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~rros~on measurements should 
be made before you start 
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a smart engineer who determines 
corrosion resistance of his raw ma- 
als by testing them in the intended 
ironment. One o f  the simplest and 
.est ways to obtain corrosion resis- 
ce information as well as corrosion 
: data is by electrochemical testing. 
w, for the first time a// of  the hard- 
.e and glassware required for elec- 

trochemical corrosion testing is avail- 
able from a single source. Princeton 
Applied Research Corporation, a rec- 
ognized leader in electrochemical in- 

* Potentiodynamic anodic polariza- 
tion plots per ASTM G-5 specifica- 
tion to  examine metals for passivity 
phenomena. 
Tafel slope plots and linear polariz- 
ation plots for fast, accurate mea- 
surements of corrosion rates. 
Corrosion potential measurements. 
Galvanic corrosion studies. 
Galvanostatic (constant current) 
polarization experiments. 

If you'd prefer an alternative approach 
to the time-consuming, tedious weight- 

strumentation, provides the Model loss measurements, and if you'd like a 
331-1 Corrosion Measurement System rational method of selecting optimum 
and the Model 9700 Corrosion Cell to materialsenvironment combinations, 
help engineers characterize metals for write us. We'll be happy to send de- 
corrosion resistance. All that's lacking scriptive information and an applica- 
is the sample to be tested and the liq- tion note to show how easy electro- 
uid it's to  be tested in! 
With the 331-1 System and 9700 Cell 
engineers can do many different types 
of corrosion testing, including mea- 
surements like: 

chemical testing can be when all the 
equipment i s  available from a single 
source. 

Write or call Princeton Applied Re- 
search Corporation, P. 0. Box 2565, 
Princeton, New jersey 08540, tele- 
phone (609) 452-21 11. In Europe, 

contact Princeton Applied Research 
GmbH, D8034 Unterpfaffenhofen, 
Waldstrasse 2, West Germany. 
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Bring back 
all the answers 

with the 
POTENTIODYNEB 

Analyzer. 

-1 0 -- - 

_ ~otentiodynamic.polari~ation 
curves on 3 i l d  steel in 

It's a precise, portable, 
automatic potentiostat. 
And voltage scanner. 
And log current converter. 
And X-Y recorder. 

Equally suited for plant or lab use, the versatile new PETROLITEa 

INHIBITOR EVALUATION? increase efficiency with POTENTIODYNE'R' Analyzer is applicable to studies of electrode 
built-in calibration check, "zero-crossing" bipolar reactions, metals and alloy corrosion, inhibitor performance, and 

nsitY. other electrochemical processes. This complete measurement 
system permits corrosion specialists to generate polarization 
curves automatically. 

Its capabilities include recording of log current density vs. time 
at a set potential . . . log current density vs. potential at any 
voltage sweep rate from lOmV/hour to 100V/hour . . . galvanic 
current between two samples vs. time . . . and electrode potential 
vs. time. 

Isolated voltage sensing, separate four-wire current and voltage 
circuits, and solid-state design throughout insure extreme ac- 
curacy and dependability. Portable and completely self-contained, 
the POTENTIODYNE Analyzer requires no external units for poten- 
tiodynamic or potentiostatic measurements in either programmed 
or manual operation. Petreco's complete line of probes and elec- 
trodes facilitates adaptability to most operating process streams. 

Circuitry, typical polarization curves, and other data are included 
in a new descriptive brochure. For your free copy and a technical 
review of "Modern Applications of Potentiodynamic Data in Re- 
search and Industry," call or write Petreco. 

PA-74-1 
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LOCALIZED CORROSION? The POTENTIODYNE D I V I S I O N  
svstem Is ldeallv suited to measurement of the elec- 5455 Old Span~sh Trall IP 0 Box 25461. Houston Texas 77001 

trochemical used in the study of pitting Olfrces and rcprrsenfalive~ in Ee,rur, Calgarv. frarankbrt, The Hague, K~uwar~ London. Maracado. Mer~co Cttv. 
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J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  

ELECTROCHEMICAL SCIENCE 

-AND TECHNOLOGY 

The Catalytic Activity of Platinum Supported 

on Carbon for Electrochemical Oxygen Reduction 
in Phosphoric Acid 

H. R. Kunz and G. A. Gruver 

Power Systems, Division of United Technologies Corporation, South Windsor, Connecticut 06074 

ABSTRACT 

An experimental program was conducted to determine the catalytic activity 
of high surface area platinum supported on carbon for the electrochemical 
reduction of oxygen in phosphoric acid. The Tafel slope at 160°C in 96 weight 
per cent phosphoric acid was found to be approximately 90 mV/decade. The 
exchange current per unit of real surface area of the supported platinum was 
found to be approximately the same as that of platinum black or a flat platinum 
sheet if the effect of electrode prepolarization is considered. Additional tests 
at other temperatures indicated that the Tafel slope varies as RT/F and is 
similar in sulfuric and phosphoric acid at the same temperature. The predic- 
tion that a double Tafel slope exists when oxygen diffusional resistance be- 
comes significant in a Teflon-bonded porous electrode was confirmed. 

Although a considerable amount of experimental 
work had been done to determine the Tafel slope and 
exchange current for the electrochemical reduction of 
oxygen in acidic electrolytes, uncertainty still existed 
concerning the true value of these quantities for high 
surface area platinum when supported on carbon. 
These uncertainties were present for a number of rea- 
sons. 

First, the experimental data on Tafel slope were not 
in good agreement. For example, the data of Vogel 
and Lundquist (1) at 120'C in 85% phosphoric acid 
indicated a Tafel slope of 60 mV/decade for platinum 
black, whereas the data of Appleby (2) indicated a 
Tafel slope of 80 mV/decade at  116°C in 85% phos- 
phoric acid in what he considered to be an oxide-free 
platinum sheet. Vogel and Lundquist indicated that 
this difference could be due to a true difference be- 
tween the catalytic properties of the two surfaces or 
due to impurities on the platinum when tested as a 
smooth surface. 

Secondly, the measured temperature effect on Tafel 
slope was not consistent. Appleby found the Tafel slope 
in 85% phosphoric acid to be equal to RT/F on a flat 
sheet. However, Vogel and Lundquist found the Tafel 
slope in 85% phosphoric acid at 120°C to be approxi- 
mately 60 mV/decade and about equal to that in 50% 
phosphoric acid at 70°C and 20% sulfuric acid at 70°C. 

Thirdly, the data of Vogel and Lundquist for plati- 
num black in phosphoric acid was obtained at  poten- 
lials above 0.9V with respect to a hydrogen reference 
electrode in the same electrolyte. This was necessary 
because diffusional resistance to oxygen migration 
through the electrolyte within the platinum black was 
found to occur at lower potentials. The Tafel slope was 
not measured in phosphoric acid at potential levels 
significantly lower than 0.9V. Since a change in the 

Key words: platinum, oxygen reduction, phosphoric acid, cathode 
theory, Tafel slope. 

oxidation state of the platinum surface occurring in 
the vicinity of 0.9V might cause a change in the mecha- 
nism for oxygen reduction (3) ,  extrapolating a linear 
l'afel line to lower potentials is not justifiable. An ex- 
tensive study of the surface oxidation state of plati- 
num has been made by Conway et al. (4-6). 

Fourth, a measurement of the Tafel slope for plati- 
num supported on carbon is difficult at potentials above 
0.9V because of the mixed potential caused by oxida- 
tion of platinum and carbon. 

Finally, if a high surface area platinum supported 
on carbon is considered, the catalytic properties can be 
affected by the size of platinum crystallites and the 
support. Small crystallite sizes of the supported plati- 
num as compared to those of platinum black might 
affect the Tafel slope and exchange current. Also, a 
catalytic interaction between the platinum and carbon 
might be present for small platinum crystallites. 

Because of the uncertainties that existed concerning 
the true activity of high surface area supported plati- 
num for the reduction of oxygen in acidic electrolyte, 
a theoretical and experimental program was under- 
taken to clarify this situation. 

Theory 
A number of theoretical studies have been performed 

on Teflon-bonded platinum black electrodes. Brown 
and Horve (7) derived a model based on cylindrical 
platinum agglomerates and applied this to cathodes op- 
erating in potassium hydroxide electrolyte. This model 
was also used by Giner (8). Kosinski (9) applied this 
model to phosphoric acid electrolyte and found the 
model capable of rationalizing the platinum black data 
of Vogel and Lundquist using a Tafel slope of 65 
mV/decade at 120" in 85% phosphoric acid. This 
value was essentially the same as that extracted by 
Vogel and Lundquist. 

The use of such a theoretical model is definitely 
limited because of the number of fitting parameters 
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that are needed to rationalize the experimental data single or double Tafel slope is occurring. The Tafel 
and the assumptions that are made in the model. Tafel slope could therefore be obtained. Since as the catalyst 
slope, exchange current, agglomerate diameter, ag- loading is reduced the relative importance of the dif- 
glomerate porosity, agglomerate tortuosity, and elec- fusional resistance to oxygen in the catalyst layer is 
trolyte film thickness surrounding the agglomerate are diminished, it was thought that experimental data on 
all fitting parameters. Nevertheless, a great deal of in- Tafel slope would become available at lower levels of 
formation can be obtained about the operating char- potential, in the range of 0.7V. This potential is signifi- 
acteristics of electrodes through the use of a theo- cantly below that at which a change in the oxidation 
retical model. state of the platinum occurs. 

At low levels of current and high potentials, the po- Such a test series was therefore performed in this 
larization of an electrode is controlled by a mixed po- study together with investigations of the effect of tern- 
tential between the reduction of oxygen and oxidation perature in phosphoric acid and the effect of changing 
of carbon, platinum, and possible impurities (10). As the electrolyte to sulfuric acid. The latter tests were 
the current is increased, the polarization should follow run to determine whether or not the Tafel slope varies 
the Tafel line of the electrochemical reaction if the with RT/F as found by Appleby and to compare re- 
currents are high enough to make mixed potential sults with those of other investigators. Experiments 
effects negligible and other losses are adequately small. were also performed on cathodes with reduced Teflon 
These include the losses associated with oxygen, ion, content to increase the effective agglomerate size. A 
and electron migration to the reaction site. This region well-defined double Tafel slope was hoped to result 
of the data can be used to obtain the Tafel slope and in these experiments and therefore confirm the findings 
exchange current. obtained in the study in which platinum loading was 

Once the centers of the majority of agglomerates varied. Finally, some experiments were performed on a 
start to experience a significantly reduced oxygen ac- flat platinum sheet to obtain data at temperatures 
tivity, the polarization curve starts to follow a slope higher than those investigated by Appleby. 
which is twice the Tafel slope, in the absence of sig- 
nificant ohmic polarization and electrolyte concentra- Experiments 
tion gradients. If a wide distribution of agglomerate The electrodes used in this study contained platinum 
sizes is present, a wide transitional region will exist supported on Vulcan XC-72 (Cabot Corporation). The 
with slopes between the Tafel slope and double Tafel nitrogen BET surface area of this support was mea- 
slope. The current at which the polarization curve sured and found to be about 220 m2/g. Platinum was 
changes from a single to a double Tafel slope can be deposited upon this carbon and it was fabricated into 
used to obtain a measure of an average agglomerate Teflon-bonded electrodes. 
size. Electron micrographs of this carbon-containing 

This model was extended to Teflon-bonded elec- platinum are shown in Fig. 1 and 2 for untested speci- 
trodes containing supported platinum in order to get mens. Figure 1 is a "bright field" micrograph in which 
a better understanding of their operation. The resulting the platinum appears as dark particles overlaid on the 
equations are similar to those derived previously for semitransparent carbon. In Fig. 2 the white spots are 
unsupported catalyst. When all of the electrode po- "reflections" arising from (111) platinum (same sam- 
larization is that associated with the finite rate of the ple field as in Fig. 1). This micrograph confirms that 
electrochemical reaction, the Tafel equation results the dark spots in Fig. 1 are in fact platinum. Platinum 
in the form 

i = WptSgioeaNRIRT [I] 

where i = electrode current density, A/cm'J frontal 
area; Wpt = platinum loading, g/cmz frontal area; Sg 
= platinum surface area, cmz/g; i, = exchange cur- 
rent, A/cmZ Pt real area; a = transfer coefficient; N = 
number of electrons in the rate-determining step, 
equiv./mole; F = Faraday constant, coulomb/equiv.; 
q = polarization, V; R = gas constant, joule/mole"K; 
T = temperature, OK. 

When the ability of oxygen to diffuse through the 
electrolyte in a porous cylinder of supported catalyst is 
also controlling, the following equation results for 

+ 

suitably large values of 

2 
NFDozaozSgi, 9 

where R., = agglomerate radius, cm; L = electrode 
thickness, cm; W, = support loading, g/cm2 frontal 
area; Do2aoz = oxygen diffusivity-solubility product, 
mole/cm sec; p, = support density, g/cm3; e = ag- 
glomerate porosity; r =agglomerate tortuosity. 

As demonstrated by Eq. [I], the theory of supported 
platinum electrodes indicates that in the Tafel region 
the current at a given potentia! varies linearly with 
the catalyst loading if the catalyst specific activity is 0 . 0 1 ~  
constant. In the double Tafel region described by Eq. 
121, however, if the carbon loading is fixed and the 

H 

platinum specific activity is fixed, the current at a . 
given potential should vary with the square root of 8 

the platinum loading. Therefore, it was concluded that, 
if experimental data could be obtained over a wide 
range of platinum loading, the variation of current Fig. 1. Electron photomicrograph of platinum supported on Vul- 
with loading could be used to determine whether the can XC-72 (bright field). 
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Fig. 2. Electron photomicrograph of platinum supported on Vul- 
can XC-72 (dark field). 

crystallite sizes were measured from these micro- 
graphs and found to result in a platinum surface area 
of approximately 130 m2/g, assuming the particles to 
be spherical and all of the platinum surface exposed. 
The range of surface areas from micrographs of other 
samples of this catalyst was 109-175 m2/g. 

Platinum surface areas were also measured electro- 
chemically using hydrogen adsorption in sulfuric acid 
for samples of electrodes containing about 0.25 mg Pt/ 
cm2. These areas were found to be about 60-70 m2/g 
after the electrodes had been tested. These areas are 
considerably lower than the areas calculated from 
platinum crystallite sizes measured using the electron 
microscope micrographs. 

The difference in surface areas obtained from the 
micrographs and from hydrogen adsorption might be 
due to a number of reasons. For example, some of the 
platinum crystallite surface is in contact with the car- 
bon and might be blocked with respect to hydrogen 
adsorption. In addition, part of the platinum area is 
lost due to recrystallization, part might not be ade- 
quately wet by electrolyte to act as effective catalyst, 
and some might be in poor electronic contact. Since the 
important platinum area with respect to the deter- 
mination of catalytic activity is that which is used in 
an electrode, a typical area of 70 mz/g was used in the 
rest of this study. 

The supported platinum was fabricated into elec- 
trodes using Teflon 30 (E. I. du Pont de Nemours & 
Company). A photograph of the cross section of an elec- 
trode is shown in Fig. 3. Figure 4 shows an electron 
micrograph of a microtomed section of a catalyst layer. 
The Teflon and the carbon can be seen to be present in 
distinct segregated regions. 

Electrodes were tested in a glass half-cell apparatus 
as 1 cm2 floating electrodes as shown in Fig. 5. The 
catalyst layer was located facing the electrolyte with 
the carbon paper facing upward toward the reactant 
supply. A platinum black hydrogen reference electrode 
operating in the same electrolyte was used in conjunc- 
lion with a Luggin capillary. The counterelectrode was 
a platinum screen enclosed in a separate electrolyte 

- 
l o o p  

Fig. 3. Optical photomicrograph of an electrode cross section 

Fig. 4. Electron photomicrograph of on ultramicrotomed section 
of an electrode catalyst layer. 

region. Current was collected from the top of the 
working electrode using a platinum spring. The volume 
of electrolyte in the apparatus was approximately 30- 
40 ml. Both Baker and Adamson reagent grade H3P04 
and acid which had been electrochemically cleaned by 
absorption of impurities on platinum black at hydro- 
gen potential were used. Temperature was controlled 
using an electrically heated mantle surrounding the 
electrolyte vessel with the sensing thermocouple in the 
electrolyte. Electrode potentials, E*, were measured 
relative to a hydrogen reference electrode in the same 
electrolyte and were corrected for external resistance 
by using a current interrupter. Load currents were 
supplied by a constant current source and were mea- 
sured using a precision 1% resistor located in the 
counterelectrode line. Electrode voltage and current 
were monitored using either an electronic digital volt- 
meter accurate to 0.2% of full scale (1.999V) or an 
electromechanical voltmeter accurate to 0.5%. Reactant 
gases were saturated to provide a water vapor pressure 
in equilibrium with the electrolyte. 

No prepolarization of electrodes was performed in 
general since this might introduce errors in the steady- 
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Fig. 5. Half-cell apparatus 

state activity due to possible effects of phosphate anion 
adsorption and the extent of adsorbed oxygen coverage 
(11). Data were obtained by both increasing current in 
steps and decreasing current in steps through the po- 
tential range of interest, about 0.9-0.7V. Little differ- 
ence in results was found. Potentials in this range were 
stable for at least 5 min. Data at higher potentials 
changed somewhat with time due possibly to anion 
deeorption, platinum oxidation, or mixed potential 
effects due to oxidation of the carbon, platinum, and 
possible impurities. Data at high current densities 
changed with time due to possible electrode heating. 
Some experiments were performed on a flat platinum 
sheet to investigate the effect of prepolarization since 
both Appleby and Vogel and Lundquist incorporated 
prepolarization treatments. 

Results 
As discussed in the Theory section, a number of 

separate experimental studies were conducted to eval- 
uate the activity of platinum. The first of these in- 
volved an investigation of the effects of a variation of 
the platinum loading with a constant carbon loading 
with phosphoric acid electrolyte. Others involved in- 
vestigations of the effect of temperature and of opera- 
tion with sulfuric acid rather than phosphoric acid. In 
addition, electrodes were evaluated in which definite 
diffusional losses had been introduced. A final in- 
vestigation involved tests on flat sheets in order to 
obtain an extension of the data of Appleby to higher 
temperatures. The results obtained in these various 
investigations are presented in the following sections. 

Variation of platinum loading.-A series of elec- 
trodes were prepared containing 15, 1.5, and 0.15 
weight per cent (w/o) platinum applied to Vulcan 
XC-72. The weight per cent of Tefion in the supported 
catalyst and Teflon mixture was held constant at 50%. 
These weight per cents of platinum resulted in plati- 
num loadings of about 0.25, 0.025, and 0.0025 mg/cm2, 

respectively. These platinum loadings were verified by 
chemical analysis. 

Each one of these electrodes was tested as a floating 
electrode in the half-cell apparatus on both oxygen 
and air at atmospheric pressure at 160" in unpurified 
96% H3POe. Graphs of the experimental data for these 
various electrodes are presented in Fig. 6 through 8. 
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Fig. 6. Cathode performance for 0.25 mg Pt/cm2 supported on 
Vulcan XC-72 a t  160°C in 96% H3P04. @, Oxygen; 0, air. A 
straight line with a slope of 90 mV/decade has been drawn through 
the oxygen data. 
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Fig. 7. Cathode performance for 0.025 mg Pt/cm2 supported on 
Vulcan XC-72 at 160°C in 96% H3P04. *, Oxygen; 0, air; with 
high concentration platinum solution. B, Oxygen; 0, air; with 
low concentration platinum solution (two sets of data). 

Fig. 8. Cathode performance for 0.0025 mg Pt/cmz supported 
on Vulcan XC-72 a t  160°C in 96% H3P04. e, Oxygen; 0, air; 
with high concentration platinum solution. B, Oxygen; IJ, air; 
with low concentration platinum solution. 
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During the fabrication of the electrodes with the 
loadings of 0.025 and 0.0025 mg Pt/cmz, two differ~nt 
concentrations of the platinum catalyzation solution 
were used. This was done in order to investigate 
whether or not the small quantity of platinum was 
being uniformly distributed throughout the Vulcan. 
The data presented in Fig. 7 and 8 show that ade- 
quately uniform catalyzation of the Vulcan had been 
achieved. 

By investigating Fig. 6-8 some of these electrodes 
can be seen to demonstrate a straight line variation of 
cathode potential with the logarithm of current den- 
sity over a range of potential below 0.9V. As discussed 
in the Theory section, if the variation of current at  a 
given potential varies linearly with platinum loading 
in a straight line region, the straight line region repre- 
sents a region in which the Tafe: slope is occurring. If 
the variation of current at a given potential varies 
with the square root of the loading, this straight line 
region is a double Tafel region rather than a single 
Tafel region. For this reason a graph was made of 
current density at  0.7V cathode potential us. loading. 
This graph is shown in Fig. 9. As can be seen in this 
figure, all the experimental points fall along an ap- 
proximate straight line with a slope of 45", thereby 
showing a linear dependence between the current at a 
given potential and the loading. The straight line seg- 
ments on the performance curves of these various 
cathodes in the range of 0.7-0.9V therefore represent 
the true single Tafel slope for the reduction of oxygen. 
The value of this slope is approximately 90 mV/decade. 

The possibility existed in this investigation that a 
systematic change in the electrode structure might be 
occurring as the platinum loading is being changed, 
thereby leading to an erroneous conclusion. To elimi- 
nate this possibility, an electrode was fabricated con- 
taining no platinum with the same quantity of Vulcan 
as was used in the study in which the platinum content 
was varied between 0.25 and 0.0025 mg/cm2. This elec- 
trode was subsequently catalyzed with 0.25 mg Pt/cmz 
and resulted in essentially the same experimental re- 
sults as the electrode which was precatalyzed with 
0.25 mg Pt/cmz. Therefore, no systematic effect of elec- 
trode structure was present in the data. 

The theory of fuel cell electrodes indicated that the 
limiting current should not depend on the platinum 
loading for a given carbon loading. However, the ex- 
perimental data obtained here indicated limiting cur- 
rents on air of approximately 2000 rnA/cmZ for the 0.25 
mg/cmz loading, 1300 mA/cm2 for the 0.025 mg/cm2 
loading, and 110 mA/cmz for the 0.0025 mg/cmz load- 
ing. This result at first indicated that perhaps the re- 
sults for the lowest loading were not being interpreted 
correctly. However, a theoretical investigation of oxy- 
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Fig. 9. Variation of current density with Pt loading for Pt sup- 
ported on Vulcan XC-72 at  160°C in 96% H3p0.1. a, Oxygen; 0, 
air. E' = 0.7 V. Lines represent a linear relationship between 
variables for oxygen and air. 

gen diffusion through the electrolyte film surrounding 
the agglomerate to single platinum crystallites on the 
surface of the agglomerate indicated that, with this 
loading, an additional diffusional resistance of oxygen 
in the electrolyte was present due to the scarcity of the 
platinum crystallizates on the surface of the agglomer- 
ate. This additional diffusional resistance was calculated 
to be absent at the low currents and high potentials 
occurring in the range of data that was being used to 
evaluate the variation of current at a given potential 
with platinum loading. Therefore, the fact that the 
limiting current declined with loading is probably of 
no consequence. 

A variation of the platinum specific area with load- 
ing would also affect the variation of electrode per- 
formance with loading. The platinum specific area 
might be expected to increase as the loading is reduced. 
This would tend to make the variation of current at a 
given potential vary in less than a linear manner with 
loading in the Tafel region, just as the presence of a 
diffusional resistance would. Therefore, the variation 
of platinum specific area with loading is probably not 
causing this linear dependence. The specific area could 
not be measured electrochemically for the loadings of 
0.025 and 0.0025 mg/cm2 because of the greater relative 
capacitive effect of the Vulcan. 

Variation of temperature.-A series of tests was per- 
formed on the 0.25 mg Pt/cmz cathode to determine the 
variation of the Tafel slope and the current at  a given 
potential with temperature. These tests were run using 
both unpurified 96% H3P04 and purified and unpurified 
85% H3P04 in the half-cell apparatus. The cathode per- 
formance data are presented in Fig. 10 and 11. Figures 
12 and 13 present a comparison with the experimental 
data of Appleby. The data on Tafel slope obtained with 
unpurified 85% HsP04 in this study are in good agree- 
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Fig. 10. Cathode performance on oxygen for 0.25 mg Pt/cm2 
supported on Vulcan XC-72 at  various temperatures. 0, 12l0C; 
0, 113°C; 0, 9 Y C ;  X, 77°C; 0, 6 6 " ~ ; O ,  54°C; h , 49°C 
with unpurified 85% ~ 3 ~ 0 4 . 0 ,  46'C with purified 85% H3P04 
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Fig. 11. Cathode performance on oxygen for 0.25 mg Pt/cm2 
supported on Vulcon XC-72 at  various temperatures with unpurified 
96% H3P04. 0, 129-C; 0, 91'C. 
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Fig. 12. Variation of oxygen Tafel slope with temperature for 
various acid compositions. Data of Appleby: A, purified 85% 
HsP04; 0, analytical grade HsP04. Data of this study: A, 
purified 85% HaP04; 0,  unpurified 85% HaP04; W, unpurified 
96% HaP04; +, 20% Hz504 The dotted line represents o Tafel 
slope which is proportional to absolute temperature. 
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H2S04 at 7 0 ' ~  on a sample of a 0.25 mg Pt/cm2 elec- 
trode that demonstrated 90 mV/decade Tafel slope 
using 96% &PO4 at 160°C. These data are presented 
in Fig. 14. The data with HzSO4 can be seen to indicate 
a slope of about 65 mV/decade at the currents at which 
90 mV/decade occurs with &Pod. The limiting current 
for air in HzS04 was about 2500 mA/cmZ, a value near 
that using H3P04. Since the diffusivity-solubility prod- 
ucts of oxygen in these two electrolytes are probably of 
the same order, the same mechanisms are probably 
controlling performance in the two electrolytes in the 
65 and the 90 mV/decade slope ranges. Therefore, the 
type electrode tested here is probably activation 

In the comparison of the variation of current at a 
given potential with temperature with the variation 
found by Appleby, the area of the platinum on the fuel 
cell electrode was considered to be 70 mz/g. Using this 

60;- value of surface area, the value of current at a given 
potential can be seen to be in fair agreement with the 
data obtained by Appleby for 85% The data 
obtained in this study at 96% Hap04 were somewhat 
higher than that obtained with 85% &P04. 

Tests using sulfuric acid.-Tests were run in 20% 

l i h t ed  with a slope of 65 mV/decade for HzS04 and 
90 mV/decade for H3PO4. This 65 mV/decade is about 

Fig. 13. Variation of oxygen reduction current at  0.8V with 
temperature for various acid compositions. Data of Appleby: A, 
purified 85% H3P04; 0, analytical grade HsP04. Data of this 
study: A, purified 85% H3P04; 0,  unpurified 85% H3P04; H, 
unpurified 96% HsP04. 

ment with the data. of Appleby for purified acid at tem- 
peratures above 95'C. This agreement could be due to 
the smaller effect of electrolyte impurities on the larger 
platinum surface area in the fuel cell electrode used 
here compared to that of the flat sheet used by Ap- 
pleby. Below 95"C, the Tafel slope obtained with the 
fuel cell electrode in unpurified and purified 85% 
&PO4 is in agreement with the data of Appleby for 
unpurified electrolyte. This increase in Tafel slope at 
lower temperatures for the fuel cell electrode is prob- 
ably due to an increase in the relative importance of 
electrolyte impurities at lower temperature. With un- 
purified 96% H3P04, the Tafel slope was 90 mV/decade 
at 16OCC, was relatively insensitive to temperature, 
and showed a trend similar to that of Appleby for 
unpurified 85% H3P04. This result might be caused by 
an increase in the effect of impurities in the more 
highly concentrated electrolyte. 

what would be expected in &PO4 at 70°C if the Tafel 
slope varied as RT/F, that is, linearly with temperature 
as predicted by theory with constant transfer coeffi- 
cient. This data with HzS04 are shown in Fig. 12 and 
compares well with Appleby's data with phosphoric 
acid at the same temaerature. It should be noted. 
however, that the ab;olute performance level with 
sulfuric acid was less reproducible than that with 
H3P04. 

Flooded electrode tests.-An electrode was fabricated 
with 5 W/O Teflon using 15 w/o platinum supported on 
Vulcan. A small percentage of Teflon was used to cause 
the electrode to flood with electrolyte and thereby in- 
troduce diffusional losses. This electrode was tested in 
the half-cell apparatus at 160°C in unpurified 96% 
phosphoric acid and the data are shown in Fig. 15. A 
slope of 180 mV/decade resulted for almost 2 decades 
on oxygen. This value is twice the 90 mV/decade slope 
and indicates that the single Tafel slope is probably 90 
mV/decade. 

Flat plate tests.-A platinum sheet electrode was 
submerged in unpurified 96% Hap04 in the half-cell 
apparatus at 160°C with oxygen over the electrolyte. 
The data for this electrode are shown in Fig. 16 both 
with and without oxygen bubbling over the surface of 
the sheet. Data are also presented both with and with- 
out polarization of the electrode to 500 mV prior to 
the obtaining of each data point. The higher perform- 
ance obtained with prepolarization is probably due to 
the desorption of anions or impurities occurring dur- 
ing the prepolarization. Appleby found a similar effect 
by prepolarizing to 50 mV. !lWs electrode can be seen 
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Fig. 14. Cathode performance for 0.25 mg Pt/cm2 supported on 
Vulcan XC-72 with 20% HzSO4 at  70% 0 ,  Oxygen; 0, air. A 
straight line with a slope of 65 mV/decade has been drawn through 
the oxygen data. 7%. . 
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Fig. IS. Cathode performance on oxygen for flooded electrode 
tested in half-cell apparatus at 1bO'C in 96% H3P04. Straight 
lines with slopes of 90 and 180 mV/dec.de have been drawn 
through the data. 
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Fig. 16. Cathode performance for oxygen on 0 flat sheet sub- 
merged in unpurified 96% H3P04 in the half-cell apparatus at  
160°C. 0, No bubbling, no prepolarization; A, no bubbling, with 
prepolarization to 500 mV; +, with bubbling, no prepolarizotion; 
X, with bubbling, with prepolarization to 500 mV. A line with a 
slope of 90 mV/dec.de has been drawn through the highest data. 

to have resulted in only a short Tafel slope region. A 
straight line was drawn through the data obtained 
using prepolarization to 500 mV and bubbling oxygen 
and an exchange current calculated. The exchange 
current, corrected to 1 atm oxygen pressure, is plotted 
in Fig. 17 where good agreement with an Arrhenius- 
type extrapolation of Appleby's data can be seen. 

Discussion 
AU the experimental data obtained in this study in- 

dicate that the true Tafel slope for the reduction of 
oxygen in 96% Hap04 at 160°C in the range of poten- 
tials below 0.9V is approximately 90 mV/decade. 

The series of electrodes that were fabricated with 
various platinum loadings with a constant carbon load- 
ing indicated a linear dependence between current at a 
given potential and the platinum loading. This result 
indicated that the performance of these electrodes was 
controlled only by the activity of platinum. Since these 
electrodes had a slope on semilogarithmic coordinates 
of 90 mV/decade this slope is the Tafel slope. 

The test sequence that was conducted to investigate 
the effect of temperature variation with 85% phos- 
phoric acid resulted in data in good agreement with the 
results obtained by Appleby on a flat platinum sheet 
above 95°C. The Tafel slope varied as RT/F and is 
equal to 90 mV/decade at 160°C. 

The tests using HzS04 indicated a Tafel slope of 65 
mV/decade with 20% at 70°C. This Tafel slope 
is in agreement with that found by Aqleby at the 

Fig. 17. Exchange current for oxygen reduction as a function of 
reciprocal temperature. 0, Flat sheet, Appleby, purified 85% 
H3P04; @, flat sheet, this study, 96% HsP04; 0 ,  platinum Mack, 
Vogel and Lundquist, 85% H3P04, 82 mV/decode Tafel slope; 
a, platinum on Vulcan, this study, 96% Hap04 The straight 
line represents a fit to the experiment01 data. 

same temperature in 85% HaPO4. Therefore, the rate- 
limiting reactions for the reduction of oxygen in &SO4 
and &Po4 are most likely the same. The flooded elec- 
trode tests indicated a double Tafel slope of 180 mV/ 
decade, again confirming that the Tafel slope is 90 
mV/decade for Hap04 at 160". 

The experiment conducted on a flat platinum sheet 
was in good agreement with an extrapolation of 
Appleby's data. The platinum specific activity obtained 
from a flat platinum sheet was found to be in fair 
agreement with the experimental results obtained with 
platinum supported on carbon as shown in Fig. 17. 
This means that, down to the range of platinum crys- 
tallite sizes obtained with the supported platinum in 
this study, no large change in the properties of the 
platinum are occurring with respect to activity. Also, 
there is apparently no large interaction between the 
platinum and the carbon with respect to platinum 
activity. 

However, one set of experimental data must still 
be rationalized, that of Vogel and Lundquist. They 
found that at 120°C with 85% &Po4 the Tafel slope 
was apparently 60 mV/decade on platinum black. 
These experimental data were fit by Kosinski (9) using 
the cylindrical agglomerate model to obtain a Tafel 
slope of 65 mV/decade. In order to rationalize the 
platinum black data of Vogel and Lundquist, additional 
calculations were performed to determine whether the 
newly determined Tafel slope in this experimental 
study could be used to fit their experimental cathode 
performance curves. 

The Tafel slope determined by Appleby for a plati- 
num sheet was used so that the number of fitting pa- 
rameters was reduced to essentially four: the ex- 
change current, the agglomerate diameter, the agglom- 
erate porosity, and the electrolyte film thickness. Since 
Vogel and Lundquist's data were obtained at 120°C, a 
Tafel slope of 82 mV/ decade was used in the fitting of 
their experimental data. A comparison of their experi- 
mental data with the results obtained by fitting the 
cylindrical agglomerate model is shown in Fig. 18 and 
19. Figure 18 shows a comparison between the calcu- 
lated and experimental results of cathode potential us. 
current density for one catalyst loading. Figure 19 
shows the comparison of current densities vs. catalyst 
loading for various cathode potentials. As can be seen 
from these figures, an excellent fit was obtained. A 
comparison between the results of the cylindrical ag- 
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Fig. 18. Comparison between the experimental data of Vogel 
and Lundquist and calculated results of cathode potential vs. 
current density for one catalyst loading a t  120°C in 85% H3P04 
at 1 atm gas pressure. 0 ,  Oxygen; 0, air. Valuer of parameters 
used in the calculations: exchange current = 6.5 X 10-9 A/cm2; 
Tafel slope = 82 mV/decade; Pt loading = 6.0 mg/cmz; Pt sur- 
face area = 24 m2/g; agglomerate porosity = 0.80; agglomerate 
length = 0.0762 mm; agglomerate diameter = 4.011; tortuosity = 
1.0; electrolyte film thickness = 0.05~; electrolyte conductivity = 
0.42 (ohm-cm)-l; oxygen diffusivity-solubility product = 1.0 x 
10-11 mole/cm-sec; density of Pt = 21.4 g/cm3. 
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Fig. 19. Comparison between the experimental data of Vogel and 
Lundquist and calculated results showing the effect of loading 
upon cathode performance at 120°C in 85% Hap04 with 1 atm 
air reactant pressure. Cathode potential (mV): 600; A, 650; 
0, 700; 0, 750; 0, 800. Calculated results used same values of 
parameters as used in Fig. 18. 

glomerate model and the experimental data using a 
65 mV/decade slope obtained previously by Kosinski 
are shown in Fig. 20 and 21. As can be seen from these 
figures, an excellent agreement was obtained in this 
case also. 

The comparison between the results of the cylindri- 
cal agglomerate model and the experimental data was 
somewhat better for the 65 mV/decade case at poten- 
tials greater than 0.9V. However, since the surface oxi- 
dation state of platinum changes above approximately 
0.9V, no conclusion can be reached as to which fit of 
Vogel and Lundquist's data is the better. The value of 
the exchange current obtained using the 82 mV/decade 
value of Tafel slope was added to Fig. 17. As can be 
seen, this value of exchange current for the platinum 
black electrode is in good agreement with Appleby's 
results for a flat sheet. A measured surface area of 24 
mz/g was used for the platinum black. Both fits of the 
experimental data lead to reasonable values of agglom- 
erate diameter, agglomerate porosity, and electrolyte 
film thickness. 

Experimental data obtained on an electrode fabri- 
cated using platinum supported on Vulcan XC-72 were 

CURRENT DENSITY - ma/cm2 

Fig. 20. Comparison between the experimental data of Vogel and 
Lundquist and calculated results of cathode potential vs. current 
density for one catalyst loading a t  120°C in 85% H3P04 a t  1 
atm gas pressure. 0,  Oxygen; 0, oir. Values of parameters used 
in the calculations: exchange current = 5.3 X 10-10 A/cm2; 
Tafel slope = 65 mV/decade; Pt loading = 6.0 mg/cmZ; Pt sur- 
face area = 24 m2/g; agglomerate porosity = 0.60; agglomerate 
length = 0.0762 mm; agglomerate diameter = 6.0~; tortuosity = 
1.0; eleckolyte film thickness = 0.04; electrolyte conductivity = 
0.42 (ohm-cm)-'; oxygen diffusivity-solubility product = 1.0 x 
lo-" mole/cm-sec; density of Pt = 21.4 g/cm3. 

lOOOr 

CATALYST LOADING - mg/c@ 

Fig. 21. Comparison between the experimental data of Vogel and 
Lundquist and the calculated results showing the effect of catalyst 
loading upon cathode performance a t  120°C in 85% Hap04 with 
1 atm air reactant pressure. Cathode potential (mV): A ,  600; 
A, 650; 0, 700; 0, 750; 0, 800. Calculated results used same 
values of parameters as used in Fig. 20. 

also fit using the cylindrical agglomerate model to de- 
termine if reasonable values of fitting parameters 
would be obtained. Data were obtained at 160°C so a 
Tafel slope of 90 mV/decade was used. A comparison 
of the results of the cylindrical agglomerate model with 
the data using only the exchange current, the agglom- 
erate diameter, porosity, and electrolyte film thickness 
as fitting parameters are shown in Fig. 22. Good agree- 
ment resulted in this case. 

The value of exchange current, corrected to 1 atm 
oxygen pressure, was added to Fig. 17. This value is 
lower than the value expected based on the results 
for 96% H3P04 on a flat sheet. This difference can be 
partially attributed to the absence of prepolarization 
in the supported platinum electrode test as shown in 
Fig. 16. Other reasons for the results of the supported 
platinum electrode exchange current being low might 
be that regions of the Teflon-bonded catalyst were ex- 
cessively flooded by electrolyte, that some regions of 
the Teflon-bonded electrode were in poor ionic or elec- 
tronic contact, that slight surface roughness existed on 
the flat sheet (assumed to be LO), and that a slight 
effect of platinum crystallite size is present. A lower 
value of current in the supported platinum electrode in 
85% H3PO4 can also be seen in Fig. 13. 



VoI. 122, No. 10 CATALYTIC ACTIVITY OF PLATINUM 1287 

0.5!,.1 ' ' 1 " ' '  1.0 ' . ' ' ' ' ' 1  10.0 a """ 100.0 ' ' " j Y I  1w0.0 

CURRENT DENSITY ma/rmZ 

Fig. 22. Comparison of data of the present study with the calcu- 
lated results of the cylindrical agglomerate model a t  160°C in 
96% H3P04; 0.31 mg Pt/cm2. 0,  Oxygen; 0, air. Values of 
parameters used in the calculations: exchange current = 2.4 X 

for oxygen; exchange current = 0.73 X 10-8 for air; Pt 
surface area = 70 m2/g; agglomerate porosity = 0.60; agglom- 
erate length = 0.0382 mm; agglomerate diameter = 1.6,~; 
torhosity = 1.0; electrolyte film thickness = 0.20,~; electrolyte 
conductivity = 0.57 (ohm-cm)-l; oxygen diffusivity-solubility 
product = 0.63 X 10-11 mole/cm-sec; density of carbon = 2.0 
g/crn3. 

The values of the agglomerate diameter, porosity, 
and electrolyte film thickness for the supported plati- 
num electrode were also reasonable considering the 
electron micrographs obtained for this type of elec- 
trode shown in Fig. 4. The agglomerate diameter ap- 
pears to be somewhat small. This might be due to an 
effect of the carbon and/or Teflon on the diffusivity- 
solubility product of the oxygen in the electrolyte. 

Again, a slight deviation between the predicted re- 
sults using the model and the experimental data oc- 
curred above 0.9V. However, this might be expected in 
this case due to mixed potential effects caused by car- 
bon, platinum, or impurity oxidation or perhaps a 
change in the catalytic properties of the platinum. 

The fact that the cylindrical agglomerate model can 
be used to fit the experimental data for both the plati- 
num black electrodes of Vogel and Lundquist and the 
supported platinum electrodes in this study does not 
confirm results obtained in this study but merely in- 
dicates that experimental data on both these types of 
electrodes can be rationalized using the results of this 
study. In all probability, the Tafel slope and exchange 
current for platinum black, platinum supported on car- 
bon, and a flat platinum sheet are all the same, since 
the results obtained for platinum black and platinum 
supported on carbon are in such good agreement with 
the flat sheet results. 

Conclusions 
The following conclusions can be made from the re- 

sults obtained in this study. 
1. Platinum with an area as high as about 70 mz/g 

when supported on carbon has approximately the same 
specific activity as a flat platinum sheet if the effect of 
electrode prepolarization is considered. 
2. The specific activity of platinum black is most 

likely the same as that of a flat platinum sheet. 
3. Crystallite size is relatively unimportant with re- 

spect to specific activity for oxygen reduction in the 
range of crystallite sizes studied and carbon does not 
interact significantly with the platinum. 

4. The experimental data of Appleby are valid with 
respect to platinum activity in the potential range 
below O.9V. 
5. The mechanism for oxygen reduction is the same 

over a temperature range from 70" to 160°C for purified 
85% phosphoric acid and is probably the same in both 
sulfuric and phosphoric acid. The Tafel slope varies as 
RT/R ---,-. 
6. Data above approximately 0.9V for platinum on 

carbon catalyzing pure oxygen reduction are confused 
by at least mixed potential effects and therefore can- 
not be used to obtain Tafel slope information for ap- 
plication to lower potential levels. 
7. Data obtained for platinum black above approxi- 

mately 0.9V indicate that possibly a change in mecha- 
nism for oxygen reduction may be occurring, perhaps 
through a change in the oxidation state of the surface. 
8. Because the catalyst surface area for supported 

platinum determined using the electron microscope is 
larger than the electrochemical area and because the 
activity of the supported catalyst is somewhat lower 
than that anticipated using the data of Appleby, some 
of the catalyst in the supported platinum electrodes 
may be ineffective due to poor electronic or ionic 
paths. 
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ABSTRACT 

Polarization measurements of cathodes containing various carbon fluorine 
compounds CF, (n  = 0.24-1.5), as the active depolarizer material were made 
in 1M ~i~i04-propylene carbonate at 298°K. The polarization (free of ohmic 
iR drop) was measured, using the periodically interrupted sine wave pulse 
current technique. The open-circuit potentials and polarization data were 
analyzed, considering their mixed potential character. The two major factors 
that influenced the data were the C/F ratio and the electrode compression 
pressure. With graphite fluorides, activation polarization was prevalent and 
Tafel behavior was observed ( b  = 0.12). The exchange currents were low, 
peaking at n = 0.93 with lO-.22A. From the exchange currents, the cathodic 
currents at the mixed potentials were computed. For n = 0.93, a value of about 
7.10-1OA was obtained, indicating a depolarizer shelf life of about 106 years. 
Compounds with higher rate capabilities, such as polymeric, perfluorinated, 
and polycyclic hydrocarbons, show a very short shelf life by oxidizing rapidly 
the organic solvent. The experimental behavior of such compounds can be 
explained by the mixed potential theory. Shifts in open circuit, mixed poten- 
tials to more positive values are predicted for compounds with higher rate 
capability and can be observed experimentally. 

The energy densities of lithium organic electrolyte 
batteries with graphite fluorides as depolarizers can 
reach 150 W-hrflb; their rate capability, however, is 
limited to about 5-10 mA/cm2 at room temperature. 
This limitation is mainly due to a relatively high po- 
larization at the cathode at these current densities. The 
shape of the cathodic polarization curve indicates 
strong activation polarization (1). It would be desirable 
to decrease this overvoltage in order to obtain higher 
energy densities and rate capabilities in lithium bat- 
teries using carbon fluorine compounds as the cathodic 
material. Therefore, in our study, the polarization be- 
havior of carbon fluorine compounds with various com- 
positions and structures was investigated, but limited 
to a one solvent-electrolyte system. 

Experimental 
The electrochemical measurements and associated 

handling of cell materials were carried out in a dry lab 
in pure, dried argon or helium atmosphere. The water 
vapor level was between one and five parts per million. 

Solvents and electrolytes.-The solvent employed in 
this investigation was propylene carbonate, purified by 
vacuum distillation. The electrolyte used in this study 
was one molar solution of anhydrous lithium per- 
chlorate in propylene carbonate. 

Depolarizer materials.-Graphite fluorides, covering 
the composition range from tetracarbon monofluoride 
to polycarbon monofluoride, were investigated as cath- 
ode materials. These materials were obtained from Rice 
University. Their preparations and purities have been 
described previously (2). Further, polymeric carbon 
fluorine compounds were investigated, such as the 
oxygen crosslinked polymers of perfluoro anthracene, 
perfluoro decacyclene, perfluoro phthalocyanine, and 
fluorinated paracyanogene. These compounds were 
prepared and characterized for the U.S. Army Elec- 
tronics Command by Professor Lagow of MIT (3). 

Preparation of electrodes.-The cathodes were pre- 
pared by a dry press technique. This involves prepar- 
ing a dry cathodic depolarizer mixture of 80 weight 
per cent (w/o) depolarizer, 15 w/o graphite (spectro- 

Electrochemical Society Adlve Member. 
Key words: graphite fluorides, mixed wtentlal, perfluoro an- 

thracene, perfiuoro decacyclene, perfluoro phthalocyanlne. 

scopic grade), and 5 w/o Teflon powder. About 0.3g of 
the mixture were pressed into a highly porous nickel 
matrix of 10 cmz cross section. Both anode and refer- 
ence electrode consisted of lithium foil pressed onto a 
nickel screen. 

Electrochemical cell.-The electrochemical cell was 
assembled by placing the cathode, surrounded by a 
separator, between two lithium electrodes identical in 
size to the cathode. One of the lithium electrodes 
served as the anode and the other as the reference elec- 
trode. The cell design has been described in detail pre- 
viously (1). 

Electrochemical measurements.-Since the cathode 
polarization measurements included a substantial re- 
sistance polarization, it was essential to separate the 
resistance polarization component from the others. 
For that purpose, the periodically interrupted sine 
wave pulse current technique, invented by Kordesch 
and Marko, was chosen for polarization measurements 
free of the ohmic iR drop (4). 

The circuit used in the measurements is shown in 
Fig. 1. The electrochemical cell C is connected with a 
load circuit (Dl) and two voltage measurement cir- 
cuits (S3 positions a and b). A gating switch circuit 
(Dz and D3) permits the cathode potential to be mea- 
sured, free of the ohmic iR drop, during the brief 

Fig. 1 .  Periodically interrupted sine wave pulse current circuit. 
Components: Ti = TZ = llOV/24V, 1A. Dl = 50V. 1A. 
9 = D3 = 250V, 200 mA, ire, = 0.05 PA. R'b = 20 ohms, 35W 
each. R'b = 250 ohms, 38W each. Ry = 50 ohms. C, = 10 pF, 
15OV. CI = 100 pF, 5OOV. 
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period of current interruption (1/120 sec). The selec- 
tion of the circuit components had to consider the 
higher cell voltages and the ohmic resistance char- 
acteristics of the lithium batteries which influence 
mainly the choice of the transformers (TI and Tz), the 
components in the gating switch circuit, and the con- 
denser, Cv, parallel to the voltmeter. The latter had to 
be adjusted to the time constant of the voltage mea- 
surement circuit (S3 position a).  

Thus quasi steady-state current-cell voltage and 
current-cathode potential curves of lithium/graphite 
fluoride cells, including or excluding the ohmic iR 
drop, could be measured. In the case of polymeric car- 
bon fluorine compounds as depolarizers, galvanostatic 
discharge curves were measured. 

Results and Discussion 
Standardization of cathode preparation.-Before a 

study of the kinetics of various graphite fluorides was 
started, the cathode preparation technique had to be 
optimized and standardized. It was found that the 
major two factors influencing the performance of the 
cathode were the carbon to fluorine ratio and the com- 
pression pressure applied in preparing the cathodes. 
The compression pressure was varied within the range 
of 400 to 30,000 lb/electrode. Using the dry press tech- 
nique. a pressure of about 2000 lb/in.z yielded graphite 
fluoride cathodes with the lowest polarization up to 
5 mA/cm2. 

Mixed potential theory of CF, reduction.-The key to 
the analysis of the polarization data was the mixed 
potential theory of CF, reduction. The open-circuit po- 
tential of graphite fluoride cathodes is a mixed poten- 
tial, the reduction of graphite fluoride being the cath- 
odic reaction and solvent oxidation being the anodic 
reaction (1). The electrochemical behavior of carbon 
fluorine compounds is shown schematically in terms of 
the mixed potential theory in Fig. 2. ECF is the poten- 
tial of a carbon fluoride cathode us. a lithium refer- 
ence electrode, computed from thermodynamic data. It 
is numerically identical to the electromotive force of a 
corresponding lithium-carbon fluoride cell. The emf of 
such cells, covering the composition range from CF0.a 
to CF1.13, have been determined recently by Professor 
Margrave and co-workers at Rice University (2). The 
values range from 5.23 to 4.56V at 298'K. Note that the 
potentials decrease with increasing fluorine content in 
the compounds. There are three current-potential 
curves shown in Fig. 2, covering three cases of CF 
kinetics, slow, medium, and fast. Es is the oxidation 
potential of the organic solvent. The average potential 
of graphite electrodes in 1M LiC104-PC is 2.568 us. 
lithium. Tiedemann has found that the potential of a 
completely discharged (CF), electrode is approxi- 
mately 2.5V us. lithium (5). A, is the solvent oxidation 
and C, the solvent reduction curve. 

The open-circuit potential of a CF electrode, e.g., 
Em, is a mixed potential and a function of its state of 

- .. 
i,l MEDIUM 

KINETICS 

Fig. 2. Current-potential curves of carbon fluorine compounds 
and organic solvents. 
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discharge (1). Experimental Em values, ranging from 
2.56 to 3.36V, have been observed with poly carbon 
monofluoride at 298°K. The variations are caused by 
the type of CF used and by the electrode compression . - 
pressure. 

A mixed potential, Em, is established when the cath- 
odic current of CF reduction and the anodic current of 
solvent oxidation are equal. The open-circuit potential, 
Elm, is thus a function of the kinetics of the partial 
electrode processes (6,7). According to the principle of 
the additive composition of all partial electrode proc- 
esses, we should observe experimentally the inter- 
rupted curve, C,,,. The theoretical curve for CF re- 
duction and the experimental curve are, however, 
practically identical between Em and E, due to the 
smallness of the solvent oxidation current. 

CF, cathode polarization data.-In Fig. 3, polariza- 
tion data, free of ohmic iR drop, of graphite fluoride 
cathodes are shown. The polarization here is defined 
as the difference between the cathode potential, cal- 
culated from thermodynamic data, and the cathode po- 
tential at a given current measured us. the lithium 
reference electrode. Each data point was taken after 
quasi steady state, defined by a change of less than 
a 5  mV/5 min, was reached. The average error in the 
polarization data, e.g., for CF'o.93, for the 0.15 to 50 mA 
range was 38 mV or less than 1.8% at polarizations be- 
tween 2.5 and 2.74V. At higher current densities, above 
2 mA/cmz (20 mA), a slow, continuous increase in po- 
larization with time was observed. In these cases, the 
initial data points taken are shown in the graph. The 
upper two curves (Fig. 3) are for white CF [dry press 
technique and wet preparation technique (I)]  and the 
lower two curves for gray CF (dry press technique, 
two different metal current oollectors). 

A range of linear behavior with a slope of about 
O.lZV/decade of current can be observed. The devia- 
tions at higher currents from linearity could be due 
to blocking of parts of the inner surface area of the 
electrodes with reaction products, mainly lithium fluo- 
ride; the deposition will be proportional to current and 
time. Since no limiting currents have been observed up 
to 100 mA, any concentration polarization can be ne- 
glected due to its smallness. 

Exhange currents of CF, reduction.-From the 
linear part of the polarization curves, the exchange 
currents, i,, for cathodic CF reduction could be com- 
puted, using the following equation 

Em - Ei = 0.116 b g  ic - 0.116 log i, C11 

Values of exchange currents for various graphite fluo- 
rides are shown in Table I. The highest exchange 

I . CF0,96 (DRY PRESS, Cul ./ 
o CF0.96 (DRY PRESS. N i l  

/-- 

Fig. 3. Polarization data of CF, cathodes free of ohmic iR drop. 
CFo.98 (dry press technique, Cu collector), 0 CFo.oa (d.p.t., 

Ni collector), A CF (d.p.t., N i  collector), CF [wet preparation 
technique ( I ) ]  1M LiC104-PC, 25'C 
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Table I. Exchange currents of graphite fluorides CF, in 1 M  
LiC104-PC a t  298°K for about 2% discharge of the cathodes 

current was obsemed with CFo.gs. Considering the 
inner surface areas of the graphite fluorides (21, which 
range from 230 to 270 m2/g, the exchange current den- 
sity for gray CF should be in t h c  order of 1.7.10-2s 
A/cmz and that of white CF about 5.4.10-30 A/crnz; 
however, blocking of active, inner surface area by 
compression during electrode preparation has to lead 
to higher exchange current densities. 

Electrochemical stability of CF cathodes.-From the 
exchange currents, the cathodic currents of CF, re- 
duction at the mixed potentials, (im), (third column, 
Table I), could be computed via Eq. 121 

ECF - Em = 0.116 log (i,), - 0.116 log io [2] 

For gray CF we obtain (im), = 6.9.10-loA. This value 
is significant in that it relates to the electrochemical 
stability of the CF cathode on open circuit. A cath- 
odic current at the mixed potential of about 10-llA 
corresponds to a depolarizer shelf life, ?, (last column, 
Table I) i.n the electrolyte of about 108 years. 

It can be estimated that hypothetical compounds 
with a higher rate capability than gray CF, e.g., with 
exchange currents of (io)cFn = 10-12 or 10-'A, would 
have, based on the computed (i,),, a far shorter de- 
polarizer shelf life in the electrolyte of about 3 years 
or 1 day, respectively. 

In computing the depolarizer shelf life of such com- 
pounds from i,, we have to consider the shift in Em due 
to the faster kinetics of the CFn reduction. Em, i,, and 
consequently r, can be computed from the two equa- 
tions [3] and [4] with two unknowns Em and im 

Em - E, = 0.12 log im - 0.12 log (i,), [3] 

E C F ~  - Em = 0.12 log in, - 0.12 log (i,) CFn [4] 

As mentioned earlier, E, was found experimentally to 
average 2.568. The exchange current of the solvent 
(i,), could be determined indirectly from i,, e.g., for 
CFl,~g, under assumption of activation control, using 
Eq. [3], Em being the mixed potential of CF1.09; ( i d s  
was also determined directly by measuring the anodic 
oxidation of propylene carbonate at CFl.09. With 1M 
LiC104-PC at 25T, a Tafel slope of 0.12 was found and 
an (&), of 10-16A; (iO), determined indirectly was 
about lO-15A. 

EcF,, can be estimated using Eq. [5] (2) and [6] 

P 2 g 8  = - (104.2n + 1.158) (kcal mole-') [51 

The polymeric carbon fluorine compounds, men- 
tioned earlier, fall apparently into the category of high 
rate depolarizers by showing initially a far better 
kinetics than white CF, but also a strong reactivity 
with the organic solvent. Figure 4 shows the cathodic 
reduction of polymeric carbon fluorine compounds and 
of white CF. The discharge was performed galvano- 
statically at 1 mA/cm2. In the figure the cathode po- 
tential measured us. a lithium reference electrode is 
plotted us, the discharge time in minutes. Oxygen 
crosslinked perfluoro anthracene, perfluoro decacy- 
clene, perfluoro phthalocyanine, and fluorinated para- 
cyanogene showed initially about 1 8  higher discharge 
potentials than poly carbon monofluoride. After a cer- 
tain time, however, reactions between depolarizer and 
solvent consume the cathodes. Highly soluble depo- 
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Fig. 4. Cathodic reduction of polymeric carbon fluorine com- 
pounds compared with CF (1 mA/cm2). 1 M  LiC104-PC, 30°C. 
C14F24 perfluoro anthracene (oxygen crosslinked), C36F54 perfluoro 
decacyclene (oxygen crosslinked), C32NsF56 perfluor0 phthalo- 
cyanine (oxygen crosslinked), CNFz.2 fluoro paracyanogene, CF 
poly carbon monofluoride. 

larizers, such as oxygen crosslinked perfluoro anthra- 
cene, show inferior discharge behavior. 

A more detailed explanation of the experimental be- 
havior of these compounds is submitted: When the 
cathode is submerged for the first time in the electro- 
lyte, reduction takes place initially at a high rate, cor- 
~-esponding perhaps to an i, = 10-'A, at a mixed po- 
tential of about 3.958. For 100% bulk utilization of the 
depolarizer, a time of about 1 day would be required; 
for depletion of active species at the surface, however, 
far less time would be required. This depletion will 
change the kinetics to a slower one, e.g., to an io = 
10-12A. A mixed potential of about 3.62V would be the 
consequence. This would approximately correspond to 
the starting points of our discharge experiments in 
Fig. 4. Drawing a cathodic current of 10-zA at about 
3.32V would result in a fast consumption of the re- 
maining active depolarizer material which is indicated 
in Fig. 4 by a strong drop in discharge potential. 

The mixed potential theory predicts a shift in Em to 
more positive potentials for compounds with faster re- 
duction kinetics (see Fig. 2). This could be observed 
experimentally in the case of oxygen crosslinked per- 
fluoro anthracene, perfluoro decacyclene, perfluoro 
phthalocyanine, and fluoro paracycanogene. The mixed 
potentials of these compounds measured us. a lithium 
reference electrode are given in Table 11. 

Such compounds could make excellent depolarizers 
with higher rate capabilities if solvents and electrolytes 
could be found that would be stable to oxidation by the 
compounds. The theoretical energy capacities of these 
compounds exceed those of graphite fluorides, 2050 
W-hr/lb of cell reactants us. 1785 W-hr/lb. 

Manuscript submitted Nov. 13, 1974; revised manu- 
script received May 20, 1975. This was Paper 25 pre- 
sented at the New York, New York, Meeting of the 
Society, Oct. 13-17, 1974. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the June 1976 
JOURNAL. All discussions for the June 1976 Discussion 
Section should be submitted by Feb. 1, 1976. 

Table I I .  Mixed potentials of polymeric carbon fluorine compounds 
in 1M LiClOa-PC a t  298°K vs, the lithium reference electrode 

Compound Em (Vl 

Oxygen crosslinked wrfluoro 
Anthracene CuFa- 3.46 
Decacyeiene C3oFu 3.47 
Phthalocvanine C~xiUsFau 3.41 

Fluoro paracyanogene CNFs.2 3.58 
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High Conductivity Solid Electrolytes 
Double Salts of Substituted Organic 

Ammonium Halides and Cuprous Halides 

Anthony F. Sammells,* Jack Z. Gougoutas,' and Boone B. O ~ e n s * . ~  

GoulcF Incorporated, Gould Laboratories, St. Paul, Minnesota 55165 

ABSTRACT 

Copper solid electrolytes have been synthesized by the solid-state reaction 
between substituted organic ammonium halides and cuprous halides. High 
conductivity electrolytes were found with both high and low symmetry organic 
ammonium halides, indicating that high symmetry in the latter need not be 
necessary in this class of electrolytes. Initial experiments with these mate- 
rials in galvanic cells and coulometers indicated some instability. 

Many of the highly conducting solid electrolytes in- 
vestigated over the past decade have been silver ion 
conductors. The most conductive of these, RbAgaIs, has 
a conductivity of 0.27 ohm-l.cm-1 at ambient tem- 
peratures (1) and has found application in galvanic 
cells (2). Silver electrolytes have also been synthesized 
through compound formation between AgI and various 
substituted ammonium halides (4, 5) and also between 
AgI and sulfonium iodides (6). The single-crystal 
structures of certain of these unique phases have been 
investigated (7-11) to determine the structural fea- 
tures that permit fast ion diffusion in solids. It was 
observed that the iodide ions form face-sharing poly- 
hydra (generally tetrahedra), with the silver ions 
situated within these polyhedra. On the average there 
are two or three vacant sites per silver ion, thus per- 
mitting ready diffusion through the faces of the poly- 
hedra. 

Because of the similar properties of Ag+ and Cu t  
together with the much lower cost of copper compared 
to silver, it has been of considerable interest to synthe- 
size copper electrolytes with ionic transport properties 
analogous to those of the above referenced silver elec- 
trolytes. Such materials were recently reported to ex- 
hibit ionic conductivities as high as 0.045 ohm-1-cm-1 
(12-13). 

In the present investigation, following procedures 
similar to those of Takahashi, Cu+ ion conducting solid 
electrolytes were synthesized by the combination of 
NN'-dimethyltriethylenediamine dibromide + cuprous 
bromide, NN-dihydrotriethylenediamine dibromide + 
cuprous bromide, and N-hydrohexamethylenetetramine 
chloride + cuprous chloride, in good agreement with 
the results of Takahashi et al. (12,13). 

The organic cations that are presumably stabilizing 
the high conductivity phase in the above three electro- 
lytes have both high symmetry and a saturated cage- 
type structure. In order to determine whether ionic 
conduction is limited to the hydrohalides of triethyl- 
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Key words: copper ion diffusion. frequency measurements, sym- 
metry, organic ammonium halides, activation energy, galvanic cells. 

enediamine and hexamethylenetetramine and their 
derivatives, and investigate the relative importance of 
high symmetry, the cage-type structure, and the onium 
nitrogen atoms, we have investigated several other 
systems. Our choice of substituents for the most part 
has been empirical since no crystallographic struc- 
tural information is available to suggest those molec- 
ular features which the organic moeity should possess 
in order to form an ionically conducting phase. The 
possibility of ionically conductive cuprous halide phases 
being stabilized by quinuclidine, quinuclidone, pyridin- 
ium, dimethylpiperizine, NN',NN'-diethylenedipyrili- 
dinium, and 1-adamantanamine halides was investi- 
gated. 

Conductivity measurements have been reported both 
at 1000 Hz and mHz. Extrapolation to mHz was made 
to eliminate the faradaic impedance AR, which may be 
proportional to the square root of frequency (14, 15). 

AR = kf-In 

where f is frequency and k a proportionality constant. 
The measured resistance R, will contain both the bulk 
electrolyte resistance R and any faradaic impedance 
effects that may exist at the interface 

Rm = R + AR = R + kf-1I2 
The error caused by AR was minimized by extrapolat- 
ing the measured resistance to infinite frequency. 

The conductivity-temperature function was deter- 
mined for some of these electrolytes and activation en- 
ergies reported. The stability of these electrolytes under 
a potential was evaluated by fabricating galvanic cells 
with copper anodes and various cathodes, including 
CuBr2, Moo3, V203, tetrapropylammonium tribromide, 
tetrabutylammonium tribromide, and triethylenedi- 
amine dibromide. 

Experimental 
Electrolyte syntheses.-3-quinuclidone hydrochlo- 

ride, quinuclidine hydrochloride, and l-adamantan- 
amine were obtained from Aldrich Chemical Company. 
Triethylenediamine was purchased from Eastman 
Kodak Chemical Company. Cuprous chloride and bro- 
mide were very carefully purified by recrystallization 
from the appropriate halogen acid, followed by wash- 
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ing with glacial acetic acid, and ethanol. While still 
moist with ethanol, the cuprous halide was stirred with 
tetrahydrofuran and rapidly transferred to a round 
bottom flask, where the remaining solvent was re- 
moved under vacuum. After solvent removal the cu- 
prous halides were not exposed to the atmosphere in 
any subsequent operation. 

The electrolyte materials were synthesized under a 
nitrogen atmosphere by intimately mixing the appro- 
priate mole quantities of cuprous halide and organic 
material in a round bottom flask, using sufficient 
ethanol to make a slurry. The ethanol was then vac- 
uum distilled. After thorough washing and drying the 
materials were transferred to a dry box where they 
were pressed into pellets at 57,000 psi. These pellets 
were then heated under the conditions illustrated in 
Table I. After the solid-state reaction, the pellets were 
transferred to a dry box, ground up, and repressed at 
57,000 psi into conductivity cells of the configuration 
Cu,E/E/Cu,E (E is the electrolyte). The electrodes 
consisted of powdered copper intimately mixed with 
electrolyte in the weight ratio 2: 1. Some of the con- 
ductivity cells were annealed under high purity nitro- 
gen to remove any excess halogen that may be present. 
However, attempts to anneal the electrolytes contain- 
ing quinuclidine and 3-quinuclidone resulted in de- 
terioration of these materials. 

Synthesis of electrolyte components.-NN'-dimethyl- 
triethylenediamine dibromide.-Methyl bromide ( 2  
moles) was reacted with triethylenediamine (1 mole) 
in benzene. The ~roduct  was recrystallized from tetra- 
hydrofuran. [ ~ r i f o u n d  51.70%, caiculated 52.98% (13).] 
This material was also prepared from NN'-dimethyl- 
piperidine and 1-2-dibromoethane. 
NNf-dihydrotriethylenediamine &bromide.-Triethyl- 
enediamine was reacted with an excess of a 47% aque- 
ous HBr solution. The solution was allowed to stir 
overnight; the product was recrystallized from EtOH/ 
water. [Br: found 57.4%, calculated 58.39% (13).1 
N-hudrohexamethylenetetramine chloride.-Hexa- 

Quinuclidine methylbromide.-As above except treated 
with 3 moles methylbromide. The product was re- 
crystallized from ethanol. (Br: found 37.70%, calcu- 
lated 38.83%.) 

3-Quinuclidone hydrobromide.-This material was 
synthesized by passing quinuclidone hydrochloride 
through an anion exchange resin (amberlite IR-45) 
and the product was recrystallized from ethanol. (Br: 
found 40.18%, calculated 38.46%.) 

Pyridinium bromide.-This extremely hygroscopic salt 
was prepared by titrating an aqueous solution of pyri- 
dine with 47% aqueous HBr. After evaporation of the 
solvent, the solid was recrystallized from acetone/ 
ethanol. (Br: found 45.17%, calculated 41.66%.) 

NN'-dimethylpiperizine dihydroch1oride.-NN'-di- 
methylpiperizine was treated with 2 moles of aqueous 
hydrochloric acid. Crystals were obtained by concen- 
tration of the solution and were recrystallized from 
ethanol. (Cl: found 34.74%, calculated 37.96%.) 

NNf,NN'-diethylenedipyrrolidinium dibromide.-Pyr- 
rolidine was reacted with ethylenedibromide, the solu- 
tion was clarified using NORITE (activated charcoal) 
and the product was recrystallized from iPrOH. [Br: 
found 45.28%, calculated 44.94% (16).] 

Synthesis of cathode materials.-Tetramethylam- 
monium tribromide.-Tetramethylammonium bromide 
was reacted with bromine in carbon tetrachloride. The 
excess bromine was pumped off. 

Tetrabutylammonium tribr0mide.-Tetrabutylammo- 
nium was reacted in carbon tetrachloride with a 0.05 
mole BrdCC14 solution (14). 

Triethylenediamine dibromine complex of.-Triethyl- 
enediamine was dissolved in benzene and was stirred 
with excess bromine in benzene. The yellow product 
was filtered, washed with benzene, and air dried. The 
product was recrystallized from glacial acetic acid. 

met6ylenetetramine was reacted with 1 mole equiv. of Emerimental measurements.-~ell resistances were 
47% aqueous HBr in ethanol and was recrystallized measured at frequencies between 500 and 20,000 from ethanol. [Cl: found 19.37%, calculated 20.11% using a , ~ ~ ~ ~ ~ ~ l  ~~~i~ 1608A impedance bridge with 
(13.1 an external Hewlett-Packard 209A oscillator. The mea- 
Quinuclidine hydrobromide.-Quinuclidine hydrochlo- surements were made on cells maintained in an inert 
ride was treated with 1M NaOH, stirred with MgSO4, atmosphere. The cell voltages were measured with an 
and then reacted with a slight excess of HBr. The HP3430A dieital voltmeter. X-rav ~ o w d e r  diffraction 
product was recrystallized from ethanol. (Br: found patterns were run on a GE XRD-k x-ray spectrometer 
40.94%, calculated 41.66%.) using CuKorl lines. 

Table I. Conductivity results 

Conductivity ohm-1. cm-1 at 2B'C 

1000 Hz m Hz 

Before After Before After Electrolyte Conductivity 
Electrolyte anneal anneal anneal anneal synthesis cell anneal 

Quinuclidine-HBr-CuBr (87.5 mlo)  4.2 x 10d 1.3 x 10a 8.7 x 1 W  3.0 X 1 W  190°C 16 hr llO'C 8 hr 
under vac NI Row 

Quinuclidlne-MeBr-CuBr (87.5 mlo)  6.0 x lo* 1.8 x 10-9 150°C 16 hr 
under vac 

Quhuclidine-HC1-CuC1 (85 mlo)  1.8 x l W  4.0 x I W  160°C 16 hr 
under vac 

3-Q~huclldone-HBr-CuBr (80 mlo)  a.4 x 1 0 ~  3.0 x 104  175'C 18 hr 
under vac 

3-Quinudidone-HCI-CuC1 (80 mlo)  2.6 x 104  2.5 x 10- 120'12 16 hr 
under vac 

Prridinium bromide-CuBr (87.5 mlo)  7.4 X 104 3.3 x ID-" 100°C 
under HI 

NN'-dihydrotriethylenediamine dibromide-CuBr 2.0 x lo-s 6.5 x 10- 190°C 16 hr 170'C 8 hr 
(87.5 mlo) under vac Ns flow 

NW-dirnethylkiethylenediamine dibromide-CuBr 2.7 x lo-' 6.5 x 10- 1.4 x lo-* 190°C 16 hr 170°C 8 hr 
(94 mlo)  under vac NI flow 

N-hydrohexamethylenetetramine chloride-CuC1 5.4 x lo-& 2.4 x I F  2.5 X 10- 2.7 X 10d 120'C 16 hr 120PC 8 hr 
(87.5 mlo) under vac Na flow 

Dimethylpiperadne-2HC1-CuCl (87.5 mlo)  9.6 x 10-7 3.3 x 10-7 llO0C 16 hr 

Triethylenediamhe-CuBr (90 mlo)  No conductivity 

under vac 
110°C 8 hr 

Nt flow 
180'C 16 hr 140°C 8 hr 

under vac Ns flow 
100°C 16 hr 
NI flow 

Trlethylenediamine-CuC1 IS0 mlo)  1.3 x 10-7 100°C 16 hr 
NI flow 
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Results 
The systems reported on are shown in Fig. 1. These 

are (I)  quinuclidine hydrobromide-CuBr, (11) quinu- 
clidine methylbromide-CuBr, (111) quinuclidine hy- 
drochloride-CuC1, (IV) 3-quinuclidone hydrobromide- 
CuBr, (V) 3-quinuclidone hydrochloride, (VI) pyri- 
dinium bromide-CuBr, (VII) NN'-dihydrotriethylene- 
diamine dibromide-CuBr, (VIII) NN1-dimethyltri- 
ethylenediamine dibromide-CuBr, (IX) N-hydro- 
hexamethylenetetramine chloride-CuC1, (X) dimethyl- 
piperizine dihydrochloride-CuC1, (XI) NN',NNf-di- 
ethylenedipyrrolidinium dibromide-CuBr, (XII) l-ad- 
amantanamine hydrochloride-CuC1, (XIII) triethyl- 
enediamine-CuBr, (XIV) triethylenediarnine-CuC1. 

A typical frequency dependence for a conductivity 
cell resistance is shown in Fig. 2 for the electrolyte 
NN'-dimethyltriethylenediamine dibromide-CuBr [94 
mole per cent (m/o) 1. If we plot cell resistance values 
at 1 kHz against cell length, the resultant faradaic im- 
pedance, as represented by the intercept, is generally 
several ohms. However, by plotting the extrapolated 
conductivity values at mHz against cell length, the in- 
tercept is at the origin, demonstrating that the im- 
pedance effect has been minimized, as shown in Fig. 3. 
All of our results for both 1 kHz and mHz are sum- 
marized in Table I. The highest conductivity found was 
for NN'-dihydrotriethylenediamine chloride-CuBr 
(87.5 m/o) at 6.5 x 10-2 ohm-1.cm-1 at  mHz, which 
is in reasonable agreement with the value of 4 x 10-2 
ohm-l.cm-1 at 1000 Hz reported by Takahashi. 

V I  (3 2Elr- + C u b  V I  8 20.- + CuBr 

I I 

Fig. 2. Frequency dependence for dimethylenediamine dibromide 
+ CuBr(94 m/o). 

