itself become 
calculable 

dV j 
-=-- (ax + l/c02) "2 
dx u 

Integration with the boundary condition 

V=O for x = O  
supplies 

j3V = (ax + l/co2)3/2- l/cP [10al 
with 

From our model we conclude that the difference of 
the valence band in NiO at both the interfaces, NiO/Oz 
and NiO/Ni, is constant, which leads to a boundary 
condition of the form 

where V, is a constant potential (with respect to the 
potential at the surface) at the metal-oxide interface, 
and E represents the locus of the oxide-metal inter- 
face, i.e. I is the width of the NiO layer. Therefore, 
Eq. [lo] can be reformulated 

This equation is a fundamental one because it brings 
the interrelation between the cation flux j and the 
other entities c,, V,, and u as the dominant variables. 

In order to avoid an equation of the 3rd order during 
the evaluation of j, the following reasonable assump- 
tion is allowed 

co >> ( a0  -It2 - c (0 

which is equivalent to the relation 

Therefore, Eq. [ l l ]  will be modified to 

By raising to second power and inserting u and ,3 

where CNI is the concentration of nickel ions in the 
oxide, finally, the fourth power rate law reads 

with 

or integrated 
P = ko(t +to)  [18al 

or 
E = k01/4 ( t  + to) 114 118bI 

with to as integration constant. 
For further considerations, it is necessary to investi- 

gate the limits of the applicability of Eq. [la]. By in- 
serting Eq. [5] into the dissimilar terms [4cl and sub- 
stituting dc/dx by Eq. [7], then we obtain with the 
Nernst-Einstein relation 

uz kT c3 
i2 >> - 

re0 
[I91 

Since in the interior of the oxide layer cb c(x), the 
applicability of this relation is permitted only if con- 
dition [19] is fulfilled. With Eq. [14], it follows 

and we obtain for the upper limit of E 

with 

Correspondingly, we obtain under consideration of 
Eq. [14] with the relation [12] if u from Eq. [I] is in- 
serted 

- - ~ -  

or with Eq. [20a] 
P >> r4 

and finally, we obtain for the lower limit of 

Therefore, the validity of Eq. [la] is given by 

From the relation [22], it can be concluded that the t4 
rate law is applicable only in a small region of oxide 
thickness. With the data Vo = lv, co = 10'7 
E = 3, T = 8000K, and z = -2, we obtain for 

and for 

By means of these values and Eq. [221, it can be seen 
that the law should be obeyed after an oxide thickness 
of 300A has been built up. Furthermore, the thickness 
of the oxide layer where the validity of the P rate 
law ceases, should be double the thickness at which 
it starts, i.e., when the oxide layer has grown approx- 
imately by a factor of 2. 

According to our experiments at 400°C, the kinetics 
of oxidation fit the relation P us. t rather well when 
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the thickness of the oxide layer has attained nearly 
400A. For higher temperatures, the validity region of 
this time law is shifted to lower thicknesses of the 
oxide layer. Engell, Hauffe, and Ilschner (3) have also 
found for the oxidation of nickel at 400'C a fourth 
power rate law (Am - tu3.7-tl13.9) which changed 
later on to a parabolic one. 

Another parabolic rate law should govern if the 
following relation is valid 

instead of Eq. [I21 which is a presupposition of the 
fourth power rate law. Such a parabolic rate law was 
first formulated by Cabrera and Mott (13). Relation 
[12a] is equivalent with 

c = c, 
and [gal 

dV (x) /dx = - j/ (uc,) [gal 

Such a field-aided parabolic rate law could be found 
for the oxidation of zinc (14). Recently, Fromhold 
(18) has generalized the discussion on the validity of 
the parabolic rate law. 

In order to compare our rate constant ko to the data 
available in the literature, we tried to calculate k, 
with the aid of the Nernst-Einstein equation and the 
relation between the tracer-diffusion coefficient and 
the component-diffusion coefficient DNI 3 

D N ~  can be estimated from tracer-diffusion measure- 
ments carried out by Lindner and Akerstrom (19) be- 
tween 740" and 1400aC, by Choy and Moore (20) be- 
tween 1000"" and 1400'C, and by Klotsman, Timofeef, 
and Trakhtenberg (21) between 1200" and 1400'C if 
the diffusion data are extrapolated to 500" and 400°C, 
a procedure in many respects doubtful. From the ex- 
trapolation of the data of the last mentioned authors, 
the following values for D N ~  have been obtained: 10-19 
(400°C) and 10-17 (500°C) cm2/sec. The correspond- 
ing values of Choy and Moore are an order of magni- 
tude higher and those of Lindner and Akerstrom an 
order of magnitude lower. 

If we employ the data of c = c published by 
INil" 

Schlosser (22) (c = 4.10'4 at 400°C and c = 1.1015 
~ m - ~  at  500°C) and take s = 3 and V, = lv, then the 
following values for k, are obtained 

As can be seen by comparison of these data with those 
in Table I, in spite of the rough extrapolation, the 
agreement is rather good. 

Summarizing we may conclude that the oxidation 
of nickel should start in analogy to the oxidation of 
zinc (14) with a field-aided parabolic rate law and 
changes into a fourth power rate law. After this 
period, a parabolic rate law again rules, but now under 
the condition of a diffusion-controlled mechanism. 

*This relation has been derived expUcitly by Schottky (10). 

Unfortunately, the kinetics of the nickel oxidation at 
the very beginning with oxide thicknesses below 300A 
does not obey the parabolic plot as expected in analogy 
for the oxidation of zinc. But this result is not con- 
fusing since in the first period of oxidation, nuclea- 
tion, and oxide needle formation can become pre- 
dominant causing a logarithmic rate law (12). For 
the oxidation of bismuth (17), however, the rate of 
oxide layer growth between 175' and 230°C at  30 Torr 
oxygen can be represented from the very beginning up 
to 10-13 rg/crnz by a parabolic rate law and later on 
by a fourth power rate law. 
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Ignition Behavior of Plutonium Metal  and 

Certain Binary Alloys 

J. G. Schnizlein and D. F. Fischer 

Argonne National Laboratory, Argonne, Illinois 

ABSTRACT 

The ignition behavior of plutonium and binary alloys containing nomi- 
nally 2 a/o additives was studied by two methods in air and oxygen. Ignition 
temperatures in both air and oxygen lie in two regimes. Cubes, 5 mm on an 
edge, ignite near 500°C while thin foils, less than 0.2 mm thick, ignite near 
300°C. The transition from one regime to the other occurs sharply at a specific 
area that depends on whether ignition takes place in air or in oxygen. The 
existence of two regimes is consistent with a change of oxidation kinetics 
between 300" and 400'C which is characterized by a minimum in oxidation 
rate near 400°C. The effects of additives are sometimes significant and must 
be considered in each regime and on the position of the transition between 
them. In the high temperature regime: (i) Increased resistance to ignition 
and oxidation is found on addition of aluminum, copper, gallium, or silicon; 
(ii) The same ignition and oxidation behavior as plutonium occurs with 
addition of nickel, chromium, uranium, cerium, or iron; and (iii) Decreased 
resistance to ignition and oxidation results from addition of carbon, cobalt or 
manganese. In the low temperature regime: (i) Increased resistance to igni- 
tion and oxidation is produced by additions of aluminum, cerium, carbon, 
cobalt, gallium, manganese or possibly chromium; (ii) The same ignition and 
oxidation behavior as plutonium is obtained with addition of nickel or silicon; 
and (iii) Decreased resistance to ignition and oxidation follows from addition 
of iron or uranium. 

- 

The transition from the high temperature regime to the low temperature 
regime does not occur in air for alloys of aluminum, cerium, carbon, or co- 
balt for specimens with specific areas of up to about 1 cm2/g. Addition of sili- 
con, nickel, manganese, or uranium have little influence on the transition in 
air which occurs at a specific area of 1.5 cm2/g for pure plutonium. The pres- 
ence of moisture had a negligible effect on the ignition temperatures of pure 
plutonium and the aluminum alloy. 

The increasing use of plutonium in the nuclear en- 
ergy program and the concomitant handling makes the 
development of safe handling procedures imperative. 
Accidental ignition of the metal is a hazard (1) per se 
and the possibility of dispersing extremely toxic fine 
particulate plutonium oxide extends the danger. More- 
over, inordinately large expenses of time, money, and 
manpower in the past have been incurred in the de- 
contamination procedures which must follow acci- 
dental ignition of the metal. 

The literature on ignition of plutonium is largely 
restricted to reports of the USAEC and UKAEA. The 
first direct study of the ignition of plutonium was 
reported by Dempsey (2). Earlier, Dempsey and Kay 
(3) observed ignition during an experiment intended 
to be isothermal at  487°C. Ignition occurred after ox- 
idation had proceeded for about 300 min. During a 
study of the particulate material produced during the 
burning of plutonium, Carter, Foy, and Stewart (4) 
observed ignition temperatures of turnings and small 
hillnte .,..-.."". 

Thompson (5) observed ignitions to occur between 
230" and 420°C in oxygen and between 310" and 505'C 
in air at 35% relative humidity. No positive correla- 
tions between temperature and weight, area, or rate of 
heating were observed. In atmospheres containing less 
than 6.5% oxygen in argon, no ignition occurred be- 
low 900°C. Above about 10% oxygen the ignition tem- 
peratures were between 400" and 500°C. Rhude (6) 
found that in a glovebox with only 5% oxygen in ni- 
trogen the metal will burn readily. At the 1% level 
combustion will not continue unless heat is supplied. 
Cope (7) has developed a ternary eutectic salt mixture 
which shows promise (8) as a dry powder extinguisher 
for some plutonium fires. The problems of airborne 
particulate plutonium have recently been reviewed 
by Mishima (9) in the United States and Stewart (10) 
in Great Britain. 

Although oxidation studies of plutonium alloys have 
been reported (11-14) at somewhat elevated temper- 
atures, the only ignition studies of binary alloys are 
those by Dempsey (2) and Carter et al. (4) in which 
an aluminum additive was used to stabilize the delta 
phase of plutonium. 

The present study of the ignition characteristics of 
plutonium and certain alloys was undertaken in con- 
junction with a study of the kinetics of isothermal 
oxidation (15) to aid in evaluating hazards in han- 
dling plutonium. Two experimental methods were de- 
veloped for determining ignition temperatures. In 
addition to the study of pure plutonium, the influence 
of potential impurities and possible additives was ap- 
praised by the study of a series of binary alloys con- 
taining nominally 2 a/o (atom per cent) of various 
elements. Some elements were chosen because they 
are typical impurities in plutonium; other elements 
were chosen to study the effects of a given series in 
the periodic chart. Additives of aluminum, carbon, 
cerium, chromium, cobalt, copper, iron, gallium, mag- 
nesium, manganese, nickel, silicon, uranium, and zinc 
were used. 

Materials and Procedures 
Because of the extreme toxicity of plutonium, all ex- 

periments were performed in gloveboxes. To avoid ac- 
cidental ignitions or oxidation of metal surfaces, a 
dry nitrogen atmosphere was used. Oxygen or air and 
helium were used directly from gas cylinders except 
in experiments where the moisture content was con- 
trolled. The contents of each cylinder used were an- 
alyzed by mass spectrometry to avoid accidental con- 
taminants. 

The plutonium and alloy cubes and foil specimens 
were prepared at Hanford.1 Specially selected reactor 

lpreparations were under the supervision of R. R. King, P. G. 
Pallmer, T. Nelson, R. W. Stewart, and 0. J. Wick. General Electric 
Company, Hanford Atomic Products Division, Richland. Wash- 
ington. 
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Table I. Plutonium analyses replaced by the oxidant to determine whether ignition 
Parts per million occurred at the test temperature. For these experi- 

ments the ignition temperature is reported as the 
Typical Unalloyed range between the highest temperature at which ig- 

Impurity reactor grade pure nition did not occur and the lowest temperature at 
element plutonium Anoys' p'utonium which ignition did occur. 

C 50-400 200-500 90 
0 100-600 50-200 50 
Fe 50-1000 
Ni 

20-300 120 
30-500 10-30 16 

Mn 50-200 5 
Cr 

5-75 
20-250 2-20 10 

Mg 10-500 2-500 50 
A1 20-100 <10 <I0 
c u  10-80 
Ca 

5-70 20 
5-250 

Total metallic 
5-50 10 

200-2900 
impurities 

50-1050 250 

'Excluding Intentional additive. 

grade plutonium was used to minimize impurity con- 
tent of both pure plutonium samples and binary alloy 
samples. Analyses of plutonium used for preparation 
of samples and of alloys are compared with typical re- 
actor grade plutonium in Table I. Pure plutonium 
specimens were in the form of 5 mm cubes and 3 x 20 
mm sections of foils having thicknesses ranging from 
1 to 0.1 mm. 

The binary alloys of plutonium contained nominally 
2 a/o of various chosen elements. Additives of alumi- 
num, carbon, cerium, chromium, cobalt, copper, iron, 
gallium, magnesium, manganese, nickel, silicon, ura- 
nium, and zinc were of the highest purity available. 
The additive element content was determined at Han- 
ford by the most accurate method then known. The 
binary alloys were used in this study in the form of 
5 mm cubes and such foils as it was possible to fabri- 
cate. For the manganese alloy it was possible to pre- 
pare samples with thickness down to 0.07 mm (17.2 
cmz/g specific area), whereas for the uranium alloy, 
the thinnest foil that could be produced was 0.89 mm 
thick (1.9 cmz/g specific area). 

The ignition experiments are a kind of thermal 
analysis originally used by Fassel (16) for magnesium 
alloys. Two methods were used: The first, in which 
the oxidizing gas was present during the heating, is 
called a burning-curve experiment; the second method 
is called a shielded ignition experiment because the 
oxidizing gas was excluded by helium until the test 
temperature was reached. These methods have pre- 
viously been used for the study of ignition of uranium 
and its alloys (17-19) and were found to provide re- 
producible results. Burning-curve and shielded-igni- 
tion experiments were performed with air or oxygen. 

In the burning-curve experiment, the specimen was 
supported on a thermocouple in a vertical tube furnace 
and was heated at a programmed rate in a flowing 
oxidizing gas until ignition occurred. The program- 
ming was such that the temperature of an inert sample 
increased at  a uniform rate (usually 10 deg/min). 
The heat of oxidation of a reactive sample caused an 
increase of temperature (self-heating) above the 
control temperature. An increase of oxidation rate 
caused an increase of the slope of the temperature- 
time trace. When ignition occurred, the slope rapidly 
approached an infinite value and the sample usually 
self-heated to its maximum burning temperature. The 
ignition temperature was determined graphically from 
the temperature-time trace as the intersection of the 
pre-ignition heating curve with the post-ignition self- 
heating curve. Some thermogravimetric experiments 
were performed in this manner on a thermobalance 
equipped with a transducer to permit simultaneous 
weight and temperature measurement (20). A plat- 
inum crucible was hung under the sample to avoid 
loss of weight due to dropping oxide. 

In a shielded-ignition experiment the sample was 
heated to the test temperature in a protective atmos- 
phere of helium. The protective gas was then rapidly 

Experimental Results 
Comparison of the temperature-time curves of vari- 

ous samples in an oxidizing atmosphere provides a 
measure of the relative oxidation rate and ignition 
behavior. The relative oxidation rate can be assessed 
by the extent of self-heating or temperature increase 
above the control temperature at a particular time. 
The ignition behavior of various samples can be com- 
pared by consideration of the temperature or time of 
sudden temperature increase. Burning curves in air 
for 5 mm cubes of plutonium and a plutonium-silicon 
alloy are illustrated in Fig. 1. The ignition temperature 
for pure plutonium was found to be 508°C and for the 
silicon alloy, 544'C. 

After ignition in air the resulting oxide was consid- 
erably larger than the original metal sample and had 
numerous protuberances. Figure 2 illustrates the ap- 
pearance of a 5 mm cube in the platinum crucible be- 
fore and after ignition at 508" in air. 

Pure plutonium.-Burning-curve and shielded-ig- 
nition experiments were performed with pure plu- 
tonium specimens in both air and oxygen. The speci- 
mens were 5 mm cubes and 3 x 20 mm sections of 
foils having thickness of 1, 0.5, 0.22, 0.17, and 0.13 mm. 
Ignition temperatures determined by both methods in 
air and oxygen are listed in Table 11. In most cases 
ignition temperatures determined by the shielded 
method are somewhat lower than those obtained by 
the burning-curve method. Ignition temperatures ob- 
tained by the burning-curve method are plotted as a 
function of specific area of the sample in Fig. 3. Ig- 
nition data from Dempsey and Kay (3) and from Car- 
ter, Foy, and Stewart (4) are also included for com- 
parison. The variation of ignition temperature with 
specific area yields a step function instead of a gradual 
change over the range studied. Ignition occurs in one 
of two regimes, one at  about 300'C (282"-322") and the 
other at about 500°C (468"-535"). The transition from 
one regime to the other occurs at a specific area of 

R /  - - - 0.5 a/o Si ALLOY 

Fig. 1. Burning curves in air 

Fig. 2. Plutonium cube before and after ignition a t  508'C in 
air. 
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Table II. Ignition temperatures of plutonium in air and oxygen 

Burning 
Specific curve ignition Shielded-ignition 

Foil thick- area, temperatures, 'C temperatures,. 'C 
ness, mm cmi/g Air 01 Air 01 

-5 (cube) 

1.0 

0.52 
0.22 

0.17 
0.13 

a Indicated as the highest temperature at which ignition did not 
occur and the lowest temperature at which ignition did occur. 

bSamples were polished with 600 Brit SIC paper: all others as 
received. 

1.5 crnz/g in air and at 6.0 cm2/g in oxygen. The 
sharpness of the change is illustrated in Fig. 4 where 
two burning curves for 1.0 mm thick (1.5 cmz/g) foil 
specimens heated in air are shown. At this specific 
area the ignition might occur in either regime al- 
though the difference of specific area of the two sam- 
ples was indistinguishable. It will be noted that the 
thermal effects of plutonium phase transitions can be 
detected on the curves. These were observed in most 
experiments and provide assurance of good contact 
between the thermocouple and the sample. 

The 0.22 mm thick foil gave anomalous results in 
air. Its ignition temperature in air was consistently in 

OCUPIE* 6 WAY 

C A R I I R . T O I  B STEWART 
m P" 1 
8 PU 0 I 

Fig. 3. Ignition temperatures of plutonium by the burning-curve 
method. 

Fig. 4. Burning-curve ignitions in air of 1 mm thick pure plu- 
tonium foil specimens, specific area 1.5 cm2/g. 

the high temperature regime even though its specific 
area, 5.3 cm2/g, was considerably greater than the 
1.5 cm2/g point of transition for other foil samples. No 
explanation for this anomalous behavior was found. 

In air the ignition temperatures in the low temper- 
ature regime are somewhat lower than in oxygen. 
However, in the high temperature regime no differ- 
ence is observed. Ignition results reported by Dempsey 
and Kay (3) and by Carter, Foy, and Stewart (4) 
were generally consistent with the other results 
plotted in Fig. 3. 

Shielded-ignition temperatures (Table 11) are ap- 
preciably lower than burning-curve ignition tempera- 
tures in the high temperature regime but are only 
slightly lower in the low temperature regime. 

Plutonium binary alloys.-All chosen alloys were 
available in the form of 5 mm cubes. However, it was 
impossible to fabricate some of the alloys into foils 
as thin as was desired. Burning-curve experiments 
were performed in both air and oxygen for all cubes 
and foils. Shielded-ignition experiments were per- 
formed in both air and oxygen for most foils. Be- 
cause of the large number of samples required to 
define a narrow temperature range between ignition 
and nonignition, only a few cubes were studied in 
this manner; the range of shielded-ignition temper- 
ature for a few of the foils is also larger than de- 
sirable. 

Results of ignition temperature determinations for 
the alloys are presented in Table 111. The additive 
elements were intended to be 2 a/o but in some cases 
segregation, evaporation, or reaction with crucible 
material altered the final concentration. The an- 
alyzed (or estimated if no satisfactory analytical 
procedure was available) content of the additive and 
the specific area of the samples are included. 

For samples in the form of 5 mm cubes ignition 
temperatures lie in the high temperature regime, and 
additives have only small effects on the ignition tem- 
perature; the greatest effects were found for alumi- 
num, nickel, and cobalt. The ignition temperature of 
the 3.4 a/o aluminum-plutonium alloy was 60" higher 
than that of the plutonium base metal. The 2 a/o 
gallium-plutonium, 2.4 a/o copper-plutonium, and the 
1.2 a/o silicon-plutonium alloys ignited at  temper- 
atures about 30' higher than did the base metal. In 
contrast, the 1.8 a/o cobalt and 1.8 a/o nickel alloy ig- 
nition temperatures were 30'-40" lower than that of 
the plutonium base metal. Additives of cerium, car- 
bon, chromium, iron, magnesium, manganese, uranium, 
and zinc had little effect. 

Appraisal of the effect of variation of specific area 
on ignition temperature for most of the alloys is pos- 
sible by considering the data on foils. Ignition temper- 
atures were plotted as a function of the logarithm of 
specific area and a composite trace of the behavior 
in air for the various additives is presented in Fig. 5. 
The shapes of the curves are similar to those for pure 
plutonium except for alloys of aluminum, cerium, 
carbon, cobalt, and gallium. The transition from the 
high temperature regime to the low temperature re- 
gime does not occur for samples of these alloys with 
specific areas up to about 10 cmvg. The addition of 
silicon to plutonium causes a shift of the transition in 
air from a specific area of 1.5 cmz/g for pure plutonium 
to 4 cmz/g for the alloy. Additions of nickel, manga- 
nese, and uranium to plutonium cause no change in 
the transition region in air. 

In oxygen the transition to the low temperature re- 
gime for the alloys occurs at lower specific areas than 
it does for pure plutonium. 

Effect of moisture on ignition behavior of plutonium 
and plutonium 3.4 a/o aluminum alloy.-To appraise 
the effect of moisture on the ignition of plutonium 
and its alloys, burning curves have been obtained in 
air saturated with moisture at room temperature (20,- 
000 ppm water). Isothermal studies (15) have shown 
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Table Ill. Ignition data for plutonium alloys 
Nominally 2 a/o additives 

Analyzed Burning-curve Shielded-Ignition. 
content, Foil thickness, SpecYc isnition temperature. .C temperature, OC -- 

Additive a/o mm area, cm3/g Air Ou Air OY 

5 (cube) 
0.26 
0.26 
0.24 
0.82 
0.13 
5 (cube) 
0.88 
0.11 
5 (cube) 
5 x 5.6 diam rod 
0.87 
0.28 
0.18 
5 (cube) 
0.83 
0.23 
5 (cube) 
1.01 
0.15 
0.08 
0.21 
5 (cube) 
5 (cube) 
0.85 
0.38 
0.21 

588, 580 
544 
557 
620 
425 
412 
510 
488 
478 
498 

285. 458 
474 
370 
468 
474 
456 
465 

512. 514 
513 
575 

NO ign. 
380 
555 
548 
596 
588 
602 

No ign. 
352 

476. 485 
480, 516 

372 
358 
550 
550 

546. 538 
546 

486 
208, 447, 455 

418 
330 
466 
482 
465 
462 

488, 507 
503 
527 
517 

No ign.. 320 
533, 546 

515 
266 
567 
268 

0.11 
5 x 5.7 diam rod 

0.26 
0.25 
0.18 
5 (cube) 
0.25 
0.25 
(cold rolled) 
5 (cube) 
5 leube) 
1.0 
0.53 
0.24 
0.21 
0.10 
0.07 
5 (cubel 
5 (cube) 
1.05 
0.24 
0.24 
0.25 
0.15 
5 (cube) 
5 (cube) 
0.85 
0.28 
0.20 
5 (cube) 
0.88 
5 (cube) 
5 (cube1 

486 
325 

No 1gn.d 
302 

No ign. 
544, 548, 548 

553 
528 

202. 286, 285 
537 

510. 513 
252. 550. 

528 
528 

a Indicated as the highest temperature at whlch ignltbn did not occur and the lowest temperature at which ignition did occur. 
Wstimated content, no satisfactory analysis performed. 
"Sample completely oxidized or disintegrated before ignition occurred. 

There was a thermal spike of 150. at 309.C with no visual ignition. Another aplke of 80' was observed at 61O'C with no visual ignltlon. 
Insufi3clent samplea were available to determine lower llmlt of shielded ignition range. 

that the presence of moisture increases the linear rate 
of oxidation at temperatures below 200°C, but has 
negligible effects at  higher temperatures. 

Although burning curves indicate that ignition oc- 
curs in slightly shorter periods of time in moist air, 
the graphic method of defining ignition temperatures 
yields values for experiments carried out in dry air 
which are essentially identical with those for experi- 
ments carried out in moist air. These temperatures, 
determined by the burning-curve method, are given 
in Table IV. 

Discussion and Summary 

nium in air or oxygen lie in two regimes: about 500°C 
for large samples with low specific area, and at about 
300'C for thin foils with high specific areas. The ex- 
istence of these two ignition temperature regimes is 
consistent with the isothermal oxidation behavior of 
plutonium (15). A change in the oxidation kinetics 
occurs just above 300". The oxidation rate decreases 
sharply between 350" and 450°C and the oxide is more 
protective above 400°C. Evidently, the rate of heat 
generation by oxidation in the region of 300°C is 
just sufficient to cause ignition of specimens having 
large specific areas. Specimens having smaller specific 
areas have greater thermal inertia, and the temper- 
ature increase caused by self-heating occurs more 
slowly. This allows the formation of a more protec- 
tive oxide at temperatures near 400°C, where there 
is a minimum in the oxidation rate. The decreased ox- 
idation rate prevents ignition from occurring until the 
sample temperature is increased by external heating 
beyond 450°C whereupon the oxidation rate again 
rapidly increases with increasing temperature. 

For samples igniting in the high temperature regime 
with the burning-curve method, shielded-ignition tem- 

Two experimental procedures were used to define 
the temperatures at which the ignition of plutonium 
occurs. The first, which is a thermal analysis of the 
sample heated in an oxidizing atmosphere, is called 
a burning-curve experiment. In the second, the tem- 
perature at which ignition occurs if suddenly exposed 
to an oxidizing gas, is called shielded-ignition temper- 
ature. 

P u ~ e  plutonium.-The ignition temperatures deter- 
mined by the burning-curve method for pure pluto- 
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02 0 4 0 6 a 8 I  ? 4 6 8 1 0  PO 4 0 6 0 8 0 1 0 3  

IPEElFiC AREA. 0 m U I  

Fig. 5. Effect of additives on ignition behavior in air of plu- 
tonium. Each curve labeled with additive element present nomi- 
nally at  2 a/o conc. 

peratures are noticeably lower. In the low temper- 
ature 'regime shielded- and burning-curve experi- 
ments provide similar ignition temperatures. 

Binary alloys.-Because the ignition temperatures 
fall in two regimes (consistent with the two regimes 
observed in the isothermal oxidation), it is necessary 
to consider the influence of an additive on each regime 
and on the transition region. 

In the high temperature regime the influence of the 
additives (using the behavior of pure plutonium as 
the standard for comparison) were as follows: 

(i) Increased resistance to ignition and oxidation; 
aluminum, copper, gallium, and silicon. 

(ii) The same ignition and oxidation behavior as 
plutonium; nickel, chromium, uranium, cerium, and 
iron. 

(iii) Decreased resistance to ignition and oxidation; 
cobalt, carbon, and manganese. 

In the low temperature regime, the influence of the 
additives was as follows: 

(i) Increased resistance to ignition and oxidation; 
aluminum, cerium, carbon, cobalt, gallium, manganese, 
and possibly chromium. 

(ii) The same ignition and oxidation behavior as 
plutonium; nickel and silicon. 

(iii) Decreased resistance to ignition and oxidation; 
iron and uranium. 

The transition from the high temperature regime to 
the low temperature regime does not occur in air for 
alloys of aluminum, cerium, carbon, and cobalt for 
specimens with specific areas of up to approximately 
10 cm2/g. The addition of silicon to plutonium causes 
a shift of the transition in air from the specific area 
of 2 cm2/g for pure plutonium to 4 cm2/g for the 
alloy. Additions of nickel, manganese, and uranium 
to plutonium caused no change in the transition point 
from that of pure plutonium. 

Moisture.-The presence of moisture in air has 
negligible effect on ignition temperatures of pluto- 
nium and of a plutonium-3.4 a/o aluminum alloy as 
determined by burning-curve experiments. Because 
isothermal studies (15) have shown that the presence 

Table IV. Temperature determined by burning-curve method 

Burning-curve 
ignition temperature, ' C  
In dry air In wet air 

Pu 5 mm cube 524 522 
Pu 0.11 mm foil 283 282 
Pu-3.4 a/o A1 5 mm cube 585. 580 569 

of moisture has negligible effects on the oxidation ki- 
netics above 220T, ignition temperatures of samples 
above 220°C in dry air will not be affected by moisture. 
It must be pointed out that it does not follow that long 
term corrosion by moist air or water vapor will not 
influence the ignition of plutonium. 
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A Film-Thickness Determination of Nitrogen 

Diffusion in Zirconium Nitride 

C. I. Rosa" and W. C. Hagel" 

Metallurgy Division, Universitg of Denver Research Institute, Denver, Colorado 

ABSTRACT 

Calculations of the diffusion coefficient for nitrogen in zirconium nitride 
are given in terms of a unidirectional, two-phase, volume-diffusion model. 
These calculations require the knowledge of both the thicknesses of nitride 
films and of nitrogen diffusion coefficients in the underlying zirconium metal. 
The values obtained can be represented by DN+ZrN = 7.87 x 10-5 exp 

(r35,900/RT) cmvsec for the temperature range of 650"-850°C. Zirconium 
n~triding kinetics for extended exposures up to 900 hr are also reported. The 
portion of nitrogen confined to the u-zirconium phase amounts to about 80 w/o 
of the total nitrogen consumed during the over-all nitriding process. 

The zirconium-nitrogen reaction has not attracted 
the interest of many investigators. Gulbransen and 
Andrew (1) described this metal-gas reaction in the 
temperature range of 400'-825°C and Dravnieks (2) 
studied the kinetics at 862'-1043°C. Mallett et al. (3) 
measured the rate of surface reaction of zirconium 
with nitrogen in the range of 975"-1640°C at 1 atm 
pressure. All these investigators report that the re- 
action conformed strictly to a parabolic relationship 
and that the reaction rate was much slower than with 
oxygen. These experiments were carried out for short 
time exposures, up to 7 hr. 

More recently, Rosa and Smeltzer (4) investigated 
nitriding kinetics in terms of models based on the 
growth of the reaction product layer and simultane- 
ous dissolution of the reactant in the metal substrate. 
They found that over the temperature range 750"- 
100O0C, and for exposures up to 170 hr, the reaction 
obeys the parabolic rate law. Using microhardness 
measurements, they determined the diffusion coeffi- 
cient of nitrogen in a-zirconium as D~a-zr = 0.15 exp 
(-54,10O/RT) cmZ/sec. which to the best knowledcre 
of the present author; is the only relationship avaii- 
able at this time. 

The purpose of this investigation is to evaluate the 
diffusion coefficients of nitrogen in hypostoichiometric 
zirconium nitride for the temperature range of 650"- 
850°C in terms of data from nitriding kinetics and 
from the growth rates of the nitride layer. A compre- 
hensive model relevant to the forthcoming calculations 
is presented. 

formed by l p  diamond-dust and vibrator polishing 
with 0.05~ gamma-alumina solution. 

To accentuate the mount/specimen interface, the 
nitrided surfaces were coated with dyed "Eastman 
910" adhesive diluted in "GA-1A" accelerator and 
allowed to harden for a few hours. Dark blue recorder 
ink was used as a dye. Measurements of nitride thick- 
nesses were made by projection on a metallographic 
glass screen or by using a filar micrometer eyepiece 
on sections cut at an angle of 6' with respect to the 
normal surface. 

The zirconium nitride, although quite thin, covered 
the metal substrate uniformly, and no appreciable 
edge or corner effects could be observed. X-ray anal- 
yses, 'using Ni-filtered Cu radiation, showed that the 
yellow film formed on heating zirconium in nitrogen 
was ZrN having a, = 4.56A for the fcc structure. This 
evidence then eliminated the possibility of forma- 
tion of ZrO (NOS) z.2Hz0, Zrz03 (NOS) ze5Hz0, and 
Zr (NOs)4.5HzO nitrates reported by Elinson and 
Petrov (7). 

Theoretical 
Figure 1 shows schematically the zirconium-nitrogen 

equilibrium phase diagram and the associated semi- 
infinite diffusion couple formed during nitriding of 
zirconium at temperature T. Assuming that the nitro- 
gen diffusion coefficients DII and DI are independent of 
nitrogen concentration, c, the equations for the two 
concentration curves in the nitride and in the metal 
can be obtained from solution of Fick's second law. 
These are given by 

Experimental c1 = kl - BI erf ( x / 2  V E )  at 0 < x < m I11 
The commonly used gravimetric method has been 

employed for measuring nitriding kinetics of 2 x 1 x 
0.2 cm, 99.93 w/o (weight per cent) pure, zirconium 
samples. High-purity, better than 99.9 v/o (volume per 
cent) pure, nitrogen was passed through a cold trap 
and glass columns containing silica gel and phosphorous 
pentoxide to remove residual water vapor. Before ex- 
posing to nitrogen at a pressure of 400 Torr, speci- 
mens were treated by wet abrasion on 200 through 
600-grit silicon carbide papers followed by final pol- 
ishing on 8 and l p  diamond-dust impregnated laps, 
acetone washing, and careful drying to avoid water 
stains. 

To prevent formation of a gap between the metal and 
mounting material, whenever microscopic measure- m+ o ~t 1-0 

ments of nitride thicknesses had to be taken, all sam- 
ples are cold mounted in "Hysol" self-settine e ~ o x v  8 6 ~ ~ 5 0 0 1 : o  
resin and prepared for metalloera~hv bv usin; meti- TEMPERATURE -. ,& .I=DISTANCE.- " "8 
ods advised by Cprek (5) and &ans-(6): Finaipolish- 
ing, for scale thickness measurements, was per- Fig. 1. Schematic presentation of zirconium-nitrogen equilibrium 

phase diagram and associated diffusion couple formed during 
' Electrochemlcal Soclety Actke Member. nitriding of zirconium a t  temperature T and for time m>t>O. 
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for the metal phase (I) and 

CII = kz - BII erf (x/2 d%t at  0 < x < x1 [21 

for the zirconium nitride phase (11). 
In terms of the nomenclature used in these equa- 

tions, kl and kz represent the values of c's at the sur- 
face, i.e., where x = 0. DII and DI are diffusion coeffi- 
cients of nitrogen in phases I1 and I, respectively, and 
BII = kz - CII (m) and BI = kl - CII. All remaining 
symbols used follow directly from inspection of Fig. 1. 

Diffusion analysis applicable to this type of a sys- 
tem has been advanced by Wagner (8) and applied 
by many investigators (4, 9, 10). At time 0 < t < oo, 
subject to boundary conditions, Eq. [I] and [2] must 
satisfy 

CI = kl and CII = kz = CIIII [31 

for x = 0, and similarly at  x > 0 

CI = CII and CII = CII ( m) [41 
fo r t  = 0. 

Considering the flux at  the a-zirconium/zirconium 
nitride interface XI, one can write for the mass balance 
that 

where 6 = CIII - CI" and 51 is the rate of movement 
of Xl. 

In a previous investigation (4) describing the par- 
tition of nitrogen between metal and the nitride phase, 
it has been shown that the portion of nitrogen confined 
to the a-zirconium phase can be expressed as 

In this equation, (kP),-Z, = ~m/~&rep re sen t s  the 
parabolic rate constant for nitrogen weight gain (Am) 
per unit area (A)  within time ( t ) ,  r is a proportion- 
ality constant as in Eq. [81 and . 

CI" - CI' 
B I=  kl-Cl'= [71 

erfc ( x l / d ~ T )  

which can be evaluated if the movement of interface 
xl and DI are known. 

Should one neglect the small volume change asso- 
ciated with conversion of zirconium metal to zir- 
conium nitride (calculated Pilling-Bedworth ratio: 
Vzr~/Va-zr = 1.05), then the two values of x in Eq. 
I l l  and [21 become equal at the nitride/metal inter- 
face. Consequently, it follows directly from Eq. [6] 
that 

where r,,t3l is the experimentally measured slope of 
XI us. .\/< and 

In terms of conditions implied by Eq. 131 and [81 
we can express the difference of nitrogen concentra- 
tion as a function of distance x from the surface. Thus 
at x = xl we have 

CI" - CII = ( k ~  - CII) (1 - erf 7') [lo] 

for the metal phase, and similarly for the nitride 
phase 

CIIII- CIII = BII erf [ I l l  

Differentiating Eq. [I] and [21 with respect to x and 
making use of the mass balance Eq. [5], one obtains in 
terms of relationship [81 that 

(Ci1I1 - CIII) (erf r ) '  ((2111- CII) (erf v1)l - = 26 
r erf r Y' erfc r' 

1121 

where the index "prime" behind parentheses is being 
used to designate the derivative of the respective 
error functions, e.g. (erf 7)' = 2(x) -5 exp- 72. 

Equation [I21 may be simplified by introducing the 
following arbitrary definitions 

((7) = (erf r)'/2 erf 
and 

[I31 

t (7') = (erf 7') '/2 7' erf 7' [I41 
and therefore 

Knowledge of DI and rexpt.I allows one to evaluate 
the proportionality constant 7' from Eq. [8], and con- 
sequently calculation of I(?') becomes possible. For a 
given value of ((7'1, one obtains a corresponding value 
of ((7) by virtue of Eq. [I51 because the nitrogen 
concentration differences are known. The unique value 
of r satisfying relationship [I31 may be obtained by 
means of a graphical solution, e.g., by plotting exp 
(- rz)/d;r t (y)  and erf r us. 7. Consequently, we 
can determine the diffusion coefficient, DII, of nitro- 
gen in zirconium nitride from relationship [8]. 

Evaluation of Nitrogen Diffusivity in Z r N  
Nitriding kinetics for a-zirconium in the tempera- 

ture range 650"-850" are shown in Fig. 2 together 
with the evaluated portion of nitrogen confined to 
the metal phase. Zirconium exhibits an exceptionally 
large solubility for nitrogen, above 20 a/o (atomic 
per cent), and accordingly the amount of nitrogen 
taken up by the metal is hbout 80 w/o of the total ni- 
trogen consumed during the nitriding process. 

Figure 3 is a plot of ZrN thicknesses formed at dif- 
ferent temperatures as a function of nitriding time. 
Visual inspection of these figures indicates that, to 
a good approximation, parabolic relationships are 
obeyed for both the nitride growth and nitrogen dis- 
solution in the metal. This then implies that volume 
diffusion of nitrogen may be the controlling factor 
in the nitriding mechanism of zirconium. 

Densities of a-zirconium and ZrN are 6.5 (11) and 
7.09 (12) g/cmS, respectively. The boundary concen- 
trations of nitrogen in zirconium nitride and in the 
metal saturated with nitrogen are summarized in 
Table I and were obtained from the Zr-Nz equi- 
librium phase diagram (13). The initial concentration 
of nitrogen in the zirconium samples used was CII = 
0.65 x 10-5 gN/cm3. Values for nitrogen diffusion 
coefficients in U-zirconium were taken from ref. (4) 
and those for reXptB1 from Fig. 3. 

Knowledge of these experimental data makes pos- 
sible the evaluation of the remaining parameters: r'; 

' 1 ' 1 1 1 ' 1 '  
0 2 4 8 I0 I4 18 22 26 Y) 

NITRIDIN0 TIME IJTI;  H R S ~  

Fig. 2. Nitriding rates of zirconium a t  different temperatures. 
Solid lines, total nitrogen uptake; dashed lines, nitrogen dissolved 
in a-zirconium; open circles, from ref. (4); closed circles, from this 
study. 
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Fig. 3. Zirconium-nitride thicknesses for various nitriding times 
and temperatures. Open circles, from ref. (4); closed circles, from 
this study. 

t(y'); €(?); BI(x=O) and hence (k,)u-zr. The nu- 
merical values thus obtained are summarized in Table 
11. 

Figure 4 shows the graphical solution of Eq. [I31 
for arbitrary values of y. The unique results for y, 
at various temperatures, which satisfy this equation 
are obtained from intersections of the exponential 
functions and are also recorded in Table 11. 

The values for diffusion coefficients of nitrogen in 
hypostoichiometric ZrN, obtained under conditions of 
nitriding polycrystalline a-zirconium for exposures 
up to 900 hr, are represented in Fig. 5 in Arrhenius 
form. The method of least squares has been employed 
to obtain an expression for the diffusion coefficient, this 
i. 
A- 

DII = 7.87 X 10-5 exp (-35,90O/RT) cmz/sec 1161 

for the temperature range of 650"-850°C 
While deriving the mathematical expressions it was 

tacitly assumed that the treatment of semi-infinite 
plate is applicable to the 2 mm-thick zirconium sam- 
ples. Figure 6 which is a plot of concentration of 
nitrogen within the metal phase, at limiting temper- 
atures of 850" and 650TC,  provides satisfactory justi- 
fication for this premise. 

Discussion of Results 
In the absence of other measurements of nitrogen 

diffusion in zirconium nitride it is difficult to assess 
how closely the calculated values of DII approximate 
those from experimental evidence. The knowledge of 

Table 1. Summary of experimental data used for evaluation 
of nitrogen diffusivities in zirconium nitride 

Temperature, 'C 

Table II. Compilation of values obtained from 
theoretical evaluations 

Temperature, .C 

Parameter 650 150 800 850 

Y':  Eq. 181 14.8 x 10-2 9.80 x 10-2 9.47 x 10- 8.14 x 10-9 
f ( ~ ' ) ;  E€I. 1141 4.48 6.42 6.62 7.61 
E ( y ) :  Eq. 1151 2.53 x 109 1 3 5  x 10s 1.52 x 109 1.37 x 101 
Y :  Fig. 4 4.50 x 10-2 5.00 x 10-2 5.75 x 10- 8.05 x 10-1 
D I I :  Eq. 181 2.5 x lo-= 1.6 x 10-u 3.6 x 10-u 8.4 x 10-10 
BI: Eq. 171 0.287 0.293 0.300 0.302 
k -  E I 4.81 x 10-8 2.12 x 10.7 3.96 x 10-7 1.28 x 10.7 
gN/cnV aec'/' 

Fig. 4. Plots of exp (-y2)/v'T y €(y) and erf y vs. y for dif- 
ferent temperatures. 

I 
30 92 96 0 0  104 (0.8 11.2 

IITEMPERATURE; -K-'x 10' 

Fig. 5. Arrhenius plots for nitrogen diffusion in zirconium ni- 
tride and a-zirconium (4). Dot-dash line is for values obtained 
from kinetic studies; see Appendix. 

DISTANCE IMO METAL, I;  cm K lo-' 

Fig. 6. Theoretical distribution curves for nitrogen in a-zircon- 
ium as functions of nitriding time and distance into the metal. 
Points shown were calculated from Eq. [ I ]  with k l  = CI". 

error arising by considering the diffusion coefficient 
DII as a concentration independent factor would be of 
particular interest. 

The accuracy of evaluation of DII depends on the 
precision with which the value of DI is known. Com- 
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parison of the latter value from microhardness mea- 
surements with that from kinetic data shows appre- 
ciable discrepancy as depicted by Fig. 5. The DI value 
from microhardness determinations is lower by a factor 
of 4 to 22 for the temperature range of interest. A 
question then arises which of these two values should 
be employed in evaluating DII. 

Results from Fig. 2 indicate that as much as 80% 
of the total amount of nitrogen consumed is confined 
to the metal phase. Consequently, when evaluating 
DI (see appendix), omission of the thin ZrN film 
formed in the initial stages of nitriding seems to be 
plausible. However, inspection of Eq. [4A] in the ap- 
pendix reveals that DI is strongly dependent on the 
accuracy with which the total nitrogen uptake, MI, 
can be measured, and unfortunately this is not very 
high. The following example will accentuate this point. 
Reference (2) gives for the total nitrogen uptake MI 
= 3.91 x 10-5 for 2-hr exposure at 862"C, or MI = 3.0 
x 10-5 gN/cmz if extrapolated to 825". This value is 
to be compared with MI = 8.32 x 10-5 gN/cm2 at 
825" for 2 hr exposure from ref. (1). It means that 
at the temperature considered DI can vary from 1.04 
x 10-11 to about 1.5 x 10-12 cm2/sec. The latter value 
is in close agreement with that from microhardness 
determinations. Due to the paucity of precise and 
consistent kinetic studies, the value of DI resulting 
from microhardness measurements has been employed 
for evaluating DII. 

Some mention should be made about the accuracy 
of DII in terms of errors in CIII. The a + ZrNt-,/ 
Z ~ N I - ~  phase boundary is drawn as a dashed line in- 
dicating poor accuracy. This phase boundary has been 
determined from the limited x-ray investigations by 
Domagala et al. (14), who believe that its position is 
accurate within 2 0.5 w/o N for the temperature range 
of 1600"-1850°C and that it reaches nearly stoichi- 
ometric ZrN at temperatures below 600°C. Unfortu- 
nately, for the temperatures of this study, it is im- 
possible to evaluate the errors attached to DII by 
considering the positive deviation from CII', because 
this would mean the presence of hyperstoichiometric 
ZrN and the existence of such a compound has never 
been reported. I t  is, however, possible to account for 
the negative value of -0.5 w/o N, and thus, e.g., at  
850°C the value of DII = 3.1 x 10-12 cm2/sec as com- 
pared with DII = 8.4 x 10-12 for the average value 
of CII'. 

The value of 35.9 kcaVmole for the diffusion activa- 
tion energy could indicate an interstitial type of dif- 
fusion. This, however, seems to be highly improbable 
if we consider the relatively closely packed ZrN fcc 
lattice. The formation of hypostoichiometric zirconium 
nitride during the nitriding process provides a va- 
cancy-type structure, and accordingly diffusion of ni- 
trogen via nitrogen vacancies appears to be a more 
plausible mechanism for diffusion. In this case, the 
activation energy will consist of two terms: the en- 
ergy of formation of vacancies and the energy re- 
quired to move the diffusing species across these va- 
cancies. 

Diffusion across the a-zirconium structure is seen to 
be very sensitive to temperature change, in accord 
with what one would expect from the rate of diffu- 
sion through hcp lattice of the metal. 
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Table Ill. Diffusion coefficients obtained from 
kinetic measurements 

Temper- Exposure ZrN thick- CI", DI. 
ature. ' C  time, hr ness, gN/cm:g cm*/sec 

825 2 0.11-0.30 0.210 1.1 x lo-" 
800 2 0.11 0.268 5.5 X lo-'" 
700 2 0.038-0.11 0.252 8.4 x 10-'J 
800 2 - 0.230 1.1 x 10-L' 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1968 
JOURNAL. 

APPENDIX 
According to Fick's first law the quantity of nitrogen 

MI, which penetrated metal per unit area at the end 
of time t can be expressed as 

MI = - D 1%) Z=L, dt HA1 

If we assume that the concentration of nitrogen C11 
= 0 (about 1 ppm in our samples), then we can write 
in terms of Eq. [I] that 

a CI kl -=--exp- (-/)2 12AI 
a xl 4n-t 

for xl = 2 7' \/% 
Substituting [2A] into [lA] yields 

- 
2k1dD1t exp - 2 + C [3A] MI=- 

dK 
where C = 0 if t = 0. 

Expressing kl = C111 when xl = 0 (i.e., no nitride 
film) we have 

DI = nM1~/4t (CIII)~,=, [4AI 

This relationship is of the form sometimes used for 
evaluation of diffusivity in the metal assuming that 
the film thickness is negligible. We shall utilize this 
eauation in determinine DI for nitrogen diffusion in 
o-krconium for short ekposure times. 

As already mentioned in the text, Gulbransen and 
Andrew obtained a strictly parabolic relationship for 
nitriding kinetics up to 2-hr exposures. In view of the 
 resent investigation. the estimated thicknesses of 
hitride films f&med' on their samples are given itl 
Table 111. Included also are values for DI resulting 
from solution of Eq. [4A]. Utilizing the principle of 
least squares, the diffusion coefficient for nitrogen dif- 
fusion in a-zirconium may be represented as DI = 
5 x 10-4 exp (-38,00O/RT) cm2/sec. 
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ABSTRACT 

Electron microscopy techniques were employed to determine the mor- 
phologies and structures of oxide films formed on martensitic and Widman- 
statten alloys in an oxygen atmosphere. Morphological development of a film 
in the very early stages of its formation was dependent on surface prepara- 
tion, the substructure of an alloy being replicated by the film formed on a 
pickled specimen. Pustules occurred in the oxide films with their growth being 
confined to the a'-Zr phase of Widmanstatten alloys. Also, films on this alloy 
phase in comparison to those on a martensitic specimen commenced cracking 
at smaller thicknesses. The films consisted of monoclinic zirconia and, in addi- 
tion, a second phase which was either tetragonal zirconia or an intramolecular 
oxide of zirconia and niobium pentoxide. This latter oxide occurred as small 
crystallites 50-150.4 in diameter. 

The reaction kinetics were previously reported for 
martensitic and several Widmanstatten alloys oxidized 
at temperatures in the range 300"-500" (1). Little 
difference was found between the oxidation rates of 
these alloys in the early stages of the reaction, but 
prolonged exposures demonstrated that the marten- 
sitic alloys consisting of a'-Zr oxidized much more 
rapidly in the range of linear kinetics, the linear 
kinetics of the Widmanstatten alloys decreasing with 
increasing amounts of proeutectoid u-Zr. This latter 
phase oxidized at  much slaver rates than a'-Zr. The 
oxide layer consisted essentially of monoclinic zirconia, 
and the formation of oxide pustules on martensitic 
specimens was the only distinct feature indicating a 
difference in the mode of oxide formation on differ- 
ently structured alloys. The purpose of this investiga- 
tion was to gain more detailed information by the 
techniques of electron microscopy on the structural 
properties of the oxide films and on their role as bar- 
riers to oxidation processes. 

Experimental 
The electron microscopy studies were of two types: 

replication studies of oxide film surfaces and trans- 
mission microscopy of oxide films stripped from the 
alloys. For the former, two-stage replication was used, 
the parlodion film being shadowed at 20" to the sur- 
face with gold-palladium, before carbon evaporation 
at right angles to the surface. Transmission studies 
necessitated first coating the oxidized surface of the 
specimen with carbon in order to strengthen the thin 
film. The stripping of the oxide from the metal was 
then performed with a solution of 10% bromine in 
ethyl acetate held at 75°C. 

Microscopy was carried out on a Siemens Elmiskop 
I operating with voltages of 80 kv for replicas and 
100 kv for thin oxide films. In order to facilitate ac- 
curate measurement of lattice spacings by selected 
area diffraction, gold was evaporated on the oxide to 
provide a standard diffraction pattern. Distance mea- 
surements on the patterns were made with a Joyce 
recording densitometer. 

The alloy material, the procedures for preparing 
alloys in martensitic and Widmanstatten structures, 
surface preparation, and oxidation of specimens in 
oxygen at 1 atm pressure have been described in a 
previous paper (1). The aqueous pickling solution, 
30 v/o HzS04, 30 v/o HN03, and 10 v/o HF, was held 
at  a temperature in the range 68"-75°C. Weight gains 
of specimens by oxidation were converted to approx- 
imate average film thicknesses based upon the factor 
lpg O/cmz = 62.4. 

Electrochemical Society Active Member. 
'Resent addreu: Atomic Power Division, Westinghouse Electrlc 

Corparatlon. Madison. Pennsylvania. 

Results 

O&de film morphologies.-The changes in the topog- 
raphies of specimens oxidized at 400" were studied 
from the initial protective stage of film formation, 
through the transition region, and into the final stage 
where oxidation approximated to linear kinetics (1). 

Representative surfaces of martensitic specimens and 
the film at various stages of oxidation are shown in 
Fig. 1-3. Although the surfaces of mechanically pol- 
ished specimens were featureless, surfaces of pickled 
specimens showed areas of selective etching at the 
boundaries of the martensite plates. Irrespective of 

Fig. 1. Surface replicas of pickled martensitic alloy surfaces after 
oxidation at 400°C. Oxygen uptake: top, unoxidized, 26,665X; 
middle, 0.10 mgO/cm2, 14,665X; bottom, 0.20 mgO/cm2, 14,- 
665X. 
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Fig. 2. Surface replicas of mechanically polished marhnsitic al- 
loy surfaces after oxidation at  400". Oxygen uptake: top, unoxi- 
dized; middle, 0.09 mg0/cm2; bottom, 0.15 mgO/cm2. 14,665X. 

Fig. 3. Typical surface replica of martensitic specimen oxidized 
to the range of linear kinetics. Oxygen uptake: 1.56 mgO/cm2. 
14,665X. 

surface treatment, the films were uneven in the initial 
stages of the reaction, Fig. l b  and 2b, exhibiting 
pustular growths with sizes varying from grain to 
grain. In addition to pustules, fine cracks were to be 
observed in the films as the specimens were progres- 
sively oxidized into the period for transition to linear 
kinetics, Fig. lc and 2c. At long times, a film exhibited 
an uneven surface populated with cracks, Fig. 3. 

A similar series of micrographs for the Widmanstat- 
ten alloys is illustrated in Fig. 4. There was not a 
noticeable difference between the pickled and un- 
pickled surfaces, other than that, with the former type 
of specimen, the alloy structure could be more easily 
distinguished. Micrographs of films formed on both 
alloy phases, Fig. 4b, demonstrated that the films were 
considerably thicker on the a'-Zr phase even at small 
oxygen uptakes. Moreover, the films formed on this 
phase were characterized by pustules as previously 
shown for the martensitic specimens. Cracking of this 
oxide became very extensive before any evidence was 
found for cracking of the oxide formed on the a-Zr 
phase, Fig. 4c, and even occurred in films thinner than 
those formed on martensitic specimens. For example, 

Fig. 4. Surface replicas of mechanically polished Widmanstatten 
alloy surfaces after oxidotion at  400°C. Oxygen uptake: top, un- 
oxidized, 25,330X; middle, 0.01 mgO/cm2, 14,665X; bottom, 0.2 
mgO/cm2, 2,665X. The pustular oxide and extensively cracked ox- 
ide occur on the a'-Zr alloy phase. 

cracks were readily observable in a 1500A film on an 
alloy containing 30 v/o a-Zr, whereas evidence was 
only found for the initiation of cracking in films cor- 
responding to approximately 2500.4 on martensitic 
specimens. 

Oxide film structures.-Films formed at 300°C and 
with thicknesses varying from 100 to 800.4 were ex- 
amined by the transmission technique. Their appear-. 
ance was dependent on the surface preparation of the 
specimens. A film stripped from a specimen whose sur: 
face was mechanically polished was relatively feature- 
less. On the other hand, the films stripped from pickled 
specimens exhibited structures related to the alloy 
microstructures. The microstructures of the martensitic 
and Widmanstatten alloys replicated by their oxide 
films are illustrated in Fig. 5. Absence of electron 
transmission through the films at alloy transformation 
boundaries indicated enhanced oxide growth in these 
regions. 

Selected area diffraction spot patterns obtained from 
films formed on alloy pickled surfaces could often be 
indexed as monoclinic zirconia (2-4). It was also pos- 
sible to index some patterns as a mixture of mono- 
clinic zirconia and another phase. Most of the spots 
could be accounted as coming from the monoclinic 
oxide, but one. pair of spots arose from planes with 
d-spacing of 2.95A. Such a lattice spacing would be 
compatible with the (111) spacing of tetragonal zir- 
conia (51, or, possibly, of the mixed oxide 6Zr02.Nb205 
(6). A typical diffraction pattern from a film con- 
taining both oxides is illustrated in Fig. 6. In the case 
of a mechanically polished surface, the diffraction 
patterns were those of a polycrystalline oxide and 
they could be indexed generally as monoclinic zirconia. 

In the earlier reported paper ( I ) ,  examination by a 
recording x-ray diffractometer of the surfaces of 
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Fig. 5. Electron transmission micrographs of oxide films stripped 
from pickled alloys oxidized a t  3W°C: top, martensite, 0.001 
mgO/cm2; bottom, Widmanstatten structure, 0.002 mgO/cm2. 
13,330X. 

Fig. 6. Selected area diffraction pattern from film formed on 
pickled martensitic alloy oxidized a t  3W0C. Oxygen uptake: 
0.004 mgO/cm2. Symbols m and t refer to monoclinic and tetrag- 
onal oxide, respectively. 

specimens oxidized for extended exposures to form 
scales demonstrated that monoclinic zirconia was the 
major reaction product, little evidence being found for 
the existence of another oxide phase. To gain more 
detailed information, powder x-ray diffraction experi- 
ments were carried out on scales formed at the tem- 
peratures of 300", 400" and 500'C on both martensitic 
and Widmanstatten specimens. The patterns from ox- 
ide formed under all these conditions were similar 
and reflections were consistently obtained from a plane 
with lattice spacing 2.94-2.95A in addition to those of 
monoclinic zirconia. This is the same value as that 
found by electron diffraction from thin films and 
the existence of a tetragonal oxide in both mono- 
clinic zirconia films and scales is considered definite. 

Fig. 7. Dark field transmission micrograph from oxide film 
formed on pickled martensitic alloy oxidized a t  3W°C showing 
crystallites of tetragonal oxide at alloy transformation boundaries. 
20,oM)x. 

Attempts were made to locate the tetragonal crys- 
tallites in the films formed on pickled specimens by 
dark field electron microscopy. This was done using 
the diffraction spots from the (111) plane of this 
phase as all other planes gave rise to spots coincident, 
or nearly coincident, with spots from monoclinic zir- 
conia. Examination of many films demonstrated that 
this oxide was distributed as small crystallites in a 
size range between 50 and 150A at areas bounding 
transformation boundaries in a martensitic alloy, Fig. 
7, and over the main surface, the distribution appear- 
ing to be dependent on the orientation of the alloy 
matrix surface. Although several films stripped from 
specimens with Widmanstatten structures were com- 
posed of both monoclinic and tetragonal oxide, it was 
impossible to form conclusions regarding the distribu- 
tion of crystallites. 

Discussion 
Oxide pustules in the films on martensitic speci- 

mens were found previously by light microscopy to 
be the only distinct feature indicating a difference in 
the mode of oxide formation on different structured 
alloys (1). The current observations at the high mag- 
nifications of an electron microscope show that pus- 
tules also occur in films on Widmmtatten alloys, 
albeit not on such a large scale and then only on a'-Zr. 
The size of these pustules was restricted to about 
0.1-0.2p, whereas those on martensitic specimens 
ranged upwards to 0 .5~  by electron microscopy and 
500s by light microscopy. Apparently both the mode 
of oxide formation and the properties of the films 
differ. Film growth on martensitic alloys was char- 
acterized by the lateral growth of pustules. On the 
other hand, pustules in the a'-Zr phase of the Widman- 
statten specimens attained smaller ultimate size before 
cracking of the film occurred at a relatively small 
thickness. 

Film growth was uneven on all alloy structures with 
enhanced oxide growth occurring about the trans- 
formation boundaries in the alloy microstructures. 
These latter regions would exhibit niobium enrich- 
ment brought about during quenching and/or temper- 
ing at reaction temperatures. This enrichment would 
eventually lead to the segregation of p-Nb (92 w/o Nb) 
which may play a role in oxide formation in these 
regions. Since the crystallites of the tetragonal oxide 
phase, an allotropic modification of zirconia or the 
double oxide, BZrO2.NbzOs were distributed both 
around transformation boundaries and on the marten- 
sitic plates, niobium may only dissolve in the tetrag- 
onal zirconia, without leading to the formation of the 
double oxide. 

The crystallite size of the tetragonal oxide was small 
lying in the range 50 to 150A. This observation stimu- 
lates comparison with other work despite the limita- 
tion of not being able to distinguish whether this phase 
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was an allotropic modification of zirconia or an intra- 
molecular oxide. A tetragonal oxide was reported by 
Schwartz et al. (7) to occur on zirconium oxidized in 
water at 400" and by Karobkov et al. (8) on zir- 
conium and alloys containing titanium, aluminum and 
tin oxidized in air at temperatures between 300"- 
1100°C. Its transformation to a monoclinic structure 
was suggested by these investigators as the cause for 
film breakdown. This supposition would not appear to 
be valid for the alloy of the present investigation be- 
cause the films formed before the breakaway region in 
a reaction curve consisted largely of monoclinic zir- 
conia with only small amounts of tetragonal oxide. 

To account for the diverse features of film forma- 
tion, account must be given to the alloy phages upon 
which oxide is forming. The films on the a-Zr phase 
of Widmanstatten alloys, which would be most homo- 
geneous with resvect to niobium concentration, were 
more uniform thin those on the a'-Zr phase or the 
fully martensitic alloy. The niobium content of a'-Zr 
depends upon the annealing treatment for the alloy 
and was approximately 4 w/o compared with 2.7 w/o 
for martensite. Thus a higher degree of niobium en- 
richment in the zirconia film on a'-Zr is to be expected. 
The oxide in this film may exhibit the same proper- 
ties as shown by Douglass (9) for zirconia where 
metal additives decreased its plasticity. A similar de- 
crease in oxide plasticity possibly played a role in 
determining the most extensive cracking of the film 
on the a'-Zr phase at the earliest stage of reaction. It 
would appear, however, that the cracks observable 
by electron microscopy did not play a dominant role 
in determining the protective properties of the total 
film because the linear oxidation kinetics of a marten- 

sitic alloy were much larger than those for the Wid- 
manstatten alloys (1). 
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ABSTRACT 

The attraction of liquids by electric fields is studied. The time between 
application of electric field and liquid contact with electrode (response time) 
serves as the basis for determining the effects of various system parameters. 
Variation of response time with electrode voltage and with air gap is plotted 
for a high-dielectric-constant liquid. It is shown that response time is largely 
independent of the liquid's conductivity, solids concentration, particle size 
and particle polarity of dissolved or dispersed solids in water. Response time 
does vary significantly with viscosity, and, up to certain field strengths, with 
the surface tension'of the liquid. Also, for the liquids used in these experi- 
ments, response times were lowest for liquids having highest dielectric con- 
stants and highest for those with lowest dielectric constants, if viscosity effects 
are taken into consideration. The evaporation rate or the presence of vapor 
molecules of a volatile nonpolar or only slightly polar liquid also appears to 
increase the response time. However, the presence of polarizable materials dis- 
persed in a liquid of low polarity such as toluene produces a decrease in the 
response time of the liquid. 

It has long been known that liquids can be influ- 
enced by electric fields. The phenomenon of "ink fly- 
ing" in the printing industry (1) and the rise of the 
level of the liquid with oil-insulated high-tension 
equipment are examples. Swan (2), Schott and Kag- 
han (3)  have also reported some interesting experi- 
ments with this phenomenon. 

Pohl (4-8) and Kok (9) have experimented with 
and tried to develop a theoretical mechanism for the 
motion of particles in dielectric liquids by high-in- 
tensity divergent fields. The motion of these particles 
was, at  least initially, the result of a phenomenon 
which Pohl called dielectrophoresis. The term dielec- 

trophoresis was defined as the motion of electrically 
polarized matter in a nonuniform field, in contrast to 
electrophoresis, which is defined as the phenomenon 
of the migration of charged particles through a fluid 
under the influence of an electric field. While both 
phenomena were known, the experiments of Pohl 
served to emphasize that polarization effects, while 
somewhat neglected in the area of particle motion in 
an electric field, were of practical use and could ac- 
count for certain occurrences which otherwise might 
be loosely accounted for only by electrophoresis. There 
is little record (10) of work on the attraction of highly 
conducting liquids by divergent electric fields and 
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especially on the quantitative comparison of their 
characteristics with those of dielectric liquids under 
an applied electric field. 

