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Report from 

1 : I - I  1 '  

The Anatomy of 
Vibrating Crystals 

tions. Vibrating the crystal reduces destructive inter- 
ference and increases diffracted.beam intensity. 

FREQUENCY (KHz) 

X-ray photographs of a crystal showing four modes of vibration selected from the many 
modes indicated by the resonance peaks on the curve. Dark areas are due to displacement 
antinodes in the vibrating quartz disk. Diagonal lines are intrinsic crystal-lattice defects. 

I I 

In modern amplifiers. filters, and 
oscillators. piezoelectric crystals 
are widely used to select signals at 
certain frequencies. Such crystals 
-of quartz, for example-provide 
electronic selectivity because of 
their abi l i ty to convert electric 
waves into mechanical waves, and 
mechanical waves back into elec- 
tr ic waves, at certain resonant 
frequencies. For any particular ap- 
plication, the principal resonant 
frequency is determined by the size 
and geometry of the crystal. but in 
addition to this principal vibration- 
al mode. the crystal will vibrate in 
a number of other modes. 

To suppress these unwanted res- 
onances. they must first be identi- 
fied. And until recently we did this 
by observing patterns created 
when a crystal. coated with a fine 
powder, is vibrated at high intensi- 
ty. Since the powder collectswhere 
the crystal surface is stationary. a 
vibrational pattern or mode is re- 
vealed. But the patternat such high 
signal levels may not correspond 
to the modes produced at the low- 
er signal levels of actual operation. 

Recently, however,W.J. Spencer, 
at the Bell Telephone Laboratories 
location in Allentown. Pa.,has used 
X-ray diffraction as an accurateand 
flexible method of observing vibra- 
tional amplitude under realistic 
conditions. The new method de- 
pends on the fact that the intensity 
of diffracted X-rays is extremely 
sensitive to distortion of the crys- 
tal lattice. The transmission of the 
rays is greater through vibrating re- 
gions of a crystal. and this darkens. 
such areas on the X-ray film. Sta- 
tionary regions are light. 

Vibration amplitudes of less 
than a mill ionth of an inch are 
easily observed. Thus, we obtain a 
quick, sensitive photographic rec- 
ord of displacement associated 
with any crystal resonance under 
conditions simulating actual use. 
This technique helps us design bet- 
ter filters for the Bell System. 

Bell Telephone Laboratories 
Reuerch and Dwebpm#nt Unil ol l l ~ a  BEN Spmm 
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Measurement of Electrolyte Gradient 
in an Operating Fuel Cell 

M. L. Miller and H. 1. Fornasar 

Central Research Division, American Cyanamid Company, Stamford, Connecticut 

ABSTRACT 

Reference mercury, mercuric oxide electrodes have been developed for 
monitoring the concentration of potassium hydroxide in hydrogen-oxygen 
fuel cells operating at 27' and 70°C. 

Th distribution of electrolyte in the matrix of an 2700. The concentration of the reference solution, C1, 
operfting fuel cell can be measured by imbedding ap- was arbitrarily chosen as 6.56M (6N at 27'). The con- 
propriate reference electrodes in various parts of the centration Cz ranged from 3.25 to 10.5lM. The poten- 
fuel cell matrix. Knowledge of the concentration dis- tials (in millivolts) of cell 1 at 27' and at 70°C are 
tribution in a fuel cell is important for understand- olotted aeainst C., (in molalitv) in Fie. 2. - - .  - .  
ing the operation of a cell and for designing fuel cells. 

- - 
Mercury, mercuric oxide electrodes have been shown MicTOelectrodes and matrix 
to be reversible to hydroxyl ions 2) at concentra- trades used to determine the relationship between 

tions less than 0.85M. These electrodes will be useful potential and concentration were not suited for use in 

for measuring the distribution of potassium hydroxide an operating fuel celh Electrodes had to be small 

in fuel cells provided the electrodes can be shown to enough to insert into a cell without disrupting the 

respond to hydroxyl ions at the higher concentrations gas-tight seal of the gaskets. Gold-plated platinum 

encountered in an operating fuel cell. wires (0.075 mm diameter), amalgamated with mer- 
cury to hold the mercury immobile durinr! ooeration. 

Experimental 
Fuel cells.-Two types of hydrogen-oxygen fuel cells 

were used in the development of reference electrodes. 
One was a small poly(methylmethacry1ate) cell simi- 
lar to the cell described by Bone (3). A circular area 
of matrix 2.5 cm in diameter was exposed to gases. 
This cell was run at room temperature without tem- 
perature control, and at 70'C in an air bath. A second 
cell, which is described in ref. (4), was made from 
stainless steel plates separated by polytetrafluoro- 
ethylene gaskets. The surface of the matrix exposed 
to gases in this cell was 5.0 x 5.0 cm. The larger cell 
was heated externally by two electric heaters, and its 
temperature was regulated by a temperature-control 
unit connected to a thermocouple within the cell. The 
pattern of gas flow in each cell was determined by the 
position of the ports through which gases entered and 
left the cell. These positions are shown in Fig. 1. The 
catalytic electrodes were Cyanamid AB1 electrodes 
(5). The gel membrane was made from crosslinked 
poly (vinyl alcohol) and contained filler (6). The 
matrix asbestos was Fuel Cell Asbestos supplied by 
Johns-Manville. 

Calibration electrodes.-The ability of mercury, 
mercuric oxide electrodes to respond to changes in hy- 
droxyl ion concentration at high concentrations of 
potassium hydroxide was determined in a series of 
experiments which made use of relatively large elec- 
trodes, referred to as "calibration electrodes." The 
calibration electrodes were made from 2.4 mm diam- 
eter glass tubes, one end of which was covered with a 
poly (vinyl alcohol) membrane (unfilled) which al- 
lowed transport of water and ions, but retained solid 
materials within the tube. A slurry of mercury and 
mercuric oxide (prepared by triturating with a solu- 
tion of potassium hydroxide having the concentration 
of the standard solution in which the electrode was 
to be used) was placed in the electrode tube together 
with a platinum wire that had been gold plated and 
then amalgamated. 

Electrodes were qade with potasisum hydroxide 
solutions containing 3.25, 4.67, 6.00, 6.56, 7.40, 8.85, 
and 10.58 moles of potassium hydroxide per kg of 
water. These electrodes were compared in the cell 

Hg, HgO KOH(C1) : : KOH(C2)HgO, Hg [I] 

at 27' or 70'C. The potential of cell 1 was measured 
with a Minneapolis Honeywell Potentiometer-Model 

were used to make the& small electrodes-~he tip of 
each amalgamated platinum wire was painted with a 
slurry of mercuric oxide in a potassium hydroxide 
solution having the concentration of the solution to 
be used in the fuel cell (-8M). Laminated matrices 
(maximum thickness one millimeter) incorporating 
microelectrodes and gel membranes were assembled as 
shown in the inserts in Fig. 3. A new set of microelec- 
trodes was used whenever a cell was reassembled. 
When cells were run at room temperature, polytetra- 
fluoroethylene-coated glass filter sheets (Bel-Art 
Company, Pequannock, New Jersey) separated the 
outer reference elecrodes from the catalytic electrodes. 
When cells were run at 70°C with gel membranes, the 
filter sheets (which decomposed in alkali at high tem- 
peratures) were replaced by thin gel membranes. 
When cells were run at 70'C with Fuel Cell Asbestos 
the outer reference electrodes were placed in a pocket 
in the outer layer of asbestos. During assembly, a wick 
of etched polytetrafluoroethylene felt was inserted in 
the matrix laminate to serve as a salt bridge. The 
polytetrafluoroethylene felt (American Felt Company) 
was etched by treatment with a 10% solution of potas- 
sium in liquid ammonia at -50°C. Between measure- 
ments the wick was kept dry and covered to pre- 
vent carbonate formation. Prior to making a potential 

B 
Fig. 1. Location of gas ports in (A) 2.5 cm diameter cell and 

(6) 5 x 5 cm cell. 
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Fig. 2. Relationship between the potential of cell 1 and Cz when 
Ct is 6.56M. 

-- COATED -GLASS PAPER 
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Fig. 3. Electrolyte profiles in cells with gel-type matrices. Cross- 
hatched areas obtained by titration, -0- by reference electrode. 
(A) 2.5 cm cell 27'C, 65 ma/cm2, 0.623~. Gas flows: 0-21.5 
ml/min, Hz-41.0 ml/min. (8) 5 x 5 cm, 70'C. 100 ma/cm2, 
0.816~. Gas flows: 02-350 ml/min, Hz-350 ml/min. 

measurement the wick was wetted thoroughly with 
6.56M potassium hydroxide solution. 

The arrangement of a fuel cell containing reference 
electrodes is shown in Fig. 4. Cells at room tempera- 
ture, approximately 27'C, were run without tem- 
perature control. At 70°C the external reference elec- 
trode was held at 27'C and the cell temperature was 
thermostatically controlled at 70°C. The fuel-cell 
current was interrupted for approximately 30 sec 
when the potential was measured. After each poten- 
tial reading the fuel-cell current was restored and the 
fuel cell was allowed to re-equilibrate (2-3 min) be- 
fore proceeding with the next reading. Electrolyte 
concentrations in the matrix were estimated from 
measured potentials by the plots in Fig. 2. 

Reliability of the microelectrodes.-Comparison 
with calibrating electrodes.-Microelectrodes were 
placed between asbestos sheets soaked in various con- 
centrations of potassium hydroxide. These sheets were 
 laced in a fuel cell in which no eas was flowine and 

Fig. 4. Assembly for observing potassium hydroxide concentra- 
tions in an operating fuel-cell matrix. (A) Section of matrix lam- 
inate containing microelectrodes; (8) fuel cell and reference elec- 
trodes. 

observed in this test at 26" and at 70°C were identical 
with the potential difference between the large cali- 
bration electrodes shown in Fig. 2. 

Reliability of microelectrodes in an operating fuel 
cell.-To determine the reliability of the microelec- 
trodes in an operating fuel cell, it was necessary to 
find a technique for determining the concentration of 
potassium hydroxide in the individual layers of the 
matrix by another method. One method for doing this 
was to freeze the fuel cell rapidly while running and 
to separate and titrate individual layers of the frozen 
matrix. Fuel Cell Asbestos could not be used for this 
test because the asbestos lacks wet strength. Gel 
membranes are, however, much stronger than asbestos 
when saturated with potassium hydroxide solution. 
Laminates consisting of gel membranes can be frozen, 
separated and titrated without tearing. In previous 
work at  2 7 h n d  70°C we operated fuel cells contain- 
ing gel membranes, and fuel cells containing Fuel 
Cell Asbestos, continuously under constant loads of 
55 to 150 ma/cmZ for periods of 150-200 hr. In these 
tests the cells containing gel membranes performed 
exactly the same as the cells containing Fuel Cell 
Asbestos. 

A fuel cell was assembled using a gel matrix which 
consisted of three layers of gel membrane each ap- 
proximately 0.4 mm thick. A microelectrode was 
placed at each interface. The cell was run at constant 
current for 24 to 48 hr after the microelectrodes indi- 
cated that a stable distribution of electrolyte had been 
established in the cell. Then the cell (while running) 
was placed in a polyethylene bag and quickly frozen in 
a dry ice-alcohol mixture. The rapid freezing slowed 
diffusion of hydroxyl ions and enabled the cell to be 
disassembled without changing the electrolyte distri- 
bution. The laminated gel matrix was separated into 
layers, the thickness of each layer was measured and 
the hydroxyl content of each layer was determined 
by titration. The concentration of potassium hydrodde 
in each layer was computed by assuming that a sec- 
tion of gel membrane, 5 x 5 x 0.025 cm, after com- 
pression and use in a fuel cell, contained 0.03 ml of 
electrolyte solution. This figure was obtained by ti- 
trating a membrane (saturated with 6.56M potassium 
hydroxide solution) that had been compressed in a 
fuel cell. Since cells used at  70'C were assembled at 
room temperature the same figure was used for cal- 
culating the volume of electrolyte in membranes used 
at 70°C. The concentration of electrolyte in the fluid 
contained in the catalytic electrodes in contact with 
the membranes was not measured. Figure 3A is a plot 
of the concentration gradient that was observed after 
48 hr in a 2.5 cm diameter cell o~erated at ambient 

the potential difference between -the microelec~odes temperature (-27°C). Figure 3B is a similar plot of 
in the cell and the large calibrating electrodes outside the concentration gradient in a 5 x 5 cm cell operated 
of the cell was measured. The potential differences at 70°C. Filled circles represent concentrations mea- 
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sured with microelectrodes, and crosshatched areas 
represent concentrations measured by titration. The 
good agreement between the two types of data attests 
to the reliability of the microelectrodes at both tem- 
peratures. 

Effect of continuous operation in a fuel cell on micro- 
electrodes.-Two other questions remain to be an- 
swered before we can use microelectrodes with con- 
fidence to monitor fuel-cell concentrations. These 
questions are: Does the presence of microelectrodes 
effect the operation of a fuel cell, and can the micro- 
electrodes withstand continuous exposure to a fuel 
cell environment? In order to answer these questions 
a fuel cell containing microelectrodes was run at am- 
bient temperature for 215 hr. During this time the out- 
put veraged 0.537~ at 100 ma/cm2. This is the same 
pergrmance that we observed with similar fuel cells 
operating under the same conditions but without 
microelectrodes. At the end of this test neither the fuel 
cell nor the microelectrodes showed visible deteriora- 
tion. Microelectrodes removed from a fuel cell after 
200 hr of continuous operation gave correct readings 
in standard potassium hydroxide solutions. 

Results 

Effect of gas-flow ratios.-The foregoing experi- 
ments establish the reliability of microelectrodes in 
an operating fuel cell. These electrodes can now be 
used to measure the effect of operational variables 
on electrolyte distribution. In the work reported in 
this paper the electrodes were placed in the center of 
the matrix. Thus the profile of electrolyte concentra- 
tions which we observed is the electrolyte profile in 
the center of the cell between the catalytic hydrogen 
and the catalytic oxygen electrodes. The fraction of 
water removed by the hydrogen (or oxygen) gas 
streams in an operating fuel cell can be varied by 
varying the ratio of hydrogen to oxygen in the total 
gas flow. The data in Fig. 5 show that in a 2.5 cm cell 
operating at 0.70~ with gel matrix, the fraction of 
water removed by the hydrogen (or oxygen) gas 
stream is proportional to the percentage of hydrogen 
(or oxygen) in the total gas flow. The data in Fig. 5 
were obtained by passing the emergent gas streams 
through gas-absorption bottles filled with anhydrous 
calcium sulfate and weighing the bottles. Before the 
cell was used for this test it was allowed to operate 
at a steady rate of 0.70~ and 70 ma/cmz for 24 hr at a 
1:l (v:v) gas-flow ratio. Then the water collection 
was started and the gas-flow ratio varied from 3: 1 to 
1: 1 to 1:3 keeping the total gas flow (hydrogen plus 

Fig. 5. Percentage of water evaporated by oxygen and hydrogen 
gas-streams for a 2.5 cm diameter cell at 27%. Total gas flow 
74-83 ml/min, current 7 0  ma/cm2, 0.70v, gel matrix. Arrows indi- 
cate scale to be used in reading a particular plot. 

oxygen) constant at 74-83 ml/min. In all these tests 
the amount of water recovered was within 5% of the 
total water formed. 

Figure 6 shows the electrolyte profiles observed 
under similar conditions in a 2.5 cm diameter cell 
using Fuel Cell Asbestos at room temperature. Notice 
that the general character of the profile is the same 
at the various gas ratios indicating that the transfer 
of water through the matrix is rapid compared to the 
changes in other variables that influence the shape of 
the electrolyte profile. 

Effect of current density.-The effect of current den- 
sity on electrolyte was observed in a 5 x 5 cm cell 
(asbestos matrix) that was run continuously for 348 
hr at 70". During this time the cell was operated 

o.ma am5 o.om o.on o.~w 
DISTANCE FRCU CATALYTIC HYORffiEN-ELECTRODE. cm 

Fig. 6. Electrolyte profiles in a 2.5 cm cell, with Fuel Cell As- 
bestos matrix a t  27°C. (A) Gas flows: 02-10.5 ml/min, H r 7 3 . 5  
ml/min, 55 ma/cmz, 0.550~; (B) gas flows: 02-22.5 ml/min, H r  
67.5 ml/min, 57 ma/cm2, 0 .568~;  (C) gas flows: 02-43 ml/min, 
H 2 - 4 3  ml/min, 64 ma/cm2, 0 .641~;  (D) gas flows: O z - 6 0  ml/min, 
Hz-30 ml/min, 60 ma/cmz, 0 .594~.  Arrows indicate scale to be 
used in reading a particular plot. 

Fig. 7. Electrolyte profiles in 5 x 5 cm cell after various times of 
operation a t  a steady performance. (A) -27°C. 1 W  ma/cmZ, 
0.710~; (6) 70°C. 100 ma/cm2, 0.810~; (C) 70°C. 100 ma/cmz, 
0.831 v. 
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for periods of 3 to 4 days at loads ranging from 50 to 
150 ma (?I ma) per cmz. These tests showed that 
current densities between 50 and 150 ma/cm2 have 
little effect on the shape of the electrolyte profile in 
the center of this cell. 

Time required to establish a steady-state electrolyte 
distribution.-Experiments showed that although a 
stable operation with respect to current and voltage 
was established in minutes after start-up of operation, 
the attainment of a steadv state in the electrolvte dis- 
tribution required between 3 and 6 hr in t h e  2.5 cm 
diameter cell at room temperature and approximately 
the same length of time in the 5 x 5 cm cell at 70°C. 
However, some other cells which had less uniform 
gas flow-patterns required as long as 48 hr to reach 
a steady electrolyte distribution. The time required to 
attain a steady electrolyte profile and the constancy of 
the shape of this profile, once attained, is shown by 
the curves in Fig. 7. 

It is evident that the general shape of the concen- 
tration profiles in Fig. 3A and 3B is characteristic 
of the particular cell used and is not radically altered 
by changes in temperature (Fig. 7 ) ,  flow rate (Fig. 6), 
or current density (Fig. 7). The difference in shape of 
the profiles in Fig. 3A and 3B appears to be related 
to the difference in gas-flow patterns in the two types 
of cells. Apparently it will be necessary to measure 
concentration profiles over the whole face of the ex- 
posed matrix, not just through the center, in order 
to understand the operation of the cell. 
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The Alkaline Manganese Dioxide Electrode 
II. The Charge Process 

David Boden," C. J. Venuto,' D. Wisler, and R. B. Wylie 

ESB Incorpwated, Research Center, Yardley, Pennsylvania 

ABSTRACT 

The reactions occurring during the discharge and charge of manganese 
dioxide electrodes in 7M KOH are studied by x-ray diffraction and charge 
and discharge curves. The discharge at  first results in the formation of an 
amorphous oxide by incorporation of protons and electrons into the M n 0 ~  
lattice. Then the amorphous compound is electroreduced to give Mn304 and 
finally Mn(0H)z depending on the electrode potential. When electrodes are 
recharged, the amorphous phase is converted to Mn02 whereas the MnsO4 
remains unchanged in the electrode. I t  is proposed that on recharge Mn(OH)2 
is oxidized to MnsO4. The cause of failure of electrodes during cycling seems 
to be the formation of a film of MnaO4 around the electrical contact wire. 

The reactions occurring during the discharge of a 
manganese dioxide electrode in alkaline electrolyte 
have been investigated by several workers (1-7). 
However, the charge process, after the electrodes have 
been discharged, appears not to have been studied. 
This is of practical importance in understanding the 
reactions which limit the performance of the recharge- 
able alkaline manganese dioxide battery. 

It is observed in these cells, that if the discharge is 
limited to a relatively small fraction of the total man- 
ganese dioxide capacity, a considerable number of 
discharge/charge cycles can be obtained, whereas if 
the cells are deeply discharged, very few cycles are 
obtainable. At the present time, the source of this re- 
striction is unknown. It was thought desirable, there- 
fore, to investigate the reactions occurring at the man- 
ganese dioxide electrode when it is charged after 
varying degrees of partial discharge. 

This paper presents the results of a study whereby 
x-ray crystallography, chemical analysis, and the 
analysis of potential-time transients are used to char- 
acterize the reactions. 

Electrochemical Society Active Member. 

Experimental 
The method of preparation, the size and weight of 

the electrodes, and the electrolytic cell were identical 
to those described previously (7). Available oxygen 
analyses conducted by the arsenious acid method (8) 
showed the sample of MnOz had an empirical formula 
of MnO1.9z, giving the electrodes a calculated capacity 
of 0.45 amp-hr based on the following reaction 

MnOl.* + 1.92 Hz0 + 1.84e = Mn(OH)z + 1.84 OH- 

All the discharge and charge operations were car- 
ried out at 25°C in 7M KOH solution and the electrode 
potentials were recorded against a Hg/HgO reference 
electrode in the same electrolyte using a Texas Instru- 
ments Servoriter in conjunction with a Hewlett Park- 
ard vacuum tube voltmeter Model 412A. 

X-ray Crystallographic Analyses 
Groups of electrodes were discharged at 5 ma . ~ m - ~  

(12.5 ma total) in 7M KOH at 25'C in 0.1C incre- 
ments of the theoretical capacity (O.lC, 0.2C, 0.3C, 
etc.). Representative samples were removed from the 
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Table I. d Values of M n O l  electrodes during discharge and charge 

0.90 C 

0.80 C 

0.70 C 

0.60 C 

0.50 C 

17. 
0.40 C 

0.30 C 

0.20 C 

Dis. to 
0.1 C 

0.0 C 

cells at each 0.1C increment, crushed, and analyzed 
with a G. E. XRD-5 x-ray diffractometer using vana- 
dium filtered Cr Ka radiation. Groups of electrodes 
which had been partially discharged were then 
charged at 2.5 ma - cm-2 and samples were analyzed 
as before at 0.1C charge intervals. For example, a 
group of electrodes would be discharged to 0.5C with 
samples being analyzed at 0.9, 0.8, 0.7, 0.6, and 0.5C. 
The remaining electrodes would then be charged 
with samples being withdrawn for x-ray analysis at 
0.6, 0.7, 0.8, 0.9C, and C. No washing or drying pro- 
cedures were carried out and all the samples were 
immediately x-rayed after being covered with a thin 
film prepared from Duco cement and acetone to pre- 
vent possible atmospheric oxidation during the anal- 
ysis. The d-values calculated from the x-ray patterns 
are shown in Table I. For comparison, the ASTM 
values for the d values and the relative intensities of 
the peaks for various manganese oxides are shown 
in Table 11. 

The starting material is essentially rMnO2 but there 
appears to be a small amount of pMnO2 present as in- 
dicated by the line at d = 3.11A. As discharge pro- 
ceeds the lattice expansion noted previously (7) is 
again observed and is most clearly seen in the peaks 
at 2.43 and 2.14A in the electrode discharged to 0.90 
of its calculated capacity (Mn01.s~). The peak origi- 
nally appearing at 2.43A shifts through 2.47, 2.51, and 
2.538, before any new phase is observed, while the 
peak originally appearing at 2.11A shifts through 2.14, 
2.17, and 2.19.4 in the same discharge period. No new 
compounds are identified in the x-ray pattern until 
the electrodes have been discharged to 0.5C (Mn01,~e) 
at which point MnsO4 is produced. By referring to the 
x-ray diffraction patterns of Fig. 1, it can be seen that 
as the discharge proceeds, the x-ray peaks become 
increasingly less well defined which is character- 
istic of the take up of protons by the lattice to form 
an amorphous, strained phase according to 

At a discharge depth equivalent to 0.50C peaks char- 
acteristic of Mn304 can be seen. 

If electrodes which have been reduced in the range 
of 1.0 to 0.60C are recharged, the original rMnO2 struc- 
ture is regained although there is still evidence of 
some residual lattice expansion. This is evident from 
examination of Table I and also from Fig. 2 which 
shows the x-ray diffraction patterns of an electrode 
being charged after an initial discharge to 0.6C. Since 
chemical analyses were not performed on the charged 
electrodes, the data are given in terms of the fraction 

Table 11. d Values and relative intensities 
of manganese oxides 

yMnO* yMn;Q Mnn01 MnfOH)- 
ASTM 14-644 ASTM 6-0540 ASTM 1-1127 ASTM 12-696 
d (A)  I d ( A )  I/h d ( A )  I/h d(A) 1/11 



Vol. 115, No. 4 ALKALINE MANGANESE DIOXIDE ELECTRODE 335 

of the theoretical capacity based on the number of 
coulombs passed. The diffraction peaks characteristic 
of rMnOr reappear in the fully charged electrode but 
are considerably less well defined than in the original 
starting material. 

When electrodes are discharged to 0.50 of their ini- 
tial capacity (MnOl.48) diffraction peaks character- 
istic of Mn:jO4 are found. The reasons for assigning 
these peaks to MnsOl and not to rMnzO3 were dis- 
cussed in a previous paper (7). Mn304 is probably 
formed by electroreduction of the amorphous phase 
according to 

When electrodes containing MnsO4 are recharged, it 
is seen that the MnaO4 remains unchanged in the 
final product (see Table I). Figure 3 shows the x-ray 
diffraction patterns of an electrode which had been 
discharged to O.OC (MnO1.16) and then recharged. It 
is clear that the x-ray diffraction peaks corresponding 
to MnrO4 are unaffected thus indicating that no oxi- 

Fig. 1. X-ray diffraction patterns of yMnOy electrodes dis- 
charged in increments to MnOl.4;. 

dation of the Mn3O4 has been accomplished, whereas 
the peaks characteristic of Mn(0H)t  have disap- 
peared. To further substantiate the stability of MQO~ 
in this electrolyte, two electrodes, each prepared from 
a mix of 0.7g of spectrographically pure (99.99%) 
Mn30.1 and O.lg of graphite were charged for 12 hr. 
Available oxygen analysis on the charged electrodes 
yielded 99.7 and 99.6% MnsO4 remaining. 

As the discharge proceeds to 0.4C (MnOl,a4), 
Mn(OH)p is observed to form and this continues until 
the electrode is fully discharged. X-ray patterns of 
an electrode undergoing full discharge are shown in 
Fig. 4. The question arises as to whether Mn(0H)z 
is formed by reduction of MnsO4 or from the amor- 
phous phase previously discussed. Earlier work (7) 
has shown that MnsO4 cannot be discharged under the 
conditions of this experiment and thus it is concluded 
that Mn(0H)z forms as a result of reduction of the 
amorphous phase according to 
MnOr-,(OH), + (2-n)H+ + (2-n)e  = Mn(OH)z 

[41 

Fig. 2. X-ray diffraction patterns of yMnO, electrodes charging 
in 0.1C increments after discharge to 0.6C. Top curve shows orig- 
inal starting material for reference. 
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Fig. 3. X-ray diffraction patterns of yMnOz electrodes charging mu 

in increments after discharge to 0O.C. Fig. 5. Alkaline MnOz electrode discharge-charge potentials at 
0.9C. 

Fig. 4. X-ray diffraction patterns of yMnOt electrodes discharged 
in increments to MnOl.1~. 

When the fully discharged electrode is charged the 
Mn(OH)t peaks disappear as shown in Fig. 3 and no 
new peaks are observed in the x-ray patterns. This 
indicates that Mn(OH)2 is oxidized to either MnsO4 
or to the amorphous phase noted previously. We 
think it unlikely that Mn(0H)z can be oxidized to the 
amorphous phase directly without passing through 
the lower oxide MnaO4. It is thus probable that 
Mn(0H)z is oxidized to MnsO4 which then remains 
unchanged. The reaction can probably be written as 

Discharge and Charge Curves 
Four groups of electrodes were discharged and 

charged as follows: the first group was discharged at  
5 ma . cm-2 to 0.9C (MnO1.s~) and then recharged to 
1.OC (MnOl.9~) at 2.5 ma . cm-2, the second was dis- 
charged to 0.6C (MnO1.55) and recharged, the third to 
0.3C (MnOl.29) and recharged, and the fourth to O.OC 
(Mn01.16) and recharged. The empirical formulas in 
parentheses are the experimentally determined values 
obtained by chemical analysis of the discharged elec- 
trodes. The lack of agreement between the calculated 
and experimental values is due to the low current 
efficiency towards the end of discharge because of 
concurrent hydrogen evolution. 

These electrodes thus encompassed a range of com- 
position where in the first series only the amorphous 
phase was present, in the second, amorphous phase 
plus Mns0.1, in the third, amorphous phase plus Mns04 
and Mn (OH) 2, and in the fourth, MnsO4 and Mn (OH) 2. 

The discharge/charge curves obtained from group 
one are shown in Fig. 5. The discharge curve pro- 
ceeds smoothly and the charge curve shows two fairly 
well defined steps. The first step is attributed to the 
oxidation of the amorphous compound to MnOg, the 
quantity of electricity consumed in this reaction al- 
most being equal to that withdrawn during the dis- 
charge. The oxidation of the amorphous phase prob- 

ably occurs according to the reverse of Eq. [I]. After 
completion of the first oxidation step, the potential 
increases rapidly to a well defined plateau at  1.45~. 
This is probably a mixed potential due to the evolu- 
tion of oxygen and the oxidation of MnOz to KzMn04. 
This is supported by the appearance in the electrolyte 
of a green color due presumably to MnO4' ions. The 
charging curves of electrodes in groups 2, 3, and 4 
are shown in Fig. 6. The curve of the electrodes dis- 
charged to 0.6C again shows two steps and as before, 
the quantity of electricity consumed in the first step is 
almost equal to that withdrawn on discharge indicat- 
ing that, at this point, the electrodes are still chemi- 
cally reversible. In the electrodes discharged to 0.3C, 
the existence of highly irreversible MnsO4 is evi- 
denced by the rapid increase in polarization at the 
start of charge. A plateau occurs at 0 . 6 5 ~  which most 
probably corresponds to the oxidation of Mn(OH)z to 
Mn304. An inflection is observed after about 8 hr  
which corresponds to the passage of 0.050 amp . hr. If 
the reaction is assumed to be identical to Eq. [51, 
this amount of electricity corresponds to 0.248g of 
Mn(OH)z or approximately 25% of the electrode 
weight. A fairly rapid rise in potential then occurs 
followed by a poorly defined plateau which probably 
corresponds to the oxidation of the residual amor- 
phous compound to MnOz. 

The electrodes of the fourth group contain the same 
discharge products as those of group three except that 

Fig. 6. MnOz potentials during charge 

Discharge to Charge to 
Group 2 e-• 0.6C 1 .OC 
Group 3 A-A 0.3C 1 .OC 
Group 4 0- - - -0 0.0 1 .OC 

Charge current density 2.5 ma/cm'. 
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the amount of Mn(0H)z is now larger and little or 
no MnOz or amorphous phase exists in the electrode. 
Thus the plateau at  0 .65~ due to oxidation of Mn(0H)p 
is longer and is followed again by an increase in the 
potential to the final plateau. 

Cycling Experiments 
A group of electrodes was cycled by discharging at 

5 ma . cm-2 for 8 hr and charging at 2.5 ma . cm-2 
for 16 hr. This was equivalent to a cycling between a 
depth of 1.OC and 0.89C. The potential/time curves of 
Fig. 7 show that up to 45 cycles, the electrodes cycle 
with only slight loss in performance. At cycle 63, a 
large polarization was observed after which the po- 
tential was erratic. This was also observed on the 
charge curve. 

The behavior of the electrode suggested that a rapid 
increase in resistance had occurred at this point. This 
was thought to be perhaps due to the formation of a 
film of Mn304 around the electrical contact wire or the 
electrode/electrolyte interface. To investigate this, 
electrodes were prepared containing two electrical 
contacts; one embedded in the center of the mix and 
the other tightly wound around the outside. It was 
thought that if failure was caused by the formation 
of a layer of Mn304 around the contact wire, then 
switching from one contact to the other after failure 
should restore the performance. These electrodes 
were cycled between 1.0 and 0.75C using the same 
conditions as before. The IR drop was determined by 
use of an interruptor technique employing a Tektronix 
oscilloscope Model No. 535. The potential time curves 
are shown in Fig. 8 and the IR measurements in Fig. 9. 
The electrodes were seen to fail at cycle 9 at which 
point a high polarization was observed together with 
an increase in the IR drop. At this point, the current 
was switched to pass through the other contact. Im- 
mediately, the high polarization disappeared and the 
IR drop fell to that of a fresh electrode. Several addi- 
tional cycles were obtained before the electrodes 
failed again. 

It is clearly seen that the source of electrode failure 
is at the MnOz/contact wire interface. From the po- 
tential of the electrodes, when they fail, it can be 
concluded that this film is Mn304. The magnitude of 
the IR drop at failure was insufficient to account for 
the high total polarization observed at this point. 
Since previous experiments (7) have shown the ex- 
tremely high irreversibility of Mn3O4, it is not sur- 
prising that its precipitation is accompanied by a very 
large increase in polarization. 

A second experiment was conducted using an elec- 
trode which, after failure, had a thin concentric layer 
cut away from the electrode/electrolyte interface and 

I l j i ~ d j  
mu 

Fig. 7. Alkaline MnOz electrode cycle test. Discharge to 0.89C. 
C.D. 5 m a . ~ m - ~ ;  charge to 1.K + 1% overchg., C.D. 2.5 
ma.cm-2. 
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Fig. 8. Double contact alkaline MnOz electrode potential vs. 
time. Discharge to 0.75C. C.D. 5 ma.cm-2; charge to 1.OC. C.D. 
2.5 ma.cm-2. 

Fig. 9. Alkaline MnOd electrode IR measurements of a double 
contact electrode, cycling a t  0.76C. 

then was recycled. This treatment did not reduce the 
polarization thus indicating once again that the film 
is formed at the contact/MnOz interface. 

Discussion 
The x-ray diffraction data show, as observed before, 

that in the initial stages of discharge, a lattice ex- 
pansion occurs with the formation of an amorphous 
product which cannot be ascribed to any of the well 
known manganese oxides. This is in agreement with 
results obtained by Brenet (9) and co-workers in 
LeClanche cells and appears to be general feature of 
the discharge of MnOz electrodes. No evidence of 
MnO(0H) was obtained in contradiction to the re- 
sults of some other investigation~. In the early stages 
of the discharge, the electrodes are rechargeable as 
evidenced by the x-ray data and the discharge and 
charge curves. The charge/discharge reaction can be 
written as Eq. [Z]. At greater depth of discharge, the 
amorphous phase is reduced to Mn304 which is evi- 
dently not rechargeable and thereafter remains un- 
changed in the electrode. As the electrode approaches 
full discharge, Mn (OH) 2 is formed and this is the final 
product. On recharge, Mn(0H)z is observed to dis- 
appear from the electrodes as indicated by the dis- 
appearance of the Mn(0H)z peaks in the x-ray dif- 
fraction patterns and the plateau in the charge curves 
at 0.6~.  It is proposed that on recharge, Mn(OH)2 is 
oxidized to Mn304 according to Eq. [51. 

On the basis of the x-ray and disch;rge/charge 
curve data, one would expect a manganese dioxide 
electrode in 7M KOH to be rechargeable provided that 
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ABSTRACT 

Single crystals of a-NbzO:, were grown by the Verneuil technique and ma- 
chined into cylinders. Measurements of electrical conductivity of these speci- 
mens as a function of temperature and oxygen pressure were made and com- 
pared with similar work by previous investigators. By following the resist- 
ance change as a function of time on changing the environmental pressure, 
determinations of the diffusion coefficient of oxygen were made at  varying 
degrees of nonstoichiometry. Oxygen diffusion coefficients were several hun- 
dredfold lower in oxide of large nonstoichiometry. Similar work was per- 
formed on 7-Nbz05 scales stripped from niobium specimens after oxidation. 
Although absolute measurements could not be undertaken on these extensively 
cracked specimens, 7-NbzOs showed similar properties to a-Nb205. The rela- 
tionship is considered of these conclusions to be oxidation behavior of niobium. 

In an analysis of the effect of oxygenpressure on 
the parabolic oxidation rate constants of niobium, 
Sheasby et al. (1) suggested that oxygen diffusion was 
most rapid in near stoichiometric 7-Nbz05. Other in- 
vestigators (2-4) have reported in their studies on 
both u- and 7-Nb205 that equilibrium was attained 
far more rapidly in nearly stoichiometric oxide than 
at larger departures frow stoichiometry. As such be- 
havior is not predicted by proposed models of the 
defect structure of these oxides, the purpose of this 
investigation was to determine oxygen diffusion con- 
stants in u- and y-Nbz05 at  various oxide composi- 
tions. 

Terao (5) has suggested that the structures of U- 

and 7-Nb205 are closely related. The structure of 
a-NbzOs, particularly when nonstoichiometric, is not 
known with certainty (6) but can be indexed by a 
monoclinic cell (5). Brauer (7) reports a composition 
range for this phase expressed as NbO, where 
2.4 < x < 2.5, but Norin and Magneli (8) have iden- 
tified two compounds Nb02.46 and NbOz.48 in this re- 
gion. Isopiestic experiments of Blumenthal et al. (2) 
did not indicate the presence of these phases; a value 
of -164 kcal/mole was determined for the relative 
partial molar enthalpy of oxygen for the pentoxide 
phase, its lower stoichiometric limits being x = 2.42 
and 2.44 at 1090' and 88g0C, respectively. 

Although the defect structure of 7-NbzOs has not 
been extensively studied (3), the defect equilibria 

' Preaent address: Faculty of Engineering Science. University of 
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describing oxygen deficiency in a-Nb20:, has been 
studied by several investigators using electrical con- 
ductivity and gravimetric techniques (4, 9-14). The 
majority of investigators agree that in the temperature 
range 600'-1400'C and pressure range 1-10-6 atm the 
isothermal conductivity is proportional to  PO^-^^^, 
and that the conductivity exhibits an exponential tem- 
perature dependence with an activation energy of 1.4- 
1.7 ev (electron volt). These results are interpreted 
by a defect model involving oxygen vacancies with 
one trapped electron. At larger departures from stoi- 
chiometry at  lower oxygen pressures, the picture is 
less clear. The work of Blumenthal et al. (2) suggests 
no change in defect type, whereas Kofstad and Ander- 
son (14) find that both the isothermal weight change 
and conductivity of a-Nbz05 are proportional to 
Po2-'I6. These results are interpreted in terms of .ox- 
ygen ion vacancies without trapped electrons due to 
a decrease in the ionization energy of electrons from 
these defects as their concentration increased, in 
agreement with the work of Jannick and Whitmore 
(12). 

Experimental 

Two sources of reagent grade a-Nb20s powder and 
high purity niobium sheet, both 99.5 w/o (weight per 
cent) pure, were utilized as materials. 

Coarse-grained boules of a-NbzO:, were grown by 
the Verneuil technique using a hydrogen-oxygen 
flame. The boules were split into individual crystals 
and these were machined, using an air-abrasive unit, 
into cylinders approximately 1 mm diameter and 6 
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mm long, Fig. 1. The [010] monoclinic direction was 
approximately parallel to the cylinder axis. Polycrys- 
talline plates of r-Nbz05 approximately 1 cm2 and 190 
or 270r thick, Fig. 2, were obtained by anodically dis- 
solving the metal from specimens oxidized at 770°C. 
The oxide was composed of columnar crystals oriented 
with the [loo] tetragonal axis perpendicular to the 
plane. The oxide plates were extensively cracked and 
could not be heated above 750" without transform- 
ing to the alpha modification. 

Resistances were measured by two and four point 
probe direct current techniques. Platinum current and 
potential leads were wrapped directly on the specimen 
and contact improved with platinum paint. Four point 
probe measurements were initially taken; however, 
the contact resistances were found to be negligible, so 
many of the experiments were performed using two 
point contacts. A Keithley 610A electrometer was used 
as a source of constant current and the potential drop 
across a specimen was measured either with this in- 
strument, or a Leeds and Northrup Type K3 poten- 
tiometer or a Honeywell recorder. Resistances mea- 
sured in the forward and reverse directions were ohmic 
within experimental errors of rt 1%. 

The diffusion assembly was of a conventional glass 
design for attaining vacuo of 10-4 Torr. Medical grade 
oxygen, high purity argon, carbon dioxide of 99.95 
V/O (volume per cent) purity, and carbon monoxide 
of 96.6 v/o purity were dried by passage through col- 
umns containing phosphorous pentoxide. A specimen 
was suspended by the electrical leads into the hot zone 
of a vertically mounted mullite tube heated by an elec- 
trical resistance tubular furnace. The temperature was 
measured with a Pt-Pt 10% Rh thermocouple sited 
adjacent to the specimen. Pressures in the range 10-3- 
1 atm were effected statically. To achieve environ- 
mental purity in the range 10-3-10-5 atm, oxygen was 

Fig. 1. Cylindrical crystal of u-Nb205. Magnification 5X 

Fig. 2. Specimen of 7-Nbz05 stripped from a niobium specimen 
oxidized a t  760' in 1 atm oxygen for 120 min. 

continually admitted through a needle valve, the pres- 
sure being automatically controlled by magnetic valves 
in the vacuum line. At oxygen pressures below 10-5 
atm, flowing atmospheres of either CO/C02 or Ar/O2 
were passed through the reaction tube. The oxygen 
potentials of these latter atmospheres were measured 
with a stabilized zirconia galvanic cell placed adjacent 
to the specimen and controlled by manipulation of 
needle valves in the gas lines. 

To measure the oxygen diffusion constant for a- 
NbnO5, the specimens were held at a fixed temperature 
and pressure until the resistance was constant. The 
pressure was then changed and the variation in the 
resistance was recorded with time. Specimens were 
considered as infinite cylinders of radius T and an- 
alyzed using the diffusion equation (15) 

LO 

Ct- Cf 
-= 
CI - ct e x - ]  111 

tv are the roots of the equation J (x)  = 0 where J (x )  is 
the Bessel function of zero order, Ci, C:, and Ct are 
the initial, final, and value at time t of the oxide ox- 
ygen concentration. These concentrations, in turn, are 
directly related to the corresponding electrical conduc- 
tivities. Consequently, this equation was solved for 
Dt/+ for each experimental point on a computer and 
these values plotted vs. time to obtain the best value 
of D/rz. The oxygen diffusion constant for 7-NbzO5 
was determined under the same experimental condi- 
tions and the results analyzed by the diffusion equa- 
tion for a plate (16). 

X-ray diffractometer patterns of powdered oxide 
were obtained using copper radiation with a nickel 
filter. 

Results 
Alpha-niobium pentoride.-Values of the resistivity 

at various temperatures of specimens equilibrated with 
oxygen over the range 10-5-1 atm are shown in Fig. 
3. The resistance was proportional to the % power of 
the pressure. Specimens were also equilibrated with 
atmospheres of much lower oxygen potentials to 
10-10 atm. Because of the excessively long equilibra- 
tion periods of several days, the resistance measure- 
ments were not as precise as those at higher pressures. 
However, the oxygen pressure dependence of the re- 
sistance remained within experimental error to the 
Y4 power, Fig. 4. This relationship was valid for crys- 
tals prepared from both stocks of a-Nbz05. 

The specific resistances of several specimens pre- 
pared from the oxide materials obtained from two 
sources agreed well and gave a good fit to an Ar- 
rhenius plot, Fig. 5. The activation energy was 1.61 ev 

I , 0' , I 
lo-' lo-2 o 

Lop Pressure Iatm.1 

Fig. 3. The dependence of the electrical resistivity of a-Nb205 
on oxygen pressure over the range 10-5 to 1 otm a t  temperatures 
of 927'. 879', 81R0, and 725'C. 
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Fig. 5. Arrhenius plots with determinations for the activation 
energy for the ekctrical conductivity of u-NbzOs a t  1 atm. The 
plots 1, 2, and 3 ore from references (4). (10). and (3). respec- 
tively. 

which is to be compared to the value of 1.4-1.65 ev 
from previous investigators ( 3 , 4 , 1 0 ) .  

The diffusion constant was evaluated from data ob- 
tained by changing the pressure over a narrow range 
and recording the resistance change with time. On 
plotting D t / r 2  us. time as described in the.last section 
to obtain the best value of DIP the linear plots inter- 
sected the co-ordinates close to the origin, Fig. 6. 
However the values of D / r z  obtained from different 
determinations under the same experimental condi- 
tions varied by as much as a factor of 3 .  Further diffi- 
culty was encountered on raising the pressure to close 
to atmospheric, e.g., 100-760 Torr, at low temperatures, 

0.2 
N. 

0.1 

o ' ; -  a 2  - 

2 

0 1.0 2 0 
TIHE.Inml 

Fig. 6. Plots of Dt/r2 vs. time a t  909°C for u-NbzOs for oxy- 
gen pressure changes of 104 to 7.38 Torr, curve 1; 6.28 to 127 
Torr, curve 2; 5.0 x 10-o atm to 2.5 x 10-'5 atm, curve 3; and 
2.3 x 10-16 to 1.2 x 10-14 atrn, curve 4. 

I -I4 -D -0 -8 -6 4 -2 0 
LOO PRESSURE ( o l m l  N. 

Fig. 4. The dependence of the electrical resistivity of u-NbzOs 6 O I -  

on e y g e n  pressure over the range 10-16 to 1 atm a t  909°C. 

- J 

when the equilibrium specimen resistance was attained 
in an unexpectedly short time. 

Values for the oxygen diffusion constant at various 
pressures and temperatures are recorded in Table I. 
An Arrhenius plot is shown in Fig. 7 of diffusion 
constant determinations from four specimens. The data 
points form two bands with the determinations relat- 
ing to pressure changes in the range 10-5-1  atm being 
approximately 3 0 0  times larger than those made at 
pressures lower than 10-13 atm. The activation en- 
ergies of 2.2 and 2.3 ev demonstrate that the temper- 
ature dependence for diffusion did not change sig- 
nificantly over the investigated pressure range. 

A comparison of the powder x-ray diffraction pat- 
terns of black nonstoichiometric with white stoichio- 
metric oxide gave an extra line corresponding to d = 
3 . 8 5 1  and 1 . 6 9 3 1  while the lines at d = 2.684A and 
1.219A were absent, and the line at d = 2 . 0 7 0 1  was 
greatly reduced in intensity. 

Gamna-niobium pentoa5de.-The instability of this 
oxide imposed restrictions on the system that could 
be studied. Since the specimens were cracked, no at- 
tempt was made to obtain specific resistances. As il- 
lustrated in Fig. 8, the resistances of the specimens 
studied were proportional to the 0.25 ? 0 . 0 4  power 
of the oxygen pressure. 

Oxygen diffusion in the oxide as a function of oxy- 
gen pressure was determined in the range 10-6-1  atm 

< 
Y 

p -2 I I 

Table I. Oxygen diffusion constants in ~ - N b z O s  

Temper- Initial Final Temper- Initial Final 
ature, 'C  pressure, atm pressure, atm D, cmP/eee ature, ' C  pressure. atm pressure. atm D, cma/aec 

865 
865 
900 
m o  
m o  
OW 
000 
Q W 
goo 
809 
000 
818 
810 
810 
737 
737 
680 
680 
680 
680 

Specimen 43511 diameter 
1.47 x 10-6 Q65 
5.5 X lo-s 965 
1.10 X I t '  m o  
2.53 x 10-0 000 
1.17 x 10" 009 
1.00 x 10-a Q W 
8.79 x 10-7 000 
7.55 x 10- 000 
1.41 X 1 W  009 
7.45 x 10-0 000 
8.93 x 10' Q 08 
0.49 X 10-7 810 
2.04 x lo5 819 
2.51 x 10-a 737 
3.06 x lW 737 
4.60 X 10-7 737 
2.04 X 10-8 680 
2.36 X 10-8 680 
1.25 X 10-8 680 
8.25 x 661 

Smclrnen 8 3 0 ~  diameter 
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IIT x lo3 I O K - ' )  

Fig. 7. Oxygen diffusion constants from four a-NbzOs specimens 
as a function of temperature a t  different pressures. Values in 
pressure range 10-5-1 atm, curve 1; values in pressure range 
10-1a-10-16 atm, curve 2. 

5.6 1 8 d 
1v4 I O - ~  o 
Log Pressure ( Atm.)  

Fig. 8. The dependence of the electrical resistance of a y-Nbz05 
specimen on oxygen pressure over the range to 1 atm a t  
658%. 

and typical data for plates of thickness, a, are shown 
in Fig. 9. Although absolute values of diffusion con- 
stants for the cracked specimens could not be ob- 
tained, the relative values at different pressures are 
recorded in Table 11. It can be seen that the oxygen 
diffusivity was insensitive to pressure from 0.5-10-4 
atm, but decreased rapidly at pressures below this 
value. 

White stoichiometric oxide transformed readily to 
black nonstoichiometric oxide in an oxygen atmos- 
phere of 10-5 atm pressure at 750°C.  The powder 
x-ray diffraction pattern of the black compared with 
the white oxide gave extra lines corresponding to d = 

TIME,I*cI 

Fig. 9. Plots of Dt/402 vs. time a t  628°C for y-NbzOs for oxygen 
pressure changes of 43 to % Torr, curve 1; 160 to 73, curve 2; 1.4 
to 2.0, curve 3; and 2.5 to 0.14 Torr, curve 4. 

3.64344, 3.31144, and 2.971A and the lines at d = 5.18A 
and 1.54.A were absent. 

Discussion 
The conductivity of a - N b z O s  at pressures in the 

range 10-5-1 atm was proportional to Po2-114 in 
agreement with previous results on polycrystalline 
specimens ( 1 4 )  but only in partial agreement with 
those for single crystals. The decreased pressure de- 
pendence below 800'C reported by Chen and Swalin 
( 4 )  was not observed. Moreover, the conductivity at 
907°C obeyed this pressure relation to 10- l8  atrn 
whereas a Po2-lle relation was found for polycrys- 
talline specimens in the pressure range 10-1s-10-18 
atm by Kofstad and Anderson ( 1 4 ) .  

Arrhenius plots of the specific conductivities from 
four investigations were illustrated in Fig. 5. The con- 
ductivities of polycrystalline material were smaller by 
an order of mamitude than those for single crvstals 
but the activation energies, irrespective of t h e  type of 
material, were of the same magnitude 1.4-1.65 ev. Al- 
though Chen and Swalin ( 4 )  accounted for the high 
conductivity of their single crystal specimens at tem- 
peratures below 800°C by ionization of impurities, the 
present results demonstrate that the conductivity is 
determined entirely by oxide stoichiometry at pres- 
sures close to atmospheric over the temperature range 
600"-1400". Also, the conductivity experiments dem- 
onstrated that the rapidity with which a specimen 
changed its conductivity was itself a function of the 
conductivity (stoichiometry). In relating these relax- 
ation periods to the oxygen diffusion constant it was 
assumed that in the pressure increment under analysis 
the electron concentration was directly proportional to 
the oxygen concentration. As it has been shown that 
the conductivity of Nbz05 is proportional to log (Po2) 
in this study, and that the weight loss of Nbz05 ig a 

Table II. Relative oxygen diffusivities in y-Nbz05 a t  628% 

Initial Final Initial Final 
pressure, atm pressure, atm D pressure, atm pressure, atm D 

Oxide nominally 
x 10-6 
x 104 
x 10" 
x 1o-s 
X l od  
X 10-6 
X 104 
X 10-6 

190,~ thick 
9.08 X 10-6 
8.58 x 10d 
3.01 x 10-6 
2.50 x 10-0 
1 R O Y  104 

Oxide nominally 270& thick 
1.83 x 10-1 5.92 x 10a 3.50 x 1 W  5.92 x 10-8 2.04 x 10-9 335 x lo-& 
5.40 X 104 1.83 X 104 4.25 x 104 2.04 X 1 W  1.97 X 104 3.50 X lo4 
2.76 x 10-1 1.65 x 10- 3.75 X lo-' 2.63 x lo-' 7.50 x ID" 8.84 x 10-8 
1.05 X 1 W  5.80 X 1 0 s  8.00 x 10-6 7.50 x 10-7 2.24 X 10-7 1.02 X 1 W  
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function of log (Po,), (21, this assumption is reason- 
able. The oxygen diffusion constant, D, so measured 
is equivalent to the phenomenological diffusion con- 
stant defined by Fick's first law. 

It will now be demonstrated that the diffusional 
properties of oxygen in niobium pentoxide cannot be 
inferred from theory based on ideal solution of point 
defects exhibiting constant mobility. A (Po2) -1'4 pres- 
sure dependence of the electrical conductivity was 
found over four orders of resistance change, and in 
agreement with other workers (4, 9, 13) this is in- 
terpreted in terms of a vacancy model involving only 
singly ionized oxygen vacancies. Wagner (17) has 
shown that for an ionic solid 

VmRT Kion K e  d ln (Poz) 
6 D=-- 8F28 Kion + K. d ln 8 c21 

where, in this instance, Kbn and K, would be the 
specific conductivities of the singly ionized oxygen 
vacancies (0.) and electrons (el, 8 is the oxygen 
deficit represented by the formula NbzOs-,, and Vm is 
the molar volume. These conductivities are related to 
the mobility, p, of charged species by: 

F 
Kbn=-x r 

Vm 
and 

F 
Ke =-sere 

Vm 
[31 

where x represents the atom fraction of the respec- 
tive point defect. 

From the pressure dependence of the resistivity 
d In Po, - = -4 
d ln 8 

141 

If the Nernst-Einstein relation is invoked 

Substituting Eq. [31, 141, [51 in Eq. [2] and in view of 
Kton << Ke 

D 
D = -  

2 
[GI 

According to Eq. [4-61, the magnitude of the oxy- 
gen diffusion constant is not dependent on oxygen 
pressure or oxide stoichiometry providing that the ac- 
tivity coefficient and mobility of vacancies remains 
constant. In the case of a-NbzOs, this behavior is 
valid over the pressure range 10-5-1 atm. It is defi- 
nitely invalid over the entire investigated pressure 
range because the values are much smaller at pres- 
sures less than 10-14 atm (Table I and Fig. 7). A 
similar behavior was exhibited by y-NbzOs with the 
transition to lower values of the diffusion constant oc- 
curring at higher pressures. For this oxide modifica- 
tion, the diffusion constant is constant only over 
the pressure range 10-3-1 atm (Table 11). 

Knowledge of diffusion in ionic solids is not suffi- 
ciently advanced for interpretation of this similar but 
complex oxygen diffusion behavior for both oxides. 
With increasing nonstoichiometry the point defects 
interact giving varying activity coefficients and mo- 
bilities. Furthermore, according to Wadsley (6) and 
Gatehouse and Wadsley (18), removal of oxygen from 
niobium pentoxide leads to compression of the struc- 
ture by shear along certain planes, the unit Re03 type 
polyhedra being condensed upon each other. When 
these shear planes are ordered, a series of related 
oxides can be recognized as identified by Norin and 
Magneli (8) ,  and when they are not they are retained 
in a disordered form difficult to recognize except as a 
berthollide. Since different x-ray diffraction lines oc- 
cur and line intensities change when both oxides are 
changed from small to large nonstoichiometry, it is 
therefore more reasonable to consider the limiting 

rates of oxygen diffusion as the mobilities in particular 
structures. 

Different rates of oxygen diffusion in particular 
bethollidic structures can account for the unusual 
oxygen pressure dependence of the parabolic oxida- 
tion rates for niobium. When only one ionic species 
such as oxygen diffuses in an oxide scale over a rela- 
tively narrow homogeneity range, the general expres- 
sion given by Wagner (19) for the parabolic oxidation 
rate constant may be placed in the form 

Here, C, is the oxygen concentration in equivalents 
per cm3, Z1 and Zz are the valencies of metal and oxy- 
gen, Do* is the self-diffusion constant for oxygen, and 
a, is the oxygen activity. The integration would be 
carried out for the oxygen activity range to the oxide- 
gas interface from an inner surface of the oxide. 
Converting k, to k, (cm oxide)2/sec and placing Eq. 
[71 in differential form 

1 dk ,  
Do* =-- 

9.21 dlog Po, 

Figure 1 of ref. (1) shows plots of the parabolic 
constants for niobium oxidation vs. the logarithm of 
oxygen pressure over the range 10-3-1 atm at tem- 
peratures in the range 720"-825'C. If growth of the 
oxide scale is governed by volume diffusion, these 
linear plots demonstrate that the oxygen self-diffu- 
sion constant is essentially constant only over a small 
pressure range wherein the oxide composition remains 
close to stoichiometry, and that below approximately 
10-3 atm the oxygen self-diffusion constant has a 
much smaller value. These and all other available 
oxidation data (20) for the temperature range 540"- 
840°C were analyzed according to Eq. [81 and an Ar- 
rhenius plot of the diffusion constant is shown in Fig. 
10. The self-diffusion constant for oxygen in the 
y-Nb~Os scale is 

Do* (cmz/sec) = 1.0 exp - 42600/RT [91 

The self-diffusion constant for oxygen in the es- 
sentially stoichiometric oxide is related to the diffu- 
sion constant for vacancies by the relation 

xoD0* N DO* N X D [lo1 

where xo and x- represent the mole fractions of oc- 
U 

cupied and vacant oxygen lattice sites. Substituting 
161 into 1141 gives 

Do* = 2x D [ I l l  

Fig. 10. Arrhenius plot of the oxygen self-diffusion coefficient 
for y-NkOs calculated from oxidation d a b  for the pressure range 

to 1 otm, references (1). (20). 
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According to Eq. [ l l ]  a large decrease in the mag- 
nitude of Do* for 7-NbzO5 at oxygen pressures less 
than 10-3 atm would be primarily caused by the vari- 
ation in D. The existence of this variation has been 
confirmed by the present measurements. Hence, the 
unusual pressure dependence of the parabolic oxida- 
tion kinetics is associated with the formation of a 
7-NbzO5 scale consisting of a series of structures 
changing with the oxygen potential. These structures 
would be distinct Magneli phases or blocks of a basic 
structure joined by regular discontinuities (18). If, 
as it has been suggested (6), the vacancy concentra- 
tion in such berthollides is largely independent of 
composition, the observed decrease in oxygen diffusion 
rate in 7-Nbz05 with stoichiometry would be sufficient 
to account for the decrease in oxidation rate of nio- 
bium with oxygen pressure. To determine the validity 
of these considerations, the self-diffusion coefficient of 
oxygen in 7-Nbz05 must be determined as a function 
of both stoichiometry and structure. 
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The Electrochemical Behavior of 
4,4'-Azopyridine-1 ,l'-Dioxide 

Joe L. Sadler and Allen J. Barda 

Department of Chemistry, The University of Texas at Austin, Austin, Texas 

ABSTRACT 

The electroreduction of 4,4'-azobis yridine-1,l'-dioxide (APDO) in di- 
methylformamide solutions was studietby polarography, cyclic voltammetry, 
controlled otential coulometry, and electron spin resonance, Voltammetric 
reduction s\owed two well-defined. reversible one-electron transfers. Cou- 
lometric reduction at a potential corresponding to the plateau of the first 
wave gave evidence of chemical reactions following the initial electron trans- 
fer pr6ducing intermediates which were also electroactive at the same poten- 
tials. Coulometry at the second wave gave an over-all value of six Faradays 
per mole for the complete reduction of APDO to the dianion of azo yridine 
(AP),  identified by electrochemical and electron spin resonance tecRniques. 
A mechanism for the reduction process consistent with the experimental evi- 
dence is presented. 

The polarographic behavior of a number of tertiary 
amine oxides in aqueous systems has been reported 
(1-9). Kubota and Miyazaki (6a) performed a po- 
larographic study of pyridine N-oxide and its alkyl 
derivatives followed by a study (6b) of the effect of 
substituents on the polarographic reduction of pyridine 
N-oxide derivatives. Recently, Date (7a) reported a 
thorough polarographic investigation of dimethylan- 
iline N-oxide, followed by an investigation of the 
relationship between the Ell2 values of a series of sim- 
ilar compounds and the pKa's of their parent amines 
(7b). Chambers (8) studied the polarographic and 
adsorption behavior of dimethyldodecylamine N-oxide 
and Elving and Warner (9) have reported a study of 
the polarographic behavior of adenine 1-N-oxide. 

In all of the above work, the amine oxide group 
gives a well-defined, irreversible polarographic wave 

Electrochemical Sodety Active Member. 

between pH values of 1 to 6. Date proposed that he dA amine oxide group is reduced to the correspon ng 
parent amine in a reaction involving two electrons, 
the first electron addition being rate controlling. This 
mechanism agrees quite well with his experimental 
data and is further supported by Chambers' work on 
N,N-dimethyldodecylamine N-oxide. 

Recently Nasielski and co-workers (10) studied the 
polarographic reduction of pyridine N-oxide and other 
heterocyclic N-oxides in DMF solution. They proposed 
that the reduction involves a single, two-electron wave 
(composed of reduction to the anion radical, fast pro- 
tonation, and further reduction, protonation, and de- 
hydration), leading to the free base. We report here 
a study of the amine oxide 4,4'-azobispyridine-1,l'-di- 
oxide (APDO) in DMF, in which a clear separation of 
the step leading to formation of the anion radical 
and to formation of the dianion is obtained. 
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Results 
Voltammetric methods. The polarographic reduction 

of APDO, 

o+NQ-N=N-QN- o 

in a N,N-dimethylformamide (DMF) solution con- 
taining 0.1 M tetra-n-butyl-ammonium perchlorate 
(TBAP) showed two well-defined waves (Fig. 1) with 
half-wave potentials ( E d  of -0.73 and -1.35~ vs. 
an aqueous saturated calomel electrode (SCE). The 
values of EsI~-EIJ~ for the two waves (TBmes criterion 
for reversibility) 0.06 and 0.07v, respectively, suggested 
that the first wave involved a reversible, one-electron 
reduction and that the second wave may be compli- 
cate$ by a following chemical reaction. The diffusion 
currents of both waves were directly proportional to 
the square root of the height of the head of the drop- 
ping mercury electrode (dme). The diffusion current 
constants for the first and second waves were 2.97 and 
5.45 ca-seclJ2-mM-l-mg-2J3, respectively. 

A cyclic voltammogram of AF'DO in DMF contain- 
ing 0.1M TBAP at a hanging mercury drop electrode 
(hmde) is shown in Fig. 2. At all scan rates employed, 
the reverse scan clearly shows two anodic peaks, cor- 
responding to the oxidation of APDO monoanion and 
dianion. The cyclic voltammogram obtained on a 
planar platinum electrode is illustrated in Fig. 3. The 
behavior of the first wave is essentially the same as 
that observed on a hmde; however, the second wave 
shows a much larger cathodic-to-anodic peak current 
ratio. Typical results of cyclic voltammetric (linear 
potential sweep chronoamperometry with reversal) 
experiments for both a hmde and platinum disk elec- 
trode are given in Table I. At both a platinum disk 
electrode and a hmde, the ratio of the peak current 
(i,.) of the flrst. anodic wave to the peak current of 
the corresponding cathodic wave (i,) is about 1, as 
would be expected for the formation of a radical spe- 
cies which is stable during the duration of the mea- 
surement. The value of Ep,-E,, for this couple is very 

Fig. 1. Polarogmms before and after reduction of a 1.32 mM 
APDO solution in DMF containing 0.1M TBAP at a mercury pool 
electrode: 1, before reduction; 2, after reduction at -1.0~ vs. SCE. 

I ~ o n * - c . n s J  - 0 4  -0.4 -0.6 - 0 4  -1.0 -1.2 -1.4 -1.8 -1.8 -2.0 

EIVvm.SCE) 

Fig. 2. Cyclic voltammetry of APDO at a HMDE. The solution 
contained 0.1M TBAP in DMF and was 1.32 mM in APDO. 

0.0 -0.e -0.4 -0.6 -0.8 -1.0 -1.e -1.4 -1.6 -1.8 
E I V  v r  S C E )  

Fig. 3. Cyclic voltommetry of APDO at a planar platinum disk 
electrode. The solution contained 0.1M TBAP in DMF and was 
1.32 mM in APDO. 

close to the value (0.057~) for a reversible, one-elec- 
tron reaction. E, and E,, for this couple are inde- 
pendent of scan rate v,  and plots of the current func- 
tion (i,/vl/2) and i,/& vs. scan rate [diagnostic cri- 
teria given in the work of Nicholson and Shain (11) 
sliow this wave to be reversible]. 

The second reduction wave in cyclic voltammetric 
experiments utilizing a hmde shows some evidence of 
a chemical reaction following the reduction to give 
another electroactive species. The current function 
decreases about 20% for a 10-fold increase in scan 
rate, which indicates an ECE-type process (i.e., an 
electron transfer reaction followed by a chemical re- 
action generating a species reducible at these poten- 
tials). A simple EC process is eliminated, because it 
is characterized by a change of only 10% in the cur- 
rent function for a 10-fold change in scan rate (11). 
The anodic-to-cathodic peak current ratios increase 
with increasing scan rate, as expected for an ECE 
process. 

The results obtained in cyclic voltammetric experi- 
ments using a platinum disk electrode also give evi- 
dence for the presence of an irreversible chemical re- 
action following the second charge transfer step. At 
scan rates up to 657 mv/sec, however, essentially no 
corresponding anodic wave is seen for the second re- 
duction wave. This suggests that either the following 
reaction is catalyzed at platinum or perhaps adsorp- 
tion of the product at mercury occurs. This difference 
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Table I. Cyclic voltammetric data for the two-step reduction of 4,4'-azobispyridine-1.1'-dioxiden 

First wave Second wave 
Scan rate. 

be. Lmb -Em -ED. i ~ ~ o  i d  -Em -Em 
mv/sec &a &a ~P.PPO v us. SCE ipe/v'm I L ~  P *P*/~DC v va. SCE b./vl /~  

Hanging 
0.76 
0.76 
0.76 
0.76 
0.76 
0.80 

Concentration = 3.25 mM 
0.70 2.4 23.8 
0.70 9 r ZR 4 
0.70 

Platinum 
0.71 
0.71 
0.77 
0.71 
0.78 
0.18 

 the solution was O.1M TBAP in DMF. 
bFor scan reversed at a potential lOOmv more negative than E,.. Potentials given may also include some uncompenaated iR drop. 
c Measured using extrapolation of decreasing current of flrst Peak as base-line. 
d Electrode area = 0.088 cm*. 
a Apparent electrode area = 0.031 cma. 

in behavior at platinum and mercury electrodes was reduction at -1.0~ us. SCE are shown in Fig. 1. The 
not investigated further. polarogram for a reduced APDO solution (Fig. 1, 

These results suggest that the following reactions curve Z) ,  shows an anodic wave with a large max- 
occur during voltammetry imum which abruptly drops to near the expected dif- 

fusion current value at a potential (-0.68~) near the 
APDO + e P APDO: (first wave) [I] potential of the electrocapillary maximum for this 

medium, -0.70~. This behavior is similar to that ob- 
APDo: + e = APDO= (second wave) [2] served by Santhanam and Bard (12) in their study of 

9,lO-diphenylanthracene and can probably be attrib- 
APDO' + HS-, APDOH- + S- 13] uted to the anodic streaming mechanism proposed by 

where HS represents any source of protons and 
APDOH- is reducible at the potential of the second 
wave. 

Coulometric experiments at a mercury pool elec- 
trode controlled at a potential on the diffusion plateau 
of both the first (-1.0~) and second (-1.8~) reduc- 
tion waves were undertaken to study the electrochem- 

them. The reduction of A P D O ~  to APDO' occurs at 
the same potential as the second polarographic wave 
in the reduction of APDO (Fig. 1, curve 2). The dif- 
fusion current of the second wave is about the same 
before and after electrolysis at -1.0~. Cyclic voltam- 
metry, utilizing a hmde, on a reduced solution of 
APDO is shown in Fia. 4. curve 2. The very large an- 

ical behavior of A P D o ~  and APDO' and to obtain, 
via electron spin resonance (esr) techniques, further 
evidence for the above-postulated mechanism. Reduc- 
tion of APDO at -1.0~ gave values of nap, ranging 
from 1.40 to 1.92 faradays per mole (Table 11). In all 
experiments the electrolysis current decayed to a 
value significantly higher than the corresponding 
background currents. For example, in the case of nap, 
= 1.70, the current decreased from an initial value 
of 38 ma to a steady value of 1.4 ma after 30 min, in- 
dicating that continued electrolysis does not bring 
about complete cessation of all reduction reactions. 
This behavior is indicative of a slow secondary proc- 
ess which produces a product that is electroactive at 
the same potential. Reversal coulometry at -0.20~ us. 
SCE gave nap, values for oxidation significantly lower 
than the corresponding initial reduction nap, values 
(Table 11). 

The solution resulting from reduction of APDO at 
-1.0~ us. SCE was a deep reddish-brown in color and 
gave an intense esr spectrum of about 75 lines. The 
spectrum was significantly nonsymmetrical about the 
center, indicating that the signal obtained was due 
to a mixture of two or more radical species. The pres- 
ence of two radical species is also consistent with an 
ECE mechanism. 

odic current for the-oAdation is attributed to the 
same stirring effect mentioned above. Cyclic voltam- 
metry on a platinum disk electrode does not exhibit 
this stirring phenomena (Fig. 4, curve 4). The value 
of i, for the first wave at a platinum electrode de- 
creases by about 20% after reduction of APDO at 
-1.0~ (24.5 &a before vs. 19.4 *a after). Peak potentials 
(E,, and E,) for the first reduction step are un- 
changed. 

Further controlled potential reduction of the re- 
duced solution at -1.80v, corresponding to the plateau 
of the second wave gave an additional 4.1 faradllys 

Table I I .  Controlled potential coulometric result* 

Reduction at Oxidation at Reduction at 
Cone., mM - 1 . 0 ~  - 0 . 2 0 ~  - 1 . 8 0 ~  

a The aohtlon was DMF containing 0.11 TBAP. The cathode 
was a mercury pool with an approximate area of 12 emr and 
the anode was platinum wire isolated by a Bne-porosity, sin- 
tered glass disk. potentials givbn above are us. SCE. ElectrolYaiE 
times were 0.5 to 1.5 hr. * 

Voltammetry after Reduction 
Polarograms for a APDO solution before and after 
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Fig. 4. Cyclic voltommetry of 
APbO on a hmde and platinum 
disk electrodes at  various stages 
of reduction at a mercury pool 
working electrode. The solution 
was 1.73 mM in APDO in DMF 
containing 0.1M TBAP: 1, C.V. 
at hmde of original solution; 2, 
C.V. at  hmde after reduction at 
-1.0 v; 3, C.V. at  platinum 
disk electrode of original solu- 
tion; 4, C.V. a t  platinum disk 
electrode after reduction at  
-1.0 v; 5, C.V. at  a platinum 
disk electrode after reduction at 
-1.80 V; 6, C.V. at a platinum 
disk electrode of an authentic 
sample of azopyridine in the 
kame medium as described above. 

per mole for an over-all value of nap, = 5.84. Cyclic 
voltammetry, employing a platinum disk electrode, of 
an APDO solution after complete reduction at -1.80v, 
is shown in Fig. 4, curve 5. With the scan initiated in 
a positive direction from -1.80v, an oxidation wave 
occurs at -0.76~ followed, on reversal, by two re- 
duction steps at -0.84 and -1.53~. These peak poten- 
tials are significantly different from those observed for 
APDO itself. 

Reversal coulometry (oxidation) at -1.0~ resulted 
in no anodic current flow, indicating that the reduced 
species was not oxidizable at this potential. On chang- 
ing the potential to -0.20v, however, this species was 
oxidized. giving a value of nap, = 1.44. Cyclic voltam- 
metric reduction and oxidation of the species resulting 
from this oxidation showed waves at the same poten- 
tials as those observed for the completely reduced spe- 
cies as noted above; the first charge transfer was ap- 
parently reversible with a reduction wave at -0.84~ 
and was followed by an irreversible reduction with a 
peak potential of -1.53~. 