0 0.1 0.2 
CELL LENGTH. CM 

Fig. 3. Cell resistance vs. cell length a t  mHz for dimethyltri- 
ethylenediamine dibromide + CuBr(94 4 0 ) .  

The composition dependence of the conductivity was 
determined for the more conductive systems investi- 
gated. The compositions at which maxima occurred are 
summarized in Table I. The synthesis temperatures 
chosen were those where new phase materials wuld be 
detected from x-ray patterns. The presence of the new 
phases was then correlated with directly measured 
conductivity values to find the synthesis temperature 
at which the most conductive samples were produced. 

The optimized stoichiometries for maximum con- 
ductivity were quite distinct, but were generally not 
sham. 

  he observed temperature dependence of the con- 
ductivitv for auinuclidine hydrobromide-CuBr (87.5% 
m/o) &er t i e  temperaturk range 50" to -20°C is 
shown in Fig. 4,'The slope corresponds to an activa- 
tion energy of 2.7 kcal/mole. The activation energies 
observed in the present study varied from 2.7 up to 
6.7 kcal/mole as shown in Table 11. 

X-ray powder diffraction patterns were routinely 
run on samples of optimized stoichiometry. All samples 
showed lines characteristic of the starting materials 
together with, in some cases, new phases, indicating 
that the phases were not optimized to equilibrium. 

fN] + CuBr 
YN / \-N / 

Fig. 4. Conductivity temperature dependence for quinuclidine 
Fig. 1. Copper electrolyte systems investigated hydrobromide + 87.5 m/o CuBr. 
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Table I I .  Activation energies for copper solid electrolytes 

Electrolyte AE, kcallmole 

i'-dihydrotriethylenediamine dihromide-CuBr 
(87.5 m/o) 
i'-dimethyltriethylenediamine dibromide-CuBr 
(94 m/o) 

N-hydrohexamethylenetetramine chloride-CuC1 
(87.5 m/o) 

Table I l l .  Galvanic cells investigated 

System 

Initial 
voltage. 

mV 

Cu I Hexamethylenetetramlne- 
HC1-CuC1 

Cu I Hexamethylenetetramine- 
HC1-CuC1 

Cu I Hexamethylenetetramlne- 
HC1-CuC1 

CU I Hexamethylenetetramine- 
HC1-cuc1 

Cu I Hexamethylenetetramine- 
HCI-CuC1 

Cu I Dihydrotriethylenediamine 
dibromide-CuBr 

Cu I Hexamethylenetetramine- 
HC1-CuC1 

Cu I 3-Quinuclidone-HC1-CuC1 

Cu I 3-Quinuclidone-HC1-CuC1 

1 Triethylenediamine 
dibramide 

1 PropylrNBr.Br2 

I ButylrNBr, Brt 

l MoCh 

l vpos 

To evaluate the utility of these copper electrolytes in 
solid-state galvanic cells, various cells were made. 
Initial voltages are reported in Table 111. A load 
curve for the cell Cu/hexamethylenetetramine-HC1 
CuCl (87.5 m/o) CuBrz is shown in Fig. 5. During dis- 
charge or upon standing on open circuit, the electro- 
lyte phase in our cells deteriorated and became black 
in appearance. There was a concurrent loss of cell 
voltage, possibly due to electronic conductivity in the 
electrolyte decomposition product. 

The plating characteristics of copper in these mate- 
rials was investigated for a simple coulometer cell. The 
plate, deplate cycle for the cell Cu/pyridinium bro- 
mide-CuBr (87.5 m/o) graphite is shown in Fig. 6. 

Some preliminary work was performed on identifi- 
cation of the ionically conductive phase or phases 
present in these copper electrolytes by the use of 
single-crystal techniques. Single crystals of a conduc- 
tive phase of pyridinium bromide-CuBr were prepared 
from an aqueous solution. A preliminary crystallo- 
graphic survey of the single crystals suggested an 
orthorhombic unit cell (a = 11.8A, b = 14.1A, c = 
13.1A). The observed density of 3.178 g/cm3 and unit 

AMPERES~CM~ x lo5 
Fig. 5. Load curve for Cu/hexamethylenetetramine-HCI/CuBrz $ 

CuCI(87.5 d o ) .  

PYRIDINIUMHYDROBROMIDE 
Cu I CuBr (87.5 rnlol 1 GRAPHITE 

5 
IOpA CHARGE 

98% EFF. & DISCHARGE 

6 
9 

95% EFF. 

7 94% EFF. 

TIME, MINUTES 

Fig. 6. Application in coulometers 

cell volume agree with a unit cell containing 20 CuBr 
and 8 CsH6NBr. 

Discussion 
The present results indicate that copper ion conduct- 

ing phases can be stabilized not only by substituted 
organic ammonium compounds of high symmetry 
(Dab) as reported by Takahashi (12, 13) but also by 
species in which some lowering of the over-all sym- 
metry occurs. High conductivity has been observed for 
double salts of copper halides with quinuclidine hydro- 
bromide, quinuclidine methylbromide, and quinucli- 
dine hydrochloride, where there is still a high sym- 
metry organic ammonium halide, but one of the 
"onium" nitrogens of the NN'-dialkyltriethylenedi- 
amine halide has been removed. In fact, the conduc- 
tivity at infinite frequency found for quinuclidine 
methylbromide-CuBr (87.5 m/o) was close to that 
observed in this laboratory for NN'-dimethyltriethyl- 
enediamine dibromide-CuBr (94 m/o), Table I. The 
molecular symmetry of quinuclidine may be C S ~  or C3, 
but it was clear that the cation need not contain rota- 
tional axes or mirror planes of symmetry perpendicu- 
lar to the three-fold axis. It also followed that a doubly 
charged cation was not essential for the formation of a 
conducting phase. 

Asymmetry was introduced into the quinuclidine 
structure by introduction of an oxygen atom at the 
three-position, giving the quinuclidone-type structure. 
High conductivity was found for 3-quinuclidone hy- 
drochloride-CuC1 (80 m/o) and 3-quinuclidone hydro- 
bromide-CuBr (80 m/o), showing that highly sym- 
metric organic nitrogen compounds are not necessary 
for the formation of highly conductive phases. 

However, it is possible that the carbonyl group rep- 
resents only a relatively small perturbation on the cage 
structure which, accordingly, may be axially disordered 
at 120" rotational intervals in the crystal structure of 
the double salt and thereby simulate three-fold sym- 
metry. A crystallographic study of such possible posi- 
tional disorder in the double salt would be required to 
clarify this possibility. 

The formation of conductive phases with cations not 
having a cage structure was evaluated in the systems: 
dimethylpiperizine dihydrochloride-CuC1 and NN', 
NN'-diethylenedipyrrolidinium dibromide-CuBr, the 
structures of which are shown in Fig. 1, No. X and XI, 
respectively. No significant conductivity was observed 
with either of these materials. One might infer from 
the low conductivity of these two materials that re- 
moval of the cage structure from a saturated species 
such as NN'-dimethyltriethylenediamine dibromide 
appears to prevent the stabilization of conductive 
phases. However, by analogy with previous work on 
silver conductors (8, 10) high conductivity was found 
with pyridinium bromide-CuBr (87.5 m/o) where the 
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organic cation has a planer aromatic ring and in par- 
ticular, three-fold symmetry is absent. 

The possible conductivity of the 1-adamantanamine 
hydrochloride-CuC1 system (Fig. 1, No. XII) was in- 
vestigated by analogy to the electrolyte N-hydrohexa- 
methylenetetramine chloride-CuC1 (87.5 m/o) (Fig. 1, 
No. 1x1. Conductivities only a little greater than 10-7 
ohm-1.cm-1 were achieved with the samples in- 
vestigated. 

From conductivity measurements the optimum 
Cu/substituted organic ammonium halide mole ratios 
were found to be 7: 1 f,or CuBr-quinuclidine hydro- 
bromide, CuBr-quinuclidine methylbromide, and CuBr- 
pyridinium bromide, close to 6: 1 for CuC1-quinuclidine 
hydrochloride, and 4: 1 for CuBr-3-quinuclidone hydro- 
bromide and CuC1-3-quinuclidone hydrochloride. The 
conductive materials used in these investigations were 
not single phase, as determined by x-ray diffraction, 
and optimized stoichiometries may be somewhat con- 
tingent upon experimental details used for electrolyte 
synthesis. Further comment on the stoichiometry of the 
conductive phase or phases in these electrolytes must 
await single-crystal structural determinations. 

The conductivity of an ionic conductor can be rep- 
resented by r = npq (17), where n is the concentration 
of migrating species, JL is the ionic mobility, and q is 
the charge on the migrating species. Assuming that a 
univalent copper ion is the migrating species in these 
electrolytes, q will be essentially constant. The con- 
centration of ions n in these copper electrolytes will 
vary between one material and another, being depen- 
dent on how much ionicallv conducting ahase is ares- 

(87.5 m/o) is greater (5: 7 kcal/mole) than for NN'-di- 
hydrotriethylenediamine dibromide-CuBr (87.5 m/o) 
4.55 kcal/mole), and quinuclidine methylbromide- 
CuBr (87.5 m/o) is greater (3.6 kcal/mole) than qui- 
nuclidine hydrobromide (2.68 kcal/mole). We tenta- 
tively conclude that introduction of a larger group on 
the onium nitrogen atom leads to larger AE values. 
However, the over-all conductivity will be contingent 
also on the number of migrating species available in 
the phase that is stabilized as indicated earlier. 

All of the copper electrolytes were evaluated in gal- 
vanic cells and were observed to lose voltage upon 
standing on open circuit, with electrolyte deterioration, 
even when stored in a dry box under an argon atmo- 
sphere. With halide cathode materials the initially 
white electrolyte became black both upon standing 
and during discharge. This color change appears to be a 
direct chemical reaction. By pressing pellets of the con- 
figuration CuBr2/electrolyte/CuBr~ the initially white 
electrolyte was observed to become black upon stand- 
ing, indicating that even in the absence of any voltage 
breakdown of the electrolyte, a direct chemical path 
was also available for reaction with the copper elec- 
trolyte. This chemical instability was only observed in 
the stabilized conductive electrolyte phases and not in 
the organic nitrogen halide compounds used for the 
electrolyte synthesis. No color change was observed in 
pellets CuBrdorganic nitrogen halide/CuBrz upon ex- 
tended standing. The electrolytes were also stable to 
copper since conducting cells Cu/electrolyte/Cu were 
stable over several months without evidence of chemi- 

I...-",-a -.-.- 
ent. Therefore, to compare conducti;iiy values be- 

La' v'eanuvw'L' 

tween the more highly conductive copper electrolytes The chemical change taking place in galvanic cells 
might be somewhat erroneous. containing halide cathode materials, probably involves 

The mobility of such ionic conductors can be rep- a halide migration which could cause the formation of 
resented hv (171 electron holes, and/or the formation of C U ~ +  species in 

where AE is the activation energy for ionic migration 
and the other symbols have their usual significance. 
The concentration of migrating species n will be diffi- 
cult to predict in the absence of single-phase material; 
it may therefore be more meaningful to compare AE 
values obtained from the conductivity-temperature de- 
pendence than absolute conductivity values. 

The lowest activation energies were found for elec- 
trolytes (Table 11) stabilized bv the auinuclidine 
structure. The conductivities of tcese electrolytes are 
comparable to those found for electrolytes stabilized by 
NN'-dihydro and dimethyltriethylenediamine dibro- 
mide. The activation energies of the latter materials 
were found to be higher than those of the quinuclidine- 
CuX electrolytes, which suggests that there may be 
more mobile copper ions in the latter materials. 

The introduction of an oxygen double bond into the 
three-position of quinuclidine causing the possible loss 
of symmetry in the 3-quinuclidone increased the ac- 
tivation energy for copper migration from 2.7 kcal/ 
mole for quinuclidine hydrobromide-CuBr (87.5 m/o) 
to 6.7 kcal/mole for 3-quinuclidone hydrobromide- 
CuBr (80 m/o). The optimum stoichiometric ratios are 
also changed from 7: 1 to 4: 1 indicating a different 
structure and possibly a different conduction mecha- 
nism. The electrolyte 3-quinuclidone hydrochloride- 
CuCl (80 m/o) was not stable at the temperatures 
used for temperature dependence measurements, how- 
ever assuming an activation energy comparable to 
that found in 3-quinuclidone hydrobromide-CuBr 
(80 m/o) there must be a high concentration of mobile 
species available since a conductivity of 2.5 x 10-2 
ohm-'.em-1 was recorded at mHz. 

These results indicate that high molecular symmetry 
in the substituted organic ammonium cations is not 
essential in achieving high conductivity, but does ap- 
pear to give a lower AE value for copper ion migration 
in the solid phase. For example, the activation energy 
for NN'-dimethyltriethylenediamine dibromide-CuBr 

the electrolyte, thus explaining the loss of cellvoltage. 
The presence of electron holes in cuprous halides con- 
taining an excess of halogen is well known (18, 19). 
Four cells of the configuration Cu/electrolyte/graphite 
+ electrolyte were charged up initially to around 600 
mV; these cells slowly began to lose their charge with 
the simultaneous decomposition of the electrolyte 
(detected by the color change), and finally held a 
voltage of around 350 mV for several months. 

In cells using VzOs or Moos as cathode materials, 
the cell voltage similarly deteriorated with time; how- 
ever, no electrolyte color change was observed. This 
indicates that voltage breakdown of the electrolytes is 
probably occurring leading to some electronic conduc- 
tion path. Preliminary attempts using x-ray diffraction 
techniques to identify the electrolyte decomposition 
products were not conclusive. 

The performance of these electrolytes in solid-state 
coulometers is illustrated by the cell Cu/pyridinium 
bromide-CuBr (87.5 m/o) /graphite (Fig. 6). The first 
few cycles charging and discharging at 10 p A  showed 
high coulombic efficiencies, indicating that initially the 
materials were predominantlv Cu+ ion conducting; 
however, upon extended cycling the efficiency began 
to decrease, probably due to electrolyte breakdown 
caused by the voltage drop across the cell. 

The fact that high ionic conduction has been found 
in copper electrolytes stabilized by substituted organic 
ammonium compounds of lower symmetry than pre- 
viously reported, indicates that such electrolyte phase 
stabilization is more general than might have previ- 
ously been thought. From the evidence presently 
available it would appear that these materials are 
somewhat unstable when applied in galvanic cells. 
Whether these copper electrolyte materials can find 
any useful applications in solid-state devices must 
await the syntheses or isolation of the phase or phases 
that are responsible for the ionic conduction, together 
with the necessary structural determination and sta- 
bilization of the electrolytes in cells. 
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On the Kinetics of the Breakdown of Passivity 

of Preanodized Aluminum by Chloride Ions 

Z. A. Foroulis*.' and M. J. Thubrikar 
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ABSTRACT 

The kinetics of passivity breakdown and nucleation of pitting of pre- 
anodized aluminum by chloride ions has been investigated using aluminum 
supporting oxide films of reasonably well-known thickness and structure. The 
kinetics of passivity breakdown at the steady-state, critical pitting potential 
is influenced by chloride ion concentration, temperature, and oxide film thick- 
ness; it was found to be independent of solution pH in the range 5-10. It is 
postulated that passivity breakdown and nucleation of pitting at the critical 
pitting potential occurs by a process of C1- adsorption (assisted by the field 
at the oxide-solution interface) on the hydrated oxide surface and formation 
of a soluble, basic chloride salt with the lattice cation which readily goes in 
solution. This process of localized dissolution of the hydrated oxide film via 
formation of a soluble, basic, aluminum chloride salt once initiated is llkely 
to continue in an "autocatalytic" fashion until the oxide is locally "penetrated" 
and dissolution of the substrate metal begins. 

The breakdown of passivating oxide films on alumi- 
num, by "aggressive" anions such as chlorides at suffi- 
ciently positive anodic potentials is frequently re- 
sponsible for the failure of aluminum and its alloys in 
aqueous chloride solutions because it usually leads to 
severe pitting of the underlying metal. Several mecha- 
nisms for the breakdown process have been suggested 
(1-7). However, there is little experimental informa- 
tion on the kinetics of the oxide film breakdown proc- 
ess which could be used to establish the mechanism 
of pit nucleation of aluminum by chloride ions. Con- 
siderably more research is required to better under- 
stand the physical and chemical processes occurring 
during pit nucleation. In particular, there is consider- 
able need to understand the role of surface films, C1- 
concentration, solution pH, and temperature on the 
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kinetics. 

kinetics of passivity breakdown and nucleation of pit- 
ting. 

The work described in this report was undertaken 
to study the kinetics of pit nucleation of preanodized 
aluminum by chloride ions, as a function of C1- con- 
centration, solution pH, and temperature. The purpose 
of prefilming of aluminum by anodization was to ob- 
tain oxide films of reasonably well-known thickness 
and structure. 

Experimental 
The electrodes, about 4-7 cmz total exposed area 

were cut from 99.99% pure aluminum. The electrode 
assembly was similar to the one described previously 
(8). Surfaces were abraded through 4-0 emery paper 
and then metallographically polished using 1 and 0.5* 
alumina. This surface preparation produced a mirror 
like surface.2 Following rinsing in distilled water, 

*This type of surface preparation was essential for the miao- 
scopic observation of pits. 
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specimens were anodized using two different methods. 
One method involved constant current anodization in 
sulfuric acid using 15% w/v sulfuric acid (sp gr 1.84) 
for various times at 25 mA/cmz (20-21V) with a stan- 
dard rate of stirring. Following anodization, the speci- 
mens were sealed in boiling distilled water. In general, 
the ratio of anodizing time to sealing time in boiling 
distilled water was 1:30. In some instances, however, 
longer times of sealing were also used. The unsealed 
films produced consisted of a thin barrier layer ad- 
jacent to the metal and a thick outer porous layer. The 
oxide film prior to sealing in water is essentially 
7-Al203. During exposure in boiling water, sealing of 
pores due to hydration of ~ - A l 2 0 3  and formation 
of the less dense boehmite, AlO(OH), or Al(0H)s is 
well known (9-12). The sealing procedure gives an 
essentially pore free film (9). The over-all thickness of 
the oxide films produced by anodization was estimated 
from values reported by Hoar and Wood (9). 

Another method of prefilming of aluminum speci- 
mens was constant voltage anodization in 3% am- 
monium tartrate. In this case different anodizing volt- 
ages were used in order to get different film thick- 
nesses. Films formed in ammonium tartrate solution 
are much thinner, nonporous, and did not require 
sealing. The oxide films produced by anodization in 
ammonium tartrate are similar to the air formed oxides 
and consist essentially of 7-Ah03. The thickness of 
oxides produced by anodizing in ammonium tartrate 
solutions were estimated from values reported by Hass 
(13). 

Solutions for the kinetic studies of film breakdown 
and pit initiation were prepared from distilled water 
and reagent grade KCl, KOH, and HzS04. The cell de- 
sign was essentially identical to the one described pre- 
viously (14). Solutions were deaerated by bubbling 
prepurified nitrogen prior and throughout each run. 
Additional purification was done by passing it through 
copper turnings heated at 500". Potential control was 
obtained by means of an electronic potentiostat. Po- 
tentials were measured against SCE using a vacuum 
tube millivoltmeter (high impedance). Current was 
measured by recording the potential drop across a stan- 
dard resistor using a millivolt recorder. Temperature 
control was achieved either by means of a heat mantle 
fitted to the lower part of the cell or by using suitable 
cooling baths. 

Since the aim of this investigation was to gain an 
understanding of the mechanism of nucleation of pit- 
ting, it was felt of particular significance to study 
the kinetics of film breakdown at the steady-state, 
critical pitting potential. The procedure was to anodi- 
cally polarize the electrode, in steps of 10 to 20 mV,3 
after a rest period of a few minutes at the open-circuit 
potential. At each step the potential was kept con- 
stant at a given value, while the current was recorded 
continuously for as long as 24 hr and the electrode was 
then observed under a low power microscope for pit- 
ting. The potential at and above which pitting was 
observed was taken as the potentiostatic, critical pit- 
ting potential, Ec. It was also observed that at and 
above E,, the current, after an initial induction period 
( 7 )  during which the current remained essentially 
constant, began and continued to increase with time, 
eventually reaching current values higher by two or 
more orders of magnitude. At potentials smaller than 
the critical, the current generally <1 p4/cmZ, remained 
essentially constant and pits were not observed. Re- 
producibility of the critical pitting potential was within 
about 10-15 mV. All potentials are reported with ref- 
erence to the SCE. 

To gain information regarding the kinetics of film 
breakdown and pit nucleation at the critical pitting 
potential, the induction time r was determined experi- 
mentally as a function of C1- ion concentration, tem- 

.Prior to each potential setting, the electrode was subjected to 
new surface preparation (polishing, anodization, and sealing for 
specimens anodized in sulfuric acldl. 

perature, oxide film thickness, and solution pH. The 
induction time r is defined as the initial period of time 
(generally a few minutes) at the critical pitting poten- 
tial during which the anodic current (induction cur- 
rent) is very low and essentially constant, prior to a 
beginning of a continuous increase of current with 
time which eventually reaches current values higher 
than the induction current by two or more orders of 
magnitude as shown in Fig. 1. 

The continuous increase of the over-all anodic cur- 
rent at the critical potential at times higher than r is 
attributed to growth of minute pits initiated on a mi- 
croscale during the induction time. As the minute pits 
grow the over-all, anodic current density, due to active 
metal dissolution at the very small pit or pits and the 
passive current passing through most of the electrode 
surface which remains passive, continues to increase 
with time as the size of pits grow and perhaps addi- 
tional pits nucleate. The localized, anodic current den- 
sity due to active metal dissolution at the small pit or 
pits is expected to be higher by several orders of mag- 
nitude as compared with the current density passing 
through the passive surface. It should be mentioned 
that pits could actually be observed under a low power 
microscope only after the electrode was maintained 
at the critical potential for an extended period of time 
beyond the induction time r during which pits grew 
to sufficient size to be visible under the microscope. 

In a typical experiment for the induction time de- 
termination, the preanodized aluminum electrode was 
introduced in the cell and its potential was set and 
maintained at the steady-state critical potential for 
pitting while the current was recorded continuously. 
The time required for the current to begin its sharp 
and continuous increase was measured as r, the in- 
duction time for the oxide film breakdown and nu- 
cleation of pitting. 

The measurement of the induction time r for pit 
nucleation was not very reproducible. The poor repro- 
ducibility of the induction time for pit nucleation as 
seen by the spread of the experimental data points is 
probably due to several reasons, such as nonuniform 
thickness of the oxide film produced by anodization due 
to nonuniform current distribution on the specimen 
surface (edge effects), small variations in surface 
finish, and perhaps other oxide surface discontinuities. 
Since the induction time r relates to the very precise 
process of current increase at the critical pitting po- 
tential, the relative accuracy of measuring r is also 
affected by the uncertainty of 10-15 mV in reproducing 
the critical pitting potential (15). The reported, in- 
duction time data represent clearly defined values us- 
ing specimens with carefully prepared surface finish, 
as described previously. 

Results and Discussion 
A typical experiment showing the variation of cur- 

rent with time at and below the critical pitting poten- 
tial is shown in Fig. 1. The data were obtained with 
preanodized aluminum exposed to 3.OM KC1 at 25". 

Fig. 1 .  Typical current-time curve for preanodized pure aluminum 
electrode potentiostated at -0.81 and -0.82V (SCE) in 3M KC1 
at  25°C. 
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The critical pitting potential in this case was -0.81V 
(SCE) and the induction time, T, for pit nucleation was 
about 8 min. At the lower potential of -0.82V (SCE) 
the current remained relatively constant and very low 
and no pits were observed for up to 24 hr. 

The dependence of the induction time on chloride 
ion concentration was measured at 25°C in the concen- 
tration range 0.01-3M KC1; the pH of these solutions 
was in the range 5.9-6.1. The data for a series of ex- 
periments with preanodized4 aluminum are plotted in 
Fig. 2. The data show that the induction time for pit 
nucleation decreases from about 23 min in 0.01M KC1 to 
about 4 min in 3M KCl. The slope, n, of the log 1 / ~  us. 
log Ccl- line is approximately n N -0.1 in the con- 
centration range 0.01-1M KCl. At higher chloride ion 
concentrations the induction time appears to decrease 
rapidly as indicated by the approximate slope of n z 
-0.9 which was drawn through the available experi- 
mental points. One may question the relative accuracy 
of the slopes drawn through the data points; the sig- 
nificant thing is not the precise value of the slopes but 
rather the general conclusion drawn from the data that 
in low C1- concentrations there is a very weak de- 
pendence of T on KC1 concentration but in higher KC1 
concentrations there is a tendency for higher depen- 
dence of T on C1- concentration. 

Temperature as might be expected has also con- 
siderable influence on the rate of pit nucleation as in- 
dicated by data on the temperature dependence of T 

plotted in Fig. 3. This figure shows an Arrhenius-type 
plot for the temperature variation of T of preanodized 
aluminum in 0.1M KC1 solution. The plot shows an ap- 
parent activation energy of about 6.7 kcal/mole for the 
pit nucleation process. 

The solution pH in the range 5-10, at constant chlo- 
ride ion concentration, was found to have no effect 

&Unless otherwise indicated, specimens were anodlzed for 1 mh 
h 15% -01 and sealed for 30 min In boiling distilled water. 

Fig. 2. Dependence of the induction time for pit nucleation on 
chloride ion concentration in the pH range 5.9-6.0 a t  25". Pre- 
anodized pure aluminum. 

Fig. 3. Arrhenius-type plot for temperature dependence of induc- 
tion time for pit nucleation. Preanodized aluminum, 0.1M KCI. 

on the rate of pit nucleation, as measured by the in- 
duction time. This is shown with the data plotted in 
Fig. 4. These data were obtained with preanodized alu- 
minum in 0.1M KC1 in the pH range 5-10. Solution 
pH was adjusted as required with either Hz504 or 
KOH. 

In order to study the influence of oxide film thick- 
ness on the rate of film breakdown and pit nucleation, 
a series of experiments was carried out with oxide 
films of a broad thickness range. Most oxide films on 
aluminum were prepared by anodization in 15% H2S04 
followed by sealing in distilled water as described in 
the experimental section. This procedure produced 
oxide films in the thickness range 0.8 to about 40p. 
Several oxide films of considerably smaller thicknesses, 
in the range of 260-1300A, were also produced by anod- 
ization in 3% ammonium tartrate solution. 

The dependence of the incubation time .c for pit nu- 
cleation on the oxide film thickness is shown in Fig. 5. 
The data show essentially a linear dependence of .c on 
oxide film thickness. The data plotted in Fig. 5 were 
obtained in 0.1 and 3M KC1 solutions with aluminum 
preanodized in H2S04 and sealed in distilled water 
and in 0.1M KC1 solutions with aluminum preanodized 
in 3% ammonium tartrate solution. 

Table I shows the dependence of the steady-state, 
critical pitting potential on the thickness and struc- 
ture of the oxide film. The data show that the critical 
pitting potential of specimens covered with oxide films 
in the thickness range of 0.026-0.130p is essentially the 
same within the 210-15 mV (experimental error) of 
the average value. However, in the case of much 

Fig. 4. Dependence of induction time for pit nucleation of pre- 
anodized aluminum in 0.1M KC1 on solution pH. 

3 M  KC1 (Anodized I n  A ~ S O ~ ,  maled)  

0.1M KCI (Anod~red i n  u p o n i u .  tarcrate) 

0.1 MKCK WmdIzad In HZSOy, sealed) 

FILM THICKNESS, MICRONS 

Fig. 5. Dependence of induction time for pit nucleation on oxide 
film thickness in 0.1 and 3M KC!, 25%. 
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Table I. Steady-state critical pitting potentials, E,  vs. SCE 

Oxide 
film 

Surface thick- E.. 
Electrolyte preparation ness, p V (SCE) 

O.1M KC1 25'C Anodization in  3% am- 0.026 -0.73 
monim tartrate 

0.1M KC1 25'C Anodization in 3% am- 0.097 -0.12 
monim tartrate 

0.1M KC1 25.C Anodization in 3% am- 0.130 -0.71 
monim tartrate 

0.1M KC1 25°C As pollshed -0.73 
0.1M KC1 25'C Anodizatlon In 15% ~ O I  0.79 -0.68 

and sealed in  boiling 

higher oxide film thickness (about 0.79~) there is 
clear evidence that E, increases with oxide film thick- 
ness. The apparent increase in E, with oxide film thick- 
ness suggests that with increasing oxide film thickness, 
due to potential drop (pd) within the oxide film, a 
higher applied anodic potential is required to attain 
the minimum pd across the oxide-solution interface 
which is required to achieve the penetration of C1- 
through the electric double layer at the oxide-solution 
interface and its adsorption on the hydrated oxide 
surface. 

Following the arguments of Engell and Stolica (16), 
Hoar and Jacob (17), and Bogar and Foley (18), it is 
assumed that l /r  is an approximate estimate of the rate 
of the limiting process leading to pit nucleation of alu- 
minum. Then the slope of the straight lines in Fig. 2 is 
interpreted as the order n of the rate-determining step 
during pit initiation with respect to the concentration 
of chloride ion in solution. 

The very weak dependence of r on chloride ion con- 
centration in dilute chloride solution, as shown in Fig. 
2, and the low apparent activation energy of about 6.7 
kcal/mol (Fig. 3) suggest that in dilute chloride solu- 
tions the rate-determining step in the process of pit 
initiation is likely to be a diffusion or adsorption step. 
Lattice diffusion of chloride ions through the aluminum 
oxide film via lattice defects or by place exchange of 
oxide ions and chloride ions would be energetically 
consistent with the measured activation energy and the 
weak dependence of r on Ccl-, but the diffusion rate 
itself would be much too slow to account for the in- 
duction time observed (19). 

If we suppose that the relationship between the con- 
centration of C1- adsorbed on the hydrated oxide sur- 
face and the bulk solution is that of a Freundlich ad- 
sorption isotherm, and assuming that pitting is ini- 
tiated at the critical pitting potential when a critical 
concentration of C1- is established at one or more sites 
on the hydrated oxide surface, then l / r  should be 
related to the bulk chloride ion concentration C ac- 
cording to the Freundlich adsorption isotherm. The 
data plotted in Fig. 2 in dilute solutions follow such a 
functional relationship 

where kt and l/n' are constants of a Freundlich-type 
isotherm and n is the stoichiometric factor described 
previously. 

In higher chloride ion concentrations, the induction 
time apparently decreases much faster with chloride ion 
concentration as indicated by the approximate dotted 
line slope of about n -- -0.9. The stronger dependence 
of r on the bulk chloride ion concentration in con- 
centrated KC1 solutions suggests that the rate-deter- 
mining step in the over-all process of passivity break- 
down changes from a step involving adsorption from 
solution on the hydrated oxide surface to that of a 
chemical reaction on the hydrated oxide surface which 
involves approximately one C1- per aluminum cation. 

The stoichiometric factor n obtained in this study 
for the pit initiation process of aluminum is consider- 
ably smaller than the values of 2.5-4.5 reported by 
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Hoar and Jacob (17) for the breakdown of passivity in 
18-8 stainless steel by chloride ion in sulfuric acid 
solution of pH 2.05, in the potential range of 0.4-0.8V 
(SHE). These authors also found an apparent activa- 
tion energy of about 60 kcal/mole for the breakdown of 
passivity in acidic solutions. Values of n in the range 
3.0-11.1 were also reported by Foley and Bogar (18) 
for pit initiation of aluminum alloys in sulfuric acid 
solutions containing chloride ions in the pH range 
0.0-3.5. Their data on the temperature dependence of 
the breakdown process give apparent activation en- 
ergies in the range of 22.9 kcal in pH 0.0 and 12.0 kcal/ 
mole in pH 6.08. Reasons for the considerable difference 
in stoichiometric numbers n and activation energies 
between the present study and those of Foley and 
Bogar (18), Hoar and Jacob (17), and Engell and 
Stolika (16) are not known. It is assumed, however, 
that this difference is probably caused by the con- 
siderable difference in pH of the solutions used in the 
various breakdown experiments, and the difference in 
alloy and passive film compositions. This explanation 
is consisent with the decreasing stoichiometric number 
and apparent activation energy reported by Foley and 
Bogar (18) with increasing solution pH for the pas- 
sivity breakdown process of an aluminum alloy poten- 
tiostated at 0.18V (SCE) in sulfuric acid solution. 

General Discussion 
Several mechanisms for the action of chloride ions 

to initiate pitting corrosion have been suggested in the 
literature. These include: (a) C1- penetration of the 
protective oxide film which covers the metal surface 
through pores or other weak places (1, 20, 21), ( b )  
competitive adsorption of C1- and oxygen or OH- for 
sites on the metal surface (22, 231, (c) migration of 
chloride ions inward through the oxide lattice (4), ( d )  
peptization of the oxide film by a strong negative 
charge caused by adsorbed anions (5) and by dynamic 
breakdown-repair mechanism (7). Aluminum provides 
a good opportunity to evaluate the influence of an 
oxide on the process of pit initiation since well-known 
methods are available for preparing oxide films of dif- 
ferent thicknesses and structure by anodization. 

The results of the present study provide considerable 
experimental evidence to test the various mechanisms 
for passivity breakdown and initiation of pitting in 
nearly neutral solutions by chloride ions. 

Chloride ion migration through pores or other weak 
places in the oxide film (1, 20, 21) followed by com- 
petitive adsorption between chloride ions and adsorbed 
oxygen or hydroxyl ions at the metal/solution interface 
as a mechanism of pit initiation (22, 23) is an unlikely 
mechanism for several reasons. Migration of C1- 
through pores or other weak spots in the oxide film as 
the rate-determining step can be ruled out, since by 
treating the aluminum specimens as a porous electrode 
it can be shown (24) that the mass transport limiting 
current for a porous and a corresponding flat electrode 
are the same both being determined by mass transport 
in the hydrodynamic layer outside the electrode. Fur- 
thermore, it is considered unlikely that continuous 
pores through the oxide film to the bare aluminum 
surface are present in oxide films prepared by anodiza- 
tion in ammonium tartrate or in &So4 with subse- 
quent sealing. 

Competitive adsorption (22, 23) between chloride 
ions and adsorbed oxygen or OH- on a bare metal 
surface is also considered an unlikely mechanism. 
There is abundant evidence that aluminum metal (even 
without a thick barrier-type film) in neutral solutions is 
covered with a thin persistent and fairly protective film 
of aluminum oxide (25). A dynamic passivity break- 
down-repair mechanism (7) which attributes to the 
C1- the role of inhibiting repassivation rather than 
promoting passivity breakdown, cannot account for the 
observed increase in induction time r with the thick- 
ness of the oxide film. The passivity breakdown-repair 
mechanism (7) conceptually is similar to the com- 
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petitive adsorption mechanism (22, 23) and assumes in 
essence competitive adsorption between C1- and OH- 
(or H2O) on the metal surface as the rate-limiting 
process of pit nucleation. If this were the rate-limiting 
process in pit nucleation, the induction time should be 
independent of the thickness of the oxide film (which 
must in some way be "penetrated" before C1- can ad- 
sorb on the bare metal surface). This, of course, is 
contrary to the data shown in Fig. 5, which indicate 
that the induction time increases with oxide film thick- 
ness. 

Migration of chloride ions inward through lattice 
diffusion, as discussed previously, is much too slow to 
account for the induction time observed (19). 

The kinetic data presented in this paper are con- 
sistent with a pit nucleation model (26) which involves 
field-assisted adsorption of chloride ions from solution 
on the hydrated oxide surface followed by oxide dis- 
solution as the rate-determining steps in the process of 
passivity breakdown and pit nucleation of aluminum 
in nearly neutral solutions. The over-all passivity 
breakdown and nucleation of pits according to this 
model involves the following sequence of reaction 
steps: (a) adsorption of C1- on the oxide-solution 
interface under the influence of the electric field (at 
the oxide-solution interface) in competition with OH- 
or H2O molecules for surface sites on the hydrated 
oxide surface; ( b )  formation of a basic hydroxychlo- 
ride aluminum salt with aluminum oxide cations on 
the hydrated oxide surface, which immediately sepa- 
rates from the oxide lattice and readily goes in solu- 
tion. 

It is suggested that a probable reaction describing 
formation of such a readily soluble basic chloride alu- 
minum salt is reaction 121 

M(oH)~#A~(OH)Z+ + OH- 111 

Reaction [I] describes the ionization of the hydrated 
aluminum oxide surface in nearly neutral solution. 
This reaction accounts for the positive charge on the 
hydrated oxide surface as indicated by 5 potential mea- 
surements (27-29). 

This process of field assisted C1- adsorption on the 
hydrated oxide surface and formation of a soluble 
aluminum chloride salt leading to localized oxide dis- 
solution will have a high probability of repeating itself 
at the same site, since at constant anode potential the 
applied field at the oxide-solution interface will tend 
to be stronger at the "thinned" point of the oxide film. 
Thus, the process of localized dissolution of the oxide 
film via the formation of a basic chloride aluminum 
salt (Al(OH)2Cl) is likely to continue until the oxide 
film is locally dissolved; once the oxide film is locally 
"dissolved," dissolution of the substrate metal begins 
and the anodic current density at the very small pit 
or pits increases by several orders of magnitude com- 
pared with the current density of the passivated sur- 
face. 

Localized dissolution of the oxide (leading to pitting 
of the underlying metal), rather than general dissolu- 
tion of the oxide film occurs at the critical pitting po- 
tential because of the "autocatalytic" character of the 
localized oxide film dissolution at the critical pitting 
potential. Once a critical concentration of chloride ions 
is adsorbed on a particular site on the hydrated oxide 
surface via this mechanism (26), and one or more, ad- 
jacent, aluminum oxide lattice cations are transformed 
to chloride-containing soluble salts, they are likely 
to immediately separate from the oxide cations in the 
lattice and go in so1ution.s The probability of this 
localized oxide dissolution to continue on the same 
sites is considerable because of the higher potential 
drop (pd) at the oxide-solution interface (under con- 

8 It is worth noting that the solubility of hydrated aluminum oxide 
cations present in the Alm without the participation of the activat- 
ing chloride ions is considerably lower: the very low rate of disso- 
lution in thh case Is uniform thoughout the oxide surface. 

stant, applied anodic potential) expected on these sites. 
This argument implies that preferential sites for pit 

initiation are likely to be areas of oxide surface defects 
such as scratch lines, voids or other surface flaws 
where the oxide thickness is smaller than in adjacent 
areas and therefore the pd across the oxide-solution 
interface is higher (30). 

The question may be raised as to why the high field 
across the oxide film would not rapidly repair the film 
in areas where it is locally thinned by dissolution and 
thereby prevent film breakdown. The answer to this 
lies in the supposition that on the oxide-solution in- 
terface a competition exists between C1- and OH- (or 
HzO molecules) for oxide surface sites. Once oxide 
dissolution is initiated via the proposed mechanism, a 
high probability exists that as aluminum cations ad- 
vance through the oxide film at the thinned points of 
the film (under the influence of the field across the 
oxide film) instead of oxide forming OH- or Hz0 
molecules, they are likely to meet C1- and OH- so 
that a high probability exists for formation of a 
readily soluble aluminum hydroxychloride salt rather 
than an insoluble aqueoaluminum complex required 
for oxide film repair. 

In low chloride ion concentrations adsorption of 
chloride ions, from solution, on the hydrated alumi- 
num oxide surface under the influence of the field at the 
oxide-solution interface is assumed to be the rate-de- 
termining step in the process of passivity breakdown. 
In higher chloride ion concentrations, the reaction step 
leading to formation and dissolution of the hydroxy- 
chloride aluminum salt on the hydrated oxide surface 
is likely to become the rate-determining step in the 
process of pit initiation. 

The induction time for passivity breakdown and pit 
initiation according to the proposed mechanism is a 
direct measure of the rate of the localized dissolution 
of the passive aluminum oxide film via the sequence of 
C1- adsorption and formation of a readily soluble 
chloride containing aluminum salt (Eq. 123). 

On this basis, it is expected that the induction time r 
for pit initiation should increase with the thickness of 
the oxide film. Data plotted in Fig. 5 on the dependence 
of the induction time for preanodized aluminum on 
oxide film thickness show that .c increases with oxide 
thickness following essentially a linear dependence. 

The hypothesis in the proposed mechanism that a 
readily soluble, chloride-containing aluminum salt is 
locally formed on the solution side of the aluminum 
oxide surface, once the chloride ions under the in- 
fluence of the applied anodic potential have penetrated 
the electric double layer at the oxide-solution inter- 
face and adsorbed on the hydrated oxide surface, is 
consistent with literature data (31,32) indicating that 
hydrated aluminum oxides form soluble aluminum 
salts in acidic or nearly neutral aqueous solutions con- 
taining chloride ions. 
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Rate of Propagation of Growth Layers on Cubic 

Crystal Faces in Electrocrystallization of Silver 

V. Bostanov, G. Staikov, and D. K. Roe",' 

Central Laboratory of Electrochemical Power Sources, Bulgarian Academy of Sciences, Sofia, Bulgaria 

ABSTRACT 

The advancement rate of mono- and polyatomic growth steps was mea- 
sured on perfect, screw dislocation-free cubic faces of silver single crystals 
during electrocrystallization of silver. For low overvoltages, a linear de- 
pendence of the rate on overvoltage was found. It was established that the 
advancement rate of the steps depends on the surface conditions of the crys- 
tal face and is about two times larger on a "fresh" surface than on an "aged" 
one. It was also found that mono- and polyatomic steps advance with the 
same rate on a fresh surface. A polyatomic step is considered as a ledge com- 
posed of monoatomic steps. The ledge spacing of this composite step was 
estimated. On the basis of these experimental results as well as on the experi- 
mentally determined value of the exchange current of adatoms with metal 
ions of the electrolyte, it is concluded that the electrolytic deposition of silver 
in 6M solution of silver nitrate is carried out according to the direct transfer 
mechanism. The value of the exchange current of the edge atoms at the steps 
with ions of the electrolyte was determined to be = 200 A.cm-2 for an 
aged surface and = 370 A . ~ r n - ~  for a fresh surface. 

The kinetics of growth of an equilibrium-form, close 
packed crystal face depends on the rate of advance- 
ment of the growth steps on its surface. The theory of 
electrocrystallization assumes two basic mechanisms of 
step growth offered by Volmer (1) and Brandes (2): 
the direct transfer mechanism and the surface diffusion 
mechanism. According to the first, the ionic transfer 
onto the crystal surface through the double layer oc- 
curs directly at the kink sites of the steps. The ions 

By surface diffusion the adatoms can reach the kink 
sites and be incorporated into the crystal lattice. 

The dependence of the current density, i (A.crn+), 
on the overvoltage, n, in the case of surface diffusion 
was derived for the first time by Lorenz (3) and has 
the form 

Ao xo 
i = io,ad[eaxFn/RT - e-(l-a)%hlRT] - tanh- [I] 

xo 10 
are discharged and incorporated simultaneousl~ into 1, this equation, i,,ad (A.cm-2) is the exchange cur- 
the crystal lattice. According to the second mecha- rent density of the adatoms with the metal ions of the nism the transfer is carried out on completely built electrolyte; 2x, (cm) is the average distance between 
areas of the surface. Here the ions discharge and re- the monoatomic steps which can also be given by the 
main adsorbed (adatoms) for a certain period of time. total step length L. ( ~ m . ~ m - 2 )  per unit area; h,(cm), 

Electrochemical Society Active Member. the surface diffusion penetration, is defined by 
Resent address: Chemistry Department, Portland State Uni- 

versity. Portland. Oregon D7201. ho = (zFDs~0ad/io,ad)1'2 e-azFn12RT 
Key words: crystal growth, electrocrystallization. silver single 

crystal, growth layer propagation. where D, (cm2.s.e~-1) is the surface diffusion coeffi- 



1302 J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY October 1975 

cient and coaa (mol.cm-2) the equilibrium adatom cleation overvoltage pulses which produce different 
concentration. supersaturations. The round shape of the face compli- 

In the case of direct transfer the dependence of the cates this task. The experiment is considerably sim- 
current density on overvoltage is described by a Vol- plified if the crystal face has the shape of an elongated 
mer-type equation rectangle. 

i = i,,,t6Ls[eazFnIRT - e-(l-u)zF"RTI [21 Rate of Propagation and Form of Monoatomic Lavers 

here i,,.t (A.cm-2) is the exchange current density of 
the edge atoms of the monoatomic step with the metal 
ions of the electrolyte and 6 (cm) is the width of an 
atomic row in the crystal lattice parallel to the step. 

The normal velocity of step growth or the advance- 
ment rate of the step v (cm.sec-1) and the current 
density are connected in the relation 

. - 
The capillary method was developed using capillaries 

with round cross section. Crystal faces filling up the 
~ n t i r e  cross section and free of screw dislocations can 
also be obtained in capillaries with a rectangular cross 
section (e.g., 400 x 100 rm) (6) .  At constant rate of 
growth of a monoatamic layer on a perfect face with 
rectangular form, a plateau should be expected in the 
current-time curve, since after a definite time interval 

v = iv~/zFhL, [3] a step would be advancing along the face with a con- 

where vlrr (cm3.mol-') is the molar volume and h 
(cm) is the height of a monoatomic step. For low over- 
voltages, under the assumption that the surface diffu- 
sion penetration is small as compared to the average 
step half-distance, h,/x, << 1, from Eq. [I] and [2] 
one obtains a linear dependence of the current density 
on step length and overvoltage 

i = K L . ~  [41 

where the constant K (ohm-l.cm-1) is given by 

K = io,,d2h&F/RT 151 

for surface diffusion, and 

K = io.~t6zF/RT [61 

for direct transfer. Under these conditions the ad- 
vancement rate of the steps is linearly dependent on 
overvoltaee 

where the advancement rate constant k, (cm.sec-1- 
V-1) is given by 

kv = m ~ h F h  [el 

Experimental 
The advancement rate of growth steps in electro- 

crystallization of silver was studied on perfect, dis- 
location-free, (100) crystal faces. These were obtained 
by the capillary method described in detail earlier 
(4,5). The essence of the method is the electrolytic 
growth of a silver single crystal in a capillary along 
a definite crystallographic axis. If this axis is <loo>, 
a (100) face would appear as a frontal face of the 
single-crystal filament. Under specified conditions of 
electrolysis, the face may fill up the whole cross sec- 
tion of the capillary. These conditions require high 
purity of the electrolyte, high concentration of silver 
ions, and, above all, modulation of the direct current of 
growth with an alternating 50 Hz current. At slow 
growth conditions of the single-crystal filament (20 
rnA.cm-2) and a suitably chosen amplitude of the 
alternating current, the number of screw dislocations 
intersecting the front face gradually decreases and a 
perfect face can be obtained. 

It was experimentally shown that dislocation-free 
(100) faces grow by two-dimensional nuclei (5), in 
agreement with the theory of crystal growth. The criti- 
cal overvoltage for the nucleation process is about 6 
mV, and if an overpotential lower than this value is 
applied, charge flow through the electrolytic cell is not 
observed. A potentiostatic pulse with suitable ampli- 
tude and duration (e.g., 12 mV, 100 rsec) leads to the 
creation of only one nucleus. If after the pulse the face 
remains at a potential lower than the critical over- 
voltage, current flows through the cell, passing through 
a maximum and subsequently decreasing to zero. This 
current is connected with the growth of the newly 
formed monolayer and is proportional to the length of 
growing monoatomic step, in accordance with Eq. [4]. 
The value of the constant K in this equation may be 
determined from the current-time curves following nu- 

stant length. This was experimentally confirmed and 
Fig. 1 represents three characteristic experimental cur- 
rent-time curves at constant overvoltage. 

As shown in Fig. 2, the value of the growth current 
of a monoatomic step with constant length is linearly 
dependent on overvoltage, according to Eq. [41. How- 
ever, to determine exactly the constant K in Eq. 141, 
one should know the s t e ~  length. Besides on the cavil- 
lary width, the step length depends also on the form of 
the monoatomic layer, or whether the layer is round 
or polygonized. If polygonized, it would also depend 
on the orientation of the layer, i.e., on the orientation 
of the seed crystal with respect to the capillary cross 
section. In Fig. 2 the straight line a refers to the case 
when the long axis of the rectangular section of the 
capillary is parallel to the crystallographic direction 
<loo>, and the straight line b, when this axis is paral- 
lel to the direction <110>. The slopes of both straight 
lines differ by v'?f. Therefore it can be concluded that 

C U R R E N T  (A.~o*)  

Fig. 1. Current-time curves a t  3 mV overvoltage following a 
nucleation overvoltage pulse on a perfect (100) faze with rectangu- 
lar form (0.1 X 0.4 mm). The probable site of nucleation is 
schematically indicated in each case. 
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OVERVOLTAGE (V. 6)) 
Fig. 2. The stationary value of the current (Fig. 1) as dependent 

on overvoltage, for two orientations of the seed crystal in respect 
to the rectangular cross section of the capillary: straight line a, 
the longitudinal axis of the cross section coincides with the di- 
rection 100; straight line b, with the direction 110. 

the monoatomic layers are polygonized and have a 
square form and that the growth steps are parallel to 
the crystallographic direction <110>. So the step 
length is known and the constant K in Eq. [4] can be 
exactly calculated. At 45°C and in 6M solution of 
AgN03 the value obtained is K = 2.10-4 ~hm-~.crn-l .  
The advancement rate constant k, can be obtained 
from this constant, according to Eq. [8] and is k,  = 1.0 
cm.sec-1.V-1. 

Rate of Propagation of Polyatomic Layers 
On a dislocation-free (100) face the rate of propaga- 

tion of polyatomic layers was now studied. Polyatomic 
layers sometimes originate after an overvoltage pulse 
having higher amplitude and longer duration (e.g., 50- 
60 mV, several milliseconds). 

At higher overvoltages a dislocation-free face grows 
according to the multinuclear, multilayer growth 
mechanism (7,8). During the pulse action several tens 
of monoatomic layers are deposited on its surface. 
After the pulse the face surface has a complex relief, 
comprising several lattice planes. Under the action of 
a low overvoltage applied after the pulse, the face 
begins to flatten and the current drops slowly to zero. 

The crystal face is generally expected to be homo- 
geneous in respect to the process of two-dimensional 
nucleation. The surface becomes then randomly rough 
during and immediately after the pulse. In some cases, 
however, on a specific, more "active" center the nu- 
cleation proceeds with a higher rate resulting in a more 
pronounced hillock at this site. During the subsequent 
flattening this hillock gives the origin of a poly- 
atomic front of growth. By means of the interference 
contrast device after Nomarski, this front, if suffi- 
ciently thick, is already visible under the microscope 
as a strip advancing on the face. The current accom- 
panying the process during the flattening stabilizes to 
a stationary value proportional to the front length and 
thickness. Fie. 3. This growth front can be considered 

CURRENT ( A J ~ ' )  

Fig. 3. Current-time curve following an overvoltage pulse with 
amplitude 60 mV and duration 5 msec on a perfect (100) face 
with rectangular form. The stationary value of the current re- 
sults from the growth of a visible in the microscope polyatomic 
step retaining a constant length. 

are taken in sequence on the same frame. With the first 
flash an electronic chronometer is triggered which is 
stopped, by the second one. A picture made in this way 
is shown in Fig. 4. Two positions of the growth step are 
clearly fixed by the two consecutive flash exposures. 
The distance traveled by the step for the time interval 
between the flash exposures can be measured quite 
accurately. The time interval is indicated by the 
chronometer so that the rate of advancement of the 
step is directly determined. From the rate of advance- 
ment and the stationary value of the current (Fig. 3), 
the height of the polyatomic step is evaluated. 

Using the interference contrast after Nomarski, steps 
higher than 10A (equivalent to 5 monoatamic layers) 
can be visually detected, while steps above 30A can be 
photographed, as shown in Fig. 4. It was also found 
that independently of their thickness, steps up to 80A 
advance with the same velocity. A measurable de- 
crease in the velocity is observed only for steps higher 
than 100A. Figure 5 shows the dependence of the ad- 
vancement rate of steps 30-80A high on overvoltage. 
From the slope of the straight line the value of the 
constant k, in Eq. [ I ] ,  k, = 1.9 cm.sec-1.V-1 is ob- 
tained. The value of k, is roughly two times higher 
than the value obtained for monoatomic steps. This 
unexpected difference can be explained by the assump- 
tion that the polyatomic steps under the conditions of 
their creation advance on a "refreshed" surface. Im- 
mediately before their origination during the high 
amplitude pulse, several tens of monoatomic layers 
have been deposited on the face obviously refreshing 
the surface. This assumption is confirmed by the fact 
that if the surface prior to the creation of a mono- 

either as'a 2ngle polykomic ledge or as a composite Fig. 4. Two overlopping floshlight photographs of o perfect 

step consisting of several monoatomic layers. (100) crystal face in o glass capillary with rectangular form of 
The advancement rate of such steps was measured the cross section (0.1 x 0.4 mm). The two bright strips represent 

as described below. After the stabilization of the cur- the polyatomic step with height 30A advancing along the face in 
rent at the stationary value two flash light pictures the moment of the first and the second photographs. 



1304 J. Elecbochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY October 1975 

OVERVOLTAGE ( ~ . 1 0 - ' )  

Fig. 5. The dependence of the rate of advancement of poly- 
atomic steps up to 80A high on overvoltage. 

atomic layer is refreshed by a high amplitude pulse as 
described above, one obtains the curve a in Fig. 6, 
instead of the curve b observed on an aged surface. 
It is readily seen that the slope of curve a is nearly 
two times higher than that of curve b. From the slope 
of curve a one obtains K = 3.7.10-4 ohm-l.crn-l, and 
for k ,  1.9 cm.sec-1.V-1 which is equal to the value 
found for a polyatomic step. 

It is interesting to note that by the propagation of 
monoatomic layers the surface is not refreshed. Such a 
refreshing occurs only when more than several tens of 
layers are deposited simultaneously. 

Ledge Spacing in a Composite Polyatomic Step 
As already mentioned, a growing polyatomic step can 

be considered as a "train" of parallel monoatomic steps 
By means of the interference contrast device the poly- 
atomic step is seen unde; the microscope as a darker 
or brighter thin strip. The width of the strip on this 

OVERVOLTAGE (v.10-'1 

Fig. 6. Current (stationary value)-overvoltage curve a t  the 
gmwth of a monoatomic layer. The straight line a refers to a 
fresh surface; and b, to an aged surface. 

interferential picture is not related in a simple man- 
ner to the width of the step train. 

The advancement rate of the polyatomic step at con- 
stant overvoltage is known. The step height is deter- 
mined by the rate and the growth current. Then the 
average ledge spacing can be determined from the 
time required for disappearance of the ledge into the 
capillary wall which is strictly parallel to it. This time 
can be measured from the current drop to zero accom- 
panying the ledge disappearance. As has been demon- 
strated, the ledges are parallel to the crystallographic 
direction <110> and advance toward the narrow capil- 
lary wall. To orientate the seed crystal so that the 
direction <110> is strictly parallel to these walls is a 
very difficult task. This difficulty can be overcome if, 
instead of in the capillary wall, the ledge is made to 
disappear in a crystal edge parallel to it. This can be 
easily achieved if the crystal face filling up the capil- 
lary cross section is grown for a specified time by a 
suitably modulated direct current at which its di- 
mensions begin to decrease. Between the crystal face 
and the narrow capillary walls crystal edges and dis- 
location-free ( 1 1 1 )  faces of small dimensions appear. 
Figure 7 shows an experimental curve of the current 
drop recorded at the disappearing of a polyatomic step 
in a crystal edge. From the curve the average ledge 
spacing 2x, at the step train is determined to 1 6 0 A .  

It should be noted that the above estimation indi- 
cates the maximum possible value of the average ledge 
spacing. This distance can in fact be smaller because 
any deviation of the ledge from a straight line parallel 
to the edge increases the time of disappearance of the 
polyatomic steps. For example the curve in Fig. 7 can 
be obtained from a very steep polyatomic step curved 
in an arc with a radius of 2.5 mm, i.e., with side wings 
advancing only 0.5 pm after the central part of the step. 
It is obvious that it is impossible to determine a curva- 
ture of this magnitude and hence it is excluded in the 
observation conditions of our case. In fact in many cases 
longer periods of ledge disappearance have been ob- 
served which are obviously connected with an already 
visible curvature or any other irregularity of the ledge. 

Mechanism of Electrolytic Deposition of Silver 
As shown above, on a "fresh" surface the mono- 

atomic and all polyatomic steps with a height up to 8 0 A  
advance with one and the same rate. The average ledge 
spacing in some of the polyatomic steps does not ex- 
ceed 1 6 0 A .  From these two relevant experimental find- 
ings a conclusion elucidating the mechanism of elec- 
trolytic deposition of silver can be drawn. 

The rate of advancement of the growth steps does 
not depend at all on the step distance if the metal ions 
are directly incorporated in kink sites along the 
steps. If the crystal lattice is built up by surface diffu- 

Fig. 7. Curve of current drop to zero, accompanying the dis- 
appearance of the polyatomic step in a crystal edge parallel to it. 
Height of the step, 6lA (30 monoatomic layers); rate of advance- 
ment, 48 . crn . sec-' (overvoltcrge 2.5 mV). Vertical sensi- 
tivity, 1 . 10-7 A .cm-', time base, 20 msec . cm-I.  
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sion of adatoms, the advancement rate of the steps does 
not depend on the distance between them only if the 
depth of the surface diffusion penetration is small 
compared to the average half-distance between the 
steps, h a A 0  << 1. Obviously, if one assumes the sur- 
face diffusion mechanism of deposition of silver, ho 
must be 580A 

The constant K of Eq. [4] in the case of surface dif- 
fusion mechanism is given by Eq. [5] and contains 

and h.. Under experimental conditions similar to 
ours, the exchange current io,.d for crystal (100) face 
has been determined by high frequency impedance 
measurements on a perfect completely built up aged 
face and was found to be i,ad = 0.06 Ascm-2 (9). 
Preliminary impedance measurements carried out now 
on a fresh crystal face lead to the conclusion that the 
value of the exchange current of the adatoms is smaller 
than the one for aged surface. The value of ho is un- 
known but it is not larger than 80A. If the constant K 

is now evaluated with these values of i,,d and A,, one 
obtains K = 3.5.10-6 ohm-1.cm-1 which is two orders 
of magnitude smaller than the one experimentally ob- 
served here. It follows therefore that the electrolytic 
deposition of silver occurs almost exclusively by direct 
incorporation. The contribution of the surface diffusion 

to an aged surface. This value is very close to the one 
i,.,t = 200 A.cm-2, given here for the same surface. 
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Compensation of Ohmic Potential Interactions 
Occurring a t  Ring-Disk Electrodes 
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ABSTRACT 

Pseudocollection and inverse pseudocollection effects caused by potential 
drops at ring-disk electrodes can be eliminated by positive feedback A po- 
tential proportional to a fraction of the disk electrode current is fed back'to 
the ring electrode potentiostat, eliminating changes in ring potential and cur- 
rent that arise due to the variations of the disk electrode potential and cur- 
rent. Analogously, feedback of a potential proportional to a fraction of the 
ring current to the disk electrode potentiostat prevents variations of disk 
electrode potential and current that are due to the variations in ring elec- 
trode potential and current. The two positive feedback networks function in- 
dependently and no a priori knowledge of the uncompensated resistance is 
required. 

Many investigators have considered the problems of to 1972. In all these studies the ohmic potential drop 
positive feedback compensation of the ohmic potential occurred between the reference electrode and a single 
drop that exists in an electrochemical cell between the working electrode. Two working electrodes exist when 
working and the reference electrode (1-10). Roe (11) a rotating ring-disk electrode (RRDE) is used, and 
and Nicholson (12) have summarized recent work on some unique ohmic potential compensation problems 
this subject while Smith (13) has reviewed work prior can arise in an electrochemical cell having a RRDE. 
' Electrochemical Society Student Member. Recently an equivalent circuit for the uncompen- 

**  Electrochemical Society Active Member. 
Key words: inverse pseudocollectlon effect, pseudocollection effect, 

sated primary resistances existing at a RRDE was pro- 
uncompensated resistance, positive feedback. posed by us (14). The validity of this circuit was veri- 
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fied, and the circuit is shown within the circled region 
of Fig. 1. Point T represents the tip of the Luggin capil- 
lary leading to the reference electrode. The tip's loca- 
tion in the electrochemical cell determines its effective 
position on three of the resistors making up the equi- 
valent circuit. In this paper we are concerned with 
treating the case in which the tip lies on the Rc, the 
resistance that is common to the current path between 
the Luggin capillary tip and the two working elec- 
trodes, the ring and the disk. In Fig. 1, R,,, represents 
the resistor between the Luggin capillary tip and the 
auxillary electrode. The total uncompensated resistance 
between the capillary tip and the disk electrode is 
Rc + RD, and is Rc + RR between the capillary tip and 
the ring electrode. ED, ER, and E R ~  represent the half- 
cell potentials of the disk, ring electrode, and reference 
electrode, respectively, and include all the impedances 
characteristic of the electrode processes that are oc- 
curring. ID and I R  are the corresponding disk and ring 
electrode currents, and no current flows through the 
reference electrode. 

Full compensation for the total uncompensated 
ohmic potential drops between the Luggin capillary 
and the ring and disk electrodes is not considered in 
this paper. Full compensation is an elusive concept 
when dealing with working electrodes that have non- 
uniform current distribution~ such as those that can 
exist at disk, ring, and other electrode geometries. 
Under such circumstances positive feedback circuitry 
cannot compensate for the nonuniform potential dis- 
tribution that is inherent to the electrolysis cell. 

The ohmic potential drop dealt with in this paper is 
associated with the flow of current through resistor 
Rc, the resistor common to the ring and disk electrodes. 
The pseudocollection effect (14) is the term we have 
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used to represent the current phenomena occurring at  
the ring electrode produced as a result of varying un- 
compensated potential drops associated with a chang- 
ing disk electrode current. Conversely, the inverse 
pseudocollection effect coresponds to the current phe- 
nomena produced at the disk electrode as a result of 
varying uncompensated ohmic potential drops pro- 
duced by varying ring electrode currents. 

Appropriate positive feedback compensation has the 
effect of repositioning the Luggin capillary at point 0 
of Fig. 1 and thus eliminates the pseudocollection effect 
and the inverse pseudocollection effect. This kind of 
feedback compensation involves only partial compen- 
sation of the total ohmic potential drop and does not 
give rise to any of the conceptual difficulties associated 
with full compensation in the presence of a nonuni- 
form current density, nor are there experimental prob- 
lems of potentiostat stability which arise when full 
compensation of an ohmic potential drop at an elec- 
trode is attempted. 

Experimental 
Reagents.Solutions of 0.01M sulfuric acid were 

prepared from triply distilled water and a Baker re- 
agent grade sulfuric acid. 

Cell.-The glass cell and the auxiliary equipment are 
described elsewhere (15, 16). 

Electrodes.-The four electrodes used in the experi- 
ments were: electrode I, a platinum-ring platinum- 
disk with a diameter, dl, of 7.6 mm and ring-inner 
diameter, dz, of 8.0 mm and ring-outer diameter, dr, 
of 8.4 mm: electrode 11, a platinum-ring gold-ditk with 
dl = 7.6 mm, dn = 8.0 mm, and ds = 11.0 mm; elec- 
trode 111, a gold-ring platinum-disk with dl = 7.6 mm, 

Fig. 1. Conventional four-electrode potentiortot with the additional positive feedback network. The equivalent circuit for the uncom- 
pensated ohmic resistance a t  ring-disk electrodes is enclosed by the circle. 
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d~ = 8.0 mm, and d3 = 11.0 mm; and electrode IV, a the output of I1 
gold-ring gold-disk with dl = 7.6 mm, Q = 8.0 mm, V I ~  = - VFI [91 
and d3 = 8.4 mm. Teflon was used as the insulating 
material for all electrodes. and the output of F1 given by Eq. [2] above. Defining 

These electrodes were electrochemically pretreated ER* 3 E R ~ ~  - ER 
before each experiment, as discussed in Ref. (17), and 

[lo1 

were all polished to a final mirror finish using 0.05r and solving for En* using Eq. [21 and 171-[91, yields 
alumina on Buehler microcloth. 

Instrumentation.-A conventional four-electrode 
analog instrument for independent potentiostatic con- 
trol of the ring and the disk was used (18-20), and the 
I-E curves obtained were recorded on an EA1, X-Y-Y' 
1131 Variplotter, Model 141 A. Analog Devices opera- 
tional amplifiers were used in the positive feedback 
networks. 

The operational amplifier instrument for independ- 
ent galvanostatic control of the ring and the disk used 
for the common resistance measurement is described 
elsewhere (14). 

A Heathkit Model IG-18 function generator was used 
to supply the a-c signal. 

All potentials were measured and reported us. the 
saturated calomel electrode. Experiments were run at 
25". The Luggin capillary was positioned, by eye, to 
lie on the axis of rotation, unless otherwise stated. 

Theoretical 
Four electrode potentiostat with finite cell resistance. 

-Consider Fig. 1, which includes the electronic sche- 
matic and the ring-disk electrode equivalent circuit. 
We intend to obtain the expression for the disk elec- 
trode potential us, the reference electrode, ED - ER,~, 
and the ring electrode potential us. the reference elec- 
trode ER - Enel, in terms of various currents and cell 
resistances, and the voltages applied to control ampli- 
fiers CAI and CA2. It is instructive to consider the 
original four electrode potentiostatic circuit first, i.e., 
S-1 and S-2 open, before undertaking the analysis of 
circuit with positive feedback, since this analysis was 
not given earlier (18). 

No-ohmic drop compensation.-Disk electrode.-If 
switches S-1 and S-2 are open, the circuit corresponds 
to a slightly modified version of the original by John- 
son, Napp, and Bruckenstein (18). The various rela- 
tions of interest in obtaining the disk potential control 
function are: 
summing point restraint at CAI 

and the output of the voltage follower, F1 

Defining 
ED* = E R ~ ~  - ED [31 

we obtain 
E ~ *  = VD + lo  (Rc + RD) + k R c  141 

and we see that the disk potential contains an un- 
compensated ohmic resistance, Rc, through which the 
ring electrode current passes. Changes in the ring cur- 
rent will therefore produce changes in the disk poten- 
tial even though VD is held constant. The partial de- 
rivative 

is a convenient measure of this resistance, which we 
term the inverse pseudocollection resistance. 
Ring electrode.-The various relations of interest in 
obtaining the ring electrode potential control functions 
are the summing point restraint at CA2 

Thus, we see that there is an uncompensated resist- 
ance through which the disk electrode current can af- 
fect the ring potential. This resistance Rc is given by 

and is termed the pseudocollection resistance. 
The pseudo and inverse pseudocollection resistances 

are identical, hence, the magnitude of the pseudo and 
inverse pseudocollection effects for a given value of 
Rc depend on slope of the current-potential curves at 
the ring and disk electrodes and the remaining un- 
compensated potential drops at these two indicator 
electrodes. For example, if the ring electrode is set on 
the rising portion of a current-potential curve, varia- 
tions of the disk current produce changes in the ring 
electrode potential that can be accompanied by large 
relative changes in the faradaic current. 

In addition, the double layer capacity at the ring 
and disk electrodes can play a significant, even major, 
role in the case where there are time-varying currents, 
e.g., the sinusoidal variation of current through a rotat- 
ing disk electrode (Albery papers) will produce a 
sinusoidal variation in the ring electrode potential and 
thus a double layer charging current. The treatment 
presented above was a d-c analysis, and for simplicity 
was not presented in a-c terms, although this extension 
is quite straightforward. The d-c analysis is also used 
below to discuss the positive feedback circuitry. 

Compensation for Rc.-Disk electrode.-Assume 
switch S-1 is closed. Then Eq. [I] must be replaced by 

where 

and 

Using Eq. [13]-[15] and Eq. [8] and [I31 yields 

for the relationship describing the disk potentiostat 
behavior. Hence, when 

the inverse pseudocollection effect vanishes. In prac- 
tice, Rq is increased from zero, and the magnitude of 
the effect is seen to decrease to zero and to change 
sign as R4R9/R3 becomes greater than Rc. 

Ring electrode.-Assume switch S-2 is closed at CA2, 
the summing point condition leads to 

instead of Eq. [7]. Also 
Rz 

v1z = - -v4 [I91 
R1 

and 
Vq = - 1 ~ R 8  

Thus, using Eq. [I%]-1201 along with Eq. 181-1101 
yields 

RzRs 
E ~ *  = - VR + ls(Rc + Rn) + ID ( RC - R-) L2'] 

the output of voltage follower 2 
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Fig. 4. Pseudocollection compensation by positive feedback. 
0.01M Hz504 using electrode No. 1. Solid curve and dashed curves 
represent disk and ring voltammograms, respectively. Ring is po- 
tentiostated a t  -0.325V. Ring current arbitrarily offset from 
zero. Scan rate = 130 mV/sec; rotation speed = 2500 rpm. The 
value of the resistor Rz is 0 and 90 ohms for curves b and c, 
.a.m.r+:"al" 

I 1 
1.5 1.0 0.5 0 -0.3 

DISK POTENTIAL ( v )  

Fig. 5. Pseudocollection compensotion by positive feedback. 
0.OlM HzS04 using electrode No. 1. Solid curve and dashed 
curves represent disk and ring voltammograms, respectively. Ring 
is potentiostated a t  -0.3WV. Ring current is arbitrarily offset 
from zero. Scan rate = 110 mV/rec. Rotation speed = 2500 rpm. 
Rz = 0, 32, 33, and 34 for curves b, c, d, and e, respectively. The 
curves c, d, and e are recorded only when the disk potential is 

...a V"."C',. 
scanned in  the cathodic direction. 

The pseudocollection resistance (RzRs/Rl  = Rc) is 
readily found by varying Rp and observing the ring 
electrode current trace in the potential region where 
the oxidized disk electrode is reduced. Table I pre- 
sents the results of pseudocollection resistance mea- 
surements obtained by this procedure at five different 
locations of the Luggin capillary. Also listed in Table I 
are the corresponding values of R c  found using our 
earlier procedure (14). The agreement between these 
two methods is excellent. 

Inverse pseudocollection.-Another test of the equiv- 
alent circuit was performed by interchanging the 
leads to the ring and disk electrodes, i.e., the ring elec- 
trode to the input of F2. The effect of this change to 
position R R  at the input of CF and R D  at the input of 
F2. Thus varying the ratio R z R s / R l  compensates the 
disk electrode potential for effects caused by ring elec- 
trode currents passing through R c ,  i.e., compensates for 
the inverse pseudocollection effect. 

Table I1 lists the values of the inverse pseudocollec- 
tion resistance found by the above procedure at three 

Table 1. Determination of pseudocollection resistance. 
0.01M HzS04. Rotation speed = 2500 rpm 

different locations of the Luggin capillary. Also listed 
are the values of the pseudocollection resistance found 
when the disk electrode lead was connected to CF and 
the ring electrode lead was connected to F2, i.e., the 
original configuration. The agreement between the 
pseudo and inverse pseudocolledion resistances found 
in this way is good. 

Pseudo and Inverse Pseudocollection Effects: 
Double Layer Charging Currents 

Albery (23) in his a-c studies at the ring-disk elec- 
trode noticed that an a-c ring electrode current flows 
in the ring electrode circuit even when only an a-c 
double layer charging current flows through the disk 
electrode and correctly ascribed this phenomenon to an 
uncompensated ohmic potential drop caused by the 
disk current flowing through a solution resistance that 
is coupled to the ring electrode. The equivalent circuit 
for this situation is shown in the circled region in Fig. 
1 in which ED and ER should be considered to contain 
the double layer capacitances of the disk and ring 
electrodes. Our model contains the Albery et al. fea- 
tures and in addition predicts the reciprocal effects of 
current at one electrode on the other electrode's poten- 

Elec- Method of Using 
trode No. Ref. L14)uJ Eq. 1221 

Table II. Comparison of pseudo and inverse pseudocollection 
resistances. Electrode No. 1, 0.01M HsSO4. Rotation speed = 

2500 rpm 

Ro (ohm) 

Paeudocollection Inverse pseudocol- 
resistance lection resistance 

1.1 Using Eq. [31. 
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Fig. 6. The four-electrode potentiostat and the positive feedback circuitry with modification for a-c campensotion. The equivalent cit- 
cuit for the uncompensated ohmic resistances a t  ring-disk electrodes is enclosed by the circle. 

tial. The a-c voltage fluctuation across the common 
resistance, Rc, of Fig. 1, produces potential fluctuations 
across the ring electrode double layer capacitance, and 
thus double layer charging currents at the ring elec- 
trode. Analogously, as is shown below, an inverse 
pseudocollection effect can be produced by an a-c cur- 
rent flowing at the ring electrode. 

The ring and disk electrode currents involved in these 
capacitative pseudo and inverse pseudocollection ef- 
fects are out of phase with each other as a result of the 
differing value of RR, RD, the ring electrode double 
layer capacitance and the disk electrode to double 
layer capacitance. Hence, the derivation leading to 
Eq. [I71 and [22] would have to be suitably modified 
to account for this phase shift. This was not done, 
since it is seen that if the proper phase shifted fraction 
of ID is fed back to the ring control amplifier CA2, the 
inverse pseudocollection effect can be eliminated. 
Similarly, by feeding back the appropriate phase 
shifted fraction of IR to the disk control amplifier, the 
inverse pseudocollection effect can be eliminated. The 
circuit used to accomplish these results is given in Fig. 
6, in which a phase shifting circuit P 1  and P 2  was in- 
troduced into the ring and disk current positive feed- 
back loops. P1 and P2 are identical circuits, and have 
the property of unity gain at all frequencies, shifting 
the phase of an a-c signal from 180" to 360", depending 
on values of the Rp's and C's and the frequency. 