This paper describes several experiments with 
liquids of varying dielectric constant and conductiv- 
ity. The system variables of electrode voltage and 
gap are discussed, as well as ' the liquid variables of 
conductivity, surface tension, viscosity, particle po- 
larity, solids concentration, and particle size of the 
dissolved or dispersed phase. The importance of the 
dielectric constant of the liquid and the evaporation 
rate of liquids with extremely low dielectric constant 
are also shown. The response time of the liquid is 
used as the dependent variable to quantitatively de- 
fine the system behavior. Response time in this paper 
refers to the time interval between the initiation of 
the attraction voltage and the contact of the attraction Fig. 1. Responsometer 

electrode by liquid. 
solution. With 1% Fluorochemical L-10062 (nonionic) 

A Simple Model it was possible to bring the surface tension as low as 
In attempting to understand how response time is 23.4 dynes/cm (measured with a DuNuoy-type tensi- 

related to the properties of dielectric liquids and the ometer). 
electric fields that attract them, the equation for the To measure response times, an instrument called a 
force between a point charge and an unbounded, responsometer was devised (Fig. 1). A petri dish con- 
planar dielectric medium provides useful clues. This tains the liquid to be tested and a brass, flat-disk elec- 
equation is given by (1 1) trode. The upper, attracting electrode is a micrometer 

head ground to a conical tip (0.021 in. radius, 45" 
1 KI-K2 q2 

F=--- taper) to provide a divergent electrical field. The ac- 
4n KO KI KI + Kz a2 curacy of the vertical adjustment is to the nearest 

0.0001 in. A 5000v d-c power supply with a 10-Mohm 
where KO = the permittivity of free Space; Ki = the current-limiting resistor is used to supply the voltage, 
dielectric constant of the material between the point which is controlled with a standard powerstat. os- 
charge and the plane; KZ = the dielectric constant of cilloscope connected to the attracting electrode is 
the planar dielectric medium; q = the charge at the used to monitor the voltage. 
point; and a = the distance between the point charge When voltage is applied to the micrometer head, 
and the plane of the dielectric. the oscilloscope trace rises accordingly and remains at 

While more rigorous equations can be developed to the upper level until the attracted liquid makes con- 
explain the phenomenon whereby, for example, the tact with the electrode. At this time the circuit is 
geometry of one of the equi~otential surfaces of the electrically shorted, and the trace drops back to zero. 
point charge is assumed to be the geometry of the at- Response times can be measured directly from photo- 
traction electrode, the simple model does illustrate graphs of the oscilloscope trace ( ~ i ~ .  2).  we found 
that, for a &en q and a, the attractive force decreases that the response times of reasonably polar liquids 
significantly only when Kz approaches KI. For ex- having specific conductivities as low as 2 x mho/ 
ample, if the medium between the point charge and cm could be directly measured with this instrument. 
the planar surface is air (KI = 1) and the dielectric The characteristic curves of the water and crystal 
is water (Kz = 80), the attractive force is 79/61 = violet solution are given in Fig. 3 and 4, which show 
97.5% of the force available if Kz were infinite. For the response tirne as a function of air gap and applied 
case of glycerine (98%) (Kz = 43), the force is voltage, respectively. 
42/44 = 95.5% of that available if K2 were infinite. 
Hence, it could be expected that response time, which Effect Of pl-ope*ies'4ince surface ten- 
is inversely related to the attracting force, will not sion and viscosity resist the attracting force of the 

vary significantly for different liquids of low viscosity were have an imp0r- 

and high dielectric Also, from this simple tant effect on response time. The response time vs. 

model one would expect that changes in conductivity, surface tension characteristic was determined for the 

liquid depth, and solids in a high-dielec- aqueous crystal violet solution. Different amounts of 

tric-constant liquid will not radically affect response surfactant were added '0 vary the surface tension 

time. On the other hand, it may be expected that sur- Over the range from to 23'4 dynes/cm' Figure 
face tension and viscosity, which are not shown in shows that the variation in surface tension has a sig- 
this equation, might be important factors affecting the nificant effect on response time only for low values of 
response time. applied voltage. Above 500v, the slopes of the re- 

In the case of low-dielectric-constant liquids such sponse time vs. surface tension curves are close to 

as toluene (K2 = 2.4), any factors which significantly zero. The limiting effect of the restraining forces at 

alter the dielectric of either the liquid or the low surface tension is observed in Fig. 6, which shows 
air gap would be expected to seriously affect response the gap which the 
time. For example, condensation in the air could alter violet solution with minimum surface tension can be 

KI enough to cause a significant change in response attracted 
time. The effect of viscosity on response time was mea- 

sured in an experiment which used different con- 
High-Dielectric-Constant Liquids centrations of glycerine in water to provide a range 

characteristic curves.-~n our initial experiments, of viscous solutions. Figure 7 shows that response time 
we studied the response time of a high-dielectric-con- increased linearly by a factor of about 3 as the vis- 
stant liquid as a function of air gap and applied volt- cosity was increased from 1.7 to 360 centipoise. 
age. A 1% aqueous solution of the colloidal electrolyte, Other properties that were checked in- 
crystal violet, extra pure,' was chosen as represents- cluded conductivity, concentration of colloidal par- 
tive of this class of liquids. rn order to minimize the ticles, and size of dissolved or dispersed particles. 
effect of surface tension, we added a surfactant to the time was independent these 

properties. To test the effect of conductivity, potas- 
'A product of du Pont de Nemours & Co.. Wilmington, Dela- 

ware. ZA product of the 3M Corporation, St. Paul. Minnesota. 
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Fig. 4. A t  small gaps, the response time decreases rapidly as 
attracting potential increases in the range from 250 to 5Wv 
(aqueous solution). 

Fig. 2. Typical curves: (a)  response curve displayed by a con- 
ductive liquid. Vertical oxis = applied potential, horizontal axis 
= time; fb) capacitance-type decay curve displayed by demin- 
eralized water and polar liquids of high resistivity. 

surfnfrrr len.lond)n.a/cm 

Fig. 5. Effect of surface tension on response time decreases with 
increasing voltage (0.004 in. gap, aqueous wlution). 

Fig. 3. As air gap distance increases, the response time in- 
creases. 

Fig. 6. As attracting potential increases, the maximum gap at 
which liquid will jump increases (aqueous solution). 

sium chloride was titrated into demineralized water. 
As the conductivity of the solution was varied from 
6 to 3000 pmhos (monitored during titration by a con- 
ductance bridge with dip-type cells), response time 
remained relatively constant (Fig. 8). 

The concentration of crystal violet in water was 
varied from 0 to 1% to test the possibility that the 
concentration of colloidal electrolyte in a liquid could 
significantly affect response time. It did not (Fig. 9). 

In none of the experiments with solution properties 
of high-dielectric-constant liquids was there a differ- 
ence in response time which could be attributed to 
the size of the particles in solution. The solutions 
studied had particles that ranged from ions to col- 
loidal electrolytes to colloids to coarse particles. 

Electrode geometry, however, is important in a real 
system. Therefore, variations in the electrode geom- 
etry and their effect on response time were studied. 
When the electrode was altered from a conical tip 
with 0.021 in. radius to a hemisphere with 0.115 in. 
radius to a flat surface, the response time increased 
accordingly. The effect of these gross changes is to 
make the attracting force weaker by reducing the 
divergence of the field and the results in Table I are 
not unexpected based on a model using a dielectric- 
constant relationship. However, a much subtler 
change in electrode geometry produced an interest- 
ing result. When the radius of the tip of the conical 
micrometer head was reduced from 0.021 to 0.008 in., 

Effect of electric field properties.-The simple model the response time was significantly higher for the 
of the attraction process assumes a point electrode. smaller tip (Table 11). This seems to indicate the 
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Fig. 7. Response time increases with increasing viscosity (surface 
tension corrected to 39.1 dynes/cm, 0.004 in. gap, aqueous solu- 
tion). 

Fig. 8. Specific conductance has no effect on response time in 
the range from 6 pmhos/cm to 3000 Icmhos/cm (0.004 in. gap, sur- 
face tension corrected to 75.0 dvnes/cm). 

Fig. 9. Solid concentration of crystal violet dye has no effect 
on response time (0.004 in. gap, aqueous solution). 

existence of an inflection point in the variation of 
response time with electrode diameter. Perhaps the 
divergence of the electric field with the smaller- 
radius electrode is great enough to result in such a 
substantial decrease in the field near the surface of 
the liquid that the high acceleration caused by the 
field near the tip is not enough to compensate. 

Also, to find out whether variation in liquid depth 
would change the shape of the field, we measured re- 
sponse time at several liquid depths from 0.2509 to 
0.0076 in. No change was noted. It was concluded that 
for relatively conductive liquids, the liquid surface 
itself could be assumed to act as the ground electrode. 
In fact, removing the brass-disk electrode from the 

Table I. Effect of gross changes in electrode geometry 

Responae time in msec 
Electrode applied voltage 

shape +NOV - 5 0 0 ~  

Point 0.52 0.29 
Hembphere 0.63 0.57 
Flat 0.71 0.73 

Table II. Effect of smoll change in electrode geometry 

Radius of 
conical tip Response time in msec 
in inches air gap in inches 

petri dish has almost no effect on response time as 
long as the liquid makes contact with an electrical 
ground. 

Finally, an experiment was run to test the possibil- 
ity that a negatively charged attraction electrode 
would produce different response times .than did the 
positively charged ones. Different behavior would not 
be unexpected since it has' been observed in the 
breakdown voltages of point-plane surfaces in air 
(12) and in some work with liquids (13, 14) where 
large changes in the refractive index of the liquids 
occurred with a negatively charged point but not with 
a positively charged point. Figure 10 shows that, in 
general, response times obtained with negative po- 
tential on the attraction electrode were lower than 
those with positive potential. However, response times 
were much more erratic for the negative potentials. 
In addition, in our experiments, response time results 
already obtained for the aqueous crystal violet solu- 
tion at an attracting voltage of $500~ were compared 
with those response times obtained for the negatively 
charged colloidal electrolyte, Amaranth Red U.S.P. in 
a 1% aqueous solution at +500v. For equivalent sur- 
face tensions they were identical. 

Low-Dielectric-Constant Liquids 
If the simple model suggested earlier for the liquid 

attraction process is at all realistic, a large increase 
in response time should be noticed as the dielectric 
constant of liquids closely approaches that of air. Our 
experiments with low-dielectric-constant liquids bore 
out this suggestion. However, it was necessary to use 
a different means of measuring response time for these 
liquids. Since low-dielectric-constant liquids have low 
conductivity, no change in voltage could be observed 
on the oscilloscope when the liquid made contact with 
the attracting electrode. So, a detection system utiliz- 
ing a high-speed movie camera was used. In this sys- 
tem a timer on the camera triggered the electrode 
voltage after the film had accelerated to a reasonably 
constant speed. Timing lights were used to determine 
the speed of the film at the time of attraction. An 
oscilloscope trace identifying the time at which voltage 
was applied to the electrode was superimposed on the 

Fig. 10. Negative potentials give lower (but more erratic) re- 
sponse times than do positive potentials (aqueous solution). 
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film by means of a side-viewing port of the camera 
(Fig. 11). 

Effect of liquid properties.-Viscosity is a measure of 
the internal friction of the liquid. Therefore, if the 
attraction phenomenon is dependent on dipole forces, 
the relaxation time of the dipoles can become very 
important in viscous liquids having low dielectric con- 
stants. The polarization forces in an electric field can 

Fig. 11. Photographs of high-speed movies taken with a Fastax 
Model WF-17 camera. Film speed was 8000 frames per second. 
The dark area in the upper portion of the photo is the attraction 
electrode. The lower dark area is the reflection of the attraction 
electrode in the liquid. The white line in the left of center is the 
oscilloscope trace which was superimposed on the film. The shift 
in the position of this line took place a t  the time of the applica- 
tion of the pulse. Top, 0 sec; center, 3.0 msec; bottom, 4.5 msec. 
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be separated into two components: one slow-acting 
and the other fast. The fast polarization consists 
largely of electronic distortion because of the dis- 
placement of electrons relative to the positive nucleus. 
The slow polarization consists of dipole orientation in 
the electric field and in some respect depends on the 
frictional resistance of the medium to changes in 
molecular orientation. 

With small-chain polar molecules, the dipole forces 
are usually strong enough to overcome viscosity forces 
in a short period of time, e.g., 10-l1 to 10-6 sec. With 
nonpolar or only slightly polar liquids, however, di- 
pole forces are quite small. Thus the dipoles of very 
viscous nonpolar and slightly polar liquids can remain 
in a semi-oriented state minutes after the external 
field is removed. This is especially true of long chain 
molecules. Further complications arise because trace 
polarizing materials, including air bubbles, can change 
the effective dipole moment and thus the relaxation 
time of the molecules (15). 

We ran into trouble in experimenting with the effect 
of viscosity on response time for low-dielectric-con- 
stant liquids. We had thought that the dimethyl sili- 
cones would be useful liquids for this type of study 
because their viscosity can be varied over a wide 
range without changing the dielectric constant by 
much. However, the results obtained were very un- 
reliable, apparently because of the hysteresis effects 
mentioned above. Toluene (Kz = 2.4), the liquid we 
used for several subsequent experiments, could not be 
used to study viscosity. Also, it was not possible to 
vary surface tension and conductivity significantly, so 
the effects of these properties were not studied either. 

The significance that various additives have on the 
response time of toluene is shown in Table 111. Mate- 
rials having different particle sizes and solubilities 
were dissolved or dispersed in toluene. It appears that 
response time decreases accordingly as the particles 
have greater polarizing power. The most marked effect 
on response time was produced by the presence of 
colloid particles. 

Table IV shows that ambient conditions also have a 
great effect on the response time of toluene. It is pos- 
sible that the variation is caused by water condensed 
from the atmosphere by evaporating molecules of the 
liquid. This condensation could change the dielectric 
constant of the air gap enough to significantly alter 
the attracting force on the liquid. Another explana- 
tion is that air-vapor electrophoresis-dielectrophoresis 
occurring at high relative humidity and/or high vapor 
pressure of solvent produces a down pressure [the 
"electric wind" described by Pohl ( 5 ) l .  The impor- 
tance of evaporation rate was noted when hexane 
(Kz = 1.9), which has a high evaporation rate, was 

Table Ill. Effect of additives in toluene on response time 

Additive 
Response time 

i n  msec 

1% Amaranth dye (large particle) 53.0 
1% Foron blue (partial solution plus floccu- 

lated ~articles) 46.2 .. - 
1% Acetate red (partial solution plus large 

particles) 17.9 
1% 011 red (solution) 11.7 
1% Crystal violet, extra pure (colloidal plus 

medium-sized particles) 4.38 

Table IV. Effect of temperature and humidity on response time 
of toluene 

Temperature Relative Response time 
in 'F humidity, % i n  msee 
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Table V. Effect of gross changes in electrode geometry Table VI. Response times for liquids with intermediate 
dielectric constants 

Maximum gap in inches 

Electrode applied voltage 
shape + 500v -5OOv 

Point 0.0130 0.0130 
Hemisphere 0.0181 0.0180 
Flat 0.0283 0.0213 

compared with toluene. The maximum gap across 
which the hexane could jump at 500v was only 0.0025 
in. as compared with 0.0123 in. for toluene. Further- 
more, when the level of the toluene was raised to the 
top of the container, response time increased sharply, 
no matter where the ground electrode was placed. 
Hence, it appears that for low-dielectric-constant liq- 
uids an increase in evaporation rate, whether it is in- 
herent or caused by greater exposure of the liquid to 
air currents, increases response time. 

Electric field effects.-The effect of electrode geom- 
etry on the maximum gap of toluene was also studied 
(Table V). The electrodes were the same as those 
used in the electrode geometry study for liquids with 
high-dielectric constants. The results showed that the 
maximum gap through which the liquid could be at- 
tracted increased in this order: pointed, rounded, and 
flat attraction electrode. This seemed to indicate that 
for these three electrodes, the more uniform the field, 
the longer the response time, but the higher the maxi- 
mum gap through which the liquid can be attracted. 
One possible reason is that while more-divergent fields 
produce a higher acceleration, less force is available at 
the surface of the liquid to overcome surface tension. 
It should be kept in mind that the mass of the liquid 
attracted may be varying with the radius of the attrac- 
tion electrode. 

As another consideration, if electrode-to-electrode 
distance is very critical, a difference in maximum gap 
should be noticed as the depth of toluene is varied. 
While the surface of a conductive liquid can be ex- 
pected to act as a ground electrode, this is certainly 
not true for the low-conductivity liquids. No great 
difference in maximum gap was noticed when the 
depth of toluene was varied from 0.250 to 0.019 in. at 
500v. Furthermore, when the ground disk was re- 
moved from the petri dish the liquid continued to jump 
under the applied potential. This indicates that for the 
depths of liquid studied, as long as some reference 
ground is present, the electrode-to-liquid distance is 
more important than electrode-to-electrode distance. 

A study of some liquids having dielectric constants 
in the range between what have been called high- and 
low-dielectric-constant liquids was performed. Re- 
sponse times of these liquids are given in Table VI. 

Conclusion 
It has been shown that response time is largely 

independent of the conductivity, solids concentration, 
and particle size of dissolved or dispersed materials 
in a highly polar liquid such as water, although re- 
sponse time does vary with the surface tension and 
viscosity of the liquid. However, above a certain field 
strength, surface tension plays a minor role in deter- 
mining the rate of attraction. In addition, studies with 
high-, intermediate-, and low-dielectric constant liq- 
uids, have shown that response time appears to be 
lowest for liquids with high-dielectric constants and 
vice versa. Also, the evaporation rate or the presence 
of vapor molecules of a volatile nonpolar or only 
slightly polar liquid appears to increase the response 

Surface Viscosity Response 
tension in Dielectric time in 

Liquid in dynes/cm centipohe constant msec 

Methyl alcohol 22.6 0.59 33.0 4.1 
Acetone 23.1 0.33 21.3 4.7 
G. E. nitrile silicone 

XF-1150 36.7 800-1300 19.6 18.5 
G. E. nitrile silicone 

XF-1112 23.6 100 k 20 1.2 4.1 
G. E. "itiile silicone 

XF-1112 plus crys- 
tal violet extra 

. . 
~ . ~ g ' n i t r i l e  silicone 

XF-1105 21.9 100 -C 20 4.1 10.6 
G. E. nitrile silicone 

XF-1105 plus dis- 
persed dye Foron 
blue - - - 10.4 

time. However, the presence of particles capable of 
producing polarization effects in a low-polarity liquid 
reduces this effect and produces a decrease in the re- 
sponse time of the liquid. 

Based on the above data and the fact that the effects 
of electrical polarity within the liquid appear to be 
negligible or at least quite obscure, a stand can be 
taken that the phenomenon studied was largely di- 
electrophoresis. An analogy can be drawn to the work 
of Pohl (4-8) if the air between the attraction elec- 
trode and the liquid is considered as the fiuid of low- 
dielectric constant and the liquid attracted is con- 
sidered as a large, easily deformable particle. 

Acknowledgment 
The author acknowledges the contribution of E. R. 

Mondou, who performed most of the measurements re- 
ported here. 

Manuscript received Nov. 2,8, 1967. This paper was 
presented at the Chicago Meeting, Oct. 15-19, 1967, 
as Abstract 151. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1968 
JOURNAL. 

REFERENCES 
1. A. Voet, "Ink and Paper in the Printing Process" 

p. 81 Interscience Publishers, New York (19521. 
2. J. W. dwan Proc. Royal Soc., 62,38 (1891). 
3. H. Schott A d  W. S. Kaghan, Appl. Phys., 36, 3399 

(1965). 
4 H 'A~ ~ o h l  ibid 22 869 (1951). 
5: H: A: ~ o h i  ibid:' 29' 1182 (1958). 
6. H. A. Pohl and 5. P: Schwar ibid., 30,69 (19%). 
7. H. A. Pohl and C. E. plyAale, This Journal, 107, 

386 (1060). 
8. H. A. Pohl. Scientific American. v. 107 (December . - 

1960). 
J. A. KO:, "Electrical Breakdown of Insulating 

Liquids p. 40, Philips Technical Library, 
~etheriands (1961). 

W. F. Pickard, "Electrical Force Effects in ,Dielec- 
tric Liquids" in "Progress in Dielectric 24, 
J. B. Birkes knd J. Hart. Editors, ~cademic 8;ess. 
New York (1965). 

G. P. Harnwell, "Principles of Electricity and Mag- 
netism," p. 74, McGraw-Hill Book Co. Inc., New 
York (1949). 

J. M. Meek and J. D. Craggs "Electrical Break- 
down of Gases," Clarenden ~kess,  Oxford, (1953). 

B. Farazmand, Brit. Appl. Phys., 12, 251 (1961). 
S. S. Hakim and J. B. Higham, Nature, 189, 996 

(1961). 
15. C. P. Smyth "Dielectric Behavior and Structure," 

p. 52, ~c~raw-  ill Book Co., Inc., New York 
(1955). 



Evidence of Nickel Phosphide Ni,P 
in As-plated Electroless Nickel 

J.-P. Randin and H. E. Hintermann* 

Laboratoire Suisse de Recherches Horloghres, Neuchhtel, Switzerland 

ABSTRACT 

The dissolution rate of as-plated electroless nickel containing between 3.2 
and 12.5 w/o phosphorus is studied in hydrochloric acid. Two reaction rates 
can be distinguished: first the dissolution of the nickel phase (fast), second 
that of a phase containing 21 w/o phosphorus whose stoichiometry corresponds 
to the comoosition of the nickel ohosohide NizP (slow). The NivP content of 
the a ~ - ~ l a f e d  electroless nickel tor; 
bonded to nickel. 

In a previous publication (1) the study of electro- 
less nickel by differential thermal analysis revealed 
that the heat evolution during the heating corresponds 
to 11-17% of the heat of formation of NisP, which is 
the final reaction product. According to this data and 
the findings of Graham, Lindsay, and Read (2) we 
proposed that as-plated electroless nickel might be a 
supersaturated solid solution of phosphorus in nickel. 
This state could be considered as a metastable inter- 
mediate state between that of a mixture of nickel plus 
phosphorus and that of the equilibrium system of 
nickel plus Ni3P. We suggested (1) that the inter- 
mediate state could include phosphorus atoms chemi- 
cally bonded to nickel atoms as a phosphide since 83- 
89% of the heat of formation of the stable state of 
nickel plus Ni3P is released. 

In this study it is shown how the dissolution rate of 
electroless nickel in hydrochloric acid allows to es- 
tablish the nature of the chemical state of phosphorus 
in the as-plated alloy. 

Experimental Procedure 
Preparation of deposits.-An acid bath of the fol- 

lowing composition was used: NiC12.6HzO: 30 g/l; 
CHz(0H)COOH: 30 g/l; COOH(CHz)zCOOH: 10 g/l; 
NaF:3 g/l; NaOH to adjust the desired pH. The re- 
ducing agent was sodium hypophosphite, added to the 
bath as a concentrated solution of 500 g/l at constant 
rate. The temperature of the bath was 94°C. If the pH 
and the nickel concentration are kept constant during 
the entire deposition time, coatings of uniform phos- 
phorus distribution are obtained (3). By adjusting the 
pH of the bath between 5.0 and 4.0, deposits with phos- 
phorus contents between 3.5 and 11.4 w/o (weight per 
cent) are produced for an introduction rate of the hy- 
pophosphite of 0.05 M/hr. For the deposition at pH 
5.0, the concentration of the glycolic acid has to be in- 
creased in regard to the concentration at lower pH to 
prevent the precipitation of the orthophosphite. At pH 
5.0 the bath of the aforementioned composition was 
used and the nickel concentration was kept constant 
during the entire reaction time by addition of a solu- 
tion containing: 500 g/l NiCl2.6Hz0, 500 cm3 of a 58 
W/O aqueous solution of glycolic acid completed to 
1000 cm3 with demineralized water. For lower pH, an 
aqueous solution of NiC12.6HzO at a concentration of 
800 g/l was used. If the orthophosphite which precipi- 
tates during the deposition from the bath with nor- 
mal concentration is dissolved in the bath at pH -- 4, 
the residue of dissolution in 7.8N hydrochloric acid at 
room temperature contains about 23 w/o phosphorus 
whereas it contains only 21 w/o if the solvent is at 
boiling temperature. As will be seen further on, the 
phosphorus content of the residue represents 21 w/o 
for both solution temperatures, providing that the 
orthophosphite precipitation in the bath is prevented. 

Electrochemical Society Active Member. 

?spends i o  the entirety of phosphorus 

Powdery samples were prepared by seeding the bath 
with palladium chloride. The powders used were pre- 
viously ground and screened to obtain particles 
smaller than 37 pm (400 mesh ASTM). 

Dissolutions and analyses.-The dissolutions of elec- 
troless nickel are made in hydrochloric acid either at 
room temperature and slightly agitated, or at boiling 
temperature. The amount of hydrochloric acid used 
is twice as high as that required assuming that elec- 
troless nickel contains only nickel. The acid concen- 
trations reported in this work always are the initial 
values. During the dissolution these concentrations 
may decrease by one half if all the powder is dis- 
solved. For each run, the amount of electroless nickel 
used is 5 or 10 mM depending on the acid concentra- 
tion, 

After the test, the residue is filtered on Millipore,' 
then oxidized with the filter in nitric acid. The Milli- 
pore filters have been used because the as-plated de- 
posit of electroless nickel consists of very small crys- 
tals. Moreover the oxidation of the residue with the 
filter is more practical and safer (avoiding any loss of 
substance) than the use of ordinary filters. By the 
Tyndall effect, we made sure that the filtration was 
efficacious, i.e., that no solid particles of colloidal size 
of the residue had passed the filter. 

The nickel and the phosphorus are spectrophoto- 
metrically determined by the dimethylglyoxime oxi- 
dizing agent method (4) and the molybdenum blue 
method using the ascorbic acid as a reducing agent 
(5), respectively. The relative error is of 21% for 
each element. 

We verified that, under our experimental condi- 
tions, no phosphine PHs was produced, or in negligible 
amounts only. 

The nickel and the phosphorus of both the residue 
and the filtrate of one particular test were determined 
in order to check the material balance. In further ex- 
periments the nickel and the phosphorus were deter- 
mined only from the residue. 

Moreover, we verified that the sum of the phos- 
phorus plus the nickel corresponds to the weight of 
the residue. At this point, difficulties have arisen with 
the residues from electroless nickel with initial phos- 
phorus contents of about 4 w/o. These residues, 
washed with demineralized water then dried in air at 
70°C, present a difference from 10 to 17% between 
their weight and the sum nickel plus phosphorus ana- 
lytically determined. The reason for this discrepancy 
is the oxidation of the residue during its drying. It 
could be shown that the oxidized precipitate can be 
reduced at 600°C in hydrogen. The undesired oxidation 
can be avoided by maintaining the residue during and 
after the filtration continuously under a film of water. 
The wet slurry is then transferred into an oven and 

1 Millipore Filter Corporation. Bedford, Massachusetts, (Type GS 
WP 04700, Mean Pore Stre 0.22 rm.) 
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dried at 700°C during 1 hr under vacuum, and cooled 
when still under reduced pressure. By the heat treat- 
ment the powder is recrystallized and its activity and 
ease to oxidize are decreased. For powders thus 
treated the analytical results for nickel and phos- 
phorus add up to 100% of the weighed sample. The 
reactivity of the residue is unique for electroless nickel 
deposits containing about 4 w/o phosphorus. This 
phenomenon certainly comes from the following fact. 
After a certain time of deposition at pH 5.0, a spon- 
taneous seeding of the bath occurs and leads to a de- 
position of much finer particles than those issuing from 
the palladium nucleates. 

Results 
As-plated electroless nickel.-The dissolution of 

electroless nickel in hydrochloric acid is studied as a 
time dependent function with the acid concentration, 
the initial phosphorus contents of the deposited alloys, 
and the solvent temperature as parameters. 
Influence of the HC1 concentration at room temper- 
ature.-Figure 1 shows that for an initial phosphorus 
content of 3.26 w/o, the rate of dissolution at the be- 
ginning of the reaction is the faster the higher the 
concentration of the acid. After a certain time, a 
maximum of the rate of dissolution occurs for a con- 
centration of 2.ON. For a concentration of 7.8N (azeo- 
tropic mixture, d = 1.12 g/cm3), the curve is com- 
posed of two linear sections of different slope. Figure 
2 shows the phosphorus content in the residue which 
increases rapidly with the dissolution time to approach 
a limiting value. After a certain time, the residue has 
the same composition as what is analyzed in the solu- 
tion. Therefore the dissolution curve showing two in- 
tersecting straight lines (Fig. 1) can be explained by 
the successive dissolutions of two phases: first the 
nickel one and second a phase containing about 21 
W/O phosphorus, that is to say a compound with the 
stoichiometry of the nickel phosphide NizP (20.87 w/o 
P). The linear extrapolation at time zero of the second 
section of the straight line (Fig. 1) yields the initial 
content of the phosphide phase present in the alloy. 
The calculated value obtained by supposing that all 
phosphorus initially present in the alloy is bonded to 
the nickel as the nickel phosphide NizP, indicated 
down at right of Fig. 1, agrees well with the extrap- 
olated value. 
Influence of the initial phosphorus content of electro- 
less nickel at room temperature.-The results obtained 
with a sample containing 3.26 w/o phosphorus are 
reported on Fig. 1 and 2; Fig. 3 shows the same types 
of curves combined in a single figure for a sample 
containing 6.85 w/o phosphorus dissolved in 7.8N hy- 

TlME (HOURS) 

Fig. 1. Dissolution rate a t  room temperature (21°C) of as-plated 
electroless nickel with an initial phosphorus content of 3.26 w/o. 
0 HCI 7.8N. HCI Z.ON, HCI 0.78N, A HCI 0.2ON. 
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Fig. 2. Phosphorus content of the residue as a function of the 
time of dissolution at  room temperature (21'C) for as-plated elec- 
troless nickel with an initial phosphorus content of 3.26 w/o. 
Legend same as Fig. 1. 

T lME ( HOURS 

Fig. 3. Phosphorus content of the residue as a function of the 
time and dissolution rate of as-plated electroless nickel with an 
initial phosphorus content of 6.85 w/o a t  room temperature 
(21 "C) in 7.8N HCI. 0 w/o P in residue, residue/initial mass 
in per cent. 
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drochloric acid. Again the limiting value for the phos- 
phorus content in the residue reaches about 21 w/o 
corresponding to the nickel phosphide NizP. The ex- 
trapolated value pertinent to the initial NizP content 
present in the electroless nickel and drawn from the 
time when the phosphorus content of the residue varies 
no more, corresponds well to the calculated value for 
6.85 w/o phosphorus, supposing the totality of the 
initial phosphorus is bonded to nickel at Ni2P. 

For phosphorus contents higher than 8 w/o, the dis- 
solution time is very long and the separation less effi- 
cacious than for alloys with lower phosphorus con- 
tents. 
Influence of the H C l  concentration at boiling tem- 
perature.-As an example the dissolution of electro- 
less nickel of 12.5 w/o initial phosphorus content in 
boiling acid is reported. For acid concentration L 2N 
it is found that the higher the acid concentration, the 
more rapid the dissolution rate (Fig. 4). For a concen- 
tration of 7.8N, the dissolution rate is more rapid 
initially than for an acid concentration of 2.ON. The 
most efficacious separation of the two phases initially 
present in the as-plated alloy is realized at boiling 
temperature with an acid concentration of 7.8N. The 
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TlME ( MINUTES) 

Fig. 4. Dissolution rate a t  baling temperature of as-plated elec- 
troless nickel with an initial phosphorus content of 12.5 w/o. Leg- 
end same as Fig. 1. 

same phenomenon was already observed with samples 
dissolved at room temperature (Fig. 1). The phos- 
phorus content of the residue as a function of the 
time of dissolution shows that the limiting value 
reaches 20.9 w/o phosphorus which exactly corre- 
sponds to the stoichiometric composition of the nickel 
phosphide NizP (Fig. 5). Again, the extrapolated value 
of the initial content of the NizP phase corresponds 
to the calculated one, assuming that all the phosphorus 
is present as NizP. In the case under discussion, the 
curve is not a segment of a straight line any longer 
hence the extrapolation has to be made from the time 
when the phosphorus content of the residue varies no 
more (upper curve of Fig. 6).  
Influence of the initial phosphorus content of elec- 
troless nickel at boiling temperature.-Samples con- 
taining 8.78, 6.85, and 3.26 w/o phosphorus are studied 
in an acid concentration of 7.8N (Fig. 6, 7, and 8). 
For all these contents, the dissolution leads to the iso- 
lation of a NizP phase. The extrapolated values of 
the initial contents of NizP phase in the as-plated 
alloys agree well with the calculated values, assum- 
ing that all phosphorus is present as NizP. 

Heat-treated electroless nickel.-The method of 
dissolution in hydrochloric acid is applied to heat- 
treated electroless nickel, whose structure and chem- 

0 120 240 360 480 
TlME ( MINUTES) 

Fig. 5. Phosphorus content of the residue as a function of the 
time of dissolution at boiling temperature for as-plated electroless 
nickel with an initial phosphorus content of 12.5 w/o. Legend 
same as Fig. 1. 

TlME ( MINUTES ) 
Fig. 6. Phosphorus content of the residue as a function of the 

time and dissolution rate of as-plated electroless nickel with an in- 
i t ial phosphorus content of 8.78 w/o a t  boiling temperature in 
7.8N HCI. Legend same as Fig. 3. 
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Fig. 7. Phosphorus content of the residue as a function of the 
time and dissolution rate of as-plated electroless nickel with an 
initial phosphorus content of 6.85 w/o at boiling temperature in 
7.8N HCI. Legend some as Fig. 3. 
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Fig. 8. Phosphorus content of the residue as a function of the 
time and dissolution rate of as-plated electroless nickel with an 
initial phosphorus content of 3.26 w/o a t  boiling temperature in 
7.8N HCI. Legend same as Fig. 3. 

ical composition are well established. The heat treat- 
ment was conducted under a vacuum better than 
10-3 Torr for 5 hr, at 800°C. 

Samples containing 3.71, 8.78, and 12.5 w/o phos- 
phorus are dissolved in 7.8N hydrochloric acid (Fig. 
9, 10, and 11). For each of these phosphorus contents, 
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Fig. 9. Phosphoms content of the residue as a function of the 
time and dissolution rate of heat-treated electroless nickel with 
an initial phosphorus content of 3.71 w/o at  room temperature 
(24'C) in 7.8N HCI. Legend same as Fig. 3. 
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Fig. 10. Phosphorus content of the residue as a function of the 
time and dissolution rate of heat-treated electroless nickel with 
an initial phosphorus content of 8.78 w/o at  room temperature 
(24°C) in 7.8N HCI. Legend same as Fig. 3. 
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Fig. 11. Phosphorus content of the residue as a function of the 
time and dissolution rate of heat-treated electroless nickel with 
an initial phosphorus content of 12.5 w/o at  room temperature 
(24°C) in 7.8N HCI. Legend same as Fig. 3. 

the dissolution leads to the isolation of a phase con- 
taining about 15 w/o phosphorus in good agreement 
with the stoichiometry of the nickel phosphide NisP 
(14.96 w/o P). The extrapolated values of the initial 
contents of the Ni3P phase in the heat-treated elec- 
troless nickel correspond well to the calculated values, 

supposing all the phosphorus is present as NisP. These 
results confirm those obtained by the x-ray method 
(1). 

Discussion and Conclusions 
For all the phosphorus contents of the electroless 

nickel studied, and independently of the temperature 
of dissolution, a nickel phosphide phase whose stoi- 
chiometry corresponds to NizP could be isolated. In 
as-plated electroless nickel, nickel phosphide NizP is 
best separated from nickel by using 7.8N hydrochloric 
acid as a solvent, for low phosphorus alloys at room 
temperature, and for high phosphorus alloys at boil- 
ing temperature. The Ni2P content of the as-plated 
electroless nickel accounts for all the phosphorus 
present in the samples. 

The identification of the nickel phosphide NizP as 
such is the residue of dissolution of as-plated electro- 
less nickel was also attempted by x-ray diffraction 
analysis and DTA. 

The x-ray diffraction study of the residue of disso- 
lution leads to the results of Table I. The small num- 
ber of lines observed and the accuracy of their posi- 
tion for the nonheat-treated residue do not allow one 
to assert the presence of NizP only. The x-ray diagram 
obtained from a sample annealed for 24 hr at 800°C 
in hydrogen confirms the previously found line posi- 
tions for the nonheat-treated residue. It reveals how- 
ever an additional number of diffraction lines of NizP 
as well as some of Ni12P5 which is formed during the 
heat treatment. The positions of the lines measured on 
the residue of dissolution and the calculated values 
of NizP agree within 1 The relative intensities of 
the observed values on the residue compare reasonably 
well with those tabulated. Thus, the residue of dis- 
solution of as-plated electroless nickel consists of Ni2P; 
it contains no nickel and no other nickel phosphide. 

A DTA curve of the residue of dissolution does not 
show any deviation. An as-plated electroless nickel 
alloy containing about 8 w/o phosphorus was recon- 
stituted by mechanically mixing a residue of dissolu- 
tion and a carbonyl-nickel powder, then studied by 
DTA. The exothermic energy evolved between 520" 
and 640°C corresponds to about 5.7 kcal/mole NisP, 
the reaction product being identified as NbP. In a 
previous work (1) a DTA study of electroless nickel 
revealed two reaction areas in the energy us. temper- 
ature diagram: one below 300°C, the other above 
300°C. The reaction heat of the former was called 
Q1, that of the latter Q2. The heat QZ = 5.9 kcal/mole 
Ni3P is proportional to the phosphorus content of the 
electroless nickel. QI passes through a maximum at 
about 8 w/o phosphorus and vanishes thereafter at a 
concentration higher than 10 w/o. The total heat of 
reaction Q1 + Qz for alloys with less than 8 w/o phos- 
phorus is 8.9 kcal/mole NisP. 

Table I. Comparison of observed line spacings and intensities of 
residue against calculated values of NizP 

d (A) 1/10 
measured measured 

on resi- on resi- 
d (A) due heat- d (A) 1/20 due heat- 

measured treated N i p  measured treated I/I. Reflec- 
on 24 hr, Pearson on 24 hr. NbP tion 

residue 8W'C (6) residue 800'C ASTM (7) hkl 

Less accurate measurement. 
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The heats Q1 and Qz obtained below 400°C are diffi- 
cult to compare with the value reported in the present 
work which was measured between 520' and 640°C, 
since specific heat data of nickel phosphides are not 
available. However, the energy of 5.7 kcal/mole Ni3P 
evolved during heating of a mixture of NizP plus 
nickel corresponds to the heat previously called Qp, 
i.e., 5.9 kcal/mole Ni3P. The energy of the reaction 

NizP + Ni = Ni3P + 8.4 kcal (at 630°C)  ( 8 )  

more or less corresponds to the heat previously called 
Q1 + Qn, i.e., 8.9 kcal/mole Ni3P. 

The comparison of results of the dissolution rates 
with those obtained by DTA ( 1 )  leads to the following 
comments. The DTA study ( 1 )  revealed two reaction 
areas for phosphorus contents below 10 w/o while 
only one such area was observed above this concen- 
tration. According to the results of the present study 
showing that the as-plated electroless nickel has the 
same qualitative composition for any phosphorus con- 
tent, the two reaction areas previously observed for 
phosphorus contents below 10 w/o could eventually 
correspond to the formation of NisPz from NizP and of 
Ni3P from NisPz. This hypothesis would not explain 
the case of phosphorus contents higher than 10 w/o. 
In order to verify this supposition, samples containing 
3.26, 7.32, and 12.5 w/o phosphorus, respectively, were 
analyzed after heating up to 285°C under the same 
conditions as those used in the DTA study, i.e., a heat- 
ing rate of Pe/min. This temperature delimits the two 
reaction areas. After dissolution in 7.8N hydrochloric 
acid at boiling temperature, the three samples lead to 
a residue with the stoichiometry of NizP. These very 
samples further investigated under the same experi- 
mental conditions after heating up to a temperature 
high enough to allow a complete reaction, i.e., 500°C, 
leave a dissolution residue whose stoichiometry cor- 
responds to that of NisP. The intermediate state of the 
Ni5Pz does not represent any one of the two reaction 
areas and, therefore, cannot be isolated by controlling 
merely the temperature of the heat treatment. 

As a consequence, the heat previously called Qn 
which is proportional to the phosphorus content of the 
electroless nickel may correspond to the reaction: 
NizP + Ni = NisP, though the measured energy is 
only 5.9 kcal/mole NisP, i.e., about 70% of that indi- 
cated by Weibke and Schrag ( 8 ) .  This hypothesis is 
supported by the fact that the energy evolved during 
the rise of temperature of a reconstituted electroless 
nickel alloy from NizP plus nickel leads to a value 
close to the heat Qz. The discrepancy between our 
energy result and that of Weibke and Schrag can pos- 
sibly be explained by the fact that the heats of forma- 
tion cannot be compared at the same temperature 
(see above). The heat previously called Q1 could be 
explained by the reaction of a little amount of phos- 
phorus as a solid solution in the nickel producing a 
nickel phosphide NizP or/and Ni3P. The maximum 

energy of the heat Qi which occurs for phosphorus 
contents of about 8 w/o, could correspond to a free 
phosphorus content <0.5 w/o. 

The accuracy of the analytical results concerning the 
NizP phase content in the as-plated alloys would 
allow the presence of a little amount of phosphorus not 
bonded to nickel. The presence of elementary phos- 
phorus in the freshly prepared residue of dissolution, 
in amounts more important than only traces, cannot 
be measured either by reaction with sodium hy- 
droxide, or by solubility in absolute alcohol. In carbon 
disulfide, the maximum solubility observed in a dis- 
solution residue of electroless nickel with an initial 
phosphorus content of 4.41 w/o in 7.8N hydrochloric 
acid at room temperature is <0.02 w/o phosphorus 
in regard to the initial mass of electroless nickel. 
Therefore it might be concluded that the as-plated 
electroless nickel contains only very little phosphorus 
in the elementary state, the rest being bonded to 
nickel as nickel phosphide NizP. 

The temperature at which the electroless nickel is 
deposited, in this study at 94'C, has perhaps an in- 
fluence on the nature of the chemical bond between 
phosphorus and nickel in the as-plated state. This 
parameter has not been investigated. 
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Electroless Nickel Plating on Silicon 
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ABSTRACT 

In the study of electroless Ni plating of Si wafers with p-n junctions using 
conventional solutions, a pronounced difference in plating rate between p- 
and n-type surfaces is observed. Further experiments show that rate differ- 
ence probably should not only be attributed to the photovoltaic effect gener- 
ated at the p-n junctions but also to the electronegativity difference between 
p- and n-type Si. The latter effect can be changed by addition of such mate- 
rial as NHlSCN or 2NH4-EDTA to the plating solution. Whereas SCN- addi- 
tion increases the rate difference, EDTA addition decreases it. This fact 
which can be put to practical use gives an extra support for the explanation 
given above. 

Electrical connections to Si transistors up to now 
are often made by Au-A1 thermocompression bonds. 
Another technique uses a simple method: electroless 
Ni plating followed by soldering. Advantages are the 
excellent chemical and mechanical properties of the 
connections. Also the cost of the processing is much 
lower than of the thermocompression bonding tech- 
nique. However, this latter technique is not now 
widely used. 

Since Sullivan and Eigler (1) first applied the elec- 
troless Ni plating to Si, one of the difficulties often 
found for actual Si devices has been the difference in 
plating rate between adjacent p- and n-type surfaces. 
Silverman (2) reported that, during Au plating by 
autocatalytic reduction, the difference in plating rate 
between adjacent p- and n-type Si surfaces was 
changed by strong illumination owing to the created 
photovoltaic effect at the p-n junction. We observed a 
similar effect in the electroless Ni plating as have 
other observers. 

The theory of electroless plating has not been well 
defined yet, although many explanations have been 
proposed. For example, Gutzeit's explanation (3), 
based on the autocatalytic reduction of Ni ions, may 
be clear for the acidic solution, but in an alkaline solu- 
tion hypophosphite is spontaneously oxidized at an 
elevated temperature. Moreover, the effect of photo- 
voltage on plating rate can hardly be explained by the 
argument that a nickel ion is reduced only by an 
atomic hydrogen. 

One of the most promising models for the process in 
an alkaline bath (4) may be that in which the reac- 
tions involved are divided into anodic and cathodic 
reactions, forming many local cells at the interface 
between substrate and solution, as indicated in Fig. 1. 
The different reaction occurring can be summed up as 
follows: 

1. Diffusion of reactants to the interface 
2. Oxidation of HzP02- (anodic) 

3. Migration of the electrons in the substrate 

p-n junctions; (d) electronegativity of the substrate. 
If electron (or hole) migration determines the deposi- 
tion rate, one can easily imagine that this rate will be 
different for adjacent p- and n-type substrate mate- 
rials. For this reason we studied the possibility of di- 
minishing the difference in plating rate by transferring 
the rate-determining step from the migration in the 
substrate to one of the other steps of the reaction oc- 
curring inside the solution. 

Results of experiments carried out to analyze the 
effect of each of these factors are reported below. 

Experimental Procedures 
The composition of the plating bath used in the 

present experiment is substantially the same as that 
of the Brenner solution (5), that is 

The bath is heated to a temperature of 90°C, at which 
temperature about 200 cc of N&OH is added to 1000 cc 
of the plating solution; the bath temperature is then 
elevated to 95"C, at which temperature the Si sample 
is immersed in the bath for 30 sec. Ni films plated 
in this way were 1000-2000A thick. 

Si wafers with polished surfaces were used as sam- 
ples; they were cleaned by etching slightly and rinsing 
with distilled water and methyl alcohol. Then the 
wafers were stored in isopropyl alcohol. Prior to plat- 
ing, the wafer was dipped in N&F solution (50%) for 
30 sec and again rinsed thoroughly with methyl alco- 
hol. The whole process was carried out without drying 
the wafer surfaces until the plating was completed to 
protect the Si surfaces from oxidation and staining. 

The Ni film thickness for thick films was measured 
by the conventional interference method. For thin 
films the autoradiographic method was applied by 
making use of radioactive Ni63 in the plating bath. 

Electrode potentials were measured using a satu- 
rated calomel electrode as the standard electrode. The 

4. Reduction of Nit + and H + (cathodic) 

Ni++ + 2e- Ni [21 SUBSTRATE SOLUTION 

2Ht + 2e - HZ [31 /I 

5. Diffusion of reaction products from the interface 4 H 2 P G  + H P  - H 2 Q  + 2 e  +2Hi 

into the solution. Similar oxidation and reduction 
processes may occur if instead of electrons, holes move 
in the opposite direction in the substrate. The electron ~ i * *  +2e  -Ni 
(or hole) migration in the substrate and the transfer CATHODIC 2 ~ '  + 2% -Hp 
through the interface will be determined by: (a) elec- 
tron concentration within the substrate; (b) thin 
oxide layers on the substrate; (c) photovoltage at the Fig. 1, Schematic representation of the "local cell" model 
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POTENTIOMETER 

Ni PLATING 
SOWTION 

CALOMEL 
STANDARD ELECTRON 

Fig. 2. Experimental arrangement for measuring electrode po- 
tentials. 

schematic arrangement for this measurement is shown 
in Fig. 2; the electrical connection on the back side of 
the Si wafer was made by means of Ni plating and 
soldering. 

The reduction potential of Nit in the plating solu- 
tion was estimated by measuring the current-voltage 
characteristics of the solutions without the hypophos- 
phite. The current through two Pt plates with an area 
of 1 cmz, placed 1 cm apart from each other, as a 
function of applied voltage was traced on an X-Y 
recorder. 

Results 
Migration of charge carriers in the Si substrate.- 

Thin odde film on silicon.-A p-type surface is more 
likely covered with an oxide film than an n-type sur- 
face. Plating on a p-type surface was hardly possible 
without a cleaning treatment to remove the oxide. 
Cleaning the surface with HF or NH4F solution or 
adding 0.1 to 0.2 mol/l of F- to the plating bath made 
the plating reproducible (6), and Ni film was easily 
plated even on p-type surface. However, any cleaning 
treatment could not eliminate the difference in plating 
rate between p- and n-type surfaces. 
Electron concentration in silicon.-If electrons would 
act as charge carriers in the substrate, the plating rate 
on p-type should be much smaller than that on n-type 
Si. However, a rather small difference in plating rate 
was found between separated p- and n-type surfaces. 

Strong illumination on semiconductors generates 
electron and hole pairs and makes the conductibn type 
intrinsic. The plating rate on p-type silicon was not 
affected by illumination, showing that the electron 
concentration above a certain value has only small 
effect on the plating rate. 
Photovoltage at the p-n junction.-With illumination 
on a p-n junction the plating rate on adjacent p- and 
n-type materials proved to be different. The difference 
increases with an increase of illumination density, 
suggesting a contribution of the photovoltaic effect. 
The plating rate on the n-type material was found to 
be higher than on the adjacent p-type material. How- 
ever, an appreciable small difference was still found 
under weak room light. 
Electronegativity of silicon.-The electronegativity of 
p-type Si is greater than that of n-type It seems 
feasible that the electronegativity difference between 
p- and n-type Si causes a difference in rate of electron 
transfer from Si to N i t+  and consequently gives rise 
to a difference in plating rate. 

Summarizing we may say that the difference in 
plating rate observed between adjacent p- and n-type 
surfaces as far as the substrate is concerned is due to 
the photovoltage generated at the p-n junction, and 
possibly to the difference in electronegativity between 
p- and n-type Si. 

plating solutions was reduced. It was found that the 
ratio of the plating rates on adjacent p- and n-type 
materials changed only slightly with Nit + concen- 
tration. 

Effect of additives in the plating solution.-The am- 
monium salt of EDTA was added to the plating solu- 
tion. The observed plating rate and its ratio on ad- 
jacent p- and n-type materials are shown in Fig. 3 
and Fig. 6, respectively. The ratio increased to unity 
with increasing concentration of EDTA. The plating 
rate on p-type showed a maximum at an EDTA con- 
centration of 5 g/l, whereas on n-type material it was 
constant. Further addition of EDTA resulted in a re- 
markable decrease in plating rate, and. no films were 
grown at an EDTA concentration above 10 g/l, cor- 
responding to one third of Ni t+  concentration; film 
growth stopped completely. Figure 4 represents auto- 
radiographs of plated Ni: (a) without EDTA and (b) 
with EDTA (6 g/l). Figure 5 shows the thickness of 
films on both types of the p-n junction (a) without 
EDTA, (b) with EDTA (6 g/l) and (c) with EDTA 
( lo g/l). 

The electrode potential of the half-cell of the system 

was measured. Addition of EDTA to this system made 
the potential more negative, as shown in Fig. 7. 

The relative deposition voltages of Ni were obtained 
from the I-E characteristics of different HzPOz--free 
solution. The results shown in Fig. 8 indicate a tend- 
ency similar to those based on the half-cells in solu- 
tions with H*POz-. 

CONCENTRATION OF EDTA 
I GRAMS / LITER I 

Fig. 3. Plating rate on p- and n-type Si as a function of con- 
centration of EDTA added to the solution. 

Rate limitations imposed by the solution.-Effect of 
Ni concentration.-The concentration of NiClz in the 

Fig. 4. Automdiographs of plated N i  on Si: (a) with the EDTA- 
free solution, (b) with the EDTA-added solution (6 g/l). 
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Fig. 5. Relative thickness of N i  films plated on p- and n-type 

Si: (a) with the EDTA-free solution, (b) with the EDTA-added 
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Fig. 6. Thickness ratio of N i  films plated p- and n-type Si as a 
function of concentration of EDTA added to the solution. 

Lo CONCENTRATION OF EDTA 
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Fig. 7. Electrode potential as a function of concentration of 
EDTA aded to the solution. 

Ni-EDTAtt gives a larger negative value to the 
electrode potential than Ni(NHs)4+ +. One may expect 
that the addition of SCN- to the plating solution will 
cause an opposite effect to EDTA, and that the dif- 
ference in plating rate will increase with increasing 
SCN- concentration. Figure 9 shows a photograph 

APFLIED VOLTAGE ( V )  

Fig. 8. Dependence of the electrode potential on complex form- 
ers, citrate, NH3, and EDTA, added to the solution. 

Fig. 9. Photograph of the plated N i  with the SCN--added 
solution. 

of an SCN- solution; the difference was remarkably 
enhanced and the p-n junction was plainly revealed. 

Discussion 
The difference in plating rate of electroless nickel 

between p- and n-type surfaces under strong illumina- 
tion can be attributed substantially to the photovoltage 
generated at p-n junctions. However, this may not be 
the only cause for the rate difference, because the ap- 
preciable difference was observed in plating rate even 
under weak room light, where the photovoltage is 
negligibly small. Two different causes, as previously 
described, would be considered. One concerns the sur- 
face condition of substrate silicon. The surface of sil- 
icon is usually covered with thin oxide layers, which 
impede the plating reaction. However, it was found 
that careful cleaning can prevent the effect of oxide. 
The alternative cause is due to redox potential of the 
substrate. With some exceptions, electroless nickel 
plating is more easily applied to less noble materials. 
In other words, the plating rate is higher on less elec- 
tronegative materials, being consistent with the re- 
sult observed on p- and n-Si. Thus, both the photo- 
voltage generated at p-n junctions and the electro- 
negativity difference between p- and n-substrates may 
affect the plating rate in a similar way. The effect of 
potential difference between p- and n-types, however, 
will appear relatively to the potential of nickel ions. 
When the potential required for reduction of nickel 
ions is larger than the potential difference between 
the substrates, the plating rates on both surfaces are 
small and consequently the rate difference becomes 
negligible in comparison with the plating rates. 

From this view point, the effect of addition of EDTA 
can be explained as follows. By addition of EDTA 
salt to the plating solution, the nickel complex ion 
changes its form from Ni(NHs)4++ to Ni-EDTAtt 
making the potential more negative (or less noble). 
The potential difference between p- and n-type sur- 
faces relative to the reduction potential of the com- 
plex ions apparently decreases, resulting in diminished 
difference in plating rate. 
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On the contrary, Ni(SCN)z formed by addition of 
SCN salt makes the potential more positive. This gives 
rise to faster plating and enhanced rate difference be- 
tween p- and n-substrates. 

Conclusion 
It is probable that the difference in plating rate be- 

tween adjacent p- and n-type surfaces may be attrib- 
uted to the electronegativity difference between p- 
and n-type Si as well as to the photovoltage generated 
at p-n junctions. This difference can be suppressed by 
addition of EDTA to the plating solution. The stable 
Ni-EDTA+ + complex then formed in the solution ele- 
vates the redox potential to such a high value that the 
electronegativity difference and the photovoltage will 
have a negligible effect. 
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cussion Section to be published in the December 1968 
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The Measurement of Diffusion Coefficients in 

Binary Liquid Metals with a Concentration Cell 
John 6. Edwards,! Edward E. Hucke* 

and Joseph J. Martin 

Department of Chemical and Metallurgical Engineering, The University of Michigan, Ann Arbor, v h i g a n  

ABSTRACT 

An experimental technique has been developed for measurement of dif- 
fusion coefficients in liauid metals. A liauid metal concentration cell was 
designed to measure celi potential and discharge current while insuring that 
diffusion in the cathode was the over-all rate limiting process. The technique 
was used to obtain diffusion coefficients in three binary liquid metal systems; 
potassium-mercury, sodium-lead, and sodium-tin. 

Unlike the study of diffusion in aqueous and in 
organic systems, it is not possible to use optical meth- 
ods to study diffusion in liquid metals. The principal 
advantage of optical methods is that it is possible to 
determine the rate at which material enters the dif- 
fusion path. From this rate, anomalies such as dis- 
turbances during the initial stages of the experiment 
can be detected. A number of methods have been de- 
veloped to measure diffusion coefficients for liquid 
metals in which only the over-all concentration change 
and/or the total quantity of diffusate is accessible. One 
of the authors has presented an extensive review and 
critique of these methods (1). 

In this paper the development of a new technique 
for measuring diffusion coefficients of binary liquid 
metal systems is described. A liquid metal concentra- 
tion cell with a capillary cathode is discharged at con- 
stant potential. The diffusion coefficients are calculated 
from the cell potential and discharge current. The 
unique contribution of this technique is that it allows 
measurement of the rate at which diffusate enters the 
diffusion path, and thus, detection of anomalies in the 
diffusion process. The technique has been utilized for 
measurement of coefficients in three binary systems; 
potassium-mercury, sodium-lead, and sodium-tin. 

Experimental 
Technique.-A liquid metal concentration cell may 

be constructed with a pure alkali metal anode, A, a 
fused salt electrolyte containing cations of A+ only, 
and an alloy of A with a heavier metal B. The cell is 
written as 

A I A +  IA(B) 

only on its temperature and the atomic fraction of A 
in the cathode alloy at the cathode-electrolyte inter- 
face. When current flows, reversible conditions no 
longer exist and the cell potential differs from its 
equilibrium value due to resistance, concentration 
and activation polarization. 

A concentration cell of this type, together with the 
appropriate solution of Fick's second law, may be uti- 
lized to determine the diffusion coefficient of A 
through the alloy A(B) if the following conditions 
are met. First, the cell design must insure that dif- 
fusion of A through A(B) in the cathode is rate con- 
trolling. Second, the relationship between discharge 
current and quantity of alkali metal transferred from 
anode to cathode must be known. Third, the relation- 
ship between reversible cell potential and cathode 
composition must be known. 

Table I summarizes the liquid metal systems in- 
vestigated, the fused salt electrolytes used, and the 
temperature ranges studied. 

Thermodynamic data are available for each of the 
metal couples (2) from which the equilibrium cell po- 
tential may be calculated as a function of cathode com- 
position. Concentration units of gram atoms alkali 
metal per cubic centimeter of alloy were used. Alloy 
densities were obtained from (3, 4) for potassium 
amalgams. For the sodium-lead and sodium-tin al- 

Table I. Summary of the liquid metal systems 

Diffusion 
couple Anode Electrolyte Cathode Temp, 'K 

For a given metal couple, the reversible (open cir- 
cuit) potential of such a cell, theoretically depends EAK~Ay&) Ea f i , " o " ~ ~ ~ - ~ ~ ~  Na IHg' I P ~ )  500' 825 550' 

NaI-NaCI 853.903 
t Electrochernical Society Student Member. Na In Na (Snl Na NaOH 

Electrochemical Society Active Member. NaI-NaC1 
Na (Sn) 825 

853,903 



Vol. 115, No. 5 MEASUREMENT OF DIFFUSION COEFFICIENTS 489 

loys, experimental data were not available, and den- 
sities were estimated by linear interpolation of the 
pure component densities on a mole fraction basis. 

High current efficiencies with respect to A+ were 
obtained by the use of discharge potentials well below 
the decomposition potentials of the fused salts, and by 
selection of salts with cations of A+ only. The ioniza- 
tion potentials of sodium and potassium reveal that 
oxidation states greater than $1 did not occur. The 
solubility of alkali metals in the fused salts over the 
temperature ranges investigated was not large enough 
to affect the current efficiencies appreciably. The cur- 
rent densities obtained in this investigation were less 
than 1 amp/cmZ, while exchange currents in metal- 
metal ion systems are often 1-4 amp/cm2. Therefore, 
activation polarization was assumed not to be rate 
limiting. The high specific conductivities of the molten 
salts gave low values of resistance polarization. Fi- 
nally, the capillary cathode geometry was used to in- 
sure that concentration polarization of A diffusing 
through A(B) was the over-all limiting step during 
cell discharge. - 

Apparatus.-A typical diffusion cell is shown in 
Fig. 1. To preclude phase inversions the most dense 
phase must be located on the bottom and the least 
dense on the top. The cathode compartment was con- 
structed from quartz tubes. These were examined 
under a binocular microscope, only sections with uni- 
form bore were selected. The activity of the alkali 
metal in the cathode was lowered by the heavy metal 
addition, and the alloy did not attack the quartz. The 
anode compartment which was exposed to pure alkali 
metal was constructed of alumina. A new cell was 
constructed for each experiment. 

The lead or tin was heated in a graphite crucible to 
remove surface oxides and dissolved gases. The sodium 
was weighed under dry box conditions and transferred 
under n-pentane with the lead or tin to the furnace. 
The heated charge was stirred to assure uniform com- 
position after which the cathode compartments were 
filled by submerging them in the alloy and applying a 
positive pressure. The potassium amalgams were pre- 

C - $ 4  
Fig. 1. Diffusion cell 

"s:~o" 

Fig. 2. Potentiortat circuit 

pared in quartz rather than graphite crucibles since 
potassium readily forms lamellar compounds with 
graphite (6). The fused salts were prepared from re- 
agents weighed in the dry box and heated in graphite 
crucibles. The matrices were impregnated by- im- 
mersing them in the melt and pressurizing with argon. 
Each cell was assembled under dry box conditions. 

Constant discharge potentials were obtained with a 
voltage follower circuit as shown in Fig. 2. This was 
constructed from a differential input operational am- 
plifier and a current booster amplifier. This negative 
feedback circuit was capable of handling discharge 
currents to 20 ma. A Zener reference source was used 
to select the discharge potential. The discharge current 
was determined by measuring the potential drop 
across a precision resistor in the feedback circuit. 

The 3-in. diameter furnace had three independently 
controlled windings. Power to the furnace was regu- 
lated with a proportional controller such that it was 
possible to maintain a stable gradient of 0.5T/in. in 
the central portion of the furnace. The Vycor sleeve 
used to contain the cell was evacuated to less than a 
micron before pressurizing with high-purity argon. 

Mathematical fornulation.-For the case where con- 
centration polarization of the cathode\is rate limiting, 
the capillary may be treated as a one-dimensional 
semi-infinite diffusion path. Fick's second law applies. 

If the cathode-electrolyte interface is the origin and 
the cell is discharged at constant potential, the con- 
centration profile in the cathode at any point x and 
time t is (7) - 7 

where Co and Cs are, respectively, the initial cathode 
alloy concentration and the concentration at the cath- 
ode-electrolyte interface for time greater than zero. 
The flux J (0,t) at the interface is obtained by differ- 
entiating Eq. 121 

/ n \112 

In this solution it is assumed that the diffusion coeffi- 
cient is independent of concentration and that no 
volume changes occur during diffusion. Experimen- 
tally the error due to these assumptions is minimized 
by using small concentration intervals (C, - Co) . 

At small times Eq. [31 predicts J(0,t) + eo as 
t + 0. However, for small times the resistance polar- 
ization in the electrolyte becomes small compared to 
the over-all cell potential. This occurs as the concen- 
tration gradient in the cathode becomes progressively 
smaller. 

The one-dimensional treatment above implies the 
cathode-electrolyte interface is planar and perpendic- 
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ular to the axis of the capillary. Surface energy will 
lead to a nonplanar interface. A contact angle of 127" 
has been reported for a lead drop on a quartz surface 
covered with KC1-NaC1 (8). Few data on other sys- 
tems are available. Based on the single result for the 
lead-salt couple, the cathode-electrolyte interface 
would tend to be convex with respect to the cathode 
alloy. The perturbations introduced by a nonplanar 
interface were investigated by considering the diffusion 
path to be a semi-infinite cylinder terminating in a 
hemispherical surface at the bounded end. An analyti- 
cal solution of Fick's law for this geometry is greatly 
complicated by the boundary conditions at the bounded 
end. A computer solution, however, was obtained us- 
ing the implicit alternating direction technique (9). 
Figure 3 compares the flux obtained for the case of the 
hemispherical nonlinear interface to that for the one- 
dimensional case. A diffusivity of 1 x cm2/sec was 
used. For a hemispherical interface, initially the flux 
is larger than Eq. [3] predicts due to the contribution 
of radial diffusion. However, for times in excess of a 
few hundred seconds the two become indistinguishable 
as diffusion in the cylindrical capillary becomes rate 
limiting. 

Results and Discussion 
A typical current-time discharge curve is shown in 

Fig. 4. The general shape conforms to that predicted by 
mathematical analysis. For small times, t < 10 sec, the 
flux (current/diffusion path area) is smaller than Eq. 
[3] predicts due to ohmic polarization in the electro- 
lyte. For the time interval 10 < t < 100 sec, the 
flux is greater than Eq. [3] predicts due to the con- 
tribution of the larger area of a nonplanar interface. 
For t > 100 sec, the discharge current behaves as is 
expected for one-dimensional diffusion. Equation [3] 
was solved to obtain the diffusion coefficient, D, ex- 
plicitly. Calculation of the coefficients was based on 

N ISSCUtsI 

Fig. 3. Flux for coupled diffusion problem 

that portion of the curve which is a straight line on a 
plot of log i us. log t. The open-circuit potential of the 
cell was not stable. Presumably this was due to the 
small but finite solubility of the alkali metal anode in 
the fused salt electrolyte. 

Activation polarization was assumed to be negligible 
and the current efficiency was taken as 100%. Both 
these assumptions seem reasonable in view of avail- 
able data in the literature for liquid metal concentra- 
tion cells. Concentration intervals ('2,- C,) of from 
4 to 8 m/o (mole per cent) alkali metal were used. 
This lower limit was determined by the smallest con- 
centration interval which gave stable cell discharge 
characteristics. In each of the systems investigated two 
or more cells were run at a common point to insure 
reproducibility and to compare results from cells with 
1.0 and 1.6 mm diameter diffusion paths. In no case 
was the path diameter found to affect the results 
significantly. 

Coefficients for the diffusion of potassium in po- 
tassium-amalgams are shown in Fig. 5. The values of 
the diffusion coefficient at infinite dilution were cal- 
culated from the Stokes-Einstein equation using the 
viscosity reported in (10) and the Pauling ionic radius 
of potassium (11). The results are compared with the 
smoothed data of Bonilla et al. (3). Both investigations 
report a maximum in the diffusion coefficient close to 
NK = 0.30. The phase diagram (2) shows a congru- 
ently melting compound HgzK at NK = 0.33. Thermo- 
dynamic data (2) reveal that negative deviations 
from Raoult's law exist for this system. Diffusion co- 
efficients have been measured as a function of com- 
position for two other systems which show negative 
deviations from Raoult's law, Hg-T1 (12) and Bi-Pb 
(13). In both cases a maximum exists. 