Controlled potential electrolysis of this product at 
a potential corresponding to the first reduction step 
(-1.0~) gave a value of %,, = 1.30. The solution was 
sampled at this stage for esr analysis. The resulting 
esr spectrum, containing approximately 40 lines, was 

signiAcantly different from the spectrum of APDO; 
mentioned above. 

The most logical product of the complete reduction 
of APDO, based on the behavior of other amine oxide 
systems, would involve the 4,4'-azobispyridine (AP) 
system; hence, the electrochemical behavior of AP 
was examined. Cyclic voltammetry, employing a plat- 
inum disk electrode, of AP is shown in Fig. 4, curve 6. 
The voltammetric behavior of AP is the same as that 
of the reduction product of APDO obtained by com- 
plete reduction at -1.8~. Controlled potential elec- 
trolysis of AP, using conditions identical to those em- 
ployed for APDO, was performed at a potential of 
-l.Ov, which corresponds to the plateau of the first 
reduction wave. An nap, value of 1.09 electrons per 
molecule was observed for this reduction. A sample 
was taken at this stage for esr analysis. The resulting 
esr spectrum was identical to that obtained from re- 
versal coulometry reported in the previous paragraph. 

Effect of Proton Donor 
To gain some insight into the intermediate steps in- 

volved in the reduction of APDO, its electrochemical 
behavior in the presence of varying amounts of a pro- 
ton-donating agent was studied. Hydroquinone (HQ), 
previously employed in a study of 9.10-diphenylan- 
thracene (12) was used as the proton donor. The effect 
of varying amounts of HQ on the polarographic be- 
havior of APDO is shown in Fig. 5. The first wave is 
unaffected by increasing concentrations of HQ; how- 
ever, the second wave is shifted in an anodic direction 
and the diffusion current is increased as the HQ con- 
centration is increased. The second reduction step 
changes from near reversible behavior, at zero concen- 
tration of HQ (E314 - El14 = 65 mv), to completely ir- 
reversible character (E314 - El14 = 150 mv) in the 
presence of excess HQ (HQ/APDO ratio = 8.0). The 
cyclic voltammetric behavior of APDO at a hmde in 
the presence of HQ is illustrated in Fig. 6. The first 
reduction step is unaffected by addition of excess HQ 
with the second reduction showing behavior analogous 
to that seen in polarography (i,, increasing and E,,, 
shifting anodically with increasing HQ concentration). 
These results suggest that if the chemical reaction 
following the flrst reduction step involves protonation, 
its rate is still negligible during the duration of the 
voltammetric experiment. However, the rate of the 
reaction following the second reduction step is in- 
creased considerably. Controlled potential electrolysis 
at -0.80~ was performed on the above-mentioned so- 
lution with a resulting n.,, of 5.92 electrons, which is 
the same as the nap, found for the over-all reduction 
in the absence of proton donor. 

Fig. 5. Polamgrams for reduction of 1.05 mM APDO in 0.1M 
TBAP in DMF in the presence of varying amounts of hydmquinone 
(HQ): 1, no HQ added; 2, HQ concentration is 1.77 mM; 3, HQ 
concentration is 8.10 mM. 
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Fig. 6. Cyclic voltammogroms for the reduction of 1.05 m M  
APDO a t  a hmde in 0.1M TBAP in DMF in the presence of varying 
amounts of hydroquinone (HQ): 1, no H Q  present; 2, 1.77 m M  HQ; 
3, 8.10 m M  HQ. 

Discussion 
The mechanism of the electrochemical reduction of 

APDO is shown in the schematic diagram in Fig. 7. 
In this diagram electron transfer processes at the 
electrode are indicated by straight lines and chemical 
reactions are shown as wavy lines. Compounds which 
are reduction products of APDO are shown as lines 
below the APDO line; these lines are spaced in in- 
creasing numbers of electrons added to the parent 
molecule. Where the appropriate electrode potentials 
are known, they are indicated next to the couple. 
Downward arrows show reduction and upward ones 
oxidations. 

We proposed to explain the experimental results 
with the following mechanism: 

At potentials corresponding to the first wave: 

APDO + e P APDO: [41 

APDoT + HS+ APDOH + S (very slow) [51 
APDOH + 3H+ + 3e -, AP + 2H20 161 

AP+e#AP: [71 
At potentials corresponding to the second wave: 

APDoT + e P APDO-- 181 
APDO-- + H+ + APDOH- 191 
APDOH- + 3H+ + 2e + AP + 2H20 [lo] 
AP+2e+AP--  1111 

AP-- + HS+ APH- + S- [I21 
The polarographic and cyclic voltammetric results 

show that during the small duration of these experi- 
ments (3-20 sec), the results can be explained by re- 
actions [I] to 131. Only a small contribution of the 
following reactions [9] through [ I l l  is found, resulting 
in the ECE-type behavior of the second voltammetric 
wave. 

Controlled potential coulometric reduction at a po- 
tential corresponding to the plateau of the first wave 
gives %,, values significantly greater than one and 
evidence of production of an electroactive species (cur- 
rent not decaying to the background value). Reversal 
coulometry (oxidation at the foot of the first wave) 

6- 
tLECTRONS 
MDED TO 

APDO 

I (r-Y dn) - 1.36~ 

APDO" APDOH- 

k , .  

A P= A PH. - 

wr) 

Fig. 7. Schematic diagram of mechanism of the electroreduction 
of APDO. Electron tronsfer processes a t  the electrode are indi- 
cated by stmight lines (reductions downward and oxidations up- 
ward) and chemical reactions by wavy lines. The extent of reduc- 
tion, in terms of electrons added to APDO, is indicated by the 
distance down from the APDO line. The potentials a t  which re- 
actions occur ( E l ~ z ,  vs. SCE) ore indicated near the appropriate 
couple, when known. Some qualitative measure of the rates of 
chemical reactions has been given ("slow" denotes a reaction 
which does not proceed to an appreciable extent during a time 
characteristic of voltommetric experiments but is appreciable on 
the coulometric time scale; "very slow" denotes a reaction which 
proceeds only partially even in coulometric experiments). - 
Reduction a t  -1.0~; . . . . . . . . oxidation a t  -0.20~ following this 
reduction; ------ reduction a t  -1 .8~;  - • - • - • 
oxidation a t  - 4 . 2 ~  following this reduction. 

gives a smaller value of nap,, for example (nap, reduc- 
tion = 0.70, Table 11). This behavior is ascribed to a 

very slow reaction of the anion radical AF90- to 
form an electroactive species; a protonation reaction 
to APDOH. seems reasonable. Since the first reduction 
wave of APDO is unaffected by addition of a proton 
donor, this reaction must be slow, even in the pres- 
ence of excess hydroquinone. Further reduction and 
protonation eventually leads to azopyridine (AP), 
which is reduced at these potentials to the stable anion 

radical AFT. Since APDOH. is reduced at these poten- 
tials in a series of steps involving 4 electrons, only a 

small amount of reaction of APDO w i l l  give an appre- 
ciable contribution to %,,. For example, the decompo- 

sition of about 20% of the APDO: would account for 
these results. The fact that voltammetry of the reduced 
solution shows a cathodic peak current, on reversal, 
of about 80% of the original cathodic peak current, is 
also in agreement with this mechanism and suggests 
that some of the intermediates involved in [6] areaot 
oxidizable. Since the second reduction wave is about 
the same after reduction as in the original solution, re- 
duction of both products and intermediates is sug- 
gested. The esr spectra obtained following reduction 
at potentials of the first wave are probably those of 

APDo-. APT and perhaps some intermediates. 
Reduction at a potential on the plateau of the second 

wave leads in a series of protonation and reduction re- 
actions to APH-, with nap, = 6 (within experimental 
error). The electrochemical behavior of the solution 
resulting from this reduction is identical with that 
obtained from reduction of AP itself.1 After complete 

'A complete study of the electrochemistry of azopyridine and 
other aromatic azocompounds in DhlF has been completed (J. 
Sadler. Ph.D. Dissertation, The University of Texas at Austin. 
1967) and has been submitted for publication elsewhere. The be- 
havior of azopyildine shown in the lower part of Fig. I has been 
established in this study. 
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reduction, oxidation at -0.2v, and re-reduction, an esr 

signal which can unequivocally be ascribed to APT 
is obtained, giving further support to this mechanism. 

Experimental 
The cell and vacuum line used were essentially the 

same as reported by Santhanam and Bard (12). DMF 
purification and storage also followed the procedure 
outlined there. The filling of the electrochemical cell 
was accomplished by first evacuating the cell contain- 
ing the supporting electrolyte and mercury pool, cool- 
ing with liquid nitrogen, then distilling DMF under 
vacuum into the cell. After the distillation had been 
completed, the cell and contents were allowed to warm 
to room temperature with continuous evacuation. The 
cell was then brought to atmospheric.pressure by in- 
trodttcing helium through the vacuum line. The helium 
was obtained from the Matheson Company, LaPorte, 
Texas. It was passed successively through anhydrous 
magnesium perchlorate, copper turnings (heated to 
350°C), activated charcoal cooled to liquid nitrogen 
temperature, and finally to the cell. A helium blanket 
over the solution was maintained throughout the ex- 
periment. The auxiliary electrode was a platinum wire. 
The reference electrode was an aqueous SCE con- 
nected via an agar plug and sintered glass disk to the 
test solution. Stirring was by a magnetic stirrer. 

The voltammetric experiments were carried out 
using a multipurpose instrument employing opera- 
tional amplifier circuitry with three-electrode con- 
figuration, similar to those discussed in the literature 
(13). Controlled potential coulometry was carried out 
using a previously described apparatus (14). 

The APDO was from Aldrich Chemical Company. It 
was recrystallized twice from absolute ethanol and 
twice from benzene. The melting point of the result- 
ing product was very sharp at 236.5"C (decomp.). AP 
was synthesized by reduction of APDO in ethanol 
with zinc dust and ammonia. The melting point of the 
product after recrystallization from petroleum ether, 
was 106.5"C as compared to a literature value of 
107°C (15). The TBAP was obtained from Southwest- 
ern Analytical Chemicals, Austin, Texas. It was dried 
in a vacuum oven for 8 hr at 70"-80°C and stored in 
a desiccator until use. 

A Varian Associates V-4502 spectrometer employing 
100-kc field modulation was used for esr spectroscopy. 
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The Cu/CuF, Couple in Anhydrous 
Hydrogen Fluoride 

Brian Burrows* and Raymond Jasinskio 

Tyco Laboratwies, Inc., Waltham, Massachusetts 

ABSTRACT 

The electrochemical behavior of a Cu electrode was investigated in basic 
anhydrous HF. Anodization,of .Cu established the Cu/CuFe(s) couple. ~ i c r o l  
polarization and bias tests indicated that this couple was reversible, and its 
potential us. an HZ electrode in the same solution agreed well with that pre- 
dicted from thermodynamic data. Thus the couple is suitable for use as a 
reference electrode in basic HF. The formation of a relatively thick, insoluble 
anodic film at a copper electrode was demonstrated by cyclic voltammetry and 
chronopotentiometry. Anodic-cathodic cycling of an electrode gave rise to 
significant roughening of the electrode surface as shown by i-E curves, E-t 
curves, and differential capacitance measurements on cycled electrodes. X-ray 
analysis of the anodic film confirmed the presence of crystalline copper 
fluoride. The formation of CuFz appears to proceed via dissolution of Cu to 
form C U ~ +  ions, followed by precipitation of the CuFz on the electrode sur- 
face. The polarization behavior of Cu electrodes in anhydrous HF solution 
containing added KF showed that anodic film formation can be approximated 
by Tafel lines with an apparent exchange current density of about 3 x 10-6 
amplcmz. Properties of the anodic film of CuFz are quite similar to those 
observed for noncontinuous anodic films formed in aqueous solutions. 

Very little work on the characterization of electrode tions have been made (1-3); a brief report on the con- 
reactions in anhydrous or aqueous HF has been re- struction of a rotating nickel electrode for use in 
ported. A small number of potentiometric investiga- anhydrous HF is available (6), and a dropping mer- 

Electrochemical Smiety Active Member. cury electrode using a Teflon capillary in aqueous HF 
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has also been described (4, 5). The process of elec- 
trochemical fluorination of organic compounds has 
been known for some time (7, 8) and is a commercial 
operation. Recently, the anodic behavior of metals in 
HF has been examined, and an attempt was made to 
find an inert or passive anode at which the mechanisms 
of electrochemical fluorination could be studied (8). 
Monel, platinum, and nickel were least reactive; the 
anodic passivity of nickel in HF was studied in some 
detail (9). - 

The Cu/CuFz (s) couple has been used as a reference 
electrode of the second kind in anhydrous HF solutions 
(2, 3). The electrode was formed by anodizing a Cu 
plate in HF at + 1 . 0 ~  against a Pt electrode. No direct 
evidence on the reversibility or composition of the 
electrode was given. A Hg/HgzF~(s) couple has also 
been used as a reference electrode of the second kind 
(1, 8, 9). Mention has been made (11) of a direct 
measurement of the potential of the cell H2/HF(KF)/ 
F2 ( E  = 2.768~ at 0°C). It was noted that the fluorine 
electrode was irreversible. 

Cupric fluoride is of interest as a cathode in battery 
systems using aprotic organic solvents. One method for 
its preparation is by anodization of copper in anhy- 
drous HF. This paper describes studies of the Cu/ 
CuFz electrode and the mechanism of formation of 
CuFz at a copper electrode in basic, anhydrous HF. 

Experimental 
Experiments were carried out in a 1M solution of 

KF in anhydrous HF at 0°C and 25°C. The water con- 
tent of the HF was nominally 0.04 m/o (mole per cent) 
corresponding to approximately 0.02M (19). 

Apparatus and procedure.-A schematic diagram 
of the apparatus for handling anhydrous HF (Mathe- 
son Company, 99.9 m/o) is shown in Fig. 1. B1, B2, Ba, 
and B4 are Teflon FEP bottles (4 oz capacity). The 
connecting tubing was of flexible Teflon (0.25 in. ID) 
and the stopcocks were of polyethylene. Kel-F wax 
(3M Company) was used to seal all the joints and in- 
lets. 

Since the ambient temperature was 25'C, HF was de- 
livered from the cylinder in the gaseous state. Nitrogen 
was first flushed through the apparatus followed by HF 
vapor. An ice-bath was then placed around B1 to con- 
dense HF. After about 40 cc of liquid HF had been 
collected, the ice-bath was removed and placed in posi- 
tion around Bz (the electrochemical cell with counter, 
working, and reference electrodes already in posi- 
tion). An incandescent lamp was held under B1 to 
warm the HF gently and distill it over to B2. A small 
residual amount of liquid was left in B1. An amount 
of KF  (B & A, reagent grade) had previously been 
added to Bz so that an ionically conducting solution, 
approximately (&lo%) 1M in KF, would result. It was 
observed that KF dissolved quite readily in HF with- 

Fig. 1. Schematic representotion of the opporotus used for hon- 
dling anhydrous HF. Bi, Bz, B3, 84 were Teflon FEP bottles (4 oz 
copocity). The connecting tubing was flexible Teflon; the stopcocks 
were polyethylene. 

out mechanical stirring. Dry nitrogen was then bub- 
bled through the cell for up to 2 hr until a current- 
voltage scan at a Cu electrode indicated the absence of 
impurities (see below). 

At the end of an experiment the HF was transferred 
from Bz by removing the ice bath, allowing the HF 
solution to warm up, and applying a gentle vacuum 
with a water pump. This vaporized the HF into Bq 
which contained pellets of KOH. It was possible to 
remove a working electrode from Bz during an ex- 
periment and replace it with a new one without overly 
contaminating the HF. 

HF vapor could vent through the caustic trap (B4) 
during cell measurements. However, the apparatus did 
provide a sufficient back pressure to make this leak 
rate negligible, even at 25°C where the vapor pres- 
sure of HF is slightly above 1 atm. 

Electrodes.-Working electrodes were prepared from 
sections of electrolytic copper wire 1 mm diameter, 
covered with shrinkable Teflon (Rayclad Tubes, Inc.) 
which gave a tight, insulating layer, Sufficient Teflon 
was removed at the working end of the electrode to 
expose 1 cm of Cu. The working area (0.33 cmz) was 
cleaned in dilute HN03 and washed in distilled water 
and acetone. The electrodes were placed in the cell 
(Bz) through small holes drilled around the lip of the 
bottle so that a close fit was obtained. The inlet holes 
were sealed with Kel-F wax. Electrodes of Ag (0.16 
cmz in area), Pt (0.16 cm2 in area), and Ni (0.20 cm2 
in area) were prepared similarly. The counter elec- 
trode was a coil of Ni wire; a 1 cm square piece of 
porous copper plaque (Clevite Corporation) was used 
to form the reference electrode. 

The Hz electrode was of the fuel cell type (15), con- 
sisting of Pt black (Engelhard Industries, Inc.) bonded 
with Teflon and supported on a Pt mesh screen of 2 
cmz area. This electrode was placed in a Teflon tube 
(1 cm in diameter) with a hydrophilic porous Teflon 
frit (Chemplast, Inc.) at one end and held in place 
with Kel-F wax (3M Company). 

Electrochemical measurements.-Potentiostatic cur- 
rent-potential curves (cyclic voltammograms) were 
obtained in the usual manner using a motor-driven, 
slow-function generator (maximum scan rate 800 
mv/min). The output of the function generator was 
applied to a Wenking potentiostat (Model 61 RS). 
The i-v curve was recorded on an X-Y recorder 
(Houston Omnigraphic, Model HR-98T). Since the 
input impedance of the X-Y recorder was low (0.2 
Mohm), a cathode follower was used in the potential- 
measuring circuit to avoid undue loading of the ref- 
erence electrode-working electrode cell. The unity- 
gain follower was constructed from an operational 
amplifier (Philbrick Researches, Inc., Type P65AU) ; 
the input impedance of this device was 33 Mohm. 
Unless stated otherwise, all i-v curves were obtained 
using a scan rate of 800 mv/min. 

Potential-time curves (chronopotentiograms) were 
recorded on the same X-Y recorder using the time 
base. A constant-current power source (Electronic 
Measurements, Model C623) was used to supplygthe 
current at voltages up to 400v. 

Steady-state, constant current polarization curves 
were obtained by recording the change of potential 
with time on the X-Y recorder with a full scale de- 
flection of 20 sec. The potential assumed a constant 
value within several seconds and steady-state poten- 
tial values were read off the plateau. By using rela- 
tively short times to measure the activation polariza- 
tion, convective and concentration polarization effects 
were minimized. 

Micropolarization tests on the Cu plaque were car- 
ried out by passing a small constant current and mea- 
suring the potential with a differential d-c voltmeter 
(John Fluke, Model 825A). 

The capacity measurements were based on a method 
in which a triangular wave of 100 cps and an ampli- 
tude of 25 mv (i.e., a'sweep rate of 5v/sec), biased by 
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a convenient d-c voltage, was fed into the signal input 
of the potentiostat (20). The d-c voltage was selected 
so that Faradaic currents were avoided. The small 
triangular potential wave (Exact Electronics, Inc., fast 
function generator, Type 255) was fed via a differ- 
ential amplifier (Tektronix, Type 2A63 plug-in) into 
one axis of an oscilloscope (Tektronix, Type 561A). 
Via another differential amplifier of the same type, the 
voltage drop across a suitable precision resistor was 
fed into the other axis of the oscilloscope. The re- 
sulting trace on the oscilloscope screen was a rectan- 
gular box from which the peak-to-peak current was 
measured. The differential double layer capacity C ~ I  
was then equal to i/2 (dE/dt). 

X-ray analysis.-Qualitative identification of anodic 
f i l q  was obtained from analyses of Debye-Scherrer 
powder patterns using CuKa radiation with a Ni filter 
at 50 kv and 20 ma. The films were formed on 0.5 mm 
Cu wire in HF and then exposed to radiation up to 6 
hr. The lines arising from Cu were determined dur- 
ing the analysis and eliminated. 

Results and Discussions 

The initial studies of the Cu/CuFz couple were com- 
plicated by the presence of an elwtroactive impurity. 
This impurity also reacted at Ag electrodes but not at 
Pt and Ni. An i-E curve taken at a Cu electrode in 
impure HF is shown in Fig. 2. The anodic wave be- 
ginning at 0 mv (vs. Cu/CuFz) was diffusion con- 
troned. After anodization, a black film was present 
on the Cu electrode; the same film was found on Cu 
electrodes left in contact with HF for some time. An 
x-ray analysis of this film showed the pattern of 
CuzS and possibly CuOHF; CuFz was not detected. 

The impurity was removed by bubbling dry nitro- 
gen (or argon) through the cell for periods of up to 
several hours. The absence of the impurity was indi- 
cated by the disappearance of the diffusion controlled 
anodic wave and the anodic peak current, as well as 
the absence of a black film after Cu had been standing 
in contact with HF. All electrochemical experiments 
described here were carried out in HF purified by Nz 
bubbling. 

In an attempt to identify the nature of the impurity, 
i-E curves were run at Cu electrodes in pure HF after 
bubbling SO2 and HzS through the solution for about 15 
min in separate experiments. Neither of these im- 
purities showed any anodic activity. Bubbling Oz 
through the solution also decreased the impurity wave. 
The presence of dissolved 0 2  was detected on a Pt 

electrode by a reduction wave at +0.5 to +0.6v us. 
Cu/CuFz. Nz bubbling removed this reduction wave. 

Ag was observed to dissolve anodically in the puri- 
fied HF and no anodic film was formed. Figure 3 shows 
a background scan on a platinum electrode in anhy- 
drous HF. The diffusion controlled anodic wave at 
+1.2 to +1.3v was presumably due to oxidation of 
traces of water. The limiting cathodic process was HZ 
evolution. An ord& of magnitude calculation can be 
made of the concentration of water present. Using 
the equation given by Delahay (24) for the current as 
a function of potential scan rate with v = 0.078 v-sec-1, 
n = 2, and taking D = 10-6 cmz sec-1 for the diffusion 
coefficient of Hz0 in HF, then Cn20 calculates to 0.01M. 
This is close to the nominal impurity concentration of 
0.02M. 

As mentioned above, KF was added to HF in order 
to produce a solution with reasonable conductivity 
(10). In liquid HF, solutions of the alkali metal fluo- 
rides act as bases (101, so that the dissolution of KF 
may be formally represented as follows 

Thus, the solvated fluoride ion acts as a base and its 
concentration is related to that of solvated protons 
through 

3HF e HF2- + HzF + 121 

with an equilibrium constant of approximately 2 x 
10k12 (10). Hz0 also acts as a base in liquid HF and 
the following equilibrium is established 

with an equilibrium constant of 0.55 (3) at 0°C. Thus 
all HFz- ion concentrations should include the contri- 
bution from the solvolysis of impurity Hz0 according 
to Eq. [31. The concentration of Hz0 in HF as taken 
from the cylinder is nominally 0.02M. Using the ap- 
proach of Clifford et al. (3), the concentration of 
HFz- contributed from equilibrium [3] was calculated 
to be 0.01M. 

Thus this additional concentration had an insignifi- 
cant effect on the potential of the Cu/CuFz electrode 
potential in a solution already 1M in HFz- and, for 
the same reason, a negligible effect on the observed 
transition times for CuFz formation (see below). 
There may be, however, a specific chemical interac- 
tion between CuF2 and undissociated HzO, resulting in 
a slightly increased solubility of CuF2, which would 
affect transition times. The magnitude of this effect 
would appear to be negligible since the solubility of 
CuFz in HF (containing about 0.01M H2O) at 0°C was 
found to be less than 2 x 10-5M (2). In the presence 
of 1M KF the solubility of CuF2 may be even lower. 

Reference electrode.-Copper electrodes immersed 
in a 1M solution of KF in HF at 0°C always had low 
differences (<5 mv) in rest potentials, which differ- 
ences remained constant. The potential of a fresh Cu 

-0.15 I I I I I I I 
-0'2 0 + a 2  +04 + 0 6  + 0 8  U.0 

POTENTIIL, volts v r  Cu 

Fig. 2. Cyclic voltammogram at Cu electrode in impure HF 
(1M KF) at  0°C. Scan rate was 800 mv/min, and scan was started 
at 0 mv. 

I I I I 
0 

I 
+ID + 2 0  

POTENTIAL, volt, r*. C u l C u F ~ i s l  

Fig. 3. Cyclic voltammogram at Pt electrode in purified HF 
(1M KF) at 0°C. Scan rate was 800 mv/min, and scan was started 
at 0 mv. 
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electrode placed in solution was less than 5 mv with 
respect to an electrode which had been immersed for 
several days. Furthermore, the potentials of fresh or 
aged electrodes were little different from those of elec- 
trodes previously anodized at +200 mv. This behavior 
suggested that a reversible couple was associated with 
the Cu electrode in a basic HF solution, namely 

To check the reversibility, a polarization test was car- 
ried out on a porous Cu electrode (geometric area 2 
cmz). Small constant currents were passed between the 
Cu electrode and a Ni counter electrode. The resulting 
polarization was measured with respect to an un- 
polarized Cu electrode as shown in Fig. 4. It can be 
seen that there was no significant hysteresis and only 
a small displacement of potential when several mi- 
croamperes were flowing. 

It is probable that some CuF2 was formed at open 
circuit by corrosion involving trace amounts of re- 
ducible impurities in the solvent (12). As will be 
shown below, the quantity of CuFz formed in this 
manner is small compared with anodically formed 
CuFz at more positive potentials. 

The composition of the film formed on copper after 
repetitive anodization was shown, by x-ray analysis, 
to be crystalline CuFz . 2Hz0 (23). It is probable that 
CuFz formed in the cell hydrolyzed (23) upon ex- 
posure to the atmosphere during the x-ray measure- 
ments. 

The potential of the Cu/CuFz couple at 25°C was 
measured with respect to a hydrogen electrode im- 
mersed in the same solution. A Teflon-bonded, high 
surface area platinum black electrode was introduced 
into the cell and was separated from the copper elec- 
trode and the bulk of the electrolyte by a junction of 
porous Tefion. The hydrogen electrode was only half 
immersed in the electrolyte so that a three phase con- 
tact could be maintained between the electrode, HF, 
and hydrogen gas. A flow of Hz was sustained over 
the electrode rather than bubbling gas through the 
electrolyte during the measurements to keep the pres- 
sure of hydrogen close to one atmosphere and still 
avoid significant changes in HF content. The results 
of three such experiments are shown in Table I; the 

Table I.  Potential of the Cu/CuFz couple vs. the hydrogen 
electrode a t  25-C 

Run Potential, mv 

1 t 0.274 
2 t0.278 
3 t 0.277 

Avg. + 0.276 2 5 

potentials were stable within 2 3  mv for the duration 
of the experiments (approximately 30 min). 

In terms of the self ionization equilibria for HF de- 
scribed above, the half cell reactions are probably as 
follows 

C U F ~  + 2HF + 2e s Cu + 2HFz- 151 

The total cell reaction is thus 

with all components in their standard states. Equation 
[I]  assumes that the activity of HF (approximately 
50M) in 1M KF equals that of liquid HF. The data of 
ref. (25) implies that this assumption is valid within 
the limits quoted in Table I. Although the potentials 
for each half cell reaction (Eq. [5] and [el) are de- 
pendent on the activity of the HFz-, the total cell po- 
tential (Eq. [I] ) is independent of this factor because 
of equilibrium [2]. 

The theoretical cell potential is also independent of 
the activity of HaO+ arising from the presence of 
HzO. Thus the two half-cell reactions in a solution 
containing HsO+ ions are probably [5] and 

Adding [5] and [8] together results in the theoretical 
over-all cell reaction [I], which is independent of the 
HFz- activity as well as the I%Ot activity because 
of equilibrium [3]. The standard cell potential at 
25'C can be computed from thermodynamic data and 
5 value of +0.27v was obtained in this manner (13, 14) 
in reasonable agreement with the observed potential. 
This value at 25" is in disagreement, however, with 
that of +0.52v given by Clifford and co-workers (3) 
for Cu/CuFz in HF at 0°C. 
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those at 800 mv/min, although the cathodic areas were 
Fig. 4. Polarization (mv) as a fungtiv.of current density (pa) unchanged. This indicates a loss by convection and 

for a porous Cu electrode (2 cmz) in putthad hF (1M KF) at  OaC. diffusion of a soluble intermediate from the vicinity 
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Polarization measurements.-A cyclic voltammo- 
gram for Cu in purified 1M KF-HF is shown in Fig. 5. 
The scan rate was 800 mv/min, scanning first from 0 
to +ZOO mv us. a Cu/CuFz reference electrode. The 
current scale in this figure is in terms of ma/cm2 so 
that the small currents noted in Fig. 4 are not observ- 
able. The form of the curve is substantially different 
than that of the impure solutions. Apparently only one 
major process, presumably formation of CuF2, is in- 
volved. 

The i-E curve (Fig. 5) has two principal features: 
an anodic current peak and a less pronounced cathodic 
current peak. The anodic peak height was depen nt 
on stirring, scan rate, and number of anodic-cathgic 
cycles to which the electrode had been subjected. In a 
quiescent solution the area under the anodic peak 
(between 0 to 200 mv) and the area under the cor- 
responding cathodic peak (between 0 and -400 mv) 
was found to be equal at a scan rate of 800 mv/min. 
In cases when the anodic scan was taken to potentials 
more positive than $200 mv, the subsequent cathodic 
area was smaller. This may be attributedlto partial 
dissolution of the film. Such behavior has been ob- 
served for anodic films in aqueous solutions (16). 

When scan rates much slower than 800 mv/min 
(160 and 80 mv/min) were used, it was observed that 
the anodic peak areas were significantly larger than 
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WTENTIAL, nu,  v r  Cu/CuF2 

Fig. 5. Cyclic voltammograms at a Cu electrode in purified HF 
(1M KF) at 0°C. Scan rate was 800 mv/min, and scans were 
started at  the open-circuit potential, i.e., 0 mv. 

of the electrode surface during the formation of the 
film of CuFz. Similar behavior was observed in the 
chronopotentiometric experiments (see below). 

With each subsequent anodic-cathodic scan, the 
anodic and cathodic peak heights (and areas) in- 
creased, suggesting that the electrode was progessively 
roughened (Fig. 5). The same behavior was observed 
with respect to transition times during repetitive con- 
stant-current cycling. In 2M KF, the anodic and 
cathodic peaks were considerably greater, indicating a 
proportionality between the basicity of the HF solu- 
tion and the extent of CuFz formation. 

A summary of the initial peak areas on fresh Cu 
electrodes and peak areas after 15 anodic-cathodic 
cycles in 1M and 2M KF solutions is given in Table 11. 

From the data in Table 11. the initial average film 
thickness was estimated as 4 x 10-6 cm in 1M KF solu- 
tion and 1 x 10-5 cm in 2M KF. Alternatively, using 
the data of Table 11, one can estimate an apparent 
number of molecular layers of CuFz after the method 
of Hickling and Taylor (18). Thus the initial film 
thickness in 1M and 2M KF solution was calculated to 
correspond to 47 and 125 molecular units, respectively. 
These estimates of molecular units would, in the case 
of a compact film, correspond to the number of molec- 
ular layers. However, the fact that the initial film 
is as thick as it is suggests that the film has relatively 
poor protective powers; i.e., the film is noncontinuous 
or porous. Hackerman, Snavely, and Fie1 (8) con- 
cluded that Cu was intermediate in its corrosion re- 
sistance in HF. They placed Cu between metals such as 
Ta and Ag which corroded rapidly, and Pt and Ni 
which were quite stable. 

Differential capacitance measurements.-Double 
layer capacitance measurements were made at -200 

Table 11. Anodic peak areas from i-E curves (scan rate 
800 mv/min) recorded at Cu electrodes in HF at 0°C 

Table Ill. Differential double layer capacitance of Cu electrode 
and charge associated with anodic film formation in 

HF (1M KF) at O°C 

C at -200 mv Q anodic QdCdl 
(Id/emS) (mc/cm~l (mc/clf) 

1st Cycle W 58 2.0 
2nd Cycle 36 120 3.3 
3rd Cycle 105 139 1.3 
4th Cycle 138 178 1.3 
5th Cycle 167 194 1.2 

mv vs. Cu/CuFz before each anodic potential scan. The 
results are shown for the first five cycles in Table 111, 
together with the total anodic charge passed to +ZOO 
mv (Q anodic) and with the ratio Q anodic/C,dl. It 
can be seen that the increase in anodic charge with 
cycling is primarily due to surface roughening. There 
is not, however, a direct proportionality between the 
increase of surface area and the anodic charge. 

Chronopotentiomet?y.-A potential-time curve ob- 
tained for the formation and discharge of CuFz in 1M 
KF-HF is shown in Fig. 6 at a current density of 6.7 
maJcm2 in an unstirred solution. The main feature 
is the equality of the anodic and cathodic transition 
times. This implies that an insoluble film is formed on 
anodization, in agreement with the observations from 
cyclic voltammetric scans (Fig. 5). These observations 
also imply that the effect of small amounts of water 
present (ca. O.01M) on the anodic formation and 
cathodic reduction of CuFz was negligible. At lower 
current densities, it was observed that two poorly de- 
fined transition times actually were present on the re- 
duction step. At current densities much higher than 
20 ma/cmz, the cathodic transition time became too 
distorted to measure. 

The question of diffusion control was checked by 
observing the effect of stirring (Nz bubbling) on the 
transition times. It was found that stirring increased 
the transition time for the oxidation step by 
about 100% at 15 ma/cmz, indicating some form of dif- 
fusion control, but rred was independent of stirring and 
approximately equal to the 7.. at the same current 
density in an unstirred solution. This effect of stirring 
at short transition times is equivalent in terms of 
convection and diffusion to the effect of using slow 
scan rates (see below). These effects can be discussed 

Baslclty of HF 
1M KF, mchm~ 2M KF, mc/cm3 

TIME 

Inithl wan 58 155 
Fig. 6. Potential-time curve at a Cu electrode in purified HF 

15th Cycle 421 531 (1M KF) a t  O'C. Currant density was 6.7 mo/cmz. 
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in terms of the two possible general mechanisms of 
CuFz film formation. 

One mechanism involves the dissolution of Cu to 
C U ~ +  followed by precipitation of CuFz at the elec- 
trode surface, ie.  

Cu = Cuz+ + 2e 

The other mechanism involves the direct formation on 
the electrode surface of CuFz, via an adsorbed film 
of HFz-, i.e. 

Cu + 2HFz- (ads) s CuFz(s) + 2HF + 2e [ I l l  

If [ I l l  were the operative process, then stirring would 
enable the passive film to be formed more rapidly, 
shortening (or in any case not increasing) r,. On the 
other hand with [lo] as the process, stirring would 
have the effect of removing some of the Cuz+ ions 
from the vicinity of the elctrode surface or of remov- 
ing some of the CuFz before it had precipitated on 
the surface. In either event the effect would be to 
increase r.,, as was observed. Thus the film of CuFz 
was most likely formed via the dissolution of Cu to 
C U ~ +  ions. The same argument can be applied to ex- 
plain the observed increase of anodic charge with de- 
creasing scan rates. 

The results of the galvanostatic charging experi- 
ments on individual electrodes are summarized in 
Table IV. The interesting points to note are that ir de- 
creases with increasing i, while irllz increases with in- 
creasing i. This indicates that processes controlled by 
diffusion become increasingly important at higher 
current densities. This is at variance with the usual 
observation that either ir or irl12 is constant with in- 
creasing i during the formation of porous (or non- 
continuous) anodic films (16). Generally, at low i 
(large r)  diffusion is more important and irllz is con- 
stant. At large i (small r)  it is usually found that ir 
is constant. 

The explanation for the observed behavior in the 
present case probably involves the influence of a rate- 
limiting step associated with the crystallization of the 
precipitated CuFz (21). 

Tafel 13arameters.-As shown in Fia. 6. the CuF2 
electrod; comes to a steady potential within approxi: 
mately 1  sec after the application of a constant current. 
At low current densities, e.g., 2 ramp/crnz, this poten- 
tial was constant for over 1 hr. It was therefore pos- 
sible to characterize the initial surface in terms of the 
Tafel parameters by exposing the surface to a series 
of constant current pulses of sufficient duration (e.g., 
2 sec) to establish a steady potential, but not so long 
as to consume a substantial portion of the surface. 
The anodic polarization behavior was determined first, 
followed by the cathodic behavior. 

These Tafel parameters represent a complex com- 
bination of overpotentials involving the dissolution of 
copper metal, the potential dependence of nucleation 
and growth of the anodic CuFz film, and possibly other 
processes. Nevertheless, this representation is conven- 
ient for summarizing experimental data. 

A Tafel plot is given in Fig. 7. Tafel behavior was 
obtained for both anodic and cathodic processes. It can 
be seen that the anodic and cathodic processes have 

OVERPOTENTIAL, m*, v r  CulCuFp 

Fig. 7. Tafel plots for Cu electrode in purified HF (1M KF) a t  
0°C. Electrode area was 0.33 cmz. 

different intercepts on the current axis and hence dif- 
ferent apparent exchange current densities. This is 
indicative of two different processes which may or 
may not be multistep processes (22). The apparent ex- 
change current density for the anodic process is 3.0 x 
10-8 amp/cmz and for the cathodic process, 2.4 x 
amp/cmz. The anodic Tafel slope is 20 mv and the 
cathodic Tafel slope 42 mv. The apparent exchange 
current density for the formation of NiFz at a nickel 
electrode in anhydrous HF containing 0.01M NaF is of 
the same order of magnitude (9), namely 3.7 x 10-8 
amp/cm2. 

Conclusions 
The Cu/CuFz(s) couple is a reliable reference elec- 

trode in basic, anhydrous HF. The electrode meets the 
requirements of satisfactory polarization and has a 
meaningful thermodynamic potential us. an Hz elec- 
trode in the same solution. The value measured, +276 
2 5  mv agrees well with that calculated from thermo- 
dynamic data at 25'C. 

The formation of an insoluble anodic film at a Cu 
electrode in a 1M KF solution in HF at O'C was dem- 
onstrated by cyclic voltammetry and chronopoten- 
tiometry. A film thickness of 4 x 10-0 cm (400A) was 
estimated for the initial anodic formation of CuFz. 
Anodic-cathodic cycling of Cu electrodes gave rise to a 
significant roughening of the electrode surface as 
shown by i-E curves, E-t curves, and differential ca- 
pacitance measurements on cycled electrodes. X-pay 
analyses of these films confirmed the presence of crys- 
talline copper fluoride. 

Evidence from the chronopotentiometric and cyclic 
voltammetric ex~eriments indicates that the anodic 
formation of CU& proceeds via a soluble intermediate 

Table IV. Analysis of E-t curves recorded at  Cu electrodes according to the following mechanism 
in unstirred 1M KF solution in HF at  O°C 

Cu = Cuz+ + 2e 
i. T~I* .  ir. i7111. C U ~ +  + 2HF2- 4 CuF*(s) + 2HF(1) 

ma/cms T. asc seczi* mc/ims mc secv; cm-o 
rather than through the surface reaction of Cu with 

9.1 0.25 3.0 85 27.6 adsorbed HFz-. During the formation of CuFz, ir de- 
15.5 5.25 2 8 70 84 9 creased and irllz increased with increasing i over the - -- . - - - 
2 1 1  3.83 1.0 76 40.3 
30.4 1.80 1.4 58 42.0 range 10 to 50 ma/cmz. 
33.4 2.00 1.4 61 41.0 The polarization behavior of Cu electrodes in basic 
39.5 1.80 1.3 63 
45.5 

50.0 
0.88 0.0 39 42.7 HF solution showed that film formation can be ap- 

51.5 0.94 I .o 49 50.0 proximated by Tafel lines with an apparent exchange 
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current density for the anodic process of about 3.0 
x 10-6 amp/cmZ and a Tafel slope of 20 mv. 

The properties of the anodic film of CuFz formed in 
basic HF solutions are similar to the properties ob- 
served for noncontinuous, anodic films formed in aq- 
ueous solutions (21). Thus such films tend to be thick 
(>lo-6 cm) and crystalline, have low resistance to 
current flow during film formation, and their forma- 
tion leads to surface roughening. 
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LEED Studies, Adsorption of Carbon Monoxide 

on the Tungsten (112) Face 

Chuan C. Chang 
Bell Telephone Laboratories, Murray Hill, New Jersey 

ABSTRACT 

Carbon monoxide adsorbs on the clean tungsten (112) face with an initial 
sticking probability of >0.9 at room temperature and desorbs with heat in 
three stages, the W(112)-a, -@I, and -82 at 400" 100O0, and 1200°K with 
about 5x1014 molecule~/cm2 in each state at  maxidum coveraee. Room tem- 
perature adsorption is nondissociative and almost random. %eating a CO 
covered surface produces well defined C (6x41, P (2x1), C (2x4) and "Complex" 
structures. The a-CO does not contribute directly to any diffraction pattern. 
The 81 is associated with the P(2x1) and C(2x4) structures, and an irreversible 
temperature activated conversion at about 1000'K produces 82 molecules these 
are responsible for the C(6x4) and Complex structures. ~ x ~ e r i m e n t d  with 
(112) substrates containing adsorbed oxygen show that CO does not react to 
produce COz, that CO does not adsorb onto an adsorbed oxygen atom and 
that in the presence of oxygen not all exposed tungsten atoms adsorb CO. The 
(112) surface is composed of two exposed (112) planes, and by covering 
only the second layer tungsten atoms with oxygen, it was found that CO ad- 
sorbs on the topmost layer as well as on the second layer. Molecules adsorbed 
on the top layer desorb as ,31 and the maximum number of 82 molecules on 
the surface was proportional to the number of second layer tungsten atoms 
not covered by oxygen. 

Low Energy Electron Diffraction (LEED) studies of 
carbon monoxide adsorption on the tungsten (112) 
face are of interest because of the possibilities of ob- 
taining reliable values for sticking probabilities and 
coverages and of studying the atomistics of the ad- 
sorption process. Adsorption of CO on the (110) (1,2) 
and (100) (3) faces of this bcc metal has been studied 
with LEED. The CO-W system has also been investi- 

gated by other methods, notably flash desorption 
(4-141, field microscopy (15-19), and calorimetry (20). 

The present investigation is an extension of the 
work on the oxidation of the tungsten (112) face (21) 
and is part of a wider program in which the inter- 
action of oxygen, carbon monoxide, and nitrogen 
with this fa@ was studied (22). We are concerned 
here with adsorptron of CO on the clean tungsten 
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surface, and also on surfaces previously exposed to 
oxygen. 

Experimental Procedure 
A tungsten crystal was cut to expose a (112) face to 

a precision of about 0.1'. The thickness was 0.15 mm 
and the surface area 4 x 14 mm. The ends of the crys- 
tal were welded to tungsten supports. The crystal was 
heated with ax. and the temperature could be found 
from tungsten-rhenium thermocouple wires welded to 
the side not studied by electron diffraction. The studies 
were made in a Varian LEED chamber equipped with 
a gas handling system, a quadrupole gas analyzer, and 
an ion gauge. During exposure of the crystal to CO, the 
total amount of active residual gases could be main- 
tained (22a) at below 1% for CO pressures above 
2 x 10-6 Torr. The crystal was cleaned by repeated 
oxidation followed by flashing above 2200°K. Electron 
micrographs of the cleaned surface showed no dis- 
cernible features down to a resolution of 70A. Since 
large numbers of steps and other imperfections smaller 
than 70A would have been detected with LEED, it is 
concluded that the surface was effectively atomically 
smooth. 

Adsorption on the Clean Surface 
The clean surface was found to have the ideal bcc 

(112) configuration (22b). A marble model of this sur- 
face is shown in Fig. 1. This surface consists of two 
exposed (1 12) planes; each plane is made up of paral- 
lel rows of close-packed atoms and the inter-row dis- 
tance is a relatively large 4.41% Thus the [ i i l ]  close- 
packing direction (vertical in the photograph) and the 
[1i01 direction (horizontal) are "non-degenerate;" 
this, together with the fact that the unit cell 3ectors 
are orthogonal, make this a most appropriate surface 
for LEED work. 

Flash desorption.-Much information not obtainable 
from LEED can be obtained from flash off experi- 
ments; these are presented first [for descriptions of 
flash off methods, see ref. (23,24)]. 

Three pressure bursts were found in flash desorp- 
tion, as shown in Fig. 2. These are the W(112)-CO-a, 
-@I, and -82 with desorption temperatures of 400°, 
100O0, and 1200°K. These temperatures correspond 
closely to those for the a, 81, and p2 peaks from poly- 
crystalline tungsten (4,9). Known desorption tem- 
peratures of various peaks from single crystal faces 
and from polycrystalline tungsten are shown in 
Table I. 

Temp PKI 

Fig. 2. Flash desorption from the (112) face after different ex- 
posures to CO (the exposure unit 1L = l o t 8  Torr-sec). Heating 
rate 300%/sec, except for the top trace. The zero of pressure 
has been changed for each curve to avoid overlapping. 

It was found in the present experiments that most 
of the a-CO on the surface can be "pumped off" in 
good vacuum even after a heavy exposure. Also, the 
a desorption temperature falls from about 500°K to 
below 400°K with increasing coverage. These observa- 
tions indicate that for this physisorbed component, 
there is a dynamic balance between adsorption and 
desorption. In contrast, p-CO molecules do not spon- 
taneously desorb at room temperature. We can there- 
fore conclude that a firmly bound state already exists 
after room temperature adsorption. 

Others have also found that the a peak height and 
desorption temperatures are pressure and exposure 
dependent (6, lo) ,  and in addition, that the 8-CO ad- 
sorbs as an immobile layer (15,161 and that CO does 
not dissociate upon adsorption (4, 15,16,26). For the 
( 112), the j3 desorption temperatures are independent 
of coverage. At maximum coverage 81 and 82 contain 
equal amounts as measured by comparing areas under 
flash off curves. 

Sticking probability and coverage.-Sticking proba- 
bilities and coverages were measured in three ways; 
flash desorption, gas uptake (22c), and analyses of 
changes in diffraction patterns. Results from the first 
two methods for the initial sticking probability S ( 0 )  
and saturation coverage no are presented in Group A 
of Table 11; this group lists results obtained from 
measurements of changes in CO pressure. The data for 
the present results are summarized in Fig. 3. Results 
from diffraction pattern studies (next section) are 
given in Group B of the table with results of several 
other workers; this group did not depend primarily 
on measurements of changes in CO pressure. In addi- 
tion, they are concerned only with the 0 component. 

~ n t r i e s  in Group B shoi remarkable agreement; in 
contrast, values in Group A show scatter and are con- 
sistently low, especially for S ( 0 ) .  The source of error 
for Group A is the well known wall desorption (&d 
adsorption) of CO. This is why S ( 0 )  is affected more 
and workers who reduced these effects obtained the 
highest values for S(O) ,  ref. (6, 7) of Table 11. In the 
present experiments, wall desorption is known to be 
appreciable from the slow response of the pressure to 

C Table I. Temperatures ( O K )  of CO desorption peaks from tungsten 

Surface rr 81 61 & Referenee 
Fig. 1. Marble model of the bcc (112) face. The central rec- 

tangle outlines a surface unit mesh. The close packed rows of top 1110) 450 1100 N~~~ N~~~ 1 
layer atoms are separated by open channels or troughs. The asym- (100) - None 1150 1380 3 

1200 None This work 
metric positioning of the second layer with respect to the topmost I:::; i",",", None 1300 25 

layer introduces an asymmetric intensity distribution in diffraction (113) - - - - 7. 14 

patterns observed a t  normal incidence. 
Polycryst. 500 1000 1200 1300 8 
PoI~cryst. 400 1000 1300 1500 10 
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Table II. Initial sticking probability and final coverage, 
carbon monoxide on tungsten, 300'K 

Surfacea Method" S(OJ ~ ~ ( 8 ~ ) ~  Reference 

Group A 
(112) 
(114) 
(113) 
(113) 

P 
P 
P 
P 
P 

This work 
25 
I 

14 
8 
8 

13 
21 
4 
5 

Group B 
(110) LEED -0.9' 10 (0.711' 1 
(100) LEED -1 10 (1.001 3 
( I # , ,  LEED >O.O 10 (1.251 This work 

FEM 0.97 - 11 

a P = polycrystalline (except for the single crystal Field Micros- 
copy tip labeled FEMJ, U = uptake. F = flash desorption. 

Saturation coverage, u., In units of lO*~/cm" and (#,I, in mono- 
lavers, where a monolaver eouals the densitv of atoms in one lhkll . . 
piane. 

Not values given in ref. (11, as those were "normalized" to 
agree with some of the results of Grouo A abave: values oresented 
hsre were obtained by comparing areai under Rash off cukes from 
the (110) and (112) faces, since LEED observations on the I1101 
do not readily give coverages as for the (100) and (112). 

sudden changes in CO leak rate, as compared to the 
rapid response for oxygen. 

LEED observations.-CO adsorbed at  room tem- 
perature produces a diffuse diffraction pattern with no 
well defined extra spots and with high background in- 
tensity. The bright background is indicative of dis- 
order. This is very different from the sharp patterns 
with high contrast seen after oxygen adsorption (21). 
Sharp diffraction patterns are, however,, seen after 
heating. 

In experiments involving heating, the crystal was 
given various exposures to CO at room temperature 
and then heated to progressively higher temperatures 
in good vacuum. Well defined C(6x4), P(2x1) and 
C(2x4) patterns were found with this treatment; in 
addition, a "Complex" pattern was found which has no 
well defined symmetry. These are displayed in Fig. 4. 
Much of the data can be summarized in a temperature- 
exposure diagram showing the conditions under which 
each pattern is observed; this diagram is shown in Fig. 
5. Significant findings about the surface structures are 
presented in Table 111. 

The two most important results are that each struc- 
ture can be associated with a particular gas burst ob- 
served in flash desorption and that for three of the 
structures, their coverages have been found. 

5,0/ a From Uptake Curve 

o From F.O. Cur- 

Cdibrotad At 0.5 Monol I 

Exposure IL) 

Fig. 3. Amounts of absorbed C O  against exposure, obtained 
from uptake and flash off curves. Arrows show the minimum ex- 
posures a t  which the PI and a peaks appear on the flash off 
curves. Calibrated using LEED results by assigning the value of fi 
monolayer to the amount absorbed after 1.ZL. 

Fig. 4. Diff ction patterns from'C0 adsorption. (A) clean sur- 
face, Miller dices shown on some of the spots. (0) after satura- C 
tion exposure ot room temperature. (C) to (F), the C(2x4). Com- 
plex, C(6x4) and P(Zx1) patterns. All  taken a t  80v except (E) and 
(F), a t  81v, normal incidence. 

---0 I 2 3 4 
E x v o ~ u n  I L I  

Fig. 5. Temperature-exposure ranges in which various C O  pat- 
terns appear for initial room temperature exposures shown on the 
abscissa followed by heating to progressively higher temperatures 
in good vacuum. 

As an example of how the entries in the table were 
obtained, consider the P(2x1). This pattern will de- 
velop to its best if the crystal is heated to about 750°K 
after an exposure of 1.2L (1L = 10-6 Torr-sec), see 
Fig. 5. Since a P(2x1) symmetry represents multiples 
of $$ monolayer of scatterers (1 monolayer = 8 x loa4/ 
cmz on this face) and 1.2L represents 0.57 monolayer of 
molecular collisions with the crystal, the coverage 
must be M monolayer. The average sticking proba- 
bility up to % monolayer is then about 0.9. The P(2x1) 
is stable up to about 1000°K (Fig. 5) when it changes 
to a weak Complex pattern with no detectable gas evo- 

Table Ill. C O  structures on the (112) face 

Destruction 
Exposure, Coverage, temper- Associated 

Pattern L monolayer ature. 'K F. 0. peak 

C(B x 4) 0.6 1/4 1200 
P ( 2  x 1)  1.2 112 1000 
C(2 x 41 >1.4 5/8 to l0/8 1000 

1200 
Bl 

Complex >1.5 5/8 B:! 
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lution and then to a C(6x4) at about 1200'K with 
loss of some CO. Because the destruction temperature 
of the P(2x1) coincides with the p1 desorption tem- 
perature, we are led to associate the P(2x1) with the 
p,-co. 

It is unmistakable that pp molecules are responsible 
for the C(6x4) and Complex structures since all the @I 
molecules have been desorbed when either of these 
patterns is seen. However, the p1 can only be loosely 
associated with its structures. Strong supporting evi- 
dence that p1 molecules produce the P(2x1) and 
C(2x4) comes from the fact that the p1 desorption 
temperature is the same as the destruction tempera- 
ture for these structures. Further evidence will be 
presented in the section on LEED observations and 
surface structures. 

The C(2x4) pattern first appears at a coverage of 
about % monolayers. Additional molecules, up to full 
coverage, do not substantially affect the diffraction 
pattern. This is one example of the many possible 
pitfalls wherein coverage estimates based on diffrac- 
tion patterns alone can go wrong. Fortunately, for 
the P(2x1), a unique value could be found so that 
the flash off data could be calibrated at M mono- 
layer. This calibration is, therefore, all important and 
a separate check of its correctness will be provided in 
the section on LEED observations and surface cov- 
erage. 

The Complex pattern was so named because it has 
no well defined symmetry. It is nevertheless interest- 
ing, as adsorbed nitrogen produces a practically iden- 
tical pattern (22d). Note that this unusual pattern 
(Fig. 4D) consists of streaky features quite unlike the 
spot patterns normally observed in LEED. It is there- 
fore surprising that two gases give this same strange 
pattern. A little investigation shows, however, that 
these gases have much in common. First, CO and Nf 
are iso-electronic. Second, they have been associated 
with the concept of surface complexes which arose 
out of attempts to account for the kinetics of the ni- 
trogen-tungsten system (28,29) and the results from 
isotopic mixing experiments with CO (13) and Nf 
(30,31). 

Conditions under which isotopic mixing becomes 
appreciable correspond to conditions for the formation 
of the Complex structures for both CO and N?. Under 
these same conditions it is generally believed that 
both atoms of the nitrogen molecule are in contact 
with the metal. Since the CO-Complex pattern indi- 
cates that CO has the same configuration, it is con- 
cluded that both atoms of this molecule also contact 
the substrate in the pp state. 

Diffraction pattern studies do not give direct infor- 
mation on the coverage for the Complex structure as 
it has no well defined symmetry. The coverage was 
estimated to be about 5/s monolayer by comparing 
the flash desorption amount with that from M mono- 
layer coverage. 

Surface structures.-Of the four CO structures on 
the clean surface, the P(2x1) is simplest. It is like the 
oxygen P(2x1) M monolayer structure so that every 
trough site h,k with h even is occupied by a CO 
molecule. Accordingly, the intensity-voltage curves 
from these two P(2x1) patterns are quite similar. 
Although the tungsten surface is undisturbed in the 
P(2x1) structure, the possibility of reconstruction 
(32, 33) has not been ruled out for the other three 
structures. Note, however, that because of the sim- 
plicity of the P(2x1) structure and the large minimum 
distance of 4.468, between scatterers, the conclusion 
that this structure requires M monolayer of adsorbates 
is expected to remain valid whether the surface is re- 
constructed or not. 

The C(2x4), C (6x4), and Complex patterns show a 
diversity of behavior which indicates that not enough 
is as yet known about them for a meaningful struc- 
ture analysis. 

Sotvrstlln P CO On. 
101 P 11x2) Oxygen Structur. 

Ib l  P (1x4) " 
1 ~ l P I l " I l  " 

(dl P 12111 ' 
1.1 Claon Surface 

I . . .  1 
400 600 800 1.000 .1.200 1.400 

Temp PKl 

Fig. 6. CO flosh off from oxygen structures after saturation ex- 
posure at  room temperature. Heating rate 3W°K/sec. (0) to (e) in 
order of decreasing oxygen content. 

A simple model that can account for all of the pres- 
ent results is the one in which p1 molecules adsorb at 
room temperature undissociated, with only the carbon 
contacting the metal. A temperature activated trans- 
formation to the pp occurs after heating to about 
1000°K and in this state both carbon and oxygen con- 
tact the metal. In the Complex structure, p2 "mole- 
cules" agglomerate into surface stabilized complexes 
that can be studied at room temperature. 

Adsorption onto Oxygen Structures 
Experiments in which CO is adsorbed on a surface 

previously covered by oxygen might seem to have 
special interest because of this bearing on the catalytic 
formation (2) of Cop. These experiments could also 
provide a check for the CO coverage estimates be- 
cause the oxygen coverages are quite reliably known. 
In carrying out such experiments, the oxygen surface 
structures (21, 22e) were used as substrates. These are 
the facet structures produced by exposing a hot crys- 
tal to oxygen and five nonfacet structures. 

Flash desorption.-No Cop was observed to flash off 
from any of the oxygen structures and repeated ad- 
sorption and desorption of CO left the surface oxygen 
content undiminished. In most cases, the original oxy- 
gen structure remained apparently undisturbed, as re- 
ported earlier (2). Thus no oxygen could be removed 
by CO from these structures. 

The flash off data of Fig. 6 shows that only one p 
peak desorbs from the oxygen structures. These struc- 
tures, together with their oxygen coverages and their 
per cent of tungsten atoms still uncovered, are listed 
in Table IV. The amounts of p-CO that adsorb are 
shown in row 4 as a per cent of the maximum that 
adsorbs on the clean surface. 

Figure 6 shows that the pp peak is suppressed by 
pre-adsorption of oxygen and that the observed p de- 
sorption occurs essentially at the p1 temperature [ac- 
tually, almost 100°K lower, as also happens in the case 
of CO on W(110)-O[M] structure; compare Fig. 5 of 
ref. (1) with Fig. 3B of ref. (2)]. Accordingly, #ie 
shall see below that the p2 structures are never seen. 

Table IV shows that the per cent of adsorbed CO 
decreases faster than the per cent of exposed tungsten 
atoms as more of the surface is covered with oxygen. 

Toble IV. p-CO flosh off from the oxygen structures 

1. Clean P ( 2 x  1) P ( 1  x 11 P I 1  x 4)  P (1  x 21 P l l  x 3) Facet 
2. 0 ' z  1 11," 1'4 1-2/3 -2 
3. 100 75 50 38 25 11 0 
4. 100 80 40 15 3 0 
5. 100 75 50 13 0 0 0 

1. Oxveen structures: 2. oxveen coverage in monolayers: 3. Der 
cent of -<xposed tungsten atoms; 4. per cent of P C 0  observed- to 
flash off: and 5. amounts of adsorbed 8-CO as predicted from dif- 
fraction  att tern observations lsection on LEED observations and 
surface siructuresl. 
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LEED observations and surface structures.-The faceted surfaces again confirms the hypothesis that CO 
above flash off experiments show that adsorbed oxygen does not stick to an adsorbed oxygen. 
inhibits CO adsorption. We now examine this in more Enough was described above so that entries in row 
detail as the (112) face is gradually covered with more 5 of Table IV can be found from a knowledge of the 
and more oxygen atoms. oxygen structures and the diffraction pattern changes 

We start by covering half of the second layer tungsten accompanying CO adsorption. A tacit assumption was 
atoms with oxygen.  hi^ is accomplished by using the made throughout that adsorbates scatter slow electrons 
oxygen P(2x1) structure which is constructed by plac- sufficiently to produce the observed patterns. That this 
ing an oxygen atom into every other trough site, thus assumption is valid is most dramatically illustrated 
exposing 75% of the original 2 monolayers of surface by the match in IV between the observed 
tungsten atoms. flash off amounts in row 4 and the predicted values 

Adsorption of CO on the P(2x1) results in a P(lxl) in row 5, since the predictions were based on models 

pattern so that the spaces between oxygen atoms have arrived at from diffraction pattern 
become filled with CO. Heating this P( lx1)  produces Acknowledgment 
a C(2x4) as with adsorption on the clean surface. This The author would like to thank Dr. L. H. Germer 
C($4) is destroyed near 900°K with desorption of for his support and encouragement and for reading 
about ?4 monolayer of CO, leaving a second, much the manuscript. 
sharper, P( lx1) .  If we hypothesize that CO does not This work was performed at Cornell University, 
stick to an adsorbed oxygen, then all the CO desorbed Ithaca, New York, supported by the Advanced Re- 
during the formation of this P(lx1) was initially ad- search Projects Agency through the Cornell Material 
sorbed on the top layer tungsten atoms. Here is a sec- Science Center. 
ond evidence that molecules adsorbed on the top layer Manuscript received Sept. 22, 1967; revised manu- 
desorb essentially as PI and that these molecules pro- script received ca. Nov. 13, 1967. This paper was pre- 
duce the C(2x4) pattern. We are now ready to per- sented at the Dallas Meeting, May 7-12, 1967, as Ab- 
form a very important experiment, since all the excess stract 177. 
CO has now been removed so that the remaining Any discussion of this paper will appear in a Dis- 
P(lx1) must be a monolayer structure. cussion Section to be published in the December 1968 

When all the CO is flashed off from this second 
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ABSTRACT 

Solid state electrochemical cells using metal anodes with charge transfer 
complexes as cathodes which were previously re orted have been further 
studied. The presence of the I- ion has been verited in cells with iodine as 
the acceptor. Quantitative recovery of the reaction product in amounts pro- 
portional to the total charge delivered, substantiates the originally proposed 
reaction mechanism. Long time decay data under a steady load as well as 
under a pulsed load, extending over periods of up to nine months, are pre- 
sented. It is shown that the performance of the cells is considerably improved 
by the admission of vapors of high permittivity liquids into the anode-elec- 
trolyte interface. Evidence is presented that the effect is primarily due to im- 
proved availability of reactant at the electrode surface. 

We have previously reported (1) data on solid state 
electrochemical cells using metal anodes and a charge 
transfer complex as cathode. In the present communi- 
cation, we wish to present further results on cells of 
the type MgIPhenothiazine-Iz/Pt. The well-known 
phenothiazine-iodine charge transfer complex (2) has 
the advantage of high electronic conductivity; how- 
ever, donors other than phenothiazine have also been 
employed yielding similar results. 

Experimental 
The cells were assembled in the holders previously 

described (1); the complex was produced by inti- 
mately mixing reagent grade phenothiazine and iodine 
as received in the stoichiometries indicated below. 

The currents and voltages were measured by means 
of a Hewlett Packard 412A-VTVM unless stated other- 
wise. 

Reaction Mechanism 
We have proposed a reaction mechanism (1) involv- 

ing the I- ion. In order to support this contention, 
MgI2 was recovered thus: 

A cell was prepared using a 1:2 phenothiazine: 
iodine complex and then continuously discharged in 
ambient atmosphere and at room temperature over a 
period of nine months into a constant 31.6 ohm load; 
i.e., for this cell, virtually a short circuit load. The in- 
tegration of the area under the current us. time curve 
showed that a total of 216 coulombs had been deliv- 
ered by this cell. The cell was then dismantled and 
analyzed for MgIz (the electrolyte) by extracting the 
contents with distilled water. This solution was stirred, 
filtered, and the filtrate was treated with aqueous am- 
monia and an excess of (NH4)2HP04 was then added. 
The precipitate formed was filtered, dried, and ana- 
lyzed for Mg and for phosphate. The recovery was 
190 mg of MgNH4P04 corresponding to the passage of 
282 coulombs. Thus, the difference of 66 coulombs must 
have been consumed in a side reaction. This reaction 
is most likely an internal corrosion process at the 
Mg anode, probably associated with traces of water 
present in the ambient atmosphere. 

The above data, therefore, support the reaction 
mechanism which was based on the formation of MgIz 
(1). 

Long Time Decay Curves. Effect of Solvent Vapors 
The above test commenced with the rather low short 

circuit current density of 560 pa/cmz; after two days, 
the short circuit density was of the order of 30 pa/cmz; 

'Present address: Institute for Direct Energy Convenlon. Unl- 
versity of Pennsylvania Philadelphia. Pennsylvania 18104 

.Present address:   hi sics Dept.. Tulane University. ~ e w  Orleans, 
Louisiana 70118. 

after nine months, the current density had dropped 
to about 4 ca/cmz. The initial open circuit voltage was 
1.7~; after one week, it recovered to a value of 1 . 5 ~  
after removal of the load for a few seconds. This re- 
covery voltage was maintained to ? O.lv for seven 
months of the total test period. After nine months, the 
recovery open circuit voltage had dropped to 1.2~. The 
results of a further decay test are shown in Fig. 1. 
These data refer to another cell of the type Mg/pheno- 
thiazine: iodine 1: 2/Pt, but in an atmosphere saturated 
with acetonitrile vapor. The cell had an initial open 
circuit voltage of 1.7~. Its voltage under a continuous 
load of 5000 ohm was recorded over a period of 415 hr. 
The voltage is seen to keep substantially constant over 
about 10 hr whence it commences to decay approxi- 
mately linearly at a rate of about 7 mv/hr. This rate 
is then maintained over about 70 hr. 

A further series of discharge tests was performed 
using an electromechanical oscillator (3) as the load. 
A typical oscillogram is reported in Fig. 2. This oscil- 
lator draws a current pulse of 200-300 pa of 6-8. msec 
duration at a repetition frequency of 6 sec-1; its im- 
pedance is partly inductive, causing the transient 
waveshape of the sharp spikes. The discharge test was 
carried out at room temperature in (uncontrolled) 
laboratory atmosphere. The cell, with initial open cir- 
cuit voltage 1.62~ and short circuit current 3.4 ma, 
operated in a room atmosphere with the oscillator 
load for 480 hr. At this point, the open circuit voltage 

Fig. 1.  Decay of the terminal voltage for the system Mg/pheno- 
thiazine; I2 1 P/Pt The test was conducted in saturated vapors 
of acetonitrile under a constant load of 5000 ohm. 
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6 + 
Fig. 2. Pulsed oscillogram depicting the time dependence of the 

terminal voltage for the cell Mglphenothiozine; lz 1:ZlPt. Current 
was drawn for 6-8 msec at  a repetition frequency of 6 sec-I 
causing the terminal voltage drop shown. 

had dropped to 0.5~. Upon exposure without load to 
a high humidity atmosphere for 24 hr, the open cir- 
cuit voltage recovered completely. Continuing the test 
under load in the high humidity environment, 550 hr 
were required for the voltage to drop to 0.5~. The dif- 
ference AV between open circuit and loaded voltage 
remained fairly constant, even though the open cir- 
cuit voltage itself dropped. Total operating time was 
1032 hr (43 days) of which 552 hr occurred in a humid 
atmosphere. Another cell was tested with a purely re- 
sistive load of 4700 ohm, which was periodically con- 
nected to the battery by a switching circuit (8 msec 
"on", 172 msec "off"). The open circuit voltage was 
1.59v, and the current through a 10 ohm load was 
4.2 ma. In room temperature, an open circuit voltage 
of 0 . 5 ~  was reached after 192 hr. The cell was then 
subjected for 24 hr to the humidity treatment described 
above. Only an additional 48 hr of operation in room 
atmosphere were obtained before the open circuit 
voltage again dropped to 0.5~. Recharging with 500 ra 
for 72 hr did not restore the cell. Total accumulated 
operating time was 250 hr, all in laboratory atmos- 
 here. 

In this experiment, carried out in uncontrolled lab- 
oratory atmosphere. AV increased significantly with - .  
time. 

In the experiment carried out in a controlled, humid 
atmosphere, the wave forms obtained remained con- 
stant and showed no variation with time, i.e., there 
was no difference in the shape nor in the amplitude 
of the voltage pulses as measured by connecting an 
oscilloscope across the cell throughout the duration 
of the test. 

The difference AV between the terminal voltage un- 
der a load RL and the voltage V' to which the cell 
recovers just before the start of the following pulse 
thus remains constant though the recovery voltage it- 
self decreases approximately linearly during the test. 
We shall now investigate the conditions under which 
one could expect A~ to be constant with time. AV 
represents the voltage drop across the internal resist- 
ance due to the current pulse 

.Since the decay of V' is approximately linear3 with 
time t, we may write an explicit decay function in 

SPrlma facie one would expect the decay to be expnentlal; the 
linear decay characteriatic obaerved during a Itmlted time interval 
thua might well be the eaulvalent to taking only the first, linear, 
term in an exponential aeries. Since Fig. 1 indicates that such a 
llnear approximation does hold for the time interval considered, 
the foUowing analysia will apply to the same degree of approxi- 
mation. 

terms of an open circuit voltage V 

where u is a decay constant. Since AV is independent 
of time 

Since this must hold for all values of t, the terms 
containing t explicitly must vanish 

d2V 
(1-ut)R~-= 0 

arav 

Thus the dynamic internal resistance must remain con- 
stant with time. This leaves only one term remaining 
in Ea. 141 

so that 

The second condition for the time independence of 
AV (Eq. [8]) therefore is the requirement that the 
load resistance matches the internal dynamic resist- 
ance of the cell. The latter quantity is, of course, 
negative since the cell is an active circuit element; an 
increase in current is accompanied by a drop in cell 
voltage. To the extent that this very simplified anal- 
ysis holds-see footnote-the constancy of the voltage 
drop AV during the tests in a humid atmosphere is 
thus seen to be associated with the dynamic internal 
resistance of the cell remaining constant, plus the 
rather fortuitous approximate equality between the 
values of the load resistance and the dynamic internal 
cell resistance. We note that the latter quantity re- 
mains constant in the humid environment though not 
in the uncontrolled laboratory atmosphere. Since the 
dynamic internal resistance (aV/aI) is the sum of a 
constant ohmic series resistance plus a polarization or 
diffusion resistance term, it follows that the diffusion 
resistance is held constant in the presence of a vapor 
of high permittivity liquid, but not in its absence. 
Hence the admission of solvent, although not neces- 
sarily water, vapor tends to assist the diffusion proc- 
esses, causing a substantially constant and improved 
rate of diffusion of I- ions into the reaction site. The 
decay involves the shift of the entire polarization curve 
to lower voltage values, parallel to itself, without a 
change in its slopes. 

Further experiments aimed at determining the in- 
fluence of gases and vapors on the performance of 
these cells showed that the complete removal of all 
solvent and water vapors reduces the short circuit 
current by 2 to 3 orders of magnitude below the value 
recorded in ambient laboratory atmosphere (1) (see 
Fig. 3). Likewise, the introduction of benzene or CCL 
vapor into the otherwise dry and solvent free system 
causes no increase in the short circuit current density. 
However, dry vapors of acetone, methylalcohol, or 
acetonitrile cause the current density to rise to values 
of up to several 100 ma/cm2, higher by about an order 
of magnitude than the best current densities obtain- 
able in an uncontrolled room atmosphere. Water vapor 
has a similar effect. In brief, it appears that the pres- 
ence of vapors of liquids of high permittivity improves 
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the performance of these cells while vapors of low 
permittivity liquids do not affect the short circuit cur- 
rent densities available as compared to those under 
vacuum or dry conditions. 

Thus, e.g., a cell prepared and tested in air gave a 
short circuit current of 4.0 ma which, upon drying out 
with CaClz dropped to 50 pa. Introduction of methanol 
vapor raised the current to 70 ma. Likewise, admission 
of acetonitrile vapor into a dried and solvent-free cell 
raised the current from 50 pa to 50 ma. 

Moreover, the open circuit voltages of cells kept in 
a solvent-free environment produced by either evacu- 
ating or exposure to a drying agent such as CaC12, 
drop from the thermodynamical value of 1 .85~ to 
values in the vicinity of 1.2~. There is no increase in 
open circuit voltage nor short circuit current on ad- 
mission of vapors of benzene or CC4. 

Figure 3 illustrates the effect of admission of aceto- 
nitrile vapor on the short-time decay of the current 
into a constant 5000 ohm load, with vapor pressure 
as the parameter: the cells were kept in an evacuated 
glass vessel and acetonitrile vapor at controlled pres- 
sures was then admitted. 