In an actual a-c pseudocollection compensation ex- 
periment, both R? and RpD are adjusted until there is 
no a-c ring current in the absence of a faradaic process 
at the disk electrode. The analogous adjustment of Rq 
and RPR compensates for the a-c inverse pseudocollec- 
tion effect. 

The results of such a-c compensation experiments at 
10, 100, and 200 Hz are given in Table 111. The cur- 
rents listed in parenthesis are the a-c pseudo or in- 
verse pseudocollection currents. The values of RzRs/Rl 
and R1Ro/Rn produce the resistance values necessary 
to produce the proper amplitude for compensation after 
adjusting the phase shift resistors, RPR or Rc, as mea- 
sured by the d-c method in which the faradaic cur- 
rents flow through the ring and disk electrodes. RC 
values measured in this way are given in the last 
column of Table 111, and agree well in all pseudo and 
inverse pseudocompensation studies. 

The positive feedback networks function completely 
independently of each other when the inverse pseudo- 
collection effect is compensated according to Eq. [ I l l ,  
the pseudocollection phenomenon is unaffected, and 
visa versa when the condition of Eq. [22] is met. When 
the conditions of Eq. [I71 and [22] are both met, both 
effects vanish. 

Conclusion 
The uncompensated common resistance Rc, between 

the reference electrode and the ring and disk elec- 
trodes can be a significant fraction of the uncompen- 
sated resistance found at ring-disk electrodes. Pseudo 
and inverse pseudocollection effects arise due to this 
common resistance. These effects can be completely 
eliminated, in both d-c and a-c experiments, by ap- 
propriate positive feedback networks, without any 
noticeable loss of dual potentiostat stability. The posi- 
tive feedback networks used are our earlier equivalent 
circuit for the uncompensated resistances occurring at 
ring-disk electrodes (14) and the success of the positive 
feedback networks in eliminating pseudo and inverse 
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Table Ill. A-C pseudo and inverse pseudocollection compensation. 0.01M HzS04. 
Rotation speed = 2500 rpm, electrode No. 1, C = 2 pF 

Experi- R e -  
ment auency E E' lo IR Rpn RP RzRdR, R~Ra/fi Ro(" 
type (HZ) (mV) (mV) (#.A) (@A) (k-ohm) (k-ohm) (ohm) (ohm) (ohm) 

Pseudo 
Pseudo 
Pseudo 
Pseudo 
Inverse(bl 
Inverse 
Pseudo 
Pseudo 
Pseudo 
Pseudo 
Pseudo 
Inverse 

1.) D-C values. 
(b) Method of Table 11. 
(a Procedure of Ref. (14). Ea. [SI. 

pseudocollection effects is considered to be a further 
test for the validity of fhe model. 
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Studies in Derivative Chronopotentiometry 
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P. E. Sturrock* and B. Vaudreuil 

School of Chemistry, Georgia Institute of Technology, Atlanta, Georgia 30332 
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ABSTRACT 

Instrumental compensation for diffusion current of prior steps is investi- 
gated for the derivative chronopotentiometry of multicomponent systems. 
This technique in combination with the instrumental compensation and 
mathematical cbrrection for charging current described in a previous paper 
(1)  is applied to the analysis of multicomponent systems by standard addition 
and titration. As examples, an amount of 0.2 @moles of cadmium was deter- 
mined by standard addition in the presence of 100 pmoles of lead and an 
amount of 2 pmoles of cadmium was titrated with EGTA in the presence of 50 
m o l e s  of copper. 

Chronopotentiometry of solutions containing two or secutive electrode reactions suffers the inherent dis- 
more electroactive substances which undergo con- advantage that the faradaic current for the second and 

Electrochemical Society Active Member. 
subsequent components is reduced by the amount of 

Key words: current correction, standard addition, titration, DME. the residual diffusion current from the more easily 



1312 J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY October 1975 

electrolyzed components. This has the effect of in- 
creasing the transition times for the subsequent com- 
ponents. In addition, the shape of the chronopotentio- 
gram for the second component is altered, thus com- 
plicating the relationship between transition time and 
the minimum of the dE/dt curve. 

Previous attempts to correct the transition time of 
the latter component were based on theoretical con- 
centration-transition time relationships derived by 
Delahay and Mamantov (2) for two consecutive proc- 
esses and which were extended to multicomponent sys- 
tems by Reilly et al. (3). Sturrock, Anstine, and Gib- 
son (4) derived the theoretical potential-time relation- 
ships for multicomponent derivative chronopotentiom- 
etry. They found it is possible to evaluate r for second 
and third components by using a computer prepared 
tabulation of a parameter which is dependent on 
(dE/dt),i, for the component in question, and the sum 
of the transition times for the preceding waves. 

The same authors proposed a standard addition type 
analysis to determine the concentration of the com- 
ponent in question. However, this type of analysis 
cannot be applied to very dilute solutions or to tran- 
sition times much shorter than 3 msec because it is im- 
possible to apply a Bard-type separation of faradaic 
and capacitative currents to correct for double-layer 
charging. 

Bowman and Bard (5), working with stationary 
electrodes, were able to decrease the effect of a pre- 
ceding wave by imposing a constant potential between 
the two waves for a measured time before applying the 
constant current for the chronopotentiometry of the 
second component. Extension of the potential step 
technique was undertaken in the present work in which 
all experiments were performed on a DME. If the pre- 
bias potential is applied for a long enough time, the 
diffusion current of the first component decays to a 
small and nearly constant value. If the chronopoten- 
tiometric current is applied at any time within the flat 
portion of the i vs. r curve, the diffusion current can 
be considered to be constant over the short (1-50 
msec) time span of the chronopotentiometric wave. 
The constant diffusion current, id. can be subtracted 
from the applied current to give the current going 
toward the faradaic process for the second component, 
if. The value of if is used with the observed transition 
time to calculate the irl/z/C ratio for the second com- 
ponent. The chronopotentiometric constant is stated in 
terms of a corrected current, rather than a corrected 
transition time. If the value of if is known, or can be 
held constant, analytical applications are possible. 

There are various methods, based on the Cottrell and 
Ilkovic equations of obtaining a value for id. The disad- 
vantage of calculating instantaneous currents by the 
Ilkovic equation lies in the inaccuracies introduced 
by the use of so many measured parameters. To re- 
duce the number of experimentally measured param- 
eters involved, a new expression was derived in the 
course of this work combining the Cottrell and Sand 
equations. The concentration of electroactive substance 
in the bulk solution was expressed in terms of the Sand 
equation, then this expression was substitutedAr C 
in the Cottrell equation along with a factor, d7/3, to 
account for the expansion of the drop. The resulting 
equation is 

id = (2/n) (7/3t) 112ir112 [11 

where t is the delay time (the length of time that the 
growing drop is subject to the prebias before the 
chronopotentiometric current is applied) and i and r 
are obtained from a chronopotentiogram of the first 
component, without prebias, at time t in the drop life. 
Essentially, id for a single component is calculated from 
a single chronopotentiogram of that component. 

In the course of this investigation, a simpler method 
was discovered to determine diffusion currents. A pre- 
bias potential beyond the first wave is maintained for 
time t, as the electrode drop grows, then upon switch- 

ing to galvanostat mode, sufficient current is applied 
from a continuously variable calibrated source so that 
the prebias potential is maintained. Under such condi- 
tions, the applied current is equal to the diffusion cur- 
rent of the first species. If the applied current is less 
than the diffusion current, the concentration of electro- 
active species will increase at the electrode surface 
and the potential wi!l change in accord with the Nernst 
equation. Likewise, if too large a current is applied 
the potential will move in the opposite direction. The 
diffusion current measured in this way is subtracted 
from the total current to the next drop of the DME to 
obtain if. A simpler method is to use an uncalibrated, 
variable current source adjusted to supply just the cur- 
rent necessary to equal the diffusion current and main- 
tain the prebias potential. Then this current can be 
electronically added to the current, applied to the next 
drop of the DME so that nominally all the applied cur- 
rent is available for the second faradaic process. In a 
multicomponent situation where one is trying to mea- 
sure a transition for a wave on top of several others, 
this method is superior to the use of the Sand-Cottrell 
calculation which can be applied only with difficulty 
to multicomponent systems. It is also superior to the 
application of the Ilkovic equation which involves 
summing the diffusion currents for each of the preced- 
ing waves. In the new instrumental method, the total 
residual diffusion controlled current is measured with- 
out regard to the number or magnitude of its com- 
ponents. 

Experimental Verification of Applied Corrections 
The validity of the various corrections proposed was 

tested on lead-cadmium solutions using potassium ni- 
trate as the supporting electrolyte. The transition for 
the reduction of lead occurs at approximately -0.4V 
us. SCE. The reduction wave for cadmium occurs at a 
potential about 0.2V more negative. Both metals are 
reduced reversibly, and neither species is known to be 
adsorbed on a mercury electrode. 

Calculation and measurement of diffusion currents.- 
Diffusion controlled currents for lead were determined 
by four methods; direct measurement at -0.527, Sand- 
Cottrell calculation, llkovic calculation based on D1I2 
obtained from derivative chronopotentiometry, and 
Ilkovic calculation based on polarographic literature 
value of Dlfl. 

To 50 ml of 1M KNOI supporting electrolyte were 
added 2 ml portions of 2 x 10-2M Pb(N03)~. The solu- 
tion was deaerated after each addition and allowed 
to become quiet. The delay time for switching from 
prebias to controlled current modes was 2.625 sec into 
the drop life. The diffusion current was measured by 
adjusting the calibrated main cathodic current control 
to exactly maintain the prebias voltage for a period of 
50 msec, thus giving a horizontal trace on the oscillo- 
scope. The magnitude of the applied current was read 
directly from the dial of the current control potentiom- 
eter. 

To obtain data required for the Sand-Cottrell calcu- 
lation derivative chronopotentiograms were run on the 
above solutions with the prebias at -0.2V. Values of 
(dE/dt),?, for the lead wave were converted to tran- 
sition times. Using delay time, t, equal to 2.625 sec, and 
combining numerical terms, the modified Sand-Cot- 
trell equation (Eq. [I]) reduces to 

id(in l lA)  = 0.600 (ir112) 121 

Experimental values of i and r were used to calculate 
id for solutions with different lead concentrations. 

The llkovic calculation was based on the following 
experimentally measured parameters 

Dl12 = 0.00290 cm/secll2, t = 2.625 sec, 
m = 2.393 mg/sec, C = (variable) 

mmoles/liter 

Combining numerical terms, the Ilkovic equation re- 
duces to 
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idcln ,,A) = 8.63C [3] metric process increases. Once a steady state is reached 

When using a literature value of Din from polaro- 
graphic data (6), Eq. [3] becomes 

The values of id  obtained for lead solutions over a 
concentration range from 7.69 x 10-4M to 4.38 x 
10-3M are summarized in Table I. Diffusion current 
is a linear function of concentration of the diffusing 
species. Values for diffusion currents calculated by 
the Sand-Cottrell and the Ilkovic equations based on 
chronopotentiometric Dl12 values agree well. However, 
the diffusion currents obtained by direct measurement 
were consistently higher by about 6% and in close 
agreement with the Ilkovic calculation based on litera- 
ture value of polarographic 0112 (6). 

The discrepancy noted in Table I was thought to be 
due to the depletion of electroactive substance in the 
vicinity of successive drops. A semiquantitative evalu- 
ation of the magnitude of the depletion effect was ob- 
tained by examining the changes in successive chrono- 
potentiograms of an electroactive substance as the de- 
pleted layer, resulting from a prebias, is replenished 
by continued diffusion after the prebias is switched off. 

A cadmium solution (1.1 x 10-3M in 1.OM KNOs) 
was subjected to a prebias of -0.76V until a steady- 
state diffusion current (10 PA) was observed at the 
usual delay time. Then the prebias was switched off 
manually to coincide as closely as possible to drop de- 
tachment. Derivative and conventional chronopoten- 
tiograms were run on the next four drops of the DME. 
With an applied current of 100 pA and an electrode 
area of 0.0290 em2, r1I2 values were 0.128, 0.145, 0.152, 
and 0.153 secl12. The increase in rlJ2 from the first to 
the fourth drop indicates a corresponding increase in 
the apparent concentration of cadmium at the electrode 
surface. Stated in another way, application of a prebias 
to a DME electrode results in a residual concentration 
polarization such that the concentration of electroactive 
species seen by the newly formed drop may be much 
less than the true bulk concentration. The directly 
measured diffusion currents presented in Table I were 
obtained after a steady state of depletion was reached. 
The same steady-state conditions were used in sub- 
sequent work. During the application of the prebias, 
the situation at the electrode is exactly the same as in 
polarography and one would expect the Ilkovic equa- 
tion to be applicable provided polarographic values of 
0 1 1 2  are used. 

No depletion effect was observed on any chronopo- 
tentiograms run normally, that is, without a prebias be- 
yond the reduction potential for that substance. 
Chronopotentiograms on the first and subsequent drops 
were identical for single component systems. For 
multicomponent systems, with a prebias set between 
the reduction potentials of the different components, 
chronopotentiograms of the first few drops were not 
identical. Discrepancies between first and subsequent 
drops can be explained by considering the variation of 
current required to set up the diffusion layer for the 
more active component. As the current required to set 
up the diffusion layer decreases, the fraction of the 
total current which is used for the chronopotentio- 

Table I. Lead diffusion currents 

-- 
Dlffudon current (pA) 

nkovic calculation 
Sand- 

Conc. Pb Direct Cottrell Chronopotentlometric 
(mmolea/ measure- calcu- polarographlc 

liter) ment lation Dllr Dm 

in the diffusion of the more active component, the 
chronopotentiograrns of the less active component will 
superimpose so that successive traces on a storage 
oscilloscope appear as one trace. 

Contributions to the apparent diffusion current from 
charging the double layer of the growing drop at the 
prebias potential are insignificant. For a drop area 
change of 1% (Aa = 0.0003 cmz) and a typical double- 
layer capacitance of 20 rf/cm2, charging the double 
layer required approximately 0.006 pcoul/V. At a pre- 
bias of -0.52V over a time of 50 msec, the required 
current would be 

This is insignificant compared to the magnitude of the 
diffusion currents reported in Table I. 

Consistency of the chronopotentiometric constant for 
cadmium in the presence of lead.-A series of solutions 
which were 3.8 x 10-6M to 4.3 x 10-3M in cadmium 
and 2.0 X 10W3 in lead was prepared by adding por- 
tions of solutions which were 1.0 x 10-3M or 1.0 x 
10-4M in cadmium and also 2.0 x 10-SM in lead and 
1.OM in KNO3 to a solution which was 2.0 X 10-3M 
in lead and 1.OM in KN03. A series of chronopotentio- 
grams was run on these solutions using a prebias of 
-0.52V and instrumental compensation for the lead 
diffusion current. The diffusion current was checked 
after each addition and was found to be invariant. The 
chronopotentiograms were run with and without in- 
strumental double-layer compensation and the transi- 
tion times measured with the derivative technique (1). 

Three sets of chronopotentiometric constants were 
calculated: from the uncompensated (double-layer) 
and uncorrected data; from uncompensated (double- 
layer) data corrected according to Bard ( 7 ) ;  and from 
data compensated (double-layer) instrumentally. The 
results are shown in Table 11. Consistency was achieved 
for cadmium concentrations as low as 1.66 X 10T5M 
both by Bard corrections and by instrumental com- 
pensation. For Cd solutions on the order of 10-6M, 
Bard-corrected results were more consistent than were 
the instrumentally compensated results. The results 
from the latter were improved by applying Bard cor- 
rections; i.c us. Cr1J2 plots of the instrumentally com- 
pensated data showed a residual double-layer effect 
of about 0.0036 pcoul. This is one-tenth the double- 
layer effect in the uncompensated data and becomes 
insignificant at concentrations of 10-5M and higher, 
but it consumes significant portions of the very low 
currents used for lower concentrations. 

The lowest current setting available on the instru- 
ment used was 1 &A. For a 3.8 x 10-6M cadmium solu- 
tion using double-layer compensation, this lowest cur- 
rent yielded a r of 7.73 msec, too near the lower limit 
imposed by the speed of the differentiator for an at- 
tempt to analyze more dilute solutions. There is reason 
to believe that with a lower applied current and a more 
sophisticated double-layer compensator, this concen- 
tration limit can be extended to the lower 10-0 range 
and perhaps beyond. 

It should be emphasized that in these experiments 
the amount of lead present was 0.5-500 times the 
amount of cadmium. Consistency of irl/2/aC was at- 
tained despite the large amounts of lead. 

Application to Analysis 
The concentration of an electroactive substance can 

be determined by chronopotentiometry by substituting 
experimental values for the other parameters into the 
Sand equation and solving for C. The value obtained, 
however, is subject to considerable error owing to the 
large number of variables used. Standard addition and 
titration methods offer a better approach. A series of 
chronopotentiograrns is used to obtain data for the 
analytical curves. 
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Table 11. Chronopotentiometric constants for cadmium in the presence of 2 X 10-3M lead 

Uncompensated data Instrumentally compensated data 

Uncorrected Bard-corrected Uncorrected Bard-corrected 
Cone. Cd irlP i f ~ 1 1 3  irlP icrlll 
(moles1 I z - i r  - i T - if - 
liter) (/A) (maec) aC (rA) aC (/A) (msec) aC (/A) aC 

Note i = applied current; a = 0.0290 em? ic = i - Blr: B for 
i r e  /A-secll~liter 

~couL Unita for - In 
aC an%unole 

Constancy of the irll2/C ratio is a necessity if 
chronopotentiometry is to be used for standard addi- 
tion or titrirnetric determinations. Either instrumental 
compensation of double-layer charging or arithmetic 
corrections as described previously (1) can be used to 
assure the constancy of ir112/C over the range of con- 
centration to be spanned during the titration or stan- 
dard addition. Generally, instrumental compensation 
will yield values for T that can be used directly in plot- 
ting an analytical curve. 

Standard addition determinations.-For a standard 
addition determination it is essential that a plot of ir112 
us. C (which is equivalent to a Bard-type plot of ir 
us. Crll2) intercept the C-axis at the point C = 0. If 
double-layer effects are not eliminated by compensa- 
tion or corrections, the it112 us. C line may be displaced 
upward, indicating a higher concentration of the sub- 
stance than is actually present. As derived in an earlier 
paper on derivative chronopotentiometry of single 
component systems (8), double-layer charging can be 
corrected for by maintaining a constant value for cur- 
rent density and plotting 711" rT,,,/rl~2 on the ordi- 
nate. In order to create a perfectly linear plot, it is 
necessary to correct for dilution. 

If the solution which is being determined contains 
two or more electroactive species, these species can be 
determined independently in the same solution. In this 
study, cadmium was determined in the presence of lead 
by using the prebias and diffusion current compensa- 
tion techniques discussed above. As aliquots of a stan- 
dard cadmium solution are added to the test solution, 
the concentration of lead present is decreased. Thus the 
lead diffusion current changes after each Cd addition, 
and the diffusion current must be checked and the 
compensation readjusted. 

When a sufficient number of additions (3-5) has 
been made and data obtained for the cadmium stan- 
dard addition curve, the prebias can be lowered to a 
potential below the lead wave and aliquots of a stan- 
dard lead solution added, yielding data for the lead 
determination. A solution of several electroactive sub- 
stances can be analyzed by this means as long as the 
reduction potentials for the substances are separated 
sufficiently for a prebias to be imposed between the 
waves. 

It is important that the substance which is reduced 
at a more negative potential be determined first. m e  
additional amount of that substance which remains in 
the solution as a result of the standard addition acts 
as supporting electrolyte and does not interfere when 
the more easily reduced species is determined. If, on 
the other hand, the more easily reduced species is de- 
termined first, the additional amount present in the 
test solution interferes in the determination of the less 

uncompensated data = 0.035 ficoul: B for compensated data = 0.0038 

easily reduced species. The more of the former present, 
the more difficult it becomes to compensate for it. 

Another precaution is worthy of note. To achieve the 
best precision, the amount of electroactive substance 
added in each increment should be of the same order of 
magnitude as the total amount of that substance ini- 
tially present. Addition of considerably larger amounts 
greatly compresses the concentration axis and reduces 
the precision by which small amounts may be de- 
termined. If, on the other hand, the increments are 
much smaller than the amount to be determined, ex- 
trapolation over a long distance adds to the uncer- 
tainty of the result. 

An example of a two component standard addition 
determination is presented in Fig. 1. Cadmium in the 
amount of 0.2 rmoles was determined, in the presence 
of 100 rcmoles of lead, by derivative chronopotentiom- 
etry. 

Titration using chronopotentiometric end point de- 
tection.-Cadmium can be titrated with EGTA ([ethyl- 
ene bis(oxyethy1enenitrate)l tetraacetic acid) in the 
presence of copper if an ammonia-ammonium buffer of 
pH 10 is used. The ammonia strongly complexes the 
copper and masks it for reaction with EGTA. The 
Cd(NI-Iq)42+ complex is weaker and does react with 
the EGTA. End point detection is difficult, however, 
because copper interferes with metallo-chromic indi- 
cators such as Eriochrome Black-T which is routinely 
used for the EGTA titration of cadmium. 

As EGTA complexes cadmium during the course of 
the titration, chronopotentiometry can be used to mea- 
sure the decreasing concentration of uncomplexed 
cadmium. 

As the concentration of cadmium decreases, double- 
layer effects become prominent. Bard corrections work 
well to deal with these effects. The r measured by 
derivative means which occurs beyond the equivalence 
point is r,,,, the apparent transition time due to 
double-layer charging (8). It is constant at points well 
beyond the equivalence point where the concentration 
of cadmium not complexed by EGTA is essentially 
zero. If r"2 - (r,,,/r*~2) is plotted us. ml EGTA added, 
the portion of the titration curve beyond the equiva- 
lence point coincides with the x-axis. Thus the point 
where the extrapolated initial portion of the titration 
curve intersects the x-axis is taken as the end point. 

If volume changes during the titration are signifi- 
cant, volume corrections must be applied, just as they 
are in the case of standard addition determinations. 
Chronopotentiometric end point determination lends 
itself to the use of concentrated titrant which can be 
added in small volume, eliminating the need for vol- 
ume corrections. In the vicinity of the end point, titrant 
can be added in larger increments, so long as several 
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ml added ml added 

Fig. 1. Standard addition curves. (a, left). 0.2 p moles of cadmium in presence of 100 pmoles of lead. Addition of 1.0 X 10-8 F 
Cd(NOa)z. 0.22 pmoles Cd found. (b, right). 100 pmoles lead. Additions of 1.0 X F Pb(N0s)z. 100 pmoles lead found. 

ml T~t ran t  ml T~trant 

Fig. 2. Titrotion curves. (a, left). 2 pmoles of cadmium and no copper. (b right) 2 pmoles of cadmium and 50 pmoles of copper 

points are obtained in the linear regions before and 
beyond the end point. 

An EGTA solution was standardized against a stand- 
ard cadmium solution using Eriochrome Black-T and 
an ammonia-ammonium nitrate buffer of pH 10. A 
series of identical solutions was made as follows: 1.00 
ml standard Cd solution (2 pmoles Cd) was added to 
5 ml buffer, 10 ml 1.OM KNOa, and sufficient water to 
make 50 ml total. The concentration of Cd in these test 

Black-T, and demonstrate the feasibility of titrating 
multicomponent mixtures using chronopotentiometry. 

Manusc~ipt submitted March 24, 1975; revised manu- 
script received June 4, 1975. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1976 JOURNAL. 
All discussions for the June 1976 Discussion Section 
should be submi t td  by Feb. 1, 1976. 
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ABSTRACT 
When a sinusoidal modulation is superimposed on the rotation speed of a 

rotating disk electrode, the corresponding modulated current follows the 
Levich equation closely for sufficiently low ratios of the modulation fre- 
quency to the constant center rotational frequency. In this work, the fre- 
quency response of the modulated current (amplitude and phase) is derived 
for the general case and the results experimentally confirmed over a wide 
range of Schmidt numbers (230-2100 Sc) and modulation to rotational fre- 
quency ratios for the reduction of Fe+"o Fe+2 in 1.OM H2S04 over the tem- 
perature range 25"-85°C. Tables are given of the phase and amplitude factors 
which would be encountered for the normal range of both modulation and 
solution parameters. 

In recent papers (1-6), we have considered various 
theoretical and experimental aspects of hydrodynamic 
voltammetry at the rotating disk (RDE) and ring-disk 
electrodes (FtRDE). In these studies, the angular veloc- 
ity of the RDE, w, was programmed as a function of 
time, t, or current, i. With the exception of one study 
(4) involving step speed change, this work dealt with 
conditions for which the Levich equation always ap- 
plied, i.e., a quasi-steady state existed in which the 
concentration gradients adjacent to the RDE could be 
described adequately using the instantaneous angular 
velocity, w, of the electrode and the von Karmin (7)-  
Cochran (8) approach. Recently, using the results of 
Benton (9), we considered the current transient pro- 
duced by a step change in angular velocity, Aw, of a 
RDE held at a limiting current. After such a step 
change in W, the fluid velocities in the region adjacent 
to the RDE adjust very rapidly from values character- 
istic of the initial velocity, w,, to those characteristic of 
the final velocity, w, + Aw, while the concentration 
profiles adjust somewhat more slowly. 

We consider here the problem of describing the lim- 
iting, convective-diffusion controlled current at a disk 
subjected to a rotational velocity program of the form 

w112 = w,1/2(1 + E cos at) [I1 
In Eq. [I] 

and r is the modulation frequency in radians/sec. In 
this paper, we refer to this class of techniques as sinu- 
soidal hydrodynamic voltammetry (SHM) to distin- 
guish it from other uses now being made of the term 
"hydrodynamic voltammetry (lo)." 

Equation [I] will describe the experimental situa- 
tion for all values of w, C, and r, including those for 
which the angular acceleration, do/dt, is too high for 
the quasi-steady state assumptions used in our previ- 
ous studies of a sinusoidal modulation of w to apply. 
These broader experimental conditions will produce 
current responses deviating from those (5, 6) found for 
Levich-type conditions (EU small), i.e., the current is 
not given by 

i = i,, + Ai cos at [31 
where 

Ai = i,, Awl/z/w01/2 = iooe [41 
and i,, is the convective-diffusion limiting current at 
a constant angular velocity af wa. 

Instead, as will be shown later, i is given by 

i = i,, + Ail cos(at - -1) + Aiz cos(2ut - ( ~ 2 )  + . . . 
[51 

In our experiments we have determined Ail and ( ~ 1  by 
appropriate techniques and have therefore restricted 
the detailed theoretical analysis to the first harmonic 
term, i.e., to the calculation of Ail and (ol as a function 
of the Sc number. The results for the amplitude re- 
sponse are reported in terms of the dimensionless 
parameter A 

A = Ail/Ai [GI 

whereA-, lass-, 0. 
The need to predict values of Ail and cpl had been 

prompted by unpublished studies of certain applica- 
tions of SHM. These results indicated the desirability 
of performing experiments at larger values of a/r, than 
those to which we restricted the earlier work. For ex- 
ample, where potential scanning programs are used, 
higher modulation frequencies permit using higher 
scanning rates before undue distortion of Ail-E curves 
is found, shortening experiments, reducing sensitivity 
to impurity poisoning, and thus leading to a better 
response to convective-diffusion controlled reactions. 

Excellent agreement between the theory for A and 
cpl and experiment has been found for the reduction of 
Fe+3 to Fe+* in 1.OM HzS04 over the temperature range 
25"-85°C (230-2100 SC). 

Theoretical 
The normal component of the fluid velocity, w,, for 

an infinite disk rotating at constant angular velocity 
was first studied by von Kdrmin (7) and later by 
Cochran (8) .  After quasi-steady state is reached, w, 
is given by 

W, = (WV) l l z ~ o  (q) [71 

where v is the kinematic viscosity and 

q = (w/v) 1/22 
For small 11 

[a1 

Electrochemical Society Active Member. 
Key words: hydrodynamic modulation, frequency dependence. 

H,(q) = - 0.51023 q2 + 0.33333 q3 - 0.10267 q4 + . . . 
convective-diffusion. [91 
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where the value of the second derivative of H(q) with 
respect to q at Y = 0 is the one given by Cochran (8). 

Sparrow and Gregg (11) analyzed the analogous 
rotating disk problem for the case in which the angular 
velocity was a time dependent quantity. Their expres- 
sion for the instantaneous normal component of the 
fluid velocity w, was obtained by a series expansion 
about the value found at quasi-steady state, i.e. 

However, if r < 1 rather than E << 1, only the ampli- 
tude of the second harmonic expression in Eq. [20] 
will be in error, while the amplitude of the first har- 
monic with which we are experimentally concerned 
remains unchanged. 

In order to obtain the time dependent convective- 
diffusion limiting current, the convective-diffusion 
eauation 

w = (~u)"~{Ho(tl) + BlHl(n) + BZHZ(W) +.  . .} 1101 
where 

pl = (dw/dt)/wZ 1111 
must be solved for the boundary conditions 

z = o :  C = O  

z + : C + Co (bulk concentration) 
1231 and the Hi(q) are axial velocity functions that satisfy 

the equations 
Hi (9) = M Hi" (0)q2 = ciq2 [I31 w (z,  t )  given by Eq. [20] and [21] and for steady 

sinusoidal variations. 
Taking into account the form of Eq. [20], a solution 

of the convective-diffusion equation is 

for all i values at small values of q. 
The values of the Hi(?) functions were given graphi- 

cally (11) for 0 5 q G 20, and the values of H2"(0) 
were given in their Table I. However, the values of 
higher derivatives at q = 0 were not given Using 
their Table I data, we obtain 

C = C" ~ ( z ,  t )  1241 
where 

+ P{% (z) cos %t + uzo (2) sin L t  + ull(z) 1 + . . . 
[251 

cz = -0.023112 
and Thus, we substitute Eq. [24] and Eq. [201 into Eq. 

[22], equate the coefficients of all terms having the 
same time dependence in the resulting expression, and 
obtain a set of ordinary differential equations involving 
functions of z. These equations are not written out 
here but may be simplified by using the dimensionless 
variable 

as a good approximation to w when pi+l 6 pi. Note 
that when 81 = & = 0, Cochran's result, as used by 
Newman (12), is obtained. It is therefore possible to 
solve the Levich problem for small oscillations in W, 
given its time dependence. 

As stated previously, the superposition of a sinu- 
soidal ~112 modulation, Awl12, about a constant value, 
wOl/2,is advantageous from the experimental viewpoint, 
and the problem we deal with assumes that 

where Sc(= v/D) is the Schmidt number, and they lead 
to the set of equations below where the various u's are 
functions of [ and the primes represent differentiation 
with respect to 5 

up', - f (E)u', = 0 1271 

It is also convenient to define 

Thus, the values of 81 and pz are 

p1 = - 2 ~ p s i n s t ( l  + E C O S O ~ ) - ~  [I81 
and 

u-ll - f (5) (~'11 + allu'o) = 0 1321 
where 

The quantity b is defined by 

Substituting Eq. [I81 and [19] into Eq. [15] and as- 
suming E << 1 yields the expression for the instan- 
taneous normal component of the fluid velocity The boundary conditions become 

= 0 : Uo = = U10 = uo2 = U20 = u11= 0 
E +  a : uo + 1, uol, ulo, ~ 0 2 ,  UZD, and uil -, 0 

W = w0{1 + €(a01 cosst + alosinst) 

+ f (a02 cos 2rt + all) + . . .} 1201 
where It is readily shown that the form of Eq. [251 leads 

to a current of the form given by Eq. [51. 
The limiting convective-diffusion current, i, is de- 

fined by 

i = nFnr2D (aC/az),=o [351 
or in terms of E 

where r is the radius of the disk electrode. Combining 
Eq. [25] and [36] with Eq. [26] yields 

- 0.13589p2)/(1 - 0.65327~~ + 0.201214,2) 
and 

90 = (wo/v) 1I2z 

+ io01 (m)Z{a2 cos(2st - cpz) + aa) + . . . 1371 
where 

a1 = [{u'01(0))~ + { u ' ~ o ( O ) } ~ l ~ ~ ~  [381 
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(pl = ~os-~(u'ol (O)/al} = ~in-~{u'l~(O)/al} [391 Ail = iwoI ( w ) eal [471 

a2 = [{~'oz(O))~ + {u 'zo(O)}~I~/~ [401 Substituting Eq. [47] and [46] into Eq. [6] yields 

(pz = cos-l{u'~2(0)/a~} = sin-l{u'z~(O)/a~} [41] A = (0.89294 + 0.26610Sc-113 + 0.12960Sc-2/3)al 1481 

as = ufll(0) [42] The theoretical values of a1 at constant p and Sc are 
and calculated using the numerical values of u'ol(0) and 

i,, = 0.6205nFxrzD2~3~-1/6~0112C"r(4/3) / I (  m ) [431 uplo (0) obtained through Eq. [28] and [291 and ap- 
The above value for iw, is obtained by solving E ~ .  plying Eq. 1381. The phase shift (pl is calculated from 

[27] to obtain Eq. [391 and is given in Table 11. 

= I(E)/I(w) In using Tables I and 11, linear interpolation at low 

where 
[441 Sc values is not accurate. A more sophisticated inter- 

polation technique or graphing of the tabulated values 
I,,) = X e X P  [s: f(X)dX] dt of A and cpl is necessary if an error less than that 

found experimentally is to be achieved. 
In the above discussion, both the deviation of hydro- 

= S: exp ( - p  + 0.8843Sc-~~~P - O.3g32S~-~~~&~)dt  dynamics from quasi-steady state and the simul- 
taneous relaxation of the diffusion layer were taken 

C451 into account. It is of interest to estimate the conditions 
and I (m ) is given by under which the current response is controlled almost 

I ( m )  = 0.89294 + 0.26610Sc-l/3 + 0.12g60Sc-213 [46] completely by convective-diffusion, i.e., the conditions 
under which the hydrodynamic situation deviates by 

which was obtained by Newman (12) for the tor- only a small percentage from quasi-steady state. Since 
rection of the Levich equation and holds for Sc 100. we propose to obtain only an estimate for this condi- 

The experiments we have performed involve detect- tion, only the large Schmidt number limit for the 
ing the magnitude and phase of the current at the fre- normal velocity component, obtained from Eq. [151, 
quency used to modulate wl/2; hence we need only will be used, i.e. 
solve Eq. [28] and [29] and we have postponed con- 
sideration of the behavior of the terms associated with W = -0.51023[{~(1 - 0.4014481 
the second harmonic. 

Equations [28] and [29] were solved numerically + O.O4530pz)2/3}3/~1"222 [491 

(13) for various values of p in the range 0-1.0 and for From Eq. [49] it is seen that small deviations of u 
selected values of Sc in the range 100-2100. In addi- from quasi-steady state are approximately given by 
tion, A and 91 corresponding to specific experimental 2/3 x 0.401pIw. Since the deviation in the percentage 
Sc values were calculated where required. current error, a, is twice that in angular velocity, it fol- 

The effect of p on amplitude response for selected lows that relationship between the error in w and i is 
values of Sc is given in Table I, using the parameter given by 
A defined by Eq. [61. w sin ut 

By comparing the coefficients of the cos(at - (pi) of 81 = - = -2p 6 0.01810 [501 
Eq. [5] and [37] it is seen that WZ (1 + E C O S C ~ ) ~  

Table I. Values of A for values of p and Sc 

Table II. Values of phase shift for values o f  p and Sc 
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The maximum value of 81, Bm,, is 

so that the relationship between p, and e and o is 

Sparrow and Gregg (11) considered the problem of 
determining under what condition the shear stress 
would deviate by less than 5% from its quasi-steady 
state value and found that 

which, by comparison with Eq. [50], corresponds to an 
s of 4.5%. 

Table I11 gives the values of p us. selected e's which 
cannot be exceeded if the deviation from hydrody- 
namic quasi-steady state is not to produce a current 
error exceeding 4.5% 

The significance of Table I11 is merely that, within 
specified restrictions on p and E, the total current is 
determined by convective-diffusion processes rather 
than by the coupling of convective-diffusion and a de- 
viation from a hydrodynamic quasi-steady state. 

Experimental 
The motor drive and operational amplifier control 

systems have been described previously (3,5). The en- 
tire system (mechanical plus electronic) bandwidth 
for modulation was examined by recording the motor 
tachometer's voltage amplitude and phase shift with 
respect to the driving waveform. The latter signal 
was the sum of a linear voltage ramp and a sinusoidal 
voltage of constant frequency and amplitude. The ramp 
voltage was selected to scan the center motor speed, W ,  
from 6.67 Hz (400 rpm) to above 125 Hz (7500 rprn). 

Typical tracings of a-c motor reponse to this kind 
of program are shown in Fig. 1; e.g., at a constant 
modulation (signal) amplitude of 3 rpmlfz and a fre- 
quency of 6 Hz, the tachometer amplitude agrees with 
the a-c driving signal to 21% and the phase shift is 
constant within *lo at least up to a center speed of 84 
Hz (>5000 rprn). The amplitude circuitry in the 
Dranetz Phasemeter automatically switches ranges 
during experiments since a constant AwU2 at all speeds 
produces a-c voltages (related to Aw) which typically 
vary by a factor of more than four. The observed con- 
stant phase shift level in each trace is determined 
solely by modulation frequency, up to the rotational 
frequencies indicated by the roll-offs in Fig. 1. 

All experiments were carried out with combinations 
of modulation frequency, amplitude, and center rota- 
tional speed frequency for which any amplitude and 
phase errors due to the above sources were well within 
-cl% and el", respectively. Thus, correction of the 
modulated disk electrode current response for Awllz 
variations was eliminated, and a full-wave rectifier 
circuit was used to obtain the amplitude in ~i-experi- 
ments. In these experiments, the amplitude response 
Ail was determined as a function of p. Extrapolations 
of the Ail data to p = 0 yield the maximum amplitude 
response, and A values were calculated by dividing 

Table I l l .  

w,, rpm 
Fig. 1. A-C motor response to sinusoidal modulation. Curves A 

are phase shift, tachometer vs. signal; curves B are log of ampli- 
tude ratio, tachometer to signal. Signal amplitude set to constant 
A w s  of 3 rpm'h; center was scanned from low to high. Fixed 
frequency of modulation (Hz) indicated by number following A or 
B. Constant phase shift levels were, for AZ, A6, and A10, respec- 
tively, -1.b0, -4.3', and -7.Z0, expressed as deviation from 
the theoretical 180" (no lag) shift. Amplitude plots arbitrarily 
displaced from common value; dashed regions indicate interruption 
of measurement due to ranging of phasemeter. 

this value into the observed amplitude response at the 
various p values. 

The phase shift of the sinusoidal Ai response relative 
to the Au tachometer output was continuously re- 
corded with a Dranetz Model 305 Phasemeter equipped 
with a Model 3009A plug-in, after prefiltering each 
signal with matched 0.64-32 Hz two-pole bandpass am- 
plifiers that introduced <0.5' of phase shift uncer- 
tainty. In a typical experiment, w, was scanned from 
400 to ca. 8000 rpm and back, and the cp data averaged 
to correct for a small hysteresis related to time con- 
stant effects. The experimental abscissas were con- 
verted to p = U/W, values and the cp data were used 
without further reduction. 

The electrochemical experiments were all carried out 
with a 0.313 cm2 platinum disk electrode and a 2.17 
mM Fe+3 - 1.OM solution, prepared from re- 
agent chemicals and triply distilled (the last two from 
quartz) water. The Sc was varied by performing ex- 
periments at 10°C c 0.5"C increments between 25" 
and 85°C. The supporting electrolyte kinematic vis- 
cosities, were determined with a Cannon-Fenske 
viscometer that was calibrated with water over the 
25"-75'C range. The diffusion coefficients for Fe+3 were 
calculated at the various temperatures from the slopes 
of Levich plots ( i ~  us. ulf*) for the limiting current of 
Fe+3 reduction, utilizing the values determined inde- 
pendently above and Eq. [46]. Log plots of Sc, D, and 
v us. l/T°K are shown in Fig. 2. 

All data in this paper were obtained at O.OOV us. an 
unthermostated SCE. This potential was in the limit- 
ing current region over the 25"-85'C cell temperature 
range. 

Results and Discussion 
The phase shift, cpl, of the modulated limiting disk 

current output, Ail, produced by d f 2  modulation at the 
frequency f = o/2n Hz, was directly measured for the 
reduction of Fe+3 to Fe+z in 1.OM HzS04, using the 
constant modulation frequency-u, variation technique 
described in the Experimental Section. The value of A, 
however, was, as noted, not calculated directly from 
the defined value of Ail/Ai but rather from Ail/ 
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2.8 29  30 3.1 3.2 33 

1000 T-', O K - !  

Fig. 2. Log plots of Sc, D, and v vs. lWO/TO K. 

( A i l ) w o  where is the extrapolated value of 

A i l  at p = 0. Satisfactory agreement between ( A i l ) w o  

and A i  has been established previously by us (51,  and I I I 
the present procedure cancels a number of possible 0 0.2 04 0.6 Q 8  1 .O 
sources of small determinate errors associated with the 
electronic instrumentation including bandpass, gain, 
and rectification efficiency. 

P 

Theoretical plots and experimental values of A and Fig. 4. Phase shift el as a function of p for Sc values of 315, 
cpl as a function of p for three values of Sc (315, 890, 890, and 2100. Sc values marked. Solid lines are theoretical, 
and 2100) are given in Fig. 3 and 4. Other sets of data pointr ore experimental values, 
obtained for different Sc (not plotted) agree equally 
well with theory. The Sc range illustrated in Fig. 3 and 
4 covers the great majority of aqueous solution cases I.0- 
that will be encountered. 

Satisfactory experimental tests of the theory for A 
and cpl dependence on Sc for five constant p values 
from 0.2 to 0.6 are given in Fig. 5 and 6. The theoreti- 
cal values of A and cpl for these particular Sc values 
may also be accurately obtained by graphical inter- 
polation in the tables of A and cpl given earlier, assur- 
ing the general experimental usefulness of the tabu- 
lations. 

0.5 
0.8 0.6 

SC 

Fig. 5. Amplitude factor as a function of Sc a t  constant p. 
Values of p indicated a t  right of curves. Solid curves are theoretical, 
points are experimental. 

~~2 The criteria of Table 111, expressing maximum limits 
of p and E for which the total current is essentially 
determined by convective-diffusion processes, have 
been exceeded in certain of our measurements by a 
factor of as much as three. Our theory explicitly takes 
into account the region in which convective-diffusion 

0 and hydrodynamics couple. Nevertheless, it was of 
0 a 2  06 0.6 0.8  1.0 significance to examine experimentally whether the pe 

product at these levels, rather than just p alone, in- 

P fluenced the value of A in a given solution. There- 
fore, A i l  was measured as a function of Awl /% under 

Fig. 3. Amplitude factor A as a function of p for Sc values of conditions of constant p, while A W ' / ~  was varied so that 
315, 890, and 2100, as marked. Solid lines are theoretical, points ps was either always 40.04, exceeded 0.04 at an inter- 
are experimental. mediate value of Awl lz ,  or was k0.04 for all A W ~ / ~ .  We 
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SC 
Fig. 6. Phase shift as a function of Sc for constant p. 

Values of p indicated a t  right of curves. Solid curves are theoreti- 
cal, points are experimental. 

chose 0.04 simply as the approximate level of the pe 
products collected in Table 111. 

These results for Fe+3 reduction in 1.OM HzS04 are 
shown in Fig. 7. The points taken for p = 0.2 cover pr 
from 0.004 to 0.03, those for p = 0.4 cover 0.012- 
0.093, and those for p = 0.8 cover 0.04-0.26. All three 
plots are linear and both the slope ratios (A ratios) 
and absolute A values are in satisfactory correspon- 
dence to the theory given above. Absolute A values 
were estimated in this case by determining Levich 
plots of i,, us. w,1/2 for various wO1/2 and comparing 
the slopes with those of the Fig. 7 plots. By combin- 
ing Eq. [43] with Eq. [6], a definition of A related to 
this experimental approach is obtained, i.e. 

0 1 2 3 4 5 6 7  

AW"~, rpm'l2 

Fig. 7. Ail as a function of Aw'h a t  constant p values of 0.2, 
0.4, and 0.8, as marked. Modulation frequency 6 Hz (all  cuwes), 
center speed held a t  30, 15, and 7.5 Hz. Abscissa is convertible to 
pe values by multiplication by 0.00472, 0.0133, and 0.0377 for p = 
0.2. 0.4, and 0.8, respectively. 

Hence, the slopes of the SHM data in Fig. 7, when di- 
vided by the slopes of the Levich plots, give the A 
values for the particular p values. 

As far as the SHM technique is concerned, ex- 
ceeding the pe criterion for deviation from a hydro- 
dynamic quasi-steady state by even a factor of six ap- 
pears to have little detectable effect on Ail - Awl12 
plots. This result, predicted by theory, has the sig- 
nificance for practical use of the SHM technique at 
higher modulation frequencies (larger p) that, to a 
large extent, much of the loss of current sensitivity 
associated with a decreasing A factor at higher p values 
may be compensated by a ~ ~ 1 1 2  increase. At present, 
the practical limitations of this sort of approach ap- 
pear to reside mostly in the amplitude and frequency 
response of the motor system. 

The A and ~1 functions are independent of the con- 
centration of the electroactive species and its n value 
in the electrode process. This property suggests a 
method for determining the diffusion coefficient of an 
electroactive species without a priori knowledge of the 
n value (or concentration), as is required by RDE and 
other voltammetric steady-state diffusion layer tech- 
niques. From the A (or cpl) us. p data for an unknown 
system, Sc for the electroactive species can be deter- 
mined by interpolation in Table I1 (or I). D can then 
be calculated from the readily determined kinematic 
viscosity uf the solution. This value of D may be in 
error by &lo-15%, because of the combination of 
experimental error and relative insensitivity of the A 
or cpl us. p function to some values of Sc. However, 
if i,, and the electroactive solute's concentration are 
known, substituting these data and the estimate of D 
into Eq. [43] will permit determination of the in- 
tegral value of n, and thence a precise value of D. 

Application of the SHM technique to solutions con- 
taining two or more electroactive components leads to 
certain difficulties if phase sensitive detection is used 
to determine Ail. In such mixtures, each electroactive 
species has its unique value of Sc, and thus a corre- 
sponding phase shift. The detection of Ail response 
for regions on the current-voltage curve involving si- 
multaneous reduction (or oxidation) of more than one 
species is thus complicated by the varying phase shifts 
for each component. There are obvious experimental 
strategems to correct for this difficulty, e.g., manual 
tuning of the phase shift for each of the components is 
feasible. However, the variation of phase angles as a 
function of Sc at constant p, as can be seen from 
Table I or Fig. 3, is not large. The phase angle effect 
is modest when compared to the phase angle setting 
accuracy requirements of lock-in amplifiers. Phase 
errors of +loo  are necessary for I%% signal loss and, 
if the spread of Sc values is not extreme, errors due 
to this source will probably be small in most practical 
situations. 

It should be noted that, if a tuned filter used to iso- 
late the a-c response to SHM is followed by either 
full-wave rectification or RMS detection, the phase 
problem is completely avoided. 

The theory presented here does not apply to the case 
of mixed electron and mass transfer control, which we 
have already considered for the p + 0 limit (6). There 
are effects in those situations (further diminishing A 
and increasing cpl) which require a more involved 
treatment. 
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The Cathodic Reaction of Iron Disulfide Electrode 
in KCI-LiCI Eutectic Electrolyte 

Katsushi Abe and Takewo Chiku* 

Toyota Central Research and Development Laboratories, Incorporated, 
2-12, Hisakata, Tempaku-ku, Nagoya 468, Japan 

The molten salt battery will be given more attention C 
in the near future because of its high specific power and 
high specific energy. However, in the present state, 
there are various difficulties involving the battery con- 
struction, particularly the risk at high temperature 
operation from the use of liquid (1) or gaseous (2) ac- 
tive material as the positive electrode. 

Vissers et al. (3) studied the molten salt secondary 
cells with iron sulfide as the positive material. This 
study was useful because it showed that there was no 
significant deterioration of electrical performance with 
cell operation. 

Tomczuk, Martin, and Steunenberg (4,5) found that 
metal sulfides, such as nickel or cobalt sulfide, were 
solid-state materials that could serve as a positive 
electrode for a molten salt battery, and they proposed 
that the charge reaction of iron disulfide proceeds by 
three steps. The present authors have also examined 
various metal sulfides as solid-state active material 
for a battery with KCl-LiCl eutectic electrolyte. 

It is the purpose of the present note to elucidate the 
discharge reaction of iron disulfide in KCl-LiCI eutec- 
tic electrolyte by a combination of the polarization 
character and x-ray diffration analyses. 

Experimental 
The test electrodes were prepared, as shown in Fig. 

1, by putting a definite quantity of iron disulfide pow- 
der in a hole (3.2 mm diameter, about 3 mm depth) 
drilled in spectroscopic graphite rod (6 mm diameter, 
150 mm length), then filling it with electrolyte salt 
powder; the lower part of the rod was fixed by baking 
Aremco alumina adhesive and glazed Pyrex to separate 
it from the electrolyte except the hole. T~ prevent iron Fig. 1 .  Electrolysis cell and electrode construction. a, Graphite 
disulfide from escaping, the hole was sealed by wind- (test electrode); b, glasry carbon counterelectrode; c, reference 

electrode; d, Ar gas inlet; e, Ar gas outlet; f, thermocouple; g, 
Electrochemical Society Active Member. 

Key words: iron pyrite, discharge reaction, molten salt electrolyte, KCI-LiCI eutectic; h, quartz wool; i, Pyrex glass seal; it alumina 
high temperature cell. adhesive; k, FeSz powder. 
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ing the rod with quartz wool. The iron disulfide powder 
sample used in this study was a commercial pyrite 
(99.9% purity) containing only a trace of marcasite as 
shown by x-ray diffraction analysis. 

The 58 mole per cent (m/o) LiC1-42 m/o KC1 
eutectic electrolyte was prepared by combining reagent 
grade lithium chloride and potassium chloride in a 
Pyrex vessel at 400°C, bubbling hydrogen chloride gas 
for about 1 hr and then high purity argon gas (02: -1 
ppm, dew point: -65") for several hours. A Pyrex 
tube 28 mm inner diameter and 150 mm height was 
used as the electrolysis cell; the anode and the cathode 
compartments were separated by quartz wool. Figure 
1 shows a schematic representation of its construction. 
The iron disulfide electrodes were discharged and 
charged at 400°C in the electrolyte with glassy carbon 
as the counterelectrode. High purity argon gas was 
made to flow continuously over the electrolyte during 
the experiments. The electrode potential was measured 
against a Pt/O.Ol mole PtClz reference electrode with 
the supporting electrolyte. 

The reaction products used for x-ray measurements 
were taken from the electrode at various stages of 
charge and discharge in the following way: The re- 
spective electrodes were removed from the circuit and 
cooled in argon atmosphere, the products extracted 
from the graphite rods were crushed and pulverized in 
the atmosphere, then were covered with a thin film 
of Mylar. No washing or drying procedures were per- 
formed so as to prevent any change in the chemical 
composition. 

Results and Discussion 
Discharge and charge characteristics.-Figure 2 shows 

potential/time curves for the iron disulfide electrode 
with the repetition of discharge and charge cycles at 
a constant current of 200 mA/cmz. The potential 
curve obtained during the first discharge to -2.OV 
shows several steps, and similar steps also were ob- 
tained in the curve with the subsequent charge to 
-0.7V, in which open-circuit potential before the dis- 
charge was about -0.7V. When repeating the cycle, the 
corresponding curves have little change in the shapes 
and the discharge capacities, at least up to 40 cycles. 
There is an additional step at about -0.8V in the dis- 
charge curve. However, judging from the fact that the 
upper limit of the charging potential was equal to the 
open-circuit potential at the initial state, the open- 
circuit potential could not be that of iron disulfide it- 
self. 

Figure 3 shows the discharge and charge curves at a 
constant current density of 100 mA/cmZ and open- 
circuit potentials in various discharge and charge 
states; a stationary value obtained about 30 min after 
the circuit was opened at each state served for the 
open-circuit potential. It is seen that both the open- 
circuit potential curves in the discharge and charge 
were composed of four steps, and they are in close 
agreement with each other. These results suggest that 
the discharge-charge reaction proceeds through four 
reversible processes. At this current density, the polar- 
ization curve in discharge also shows four distinct steps 
corresponding to those in the open-circuit potential 
curve, but the four steps grow less distinct as the 
discharge current increases. 

Table I. Results of x-ray diffraction 

discharge 
1st 5th 20th 

Time 

Fig. 2. Typical potential/time curves for F e g  electrode in dis- 
charge-charge cycling at a constant current density of 200 mA/ 
cm2. 

-201 I I I I I I 
0 20 4 0  60 80 100 120 

Time ( rnin.) 

Fig. 3. Discharge-charge curves at  a constant current density of 
100 mA/cm2 and open-circuit potentials in various discharge and 
charge states, for 20 mg FeSz at 400°C. 

X-ray diffraction analyses.-Five electrodes, each 
containing 70 mg of iron disulfide, were placed in the 
discharge and charge states in the KC1-LiC1 electro- 
lyte. Three of them were partially discharged to -1.3, 
-1.6, or -2.OV at a current density of 50 mA/cmz. The 
fourth electrode was completely discharged to -2.OV 
intermittently at 25 mA/cm2. The last electrode was 
discharged to -2.OV at 100 rnA/cmz, then imme- 
diately recharged to -0.7V, the level of initial poten- 
tial, at the same current density. X-ray diffraction 
analyses were carried out as a function of the depth 
of discharge. The results are summarized in Table I. 
As seen from the table, the starting material is pyrite 
containing a trace of marcasite. Phases gradually de- 
crease with progressive discharge and are eventually 
exhausted at about -1.6V. At -2.OV, lithium sulfide 
and iron were observable as the final products. It is 
noted here that by recharging the electrode, the dif- 
fraction peaks of lithium sulfide and iron disappear 
accompanied by the reformation of pyrite together 
with a trace of pyrrhotite. However, many unknown 
peaks were present in the diffraction pattern at the 
partial discharge states. As shown in the last column 

analyses; Co-Ka, 2.9; 30" - 80' 

- - 

Sampling potential (V) 
No. of Discharge 
sample Discharge Charge state (70) Identffied material Unknown peaks 

0 Pyrite, Marcasite(trace) 
4 L 

35 (Decrease) Marcaslte (A) (B) 
L I 4  L 

40 (Not detected) Decrease (C) 
J. L 

85 LIB, Fe Increase Decrease 

-2.0 - 100 LiS,  Fe Not detected 
J. 

(-2.0) -0.7 3 Pyrite. Fe-&(trace) 
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of Table I, the unknown peaks were divided into three 
groups denoted by A, B, and C, respectively. These 
classifications show a partial increase or decrease as 
the d'ischarge takes place. To ascertain tf said peaks 
may have been caused by atmospheric oxidation or 
hygroscopicity during the sample preparation, the same 
examination was carried out with the sample specially 
prepared in a high purity argon atmosphere. No 
change, however, was observed in the diffraction pat- 
tern. 

The results suggest at least that the corresponding 
substances were formed with the discharge process and 
that they transform to a stable substance at the final 
stage. In fact, the unknown peaks disappeared at the 
complete discharge state, and lithium sulfide and iron, 
which are considered to be the final products, could 
only be detected. These results corroborate previous 
findings that suggested four reversible processes make 
up the discharge-charge reaction. 
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Erratum 
In the paper "Electrochemistry of Multisulfur Het- A I C ~ ~ / C H ~ N O ~  

erocycles: Trithiocarbonates and Trithiocarbenium 
Ions" by P. R. Moses, J. Q. Chambers, J. 0. Sutherland, 
and D. R. Williams which appeared on pp. 608-615 in 9 
the May 1975 JOURNAL, Vo1. 122, No. 5, several bonds 
were omitted from the structure in Eq. [5]. The equa- 
tion should read as follows: 
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.. ABSTRACT 
An investigation has been made into the origin of Zone IV (1) of the cur- 

rent us. time curves obtained during electrolytic coloration of alkali halides 
with a pointed cathode and a flat metallic anode mechanically pressed against 
the crystal. Zone IV is not intrinsic and is not due to the crystal volume itself, 
but is related to processes occurring in the crystal metallic anode interface. 
Whenever these processes are inhibited, e.g., by using a vacuum evaporated 
metallic anode, Zone IV is suppressed and intrinsic current us. time curves 
are obtained. These curves resemble those corresponding to space charge 
limited currents in insulators and semiconductors. The following anodic proc- 
esses are mentioned: An electrical arc was produced in the thin and irregular 
gap between the crystal and the anodic plate. The intensity of the light 
emitted from this arc correlates with electrical current during Zone IV and 
the spectral distribution shows a complicated multipeak structure. The num- 
ber and position of the peaks are quite independent of the alkali halide crys- 
tal, anodic material, and gas filling the furnace. Most of the spectrum peaks 
correspond fairly well in position to those of the air component discharge. 
The main characteristics of the arc are due to air (water vapor) adsorbed 
on the anodic crystal surface. A tentative explanation of how this electrical 
arc can determine the properties of Zone IV is proposed. 

Electrolytic coloration has been extensively used as 
a procedure to create F-centers in alkali halides (2) ;  
the number of F-centers produced depending upon the 
experimental conditions. Experiments are usually car- 
ried out at constant temperatures (-350"-700°C) and 
applied voltages (50-103/V). Currently, a pointed cath- 
ode and a flat metallic anode machanically pressed 
against the crystal are used. Atmospheres surrounding 
the crystals are air, vacuum, or an inert gas. 

The evolution of the electrical current through the 
crystal during the electrolytic coloration has been re- 
corded in KC1 and KBr (1,3,4). Figure 1 shows an 
example of this behavior in KBr single crystals. F-cen- 
ter density changes in a parallel fashion, as shown by 
the dashed curve, although a time lag exists. Four 
zones appear in the i-t curve. Zone I has been ac- 
counted for as being due to purely ionic transport 
(1, 4, 5). This process leads to the formation of an 
injecting contact at the cathode-crystal interface (6).  
Once this contact is formed electrons are injected from 
the pointed cathode into the crystal. Electronic cur- 
rent marks the start of Zone 11. The kinetics of this 
zone in KC1 has been explained by Heiland (3) and 
Karabascheff (7 )  as due to F-center diffusion. Equa- 
tions describing the slope of this zone have also been 
proposed. 

In spite of the wide use of electrolytic coloration, 
several questions relating to its physical mechanisms 

1 Also: C.I.D.A.. Arturo Soria No. 289, Madrid, Spain. 
Key words: solid electrolytes, injected carriers, color centers, 

dielectric breakdown. 

still remain open. Briefly, these questions relate to: (i) 
The appearance of Zone IV in KBr and KC1 which 
corresponds to an enhancement of the electrical cur- 
rent and F-center density in the crystal. According to 
Heiland (3) Zone I1 should be followed by an equilib- 

I' I 
ZONE I I ,'ZONE 11 ' ZONE Ill ZONE l V  

a 

I ,  I 
5 

I 2 3 L 

Log.iZ,scc 1 

Fig. 1. Electrical current (continuous line) and F-center density 
(dashed line) vs. time during electrolytic coloration of KBr single 
crystals. [After Andreev et a/. ( I ) ] .  
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rium stage (Zone 111) in all cases, and Zone IV should 
never appear. (ii) The F-color cloud starts at the cath- 
ode and propagates through the crystal. Pisarenko (8) 
has observed a coloration starting at the region sur- 
rounding the anode after the conductivity increased in 
Zone IV in KC1 crvstals at temweratures between 

Herein are reported some new experimental results 
in relation to these points. It is shown that Zone IV 
is exclusively due to processes occurring at the anode- 
crystal frontier. These processes can be inhibited, 
therefore suppressing Zone 1V. They are responsible 
for the high current and high F-center concentrations 
that characterize Zone IV. 

Experimental 
A vacuum-sealed furnace was used to electrolyti- 

cally color the crystals. Temperature was controlled 
with 51°C and measured with a Chromel-Alumel ther- 
mocouple. Experiments were performed in either air, Fig. 2. Photogroph of o KBr crystal during coloration in Zone IV 
vacuum. nitroeen. or areon atrnos~heres. A Dointed shows light emission in the anodic reqion. The crvstol is marked 
cathode'(stainGss'stee1, pi) and a flat anode (tungsten, 
aluminum foils, and graphite) were used. In some 
experiments the anode was a vacuum-evaporated film. 

A couple of quartz windows in the furnace allowed 
for luminescence measurements and photographing the 
crystals. A high intensity Bausch and Lomb monochro- 
mator and an EM1 9558 QB photomultiplier were 
used in the range 2500-4500A. Single crystals of KBr, 
NaC1, KC], KI, and CsI of - 10 x 5 x 5 mm were 
colored. Other experimental details are described in (4). 

Results 
In the process of electrolytically coloring KBr single 

crystals with a stainless steel pointed cathode and a 
tungsten foil anode mechanically pressed against the 
crystal, a light emission was detected. The samples 
were placed between the electrodes in the open air and 
the sample holder was then introduced into the fur- 
nace. Air was evacuated and nitrogen was let into the 
furnace at a pressure slightly higher than the atmos- 
pheric one. The sample was heated and once the work- 
ing temperature (-350"-550°C) was stabilized, the 
electric field was turned on in order to color the crys- 
tal. Light emission was also measured with other 
crystals (KCI, KI, NaCI, and CsI), electrodes (plati- 
num point, aluminum foils, and graphite), and atmo- 
spheres (air and argon). 

Photographs taken during the coloration process 
proved that in all cases the light is generated at  the 
anode-crystal frontier. The crystal is shown in Fig. 2 
with a black line and the pointed cathode is at the 
top of the picture. The light emitted has a multipeak 
spectrum as shown in Fig. 3. The width of the lines 

with a bcack line. 

cannot be considered as a reliable datum due to the 
monochromator we used. The intensities of the lines 
were highly dependent on the experimental conditions 
and no systematic study of this point has been made. 

In order to elucidate the possible origin of the elec- 
trical arc and the light emission, experiments were 
performed with different alkali halides, electrodes, and 
atmospheres. In all cases, the experimental procedure 
was that described above. The most relevant para- 
meters from the obtained spectra were the peak po- 
sitions. Table I shows some of the experimental re- 
sults: the crystal, cathode and anode material, and 
the atmosphere used in each experiment are indicated. 
The main air component discharge is also quoted for 
comparison purposes. It is clear from the table that 
most of the peak positions are quite independent of 
the various crystals, electrodes, and atmospheres. In 
our experiments with KBr and KC1 single crystals, we 
were able to obtain measurements only for wave- 
lengths shorter than - 4700A due to the emission of the 
furnace walls: A much lower temperature is required 
to color CsI than to color KBr and KC1. All the 
wavelengths in the table are affected by an error of 
k50A. At this point it is interesting to note that 
whenever a graphite anode was used, the peak inten- 
sities were much weaker than with an A1 or W anode. 
Furthermore, with air filling the furnace the inten- 
sities of all the lines were considerably improved. 

The intensity of the emitted light is a function of 
time during the coloration process: we never detected 

Table I .  Peak position wavelengths (6) of the anodic emission spectra obtained by electrolytically 
coloring different alkali halides with several electrodes and atmospheres. The major lines of the 

air component discharge are also included. All the values are affected by an error of 1506. 

Crystal CsI CsI CsI K B r  K B r  K B r  K B r  KC1 Principal 
Electrodes SS*-W Pt-A1 Pt-W SS' graphite SSV-W Pt-A1 SS'-W SSa-W air 

Atmosphere Nitrogen Nitrogen Nitrogen Nitrogen Nltrogen Nitrogen Argon Nitrogen Lines" 

This range has not been covered 

SS = stainless steel. 
Wavelength tables for spectrum analysis, Adam Hilger Ltd., London (1931). 
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light during Zone I of the coloration curve; a very 
weak emission was measured sometimes during Zone I1 
and at other times during Zone 111; but the emission 
of light was highly efficient during Zone IV. This be- 
havior is depicted in Fig. 4(a) where the evolution 
of the electrical current (curve A) and the light in- 
tensity measured at h= 3570A (curve B) during the 
electrolytic coloration of KBr are shown. A time lag 
between the current and light is observed initially; but 
in Zone IV both curves rise up proportionally as 
represented in Fig. 4(b). This behavior appears in all 
the materials we have studied. The slope of the straight 
line and the value of the electrical current when there 
is no light intensity are a function of the experimental 
conditions, but are more affected by the applied elec- 
tric field and the sample temperature. It was also noted 
that at temperatures below 500°C the F-coloration 
originating at the cathode during Zone I1 is very weak, 
but on reaching Zone IV a dense line of coloration 
from the anode propagates through the crystal and 
begins its dielectric breakdown when it joins the cath- 
ode. 

Fig. 3. Spectral distribution of 
light emitted during electrolytic 
coloration of KBr with a W foil 
as anode and nitrogen atmos- 
phere. 

Discussion 

It is clear from Fig. 2 that the emission of light 
during Zone IV of the current-time curve is due to 
processes occurring in the crystal-anode interface. All 
the experimental results already described were ob- 
tained by using a metallic anodic plate mechanically 
pressed against the sample; the conventional method 
used to electrolytically color alkali halides. The exper- 
imental procedure followed in all cases was that 
described above. 

It is also evident that a close parallelism exists be- 
tween the electrical behavior in Zone IV and the anodic 
processes responsible for the light emission. In order to 
examine this parallelism more closely, the anodic con- 
tact was changed. Crystals with vacuum (10-6 Tort-)- 
evaporated metallic (Au, Al) anodes were prepared. 
The rest of the experimental procedure was as pre- 
viously described: The same stainless steel or platinum 
pointed cathode was used. While coloring the crystal 
with these new anodes, the electrical current passing 
through the sample was recorded. Curve A in Fig. 5(a) 

Fig. 4. (a). Electrical current 
(curve A) and light intensity a t  
h = 3570A (curve 6)  during 
electrolytic coloration of KBr a t  
T = 422"C, V = 600V. (b) Re- 
lationship between current and 
light intensity. 

TIME lmln.) LIGHT I N T E N S I T Y  1a.u.) 
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TEMPERATURE L 2 2 O C  - 

10 C / TEMPERATURE 4 2 2 ' C  

Fig. 5. (a). Electrical current during electrolytic coloration of 
KBr with a vacuum-evaporated Al film as anode (curve A). Curve 
B is shown for comparison purposes and has been obtained with a 
tungsten plate. (b). Shows the effect of increasing the voltage 
to higher values than those commonly used in our experiments. The 
anode was a vacuum-ewpomted film. 

represents the results obtained. At the same time it 
must be emphasized that no light emission was detected 
along the whole coloration process. It is clear from Fig. 
5 (a) that Zone IV does not appear. The electrical cur- 
rent follows Zones I and 11, reaches a maximum, and fi- 
nally decreases; the difference between the maximum 
and the final steady value of the current being a func- 
tion of the applied voltage and the crystal temperature. 
From these experiments it was concluded that Zone IV 
of the curves is not intrinsic and is due to the processes 
occurring in the crystal-anode interface while electro- 
lytically coloring alkali halides by conventional means. 
If these phenomena are inhibited, at least partially, 
Zone IV disappears. The anodic processes are not totally 
avoided by using vacuum evaporated anodes as can be 
seen from Fig. 5(b) where the applied voltage has been 
increased to much higher values than those commonly 
used in these experiments. Current again increases, 
leading to a very reduced Zone IV. At the same time, 
a very slight light emission is detected [Fig. 5(b)] prov- 
ing that both light emission and electrical current in 
Zone IV have the same origin. For comparison pur- 
poses a typical curve obtained with a tungsten foil 
anode mechanicaily pressed against the crystal at the 
same temperature is shown as curve B in Fig. 5 (a). 

It is worthwhile to note that curve A in Fig. 5(a) 
closely resembles those obtained in insulators and semi- 
conductors (9) whenever space charge controlled 
mechanisms are operating. Results regarding the role 
played by these mechanisms in the electrolytic colora- 
tion of alkali halides wil.1 be published elsewhere. 

As to the physical nature of the processes occurring 
in the crystal-anode interface, it is clear from Table I 
that the peak positions of the emission spectra are 
widely independent of the crystals, electrodes, and gas 
fdling the furnace. On the other hand, a very narrow 

correspondence (within the experimental error) exists 
between these values and those shown by the principal 
lines of the air component discharge (last column of 
Table I). These two experimental facts, and the evi- 
dence that on using vacuum-evaporated anodes there 
is no light emission, lead to the suggestion that the 
air (essentially water vapor) adsorbed in the anodic 
crystal face during the cleaving and the storing of 
the samples plays a major role in all the described 
phenomena. This water vapor is probably desorbed 
during the heating of the sample and retained in the 
thin and irregular gaps between the crystal and the 
anodic plate due to the overpressure of the nitrogen 
(or argon) introduced in the furnace. As a conse- 
quence, the main characteristics of the emission 
spectra correspond to those of the air component dis- 
charge. A confirmation of this hypothesis was ob- 
tained by the following experiments: with the same 
primitive flat anode (tungsten or aluminum foils), 
the crystal holder was introduced into the fur- 
nace and the crystal heated in a dynamic vacuum 
(without introducing inert gas) up to the working 
temperature, then the vacuum was maintained for 
some time (-1 hr) before letting nitrogen or argon 
in. With this procedure we tried to partly eliminate 
the water vapor adsorbed in the crystal surface. On 
applying the electric field to color the crystal, curves 
similar to curve A in Fig. 5(a) are obtained and no 
light emission exists. Whenever the water vapor re- 
tained in the gaps between the crystal and the metallic 
anode is removed, Zone IV disappears and there is no 
luminous phenomena. Not all the observed phenomena 
are due exclusively to this water vapor, no doubt there 
is some influence from the gas filling the furnace and 
the electrode materials, but these should be rather 
small in comparison with the contribution of the ad- 
sorbed water vapor. 

Regarding the origin of the eleotrical arc in the 
crystal anode interface, no clear conclusion can be ob- 
tained from these results. According to the shape of 
the curve in Fig. 1 it can be suggested that during Zone 
I1 a high negative space charge accumulates at the 
crystal anodic face and a very high electric field is 
produced through the narrow gaps between the crystal 
and the anode. This suggestion has some experimental 
support in that the arc appears either during or at the 
end of Zone 11. 

Finally, the means by which the electrical arc in the 
anodic face can give place to Zone IV of the curves 
should be discussed. The whole process appears to be 
very complicated, and some speculation seems un- 
avoidable. Our results suggest that water vapor mole- 
cules desorbed from the anodic face of the crystal are 
decomposed by the arcing, and oxygen ions react with 
the metal plate to produce oxides. In fact, the area of 
the anodic foil in contact with the crystal shows a very 
dark stain, clear evidence of a chemical reaction. On 
the other hand, the principal emission lines that were 
measured correspond to those of the second ionization 
of oxygen. One possible mechanism for this decompo- 
sition could be 

M + H 2 0 + M + 0 - 2 + 2 H + + M O + Z H + + Z e -  
(on the metal) [I]  

although the whole process must be much more com- 
plicated and other quantitative combinations are pos- 
sible. M signifies the anodic metal (W, Al, Mo). Reac- 
tions like Eq. [I]  have been observed in different me- 
tallic surfaces under the action of an electric arc (10). 

In order to account for the high value of electrical 
current in Zone IV, it is plausible to think that protons 
liberated in the arc region are injected into the crystal 
under the electric field existing in the gap. Their 
high mobility should produce a considerable contribu- 
tion to the electrical current. Phenomena parallel to 
those we are discussing now have been shown to take 
place in some glasses when atmospheric moisture is 
present (11). Further experimental work is needed 
before all these possible mechanisms can be confirmed. 
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The final conclusion in relation to the electrolytic 
coloration process is that only Zones I, 11, and I11 are 
intrinsic; Zone IV is not due to the crystal itself. From 
our results it appears that water vapor adsorbed in 
the anodic face of the crystal plays an important role 
in relation to Zone IV of the curve. But it is not yet 
possible to determine the exact processes taking place 
in the electrical arc at the anode region. 
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The Transport of Chromium in Cr,03 Scales 
in Sulfidizing Environments 
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ABSTRACT 

The difisivity of chromium in Crp03 scales formed during the oxidation 
of chromium at 900"-1000°C appears to increase by several orders of magni- 
tude when an initially present oxide scale is exposed to sulfur-bearing atmo- 
spheres at low oxygen partial pressure. As a result chromium sulfide scales 
grow on both sides of the preexisting oxide layer. The transition from oxida- 
tion to sulfidation corresponds to a change from parabolic to linear weight gain, 
indicating that the sulfide growth is controlled by a canstant rate of supply of 
chromium through the oxide to the outer oxide-sulfide interface, under fixed 
experimental conditions. The sulfidation rate increases with sulfur partial 
pressure, indicating that chromium transport in the oxide is affected by 
changes in the defect structure of CrnOa induced by the presence of sulfur. A 
model is proposed in which sulfur enters the oxide as an electron donor, 
thereby increasing the concentration of chromium vacancies and interstitials. 