For the range 0.25 < NK < 0.35, Bonilla et al. re- 
port much higher values than were found in the 
present investigation. Diffusion coefficients over a 
wide range of compositions have been reported for 
the following binary liquid metal systems; Hg-T1 
(12), Bi-Sn (131, In-Sn (14,15,16), Bi-Pb (13,17, 18), 
Zn-Hg (19), Pb-Sn (13), and Na-Pb (20). With the 
exception of one investigation, Pb-Bi (13), in no case 
did the diffusion coefficients vary by more than a fac- 
tor of 2.2 over the composition range. In this excep- 
tion the variation was more than an order of magni- 
tude. However, the investigators noted that large con- 
centration gradients inherent in the experimental 
method probably gave rise to convection currents. 
Large variations in the value of the diffusion coeffi- 
cient with composition are common in solids where 
marked structure changes can occur. In liquids where 
the atoms are less rigidly bound the variations are not 
expected to be as pronounced. Variations of an order 
of magnitude are not expected. Several investigators 
(21-24) have observed convection effects with liquid 
metals in diffusion paths of greater than 2-mm diam- 

looL I ' " " " ' I  ' " " ' 3  
D-*.WI* D . I * L  

c. . o o I Y  - R l C ,  *. - 
0. .011 . . . -  
T . . s t . ~  DI". . 0..,- - 
0 . . r .,rP .k.* 

- 

0 ,  \ I I 
0 2  0. 

100 ma 
LTOUIC rmcT,m P(II~UIUI N AUW 

,(ME ISECONOI~ Fig. 5. Diffusion coefficients for potassium in potossium amal- 
Fig. 4. Typical discharge curve gams. 
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Table II. Activation energy and pre-exponential, Do 

E,  caVg 
System N D,, em'J/see atom 

K-Hg 0.165 3.1 x 10-1 2100 
Na-Pb 0.120 2.0 x 104 2500 
Na-Sn 0.160 1.9 x lo-& 1900 

eter. Convection may result from the presence of 
vibrations or from negative temperature gradients 
(top end cooler) as small as O.l0C/cm (25). The data 
of Bonilla et  al. were obtained in paths of M and Y4-in. 
diameter which greatly increases the possibility of 
convection. They maintained a small positive tem- 
perature gradient to reduce the possibility of convec- 
tion as was done in the present investigation. However, 
the potassium-mercury system is strongly exothermic 
and liberation of heat occurs during diffusion of the 
components. This heat liberation is most likely to be 
pronounced where compounds exist in the solid state, 
such as HgzK, and may persist into the liquid state. 
Analogous thermal generation conditions exist in the 
electromobility experiments where internal heat liber- 
ation results from ohmic heating by the high current 
densities. Several investigators have noted the exist- 
ence of convection in liquid metals under these con- 
ditions (26-29). On the basis of these considerations, 
the explanation for the inordinately high coefficients 
reported by Bonilla et  al. in the range 0.25 < NK < 0.35 
may be convection resulting from a combination of a 
large diameter diffusion path and exothermic heat 
liberation causing local temperature disturbances. The 
discrepancy between the coefficient of diffusion at in- 
finite dilution reported in the two investigations is 
explained by the choice of different sources for the 
viscosity data used in the calculation. 

The coefficients obtained for diffusion of sodium in 
sodium-lead are shown in Fig. 6. The values at in- 
finite dilution were calculated from the Stokes-Ein- 
stein equation using viscosity data from (30) and the 
Pauling ionic radius of sodium (11). Results are com- 
pared with values reported by Morachevsky (20) who 
used the capillary reservoir technique and sectioned 
the path after diffusion for chemical analysis. His con- 
centration gradients were as large as 40 a/o (atom per 
cent) sodium. The sodium-lead system exhibits large 
negative deviations from Raoult's law. The minimum 
in Morachevsky's data is not consistent with this as 
explained earlier. Rather, a maximum as was obtained 
in the present investigation is expected. 

The coefficients obtained for the diffusion of sodium 
in sodium-tin are shown in Fig. 7. No other investi- 
gators have reported diffusion coefficients for this 
system. 

The data for each of the three systems can be rep- 
resented by the Arrhenius equation 

0 2  
b7Wh I I IhC Im OF rmuu 

0 3  0. 

Fig. 6. Diffusion coefficients for sodium in sodium-lead alloys 
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Fig. 7. Diffusion coefficents for sodium in sodium-tin alloys 

D = Doe-EIRT [41 

The activation energy, E, and the pre-exponential, Do, 
are given in Table I1 for each of the systems at the 
indicated mole fraction of alkali metal, N. 

Summary 
A method has been developed of measuring diffusion 

coefficients in binary liquid metals. This method, un- 
like others available, allows observation of the rate at 
which diffusate enters the diffusion path and detection 
of anomalous effects which may occur particularly in 
the early stages of the experiment. The electrical mea- 
surements of current and potential are substituted for 
the traditional chemical or radiochemical analyses. 
Since very small quantities of diffusate enter the 
diffusion path during an experiment, typically 10-4g, 
the advantage of measuring electrical quantities over 
chemical analysis for this small a composition change 
is apparent. The method has been tested on three 
liquid metal systems, potassium-mercury, sodium-lead, 
and sodium-tin. It was found to give results consistent 
with available thermodynamic data and theoretical 
models. The concentration cells were discharged at 
constant potential in this investigation. They could, 
however, be discharged at constant current providing 
the appropriate solution of Fick's law is used in anal- 
ysis of the data. 
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The Mechanism of Oscillatory Behavior During the 
Anodic Oxidation of Formaldehyde 

Herbert F. Hunger* 

U. S. Army Electronics Command, Fort Monmouth, New Jersey 

ABSTRACT 

Galvanostatic studies of formaldehyde half-elements in sulfuric acid at 
room temperature were made. In addition to kinetic measurements with con- 
stant bulk concentration of formaldehyde, adsorption and desorption experi- 
ments were performed. The oscillatory behavior is described in terms of cur- 
rent-potential characteristics and potential transients. Two reaction sequences 
are postulated to explain the oscillations. In path I a catalytic decomposition 
step and in path I1 a diffusion-readsorption step are suggested as the coupling 
steps which are required to continue the oscillations. At potentials of or above 
+0.8v us. SHE, the participation of the oxidized platinum surface in the 
oxidation of formaldehyde becomes noticeable. From adsorption and desorp- 
tion experiments it can be concluded that readsorption from a liquid film 
on top of the ad-layer is essential for the occurrence of the first oscillation. 
This excludes the coupling mechanism of path I. 

In previous papers we have reported on oscillation 
phenomena occurring during the anodic oxidation of 
formaldehyde in sulfuric acid at  platinum electrodes 
and room temperature (1,2). The objective of this 
paper is to report on further work concerning the re- 
action mechanism. 

Experimental 
The half element investigated can be presented by 

the scheme 
Ptl lM CHz0, 3.75M HzS04 [I] 

and the cell used to study the oscillation phenomena 
by 

It contained either a smooth or platinized platinum 
electrode in an anolyte consisting of 1M formaldehyde 
in 3.75M sulfuric acid. The anolyte was separated by 
a cation exchange membrane (Nepton CR-61 from 
Ionics Incorporated) or a sintered glass disk from a 
catholyte of the same composition. A smooth plati- 
num cathode was placed into the catholyte. Both 

Electroehemleal Society Active Member. 

smooth and platinized platinum electrodes were made 
from platinum-foil (0.076 cm thickness with a geo- 
metrical cross section area of 1 cm2, except otherwise 
noted). A hydrogen reference electrode of the type de- 
scribed by Giner was arranged in a separate electro- 
lyte compartment (3.75M H2S04) and connected with 
a properly arranged Luggin capillary to the anode 
(3). The Giner hydrogen electrode was 26 mv nega- 
tive to SHE. One type of experimental cell was con- 
structed from Lucite except the gasketing material 
(Teflon or rubber) (4). The adsorption and desorption 
experiments were performed in glass-H-cells (E. H. 
Sargent & Company) with standard glass joints and 
controlled atmosphere (COz or argon). The electrodes 
were platinized in a controlled manner (5). Nominal 
amounts up to 30 mg platinum black per square centi- 
meter of geometrical area were electrolytically de- 
posited. These nominal amounts correspond to the 
electrical charge passed during platinization. Correc- 
tions for the Faradaic efficiency showed that 10 mg 
platinum/cm2 nominal correspond to 3.05 mg/cm2 
and 30 mg/crnZ nominal to 7.5 mg/cmz. The experi- 
ments were conducted at controlled temperature con- 
ditions (21' and 25°C). The chemicals used to prepare 
the electrodes and the electrolytes were of highest 
purity grade commercially available. 
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A precision current source (Model CS-12, North 
Hills, Electronics, Inc.) was used to control the cur- 
rent (1 pa-999 ma) between the working anode and 
the counter electrode. A potentiometric recorder 
(Model FW 5A-3332 from Texas Instruments, Inc.) 
was used for measuring the stationary anode potentials 
and the potential transients us. the reference electrode. 

In addition to the kinetic measurements with con- 
stant bulk concentration of formaldehyde, adsorption 
experiments, similar to those performed by Pavela 
and Breiter for methanol were made (6,7). Adsorption 
of formaldehyde at platinized platinum took place 
from the electrolyte (1M CH20 in 3.75M HzS04) under 
open circuit conditions. Adsorption times were in the 
range of 1 to 900 sec. After adsorption the electrodes 
were dipped shortly in 3.75M H2SO4 in order to re- 
move the adherent liquid and transferred immediately 
into the anode chamber of the cell which contained in 
this case only 3.75M sulfuric acid as the electrolyte. A 
preset circuit permitted to oxidize the adsorbed or- 
ganic species immediately at constant current just 
above the threshold current for the oscillations (50 
ma). The voltage maxima of the pulsations under 
these conditions were about 0.78~ us. SHE. Thus, as 
shown later, strong participation of an oxidized sur- 
face state in the mechanism was avoided. 

The dipping procedure described above did not com- 
pletely eliminate the adherent liquid film as desorption 
experiments showed; however, this technique proved 
to be useful to obtain a defined amount of organic 
species at the electrode. 

Desorption experiments in order to determine the 
amount of adherent liquid film in addition to the ad- 
layer after rinsing were also made. For this purpose 
the adsorption time was held at 300 sec, a time which 
was required to obtain constant amounts (saturation 
coverage plus liquid film) of organic species at the 
electrodes. After adsorption the electrode was dipped 
for time periods of 1-10,980 sec in HzS04 to obtain 
removal of the adherent film and desorption of the ad- 
layer. The remaining organic amount was stripped 
off as described before. It was noticed from a plot 
of log pC/cm2 of anodically oxidized organic species 
vs. time that up to 15 sec of desorption a significant 
amount of liquid film was still present. A rapid de- 
crease in the amount of organic species was observed 
up to 300 sec. After that the curve followed the de- 
sorption relationship 

Extrapolation of the straight line to t=O, permitted 
to measure the (pC/cmZ)t=o = 182 pC/cm2. We shall 
refer to this value in the following as the ad-layer in 
contrast to the amount of organic species at the elec- 
trode which can consist of the ad-layer plus a liquid 
film. Rinsing for one second reduced the original liquid 
film (t=O, no rinsing) from about 1443 pC/cm2 to 976- 
1020 pC/cmZ corresponding to about 5.5 ad-layers. 

Before each adsorption or desorption experiment, 
the electrochemical surface area of the electrode was 
estimated. The following procedure was used. The 
electrode was submitted to cathodic charging at 50 ma 
for 1 min, followed immediately by an anodic current 
of 50 ma. The voltage trace was recorded. The tran- 
sients permitted to determine the electrical charges 
corresponding to the anodic oxidation of hydrogen 
(0-0.3~ us. SHE) and that of the anodic oxidation of 
the platinum surface, noticeable at about +0.8v and 
ending at about +1.6v with the evolution of oxygen. 
All these events are clearly marked by a change in 
the slopes of the transient. The length of the latter 
region corresponds to the build up of a monolayer of 
oxygen. Using the value of 420 cC/cmz corresponding 
to one oxygen monolayer, the absolute electrochemical 
surface area could be estimated. This theoretical value 
of 420 pC/cm2 was found to be in excellent agreement 
with our experimental data. When cathodic hydrogen 

transients were compared with anodic oxygen tran- 
sients, it was found that an oxygen coverage corre- 
sponding to one monolayer was reached at about 1 . 6 ~  
vs. SHE. In this comparison a hydrogen monolayer 
corresponded to 210 pC/cmZ of real platinum surface 
(8). 

It was further checked to what degree the charge in 
the oxygen transient depended on the current density 
used. The current was varied between 5 and 500 ma, 
corresponding to a current density range of 2-200 
pa/cm2 (the average real surface area of the electrode 
being 2.5 . 103 cm2). Between 5 and 200 ma the mean 
error was 2.87%. Negative deviations up to -23.3% 
were observed at 500 ma. The current of 50 ma nor- 
mally used in the surface area determination corre- 
sponds to 13.8 - 50 pa/cmz for the range of surface 
areas observed for platinum black in our experimenta- 
tion (103 - 3.2 . 1W cm2) per electrode. 

Results and Discussion 
Kinetic measurements with constant bulk con- 

centration of foma1dehyde.-The current-potential 
curves, both for smooth and platinized platinum are 
shown in Fig. 1 and 2. The open circuit potentials of 
the formaldehyde anodes are varying from +0.07 to 
+0.49v, specifically for smooth platinum, and from 
+0.175 to S 0 . 3 3 ~  for platinized platinum. Analogy 

Fig. 1. Galvanostatic current-potential curve for smooth platinum 
electrode (1 cm2 cross section) in 1 M  CH20, 3.75M Hz504 a t  
21 "C. Potential measured vs. hydrogen reference electrode 
(-0.026~). 

POTENTIAL 

' I 

I I I I 
0.1 I ,  1 10 

0.1 I A c~%~%I,V,m,cm~ 
Fig. 2. Galvanostatic current-potential curve for platinized plat- 

inum electrode (3 cm2 cross section) in 1 M  CH20, 3.75M HzS04 
a t  21°C. Potential measured vs. hydrogen reference electrode 
(-0.026v). 
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with formic acid supports the hypothesis that these 
potentials are mixed potentials caused perhaps by the 
simultaneous low-potential anodic oxidation of the 
organic specie with cathodic deposition of hydrogen 
(9,lO). 

The current-potential curves, both for smooth and 
platinized platinum, showed a stationary region up 
to a threshold current of 70 pa and 20 ma, respec- 
tively. The slope b, in the stationary region is 100 -c 5 
mv per decade of current for all three types of elec- 
trodes, corresponding approximately to a 2.3 (2RT/F) 
value. Since the slopes for smooth platinum and plat- 
inized platinum are identical, no effects of electrode 
porosity on the value of the slope were observed (11). 
Thus the platinized platinum electrodes can be con- 
sidered essentially as nonporous. The estimated ex- 
change current density values, obtained by extrapola- 
tion of the stationary Tafel slopes to the reversible 
potential for formaldehyde oxidation were 10-11 a/cm2 
for smooth platinum and 7.5 10-9 a/cm2 as an average 
value for platinized platinum. Similar data are re- 
ported for the anodic oxidation of formic acid at plat- 
inum electrodes. (9, 12). 

Oscillatory behavior expressed in periodic voltage 
transients was observed at higher current densities. 
For platinized platinum these potential transients 
range from $0.22 to S 1 . 0 2 ~  vs. the hydrogen ref- 
erence electrode. An upper and a lower curve limit 
the oscillation region. These two curves represent 
stable states according to the theory of stability of 
electrode states (13). 

The slope of the upper curve, bn, is about 215 mv per 
decade of current for platinized platinum and approx- 
imately 250 mv for smooth platinum. Such slopes ob- 
tained under nonsteady-state conditions, however, can 
not be used as a diagnostic tool for the reaction mech- 
anism. 

The lower boundaries of the oscillation planes ap- 
proach at first more negative potentials when the 
current is increased. Above 100 ma the potentials be- 
come again more positive in the case of platinized 
platinum. The new slope corresponds approximately 
to that of the upper boundary. In the case of smooth 
platinum, a similar behavior is observed up to 220 pa. 
Then the lower boundary becomes ill-defined. 

A second transition region is observed at higher cur- 
rents, at about 400 pa for smooth platinum and be- 
tween 400 and 500 ma for platinized platinum, indi- 
cating electrode surface oxidation and leading finally 
to oxygen evolution. 

It was noticed that the intersection between the 
stationary part of the V - log i curve and the thresh- 
old current gave another interesting characteristic 
which we termed Val4 potential. 

In analyzing the potential transients in the oscilla- 
tion region (Fig. 3 and 4), the following approach 
was used. Besides measuring the coulombs per oscil- 
lation cycle, the coulombs corresponding to %.c (T = 
time for one cycle) were determined for various cur- 
rents and the corresponding potential values were 
registered. They were found to be identical with the 
V314 potentials. The Val4 potential levels shown in Fig. 
1 and 2 divide the initial oscillation planes in two 
parts. The upper part corresponding to %r and the 
lower one to %.c, a 3e-/le- ratio. 

For smooth platinum the results are recorded in 
Table I. In the last column, the process frequency is 
noted. The V314 level, average value calculated from - 
Table I: V.IA = 40.654. 

Fig. 3. Potential transients. Smooth platinum electrode potential 
V measured vs. hydrogen reference electrode (-0.026v), recorder 
speed 24 in./min: (a) i = 7 0 ~ 0 ,  (b) i = 200 pa, and (c) i = 
400 pa. 

Fig. 4. Potential transients. Platinired platinum electrode po- 
tential measured vs. hydrogen reference electrode (-0.026v), ;e- 
corder speed 24 in./min: (a) i = 20 ma, (b) i = 30 ma, and (c) 
i = 400 ma. 

-. .",- , 
Results for platinized platinum are given in Table platinized  hi^ increase in millicoulombs 

11. The voltage transients are larger than in the case per cycle is related to the onset of increasine oxveen - -- 
of smooth platinum and Val4 = +0.542v. coverage and participation of the oxidized electrode 

Figure 5 relates the upper oxidation potential (last surface in the oxidation of organic species. Breiter 
figure in column 3, Table I and 11) to the millicou- and Becker report that anodic oxidation of platinum 
lombs per cycle. A strong increase in the amount of in acid electrolytes becomes noticeable at  +0.7 and 
species oxidized occurs above +0.8v in the case of the surface coverage becomes a monolayer at  about 
smooth platinum and above t O . 9 ~  in the case of +1.5v (14). 
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Table I. Coulombic analysis of galvanostatic potential transients platinum electrodes is a special case of a general 

1M CH20, 3,5M HfiO,; smooth platinum; 1 ~ m 3  cross section; 21.C the periodic At least 
two electrode processes have to occur simultaneously 
to result in a periodic process (15). Periodic behavior 

i. PA m Cbs/cycle v v:~,  can also be observed by coupling more than two 
parallel reactions. Coupling means that the reaction 

0 0.49 
0.5 

rates depend mutually on the condition of the parallel 
5 0.522 reactions, following a periodic function of time. The 

10 0.55 
50 0.642 

rate determining step of the periodic process has 
60 0.651 therefore also to be time dependent. 
70 1.4 0.62-0.68 0.65 o,05 

The complete anodic oxidation of formaldehyde is 
80 1.59 0.58s-0.115 0.61 0.051 a 4e- process 

100 1.8 0.575-0.76 0.056 
110 1.96 0.585-0.17 0.62 0.056 CH2(OH)2 + COz + 4H+ + 4e- 
120 2.13 0.585-0.785 0.615 0.056 

[41 
150 2.47 0.595-0.815 0.63 
200 3.0 0.64-0.845 0.685 : The occurrences within the low current region of the 
220 3.27 0.6'1-0.855 0.705 0.061 oscillation plane can be formulated by two postulated 
260 3.6 0.65-0.85 0.692 
300 4.12 0.67-0.87 0.71 : reaction sequences: 
320 4.71 0.56-0.885 0.64 0.068 The postulated reaction path I considers a chemical 
350 6.82 0.6-0.9 0.67 
370 7.05 0.6-0.91 0.67 ::::: step as the coupling step, path I1 a diffusion-adsorp- 
400 7.76 0.58-0.915 0.66 o . 0 5 ~  tion step. The coupling step is required to continue 
420 1.12 the periodic electrode process and is the reason for 
500 1.16 the reverse of the potential during oscillations. 
700 1.2 Path I is an extension to the mechanisms proposed 

by Mueller and Conway for the anodic oxidation of 
Table II. Coulombic analysis of galvanostatic potential transients formic acid (12, 16-18) 

1M CHUO. 3.5M H a o r ,  platinized platinum; 
10 ma platinum/cm4 3 cm* cross section; 21'C 

With the increase in millicoulombs per cycle a 
change in the shape of the voltage transients is ob- 
served (Fig. 3 and 4): For smooth platinum at 70 pa, 
a symmetrical transient and at 400 pa, a flat, extended 
potential maximum. For platinized platinum a rela- 
tively slow attainment of a potential maximum is 
observed at low current densities and the return to 
less positive potentials is rapid (Fig. 4a, b). At higher 
current densities this return is delayed by an addi- 
tional small pulsation next to the potential maximum 
(Fig. 4c). 

Certain conclusions with respect to the mechanism 
of the oscillations can be made from the kinetic be- 
havior: The oscillatory behavior of formaldehyde at 

I I I I I I 
06 0 7  0 8  0.9 1.0 UPPER OXlDPTlON WENTIAL,V 

Fig. 5. mCb/cycle vs. upper oxidation potential: (a) smooth Pt, 
(b) platinized Pt. 

Path I 
CH2(OH)zads+A+H+ + e -  (a) 
A + B + H + + e -  (b) 
B + HCOO + H+ + e- (c) 
B- + HCOO + e- (cl) 
HCOO *COz+H (d) 

The anodic oxidation of formaldehyde occurs through 
the electron transfer steps (a),  (b),  (c), or (cl) and 
results in formation of adsorbed formate radicals, 
sometimes identified with the so-called "blocking in- 
termediate." Build up of the blocking intermediate 
occurs up to a critical surface concentration (17). After 
this is reached, rapid catalytical decomposition of this 
specie to carbon dioxide and hydrogen occurs. This 
leads to a rapid change in surface coverage from par- 
tially oxygenated organic species to hydrogen in step 
(d) ,  the coupling step. The anodic oxidation of hy- 
drogen occurs at a less positive potential. Anodic ox- 
idation of hydrogen has been observed in that poten- 
tial region during periodic phenomena (19). Partially 
oxygenated hydrocarbons as methanol and formic 
acid adsorb at platinum from acid solutions in the po- 
tential region of +0.1 to +0.6v us. SHE (7, 20). The 
surface coverage is high at the less positive poten- 
tials, but decreases with increasing positive potential. 
Thus readsorption of organic species (f) can occur 
in this potential region simultaneously with step (e) 
and the oscillations are continued. 

Path 11 postulates the stepwise anodic oxidation of 
formaldehyde with participation of the anodically 
oxidized platinum surface at the more positive po- 
tentials. 

Path I1 
CHz(OH)z ads + A + H t  + e- (a) 
A + B + H + + e -  (b) 
B + C + H + + e -  (c) 
C *COz+H+ + e -  (9) 
CH2 (0H)g sol + CH2 (OH) 2 ads (f)  

Steps (a),  (b), (c), and (g) are charge transfer steps. 
Step (f) is a diffusion-adsorption step. Coupling oc- 
curs here as a consequence of step (g) through step 
(f) .  

From experiments in which the anode was driven by 
an external emf, the behavior during simultaneous 
current and voltage oscillations was studied (1, 2). It 
was observed that the anodic current decreases with 
increasing anodic polarization during one oscillation 
cycle. This indicates inhibition of the oxidation of 
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the organic species by a small, but increasing coverage 
of the electrode with oxygen species. Since adsorption 
of organic species is known to occur at the less posi- 
tive potentials, adsorption will decrease with increas- 
ing positive potential during a cycle and finally be- 
come zero. Then only the previously adsorbed amount 
of organic species becomes completely oxidized in 
step (g) and depletion of the surface of organic spe- 
cies leads finally to readsorption at less positive po- 
tentials through step ( f )  . The original maximum cur- 
rent is observed and a new cycle starts. These occur- 
rences are also reflected in the potential transients 
(Fig. 3) and marked in Fig. 4. 

Above +0.8v noticeable surface oxidation was ob- 
served probably by discharge of water. Such reactions 
shift the three to one electron ratio observed pre- 
viously to a higher value. An analysis of the potential 
transients above +0.9v showed ratios up to 13e-/le- 
for the original Vat4 level. These occurrences explain 
the change in the shape of the potential transients 
with increasing positive potential (Fig. 3c, Fig. 4c). 
Correspondingly the apparent increase of the V314 po- 
tential above an upper oxidation potential of 0 . 9 ~  
(Table 11) is due to these reactions. 

Adsorption and desorption experiments, discussed 
in the following, permitted to distinguish between the 
coupling steps of the mechanisms. 

Adsorption and desorption experiments.-Two gen- 
eral types of potential transients were noted after ad- 
sorption of formaldehyde. In case of short adsorption 
times (1 to 5 sec in case of electrode A), no oscilla- 
tions were observed, but after longer periods one to 
four pulses, depending on the length of the adsorption 
time, were obtained (Fig. 6a, b). In the first case (a),  
the potential rose fast from open circuit potential to 
about +0.7v, followed by a plateau region and above 
+0.8v by platinum surface oxidation. The latter was 
marked by a change in the slope of the transient. 
Above +1.82v visible oxygen evolution occurred. In 
the second case (b), potential oscillations between 
+0.47 and S 0 . 7 8 ~  replaced the plateau region. The 

Fig. 641. Potential transient. Platinized platinum electrode ad- 
sorption time: 5 sec. i = 5 0  ma. Potential measured vs. hydrogen 
reference electrode (-0.026v), recorder speed 24 in./min. 

Fig. 6b. Potential transient. Platinized platinum electrode ad- 
sorption time: 420 KC, i = 50 ma. Potential measured vs. hydro- 
gen reference electrode (-0.026v), recorder speed 24 in./min. 

average potential for start of visible carbon dioxide 
evolution was +0.757v for the given current density. 
At about +1.05v, this gas evolution ceased. In the 
case of electrode B, which had a larger surface area 
than A, up to ten pulses were observed. The frequency 
of the oscillations decreased somewhat with the order 
of the pulses. 

The millicoulombs of organic species oxidized be- 
tween open circuit potential and onset of surface oxi- 
dation (time rl) are a function of the adsorption time. 

The amounts of organic species oxidized during var- 
ious phases of the oscillations were estimated by divid- 
ing the potential transients in certain segments (Fig. 
6b). Segment A was termed the preoscillation period, 
D the (potential) decrease period, B the (potential) 
build up period, and X the after oscillation period. B 
plus D form one oscillation cycle. A and B were found 
to be identical. Coulometric analysis of the segments 
was done in two ways. For electrode A only the aver- 
aged values of D, B, and X over all oscillations were 
computed. For electrode B this was done also, but in 
addition a range of values for D, B, and X considering 
the frequency dampening effect observed for the 
pulses with higher order was calculated. The results 
are given in Table 111. 

Desorption experiments with electrode C were also 
evaluated coulometrically as in the case of electrode B. 
The results are compared with those of the adsorp- 
tion experiments in Table 111. In detail the pulse 
analysis of the desorption experiments gave the re- 
sults shown in Table IV. 

Analysis of the data yielded the following conclu- 
sions concerning the mechanism of the oscillations. 

The after oscillation period ranges from 174 to 
about 400 pC/cmz. The first oscillation occurred when a 
total organic amount of about 400 pC/cmz had adsorbed 
or was still adsorbed at the electrode. Thus the criti- 
cal amount required at the electrode to make one 
oscillation lies around 400 pC/cmZ. Any amount in 
surplus of the critical one led to additional oscillations 
and/or an after oscillation period in accordance with 
Table 111. 

Relating these data to specific coverage estimates 
leads to the following. Assuming complete oxidation 
of formaldehyde to carbon dioxide (4), one coulomb 
corresponds to 7.78 . 10-Sg CH20. One CHzO molecule 
weighs 5.10-zag. The area requirement for one for- 
maldehyde molecule adsorbed on the platinum surface, 

Table Ill. Coulometric analysis of the segments of the voltage 
transients 

Electrode A Electrode B Electrode C 
Surface area. cms 1.94 . l b  3.05 . 1 b  2.48 . IW 

Oscillation period 
pC/cm3 18 84. 94. 

Decrease period 
pc/cmn 20 21.9 - 

Build up perlod 
pC/cm* 56 56.1 - 

After oscillation period 
pC/cmz 200 218-400 174-346 

Considering the frequency dampening effect. the value observed 
for the first oscillation was at 48 pC/cm* for B and 59 pC/cmz for 
C, respectively. 

Table IV. Coulometric analysis of desorption experiments 

After 
Total pulse- oscillation Average 

Desorption Number charge ( n - x ) ,  period IXI. pC/cms/ 
time, see of pulses pC/mns pC/cm" pulse 
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attached to two surface atoms, is about 15A2. On one 
square centimeter of absolute surface area we can 
accommodate 6.66 l o t 1 4  molecules of formaldehyde. 
This corresponds to 3.33 . 10-sg CHzO or 4.28 . 
Cb. Thus the electrical charge connected with the 
anodic oxidation of formaldehyde if a 2 site adsorp- 
tion would occur is 428 pC/cmz. If one site attachment 
occurred, the formaldehyde monolayer would give 
856 pC/cmz. 

According to these data, the value of the ad-layer 
(182 pC/cmZ) indicates that the platinum surface is 
only partially covered with the adsorbed organic spe- 
cies (to about 21%). During one pulse about one half 
of the ad-layer is oxidized. The critical amount about 
doubles the value of the ad-layer. 

This means that readsorption from a liquid film on 
top of the ad-layer is essential for the occurrence of 
the first oscillation. This excludes the coupling mech- 
anism of path I where the first oscillation would 
occur by self-decomposition of the "blocking" inter- 
mediate formed by partial oxidation of the ad-layer. 
The coupling mechanism suggested in path I1 is there- 
fore probable. 
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See beck Coefficient of a (ZrO ,) o.8,(CaO)o.1, 

Electrolyte T h e r m o c e l l *  

R. J. Ruka, J. E. Bauerle, and L. Dykstra 
Westinghouse Research Laboratories, Pittsburgh, Pennsylvania 

ABSTRACT 

The Seebeck coefficients of thermocells of the type 

x,Pt I I (Z~OZ)O.~S(C~O)O.~S  I I Pt,x 
TI Tz 

were measured at temperatures near 1000°C. In these cells x represents any 
of several oxygen-inert gas or hydrogen-water-inert gas mixtures. It was 
found that the change in Seebeck coefficient corresponding to a change in the 
partial molar entropy of oxygen in the gas at the electrodes agreed closely 
with the values predicted from irreversible thermodynamic theory. Two prin- 
cipal assumptions were made in applying the theory to these cells: (i) that 
the transported entropy of the oxygen ions in the electrolyte was constant for 
the different gas mixtures used, and (ii) that gas-solid reactions were at 
equilibrium at each electrode. The temperature dependence of the Seebeck 
voltage was found to be small. 

An electrochemical cell with identical electrodes 
develops an emf when the electrodes are at different 
temperatures. The thermal emf per degree temper- 
ature difference is termed the Seebeck coefficient. 
Holtan (1) and others (2, 3) have derived equations 
based on irreversible thermodynamics for the Seebeck 
coefficient in such thermocells. 

Measurement of the Seebeck coefficient gives in- 
formation on the simultaneous transfer of charge and 

Key worda: Seebeck coefflclent: zlrconla: therrnocell. 
Supported by ARPA through the OfRce of Naval Research. 

heat in the oxide electrolyte, allowing us, e.g., to cal- 
culate the Peltier-type heat transfer during isothermal 
operation of a related galvanic cell. 

The purpose of this paper is a comparison of the 
experimentally with theoretically determined differ- 
ence in Seebeck coefficient which results from 
a change in the partial molar entropy of oxygen in 
the gas phase at the electrodes of a thermocell with 
(Zr0~)0.85(CaO)0.15 electrolyte and gas-platinum elec- 
trodes. The temperature dependence of the Seebeck 
voltage is also examined briefly. (ZrOz) 0.85 (CaO) 0.15 is 
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an attractive oxide for this study since necessary ex- 
perimental information on transference numbers of 
ions and electrons in the oxide and on electrode reac- 
tions of corresponding galvanic cells is already avail- 
able. Several studies of this electrolyte are of par- 
ticular significance for the interpretation of the present 
paper. These include contributions by Wagner and co- 
workers (4) on cell emf, Rhodes and Carter (8) on 
cation diffusion, Kingery and co-workers (5) on oxy- 
gen ion diffusion, Weissbart and Ruka (6) on oxygen 
concentration cells, and Schmalzried (7) on electrolyte 
stability to oxidizing and reducing atmospheres. Es- 
sential information from these papers for considera- 
tion of our current experiments is that conduction in 
the oxide is due almost 100% to oxygen vacancy or 
ion migration (4, 8, 5) over the temperature range of 
interest to the present experiments, i.e., 700"-128O0C, 
that electrode reactions with oxygen or hydrogen- 
water using this oxide as electrolyte of a galvanic cell 
with platinum electrodes can be made essentially re- 
versible (6) and that the oxide is stable to oxidizing 
or reducing atmospheres at oxygen partial pressures 
between 1 atm and the order or 10-22 atm (7). 

Reinhold and co-workers (9)  and Holtan (1) have 
experimentally measured the thermal emf of several 
halogen-containing solid electrolytes. Holtan concludes 
from this data that transported entropy terms are 
either small or absent in these cells. On the other hand, 
Patrick and Lawson (lo), and Christy and co-workers 
(11) present Seebeck coefficient data for pure and 
doped AgBr and AgCl thermocells with Ag electrodes 
which apparently contain sizable entropy of transport 
terms at some temperatures. Significant data on oxide 
thermocells for comparison has not been available. 

Consider the following thermocell 

where xo2 is an oxygen containing atmosphere at the 
electrodes such as pure 02, air, an HZ-Hz0 mixture, 
etc., Pt represents the platinum electrodes and leads, 
and (ZrOz)o.ss(CaO)o.ls is the oxide electrolyte with 
conductivity resulting almost exclusively from diffu- 
sion of 0 =  ions. 

The measured value of the thermal emf A+ in this 
thermocell is a function of three individual potentials 
as given by the relationship 

where A#to=,E) is an emf across the electrolyte re- 
sulting from the thermally induced flow of 0 =  ions, 
A@,,-,pt) is an emf across the platinum metal elec- 
trodes and leads, due to thermally induced flow of 
electrons, and Adc is the difference between contact 
potentials of the two electrolyte-electrode interfaces 
at the two temperatures. 

Holtan ( I ) ,  Lidiard and co-workers (2, 3)  have de- 
rived general equations for thermal emf in thermo- 
cells, and we list below pertinent equations for the 
above thermocell as adapted from their considera- 
tions.1 The equations are simplified by assuming that 
electronic conductivity is nil, that chemical diffusion 
gradients do not occur, and that O= is the only dif- 
fusing ionic species. The treatment assumes that the 
reference frame for diffusion is a plane in the lat- 
tice. This is also consistent with a choice of the posi- 
tive ions as reference since these remain essentially 
immobile. For a small difference in electrode tempera- 
tures 

AT 1 -  1 -  
A$.(o=r) = - [ p o =  - -so= ] 

F 2 
Thermal emf across electrolyte [I] 

1 It is of interest to note that the derivations of Eq. [I-41 involve 
electrochemical potentials, and there is a term e4' in each electro- 
chemical notential for the usually accidentally occurring electrical 
state of tiie system. However, these terms all cancel in the anal re- 
sults and the partial molar entropies of the ions or electrons in Eq. 
11-51 do not contain the extra term em' which would otherwise give 

Reverse thermal emf across platinum 
electrodes and leads [21 

Difference between contact potentials 
at the two electrodes [31 

By combining expressions [I], [2], and [3] into Eq. 
[Bl, we obtain 

Seebeck coefficient2 of thermocell [41 

where I T  is the temperature of the hot electrode 
minus that of the cold electrode, F is the Faraday, 
EI ss 

So= and S(,-,,,) are the transported entropies of O= 
ions and electrons, respectively, in the electrolyte, and 

m electrode (and leads), respectively, so= and 
s - ,  are the partial molar entropies of oxygen ions "1 
and electrons, respectively, in the electrolyte and plati- 
num electrode, respectively, and &, is the, partial 
molar entropy of 0 2  in the gaseous atmosphere at the 
electrodes. With the restrictions listed, 30, represents 
the partial molar entropy of oxygen in a pure oxygen 
atmosphere or in a gas mixture such as HZ-Hz0-Na. 
In the latter mixture the calculation of So2 involves 
the reacting species, namely Or, HrO, and Hz of the gas 
mixture, but js independent of the "inert" component 
Nz. For the purpose of calculation, SO, is defined in a 
conventional way as the change in entropy of the 
oxygen-containing gas mixture at the electrode per 
mole of oxygen added, with the addition being made 
at constant temperature and pressure and in such 
small quantity that the composition of the gas mix- 
ture remains essentially the same. 

While the absolute Seebeck coefficient cannot as yet 
be calculated, the Seebeck coefficient difference for 
two gas mixtures (dd/dT)ga, I -  (dd/dT)gas~ can in 
principle be calculated for a range of oxygen partial 
pressures over which the electrolyte and electrode ma- 

Ci 

terial remain invariant. Under these conditions So= 
is constant, and applying Eq. [4] to two different gas 
atmospheres at the same temperature, we obtain by 
subtraction 

- - 

( )  gas 2 (ref.) - (  gas 1 [51 

where in our present experiments gas 2 is a con- 
venient reference gas, pure 0 2  at atmospheric pres- 
sure, and where the electrode reaction is written to 
involve a reversible 4-electron step 

Relation [5] contains no entropy of transport terms 
and go2 values can be calculated from data available 
in standard thermodynamic tabulations. 

EI 

So=, the transported entropy of the oxygen ion, 
cannot be directly calculated from present theory. 
However, the quantities measured in the current ex- 
periments enable us to obtain from Eq. [41 experi- 

mental values for So=, since goz is a known value and 

an indeterminate character to the entropy terms. 
2A4/AT, the Seebeck ewRicient is eonaidered positive if the hot 

terminal is positive. 
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S(,-,,,) is known from experimental and theoretical 
consiaerations of others based on comparison with a 
lead superconductor which serves as a reference hav- 

rJ 

ing a Seebeck coefficient of zero (13). So= is composed 
of both kinetic and thermodynamic terms which are 
related to the heat of transport Q* by 

&lo= - 
So= = + - +SO' 

where so= is the partial molar entropy of the oxygen - - 
ion, so=V". and so,cOnfl~ are the partial molar en- 
tropies of vibration and conftgurational entropy re- 
spectively of the 0 =  ion, and Qoo=, the heat of trans- 
port, is a kinetic term depending on details of the heat 
transfer by the 0 =  ion diffusing along the tempera- 
ture gradient. 

No satisfactory theoretical treatment has yet been 
proposed to evaluate quantitatively the heat of trans- 
port term in any systems of this nature. Haga (12) 
proposed a "thermodynamic" treatment which appears 
to give semiquantitative agreement between experi- 
mental and theoretical results for some silver halide 
systems. However, Haga's use of the Zener-Wert anal- 
ysis has been criticized both from the standpoint of 
mathematics (15) and applicability to the framework 
of the derivation (16). Agreement found by Haga thus 
would appear to be fortuitous or at best of an em- 
pirical nature. To account properly for the continuous 
interactions of the diffusing ionic species with the 
lattice, a theory based on lattice dynamics rather than 
purely thermochemical reasoning appears to be neces- 
sary. 

Wirtz (14) proposed a physical model of the trans- 
port process, but gave no quantitative treatment. 

Gonzalez and Oriani (18) criticize the Wirtz model 
and discuss Q* in terms of the mechanism by which 
activation energy is dissipated back into the lattice. 
They conclude that the ratio of the heat of transport 
to the activation energy for migration is a function 
of the ratios of the mean free paths of phonons and 
electrons to the jump distance of the diffusing atom. 
Q* may be positive or negative according to this con- 

Teflon Gland Lad-Thru 

lnlarnal Thernaouy 

Fig. 1. Apparatus for high temperature Seebeck coefficient meas- 
urements. 

water bubbler which introduced the Hz0 component 
but avoided saturation. 

The constitution of each atmosphere was checked 
by mass spectrometric analysis of a sample. Water 
content of the atmospheres was determined by stand- 
ard adsorption and weighing methods on the effluent 
gases from the system. 

Apparatus and technique.-Seebeck coefficient mea- 
surements were carried out with the apparatus shown 
schematically in Fig. 1. The specimen was situated 
between the polished faces of two platinum blocks. On 
the upper block a close-fitting alumina cylinder acted 
as a compression weight and in addition carried a 
heater winding for controlling the temperature gradi- 
ent of the specimen. The lower block was supported 
by a calcia stabilized zirconia cone pivot which in- 
sured that the specimen and blocks were aligned for 
uniform contact uressure at all times. 

cept. The suecimen thermal emf was measured bv means 
~ ~. - - - - ~ - - -  

r ----: ---a- I of 0.020 in. P t  wires attached to the P t  blocks. To mea- 
rxyarlmrnml 

Specimens.-Three specimens of ( 2 1 0 ~ )  0.85 (Ca0) 0.15 
were used in the measurements. Specimen 1 was pre- 
pared by fusing (ZrOz)o.ss(CaO)o.15 powder in an arc 
image furnace to give a dense polycrystalline sample. 
The powder used for this was prepared by sintering and 
grinding a properly proportioned mixture of ZrOz (ma- 
jor impurity, 0.1% Si) and CaCO3 (major impurity, 
0.1% Sr) .  Suecimen 2 was ~reuared  bv sinterine the ~" ---- ----- 
appropriate mixture of Zr~z'(m;jor impurity, < COG 
Fe) and CaC03 (major impurity, 0.1% Sr) .  The sinter- 
ing treatment consisted of 2 hr at  1400T, 12 hr at 
2000°C, and an annealing of 2 days at 1400°C, all in 
0 2  atmosphere. Specimen 3 was purer, containing 
about 50 ppm combined impurities of Fe, Si, Mg, Al, 
and Cu, and was sintered in the arc imaee furnace to 
eliminate contamination by furnace wall materials. 
Specimens were ground to a disk form of 1 mm 
thickness and 9 mm diameter. 

Atmospheres.-In the course of the measurements a 
variety of atmospheres were used, each flowed through 
the system at  a rate of approximately 250 cc per 
minute. The volume of the system was about 500 cc. 

For the %-inert gas atmospheres, tank gas mix- 
tures, made to specification by the Matheson Company 
were employed. 

For the Hz-HzO inert gas atmospheres, tank gas 
mixtures of HZ-inert gas were passed through a cooled 

~ ~ -~ - - ~ -  

sure the temperature of each block at a point as near 
to the specimen as possible, a 0.020 in. Pt-10% Rh 
wire was led into the block through alumina-insulat- 
ing tubing. The end of this wire was then bonded to 
the block by means of two small P t  plugs. This pro- 
duced an internal junction near the interface, whose 
lead wires were the Pt-10% Rh wire and the previ- 
ously mentioned Pt wire. These details are shown in 
m e ,  r ,g. 1. 

Each measurement was taken at two or more speci- 
men temperature gradients which corrects for thermo- 
couple mismatch and eliminates other stray thermal 
or galvanic emf's (17). With this procedure a change 
of one microvolt in the specimen Seebeck coefficient 
was easily detectable. 

Results and Discussion 
Equation 151 has been experimentally verified over 

a wide range of gas compositions as shown by the data 
in Fig. 2. In Fig. 2 the Seebeck coefficient difference 
(d+/dT) (mixture) - (d+/dT) (pure 02)  at open circuit, at- 
mosphere pressures of 730-2 Torr and about 1005"C, is - - 
plotted us. [SoZ(mix.) - S ~ z ( ~ u r e ~ p ) l  for several mix- 
tures of oxygen and inert gas, and for water-hydro- 
gen-nitrogen mixtures. The solid line in this figure is 
a theoretical line calculated from Eq. [5] assuming the 
following over-all reversible electrode reactions for 
the 02-inert gas and HZ-H20-Nz mixtures respectively 
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Fig. 2. Difference in Seebeck coefficient vs. difference in partial 
molar entropy of oxygen for various gas mixtures for thermocell 

~(Foz), Pt I I (ZrOz)o.ss(CaO)o.ts I I Pt, xtfo2). Temperature 
range 1000'-1005°C. -730 Torr-Total pressure for all  atmos- . 
pheres. Experimental points: 0 specimen 1, A specimen 2, 
specimen 3 (high purity). Soz in calories per mol per degree K. 

All experimental points in Fig. 2 fit the calculated 
line within the probable error of measurement and 
gas analysis except for the points at 1.9% Hz0-98.1% 
Hz and 1.7% H20-98.3% HZ. These mixtures are the 
most reducing atmospheres used (equivalent equilib- 
rium oxygen partial pressure is -10-18.t atm at 
1000'C), and it is possible that the electrolyte is being 
slightly altered chemically. Since data of Schmalzried 
(7 )  indicate that appreciable reduction does not occur 
until about 10-22 atm 0 2  partial pressure for this elec- 
trolyte, it is possible that impurities are at least in 
part responsible for the deviation. The highest purity 
specimen used, No. 3, gave a much smaller deviation 
from the theoretical value which is consistent with 
this viewpoint. 

The information obtained in these measurements 
indicates that our assumption of a constant transported 

IJ 

entropy, So=, for a wide range of partial pressures of 
oxygen is valid. This allows us to determine an "ex- 

PJ 

perimental" value of So= directly from Eq. 141 since 
the other terms of the equation can be measured or 
calculated. 

While the difference values (&/dT)(,l.ture) - (a/ 
dT) (,u, q) were, except for the point noted, consistent 

fl 

for all specimens, the experimental value of So= in 
cal deg-1 mole-', varied from 10.3 to 10.9 for speci- 
mens from batches 1 and 3 to 11.7 for specimen 3, the 
highest purity specimen. Part of these differences may 
be linked to subtle temperature-dependent structural 
changes which are suggested by neutron diffraction 
and conductivity studies of others (22, 23). To check 
this point, specimen 1 was cycled between 1250" and 
800°C and held for periods up to 14 days. Slow changes - - 
of 3 to 5% in So= were measured. These changes and 
effects arising from impurities, inhomogeneities (21), 
differences in crystalline character of the oxides and 
other sources may contribute to the spread in the 
values. 

An unusual feature of the data is the relatively 
small temperature dependence of the Seebeck coeffi- 
cient. As shown in Fig. 3 curve 1, Arg/AT changes only 
a few per cent between temperatures of 700" and 
1280°C. 

Referring to Eq. 141 and 161, it appears that the 
term most likely to introduce a large temperature 
dependence is Q*/T. To illustrate this more clearly, 
Fig. 3 curve 2 gives values of A#/AT as a function of 

I ~xperimrntal curve I  1 
C a i c u M d  Curve 2 f [ j i $ n t l m a t d l  -! i I  - 5 Ie,p,l ] Oz 

C ~ I T U I ~ I ~  curve 3 -i lal"'/~ 
Oz 

Curve 3 

400 

Curve 2 

-----+ ----- p ----- *-- 
curve 1 ~ - - - j  

Temp.. OK 

Fig. 3. Effect of temperature on the Seebeck coefficient 

temperature based on the values of Sor calculated 
fl 

from JANAF thermochemical tables (Ig), S(c-,Pt) for 
the platinum electrode from the data of Cusack and 

fl 

Kendall (13) and a "calculated" value of So= based on 
Eq. 161, except that Qoo=/T is neglected, <=c~nfis ,  
is assumed to be given by the ideal relation of the 
form R In I-C/C where C is the fraction of filled 
O= sites based on the perfect fluorite lattice, and - 

is estimated on the basis of equipartition of 
entropy between ions of the oxide. For lack of specific 
data on the mixed oxide the entropy is assumed to be 
about that of a simple mixture of 85 m/o (mole per 
cent) ZrOz (tetragonal) and 15% CaO using thermo- 
chemical data assembled by Kelly and King (20) for 
ZrOz and CaO. This simple procedure does not take 
irito account such problems as electronic contribution 
to the entropy at high temperatures, entropy differ- 
ences of ions next to vacancies, effect of specimen in- 
homogeneities (21), possible preferred conduction 
paths due to the high vacancy concentration and other 
effects. As a consequence we may expect large errors - 
in the absolute value of So= calculated in this way. 
However, it would seem that the error due to varia- 
tion of Arg/AT with temperature may be small which 
would suggest the relative importance of the Qo=*/T 
term which might be expected to have a large tem- 
perature dependence. It is seen that the temperature 
dependence of curve 2 is small, similar to the actual 
experimental data indicating either that Qo/T is small 
or not appreciably temperature dependent. This is 
clearly speculation, however, since, as indicated, curve 
2 can at best give only a poor estimate of the absolute 
value of this collection of terms due to uncertainties in 

PJ 

the procedure for estimating So=. Figure 3 curve 3 
shows the relative contribution of the term ntn,)/ 
4F calculated from thermodynamic data (19) for ref- 
erence. 

This analysis suggests that further information on 
the problem might come from experimental measure- 
ments at lower temperatures where a temperature de- 
pendence of Q*/T could result in a larger contribution 
to the Seebeck coefficient and from measurements of 
contact potentials for the cell and the work function 
of electrons in platinum as a function of temperature 
which would give experimental information for evalu- - 
ating So=. 
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Poisson's Equation as a Condition of Equilibrium 
in Electrochemical Systems 

H. A. Christopher* and C. W. Shipman 

Worcester Polytechnic Institute, Worcester, Massachusetts 

ABSTRACT 

The available analyses of the conditions for equilibrium in electrochemical 
systems do not consider the electrostatic field as a possible variable. Since 
there is a voltage difference between the electrodes in an electrochemical sys- 
tem, an electrostatic field must be present, and this field must be considered 
in the treatment of equilibrium because it affects the internal energy of the 
system. This paper presents an analysis in which the electric displacement 
vector is included as a possible'variable. The results show that Poisson's 
equation is a condition of equilibrium in addition to the usual conditions of 
uniformity of the electrochemical potential, the pressure, and the temperature. 

The conditions of equilibrium in electrochemical 
systems (systems which contain charged species and 
in which there may be electrostatic fields) have been 
discussed by several authors. In  each case the proof 
is incomplete. Gibbs (1) uses a variational treatment 
but does not consider the electrostatic field as a pos- 
sible variation. Guggenheim (2) states that uniform- 
ity of the electrochemical potential is a requirement 
for equilibrium but does not give a detailed proof. He 
also does not consider the electrostatic field as a pos- 
sible variable in the system although he later shows 
that variation of the electric displacement vector can 
alter the internal (intrinsic) energy. Kirkwood and 
Oppenheim (3) use a variational analysis but assume 
as a starting point that the electrochemical potential 
is the intensive factor for variations in energy with 
mass addition. Here again, consideration of the elec- 
tric displacement vector as a possible variable is 
omitted. 

The fact that in an electrochemical cell there is a 
voltage difference between the electrodes means that 
there is an electrostatic field present in the system, and 
this electrostatic field is not always applied but can 
arise spontaneously. This means that the consequences 

' Electrochemical Soelety Active Member. 

of variations in the electric displacement vector must 
be considered when the equilibrium is considered. 

Both ref. (2) and (3) discuss at  some length the 
fact that separate measurement of the electrostatic 
and chemical potentials cannot be made and that sep- 
aration of these potentials is, therefore, "nonopera- 
tional." Gibbs ( I ) ,  on the other hand, considers these 
two potentials separately in his analysis, but in a 
later note (4) points out that separate measurement 
is impossible. The present authors take the position 
that the question of separate measurement is a con- 
sequence of rather than a basis for the equilibrium 
analysis. Further, the use of separate terms for the 
chemical and electrostatic potentials facilitates the 
treatment of mass transfer in electrochemical systems 
(5). 

Finally, it is noted that the usual criteria for equi- 
librium involve terms of the form (dE)s,v, (dS)~,v,  or 
( ~ G ) , T ,  and, therefore, require that some purely 
thermodynamic property of the system be fixed at the 
outset. This is restrictive because these restraints can- 
not be imposed experimentally by direct control. 

The present analysis considers the electric displace- 
ment vector as a possible variable, and does not re- 
quire, at the outset, the fixing of any purely thermo- 
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dynamic property except as a controlled boundary con- 
dition. Separate terms for the chemical and electro- 
static potentials are retained for the reasons cited 
earlier. 

The Conditions for Equilibrium 
A general criterion of equilibrium is: 

If a system be in such state that any possible vari- 
ation from that state, within the restrictions that the 
first law of thermodynamics and any physical con- 
straints be satisfied, requires a violation of the second 
law of thermodynamics, then such variation cannot 
occur, and the system is at equilibrium. 

The most convenient form of the second law for the 
present purpose is the inequality of Clausius which, 
for a real process, is 

(A table of nomenclature is included at the end of the 
paper.) In a derivation of this statement by Phillips 
as quoted by Keenan (6) ,  it is shown that 7 is the 
temperature of that part of the system to which heat 
is transmitted. This does not imply uniformity of 
temperature in the system or constancy of r, only 
that there are not multiple sources of heat for the 
system at different temperatures simultaneously. The 
entropy term is for the entire system. Equation [I] is, 
of course, restricted to systems of fixed total mass. 

To apply the criterion of equilibrium, we consider 
a system of constant total mass confined by a piston at 
an applied pressure, P. The system will consist of 
several phases, 9 in number (e.g., as a minimum two 
electrode phases and an electrolyte phase; or for a 
fuel cell, a fuel phase, an anode phase, an electrolyte 
phase, a cathode phase, and an oxidant phase). For 
simplicity, magnetic and gravitational fields are ex- 
cluded, surface phenomena are neglected, and any 
variations are in one dimension only. No current passes 
to an external circuit from the system (i.e., attention 
is restricted to open-circuit conditions). The system 
contains several chemical species, 3 in number, each of 
which has a charge per unit mass, zj. (The possibility 
that zj=O is not excluded.) Such a system is shown 
schematically in Fig. 1. In this figure X is the total 
length of the system from the fixed boundary at the 
left to the piston on the right and may vary as the 
piston moves to maintain the applied pressure, P; 

and x2, are the boundaries of one of the phases; 
6x is an incremental length of the system within one 
of the phases; and x is the distance from the fixed 
boundary to the plane considered. The locations of 
XI,* and m,+ may, of course, be altered as the system 
varies. The heat source (or sink) is at the left where 
the temperature of the system is r. (This heat source 
may be viewed as a constant temperature bath, but 
this is unnecessarily restrictive.) 

In the system as described several variables are not 
controlled directly, and changes in these are, therefore, 

Fig. 1. Schematic showing system of constant total mass 

"possible." (The term possible variation is used in the 
sense indicated, i.e., not specified by a fixed parameter. 
This means that some variations considered possible 
herein are restricted by the laws of thermodynamics 
and the material balances.) These possible variations 
are: 

-, 
1. The electrostatic field vector, & and the corre- 

sponding electrostatic potentials. 
2. Chemical composition. (Changes may be a con- 

sequence of migration of a species from one part of 
the system to another or of chemical reaction.) 

3. Thermodynamic properties: entropy, internal 
(intrinsic) energy, specific volume, pressure, etc. 

4. The total volume of the system. 

We now seek the state of the system such that for 
any of the possible variations, there results 

(BQ/r) - dS 2 0 121 
i.e., violation of the second law of thermodynamics. 

The possible variations in the system are subject 
to restraint by: (a) the first law of thermodynamics, 
( b )  the material balances, and (c) the functional re- 
lations among the thermodynamic properties. These 
will be discussed in turn. 

(a) The first law of thermodynamics, for the fixed 
mass system considered herein, may be written 

The integral forms have been used to allow for the 
point-to-point variations in the integrands within a 
phase, as in electrolyte composition and electrostatic 
potential. The summations over the various phases are 
considered because properties may not be continuous 
at phase boundaries, e.g., electrodes. The only work 
term is that resulting from expansion of the movable 
boundary against the fixed, applied pressure, P. (Note: 
P is the pressure applied to the system by the piston, 
not the pressure of the system at some point inside.) 
Changes in the internal energy have been distinguished 
from changes in the potential energy of charged 
masses in the electrostatic field which may be com- 
puted from Coulomb's law. It is important that these 
latter variations be distinguished from those due to 
the electrostatic field alone because variations in the 
electrostatic field will affect the internal energy. While 
the two effects are not always physically independent 
(changing the position of a charged particle can alter 
the electrostatic field vector), they are described by 
different physical laws. 

( b )  Any variations in composition must be con- 
sistent with the appropriate material balance expres- 
sions. A quantitative statement of the material balance 
is 

16 m R 

(3 equations) 

The possibility that some of the species, j, do not react 
chemically (U,,~=O) is not excluded. The quantities 
v j ,  are the stoichiometric coefficients of the jth chem- 
ical species in the 1" independent stoichiometric rela- 
tion of the form 

,=1 
C5l 
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The quantities [,& are the parameters representing We dbnsider next variations in the properties of the 
variations due to chemical reaction as indicated by systemgenerally by aifferentiating [lo], viz. 
the rth stoichiometric relation (extent of reaction pa- 
rameters). These are, in Eq. [41, integral averages J 

over a phase. 
It should be noted that either mole or mass units dE = TdS-pdv + j=1 ridmi 

may be used in these equations so long as one is con- J 
sistent. That is, p is either a mole or mass density, x j  
is mole or mass fraction, and q is the charge per mole + SdT- Vdp + 2 rnjd~j 
or per unit of mass of j. The stoichiometric coefficients, j = ~  

v5,,, must, of course, be changed accordingly. 
(c) In order to relate the specific internal energy, E, Comparison of this equation with 191 requires that 

to the other properties of the system, the necessary 
relationships among the thermodynamic properties J 

must be given. Further, because these relations are to + + 
be applied to individual volumes of the entire system, 0 = SdT - Vdp + C mjdpj - (VD/r) * dD [I11 

,=I  
and because the total mass of the individual volumes 
may vary, the applicable relationships must apply to 
variable mass systems. Since these relations are not For purposes of utilization in the energy balance (Eq. 
available elsewhere, the derivations will be given in [31), the relationships among the specific properties 
some detail. for variable mass systems are required. Such rela- 

In general the internal energy, E, is related to the tionships may be obtained by dividing Eq. [lo] and 
other properties of the system in the usual way, viz. [I11 by the total mass to obtain 

I 

-3 

(It should not be inferred that S, V, mj, and D are the 
independent variables of the electrochemical system 

-3 + 
considered; only that fixing S, V, mj, and D fixes the 0 = GT- vdp + 2 xjdh - (Y;/~) dD [lZbl 
value of E.) The relevant form for variations of the j=1 
internal energy is 

J 
-f -, Differentiation of Eq. [12a] and subtraction of [12bJ 

= T a -  P ~ V  + C l~jdmj + 'VE . d(D) I71 from the result gives the desired expression. 
5 = 1  

where the last term on the right represents variations J 

in the internal energy due to variations in the elec- + 

trostatic field (7). Recognizing that the electric dis- 
 IT= TG- p d ~ +  I: pjdxj + (?D/r) . d~ [IS] 

2 
1-1 

placement 
-, 

8, by 

-, 

vector, D, is related to the electric intensity, 

one may write,Eq. [7] in the alternative forms 
J 

-, + 
dE = TdS- pdV + C bjdm5 + f VD/r) . dD = TdS 

j=1 

(The reader will note that obtaining Eq. [13] by divi- 
sion of Eq. [9] by the total mass restricts the result to 
a system of fixed mass. The seemingly circuitous 
route herein used avoids that problem and makes the 
result more general.) Equations [12] and [13] con- 
stitute the necessary relations among the specific prop- 
perties. It is emphasized that the chemical potentials, 

-+ 
pj, are functions of the electric displacement, D, and 
represent the change of internal energy with mass of 
j with all of the other variables held constant. 

j=1 

= (aE/am5) S.V,~mk 
It is important to recognize that Eq. [7] and, therefore, #I 

Eq. 191 can be applied only to regions in which the co- It is important to recognize that an electrostatic field efficients are single-valued. 
Equations [91 may be integrated over a region for can be imposed on the system without changing its 

com~osition. -, 
which the intensive factors (T, p, p5, D) are constant 
to give 

J 

(It is striking that in this integration the terms in- 
volving the electrostatic field drop out. This is a con- 
sequence of the fact that the expression is being ap- 
plied to a region in which the intensive factors are 
uniform. While it is clear that the internal energy is 
altered by the presence of the electrostatic field, the 
other thermodynamic properties are also altered. 
Note also that in the integration we are not computing 
the work required to establish the electrostatic field; 
it is already present) 

~eturning, now, to the conditions for equilibrium, 
the nonproperty term, SQ, may be eliminated from the 
criterion expression [2] by substitution from the en- 
ergy balance [3]. After multiplication by r the result 
is 

By carrying out the indicated differentiations of Eq. 
[14] one obtains 
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Equation [I61 as modified, [ I l l ,  and 141 then in- 5 s" ( d q  + *+ $ ~ i d ~ i , m  
dicate an extremum with two conditions of restraint. 

m=i 51,( 
The inequality [la] indicates that the equilibrium 

J condition is at the minimum value of the tunction 
whose variation is given by the left siae of [161 with + d*m zjxj,+ - dsm ) p&dx restraints represented by Eq. 141 and [ I l l .  Lagrange's 
method of multipliers may be used. After carry- * J ing out the indicated dirt'erentiations in Eq. [4]  

+ X [: (q + *+ 2 ZjXj.6- 4) ~ P + A ~ X  (tnere are J equations) and multiplying each by the 
m=i arbitrary functions hj, and after multiplying the differ- 
* J ential form of [17] by h17, the results are subtracted 

from [I61 to yield 

J c: [ ( T I - ~ ) d S +  

- T P ~ S ~ ) ~ ~ , ,  A k i ,  + PAdX 2 0 L151 + j=l 
+ zj*@ - kj - An)  dxj,m 

J 

The internal energy may be eliminated from 1151 by 
means of Eq. [12a] and[ 131 to give + ~2m . d s @  + ( & Zjxjpm) d % ]  bX 

0 J 

X S* ( (T+- T ) ~ s ,  + X + .zj*b)d~j,m m=l xt.+ j=1 1=1 @=1 r=l 
J Q 

+ ~ m &  k e  + ( 3 ZjXj.6) d*+) P*& 

J 

( -P~P& ( l / p g )  - ( P ~ / P + )  dpe) bx j=1 
4 * 

+ m=1 
J P 

+ j=i Z (PI,$ + zj*+) xi,m) dpmax + 2 ( (T@ - t )  %P+ 

J 0 J 

j=1 m=1 j=1 
* J 

- X m=1 ( (TI - 7)s6pm + X j=1 ( ~ j h  + zj%)xj,+pm) 
+ Zj*e - 4) x i r ) , , ,  P Z ~ , +  &I.+ 

21.4 

0 

m=1 1181 

- [pr(l/p6)p+Isr + P ~ X )  P 0 I161 The values of the functions 4 7  and 4 will be chosen 
so that the variables in Eq. 1181 which are not inde- 

~h~ area term, A, has been divided out. Note that pendent will be eliminated. The function 117 is chosen 
the second integral on the left of 1163 is identically such that for some particular species, say k, it is 
zero. ~~t~ also that the sum of the changes in the identically equal to the function (*k, + zk*~ - Ak) 
volumes of the separate phases must be the change in at all points in the system. The values of the functions 
volume of the system. hj are chosen so that the functions + zj*@ - h j )  

are identically zero at some point in the system. This 
4 procedure effectively eliminates the dependent vari- 

dX= 2 ( k ~ , + - d x l , ~ )  ables from Eq. 1181; either the variables dzm,  dxj,m. 
m=i d,,, durn,  etc., are independent or their coefficients are 

By means of this expression the last three terms on identically zero. Satisfaction of Eq. [18] for regions 
the left of [I81 may be combined, viz.  whereig "j" is an actual component (dxjSm can take 

any sign) requires that 
0 

I. T m  = t - m=i X ( ( D - P ) z ~ , ~  dry- ( P $ - P ) ~ *  d x i d )  11. pzld = P pz2,+ = P 

-, 111. F ~ , ~  + zi** = Aj ( j  = 1,2, , . . . , J )  

The variations (dF6, dxj,+, dD, dqm, etc.) in Eq. [I61 
a n  not all independent, The variations in xi,@ and IV. vj,& = 0 ( j  = 1,2,.  . . . , J )  
pm ,are restricted by Eq. [41 and by the requirement j=1 (T  = 1,2,.  . . . , R )  
that at any point J 

J J 
j=1 

Z) xjd = 1 or Z) d x j s  = o 
j=1 j=1 

[I71 
These five conditions must obtain at equilibrium. Con- 
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dition I requires that the temperature be uniform; 
condition I1 requires that the pressure at  each phase 
bounaary be the pressure applied to the system; con- 
dition I11 is the familiar requirement of uniiormity of 
the electrochemical potential; condition IV (combined 
with condition 111) is the familiar form for chemical 
equilibrium except that the electrochemical potential 
(y + 3') appears instead of the chemical potential 
alone. 