The beneficial effect of a high permittivity solvent 
vapor atmosphere must be due to the permeation of 
the vapors into the anode-electrolyte interface. This 
contention is supported by the following observations: 
(i) corrosion of the electrode surface starts at the 
edges and thence penetrates inwards; (ii) assembly of 
a complete cell under high pressure in a hydraulic 
press yields cells with characteristics essentially those 
of cells maintained in a completely solvent free en- 
vironment; (iii) insertion of a semipermeable mem- 
brane, say a thin sheet of cellulose or of polypro- 
pylene-acrylic acid graft copolymer, between the Mg 
anode and the solid, tends to raise the value of the 
short circuit current considerably; the open circuit 
voltage likewise is brought even closer to its thermo- 
dynamical value of 1.87~. Insertion of such a separator 
anywhere else but directly into the anode-solid inter- 
face causes both open circuit voltage and short circuit 
current to decrease. It appears that the separator acts 
as a wick assisting the penetration of solvent vapor 
into the interface. Cells assembled with the separator 
extruding beyond the electrode and then wetted with 
acetonitrile produced current densities of the order of 
hundreds of ma/cm-2, significantly in excess of the 
performance of untreated cells; (iv) the constancy of 
the polarization resistance in the presence of vapors, 
discussed above, indicates that such vapors are effec- 
tive in assisting processes within the reaction zone 
near the anode. 

The introduction of vapor of a high permittivity 
solvent may either increase the reaction rate in the 
energy producing reaction (1) 

2[Mg + I- + MgI + e-] 
2MgI # MgIz + Mg 

Mg + 21- + MgIz + 2e- [91 

or it may retard poisoning of the electrode surface by 
assisting in the removal of the reaction product, viz., 
MgI2. However, the voltage pulse waveforms obtained 
are considerably different from those expected in a 
regime in which poisoning of the electrode surface is 
the main effect. Such waveforms have been reported, 
e.g., by Schuldner and Hoare (4).  The time constants 
involved here (see Fig. 2) are too long, by at least a 
factor of a hundred, to be entirely caused by electrode 
poisoning. Moreover, the admission of such vapors 
into a solvent-free cell causes an immediate and sud- 
den rise in the current density, far too fast for an 
effect associated with the dissolution of the MgIz. 

Thus, it appears that this effect involves an increase 
in the rate of the first step of the above reaction se- 
quence, which is the rate-determining step. More spe- 
cifically, the energy of the activated complex MgI- 

Fig. 3. Current decay curve for the system Mg/phenothiazine; 
lz 1 :Z/Pt. The cell was operated into a constant load of 5000 
ohm a t  various vapor pressures of acetonitrile. 

MO 

must be substantially lowered: this may occur by sol- 
vation or, perhaps more likely, by an increase in the 
polarization energy of the activated complex, since 
only highly polarizable molecules enhance the current. 

This suggestion is supported by the work of Hale 
and Mehl (5) who ascribe current limitation in a 
Redox organic electrolyte system to either difPusion 
limitation or to a reorientation of the solvation shell 
of the reactant. Thus, the vapor in the present case 
might well form an adsorbed liquid thin film yielding 
sufficient surface solvation energy (6) to facilitate the 
reaction: the solvated ion then becomes isoenergetic 
with an appropriate energy band of the solid (5). 

Another contributing factor to such a "flat-band 
condition" would be changes in the work function and 
electron affinity of both the metal anode and of the 
charge transfer complex: high permittivity media are 
known (7 )  to be active in this respect; thus an ad- 
sorbed water layer changes the work function of a 
solid polymer by several hundred millivolts (8). 

During each current pulse of the pulse experiment, 
1.3 x 1013 electrons were consumed. At the anode sur- 
face, even assuming complete coverage, about 6 x 101' 
I- ions are available. Thus, these data refer to a 
regime of diffusion control. Furthermore, consider a 
cell discharged continuously into a matched load, cor- 
responding to a reaction rate (1) of 1.5 x 1015 ions 
cm-2 sec-1, and a calculated diffusion layer (1) of 
0.05 cm thick containing 2.7 x 10'6 ions. At these cur- 
rent densities, diffusion would be rate determining. 

In the solid system, it is to be expected that diffu- 
sion limitation sets in at lower overvoltages already 
than in a corresponding liquid system: indeed, the ex- 
change current density i. obtained (1) for the present, 
solid, system is of the order of 10-5 amp-cm-2, while 
Vetter (9) reports values of the order of 10-2 to 10-3 
amp-cm-2 for a liquid iodinehodide Redox system. 
Since (9) 

VAWR PRESSURE - IOOmm Hg 

- - 

a log i, 
CiOl 

it appears-that it is the exhaustion of the I- supply at 
the anode surface which causes the current to become 
diffusion limited. 

Thus, at the higher current densities, where the cur- 
rent tends to become diffusion controlled, the intro- 
duction of vapor also involves an improved diffusion 
rate. At least in part, this is due to the increased dif- 
fusion gradient caused by the increase in reaction rate 
discussed above. However, it may well be that a liql 
uid layer at the interface as such substantially assists 
in the diffusion processes. 
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Oxidation of Hydrogen on a Passive Platinum Electrode 
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ABSTRACT 

Under potentiostatic steady-state conditions and at anodic potentials above 
0 . 7 ~  (NHE) the rate oi oxidation of molecular hydrogen decreases at a high 
activity Pt hectrode in 1M H2S04. It is shown that this decrease is not owing 
to the formation of oxygen species on the electrode surface. It is believed that 
this passive behavior of Pt is due to anion adsorption, at least between 0.7 
and 1 .2~.  Depending on potential and previous potential sequence, passivity 
in this region is evidently sensitive to the amount of sulfate ion adsorbed, its 
heat of adsorption, and the presence of dermasorbed oxygen. At higher po- 
tentials both sorbed oxygen species and sulfate ion may be present and may 
contribute to the passivity. In the 0.7-1.2~ passive region, hydrogen oxidation 
is electrochemical. There is no significant chemical oxidation via an oxygen 
intermediate. 

A steady-state electrochemical investigation (1) in 
a high-purity closed system (2) showed very slow 
oxidation of water on Pt in helium-saturated 1M 
HzS04 in the potential region from 0.46 to 1 . 6 ~  (us. 
NHE). That work (1) established the solvent (water) 
reaction rates in this potential region. Since the oxida- 
tion of water occurs at such slow rates, it appears 
that on the addition of an easily oxidizable species to 
the system, the oxidation of this added species would 
predominate. 

Several papers (3,4) by Wroblowa et al. demon- 
strated that even though the rate of hydrocarbon oxi- 
dation is increased as the potential is increased to 
about 0.9v, the rate of oxidation decreases at higher 
potentials. They postulated that this decrease in re- 
action rate was caused by the formation of a Pt oxide 
which passivated the surface. Even though the work 
was done at 80°C, compared to the previously men- 
tioned study (1) on water oxidation, which was at 
26"C, there is a question as to why an oxide should be 
formed in the presence of an oxidizable species in the 
potential region of interest. 

The answer to this question is, of course, a matter of 
mechanisms. If water oxidation is rate-controlling, 
then in the presence of a species which is electro- 
chemically inert but which is chemically oxidized 
rapidly by the oxidation product of water on Pt, the 
rate of water oxidation may be increased. However, in 
such a case the accumulation of the oxidation product 
of water would not occur and could not cause passiva- 
tion of the surface. If the oxidizable species is electro- 
chemically oxidized faster than water and a signifi- 
cant accumulation of an oxygen species from water 
occurs the reaction may be retarded. However, it is 
difficult to conceive of an oxidation product of water 
on a Pt surface which would not be very easily re- 

* Electroehemica1 Society ActIve Member. 

duced, so that chemical reaction of water oxidation 
products with added oxidizable species is very likely. 
In any case, if the current density is much greater at a 
given potential in the presence of an added oxidizable 
species, the very slow oxidation of water plus the high 
reactability of resulting oxygen species makes the pas- 
sivation of the surface by an oxide or oxidation prod- 
uct of water hardly feasible. 

Anodic passivation of a surface has been explained 
in another possible way by Frumkin (5). He believes 
that passivation could be caused by the saturation of 
the free valencies of the electrode surface by chemi- 
sorbed anions. Anodic passivation of Pt for the hydro- 
gen reaction has been repeatedly observed by many 
investigators [see review by Frumkin (6)l .  Aikazyan 
and Fedorova (7) and Wicke and Weblus (8) at- 
tributed this passivation to either adsorption of anions 
or the appearance of surface oxides. Frumkin (6) 
claims that at high disk-electrode rotation rates the 
drop in the current maxima can occur at potentials of 
about 0.05v, which is much too low for an oxide for- 
mation and he believes must be due to anion adsorp- 
tion. Frumkin and co-workers believe that passivation 
by oxygen occurs at potentials of about 0.8~. 

Kazarinov and Balashova (9) showed that as the 
potential of platinized Pt became more positive, the 
concentration of adsorbed sulfate ion increased 
linearly until a potential of 0 . 8 ~  was reached. At 
higher potentials the sulfate ion concentration de- 
creased. They interpreted this decrease as due to the 
formation of an oxygen species on the surface (their 
work was done in Nz-saturated solutions of H2S04) 
which caused a partial displacement of SO4=. On 
smooth Pt they found that at potentials above 1 . 5 ~  
that there was a sharp increase in adsorbed SO4= 
which they attributed to the incorporation of these 
anions in the oxides on the surface. Here one can ask 
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the question: "If an oxidizable species (other than 
water) is present will it, under steady potentiostatic 
conditions, interfere with the formation of oxygen 
species on the surface and influence the adsorption of 
the sulfate ion?" 

To try to answer the question of water oxidation in 
the presence of other oxidizable species and to try to 
gain some further insight into the passivation of Pt, 
it was decided to study further the oxidation of hydro- 
gen in the passive Pt region. Hydrogen was selected 
because it is easily oxidized on active Pt and its maxi- 
mum rate of oxidation of 2 x 10-3 amp/cmz (true area 
basis) in HzS04 is from 2 to 7 orders of magnitude 
greater than water oxidation (1) in the same poten- 
tial region. Use of the high-purity closed system (1,2) 
developed at this Laboratory would permit long-time 
steady-state measurements where relatively slow 
sorption phenomena could affect electrode behavior. 
This system also allowed a determination of the hys- 
teresis, when high potentials are decreased, noted by 
Frumkin and Aikazyan (10). 

Experimental and Results 
The experimental setup and conditions were the 

same as described in ref. ( I ) ,  except that a constant 
flow of hydrogen, purified by flowing through heated 
Pd-Ag tubes and saturated with pure water, replaced 
helium. It was found that an Nz atmosphere in the en- 
vironment box was unnecessary and part of the data 
was taken with the front panel removed. The hydro- 
gen flow into the cell remained at about 40 mumin 
until a constant current was reached under potentio- 
static control. The time required ranged from a quar- 
ter of an hour to many hours, depending both on the 
set potential and the previous sequence of potentials. 
The hydrogen flow rate was then increased to well 
over 1000 ml/min and the constant current recorded. 
Potentiostatic control was by a Pt/Hz wire electrode 
in the cell. The sulfuric acid solution was one molar, 
the temperature 25" 2 2"C, and the true (11) area of 
the three Pt bead working electrodes used were each 
close to 0.2 cmz. 

The experimental results, which are steady-state 
values, are shown in Fig 1. Figure 1 is for the case of 
very rapid stirring with Hz and gives potentiostatic 
current density us. potential relations under condi- 
tions where diffusion effects in solution are mini- 
mized. For the slopes shown, b = AE/Alog i. The 
b = -0.025 and 0.025 values shown are the well- 
known Tafel slopes (12) in the cathodic and anodic 
polarization regions, respectively. At anodic poten- 
tials above 40 mv, a limiting current density of 2 x 

amp/cmz is observed up to a potential of about 
0.7~. A potentials above this value, the current den- 
sity decreases, at first slowly up to l.Ov, then rapidly 
along the slope designated as b = -0.11 down to a 
second limiting current density of about 1.5 x 10-5 
amp/cm2. At potentials above 1 . 6 ~  (b = 0.13 slope) 
the normal oxygen evolution reaction is observed. The 
diamond-shaped symbols show that potential reversal 
within a given region gave the same current densities. 

After the oxygen evolution region was reached, a 
subsequent decrease in potentials gave the hysteresis 
shown. The time required to obtain steady-state for 
each point in this region ranged from a few hours to 
a day. The scatter of points and especially the two 
paths shown in the potential range from 1.16 to 0.88~ 
appeared to be real. Using the same electrode a con- 
sistent set of points on either path was followed for 
a particular run. The path shown by the solid line, 
however, was favored over the dotted line. The broken 
line shown in Fig. 1 comes from Fig. 1 of ref. (1) and 
represents the potential us. current density relation 
found in a pure helium-saturated solution. 

Discussion 
A comparison of Fig. 1 with the data shown by 

Frumkin and Aikazyan (6,lO) for hydrogen ionization 

i l A / c r n z l  

Fig. 1. Steady-state potentiostated current density vs. potential 
relation on P t  in hydrogen-saturated 1M. HzS04.Hz flow rate > 
1000 ml/min: 0 cathodic current, A anodic current, increasing 
applied potentials; V anodic current, decreasing applied poten- 
tials; 0 anodic current, intermediary reversal of applied poten- 
tial values. Broken line is relation in helium-saturated solution 
( I ) ,  where hysteresis line to the right is for increasing applied po- 
tentials, to the left for decreasing applied potentials. See text for 
meaning of dotted line. 

on a smooth Pt disk electrode in 1N HzS04 at a rota- 
tion speed of 20,000 rpm shows some important differ- 
ences. Figure 1 shows a maximum current density 
from 0.04 to 0 . 7 ~  of 2 ma/cmz (since this current den- 
sity is on a true area basis it is equivalent to about 4 
ma on a geometric area basis). This limiting current 
density is essentially the same as the Frumkin and 
Aikazyan value of 3.8 ma/crnZ (geometric area). In the 
Frumkin and Aikazyan case, however, the current 
density maximum is at 0.05~ and there is a continuous 
dropping off of current density with increasing poten- 
tial up to 1 .2~.  Figure 1 shows a constant current 
density at 2 ma/cmz up to 0 . 7 ~  (for both the increasing 
and decreasing sequence of potentials) followed by a 
slow decrease and then a linear log decrease in cur- 
rent density up to 1.2~. 

The essentially equivalent maximum current den- 
sities found by Frumkin and Aikazyan and this work 
show that the Pt electrodes were of equal activity. The 
important difference is that Frumkin and Aikazyan 
anodically and cathodically pre-electrolyzed their elec- 
trode just before taking measurements, which were 
then taken in a matter of minutes at each potential 
setting. With the high purity system, long time steady- 
state measurements were possible because poisoning 
of the electrode did not occur (as, for example, evi- 
denced by the constancy of the maximum current 
density for long periods of time). Whether the Frum- 
kin and Aikazyan decrease in current density ( f r h  
0.05 to 0 .7~)  was due to impurity adsorption or a lack 
of true steady-state conditions at the electrode is un- 
certain. 

Considering Pt passivation above 0.7v, the possibility 
of a stable oxygen species remaining on the surface is 
remote. In the first place, the oxidation of water, 
which appears to be limited by slow discharge ( I ) ,  
occurs at rates from about five to one order of magni- 
tude slower. In addition, Schuldiner and Warner (13) 
have shown that oxygen chemisorbed on Pt reacts 
rapidly with molecular hydrogen. Warner and Schul- 
diner (14) have shown also that the reaction rate is 
potential independent and zero order in both hy- 
drogen and chemisorbed oxygen when the initial frac- 
tional coverage with chemisorbed oxygen is less than 
0.8. Reaction rates of chemisorbed oxygen with hy- 
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drogen in this particular system for the three different 
working electrodes used were 0.4, 1.2, and 8 ma/cm2. 
All three electrodes gave virtually the same potential 
us. current density results. 

The chemical rate of reaction of any oxygen which 
may be formed on the surface with hydrogen would 
with a few exceptions always be faster than the rate 
of anodic hydrogen oxidation. Hence, there is little 
possibility that chemisorbed oxygen or an oxygen 
species exists on the surface at least up to a potential 
of 1.2~. This analysis does not, of course, prove that an 
oxygen species may not be formed which rapidly oxi- 
dizes the hydrogen and that the rate-controlling proc- 
ess depends either on the rate of formation of this 
oxygen species or its reaction rate with hydrogen. 
However, it is very unlikely that the anodic hydrogen 
readtion under these conditions would be slower than 
the oxidation of water. (It will subsequently be shown 
that in this region a chemical oxidation of Hz with an 
oxygen intermediate does not occur.) These results 
show that the oxidation of Pt or the formation and 
adsorption of oxygen species are not the cause of the 
Pt passivation and retardation of the anodic hydrogen 
oxidation reaction at least up to 1.2~. 

The cause of passivation is much more likely the 
anion adsorption explanation as given by Frumkin 
(5);  specifically, the adsorption of sulfate ion as was 
demonstrated by Kazarinov and Balashova (9). In 
the Kazarinov and Balashova paper a dropping off of 
the amount of sulfate ion adsorbed above 0 . 8 ~  was ob- 
served. However, this was done in a nitrogen-satu- 
rated solution where formation and adsorption of an 
oxygen species and the partial replacement of sulfate 
are possible. In a hydrogen-saturated solution, a resi- 
due of oxygen would not remain on the surface so 
that as the potential increased beyond 0.8v, an increase 
in the amount of sulfate would be expected. And, in 
fact, as was shown by Kazarinov and Balashova, at 
higher potentials the coverage with sulfate ion can 
increase even in the presence of oxygen. With the 
elimination of a chemisorbed oxygen species, or Pt 
oxide, the bonding and coverage of the surface with 
sulfate ion should increase and is a reasonable ex- 
planation of the increased passivity shown in Fig. 1. 
The limiting current density from 1.2 to - 1 . 8 ~  can be 
due to a saturation of the surface with sulfate ion. 

It should be noted that the b = -0.11' and -0.04 
slopes in Fig. 1 are not Tafel slopes. The fact that the 
rate of hydrogen oxidation decreases with increasing 
potential demonstrates that the rates are not con- 
trolled by the exponential overvoltage term in the 
kinetic equation. The controlling term is obviously in 
the free energy of activation for the oxidation of hy- 
drogen. As the potential increases, the free energy of 
activation can increase because of the increased cov- 
verage with sulfate ion and because of the increase in 
bonding of the sulfate ion with the surface. 

In the oxygen generating region (b = 0.13) the 
presence of hydrogen has no apparent effect on the 
rate of oxidation of water. There is no "so-called!' 
depolarization effect. This must be because the com- 
bined sulfate and oxygen sorption in this region is so 
extensive that significant anodic oxidation of hydrogen 
is virtually completely blocked. The data also show 
that the oxidation of water is primarily under charge 
transfer control. Otherwise, the chemical reaction of 
hydrogen with oxygen on the surface could influence 
the rate. In this region current densities were inde- 
pendent of stirring rate which also indicates virtually 
complete kinetic control. 

The effects of dermasorbed oxygen (15) can be seen 
in the Fig. 1 data. Once the potential exceeds 1.8v, 
extensive dermasorption occurs and hysteresis results. 
In the potential range from 1.7 to 1.2v, the rate of hy- 
drogen oxidation is reduced by about one-half. From 
about 1.16 down to 0.88~ either the solid or dotted line 
was followed. Evidently the amount or distribution of 

dermasorbed oxygen may vary from run to run and 
may markedly influence the passivity behavior of the 
electrode. This influence of dermasorbed oxygen is 
evinced also by the scatter of points, which were, 
however, consistent for a particular run, in the en- 
tire region from 1.7 to 0.88~. 

Something remarkable occurs in the b = -0.04 re- 
gion. At current density values greater than 1.5 x 10-5 
amp/cmz, the potential required for the oxidation of 
hydrogen at a given current density can be as much 
as 0 . 3 ~  less than in the b = -0.11 region. In the 
b = -0.04 region most of the dermasorbed oxygen 
would be removed, but a trace must remain because 
one can go up and down in potential in this region and 
remain on the b = -0.04 line. Once the intersection 
at about 0 . 8 ~  is reached, increasing potentials will fol- 
low the path leading to the b = -0.11 slope. This 
eliminates the possibility of an i.mpurity in the region 
of decreasing potential. However, at the same poten- 
tials on the increasing potential arm of the curve, 
the current densities are 6onsiderably higher. The 
lower current densities in the b = -0.11 region are 
evidently due to increased sulfate ion adsorption. 
Hence in the b = -0.04 region, the presence of derma- 
sorbed oxygen plus the lower sulfate ion adsorption 
reduces the activation energy (potential) required to 
oxidize hydrogen at a given rate. However, at a given 
amount of sulfate ion adsorption the rate of hydrogen 
oxidation would always be lower in the presence 
of dermasorbed oxygen. 

Another interesting consequence of this region is 
that the previous work (1) in helium-saturated solu- 
tion showed that in the presence of dermasorbed oxy- 
gen a given rate of oxidation of water to an oxygen 
species (which was not retarded by increased sulfate 
ion adsorption) always occurred at a higher potential. 
If the oxidation of hydrogen took place via an inter- 
mediate oxygen species, then in the presence of der- 
masorbed oxygen a given rate of hydrogen oxidation 
should never occur at a lower potential. Since in the 
b = -0.04 region oxidation of hydrogen at a given 
rate can occur at a lower potential than in the b = 
-0.11 region [which is free of dermasorbed oxygen 
( I ) ]  the oxidation cannot be through an oxygen inter- 
mediate, but must involve a direct electrochemical 
oxidation of hydrogen. Another conclusion is that 
pulsing or other electrochemical activation procealures 
of electrodes may do more than just clean the surface. 

The catalytic properties of platinum are strongly 
affected by adsorbed sulfate ions and by dermasorbed 
oxygen. The relationships are very complex, but it ap- 
pears that a narrowing down of possibilities is result- 
ing. Since information is available concerning very 
slow solvent oxidation and relatively fast oxidation of 
the ideal fuel, hydrogen, similar studies made with 
organic fuels of intermediate oxidizability should be 
revealing. 

Manuscript received Sept. 28, 1967; revised manu- 
script received Nov. 20, 1967. This paper will be 
presented at the Boston Meeting, May 5-9, 1968, as 
Abstract No. 185. 

Any discussion of this pa er will appear in a Dis- 
cussion Section to be publisged in the December 1968 
JOURNAL. 

REFERENCES 
1. S. Schuldiner, T. B. Warner, and B. J. Piersma, 

This Journal, 114,343 (1967). 
2. S. Schuldiner B. J. Piersma, and T. B. Warner, 

ibid., 113, 5j3 (1966). 
3. H. Wroblowa. B. J. Piersma. and J. O'M. Bockris. 

J .  Electroa&l. Chem., 6, 401 (1963). 
4. J. O'M. Bockris, H. Wroblowa, E. Gileadi and 

B. J. Piersma, Trans. Faraday Soc., 61,' 2531 
(196.5). . - - . . , . 

5. A. N. Frumkin, This Journal, 107,461 (1960). 
6. A. N. Frumkin, in "Advances in E1:ftrochemistry 

and Electrochemical Engineering vol. 3, pp. 
340-358, Paul Delahay, Editor, 1nt;rsclence Pub- 
lishing Co., New York (1963). 



Vol. 115, No. 4 OXIDATION OF HYDROGEN 365 

7. E. A. Aikazyan and A. I. Fedorova, Dokl. Ak. 11. S. Schuldiner and R. M. Roe, This Jou rna l ,~ l l~ ,  
Nauk, SSSR, 86, 1137 (1952). 332 (1963). 

8. E. Wicke and B. Weblus, Z. Elektrochem., 56, 169 ti: g: ~,h,'-'-'f~~~!'; ~ ~ 7 < 5 2 & ~ ~ ~ \ ~  ibid,, 112, 212 (1952). 
9. V. E. Kazarinov and N. A. Balashova, Dokl. Ak. (1965); T. B. Warner, S. Schuldiner, and B. J. 

Piersma, ibid., 114,1120 (1967). Nauk, SSSR, 157,1174 (1964) ; Dokl. Phys. Chem., 14. T, B, warner and S. Schuldiner, ibid., 115, 28 157,795 (1964). (1968). 
10. A. N. Frumkin and E. A. Aikazyan, DokE. Ak. Nauk, 15. T. B. Warner and S. Schuldiner, ibid., 112, 853 

SSSR, 100,315 (1955). (1965). 

Technical Notes 

The Li/Lit Reference Electrode 
in Propylene Carbonate 
Brian Burrows* and Raymond Jasinski' 

Tyco Laboratories, Inc., Waltham, Massachusetts 

Recent investigations of the Li(Hg)/Li+ electrode 
couple in LiC1-DMSO solutions (1) indicate that the 
electrochemical reaction 

L i t  + e=Li  

has a relatively high exchange current density, thereby 
making the system suitable for use as a reference elec- 
trode. It is reasonable to expect that the exchange 
current density of the same electrode couple in LiC104- 
PC solutions would also be high enough to allow its 
use as a reference electrode. However, for simplicity 
in use, a solid electrode would be preferred. 

The evaluation of a reference electrode of the metal- 
metal ion type (in absence of a liquid junction) in- 
volves showing that (i) potential differences between 
pairs of the same electrodes in the same electrolyte 
solution are reproducibly small and constant over long 
periods; (ii) the electrode potential responds to vary- 
ing cation concentrations in accordance with the Nernst 
equation; (iii) the passage of small amounts of cur- 
rent (microamperes) through the electrode does not 
permanently polarize it. 

Experimental 
All electrochemical measurements and associated 

materials handling were carried out in a water and 
oxygen free (<1 ppm) argon-atmosphere dry box at 
28'C (Vacuum Atmospheres Corporation). 

Both "anhydrous" LiC104 (K&K Laboratories 99.9% ) 
and dried LiC104 (Anderson Physics Laboratories) 
were used to make up solutions. The purified LiC104 
was prepared from 99.9% LiClO4, recrystallized three 
times from water, and heated to just below the melting 
point in a vacuum over a period of several days to re- 
move water. Finally, the sample was fused in vacuum 
and sealed in an argon atmosphere. This crystalline 
LiC104, obtained from Anderson Physics Laboratories, 
contained approximately 0.0015% water (15 ppm) 
and less than 0.0005% chloride. Both "as-received" 
PC (Matheson, Coleman and Bell) and distilled PC 
were used to make up 1M solutions with the dried 
LiClO4. 

A conventional three-compartment Pyrex glass cell 
was used, except where stated otherwise. The test 
lithium electrode was placed in the middle compart- 
ment, the reference compartment contacted the middle 
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compartment through a Luggin capillary, and the 
counter electrode was in the third compartment. A 
cathode follower was employed to avoid undue load- 
ing of the reference electrode-working electrode cell. 
The unity-gain follower was constructed from an op- 
erational amplifier (Philbrick Researches, Inc., Type 
P65AU); the input impedance of this device was 33 
Mohm. 

Results 
An electrodeposited Li (on a Pt-metal substrate)- 

Lit  ion couple was first investigated for use as a ref- 
erence electrode. Initially, experiments were carried 
out in 1M solutions of LiC104 in distilled PC, in a 
beaker using Pt foil counter and pseudoreference elec- 
trodes. Under these conditions, it was found that the 
residual current was <60 pa cm-2 up to -3.0~ vs. Pt 
foil electrode. At -3.6 to -3.8~ vs. Pt, a deposit of 
lithium became visible with the concurrent evolution 
of gas. Gas evolution during the electrodeposition of 
lithium was also reported by Selim et al. (2). The bias 
potentials between four of the electroplated lithium 
electrodes were f 80 mv for periods of time up to 
2 hr. 

The next set of experiments was carried out in a 
1M solution of LiC104 in distilled PC, which had been 
passed over lithium powder. Currents of 60 pa ~ m - ~  
were observed up to -2.4~ vs. Pt and a Li deposit be- 
came visible at about -3.2~. No gassing was observed 
during the deposition of lithium; however, no sig- 
nificant improvement in the potential difference 
tween electroplated lithium electrodes was obser& 

Up to this point no effort had been made to separate 
the counter electrode and the reaction products arising 
at this electrode from reaching the working electrode. 
When this was done by the use of a fritted glass plug 
in a three-compartment cell, lithium was deposited on 
Pt wire electrodes (area 0.2 cm2) from the same solu- 
tion. For example, when a current of >1 ma ~ m - ~  
was used to form a relatively thick and coherent de- 
posit of Li without gassing, a stable potential differ- 
ence of 215 mv was obtained. 

Lithium was then deposited onto two platinum foils 
(area = 1 cm2) from a 1M solution of LiC104 in PC 
at current densities of 1 ma/cm2, and the potential dif- 
ference was monitored in a fresh solution. After about 
3 hr a stable difference of 23 mv developed and re- 
mained steady for a period of 10 hr before the experi- 
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ment was discontinued. Polarization tests indicated 
that the electrodes had a very poor response; consid- 
erable hysteresis was observed. 

Electrodes were then prepared from Li powder with 
a copper wire forming the contact to the external cir- 
cuit. The electrode consisted of a glass tube 0.5 cm in 
diameter and drawn to a tip of 0.1 cm at one end. A 
plug of glass wool was placed in the contracted end, 
and powdered lithium was poured over the plug to a 
depth of about 0.5 cm. A copper wire spiral contact 
was inserted and another plug of glass wool pressed 
over the top of the lithium. Two electrodes of this type, 
when immersed in a 1M solution of LiC104 in PC, had 
a potential difference of 1 mv, which remained steady 
for 10 hr. 

Polarization tests were carried out on the lithium 
podder electrodes by applying a small constant cur- 
rent from a constant current power supply (Electronic 
Measurement Model C623). The polarization was mea- 
sured on a differential d-c voltmeter (John Fluke 
Model 825A). The results are shown in Fig. 1. 

The linear relation between overpotential and cur- 
rent as well as the absence of significant hysteresis in- 
dicate that the electrodes were behaving reversibly. 
It will be noticed, however, that the inverse slope has 
a value of 2.4 x 106 ohms. This large value of resistance 
is probably due in large part to a poor contact between 
the lithium powder and the copper. 

Finally, reference electrodes based on bulk lithium 
ribbon as a substrate were investigated. The Li ribbon 
(K&K Laboratories, Inc., 99.9%, approximately 3 mm 
diameter) was cleaned with acetone before being 
passed into the dry box. Inside the box the surface was 
scraped with a spatula until it was bright and metallic 
in appearance. Three electrodes were then placed in a 
cell containing distilled PC (1M LiC104). The poten- 
tial differences between these three electrodes were 
then monitored over a period of several days. It was 
found that the potential difference between any pair 
was always <1 mv. Furthermore, it was found that 
when a fresh electrode was added to the solution after 
those already present had been submerged for several 
days, the potential differences were still <1 mv. 

A Li electrode in "wet" LiC104 solution rapidly de- 
veloped a dark gray film on its surface, accompanied 
by visible gassing. After the gassing subsided, the po- 
tential difference with respect to a fresh Li electrode 
was always <1 mv. The gray film dried to a white 

Fig. 1. Micropolorizotion test on o lithium powder reference 
electrode in LiC104/PC solution a t  28°C. 

Fig. 2. Micropolorizotion test on o Li wire electrode (area 
opprox. 2 cm2) in LiCIO4/PC solution a t  28°C. 

color after the electrode was removed from the solu- 
tion. 

Having established that the bias potentials were 
small and reproducible, we next carried out polariza- 
tion tests on the solid Li electrodes. It can be seen 
(Fig. 2) that there is a linear relation between over- 
potential and current, indicating that the electrodes 
were behaving reversibly; there was no significant 
hysteresis. The fact that the line does not go through 
the origin is due to the slight bias in potential between 
two lithium rods. A comparison of Fig. 1 and 2 shows 
that the Li ribbon electrode structure is a considerable 
improvement over the Li powder structure and is also 
much simpler to set up. 

Summary 
Three forms of Li/Li+ electrodes were evaluated as 

reference electrodes in 1M lithium perchlorate-pro- 
pylene carbonate solutions. Electrodeposited lithium 
proved to be very susceptible to poisoning by im- 
purities in the electrolyte and by those generated at 
the counter electrode. An electrode constructed from 
lithium powder in a glass tube was stable over pro- 
longed periods of time and showed little hysteresis in 
the micropolarization tests. However, the ohmic re- 
sistance was high, due presumably to poor contact 
with the copper lead wire. 

A lithium ribbon electrode, scraped clean before im- 
mersion in solution, was satisfactory for most work 
and was quite simple to prepare. Hysteresis in the mi- 
cropolarization tests was negligible (<1 mv). Replicate 
electrodes gave potential differences less than 1 mv 
for extended periods of time (days). The electrode po- 
tential was also quite stable in the presence of suffi- 
cient water impurity to give visible gassing. The 
Nernst behavior of the Li/Li+ couple in PC has been 
established by others (3). 
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A New Technique for Studying the Rate of Gas 
Evolution Reactions 

N. Marincic' 

P. R. Mallory & Co., Inc., Laboratory for Physical Science, Burlington, Massachusetts 

Low rate gassing processes were found difficult to 
study, whenever the amount of gas, consumed or lib- 
erated by chemical reaction, was used as an indicator 
of the reaction rate. The proper choice of the gas mea- 
suring technique is of particular importance in the case 
when the control of the gaseous reaction participant 
stands as the only practical alternative. A typical ex- 
ample of this kind is the corrosion reaction of a zinc 
electrode in battery systems, in an alkaline electrolyte 
containing an appreciable concentration of dissolved 
zinc (1). A significant quantity of gas is evolved in 
this corrosion reaction before the change of the zinc 
concentration in solution becomes measurable. The re- 
action rate measurement through the depletion of the 
metallic zinc, as one of the possibilities, is of no prac- 
tical value in this case due to an undefined distribu- 
tion of the corrosion products between the liquid and 
the solid phase. 

Gassing also occurs in rechargeable battery systems 
during charging processes. The quantity of gas pro- 
duced in the latest phase of charging (or overcharg- 
ing) is of crucial importance for the battery perform- 
ance, particularly when a sealed structure is employed. 
The participation of the gassing processes in the over- 
all energy consumption during the charging could 
easily be estimated, provided an accurate method was 
available for measuring the amount of gas evolved. A 
more convenient and eventually more accurate method 
is needed for this type of study than the usual gas 
coulometry with direct volume reading of the quan- 
tity of gas collected (2).  

The two examples mentioned above dictated the de- 
sign of the techniaue for the eas measurement de- 

the modus operandi was suggested, apart from the 
very careful evaluation of the performance determin- 
ing factors. 

The method employed in this work was designed for 
the determination of small amounts of gas produced 
either in a corrosion reaction in solution or as a by- 
product of an electrochemical reaction. It is based on 
the measurement of the change of buoyancy due to 
the gas collected under a glass bell, immersed in the 
solution. The method can be applied in any reaction 
rate study, whenever gas is involved, either as a re- 
action product or one of its participants. 

Theoretical 
A schematic representation of the technique em- 

ployed is shown in Fig. 1. An increase of the volume 
of gas, generated under the bell (V-V.) will result in 
a buoyancy change (AG) under constant pressure and 
temperature. 

AG = (V-Vo)u0 [I]  

if u, is the density of the liquid in which the bell is 
immersed. The total quantity of gas under the bell at 
the beginning of the experiment can be expressed as 

where no is the number of moles, Pbo is the initial 
barometric pressure AHu, is the hydrostatic component 
of the total pressure of the gas. With the number of 
moles of n, of the gas generated during the experiment, 
n, moles of vapor will be formed over the liquid in 
order that constant vapor pressure be preserved. These 
two auantities are related to each other as follows 

scribed in this paper. 
- 

A very detailed study of the gas coulometer has been n, = n, P d  (Pb + AHu, - P,) [31 
done in the past (3) a sa  part of general effort to estab- where P, is the vapor pressure of the liquid and Pb 
lish the true value of the Faraday. The weight of mer- 
cury displaced by the hydrogen-oxygen mixture 
evolved in an electrolysis reaction was measured. A 1 1 
balance of a remarkable high capacity-accuracy rela- 
tion was used in this method among other precautions 
undertaken to maximize the accuracy of the measure- - - - - 
ment. A limitation of the method, however, rested on 
the fact that the displaced mercury was being collected - - - 
in drops coming out of a capillary with the single drop 
weight being anywhere between 1 and 20 mg. A t  

Several other basic studies have been done on cou- 
lometric technique dealing either with the problem of .- - -  
the impurities incorporated in silver deposlts in the 

- 
--- - 

silver coulometer (4, 5) or with the other experi- - 
mental conditions concerning the accuracy of the mea- - 
surement (6, 9). The hydrogen-oxygen coulometer was 
thoroughly re-examined (10, 11) long after the basic 
study of the instrument has been done (3). It was 
found to be a sensitive instrument, if all the influenc- 
ing were under change in Fig. 1. Schematic representation of the gas measuring tech- 
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is the actual barometric pressure at the moment of 
the measurement. Since the total quantity of gas un- 
der the bell is related to the volume of the gas in the 
manner 

Eq. [2] and [3] with Eq. [41 lead to the expression 

Equation [5] gives with Eq. [I] after rearranging a 
final expression relating the moles of the gas gen- 
erated at the measured buoyancy change 

The V1C-member of the right-hand side of Eq. [6] 
is added to the expression afterward in order to pro- 
vide the correction for gas solubility ( C )  in a given 
volume of liquid (Vl) .  

Certain correction factors can be eliminated from 
the general expression (6) depending on the con- 
ditions of the experiment and the accuracy require- 
ments. 

(a) The barometric pressure change during the 
course of the experiment (Pb - Pb,) becomes irrele- 
vant in high reaction rate measurements, when the 
experiment is completed in a short period of time, or 
when the barometric pressure is otherwise stable dur- 
ing the experiment. In such a case no calibration of the 
initial volume is necessary. 

( b )  The initial volume of the gas (V,) can be elimi- 
nated from the expression if the bell is completely 
filled with the solution at the beginning of the ex- 
periment. This also eliminates the need for barometric 
pressure change correction, (Pbo) and vice versa. 

(c) The hydrostatic pressure (AHu,) depends on the 
design of the bell and can be made negligibly small 
for the majority of the experimental requirements 
particularly when low density solutions are used. A 
100 mm difference between the inside and the outside 
'liquid level means 1% difference in pressure reading 
under standard pressure and temperature conditions. 

( d )  The correction for the gas solubility.is of some 
importance depending on the nature of the gas. Since 
hydrogen evolution occurs in a majority of metallic 
corrosion processes, its low solubility in a variety of 
the electrolytes (12) has no significant influence on 
the results of the measurement. 

(e)  The vapor pressure of the solution has to be 
known in order to estimate its influence on the results 
of the measurement. It is well-defined for a large 
number of solutions and can also be calculated for 
dilute solutions. 

The general expression (6) is reduced to 

when a high degree of accuracy of the measurement is 
not required, i.e., under the conditions described above. 
Reduced Eq. [7] shows the direct transfer of each ml 
of the gas generated into Ig difference in the buoyancy 
recorded on the balance. 

Experiments and Results 
The validity of the experimental technique was 

tested in a cell similar to the one represented in Fig. 2. 
Two platinum electrodes were used to generate hy- 

drogen electrolytically with the anode situated outside 
the bell. The central tube with the stopcock at the end 
was used for bleeding the bell in order to flood the 
electrode. It also provided the means for removal of 
the gas collected under the bell without dismounting 
the cell. The testing was done with 3M KOH and the 
results are shown in Fig. 3. 

Fig. 2. Experimental set-up for the cell gassing measurement 

Fig. 3. Comparison of the results with the theoretical hydrogen 
evolution mte. 

The discrepancy between the experimental points 
and the theoretical line illustrates the effect of the 
correction factors, summarized in general Eq. 161. The 
accuracy of the measurement is proved to be higher 
than required for the experimental conditions given. 

The set-up shown in Fig. 2 was used for the evalu- 
ation of experimental galvanic cells, i.e., for gas evolu- 
tion measurement in the course of charging of re- 
chargeable cells. The platinum electrodes were used 
only as leads to the cell electrodes in this type of 
measurement. They were, obviously, not flooded in 
this case. The initial free volume in the bell had to be 
calibrated (V,) for an accurate gas quantity calcula- 
tion. A typical charging curve for an alkaline MnOz- 
zinc cell is represented in Fig. 4 accompanied with the 
corresponding gas generation curve. The charging 
process was continued beyond the practical voltage 
cut-off point in order to follow the gas evolution curve 
all the way to water electrolysis. The ultimate slope 
of the gassing curve represents a gas evolution rate 
of 1.07 ml/min and is in good agreement with the 
theoretical gas evolution rate of 1.05 ml/min for the 
given set of the experimental conditions. 

Conclusion 
The measurement method described above is found 

to be reliable for gas evolution studies. In fact, an 
accuracy of the measurement can be achieved beyond 
that required for the majority of practical problems. 
It offers a means of registering the gas bubbles as 
they are generated with no need to collect the gas at 
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F ~ ~ .  4, ~~~~~~l charging curve for an MnOz-zinc rys- Fig. 5. Proposed set-UP for the simultaneous recording of the 

tern with the corresponding gas generation curve. gas evolution rate and the solid-state transformation rate. 

method, 1 amp-sec results in a change of buoyancy of 
certain particular section of the measuring device. 116 mg. This represnts the increase in the sensitivity of 
This seems to be very convenient in the study of the measurement by factor of 350. 
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Influence of Thin Noble Metal  Films on Zirconium 
Oxidation 

A. Fiegnal and P. Weisgerber 

EURATOM-CCR, Ispra, Italy 

Attempts were made for several years to measure 
electrical properties of oxides on metal surfaces dur- 
ing the oxide forming reaction between metal and 
gas phase (1-5). In those cases where the current 
density or the dielectric capacitance were investigated, 
the area of current flow was limited by a suitable con- 

Key words: Reaction kinetics, oxidation, zirconium, metal fllms, 
gold, silver, platinum, cathode sputtering, markers. 

Present address: Centro di Studi suila Corrosione-Instituto 
Chimico dell'VniversitA dl Ferrara-Ferrara-Italy. 

tact. Some investigators (4,5) used noble metal films 
deposited by evaporation techniques on the metal sur- 
faces. Joergensen (4) observed that thin films of 
platinum, deposited by cathodic sputtering, did not 
alter the reaction rate of zinc single crystal faces in 
oxygen. 

In order to find suitable contacts for the measure- 
ments of electrical properties of zirconium oxide on 
zirconium metal during the oxide forming reactions, 
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the influence of the metallic deposits on the reaction 
rate had to be investigated. At first sight a possible 
decrease of the reaction rate was expected, assuming 
that the noble metals blocked the access of the oxi- 
dant to the zirconium. 

Experimental Procedure 
Sheets 0.1 x 15 x 50 mm were made from crystal 

bar zirconium by repeated rolling, cleaning of the 
surface by electropolishing, and annealing at 750°C in 
vacuum ( p  < 10-5 Torr). 

Different series of samples were coated on both sides 
with uniform films of platinum, gold, silver, palladium, 
iridium, or rhodium by cathodic sputtering in high- 
purity argon. The thickness of the noble metal film 
deposits could be roughly estimated between 100 and 
3O@X from the transparency of the underlying glass 
plates, which served as target supports during the 
sputtering process. This was confirmed by later mea- 
surements carried out with a quartz crystal monitor. 

Thickness control during the sputtering process was 
achieved by resistance monitoring between silver paint 
contacts of 1 cm length and 1 cm distance. All Pt 
and Au deposits were stopped at a resistance of 100 
ohm and those of Ag at 30 ohm. 

Thermogravimetric experiments were carried out 
in a continuously recording thermobalance. The oxygen 
atmosphere in the balance was established by filling 
the preevacuated system with high-purity oxygen to 
a pressure of 10 Torr. The water vapor atmosphere 
was made from distilled water, degassed by boiling 
in vacuum in a glass flask. The latter was then held 
at 11.2'C by a cryostat and connected to the preevacu- 
ated system. The temperature regulation of the cryo- 
stat maintained the pressure in the system auto- 
matically at 10 Torr. 

For every experiment a series of 6 specimens, cor- 
responding to a total surface area of 90 cm2, was in- 
serted on a platinum specimen holder into the thermo- 
balance. The reaction temperature was in all cases 
450°C and the duration of the experiments between 
100 and 120 hr. 

Experimental Results 
Weight gains for the experiments in oxygen atmo- 

sphere are plotted in Fig. 1 on double logarithmic 
scale. Values for noncoated zirconium were in rea- 
sonable agreement with the literature (6). The re- 
producibility between series of specimens from the 
same preparation lot was within the precision of the 
thermobalance. After the oxidation process the speci- 
mens were covered with the usual black oxide. 

The weight gain of the platinum coated specimens 
was about two times higher than that of the un- 
coated zirconium while the order of the reaction did 
not change considerably. After the oxidation the sur- 
face of the specimens were metallic, brilliantly re- 
flecting, and only slightly darker than platinum coated, 
but nonoxidized specimens. It can therefore be con- 
cluded that at least the greater part of the depositea 
platinum remained unaltered at the oxide-gas inter- 
face. 

Fig. 1. 
450°C. 

Oxidation in dry oxygen at  P% = 10 Torr and 
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Fig. 2. Oxidation in water vapor at  P H ~ O  = 10 Torr and T = 
450% 

The weight gain of the gold coated specimens dif- 
fered only slightly from that of uncoated specimens. 
The surface after oxidation was that of the normal 
black oxide with a few isolated small areas of a 
slight gold tint. Here the original metal deposit had 
almost completely disappeared, probably by diffusion 
into the zirconium oxide. 

The weight gain of the silver coated specimens 
agreed with that of the uncoated specimens for the 
first 24 hr of the oxidation process. Afterward a rapid 
increase in the reaction rate took place, approaching 
linearity with time. The oxidized specimens looked 
brilliantly metallic, but at several places aggregates 
of white powdery material were found. This is similar 
to the "post transition corrosion" observed during 
the aqueous corrosion of zirconium. Obviously the 
same phenomenon occurred here as an effect of the 
silver film. 

The results of the oxidation experiments in water 
vapor are plotted in Fig. 2. Recently experiments in 
water vapor of 10 mm Hg were carried out (8). Re- 
sults are not comparable because that work concerned 
the early stages of the oxidation process, and ob- 
servation times and temperatures differ too much from 
our conditions. Despite the lack of literature values 
for the oxidation of zirconium in water vapor at 
pressures lower than 1 atm, the weight gains found 
seem to be reasonable. Compared with weight gains 
at 100 and 1 atm at 450°C which differ by a factor of 
about 40 (61, these values at 0.001 atm differ by a 
factor of 38 from those at 1 atm. 

In water vapor all noble metal coated specimens 
had an increased reaction rate. 

The surface of the platinum and silver covered 
specimens were brilliantly metallic and only slightly 
darker than before oxidation. "Break-away" phe- 
nomena were not found. The gold again disappeared 
leaving only a few gold tinted spots at some places. 

The reaction constants followed Eq. [I] 

mu= ( k t )  111 

where m = mass of oxide formed in g/cm2, t = time 
in sec, and n and k are reaction constants given in 
Tables I and 11. The time during which these con- 
stants are valid is also indicated. 

The hydrogen uptake of the specimens oxidized in 
water vapor was analyzed, and the data are given in 
Table 111. The yield was calculated from the total 
weight gain, assuming 100% uptake for the case that 
all hydrogen formed from the water would be ab- 
sorbed. The relatively low yield in the case of platinum 
may be due to the fact that, during this experiment, 

Table I. Reaction constants for the oxidation at 450'C in 
dry oxygen (P* = 10 Torr) following equotion rnn = k t 

n k[ (g cm-1)"sec-11 Validity (hr) 

Uncoated 2.18 1.4 . 10-'J 1-100 
Silver coated 2.03 5.2 . lo-'" 1-30 
Gold coated 2.31 0.51 . 1Wv? 1-100 
Platlnum coated 2.42 0.81 . 10-u 3-100 
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Table II. Reaction constants for the oxidation a t  450% in 
water vapor (PH~o = 10 Torr) following equation mn = k t 

n kf (gcm-'4naecll Validity (hr) 

Uncoated 2.51 12 . 10-1s 3-100 
Sflver mated 2.48 3.4 . 10-'8 3-100 
Gold coated 2.62 0.51 . 1- 32-100 
Platlnum coated 2.15 18 . 10-U1 3-100 

Table Ill. Hydrogen uptake from oxidatibn in water vapor a t  
PH~O = 10 Torr and 450°C 

Specimen 
Yield 

& ( P P ~ )  M o l  % 

Uncoated 80 13 
Platinum coated 89 4.5 
Gold coated 73 10.2 
Sllver coated 251 15.5 

a vacuum pump was connected to the system with 
a needle valve. The water vapor was drawn off 
continuously at a constant pressure of 10 Torr in the 
system, but had the effect of keeping the partial 
pressure of hydrogen envolved from the reaction at 
a lower value. Because of the failure of the pump 
the other experiments were carried out in the static 
system, i.e., with increasing partial pressure of hy- 
drogen during reaction. 

Oxidation of specimens coated with palladium, 
rhodium, and iridium were expected to form the 
stable noble metal oxides (7) .  

Conclusions 
Thin noble metal film deposits of 100-300A thick- 

ness on zirconium did not block the surface from 
reaction with oxygen and water vapor at 450°C. This 
is not surprising if one takes into account that film 
deposits in that thickness range are not uniform, but 
consist of isolated nuclei. Instead of blocking oxygen, 
a catalytic effect was observed which resulted in an 
increase of the reaction rate for platinum and silver 
coated samples in water vapor, and for platinum 
coated samples in oxygen. Silver coating did not 
influence the rate in oxygen in the initial phase, but 
later on transition to "breakaway corrosion" began. 

The catalyzing effect could be explained by different 
assumptions: 

1. The metal deposits increase the adsorption of 
oxygen or water at the oxide-gas interface. 

2. The metal deposits catalyze the ionization of ad- 
sorbed oxygen or water at the oxide-gas interface. 

3. The metal deposits produce stresses in the under- 
lying oxide influencing the number and mobility of 
dislocations. 

4. Small fractions of noble metal ions diffusing into 
the oxide increase the number of oxygen ion vacancies 
and thereby the mobility of oxygen. 

5. The metal deposits emit electrons into the oxide 
increasing the oxygen vacancy concentration and the 
mobility of oxygen. 

Whichever of these explanations is right, the in- 
fluence of the deposits on the oxide has to be taken 
into account when measuring electrical properties. 
Because there is little hope of eliminating these effects, 
and their magnitude in the case of zirconium is within 
the limits known to result from different surface 
treatments or specimen preparations, platinum seems 
to be the most suitable contact material. 

The behavior of the gold deposits excludes applica- 
tion at reaction temperatures on zirconium. 

On the other hand, care has to be taken in the 
choice of noble metals for inert marker experiments 
to determine the mobile ion species during oxide 
forming reactions. It is shown here, that different 
noble metals could lead to contradictory conclusions. 

Manuscript received Oct. 4, 1967; revised manuscript 
received Dec. 18, 1967. 

Any discussion of this a er will appear in a Dis- 
cussion Section to be pubgsged in the December 1968 
JOURNAL. 
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Multiple Twin Structures in Electrodeposited Silver Dendrites 

I. Smit, F. Ogburn,' and C. I. Bechtoldt 

Natioml Bureau of Stanclards, Washington, D. C. 

The structure of electrodeposited dendrites of FCC 
metals, particularly of silver, has been the subject of 
several communications (1-7). These investigations 
have been conducted on dendrites produced from 
both fused salt and aqueous systems. The dendrites 
are described as being usually in one of two forms, 
i.e., acicular and growing in the <110> direction or 
planar and growing in the <112> direction. Twinning 
in these dendrites has not been uniformly reported. 
With respect to silver dendrites formed in fused salt 
systems, Bockris (2) ,  on the basis of x-ray diffraction 
and metallographic evidence, reports twinning in the 
planar form dendrites. Reddy (7) also reports twin- 
ning, but on the basis of metallographic evidence 
alone, as does Faust and John (8) in their examina- 
tion of dendrites supplied by Hudson (3) .  In aqueous 
systems Kikuchi (6) has observed twinning in planar 

form dendrites growing in the <112> direction. 
Wranglen, however, does not report twinning (1 ,4  
Faust et al. (9) report observing twinning in the for f 
of crossed lamella within the matrix of a single ori- 
entation. In the last case the lamella are each in twin 
relation to the matrix but not in twin relation to each 
other. In no case has multiple twinning, i.e., more than 
three orientations about a common zone axis, been re- 
ported in silver. 

Faust and John (10) describe multiple twinning 
configurations in semiconductor FCC materials de- 
posited from the m.elt. They classify twinning modes 
or configurations as follows: ( i )  Class I twinning, in 
which (111) composition planes appear to radiate from 
a central point and are 70°32' apart. The orientations 
are pie shaped and mutually exclusive. (ii) Class I1 
twinning, in which (111) composition planes are paral- 

Electmchemieal Soclety Active Member. lei. In this case one orientation is minor to another 
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Fig. 1. Class I twinning. Four orientations. Dashed lines indicate 
{Ill) composition planes. <110> direction normal to paper. 

C 

Fig. 2. Class II twinning. Two orientations. Dashed lines indi- 
cate {Ill) composition planes. <110> direction normal to 
paper. 

and contained within it in the form of a band or 
lamella. 

Figures 1 and 2 are sketches of idealized cases of 
both classes of twinning. 

It is the purpose of this communication to report 
experimental observations of the structure of silver 
dendrites electrocrystallized from aqueous solutions 
with reference to the classes of Faust and John. This 
investigation was undertaken to supplement our frag- 
mentary knowledge of the roll of growth twins in the 
formation of electrodeposited dendrites. 

Description of Apparatus and Techniques 
Electrocrystallization was conducted in Pyrex ves- 

sels 44 mm in diameter and 80 mm high. The dendrites 
were produced on silver wire cathodes in 70 ml of 
0.5M AgNOs. The solution was prepared from reagent 
grade AgNOs and distilled water. A silver wire in a 
Luggin capillary was used as a reference electrode. 
The tip of this electrode was positioned approximately 
halfway between the two active electrodes and was 
used to maintain potentiostatic control of the system 
during deposition. The potential values reported here 
include the IR drop between the reference electrode 
and cathode, which varies substantially as the dendrite 
grows toward the anode. Dendritic growth was in- 
duced at cathode potentials of at least 300 mv and 
then maintained potentiostatically at approximately 
160 mv. Growth was permitted to proceed until the 
dendrites attained a length of at least 1 cm. Dendritic 
growth often proceeded at a rapid pace and has been 
observed here at rates up to 1.2 mm/min. After growth 
termination the dendrites were removed carefully 
from the electrolytic solution, washed in distilled 
water, air dried, and mounted with the base end 
secured in clay plugs fixed to the inner surface of 
polyethylene bottle caps. These caps were then se- 
cured to 4 or 6 dram vials. The dendrites were now 
fully enclosed and protected against mechanical shocks 
and corrosion. The dendrites remained thus secured 
until such time as detailed optical goniometric, x-ray 
diffraction, and metallographic examinations were 
undertaken. 

Observations 
In the course of this investigation 38 dendrites were 

examined. The dendrites ranged from one-fourth to 
one millimeter thick and were at least one centimeter 
long. All specimens contained bright shiny well-de- 
fined facets. Preliminary two circle optical goniometric 
surveys and x-ray diffraction examinations (preces- 
sion alignment and rotating crystal patterns) indicated 
the dendrites to be fundamentally twin crystals with 
composition planes and growth axis parallel to the 
<110> direction. Although the full extent of multiple 
twinning is not necessarily revealed by the use of 
optical equipment alone, the optical data did indicate 
in all cases the existence of twinning. All dendrites 
examined were of acicular form and were clearly 
faceted, mainly on the <110> zone. The most fre- 
quently observed facets on this zone were the {I l l )  
facets, then the (100) and (112) facets; {110) facets 
were seen also, but only rarely. As many as six orien- 
tations in twin relation were identified in this manner. 
Low orders of twinning, that is, two and three orien- 
tations in twin relation, are exhibited generally in 
those crystals having relatively large smooth bright 
surfaces. These crystals frequently appeared x shaped 
in cross section with crevasses extending down the 
entire crystal length. High orders of twinning, that is, 
four and more orientations in twin relation, are char- 
acteristic of crystals having jagged appearing surfaces 
containing many nodes or knobby protuberances. 

Zero level <110> Weissenberg patterns of the den- 
drites confirmed and, in some cases, expanded on the 
preliminary findings. The extent of twinning was de- 
termined from the number and position of the (111) 
spots. The <110> zone of a single orientation (FCC) 
contains in a 180" interval two {I l l )  spots, providing 
the interval does not start on a spot. Each additional 
orientation in twin relation generates one new {I l l )  
spot. The {I l l )  spot common to two orientations rep- 
resents the composition plane. Up to eight orientations 
in twin relation were revealed in this way. Figures 3, 
4, 5, and 6 are zero level <110> Weissenberg patterns 
showing 2, 4, 6, and 7 orientations, respectively. The 
film translation is approximately 100 mm (200 de- 
grees). K, molybdenum radiation was used to produce 
the patterns. This radiation was selected principally 
because of the atomic number and irregular thickness 
of the dendritic material. In photographs 5 and 6 
some streaking is observable between {I l l )  spots 3.6 
mm (7.4 degrees) apart. It is slight and has been en- 
hanced by both over exposure of the original photo- 

Fig. 3. Zero level. {110) Weissenberg diffraction pattern show- 
ing two orientations in twin relation. 
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Fig. 4. Zero level. (110) Weissenberg diffraction pattern show- 
ing four orientations in twin relation. 
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Fig. 5. Zero level. {110} Weissenberg diffraction pattern show- 
ing six orientations in twin relation. 
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graphs and by reproduction. Nonetheless it may be 
indicative of strains in the orientations involved. 

In the majority of cases the number of orientations 
discerned optically was the same as the number of 
orientations as determined from the Weissenberg pat- 
terns. This was particularly so for the low orders of 
twinning. The majority rule held for the higher orders 
of twinning as well except that in several cases more 
orientations were revealed on the Weissenberg pat- 
terns than were displayed optically. 

A determination of the consistency of twinning 
through a dendrite was made by examining some den- 
drites at two positions along the growth axis. Weissen- 
berg {110) zero level patterns were obtained of these 
dendrites near the growth tip and in the base region. 
In each case the number and position of the orienta- 
tions at the tip agreed with the number and position 
at the base. 

The classes of twins as described by Faust and John 
(10) and detailed here in the introduction were ob- 
served in metallographic sections taken normal to the 
growth axis of dendrites electrodeposited during this 
investigation. 

Figure 7 is an example of Class I twinning showing 
five orientations about an axis. The observations here 
reported were made on specimens mounted, ground, 
and polished according to standard metallographic 
practices. The details of the structure were most often, 
though not consistently, brought out using an etchant 
prepared by combining, just prior to use, at a ratio of 
1: 1 a 5% solution of KCN in distilled water with a 5% 
solution of (NH4)zSzOs in distilled water. However, no 
etching system and schedule used produced good re- 
sults consistently. It appeared that simple twin bound- 
aries could not be clearly developed consistently. The 
maximum number of related orientations observed in 
Class I type specimens was six. This was in agree- 
ment with both the optical and x-ray data for that 
specimen The maximum number of orientations ob- 
served in Class I1 type specimens was three. This also 
was in agreement with optical and x-ray data. In the 
latter specimen two orientations appeared as 10# wide 
crossed lamella in a third predominant orientation. 
This same specimen showed only one orientation on a 
27-hr exposure Weissenberg pattern taken using a Mo 
target tube at 50 kv and 15 ma. An increase of ex- 
posure time to 90 hr at the same conditions brought 
out faintly the two orientations of the lamella forms. 

Dendrites containing both classes of twins simul- 
taneously were also observed. This is illustrated in 
Fig. 8 and 9. 

Fig. 6. Zero level. {110) Weissenberg diffraction pattern show- Fig. 7. Class I twinning showing five orientations about a central 
ing seven orientations in twin relation. axis. XI500 before reduction. 
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Fig. 8. Combination of Class I and I I  twinning. X500 before 
reduction. 

Fig. 9. Combination of Class I and II twinning. Five orientations. 
Dashed lines indicate (111) composition planes. <110> direction 
normal to paper. 

Discussion 
This note has brought to attention modes of multi- 

ple twinning as encountered in the electrocrystalliza- 
tion of silver from aqueous solution. Multiple twinning 
involving up to eight orientations is reported. No ex- 
ception to twinning was uncovered among the 38 sil- 
ver dendrites examined during this study. Every one 
was made up of two or more crystals in twin relation 
with all the composition planes parallel to the growth 
axis. Our observations were, of course, limited to a 
specific set of conditions and to rapidly growing den- 
drites. Hence, we cannot make any generalized state- 
ment concerning all dendritic growth. The inference 
here, however, is that the twinned structure is in- 
volved in the growth mechanism. We are also im- 
pressed by the fact that in the literature, wherever 
dendritic growth by electrodeposition has been rapid, 
i.e. mm/hr, a twinned structure has been present. This 
has been reported by Barton and Bockris (2) (silver), 
Reddy (7) (silver), Ogburn et al. (5) (lead), and 
Bechtoldt et al. (11) (molybdenum). From these and 
other experimental observations it is evident that 
twinning plays an important role in the growth proc- 
ess. It exerts a profound influence on the shapes of 
dendrites, on their directions of growth, and on the 

Fig. 10. Composite Class I twinning. Twelve orientations. Two 
axes of twinning. Dashed lines indicate {I 11) composition planes. 
<110> direction normal to paper. 

cathodic polarization. Where twin lamella occur, the 
twin plane re-entrant-edge mechanism of Faust and 
John seems adequate. The same mechanism may also 
be applicable to the radiating twin structure, although 
it remains to be shown that faceting suitable for re- 
entrant edges occurs. {I l l )  Faceting is suitable for 
twin lamella, but not for radiating twin structures. 
However, electrodeposited silver develops other facets, 
such as {571) observed by von Dauber (12) and by us. 

One may ask how many twin related orientations 
are possible in a dendrite. We have detected eight and 
no more, but there is no reason to think that more 
than eight could not occur. At this time the only rules 
that we can apply to this twinning are (i) the com- 
position planes are {Il l)  and (ii) they are parallel to 
the growth axis. Faust et al. (9) show that in the case 
of radial twinning, a mismatch boundary or void must 
occur. With no more restrictions, it is very easy to 
conceive of a variety of twin configurations, many of 
which include more than eight orientations. For exam- 
ple, Fig. 10 shows twelve orientations associated with 
two centers for radial twinning and lamella. 

Acknowledgment 
This research was supported by the Advanced Re- 

search Projects Agency of the Department of Defense 
under Project DEFENDER. 

Manuscript received Oct. 5, 1967; revised manuscript 
received Dec. 14, 1967. 

Any discussion of this paper will ap ear in a Dis- 
cussion Section to be published in the gecember 1968 
JOWRNAL. 

REFERENCES 
1. G. Wranglen, Trans. Roy. Inst. Technol. Stock- 

holm, 94,13-15 (1955). 
2. J. L. Barton and J. O'M Bockris, Proc. Royal Soc., 

268,494 (1962). 
3. L. Yang, C. Chien, and R. G. Hudson, This Journal, 

106,632 (1959). 
4. A. M. Shams El Din and G. Wranglen, Electrochim. 

Acta, 7,79 (1962). 
5. F. Ogburn C. Bechtoldt J. B. Morris, and A. de 

~ o r a n y i ~ ~ h i s  Journal 112,574 (1965). 
6. M. ~ i k u c d i  and R. ~aAazaki .  Denki Kagaku, 33, 

283 (1965). 
7. T. B. J. Reddy This Journal, 113,117 (1966). 
8. J. W. Faust, jr., and H. F. John, ibid., 108, 109 

(1961). 
9. J. W. Faust, Jr., Daniel Kahan, Fielding Ogburn, 

and A. W. Ruff, Jr., ibid.. 114, 1311 (1967). 
10. J. W. Faust Jr., and H. F. John, J. Phys. Chem. 

Solids, 25,'1409 (1964). 
11. C. J. Bechtoldt, F. Ogburn, and J. Smit, To be 

published. 
12. H. von Dauber, Ann. Chem. & Pharm., 78,68 (1851). 



JOURNAL O F  T H E  ELECTROCHEMICAL SOCIETY 

SOLID STATE 
SCIENCE 

Chrrlu 1. Rust, Chairman, PubHwtlon Committee 

C M n  Mwe, Dlrector ol Publlcatlons 

DIVISIONAL EDITORS 

Hufy C. cntrr, C o n o s l ~ m l c o n d u c t o n  

Nnr tm Schwuk, Dlslectrlcs and Insulation 

W m c e  YDmnI, Dlelectrlcs and Insulation 

gkr lm Banla, Electrmlcr 

Slmm Lnck, E lsc tm lu  

I. Wnnm, Electronlck-Smlconductors 

?. Wan& Electrffller-Semlconductora 

Ceorga I. Crmln, Electronlca-Ssmlconductors 

J. M. W#UII, Electrffllcs-Ssmlconducton 

H. Clay Cutm, Electronldemlconductom 

J. M. Blocher, Jr., Electrothermlcs and Metallurgy 

I. H. WeslbrWL, Elwtrothermlcs and Metallurgy 

Jmn IukaW.Mrttvck, Electrothermlcs and Metallurgy 

areas as dnelectrics a n d  lnsula- 
ton, electrotherm~cr and metal- 
lurav. sem~conductors. lum~nes- 
cei& and related d i d  
investigations. 

state 



Time-Temperature Superposition Theory for Electrets 
Bernhard Gross 

National Nuclear Energy Commission of Brazil, Rio de Janeiro, Brazil 

ABSTRACT 

The previous theory applies to isothermal behavior of dielectrics. It corre- 
lates current transients and dielectric loss curves obtained at different, but 
constant temperatures. A theory of nonisothermal effects is, however, needed 
to describe the conductivity glow curves during heating or the current tran- 
sient during the thermal release of a "frozen-in" charge. The outline of such 
a theory is developed in the present paper. It is based on the principles of 
linearity and of charge invariance. Charge invariance means that the amount 
of charge which can be released by reheatin a dielectric containing a frozen- 
in charge is a state variable depending onyy on !he state of the system at 
the time when the reheatinn begins. The relaxation tlme can then be ex- 
pressed in terms of a time- a id  temperature-independent distribution param- 
eter. The generalized distribution function. which corresponds to the distribu- 
tion of reiaxation times of the isothermal system, is a-function only of the 
distribution parameter and therefore independent of temperature. The for- 
malism of rate theory is used to obtain an explicit expression for the relaxa- 
tion time in terms of temperature and of activation energy. A simple mathe- 
matical model is obtained using an empirical expression for the distribution 
function. To account for the extremely strong temperature dependence of 
the current one must assume that states with high activation energies are 
much more frequent than states with low energies. 

The isothermal behavior of dielectrics under dif- 
ferent types of stress, in the time and frequency do- 
mains, has been investigated extensively. At an early 
stage of the theory, Wagner (1) formulated his "Law 
of Corresponding States" by which he was able to 
correlate discharge, current and dielectric loss curves 
at different, but constant temperatures. In the ana- 
logous case of linear viscoelasticity a similar method 
has yielded "master" curves which correctly describe 
the behavior of systems over wide ranges of time, fre- 
quency, and temperature (2).  The method is now 
called time-temperature superposition theory. The be- 
havior of electrets is, however, characterized by non- 
isothermal transitions to which the theory in its pres- 
ent form does not apply (3). The lack of an ade- 
quate analytic theory of nonisothermal effects makes 
it difficult to obtain a systematic presentation of ex- 
perimental results. In the present paper an attempt is 
made to formulate such a theory. For numerical ap- 
plications an explicit expression for the distribution of 
relaxation times must be given. It is shown how such 
an expression can be obtained under rather general 
conditions and how it leads to a simple mathematical 
model. 

Charge lnvariance 
The theory is based on the postulate of charge in- 

variance: The amount of charge which can be re- 
leased by reheating an electret containing a "frozen- 
in" charge is a constant which depends only on the 
state of the system at the time when the reheating 
begins, not on subsequent heating rate and tempera- 
ture. This assumption is by no means trivial although 
it seems to have been made implicitly by most authors 
on the subject. Thus it seems worth while to present 
here the experimental evidence (4) in some detail 
and subsequently to give a mathematical formulation. 

Experimental.-Experiments were made with sam- 
ples of filtered yellow prime carnauba wax with 
~ainted-on silver electrodes. of 1 mm thickness and 20 

and reached peak values when the temperature be- 
came constant. The final constant value of the current 
represents the ohmic conductance. Thus when the heat- 
ing rate was very low, the transient became obliter- 
ated by the ohmic current. The current transients in- 
dicated that the polarization of the system increased 
due to the increase in temperature although the ap- 
plied voltage remained constant. 

Figure 2 gives current as a function of tempera- 
ture, during heating and during -cooling. The heating 
curves are derived from the corresponding curves of 
Fig. 1. During all measurements, i.e., during heating 
and during cooling, the same constant voltage was ap- 
plied. For the cooling curves, samples were charged 
at 60.5" during 13 hr before the temperature was re- 
duced. All cooling curves are identical although cool- 
ing rates varied within a wide range of values. This 
absence of any current transient during cooling, con- 
trasting strongly to what happens during heating, 
proves that the polarization of the sample remains 
constant if the temperature is reduced while the volt- 
age remains applied. Obviously if there was any 
change in polarization this would have to manifest 

,ma area, under a voltage of .118v. 
Figure 1 gives heating transients for different heat- 

ing rates. Samples were first polarized at room tem- + 
lapAf 

perature for 24 hr; subsequently the temperature was 20 
raised as shown in the bottom part of Fig. 1. The 0 1 2 3 4 5 6 h  

voltage was applied during the heating period. Cur- t -  

rents increased strongly with increasing heating rate Fig. 1. Polarization currents as a function of time for different 

Key words: Electrets: diebctric theory (nonisothermal): heating rates. TOP: currents as a function of time; bottom: cone- 
superposition theory; electrical relaxation systems. sponding temperatures. 
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Fig. 2. Current as a function of temperature. Curves 1 to 5: 
heating curves. (Curves 2 to 5 of this figure correspond to curves 
1 to 4 of Fig. 1). Average heating rates were: curve 1, 1.35'C/min; 
curve 2, 1.25"C/min; curve 3, 0.5"CImin; curve 4, 0.21°C/min; 
curve 5, 0.095"C/min. Curve 6: Cooling curves. Average cooling 
rates were: open circles 0.6°C/min; solid circles, 0.23"C/min; 
crosses 0.05°C/min. 

itself by a depolarization or discharge transient in 
the same way as the polarization of the sample gives 
a charging transient. 

Figure 3 gives depolarization curves in short-circuit 
following polarization experiments during which 
charge was "frozen-in" under different cooling con- 
ditions. Samples were charged at 60.5"C during 3 hr, 
cooled to room temperature with different cooling rates, 
and shorted. They were kept in short-circuit and sub- 
sequently reheated under identical conditions. De- 
polarization curves, as shown in Fig. 3, are approxi- 
mately identical and indicate no systematic depend- 
ence on cooling rate. 

These experiments show that the storage capacitance 
is independent of temperature during cooling. Further 
direct evidence has been obtained by Murphy (5). He 
found that the time integral over the depolarization 
current of a series of identically polarized samples was 

Fig. 3. Depolarization curves. Polarization time: 3 hr at  60.5'C. 
Average cooling rates (with voltage applied): for curve 2, 
O.U0C/min; for curve 3, 0.55°C/min; for curve 4, 0.48'C/min. 
For curve 1 the sample was charged at  room temperature. 

independent of the rate of reheating in short-circuit 
between 0.19 and 0.75T/min. 