Hot corrosion phenomena of gas turbine superalloys 
frequently result in the formation of mixed oxide/ 
sulfide scales. Sulfidation has been reported as due to 
the reaction of the alloy surface with sodium sulfate 
deposits, considering the sulfate, with a very low sul- 
fur activity, as the only source of sulfur (1). However, 
the presence of sulfur at an activity above the equi- 
librium value for sulfide formation would provide an 
additional mechanism for accelerated corrosion. Such 
high sulfur activities could arise from local reducing 
conditions in an otherwise oxidizing environment (2). 
Internally precipitated sulfides are frequently ob- 
served under Cr2O3 scales formed on Ni-base alloys. 
It is then possible that a mechanism involving the 
transport of sulfur across these scales from a high ac- 
tivity source is responsible for the presence of sulfide 
particles. The diffusion of sulfur in polycrystalline 
Cr2O3 has been studied by Seybolt (31, who reported 
a tracer diffusion coefficient of about 1.5 x 10-'0 cm2/ 
sec at 1000°C. No mechanism was proposed for the 
migration of sulfur species through the oxide. A recent 
paper by Chang et al. (4) on the diffusion of S35 in 
hot-pressed a-CrpOs reported a diffusion coefficient for 
S35 varying from 5.1 x 10-l1 to 5.2 x 10-lo cm2/sec 
in the temperature range 700"-1050". 

Electrochemical Sodety Active Member. 
1 Present address: General Electric Company. Vallecitos Nuclear 

Center. Pleasanton. California 94566. 
Key words: sulfldation, chromium diffusion, chromium oxide. 

In a previous publication (5) we have reported pre- 
liminary results on the sulfidation kinetics and scale 
morphologies of chromium specimens preoxidized and 
subsequently exposed at 900" to 10% H2S-HZ gas mix- 
tures. This paper summarizes the results of further ex- 
periments in which the sulfidation of preoxidized 
chromium was studied at different partial pressures of 
sulfur. 

Experimental 

Rectangular specimens of high purity "iochrome" 
(99.997%) approximately 1.5 x 0.7 x 0.15 cm were 
cut from a cast ingot. After a suspension hole was 
drilled in each, these were wet ground through 600 
grit silicon carbide paper and cleaned with acetone 
and methanol. Finally, their dimensions were mea- 
sured with a micrometer. 

Reaction kinetics were determined by following the 
weight gain of a specimen with a spring balance, the 
basic design of which has been described in a previous 
publication (6). Some modifications were made to this 
equipment in order to run experiments at low sulfur 
pressures. These could be attained by bubbling argon 
or a carbon monoxide/argon mixture through a flask 
containing molten sulfur. The flask was immersed in a 
silicone oil bath which was held at temperatures con- 
trolled within 1%. Argon was used as an inert carrier 
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for sulfur, while carbon monoxide could provide a 
reducing environment. Gas mixtures of composition 
ranging from 0.001-10 volume per cent (v/o) hydrogen 
sulfide in hydrogen were also used as a source of sul- 
fur. Linde commercial mixtures of "ultra high purity" 
gases were employed directly or appropriately diluted 
with hydrogen for this purpose. When the sulfur bath 
was used, the vapor pressure of Sz was known from 
the temperature of the bath; by assuming saturation 
of the argon carrier, the S/CO ratio in the final gas mix- 
ture could be specified. With either HzS-HZ or CO-Sz 
mixtures, the equilibrium sulfur partial pressure can 
be found by employing thermodynamic data for the 
relevant species. For the latter mixtures, formation of 
COS, COz, and SO2 must be considered. Data from the 
JANAF Tables were used for this purpose ( I ) .  

Prior to each sulfidation run the chromium specimen 
was oxidized isothermally with oxygen at atmospheric 
pressure at temperatures of 900" or 100O0C, the latter 
value being chosen to allow the formation of thicker 
oxide layers. The oxygen flow was then stopped, the 
reaction cell was purged with argon, and the furnace 
temperature was adjusted to a value of 900°C prior to 
sulfidation, with the exception of a few runs carried 
out at 800" and 1000'C. The temperature of 900°C was 
chosen for its relevance to gas turbine operations. 

After completion of each run the specimens were 
mounted in epoxy resin and cross-sectioned for metal- 
lographic examination and microprobe analysis of the 
scale. Also, after some runs the scale composition was 
identified by the Debye-Scherrer method. 

Results 
As reported elsewhere (5), a dramatic change in 

reaction rate and mechanism took place when a pre- 
viously oxidized chromium specimen was exposed to a 
sulfur-containing atmosphere. Figure 1 shows that the 
weight gain curve of a specimen exposed directly to a 
10% HzS-Hz gas mixture at 900'C followed a para- 
bolic rate law, with a rate constant of 52 mg2-cm-4- 
min-1, in quite good agreement with the value 92 mg2- 
cm-4-min-1 reported by Strafford and Hampton for 
the sulfidation of chromium at 925°C with a 30% 
HzS-H2 gas mixture (8). Figure 2 shows the weight 
gain curve of a specimen preoxidized and subsequently 
exposed at 900°C to the 10% H2S-HZ gas mixture. In 
the latter instance, switching from an oxidizing to a 
sulfidizing atmosphere brought about a change from a 
parabolic to a linear rate law after an incubation 
period. 

Figure 3 shows an example of scale structure formed 
after a complete preoxidization and sulfidation run 
(No. 4 in Table 11). Chromium sulfide can be formed 
on both sides of the oxide layer initially present, with 

TIME ( " i n 1  

Fig. 2. Weight gain of a chromium specimen first exposed to 
oxygen a t  1 atm and 11OO"C, then to a 10% HzS-Hz gas mixture a t  
900°C. 

4 0  

3 5 -  
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YE 2 5 -  
w 
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CHROMIUM - SULFIDE 

PRE-OXIDATION STAGE, 110OoC 

- SULFIDATION STAGE. 900'C 

Fig. 3. Scale structure of a chromium specimen preoxidized and 
subsequently exposed for 20 hr to o 0.1% HrS-Hz gas mixture a t  
900°C. 

the outer portion of the sulfide scale much thicker than 
the inner portion. Although the initial compactness of 
the oxide layer has been altered by the growth of the 
inner chromium sulfide layer, a fairly uniform layer 
of chromium oxide exists between the chromium sul- 
fide scales. 

Table I summarizes the values of the linear rate 
constant k~ obtained during sulfidation for three dif- 
ferent thicknesses of pregrown oxide. The sulfidation 
was carried out in each case at 900°C in a 10% HzS-H2 
gas mixture. The corresponding weight gain curves 
have been reported previously (5). 

To verify the lower limits of sulfur pressure at which 
sulfidation does not take place on a preoxidized chrc- 
mium specimen, similar experiments were also carried 
out in a much lower range of sulfur pressures. The 
experimental crnditions and linear rate constants are 

Table I. Linear rafe'~; ..: znts in sulfidizing atmosphere of 
10% HzS-Hz 

Weight of LI 
Oxidation oxide at end (sulfidation) 
temper- of oxidation (mg x cm-2 

No. ature ('Cl (mg x cm-*) x min-1) 

Fig. 1. Parabolic plot of weight gain vs. time for the sulfidation 
of chromium a t  900°C with a 10% H2S-Hz gas mixture. 



Vol. 122, No. 10 TRANSPORT OF CHROMIUM IN Cr203 SCALES 1331 

Table II. Linear rate constonts in low sulfidizing atmospheres 

Welght o i  kl 
Oxidation oxide at end Atmosphere (sulfidation) 
temper- of oxidation composl- (mg x em-' 

No. ature ("C) (mg x ~ m - ~ )  tions (v/o) x mind)  

summarized in Table 11. Figure 4 shows the corre- 
sponding weight gain curves, in which time zero is the 
time at which the sulfidizing mixture was introduced 
into the reaction cell. Again, after an incubation period 
which varied with the thickness of the pregrown oxide, 
sulfidation took place in all cases according to an ap- 
proximately linear rate law, except for run No. 1 of 
Table 11. 

A similar weight gain curve was obtained when the 
sulfidation stage was carried out using a reacting gas 
mixture of carbon monoxide bubbled through a sulfur 
melt held at 175°C. The purpose of this experiment was 
to observe whether a decrease in oxygen activity in the 
reacting gas mixture due to a reducing agent other 
than hydrogen would result in a comparable sulfidation 
mechanism. Indeed the corresponding weight gain 
curve, labeled with an asterisk in Fig. 4, followed the 
same trend as the curves obtained with HzS-HZ atmo- 
spheres. However, the morphology of the corrosion 
product was different in this case, as shown in Fig. 5. 
X-ray and microprobe analysis identified the outer 
layer of the scale as Cr3S4, the dark layer underneath 
it as a mixture of sulfides and carbides of chromium, 
and the innermost layer as primarily chromium to- 
gether with chromium oxide and carbide particles. 
Saturation of the carrier gas with sulfur was more dif- 
ficult to accomplish, and the vapor pressure of sulfur 
in the gas may have been below the nominal value of 
10-3 atm corresponding to the temperature of the sul- 
fur bath. 

Discussion 
The equilibrium phases that would be expected at 

900°C in the Cr-0-S system are shown in Fig. 6, which 
is the stability diagram for this system in terms of the 
chemical potentials of oxygen and sulfur. These chemi- 
cal potentials are given by px = RT En px211z, where X 
represents either oxygen or sulfur and px, is the equi- 
librium partial pressure of Oz or Sz. Data on sulfide 
stability were obtained from Young et al. (91, except 
for CrS, where an average of data from Young et al. 
with that of Hager and Elliott (10) was used. Data on 

Fig. 4. Weight gain curves of chromium specimens preoxidized 
and subsequently sulfidized a t  900°C with HzS-Hz gas mixtures of 
different composition. The experimental conditions corresponding 
to the curves labeled with numerals are listed in Table II. The 
curve labeled with an asterisk corresponds to a sulfidation stage 
carried out with a CO-Se gas mixture. 

Fig. 5. Scale structure of o chromium specimen preoxidized and 
exposed a t  900°C for about 70 hr to a CO-Sz gos mixture: a, 
chromium sulfide (CmS,); b, mixture of sulfides and carbides of 
chromium; c, mixture of chromium with some oxides ond corbides; 
d, chromium. 

Fig. 6. Stubility diagram of the Cr-0-S system at 900°C 
( p ,  ps in kcal/mole). 

oxide stability were taken from Elliott and Gleiser 
( 11). The phase "Cr6Si' represents an average of data 
for the phases Cr& and Cr7Ss reported by Young 
et al.; the equilibrium Sr pressures for these two phases 
in equilibrium with CrS and Cr3S4, respectively, are 
sufficiently close to allow treating them as one phase 
for the present purpose. 

Figure 6 also shows the sulfur potentials correspond- 
ing to the various HzS-Hz compositions of Tables I and 
11. It is immediately apparent from this figure that the 
lowest composition of 0.001% H2S is thermodynam- 
ically incapable of forming any sulfide. Thus run No. 1 
of Table I1 would be expected to show no sulfide for- 
mation. All other compositions, however, can lead to 
sulfide formation at oxygen potentials below that of 
oxide/sulfide equilibrium. Since sulfide was formed, 
it can be presumed that the oxygen contents of the 
sulfidizing atmospheres were sufficiently low to satisfy 
this condition. Direct measurements of the oxygen po- 
tential in the sulfidizing atmospheres employed for the 
experiments summarized in Table I showed that this 
requirement was met (5). 

Figure 3 shows that the oxide scale remains rela- 
tively intact during sulfidation even though Fig. 4 
would predict conversion of the oxide to sulfide under 
any combination of sulfur and oxygen potentials that 
lead to sulfide formation. Since this conversion does 
not occur appreciably during the sulfidation time 
periods employed, it can be concluded that transport 
of oxygen through the external sulfide layer formed 
during sulfidation is very slow. Further, the linear 
growth of the sulfide at a rate which is low compared 
to direct sulfidation (see Fig. 2) suggests that Cr trans- 
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port through the oxide layer is the limiting step during 
sulfidation. Thus a probable "reaction path" for the 
sulfur and oxygen potentials across the reaction prod- 
ucts of a specimen during sulfidation is shown in Fig. 
7, which is a simplified version of Fig. 6 that does not 
distinguish between the various chromium sulfides. 
Point A represents the gas/external sulfide layer inter- 
face, point B the external sulfide layer/oxide layer 
interface, point C the oxide layerhnternal sulfide layer 
interface, and point D the internal sulfide layer/metal 
interface. Since the sulfidation rate in the presence of 
an oxide layer is much less than that of direct sul- 
fidation, the sulfur potential gradient in both sulfide 
layers has been assumed to be nearly zero. Most of the 
sulfur potential drop then occurs across the oxide 
layer as shown in Fig. 7. 

The mechanism of Cr transport in Cr2O3 has not 
been determined unambiguously. This oxide is a p-type 
semiconductor, but its electrical conductivity at rela- 
tively high oxygen pressures is nearly independent of 
oxygen pressure, indicating a lack of any strong re- 
action between 0 2  and electron holes (12). The oxida- 
tion rate of Cr metal to Crz03 is likewise essentially in- 
dependent of oxygen pressure in a similar pressure 
range, indicating that while Cr diffusion under such 
conditions may involve a defect mechanism, the defect 
concentration is not determined by a defect-@ reac- 
tion (13). Thus Hauffe and Block have proposed that 
the principal defects in Cr203 are Cr vacancies, Cr 
interstitials, and electron holes, formed in accordance 
with the equilibrium (12) 

Cr3+ = VC? + '21-1,. + h' [I-A] 

where Cr3+ is a normal Cr ion on a cation site, Vc,"' is 
a triply charged (negative) Cr vacancy, Cri.. is a 
doubly charged (positive) Cr interstitial, and h. is a 
positively charged electron hole. 

Kassner et al. studied the oxidation of Cr metal and 
the tracer diffusion of Crsl in Cr203 at the low equi- 
librium oxygen pressures generated by Hz-Hz0 mix- 
tures (14). They observed an oxygen partial pressure 
dependence of the oxidation rate and of the tracer 
diffusion coefficient which led them to propose that 
the principal defects in Cr203 are Cr vacancies and 
electron holes formed in accordance with the equi- 
librium 

1/2 02 = 0-- + 2/3 Vcr"' + 2h' [I-BI 

where 0-- is a normal 0 ion on an anion site. 
The presence of other cations in Crz03 would be ex- 

pected to affect the oxidation rate of Cr metal if these 
cations were either electron donors or electron ac- 
ceptors. Reactions [I-A] and [I-B] both indicate that 
such cations would modify the intrinsic hole concen- 
tration and thus Cr diffusivity through changing Cr 
defect concentration. This effect has been demonstrated 

mil.,, / 
SULFIDE 

Fig. 7. Schematic reaction path in the Cr-0-S system during 
sulfidation a t  900°C. 

as a change in oxidation rate (15). If sulfur were an 
electron donor in Cr2O3, it would likewise be expected 
to increase the Cr diffusivity in the oxide through de- 
creasing the hole concentration and consequently in- 
creasing the Cr defect concentration as either reaction 
[I-A] or [I-B] are shifted to the right. Konev et al. 
have proposed that sulfur enters NiO as S- ions rather 
than S-- ions (16). Wagner and his co-workers have 
also suggested that S- ions may be the form in which 
sulfur generally enters into solution in most oxides (4) .  
The sulfur could act as an electron donor according to 
the equilibrium 

where S- / . is a singly ionized sulfur ion on an anion 
0 

site, and is thus a singly charged (positive) defect with 
respect to the anion lattice. 

The equilibrium constants for reactions [I-A], [I-Bl, 
and [II] can be expressed in terms of 0, xi, xi,, and xs 
which are, respectively, the mole fractions of Cr va- 
cancies, Cr interstitials, electron holes, and singly 
ionized sulfur ions on anion sites. These equilibrium 
constants will also involve the oxygen and sulfur ac- 
tivities, which are defined as a0 = po21/2 and as = 
ps21/2. It can be noted that the chemical potentials are 
then given by px = RT In ax, where X represents 
either oxygen or sulfur, allowing the activities corre- 
sponding to specific phase equilibria to be obtained 
from Fig. 6. 

From reaction 1111, the value df xs is obtained as 
xs = KII (~s /uo )x~ ,  where KII is the equilibrium con- 
stant for reaction [II]. We will assume that in the 
HZ-H2S gas mixtures considered in the following anal- 
ysis that the oxygen activity is sufficiently low to 
cause K ~ ~ ( a s / a ~ )  to be much greater than unity. The 
vacancy concentrations corresponding to reactions 
[I-A] and [I-B] can then be obtained as 

zv = K (asl/3/aolf3) [I-a1 
and 

xv = K (as3/4/ao3/8) [l-bl 

where K in each instance represents some combination 
of the equilibrium constants K1.a and KII or KI-B and 
KII. If reaction [I-A] is assumed to take place, then 
xi = xv and Cr transport could occur either through 
interstitial or vacancy defects. Whether reaction [I-A] 
or [I-B] is assumed to prevail, however, a Cr defect 
concentration gradient could exist across the sulfur- 
containing Cr203 layer during sulfidation to act as a 
driving force for Cr transport through this layer. 

The sulfur and oxygen activities on each side of the 
Cr20s layer during sulfidation of any specimen used in 
the present work can be obtained from Fig. 6, assum- 
ing that a reaction path such as that shown schemat- 
ically in Fig. 7 applies to the sulfidation process. A 
general form of Eq. [I-a] or [1-b] is 

where XD is the Cr defect concentration, whether va- 
cancies or interstitials. The outward molar flux of Cr 
through the Cr203 layer is then given by the propor- 
tionality relationship 

where rc, is the Cr flux, m is the mass per unit area 
of the oxide layer, and the subscripts B and C refer to 
the external sulfide/oxide interface and the oxide/ 
internal sulfide interface, respectively (cf. Fig. 7). 
Assuming that the linear sulfidation is due primarily 
to the formation of the external sulfide layer of com- 
position Cr,S,, the linear rate constant for sulfidation 
is given by the proportionality relationship 

where the factor + is defined as 
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6 = (as.n/as.r)f(ao.r/an.~)g - 1 r51 to achieve the low oxygen potentials that thennody- 

Since kl, the ratio y/x, and m are experimentally ac- 
cessible, they can be consolidated into a single param- 
eter, using Eq. [4], defined by 

Thus the value of k should be proportional to 9 for any 
run, or the value of k/# should be constant for all runs 
in which sulfide was formed at a single temperature of 
900°C. The ratio k/g was calculated for each of the 
runs of Tables I and 11. Values for a8.c and a0.c were 
taken as those corresponding to the Cr/CrS/CmO3 
equilibrium of Fig. 6, and remain the same for all 
runs. Values for as,B and a0.B as well as for x and y 
were those corresponding to the appropriate Cr,S,/ 
Cr%O3 equilibrium of Fig. 6 at  the sulfur potential 
level indicated by the dashed line for each Hz-HzS 
composition. Since the absolute magnitude of the ratio 
k/g has no significance, the value of the ratio was nor- 
malized using the average values obtained in arbitrary 
units of each set of runs treated. Three pairs of values 
of the exponents f and g were used: f = 0 and g = 0; 
f = 1/3 and g = 1/3; f = 3/4 and g = 3/8. These 
represent, respectively, an absence of any influence of 
sulfur or oxygen on Cr defect concentration, a Cr de- 
fect concentration established according to Eq. [l-al, 
and a Cr defect concentration governed by Eq. [1-b]. 

Table I11 summarizes the normalized k/+ ratios ob- 
tained for each pair of exponents. Averages and vari- 
ances are also presented. Since the average must be 
unity for the normalized k/g ratio, the variances are 
direct indications of how well the three assumed 
models for the influence of sulfur on Cr diffusivity fit 
the experimental observations. Either of the models 
involving the presence of sulfur as an electron donor 
gives a better fit than the assumption of no interaction 
between sulfur and Cr defects. It is thus proposed that 
sulfur enters Crz03 as an electron donor, thereby re- 
ducing the electron hole concentration. This reduction 
leads to an increase in Cr defect concentration through 
reactions similar to [I-A] or [I-B]. Such a general 
model can be qualitative only at present, but it is sug- 
gested that a parameter containing an equilibrium con- 
stant and both sulfur and oxygen activities, in the 
form given by Eq. [2], describes the effect of sulfur on 
the Cr defect composition. 

An enhanced Cr diffusivity in Cr203 due to the pres- 
ence of sulfur could be either a grain boundary or 
volume effect. It is not possible to distinguish between 
these two types of mechanism at this time. Factors 
which may contribute variations in linear sulfidation 
rate are deviations from the nominal gas compositions, 
differences in Cr2O3 layer grain size as a result of dif- 
ferent oxidation temperatures, and partial disruption 
of the Cr203 layer during sulfidation. Thus no more 
detailed analysis of the data appears warranted. 

The single test undertaken with a CO-SZ mixture 
(Fig. 4) was performed to show that the observed en- 
hancement of Cr transport through Cr203 during sul- 
fidation was not uniquely dependent on the use of Hz 

Table I l l .  Values of ratio of sulfidation parameter defined by 
Eq. [61 to sulfur and oxygen activity function defined by Eq. [S]. 

The designation of eoch run corresponds to numbering in 
Tables I ond I I .  

namically allow sulfideformation. Figure 5 indicates 
that the C 4 0 3  layer was at  least partially converted to 
one or more Cr carbides during this run. While not 
conclusively demonstrating that neither hydrogen nor 
carbon is affecting defect equilibria, the result shows 
that hydrogen is not unique and that the sulfur itself 
is most probably responsible for the enhanced diffu- 
sivity of Cr in CrzO3 exposed to sulfur at low oxygen 
potentials. Since the reaction products of the specimen 
were not the same as those of other tests, no attempt 
was made to treat this test quantitatively. 

Conclusions 
Exposure of preoxidized Cr to an ambient atmo- 

sphere of sufficiently high sulfur potential and low 
oxygen potential results in the linear growth of Cr 
sulfide on both sides of the CrzO3 layer formed during 
oxidation. Most of the sulfide growth takes place in the 
external sulfide layer by transport of Cr through the 
relatively intact Cr203 layer which is metastable as a 
result of limited oxygen transport through Cr sulfides. 
The sulfidation rate in this situation reflects a much 
higher Cr diffusivity in the Cr203 than would be ex- 
pected in the absence of sulfur. A model for the defect 
equilibria in CrzO3 exposed to sulfur can be formu- 
lated, in which sulfur enters the oxide as an electron 
donor, thereby increasing the concentration of Cr de- 
fects. 
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The Deposition of Tin Oxide Films from 
a D-C Glow Discharge 

D. E. Carlson 

RCA Laboratories, Princeton, New Jersey 08540 

ABSTRACT 

Tin oxide films have been deposited on soda-lime-silicate glass using a 
d-c glow discharge in atmospheres of Sn(CH3)a and 02, and SnClr and 0 2 .  The 
sodium ions were removed from the surface of the glass during the film 
deposition by forcing the current to pass through the heated glass substrates. 
Film properties were studied as a function of atmospheric composition, cur- 
rent density, and deposition time. 

Many investigators (1-12) have reported the deposi- 
tion of thin films on various substrates using a-c and 
d-c glow discharges in appropriate gases or vapors 
(typically at a pressure of 0.1-10 Torr). The glow dis- 
charge breaks chemical bonds and promotes complex 
reactions in the gas or gas mixture, and the films re- 
sult from the deposition of certain reactive compo- 
nents on substrates in the vicinity of the discharge. 

Most of the published work involves films deposited 
on substrates placed in rf or microwave glow dis- 
charges. This technique has been used to produce films 
of organic polymers (2,3), silicon oxides (4, 5), sili- 
con nitride (5,6), aluminum oxide (7), amorphous 
silicon (8, 9), etc. (9, 10). The substrate may or may 
not be heated depending on the type of film desired. 

Much less work (11,12) has been reported on the 
deposition of films from a d-c glow discharge. The 
scarcity of work in this area has been attributed to 
poor reproducibility of film composition and contami- 
nation of the film due to sputtering effects (1,4). How- 
ever, the present study shows that good quality tin 
oxide films can be produced on the cathode in a d-c 
discharge and that the sputtering action of the dis- 
charge can be controlled. Moreover, the d-c technique 
is simple in practice and readily allows the uniform 
deposition of thin films over large areas. An additional 
benefit is gained in the deposition of films on glass 
substrates since the glass surface will be i t h e r  ion- 
depleted (13,14) or proton-exchanged (15) during the 
deposition. In either case, the removal of alkali ions 
from the glass surface allows high quality films to be 
deposited (14). 

Experimental Procedure 
The apparatus used in the present study is depicted 

schematically in Fig. 1. The major components of the 
system were a vacuum bell jar, a mechanical vacuum 
pump, and a high voltage d-c power supply (5 kV, 5A). 
A heating plate was located in the center of the bell jar 
on a thin-walled, fused silica pedestal. Power for the 
heater was provided by coupling through an isolation 
transformer to a variable auto-transformer. 

For glass substrates, the bottom was first painted 
with a conductive coating such as Ag or graphite so 
that at elevated temperatures the current passed 
through the glass. The substrate to be coated was then 
placed on the heating plate with the negative lead 
(0.005 in. Pt wire) from the power supply in electrical 
contact with the bottom of the substrate. That part of 
the negative lead not under the substrate was elec- 
trically shielded with a fused silica tube. 

The anode was a metal sheet (usually Pt)  placed 
-2 cm above the substrate. The ceramic spacers that 
held the anode were several cm to either side of the 
substrate so that they were outside of most of the 
glow discharge region. A limiting resistor (105 ohm, 
100W) was used to stabilize the discharge. The current 

Key words: glass, semiconductor, ion-depletion. 

was monitored by measuring the voltage drop across a 
1W ohm resistor. 

The system was evacuated to a pressure of -5 mTorr 
with the substrate hot (200"-550°C) before any gases 
or vapors were admitted. The procedure for admitting 
vapors such as tetramethyltin (Sn(CH3)d was to 
freeze a vial of Sn(CH3)4 in liquid nitrogen while 
pumping on it. Once a pressure of -5 mTorr was at- 
tained, the sample was warmed until the desired vapor 
pressure was achieved. The appropriate gases or 
vapors were sequentially bled into the system, and the 
pressure during each admission was monitored with a 
thermocouple vacuum gauge. Since the thermocouple 
gauge was calibrated for air, a McLeod vacuum gauge 
was used to measure the pressure after each admission. 
The total pressure was in the range of 0.5-2.0 Torr for 
most of the film depositions. 

The minimum voltage for deposition of uniform films 
was determined by adjusting the applied voltage so 
that the negative glow of the discharge covered the 
entire cathode substrate. This is the beginning of the 
regime for the abnormal fall of potential near the 
cathode (16). Operating at this voltage assures a uni- 
form deposition while minimizing sputtering effects. 
Jncreasing the voltage beyond this value will increase 
the deposition rate, but eventually sputtering effects 
will decrease the rate and may even prevent film dep- 
osition. Normally, a constant current density was main- 
tained during the film deposition. The applied voltage 
had to be increased during the deposition when a glass 
substrate was used. (As the depleted region in the 
glass increased in thickness, the resistance increased.) 

THERMOCOUPLE 
VACUUM QAUOE 

SUBSTRATE 
\ 

VACUUM 

CATHODE LEAD 

1 I MCLEOO 

BLEED 
LINES 

PUMP 

Fig. 1. Schematic diagram of the apparatus used for film deposi- 
tion from o d-c glow discharge. 
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The films could be deposited in patterns by using 
either insulating or conducting masks. Insulating masks 
perturbed the field distribution in the discharge and 
generated borders that were not sharp, i.e., the film 
thickness increased gradually up to a distance of a few 
mm from the edge of the mask. Conchcting mzisks did 
not affect the field distribution, and the film edges 
were sharp to within a few microns. When glass sub- 
strates were used, Na was removed from the glass sur- 
face beneath both the depositing film and the conduct- 
ing mask. 

Since the edges of the cathode substrates were high 
field regions, the film thickness varied near the edges. 
Uniform deposition over the entire substrate was 
achieved by placing another cathode material around 
the edges of the substrate. This effectively moved the 
high field regions of the cathode out beyond the edges 
of the substrate. For uniform deposition, the total 
pressure was maintained at < 1 Torr since the dis- 
charge tended to localize at higher pressures. 

The thickness of various films was measured with a 
stylus profilometer (Bendix Linear Pilotor, Type 
RLC). The surface resistivity was measured with an 
RCA VoltOhmyst or a Keithley Electrometer (Model 
610C) after painting parallel stripes on the surface of 
the film with air-drying Ag paint. The transmission of 
visible light was measured with a Cary spectropho- 
tometer (Model 14R). 

Results and Discussion 
Tin oxide films were deposited on soda-lime-silicate 

glass1 substrates using d-c glow discharges in vapors of 
Sn(CI&)4 and oxygen, and in vapors of SnCl4 and 02. 
The inclusion of the glass substrate in the electrical 
circuit caused the glass surface to be either ion-de- 
pleted (13, 14) (for a discharge in SnC4 and 0 2 )  or 
proton-exchanged (15) (for a discharge in Sn(CH3)4 
and 02) during the film deposition. The Na ions were 
typically removed from the glass surface to a depth of 
-2000A. The removal of Na ions from the glass surface 
during the deposition gave rise to sodium-free films 
with excellent optical and electrical properties. More- 
over, the Na-depleted region is little affected by ther- 
mal treatment below the transformation temperature 
of the glass (-51O0C), so the films should remain Na 
free during any subsequent thermal processing below 
this temperature. (The thermal stability of the ion- 
depleted region is due to the removal of the nonbridg- 
ing oxygen ions (13) during the film deposition.) 

Figure 2 shows how the volume resistivity of films 
deposited in a discharge of Sn(CHd4 and 0 2  depended 
on the composition of the atmosphere. The current 
density and treatment time were held constant, and 
the thickness of the films increased as the ratio of 
Sn(CH3)( to 0 2  was increased (from 350A at a ratio of 
0.10 to 1250A at a ratio of 0.23). When .the ratio of 
Sn(C&)4 to O2 was small ( 2 0.10). the films were 
fairly resistive ( p  > 10-2 ohm-an). When the ratio of 
Sn(C&)r to 0 2  was large (-0.231, the films were 
also resistive and acquired a yellowish coloration and 
became less scratch-resistant. The coloration is prob- 
ably due to an oxygen deficiency in the films; only -0.2 
atomic per cent (a/o) of C was found in these colored 
films. When the optimum ratio was selected, films with 
resistivities of -3 x 10-3 ohm-cm were obtained; 
these films had a surface resistivity of -400 ohm/O 
(-750A thick) and an average light transmission as 
compared to uncoated glass of -87% (over the wave- 
length range of 3500-6500A). Approximately 0.5 a/o of 
C was present in the most conductive films. 

These films were relatively insensitive to thermal 
cycling and exhibited only 10-20% reduction in con- 
ductivity after baking for 24 hr at 400°C in air. (Bak- 
ing for 1 hr at 550°C caused a decrease of 50%.) If the 
conduction were due only to donor states arising from 

1 Approximate composition by weight per cent (w/o) :  13 wlo 
Sia;  13.5 w / o  NarO; 9 w / o  CaO; 4 wlo MgO; 0.2 wlo A40& 

js -0.19 MAICM' 
P (TOTAL) - 0 8  TORR 
T SUBSTRATE 400°C 
DEPOSITION TIME '2 WIN 1 s 

lo-* 0.10 0.15 0.20 0.25 
RATIO OF SdCH, 1, TO 0, IN DISCHARGE ATMOSPHERE 

Fig. 2. Volume resistivity of tin oxide films as a function of the 
ratio of Sn(CH314 to Oz in the discharge atmosphere. 

oxygen vacancies, the resistivity should have increased 
by more than an order of magnitude (17,18). One 
possibility is that donor levels are created by the pres- 
ence of OH groups in the tin oxide structure. The glow 
discharge is expected to produce OH groups because 
of the large number of hydrogen atoms per Sn(CH3)4 
molecule and the large per cent of 0 2  in the initial 
discharge atmosphere (-88% 02). 

Figure 3 shows how the film thickness and the sur- 
face resistivity varied with time for a discharge in 
S I I ( C H ~ ) ~  and 0 2 .  The deposition rate was -1200 
A/min for the first 15 sec and slowed to -225 A/min 
after 1 min. The average volume resistivity decreased 
from -4 x 10-2 ohm-cm at 15 sec to -10-2 ohm-cm at 
4 min. The composition or stoichiometry of the film 
varied with thickness since the percentage of Sn in the 
discharge atmosphere decreased with time. 

Figure 4 shows how the surface resistivity of films 
formed from a discharge in Sn(CH3)4 and 0 2  varied 
with current density. For low current densities, the 
deposition rate increased as the current density in- 
creased. As the current density (or cathode fall po- 
tential) became larger, the deposition rate decreased 
due to the influence of sputtering. At large current 
densities ( 2 1.0 mA/cm2), film deposition did not 
occur and the glass surface was slowly sputter etched. 

Tin oxide films were deposited on glass substrates at 
temperatures as low as 200°C using a d-c glow dis- 
charge in SXI(CH~)~ and 0 2 .  These films can be de- 
posited at temperatures much lower than with chemi- 
cal vapor deposition (CVD) ( 2 375°C) (17) because 
the discharge dissociates the molecules and drives the 
positive ions to the substrate with appreciable kinetic 
energies (-10-100 eV depending on the deposition pa- 
rameters). Thus, the positive ions arriving at the sub- 
strate are on the order of 103 times "hotter" than the 
substrate. 

The average light transmission and volume resistiv- 
ity of the best films deposited at 250°C were com- 
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Fig. 3. Thickness and surface resistivity of tin oxide films as a 
function of deposition time. 
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Fig. 4. Surface resistivity of tin oxide films as a function of cur- 
rent density. 

parable to those deposited at 400°C. However, the films 
deposited at lower temperatures appeared to be slightly 
less scratch-resistant. 

As the deposition temperature was reduced, the 
highest conductivity films were produced at decreas- 
ing ratios of Sn(CHs)4 to 0 2 .  For example, at a deposi- 
tion temperature of 400°C, the ratio was -0.13 (Fig. 2), 
while at 250°C the ratio was -0.04. A larger ratio was 
probably necessary at higher temperatures to com- 
pensate for the thermal decomposition of some of the 
Sn(CH3)4 in the vicinity of the heater coils. 

By admitting SbC15 to an atmosphere of Sn(CHd4 
and 02, films with volume resistivities as low as 1.7 

X 10-3 ohm-cm were produced. The variation of 
volume resistivity with varying amounts of SbC15 in 
the atmosphere is shown in Fig. 5. Mass spectrometry 
(solids) showed that the most conductive film con- 
tained -0.33 a/o of C1 and less than 0.06 a/o of Sb. The 
average light transmission for this film was -90%. 

Sn09 films were also made from glow discharges in 
SnC14 and 0 2 .  For depositions at 400°C, a current den- 
sity of -0.2-0.5 mA/cmz was applied for 2 min. The 
ratio of SnC14 to Oz was typically 0.3-0.5 (Ptotal N 0.8 
Torr) and was not as critical as in the case of Sn (CH3) 4 

and 0 2  (Fig. 2). 
The most conductive films made from a discharge in 

SnC4 and 0 2  had a resistivity of -1.5 x 10-3 ohm-cm. 
These films only showed a 20-40% increase in re- 
sistivity after baking for 24 hr at 400°C in air. (Baking 
for 1 hr at 550°C caused a 70% increase.) The doping 
must be caused mainly by substitutional incorporation 
of chlorine (18,19) since mass spectrometry (solids) 
showed that the films contained -1 a/o of C1. How- 
ever films that are halogen-doped during spray dep- 
osition do not usually show the stability to thermal 
cycling in air that the discharge-produced films do. 
For example, films formed by spraying solutions of 
stannic bromide on hot fused silica showed an order of 
magnitude increase in resistivity after baking in air 
for 24 hr at 400°C (20). Films made by spraying stan- 
nic chloride solutions on hot glass show similar thermal 
degradation in air. The films produced by a d-c glow 
discharge may be more dense than those produced by 
spraying, and thus halogen diffusion may be reduced 
in the discharge-produced films. 

Electron diffraction by reflection has shown that dis- 
charge-produced films have a crystallite grain size less 
than lOOA for deposition temperatures below -400'C. 
The grain size was slightly larger in films produced 
from discharges in SnCl4 and Oz than those from 
Sn(CH3)4 and 0 2  for the same deposition temperature. 

,In conclusion, the present study shows that a d-c 
glow discharge in the appropriate atmosphere can be 

0 
0 0.05 0.10 0.15 0.20 0.25 0.30 0.35 

RATIO OF SbW, TO Sn (CH,), IN DISCHARGE ATMOSPHERE 

Fig. 5. Volume resistivity of doped tin oxide films os a function 
of the ratio of SbCls to Sn(CH& in the discharge atmosphere. 
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Microstructural and Electrical Properties of 

Thin PtSi Films and Their Relationships to 

Deposition Parameters 

R. M. Anderson and T. M. Reith 

IBM System Products Division, East Fishkill Facility, Hopewell Junction, New York 12533 

ABSTRACT 
The intimate relationships among the microstructure, electrical character- 

istics, and deposition parameters of thin PtSi films deposited on {OOl), {Oil), 
and { I l l )  Si wafers are discussed. PtSi morphology and crystallinity fall into 
several distinct categories, according to substrate surface preparation, deposi- 
tion conditions, heat-treatment, and electrical performance. In situ sputter 
cleaning before PtSi deposition and formation gives better films. Also, the 
microstructure and sheet resistance of PtSi are strongly affected when depo- 
sition and formation are followed by heat-treatment at temperatures from 
400" to 950°C. 

PtSi films have recently been the subject of much 
investigation because of their usefulness in forming 
near-ideal ohmic and Schottky contacts to both n- and 
p-type Si (1,2). The crystallography and morphology 
of PtSi films have received considerable attention (3- 
8) ,  as have the kinetics of their formation (9-12). This 
paper discusses the intimate interrelations of the mi- 
crostructure of thin PtSi films, their electrical prop- 
erties, and their dependence on deposition conditions. 

Experimental 
Preparation of samples.-In the present study we 

have examined both sputter- and e-beam-deposited 
PtSi films, although we have concentrated on the 
former. For the sputter-deposited films, an oil dif- 
fusion-pumped vacuum system with a P t  target 30 cm 
in diameter was used. It had provisions for in situ rf 
sputter cleaning and d-c sputtering of Pt. A Pt-coated 
stainless steel substrate holder resting on a Cu block 
with an embedded heating element enabled us to heat 
the wafers to 450°C before, during, or after Pt  dep- 
osition (Fig. 1). The in situ sputter cleaning, when per- 
formed and unless otherwise indicated, was for 2 

Key words: electron microscopy, platinum-silicon, electrical mea- 
surements. 

min at an rf power of lOOW and an Ar pressure of 10 
mTorr. Figure 2 shows the amounts of Si and SiOz re- 
moved as a function of time and rf power. The curves 
were obtained by sputter etching bare and thermally 
oxidized 3.2 cm Si wafers, which were partially masked 
with chromium to create a step in the surface. The 
step height was subsequently measured by use of a 
Talystep apparatus. 

Extrapolation of the appropriate curves indicates 
that, for 2 min at lOOW of rf power, about 75A of SiOz 
and 175A of Si are removed. The P t  was d-c sputter 
deposited with a 2 kV potential applied to the target 
and at 40-50 mTorr of Ar pressure unless otherwise 
noted. Various heat-treatments were used to form the 
PtSi, either in situ or externally in dry, flowing Nz. 
After PtSi formation, any unreacted P t  was removed 
in aqua regia at 60"-65°C. An oil diffusion-pumped 
vacuum system with a 180" four-pocket Cu-hearth 
e-beam source was used for the evaporated PtSi films. 
The pressure in the deposition system was 1-5 X loe6  
Torr during all evaporations. A spiral-wound tungsten 
wire heater was used to heat the substrates to -300°C 
during deposition. The PtSi was formed externally in 
dry Nz, and unreacted Pt  was stripped in  aqua regia. 
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Ag were evaporated through a molybdenum mask 0.1 
mm thick to facilitate electrical probing. Unlike Al, 
Cr (13, 14) will not react with PtSi until temperatures 
well above those typically encountered in semicon- 
ductor device processing are reached. This fact was 
confirmed by four-point probe resistivity measure- 
ments and particle backscattering analysis. All mea- 
surements of contact resistance were made with a con- 
stant-current source and a digital voltmeter. Finally, 
HC1 was used to stripe the Cr-Ag metallization to ex- 
pose the electrically characterized PtSi contacts for 
subsequent TEM analysis. 

Transmission electron microscopy specimen prepara- 
tion.-The electrically characterized wafers were 
scribed and broken up into specimens, each containing 
one device, of a size that would fit the specimen 
holder of the JEM 200A electron microscope. After 
appropriate masking, the Si was thinned from the 
backside of the specimen down to the intermetallic 
film in a mixture of HF-HN03-CHaCOOH (1: 2:3). 
Specimens were thinned further, as required, in a 
Commonwealth ion milling machine. 

Results 
Microstructure us. electrical properties.-At this 

point it would be well to stop and look at what "good" 
and "bad" PtSi microstructures are like. As we have 
learned, the key to "good" and "bad" microstructures 
lies in the cleanliness of the Si surface before Pt 
deposition. Pt deposited on a clean Si surface will 
begin to form a satisfactory PtSi film during deposition 
or subsequent heat-treatments, even without substrate 
heating. Unreacted Pt on Si films are due primarily to 
the presence of a contamination layer between the Pt 
and the Si which prevents the formation of PtSi, even 
after extensive heat-treatments. Quite often, especially 
with thin (<1508,) initial Pt depositions, the as-de- 
posited Pt  films are not fully coalesced and do not 
become so after subsequent heat-treatment. Selected 
area electron diffraction (SAD) of thin, poor Pt on Si 
films shows randomly oriented Pt diffraction rings 
superimposed on Si reflections. Subsequent heat-treat- 
ment brings no change; the Pt has not reacted with 
the Si, and the SAD patterns still show Pt rings and 
Si substrate spots. 

For thicker initial Pt depositions on randomly and 
unintentionally contaminated Si, the as-deposited Pt 
films still do not fully coalesce. After heat-treatment 
these films undergo simultaneous grain growth and 
void enlargement, producing lacelike Pt films on Si. 
Whenever the initial Pt deposition fails to show a pre- 
ferred orientation to the Si wafer, the microstructure 
observed after heat-treatment is poor, and no PtSi 
phase forms. Where the contamination film is itself in- 
complete, allowing islands of more or less continuous 
PtSi to form, the stress evolved as the PtSi phase 
shrinks during formation dissipates itself through void 
enlargement. One obvious observed consequence of the 
failure to form PtSi over contaminated Si is that when 
the aqua regia etch for unreacted Pt is applied, the film 
disappears. Where PtSi forms in islands, the unreacted 
Pt over contaminated Si is etched away. Any subse- 
quent metallurgy forms a "capacitor," with the con- 
taminant film as a very leaky "dielectric." Moreover, 
the metallurgy contacts the Si because of the circular 
channel of bare Si exposed around the islands of PtSi 
(opened up by shrinkage of the PtSi phase). No elec- 
trical data were taken on the very poor Pt on Si films 
discussed above, because no PtSi phase formed. 

The contamination film on the Si was analyzed by 
x-ray microprobe and ESCA methods. It consists 
primarily of oxygen (as SiOz) and carbon films, 50- 
1008, thick. It builds up in the perimeters of contacts. 
ESCA has also shown the presence of a thin SiOn film 
(<100A thick) on top of freshly prepared PtSi films. 
Heat-treating the PtSi films in air instead of nitrogen 
results in a surface containing less platinum and more 
oxygen. The etching in aqua regia may promote the 

formation and growth of the thin SiOz film on the PtSi. 
This phenomenon has been observed by other investi- 
gators (15). 

When Pt is deposited on clean Si, but not heat- 
treated in situ or later, the electron microscope shows 
a continuous Pt film with a very strong < I l l>  pre- 
ferred orientation to the Si substrate. As was men- 
tioned earlier, this strong orientation is a good indica- 
tion that a satisfactory PtSi film will form upon heat- 
treatment. When these films are heated in situ in the 
electron microscope while being recorded in the SAD 
mode on 16-mm motion picture film, it is possible to 
edit frames from the sequence and index the SAD 
patterns. By this method we find that the phases 
formed are Pt + Si + PtsSi + PtzSi -t PtSi. The com- 
plete reaction occurs in approximately 20 sec at 450°C. 
Often one or more rings from the PtzSi phase remains 
in the PtSi phase diffraction pattern despite prolonged 
heat-treatment. 

PtSi films <500A thick, deposited or heat-treated in 
the range of 400"-85O0C, can have several different 
morphologies, each with its own associated crystal- 
lography and, as will be shown later, concentration of 
dopant in the substrate. For Si substrates that are less 
than atomically clean, or high concentrations of Si 
dopant, we see a continuous, polycrystalline PtSi film, 
randomly oriented to the Si and having high-angle 
grain boundaries separating grains that are randomly 
oriented toward each other. Figure 4a is typical of such 
a PtSi film. For very clean Si substrates and intrinsic- 
to-moderate Si dopant levels, the PtSi film is hetero- 
epitaxial to the Si substrate and consists of very small 
nodules of PtSi, having a high degree of orientation 
toward each other and separated by discontinuities, or 
voids, 20-1508, wide. This important result indicates 
that PtSi, by itself, could not be used as an effective 
diffusion barrier to prevent interaction between the 
subsequently deposited device interconnective metal 
and the substrate. Figure 4b is an example of such a 
film on a <001> Si substrate; the SAD pattern in the 
insert exhibits anomalous symmetry, greater than two- 
fold. These two morphologies are extremes; many 
morphologies may be observed between these limits. 

The results for microstructure us. electrical perform- 
ance are summarized in Table I. Here the specimens 
observed are divided into groups as functions of depo- 
sition conditions. The specific contact resistance data 
in the table are the statistical means of the data for 
the specimens in any particular group. Any difference 
between the forward and reverse values gives a mea- 
sure of the contact's departure from ohmic behavior. 
When an occasional sample in one of the superior 

Fig. 4. PtSi morphology: extremes. Corresponding diffraction 
patterns are shown in thc insets. (a, above left)  High-angle grain- 
boundaries; cample is described in Table I, I (base). (b, above 
right) PtSi nodules; sample is described in Table 1, I l l  (base). 
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specimen groups had electrical data more typical of 
one of the contaminated groups, and electron micros- 
copy confirmed the presence of a contaminated or 
anomalous microstructure, the data for such specimens 
are presented in a separate statistical subgroup in the 
table. 

For brevity, codes were adopted. In the morphology 
section, "high-angle g.b." refers to the first limiting 
case, described above, of a continuous, random, poly- 
crystalline PtSi film with high-angle grain boundaries. 
"Nodules" refers to the second limiting case of highly 
oriented, heteroepitaxial, small, discontinuous nodules 
(lacking grain boundaries) of PtSi; the width of the 
void between modules is specified in the table. "Poly 
PtSinrefers to a diffraction pattern of randomly ori- 
ented PtSi phase with no preferred orientation. A 
"type A pattern" is a single-crystal PtSi diffraction 
pattern consisting of one diffraction zone.' A "type B 
pattern" is a mixture of two or more PtSi diffraction 
zones, and a "type C pattern" is a mixture of one or 
more diffraction zones with polycrystalline PtSi rings. 
The morphology types are illustrated in Fig. 4a and b. 
For comparison, Table I includes data from thicker 
sputtered specimens and from films e-beam evaporated 
and subsequently heat-treated. 

Some of the points brought forth in the table merit 
detailed discussion. The contact perimeter effects that 
distinguish groups I, Ia, Ib, and I1 from one another 
and are illustrated in Fig. 5a and b are due to different 
degrees of cleanliness in the contact holes combined 
with the volume contraction, about 500A, associated 

l T h e  diffraction zone of the pattern is a function of the Si sub- 
strate orientation and wi l l  be identified along with the n-fold 
anomaltes of the diffraction patterns i n  the Discussion section. 

with the formation of the PtSi phase. Even when the 
contacts are sputter cleaned in situ before Pt deposi- 
tion, microanalysis methods often disclose an increased 
level of chemical etchant residues within 5000A of the 
SiOn step-down to the Si around the perimeter of the 
contact hole. When this contamination is present, the 
Pt immediately adjacent to the SiOz step fails to read 
with the Si, with the result that the aqua regia strip 
leaves a ring of exposed Si around the contact, as in 
Ia, or a ring plus scallops, as in Ib. The group I samples 
occur when the sputter cleaning effectively eliminates 
the contaminating residue. In situ heat-treatment of 
group I1 samples in the electron microscope reveals 
that the Pt on the walls and the top of the SiOz, having 
no Si to react with, rapidly diffuses down to feed the 
reaction in the contact hole perimeter, yielding thicker 
PtSi nodules in the perimeter. This phenomenon is ob- 
served only for sputtered Pt samples in which edge 
coverage of the oxide step-down is very good. The 
group I1 PtSi films had a somewhat poorer hetero- 
epitaxy than the group I films, with an apparently 
concomitant insensitivity of the specific contact re- 
sistance to perimeter effects. 

The formal Discussion section will deal with the 
nodular plus void morphology we attribute to pure 
PtSi. We believe that the high-angle g.b. morphology 
is a manifestation of PtSi formed in the presence of 
low levels of surface contamination that prevents the 
PtSi from becoming heteroepitaxial to the Si. For 
PtSi films more than 300-400A thick, we often see 
remnants of the PtrSi diffraction pattern mixed with 
diffraction patterns of types A, B, and C. In situ heat- 
treatment in the electron microscope has shown that 
when the substrate conditions are appropriate for the 

Fig. 5. Anomalies in marphology of PtSi. (a, top left) Buildup of thicker grains of PtSi in perimeter of contact. (b, top right) Opened- 
up contact perimeter with scallops. (c, bottom left) Remnants of nodule layer beneath recrystallized Pt,Sil. (d, bottom right) Porous Pt 
with diffraction pattern showing diffuse Pt rings. 
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formation of high-angle g.b. PtSi, heat-treatment at a 
temperature of over 500% for more than 1 or 2 min 
may induce void growth. 

The "effect-of-thickness" samples introduce a new 
morphological type: the two-layer film. The two dis- 
crete layers are detected visually in the transmission 
and scanning electron microscopes and by their differ- 
ent chemical etching behavior. Both layers yield Pt and 
Si spectra in energy and wavelength dispersion studies 
in the x-ray microprobe. As is mentioned in Table I, 
the layer adjacent to the Si substrate has a nodular 
morphology that often compares well with the group 
11 samples. The top layer has a very slow etch rate 
and has a spongelike morphology consisting of grains 
50-75A in size in a matrix that is about 50% small 
grains and 50% voids. Electron diffraction patterns 
from the top layer are indexed as fcc Pt, but the Pt 
rings are very broad and diffuse. On this evidence, we 
identify the top layer as porous Pt, an etching residue.2 

For these samples, the heteroepitaxial PtSi nodules 
are diffusion limited to a maximum thickness of 200- 
500A before, presumably, stoichiometric deficiencies 
cause the PtSi to renucleate in a randomly oriented 
polycrystalline morphology, as has been observed on 
unetched specimens. Figure 5c depicts a thick sample 
that has been thinned from below; the remnants of the 
nodules can be seen under the large renucleated Pt,Siy 
( X  > y) grains. This Pt,Siy is attacked by the aqua 
regia etch to produce porous Pt (Fig. 5d). The thick- 
ness of PtzSiy/porous Pt is maximized, for a given Pt 
thickness, by poor contact hole cleaning and/or higher 
concentrations of B or As dopants in the Si, as is dis- 
cussed later. 

PtSi formed from evaporated Pt presents a study in 
contrasts. The evaporated Pt group I samples, which 
are typical of most of the evaporated Pt-PtSi ex- 
amined, compare very favorably with sputtered sam- 
ples of groups Ia and Ib. In all cases, evaporated Pt 
contacts exhibited deleterious contact perimeter effects. 
When evaporated Pt-PtSi contacts are made in large 
lots, with no intentional changes in deposition param- 
eters, electrical tests occasionally reveal wafers with 
high specific contact resistances. TEM analysis of these 
wafers reveals the microstructure identified as evapo- 
rated Pt group I1 in Table I. The morphology and crys- 
tallinity of evaporated Pt samples in group I1 combine 
the worst features of sputtered group IV and the effect- 
of-thickness samples. Often the perimeter discontinuity 
expands to the center of the contact, leaving only a 
small region of PtSi. 

The authors believe that the poor quality of the 
microstructures in the evaporated Pt samples in group 
I1 is directly attributable to contamination of the Si 
contacts. Support for this belief comes from ESCA and 
SEM/Auger analysis, which reveals higher levels of 
carbon that presumably are due to residues of chemical 
cleaning and photoresist left before deposition. Often 
the high contact resistance of evaporated Pt group I1 
samples can be lowered somewhat by additional heat- 
treatment before the aqua regia etch. Heat-treatments 
of up to 2 hr at 550°C were used. This is additional, in- 
direct evidence of contact contamination; one can as- 
sume that hydrocarbons in the contacts are breaking 
down and allowing the Pt to react with the Si. 

Dopant C. dependence.-During our analysis of PtSi 
thin films, we noted that the microstructure of the PtSi 
films is sensitive to the dopant species and surface con- 
centration in the underlying Si substrate. As was 
noted in the section on preparing specimens, the 
dopant-Co-dependence PtSi was formed on the seven 
wafers listed in Table 11. The Si dopant species and 
the range of dopant concentrations were chosen with 
the aim of encompassing all of the Si-dopant possi- 
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bilities germane to the production of viable contacts. 
The 2.0 x 10'5 boron wafer is taken as the intrinsic Si 
case. Sheet resistances were measured on the as- 
deposited films and after the external heat-treatments 
as listed in Table 11. The heat-treatments were per- 
formed after the unreacted Pt strip, to prevent any 
unreacted Pt present from adding to the volume of 
PtSi phase formed during the deposition in situ heat- 
treatment. The drop in sheet resistance observed after 
the heat-treatment at 750" or 850'C is due to the ex- 
pansion of the heteroepitaxial film via the partial con- 
sumption of the thin polycrystalline PtSi (or porous 
Pt) film overlying the heteroepitaxial nodules. We 
postulate not that the sheet resistance is lower be- 
cause of the more perfect microstructure of the PtSi 
films, but rather that the electrical properties of the 
films are degraded as the increased heat-treatment 
temperature drives the finite amount of Pt deeper into 
the Si at the expense of the stoichiometry of the PtSi 
films. The films heat-treated at 950°C have been com- 
pletely recrystallized. The PtSi is now completely ran- 
domly oriented polycrystalline, with high-angle grain 
boundaries and no voids. Paralleling Sinha's findings 
(8), the polycrystalline PtSi film is covered with dis- 
continuous clusters of agglomerated large grains of 
PtSi protruding from the smooth film. Note in Table 
I1 that the complete absence of stoichiometric hetero- 
epitaxial PtSi in the 950°C samples is invariably ac- 
companied by an increase in sheet resistance. 

Space does not permit us to include representative 
micrographs and diffraction patterns for all of the com- 
binations of Si dopants and heat-treatments reported 
in Table 11. Let us start with the intrinsic (2.0 X 1015B) 
Si sample. The as-deposited, two-layer PtSi film has a 
complete nodule layer over the Si and an incomplete 
poly PtSi/porous Pt film over the nodules. After heat- 
treatment at 750QC, there is much less poly PtSi/porous 
Pt in evidence; after heat-treatment at 850°C, there 
is none at all in discrete areas on the intrinsic Si. The 
morphology of the film after the heat-treatment at 
950°C consists of protruding large PtSi grains on ran- 
domly oriented continuous PtSi film. 

The most obvious effect of increasing the Si dopant 
in the substrate is to improve the coverage of the as- 
deposited samples by poly PtSi/porous Pt. The As 
1.0 x 10'Qample was covered about as well as the 
intrinsic Si sample, about 50%. On the other hand, 
the As 1.0 x 1020 and the B 4.0 x 10'8 as-deposited 
samples were 70-90% covered over the heteroepitaxial 
nodules. At higher dopant levels of either species in 
Si, the nodules were completely covered with poly 
PtSi/porous Pt. The microstructura1 effects of heat- 
treatment of all the as-deposited films parallel the 
sequence described for intrinsic Si: at 750" or 850°C 
the poly PtSi/porous Pt loses its identity as a discrete 
film, and at 950°C it recrystallizes. The only exception 
to the general trend was that the As 1.0 x 1021 sample 
heat-treated at 850°C was partly recrystallized. 

Effect of in situ sputter cleaning on the silicon sur- 
face.-We have stressed the importance of contact hole 

Table II. Sheet resistance (ohm/sq) of PtSi as a function of dopant 
concentration and heat-treatment. All heat-treatments lasted 1 hr 

Dopant concentration (cm*) 
Heat-treat- 

Dopant ment, "C 2 x lo1<* 5 x 10IB 4 x 10" 

A porous reaction occurs when an intermetallic alloy, consistine 
of a noble metal and a nonnoble metal, 1s etched the noble metar 
is leached from the alloy latt~cc. Icavlns the noble metal in a hrghly 
disordered state The remnant lattlce wlll Produce a diffraction aat- 
tern consisting of broad, diffuse lines. The Porous metal product'has 
a spongelike morphology and is not amenable to further etching. Taken as the intrinsic case. 



Vol. 122, No. I0 PROPERTIES OF THIN PtSi FILMS 1343 

cleanliness on the microstructure of the subsequently 
deposited PtSi film. We have shown that in situ sput- 
ter cleaning before Pt deposition produces improved 
PtSi films and minimizes or eliminates contact perim- 
eter effects. In this section we deal with the side effects 
of in situ sputter cleaning. Specifically, are the SiOs 
surrounding the contacts, and Pt  from the nearby Pt 
fixtures, being backsputtered into the contacts during 
the cleaning? 

TEM analysis of the lOOW and 500W sputtered wafers 
showed contrast effects on the Si that were found to be 
associated with a rough surface morphology, very 
small dislocation loops, %r the nucleation of a-foreign 
material on the Si surface. Electron diffraction pat- 
terns showed single-crystal Si reflections, polycrystal- 
line Si rings, and a ring pattern indexed as Pt. 

A part of each sample was analyzed by reflection 
electron diffraction analysis (RED), comparing the 
center of the wafer with observations out to the edge. 
RED showed polycrystalline Si rings, Pt rings, and 
one ring identified as PtSi on the sample that had not 
been heat-treated. The only Si single-crystal reflections 
seen were very weak; this indicates that the thickness 
of the polycrystalline Si is nearly as great as the depth 
to which the electron beam from the RED apparatus 
penetrates into the substrate, about 300A. Thk Pt  re- 
flections were broadened; this, in turn, indicates that 
the Pt is very thin. Both the polycrystalline Si and the 
Pt were more intense near the edges of the wafers 
than at the centers. Neither the thin polycrystalline Si 
nor the Pt showed in a low-angle Laue x-ray photo- 
graph. A Berg-Barrett surface to~onraph revealed no - -  - 
&:ace damage, within the limit of resolution of this 
method. 

In view of the diffraction results, the samples were 
given a heat-treatment designed to clear up the am- 
biguity in the TEM observations of the surface. A 
heat-treatment would cause nucleated Pt to form PtSi 
with a resolvable size and/or any Si defects, such as 
dislocation loops, to grow to analyzable dimensions. 
After a heating cycle that peaked at 750°C after 30 
min, TEM revealed isolated islands of PtSi with a 
strong PtSi <110> orientation relationship normal to 
the Si. No polycrystalline Si was detected. 

For corroboration, the 500W sample was analyzed in 
the x-ray microprobe for Pt as a step function of dis- 
tance from the center of the wafer to its edge. Pt was 
detected from the center out to the edge; its concen- 
tration was lowest at the center and peaked approxi- 
mately 5 mm from the edge. The total counts at each 
step were low, indicating a very thin layer. 

By use of the ESCA and Auger/SEM methods and 
the x-ray microprobe, we searched for backsputtered 
SiOn in the contact windows that had been sputter 
cleaned in situ. All three analyses confirmed that oxy- 
gen and/or SiOs were present, along with carbon, in 
the contact holes. However, the amount of contamina- 
tion was very close to the above method's detectability 
limits and to the amount of SiOp/carbon present on 
control samples that had not been sputter etched; 
hence the few monolayers of contamination that we 
see may well be native oxide films grown on the Si 
after sputter etching and artifactual carbon contamina- 
tion induced in the analyzing instrumentation. 

Apparently, then, the effect of rf sputter cleaning the 
Si wafer, if we neglect SiOz and carbon contamination. 
is to introduce a thin layer of polycrystalline Si on the 
surface (which is probably caused by backscattering or 
reflection of sputter-etche' Si falling back on the sur- 
face) and to backscatter some Pt from the Pt-coated 
sputter-etching cathode and the nearby Pt d-c sputter- 
deposition cathode. When the samples were heat- 
treated, the Pt reacted preferentially, with the poly- 
crystalline Si consuming it in the formation of PtSi. 
No dislocation loops or other line defects were ob- 
served in the Si. Although twins and other remnants 
of the existence of the polycrystalline Si layer could 

be expected in the heat-treated samples, none was ob- 
served. 

The presence of backscattered Pt on the Si is de- 
sirable (16). The amount and distribution of it can 
be controlled by manipulation of the sputtering con- 
ditions. 

The formation of a polycrystalline Si layer is prob- 
ably not harmful. In fact, it may speed the formation 
of the PtSi phase. 

Excessive sputter etching may produce an amor- 
phous Si layer on top of the polycrystalline Si; how- 
ever, we found no evidence of such a layer. 

Discussion 
PtSi diflraction anomalies.-The anomalous greater 

than twofold symmetry observed in diffraction pat- 
terns taken of orthorhombic PtSi was explained in 
earlier works (11-13). There we identified the epitaxial 
relationship of PtSi on {loo) Si to be PtSi (110) paral- 
lel to Si (001) and PtSi [001] parallel to Si [1101. The 
fourfold symmetry arises from double positioning of 
PtSi [001I1s on the two cubic <110> of the surface in 
neighboring PtSi nuclei. 

In an illustration, we see that the PtSi on the {loo) 
Si diffraction pattern in Fig. 6a exactly matches the 
computer plot in Fig. 6b. The computer plot was made 
by first drawing a PtSi [lie] zone (asterisks) and then 

Fig. 6. Comparison of (100) diffraction pattern and computer 
plot for PtSi on (001) Si. (a) Diffraction pattern. (b) Computer 
plot, containing two PtSi [I101 zones plotted with a 90" mutual 
rotation. 
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redrawing the same [lib] zone (squares) after a 90" 
rotation about the common zone normals. The same 
explanation applies to the anomalous threefold diffrac- 
tion patterns observed for PtSi on {I l l )  Si wafers. In 
this case the PtSi (010) is parallel to the Si ( I l l ) ,  and 
the PtSi [OlO] is triply positioned on three equivalent 
<224> of the Si. In Fig. 7 a diffraction pattern and a 
computer plot are compared as before except that the 
computer plots the PtSi [010] zone twice after two 60" 
rotations. The nonmatching reflections plotted by the 
computer are structure-factor-forbidden PtSi refiec- 
tions that are present in the [010] zone. Figure 7a also 
contains oriented PtzSi reflections. 

For completeness, we have also investigated the epi- 
taxial relationships of PtSi formed on {Oil) Si sub- 
strates. The 150A of PtSi was formed in situ during 
sputtering with conditions the same as those which 
produce type A PtSi. The blanket samples exhibited a 
type A nodule morphology. The diffraction patterns 
exhibited greater than twofold symmetry, but it was 
obvious that more than one crystallographic zone was 
present in the patterns. Figure 8a depicts the morphol- 
ogy of PtSi on {Oll) Si, and Fig. 8b shows the corre- 
sponding diffraction pattern. The heteroepitaxial rela- 
tionships, obtained from Fig. 8b, are as follows: 

Fig. 7. Comparison of {Ill) diffraction pattern and computer 
plot for PtSi on (001) Si. (a) Diffraction pattern, which contains a 
PtzSi reflection that also shows anomalous symmetry. (b) Computer 
plot, containing three PtSi [010] zones plotted with 60" mutual 
rotations. 

PtSi on (011) Si 

Major orientation-double positioning of 

PtSi (133) 1 I Si (011) 
PtSi [301] I I Si [o%] 

Coexisting minor orientations 

(a) PtSi (120) I I Si (011) 
Ptsi  [ooZ] I I Si [022] 

(b) PtSi (011) 1 I Si (011) 
PtSi ['Iiil I I Si [4001 

The samples with PtSi on {Oll) Si were also used to 
find a solution for another electron diffraction puzzle 
observed on {001) and (111) Si. When a thin type A 
film is observed in SAD mode over a thin wedge of 
Si tilted into perfect zonal orientation, clusters of 
satellite reflections are formed around the Si matrix 
diffraction spots (Fig. 9a). Multiple diffraction effects, 
superlattice formation, and film formation on twinned 
Si surface regions were suggested as mechanisms for 
the satellite spot formation (17). Silicon twins pri- 
marily across (111) planes; the {Oll) samples, which 
have two (111) alanes verpendicular to the surface, are 
ideal vehicles td test tfie twinning argument. 

The assumption of twinning across the two (111) 
traces in Fig. 9a accounts for all of the anomalous re- 
flections in what appears to be an n/3 relationship to 
the Si reflections. The close-by satellite reflections are 
not accounted for in this manner; they are presumed 
to arise from a combined multiple-diffraction-twinning 
mechanism, not yet determined, involving the substrate 
and the heteroe~itaxial film. Analoaous satellite ar- ...- .... ..~ ~ - 

rangements for i001) and {Il l)  sub&ates are seen in 
Fig. 9b and c. 

The one significant conclusion drawn from the identi- 
fication of the twin reflections in Fig. 9a is that local 
regions of the Si surface bear twin relationships to one 
another. Therefore, PtSi films formed heteroepitaxially 
on one region of Si will bear a twin relationship to 
PtSi formed on a neighboring, twinned region of Si. 
This in turn leads to an alternative argument to ac- 
count for the greater than twofold symmetries ob- 
served in PtSi diffraction patterns. For example, the 
major asymmetry of Fig. 8b, ascribed to double posi- 
tioning of (133) PtSi zones, could be equivalently pro- 
duced by forming (133) PtSi over twinned regions of 
Si. Unfortunately, the Si planes over which the PtSi 
(133) must be mirrored are the Si (011) and (OOl), 
which have not been observed to be Si twinning axes. 
An attempt to extend the twinning argument to ac- 
count for the high symmetry of PtSi on (001) and 
(111) Si wafers is also unsuccessful because the as- 
sumption of twinning over the previously reported 
[Il l] ,  [123], and [511] Si twinning axes cannot ac- 
count for the anomalous symmetry. 

With the epitaxial relationships established, we can 
explain the observed morphology of thin, clean, epi- 
taxial PtSi in thicknesses from 100 to 500A. For PtSi 
on Si {loo) wafers, we would expect an epitaxial PtSi 
film consisting of grains of PtSi abutting with 90' 
grain boundaries. Contrary to expectation, the mor- 
phology of such a film (Fig. 10a) consists of small dis- 
connected nodules of PtSi with random shapes. This 
morphology probably arises because large misfit en- 
ergies make neighboring PtSi nuclei with 90" rotations 
between PtSi <001> directions unable to coalesce 
during film deposition or recrystallization. 

By carefully tilting a PtSi film on a {loo) Si speci- 
men in the goniometer stage of the electron microscope, 
it was possible to extinguish the PtSi reflections and 
leave one Si (400) reflection in a selected-area elec- 
tron diffraction pattern. The Si (400) reflection was 
used to produce a high-magnification dark-field micro- 
graph (Fig. lob) of the area seen in Fig. 10a. Here the 
internodule regions are illuminated. This establishes 
that the epitaxial PtSi nodules are surrounded by un- 
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Fig. 8. PtSi on (011). (a, above left) Nodule morphology. (b, above right) Corresponding diffraction pattern, containing two PtSi [I331 
zones rotated 180" plus minor orientations. 

Fig. 9. Extra reflections observed when thin PtSi over Si is brought 
middle) (001) Si. (c, above right) { I l l }  Si. 

reacted Si channels approximately 20-30A wide. Ap- 
parently the misfit energy associated with the coales- 
ence of two PtSi nodules oriented 90" with respect 
to each other overcomes the driving force of the inter- 
metallic phase formation, leaving, presumably, very 
highly stressed, unreacted Si between nodules. 

The same explanation applies to the identical epi- 
taxial PtSi morphology observed on {I l l )  and (110) 
Si wafers. 

to perfect Si zonal orientation. (a, above left) (011) Si. (b, above 

Relationship of electrical properties of morphology 
and crystallinity.-Clearly, the best electrical contacts, 
i.e., the lowest in specific contact resistance and the 
closest to ohmic behavior, produce single-crystal PtSi 
diffraction patterns consisting of one diffraction zone 
(type A).  Morphologically, such structures consist of 
heteroepitaxial PtSi nodules 200-500A in diameter 
separated by voids of 10-50A, as shown in Fig. 10a. Not 
surprisingly, the PtSi microstructure that yields the 
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Fig. 10. Unreacted Si between PtSi nodules. (a, above left) Bright-field micrograph. (b, above right) Companion dark-field micrograph 
taken by use of a Si (400) reflection. 

best electrical base contacts also gives the best emitters. films, microstructurally and electrically, are formed by 
Type A PtSi, therefore, appears to be the best from a sputter depositing Pt while continuously forming PtSi 
pragmatic as well as an esthetic point of view. in situ at approximately 450°C on Si that has been rf 

Relationship of microstructure to deposition condi- 
tions.-We have found that the best PtSi films could 
be formed most consistently by sputter depositing at 
elevated substrate temperature (-450°C) after in situ 
sputter cleaning. Heat-treating in situ, but after rather 
than during the deposition, produced microstructurally 
and electrically better contacts than heat-treating ex- 
ternally in a flowing dry Nz furnace, even with the 
furnace 100°C higher in temperature. Both methods, 
however, are inferior to in situ heating during dep- 
osition. 

Chemical cleaning plus in situ sputter cleaning also 
gave consistently better results than chemical cleaning 
alone. No direct comparison of in situ sputter-etched 
sputter-deposited PtSi and in situ sputter-etched, 
e-beam-evaporated films was made, but sputter de- 
positing should be better, if only because it covers the 
perimeters of the contact holes better. Perimeter cover- 
age is an extremely important factor when the PtSi is 
used on lightly doped n-type Si to form a rectifying 
(Schottky) contact, in which edge effects play a domi- 
nant role in reverse-bias operation. 

Conclusions 
A number of conclusions can be drawn from this 

study: 
1. A direct relationship has been established between 

the microstructural and the electrical properties of 
PtSi thin films. We are now able to predict with cer- 
tainty, by only a microstructural examination, when 
a PtSi contact will be electrically acceptable. Con- 
versely, we have related unsatisfactory electrical per- 
formance to specific microstructures ,which are in turn 
related to certain deposition conditions; this finding 
makes it possible to adjust microstructures on the pro- 
duction line on the basis of electrical data. 

sputter cleaned in situ. 
3. Sputter cleaning forms a thin layer of polycrys- 

talline Si and deposits a small amount of unreacted Pt 
on the surfaces of the Si contacts. Neither effect is 
detrimental; in fact, the formation of polycrystalline 
Si may aid in the efficient, uniform formation of PtSi. 

4. A PtSi film more than 200-500A thick has two 
layers. The layer next to the Si substrate often com- 
pares well to the best single-layer PtSi. The top layer, 
after etching, has been identified as "porous Pt" and is 
poorer microstructurally than the layer beneath. A 
porous reaction occurs in intermetallic alloys of a 
noble metal and a nonnoble metal when the latter is 
leached from the lattice, leaving the noble metal in a 
highly disordered state. 

5. The microstructure and the electrical sheet re- 
sistance of a PtSi thin film are sensitive to the dopant 
species and surface concentration of the Si on which 
the film is formed, and to subsequent heat-treatment 
in the range from 750" to 950°C. For a given heat- 
treatment, the best microstructures are observed on 
the lowest doped Si, and the lowest sheet resistances 
on the highest doped Si. For films formed on Si with 
any dopant species and surface concentration, sheet 
resistance decreases in the 750"-850°C range, but in- 
creases at 950°C because discontinuous clusters of large 
PtSi grains form and any stoichiometric heteroepitaxial 
PtSi is completely destroyed. 

Manuscript submitted April 24, 1975; revised manu- 
script received June 12, 1975. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1976 JOURNAL. 
All discussions for the June 1976 Discussion Section 
should be submitted by Feb. 1, 1976. 

Publication costs of this article were partially as- 
sisted by IBM Corporation. 

2. A direct relationship has been established between REFERENCES 
PtSi deposition parameters and microstructural Prop- 1. D. Kahng and M. P. Lepselter, Bell System Tech. 
erties (and hence electrical properties). The best PtSi J., 44, 1525 (1965). 