Condition V is new and is a consequence of consider- 
ing the effect of the electrostatic field. Actually con- 
dition V reduces to Poisson's equation for a medium 
of constant permittivity. This may be easily demon- 
strated by considering adjacent parts of the system 
and applying condition V in one-dimensional form. 
Using Eq. 181 and the definition 

-, 
&+ = .- grad (t) 

one finds 

For constant permittivity this becomes 

which is Poisson's equation. Thus, Poisson's equation 
is a consequence of the equilibrium analysis if the 
permittivity of the medium is constant. Since permit- 
tivity is, in general, dependent on composition, use 
of [20] implies uniform composition. 

The expression deduced directly from [I91 without 
assumption is 

J 

which may be obtained directly from Maxwell's equa- 
tions (8). Since the electrostatic field term in Eq. [I] 
was also obtained by use of Maxwell's equations (5) 
such a result is not surprising. 

Condition V may also be used to develop relations 
between the electrochemical potential and the other 
thermodynamic properties. For example, substitution 
of condition V into Eq. [12bl yields 

which is the analog of the Gibbs equation for elec- 
trochemical systems. Note that according to Eq. [21] 
the equilibrium requirements of uniformity of the 
electrochemical potentials and of the temperature 
mean that the pressure must also be uniform. 

Use of condition V in Eq. [I] gives the relation 

or in Eq. [I31 
J J 

~ d 5 - p d V +  2 pjdxj- ( 2 ziy) d* [23l 
j=1 j=1 

By adding the quantity 

to both sides of [22] one obtains 

Equations [21] and [23] may be used to obtain inter- 
relationships among the various properties by relations 
of the Maxwell type in the usual way. 

Equation [241 is effectively the fundamental expres- 
sion used by Kirkwood and Oppenheim (3) except 
that their symbol E represents the group in paren- 
thesis on the left of [24]. The present treatment makes 
this a consequence of the equilibrium analysis. Kirk- 
wood and Oppenheim state in developing 1241 that 
they make the assumption that the quantity denoted 
by the symbol E as used herein depends only on the 
pressure, temperature, and composition and not on the 
charge, and point out that verification of the assump- 
tion has been obtained from experiment. The present 
analysis shows that such an assumption is unnecessary. 
It is emphasized that E is, in virtue of Eq. [ I l l ,  de- 

-, 
pendent on D (5). 

Finally, in obtaining conditions I through V it was 
assumed that all chemical species, j, are present in all 
phases. For species which are not actually present in 
some particular phase, @,, the sign of dxjnl can only 
be positive, and therefore, Eq. [I81 will be satisfied if 

pj,+i + zj*ml 2 l j  [251 

Conclusions 
The results of an equilibrium analysis in which the 

electric displacement vector is considered as a possible 
variable show that the usual conditions of equilibrium 
involving uniformity of temperature, pressure, and 
electrochemical potential are unaffected. The treat- 
ment also shows that the usual conditions of equi- 
librium will apply across regions where the electric 
displacement vector is varying. Furthermore, the 
analysis yields Poisson's equation (or rather its more 
general equivalent) as a condition of equilibrium. 
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NOMENCLATURE 
A Cross-sectional area (see Fig. 1) 
-, 
D Electric displacement vector 
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d Differential operator (small change in operated h Lagrangian multiplier (a function) 
quantity) p Chemical potential of subscript species 

E Internal (intrinsic) energy vj., Stoichiometric coefficient of jth species in 7th 
.+ reaction 
& Electric intensity vector 

tal number of chemical species 
6 Reaction parameter 
p Density 

ass of subscript species Jm P 
P Pressure applied to the system 

.c Temperature of that part of the system in con- 
tact with heat source 

p Pressure in the system Total number of phases present 
Heat added to the system 
Number of independent stoichiometric relations x Mass (or mole) fraction of subscript species 

.I. Electrostatic potential 
S Entropy 
T Temperature Subscripts 
V Volume j Species index 
X Length of the system (see Fig. 1) k Species index I 

x Dummy variable, length in the system (see ~~~~~i~~ index 
Fig. 1) Phase index 

z Charge per unit mass of subscript species 1 Lower limit of phase boundary 
2 Upper limit of phase boundary 

Greek 
6 Differential operator (small amount of operated Superscripts 

quantity) - (overscore) Denotes quantity per unit mass or 
F Permittivity per mole 

The Standard Potential of the Silver-Silver Chloride 
Electrode in N-N Dimethylacetamide a t  25'C 

Bruno Scrosati, Gianfranco Pecci, and Gianfranco Pistoia 

Istituto di Chimica Fisica ed Elettrochimica, Universitb di R o w ,  Roma, Italy 

Although interest in nonaqueous electrolytes has 
been greatly increased in the last few years because 
of their use in high energy battery wstems, relatively 
few determinations of standard potentials of suitable 
reference electrodes have been carried out in non- 
aqueous solvents (1-10). 

In this work we extend the series to report the 
behavior of the silver-silver chloride electrode in 
N-N-Dirnethylacetamide (DMA) at  25'C, with re- 
spect to the normal hydrogen electrode using the fol- 
lowing cell 

Pt, H2/HCl (m) in DMA/AgCl, Ag [I] 

From the emf data of cell [I] activity coefficients of 
HC1 solutions in DMA at 25°C have been calculated. 

DMA (C. Erba reagent grade) was purified by frac- 
tional distillation under reduced pressure (2 mm Hg). 
The final product had a specific conductance of 
4 x 10-7 ohm-' in good agreement with the value 
given in the literature (11). 

The HC1 gas was obtained by dropping concentrated 
HeSO4 on reagent grade NaC1- and passing the evolved 
gas first through concentrated H2S04 and finally 
through two traps at dry ice temperature. The solu- 
tions used in cell [I] were prepared by passing HCl 
gas into DMA. The concentration of HC1 was deter- 
mined by Mohr titrations, after neutralizing with 
sodium bicarbonate. The reliability of volumetric ti- 
trations in DMA has been shown by Pistoia and 
Scrosati (12). 

The cell was an all glass type of the design recom- 
mended by Ives and Janz (13). The silver-silver chlo- 
ride electrodes were of the thermal type and were 
prepared according to the method described by Ives 

and Janz (13). Hydrogen electrodes were prepared in 
the usual manner (13). 

Hydrogen gas was purified by Engelhard Hydrogen 
Purifier Mod. 0-50 and passed through the cell at  a 
rate of 1-2 bubbles/sec. The emf measurements were 
made at 25.00" 2 0.05"C by a differential voltmeter 
Keithley 662. The emf readings were taken 30 min 
after starting the hydrogen flow. 

The emf values of cell [I], corrected to 760 mm of 
pressure, are given in Table I as a function of HC1 
molality. 

The standard potential of the silver-silver chloride 
electrode was determined by the use of the function 
E', defined by the equation 

2(2.3026)RT 2 (2.3026) RT 
E ' = E +  log m - a +i 

F F 

Table I. Emf data and activity coefficients for HCI solutions 
in N-N-dimethylacetamide a t  2S°C 

mHCl E (volt1 E' (volt) 
"'2 
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Molalrly of HCI 

Fig. 1. E' as a function of HCI mololity 

where the Debye-Hiickel constant u for DMA at 25°C 
is 1.526. Figure 1 shows the values of E' us. the cor- 
responding values of m. Extrapolation to zero molality 
by the method of least squares gives the standard po- 
tential of the Ag, AgCl electrode in DMA at 25"C, 
En ,  as 0.15005 2 0.0006~. The best fit of the data cor- 
responds to a straight line with a slope of -0.640 and, 
consequently, the value of p in Eq. [2] is 5.410. The 
mean molal activity coefficient, y t ,  of KC1 in DMA at 
25°C may be calculated by the equation 

E D - E  
logy* =-- log m 

0.1183 
[31 

The values of y t  obtained by Eq. [3] are listed in 
Table I. Studies on the properties of the silver-silver 
chloride and other reference electrodes are being ex- 
tended in this laboratory to other nonaqueous solvents. 

Manuscript received Jan. 18, 1968. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1968 
JOURNAL. 
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Mechanism of the Formation of Zinc Dendrites 

A. R. Despic,' 1. Diggle, and J. O'M. Bockris* 
Electrochemistry Laboratoyl, University of Pennsylvania, Philadelphia, Pen?asylvania 

During Zn dendrite formation at constant overpo- creases exponentially with time (Fig. 1) until it be- 
tential, the current grows exponentially with time, comes comparable to the diffusion layer thickness. 
the time constant decreasing with increasing over- After this initial process, the protrusion forms its own 
potential, concentration of zincate, and temperature. diffusion layer, the conditions of spherical diffusion to 

This is consistent with a model of dendrite initiation the tip are established, and growth becomes gov- 
according to which the rate of deposition onto any erned by a law of the type derived by Barton and 
part of a microrough surface entering deeper than the 
average surface into the diffusion layer, relative to 
the rate of growth of the average surface, increases 
exponentially with time. The relative height of a pro- 
trusion can be shown to be 

v = yo-P ($) 111 

where the time constant r, given by . 
? =  

(iL)O +.I. kK 
M fa(?) [21 

- [I--] ( ~ L ) o  
P* fc(9) 

and where yo is the original protrusion height at 

t = 0, fa(9) = exp ( q q )  , fC(v) = exp 

( - $ I ) ,  ( L ) O  = nFDoCo, and 80 is the diffusion 

layer thickness. Thus the height of the protrusion in- 

* Electrochemical Society Active Member. 
'On leave of absence from the University of Beograd (Yugo- 

Fig. 1. Height o f  protrusions a t  equal time intervals exhibiting 
slavia). exponential dependence. 
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Bockris (1). Such a model avoids the concept of den- 
drite nucleation. 

To test the model, its consequences on the current 
flowing through the interface, at a given overpotential, 
were evaluated. It was shown that the current should a 
follow a relationship similar to Eq. [I], i.e., 

Yo exp (I) 
where 

( i ~ ) o  
0 1 2 3  

141 
horn 

h i t .  = 
( i ~ ) o  la I ( b l  

+ 60 Fig. 2. Dependence of the tip current density on tip radius at  
iofc(ll) different constant overpotentials (a) in the case of silver; (b) in 

 he time ,-onstants, r, were extracted from experi- the case of zinc. h.1 is the limiting current density for diffusion 

mental plots, by plotting log (i- iina,) vs. t with iini, onto a flat surface; i~ , ,  the limiting current density of spherical 
being taken as equal to the initial current density for diffusion. 
that overpotential ( t  = 0). Good straight lines were 
obtained with slope 2.3~. 

The dependence of r on overpotential, concentra- perimentally observed). Hence, the criterion for. a 
tion, and temperature was found to follow quantita- critical current density of the dendrite tip which 
tively the dependence predicted from analyzing Eq. grows under activation control, past which the con- 
[2] in those directions. The diffusion layer thickness ditions for dendritic growth are established, as well 
was found to be cm, which is in the expected as the criterion for critical overpotential are defined 
range. as 

To interpret the growth rate data, the Barton- 
Bockris theory was extended to encompass mixed ic = io[fc (rl) -fa(rl) I i ~ , t  [TI 
activation and diffusion control of the current density and 
in the nonlinear regions (11 > 10 mv) and this for RT 
two cases of deposition mechanisms: (a) the single -qc A - ln (%) 

SF 
181 

electron discharge of univalent ions (pertinent to 
silver) and (b )  a two-step single electron discharge 
(pertinent to zinc and other divalent metal deposi- The critical current density depends solely on the 
tions). The current density at the dendrite tip, i.e., the conditions of diffusion to the flat surface, while the 
rate of propagation of the dendrite, is critical overpotential depends also on io for the deposi- 
for (a) tion process. 

( b )  The difference in mechanism, and even more 

in = 
fc(rl) exp (-l/rn) -fa(rl)aexp (l/rn) 

[51 
so the difference in io, results in a significant differ- 

K/io + fc(n)r, exp (-l/m) ence in the range of tip radii in which dendrite forma- 
and for ( b )  tion can occur for the two systems: those for silver 

f ~ ( 9 )  - fa(n) exp (l/rn) show sharp peaks of growth rate in a narrow range of 
in = 163 tip radii, while those for hinc show broad plateaus 

K/io + fc(rl)m over a wide range of tip radii. This explains the ob- 

RT served difference in the character of the deposit for 
where in = i/K, = - . r and K = RTnFDCo/2rV, the two metals: the dendrites of silver are propagating 

2rV fast at low overpotentials but are scarce, since the 
probability of the protrusions falling into the right 

being the surface tension at the metal-solution inter- range of radii is small; zinc dendrites are propagating 
face. slowly, but they are more abundant because of the 

The observed rates of growth for Zn were found to high probability of the appearance of a protrusion 
follow relation [61 as far as the dependence on po- with radii in the required 
tential concentration and temperature implicit in 161 
is concerned. 

Important conclusions can be made from an anal- 
ysis of Eq. [5] and [61, which can be understood from 
analyzing the graphs in Fig. 2. 

(a) The curves showing the relation between tip 
c.d. (i.e., growth rate) and the tip radius for different 
overpotentials are found to cross a line indicating the 
value of the limiting current density (~L,I). in Fig. 2 
for linear diffusion onto a flat surface at overpotentials 
coinciding remarkably well with the experimentally 
observed critical overpotentials (e.g., from Fig. 2b, 
dendritic growth for Zn would start at 60 mv as ex- 
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Field Ion Microscopical Studies of Exchange 

Current Density on Iridium 
Leonard Nanis 

School of Chemical Engineering, University of Pennsylvania, Philadelphia, Pennsylvania 

and Philippe Javet 

Institute for Direct Energy Conversion, University of Pennsylvania, Philadelphia, Pennsylvania 

The recently developed technique of field ion mi- 
croscopy (FIM) is a powerful tool for the investiga- 
tion of metal surfaces. In many instances, resolution 
of individual atoms in the metallic lattice has been 
possible (1). Recent progress in electrode kinetics has 
shown the need for models on a true atomic scale 
for the interpretation of phenomena occurring at the 
electrified interface. 

The use of FIM for electrochemistry provides an 
opportunity to observe surface effects on a scale in 
which the elementary electrochemical steps occur. Ex- 
periments have been performed based on the se- 
quence: 

of contact with solution and the depth of penetration 
(corrected for blank) is shown in Fig. 3. Correlation 
of the observed atom redistribution with time of im- 
mersion, exchange current density, and, e.g., crystallo- 
graphic factors is now under study. However, two im- 
portant features are readily obtained from the im- 
mersion experiments: 

(A)  For brief times of contact (less than 5 rnin), 
comparison of the damage which occurs in various 
crystallographic directions permits ordering of relative 
exchange current density on different crystal faces as 

1. image iridium tip (after shaping to almost per- A similar order 
fect hemispherical form and atomic smoothness by 
field induced eva~oration) : Jo ( l l l )  < Jo(100) < Jo(110) 

2. bring to atkospheric pressure and remove tip 
from FIM; 

3. immerse for specified time in electrolyte with 
iridium ions; 

4. rinse electrolyte from tip; 
5. return to FIM and image again. 

Changes on the surface have been photographically 
recorded and compared with those occurring in a 
"blank" experiment during which the tip is treated in 
a similar electrolyte, but free of iridium ions. 

The rate of exchange of charge at the equilibrium 
potential between a metal and its ions is the exchange 
current density, a central concept of electrode kinetics 
(2). Thus, rearrangement of a previously smooth sur- 
face should be expected as atoms from the metal be- 
come involved in the exchange of charge. The extent 
of this ~erturbation is ex~ected to be an increasing 
function of the time of contact of the metal with the 
electrolyte and of the magnitude of the exchange 
current. FIM prepared iridium tips have been im- 
mersed for various times in acid solution (2N HzS04) 
containing 10-EM iridium ion. A blank experiment 
using the same acid without iridium ions has shown 
that the surface perturbation following a treatment of 
up to 10 min in electrolyte and 10 min in air ex- 
tends to a depth of only 3 -c 1 atom layers. An ex- 

has been determined for copper (fcc, as is iridium) by 
Damjanovic et al. (3) in a study of electrodeposition 
kinetics. 
(B) With prolonged contact (greater than 5 min) 

between the metal and its ions, the formation of 
"spikes" on the surface has been observed. 

Figure 4 shows a field-evaporated clean iridium 
tip with a central (100) region The fourfold symmetry 
decoration is caused by field-stabilized protruding 
atoms in the [I101 directions. The nearly hemispheri- 
cal tip has an average radius of curvature of about 
800A. 

Following imaging, this tip was immersed for 10 
min in iridium ion solution as mentioned above. 
Figure 5 shows the image of the treated tip after the 
removal of 10 atom layers by field evaporation. 

ample of a blank experiment is shown by comparing 
Fig. 1 and 2. The field evaporated (111) region of an 
iridium tip is shown in Fig. 1. After the tip was 
brought to atmospheric pressure, it was removed from I 
the FIM, dipped for 3 min in 1N HzS04 and then re- 
turned to the FIM. After reestablishment of the vac- 
uum, one atomic layer was removed by field evapora- 
tion, leading to the structure shown in Fig. 2. 

The numerous bright spots superimposed on the pre- 
vious features are most probably displaced iridium 
atoms. After evaporation of two more atomic layers, 
bright spots no longer appear and the original image, 
as in Fig. 1, is obtained. When a field evaporated tip 
is exposed to air only, bright spots similar to those 
shown in Fig. 2 appear, but the original image is gen- 
erally restored after the field evaporation of only two 
layers. 

For the solution containing iridium ions. however. 
the perturbation extends very much deeper than for Fig. 1. Field evaporated iridium tip with central (111) region be- 
blank experiments. The relationship between the time fore blank treatment. 

509 
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Fig. 2. Same as Fig. 1 following 3-min immersion in IN HnSOa 

Fig. 3. Number of perturbed layers on iridium tip as a function 
of time of contact with iridium ions. 

The two spike regions centered around the [310] di- 
rection have smaller radius of curvature than the 
original tip, i.e., the radius in the upper region of Fig. 
5 is 450 to 500A with an even smaller radius for the 
lower region. 

The field enhancement associated with the decreased 
local radius produces an effective increase in image 
magnification and resolution and permits imaging at 
much lower potential than for Fig. 4. At the reduced 
potential, imaging does not occur for the remainder 
of the tip because of the reduced field. Further field 
evaporation restores the original image as in Fig. 4. 
Figure 6 shows the tip after the removal of twenty 
atom layers from the protruding (310) plane. Features 
of the original structure (Fig. 4) are increasingly 
evident. The last traces of over-all irregularities dis- 
appear completely after evaporation of the 29th layer. 

By postulating a simple model for the transfer of 
material on the surface, an estimate for the magnitude 
of the exchange current density may be obtained. It 
has been observed that a general roughening of the 
entire surface occurs during the first 5 min of im- 
mersion, followed by a growth pattern which favors 

Fig. 4. Field ion imoge of smooth, field evaporated iridium tip 
before electrochemical treatment; (100) plane in center, (111) 
planes in picture corners. Image potential 17.3 kv; imaging gas 
helium 2 pm Hg. 

Fig. 5. Iridium tip, some as Fig. 4, after 10 min contact with 
solution, 10-6M Ir, followed by return to FIM and field evaporo- 
tion of 10 atomic layers. The two "spike" growth features ore each 
centered on [3101 directions. Imaging potential 11.5 kv. 

specific directions (Fig. 5). Accordingly, suppose that 
all discharge of ions after five minutes takes place at 
the favored position, causing this region to grow, i.e., 
a hypothetical separation of the cathodic and anodic 
components of the exchange current density. 

The approximate volume of the spike region may 
be readily computed from direct measurements of the 
area at different levels as layers are removed by field 
evaporation. Using Fig. 4, 5, 6 and images at other 
levels, assuming a tetravalent iridium ion, an upper 
limit of 10-4 Acm-"or the exchange current density 
is obtained. 
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Fig. 6. Iridium tip, same as Fig. 5 after field evaporation of 20 
layers. The structure of Fig. 4 has partially reappeared. Imaging 
potential 15.5 kv. 

It is expected that direct FIM observation of treated 
electrode surfaces will be helpful in devising models 
for electrochemical reactions, not only by the observa- 
tion of the changes induced on the surface by electro- 

chemical treatment, but also through consideration of 
the analogy between the field used for image forma- 
tion and the field at the electrode-electrolyte interface. 

Although there is evidence for the existence of 
vacancies in Fig. 5, spiral dislocations are apparently 
absent. Provided the imaging field following electro- 
chemical treatment does not interact to remove dislo- 
cations, the mechanism presently accepted for the 
initiation and continuation of electrolytic growth, re- 
quiring spiral dislocations intersecting the growth sur- 
face, bears re-examination. 

Some of the well-known features of the FIM method 
such as field-stabilized protruding atoms (fourfold 
decoration in Fig. 4) and field-induced mechanical 
stresses require incorporation in models of the elec- 
trochemical interface. 
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Effect of Ionic Additives on the Heterocharge 

in Carnauba Wax Thermoelectrets 

Preston V. Murphy 

Thermo Electron Corporation, Waltham, Massachusetts 

ABSTRACT 

Thermopolarization and depolarization studies have been carried out on 
Carnauba wax electrets with controlled impurity content. While the initial 
impurity content was found to have little influence on the density of hetero- 
charge, the addition of certain inorganic salts, in 10-50 ppm concentration, 
increased the heterocharge by factors of 2-5. The temperature dependence of 
electrical conductivity varied considerably with ion doping, but the hetero- 
charge density in all samples showed the same thermal activation energy for 
polarization. 

Carnauba wax, being a mixture of compounds, is 
not as ideal a choice as pure compounds. However, its 
dielectric properties have been studied for many years, 
and the electret effect has been studied more exten- 
sively in Carnauba wax than in any other material. 
Among the many studies on this material are the early 
papers of Eguchi (1) which described the main fea- 
tures of the electret effect including charge reversal, 
existence of a volume polarization, and long polariza- 
tion lifetime for electrets in short-circuit. Adams (2), 
who proposed one of the early phenomenological 
theories, used Carnauba. Gross (3) likewise used the 
material while developing the currently accepted 
theories on heterocharge and homocharge (3). Wise- 
man et al. (4) carried out experiments which sub- 
stantiated the two charge theory of Gross. Gubkin 
(5), at the same period, studied the effects of short 
circuiting on charge stability in Carnauba and other 
materials. In more recent studies, Gross (6) showed 
that the heterocharge is distributed uniformly 
throughout the volume of Carnauba electrets. Murphy 
et al. (7 )  have reported on Carnauba radio-electrets, 
and Perlman et al. (8) extended earlier phenomeno- 
logical theories on the electret effect in Carnauba. 

Carnauba Waa: 
Carnauba wax is a natural product obtained from 

the palm Copernicia Cerifera Martins (9). It consists 
primarily of long-chain esters (10). About two-thirds 
of these are n-alkanoic acid esters composed pre- 
dominantly of the n-alcohols, Csz, Ca, and Cz,, (listed 
in decreasing abundance) and the n-acids C24, C28, 
CZ~,  and CZO. The remaining third are esters of the 
W-hydroxy n-alkanoic acids, C28, C24, and Czs. 

The dielectric constant of Carnauba wax measured 
at 1 kHz increases from 2.5 at room temperature to a 
maximum of 3.0 at the melting point (79"-80°C). Di- 
electric measurements (11) have shown that the w-hy- 
droxy acid esters are oriented in a trans-trans con- 
figuration, and that rotation about the chain axis oc- 
curs in the solid state. 

The highest grade of Carnauba, #1 yellow, has been 
used in this investigation as well as in earlier work 
including that of Gross (3). It is common practice to 
filter the wax to remove dark, particulate matter. 

purities are shown in Table I. After purification, the 
wax was cast in the shape of small disks and machined 
to a size of 1.75 in. diameter by 0.079 in. thickness. 
Electrodes of Aquadag were applied to the flat sur- 
faces. 

Hetemcharge Measurement 
The heterocharge was measured by the thermo- 

depolarization technique which was developed by Frei 
and Groetzinger (12) and used extensively by Gross 
(3). A rather sophisticated, automatic measuring sys- . 
tern shown in Fig. 1 was employed. 

Four disks of Carnauba wax were mounted in the 
chrome-plated copper block, C, (Fig. I), and measure- 
ments of both conductivity and polarization were 
made. The upper and lower electrodes, of chrome- 
plated copper, were both mounted symmetrically on 
$4 in.-diameter sapphire spheres which maintained a 
leakage resistance in excess of 1014 ohm at 250°C. The 
symmetrical mounting provided for uniform heat 
transfer between the electrodes and the surrounding 
block, and minimized thermal gradients in the sam- 
ples. The four equivalent sample mounting positions 
enabled measurements to be made under identical 

Table I. Spectrographic analysis of inorganic impurities in 
Carnauba wax after purificaton by different techniques 

Spectro- Zone Zone Acti- 
graphically Crude Filtered reflned refined vated 
determined wax.* wax? top,* bottomP siHca.O 

element ppm PPm ppm ppm ppm 

However, there have been no reports on the nature of T O G - ~ ~ -  

the contaminants, neither the portion removed by purities 212'1 24'5 
20'7 3.2 

filtration nor the portion that inevitably remains in 
the filtrate. The inorganic contaminant might be ex- c i d c ~ ~ ~ , " r $ .  American Spectropaphic Isboratories' ban- 

pected to contribute significantly to the internal PO- 'No. 1 yellow made Carnauba wax as recelved from the S. L. 

larization of the wax by providing mobile ions or A ? ~ ~ u d C , o m $ ~ ~ ? ~ ~ f i ~ ~ ~ ~ ? t h " ~ ~ t ' ~ ' k a t o n  Dikeman NO. 611 
polarizable, colloidal aggregates. niter paper st  1oo0c. 

'Filtered wax:! reflned by zone melting; 50 paases at 3 in./hr; Samples of Carnauba have been purified by simple top portion rmp = 82.5e-83.5'Cl. 
filtration, by filtration with diatomaceous silica, and 

~,S~l;.ere~'L~~~",i,"~~t~","it~m?,C~I1~~,~-~~~~~mceoua all,ca and 
by zone refining. The resultant levels of inorganic im- refiltered through Whstman NO. 3 paper Imp = 83' * 0.5.c). 
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Fig. 1. Schematic diagram of polarization and measurement 
system. A, constant-temperature bath; B, Blue-M cam-programmed, 
proportionally controlled oven with somple holder; D, Baird-Atomic 
Model 319A. 0-5 kv power supply; E, microvolt thermocouple am- 
plifier; F, coaxial relays; G, Cory Model 31 electrometer; H, 
Honeywell Electronik 10 mv 6-point recorder; I, F & M Model 50 
Automatic Attenuator. 

thermal conditions on samples with different com- 
position. 

The temperature could be controlled between the 
limits of 25" and 250°C by means of the cam-pro- 
grammed, proportionally-controlled oven, B (Fig. 1). 
The temperature usually was increased at a rate of 
either 0.19" or 0.75"C/min during depolarization. 

Samples were polarized and depolarized in the same 
apparatus. In the case of polarization, the upper elec- 
trodes were connected in parallel to the output of a 
Baird Atomic Model 319A, 0-5 kv power supply, D. 
The lower electrodes were grounded through a high 
resistance so that conductivity could be measured with 
the electrometer, G; guard rings were used on the 
lower electrodes. The standard polarizing voltage for 
samples 2 mm in thickness was 1 kv. 

The temperature of the block and of one of the 
upper electrodes usually was measured by a thermo- 
couple circuit during depolarization. (The positions 
indicated by the dotted lines at locations "a", "b", and 
"c" in Fig. 1 were used.) The reference temperature 
of 15'C was provided by a constant temperature bath, 
A. The thermocouple output without additional am- 
plification drove the recorder, H. 

The coaxial relay system, F, connected one sample at 
a time to the input of the Cary model 31 electrom- 
eter, G. Each time a relay was energized, the input 
was shorted for 2 sec by the Cary 3098150 automatic 
shorting switch in order to suppress transients. Rigid 
coaxial line with air insulation was used on all of the 
input circuit's. 

The usual measurement procedure involved increas- 
ing the temperature to some specific value above am- 
bient and applying lOOOv bias for a period of 1-65 hr. 
The value of conductivity measured at either 14 or 
36 hr was recorded. The temperature was reduced to 
the ambient during a 16-hr period. The samples were 
shorted through the electrometer for 1 hr and decay 
currents recorded. Finally, the samples were reheated 
at a linear rate to a maximum of 76'C and depolariza- 
tion currents recorded. Typical recorder traces show- 
ing the depolarization "glow curves" are shown in 
Fig. 2. The heterocharge was obtained from the time 
integral of the depolarization current. 

Dependence of Heterocharge 
on Initial Impurity Content 

The heterocharge was determined for Carnauba wax 
purified by simple filtration, by filtration with acti- 
vated silica, and by zone refining. Results are shown 
in Table 11. 

TIME (45mln/dirlsionl 

Fig. 2. Typical recorder trace showing the temperature of one 
electrode and the depolarization current for four somples vs. 
time. The samples were polarized at  50% for 5 hr, cooled to 25"C, 
and shorted or indicated. Original curves are color coded. 

It will be noted that although the impurity content 
was reduced by nearly an order of magnitude, there 
was no significant change in the heterocharge density. 

Modification of Heterocharge by Added Impurities 
A different lot of wax was purified with activated 

silica and reserved for studies on specific added im- 
purities. Solutions of inorganic halides in methanol 
were sprayed into molten wax to give additive con- 
centrations of about 50 ppm. Sodium and potassium 
salts formed precipitates in the wax and were removed 
by the filtration step. Electrets were prepared by po- 
larization for hours at  5 kv/cm and 72'C. 

The measured values of heterocharge density are 
shown in Table 111. It will be noted that the hetero- 
charge was doubled by Ca+2 and Ce+3 additive and 
was increased fivefold by Fe+2 and Fethddi t ive .  
NaCl produced no effect while NaBr increased the 
heterocharge slightly although analysis for Na showed 
only 1 ppm. 

Dependence of Heterochmge on 
Polarization Temperature 

The effect of the polarization temperature on the 
ultimate polarization charge was determined for a 
standard, purified sample of wax and for a selected 

Table II. Heterocharge density in purified Carnauh wax 

Charge denslty, Total impuri- 
mp coul-cm' den, P P ~  

Filtered-E. D. 617 paper 60-10 24.5 
Flltered--activated silica 60 3.2 
Zone reflned-top 65 15.4 
Zone refined-bottom 70 20.7 

Table Ill. Polarization density for Carnauba wox 
doped with inorganic ions 

Polarization 
Compound Cation content, charge density. 

added PDm mp coul-cm* 

None - 140 
NaCl 1 130 
NaBr 1 160 
CaCla 50 300 
CeCb 50 (eat.) 300 (eat. from 

50'C data) 
FeCls 50 700 
FeCL 65 700 
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Fig. 3. Specific depolarization charge vr. reciprocal polarization 

temperatures for Carnauba samples doped with inorganic salts. 
The symbols in column 1 represent values obtained for 2-in. di- 
ameter disks banded with 3/32 in. guard rings; in column 2, the 
volues were obtained for 1% in. disks; in column 3, the values 
were interpolated from the data of Fig. 7. 

number of doped samples. It was shown by Van 
Calker and FYohlich (13) that a plot of polarization 
charge versus reciprocal polarization temperature gave 
a straight line for mixtures of Carnauba wax and 
resin. Plots of heterocharge density us. reciprocal tem- 
perature are shown in Fig. 3 for doped samples. It 
will be noted that the lines are all nearly parallel 
(with the exception of the NaBr sample and the CeC4 
sample above 60°C). Activation energies for polariza- 
tion were calculated to be 0.88 ev for undoped and 
Fe-doped samples, and 0.84 ev for NaCl- and CeCls- 
doped samples. If the heterocharge were caused by 
space charge due to the migration of the ionic con- 
taminants, one would expect a wider variation in en- 
ergies of activation. 

In Fig. 4, a similar plot is shown for wax samples 
treated with ZnClz-docosanol, and with ZnClp-doco- 
sanol-FeCls. The docosanol treatment was intended to 
esterify residual acids and thus increase the prob- 
ability of precipitating colloidal iron oxide. However, 
the apparent result was an increase in polarizability in 

TEMPERATURE ffil 
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the 40"-60°C temperature region, presumably due to 
excess free alcohol. 

Decay &went 
At the end of each polarization, the samples were 

held in short-circuit at 25.3'C for a 1-hr period. Dur- 
ing this time the decay current was read on the elec- 
trometer and recorded in the usual manner. The 
time variation of the decay current is shown in Fig. 5. 
The integral of the decay current taken over the 1-hr 
period is plotted against the reciprocal of the polariza- 
tion temperature in Fig. 6. The decay current and its 
time integral reached maximum values at about 40°C 
and decreased at higher temperatures. This behavior 
is rather unusual in view of the steadily increasing 
value of heterocharge. The decrease in decay current 
might result either from an increasing surface homo- 
charge or from an increase in the stability of hetero- 
charge. 

Polarization Time 
It is usually assumed that the polarization charge 

reaches a saturation value at elevated temperatures 

TIME (rnlnutall 

Fig. 5. Decay current vs. time for polarized samples of standard 
and iron-doped wax a t  25'C. Polarizing bias was removed a t  zero 
time. T p  is the polarizing temperature and m the slope of the final 
portion of the curve. 

TEMPERATURE FCI 
K m €0 m 40 30 21 20 

I I 

l W 0 l T  ?PI 
Fig. 4. Specific depolarization charge rr. reciprocal temperature 

for Crnauba samples doped with ZnClz-docosanol and ZnClz- 
docosanol-FeCls. 
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Fig. 7. Depolarization charge, Qt vs. polarizing time for samples 
polarized at  50" and 72°C. 

after voltage has been maintained for a few hours. 
In order to verify this assumption and to explore the 
lower-temperature region, several samples were po- 
larized repeatedly at 50" and at 72°C for different 
periods of time. The results (Fig. 7) indicate that the 
polarizing voltage must be maintained for a very 
long time at 50°C or below in order to attain satura- 
tion. However, a temperature-dependent saturation 
limit appears to exist, and this limit is approached ex- 
ponentially in time. 

Sample Compaction 
Carnauba wax is subject to considerable shrinkage 

when cooled from the melt. It has been postulated that 
the presence of microscopic voids might lead to inter- 
facial polarization as a result of localized surface con- 
duction. Therefore, we have attempted to alter the 
degree of compaction by solidifying samples under 
conditions of both high pressure and vacuum. The 
heterocharge density for some of these samples is 
shown in Table IV. It will be noted from the table 
that the effect of compaction is small; we believe the 
differences in charge noted in Table IV are within the 
limits of error for these measurements. The data on 
vacuum-formed samples are not included because a 
different batch of wax was involved; indirect evidence, 
however, has shown no appreciable change in polariza- 
tion as a result of vacuum-forming. 

Depolarization Rate 
It is well known that the maximum value of de- 

polarization current increases with the rate of heat- 
ing; however, it has not been established that the time 
integral of depolarization current is independent of 
heating rate. Therefore, depolarization measurements 
were carried out on several identical samples at two 
different heating rates. The results (shown in Table 
V) indicate that the measured charge is independent 
of heating rate within the limits of 0.19" and 0.75T/ 
min. 

Sample Conductivity 
The dependence of electric conductivity on temper- 

ature was determined for purified and impurity-doped 

Table IV. Polarization density of compacted Carnauba wax 

Sample Ulickness 
Before After 

Forming pres- Charge density, measure- measure- 
sure, psi pcoul-cma ment. mm ment, mm 

None 0.117 1.83 
10,000 

1.84 
0.093 1.88 

20,000 
1.84 

0.100 1.83 1.88 

Table V. Effect of depolarization rate of measured chorge 

Measured charge 
Heating rate Heating rate 

Sample O.1S'C-min-1, pcoul 0.75'C-min-1. pcoul 

Standard 
NaCl (doped) 
CaCh (doped) 
FeCLn (doped) 

samples of wax. Guard rings were used ti, prevent 
surface leakage. The conductivity as a function of 
reciprocal temperature is shown in Fig. 8 and 9. Values 
of conductivity were taken after application of bias 
for periods of 11-36 hr as noted in the figures. The 
conductivity increased with temperature much more 
rapidly than did polarization charge (Fig. 3 and 4). 
The data of Fig. 8 and 9 fail to give straight lines 
from which activation energies for conduction can be 
calculated. 

Discussion 
The studies involving purified samples of wax dem- 

onstrated that the original inorganic contaminants 
have little effect on the internal polarization; the in- 

TEMPERATURE PC1 
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Fig. 8. Specific conductivity vs. recipmcal temperature for stand- 
ard and doped Carnauba samples. 

TEMPERATURE PC) 
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Fig. 9. Specific conductivity vs. recipmcal polarizing temperoture 
for ZnClz-docosanol and ZnC12-docosenol-FeCla doped Carnauba 
samples. 



518 J. Electrochem. Soc.: SOLID STATE SCIENCE May 1968 

ternal polarization or, heterocharge, is a property of 
the wax itself. 

The heterocharge was changed substantially by in- 
organic additives, but the mechanism of heterocharge 
formation remains somewhat elusive. The data sug- 
gest that free ions are not contributing to the hetero- 
charge since there was no correlation of charge den- 
sity with valency. For example, Fet2 and Fe+Y be- 
have identically and cause a larger increase in po- 
larization than do Cat2 and Ce+S. Also, the conduc- 
tivities of all samples converge to the same value at 
high temperature, suggesting a common conduction 
mechanism characteristic of the wax itself. 

The quantity of polarization charge appears to in- 
crease exponentially with polarization temperature. 
It is significant that inorganic additives cause the 
polarization curves to be displaced to higher values 
of charge but do not affect the slopes. On the other 
hand the slopes of the conductivity-temperature 
curves are much steeper than the slope of the polariza- 
tion-temperature curves. Also, there is no convergence 
of the polarization curves at high temperature as there 
is for the conductivity curves. 

In view of the observed exponential dependence of 
heterocharge density on polarizing temperature, the 
isothermal decay curves and thermodepolarization 
"glow" curves were examined for similar exponential 
dependences. The applicability of luminescence and 
conductivity glow curve analysis to thermodepolariza- 
tion curves has been pointed out by the writer (7) and 
expanded by Bucci et al. (14). If depolarization is 
characterized by a single energy of activation the 
initial increase of current with temperature should 
follow a simple exponential law. Also the isothermal, 
short-circuit, decay current should decrease exponen- 
tially with time. The current variations found for 
Carnauba wax were not exponential in either of these 
cases. Therefore, although the energy of activation 
for the thermopolarization process appears to be single 

valued, no such discrete energy level is associated with 
depolarization. While a unique physical mechanism 
for the heterocharge cannot be established as yet, the 
data are compatible with a distortable double-well 
model of the type proposed by Fuchs and Von Hipple 
(15) in connection with dielectric absorption. 

Manuscript received Sept. 5, 1967; revised manu- 
script received Feb. 6, 1968. This paper was presented 
at the Electrets Symposuim at the Chicago Meeting, 
Oct. t5-19, as Abstract 128. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1968 
JOURNAL. 
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Ionic Membrane Electrets 

Richard A. Wallace* 

Polytechnic Institute of Brooklyn, Brooklyn, New York 

and Zeljko Urban 

University of California, Berkeley, Berkeley, California 

ABSTRACT 

Heterocharges in the polystyrenesulfonate membrane in its hydrogen, so- 
dium, and silver forms have been measured by means of thermal depolariza- 
tion. We found that the membrane in sodium form stored the largest amount 
of electric charges and made for the best ionic membrane electret. Membrane 
electrets were formed at 60°C in electrical fields of 1.25, 2.5, and 5 kv/cm. 
In this range the total accumulated charge within the membrane does not 
depend on the strength of the forming field. 

The high dielectric constant of polystyrenesulfonate 
membranes (1) suggests the possibility that these ionic 
membranes might be capable of storing large amounts 
of electric charge. To what extent these electrostatic 
or internal electric charges can be preserved has not 
yet been determined. Provided that the charges re- 
main orientated within the membrane after electro- 
formation, then ionic membrane electrets could be 
prepared. Experiments are now being performed at 
the Polytechnic to determine the role of the electret 

Electrochemical Soclety Active Member. 
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Unlted States Department of the Interlor. 

effect in water desalination by electrodialysis and in 
nonthrombogenic bipolymer materials. 

In this paper results are presented of measurements 
of electric charges, formed on the application of d-c 
fields ranging from 1.25 to 5.0 kv/cm, in sulfonated 
polymeric membranes. The method of thermal de- 
polarization was used to measure the stored hetero- 
charges released by the membrane electret (2, 3). 

Experimental 
Sulfonated polymer membranes (AMF, 12-80) con- 

sisted of approximately 25% by weight of polystyrene- 
sulfonic acid (PSA) supported in a matrix of poly- 
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ethylene. Fixed negative charges within the membrane 
are carried by sulfonic (SOz-) sites along the PSA 
molecules. These charges are each balanced by positive 
counter ions, such as H or Na. Each membrane was 
purified by five batchwise washings with deionized 
water. Circular strips of membrane, 1.5 in. in diameter 
and 0.01 in. thick, were .cut, silver-coated on both 
faces, and then vacuum-dried for 24 hr. 

Each membrane was clamped between stainless steel 
electrodes and a d-c electric field applied to the mem- 
brane sample, maintained at 60°C. After an arbitrary 
cut-off time of 4 hr, membrane sample was allowed 
to cool down to 28°C in the presence of the electro- 
forming field. Membrane charging current and tem- 
perature were recorded during electroformation. 

Immediately after the forming field was removed, 
the charged membrane was short-circuited and its dis- 
charge current measured at 28°C. This measurement 
was continued until the current gradually Approached 
zero. After a 24-hr period, the short-circuited mem- 
brane was reheated up to BO'C and its discharge cur- 
rent measured again. The variations of this current 
with time were then recorded. 

Results and Discussion 
Electroforming of a typical membrane electret by 

means of a 1.25 kv/cm electric field is illustrated in 
Fig. 1. In the beginning, the charging current decays 
as it normally would at room temperature. Later, the 
trend reverses and the current starts to increase in 
response to rising temperature. It experiences a peak 
approximately at the same time as the temperature 
reaches its maximum value. After that, the current 
gradually decays, forming a small knee close to the 
point where the cooling starts. After 350 min, the ap- 
plied electric field is turned off, the specimen shorted, 
apd its discharge current measured. 

Figure 2 shows the discharge current as a function 
of time at 28°C for various forming field strengths. 
From this data the stored charge in the cation-ex- 
change membrane is calculated, using the relationship 

where Q = charge, coulombs, J ( t )  = discharge cur- 
rent, amp, and t = time, sec. 

According to classical circuit theory, the discharge 
current of a short-circuited capacitor follows the equa- 
tion 

J ( t )  = lo e-tlRC [21 

where 10 = discharge current at t = 0 and RC = 
time constant of capacitor (product of resistance and 
capacitance). 

This current, which decays very fast, is present in 
the case of electret discharge. However, an additional 
anomalous current appears, slowly decreasing with 
time. To allow for decay of the classical discharge 

Fig. 1. Elactroformation of a PSA membrane electret a t  1.25 
kv/cm. 

Fig. 2. First discharge a t  28'C for PSA membrane electrets 
formed a t  various electrical fields. 

n.~d smm* 
0 kV/rr 

1.23 kv/m 

TIME N MIIUTLS 

Fig. 3. Second discharge a t  60'C of PSA membrane electrets 
formed a t  various electrical fields. 

current, a 4-min period of discharge time was allowed 
to pass before the data were recorded. The charges 
released during the 96-min period, corresponding to 
the area under the curve, are given in the second 
column of Table I. Higher forming field yields the 
higher quantity of released charge during the first 
discharge period. Similar results were also reported 
on Carnauba wax electrets (4). 

The second discharge was started 24 hr later. Tem- 
perature was raised to 60°C, and the discharge current 
was measured as shown in Fig. 3. The measurements 
were conducted for 350 min. For the purpose of charge 
calculations, all the curves are extrapolated to the 
point where the discharge current reaches zero. The 
values of released charges were obtained by graphical 
integration of the curves in Fig. 3, and are listed in 
the third column of Table I. These charges are up to 
9 times larger than the charges released during the 
first discharge at room temperature. 

The total charge is obtained by addition of released 
charges listed in the second and third columns of Table 
I and is tabulated in the fourth column of Table I. 
It can be seen that the total charge essentially does 

Table I. Electret properties of the stllfonate membrone in 
sodiuq form 

Charge (coulomb x 10") 
Forming 

fleld First Second Posltion of Internal 
strength, discharge discharge Total discharge fleld. 

kv/cm at 28'C at BO'C charge peak, min v/cm X l w  
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not vary with the change of forming field strength. 
The lack of dependence of total charge storage on the 
strength of the forming field indicates that the mem- 
brane probably polarized at the lowest forming field 
used and reached its saturation level at 1.25 kv/cm. 
However, the position of the peak of current-time 
curve seems to be dependent on the strength of form- 
ing electric field. This dependence, in minutes, is given 
in the fifth column of Table I. 

Reheating shows dramatically how large quantities 
of residual charge have been left in the membrane 
after the first discharge. Apparently, charges were 
locked in and could not be liberated at room tempera- 
ture during one day of discharge time. As soon as the 
temperature was raised, they were released. There- 
fore, the current surge shown in Fig. 3 indicates the 
liberation of frozen-in charges during the reheating 
period. 

The corresponding internal electric fields produced 
by these charges have been calculated using the ex- 
pression 

where E = internal electric field, v/cm, Q = charge, 
coulombs, and A = area, cm2. 

The calculated values of internal electric fields are 
given in the last column of Table I. Charge Q in Eq. 
[3] is the total charge listed in the fourth column of 
Table I. 

In Fig. 4 is shown the 350-min reheating period at 
53'C for membrane electrets in three ionic forms: Na, 
Ag, and H. Charging time was 1.5 hr at a forming field 
strength 1.25 kv/cm. The membrane electret in sodium 
form stored the largest amount of charge. 

We have recently demonstrated excellent blood 
compatibility with PSA-incorporated elastomeric and 
thermoplastic membranes. PSA was also grafted to 
surfaces of common elastomers; these polysulfonated 
materials have high electrical resistance (> lo7 ohm- 
cm) and make ionic electret materials in solution. 
Their bulk equilibrium water absorption contents are 
low and, as a result, are relatively impermeable to 

TIME IN MINUTES 

Fig. 4. Discharge a t  53'C of PSA membrane electrets in three 
ionic states. 

salt and water in 0.1M NaC1, and in human whole 
blood. 

We deduce that the effects of the matrix on ionic 
electret phenomena are indirect. The plastic matrix 
separates the adjacent PSA molecules, reduces the 
effective dielectric constant and imparts mechanical 
strength and support to the material. It is suggested 
that the electret effect and good blood compatibility 
results are primarily related to the electrochemical 
properties of the PSA molecule. More detailed data and 
techniques will be reported in a subsequent article. 

Manuscript received Aug. 17, 1967; revised manu- 
script received Feb. 23, 1968. This paper was presented 
at the Electrets Symposium at the Chicago Meeting, 
Oct. 15-19, 1967, as Abstract 129. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 
1968 JOURNAL. 
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On the Origin of an Exponential Vacancy Distribution 
in Annealed Ta/Ta,O,-Structures 

K. Lehovec* 

Research & Development Laboratories, Sprague Electric Company, North Adam, Massachusetts 

ABSTRACT 

An attempt is described to explain the exponential vacancy profile in an- 
nealed Ta/Ta~05 structures postulated by Smyth et al. by a Boltzmann dis- 
tribution in a constant electric field arising from the emf of the reaction be- 
tween tantalum and oxygen during the anneal. Implications of this model for 
the oxygen uptake during the anneal are discussed and compared to ex- 
perimental data. While the model is able to account for the origin and the 
attenuation constant of the observed exponential vacancy profile, it involves 
still unproven assumptions on space charge compensation and electron con- 
duction mechanism. 

Smyth and co-workers (1-4) have analyzed capaci- Deflning an attenuation constant K, of the conductivity 
tance and loss angle measurements of annealed Ta/ 
TazO5-structures in terms of an exponential conductiv- K, = - a ln a/a(x/d) [I] 
ity profile at zero d-c bias voltage. The bias voltage where x is the distance of a point in the oxide of con- 
dependence of the capacitance was interpreted by ductivity a from the metal, and d is the oxide thickness 
means of an exponential oxygen vacancy profile. How- one obtains (1-4) K,-values of the order 50. We noted ever, the origin of such a profile has not been clarified. sometime ago (5) that an exponential conductivity 

Electrochemical Society Active Member. profile could arise from a Boltzmann distribution of 
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carriers of charge zq in a constant field F, and that the 
attenuation constant of this Boltzmann factor, zqFd/kT, 
has indeed the same order of magnitude as K, N 50, 
if Fd = E is taken as the emf of the chemical reaction 
between tantalum and oxygen. More recent results of 
Smyth and Shirn (4) suggest that the ionization en- 
ergy of the oxygen vacancies (which act as donors of 
electrons) depends on their concentration, and that 
the attenuation constant of the oxygen vacancy dis- 
tribution 

K, = - dln N,/a[ (x/d) I [21 

is only about 30. The subscript s has been chosen since 
the vacancy concentration N, has been obtained (4) 
by a Schottky plot (6) ,  i.e., from the bias voltage de- 
pendence of capacitance at a constant frequency. 

The measurements of Smyth and co-workers (1-4) 
were made on tantalum anodized at various formation 
voltages and then annealed at elevated temperatures 
in the range 300"-400°C for periods ranging from 10 
min to several hours. During the anneal, no oxide 
growth occurred. However, there was a weight in- 
crease attributed to oxygen uptake of the tantalum 
metal (1). Anneal time in the investigated range did 
not have much influence on the room temperature 
impedance indicating that a quasistationary state was 
reached within minutes. Most of the measurements 
were made on anodic films of the thickness range d 
= 1500-3000A. 

The present paper explores in detail the concept of 
an exponential vacancy distribution arising from a 
Boltzmann distribution in a constant field. Its implica- 
tion on the oxygen uptake during the anneal investi- 
gated by Pawel and Campbell ( I )  and recently by 
Steidel (8) will also be discussed. 

It will be shown that justification of the exponential 
vacancy profile by a Boltzmann distribution, although 
enticing at first sight, nevertheless requires a number 
of ad hoc assumptions, and thus raises problems of its 
own. However, publication of the present paper, while 
not leading to a fully convincing model, can be justi- 
fied by the extensive pertinent experimental work and 
by the need to investigate critically all consequences 
of an explanation which appears plausible at first sight. 

Origin of an Exponential Distribution 
of Oxygen Vacancies 

During the anneal, oxygen is dissolved in the tan- 
talum metal. This creates oxygen vacancies in the 
adjacent tantalum oxide. These vacancies move toward 
the outer oxide surface and generate an oxygen flow 
from the ambient into the tantalum metal. It is well 
known that tantalum can dissolve large quantities of 
oxygen (1, 7, 8). Changes of tantalum resistivity and 
of its temperature coefficient by oxygen uptake have 
been demonstrated (8). During anneal an emf of a 
few tenths of a volt (8, 9) appears across the oxide, 
the tantalum substrate becoming negative. The fact 
that the electric properties of annealed Ta/TazOs- 
samples, after cooling to room temperature, do not 
return to the preannealed state indicates a lack of 
oxygen uptake of the reduced tantalum oxide from 
the ambient atmosphere at room temperature. 

An exponential vacancy distribution would arise 
under quasiequilibrium conditions from the Boltz- 
mann factor at a constant field, F 

[VOZ] = [Vozlz=o exp (-zqFx/kT) 131 

where zq is the charge of the mobile vacancies of con- 
centration [Vo*].' Comparison of [3] with the empirical 
relation [2] shows that 

By inserting the values Ks = 30 and kT/q u 60 mv at 
the anneal temperature, we obtain zFd N 1.8~. Since 

IA different notation haa been used for the vacancy concen- 
tration in EQ. I31 at the anneal temperature and the concentration 
of the Schottky profile, since both are not necessarily identical as 
will be discussed later. 

.NCY DISTRIBUTION 

the oxide thickness d is of the order of 2.10-5 cm fur ' 
most of the samples investigated by Smyth et al. (1-4), 
we are here concerned with an electric field F of the 
order of 105 v/cm. A space independent field implies 
absence of a significant space charge density, i.e, 

the integral extending over the region of constant field. 
For F 1: 105 vlcm, the right side is about 2.10-7 C/cm2 
or 1012 electron charges per cm2. This is much smaller 
than the number of charges derived from the Schottky 
profile 121 

where Nso = 3.1020 cm-3, KS = 30, and d u 2 X 10-5 
cm have been used (4). This leaves us with two possi- 
bilities: 

(a) The concentration of charged vacancies at the 
anneal temperature is much smaller than N,, 
derived from the Schottky profile, perhaps due 
to partial ionization, or else 

( b )  There exists a mechanism for compensation of 
the charge of the mobile vacancies at the anneal 
temperature. The compensating charge must be 
immobile or else it would assume a Boltzmann 
distribution of the opposite slope of that of the 
mobile oxygen vacancies. Such a charge com- 
pensation may indeed arise by means of oxygen 
vacancies occurring in different charged states 
as will be pointed out in the Appendix. 

Implications for the Osygen Uptake during Anneal 
During a quasistationary uptake of oxygen ions via 

a vacancy mechanism, an electron current of equal 
magnitude flowing from the tantalum outward is nec- 
essary for charge compensation. This equality is as- 
sured by the establishment of an electric potential of 
suitable polarity and magnitude. The emf (= differ- 
ence of the electrochemical potential of electrons at 
the two boundaries of the oxide divided by charge q) 
becomes identical to the electrostatic potential if the 
electron concentration is constant with position, the 
chemical potential (or "diffusion potential") being 
then zero. This is the situation we visualize in the 
TazO5 during the anneal (or, at least, in the region 
from which most contributions to the emf arise), for 
reasons to become clear later. The polarity of the ob- 
served emf is such as to generate a field in the oxide 
driving electrons from the tantalum to the outer ox- 
ide, indicating that the electric current is the rate- 
determining step, at lehst in a portion of the oxide 
film. This is in agreement with our previous postula- 
tion of a Boltzmann-distribution of oxygen vacancies, 
which implies quasithermal equilibrium, i.e., the va- 
cancy transport rate is not rate determining. We con- 
clude from the constancy of the electron current i, 
through the oxide and from the constancy of the elec- 
tric field, postulated to explain the exponential vacancy 
profile, that the electron concentration 

is also a constant, when k is the electron mobility. 
This justifies the relation 

between the electric fleld, the emf E and the width 1 
of the region from which the emf arises and in which 
the conditions discussed above are realized. 

In distinguishing between the oxide thickness d and 
the region 1 across which the emf arises, we have taken 
into account the fact that the exponential vacancy 
profile has not been established experimentally 
throughout the entire oxide, and that a Boltzmann 
distribution of vacancy need not exist across the entire 
oxide. 
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Within the region of width 1, we expect the follow- 
ing inequality between electric (#,) and ionic (el) 
conductivities 

expressing the fact that the electron transport is rate 
determining. Outside of this region we may well have 
ee > 01, and 1 may then be defined as the position at 
which 

= 011 at ==I [lo1 

Since re << CI, one has there n << [Vo2]. It follows 
from the Boltzmann distribution [3] that 

where [lo] has been used and the ionic mobility fir was 
assumed to be independent of the vacancy concentra- 
tion. 

Comparison with Experimental Data 
The importance of electron conduction for the oxy- 

gen transfer rate is in agreement with observations by 
Pawel and Campbell (7) on oxygen uptake of tan- 
talum protected by an anodic oxide film at elevated 
temperatures. They found that "anodic films exhibiting 
low leakage currents were more efficient in protecting 
the metal from oxidation. Local breakdown at a point 
of weakness may, instead of being self healing, lead to 
an accelerated deterioration of the remainder of the 
film." The latter observation is in accordance with our 
model if lateral electron conduction along the outer 
oxide surface may occur. 

Additional evidence for the electron transfer being 
the rate-determining step for oxygen flow through part 
of the oxide is the electromotive force at the anneal 
temperature (7, 8, 9). 

The emf corresponding to the free energy of the re- 
action 2Ta + 5/2 OZ + TazOs at 400°C is 1 .83~  for 
oxygen-free tantalum and an ambient of 0.2 atm oxy- 
gen pressure. The fact that the observed emf (8, 9)  is 
only a fraction of this value can be attributed par- 
tially to the outer portion of the oxide film having 
dominant electronic conduction and partially to oxy- 
gen dissolved in tantalum. The end product of the 
reaction between tantalum and the oxygen ambient 
at moderate anneal conditions is not tantalum oxide, 
but oxygen dissolved in tantalum. 

Comparing the value zFd = 1 . 8 ~  obtained by [4] 
from the slope KS of the observed (4) Schottky profile 
at room temperature, with the observed (8, 9) emf 
during the anneal E = F . 1 -- 0.3v, we conclude that 
for z = 1: l/d N 1/6, and F 1: lo5 v/cm, while for z = 
2: l/d u 1/3 and F -- 5 X lo4 v/cm. 

The Boltzmann factor for E = 0 . 3 ~  and kT/q = 
0.06~ (T -- 400°C) is e-qElkT = 6.7 x 10-3 in case 
that z = I and e-zqE/kT = 4.6 x 10-5 in case that z = 
2. Using N,o = 3.1020 cm-3, we arrive at vacancy con- 
centrations at x = 1 of 2.101s ~ m - ~  and 1.4 x 1016 cm-3 
for the cases z = 1 and z = 2, respectively. Since ex- 
perimental Schottky profiles have been measured 
which extend to 1017 cm-3, we conclude that z = 2. 

The magnitude of ee in that part of the oxide where 
the Boltzmann distribution of vacancies exists can be 
estimated by extrapolation to 400°C of data from Fig. 
5 or ref. (7). For the film of lOOOA thickness, an oxy- 
gen flow of lo-" g-moles/cm2 min is obtained, which 
corresponds to 1.2 X 10-7 amp/cmz (assuming that z 
= 2). Using a field of 5 X lo4 v/cm for the region 
where [71 is valid, one arrives at re 1: 2.4 x 10-12 
ohm-1 cm-1. 

At room temperature Smyth and Shirn (4) obtain 
re N 1 cmVv sec. Using this value as a rough estimate 
of the mobility at the anneal temperature, one has n 
u 1.5 x 107 cm-3. 

By means of [Il l ,  we are able to estimate the va- 
cancy mobility 
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using the previously estimated vaIue [VOZ],=~ N 1.4 x 
1016 one obtains pr -- 5 x 10-lO cma/v sec for 
z = 2, which is not unreasonable. 

For a nondegenerate electronic semiconductor, the 
band model provides 

where N, is the density of states (partition sum) for 
the conduction band and s - CF is the energy differ- 
ence between the bottom of the conduction band C, 

and the Fermi level (electrochemical potential per 
electron) e ~ .  Provided that CF does not depend on tem- 
perature and neglecting the small temperature depen- 
dence of N, us. that of the exponential term, we obtain 
an activation energy of cc - rF. 

Pawel and Campbell (7) find an activation energy 
for oxygen uptake of 1.96 ev, while Steidel (8) ob- 
served 1.5-1.6 ev. Inserting n = 1.5 X 107 cm-3, e, - 
€F = 2.0 and 1.5 ev, respectively, and kT/q = 0.06~ 
into [9], one bbtains N, = 3.1020 cm-3 and 1018 cm-3, 
respectively; neither value is objectionable. 

The magnitude of the ionic conductivity in the outer 
oxide film can be estimated if we assume that it is of 
the same order as that of unannealed anodic oxide 
films. The anodic oxidation rate depends on field as 
(10-13) 

il = A'(eB-F - e-B'F) [I41 

For B'F <.< 1, one obtains 

01 = ir/F = 2 A'B' 

Extrapolating the room temperature values (10-13) of 
A' 1: 5.10-l8 to 6.10-21 amp/cmz and B' 1: 5.10-6 cm/v 
to the anneal temperature of 400°C by using the acti- 
vation energy U A ~  = 1.2 ev (12) for A' and the inverse 
absolute temperature dependence (12) for B', we ob- 
tain UI = 10-15 to 10-17 ohm-1 cm-1. These values 
are indeed small compared to ue = 2.4 x 10-12 ohm-' 
cm-1. Thus, it is reasonable to expect that oxxgen 
flow in the outer film region, which is in equilibrium 
with the oxygen ambient, is limited by ionic flow while 
in the reduced inner film region it is limited by elec- 
tron transport. 

It should be noted that the electron current i, = 
nqF as the rate-determining step for oxygen flow could 
lead to a parabolic growth since F = E/1, provided 
that E and 1 do not vary with the oxide thickness. 
Thus, the anneal mechanism here described is not 
necessarily in disagreement with parabolic growth, 
which is usually taken as an indication (7) for a 
growth rate limited by ion diffusion. 

Difficulties Encountered by the Present Model 
A complete clarification of the anneal mechanism 

requires knowledge of the oxygen flow mechanism in 
the outer oxide film region, i.e., 1 < x < d, and of the 
natuqe and location of the positive charges which gen- 
erate Wle constant electric field in the oxide region 
O < x < l .  

In the case of a simple diffusion current of vacan- 
cies through the outer oxide region 

Since kT/zq/(d - 1) << F for d - 1 of the order of 
d ,  it follows that i1 << i, = eeF, while for quasi-sta- 
tionary oxygen uptake ir = i, is necessary. 

It would thus appear that either the field in the 
outer oxide region is of opposite polarity than that 
in the inner oxide region, or else the vacancy mobility 
in the outer oxide region is significantly larger than 
in the inner region. Arguments for each of these sug- 
gestions can be found. Field reversal is not unlikely 
considering that the rate determining step is electron 
transport for 0 < x < 1 and vacancy transport for 1 < 



Vol. 115, No. 5 EXPONENTIAL VACANCY DISTRIBUTION 523 

x < d. A two-layer structure for anodically grown ox- 
ide films has been established experimentally by 
means of tracer studies (14). Some discontinuity in 
the structure at x = 1 is thus quite possible if this 
position marks the interface between the two-layer 
structure. It is even conceivable that a positive charge 
layer might form there. However, these assumptions, 
while possibly correct, have not yet been proven to 
be so. 

Another difficulty of the present model involves the 
discrepancy between the rather low electron conduc- 
tivity at the anneal temperature re N 2.4 x 10-l2 
ohm-' cm-1 in contrast to the fairly high electron 
conductivity re -- 10-7 ohm-' cm-1 at room tempera- 
ture in the region adjacent to the tantalum, postulated 
by ref. (1) to (4). Clearly, this calls for two different 
conduction mechanisms. Yet both mechanisms must 
originate from the oxygen vacancies or we lose the 
relation between vacancy profile established at the 
anneal and the experimental Schottky profile at room 
temperature, which formed the starting point of our 
considerations. It will be shown in the Appendix that 
space charge neutrality may arise by equal concentra- 
tions of [V'O] and [V,o] vacancies at the anneal, one 
of them, [V.o], being highly mobile. It is reasonable to 
expect, therefore, that upon cooling, clustering to VZzo 
complexes takes place. 

To provide space charge neutralization, the Fermi 
level at the anneal temperature is located halfway be- 
tween the energy levels of the V.0 and V'o vacancies. 
On the other hand, at room temperature, the Fermi 
level would be determined by the ionization equilib- 
rium of the VZzo complexes and thus might be consid- 
erably closer to the conduction band, resulting in a 
large increase in the electron conductivity. 

Perhaps the observed (8,9) decrease of the emf with 
decreasing temperature in the lower temperature 
range can be attributed to the increasing dominance 
of electronic conduction due to clustering. It might 
arise also, of course, by the decreased ionic mobility, 
which shifts the position x = 1 to smaller values and 
thus reduces the emf across the region 0 < x < 1. 

According to the present hypothesis, the Schottky 
concentration Ns would be the concentration of ionized 
clusters [V.zo]. It is believed that at an applied anodic 
bias voltage a space charge layer forms adjacent to 
the tantalum metal by depletion of electrons and com- 
plete ionization of the VZO clusters. Thus Ns = [VZO]. 
If, at the anneal temperature, all clusters are dissoci- 
ated, then [Vo] = ~ [ V Z O ]  = 2Ns. The concentration of 
mobile doubly charged vacancies, [V,.o] at the metal 
boundary would be less, and possibly significantly less, 
than [Vo] = 2Ns. The use of Nso = 3.10z0 for 
[VZO],=~ in Eq. [ l l ]  is thus not justified and the dis- 
tinction between z = 2 and z = 1 based thereon be- 
comes questionable. Also, the ionic mobility calculated 
by [13] might be considerably higher than the numeri- 
cal estimate based on [Vfo] Y 1.4 x 1016 ~ m - ~ .  

Conclusions 
The possible origin of an exponential vacancy dis- 

tribution in annealed Ta/TazOs samples by means of 
a Boltzmann distribution of vacancies during the an- 
neal was investigated. If this interpretation is correct, 
oxygen uptake during the anneal is limited by electron 
transfer rather than ion diffusion, at least in a portion 
of the oxide film. This view is consistent with the ob- 

by Smyth et al. The model accounts for the order of 
magnitude of the attenuation distance. It permits sig- 
nificant conclusions in the mechanism of the anneal 
process. The model includes, however, several specula- 
tive features, which cannot be tested by existing ex- 
perimental data, thus suggesting further experimental 
work. 