Theoretical.-An absorptive dielectric which has 
been polarized at a given (high) temperature and sub- 
sequently cooled and shorted, contains at the moment 
of the short-circuit (taken as t = 0) a frozen-in or 
stored charge q(0). This charge is defined as the 
time-integral over the transient component of the 
charging current. Thus it depends on the electrical and 
thermal treatment for t < 0, but is always the same 
for a given polarization process. The system is dis- 
charged by reheating in short-circuit. The temperature 
during this period is an arbitrary function of time 
T (t) .  The discharge current J(t,T) is a function of 
time and temperature, different temperature functions 
giving different discharge currents. The released charge 
is defined as the time integral over the discharge tran- 
sient, i.e., as J m  J ds. There is no a priori reason to 

assume that the released charge is always the same, 
independently of the temperature function T ( t )  and 
that a unique value can be assigned to it. But in the 
case of charge invariance, the released charge is a 
constant which depends only on the initial state of 
the system at the moment of the short-circuit, not 
on subsequent heating rate and temperature. Under 
these conditions the released charge is equal to the 
stored charge and one has 

S ~ I I S . T ( S ) I ~ S  = q(0) [la] 

where q(0) is a constant which depends only on the 
values of the system parameters at t = 0. If to is an 
arbitrary time 0 < to < m one has also 

q(t,) is the charge released between the arbitrary 
time to and infinity; according to Eq. [lb] this de- 
pends only on the thermal treatment prior to to, not 
on what might happen afterward. Therefore if charge 
invariance applies at the time t = 0, it applies also for 
any later time to. Since to is arbitrary we shall write 
briefly 

[2al 

J = -dq/dt 12bl 

q is a state variable which depends on the state of the 
system at time t, Jdt is a total differential. 

We shall exclude the case of resonance absorption. 
Thus we consider systems containing only two types 
of parameters, a dissipative (ohmic) one and a charge- 
storing (capacitive) one, i.e., pure relaxation systems. 
Transformation of electrostatic into electromagnetic 
energy is excluded. Under these conditions the re- 
leased charge has always the same polarity, is uni- 
formly decreasing, bounded, and disappears for 
t -, m. This gives the relations, for t > 0, 0 

~ h q ( t ) r o ;  a q / a t ~ o ;  q ( ~ )  = o ;  J ~ O  [ ~ C I  

where M is finite. 

Superposition Theory 
Linearity.-In this paper the electret is treated as a 

linear electrical system, in line with the author's 
theory which considers the nonisothermal charging 
and discharging transients of solid dielectrics in the 
context of the general theory of dielectric anomalies 
(6). The application of the principle of linearity has 
already been successful in the treatment of dielectric 
absorption, open-circuit behavior of absorptive di- 
electrics (7)  and electret polarization (8) at different, 
but constant temperatures. It appears also as a con- 
venient basis for the discussion of the nonisothermal 
transient currents characteristics of electret behavior. 
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Linear systems are defined as systems which can be 
described by means of linear differential equations. 
Systems with a finite or iffinite number of lumped 
parameters correspond, respectively, to a finite or an 
infinite set of total differential equations; systems with 
continuously distributed parameters correspond to 
partial differential equations. The knowledge of the 
linearity of these equations provides one with im- 
portant information without a knowledge of the de- 
tailed structure of the physical system. Linear systems 
are conveniently discussed in terms of electrical net- 
work analogues. The network analogue of an electret 
is a two-terminal, passive, pure relaxation system. The 
current transient produced by a unit voltage step is 
called indicial admittance. The purpose of this paper 
is, therefore, to give an expression for the noniso- 
thedhal indicial admittance. 

Isothermal.-System parameters change with tem- 
perature, but are constant, i.e., time-independent, for 
all measurements performed with constant tempera- 
ture throughout. Thus under isothermal conditions a 
linear system theory applies in its conventional form. 
Consider a system composed of a finite number of 
lumped parameters. This is described by a set of total 
differential equations, of the first order, containing 
mesh currents and applied voltage. The relation be- 
tween the applied voltage V(t) and the external cur- 
rent J ( t )  is obtained by the elimination of all other 
currents. This gives (9) the linear differential equa- 
tion with constant coefficients 

The short-circuit current, for V = 0, is the solution of 
the homogeneous equation 

the solution of which is 

The rt are the relaxation times, the qt are the integra- 
tion constants giving the initial charges of the indi- 
vidual systems, and rt > 0 ,  q4 0. The open-circuit 
voltage, from which the potential of the unshielded 
electret could be obtained, is given by the differential 
equation in V(t) obtained by putting J = 0. 

A system with continuously distributed parameters 
has a continuous distribution of relaxation times. The 
short-circuit current is obtained by a generalization 
of Eq. [4], replacing the sum by an integral and qi 
by dq(r) ,  where r now is a continuous variable. This 
gives the integral transform 

where dq/dr is the distribution function of relaxation 
times r. The kernel 

$(t,r) = (l/r) exp (-t/r) [6al 

is the solution of the differential equation 

that satisfies the normalization condition 

Nonisothermul lumped parameter system.-The elec- 
tret effect is typically nonisothermal. During the 
course of the experiment the temperature is a func- 

tion of time; therefore the system parameters are time- 
dependent. This obliges one to generalize the theory 
and to reformulate the expressions for the distribu- 
tion function and the kernel of the integral-transform 
representation tor the current. 

The time-dependence of the system parameters does 
not affect the linearity of the system. Therefore the 
relation between J and V has the same form as be- 
fore, but the coefficients of the differential equation 
are now functions of time. The same applies to the 
differential equation for the short-circuit current. Thus 
it is sufficient to replace the constant coefficients am by 
time-dependent coefficients L (t)  . This gives for the 
current the equation 

$ hm(t) dmJ/dtm = 0, t > 0 
m = [I1 

The time t = 0 is taken as the moment when the 
applied voltage is removed and the system is short- 
circuited. The solution has the form 

n 

where the @t are linearly independent particular solu- 
tions of Eq. [I]. At are the integration constants which 
define the state of the system for t = 0. This is sup- 
posed to be always the same, i.e., the system shall have 
been completely polarized with a given constant volt- 
age before the stored charge is released. Now we con- 
sider two depolarization experiments, corresponding 
to two temperature-time functions T(1) ( t)  and T(2) ( t )  
which shall be identical for 0 6 t 6 to, but different 
for to < t <. w. 
Thus 

T(l)(t) = T(2)(t) O G  t L to [gal 

~ ( ' . ) ( t )  z ~ ( ~ ) ( t )  to < t < m [gbl 

The coefficients k, will therefore also be identical for 
0 6 t 6 t, and different for t > to. Under these con- 
ditions one has two solutions 

The functions +i(l) and +i(2) in the interval t, < t < w 
are different because they correspond to different tem- 
perature-time functions, but the integration constants 
Ai are the same in both cases because the initial state 
of the system is the same (Fig. 4). The released 
charge as a function of time is given by 

q"'(t) = ?+ J- Ai@t"' (t) dt [ l lbl  

Charge invariance requires that 

Since the At are arbitrary constants, it follows that 
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Fig. 4. Temperature, charge, and current for different heating 
mtes. 

independent of the particular temperature-time func- 
tion T (t) ,  and 

At+i(t) = - dqddt Cl5al 

So far the two "test" functions T(1) and T(2) were ar- 
bitrary for t k t,. Now consider a function T(2) which 
is constant for to < t < a. The corresponding isother- 
mal relaxation current is given by a series of real ex- 
ponential~ with positive amplitudes. The integral over 
each term is also positive and equals qi(t) since rela- 
tion [14] is valid for any function T(t ) ,  in particular 
the function T = const. It follows that 

Since to was arbitrary, charge invariance applies to 
each particular solution At+t(t) in the whole dis- 
charge interval. 

Any function subject to these conditions can be 
written as 

qi(t) = qt(0) exp I- Ft(t)l [171 

where Fi is a continuous function and qi(0) is posi- 
tive. Writing dFJdt = l/ri this gives 

The integration constants Ai have been replaced by 
the initial charges qt(O). 

The case of an infinite number of lumped parameters 
does not present any difficulty, the series in Eq. [I81 
then extending from 1 to infinity. 

Relasation times as state variables.-If the temper- 
ature is constant, equal to To, the isothermal current 
is 

(I 

J = q i O i T 0  e x  - t o  I I191 

in accordance with Eq. [3] and [5], the .ct being the re- 
laxation times for the temperature To. 

If the temperature is not constant, the functions ri 
might depend on the temperature and its derivatives 
and, in addition, explicitly on time. If rt depends ex- 
plicitly on time, an instantaneous variation of T is 
followed by a delayed variation of rb If T( depends on 
the heating and cooling rates, the same value of T 
gives different values of rr. Here we shall exclude these 
effects and assume that the rt depend only on the value 
of T itself. The functions .ci of the nonisothermal sys- 
tem at any given temperature are then identical with 
the relaxation times of the isothermal system at the 
sape temperature; since the latter are always positive, 

the ri are always positive and dqc/dt 6 0. With this as- 
sumption we postulate the existence of relaxation 
times as state variables. This is justified within the 
context of rate theory, as discussed below. It is, how- 
ever, not a necessary consequence of the assumption 
that the system parameters, or network elements in 
the case of the electrical network analogue, are state 
parameters, because the coefficients k, (t) of the differ- 
ential Eq. [I] in general contain the values of the 
system parameters at a given temperature and their 
temperature derivatives. 

Network representation.-It is easy to find an elec- 
trical network model which represents Eq. [I81 when 
all TI are positive. Consider the parallel arrangement 
of independent "relaxators" of Fig. 5. The differential 
equation for the short-circuit current in branch i is 

which gives 

Ji(t) = [qi(O)/~iCtl e*P [- $~d8dRtCt ] [2l] 

where qi(0) is the charge of the capacitor Ci at t = 0. 
Equation 1211 becomes identical with Eq. [19] if one 
takes 

rc = RiCi [221 

The network elements Rc and Ci are always posi- 
tive. Equation [22] can, therefore, be satisfied only 
if ri is positive. This condition is fulfilled according to 
the previous discussion. Therefore any system whose 
current is given by expression [l91 with ri > 0 can be 
represented by the network of Fig. 5. A more de- 
tailed discussion of network representations will be 
given in a subsequent paper. Here it might be men- 
tioned in passing that any "impulsive" network (10) 
is charge-invariant. A charge-invariant system, whose 
polarization current contains a steady-state component, 
can therefore always be represented by an impulsive 
network connected in parallel with a pure resistance. 

The two types of parameters appear in the equations 
only in the form of the product Ria. Therefore short- 
circuit measurements do not allow one to discover 
whether both are temperature-dependent or only one 
of them, i.e., Ri. The situation is different when an ex- 
ternal voltage is applied. Consider a sample which has 
been polarized at temperature Tz with the constant 
voltage U,,. At the end of the polarization period the 

n 
total charge is qz = UoC,(Td + Uo:  Ct(Tz). Sub- 

sequently the temperature shall be reduced to TI. 
The corresponding final charge is qt = UoCo(T~) + 

11 

U. E Ci (TI). If the C's depend on temperature, qz # ql, 
1 

the charge difference Aq = qz - q1 flows through the 
external circuit and a current results. A distinction 
must be made between the effects of a temperature 
dependence of C, and of the Ct, i 1. C,, which rep- 

6 
Fig. 5. Network representation 
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resents the high-frequency dielectric constant, is not 
connected in series with a resistive element. If it is a 
function of temperature, the corresponding current 
Uo(dCo/dT)dT/dt is proportional to the rate of tem- 
perature change, but it is an "in-phase" current. Like 
the "ohmic" current U,R,(T) it becomes constant 
when the temperature becomes constant. The Cr, i A 1, 
are in series with resistive elements. Their tempera- 
ture dependence is associated with an "out-of-phase" 
current which extends beyond the period during which 
the temperature changes with time, i.e., a transient 
current. In our experiments the current was found 
to be independent of the rate of temperature change 
during cooling and became constant at the same time 
as temperature. Therefore within the precision of 
these experiments all capacitive elements remained 
consant and the temperature effect was due entirely 
to the dissipative elements. 

Continuous Systems 
Distribution function-The transition to contiiuous 

systems is made by considering a dense distribution of 
infinitesimal elements each characterized by a relaxa- 
tion time and an amplitude factor dq, the latter being 
the contribution of that system to the polarization 
charge. In the isothermal case one could associate dq 
directly with r, writing dq = (dq/ds) dr, and thus ob- 
tain an integral of type [3]. When r is a function of 
temperature, and thus implicitly of time, this pro- 
cedure makes the spectrum time-dependent and would 
lead to a violation of charge invariance unless limit- 
ing conditions are introduced subsequently. The diffi- 
culty is avoided by introducing a time- and tempera- 
ture-independent parameter U. The relaxation time is 
a function of both U and T(t) ,  while the amplitude 
factor is a function of U alone, i.e. 

r = r[U,T(t)] [23aI 

dq = (dq/dU) dU P3bl 

Replacing in Eq. [I81 qi(0) by dq(U), w by r(U,T), 
and the series by an integral-one obtains the integral 
transform 

dq 
J W  = c r ( t , ~ )  = d ~  [24a1 

The condition of charge invariance is fulfilled because 
the amplitude factor dq/dU is independent of time and 

Equation [25] expresses the integral over the interval 
t to m on the left side in terms of an integral over the 
interval 0 to t on the right side. The kernel itself is 
the integral of the differential equation 

d+/dt + +/f ( t)  = 0 [26al 

l /f( t)  = (I/%) + d l n r  [26bl 

dD STATE SCIENCE April 1968 

tivated system, R the gas constant, k the Boltzmann 
constant, h Planck's constant, and T the absolute tem- 
perature. Since F = U - TS, where U is the molar 
activation energy and S the entropy increase one has 

r = r, exp U/RT [zal 
with 

TO = (h/kT) exp (-S/R) ~291 

A distribution of relaxation times corresponds to a 
system of energy states with different activation en- 
ergies and entropy increases. In the general case (12) 
one would have to introduce distributions for both 
U and S. The usual treatment considers, however, only 
a single distribution of energy levels. Paralleling this 
treatment we consider only a distribution of activation 
energies, identifying activation energy with the pa- 
rameter U in Eq. [23] and taking a single value S, 
an average value. 

One might object that Eq. [28] does not lead to a 
law of corresponding states as has been found by 
many authors. Such a law is obtained if the tempera- 
ture dependence is the same for all values of r, i.e., 
r = r,U. Here U is a dimensionless parameter, the 
temperature function r.(T) is usually assumed to be 
exponential. This alternative will, however, not be 
discussed in this paper. 

It is worth noting that for a single relaxation time 
and uniform heating rate the system of Eq. [24] and 
[28] becomes identical with the function that has been 
used to describe current glow curves and thermo- 
luminescence with monomolecular kinetics (13). 

Model Distribution Function 
Froehlich (14) has considered a model assuming a 

dilute solution of dipolar molecules in an amorphous 
solid, each molecule having two equilibrium positions 
with opposite dipole directions and equal energy in the 
ground level. He assumed the potential barrier be- 
tween the two aositions to have different heights 
equally distributed between two extreme values, or 
what is equivalent an equal distribution of the num- 
ber of molecules over the energy interval. This gives 
a continuous distribution of energy levels with ac- 
tivation energies between a minimum value U1 and a 
maximum value Uz and a population of dipolar mole- 
cules N(U) independent of U. Then dq = eNodU/ 
(U2- UI) where No is the total number of molecules 
ana e the electron charge. This expression can be gen- 
eralized by abandoning the restriction N(U) = const 
and writing 

dq = neNoUn-1 dU/(Uzn- Up) P O I  
where n 1 is a constant coefficient. This Eq. [30] 
is more general than the above model. It also applies 
for instance to the case where olie has a number of 
charge carriers with equilibrium positions in poten- 
tial wells separated by barriers of different heights. 
For n = 1 one has Froehlich's expression. Equation 
[301 satisfies the normalization condition q = 

Uz dq = eN,. Since from Eq. 1281, U = RT In t/r,, 
Ju1 
one has also 

These relations generalize the corresponding rela- 
tions [3]-[6]. A heuristic method of derivation could, dq = neNo(RT)n inn-1 (r/ro) d In ( rho)  1311 
therefore, start with Eq. [23], [24a], and [26a], with Uz" - U1" 

the additional conditions (a) that the differential Eq. substitution into E ~ .  [24] gives for T = constant 
[26a] for the kernel $ transforms into the isothermal 
Eq. [5] and (b) that + is charge-invariant. These con- neN, (RT)n Tz exp [-t/r] 
ditions give for f ( t )  the relation [26bl and for @ the J = 
expression [24b]. Uz" - Uln 1, 7 

Inn-1 (r/ro) d ln (r/r.) 1321 
Dishibution parameter.-To get an explicit expres- where 

sion for + one can use the formalism of rate theory rr = r, exp [UJRT] i = 1,2 
(11) writing 

1331 

a = (h/kT) exp [F/RTI [27] The logarithmic term in Eq. [32] is slowly varying 
compared with the rest of the integrand. For an ap- 

where F is the molar free energy increase for the ac- proximate evaluation of the integral this term will 
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be taken out of the integral, with that value of r for 
which exp (-t/r) = l/e, i.e., for r = t. This gives 

neN, (RT) 
J =  Inn-1 (tlr0) (-t'r) d In r/ro 

Uz" - Uln r 
[341 

and after integration 

This expression satisfies the condition of charge in- 
variance. The factor in square brackets is approx- 
imately a "unit box" function, i.e., it equals unity for 
rz S t Z sl and 0 for t outside the interval. Therefore 
one has 

For n = 1 one obtains correctly Froehlich's formula 

eN.RT [exp (-t/w) -exp (-t/v) 1 
J = -  

t 
[371 

U2-Ul 

To discuss Eq. [35] consider first the time depen- 
dence. According to what has been said about the 
square bracket term, the current at any temperature 
is given by 

t > .cz 
( t ho )  rz > t > rl 1381 

rz > t 
Within a limited interval of time J decreases approx- 
imately like l/t, while over a wider range the influ- 
ence of the logarithmic factor makes J decrease with 
time somewhat slower than l/t. This behavior is in 
agreement with most experiments which give J -. 
( U P )  with m slightly less than 1. 

Currents at  different temperatures differ by a con- 
stant factor (RT)". To assure charge conservation, the 
increase in current amplitude must be compensated 
by a decrease in width of the interval rl - rz, as is 
shown by Eq. [38]. This is again in qualitative agree- 
ment with experiment. 

The temperature dependence of the current is cer- 
tainly much stronger than would be given by a linear 
term, as in Eq. [371. Therefore the exponent n must 
be considerably greater than unity, and the generaliza- 
tion dq -Un-ldU with n > 1 is in the right direction, 
although possibly an exponential increase would fit 
better the observed data. Since dq = edN(U), one has 
also N (U) -.Un and, instead of an equipartition of en- 
ergy, one has a much higher occupation of states with 
high activation energy than with low activation en- 
ergy. The power law, however, does not give the right 
increase; a function N -. exp (cU) should give a bet- 
ter representation of the experimental situation. 

Conclusions 
The discussion has been in terms of electrets. Elec- 

tret behavior is a general property of solid dielectrics, 
like dielectric absorption and dielectric loss, and caused 
by the same mechanism as these effects. Froehlich's 

theory and its generalization, as presented here, are 
charge-invariant and refer to dielectrics in general. 
The principle of charge invariance might not be rigor- 
ously valid in all cases, but in most is a good approx- 
imation. The conclusions of the present paper are, 
therefore, of interest to dielectric theory in general. 
Some consequences will be examined in following 
papers. 

SYMBOLS 
T = absolute temperature, 'K 
t = time, sec 
J  = current, amp 
q = charge, coul 
T = relaxation time, sec. 
9 = kernel of integral transform 
Ri = resistance, ohms 
Ct = capacitance, F 
h = Plank's constant, J sec 
R = gas constant, J  "K-1 mol-1 
k = Boltzmann constant, J OK-1 
F = molar free energy, J mol-1 
S = entropy, J  "K-1 mol-1 
U = molar activation energy, J mol-1 
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script received Jan. 3, 1968. This paper was presented 
at  the Electrets Symposium at the Chicago Meeting, 
Oct. 15-19, 1967, as Abstract 121. 

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

The behavior of alkali-halide electrets of KCl/Sr and double do ed KC1/ 
Ca, OH is investigated by the glow peak discharge method of ~ i e sc i i ,  Bucci 
et al. (1) (ionic thermal conductivity method or ITC). In this case a complete 
analysis of the trapped polarization is possible quantitative1 The electret 
polarization is due to impurity vacancy dipoles. It is shown t&t the electret 
behavior in this case can be used as a very powerful tool to investigate the 
motion of defects in the solid matrix. As an application, the dipole diffusion 
to form higher aggregates is studied by a thermal annealing technique. By 
studying the variation of the electret released charge for various temper- 
atures it is shown that trimers (3 dipole aggregates) are formed. The reac- 
tion is found to be of third order, and the activation energy for defect motion 
is (0.71 ev). The dipole relaxation frequency at 0°K is 10-13 sec-1. All data 
agree very well with that obtained by other techniques and confirms the 
results of Dryden and Cook (2) .  In the case of double-doped systems, it is 
shown that the ITC method allows a quantitative determination of the solid- 
state reaction between OH and Ca. A correlation between F center formation 
by x-irradiation and electret behavior is also found, showing that the reaction 
is probably the precipitation of Ca(OH)2 in the matrix leading to dipole de- 
struction and quenching of the color center production. This is perhaps the 
only case in which the electret behavior is completely understood in a quan- 
titative way, and, used as a tool, to obtain important solid-state parameters 
such as relaxation times, number of defects in the matrix, activation energies, 
and to investigate defect production and reactions in the solid state. 

In a series of very complete and fundamental papers 
Fieschi Bucci et al. (1) established the foundations of 
the ITC (ionic thermal conductivit'y) method. The 
present paper is an application of their method using 
electret behavior and ITC as a tool to investigate solid- 
state problems. The electret trapped polarization arises 
in this case from the well-established presence of di- 
poles in the solid matrix. These dipoles are associated 
with impurity-vacancy complexes. In Fig. 1 this is in- 
dicated for the case of a fcc lattice such as that of KC1. 
It is seen that the addition of the divalent impurity 
(indicated by a double-charge in Fig. 1) such as Ca, 
Sr, Mg, Cd is associated with the presence of an addi- 
tional positive ion vacancy to satisfy charge conserva- 
tion in the matrix. This impurity may be added to the 
melt when the crystal is grown by techniques such as 
the Kyropoulus technique, or can be diffused into the 
material at temperatures near the melting point (3). 

of the IV complex has also been detected by lattice 
expansion effects (5),  by the use of the photoelastic 
technique of color center investigation (6), by dielec- 
tric relaxation measurements (7), by magnetic res- 
onance (8), by dielectric absorption measurements 
(9) as well as by internal friction measurements (10). 
The ITC technique is however the most powerful one 
in our opinion. It is also very straightforward experi- 
mentally. The detection limit for dipoles is surprisingly 
small, in some cases concentrations as low as 1015 
dipoles/cma can be detected. 

The essential points related to the theoretical in- 
terpretation of the peaks have been discussed by 
Fieschi, Bucci et al. (I) ,  and we will only summarize 
here the main results that are needed for the objec- 
tives of the present paper. 

Depending on the temperature and association energy 
the vacancy may be in a nearest neighbor position to + - + - + - + - + -  
the divalent impurity. In the case of the fcc lattice this 
will correspond to a dipole oriented in a general 110 - + - + - + - + - +  
position. Because of ionic diffusion this dipole can 
change its orientation. It is found that the reorienta- + - + - + - + - + -  
tion is due mainly to positive ion mobility, or if we 
want, to vacancy jumps around the more or less fixed 

- + - + - + - + - +  
divalent impurity. To this process we can associate 
of course a thermal activation energy (related to the 

+ - + -  
potential function seen by the vacancy in its neigh- 

&+-+- 
- + - + - + - + - +  

borhood), a relaxation time, and eventually even an 
activation energy connected with the motion of the f - + - + - + - + -  
entire entity. In the physics of defects in solids this is 
a classical ~roblem which has been extensively in- - + - + - + - + - +  
vestigated (i). Other configurations of the IV (impur- 
ity vacancy complex) are also possible, in which the + - + - + - + - + -  
vacancy is at a next-neighbor distance (nP complex), 
or next-next-neighbor distance (n3 complex), and - + - + - + - + - +  
these also have associated dipole moments, relaxation Fig. 1. Divalent impurity and associated positive ion-vacancy in 
times and other corresponding parameters, and in some a fcc alkali halide. T h e  dipole moment (arrow) is along a (100) 
phenomena may play a prominent role. The presence direction. 
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The electret polarization and depolarization by the 
glow peak obtained while heating the sample is con- 
ducted in the same way as first introduced by Gross 
in his now classical papers (11). In the case of the 
alkali-halides doped with divalent impurities, we 
know however that (a) by applying the polarization 
field we are orienting at the polarization temperature, 
T,, a certain fraction of the IV dipoles in total num- 
ber per unit volume Nd. If the temperature is high 
enough, we can suppose these dipoles to be rotating 
freely in the matrix. If the concentration is not too 
high, we can safely assume that these dipoles do not 
interact with each other. The relaxation time for 
dipole reorientation will be given by 

r = r, exp E/kT [ l l  

(b) When we cool the electret under the applied field 
to a lower temperature TI the relaxation time may 
change drastically (see Eq. [I]), and the oriented 
dipole configuration and its associated polarization will 
be frozen in the matrix. 

If we now switch off the external field, we shall be 
left with the frozen polarization due to the orienta- 
tion of the IV dipoles. If we then warm the elec- 
tret, the relaxation time of the dipoles will gradually 
decrease and a displacement current will be observed 
in the external circuit because of the polarization 
change. This current i ( t )  is a function of temperature 
T and time t (we assume a constant heating rate) and 
is given by [see ref. ( 1) 1 

This follows directly from the unimolecular nature of 
the dipole orientation process. The factor 1/3 is due 
to the hypothesis of freely rotating dipoles of moment. 
As expected intuitively this i ( t )  will present a max- 
imum at a certain temperature Tm, the glow peak 
function being asymmetric in time (or temperature). 
The maximum peak position in temperature is related 
to the activation energy, E, heating rate, b, and relax- 
ation time in the following way 

It is very interesting to observe that the maximum 
peak position temperature is independent of the po- 
larization temperature T, and of the polarization field 
E,. The activation energy can be obtained from the 
glow-peak in two independent ways. The easiest and 
most direct way is to calculate it from the initial rise 
in current: The low temperature tail of the band, at 
temperatures away from Tm, is given by 

i (T) = io exp (-E/kT) [4l 

The other way to obtain E is by a global analysis of 
the whole band, which is much more difficult and re- 
quires a pure band form. That is, no overlapping bands 
may be present, so that Eq. [I]  is valid during all of 
the charge release process. 

When these conditions are satisfied we can apply 
the following relation 

The equation above expresses the In of the relaxation 
time r(T) as a function of the observed glow in an 
integral form. By plotting the latter as a function of 
1/T a straight line is obtained that furnishes directly 
the activation energy and r,. This process is more cum- 
bersome because several graphical integrations of the 

band have to be performed. It is, however, independent 
of the heating rate. Bucci and Fieschi (1) have shown 
in the case of overlapping bands that the bands can be 
properly "cleaned" by a proper choice of the polariza- 
tion temperature T,, and by letting the lower temper- 
ature bands discharge and subsequently recooling to 
obtain the next band. 

Finally, the total number of dipoles in the electret 
can also be found with good precision from the area 
of the band. At saturation the total polarization Po is 
given by the following relation 

Thus by measuring Po from the underlying area of the 
band Nd the total number of dipoles per unit volume 
can be obtained, if their dipole moment is known. In 
the case of the IV complex this is known. E, and T, 
as above are the polarizing field and temperature. 

Equation [61 above is important if we wish to in- 
vestigate the variation of the number of dipoles as- 
sociated with some particular phenomenon like a 
solid-state reaction or defect production that may be 
dependent on the dipole sources. 

Experimental 
The samples used were grown in our Laboratory at 

S. Carlos by the pulling or Kyropoulos technique from 
the melt. In the case of doped samples the impurity 
was added to the melt in the desired concentration. 
In some cases where necessary the direct analysis of 
the impuritjr in the solid was made by spectrophoto- 
metric or activation analysis techniques and will be 
described when appropriate. The samples were cleaved 
in thin plates of thickness approximately 1 mm and 
area of circa 1 cmz along a (100) plane. Aquadag or 
alcoholdag electrodes were painted to obtain good 
electrical contact with the electrodes. The field was 
applied to the sample in vacuum or in a controlled at- 
mosphere of dry Nz, and the electrodes were held to- 
gether by magnetic attraction so that no dielectric 
was present at the site where the temperature would 
be cycling. The current was measured with a Keithley 
603 electrometer. The warming rate was kept constant 
and of the order of O.l0K/sec, which was found to be 
the ideal rate for the quantitative and ~eproducible 
measurements obtained. Reproducibility for the cur- 
rents and peaks was of the order of 5% or better. 
The activation energies could be measured to within 
0.05 ev. 

For the radiation damage of the samples to produce 
color centers, a 100 kv tungsten tube was used with 
proper filtration to ensure uniformity of defect pro- 
duction. The experimental sequence was the follow- 
ing. The sample was polarized at a desired temper- 
ature T, for a certain time t,, (usually a few minutes) 
under a certain polarizing field E,. The temperature 
was then lowered by pouring liquid nitrogen into the 
Dewar which contained the whole experimental as- 
sembly. After the crystal attained the lower temper- 
ature TI the field was switched off, and the crystal 
warmed at a constant rate. The current due to&he 
dipole relaxation which appeared in the form of glow 
peaks was then continuously recorded as well as the 
temperature. For convenience two recorders were 
used. One a X-Y recorder for i(T) and the other a re- 
corder for the temperature as a function of time, so 
that the warming rate was directly observed during 
the experiments. The temperature was measured with 
an iron-constantan thermocouple situated in one of the 
electrodes. It is important in this work that the sam- 
ples receive the proper thermal treatment. As shown 
in this paper the dipoles can aggregate to form dimers, 
trimers, or the divalent metal may precipitate in vari- 
ous sites like grain boundaries, dislocations, and other 
favorable places. It is then essential with an old 
sample, or a sample that is cleaved from a certain 
block which received no special thermal treatment, to 
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warm it to a temperature where the dipoles and the 
impurities will be dissolved properly in the matrix. 
This was done in an oven under controlled tempera- 
ture and atmosphere conditions. The crystal was then 
quenched to room temperature or slowly cooled, de- 
pending on the type of experiment to be performed 
as will be described below. The optical measurements 
were made using a Beckman DK-2 double-beam auto- 
matic recording spectrophotometer in the range of 
200 nm to 3p. 

Results 
Dipole aggregation in KCl/Sr.-It was shown by 

Cook and Dryden using a dielectric loss method that 
the IV dipoles in KCVSr aggregated to form trimers. 
Because of this aggregation process the resulting trimer 
has negligible dipole moment, and thus the total po- 
lariation in our samples should decrease with their 
formation. This should be a temperature dependent 
process because of the thermal activation energy in- 
volved in the diffusion mechanism. In our ITC mea- 
surements the total area under the glow corresponding 
to isolated dipoles should then diminish with the ag- 
gregation process. We thus measured the polarization 
Po as a function of time t. We kept the samples at 
different temperatures T. This polarization aging di- 
minished, as expected, with time, as is shown in the 
results of Fig. 2. The particular way in which we 
plotted our results is related to the equations of the 
association process that will be discussed below. The 
results of Fig. 2 were obtained by polarizing the crys- 
tal always at the same temperature T, for the same 
polarization time t,. After the desired thermal treat- 
ment the polarization P was measured under the same 
Aeld for all experiments. The crystal was then taken 
to a constant-temperature oven for the required 
length of time (days, hours, or minutes, depending on 
the temperature). After this time a new ITC mea- 
surement was made and the sample returned to the 
oven to continue with the aging process at a constant 
temperature. 

Ca Precipitation with OH in KC1.-The OH impur- 
ity is now one of the more important defects in the 
physics of alkali halides. Luty et al. (121, Feher et al. 
(13), and Kanzig et al. (14) studied important para- 
electric, paraelastic, and cooling effects of the OH di- 
pole in alkali halides. Kuhn and Luty were the first to 
explain the apparent paradoxical behavior of the elec- 
trical conductivity of some of these solids as a func- 
tion of temperature, by assuming a solid state reaction 
between Ca and OH ions. The same argument was used 
by Ikeya to explain the absence of F center sensitiza- 
tion in Cd containing samples. In the present work we 
give direct experimental evidence for this reaction 

01 
0 100 200 X X )  -HOURS 

Fig. 2. Decay of polarization for a fixed temperature (293'K) 
as a function of time (KCI:Sr). 

Table I. Results 

Polarization 
Sample CaCldIDdM) KOH(lO+%) (arbitrary units) 

using the electret behavior. For this, we doubly doped 
KC1 with Ca and OH in different proportions. We then 
measured the ITC band corresponding to the Ca IV 
complexes as a function of their different concentra- 
tions. Results are shown in Table I. 

It is seen that we used concentrations correspond- 
ing to partial (0H)zCa formation and complete reac- 
tion stoichiometry. While it was possible to detect di- 
rectly the total amount of Ca in the solid by chemical 
analysis, the presence of free Ca was inferred in the 
following indirect way: The OH ion has an electronic 
absorption band in the uv region of the spectrum when 
substitutionally dissolved in the alkali halide. This OH 
absorption was extensively studied by many workers 
(15), and its oscillator strength is well known. The 
OH ion also has a vibrational absorption band in the 
near infrared portion of the spectrum. The precipita- 
tion of OH by Ca destroys the electronic absorption, 
but the vibrational band is still present. By measuring 
in both regions of the spectrum, we were able thus to 
distinguish between "free" OH and the precipitated 
OH ---. 

Discussion and Conclusions 
Dipole aggregation in KCl/Sr.-The reaction for 

trimer formation is that of a third order reaction 

where c is the dipole concentration, t is the time, and 
K a proportionality rate parameter. The polarization 
P that is proportional to dipole concentration is then 
obtained as a function of time by integration of Eq. 
[TI above as 

P-2 = Po-2 + 2 a2Kt 181 
where a is a proportionality factor between P and the 
number of dipoles per unit volume, and Po is the po- 
larization immediately after thermal quenching. Fol- 
lowing Cook and Dryden we assume the reaction is 
diffusion controlled and set 

K = Ad exp (- EJkT) 

Using Eq. [TI with this value for K, we get 

C-2- Co-2 = 2 Adt exp (-Ed/kT) 

We can now define a half-life tllz, for the reaction at 
the time where C = Co12. This is given by 

3 
t11z = - exp (Ea/kT) 

2 co2Ad 191 

We can thus determine ti12 from Eq. [El. That Eq. 181 
is followed is shown by the results of Fig. 2. If we 
get tl12 as a function of temperature from Eq. [9], we 
can obtain the relevant quantities A and Ed. At the 
same time a new check of the whole model is provided. 
In Fig. 3 we show the results for several temperatures. 

Our values for Ad and Ed and those determined by 
Cook and Dryden are in excellent agreement with 
each other. 

The reaction is thus of third order, the process is 
diffusion controlled, and the electret polarization P 
and its quantitative analysis provided all the relevant 
conclusions in excellent agreement with other tech- 
niques. 

Ca precipitation with OH in KC1.-It is clearly seen 
that polarization P increased from sample A to C, that 
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Fig. 3. Polarization half-life in hours as a function of the in- 
verse of the absolute annealing temperature. Activation energy is 
0.71 ev (KCI:Sr). 

is, in the expected direction, if the (0H)z Ca com- 
pound stoichiometry is considered. In order to under- 
stand further and discuss this result we decided to 
make another experiment: It is known that the "free" 
Ca ion sensitizes F-center production. In a recent paper 
Ikeya (16) has shown in part that the presence of OH 
in Cd crystals hindered the F-center sensitization by 
precipation. We thus make an experimental analysis 
of the F-center growth curves and 100 kv x-ray irra- 
diation for the different doubly doped samples. Ikeya 
showed that the square of the extrapolated optical den- 
sity at zero time was proportional to the free Ca con- 
tent in the samples. In order to discuss our results 
further we plotted this magnitude as a function of 
the electret polarization P as measured by the glow- 
peak technique 

If the precipitation reaction was really being fol- 
lowed by the electret polarization, there should be a 
direct proportionality between the free Ca as mea- 
sured by the F-center growth curves and P. 

The results of the experiments are shown in Fig. 4. 
These results taken together with those of Table I 

#I 3 0 20 40 

-POLARIZATION (ARBITRARY UNITS) 

Fig. 4. Square of extrapolated optical density for the F band 
as a function of polarization for sample A (KC1 + I X ~ O - ~ M  
CaCIz + ~ X ~ O - ~ M  KOH); B ( 1 ~ 1 0 - ~ M  CaClz + I X ~ O - ~ M  
KOH); and C ( I X ~ O - ~ M  CaClz + 0 . 5 ~ l O - ~ M  KOH). 

show that we have detected the defect reaction directly 
from the electret behavior. 

We think this paper exemplifies that in the case of 
the alkali-halides the electret behavior is not only 
very well understood quantitatively but can even be 
used as a powerful tool to investigate solid-state 
physics and solid-state chemistry phenomena. We are 
now in the process of investigating new phenomena 
using alkali-halide electrets, such as: (a) action of an 
electric field to break dipole aggregates; (b), action 
of the internal electric field of the electret on defects 
like the F center; (c) presence of negative ion vacancy 
divalent negative-ion dipoles in alkali halides; and 
(d) investigation of electret behavior due to impurity- 
vacancy dipoles in other inorganic materials like ZnO 
and MgO. 

We hope that this paper will encourage other in- 
vestigators in the field of electrets to join efforts in 
this very promising area. 
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ABSTRACT 

Pure and dopea ice thermoelectrets were prepared at different polarization 
temperatures (-10' to -135°C). Stored charge was then investigated 6 the 
glow peak method. A main band was observed at -50°C, with a total cgarge 
of 10-6 to 10-8 coulombs/cc depending on doping. The total charge released 
by the glow varied with the square root of HF concentration indicating that 
the OH- and HsO+ ions are responsible for the effect. Space charge forma- 
tion was also shown to be associated with the electret behavior by investigat- 
ing the influence of sample thickness on the polarization and of the temper- 
ature of the glow peak maximum on polarization temperature. 

In recent papers (1) Gellin and the present authors 
reported observations on the ice thermoelectret. Riehl 
and co-workers (2) also reported recently on the 
behavior of ice subjected to thermal changes under 
electric fields and claimed to have observed ferro- 
electric behavior in ice. Pinatti and Mascarenhas (3) 
described the behavior of ice crystals during growth 
from the melt and reported strong electrical effects. 
In the present work we report on the ice thermo- 
electret, using the glow peak discharge method, and 
demonstrate that the effect is strongly dependent on or 
related to the HF doping of the samples. The nature 
of the trapped polarization that is released during 
the thermal glow was investigated by the analysis 
of the variation of the charge with concentration of 
the dopant as well as by changing the thickness of 
the sample and the polarization temperature. In view 
of the claim for ferroelectric behavior of ice made 
by Riehl and collaborators this is a very important 
question to be decided. Our investigations on the 
Costa Ribeiro effect in ice and its possible importance 
for the explanation of atmospheric electricity also 
stimulated the present investigations. 

Experimental 
We have designed and constructed a special Dewar 

in which the ice single crystals were grown and the 
electret was prepared and measured. This is shown 
in Fig. 1. Initially, the bottom electrode E was posi- 
tioned with the desired separation from the top elec- 
trode M by means of a ring stopper R, movable through 
the vacuum seal S. Both the bottom electrode E and 
the top one contained small Alnico magnets M so that 
the bottom one was maintained in position by mag- 
netic attraction. This was a very convenient way of 
obtaining variable interelectrode distance and of 
avoiding any insulator in this part of the Dewar where 
the temperature would be cycling. The top electrode 
was the ground connection for the electrometer and 
the lower one was the high insulation electrode. The 
lead from E came out of the Dewar through a Teflon 
insulator I. V are vacuum connections. LS are level- 
ing screws and W are windows through which the 
ice single crystal could be observed under polarized 
light with an optical system. Liquid nitrogen or any 
proper coolant was introduced inside the stainless 
steel tube T. The whole system was enclosed in a 
metal cylinder C. The liquid to be solidified (either 
pure water or HF solution) was initially placed be- 
tween the two electrodes. At this time the ring- 
stopper would still be maintaining the proper elec- 
trode separation. A coolant was then introduced in- 
side T causing solidification of the liquid. After com- 

1 Present address: University of Southern California. Los Angelen, 
California. 

plete solidiflcation the ring R was raised. The quality 
of the single crystal was then ascertained with the 
polarized light system. In this way we were able to 
grow very good single crystals of thicknesses ranging 
from 0.5 to 2 mm. The current was measured with 
a Keithley 603 electrometer and a 109 ohm grid re- 
sistor. The electrodes were platinum or palladium cov- 
ered and their area approximately 3 cm2. What we call 
pure water in this paper is doubly distilled water from 
a quartz still of conductivity circa 10-6 mhos/cm. 
Nitrogen gas was introduced in the Dewar in order to 
maintain good thermal contact to the sample during 
the warm up and cooling. 

Results 
A typical experimental sequence would be as fol- 

lows: The electric field E was applied to the sample 

Fig. 1. Apparatus for single- tal growth and electret prepara- 
tion and measurement. T, s t a i x s  steel tube; I, Teflon insulator; 
5 vacuum seal; C, external metal cylinder; R, ring-stopper; W, 
opticol window; M, magnet; E, electrode (platinum or palladium); 
LS, levelling screws; V, vacuum outlets. 
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Fig. 2. Electrical glow-peaks due to charge release in the ice 
thermoelectret. A, pure ice; 0, HF-doped ice. 

for a specified time at the chosen polarization tem- 
perature Tp .  The crystal was then cooled under the 
electric field to circa -100'C. The electric field was 
then switched off and the crystal warmed up to 
-10°C again. During the warm up the current was 
constantly monitored and both the temperature and 
the current were recorded on a X-Y recorder so that 
the glow peaks could be directly observed. 

Immediately after formation the ice single crystal 
would present some charge, probably due to the Costa 
Ribeiro effect. When this charge had dissipated the 
external field was applied. The discharge of the elec- 
tret under its own field tb produce the glow peaks 
was first used by Gross (4). A very well-defined and 
reproducible discharge was observed here peaking 
at around -50°C, as is shown in Fig. 2. In the same 
figure the larger peak is connected with HF doping. 
After observing the discharge with pure water, we 
decided to investigate the possible influence of de- 
fects on the electret behavior, and also to look for 
possible ferroelectric behavior. We decided to dope 
the samples with HF. Much larger peaks were then 
observed with HF doped ice in concentrations ranging 
from 2.5 x 10-6 to 10-4M. The total integrated charge 
under the glow peak is shown as a function of con- 
centration in Table I. 

One can see that the effect of doping is rather large 
and that the integrated charge may change by two or- 
ders of magnitude in the range of concentrations used. 
The polarization time tp ,  the polarization temperature 
Tp, the thickness and the applied voltage Vp, were 
kept constant in these experiments. 

We have also investigated, due to reasons mentioned 
in the discussion section of this paper, the influence 
of the thickness of the sample on the total measured 
charge Q of the glow. The results shown in Fig. 5 
were obtained for a constant field of 335 v/cm for all 
samples. The linear behavior of Q with thickness will 
help us to clarify the nature of the trapped charge. 

Discussion 
As is discussed below, in order to decide on the 

nature of the phenomenon, or more specifically on 
the nature of the trapped polarization of the ice ther- 
moelectret the HF doping proved to be very important. 
It is known from previous theories on the physics of 

Table I. Integrated charge under the glow peak 

HF concentration Q mul. 

ice (5) that HF doping will change the concentration 
of d and 1 defects (Bjerrum defects) as well as the 
concentration of ionic states (OH- and &O+). From 
thermodynamic arguments it is expected that the d 
and 1 defects will change their concentration in a 
linear way with HF doping, while the ionic states 
will change with the square root of HF concentration. 
If we were dealing with orientation of dipoles which 
would be directly related to d and 1 defects our effect 
might be expected to depend on a linear way on HF 
doping. 

The results of Table I are plotted on a double 
logarithmic scale in Fig. 3. From it we clearly see a 
square root dependence was found. This indicates that 
probably we are dealing with an effect related to 
OH- and Ha0+ ionic carriers. This would tend to in- 
dicate that we are not dealing with a dipole orientation 
effect, or in fact, with any collective dipole effect that 
might even lead us to think of ferroelectric behavior. 
On the other hand, we are led to conclude that space- 
charge effects due to the motion of ionic carriers 
(specially the more mobile OHs+) may be the main 
cause of the electret behavior. 

In order to investigate this point further we did one 
more experiment. It is known that space-charge glow- 
peaks do not present a constant peak-position tem- 
perature, but rather this is strongly dependent on the 
polarization temperature (6). Keeping the warming 
rate cycle reproducible, because this is known to affect 
slightly the peak-position, we obtained several electret 
glows by varying the polarization temperature from 
-88' to -26°C. We found large changes in the cor- 
responding peak position as shown in Fig. 4. Again 
this indicates space-charge behavior. 

Finally, the experiment described by Fig. 5, in which 
we found a linear dependence of the charge Q on 
thickness seems to us to rule out any possibility of 
uniform polarization and thus reinforces very strongly 
the case for space charge as the main cause for the 
electret behavior. 

When we tried to apply the Fieschi and Bucci 
dipole model (8)  to our results, applying their ex- 
pression for the total charge, we calculated an absurd 
concentration of 1025 dipoles/cma, assuming a dipole 
moment of one Debye. The peaks also do not allow 
the determination of any single activation energy E. 

We thus conclude that: the electret effect in ice is 
greatly enhanced by HF doping; the electret charge 
can be released by glow peaks around -50'C de- 
pending on the polarization temperature; the nature 
of the electret charge is related to space-charge effects; 
the nature of the space charge is connected to H30+ 

lo-= lo-" 

[HF] 
Fig. 3. Dependence of released charge Q on HF doping. A 

square root-dependence is found. The dashed line indicates a 
linear function (see text for discussion). 
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Fig. 4. Dependence of temperature of maximum peak position 
T, on polarization temperature Tp for a HF doped sample 
(lo-"). 

and OH- ionic states. We also found that a claim 
for ferroelectric behavior of ice (2) cannot be sub- 
stantiated. Explanation of the present effects using 
dipoles would require an enormous number, indicating 

Fig. 5. Dependence of the released charge Q on the sample 
thickness t, indicating a space-charge effect. 

Manuscript received Sept. 7, 1967; revised manu- 
script received ca. Dec. 6, 1967. This paper was pre- 
sented at the Electrets Symposium at the Chicago 
Meeting, Oct. 15-19, as Abstract 126. The work was 
done under ONR contract and partial support of 
C.N. Pq, and Fapesp. 
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Glow Peak Analysis of Pure and Doped Naphthalene 
Thermoelectret 

M. Campos, G. Leal Ferreira, and S. Mascarenhas 
Physics Depahent ,  Escola Engenharia, Sao Carlos, Sao Paulo, Brazil 

ABSTRACT 

Polarization current for pure and doped naphthalene thermoelectrets is 
investigated. The thermal depolarization of the electret is used as a tech- 
nique to investigate trapped polarization. Doped crystals with alpha and beta 
naphtol present new independent peaks in addition to the pure matrix peaks. 
The peaks are analyzed quantitatively for total integrated charge and activa- 
tion energy by the initial rise method. The OH vibrational band of the im- 
purities was used as an optical probe to detect their presence in the solid. 
Charges trapped in the dielectric absorption process corrected for the released 
charge at the low-temperature depolarization, compare satisfactorily with the 
total integrated glow peak charge for both pure and doped samples. It was 
possible to differentiate between alpha and beta,naphtol through the electret 
behavior using the glow peak posltion and activation energy of the peaks. 
The electret state is shown to be due to electronic carriers, trapped in a set 
or sets of exponentially distributed traps, as indicated by the atn dependence 
of the polarization current on time. 

Naphthalene is a very important example of a pure Ribeiro (1) and Tavares (2). Baldus (3), and, later, 
substance, an organic moledular semiconductor, ex- Mascarenhas (4)' also reported on its electret prop- 
hibiting electret behavior. Naphthalene was first re- erties. Extensive photoconductivity studies on this 
ported to present natural electret behavior by Costa substance were carried out by Tavares in a very in- 
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teresting series of papers (5). Its general semicon- T 
ductivitv aroaerties were investigated by Pick (6) , 1 I 
and ~ i i h l - ( 7 j .  Mascarenhas and &eitas reported (8) 
anisotropic electrical properties of the niaterial during 
phase changes. In many ways naphthalene is an ex- 
cellent system for electret studies. It forms very good 
single crystals from the melt (9), it is easily orientable 
(10); it can be purified by several techniques such 
as zone melting, chromatography and sublimation 
(11); it has a very well-known electronic and molecu- 
lar structure (12); and is a known electronic organic 
semiconductor (13). The conduction mechanism in 
the dark is still somewhat obscure, but this is a general 
question still to be solved for most molecular solids, 
where it is very difficult to distinguish among tun- 
neling, hopping, or a trap-controlled mechanism 
(14). In this work we make an analysis of the electret 
state in oriented naphthalene crystals by the glow 
peak technique. For the first time, to our knowledge, 
controlled doaine is introduced in an organic semi- 
conductor el&trG system and independeni glows ob- 
tained due to the specific dopant. Furthermore, the 
presence of the dopant can be monitored by optical Fig. 2. System for electret production and measurements: a, 

analysis. For this purpose we availed ourselves of Teflon insulation; b, brass walls; c, graphite electrodes; d, mag- 

the presence of a very well-defined and prominent nets for electrode as~mbly;  e, guard ring; f, crystal (see text). 

vibrational absorption band of OH radicals in the 
dopant, in our case alpha and beta naphthol. temperature in a vacuum or in a controlled atmosphere 

Experimental 
Single crystal plates were grown by the Tavares 

(2) technique from double sublimed C. P. naphthalene. 
From a large plate, analyzed by polarized light, good 
single crystal areas were chosen and cut. The samples 
all had the same orientation, that of the cleavage 
plane in the plane of the plate. The samples were 
polished to an optical finish with alcohol. We used 
crystals of approximately 0.5 mm thickness and areas 
varying from 4 to 9 cmz. In the case of the doped 
samples, alpha or beta naphthol were added to the 
melt, and the presence of the dopant was ascertained 
from optical analysis in a Beckman DK 2 automatic 
spectrophotometer. These substances present an ab- 
sorption band in the near infrared due to the presence 
of an OH radical, as shown in Fig. 1. The spectrum 
of pure naphthalene is also shown for comparison. 

The crystals were painted with conducting silver 
on both faces. One one of the faces a guard ring was 
used. This is essential because of the high specific 
bulk resistance of naphthalene. Spurious or unde- 
sirable surface effects are thus avoided. 

A special system was built for preparing the elec- 
tret and for the measurement of the release of charge. 
This permitted the measurement of conductivity, elec- 
tret preparation, glow peak investigations, and dielec- 
tric absorption measurements at variable or constant 

(Fig. 2). 
The crystal (f) was placed between two graphite 

electrodes and the guard ring. The electrodes and the 
crystal were held together by the attraction of two 
small magnets (d) and (g). The guard ring was con- 
nected to an outer metal tube insulated by Teflon on 
the top plate of the system (see Fig. 2). The top central 
electrode was grounded, and the guard ring and the 
lower measuring electrode were insulated practically 
at the same potential, so that surface currents were 
negligible. The whole assembly was shielded by a 
metal case. An outer jacket (b) allowed water cir- 
culation from a precision Haake thermostat. The tem- 
perature of the sample was maintained constant to 
within 0.2"C during polarization. A liquid coolant 
could be introduced into tube T and the crystal 
brought to a low temperature. The temperature was 
measured by a properly insulated thermocouple placed 
in the lower electrode which also served as a lead for 
the electrometer. Electrical measurements were made 
using a Cary 31 vibrating reed electrometer with a 
1011 ohm resistor. The current was recorded with a 
Brown potentiometer. Dry nitrogen gas was used in- 
side the inner container to avoid sublimation of the 
samples and insure good thermal conductivity. 

The measurements comprised the following three 
steps: ( a )  During polarization, the exponential current 
decay was recorded as a function of time at a chosen 
tem~erature. Tn. until it auuroached a constant value. - . - ~ ~ ~ - ~ ,  -. . -~~~ -- - 

(b)  While maintaining the-ield, the sample was cooled 
an to a lower temperature, Ti. Then the field was removed, . and the depolarization curreht recorded as a function 

of time. (c) Finally, the crystal was heated at a 
constant rate, and this depolarization current recorded. 
The whole sequence was very reproducible, and it was 
found that the proper stabilization of the polarizati8n 
temperature to 0.2" was essential for this purpose. 

Results 
We usually performed the whole sequence decribed 

above after previous warming of fresh samples to 
60°C to empty all traps and release all accumulated 
charges due to growth, polishing, and handling. Results 
for the polarization current for pure naphthalene are 
shown in Fig. 3. Typical depolarization behavior for 
two different temperatures is also shown. The polariza- 
tion current approached a constant current asymptot- 

0 
3m e 9 ~ )  28w 2700 A , , ,  ically under the applied field, and in the case of 

depolarization the current decayed to zero under no 
Fig. 1. Optical absorption of pure naphthalene, (curve I); field. Similar results were found for the doped samples 

doped with alpha naphthol, (curve 11); and doped with beta na- and are discussed below in more detail. Samples were 
phthol (curve I l l) .  then warmed under a constant rate. Very prominent 
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F& 3. Polarization current for pure naphthalene (curve I :  
305°K); depolarization current a t  305'K (curve 11). and 280°K 
curve Ill). 

Fig. 4. Glow peaks obtained with pure naphthalene (I), doped 
with alpha-naphthol (11). and doped with beta-naphthol (Ill). 
Also shown is temperature T as a function of time during warm- 
u P. 

peaks were found for all samples. Figure 4 shows 
glow peaks obtained for both pure and doped samples. 
It is seen that the pure matrix peaks are present 
in the doped samples and that a new peak appears 
at an intermediate temperature. This peak was found 
to depend on the presence of the dopant. 

Discussion 
With the quantitative results of the polarization, 

depolarization, and glow peaks in our possession, we 
can now proceed to a quantitative analysis of the 
electret behavior. As a first step we should try to 
understand, at least partially, the polarization 
mechanism. To do this the data were analyzed in 
a log plot of the total current minus the constant 
final direct current us. time j to investigate the 
dielectric absorption current. From this figure two 
straight lines are obtained. The total charge Q, trapped 
in the dielectric via the dielectric absorption me- 
chanism can also be determined. 

From the lower temperature depolarization current 
as a function of time (Fig. 3) a value for the charge 
Qd released from the dielectric at this temperature 
can be found. Finally, from the glow peak curves 
the total integrated charge Q, that was released from 
the dielectric during warm up is calculated. Table I 
shows the values of Q,, Qd and Qg for pure naphtha- 
lene. Within the experimental errors common for this 
type of experiment (order of 5-10%) the relation 

is satisfied. A similar analysis was done for the doped 
samples. The polarization behavior of these samples 
showed the same general behavior as that of the pure 

Table I. Charges due to impurities 

Qn QD Qo Qr 
Kv/cm Type I t l o  mul. 10-" coul. 10-rn coul. 10-locoul. 

1.08 doped with 1.24 0.86 0.23 1.18 
a naphthol 

0.54 doped with 1.08 0.81 0.31 1.12 
p naphthol 

1.08 pure 8.24 5.07 1.08 6.13 

samples. Again depolarization currents at the low 
temperature and the glow peak allowed us to obtain 
Q,, Qd, and Q,. These magnitudes are shown in Table I. 
The glow peaks were also analyzed to determine the 
activation energy in the following way: If the internal 
field is approximately constant for temperatures well 
away from the maximum peak position, the initial 
rise method may be applied to determine a trap depth. 
In this case the current, at the iliitial rise of the 
peak, is given by . . 

E = to exp-E/kT 

This analysis was applied to the main pure naph- 
thalene band (peaking at 308°K) and consistent and 
reproducible values of the activation energy obtained. 
Good results were also obtained for the impurity 
peaks of alpha and beta naphthol. Experimehtal dif- 
ficulties prevented a proper analysis of the lower 
temperature pure naphthalene peak. We hope to do 
this in the near future. The activation energies found 
were reproducible to within 0.05 ev. Since the field is 
not constant during the glow, especially near the 
maximum, other methods will have to be used to 
analyze the peak for trapping cross section, activation 
energy, and other parameters. The complete analysis 
of the functional form of the peak depends on a 
model for the trapped polarization of the electret and 
the way in which the internal field varies with time. . 

It is interesting to observe that the alpha and beta 
naphthol maximum temperatures are slightly different, 
and that the activation energies for the corresponding 
glow peaks are also different. This shows the sensi- 
tivity of the glow discharge method of analysis of 
the electret. The results above can be summarized in 
the following way: 

1. The naphthalene thermoelectret can be analyzed 
very conveniently by the glow peak technique. Two 
bands are present for the range of temperatures 
studied, the main band being situated at 308°K. 

2. Activation energies can be obtained consistently 
from the elow bv an initial rise method of analysis. 
The total charge-associated with the glows is of-the 
order of 10-10 coulombs for fields of the order of 1 kv/ 
cm. The activation energy for the main band is 0.75 ev, 
the same as that found for the thermal activation 
energy of the conductivity itself. 
3. Controlled doping of the naphthalene thermo- 

electret with alpha and beta naphthol resulted in the 
appearance of independent peaks for each impurity. 
The total charge under the new glow was found to 
add to the dielectric absorption and to be of the same 
order of magnitude as that of the pure naphthalene 
main band for concentrations of 10-2 molecules of 
impurity per molecules of naphthalene in the melt. 
The presence of the impurity in the matrix was moni- 
tored by the vibrational absorption band of the OH 
radical of the naphthol. No oscillator strength is avail- 
able for this band so the concentration cannot be 
quoted. The activation energies for both peaks were 
measured and found to be noticeably different (Table 
11). This indicates that the method may constitute 
in the future a very sensitive technique for the in- 
vestigation of impurities in solids. 

We would like now to present some possible in- 
ferences from the above results. It seems that in the 
present case the electret behavior cannot be ascribed 
to dipoles or ions, but rather to electron or hole 
carriers trapped in defects or impurity levels in the 
solid. Considering a charge per unit volume of 10-11 
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Table II. Activation energies (in ev) definite presence of trapping centers as revealed by 
the polarization and glow peak behavior of the elec- 

Doped with Doped wlth 
tret, it would seem that the mobility is also trap- 

Pure rr naphthol ,9 naphthol controlled. The fact that the thermal activation energy 
for the conductivity coincided with the glow peak 

0.75 0.65 0.47 activation energy for the case of pure naphthalene 
(0.75 ev) is in agreement with the above observation. 

coulombs/cm in our electret samples about 108 to 
109 carriers/cm3 are associated with the effect. This 

-exceedingly small number points out the following: 
(a) the enormous sensitivity of the glow peak analysis 
of the electret to detect defects or impurities, com- 
pared to other methods used in physics like E.P.R., 
optical analysis or electrical conductivity; only 
luminescence effects can probably be compared with 
the present technique; (b) that practically any way 
of purifying the matrix will be useless, because no 
purification method is available for this range of 
concentration. Besides, the number of structural or 
thermodynamical defects in the solid is probably much 
larger than the above number. Thus an essential and 
perhaps unique way to proceed with investigations 
of this type is to dope the solid in a controlled man- 
ner, as we have done. 

From the results presented here one cannot de- 
cide whether electrons or holes are the predominant 
mechanism. Nothing can be said concerning the na- 
ture of the trapping levels introduced by alpha or 
beta naphthol. New experiments, in which selective 
filling of electron and hole trap is possible, are now 
being carried out (15). With this new technique we 
hope to clear up the latter questions. To measure the 
concentration of the dopants in the solid a determina- 
tion of the oscillator strength of the optical absorption 
of the OH ion is necessary. 

Finally, using Tavares' data on natural naphthalene 
electrets, it was shown that these samples also fol- 
lowed the same polarization behavior as the thermo- 
electret. It is perhaps appropriate to point out that 
similar (atn) behavior was found for ice electrets 
(16), carnauba wax electrets (171, our pure and doped 
naphthalene thermoelectrets and, as mentioned above, 
for natural electrets (10) obtained from the Costa 
Ribeiro effect. In the case of naphthalene, this tends 
to show that the same traps or sets of traps are in- 
volved in both phenomena. The anisotropy of the 
thermoelectret could then be expected, in view of 
the anisotropy of the Costa Ribeiro effect as found 
by Mascarenhas and Freitas (6). This is also being 
investigated in our laboratory. 

This problem brings into discussion the question of 
the mobility of the carriers in naphthalene. Our 
samples showed the same activation energy for con- 
ductivity as that found by Riehl. Since we found the 

Finally the space-charge nature of the phe- 
nomenon is being investigated 
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Effect of Low Pressure on Surface Charge of Electrets 
Robert A. Draughn and Avery Catlin 

Department of Materials Science, School of Engineering and Applied Science, 
University of Virginia, Charlottesville, Virginia 

ABSTRACT 

Electrets prepared from Mylar and a polystyrene material were ex osed to 
low pressure. The effective surface charge of the electrets decreasea as the 
pressure was lowered. It is proposed that the charge decrease is due to either 
desorption of charge sources from the electret surfaces or spark breakdown 
on the electret surface. 

When electrets are exposed to pressures less than breakdown in the air gap between the electret surface 
atmospheric, the magnitude of the effective surface and adjacent electrodes. This paper presents experi- 
charge is reduced. Previous investigators (1-3) have mental evidence which shows that this is not a suit- 
suggested that this effect is due to neutralization of a able explanation for the observed charge decrease. The 
portion of the surface charge by ions formed by spark data show that the charge decrease is due to either 
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Fig. 1. Relationship of effective surface charge and pressure 
of surrounding air. Forming field: 140 k v / m  for 3 0  sec a t  23°C. 

desorption of ions from the electret surface or spark 
breakdown on the electret surface. 

Experimental 
The electret materials used in this study were a 

commercially obtained polystyrene material' and My- 
lar.2 Infrared, x-ray, and chemical analysis of the 
polystyrene material showed it to be polystyrene con- 
taining 10% by weight Ti@. The polystyrene sheet 
was 5 x 10-2 cm thick and the Mylar thickness either 
2.6 x 10-2 cm or 1.3 x 10-2 cm. The dielectric con- 
stants, measured at 1 kc were: polystyrene, 3.2; Mylar, 
R R -.". 

The electrets were formed by positioning the speci- 
mens between guarded machined brass electrodes of 20 
cmz area and applying a voltage of 5-7 kv across the 
electrodes. Most of the electrets were prepared by 
applying the high field for 30 sec at room temperature 
(23", 21°C) and room relative humidity (25%, 23% ). 

The movable electrode of the dissectible capacitor 
used to measure the effective surface charge was of 
machined brass with a surface area of 5 cmz. Surface 
charge measurements were made both at  reduced 
pressures and at atmospheric pressure following ex- 
posure of the electret to reduced pressure. 

All specimens were stored with their surfaces ex- 
posed to the environment, i.e., in the unshielded con- 
dition. 

Results and Discussion 
Figure 1 shows the behavior of the effective surface 

charge when a polystyrene electret was formed at 
atmospheric pressure, then exposed to low pressure. 
The charge measurements were made at the pressures 
indicated. The dissectible capacitor arrangement em- 
ployed allowed the specimen to be stored between 
measurements with both of its surfaces freely exposed 
to the vacuum. During storage, the measuring electrode 
was positioned 5 cm above the electret surface. All 
specimens formed at atmospheric pressure exhibited a 
homocharge which was maintained throughout the 
period of observation. The data shown are taken from 
the negatively charged side of the electret. For graphic 
clarity, all data are shown as positive numbers. All 
effects reported in this paper were observed for both 
surfaces of the electrets. 

As is shown in Fig. 1, the effective surface charge 
(Q) of the electret decreased as the pressure was 
lowered. Below 2.7 Tom, no further changes of Q oc- 
curred as the pressure was lowered to a minimum of 
2 x 10-5 Tom. 

Following each sudden drop in the magnitude of Q, 
the charge partially recovers. The recovery results 
from the response of the internal polarization to a de- 

1 Cadlllac Plastics and Chemical Company. Detroit. Michigan. 
'Mylar is a registered trademark of E. I. du Pout de Nemours 

& Company. 

crease in the internal field of the electret. The removal 
of a portion of the surface charge at low pressures 
causes a reduction in the internal field .of the electret 
thereby allowing a partial decay of the internal po- 
larization. Since the contribution of internal polariza- 
tion to effective surface charge is opopsite in sign to 
the real charge on the electret surface, the decay of 
internal polarization appears as a growth of effective 
surface charge. The response of internal polarization 
to changes in internal field has been treated phenome- 
nologically by other authors (4-6). A theory of dielec- 
tric aftereffect (7,8) has been applied to the polariza- 
tion decrease by one of the present authors (9). 

There are two apparent explanations for the drop in 
Q as a function of pressure. The drops could be due 
to neutralization of surface charge, by ions produced 
by spark breakdown of the air in the vicinity of the 
electret. This breakdown could occur in the gap be- 
tween the measuring electrode and the electret sur- 
face or it could possibly occur on the electret surface 
between regions having different charge intensity. 
Also, desorption of ions from the electret surface could 
produce the observed effects. 

For experiments in which the dissectible capacitor 
is used to measure Q at reduced pressure (as in Fig. 
I ) ,  the occurrence of spark breakdown between the 
electret surface and the measuring electrode seems 
quite feasible. However, the following analysis of the 
experimental conditions shows that such sparking 
probably does not occur. 

Figure 2 compares a plot of the voltage between the 
measuring electrode and the electret surface with the 
voltage required to initiate spark breakdown The ex- 
ternal voltage of the electret was calculated using the 
expression (3,lO) 

El = 
-&I 

[ €(dl. + Ql) + 

€1 
.lrzL 

where: El = field between the electret surface and 
the movable induction electrode of the dissectible ca- 
pacitor (in volts/m) ; QI = effective surface charge of 
the electret (in coul/m2) ; dl = distance between the 
electret surface and the induction electrode (in m); 
dz = distance between the electret surface and the 
stationary electrode (in m). & is taken as 0.01 cm in 
this calculation; L = thickness of electret (in m); r = 
permittivity of the electret material (in coul2//New- 
ton-m), €1, Q = perrnittivities of the media adjacent 
to the electret surfaces. In these experiments, €1 = cz 
= eo, where eo is the permittivity of free space. 

The voltage (V1) between the electret surface and 
the induction electrode is given by 

V1 = Eldl 

Spark Breakdown 
voltage 

lo3 - 
In 
5 
9 

lo2 - External Voltage 
of Electret 

Fig. 2. Comparison of external voltage of electret and voltage 
required to initiate spark breakdown. Closest approach of the 
curves occurs a t  dl  = 2 x 10-2 cm where the difference between 
voltage required to initiate spark breakdown and electret voltage 
is 2OOv. 
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The value of Q is taken from the large charge drop 
(Q decreasing from 3.2 x 10-9 coul/cm2 to 2.0 x 10-g 
coul/cmz) of Fig. 1. The spark voltage curve is taken 
from the literature (11) with the assumption that the 
observed drop in Q occurred at the minimum pressure 
of 64 Torr. As Fig. 2 shows, the spark breakdown 
voltage curve and the electret voltage curve do not 
intersect for any value of dl. Thus no breakdown could 
occur to produce the observed charge drop. This same 
analysis was applied to many charge-pressure con- 
ditions at which Q drops were observed, and it was 
found that the spark voltage curve and the electret 
voltage curve never intersected. 

Another series of experiments showed that the 
effective surface charge of Mylar and polystyrene 
electrets decreased with decreasing pressure when the 
electrets were positioned in the vacuum bell jar in 
such a way that the distance between the electret sur- 
faces and any conductor ranged from 4.5 to 40 cm. 
With these separation distances, the external electret 
field which could act to produce spark breakdown was 
quite small. The electrets were evacuated to a given 
pressure, then returned to atmospheric pressure, 
where the effective surface charge was measured. The 
charge measurements were made at atmospheric pres- 
sure in order to insure that breakdown could not oc- 
cur during the measurement. Even though the possi- 
bility of spark breakdown between the electret sur- 
face and a nearby conductor was eliminated in these 
experiments, the effective surface charge still de- 
creased as a function of pressure. The charge decreased 
slightly as the pressure was lowered from atmospheric 
and underwent a large decrease in the pressure range 
of 1-10 Torr. 

The occurrence of spark breakdown between an 
electret surface and nearby metal depends on the 
pressure of the surrounding air, the length of the 
available discharge path, and the magnitude of the ex- 
ternal electric field of the electret. The external field 
in turn depends on the magnitude of the effective sur- 
face charge, according to expression [I]. The data 
shown in Fig. 3 show that the occurrence of the charge 
drops do not depend on the magnitude of the external 
field of the electret. These data were obtained from a 
polystyrene electret formed by application of 140 kv/ 
cm for 4 hr at 105°C. These forming conditions pro- 
duce a large internal polarization of the electret. On 
removal of the forming field, the effective surface 
charge (Q) of the unshielded electret initially in- 
creased due to relaxation of the internal polarization. 
When Q equalled 4.6 x 10-9 coul/cmz, the electret was 
evacuated to 43 Torr and then returned to atmospheric 
pressure. Measurement of Q at atmospheric pressure 
showed that the evacuation had caused a charge drop. 
Q resumed its slow increase in magnitude as the elec- 
tret was held in room atmosphere with its surfaces ex- 

posed. When Q had grown to 4.7 x 10-9 coul/cm~, the 
bell jar containing the electret was evacuated to 41 
Torr, again returned to atmospheric pressure and Q 
measured. It was found that the charge had not been 
affected by the second evacuation. The process was 
repeated as Q continued to increase, and no further 
reduction of the charge was observed until the elec- 
tret was evacuated to 26 Torr. Evacuation to 26 Torr 
produced the second charge drop shown in Fig. 3. The 
process was then continued to lower pressures. If the 
charge drop on the initial evacuation was due to spark 
breakdown between the electret surface and nearby 
conductors, then another charge drop should have oc- 
curred on the second evacuation where the external 
field of the electret was slightly higher and the pres- 
sure slightly lower. The fact that no further charge 
drop was observed until the pressure was lowered to 
26 Torr, even though the external field of the electret 
was continuously increasing, appears to support an 
ion desorption mechanism for the charge drops. If a 
desorption mechanism is active, then Q should not 
drop on the second evacuation because the initial 
evacuation would desorb all ions which could be de- 
sorbed in that pressure range. According to this 
theory, further ion desorption did not occur until the 
pressure was reduced to 26 Torr. 

It would be expected that the forming conditions 
employed for electrets of this paper would produce an 
uneven distribution of surface charge, thus the charge 
decreases might be due to spark breakdown between 
regions of different charge intensity on the electret 
surface. However, an uneven distribution of surface 
charge would provide a continuous distribution of 
possible spark distances, thus for the electret of Fig. 
3, for pressures between 43 and 26 Torr, there should 
exist some distance for which the potential would be 
sufficient to initiate spark breakdown and thereby 
cause charge drops. The absence of any indication of 
charge decrease between the pressures where large 
charge drops are observed apparently opposes spark 
breakdown along the electret surface as the source of 
the charge drops. 