Vol. 122, No. 10 PROPERTIES OF THIN PtSi FILMS 1347 

2. M. P. Lepselter, ibid., 45,233 (1966). 
3. R. M. Anderson and S. Dash, EMSA Proc., p. 120 

(1969). 
4. R. a Anderson, EMSA Proc., p. 518 (1972). 
5. G. A. Walker, R. C. Wnuk, and J. E. Woods, J. Vac- 

uum Sci. Technol., 7, 543 (1970). 
6. F. B. Koch and P. B. Byrnes, Paper 191 presented 

at Electrochemical Society Meeting Atlantic 
City, N.J., Oct. 4-8, 1970; This ~ournai,  117, 262c 
(1071)) ,--.-,. 

7. H. N. S. Lee, F. B. Koch, and W. R. Costello, Paper 
70 presented at Electrochemical Society Meeting, 
Washington, D.C., May 9-13, 1971; This Journal, 
118,72c (1971). 

8. A. K. Sinha, R. B. Marcus, T. T. Shen , and S. E. 
Haszko. J. A ~ o l .  Phvs.. 43.3637 (19727. - - ~  - - -. 

9. H. Muta and D: ~henoaa,'ibid, 43,2913 (1872). 
10. A. Hiraki, M.-A. Nicolet, and J. W. Mayer, Appl. 

Phys. Letters, 18, 178 (1971). 
11. T. Kawamura, D. Shenoda, and H. Muta, ibid., 11, 

in1  ( I Q I ~ ~ I  

and 

An ESCA Study of the Oxide a t  the 
Si-SiO, Interface 
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ABSTRACT 

Thermally grown oxide films on silicon were investigated using ESCA 
(electron spectroscopy for chemical analysis). Evidence was obtained which 
confirmed previous indications from other techniques that there is a transition 
layer of about 15 or 20.4 thickness next to the silicon. In this layer the oxide 
changes from SiO close to the silicon to SiOz in the rest of the film. 

The silicon/silicon oxide interface has a part in con- 
trolling the rate of thermal oxidation of silicon (1). 
Conversely, the atomic arrangement at this interface 
(which is important in determining several electrical 
properties of MOS systems) is itself affected by the 
variables of the oxidation process (2). The aim of the 
present work was to see what information could be 
obtained about the composition of the oxide near 
the interface with ESCA. Using this method, the shift 
of the 2p electron levels in silicon atoms, due to 
changes in the chemical environment of silicon atoms 
in oxide of different oxygen content, was observed. 
Confirmation of previous evidence from various tech- 
niques [including helium ion backscattering (3), sec- 
ondary ion spectroscopy (4, 5), and optical reflectance 
(6, 7)] was obtained showing that there is a silicon-rich 
layer near the interface. 

Experimental Procedures 
The x-ray source of the Varian IEE-16 photoelectron 

spectrometer produces h~ = 1254 eV photons. Ab- 
sorption of a photon raises an electron from the 2p 
level of the silicon. Neglecting any loss of energy in 
escaping from the material. the kinetic energy Ek of 
the freed electron would be Ek = h~ - Eb where Eb 
is the difference in energy between the vacuum level 
and the 2p level. Electrons thus released will not be 
collected by the detector if the potential difference 
across the intervening vacuum is of appropriate sign 
and slightly greater than Ek/e (where e = magnitude 
of charge on electron). For this condition to exist, the 
observable difference in Fermi levels between the two 
electrodes and their work functions is related by 
( E F ~  + $d) - (EFS + p)  = Ek, where d refers to the 
detector and s to the specimen. Consequently 
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where V is the applied voltage (sample positive). 
Rather than estimate the work function difference, 
the energy calibration of the electron spectra was 
accomplished by taking the binding energy of some 
other known observable level. Either a film of gold 
was deposited on the sample and the higher energy Au 
4f level was taken as 87.5 eV or the 2p line of the bulk 
silicon was used as a reference. The latter can, of 
course, be used only if the oxide is not too thick to 
prevent the escape of electrons from the substrate. 
Located with respect to the above gold standard, this 
level was found to be 99.5 2 0.3 eV for the n-type 10 
ohm-cm material which we used. Different values of 
the energy of the silicon peak were observed for 
different doping densities (e.g., 98.9 ? 0.2 eV for de- 
generate p-type silicon and 99.9 f 0.2 eV for de- 
generate n-type silicon). This is expected since the 
work function of the silicon is, of course, changed by 
doping. In this work we are interested in shifts of the 
level due to silicon atoms in the oxide. To circumvent 
complications due to doping as well as to band-bending, 
all bulk silicon peaks used as a reference were arbi- 
trarily taken as having an absolute energy of 98.9 eV. 

The silicon samples were commercially polished 
n-type ( I l l )  -oriented 10 ohm-cm material. They were 
cleaned by immersion in 1: 1 HzOz-HzS04, 4: 1: 1 H20- 
H202-HCl, and dilute HF and were oxidized in steam 
or pure oxygen in a quartz furnace tube. 

The thickness of the oxide films was estimated using 
ellipsometry. For very thin films on silicon, thickness 
and refractive index differences cannot readily be dis- 
tinguished using ellipsometry. The thicknesses were 
calculated using 1.458 for the refractive index of the 
oxide at 6328.4, which was the value found for thicker 
"dry" oxides. For very thin films of low oxygen con- 
tent, and also for "wet" oxides, this index will, of 
course, be slightly in error. 

For the ESCA measurements the oxide was removed 
from the back surface with HF and silver paste was 
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used to mount pieces of wzifer on the gold-plated brass 
specimen holders. 

Since fluorine is a likely contaminant and would 
cause a shift in the peaks, a search was made but no 
detectable signals were found from any of the fluorine 
orbitals. The pressure in the ESCA system was typi- 
cally 2 x 10-7 Torr. 

Results and Discussion 
Spectra from silicon with not too thick an oxide con- 

tained two peaks, as illustrated in Fig. 1. The lower 
energy peak is due to silicon atoms in the substrate. 
The higher energy peak is due to silicon atoms in the 
oxide and, as shown in Fig. 1, the energy of this 
"oxide" peak depends on how the oxide was prepared 
and on its thickness. 

The solid curve in Fig. 1 was obtained with a speci- 
men from which oxide had been removed with HF im- 
mediately before insertion in the ESCA system. It is 
believed to have had about 5A of oxide giving an un- 
resolved peak at 102 eV. Three features of the ESCA 
spectra will be discussed. These are (i) the ratio P de- 
fined as the "oxide" peak height divided by the sum of 
the "oxide" and "silicon" peak heights, (ii) the line 
width of the "oxide" signal, and (iii) the energy shift 
between the "oxide" and the "substrate" peaks. 

By defining the quantity P in .terms of peak height 
rather than peak area it is possible to avoid the prob- 
lem of deconvolving the rather closely spaced oxide 
and bulk silicon peaks. While not the ideal approach, 
this definition allows the general trends to be ob- 
served as shown in Fig. 2 where P is plotted as a 
function of oxide thickness for dry and wet oxides. 
The so-called escape depth from any material was 
taken to be that depth at which probability of escape 
of an excited electron is l/e of its value at the surface 
(8). In silicon (8) this depth was calculated to be 20 
2 5A. An analysis of Fig. 2 indicates that the escape 
depth from the oxide is somewhat greater than this. 
The figure also shows a significant difference between 
"wet" and "dry" oxides, presumably due to inclusion 
of Hz0 or OH in the former. This difference merely 
implies less silicon in a thin film containing water 
than in one not containing water but of equal thickness 
as determined by ellipsometry assuming the same re- 
fractive index. 

Figure 3 shows spectra of three films: (i) 16.4 dry 
oxide, (ii) 16A grown in 0 2  bubbled through water 
at 95"C, and (iii) 29A grown in steam. All gave the 
same P. Clearly the line width is larger when there is 
more water in the oxidation ambient. The increased 

I OXIDE SXSTRATE 
c-7 - (H F DIPPED) -- - ~ ~ ~ ( W O ~ L I N G  WATER) 

3 -.-lo; ( 6 0 0 ' ~ )  

2 - x -  49a" 1 9 0 0 " ~ l  
T 
2 

U 

110 tN 106 104 102 DO 98 % 94 92 90 
BINDING ENERGY / e ~  

Fig. 1. ESCA spectra for silicon 2p electrons, indexed to gold, 
obtained with silicon wafers with thin film of oxide prepared in 
the ways shown inset. 

width, however, is insufficient to account for the extra 
silicon required to provide an oxide of 29A. 

Figure 4 shows the energy of the oxide peak as a 
function of film thickness for films grown in dry oxy- 
gen at different temperatures. Also shown are data 
for films etched back in buffered HF to the thickness 
show from an initial 150.4 (produced at 900°C). The 
figure shows data referred to the substrate silicon peak 
and also data referred to the gold level. In both cases, 
the oxide peak shifts with increasing thickness in the 
direction which, as shown below, corresponds to a 
change from SiO to SiOz. Because of the limited escape 
depth of electrons, the ESCA technique samples only 
the outer part of the thicker films. However, the etch- 
back data show that these thicker films have an SiO- 
like layer near the silicon, similar in composition to 
the initial thin layers. 

To calibrate the shift of position of the ESCA "oxide" 
peak as a function of composition, measurements were 
made on powdered fused silicon dioxide and on pow- 

THICKNESS /i - 

1 0.4. 

a 

0.2. 

Fig. 2. Ratio P of the "oxide" signal to the total signal as 
functions of thickness for "wet" and "dry" oxides. 
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Fig. 3. Oxide and substrate peaks showing increasing linewidth 
of oxide peak in going from - 16A dry oxide to - - -  - -  
16A of oxide grown in 0 bubbled through Hz0 at  95°C to . . . . . . 
29A of oxide grown in steam. 
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dered Linde Corporation "silicon monoxide." It is, of 
course, well known that SiO is not a stoichiometrically 
well-defined compound. As a further complication, our 
ESCA studies showed that our samples of the Linde 
product contained a small amount of elemental sili- 
con. The spectra of SiO2 and "SiO" powders are shown 
in Fig. 5. The order of line positions is reversed from 
that reported by previous authors (9). However, the 
theory developed later shows that the order observed 
by us is to be expected. 

One source of error in ESCA measurements is the 
build-up of charge on insulating samples. Some tests 
were made to see if charging was occurring. A tech- 
nique (10) was used in which a gold layer evaporated 
onto both the powder and the supporting metal block. 
Charging, if it occurs, is indicated by an asymmetry of 
the gold line. No charging was observed with the "SiO" 
or with the oxide-coated silicon wafers. About 0.8V 
of charging was observed with the SiOz powder. The 
difference between the gold-referenced data and the 
silicon-referenced data in Fig. 4 are believed due to 
band-bending effects rather than to charging. 

A theoretical treatment is now given which allows 
the observed differences in energy and line width be- 
tween the ESCA peaks for "SiO" and SiOz to be ac- 
counted 'for, and which, in fact, allows predictions to 
be made of these quantities for oxide of arbitrary com- 
position, SiO,. The theory is based on an analysis of 
the structure of the amorphous forms of SiO, due to 
Philipp (6). He noted that the tetrahedral configura- 
tion of oxygen around the silicon atoms in S i G  is 

Fig. 4. "Oxide" peak energy as function of oxide film thickness. 
Open symbols, referred to gold peak; solid symbols, referred to 
substrate peak. and H grown at  6OO"C; A and A grown at  
750°C; 0 and grown at  900°C; + etched back from films 
greater than 150A thickness. 

Fig. 5. ESCA spectra for bulk powders - SiOz and 4 
SiO. Energies referred to gold peak. 

maintained in SiO, except that some silicons replace 
oxygen, the average tetrahedron containing not four 
oxygens but (4 - y) oxygens and y silicons (with a 
relation implied between x and y). Any given indi- 
vidual tetrahedron must be one of five kinds (i.e., 
with y = 0, 1, 2, 3, or 4). The proportions of each of 
the five kinds are shown in Table I for different values 
of x in SiO,. Considering only nearest-neighbor inter- 
action, the chemical shift in the 2p level of a given 
silicon atom will depend on which of the five types of 
tetrahedron it has around it. It should be understood 
that the observed peaks represent a superposition of 
contributions from individual atoms, but that these 
contributions produce a single peak; the spectrometer 
does not resolve separate peaks from atoms in each 
type of tetrahedral coordination. The greater line 
width found in Fig. 5 with SiO as compared to SiOz 
is, for example, explained in that, in the former, all 
5 tetrahedra are present, whereas only one type is 
present in SOz. Also, the shift for SiO will be ex- 
pected to be less than of SiOz, as we observed. 

From the above theory it should be clear that homo- 
geneous materials of formula SiO, can be simulated, 
for the purposes of ESCA, by making heterogeneous 
mixtures of SiOz and "SiO" and hence varying the 
relative concentrations of each type of tetrahedron 
so as to produce an averaged peak corresponding to 
that given by any required homogeneous oxide with 
l < x < 2 .  

Figure 6 (a)  and 6 (b) shows the energy and width of 
the composite line observed with mixtures of various 
mole fraction x of Linde "SiO." These confirm the 
direction of shift in peak energy and line width seen 
with the separate powders. The lines labeled "theory" 
in Fig. 6 were calculated for hypothetical SiO, with 
x corresponding to a homogeneous oxide of the same 
over-all composition as our mixtures of "SiO" and SiOz 
The separation between "SiO" and SiOz was taken as 
1.5 eV and the observed line widths for the separate 
powders were used together with the proportions of the 
types of tetrahedra from Table I. 

Agreement between theory and experiment in Fig. 6 
is substantially improved if the presence of elemental 
silicon in the Linde "SiO" is taken into account. Based 
on the height ratio of the two peaks in the "SiO" spec- 
tra of Fig. 5, it can be shown that the true values of 
xsio for the mixture are -20% lower than the values 
shown. With this correction, for instance, the mole 
fraction at which equal oxide signal magnitude are ob- 
tained from each component af the mixture is seen to 
be x -0.67 both experimentally and theoretically. It 
should be noted that this is greater than the value of 
0.5 that might have been expected for such a condition 
if one assumed the "SiO" structure contained only a 
single tetrahedral form as is the case with SiOz. 

Oxide-coated wafers with graded oxide composition 
would give a line corresponding to some average com- 
position of SiO, where the averaging process would 
involve the escape depth. It can be inferred, therefore, 
from Fig. 4 that the outer 50A of silicon oxide layers 
on silicon approaches Si02 in composition only for 
oxide thickness >50A. The continuing presence at all 
thicknesses of a thin (15-20A) transition layer at the 
oxide-silicon interface of "average" composition SiO 

Table I. Proportion of 5 possible tetrahedron types in oxides of 
various Si to 0 atom ratios* 

H. R. Philipp, J.  Phys. Chem. Solids, 32, 1935 (1911). 
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101 1-1 
0.25 0.50 0.75 

MOLE FRACTION XSiO 

MOLE FRAC TlON XSiO 

Fig. 6. Points are observed (a) peak energies and (b) line widths 
for mixtures of SiO and SiOz powders. Lines are calculated as dis- 
cussed in text. 

would account for energy shifts in the oxide peaks ob- 
served for oxides <50A. 

Conclusions 
ESCA studies of the 2p electron spectral line of sili- 

con atoms in thermally grown silicon oxides showed 
that the width and energy of this line varies with 
oxide thickness and oxidation ambient. For oxides less 

than 40A in  thickness, the width of the line increased 
and the binding energy decreased with decreasing film 
thickness and with increasing water vapor content in 
the oxidizing ambient. No effect was found of oxidation 
temperature and oxide thickness before etchback. 
Comparison between thermal oxide data and data ob- 
tained with mixtures of " S i O  and SiO2 shows that the 
oxide at  the interface of the Si-SiO2 structure has the 
form SiO, with z increasing from 1 to 2 with increas- 
ing distance from the silicon surface up to about 20A. 
The transition region is thicker for the steam grown 
oxides but is of more uncertain Si:O ratio because of 
the probable presence in the oxide of OH or H20. The 
shifts in the peaks for oxides of different composi- 
tions were discussed using Phillip's model for the 
structure of oxides of the form SiO,. 
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Formation and Properties of Porous Silicon and Its Application 
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ABSTRACT 

Preparation, properties, and applications of porous silicon film were in- 
vestigated. Silicon single crystal is converted into porous silicon film by 
anodization in concentrated hydrofluoric acid at currents below the critical 
current density. When an n-type silicon was anodized, the silicon surface was 
illuminated to generate holes which were necessary for this anodic reaction. 
The growth rate of the film, from n-type silicon, was larger than that from 
p-type silicon in this experimental condition. The crystalline structure was 
the same as that of silicon single crystal. A new isolation technique for bi- 
polar integrated circuits was proposed by making use of the properties of the 
film such that it can be formed several microns thick and oxidized easily to 
form an insulator. The main feature of the technique is that it provides a 
means to form thick insulating film inlaid through the n-type epitaxial layer 
without prolonged heat-treatment. A preliminary experiment was carried out 
to test the practical usage of the technique. 

With the increasing usage of silicon integrated cir- 
cuits, their fabrication techniques have developed re- 
markably. However, many problems are left for each 
fabrication process. Improvement of the isolation proc- 
ess for bipolar integrated circuits is one of the most 
important and difficult problems. The conventional 
diffusion method for isolation has various parasitic 
effects. In addition, the spreading of the isolation re- 
gion due to sideways diffusion limits the integration 
density. 

Recently, many new structures for isolation have 
been proposed. Some of them have been considerably 
successful in avoiding the above mentioned effects. One 
typical example is the isoplanar technique, in which 
passive oxide layers are substituted for the usual dif- 
fused layers. In this partial oxidation method, however, 
prolonged heat-treatment is necessary to form thick 
silicon dioxide films. In the bipolar integrated circuits, 
the intense heat-treatment has serious problems. For 
example, when a buried collector exists, the additional 
diffusion of the buried impurities toward the surface 
may affect the breakdown characteristics of the fabri- 
cated devices. 

This paper describes preparation, properties of the 
porous silicon film, and isolation process of the n-type 
method. 

Experimental 
Preparations and properties of porous silicon films.- 

Porous silicon films were prepared by anodization of 
the silicon single crystals in 48% concentrated hydro- 
fluoric acid under constant current densities. The 
cathode was the platinum. 

Since positive holes are necessary for the reaction to 
occur (21, hole generation was induced by xenon lamp 
illumination to anodize n-type silicon. The light inten- 
sities were 10 - 60 mW/cm2. P-type silicon was ano- 
dized without illumination. 

At first the growth rates of the porous silicon films 
were measured with respect to both p-type and n-type 
silicons. Next, measurements of apparent specific gravi- 
ties by volumes and weights, observations of film struc- 
ture by scanning electron microscope, and weight 
change measurements in an oxidizing atmosphere were 
performed. 

. . . - . . . - -. 
The authors have also been investigating the isola- Preparation of samples for testing isolation charac- 

tion technique in silicon integrated circuits and have teristics.-The structures of the sample is shown in Fig. 
found a new technique (1) called the IPOS technique. 2. N on P silicon epitaxial wafers were used. The 
IPOS is an abbreviation of insulation by oxidized po- thicknesses of the n-type epitaxial layers and p-type 
rous silicon. The lPOS technique is roughly divided substrates were, respectively, 2 - 4p and 20014 and the 
into two proczsses. The first one is a selective anodiza- 
tion of a silicon epitaxial wafer in hydrofluoric acid. 
The parts of silicon, where isolation layers are to be 
formed, are converted into porous silicon, which seems 
to be the same as the thick anode film reported by 
Turner and others (2,3).  The other process is a sub- 
sequent heat-treatment in oxidizing atmosphere. The 
porous silicon film can easily be oxidized to a thick in- 
sulating film because of its porosity and active nature. 
Through these processes, isolated islands of silicon 
single crystal, similar to those of the isoplanar tech- 
nique, can be formed without long heat-treatment. 

There are also two approaches in applying IPOS to 
the isolation of bipolar integrated circuits, namely 
n-type method and p-type method. They are shown in 
Fig. 1. In the former method, the n-type epitaxial layer 
is directly converted into porous silicon film under 
illumination. In the latter method, the film is anodized 
after acceptor diffusion is carried out, as in the usual 
diffusion isolation. Since the p-type silicon is anodized 
at lower forming voltage than n-type silicon, only 
the diffused p-type regions are converted without mask 
and illumination. 

Si,N4 P type Si 
N type Si N type Si 
P type Si Ptype Si 

4 anodization J anodization 

porous Si mporous si 

$ oxidation 
SiOr 
porous SiOr 

(a)  N type Convaraion method ( b )  Ptype conversion method 

Key words: silicon, IC. porous, anodize, isolation. Fig. 1. Two IPOS processes 
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OXIDIZED 
ALUMINUM POROUS SILICON 

SILICON DIOXIDE 
:... ... : i. . . 

U P  TYPE SILICON 
Fig. 2. Structure of the sample for measuring isolation charac- 

teristics. 

resistivities of the former and the latter were 0.3 ohm- 
cm and 0.3 - 30 ohm-cm, respectively. 

For selective formations of porous silicon films to 
make isolated islands, silicon nitride films were used 
as hydrofluoric acid-proof mask patterns. The 1500A 
thick nitride films were deposited on the wafers by 
the vapor phase reaction of silane and ammonium, and 
then were partially removed by the usual photolitha- 
graphic etch process. On anodization, the silicon por- 
tions, where the nitride films had been removed, were 
converted into porous silicon films. 

In order to obtain films of uniform thickness, alu- 
minum films were formed on the back of the wafers 
by vacuum evaporation to act as equipotential low re- 
sistivity contact layers. Moreover, acid-proof wax was 
coated over the aluminum films to prevent current 
flow from the films to hydrofluoric acid. 

After anodization, wax, aluminum films, and nitride 
films were removed. The wafers were washed in hot 
phosphoric acid and boiled in water to improve the film 
properties. Subsequently, they were heated in a wet 
oxygen atmosphere to convert the porous silicon films 
into insulators. Heating was done for 30 min at 1100°C. 

The above processes form islands of n-type epitaxial 
silicon, isolated from each other by the oxidized porous 
silicon and p-n junctions. Conventional silicon planar 
technology may then be applied to fabricate the inte- 
grated circuits. In this experiment, a metallization 
process was followed to make ohmic contact directly to 
the island for testing the isolation properties by the 
n-type method. 

Electrical characteristics measurements.-To investi- 
gate the isolation characteristics of the samples, leak- 
age currents and capacitances were measured. As the 
isolation characteristics in this case are reduced to 
those of the reverse biased mesa diodes, their d-c 
leakage currents and capacitances were measured. The 
frequency used for measuring the capacitances was 1 
MHz. All measurements were made at room tempera- 
ture. 

Results and Discussion 
Porous silicon film preparation and properties.-Fig- 

ure 3 shows the relation between the growth rates and 
the anodizing current densities. The growth rates for 
n-type silicon were larger than those for p-type sili- 
con for equal current densities. 

Though the growth rates were not proportional to 
the current densities, the total amount of dissolved 
silicon was proportional to the total electric charge. 
On the other hand, the film thickness increased in pro- 
portion to the square root of the anodizing time. One 
of these relations is shown in Fig. 4. 

The specific gravity of the porous film depends on 
the anodizing condition. Figure 5 shows the relation of 
the specific gravities and the current densities. In the 
case of p-type silicon, specific gravities decreased with 
current densities. For n-type silicon, however, maxima 
appeared at about 40 mA/cm2 and they decreased with 
increasing light intensities. 

Pore diameters at the sample surface were smaller 
than 10A for both p-type and n-type silicon. Those of 
the inner part of the film were 10 - 10,000A. A cross- 
sectional view of porous silicon prepared from n-type 

d. Ip: l ight intensity (Xe lamp) 

2 a 0o 100 150 200 

Current denrlty ( m ~ c i * )  

Fig. 3. Relation between growth rate and current density 
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Fig. 4. Relation between the porous silicon thickness and anodiz- 
ing time. 
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Fig. 5. Relation between apparent specific gravity and anodizing 

current density of porous silicon film. 
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silicon with low donor density at small current density 
is shown in Fig. 6. In this case, the pore diameter was 
about l p .  At the surface of the film, however, the pores 
were very fine. 

It is interesting that the crystal structure of the 
porous silicon was the same as that of the silicon 
single crystal. This fact was confirmed by x-ray dif- 
fraction and electron diffraction. The films are prob- 
ably a mixture of the unreacted original silicon crystal 
and the silicon that was the product of the dispropor- 
tionation reaction of silicon difluoride proposed by 
Turner ( 2 ) .  

The porous silicon is oxidized very rapidly in oxygen 
or steam at elevated temperatures. This was confirmed 
by infrared absorption spectrum and the weight change 
measurement. Figure 7 shows the relation between 
weight change of a wafer in which the porous silicon 
film was formed during oxidation in oxygen at 1 0 0 0 ° C  

Surface 

Fig. 6. Cross-sectional view of porous silicon film observed by 
SEM (X5000) .  Sample was bevelled a t  an angle of 5'. 

-*-Silicon (bu I k)  
-4- Pornus silicon 

(anodic current;lO mA) 
cm 

-.-Porous silicon 
(anodic c u r r e n t ; 8 0 ~ ~ )  

Oxidation t ime  ( m i n )  
Fig. 7. Relation between weight change and oxidation time a t  

1000°C in wet oxygen. 

and the oxidation time. Most of the weight change oc- 
curred in a very short time and, thereafter, no re- 
markable change was found. This implies that the 
greater part of silicon in the film was oxidized within 
a few minutes. There are two reasons why the oxida- 
tion velocity is very large. One is the existence of 
many pores in the film; oxygen and steam can penetrate 
through the pores. The other is the nature of the film 
constituents. 

Isolation processes.-Figure 8 shows a comparison of 
the original isolation pattern with the porous silicon 
pattern. Figure 8(a) is one of the original mask pat- 
terns. The width of the isolation zone is 6p. Figure 8 (b) 
is the porous silicon pattern formed using the above 
mentioned mask pattern. In this case, the thickness of 
the film was 6 ~ .  It was observed that sideways spread- 
ing of the anodized zone occurred beyond the original 
zone. The ratio of the spreading width to the thick- 
ness of the porous film was about 7: 10. This ratio was 
the same in other anodizing conditions and it is slightly 
smaller than that of the diffusion isolation. 

A cross-sectional view of the isolation region is 
shown in Fig. 9. In this picture the nail-like line across 
the n-type layer is the isolation region. When the 
width of the isolation zone is large, the anodic reaction 
seems to proceed more rapidly at the edge of the re- 
gion than at the inner part, due to the current con- 
centration effect. 

Current densities suitable for forming proper quality 
porous films were 2 0 0  - 4 0 0  mA/cmz. Proper quality 
means that the films could be easily oxidized suffi- 
ciently deep compared with the thickness of the epi- 

Fig. 8. Isolation pattern. (a) Original mask pattern. Isolation 
width, 6p. Inside area, 900p2. (b) Porous silicon pattern formed by 
using a pattern (a). Thickness was 6 p .  

Oxidized porous silicon 

--- - - -- - -_ ._ - - -- - .  --- _._I____ 

- .  N t Y  Pe 2 silicon 

\ P type 
silicon 

Fig. 9. Cross-sectional view of the isolation region bevelled a t  
an angle of 5". 
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taxial layers and have flat surfaces after the oxidation 
process. 

Below 100 mA/cm2 it was difficult to obtain films 
that were converted into a high resistivity insulator. 
This fact is probably in connection with the specific 
gravities and the pore diameters. On the other hand, 
at current densities over 500 mA/cm2 peeling off of the 
oxidized film occurred and a large surface roughness 
was observed. In particular, it was marked at the 
edges of the isolation regions. 

Heat-treatment in a wet oxygen atmosphere at 
1100°C for 30 min was sufficient to make the porous 
film prepared at the above mentioned current densities 
insulating. Under this condition, silicon dioxide film of 
0.5p thick was grown on silicon single crystal. On the 
other hand, porous silicon films greater than 5r thick 
were wholly oxidized as was verified by measurements 
of leakage currents. There was still slight unevenness 
at the surface of the oxidized porous silicon. Figure 10 
shows a typical example of the surface observed by 
scanning electron microscopy. The unevenness was also 
measured by Talystep. It has been confirmed that the 
interconnecting metallization and photolithographic 
processes were not affected by this unevenness because 
their heights were less than 0.5s and the slopes were 
gradual. When single crystal silicon is oxidized, the 
volume of the oxide is about two times that of the 
original crystal. In the case of the porous film, the ratio 
of the volume increase is very small because of the po- 
rous nature. 

Electrical characteristics.-A typical current voltage 
relation between two islands is shown in Fig. 11. The 
apparent breakdown voltage was about 210V. This 
value was larger than that of the diffusion isolation 
whose breakdown voltage was about 60V, limited by 
the epitaxial layer resistivity. However, if the isola- 
tion process by the IPOS technique were successfully 
carried out, higher breakdown voltage determined by 
the resistivity of the substrate of the wafer should be 
realized. Accordingly, it is considered that the break- 
down in this case occurred at the damaged p-n junction 
parts that were adjacent to the oxidized porous sili- 

con. More detailed leakage current behavior of the 
same sample is shown in Fig. 12. The current was 
smaller than 1 X 10-RA at applied voltages below lOOV 
and increased gradually with increasing voltage. This 
value is slightly larger than that of diffusion isolation. 
Most of the leakage current was considered to flow at 
the same place where breakdown occurred. Leakage 
of this order does not prevent practical use of IPOS 
for bipolar integrated circuits. However, in the iso- 
lation of the MOS integrated circuits, smaller leakage 
currents are desired. It is probable that further reduc- 
tion can be achieved by improving the fabricating 
processes. 

Leakage currents were reduced with the reduction 
of substrate resistivities. For example, a sample with 
the substrate resistivity of 0.3 ohm-cm showed an order 
of 10-"A at 10V. 

The relation between capacitances and bias voltages 
of the sample was measured and the result is shown in 
Fig. 13. The capacitance was inversely proportional to 
the cube root of the voltage. This is the same relation- 
ship as that of the graded p-n junction. Figure 14 
shows the capacitances of two different areas. These 

Fig. 11. Current/voltage relation between two islands. Epitaxial 

- Voltage ( V )  
20 U Fig. 12. Current/voltage relation between an island and sub- - - 

strate. Epitaxial layer: &, 0.3 ohm-cm, n-type. Substrate: ZWr, 
Fig. 10. Surface of isolation region, observed by SEM 30 ohm-cm, p-type. Area of island: 10,000r2. 
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Voltage (V) 
Fig. 13. Capacitance/voltage relation between an island and 

substrate. Epitaxial layer: 2p. 0.3 ohm-cm, n-type. Substrate: 200p. 
30 ohm-cm, p-type. Area of island: 10,00Dp2. 

Voltage (V) 
Fig. 14. Capacitance/voltage relations between an island and 

substrate. Epitaxial layer: 2p, 0.3 ohm-cm, n-type. Substrate: ZOO@, 
5 ohm-cm, p-type. Area of  islands: (a) 10,000p2, (b) 3600~2. 

values agree exactly with the estimated values from 
the areas of the islands and the substrate resistivities. 

From these data, the capacitances of the oxidized 
porous silicon layers can be considered negligible. It 
implies that the isolations of small capacitances can be 
realized using the IPOS technique because the isolation 

capacitances are only due to the p-n junctions between 
n-type epitaxial layers and p-type substrates. 

As described above, the n-type method IPOS tech- 
nique can be advantageously applied to bipolar inte- 
grated circuits isolation. Though the experimental re- 
sult concerned only samples whose epitaxial layers 
were 2p thick, the same results have also been obtained 
for those above 4p thick. 

Conclusion 
A thick porous silicon film retaining a flat surface 

was prepared by anodization of silicon single crystal in 
hydrofluoric acid. The silicon surface was illuminated 
when the n-type silicon was anodized. The growth rate 
of the film from n-type silicon was larger than that 
from p-type silicon. Apparent specific gravity and pore 
diameter of the film on n-type silicon were affected by 
the current density and donor density. The crystalline 
structure of the film was the same as that of silicon 
single crystal. 

The film was oxidized very rapidly in oxidizing at- 
mospheres. A preliminary attempt was made to apply 
the porous silicon film to bipolar integrated circuits 
isolation. An oxidation step at 1100°C for 30 min was 
sufficient to make an insulating film 4p thick. Small 
excess leakage current was observed in the sample. 
Capacitance/voltage relation was similar to that of a 
graded p-n junction, CaV- ' I3 .  

The IPOS technique may be applicable to fabricating 
not only bipolar integrated circuits, but also MOS inte- 
grated circuits. Some problems still remain to be re- 
solved. For example, a lower leakage current is de- 
sired for application to MOS devices. 
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ABSTRACT 

The initial charge and its decay characteristics of Teflon FEP thermo- 
electrets have been investigated at different polarizing and storage tempera- 
tures. The decay of the electrets strongly depends on the polarizing tempera- 
ture T, even when they are stored under the same conditions. For low po- 
larizing temperatures, the initial charge is fairly large but it decreases as the 
polarizing temperature increases. Atter it reaches a minimum value at 
Tp N 100°C, it increases again with T,. On the other hand, for low Tp the 
residual charge which is measured 60 min after polarization, is small in spite 
of the fairly large initial charge and it increases with T,. From these experi- 
mental results, it is concluded that the polarizing temperature plays an essen- 
tial role for charge stability in electrets. Observed temperature dependence 
of the initial charge and its decay characteristics are discussed briefly. 

Recently plastic film thermoelectrets have been in- 
vestigated owing to the practical interest in the elec- 
tret microphone (1). For several plastic film electrets, 
the time variation of the surface charge was studied 
as a function of the storage temperature for estimating 
the lifetime of electrets (2) .  

Usually, most of the values of surface charge den- 
sities reported in the literature are order of 10-9 - 
10-'0 coulomb/cm2. In these electrets with relatively 
low charge densities, effects of molding and stripping 
charges also become important (3,4). In these electrets 
charge reversal often takes place. The effect of stor- 
age temperature on the charge reversal was investi- 
gated for various electret materials ( 5 , 6 ) .  Pillai et al. 
(3,7) investigated the effect of polarizing temperature 
on initial charge and its decay characteristics for poly- 
vinylchloride and polyvinylacetate electrets. The im- 
portance of polarizing temperature and electric field is 
also pointed out in the thermoelectrets of polyvinyl- 
chloride and polyrnethylmethacrylate (8). Recently, 
Perlman and Unger (9) studied the polarizing tem- 
perature effect on charge trapping in Teflon film elec- 
trets with the use of the thermally stimulated current 
technique (10). They reported that both molecular 
motion and thermal excitation are important for charge 
release. With the use of the thermally stimulated cur- 
rent technique, Takamatu and Fukada also studied the 
polarizing temperature effect (11, 12). 

For practical purpose, however, it is desirable to 
produce electrets having large charge density, and to 
study forming conditions for good electrets is useful 
not only for deeper understanding of basic mecha- 
nisms of electret phenomena but also for practical ap- 
plication of electrets. To get a practical film electret 
with large homocharge, several techniques have been 
developed (2, 13, 14). In the present paper, initial 
charge and its decay characteristics are studied in ther- 
moelectrets of Teflon FEP film which are polarized at 
various polarizing temperatures with use of the tech- 
nique of dielectric insert (14). 

Experimental 
The electret material used in this investigation is a 

film of Teflon FEP (copolymer of tetrafluoroethylene 
and hexafluoropropylene) of 12c in thickness. A film 
sample and a disk of soda glass (0.75 mm thick) met- 
allized on one face were placed between brass elec- 
trodes of a polarizing holder. As shown in Fig. 1, this 
glass disk was inserted between the sample and the 
negative electrode in order to obtain an electret with a 

large homocharge without arcing during the polariza- 
tion process (14). 

Electrets were obtained as follows: a sample was 
heated to a polarizing temperature Tp and then a po- 
larizing voltage V ,  (800V) was applied across the elec- 
trodes. After 10 min under the electric stress at the 
temperature of T, the sample was cooled down to room 
temperature under the same electric stress. The cooling 
process took about 40 min. In order to exclude a con- 
fusing contribution of unstable charges which stay on 
the surface of electrets, after polarization all electrets 
were kept for 5 min between brass electrodes short- 
circuited, and then the net surface charges were mea- 
sured by the vibrating electrode method deveIoped by 
Reedyk and Perlman (15). The decay characteristics 
of the surface charges for various storage temperatures 
were observed as a function of storage time t, by mea- 
suring the surface charges of electrets which were 
stored in free (unshort-circuited) at a temperature of T,. 

Results 
The time variations of the surface charge were in- 

vestigated for the samples which were polarized at 
various temperatures. Since the decay of the charge on 
the anode surface of the sample was almost the same 
as that of the cathode except for some irregular be- 
havior, the charge on the cathode surface was chiefly 
investigated. 

The net surface charge observed in this study was a 
homocharge and the charge reversal did not take place. 

Key words: FEP, poladzing temperature, charge, Fig. 1. Electrode assembly. e, Brass electrode; g, glass dirk; m, 
residual charge. metal layer. 
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Observed values of the initial surface charge scat- 
tered from sample to sample even when the electrets 
were produced under the same conditions, and the 
electrets slightly differed in their decay characteristics. 
Therefore, normalized decay curves were determined 
from the several measurements as shown in Fig. 2. 
For various polarizing temperatures, the normalized 
decay curves are shown in Fig. 3  and 4. As is seen from 

L I 
0 30 60 90 120 

T I M E  (rnin.) 

Fig. 2. Normalized decay curve of surface charge on the cathode 
side of Teflon FEP thermoelectrets. Curve (a), Tp = 180°C, Ts = 
10O0C Vp = 800V. Curve (b), Tp = 60°C, Tp = 80°C, Vp = 
8WV. 

I 1 
0 3 0 60 90 120 

T l M E  (min.) 

Fig. 3. Normalized decay curves of surface charge on the cathode 
side of Teflon FEP thermoelectrets stored at 80°C. Curve 1, Tp = 
140°C; curve 2, Tp = 80'C; curve 3, Tp = 60°C. 

. , , ,  , , , 1 
0 30 60 90 120 

T I M E  (rnin.) 

Fig. 4. Normalized decay curves of surface charge on the cath- 
ode side of Teflon FEP thermoelectrets stored at  100°C. Curve 1, 
T, = 180°C; curve 2, Tp = 110°C; curve 3, Tp = 80°C; curve 
4, Tp = 60%. 

these figures, the decay characteristics of Teflon FEP 
electrets are nonexponential and they strongly. depend 
on T, and T,. Mean values of the initial charge den- 
sities on the anode and cathode surfaces, u+ (0) and 
a - ( O ) ,  and their mean errors are presented in Fig. 5. 
Their values were determined by taking averages of 
12-34 samples which were polarized under the same 
conditions (12  samples for T, = 60°C, 34 for T, = 80°C, 
26 for T, = l lO0C, 25 for T, = 1 4 0 T ,  and 14 for T, = 
180°C).  In Fig. 5, the values of a - ( 6 0 )  defined as 
residual charge on the cathode surface after storage of 
60 min at Ts, are also plotted against T, for various 
storage temperatures. These values of the residual 
charge were determined from the mean values of 
a-  ( 0 )  and the normalized decay curves. 

Discussion 
In electrets there are two kinds of surface charge 

( 1 6 ) ,  a homocharge and a heterocharge. The hetero- 
charge is due to the volume polarization and it decays 
more rapidly as compared with the homocharge in 
many electrets ( 1 7 ) .  The electrets which are produced 
with a suitable dielectric insert as in this study, have 
a large homocharge ( 2 , 1 3 , 1 4 ) .  This homocharge is 
thought to be due to the discharge in the air gap be- 
tween the sample and the polarizing electrodes (18- 
2 2 ) .  The charge produced by this discharge is then 
trapped by the various trapping sites in the sample. 
In real electrets there are many kinds of traps. The 
kinds of traps and the trap densities depend on sev- 
eral factors such as the physical and chemical prop- 
erties of the material used and the polarizing con- 
ditions of electrets. In addition to these facts, in real 
electrets the heterocharge may be present. Therefore, 
the decay characteristics of the surface charge become 
complicated and cannot be expected to obey strictly a 
simple exponential function. In many electrets, how- 
ever, the decay form is found to be quasiexponential: 
After decay has taken place for some time, the sub- 
sequent decay can be expressed by a simple exponen- 
tiai curve (17). 

For our Teflon FEP electrets, it is found from Fig. 
2-4, that the decay curves of the surface charge consist 
of two components: an initial fast decay component 
and the subsequent, slow and somewhat exponential 
component. Similar decay curves have been reported 
in the electrets with high homocharge ( 2 , 1 3 ) .  As is 

n 
E 
7 20. e 
a3 

'0 
C .- 

q lo. 
0 - 
'$ - 
0 - - 

POLARIZING TEMPERATURE ( * C )  

Fig. 5. Effect of polarizing temperature on the initial and re- 
sidual surface charge densities of Teflon FEP thermoelectets. ., a+ (0); A, u- (0); A, u- (60) at  T. = 80°C; a, a- (60) 
at  T, = 100°C; 0, a -  (60) at T, = 120°C; 0, a- (601 at  
T, = 150°C; where, u+ (0) and u- (0) are initial charge dens- 
ities on the anode and the cathode surfaces, respectively, and 
a- (60) is residual charge density on the cathode surface which is 
measured after storage of 60 min at  various storage bmperatures. 
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seen from Fig. 2-4, relative values of these components 
vary depending on T, and T,. In general, the fast com- 
ponent is more remarkable in electrets polarized at 
low T, and stored at high T, than in electrets polarized 
at high T, and stored at low Ts. This Tp-dependence 
of the charge trapping was recently investigated by 
Perlman and Unger (9). They observed that the curves 
of thermally stimulated currents in electro-electrets of 
Teflon vary depending on the polarizing temperature 
and the current spectra shift toward higher tempera- 
ture with increasing sample temperature during po- 
larization. This peak shift in thermally stimulated cur- 
rent spectra was also observed by Takamatu and 
Fukada (11,12). They found that there are two kinds 
of peaks in thermally stimulated current spectra in 
polyvinylidenfluoride, polyethylene, and polytetra- 
fluoroethylene thermoelectrets. For one kind of peaks, 
the peak position does not depend on polarizing tem- 
perature and it locates at low temperatures (most of 
these peaks appear below 0°C). For the other kind of 
peaks, the peak position is T,-dependent and peaks 
appear at the temperature several degrees higher than 
that of polarizing temperature. From these facts it is 
suggested that polarizing temperature plays an essen- 
tial role for charge trapping in electrets. 

Figure 5 shows T,-dependence of the initial charges. 
It is almost the same on both anode and cathode sides 
but the surface charge on the cathode side is slightly 
larger. In Teflon FEP electrets, negative charges seem 
to be more stable than the positive. The initial charges 
on both sides have large values for low T, and they de- 
crease as Tp increases. After the charges have mini- 
mum values at T, = 10O0C, they increase again with T, 
and have large values for high T,. On the other hand, 
the residual charge becomes large with increasing T,. 

In our electrets, the homocharge is thought to be 
produced by the following process (18, 19) : Applying a 
voltage between electrodes increases the field in the air 
gap. Eventually, this field will exceed the breakdown 
strength of the air gap and the spray discharge will 
occur. The homocharge deposition by this spray dis- 
charge continues until the surface density of the de- 
posited charge attains a certain threshold value which 
reduces the field in the gap below breakdown and 
quenches the discharge. In order to discuss qualita- 
tively the observed T,-dependent initial charges and 
their decay characteristics, we make an assumption for 
simplicity that there are two kinds of charge traps in 
our electrets, low energy traps and relatively deep 
traps. Then, a part of the homocharges produced by 
the spray discharge is held in the two kinds of traps, 
a1 in shallow traps and a2 in deep traps. The remainder 
of the spray charges contributes to a forming current 
or to an unstable charge ro which stays on the surface 
of the sample and easily escapes while the electret is 
kept for 5 min between the electrodes short-circuited 
or handled prior to measurements. Since the quenching 
of the discharge in the air gap is determined only by 
the threshold value of the deposited charge and it does 
not depend on the kind of traps in which the charge 
falls, just after polarization the total value of uo + ui 
+ uz is thought to be constant and independent of Tp 
as long as the polarizing voltage remains constant. 

Observed T,-dependent behavior of the electrets is 
explained as follows on the basis of an idea that the 
relative values of 00, u1, and up vary depending on T,. 

For electrets polarized at low temperatures, the 
charge trapped in the shallow traps predominantly 
contributes to the initial charge. Therefore, at high 
storage temperature the detrapping rate from the shal- 
low traps is large and the surface charge rapidly de- 
creases in the initial part of the decay. In this case the 
residual charges are small in spite of the large initial 
charge. 

For electrets polarized at high temperatures, emis- 
sion probability from the shallow traps increases and 
the equilibrium net trapping rate by the shallow traps 

decreases. For this reason the unstable charge uo may 
be large and the initial charge becomes small. 

When the polarizing temperature T, is much higher, 
the contribution from the charge held in the shallow 
traps becomes smaller and smaller due to increase of 
detrapping probability, but the charges released from 
the shallow traps migrate much more easily at high T, 
and are retrapped more easily by the deeper traps. As 
a result, the charge held in the deep traps contributes 
much more to the threshold charge density which 
quenches the spray discharge. Therefore, the initial 
charge becomes large again and the residual charge 
also increases with T,. In this case the initial rapid 
decay is not observed. 

The charge retrapping was reported by Sessler and 
West (13). From analysis of thermally stimulated cur- 
rents, they found that charges in polyethylenetereph- 
thalate and Teflon FEP electrets are subjected to con- 
siderable retrapping. This charge retrapping is also 
supported from the following experiment. Two kinds of 
electrets were polarized under the same V, and T, 
but different polarizing time t,, 3 hr and 10 min, re- 
spectively. Figure 6 shows charge decay curves of these 
electrets. As is seen from Fig. 6, the initial charge of 
the electrets polarized with applying V, for 3 hr is 
larger than the electrets polarized with applying V, 
for 10 min, and these two kinds of electrets show quite 
different decay characteristics. In the electrets with 
t, of 3 hr, no initial rapid decay is observed and the 
residual charge is larger. As the polarizing time in- 
creases, emitted charges from the shallow traps have 
much more chance to be retrapped by the deeper traps. 
so that the unstable component uo decreases and the 
ratio of u? to u1 becomes large even when the values of 
V,, and T,, are kept constant. This results in a larger 
initial charge and no initial rapid decay, as is found for 
the electrets with a long tp in Fig. 6. 

Although the detailed natures of the two kinds of 
traps are not clear at this stage, the charge 01 may be 
loosely bound on the surface of an electret and decay 
chiefly by surface recombination. On the other hand, 
it is found from Fig. 5 that, when T, is 120" or 15OSC, 
the values of the residual charges decrease abruptly in 
comparison with the cases of T, = 80" and 100°C. This 
suggests that the deep traps may be associated with 
the motion of the main chain of Teflon FEP because 
the glass transition temperature of the film is about 
130°C (23). 

Summary 
The observed results are summarized as follows. 
1. The initial charge density and its decay charac- 

Fig. 6. Effect of polarizing time on charge decay of Teflon FEP 
thermoelectrets (average over 3 electrets). The storage tempera- 
ture T,  is 100°C. Curve (a), tp = 3 hr, Tp = 75'C. Vp = 800V. 
Curve (b), tp = 10 min, T, = 75"C, Vp = 800V. 0, V, Surface 
charge densities on the anode surface. e, V, Surface charge 
densities on the cathode surface. 
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teristics of Teflon FEP thermoelectrets strongly de- 
pend not only on the storage temperature but also on 
the polarizing temperature. 
2. The decay curves of the electrets are nonexponen- 

tial and they consist of two components, a fast decay 
component and a slow component. 
3. For electrets polarized at relatively low T,, the 

fast decay component becomes remarkable. In this case 
the surface charge is predominantly held in shallow 
traps and the residual charge density is small in spite 
of its large initial charge density. 
4. As the polarizing temperature increases, the ini- 

tial charge density decreases and it has a minimum 
value when the polarizing temperature is around 100°C. 
5. For electrets polarized at T, higher than about 

10O0C, the relative amount of the charge trapped by 
deep traps becomes large, and both initial and final 
charges increase with T,. 
6. To get a stable electret, the polarizing tempera- 

ture should be high enough to produce many deep 
trapping sites and the polarizing time should be long 
enough for charge retrapping by deeper traps. 
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The Formation and Structure of Anodic Films on Beryllium 

M. T. Shehata* and Roger Kelly* 
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ABSTRACT 

The present, as well as previous, work on the anodizing of Be confirms that 
most electrolytes yield films characterized by one or more of being porous, 
being subject to extensive dissolution, or being crystalline. This includes 
electrolytes based on the following: aqueous KOH, a Cr08-HN03 mixture, 
aqueous Na~C03, (CzHd2HP04, a (CZH~)ZSO~:H?SO~ mixture, acetic acid. 
Significantly different results are obtained with ethylene glycol which is 
saturated with NazHPO4 or KHzPO4 or both Na2HP04 and NazS04. The films 
are then nonporous, as shown by scanning electron microscopy. They are 
formed with negligible dissolution, as follows by implanting the Be with 30- 
keV Kra5 before anodizing and noting the loss of activity during anodizing. 
They are nominally amorphous, as inferred by reflection electron diffraction, 
though crystallize to hexagonal Be0 at a temperature lving somewhere below 
300°C. It will be shown in a subsequent paper that the films formed in an 
ethylene-glycol-based electrolyte can be quantitatively removed and that Be 
can therefore be microsectioned. 

Anodic films on metals are often classified as porous 
or nonporous. Nonporous films, which are the more 
usual, are normally found to form in electrolytes in 
which the oxide has a low solubility, and to grow until 
they reach an almost limiting thickness which, for a 
given time scale, is proportional to the applied poten- 
tial. They are characterized by a high resistivity and by 
conduction which is mainly ionic in character. Non- 
porous films are often amorphous though there are 
many exceptions, including Sn (1) and Zr (2, 3) in 

Electmchemical Society Active Member. 
Key words: beryllium, anodization. thin alms, anodic sectioning. 

general and Mo (4), Ta (4, 5), Ti (3, 51, U (61, V (41, 
and W (4) under particular conditions. 

On the other hand, electrolytes in which the oxide 
is somewhat soluble are occasionally found to support 
the growth of porous films which increase more or less 
indefinitely in thickness while the applied potential 
varies slightly or not at all. They are characterized by 
a low resistivity. Though normally described as "crys- 
talline," they are variously amorphous [Al anodized at 
room temperature (5)] or crystalline [Be (7, 81, prob- 
ably Sn (9, 111. 



1360 3. Electrochem. Soc.: SOLID-STATE SCIENCE AND TECHNOLOGY October 1975 

Films formed on Be have invariably been found to 
show one or more of the characteristics of a porous 
film. Thus no films at all were obtained with some 
dilute aqueous electrolytes (7, 8). Those formed with 
HNOs, CrOs, or mixed Cr03-HN03 were crystalline 
(7, 8) and had thicknesses up to -400 nm (7) or more 
(10). Those formed with ammonia in ethylene glycol 
appeared to have had a low resistivity and to have 
been subject to dissolution (7, 8), while use of 0.5M 
Na2C03 resulted in crystalline films (11). 

The object of the present work was to attempt to 
form anodic films on Be which, unlike those of previ- 
ous work, were simultaneously nonporous, formed with 
minimal or no dissolution, and nominally amorphous. 
This goal was achieved, such that films could be formed 
under conditions when the potential drop across the 
film was about 19 x 108 V/m and the efficiency at  
30V for fixed current was 0.95 f 0.02. Beryllium can 
thus be made to anodize in a similar manner as with 
most other metals (Table I ) .  The formation of such 
films is in principle of importance in the understanding 
of anodic oxidation from an electrochemical point of 
view, but we regard it of greater interest to work on 
diffusion or on ion-solid collisions. It leads first of all 
to a microsectioning technique, thence to the possibility 
of studying diffusion and ion depth distributions in 
Be (12). It leads secondly to the possibility of studying 
secondary particle emission from Be0 in a manner 
similar to what was done with A1203 (13). 

using a Ni wire near the Be as a probe), though with 
none of the results to follow is this of importance. 
The anodizings were carried out in unstirred electro- 
lytes and without protection from air, and the electro- 
lytes were therefore discarded after 5 or 6 anodizings 
or 1 hr, whichever came first. 

The extent of metal dissolution during anodizing 
was determined using a depth-distribution technique 
due to Giani (1). Kr85, which is beta-active, was im- 
planted in Be at 30 keV to a dose of 2 x 10'5 ions/cmz, 
and the activity was noted before and after anodizing. 
The experimental depth distribution of such an im- 
plant is shown in Fig. 1 (12) and enables the retained 
activity fraction to be expressed as a depth. Such a 
depth is a lower limit to the metal loss during anodiz- 
ing the lower-limbt aspect entering due to the pos- 
sibility of film formation by outward migration of Be, 
thence to a burying of the marker in the manner shown 
by Pringle (14) for Ta. 

Results 
Dilute aqueous electrolytes.-It was concluded by 

Levin (8) that no film at all is formed on Be in 1% 
or 1% KOH, though 1% HN03 led to crystal- 

line Be0 if the current density was high enough. Sur- 
vey experiments undertaken in the course of the pres- 
ent work have largely confirmed these results, except 
for an indication of film formation with 1% KOH. This 
follows from the V-t and I-t behavior (Table 11). 

Experimental To provide new information on the use of dilute 
aqueous electrolytes the depth-distribution technique 

The 'pecimens used throughout this work were poly- was applied. Unacceptable extents of metal dissolution 
crystalline Be foils with dimensions of approximately during anodizing were revealed (Table II). 
25 x 12.5 x 0.25 mm and with purities claimed to be 
99.5%. They were obtained from Ventron Corporation CTO~-HNO~.-A Cr03-HN03 mixture consisting of 
(Alpha Products). After an initial polishing with a 200 g/liter of CrOs in 10% HNO3 is known to yield 
series of increasingly fine Sic  papers, the specimens crystalline films with Be which grow in thickness 
were given further treatment consisting either of linearly with time while the current remains constant 
chemical polishing [in 5 weight per cent (w/o) sul- (7,8). Anodic films have also been obtained using as 
furic aci.d, 75 w/o phosphoric acid, 7 w/o chromic electrolyte 20% aqueous CrOs (10,15). The results 
acid, and 13 w/o water] or else of mechanical polish- were interpreted in terms of the initial formation of a 
ing using 6 pm and 1 rm diamond paste with kerosene nOnpOr0Us layer of small but constant thickness fol- 
as-a lubricant. For experiments where reproducible 
fiat surfaces were required, the specimens were finally 
anodized and sectioned 5 times. The anodizing5 were DEPTH (nm) 
carried out at 50V in ethylene glycol which is satu- 112 
rated in both Na2HP04 and Naps01 and will be subse- I I _ 
quently called "electrolyte A," The sedionings were 
accomplished by exposing the films to 10% KOH for 1 

30 KEV Kr-Be 

min (12). Such treatment may be assumed to remove 
2 x 1015 IONSICMZ - 

submicroscopic irregularities, though this matter will 2 

be investigated explicitly in work now underway. 0 
t 

All anodizings were performed at room temperature 2 
(-22°C) using a power supply such that limits to both + 
the current and potential could be preset (Hewlett- 6 0.1: - 
Packard Model 6186B). The cathode was made of plat- u 
inum gauze in the form of a cylinder with an inside 
diameter of 25 mm. Potentials refer to the total value 2 
from anode to cathode rather than to the value across 
the oxide film. For electrolyte A and a current of 3 2 
mA/cm2 these values differ by -5V (as determined 

t 
0.01 

Table I. Comparison of fields and efficiencies for anodizing 
various metals 

Field to Efficiency 
form a at constant 

50-V film current of 2 
Metal Electrolyte (loB V/m) or 3 mAlcm' Ref. 

NIainly acetic acid 
Mainly acetic acid 
Aqueous 
Aqueous 
Mainly acetic acid 
Aqueous 
Aqueous 
Electrolyte A 

0.95 19,23 
0.95 11,23 

-1.On 16,24 
0.50 25 
0.96 16.23 
0.99 20 
0.90 20 
0.95 f 0.02 here. Eq. [11 

0.001~ I I I I I I I J  
0 3 6 9 12 15 18 21 24 

DEPTH (ug  /cm2 of Be) 

Fig. 1. Integral depth-distribution curve for 30-keV Kr in poly- 
crystalline Be as determined by anodic sectioning (12). Such a 
curve enables retained activity fractions, i.e., integral concentra- 

1 ~ o t  for constant current. tions, to be expressed as depths. 
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Table II.  V-t behavior, I-t behavior, and dissolution for the anodization of Be 
(Resent potential 30V with 1% KOH, 50V otherwlsc) 

Time to 
Ffnal reach preset Initial Final Total Fraction of K r  Inferred 

potential potential current current anodizing implant which loss of Be' 
Electrolyte (V) (min) (mA/cmz) (mA/cma) time (min) is retained (nm) 

1% H A 3 0 4  
l%HNOs 
1% KOH 
Cra-HNOs mixture 
0.5M NacCOs 
IC~H~ZHPOI  
(C?M)2S04-HaS0, mixture 
Mainly acetic acid 
Electrolyte A 

Never 
Never 

4 
Never 

6 
14.5 
0.3. 
0.5 
0.3 

The voltage rose to 50V in 0.3 min and then fell slowly to 30V by 10 min. 
b.Deduced from the preceding column with the help of Fig. 1. 

lowed by a thick film which could be shown to be scale of the porosity being 100-1000 nm. The extent 
porous. of metal dissolution during anodizing was determined 

We have undertaken a limited number of additional by the depth-distribution technique and found to be 
experiments using the CrOs-HNOs electrolyte of Ref. significant (Table 11)). 
(7,8). The V-t behavior, as shown in curve A of Fig. In conclusion, the anodic films formed on Be with 
2 and also in Table 11, suggests (though does not the Cr03-HNOs electrolyte of Ref. (7, 8) have none of 
prove) that thick, porous films are formed. The extent the properties which were desired regarding porosity, 
of uorositv was investigated emlicitv bv means of dissolution. andstructure. - - " -  
scanning electron microscopy. The results, given in NarC03,-Heusler (11) was able to form films on B~ Fig. 3 show clearly the porous nature Of the the with an electrolyte consisting of 0.5M Na2C03. The 

nificant extent (Table 11). 
10 2 5 The use of 0.5M NazC03 as the electrolyte for anodiz- 

I (RIGHT SCALE) --- ing Be is thus unsatisfactory in the present context for 
------___---_-_ two reasons: the dissolution and the crystallinity. 

0 4 8 12 16 Porosity, on the other hand, is not a problem. 

films were crystalline, could be formed up to a thick- 
ness of -250 nm (at 200V), and were accompanied 

TIME (minj Nonaqueous electrolytes.-An indication that non- 
Fig. 2. Typical V- t  and I-t curves for the anodization of Be in aqueous electrolytes may be of interest with Be is 

Cr@-HNO3 (curve A, always 30 mA/cm2), 0.5M NazC03 (curve found in work by Kerr and Wilman (7). They estab- 
B), and (C2Hs)zHP04 (curve C). Salid lines: V-t, with potential as  lished, using a 25 g/liter solution of ammonia in ethyl- 
in scale a t  left. Dashed lines: I-t, with current as in scale a t  right. ene glycol, that 30 nm thick amorphous films could be 

Fig. 3. Scanning electron micrographs with different magnifications of film formed by anodizing Be in Cr03-HN03 for 2 min ot 30 mA/ 
cm2. The films are markedly porous, the scale of the porosity being 100-1000 nm. 

by oxygen evolution. 
We have sought to obtain additional information on 

the use of OO.M Na2C03. The V-t and I-t behavior, as 

3 shown in curve B of Fig. 2 and also in Table 11, sug- ' ; gests result. (though The extent does of not porosity prove) was that again nonporous investigated films 
-6 $, by scanning electron microscopy. The results, given in 

6 Fig. 4, show that the films are mainly nonporous, but 
a with evidence for both local and general dissolution. 

Metal dissolution during anodizing occurred to a sig- 

50 

- 40- - 
A 

F 30- 

6 
: a- 

- .- -- - -- - - - -- --- 

) , _- _ -_ _ _ _  ._ _ _ _ 
I ', \ \ I*----- _ 
', ',.,' 
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Fig. 4. Scanning electron micrographs with different magnification! 
preset current of 10 mA/cm2 and a preset potential of 50V. The 
local and general dissolution. 

formed. Unfortunately, the current remained roughly 
constant, as if the films were not insulating or alter- 
natively were dissolving. 

In the present work we have investigated nonaque- 
ous electrolytes of four types. 

(i) (CZH~)~,HPO~. Anodizing Be in diethyl phos- 
phate results in a V-t curve suggestive of a nonporous 
film but an I-t curve leading to the converse conclu- 
sion (curve C of Fig. 2 and also Table 11). To gain 
further information, the extent of metal dissolution 
during anodizing was determined and found to be un- 
acceptably high (Table 11). 

(ii) (C~H~)~SO~-HZSO~.  A mixture of 75% 
(CzH5)2S04 and 25% H2S04 has been successfully used 
in the anodic sectioning of Nb and Ta (16). Anodiz- 
ing Be in this electrolyte results in V-t and I-t curves 
of nonideal type (Table 11). The electrolyte is implied 
by this to be unsatisfactory, and this conclusion was 
confirmed by finding similar metal dissolution to occur 
during anodizing as with diethyl phosphate (Table 11). 

(iii) Acetic acid. An acetic-acid based electrolyte, 
consisting of acetic acid, Na2B407.10H20, and water, is 
one of the few which permits Mo (17) and V (18.19) to 
be anodized. Its use with Be appeared at first sight en- 
couraging in view of the V-t and I-t behavior (Table 
11) ; however, unacceptable metal dissolution occurs 
(Table 11). 

(iv) Ethylene glycol. More satisfactory results were 
obtained with ethylene glycol which has been saturated 
with certain salts. As seen in Fig. 5, the choice of 
Na+K!Os (curve A) or NaaSO4 (curve B) as the salt is 
unsatisfactory owing to the low value of dV/dt, whence 
an implied low efficiency. The choice of Na2HP04 
(curve C) or KHzP04 or both Na2HP04 and NazS04 
(curve D and also Table 111, however, results in V-t and 
I-t curves similar to those found when nonporous films 
are formed on Nb, Ta, V, or W (16,19). We will sub- 
sequently refer to the electrolyte consisting of ethyl- 
ene glycol saturated with both Na2HP04 and NazSO4 
as "electrolyte A". 

Anodizing eficiency with electrolyte A.-Experi- 
ments of two kinds were done to determine the anodiz- 
ing efficiency with electrolyte A. First of all, Be thick- 
nesses inferred by integrating I-t curves with expanded 
time scales, such as those shown in curves A and B of 
Fig. 6, were compared with true Be thicknesses ob- 
tained gravimetrically by stripping the films in 10% 

i of f i lm formed by anodizing Be in  0.5M N o ~ C O R  for 15 min with a 
films are mainly nonporous, though show features suggestive of both 

- 3.0,- 
E 

- V (LEFT SCALE) - h) 
-.---- I (RIGHT SCALE) ' 

-2.0 c 
Z 

n 

- 1.0 L 
3 

-----------. -----____ --------- ------------------- -----. --- ------_ ----__ -__._ _ ____.. 
0 2 ;  O . c  

TlME (min ) 

Fig. 5. Typical V- t  and I-t curves for the anodizing of Be in  
ethylene-glycol-based electrolytes. Curve A: ethylene glycol sat- 
urated with Na2C03 (abnormally low dV/dt). Curve B: ethylene 
glycol saturated with NazSOc (abnormally low dv/dt). Curve C: 
ethylene glycol saturated with Na2HP04 (no anomalies). Curve D: 
ethylene glycol saturated with both Na2HP04 and NatS04 (elec- 
trolyte A, no anomalies). Solid lines: V-t, with potential as in  
scale a t  left. Dashed lines: I-t, with current as in  scale a t  right. 

V (LEFT SCALE) 

------ I (RIGHT SCALE) 

4 

\ \ 

'\\ '\ 
\\, '\ \.._ '.. ._ - - ---I:::-.-::---- -===-- c J ' " ' " ' " J  20 40 €0 80 0.0 

TIME ( s )  

Fig. 6. Like curve D of Fig. 5 but plotted with an expanded time 
scale. An appropriate analysis of such curves is shown to yield the 
anodizing efficiency for conditions both of constant current and of 
constant current followed by constant potential. 
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Table Ill. Anodizing efficiency for Be using electrolyte A 

Be thick- True Be 
Preset Anod- ness from thickness 
paten- izing Charge Faraday's from Eq. Anod- 

tial time passed% lawb (pgl I11 (pgl izing 
(V) (sec) (C/m2) cm2 of Eel cm? of Be) efficiency 

a Given by the total area under I - t  curves as i n  Pig. 6 for an 
initial current density of 3.0 mAlcmS Repeated 3 times for each 
present potential. 

b Calculated assuming an efficiency of 1.00. 

KOH for 1 min. The true thicknesses are shown else- 
where (12) to be given by the relation 

thickness - 0.1 + (0.056 2 0.003) X V pg/cm2 of Be [I] 

which is valid provided the preset current is 3 mA/ 
cmz and the current is allowed to drop, following the 
attainment of the preset potential, for 45 sec. The re- 

Fig. 7. dV/dt a t  30V vs. I for the anodization of Be in elec- 
trolyte A. Given that dV/dt is proportional to the ionic current 
as in Eq. [2], these curves serve to separate the total current of 
3 mA/cm2 into an ionic part of 2.85 .+- 0.05 mA/cm2 and a non- 
ionic part of 0.15 + 0.05 mA/cm2. 

:LMS ON BERYLLIUM 1363 

sults, summarized in Table 111, indicate an efficiency 
of -0.7, valid for conditions of fixed current followed 
by fixed potential. 

The dependence of dV/dt on the total current I can 
be used to estimate the efficiency under conditions of 
fixed current. The basic relation, which remains valid 
even if (as in the present work) the IR drop in the 
electrolyte is not corrected for, is 

where il is the ionic current, i, is the electronic cur- 
rent (which usually causes oxygen evolution), and is 
is the current leading to film dissolution (20). Accord- 
ingly, a second group of experiments was carried out. 
The primary data were as in Fig. 6, and from these 
plots of dV/dt at 30V us. I as in Fig. 7 were constructed. 
The intercept with the current axis represents the non- 
ionic current density, namely 

iz + il = 0.15 -c 0.05 mA/cm2 (at 30V) 

when I is 3 mA/cm2. The efficiency follows as 0.95 
r 0.02 and is thus markedly greater for fixed current 
than for fixed current plus potential. This result is un- 
derstandable if it is remembered that the contribution 
of i z  + is will depend on the total anodizing time (19) 
and the times were -15 sec at fixed current but 65 sec 
at fixed current plus potential. 

A slight curvature in the rising portions of the curves 
in Fig. 6 will be noted. We have not studied this effect 
in detail and therefore cannot say whether it is due to 
a change (with V or t )  of the field in the anodic film 
or of the efficiency. The discrepancy between iz + is 
= 0.15 mA/cmz and the leakage current in Fig. 6, 0.35 
mA/cmz, becomes less for longer times. 

Porosity, dissolution, and crystallinity with electro- 
lyte A.-Figure 8 shows scanning electron micro- 
graphs obtained for a film formed on Be and elec- 
trolyte A. Comparison with Fig. 3 and 4 suggests a 
significant freedom from porosity. 

The depth-distribution technique showed that the 
metal dissolution during anodizing was essentially zero 
(Table 11). Electrolyte A differs in this respect from 
all others that were examined. Stated in other terms, 
the dissolution current, is, is evidently less important 
than the electronic current, il, in lowering the anodiz- 
ing efficiency to -0.7 for conditions of fixed current 
plus potential. 

Figure 9a shows a reflection electron diffraction pat- 
tern typical of a film as formed with electrolyte A. 

Fig. 8. Scanning electron micrographs with different magnifications 
preset current of 3 m A / c m b n d  a preset potential of 50V. The films 

of film formed by anodi2in.g Be in electrolyte A for 1.5 min with a 
are significantly free from porosity. 
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Fig. 9. Reflection electron diffraction patterns taken a t  60 or 80 kV of film formed by anodizing Be in electrolyte A for 1.5 min 
with a preset current of 3 mA/cmZ and a preset potential of 50V. Image (a): as-formed film, showing halos such as are conventionally 
ascribed to an amorphous structure though con olso arise from microcrystollites having sizes of 1-2 nm. Image (b): film heated for 30 
min in a vacuum of 1 X 10-1 Pa a t  300°C, showing the halos to have split into diffuse rings. Image (c): film heated for 30 min in 
vacuum a t  6W0C, showing sharp rings identifiable as hexagonal BeO. 

The film is nominally amorphous. After heating the 
films for 30 min in a vacuum of about 1 x 10-4 Pa at 
300" ((Fig. 9b) or 600°C (Fig. 9c), the diffraction pat- 
terns revealed increasing degrees of crystallinity, such 
that the heating at 600°C led to overt polycrystallinity. 
The rings were identifiable as those of hexagonal BeO. 

Discussion and Conclusions 
Type of film.-The results presented here have 

shown that the behavior of Be with regard to anodiz- 
ing is much like that of A1 (5) and Sn (1: 9). Porosity, 
dissolution, and crystallinity can be varied almost at 
will depending on the electrolyte, with over-all results 
as in Table IV. The most interesting electrolytes would 
appear to be those consisting of ethylene glycol satu- 
rated with NazHP04 or KHzPOl or both NazHP04 and 
NatS04 (electrolyte A).  The V-t and I-t behavior 
suggested that a voltage-dependent limiting film thick- 

ness was obtained (Fig. 5 and 6).  The films were found 
to be nonporous (Fig. 8) and dissolution to be unde- 
tectable (Table 11). The films were nominally amor- 
phous, with a crystallization temperature lying some- 
where below 300°C and with the crystallization prod- 
uct consisting of hexagonal Be0 (Fig. 9). Their struc- 
ture thus more nearly resembled the chemically pre- 
cipitated Be0 studied by Kerr (21) than the anodic 
films obtained in previous work (7,8, 11). Anion in- 
corporation in the anodic film from the electrolyte, 
such as that demonstrated with Ta (16,221 may or may 
not have played a role and will be investigated in 
subsequent work. 

Anodizing efficiency.-The anodizing efficiency using 
electrolyte A was determined in two ways: from 
Faraday's law and from dV/dt. Use of the former gave 
a value of -0.7, valid for conditions of fixed current 

Table IV. Summary of Be anodizing 

Current at 
Electrolyte Film? fixed potential Porous? Dissolution? Crystallinity 

1% M O 4  or 1% HNOa NO Constant Yes 
1% KOH Yes Falls slowly Yes 
CrOs-HNOa mixture Yes Constant Yes Yes Crystalline (7) 
0.5M NaaCOs Yes Falls rapidly No Yes Crystalline (11) 
(C&)zHPO& Yes Nearly constant Yes 
( C & ~ ~ ~ S O I - H ~ S O I  mixture Yes Constant or nearly Yes 

constant 
Mainly acetic acid Yes Falls rapidly Yes 
Electrolyte A Yes Falls rapidly No No Nominally amorphous 
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followed by fixed potential. Use of dV/dt gave a value 
of 0.95 k 0.02, valid at  30V for fixed current. Effi- 
ciencies of less than unity will arise whenever elec- 
tronic current, in, or dissolution current, b, play a role. 
The lack of dissolution (Table 11) shows that iz is the 
more important in the present case. We attribute this 
role of electronic current to the relatively low thick- 
nesses of the anodic films formed on Be (Eq. [I]) 
such that the resulting fields across the films are higher 
than with most other metals (Table I). 

Anodic sectioning of Be.-The present work consti- 
tutes the first instance in  which Be has been anodized 
under controlled conditions, the important feature 
being the choice of electrolyte. We will in a subsequent 
paper (12) treat the converse of film formation, namely 
the quantitative removal of films. This leads first of 
all to a microsectioning technique, thence to the pos- 
sibility of studying diffusion and ion depth distribu- 
tions in Be. We note in this connection that Be is a 
particularly interesting material for depth-distribu- 
tion work in view of its low mass. Film removal also 
has a purely electrochemical interest, in  that it leads 
to explicit information on efficiencies such as that in 
Table 111. 
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Photoluminescence of Epitaxial ZnSe 

Layers Grown on Ge 

F. Chernow, G. F. Ruse, and G. W. Eldridge 
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ABSTRACT 

The epitaxial growth of ZnSe on (100) Ge using the close-spaced trans- 
port process is described. Substrate temperature of 575°C and source tem- 
peratures of 675°C yield 10p single-crystal layers in 10 hr. The Ge substrate 
provides a nonreplenishable, chemical transport agent and the epitaxial layer 
thickness is limited to approximately lop. As-grown epitaxial layers show ex- 
cellent photoluminescence structure at 77°K. As-grown layers exhibit high 
resistivity, annealing in Zn vapor at 575°C reduces the resistivity to 10-100 
ohm-cm. Zinc vapor annealing quenches the visible photoluminescence. 