Other models, such as tunneling (151, can also ac- 
count for the electrical measurements of Smyth et al. 
on annealed Ta/TazOs. Thus it is conceivable that the 
Schottky distribution and conductivity profile need 
not necessarily have the straightforward interpreta- 
tion (1-4) which was accepted in this paper. 
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APPENDIX 
Space Charge Compensation by Means of Oxygen 

Vacancies of Different Valency States 
Consider the oxygen vacancy species V.0, V.,O, V'O, 

and VZo in the notation of Kroger (16). The existence 
of a single vacancy as either donor or else trap for an 
electron is well known for the case of F and Fl centers 
in alkali-halides. A single vacancy can change its 
charge by "reaction" with electrons, e.g. 

V.0 + 2e + V'o [A-11 

Several reactions between vacancies and electrons and 
the corresponding mass action laws are listed in Table 
I. Also included, are values for the mass action con- 
stants in terms of the energy levels involved using 
customary (16) notation. 

Since the concentrations of the various charged va- 
cancy states are in proportion to each other, and, 
therefore, to the total vacancy concentration, the zero 
space charge condition for the case of negligible con- 
tributions by electrons provides a value for the elec- 
tron concentration, which does not depend on the va- 
cancy concentration, but only on the mass action con- 
stants, which are space independent. A space indepen- 
dent electron concentration was indeed a key feature 
of our model. For instance, in the case 

V.01 N [V'ol [A-21 
one has 

= dm= N, e-relkT t + ( r x t r ' / 2 k ~ )  

[A-31 
Comparison to Eq. [13] shows 

i.e., the Fermi level lies half-way between the r' and 
rz levels, independent of position and vacancy concen- 
tration (Fig. 1). 

Since the levels s, r', and rZ at the oxide-tantalum 
interface and the Fermi level in the tantalum metal 
are well defined and independent of each other, the 
assumption that the levels C' and Z are an equal dis- 
tance above and below, respectively, of the Fermi level 
in the tantalum metal may appear quite arbitrary. 

served appearance of an emf during the anneal and 
with the rate of oxygen uptake. However, the electron Table I. Electron reactions involving oxygen vacancies and 

conductivities at the anneal temperature appear much corresponding mass action laws and mass action constants 

smaller than those at room temperature. The difficulty (the energy of electrons in the conduction bond and on the 

could be\removed bv the unproven hypothesis of clus- v'o, VZo. V'o levels are designated by cc, c', 6 and r', respectively). 

tering of vacancies.-1t is shown in the Appendix that 
space charge compensation could occur even at large Mass action law Kt (i = 1,2, or a) 
concentrations of vacancies and is consistent with a 
Boltzmann distribution of mobile vacancies in a con- + . + [v = 41V.ul N,e-ae - 6 ' lLT I  

stant field - - -- - - - - - - - . 
In summary, a model has been founh which leads vru* v'u + [V'ol . n = &[VZul ~ ~ e - 1 . ~  - a31T) 

to a strictly exponential vacancy profile as postulated v, + v~ t e [V*OI . n = &IVUI N ~ ~ - ( ~ ~  - C' I~T)  
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Fig. 1. Hypothetical energy level diagram for the Ta/Tw05 in- 
terface during anneal. EC is the bottom of the electron conduc- 
tion band, c' is the energy level for negatively charged oxygen 
vacancies, i.e., for the third electron at  the vacancy; rZ is the 
level for the second electron at  a neutral oxygen vacancy and E' is 
the energy for the electron at  a positively charged vacancy. Doubly 
positive charged oxygen vacancies are believed to be mobile and 
assume a Boltzmann distribution in the region 0 < x < I, causing 
the electromotive force E N FI. The emf in the region x > I is 
just about shorted by dominant electronic conduction. Electron con- 
centration in the region 0 < x < I is constant, viz., constancy of 
r, - CF. A thin space charge layer in the oxide at the metal 
boundary (indicated schematically by the upward bending of energy 
levels) adjusts the Fermi level in the metal to the value of 
(el - Z ) / Z  in the adjacent portion of the neutral oxide. 

However, considering the large concentration of va- 
cancies at the interface, a very thin space charge re- 
gion should suffice to adjust the levels f' and FZ to 
positions of equal distance above and below, respec- 
tively, of the Fermi level in the adjacent metal. This 
has been indicated by the upwards bending of the lev- 
els in Fig. 1 near the metal interface (assuming a posi- 
tive space charge). 

In order to obtain a Boltzmann distribution of va- 
cancies we must postulate that only the vacancy spe- 
cies of bne sign is mobile. If both positive and negative 
vacancies were mobile, they would establish two Boltz- 
mann distributions, one decreasing with position and 
the other increasing with position, while [A-21 re- 
quires both species to vary in unison with each other. 

A high mobility of positively charged vacancies in 
contrast to a comparable immobility of negatively 
charged vacancies can be rationalized as follows: Oxy- 
gen vacancies move by jumps of adjacent oxygen ions. 
A negatively charged vacancy V'O repels the adjacent 
oxygen ions and this suppresses their mobility. The 
opposite is true for positively charged vacancies and, 
in particular, of the doubly charged state V.,O. While 
the V'O-centers are immobile as an entity, their con- 
centration can still change in proportion to that of 
the mobile V..o-centers by the electron transfer re- 
action 

V..o + 3e + V'O [A-51 

Thus, at a space-independent electron concentration 
n, the ratios of the concentrations [V'O], [V.ol and 
[V..o] are independent of position irrespective of the 
total concentration [V201 + [VfO1 + EV.01 + [V..01, 
which assumes a Boltzmann distribution if only the 
V..O species is mobile. In this manner, the mass action 
relations (Table I), the zero space charge condition2 
[A-21, the Boltzmann distribution of mobile vacancies 
[3] and the condition of a space independent electron 
concentration [7] can all be satisfied. 

SEquation [A-21 assumes that IV"o1 << IV'ul. Similar argu- 
ments can be advanced in the case that [V' ul contributes mea- 
surably to the zero space charge condition. 
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ABSTRACT 

Silicon nitride thin films have been deposited on silicon substrates by re- 
acting SIC14 and NHs at 550'-1250°C. The effects of deposition temperature 
and of Sic4  and NHs concentrations on the deposition rate have been studied. 
The etch rate of the deposited films is shown to be a funct!on of the deposition 
temperature. Electrical evaluation has shown the dielectrlc strength to be in- 
dependent of contact area and film thickness and the dielectric constant to be 
in the range seven to eight. Surface charge plus surface state density values 
range from 7 to 18 x 1O1l/cmz. Nonlinear I-V characteristics of the films have 
been observed. The deposited films are extremely effective diffusion masks for 
sodium. 

Thin layers of silicon dioxide have found extensive 
use in the fabrication of semiconductor devices for 
surface passivation ( I ) ,  as diffusion masks (2), and as 
dielectric layers (3). Technological advances and more 
demanding requirements (4) have led to the need for 
insulating films with properties superior to those of 
the oxide. One of the materials currently receiving a 
great deal of attention as a possible substitute for SiOz 
is silicon nitride. This material has been evaluated 
for its passivation properties on p-n junctions (5), for 
its use as a dielectric in a field-effect structure (6), 
and for its usefulness as a diffusion mask (7, 8), and it 
has been found to be satisfactory. 

From the data in Table I, it is apparent that there 
are many reactions for forming the nitride that are 
thermodynamically feasible. However, passing nitro- 
gen or ammonia over solid silicon substrates heated 
to 1300°C results in extremely thin nitride layers (9), 
owing to the high efficiency of the material as a dif- 
fusion mask. When ammonia is passed over molten 
silicon, crystals of nitride result, as reported by Kaiser 
and Thurmond (lo),  Doo and his co-workers (11) 
have reported on the deposition of silicon nitride films 
by the high-temperature reaction of SiH.4 plus NH3. 
A number of investigators (12, 13) have made use of 
various high-field discharge techniques in order to 
obtain nitride deposition at low temperatures. 

This paper will report on deposited nitride thin films 
obthined by reacting Sic4 and NH3 in the presence of 
silicon substrates heated in the temperature range 
550'-1225'C. The kinetics of the deposition process 
will be discussed and the properties of the deposited 
filx'ns will be described. 

Three separate feed lines were used to introduce the 
reagents into the reaction chamber. In the very early 
phases of this study, the reagents were mixed together 
well upstream of the reactor, but it was found that no 
deposit was formed on the substrate. It was quickly 
realized that the NHs and Sic4 were reacting imme- 
diately on contact, and most of the reaction products 
were precipitating out of the gas phase. By converting 
to the system of individually feeding the reagents into 
the reaction chamber, nitride deposition on the sub- 
strate was achieved. 

The outlets of the two feed lines inside the reaction 
chamber were varied from 'h to 4 in. above the silicon 
substrate. With the outlets of the feed lines close 
(-1 in.) to the substrate, films of nonuniform thick- 
ness were produced. However, with the substrate ap- 
proximately 3-4 in, below the feed-line outlets, the 
layer thickness (-3000A) varied by only about 200A 
across a M in. square substrate. These last dimensions 
for the reactor geometry were maintained throughout 
these experiments. 

The silicon substrates were 10 mils thick, p-type, 
2-70 ohm-cm, (111) oriented, and chemically polished 
with an iodine etch (15). Just before the substrates 
were loaded into the reactor, they were chemically 
etched for 2 min in 10:l:HNOs:HF, nitric acid 
quenched, immersed in concentrated HF for 2 min, and 
finally rinsed in deionized water. After the substrate 
was loaded, the entire system was purged with nitro- 
gen, then heat-treated in Hz at the deposition temper- 
ature for 30 min. Deposition bas  initiated after a 
second purge with nitrogen. The deposition reaction 
was carried out using nitrogen as the inert carrier of 
the silicon tetrachloride vapor. A total flow of 2600 

Experimental Procedure cc/min of gas, composed of approximately 150 cc/min 
Figure 1 is a schematic of the apparatus used for of Nz + Sicla vapor, 50 cc/min of NH3, and 2400 cc/ 

this study; the system was similar to that normally min of Nz bypass, was passed through the reactor. The 
used for silicon epitaxy by the hydrogen reduction of SiCi, bubbler was maintained at -30°C. The max- 
silicon tetrachloride (14j. The reacfion chamber is im= be&jtion temaerature of 1000" was chosen . . . . -. . . - . 
shown in Fig. 2; it was an air-cooled, single-walled. 
50 mm ID quartz chamber containing a susceptor 
heated with an externally placed r.f. coil. The suscep- Table I. Free energy of over-all reactions' 
tor was a high-purity graphite pedestal covered with 
a quartz sleeve; without the quartz sleeve, NHs was AG" kcal/mol 
adsorbed by the graphite, causing the carbon pedestal Reaction 2 8 8 ' ~  1 3 0 0 ' ~  
to powder and crumble. When a silicon susceptor was 
used, thick deposits of the nitride formed on the 3Si + zN*+ swvr -154.8 -71.4 
pedestal (the susceptor temperature was normally al- zg: 1 ~ ~ $ ~ s $ ~ ~ ,  '+ e$* - - 230.8 138.8 -257.8 

- 165.4 
most 200°C higher than the substrate temperature), 3siclr + 2~~ + ~ H Z +  si;a14 + l z ~ c l  t 15.3 - 15.0 

+ 31.3 making it necessary to relap the top surface of the t s 2 +  
-109.0 
-202.6 

suscepter after each run. 3siH1 + ZNI + S ~ N I  +  HI - 194.4 - 1'18.1 
3SiHd + 4NHt + SbN. + 12H1 - 178.4 -283.1 
BSiHa + PNuHi -r SLNL + 10Hv -210.4 -365.5 . - -- -. , -. . -.. . - - . . . . . . .- 

Electrochemical Society Active Member. 
Resent address: IBM Components Division, East Fishkill Facil- 

ity. Hopewell Junction. New York. ' JANAF Thermochemical Tables, Dow Chemical Company. 
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Fig. 1. Schematic diagram of apparatus 
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Fig. 2. Quartz reaction chamber 

to avoid any substrate conversion; unless it is other- 
wise stated, this was the deposition temperature used. 

The NZ and Hz gases were purified by use of a 
McGraw-Edison Lectrodryer and an Englehard In- 
dustries Deoxo Puridryer, respectively. The NH3 gas 
(99.99%), obtained from Matheson Company, Inc., was 
used as received and did not undergo any subsequent 
purification. 

Films in the thickness range 1000-6000A were gen- 
erally used for all the measurements made. Film 
thickness and refractive index of the nitride films 
were determined by use of variable angle mono- 
chromatic fringe observation (VAMFO) (16). In or- 
der to use the VAMFO instrument it was necessary to 

by use of a motor-driven potentiometer, supplied by 
a regulated high-voltage power supply. The measure- 
ments were made using a Keithley Model 6lOA elec- 
trometer and a Hewlett-Packard Model 425A micro- 
ammeter; the raw data were displayed on a strip chart 
recorder fed directly from the microammeter. For 
most tests, the polarity of the gold dot was negative 
(silicon positive). For the tests described, dielectric 
breakdown is defined as occurring at that voltage which 
is sufficient to produce sudden and irreversible damage 
to the film, resulting in the permanent loss of its nor- 
mal insulating properties under the contact being 
tested. 

MIS capacitance measurements were made using 
a Boonton capacitance bridge, Model 74C-S8, operat- 
ing at  a frequency of 100 kc, with a peak-to-peak 
signal of approximately 10 mv. The technique used was 
to start at zero and then apply an increasing negative 
bias to the gold dot until the maximum desired volt- 
age was reached. The bias was then decreased back to 
zero and on to the maximum positive bias before it 
was returned finally to zero. From the capacitance- 
voltage curves the sum of surface charge plus surface 
state densities was determined from the flat-band con- 
dition, as described by Grove et al. (19). Dielectric 
constant values were also computed from the max- 
imum capacitance values of those curves. In some in- 
stances, surface state densities were also obtained 
from conductance curves, as described by Nicollian 
and Goetzberger (20). 

Tests for charge storage were made as previously 
described by Yamin and Worthing in their study of 
silicon dioxide (21,22). 

Sodium drift and diffusion experiments were con- 
ducted as previously described by Dalton (7). 

Experimental Results of Varying Deposition Conditions 
The first part of this study was concerned with the 

influence of the deposition variables on the kinetics 
of the process. Figure 3 shows the effect of S ick  par- 
tial pressure on the deposition rate with constant NH:I 
partial pressure. The mol fraction of Sic14 was varied 
from 7x10-5 to 2x10-3 while the NH3 mol fraction 
was kept at 4 x  10-2. The slope of the curve illustrated 
in Fig. 3 is approximately 0.8. 

The effect of changing the NH partial pressure at 
constant Sic14 partial pressure was studied. The mol 
fraction of the NH3 was varied from 4x10-3 to 
7x10-2 while the mol fraction of the SiCL was held 
at 2x10-4. It appeared that varying the NHa concen- 
tration had no effect on the deposition rate. However, 
even at the lowest NHa concentration there was still 
an order of magnitude more ammonia than silicon 
tetrachloride. A second set of conditions was then 

mask a portion of the substrate during deposition or 
etch a portion of the film down to the substrate to 
produce a step in the nitride film. Refractive indices 
measured by VAMFO were in the range of 2.00 2 0.02. 

A Carey spectrophotometer (Model 14) was adapted 
to measure the thickness of the nitride film (17, 16). z 
The visible and ultraviolet regions were used for the 5 
measurement of thickness down to about 1500A. Mea- 5 200 .----. ~ - - ~ ~ - - ~  

surements of thickness by the spectrophotometer and 
the VAMFO were in agreement to within 200-300A, 
with the spectrophotometer always giving the higher Er 
value. t 

In order to make the necessary electrical measure- 
60 - 

ments, gold dots 5000A thick and 0.004-0.025 in. in $ 40- 

diameter were filament evaporated onto the layers. 
Back contact to the samples was made by gold plating 

20 the silicon substrate.2 
Dielectric strength tests were made using dc poten- 

tial applied as a voltage ramp, increasing at  a constant I I I 1 1  I I 1 1 1  I 

rate of 100 v/min. The voltage ramp was generated .01 010 1.0 
sick?, PRESSURE (TORRI 

*The plating was accomplished by use of an HF + E55 acid-gold Fig. 3. Effect of SiC14 partial pressure on deposition rate (at  solution (Englehard Industries), followed by 25 mai of alkaline 
cyanide electroplate gold. 1000" and NH3 partial pressure of 28 Torr). 
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TEMP 'C , l 2 1 ( 1 0  915 ), 

Fig. 4. Temperature dependence of silicon nitride deposition a t  
2X10-4 : 4 ~ 1 0 - ~  and 1 ~ 1 0 - ~  : 2x10-2 mol fractions, re- 
spectively, of SiClr : NHs. 

chosen, where the NHa mol fraction was varied from 
2 x  10-3 to 4X 10-2 and the SiCL mol fraction was 
maintained at 2 x 10-3, a factor of 10 higher than in 
the previous conditions. Again there was no marked 
effect even when the mol ratio of NHs to Sic14 fell to 
unity. 

The free energy (AGO) of the reaction of Sic14 plus 
NHs to form silicon nitride (see Table I) is negative 
almost down to room temperature. Figure 4 shows the 
results of varying the deposition temperature at two 
different vapor phase concentrations of reagents. The 
apparent activation energy (AH,) obtained was 15 
? 1.5 kcal/mol. 

Silicon nitride films were deposited between 550" 
and 1225'C with films ranging in thickness from 560A 
to 2p. The & thick layer caused a slight bending of 
0.010 in. thick substrates concave upward; under 300X 
magnification, hairlike cracks were readily visible in 
this film. However, a film 1 . 8 ~  thick deposited on sil- 
icon caused no bending of the substrate even though 
cracks were seen in the film when it was examined 
under 300X magnification. When this film was exposed 
to a water-amine-pyrocatechol etching system (23) 
at 95°C for 30 min, additional hairlike cracks started 
to appear (see Fig. 5). It was possible to observe the 

"growth" of these new cracks as etching proceeded. 
The crack from lower left to center appeared first and 
then started to get broader before the crack from up- 
per left to lower right appeared. Still later, the crack 
from center to upper right appeared, and at this point 
the etching was terminated. The reason for the way 
these cracks appeared is not known at this time, but 
one possible explanation might be the relief of strain 
by preferential stress corrosion of the sample. Films 
4000A thick or less did not show any cracks either be- 
fore or after exposure to the water-amine-pyrocate- 
chol etching system. 

Figure 6 is a plot of the etch rate in concentrated 
(49%) HF of the samples deposited for the upper 
curve of Fig. 4. Note that as the deposition temper- 
ature decreased the deposition rate decreased but the 
etch rate of the samples increased. 

Optical transmission studies, with a Xenon lamp as 
a source, were performed on a 4000A thick silicon 
nitride film deposited on a sapphire substrate; the 
effective band gap of the film was found to be 5.6 + 
0.2 ev. 

In an attempt to identify the crystal nature and 
chemical composition of the deposited films, transmis- 
sion electron diffraction and infrared absorption 
measurements were made. The electron diffraction 
patterns obtained on films deposited at all the tem- 
peratures studied showed only very diffuse rings, 
which could not be identified, and which indicated 
that the films were always amorphous. The infrared 
spectrum obtained on films deposited at 550" and 
1000°C showed the characteristic Si-N band (13) (see 
Fig. 7). However, it is clearly seen that the films 
grown at these two temperatures are not identical. 
This is not surprising in light of the possible mech- 
anisms for the reaction of Sic14 with NHa. 

Discussion of Deposition Kinetics 

The mechanism involved in the deposition of a 
nitride film from Sic4 and NHs is not understood at 
this time. Sneed and Brasted (24) indicate that the 
reactions involved in the formation of silicon nitride 
are 

gOO0C 
ZSiN(NH2) - (SiN)zNH + NHa C41 

Fig. 5. Photomicrograph of 1.8~ thick film with "cracks" after 
i t  has been etched with water-amine-pyrocatechol system. (Mag- 
nification ca. 200X.) 

- 
800 900 1000 1100 1200 IWO 

DEPOSITION TEMP *C 

Fig. 6. Etch rate in concentrated HF of silicon nitride films de- 
posited a t  different temperatures. 
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Fig. 7. Infrared analysis spectra: a, spectrum of film deposited 
at  1000°C; b, silicon substrate blank; c, spectrum of film de- 
posited at  550%. 

1200'C 
3 (SiN) 2NH - 2SisN4 + NHs 151 

Billy (9) claims, however, that at room temperature 
Sic4 + 6NHa - SiNzH2 + 4NH4C1 [61 

which, on continued heating, yields SisN4 by stepwise 
loss of NH3 schematically represented by 

75'C 
3SiN2H2 ----+ SirNsHs + NH3 171 

1000°C 
Si3N5Ha SisN4 + NH3 181 

There is a discrepancy between Billy and Sneed and 
Brasted about the temperature necessary to obtain the 
Si3N4 form; Billy claims that Si3N4 can be achieved 
at 1000T, while Sneed and Brasted say that 1200°C 
is required. 

Billy notes that Si3N4 can be obtained in the pure 
form at 550°C by thermally decomposing pure SiN2H2, 
but he also notes that the presence of NHa or NH4Cl 

mechanism. We have also seen an influence of NH4Cl 
on the deposition kinetics. During our depositions, a 
white powdery material formed on the upper and 
lower portions inside of the reactor wall. X-ray anal- 
ysis showed it to be an impure form of NH4C1, pos- 
sibly containing silicon amine compounds but definitely 
having no silicon oxide, chloride, nitride, or oxyni- 
tride. The reactor wall in the area immediately around 
the pedestal was clear and uncoated. If three or more 
depositions were attempted without a cleaning of the 
reaction chamber, the NH4C1 built up on the reactor 
wall would begin to flake off onto the silicon substrate. 
It was therefore instituted as standard procedure 
that the reactor tube and pedestal shield be cleaned 
after every run. 

In order that the influence of NH4Cl might be 
studied, a series of measurements was performed 
starting with a clean-walled reactor. Silicon tetrachlo- 
ride and nitrogen were admitted into the reaction 
chamber while the substrate temperature was main- 
tained at 1000". No visible deposit was obtained on 
the silicon after 30 min under these conditions. 
Ammonia was then admitted to the reaction chamber 
in-addition to the silicon tetrachloride plus nitrogen, 
and both the silicon substrate and the walls were 
coated. The nitride-coated silicon slice was then re- 
moved after the reactor was cooled and purged; the 
Nv4Cl was not cleaned from the reactor walls. A 
new silicon slice was then placed in the reaction 
chamber. Again, after the normal nitrogen purge of 
the system, only nitrogen and silicon tetrachloride 
were introduced, and this time a very slow deposition 
of nitride was observed on the silicon slice. These find- 
ings indicate that the material deposited on the walls 
contributes NH3 to the ambient. 

Another influence of NH4Cl was observed when the 
wall of the reaction tube was separately heated with 
heating tape to 300"-350°C during a deposition. The 
deposition rate was found to increase by a factor of 
5 over that obtained under the equivalent cold-wall 
conditions. 

It is impossible at this time to expound further on 
the possible reaction mechanism, since no detailed 
analytical measurements have been made on the film 
or on the gaseous reaction products. 

Results of Electrical Measurements 
The dielectric strength was found to range from 

about 0.5 to 1x107 v/cm for all the films tested and 
to be independent of contact area, film thickness, or 
conductivity type of the substrate. Samples that were 
exposed to a water-amine-pyrocatechol etching sys- 
t e h  at 95°C for 30 min had a negligible pinhole count.3 
This is in agreement with the observed absence of 
area dependence of breakdown, which might be ex- 
pected to occur in the presence of defects of the type 
reported by Lopez (26). Insulating films deposited by 
oth,er processes have frequently shown a rather strong 
contact area dependence of dielectric strength. 

The absence of a film thickness effect (in the range 
1000-6000A) for the dielectric strength (27) can be 
explained by the fact that the films were amorphous in 
structure (28), as was revealed by electron diffrac- 
tion .studies. The dielectric strength was also about 
the same whether the contabt was made positive or 
negative, although usually the negative polarity was 
uqed. Inasmuch as some degree of time dependence 
of breakdown was found at either polarity, and in 
view of the rather high current levels sustained prior 
to breakdown, it appears likely that the true intrinsic 
value of dielectric strength for these films is some- 
what higher than the 1 X lo7 v/cm value quoted above. 
Varying the rate of application of potential by a factor 
of 10 did not change the breakdown levels. 

:I The water-arnine-pyrocatechol etching system has been shown 
to be capable of delineating plnholes or potential pinholes in sillcon 
nitride fllrns (25).  will have a strong influence on the decomposition 
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Fig. 8. Curve A, sample M92B-32WA thick film on a 2 ohm- 
cm, p-type substrate with a 0.025 in. diameter gold dot and nega- 
tive polarity on the gold (200°C). Curve B, sample M92B-3200A 
thick film on a 2 ohm-cm, p-type substrate with a 0.025 in. diam- 
eter gold dot and negative polarity on the gold (room tempera- 
ture). Cune C, sample M76A-3650A thick film on a 0.01 ohm- 
cm, n-type substrate with a 0.018 in. diameter gold dot and nega- 
tive polarity on the gold (room temperature). Curve D, sample 
M87A-3800A thick film on a 70 ohm-cm, p-type substrate with 
a 0.013 in. diameter gold dot and negative polarity on the gold 
(room temperature). 

In the measurement of dielectric strength, when 
the applied field reached about 3 x 106 v/cm, a rather 
steep rise in conduction was observed. In Fig. 8 the 
log of current has been plotted against applied field 
for several samples; curves B, C, and D show the in- 
crease in conduction for three different film samples, 
all at  room temperature, and with negative polarity 
on the contact dot.4 The difference in relative levels of 
these curves at low fields is thought to be due to 
difference in capacitance. Film thickness for the three 
samples increases, contact area decreases, and hence 
capacitance decreases, from left to right. Since poten- 
tial is being applied by the voltage ramp technique, 
the current is equal to the charge derivative with 
respect to time. In other words, the relatively flat 
portions of the curves observed below a field of about 
3 x 108 v/cm represent charging current. The conduc- 
tion phenomena observed at  higher fields is probably 
not related to dielectric failure or thermal break- 
down (29) (except possibly in a very small range ly- 
ing very close to the intrinsic dielectric strength), 
since it does not cause permanent loss of normal in- 
sulating properties of the film. With reference to curve 
B of Fig. 8, the voltage ramp was stopped when the. 
field reached 5.6 x 106 v/cm (arrow), and conduction 
remained at  a level of 3.5 x 10-6 amp for 10 min. 
Thereafter, the voltage ramp was restarted and the 
conduction curve was retraced about 10 times be- 
tween 10-7 amp and 10-3 amp (dashed portion of the 
curve). Breakdown eventually occurred when the 
field was increased to 6.4 x 106 v/cm; conduction just 
prior to breakdown was well in excess of 3.0 ma (full 
scale of our meter). High conduction phenomena in 
nitride films have also been observed by Doo and 
Nichols (30) in films obtained from silicon hydride 

1 The negatlve polarity was originally chosen for this meesure- 
ment in an attempt to avold the type of gradual tlme-dependent 
breakdown previously reported (29) for atmospheric-pressure, 
steam-grown S101 fllms. When a few tests were performed on the 
nitride wlth the opposlte polarity, results dmilar to those reported 
here were obtained. 

and ammonia and by Hu and Gregor (31) in reactively 
sputtered nitride films. 

In an attempt to learn something of the mechanism 
of conduction, the sample from which the data for 
curve B were obtained was heated to 200°C and curve 
A was obtained. The displacement of the curve to the 
left at 200°C would seem to rule out impact ionization 
or avalanche multiplication as the mechanism of con- 
duction; if the latter were responsible one would ex- 
pect the shift to be in the other direction (32). Tests 
performed at  liquid nitrogen temperature indicate 
that the high conduction at high fields can be vir- 
tually eliminated at low .temperature. For one sample 
tested, with an applied field of 8.3 x 106 v/cm, a con- 
duction of 1.2 pa at room temperature decreased to 
0.005 na at liquid nitrogen temperature. This would 
tend to rule out both field emission and impact ioni- 
zation as mechanisms of conduction. The mechanism 
tentatively proposed at the present time is deep-trap 
ionization by field-assisted thermal excitation (Fren- 
kel-Poole effect) (33). The fact that silicon nitride 
films can show the type of conduction observed here 
can perhaps be explained by the presence of me- 
chanical strain in the films, as suggested by results 
obtained with the water-amine-pyrocatechol etching 
system (see Fig. 5), or by the presence of impurity 
atoms. It is known that the density of isolated levels or 
deep traps increases with mechanical strain, with the 
presence of foreign atoms, and with rise in tempera- 
ture (34). 

The prebreakdown conduction phenomena reported 
here are not believed to be of the type associated with 
moisture, since the conduction appears to be only 
slightly responsive to varying percentages of relative 
humidity. Furthermore, heating generally causes an 
increase rather than a decrease in conduction for a 
given applied potential. 
- On agood-steam-grown oxide on silicon, surface 
charge densities of 2-4 x 1011 charges/cmz and sur- 
face state densities of about 2 x 10" states/cm2 are ob- 
tained from a combination of conductance and capaci- 
tance measurements (19, 20). Figure 9 is the result of 
an MIS capacitance-voltage sweep made on a double 
dielectric layer (gold-silicon nitride-silicon dioxide- 
silicon) where the nitride was deposited on top of 
lOOOA of steam-grown oxide. Note that the value of 
3 x 10ll/cm2 for the sum of surface charge plus surface 
state density (19) indicates that the deposition of the 
nitride had no deleterious effects on the surface prop- 
erties of the already existing Si-SiOz interface. For 
comparison, the normal values of surface charge plus 
surface state densities obtained when the nitride is de- 
posited on bare silicon at a deposition temperature of 
1000°C range from 7-18 x 1011/cm2 (see Fig. 10). Sam- 
ples which have low surface charge densities gener- 
ally also have low surface state densities. Values of 
surface charge and surface state densities are found to 
be fairly uniform among different contact dots on the 
same sample. Figure 11 is a plot for a nitride de- 
posited on bare silicon at 850°C; the value of 16 x 1011/ 
cmz for the surface charge plus surface state density is 

4.q!5 -10 1s b +b d o  
VOLTS 

Fig. 9. MIS capacitance curve of a 0.010 in. diameter gold dot 
on a double dielectric Iayer (1850A nitride on 1000A oxide). The 
nitride was deposited a t  1000'C and the silicon was 1 ohm-cm, p. 
type. The dielectric constant of the composite Iayer measures 5.0 
and the SC + SS density is 3 X lOl1/cmz. 
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Fig. 10. MIS capacitance cuwe of a 0.015 in. diameter gold dot 
on a 1500A thick nitride layer deposited on 35-40 ohm-cm, p-type 
silicon at  1000°C.The dielectric constant is 7.3 and the SC + SS 
density is 1 7 X  lO"/cmz. 

I I I 
-29 -15 -10 - 5  0 +5 + I 0  415 +20 

VOLTS 

Fig. 11. MIS capacitance cuwe of a 0.015 in. diameter gold dot 
on a 1750A thick nitride deposited on 35-40 ohm-cm, p-type sili- 
con at  850'C. The dielectric constant is 7.1 and the SC + SS 
density is 1 6 X  1011/cm2. 

comparable with those obtained on films grown at 
lWO°C. -.-. -. 

In Fig. 10 and 11, there are indications of an in- 
stability in the passivation capabilities of the nitride 
as evidenced by the hysteresis loop in the capacitance- 
voltage plot. Carrier injection from the silicon, with 
subsequent trapping in the nitride, is probably one of 
the reasons for this behavior (35). In comparison, the 
data in Fig. 9 are typical of the stability seen in good 
oxide passivation of a silicon surface. It is still too 
early in the development of the nitride deposition 
work to say that this phenomenon is an intrinsic prop- 
erty of silicon nitride rather than a reflection of the 
level of technology at this time. It is believed that 
further development is needed to provide a better 
understanding of the process variables which influence 
conditions at the silicon-silicon nitride interface. 

The value of dielectric constant, computed from the 
maximum capacitance values of the MIS capacitance 
curves, ranged from about seven to eight. 

No charge storage of the type ascribed to ion drift 
in SiOz (21.22) could be found for any of the films - .  
tested. 

Radioactive sodium drift experiments were carried 
out at 400°C with +2 to +8v applied to the contact 
d d s  for 1 min each. Radiotracer analyses showed that 
these films provide a barrier to sodium drift under 

t 1 bl I I I I 
100 200 300 +W 600 sw 

TOTAL OEPTH IN FILM 161 fi 

Fig. 12. Thermal diffusion of Na  at  600% into a steam-grown 
silicon dioxide film and into a silicon nitride film deposited at  
1 0 W T .  Courtesy of J. V. Dalton. a 

the conditions of voltage, time, and temperature de- 
scribed. Incremental etching and counting after drift- 
ing showed that all active sodium was removed with 
<100A of the film. Tests conducted in the same man- 
ner on Si02 films have shown that sodium drifts 
through the film and piles up at the Si-SiOz interface 
fRR1 .--, . 

Thermal diffusions of Na were carried out at 600°C 
for 22 hr on the silicon nitride films. Diffusion profiles 
of the diffused samples showed that thermal diffusion 
takes place to a much smaller degree than in atmos- 
pheric-pressure steam-grown SiOz (Fig. 12). Incre- 
mental etching and radiotracer counting of the sili- 
con nitride films after diffusion of the NazZ/Naz3 tracer 
source showed that all active sodium was removed 
with <200A of the film. 

Discussion of Electrical Measurements 
The panacea for complete surface passivation and 

control still has not been found. Silicon nitride does 
provide a better diffusion mask than silicon dioxide 
against unwanted impurities, but a penalty must be 
paid in that surface state and surface charge densities 
are higher with the former material. Generally, this 
process has yielded numbers for surface charge plus 
surface state densities of 7-18 x 101l/cm2 when the de- 
position was done at 1000T. Surface charge plus sur- 
face state densities of 10-16 x lOll/cmz were not un- 
common when the deposition temperature was dropped 
to 850'C. It is possible that improvements might re- 
sult from additional work on the process, but for the 
present the nitride films seem to have at least one half 
an order of magnitude more surface charge plus sur- 
face state densities than good oxide films. Additionally, 
the problem of hysteresis effects might also respond to 
improvements in processing. 

Conclusions 
It has been demonstrated that a dielectric film can 

be deposited very easily on a silicon substrate by re- 
acting Sic14 + NHI at elevated temperatures. In- 
frared spectra of the films and some of their electrical 
and optical properties have been determined. The use 
of the films as protective coatings and as diffusion 
masks is clearly indicated. 

Although some of the kinetics of the process have 
been determined, the mechanism is still far from 
clear. 
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Phosphors Based on Rare Earth Phosphates 

Fast Decay Phosphors 

R. C. Ropp* 

Westinghouse Electric Corporation, Bloomfield, New Jersey 

ABSTRACT 

Phosphors based on rare earth phosphates and activated by Cef3 can be 
prepared with efficiencies comparabie to  the previously known?-16 phosphor 
as well as having o~erat ing maintenance characteristics essentiallv eauivalent 
to it. In addition;thi rare earth phosphate phosphors have decay tim& nearly 
three times faster than this commercial material. These new materials may 
open applications in  electronic devices not feasible before. 

Decay time of luminescent materials is important 
in many electronic applications, but has little sig- 
nificance in others. For example, it is not critical in  
60-cycle fluorescent lamp operation, but is of major 
concern for devices such as a flying-spot-scanner since 
it limits the rapidity of rescan of the device. 

Decay time can be classified in two broad categories, 
exponential and logarithmic, the former being pro- 
portional to e-t and the latter to a power function such 
as t-2 (1) .  Many luminescent materials possess an 
exponential decay so that it is common to express a 
time constant as l/e (time to decay to 37% of the 
original intensity, I,), or, alternately, time to decay 
to 10% of I,. Common decay times range from a few 
milliseconds (e.g., parity forbidden spin reversal of 
Mnf2) to several hundred nanoseconds (e.g., allowed 
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dipole transitions). Fast decay phosphors in the nano- 
second range have usually involved the Cef3 activator 
particularly for cathodoluminescent materials. P-16, a 
widely used phosphor, is a calcium magnesium silicate 
activated by Cef3 and has a decay time of about 120 
nsec. A phosphor with still faster decay time also 
involved the Cef3 activator and was described by 
Struck (2) .  Recently, Blasse and Bril, have also de- 
scribed Cef3 in YaA15012 (3) as a fast decay material. 

In 1941, the emission of Cef3 in 29 different hosts 
was surveyed by Kroger and Bakker (4) .  Next fol- 
lowed a survey of ultraviolet emitting phosphors for 
fluorescent lamp application in 1947 by Clapp and 
Ginther (5) .  A fairly comprehensive study of fast 
decay phosphors for flying spot cathode-ray tubes was 
made in 1951 by Bril and Klasens (6) .  The most re- 
cent survey covers ultraviolet emission but does not 
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mention decay time (7). The present paper presents a 
survey of the rare earth phosphates, activated by Ce+3, 
with particular reference to decay time and emission 
properties. 

Experimental Methods 
Preparation of phosphors.-Phosphors were pre- 

pared by precipitating solutions of the appropriate 
rare earths with a dilute solution of phosphoric acid. 
Mixtures of the ions were made, including a soluble 
salt of the activator, before precipitation. An excess 
of phosphate was maintained at all times by adding 
the rare earth solutions to the phosphoric acid solu- 
tion. Because of the method of preparation, no mix- 
ing or blending steps were necessary prior to firing to 
obtain a uniform and homogeneous composition. In 
general, a hydrated product was obtained, but the 
degree of hydration was a function of the nature of 
cations present, concentration of reagents, and tem- 
perature employed during the course of precipitation. 
The materials as produced were then fired to form the 
phosphor composed of the desired solid solution of 
phosphates. Firing in air was accomplished in open 
silica crucibles placed at  temperature in a large globar 
furnace. 

Measurements.-Excitation and emission spectra of 
photoluminescence were obtained with the aid of a 
commercial spectrofluorimeter (8) which provided a 
constant energy beam over the range of 20,000-50,000 
cm-1 (5000-2000A) and recorded energy corrected 
spectra directly. Resolution of the instrument varied 
from a few angstroms in the ultraviolet to about 10A 
in the red region of the spectrum. Intensity data were 
obtained by instrumental integration of the emission 
bands by means of an integrator directly attached to 
the recorder. 

Most of the cathode-ray intensity data were ob- 
tained in a demountable vacuum system consisting of 
an electron gun and a turntable carrying the phosphor 
samples, all located in an evacuated glass chamber. 
The tetrode gun had a tungsten anode and was located 
about 20 in. from the final anode. Normal operating 
voltage was about 20 kv with a beam spot size of 5 mm. 
The phosphors, located in 1.0-cm holes, were viewed 
one at a time from the bombarded size by means of 
a first surface 45' plane mirror, a quartz mirror, and 
a quartz lens. No charging effects from the defocused 
beam were observed. Decay time was measured in 
a separate apparatus employing a pulsed electron beam 
having a rise time of M nsec. Emission from the phos- 
phor caused a response in a separate photomultiplier 
which was displayed on an oscilloscope. Resolution was 
not limited by the time-constant of the experimental 
apparatus. 

Experimental Results 
Both Lap04 and GdP04 are monoclinic and possess 

the monazite structure; YPO4 is tetragonal and has 
the xenotime structure (9). Ce+3 in each, or any com- 
bination of the three compounds, yields both photo- 
and cathodoluminescence, characteristic of the struc- 
ture. Shown in Fig. 1 are photoluminescence spectra 
for phosphors containing 5 g-a/o (gram-atomic per 
cent) of Cet3 per mol of phosphate. Note that the 
emission bands peak in the ultraviolet as expected, but 
that their position is a function of structure and com- 
position. The emission peaks of Ce+3 in GdP04 and 
Lap04 are near 3200°, whereas in YPO4, they are 
nearer 3500A. 

The excitation bands are more difficult to analyze. 
It was shown previously (10) that the excitation bands 
which appear at highest energy in Laz03:Gd and 
YzO3:Gd could be attributed to cationic exciton ab- 
sorption. A similar explanation was made for LaP04: 
Gd and YP04:Gd spectra in a prior paper (11) be- 
cause of identical energy positioning. For YP04:Ce 
and LaP04:Ce phosphors, the highest energy bands 
might be caused by absorption due to formation of 

LoPo, :C. EMISSION EXClTATloN 

Fig. 1. Photoluminescence of some cerium-activated rare earth 
phosphates. 

exciton states or they may be due to crystal field ef- 
fects on the 4fl + 5d' transition of Ce+3. In addition, 
these bands could also be attributed to upper excited 
states of Ce+3 and might well include such transitions 
as 4f1 -* 6s'. 

However, in GdP04: Ce a further solution of the ex- 
citation processes can be presented. Excitation in the 
4f7 levels (transition: ~ S T I Z +  01s) causes both Gd+3 and 
Ce+3 emission, the latter from energy transferred from 
excited Gd+3 centers. This can be demonstrated more 
clearly by considering the effects of Ce+3 concentration 
in GdP04 (typical spectra are given in Fig. 2). At 0.01 
g-a/o of Ce+3, only Gd+3 excitation bands are seen 
as evidenced by the fact that each produces both Gd+:' 
and Ce+3 emission. The band at 3105A is the typical 
emission found in all Gd+3 containing phosphors ( i .e . ,  
~ P J  levels). However, at  2.5 g-a/o Ce+3, the Ce+"and 
at  3000A produces only typical Ce+3 emission, whereas 
the Gd+3 excitation bands at 2740 and 2380A produce 
both Gd+3 and Ce+3 emission. Thus, for the various 
phosphors shown in Fig. 1, one is led to the conclusion 
that each excitation band at lowest energy is probably 
due to Ce+3 excitation. 

As a photoluminescent material, YPO4: Ce, the most 
efficient phosphor, had an integrated output of only 
36% of the commercial Ba3SiOs:Pb phosphor when 
excited by 2537A and measured under identical condi- 
tions, as shown in Fig. 3. 

Cathode-ray excitation produces spectra nearly 
identical to those from ultraviolet excitation except 
that the relative intensities of these phosphors vary 
somewhat more for the former than for the latter 
mode of excitation. The intensities shown in Fig. 4 
are relative to one another whereas those of Fig. 1 
were normalized so that the spectra could be more 
easily compared. Note that the spectra of YP04:Ce 
and LaPO1: Ce are about equal in output intensity but 

I W B O J ~ J W  UH) m 
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Fig. 2. Photoluminescence of cerium-activated gadolinium phos- 
phate phosphors. 
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WAVELENGTH, A' 

Fig. 3. Radiometric comparison of ultraviolet emitting phosphors 
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Fig. 4. Cathodoluminescence of Cet3 activated phosphors 

that of GdPO4:Ce is much lower. Thus, in a device 
such as a cathode-ray tube, YPO4: Ce should be much 
superior to the others when used in combination with 
an ordinary glass face-plate whose wavelength cutoff 
is usually about 3300A. That this is true is shown in 
Fig. 5. Figure 5A shows the relative intensity of 
LaP04:Ce compared to a standard P-16 phosphor. 
Figure 5B shows the same phosphor when viewed 
through a glass face-plate while Fig. 5C shows a 
YPO4:Ce phosphor as compared to the same P-16 
phosphor, viewed through a similar glass face-plate 
of a 5-in. cathode-ray tube. 

As shown in Fig. 6 for photoluminescence, the op- 
timum activator concentration for the Lap04 and 
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Fig. 5. Relative cathodoluminescence of Ce+3 activated rare 
earth phosphates. 
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Fig. 6. Optimum activator concentration 

GdP04 compounds is about 7.5 g-a/o Gets whereas it 
is about 5.0 g-a/o in the YPO4 material. Thus, 6.0 
g-a/o Cet3 represents a reasonable average for the 
three systems. 

In the binary Y-Gd system, as shown in Fig. 7, the 
GdPO4: Ceo.06 phosphor has about 10% of the output of 
the YPo4: Ceo.oe phosphor as measured by comparison 
of peak heights. In the ternary Y-Gd-La system, as 
shown in Fig. 8, two types of emission appear, one 

5020~' 
X r *  2910Ae [ \ {26IOAe 

u 60 (AT CONSTANT ENERGYI 
9 

1.00 .80 .60 .40 .20 0 

(1-XI MOLS YTTRIUM 
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(X I  MOLS GADOLINIUM 

Fig. 7. Relative efficiency of Cet3 activated rare earth phos- 
phates. 

Fig. 8. Luminescent intensity in the ternary system. Emission 
spectra: type I, Lap04 : Ce; type II, YPO4 : Ce. 
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similar to that of LaPO4:Ce and the other to that of 
YPO4:Ce. In this system, the relative peak heights of 
the ternary compositions were compared under con- 
stant energy excitation. In this way, a direct com- 
parison of output was obtained ' even though wave- 
length positions of the emission bands changed. 

It is interesting to find that no more than 10-15% 
GdPO4 can be tolerated in these systems without ad- 
versely affecting the over-all output. The limits of 
composition, to obtain the best cathodoluminescent 
phosphor as given in Fig. 8 for the ternary system are: 

YU Gdv La, Po4 : Ce, 

At the Yo.~oGdo.loLao.~oPO~: Ceo.08 composition, the de- 
cay time to l/e was found to be 40 nsec, when com- 
pared to a standard P-16 phosphor whose decay time 
was measured to be 114 nsec, as shown in Fig. 9. 
These results were obtained using a gated oscilloscope 
with photomultiplier, having a 3% nsec rise time and 
a 2 nsec pulse width. The decay time of the LaPO4: Ce 
phosphor was also measured and found to be 32 nsec. 
Thus, structure does not seem to have a major effect 
on decay time. 

The operating maintenance efficiency of these phos- 
phors was determined to be similar to that of the 
standard P-16 phosphor, as shown in Fig. 9. A loss of 
about 50% of the original intensity occurs within 30 
min of initial operation under the operating condi- 
tions employed for these cathode-ray tubes. This loss 

Fig. 9. Comparison of decay time of two phosphors 

Fig. 10. Comparison of maintenance of sffiqieney 01 Ce+S acti- 
rated phosphors. 

indicated is much larger than those encountered under 
normal operating conditions. Taylor et al. (12) have 
studied various P-16 phosphors and concluded that the 
poor maintenance of P-16 phosphors in general was 
due to a surface degradation of the silicate host ma- 
terials. In view of the results presented herein, it 
seems more logical that the operating loss is due to a 
change in the state of the Ce+3 activator rather than 
a change in the host material, particularly since 
equivalent results were seen and one was a phosphate 
and the other a silicate. 

Discussion 
It has been shown that phosphors based on rare 

earth phosphates, and activated by CetS, can be pre- 
pared with an output rivaling the P-16 phosphors as 
well as possessing essentially equivalent operating 
maintenance characteristics in a cathode-ray tube. 
In addition, the rare earth phosphate phosphors have 
decay times nearly three times faster than the best 
known commercial material P-16. 

We can compare the emission properties of these 
phosphors with those described by Struck (2), who 
also found fast decay properties for Cet3 in Lap04 
and YPO4. Struck found identical emission properties 
for both of these matrices, in contrast to the results 
presented herein. In Struck's phosphors, the main 
emission peak occurred close to 3200A. However, he 
prepared his materials by solid-state reaction of oxides 
and phosphates, a method which is certain to produce 
small amounts of meta and polyphosphates, as has 
been shown by the extensive and comprehensive 
work of Thilo (13). In contrast, precipitation from 
solution produces stoichiometric phosphates and com- 
pletely different emission properties for YP04: Ce. The 
Dzd site symmetry (14) has a major effect on the 

'transition probabilities so that the lower energy emis- 
sion band contains the greater part of the total emis- 
sion energy in YP04:Ce while in LaP04:Ce, the op- 
posite is true. Since the site symmetry in LaP04: Ce is 
likely to be lower, this leads one to believe that 
Struck's results could be ascribed to a lower site sym- 
metry in his YP04: Ce phosphor, particularly because 
of the remarkable correspondence of all of his emis- 
sion bands. One of the probable causes for his re- 
sults for YP04:Ce is nonstoichiometry (i.e., lower 
symmetry cation site) attendant on the method of 
preparation employed. 

In regard to application, we have found the YPO4: Ce 
phosphor to be useful in a one-gun beam-indexing 
color television tube where the P-16 phosphor cannot 
be employed because of excessive decay times. In this 
tube, which is similar to one described previously 
(15), a mosaic of red-, green-, and blue-emitting-ver- 
tical-phosphor-stripes are arranged in a repetitive 
manner. This screen is aluminized, and a vertical pat- 
tern of YPo4:Ce stripes is superimposed. The ultra- 
violet emission caused when the electron beam scans 
past the YPO4: Ce stripe is picked up by a photomulti- 
plier, and the signal generated is used to modulate the 
incoming color signals to position the electron beam on 
the desired color stripe. At the television frequencies 
employed, a nanosecond decay phosphor is mandatory 
in order to pinpoint the beam position during each 
sweep across the screen. The use of the Ce phos- 
phor also obviated the requirement of a quartz window 
in the tube (and the attendant problems in installing 
it) in order to pick up the ultraviolet signal. In such 
a system, we obtained "white" screen brightnesses 
of 165 ft-L, which is apprbximately 300% of the cur- 
rent commercial production models. 
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Mixed Valence Europium Phosphors 

W. A. McAllistera 

Advanced Development Department, Westinghouse Electric Corporation, Bloomfield, New Jersey 

ABSTRACT 

Replacement of lanthanum in LaP04:Eu phosphors by barium-lithium 
pairs (La,-~,Ba,Eu,Li,PO~) leads to interesting emission characteristics: 
(i) line emission typical of Eut3 for all ultraviolet excitation but most pro- 
nounced at short wavelength; (ii) A blue band for excitation wavelengths 
longer than 266 nm, for certain values of x ;  (iii) a uv band prominent under 
the same conditions favoring the blue emission. Results of x-ray and rnicro- 
scopic examination indicate a single-phase material. It is concluded that 
the line emission is due to an Eut3 center which receives energy from the 
host, the bands to different Eut '  centers. 

The characteristic that makes trivalent rare earth 
ions attractive as activators in phosphor and laser 
applications, intense emission in a narrow spectral re- 
gion, is a barrier to gross spectral shifts. Thus, while 
local site symmetry can alter the ratios of the inten- 
sities of the lines, the perceived colors are in the same 
range, e.g., orange-red for Eu+3, green for Tb+3. 
Drastic spectral changes are associated with changes 
in oxidation state of the rare earths. Thus Eut2 typi- 
cally has band emission peaked at shorter visible 
wavelengths than the red lines of Euts. Coexistence of 
both species in the same host has not been reported 
often since the preparative techniques .favoring tri- 
valent and divalent europium involve oxidizing and 
reducing atmospheres, respectively. Jaffe and Banks 
(1) did include an emission spectrum with both band 
and line characteristics for hydrogen fired Ca0:Eu in 
a paper on europium activated oxides and sulfides. 
Similar results, cited herein, were noted when barium- 
lithium combinations were substituted for lanthanum 
in LaP04:Eu-type phosphors using the raw mix 
formulation Lal-2,BaLuZLi,PO4. The relative im- 
portance of the different emission characteristics, 
line and band, was found to be a function of europium 
concentration and excitation energy. 

Experimental 
Phosphors were prepared by firing raw mixes of 

Lindsay Chemical (99.9%) LazOs, EusO3, and Mal- 
linckrodt LizCOs, BaC03, and N-H2POa in an at- 
mosphere consisting of nitrogen-2 v/o (volume per 
cent) hydrogen at  1250°C, using three l-hr firings with 
grinding between firings. In the range x = 0.02 to 0.20 
the products were single phase materials in which 
emission properties varied with excitation wavelength 
and the magnitude of x. Details of the emission and 

Electrochemical Society Active Member. 

excitation spectra were examined at room temperature 
and with 254, 298, and 312 nm excitation wavelengths 
using a facility described previously (2). Reflectance 
characteristics were compared with a Bas04 standard, 
in integrating spheres attached to a Cary Model 15 
double beam spectrophotometer. X-ray powder dia- 
grams were made using a Philips instrument with 
Geiger counter detector. 

Results 
Phosphors with x = 0.06 to 0.14 exhibited emission 

in (i) sets of lines in the red with peak intensities at 
700, 610, and 595 nm, (ii) a blue band peaked at 480 
or 420 nm, (iii) a uv band centered at  385 nm. The 
relative importance of these spectral features was a 
function of exciting wavelength and composition. 
These relationships are summarized as relative nu- 
merical intensities of emission peaks in Table I and, in 
part, by the emission spectra of Fig. 1. (Where the 
sets of lines are represented by the envelopes. These 
were not resolved further, the emphasis here being on 

Table I. Relative plaque output of emission peoks for 
La1-~,BarEurLizP04 phosphors 

Excitation 
wavelength, nm 

Emission peak 
wavelength, nm s=O.O6 

Relative intensity 
0.10 0.12 
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Fig. 1. Emission spectra of Lal-~zBazEuZLi~P04 phosphors 

the appearance of Eu+s and Eut2 in the same host 
rather than on the levels within EutS.) In the latter 
presentation, a number of curves were omitted for 
clarity. Those remaining serve to illustrate the in- 
fluence of europium concentration and excitation 
wavelength on emission, it being evident that, in gen- 
eral, high europium concentration and long uv ex- 
citation favor the band, and low europium concen- 
tration and short wave uv excitation the line, emis- 
sions. There is, however, an exception for the peaks 
under long wave excitation at 312 nm (see Table I), 
both band and line intensities increasing with concen- 
tration although the change is not so pronounced for 
the latter. 

An explanation for this behavior may be found in 
Fig. 2, the excitation spectrum for emission peaked at 
595 nm. This curve strongly resembles a similar one 
reported for LaP04:Eu phosphor (3) and consists of 
a broad band at short uv wavelengths with structure 
in the region from 300 to 400 nm. One such peak is at 
about 312 nm where the band emissions of our phos- 
phors were excited most effectively. The result is the 
small contribution to the line emission noted above. 
The excitation spectra for the bands were also deter- 
mined, the findings being summarized in Fig. 3 and 
the following comments: (A) The excitation bands for 
385 and 420 nm emission peaks are essentially iden- 
tical. (B) These excitation spectra overlap that of the 

Fig. 3. Excitation spectra for emission bands in Lao.7zBao.14- 
Eu0.14Lio.14P04 phosphor. 

480 nm emission peak and both lie within the wave- 
length range 200-400 nm in which Eu+3 emission is 
excited. (C) The 385 nm emission band overlaps the 
excitation band for emission peaked at 480 nm, but not 
for that peaking at 420 nm. 

Thus all emissions are present to some extent for 
incident radiation from 200 to 400 nm and the uv and 
blue band emissions appear together as a result of 
overlapping excitation spectra. The reasons for the ap- 
pearance of a band peaked at 420 nm remained un- 
clear so materials in which either barium or europium 
was omitted were ~ r e ~ a r e d .  In Table I1 we see that. * - 
for samples without europium, there is a new emis- 
sion centered at 335 nm but only for short wave ex- 
citation. (The excitation and emission spectra for this 
band are shown in Fig. 4.) Band emissions are very 
weak and line and 385 nm uv peaks are totally absent. 
Samples without barium also have no uv emission, 
while the line emission is absent for long wave excita- 
tion; the most prominent feature in these formula- 
tions is the 420 nm band. 

The absorption characteristics were next examined, 
using reflectance measurements on the powders. The 
diffuse reflectance curves for phosphors with both 
barium and europium, in the uv region (Fig. 5) are 
in general agreement with data for LaPO4:Eu (3). 
Materials without europium did not absorb well in 
the short wave region while those without barium 
absorbed best throughout the entire interval. 

Discussion 
The line emission in this host is essentially a dupli- 

cate of that presented earlier for LaP04:Eu (3). The 
major peaks, 595 and 700 nm, are due to the 
ED0 - 7F1 magnetic dipole and 5Do - 7F4 electric di- 
pole transitions, respectively, while 610 nm emission is 
due to the SDo - TFz electric dipole transition. The 
occurrence of these lines, in appreciable intensities, 
in the both Lap04 host and our modified material, is 
interesting. Recent work on crystal structure sensi- 
tivity of Eut3 emission (4) associates prominent 610 
and ~ O O  nm emission with occupation & sites lacking 
a center of inversion symmetry (YAl3B4012:Eu), 

A.11-254 m I I strong 595 nm emission in a host (BazGdNbOe) with 

I 
a center of inversion. The presence of all three in 
LaP04:Eu suggests several different crystallographic 

I\ ( 1  I sites for the activator. 

Table 11. Relative plaque output of emission peaks for 
Lal-zz(Ba or Eu),LiZPO4 phosphors. 

Excitation Emission peak Relative Intensity 
wavelength. nm wavelength, nm 0.08 Ba 0.12 Ba 0.W Eu 0.12 Eu 

254 335 155 118 0 0 
420 1 1 2 4 1  

WAVELENGTH Inn1 480 2 1 3 4 
595 0 0 7 2 

Fig. 2. Excitation spectrum for line emission in Lao.72Bao.14- 312 420 1 1 2 4 6  
Euo.14Li0.14PO4 phosphor. 480 o 1 4 7 
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Fig. 4. Excitation and emission of Lal-zzBazLisP04 phosphors 

X.0 1111 

220 240 2- t o 0  100 320 140 360 100 400 U O  
WWELENOTY lnmr 

Fig. 5. Diffuse reflectance spectra for, La~-z,Ba,E~~Li~P04 
phosphors. 

The crystal structures of rare earth phosphates 
have been reported (5,6), both hexagonal and mono- 
clinic forms being important. The mineral monazite, 
the LaP04:Eu and our barium modification all have 
the monoclinic structure, with over-all symmetry 
Pz/n(CSzh). The rare earth in monazite is coordinated 
to the corners of four different phosphate groups by 
short (2.4644) bonds and to two additional tetrahedra 
by four longer (2.66A) bonds. Thus the local site has 
inversion symmetry and the strong 595 nm emission is 
expected for europium in such sites. The appearance 
of emission expected for sites lacking inversion sym- 
metry must mean that replacement of lanthanum by 
europium in LaP04:Eu produces two types of sites, 
one having a small deviation from inversion sym- 
metry. 

The emission bands noted in Lai-z,Ba,EuLi,P04 
are to be associated with the presence of Eucz. Such 
divalent europium emission bands have been reported 
with peaks at 480 nm in oxides and with various 
peaks in the range 400-600 nm in halides and silicates 
(7). This flexibility suggests extension to the near 
uv as reasonable. Further the excitation peak for 
the 385 (and 420) nm band is at 310 nm, near the 320 
nm absorption peak for E u + ~  (EuC12) in water (8). 
Interestingly the other broad absorption band found 
in the same investigation has a maximum at 248 nm 
so that short wave excitation of the E u + ~  centers is 
possible and (see Fig. 1) observed. 

There remains the 420 nm emission band for con- 
sideration. Since it has an intensity in samples without 
barium which can be an appreciable fraction of the 
value noted in phosphors with both europium and 
barium, the emission must be due to isolated europium 
centers. While these are primarily E u + ~  centers, the 
data in Table I1 show that there is also 595 nm line 
emission in samples containing europium alone. In- 
creased excitation wavelength and low europium con- 
centration favor the blue band emission. The structure 
evident in the emission spectra where this band is pro- 
nounced (Fig. 1) indicate that it appears in addition 
to, rather than instead of, the 385 and 480 nm emis- 
sion. This implies a second phase but none was de- 

tected in the x-ray powder patterns or on microscopic 
examination under long and short wave excitation. 
Etching with mineral acids also did not disclose a sur- 
face phase different from the bulk material. The ap- 
pearance of this peak at excitation wavelength-con- 
centration combinations for which the line and band 
features are changing rapidly may signify disorder- 
ing of the species substituting for host lanthanum. 

The uv band emission peaked at 335 nm in 
Lal-z,Ba&i,P04 phosphors is not evident when euro- 
pium is also present. The range covered by the band, 
310-360 nm, coincides with that in which the other 
europium band and line emissions are well excited 
and cannot be isolated when europium is included. 
Also absorption in europium-containing materials is 
much better in the range where this host band is ex- 
cited. The appearance of emission on introduction of 
Ba-Li pairs does indicate a change in the host favor- 
ing absorption in the short wave uv, where phosphates 
are usually transparent. 

While the appearance of Eucz band emission is most 
simply explained by the use of slightly reducing at- 
mosphere, the number of such bands demands some 
qualifying statement. A pertinent observation is the 
absence of any band emission when strontium.or cal- 
cium were used for barium in a similar series of phos- 
phors. Since the reduction of europium depends on 
the availability of an electron the appropriate differ- 
ences between barium and the other alkaline earths, 
must be sought. One such comparison, that of orbital 
radii (9) and energy level, is given below with Lat3 
included. From the standpoint of energy level and ra- 

Chemical Orbltal 
species radis ,  A Orbital 

dius the barium is the best match for La+3. Further 
the larger radius of Ba+Z permits greater overlap with 
nearly 0 - 2  ions when barium replaces lanthanum 
and, as barium (and europium) concentration in- 
creases the possibility of the Ba-0-Eu configuration 
does also. 

Now the spectral properties of europium have been 
investigated and the importance of charge transfer 
from the 0 - 2  anion of the absorbing group to E u + ~  
established for both liquids (10) and solids (11). This 
includes LaP04:Eu (3) and, in view of the similarity 
in Eu+3 excitation and emission in the two systems, the 
barium-containing materials we have prepared. This 
tendency of the oxygen to transfer an electron to 
europium coupled with the greater overlap of barium 
with the oxygen may lead to complete transfer, i.e., 
reduction of Eu+3 to Eu+2, in configurations where 
barium and europium are separated by an oxygen 
anion. Exchange between cations separated by an 
anion have been used to correlate bonding with type 
of magnetic behavior observed (12) and extended to 
include optical phenomena such as luminescence 
quenching (13) and efficiency (14) in rare earth ac- 
tivated solids. It is proposed that the appearance of 
band emission here is due to a similar mechanism. 
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Zinc Oxide and Zinc-Cadmium Oxide Phosphors 

W. Lehmann* 

Westinghouse Research Laboratories, Pittsburgh, Pennsylvania 

ABSTRACT 

Zinc oxide phosphors may emit in four different bands, the ultraviolet 
near-edge emission, the common green band (possibly involving sulfur), a 
yellow-orange band due to selenium, and a red to near infrared band due to 
ammonia. About 10% of ZnO can be replaced by CdO with a corresponding 
shift, to lower energies, of the optical absorption edge, of the near-edge 
emission, and of the green emission. The possibility of an impurity activation 
due to anion substitution is discussed. 

The best known luminescence of zinc oxide consists 
of a rather broad and structureless band in the green 
centered at about 2.4-2.45 ev. Partial replacement 
of ZnO by MgO and resulting shift of the green 
emission toward blue was reported by Smith(1). We 
have investigated the influence of a similar partial 
replacement of ZnO by CdO which does not seem 
to have been reported before. 

Zinc oxide itself may emit in, at  least, four dif- 
ferent emission bands which are shown in Fig. 1. They 
are: 

(a) The near-edge emission, a narrow and some- 
what irregularly shaped band in the near-ultraviolet 
with the peak at about 3.18-3.20 ev at room tempera- 
ture which is near the optical absorption edge of 
ZnO (-3.25 ev) . 

( b )  The common green emission band whose origin 
is still a matter of considerable controversy [a dis- 
cussion of it is given in ref. (2) 1. 

(c) A yellow-orange band with the peak at 1.95- 
2.0 ev which appears in the presence of selenium (3,4). 

(d) A red to infrared emission band with the peak 
at about 1.55 ev which does not seem to have been 
reported before. We observed this emission in nomi- 
nally pure ZnO fired in NHs at 1000"-1100°C. Similar 
firings in either Hz or Nz are ineffective. 

addition of sulfur, in argon, at  about 1100'C. Addition 
of iodine to facilitate particle growth is permissible 
and was not observed to have an effect on the emis- 
sion speCtrum which, in every case, consists of a 
single broad band corresponding to the green band 
of ZnO with little or no contribution of the near- 
edge emission. 

The preparation conditions used to obtain near- 
edge emission in (Zn,Cd)O phosphors were those 
reported for ZnO phosphors (7). This technique com- 
pletely isolates the near-edge emission with no de- 
tectable other emission bands 

Pure CdO ordinarily occurs in the cubic NaCl lat- 
tice. It is reported to be soluble in hexagonal ZnO 
(wurtzite lattice) only up to 4.9% (81.. We observed 
CdO to be soluble in ZnO up to about 10 m/o (molar 
per cent) as determined by x-ray analysis, by optical 
reflection spectra, and by luminescence emission spec- 
tra. X-ray diffraction spectra of some samples are 
shown in Fig. 2 where separate lines, corresponding 
to the NaCl lattice of CdO, are visible at 15%, but 
not at  10% or below, of CdO added to the ZnO. Higher 
amouftts of added CdO remain undissolved as separate 
phase which is clearly visible also at the dark body 
color of the samples. Evaluation of the x-ray spectra 
permits one to determine mean nearest neighbor dis- 

Our work on the influence of a gradual replacement Wavelength, nm 
of ZnO by CdO was limited to the first two of these 1 1 x 0 8 ~  6w 5co m 
four bands. The phosphors were prepared by firing l 5 5 a V  l 9 7 e V  2.43eV 
either ZnO (luminescent grade purity) or intimate 
mechanical mixtures of ZnO and CdC03 (reagent 
grade) under conditions facilitating the one or the 
other emission band. 