Figure 4 depicts the behavior of the effective surface 
charge when electrets are exposed to gases other than 
air. Both Mylar and polystyrene electrets were formed 
in room atmosphere and placed in oxygen, nitrogen, 
and helium at atmospheric pressure. The results for 
polystyrene electrets are shown in Fig. 4. The surface 
charge of Mylar electrets behaved similarly. Exposure 
of the electrets to oxygen and nitrogen caused small 
drops in Q, and exposure to helium caused a more 
drastic charge decrease. When the electrets were 
rapidly evacuated to 10-2 Torr, the charge dropped 
further. The potential required to initiate spark break- 
down in these gases is less than that required in air. 
The sparking potential is significantly lower in helium, 
where for a distance of 10-2 cm sparking will occur at 
a potential of 170v, while in air at atmospheric pres- 
sure, 900v are required (11). In view of this, spark 

I I I I I I I I 
5 0  100 150 2 0 0  2 5 0  

2 0 1  
0 I 2 3 

TIME AFTER POLARIZATION (MINUTES) TIME AFTER POLARIZATION (HOURS) 
Fig. 3. Effect of reduced pressure on effective surface charge Fig. 4. Effect of oxygen, nitrogen, and helium on effective sur- 

of polystyrene electret. face charge of polystyrene electrets. 
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4. Charge decreases occur at atmospheric pressure 
in environments other than air. 

5. Oxygen, nitrogen, and water are primary sources 
of electret surface charge. 

The results lead to the conclusion that the decrease 
in effective surface charge observed when electrets 
are exposed to low pressure is not the result of spark 
breakdown between the electret surface and nearby 
conductors. The data indicate that the charge drops 
are due to ion desorption. However, the experiments 
do not definitely distinguish between the mechanisms 
of ion desorption and spark breakdown on the electret 
surface as sources of the charge drops. There are ap- 
parently no previously reported studies of conditions 
present in the experiments of this paper, i.e., the room 

@ TIME AFTER POLARIZATION (MINUTES) 
temperature exposure to reduced pressure of a poly- 
mer having a significant concentration of gaseous ions 

Fig. 5. Effective surface charge of polystyrene electrets formed on its surfaces. In view of this lack of available in- 
in various environmenh. Forming field: 140 kv/cm for 30 n c  at formation, further investigations are required in order 
23°C. to show the relative importance of the surface break- 

down and desorption processes in causing the observed 
breakdown on the electret surface might account for charge decrease. 
the initial charge drops of Fig. 4. However, spark Acknowledgment 
breakdown by itself does not adequately explain the 
later drops in surface charge. one of the authors has This work was supported by the National Institute 
proposed a theory of ion desorption to account for the Of Research, Grant DE-2111-02. 
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That oxygen, nitrogen, and water are primary Any discussion of this paper will appear in a Dis- sources of electret surface charge is shown by the data cussion section to be published in the December 1968 
of Fig. 5. Here is shown the effective surface charge JO,,RNAL. 
of polystyrene electrets formed in room atmosphere, 
dry air, and a vacuum of 2 x 10-5 Torr. Since the 

REFERENCES 

charge is less for the electret formed and stored in dry G. E. Shepherd and J. D' Stranathan9 Phys' Rev+ 
SO, 360 (1941). 

air than for the formed and stored at 23% 2. J. W. Wild and J. D. Stranathan, 3. Chem. Phys., 
relative humidity, water vapor must be a significant 27,1055 (1957). 
source of the surface charge. Similarly, the low (in 3. A. N. Gubkin and G. I. Skanavi, Sou. Phys.-Solid 
fact initially negative) value of charge for the vacuum State, 3,215 (1961). 
formed electret shows that the components of air are 4. G. G. Wiseman and G. R. Feaster, J. Chem. Phys., 
major sources of surface charge. 26,521 (1957). 

5. M. M. Perlman J. Appl. Phys., 31,356 (1960). 
Summary 6. M. M. ~erlma; and J. L. Meunier, ibid., 36, 420 

(1965). 
Experiments reported in this paper yielded the fol- 7. D, ~ ~ h l ~ ~ ~ ~ ,  Z. Physik.? 124,468 (1947). lowing results: 8. D. Kuhlmann, G. Masing, and J. Raffelsieper, 
1. The magnitudes of externar fields of the electrets Z. Metallkde., 40,241 (1948). 

studied are not sufficient to initiate spark breakdown. 9. R. A. Draughn, Doctoral thesis, University of 
2. The occurrence of charge drops does not depend Virginia (1968). 

on the distance between the electret surface and 10. A. N. Gubkln, Sou. Phys.-Tech. Ph~s., 2, 1813 
nearby conductors. (1957). 

11. "Tabellen der Elektronenphysik, Ionenphysik, and 
3. The charge drops are not controlled by the mag- Ubermikroskopie," M. von Ardenne, Berlin: 

nitude of the effective surface charge (and hence the VEB Deutscher Verlag der Wissenschaften 
external field) of the electret. (1956). 



Measurement of Quantum Efficiencies of Eu"-Activated 

Phosphors Using Excitation to Selected ELt-Levels 
A. Bril, G. Blasse, and I. A. A. Bertens 

Philips Research Laboratories, N. V. Philips' Gloeilarnpenfabrieken, Eindhoven-Netherlands 

ABSTRACT 
A method to determine the efficiency of the red EuSt-fluorescence of phos- 

phor powders using excitation of the 5D1-, 5Dz-, and 5L7-levels is described. 
These efficiencies were compared with those found with short-wave ultra- 
violet excitation, in order to study the transfer of the absorbed energy to the 
europium ion. 

The quantum efficiency of a fluorescent substance 
is generally defined as the ratio of the number of 
emitted quanta to the number of absorbed exciting 
quanta, while the radiant efficiency (energy-conver- 
sion efficiency) is defined as the ratio of the corre- 
sponding radiant powers. The measurement of quan- 
tum efficiency is simple in principle but sometimes 
rather difficult in practice (1,2) ! One of the difficul- 
ties in measurement of efficiencies of powders is the 
determination of the absorption of the exciting radi- 
ation. Phosphors such as are used in fluorescent 
lamps gives the least difficulties because they have 
both a high light output and a high absorption in the 
host lattice or in the activators (2). This means that 
small spurious absorptions (e.g., absorptions in con- 
taminations which do not give rise to fluorescence) 
play only a minor role. Problems arise when activator 
absorptions are low in comparison with absorptions of 
the host or of contaminations. This is the case in the 
rare earth activated phosphors when they are excited 
in the narrow energy levels of the rare earth ions 
themselves. 

In this paper a method is described for the mea- 
surement of efficiencies of Eust-activated phosphor 
powders when excited in the 501-, 5Dp, and SL7-levels 
(see Fig. 1) whkh are very narrow (about 10 cm-1) 
and for which the absorption is only some per cent. 
(The absorption at the 5D3-level is generally too weak, 
in accordance with the selection rules, for the deter- 
mination of the efficiency.) It is of interest to deter- 
mine these efficiencies for ~hosuhors which have a low 
efficiency under short-wave u.;.- and cathode-ray ex- 
citation to see where the exciting energy is lost. Exci- 
tation at the 5Do-level has not been considered be- 
cause fluorescence and absorption cannot be easily 
separated in the case of powders. Moreover, the ab- 
sorption at the 5Do-level is very weak. Measurements 
of this type with selective excitation at Eu3+-levels 
have been performed for liquids (Eu-chelates) by 
Dawson, Kropp, and Windsor (3).  

Apparatus and Method 
The experiments are carried out by use of a Perkin- 

Elmer grating spectrophotometer model 13G, which 
we modified slightly and used in single beam mode. 
The Nernst filament with mirror was replaced by a 
tungsten-iodine lamp in combination with a quartz 
lens, so that more energy was obtained in the short 
wavelength region. A Bausch and Lomb grating, 
blazed at  500 nm and with 600 grooves/mm, was used. 

The phosphor was placed behind the exit slit (see 
Fig. 2) ,  so that it was irradiated monochromatically. 
To reduce stray light to a still lower level a Schott 
VG 12 filter was placed in the exciting beam, to ab- 
sorb energy in the longer wavelength region. 

Two measurements were carried out for each Eulf-  
absorption region of every phosphor: 

1. The excitation spectrum. The fluorescent radiation 
emitted by the phosphor was collected and measured 

as a function of the exciting wavelength with a photo- 
multiplier tube (EMI, Type 9558 Q ) ,  in front of which 
a filter was placed (4 mm Schott OG 5) which trans- 
mitted only the orange and red fluorescent energy 
while absorbing the exciting energy. A curve of the 
type given in Fig. 3a was then obtained. 

2. The diffuse reflection spectrum. In this measure- 
ment only one thing was different from the previous 
measurement: The OG 5 filter is replaced by a VG 12 
filter, which transmitted only the exciting energy and 
absorbed the fluorescence. Everything else remained 
the same (lamp curent, photomultiplier voltage, etc.). 
Then the absorption curve as a function of wavelength 
was obtained, as shown in Fig. 3b. 

The width of the peaks in the excitation spectrum 
are found to be equal to the corresponding peaks in 
the reflection spectrum. We have described earlier (2) 
that for powder phosphors the angular distribution of 
the reflected radiation is the same as that of the fluo- 
rescence (nearly Lambertian distribution). 

As has been said in the introduction, the radiant effi- 
ciency is the ratio of the emitted power and the power 
absorbed from the exciting radiation. The emitted 
power is determined by the maximum ordinate Uem 
of the peak in the excitation spectrum with two cor- 
rections: (i) The transmission of the filter used is 
not unity and moreover it varies as a function of the 
wavelength of the emission. (ii) The response G(h) of 
the photomultiplier, given in pa/pw, varies as a func- 
tion of wavelength. Therefore the total emitted power 
. - 

where p(h)dh is the relative emitted power in a region 
dh at wavelength h, derived from the spectral energy 
distribution curve. The integration has to be extended 
over the total spectral region of the emission. 

Fig. 1. Part of the energy level scheme of the Eu3t-ion 
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Fig. 2. Schematic diagram of experimental arrangement: p.m., 
photomultiplier; ph, phosphor; and f, filters. 

a) Excitdbn 
spectrum 

Fig. 3. Relative light output of Eu3+- emission (curve a) and 
diffuse reflection (curve b) as a function of wavelength for W04- 
Eu. For curve b the zero line is suppressed (the absorption peak 
has a depth of about 13%). 

The radiant energy absorbed from the excited beam 
is determined by the peak height Uabs of the dif- 
fuse reflection spectrum, corrected in a similar way 
for (i) the transmission svc lz of the filter used, and 
(ii) for the response G of the photomultiplier in the 
excitation region. Because the width of the excitation 
peak is only a few angstrom units, we can take here 
the transmission and response at the peak wavelength 
).,,. Thus the absorbed power is proportional to 

A = Uabs/G (hem) svc 12 

The radiaht efficiency q is then determined by 

The quantum efficiency q is found by multiplying the 
radiant efficiency with 

Jemhp(h) d l  

being the ratio of the energy of the exciting and the 
emitted quanta. The response of the photomultiplier 
was determined by comparing its output with that of 
a photocell calibrated by the National Physical Lab- 
oratory in Teddington (England). The spectral energy 
distributions for most phosphors were measured up to 
A - 720 nm. Those of Gdp03-Eu and YV04-Eu were 
measured up to 900 nm. We found that the intensities of 
the  DO ' 7Fg and 5Do + 7Fg lines located in this region 
were negligible, in accordance with theoretical con- 
siderations of Ofelt (4). Therefore we ignored these 
lines in the case of the other phosphors, too. 

The error in this type of measurement'will be of 
the order of 25%. This large error is caused by the 
very low value of the absorption, as has been already 
mentioned in the introduction. 

Results and Discussion 
When exciting in the 5Dz (A = 465 nm) and 5D1 

( A  = 535 nm) Eu3+-levels quantum efficiencies of 
about 100% were measured for GdpO3-Eu, YzO~-EU, 
and YV04-Eu with the method described in the pre- 
vious section. This is in agreement with the high ef- 
ficiency figures found for these phosphors when ex- 
cited with cathode rays or short wave U.V. radiation 
(quantum efficiency q = 70%) (5). For YV04-Eu the 
spectral energy distributions were measured for ex- 
citation with A = 525 nm, A = 465 nm, A = 395 nm 
and for short wave U.V. radiation (h = 254 nm). No 
differences between these distributions were found, 
within the limits of experimental accuracy. 

It is assumed that this is valid for all phosphors. 
The same correction (see previous section) is applied 
in determining the radiant efficiencies for different 
excitations. The emission peaks in the regions near 
595, 610-620, and 700 nm are all taken into account. 

There are other phosphors which have a lower 
quantum efficiency for short wave U.V. excitation, e.g. 
YO.REUO.ZA~B~O~~ with q = 35%. When excited in the 
selected Eu3+-levels, however, YO.P,EUO.ZA~~B~OIZ and 
even EuAl3B4012 have a quantum efficiency near 100%. 

In the phosphors mentioned above and many others 
evidently practically no radiationless processes occur 
from the 5D1 and ~ D z  levels. 

Excitation in the 5L7-level (A = 395 nm) gives also 
quantum efficiencies near 100% in many cases: 
Y A ~ ~ B ~ O ~ Z - E U ,  GdzO3-Eu, YP04-Eu, YNb04-Eu. HOW- 
ever, difficulties arise when the ~LT-absorption is su- 
perimposed on the host lattice absorption or a tail of 
this absorption, as is the case in substances like Yv0-1- 
Eu, YzWOe-Eu, and GdzWOe-Eu (see the survey spec- 
trum of YzWOe-Eu in Fig. 4. This curve has not been 
used for the calculation of the efficiency; for that pur- 
pose higher resolved spectra with suppressed zero line 
are determined as given in Fig. 3). If we take as 
absorption the area of the narrow absorption peak as 
is done for the 5Dp and 5D1 absorption (see Fig. 3, 
the area under the dashed line), apparent efficiencies 
of about 200% are obtained. Since there is no reason 
to expect quantum efficiencies higher than loo%, our 
method seems not to work, if the rare earth absorp- 
tion coincides with the host lattice absorption. This 
can be explained at least partly by the fact that the 
procedure used is not valid in cases where there is 
considerable absorption in the host lattice: TO de- 
termine Uabs of the narrow peak the dashed line, con- 
necting the host lattice reflection at both sides of this 
peak, is considered as a separation between activator 
absorption (narrow band) and host lattice absorp- 
tion. However, following common absorption rules, in 
the presence of additional absorption, the host lattice 
cannot absorb as many photons as would be the case 
without it. Hence the activator absorption, as has been 
determined in this way, is underestimated leading to 
quantum efficiency figures which are too high. 

An interesting case is the comparison of the effi- 
ciencies of GdnWO6-Eu and YzWOe-Eu. We found for 
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fW - case in YzWO6-Eu, whereas it is not efficient when this 
angle is 90" as in GdzWO6-Eu. Our measurements con- 

% firm this difference in energy transfer efficiency, since 
both phosphors show efficiencies near loo%, when 
the E u ~ +  ions are directly excited in the selected 5Dz 
and ED1 levels. 

The difference between the results of Dawson, 
Kropp, and Windsor (2) for Eu-chelates and ours for 
oxides is that we generally find no increase of effi- 
ciency from the 5L7- to lower excitation levels, 
whereas they do find such an increase. Apparently the 

&WO, -Eu population of the 5Do-level from the higher levels is 
not much different in our phosphors. 
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ABSTRACT 

The kinetics of the reaction CaFz(s) + HzO(g) = CaO(s) + 2HF(g) were 
determined on single crystal CaFz specimens by a gravimetric technique in the 
temperature range from 1000' to 1120°C at  water vapor partial pressures from 
1 to 20 Torr. Paralinear rate behavior was observed; i.e., the reaction rate, 
which is initially parabolic, eventually becomes linear. The parabolic and linear 
rates were both found to be dependent on the partial pressure of water vapor. 
Activation energy values of 63.6 and 38.4 kcal/mole, respectively,. were ob- 
tained for the parabolic and linear, reaction periods. The complexity of fhe 
reaction mechanism prohibits assigning the actlvation energy values to specific 
processes. 

A literature survey reveals considerable interest in He showed that the net reaction responsible for the 
the role of oxygen and hydroxyl ion impurities in pro- rapid oxidation of CaFz in air at high temperatures is 
ducing optical effects in calcium fluoride (1-6). Bon- 
tinck (1) reported the only measurements which have CaFz(s) + HzO(g) = CaO(s) + 2HF(g) 
been made on the kinetics of the hydrolysis of CaFz. BontinckIs measurements were on powder speci- 

mens in air containing a low but unspecified partial 
'At the time the experimental work was done the writer was pressure of water vapor. The present measurements Graduate Research Assistant in the Inorganic ~hterials  Research 

Division. Lawrence Radiation Laboratory end in the ~ ~ ~ ~ ~ t ~ ~ ~ t  were undertaken to provide kinetic data on single 
of Mineral Technology. University of California at Berkeley. He 
is now Assistant Ceramic Englneer Metallurgy Division. Argonne 

specimens in atmospheres containing known 
National Laboratory, Argonne. ~i l i iois .  partial pressures of water vapor. 
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Experimental Procedure 
Specimens were fabricated from single crystal CaFz 

(Harshaw Chemical Company). Specimen blanks in 
the form of thin plates were made by cleaving the 
crystals along parallel [ I l l ]  planes. The blanks were 
then diamond-sawed parallel to [110] and [I121 planes 
to form square plates. The plates were ground to their 
final dimensions in a slurry of 600 mesh silicon car- 
bide and water. Although CaFz reacts readily with 
water vapor at elevated temperatures, it is unreactive 
with water at  room temperature. The approximate di- 
mensions of the specimens were 9 x 9 x 2 mm. The 
dimensions of each specimen were determined to 
within 0.01 mm with a micrometer. 

The kinetics of the hydrolysis reaction were deter- 
mined by following the weight loss of a specimen as 
a fugtion of time. The quartz spring weight-loss ap- 
paratus that was used is described elsewhere (7) .  

A run was initiated by heating a specimen to the 
desired reaction temperature in flowing, dry argon. 
The reaction was started by introducing water vapor 
at the desired partial pressure. A gas flow rate of 400 
cc/min was used for all of the runs. At the end of a 
run the atmosphere was again changed to dry argon 
and the furnace power was shut off. 

Results 
Figure 1 is a schematic representation of a typical 

section from a quenched, reacted specimen. The outer 
region, labeled zone 1, contained precipitate particles 
of uniform size and concentration in a transparent 
matrix. Zone 2 represents the fluorescent region shown 
by Adler and Kveta (2) to contain dissolved oxygen. 
Zone 3 contains unreacted CaF2. Under no circum- 
stances was a single phase product layer observed. 

X-ray diffraction patterns showed that the precipi- 
tate was CaO. Although Ca(OH)2 is another possible 
reaction product (4), none was observed. 

Figure 2 shows the results of all but two of the 
reaction runs. The latter duplicate two of the runs 
shown, and were omitted for the sake of clarity. Fig- 
ure 2 illustrates the typical paralinear rate behavior 
that obtained in every run. 

Figure 3 shows plots of weight-loss us. the square 
root of time for the initial period assuming that a 
parabolic rate law applies. Although data from four 
runs at high water vapor pressures were arbitrarily 
selected for Fig. 3, the fit was equally good for all 
of the data. 

Table I contains the rate data for runs made at 
various water vapor partial pressures in the temper- 
ature range from 1000" to 1120°C. The parabolic rates, 
R,, were obtained from the slopes of plots of weight 
loss us. the square root of time. The linear rates, R1, 
were calculated from the slopes of the linear portions 
of the weight-loss plots. Both sets of rates were nor- 
malized for surface area. The surface area, which was 
assumed to be equal to the initial surface area, was 
calculated from measured dimensions. 

Discussion 
The results of this and earlier studies (2, 3, 8) in- 

dicate that oxygen is highly soluble in CaFz at ele- 
vated temperatures. Existing evidence also indicates 
that oxygen can be substituted for F- as 0-- (with 
the formation of anion vacancies) (2, 3, 5, 6) and as 
OH- (3, 4, 6). It is therefore evident that the mech- 
anism of the hydrolysis process is more complex than 

Fig. 1. Appearance of the cross section of a typical CaFz spe- 
cimen after hydrolysis. 

TlME Irninulesl 

Fig. 2A. Weight-loss vs. time curves for the hydrolysis of single 
crystal CaFz specimens a t  10W0C.  

TIME Iminuts.1 

Fig. 28. Weight-loss VS. time curves for the hydrolysis of single 
crystal CoFz specimens at 1040°C. 

was previously thought (1) and that a detailed de- 
scription of the process requires more experimental 
data than are presently available. The following dis- 
cussion attempts to point out some of the complexities 
involved in the interpretation of the results, and to 
suggest the existence of possible reaction mechanisms 
not heretofore considered. 

The qualitative observation that the precipitate 
particles found in quenched specimens in this and a 
previous investigation (8) were uniform in size and 
distribution suggests that the precipitate formed only 
on quenching. If the precipitate had existed at the 
temperature of reaction, one would expect the precipi- 
tate particles to be larger in the region of higher 
oxygen concentration near the surface of the speci- 
men. One might also expect such a size gradient to 
result from slower cooling which would allow more 
time for growth of the precipitate. Indeed, Bruch et al., 
(5) observed just such a gradient in specimens that 
were cooled slowly. 
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Fig. 2C. Weight-loss vs. time curves for the hydrolysis of single 
crystal CaFz specimens at  1080°C. 

TlME Iminules) 

Fig. 2D. Weight-loss vs. time curves for the hydrolysis of single 
crystal CaFz specimens a t  11M'C. 
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Fig. 3. Plots of weight-loss vs. ts for the initial portion of the 
hydrolysis reaction. 

'DROLYSIS O F  CaF, 399 

Table I. Collected rate data 

Temp. *C 
R I  X 1W. Rp x 101, 

P H ~ ,  TOIT g cm-1 min-1 g em-s min-1~ 

If, for the purpose of calculation, it is assumed that 
all of the oxygen was dissolved as 0--, minimum 
values for the solubility of oxygen in CaFz can be 
estimated from the maximum observed weight losses. 
These values are in the range from 5 to 20 m/o (mole 
per cent). 

The paralinear rate behavior demonstrated by the 
curves in Fig. 2 was also observed by Bontinck (1) in 
experiments on the hydrolysis of CaFz powder speci- 
mens over a similar temperature range. Bontinck 
ascribed the parabolic to linear rate transition to 
saturation of the specimen with oxygen and forma- 
tion of a precipitate. The present results, however, 
are inconsistent with this interpretation because they 
indicate that the transition is dependent on the par- 
tial pressure of water vapor, while the solubility 
limit should be independent of pressure. Furthermore, 
one would expect the growth of precipitate particles 
to exhibit nonlinear kinetics (9) instead of the linear 
kinetics actually observed. 

It is evident from Fig. 2 that the extent of reaction 
at the transition point is dependent on both temper- 
ature and water vapor pressure. Unfortunately, the 
breaks in the curves cannot be established with suffi- 
cient precision to deduce quantitative relationships. 
One can see qualitatively, however, that the transi- 
tion point weight-loss is inversely proportional to 
pressure under isothermal conditions, and directly 
proportional to temperature under isobaric conditions. 

Bontinck (1) suggested that the initial stage of the 
hydrolysis process involved the substitution of OH- 
for F- at the crystal surface with the formation of one 
molecule of HF gas. He also interpreted his measure- 
ments as indicating that the OH- disappeared after 
several hours of heating and that the final net reaction 
was 

CaF+z(s) + 6HzO = (1-6)CaF26CaO + 26HF [I] 
or 

Hz0 = 60-- + 60-  + 28H+ [21 

However, Wickersheim and Hanking (4) prese&ed 
clear evidence that OH- exists in the CaFz even after 
prolonged heating. They reported that the OH- ab- 
sorption band at 3650 cm-I was at least as strong 
after 6 hr of heating as it was after 4 hr of heating at 
1020aC, and that the disappearance of the peak ob- 
served by Bontinck was actually a result of an in- 
crease in background. The ESR and EPR measure- 
ments of Sierro (3, 6) on gadolinium doped CaFz also 
indicate the presence of OH- within CaF2 crystals 
after hydrolysis. Sierro's measurements further in- 
dicate that OH- decomposes within the crystal to 
form 0-- Presumably, the decomposition process re- 
sults in the formation of anion vacancies and HF along 
with 0--. 

The magnitudes of the weight losses obtained in this 
study indicate that decomposition of OH- must be 
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occurring throughout the course of the reaction. The 
mere substitution of a hydroxyl ion (M.W. = 17) for 
a fluoride ion (A.W. = 19) could not account for the 
large weight changes which were observed. 

On the basis of existing data, one can list a number 
of rate processes that may be involved in the over-all 
hydrolysis reaction. Some of these are: (i) chemisorp- 
tion of water vapor and desorption of HF; (ii) surface 
reaction to form OH- and HF; (iii) surface reaction 
to form O--, anion vacancies and HF; (iv) diffusion 
of O--, OH-, and anion vacancies into the crystal; 
(v) diffusion of F- toward the surface by the inter- 
stitial mechanism proposed by Ure (10) ; (vi) internal 
decomposition of OH- to yield O--, anion vacancies, 
and HF; and (vii) diffusion of HF out of the crystal. 

The following discussion deals with the parabolic 
and dnear portions of the reaction with respect to the 
possible rate-controlling mechanisms listed above. 

The parabolic character of the initial reaction period 
suggests that a diffusion process is rate controlling; 
if a surface-reaction process were rate controlling, a 
linear rate law would be observed (11). Interpreta- 
tion of the parabolic weight-loss rates therefore re- 
quires relating the weight loss data to a diffusion co- 
efficient and identifying the diffusing species. 

The parabolic rate exhibited a strong dependence on 
the partial pressure of water vapor with a tendency 
toward a limiting value at the higher pressures. Sim- 
ilar pressure dependencies have been observed for 
reactions in which a chemisorption equilibrium step 
precedes the rate-controlling one. (7,12). If the rate is 
assumed to be proportional to the extent of surface 
coverage by the reacting gas, and if the surface con- 
centration is expressed by the Langmuir adsorption 
isotherm, the applicable rate expression is (7) 

where P is the partial pressure of water vapor, R, is 
the parabolic reaction rate, k is Boltzmann's constant, 
T is the absolute temperature, k, is the parabolic rate 
constant, Kc is the chemisorption equilibrium con- 
stant, and u0 is the concentration of reactive surface 
sites. Equation [3] predicts that a plot of P/R, vs. P 
should yield a straight line of slope equal to l/k,r, 
Figure 4 shows that the parabolic rate data fit Eq. [3]. 

If it is assumed that the parabolic period corresponds 
to steady-state diffusion in a semi-infinite medium, the 
applicable rate expression is (13) 

where Dt is the diffusion coefficient, CI is the concen- 
tration per unit volume of the diffusing species adja- 
cent to the surface, and t is the time. As Eq. 131 was 
derived from the expression R, = k,(u/t1/2), Dl can 
be related to k, by 

When the surface is saturated with chemisorbed water 
vapor, a = u,, and CI is the concentration of the dif- 
fusing species present at saturation. 

Values of k,ro (arbitrary units) were obtained from 
the reciprocal slopes of the lines given in Fig. 4. It 
was assumed that so was constant. Figure 5 shows a 
semilog plot of (k,r,)z vs. 1/T. According to Eq. [3], 
(k,uo)2 should be proportional to DiCtZ. If it is as- 
sumed that Dt = Do exp (AHdRT), and Ci = C, exp 
(AH,/RT), the activation energy obtained from Fig. 5 
is the sum of terms for diffusion and carrier concen- 
tration. It was calculated that (AHD + 24H,) = 63.6 
kcal. 

Although, in principle, values for Kc are obtainable 
from Fig. 4, the intercepts could not be established 
with sufficient precision to do so. 

An unambiguous identification of the diffusing spe- 
cies is not possible by evaluation of the parabolic rate 
data. If one assumes that the surface concentration of 
carriers is independent of temperature, the activation 
energy of 63.8 kcal/mole obtained here is close to the 
value of 67 kcal/mole for interstitial diffusion of argon 
in CaFz obtained by other investigators (14, 15). This 
correlation would suggest that the interstitial diffusion 
of HF out of the crystal is rate-controlling. On the 
other hand, if the diffusion of OH- or 0-- and anion 
vacancies were rate controlling, one would expect an 
activation energy close to that for self diffusion of F- 
in CaF,, ie., 46 kcal/mole (10, 15, 16). Because the 
value obtained is a composite one, the latter possibility 
is not ruled out. 

The dependence of the linear reaction rate on the 
partial pressure of water vapor is clearly different than 

PARABOLIC 
AHp = 61.6 kc01 per mole 

AHl = 38.4 kc01 per mole 

P 1 lolr l  

Fig. 4. Plots of P/R, vs. P according to Eq. [ I  I 
Fig. 5. Arrhenius plots of the rote data for the parabolic 

linear reaction stages. 
and 
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JF ~ ~ o r r d  

Fig. 6. RI vs. P% according to Eq. [S] 

the dependence of the parabolic rate. As shown in Fig. 
6, the linear reaction rate is proportional to the square 
root of the partial pressure of water vapor. Assuming 
a rate expression of the form 

rate constants were calculated from the lines in Fig. 6. 
The Arrhenius plot shown in Fig. 5 yielded a value of 
38.4 kcal/mole for the apparent activation energy. 

The interpretation of the linear reaction period is 
uncertain. It could correspond to rate control by a 
surface reaction process of the type given in Eq. I l l  
and [2], i.e., reaction at the surface to form substituted 
oxygen and anion vacancies. If such were the case, 
Eq. [2] indicates that the concentration of dissolved 
oxygen would be proportional to the square root of 

the partial pressure of water vapor. An enthalpy of 
38 kcal/mole that was obtained by Mollwo for the 
formation of F centers in CaFz was quoted by Bon- 
tinck (1) .  It appears, however, that detailed specula- 
tion about the mechanism that gives linear kinetics 
is unwarranted at the present time. 
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Low-Temperature Silicon Epi taxy 
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ABSTRACT 

Highly oriented large-area silicon films have been deposited onto single crys- 
tal Si, < I l l >  substrates. Illumination of the substrates with a mercury vapor 
lamp during deposition appeared to be essential for obtaining oriented films. 
The deposition was accomplished by an HZ reduction of SizCle. The energy of 
activation for this reaction was found to'be 35.7 kcal/mole k 5%. Utmost chem- 
ical cleanliness of the substrate surface is essential and more critical than for 
high temperature deposition. 

The objective of this work was to explore the 
possibility of growing single crystal films of silicon 
by a simple chemical vapor phase deposition at tem- 
peratures considerably below those presently em- 
ployed (< 900°C). Such a technique would supple- 
ment and extend existing semiconductor technology 
and would permit the manufacture of devices with 
properties presently not feasible with existing tech- 
niques. The following examples will illustrate these 
points. Low temperature silicon films would permit 
formation of abrupt, almost perfect step junctions on 
silicon, by reducing migration of impurities from the 

Electrochemical Society Active Member. 

substrate into the epitaxial layer during formation 
of the film. Another possibility would be the pre- 
vention of junction movements, if such are already 
present in the substrate, while depositing new semi- 
conductor material. The same technology would per- 
mit formation of metal base- or metal gate-transistor 
structures in one apparatus in a continuous opera- 
tion. This is not possible at present, because tempera- 
tures needed to obtain single crystal silicon are high 
enough to form silicides, thus destroying the thin 
(- 4DO.A) metal layer (base). 

Prior technology.-Reports of low temperature 
silicon (Lot Si) deposition in the literature usually 
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deal with temperatures of about 850°C (1). These 
results have been achieved by sputtering, evaporation, 
or sublimation. A few investigators, however, reported 
deposition temperatures below 850°C (1-4). 

All these techniques involve cumbersome, expen- 
sive, and especially sophisticated equipment. For these 
reasons, such techniques limit the depositions usually 
to small area films. Deposition rates are quoted as 
correspondingly slow if mentioned at all. 

Therefore, chemical vapor deposition (CVD) seemed 
to be a more promising technique to achieve the goal 
of a simple, flexible, open tube, flow process of de- 
positing single crystal silicon at low temperatures. 
However, no oriented, much less single crystal, silicon 
films are reported in the literature below 900"-1000°C 
by CVD (6). The one exception is Nakanuma ( I ) ,  
w N  deposited silicon epitaxially at 850°C after having 
deposited a 0.2s layer of silicon at 1200T. This makes 
Nakanuma's technique less generally applicable than 
one wherein the total deposition occurs at the lower 
temperature. 

Experimental 

Substrate-Silicon substrates used were < I l l>  
oriented, 0.007 ohm-cm, p-type, - 3 cm diameter. 
Conductivity and type were chosen in order to easily 
measure thickness by infrared spectroscopy and more 
readily see the junction after angle lapping and stain- 
ing. Because the source material (SizCla) was not 
doped, deposited silicon layers were expected to be 
n-type, as is usually the case with Sic4 or SiHCl3. 

Reagents-Pure line nitrogen was used for flushing 
the apparatus. Bottled hydrogen was passed through 
a palladium hydrogen purifier (Surfass Model L-15-D) 
prior to use. Anhydrous HC1 as well as SiHCl3 
(electronic grade purity) were supplied by Pittsburgh 
Materials and Chemical Company. Sic14 used, was 
obtained from Sylvania and (1%) SiH4 in Hz from 
Matheson Company. Disiliconhexachloride (SizCls) 
was supplied by K and K Chemicals. 

SizCle was chosen as the source material for several 
reasons. This compound has an extended liquid range 
(-1' to 144°C). Control of the vapor pressure, and, 
therefore. of the concentration of SizCl~ in H2 carrier 
gas, becomes simply a matter of controlling the source 
temperature. If the Si-Si bond remains intact, and 
there are indications it may (8, 9), and if film growth 
is by way of a two-dimensional nucleation process 
(lo), then SizClg may have an advantage over mono- 
silicon compounds as a source material. Furthermore, 
SizCla has been reported to be readily decomposed 
at 450°C to Si, Sick, and Clz (12). This reaction 
is presumed to be surface catalyzed. 

Light source.-To supply other than thermal energy 
to the substrate, ultraviolet light was a reasonable 
choice. While it would not increase the deposition 
temperature, it would aid in the decomposition of the 
SizCle molecule. This expectation seemed justified, 
because U.V. light of 3180A corresponding to 92 kcal 
should strip the chlorines from the molecule. The bond 
energy of the Si-C1 bond is 91 kcal/mole for SiCL. 
Furthermore, the U.V. illumination may be expected 
to have an effect on the surface nucleation as well 
since the energy of 3160A radiation corresponds to 
about the work function of Si (4.1 ev = 95 kcal). 

A Hanovia Utility Model Lamp ( 1 0 0 ~ )  was used 
as a light source. This lamp employs a U shaped 
quartz mercury-arc tube. To achieve selectivity of 
wavelength, a set of 8 monopass U.V. interference 
filters from Optics Technology were used. These 
filters covered the range of 230-370 mp. Their half 
width was rated at 6-10% of peak wavelength, trans- 
mission at peak was 10-22%. Two additional blocking 
filters were employed, one blocking u.v., the other 
visible light. 

stead of graphite to eliminate possible carbon con- 
tamination, which could cause spurious nucleation 
during deposition. Evidence of this has been reported 
in the literature (10). Deposition temperatures were 
measured with an Ircon IR pyrometer directly on the 
surface during deposition. 

Substrate preparation.-Lustrox-polished silicon 
substrates were further subjected to the following 
routine: The substrates were first degreased in hot 
organic solvents. To remove any polishing compound 
embedded in the surface (i. e., alumina, zirconia) the 
substrates were subjected to a copper displacement 
plating step and the copper was subsequently removed 
(11). Since this left a pitted surface, the substrates 
were chemically polished (5-20 min in 5% HF in 
HNO3) to a smooth mirror finish by removing a total 
of 3-10 mils from both surfaces. The final thickness 
of substrates was - 8 mils. Immediately after chemi- 
cal polishing, these substrates were quenched in a 
solution of anhydrous methanol saturated with iodine 
(12). The substrates were placed wet in the reactor 
and iodine was sublimed off at temperatures below 
WO'C in a stream of Hz. 

HCl etching was performed in situ at 1175°C using 
a 6% (vol.) mixture of anhydrous HC1 and HZ, about 
3 mils of material were removed. 

All substrates were handled with Teflon tweezers 
to minimize mechanical damage. 

Characterization.-Deposited silicon films were 
characterized visually. electrically and crystallog- 
raphically. Surface structure and roughness were ex- 
amined on the Leitz metallograph, or under the 
Reichert microscope, using a Nomarskj polarization 
interferometer. Occasionally, the surface smoothness 
was studied using the "Talysurf." Thickness measure- 
ments of deposited films were determined either by 
angle lapping on a 3" block, staining, and using an 
interference fringe technique (13), or directly by IR 
spectrophotometry (Beckman, IR 10). 

The electrical properties were observed in the cus- 
tomary manner with a four-point and hot-point probe. 

Low angle reflection electron diffraction techniques 
were -. used to study the degree of orientation of the 
films. 

Results 
Films having a high degree of orientation were 

achieved when SizC1.q was used as a source at a 
deposition temperature of 700°C in the presence of 
U.V. illumination. This conclusion was based on re- 
flection electron diffraction studies as shown in Fig. la. 
The films were also evaluated by angle lapping and 
staining as shown in Fig. lb. This 3.4,~ thick film is 
seen to be well defined and uniform in depth. 

Possible evidence that the interface is abrupt is 
shown in Fig. 2. This picture shows two IR interference 
fringe curves of Si films of comparable thickness on 
similar substrates. Their only difference is that one 
was deposited at 700°C from a SizCle source in the 
presence of u.v., the other at 1100°C from Sic4  with 
no illumination. The fact that the Lot Si film shows 
many more distinct absorption peaks can be inter- 
preted to mean an abrupt "interface" between film 
and substrate. In the absence of U.V. illumination, 
the deposition rate is about $5 of that with u. v. light 
(1 p/hr) and the resulting films were polycrystalline 
in nature (Fig. lc). 

Preferred conditions.-The above experiments are 
taken as evidence that highly oriented Si films can be 
deposited at 700"-800'C under the following con- 
ditions: source SizCle, source temperature 10°C (2 
Torr), Hz flow rate 1.5 l/min, and u. v. illumination of 
substrate during deposition. All subsequent informa- 
tion will refer to these conditions unless otherwise 
s~ecified. -. 

System.-The deposition apparatus was of the con- Table I summarizes the observations made when 
ventional upright, one-slice quartz reactor. A silicon using various silicon halides as source materials, such 
pedestal with a molybdenum insert was used in- as doped (n- and p-) as well as undoped Sick, 
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Fig. l a .  Reflection electron diffraction picture of Lot Si film 
(with u.v.). Fig. l b .  Picture of angle lapped (3') Lot Si film. Fig. 
lc. Reflection electron diffraction picture of Lot Si film (with- 
out u.v.1. Fig. I d .  Talysurf trace of a representative Lot Si film. 

Table I. Effect of source material on structure of epitaxial films 

Film Structure 

Source Dep. temp. With U.V. No u.v, 

SiClr 700 No dep. 
800 NO dep. 

1000 Oriented 

SiCL (5 ppm AsBrs) , 
(n-type) 700 No dep. 

900 Polycrystalline Polycrystalllne 
1000 Oriented Pol~crustalline 
1100 Oriented Singlecrystal 

SiClr (30 ppm BBrd 
(p-type) 1100 Isolated crystals Single crystal 

on surface 

SiHCL 700 No dep. No dep. 
1000 Polycrystalline Polycrystalline 

with some orientation 

SiH, 700 Polycrystalline Polycrystalline 

S i g h  700 Oriented PolycrystaUne 

although they showed a milky white, but still specular 
appearance. 

General information.-The resistivity of the de- 
posited films varied greatly (from 0.04 to 0.8 ohm- 
cm). All deposits were found to be n-type. The only 
exceptions were those which were HCl etched (in situ) 
as a final surface preparation step. These surfaces 
were all p-type. 

Deposition rates, also, varied greatly (0.4-2.5 p/hr), 
but were reasonablv constant for each batch of Si2CL 
and varied linearly with the deposition temperaiure 
(Fig. 3) in the range of 600"-1000°C. From this data, 
a tentative activation energy of 35.7 kcal/mole f 5% 
was calculated. 

Substrate predeposition treatment.-Various sub- 
strate treatments prior to deposition under preferred 
conditions were evaluated by reflection electron dif- 
fraction techniques of deposited films. Unbroken dif- 
fraction rings were considered evidence of polycrys- 
tallinity, segmented rings indicated orientation; the 
closer the "arc pattern" was to a "spot pattern" the 
higher the orientation assigned to the film in question. 
Using these criteria, the following 0bse~ati0IIS were 
made: 

Omission of the copper displacement plating step 
would invariably result in unequivocal polycrystalline 

W U a  CY* 

Fig. 2. Comparison of IR interference fringe measurement of 
Lot Si film and high temperature deposited silicon film. 

H, REDUCTION OF L&I, 

IN PRESENCE OF UV 

PCTIVI\TION ENERGY 
35.7 KCAL/MOLE f 5% 

SiHC13, and SiH4. Hz flow rates and source tempera- 
tures were varied to result in a gas stream com- 
position that would correspond (assuming the Si-Si 
bond breaks) to the preferred concentration of SizCl~. 

A recent report (14) describes single crystal films 
of Si on Si at temperatures as low as 740°C using 
S i c4  as a source (0.6% in Hz) and U.V. illumination. 
No flow rates were indicated. This experiment was 
repeated at two flow rates (0.5 and 1.5 l/min), but 
continuous films were not observed, only occasional 
isolated crystallites. 

Either no deposits at all or polycrystalline films 
were obtained at deposition temperatures of 700°C 
when source material was used containing one Si 
atom only. At higher temperatures, oriented and single 
crystal films were obtained as was expected from pre- 
vious published accounts. 

General appearance of lot Si films.-The quality of 
the surface varied greatly; the higher the deposition 
temperature the greater was the aggregation, and the 
rougher the final surface. At 70O0C, the surfaces were 
consistently smooth with a surface roughness of about 
lOOA according to Talysurf measurements (Fig. Id). 
The surfaces were metallic and highly reflective, 

I ! I I I I I 
08 O9 IOOOIT'K 1.1 

Fig. 3. Deposition rate vs. deposition temperature of Lot Si films 



404 J. Electrochem. Soc.: SOLID STATE SCIENCE April 1968 

films, regardless of other surface preparation. Even 
a final HCl etching step did not prevent the formation 
of polycrystalline films. This may indicate that par- 
ticles of polishing compound left behind after chemi- 
cal or HCl etching still contaminated the surface and 
were apparently only removed by copper displace- 
ment plating. Finishing the substrate preparation with 
an alcohol quench (without 12) gave ambiguous results; 
resulting films might be completely polycrystalline 
or a mixture of oriented and polycrystalline materials. 
However, when the alcohol was permitted to dry 
prior to insertion in the reactor, only polycrystalline 
films were noted. These observations were not changed 
if the alcohol step (dry or wet) were followed by 
KC1 etching in situ. On the other hand, it appears 
that a consistently high degree of orientation was 
owined  free from any polycrystalline material when 
the substrate was treated in the following manner: 
copper displacement plating, chemical polishing, 
quenching in 12-saturated methanol, insertion wet 
in the reactor in an argon atmosphere, and removal 
of 12 by heating the substrate to below 600°C 
(- 550°C) in HZ. 

Effect of Wavelength.-Using the above surface 
preparation and the preferred deposition conditions, 
the best oriented films with no evidence of poly- 
crystallinity were observed when a 230 mp narrow 
band pass filter was employed. Judging by the elec- 
tron diffraction pictures, the orientation decreased and 
polycrystallinity increased with an increase in the 
passing wavelength of the optical filter. Figure 4 shows 
two representations of reflection electron diffraction 
pictures of films deposited with the aid of a 230 mp 
filter in one case and, in the other, with the aid 
of a 360 mp filter. The inference from these pictures 
is that wavelengths below 230 m p  may even be more 
advantageous. 

Summary and Conclusions 
It is obviously too early to draw any firm conclu- 

sions concerning the mechanisms of this reaction. 
However, certain inferences can be made on the basis 
of the above work and the following facts emerged: 

a. Highly oriented silicon films can be deposited on 
single crystal silicon substrates at deposition tem- 
peratures of - 650"-800°C provided U.V. illumina- 
tion is employed during the deposition and the silicon 
source is Si~C16 

b. Surface treatment of substrates appears to be 
more critical when depositing at 700°C than at 1000'C. 
Therefore, lapping debris must be removed. Marked 
improvement in crystalline perfections was obtained 
by copper displacement plating that was not ob-. 
served with wet chemical etching or in situ HCl high 
temperature etching. Elimination of a polishing step 
using oxides other than SiO2 should eliminate this 
problem. 

To prevent formation of an oxide layer prior to 
deposition, quenching the chemically polished sub- 
strate in an alcohol solution saturated with 12 was 
found to be necessary. 

Fig. 4. Reflection electron diffraction pictures of Lot Si films 
deposited under 230 and 370 rnp illumination. 

c. The relatively large variations in electrical and 
physical properties expressed in the variation of re- 
sistivities and deposition rates indicate that the source 
material was not sufficiently pure and varied from 
batch to batch. For this reason, inferences about the 
kinetics are very tentative. 

d. Oriented epitaxial films were obtained only when: 
( i)  the substrate was illuminated (with u. v. light) 
during the deposition, and (ii) Lot Si oriented films 
were obtained only when SizCla was used as the 
source. No deposit was obtained at 700°C using S i c4  
or SiHC13 sources and only polycrystalline films were 
obtained using SiHl at 700°C. One might expect that 
the Si-Si bond (42 kcal/mole) would break easily 
when illuminated with u. v. light. Yet the dissociation 
energy for SizCla is reported to be 85 kcal/mole (9). 
Indications from organic reactions with Si2C16 are 
that the Si-Si bond is not as easily broken as one 
might expect from thermodynamic considerations 
alone. A large activation energy could account for 
the observed stability of the Si-Si bond. Steric hin- 
drance of the C1 atoms as well as electronic effect 
from this (p  + d)n  bond could account for this 
high activation energy. It appears then that the Si- 
Si bond may survive and thus play an important part 
in the oriented growth of the nuclei. * 

Furthermore, the effect of the light indicates that 
the reaction is surface catalized. In view of the fact 
that the energy is almost the same as that of the 
work function (4.1 ev or 95 kcal/mole) of Si, it 
appears that this could be further evidence for the 
surface model for Si proposed by Chung and Haneman 
(15). The light quanta may indeed draw electrons 
to the surface and produce a surface which may, 
for all intents and purposes, appear to the oncoming 
atoms like a plane through the crystal. In other 
words, on a statistical basis the effect of the light 
may be that each surface atom has now a "dangling 
bond" most of the time as compared to one for every 
five surface atoms (15). Thus, the oncoming Si atoms 
do not have to search about for a favorable site, 
but could stay where they land. If all sites are 
equivalent, growth is then oriented at all nucleation 
sites in the same manner. 
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Influence of Substrate Temperature on GaAs 
Epitaxial Deposition Rates 

Don W. Shaw 
Texas Instruments Incorporated, Dallas, Texas 

ABSTRACT 

The effects of substrate temperature on the GaAs deposition rates were 
studied for !111)A, {112)A, {113)A, {115), {loo), {113)B, {112)B, and {111)B 
substrate orientations. An open tube chloride transport system wlth elemental 
gallium and arsenic sources was employed. This apparatus allowed independent 
control over the gallium monochloride, arsenic, and hydrogen chloride partial 
pressures. The sensitivity of the deposition rate to substrate orientation is ob- 
served to be strongly temperature dependent. Experimental evidence is pro- 
vided which indicates that the deposition rate is kinetically limited in the tem- 
perature range from 725" to 800°C. 

Recent stress has been placed on improved material 
quality in order to realize the numerous potential ap- 
plications for gallium arsenide. At present, vapor 
phase epitaxial deposition is the most successful 
method for production of such high quality material. 
However, continued material improvements have be- 
come increasingly difficult due to the need for funda- 
mental information concerning the deposition process 
itself. In order to partially satisfy this need, a funda- 
mental study concerning the influence of substrate 
temperature on the GaAs deposition rate was carried 
out. An investigation of this nature is a logical initial 
step toward understanding the basic nature of an 
epitaxial process. 

Numerous investigators have studied GaAs epitaxial 
deposition processes. However, detailed studies con- 
cerning the effects of a single variable are rare. Ma- 
gomedov and Sheftal (1) studied the effect of sub- 
strate temperature on the GaAs deposition rate using 
an open tube iodide process. The deposition rate was 
found to pass through a maximum as the substrate 
temperature was raised from 570" up to 690'C. Taylor 
(2) observed a similar effect with a chloride transport 
system. In the present study, an effort was made to 
isolate the substrate temperature as a single variable 
and study its effect on the deposition rate. The effects 
of substrate orientation and flow rate on the deposi- 
tion rate were then related to the rate-temperature 
data. 

Experimental 
The apparatus shown in Fig. 1 was employed 

throughout the study. It was designed to allow in- 
dependent control of the partial pressures of the gal- 
lium and arsenic species. The arsenic partial pressure 
was controlled by the flow rate of hydrogen over the 
elemental arsenic source and the temperature of the 
source. Transport experiments were carried out to es- 
tablish empirically the arsenic transport rate as a 
function of the source temperature and hydrogen flow 
rate. The results indicated complete saturation of the 
hydrogen stream with arsenic up to the maximum 
flow rate studied (300 ml/min). The HC1 used for gal- 
lium transport was obtained by reduction of AsCl3 

with hydrogen at a temperature > 900°C. Transport 
experiments established that one gram atom of gal- 
lium was transported for each mole of HC1 entering 
the gallium source chamber. This indicated complete 
formation of GaCl at the temperature of the gallium 
source (900°C). Additional experiments established 
that complete reduction of AsC1:j occurred in the re- 
duction tube. The arsenic obtained from AsCls reduc- 
tion was condensed on the reduction tube walls and 
did not enter the main reaction tube with the HC1. 
These transport experiments enabled calculation of 
the initial gallium monochloride partial pressure from 
the vapor pressure of AsCls at the bubbler temperature 
and the hydrogen flow rate through the bubbler. The 
purity of the elemental source materials was rated at 
99.9999%. Redistilled arsenic trichloride was utilized. 
In all of the experiments to be described the initial 
vapor composition was P o G , ~ ~  = 7.9 x 10-3 atm and 

= 3.7 x 10-3 atm. Unless otherwise specified, 
the total flow rate was constant at 0.383 l/min. 

Care was taken to prevent extraneous deposition of 
GaAs on the tube walls between the substrate holder 
and the source material as well as on the substrate 
holder itself. Prevention of this deposition was essen- 
tial because such wall deposits would deplete the gas 

rTHERMOCOUPLE WELLS 

y G o  BOAT INPUT 

--- 
il-X TO ARSENIC SOURCE 

Fig. 1. Experimental apparatus for epitaxial deposition 
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stream of reactants before reaching the substrate re- 1 *C 
gion. The wall deposition was prevented by adding 
HC1 to the gas stream. This HCl, which was also ob- 
tained by reduction of AsCl3, entered the flush input 
of the reaction tube and did not react with the gallium 
source. In all of the experiments the HC1 initial partial 
pressure was 3.0 x 10-3 atm. Since growth occurred 
only on the GaAs substrate, the deposition process 
may be treated as a special case of heterogeneous ca- 
talysis. However, unlike ordinary heterogeneous catal- 
vsis a considerable amount of information concerning 
{he nature of the single crystal catalyst surface is 
available. 

Usually four substrate orientations were simulta- \(loo) 
neously subjected to deposition in each run. Prelim- o A 

experiments established that the deposition rates P 

%independent of the relative positions of the sub- 
strates on the holder. The substrates were vapor 
etched prior to deposition by raising the substrate tem- 1 
perature to 850°C. All temperatures were controlled 
to 2 1°C. Initial experiments established that the de- 

- 
9.0 9.2 9.4 9.6 9.8 10.0 10.2 

posit thicknesses were linear functions of time up to IO'/T *K 
min. Thus hr runs were and the rate Fig. 2. Effect of substrote temperature on the {112)A, {113)A, 

was computed from the deposit thickness. Thickness {115), deposition rates. 
measurements for the thicker deposits were obtained 
from measurement of cleaved cross-sections after the 
interface was revealed by anodic oxidation. For the 
thinner specimens angle-lapping and anodic oxidation 
were employed. The thickness was checked on the 
angle-lapped samples by interferometry. The repro- 
ducibility of the deposition rates for a given set of 
conditions was approximately 10%. 

Chromium doped and tin doped substrates, oriented 
to within 0.5" of the desired direction, were used in 
all runs. Generally, with large area substrates growth 
in the direction perpendicular to the substrate surface 
is actually the result of the lateral propagation of 
steps across the surface. These steps may be inhe~ent 
in the substrate prior to deposition (because of small 
errors in orientation), or they may result from a two- 
dimensional nucleation process. Accordingly, in an in- 
vestigation of chemical transport epitaxial growth, 
the concept of surface steps must be considered. 
This may be accomplished by intentionally introducing 
steps whose nature and number could be resolved the- 
oretically. For example, a (112) GaAs surface may be 
considered to be composed of {loo) unit steps together 
with twice as many {Ill)  steps (3). Likewise, the {113) 
surface consists of equal numbers of (100) and {Il l)  
steps and the (115) has a {100):{111} ratio of 2:l. 
Accordingly, a self-consistent series was chosen for 
study which consisted of {IOO), {115), {113), {112), and 
{Il l)  orientations. However. the ~olari tv of the (111) 

creases in temperature resulted in sharply reduced 
deposition rates until etching occurred near 850'C. 
The {111}A deposition rate exhibited a similar tem- 
perature dependence with the exception that, in gen- 
eral, the rate was much greater than for the other ori- 
entations. This dependence is shown in Fig. 3. Finally, 
the deposition rate variations as a function of tem- 
perature for {loo), {112)B, and (113)B substrates are 
shown in Fig. 4. The {loo) was studied together with 
the {111)B orientations as well as with the {111)A in 
order to provide a reference. In addition, this per- 
mitted a check on reproducibility of the data, since 
the B orientations were studied several weeks after 
completion of the A series. Comparison of Fig. 2 and 4 
reveals that similar results were obtained for both 
experiments. However, good quantitative agreement 
was obtained only in the low temperature regions be- 
fore the peaks on the {loo) rate-temperature curves. 
For this reason quantitative comparison of deposition 
rates between the {111)B and {111)A orientations was 
limited to the low temperature region (725'-775'C). 
In general, the B orientations exhibited the same tem- 
perature dependence as the A series. The {111)B ori- 
entation behaved anomalously in comparison with the 
others. Its rate never exceeded 6 r/hr over the entire 
temperature range. 

planks must be considered. ~oiar i ty  effects should 
decrease in the order: {Ill), {112), {113), and {115); 
with the (100) surface being essentially nonpolar. In- t *C 
deed, the {115) was sufficiently nonpolar that no dif- 1125' 800. 775' 750. 72s. 
ferences were observed in deposition rate between the 
front and back surfaces of a (115) substrate when 
both surfaces were polished. The following eight sub- 
strate orientations were employed: {111)A, {112)A, = I O O -  
{113)A, {115), {loo), {113)B, {112)B, {111)B. The "A" = go- 80- 
designation indicates the gallium face or the surface 70- 
terminating in more gallium than arsenic atoms. Ar- u 60-  

I I I I 

senic All rich substrates surfaces were are designated polished with as "B" sodium orientations. hypo- 2 so- [cL)s - -. 
chlorite on a rotating Pellon cloth in the manner de- 
scribed by Reisman and Rohr (4). After final polish- - 
ing, the substrate orientation was again checked to 
determine if any failed to meet the 0.5" misorientation - 
limitation. 

Results and Discussion 
Figure 2 shows the results obtained as the tempera- 

ture is varied at constant vapor compositipn for {loo), 9.0 9.1 9.2 9.3 9.4 9.5 9.6 9.7 9.8 9.9 10.0 

{115), {113)A, and {112)A substrates: The rates for all IO'IT *K  

four orientations increase with increasing temperature Fig. 3. Effect of substrate temperature on the {ll l)A deposition 
up to a maximum at approximately 800°C. Further in- rate. 
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t ° C  Diffusion controlled processes are generally en- 
825' 800' 775' 750° 725. 700' countered where flow conditions are unfavorable or 

60  I I I I where adsorption-desorption processes and surface re- 
actions are rapid. Such processes ideally exhibit rates 

50 - - relatively insensitive to temperature and thus have 
low activation energies. In addition, the reaction rates 
for diffusion-controlled mechanisms are independent 
of the substrate orientation (5). Kinetically controlled 
processes have relatively high activation energies. 
Since the slow steps either involve the substrate sur- 
face or take place on it, the over-all rates for ki- 
netically controlled processes should vary with the 
crystallographic orientation of the surface. Unfortu- 
nately, deposition processes are sometimes so com- 
plicated that it is difficult to describe a given process 
in terms of a single rate limiting step. 

The wide differences in deposition rates for various 
orientations indicate that the rates measured in low 
temperature regions before the maxima in the curves 
shown in Fig. 2-4 may represent kinetically controlled 
processes. This conclusion is further supported by the - relatively high activation energies deduced from the 

9.0 9.2 9.4 9.6 9.8 10.0 10.2 slopes of the curves in the low temperature regions. 

I O ~ / T ' K  
These activation energies range from 15-40 kcal/mole 
which is in the range expected for surface limited 

Fig. 4. Effect of substrate temperature on the {113)8, {112)8, kinetics. 
and (100) deposition rates. Certainly the system is far from equilibrium in the 

low temperature region. Computer calculations were 

In the low temperature region before the maximum, 
the GaAs deposition rate shows a strong orientation 
dependence. The extent of this effect may be judged 
from the deposition rates at 750°C as shown in Fig. 5. 
However, beyond the maxima in the temperature 
curves, the orientation effects diminish and the curves 
for all orientations tend to converge. At temperatures 
below 700°C poor crystal perfection was obvious. 
However, the higher index orientations had much 
better surface appearances at  these low temperatures. 
In general, over the entire temperature range from 
700" up to 800°C the brightest, most defect-free sur- 
faces were obtained on the {113)A substrates. 

The steps involved in nonequilibrium vapor growth 
processes are generally divided into diffusion and sur- 
face reaction steps. Diffusion steps include diffusion of 
the reactants through the gas up to the substrate sur- 
face and diffusion of the products away from the sur- 
face. The surface reaction steps consist of adsorption, 
surface reactions, and desorption. All steps occur in 
series and if any step is significantly slower than the 
other steps, it will define the over-all deposition rate. 
Thus, depending on which is the slow step, deposition 
processes are often said to be diffusion controlled or 
surface reaction (kinetically) controlled. In addition 
to these two divisions, one should also consider a proc- 
ess where the rate is not limited by either a diffusion 
step or a surface reaction step, but which goes to 
equilibrium. In this case, the extent of deposition is 
limited by input rates of the reactants. 

9 0 r ~ i 1 i 1 ~ 1 r 1 1 1 ~  

SO' 50' 40' 30. 20. 10. 0 10' 20' 30' 40' 50' SO' 
ANGULAR DEVIATION FROM (100) 

carried but to determine the extent of deposition as a 
function of temperature assuming an equilibrium sys- 
tem. The calculations were based on the actual input 
rates used in the experiments and the following spe- 
cies were considered: GaCl(g), GaCls (g), H?(g), 
Asl(g), As,(g), HCl(g), Cl,(g), and GaAs(s). The 
thermodynamic values were taken from Day's com- 
pilation (6). The results are shown in Fig. 6. Over the 
entire temperature range the equilibrium extent of 
deposition decreases with increasing temperature. Ex- 
perimentally, such a rate-temperature dependence is 
observed only at higher temperatures (Fig. 2-4). 

In order to distinguish further diffusion and surface 
limited kinetics, a series of experiments was carried 
out to determine the influence of flow rate on the dep- 
osition rate. These experiments were carried out at  
750°C, i.e., well within the region where the deposition 
rate increases with increasing substrate temperature. 
The total flow rate was increased from 210 up to 840 
ml/min while the partial pressures of all reactant spe- 
cies were held constant. Since the reaction tube was 
unchanged, the linear gas stream velocities and the re- 
actant input rates were varied in this experiment. 
If the deposition rates were limited by a diffusion 
process, the rates should increase as the gas stream 
velocity is increased due to a reduction in the thick- 
ness of the diffusion boundary. The results are shown 

Fig. 5. Effect of substrote orientation on the GoAs deposition Fig. 6. Calculated extent of deposition as o function of tempsra- 
rote a t  750'C. ture ossuming equilibrium. 
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In the paper by D. M. Brown, P. V. Gray, F. K. March 1966 JOURNAL, pages 311-317, the head for 
Heumann, H. R. Philipp, and E. A. Taft "Properties of Table I should read: 
Si.rO,N, Films on Si," which was published in the Table I. Physical properties of pyrolytic films 
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packing and stoichiometry of the {Ill). Further clari- 

Fig. 7. Effect of total flow rate on the GaAs deposition rates a t  fication of the effects of orientation and surface 
750°C. larity must await completion of the study concerning 

the effects of vapor composition on the deposition 
in Fig. 7. As is evident, the deposition rate is prac- rate. 
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summarized as (i) a strong dependence of the deposi- as Electronics Division Recent News Abstract 30. 
tion rate on the substrate orientation, (ii) rapidly 
increasing deposition rate with increasing substrate Any discussion of this pa e r  will appear in a Dis- 
temperature, and ( i s )  insensitivity of the deposition cussion Section to be publisped in the December 1968 
rate to the total gas flow rate. JOURNAL. 

The rate behavior in high temperature region be- REFERENCES 
yond the maximum may indicate a close approach to 1. Kh. A. Magomedov and N. N. Sheftal, Kristallogra- 
equilibrium. Within experimental error the high tem- fiya, 9, 902 (1964) ; [Soviet Physics-Crystallog- 
perature regions of the curves approximate the shape raphy, 9,756 (1965) I. 
of the equilibrium curve ( ~ i ~ .  6) in this region. H ~ ~ -  2. R. A. Taylor, This Journal, 114,410 (19671). 
ever, the decreasing rate at high temperatures could 3' R' pp. C' 241-253, Sangster R. K. in Willardson and. Semlconductorsl" H. L. Gorring, 
also be due to an activated etching process whose rate Editors, Reinhold Publishing Corp., New York 
increases with increasing temperature and becomes the (1962). 
dominant process at  temperatures above 800'C. The 4. A. Reisman and R. Rohr, This J o u m l ,  111, 1425 
fact that the (111)B rate was found to be low and (1964). 
relatively constant over the entire temperature range 5. E. G. Bylander, ibid., 109,1171 (1962). 
remains unexplained. One possibility is that an im- 6. G. F. Day, "Hetero~unctlon Device Concepts," 
purity is selectively adsorbed at the critical growth prepared for Air Force Avionics Laboratory, 
sites on the (111)B surface. Perhaps the answer may 

Contract AF 33(615)-1986, Varian Associates, 
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be found by a study of the effects of gas composition 7. D. E. Rosner and H. D. Allendorf, This Journal, 
on epitaxial growth. This study is now in progress. 114,305 (1967). 

I I I I I I  I The variation of the deposition rates as a function 
- of the substrate orientation is interesting. The high 

A A 
A 

{111)A deposition rates attest to the ease of arsenic 
A 

1 
addition to the growing surface. For an ideal {111)A 
surface, an incoming arsenic makes fewer surface 
bonds than with any other orientation. However, this 

- same (111)A surface has the greatest deposition rate 
for the reactant gas composition used in this study. 

* O 0  
The decrease in polarity effects is also obvious in 

8 8  this series as the surface deviates by greater amounts 
from a (111) toward the nearest {loo). Thus the differ- 
ences between the A and B surfaces at 750'C were 
{I l l )  = 65 Jhr, (112) = 43 p/hr, and (113) = 3 d h r .  

o : 1 This trend confirms the earlier results which indicated 
o 

A =(112)A 
0 =(115)A 

- 
:(113)A 

- 0 = (001) - 

no significant polarity effects for the (115) orientation. 
The increase in deposition rate in the vicinity of the 
{113)B orientation on the curve shown in Fig. 5 
offers support for Sangster's theoretical predictions 
(3). Thus {113) is a favorable orientation for crystal ebo 3,!J0 4,!J0 5,!J0 Sb0 7A0 ,gAO growth since it tends to combine the good nucleation 
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ABSTRACT 

The diffusion of phosphorus into epitaxial silicon has been investigated by 
evaluating the electrical and structural characteristics of the epitaxial diffused 
guard-ring junctions. The effects of stacking faults in epitaxial silicon on the 
Jrunction characteristics were found to depend on the surface condition of the 
epitaxial layer before diffusion. Localized breakdown. as evidenced by light 
emission, was observed at the stacking fault grooves only when the epitaxial 
layer was etched before diffusion. Stacking faults were also found to be trans- 
formed into other defects after diffusion; chemical etching of the epitaxial layer 
also had a great influence on this transformation. Dislocations were observed 
in the ~hos~horus-diffused regions. The dislocations occur in hexagonal net- 
works parailel to the diffusion-front and come to the surface at the intersection 
of the junction and the surface in planar devices. Guarded junctions formed by 
these phosphorus diffusions exhibit localized breakdown with microplasma 
phenomena. The dislocation density was determined and correlated reasonably 
well with Prussin's model. 

The diffusion technique is used in the further pro- 
cessing of epitaxial silicon for the fabrication of many 
devices. The diffusion of dopants into silicon crystals 
to yield high surface concentrations is known to gen- 
erate dislocations in the crystal (1-8), and a model 
relating the distribution of dislocations to the diffusion 
profile has been proposed by Prussin (1). Since other 
structural defects, such as stacking faults, are fre- 
quently present in epitaxial silicon, these defects may 
undergo transformation during the diffusion process 
and affect the device performance. In this work, the 
effects of the diffusion of phosphorus into epitaxial 
silicon have been studied by evaluating the electrical 
and structural characteristics of epitaxial diffused pla- 
nar junctions. The experimental approaches and re- 
sults are discussed below. 

Experimental 
A guard-ring test junction shown in Fig. 1 was 

used for the study of the effects of phosphorus diffusion 
into epitaxial silicon. This junction design was first 
used by Goetzberger et al. (9) to evaluate resistivity 
variations in silicon crystals by observing light pat- 
terns associated with the reverse breakdown of fab- 
ricated devices. In the guarded junction device the 
outer or guard junction is diffused more deeply than 
the main central junction and thus has a higher 
breakdown voltage. The breakdown voltage of the 
central junction is not limited by surface breakdown 
or the cylindrical edge (10-13) of a planar junction. 
Because of the guard junction, the shallow junction 
would break down uniformly except for imperfections 
or localized resistivity variations. For visual observa- 
tion it is necessary to have the shallow junction near 
enough to the surface (less than 1 pm) so that the 
light generated in the junction is not totally absorbed 
in the silicon. 

Six groups of epitaxial silicon wafers were prepared 
for the fabrication of planar epitaxial diffused devices 
by depositing 15 pm of 0.1 ohm-cm p-type epitaxial 
layers on p-type substrates, as shown in Table I. 
Dislocation and stacking fault densities were deter- 
mined by microscopic counts from one Sirtl etched 
wafer from each epitaxial group. Groups 1, 3, and 5 
specimens were prepared under carefully controlled 
conditions, and the epitaxial layers were essentially 
free from stacking faults and had a dislocation density 
similar to that of the substrate. (Groups 1 and 3, . Electrochemical Society Active Member. 

'Present address: Semiconductor Division Westinghouse Eiec- 
tric Corporation. Youngwood. Pennsylvania i5697. 

9Present address: Electronic Sciences Center, Southern Method. 
ist University, Dallas. Texas 75222. 

however, were deposited on float-zone substrates and 
had relatively high dislocation densities.) In the other 
groups, the mechanical damage generated during the 
lapping of substrates was intentionally not completely 
removed, and the epitaxial layers had high concentra- 
tions of stacking faults, 3-6 x 104 cm-2, and also high 
dislocation densities. The epitaxial material was dif- 
fused without any etching of the silicon, except for 
Groups 5 and 6 wafers which were etched, prior to 
diffusion, with the Sirtl etch (14). The Sirtl etch 
reveals dislocations and stacking faults in epitaxial 
silicon in the form of pits and grooves, respectively. 

The epitaxial wafers were oxidized for 2 hr in wet 
argon at  1200°C. The oxide thickness was 12,000A. 
A window with an I.D. of 50 pm and an O.D. of 640 rm 
was opened for the guard-ring diffusion, as shown in 
Fig. 1. A phosphorus predeposition was done for 30 
min at 1000°C in an open-tube system using P?Oa 
as a source and nitrogen as a carrier gas. The PIO: was 
removed by boiling in HzO, leaving the original oxide. 
A redistribution diffusion of 4 hr at 1200°C was 
done with the first hour in a wet ambient. This gave 
guard junctions of 12-13 pm depth. 

A window for the main junction was etched with 
a diameter of 410 pm centered over the guard-ring. 
A two-step phosphorus diffusion was carried out with 
the predeposition at 900'C for 30 min and the re- 
distribution in a wet ambient for 20 min at 1000T. The 
depth of the main junctions diffused in this way was 
less than 1 pm. A window for contact to the guarded 
structure, 130 pm. I.D. and 380 pm O.D., was etched, 
and an aluminum layer was vapor deposited. Alumi- 
num was removed from all areas except in the window 
and then alloyed at 605'C. 

For most examinations a pressure contact was made 
to the devices with a fine tip probe. Reverse voltage 
was applied to the junction and the breakdown lig& 
observed through a light microscope. In order to obtain 
smaller working distances and to allow observations 
at greater magnification, some devices were mounted 

Fig. 1. Cross section of guarded junction structure 
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Table I. Epitaxial layers for guarded junction devices 

Surface type 
Croup and resistivity 

Resistivity o f  
epitaxial 

layer. 
Substrate treatment ohm-cm Defects in epitaxial layer 

1 Float w n e  Chemical polish 
200 ohm-em, p to remove 50 em 

2 Float zone Chemical polish 
200 ohm-cm, p to remove only 10 em 

3 Float zone Chemical w l i s h  
25 ohm-cm, p to remove'50 ,im 

4 Float zone Chemical polish 
25 ohm-cm. p to remove only 10 pm 

5 Czochralski Chemical polish 
l ohm-cm, p to remove 50 ,im 

6 Czachralski Chemical polish 
1 ohm-cm. p to remove only 10 em 

ow TO-18 headers with gold leads bonded to the 
aluminum alloyed ring contact. 

Replica and thinning techniques of sample prepara- 
tion for the examination of stacking faults and dis- 
locations by the transmission electron microscope 
(TEM) method have been described elsewhere (15,16). 
Transmission electron micrographs will be referred to 
as TEM. Specimens for light microscope observation 
were prepared by dissolving the oxide in HF and 
etching very lightly (5-10 sec) in Sirtl etch (14). 
Light micrographs will be designated as LM. 