The literature on the epitaxy of ZnSe on Ge is rela- 
tively large. Growth techniques include vacuum dep- 
osition (1-3), chemical vapor transport (41, close-space 
vapor transport (5), and close-space, chemical vapor 
transport (5). The pair of semiconductors is particu- 
larly attractive for electronic applications such as tran- 
sistors with wide bandgap emitters (6,7) due to the 
small lattice mismatch and low concentration of inter- 
face states achievable (8). Vacuum-deposited layers 
exhibit strain and adhesion problems that may make 

Key words: close-spaced transport. 

them unacceptable for devices (1,2). Chemical trans- 
port techniques lead to incorporation of substantial 
halogen concentrations which create donors and com- 
parable densities of deep acceptors (4,5,9). The close- 
spaced growth process using pure Hz gas and undoped 
ZnSe sources minimizes doping and compensation in  a 
configuration that is inherently clean and efficient (10). 

The present work was motivated by a need to pre- 
pare ZnSe substrates suitable for ion-implanted elec- 
troluminescent devices. Required characteristics in- 
clude morphography adequate for ion implantation, 
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low doping to minimize the dose required for compen- 
sation, and high luminescence efficiency. Layers grown 
using the close-space technique were examined for 
morphology and macroscopic uniformity, behavior 
under Zn vapor annealing, and photoluminescence 
structure. Photoluminescence measurements provide 
information on both the defect structure of the ZnSe 
layer and a suggestion of its electroluminescence po- 
tential. Little has been reported on the photolumines- 
cence of ZnSe epitaxial layers and the reported results 
are somewhat disappointing (4). 

Experimental Procedure 
Growth system.-The close-space transport system 

employed in this work is shown in Fig. 1. This configu- 
ration is similar to that described by Hovel and Milnes 
(5). The insert in Fig. 1 shows the actual growth re- 
gion. The high purity quartz crown establishes the 
source to substrate separation and aids in controlling 
the vapor pressure over the substrate. Slots cut in this 
crown provide access for the flow gas. Several vari- 
ations in the access area were used, but no dependence 
of the growth behavior on this area could be deter- 
mined. The source and substrate are clamped by high 
purity, low porosity carbon blocks which act as absorb- 
ers heated by external 600W tungsten-iodide lamps. 
These susceptors are supported by high purity quartz 
tubes. Thermocouples inserted in these tubes are used 
to monitor the temperatures of the susceptors and con- 
trol the power to the lamps. Dual, digital, set point in- 
dicators, current modulators, and SCR power circuits 
control the substrate temperature (Tsub) and the 
source-substrate temperature difference (AT). Rapid 
response with little or no overshoot and temperature 
control of better than 1°C was easily achieved. 

A gas flow and mixing system was designed to ac- 
commodate HC1 chemical transport growth as well as 
the work described here. It was constructed of Monel, 
Type 316 stainless steel, and inert plastics. This system 

(100) Ge 

Quartz Crown 

- ~ n ~ e  Source 
Graphite Absorber 

Exhaust 

U 

Purge 

Pd-Ag Dif fusion 
Puri f ier  

Mechanical 
Pump 

Ar > Trap  Pressure  
Gauge 

Fig. 1. ZnSe growth system. Graphite absorbers are 1% in. 
diam X 7/16 in. thick; Ge substrates are 1/2 in. square, and the 
ZnSe growth region is 0.34 in. in diameter. Gases are vented 
through bubblers to prevent back diffusion. For Hz + HCI growths 
pure Hz flows through the Ar flow gauge and a large fraction of 
the initial Hz + HCI mixture is dumped at  the purge port in order 
to obtain low HCI concentrations. 

was made leak tight to within the 10-10 atm-cmS/sec 
sensitivity of a helium leak detector. The hydrogen 
flow gas used during the growths was palladium-dif- 
fusion purified. Electronic grade HC1 and prepurified 
argon were employed. Argon was used as a continuous 
flushing gas when the systems were not in use. (Sev- 
eral glass envelope-susceptor systems were con- 
structed; each system was used exclusively for partic- 
ular substrate and flow gas combination except where 
it is noted otherwise.) Systems were open to the at- 
mosphere for source or substrate replacement for a 
few minutes at most. Prior to growth, the growth re- 
gion was baked at 350°C in flowing Hz for a minimum 
of 1 hr. 

Substrate and source preparation.-Substrates were 
prepared from 2/3 mm thick, (100) oriented germa- 
nium wafers. The Ge was nominally undoped (40-100 
ohm-cm, p-type). The dependence of epitaxial layer 
morphography on substrate surface structure was com- 
plicated by selective Se etching of the Ge during 
growth. The best results in terms of ZnSe uniformity 
and surface morphology were obtained when the sub- 
strates were mechanically polished using l p  A l z 0 3  
and then etch polished using concentrated NaOCl on a 
low nap pad (11). This produces optically flat, scratch- 
free Ge surfaces. A final etch in dilute 12-HF to remove 
3-5 mils was used to reduce surface damage resulting 
from the polishing procedure. 

Since the close-space transport is very efficient, ap- 
proximately twenty 10.11 thick growths can be made 
before the source-substrate gap changes appreciably. 
The work described here is the result of two separate 
source charges of which each were used twenty times. 
Sources were prepared from two, separate, high purity, 
melt grown, ZnSe single crystals purchased from 
Eagle-Picher Industries. Both crystals had high dark 
resistivity and both contained numerous grain bound- 
aries. Emission spectroscopy analysis of the as-re- 
ceived crystals revealed an impurity concentration of 
540 pprn (500 pprn Si, 20 pprn Fe) in the first crystal 
and an impurity concentration of 70 pprn (50 pprn Si, 
20 pprn Fe) in the second crystal. These emission spec- 
troscopy estimates exclude copper which was mea- 
sured by atomic absorption at 87 and 0.4 ppm, respec- 
tively. The first crystal was ground down to -50.11 
grains to form a "crushed-crystal" source. The second 
crystal was cut and polished to fit the quartz crown 
to form a "single-crystal" source. Surface damage and 
contamination were removed by etching in HzS04- 
KzCrz07 in the latter case (12). No chemical analysis 
was performed on the completed sources. 

Analysis techniques.-Surface morphography was ob- 
served using a 27-1250~ microscope with a Nomarski 
phase-contrast attachment. The front surface of the 
ZnSe layer was always examined; in some cases the 
ZnSe layer was removed by etching in 5% bromine in 
methanol to permit examination of the Ge substrate 
for etching by Se vapor during growth (5). Samples 
were cleaved for microscopic examination to determine 
the thickness of the ZnSe layers. Uniformity of both 
the growth and substrate etching were also noted. 
Crystallinity of the ZnSe layers was examined using 
Laue x-ray reflection and glancing, high energy, elec- 
tron diffraction techniques. As a consequence of the 
thin layers (610.11) and good lattice match, the x-ray 
data is dominated by reflections from the substrate. 

Several samples were annealed in a Zn vapor at- 
mosphere at 575°C. No attempt was made to protect the 
Ge substrate from attack by the Zn vapor, and this pre- 
cluded annealing in liquid Zn (5). The samples were 
placed in high purity quartz ampuls with a weighed 
quantity of metallic Zn (99.9995% pure) sufficient to 
achieve the Znl-Zn, equilibrium at the annealing tem- 
peratures while minimizing the quantity of excess, liq- 
uid Zn (13, 14). The ampuls were evacuated to 10-6 
Torr and sealed. Annealing was performed for times 
between 1 and 36 hr. The ampuls were inserted into a 
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preheated furnace and quench-cooled upon removal. 
Annealed samples were examined for cracks and peel- 
ing which would indicate stress and adhesion problems. 
Four terminal resistivity measurements were per- 
formed, and the ZnSe layer was etched back in steps 
and the resistivity measurement repeated to determine 
the uniformity of the induced conductivity. 

Ultraviolet-stimulated luminescence measurements 
were performed to assess the quality of the ZnSe epi- 
taxial layers. Samples were clamped to a cold finger 
in an evacuated Dewar and held at liquid nitrogen 
temperature. Light from a high pressure, lOOW mer- 
cury lamp was filtered (Corning No. 7-51) to remove 
visible components and focused on the sample. The 
spectrum was resolved using a double pass monochrom- 
ator and detected using a photomultiplier with an S-10 
photocathode. None of the spectra were corrected for 
system response. 

Experimental Results 
Growth.-Ts,b and AT were varied from 550" to 

800°C and 5" to 125"C, respectively, to determine op- 
timum growth conditions. Optimum conditions for this 
case are defined as best surface morphography, best 
crystal structure, with acceptable growth rate. The op- 
timum conditions were Tsub = 575'C, AT = 100°C at  a 
hydrogen flow of 300 cm3/min. 

Ten micron thick films were grown in 10 hr under 
optimum conditions. Increasing TSuh leads to severe 
pitting of the Ge substrate while almost no pitting was 
observed under optimum conditions. There is always 
evidence of Ge etching in the area where the auartz 
crown makes contact-with substrate. At the inside 
diameter of the crown, erosion reaches depths of a few Fig. 20. Surface of ZnSe epitaxial layer grown from the crushed- 

microns,  hi^ erosion decreases continuous~y towar. crystal source: Nomarski phase contrast; calibration marks corre- 

the outside diameter where isolated, square etch pits $pond to 5p. 

are found. No etching is observed outside the crown 
except in the immediate neighborhood of the slots. De- 

layer and o further systematic changes occur in the ~ i ~ .  2b. Surface of ZnSe epitaxial layers grown from the single- morphography of the epitaxial layers. crystal source: Nomarski phase contrast; calibration marks corre- 
1 Experiments were performed to determine the growth rate for spond to 5@. 

the single crystal to polycrvstal transition at the optimum substrate 
temperature. Addition of 0.6% HCL leads to a growth rate of 30 p/hr 
and induces this transition. This agrees with a Imear extrapolation Photol~mine~cence,-Figure 3 shows the visible pho- 
of the transitlon data for ZnSe epitaxy on (100) Ge presented by 
Calow et al. 12,. toluminescence spectra of a series of ZnSe layers 
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Wavelength ( % I  
Fig. 3. Luminescence of ZnSe layers grown from a crushed-crystal 

rource.The numbers in parentheses are the scaling factors used to 
multiply the intensity of the original data in preparing this figure. 
The relationship between run number and the accumulated hours 
of source use is No. 7, 20  hr; No. 10, 39 hr; No. 13, 65 % hr; 
No. 17, 107 hr; No. 18, 119 hr; and No. 19, 131 hr. Run No. 17 
employed a GaAs substrate. 

grown using the crushed-crystal source. The chrono- 
logical sequence of the growths is indicated by the run 
number; all of these growths were performed with ap- 
proximately optimal parameter values. There is also a 
reduction in dendritic growth in this progression. The 
dendritic growth was brushed off the sample prior to 
taking the spectra shown in Fig. 3. Etching to remove 
any residue of the dendrites did not alter the spectra. 

The evolution of the luminescence from layer to layer 
using the same source is too complex to be described 
completely by Fig. 3. The epitaxial layers grown when 
the source is new are of relatively poor quality and the 
luminescence is characterized by a broad, weak line 
peaking between 5900 and 6100A. As the source is used, 
epitaxial layers exhibit a 5400.4 line of increasing in- 
tensity followed by the gradual appearance of a line at 
6240A and simultaneous decrease in the intensity of 
the 6OOOA line (No. 7) .  In turn, the 6240A line decays 
and what appears to be an unresolved pair of lines 
at -6000 and -5625A grows in intensity. Still later 
growths from the same source result in epitaxial layers 
that exhibit a reduction in intensity of the 6000A line 
with no change in the 5625.4 line. Appearance of the 
blue emission band at 4560-4720A and the line at 
4450A occurs with extinction of the 6000A band (No. 
10). Continued use of the source leads to epitaxial 
layers that show increased intensity and better resolu- 
tion in the blue emission band (No. 13). 

Run No. 17 was performed on a GaAs substrate. A 
5~ epitaxial ZnSe layer was grown on the (100) GaAs 
substrate in 10 hr. Tsub and AT were maintained at 
575' and 10O0C, respectively. In contrast to normal 
procedure, neither the growth tube nor the ZnSe source 
were changed. Figure 3, No. 17 shows substantial in- 
tensity enhancement and line width reduction of the 
5625A line. No other lines were observed in the spec- 
trum. Run No. 17 was followed by additional growths 
on germanium substrates using the same source and 

growth tube. The 6240A red band and a structureless 
blue band reappears in No. 16. Figure 3, No. 19 indi- 
cates a return to the spectrum shown in Fig. 3, No. 13. 
Later runs show that the return to the original spectra 
is erratic and slower than might appear from the data 
appearing in Fig. 3, No. 18 and 19. 

Figure 4 details the behavior of the blue emission. 
The phonon-assisted emission series seen in the run 
No. 13 sample has been identified as resulting from a 
free to bound transition by Dean and Merz (15).  The 
LO phonon energy implied is 30.5 a 1 meV in agree- 
ment with published results (15, 16). The blue emis- 
sion band for the run No. 18 sample is typical of ZnSe 
with high A1 and Na concentrations (16).  The line at 
4450A is a combination of unresolved 11, Iz, and I, lines 
(17).  

ZnSe layers grown from single-crystal sources show 
similar luminescence spectra with notable exceptions. 
The structure of the blue emission changes in an er- 
ratic manner from growth to growth and never de- 
velops the detail observed in the spectra of the epi- 
taxial layers grown from the powdered source. The 
44501 line is observed in all epitaxial layers from the 
onset of use of the source. Layers grown during the 
initial runs show the -5600A band and blue emission 
in the 4560-4720A range is absent. The broad 6000A 
emission band may appear alone or with a line at ap- 
proximately 5400A. Other epitaxial layers exhibit a 
6240A emission band appearing with a line peaking 
anywhere between 5600 and 5400A. The 4560-4720A 
blue emission is present only when the 6000A band is 
absent. Luminescence intensity in epitaxial layers 
grown from both sources is comparable. 

Although growth of ZnSe epitaxial layers using HCl 
as a chemical transport agent is not the subject of this 
paper, some reference to the luminescent spectra ob- 
tained is useful. Layers grown using single-crystal 
sources and less than 0.1% HC1 in HZ show a green 
emission band centered at 5300A. At higher HC1 con- 
centrations the layers show a broad 6000A band and 
the blue emission is either structureless and very weak 
or absent. The photoluminescence spectra indicate no 
persistent contamination of the ZnSe source as a re- 
sult of using HCl. Cutting off the HCl flow yields epi- 

Wavelength (%I  
Fig. 4. Detail of blue luminescence of ZnSe layers. The spectro 

of the layer obtained from run No. 13 is typical of those obtained 
from runs No. 12 through No. 16. Run No. 18 was preceded by one 
run on a GoAs substrate. The numbers in parentheses are scaling 
factors for the data as defined in Fig. 3. 
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S-10 photocathode response bring the center wave- 
length and the linewidth of the 6240A band into agree- 
ment with the copper-red emission band reported by 
Jones and Woods (21). The relative behavior of layers 
grown from the two sources is not consistent with the 
initial Cu concentrations, however. 

Both the 5625A line in layers grown from the crushed 
crystal and the 5600-5440A line in layers grown from 
the single crystal appear to be the so-called yellow 
self-activated luminescence (26, 27). Variability in the 
peak in  the latter case is thought to be due to a vary- 
ing defect concentration. 

The ZnSe source material used for this study is simi- 
lar to that employed by Dean and Merz and by 
Chatterjee et at. in regard to both electrical and photo- 
luminescent behavior (15, 16). Prior to Zn vapor an- 
nealing the epitaxial layers also exhibited similar 
photoluminescent behavior. The initial conductivity of 
the epitaxial layers and their response to Zn vapor 
annealing is also similar. Dean and Merz annealed 
their ZnSe samples in Zn vapor to create or enhance 
the Q and QF+B emission lines (15). This procedure 
should reduce the Zn vacancy concentration. Chatterjee 
et al, indicate that Na substituting for Zn is responsible 
for the Q emission series (16). The presence of substi- 
tutional Na must be accompanied with a reduction in 
Zn vacancies if the blue emission is to be enhanced. If 
not, the deeper Zn vacancies would tend to dominate 
the photoluminescence and lead to longer wavelength 
emission. The epitaxial layers show no visible photo- 
luminescence when Zn is vapor annealed to achieve 
similar electrical properties. This implies either that a 
killer center involving Ge impurities is formed or that 
the optically active centers are gettered by the sub- 
strate. 

Approximately 75 hr  of firing the source powder at 
the growth temperature is an impractical method for 
stabilizing and purifying the source material. Even this 
preparation does not achieve surface morphography 
comparable to that obtained using a single-crystal 
source. It is possible that prefiring single-crystal 
sources in liquid z i n ~  would make these sources more 
uniform and achieve some purification by a solvent 
extraction process (28). 

Some form of chemical analysis of the epitaxial 
layers would have been helpful in explaining the lumi- 
nescence data. The luminescence is a complex function 
of the concentrations of more than one chemical species 
in general, and these concentrations may lie in the 
range of 1 ppm or less in ZnSe (27). 

Manuscript submitted Feb. 14, 1975; revised manu- 
script received May 27, 1975. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the June 1976 
JOURNAL. All discussions for the June 1976 Discussion 
Sectior. should be submitted by Feb. 1, 1976. 

Publication costs of this article were partially as- 
sisted by The University of Colorado. 

REFERENCES 
1. J. T. Calow, S. J. T. Owen, and P. W. Webb, Phys. 

Status Solidi, 28,295 (1968). 
2. J. T. Calow, D. L. Kirk, and S. J. T. Owen, Thin 

Solid Films, 9,409 (1972). 
3. A. San. J. Appl. Phys., 44, 523 (1973). 
4. S. G. Parker, J. E. Pinnell, and L. N. Swink, J. 

Phys. Chem. Solids, 32,139 (1971). 
5. H. J. Hovel and A. G. Milnes, This Journal, 116, 

RJR (19fi9) - -- \ - - - , . 
6. H. Kroemer, Proc. IRE, 45, 1535 (1957). 
7. H. J. Hovel and A. G. Milnes, lEEE Trans. Electron 

Devices, ED-16,766 (1969). 
8. A. G. Milnes and D. L. Feucht, "Heterojunctions 

and Metal-Semiconductor Junctions," Academic 
Press. New York (1972). 

9. s.G.P&~&, ~.Cr~s't.Gr6wth, 9,177 (1971). 
10. F. H. Nicoll, This Journal, 110,1165 (1963). 
11. A. Reisman and R. Rohr, ibid., 111, 1425 (1964). 
12. V. S. Park, C. R. Geesner. and B. K. Shin, Appl. 

Phus. Letters. 21. 567 f 1972). 
13. R. ~ . k o n i g ,  RCA ~ e v . ,  23, 561 (1962). 
14. P. Goldfinger and M. Jeunchemme, Trans. Faraday 

SOC., 59,2851 (1963). 
15. P. J .  Dean and J. L. Merz. Phus. Rev.. 178. 1310 , - , , 

(1969). 
16. P. K. Chatterjee, A. J. Rosa, and B. G. Streetman, 

J. Luminescence, 8, 176 (1973). 
17. A. Rosa, Private communication. 
18. H. J. Hovel, Appl. Phys. Letters, 17, 141 (1970). 
19. C. Auzary Roindessault and F. Lebourg, Compt. 

Rend. Acad. Sci. Paris, 272,691 (1971). 
20. J. S. Prener. and D. J. Weil. This Journal. 106. 409 . . 

(1959). ' 
21. G. Jones and J. Woods, J. Luminescence, 9, 389 

(1974). 
22. M. Aven and R. Halstead. Phus. Rev.. 137A. 228 . 

(1965). 
23. G. B. Stringfellow and R. H. Bube, Phys. Rev., 171, 

903 (1968). 
24. L. Yz. Markovskii I. A. Mironov, and Yu. S. 

Ryzhkin. Bull. ~ c b d .  Sci. USSR, 33, 887 (1969). 
25. S. G. Parker and J. E. Pinnell, Tram. Met. Soc. 

AlME 245,541 (1969). ' 

26. S. Iida, j. Phys. Soc. Japan, 26, 1140 (1969). 
27. S. Iida, ibid., 25,177 (1968). 
28. M. Aven and H. H. Woodbury, Appl. Phys. Letters, 

1,53 (1962). 

Poly(Viny1 Arene Sulfones) as Novel 

Positive Photoresists 

M. J. Bowden and E. A. Chandross 

Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

The synthesis and photosensitivities of a number of copolymers of sulfur 
dioxide and various arylethylenes are described. Irradiation with ultraviolet 
light causes chain scission and increases the solubility of these polymers; 
thus they function as positive photoresists. 

All commercial positive photoresists appear to de- mild alkali (1). Process operations using these mate- 
pend on the same photochemical process, viz., the re- rials have not been entirely satisfactory. The resist 
arrangement and hydration of a quinone diazide to solutions are complex mixtures and batch to batch 
form a carboxylic acid which solubilizes the resist in variation in properties can make developing proced- 

Key words: polysulfones, positive resist, photoresist. ures unsatisfactory. Positive resists have limited chem- 
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ical resistance to etching solutions and are readily and the photochemical reaction may be a hot ground 
soluble in alkaline etchants. Certain difficulties also state thermal reaction. 
arise when positive resists are used in conjunction with The acenaphthylene section of the polymer contains 
gallium arsenide substrates since the substrate is at- the grouping -CH-CH-402 which has the aryl group 
tacked by the developing solution, leading to marked 
undercutting of the resist and attendant loss of resolu- attached to of the main chain. We believe tlon. 

We have investigated a new type of positive that the increased sensitivity of this polymer over the 
photoresist, analogous to the recently described related vinylnaphthalene polymer is due to the strain 
electron-sensitive olefin-sulfur dioxide copolymers, introduced by the five-membered ring of the acenaph- 
7 1 thylene group. 

CH-CH-SO2 , where R is an alkyl group t I t 
L R 1. 

(2). This group of polymers does not absorb ultra- 
violet light in a useful region of the spectrum ( h  > 250 
nm) and it is not possible to sensitize photodegrada- 
tion. We thought that polysulfones containing R = 
aromatic hydrocarbon should show photochemical 
cleavage of the benzylic carbon-SOz bond. Related 
photochemical reactions are known for cyclic sulfones 
(3). We have found that the copolymers of arylated 
olefins, such as styrene, and sulfur dioxide are sensi- 
tive to ultraviolet light that is absorbed by the hydro- 
carbon moiety and that these copolymers function as 
positive photoresists with useful differential solubility. 

Styrene is known to form a 2: 1 copolymer with sul- 
fur dioxide under certain conditions (4). We chose this 
material for our initial studies and found it to be 
sensitive to ultraviolet light absorbed by the pendant 
benzene rings (ca. 265 ~ n ) .  The solubility of this 
polymer is increased by irradiation, indicating that 
chain scission is the principle mode of degradation as 
in the electron beam resists; thus it functions as a 
positive photoresist. The sensitivity is rather low be- 
cause the absorbance is weak and lies in a region 
where there is relatively little output from the high 
pressure mercury arc lamp. 

In order to increase the photosensitivity of this type 
of polymer we replaced some or all of the benzene 
groups with larger aromatic hydrocarbon systems hav- 
ing greater ultraviolet absorbance at somewhat longer 
wavelength. The systems studied are summarized in 
Table I. The sensitivity presumably depends ML only 
on the aforementioned factors but also on the inherent 
instability of the polymer and the mechanism of photo- 
decomposition. 

The most promising member of this class of com- 
pounds was a terpolymer based on styrene, acenaph- 
thylene and SOz, whose sensitivity was about 500 mj 
cm-2 for ultraviolet lieht in the wavelength region 
200-400 nm. This paper $ports a more detailed investi- 
gation of the properties of this resist. 

The photochemical reaction appears to proceed most 
readily from the excited singlet state as triplet sensi- 
tization, e.g., benzophenone was extremely inefficient. 
This may reflect the energy required to break the 
carbon-SOz bond which is comparable to the triplet 
energy of the naphthalene group (60 kcal mole-'). 
These polymers decompose at elevated temperatures 

Experimental 
Poly(styrene-acenaphthylene sulfone) (PASS).-A 

solution of acenaphthylene (8.75g, 0.057 mole) in 
freshly distilled styrene (308, 0.29 mole) containing 
azobisisobutyronitrile (0.lg) and dimethylformamide 
(5 ml) was degassed by several freeze-thaw cycles. 
Sulfur dioxide (ca. 50g, 0.8 mole) was added and the 
flask was sealed. It was immersed in a water bath at 
50°C for 72 hr. The polymer was precipitated by pour- 
ing the viscous mixture into a large excess of methanol. 
It was redissolved in dioxane and reprecipitated into 
methanol and then dried under vacuum at room tem- 
perature. 

The elemental analyses of various batches of the 
polymer are given in Table 11. The U.V. absorption 
spectrum is shown in Fig. 1. Acenaphthene groups in 
the polymer are responsible for the absorption in the 
290 nm region and their concentration can be deter- 
mined from the U.V. spectrum. 

Sensitivity.-The polymers were dissolved in Kodak 
Photoresist Thinner (methoxyethyl acetate) and films 
were spun on Si/SiOz substrates using a Headway 
photoresist spinner. Films were baked for 30 min at 
200°C. The films were irradiated through a mask with 
collimated light from a 200W high pressure mercury 
arc source. The light was filtered through a Corning 
7-54 filter which transmits the 220-400 nm region of 
the spectrum. The intensity, measured with a thermo- 
pile, was 20 mW cm-2 at the resist surface. 

Following exposure, the irradiated areas of the film 
were spray-developed with a 60 (dioxane)/40 (iso- 
propyl alcohol) mixture. This developer did not at- 
tack the remaining lilm. 

Resolution was checked by exposing the resist 
through a contact mask and developing the image as 
described. The resist was then postbaked (30 min at 
200°C) and the substrate was etched in buffered HF. 

Results and Discussion 
Polymerization.-Styrene and sulfur dioxide form 

a 2:l copolymer under the conditions used in our 
experiments. The addition of acenaphthylene (AcN) 
markedly reduces the over-all polymerization rate. 
Elemental analyses of the terpolymer indicated that 
acenaphthylene is incorporated into the chain in either 
-Sty-AcNSOz- or -Sty-Sty-AcN-SO- se- 
quences interspersed between the - ( S t y ) ~ S 0 z  se- 
quences of the normal copolymer. The marked retarda- 

Table I. Properties and exposure parameters of poly(viny1 arene sulfones) 

( V i n ; l y  ) 
Monomer copolymer Sensitivity 

N a m e  formula h ma% (nm) (jcm2) 
- 

Pob(styrene sulfone) 

Poly(4-vinylbiphenyl sulfone 2 

V W 
Poly(1-vinylnaphthalene sulfonel C = CH. This material was not further investigated since yields were very low 

Poly (styrene-co-acenaphthalene 
& 
CH = CH 2 (25 mole % AcN) 7,000 290 <0.50 

sulfone). &A 200 320 

Acenaphthalene did not form a homopolysulfone. Attempts were also made to synthesize the polysulfone from N-vinylcarbazole but Were 
unsuccessful. 
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Table 11. Analysis of PASS samples* 

Initial mole 
Sample feed commdtlon %AcN 

No. sty/AcN/SOz Initlation C (%I H (%I S (%) (u.v. spectrum) Comments 

2 3/1/15 tBu00H at 0°C 70.12 6.18 11.48 
(71.8 5.65 11.3 ) 

3 3/1/15 AIBN at 50.C 75.87 5.77 9.10 
(75.86 5.74 9.19) 

4 1/1/15 AIBN at 50'C 72.92 6.05 10.17 
(73.6 5.65 10.26) 

Values shown in parentheses are theoretical values baaed on ass 

tion of the over-all rate indicates a kinetically un- 
favorable addition reaction to acenaphylene and of the 
acenaphthylene radical to Sop. Thus the reaction must 
be carried out at moderate temperatures in order to 
obtain reasonable yields of product. The upper limit 
will, however, be determined by reversibility of the 
addition of SO2 (ceiling temperature considerations) 
which tends to reduce its incorporation into the poly- 
mer. The rate retardation by acenaphthylene also re- 
sults in a substantial reduction in molecular weight. 
This, alone, reduces the photosensitivity which is de- 
pendent on the rate of separation of molecular weight 
distributions; this rate is dependent on the initial mo- 
lecular weight (5). 

We found that cationic homopolymerization could 
sometimes occur readily in these systems but that it 
could be suppressed by the addition of small amounts 
of dimethylformamide. The amide was added routinely 
to avoid this undesired side reaction. 

Film properties.-It was observed that, upon spray 
developing the exposed areas of the substrate, the un- 
exposed areas developed a "frosted" appearance after 
extended spraying. This was not observed in the ex- 
posed areas which developed normally. Microscopic 
examination of the frosted regions showed that a 
myriad of semimicro cracks had developed in the film. 
In several cases, the film had markedly pulled away, 
exposing large areas of substrate. Some photomicro- 
graphs of these regions are shown in Fig. 2. This effect 
was only observed in films with thickness > 300 nm. 
At thicknesses 6 300 nm, the resists developed nor- 
mally, leaving the unexposed film completely intact. 

Several reasons may be advanced for this phenome- 
non. It was thought that the effect could be due to 
residual stress in the film which was not annealed dur- 
ing prebaking (the resists were initially prebaked at 
100°C). It is generally considered advisable to prebake 
above the glass transition temperature in order to re- 
move residual stress from the film. The T ,  as mea- 
sured by differential thermal analysis, was found to 

Fig. 1. U.V. absorption spectrum of poly(ocenaphthalene styrene) 
sulfone. 

14 2/1 copolymer with approximately every 8th styrene unit 
(13.4) replaced by an AcN unit 
23 5/2 copolymer with approximately every 5th styrene unit 

(22) replaced by an AcN unit 
20.8 11/5 copolymer with 2 AcN units per 11 vinyl arene unit# 

(19.5) 

umed composition. 

be 186°C. Thermal degradation of the resist did not 
occur until 275°C. TGA and DTA analysis results are 
shown in Fig. 3. Some decrease in the tendency of the 
resist to crack was observed on increasing the pre- 
baking temperature to 200'C but it was never entirely 
eliminated. 

It appears that the reason for cracking of the film 
lies in the extreme brittleness of the film. It was not 
even possible to cast a film on mercury for infrared 

Fig. 2. Micrograph of "frosted" unirrodiated regions of developed 
film showing development of microcracks. 
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DSC THERMOGRAM 

TEMPERATURE I'CI 

Fig. 3. TGA and DTA curves for PASS 

measurement without the film breaking up during the 
final states of solvent evaporation. 

Accordingly, attempts were made to "plasticize" the 
film by incorporating other groups into the polymer 
chain. The most practical approach was to attach 
groups to the para position of the polystyrene units 
in the chain. A typical approach is outlined below 

These films did not crack under prolonged spraying by 
developing solutions. Unfortunately, the polymer de- 
rived underwent cross-linking during U.V. irradiation, 
presumably through cleavage of the ether bond and 
cross-linking to another chain. 

It may be possible to obviate the cracking problem 
by increasing the molecular weight of the initial 
polymer. The addition of acenaphthylene to the mix- 
ture of styrene and SO2 markedly reduces the over-all 
rate of polymerization and degree of polymerization of 
the resultant mixture. Reasonable yields of PASS 
were obtained where the initial mole ratio of styrene 
to acenaphthylene was 5/1. Acenaphthylene did not 
form a polysulfone by itself. 

Resist evaluation.-The following results were ob- 
tained using sample PASS No. 4 which is a 11/5 co- 
polymer of vinyl aryl groups/SOz with two acenaph- 
thalene units per eleven vinyl aryl groups. Evaluation 
was made on films of 300 nm thickness. 
As can be seen in Fig. 1 acenaphthene absorbs 

strongly at 294 nm with a tail extending out to 330 nm. 
Exposures were accordingly made through the Corning 
7-54 filter which transmits the 220-400 nm region of 
the spectrum. The sensitivity under these conditions 
was 500 mJ cm-2. It was found that the sensitivity of 
the polymer film was unaltered by a 1 mm Pyrex 
filter (cutoff h - 285 nm). When the absorption peak 
of acenaphthene is matched against the ouptut of the 
Hg lamp, it appears that the photochemical reaction is 
primarily due to the Hg line at 313 nm. Since more 
than half of the light passed by the 7-54 filter lies 
outside the polymer absorption band, the sensitivity 
at this wavelength is <ZOO mJ cm-2. This may be 
compared with a value of -60 mJ ~ m - ~  for the A 2  
positlve photoresists (6). 

PASS is an excellent etching mask against buffered 
HF. Some patterns etched in SiOz are shown in Fig. 4. 

Conclusions 
The major drawback to these resists is the region 

of the spectrum over which they absorb. Admittedly, 
they are sensitive enough, but they only use a small 
fraction of the output of the Hg lamp. In addition, one 
would need to use quartz optical systems for collimat- 

Fig. 4. Micrographs of test patterns etched in SiOz 

ing the light, etc. However, for those special situations 
where current available materials are unsatisfactory, 
as in the patterning of gallium arsenide, it is felt these 
resists offer a viable alternative. 

It would obviously be desirable to extend the sensi- 
tivity into the 365 nm region of the ultraviolet where 
the lamp output is high and glass optics are usable. 
Studies directed toward this goal are underway. 
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Comparison of Group IV and VI Doping 
by Implantation in GaAs 
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ABSTRACT 

Factor important in attaining higher n-type conductivity on implanting 
GaAs have been investigated. These are reflected in a comparison of Group IV 
and VI dopants where the difference in behavior can be ascribed to the different 
sublattice occupation. The importance of Ga outdiffusion with SiOz encap- 
sulated layers is seen on incorporating Ga within the oxide prior to initiating 
any heat-treatment. For sulfur, the electrical activity is doubled by the pres- 
ence of the oxide gallium. Such an oxide is detrimental for implanted Sif 
layers and indicates that some Ga outdiffusion is desirable. Presumably the 
same applies and inadvertently occurs with the traditionally simpler p-type 
implants. The annealing of S +  and Se+ implants with a dose-dependent, optl- 
mum annealing temperature differs significantly from Si+ which requlres 
higher annealing for comparable doping. The advantage gained by implanting 
Group VI dopants at elevated temperatures is not as pronounced with Si and 
in this respect Si resembles the p-type dopant Zn which does not exhibit any 
strong dependence on implantation temperature. 

One of the limiting factors in GaAs technology is 
the difficulty of forming thin, heavily doped n-type 
regions. In diffusion, problems can arise in working 
with arsenic overpressures and through many of the 
dopants reacting chemically with the GaAs wafer sur- 
face. When the dopants are introduced by implanta- 
tion, it is difficult to get a substantial fraction electri- 
cally active and uncompensated. Details of early im- 
plantation work have been given by Allen (1) while 
more recent results are summarized by Eisen (2). 

Both Group IV and VI elements can be used for 
n-type doping in GaAs. While Group VI elements are 
n-type dopants on the As sites, Group IV elements are 
arnphoteric and in contrast exhibit n-type con- 
ductivity on the Ga sites. Thus, implanted Group IV 
and VI ions might be expected to behave somewhat 
differently and particularly during postimplantation 
annealing. 

An area that has received considerable attention in 
investigating n-type implants is surface encapsulation. 
Such a layer is required to prevent thermal erosion 
that otherwise occurs during annealing. The simplest 
dielectric to apply is SiOz and though it fulfills its 
initial intent of containing the arsenic, Ga will out- 
diffuse into the oxide (3). While this Ga loss may be 
detrimental for Group VI dopants, a certain concentra- 
tion of Ga vacancies so formed could conceivably 
benefit Si and other Group IV dopants. 

All Group VI dopants exhibit better conductivity 
when implanted at  elevated temperatures, in addition 
to the usual postimplantation annealing. Foyt et al. (4) 
reported the most efficient Se doping as occurring at 
the upper end of the room temperature to 500°C range 

Key words: GaAs doping, implantation, surface encapsulation. 

investigated. Better Te doping was obtained by Harris 
et al. (5) when implanting at  150°C rather than at  
room temperature. For S, an increase in utilization as 
dopants occurs -150°C (6), coinciding with the tem- 
perature required to avoid lattice disorder ( I ) ,  and no 
further improvement occurs at higher temperatures (up 
to 500°C). As no significant reduction in  compensation 
occurs on implanting hot (6), the inferior room tem- 
perature results are attributed to the failure of these 
ions when so implanted to act as substitutional dopants 
on the arsenic sublattice. Thus, Group IV elements 
would not necessarily exhibit the same behavior with 
regard to implantation temperature in becoming n-type 
dopants on Ga sites. In this respect, Si or Sn  might be 
expected to follow p-type dopants such as Zn which 
does not show any great dependence on implantation 
temperature (6,9). 

Here, S, Se, and Si have been implanted with the in- 
tent of comparing and contrasting their annealing be- 
havior. Earlier work on compensation has indicated 
that even though annealing occurs at 225" and 525°C 
this compensation arising from irradiation defects is 
still only partially recovered at least up to 600°C (10). 
As a consequence, any n-type doping regardless of the 
dopant implanted will require annealing to well over 
600°C. Annealing temperatures used on this study 
range from 700" to 900'C. The influence of Ga loss 
into SiOn has been investigated by the use of oxides 
containing an initial quantity of Ga prior to any out- 
diffusion. Some implants have also been annealed using 
SixN4 and A1N instead of Si02. Finally, the implanta- 
tion temperature dependence of Si, taken as represen- 
tative of the Group IV dopants, is compared to the 
Group VI dopant behavior. 



Vol. 122, No. 10 DOPING BY IMPLANTATION IN GaAs 1375 

Experimental 
Epitaxial GaAs grown by the hydride vapor phase 

method has been used in the present work. It is grown 
2" off the <loo> direction and to a thickness of 

1-1% m. The doping is held ( lOls cm-3 and will have 
negligible effect compared to the implanted conduc- 
tivity to be investigated. Any dependence of the im- 
planted electrical activity on the initial material is 
minimized by confining the work to this epitaxial ma- 
terial which is grown as required under near identical 
conditions. In contrast, some earlier Si implants into 
chrome-doped bulk GaAs exhibited carrier concen- 
trations and mobilities that were only around 75% of 
what is generally attainable with the epitaxial layers. 

The SiOz used as a surface encapsulant is spun on 
from an alcohol solution.1 Following an HF cleaning 
treatment the oxide is applied and spun at 3000 rpm.The 
oxide is baked at 180°C and film thicknesses are gen- 
erally -1700A. The gallium-SiOz layers are similarly 
applied using oxides meant primarily to be Ga sources 
for diffusion into silicon and containing Ga to concen- 
trations of 1021 cm-3. The Si3N4 and AlN are sputtered 
on (using targets of the same composition and not 
reactively). The A1N contains considerable oxide 
while the Si3N4 is relatively pure. Wafer deterioration 
becomes physically apparent with the oxide encapsula- 
tion after heat-treatment to 875"-900°C. Si3N4, on the 
other hand, can withstand temperatures up to at least 
925"-95O'C. 

The encapsulating layers are generally applied prior 
to implantation and so protect the GaAs during both 
implantation and postannealing. Most of the S f  
implants to be reported were carried out at 500'C 
while temperatures within the 200"-300'C range were 
used for both Se and Si. It should be noted that as 
there is no advantage in implanting S+  at 500°C rather 
than at 200"-300°C (6), the lower temperatures should 
also be preferred for S+ (and particularly if implanting 
prior to applying the surface encapsulant were re- 
quired). 

All the implants have been performed at 1 MeV. 
Other than one series of S+  implants at 3 X 1014 ~ m - ~  
a dose of 1014 cm-2 has been used throughout. SiH+ 
has been implanted instead of Si+ to avoid contamina- 
tion from other mass 28 species. Annealing is carried 
out in a nitrogen ambient for 10 min. For performing 
Hall measurements tin contacts are alloyed into the 
implanted layer and no contracting problems are en- 
countered at the dose levels mentioned. 

Results 
Table I compares the electrical activity resulting 

from sulfur implants when SiOz containing Ga, "pure" 

lower with only 1-2 X l O l 8  ~ m - ~  becoming electrically 
active. It should be borne in mind that as no informa- 
tion has been obtained on the relative effectiveness of 
the encapsulants in retaining the as-implanted distri- 
butions, the increase in integrated (sheet) concentra- 
tions may also reflect some profile widening. 

The annealing temperature of 825°C used in Table 
I is near the optimum annealing temperature for 10'4 

Sf  implants. This can be seen in Fig. 1 where 
both the sheet carrier concentration and the mobility 
are shown as a function of annealing temperature. The 
maximum concentration of 3.6 x 1013 cm-2 is lower 
than the 4 x 1013 cm-2 value given in Table 1 
similarly capped (Ga-SO2) implants. The reduction 
presumably arises from the 500°C implantation tem- 
perature used in Fig. 1 and which is marginally close 
to the onset of a deterioration in activity that occurs 
on implanting at temperatures ">0OoC (6). 

The improvement in mobility at 750"-800°C despite 
the accompanying rise in free carrier concentration 
suggests that considerable defect annealing is occur- 
ring. Relocation of S onto substitutional sites alone 
would lead to increased impurity scattering and a re- 
duction in mobility. The maximum mobility of 3000 in- 
dicates a high degree of damage recovery. These mo- 
bilities correspond to 1018 cm-3 doping in bulk GaAs. 

It is presumed that the fall off in conductivity that 
occurs above 825°C is surface related. The activity still 
attainable at higher temperatures for SisN4 encapsu- 
lated Te implants (7) suggests that certain dielectrics 
may not be as restrictive as Si@ in this respect. More 
clarification is required, however. The same optimum 
annealing feature is followed at higher doses as can be 
seen in Fig. 2 for a 3 x 1014 cm-2 dose level. At 800°C 
both the carrier concentration and mobility are close 
to what was obtained from the 1014 cm-2 implant with 
similar annealing. The mobility then falls to reflect the 
higher active carrier concentration and, despite using 
similarly applied Ga-SO2, the optimum annealing con- 
dition of 800"-825°C in Fig. 1 shifts to 850"-875°C. 

Similar annealing features are exhibited by Se+. 
This is shown in Fig. 3 where Se+ has been implanted 
to doses of 1014 cm-2 at 250°C and annealed with SiOa 
containing Ga. The highest activity occurs at the same 
annealing temperature seen in Fig. 1 with sulfur. The 
mobilities are generally lower than those already ob- 
served for sulfur and what can be obtained from Si+ 
implants. 

Si02, and si3N4 are used as the encapsulants. The 
variation in implantation temperature (170"-360°C) 
should have minimal effect on the resulting activity. 3xlft / {3000 A l l  the sam~les  were im~lanted to a dose of 1014 cm-2 - - - - - . - - - - . - - 

and then similarly annealed at 825°C for 10 min. It J 
will be observed that the highest active concentration 
is given by the Ga-SiOz encapsulated layer, indicating Q ,3 
that the uresence of Ga has a direct bearing on the re- 2 x 1 0  ~ - -  . --  

sulting activity. Si3N4, though better than straight 
SiOz, does not at present measure up to Ga-SiOz. Some ; 
implants were also undertaken with AlN as the pro- a 
tective layer but the corresponding activity was much 

,- 1 1  
I Commercially available from Emulsltone. Whippany. New Jersey. l x lb" ! - -  L 41 000 

Table I .  Doping efficiency of 10'4 S +  cm-2 implants annealed at 
825°C with different encapsulants 

Ga-SiOl 360 51 3100 4.0 x 10" ANNEAL TEMP. I*C ) 
170 57 2750 4.0 X 10" 

S i a ~  240 81 3100 2.5 x l0l3 Fig. 1. Dependence of the sheet-carrier concentration and mobility 
SiOz 299 99 3150 2.0 x 1013 

240 127 2050 2,4 1 0 , ~ n  annealing temperature for sulfur encapsulated with Go-SiOz. 
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I 
I MeV S+ 

7 5 0  8 0 0  8 5 0  900 
ANNEAL TEMP (.C) 

Fig. 2. Annealing of sulfur showing the higher temperatures 
required for the heavier 3 X 1014 cm-2 dose level. 

IMP.  TEMP--~~O*C ,fl\ 
I M e V S e *  / 
I 0l4c iz i 

7 5 0  8 0 0  8 5 0  
ANNEAL TEMP. ('c I 

Fig. 3. Annealing of selenium-implanted layers passivated with 
Go-SiOz. 

Turning to Group IV dopants, the influence of vari- 
ous dielectric coatings on the annealing of Si+-im- 
planted layers is shown in Table 11. Doses of 10x4 cm-2 
were implanted at 250"-300°C and then annealed to 
800°C. Contrary to the behavior with S+,  the presence 
of Ga within the oxide now becomes detrimental to 
achieving high electrical activity. It thus appears again 
that Ga-SiOz reduces the out-diffusion of Ga but here, 
unlike with S t ,  such an out-diffusion seems desirable. 
The Si3N4 and A1N annealed layers are intermediate 
between the two oxide extremes. 

Table 11. Doping efficiency of 1014 Sit ~ m - ~  implants annealed a t  
800°C with different encapsulants 

The 800°C annealing for the implants of Table I1 is 
not the most ideal for Si. This is illustrated in Fig. 4 
where it can be seen that Si does not exhibit the 800"- 
825°C optimum temperature observed earlier with 
both S+  and Se+ at the same 1014 cm-2 dose. These 
Si+ implants, at 220"-24O0C, were annealed using Ga- 
free SiO2. The sheet carrier concentrations up to 3.6 X 
1013 cm-2 ( R ,  z 52 ohm/O) are limited by the tem- 
perature which the oxide can withstand and which 
presently is -900°C. Possibilities for improvement in- 
clude overcoating the oxide with a nitride layer which 
would withstand higher temperatures or going to an 
oxynitride layer which may allow some Ga out-diffu- 
sion. 

The corresponding mobilities together with those of 
other Si+ layers annealed with various oxides in- 
cluding As-Si& are shown in Fig. 5. An improve- 
ment occurs at -825°C but this stage is not as pro- 
nounced as that seen -775°C with S+  (Fig. 1). 

The effect of implantation temperature on S, Se, and 
Si layers can be seen in Table 111. All ions have been 
implanted above 150°C as well as at room temperature. 
The sulfur results are taken from earlier work (6 )  
while those for Se are in agreement with Foyt et al. 

ANNEAL TEMP. PC) 

Fig. 4. Annealing of silicon with SiOz as the encapsulant 

40001 I MeV S~H' 
10"un-~ 
SiOe encapsulated 

2 5 0 0 '  I I I 

7 0 0  7 5 0  800 8 5 0  900 
ANNEAL TEMP 

Fig. 5. Dependence of mobility on annealing for silicon implanted 
layers. 
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Table Ill. Effect of implantation temperature on St, Se+, and Si+ electrical activity 

Heated Ns 
Tlrn.1. Tnnnea~ c(cmV 

Ion ('C) ('C) Eneapsulant V-sec) N8 (aa) RT. Ns 

(4). The most significant factor is the relative insensi- 
tivity of Si to implantation temperature. It is clear 
that Si becomes substitutional more readily than the 
Group VI dopants when implanted at room tempera- 
ture. 

The comparatively lower activity in Table I11 that 
is shown for Si+ arises through annealing at similar 
temperatures to the S t  and Se+ layers rather than at 
the more ideal higher temperatures indicated by Fig. 
4. Both SiOz and As-SiOz have been used in annealing 
these Si+ implants. It may be noted that incorporation 
of As within the oxide does not produce any improve- 
ment comparable to that obtained for S with Ga-SiOz. 
It appears that As loss is not a problem, in agreement 
with Gyulai et al. (3) who established from back- 
scattering measurements that Ga alone out-diffuses 
through SiOz. 

In summary, significant differences arise in the be- 
havior of implanted S+  or Se+ and Si+. These differ- 
ences are attributed to Group VI and Group IV dopants 
occupying different sublattice sites. Incorporation of 
Ga into SiOa resulted in a marked improvement with 
S+  implants but was detrimental to achieving high 
conductivity with Si. It is concluded from such behavior 
that the gallium within the oxide at least partially in- 
hibits the gallium loss from the wafer surface. Further, 
some Ga loss seems desirable in the case of Si+ and 
presumably the same applies and inadvertently occurs 
on implanting Group I1 p-type dopants which can in 
general be more readily rendered electrically active 
(2). The annealing characteristics of S and Se with 
an optimum annealing temperature contrast sharply 
with Si which requires higher annealing temperatures 
to achieve similar doping levels. Finally, the substan- 
tial difference in the electrical activity resulting from 
implanting Group VI elements at room tempera- 
ture and >" 150°C does not apply to Si. In this respect 
Si resembles Zn which does not exhibit any strong 
dependence on implantation temperature. 
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Vapor-Phase Etching and Polishing of 
Gallium Arsenide Using Hydrogen Chloride Gas 
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ABSTRACT 

Vapor-phase etching of (100) and (iii) GaAs substrates has been con- 
ducted in HCl-Hz-AsH3 gas mixtures. Specular surfaces, suitable for epitaxy, 
were obtained for substrates doped with Cr, Te, Si, and Zn when the sub- 
strates were etched at temperatures above 810°C. It is shown that the etching 
r$tation is mass-transport limited at these temperatures for both (100) and 
(111) surfaces. At lower temperatures, faceting results from the unequal etch 
rates for the different orientations. Etch rates of 0.02-14 c~n/min were obtained 
in this study. 

The capability for in situ etching of substrates has 
often been incorporated in systems for vapor-phase 
epitaxy to insure a clean and damage-free surface 
prior to growth. It is an inherent feature of gallium 
arsenide epitaxial systems utilizing arsenic trichloride 
but details of the etching step are not available. Lin, 
Chou, and Miller (1) have studied the vapor-phase 
etching of (iii) and (100) gallium arsenide using 
hydrogen-water vapor mixtures. Shaikh, Chou, and 
Donaghey (2) have studied hydrogen chloride etching 
of (100) gallium arsenide in a hydrogen-arsine am- 
bient. The emphasis in their study was on the modeling 
of the mass transfer process to account for the etch 
rates observed experimentally. HCl etching af Si-, Te- 
and Sn-doped (100) GaAs surfaces has been studied 
by Moon and James (3) using Auger electron spec- 
troscopy but no details of the surface morphology were 
published. 

In this paper we wish to report studies conducted on 
the vapor-phase etching of a variety of gallium ar- 
senide substrates using anhydrous hydrogen chloride 
gas in a hydrogen and arsenic ambient. High quality 
surfaces, with etch rates ranging from 0.02-14 pm/min, 
were obtained for (100) and (I??) substrates, at tem- 
peratures exceeding 870'C. The etching reaction for 
all orientations was mass-transport limited at these 
temperatures. Under these conditions the partial pres- 
sure of arsenic did not significantly influence the etch 
rate or surface morphology, provided sufficient arsenic 
was present to prevent decomposition. 

Experimental Conditions 
Apparatus.-Etching was carried out in a 50 mm ID, 

37 cm long, rf heated, horizontal quartz tube. A 50 
by 25 by 13 mm graphite susceptor, coated with pyro- 
lytic graphite, was placed approximately 18 cm from 
the input end of the reaction chamber, at an angle of 
I" to the direction of gas flow. Temperature was mon- 
itored using a Pt/Pt-13% Rh thermocouple enclosed in 
a quartz sheath and inserted into the susceptor. The 
temperature was verified using infrared pyrometric 
measurements. Gases were delivered to the reaction 
chamber through stainless steel tubing, except in the 
case of HC1 where Monel tubing was used to minimize 
contamination. The apparatus was similar to the one 
used for the growth of III-V compounds (4). 

Gases.-The purity of the hydrogen chloride gas was 
found to have considerable effect on the quality of the 
etched surface. Electronic grade hydrogen chloride gas 
obtained from Matheson Gas Productsz resulted in 
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2 Resent address: General Electric Comoanv. Research and Devel- 
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poor surfaces under all experimental conditions. Simi- 
lar difficulties have been reported by Amick, Roth, and 
Gossenberger (5) in the etching of germanium. Etching 
with electronic grade HCl, diluted to 1% in six-nines 
purity h~drogen ,~  gave excellent results. The arsine 
gas used in this investigation was either a 2% mixture 
in five-nines purity hydrogen2 or a 10% mixture in 
six-nines purity hydrogen.3 Ultrahigh purity hydro- 
gen,2 passed through a deoxidizer and molecular sieve? 
was used as the carrier gas. 

Substrates.-Most experiments were performed with 
boat-grown, (100) oriented, Te-doped GaAs as the 
substrates.5 Some investigations were also conducted 
using boat-grown (100) Cr- and Zn-doped5 GaAs, 
(iii) Te-doped,e Zn-doped,B Cr-doped,B and Si-doped7 
GaAs substrates. All wafers were obtained chemi- 
mechanically polished on one side. The wafers were 
degreased in methanol, etched in Caro's etch [lOH2S04 
(97%) : 1Hz02 (30%) : 1H20] for 2 min at room tem- 
perature, rinsed in deionized water, and blown dry 
in filtered air after a final rinse in methanol. This pro- 
cedure ensured a featureless, damage-free surface 
prior to in situ etching. More elaborate cleaning pro- 
cedures, such as successive boiling in trichloroethylene, 
acetone, and methanol were attempted with no sig- 
nificant improvement in the quality of the etched 
wafer. 

Procedure.-Substrates measuring 5 by 6 mm were 
placed centrally on the susceptor. The system was first 
purged with prepurified argon (2 liters/min) for 15 
min, followed by a 5 min purge with ultrahigh purity 
hydrogen (3 liters/min). The susceptor was then 
heated to the etching temperature after introducing 
the required amount of arsine to prevent decomposi- 
tion of the GaAs substrate. Substrates were maintained 
in hydrogen for 15 min at the etching temperature. This 
step served to remove traces of oxide on the gallium 
arsenide substrates and resulted in improving the 
quality of the etched surfaces. HCl gas was then in- 
troduced at the desired rate of flow and the substrates 
were usually etched for 2 rnin. The system was main- 
tained at the etching temperature for 3 min, after the 
HC1 gas was shut off. Typical flow rates were 3-18 ml/ 
min for arsine gas,S 250-8100 ml/min for hydrogen, and 
0.1-5 ml/min for HC1 gas.8 Typical etch rates ranged 
from 0.02-23 pm/min at 900°C. 

~ . . 
the quality of the etched wafers. 

'.Electronic Materials Corporation Pasadena. California 91107. 
UTexas Materials Laboratory Inc. Garland, Texas 75041. 
7 Suonlied by Dr. W. ~antrapkrn, denera1 Electric Company, Sche- 

nectady; New kork 12301. 
a1n this paper, flow rates for As- and HC1 are all quoted in 

terms of the actual arsine and hydrogen chloride content of the 
diluted gas. 
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Etch rate definition and determination.-Figure 1 
shows the decrease in substrate thickness with increas- 
ing etch time for a typical etching experiment. The 
decrease in GaAs substrate thickness is seen to be a 
linear function of time, for times less than approxi- 
mately 5 min. The deviation from linearity for etch 
times greater than 5 min is due to the loss of planarity 
of the substrates. Based on these considerations, it 
was decided that all measurements of etch rate would 
be made for an etch period of 2 min. Since the etch 
rate was constant for this period, it was defined in 
terms of the substrate thickness removed per unit time. 
The change in substrate thickness was obtained gravi- 
metrically. 

Experimental Results 
Temperature.-The effect of temperature on etch 

rate was determined for (100) and (iii) oriented, 
Te-doped GaAs substrates using a flow of 900 ml/min 
of hydrogen, 3 ml/min of arsine, and 2 ml/min of 
HC1 gas. Under these conditions, the etching reaction 
of (100) GaAs substrates was mass-transport limited 
at temperatures above 850°C and kinetically controlled 
below this temperature with an activation energy_of 
1.25 eV/molecule. The etching reaction of the (111) 
GaAs substrates was mass-transport limited at  tem- 
peratures above 870°C and kinetically controlled be- 
low this temperature with an activation energy of 1.85 
ev/molecule. As expected, equal etch rates were ob- 
served at temperatures above 870°C, as shown in 
Fig. 2. [The data in Fig. 2 have not been corrected for 
the change in linear velocity with temperature (6)l. 

Surfaces of both (100) and (ill) GaAs substrates 
etched below 870°C became increasingly faceted, with 
the simultaneous formation of either etch pits or 
hillocks.9 due to the unequal etch rates for different 
substrate orientations. Above 870°C, where the etch 
rates for the different orientations were equal, etched 
(100) and (iii) substrate surfaces were featureless, 
as seen in the photomicrographs of Fig. 3 and 4.'0 

Chemical polishing of semiconductor substrates oc- 
curs when the etch rate for all crystallographic orien- 
tations is equal. This is achieved when the etching re- 
action is mass-transport limited, provided that the ad- 
sorption of the etchant on the substrate surface is in- 
dependent of perturbations present on the surface (7). 

*Distinguished by scanning electron microscopy. 
'OIn this paper. all photomicrographs were taken using the No- 

marski interference mntrast technique. 
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Fig. 1. Change in thickness of the wafers as a function of time 
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Fig. 2. Effect of substrate temperahre on etch rate 

The latter condition is apparently met during the 
vapor-phase etching of GaAs by HCl gas. 

Hydrogen Pow.-Figure 5 shows the variation of 
etch rate with hydrogen flow at 900'C for (loo), Te- 
doped GaAs. In these experiments, the arsine and HC1 
gas flow was varied in proportion to the hydrogen flow 
to keep their partial pressures constant at 3.3 x 10-3 
atm and 2.22 x 10-3 atm, respectively. It is seen that 
the etch rate varies linearly as the square root of the 
hydrogen flow for flows below 2.5 liters/min. This is 
because the etch rate varies directly with the rate of 
transport of HCl atoms to the substrate under mass- 
transport limited kinetics. This rate of transport varies 
directly with the boundary layer thickness at the 
substrate, and hence as the square root of the hydro- 
gen flow under laminar flow conditions. At higher 
flows the etch rate saturates at 10.7 .u/min. This inde- 
pendence of etch rate at high hydrogen flow indicates 
the etching mechanism has become kinetically limited. 
If the data representing kinetically controlled etching 
shown in Fig. 2 is extrapolated to 900°C (point A), the 
value of the etch rate obtained is indeed the same as 
the observed saturated value. 

The rate of transport of As to the GaAs surface de- 
creases with decreasing hydrogen flow due to the in- 
crease in the boundary layer thickness. consequently, 
substrate decomposition can be expected to occur at  
low hydrogen flows. This was indeed found to be the 
case for hydrogen flow rates below 0.45 liter/min. 
Verification of this fact was carried out by heating 
substrates under the above conditions without per- 
forming HC1 etching. Surfaces of the HCl etched and 
the heated substrates were found to have similar fea- 
tures for identical hydrogen flow rates. 

Arsine flow.-The effect of arsine flow on etch rate 
and surface quality under mass-transport limited con- 
ditions was investigated at 900°C using a hydrogen flow 
of 900 ml/min. It was found that at least 3 ml/min 
of arsine was required to prevent the decomposition of 
the substrate. For arsine flows between 3 and 18 ml/ 
min, there was no appreciable change in surface qual- 
ity, and the etch rate did not change within experi- 
mental error. Under similar flow conditions at 790°C, 
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Fig. 3. Effect of temperature on the surface morphology of (100) Te-doped GaAs etched a t  (a, top left) 750°C, (b, top right) 825'C, 
(c, bottom left) 850°C. and (d, bottom right) 900% 

Fig. 4. Effect of temperature on the surface morphology of i i l j )  Te-doped GaAs etched at  (a, left) 790'C and (b, right) 900°C 

where the etching was kinetically controlled, the etch ml/min and an arsine flow of 3 ml/min. The etch rate 
rate was found to decrease with increasing arsine flow. was found to vary superlinearly with HCl concentra- 

HC1 flow.-Figure 6 shows the etch rate of (loo), tion. Similar nonlinear dependence of the etch rate on 
Te-doped GaAs substrates as a function of the HCI etchant gas flow, under mass-transport limited condi- 
gas flow. These experiments were conducted at a tem- tions, has been observed in the vapor-phase etching of 
perature of 900°C using a total hydrogen flow of 900 Si (8, 9) and Ge (6). Ideally, under mass-transport 
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-I (ill) Si- and &-doped GaAs substrate surfaces was 
inferior to those obtained with Te- and Zn-doped GaAs 
substrates under microscopic examination (Fig. 7). This 

All substrates etched at 900°C using a hydrogen flow 

Fig. 5. Effect o f  hydrogen flow on etch rate 

16 I I 
( I O O I G O A ~ , T ~ - O O P E D  

TEMPERATURE =9ooVc 

limited conditions, the etch rate should vary para- 
bolically with the etchant concentration at low etchant 
partial pressures (9). 

Orientation and dopant type.-The etch rate and the 
surface quality of (100) and fill) GaAs substrates 
with different dopants were also evaluated. The etch "7 , I 'F  

rate observed for Zn- and Cr-doped (100) and Si-,I1 _il 
Zn-, and Cr-doped ( i i f )  GaAs substrates, under both 
mass-transport limited and kinetically controlled con- 

OF" 
ditions, was the same as for their Te-doped counter- 
parts. Therefore, the etch rate is insensitive to the 
type of dopant incorporated in the GaAs. 

S1-doped (100) GaAs waa not available to us at the t lme this In- 
vestigation was carried out. 

of 900 ml/min, arsine flow of 3 ml/min, and a HCI gas 
flow of 2 ml/min were specular to the unaided eye. 
However, the quality of etched (100) Cr-doped and 

(1001 GaAs.TsDOPED 
TEMPERATURE = 9OO.C 

n2 FLOW = soomllmin 

AsH, FLOW =3rnl /min  / 1 
16- - 

- 

- 

.4 
4 

, .:% - ,' \ Z 

I Fig. 7. Surface mor hology of etched (a, top) Si-doped, (iii) 
0 2 4 6 &As, (b, center) Cr- aped, (100) GoAs, and (c, bottom) Cr-doped, 

HCl FLOW,(rnlh~ln) (111) &As rubstro~ s. Temperoture 900°C. Hp flow 900 ml/mtn, 
Fig. 6. Effect of HCI gas flow on etch rate AsH3 flow 3 ml/m~n, HCI gas flow 2 ml/min 
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difference in etching behavior is believed to be due to 
greater inhomogeneities in the doping and dislocation 
densities in Cr- and Si-doped substrates. 

Conclusions 
Vapor-phase HC1 etching of GaAs substrates can be 

performed to yield specular surfaces, suitable for epi- 
taxy, with etch rates ranging from 0.02 to 14 @m/rnin, 
for (100) and (iii) Cr-, Te-, Zn-, and Si-doped GaAs 
substrates. A necessary condition for obtaining specu- 
lar surfaces is that all orientations have the same 
etch rate. This condition is achieved at sufficiently high 
temperatures where the etch rate is mass-transport 
limited for an orientations. The quality of etched (100) 
and (ill) Si- and Cr-doped substrate surfaces was 
inferior to those obtained for Te- and Zn-doped GaAs 
substrates. 
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Chemical Processes in Vapor Deposition of Silicon 
I. Deposition from SiClzHz and Etching by HCI 

Vladimir S. Ban* and Stephen L. Gilbert 

RCA Laboratories, Princeton, New Jersey 08540 

ABSTRACT 

Chemical processes occurring in the vapor deposition of silicon from 
SiClzHz and in the etching of silicon by HC1 were studied by means of a mass 
spectrometer coupled to the CVD reactor. This setup was successfully used 
for the qualitative and quantitative analysis of the composition of the 
vapor phase in the Si-C1-H system. Species found in the vapor phase were 
Hz, HCl, SiClz, SiC12H2, SiCl3H, and SiCL, and their partial pressures were 
measured as a function of temperature, value of the Cl/H ratio, and of the 
chemical nature of the initial gaseous mixture entering the reactor. The ex- 
perimentally determined partial pressures were compared with the equilib- 
rium partial pressures of vapor species, calculated from the newest thermo- 
chemical data for the Si-C1-H system. On the basis of these results we discuss 
the nature and the extent of chemical processes in systems studied. 

The chemical vapor deposition (CVD) of thin layers 
of silicon is among the most important processes in the 
electronic industry. For this purpose, various Si-con- 
taining gases are used, e.g., Si& or various chloro- 
silanes such as SiH3C1, SiHzClz, SiHC13, and SiC14. 
Typically, a mixture consisting of approximately 1% 
of Si-containing gas and 99% of carrier gas, usually 
HZ or He, is introduced into the CVD reactor, where 
it comes into contact with substrates placed on a hot 
susceptor. The deposition of a layer of Si then takes 
place on these substrates through chemical reactions, 
the nature of which depends on experimental condi- 
tions, such as temperature, partial pressures and nature 
of the gaseous mixture, reactor geometry, etc. The 
purpose of this article is to discuss our studies of 
chemical processes leading to the deposition of Si. In 
particular, we studied the deposition of Si from SiC12H2 
as well as the reverse of this process, i.e., the HCl 
etching of Si. Dichlorosilane, SiClzHz, is becoming an 
increasingly important starting material for the depo- 
sition of Si-layers (1). 

In general, CVD processes in any system can be 
understood through the chemical thermodynamics of 
that system. Thermodynamical calculations should in 
principle yield information on the feasibility of CVD 
processes, possible efficiencies of these processes, and 
on the expected structure and composition of the prod- 
uct. However, in order to apply thermodynamics cor- 
rectly, one has to know the following about the sys- 
tems: (a) the composition of the condensed and gase- 
ous phases under all experimental conditions; (b) the 
magnitude and the nature of possible kinetic effects, 
the existence of which may determine the applicability 
of thermodynamics to the system in question; and (c) 
a set of reliable and consistent thermochemical data 
should be available. 

In growth of Si from SiCleHz and in etching of Si 
by HCl, the pertinent system is Si-Cl-H. Thermody- 
namical calculations were applied to this system pre- 
viously (2, 3). These calculations predicted the com- 
position of the vapor phase, as well as the efficiency 
of the deposition of Si under various experimental 

Electrochemical Society Active Member. conditions. However, neither the applicability of 
Key words: mass spectrometry. CVD, thermodynamics, kinetics. thermodynamics to the system nor the results of cal- 
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culations were experimentally verified. One could 
therefore suspect that the actual situation in the CVD 
reactor is perhaps different from the situation pre- 
dicted by calculations. In this paper, we present re- 
sults of the experimental qualitative and quantitative 
determination of the composition of the vapor phase 
and, in view of these results, discuss the applicability 
of thermodynamics to the system. The experimental 
and the calculated values of partial pressures are com- 
pared, and the nature and the extent of deviations from 
thennochemical equilibrium, i.e., the role of kinetics, 
are assessed. 

The determination of the composition of the vapor 
phase was done by means of a time-of-flight mass 
spectrometer connected directly to the CVD reactor. 
This method was successfully employed in studies of 
CVD of various 111-V compounds (4-6). 

Instrumental 
Although the essential part of the mass spectrom- 

eter-CVD reactor setup has been described previously 
(4), we shall briefly review the main points as well as 
describe modifications made for the study of the Si- 
Cl-H system. 

The reactor used in our studies is a tubular reactor 
with hot walls, similar to the reactor used in synthesis 
of 111-V materials. This reactor is quite different from 
reactors normally used in deposition of Si-films, but 
it nevertheless enabled us to study the pertinent chem- 
ical processes. The deposition of Si took place either on 
the quartz wall of the reactor or on the layer of Si 
deposited there in previous experiments. Similarly, the 
HC1 also reacted with this deposit in the etching ex- 
periments. The residence time of the gas phase as well 
as the Si area exposed to the gas phase was larger 
than in the normally used horizontal reactor used for 
CVD of Si. This should actually facilitate the attain- 
ment of chemical equilibrium in the system without 
altering the nature of reactions. The reactor was heated 
by a 4-segment tubular furnace. Measurements de- 
scribed here were done in the temperature range of 
800"-1300°K. The length of the hot zone could be varied 
by switching one or two of the segments off. Gases 
were fed into the reactor through a combination of 
calibrated Fischer and Porter flow meters and Mathe- 
son electronic mass flow transducers. In this way, it 
was possible to introduce known amounts of SiClzHz, 
HC1, Hz, or He into the reactor, and create a start~ng 
mixture of desired composition. There are also pro- 
visions for usage of SiC13H and Sic14 in the reactor, 
but this will be described in another publication. 

The reactor is connected to the mass spectrometer 
via a small quartz capillary. In this way, it is possible 
to sample hot vapor from the reactor under normal 
CVD conditions, i.e., 1 atm and temperatures of over 
1000°C. The capillary is maintained at the temperature 
of the sampled gas and since it is made from the same 
material, i.e., quartz, as the reactor, no interactions 
different from those in the reactor would occur in the 
capillary. The capillary reduces pressure from 1 atm 
in the reactor to 10-5 Torr in the mass spectrometer. 
From it emanates a stream of hot gas directly into the 
ion source of the mass spectrometer. Since a mean free 
path at the pressure of 10-5 Torr is much longer than 
the distance between the capillary and the ion source 
(ca. 12 cm), most molecules enter the source without 
undergoing any interactions in the area between the 
capillary and the source. We therefore believe that 
the sample entering the mass spectrometer is repre- 
sentative of the gaseous phase in the CVD reactor. The 
mass spectrometer can be calibrated for quantitative 
studies. One can introduce into the reactor gaseous 
mixtures where partial pressures of constituents are 
known, e.g., mixtures of SiChHz and Hz, or HCl, 
SiC12H2 and Hz, and then relate peak intensities in the 
mass spectra to corresponding partial pressures. 

Schematic representation of the mass spectrometer- 
reactor combination is given in Fig. 1. 

C V D  REACTOR 

. . 
SEGMENTS 

Fig. 1. Schematic representation of the system mass spectrometer- 
CVD reactor. 

Thermodynamical Calculations 
Calculations of equilibrium partial presures of vapor 

species in the Si-C1-H system have been done by sev- 
eral authors (2, 3, 7) and we shall describe the method 
only briefly. Basically, one deals with a 3-component 
system, where the gaseous phase is in equilibrium with 
the solid phase, i.e., silicon. Therefore, according to 
the Gibbs rule, the system has three degrees of free- 
dom. These are pressure, temperature, and a compo- 
sitional variable Cl/H. This Cl/H ratio remains con- 
stant throughout the deposition process because neither 
C1 nor H atoms are added or removed from the system 
during the deposition (or etching) of Si. Its value is 
determined by partial pressures of gases in the initially 
introduced mixture. From the previously referenced 
works, we learned that the following eight species are 
most abundant in the Si-C1-H system: Hz, HCl, SiH4, 
SiHsCl, SiHzClz, SiHC13, SiCL, and SiClz. Other pos- 
sibly existing species, such as C1, Clz, SipCle, etc., would 
be present in negligible amounts only. In order to cal- 
culate equilibrium partial pressures of the eight species 
mentioned above, one must have a set of eight inde- 
pendent, generally nonlinear equations, which specify 
relationships between these species. Six of these equa- 
tions represent chemical equilibria between species 

Sic,) + 4HCl(,) -, SiCL(g) + 2Hzcg) [I1 

Sic,) + 3HCl(,) -, SiC4H(,) + Hz(g) [21 

The activity of Si is represented by a; a = 1. 
The remaining two equations specify the Cl/H ratio 

and state that the total pressure in the system is 1 
atm 
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Fig. 2. Free energies of formation of important gaseous species in 
the Si-CI-H system in the temperature interval of 800'-1600'K. 

10-5 10-1, and 100; the temperature was varied 
from 800" to 1600°K, in increments of 200°K. Results of 
calculations are given in Table I. 

Thermodynamical calculations can also be used to 
determine the theoretical efficiency of the deposition 
process. The efficiency can be defined as 

[Si/C111, - [Si/Cll, 
rl= 

[Si/Cllb 
where [Si/Cl]i, is the ratio of Si to C1 atoms in the 
starting mixture, and [Si/Cl], is this ratio in the 
equilibrium mixture. A negative value of q means that 
etching of Si is taking place in the system. 

Experimental Results 
Mass spectra of chlorosi1anes.-Since the determina- 

tion of the mass spectra of Si-containing gases in our 
setup is being reported elsewhere (9). we only briefly 
discuss this topic here. Vapor species in the reactor 
were identified by means of the attached mass spec- 
trometer. The analysis is complicated by the fact that 
mass spectra of various chlorosilanes should be quite 
similar, due to the fragmentation of parent molecules 
by the ionizing electrons. We determined mass spectra 
of SiC14, SiC13H, Sicla and SiC12Hz in our experimen- 
tal setup. A mixture containing 1% of these gases in 
He or Hz (this change produces no difference in spec- 
tra) was introduced into the reactor and mass spectra 
were taken at room temperature, where no chemical 
reactions which would change the mixture occurred. 
The observed intensities of major peaks in these mix- 
tures did not differ by more than 15%, thus indicating 
that our experimental setup is about equally sensitive 
for all chlorosilanes. Mass spectra of Sic12 were de- 
duced from the high temperature mass spectrometry 
of Sick-He mixtures where the only present vapor 

and 
Psicin + PSICI~H + P S ~ C I ~ H ~  + PSICIH~ 

+ PsiClz + PSIH~ + PHCI + PHZ = 1 [81 
Of course, when growing Si from a mixture of SiC12Ha 
and H2 partial pressures of all other species are ini- 
tially equal to zero. 

In order to find values of Kp(1.6), the most convenient 
data to have are free energies of formation, AFf, of all 
species in the temperature interval of interest. Values 
of aFf of all species were calculated from thermochem- 
ical data for the Si-Cl-H system recently collected by 
Hunt and Sirtl (3). Figure 2 shows values of AFr vs. 
temperature in the form of the so-called Ellingham 
diagrams (8). 