The green emission of ZnO is known to require 
slightly reducing firing conditions (5) and is observed 
to be enhanced by the presence of traces of sulfur E I 
(1, 3, 6). However, and in contrast to ZnO, an addition 
of a trace of sulfur to (Zn,Cd)O gives only poor s 
results. Apparently, the sulfur reacts mainly with S 
the cadmiim and keeps it separate as CdS.  heref fore, 1 2 3 

Quantum Eneqy, tV 
the (Zn,Cd)O phosphors were fired, without deliberate 

Fig. 1. Four luminescence emission bonds observed in ZnO phos- 
* Electrochemical Soclety Active Member. phom. 
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The approximate peak position of the near-edge 
emission as a function of the CdO concentration is 
shown in Fig. 5 and compared with the corresponding 
shift of the absorotion edee. Both curves are aooroxi- 
mately parallel. ~ h l l e  t h e  near-edge emisslon bi ZnO 
is in the near ultraviolet, that of a (Zn,Cd)O phos- 
~ h o r  contaming 10% of CdO is In the vls~ble violet. 

ZnO ( 9 6 1 ,  cdo  1801  TWO measured-actual emission spectra are given in 

I 9~'1 Fig. 6. Gradual replacement of ZnO by CdO causes 
also the green ZnO emission to move towards lower 

-d$i quantum energies, i.e., toward yellow (Fig. 7 ) .  Mea- 
ZnO 19%) Cd0!8%1 sured s ~ e c t r a  of ZnO. of a (Zn.Cd)O containine 

'W!;pYP* 10% of - C ~ O  and, for' comparison,' of a ( Z n , ~ g ) 6  
phosphor contalnlng 20% of MgO, are shown in Fig. 

.atiL %+. f -...a 8 
Z n O ! W ) ,  CdO110%) Conclusions to the orinin or luminescence in ZnO 

phosphors may be drawn from these results. Various 
models have been proposed in the literature linking 
either the near-edge emission, or the common green 

ZnO (85%). CdO 115kl 

Fig. 2. X-ray diffraction spectra of (Zn,Cd)O 

Fig. 3. Next-neighbor distances of hexagonal (Zn,Cd)O; o = 
measured and x = hypothetical. 

Fig. 4. Optical reflection spectra of ZnO and of ZnO (90%)- 
CdO (10%). 

tances in the lattice. Plotted as a function of the 
CdO concentration in Fig. 3, they are all, within the 
accuracy of these measurements, on a straight line 
connecting the values for ZnO (1.97A) and the, in 
reality nonexistent, hexagonal CdO (2.14A).l Hence, 
Vegard's law is fulfilled at  least within the limited 
range of solubility. 

Gradual replacement of ZnO by CdO causes the 
quantum energy corresponding to the optical absorg- 
tion edge (or whatever is measured as such under 
ordinary conditions) to decrease. As a consequence, 
pure ZnO ordinarily is white, but a solid solution 
of 90% Zn0-10% CdO is slightly yellow in body 
color. Some optical reflection spectra demonstrating 
this shift of the absorption edge are given in Fig. 4. 

1 Determined from the sum of tetrahedrical standard radli. Zn = 
1.31A. Cd = 1.48A. 0 = O.BBA. 

0 5 10 15 
% CdO 

Fig. 5. Optical absorption edge and center of near-edge emission 
(excited by ultraviolet of 365 nm a t  77.K) of (Zn,Cd)O as func- 

tion of the CdO concentration. 

3.03 eV 3.33 eV 

Fig. 6. Near-edge emission spectra of Zn0:Ga and of ZnO (90%)- 
CdO (lo%):& excited by utlraviolet of 365.nm a t  77°K. 
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Fig. 7. Optical absorption edge and peak position of the "green" 
emission (excited by ultraviolet of 365 nm, at  room temperature) 
of (Zn,Cd)O as function of the CdO concentration. 

Wavelength, nm 

L 0 2.5 1.0 
Quantum Enemy, eV 

Fig. 8. "Green" emission band spectra of ZnO, of ZnO (96%)- 
CdO (10961, and of ZnO (80%)-MgO (20%), all  excited by ultra- 
violet of 365 nm at room temperature. 

emission, or the yellow-orange emission of ZnO to 
native lattice defects (e.g., oxygen vacancies) but 
there seems to be little agreement between the authors. 
Alternatively, it has been proposed that the green 
emission band of ZnO might be due to traces of sul- 
fur dissolved in the ZnO lattice (3), and a correlation 
between the intensity of the green emission and de- 
liberately added sulfur (1,3,6) and similar correlations 
between the yellow-orange emission and deliberately 
added selenium (3,4,6), and between the infrared band 
and the ammonia atmosphere during firing, undoubt- 
edly do exist. The observation of at least some green 
emission in ZnO to which no sulfur was intentionally 
added is not considered to be a sure criterion since 
sulfur may easily be present in all ordinary "pure" 
ZnO to start with, or in the carbon black recom- 
mended by Leverenz (5), or even in the air, especially 
of a laboratory. Traces of sulfur in green emitting 
ZnO are not easily analyzed and may be present 
only in the ppm range. 

The valence band of the predominantly ionic ZnO.is 
mainly determined by the anion, i.e., oxygen. Sulfur 
and selenium are isoelectronic to oxygen. If they are 
dissolved in ZnO substituting for oxygen, their effect 
may be to split states out of the valence band into 
the forbidden band gap, and particular emission may 
be due to an electron transition between such state 
and one of the band edges. Luminescence due to an 
isoelectronic anion impurity in a 11-VI compound, 
CdS:Te, is 'known already (9). A similar situation is 
p~oposed for the red emission which appears to involve 
nitrogen and hydrogen (since firing in pure nitrogen, 
or in pure hydrogen, are ineffective) and which is 
proposed to be due to N-H pairs. A nitrogen replacing 
an oxygen atom in ZnO would be an acceptor, an 
interstitial hydrogen is a donor, consequently, a pair 
of both would be electrically as neutral as a sulfur or 
selenium substituting for an oxygen atom. 

Gradual replacement of zinc by cadmium shifts the 
green ZnO emission towards lower energy similar to. 
a corresponding of many emission bands in (Zn,Cd)S 
phosphors which fairly unambiguously can be under- 
stood on the basis of a Schon-Klasens type of recom- 
bination (10). Hence, at  least the green ZnO emission 
appears to be due to an electron transition from or 
near the conduction band edge into a valence state of 
the sulfur located above the upper edge of the valence 
band of the ZnO. The same probably holds also for 
the yellow-orange emission due to selenium and for 
the infrared emission due to ammonia although cor- 
responding investigations involving a gradual replace- 
ment of zinc by cadmium are not yet made. The near- 
edge emission of ZnO and of (Zn,Cd)O seems to be- 
have differently in some respects, and its mechanism is 
still too uncertain to be discussed here. 

A more practical consideration concerns the avail- 
ability of ZnO-type phosphors of various emission 
colors due to gradual replacement of up to 10 m/o of 
ZnO by CdO. This shifts the extremely fast near- 
edge emission of n-type doped ZnO (7) out of the near 
ultraviolet into the visible violet. The energy efficiency 
of catholuminescence seems to be little affected by 
this shift, and although it is not too high (estimated: 
1-2%), these materials may be useful in applications 
where high speed of response (-10-0 sec or shorter) 
is imperative. By contrast, the efficiency of catholumi- 
nescence of green ZnO (-. 6-7%) reduces to about 
2-3%, at best, as soon as' some ZnO is replaced by 
CdO. This lower efficiency of yellowish (Zn,Cd)O 
(made without sulfur) compared to green ZnO (made 
with sulfur) seems to be due to the resistance of 
sulfur to be dissolved in the material whenever 
cadmium is present. At the moment, it is not known 
whether the situation can be improved. 

Manuscript received Oct. 20, 1967; revised manu- 
script received Nov. 15, 1967. This paper was presented 
at the Dallas Meeting, May 7-12, 1967, as Abstract 28. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be ~ublished in the December 1968 
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Doping of Epitaxial Silicon Films 
W. H. Shepherd 

Fairchild Semiconductor, Research and Development Laboratory, Palo Alto, California 

ABSTRACT 

The doping of epitaxial silicon layers deposited by the hydrogen reduction 
of Sic14 has been studied. The dopants used were phosphorus, arsenic, and 
antimony introduced as the trichlorides. In each case for fixed dopant to silicon 
ratios in the gas phase the film resistivity was found to increase with rising 
temperature and decrease with increasing growth rates. The results are ex- 
plained by a model which takes into consideration both the transfer and 
thermodynamic properties of the reactor system. An analysis of the results 
then leads to values for the activity coefficients for phosphorus, arsenic and 
antim,ony in silicon. 

In general, control of resistivity in epitaxial silicon In ref. (4) (Eq. 19) a model was developed to de- 
films has not presented any serious problems and, scribe the deposition process in the mass transfer re- 
as a result, there has been no strong incentive to in- gion. According to this model the rate of deposition, 
vestigate the mechanisms involved. Only Raichoud- G, is given by an equation of the form 
hury and Fergusson (1) have attempted an analysis. 
Wang et al. (2) showed that for a constant arsenic/ 
silicon ratio in the gas phase the resistivity of layers 
deposited by the hydrogen reduction of Sic14 was sen- 
sitive to temperature and to growth rate, but they 
made no serious attempt to establish the reasons. 
Nuttall (3) presented similar data for phosphorous 
and antimony, but again was unable to provide a good 
explanation for his results. In this paper, a model is 
proposed which is felt to be of general application. It 
is tested here for the specific case of layers deposited 
by the hydrogen reduction of Sic4 and doped with 
phosphorus, arsenic, or antimony using trihalide 
sources of the impurities. 

I neory 
The resistivity of an epitaxial layer is determined 

by the relative rates at which silicon and dopant atoms 
are added to the film. A previous paper (4) considered 
the processing governing the deposition of silicon by 
hydrogen reduction of Sic14 in horizontal reactors. 
Here it will be assumed that the "deposition" of dopant 
at the silicon surface can be treated in the same 
manner. It is in order then to review briefly the silicon 
deposition process. 

Rate of Dewsition of Silicon - - 
Figure 1 shows film growth rate plotted logarithmi- 

cally against 1/T "K-1 for the small, six-wafer hori- 
zontal reactor used in this work. This relationship is 
typical, qualitatively at least, of most multiwafer re- 
actors using hydrogen reduction of SiC14. The region 
at lower temperatures in which the growth rate varies 
exponentially as 1/T "K-1 is called the kinetic region 
since it is thought that at these temperatures the rate- 

Th first term on the R.H.S. of the equation represents 
the flux of silicon toward the growing surface as SiCL 
while the second term allows for the fact that silicon 
is lost from the surface as SiClz. In Eq. [I] 9, is a gas 
transfer coefficient for SiCL in Hz and has the same 
units as those chosen for G, e.g., p min-1, since x, is 
the mole ratio of Sic4 in the initial, unreacted gas 
stream and is dimensionless. The parameter A con- 
tains both thermodynamic and transfer terms but is 
essentially temperature independent and a constant 
for a specific deposition system. 

For growth rates less than 1.5p min-1 the second 
term can be neelected with a resultant error of only 
a few per centand even at 2.5p min-1 the error in- 
curred is less than 20%. For simplicity then it will 
be assumed for the purposes of this paper that the 
growth rate is given simply by the first term in Eq. 
[I], and hence is linear in SiCL concentration, at 
least in the mass transfer region. 

In the kinetic region the dependence of growth rate 
on concentration has not been determined. However 
the rate may be expressed in the form 

where f is a function of temperature and possibly of 
Sic4 concentration also. The growth rate us. tempera- 
ture data of Fig. 1 were obtained at a mole ratio of 
Sic4 of 0.0048 and by conducting the experiments in 
the present work at the same concentration, (actually 
at a mole ratio of 0.0050), f can be determined em- 
pirically as the ratio of the actual growth rate to that 
expected for a mass transfer controlled process at 

limiting process is the chemical reaction at the sili- 
con surface. As the temperature is raised the chemical 
reaction rate increases rapidly, the surface concentra- RATE OF GRWYTH, G=f qS ppg 

tion of Sic4  falls, and the concentration gradient of 
Sic4 normal to the surface steepens in order to meet 
the requirements of the faster surface reaction. A point 
is eventually reached where the surface concentration 
of SiCL is so much smaller than the bulk concentra- 
tion that a further decrease in its value produces no 
noticeable increase in the concentration gradient. In 
this condition =C4 is being transferred from the gas 
stream at the maximum rate possible. It is now the 
transfer properties of the gas stream which determine 
the over-all deposition rate, and since these properties 0.2 
vary only slowly with temperature the mass-transfer 
region is characterized by a very low-temperature 
sensitivity of growth rate. In Fig. 1 a broken line T 
shows how the growth rate should vary if transport Fig. 1. Temperature dependence of silicon deposition rate for 
limited throughout the temperature range (4). S i c 4  concentration of 0.48 m/o. 
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the same temperature (i.e., as indicated by the broken 
line). Actually then, Eq. [21 can be regarded as a gen- 
eral one in which f = 1 in the mass transfer region. 

Deposition of Dopant 
The treatment adopted here parallels that used to 

develop the model for epitaxial deposition of silicon. 
That is, it is assumed that the reduction of the dopant 
compound takes place only at the heated surface, i.e., 
not in the gas phase or on the reactor walls, that all 
surface reactions are fast so that rate processes are 
mass transfer controlled, and that all dopant species 
at the surface, whether in the silicon or in the ad- 

where R, is the atom ratio of dopant in the silicon 
at the silicon-gas interface. Since we have identical 
numbers of atoms per cubic centimeter for dopant 
and silicon the film thickness ratio is identical with 
the atom ratio. 

One further relationship is necessary. It has been as- 
sumed that equilibrium exists between gaseous and 
dissolved dopant, and since both are in monatomic 
dispersion and in general the solutions are dilute so 
that Henry's law may be applied, the equilibrium can 
be expressed in the form. 

jacent gas phase, are in thermodynamic equilibrium. 1, all experiments the ambient pressure was atm so The assumption that the rate processes are transfer that xE is equivalent to a partial pressure of gaseous throughout the temperature range em- monatomic dopant in atmospheres and if, for the pres- ployed and that for Of the is there a ent purposes, unit activity of the dopant is defined as kinetic region such as observed for silicon is reason- atm pressure of monatomic species then is the ac- able in view of the ease with which all of the perti- tivity coefficient for the dopant in silicon. nent chlorides are reduced in hydrogen at tempera- ~ h ,  dopant material balance previously enunciated tures well below those of concern in this work. The is otherwise stated as surface eauilibria of concern here are 

where X = P, As, or Sb and X(ss) represents the 
dopant in solution at the silicon surface. Volume dif- 
fusion in the solid will be ignored. Thermodynamic 
data (5) indicate that for the experimental conditions 
used the reduction of the compounds, XCls, is essen- 
tially complete and further that for arsenic and an- 
timony the only gaseous elemental species of interest 
at the silicon surface are monatomic. For phosphorus, 
particularly at the lower end of the experimental tem- 
perature range, both P and PI should be-considered, 
but since the only phosphorus doping data amenable 
to analysis were taken at the very upper limit of tem- 
perature, i.e., 1340T, it happens that-in this case also 
only the monatomic species need be considered. 

The situation then is that dopant compound trans- 
fers to the surface where it is completely reduced to 
monatomic elemental dopant. Some of this dopant is 
incorporated in the growing silicon film while some 
remains in the gas phase adjacent to the surface and 
in equilibrium with its solution in the silicon. Since 
there is a gradient of elemental dopant out from the 
surface, loss occurs from the surface to the bulk gas 
stream. In a steady state, which will be assumed to oc- 
cur instantaneously, the material balance for dopant 
at the surface requires that the rate of transfer to- 
ward the surface in the form of the halide equals 
the rate of uptake by the film plus the rate of loss in 
the elemental form to the gas stream. 

The rate of transfer of dopant halide to the surface 
per square centimeter, assuming a model analogous 
to that for silicon deposition, is 

where xd is the mole ratio of halide in the gas stream, 
*D is the transfer coefficient for the halide in hydro- 
gen, and n is an integer denoting the number of atoms 
of dopant per molecule of halide. Since n = 1 for all 
the halides used, it will be omitted from subsequent 
equations. With OD in p min-I the flux of dopant FD 
has the same units. 

The rate of transfer of elemental dopant away from 
the surface FE (p min-1) is (ref. 4, Eq. 9) 

where XE is the mole ratio of element in the gaseous 
equilibrium region close to the surface and YE the 
transfer coefficient for elemental dopant. 

The rate of incorporation of dopant in the film, FI, 
can be written again in p min-1, as 

Substituting from Eq. [3] through [ 6 ]  and rearranging 
gives 

where RG is xd/xB the atom ratio of dopant to silicon 
in the initial gas stream and u is a distribution coeffi- 
cient defined in the same manner as that used in con- 
ventional crystal growth from a melt. From Eq. [?] it 
appears that the effects to be investigated are mainly 
described by the term (%,y)/G and appear when this 
term is larger than unity. The behavior of a for dif- 
ferent magnitudes of Yw/G is considered briefly now. 
(a) If (*EY)/G << 1, Eq. [?] simplifies to 

In the mass transfer region where f = 1 the distri- 
bution coefficient is simply the ratio of the transfer 
coefficients for dopant and silicon, and it is not influ- 
enced by growth conditions. Further, since the trans- 
fer coefficients probably do not differ by much more 
than a factor of two at the most, it is possible to pre- 
dict that a should have values in the range 0.5-2.0. In 
the kinetic range f becomes small and a may increase 
above this range. 
( b )  At the other extreme when (qEy)/G > > I ,  Eq. 
[ I ]  becomes 

1 G *D 
a=-.-.- 

f *EY 8 s  
r91 

which, since G = fYsx., can be further reduced to 

As before YD/YE can be expected to be close to unity 
and to remain constant, but now a is directly pro- 
portional to the concentration of SiCl4, x,, and in- 
versely proportional to the activity coefficient y and 
hence is very much affected by growth conditions. 
(c) The third situation is that in which * E ~ / G  = 1. 
In this case a may tend toward situation (a) or ( b )  
depending on the exact conditions of growth. 

The critical factor determining the magnitude of 
%y/G is 7. Changing dopants will not affect *E 

greatly and though, in principle G is infinitely vari- 
able, in practice growth rates are normally maintained 
within a narrow range, e.g., 0.3-1.0 p/min. The ac- 
tivity coefficient, 7, however, may be varied over sev- 
eral orders of magnitude either as a function of tem- 
perature or dopant. Thus if y is very large, i.e., the 
dopant evaporates readily from silicon, then the situa- 
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tion illustrated in ( b )  pertains and the distribution 
coefficient, a, is sensitive to growth parameters. If 7 
is small so that the dopant has no tendency to re- 
evaporate from the silicon, then the situation in (a) 
holds and u is insensitive to growth conditions. 

Experimental Details 
The experiments were carried out in a small, six- 

wafer horizontal reactor previously described (4). The 
arrangement used then was modified by replacing the 
evaporative Sic14 source with a liquid feed source. 
The Sicla flow was metered through a Fischer-Porter 
1/16-08 size meter. This feed method was employed 
in order to maintain a constant atom ratio of dopant 
to silicon in the gas mixture in the simplest manner. 
The Sic4 was doped in all cases with the trichloride 
of the element to be used, i.e., with PCl3, AsCls, or 
SbCl3. First, a master solution was prepared by adding 
a known volume, approximately 0.5 ml, of the chloride 
to 1000 ml of undoped Sic4 (better than 100 ohm-cm 
n-type) in a fused quartz flask. This was shaken and 
allowed to stand for 24 hr to ensure mixing. The 
solutions doped with arsenic and antimony were then 
chemically analyzed and found to be within 20% of 
the expected concentrations. In the case of the phos- 
phorus master solution, analysis was considered to 
be too inexact to be worthwhile. The master solutions 
were diluted further in the same manner to produce 
the final mixtures. The atom ratios of dopant to silicon 
used were: phosphorus 1.1 x 10-6; arsenic 1.2 x 10-6; 
antimony 8.8 x 10-6. 

Epitaxial layer resistivities were determined from 
V/I and groove and stain measurements on 15-20p 
thick deposits grown on boron doped substrates of 
approximately 1 ohm-cm p-type. Quoted resistivities 
and growth rates were averaged from measurements 
on three wafers. Temperatures were measured op- 
tically and corrected by amounts varying from 140°C 
at the highest temperature used to 100°C at the low- 
est. 

Results 
General discussion.-Figure 2 shows the influence of 

deposition temperature on layer resistivity. All ex- 
periments were conducted at a constant Sic14 concen- 
tration of 0.5 m/o (mole per cent) (= 1.0p min-I at 
1250'C) rather than a constant growth rate, since this 
was experimentally simpler to control. Phosphorus 
exhibits virtually no change, antimony, a very marked 
increase in resistivity with rising temperature, while 
arsenic is intermediate in behavior. In Fig. 3, the dis- 
tribution coefficients calculated from the resistivity 
data are plotted us. deposition temperature. The most 
notable feature is the very low value of a for antimony 
doping. Reference to the theoretical discussion of 
Eq. 171 through [lo] indicates that for antimony in 
silicon 7 is large and is the predominant factor in a, 
for phosphorus 7 is small, while for arsenic 7 has an 
intermediate value. 

CORRECTED TEMPERATURE 

Fig. 2. Temperature dependence of epitaxial layer resistivity for 
SiClr concentration = 0.5 m/o (= l p  min-l a t  1250°C). 

3: 
lo- 1100 1150 iew iex, 1300 lax, 

CORRECTED TEMPERATURE 'C 

Fig. 3. Temperature dependence of u for P, As, and Sb. Sicla 
concentration 0.5 m/o (= lp min-l a t  125O0C). 

Figure 4 presents data on the influence of film 
growth rate on layer resistivity at temperatures in 
the mass transfer region. For the phosphorus study, 
a higher than normal temperature had to be em- 
ployed to obtain readily observable effects. The dis- 
tribution coefficients calculated from these data are 
plotted as a function of growth rate in Fig. 5. The 
results are consistent with those obtained from the 
temperature dependence of u on the basis of the pro- 
posed doping mechanism. Thus, from Eq. 181 if 7 is 
small, a should tend to a limiting value, probably in 
the range 0.5-2.0 at high growth rates. This is ob- 
served for phosphorus. If 7 is large, u becomes small 
and directly proportional to growth rate. The data for 
antimony satisfy these conditions. For arsenic, the data 
appear to show a slight curvature, but insufficient to 
be conclusive and indicate no close approach to a 
limiting value. 

10 20  3.0 
GROWTH RATE CMIN-' 

Fig. 4. Growth rate dependence of epitaxial layer resistivity for 
P(1340"). As(1240T), and Sb (1270°C). 
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1 
ature used. As the growth rate tends to zero, a in all 
cases is given by Eq. 1101 so that 

GROWTH RATE p MIN-' 

Fig. 5. Growth rate dependence of a for P(1340'C). As(124O0C), 
and Sb(127O0C). 

Calculation of activity coeficients.-Equation [I] 
can be rearranged to give 

This is a convenient form to employ for analysis of 
the a us. temperature data which were obtained for 
a constant x,. The terms in this equation can be evalu- 
ated except for *E which cannot be separated from y 
using any of the present measurements. 

For antimony, a < 10-1 at all temperatures investi- 
gated, and -y may be approximated from the simplified 
relationship 

ID xs y=-.- 
+E a 

[I21 

For phosphorus and arsenic, it Is necessary to evalu- 
ate the term (*s/*D) - f. 

The value of f can be obtained from Fig. 1 as pre- 
viously indicated and for phosphorus (%/ID) can be 
determined from the high growth rate limit of a in 
Fig. 5. However, for phosphorus, the term l/a - 
*s/*D f is very much smaller than l/a or %/ID . f 
and the present data are insufficiently accurate to per- 
mit a worthwhile analysis except at the highest tem- 
peratures used. 

For arsenic, %/ID cannot be obtained from Fig. 5 
since no rate limit of a is observed. However, Eq. [I] 
may be written in the form 

Hence, a plot of a-1 us. G-1 should be linear with an 
intercept on the a-1 axis equal to (Is/%) (f = 1 in 
the mass transfer region). Such a plot is shown in 
Fig. 6 from which a value of (Is/%) - 0.4 is mea- 
sured. This would give the high-growth-rate limit for 
a, if it could be achieved, as 2.5 which is reasonable. 

Activity coefficients, or at least values of ( IE / ID)  . 
7, can be obtained also from Fig. 5, for the temper- 

$ .I MIN. 

Fig. 6. Plot of l/a vs. 1/G for As doping at 1240°C 

But in the mass transfer range G = Isxs  hence 

where I s  - 230r min-1 (4). Using Eq. 1151 a value of 
(IE/ID) .-y was calculated for phosphorus at  1340°C, 
and using Eq. [ I l l  and [12] similar calculations were 
made for arsenic and antimony over a range of tem- 
peratures. The results are plotted in Fig. 7 as ( ~ I E /  
ID) us. 1/T KO-'. We may reasonably make the as- 
sumption %/qD = 1, and as for other ratios of gase- 
ous transfer coeficients the uncertainty introduced 
should not exceed a factor of 2-3. 

The phosphorus data points represented by open 
squares are calculated from the diffusion data of 
Coupland, (6), which related surface concentration to 
pressure of phosphorus vapor and hence can be an- 
alyzed .to give 7. The data are in surprisingly good 
agreement with the single point (open circle) ob- 
tained in this work. 

The data for arsenic and antimony plot linearly in 
Fig. 7 as they shoyld if they represent activities, and 
all data are in the expected relative order, i.e., rsa > 
YAs > YP (7). 

Although the experiments have been performed 
using only the chlorides of the doping elements, the 
proposed doping model, if correct, shows that es- 
sentially the same results will be obtained regardless 
of the compounds used, e.g., hydrides. This is substan- 
tiated by the work of Wang et al. (2) for AsH3 and 
will still be true if the compound is unstable enough 
to decompose on the reactor walls so that the dopant 
passes through in elemental form. This may not be so 
obvious but an analysis similar to that presented above 
shows it to be so. Minor differences will result because 
of different transfer coefficients for various doping 
compounds but the basic characteristics are determined 
by the activity coefficient of the dopant which is not 
dependent on the doping compound employed. 
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Effects of Back-Melting on the Dislocation Density 
in Single Crystals: GaSb 

R. S. Mroczkowski,' A. F. Witt,* and H.C. Gatos* 

Department of Metallurgy and, Center for Materials Science and Engineering, 
Massachusetts Institute of Technology, Cambridge, Massachusettts 

ABSTRACT 

A pronounced reduction in dislocation density was observed in gallium 
antimonide single crystals after partial back-melting and controlled resolidifi- 
cation. The distribution of dislocations in the parent crystals and regrown 
sections was studied by etch-pit counting and x-ray topography (Lang 
method). The observed reduction in dislocation density was explained in terms 
of the dislocation distribution in the parent crystal and the geometry and 
thermal conditions of the back-melting process. 

A back-melting process has been employed recently 
for studying the formation of heterojunctions and 
mixed single crystals of different 111-V compounds 
(1,2). Since the geometry of the resolidification process 
and the associated thermal conditions differ from those 
encountered in Czochralski and other crystal growth 
techniques it was decided to study the influence of 
these contrasting growth conditions on the crystalline 
perfection of the regrown material. Accordingly, single 
crystal wafers of gallium antimonide were partially 
melted and regrown with the unmelted rest of the 
original wafer acting as substrate. These types of con- 
ditions are similar to those encountered in the travel- 
ing solvent method (3). This paper reports some 
interesting results concerning density and distribution 
of dislocations in regrown single crystal wafers. 

Experimental Procedure 
Gallium antimonide wafers (1.5 x 2 x 3 mm) with 

their large faces of (110), (2111, and (111) orientation, 
were chemically etched in a modified CP-4 etchant 
(5HN03 conc.; 3CHaCOOH; 3HF 48%) and placed be- 
tween two carbon strip heaters (6 x 1 x 70 mm at a 
horizontal separation of 10 mm) with independent 
power supplies. The heaters were installed in a glass 
chamber in which the back-melting experiments were 
conducted in a hydrogen atmosphere of about 10 mm 
Hg overpressure. The back-melting and resolidifica- 
tion processes were observed through an externally 
mounted binocular microscope with a long working 
distance objective. During the back-melting experi- 
ments the upper carbon strip was first heated to about 
1200°C. The resulting temperature gradient between 
the heated strip and the nonheated lower strip (on 
which the gallium antimonide was placed) just initi- 
ated back-melting of the wafer. By means of a con- 
trolled current through the lower strip the temperature 
gradient between the strips could be adjusted in such 
a way that the location of the solid-melt interface 
could be kept in any desired position and could also 
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be moved at controlled rates. In this way any portion 
of the gallium antimonide wafer could be melted. 
After the appropriate region was melted, controlled 
resolidification was initiated by reversing the melting 
procedure, i.e., the current through the lower strip was 
reduced at a rate appropriate for the desired resolidi- 
fication rate; the actual regrowth rates varied between 
1 and 10 in./hr. It was observed that within this 
range the structural characteristics of the regrown 
material were independent of the actual growth rate. 

The density and distribution of dislocations in the 
parent crystal and the regrown sections were investi- 
gated by etch-pit counting and by x-ray topography 
employing the Lang technique (4). Etch-pit counting 
was carried out in a plane normal to the regrowth axis 
after the wafer was mechanically polished with 0.03~ 
alumina and etched with the above mentioned modified 
CP-4. The etch-pit distribution was examined by light 
microscopy under the appropriate magnification. X-ray 
topography was performed using a Lang camera and 
an x-ray microfocus unit. Standard Lang transmis- 
sion geometry was employed. In all instances Ag, 
K-u radiation was used and the images recorded on 
nuclear emulsions. 

Results 
In a series of experiments gallium antimonide wafers 

were subjected to back-melting and regrowth with 
the solid-melt interface normal to the <211> direction. 
Since the semiconductor melt under the given experi- 
mental conditions is only subjected to gravity and 
surface tension it always assumes the shape of a dis- 
torted spherical segment. Because of volume expan- 
sion during solidification the regrown single crystals 
assume a dome-like shape. The regrown wafers were 
mounted in plastic, polished to expose a (111) plane, 
and finally etched to reveal dislocations and other 
defects. 

Figure 1 is a photomicrograph of an etched single 
crystal in which the upper part has been regrown. 
The lowest position of the crystal-melt interface dur- 
ing the back-melt process can readily be recognized as 
a curved remelt line which sharply delineates areas 



546 J. Electrochem. Soc.: SOLID STATE SCIENCE May 1968 

of high and rather low dislocation densities. Etch-pit 
counting revealed a varying dislocation density rang- 
ing from 103 to 104 dislocations per square centimeter 
in the parent crystal below the remelt line and a 
dislocation density of close to zero in the adjacent 
regrown section above the remelt line. Not shown in 
Fig. 1 is the uppermost part of the regrown crystal 
in which the dislocation density is very high (due to 
very rapid solidification), exceeding that of the parent 
crystal. Since the detection of dislocations in the form 
of etch-pits requires that individual dislocations inter- 
sect the surface under consideration, the absence of 
dislocation etch-pits in the regrown section could not 
be considered as indicating complete absence of dis- 
locations. 

A (220) x-ray topograph of a regrown crystal of the 
above series of experiments is shown in Fig. 2. In this 
topograph the regrown section can be readily differ- 
entiated from the parent crystal by the drastic change 
in dislocation density. However, the dislocation density 
in the'upper part is not as low as appears in Fig. 1. 
Most of the dislocations in the regrown section are 

Fig. 1. Dislocations in parent crystal and regmwn section of a 
gallium antimonide wofer. The curved remelt line separating the 
two regions is clearly visible. The (111) plane shown is normal to 
the regrowth axis. Magnification ca. 105X. 

Fig. 2. X-ray topograph of partially regrown gallium antimonide 
wafer. The regrown region exhibits a marked decrease in the dis- 
location density; Ag, Kar radiation; (220) reflection. Magnification 
ca. POX. 

observed to run nearly parallel to the regrowth axis 
and do not intersect the (111) plane on which the etch- 
pit count was performed. 

The relationship between the dislocations in the 
parent gallium antimonide and the regrown crystals 
was further investigated by successively regrowing 
the same wafer in two perpendicular directions, as 
indicated in Fig. 3. In the first stage of this experiment 
the section left of the remelt line A (Fig. 3a) was 
regrown. The wafer was subsequently ground flat 
on one side, rotated on the heating strip and again 
remelted perpendicular to the original remelt direction, 
thus producing the remelt line B (Fig. 3a) on the 
regrown wafer. A topograph of such a twice regrown 
single crystal is shown in Fig. 3b. In region I, the 
unmelted parent crystal, the dislocation density is very 
high. Regions I1 and I11 which were both regrown 
only once exhibit the previously discussed reduction 
in dislocation density. Region IV which was twice 
regrown in different directions shows that the second 
regrowth process led to a further reduction in the 
density of dislocations. The very high dislocation den- 
sity observed in the upper part of Fig. 3b is the 
result of turbulent, rapid growth which is always 
observed in the final stages of the resolidification proc- 
ess. 

REMELT LINE A 

Fig. 30. Schematic diagram of a twice regrown gallium anti- 
monide wafer corresponding to x-ray topagraph of Fig. 3b. A and 
B are the remelt lines resulting from the first and second back- 
melting experiments respectively. Region I represents the original 
parent crystal; region II was once regrown during the first back- 
melt experiment, region Ill was once regrown during the second 
back-melt experiment. Region IV was regrown twice in different 
directions. 

Fig. 3b. X-ray topagraph of twice regrown gallium antimonide 
wafer (corresponding schematic is shown in Fig. 34 .  Note the 
very low dislocation density in the twice regrown section (area IV 
in Fig. 30) Ag, Ku radiation; (220) reflection. Magnification co. 
25X. 
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Fig. 4. X-ray topograph of a gallium antimonide wafer exhibit- 
ing a high density of dislocations. Two sets of dislocations can be 
observed. One set of rather long dislocations appeors aligned along 
the < I l l >  growth direction, the other consists of a network of 
dislocation loops. Ag, Kol radiation (220) reflection. Magnification 
co. 40X. 

Discussion 
In crystals grown from the melt two types of dis- 

locations are usually observed. The dislocations of the 
one type propagate from the seed and are generally 
long and straight. In the second type belong disloca- 
tions which are introduced by thermal stresses en- 
countered in crystal growth systems. These latter dis- 
locations assume complex shapes [tangles (511 and 
frequently appear as loops or partial loops. They can 
readily be differentiated from the long and rather 
straight dislocations previously discussed. The density 
of dislocations (p) caused by thermal stress, has been 
related to the deviation from the average thermal 
gradient (6), 6VT in the growth system as follows 

where a is the lattice constant and a = da/adT the 
coefficient of thermal expansion. 

While the exact origin of individual dislocations can- 
not be determined unambiguously because of their 
complex movement under different stresses, some per- 
tinent observations can be made. Figure 4 is a topo- 
graph of a poor quality gallium antimonide single 
crystal exhibiting a very high dislocation density. 
Many of the dislocations are straight and aligned 
along the < I l l >  growth direction. On the other hand, 
a large number of randomly oriented complex shaped 
dislocations can be observed which are apparently due 
to the presence of thermal and solidification stresses. 
The observed reduction of the dislocation density in 
partially regrown single crystal wafers is attributed 
to two factors. First all dislocations which originate 
and terminate within the region subjected to back- 
melting are eliminated and are not regenerated during 
the resolidification process. Second, the small size of 
the wafer and the absence of constraints on the solid- 
liquid system result in resolidification under signifi- 
cantly reduced thermal and mechanical stress (com- 

Fig. 5. X-ray topograph of a twice remelted gallium antimonide 
wafer of low dislocation density. Back-melting in the direction of 
the original growth axis (remelt line A) resulted in a material ex- 
hibiting essentially the original dislocation density. The second re- 
melt experiment (from right to left) normal to the original growth 
axis (remelt line B) led to a noticeable reduction in dislocation 
density. Ag, Ka radiation, (220) reflection. Magnification ca. 25X. 

pared to the conditions in Czochralski pulling systems) 
and are responsible for the absence of stress induced 
dislocations. The dislocation density in the regrown 
region is determined by the propagation of dislocations 
present in the parent crystal with a component along 
the regrowth direction. Apparently the orientation of 
the propagated dislocations is largely dependent on 
their orientation in the parent crystal. In this regard 
the experiment illustrated in Fig. 5 is of particular 
interest. Here regrowth along the original growth 
axis did not noticeably reduce the dislocation density 
whereas regrowth normal to the growth direction of 
the parent crystal resulted in substantial reduction in 
dislocation density. 

The type of solidification discussed here under 
the virtual absence of thermal stresses could prove 
most useful for the detailed study of dislocation eli- 
mination and propagation. 
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Diffusion from a Plane, Finite Source into a 

Second Phase with Special Reference to 
Oxide-Film Diffusion Sources on Silicon 
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ABSTRACT . 

A model is set up for the diffusion from a source of finite thickness into 
an adjacent second phase of semi-infinite extent. With the principal assump- 
tion of no diffusion in or out of the system, a solution is obtained for the 
diffusion profile in the second phase. It is also assumed that the diffusion 
coefficients are independent of concentration, but segregation at the inter- 
phase boundary is taken into account and so also, to a first approximation, is 
the possibility of precipitation or reaction at the interface. The model pre- 
dicts a change in the profile from an ERFC to Gaussian shape depending on 
whether the diffusion length in the source is much less than or much greater 
than its thickness, i.e., as the diffusion time increases. 

The theoretical predictions of the model are compared to tracer diffusion 
results from phosphorus doped anodic oxide sources on silicon. These experi- 
ments were carried out with unprotected (no undoped SiOz film covering 
the source) oxide sources in a sealed quartz tube. Thus the phosphorus ini- 
tially lost by out-diffusion could not escape from the system altogether, and 
it is shown that these conditions approximated the boundary condition of no 
out diffusion. The diffusion results obtained in this way are in agreement 
with the model. 

In recent years interest has grown in the use of 
doped oxide films as diffusion sources for device 
fabrication in semiconductors (1-6). These sources can 
be deposited by a variety of means, such as anodiza- 
tion, pyrolytic decomposition, or reactive sputtering, 
and offer the advantages of control of the dopant 
concentration and of low deposition temperatures 
which do not alter pre-existing diffusion profiles in 
the semiconductor substrate. Anodic oxidation also 
provides very accurate control of the oxide thickness 
and the possibility of depositing the diffusion source 
only in the windows of a diffusion mark. Electrophoretic 
deposition of doped oxides (7)  is interesting from the 
materials point of view since it is practically unlim- 
ited in its scope as to substrates or dopants. The pres- 
ent paper solves the diffusion equations for the two- 
phase system: very thin oxide source/semi-infinite 
substrate, subject to the idealized assumptions of no 
loss of dopant to the ambient by out-diffusion and of 
concentration independent diffusion coefficients. Segre- 
gation coefficients at the oxide/semiconductor inter- 
face, as well as precipitation or compound formation at 
this interface, however, are taken into account. 

The concentration dependence of phosphorus3 dif- 
fusivity in silicon is well known (&lo),  and could be 
taken into consideration in the calculations; very little, 
however, is known about the strong concentration 
dependence of phosphorus diffusivity in phosphosili- 
cate glass and in phosphorus doped SiOz (11). In the 
present paper the diffusion coefficients are regarded 
as concentration independent. This assumption may 
not be as severe a limitation on the usefulness of the 
theory as it might appear at first glance, precisely be- 
cause of the very strong concentration dependence of 
diffusivity in the oxide. The diffusivity is relatively 
high in the phosphosilicate composition range (20) 
but drops sharply just outside this range to very small 
values of diffusivity in pure S i a .  Probably very little 
D ~ O S D ~ O ~ U S  is suaulied bv the oxide source to the sil- 

icon substrate after the diffusivity in the oxide has 
become strongly concentration dependent due to the 
beginning of depletion of the source; from this point 
on the amount and profile of phosphorus already in 
the silicon will determine the further development of 
the profile in the silicon. The strong concentration de- 
pendence of diffusivity in the oxide will thus show up 
mostly as a reduced effective concentration of dopant 
originally contained in the oxide source. 

While the theory proposed is still only an approx- 
imation, it is a step closer to being exact than existing 
theories since it does not treat the oxide source as an 
infinitely thin plane source. For very short diffusion 
times, as long as the oxide source is not yet being de- 
pleted, it will act like an infinite source, and the re- 
sulting profile in the substrate will be a comple- 
mentary error function (ERFC); for long diffusion 
times, it may be regarded as an infinitely thin plane 
source. The effect of the diffusion parameters (oxide 
thickness, ratio of diffusivities in oxide and substrate, 
segregation coefficient, and compound or precipitate 
formation) on the shape of the diffusion profile as a 
function of time forms the main body of this discus- 
sion. It is easy to show that the important parameter, 
which governs the transition from ERFC to Gaussian 
is the diffusion length for the impurity in the oxide, 
i.e., gm (where Dl is the diffusion coefficient for 
the impurity in the oxide, and t is the diffusion time). 

Model and Solution of the Diffusion Equations 
To regard the anodic oxide film as equivalent.to a 

plane source is to assume that the impurity can diffuse 
across the oxide in times short compared with the 
diffusion time. The validity of such an assumption 
would obviously depend on the relationship between 
the diffusion coefficient in the oxide, oxide thickness, 
and diffusion time. Such an approximation is not ex- 
pected to be appropriate in all circumstances there- 
fore. and in anv more general analysis it is necessary * - - 
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ing to concentration profiles are not available. It 
should be remarked in passing, therefore, that al- 
though the moael used here is only an approximation 
for tne oxide film diffusion source situation, it does 
proviae an exact solution (subject to concentration- 
independent coefficients) to the problem of diffusion 
from a source sandwiched between two semi-infinite 
meaia of a second phase, i.e., two of the moaels arawn 
in Fig. 1 placed back-to-back. 

Using the Laplace transtormation (12) the simulta- 
-I 0 X- neous partial differential Eq. [I] and [2] have been 

solved for the concentration in the phase 2, Cz, subject 
Fig. 1. Theoretical model for the anodic oxide diffusion source. to the initial conditions [31 and [41 and the boundary 

Region 1 represents oxide with uniform initial concentration of conditions [5] to [a]. ~h~ solution is 
phosphorus C,, and diffusion coefficient Dl. Region 2 represents 
silicon with zero initial concentration of phosphorus and diffusion 
coefficient Dz. 

for the impurity and an initial uniform4 concentration 
of impurity C,, The silicon extends from zero to in- 
finity, has a zero initial impurity concentration and a 
concentration-independent diffusion coefficient for 
impurity Dp. The diffusion equations for the system 
of Fig. 1 are therefore 
in reeion 1 

in region 2 
a2cz 1 acz - - = o  
ax2 DZ at 

and these have to be solved simultaneously with the 
initial conditions 

The boundary conditions have been chosen as follows 
At 

and 
C1= mCz [71 

Boundary conditions [6], [7], and [a] are straight- 
forward and physically reasonable. Condition [61 
simply expresses the continuity of flux and [71 the 
segregation of impurity at the interface, with a segre- 
gation coefficient m. Boundary condition 151, however, 
which requires that there is no flow of impurity from 
the oxide to the ambient or vice versa requires par- 
ticular consideration. At first sight this would seem to 
be an unrealistic condition, but there are indications 
that it is a fair approximation under the conditions 
of the experiments described in ref. ( I ) ,  in which un- 
protected (cf. below) oxide sources were used in con- 
junction with sealed quartz diffusion tubes of small 
volume; in the case of protected oxide sources [see 
ref. (Z)], boundary condition (5) holds almost ex- 
actly. Evidence for these points will be mentioned 
below. 

Surprisingly, a complete solution of the diffusion 
problem set out in Fig. 1 and Eq. [I] to [a] does not 
appear to have been given before. Carslaw and Jaeger 
(12) quote ref. (13) for the temperature at the inter- 
face of a hot magmatic intrusion into a cold rock (i.e., 
a parameter corresponding to the concentration C. at 
the silicon-oxide interface) but solutions correspond- 

& I t  is shown in ref. ( I )  that the initial distribution of phoa- 
phorua i n  an anodically grown oxide is, i n  fact, practically uni- 
form. 

in which C,,, Dp, 1, and m have already been defined, 
t is the diffusion time, and x is the depth at which the 
concentration is Cp. The parameters R and u are 
given by 

R = V(Dz/Di) [lo1 
and 

(R/m) - 1 
01 = 

(R/m) + 1 
[ I l l  

For the purpose of computation Eq. [9] has been ex- 
pressed in terms of dimensionless parameters 

* 
cz ( 1 - 4  - m=- [ ?  (-1)nanerfc 

[2(R/m) n + x/lml 

Cox 2 2\/DT/ml 

Equation [I21 has been programmed and the concen- 
tration (C2/COx) m computed as a function of distance 
(dim) for various values of time ( d m / m l )  and the 
parameter (R/m). The diffusion Eq. [12] has the im- 
portant property that the concentration profile in the 
phase 2 changes shape from ERFC to Gaussian accord- 
ing to the relationship between the time parameter 
( d m / m l )  and the parameter (R/m) . For instance, 
for a given (R/m) the profile changes from ERFC to 
Gaussian as the diffusion time increases and, con- 
versely, for a constant time (dD$t/ml) the profile 
changes from Gaussian to ERFC as (R/m) increases. 
In actual practice it is to be expected, of course, that 
(R/m) remains constant while the diffusion time is 
varied, but for convenience in illustration the change 
in shape of the profile is shown in Fig. 2 for a constant 
( d m / m l )  = 5 with (R/M) varying. Also plotted in 
Fig. 2 are points corresponding to true Gaussian and 
ERFC curves, and it will be noticed that the profile of 
Eq. [12] is approximately intermediate between Gaus- 
sian and ERFC when 

R 
-=- 

ml m 
[I31 

- 
Substituting for R (= d&/Dl) and rearranging gives 
the set of conditions: if 

dm< 1, profile tends to ERFC [14al 

dm- 1, profile is intermediate 114bl 

dm> 1, profile tends to Gaussian [14cl 

Thus the shape of the profile in the phase 2 depends, 
in fact, only on the diffusion time and the characteris- 
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oxide will behave as an infinite source. As the time 
parameter (d=/rnl) approaches (R/m) the surface 
concentration begins to decrease slowly at first and 
then more rapidly when (d~%/ml)  = (R/m). When 
( d m / m l )  >> (R/m) the surface concentration de- 
creases linearly with the inverse of ( d m / m l ) ,  and 
in this region the oxide behaves as an infinitely thin 
plane source. Note also that in this region the surface 
concentration depends only slightly on (R/m) whereas 
in the ERFC region it depends strongly on (R/vt). 

The bulk of the work reported in ref. ( I ) ,  2), and 
(14) is concerned with the use of phosphorus-doped 
anodic oxide films as diffusion source. In early diffu- 
sion experiments with P-32 labeled phosphorus, sec- 
tioning of the silicon after diffusion revealed the pres- 
ence of a sharp spike of phosphorus within the first 
1-2,000A of the silicon surface. The material in this 
spike was subsequently identified as silicon phosphide 

o 5 10 I S  20 25 30 35 .O precipitates by Schmidt and Stickler (15), who also 
x give some examples of the diffusion profile in the Si. 
h Later work (16) showed that precipitates of Sip form- 

Fig. 2. Illustroting the change from Gaussian to ERFC form of ing during the initial stages of diffusion on silicon sur- 
the profile predicted by Eq. [I21 as R/m varies a t  constant time, faces of any orientation (17, 18) tend to become es- 
( d G / m l )  = 5. pecially large on (110) surfaces and do not disappear 

even at long diffusion times; the phosphorus incor- 
porated into these precipitates is lost for the diffusion 

tics of ~ h a s e  1 (the oxide). When the diffusion 1enet.h process. Since the silicon bars, on which experimental , - -- - - - - - - - - - - - -. - - - - 0--- 

of imp;rity in the oxide, , j i ,  is much less than the work reported here was carried out, had their large 
thickness of the oxide the oxide tends to behave as surfaces (110) oriented, the Sip precipitates must have 
an infinite source (ERFC), but when the diffusion formed readily, and this fact presumably accounts for 
length is much greater than the thickness of the oxide, the shift to lower concentrations of the phosphorus 
it tends to behave as an infinitely thin plane source diffusion profile observed in the early tracer runs , , -. - \  

(Gaussian). Physically these conditions are perfectly 
reasonable and could have been anticipated from the 
remarks made at the beginning of this section. Another 
way of looking at this is to regard the "effective" 
thickness of the oxide as depending upon time and, 
through the diffusion coefficient, on temperature. 

In device fabrication the impurity surface concen- 
tration in the silicon, C,, is an important parameter, 
and this has been plotted in a reduced form in Fig. 3. 
The surface concentration expressed as [(Co/Coz)m] 
is given as a function of time, ( d m / m l ) ,  for various 
values of the parameter (R/m). The surface concen- 
tration can be written analytically by putting (x/lm) 
= 0 in Eq. [12] and simplifying, leading to 

This equation shows that the time variation of the sur- 
face concentration depends only on the diffusion time 
and the characteristics of the oxide. At a given value 
of (R/m) the surface concentration is independent of 
time for very small values of time; in this region the 

0 EXPERIMENTAL DATA 

0 10 20 30 40 50 60 70 80 90 100 

m 
m l  

Fig. 3. Surface concentrotion as a function of time for different 
values of R/m according to Eq. [121. Also shown for  omp prison 
are some experimental points. 

(CJ. Flg. a).  
Irrespective of the mechanism by which precipitates 

or compounds are formed at the interface, their forma- 
tion results in a certain fraction of the phosphorus flux 
crossing the oxide/silicon interface being retained at 
the interface. If such a process takes place, the bound- 
ary condition [6] for flux continuity across the oxide/ 
silicon interface must be modified; assuming that the 
fraction K of flux retained at the interface is a con- 
stant, this boundary condition becomes 

Solving the same equations with the boundary con- 
dition [I61 in place of [6] again leads to Eq. [I21 but 
now the parametera is given by 

Thus, when K is zero (no spike formation) Eq. [I21 
is unchanged as it obviously should be; when K = 1 
(all the phosphorus retained at the interface) or = 1 and 
Cz = 0, i.e., there is no diffusion into the silicon, again 
as expected. The effect of K in Fig. 3 is to make (R/m) 
appear larger than it would otherwise be in the ab- 
sence of spike formation, i.e., to lower the curves and 
reduce their slope slightly. 

Discussion: Relevance to Anodic Oxide 
Diffusion Sources , 

The theoretical work described herein was initiated 
during the early stages of development of doped anodic 
oxide sources ( I ) ,  when nondoped anodic oxide films, 
grown on top of the doped sources as a protection 
against out-diffusion, were not yet available. Subse- 
quently it was found that these protective oxide cov- 
ers, a few hundred angstroms thick, act as complete 
barriers to out-diffusion into the ambient for any 
time-temperature diffusion conditions of practical in- 
terest (2). This masking ability is, of course, a con- 
sequence of the very strong concentration dependence 

sThe anodic formation of nondoped oxide on top of a doped ox- 
ide is possible becauae the anodization of silicon proceeds by cation 
migration (1). 
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of phosphorus diffusivity in pure SiOz. In the heavily 
doped source, on the other hand, the phosphorus dif- 
fusivity is relatively high, so that most of the phos- 
phorus has diffused into the silicon before the protec- 
tive oxide cover is penetrated by phosphorus diffusing 
outward. 

Oxide diffusion sources with protective oxide covers 
thus come very close to the boundary condition [51 
of no diffusion across the oxide/ambient interface; the 
amount of phosphorus diffusing into the pure SiOz 
cover is negligible compared to the amount diffusing 
into the Si substrate. Unfortunately, the experimental 
work described in ref. (2) was oriented toward process 
development, and the diffusion times chosen were 
either not short enough to demonstrate the transition 
from an ERFC to a Gaussian profile, or not long 
enough to show the predicted deviation of junction 
depth from a square-root of time dependence at long 
diffusion times. This became clear only after conclu- 
sion and evaluation of the tracer results; while the 
results obtained in [2] are not at variance with the 
theory proposed here, they could not be used to prove 
the correctness of the theory. 

The only tracer work in which very short and very 
long diffusion times were used are the early tracer 
runs, made with unprotected oxide sources in sealed 
small quartz tubes. In these experiments there was 
an initial verv fast loss of D ~ O S D ~ O ~ U S  from the outer 
surface of the oxide; however, ihis  phosphorus could 
not escape from the sealed system, and for longer dif- 
fusion times there actually occurred some reabsorp- 
tion of phosphorus from the gas phase by the oxide. 
The amount of phosphorus reabsorbed was, however, 
small compared to that left in the system oxide + 
silicon after the initial fast out-diffusion, and for 
practical purposes the assumption of "no out-diffusion" 
appears to be valid after the first 5-10 min of heat- 
treatment, as will be discussed in more detail below. 

It should be noted that the experimental results are 
quoted only to show that they are not in disagreement 
with the proposed theory; they are not assumed to 
prove its validity. Specifically, it should also be noted 
that the results quoted are not representative of the 
potential usefulness of doped oxide sources; for prac- 
tical applications, the reader is referred to ref. (1-6). 

Evidence for the approximate validity of boundary 
condition [5] in the experimental work (unprotected 
oxide sources about 1500A thick; doping level in the 
oxide up to 4~102l/cc; argon filled quartz tubes; diffu- 
sion temperatures of typically 1175'C) is then given 
in Fig. 4 where the amount of phosphorus (in atoms/ 
cm2) in the silicon, that which remains in the oxide, 
and the total in oxide plus silicon, is plotted as a 
function of the square-root of time at 1175". The 
data of Fig. 4 were obtained from experiments using 
P-32 as a tracer. Note that the vertical ordinate has 
been compressed and should, on this scale, extend to 
three or four times the height shown. These data show 
that during the very early stages of diffusion there is 
an extremely rapid loss of phosphorus from the oxide. 
At times still short compared with the experimental 
diffusion times, this out-diffusion apparently ceases, 
however, and eventually there is actually an increase 
in total phosphorus with time, i.e., there is some in- 
diffusion. The increase at longer diffusion times, how- 
ever, is relatively small. The assumption of no out-dif- 
fusion implicit in boundary condition (5) therefore ap- 
pears to be experimentally justifiable at least for com- 
paratively long diffusion times. Support for this was 
provided by another experiment made under similar 
conditions in which the phosphorus in the silicon and 
oxide was measured for diffusion times between 5 and 
90 min (in increments of 5 rnin), and it was found 
that after the first 5-10 min the total amount of phos- 
phorus in oxide plus silicon became practically con- 
stant, i.e., a condition equivalent to Eq. r51.6 Yet fur- 

The authors are indebted to their colleague. T. W. O'Keefe, for 
carrylng out these measurements. 
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Fig. 4. Amount of phosphorus found in the silicon, 
remaining in the oxide, and the total in oxide and 
function of diffusion time. 
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Fig. 5. Phosphorus profiles in oxide after diffusion: (a) 1% hr 
a t  1175'C; (b) 5 hr a t  1175°C; (c) 15 9/10 hr at 1175'C. 

ther supporting evidence is to be found in the phos- 
phorus profiles in the oxide, determined after diffusion, 
by etching oxide away in a step-wise fashion, and 
counting the radioactive P-32 removed. Three such 
profiles are shown in Fig. 5; in each case the oxide was 
grown by the method of ref. ( I ) ,  to a thickness of 
1450A and was found to have a phosphorus concentra- 
tion before diffusion of 2.2-2.5~1021 atoms/cm3. The 
original phosphorus concentration is shown by the 
horizontal lines in Fig. 5. Figures 5 (a) ,  5 (b)  , and 5 (c) 
correspond to diffusion times of 1.5, 5, and 15.9 hr at  
1175'C in an argon-filled sealed quartz tube. The data 
of Fig. 5 are not very accurate, due to some nonuni- 
formity in the local dissolution rate of the oxide, and 
the profile has deliberately been drawn in horizontal 
at the outer surface to conform with boundary con- 
dition [5], but at least they fairly conclusively indi- 
cate a situation corresponding to no out-diffusion. The 
effective concentration of phosphorus in the oxide, C,, 
will, of course, be less than that initially present. 
According to the data of Fig. 4 about 80% of the 
original phosphorus is lost from the oxide-silicon sys- 
tem and consequently in the samples of Fig. 5, for in- 
stance, C,, would be approximately 5x1020 atoms of 
phosphorus cm-3, as indicated. 

The fact that the phosphorus concentration at the 
outer surface of the oxide remained high for all dif- 
fusion times is undoubtedly due to the sealed tube 
operation; it would not have remained high in an open 
flow system. Diffusion of phosphorus into the dense 
quartz of the tube walls is very slow, so that out- 
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diffusion will have practically stopped as soon as 
saturation of the gas phase and internal tube surfaces 
with PzOs occurred. Eventually some of the phosphorus 
pentoxide on tube walls and in the gas phase becomes 
available for back-in-diffusion as the concentration 
in the oxide source drops due to diffusion into the Si 
substrate. 

Note that the diffusion must be carried out in an 
inert ambient: diffusion in air would lead to the for- 
mation of new oxide at the SiOz/Si interface, and 
to a much more complicated situation. 

It is not quite clear which factor is mostly responsi- 
ble for the approximate constancy of the total amount 
of phosphorus in oxide plus silicon after the first 5-10 
min of heat-treatment. It may be due to a relatively 
slow transport of phosphorus across the outer oxide 
surface due to a shallow diffusion gradient, but it is 
also possible that the outer surface of the oxide un- 
derwent a drastic structural change during the initial 
stage of rapid out-diffusion of phosphorus, and that 
the diffusivity of phosphorus in this surface layer be- 
came strongly different from its initial value. 

An assessment of Eq. [I21 can be obtained from a 
comparison of predicted junction depths and surface 
concentrations with those obtained experimentally. 
The samples of Fig. 5, for instance, were prepared on 
2 ohm-cm p-type material, and gave the junction 
depths plotted on a reduced scale, as a function of 
time, in Fig. 6. In obtaining this figure the diffusion 
coefficient of phosphorus in silicon at 1175'C was taken 
to be 10-12 cmZ/sec (19), oxide thickness 1 = 1450.4, 
and m was taken as 0.3. (In six samples m was found 
experimentally to vary between 0.2 and 0.4 with a 
mean of approximately 0.3). From the data of Irvin 
(20) the base concentration of 2 ohm-cm p-type silicon 
is 7.00~10'5 atoms/cc and thus, at the junction, the 
dimensionless concentration parameter of Eq. [I21 
has a value 

where C,, has been given the effective value for the 
samples of Fig. 5 (i.e., 5x1020 atoms/cc) and CB is the 
concentration at the junction. Predicted values for the 
junction depth were then obtained graphically by 
plotting (C/C,,)m us. the reduced depth x/lm for 
various values of the time parameter d m / m l  at par- 
ticular values of (R/m), and reading off the depth 
corresponding to the above reduced concentration. 
Theoretical curves obtained in this way for (R/m) 
equal to 10 and 20 are also drawn in Fig. 6, and the 

Fig. 6. Junction depths as a function of time in terms of the 
parameters of Eq. [12]. Comparison with the predictions of Eq. 
[12] with (R/rn) = 10 and 20 and base concentration corre- 
sponding to (C/Coz) m E; 4~10-~. 
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experimental points fall roughly between these two 
curves. Two features of Fig. 6 should be noted in pass- 
ing. First, the theoretical curves begin to deviate from 
the linear dependence on square-root of time and at 
longer diffusion times this deviation becomes even 
more marked. And second, for (R/m) values in this 
range the junction depth-time relationship is not very 
sensitive to (R/m). 

Now according to Sah, Sello, and Tremere (21) R 
is very nearly 3 at temperatures of 1100" and 1150°, 
but for an unspecified amount of phosphorus in the 
oxide. A value of R = 3 at 1175°C would, therefore, 
seem reasonable and hence, using the value of m = 
0.3, quoted above 

R/m = 10 

The experimental points plotted in Fig. 6 suggest that 
(R/m) is a little larger than this, say about 15, but 
the nature of the comparison is such that this dis- 
crepancy is hardly significant, and the experimental 
data can be considered consistent with the model. 
Thurston, Tsai, and Kang (11) report, however, that 
R is rather sensitive to the amount of phosphorus in 
the oxide and also possibly, depending on the actual 
concentration, on temperature. In the present experi- 
ments the oxide contained about 5 w/o (weight per 
cent) of phosphorus and from the data of Thurston 
et al. a value in the region of 5 would be appropriate 
for R at 1175"C, whence 

This agrees rather well with the experimental results 
of this paper although it must be pointed out that 
according to ref. (11) much larger values of R, and 
hence R/m, are possible. Thus, the value of (R/m) = 
10 would seem to represent a lower limiting value, and 
without knowing precisely what is the appropriate 
concentration of phosphorus in the oxide a more defi- 
nite estimate cannot be made. 

The experimental surface concentrations for the 
same samples are plotted, again in dimensionless form, 
in Fig. 3. As anticipated earlier, these samples, like 
those of ref. (15), showed a "spike" in the phosphorus 
concentration at the surface; this spike was neglected 
in arriving at the measured surface concentrations 
plotted in Fig. 3. The experimental points show about 
the right time dependence for a value of (R/m) in 
the range 10 to 20 implied by the results of Fig. 6 and 
tentatively suggested by the data discussed above. In 
magnitude, however, the points are somewhat lower 
than expected. The reasons for this are almost cer- 
tainly connected with the formation of the spike for, 
as already shown, the removal of a fraction of the flux 
at the interface would have the effect of lowering the 
theoretical curves of Fig. 3. Qualitatively such an ad- 
justment would bring the experimental points into 
better agreement with the predictions. 

Finally, it should be pointed out that the trend of 
the experimental results presented in Fig. 3 and 6 lead 
one to expect that the concentration profiles in the sili- 
con should be nearly Gaussian, especially at the longer 
diffusion times. As was mentioned early in this paper 
this is not unexpected, and the profile shape resulting 
from anodic oxide diffusion sources is examined in 
ref. (14). 

Conclusions 
The solution of the two-phase diffusion problem 

given in this paper, exact where the diffusion coeffi- 
cients are independent of concentration and out-diffu- 
sion can be neglected, may be approximately applic- 
able to the more complex practical situation for dif- 
fusion from doped (anodic) oxides on silicon. For 
the samples discussed in this paper, nonprotected oxide 
sources diffused in a sealed tube at 1175"C, there ap- 
pears to be an intermediate range of diffusion time 
(i.e., 1% hr to perhaps 15 or 16 hr) in which the as- 
sumption of no-flow across the oxide-ambient inter- 
face is reasonably justified. Under these conditions sat- 
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isfactory agreement is found between the predictions 
of the model and measured parameters such as the 
junction depth. In the particular samples studied here 
the concentration profile in the silicon is expected to 
be nearly Gaussian, especially at the longer diffusion 
times. A Gaussian profile is not always to be expected, 
however, and the theoretical model shows that the 
important quantity is the diffusion length dm, in the 
oxide. When the diffusion length is small compared 
with the thickness of the oxide (i.e., short diffusion 
times) an ERFC profile will result. 
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The Close-Spaced Growth of Degenerate P-Type GaAs, Gap, and 
Ga(Asx, P,,) by ZnCI, Transport for Tunnel Diodes 

P-A. Hoss,*l L. A. Murray, and I. J. Rivera2 

Electronic Components and Devices, Radio Corporation of America, Somerville, New Jersey 

ABSTRACT 

A close-spaced growth system is described in which zinc chloride is used 
as both the transport agent and the doping source to grow GaAs, Gap, and 
Ga(As,, PI-,) epitaxial layers on GaAs substrates. Uniform transport and 
doping is obtained by situating resistively heated molten zinc chloride on 
both sides of the inductively heated close-space furnace. Degenerate GaAs 
layers with areas of 10 cm2, thicknesses of 1 mm, and reproducible doping 
levels of 5 x 1019 cm-3 were used to produce up to-1600-amp tunnel diodes. 

In the development of high current tunnel diodes 
uniformly doped wafers of degenerate GaAs 8-12 cmz 
in area are needed. Melt grown crystals do not show 
sufficient reproducibility of doping or adequate uni- 
formity in these dimensions. The close-spaced growth 
of epitaxial GaAs has been discussed by a number of 
authors (1-5). Using Hz0 or HC1 as the transport 
agent this method has produced rapid growth rates 
(circa 1 mm/hr). A close-spaced inductive furnace 
(6) has the ability to accept the 10 cm2 undoped GaAs 
substrates for epitaxial growth. In these systems dop- 
ing was achieved by incorporation of n-type dopants 
such as Se, S, and Te in the source material. Our at- 
tempts to grow p-type GaAs using zinc in this manner 
resulted in n-type layers and loss of the "volatile" 
zinc to the hydrogen ambient. This paper discusses a 
new open-tube method of uniformly introducing zinc 
chloride vapor into the close-spaced furnace for the . Electrochemlcal Society Active Member. 