Results 
Geizeration of light in reverse'breakdown.-In nearly 

all of the phosphorus-diffused guarded junctions under 
reverse breakdown, microplasmas (9, 17) were ob- 
served at the periphery of the junction, i.e., the inter- 
section of the shallow n +  diffusion and the guard 
junction. This region corresponds to the region labeled 
A in Fig. 1, and as seen from the figure, occurs 
inside the step in the surface caused by the oxidation 
during the redistribution diffusion of the guard junc- 
tion. These microplasmas can be seen in Fig. 2. In 
some uhosuhorus-diffused iunctions. the concentration 
of miiroplHsmas at the peiiphery was more prevalent 
than in others. Most junctions had at least a few 

Fig. 2. Microplasma from epitoxiol, phosphorus-diffused guarded 
junctions, epitaxial layer not etched before diffusion: (a, top) 
guarded N+P iunction with aluminum contact, (b, center) ran- 
domly distributed microplasma from a Group 2 wafer, and (c, bot- 
tom) microplasma concentrated a t  the periphery of a junction (re- 
gion A i n  Fig. 1) on a Group 1 wafer. 

0.1 4 stacking fault.i/cm* 
2.2 x l0a disloc./cm* 

0.1 5.8 x 104 stacking faulta/cm* 

microplasmas in this region. In other devices of Group 
1 through 3, microplasmas appeared randomly dis- 
tributed as shown in Fig. 2(b) .  The wafers of Groups 
1 through 3 all showed microplasmas distributed either 
randomly or at the periphery as shown in Fig. 2. 
No pattern characteristic of stacking faults was ob- 
served on Group 2 wafers. Again, note that the extent 
of the breakdown region in Fig. 3(c)  is smaller than 
the step in the silicon surface visible in Fig. 3(a). 

Groups 5 and 6 were etched prior to diffusion of the 
guarded junctions with the Sirtl etch in order to 
reveal the stacking faults and dislocations. The light 
emission from the junctions of Group 6 which con- 
tained a large number of stacking faults are shown in 
Fig. 3. Note that the light appears to come from the 
bottom of the etch groove of the stacking fault and 
the bottom of the dislocation etch pits. Thus light 
comes from only part of the stacking fault on the left 
center and none from the one on the right center. 
As the reverse voltage was increased, light first ap- 
peared in one of the dislocation pits (at B in Fig. 
3 (b) ). Figure 3(c)  shows that as the voltage was 
further increased, light appeared in the other dis- 

Fig. 3. Microplasmas from epitaxial, phosphorus-diffused, guard- 
ed junctions, epitaxial layer etched before diffusion, a Group 6 
wafer: (a, top) etch figures by using bright field illumination with 
no applied bias, (b, center) l ight generated in one dislocation p i t  
just above the breakdown voltage and (c, bottom) l ight generated 
in dislocation pits, stacking fault  grooves, and the device periphery 
a t  voltages considerably above the breakdown. 
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Fig. 4. Light emission from a device on a Group 4 wafer: (a, 
top) breakdown generated light with bright field illumination, and 
(b, bottom) breakdown generated light only. No patterns charac- 
teristic of stacking faults were observed. 

location pits and the stacking fault groove and finally 
the microplasma at the periphery appeared. 

Figure 3 shows that the light associated with the 
stacking fault appears to be continuous lines not 
made up of individual points and is more intense at 
the apices of the fault. Observations as a function of 
applied reverse voltage showed that the light appeared 
at the apices before it appeared in the grooves. 

Group 4 wafers which also had a large number of 
stacking faults and dislocations, but were not etched 
prior to diffusion, did not show any of the well-defined 
triangular patterns observed in the Group 6 wafers, 
but yielded diffusion patterns of light modified by the 
rough surface structure evident in Fig. 4. The lack of 
well-defined triangular patterns is also evident in 
Fig. 2 which shows a device from a Group 2 wafer. 
Group 2 wafers were not etched prior to diffusion. 

Dislocation generation in the diffusion process.- 
Figure 5 shows an alignment cross after diffusion 
treatment, oxide mask removal in HF, and a short 
Sirtl etch. Many small pits can be observed in the 
cross areas as well as in a region approximately 
20 outside the cross area. In Fig. 6 a network 
of fine lines can be seen running from the cross area 
into the surrounding regions protected during diffusion 
by the oxide mask. These lines always end at a 
small pit. The cross section and the phosphorus con- 

Fig. 5. Alignment cross on a Group 3 wafer after the oxide re- 
moval and a 1 min Sirtl etch. Note that the etch figures are con- 
centrated only in and near the phosphorus-diffused areas. 

Fig. 6. Schematic cross-section through phosphorus-diffused epi- 
toxial layer shown in Fig. 5. Schematic phosphorus concentration 
profile is on the right. 

centration profile in the double-diffused region is also 
given schematically in Fig. 6. Region A indicates the 
undiffused area, region B the area under the oxide 
mask of the first diffusion treatment which was 
phospho~s-diffused by the lateral double-diffused area 
underneath the second oxide mask, and region E the 
double-diffused area. The surface steps resulted from 
the oxidation treatment to form the various oxide 
masks. 

After light microscope examination, similar areas 
on the same wafer were thinned from the substrate 
side for TEM examination. The maximum thickness of 
a TEM specimen is indicated in Fig. 6, from which the 
layers examined by TEM can be deduced. Figure 7 
is a TEM from an area close to the outer edge of the 
alignment cross. Dislocation lines and networks are 
revealed in the region B, see Fig. I (a) .  In the single- 
diffused region C, see Fig. I (b) ,  several dislocation 
networks of varying mesh size appear to be arranged 
on top of each other, Fig. 7(b). In the TEM of Fig. 7(c), 
the regions C, D, and E are visible. Clearly, a decrease 
in the network mesh size in region D can be seen, while 
remnants of coarse and fine networks are present in 
the double-diffused region E. The smaller mesh size 
in region D can be explained by a phosphorus con- 
centration gradient parallel to the layer surface due 
to lateral diffusion underneath the oxide mask. 

Modification of stacking faults.-The appearance of 
a test diode area in the epitaxial layers containfng 
high numbers of stacking faults (Group 4 wafers) 
after oxide removal and a short Sirtl etch is shown 
in Fig. 8. Stacking fault triangles can be seen in the 
undiffused regions. However, in the diffused regions 
the stacking fault triangles are completely absent. 
Only a few traces of stacking fault lines in the 
single-diffused region can be seen, while in the double- 
diffused regions numerous faint lines oriented along 
<211> directions ending in small etch pits can be 
seen. The star-like configuration of the lines seen in 
Fig. 8 are almost exactly the same size as the stacking 
fault triangles. This suggests a correlation of the stars 
to the former sites of the stacking fault tetrahedrons. 
The faint lines may represent the remaining crys- 
tallographic defects after a rearrangement in the fault 
area during the diffusion treatment. 
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Fig. 7. TEM of various regions shown in Fig. 5 and 6. The letter 
designatwns a t  the right identify the regions labeled in Fig. 6: 
(a, top) low dislocation density region A, (b, center) note the su. 
perposition of networks of different mesh sizes, (c bottom) note 
the smaller mesh density in region D. 

Further evidence of the modification of stacking 
faults after diffusion is shown in Fig. 9. A phos- 
phorus-diffused epitaxial layer that had been etched 
prior to diffusion to reveal the stacking fault defects 
was etched a second time after the diffusion. The 
initially sharply grooved etch lines became flat- 
bottomed. In addition, many faint lines were revealed, 
oriented along <211> directions and endinn in small - .  . - 
pits. 

Figure 10 (a) is a TEM typical of stacking faults in 
epitaxial wafers which were not phosphorus-diffused. 
Figure lO(b) is a TEM of the remnant of a stacking 
fault in a phosphorus-diffused wafer of Group 4. The 
banded contrast of Fig. 10(a) and the absence of it 
in Fig. 10(b) is typical of all the observations. Note 
that in Fig. 10(b) one of the dislocations of the net- 
work generated by phosphorus diffusion is parallel 
to the stacking fault remnant indicating the possibility 
of some sort of interaction of the fault and dislocation. 
A TEM of the bottom of a stacking fault groove of 
a phosphorus-diffused region of a Group 6 wafer is 
shown in Fig. 11. The dislocations tend to lie in 
<211> directions which is the same as shown in the 
LM of Fig. 9. 

Discussion 
In the groups of wafers which were not Sirtl etched 

before diffusion, microplasmas were observed pre- 
dominately near the periphery of the guarded diode 
(at A in Fig. 1). A plausible explanation for these 
microplasmas is that they occur at dislocations gen- 
erated during the phosphorus-diffusion of the guard 

Single Dlffuse 

Fig. 8. LM showing the etch figures of a Group 4 wafer Sirtl 
etched after the phosphorus diffusion. The stacking fault grooves 
in the undiffused region and the remnant of a stocking fault 
(single straight line) in the single-diffused area (region C in Fig. 
6) are shown in (a, top); (b, bottom) shows details of o double- 
diffused area, note fault lines ending in small etch pits often 
pointing in three <211> directions. 

Fig. 9. Etch figures in a phosphorus-diffused epitaxial layer, 
Sirtl etched prior to diffusion. Note the flot-bottomed triangle 
etch grooves and faint lines in <211> directions ending in small 
etch pik. 

junction. The generation of these dislocations could 
result from the phosphorus diffusion itself, as dis- 
cussed later in this section, and/or from strain result- 
ing from the difference of coefficient of expansion of 
Si and SiOr (18). Region A of Fig. 1 corresponds to 
the boundary between the regions A and B of Fig. 6 
where the dislocations are inclined to the surface 
because the phosphorus gradient of the guard junction 
diffusion is perpendicular to the surface. Thus these 
dislocations would intersect the shallow junction and 
possibly serve as sites for localized breakdown. 

Regarding the light associated with the stacking 
faults and dislocation etch pits of wafers etched before 
diffusion, one explanation is that breakdown occurs 
because of the curvature of the junction (10-13) re- 
sulting from the surface contouring. Evidence of the 
effect of etching on surface topography can be seen 
in Fig. 12. The groove profile was deduced from the 
contrast effects produced by shadow casting the Si 
surface with Pd (at an angle of 45") prior to the 
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Fig. 10. (0, top) TEM of stocking faults showing bonded con- 
trast typical of undiffused moteriol, (b, bottom) TEM of o rem- 
nant of a stocking foult in phosphorus-diffused area of 0 Group 
6 wofer (some as diffraction condition). 

Fig. 11. TEM of the bottom of an etch groove of a Group 6 
wafer. Note that dislocations tend to be in <211> directions. 
Only the bottom of the groove con be seen because other areas 
are too thick for electron transmission. 

carbon deposition for a replica. This contrast was 
interpreted as shown in Fig. 13(a) which allowed a 
determination of the depth of the etch groove. As can 
be seen from the schematic in Fig. 13(b), the outer 
slope of the etch groove deviates only slightly from 
the (111) stacking fault plane, while the inner, heavily 
faceted slope seems not to correspond to any low- 
index crystal plane. Sharp lines at the bottom of the 
grooves are clearly visible, revealing the V-shaped 
form of the groove. 

Since the main junction of the guarded junction 
is 1 cm or less deep, it can be seen from Fig. 13(b) 
that the junction will have a small radius of curvature 
at the bottom of the groove and will consequently 
have a lower breakdown voltage. It is also apparent 
from Fig. 12(a) that the curvature of the diffused 
junction at the intersection of the grooves will be 
greater than along the grooves themselves. Thus the 
light from reverse breakdown would appear first and 
be more intense at these points as was observed in 
Fig. 3. Queisser and Goetzberger (19) observed light 
only from the apices of stacking faults. Since in their 
samples they did not observe light from all apices 
they conjectured that the breakdown might be due to 
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Fig. 12. Electron micrograph of o direct corbon replica of a 
Group 6 wofer showing (0, top) o stocking foult etch groove, and 
(b, bottom) a dislocation etch pit. 

Pd Deposition 

(111) Surface 

b. 

king Faun 

Fig. 13. Profile of a stacking fault etch groove resulting from 
the Sirtl etch o t  an epitaxial silicon layer. (a, top) Electron micro- 
graph of direct carbon replica of etch groove along stacking fault, 
(b, bottom) schemotic cross-section of epitaxial Iayer showing con- 
trast features in etch groove due to shadow casting. 

precipitates such as heavy metals or SiOn at the 
stair-rod dislocation bundles that exist there. Since 
the stacking faults were visible in the microgr&hs 
of their diodes, the wafers were undoubtedly subject 
to some etching during the processing and thus break- 
down at the apices might occur for the same reasons 
(i.e., curvature of the junctions) postulated above. 
On the other hand, in our. junctions dislocations were 
present in the grooves as well as at the apices, and 
thus precipitation at the dislocations or the disloca- 
tions themselves might also be responsible for the 
preferential breakdown. 

The uniformity of the li$ht from the grooves favors 
the curved junction hypothesis. Further support for 
this hypothesis comes from the fact that no light 
emission corresponding to stacking faults was evident 
in those wafers which were etched prior to diffusion. 
However, this argument may be partially negated by 
the difference in the configuration of dislocations gen- 
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erated in the two types of wafers during the diffusion 
process (compare Fig. 10 and 11). 

We also feel that the curved junction hypothesis 
is the explanation for the intense light observed at 
the dislocation pits such as seen in Fig. 3. The curva- 
ture of the junction at the bottom of such a pit 
should be large as is apparent from the replica of a 
dislocation pit shown in Fig. 12 (b) . 

We do not intend to argue that breakdown cannot 
occur at dislocations. In fact, it appears likely that 
the breakdown at the edge of the guarded junctions 
occurs as a direct or indirect result of the dislocations 
generated ahead of the phosphorus-diffusion front dur- 
ing the diffusion of the deeper guard junction or at 
the edge of the oxide window (18). The fact that 
dislocations occur beyond the extent of the phosphorus 
diff 'on under the oxide can be determined from 
Fig?. In Fig. 3(c) it will be noted that the micro- 
plasma which might be associated with these dis- 
locations is less intense and occurs at a higher reverse 
voltage than the light associated with the dislocation 
etch pits in the central part of the junction. 

The total number of dislocations generated by the 
two-step phosphorus diffusion shown in Fig. 7 agrees 
quite well with the model proposed by Prussin (1). 
Prussin derives a formula for the total number of 
dislocations N per unit length in a diffused layer 
which is given by 

where @ is the linear lattice contraction coefficient, 
a is the component in z direction (any arbitrary 
direction in the plane of the diffusion), C is the surface 
concentration of the solute, and C(b) is the concentra- 
tion at the point b, which is a point in the direction 
of the diffusion at which the strain from the point 
to the surface is relieved by the generation bf dis- 
locations. If as in a TEM examination of a relatively 
deeply diffused layer we look at a region of thickness 
t which is less than b, then [I]  becomes 

The thickness of the specimen examined by TEM 
lies between 0.5 and 1.0~. We assume that the maxi- 
mum value of t in [I] which would influence the 
generation of dislocations in this layer would be about 
1.5~. The diffusion profile calculated from the sheet 
resistivity junction depth and background resistivity 
using Irving's (20) curves and assuming a Gaussian 
distribution is 

from which C, - C(1.5~) = 3 x 1010. The linear \ 
contraction is given by 

where r,,l is the radius of the solute, rsi is the radius 
of the silicon, and N is the atom concentration of sili- 
con (5 x 1022 atom/cm3). Lawrence (7) calculates @ us- 
ing a volumetric contraction or @= [ l - ( r , ,~ / r~i )~I  N - l  
which appears inconsistent with the model of Prussin. 
Using Queisser's (2) proposed value of 1.07A for the 
radius of the ionized phosphorus donor and 1.17A for 
the radius of silicon and [31, ,? equals 1.7 x 10-z4 
cms/atom. 

Joshi and Wilhelm (5) determined that the dis- 
locations forming regular hexagonal arrays in phos- 
phorus-diffused wafers were almost pure edge type. 
If we assume the dislocations in Fig. 7 are almost 
pure edge type and measure the number of dislocations 
per centimeter (N) in a plane perpendicular to the 
dislocations, then u is equal to the magnitude of the 
Burgers vector, or approximately 4 x 10-8 cm. 

Substituting the above values of a, @, and C, - 
C(1.5~) into [2] gives N - 1 x 103 dislocations/cm. 

In-Fig. 7 (b) there are 7 lines crossing the line perpen- 
dicular to the dislocations which is 10p in length yield- 
ing a value of 7 x 103 dislocations/cm for N. The 
agreement between the measured and calculated values 
of N is relatively good considering the approxima- 
tions involved. Joshi and Wilhelm (5) also found 
reasonably good correlation between the density of 
dislocations near the surface and that calculated from 
Prussin's model. 

The fact that there is some sort of transformation 
of stacking faults in epitaxial layers, both as-grown and 
Sirtl-etched before diffusion, is evident from the LM 
and TEM results. The fact that etch grooves were 
not developed by the Sirtl etch in the as-grown wafers 
and became flat-bottomed in the previously Sirtl- 
etched wafers indicates a change in the lattice energy 
associated with the stacking faults. Further evidence 
of some rearrangement of the lattice structure is 
evident from the change in contrast patterns of the 
stacking fault after phosphorus diffusion as shown 
in Fig. 10. Further evidence of a relationship between 
stacking faults and dislocations are the star-like pat- 
terns observed in Fig. 8 and the lines perpendicular 
to the fault sides in Fig. 9. 

It has been shown that this transformation takes 
place only in the phosphorus-diffused regions. Thus 
it is probable that the transformation is a result of 
interaction of the stacking faults with the dislocations 
generated by the phosphorus diffusion. There is some 
evidence for such a hypothesis in that a dislocation 
line is parallel to the stacking fault remnant in Fig. 
10(b). - - .  . -  

We propose the interaction of dislocations and 
stacking faults and dislocations generated by the 
phosphorus diffusion as a possibility for the trans- 
formation and not as a model. The exact mechanism 
of the transformation cannot be deduced from this 
work. 

Summary and Conclusions 
1. Microplasmas were observed most frequently near 

the periphery of the phosphorus-diffused guarded junc- 
tions. These microplasmas may have resulted from 
dislocations generated by the phosphorus diffusion 
of the guard junction intersecting the shallow-diffused 
junction. 

2. No light from preferential breakdown character- 
istic of the pattern of stacking faults was observed 
in wafers which were not etched prior to diffusion. 
Figure 2(b) is typical of devices on such unetched 
wafers and shows no triangular patterns. 

3. In wafers Sirtl-etched before diffusion, light was 
observed at the bottom of stacking fault grooves and 
dislocation etch pits. The preferential breakdown was 
attributed to the curvature of the shallow junction 
resulting from the junction followinr! the surface con- - 
tour. 

4. The density of dislocations generated as a result of 
the mismatch of the atomic radii of phosphorus and 
silicon and the gradient present from the diffusion 
process was determined and compared with the model 
of Prussin. Experimental and calculated values com- 
pared favorably. 

5. A change in the nature of stacking faults resulting 
from phosphorus diffusion was observed. From etching 
results it was concluded that the lattice energy as 
associated with the fault was decreased or redis- 
tributed. 
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Strain Effects Around Planar Diffused Structures 

J. M. Fairfield' and G. H. Schwuttke 

Components Division, International Business Machines Corporation, East Fishkill Laboratories, 
Hopewell Junction, New York 

ABSTRACT 

Dislocations have been found to extend for considerable distances outside 
of planar diffused structures in silicon and to affect the electrical properties of 
the diffused junctions. The mechanism of dislocation propagation outside of 
phosphorus-diffused structures has been studied by x-ray diffraction microscopy 
and other techniques. It is shown that these dislocations are propagated through 
an anomalously large compressive stress that results from large strains in 
some high-concentration phosphorus-diffused structures. These strains cannot 
be attributed to the residual effects of substitutional phosphorus atomic mis- 
match with the silicon lattice. The anomalous stress and dislocations usually 
appear after an oxidizing diffusion or drive-in cycle at temperatures less than 
1150°C. Also, the dislocations are much less likely to occur in (100) or (110) 
oriented surfaces as opposed to (111) surfaces. 

In the semiconductor industry, impurity diffusion is 
a very common fabrication process for transistors and 
diodes. Typical diffusions result in localized lattice 
strain, which often is relieved through the formation 
of dislocations and other lattice disorder. Principally, 
the strain is believed to result from the mismatch be- 
tween the ionic radius of an impurity atom that is o c ~  
cupying a substitutional site and the covalent radius 
of the silicon (1,2). The dislocations usually appear as 
dislocation networks confined within the diffused 
structure and often are accompanied by precipitation 
effects, which may also relieve the crystallographic 
strain. This type of crystal disorder has been widely 
studied, particularly for phosphorus and boron as the 
diffusants, by employing a variety of techniques 
(3-11). In addition, other investigators have reported 
that dislocations may propagate outside the diffused 
areas: both below the diffusion front and, for planar 
structures, laterally under the oxide diffusion mask 
(12-16). This latter phenomenon is important in semi- 
conductor device fabrication since these dislocations 
would extend through the electrical junctions of the 
devices and have potential deleterious effects on the 
electrical characteristics of the devices. 

There has been some confusion about these "out- 
side" dislocations (i.e., outside the diffusion structure) 
with respect to (i) their nature, (ii) the mechanism 
by which they form and propagate, and (iii) the con- 
ditions under which they occur. However, recently 

these questions have been at least partially clarified 
and resolved. In an earlier report (16) we presented 
evidence that the dislocations outside the diffused 
structure are distinct from and often in addition to the 
diffusion-induced dislocation networks within the 
structure and that they nucleate at the boundaries of 
the planar structures and propagate outward. Also, 
Schwuttke and Wilhelm (17) have recently confirmed 
by electron microscopy that the dislocations of the 
networks within the diffused area bend up to the sur- 
face at the planar boundaries and do not extend sig- 
nificantly into the undiffused regions. 

The outward propagation of the outside dislocations 
is by means of macroscopic stress transmitted from the 
diffused structure. Lawrence (18) has suggested iY this stress results from relatively small residual str ns 
not fully relieved by crystal disorder within the dif- 
fused area. He further states that, in otherwise un- 
strained material, the residual strain necessary to 
nucleate outside dislocations is only realized when the 
total concentration of diffusant is greater than about 
5 x 1018 cm-2 for both boron and phosphorus. How- 
ever, Duffy et al. (19) have observed these outside 
dislocations for total concentrations less than 3 x 1016 
cm-2 of phosphorus. Furthermore, recent measure- 
ments of lattice contraction by Cohen (20) tend to in- 
dicate that the maximum stress in diffused areas, simi- 
lar to those investigated by both Lawrence and Duffy, 
is in itself not excessively greater than the yield stress 

Keu words: semiconductor, silimn; diffusion, dislocations. stress. of silicon at elevated temperatures, which is about 
strain. 

Electrochemical Society Active Member. 2 x log dynes/cm2, as estimated from an extrapolation 
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of data of Pearson et al. (21) or from the investiga- 
tions of Pate1 and Chaudhuri (22). 

It would seem improbable that smaller residual 
strains would generate sufficient stress to nucleate 
and propagate dislocations to significant distances out- 
side the diffused areas. Joshi et al. (23) have reported 
residual strains in phosphorus-diffused areas of 
-4 x 10-4 which would result in stresses that are 
marginally sufficient for dislocation formation; how- 
ever, these authors have apparently used total concen- 
trations well above 5 x 1016 cm-2. Thus, the conditions 
and the mechanism by which the dislocations form 
outside the diffused structure are still unclear, and 
further study is required. 

These outside dislocations, around the periphery of 
diffu ed emitters (emitter edge dislocations) have 
beeJdirectly correlated with a reduction in transistor 
grain (@ or hr.) (19,241. In addition, since they extend 
through the base of a transistor, they may encourage 
emitter-to-collector shorts, i.e., pipes, through a pos- 
sible localized dislocation-enhanced diffusion mech- 
anism (25). Also, they may influence the character- 
istics of the collector junction. Indeed, Loro (26) has 
reported a collector junction degradation that can be 
attributed to dislocations extending through the col- 
lector junction caused by the emitter diffusion. Finally, 
for the case of modern integrated circuitry, this type 
of dislocation may extend from one device or isolation 
diffusion into another and create potential coupling 
problems. Therefore, we have further investigated 
these outside dislocations, principally for boron and 
phosphorus as diffusants, with emphasis on under- 
standing both the mechanism and the control of their 
formation. We have studied the nucleation and propa- 
gation of these dislocations and their relationship to 
diffusion conditions, crystal disorder inside the diffused 
structure, and the macroscopic strains as indepen- 
dently determined. This report describes our investi- 
gation. 

Experimental Procedure 
Silicon slices were cut from dislocation-free Czo- 

chralski or Lopex single crystals, lapped, and chemi- 
cally polished to remove surface damage and strain. 
Wafer orientations were mainly ( I l l ) ,  but (110) and 
(100) orientations were used in a few specific experi- 
ments; thicknesses were between 0.5 and 1.0 mm. 

Both blanket diffusions over entire wafers and 
planar diffusions using standard oxide masking tech- 
niques were performed; masking oxides were-grown 
in steam at 1000'C. Most diffusions were accomplished 
by a two-step process consisting of a deposition and a 
drive-in cycle similar to that reported previously 
(19,27). The deposition cycle was 970°C for phos- 
phorus and 1100'C for boron; impurity sources were 
phosphorus oxychloride, phosphorus pentoxide, or di- 
borane; and the ambient was nitrogen with a small 
amount (-1%) of oxygen. The drive-in cycle was 
usually 970" for 1% hr  in an oxidizing ambient; 
however, some experiments were conducted using 
tem~eratures of uw to 1200°C with decreasing times. 

1017 
0.5 1.0 

DEPTH lp) 

Fig. 1. Diffused phosphorus concentration profiles after a drive- 
in cycle of l % hr a t  970% in an oxidizing ambient. Total con- 
centrotions were determined by activation analysis, and electrically 
active concentrations were determined by incremental sheet re- 
sistance measurements. 

I INCIDENT X-RAY BEAM 

A j / B 
I : TOPOGRAPH 

MAXIMUM MINIMUM 
CONTRAST CONTRAST 

~ 1 ~ 6 ,  inert ambieits were used for a few spe'fial ex- 
periments. Finally, some diffusions were made using 
the evacuated capsule technique (28) with a powdered 
silicon alloy as the source and, generally, with similar 
times and temperatures as above, though a few such 
diffusions were made for very long times. 

Junction depths were measured by beveling and -. . . 
copper staining, and sheet resistances-were measured 
by a four-point probe. In all cases, the surface con- Fig. 2. Tronsmirsion diffraction controst around plonar diffused 

centrations were at, or very near, saturation. An ex- structures: a (top), schematic diogrom of diffused structure exert- 

ample of a phosphorus profile is shown in Fig. The ing a compressive strain on surrounding crystal; b (bottom), x-ray 

total concentrations were determined by activation toPograph structure. 

analysis [see ref (1911; and the electrically active 
concentrations were determined by incremental sheet curacy of this extrapolation is uncertain; however, it 
resistance measurements (29) and an extrapolation of would be safe to say that a significant amount of phos- 
Irwin's curve to these high concentrations. The electri- phorus is not electrically active and thus exists in a 
cally active curve is an approximation, since the ac- state other than substitutional, in agreement with pre- 
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vious investi~ations (29.30). I t  is not eossible to dis- mum stress in the wafer to the film stress by 
cuss strain contribution of a single reprksentative atom 
because the state of a significant portion of them is 
unknown. 

The crystallographic damage in and around the dif- 
fused areas was investigated by x-ray transmission 
diffraction microscopy, using scanning oscillator tech- 
nique (SOT) (9) to record topographs of entire 
wafers, and by transmission electron microscopy (4, 8). 
SOT topographs were used extensively to study dis- 
location and precipitation structure in a manner de- 
scribed previously (9,31) and to analyze strain effects 
as described in the next paragraph. Electron micro- 
scopy was used to examine the crystal structure of the 
surface layers of some representative samples. Speci- 
mens for electron microscopy were chemically thinned 
from the reverse side to about 2000A. 

Strain effects were determined by the sign of ano- 
malous x-ray diffraction contrast around the boundary 
discontinuity of planar structures and by the degree of 
bowing induced in a wafer by a blanket-diffused layer 
on one side. For the first technique, Howard and 
Schwuttke (32,33) have shown that the apparent 
sign of anomalous transmitted x-ray diffraction con- 
trast (i.e., either dark or light contrast for an anom- 
alously strong or weak diffracted x-ray beam) can be 
used to determine the direction of lattice plane curva- 
ture, which is due to strains. Hence, the nature of 
anomalous x-ray contrast on SOT topographs can be 
used to determine the sense of lattice strain. An ex- 
ample is illustrated in Fig. 2a and b in which a dif- 
fused structure exerts a compressive strain on the 
surrounding lattice, bending the lattice planes in the 
indicated direction. Following Howard and Schwuttke, 
the diffracted contrast will be high when the dif- 
fraction vector g (or a significant component of g) 
has the same direction as the radius of curvature of 
the strained lattice planes, as at point "A," and will 
result in a black line on the topograph, Fig. 2b. When 
the direction of ;is opposite to the radius of lattice 
plane curvature, as at point "B," the contrast is low 
and results in a white line. Therefore, the white-black 
contrast across the diffused boundaries in the direc- 
tion of g (Fig. 2b) is indicative of compressive strain 
around the diffused structure. Similarly a black-white 
contrast, in the same direction, indicates tensile strain. 
For the present study, this technique was used to de- 
termine the sense of the strain only although, in prin- 
ciple, it could be used for quantitative strain measure- 
ments as well. 

In addition, the magnitude of the stress in a diffused 
layer was studied by measuring the degree to which a 
blanket-diffused layer macroscopically strains a wafer. 
The bowing of a wafer owing to a very thin diffused 
layer was determined by measuring wafer curvature 
before and after the layer was removed, employing a 
light section microscope and a technique developed by 
Glang et al. (34). The data were interpreted by re- 
garding this diffused layer as a thin film of some other 
material deposited on the silicon wafer as the sub- 
strate and using elastic plate theory to analyze the 
stress-strain relationships of this system in a manner 
first used by Stoney (35) for thin deposited metal 
films, and subsequently improved and used by others 
for a variety of materials (36). Accordingly, the de- 
flection 6 of a circular wafer under strain from a thin 
film is given by 

where E and v are Young's modulus and Poisson's 
ratio of silicon; tr and t, are the thicknesses of the 
film and substrate; p is the distance from the center; 
and ar is the stress in the film. Assuming tr << ts and 
following Stoney's analysis, one can relate the maxi- 

Equations [I] and [2] can be used to relate deflec- 
tion to stress in the diffused layer and the wafer. For 
our application, very thin layers (0.1-0.3~) were re- 
moved by anodic sectioning in order to determine the 
distribution of stress in the diffused layer. The effec- 
tive ratio t&, was less than 10-3; and the substrate 
can be considered as unchanged by the removal of the 
thin layers. Deflection measurements were taken every 
25 mils along a <i10> and a <llT> diameter of (111) 
wafers to about 50 mils from an edge. The experi- 
mental uncertainty of each deflection measurement is 
k 0 . 5 ~  (34); and the final uncertainties can be judged 
accordingly. 

Results 
Generally, phosphorus diffusions, in which maxi- 

mum or near maximum surface concentrations and 
oxidizing ambients were used, resulted in dislocations 
outside the planar diffused structure (i.e., outside dis- 
locations) even when the total electrically active phos- 
phorus concentration was 2 x 10'6 cm-2 or a little 
lower. Their formation was not significantly affected 
by the presence or absence of the original mask dur- 
ing drive-in. These dislocations have been described 
in ref. (16); and a detailed analysis of their physical 
structure will be published elsewhere.'They are illus- 
trated by the contrast pattern in Fig. 3a around the 
boundaries of the planar structures, which are the 
triangles and the circular area, and also by the rela- 
tively straight lines in the electron micrographs, Fig. 
3b and c. The abnormal contrast within the planar 
areas in Fig. 3a and the network pattern at the ex- 
treme right of Fig. 3c are due to the normal, interior 
diffusion-induced dislocations. The occurrence of the 
outside dislocations can be directly related to the con- 
ditions of the process steps, as will be described in 
more detail later in this section. 

The dislocations themselves appear as dislocation 
loops in the primary slip planes (111). They extend 
laterally out into the undiffused regions for distances 
of -300p and perpendicularly down into the silicon 
for distances up to 20p from the surface as shown in 
Fig. 4, in which the indicated amounts have been re- 
moved by controlling etching. (Note that the diffusion- 
induced dislocations within the diffused regions are 
confined to within 0 . 5 ~  of the surface or about 1/3 of 
the junction depth, in agreement with other investi- 
gators.) Therefore, the outside dislocations would ex- 
tend well through the active regions of a transistor with 
this type of phosphorus diffusion as the emitter, and 
they should logically cause potential problems for 
transistor electrical properties through either a degra- 
dation of gain through carrier recombination in the 
base, poor collector junction quality, or pipes owing to 
an enhanced diffusion in the dislocation areas. The 
mode of dislocation propagation was primarily through 
slip in the plane of diffusion. It is interesting to V t e  
that the presence of metallic impurities tended to re- 
strict the outward propagation of the dislocations. 
Figure 5 shows a topograph and an electron micro- 
graph of outside dislocation loops where an excessive 
amount of gold was present. The loops appear to be 
pinned at specific points, presumably by small metallic 
precipitates that are smaller than the resolution of 
this micrograph, i.e., <50A. A similar phenomenon has 
been reported by Batavin (37), who found evidence 
that SiOz particles inhibited the propagation of dis- 
locations outside of boron diffused areas. 

Empirically, the presence of the outside dislocations 
was accompanied by an anomalous macroscopic strain 
effect associated with the planar diffused structure: in 
Fig. 3a, the white-black strain pattern across the 
windows in the direction of g is indicative of a com- 
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Fig. 4. SOT x-ray topograph of diffused structures similar to Fig. 
3 with the following thicknesses of surface removed: a, nothing 
removed; b, 0.5~; c, 10.0~;  d, 19.0a. 

Fig. 3. High-concentration phosphorus structures; impurity profile 
and diffusion procedure are similar to that of the example in 
Fig. 1; triangle side = 0.5 cm: a (top), SOT x-ray topograph (220) 
reflection; b (center), electron micrograph of undiffused area 
about 60s from diffusion boundary; c (bottom), electron micro- 
graph of a small section a t  the planar boundary. 

Fig. 5. Phosphorus diffused structures with large amounts of 
gold added: a (top), x-ray topograph; b (bottom), electron micro- 
graph outside of diffused area. 

(970°C). Here is a case of stress that is anomalous in 
sense but not of sufficient degree to cause outside dis- 
locations. Figure 6a is an x-ray topograph of the same 
structure with the oxide diffusion mask still on the 
wafer surface, indicating that the oxide mask opposes 
and, in this case, reverses the resultant strain. This is 
logical since the strain in a thermally grown oxide 
mask is compressive (38) and would tend to bend the 
lattice planes toward the center of a window (oppo- 
site to the case illustrated in Fig. 6b). In practice, 
when the anomalous strain, i.e., compressive, ap- 
proaches a value sufficient to cause outside disloca- 
tions, it dominates over the influence from the mask, 

pressive strain surrounding the diffused structure. 
However, as seen in Fig. 4, areas a and b, the stress 
switches to tensile when 0.5~ is removed from the 
surface. The compressive nature is unexpected since 
a substitutional phosphorus atom in the silicon lattice 
has a smaller ionic radius than the silicon covalent 
radius and should stretch the neighboring covalent 
bonds, resulting in a tensile strain effect around the 
periphery. 

The actual compressive effect can be seen more 
clearly in Fig. 6b, which is the topograph of a two- 
cycle planar diffusion with only a very small amount 
of oxygen in the ambient of the drive-in cycle 
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Fig. 6. SOT x-ray topograph of high-concentration phosphorus- 
diffused structures illustrating anomalous strain effects: a ,  (top), 
oxide mask on wafer; b (bottom), oxide mask removed. 

However, the formation of dislocations reduces its 
magnitude and may return the strain to a case domi- 
nated by the oxide mask; thus, the apparent strain, or 
stress, may switch sign according to the formation of 
dislocations or the removal of the mask, giving the 
effect of "stress jumping" (33).  

Conversely, dislocations around boron diffused 
structures appear only for deep diffusions performed 
at the higher temperatures (1200°C) from maximum 
surface concentrations regardless of the diffusion tech- 
nique used. Figure 7a is the SOT topograph of a sec- 
tion of planar boron diffused wafer whose profile is 
shown in Fig. 7b. The degree of dislocation around the 
outside is variable. Lesser junction depths, e.g., < 8p 
for a similar profile, yield much fewer or no disloca- 
tions. The dislocations extend for about the same dis- 
tances as phosphorus but appear in a variety of forms. 

Irrespective of dislocation formation, the strain 
around boron diffused structures was always tensile, 
as would be expected, since boron also has a small 
ionic radius relative to silicon. These dislocations 
around boron diffused structures were not studied as 
extensively, but they appear to be caused by tensile 
stress which may well result from residual strain 
effects of the substitutional boron atoms when total 
concentrations greater than 1017 cm-2 are involved. 

Finally, the specific relationship of the phosphorus 
process steps to the anomalous strain will be de- 
scribed in the final paragraphs of this section. First in 
(111) oriented wafers, after an open-tube deposition 
cycle only, the macroscopic strain is anomalous in sign, 
i.e., compressive, but not of sufficient magnitude to 
cause dislocations, a case similar to that shown in Fig. 
6. After an oxidizing drive-in at lower temperatures, 
at about 100O0C, both dislocation and anomalous strain 
effects almost always appeared. The degree of stress 
in these phosphorus diffused layers was determined by 
measurements of bowing of blanket-diffused wafers, 

DEPTH ( p )  

Fig. 7. a (top), SOT x-ray topograph of high concentration, deep 
boron diffused planar structure; b (bottom), electrically active 
impurity profile, total concentration is - 1.3 x lot7 

whose diffusion utilized this two-cycle process with 
an oxidizing drive-in at 970°C. The stress was com- 
pressive, bowing the wafer down away from the dif- 
fused side, in agreement with that indicated by the 
sign of the x-ray contrast, and the values ranged from 
3-8 x 109 dynes/cm2. This high stress was confined to 
within about 0 . 5 ~  of the surface, confirming the ap- 
parent stress switching in Fig. 4 by the removal of 
0 . 5 ~  of surface. Figure 8a shows the actual deflection 
of one wafer; each deflection value represents the 
average of two values taken at opposite points, i.e., 
+p  and -p, in the manner of Glang et al. (34). Also 
shown are "deflection" values taken on an undiffusd 
wafer to illustrate qualitatively the sensitivity for 
this application. The crystallographic direction, along 
which the deflection was measured, had no measur- 
able influence. Figure 8b shows stress values on a few 
wafers as a function of distance from the surface. 
There is considerable scatter, sometimes even on the 
same wafer, but the values are generally equal to or 
greater than 3 x 109 dynes/cm2, above the yield stress 
of silicon. By way of comparison, stress values in 
boron diffused layers were around 1.5 x lo9 dynes/cm2 
and were tensile, as expected. 

If inhomogeneous precipitation occurred within the 
phosphorus planar structure, the anomalous strain was 
less, and the peripheral dislocation loops were much 
less likely to occur. In particular, if many points of 
large precipitates appeared within the diffusion, shown 
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2WO m 
Fig. 8. Data from wafer bowing experiments: a (top), closed 

circles are deflection values of blanket phosphorus diffused wafer 
and open circles are similar measurements of an undiffused wafer; 
b (bottom), stress values as a function of depth in phosphorus 
diffused wafers. 

in Fig. 9 by the points of abnormally high contrast in 
two of the planar triangles, the peripheral disloca- 
tions did not occur; and the macroscopic stress was 
tensile, in contrast to the normal case without large 
precipitates. These precipitates normally did not oc- 
cur if the diffusion system was clean and reasonably 
careful procedures were employed. They appeared to 
be nucleated at or near the surface through contami- 
nants or cool areas on the wafer during the deposition 
cycle. Sheet resistance and junction depth measure- 
ments showed that the electrically active phosphorus 
concentration was not significantly affected by the for- 
mation of the large precipitates. Figure 9b is a trans- 
mission electron micrograph of a section of one such 
large precipitate, which is amorphous in structure ex- 
cept for a small portion just outside the main precipi- 
tate which appears as platelets oriented parallel to 
{Il l)  planes. Conversely, electron micrographs of in- 
terior areas of the more common planar structures, 
those that caused compressive strain and outside dis- 
locations, revealed very few visible precipitates of any 
size. Since all of these high-concentration diffusions 
contain significant amounts of phosphorus in excess of 
that which is electrically active, as indicated by Fig. 1 
and by the investigations of others (29,301, excess 
phosphorus in the more common diffused structures 
must exist either interstitially as single atoms or in 
small clusters (<20A). 

In addition, certain modifications in the diffusion 
procedure could reduce or eliminate the peripheral 
outside dislocations. These conditions are, in them- 
selves, significant; they are specified here and dis- 
cussed in the next section. First, the dislocations usu- 
ally did not occur on wafers oriented in the (100) or 
(110) plane though the strain was still compressive. 
Second, if the drive-in cycle utilized a nonoxidizing 
ambient, strain decreased significantly, sometimes 
switching to tensile; and the outside dislocations again 
did not form. Total concentrations were comparable 

Fig. 9. Phosphorus plonor diffused structures, two of which have 
large precipitates: a (top), x-roy topograph; b (bottom), electron 
microgroph of a section of one large precipitate, precipitate is 
indicated by white area since i t  dissolved during thinning operation. 

to the case of an oxidizing ambient illustrated in Fig. 1 
or for the wafer in Fig. 3. Third, if the drive-in cycle 
was done at higher temperatures (1150"-120O0C), re- 
gardless of the ambient &g dislocations did not form; 
and the stress was tensile ( < l o g  dynes/cm" even for 
concentrations greater than 5 x 1016 cm-? Finally the 
evacuated sealed capsule diffusion process did not 
produce the outside dislocation loops, except in a few 
cases where excessively long diffusion times were em- 
ployed, which yielded junction depths of greater than 
lo&. The strain around all these structures was tensile, 
similar to the case of boron. However, if a wafer was 
phosphorus diffused by a capsule technique with high 
surface concentration and subsequently oxidized at 
100O0C, the outside dislocations appeared; and the 
strain switched to compressive. This did not happen 
for boron capsule diffused wafers. 

Discussion 
First, in order to relate the macroscopic stress mea- 

sured experimentally in blanket-diffused layers to the 
stress in undiffused material around planar structures, 
the stress-strain conditions of the problem, which are 
illustrated in Fig. 10a, must be considered in some de- 
tail. In this way, the stress available for dislocation 
formation can be estimated and compared with the re- 
sults. 

The surface loading at the sides required to confine 
the planar structure is represented by F' in Fig. lob, 
and a reactive force F is exerted on the undiffused 
material, also at the planar boundaries. The shearing 
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interaction in the x-z plane is of lesser degree owing 
to both the lower value of shearing modulus in silicon 
and the reduction of coherency across the x-z plane 
through the formation of the interior diffusion inauced 
dislocation networks. Thus, the forces at the side 
boundaries of the planar structure are related to the 
stress in the film by 

where F is in units of force per unit length and a is the 
effective depth of anomalous stress. In order to find the 
stresses at a given distance r from the diffusion bound- 
ary, certain limitations of the dimensions can be made 
in order to simplify the problem. The dimensions of 
interest are greater than the electrical junction depth 
and roughly limited by the maximum dislocation 
propagation. Therefore, the problem can be restricted 
by 

y(m=) - 20r << t 
X(max) = Z(rnax) 2% << D 
X(min) = l/tmln) = Z(mln) > 2a [dl 

where D represents the wafer diameter (-2 cm) and t 
represents the wafer thickness (>0.5 mm). Based on 
these limitations, we can regard the substrate as a 
semi-infinite body. Now the two-dimensional problem 
is treated by considering a thin (with respect to 1 )  
slab at z = 0 and analyzing the stress distribution 
around the origin, see Fig. lob. It would be reasonable. 
from inequalities 141 that the shear force can be con- 
sidered as concentrated at the surface, i.e., a + 0. With 
this assumption, the problem is similar to that first 
solved by Flamant (39), following whom the stress 
distributions are 

2F 
uz=- -  

s 

((X2+Y2))2 

and the maximum shear stress would be given by 

The applicability of assuming that the force is con- 
centrated at the surface can best be shown by actually 
considering a distributed stress. This is shown in the 
Appendix (see Eq. 161 ), and it is seen that Eq. [51 can 
be used to estimate the stresses in the undiffused areas 
of the silicon when only one edge of the planar struc- 
ture is near the point of interest, a case that includes 
the greater portion of the problem. The effects of sur- 
face loading at other boundaries can be calculated by 
superposition of two-dimensional-type solutions. For 
example, the effect of the planar boundary at the op- 
posite side, x = -w, is not significant until r becomes 
comparable to w. For r > w ,  the stresses fall off more 
rapidly with distance; and, for r >> w ,  the stresses 
fall off as x-2 instead of x-1 as would be dictated by 
Eq. [5]. The effects of surface loading at perpendicular 
surfaces, z = ? ( M ) 1, are of similar magnitude. 

If the reasonable assumption is made that the 
stresses in the planar structures are similar in magni- 
tude to the stresses in the blanket diffused layers, it 
is seen that stresses can be above the yield stress of 
silicon in the neighborhood of the planar boundary 
and can remain greater than the flow stress (22) for 
considerable distances into the undiffused areas. It is 
important to note that precise quantitative comparison 
is inappropriate in this application, since these dis- 

D i f f u s e d  

Fig. 10. a (top), Schematic diagram of stress effects from a 
planar structure; b (bottom), cross section at  z = 0. 

locations propagated at  elevated temperatures and the 
stress measurements were made at room temperature. 
However, it is logical that these anomalous com- 
pressive stresses directly cause the deeply penetrating 
dislocations at the edges of the appropriate phos- 
phorus diffused planar structures. The stresses de- 
crease as the inverse of the distance in the direction of 
applied force 

and as the inverse of the distance squared perpendicu- 
lar to the applied force 

The distribution of dislocations qualitatively conforms 
with these relations; dislocations extend considerable 
distances in both directions but considerably further 
parallel to the surface, i.e., in the direction of applied 
force. For smaller diffused structures, the stresses and 
dislocation distribution fall off more rapidly, as has 
been confirmed experimentally; but the disloc$ons 
still extend well through the base of a transistor with 
the resulting deleterious effects. The fact that disloca- 
tion formation is most favored for (111) oriented 
wafers as opposed to (100) and (110) is most likely 
because, for the case of (111) wafers, the applied force 
is in the plane of the primary slip system. 

It is apparent from this investigation that the high 
stress, which causes dislocations outside of relatively 
shallow phosphorus emitter type diffusions, cannot 
result from residual strains from substitutional atomic 
phosphorus atoms but must result through some other 
mechanism that is dependent upon procedure. This 
conclusion might appear to be contradictory to Law- 
rence's investigation (18); however, it is not: Law- 
rence studied high temperature (1200°C) diffusions 
exclusively and, thus, did not consider the dislocations 
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that are of primary interest in this investigation. It is 
possible that dislocations outside of deep boron struc- 
tures are related to residual mismatch strains of sub- 
stitutional atoms. The measured stress values in boron 
diffused silicon (-1.5 x 109 dynes/cmZ) would in- 
dicate that sufficient stress might be available. 

At this time, the source of the anomalous compres- 
sive strain is uncertain; however, it might be specu- 
lated that it is related to the phosphorus atoms 
in excess of the substitutional (see Fig. 1) as is sug- 
gested by the requirements of maximum concentra- 
tions and an oxidizing ambient. The oxidation of the 
phosphorus diffused surfaces would even result in a 
supersaturation of excess phosphorus since the advanc- 
ing oxide front rejects phosphorus (40). Assuming that 
the excess phosphorus in this supersaturated state 
existtinterstitially or as very small (<20A) intersti- 
tial type clusters, it could dilate the lattice and cause 
compressive strain around the planar structures. If 
larger areas of incoherent precipitation exist, these 
could act as sinks for the excess phosphorus that would 
otherwise dilate the lattice structure to induce com- 
pressive strain and, therefore, result in the expected 
lower tensile strains and no outside dislocations. 

Summary 
An anomalous, compressive macroscopic strain ap- 

peared around high concentration (though relatively 
shallow) phosphorus emitter-type diffused structures 
when an oxidizing diffusion or drive-in cycle was em- 
ployed at temperatures less than 1150°C. This com- 
pressive stress cannot be due to residual strains from 
substitutional phosphorus atoms. It was often found to 
be of sufficient magnitude to cause dislocation nuclea- 
tion and propagation for significant distances into the 
undiffused silicon; such dislocations commonly oc- 
curred in (111) oriented silicon wafers but were much 
less likely to occur in (100) and (110). The probability 
of dislocation formation outside of the diffused areas is 
significantly reduced if the diffusion or drive-in cycles 
are performed in an inert ambient or at higher tem- 
peratures, i.e., in the neighborhood of 1200°C. 
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APPENDIX 
We now establish the applicability of regarding the 

force as concentrated at the surface, and, thereby, the 
stress distributions [5]. If the magnitude of the stress 
is assumed constant down to a where it abruptly drops 
to zero, a is still considered small compared to r ;  and 
the origin is adjusted slightly to 

Then, Flamant's solution becomes 

with similar expressions for s and z,,. 
It is readily seen that Eq. [6] goes quickly to Eq. [5] 

as a is allowed to go to zero. For the applicatlon of 
this investigation, the force can be regarded as con- 
centrated at the surface. 

We also wish to point out that, with respect to the 
three-dimensional problem, a more rigorous approach 
would involve considering a distribution of csncen- 
trated point forces acting at  the surface of the semi- 
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infinite substrate and using the principle of super- 
position, see Timoshenko and Goodier (41). Such solu- 
tions are not difficult; but they are long, appear bur- 
densome, and tend to distract from the physical sig- 
nificance of the problem. The requirements of this in- 
vestigation do not require this degree of rigor. 
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ABSTRACT 

Clear, vitreous films of boron nitride up to 60008, thick have been deposited 
on a variety of substrates at 600"-1000°C by a reaction between diborane and 
ammonia in hydrogen or inert carrier gas. Deposition rate may be readily ad- 
justed to 50-1000 A/min. Most samples were made at either 600' or 800°, with 
some attendant variation in film properties. The 600hater la l  contalns some 
residual B-H bonding. The film is essentially amorphous to electron diffrac- 
tion. The refractive index is 1.7-1.8, the 1 MHz dielectric constant - 3% the 
dielectric strength -5x106 v/cm, and the 25°C resistivity 2 1014 ohm-cm.'~he 
band gap is 3.8 ev and the phonon temperature in the neighborhood of 2000°K. 
For semiconductor junction protection boron nitride has no advantage over sll- 
icon nitride. 600" deposition directly on Si has produced surface charges as 
low as 4xlOll/cmz, but there are room-temperature drifts, and high-field con- 
duction also. BN deposited at 800" on Si is electrically similar to silicon nitride. 
Etching of BN film also presents the same problems as does silicon nitride. BN 
is not as good a barrier against sodium ion permeation. Attack by atmospheric 
moisture over a long period has varied from insignificant to extensive conver- 
sion to orthoboric acid. 

BN film on Si doues the substrate with boron at temueratures above 900°C in 
inert ambient. uniform junction depths are produced. D-C conductivit in 
500-4000A films has been studied from roopl temperatvre to ?70:C;With &lds 
2 108 v/cm BN film shows stable, nonohmic conductivity which 1s independent 
of polarity. The 25" d-c conduction is describable over at least seven decades 
of current by J a En n = 13-15, where J = current density, E = field strength. 
The 600"-deposited BN is the more conductive and can carry 0.1 amp/cm2 in- 
definitely. Log J us. E1/2 at  25" is linear, and the slope of the curve is in good 
agreement with the theoretical value for a Frenkel-Poole conduction mech- 
anism. Possible use of BN as a thin film varistor is discussed. 

The preparation and properties of pyrolytic boron 
nitride have been reviewed in ref. (1). BN, ordinarily 
regarded as an insulator, may also be considered a 
wide band-gap 111-V semiconductor, and it displays 
multiband electro-, photo-, and cathode-ray lumines- 
cence (2). The crystal structure is very similar to that 
of graphite. Data on the pure compound are thus of 
intrinsic interest for potential electronics uses, but 
much of the literature on conventional commercial BN 
is valid only for the particular sample studied because 
of the oxide impurity and the strong anisotropy re- 
sulting from hot-pressing. 

There is very little formally published work on thin 
film boron nitride. Films less than l r  thick have been 
prepared by Haberecht et al. (3) and characterized as 
capacitor dielectrics. The method used was a low- 
pressure, static pyrolysis of B-trichloroborazine vapor 
on a substrate heated to 700"-1400°C. The films were 
microcrystalline, with a minimal degree of short- 
range order (so-called "turbostratic") to x-rays. They 
probably contained residual chlorine. Crystalline films 
have also been made at Ravtheon Comuanv (4) from - - . -  
BCl3 + NH3 at  1100"-1300"~. 

We report here the first results of a study of thin 
film boron nitride made by vapor deposition from a 
reaction between diborane and ammonia. This system 
was chosen because high-purity reactants are avail- 
able, and because the product should not be contam- 
inated by anything except, possibly, residual bonded 
hydrogen. Also, a favorable free energy change offers 
the hope that the reaction will be complete at rela- 
tively low temperatures. The over-all reaction is 

temperature there is immediate formation of a stable 
white solid borohydride, the diammoniate of diborane 

which at 2 200" rearranges to the ring compound 
B ~ N ~ H o  (borazine), and some polymeric material 
(BNHz)~.  Stronger heating drives off the hydrogen 
progressively, forming polymeric (BNH), and finally 
BN. 

The results reported here summarize some eighty 
runs in a single-slice deposition apparatus. The many 
variables of operation have not been investigated ex- 
haustively, but it is evident that a smooth, transparent, 
and adherent thin film is obtained reliably over a 
considerable range of conditions. The potential ap- 
plications for which the material has been examined 
include semiconductor surface protection and sodium 
diffusion barrier, boron diffusion source, and thin film 
dielectric or varistor. Most films were 1000-60008, 
thick. 

De~osition of Thin Film BN 
Apparatus.-Figure 1 is a simplified schematic dia- 

gram of the apparatus. The substrate rests on a mo 
denum pedestal which is inductively heated at 3%k 
The reaction vessel is fused silica; all tubing is stain- 
less steel. An important feature is the mixing of the 
reactants only after they enter the reactor and the 
heating of the reactor wall to at least 200°C. This pre- 
vents the deposition of the solid borohydride compound 
and is essential in obtaining a vitreous film. The sub- 
strate is heated after establishine the ammonia flow. -.-... .. --.~.-. ~- --  

BZHO + 2NH3 + 2BN + ~ H Z  with the diborane introduced lastland turned off first: 
1F"90O0K) = -165kcal/mole Without adequate ammonia a smooth film of amor- 

(1100°K) = -177 kcal/mole phous boron is deposited. A green color in the burnoff 
flame is a sensitive indicator of the presence of gase- 

The reaction occurs in separable steps (5). At room ous boron compounds. 
Key wordu: Boron nltride, thin Alms, vapor deposltlon, conduc- Deposition conditions.-The reaction was carried 

tion, varistors. 
Electrochemical Society Active Member. out at  600" to 1080°C, with most of the work at 600' 
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Fig. 1. Schematic diogram of deposition equipment 

and 800". The substrate was usually silicon, but Ta, 
Mo, Ge, and fused silica were also coated. Film thick- 
nesses were monitored continuously during growth: 
at 600" simply by color, and at 1 800" by measuring 
emitted light intensity fluctuations at 60008, caused by 
interference in the growing film (6). Hydrogen am- 
bient was used most commonly and is preferred at  
present on the basis of film properties, but the reaction 
was also successful in nitrogen or helium. For these 
latter the tank diborane diluent was nitrogen, so that 
the only hydrogen present was the reaction by-product. 
Other conditions of operation are given in Table I. 

Rates.-Observed deposition rates are not true ki- 
netic rates since they vary with transport rate of re- 
actants. Furthermore, there is considerable evidence 
that there is a reaction at the heated tube wall. Depo- 
sition rate is sensitive to the proximity of the wall: 
in a straight-walled tube the rate is 2-4 times faster 
than in the slightly bulged tube (see Fig. 1). BN films 
are more nonuniform than SiOa or silicon nitride films 
made in the same equipment at the same temperature. 
Furthermore, a freshly cleaned reaction tube de- 
presses the deposition rate. All these observations sug- 
gest a reactant, probably borazine, being supplied by 
a local wall reaction. 

The 800" deposition rate is only about 1.5 times 
faster than the 600"ate, and the 1000' rate is slower 
than the 800" (probably because of premature reac- 
tion at some distance from the substrate). The rate is 
proportional to the diborane concentration, but the 
influence of ammonia is anomalous. The ammonia con- 
centration used was at least ten times that of BpH6, 
yet in the NHdBrH6 = 10-20 range the rate was sensi- 
tive to NH3 concentration. Furthermore, the propor- 
tionality is inverse (more NHI decreased the rate, and 
to a power greater than one). Probably ammonia, or 
one of its pyrolysis products, acts as a chain termina- 
tor for some free-radical mechanism. At any rate, it 
is evident that the reaction sequence is complicated 
and that the conditions used are unsuitable for a study 
of kinetics. 

Boron nitride deposition, like silicon nitride deposi- 
tion from SiH4 and NH:I, is much slower in the pres- 
ence of traces of water vapor. One tank of so-called 
anhydrous ammonia gave persistent low deposition 

Toble I. Operating conditions 

Range Most common 

Total l o w  rate, l/min 0.5-4.5 3.0 
Linear velocity, cm/sec 1-10 6.8 
r$ BSHO 0.01-0.2 0.04 
' i  NK7 0.4-5 0.7 
NH:IIB?&I 10-80 11 
Deposition rate, A/min 50-700 (in Hr or He) 125-600 

200-1900 ( in  N?) -1000 

rates; when it was transferred to another apparatus 
used for SisN4 deposition, rates were one-third normal, 
and tests indicated that the film was actually mostly 
SiOz. This result is typical of the presence of mois- 
ture, of the order of 200 ppm. 

Physical Properties o f  the Film 
Spectra.-The identification of the deposited film as 

borpn nitride rests primarily on examination by in- 
frared spectra and electron diffraction. Spectra of 
commercial boron nitrides may be found in ref. (7-9). 
Our thin-film spectra are shown in Fig. 2. The chief 
features are a strong asymmetric band near 1380 cm-1, 
undoubtedly the B-N stretch, and a weaker, sharper 
band near 790 cm-1. Both are considerably broader 
in the film deposited at 600" and shifted to slightly 
lower frequencies, indicating a more disordered struc- 
ture on the atomic level. The weak absorption at 3430 
cm-1 is most probably hydroxyl impurity, strongly 
H-bonded, for example adsorbed molecular water. In 
addition, the 600" film shows a band at 2500 cm-l, the 
B-H stretching region, and thus contains some residual 
hydrogen-containing polymeric material. 

Crystallinity.-Grazing-angle electron diffraction 
shows broad, diffuse rings whose positions are in 
agreement with the established pattern for hexagonal 
boron nitride. From line widths the crystallite sizes 
(near the surface) are estimated as follows: 

Depositiontemp,"C 600 800 900 950 
Size, A (-c15%) 10 20 30 65 

The 600" BN film thus has about as much crystalline 
order as steam-grown silica. The figures above are for 
hydrogen ambient; films made in nitrogen have a 
larger crystallite size, but no value more than 80A 
has been found for any deposition conditions. 

Band gap.-No published measurement of the band 
gap of hexagonal boron nitride could be found. A BN 
film 0 . 6 ~  thick was deposited at 800" on fused silica to 
study transmission in the 185-750 mp range. There are 
no bands in the visible. Absorption commences at 
about 340 mr, but the absorption edge is not as sharply 
defined as for crystalline materials. Figure 3 is a plot 
of the square root of the absorption coefficient vs. the 
photon energy. There is a discontinuity in slope sim- 
ilar to those shown by Si and Ge (10). From the two 
intercepts on the zero absorption axis (11) an energy 
gap of 3.8 ev is calculated. The phonon temperature is 
about 2000°K, but the absorption data are not of the 
precision required for good accuracy in this figure. 

Refractive index.-Film refractive index, as deter- 
mined by ellipsometer, varies considerably. Hexagonal 
BN, with its graphite-like structure, is highly an- 
isotropic; furthermore, the degree of crystallinity 
varies with deposition temperature. Results below are 
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Fig. 2. Infrared spectra of boron nitride films deposited a t  
900°C (upper curve) ond 600°C. The curves have been displaced 
for clarity. 
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Fig. 3. Macfarlane-Roberts plot of absorption edge of BN de- 
posited a t  800°C. 

reliable to k0.03: 

Depositiontemp."C 950 900 800 600 
Refractive index, 541 mp 1.70 1.73 1.75 1.80 

These values are for films deposited in hydrogen. Films 
made in nitrogen at 800" have crystallite sizes like 
those made in hydrogen at 950°, and correspondingly 
shown - 1.70. 

Adherence.-Generally, BN film adherence to the 
substrate has been entirely satisfactory. An occasional 
occurrence of peeling during etching indicates that it 
is not so adherent as deposited silica or silicon nitride. 
Adherence to Ge substrates, however, was unsatisfac- 
tory, possibly because of nitriding. Although film ap- 
pearance was normal immediately after deposition, if 
the film was disturbed, e.g., by tweezers, local pucker- 
ing and reticulation appeared instantly. In the course 
of a few days this effect spread entirely across the 
Ge slice. 

Surface properties.-BN films are quite hydrophobic. 
Water contact angles from 42" to as high as 80" have 
been measured, even after many days' exposure to 
atmospheric moisture. 

Film surfaces are quite smooth. Relatively few sur- 
face features were visible to 8000X electron micros- 
copy, and even these few were low hillocks rather 
than fissures or other kinds of film discontinuities. 

Sodium drift and diffusion experiments.-Tests of 
the film as a diffusion barrier were carried out with 
zzNaC1. Unlike silica films, however, diffusion of so- 
dium in a voltage field and straight thermal diffusion 
gave very different pictures of the permeability. At 
400°C, with the surface bias plate at  $4 to +10v (field 
about 105 v/cm) for 1 hr, no sodium ion drift was de- 
tected in any boron nitride film. No charge storage 
was detected. 

Thermal diffusion profiles are shown in Fig. 4. The 
data show considerable scatter, but it is immediately 
evident that deposition temperature influences the 
result. In the film deposited at 850' the steep drop in 
Na ion concentration with depth is like that shown 
by an oxygen-free pyrolytic silicon nitride. Note, 
however, the single datum point, at 2100A, which is a 
decade higher than the previous one and which seems 
to indicate a pileup of sodium at some sort of barrier, 
since beyond this point none could be detected. The 
film structure was examined by step-etching and 
electron diffraction, and it was found that the crystal- 
lite size was - 30A at the original surface but de- 
creased with depth; at  2100A and beyond the film was 
essentially amorphous, i.e., size < 10A. This correla- 
tion between crystallinity and permeability has also 
been reported recently for silicon nitride films. (12) 

Boron nitride deposited at 600" is not a barrier to 
sodium ion diffusion. All the profiles are relatively 
flat, even the one for diffusion conditions of 1 hr at 
400' instead of 22 hr at 600'. 

lorn1 ,Om ,do, ,A, dm 5kO 
I 

DEPTH INTO FILM, 1 
iig. 4. Sodium diffusion profiles in boron nitride films: 

- - -0- - - 50006 film deposited at 850°, diffused 22 hr at 
600°C in forming gar; -0- 41WA film deposited at  60O0, 
diffused as before; -A- two samples of a 3100A film de- 
posited at  600°, diffused as before; --X- --45WA film deposited 
at  600°, diffused 1 hr at  400°C in room air. 

Chemical Properties 
Etching.-Bulk boron nitride is considered highly 

resistant to all aqueous acids and bases and is slowly 
attacked by high concentrations of water vapor. Thin 
film BN behaves similarly. Buffered HF etches at  < 10 
A/min. Some samples could be etched at - 35 A/min 
by 3% hydrogen peroxide at 80aC, but this solution is 
destructive to conventional etch-resist films. A de- 
posited silica film might be used for masking, but if 
this method is chosen, one might as well etch with hot 
phosphoric acid, as is done with silicon nitride (13). 
Boiling H3P0.4 at 180' etches boron nitride at  about 
150 A/min. 

A BN film on silicon was exposed to boiling methanol 
vapor for 1% hr with no change in appearance, thick- 
ness, or film weight (+I% sensitivity). This treatment 
would have dissolved any boric oxide. With a 2-hr 
exposure to 100" steam or boiling water there was 
little thickness change, but the film became hazy. 
Microscopic examination revealed numerous shallow 
blisters or craters, with film fragments curled back at 
the edges, as if lateral attack (or separation of lami- 
nae) were the chief effect. 

Anodization.-Since BN film is difficult to etch, se - 
era1 attempts to convert it to the oxide by anodizatia 
(14) were made. All failed because the film peeled 
from the substrate. This is further evidence that boron 
nitride adherence is not so tight as that of silicon 
nitride. 

Silicon doping.-From free energy data one would 
predict that silicon may reduce boron nitride to boron 
and form Si3N4. In other words, if BN is deposited on 
Si at temperatures at  which diffusion rates of boron 
in Si are significant, the substrate may be doped. This 
does indeed occur: with deposition at 900" and above, 
the rather flat capacitance-voltage traces invariably 
obtained in MIS measurements indicated plainly that 
the substrate surface was low-resistivity p-type. 

Figure 5 shows results of two experiments on de- 
liberate doping of 4 ohm-cm n-type silicon from a BN 



426 J. Electrochem. Soc.: SOLID STATE SCIENCE April 1968 

BN f l lm rurfllce 

I 
--- =<& - "S " 

- ,0 3 p  BN film i- (\o 6 p  dl l lu l ion zone 

-BN f i l m  s u r l o c r  

/o. 4 

-3 P * 

Fig. 5. Angle-lapped and stained sections showing use of boron 
nitride film as a diffusion source. (A) I!+ hr in nitrogen, 1100°, . 
0 )  2 hr, 1150" helium. 

film source. The upper picture is the angle-lapped and 
stained interface after 1% hr in nitrogen at 1100'C; 
for the lower, 2 hr at 1150" in helium. Junction depths 
are quite uniform. There was little change in the ap- 
pearance of the deposited film. 

Boron nitride film should thus be useful as a re- 
stricted area boron diffusion source. The diffusion 
should be carried out in inert ambient; any water or 
oxygen present would convert the nitride to the oxide, 
and the high vapor pressure of the oxide would re- 
sult in some doping outside the desired area. As a solid 
diffusion source BN has the advantages of thermal 
stability, constant composition, and simplicity of depo- 
sition compared to B203-Si02 codeposits. 

Weathering phenomena.-It has already, been men- 
tioned that boron nitride, in both massive and thin 
film form, is slowly attacked by water vapor. Thus 
there are grounds for concern about BN film stability 
with prolonged exposure to the atmosphere. Indeed, 
changes with time are observed; these appear to de- 
pend on the conditions of deposition, and probably on 
other factors as well. They range from the trivial to 
the catastrophic. 

A freshly deposited BN film is not as hard as SiOz 
or SbN4, but it is not readily scratched by stainless 
steel tweezer tips. It will remain this way indefinitely 
if stored in a desiccator. If stored in room ambient, it 
will become soft enough to scratch in a few weeks. 
A broad, shallow absorption band develops near 3300 
cm-1 in the spectrum; this is hydrogen-bonded hy- 
droxyl, and indicates adsorption or absorption of 
molecular water. There are no other significant spec- 
trum changes. 

Some specimens have shown a much more serious 
form of attack, whose manifestation is the appearance 
of single-crystal boric acid (identified by electron dif- 
fraction) growing out of the film surface. A particu- 
larly severe example is shown in Fig. 6. BzOs and HB02 
are probably intermediates, judging by the behavior 
during heating and cooling cycles. Such extensive hy- 
drolytic attack is seldom seen in films deposited i~ 
hydrogen at 600". Perhaps one in four of the 800 
films eventually showed a few crystals. But almost all 
the films made in inert ambient, nitrogen or helium, 
developed serious cases of the boric acid pox, some in 
only one or two weeks. For this reason the deposition 

Fig. 6. Boric ocid crystals growing from a boron nitride film 
made in nitrogen at  670". after 5 months exposure to room at- 
mosphere. Magnification ca. 150X. 

of films in inert ambient was not pursued, even though 
it should produce a wre r  product. The presence of 
residual bonded hydrogen s&ms to be associated with 
BN film resistance to water attack. 

Electrical Properties 
Surface charge.-Most of the BN films were de- 

posited on silicon, and a number of samples of MIS 
capacitor structures were made by evaporating 10 
mil diameter A1 field plates onto the film. Adherence 
of the A1 was normal. In some cases the substrate was 
oxidized in steam at 1000" to provide a lOOOA SiOa 
layer under the nitride deposited afterwards. A sum- 
mary of the MIS results appears in Table 11. 

Films deposited on bare Si in hydrogen at or above 
800°C behave electrically like those of silica or silicon 
nitride in showing the so-called anomalous shift as 
the bias range is increased in the negative direction, 
and also in showing hysteresis loops as the scan is 
retraced. The interfacial surface charge was high, 
in the 2-5x10'2 range. 

BN deposited over Si02 gave C-V traces which 
shifted with time as though-some sort of slow polariza- 
tion or structural alteration were occurring at room 
temperature. A similar effect has been observed with 
thick phosphorus-glass layers on SiOz (15), and also 
on lead glass (16), but only at elevated temperatures. 
On one sample measurements of the flat-band voltage 
shift as a function of field-plate voltage and time 
were made. The extent of shift was the same when 
the sample was held at +25 or -25v, although of 
course the directions were opposite. At a given volt- 
age the shift was linear with log time, at least up to 
2 hr. 

Table II. Summary of MIS measurements 
(measuring frequency = 1 MHz) 

Surface 
charge 

Dep'n density 
te.mp. Capac- ( x  l b l l  

C Ambient Subatrate itors cm-=) Comments 

900 % SIOa/Si 3 5.3-6.9 Shifts with time 
850 H; ST 4 23-25 Normalcurve 
800 Ha Si 20 32-52 Normal curve 
800 & SiOdSi 12 28-34 Shifts with time 

- 800 NS Si 5 1.5-8 Anomalous be- 
havior. see 
text 

800 He Si 3 4 
600 Hs Si 16 4-8 Conduction; 

capacity 
drift 

600 Hu SIOdSi 6 6.4-6.e Shifts with time 
Hy fast states* 2 1.0-1.1 At 100KHz 

'BY the technique of ref. (25). 
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The sample deposited on bare Si in nitrogen ex- 
hibited a different sort of anomaly. Scans from 0 to 
-15v looked normal, but at  higher negative voltages 
the insulator capacitance decreased. After stress at 
30v or more a pronounced knee appeared in the step 
of the C-V trace, and the capacitance had decreased 
by 20%. These effects may be due to film conductivity. 
The same sample measured two months later, after 
boric acid crystals had appeared, was highly conduct- 
ing at  lv. The inert-ambient deposits did have low 
surface charges, as Table I1 indicates, but because of 
susceptibility to hydrolysis they were not further in- 
vestigated. 

BN deposited in hydrogen on bare Si at 600" was 
also in the 4-8x1011 surface charge range, but here 
the evidence of high conductivity was pronounced; 
the samples could not be measured on a capacitance 
bridge, and required a capacitance meter such as the 
Boonton Model 71A. A typical C-V curve for these 
samples is shown in Fig. 7. The usual limiting insulator 
capacitance does not seem to be reached. (The curves 
finally do level off at about -40v, however.) Some 
upward drift of capacitance is seen at constant large 
negative bias. 