Once values of K,'s were known, we calculated the 
equilibrium partial pressures of all eight species, using 
a simole iterative method on a time sharing computer. 
Kth;.& calculations, the Cl/H ratio was set to  be 

species were SiC14, SiC12, and He. Mass spectra of 
SiClH, were not determined, but as the calculations 
have shown, this should be a scarce species, and be- 
sides, using the analogy with other chlorosilanes, one 
could deduce its mass spectra with a fair degree of 
accuracy. 

In determination of these spectra, 70 eV ionizing 
electrons were used. No corrections due to differences 
in ionization cross section of various species, possible 
mass discrimination of the instrument, etc., were ap- 
plied, since we were primarily interested in the rela- 
tive intensities of various peaks under our experimen- 
tal conditions. Mass spectrum of SIC14 agrees reason- 
ably well with the published data (10). Mass spectra 
of SiH4, HCl, and Hz are known. Results of the de- 
termination of mass spectra of SiCl4, SiCloH, SiClzHz, 
and SiClz are graphically represented in Fig. 3. From 
the relative intensities of various peaks, one can cal- 
culate relative abundances of various species in the 

Table I. Calculated values of equilibrium partial pressures (in atmospheres) of vapor species in the 
Si-CI-H system 

T, *K CllE Ha HCI SiCh SiHCL SiILClz SUbCl Si& SIC% 

Total watem preluure I 1 atm & 1 x 104. 
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Fig. 3. Relative abundances of peuks in mass spectra of (a) SiCIz; 
(b) SiClzHz; (c) SiC13H; and (d) Sicla. The most abundant peak in 
each spectra is assigned a value of 100. 

vapor phase; i.e., one can perform the qualitative and 
the quantitative analysis of the vapor phase in the 
reactor. 

Determination of vartial vresswes.-The aualitative 
and quantitative analysis results in determination of 
partial pressures of all detected species. Effects of 
temperature and of the Cl/H ratio, as well as possible 
effects of the nature of starting mixture on values of 
partial pressures of various species were studied. Mea- 
surements were done at 100O0, 1200°, and 1300°K; Cl/H 
ratios of 10-2, 10-1, and 100 were used. Mixtures with 
identical values of CI/H ratio were prepared in two 
ways: by mixing pure SiC12H2 with Hz, or by mixing 
the appropriate amounts of SiClzHz and HCI with Hz. 
The exact amounts mixed are given in Table 11. In this 
way the effect of the nature (i.e., of the presence or 
the absence of HCI) of starting mixture on the com- 
position of the vapor phase could be studied. In cases 
of Cl/H = 100, either pure SiClzHz or pure HC1 were 
introduced into the reactor. Of course, the deposition 
of Si will occur in the former, and the etching of Si 
will occur in the latter case, but the composition of the 
vapor phase in contact with solid Si should neverthe- 
less be the same, providing that chemical equilibrium 
has been established. 

Table II. Amounts of gases used to prepare starting mixtures 

Symbol SICIS&. HCI. He. 
CI/H In Fig. 4 cmq/min cma/min cm3/mln 

Mass spectra of initial mixtures at room temperature 
contained only peaks characteristic for the gases com- 
prising the mixture in question. At elevated tem- 
peratures new peaks appeared indicating the appear- 
ance of new species in the vapor phase. Under our ex- 
perimental conditions, the following species were 
found to exist in appreciable amounts: Hz, HC1, SiClz, 
SiCltHz, SiCkH, and SiC4. Species such as SiClH3 and 
S i a  were not detected; SizCle was detected but only 
in very small amounts. The last three species were 
therefore ignored in the quantitative determination of 
partial pressures. When different Si-containing species 
coexist in the vapor phase, some of the peaks in the 
mass spectra comprise contributions from more than 
one species. For example, if the relative intensity of 
the peak with m/e = 133 is 100 and the relative in- 
tensity of the peak with m/e = 170 is only 25, one 
concludes that this gas mixture contains Sic4 (as evi- 
denced by the existence of the peak at m/e = 170) 
and also SiC13H, because ratio of intensities of peaks 
with m/e = 133 and m/e = 170 is larger than in the 
mass spectrum of pure Pic14 (see Fig. 3) This means 
that some other species must contribute to the peak 
with m/e = 133. From Fig. 3 it is obvious that this 
can be only SiClsH. The relative amounts of Sic4 and 
SiCl3H can be obtained in this way. Once the relative 
amounts of Sic14 and SiClaH are known, one proceeds 
to determine the relative amount of SiClzHz by sub- 
stracting the contribution of SiCl3H to the peak with 
m/e = 99. The relative amount of SiClz is determined 
from the intensity of peak at m/e = 63, after substract- 
ing contributions from SiCl4, SiClsH, and SiClzHz to 
this peak. After the above procedure is completed, one 
obtains ratios of partial pressures of SiCkH, SiClzHz, 
and Sic12 respective to the partial pressure of Sick. 
We shall illustrate this on the previously given ex- 
ample, where relative intensity of m/e = 133 was 100, 
and of m/e = 170 was 25, respectively. The contribu- 
tion of the Sick spectrum to the peak at m/e = 133 
can be obtained by multiplying the ratio of relative 
intensities of m/e = 133 and m/e = 170 in the pure 
Sick spectrum with the relative intensity in the spec- 
trum of the mixture 

The contribution of SiClsH to the peak at m/e = 133 
can be obtained by subtracting 47.2 from 100, i.e., its 
contribution is 52.8. Since partial pressures of species 
are proportional to mass spectrometric intensities, one 
has 

and one can express PSICI~H in terms Of P ~ ~ C L I  

This procedure can be repeated for SiC12Hz and SiClz, 
so that partial pressures of these species are also ex- 
pressed in terms of PSICI, 

The partial pressure of HC1 was determined through 
direct calibration. Intensities of HCl peaks in the mass 
spectra were measured at temperatures of interest in 
mixtures containing only HC1 and Hz in known pro- 
portions. Since Si was not present in these experi- 
ments, no reaction could occur in the reactor and 
measured HCI intensities can be directly correlated 
with the partial pressure of HCI. 

Now one can proceed with calculations of actual 
values of partial pressures of Sick, SiClaH, SiClzH2, 
SiClz, and Hz from mass spectrometric data. Partial 
pressures must satisfy Eq. [I] and [El. Expressing par- 
tial pressures of all present chlorosilanes in terms of 
PSIClq and neglecting mass spectrometrically nondetect- 
able species, Eq. [I] and [El can be written as 
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and 

PSICI~ + ~PSICI, + bPsici4 + cP sic14 + PHCI + PHZ = 1 
1101 

where a, b, and c are mass spectrometrically obtained 
ratios connecting partial pressure of Sic14 with partial 
pressures of SiCl,H, SiClzH2, and SiC12, respectively. 

Since PHCl is known from calibration experiments, 
we deal with the system of two linear equations con- 
taining two unknowns, i.e., pH2 and P S ~ C I ~  After solving 
for P H ~  and Psic14 one obtains Psicb~, P s I c ~ ~ H ~ ,  and 
Psich from known values of a, b, and c, respectively. 

In Fig. 4 (a) - (e), the experimentally determined 
partial pressures of vapor species are compared with 
calculated partial pressures at corresponding tempera- 
tures and Cl/H values. Lines represent the tempera- 
ture variation of calculated partial pressures of perti- 
nent species; Cl/H = 100 for the top line, Cl/H = 10-I 
for the middle, and Cl/H = 10-2 for the bottom line. 
Square symbols are to be compared with the top line, 
triangular symbols with the middle, and circular 
symbols with the bottom line. Open symbols represent 
values of partial pressures in mixtures where HCl 
was not initially present; the full symbols represent 
partial pressures in mixtures where HC1 was initially 
present. The reproducibility of these data from experi- 
ment to experiment is about &20%. 

Discussion 
In this section we discuss the nature and the ex- 

tent of chemical reactions occurring in the system. 
From the presence of Hz, HC1, SiC12, SiClzHz, SiClHs, 
and SiC14, one can conclude which reactions occur. 

The drop of partial pressure of entering SiClzHz and 
the appearance of HC1 in the system infers the follow- 
ing reaction (reverse of reaction [3]) by which the 
deposition of Si occurs 

The HC1 created in this way reacts with the Si deposit 
to form other thermodynamically stable species; SiCh, 
SiClzH, and SiClz are formed via reactions [I], [2], and 
[5], respectively. Reactions of equilibration between 
various vapor species can be also considered, e.g. 

It is possible to draw some conclusions about the 
mechanism and the kinetics of the above reactions by 
referring to Fig. 4 (a) - (e) . The comparison of calcu- 
lated with equilibrium partial pressures shows that 
deviations from equilibrium exist, but their nature 
varies from species to species. In almost all instances 
Psiclz and P s ~ c ~ ~ H ~  are higher than their equilibrium 
values; P H C ~  is also higher except for Cl/H < lo-'. On 
the other hand, PsiC14 is almost always lower than the 
equilibrium value, and P s ~ c ~ ~ H  is also lower for T > 
1000°K. From these observations, one can conclude that 
the creation of species which require more HC1 mole- 
cules to form (i.e., reactions [I] and [2]) proceeds 
slower than the creation of species which require less 
HC1 (i.e., reactions [3] and [5] ). This suggests a dearth 
of HC1 molecules at the Si surface, which could be 
caused either by the poor transport of HC1 to the sur- 
face or by the poor adsorption of HC1 at the surface. 

The increase of PHCI by the addition of pure HC1 to 
the gas phase increases the transport of HCl to the sur- 
face, but nevertheless, the relative abundance of vapor 
species does not change significantly. At higher CI/H 
ratios one observes that the abundance of HC1 in 
the vapor is higher than equilibrium data predict. This 
points toward the poor adsorption of HC1 on silicon 
surface. The consequence is that species requiring more 
HCl for their formation (i.e., SiCl3H and Sick) will 
form less readily than species such as SiC12, which need 
only two HC1 molecules for their formation. Recently, 
Robinson and Goldsmith obtained Si growth from 
mixtures of SiClzHz and HC1, where HCl content was 
so high that thermodynamic calculations predicted 
etching of Si rather than its growth (11). This in- 
dicates that in their system the reaction of HC1 with 
Si also did not reach equilibrium. 

The incomplete dissociation of SiClzHz (reaction [3]) 
could also contribute to the relatively high P s ~ c I ~ H ~ .  It 
is also possible that reaction [I21 occurs in the system. 
This reaction is thermodynamically more feasible at 
our experimental temperatures than other homogene- 
ous gas reactions, i.e., reactions 1131, [14], and 1151). 
Most likely, neither reactions [13], [14], and [15], nor 
their reverse reactions occur to a significant extent in 
our system. If they did occur, one would observe a 
strong dependence of Psic14 and P S I C ~ ~ H  on the presence 
of free HCl in the reactor. This has not been observed. 
We thus conclude that events on the Si surface were 
the principal factor in determining the composition of 
the vapor phase. A similar conclusion was reached by 
crystal growers, who consider Si deposition up to about 
1250°K as surface kinetics controlled (12,13). Our mass 
spectrometric data indicate that these deviations from 
thermochemical equilibrium also reflect themselves in 
the composition of the vapor phase. Nevertheless, all 
major species predicted by thermodynamic calculations 
have been detected, and in most cases, their measured 
partial pressures are of the same order of magnitude 
as the equilibrium values. 

It was already mentioned that one can calculate the 
efficiency of the Si deposition process by comparing 
values of Si/C1 ratio in the initial mixture with the 
Si/Cl in the equilibrium mixture at some given tem- 
perature. The efficiency obtained in this way is the theo- 
retical efficiency of the Si-deposition process. The com- 
parison of the initial Si/Cl ratio with the Si/Cl ratio 
determined from mass-spectrometric values of par- 
tial pressures yields the experimental efficiencies. The 
Si/C1 ratio is defined by the following equation 

Of course, in the initial mixtures, only P S I C I ~ H ~  and 
PHCI (when present) should be considered; in the de- 
termination of the value of Si/Cl from the experi- 
mental data, the partial pressures of undetected species 
such as SiC1H3 and S i a  are considered to be equal to 
zero. In Table 111, the experimental and the theoretical 
efficiencies are listed. Efficiencies are expressed in 
terms of percentage of the introduced Si converted into 
the solid Si. From data in Table 111, it can be seen 
that, in general, the experimental efficiencies are sig- 
nificantly lower than theoretical ones in cases of lower 
temperatures and Cl/H values. The experimental effi- 
ciencies approach theoretical values with increasing 
temperatures and Cl/H values. In some cases, they are 
even higher than the theoretical efficiencies. This can 
be explained by the already discussed low rates of the 
HC1-Si interaction. If the deposition of Si from SiClzH2 
proceeds at higher rates than the back-etching of the 
deposit by HC1, a net accumulation of Si larger than 
the equilibrium amount will occur, leading to the ob- 
served higher than theoretical efficiencies. This is con- 
sistent with data in Ref. (11). 
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(a) Comparison between the calculated and (b) Comparison between the calculated and (c) Comparison between the calculated and 

experimental pressure of HCI. experimental pressure of S i c k  experimental pressure of SiWzHz. 

(dl Comparison between the calculated and 
experimental pressure of SiC13H. 

(e) Comparison between the calculated and 
experimental pressure of SiC4. 

Fig. 4. Comparison between the calculated and the experimental partial pressures of detected species. Lines represent calculated tem- 
perature variations of partial pressures with CI/H value as a parameter. Square symbols are to be compared with the top line (CI/H = 
lo0), triangular symbols with the middle (CI/H = lo-'), and circular symbols with the bottom line (CI/H = 10-2). Full symbols rep- 

resent partial pressures in mixtures where HCI was initially present; the open symbols represent partial pressures in  mixtures where HCI 
was not initially present. 

In experiments where pure HC1 was introduced into 
the reactor (i.e., CI/H = lo0),  the etching of the pre- 
viously deposited Si occurred. The efficiency of etching 
can be obtained by comparing the experimentally de- 
termined amount of Si in the gas phase with the cor- 
responding calculated amounts. Such comparison yields 
that the HC1-etching is 80, 64, and 71% efficient at 
100O0, 1200°, and 1300DK,  respectively. This again con- 
firms the observation that the extent of HC1-Si inter- 
action is lower than calculated. 

Summary and Conclusions 
The presented study of the chemical processes in 

deposition of Si from SiC12H2 and of etching of Si by 
HC1 is summarized in this section. 

1. The mass spectrometer-CVD reactor setup has 
been successsfully used for the qualitative and quanti- 

Table Ill. Comparison of theoretically and experimentally 
determined efficiencies of Si  deposition from SiClzHz 

Presence 1000'K 1200'K 130O'K 
Of HCl 
in ini- Theor. Exp. Theor. Exp. Theor. Exp. 

Cl/H tial mix n n 7 7 n V  

0.01 No 55.9 25.0 83.6 73.6 9 1 1 7 6 . 0  
0.01 Yes 33.8 9.8 75.4 73.2 86.6 70.9 
0.1 No 47.1 39.2 54.8 58.9 60.3 67.1 
0.1 Yes 20.6 5.3 32.2 35.4 40.4 54.9 
1.0 No 47.4 44.8 48.8 48.8 49.4 49.1 
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tative analysis of the vapor phase in the Si-Cl-H 
system. 

2. Mass spectra of SiC14, SiCl3H, SiClzH2, and Sic12 
have been determined. 

3. Species found in the vapor phase were Hz, HCl, 
SiCln, SiClzH2, SiCbH, and SiCh, and their partial 
pressures were measured as a function of temperature, 
value of the Cl/H ratio, and of the chemical nature of 
the initial gaseous mixture entering the reactor. 

4. The equilibrium partial pressures of all vapor 
species present in the Si-Cl-H system were calculated 
from the newest and most consistent set of thermo- 
chemical data available. 

5. The comparison between the calculated and the 
experimentally determined partial pressures indicates 
that there are certain deviations from the thermo- 
chemical equilibrium which reflect themselves in the 
composition of the vapor phase. Notably, partial pres- 
sures of HC1, SiC12, and SiC12H2 tend to be higher, and 
partial pressures of SiC13H and S i c 4  lower than the 
corresponding equilibrium partial pressures. Never- 
theless, under most of our experimental conditions 
(particularly when T > 1200°K), the measured and 
the calculated partial pressures were of the same order 
of magnitude. The equilibrium calculations thus pro- 
vide useful information on the composition of the vapor 
phase and on the deposition and etching of Si, although 
the complete equilibrium situation has not been es- 
tablished. 

6. The main chemical reactions occurring in the re- 
ador  are summarized by the following scheme 

The incoming SiClzH2 decomposes either to SiClz 
through a loss of two H atoms or to Si through a loss 
of two HCl molecules; other species are then formed 
by the HCl-Si interaction. 

7. From the nature and the extent of the deviations 
from the equilibrium, one concludes that their pos- 

XENCE AND TECHNOLOGY October 1975 

sible causes are the retarded HCl adsorption on Si and 
the incomplete dissociation of SiC12H2. 

8. The calculated and the experimentally determined 
efficiencies of the deposition and etching processes 
were compared and found to be similar when T > 
1000°K and CI/H > 
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Chemical Processes in Vapor Deposition of Silicon 
II. Deposition from SiClsH and SiC14 

Vladimir S. Ban* 
RCA Laboratories, Princeton, New Jersey 08540 

ABSTRACT 

Chemical processes occurring in the vapor deposition of silicon from SiCl3H 
and S ic4  were studied by means of a mass spectrometer coupled to the CVD 
reactor. Species identified in the vapor phase were HZ, HC1, SiC12, SiClzHz, 
SiClsH, and SiCL. Their partial pressures were measured at temperatures of 
1000". 1200°, and 1300°K; the Cl/H value was 10-1. Values of these partial 
pressures were compared with the calculated equilibrium partial pressures for 
the Si-Cl-H system, as well as with partial pressures determined in the deposi- 
tion of Si from SiC12H2. On the basis of the obtained results, we discuss the 
nature and the extent of chemical processes occurring during the deposition 
of Si from Sic4  and SiCl3H. 

In the preceding paper of this series (I) ,  the chemi- 
cal processes occurring in the deposition of Si from 
SiClzH2 and in the HC1-etching of Si were discussed. 
The topic of the present paper is chemical processes oc- 
curring in the deposition of Si from SiC13H and from 
SiC14. Both of these gases are important sources for the 
deposition of Si on the industrial scale. 

In principle, the deposition of Si from all chloro- 
silanes should proceed in identical manner, because in 
all cases one deals with the Si-CI-H system. The rate 
and the efficiency of the deposition, as well as the com- 
position of the vapor phase should be uniquely deter- 
mined by specifying the temperature, the total pres- 
sure, and the Cl/H ratio in the system, providing that 
the thermochemical equilibrium has been established. 
In reality, however, significant differences in the rate 
and the efficiency of Si deposition from various chloro- 
silanes have been observed (2). This implies that 
certain deviations from the thermochemical equilib- 
rium occur, and that the nature of the input gas affects 
the deposition. 

We studied possible causes and the extent of these 
effects by experimentally determining the composition 
of the gas phase by means of a mass spectrometer in 
a manner described previously (1). The deposition 
from SiCl3H and from SIC4 are compared with the 
deposition from SiC12Hz discussed in Ref. (1). Values 
of the experimentally determined partial pressures will 
also be compared with the previously calculated equi- 
librium partial pressures of vapor species in the 
Si-Cl-H system (1). On the basis of these comparisons, 
we shall discuss chemical processes occurring during 
the Si deposition and the effect of the nature of the 
input chlorosilanes on these processes. 

Experimental 
The mass spectrometer-CVD reactor combination has 

been described in Ref. (1). Controlled amounts of 
SiC13H or of Sic14 were introduced into the reactor by 
means of the Tylan Source I Vaporizer Controller. The 
SiCl3H and Sic14 were drawn from 50-lb tanks. Gases 
were of semiconductor grade purity and supplied by 
the M&T Chemicals Inc. The Matheson electronic mass 
flow transducers were used to introduce known 
amounts of carrier gases, such as HZ or He, into the 
reactor. Therefore, partial pressures of Si-containing 
gases in the input mixtures were known. 

The composition of initial mixtures was adjusted so 
that Cl/H = 10-1. For the case of SiC13H-HZ mixture, 
the Cl/H ratio is given by the following expression 
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The corresponding expression for the SiCL-Hz mix- 
ture is given by 

In the above expressions, PSICI~H, PSICI~, and Pn2 are 
the partial pressures of these gases at their entrance 
into the reactor. The SiClaH-HZ mixture was prepared 
by combining flows of 100 cm3/min of SiCl3H with 1450 
cm3/min of Hz. In the case of Sicla-Hz mixture, 132 
cm3/min of Sic4  was mixed with 2640 cm3/min of Hz. 

The effect of replacing Hz by He as a carrier gas was 
also studied. For this purpose, 132 cm3/min of Sick 
was mixed with 2640 cm3/min of He. Partial pressures 
of gases in this mixture will be compaerd with partial 
pressures in the mixtures containing Hz. 

Results 
Following the method described in Ref. (11, one 

can determine the qualitative and the quantitative 
composition of the vapor phase by means of a mass 
spectrometer. Briefly, various vapor species can be 
identified by their characteristic mass spectra. Values 
of partial pressures can then be determined from the 
mass spectrometrically measured relative amounts of 
various species and the specified Cl/H ratio and the 
total pressure in the system, which is 1 atm. Vapor 
species detected in the Si-Cl-H system, when either 
SiC13H or Sic14 was used in the initial mixture, were: 
HCl, SiClz, SiChHn, SiClaH, SiC4, and Hz. In the 
Si-C1-He system, only SiC12, SiC4, and He were de- 
tected. In Table I, the experimentally determined par- 

Table I. Experimental partial pressures of vapor species in 
SiClzHz-Hz, S~CI~H-HZ, and SiC14-Hz mixtures (CI/H = 10-I 

in all cases) and their comparison with the calculated equilibrium 
partial pressures for the Si-CI-H system 

Temper- P. (atm) PP latm) PD (atm) PO latm) 
ature, -K Species (Eq.) (SiCloHn) (SiCW) (SiCL) 

HCI 
Sic11 
SiCi?Hs 
SChH 
sic11 
H? 
HCI 
SiCln 
siC1.H~ 
SiCbH 
Sic14 
H? 
HCI 
Sick 
SiCI?Hs 
SiCLH 
SiClr 
H2 
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Table II. Comparison of the experimentally measured with the calculated equilibrium partial pressures 
of vapor species detected in the SiClr-He mixtures; CIIHe = 0.2, T = 1000". 1200". and 1300'K 

1000'K 120O0K 1300'K 

Suedes Pea (atm) Pal. (atm) Pa. (atm) Palp (atm) P., (atm) P... (atm) 

tial pressures of vapor species present in the C1 4Pslcir + ZPslcb = 0.2 
SiClaz-HZ, SiCkH-HZ, and SiC4-Hz mixtures as -= He P H ~  

[El 
well as the calculated equilibrium partial pressures in 
the Si-Cl-H system are listed. For all cases, Cl/H ratio and 
is 10-1; pressure values for temperatures of 1000", p2sic~2 
1200°, and 1300'K are listed. In Table I1 we compare the Sick(,) + Sic.) -, 2SiClz(,); kp = - 

aSi . PSICI~ 
191 

equilibrium and the experimentally determined partial 
pressures in the Si-C1-He system at the above tempera- The first of these equations specifies the total pres- 
tures. sure in the system, the second one the Cl/He ratio, and 

Discussion and Conclusions 
Results listed in Table I permit one to compare the 

deposition of Si from various chlorosilanes. There are 
some noticeable differences. At T = 100OSK, most of 
the Sic4 remains undecomposed, and practically no 
deposition of Si occurs. This is consistent with the 
relatively high stability of Sic4 in comparison with 
other chlorosilanes (1) and with the observed lower 
growth rate of Si from Sicla (2). Differences between 
the deposition from SiClzHz and from SiClsH are 
smaller. With increasing temperatures, the values of 
pressures of vapor species become more similar for all 
three chlorosilanes and also closer to the calculated 
equilibrium partial pressures. In other words, the sys- 
tem approaches thermochemical equilibrium. How- 
ever, at T = 13009K, one still notices differences be- 
tween the equilibrium and the experimental partial 
pressures. In particular, partial pressures of species 
containing two or less chlorine atoms (i.e., HCl, SiClz, 
and Sick&) tend to be higher than their equilibrium 
values, while partial pressures of SiClaH and Sic4  
tend to be lower than their equilibrium values. It is 
not clear whether the partial pressure of the incoming 
Sic4 indeed drops below its equilibrium value, or 
if this small deviation (-15%) is caused by the un- 
certainties of temperature measurement and/or of the 
thermochemical data used. Similar results have been 
reported in Ref. ( I ) ,  and results described here pro- 
vide some additional information which basically sup- 
ports our previous discussion, where we concluded that 
the adsorption of HCl on the Si surface is retarded. In 
the case of growth of Si from Sic4 which occurs via 
the following reaction 

the third one the chemical reaction involving the Si- 
containing gaseous species. In Eq. [91, aSi represents 
the activity of solid silicon; aSi = 1.0. Values of k, at 
100O0, 1200q, and 1300°K were calculated from thermo- 
chemical data given in Ref. (1). 

The results of these calculations are given in Table 
11, along with the experimentally determined partial 
pressures of SiC12, SiC14, and He. An inspection of Table 
I1 shows that Sic4 does not react at T f 1000°K. At 
higher temperatures, significant amounts of SiClz are 
detected, indicating that reaction [9] takes place. At 
1200" and 1300'K the observed partial pressures are 
relatively close to the equilibrium pressures. Agaln, 
the PSiC14 appears to be slightly below the equilibrium 
value, but the extent of these deviations is smaller than 
the uncertainty in experimental temperatures and 
thermochemical data. Both Psicl, and Psiclq are con- 
siderably higher than the corresponding pressures in 
the Si-Cl-H system. This is so because, due to the ab- 
sence of hydrogen, species such as SiClpHz, SiClsH, and 
HC1 cannot form. It is quite probable that in the 
Si-Cl-H system, where reactions such as [41, [51, and 
161 are possible, reaction 191 occurs to a smaller ex- 
tent. 

Finally, we shall discuss the efficiencies of the Si 
deposition from SiCl3H and from SiCl4. These effi- 
ciencies can be obtained by comparing the Si/C1 ratios 
of the initial mixture with ratios at elevated tem- 
peratures. The same method was used in Ref. (1). In 
Fig. 1, the experimentally obtained efficiencies (full 
lines) are compared with the deposition efficiencies 
available under the equilibrium conditions (dotted 
lines). These efficiencies give the amount of Si de- 
posited as percentages of Si introduced into the system. 

Sic4  + 2Hz + Si + 4HC1 131 One notices that in the case of SiC13H, the experi- 
mental efficiencies run close to the theoretical effi- 

four molecules of HCl are supplied. It seems that their ciencies. In the case of SiCl4, the theoretical and ex- 
residence time at the Si surface is short and that they perimental efficiencies are significantly lower. At T < 
desorb easily. This would lead to the relatively smaller 1100"K, actual etching of the previously deposited Si 
probability of forming, say, SiClsH where three mole- takes place when SiC14-HZ mixture with Cl/H = 10-1 
cules of HC1 are needed is introduced into the system. Of course, in the Si-C1-He 

system, etching occurs at all temperatures via the re- 
Si + 3HC1+ SiC4H + HZ 141 action [9]. The upper curves in Fig. 1 represent the 

than of forming SiClz or SiClzH2 where only two theoretical and the experimental efficiencies of the 

molecules of HCl are needed deposition of Si from SiClzHz. These results are taken 
from the ~revious Daoer and indicate that for the given -. . - - - . . . . r ~ -  -~ 

Si + 2HC1+ SiClzHz [5] temperature and ĈI'/H ratio of the initial mixture, 
or SiClzHz is the most efficient source of Si among the 

Si + 2HC1+ SiClz + Hz [6] chlorosilanes examined. 

Nevertheless, all of the above reactions occur and the 
resultant partial pressures of all vapor species at T > 
1200°K are never more than a factor of 3 or 4 apart 
from the equilibrium partial pressures. 

The equilibrium partial pressures in the Si-C1-He 
were calculated by employing the following system of 
three equations 

The presented work could be summarized as follows: 
1. Chemical processes in the deposition of Si from 

SiCl2H-H2 and SiC14-H2 mixtures with Cl/H = 10-I 
were examined by the mass spectrometer at tempera- 
tures of 100Oe, 1200°, and 1300°K. 

2. Vapor species detected at elevated temperatures 
were Hp, HCl, SiC12, SiClzHz, SiC13H, and SiC4; their 
partial pressures were measured and compared with 

PS~CLI + PSICIZ + P H ~  = 1.0 [I] partial pressures detected in SiClzHz-H2 mixtures and 
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THEORETICAL EFFICIENCY 

EXPERIMENTAL EFFICIENCY -I 

Fig. 1. Theoretical and experimental efficiencies of deposition of 
silicon from SiClzHz, SiCI3H. and SiClc in temperature intervol of 
1W"-1300%; CI/H = 10-I in all cases. 

with the calculated equilibrium partial pressures. 
3. In the Si-C1-He system, SiC14, SiC12, and He were 

present in the vapor and their partial pressures were 
measured and compared with the calculated equi- 
librium partial pressures for this system. 

4. Measured values of partial pressures indicate that 
there are some significant deviations from the thermo- 
chemical equilibrium in the system, especially at lower 
temperatures where S i c4  remains largely undecom- 
posed; at T > 1200°K, partial pressures resemble more 
closely the equilibrium partial pressures, particularly 
in the Si-C1-He system. 

5. The calculated and experimentally determined ef- 
ficiencies of the deposition of Si from SiC12H2, SiClsH, 
and Sic14 were compared and found to decrease in 
order q-SiClzHz > q-SiClsH > q-SiC4. 
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A Solid-State Galvanic Cell Study of the 
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ABSTRACT 

The chemical potential of oxygen of the coexisting phases Ti203,Ti~O~ was 
found to be given by aGl/z 0, (Tiz03,Ti305) = -86 030 + 15.30T(K) -t- 180 cal 
(1 std dev.) from a study of the cell N ~ , N ~ o / Y D T ' [ ~ . ~  weight per cent (w/o) 
yttria]/Tiz03,Ti305 between 1022' and 1495°K. In the evaluation of the data 
obtained for the above cell the relationship irGof(NbO) = -99,870 + 
21.51T(K) f 150 cal (1  std dev.) which was determined from a study of the 
cell Nb,NbO/YDT (15 w/o yttria)/Fe,Fe,O between 1089" and 1426°K was 
used. The data for TizO3,Ti305 correlate well with calorimetric measurements 
at lower temperatures and vaporization studies at  higher temperatures. 

This paper presents a study of the equilibrium chem- 
ical potential of oxygen in the coexisting solid phases 
Ti203,Ti305 from 1022' to 1495°K by a galvanic cell 
technique. For convenience idealized formulas are util- 
ized in this paper for the various solid phases except 
where their actual nonstoichiometric compositions are 
of interest. The solid phases in the Ti-0 system are 
of considerable interest because of the wide range of 
nonstoichiometry and unusual defect ordering near 
O/Ti = 1 (1, 2) and the multitudinous array of phases 

Electrochemical Society Active Member. 
'Present address: Corning Glass Works. Sullivan Park, Corning, 

New York 14830. 
Key wards: thermodynamics, titanium oxides, niobium monoxlde. 

yttria-doped thoria. 

TinOzn-1 based on crystallographic shear in the com- 
position range O/Ti from 1.667 to 2.00 (1, 3, 4). At the 
time this work was begun thermodynamic data from 
calorimetric measurements were available for presum- 
ably stoichiometric TiO, TizOs, Ti305, and Ti02 [refer- 
ences summarized in JANAF (5)l. Knudsen cell and 
mass spectrometric studies at temperatures above 
about 1700°K had explored the nature and thermo- 
dynamics of the vaporization processes (6-8) of the 
phases from O/Ti = 1.0-2.0. Several thermodynamic 
discrepancies and uncertainties existed in the litera- 
ture, arising from uncertainties regarding effects of 
nonstoichiometry and heats of transition. Equilibrium 
gravimetric studies involving gas-solid equilibria have 
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been reported for systems with O/Ti ratios greater 
than 1.67 (TisOs), but this technique has not been 
successfully applied to systems with the low oxygen 
potentials found in O/Ti < 1.67 (9, 10). 

The present work was undertaken to provide ther- 
mochemical information on the intermediate oxide 
phases Tiz03 and Ti305 by an equilibrium technique, 
in the range of temperatures between the calorimetric 
and vaporization studies and at lower oxygen poten- 
tials than could be explored with gravimetric tech- 
niques. Of particular interest was the question of 
whether the calorimetric data on stoichiometric mate- 
rials were valid when extrapolated to higher tempera- 
tures where the coexisting phases might exhibit sig- 
nificant nonstoichiometry. 

The use of solid oxide electrolyte galvanic cells for 
the direct determination elevated temperatures of 
the chemical potential (AGm oz) or partial pressure 
(Po2) of oxygen of two phases which coexist in some 
metal-oxygen system is by now well known (11, 12). 
Prior to the recently published, extensive study of the 
Ti-0 system with yttria-doped thoria (YDT) electro- 
lyte cells by Suzuki and Sambongi (9), the two- 
phase region Ti203,TisOs had not been investigated 
via this technique, although a galvanic cell study of 
the adjoining two-phase region Ti305,Ti407 had been 
performed by Vasil'eva and Shaulova, along with 
studies on higher oxide phases (13). A measurement of 
the difference in oxygen potential of the electrodes 
"Ti,TiOn and "Ti0,Tiz03" with a calcia-stabilized zir- 
conia (CSZ) electrolyte cell attempted by Hoch et al. 
(14) was of questionable value because of incorrect 
assumptions about the Ti-0 phase diagram and the 
useful region of CSZ. In the region O/Ti > 1.6, emf 
and gas-solid equilibrium studies have been surveyed 
by Suzuki and Sambongi (9) and critically reviewed 
by Merritt et al. (10). 

The determination of a5112 o2 for the region 
TizO3,TisOs has been carried out in this laboratory via 
a study of the cell Nb,NbO/YDT (7.5 w/o yttria)/ 
TizO3,TisOs. Although the equilibrium partial pressures 
of oxygen exhibited by these electrodes, on the order 
of 10-25 and 10-22 atm at 100O0C, respectively, are 
very low, Etsell (1%) indicates that the average ionic 
transport number (ti) of the YDT electrolyte for such 
a cell is greater than 0.99 at 1000°C. 

A preliminary investigation of the cell Nb,NbO/YDT 
(15 w/o yttria)/Fe,Fe,O ( x  indicates the boundary 
composition of iron-saturated wiistite) was performed 
in order to evaluate the emf apparatus and redetermine 
AG0f(NbO). The majority of the emf data that have 
been reported for this cell are in excellent agreement 
(16, 17). 

Experimental 
Materials used in preparing electrodes were niobium 

and niobium pentoxide powders, both of 99.8% purity, 
and titanium powder of 99.5% purity from A. D. 
MacKay, Inc., hydrogen-reduced iron powder of Fisher 
Certified Reagent grade (labeled "95.8%" via an analy- 
sis which did not include oxygen), Matheson, Coleman, 
and Bell reagent grade iron oxide (F403) of 99% 
purity, and Baker Analyzed Reagent titanium dioxide 
powder, whose analyzed-for impurities totaled 0.0581%. 
X-ray powder diffraction was used to identify phases 
present in electrode and electrolyte materials. 

Dense, '/s in. thick, H in. diameter disks of metal-to- 
oxide mole ratio 5: 1, pressed at 3 kbar, functioned as 
the electrodes in the Nb,NbO//Fe,Fe,O cell. The NbO 
phase was prepared by sintering the appropriate mix- 
ture of Nb,NbzOs at 1300°C for 12 hr in an inductively 
heated tungsten crucible within an evacuated quartz- 
walled chamber. The Fe,Fe,O electrode was generated 
in situ from an Fe,Fe2O3 disk by holding the cell at 
750°C overnight prior to any emf measurements. 

The coexisting phases Ti203,Ti305 were prepared by 
vacuum sintering the appropriate mixture of Ti + Ti& 
at 900'-1500°C for 12 hr. The O/Ti ratio was found to 

be 1.63 both before and after use, by combustion in air 
at 1000°C to a product taken to be stoichiometric Ti@. 
A mechanically sound TipOs,Ti305 disk could not be 
made, so the Ti203,Ti305 powder was packed into a 
flat-bottomed, 7.5 w/o YDT tube to function as the 
upper electrode in the Nb,NbO//Tiz03,Ti305 cell. The 
tube had a nominal wall thickness of 1/16 in. and 
outside diameter of '/z in. A new electrolyte disk and 
the previously used Nb.Nb0 electrode com~leted the 
cell. 

Powders obtained by crushing Zircoa (Zirconium 
Corporation of America, Solon, Ohio) slipcast YDT 
electrolyte tubes were used in preparing electrolyte 
disks of nominal composition 7.5 and 15 w/o yttria. 
Isaacs (18) has discussed the impurity level of such 
YDT. The disks were pressed at 3 kbar and densified 
by sintering in vacuum at 2000°C for 4 hr followed by 
firing in air at 1200°C. Disks of H in. diameter and 
Yi in. thickness, of densities 9.2 and 7.2 g/cm3 [I03 and 
92% of theoretical density (19)] were obtained. 

The 7.5 w/o YDT tubes received from Zircoa were 
found by x-ray diffraction to contain detectable 
amounts of a second phase identified as thoria. How- 
ever, the second phase was not detected in the electro- 
lyte disks prepared by us. 

The emf apparatus is shown in Fig. 1. A cell was 
supported in the inductively heated tantalum furnace 
tube and electrical contact to each electrode was made 
by a disk of platinum foil to which the bead of a 
platinum, platinum-10% rhodium thermocouple was 
attached. All insulators and cell supports were of re- 
crystallized alumina. Springs at the top and bottom 
pushed the assembly together. A second concentric 
tantalum tube within the furnace tube shielded cells 
from the high frequency field. The environment of the 
cell and furnace was a clean dynamic vacuum, rou- 
tinely 10-8 Torr. 

A Rubicon precision potentiometer alone, or in com- 
bination with a Cary Model 31-CV vibrating reed 
electrometer, with appropriate filtering (14, 20) to 
remove high frequency signals, was used to measure 
emf's. No interference by the high frequency field was 
observed in cell emf measurements reported here. 
Cells containing the Ta,Taz05 electrode had been found 
to display high emf's within this apparatus when the 
induction coil was energized (20), presumably be- 
cause of rectification by tantalum oxide films on tanta- 

ALUMINA-SLEEVED SPRING LOADED 

NEEDLE  VALVE,^ 11 R 
VACUUM BREAK VALVE 

Ma. SS SUPPORT TRIPOD 
SPRING LOADED 

TEFLON INSULATED 

AND CELL LEADS OF LOWER SHROUD 

\TO CHEVRON BAFFLE 
AND DIFFUSION PUMP 

Fig. 1. High temperature inductively heated emf apparatus 
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lum. Temperatures have an estimated precision of 
-c 1" and uncertainty of -c 4". The latter estimate in- 
cludes an observed temperature gradient of from zero 
degree at 1100°K to 4" at 1400'K. Two runs were made 
with each cell. The emf data were taken after equi- 
libration at temperatures both sequentially increased 
and decreased. Equilibration times were from 1.3 to 
25.6 hr with the majority less than 3 hr. Both cells were 
still operating excellently after a total time at 90WK 
or above of approximately one week. 

Apparently reversible, and clearly reproducible, 
emf's were displayed by the cells. Somewhat less scat- 
ter in the cell emf's, and also distinctly shorter equi- 
libration times, were evident above about 1250°K. 
The Fe,Fe,O electrode of the cell Nb,NbO/YDT/ 
Fe,Fe,O literally welded itself to the electrolyte disk, 
with staining of the YDT occurring to a depth of 80 
m. Others (21, 22) have previously reported similar 
phenomena. An electron microprobe study was made 
of a section sliced perpendicularly through the 
Fe,Fe,O-YDT interface. Although the study was some- 
what inconclusive due to excitation of the elements by 
secondary x-rays produced within the sample, no 
convincing evidence was obtained for diffusion of Fe 
into the electrolyte or Y into the Fe,Fe,O disk. No 
gradient of Y, Fe, or 0 was detected near the interface 
and no evidence was found for formation of other 
phases such as the YFeO3 reported by Worrell (21). 

In the study of Ti203,Ti30~, considerable coloration 
was developed by the YDT. However, no evidence was 
obtained for formation of any new phase such as, 
for example, YTiO3 (23). 

Results and Discussion 
The data obtained in this laboratory for the cells 

Nb,NbO/YDT (15 w/o yttria)/Fe,Fe,O and Nb,NbO/ 
YDT (7.5 w/o yttria)/Ti203,Ti305 are plotted, respec- 
tively, in Fig. 2 and 3. 

The raw data for the cell Nb,NbO//Fe,Fe,O from 
1089" to 1426°K when fit by an unweighted least 
squares analysis yield 

E(obs, mV) = (797.9 2 5.6) - (0.1312 2 0.0044)T(K) 
r11 

Line 1 Row Data 

Line 2 Corrected Data 

Fig. 2. Emf of cell Nb,NbO/YDT(IS w/o yttria)/Fe,Fe,O vs. 
temperature. Line 1, least squares fit to data as measured (Eq. [Ill; 
line 2, least squares fit to data adjusted for solubility of 0 in 
Nb (Eq. [21). 

Fig. 3. Emf of cell Nb,NbO/YDT (7.5 w/o yttria)/Tiz03,Ti30s VS. 

temperature. Line 1, least squares fit to data as observed (Eq. [71); 
line 2, least squares fit to data adjusted for solubility of 0 in 
Nb (Eq. [El). 

To obtain the standard free energy of formation of 
NbO, the emf data were corrected point by point for 
the solubility of oxygen in niobium, giving 

Uncertainties in slopes and intercepts in these and sub- 
sequent equations are standard deviations. The emf's 
have standard deviations about the line of 21.7 and 
21.8 mV in [ l ]  and [2], respectively. The correction 
for oxygen solubility was made by using Bryant's solu- 
bility data (24) and assuming that Henry's law is valid 
for oxygen dissolved in niobium, while Nb obeys 
Raoult's law. Thus 

E (corr) = E(obs) - (RT/nF) ln Xm [31 

This correction amounts to at most 1.8 mV at 1426°K. 
Correspondingly, from the Nernst relation AG = 

-nFE 

aG0l,z oz (cell) = (-36,640 2 260) 

The value of Faraday's constant F was taken to be 
23.061 cal/mV-equiv. Using the relationship for the 
free energy of formation of the iron-rich wiistite phase 
from 873'-1600°K derived by Steele and Alcock (25) 
from the work of Darken and Gurry (26) 

it was found that 

AG'r(Nb0) = -99,870 + 21.51T(K) 2 150 cal mole-' 
161 - - 

for 1089"-1426°K. 
Tabulated in Table I are values of AGr(NbO) which 

were calculated from the above relationship, from a 
study representative of the literature on the same cell, 
that of Ignatowicz and Davies (27), values from Wor- 
rell's results (21) based on cells different from the 
one studied here, along with those published by 
JANAF Thermochemical Tables (17). Also tabulated 
for comparison are values of A G ~ I ~  o2 for the coexisting 
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Table I. Comparison of AG0r(NbO) from this work with literature Cr,CrzO3, and from the recently revised JANAF 
values Thermochemical Tables (17) for TizOs(c) and Ti305(8). 

Suzuki and Sambongi have published the only previ- 

AC0t(NW, kcal) 
ous study of Ti203,Ti305 by emf techniques. They used 
the cells Ti01,~/YDT/Cr,Crz03 and Ta,Ta205/MT/ 

1100.K l20O'K 1300.K 14W'K Ti01.6 in a flowing argon atmosphere from 940" to 
1740°K. Here, TiOl.6 represents several compositions in 

This work (1088'-1426"~) -76.21 -74.06 -71.81 -68.76 the range 1.560 < O/Ti < 1.648 in the Tiz03,Ti305 two- 
Worrell 121) (1050'-1300°K) 

Nb0,Nb~l/Nb02,Nbr0,.s -76.79 -74.g5 -72,50 (-70.36). phase region. They intercompared their Ta,TanOs and 
2. N ~ , N ~ O I / N ~ O . N ~ O ~  -76.18 -74.02 -71.87 (-89.11). Cr,Cr203 reference electrodes directly by means of the 

Ignatowicz and Davies (27)'. -16.18 -74.11 -72.03 (-68.95)' cell Ta,TazOe/YDT/Cr,Cr203, and both were measured 
11073'-1313°K) 

JFAF 1171) -76.46 -74.38 -12.33 -70.28 against Fe,Fe,O from 990" to 1520°K Unfortunately 
AGtl%o,INb.NbO), this work -~6.18 -74.02 -71.85 -68.98 their emf data and thermodynamic results for the Ti-0 

system are presented only graphically and they give 
.Parentheses indicate A C ' ~  at temperature nubide of experi- no indication of how the lines in their figures were 

mental range. drawn among the data points. Their Eq. [20] for '. Corrected as herein for the solubility of oxygen in nlobium. AG"~(F~,O)  taken from ~ ~ f ,  (20) contains two typo- 
graphical errors. Numerous inconsistencies exist among 

phases Nb,NbO calculated from Eq. [I] and [5]. Wor- their figures and equations. By carefully measuring 
rell's first relationship was derived from A G ' ~ ( N ~ O ~ )  their published figures and deriving equations from 
(28) and AGr(Fe,O) (29) obtained from reviews in these measurements, we obtained the following equa- 
the literature along with data from the cells tion which we believe to be the best representation of 
NbOz,Nbz04,s//Fe,Fe,q and N ~ O , N ~ O Z / / N ~ O ~ , N ~ O ~ , ~ .  their data for the Ti203,Ti305 equilibrium 
His second relat~onsh~p was derived from the same 
aGof(NbOz) (28) and data from the cell Nb,NbO// A~1/2oZ(Ti203,Ti305) = -86,418 + 15.82T(K) cal [ l l ]  
NbO,NbOz. JANAF (17) has adopted AH0f.zss based on As shown in Table 11, our free energies and those 
the average of those from seven equilibrium (emf) of Suzuki and Sambongi (9) for oxygen in Ti203,Ti305 studies. Five of these, including that of Ignatowicz and 
Davies (27), were of the cell Nb,NbO//Fe,Fe,O. War- are in excellent agreement. This supports the validity 

rell's data (21) for the cell Nb,NbO//Ta,TazOs were of both sets of measurements, because different refer- 

also used. It is evident that the values tabulated for ence electrodes, physical arrangements, and equilibra- 

AC"r(NbO) in Table I agree within better than for 
tion procedures were employed. Above 1773°K their 

11000~1400~K~ Note that AGor(Fe,O) of Steele and Al- 
emf's rapidly dropped because of reaction of the Ti01.6 

cock (25) and that adopted by Blumenthal and Whit- e l ~ ~ " , ~ , " ~ ~ ~ ~ b f ~ ~ ~ , " ~ , " u ~ , ' t ~ ~ t S f r O m  the JANAF 
more (29), which was used by Worrell (21) and by Tables (17) for Tiz03(c) and TbOs(B) are derived ~~~~~~ :&:<"&?) f ~ ~ ; , " ~ ~ ~ ~ e ~ ~ J ~ ( ~ ~ o f , " ~ ~ ; t  principally from calorimetric measurements on stoi- 

incorrectly implying a constant lower phase boundary chiometric materiaLOur emf results agree well (with- 

for wiistite (26, 30), which are approxi- in about 1% in AGO,) with these. JANAF (0-Ti305 
mately 100 cal more negative than the other data. table) (I7) that the graphical emf data 
~ i d d i ~ ~ ~  and ~~~d~~ (30, 31) in presenting the latest Suzuki and Sambongi and "the authors' self-consistent 
analysis on oxygen activities and phase boundaries of data for the reference couples" yield AH and AS for 
wiistite and of the use of Fe,Fe,O electrode, prefer the the reaction 
equation for AGof(Fe,O) of Rizzo et al. (32), which 
gives values at  1100" and 1400°K, respectively, 220 and 

3/2 Tiz03(a,8) + 1/4 0 2  = Ti305(u,8) [I21 

80 cal more positive than those chosen here. consistent with JANAF's adopted values. In addition, 
The excellent agreement of our results for AG"r(Nb0) third law values of AH0zgs for reaction 1121, calculated 

with those in the literature is taken as evidence that from Suzuki and Sambongi's data, were in agreement 
our apparatus and technique are giving valid results, with combustion calorimetric data. 
and that the Nb,NbO electrode is a suitable reference TWO further comments should be made in comparing 
for measurements on Ti203,Ti~05. the emf results to the JANAF data. First, use of the 

The raw data for the cell Nb,NbO//Ti203,Ti305 from JANAF table for Feo.g470 with the emf data would 
1022' to 1495" plotted in Fig. 3 were fit by unweighted reduce the small differences of Table I1 by-approxi- 
least squares to obtain mately 0.1 kcal per H mole 0 2 .  Secondly, AG112 o2 for 
E ( ~ b ~ ,  mV) = (303.6 2 5.0) - (0.1382 f 0.0040) T(K) the reference electrode Cr,CrzOs obtained in Suzuki 

[I] and Sambongi's work (9) is systematically more posi- 
tive than the data adopted for that system obtained by 

while the data corrected for the solubility of oxygen JANAF (17) by about 800 cal from 1000" to 1500°K. 
in niobium via Eq. [3] fit the relationship JANAF apparently did not use the emf work of Suzuki 

and Sambongi in drawing up their Crz03 tables, al- E (corr, mV) = (300.1 f 5.0) - (0.1346 f 0.0040) T (If:] though Suzuki and Sambongi3s data on Tiz03,Ti30s 
were used by JANAF. However, both we and Suzuki 

The standard deviation of E about the lines in [I] and and Sambongi have referenced our cells ultimately to 
183 is ? 2.3 mV. Correspondingly the same free energies for Fe,Fe,O (25) so that their 

Cr,CrzOa and our Nb,NbO couples are in a sense only 
AG"112 02(cell) = (-13,840 -r- 230) intermediate standards. JANAF (17) utilized other 

+ (6.21 0.18)T(K) ? 110 cal [91 data of Suzuki and Sambongi's taken with the Cr,Cr203 
reference electrode in drawing up tables for TirOr. 

and Suzuki's oxygen potentials for oxide pairs in 1.67 < 
AE,Iz 0 z ( ~ i 2 0 3 r ~ i 3 0 5 )  = -86,030 + 15,30T(K) 180 cal O/Ti < 2.0 are in agreement with those determined by 

1101 Merritt et al. (10) near 1300°K. 
It appears from our results that the upper phase 

for 1089"-1426°K. For internal consistency Our Eq. [GI boundary (upb) composition of the Ti203 phase in 
for AC'r(Nb0) was used in deriving this equatitn. equilibrium with the Ti305 phase from 1089" to 1426°K 

Tabulated in Table I1 are values of AGIIZ o2 is not appreciably different from the stoichiometric 
(Ti203,Ti305) which were calculated from the above composition. This is inferred because oxygen potentials 
relationship, from the graphically presented emf data we obtained from the equilibrium mixtures agree with 
of Suzuki and Sambongi (9) for the cell TiOl.s// those calculated from JANAF (17) for the stoichio- 
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Table II. Comparison of chemical potential of oxygen in TinOs.Ti3Os from this work with literature values 

This work (1022'-1495'K) 
Suzuki and Sambongi (91 

(-70.73). - 68.20 -67.87 -66.14 -64.61 (-63.08)' 

1840"-1740'K) 
JANAF (17) -70.60 -69.02 -67.43 -65.85 -6427 -62.69 

-71.13 -69.66 -68.11 -66.51 -64.88 -63.24 

Parentheses Indicate A E L I ~ D J T ~ ~ O ~ . T I ~ ~ ~ )  at temperature ouidde of experimental range. 

metric compounds. Ti305 was shown to be a line phase 
by Merritt et al. (10) near 1300°K from their gas- 
solid equilibration studies. Vaporization studies 
above 1800°K by Gilles and Wahlbeck and their co- 
workers (6-8) showed that Ti305 vaporizes congru- 
ently at the stoichiometric composition, and the re- 
ported partial pressures of oxygen for Ti305 and 
Ti203,Ti30~ are compatible with the JANAF extrapo- 
lation of lower temperature data for the two stoichio- 
metric compounds. Hence it appears that the upb of 
Tiz03 deviates little from the ideal composition up to 
the melting point, and that the phase width 1.49 6 
O/Ti 4 1.51 suggested by Andersson et al. (33) is not 
unreasonable and may be too generous. 

This conclusion is in marked contrast to the range 
1.425 < O/Ti < 1.585 around Tiz03, shown by Suzuki 
and Sambongi in their Fig. 14 from 1273" to 1873'K. 
Their suggested composition range was deduced from 
a statistical thermodynamic argument patterned after 
Anderson (34), but the defect model they used is 
physically unrealistic, the calculated upb is richer in 
oxygen than Ti01,56, one of their two-phase mixtures, 
the Pq values at the Ti01+,-Ti203 phase boundary 
used in their calculations are probably (15) too low 
for valid measurement using YDT, and the resulting 
Po2 at the proposed upb is inconsistent with either our 
or their emf data. Their suggested composition range 
for Ti203 is thus unrealistic. 

In conclusion it seems reasonable to accept the 
thermodynamic data for Ti203 and Ti305 as tabulated 
by JANAF (17), because this recent compilation suc- 
cessfully correlates calorimetric, emf, and vaporization 
data over a very large range of T and PO,. 

More precisely stated, the JANAF tabulation pre- 
sents smoothed enthalpy, entropy, and free energy 
functions from somewhat discordant calorimetric mea- 
surements (35, 36), extrapolated to higher tempera- 
tures. These may be combined with free energy data 
from high temperature equilibrium (emf and vaporiza- 
tion) studies to obtain AH0298 for the solids which 
agree satisfactorily with the calorimetric values. How- 
ever, if PO, is to be calculated, we recommend direct 
use of the high temperature equilibrium data, for ex- 
ample, our Eq. [lo]. This is because a discrepancy of 
& l %  in ~E112 02(Ti203,~i305) at, say, 1300°K corre- 
sponds to &14 mV in cell potential, or & 50% in PO,. 

One remaining source of discrepancy between the 
emf and tabulated data is the transition from rr to p 
Ti305 at 450" & 20°K, for which JANAF (17) estimates 
AHot = 3.17 & kcal mole-', because of some uncer- 
tainty in the drop calorimetric measurements (35, 36) 
and a DTA study (37). 
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Mechanisms of Decomposition of Organochromium 
Compounds in the CVD Process. Cycloheptatriene 

Chromium Tricarbonyl 

T. J. Truex, R. 6. Saillant, and F. M.  Monroe 
Ford Motor Company, Dearborn, Michigan 48121 

ABSTRACT 

A general method for studying the decomposition of organometallic com- 
pounds in the low temperature chemical vap,or deposition (CVD) process is 
described. Gas chromatographic and mass spectral analyses have been used 
to identify volatile by-products from CVD reactions and determine their 
relationship to  deposit composition. The technique, in conjunction with 13C 
labeling experiments, has been used to determine the mechanism of decom- 
position of cycloheptatriene chromium tricarbonyl [(C?H8)Cr(C0!3]. 
(C?HB)C~(CO)~  pyrolyzes at  temperatures > 300°C to give deposlts containing 
mainly chromlum and carbon with small amounts of oxygen present. Reac- 
tions involving the CO ligands, including CO disproportionation, make only 
minor contributions to deposit composition with the majority of deposited 
carbon (>85%) resulting from reactions involving the cycloheptatriene ring. 
The use of thermogravimetric analysis and differential scanning calorimetry 
to screen potential CVD compounds is described. 

We have undertaken a program to evaluate the use 
of organometallic compounds in the low temperature 
chemical vapor deposition (CVD) process for two rea- 
sons: to develop general methods for studying the 
mode of decomposition of these compounds, and to 
determine the detailed mechanism (s) of decomposition 
of selected organochromium compounds. 

The use of new organometallic compounds (1) for 
low temperature (< 550°C) CVD provides the poten- 
tial of depositing metals, oxides, carbides, or nitrides 
on light metals, glass, and other materials not re- 
sistant to glow temperatures. The development of this 
process depends upon an understanding of the rela- 
tionship between process variables (chemical and 
physicochemical) and deposit compositions and prop- 
erties (2). In particular, an understanding of the 
mechanisms of decomposition of organometallic com- 
pounds could explain the origins of deposit composi- 
tions and conceivably indicate ways to control these 
compositions. 

Several organochromium compounds have been used 
in the past to deposit chromium, chromium carbide. 
and/or chromium oxide by the CVD process. Lander 
and Germer (3) and also Owen and Webber (4) 
studied the decomposition of chromium hexacarbonyl, 
Cr(C0)s. Deposits containing varying amounts of Cr, 
C ~ ~ C Z ,  and Crz03 were obtained depending upon reac- 
tion conditions. Decompositions using the bis(arene)- 
chromium ( 0 )  compounds, bis (benzene) chromium ( 0 )  
1 (5), and bis(cumene)chromium(0) 2 ( 6 )  also pro- 
duced carbide deposits of varying compositions. Of the 

Key words: chemical vapor deposition, organochromium, deposit 
composition, DTA/DSC analyses. 

latter two systems, the bis (cumene) chromium ( 0 )  
compound has been the most extensively studied. It 
decomposes at substrate temperatures between 325" and 
550'C producing chromium carbide deposits containing 
8-12 weight per cent (w/o) carbon. Mechanistic studies 
on this compound have been precluded due to the un- 
availability of pure starting material. Chemical decom- 
position of commercially available bis(cumene)chro- 
mium(0) in this and other laboratories (7) reveals 
that it is a mixture of bis(arene)chromium(O) com- 
pounds containing benzene, cumene, diisopropylben- 
zenes, and triisopropylbenzene. Recently there has 
been a report of the preparation of pure bis(cumene)- 
chromium(0) (8) which we hope to utilize for the 
preparation of pure samples for mechanistic studies. 

A third class of organochromium complexes which 
has received little attention as a potential source of 
CVD compounds is the arene chromium tricarbonyls 3 
(9). These compounds are of particular interest for 
mechanistic studies because they incorporate struc- 
tural features of both the Cr(C0)s  and bis(arene)- 
chromium(0) systems. Thus, decomposition studies of 
these systems could reveal reactions involving the CO 
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ligands leading to oxide and/or carbide formation as 
suggested for the metal hexacarbonyls of Cr, Mo, and 
W (3) and/or carbide formation from decomposition 
of the arene ligands as implied from results on the 
bis (arene) chromium ( 0 )  systems (5, 6). u 

Differential thermal analysis (DTA), differential 
scanning calorimetry (DSC), and preliminary plating 
studies on a series of arene chromium tricarbonyl com- 
pounds (vide i n f ~ a )  had also indicated that cyclohep- 
tatriene chromium tricarbonyl 4 (10) was a promising 
candidate for study. It is only slightly air-sensitive 
under ambient conditions, but thermally decomposes at 
temperatures > 300°C. It is easily sublimed at 70°C and 
1.0 mm pressure. 

Results are reported on the mechanism of decom- 
position of cycloheptatriene chromium tricarbonyl. In 
addition, general procedures for studying the decompo- 
sition of organometallic compounds are presented. 

Experimental Procedure 
Chemicals.-All organometallic compounds were ob- 

tained from Strem Chemicals Incorporated, Beverly, 
Massachusetts. Comparison of observed melting points, 
solution infrared, nmr, and mass spectra with litera- 
ture data indicated all compounds were pure as re- 
ceived. 

Apparatus and procedure.-A diagram of the ex- 
perimental apparatus is shown in Fig. 1. The glass 
(Pyrex) or aluminum substrate was attached to a 
graphite block which was heated inductively. The 
substrate temperature was recorded by a thermocouple 
imbedded in the block. The pressure was measured 
with a thermocouple gauge. Condensable gaseous by- 
products were collected in cold traps at liquid Nz 
(-196*C), Dry Ice/acetone (-76"C), or ice-methanol 
(- -20°C) temperatures. Noncondensable gaseous 
by-products were collected in a 1 liter evacuated glass 
bulb and then pumped via a Toeppler pump into a 50 . - 

cm3 volume. 
DTA and DSC were performed under an NZ atmo- 

sphere using a du Pont Model 900 analyzer. 
The condensable by-products in the CVD reactions 

were analyzed by separating the components using a 
gas chromatograph interfaced with a mass spectrom- 
eter. These analvses were done at  Shrader Analytical 
and consulting- Laboratories, Incorporated, Detroit, 
Michigan. 

Gar 
Collectlm 
Bulb 

ocuvm Gauqt 

Thermocouple 

Groph#le Sample -To Vacuum 

Coils REACTION 
VESSEL u 

TRAP 

Fig. 1. Schematic diagram of apparatus for studying the 
mechanisms of decomposition of organometallic compounds. 

Mass spectral analyses of the noncondensable gase- 
ous by-products were performed using an Aero Vac 
Model AVA/61 residual gas analyzer. This instrument 
was calibrated for intensity us. partial pressure for 
samples of air, CO, COz, Hz, CH4, and C2II4. 

Deposit compositions were determined by electron 
microprobe analyses. 

In a typical plating run the following procedure was 
used. The reaction vessel was charged with the plating 
compound, the substrate/graphite holder was attached 
and the apparatus evacuated to the desired pressure. 
The induction furnace was then turned on and the 
substrate heated to the plating temperature. After the 
substrate temperature was stabilized, a preheated oil 
bath was placed around the bottom of the reaction ves- 
sel causing the complex to sublime. The condensable 
by-products were collected in the cold trap as de- 
scribed above. Noncondensable gases were collected 
in a 1 liter evacuated flask as described previously. All 
of the experiments with cycloheptatriene chromium 
tricarbonyl were done with a sublimation temperature 
of 70°C and a pressure of -0.3 mm Hg on glass 
(Pyrex) or aluminum substrates. 

'JCO labeling experiment.-The 13CO exchange re- 
action described below is similar to that used to pre- 
pare the substituted compounds (C7Hs) Cr(CO)z,X, 
where X is triphenylphosphine or triphenylphosphite 
( 11 ) . 6.848 (30 mmole) of cycloheptatriene chromium 
tricarbonyl was dissolved in 150 ml of degassed cyclo- 
hexane (distilled under N* from CaHz). This was placed 
in a Vycor reaction vessel, with care taken to exclude 
air, and attached to a vacuum line. After several freeze- 
thaw cycles under vacuum, 100 cmS at 0.7 atm of 90% 
enriched '3CO (Stohler Isotopes Incorporated) was in- 
troduced. The exchange reaction was allowed to pro- 
ceed at room temperature under 3500A irradiation for 
36 hr. The reaction was then stopped, the solution 
frozen, and the gases above it replaced with a fresh 
supply of 90% enriched 13CO (100 cm3 at 0.5 atm). The 
reaction was then allowed to proceed an additional 36 
hr under the same conditions as above. At the end of 
this period the gases above the solution were again 
replaced with a fresh supply (350 cm%t 0.36 atm) and 
irradiation continued for a final 36 hr. The solution 
was filtered under Nz and the product isolated by 
evaporation in vacuo. The extent of enrichment was 
determined by mass spectroscopic analysis. The parent 
ion region was analyzed for increases due to '3CO-con- 
taining species and the ratio of l3CO and lZCO was 
determined by analysis of the m = 29 and m = 28 
peaks. The reaction can be followed qualitatively by 
monitoring the appearance and growth of a 13C0 
stretching band at 1855 cm-1 (cyclohexane solvent) in 
the infrared spectrum. Two samples of labeled com- 
pound were prepared; one contained 7.5% 13C0 and 
the other 8.7% 'TO. 

Results and Discussion 
Selection of potential CVD compounds.-The quick 

and systematic evaluation of potential CVD compounds 
is a continuing problem for new materials. DTA and 
DSC show promise as reliable screening techniques 
which provide sublimation and decomposition data. A 
linear correlation was observed, Fig. 2, when the initial 
decomposition temperatures were plotted against the 
minimum plating temperatures' under CVD conditions. 
The less-than-unity slope results from the difference 
between the DTA/DSC measurements and our criterion 
for "initial plating." These data led to the study of 
cycloheptatriene chromium tricarbonyl. In the future, 
these DTA/DSC studies will be extended to a number 
of other classes of compounds to determine if the ob- 
served correlation persists. 

Experimental procedure and rationale.-Figure 3 
represents the interaction between product and process 

1 For CVD this is necessarily qualitative and arbitrary. For our 
purposes it is the minimum substrate temperature at which a uni- 
form opaque deposit forms during 30 min of reaction Ume. 
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variables. In this study we have controlled the pres- 
sure, and the substrate and sublimation temperatures. 
For a given set of these variables a deposit is formed 
which can be analyzed for different properties, some of 
which are shown. The property of interest for this 
study was coat composition. The reaction by-products 
can be experimentally separated into condensables and 
noncondensables by varying trap temperatures and 
analyzed as described in the experimental section. This 
procedure allows the correlation of deposit properties 
(composition) and reaction by-products with plating 
compound and variables from which a mechanism can 
be deduced. 

The principle behind this approach is mass balance. 
Thus, a change in deposit composition must be ac- 
companied by corresponding variations (molecular 
and/or concentration) in reaction by-products. Isotopic 
labeling has also been used in the present study to 
complement mass balance information and unambigu- 
ously identify specific carbon sources. 

200 300 400 500 600 
Minimum Plat ing Temp:C 

Fig. 2. Plot of DTNDSC decomposition temperature vs. minimum 
CVD decomposition temperature. 

Results of decomposition studies on cycloheptatriene 
chromium tricarbonyl (CiH8) Cr(C0)s.-(C7HdCr (CO)g 
is a slightly air-sensitive red crystalline solid which 
must be stored in an inert atmosphere but can be 
handled in air for short periods of time without 
noticeable decomposition. Its volatility is high enough 
that adequate sublimation rates are obtained at tem- 
peratures S70"C. Rapid pyrolysis of (C7Hs)Cr (CO)s 
occurs at temperatures S30O0C. The temperature range 
which produces uniform, smooth, continuous, adherent, 
mirror-bright films is 350"-450'C. Below 350°C some 
spontaneous peeling of the film from Pyrex glass sub- 
strates is observed (this problem has not been en- 
countered with aluminum substrates) and above 500°C 

formation of a black sooty material in the reaction 
chamber indicates that some of the vapor decomposes 
before it reaches the hot substrate. Although all dep- 
osition studies were conducted at  a sublimation tem- 
perature of 70'C and a pressure of 0.3 mm Hg, it is 
probable that the optimum substrate temperatures will 
change as a function of other variables. We have not 
explored this possibility in detail but have instead 
chosen to vary substrate temperature while holding 
all other variables constant in an attempt to simplify 
the mechanistic analysis. The substrate temperature 
range studied was 300"-600°C. 

The deposited films were analyzed for Cr, C, and 0 
by electron beam microprobe analyses. The results 
show that deposits formed from (C~H8)cr(C0)3 de- 
composition in the 300"-600°C range contain mainly 
chromium and carbon with smaller amounts of oxygen. 
Average chromium and carbon contents [atomic per 
cent (a/o)] as a function of temperature were as fol- 
lows: 

300°C 63.6 a/o Cr 28.4 a/o C 
400°C 62.4 a/o Cr 32.5 a/o C 
500°C 58.8 a/o Cr 36.0 a/o C 
600°C 59.1 a/o Cr 32.1 a/o C 

Although quantitative oxygen analyses were not per- 
formed on all samples, in the analyzed samples oxygen 
accounted for the remainder of the film. In addition, 
no foreign elements other than chromium, carbon, or 
oxygen were detected in any of the films. These results 
show a fairly uniform composition throughout the tem- 
perature range with somewhat higher oxygen contents 
at both extremes of temperature. A poorly defined x-ray 
pattern was obtained for one deposit laid down at  
600". The pattern could be associated with Cr7C3 
although some known lines were absent. All other 
film deposits were amorphous. This type of behavior 
has been noted previously in chromium carbide films 
deposited at  low temperatures (6b) where it was ob- 
served that annealing leads to crystallization. This has 
not been tried with films produced by (C.iHs)Cr!CO)s 
decomposition since the major interest has been in as- 
deposited films. Of primary interest is the source of the 
deposited carbon and oxygen found in these films. 

The variation in condensable by-products f o ~  
(CpHs) Cr (CO) decomposition in the temperature 
range 300"-600°C is shown in Fig. 4. The relative pro- 
portion of the major component, cycloheptatriene, 
steadily decreases as the deposition temperature is 
increased. However, the relative proportions of ben- 
zene, toluene, cycloheptadiene, and styrene increased 
with temperature. The benzene and cycloheptadiene 
concentrations pass through maxima at -500°C. This 
may indicate secondary reactions involving decomposi- 
tion of these compounds above 550°C. Benzene decom- 
position has been noted in other CVD studies at tem- 
peratures >500°C (5b). 

The major component of the noncondensable by- 
products was CO, with the second largest component 
being Hz [-10-15 molecular per cent (m/o) of the non- 
condensable gas fraction]. Minor components of meth- 
ane and ethylene were observed together with trace 
amounts of COe (0-2 m/o) and Cp and Cg hydrocarbons. 
It was noted that the relative compositions of the non- 
condensable by-products do not vary in a significant 
manner throughout the 300"-600°C temperature range. 

The appearance of the different chemical species 
found in the condensable by-products implies that the 
net chemical reactions presented in Fig. 5 are taking 
place during decomposition. Only benzene formation 
involves a loss of carbon and is therefore a possible 
source of deposited carbide. The other reactions in- 
volve no net change in carbon or, as in the case of 
styrene, the addition of one carbon atom. The carbon 
loss through benzene formation is -7-10 a/o between 
300"-400°C and -20-30 a/o at decomposition tempera- 
ture >450°C. Since styrene formation, and the associ- 
ated carbon addition in this reaction is -0-2 m/o 
throughout the decomposition temperature range, the 
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A Cycloheptatriene 
Benzene 
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Fig. 4. Voriation of condensoble by-products for (C~Hs)cr(C0)3 
decomposition in the temperature range 300"-600% 

Fig. 5. Chemical reactions implied by the formation of condensable 
by-products in (C7Hp,)Cr(C0)3 decomposition 

majority of the carbon freed in the benzene reaction 
is available for carbide formation. Thus, below 400°C 
the benzene reaction can account for -25-30% of the 
deposited carbon and above 400°C it can account for 
-55-95% of deposited carbon. 

The noncondensable gas results provide a comple- 
ment to the condensable by-product conclusions. First, 
the absence of considerable amounts of COz indicates 
that the CO disproportionation reaction proposed as a 
source of carbon formation in the decomposition of 
other carbonyl containing organometallics (3) is not 
significantly operative. This does not completely rule 
out participation of CO in deposit formation by some 
reaction pathway other than disproportionation. This 
point will be raised again during discussion of results 
from 13C labeling experiments. The second point in- 
volves the large He component seen in the noncon- 
densable gas fraction. This implies that considerable 
reaction involving cycloheptatriene is taking place. 
Part of this is explained by the benzene formation re- 

action mentioned previously, but this will not account 
for all of the Hz observed, especially below 400°C. 
This, together with the absence of lower hydrocarbons 
(<Cs), suggests that some total degradation of cyclo- 
heptatriene is taking place. 

Definitive information on the relative participation 
of CO and cycloheptatriene in deposit formation has 
been provided by 13C labeling experiments. 1SCO 
labeled cycloheptatriene chromium tricarbonyl was 
used for deposition studies at 300", 400°, and 500°C 
(runs at 600°C were precluded due to interference 
from gas phase decomposition). The deposits from 
these runs were then combusted and the COz given 
off collected and analyzed mass spectrometrically to 
determine the 13CO2/'2CO2 ratio. The results of these 
experiments are shown in Table I together with the 
calculated per cent of observed carbide formation com- 
ing from reactions involving CO. These data show that 
the fraction of carbide formation due to CO was a 
maximum of -13% at 400°C with average values of 
7.3% at 30O0C, 10.0% at 400°C, and 2.0% at 500°C. 
These results confirm the conclusions drawn from the 
noncondensable gas analyses. Specifically, CO partici- 
pation in carbide formation is small compared to that of 
cycloheptatriene. The presence of 5-9 a/o oxide in the 
deposits could arise from reaction of the oxygen atom 
in CO with deposited chromium, or from the pres- 
ence of residual in the system which has a back- 
ground pressure of -la. 

Conclusions 
As part of an over-all program to determine mecha- 

nisms of decomposition of organometallic compounds, 
a study of the decomposition of cycloheptatriene chro- 
mium tricarbonyl has been made. (C,Hs)Cr(C0)3 de- 
composes at substrate temperatures of 2300°C to form 
deposits on glass and aluminum substrates contain- 
ing mainly chromium and carbon, with lesser amounts 
of oxygen present. Mechanistic studies utilizing com- 
parisons of deposit compositions and condensable and 
noncondensable by-products analyses and 13CO label- 
ing studies allow the following conclusions concerning 
(CTH~) Cr (CO) 3 decomposition: 

(i) Reactions involving CO account for less than 
13% of deposited carbon in the deposition pressure and 
temperature ranges studied. 