1Present address: TRW Electronics. 14520 Avlation Boulevard, 
Lawndale, California, 90280. 

2 Present address: Burroughs Corporation, PlalnReld, New Jersey. 

p-type epitaxial growth of GaAs, Gap, and their alloys 
on undoped GaAs substrates, and the use of grown 
GaAs and Ga(Aso.sPo.2) ,in making tunnel diodes. 

Apparahls 
The apparatus used is shown diagrammatically in 

Fig. 1. The close-spaced radio frequency induction fur- 
nace (6) is composed of two series-connected, flat- 
wound copper coils geometrically parallel, as shown. 
These are powered by a 10 kw generator either at 
450 kc, or at 3 Mc. The coils couple to a pair of carbon 
susceptors placed in a quartz reaction tube of 4.3 x 
1.3 cmz cross section. The susceptors heat the source 
and substrate, which are themselves separated by 1 
mm thick molybdenum spacers. The required source- 
substrate temperature difference is obtained by me- 
chanically moving the pair of RF coils vertically 
toward or away from the pair of susceptors. Temper- 
atures are monitored by means of electrically isolated 
molybdenum sheathed thermocouples imbedded in 
the susceptors. One thermocouple electronically main- 
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Fig. 1. Close space RF furnace with resistively heated side 
furnaces and temperature profile a t  start of growth. 

tains the substrate susceptor to within 1°C of the 
growth temperature by controlling the RF generator 
with a differential amplifier, magnetic amplifier and 
saturable reactor series. At low hydrogen flows the 
source susceptor tracks to within 2°C of the temper- 
ature required. At each end, the rectangular quartz 
tube is depressed 1 cm to form 4 cm x 2 cm boats to 
contain the zinc chloride. Into the side of each boat a 
thin tube is fused so that its tip is surrounded by the 
liquid zinc chloride at operating temperatures. The 
tubes accept thermocouples which electronically con- 
trol the cylindrical resistance furnace around each 
boat to within 4'C of its desired temperature. All fur- 
naces can be reproducibly located such that the tem- 
perature gradient along the tube is maintained from 
run to run. Uniformity of the susceptors to within 
2°C is periodically checked with a pyrometer. The 
temperature profile shown in Fig. 1 was obtained by 
inserting a molybdenum sheathed thermocouple from 
each end and profiling the running furnaces with the 
susceptors at equal temperature in nitrogen, but with- 
out the source and substrate present. The sharp tem- 
perature change in the region between the susceptor 
and the ambient nitrogen is probably due in part to 
heat conduction along the 60 mil OD molybdenum 
sheath. The sheath is grounded, eliminating RF pick- 
up in the thermocouple circuits as checked by rapid 
turn off and on of the RF generator at operating 
power. Furthermore, molybdenum appears inert to 
the reaction atmosphere. 

Procedure 
The GaAs substrates are melt grown, undoped, and 

angle-cut 2-3°C off the (111) plane to give up to 10 
cm2 in area. Growth takes place on the chemically 
polished (iii) plane. The back (111) side has been 
previously coated with SiOz from the thermal de- 
composition of ethyl orthosilicate to reduce decompo- 
sition of the backs during the growth of 1 mm layers. 

The GaAs and Gap sources were single-crystal or 
polycrystalline undoped wafers 1-2 mm thick. The 
Ga(As,, PI-=) sources were wafers of pressed and 
sintered mixtures of pure GaAs and Gap powders. 
X-ray diffraction from copper radiation is used to 
measure the alloy. composition with change in d- 
spacing. The (111) plane was used for sintered pow- 
ders and the (444) plane for single crystals. 

Zinc chloride has been shown capable of transport- 
ing GaAs (8) in a closed-tube system and the effec- 
tiveness of zinc as a p-dopant for GaAs is known. 
Zinc chloride was found well suited for close-spaced 
transport when treated to reduce its moisture content. 
CP zinc chloride, as purchased, is stored at 140'C 
under mechanical vacuum of 30-50p. It is loaded 
while still warm, and just prior to the run the zinc 
chloride and susceptors-substrate-source assembly are 
held at 300°C in flowing hydrogen for 5 min. This 

.ID STATE SCIENCE May 1968 

bakeout virtually eliminates hillocks on the epitaxial 
layers, possibly caused by gallium oxide inclusions. 

After bakeout the hydrogen flow is adjusted to 10-30 
cm3/min through the 4.3 x 1.3 cm2 rectangular tube 
cross section of which 2.4 cm2 is occupied by the sus- 
ceptors-source-substrate cross section. The GaAs source 
is then heated to 840°C with GaAs substrate 10"-20" 
higher to etch off some of the substrate. Simultane- 
ously the zinc chloride is heated to approximately 
430°C. After etching the temperature is inverted, with 
the source held at 840" and the substrate at 800'C. 
For the growth of Ga (As,, PI-,) with 0 < x 6 1 the 
source is held at 950" and the substrate at 910°C. 

Experimental Results 
The growth rates and resistivity of GaAs and Gap 

grown by close-spaced transport depend on the tem- 
perature of the zinc chloride, the hydrogen flow, the 
source and substrate temperatures, and the spacing 
between them. The system has been operated at no 
hydrogen flow, but the flow range of 10-30 cc/min 
resulted in a reduction of hillocks on the surface. At 
these low hydrogen flows the zinc chloride still 
achieves near saturation, based on growth rate .and 
doping level comparisons with no flow. The GaAs 
substrate temperature of 800°C for GaAs growth and 
910°C for Gap and phosphide-arsenide alloys were 
found high enough to give satisfactory growth with 
no tendency to polycrystallinity. The source temper- 
ature 40' higher was picked to achieve growth rates 
in'the range of 100 p/hr under the condition of growth 
for thick layers for tunnel diodes. While not studied 
in detail, the growth rate can be halved to doubled by 
reducing or increasing the temperature of the source, 
with little effect on this high doping level. The ob- 
served change in growth rate of GaAs with change in 
the zinc chloride temperature is shown in Fig. 2. 
Thickness was measured by a micrometer before and 
after the run. A 5000A silicon dioxide layer deposited 
from the thermal decomposition of ethylorthosilicate 
eliminates back etching of the substrate during growth 
and the thicknesses measured agree well with mea- 
surements between the top of the layer and the sub- 
strate where the spacers had prevented growth. The 
observed change in doping level with changes in zinc 
chloride temperature was also studied for GaAs, as 
seen in Fig. 3. 

Carrier concentrations are determined by the.plasma 
resonance technique (7). This method gives zinc con- 
centrations in GaAs reproducible to about 3% by IR 
reflectance in the 2 x 10'9 to 9 x 1019 carriers/cm" 
range. Since the plasma resonance measurement covers 
a circle about 4 mm in diameter, this method is also 
used to measure the doping uniformity of layers. An 

Fig. 2. GaAs growth rate as a function of zinc chloride temperature 
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Fig. 5. Current-voltage plot of a high current GoAs tunnel diode 
200 amp/division, 0.2 v/division. 

1019 carriers/cm$. The Hall mobility of a zinc doped 
Ga(Aso.aP0.z) sample was 30 cmz/v-sec. 

1.35 Tunnel Diode Fabrication 
TEMPERATURE-,T, Epitaxial layers 0.6 to 1.0 mm thick with concentra- 

tions of 5 to 6 x 10'9 carriers/cms were used to fabri- 
Fig. 3. Gk doping as a tunctian of zinc chloride temperature cate tunnel diodes. A contact is placed on the top 

grown (iii) surface by lapping it flat, coating with 
sintered gold, nickel plating the gold,. and evaporat- 
ing another sintered gold layer. The wafer is then 
reversed and the original GaAs substrate, on the 

- - - - . -- . - .- - - (111) side, lapped off and the wafer polished to a 
final thickness of 0.4-0.5 mm. A tin-lead dot about 
6 cmz in area is then alloyed into the (111) surface to 
form the junction and top contact. The diode is then 
soldered to its package with Au-Ga-Zn alloy and 
tested. Figure 5 shows the current voltage trace of 
such a tunnel diode. Electrical characteristics are as 
follows: Ip = 1640 amp; VP = 0.21~; VF = 1.3~; 
Iv = 60 amp; Vv = 0.64~. 

Smaller tunnel diodes uiere similarly fabricated 
from Ga(Aso.sP0.z) wafers. WIV ratios up to 30:l 
were achieved. 

Discussion 
The authors' previous experience has shown the 

4 a 12 16 0 24 28 need for low carrier gas flows if uniformity of 
o,,tsfice &I:,,: W A ! ~ ,  8n (UM growth is to be maintained in close-s~aced transeort 

Fig. 4. Doping variation across a large area G A S  grown layer 

example of the high degree of doping uniformity ob- 
tainable is shown in Fig. 4, as measured along a 28 mm 
line of a 32 x 22 mm wafer. The run-to-run repro- 
ducibility of zinc doping GaAs was checked out on 
19 consecutive runs with temperature and flow settings 
unchanged. The minimum wavelengths as read by 
plasma resonance and the equivalent carrier concen- 
trations are shown in Table I. The average is 5.5 x 
lo19 carriers/cm3 and the average deviation 13%. The 
Hall mobilities of the GaAs layers varied from 40 to 
50 cmz/v-sec in the zinc concentration of 3 to 5 x 

Table I. Minimum wavelengths as read by plasma resonance 
and equivalent carrier concentrations 

and the reactants kept between the source of substrate. 
For tunnel diodes where a high doping level is also 
required, the use of a zinc chloride source on each side 
allows for low flows without sacrificing doping uni- 
formity. Since the growth rate and doping level were 
found reproducibly dependent on the zinc chloride 
temperature, the temperature of the liquid zinc chlo- 
ride must control the partial pressure of the zinc 
chloride in the high-temperature region of the fur- 
nace. The growth rate can be adjusted independently 
by means of the source and substrate temperatures. 
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The Effects of Growth Rate on the Thermoelectric Properties 

of Bi2TerSb2Te3-Sb,Se3 Pseudoternary Alloys 

W. hi. Yim and E. V. Fitzke 

RCA Laboratories, Princeton, New Jersey 

ABSTRACT 

The effects of growth rate on the thermoelectric properties of n- and 
p-type BizTe3-SbzTes-SbzSe3 pseudoternary alloys have been investigated 
and correlated with microstructures. The results show that higher values of 
the figure of merit (Z) are invariably associated with lower growth rates and 
hence greater homogeneity. For both n- and p-type alloys, the improvement 
in Z was as large as 50% when the growth rate was reduced from about 6 
to 0.6 cm/hr. However, the growth-rate dependence of individual thermo- 
electric parameters was not the same for both alloys. For the n-type alloy, 
which is a single-phase alloy, slow growth rates resulted in an increase in 
the Seebeck coefficient, and a decrease both in the lattice thermal conduc- 
tivity and electrical resistivity. For the p-type alloy, the variations with 
growth rate in the Seebeck coefficient and, to a lesser extent, in the lattice 
thermal conductivity were similar to those for the n-type alloy. However, its 
electrical resistivity increased with decreasing growth rates, and this was 
shown to be associated with the presence of a Te-rich second phase in the 
p-type alloy. Consistent with this interpretation are the results of an an- 
nealing study of these alloys. 

The figure of merit of a thermoelectric material is 
often lowered by the presence of compositional and 
microstructural inhomogeneities in the material (1). 
These inhomogeneities are, in large part, related to 
growth conditions used for the material's preparation. 
Although the importance of optimum growth condi- 
tion is generally recognized, only a few detailed 
studies (2) have been made in the past to elucidate 
the role of growth variables on the thermoelectric 
properties. 

In this paper, we shall present the results obtained 
in a study of the effects of various growth rates on 
the thermoelectric properties of n- and p-type 
BizTea-SbzTe3-Sb2Se3 pseudoternary alloys (3) grown 
by the Bridgman technique. The presentation of the 
results will include the metallographic observation of 
microstructures, and the dependence on growth rate 
of the Seebeck coefficient, electrical resistivity, and 
thermal conductivity at room temperature. Included 
also in this paper are the results of the effects of an- 
nealing at 390°C on the room temperature thermo- 
electric properties of these alloys. 

It will be shown that lower growth rates result in 
better homogeneity and higher figures of merit for 
both n- and p-type alloys. However, the growth-rate 
dependence of their individual thermoelectric param- 
eters is not the same, and this difference will be re- 
lated to the difference in the microstructure of n- and 
p-type alloys, in particular, to the presence of a second 
phase in the latter alloy. These results will be corrob- 
orated by the annealing study. 

Experimental Procedure 
An n-type composition (BizTea),s (SbzTes)~~ (SbzSe3)5 

doped with 0.16 w/o (weight per cent) SbI3, and a 
p-type composition (SbzTes) 70 (BizTes)~ (SbzSes)s 

Key words: thermoelectric alloys: BhTea-SbuTes-SbpSe alloys; 
microstructures; thermoelectric properties; effects of growth rate; 
effects of annealing. 

containing 2 w/o excess Te were used for the present 
study.1 

In the preparation of the alloys, high-purity 
(99.999%) component elements were used, and these 
were obtained from the American Smelting and Re- 
fining Company. The alloys were grown by a vertical 
Bridgman method with freezing rates ranging from 
0.24 to 7.6 cm/hr but under a constant temperature 
gradient of - 25T/cm in the melt near the freezing 
interface. The resulting ingots, 0.7 cm in diameter and 
18 cm long, consisted of coarse grains, whose cleavage 
characteristics suggested a preferred orientation with 
their (111) cleavage planes generally aligned with the 
long axis of the ingots, and this was particularly true 
for slowly grown ingots. 

The metallographic observation of microstructure 
was made on sections cut perpendicular to the long 
axis of the ingots. The etchant used for the n-type 
material was 20% HNOs in H20, and that for the 
p-type material was 1 HN03-2 HC1-2 saturated 
KzSz08 in HzO. 

The measurements of electrical resistivity p, See- 
beck coefficient &, and thermal conductivity K were 
made on short cylinders, 0.7 cm diameter and about 
0.7 cm long. The electrical or temperature gradient 
was applied in the direction of the axis of the cylinder, 
which was the growth direction of the ingot and, as 
a result of the preferred growth, this direction coin- 
cided approximately with a direction perpendicular to 
the [ I l l ]  trigonal axis of the crystallites. The mea- 

1 All compositlons are in mole per cent unless otherwise speci- 
fied, end they represent starting compositlons. It should be noted 
that the above com~ositions do not correspond to the alloys of the 
highest flgures of merit found in the pseudoternary system. The 
best n-type alloy is SbIa-doped (Biflea)n(SbpTes)6(Sbges)~J and the 
best p-type alloy is excess Te-doped (SbTea)~(BluTealm(SbSer)~. 
havinc room temwrature finures of merit R 2 r 10-3 and 5 4  Y 1W - - -~~~ .- -. .. .- ~ -..... .. .. -. 
deg< respectively (3). Nevertheless, the results presented in this 
paper are representative of n-type materials in the BisTea-rich end 
and p-type materials in the SbsTes-rich region of the pseudo- 
ternary alloys. 
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surement techniques have been given in detail in 
previous papers (3, 4). The measurements of these 
individual thermoelectric parameters provided a di- 
rect determination of the materials figure of merit, 
Z = QZ/r.p. 

A selected group of n- and p-type specimens was 
annealed in a partial pressure of Ar at 390°C for a 
duration as long as 1000 hr. The annealing temperature 
chosen was, as will be shown later, slightly lower 
than the melting point of a second phase present in 
the p-type material. The thermoelectric properties of 
each specimen were measured at room temperature 
before and after the annealing treatment. In addition, 
room temperature Hall coefficients were measured on 
a few representative slow-grown samples to study 
the effect of annealing on the carrier concentration 
and mobility. Hall specimens were prepared by cleav- 
ing the bulk material, and had typical dimensions 
of 7x2x0.3 mm. The direction of magnetic field was 
perpendicular to, and the current was parallel to, the 
cleavage plane. 

In all measurements, specimens were taken from 
approximately the same location of ingots, - 6 cm 
from the first portion to freeze. 

Effects of Growth Rate 
Microstructure.-The compound semiconductors 

BizTe3, SbzTes, and SbzSe3 form pseudoternary solid- 
solution alloys over a wide range of compositions ex- 
cept in the neighborhood of large SbzSe3 concentra- 
tions (5). The phase diagrams of BizTe3-Sb~Te3 (6) 
and BizTes-SbzSe3 (7)  show that the equilibrium dis- 
tribution coefficient of SbzTea in BizTes and that of 
SbzSes in BizTes are nearly equal to unity. Therefore, 
the present materials, when undoped, are pseudo- 
ternary alloys of approximately uniform compositions 
along the length of ingots. For the n-type alloy used 
in the present study, the amount of SbI3 added was 
within its solubility limit of about 0.2 w/o in the 
BinTer-rich pseudoternary alloys; hence, the present 
n-type alloy is a single-phase material. The distribu- 
tion of the dopant appeared generally uniform, as in- 
ferred from a straight resistance-scan trace along the 
ingot except for the first and last 2-cm portions to 
freeze. For the present p-type alloy, the Te addition 
exceeded the solubility limit of about 0.2 w/o and 
therefore the p-type alloy is a two-phase material. Al- 
though the equilibrium distribution coefficient of Te 
in the SbzTes-rich pseudoternary alloys is less than 
one, the distribution of second phase was fairly uni- 
form along the ingot except again near the first and 
last portions to freeze. 

In Fig. 1, microstructures of fast-grown, n- and p- 
type alloys (a and c) are compared with those of 
slow-grown alloys (b and d). It is clearly seen that 
at the slow growth rates one obtains an improvement 
in the microstructural homogeneity. 
(N-type alloy.)-The n-type alloy, when slowly 
grown (- 0.6 cm/hr), is a homogeneous material of 
large grain size, as evident from typical cleavage 
cracks running obliquely through the middle of Fig. 
1 (b) . These cracks were introduced during polishing 
in one grain, and the dark area at the top of the photo- 
micrograph is a portion of another grain. By contrast, 
the fast-grown (- 4 cm/hr) n-type alloy consists of 
a lamellar structure, as shown in Fig. 1 (a).  These are 
probably the regions of severely varying composition, 
but are to be distinguished from second phase such as 
that present in the p-type alloy [Fig. 1 (c) and 1 (d)]. 

The lamellar structure is probably associated with 
constitutional supercooling (8). During growth of 
multicomponent alloys under a constant temperature 
gradient, unless the growth rate is sufficiently slow, 
constitutional supercooling would occur with ensuing 
compositional segregation. This appears to be the case 
for the fast-grown n-type alloy shown in Fig. l ( a ) .  
By using a slow growth rate, the constitutional super- 

Fig. 1. Growth rate fR )  dependence of microstructures on n-type 
Sbls-doped (BizTes)rs (SbzTe3)zo (SbzSesIs and p-type excess 
Te-doped (SbzTe3)7o(Bi~Te3)ls(SbzSes)s alloys: (a) fast-grown n- 
type, R = 3.8 cm/hr, Z = 1.4 x deg-l; (b) slow-grown n- 
type, R = 0.57 cm/hr, Z = 2.1 x 10-3 deg-1; (c) fast-grown p- 
type, R = 7.6 cm/hr, Z = 2.2 x 10-3 deg-l, and (d) slow-grown 
p-type, R = 0.64 cm/hr, Z = 3.1 x deg-'. All taken on 
ingot cross sections. 

cooling was avoided, as in Fig. l(b).  The effect on 
microstructure of different temperature gradients with 
a constant growth rate was not investigated. However, 
the effect of increasing the temperature gradient would 
be, as is well known (8), essentially similar to that 
of lowering the growth rate. 

(P-type alloy).-The p-type alloy is, as stated above, 
a two-phase material consisting of a pseudoternary 
SbzTe3-BizTe3-SbzSe3 solid-solution matrix and a 
second phase, which appears as lamellae on an etched 
cross section. An electron-probe analysis showed that 
the second phase was composed of approximately 90 
a/o (atomic per cent) Te with small amounts of Bi, 
Sb, and Se. The melting point of this second phase 
was found by DTA to be about 415'C, as compared 
with - 450" for pure Te. From these observations, 
it appears that the second phase is a eutectic rich in 
Te. It is interesting in this connection to note that the 
second phase, whether it resulted from the excess ad- 
dition of Te or Se, melted at about the same temper- 
ature. This shows that in both cases the second phase 
is similar in composition, indicating that Se preferen- 
tially enters into solid solution, and rejects from it 
the Te-rich second phase (3,4). 

There is a marked difference in the microstructure, 
especially in the second phase, between fast- and slow- 
grown p-type alloys. At a growth rate of about 8 cm/ 
hr, the second phase appears as thick lamellae along 
cleavage planes and grain boundaries, as in Fig. 1 (c). 
At a much lower growth rate of 0.6 cm/hr, the second 
phase precipitates as thin discontinuous lamellae dis- 
persed in the matrix, as in Fig. 1 (d). 

Thermoelectric properties.-The growth-rate de- 
pendence of the thermoelectric properties at 300°K of 
n- and p-type pseudoternar,~ alloys is shown in Fig. 
2(a) (Seebeck coefficient Q), 2 (b) (electrical resistiv- 
ity p), 2(c) (measured total thermal conductivity ~bhl ,  
and lattice thermal conductivity r,i,), and 2(d) (figure 
of merit Z). The lattice thermal conductivity was ob- 
tained from the measured total thermal conductivity 
by using the relation, rt,tal = K ~ I  + ~,,h where K,I is 
the electronic thermal conductivity and no ambipolar 
contribution was assumed. The electronic contribution 
was calculated from the Wiedemann-F'ranz relation, 



558 J .  Electrochem. Soc.: SOLID STATE SCIENCE May 1968 

Fig. 2. Growth-rate dependence of thermoelectric properties a t  
300°K of n-type Sbls-doped (BizTe3)7s(SbzTes)zo(SbzSes)s and p. 
type excess Te-doped (SbzTes)7o(SbzTe3)~5(SbzSe3)s alloys: (a) 
The Seebeck coefficient (41, (b) electrical resistivity (p), (c) total 
thermal conductivity ( ~ t ~ r s l )  and lattice thermal conductivity 
(nPh); and (d )  figure of merit (2). 

for which the Lorentz number corresponded to the 
simple case of acoustical lattice scattering and non- 
degeneracy, 2(k/e)2, where k is the Boltzmann con- 
stant and e is the electronic charge. 

For both the n- and p-type alloys, Q increases, and 
~ t ~ t ~ l  and KPI, decrease, with decreasing growth rate R. 
The variations in p with R are, however, not the same 
for both materials: p of the n-type decreases, while 
that of the p-type alloy increases, with decreasing R. 

In general, in a given material where doping im- 
purities are fully ionized, one would expect the elec- 
trical resistivity to decrease as the material becomes 
more homogeneous. The change in p of the n-type alloy 
[Fig. 2(b) ]  shows this to be the case, since a greater 
inhomogeneity is associated with a slower growth rate, 
as shown by the microstructure in Fig. l f b ) .  How- 
ever, the observed change in p of the p-type alloy 
cannot be explained on the basis of homogeneity alone. 

It has been shown (3)  that Te acts as a donor in 
the p-type alloy, and therefore the Te atoms in solid 
solution would raise the electrical resistivity of the 
p-type matrix by compensation. However, it is not the 
resistivity of the matrix that alone is responsible for 
the p of the bulk. A single-phase p-type alloy having 
the same major composition as the present one, when 
doped with a maximum soluble amount of Te of about 
0.2 w/o, showed only a slight increase in p to 7 . 5 ~ 1 0 - ~  
ohm-cm from the undoped value of 6.5~10-4 ohm-cm. 
With further additions of Te, the second phase started 
to precipitate, but the bulk p increased regularly with 
corresponding increase in Q up to an onset of the in- 
trinsic conduction. Thus, the Te-rich second phase was 
essential in controlling the resistivity of the p-type 
alloy.2 

The second phase at slow growth rates appears as 
thin, discontinuous lamellae [Fig. 1 (d)  1 as contrasted 
to thick, continuous lamellae [Fig. l ( c ) ]  at fast growth 
rates. While no simple explanation is available, it may 
be that the higher p for the slowly grown p-type alloy 
is due to the discontinuous nature of the second phase, 
in addition to a larger Te concentation in the matrix 
because of more time available for the solution of Te 
atoms. This is corroborated by annealing results, the 
discussion of which will follow shortly. 

The present result on the growth-rate dependence 
of p of the p-type alloy is in disagreement with the 
result of Cosgrove et al. (21, who reported that the 
resistivity of a p-type material decreased with de- 
creasing growth rate. The composition of their p-type 

2 The increase in p with increasing excess Te addition may alter- 
natively be explained by the assumption that the second phase de- 
pletes the matrix of Bi and Sb (acceptors), and thus causes a 
decrease in the hole concentration in the material. 

alloy was BiSbTes doped with 0.56 w/o Se or, in the 
pseudoternary notation, the material corresponded 
approximately to a solid solution of (BizTe3)So 
(SbzTes)rs(SbzSes)z containing 1 w/o excess Te, most 
of which would appear as a second phase. Because of 
this difference in the alloy composition, a direct com- 
parison of the previous and the present results is diffi- 
cult to make. 

Cosgrove et al. (2) did not report the presence of a 
second phase, but they did detect n-type regions in 
the p-type matrix by thermal probing. It is possible 
that the n-type regions were of a similar nature to the 
Te-rich second phase, although in the present work the 
relatively small dimensions of the second phase ren- 
dered the thermal-probe technique unsuccessful. 

The increase in Q for the p-type alloy with decreas- 
ing R is to be expected [Fig. 2(a)] ,  since in an ex- 
trinsic semiconductor the Seebeck coefficient is ap- 
proximately proportional to lnp. Thus, the increase 
in Q for the p-type alloy can be accounted for by the 
corresponding increase in p. For the n-type alloy, the 
observed variation in Q with R is contrary to what 
one would expect from the change in p. It was first 
pointed out by Airapetiants (1) that compositional 
inhomogeneities can substantially reduce the Seebeck 
coefficient and, at the same time, increase the thermal 
conductivity of a thermoelectric material by "circulat- 
ing currents." As a consequence, the inhomogeneities 
lead to a lower figure of merit for the material. The 
Increase in Q of the n-type alloy, in spite of a de- 
crease in p, may be ascribed to an improvement in the 
material's homogeneity with decreasing growth rate. 

The measured total thermal conductivity, as we11 as 
the lattice thermal conductivity, decreased with de- 
creasing growth rate, as shown in Fig. 2 (c). For the 
n-type alloy, the ~ , h  decreased by about 20% when R 
was reduced from 4 to 0.6 cm/hr. By comparison, the 
KPL of the p-type alloy decreased only 5% on reducing 
R from 8 to 0.6 cm/hr. 

Circulating currents tend to enhance heat transport; 
hence, a material containing second phase may exhibit 
a higher thermal conductivity than a similar material 
without the second phase. However, there is an addi- 
tional effect on heat transport of the second phase, 
which tends to decrease the thermal conductivity. In a 
two-phase material, the possibility exists that sub- 
microscopic precipitates or crystalline defects, such as 
arrays of dislocations present at the phase boundaries, 
may cause significantly the scattering of phonons. 
Thus, the phonon scattering by these defects would 
modify the extent of increase in the thermal conduc- 
tivity arising from circulating currents. Since the pres- 
ent two-phase p-type alloy is already imperfect, even 
when prepared under most ideal conditions [for in- 
stance, a dislocation density of 1010 - 1011 cm-2 (2) 
would be required to maintain lattice registry between 
the second phase and matrix], variations in the growth 
rate would not drastically alter the defect density. The 
fact that the ~ , h  of the p-type alloy is nearly indepen- 
dent of R suggests this may be the case. Therefore, it 
appears that the contribution of the circulating cur- 
rents is relatively small for the present materials, 
especially for the p-type alloy, over the range of 
growth rates used. The changes in xph for the present 
case are in no way as large (by a factor of two) as 
those reported by Cosgrove et al. (2) for p-type 
BiSbTes doped with Se. 

The changes in Q, p, and K with different growth 
rates are reflected in the figures of merit, as seen in 
Fig. 2(d). The figures of merit of the n- and p-type 
alloys were significantly improved by using slow 
growth rates: the resulting improvement in Z for 
both materials is more than 50%. The factors con- 
tributing the most to this improvement are the in- 
crease in Q and the reduction in K~~ for the n-type, 
and the increase in Q2/p for the p-type alloy. The re- 
sults shbwn in Fig. 2(d) demonstrate clearly the im- 
portant role of optimum growth conditions in achiev- 
ing high figures of merit. 
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Effects of Annealing 
The changes in the room temperature thermoelectric 

properties of annealed specimens are shown in Fig. 
3(a) (Q), 3(b) ( P I ,  3(c) ( ~ t ~ t a l  and ~ ~ h ) ,  and 3(d) 
(Z). It is interesting to note that the rate of the 
changes is generally greater during the first 10-hr 
than longer-time annealing. As in Fig. 2, the broken 
curves are for n-type and the full curves are for p- 
type alloys. For ease of reference, the same symbol for 
each individual data point was used in Fig. 3 as in Fig. 
2. For example, a full circle at zero annealing time in 
Fig. 3 corresponds to the same p-type alloy grown at 
0.6 cm/hr shown by the full circle in Fig. 2. Also in- 
cluded in Fig. 3 (open triangles) are the annealing 
data of slow-grown, single-phase, undoped, p-type al- 
loy having the same major composition as the Te- 
doped alloy. 

For fast-grown n-type alloy, Q increased while p 
and ~ , , h  decreased; thus, Z increased with annealing in 
a manner similar to the effects of decreasing the 
growth rate. Although no apparent change in micro- 
structure was observed, this improvement must be 
related to a partial homogenization of segregated 
structures. As might be expected, the slowly grown 
n-type alloy showed essentially no change upon an- 
nealing in its thermoelectric properties. 

For Te-doped p-type material, annealing resulted in 
an increase in Q and p, while ~ , h  remained unchanged 
for both the fast- and slow-grown alloys; hence, there 
was a slight improvement in Z. These changes in the 
thermoelectric properties are again reminiscent of the 
effects of lowering the growth rate. 

Since the single-phase, undoped, p-type alloy 
showed essentially the same properties before and 
after the annealing, the increase in Q and p of the 
Te-doped alloy must have resulted from the presence 

5 0 0  1000 ~;$+aoo 
TIME (HR TIME IHR) 

( b l  l d )  

Fig. 3. Variations in thermoelectric properties at  3W°K of n-type 
Sbla-doped (BizTe3)75(SbzTe3)so(Sb2Sea)s; p-type undoped, and 
excess Te-doped (SbzTe3)7o(BizTe3)2s(Sb~Se3)5 with annealing 
time: (a) the Seebeck coefficient (Q); (b) electrical resistivity ( p ) ;  
(c) total thermal conductivity (xht,~) and lattice thermal conduc- 
tivity kph), and ( d )  figure of merit (Z). (0) excess Te-doped 
p-type, R = 7.6 cm/hr; ( 0 )  excess Te-doped p-type, R = 0.64 
cm/hr; (A) undoped p-type, R = 0.64 cm/hr; (0) Sbls-doped 
n-type, R = 3.8 cm/hr; and (B) Sbls-doped n-type, R = 0.57 
cm/hr. 

Table I. Effect of annealing on room temperature 
carrier concentration and mobility 

Anneal. time, Carrier conc., Mobility, 
hr lOl*/cm:* cm3/v . sec 

P-type 

n-type 

p-type: doped with 2 w/o excess Te. grown at 0.64 cmfir; 
n-type: doped with 0.16 w/o SbIa, grown at 0.57 cm/hr. 

of the Te-rich second phase in the doped alloy. It is 
most probable that on annealing some re-solution of 
Te takes place, which causes a decrease in the hole 
concentration and results in an increase in p and Q. 
The metallographic examination, however, revealed 
no change in the microstructure after annealing. This 
is reasonable in view of the following simple argu- 
ment. 

If one assumes that each Te atom acts as a singly 
ionized donor, and that the hole mobility is indepen- 
dent of annealing, then one can calculate the change 
in the hole concentration corresponding to the change 
in p. The number of Te atoms that must dissolve in 
order to effect the experimentally observed p change, 
was calculated to be negligibly small as compared with 
that present in the second phase. Thus, one would not 
expect to see any change in the structure metallogra- 
phically. The same conclusion was also arrived at 
from the calculation of the change in Q on annealing, 
with the assumption that Q is inversely proportional 
to logarithm of the carrier concentration. A slight 
decrease in Q and Z for the slow-grown p-type alloy 
beyond 100-hr annealing may be due to evaporation 
of Te from the specimen, as evidenced sometimes from 
a thin, shiny film deposit on the inside wall of quartz 
ampoule. 

In a material such as the present p-type alloy, it is 
difficult to obtain reproducible Hall data because of 
the presence of second phase. Nevertheless, the data 
shown in Table 13 indicate that the changes with 
annealing in Q and p of slowly grown p-type alloy 
were due mostly to a change in the carrier concentra- 
tion, resulting presumably from the Te re-solution. 
For slowly grown n-type alloy, the Hall data show 
that there was essentially no change in the carrier 
concentration, nor in the mobility. 

Conclusions 
The effects of various growth rates on the thermo- 

electric properties of n- and p-type BizTe3-SbzTe3- 
SbzSe3 pseudoternary alloys have been investigated 
and correlated with microstructures. The results show 
that higher values of the figure of merit are invari- 
ably associated with lower growth rates and hence 
greater homogeneity. For both n- and p-type alloys, 
the improvement in the figure of merit was as large as 
50% when the growth rate was reduced from about 6 
to 0.6 cm/hr. However, the growth rate dependence of 
individual thermoelectric parameters was not the same 
for both alloys. 

For the n-type alloy, which is a single-phase mate- 
rial, slow growth rates resulted in an increase in the 
Seebeck coefficient, and a decrease both in the lattice 
thermal conductivity and electrical resistivity. These 
changes are what one would expect from an improve- 
ment in the material's homogeneity with decreasing 
growth rate, since the deleterious effects of circulating 
currents would diminish as material's homogeneity 
improves. For the p-type alloy, which is a two-phase 
material, the variations with growth rate in the See- 
beck coefficient and, to a lesser extent, in the lattice 
thermal conductivity were similar to those in the n- 

2 The carrier concentration was calculated with the assumdlon 
of s?&pl;-sphericalband structure, and the mobility re orted  here 
is the Re11 mobiliw, Ra . r ,  where RE is the Hall eoe%eient and 
8 is the electrical conductivity. 
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type alloy. However, slow growth rates resulted in 
an increase in its electrical resistivity. The resistivity 
increase in the p-type alloy was interpreted on the 
basis of Te re-solution from the Te-rich second phase 
present in the alloy. Consistent with this interpretation 
are the results of an annealing study of these alloys. 
The annealing effects, while less pronounced, were 
essentially similar to those brought about by variations 
in the growth rate. 
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Eu'lctivation in Some Alkaline Earth 
Strontium Phosphate Compounds 

M. V. Hoffman* 

Lighting Research. Laboratorg, General Electric Company, Cleveland, Ohio 

The fluorescence of divalent europium has received 
increased attention recently, and a number of phos- 
phors emitting in the blue or ultraviolet region have 
been described. The efficiency and the narrow spectral 
distribution of Eutz-activated phosphors make them 
attractive for use in reprographic and black light ap- 
plications and for ultraviolet emission in cathode-ray 
tubes. Nazarova (1) found cathodoluminescence in 
Sr3(P04)~,  a and p SrzP~07 and Sr(P03)2, all with 
Eu+z activation. In  another group of strontium com- 
pounds, Gorbacheva (2) found that Eu+z did not enter 
the p (Sr,Mg)s(POdz structure completely unless 
very strong reducing conditions were used, and this 
gave yellow emission. She also found blue emission 
with Eu + 2 in SrMgz (Pol )  2. More recently, Wanmaker 
and ter Vrugt (3) have reported that divalent euro- 
pium responds efficiently to ultraviolet excitation in 
alkaline earth pyrophosphates and showed that the 
strontium compounds were the most efficient. They 
described SrzPzO7: Eu and Sro.aMgl.zPz0.1: Eu and 
showed that they are efficient phosphors with narrow 
emission bands. 

As pointed out by Wanmaker and ter Vrugt, the Sr  
compounds are suitable potential host lattices for E u + ~  
activation because of the similarity of ionic radii (Sr+Z 
1.13A. Eu+z 1.17A). In addition to a site for E u + ~  
substitution, the host lattice should have chemical 
stability in the nonoxidizing atmospheres required to 
place Eu in the site as a divalent cation and also the 
absence of a site or stmcture which will hold Eu in 
its preferred trivalent state. 

A group of compounds which illustrate these re- 
quirements are found in the ternary systems SrO- 
MgO-P206 and Sr0-Zn0-PzOs, and these were exam- 

ined with E u + ~  activation. The orthophosphate joins 
of these systems have been described previously by 
Sarver, Hoffman, gnd Hummel (4). The compounds on 
these joins are the true ternary orthophosphates, 
,SrMgz (Pod) z and SrZnz (Pol )  2, and the stabilized 
high-temperature forms, or p form of Sr3(P04)z1 
which are found only in the ternary region. These 
systems also contain the compounds SrMgPzO,, 
Mg3Sr~P4015, and SrZnPzO7. The compatibility tri- 
angles are shown in Fig. 1 and 2. No solid solutions 
were found except in the p orthophosphate regions. 

Electrochemical Soclety Active Member. Fig. 1. Compntibility triangles in part of Sr0-Mg0-PzOs system 
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Toble I. Summary of fluorescence spectra 

/ \ A - SrZnP,O, 
Emisston peak 

254 nm excitation Half width Relative 
B - SrZn2iP0,l2 Compound nm nm peak heuht 
C -BlSrZnl,lW,l, 

curves below 400 nm. The instrument, as modified by 
the insertion of the 7-54 filter, was used to determine 
the presence or absence of ultraviolet fluorescence, and 
to give a qualitative measure of the excitation. 

Results 
The incorporation of E u + ~  is possible in all of the 

strontium compounds in these systems, resulting in 
strong absorption bands in the ultraviolet region. The 

Fig. 2. Compatibility triangles in port of Sr0-Zn0-P205 emission and excitation spectra are dependent on the 
composition and structure of the host lattice. Table I 
summarizes the fluorescence spectra found for the 

The x-ray diffraction data for these compounds are 
shown in the Appendix. 

Phosphor Preparation 
The starting materials used in these experiments 

were SrHP04, SrCO3, MgNH4P04.Hz0, MgCO3, ZnO, 
(NHdzHP04, and EuzOa, all of purity normally used 
in phosphor manufacture. The europium was used 
either as the oxide or coprecipitated with the strontium 
compounds. The materials were mixed dry and fired 
in air at temperatures of from 900" to 110O0C, depend- 
ing on the composition used. Samples containing a 
large amount of (NH4)2HP04 were fired initially at 
550°C for several hours, milled, and then refired at a 
higher temperature. The final firing was in a flowing 
nonoxidizing atmosphere, usually a mixture of less 
than 1% HZ in Nz. Other atmospheres such as mix- 
ture of CO and COz can also be used satisfactorily. 

Measurements 
The identifications of these compounds and their 

determination when present as minor, second phases 
in the various phosphor preparations were made by 
x-ray diffraction, using the General Electric XRD-5 
with CuK, radiation. The emission spectra were ob- 
tained with a corrected, direct recording spectrometer 
with a grating monochromator (5). The excitation re- 
sponse between 120 and 300 nm was determined with 
a vacuum monochromator and is relative to sodium 
salicylate. The reflectance spectra in this region were 
determined on the same instrument and are relative 
to CaF2. This standard is used because it has a higher 
reflectivity in the ultraviolet than MgO and also is 
more stable with time. The method used to measure 
the excitation and reflectance below 300 nm has been 
described by Johnson (6). 

The reflectance measurements in the visible and near 
ultraviolet regions were made on a Cary 14 spectro- 
photometer and are also relative to CaF2. In the Cary 
14, monochromatic light is directed on to the sample, 
and the photocell detects all wavelengths coming from 
the sample; i.e., reflected light of the incident wave- 
length and also any fluorescence emitted by the sam- 
ple, if it is excited by the incident light. The instru- 
ment is modified to measure reflectance of materials 
fluorescing in the visible by the insertion of a Corning 
7-54 filter between the sample and the detector when 
measuring in the ultraviolet region. Fuorescence in 
the ultraviolet is transmitted by the 7-54 filter and is 
recorded as a rise in the reflectance curve at the excit- 
ing wavelengths. The Cavy 14 is extremely sensitive 
in this region and can be used to detect weak ultra- 
violet fluorescence. With phosphors as efficient as 
those reported here, the interference of the fluores- 
cence is too large to obtain meaningful reflectance 

more efficient phosphors in these systems. 
Of the orthophosphate compounds, only aSr3(PO4)z: 

Eu+z is efficient. Nazarova (1) reported an emission 
peak at 425 nm under cathode-ray excitation. We mea- 
sured the emission at 405 nm under 254 nm excitation. 
The s r M g ~ ( P 0 ~ ) ~  compound is much less efficient, 
peaks at 410 nm, and is excited by radiation below 
260 nm. The spectral distribution curves of these two 
phosphors are shown in Fig. 3. The compound, 
MgsSr~P40ls, is the least efficient and peaks at 440 nm, 
with the major excitation below 250 nm. 

The SrZn2(PO4), and SrZnPzO, compounds are 
strongly absorbing with E u + ~  present, but have no 
visible or ultraviolet fluorescence. The reflectance 
curves show no evidence of ultraviolet emission under 
any excitation, Fig. 4. Measuring the reflectance and 
excitation of SrZnz(P04)z:Eu between 140 and 300 nm 
with the vacuum monochromator also showed no emis- 
sion and 75-85% absorption in this region. 

The substitution of Eu in the p(SrMg)~(P04)2 com- 
pound gave both blue and red emission from the two 
valence states of Eu and showed E u + ~  absorption lines, 
even when fired in an atmosphere of 5% Hp in N2. 

The ,9 structure is stabilized by the incorporation 
of a divalent cation such as Mg, Ca, Zn, or Cd in the 
orthophosphate stoichiometry (4) and should be ex- 
pected to accept E u + ~  without difficulty in the Sr site. 
The j3 structure, however, can also be stabilized by a 
trivalent cation, such as Al+3, and this stoichiometry 
falls on the Sr3(P04)2-A1P04 join, resulting in a de- 

WAVELENGTH. nm 

Fig. 3. Spectral distribution, 2537A excitation: curve 1, SrMgP207: 
02Eut2; curve 2, SrMgz(POdz:Eu+2; curve 3, MgW04; curve 4, 
uS~(P04)2:01 Eu. 
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WAVELENGTH, nm 

Fig. 4. Diffuse reflectance curves, SrZnPz07:01Eu+2 and 
SrZnz(P04)z:Ol Eu+z.  

fect structure (7). The substitution of YPOl also forms 
a compound with an x-ray diffraction pattern very 
similar to Al-stabilized p Sra(PO4)z and may also be 
the j3 form. The presence of both blue and red fluores- 
cence suggests that Eu has substituted for Sr+z and 
is also present as Eut3, plus a cation vacancy. Both 
types of substitution may be present in the same struc- 
ture, but more likely, the presence of E u + ~  has moved 

.the composition into a two-phase region of j3 (Sr,Mg)a- 
(PO4I2 and a 8-type structure stabilized with Eu+3. 

The ternary pyrophosphate SrMgPzO7 is the most 
efficient phosphor found in these systems, as shown in 
Table I. The compatibility relationships show that this 
compound does not accept MgzP~07 or SrzPz07 in 
solid solution, i.e., compositions on the join on either 
side of SrMgPzO7 will be two-phase material. The 
luminescent data and the x-ray diffraction pattern 
given in ref. (3) for the composition Sro.sMgl.zPzO7:Eu 
reflect the presence of more than one phase. The inclu- 
sion of MgzPz07 with SrMgPzO7 has no effect on the 
Eu+Z emission other than a decrease of the measured 
intensity due to dilution with an inert material. Com- 
position high in SrzP207, however, affect the emission 
and absorption much more strongly than the relative 
intensities of the two phosphors would indicate. 
uSrzPz0.; accepts considerable EuzPz07 in solid solution 
and reaches its peak fluorescence intensity at composi- 
tions between Sr1.9Eu0.1Pz07 and S ~ ~ . ~ E U O . Z P Z O ~ ,  or 
about five to ten times the amount found to be op- 
timum in other E u + ~ -  activated phosphors. When mix- 
tures containing SrzPz07 and SrMgPzO7 are prepared 
with E u + ~ ,  SrzP207 preferentially accepts the activa- 
tor, and the emission of Sr~P20,:EutZ at 415 nm is 
present in much greater proportion than the compound 
itself. 

The peak fluorescence intensity in the ternary pyro- 
phosphate is found between the composition Sr0.99- 
Euo.olMgPz0.1 and Sro.s0Euo,loMgPzO7, with almost con- 
stant intensity between Sro.99Euo.olMgPzO.1 and 
Sro.gsEuo.osMgPzO~. This phosphor peaks at 393 nm 
under long and short ultraviolet and under cathode- 
ray excitation. The reflectance curve from the Cary 14 
shows considerable emission under 360 nm excitation 
and strong fluorescence below 325 nm. The true exci- 
tation and reflectance curves in the reeion from 140 to 
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Fig. 5. SrMgPzO7:OZEu phosphor: A excitation relative to 
NaC7HsO = 1; 0 reflectance relative to CaFz = 1. 

MOLE X SUBSTITUTION 

Fig. 6. Relative intensity of 393 nm peak for cation substitution 
in SrMgPzO73ZEu +Z. 

tum yield of 64% (8, 9)-. From this comparison, 
SrMgPzO7:Eu is almost constant over the range 220- 
300 nm and has a quantum yield of 90-95%. 

Cation Substitution 
SrMgPzO7 has two sites for cation substitutions, 

and a wide range of solid solutions are possible. Com- 
plete solid solution is probably between SrMgPzO, 
gnd BaMgP~07 and between SrMgPzO7 and SrZnPzO.;. 
Partial substitution of Ca for Sr can be made although 
the analogous compound CaMgPz07 does not exist. 
The effect on the Eu+z emission was measured for sub- 
stitutions of these cations, and the changes in peak 
height of the 393 nm emission are shown in Fig. 6. At 
least 20 mole % of Ba can be substituted without an 
appreciable change in the peak intensity. With 40% 
substitution, the brightness is decreased only about 
lo%, but the compound with complete substitution, 
BaMgPzO7:Eu, emits at  400 nm, with about 10% of the 
efficiency of the SrMgPzO7 analogue. With the substi- 
tution of Ca+z, a smaller cation, the intensity is de- 
creased and the emission peak is shifted to longer 
wavelengths (Fig. 7) .  Substitutions of 10% Zn for Mg 
changed the absorption edge of the lattice to 390 nm, 
and the intensity of the emission decreased by about 
50%. 
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Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1968 
JOURNAL. 

APPENDIX 

X-Ray Diffraction Patterns, CuK. Radiation 

SrMgPlOv Mg&3rB401z SrZnP& 
2 8 d  I 2 8  d l  28 d  I 

MOLE % SUBSTITUTION 

Fig. 7. Shift of peak position with Ca substitution for Sr in 
SrMgPz01:02Eu +2. 
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ABSTRACT 

The existence of electrostatic forces of attraction had been known to 
classical antiquity, but the first reported observations in the electrostatics of 
airborne particles date from about 1600. Closely associated with studies of 
smoke and other fine suspended particles in an electric field was the discovery 
of the man-made corona discharge after 1670. A review is presented of the 
contributions of the very early investigators of electrodeposition, electrosepa- 
ration, and the high-voltage discharge, among whom are some of the foremost 
names in the history of science: Gilbert, Boyle, Newton, Coulomb, and 
Faraday. 

Electrostatic dust precipitation, liquid spraying, min- 
eral separation, xerography, and other widespread 
applications of the electrodeposition and separation 
of particles are, for the most part, developments of 
the twentieth century. But as is commonly the case in 
the history of science, the essential phenomena had 
been demonstrated in principle long before an ad- 
vancing technology provided the ancillary equjpment 
required for effective commercial utilization. 

The following survey briefly reviews the older 
historical background of the subject, from the earliest 
times to 1907, the year marking the first successful 
commercial application of electrostatic precipitation. 

The Beginnings of Particle Electrostatics and 
the Discovery of the Corona Discharge 

Thales of Miletus, one of the seven wise men of 
Greece and founder of the school whence Socrates 
came, is commonly mentioned as the discoverer of 
electrostatic attraction. This claim, particularly fre- 
quent in textbooks on electrostatics, is not, however, 
well documented by the literary remains available 
to us. No writings of Thales have survived, and it 
is to Diogenes Laertius, the third century biographer 
of the philosophers, that we are indebted for informa- 
tion on Thales' electrical "researches." In this con- 
nection, Diogenes notes simply that ". . . Aristotle 
and Hippias [Greek sophist, fifth century B.C.] say 
that he [Thales] attributed souls also to lifeless things, 
forming his conjecture from the nature of the magnet, 
and of amber" (1). Aristotle, on the other hand, speaks 
only of the animation of the magnet as an opinion that 
originated with Thales, and even of this he is not 
altogether certain: 'Thales, too, apparently judging 
from the anecdotes related of him, conceived soul 
as a cause of motion, if it be true that he affirmed 
the loadstone to possess soul, because it attracts iron" 
(2). 

Since the two foregoing quotations comprise the 
known evidence linking Thales to the discovery of 
electrostatic attraction, the association of Thales with 
amber may well have been an invention of Diogenes 

800 years after the alleged event. That this could have 
been so is not strange, for the early writers closely 
associated electric and magnetic phenomena, often 
speaking of electricity as a kind of magnetism, and 
considering magnetic action the general case of at- 
tractive mechanism. As late as 1600, for example, 
William Gilbert, the "Galileo of magnetism," still 
preserved this already old tradition by having in his 
"De Magnete" (E'fg. 1) a chapter entitled "On the 
Magnetic Coition, of which the first segment was 
subtitled "On the Attraction of Amber" (3). 

It is clear, in any case, that the existence of elec- 
trostatic forces of attraction had been known to clas- 
sical antiquity, for the observation that a rubbed 
amber attracts straws, dried leaves, and other light 
bodies ostensibly in the same way a magnet attracts 
iron is variously credited to Theophrastus (ca. 300 
B. C.), Pliny (first century), and Solinus (third cen- 
tury), as well as other ancients, Greek and Roman 
(4). But owing to the deficiency of scientific method and 
to the absorbing interests of practical life, repeated 
accounts of electrostatic attraction from the earliest 
times to the advent of Gilbert, revealed little in the 
way of novelty either in observation or interpretation. 
Indeed, it remained for Gilbert to observe specifically 
that electrostatic forces could deflect particulate mat- 
ter from an aerosol. Discussing the attractive power 
of amber, sulfur, diamond, and other "electricks" 
(i.e., dielectrics) "when stimulated by friction," Gil- 
bert reported that such materials would "entice smoke 
sent out by an extinguished light" (3). ("Electric" for- 

REVIEW 
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liam 
Gilbert of Colchester, Physician of London, On the Magnet, Mag- 
netic Bodies Also, and on the great magnet the earth; a new 
Physiology, demonstrated by many arguments 8 experiments. Lon- 
don, 1600." 

merly designated a nonconductor. The term originated 
with Gilbert who applied it to substances capable of 
receiving a charge by rubbing. "Nonelectric" referred 
to a conductor.) 

Three quarters of a century later the experiment 
was repeated by the Irish natural philosopher Robert 
Boyle (Fig. 2):  "For having well-lighted a Wax- 
taper, which I preferred to a common Candle to avoid 
the stink of the snuff, I blew out the flame; and when 
the smoak ascended in a slender stream, held, at a 
convenient distance from it, an excited piece of Amber 
or a chafed Diamond, which would manifestly make 
the ascending smoak deviate from its former line, 
and turn aside, to beat, as it were, against the Elec- 
tric. which. if it were vigorous would act at a con- 

QppetimentPI anb #oteg ,/ ' 
A B O U T T H E "  

MECHANICAL ORIGINE ' 

- 
By the Hc 

. .- - 

c R. Society. 

Fig. 2. Title page of Boyle's book treating his electrical re- 
searches. The term "mechanical" refers to the frictional origin of 
electricity. This was the first printed book on electricity to ap- 
pear in English. 

or any suggestion that particles of unlike physical 
characteristics might behave differently in the presence 
of amber. 

Production of a substantial man-made corona could 
not have antedated the development of the high- 
voltage generating machine. A frictional machine con- 
sisting of a sulfur sphere mounted on a crankshaft 
was described in 1672 by Otto von Guericke, better 
known for his invention of the vacuum DumD and 
Magdeburg hemispheres. The sulfur siheri was 
charged by rubbing the hand against it while it was 
rotated in a wooden frame (Fig. 3). Using this ap- 
paratus, von Guericke made the important discovery 
of the effectiveness of pointed conductors in attracting 
charged bodies. He noted further that the rubbed 
globe glowed in the dark and that when it was brought 

siderable distance . . . " (5). 
In both foregoing examples, the smoke was at- 

tracted to the dielectric either by virtue of a charge 
acquired by the particles in the incomplete combus- 
tion process, or as a result of the polarization of 
the electrically neutral particles in the nonuniform 
electric field surrounding the dielectric. Since a 
corona discharge was not used to impart a net charge 
to the particles, neither instance can be regarded as G.n., a true forerunner of electrostatic precipitation or 
liquid spraying in the conventional present-day sense. 
Nevertheless, Boyle may not have missed the mark 
by much. As Joseph Priestly informs us in his cele- 
brated history of electricity, "Mr. Boyle got a glimpse, 
as we may say, of the electric light: for he found 
that a curious diamond . . . brought from Italy, gave 
light in the dark when it was rubbed against any kind 
of stuff; and. . . it became electrical" (6). 

Together with his predecessors, Boyle noted the . 
ability of amber to draw "not onely Sand and Mineral - 
Powders, but Filings of Steel and Copper, and beaten Fig. 3. Von Guericke's frictional electrostatic machine is on the 
Gold it self.!' He supported the contention, first put right. On the left, the burgomeister is demonstrating how a 
forth by Gilbert, that magnets attract iron whereas feather a, first charged by contact with the sphere, may be made 
amber "draws indifferently all bodies whatsoever" (6). to move about in the air as he chose. This is probably the ear- 
There was at this early time, however, no mention liest example of achieving the directed motion of a particle under 
of the possibility of electrostatic mineral separation, the action of an electric field (7). 
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to the ear "roaring and crashings" were heard in 
it (7). 

The experiments of Boyle and von Guericke were 
made about the same time, neither deriving advan- 
tage from the labors of the other. Their observations 
seem to be the earliest recorded of the corona dis- 
charge. 

Von Guericke's frictional machine and subsequent 
improvements on it were to accelerate the progress 
of electrical science, but the more primitive charging 
methods lingered tenaciously. In 1709, Francis Hauks- 
bee, curator of instruments for the Royal Society of 
London, reported that he had experienced a weak 
sensation of pressure, presumably the electric wind, 
by holding a charged tube close to his face (Fig. 4). 
Hauksbee's announcement of his discovery throws 
interesting light on the state of electrical knowledge 
and experimental technique at the time. "Having 
procured a Tube, or hollow Cylinder, of fine Flint 
Glass," he wrote, "about one Inch diameter, and thirty 
in length; I rubb'd it pretty vigorously with paper 
in my hand until it had acquired some Degree of 
Heat . . . When the Tube became hottest by the 
strongest Attrition, the Force of the [electrical] Emuvia 
was render'd manifest to . . . [the] Sense . . . of 
feeling. They . . . were plainly to be felt upon the 
Face or any other tender part, if the rubb'd Tube 
were held near it. And they seemed to make very 
nearly such sort of stroaks upon the Skin, as a num- 
ber of fine limber Hairs pushing against it might be 
suppos'd to do. This vigorous Action of the Effluvia 
put me upon an attempt, to find in what manner such 
a motion was propagated, and in what figure or sort 
of track it went along. For which end I held the 
rubb'd Tube near the Flame of a Candle, Smoke, Dust 
and surfaces of Liquids; but without any manner of 
success." 

Hauksbee's efforts to employ smoke-tracer and 
similar techniques to follow the flow pattern of the 
electric wind failed. In fact, he gives the impression 
that the drag force of the wind was so weak and the 
electric attractive force on the smoke particles and 
other substances so strong that the particles and 
liquid moved against the air current to deposit on 
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the tube. In Hauksbee's view this deposition con- 
fined the electric effluvia within the tube and thereby 
suppressed the wind: "For the small parts of Dust, 
and Powders, the streams of Liquids, the oleaginous 
Fumes of Flame, and the like sort of park of Smoke 
it self, immediately adher'd to the surface of the 
Tube, and so kept in the Effluvia: which therefore' 
requir'd the assistance of a fresh Attrition to open 
their passage and give them vent again" (8) .  

Once again, the principle of the modern electro- 
static sprayer or precipitator, the charging of par- 
ticles to the same polarity as that of the discharge 
electrode and their subsequent repulsion from that 
electrode, was yet to be clearly demonstrated. It is 
possible, though, that a step in the right direction had 
already been taken by the savants of the Academy 
del Cimento of Tuscany, contemporaries of Boyle and 
von Guericke (Fig. 5). To these gentlemen "we are 
indebted for several observations on the subject of 
electricity," among them a report of 1667 that a 
stream of smoke rising near a piece of rubbed amber 
would in part "bend . . . and be arrested by the 
Amber and in part, as if reflected from a Ghss . . . 
mount upwards." The attracted portion, "as the Amber 
cools, rises in smoak again, and vanishes9'(9). The 
latter statement may be the first recognition of a 
frequent problem in commercial electrostatic precipi- 
tation, the failure of particles of low resistivity to 
adhere to a collecting electrode. The twin columns 
suggest the smoke is of mixed charge, particles of 
opposite sign being drawn off in different directions. 

The splitting of a column of smoke in an electric 
field, a phenomenon vaguely reminiscent of the im- 
portant Stark and Zeeman discoveries of a later 
period, has since been noted time and again in the 
literature. As late as 1839 Faraday regarded this 
experiment worthy of mention in his "Experimental 
Researches:" "If a smoking wax taper be held . . . 
towards a charged prime conductor . . . two currents 
will [often] form, . . . one . . . passing to the con- 
ductor, and the other . . . outwards, and from the 
conductor . . ."(lo) (A prime conductor is a high- 
capacity, corona-free conductor for storing charge 
generated by an electrostatic machine. See Fig. 6.) 

Shortly after Hauksbee, Isaac Newton performed 
a similar corona experiment. "The electric Vapour," 
he wrote, ". . . excited by the friction of the . . . 
[Sphere] against the Hand will . . . be put into such 
an agitation as to emit Light . . . and in pushing out 
of the . . . [Sphere] will sometimes push against the 
Finger so as to be felt"(l1). No mention is made, 

Fig. 5. English translation, authorized by the Royal Society of 
London, of "Saggi di naturali esperienzi" which orignally appeared 
in Florence in 1667. The frontispiece illustrates the timelessness 
and universal~ty of science: The personified Academy del Cimento 

Fig. 4. Hauksbee's title page. The Light referred to is that is handing a copy of the Essayes to the seated Royal Society while 
emitted in an electrical discharge. Aristotle and the goddess of nature look on. 
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Fig. 6. A frictional electrostatic machine circa 1767 (16). The 
gloss sphere a t  the left replaces von Guericke's sulfur ball. A fine 
chain dragging against the sphere transfers charge from the sur- 
face of the latter to the suspended prime conductor. 

however, of the action of the "electric Vapour" on 
aerosols. 

In 1146, the French philosopher Jean Antoine Nollet 
revealed his findings that electrified points displayed 
"brushes of light" (12). A year later, Benjamin Frank- 
lin revealed in a letter to his friend Peter Collinson 
of the Royal Society, "the wonderful effect of pointed 
bodies, both in drawing off and throwing off the 
electrical fire" (13). Nollet's and Franklin's observa- 
tions were largely a rediscovery of a phenomenon 
noted earlier by von Guericke and long since for- 
gotten. But this time, the corona discharge was to be 
established as a favorite subject of experimental study 
among the electrical investigators of the day. (The 
term "corona," with reference to a gaseous discharge, 
is of comparatively recent origin, commonly appearing 
in the literature only after 1900.) 

In 1171, the Italian electrician-astronomer, Giamba- 
tista Becarria, succeeded where Hauksbee had not. 
"The movements that the electric wind can excite," 
he noted, ". . . repel the hot smoke of a candle just 
blown out, and if you present a strongly electrified 
point to the flame of a candle . . . the flame will 
. . . be repelled by the wind." Becarria thus seems to 
have been the first to bring about the repulsion of 
suspended particles from a high-voltage electrode by 
means of a corona discharge. However, he was con- 
cerned with observing the flow patterns of the elec- 
tric wind issuing from a point and was apparently 
unaware that Coulombic forces as well as aerodynamic 
drag played a direct role in the repulsion of the par- 
ticles. "It is false," Becarria asserted with but partial 
accuracy, "that it be the outfiowing electrical matter 
that itself directly thrusts away the smoke, blows 
out the candle or . . . constitutes the electric wind, 
an opinion in which I see some people firmly per- 
sist" (14). 

Experiments with a candle are not as straightfor- 
ward as they may seem. Analysis is complicated by 
the ionized structure of the flame: the tip and mantle 
are positively charged whereas the core exhibits a 
surplus negative charge. Consequently, a candle flame 
may be subjected to conflicting electrostatic and aero- 
dynamic forces in the presence of a point discharge. 

Electrical Characteristics of Gasborne Particles 
The electrical conductivity of dust and smoke par- 

ticles, today a matter of chief importance in elec- 

trodepositional devices, particularly precipitators and 
conductance separators, was early an object of sci- 
entific inquiry. In 1146 the English physician William 
Watson, "the most distinguished name in this period 
in the history of electricity," reported to the Royal 
Society that a charge is acquired by an insulated 
conductor placed in a column of smoke rising out 
of an electrified vessel of burning turpentine. The 
doctor's experimental set-up was quaintly animate: 
holding vessel or conductor at each end of the bizarre 
transmission line was an "electrified man" suitably 
isolated from ground. Watson concluded, with some 
surprise, "here we find the smoke of an originally- 
electric a conductor of Electricity" (15). 

Nine years later, the subject was again brought to 
the attention of the Royal Society with an account 
of a modification of the foregoing experiment, but 
now yielding a contrary result. "Mr. Henry Eeles of 
Lismore in Ireland . . . electrified a piece of down, 
suspended in the middle of a long silk string, and 
made steam and smoke of several kinds pass . . . 
through it, and observed that its electricity was not 
in.the least diminished, as he thought it would have 
been, if the vapour had been non electric, and con- 
sequently had taken away with it part of the electric 
matter with which the down was loaded" (16). 

Eeles flatly concluded that "exhalations of all kinds 
are -electrical [i.e., nonconducting]." Further clari- 
fication on this score awaited the Anglo-Italian elec- 
trical researcher Tiberius Cavallo. Repeating the 
smoke-attraction experiment, but using a charged 
metal sphere in place of his forerunners' rubbed 
dielectric, Cavallo wrote, in 1117, "the smoak . . . 
will be attracted by the electrified body and . . . 
form a kind of atmosphere about it. This atmosphere 
will remain'for a few seconds . . . and gradually 
vanish, . . . diffusring] . . . itself into space." No 
previous performer of this now popular demonstra- 
tion had offered an adequate explanation of the mech- 
anism involved. Cavallo's views, on the other hand, 
are remarkably up to date and go so far as to re- 
veal an appreciation of the concept of charging time 
constant: "The smoak is attracted by the electrified 
body . . . for the same reason that other bodies are 
attracted by it . . . It . . . is not immediately repelled, 
because it is a bad Conductor, and acquires Electricity 
very slowly; but having acquired a sufficient quantity 
. . . , it begins to quit the electrified body, and ascend- 
ing into the air, extends itself into a large space, in 
consequence of the repulsion existing between its 
own electrified particles" (17). 

Elsewhere Cavallo proceeded to obtain a semi- 
quantitative measurement of aerosol conductivity. 
Suspending a cork-ball electrometer over the prime 
conductor of an electrostatic machine, he noted that 
the balls did not diverge. But putting "upon the prime 
conductor a wax-taper just blown out, so that its 
smoke may ascend to the electrometer . . . the balls 
. . . will immediately separate a little . . . which shows 
that smoke is a Conductor in a small degree" (18). 
(An electrometer is an instrument consisting of two 
cork balls suspended from a common point by insu- 
lating threads. Like charges on the balls cause them 
to diverge. See Fig. I.) 

A few decades later Michael Faraday could speak 
of "the power of particles of dust to carry off elec- 
tricity in cases of high tension" as being "well 
known,"(l9) and cautions that high-voltage appara- 
tus "be perfectly free from dust or small loose par- 
ticles, for these very rapidly lower the charge and 
interfere on occasions when their presence and action 
would hardly be expected" (20). 