Dielectric constant.-On conducting samples like 
those just described no accurate dielectric constant can 
be'determined. For 800-1800.4 BN deposited at 800°C 
on Si some twenty measurements on three different 
samples at 1 MHz gave K = 3.7 +- 0.3 (range). 

Dielectric strength.-The "room temperature" break- 
down strength of BN deposited at 800"s 6x106 v/cm, 
and of the film deposited at 600°, 4x108 v/cm. These 
values are probably low because of resistive heating 
of the film by high-field conduction. This property, 
which is shown to a surprising degree for a material 
ordinarily considered an insulator, is perhaps the most 
interesting feature of these films, and is discussed in 
detail in the next section. 

Nonohmic Conductivity 
Recently there have been reports of high-field non- 

ohmic d-c conductivity in thin films of silicon nitride 
made by the SiHa-NH3 process (17), the SiC4-NH3 
process (18, 19), and by reactive sputtering (20, 21). 
Evaporated SiO, insulating films also show the phe- 
nomenon (22). Conductivity depends strongly on con- 
ditions of film deposition, and there are conflicting re- 
sults on whether it is polarity-dependent. Various con- 
duction mechanisms have been proposed, particularly 
the Frenkel-Poole and Schottky types. Obviously, 
present knowledge is fragmentary, but at any rate it 
seems to be widely known that silicon nitride films 
can pass considerable current (by semiconductor 
standards) without destruction, and thus have a built- 
in protection against occasional overload. 

Thin film boron nitride, as described here, also shows 
stable, strongly nonohmic high-field conductivity, to 
such an extent that films of lOOOA or thinner may be 
useful in integrated circuits as thin film varistors or 
voltage-limiters. As with the other films, the conduc- 

VOLT8 

Fig. 7. Typical MIS curve for BN deposited a t  600°C on Si 

tivity depends on deposition conditions, particularly 
the deposition temperature, and thus must be governed 
largely by the structure of the film. The effects of 
thickness, electrode material and area, polarity, and 
temperature were also examined and are summarized 
below. 

Method of measurement.-The voltage source was a 
bank of dry cells discharging through a 20K poten- 
tiometer which allowed selection of any appropriate 
applied potential over the range 0-500v. This potential 
was read on a Keithley 610B electrometer. The cur- 
rent in the sample circuit was read on a Keithley 414 
micromicroammeter. A 1-megohm resistor in the mea- 
suring circuit protected the instruments against surges 
caused by sample breakdown. For conductivity work 
the film samples were deposited on 0.001 ohm-cm 
n-type silicon and an array of 10 and 20-mil aluminum 
or gold electrodes applied by evaporation through a 
mask. The back of the Si slice was coated with evap- 
orated gold. The sample was mounted in a micrometer- 
drive positioner and the electrode dots contacted with 
a 7-mil brass probe. 

For measurements at  elevated temperatures the Si 
slice was scribed and broken into chips containing two 
dots each. After a brief ultrasonic cleaning to remove 
scribing debris the chips were mounted on TO-18 
headers and gold wire bonded to the electrode. Con- 
ventional mounting and bonding techniques and tem- 
peratures had no adverse effect on the BN films. The 
assembly was mounted in a small copper oven and 
measurements taken at various temperatures between 
75" and 270°C. 

Measurements were always made by scanning the 
current-voltage curve several times with both in- 
creasing and decreasing voltages, and frequently points 
were taken out of sequence. The first application of 
high field caused a permanent decrease in resistance; 
thereafter the samples were quite stable. For this rea- 
son each sample was aged ("formed," in the language 
of some authors) at 10-1 -10-2 amp/cm2 for a few 
minutes before the measurements were begun. 

At no time was any emission of light observed. 
Effect of certain parameters.- Film deposition tem- 

perature has a strong effect on conductivity. Most of 
the samples measured had been prepared at either 
800" or 600"; the latter has about 104 times greater 
high-field conductivity at a given field strength. How- 
ever, the ohmic component, i.e., the conductivity at 
6 105 v/cm, is about the same. Conductivity increases 
with temperature, with an activation energy of 1.0- 
1.1 ev in the ohmic region. In the nonohmic regions 
this quantity decreases with increasing field strength. 

Changing from A1 to Au electrodes had no effect on 
the conductivity. Increasing the area fourfold also had 
no effect on the current density us. field strength 
curves. Reversing polarity had little or no effect: with 
some samples a few per cent difference was observed, 
but the curves were of the same form. Varying film 
thicknesses from 500 to 4000.4 was also without effect, 
as long as field strength was considered. 

Results and discussion.-Figures 8 and 9 summaKze 
the results of many measurements on films deposited 
at 8 0 0 h n d  60O0C, respectively. It is evident that up 
to - 105 v/cm BN film shows only minute and ohmic 
electronic conductivity. Resistivities are k 1014 ohm- 
cm at room temperature and -1012 ohm-cm at 200". 
At higher fields this behavior is gradually over- 
whelmed by a conductivity describable by J a En, 
where n = 13-15. The transition is more gradual for 
the film deposited at 600", and occurs at lower fields. 
The negative resistance in the breakdown region is not 
stable. 

For a varistor the 60031m would be preferred, since 
it is both more conductive and more stable. A 1000A- 
thick film should be capable of dissipating up to - 15 
w/cm2 continuously. As an aid in visualizing the pos- 
sible use of the BN film, Fig. 10 presents its charac- 
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Fig. 10. Characteristics of lOOOA BN film as a varistor. Silicon 
carbide and regulator diode devices, reduced to the same area, are 
included for comparison. (Identifications are Western Electric Co. 
codes.) 

teristics on the same scale with those of commercially 
available silicon carbide varistors and a regulator di- 
ode reverse characteristic. For comparability all of 
the devices have been reduced to the same active-ele- 
ment area, 10-3 cm2. It is evident that the BN film, 
particularly the 800" film, occupies a potentially use- 
ful intermediate position between the others; further- 
more, the Sic varistor and the Zener diode are not 
currently manufactured in thin film form. Note that 
for the Sic device the current varies as about the 
fourth power of the voltage; for 600" BN the exponent 
at room temperature is about 13; and for the diode it 
varies from near unity to 50 or more. 

Many of the experimental observations given above 
have implications for the mechanism of conduction. 
For example, the fact that the current does not de- 

crease with time, coupled with its nonohmic behavior, 
rules out any large contribution from ionic conduction. 
Models of space-charge limited flow (23) predict cur- 
rent density dependence varying between V2/8 and 
Vs/15, depending on region and on whether a single 
or double-injection model is assumed (1 is the thick- 
ness). This seems rather far removed from the J cc 
(V/l)ls dependence observed. An impurity-band con- 
ductlon mechanism would have a low activation en- 
ergy and would give an ohmic characteristic. 

In Fig. 11 the room temperature conductivity data 
are replotted as log current density us. the square root 
of field strength. Very good straight lines are obtained 
over seven decades of current for both the 600" and 
800"-deposited films. Two possible mechanisms have 
this characteristic: conductivity limited by electron 

' emission into the insulator from the electrode 
(Schottky emission), or by the field-assisted thermal 
excitation of electrons from traps into the conduction 
band of the insulator (Frenkel-Poole effect). 

The Schottky emission equation may be written 

where J = current density, A = the Richardson-Dush- 
man constant, theoretically 120 amp cm-2 deg-2 for 
emission into a vacuum, T = absolute temperature, 
e = electronic charge, k = Boltzmann constant, + = 
barrier height, E = field strength, ri = permittivity of 
the insulator = Kr,, K = dielectric constant of the 
insulator, c,, = permittivity of free space = 8.85~10-'2 
farad/meter. At a given temperature the Schottky 
equation yields 

e3/2 
In J = constant + - . E l f i  

2kT(xri)'/2 
[11 

For the Frenkel-Poole effect the barrier lowering in 
the presence of a field (24) is 2(e3E/4nri)l/2, that is, 
twice that for Schottky emission. The difference is a 
consequence of considering the positively charged trap 
fixed in position as the electron is removed from it, 
instead of considering the electron moving away from 
an image charge in the conductor. As a result, the 
Frenkel-Poole equation corresponding to Eq. [I] lacks 
the 2 in the denominator. Thus in principle the two 
kinds of conduction could be distinguished by the 
value of the slope of the In J us. (field strength)l/Z 
plot. Some authors argue that there are so many as- 
sumptions involved both in equations and the method 
of measurement that a mere factor of 2 does not offer 
safe grounds for decision. 

Fig. 11. Schottky plot of room-temperature d-c conductivity of 
BN film. 
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When the high-frequency (optical) dielectric con- 
stants of the BN film are used, the theoretical slope 
of Eq. [I] is calculated to be 0 .82~10-~  (v/meter) - ' I2  
for the 600" BN and 0.84~10-3 for the 800" BN. These 
values would of course be 1.68x10-3 if the factor of 2 
is removed. The experimental slopes (Fig. 11) are 
1.77~10-3 for 600" BN and 1.52~10-3 for 800" BN. The 
results are thus in better agreement with a Frenkel- 
Poole than with a Schottky-type conduction mech- 
anism.. 
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Intense Interjunction Strain in 
Phosphorus-Diff used Silicon 

E. D. Jungbluth* and H. C. Chiao* 
The Bayside Laboratory, Research Center of General Telephone and Electronics 

Laboratories Incorporated, Bayside, New York 

ABSTRACT 

Extensive strain effects are revealed by x-ray topography in the areas 
between shallow junctions formed by selective-area phosphorus diffusion in 
silicon. Diffusion-induced strains extend at least 50OP laterally into the non- 
diffused portion of the substrate and penetrate to % of the ]unction depth. 
Unusual x-ray contrast effects are observed in that both extinction contrast 
and Borrmann effects simultaneously operate to reveal strain gradients when 
the lattice adjusts to compensate for stresses introduced by impurity, diffusion. 
These residual unrelieved stresses can be minimized by stress-relief mech- 
anisms involving the generation of dislocations. 

Previous investigators have demonstrated that tributed to stresses arising from solute concentration 
planar impurity diffusion techniques can introduce gradients and total impurity content. Similar effects 
imperfections into semiconductor substrates (1-3). may also occur when zinc is diffused into GaAs (4). 
Dislocation arrays and precipitates can result from Diffusions are normally accomplished by selectively 
the diffusion of impurity atoms of boron and phos- diffusing through windows opened up in oxide masks 
phorus into silicon. These defects are generally at- by photolithographic techniques. Strain effects at the 

Electrochemical Society Active Member. boundaries of Si-SiOz interfaces have been analyzed 
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by x-ray topography (5). One would normally ex- 
pect that subsequent diffusions through the oxide 
windows would result in lattice defects which would 
be confined to the diffused area. Recently, Lawrence 
has shown that impurity diffusions cause dislocation 
formation not only within the diffused region but 
also outside or in the nondiffused portion of the matrix 
(6).  He observed that impurity-induced lattice strain 
contributes to dislocation formation in nondiffused 
zones wherein the dislocations appear as parallel or 
intersecting lines. Joshi et al. (7) have measured re- 
sidual strain levels in phosphorus diffused silicon by 
means of x-ray line-broadening. The observed broad- 
ening results from residual strains only and is attrib- 
uted to insufficient penetration of the diffusion-induced 
dislocations from inside the diffused layers. 

In this paper, direct evidence of the effects of 
residual strain in phosphorus diffused silicon is pre- 
sented by means of x-ray transmission topography 
(8). The residual strain is distributed into the non- 
diffused zones but is not as well defined as the de- 
formed regions reported by Lawrence ( 6 ) .  Indeed, de- 
formations large enough to create dislocations do not 
occur in the present case. Residual strains, hereafter 
referred to as interjunction strains, are shown to 
arise as a consequence of the diffusion process and 
are intimately related to the creation of diffusion- 
induced dislocations. 

Experimental 
The silicon wafers used in this study were 

Czochralski grown and solution doped with boron 
to an average concentration ranging from 1019 to 2 
x 1015 a t o ~ s / c m ~ .  The wafers were oriented for the 
(111) plane and polished either electrochemically or 
mechanically. The results reported are independent 
of surface preparation and substrate doping concen- 
tration. The diffusion masks were formed by thermal 
oxidation at 1100°C in a wet oxygen ambient. The 
resulting oxide thickness was 5000A. 

The diffusion windows were opened in the oxide 
by KTFR photoresist and etching techniques. The 
photomask pattern consisted of large square or 
triangular windows 0.200 in, on a side or circles of 
0.200 in. diameter. The diagonal corners of the square 
windows are oriented approximately in the [i10] and 
11121 directions. 

Standard diffusion techniques using a Pz05 vapor 
source and Nz carrier gas were employed. Tempera- 
ture and time of diffusions were 1100°C and 1 hr, 
respectively, resulting in measured junction depths 
in the order of 1. The electrically measured surface 
concentrations were about 5 x loz0 atoms/cm3. althoueh 
the actual impurity content is probably higher ({I. 

Crystal defects were analyzed using an x-ray trans- 
mission topographical method similar to the Lang 
method (10). Molybdenum Kal radiation was em- 
ployed under the condition that ct -- 1 (c is the linear 
absorption coefficient and t the thickness of the wafer) 
so that the normal expected mode of diffraction would 
be by extinction contrast. In practice, this means 
that structurally imperfect regions should diffract 
x-rays more intensely than perfect regions. Fre- 
quently a reversal of x-ray contrast or a reduction 
of x-ray intensity accompanying strained regions is 
simultaneously observed with intensity enhancement. 
This reduction of x-ray intensity is known as the 
Borrmann effect. Similar simultaneous displays have 
been observed to sharply delineate window patterns 
cut into SiOz masks on silicon substrates (5). 

Results 
Several investigators have demonstrated that sili- 

con exists in a state of compression due to a mismatch 
in thermal expansion coefficients when SiOz is ther- 
mally grown on Si substrates. Blech and Meieran(l1) 
critically analyzed x-ray topographical displays of 

strains at oxide steps on Si, and x-ray contrast effects 
at edges of thin films grown or deposited on single 
crystal substrates have been attributed by Haruta (12) . to strain gradients. Substrates which are in a uniform 
state of compression due to thin films covering the 
entire substrate appear in x-ray topographs similar 
to topographs recorded prior to thin film deposition. 
Strain gradients, at oxide edges for instance, give 
rise to x-ray intensities which sharply define the 
window patterns cut into the oxide. This is clearly 
demonstrated in Fig. 1 where the contrast is relatively 
uniform between windows formed in an SiOz difision 
mask on silicon. The diffraction vectors are indicated 
in each figure. Frequently, even after a high concen- 
tration emitter type diffusion, the observed contrast 
appears similar to Fig. 1 except within the diffused 
areas where diffusion-induced dislocations are ob- 
served. That is, the contrast between diffused junc- 
tions remains unchanged which implies an unaltered 
substrate perfection. 

In the course of this study, a characteristic type 
of interjunction strain associated with the diffusion 
process was observed. The remaining portions of this 
paper characterize the strain gradient responsible for 
the observed contrast effects and describes the condi- 
tions necessary to control the occurrence of these 
effects. Finally, a mechanism is suggested to explain 
these interjunction strain effects. 

The x-ray topograph of Fig. 2 was recorded after 
diffusion. There are obviously two distinct differences 
in the defect display when compared to Fig. 1: (i) 
diffusion-induced dislocation arrays are confined to 
each diode area, and (ii) pronounced dark regions, 
at each corner of the diffusion mask, extend into the 
nondiffused portion of the matrix. These dark regions 
or strain lobes are the so-called interjunction strains. 
The visibility of such effects in x-ray topographs is 
a consequence of the strain gradients which result 
from the lattice adjustment to stresses introduced by 
the impurity diffusant. 

The visibility of strain gradients is also strongly 
dependent on the reflection chosen. In Fig. 3 the 
characteristic pattern is completely dissimilar in both 
its geometrical shape and recorded contrast. Between 
the four corners of four different junctions the contrast 
not only reverses (i.e., Borrmann effect is operative) 
but also the strain gradient appears as a four cornered 
re-entrant curve which extends over 2500~ to the 
adjacent junction areas. However, between parallel 
sides of adjacent junctions the x-ray contrast is dark, 
indicating diffraction by extinction contrast. 

Fig. 1. X-ray topographical displays of strain gradients a t  - - 
oxide edges cut into an SiOz diffusion mask on Si; g = [110]. 
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Fig. 2. Pronounced interjunction strain gradients (strain lobes) 
which extend laterally 500p into the nondiffused matrix a t  the four - - 
corners of the diffusion mask; g = [l 121. 

Fig. 3. Contrast variation of interjunction strain gradients for - - 
g = [211]; visibility by extinction contrast between parallel sides 
of adjacent junctions and by Borrmann effects between four cor- 
ners of four adjacent junctions. 

The four strain lobes again appear i l F i g .  4 when 
the operating diffraction vector %is  [I l l ] .  Now how- 
ever, the two lobes parallel to g (at areas 2 and 4) 
are visible by extinction contrast-(dark regions) while 
the two lobes perpendicular to g (at areas 1 and 3) 
are visible over large areas by Borrmann effects (white 
regions) and by extinction contrast at the tips of the 
sharp corners. An indication of inelasticity is observed 
in Fig. 5 where all four strain lobes are visible after 
chemically removing the oxide. Apparently a portion 
of the strain is built into the oxide as indicated by the 
visibility of all four strain lobes by extinction con- 
trast (g = [ l l i ] )  in contradistinction to the observa- 
tion made in Fig. 4. Note also that the strain gradient 
defining the SiO* window pattern is still visible even 
though the SiOa has been removed. The intense inter- 
junction strain concentration lies on {I l l )  planes and 
arises as a consequence of the diffusion cycle. The 
strain is inelastic inasmuch as it is equally well ob- 
served after removing the oxide mask, although the 
character of the strain pattern does dbpend on whether 

TION STRAIN IN Si 431 

Fig. 4. Interjunction strain - lobes visible by extinction contrast 

in a direction paralleling - g and by Bonmann effects in a direction 

perpendicular to g; arrow indicates reverse contrast within the - 
diffused area; g = [ l l i ] .  

Fig. 5. Corresponds to Fig.,4 except that the oxide has been 
chemically removed; all four interjunction strain lobes are visible - - 
by extinction contrast only; g = [I 11 I .  

the diffusion mask is intact or removed from the 
substrate (compare Fig. 4 and 5). 

Generally, each highly faulted diffused area contri- 
butes to an enhanced x-ray intensity (Fig. 5) which 
may not be directly related to the diffusion-induced 
line defects. However, the intensity within the junc- 
tion areas at the sharp corners appears to reverse 
contrast or appear white (see arrow in Fig. 4 and 5) 
while outside the junction the strain contrast is dark. 
Apparently the fault vector corresponding to the 
strain lobes is directional. That is, the fault vector 
is tilting the lattice planes in different directions at the 
corner boundary separating the diffused/nondiffused . - 

matrix. 
So far, three distinct strain effects, other than dis- 

location formation, have been observed: (i) strain 
gradients which sharply delineate oxide boundaries 
(Fig. 1) ; (ii) extensive residual strain effects at oxide 
boundaries which extend outside and into the diffused 
areas (Fig. 4 and 5), and. (iii) an additional strain 
built into the oxide due to the diffusion cycle (Fig. 4 
and 5). 
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grown over the diffused Si substrate. Even in this 
case the observed strain effects clearly define the 
diffused junction geometry, although in some cases 
diffusion-induced dislocations do propagate laterally 
from the junction into the non-diffused areas of Si. 

Discussion 
The deformed regions between diffused junction 

areas are clearly related to the generation of disloca- 
tions within the junction area. These dislocations are 
caused by the contraction of the silicon lattice due 
to the diffusion of smaller phosphorus atoms. The 
difference in the tetrahedral covalent radii between 
Si and P is 0.07A. Joshi et al. (7) have reported that 
the lattice parameter of Si decreases with increased 
amounts of phosphorus when solution doping tech- 
niques are employed in growing Si crystals. Further- 
more, the lattice parameter, a,, in phosphorus diffused 
Si (very high concentrations) more nearly corresponds 
to the value of a, in lightly solution doped Si, prob- 
ably as a consequence of strain relief and lattice 
relaxation when diffusion-induced dislocations are 

Fig. 6. Low vapor pressure phosphorus diffusion revealing pro- 
nounced interlunct~on straln grad~ents and no diffusion-induced - - 
dislocations; g = [Ill]. 

Using similar diffusion conditions, the occurrence 
of interjunction stra~ns was found to be independent 
of the cooling rate. Also under simulated diffusion 
conditions (without the vapor source), these strain 
effects were not observed. However, by changing only 
the vapor pressure of the source it was possible not 
only to control the occurrence of interjunction strains 
but it was also possible to control the generation of 
diffusion-induced dislocations (13). Under low vapor 
pressure (Fig. 6) no diffusion-induced dislocation ar- 
rays are detected by x-ray topography. However the 
interjunction strain effects are quite pronounced and 
their occurrence is Independent of the particular shape 
of the window openings. Only the character of the 
strain pattern is altered by window geometry. The 
dark spots throughout the wafer are defect markings 
introduced during the surface polishing. Under high 
vapor pressure (Fig. 7) each diode is highly dislocated 
or faulted as evidenced by the excessive intensity with- 
in each junction area. However no interjunction strain 
is evident. Juleff and LaPierre (14) have observed the 
extension of strain, originating at locally diffused re- 
gions in the Si substrate, into epitaxial Si layers 

r----- - - 

Fig. 7. High vapor pressure phosphorus diffusion revealing no Fig. 8. X-ray topographs recorded after removal of 1.3r of Si; 
interjunction strain gradients and highly faulted junction areas; (,) iuncticn sectioned from shown in Fig. 2; (b) - - 
g = [ I l l ] .  junction area sectioned from sample shown. 
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formed. Joshi et al. ( I )  have measured by x-ray line 
broadening techniques the average strain levels asso- 
ciated with diffusion-induced dislocations and an addi- 
tional residual strain in diffused silicon layers. The 
interjunction strain effects observed in our x-ray topo- 
graphs confirm the existence of these residual strains. 
Such residual strains are distributed laterally into the 
nondiffused matrix. The dependence of these strains 
on the absence of misfit-type dislocations agrees with 
their observations of lattice parameter variations us. 
dopant level. Joshi interprets the presence of resid- 
ual strains in thin surface layers as being due to an 
insufficient penetration of the diffusion-induced dis- 
locations (I) .  The distribution of dislocations in sam- 
ples which showed interjunction strain (i.e., Fig. 2) 
and samples without interjunction strain (i.e., Fig. I )  
was measured by x-ray topography after shallow Si 
layers were removed by anodic oxidation techniques. 
A series of topographs were recorded after each in- 
cremental removal of lOOOA of Si. In Fig. 8, 1.3p of 
Si have been removed from the diffused side (junc- 
tion depth xj = 2p) of each specimen shown in 
Fig. 2 and 7. Most of the dislocations have been re- 
mpved in Fig. 8a while a high density still remains 
in Fig. 8b indicating a movement of dislocations deeper 
into the substrate toward the junction. The interjunc- 
tion strains seen in Fig. 2 are no longer visible after 
0.5p of Si has been removed. 

A final observation should be made. The interjunc- 
tion strains observed in this report do not appear 
similar to the deformations, observed by Lawrence (6), 
which result in dislocations formed within highly 
restricted zones of the nondiffused matrix. He has 
observed that total impurity stress relief is affected 
by the type of dislocation formed. Our observations 
imply that total stress relief, resulting in minimum 
impurity-induced strain in the nondiffused lattice, oc- 
curs when the junction is heavily faulted. This seems 
to be la consequence of the total number of disloca- 
tions formed and their movement into the substrate. 
Relaxation of solute lattice contraction stresses is 
affected by the generation of dislocations which, under 
the conditions stated, balance the impurity-induced 
strain due to solute indiffusion. 

Summary 
Extensive interjunction strain gradients are man- 

ifestly observed by x-ray topography. The visibility 
of such strains is dependent on both the strain gradi- 
ents due to high concentration impurity diffusions and 
on the operating reflection employed. Their occurrence 
is dependent on the magnitude of the unrelieved 
residual stress which can be compensated by stress- 
relief generation of dislocations. The depth of penetra- 
tion of such strains is about Y4 of the junction depth 
and extends at least 500p laterally from the junction- 
area boundary. 
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Technical Notes 

Phase Transformations in the System Cu,S-Ag,S 
R. B. Graf 

United Akcraft Corporation, Research Laboratories, East Hartford, Connecticut 

Both end members of the system CuzS-AgpS have 
been of interest for many years as naturally occurring 
minerals as well as for their electrical properties. 
CuzS has been of importance as a rectifier material 
and AgzS is a semiconductor that has a polymorphic 
transformation at 177°C. This phase transformation is 
accompanied by an abrupt electrical resistivity change 
of about 3 orders of magnitude and has been mentioned 
as being suitable for a-c switching applications (1). 
In addition to this phase transformation, it was con- 
sidered that the equilibrium diagram (2) (Fig. 1) 
might contain other invariant points which would ex- 
hibit interesting electrical properties. The points se- 
lected for this investigation were:, the eutectoid 
reaction between acanthite (AgzS) y d  jalpaite 
( C U O . ~ S A ~ ~ . S ~ S )  to form argentite at 106 ; the phase 
transformation in jalpaite to form argentite at 117'; 
and the eutectoid reaction between orthorhombic chal- 

cocite (Cu2S) and stromeyerite (CuAgS) (not shown 
in Fig. 1) at 61". The transformation of acanthite 
(AgzS) to argentite was investigated using thin films 
as well as bulk pieces to determine if the large change 
in resistivity could be obtained easily in thin film 
samples. 

The compounds were formed by reacting the ele- 
ments (99.999% purity) in evacuated and sealed glass 
tubes. The reactants were sintered at 400°C until none 
of the free elements remained visible, and the forma- 
tion of the compounds was verified by powder x-ray 
diffraction. The samples for resistivity measurements 
were fabricated by compressing powders which had 
been filed from the sintered ingots. The powder com- 
pacts, which were 0.250 in. in diameter and 0.125 in. 
long, were pressed in a split die so constructed as to 
make it possible to press a chromel-alumel thermo- 
couple into the center of the pellet. At this same time 
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Fig. 1. The system C U O . ~ ~ A ~ ~ . S ~ S - A ~ Z S  

gold powder was pressed onto either side of the pellet 
to form electrodes. The thin films of AgzS were formed 
by evaporating silver onto glass substrates which were 
then heated with sulfur at 200°C in sealed glass tubes. 
Electrodes of silver paste were spaced on the film so as 
to make the sample resistance about 10,000 ohms at 
approximately 170". Because of the known ionic con- 
ductivity in AgzS, the electrical resistivity measure- 
ments were made by passing a constant, 60 cycle cur- 
rent of 100 ma through the samples and measuring 
the voltage change as a function of temperature. The 
voltage was measured with a Moseley log converter 
and the output of the log converter was plotted 
against the output of the thermocouple on a Moseley 
x-y plotter. Such an arrangement makes it possible to 
obtain the transformation time for a sample of a given 
size. A heating rate of B0C/min was used for all 
samples. 

The resistance changes on heating the samples us. 
temperature are shown in Fig. 2. The eutectoid reac- 
tion between acanthite and jalpaite (curve A) begins 
at 106" and is essentially over at 110". On cooling the 
sample, the reverse reaction exhibits about 12-y- 
steresis, measured at the mid-point of the highest 
slope. Heating and cooling the sample through 12 
cycles does not change the characteristics of the plot; 
the heating curv-6 is almost exactly reproduced and the 
cooling curve is reproduced to within k1.5". Jalpaite, 
which also transforms to argentite on heating, has a 
resistance change as shown by curve B. The trans- 
formation begins at 117" and is over at 120". There is 
about 7" hysteresis on cooling. Curve C in Fig. 2 de- 
picts the resistance change in a thin film of AgzS on a 
Y4 in. square glass substrate as it was heated through 
the transition temperature of 177". This reaction occurs 

TEMPERATURE, 'C 
Fig. 2. Resistance vs. temperature for: A, acanthite-jalpaite eu- 

tectoid reaction; B, transformation of jalpaite to argentite; C, 
transformation of ocanthite to argentite in thin film form. 

over a temperature span of 3" and the reverse reac- 
tion had about 6" hysteresis. The transformation in 'a  
sample of Ag2S 0.125 in. thick and 0.250 in. in diameter 
occurred over a temperature span of 2" or 3'C. The 
eutectoid reaction between orthorhombic chalcocite 
(CuzS) and stromeyerite (CuAgS) at 67" to form 
hexagonal high-chalcocite (not shown in Fig. 2) is 
accompanied by an increase in resistance of less than 
one order of magnitude and does not occur as quickly 
as the others, being spread over a temperature range 
nf 2n0. -- -- . 

These results indicate that by using invariant points 
on a phase diagram, it may be possible to obtain solid- 
solid reactions which would be suitable for a-c switch- 
ing in those cases where switching time is not so im- 
portant. The transformation times may be varied by 
using thin films of the materials on the proper sub- 
strates. 
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Gas Phase Etching of Sapphire 
II. Fluorinated Hydrocarbons 

H. M. Manasevit 

Autonetics, A Division of North American Rockwell Corporation, Anaheim, California 

Of various processes and techniques that have been sidered a reasonable rate (about 1 pm/min). However, 
used to etch and/or polish inorganic oxide systems, studies in our laboratories have indicated that a host 
the least used but probably the most desirable ap- of different gas-phase etchants will etch-polish sap- 
proach is a gas phase process. Until quite recently, no phire. The successful etch-polishing of sapphire with 
gas phase etchant was reported in the literature that sulfur tetrafluoride (SF4) and sulfur hexafluoride 
would etch-polish sapphire at what might be con- (SFB) has already been reported (1). Only two ori- 
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entations were studied, (11%) and (11b2) of sapphire, 
with the former showing preferential polish while the 
latter etched under comparable conditions. 

Since the probable aluminum product of etching 
with the sulfur fluorides is AlF3 (indications of AlF3 
epitaxy on AlzOa were obtained at temperatures of 
1150°C) ( I ) ,  it was anticipated that other fluorine con- 
taining compounds were possible sapphire etchants. 
From a fundamental point of view, knowledge of the 
etching capability of hydrogen fluoride and fluorine 
would be interesting, but their reactivity with Pyrex 
and quartz deterred study with these materials in our 
epitaxial system. Therefore, we chose to consider the 
etching potential afforded by a most readily available 
group of fluorine containing compounds, the fluori- 
nated hydrocarbons. These compounds are relatively 
inexpensive, have low toxicity levels, are easily 
handled, seem to be stable at room temperature, and 
are commercially available in a reasonably good 
purity. 

To date, seventeen fluorocarbon gases have been 
examined as possible etch-polish agents for sapphire. 
As will be shown, some of these have a potential as 
dislocation etchants for different sapphire orientations. 

Experimental 
Studies were performed in a vertical reactor system 

similar to that previously described (2). It includes 
a tank of inert carrier gas, such as helium, upstream 
from a tank of the "etchant" to be studied. These are 
connected via Matheson No. 607 and No. 600 flow- 
meters, respectively, to a stainless steel manifold 
joined to the quartz reactor by a Teflon connector. For 
liquid fluorinated hydrocarbons, a portion of the car- 
rier gas is bubbled through the liquid stored in a stain- 
less steel container, passed into the flowing ambient 
kept at approximately one atmosphere total pressure, 
and directed into the reactor. Carrier gas flow rates 
were arbitrarily set at 2.5 literdmin. The gases are 
passed over a substrate resting on an Alz03 spacer 
covering a carbon pedestal inductively heated to the 
etching temperature. The spacer seems to help provide 
a more even heat distribution and to reduce reaction 
between the etching gases and the carbon pedestal. 
Pedestal temperatures were measured with an optical 
pyrometer, and uncorrected values are reported. The 
actual substrate temperature is estimated to be 50"- 
100" lower than the observed 1450°C etching tem- 
perature used to compare the etch-polishing ability 
of the fluorinated hydrocarbons. 

To facilitate the experiments, the studies included 
mostly those fluorinated hydrocarbons that have 
relatively low boiling points. The effect of etching-gas 
concentrations up to about 1 m/o (mole per cent) was 
investigated and compared with all of the fluorinated 
hydrocarbons noted in Table I. 

Results and Discussion 
Carbon tetrafluoride (CF4) was the only fluorinated 

hydrocarbon in Table I that did not attack s a ~ ~ h i r e  

SAPPHIRE ~ I I O I ~ Z I  SAPPHIRE 

Fig. 1. Dislocation structure revealed by etching with hexafluora- 
acetone (C3FaO) for (a) (10i4) sapphire; (b) (0li2) sapphire. 

at 1450'C during a 30-min period at 0.5 m/o concen- 
tration with either He or Hz as the carrier gas. The 
other compounds were found to etch and/or polish 
sapphire to different degrees in helium. Some of the 
etchants revealed major defects in the sapphire, others 
left carbonaceous residues, and some revealed dis- 
location arrays. 

As with the sulfur fluorides, selectivity for sapphire 
orientation was also demonstrated by the fluorocarbon 
etchants. For example, hexafluoroacetone polished 
(11%) sapphire but roughened both (1014) and (0li2) 
Verneuil sapphire at the same gas concentration. The 
effect of this etching is indicated in Fig. 1, both a 
and b. 

By bubbling He through the liquid fluorocarbon 1, 
1, 2-trichlorotrifluoroethane (CzClsF3) equilibrated at 
0" and passing the gases over the heated substrate, 
considerable etching was found for the (1014) and 
(11%) sapphire (Fig. 2). CzClzF4, 1, Z-dichlorotetra- 
fluoroethane, revealed structure in basal plane (0') 
sapphire (Fig. >a) and an unusual oval-type defect 
structure in (0112) sapphire (Fig. 3b). 

Except for Fig. 3b, the figures referred to heretofore 
have been found to be typical surface etch character- 
istics for the different sapphire orientations noted and, 
in general, are produced by almost all of the fluoro- 
carbon etchants, especially when concentrations ex- 
ceeding 1 m/o are used. Reasonable polishing of most 
orientations studied, however, has been achieved with 
many of the fluorocarbons when etchant concentra- 
tions are kept below about 0.5 m/o. As might be ex- 
pected, less etch-pitting and surface character were 

- - 
Fig. 2. Dislocation structure revealed by etching with trichloro- 

Table I. Fluorinated hydrocarbons studied 0s etchants for sapphire fluoroethane (C2CI3Fa) for (a) (164) sapphire; (b) (11%) sapphire. at 1450°C 

Chemical formula Common name 

CHFs Fluomform 
CHCIFa Chlorodifluommethane 
CHClpF Dichlorofluoromethane 
CHfls Methylene fluoride 
CClFa Chlorotrifluoromethane 
CCW. D~chlorodlfluoromethane 
CBrFs Bromotr~fluoromethane 
CFI Carbon tetrafluoride 
ClFa Hexafluaroethane 
CnClFs Chlor~trifluoroethylene 
CaClFs Monochloropentafluoroethane 
CaCW8 1, 1.2-Trichlorotrifluoroethane 
CaClzFb 1,29~chlorotetrafluoroethane 
CaFx Perfluoropropane 
CsFeO Hexafluoraacetane d~chlorotetrafluoroethane (CzClzF4) for (a) (0001) sapphtre; (b) 
C I F u  Octafluorop~ lob'utane 
CPs ~erfluoroltu&e-2 (0172) sapph~re. 
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Fig. 4. Defect structure revealed in basal plane Czochmlski ruby 
by etching with chlorotrifluoromethane (CCIFs). 

obtained when good quality Czochralski sapphire was 
exposed to the etchants. This is demonstrated in Fig. 4 
for basal plane Czochralski ruby etched by mono- 
chlorotrifluoromethane (CClFs). The origin of the de- 
fect that caused the large hexagonal pits, which are 
prominent in a fleld of comparatively few pyramidal 
etch pits, is not known. Figure 5 was produced by 
etching (0172) sapphire with octafluorocyclobutane 
(C4F8). The tombstone-like etch pits were usually 
found to be charactyistic of this orientation. The oval 
pits produced in (0112) sapphire by 1, Z-dichlorotetra- 
fluoroethane (CzClfl4) (Fig. 3b) may have been 
caused by a different type of etching species and reac- 
tion. 

The reactivity of chlorotrifluoromethane (CClFs) as 
compared to CF4 is undoubtedly due to the weakening 
of the C-F bond by the presence of the less electro- 
negative C1 ion in the molecule. Although hexafluoro- 
ethane (CzFe) is completely saturated like CF4, the 
C-C bond is susceptible to rupture, thereby providing 
the reactive species. 

It was observed that when linear C-C double bonds 
or C-H bonds are present in the structure of the 
fluorinated hydrocarbon, etching also produced sooty 
surfaces, especially at the higher gas concentrations. 
Some of the minor carbon contamination may be at- 
tributed to impurities in the gas, but major carbon 
deposits are more likely due to the cleavage of these 
bonds in the bulk material. Therefore, complete satu- 
ration of the C atoms by halogens, at least one of 
which is fluorine, seems to be required in choosing 

Fig. 5. Effect of etching (0172) sapphire with octafluorocyclo- 
butane (C4Fs). 

a fluorocarbon etchant: for example, hexafluoroethane 
(CZF~),  perfluoropropane (CsFs), dichlorodifluoro- 
methane (CClzFz), and/or monochloropentafluoro- 
ethane (CZCIFS). Octafluorocyclobutane (C~FE) ,  a 
fluorocarbon with a ring structure, produced some 
dark product at 1450°C but etched tapphire at a 
rather rapid rate at relatively low concentrations 
compared to the linear chained materials studied. This 
suggests a weaker C-C bond in the ring structure, 
with bond breakage making more fluoride per mole- 
cule per unit time available for etching. It was also 
observed that 1, 2-dichlorotetrafluoroethane (CzClzF4) 
possessed the capability of etching sapphire at about 
0.1 pm/min at temperatures as low as 950°C (observed 
uncorrected optical pyrometer reading). (Other highly 
fluorinated hydrocarbons in the group have not been 
evaluated at this relatively low temperature.) It is 
not known if a change in the etching mechanism oc- 
curred at 950°C, producing aluminum products other 
than AlFs. This might be the case if different carbon- 
fluorine radicals are produced, e.g., : CFz (difluorocar- 
bene) or -CFs (trifluoromethyl radical), at different 
temperatures. 

It is indeed difficult to write reasonable equations 
to explain the etching of sapphire without knowing 
the products of the reaction with the fluorinated hy- 
drocarbons. Some of the products that collected on the 
cool reactor wall could be vacuum distilled at room 
temperature; some seemed water soluble; others had 
to be scraped off the walls or undercut with HF-HNOs 
solutions for removal. It is probable that many of the 
reactions involve, as previously suggested, the forma- 
tion of free radicals containing at least one carbon- 
fluorine bond that might react with AlzOs t o  produce 
AlFs (volatile at 145b'C) and other products. For 
dichlorodifluoromethane, a plausible reaction scheme 
is proposed by the following equations 

(a) CC12F2 2 Clz t + , : CF2, via pyrolysis 
1450°C 

If more complex fluorinating agents are used as etch- 
ants, a study of the reaction products could disclose 
new materials, perhaps polymers containing alumi- 
num-carbon bonds as well as other fluorinated carbon 
by-products. 

Addendum 
Under the etching conditions previously described, 

a number of inorganic fluorides other than SF4 and 
SF6 were also found to etch sapphire. These include 
the chlorine fluorides (ClFs and ClFs), nitrogen tri- 
fluoride (NFs), and phosphorus pentafluoride (PF5). 
These, of course, produce no organic by-products but 
introduce in some cases a problem in handling because 
of their room temperature chemical reactivity with 
glass flowmeters and other materials. 

Conclusions 
The etching capabilities of a number of fluorinated 

hydrocarbons have been demonstrated. These mate- 
rials show promise of being new reagents for evaluat- 
ing the quality and improving the surfaces of sap- 
phire prior to its use as a substrate for epitaxy. 
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Thermally Activated Diffusion of Electronic Carriers 

in Iron Phosphate Glasses 

Gary S. Snowo1 

Department of Ceramic Engineering and Materials Research Laboratory, 
University of Illinois, Urbana, lllinois 

Hansen (1) recently measured conductivity and 
Seebeck coefficient on phosphate glasses containing 45 
m/o (mole per cent) P2Os. The remaining 55 m/o 
consisted of FeO and MgO in various proportions. In 
the 45% P205-55% FeO composition the ratio of 
[Feat] to [Fez+] was varied over a wide range. This 
data offers an excellent opportunity to check the 
agreement between the experimentally observed de- 
pendence of resistivity on valence state distribution 
and that predicted by the hopping model. Hansen dis- 
cussed his data qualitatively in terms of the hopping 
mechanism; however, there are inconsistencies in his 
discussion which should be clarified. 

If the electronic carriers move by a thermally acti- 
vated diffusion process, the conductivity can be written 

where n is the carrier concentration, q is the charge 
on the carrier, d is the jump distance, z is the number 
of nearest neighbor sites, P is the probability that a 
particular nearest neighbor site will be available to 
receive a carrier, k is Boltzmann's constant, T is the 
absolute temperature, v is a frequency factor charac- 
teristic of the lattice vibrations, and AE is the energy 
necessary to remove the lattice distortion around the 
trapped carrier. In this equation Hansen omitted the 
factor P which is extremely dependent on the valence 
state distribution. Evaluation of this factor allows one 
to obtain a quantitative fit between Eq. [I]  and Han- 
sen's experimental data. 

In the iron phosphate glasses studied by Hansen let 
x be the fraction of the iron ions which are in the Feat 
state, let y be the fraction of the cations which are 
iron, and let co be the total concentration of cations. 
Then if one assumes that conduction occurs by hopping 
of electrons from Fez+ sites to FeS+ sites, the carrier 
concentration will be equal to the concentration of 
Fez+ ions; thus n = (1-x)yc.. Assuming that phos- 
phorous ions and iron ions of either valence have equal 
probability of being on any given cation site, the prob- 
ability that a particular nearest neighbor site will be 
available to receive a carrier is just equal to the frac- 
tion of the cation sites which are occupied by Fe3+ 
ions; thus P = sy. Using these relations, Eq. [I] then 
becomes 

r = Ke- AEIkTyZ ( I-x) x [21 
where 

~ ~ q ~ d 2 . z ~  
K=- 

6kT 
C3l 

It should be noted that the same equation results if 
the carriers are assumed to be holes moving from FeSt 

sites to Fez+ sites, in which case n = xyc. and P = 
(1-x) v. 

In Fig. 1 and 2 the data of Hansen is compared with 
this theory. In plotting Eq. [21, AE was obtained as a 
function of x and y from Hansen's data, and K was 
chosen as 563 (ohm-cm) -I. There is excellent agree- 
ment between the experimental data and the calcu- 
lated points. From Fig. 1 it is apparent that another 
transport mechanism becomes dominant below y = 
0.05. 

Taking K = 563 (ohm-cm)-1 an order-of-magni- 
tude value for v can easily be calculated from Eq. 
[3]. Assuming a simple cubic distribution of cation 
sites and taking co as approximately 1022 cmT3, then z 
= 6 and d = 4.7 x 10-8 cm. The other parameters 
are known constants. The resulting value for v is 6.5 X 
1012 sec-1 which is in good agreement with the ex- 
pected value of the vibrational frequency of the lat- 
tice. 

Since d can be treated as independent of x and y, 
it appears likely that electronic transfer always occurs 
between nearest neighbor iron sites, at least for y > 
0.05 (10 m/o FeO) . 

Allersma and Mackenzie (2) have shown that the 
Seebeck coefficient data which Hansen obtained for 
iron phosphate glasses qualitatively fits the follow- 
ing equation developed by Heikes (3) for the hopping 

EXPERIMENTAL 
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Fig. 1. Logarithm of resistivity at  ZWaC as a function of the 
fraction of the total cations which are iron. Experimental data 
was taken from Fia. 1 of ref. (1). Theoretical ~oints were calcu- 
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Fig. 2. Variation of resistivity with x = [FeS'I/[Fet,,bll at 
200°C for glasses containing 55% Fe0-45% PzOs. Experimental 
data was taken from Fig. 4 of ref. (1). Theoretical points were 
calculated from Eq. [21 using AE values from Fig. 3 of ref. (1) 
and taking K = 563 (ohm-4-1. 

mechanism 

In Eq. [4] a is the Seebeck coefficient, n is the concen- 
tration of carriers (equal to [1-x]yco if the carriers 
are electrons and equal t~ wco if they are holes), n, 
is the concentration of accessable sites (equal to yc, 
in either case), and q has the sign of the charge car- 
rier. It is worth noting that Eq. [41 becomes 

-k x 
a=-In- 

Is,l 1-x 
[51 

and fits the data over the entire range of x whether 
the carriers are holes or electrons; thus, it is not neces- 

sary that the sign of the carriers change when the 
Seebeck coefficient goes from positive to negative as 
was concluded by previous investigators (1, 2). From 
the currently available data no conclusions can be 
drawn concerning the sign of the charge carrier. 

In order to calculate the carrier mobility, Hansen 
obtained the carrier concentration from the equation 
n = ?L, exp (- qa/k). He took no as the absolute dif- 
ference between the ferric and ferrous concentrations. 
This assumption contradicts the data since it would 
result in an infinite resistivity at x = 0.5 rather than 
a minimum as shown in Fig. 2. Hansen obtained values 
for the frequency factor v which were extremely de- 
pendent on AE and on his choice of valence state dis- 
tribution. In the present analysis v is independent of 
these parameters as one would expect. 

This treatment yields a carrier mobility which (at 
200°C in the 55% FeO glass) varies from 1.3 x 10-8 
cmZ/v-sec to zero as the concentration of carriers goes 
from zero to yc,. 

The correlation between Hansen's data and Eq. 123 
and [5] strongly supports the treatment of electronic 
conduction in the iron phosphate glasses as a thermally 
activated diffusion process. It appears doubtful that 
conduction in a partially filled 3d band would have 
this dependence on valence state distribution. 
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Impurity Heterogeneities and Multiple-Beam Interferometry 

D. C. Johnston, A. F. Witt,' and H. C. Gatos" 

Department of Metallurgy and Center for Materials Science and Engineering, 
Massachusetts Institute of Technology, Cambridge, Massachusetts 

Multiple-beam interferometry (1) combined with 
high resolution etching techniques has been success- 
fully employed for revealing relative microscopic con- 
centration changes of impurities in InSb. In view of 
the fact that "rate striations" intentionally introduced 
into single crystals allow the precise determination 
of microscopic rates of crystal growth (2), it was 
possible to demonstrate further in the present study 
that multiple-beam interferometry can directly reveal 
relationships between microscopic rates of growth and 
impurity concentration. The impurity present in the 
crystals was tellurium (about 1017/cm3). 

Electrochemical Society Active Member. 

Figure 1 depicts the " ff-core" region of a single 
crystal of InSb pulled iR the < I l l>  direction with 
seed rotation and subjected to controlled vibrations 
(frequency 12 per sec) . The interference fringes were 
aligned in a vertical direction (1). In this way a 
uniform impurity distribution or complete absence 
of impurities would be reflected by the appearance 
of straight and parallel interference fringes aligned 
from top to bottom (a perfectly. flat semiconductor 
surface after etching). Under the present experimental 
conditions a relative decrease or increase in impurity 
concentration (depressions or elevations on the etched 
semiconductor surface, respectively) will appear as 
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Fig. 1. Interferogram of an "off-core" region of lnSb grown in 
the < I l l >  direction (top to bottom) exhibiting pronounced 
"remelt" rotational striations, B. The abrupt interference fringe 
deflections to the left, A, associated with the rotational striations 
reflect a sharp decrease in impurity concentration. The "rate 
striations" are also clearly seen (see text). Magnification 7WX. 

deflections of the fringes to the left and right, re- 
spectively. Tellurium impurities decrease the etching 
rate of InSb under the present experimental condi- 
tions. Figure 1 shows abrupt fringe deflections to the 
left, A, which are associated with slightly curved ro- 
tational striations, B, traversing from left to right. 
The rate striations are readily visible as small spikes 
emanating from the fringes. Thus the fringe pattern 
permits the simultaneous determination of microscopic 
growth rates and the associated impurity concentra- 
tion changes. 

The information contained in the interferogram of 
Fig. 1 can best be extracted by analyzing the pattern 
of the individual fringes running from top to bottom 
(along the growth axis). The separation of the rate 
striations reflects the growth rate changes associated 
with rotational striations as discussed in detail else- 
where (2). It can readily be seen that immediately 
below each remelt striation the growth rate assumes 
very small values which gradually increase (increasing 
spacing of subsequent spikes proceeding from top to 
bottom) before they become very small again at the 
next striation. The abrupt fringe deflections to the 
left associated with rotational striations indicate a 
sharp drop in impurity concentration in the area of 
decreased growth rate. With increasing growth rate 
(below the remelt striations) the fringes move to the 
right indicating a relative increase in impurity concen- 
tration. The observed concentration changes on either 
side of each striation is consistent with the correspond- 
ing growth rate changes discussed in detail elsewhere 
(2). 

Figure 2 depicts the "off-core" to "on-core" transi- 
tion region in a single crystal (InSb) pulled in the 
< I l l>  direction with seed rotation (no rate stria- 
tions were introduced). On the left-hand side, A, 
(off-core region) the impurity concentration decrease 
associated with the rotational striation is clearly vis- 

Fig. 2 lnterferogram of an etched "off-core'' to "on-core" 
transition region of lnSb grown in the <Ill> direction (top to 
bottom). Note impurity concentration changes in the off-core 
region (on the left side, A) associated with rotational striations 
(same as in Fig. 1). The on-core regions, B, exhibit strong fringe 
deflections to the right corresponding to increased impurity con- 
centration. Within the core regions very pronounced impurity 
concentration variations are visible (changes in slopes of the de- 
flected interference fringes). A small but readily visible impurity 
concentration decrease is present in the off-core region adjacent 
to the "core" region, C. See text. Magnification co. 470X. 

ible. The on-core regions, B, (increasing in area from 
left to right) are characterized by the strong fringe 
deflections to the right which correspond to a marked 
increase in impurity concentration. This region which 
grows under a relatively constant vertical microscopic 
growth rate (2)  exhibits impurity concentration fluc- 
tuations which clearly are not related to vertical 
growth rate changes and thus indicate the operation 
of a growth mechanism different from that in the 
off-core region. Unexplained is also the small im- 
purity concentration decrease in the off-core, C, region 
just preceding the transition to the "core" region. 

The ultimate value of the present-type interfero- 
gram depends on the availability of quantitative rela- 
tionships between etching rates and impurity concen- 
tration for varying etching times. Actually in our 
experiments it was found that the ratio of the inter- 
ference fringe deflections remained constant for a 
given impurity concentration change over a wide range 
of etching times (30 sec to 3 min) and etchant com- 
positions. Consequently it appears that the relative 
dependence of the etching rate on impurity concen- 
tration is invariant. Thus it is expected that etching 
rate calibrations with known impurity concentrations 
will permit the determination of absolute impurity 
concentrations and concentration changes on a micro- 
scale. 
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On the Trapping Level Disposition in Cadmium Sulfide 

Paul A. Faethl 

Lewis Research Center, National Aeronautics and Space Administration, Cleveland, Ohio 

The tendency has been to consider trapping states 
in CdS as being in different classes depending on 
their position within the energy gap (1) and the par- 
ticular phenomena being observed. It appears, how- 
ever, that there is a regularity in their values and 
that these states might be considered as part of a 
single energy scheme. Such an idea has been pro- 
posed by Klasens (2) among others for luminescent 
and trapping centers in ZnS. 

The electron trapping level disposition within the 
band gap of CdS has been found to include the values 
of 0.05, 0.14, 0.25, 0.41, 0.63, and 0.83 ev (3). These 
values are the averages obtained using various ex- 
perimental techniques and several methods of calcu- 
lation, and are given as energy displacements, Ee 
from the conduction band. Deeper states have been 
established which are thought to act as hole traps 
(1). Studies involving the deeper states indicate these 
levels occur at Et = 1.2 ev (1, 4) and 1.56 ev (1,5). 
A self-activated luminescent level at 1.98 ev has been 
reported by Lehmann (6). Usually all levels do not ap- 
pear simultaneously in one crystal although that could 
happen. When levels do appear, however, they occur 
very near the values mentioned above and are listed 
in Table I. 

A study of trapping states in cadmium sulfide (7) 
revealed that the experimentally determined trap en- 
ergies can be related to one another and to the band 
gap energy E ,  of 2.4 ev. The disposition of energy 
levels can be represented by the equation 

where a, b, and c are constants and i is a whole number 
which numbers successive energy levels Ei. A similar 
formulation is used for preliminary evaluations of 
molecular spectra (8). The constants of Eq. [I] can 
be determined from the values of El in Table I .  The 
choice of a starting point for the energy level pro- 
gression is arbitrary. As an example, a case for 
i = 0 is given at line 11 in Table I for which situation 
a = 2.406, b = 0.475, and c = 0.0238 ev. A level at 
0.031 ev (1) is generated which might be related to 
the exciton level observed by Reynolds et al. (9) at 
about 0.028 ev or the optical absorption reported at 
-40p by Manabe et al. (10). The wavelengths in 
microns corresponding to Ei and ErEi are listed in 
Table I and represent regions where photoactivity is 
observed in CdS. 

The energy scheme suggested above may represent 
part of a band system, in a spectroscopic sense, ex- 
tending across the energy gap of CdS. A plot of Eq. [l] 
is parabolic and is suggestive of similar parabolas ob- 
served for molecular species such as CN and CuH, for 
example (6). As the conduction band is approached 
from the valence band, a "band head" appears to be 
formed by the trap levels near the conduction band. 
The system could be tied to the conduction band or 
the valence band or both. The system limit at the 
valence band is not as well defined. Fine structure 
associated with these levels seems likely in view of 
the recent work of Bryant and Cox (11) involving 
luminescent emission from CdS. Such structure as- 
sociated with all levels might give the appearance of a 
continuous trapping spectrum. Assignments due to 

'Present address: X T l '  Industrial Lebontories, Fort Wayne. 
Indiana. 

Table I. Experimental and calculated values of 
the trapping spectrum of CdS 

More recent studies concerning this level indicate this value 
may be larger; 0.86 ev (14). 

specific transitions, however, are not available at this 
time. 

The exact identity of the species involving the en- 
ergy scheme suggested above is unknown. The levels 
have been postulated as states of complex impurity- 
vacancy systems in the bulk. The addition of im- 
purities to crystals stimulates the development of 
these levels. They seem to occur even in the absence 
of deliberate doping. The incorporation of impurities 
might cause slight shifting (Franck-Condon) of po- 
tential minima associated with the trapping centers, 
thus causing some transitions. to be unlikely while 
others are more likely to occur. Previous studies of 
electrical properties of CdS as affected by sorbed gases 
have indicated a possible correlation between the 
amounts of sorbed gases and the appearance of trapped 
electron populations (7, 12, 13). Such studies suggest 
the traps may be related to surface states. 
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Remarks on the Theory of Electrophoretic Deposition 

William F. Pickard 

Department of Electrical Engineering, Washington University, Saint Louis, Missouri 

ABSTRACT 

Following a definition of "electrophoretic," electrophoretic deposition is 
discussed as a three-step process: (i) the charging phase in which the par- 
ticles to be deposited are given a net electrostatic charge; (ii) the transporting 
phase in which the now charged particles are moved in some specified fashion; 
and (iii) the collecting phase in which the transported particles reach their 
destinations and are discharged. The characteristics of each of these phases 
are discussed, and various illustrative examples are given. 

The term "electrophoretic" is commonly used to des- 
ignate those motion phenomena which arise from the 
direct coulombic action of an electric field on unneu- 
tralized charge contained in matter. Thus, either 

-, -+ -, -3 

F = Q E or F = S ~ ~ E ~ V  + q i d ~  [I] 

(particle) (extended region) 

will provide a fundamental description of the causa- 
-+ 

tive process; in this equation, F is the force produced 
.+ 

by the electric field E acting either on the total charge 
Q of a particle or on the volume ( p )  and surface (s) 
densities of free charge which characterize an extended 
region. However, the utilization of electrophoretic 
force for particle deposition depends not so much on 
elegant solutions of this equation coupled with the 
laws of mechanics as it does on careful practical en- 
gineering within which the nature of electrophoretic 
motion is but one of several important factors. For 
this reason, and also because of the great diversity of 
possible applications, electrophoretic deposition as a 
field has resisted formalization. Even so, it is useful 
to analyze an electrophoretic process by splitting it 
somewhat arbitrarily into three phases: (i) a "charg- 
ing" phase within which the particles (objects, entities, 
things, etc.) to be deposited are charged and started on 
their trajectories; (ii) a "transporting" phase within 
which the particles are moved near to some specified 
destination (it is within this phase that Eq. [I] finds 
its chief utility); and (iii) a "collecting" phase within 
which the particle trajectories terminate and the Dar- 

the types of problems encountered and to outline 
some of the methods of solution developed to date. 

Finally, before proceeding to descriptions of the sev- 
eral phases of deposition, it is informative to consider 
a simple example of an electrophoretic process. In the 
1740's G. M. Bose (1) discovered the capillary siphon 
effect illustrated in Fig. 1. Here the efflux of water 
from a nozzle fastened to a metal container is much 
increased by applying a high voltage to the container; 
in addition, the formerly thin stream breaks up into 
a cone of spray. (That this phenomenon is electro- 
phoretic can also be inferred from the fact that the 
region adjacent to the orifice often appears luminous 
when viewed under low light intensities.) The split- 
ting then can be made as follows: (a) the metal con- 
tainer, functioning as an "emitter," injects charge into 
the liquid which is then coulombically pushed outward 
away from the nozzle; the container is thus the pre- 
cursor of the gun used in modern electrocoating; ( b )  
the charged liquid droplets then move away toward 
the basin under the influence of gravity and of the 
applied electric field. Since particle trajectory, not 
particle deformation, is important here and since the 
electric field will be essentially constant over the 
particle, the particle form of Eq. [I]  is the more ap- 
propriate; and (c) the basin, functioning as a "col- 
lector," receives the droplets and bleeds off their 
charge. 

The Charging Phase 
A feature common to most electrophoretic systems is 

a metallic electrode called an emitter which injects 
free charge into the system. This charge is transferred, 
either by conduction or by an electrochemical reac- 

ticles are discharged. 
These three phases are discussed sequentially in the 

next three sections of this paper. To make the discus- 
sion exhaustive will not, however, be possible since 
books could be devoted to any one of the phases. 
Neither will it be possible to erect an elegant mathe- 
matical framework within which to cast the discus- 
sions since much of the underlying electrochemical 
theory is but inadequately developed; and, in any 
event, the associated mathematics is decidedly non- 
linear. Rather, the author will attempt to characterize 

REVIEW 
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Fig. 1. The capillary siphon as illustrated in an old print (2). 
Vide text. 

tion, to matter coming into fairly intimate contact 
with the emitter. In the former case the electrode de- 
sign is most often dictated by mechanical considera- 
tions, although it is necessary that the surface be kept 
clean of any nonconducting films which would inhibit 
charge transfer; in the latter it is commonly controlled 
by the need for a high surface field and suitably reac- 
tive electrode material to enhance the reaction, and 
for this reason electrodes with small curvature radii 
are preferred. . 

If the particles charged at the emitter surface are 
the ones on which the charge was desired, the charg- 
ing process can be termed "direct"; otherwise it can 
be termed "indirect" since one or more charge trans- 
fers will be needed to effect the desired charging. As 
stated above, the three criteria for designing a direct 
charging process are (i) that there be no insulating 
barrier at the emitter surface, (ii) that the surface 
field be high enough to effect the transfer, and (iii) 
that, in the case of an electrochemical reaction, the 
emitter surface be compatible with the particles to be 
charged. In the case of an indirect process the charge 
is acquired by capturing directly charged particles 
dielectrophoretically. Thus, a directly charged particle, 
moving into the neighborhood of a particle to be in- 
directly charged, induces a dipolar charge distribution 
on it and in consequence is attracted; if the trajec- 
tories of the two particles were appropriate initially, 
this interaction will lead to trajectory modifications 
terminating in collision and capture. Obviously, emit- 
ter design for an indirect process will emphasize the 
production of high densities of directly charged par- 
ticles since this will promote indirect charging. 

Two examples will serve to make these considera- 
tions more concrete. First, a classic example of a di- 
rect charging process is given by the static field, con- 
ductance separator (3) used in a variety of mineral 
purification processes; this is illustrated in Fig. 2. A 
mixture of conducting (solid dots) and insulating 
(hollow dots) particles is dumped onto a revolving 
charged cylinder. The conducting particles are di- 
rectly charged at once and are drawn off toward the 
other electrode, falling eventually into hopper C; the 
insulating particles are weakly held to the revolving 
electrode by a dielectrophoretic interaction with its 
modest surface field until they have been rotated far 
enough for gravity to draw them off into hopper I. 
Second, the electrostatic precipitation of flue dust (4, 
5) provides an excellent example of an indirect 

Fig. 2. Schematic illustration of a conductance separator. Vide 
text. 

charging process; this is illustrated schematically in 
Fig. 3. Here a high voltage corona wire is run up the 
center of a grounded pipe. Gas, flowing axially in the 
pipe, is ionized by the wire and the resultant ions re- 
pelled into the gas stream where, electrodiffusing, they 
collide with and/or are attracted to particles of dust. 
The dust particles so charged are then attracted to 
the pipe where they are collected. 

The Transporting Phase 
In the transporting phase the trajectories of indi- 

vidual charged particles are considered. Each trajec- 
tory is specified by a set of initial conditions and the 
equation 

-, , 
where r is a vector describing the particle's position, p 
is the particle's mass, V is a scaling factor to describe 

+ 
the magnitude of the electric field, E, is the value of 

-3 

the applied field when V = 1, M is the mechanical 
(gravitational, convective, etc.) force, and 7. is the co- -, 
efficient of viscous drag and v the velocity of the 
medium surrounding the particle. In addition, of 
course, it is also necessary to set up and solve equa- 

+ + + 
tions for v ,  E,, and M; these equations are coupled to 

-3 

Eq. [2] since (i) E, is influenced by space charge 
which is in turn influenced by the density of charged 
particles, and since (ii) by Newton's third law the vis- 
cous retardation which the particle experiences pro- 
duces an acceleration of the fluid surrounding it. Ob- 
viously Eq. [2] and its subsidiary equations form a 
system too complicated to admit of a useful closed 
form solution in any significant number of cases, and 
one is reduced to analyzing it to extract rules of 
thumb. 

-4 + 
First, although M and v can be thought of as being 

in some sense mechanical perturbations on the basic 
electrophoretic process, they are of considerable sig- 

+ 
nificance. M includes, for example, the force of gravity, 
constraints introduced by various surfaces, and buoy- 
ancy. Of these, gravity and buoyancy are the more im- 
portant, mechanical constraints normally being sig- 
nificant only in the charging and collecting phases. As 
an illustration, gravity is of prime importance in elec- 
trostatic ore beneficiation, the separation normally be- 
ing effected using crossed electrical and gravitational 
fields. Conversely, gravitation is much less important 
in the electrodeposition of paint from aqueous media 
since its effects on the paint particles tend to be an- 

+ 
nulled by the buoyancy of the water. v is often one of 
the parameters of the system as, for example, in the 
case of electroprecipitation of flue dust. However, it 



I@,,(;) I is commonly adjusted to be monotonically de- 
creasing along a particle trajectory so that the particle 
will tend not to acquire a new charge at or near the 
collector and subsequently move off on a new tra- 
jectory. 

Finally, if the device has been capably engineered, 
then the charged particles will arrive in the neighbor- 
hood of the collector with some suitable spatial dis- 
tribution. This may be relatively loosely specified as, 
for instance, in the case of the separator shown in Fig. 
2  where it is necessary merely to get the conducting 
particles into hopper C. Or it may be relatively strin- 
gent as, for instance, in the case of electrically de- 
positing a uniform coating of paint in metal parts 
moving along an assembly line. 

An example of these considerations is provided by 
the electrostatic precipitator (cf. Fig. 3 ) .  Here the 
principal velocity is axial, and mechanical forces are 
not of primary importance if the gas velocity is suffi- 
ciently high and if turbulence is suppressed; in prac- 
tice these conditions are not always easy to fulfill (5). 
Inertial effects are normally outweighed by viscous 
drag, but reentrainment of precipitated particles in the 
gas stream is a real problem, and hence the collector 
field should be kept low. On the other hand, it is de- 
sirable to have as large a Q  as possible, and this is 
facilitated by emitter fields strong enough to produce 
ionization. Thus, the coaxial geometry shown produces 
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may be due largely, or in significant part, to motions 
set up in the fluid by the electrophoretic process itself, 

+ 
a most suitable E,. V P i w t )  is commonly adjusted to 
give a d-c level near sparkover and an a-c level pro- 
ducing, near the emitter, copious ionization at wave- 
form crests and quenching of any sparkover at minima. 
Finally, the criteria on the distribution of transported 
particles at the collector are very loose, it being re- 

and in this case it could impair process efficiency. 
It has, for instance, been found (6) that conduction 
currents as small as 1 pA/cm2 can produce in insulat- 
ing liquids motions so large as to render uninterpret- 
able the usual carrier mobility measurements; and 
there is no reason to suppose that similarly significant 
effects will not exist at the much higher currents used 
in electrodeposition. 

-, -+ 
Second, if one neglects M and v, Eq. [ 2 ]  becomes 

-, 
dz; dl. -, -, 

c-+A-= Q V E , ( r ) P  (wt )  [31 
dt2 d t  

dusted plant leaf [cf. 7, a)]. The problems of collection 
arising in these several cases are radically different. 

In electrocoating applications [cf. (911 there is no 
question of designing the collector since this has nor- 
mally been set by the requirements of the product into 
which it is to be assembled or by other forces beyond 
the engineer's control: all one can try to do is work 
with the existing constraints. It is normally required 
( i )  that the coating be of some specified thickness, 
( i i )  that it be of some specified uniformity, and ( i i i )  
that the process be as efficient as possible. Thickness 
is commonly controlled by adjusting the coating time, 
that is, either the collector or the emitter is moved or 
the unit is turned off when the coating is thick enough. 
Uniformity is often provided by the insulating prop- 
erties of the coating which reduce the surface elec- 
tric field as the coating thickens thus promoting dep- 
osition elsewhere; that is, the asperities on the col- 
lector's front surface will be coated first, followed by 
smooth areas on the front and ultimately by the rear 
surface and various recesses. In addition, coating 
uniformity can obviously be aided by rotating the col- 
lector or by causing the emitter to revolve around it. 
In many processes, electrostatic crop dusting, for 
example, the increase of efficiency compared to the no 
field case is so great that one is not strongly motivated 
toward optimization. But, if it is necessary to optimize 
one should use suitable carriers for the coating mate- 
rial, properly prepare the collector's surface as, for 
example, by degreasing, and have a good charging 
phase. 

In electroseparation adhesion is not commonly a 
problem, and the requirements on particle distribution 
are typically much simpler, being "not too nonuni- 
form" for electroprecipitation and "into the correct 
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if the physically realistic assumption of periodic E, is 
made. The inertia and viscous drag terms on the left 
of Eq. [ 3 ]  can sometimes be manipulated by changing 

t t  
G a s  F low 

the size the but size is Fig. 3. Schematic illustration of an electrostatic precipitator. 
dictated by other factors. The relative importance of vide text, 
these terms depends on the exact application, but, in -, 
processes where &f is neglected, drag normally we- quired merely that there be no radical nonuniformi- 
dominates. ties over the collector surface. 

The term on the right of Eq. [ 3 ]  is the one over 
which the engineer has greatest control, it being pos- The Collecting Phase 
sible ( i )  to manipulate Q  and V  to some extent, ( i i )  In the collecting phase the transported particles 
to specify arbitrarily the periodic function P ( w t ) ,  and settle on a surface which normally bleeds off their 

-9 -, 
( i i i )  to vary E , ( T )  over a wide range by designing net charge. Thus, in some limited time after touch- 

so-called electrodes,, which may or may not down, the electrical force holding the particle has 

include prominently the emitter and collector. The op- shifted from electrophoretic toward dielectrophoretic 

timal settings of these quantities vary greatly from and the particles are held by ( i )  adhesive, ( i i )  di- 

application to application, Normally, however, the a-c electrophoretic, and ( i i i )  other mechanical forces. 

components of P ( w t )  produces a primarily oscillatory Cases in which adhesion predominates represent elec- 

motion of the charged particle, the amplitude of the trocoating processes, while those in which dielec- 

oscillation decreasing as the d-c component pro- trophoresis predominates usually represent electro- 

duces the desired translation. To increase efficiency, separation processes. "Other mechanical forces" could 

then, P ( w t )  should possess a moderately low ripple include, for example, the vertical component of gravity 

factor unless transient peaks are useful in promoting holding the particle in a surface depression or small 

better particle charging as in e~ectroprecip~tation~ A ~ ~ ~ ,  surface hairs which tend to trap the particles; an illus- 
. . tration of the latter would be an electrostaticallv 
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hopper" for ore beneficiation. Moreover, one is able 
to control to a large extent the collector shape. There 
are two problems of note. First, lightweight conduct- 
ing particles tend to acquire the collector's charge and 
be repelled toward the emitter. And second, the par- 
ticles collected may be held to the collector's surface 
by slow charge loss or other electrical processes, and 
build up a thick and undesirable coating. The de- 
signer's job is then to produce a collector which dis- 
poses of the particles in an acceptable manner, and, to 
this end, three expedients have been adopted. First, the 
collector is so arranged that gravity will tend to pull 
the particle off in a suitable direction; thus, the pre- 
cipitator shown in Fig. 3 should be arranged vertically 
rather than horizontally. Second, the surface elec- 
tric field of the bare collector is made as small as pos- 
sible since recharging of the collected particles com- 
monly increases with this quantity; thus, where re- 
charging is a problem, it is designed with large curva- 
ture radii. Third, where necessary, the collected par- 
ticles can be dislodged mechanically and allowed to 
drop under the influence of gravity; thus, the collec- 
tors in flue dust precipitators are commonly subjected 
to a mechanical rapping. 

Conclusion 
Rather than boldly assaying the tour de force of 

knotting together this diversity of loose ends, I would 
like to conclude with a description of yet another 
class of experiments which will serve to explain why 
in defining "electrophoretic" at the start of this paper 
I chose to stipulate that the action of the electric field 
on the entity transported be "direct" and "Coulom- 
bic." 

Specifically, many organisms exhibit galvanotactic 
behavior; that is to say, they tend to move in predict- 
able directions in an applied electric field. This phe- 
nomenon has long been known (lo), and appears, like 
the phenomena discussed above, to have commercial 
application (1 1). An interesting example of galvano- 
taxis is provided (12) by the motile colonial alga 
Volvox which, when subjected to an electric field, 
swim toward and accumulate at the cathode, unless 
surprisingly, they have been conditioned by several 
days of suitable light deprivation, in which case they 
move toward the anode. 

From this one might conclude that the galvanotactic 
response could be described as "behavioral" or "voli- 

tional." But, recent researches (13) have indicated that 
galvanotaxis in ciliates is often the result of a reversal 
of ciliary beat related to cytoplasmic depolarization. 
In either case, it would seem that the phenomenon is 
electrophysiological or electropsychological in nature 
rather than electrophysical. 

And hence the restrictions imposed in defining 
"electrophoretic" served to rule out those depositional 
phonemena which, though incontestably electrical in 
origin, are not readily explained by the direct action 
of the applied electric field on the net free charge of 
the transported object. 