The Dust Controversy and Gaseous Conductivity 
The problem of the electrification of dust, without 

specific reference to intentional electrodeposition, 
played a curious role in the history of gaseous elec- 
tronics. Coulomb, who in 1185 investigated the loss 
of electricity from a charged body suspended by in- 
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Fig. 7. Illustrations of Cavollo's apparatus (17). In the elec- 
tmstatic machine, Fig. 1, the earlier manually rubbed glass sphere 
has been replaced by a cylinder F rubbed by a silk cushion G 
stuffed with hair. Charge is drawn off onto the prime conductor, 
Fig. 2, by means of the corona points L. Fig. 4 C shows a cork-ball 
electrometer. 

sulating strings, thought that after allowing for leak- 
age along the supports, some lost charge still re- 
mained to be accounted for by a convective discharge 
through the air (21). Convective discharge or electrical 
convection were the terms applied to the passage of 
electricity from one place to another by the motion 
of charge-bearing particles of ordinarily uncharged 
matter, e.g., gas molecules, dust, etc. Coulomb sup- 
posed that air particles in contact with a charged 
body acquired an electrical charge of the same sign 
as the body and that the particles were then repelled 
by the body. Accordingly, molecules of air could be 
charged with electricity, much like bits of metal. 

Here and there an occasional question was raised 
regarding the validity of this charging theory. Faraday, 
though voicing some reservations, went along with 
the prevailing belief. Kinnersley and Franklin had 
objected more strongly. As Priestly tells us, "Mr. 
Kinnersley of Philadelphia, in a letter dated March 
1761, informs his friend and correspondent Dr. Frank- 
lin, then in England, that he could not electrify any- 
thing by means of steam from electrified boiling 
water; from whence he concluded that, contrary to 
what had been supposed by himself and his friend, 
steam was so far from rising electrified that it left 
its share of common electricity behind" (16, 22). 

In time, however, experimental data accumulated 
which seemed to be explicable only on the hypathesis 
that molecules of gases or vapors resisted electrifi- 
cation. Warburg in 1872, supported by Nahrwold in 
1887, adduced compelling evidence that the loss of 
charge from an isolated electrified body could be 
accounted for by the presence of dust in the am- 
bient air (23, 24). These researchers held that it was 
the dust and not the air striking the charged body 
that was responsible for carrying off the electricity. 
In this newer view the dust did not even have to be 
present in the original air. It might, it was believed, 
be given off by the charged conductors under inves- 
tigation. Thus, Lenard and Wolf demonstrated in 1889 
that when ultraviolet light fell on a negatively elec- 
trified platinum surface, a steam jet in the neigh- 
borhood of the surface showed by its change of 
color that the vapor had been condensed (25). Lenard 
and Wolf attributed the condensation of the jet to 
dust or metallic vapor emitted from the illuminated 
surface, the dust producing condensation by forming 
nuclei around which the water droplets coalesced. 
The experimenters were, of course, observing the 
photoemission of electrons from the metallic surface 
by means of a primitive cloud chamber. But being 
unaware of the existence of electrons or gaseous 

ions and supposing that dust was indispensible to 
droplet condensation, Lenard and Wolf were led to 
conclude that the metal was disintegrating under the 
action of the light, the metallic vapor carrying off 
the negative electricity and leaving behind the posi- 
tive. The belief that air molecules could not be 
charged was further supported by the experimental 
results of Blake in 1882 and Sohncke in 1888 (26, 27). 
These studies seemed to show that not only is there 
no electricity produced by the evaporation of an 
unelectrified liquid, but also that the vapor rising 
from an electrified liquid does not carry a charge. 
It was natural enough to argue that if molecules 
of vapor are capable of receiving a charge under 
any circumstances, they should be expected to do 
so in this case. 

Lord Kelvin and Magnus MacLean further observed 
in 1894, "That air can be electrified either positively 
or negatively is obvious from the fact that an isolated 
spherule of pure water, electrified either positively 
or negatively, can be wholly evaporated in the air 
. . . This demonstrates an affirmative answer to the 
question, can a molecule of gas be charged with 
electricity? It shows that the experiments referred 
to as pointing to the opposite conclusion are to be 
explained otherwise" (28). Despite this, F. Braun 
could write as late as 1896, "The question of whether 
a gas can be electrified is answered mostly in the 
negative, at least among German investigators. All 
phenomena indicating the possibility of electrification 
can be explained by the presence of dust particles 
that might have been contained in the gas from the 
outset or else introduced during the process of elec- 
trification" (29). It was not long, however, before 
the last vestige of doubt on this score was eliminated. 
X-rays were discovered in 1895. Almost immediately 
J. J. Thornson, at the head of a brilliant group of 
young scientists at the Cavendish Laboratory of Cam- 
bridge, undertook to answer the question of how 
dust-free gases are made conductive by the new 
radiation. It was quickly found that gas rendered 
conducting this way lost all its conductivity when 
filtered through glass wool or traversed by a current- 
producing electric field. The conclusion was inevitable 
that gaseous conductivity was due to the presence 
of electrified particles. These particles were called 
ions by analogy with the term coined by Faraday 
in 1834 with reference to the charge carriers of 
electrolytic solutions (30). 

Practical Electrodeposition 
Credit for the earliest electrodepositional device 

comprising both a corona discharge electrode and a 
particle-collecting surface belongs to a German teacher 
of mathematics, M. Hohlfeld. Having observed in 
thunderstorms that increased rainfall usually followed 
closely after lightning discharges, Hohlfeld specu- 
lated in 1820 that electric discharges simulated in the 
laboratory might produce a corresponding effect. Fill- 
ing a bottle with smoke from burning paper, he 
"corked the bottle, passing through the cork a wire 
. . . extending to within three inches of the bottom 
of the bottle. The . . . [wire] was connected to . . . 
[ n electrostatic machine] so that the electricity was 
si!ently transferred into the bottle and brought in 
contact with the smoke . . . With the passing of the 
first spark the smoke vanished, the water from the 
smoke appearing on the bottom of the bottle" (31). 

Hohlfeld evidently thought that a spark discharge 
was required to achieve his purpose because he was 
trying to simulate thunder. That a (relatively) silent 
comna would accomplish the same result was re- 
ported 30 years later by C. F. Guitard, unaware that 
any attention had previously been drawn to the sub- 
ject. In his words: "It . . . struck me, that if I brought 
a wire from an electrifying machine into . . . [a glass] 
cylinder [filled with tobacco smoke] the air would 
immediately become charged with electricity, which 
would cause each portion of smoke to fly to the 
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sides of the cylinder . . . The [experimental] effect 
produced was perfectly magical; the slightest turn of 
a small electrifying machine produced immediate con- 
densation. It was astonishing to see how small a 
quantity of electricity produced a most powerful 
effect" (32). 

Experimental studies of the behavior of aerosols in 
electric fields, with or without a corona discharge, 
are seen to have been pursued sporadically and largely 
independently by workers in several countries from 
1600 on into the 19th Century. But not until 1883 do 
we find the proposal put forth (by Oliver Lodge, pro- 
fessor of physics at University College, Liverpool) 
that the charging and precipitation of dust in a corona 
might offer an effective means of suppressing atmos- 
pheric contamination (33). In 1870, John Tyndall, the 
British physicist whose name brings to mind the well- 
known light-scattering effect, had noted that a dust- 
free space formed over a hot body in strongly il- 
luminated dusty air. Further study of this phenome- 
non, which is now known to be a consequence of 
differential molecular bombardment (radiometry), was 
undertaken by Oliver Lodge. Professor Lodge's lecture 
demonstrator, J. A. Clark, hypothesized that air 
streaming over a hot surface might become electrified 
by friction, and that from air so charged, dust could 
somehow be expelled. To test this supposition, a rod 
mounted in a smoke-filled box was raised to a few 
thousand volts. With the appearance of corona "a 
very violent and remarkable effect was noticed; the 
. . . [clear region] widened enormously and tumultu- 
ously and the whole box was rapidly cleared of smoke" 
(34). Electrical precipitation had once again been 
brought to light. 

In a letter to Nature in 1883 in which he announced 
Clark's discovery, Lodge, unlike his predecessors, went 
on to suggest several practical ideas. "It is somewhat 
surprising," he noted, "considering the perfection to 
which electrostatic machines have been brought that 
they have not received any practical application. The 
electrical clearing of the air of smoke rooms, or of 
tunnels, is perhaps not an impractical notion. The 
close relationship between fogs, epidemics, &c., and 
the suspension of solid particles in the air, suggests 
the use of electrical means for sanitation and for 
weather improvement" (33). 

Lodge's first thoughts centered on treatment of the 
already polluted atmosphere rather than on the true 
offender, the actual sources of pollution. A proposal 
that this latter approach might offer the solution to 
a vexing problem was made by Alfred Walker, a 
lead smelter who, with Lodge's advice, promptly un- 
dertook the construction of a full-sized precipitator 
at his furnaces in Bagillt in Wales (35, 36). Here, 
Lodge recalled years later, clouds of lead oxide fume 
had been escaping into the air "to the damage of 
the neighboring agriculture. But the method of pro- 
ducing high-tension electricity in those days was 
rather primitive, and by no means of an engineering 
character. [The 50-kv, 0.3-ma Wimshurst machines 
which had then only recently been developed, and of 
which much was expected, proved to be less than 
satisfactory for the application at hand.] Moreover, 
the difficulties of insulation were not properly ap- 
preciated. . . . It is doubtful if any real electrification 
was communicated to the flues, along which the hot, 
flaming, and smoky gases were rushing at a consider- 
able pace from the smelting furnaces: so that the 
first attempt at practical application was unsuccessful, 
and . . . was discontinued" (37). 

There is some question as to whether Walker would 
have succeeded in any case. Modern experience has 
shown that the highly resistive, finely divided, lead 
oxide fume is one of the most troublesome of aerosols 
to precipitate. 

Lodge was not dismayed by the disappointing out- 
come of Walker's attempt. Over the ensuing years, 
with his son, he carried forward his researches. But 
despite his many large-scale experiments leading to 
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various improvements (e.g., introduction of the trans- 
former and tube rectifier and development of suitable 
high-voltage insulators), the technical breakthrough 
on which the birth of a new industry hinged was to 
be made elsewhere. 

The widespread publicity attendant on the inves- 
tigations of Lodge and his associates stimulated ac- 
tivity by others. Over the next two decades, in addition 
to Walker's patents in half a dozen countries, addi- 
tional patents and an occasional publication served to 
keep alive interest in the "electrical condensation" of 
smoke. It remained ultimately for Frederick Cottrell, 
professor of physical chemistry at the University of 
California, to bring to fruition the process of electro- 
static precipitation that now bears his name. Avenues 
of technical communication open to Cottrell at the 
turn of the century were so far from adequate that 
not until he constructed his first commercial precipita- 
tor did he become aware of Lodge's work antedating 
his own by some 20 years. Cottrell himself appears 
to have had no clear-cut recollection of how the idea 
of precipitation came to him. Nevertheless, he fully 
acknowledged Lodge's priority and characteristically 
minimized his own considerable contribution (38). 
Writing in 1914 of his introduction to the subject, 
Cottrell had this to say: "Some eight years ago, while 
studying various methods for the removal of acid 
mists in the contact sulphuric process . . . the author 
had occasion to [independently] repeat the early ex- 
periments of Lodge and became convinced of the 
possibility of developing them into commercial 
realities. The subsequent work may fairly be con- 
sidered as the reduction to engineering practice as 
regards equipment and construction of the funda- 
mental process long since laid open to us by the 
splendid pioneer work of Lodge, a feat vastly easier 
to-day than at the time of Lodge and Walker's original 
attempt" (39). 

In 1907, following impressive laboratory demon- 
strations, Cottrell set out "to duplicate these ex- 
periments on a scale some two hundred-fold larger. 
This was carried out . . . at the E. I. duPont de 
Nemours Powder Co. at Pinole, on San Francisco 
Bay, where the contact gases from one of their . . . 
sulphuric acid units were employed" (39). The opera- 
tion was an unqualified success. 

Epilogue 
Practical electrostatic precipitation on a commercial 

scale had been born. In a much broader sense, though, 
the accumulated effort of the preceding two millenia 
arid more now heralded an era in which particulate 
electrodeposition and separation were to find common- 
place and diverse application. The subsequent ex- 
plosive industrial expansion of fine particle electro- 
statics calls to mind Lodge's prophetic words before 
the Royal Dublin Society in 1884: "Whether anything 
comes of it [electrodeposition] practically or not, it 
is an instructive example of how the smallest and 
most unpromising beginnings may, if only followed 
up long enough, lead to suggestions for large practical 
application. When we began the investigation into 
the dust-free spaces found above warm bodies we 
were not only without expectation, but without hope 
or idea of any sort, that anything practical was likely 
to come of it . . . [And so] it may happen that the 
yet unapplied and unfruitful results evoke a sneer, 
and the question . . . ["What good is it?"] the only 
answer to which question seems to be: No one is 
wise enough to tell beforehand what gigantic develop- 
ments may not spring from the most insignificant fact" 
(40). 

Developments in recent decades in the application of 
particle electrostatics have indeed been impressive: 
among typical electrodepositional or separating de- 
vices may be numbered mineral and foodstuff 
separators, electrostatic flock coaters and particle 
orientors, electrostatic painting, coating, and printing 
devices, gas and liquid filters, and still others. But 
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these achievements of the more recent past comprise 11. J. Newton, "Opticks," 2nd ed., pp. 315-6, London, 
a story of their own, one that is told, under appropriate (1718). 
headings, in other papers of this series. 12. J. A. Nollet, "Essai sur 1'6lectricit6 des corps," 

Paris, 1746. 
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Cleveland Section tion on Electrode Reactions at the drop- 
ping Mercury Electrode," J. Kuta, Hey- SECT1 O N N EWS During the year 1967-1968 the rovsky Polarographic Institute, Czechos- 

Cleveland Section, as usual, has had lovakia. 
a wonderful Year of Programs arranged April-"Between Science and Art- 
by Chairman R. J. Brodd. Recent Research in Nonaqueous Sol- 

Boston Section Dinner meetings are held monthly on vents and Electrochemical calori- 
the second Tuesdays from September m e t ~ , "  R. T. Foley, American Univer- 

The Boston Section held its second to June except in October and May ,ity. 
meeting of the 1967-1968 season at when the National Meetings of the ~h~ june meeting w i l l  be u ~ ~ d i ~ ~  
the Ledgemont Laboratory of the Ken- Society are in session. Night" with a pubject of general in- 
necott Copper Corp., Lexington, Mass.. The principle speakers and titles for terest. 
on November 14, 1967. meetings are as follows: It has been a custom of the Cleve- 

Mr. Ralph B. Soper was presented September-"Current Distribution on land section to have a short after din- 
with a Past-Chairman's pin in ap- and in Porous Electrodes," R. J. Brodd, ner talk at each meeting. ~h~ subjects 
preciation of his services in that office Union Carbide. for the year are of great variety, rang- 
during 1966-1967. November-"Edison plus TEFLON- ing  from u ~ e c e n t  p,dvance on C ~ S  

The speaker for the evening was Application of New Material to Electro-  hi,, ~ i l ~  cell," by W, B ~ ~ ~ ~ ,  "corn- 
lvor E. Campbell, Vice-President of The chemical Cells," G. Frysinger, U. S. merits on the world-wide chlorine I,,. 
Electrochemical Society, who spoke on Army Electronic-Command. dustry," L. E. Vaaler, "Some Recent 
"Vapor Deposition, Past, Present, and December-"A Chemical View of ~ ~ ~ ~ l ~ ~ ~ ~ ~ t ~  i n  ~ l ~ ~ t ~ ~ ~ l ~ t i ~ ~ , "  
Future." Dr. Campbell reviewed the de- Semiconductors," D. Trivich, Wayne K, willson, to "society ~ f f ~ i ~ ~ , "  by 
velopment of vapor deposition pro- State University. Vice-president N. Corey Cahoon. 
cesses, their present commercial status, January-"Conduction and Electro- 
and opportunities for further utilization. luminescence in Oxide Films," T. W. 1. S. Lee, 
The relative advantages of chemical Hickmott, I.B.M. Corp. Secretary 
and physical vapor deposition were dis- February-"Electrochemistry and Re- 
cussed as well as the relationship of active Intermediates in Electrosynthesis 
these processes to other coating pro- in Nonaqueous Solvents," M. E. Peover, 

Detroit Section 
cesses. National Physical Lab., Teddington, The annual joint dinner meeting of 

R. G. Donald, England. the Detroit Section and the National 
Secretary March-"The Influence of Adsorp- Association of Corrosion Engineers was 
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held on February 15, 1968 at the En- 
gineering Society of Detroit. The 
speaker for the evening was Julius 
J. Harwood, Manager, Metallurgy De- 
partment, Ford Motor Co. Scientific 
Laboratory, who spoke on "The Reac- 
tion and Interaction of Research and 
Technology." 

Mr. Harwood pointed out in his 
presentation that the coupling of 
science to technology and the inter- 
action of research and engineering are 
issues receiving serious attention on 
the national research scene. The con- 
version of research to technology, i.e., 
the process of innovative, like any 
other chemical reaction, can be viewed 
in terms of "thermodynamic driving 
forces" and kinetic factors operating in 
a fluctuating, dynamic environment. The 
factors underlying the relation of re- 
search to technology and the innovation 
process were analyzed in the particular 
context of basic research in an in- 
dustrial organization, including the role 
of research, criteria for evaluation of 
the productivity of basic research, 
"catalytic" and environmental factors, 
the role of management etc. 

The findings of a series of case 
histories of successful research-tech- 
nology transfers were used to illustrate 
these considerations. 

E. A. Romanowski, 
Second Vice-Chairman 

Midland Section 
On February 20, 1968 the Midland 

Section of the Society held a meeting 
in the Research Auditorium of the Dow 
Chemical Co. in Midland. Prior to the 
meeting a dinner in honor of the 
speaker was held at the Hickory House 
in Midland. 

The speaker was Stanford R. Ovshin- 
sky of Energy Conversion Devices, 
Inc., who spoke on "Amorphous Semi- 
conductor Devices." This is a very 
controversial subject since the elec- 
tronic properties of amorphous ma- 
terials, notably certain glasses, are still 
not well understood. Mr. Ovshinsky 
verbally described several devices 
based on this concept; the "Ovonic" 
threshold switch and the "Ovonic" 
memory switch. Both of these switches 
employ thin films, deposited by a 
variety of means, of chalcogenide 
glasses. These glasses are compounds 
of selenium, tellurium, silicon, oxygen, 
and sulfur with some "crystallinity in- 
hibitors" such as arsenic. Purity of 
materials is said to be noncritical and 
easily controlled. Unlike conventional 
solid state devices that operate only 
with direct current, these new amor- 
phous devices are inherently symmet- 
rical and can be employed in a-c cir- 
cuits. 

At present these switches are being 
studied for some military applications 
as well as a limited number of civilian 
applications. Audience discussion was 
enthusiastic and lengthy. 

John A. Van Westenburg, 
Secretary-Treasurer 

OF THE ELECTROCHEMICAL 

National Capital Area Section 
On March 7, 1968 the National Cap- 

ital Area Section met at the American 
University, Washington, D. C., to hear 
N. Corey Cahoon, Vice-President of The 
Electrochemical Society, who spoke on 
current and proposed affairs in the 
National :ociety. Dr. Cahoon also 
spoke on New Developments in Bat- 
teries," and also described a typical 
cell and its electrode reactions. He 
discussed the new method used to 
measure the electrode voltages and 
cell capacities. 

Frank X. McCawley, 
Secretary 

Ontario-Quebec Section 
On February 16, 1968 an all-day 

symposium on Interfacial Electrochem- 
istry and Corrosion was held at Atomic 
Energy of Canada Ltd., Sheridan Park, 
Ontario. The location proved to be 
 deal as Atomic Energy's research cen- 
ter is located in a research community 
some 17 miles west of Toronto. Sheri- 
dan Park was initially inspired by the 
Ontario Research Foundation and con- 
struction of a campus-like develop- 
ment for the establishment of indus- 
trial sponsored facilities devoted purely 
to research and development began 
in 1963. At present 9 organizations 
have their individual research centers 
located in Sheridan Park. 

The following papers were presented: 

"Double Layer Theory and Electrode 
Kinetics," J. N. Butler, Tyco Labora- 
tories, Inc. 

"Electrochemistry of the Mercury- 
Electrolyte Interface," R. G. Barradas, 
University of Toronto 

"The Anodic Behavior of Iron," Mor- 
ris Cohen, National Research Council 

"The Mechanisms of Corrosion of 
Aluminum," M. J. Pryor, Olin Mathieson 
Chemical Corp. 

"Corrosion and Inhibition of Zinc," 
M. M. Wright, Cominco Research Labo- 
ratories 

The program was followed by a tour 
of the research facilities of the Inter- 
national Nickel Co. of Canada. 

Plans are at present being made for 
the Spring Meeting which will be held 
at the Windsor Hotel in Montreal on 
April 5, 1968. The annual business 
meeting of the Section will also be held 
at this time. 

The following papers will be pre- 
sented: 

"Technology and Use of Mercury 
Cells in North America," W. C. Gardi- 
ner, Olin Mathieson Chemical Corp. 

Experimental Design and Process Op- 
timization," A. Mular, Queen's Univer- 
sity 

"A Review of Latest Work by the 
Mines Branch in Smelting in Combined 
Shaft and Electric Furnaces," G. E. 
Viens, Dept. of Energy, Mines, and 
Resources. 

A paper explaining some practical 
designing considerations of submerged 
arc furnaces will be presented by 2. B. 

ICIETY May 1968 

Wowk, Metals & Carbon, Union Carbide 
Canada, Ltd. 

The luncheon speaker will be R. A. 
Fortier, Industrial Relations Manager, 
Aluminum Co, of Canada Ltd., who 
will speak on the important aspects 
of the human problems arising in the 
rapidly changing industrial enterprise. 

C. B. Camplong, 
Secretary-Treasurer 

PEOPLE 

Wilbur W. Kirk has been appointed 
manager of the Harbor lsland Corro- 
sion Laboratory, lnternational Nickel 
Co., Inc., Wrightsville Beach, N.C. 

Prior to his new appointment he had 
been supervisor of the marine corro- 
sion section at the Harbor lsland works. 
He joined the company in 1962 as an 
engineer at Harbor Island. Before this, 
Mr. Kirk was .an engineer in the Core 
Engineering Department at Bettis 
Atomic Power Laboratory in Pittsburgh, 
Pa. 

Frederick P. Kober has been ap- 
pointed to the newlytreated position 
of assistant director of research at 
Yardney Electric Corp., New York, N.Y. 

Prior to joining Yardney Electric, 
Dr. Kober was associated for four years 
with General Telephone & Electronics 
Laboratories, Bayside, N.Y., where he 
was section head in Basic Electro- 
chemistry. 

Thomas P. May will transfer to the 
New York office of the International 
Nickel Co., New York, N. Y., as as- 
sistant to the product development 
manager. Dr. May has been manager 
of the company's Harbor lsland Corro- 
sion Laboratory at Wrightsville Beach, 
N.C. 

Mr. May transfers to the New York 
office after having been manager of the 
company's Harbor lsland Corrosion 
Laboratory since 1957. He was ap- 
pointed technical manager of the labo- 
ratory in 1954. Dr. May joined the In- 
ternational Nickel organization in 1947 
as a member of the corrosion eng- 
ineering section of the Development 
and Research Department in New York. 
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Eugene Y. Weissman joined Globe- (1) "Electmcrystallization," (2) "Ad- 
Union, Inc., in Milwaukee as manager sorption on Electrodes," and (3) "New 
of the Electrochemistry Branch, Cor- Instrumental Methods in Electrochem- 
porate Applied Research Center. istry." In addition, there will be ses- 

sions of the Sections of CITCE. 
The preliminary program for the 

Symposia is: 
Electmc~tal l izat ion 

Organized  by^. O'M. Bockris N EW M EM B E RS ,Theory of Electrodepasition of 
K. M. Gorbunova 

"Growth and Structure,,of Metals Obtained 
by Electrocrystallization M. Froment 

It is a pleasure to announce the by ' '~~e~$~~{~ t i~ fT$~~~~~t f !?~hTf i~~ ined  
following new members of The Elec- "Electrolytic Phase and drowth of Perfect 
tmchemical Society as recommended C2;Fd &,"&,:iipBu~~~26n Electrocrystalli- 
by the Admissions Committee and ap- zation Process, Crystal Defects, and surface 
proved by the Board of Directors in St?y21 ~ I ~ t r ~ ~ ~ ~ ~ l i z a t i o n  of Metals: A 
March 1968. General Survey," J. O'M. Bockrls 

Active Memben 
Fasolino, L. G.. Wellesley, Mass. 
Gynn G. E Fort Wayne Ind. 
~rau;  Heiblert ~icharddon Texas 
~ a n z ' ~ .  C. ~b r r i s town  N.' J 
~ c ~ d n a l d  ij D ~ i l w a i k e e   is. 
Russell J.'L.' N;W York N ?Y. 
Sard ~ i c h a r d  ~ l i z a b e t i  N. J. 
~chlh ik jer  C 'R ~ambr/dge, Mass. 
Smith A. (G. ' ~ i i o n i a  Mich. 
steverison Archibald Selma Ala. 
Winhler, J: H., Hollyiood, callif. 

Associate Member 
Simon, R. H., Wickliffe, Ohio 

Student Member 
Zelouf. Shbmo, University Park, Pa. 

Adsorption on Electrodes 
Organized by P. Oelahay 

"Adsorption of Ions and Atoms on Plati- 
num Metals," A. N. Frumkin 

"The Demonstration of Adsorbed Interme- 
diates and the Determination of Reaction 
Mechanisms bv Pulse Electrolysis." M. . .".--.....".... 

"Adsorption and Diffusion of, Hydrogen 
Through Noble Metals " E Gileadl 

"An Investigation o i  th; Oxygen Overvolt- 
age on Pt-Rh Alloy Electrodes " J. P. Hoare 

"The Electrical Double ~ a y i r  in Nan-Ague- 
O U ~  Solutions," R. Payne 

Metal Ion Adsorotion at Solid Electrodes." 
E. Schmidt 

New Instrumental Methods 
in Electrochemistry 

Organized by P. J. Elving 
"Optical MeFhods for 1nv:stigating the 

Electrode-Solutlon Interphase, W. N. Han- 
sen 

"Electrical Methods for Inyystigating the 
Eltctrode-Solution lnterphase H Bauer 

Use of Radioactive lsoto i'cs iracer Tech. 
nioue in  Electrochemical gesearch." N. A. 
Bq)ashova Rotating Disk and Rim-Disk Techniques," 

A. C. Riddlford 

Papers to be presented in the meet- 
ings of the Sections will be in the 
areas of electrochemical thermody- 
namics, electrochemical kinetics, ex- 
perimental methods in electrochemistry, 
electrochemistry of high temperatures, 
corrosion, and batteries. 

Attendance is by preregistration 
only. The registration fees are $15.00 
for members and $20.00 for nonmem- 
bers. The deadline for receipt of com- 
pleted registration forms is July 1, 1968. 

Registration forms may be obtained 
from: Dr. Seward E. Beacom, Electro- 
chemistry Department, Research Labo- 
ratories, General Motors Corp., 12 Mile 
and Mound Roads, Warren, Mich. 
48090. 

Third International Symposium 
on Passivity 

Dr. Henry Leidheiser, Chairman of 
the Corrosion Division of The Elec- 
trochemical Society, announces that the 
Third International Symposium on 
Passivity of Metals is scheduled to be 
held in Cambridge, England, July 6-10, 
1970. Dr. T. P. Hoar of the Metallurgy 
Department at the University of Cam- 
bridge is in charge of local arrange- 
ments. The Committee representing 

OBITUARIES 

Ralph Brown 
Ralph Brown, consultant, Pratt & 

Whitney Aircraft, South Windsor, Conn., 
died on December 12, 1967. He was 
32 years old. 

Dr. Brown received his B.S. degree 
(Chemical Engineering) from Massa- 
setts Institute of Technology in  1957. 
He was awarded the Ph.D. degree 
(Chemical Engineering) from the Uni- 
versity of Michigan in 1x0. 

Dr. Brown, an author and co-author 
of several papers appearing in Society 
publications, was a member of the 
Society since 1962. 

Marcello Stefano Pirani 
Marcello Stefano Pirani, Emeritus 

Member of The Electrochemical Society, 
died on January 11,1968. 

Dr. Pirani was a holder of the Gauss 
Medal and the Federal Cross of Merit, 
a fellow of the Royal Society of Arts, 
London, and member and honorary 
member of numerous learned societies 
in Germany, England, and America. 

NEWS ITEMS 

19th CITCE Meeting 
The 19th Meeting of CITCE will be 

held in Detroit, Mich., from September 
22-27, 1968. Symposia will be held on 

FLOATING SPHERES 

The amazing ALLPLAS floating ball blanket reduces 
handling, cost and safety problems connected with the 
processing, use or storage of liquids. For fixed or open 

I LABORATORY TESTED 
IN WORLD-WIDE USE I ALLlJLAS DEW. Es 

Reduces Fumes. . . . . . . . .SO% WIRE MACHINERY, INC. 
Reduces Evaporation. . . . .88% 
Heat Savlngs. . . . . . . . . . .70% 

4630 west 54th Street 
Chicago, Illinois 60632 
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The Electrochemical Society consists of 
Morris Cohen, Michael Pryor, Henry 
Leidheiser, and H. H. Uhlig. Further 
details concerning the program, regis- 
tration, presentation of papers and 
their eventual publication will be an- 
nounced later. 

The First International Symposium on 
Passivity was held at Schloss Heiligen- 
berg near Darmstadt, West Germany, 
in Se~tember 1957. The Symposium 
was organized by Professor Ulrich 
Franck, now of the Technische Univer- 
sitat Aachen, and the late Dr. K. Bon- 
hoeffer of the Max Planck lnstitut fiir 
Physikalische Chemie in Gottingen. 
Papers presented at this Symposium 
were published in a special issue of 
the "Ziet. f. Elektrochemie," Vol. 62, 
pp. 619-827 (1958). 

The second symposium was held 
at the University of Toronto in Sep- 
tember 1962. Dr. Morris Cohen of the 
National Research Council in Ottawa 
was in charge of local arrangements. 
Papers presented at this symposium 
were published in a special issue of 
the JOURNAL OF THE ELECTRO- 
CHEMICAL SOCIETY, Vol. 110, pp. 596- 
708 (1963). Both the first and second 
symposia were sponsored by The 
Electrochemical Society, the Deutsche 
Bunsengesellschaft, and the Faraday 
Society. The second symposium was 
sponsored in addition by the American 
Society for Testing and Materials. The 
Board of Directors of the Society at its 
meeting on January 5, 1968 voted to 
sponsor, as before, the third sympo- 
sium. 

I t  is expected that the third sym- 
posium, like the first two, will attract 
the participation of many scientists 
from all major countries of the world. 
The subject is one which has particu- 
lar importance to the science underly- 
ing modern corrosion resistant alloys, 
corrosion inhibitors called passivators, 
and new techniques for corrosion con- 
trol such as anodic protection. 

Crystal Syntheses 
Springer-Verlag announces the ini- 

tiation of a new serial volume entitled 
"Crystal Syntheses" to be edited by 
Dr. R. A. Laudise, Bell Telephone 
Laboratories, Inc., Murray Hill, N. J., 
assisted by an International Editorial 
Advisory Board. "Crystal Syntheses" 
will be patterned after "Inorganic Syn- 
theses" and "Organic Syntheses" and 
will publish straightforward procedures 
in recipe format for the growth of 
single crystals. Where possible, the 
procedures will be checked in a second 
laboratory before publication. 

The following are members of the 
Editorial Board: 

W. Bardsley 
F. R. Charvat 
F. Hubbard Horn* 
R. Kern 
R. A. Lefever 
Rudolf Nitsche 
A. Rabenau 
1. 6. Reed 
Rusturn Roy 
M. Schieber 
J. H. Wernick 
E. A. D. White 

Further information concerning 
"Crystal Syntheses" and instructions 
for the preparation of manuscripts may 
be obtained from the editor Dr. R. A. 
Laudise, Head, Crystal Chemistry Re- 
search Department, Bell Telephone 
Laboratories, Inc., Murray Hill, N.J. 
07974, U.S.A. 

Electrochemical Society Active Member. 

Intensive Short Courses 
The Saul Gordon Associates Center 

for Professional Advancement, Hopat- 
cong, N. J., will conduct the following 
short courses: 

August 12-2E-Luminescence Tech- 
niques Workshop 
August 19-2LElectroanalytical Tech- 
niques Workshop 
During September and December 

short courses will be given on: 
Laser Techniques 
Microencapsulation Techniques 
For information and application forms 

write Saul Gordon Associates Center 
for Professional Advancement, P. 0. 
Box 66, Hopatcong, N. J. 07843. 

Second Integrated Circuits 
Engineering Courses 

The Second Annual lntegrated Cir- 
cuits Engineering Summer Institute will 
be conducted at the University of Ari- 
zona, Tucson, Ariz. It is jointly spon- 
sored by the Electrical Engineering De- 
partment through its Solid State En- 
gineering Laboratory and the Division 
of Continuing Education. 

The two-week sessions will consist 
of intensive and comprehensive de- 
sign and fabrication experiences based 
on lectures prepared by the staff of 
the Solid State Engineering Laboratory. 
The emphasis will be on the funda- 
mentals of monolithic integrated cir- 
cuit design and fabrication. In addition 
to the fabrication of actual circuits, de- 
vice theory will be reviewed and en- 
gineering design compromises will be 
considered. 

Sessions will be held as follows: 

Session I-June 3-14,1968 
Session I I-June 17-28, 1968 
Session Ill-July 8-19, 1968 

For additional information, contact 
Dr. Roy H. Mattson, Director of the 
Institute and Head of Electrical Engi- 
neering Department, University of Ari- 
ona, Tucson, Ariz. 85721. 

Polytechnic Short Course 
The Polytechnic Institute of Brook- 

lyn is planning to offer a three-week in- 
tensive course in basic electronics and 
instrumentation techniques from July 
20 and August 10, 1968. The course is 
designed for engineers, physical and 
biological scientists, and science edu- 
cators who must use instruments in 
their work. 

For additional information, contact 
Kenneth R. Jolls, Assistant Professor 

(Continued on p. 142C) 

Avoikabke 
1968 

ELECTRETS 
and Related Electrostatic 
Charge Storage Phenomena 

A Symposium 

published by 

The Electrochemical Society 

This first volume in English collects 
original papers on electret theory. 
experimental, and practical applica- 
tions, which are of interest to sci- 
entists and engineers in such areas as: 

air pollution control 
electrostatic printing 
computer memory storage 
high voltage generators 
prosthetic materiak and blood 
coagulation 
telemetry instrumentation 
video and audio recording 

Topics include: 
macroscopic and microscopic 
theories of electrets behavior 
production of electrets and charge 
decay 
effect of ionic additives 
ionic thermal currents 
electric conduction in films 
ice, wax, organic semiconductor, 
and ionic membrane electrets 
measurement of surface change 

Edited from invited papers presented 
before the Dielectrics and Insulation 
Division of the Society at the 13Znd 
National Meeting Fall, 1967 (Chicago). - - - - - - - - -  
please clip and ntum wHh nmlthnc8 k 

The Electrochemical Society, Inc. 
30 East 42nd Street 

New York, N. Y. 18017 
Please enter my order for . . . . . . . . .. 
copies of Elnctrets. at $11.00 each. 
My check or money order is enclosed 
for $ . . . . (Payment must accompany 
order. No cash please. No discounts 
allowed.) 

name 

affiliation 

mailing address 

city 

state zip code 

Note: Remittances from outside the 
Continental United States must ba by 
International Money Order or by bank 
draft on a New York bank. 



THREE NEW MEETING SYMPOSIUM VOLUMES 
- - - - - - - - - - -  .---. ----.--- ----  

~ e t u r n  after 
I Payment must accompany order. We regret that purchase 

The Electrochemical Society, Inc. 5 day. postage orders without remittance cannot be accepted, acknowledged 
30 East 42nd St. guaranteed I or invoiced. Make sure your name and address appear both 
New York, N. Y. 10017 ( below and on the shipping label adjacent. 

"Optical Properties of Dielectric Films" 
1 U. S. $9.00 (15 papers, Spring 1968) 

Name I Please send (no. of copies) 

Payment enclosed U. S. $ 
Address - I 

3 
3 1 Name 

City 
8 I Address 

State Zip Code 1 City State 

I Zipcode Country 

Country I PLEASE RETURN THlS CARD WlTH YOUR PAYMENT TO: 
( ) copies of THE ELECTROCHEMICAL SOCIETY, INC., 

Optical Properties of Dielectric Films 1 30 East 42nd St., New York, N. Y. 10017 

I 

The Electrochemical Society, Inc. Return after Payment must accompany order. We regret that purchase 

I 30 East 42nd S t  guaranteed orders without remittance cannot be accepted, acknowledged 
New York, N. Y. 10017 or invoiced. Make sure your name and address appear both 

below and on the shipping label adiacent. 

I "Electron and Ion Beam Science and Technology" 
I Name U. S. $21.00 (63 papers, Spring 1968) 

Please send (no. of copies) 

Address Payment e n c l o s e d u .  S. $ 
+8 

I I 0 

I - 
I City L? Name 

0 
I 
I Address 
I state Zip Code- City State 

I Zip Code Country 
1 Country 
I 

; ( ) copies of PLEASE RETURN THlS CARD WITH YOUR PAYMENT TO: 

I Electron and Ion Beam Science THE ELECTROCHEMICAL SOCIETY, INC.. 
I 

I and Technology 30 East 42nd St, New York, N. Y. 10017 
I 
I 

The Electrochemical Society, Inc. ~ e t u r n  after I Payment must accompany order. We regret t h n  purchase 

30 East 42nd S t  :t:Er$Ee I orders without remittance cannot be accepted, acknowledged 
or invoiced. Make sure your name and address appear both 

New York, N. Y. 10017 I below and on the shipping label adjacent. 

I "Dielectrophoretic and Electrophoretic Deposition" 
Name U. S. $9.00 (13 papers, Fall 1967) 

I Please send (no. of copies) 

Address I Payment enclosed U. S. $- " a 
I Name 

City 
% I Address 

State Zip Code- City State 

Country 

Country I 
PLEASE RETURN THlS CARD WlTH YOUR PAYMENT TO: 

( 1 copies of I THE El.EcIRocHEMIcAL soclm. INc., 
Dielectrophoretic and 1 30 East 42nd St, New Yo* N. Y. 10017 

Electrophoretic Deposition 
I 
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News Items continued 

of Chemical Engineering, Polytechnic 
Institute of Brooklyn, 333 Jay St., Brook- 
lyn, N. Y. 11201. 

Metal Finishing Conference 
The 7th International Metal Finishing 

Conference and 36th Meeting of the 
European Federation for Corrosion will 
be held at Hanover, Germany from 
Sunday May 5th to Thursday May 9, 
1968. Technical Sessions will start 
Monday May 6, i n  the Stadthalle. 

Conference languages are English, 
French, and German. All papers and 
discussion will be translated simulta- 
neously. 

Papers being presented by ECS 
Members are: 

"Chemical Vapor Deposition of Rhenium," 
A. Brenner 

"Nickel Addition ,!gents, Corrosion Inhibi- 
tors, and Catalysis A. H DuRose 

"Plastic coatlngr(via ~ r i  Powder Formula- 
tions," D. R. Savage 

"The Effect of,,lnadequate Cleaning on the 
PlZting Process H. B Linford 

Corrosion ~iotect io; Studies with Copper 
-Multiple Nickel-Micro-Porous Chromlum 
Plate " R J Clauss and R W. K l e ~ n  

" ~ i d r o g e t i  Absprption b y  Steel during 
Cllaning " G T. S ~ n k  

~ n a l y i i c a i  Investigations o f  Defective 
Electroplated Parts ,as Related t o  Basic 
Metal Surface Conditions," T. H. Brlggs and 
R. W. Steinmetz 

"AES-Research," W. Blum 

BOOK REVIEW 

"Corrosion Engineering," by M. G. Fon- 
tana and N. D. Greene. Published by 
McGraw-Hill Book Co., New York 1967. 
391 pages; $12.50. 
This is a good book for the engineer- 

for the one actively engaged in the 
field for it brings together the topic in 
a coherent manner listing of materials 
data and references and for the begin- 
ning entrant into the field for it suc- 
cinctly and pragmatically details the 
problems and parameters involved. 

As a textbook, I would hesitate to use 
it for it covers too much of the practi- 
cal and litt le of the theoretical in de- 
tail. I t  has no problems listings and 
contains far too many details for teach- 
ing. In many ways i t  is almost a refer- 
ence book. For teaching purposes I 
would propose that the authors consider 
breaking the text into two volumes, one 
theoretical with amplification of many 
of their points and the second volume, 
a practical and reference work. 

This book should be must reading for 
the materials engineer and i n  fact for 
any engineer or designer who utilizes 
construction materials. The book's in- 
tent is such that it should enable the 
working engineer to make a choice o f  
the proper material of construction 
once he defines the Darameters of use. 

entering corrosion research, it is an 
excellent starting point. 

Julius Klerer 
The Cooper Union 

NEW BOOK 

"The Thermal Properties of Transition 
Metal Ammine Complexes," by W. W. 
Wendlandt and J. P. Smith. Published 
by American Elsevier Publishing Co., 
New York, 1967. 255 pages; $17.00. 

A detailed and oractical reference treatise 
on the thermal dissociation of metal-ammine 
complexes outllnlng the thermoanalytical 
techniaues utilized with a thorough d~scus- 
sion of the complexes of cobalt chromium 
copper nickel cadimum and ' zinc plu; 
platin&, pailddium, and some othdr less 
well k n w n  types. 

FROM 

PUBLISHERS 

"Research on Improved Il-VI Crystals," Re- 

a'9,"$c%\","ti,"p'"~hf~ ti;?; A??nnotated 
Bibliography 1956-1966, Report AD-655 
loo,* 291 paies; $3.00 

'Order from the Clearinghouse, U. S. De- 
partment of Commerce, Springfield, Va. 
22151. 

PO8 ITION AVAILABLE 

Please address replies to the box 
number shown c /o  The Electrochemical 
Society, Inc., 30 East 42 St., New York, 
N. Y. 10017. 

Electrochemist-experienced experimental- 
ist w i th  excellent theoretical background 
to investigate electrical conductivity phe- 
nomena, both electronic and ionic, of oxide 
films and ionic solids. Reply Box B-36. 

Future Meetings of The 
Electrochemical Society 

May 5.9, 1968 
Boston, Mass. 
Statler Hilton Hotel 

October 6-11, 1968 
Montreal, Canada 
Queen Elizabeth Hotel 

May 4-9, 1969 
New York City 
Commodore Hotel 

October 5-10, 1969 
Detroit, Mich. 
Statler Hilton Hotel 
(also Sheraton Cadillac) 

May 10-15, 1970 
Los Angeles, Calif. 
Statler Hotel (also Biltmore 
Hotel) 

October 4-9, 1970 
To be announced 

May 9-14, 1971 
Washington, D. C. 
Sheraton Park Hotel 

October 3-8, 1971 
Cleveland, Ohio 
Sheraton Cleveland Hotel 

May 7-12, 1972 
Houston, Texas 
Shamrock Hilton 

October 8-13, 1972 
Atlantic City, N. .I. 
Chalfonte Haddon Hall 

May 12-18, 1973 
Chicago, Ill. 
Sheraton chicago 

October 7-12, 1973 
Boston, Mass. 
Sheraton Boston 

May 5-10, 1974 
San Francisco, Calif. 
Sheraton Palace 

October 13-18, 1974 
New York City 
Commodore Hotel 

May 11-16, 1975 
Toronto, Canada 
The Royal York 

October 5-10, 1975 
Dallas, Texas 
Sheraton Dallas 

ATTENTION. MEMBERS 
AND SUBSCRIBERS 
Whanever you write l o  
The Electrochemical Socl- 
ety about your membership 
or subscription please in. 
clude your ~dgazine ad. 
dress label to ensure 
prompt servica. 
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The Electrochemical Society 
INSTRUCTIONS TO AUTHORS OF PAPERS 
(Revised as of 6/1/67) 

Jwrnof of the fltctrochemicol So- 
ciety is the fundamental re- 
search iournai serving the inter- 
disciplinary interests of chem- 
istry, physics, electronics, biol- 
ogy, medicine, and engineering 
os they pertain to electrochem- 
istry and to electrochemical 
phenomena. Written for the re- 
search scientist in industry, gov- 
ernment, the independent lab- 
oratory and the university, i t  
publishes contributed Technical 
Papers, Technical Notes and 
Brief Communicotions describ- 
ing current basic research of 
original character, and is edited 
in two sections: 1) flectrocham- 
ical Science including such areas 
as batteries, fuel cells, corro- 
sion and corrosion mechanisms, 
electrothermics and metallurgy, 
electrodeposition, eiectroorgania 
reactions and phenomena, and 
allied work of theoretical elec- 
trochemical nature. 2 )  Solid 
State Science including such 
areas as dielectrics and insula- 
tion, electrothermics and metoi- 
lurgy, semiconductors, iumi- 
nescence and reloted solid stote 
investigations. 

Electrochemical Technolw~ is the 
journal of applied eiectrochem- 
istry written for the appiication- 
oriented researcher, consultant, 
R 6 D engineer, product de- 
signer and production engineer 
whose responsibility lies in such 
areas as: batteries and fuel 
cells, corrosion and its control, 
dielectrics and insulation, eiec- 
trodeposition and plating, eiec- 
trothermics and metallurgy, 
electroorganic synthesis, indus- 
trial electrolysis and the proc- 
ess aspects of semiconductors 
and reloted solid state products. 
It publishes original contributed 
Technical Papers, Technical 
Notes and Brief Communicotions 
describing current application of 
electrochemistry and eiectro- 
chemical phenomena to prod- 
uck and systems. Its Feature 
Section also publishes original 
contributed reviews pertinent to 
electrochemical interests. 

Manuscripts must be submitted i n  triplicate t o  expedite review. They 
should be typewritten, double-spaced, with 2%-4 cm ( 1  !4 in.) mar- 
gins. 

Titles should be brief, followed by the author's name and pmfes- 
sionol connection. Authors should be as brief as is consistent wi th clarity and should omit introductory 
or explonotory moterial which may be regarded as fomil iar t o  specialists i n  the particular field. Proprie- 
tory and trode nomes should be generally avoided; if used wi th discretion, they should be capitalized t o  
protect the owners' rights. 

Authors are encouraged t o  suggest qualified reviewers for their manuscripts, the Editor resewing 
the right of f inal choice. It is helpful if the author tells which ECS Division would be most interested i n  
his paper. 

Present Society policy permits manuscript review i n  several weeks. Manuscripts returned to the author 
for revision should be resubmitted promptly to allow publication i n  five months or less from date of orig- 
inal receipt. 

Fundamental Technical Articles must describe original research 
of basic nature and must have adequate scientific depth. Applied Tech- 
nical Articles may deal with any practical aspect of the fields of inter- 
est to the Society, e.g., plant design o r  operation, production and con- 
trol methods, economics. Articles of wide diversity of interest are ac- 

ceptable, but  subjects primarily covered i n  other specialized journals (8.g.. analytical or nuclear chemistry) 
ore not considered oppropriote. A n  Abstract should state the scope of the poper and summarize fu l ly  its 
results and contents. Suitable headings and subheadings should be included, but sections should not be 
numbered. Articles in recent issues should be consulted for current style. 

Technical Notes ore used for reporting briefer research, developmental work, process technology, 
new or improved devices, materials, techniques, o r  processes which do not involve more extensive basic 
scientific study. N o  abstract is required. 

Brief Communications are used only t o  report new information of scientific or technological im- 
portance which warrants ropid dissemination. They need not  necessarily reflect a complete research proj- 
ect; interim reports are acceptable. Length should be a nominal 7 0 0  words, wi th up to two illustrations. N o  
abstract is required. Publishing time is normally less than three months. 

Mathematical Equations should be written on a single line If pos- 
sible, and parentheses, brockets, the solidus (/), negative exponents, 
etc., may be used freely for this purpose. Authors are urged t o  consult 
C h a ~ t e r  V I  o f  the "Stvle Manual" o f  the American lnstitute o f  Physics 

(ovoiloble for $1.00 o t  American lnstitute o f  Physics, 335 East 45 Street, New York, N. Y. 10017) and t o  
follow the patterns described there. 

Authors are encouraged to use symbols extensively. These should 
be defined in a list a t  the end o f  the poper, with units given. For ex- 
ample: 

a, b . . . = empirical constants o f  Brown equation 
fr = fugacity o f  pure ith component, atm 
Do= volume diffusion coefficient, cm2/sec 

Authors ore responsible for supplying o list of key words, t o  facili- 

f irst page o f  the manuscript. 

The AIP "Style Manual" referred to here gives a suitable list of 
common Abbreviations. Units usually wil l  be abbreviated without peri- 
ods throughout the text, as sec, min, hr, cm, mm, etc. Metric Units 
should be used throughout, unless English units are clearly more ap- 
propriate in the area of discussion. 



Electrode Patentiall: Authors are urged to state and make use of 
the polarity of test electrodes with respect to the reference electrode 
used, i.e., Zn is normally negative, Cu normally positive with respect 
to the standard hydrogen electrode. The sign for the emf of a cell 

, should conform to the free energy change of the chemical reaction os 
written or implied, in occordonce with the definition AG = nFE. These suggestions agree with the IUPAC 
conventions adopted in 1953. 

by Chemical Abstracts should be used. Anv recent issue of Societv 
journals may be consulted. ~iterature-cited should be readily available; consequently personal communica- 
tions, Department of Defense (DOD), ond Office of Technical Services (OTS) citations should be mini- 
mized. When references are not readily accessible, Chemical Abstracts citation numbers must be sup- 
plied. 

1 A charge of $40 per printed page is made for publication of 
technical material in Society journals. A 10% reduction is allowed 
i f  at least one author of an article is an ECS member or an employee 

may be waived in individual cases. 
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ures. 
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Cal l  for  Papers 
134th National Meeting 

Montreal, October 6-1 1, 1968 
Divisions which have scheduled sessions are listed overleaf, along with symposium topics. 

I .  Symposium Papers. 
Authors desiring to contribute papers to a symposium listed overleaf should check first with the symposium chair- 
man to ascertain appropriateness of the topic. 

2. General Session Papers. 
Each of the several Society Divisions which meets in Montreal 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. To  Submit a Meeting Paper. 
Each author who submits a paper for presentation a t  a Society National Meeting should do three things: 

A-Determine whether the meeting paper is to be submitted to a Society journal for publication. I f  so, rae be- 
low for details. 

B-No later than May IS, 1968, submit three copies, on the form printed overleaf, of a 75-word abstract of the 
paper to be delivered. You may use a facsimile of the form i f  necessary. These abstracts are required for publica- 
tion in the printed program of the meeting. 

C-No later than July 1, 1968, submit three copies of an extended abstmct of your paper. See below for details. 
No deadline extension is possible. 

Send all material to The Electrochemical Society, Inc., 30 East 42 St., New York, N. Y. 10017. 

4. Meeting Paper Acceptance. 
Notification of acceptance for meeting presentation, along with scheduled time, will be mailed to authors with 

general instructions no earlier than two months before the meeting. Those authors who require more prompt noti- 
fication are requested to submit with their abstracts a self-addressed postal card with full author-title listing on 
the reverse. 

5. Extended Abstract Book Publication. 
Division programs will be the subject of an extended abstract volume in a manner prescribed by the Society 

Board of Directors. The volume is published by photo offset directly from typewritten copy submitted by the author. 
Therefore, special care should be given to the following typing instructions to insure legibility. 

A-Abstracts are to be from 500-1000 words in please. Submit graphs on onion skin without grids, or 
length (two pages single-spaced) and are to contain on graph paper specifically designed for offset npro- 
to whatever extent practical all significant experimen- duction; strip-on tape is acceptable. 
tal data to be presented during oral delivery. E-Paste figures within typing dimensions indicated, 

B--Please send original and two copies of the ab- with lettering no smaller than !h inch. Submit only 
stract typed single-spaced. Use white bond paper, the important illustrations. Avoid use of half-tones 
size 895 x 11 inches, with 11/4 margins on all sides. except where absolutely necessary. Type captions no 
Typing guide forms are available from Symposium Ses- wider than figure dimensions and paste in proper place 
sion Chairman and from National Headquarters. in the abstract. Place figure caption a t  bottom of 

C--Title of paper should be in capital letters. 
figure. Place table title a t  top of table. 

Author(s1 name and affiliation should be typed imme- F-Mail to The Electrochemical Society. Inc., un- 
diately below. I t  is not necessary in the heading or folded. 
body to designate paper as "Extended Abstract" or to &please note that the extmordinarily low price of 
quote the divisional symposium involved. the extended abstract volume is made possible only 

&Submit al l  copy, including figures, symbols and through your strict adherence to these instructions. 
corrections, in black ink. No handwritten corrections, Any deviation threatens this low cost. 

6. Manuscript Publication in a Society Journal. 
Presentation of a paper at a Society National Meeting incurs no obligation to publish. However, al l  meeting papers 
upon presentation become the property of The Electrochemical Society, Inc., and should be submitted as promptly as 
possible in ful l  manuscript form in order to be considered for publication in a Society publication. The Society 
"Instructions to Authors," are available from National Headquarters, set forth manuscript style and format. 
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Montreal Meeting Symposia Plans-Fall 1968 

Battery Division Symposia Plans 
The program for the Fall Meeting in 

Montreal, October 6-11, 1968 in addition 
to a general session will include the 
regular biennial symposium on Fuel 
Cells and a special symposium on Sil- 
ver-Zinc Batteries. 

Fuel Cells 
Papers are solicited from those active 

in research and development on fuel 
cells of all types. Contributions ranging 
from fundamental aspects of electrode 
behavior and electrocatalytic phenom- 
ena to performance of fuel cells and 
fuel cell batteries in relation to design 
are desired. Questions and suggestions 
concerning the program should be ad- 
dressed to the Program Chairman, 
R. R. Witherspoon, General Motors Re- 
search Laboratories, Warren, Mich. 
48090. 

Silver-Zinc Batteries 
A symposium consisting completely of 

invited papers and reviews thereof will 
be held as a separate session lasting 
approximately four and one-half days. 
The symposium, cosponsored by the 
Air Force Aero Propulsion Laboratory, 
will feature papers on the history, elec- 
trode chemistry and electrochemistry, 
thermodynamics, mass transport, mate- 
rials and manufacturing techniques, 
seDarators. and specifications, a~pl ica-  
tidns and berformance of silver-zinc bat- 
teries. After editing, the contents of 
the symposium will be published as a 
hard-bound book which will bring to- 
gether for the first time under one 
cover the science and technology of 
this high-energy electrochemical bat- 
tery. This is not a closed meeting; at- 
tendance by all will be welcome. 

Chairman for this symposium is J. J. 
Lander, Delco-Remy, Division of General 
Motors, Anderson, Ind. 46011. 

Corrosion Division 
Symposia Plans 

Three symposia in addition to general 
sessions are planned for the Fall 1968 
Meeting of the Corrosion Division in 
Montreal. 

Corrosion of Multilayer Deposits 
Corrosion of Multilayer Deposits will 

be held jointly with the Electrodeposi- 
tion Division. Chairmen for this sym- 
posium are: Karl Willson, Harshaw 
Chemical Co., 1945 E. 97 St., Cleveland, 
Ohio 44106 and E. J. Seyb, Jr., M&T 
Chemicals Inc., 1700 East Nine Mile Rd., 
Detroit, Mich. 48220. 

See listing under Corrosion and Elec- 
trodeposition Symposium Plans. 

Corrosion in Desalination 
Corrosion in Desalination will be 

chaired by M. J. Pryor, Olin Matheson 
Chemical Corp., Metals Research Divi- 
sion, 275 Winchester Ave., New Haven, 
Conn. 06511. 

May 1968 

No later than May 15, 1988, submit 
three copies, on the form overloaf, of a 
75-word abstract of the paper to be de- 
livered. No later than July 1, 1968, sub- 
mit three copies of an extended abstract, 
500-1000 words. Send all material to 
The Electrochemical Society, Inc., 30 
E. 42 St., New York, N. Y. 10017 

Corrosion of Architectural Materials 
Corrosion of Architectural Materials 

will be chaired by Henry Leidheiser, Jr., 
Fenter for Surface and Coatings Re- 
search, Lehigh University, Bethlehem, 
Pa. 18015. 

Those desiring to present papers at 
these symposia are requested to com- 
municate directly with the symposium 
chairman. Several sessions of general 
papers will also be included. 

The Corrosion Division will also insti- 
tute on a trial basis a short session 
devoted to research results of news- 
worthy interest. Presentation time will 
be limited to 5 minutes and an abstract 
must be available at the meeting for 
posting. Permission to appear on the 
program must be obtained from the 
Chairman of the Division at the meet- 
ing. No advance permission is required. 

Corrosion and Electrodeposition 
Divisions Symposium Plans 
Corrosion of Multilayer Deposits 

The Corrosion and Electrodeposition 
Divisions have scheduled a joint sym- 
posium on Corrosion of Multilayer De- 
posits for the Fall 1968 Meeting in 
Montreal. 

This symposium will include reports 
on systems including at least one ap- 
plied metallic deposit (vapor, electro- 
less or electrolytic). Subsequent or con- 
current layers may be metallic or non- 
metallic. Papers are particularly solic- 
ited on chromium-chromium oxide on 
steel, conversion and organic coatings 
over metal layers as well as multilayer 
metal coatings over metallic or plastic 
substrates. 

Inquiries and suggestions should be 
addressed to either of the Symposium 
Chairmen: E. J. Seyb, M&T Chemicals 
Inc., 1700 East Nine Mile Rd., Detroit, 
Mich. 48220 or K. S. Willson. Harshaw 
Chemical Co., 1945 East 97 St., Cleve- 
land, Ohio 44106. 

Dielectrics and Insulation 
Divisions of Symposium Plans 

Deposited Thin Film 
Dielectric Materials 

A symposium on Deposited Thin Film 
Dielectric Materials is scheduled for 
the Fall 1968 Meeting in Montreal. 

There will be a number of invited 
papers; contributed papers are also be- . 
ing solicited. 

Categories of subject matter being 
actively considered for the symposium 
include: (a) studies on the electrical 
and mechanical properties of deposited 
thin film dielectrics; (b) new techniques 
for the deposltion of thin film dielec- 
trics; (c) properties and applications of 
thin film dielectrics. 

This symposium is particularly di- 
rected to the new sputtering technology, 
new means of evaporative deposition, 
and recent advances in vapor deposi- 
tion techniques for preparation of di- 
electric thin films. 

Suggestions and questions are wel- 
come, and should be directed to the 
Chairman of the Symposium. F. Vratny, 
Bell Telephone Laboratories, Inc., Mur- 
ray Hill, N. J., is Chairman. 

Ferroelectrics 

A symposium on Ferroelectric Mater- 
ials is scheduled. The following topic 
areas are being actively considered for 
the sessions: (a) growth and character- 
ization of ferroelectric crystals, (b) 
phenomenological and theoretical treat- 
ments of ferroelectricity, (c) dielectric 
properties of single chstals, poly- 
crystal and composite materials, (d) 
domain structure and polarization re- 
versal, (e) optical and electrooptic 
properties, and (f) device applications 
of ferroelectric materials. 

There will be a number of invited 
speakers; contributed papers are also 
being solicited. Suggestions and ques- 
tions concerning this symposium are 
welcome, and should be directed to the 
Chairman, Leslie E. Cross, Materials 
Research Laboratory, The Pennsylvania 
State University, University Park, Pa. 
16802. 

Electronics Division Symposia 
Plans 

Semiconductor General Sessions 

The Fall Meeting program for the 
Electronics Division will include Semi- 
conductor General Sessions. H. F. John, 
Westinghouse Research and Develop- 
ment Center, Churchill Road, Pittsburgh, 
Pa. 15235 is Chairman. 

Electrical Contacts to Semiconductors 

The Electronics Division is sponsoring 



Vol. 115, No. 5 ELECTRC )CHEMICAL SOCIETY NEWS AND REVIEWS 

a special symposium on Electrical Con- 
tacts to Semiconductors to be held at 
the Fall 1968 Meeting in Montreal. The 
fundamentals of the physics, chemistry, 
and metallurgy of ohmic contacts will 
be explored, and advances of techno- 
logical importance will be discussed. 
The program is to include both con- 
tributed papers and invited speakers. 
Papers are being solicited on such 
topics as: theory of ohmic contacts, 
techniques of ohmic contact fabrica- 
tion, evaluation of contact properties, 
modes of contact failure, composite 
contacts, special property contacts (e.g. 
optical transparency, thermal conduc- 
tivity). 

Any questions or suggestions should 
be addressed to the Symposium Chair- 
man, Bertram Schwartz, Bell Telephone 
Laboratories, Inc., Murray Hill, N. J. 
07974. 

Photosensitive Materials for 
Electronic Applications 

This symposium will cover the prop- 
erties and uses of photosensitive mate- 
rials in the electronics industry. Topics 
which will be considered for the pro- 
gram include xerography, photochrom- 
Ism. novel ohotonraohic technioues. 
phhochemistj (e. i  photoresists), ;id6 
cons, storage phosphors etc. Papers on 
the above or closely related topics are 
solicited. 

Questions concerning this symposium 
should be addressed to the Symposium 
Chairman, Erik M. Pell, Manager, Phys- 
ics Research Laboratory, Xerox Corp., 
800 Phillips Rd. Webster, N. Y. 14580. 

Electrothermics and Metallurgy 
Division Symposium Plans 
Preparation and Purification 

of Ultra-Pure Metals 
A symposium on Preparation and Pur- 

ification of Ultra-Pure Metals in addi- 
tion to general sessions will be held at 
the Fall 1968 Meeting in Montreal. This 
symposium forms the first of a series 
planned by the Division to deal with 
materials of particular interest to So- 
ciety members. 

Papers are solicited from those ac- 
tive in research and development of 
these metals. Invited key-note speakers 
will survey theory and methods for 
preparation, purification, and determina- 
tion of residual elements in u l t ra~ure  
metals. 

Sessions will encompass contribu- 
tions on preparation by electrochemical 
deposition, electron beam melting and 
volatilization; purification by zone re- 
fining, electrochemical and vaporization 
methods, determination of residual ele- 
ments by micro-chemical techniques, 
and influence of residual elements on 
chemical and physical properties. 

Inquiries and suggestions should be 
directed to either of the cochairmen: 
W. C. Cooper, Noranda Research Centre, 
240 Hymus Blvd., Pointe Claire, Quebec, 
Canada or W. W. Srneltzer, Department 
of Metallurgy and Materials Scienoe, 
McMaster University, Hamilton, Ont., 
Canada. 

PURIFIED SALTS 
AND 

SALT MIXTURES 
FOR 

ELECTROCHEMICAL 
RESEARCH 

AND 

FUEL CELL DEVELOPMENT 
+ O C ~ ~ O N  '4% 

ANDERSON PHYSICS '4 ?9 0e470R!%" LABORATORIES, INC. 
Box 2680 Station A Champaign, Illinois 

Telephone 1 (217) 356-1347 

For quantities less than 1 kg 
Conrad 

Matheron, Coleman, and Bell 
ATTN: Robert Kreinet 
Nonvood, Ohio 
Telephone 1 (513) 631-3220 

McGOVERN SENTER & ASSOCIATES. Inc. 
1 MANAGEMENT CONSULTANTS 

ONE HUNDRED THIRN.FOUR MAIN STREET 
1 - STONEHAM. MASSACHUSElTS 

ELECTROCHEMIST 
An excellent New England laboratory seeks an 
experienced experimentalist with excellent theo- 
retical background to investigate electrical con- 
ductivity phenomena, both electronic and ionic, 
of oxide films and ionic solids. Successful appli- 
cant must know chemical and electrochemical 
kinetics and solid state physics, especially semi- 
conductor research. Ph.D.1M.S. Physics, Physical 
Chemistry, or Solid State Chemistry. Salary 
range $11-18,000. 

Please send resume to Charles S. Langenfeld at 
the above address. 



75-Word Abstract Form-Montreal Meeting October 6-1 1, 1968 
Mail no later than May 15,1968 to The Electrochemical Society, Inc., 30 East 42 St., New York, N. Y. 10017 

Abstract No.. ............... 
(do not write in this space) I 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
(Title of paper) 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
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(Author) (Underline name of author presenting pacer) 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
(Business Affiliation) 

......................................................................................................................... 
(Address) 

(Type your abstract in this snace-double space with 
two carbon coples on plaln wh~te paper.) 

Division and Symposium . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Do you require any audiovisual equipment? 35 mm (2x2 in.) slide projector; 

3% x 4 in. slide projector; other (specify) 

is a ful l  length paper on this work to be submitted for Society publication? Yes No 

Papers presented before a national technical meeting become the property of the Salety and may not be published elsewhere without 
written permission of the Society. 

For OWce Use 

Extended Abrtraet rec'd: 

Bent to: 

TCnord Abstract lent to: 
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