Manuscript received November 26, 1967. This paper 
was presented at the Dielectro- and Electrophoretic 
Deposition S mposium at the Chicago Meeting, Octo- 
ber 15-19, 19&, as Abstract 144. 

Any ,discussion of this paper will appear in the 
Discussion Section to be published in the December 
1968 JOURNAL. 
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Unsolved Problems Concerning Metal  

Surfaces and Corrosion' 

Herbert H. Uhlig* 
Department of Metallurgy and Materials Science, 

Massachusetts Institute of Technology, Cambridge, Massachusetts 

Almost any worthwhile discipline, whether in the 
humanities or in the sciences, has its unsolved prob- 
lems. And it is often true that an inventory of the 
contributions made by any viable discipline reveals 
many additional contributions that would be welcome 
were they available. The study of metal surface prop- 
erties and of metal reaction rates (corrosion) fits this 
description. On a practical level, a quick survey shows 

1 Presented at Dedication of Graduate Center for Materials Re- 
search, University of Missouri, Rolla, Mo., October 31, 1967. 

Electrochemical Society Active Member. 

that research on metal surfaces has already contri- 
buted appreciably to the development of catalysts for 
chemical processing, to the reduction of friction and 
wear of metals, and to prolonging the life and safety 
of metal equipment exposed to aggressive environ- 
ments. On a scientific level, the relation between 
adsorption on transition metal alloys and unfilled 
d electron levels has contributed better insight 
into both the mechanism of catalysis (1) and the 
nature of passive films (2-4) accounting for the ex- 
cellent corrosion resistance of chromium, titanium, 
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stainless steels, Monels, and related metals.2 Further- 
more, current knowledge of heterogeneous reaction 
rates has been appreciably advanced by the well- 
established electrochemical theory of corrosion and by 
the Wagner theory of metal oxidation at elevated 
temperatures. Increased meaning has been given to 
potential and polarization measurements beyond any- 
thing available during the early development of classi- 
cal electrochemistry. As a result, it is now possible to 
calculate instantaneous reaction rates from rapid po- 
larization data, a technique that proves especially val- 
uable in assessing metals for use in the human body. 
Advances in electrode kinetics have contributed a 
clearer insight into factors which add efficiency to cor- 
rosion inhibitors. On the other hand, they also identify 
with devices such as the fuel cell which has captured 
public attention because of its high theoretical effi- 
ciency and its possible alleviation of air pollution. 
But the advances which are necessary to move the 
fuel cell out of the laboratory into large-scale commer- 
cial use, still remain undiscovered among the prop- 
erties of metal surfaces. 

Advances in Corrosion Science and Engineering 
To list all of the many technological advances that 

have benefitted from corrosion research is not my 
present purpose. In a brief outline such as this, one 
should however at least mention the advent of the 
rust-resistant stainless steels which first appeared on 
the scene about 50 years ago as a result of empirical 
probing. They made an initial major impact on the 
synthetic nitric acid industry, on design of cutlery 
and hospital equipment, and on architectural and auto- 
motive trim. Similarly the technique of cathodic pro- 
tection, a long-established development resulting from 
basic studies of electrochemistry by Sir Humphrey 
Davy, has made it feasible to transport gas and oil, as 
is now done, over thousands of miles through buried 
steel piping securely guaranteed against corrosion. 
Any unpredictable deterioration of such piping is not 
tolerable because of catastrophic consequences, par- 
ticularly with internal gas pressures reaching 1000 
psi. Furthermore the classical galvanized corrosion- 
resistant coatings on steel, first patented in F'rance 
as early as 1836, still find increasing use today for 
marine and atmospheric exposures. Some recent ap- 
plications extend the life and safety of steel auto- 
mobile frames and accessory equipment exposed to 
corrosive salt applied to snow-laden streets of northern 
climates. Mention can also be made of corrosion Con- 
trol methods applied to steam boilers such as deaera- 
tion of feed water and the addition of various chemical 
inhibitors in order to increase the efficiency and safety 
of boiler operation and at the same time to materially 
reduce the cost of generated power. It is not always 
realized that use of commercial corrosion inhibitors in 
a variety of industries, including the utilities, plays an 
important part in supporting our industrial economy. 

a For illustration, the good catalytic properties of Pd for the ortho- 
Dara hydrogen conversion are retained. more or less. bv Pd-Au 
alloys 80 10% as the d band of electronic energy levels 16 Pd re- 
main unfilled. At 60 A/o (atom per cent) Au, the d band becomes 
Rued by donor electrons of alloyed Au. resultlnz in Doorer catalytic 
properties for alloys of this or-higher Au comfiaitions. paralleling 
the ~roDertie.3 of aure Au (1). 

~iinilirly, in th6 Cu-NI alloy system, the alloys are passive so 
long as the d band of energy levels remain unfilled (2. 3). Passiv- 
itv m this case is measured bv an observed Dasslve current densitv 
~dwer in value than a criticil current deniity needed to achieve 
passivity in polarization curves for the alloys in 1N HBO, (Fig. 1). 
As Cu is added to Ni, the single 4s electron of the Cu atom fllla 
the 1.6 vacancies per surface a tom of Ni, increasing the critical 
current density and also the passlve current density (Flg. 2). At 
the com~osition at which the d band Is 100% filled, or any compo- 
sition above this value, the passive current denslties disappear (or 
critical and wssive current densities Intersect) and the alloys UD 
to and including pure Cu are therefore not passive. Other elemenis 
alloyed with Cu-Ni alloys may also be a source of donor electrons. 
In single-phase solid solution alloys, it is observed that alloyed Zn 
contributes 2 electrons per atom (4). (and hence one Zn is equiv- 
alent to two Cu atoms in the Ni alloy), Al contributes 3 electrons 
(5). Ga contributes 3 electrons, and Ge contributes 4 electrons (6) 
per atom as is expected from the number of electrons in the outer- 
most orbits of these elements. In each case, the alloy loses its 
passive characteristics very near to the composition corresponding 
to 100% filled d band. These results support the view that the pas- 
sive film on such alloys has an adsorbed structure rather than a 
structure consisting of a single or mixed stoichiometrlc metal oxide. 

-1.6 I I 
, \ ,  I I 

10.' lo-* 10.' I 10 lo1 10' 
Current  D e n s i t y ,  n a l c m '  

Fig. 1. Potentiostatic anodic polarization curves for 78.3% Ni- 
Cu, 49.9% Ni-Cu (unfilled d bands) and 30.4% Ni-Cu (filled 
d band) in IN HzS04, 25'C. Rates of potential change as shown. 

, d m  wt.  ~ m e n t  copper 

Fig. 2. Critical current densities and passive current densities 
for Cu-Ni alloys in 1N H2S04, 2.5-C. The d band of electronic en- 
ergy levels is filled by electrons from Cu at about 60% CU. 

They are employed, for example, to increase the life 
of automotive engines (as added to lubricating oils), 
heat exchangers, storage tanks, distribution piping, air 
conditioning equipment, pickling tanks, and steam - . -  
lines. 

Recent corrosion research has produced titanium 
alloys containing a few tenths per cent palladium with 
greatly improved resistance to aggressive acids. Al- 
loyed steels are available, much less expensive than 
stainless steels, which do not need painting or other 
types of maintenance. They make use of an adherent 
natural rust film which essentially protects the under- 
lying metal from further attack. Their promise derives 
from the present high labor costs of painting which, 
over the life of a steel structure, may exceed the 
original cost of construction. Mention might also be 
made of anodic protection, a new technique for cor- 
rosion control in the chemical industry which re- 
sulted from fundamental studies of passivity. Using a 
moderate electric current at controlled potential, it is 
possible to employ ordinary steels in contact with 
hot corrosive acids avoiding the extremely high re- 
action rates which otherwise occur. Cathodic protec- 
tion in similar applications require uneconomically 
high current densities attended by undesirable gas 
evolution. 
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Unsolved Problems 
The number of unsolved problems relating to metal 

surfaces is limited only by human imagination. Po- 
tentially important advances could obviously be made 
through improved catalysts, better lubricants, and 
more efficient corrosion inhibitors, to name but a few. 
And it should also be recognized perhaps that any 
scientific breakthrough on knowledge of surfaces has 
an immediate impact on several fields rather than on 
one field alone. Hence fundamental research in corro- 
sion, about which the writer is most familiar, is in 
position to benefit present knowledge of catalysis (e.g., 
effect of d electron vacancies, mentioned earlier, or the 
structure and composition of initially formed films on 
metals) or of our present understanding of lubrication 
and wear (through studies of mechanically activated 
chemical reactions such as occur in fretting corrosion 
or in cavitation-erosion) or of devices which depend 
on electron emission (through studies of surface films). 

The unsolved problems of today which exert pres- 
sure for some satisfactory practical solution are usu- 
ally approached either empirically or more effectively 
through some depth of scientific understanding. Basic- 
ally, the most important unsolved problem of metal 
surfaces is the achievement of an adequate scientific 
understanding. Is the passive film on stainless steels 
a metal oxide or is it instead an adsorbed complex of 
oxygen and water? It makes a great difference if one 
plans to expend development funds for improving 
protective surface films by the particular approaches 
of anodizing or of low-temperature oxidation. Or what 
is the optimum chemical structure of a nontoxic cor- 
rosion inhibitor suited to avoid rusty water in steel 
distribution mains? Polyphosphates, the action of 
which is little understood, are used by many com- 
munities, but how should one best go about finding 
a better inhibitor? Or to cite a more spectacular ex- 
ample, by what basic mechanism do high-strength 
metals fail unexpectedly by cracking when exposed 
to natural environments? Does an electrochemical me- 
chanism apply, or does a brittle surface film con- 
tinuously rupture, or does the surface instead undergo 
reduction in energy (hence favoring the crack process) 
because of environmental adsorption? All three me- 
chanisms have been suggested. The practical problem 
presents a serious bottleneck to engineering designs 
making use of high-strength materials whether for 
the aircraft, hydrospace or aerospace programs. If one 
includes threatened stress corrosion cracking of high- 
nickel alloys used for atomic energy installations, it 
is obvious that this unsolved surface problem alone 
affects progress in practically every important outpost 
of modern technology. Again, the best approach to 
overcoming environmental cracking depends very 
much on which mechanism is finally shown to apply. 
Otherwise, the approach remains a shotgun effort with 
scattered results. 

At least three scientific areas must be expanded if 
a more satisfactory background on surface problems is 
to become available. These are: (a) studies of electrode 
kinetics, ( b )  studies on the nature of initially formed 
surface films on metals, (c) studies of how metals 
subject to a tensile stress interact with their environ- 
ments. 

Under the subject of electrode kinetics, more general 
quantitative information is needed, including that re- 
lated to adsorption and desorption of ions and of 
organic complexes on metals as a function of applied 
potential. Additional information is required, for ex- 
ample, on factors both within the metal and within 
the environment which influence the Tafel constants 
expressing anodic dissolution rates of metals. 

Regarding surface films, more information is needed 
on the composition and structure of passive films 
common to the stainless steels, and which are also 
germane to the phenomenally passive metals like tan- 
talum and hafnium. For thicker oxide Alms which 
form at elevated temperatures, the question arises as 
to the role of space charges, reaching a distance of 
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10,000A into the oxide, on both surface properties 
and on the oxidation mechaflism. How do small addi- 
tions of rare earth metals improve the spalling charac- 
teristics of oxide films, thereby improving high tem- 
perature oxidation resistance? What is the nature of 
the chemical reaction between metals and their en- 
vironment during fretting corrosion (caused by sliding 
surfaces) ? It is known that in air at room temperature, 
iron frets to form particles of metallic iron and of a 
FezO3, but in HzS it is FeS that forms and in COz the 
reaction product is FeCO3. 

In problems of environmental cracking, called stress 
corrosion cracking, what is the role of complex ions 
and what part does the corrosion potential play in 
determining initiation or rate of cracking? What are 
detailed factors in the metal which determine whether 
dislocations emerge and which determine their half 
life at a metal surface during which adsorption pre- 
sumably occurs? What are the effects of impurities, 
lattice structure and alloying components on densities 
of emergent dislocations? What are the chemical prop- 
erties of surface dislocations which account for Nos- 
adsorbing, or otherwise interacting with iron, causing 
subsequent cracking, and which also account for the 
ineffectiveness of C1- to cause the same damage? Or 
in austenitic stainless steels, which are essentially 
iron-base alloys, what are the properties of surface 
imperfections which make C1- damaging and NOS- 
nondamaging? 

Conclusions 
Fundamental knowledge necessary to solve various 

surface problems of the kind described have tradition- 
ally been supported on a hit-or-miss basis fluctuating 
with the number of military or industrial crises at 
any given moment. The modest accumulated science 
of metal surfaces presently at hand has been helpful, 
but unfortunately not adequate to contribute what is 
needed for continuing technological progress. The es- 
tablishment of materials science centers, of which the 
present center at the University of Missouri is a wel- 
come example, promises to supply more of the science 
which is now missing. Contributions of such research 
centers to surface properties, and to corrosion prob- 
lems in particular, are patiently awaited by many of 
those who hope to use materials to optimum advan- 
tage when exposed, as they most always are, to some 
environment which affects their ultimate properties 
and useful life. In the long run, increased attention 
to chemical and surface properties of materials, on 
par with mechanical or physical properties, will lead 
to a better evaluation of the environmental effects 
which are becoming increasingly important to modern 
engineering design. This kind of information must be 
available, of course, for both metallic and nonmetallic 
materials, because all materials are subject to some 
degree of environmental damage, the extent of which 
sensitively bears on their satisfactory incorporation 
into some machine or structure. 

At one time I recommended (7) that corrosion re- 
search would greatly benefit through the continuous 
support provided by a National Institute of Corrosion 
Control established on a smaller scale but similar to 
our well-known National Institutes of Health. Perhaps 
the need for such an Institute is made less urgent by 
the several materials science centers which have since 
been established. Yet the variety of problems which 
are inherent to advanced materials and which fully 
occupy present research facilities all over the nation, 
suggest that a special coordinated research effort at 
such a national center with specific emphasis on chemi- 
cal and surface properties deserves further considera- 
tion. The added functions which such an Institute 
could provide, for example, are (A) detailed expect 
attention to corrosion engineering problems of broad 
public concern affecting the many small businesses 
and communities unlikely to undertake a broad range 
research program on their own initiative. (B) The 
effective dissemination of general corrosion control 
know-how to all those able to make use of it. (C) The 
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support and prosecution o f  fundamental research on Manuscript received December 17, 1967. 
properties of surfaces supplying new knowledge not  
only o n  meta l  reaction rates bu t  also on other prop- 
erties of  value to  related scientific disciplines similar ly References 

concerned w i t h  surface behavior. 1. A. Couper and D. Eley, Discussions, Faraday Soc., 
In whatever way  it is  finally accomplished, w e  stand 8,172 (1950). 

as a nation t o  benefit f rom research programs, con- 2. H. Uhlig, 2. Elektrochem., 62, 700 (1958). 
sMered in depth, which br ing the many disciplines of 3. J. Osterwald and H. Uhlig, This Journal, 108, 515 
the physical sciences to  bear on solutions of surface (1961). 
problems. Only a relat ively short t ime ago these prob- 4. D. Stolica and H. Uhlie. ibid.. 110. 1215 (1963). - -- - ". - --- 7 ---, - --  .- - -  , - 
lems, including corrosion phenomena, were considered, 5. F. Mdnsfeld and H. Uhl ig  Paper Resented at the 
l i ke  the weather, to be unpredictable and hardly amen- Chicago Meeting of  the 'society, Oct. 15-19, 1967, 
able to  scientific insieht. The dedication of  this Grad- as Abstract 54. . . 
uate Center of  ~ a t e G a l s  Research at Rol la symbolizes 6. F. ~ a n i f e l d  and H. Uhlig, Unpublished observa- 
our entrv in to a more enlirrhtened era of  materials tions. 
research,- 

- 
7. H. Uhlig, Corrosion, 18, 311t (1962). 

is perhaps its most outstanding feature business meeting May 8, 1968 during 

D lvl s 10 N N EWS and has substantially contributed to an the Boston Meeting of the Society. 
understanding of the mechanism in- 
volved. Clifford A. Hampel, 

Dr. Prinale's recent ~a r t i c i~a t ion  at Chairman 
the 1967 Dallas ~ e e t i n g  was based on 

Dielectrics and Insulation a continuation and extension of these 
Division 

The Annual Luncheon and Business 
Meeting of the Dielectrics and Insula- 
tion Division will be held during the 
Spring Meeting of the Society in Bos- 
ton, Mass., May 5-9, 1968. As a contin- 
uation of the policy of offering an out- 
standing speaker for the occasion, 
Jerome B. Wiesner, Provost of the 
Massachusetts Institute of Technology 
and former Scientific Advisor to Presi- 
dents Kennedy and Johnson, will speak 
on a topic of current interest. Dr. Wies- 
ner is internationally known for his in- 
terest in the relationships between sci- 
entific and governmental affairs. 

During the Business Meeting the 
presentation of the first T. D. Callinan 
Award will be made. Details on the 
award are given below. 

The Luncheon and Business Meeting 
will be held in the Bay State Room of 
the Statler Hilton Hotel from 12:15 to 
2:00 P.M. on Monday, May 6. Tickets 
may be purchased in the Registration 
area at the Statler Hilton. 

Donald M. Smyth, 
Secretary 

1. D. Callinan Award 
Of the Dielectrics and 

Insulation Division 
In recognition of their contributions 

to the study of anodic oxide growth 
mechanisms, J. A. Davies and J. P. S. 
Pringle, Atomic Energy of Canada, Ltd., 
Chalk River Nuclear Laboratory, Chalk 
River, Ont., Canada, have been selected 
as joint recipients of the T. D. Callinan 
Award. Their work, which was reported 
in a group of separate and joint pub- 
lications, extended over the period 1962 
through 1967. Within this period Dr. 
Davies and Dr. Pringle developed and 
used Beta-ray spectroscopy and radio- 
tracer techniques as an experimental 
tool for the study of anodic oxide 
growth mechanisms. The reliability of 
the results obtained with this technique 

techniques and dealt with the concen- 
tration profiles of atomic species within 
anodic oxide tantalum film. His pre- 
sentation was well received and repre- 
sented one of the outstanding contri- 
butions at the Divisional level. 

With the presentation of this award, 
the Dielectrics and Insulation Division 
inaugurates a new program which origi- 
nated during Dr. B. Eichbaum's Chair- 
manship. The Division through this 
award seeks recognition of recent mean- 
ingful contributions. Consistent with 
these objectives the award bears the 
name Thomas D. Callinan who during 
his life generously cont,ributed both his 
time and energy to the growth and de- 
velopment of the Division in addition 
to being its Divisional Editor on the 
JOURNAL and member of the Board of 
Directors of the Society. 

Presentation of the T. D. Callinan 
Award will take place at the Division 
Luncheon and Business Meeting being 
held in the Spring of 1968. 

Edward M. DeSilva, 
ViceChairman 

Industrial Electrolytic Division 
The Nominating Committee of the 

Industrial Electrolytic Division, com- 
prised of E. F. Kiefer, V. J. Cable and 
R. M. Hunter, Chairman, presents the 
following slate of nominees for the 
two-year terms for each of the offices 
listed: 

Chairman-T. R. Beck, Boeing Sci- 
entific Research Laboratories, Seattle, 
Wash. 

Vice-Chairman-J. H. Nichols, Mon- 
santo Co., St. Louis, Mo. 

Secretary-Treasurer-R. N. Hyer, 
Vulcan Materials, Co., P. 0. Box 545, 
Wichita, Ka., J. H. Sullivan, Dow Chemi- 
cal Co., Midland, Mich., and L. E. 
Vaaler, Union Carbide Corp., P.O. Box 
6116, Cleveland, Ohio. 

The election of officers will be held 
at the Division's annual luncheon and 

SECTION NEWS 

Chicago Section 
On January 11, 1968 the Chicago 

Sect~on met at the Chicago Engineers 
Club to hear 2. Andrew Foroulis, Esso 
Research and Engineering Co., Florham 
Park, N. J., present a paper "On the 
Kinetics of Iron Dissolution in Acid 
Chloride Solutions!' 

The following is a summary: 
The mechanism of the corrosion of 

iron in acid chloride solutions is ex- 
amined in detail. Galvanostatic transi- 
ents are used to investigate dissolution 
kinetics. Influences of potential, pH 
and ferrous iron concentration on 
steady-state dissolution and deposition 
reactions are illustrated. Dependency 
of the hydrogen evolution reaction on 
pH and potential are also considered 
for this system. 

On February 15, 1968 the Chicago 
Section met at the Chicago Engineers 
Club, to hear Dr. James H. Green- 
wald, St. Catherine Hospital, Heart 

Review Section . . . . . . . . . . . . . . . . . . . .  i05c 
Division News . . . . . . . . . . . . . . . . . . . . . .  lllC 
Section News . . . . . . . . . . . . . . . . . . . . . . .  lllC 
Officers Take Office .. . . . . . . . . . . . . . . . .  112C 
People . . . . . . . . . . . . . . . . . .  ... ..... .... 1uc 
Boston Meeting Committee .......... 114C 
Obituary .... . . . . . . . . . . . . . . . . . . . . . . . .  11% 
Book Reviews . . . . . . . . . . . . . . . . . . . . . .  11% 
New Books . . . . . . . . . . . . . . . . . . . . . . . . . .  116C 
Membership Statistics . . . . . . . . . . . . . . .  ,116C 
News Items . . . . . . . . . . . . . . . . . . . . . . . . .  117C 
Out-of-Print Extended Abstract 

Volumes .......................... 118C 
Positions Available .................. 120C 
Call For papers Montreal Meeting .... 1zlC 
Montreal Symposia . . . . . . . . . . . . . . . . . .  122C 
75-word Abstract Form . . . . . . . . . . . . . . .  124C 



112C JOURNAL OF THE ELECTROCHEMICAL SOCIETY April 1968 

Campbell, King, and Turner Take Office in Boston 

lvor E. Campbell Cecil V. King Dennis R. Turner 

As a result of the recent annual Dr. Turner, Supervisor of Basic 
election in which the voting was by Electrochemical Development at Bell 
mail ballot, lvor E. Campbell has been Telephone Laboratories, Inc., Murray 
elected the new President (1968-1969) Hill, N. J., begins his first year of his 
of The Electrochemical Society, Cecil three year term as Secretary. 
V. King has been elected Vice-Presi- 
dent (1968-19711, and Dennis R. Turner 
has been elected Secretary (1968- 
1971). They will take office on May 9, 
1968. 

Dr. Campbell, Engineering Manager, 
Semiconductor Division, Westinghouse 
Electric Corp., Youngwood, Pa., re- 
places Harry C. Gatos, who will con- 
tinue as a Past-President on the Board 
of Directors. 

Dr. King, American Gas & Chemicals, 
Inc., New York, N. Y., begins his first 
year of his three year term as Vice- 
President. 

Dr. Turner's three-year term of office 
starts with the completion of the 
Boston Meeting. However, with the 
resignation of Dr. Richard F. Bechtold 
as Secrerary, the Board of Directors 
at their meeting on January 5, 1968 
appointed Dr. Turner to f i l l  Dr. Bech- 
told's unexpired term. 

Other offices not affected by this 
election are those of the two Vice- 
Presidents and Treasurer, N. Corey 
Cahoon, Charles W. Tobias, and R. 
Homer Cherry, respectively. 

Station, East Chicago, Ind., speak on 
"Artificial Renal Dialysis." 

The following is a summary: 
Artificial renal dialysis is only now 

becoming widely established as a prac- 
tical technique. Individuals whose kid- 
neys, for one reason or another, have 
ceased to function at a level adequate 
to maintain life, can now be helped 
with long term dialysis at home or 
in community dialysis units. Modern 
techniques provide for calculable main- 
tenance of physiological balance, func- 
tionally equivalent to the clearance of 
the natural kidney, where separation 
of crystaloids and colloids in  solution 
is accomplished by the difference in 
their passage through a semipermeable 
membrane. Crystalloids diffuse through 
the membrane readily while colloids 
pass very slowly or not at all. Special 
considerations must be given to main- 
taining electrolyte and pH stability dur- 
ing treatments. 

I. H. Pmnger, 
Secretary 

Midland Section 
On January 30, 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, Dr. F. Hubbard Horn, was 
held at the Hickory House. 

Dr. Horn, Manager of a Semiconduc- 
tor Group at General Electric Research 
and Development Center, presented a 

brief illustrated summary of the rapid 
developments in silicon devices, be- 
ginning with the siraplest junction rec- 
tifier through the very complex inte- 
grated circuit devices in present and 
anticipated usage. The principal theme 
was concerned with a plea for better, 
more workable parameters for initial 
selection of silicon which would allow 
better control and more predictable re- 
sults during the complex processing 
steps leading up to final integrated 
circuits. Considerable enthusiastic au- 
dience discussion followed the presen- 
tation. 

John A.'Van Westenburg, 
Secretary-Treasurer 

National Capital Area Section 
The National Capital Area Section 

held its first meeting of 1968 on 
February 1st at the American Univer- 
sity, Beeghly Chemistry Building. 
Ernst M. Cohn, National Aeronautics 
and Space Administration, was guest 
speaker and spoke on "Fuel Cell Fore- 
casts and Practical Problems," in 
which he described various types of 
fuel cells, the problems encountered 
and their possible uses. For practical 
application, he believes that a major 
breakthrough is required. Present fuel 
cells have relatively short lives, about 
three months, require too much space 
and are too heavy per Kw. 

6an Francisco Section 
The January 17, 1968 meeting of 

the San Francisco Section was held 

at the Holiday Inn, South San Fran- 
cisco. 

Chairman Cox announced the ap- 
pointment of a nominating committee 
composed of M. E. Sibert, Chairman, 
Scott Lynn and Walt Benzing. The re- 
port of this committee will be made 
at the March or April meeting and 
ballots will be mailed prior to the May 
meeting to all members. 

The meeting was then turned over to 
Ted Katan who introduced the speaker 
of the evening, H. Gerischer, who has 
been visiting the University of Cali- 
fornia at Berkeley. Dr. Gerischer is 
Professor of Physical Chemistry and 
Director of the Institute of Physical 
Chemistry and Electrochemistry at the 
Technical University of Munich. He de- 
scribed in his talk the reactions that 
occur at a semiconductor electrode in 
an attacking environment, and de- 
scribed the injection and extraction of 
holes and electrons that occur in ad- 
dition to the anodic and cathodic 
processes that occur at metal elec- 
trodes. The experimental studies of the 
corrosion of germanium and gallium 
arsenide were discussed and evidence 
for the role of chemical attack was 
presented. 

The First Regional Technical Confer- 
ence was held at the Hilton Inn in San 
Francisco on March 7. Ed Duffek was 
Chairman of the Conference which com- 
prised the following guest speakers and 
subjects: 

"Mechanisms of Electrolytic Decom- 
position of Semiconductors," H. Ger- 
ischer. Director, Institute of Physical 
chemistry, ~echn .  ~ochnschule,- Mu- 
nich, Germany. 

"Heterogeneous Nucleation in Vapor 
Depositi;n and Thin Epitaxial Mono- 
crystals, G. M. Pound, Professor, 
Materials Science Department, Stan- 
foid University, Stanford, California. 

Electrodeposited Magnetic Films," 
I. W. Wolf, Manager, Materials and De- 
vices Section, Ampex Corp., Redwood 
C i f ~  Calif. 

Epitaxial Growth of GaAs, InAs, and 
Their Allovs!' M. E. Jones. Director. 
Materials -Science ~esearch ~abora: 
tow. Texas Instruments, Inc., Dallas, . .  exa as. 

"Evolution of Performance Versus 
Cost in Semiconductor Technology," 
C. S. Roberts, Consultant, Materials 
and Processes. 

A. E. Hultquist, 
Gecretary 

PEOPLE 

A. H. Anderren, after 30 years of 
service, has retired from his position 
as assistant vice-president, Research 
and Development of Shawinigan Chem- 
icals Ltd., Montreal, Canada. 

Robert Bakish has been promoted 
to vice-president, Research and De- 
velopment of Republic Foil Inc., Dan- 
bury, Conn. 
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Karl V. Kordesch, Union Carbide 
Corp., Parma, Ohio, in recognition of 
his work in fuel cell research, was dec- 
orated with the Wilhelm Exner Medal 
by Austrian Chancellor Dr. Josef Klaus 
at ceremonies held last December 15 in 
Vienna. The medal was bestowed on 
behalf of the Austrian Society for In- 
dustry and Commerce, the oldest or- 
ganization in Austria concerned with 
advances in industry and commerce. 

Dr. Kordesch, a native of Vienna, re- 
ceived his Ph.D. degree from the Uni- 
versity of Vienna in 1948. His thesis 
was on the separation of amino acids. 
In addition to his interests in organic 
chemistry, air electrodes for galvanic 
cells--and later fuel cells--became his 
main field of investigation. 

In 1955 Dr. Kordesch joined the Na- 
tional Carbon Division of Union Carbide 
in Cleveland as a member of the bat- 
tery research group. The alkaline "En- 
ergizer" battery was one of his main 
areas of study and basic patents on 
this system are in his name. Within 
a few years fuel cell research was in- 
tensified and in 1958 he became head 
of the fuel cell research group at the 
National Carbon Research Laboratories. 
He is at present sewing in the same 
capacity for the Electronics Division of 
Union Carbide at Parma. 

Henry B. Linford, professor of Chem- 
ical Engineering, Columbia University, 
New York, N. Y., has been awarded the 
"Great Teacher Award" for 1968, spon- 
sored by the Society of Older Graduates 
of Columbia University. The award was 
presented at the society's annual din- 
ner held at the Columbia University 
Club on January 10. McGOVERN SENTER & ASSOCIATES, Inc. Professor Linford, who has been a L MANAGEMENT CONSULTANTS 
member of the Columbia faculty for 27 ONE HUNDRED THIRTY FOUR MAIN STREET 

years, was cited, in part, as "a dedi- 
cated teacher of undergraduates valu- 
ing always the close contact with stu- 
dents which has inspired them to emu- 
late your example." 

He joined the Columbia faculty in 
1941 as an instructor in chemical en- 
gineering. He was an assistant profes- 
sor from 1946 to 1949, when he became 
associate professor of chemical engi- 
neering. He has been a full professor 
since 1952. 

Hans R. Neumark has retired after 
30 Years of sewice from his position 
as corporate director of Government 
Liaison with Allied Chemical Corp., and 
now serves as an independent con- 
sultant to the aerospace and chemical 
industry in the field of chemical pro- 
pellants and related matters such as 
handling and safety procedures. 

Soeren S. Nielsen has recently been 
appointed to the Technical Committee 
on Underwater Propulsion of the Ameri- 
can Institute of Aeronautics and As- 
tronautics. 

Mr. Nielsen is manager-new prod- 
ucts development, Gould-National Bat- 
teries, Inc., st. Paul, Minn. AS a mem- 
ber of the committee he will be in- 
volved with special projects, annual 
meetings, and monitoring the publica- 

I STONEHAM. MASSACHUSElTS - I 

MATERIAL and PROCESS 
DEVELOPMENT 

PhDIMSlBS Ch., Met., or Phys. to 
develop workable Solid State mem- 
ory and logic monolithic chip mater- 
ials and processes for masking, 
photoresist, etching, oxidizing, diffu- 
sing, evaporating, and sputtering 
technologies. 

Salary: Open. 

Please send resume to Charles S. 
Langenfeld at the address above. 
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Boston Meeting Committee 

W. Williom Harvey Emerson H. Newton Mortin Weinstein 

Mario D. Banus Ralph B. Soper Martin 5. Frant 

Members of the Boston Meeting Committee under General Chairman W. William Harvey (Kennecott Copper Corp.) are: Emenon H. 
Newton (Arthur D. Little, Inc.) Vice-Chairman; Martin Weinstein (Tyco Laboratories, Inc.) Secretary; Mario D. Banus (MIT Lincoln Labom- 
tory) Arrangements; Ralph B. Soper (Semiconductor Processing Co. I nc.) Registration; Martin 5. Frant (Orion Research, Inc.) Entertainment. 
Photographs not available on: Charles Levy (Swift Laboratories, Inc.) Finance; and Mrs. Charles Levy, Ladies' Program. 

133rd National Meeting 

Boston Pops 
A number of tables at the and chairs; wine, champagne, 

famed Boston Pops Concert will soft drinks, and light refresh- 
be available for members and ments are sewed during the con- 
guests attending the National cert. 
Meeting on Wednesday, May 8th. The program begins at 8:30 
The Pops Concerts, under the di- P.M. 
rection of Arthur Fiedler, have The concerts are extremely 
been a Boston tradition for many popular and the local committee 
years. The usually staid and re- has only been able to get a lim- 
spectable Symphony Hall re- ited number of seats. These will 
sounds to the members of the be sold at $5.00 each at the regis- 
Boston Symphony playing light tration desk. 
classical music and to the Private means of transportation 
sounds of champagne bottles will have to be arranged. 
popping. Instead of the usual 
stiff-backed seats, the floor of Martin S. Frant 
Symphony Hall contains tables Entertainment Committee 

era1 Electric Co. for the development 
of fuel cells that provided power for 
the Gemini spacecraft. He authored 
numerous patents and applications and 
is coinventor of key elements in the 
Gemini fuel cell system. 

Lockhart B. (Buck) Rogers, head of 
Purdue University's productive, six man 
analytical chemistry division, has been 
named recipient of the Fisher Award in 
Analytical Chemistry presented by the 
American Chemical Society. 

Dr. Rogers received an M.A. degree 
in 1939 and a Ph.D. degree in 1942 
from Purdue University under the di- 
rection of Earle R. Caley (now at Ohio 
State University). After completing 
graduate work, he taught at Stanford 
University for four years and then 
joined Oak Ridge National Laboratory, 
where he Sewed as a group leader in 
analytical research until 1948. He then 
taught at MIT for 3 years and in 

People continued Mr. Rigopulos directed Amicon's ul- 1961 he joined the Purdue faculty. 
tions of the institute in the areas of trafiltration membrane development At Purdue, and MIT where he form- 
underwater propulsion. toward practical application as well as erly taught, Dr. Rogers has been a key 

world-wide use and has headed the figure in strengthening the analytical 
Peter N. Rigopulos, general manager, Diaflo Products Division since its in- chemistry programs. With 1963 Fisher 

Diaflo Products Division, Amicon Corp., ception. Awardee Dr. David N. Hume he in- 
Lexington, Mass., has been elected Before joining Amicon, he shared jected more organic quantitative 
vice-president of that company. management responsibilities at Gen- analysis ~n MIT's undergraduate 



Vol. 115, No. 4 ELECTROCHEMICAL SOCIETY NEWS AND REVIEWS 1 1 5 ~ k  

courses and promoted the use of un- 
knowns that were "live problems." At 
Purdue, he helps juniors in quantita- 
tive analysis tackle problems such as 
the quantitative determination of amino 
acids by solution chromatography and 
spectrophotometry and the determina- 
tion of the amount of material in a 
gas chromatographic peak. 

His publications, numbering more 
than a hundred, span areas including 
organic analytical reagents, electro- 
chemical methods, spectrophotometry, 
thermal methods, radioactive methods, 
fluorescence, nuclear magnetic reso- 
nance, and gas chromatography. 

OBITUARY 

Stanislaus Skowronski 
We regret to record the death of 

Stanislaus Skowronski on January 13, 
1968. Mr. Skowronski, one of our old- 
est members, joined the Society in 
1907 and was made an honorary mem- 
ber in 1961. He was born in Bex, 
Switzerland on July 8, 1881, came to 
this country as a young man, and 
graduated as a chemical engineer from 
Massachusetts Institute of Technology 
in 1904. He was naturalized and mar- 
ried in 1910. 

After two years with the Republic 
Rubber Co, he joined the American 
Smelting and Refining Co. in New 
Jersey and later became research en- 
gineer with the Raritan Copper Works, 
and finally with the International 
Smelting and Refining Co. which was 
acquired in 1914 by the Anaconda Co. 
He retired in 1956. Until retirement he 
was for several years an adjunct pro- 
fessor at the Polytechnic Institute of 
Brooklyn. 

Mr. Skowronski published more than 
twenty-five papers devoted largely to 
copper refining on which he became 
an authority. He presented a paper 
before the Society in 1927 on "Twenty- 
Five Years of Progress in the Elec- 
trolytic Refining of Copper." 

Mr. Skowronski was active in the 
affairs of The Electrochemical Society 
and was a member of the Board of 
Managers from 1935 to 1938. 

BOOK REVIEWS 

"High-Temperature Materials and Tach- 
nology," Edited by I. E. Campbell 
and E. M. Sherwood. Published by 
John Wiley & Sons, Inc., New York, 
1967. 1022 pages; $27.50. 
This volume is part of The Elec- 

trochemical Society Series and is a 
revision of the earlier "High-Tempera- 
ture Technology" (Wiley 1956). In most 
cases it is completely rewritten by es- 
tablished authorities in a particular as- 
pect of the topic. I t  is divided into 
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sections dealing with the chemistry of 
high-temperature reactions and species, 
materials (metals, oxides, cermets, sul- 
fides, etc.) for high temperature, meth- 
ods of attaining high temperature and 
measurements of temperature and ma- 
ter~als properties at high temperatures. 

All in all, this cohesive collection 
serves multifunctions: to cover the 
field, to instruct the initiate and to 
serve as a data and reference source 
for the experienced. In addition to the 
research scientist, it is also to be 
highly recommended to the materials 
engineer and could be easily used as 
an auxiliary text or source book for the 
person engaged in or pursuing a de- 
gree in Materials Science. 

I t  is to be recommended highly for 
those who are engaged both in re- 
search and applications in this area of 
endeavor, for i t  covers adequately the 
theoretical and practical aspects of the 
materials used for high-temperature 
and the techniques for obse~ing and 
measuring phenomena at these tem- 
peratures, 

"The Chemistry of Molten Salts," by 
Harry Bloom. Published by W. A. 
Benjamin, Inc., New York, 1967. 184 
pages; $10.00. 
The vogue today is topics courses in 

the various fields of science. To serve 
this type of course, generally advanced, 
in which a number of specific topics 
are covered, text books are appearing. 
This book introduces the student to 
the field of molten salt chemistry, cov- 
ers most of the pertinent physical and 
chemical aspects of the topic and cov- 
e n  the structure, thermodynamics, solu- 
tions, optical and transparent proper- 
ties, and specific metal molten salt 
solutions and applications. There is a 
small number of problems for the 
student. 

This book will be useful to students 
and technicians. 

NEW BOOKS 

"The Palladium Hydrogen System," by 
F. A. Lewis. Published by Academic 
Press, New York, 1967. 178 pages; 
$9.00. 
An ua-todate coverage of the theoretical 

c & 5 i d ~ a ~ o ~ ~  goyerniiip the behavior of 
hydrogen In palladium and ~ t s  effect on the 
structural and other properties of palladium. 
Thermodynamic factors and diffusion Pa- 
rameters are discussed fully. 

"Low Noise Electronics," by W. P. Jolly. 
Published by American Elsevier Pub- 
lishing Co., Inc., New York, 1967. 149 
Daees: $5.00. , - . .  
The subtitle "An Introduction to Quan- 

tum and ~lect;on Beam Electronics " is Well 
served by the author's coverage 'of noise 
p z p m e n a  in masers, lasers, electron beam 

narametric amnl~hers. etc. It is a 
,ii? iii tiderstanhable introduction to 

this' topic. 

"Trace Characterization-Chemical and 
Physical," Edited by W. W. Meinke 
and B. F. Scribner. Published by Na- 
tional Bureau of Standards, Wash- 

ECS Membership Statistics 
The fol lowing three tables give a sum of the figures in that l ine since 

breakdown of membership as of members belong to more than one 
January 1, 1968. In Table I i t should Division. The totals listed are the 
be noted that the totals appearing in total membership in each section. 
the right-hand column are not  the 

Table I. ECS Membership by Sections and Divisions 

Division 
X 
$ p I b  E 

t.0 0s .s .g p E $2 t i  a"; Z a $ g  g w o - o 

E I $ 3  $1 3 5  54 5 j  2; a 15 I$ -* 2 & ;$ g g 84 za QS $2 
Section $ $ a  a i i i i i i  E c g 5  c" 

Chicago 40 30 8 33 45 12 14 13 27 6 162 181 
Cleveland 56 26 2 36 44 11 23 25 49 7 192 186 
Detroit  33 35 3 54 23 13 13 10 45 4 120 130 
Midland 4 6 2 9 3 9 1 6 8  47 45 
Metropolitan- 

New York 
Niagara Falls 
Pacific N. W. 
Philadelphia 
Pittsburgh 
San Francisco 
National Capil 

Area 
0nkrio-guebec 
Boston 
S. Calif.-Nevada 
Mohawk- 

Hudson 
Columbus 
Indianapolis 
Nor th  Texas 
South Texas 
Non-Section 

TOTAL as of  
Jan. 1, 1987 715 659 163 760 1231 208 515 468 859 158 3790 
TOTAL as of  
Jan. 1,1968 739 644 179 742 1240 220 506 460 890 169 3812 

Table II. ECS Membership by Grade 

Total as of Total as of 
1/1/87 1/1/88 

Active 
Faraday (active) 
Deutsche Bunsen Gesellschaft (active) 
L i f e  
Emeritus 
Honorary 
Associate 
Student 
Representatives of  Patron and Sustaining Members 

Delinquent 

Total 

Table Ill. ECS Patron and Sustaining Membership 

Total aa of Total as of 
1/1/67 1/1/88 

Patron Member Companies 
Sustaining Member Companies 
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ington, D. C. Monograph 100 (1967), 
580 pages; $4.50. . - 
The effect of trace constituents upon the 

properties of materials and their qualita- 
tive and quantitative detection are well cov- 
ered. This should be, at the above price, a 
welcome addition to the chemist's book shelf. 

"Protective Coatings for Metals," 3rd 
Ed. by R. M. Burns and  W. W. Brad- 
ley. ACS Monograph 163 Published by 
Reinhold Publ ishing Corp., New York, 
1967. 735 pages; $25.00. 
This monomaoh covers omtective anti- 

corrosion coatings, both inorganic and or- 
ganlc, on corrodible metals. Composition 
aoolication structure and techniaues o i  
evaluation of these coatings are covered. 

"High-Temperature High-Resolution Met- 
allography," Edited by H. I. Arnnson  
and  G. S. Ansell. Published by Gor- 
don & Breach Science Publishers, 
New York, 1967. 382 pages; $25.00. 

"Ferroelectricity," Edited by E. F. Wel- 
ler. Published by American Elsevier 
Publishing Co., Inc., New York, 1967. 
318 pages; $29.00. 
Current progress and new approaches to 

the field of ferroelectron~cs are represented 
in this series of papers originating at the 
1966 symposium on Ferroelectricity held at 
the General Motors Research Laboratories, 
Warren, Mich. 

"Molten Salts Handbook," Edited by 
G. J. Janz. Published by  Academic 
Press, Inc., New York, 1967. 588 pages; 
$25.00. 
This fairly comprehensive data , source 

covers the physical, thermodynamic, and 
electrochemical properties of molten salts. 
In addition it reports on spectral and struc- 
tural data and on the expenmental tech- 
nlques and preparation of fused salts. I t  
serves a much needed function of gathering 
the data on a multitude of systems. 

"Fundamentals o f  Gas-Surface Interac- 
tions," Edited by H. Saltsburg, J. N. 
Smith, Jr., and  M. Rogers. Published 
by Academic Press, Inc., New York, 
1967. 557 pages; $14.50. 
A review of gas-surface phenomena and 

presentation of recent research and ideas 
In thls field are represented in this collec- 
tion of papers from a symposium held in 
San Diego Calif. in December 1966 under 
the auspiies of the General Dynamics Corp. 
and the Air Force Office of Scienttfic Re- 
search. Three major areas are covered: The 
Surface and Its Characteristics Adsorption 
and Reaction of Gases on or with Surfaces, 
and Scattering Processes, including  nerd 
and Momentum Transfer. 

"Protection Against Corrosion by  Metal  
Finishing," Edited by N. Ibl, K. M. 
Oesterle, and  A. L. Saboz. Published 
by  Forster-Verlag AG, Zurich, Switzer- 
land, 1967.347 Daaes: 

The proceedimp of the International Con- 
ference held In Basel Switzerland on 
November 22-25, 1966 iticlude electroplat- 
Ing processes from a fundamental and 
applied viewpoint as Well as covering other 
techniques such as vapor-plating evapora- 
tion, passivation, etc.; app~icatidns of or- 
ganic coatings and their properties are also 
discussed. 

'The Principles o f  Current Methods for 
the Study o f  Electrochemical Reac- 
tions," by Boris B. Damaskin. Trans- 
lated f rom the  Russian by Gleb 
Mamantov. Published by  McGraw- 

Hill Publishing Co., New York, 1967. 
110 pages; $4.95. 
Covers potentiostatic galvanostatic and 

AC methods for stud; of reactions: The 
double layer contributions to the theory of 
the above methods are not taken Into ac- 
count but are discussed in a seoarate con- 
cluding reaction. Thus the mathematics are 
simplified. Circuit dibgrams and applica- 
tions are included. 

"Infrared Spectroscopy in Surface 
Chemistry," by Michael L. Hair. 
Published by  Marcel Dekker, Inc., 
New York, 1967. 315 pages; $15.75. 
Starting with the simple presentation of 

the theories of surface chemistry and in- 
frared spectroscopy, the book proceeds to 
treat in detail--adsorbent and adsorbate in- 
teractions on known systems such as silica 
surfaces, metals and metal oxide s,urfaces. 
It appears to be an excellent revlew and 
starting point for those interested in solid- 
gas phase interactions. 

"Organic Polymers," by Turner Alfrey 
and Edward F. Gurnee. Published by 
Prentice-Hall, Inc., Englewood, N. J., 
1967. 131 pages; $3.25 (paperbound) 
$6.00 (cloth bound). 
This second volume in the Prentice-Hall 

series in Materials Science presents an in- 
troduction to the use and properties of or- 
ganic polymers from fundamental consid- 
erations. I t  is in  keeping with a trend in the 
study of materials science of presenting 
a number of inexpensive monographs that 
can be tied together to form a study course 
of many dimensions for both student and 
active research workers. This particular 
series seems to be starting off well. 

New Sustaining Member 
Syncro Corporation, Oxford, Mich., 

the parent organlzarlon of Syncrotech, 
Incorporated, Edgerton, Ohio, has re- 
cently joined the distinguished l i s t  o f  
Sustaining Members o f  The Electm- 
chemical Society. 

Syncro Corporation and  i t s  subsid- 
iaries serve industry through the  pro- 
duction o f  various electromagnetic and 
electrostatic devices. The organization 
employs roughly 500 employees in fa- 
c i l i t ies located i n  Michigan and Ohio, 
producing such items as hand tools, 
alternator and igni t ion systems, brake 
controls, a luminum electrolytic capaci- 
tors, doped metal oxide capacitors, de- 
lay l ine components, and th ick film 
ci rcui t  components. 

WHY GUESS 3 

NEWS ITEMS I 

1968 Gordon Research 
Conferences 

The Gordon Research Conferences 
w i l l  b e  held in New Hampshire f rom 
June 10 t o  August 30 a t  Colby Junior 
College, New London; New Hampton 
School, New Hampton; Kimbal l  Union 
Academy, Meriden; Ti l ton School, Til- 
ton; Proctor Academy, Andover; and 
f rom June 24 t o  August 23 a t  the Crystal 
Inn, Crystal Mountain, Wash. 

Meetings are held in the  morning 
and  i n  the evening, Monday through 
Friday, w i th  the exception o f  Friday 
evening. 

Requests for attendance a t  the Con- 
ferences, o r  for  addit ional information, 

Continued on page 120C 

P millionth 
of an inch 

Your pro& depmd m meeting tight specifics. 
tiom, maintaining quality control and reducing 
r d d .  Can you a h r d  to guau at plating thick. 
neu when i t  is so easy to mwsum and be sum? 
UNITRON'S PL-MK PLATER'S MICROSCOPE sub' 
slitutea facts for uncertainty. The plated deposit is 
observed through a Filar Micrometer Eyepiece 
and measurements are read directly from a 
micrometer drum. This compact microscope Is 
easy to use, portable oround the shop and has a 
built-in light swrce. It aiw doubles as o metal- 
lurgical microscope for examining grain structure 
etc. at mognificotions of 25X-1500X. Permanent 
photographic records may be made using an 
oaeuory 35mm. camera attachment and provlde 
valuable legal protection for subcontractors. 
UNITRON'S PLATER'S MICROSCOPE will save ih 
initial cost many time over. Prove this for 
yourself -as so many flrms in the plating 
lndustly have done-by requesting a FREE 
10 DAY TRIAL in your own plant. There is no cost 
and no obligation. 

all optics and standard 
accessories 

camera attachment, but 
without 35mm. camera 
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Out-of-Print Volumes Now Available 

The Society has found, regrettably, 
that its members and subscribers have 
had difficulty procuring out-of-print 
volumes of Extended Abstracts of past 
National Meetings, as well as special 
volumes of proceedings from these 
meetings. This fault has now been 
remedied. 

You can now purchase, at reasonable 
cost, all those volumes, formerly out of 
print by ordering directly from Johnson 
Reprint Co., 111 Fifth Ave., New York, 
N. Y. 10001. An invoice covering each 
purchase will be included in the ship- 
ping package. 

Table I lists, by Division, meeting, 
and volume number, those publications 

Table I. 

that are now available. Contents of 
these volumes may be determined by 
reference to the pertinent meeting pro- 
gram. Spring National Meeting pro- 
grams are to be found in the March 
issues and Fall National Meeting pro- 
grams in the August issues of the 
JOURNAL. Table I1 (p. 119C) lists an 
Index to Society Meeting Symposia 
1963-1968. 

Corrosion Division does not offer in- 
dividual Extended Abstract volumes. 

Volumes prior to 1963, issued by in- 
dividual Divisions of the Society, are 
available from University Microfilms, 
300 N. Zeeb Rd., Ann Arbor, Mich. 
48106. 

Meeting Chronoloay 122 123 124 125 126 127 128 129 130 131 132 - -. 

Date Fall Spr. Fall Spr. Fall Spr. Fall Spr. Fall Spr. Fall 
1962 1963 1963 1964 1964 1965 1965 1966 1966 1967 1967 

Battery Order No. 6-1 D-1 F-1 H-1 J-1 
Division Vol. No. none 8 9 10 11 12 

Pages 128 152 136 113 174 148 

Dielectrics & Order No. A-2 C-1 E-1 G-1 H-2 1-2 5-2 
Insulation Vol. No. none 1 2 3-1 3-2 4-1 4-2 
Division Pages 153 52 88 44 77 120 128 

Electro- Order No. 8-2 D-2 F-2 H-3 J-3 
Deposition Vol. No. 1 2 3 4 5 
Division Pages 82 82 . 66 60 40 

Electronics OrderNo. A-1 8-3 C-2 D-3 E-2 E-3 6-2 H-4 1-3 5-4 
Division* Vol. No. 12-1 12-2 13-1 13-2 14-1 14-2 15-1 15-2 16-1 16-2 

Pages 168 144 246 129 339 90 122 90 104 80 

Electro- Order No. 6-4 E-3 1-4 
Organic Vol. No. 1 2 3 
Division Pages 40 76 96. 

Electrothermics OrderNo. A 3  6-5 C-3 D-4 E-4 F-4 G-3 H-5 J-5 
& Metallurgy Vol. No. 1-1 1-2 2-1 2-2 3-1 3-2 4-1 4-2 5 
Division Pages - 82 114 120 182 192 142 62 82 68 

Industrial Order No. E-5 6-4 1-5 
Electrolytic Vol. No. 1 2 3 
Division Pages 48 170 62 

Theoretical Order No. A-4 C-4 E-6 G-5 1-6 
Electrochemistry Vol. No, none 1 2 3 4 5 
Division Pages 128 122 208 72 114 128 

'Including Semiconductors and Luminescence 

Special Symposium Volumes 
Joint Symposium--Electric Insulation, Electronics, and Order No. A-2 

Electrothermics & Metallurgy Divisions Vol. No. none 
Pages 153 

Joint Symposium-Dielectrics & Insulation, Electronics, Order No. 1-1 
and Electrothermics & Metallurgy Divisions Vol. No. none 

Pages 45 

Availabk 
1968 

ELECTRETS 
and Related Electrostatic 
Charge Storage Phenomeno 

A Symposium 

published by 
The Electrochemical Society 

This first volume in English collects 
23 original papers on electret theory, 
experimental, and practical applica- 
tions, which are of interest to sci- 
entists and engineers in such areas as: 

a microphones 
a air pollution control 
a electrostatic printing 
a computer memory storage 

high voltage generators 
prosthetic materiak and blood 
coagulation 
telemetry instrumentation 

a video and audio recording 

Topics include: 
macroscopic and microscopic 
theories of electrets behavior 
produdon of electrets and charge 
decay 

a effect of ionic additives 
a ionic thermal currents 

electric conduction in films 
a ice, wax, organic semiconductor, 

and ionic membrane electrets 
measurement of surface change 

Edited from invited papen presented 
before the Dielectrics and Insulation 
Division of the Society at the 132nd 
National Meeting Fall, 1967 (Chicago). - - - - - - - - -  
please clip and return with mmittance k 

The Electrochemical Society, Inc. 
30 East 42nd Street 

New York, N. Y. 10017 

Please enter my order for .. .. .. . .. 
copies of Electrets, 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 be by 
International Money Order or by bank 
draft on a New York bank. 
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Index to Society Meeting Symposia 1963-1 968 

BATTERY DIVISION Mechanisms of Electrodeposition 
Physical Properties and Structures of 

Electrodeposits 
Preclous Metal Plating 
Thin Film Technology 

Order Vol. 
Symposium No. No. Date 

Battery Testing B-1 8 
Characteristics of Electrodes F-1 10 
Charging Characteristics of Batteries F-1 10 
Electrolytic Diaphragms & Battery Sep- 

arators E-5 1 
Fuel Cells B-1 8 
Fuel Cells D-1 9 
Fuel Cells H-1 11 
Fuel Cells - - 
General Sessions B-1 8 
General Sessions D-1 9 
General Sessions F-1 10 
General Sessions H-1 11 
General Sessions 
General Sessions 

J-1 12 - - 
Leclanche Cells 
Nature of Silver Oxide 

H 1 11 
F-1 10 

Nonaqueous Electrolyte Batteries J-1 12 
Sealed Cells & Mechanisms of Operation 8-1 9 
Sealed Secondary Cells Silver-Zinc Batteries B-1 8 - - 
Zinc Electrode Cells J-1 12 

ELECTRONICS DIVIE iION 

Order 
No. 

V0l. 
No. Date Symposium 

Color Television Phosphor Screen Appli- 
cations 

Compound Semiconductors 
Device Technolow 
Diffusion 

-. 
Difision and Oxidation 
Doped Films 
Electrical Contacts to Semiconductors 
Enitaxial Growth 
~ p i t a x y  
Epitaxy 
Epitaxy 
Epitaxy and Compounds 
General Sessions 
General Sessions 
Growth Mechanisms in Thin Alms 
High Dielectric Ceramics & Crystals 
Ion Implantation 
Lasers and Related Materials 
Luminescence 

CORROSION DIVISION 

Order Vol. 
Symposium No. No. Date 

Luminescence 
Lumlnrscencc 
Luminescence 

Corrosion of Architectural Materials - - 
Corrosion in Desalination 
Corrosion Inhibition by Organic Com- 

pounds 
Corrosion Kinetics and Mechanism 
Corrosion of Multilayer Deposits 
Corrosion by Nonaqueous Media 
Electron and Optical Microscopic Studies 

of Corrosion Processes 

Lumlnescent and Laser Materials 
Materials and Processes 
Materials for Thermoelectric, Semicon- 

ductor and Optical Applications 
Measurement of Thin Film Properties 
Measurement of Thin Films 
Miscellaneous Semiconductors 
Ootical Masers General Sessions 

General Sessions 
General Scsslans 

optical Masers 
Passlvation 
Passivation 
Photosensitive Materials for Electronic 

Applications 
P-N Junctions 
Preparation and Properties of Single Crys- 

tals for Acoustical, Optical and Micro- 
wave Applications 

Processing 
Processing Semiconductors 
Refractory Materials for Electron Devices 
Semiconductors 
Semiconductors 
Semiconductors 
Semiconductors 

General Session 
High Temperature Corrosion in Aqueous 

and Other Media 
Liquid Metal Corrosion and Phenomena 
Mechanical Properties of Oxide Corrosion 

Products 
Metallurgical Factors Affecting the Corro- 

sion Processes 
Microbiological Corrosion 
Properties of Oxide Corrosion Products 

DIELECTRICS AND INSULATION DIVISION 

Order Vol. 
Symposium No. No. 

Semiconductors 
Sern~conductors 
Scm~conductors 

Date 

Anodic Oxides C.1 1 Semiconductors 
Semiconductors 

Anodic Oxide in Films G-1 3-1 
Conduction Mechanisms in Dielectric Films 1-2 4-1 
Conduction Mechanisms in Thin Films C-1 1 
Conduction Phenomena in Dielectric Films G-1 3-1 
Contact Failure Arisine from the Forma- 

Silicon Growth and Diffusion 
Silicon Oxide and Silicon Technology 
Silicon Oxide and Surfaces 
Structural Features 
Surface Ox~des tion of Insulating ~ i i m  5-2 4-2 

Deposited Thin Film Dielectric Materials - - 
Dielectric Oxides E-1 2 
Electrets and Related Electrostatic Charge 

Storage Phenomena 5-2 4-2 
Electrolytic Capacitor Technology 
Failure Mechanisms in Thin Films 

5-2 4-2 

Ferroelectrics Materials 
1-2 4-1 - - 

General Session A-2 - 
General Session C-1 1 
General Session E-1 2 
General Session K 5-1 
Growth Mechanisms in Thin Films 1-1 - 
High Dielectric Ceramics and Crystals E-1 2 
Measurement of Thin Film Properties H-2 3-2 
Optical Properties of Dielectric Films K 5-1 
Photoresist Technology and Applications K 5-1 
Polarization in Dielectric Films 
Silicon Nitride 

G-1 3-1 
H-2 3-2 

Theory of Dielectric Behavior K 5-1 
Thin Films for Electronic Applications A-2 - 

Surfaces 
Surfaces of Semiconductors 
Techniques for Devices 
Thin Films 
T h ~ n  Films for EleCtronic Applicatiom 

ELECTROTHERMICS AND METAL1 

Symposium 

DIVISION 

VOl. 
No. Date 

.Order 
NO. 

Applied Thermodynamics in High Tem- 
perature Systems 

Carbide Composites 
Electrochemical Effects on the Mechanical 

Pra~erties of Metals 
~ lec t ron  and Ion B&% Science and Tech- 

nology 
Electron and Ion Beam Science and Teeh- 

nology 
Electron Microprobe 
General Sessions 
General Sessions 
General Sessions 
General Sessions 
General Session 
General Session 

ELECTRODEPOSITION DIVISION 

Order Vol. 
Symposium No. No. Date 

134 F08 Corrosion of Multilayer Deposits - - 
Dielectrophoretic and Electrophoretic 

Deposition 5-3 5 
Electrodeposition from Nonaqueous Media B-2 1 
Electroforming and Electromachining 
General Sessions 

H-3 4 

General Sessions 
B-2 1 

General Sessions 
0-2 2 

General Sessions 
F-2 3 

General Sessions 
H-3 4 
5-3 5 

Graphite 
Growth Mechanisms in Thin Films 
High Temperature Technology 
Llquid Metal Corrosion and Phenomena 
Materials in Space (Educational Lecture) 
Molten Salts 
Oxidation in the Reentry Environment 
Plasmas and High Temperature Materials 
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Preparation and Pvrfscation of Ultra- - - Chloratea and Perchlorates 
Pure Materials 134 F68 

K 4 133SBB 
Current Distribution and Electrode Design I-5 3 :!! E!T 

Protective Coatings J-5 5 132 FB" ~1~"*.....4'",.."'" 

Refractory Materials for Electron Devices 8-5 1-2 124 FB 
SO 
St, 

3 General Sessio& 

ELECTRO-ORGANIC DIVISION esses C-4 2 125S64 Production of Chlorine without caustic IT-5 1 127 s65 
Order Vol, Production and Uses of Mercury Cell 

Symposium No. No. Date Sodium Amalgam 1-5 3 131 S67 

Biochemical Energy Conversion Proceases B-4 1 
Electrochemical Oxidation of Organic Com- THEOIG~TICAL ELECTROCHEMISTRY DIVISION 

symposium 
Order Vol. 

NO. NO. 

pounds 
Electrochemical Reactions of Organic Mole- 

cules i n  Nonaqueous Solutions 
Electrochemistry in Nonaqueous Media 
Elucidation of Organic Electrodes Proc- 

eSNS 

Date 

133 568 
123 563 

Adsorption in Electrode'Processes 
Anodic Oxide Films 

K 6 

Electrochemical Reactions of Organic Mole- 
A-4 1 

cules in Nonaqueous Solutions 
Electrode Processes 

K 6 

Electrolytic Solutions 
0-6 - 

Elucidation of Organic Electrodes 
C-4 2 

Fuel Cells 
E-3 2 

General Sessions 
D-1 0 

General Sessions 
A-4 1 

General Sessions 
G-5 4 

General Session 
1-0 5 

Mechanisms of Electrodeposit@n 
K 6 

Molten Salts 
D-2 2 

Solid Electrolytes 
E-4 3-1 

Structure apd Characteriatiw of Surface 
A-4 1 

Reaction Product8 1-8 5 

General Seasion 
General Session 
General Session 
Industrial Eiectro-Organic Chemistry 
Industrial Electro-Organic Processes 
Radical Formation i n  Electro-Organic 

Reactions 

INDUSTRIAL ELECTROLYTIC DIVISION 

Order Vol. 
Symposium No. No. 

Advances i n  the Chlor-Alkali Industry 0 4  2 

Date 

12s S66 

News I tems continued Crystal Inn 
Crystal Mountain, Wash. 

should b e  addressed to W. George J ~ ; $ $ ~ ~ ~ ~ m i s t r y  and Physics of Coatings POSlTlONS AVAILABLE 
Parks, Director, Gordon Research Con- Physical 
ferences, University o f  Rhode Island, July 22-26 Quantum Solids and Fluids 
Kingston, R. 1. 02881. Mai l  for the  office July 29-Auk 2 High Temperature Chemistry 

o f  the Director f rom June 10 t o  August 
Aug. 12-16 Chemistry and Physics of Paper Please address replies t o  the  box 

30, 1968 should b e  addressed t o  number shown c / o  The Electrochemical 
W. George Parks, Director, Gordon Re- Society, Inc., 30 East 42 St., New York, 

search Conferences, Colby Junior Col- ADVERT~~ERVS INDEX N. Y. 10017. 
lege, New London, N. H. 03257. 

Dates and  topics o f  interest t o  ECS 
members are as follows: 

Anderson Physics Labs, Inc. . . . .  113C t a ~ ; ~ d S ~ ~ g i ; o ~ , " , ~ I I ; ; f k n $ ~ i  
. . . . . .  Colby Junior College Bel l  Telephone Labs, Inc. lOOC to head corporate ap lied research depart- 

New London, N. H. ment in areas of so11Bstate sem~conductors 
DuPOnt . . . . . . . . . . . . . . . . . . . . . . . . .  115C thin klms, thick films, integrated and hybrid 

. . . .  June 24-28 Catalysis Eagle Picher Industries, Inc. 103C circuitry. Manager Electrochemtstry-w~th 
JUIY 1-5 ~ 0 l y m e r ~  extensive applied research experience in 
J U I ~  15-19 scientific information Problems Ferroxcube Corps . . . . . . . . . . . . . . .  123C power sources such as batterues or fuel 

in Research Great Lakes Carbon Gorp., cells to develop new product lines. Reply 
July 22-26 Corrosion Box S-33. 
JUIY 29-~ug. 2 Elastomers Graphite Products Div. . . . . .  Cover 2 
Aug. 19-23 Separation and Purification 

The Kendall CO' . . . . . . . . . . . . . . . .  97C Research Chem.1st.s-major research .and 
. . . . . . . . . . . . . . . . . . . .  New Hampton School Magna Corp. 115C development prolects in electrochem~stry 

New Hampton, N. H. McGovern Senter & Associates , , 113C with major emphasis on electroplating. Reply 
Box 8-34, 

June 10-14 Environmental Sciences: Water 
July 8.12 Statistics in Chemistry and Chem- 

ical Enginee!ing 
July 15-19 Radlatipn Chemistry 
July 22-26 Organlc Reactions and Processes 
Aug 12-16 Analytical Chemistry 

Pel Ion Corp. . . . . . . . . . . . . . . . . . . . .  104C 
Stackpole Carbon Co. . . . . . . . . . .  lOlC Materials and Processes Development-to 
Union Carbide Corp. develop workable solid-state memory and 

logic monolithic chi materials and pmc- 
. . . . . . . .  Carbide Products Div. 102C esses for masking, pEotoresist, etching, oxi- 

unitron co. , , , , , , , , 117c 
dizing. diffusing, evaporating, and sputtering 
technologies. Reply Box 8-35, 

Kimball Union Academy 
Meriden, N. H. 

June 17-21 Research at High Pressure 
July 15-19 Particle-Solid Interactions 
July 22-26 Chemistry at Interfaces 
July 29-Aug. 2 Solid State Studies in Ceram- 

, - - - - - - - - - - - - - - - - - -  
ICS 

Aug. 12-16 Chemistry and Physics of Solids 
Aug. 19-23 Infrared Spectrosco y 
Aug. 26-30 Non-linear Optic ~fPects 

Tilton School 
Tilton, N. H. 

ATTENTION, MEMBERS 

Whenwer you write to 
The Electrochemical Socl- 
ety about your membership 
or subscription please in- 
clude your ~dgazins ad- 
dress label to ensure 

v 

LABEL 
HERE 

To chn$ row addrrss, ptnsr ~ k r  u 
Ihr wa s' a d m u  notlce. PIICI IN zlnm 
I d d W l  labat hue. h lnt  your NEW a%oss 
bOIO1. I t  you m a  my quosllan *out yeur 
sublalptlon or mnmbonhl I a u  ymr 
mpzinr  1a8.1 t lur  and @I@ t ks  farm tr 
your rnnr. 

1 

prompt sewice. 

I AND SUBSCRIBERS 

Proctor Academy 
Andover. N. H. 

ATTACH Change of Address I I 

June 10-14 Dielectric Phenomena 
June 17-21 Dynamics of Molecular Collisions I 

4V St lh 4 July 8-12 Radical Ions 
I 

July 29-Aug. 2 Enerw Coupling Mechanisms L - , - , - , , , , - , , - - - - - 1 



Call  for  Papers 
134th National Meeting 

Montreal, October 6-11, 1968 
Divisions which have scheduled sessions are listed overleaf, along with symposium topics. 

I .  Symposium Papers. 
Authon 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 meeh in Montreal can plan a general session. I f  your poper does not f i t  
readily into a planned symposium, you should specify "General Session!' 

To Submit a Meeting Paper. 
Each author who submits a paper for presentation a t  a Society Notional Meeting should do three things: 

A-Determine whether the meeting paper is to be submitted to a Society journal for publication. I f  so, see be- 
low for details. 

B-No later than May 15, 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 abstract of your paper. See below for details. 
No deadline extension is possible. 

Send all material to The Electrochemical Society, lnc., 30 East 42 St., New York, N. Y. 10017. 

4. Meeting Paper Acceptance. 
Notificotion 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 post01 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 
length (two pages single-spaced) and are to contain 
to whatever extent practical al l  significant experimen- 
tal data to be presented during oral delivery. 

B--Please send original and two copies of the ab- 
stract typed single-spaced. Use white bond paper, 
size 8% x 11 inches, with 1 'A margins on all sides. 
Typing guide forms are available from Symposium Ses- 
sion Chairman and from National Heodquarters. 

C-Title of paper should be in capital letters. 
Author(s) name and affiliotion should be typed imme- 
diately below. I t  is not necessary in the heading or 
body to designate paper as "Extended Abstract" or to 
quote the divisional symposium involved. 

D-Submit all copy, including figures, symbols and 
corrections, in  black ink. No handwritten corrections, 

please. Submit graphs on onion skin without grids, or 
on graph poper specifically designed for offset repro- 
duction; strip-on tape is acceptable. 

E-Paste figures within typing dimensions indicated, 
with lettering no smaller than Ys inch. Submit only 
the important illustrations. Avoid use of half-tones 
except where absolutely necessary. Type captions no 
wider than figure dimensions and paste in proper place 
in the abstract. Place figure caption a t  bottom of 
figure. Place table title at top of table. 

F-Mail to The E!ectrochemicol Society. Inc., un- 
folded. 

G--Please note that the extraordinarily low price of 
the extended abstract volume is made possible only 
through your strict adherence to these instructions. 
Any deviation threatens this low cost. 

6. Manuscript Publication in a Society Journal. 
Presentation of a paper a t  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 full manuscript form in .order to be considered for publication in a Society publication. The Society 
"Instructions to Authors." ore available from National Heodquarten, set forth manuscript style and format. 
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Montreal Meeting Symposia Plans-Fall 1968 

Battery Division Symposia Plans 
The for the   all 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, 
separators, and specifications, applica- 
tions and performance 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- 
hen 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 Carp., Metals Research Divi- 
sion, 275 Winchester Ave., New Haven, 
Conn. 06511. 

No later than May 15, 1968, submit 
three copies, on the form overleaf, of a 
75-word abstract of the paper to be de- 
livered. No later than July 1, 1868, 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., 
Center 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 
steet, 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 inechanical properties of deposited 
thin film dielectrics; (b) new techniques 
for the deposition of thin film dielec- 
trics; ic) 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 crystals, poly- 
crystal and composite materials, (d) 
domain structure and polarization re- 
versal, (el optical and electro-optic 
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 

Electrical Contacts to Semiconductors 
The Electronics Division is sponsoring 

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- 
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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 photographic techniques, 
photochemistry (e.g. photoresists), vidi- 
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 ultra-pure 
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 Hyrnus Blvd., Pointe Claire, Quebec, 
Canada or W. W. Smeltzer, Department 
of Metallurgy and Materials Science, 
McMaster University, Hamilton, Ont., 
Canada. 

MATERIAIS 
SCIENTISTS 
Small company informality, 
plus major growth potential, 
for R&D Physicists, Chemical 
Engineers, Chemists 

Ferroxcube offers the kind 
o f  a t m o s p h e r e  that invites 
your bes t  work and lets you 
see it through to utilization. At 
the same time, our vigorous 
growth p a t t e r n  a n d  unique 
structureassure you the facili- 
ties and advantages that come 
with size. 

Immediate R&D openings 
that bring you in early on new 
EDP devices a n d  applications 
are available. Experience is 
desired in electro, chemical, 
vacuum and spu t te r ing  meth- 
ods, applying to cylindrical 
and file memory areas. 

You' l l  find us a dynamic, 
commercia l ly-or iented growth 
company, offering excellent 
salaries and promotional 
opportunities, and l ibera l  ben-  
efits including full tuition aid 
a n d  encouragement. O u r  loca- 
tion in beautiful all-year "re- 
sort country," wi th in easy 

. reach of N e w Y o r k  City, affords 
very pleasant living. Please 
send resumes in confidence to 
Mr. G. B. McKenna.  

FERROXCUBE CORPORATION 
S A U G E R T I E S ,  NEW YORK 12477 

An Equal Opportunity Employer 
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