(ii) The majority of deposited carbide comes from 
the cycloheptatriene ring. Two specific reactions appear 
to account for this. First, transformation of cyclohepta- 
triene into benzene with loss of a carbon atom and one 
molecule of hydrogen. This reaction is operative to 
only a minor extent at low temperatures, but at 
>450°C it can account for -55-9596 of the deposited 
carbide. Second, total degradation of cycloheptatriene 
into carbon and hydrogen. This reaction must be op- 
erative throughout the temperature range 300"-600% 
but below 450°C it produces the majority of the car- 
bide formed (-70-75%). It should be noted that in 
separate experiments pure cycloheptatriene was 
found not to decompose under the deposition condi- 
tions used here. This implies that complexation to 
chromium activates decomposition, or an initially 
formed chromium deposit catalyzes the decomposition. 

(iii) Several other reactions of cycloheptatriene 
which do not contribute to deposit formation were ob- 
served. These included formation of toluene, cyclohep- 
tadiene, and styrene. 

Toble 1. 13C labeling experiment results 

Deposition Per cent Per cent of de- 
temper- IsCO in Per cent l*C in posited carbon 
ature, ' C  ( c ~ H s l C r ( c O ) ~  deposit (range) from CO (range) 
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(iv) The presence of small amounts of oxygen in the 
films suggests some reaction of deposited chromium 
with oxygen from CO and/or background 9 in the 
reaction system. 

This study demonstrates the utility of the experi- 
mental approach used in determining mechanisms of 
decomposition of organometallic compounds in the 
CVD process. In the future these studies will be ex- 
tended to other arene chromium tricarbonyl com- 
pounds and also other classes of organometallic com- 
pounds with the goal of developing thermodynamic 
models for the prediction of decomposition mecha- 
nisms of these systems. 
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Theoretical Aspects of the Peltier Effect 

on the Temperature Distribution in Crystal 

Grown by the Czochralski Technique 

S. Vojdani, A. E. Dabiri, and M. Tavakoli 
Materials and Energy Research Center, Arya-Mehr University of Technology, Tehran, Iran 

ABSTRACT 

A theoretical treatment is given for the temperature distribution in a 
Czochralski system with and without the presence of the Peltier effect. The 
effect of Peltier heating on the crystal diameter during growth is also con- 
sidered. The results indicate that the Peltier current necessary to control a 
given diameter of a crystal during intermediate stages of growth is dependent 
on T,, the crucible temperature, and h,, the height of crucible above the melt. 

Recently the use of the Peltier effect has been re- 
ported for the control of the diameter of pulled Ge 
crystals (1). The effect has also been used in connec- 
tion with modulation of dopant segregation in Czo- 
chralski-grown InSb (2). The Peltier effect is produced 
at the solid-liquid interface without time lag and can 
be reversed by reversing the current through the 
crystal. 

Some theoretical attempts have been made to deter- 
mine the solid-liquid interface shape (3) and the tem- 
perature distribution in the axial direction of a crystal 
and the melt in a Czochralski crystal growth system 
(4,5) by solving computationally the steady-state heat 
transfer equation. In such computations the convec- 
tive processes in the melt are generally ignored. In 
practice crystal rotation in Czochralski technique is 
introduced to provide a forced convection flow in the 
liquid, which tends to isolate the interface from ther- 
mal convection in the bulk liquid. 

The objective of this paper is to investigate theo- 

retically the effect of Peltier heating at a solid-liquid 
interface on such parameters as temperature dis- 
tribution in the solid and the melt, temperature gradi- 
ents in the solid and the melt, and in particular the 
control of crystal diameter. 

Theoretical Method 
The crystal growth arrangement used for the pres- 

ent analysis is shown schematically in Fig. 1. 
Assumptions made in solving the heat transfer equa- 

tion are as follows: (i) The heat loss from the crystal 
and the melt is only through radiation. (ii) Convection 
in the melt is neglected. (iii) Joule heating due to the 
Peltier current in the crystal and the melt for normally 
used current densities (-20 A - C ~ - ~ )  is neglected (6) .1 

(iv) Thickness of the crucible wall is neglected. (v) 
The interface is assumed to be planar. 

1 The resistivity of the solid &.em, at the melting point is - 10- 
ohm-cm; that of the liquid, pr, is about 1/5 this value. Assuming s 
normally used current density (- 20 A-em-'), the Peltier heat at the 
interface is 1.7 W-cm-2 while the Joule heat in the solid and the 

Key words: crystal growth, Peltier effect, temperature distribution 
in solid, Cwchralski technique. 

liquid within 5 mm of the interface is 0.2 and 0.04 W-cm-2, respec- 
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Distance from vertual flat interface(cm ) 

Fig. 2. Axial temperature distribution in the solid n. distance 
fmm virtual f lat interf6.e. 

Distance fmm vertual flat interface(cm ) 

Fig. 3. Axial temperature gradient in the solid n. distance from 
virtual f lat interface. 

Conclusion 
From the curves shown in Fig. 2-7 it has been dem- 

onstrated clearly that: 
(a )  The Peltier heating effect caused at the interface 

has no appreciable effect on the temperature distribu- 
tion or gradients in the crystal. 

Distcnce frctn crucible bottom(cm) 

Fig. 4. Axial temperature distribution in the melt vs. distance 
from crucible bottom. 

Crystal length (cm ) 

Fig. I Variation of current density vs. crystal length to control 
the diameter of the crystal at 2 cm for different h,. 

( b )  For a given diameter and T, for every h, the 
path of increasing the Peltier current to keep the diam- 
eter constant can be predicted. It must be noted that for 
large crystal diameters to keep the Peltier current 
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Crystal length(cm ) 

Fig. 6. Variation of total radiation from crystal surfaces with 
crystal length. 

Crystal length (cm ) 

Fig. 7. Variation of crucible temperature with crystal length to 
control the diameter of the crystal at  2 cm for different h,. 

relatively low for diameter control, higher hc (essen- 
tially an after heater) should be used. The Peltier 
current necessary for controlling the diameter satu- 
rates after, a certain length, a result which is known 
experimentally. 

(c) The same control of crystal diameter can be 
obtained by changing T, during growth. This is the 
process generally used in practice. 

3. Height above melt surface 
4. Peltier current 
5. Liquid thermal conductivity 
6. Solid thermal conductivity 
7. Latent heat of fusion 
8. Crucible height 
9. Crystal length 

10. Heat flux 
11. Peltier heat 
12. Radial coordinate 
13. Crucible radius 
14. Crystal radius 
15. Temperature 
16. Atmosphere temperature 
17. Crucible temperature 
18. Melting point 
19. Axial coordinate 
20. Difference between absolute Seebeck 

coefficients of solid and liquid 
21. Liquid resistivity 
22. Solid resistivity 
23. Emissivity 
24. Stefen-Boltzmann constant 

Appendix 2 
Calculrtion of Geometry Factors 

I .  f ,kb .-The problem is to find the geometry factor 

of a point li on the melt-free surface and an annulus 
b. This can be obtained by differentiating f , ,_ss (w .. . -- 
denotes solid surface) with respect to Z. f l k s s  is the 

same as f d4ss. Considering the relations between geom- 

etry factorswe have 

&pdpfhss = 2dsLs f swd  [A-11 
or 

R s L s  

fd+ss = pdp * s W d  

but 
af  -1s 

f s w d  =ap 
where 1s is the subscript for liquid-free surface. From 
definition of geometry factor, we may write 

f s w l s  + f s -5  + fSs-r(5+4) 
= 1 

but f  ss-r,a = f s S S  and therefore 

f swIa= ' - f s s - r (3+4)  
) [A-21 

and f  (3+4)+.s  
is given by (7) 

Manuscript submitted Dec. 11, 1974; revised manu- Substituting E ~ .  [A-31 into E ~ .  [A-21, and using Eq. script received April 25, 1975. [A-11, we get 
Any discussion of this paper will appear in a Dis- 

cussion Section to be published in the June 1976 - 
JOURNAL. All discussions for the June 1976 Discussion f,,, - f,,,, 2, 
Section should be submitted by Feb. 1, 1916. 

Publication costs of this article were partially as- L.2 + p2 - RP 
sisted by Arya-Mehr University of Technology. 

- 
J ( L , Z  + p2 + R s 2 )  - 4Rs2p2 

Appendix 1 
1. Geometry factor 
2. Rate of crystallization fc 

R s 2  ( L s 2  - p2 + Ra2 
cos - 1 1 [A-41 

( L a 2  + pa - R s 2 )  
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2. ftbS.-According to Fig. 8, fibs could be ap- 
proximated by the following equation 

flks = fhS = 1 - f - fbx [A-51 
but 

and f 7+e is given by (7) 

- hc2 + p2 + Rc2 - \/(hc2 + p2 + RcZ)2 - 4p2Rc2 
f~-.6 - 2Rc2 

fhx could be evaluated from Eq. [A-41 where L, is 

(i - RE) if x < L. and 

Fig. 8. Schematic diagram of crystal growth arrangement used for 
calculation of geometry factors. 

3. fliAm.-The geometry factor of a point li on the 

melt-free surface and the atmosphere is given by 

4. f -; .A.-The problem is to find the geometry factor -,-.. 
of a point s j  on the crystal side and an annulus d on 
the melt-free surface. This can be obtained by differ- 
entiating fskls which is given by (7)  

5. fshs.-This could be obtained by the following 

equations 
- 

f 81-s - fska - f+,s 
(if La > hc) 

The value of fsi-t6 is obtained from Eq. [A-71 if Z is 

replaced by Z - h,. And if L, < he, then 
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Mass Spectrometric Analyses of Vapor in Chemical Vapor 

Deposition of Alumina 

Sin-Shong Lin 
Army Materials and Mechanics Research Center, Watertown, Massachusetts 02172 

Current interest in improving techniques to fabri- 
cate a thick layer of translucent to transparent poly- 
crystalline alumina with superior optical properties 
prompted the present investigation of the vapor phase 
composition in the preparation of alumina. Previous 
studies (1-3) relied mostly on analyses of deposits 
after the completion of a run. The present study ex- 
tracts gaseous species directly from the deposition re- 
action, which may furnish basic information concerning 
vapor molecules existing in the reaction. The sampling 
of vapors from the process is accomplished by direct 
injection of these species from the hot furnace into 
vacuum followed by mass spectrometric detection. 
Thus the knowledge gained from vapor constituents 
of the reaction together with examination of the de- 
posits provides valuable information in understanding 
the chemical deposition process. 

Figure 1 shows a block diagram of the sampling de- 
vice for the chemical vapor deposition of aluminum 
oxide by hydrolysis-oxidation of aluminum chloride. 
The experimental arrangement consists of gas inlet 
lines, a miniature chemical vapor deposition furnace, 
and a three-stage differential pumping system includ- 
ing a quadrupole mass filter and a modulated beam 
mechanism. Aluminum chloride is prepared by pass- 
ing chlorine-hydrogen mixture in a 1:3 ratio over 
molten aluminum, and water vapor-oxygen mixture 
in a 1:4 ratio is obtained by bubbling oxygen through 
water at room temperature. Hydrogen as a carrier 
gas in the first mixture, reacts with oxygen at tem- 
peratures of the deposition to produce more water. Ex- 
cess oxygen is used to avoid incomplete oxidation of 
the aluminum chlorides, and water is added not only 
to serve as a reactant but also to improve trans- 
parency of deposited materials. For the deposition re- 
action, these two gas mixtures are separately intro- 
duced into the hot furnace at  the same flow rate. The 
initial flow rates of these gases are in the range of 2-5 
cm3/min. 

The miniature furnace is built on the flange of the 
first chamber of the vacuum system as indicated on Fig. 
2. The core of the furnace consists of two high-purity 

Key words: aluminum chloride hydrolysis, aluminum chloride ox- 
idation, aluminum-chlorine reaction. 

closed-end alumina tubes of % and Yi in. OD in a con- 
centric configuration. On the tip of each tube an orifice is 
drilled on the axial line. The orifice diameter of the '/4 in. 
tube is fixed at 0.006 in. and that of the outer % in. tube 
is either 0.04 or 0.06 in. A spacer or collar, cut from a 
3/9 in. OD alumina tubing in lengths from 96 to Yi in. 
is inserted between these two tips to define a hot re- 
action zone and to serve as a substrate. The spacing 
between the tips can be reduced to the position of an 
intimate contact to examine varying extents of the 
interaction. The heating element is molybdenum wire 
of a 0.03 in. diameter wound directly around the outer 
combustion tube. For uniform heating, the winding be- 
gins from the orifice edge and extends about 4 in. 
along the length of the tube. At least two layers of 
zirconia felt are wrapped around the heating element 
as insulation. The cylindrical water jacket and the 
water channel Range are located outside the felt to 
circulate cooling water. A Pt-10% R h P t  thermo- 
couple is placed inside the inner tube near the tip to 
record temperature and to regulate the heating alter- 
nating current supplied to the furnace. The vacuum 
system, as shown on the right side of Fig. 1, consists of 
three chambers individually evacuated by three pump- 
ing assemblies. The vacuum in the first chamber was 
maintained at 2 x 10-4 Torr or lower so that a molec- 
ular beam could be formed for sampling. The quad- 
rupole mass spectrometer manufactured by Extranu- 
clear Laboratories, Inc., has a high efficiency detection 
and is designed to operate in a mass range 0-4000 amu. 
The theory and practice of this sampling technique has 
been summarized by Milne and Greene (4), and the 
operation of the present system is given elsewhere 
(5,6). 

Provision was made to establish and to monitor 
pressures and flow rates of the reactant gases. The wet 
oxygen was introduced axially into the furnace through 
the core of the inner combustion tube and the chlo- 
rine-hydrogen mixture was fed into the furnace 
through the annulus between the inner and the outer 
combustion tubes. Aluminum metal was placed about 1 
in. from the tip of the combustion tube in the an- 
nular space so that it melted and reacted with chlo- 
rine at temperatures above 600" to provide aluminum 

Fig. 1. Block diagram of CVD 
sampling device. 

VACUUM SYSTEM 
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Fig. 2. Chemical vapor depori- 
tion furnace assembly, cross sec- 
tional view. Legend: A, quick 
coupling; B, electric feedthrough; 
C, vacuum flange; D, O-ring; E, 
cylindrical water jacket; F, 
zirconia felt; G, molybdenum 
heating wire; H, spacer or sub- 
strate; I, outer orifice; J, alu- 
mina deposit; K, inner orifice; L, 
Pt-lO%Rh/Pt thermocouple; M, 
aluminum metal; N, tantalum J 

heat shield; 0, stainless steel u 
tube; P, vacuum wall of the first 
chamber; Q, inlet and outlet CI 
water tubes; R, water channels; 
5, O-ring seal; T, r/t in. OD 
alumina combustion tube; U, h 
in. OD alumina combustion tube. 
The enlarged sketch of the re- 
action zone and the two orifices 
is shown on the right lower 
corner, ond the direction of gas 
flows is indicated by arrows. 

chloride vapors. Since the metal was not placed in a 
boat, the surface area of molten aluminum tended to 
decrease after a period of reaction. The experiments 
were carried out at temperatures from 800"-140O0C, 
and the pressures of both gaseous mixtures in the 
furnace were 50-100 mm Hg initially. The pressure of 
the reaction zone is estimated to be in the range of a 
few mm Hg. During the run, the C12/H2 passage tended 
to clog gradually due to the formation of A1203 and 
the displacement of molten aluminum. Consequently 
the flow rate decreased and the source pressure in- 
creased. Alumina deposits resulting from the inter- 
action of the two mixtures were found mostly on the 
inner cylindrical surface near the exit end of the 
spacer. All vapors including reactants and products 
were exhausted into vacuum through the outer orifice 
for detection. The run was terminated after either the 
source pressure had reached 1 atm from clogging or 
a period of 6 hr had elapsed. At the end of a run, 
gases were shut off and furnace was allowed to cool. 
The entire furnace was then disassembled and the sub- 
strate was separated from the combustion tube. 

The extent of the interaction between aluminum and 
chlorine was examined first. The study was carried 
out by passing a chlorine-argon mixture over alumi- 
num at temperatures up to 1400°C. Mass spectra were 

recorded continuously with rising temperatures. The 
gas-solid reaction begins somewhere around 300BC, 
and the products from the reaction depend on the 
surface area of aluminum and the partial pressure of 
the reactant. Ion species of C1+, unreacted Clz+, AlCl+, 
AlC12+, AlC13+, AlzCl~+, and a trace of Al~Cl6f were 
observed at low temperatures. The ions resulting from 
the dimer, AlzCls diminish in abundance as the tem- 
perature rises to 900°C. At this temperature all ions 
containing two A1 atoms disappear and no chlorine 
ions are detected. As the temperature is increased fur- 
ther, AlCl+ becomes more abundant. Finally at tem- 
peratures above 100O0C, the monochloride ion be- 
comes the predominant species and in most cases is 
the only major reaction product observed. The sub- 
stitution of hydrogen for argon in the gas mixture 
did not change the reaction products except to produce 
HCl. Typical abundances of ions observed in the mass 
spectra are listed in the first half of Table I. The 
variation of the ion intensities of observed species with 
the partial pressure of chlorine-argon at 1365°C is 
illustrated in Fig. 3. At the high end of the chlorine 
pressure, the chlorine-rich ions are abundant, and at 
the low end AIClf is a dominant ion species. 

Prior to the deposition experiments, vapor species 
existing in argon carrier gas over AlCl3 powders were 

Table I. Relative abundances of ion species present in aluminum-chlorine reaction and 
chemical vopor deposition process of alumina. The magnitudes of signals are obtoined directly 

from strip charts and computer printouts without corrections for the sensitivity and efficiency of the 
detector. Due to variations in the experiment01 conditions, the data represent only relative ion 

intensities in a run 

Relative ion intensity 

Temperature 
Gas - H+ OH+ 

Reaction Run No. mixture Pressure HpOt A l t  NP+(~) &+ CI* HCI+ A1Ci+ Clz+ AIClat AICb+ Alack+ 

CVD of 
alumina 030774 (61 1200"~  

CM of 
0) 153 - 79 870 642(.1 

alumina 030574 161 low-c  
CVD O f  

") 116 - 147 1230 92la) 
- - .. 

alumina 041974 (GI 1200-c 47 135 - 75 995 867C0) 

1.' N1 is Present due to leaks i n  the HIOIO. inlet Hne. 
Ion intensities of H+ and He+ are not recorded. 

('1 Sum of HCl+ and Ci+ ion intensities. 
(*)Ratios of gas mixtures; W / O s  = 114 and I%/& = 113, nee text  for details. 
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PRESSURE IN mmHg OF ARGON-CHLORINE 
OVER ALUMINUM 

Fig. 3. Relative abundances o f  vapor ion species i n  aluminum- 
chlorine reaction a t  1365°C. The data are taken from run 112872, 
Ar/Clz rat io = 2/1, electron ionization energy = 40 eV, no cor- 
rection is made for the detection efficiency. The fragmented ions 
ore A I+  and C l +  from AICI, and AICIz+ from AICl3. 

also examined. At low temperatures up to 40O0C, 
Al~C15+ is the most abundant species, but at 1200°C, 
only AlCl+ and AlClz+ ion molecules exist and are 
equally abundant. 

The mass spectra obtained during the deposition 
reaction at temperatures of 900~1400°C reveal only 
the presence of H+, Hz+, 0 + ,  OH+, HzO+, a+, C1+, 
and HCl+ ions. The typical distribution of ion species 
is tabulated in the second half of Table 11. The relative 
abundances may vary from run to run due to variation 
and fluctuation in the experimental conditions. In 
general there were no ions containing aluminum pres- 
ent, which indicated that the deposition reaction was 
nearly complete. During the experiments, the mass 
spectrometer was used repeatedly to scan up to mass 
1000 amu to acertain that no large mass ion or cluster 
ion was present in the deposition system. If there was 
a high mass ion present, the abundance must be less 
than 10-5 of the most abundant species in the spectra. 

Under the condition of the present experiments, the 
chemical vapor deposition of alumina from aluminum- 
chloride/hydrogen and water/oxygen is predominantly 
a heterogeneous process in contrast to the earlier re- 
port (3) that vapor phase homogeneous nucleation 

Table II. Free energy changes of reactions between aluminum 
chlorides and water/oxygen i n  deposition of A1203 a t  various 

temperatures 

Free energy change 
in kcal-mole-1 

Reactlon 1300°K 1500°K 1100.K 

111 2AICI(g) + HaO(g) + G ( g )  
= AlrOs(s) + 2HCI(g) -235.4 -217.3 -1W.S 

I21 2AICI(g) + 3HzO(g) 
= AIX).(s) + zHCl(g) + 2&(g) -151.4 -138.7 -126.4 

[31 2AlCl(g) + 312 O*lg) 
= Al?Os(s) + Ck(B) -228.4 -206.9 -185.9 

141 2AICbf8) + 3IW)lg) 
= AIsOa(s) + 6HCl(d  -17.1 -71.8 -18.6 

might take place. If vapor phase homogeneous nuclea- 
tion had occurred, it would proceed via the random 
growth of small condensed aggregates and clusters of 
vapor molecules. The present result reveals the ab- 
sence of aluminum-oxygen molecular species which 
are presumably the precursors of the aggregates and 
clusters, and AlzOa nuclei in vapor phase. One might 
question the ability of the spectrometer to detect 
large microparticles from electron impact ionization 
processes. Since the existence of A10+ and A l z O +  ion 
species detected by the spectrometer has been re- 
ported (7, %), there is no reason to suspect that the 
clusters of Al-0 species would not have been detected 
if they had been present in the system in excess of 
10-5 of the most abundant species. Perhaps large mi- 
crocrystals dissociate into Al+ and large neutral frag- 
ments upon electron impact ionization, but this is 
highly improbable. 

Examples of polycrystalline alumina deposits ob- 
tained from this study are shown in Fig. 4. These de- 
posits were obtained from the CVD process under 
similar experimental conditions except for tempera- 
ture, which was found to have a dominant influence 
over the textures of the deposits. The presence of 
whiskers grown on surfaces of the deposit at  T = 
1100°C (Fig. 4c) suggests that the surface nucleation 
is an important reaction mechanism. 

The major vapor molecule from the aluminum-chlo- 
rine reaction at the present deposition temperature and 
pressure is AlCI. The exhaust gases from the CVD 
process of A1203 are HCl, C1,l 02, H20, and Hz. The 
over-all deposition reaction should be written accord- 
ing to existing vapors as 

and 
1 4  

'The Cl+ ion Intensity was greater than could be accounted for  
by  HCl  fragmentation; the monatomic chlorine probably resulted 
from dissociation of unreacted CI*. 

Fig. 4. Microphotographs (X7) of A1203 polycrystolline deposits 
obtained from chemical vapor deposition process. The deposits are 
grown on the cylindrical inner surface of the substates cut from a 
3/g in. OD alumina tube under some gaseous reactants. 
a. White polycrystalline deposits obtained a t  900°C. The similar 
white deposits were also obtained a t  temperatures above 1300°C 
and below 900°C. 
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previous work (3) nor in this investigation. Table I1 
tabulates the free energy changes of reactions leading 
to the formation of alumina. For the CVD of A1203 
the first two reactions are both possible. The free en- 
ergy change of reaction [I] is more negative than that 
of reaction [Z], and reaction [I]  seems to be kinetically 
more favorable because it requires fewer molecules to 
yield A1202 on the substrate surfaces. In reaction 111. 
bxygen is essential in the format~on of A1201. ~ g e  
earlier report (3) proposed the over-all reaction m 
which AlCl3 is the only major Al-contaimng reactant 

- I' It would have been of interest to duplicate the con- 
ditions of the earlier work at higher uressures (3) to 

b. Opaque to transparent alumina obtained a t  I W C .  

c. Whiskers on surfaces of opaque deposits obtained a t  1200°C. 

confirm the importance of AlC13 i n  the reaction;'hbw- 
ever the very small orifice [e.g., 0.01 cm (5)] necessary 
to isolate the high pressure region would have plugged 
with A1203 almost immediately, making measurements 
impossible. 

At least, judging from analyses of vapor species in 
the present deposition data and associated experiments, 
the existence of AlCl molecule at the high temperature 
of the CVD process is highly probable. Furthermore, 
nonequilibrium kinetics in the chlorine-aluminum re- 
actions could lead to AlCl vapor formation. 

Competitive heterogeneous and gas-phase nuclea- 
tion reactions leading to the formation of A1203 are 
believed to take place in the CVD process. The surface 
reaction is more favorable in the present experiments. 
Vapor phase nucleation is almost impossible because 
of fairly low pressures used in the present investiga- 
tion. Perhaps vapor phase nucleation would have pre- 
vailed in the CVD system at  much higher pressures. 

Manuscript submitted Aug. 23, 1974; revised manu- 
script received June 2, 1975. 

Any discussion of this paper will appear in s Dis- 
cussion Section to be published in the June 1976 
JOURNAL. All discussions for the June 1976 Discussion 
Section should be submitted by Feb. 1, 1976. 

Publication costs of this article were partially as- 
sisted by The Department of the Army. 
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Low Temperature Thermal Oxidation of Silicon 

by Dry Oxygen Pressure above 1 Atm 

R. J. Zeto," C. G. Thornton," E. Hryckowian, and C. D. Bosco 

U.S. Army Electronics Technology and Devices Laboratory (ECOM), Fort Monmouth New Jersey 07703 

It is widely recognized that the cost, reliability, and 
performance of integrated circuit devices are adversely 
affected by the large number of process-induced chem- 
ical and physical defects that result from high process- 
ing temperatures in the range 95OS-1250°C. High 
thermal oxidation temperatures may also destroy 
specific desired impurity distributions achieved in 
previous processing steps. Consequently, there is strong 
motivation for developing an oxidation process that 
can produce gate, field, and other masking and passi- 
vating oxides at lower processing temperatures for 
silicon integrated circuit devices. It is also desirable 
that reduced oxidation temperatures be achieved by 
a dry oxidation method since problems due to oxide 
defects and contamination may be more serious for 
oxides prepared by wet oxidation. Although the use 
of high pressure steam (1) has long been known as 
a method for achieving low temperature thermal oxi- 
dation, attractive electrical characteristics have not 
been reported and the method is not generally used. 
On the other hand, it is known (2) that the oxidation 
of silicon is accelerated by dry oxygen partial pres- 
sures to 1 atm, but to our knowledge there are no 
oxidation data reported for dry oxygen pressures 
above 1 atm. On the basis of these considerations, dry 
pressure-oxidation of silicon is a logial possibility for 
achieving improved electrical properties via accel- 
erated oxide growth and reduced oxidation tempera- 
tures. 

The purpose of this communication is to report the 
initial results of experiments which demonstrate that 
dry pressure-oxidation, P-OX, significantly reduces 
the required oxidation temperatures of semiconductor 
silicon used for integrated circuit devices. The rate 
of oxidation of arsenic-doped (111) silicon at 800°C, 
140 atrn dry oxygen pressure was measured and com- 
pared with conventional (2, 3) thermal oxidation 
methods. The results are shown in Fig. 1. It is evident 
that oxide growth by 140 atrn dry P-OX at 800°C is 
faster than either 1 atrn dry or wet oxidation at 800°C, 
and is comparable to 1200°C dry oxidation at 1 atm. 
The 400°C reduction in dry oxidation temperature by 
the application of only 140 atrn oxygen pressure is 
remarkable. Since 140 atrn pressure (2060 psi) is less 
than the pressure supplied in conventional pressurized 
gas cylinders that are widely used and ordinarily 
handled. the technique is expected to be amenable to 
practical utilization. 

The experimental oxidation system is readily as- 
sembled from commercially available components. It 
consists of a pressurized cylinder of oxygen gas, an 
oxygen gas pump, a vacuum pump, a cold-seal pres- 
sure vessel of the type used for hydrothermal crystal 
growth. an external resistance furnace, and stainless 
steel pressure lines. Rectangular samples, 8 x 10 mm, 
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were cut from a 1 in. silicon wafer and positioned in 
a quartz sample holder at the bottom of a 9 in, quartz 
tube (Amersil TO8) that lined the inside of a 0.5 in. 
ID pressure vessel (Rene 41 alloy). The pressure- 
oxidations were conducted in a closed system with 
separate substrates for each experiment. Temperature 
and pressure were maintained within *2"C and 210 
atm, respectively, during the course of the oxidations. 
Oxide thickness was measured with a Rudolph RRlOO 
ellipsometer. The over-all uncertainty in thickness 
ranged from k20A for thin oxides to a maximum of 
k200A for some of the thicker oxides. 

Special attention was given to the potential role of 
water vapor in the P-OX kinetics shown in Fig. 1. Sci- 
entific Gas Company electronic grade oxygen gas, 
99.998% minimum purity, less than 3 ppm water vapor, 
and less than 1 ppm hydrocarbons as methane, was 
used. The stated moisture level was verified by mea- 
surements with a Panametrics Model 2000 hygrometer 
with a cell probe rated for operation to 5000 psi. Less 
than 14 ppm Hz0 was measured in the exit gas from 
several overnight experiments. Using an identical 
hygrometer sensor element, Irene (4) recently com- 
pared the thermal oxidation kinetics of silicon at 1 
atrn oxygen pressure for conditions of less than 1 ppm 
water vapor us. 20-30 ppm water vapor. This data for 
(111) silicon at 800°C is shown in Fig. 2 for com- 
parison with the 80O0C/140 atrn P-OX data. With the 
ordinate scale used, both of Irene's cases are encom- 
passed by the indicated points in Fig. 2. It was, there- 
fore, concluded that the accelerated oxidation ob- 
served in the P-OX experiments was due to the effect 

4 ' ~ ' " ' " '  12 16 20 $4 
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Fig. 1. Comparison of thermal oxidation conditions for (111) 
silicon: (a) 140 atm dry pressure-oxidation a t  800°C. (b) 1 atm 
dry oxidation a t  12W°C, (c) 1 atm steam oxidotion a t  800°C. (d) 
1 atm dry oxidation a t  800°C. 
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Fig. 2. Comparison of oxidation rate and moisture conditions for 
IOO"C/140 atm P-OX and 800"C/1 atm (4) thermal oxidation of 
(111) silicon. 

of dry oxygen pressure rather than moisture. For the 
P-OX conditions stated in Fig. 2, the oxide growth 
rate was linear between 650-2500A with a value of 
about 14 A/min. 

Oxides for a wide range of applications in integrated 
circuit devices can be obtained at  reduced tempera- 
tures by dry pressure-oxidation. A 1200A gate oxide 
can be grown in 1 hr  at 800°C/140 atm. Exploratory 
3 hr oxidations at  other temperature/pressure condi- 
tions yielded 4700A at 800"/500 atrn and 16,000A at  
900"C/500 atm. Additional data on dry pressure-oxida- 
tion kinetics and detailed information on the P-OX 
experimental system will be reported. 

According to the model of Deal and Grove (2), the 
thermal oxidation of silicon is initially reaction-rate 
limited at the oxide-silicon interface followed by 
diffusion control of the oxidant through the oxide. 
The corresponding coefficients in the oxidation equa- 
tion x-2 + h = B(t  + r) are eiven in Table I for 

constants are proportional to pressure. The pressure- 
oxidation mechanism will be examined as additional 
P-OX data are determined. 

A pressure vessel was recently put into operation to 
evaluate the MOS properties of samples prepared by 
the dry P-OX of 1 in. silicon wafers using clean-room 
conditions and state-of-the-art procedures. Evapo- 
rated aluminum dots were used for electrical contact, 
and conventional capacitance-voltage measurements 
were made. MOS structures from initial experiments 
showed negligible (<O.lV) shift in flatband voltage 
under bias temperature stress and Q,, values in the 
range 3-8 x 10'0 cm-2. These samples were (111) 
phosphorus-doped 1-5 ohm-cm silicon with lOOOA 
oxides prepared by 800°C/150 atrn dry P-OX. Previous 
program effort was directed at an assessment of the 
dry pressure-oxidation kinetics, and for MOS proper- 
ties exploratory experiments without clean-room con- 
ditions were made at  140 atm, 700"-800eC, with 8 x 10 
mm samples of arsenic-doped silicon. Q,, values in 
the range 2-7 x 1011 cm-2 were obtained, and under 
bias temperature conditions gross shifts in flatband 
voltage typical of alkali ion contamination were not 
present. These results indicate that significant benefits 
may be transferred to electrical properties by reduced 
temperature dry oxidation. Experimental conditions 
and procedures are currently being investigated to 
optimize electrical properties. 

The characteristics of P-OX are advantageous for 
the prepsration of oxide-isolated silicon devices with 
reduced impurity redistribution during dielectric iso- 
lation. This application of P-OX for bulk silicon and 
silicon-on-sapphire is currently under study. Initial 
results are promising and are reported separately (5). 
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Dry Pressure Local Oxidation of Silicon for 

IC Isolation 
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This communication reports the use of dry pressure- 
oxidation (P-OX) for obtaining oxide-isolated device 
structures in both bulk silicon and epitaxial silicon 
on sapphire (SOS). Dry P-OX is a new low tempera- 
ture oxidation technique which, compared with con- 
ventional dry thermal oxidation, reduces required oxi- 
dation temperatures as much as 400°C for equivalent 
oxide film growth. It has been shown, for example, 
that oxidation of silicon by 140 atrn dry oxygen at  
8080°C is comparable to 1 atm dry oxidation at 1200°C 
(1). 

Localized oxide isolation of silicon devices in inte- 
grated circuits utilizes silicon nitride as an oxidation 
mask (2). In the present work two structures were 
examined, one in which the Si3N4 was deposited di- 
rectly on the silicon surface and one in which a 500- 
lOOOA conventional thermal oxide was grown prior to 
the nitride deposition. The nitride was grown by the 
SiHj-NH? process and was defined by supplemental 
CVD masking and etching in phosphoric acid. When 
the intermediate oxide layer was used, silicon areas 
were exposed by HF etching. The local oxidation proc- 
ess with dry P-OX was explored under a variety of 
experimental conditions, i.e., 700"-88O0C, 140-500 atm 
oxygen pressure, and oxidation times of 3-24 hr. 
Optimum pressure-temperature-time conditions have 
not yet been determined, but at 850°C and 250 atm, 
the average oxidation rate was about 17 A/min for 
<loo> silicon. For < I l l >  silicon the rate was 47 A/ 
min at 850°C and 500 atm. Scanning electron micros- 
copy (SEM) was utilized to reveal the morphology 
of the P-OX structures. 

The application of P-OX to dielectric isolation in 
bulk silicon and SOS devices is illustrated in Fig. 1, 
where the nitride mask has been applied directly to 
the surface of the silicon. Figure l ( a )  shows the re- 
quired oxidized structure as achieved in bulk material 
by the dry P-OX process at oxidation temperatures 
where undesired impurity redistribution effects are 

' Electrochemical Society Active Member. 
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very small. The oxide thickness is lp  and was grown 
in 3% hr at 850°C and 500 atm. In Fig. l ( b )  the oxide 
extends completely through the 1 pm epitaxial silicon 
layer of an SOS structure, thus effecting dielectric 
isolation of adjacent silicon elements. In this case, the 
oxide happened to be grown in 23 hr at 850°C, 250 
atm. A more optimum set of conditions can obviously 
be chosen from available data (1). 

Following the P-OX treatment the structures were 
well defined, lateral oxidation under the nitride mask 
was negligible, and cracks in the nitride film were 
absent. The use of a chromate dislocation etch (3) 
failed to reveal significant nitride induced defects in 
the cleaved low temperature pressure oxidized struc- 
tures examined. This observation is contrasted with 
results reported in Ref. (2) where application of the 
nitride directly to the silicon surface resulted in severe 
dislocation damage under higher temperature oxida- 
tion. Thus, an intermediate oxide "buffer" layer may 
not be needed to avoid undesirable defects at the 
silicon-nitride interface. 

Local pressure oxidation of silicon using a more 
conventional nitride/oxide/silicon structure is illus- 
trated in Fig. 2(a) and 2(b) for bulk silicon and SOS, 
respectively. It is evident from a comparison of Fig. 
1 and 2 that lateral oxidation underneath the nitride 
mask is much more pronounced in the presence of an 
intermediate oxide layer, an observation originally 
reported by Appels and Paffen (4) for silicon oxidized 
at 1 atm. The shape of the oxide edge is similar to 
that reported by Powell et al. (5) for silicon oxidized 
in steam. The experimental conditions for bulk silicon 
and SOS are the same as reported above for Fig. 1. 

The degree of lateral oxidation has an important 
bearing on device design since lateral oxidation es- 
tablishes a minimum size for adjacent isolated struc- 
tures. This point is illustrated in Fig. 3 in which the 
lateral oxide growth undermines the original 8 . 5 ~  
width of the nitride mask. The ratio of lateral oxida- 
tion L to isolation oxide thickness t for the specific 
P-'OX sample shown in Fig. 2 (a) (<I l l>  Si, 500 atrn, 

Fig. 1. Dry pressure-oxidation of nitr~de on silicon structures: (a) Bulk <111> silicon showing 1 prn oxide (light) and masking ni- 
tride (dark); (b) 1 pm <loo> SOS showing complete dielectric isolotion. 
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Fig. 2. Dry pressure-oxidation of nitride on thermal oxide on silicon 
(b) 1 p m  <loo> 505 with 27006 of silicon remaining. The  extent 
tures of Fig. 1. 

Fig. 3. LOCOS structure showing the limit imposed on device 
geometry by lateral oxidation beneath the nitride mask. Center to 
center pad spacing is 12 pm. The initial mask consisted of 8.5 p m  
wide nitride bars separated by 3.5 pm spaces. The  nitride was de- 
posited on lMMA thermal oxide on bulk (111) silicon. 

850°C) is 2.8. For comparison, a ratio of 3.3 is calcu- 
lated from the data of Powell et al. (5) (steam oxida- 
tion at 60 atm, 675°C). The P-OX L/t ratio is 2.2 for 
the <100> W S  sample of Fig. 2 ( b )  (250 atm, 850°C). 
For equivalent conditions with nitride/oxide/silicon 
structures it would be expected that the L/t ratio 
would be higher for high pressure steam due to the 
high solubility and diffusivity of water in the initially 
present oxide layer. For either process, selective etch- 
ing of the silicon prior to the pressure oxidation, as 
described in Ref. (4) will decrease the oxidation time 
needed to achieve oxide isolation, reduce the lateral 

structures: (a) bulk <Ill> silicon showing 1 p m  pressure oxide; 
of lateral oxidation is much greater than for the nitride-oxide struc- 

oxidation, and result in a desirable planar surface 
topography. 

Subsequent work in this area will investigate in 
greater detail the effect of P-OX conditions on the 
generation of surface defects in nitride masked struc- 
tures. Consideration will also be given to the oxida- 
tion kinetics of the nitride masking film and to the 
evaluation of "P-OX device" characteristics. 
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New Method of Manufacturing Sintered-Type 

Aluminum Solid Electrolytic Capacitor 

Sadao Okuma 
Department of Applied Science, Tokyo Electrical Engineering College, Tokyo, Japan 

The sintered-type aluminum solid electrolytic ca- 
pacitor has been prepared by a new method, where 
first either nitrogen or hydrogen gas at 1 atm is 
used during the sintering of the aluminum powder to 
form the porous anode, 'and second either ammonium 
dihydrogen phosphate or ammonium borate solution 
is used during the anodization to form the dielectric. 

The capacitors prepared by this method gave better 
characteristic properties than other electrolytic capac- 
itors. 

The preparation of the aluminum-sintered anode 
has been said to be difficult, because aluminum unlike 
tantalum easily forms a hard oxide at sintering tem- 
perature. 

The author could prepare the aluminum-sintered 
anode in this experiment based upon the assumption 
that adequate sintering would take place in the gaseous 
atmosphere mentioned above. 

This makes us suppose that the aluminum-sintered 
body has a large surfcace .area with a suitable porous 
property and the interior surface can be converted 
to a good dielectric film by the usual anodization 
techniques. 

Consequently, for the manufacture of the sintered- 
type aluminum solid electrolytic capacitor on this 
study, it has been understood that both ammonium 
dihydrogen phosphate as the forming solution and 
hydrogen gas as the sintering atmosphere gave better 
dielectric properties, respectively. 

If the manufacturing steps are considered, the new 
method used in this studv would be much simaler 
than the normal vacuum sintering method. 

This communication reports a comparison of the 
characteristic properties with the ones obtained in 
this study. 

Experimental 
Materials.-99.98-99.99% pure aluminum powder was 

obtained from commercial sources. Particle sizes of 
the aluminum powder were 20, 35-150, 150-200, and 
200 mesh, respectively. The binder used for sintering 
was less than 1 weight per cent (w/o). Gaseous atmo- 
sphere during sintering was at about 1 atm pressure. 
The forming solution was either 3% ammonium borate 
solution or 0.3% ammonium dihydrogen solution. 

Apparatus.-The characteristic properties of the di- 
electric substance were measured by a Universal 
Bridge which was manufactured by Yokogawa Elec- 
trical Manufacturing Company. 

Procedure.-The compacting pressure was either 0.1 
ton/5 mm diameter or 0.2 ton/5 mm diameter. The size 
of the compact was 5 mm diameter by about 5 mm 
high. The sintering was at 600°C for about 120-180 
min in each gas as mentioned above. 

The anodization was performed at a constant current 
of 50 mA until 150V was reached, and the voltage 
was maintained at 150V until the current dropped to 
2 mA. 

The total formation time was 120 min. After forma- 
tion the anodized pellet was washed for 60 min with 
water, and then dried at 500°C for 60 min. 

Manganese dioxide, produced from thermal decom- 
position of a highly concentrated manganous nitrate 
solution at 300°C for 60 min, was used to form the 
interior semiconductor contact. 

Finally, colloidal carbon was spread on the coated 

Key words: aluminum, capadtor, sintered-type. mud. dielectric. 

anode, dried, coated with silver paint, and dried at 
500'C for 60 min. 

Results and Discussion 
Table I shows the characteristic properties for the 

sintered-type aluminum solid electrolytic capacitor 
manufactured in this study. 

In spite of fact that the dielectric constant of alumi- 
num oxide is lower than other dielectric of metal 
oxide, the sintered-type aluminum solid electrolytic 
capacitor obtained in this study gave a capacitance of 
0.5-7.4 SF. 

The caaacitance aer unit weight of the aluminum 
solid elecirolytic cal;acitor is 2-4< pF/g. Then anodiza- 
tion voltage to form the aluminum capacitors is much 
higher than the tantalum, niobium, or zirconium ca- 
pacitors, and consequently the anodic oxide film is 
much thicker. Consequently, it can be said that this 
method was effective enough for the preparation of 
the dielectric substance. 

The dissipation factor of the aluminum capacitor 
was somewhat inferior to other capacitors; however, 
it was considered that it might be lowered to some 
extent by eliminating the naturally formed aluminum 
oxide. This proposal has not yet been tried. Instead 
further comparisons were made using either hydrogen 
or nitrogen gas as the sintering atmosphere and either 
ammonium dihydrogen phosphate or ammonium borate 
solution as the forming solution. 

First, the dielectric film was formed using each 
forming solution and then transformed into the sin- 
tered-type aluminum solid electrolytic capacitor ac- 

f r e q u e n c y  [ H Z  ] 

Fig. 1. Rate of capacitance change vs. frequency at ZO'C 
(Nz atmosphere). 
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cording to above procedure. The characteristic prop- 
erties of these capacitors were measured. 

Figure 1 gives the rate of capacitance change vs. 
frequency (at 20°C) of capacitors prepared in the 
sintering atmosphere of nitrogen gas as a function 
of the compacting pressure. Consequently, the element 
formed from ammonium dihydrogen phosphate solu- 
tion is better than the one produced from ammonium 
borate solution. 

Figure 2 shows the rate of capacitance and the 
dissipation factor of the capacitors made in a sin- 
tering atmosphere of hydrogen gas. 

From these results, hydrogen gas was considered a 
better sintering atmosphere for it gave more stable 
dielectric characteristic properties than those prepared 
in nitrogen (1-3). 

Conclusion 
This study was carried out with the purpose of 

increasing the capacitance and the improvement of 
other characteristic properties of the dielectric sub- 
stance. 

The sintered-type aluminum solid electrolytic ca- 
pacitors were prepared using either nitrogen or hy- 
drogen gas as the sintering atmosphere and either 
ammonium borate or ammonium dihydrogen phos- 
phate solution of the forming solution. Measurements 
were made of the characteristic properties of these 
capacitors. 

The following conclusions can be made: 
1. The anode in the capacitor has a large surface 

area with sufficient porosity to impregnate with man- 
ganous nitrate solution. 

2. The dissipation factor is somewhat less satisfac- 
tory. However, it may be possible to improve it by a 
surface pretreatment before anodization. 

3. Hydrogen gas as the sintering atmosphere and 
ammonium dihydrogen phosphate solution as the form- 
ing solution, each gave better dielectric properties than 
nitrogen gas and ammonium borate solution. 

4. The new method used in this study would be 
more useful in the industrialization of the sintered- 
type aluminum solid capacitor than the vacuum mech- 
anism method used hitherto. 
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Science and Technology-The New Challenges' 

W. G. Schneider 
National Research Council Canada, Ottawa, Ontario, Canada 

Science and technology today have attained a fairly 
high degree of maturity and scientific research has 
become highly institutionalized. These developments 
have evolved largely during the decades following 
World War 11. During this period we have seen un- 
precedented advances in both science and technology. 
However, as we look to the future there are serious 
concerns whether the new challenges now facing the 
nations of the world can be adequately dealt with by 
simple linear ex~trapolations. Both the nature and the 
longer term implications of the new challenges will 
demand greater R&D initiatives and much greater 
adaptability by the scientific community than it has 
been accustomed to in the past. 

The new realities.-As we approached the 70's a 
number of problem areas, which had been formerly 
of only minor concern, rapidly developed to a degree 
where they have now become of major concern both 
nationally and internationally. Some of these areas 
have reached near crisis proportions. What is equally 
clear is that many of these problems are closely inter- 
related and that they have serious long-term implica- 
tions for man's well-being on this planet. 

That having been said, I should make clear at the 
outset that I do not share most of the "doom and 
gloom" prophecies with respect to man's survival. Rec- 
ognizing the problems and their implications, man 
also has the necessary intelligence, capability, and 

lThis is the Electrochemical Society Lecture delivered at the 
Toronto. Canada. Meeting of the Society. May 12. 1875. 

adaptability to act rationally and to manage his affairs 
so as to ensure his future well-being. As a result of 
the broad advances in science and technology over the 
past few decades, we are in a much stronger position 
to face up to these challenges, to devise new solutions, 
and to develop optional technologies for new strategic 
approaches. This is not to suggest that national and 
world problems will be solved by science and technol- 
ogy alone, but rather that science and technology will 
be needed as essential aids in the alleviation of and 
solutions to such problems. 

Because the new challenges I refer to also imply 
possible serious consequences in the long term as well 
as in the short term, I prefer to call them the new 
realities. To be realist rather than alarmist, it is never- 
theless appropriate to raise the question whether, in 
view of past inertia, the nations of the world, as well as 
the scientific community, have the conviction and the 
will to respond actively and comprehensively to the 
new realities. 

To be more explicit, I would like to start with the 
following list of topics which have been identified as 
problem areas in many countries and which relate 
directly to our major concerns: (i) energy, (ii) food, 
(iii) housing and urban problems, (iv) industrial de- 
velopment (goods and services, employment), ( v )  en- 
vironment, (vi) materials (resources) and materials 
recycling, (vii) transportation and communications, 
(viii) health, (ix) disarmament and peace, (x) eco- 
nomic, scientific, and technical aid to less developed 
countries, (xi) oceans, (zii)space. 

This list is not intended to be in any particular order 
of importance or priority nor is it necessarily complete. 
Others might be added, such as economic stability (in- 
cluding trade, monetary problems, inflation, etc.), so- 
cial justice, public safety and security. These are in- 
deed explicit areas of concern. To some degree also 
they are implicit in the above list.2 

In recent years much of the rhetoric on science poli- 
cies has been concerned with relating scientific re- 
search to national goals. In the first instance, that is, 
without further elaboration, such goals are generally 
stated in very broad terms, as follows: food, shelter, 
prosperity, health, peace and security, justice and so- 
cial welfare. 

These could equally well be a statement of interna- 
tional gonls. In essence, they reflect basic human 
needs and no country could long survive if such needs 
were not met to some minimum standard. When we 
compare these basic needs with the longer list of topics 
above, there is a striking overlap and resemblance. 

There are several other distinguishing features of 
the longer list of twelve topics: 

( i )  Most of these areas have become more important 
or critical in recent years and are likely to be of on- 

?The problem of population should properly be considered as part 
of the new reality. However, it would seem to belong more in the 
social or moral domain than tn the domain of science and tech- 
nology. 
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going concern in future. Frequently a particular topic 
forms the unique mission of a ministry of national 
governments. 

(ii) There is a high degree of inter-connection be- 
tween these problem areas. 

(iii) Most of these problem areas are now also of in- 
ternational concern. 

(iv) All depend heavily on applications of science 
and technology and will require considerably more 
R&D investment in future. 

To this audience, there is no need to elaborate in 
detail on each of these topics but certain features are 
worth mentioning. 
Energy.-Although the finite supply of fossil fuels had 
been frequently pointed out, it took the recent oil em- 
bargo to bring home to us an awareness of this fact, as 
well as of our excessive dependence (and therefore 
also vulnerability) on this form of energy. Past R&D 
investments in nuclear energy have provided an al- 
ternative form of energy. Other sources of energy will 
also have to be developed especially from renewable 
resources. 
Food-Ultimate shortages of food, especially cereals 
and protein had also been foreseen. The green revolu- 
tion gave hope of buying time but made heavy de- 
mands on fertilizer supplies. Increased food demands 
were due in part to population increase and in part due 
to nutritional upgrading of substandard diets. The 
world now faces the double challenge of increasing 
food supply while conserving energy, including fertil- 
izers. 
Housing and urban problem.-The concerns relating 
to low-cost housing and a complex of urban problems 
are well known. The need for energy conservation, for 
environmental preservation, and for waste and mate- 
rials recycling are added dimensions. 
industrial development.-In the past, economic viabil- 
ity of a private enterprise could be virtually assured 
if it had an efficient technology, good management and 
adequate market access. The ground rules are rapidly 
altering. Future enterprises will also be required to 
take into account and be accountable for social costs, 
environmental costs, energy costs, and material costs. 
It is doubtful whether many of today's technologies 
will be able to meet all criteria, and these technologies 
may have to be modified or alternate techologies may 
have to be developed. Such new technologies may not 
necessarily be large-scale technologies. Employment 
opportunity is an additional factor of growing impor- 
tance. 
Environment.-With today's numerous environmental 
concerns and risks, it is clear much more basic knowl- 
edge and understanding will be required to make en- 
vironmental impact analyses with confidence. Indeed 
many environmental risks now of concern were de- 
tected only recently as a result of highly sensitive 
analytical techniques made possible by recent scientific 
advances. 

Materials (resources) and materials recycling.-This 
is an area which will obviously continue to be science 
and technology intensive. The new parameters are 
likely to be energy conservation, materials conserva- 
tion, substitution, and recycling. 

Transportation and communications.-These are the 
essential service networks required by any nation 
(and among nations) to move people, goods, and in- 
formation. Their importance to modern societies has 
grown enormously with a strong demand for new tech- 
nologies. Future transportation systems will be re- 
quired to meet stringent energy consumption stan- 
dards, environmental acceptability, and urban stan- 
dards. Electronic communications systems will be re- 
quired with greater load handling capabilities and as 
a partial substitute for paper communications. 

Health.-With R&D in the health sciences already at 
a substantial level, new emphasis is likely to be di- 
rected toward preventive medicine and health delivery 
systems. 
Disarmament and peace.-This is a topic which re- 
quires special comment. At one time referred to as the 
War Department of national governments, it is cur- 
rently called the Defense Department. In the new 
realities, it might better be called the Disarmament 
and Peace Department. On the one hand we need to 
question whether present defense theories and postures 
are becoming outmoded, and on the other hand 
whether the nations of the world can continue to con- 
done the high wastage of capital, energy, and materials 
under the guise of defense. Accepting that every na- 
tion has a right to defend itself, and that what is re- 
garded as an adequate defense bears an international 
relativity, the only feasible way to de-escalate mount- 
ing defense costs is through mutual and collective 
agreements among nations. A first goal in this direction 
must be a total ban on nuclear weapons together with 
verifiable and enforceable safeguards. The failure to 
contain the so-called nuclear club and the failure of 
the Nuclear Non-Proliferation Treaty should now be 
ample warning that we are drifting along a dangerous 
course and that a whole new positive approach is 
needed. 

What does all this have to do with science and tech- 
nology? Today's highly sophisticated defense systems 
are, of course, heavily dependent on science and tech- 
nology. It is sometimes suggested that scientists in all 
countries should refuse to work on weapons technol- 
ogy. Unless a total moratorium could be guaranteed 
and enforced, such a tactic would be impractical and 
totally unacceptable, since it would place scientists in 
an untenable situation of having their motives ques- 
tioned as unpatriotic. A much more positive approach 
has a better chance to succeed. An example of this 
was the contribution made by scientists in developing 
sensitive detection systems for nuclear explosions any- 
where in the world, which led to the acceptance of the 
partial ban on nuclear tests. Obviously, rather sophis- 
ticated safeguard systems would have to be devised to 
achieve a high level of confidence and an acceptable 
agreement to ban nuclear weapons. This could be an 
area of active international collaboration and, if sci- 
entists of many countries worked together toward 
such a common purpose, the chances of success would 
be greatly enhanced. Such a combined effort could also 
help to influence attitudes and foster a better climate of 
understanding and trust. There would appear to be 
little hope of general disarmament until the problem of 
nuclear weapons and their delivery systems is re- 
solved on a world scale. 

I am not sure whether this is a practical suggestion 
or not. But I think the scientific community in all 
countries must seriously ask itself whether there is 
not some positive role or some new approach which 
could contribute to the ultimate resolution of this 
problem. Progress made in the other problem areas I 
have mentioned may well be negated or diverted un- 
less there is also much more rapid progress toward 
disarmament and peace. 
Economic, scientific, and technical aid to less developed 
countries.-This is an enormous problem, and in spite 
of a great deal of discussion and good intentions. rela- 
tively little progress has been made in reducing the 
wide disparities between have and have-not countries. 
It is now widely recognized that to achieve a more 
stable world community, this gap must be narrowed 
substantially and more rapidly than has been achieved 
until now. The difficulties are well known. More effec- 
tive action programs, together with possible new ap- 
proaches, are now urgently needed. 
Oceans and space.-These are both areas of growing 
importance. Here, too, the international and political 
problems are well known and remain to be resolved. 
It is also clear that the exploitation of the world's 
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oceans and outer space for the benefit of mankind will 
require substantial R&D investments. 

Implications for science and technology.-How can 
the scientific community play a more active role in 
seeking solutions to the above list of problem areas? 
These are formidable and highly complex problems. 
Ultimate solutions must of course seek to resolve 
simultaneously the socio-economic and political as- 
pects. However, with better technological solutions and 
more technological options available these aspects be- 
come much more tractable. 

A related question frequently posed is: How can I 
as an individual scientist or engineer contribute? What 
research should I do? What research is needed? This 
points up a major difficulty. Before we can start look- 
ing for answers and solutions by doing research, it is 
necessary to be clear what the question is. Has the 
question related to a problem been adequately defined 
and validated? Who should frame the questions and 
who is best able to do so?. 

Such uncertainties, of course, do not arise when we 
are talking about basic research, but for the major 
problem areas of concern, they are highly relevant. 
The fact that these difficulties persist could mean that 
we lack a sufficient understanding of the problem areas 
to be able to define the significant questions amenable 
to research, or that in relation to the questions, we 
lack promising ideas worth researching, or simply that 
we have not yet developed adequate ways and means 
to focus our best talents and capabilities on these 
problems. Each of these possibilities is no doubt perti- 
nent in particular instances. 

Central to these issues is the role of government and 
its interface modes with the scientific research com- 
munity. Research and development activities organized 
on a national scale largely grew out of government 
initiatives during the last war to mobilize scientific 
resources for the war effort. A cadre of peer scientists 
worked closely with various government departments 
and agencies to evaluate key problems and to formu- 
late significant research requirements. A system for 
funding research projects through grants and con- 
tracts was devised. This system, with but minor modi- 
fications, was carried over into peacetime and contin- 
ues today. Accordingly, government had taken on a 
major central role not only in funding mission re- 
search, but also basic research. 

It is also worth noting that during the last war 
many scientists set aside their own research pro- 
grams and became primarily problem solvers. What 
was especially impressive was the effective way in 
which basic scientists, given strong motivation, suc- 
cessfully became applied scientists and engineers. After 
the war most of these researchers went back to their 
prewar pursuits. 

During the past thirty years government-funded 
R&D expanded very substantially. During this period 
of high affluence and expectation, we have lacked the 
same strong sense of focus, and the clear articulation 
of urgent problem areas that was so evident during the 
war. In this situation and with the rapid buildup of 
universities and academic research, science tended to 
become more inward-looking. However, as I men- 
tioned earlier, during this period there had also been 
very impressive advances in science and technology, 
and in research capability, which require no defense, 
and which constitute essential and strategic resources 
for our future endeavors. 

If scientists are to be in a position to respond more 
effectively to contribute toward the solution of key 
problem areas, there will need to be a more articulate 
identification of needs and longer-term objectives by 
governments. Science policy studies in recent years 
have attempted to deal with these issues. However, 
many of these attempts became more preoccupied with 
structures, budgets, and methodologies, that is, the 
"how" rather than with matters of substance such as 
what we should be doing, and why, and relative prior- 

ities. It should now be clear that dealing with the latter 
cannot be accomplished by an external group of plan- 
ners working in isolation and out of contact with the 
real world. Action programs of the kind we are con- 
sidering here can only be developed by having knowl- 
edgeable and well-informed scientists working in close 
consultation and collaboration with government pol- 
icymakers and decisionmakers. 

I am encouraged that we are now beginning to move 
more positively in this direction and that some of the 
results of these efforts will soon become apparent. As 
an example of this approach, many countries, includ- 
ing Canada, are well on the way to developing an in- 
tegrated national energy R&D program. A similar 
articulation of objectives and R&D needs and oppor- 
tunities in other major problem areas is in prospect 
and is needed to focus our R&D efforts and to permit 
the scientific community to contribute more effectively 
to these efforts. 

On the other hand, there are also impediments aris- 
ing from science itself which may inhibit more effec- 
tive R&D participation on the part of individual sci- 
entists. These are matters scientists themselves must 
take under their purview for they are in the best posi- 
tion to effect changes that are deemed necessary or 
desirable. These matters touch on the structure and 
functioning of scienmce as it has evolved over the years. 

The strong discipline-orientation of science is usu- 
ally seen as a handicap because of the apparent mk- 
match between discipline-oriented research and prob- 
lem-oriented research. Historically, the development of 
science took place largely in universities, where it was 
closely coupled with academic programs. Scientific 
disciplines were simply a convenience to delineate 
manageable fields of study. As such, they also became 
the basis of organizational structures. Our university 
departments, our scientific societies, and our scientific 
publications all have a strong discipline basis. 

I do not mean to imply that this discipline orienta- 
tion is now outmoded. In fact, I believe it has served 
us extremely well and there is at present no obviously 
superior system to replace it. However, we now also 
recognize it is not self-sufficient and that other sys- 
tems, in parallel or in series, will be needed to com- 
plement it. 

It may be noted that even in basic science as knowl- 
edge advanced there has been a considerable blurring 
of disciplinary boundaries. Modern electrochemistry is 
an example of this. So are also disciplines such as biol- 
ogy and earth sciences. Numerous hybrid disciplines 
have also come into being, with their own scientific 
societies and their own research journals. This frag- 
mentation, particularly of the scientific literature, has 
been a matter of some concern. On the other hand, 
there have also been some recent countervailing de- 
velopments where a related number of scientific so- 
cieties have joined together in a federation to pursue 
their common purposes. Examples are the Canadian 
Federation of Biological Societies and the Canadian 
Geoscience Council. 

As scientific research has become more institution- 
alized over the years it has also tended to institution- 
alize its own system of incentives and rewards. 
Younger scientists sometimes assert that they would 
like to engage in problem-oriented research, but are 
concerned whether this might jeopardize their future 
scientific career. They contend that obtaining research 
grants and job promotions based on peer review vir- 
tually demand a continuous flow of published papers. 
This is easier to achieve by continuing to research the 
researchable in a particular specialty than by attempt- 
ing to pioneer a new field which has as yet no recog- 
nized peers and where a research investment of several 
years may be required before publishable results 
emerge. There is no doubt that these concerns exist 
and a better system of incentives and merit recogni- 
tion will need to be developed. 

Looking to the future, what is the R&D picture likely 
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to be ten or twenty years from now? Because of the 
gravity of a number of the problems of ongoing na- 
tional concern, and because of the potential contribu- 
tion science and technology are capable of making 
toward alleviating these problems, it is likely that sub- 
stantially increased R&D expenditures will be made in 
these areas. This, of course, must be conditional on the 
availability of competent research manpower in each 
of these areas as well as promising research ideas. The 
mounting of significant programs will also require 
more integrated and cooperative projects with closer 
collaboration between the government, industry, and 
university sectors. 

In the government and industry sectors the problem 
of discipline mismatch is a minor one since research 
teams built around competent specialists required for 
particular research projects are readily formed. It 
does, however, pose serious problems in universities 
where research projects tend to follow disciplinary 
lines. Indeed, the extent to which universities should 
engage in mission or problem-oriented research re- 
mains a matter of active debate. In view of the many 
other pressures now being exerted on universities, this 
is a further question the universities will have to re- 
solve for themselves. 

If there are to be substantial new research expendi- 
tures in the major problem areas it is likely that a 
large proportion of new Ph.D. graduates emerging 
from universities will be required in these areas. This 
further underscores current discussions as to the most 
appropriate Ph.D. programs for the future. This is also 
a matter for which universities have primary responsi- . .-. 
blllty. 

In speculating about the future it also seems reason- 
able to assume there will be no cutback on the present 
level of effort in basic research to offset in part an in- 
creased level of effort in problem-oriented research. 
But such comparisons may well amount to a somewhat 
meaningless kind of bookkeeping. In the first place, 
the value of basic research is no longer in question and 
the need to support basic research is well recognized 

by government. The question is only "how much" is 
needed. New programs in problem-oriented research 
are very likely to create a demand for more basic re- 
search in particular areas. However, this may not nec- 
essarily amount to added effort in basic research since 
the new earmarked research dollars will also be com- 
peting for the talents and time of existing researchers 
in basic research. Accordingly, we may expect the 
future course of basic research to be strongly influ- 
enced by increased R&D effort in the major problem 
areas. Whether this is beneficial or not in the long term 
we can only speculate since there is no way of predict- 
ing in advance where new opportunities or knowledge 
gaps are likely to arise. 

Finally, I would like to emphasize again the interna- 
tional dimensions of some of the major problem areas. 
These will demand a more active international coop- 
eration than we have had in the past. Science, because 
of its universality and the many common links it has 
already established, provides us with a favorable and 
strategic base on which to build. Successful co- 
operation at this level can also serve to foster better 
mutual understanding, trust, and confidence, thereby 
facilitating ultimate resolution of the more difficult so- 
cial and political problem areas. 

In summary, the challenges which now face the na- 
tions of the world will demand new initiatives and 
responses from the scientific research community as 
well as from governments. Both government and the 
scientific community will need to develop better col- 
laborative interfaces and new approaches in their re- 
svective roles. Present dav science and technology are 
in a strong position to contribute significantly to the 
alleviation of the major problem areas of growing na- 
tional and international concern. These will demand 
greater leadership and the focused efforts of highly 
competent scientists and engineers. In such endeavors 
we truly serve to further the common ideals and 
promise of science, namely, the betterment of human 
life on earth and of all mankind. 
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SECTION NEWS DIVISION NEWS NEW MEMBERS 

Chicago Section 

Symposium and Workshop on Advanced 
Battery Research 

The Chicago Section of The Electro- 
chemical Society and the Argonne Na- 
tional Laboratory will jointly sponsor a 
symposium and workshop on Advanced 
Battery Research at Argonne National 
Laboratory, Argonne, Ill., March 22-24, 
1976. 

Papers are solicited for the two day 
workshop sessions which will focus on 
experimental developments in ad- 
vanced, high energy secondary bat- 
teries. Topics such as cell chemistry 
and materials, electrode design, and 
cell and battery design wi l l  be covered 
i n  four sessions. The workshop con- 
cept has been chosen to promote ex- 
tensive interaction and information ex- 
change among the participants. 

The first day of the symposium fea- 
tures an overview by invited speakers 
on the state of the art i n  secondary 
batteries in the U.S., Japan, and Eu- 
rope. 

For further information, please con- 
tact: The Symposium Committee, c/o 
Robert K. Steunenberg, Chemical En- 
gineering Division, Argonne National 
Laboratory, 9700 S. Cass Avenue, Ar- 
gonne, 111. 60439; phone (312) 739-7711, 
ext. 3912 or 3684. 

Electrodeposition Division 

Symposium on Selective Plating 

The Electrodeposition Division is 
planning a symposium on Selective 
Plating for the Fall 1976 Society Meet- 
ing in Las Vegas, Nevada. Selective 
plating is a very active field these days 
especially where precious metals are 
involved such as gold. This symposium 
will present a broad overview of the 
science and technologies involved in 
selective plating of all types. It wi l l  also 
provide a forum for presentation of new 
work which contributes new knowledge 
or new technology to the general topic 
of selective plating. 

Papers are solicited for the sympo- 
sium on such topics as: chemical and 
mechanical masking; fluid flow mask- 
ing; anode shape effects and tech- 
niques; plating cell design theory and 
techniques; electroless plating; and 
selectively catalyzed surfaces. 

Suggestions and inquiries should be 
sent to Symposium Co-Chairmen: Den- 
nis R. Turner, Bell Laboratories, 600 
Mountain Ave., Murray Hill, N.J. 07974 
or Warren R. Doty, Udylite Corp., 21441 
Hoover Rd., Detroit, Mich. 48234. 

Three $1000 Electrochemical Society Summer Fellowship 

Awards to be Granted 
The Electrochemical Society wi l l  of- 1. A brief statement of educational 

fer three fellowship awards for qualified objectives. 
graduate students for the summer of 2. A brief statement of the thesis 
1976. Each award will have a stipend of research problem including objectives, 
$1000 and its purpose is to assist the work already accomplished, and work 
student to continue his graduate work planned for the summer of 1976. 
during the summer months in a field 3. A transcript of undergraduate and 
of interest to The Electrochemical So- graduate work. 
ciety. These awards are to be known 
as The Edward Weston Fellowship 4. Two letters of recommendation, 
Award, The Colin Garfield Fink Fel- one of which should be from his re- 

lowship Award, and The Joseph W. 
Richards Fellowship Award. 5. Successful recipients of fellow- 

Candidates' qualifications: u ~ a c h  ships shall agree not to hold other ap- 
award shall be without regard pointments or other fellowships during 
to sex, citizenship, race, or financial the summer of 1976. 
need. They shall be made to graduate Application forms are available from 
students pursuing work between the the Chairman of the Fellowship Awards 
degrees of B.S. and Ph.D., in a college Subcommittee, to whom completed ap- 
or university in the United States or plications and letters of recommenda- 
Canada, and who will continue their tion should be sent: Professor H. B. 
studies after the summer period. A Herman, Department of Chemistry, the 
previous holder of an award is eligible University of North Carolina at 
for reappointment." Greensboro, Greensboro, North Car- 

Qualified graduate students are in- olina 27412. 
vited to apply for these fellowship Deadline for receipt of completed ap- 
awards. Applicants must complete an plications will be January 1, 1976, and 
application form and supply the follow- award winners will be announced on 
ing information. May 1, 1976. 

It is a pleasure to announce the 
following new members of The Electro- 
chemical Society as recommended by 
the Admissions Committee and ap- 
proved by the Board of Directors i n  
September 1975. 

Active Members 
Armstrong J. Tigard Or 
Buynoski, h.'S ... ~ o i n t a i ?  View, Ca. 
Dundas H. J. Lfivonua MI 
~rankiewicz, i. C., ~ekngion, Ms. 
Hamby D. C. McMinnville Or. 
h era mi bas, V: G.. Murray H'ill, N. J. 
Malbon, R. M., San Pedro, Ca. 
McMillan, F. J., Tempe, Az. 
Pludek, V. R., Calgary, Alta., Canada 

Student Members 
Cahen, G. L., Jr., Charlottesville. Va. 
Kim J.-S. Stanford Ca 
so&, K. k.,  ~hilad&lph;a, Pa. 

Life Membership 
Oldham, K. 6.. Peterborough, Ont.. Canada 

Reinstatement 
Griffin. R. A,, Sheridan Park, Ont., Canada 

Notice to Authors 
for Washington, D.C. 

Meeting 
The 75-word abstracts for the 

Washington, D.C. Meeting of the 
Society, May 2-7, 1976, must be re- 
ceived by Society Headquarters 
on or before December 1, 1975. Ex- 
tended abstracts are due on or be- 
fore January 1, 1976. These dead- 
lines must be adhered to in order 
for a paper to be considered for 
inclusion in the meeting program. 
Further details appear in the Call 
for Papers, pages 349C-352C of 
This Journal. 
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Acheson Medal Award 
The Edward Goodrich Acheson Medal (in case of difficulty, the Society's J. W. Marden-1953 

is awarded biennially for outstanding Headquarters Office can be requested George W. Heise*-1954 
contribution to the objectives, purposes, to prepare the copies). Robert M. Burns-1956 
or activities of The Electrochemical So- I t  is desired that nominations be in  William J. Kroll-1958 
ciety. I t  is a major Award of the So- the hands of the Committee not later Henry B. Linford-1960 
ciety, and it consists of a gold medal than March 1, 1976. C. L. Faust-1962 
and bronze replica, plus a sum of Following is a list of those who have Earl A. Gulbransen-1964 
$2,000. received the Acheson Award since its Warren C. Vosburgh-1966 

Nominations for the next Award, establishment in 1928: Francis L. LaQue-1968 
which will be presented in  the fall of Samuel Ruben-1970 
1976, are invited from the membership Edward G. Aches0n*-1929 Charles W. Tobias-1972 
of the Society. The nominee need not Edwin F. N0rthrup'-1931 Cecil V. King-1974 
be a member of the Society to qualify, Garfield Fink*-1933 

nor are distinctions to be made with ~~~~~~l, 'oMn~e~~\7~-1937 Please address all nominations to the 

regard to sex, citizenship, race, or ~~~~~i~ C. ~ ~ ~ ~ ~ t - 1 9 3 9  
Chairman of the Honors and Awards 
Committee, Erik M. Pell, Xerox Corpora- 

residence. Nominations must be ac- charles F. Burgess*-1942 tion, Xerox Square (W105), Rochester, 
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NEWS ITEMS 

lnternational Symposium on 
Industrial Electrochemistry 

The Society for the Advancement of 
Electrochemical Science and Technol- 
ogy. India, will be organizing an inter- 
national symposium on Industrial Elec- 
trochemistry during November 1976 at  
Madras, India. The symposium will last 
for four days, during which a maximum 
of 60 papers, both invited and con- 
tributed, will be presented. Industrial 
visits and exhibitions are also planned. 

The topics that are proposed to be 
covered are: new developments in 
power sources; electro-inorganic and 
organic chemical industries; electrowin- 
ning and refining of metals; engineering 
aspects of electrochemical systems, 
scale-up and optimization; pollution 
control; industrial electrocoatings; semi- 
conductors; bioelectrochemistry; and 
economics (country and regional sur- 
veys). 

For further details please contact: 
The Secretary, SAEST, Karaikudi 
623006. India. 

Society members of any class may, at 
no cost and for the purposes of pro- 
fessional employment, place not more 
than three identical insertions .per 
calendar year not to exceed 8 llnes 
each. Count 53 characters per line, 
including box number, which the So- 
ciety will assign. 

Notice to Members 

Society Headquarters will mail 
during October, dues bills for 
1976. These are special IBM cards 
which must be returned in  the 
envelope provided with the bill. 

As your 1976 membership be- 
gins with January 1976, i t  is sug- 
gested that you forward your dues 
payment promptly. 

lnternational Symposium on Solid 
lonic and Ionic-Electronic 

Conductors 

An lnternational Symposium on Solid 
lonic and Ionic-Electronic Conductors 
is to be held in Rome on September 
1-3, 1976. The symposium will include 
papers on the fundamental aspects and 
the practical applications of solid con- 
ductors characterized by ionic and 
mixed ionic-electronic conductivity. A 
short abstract should be submitted to 
each of the following by December 31, 
1975: Professor B. Scrosati, Secretary, 
Organizing Committee, lstituto di Chim- 
ica Fisica ed Elettrochimica, University 
of Rome, Italy; Dr. B. B. Owens, Chair- 
man, Scientific Committee, Medtronic, 
Inc., 3055 Old Highway Eight, Minne- 
apolis, Minnesota 55418 U.S.A.; and 
Professor T. Dickenson, Electrochem- 
istry Research Laboratory, Department 
of Physical Chemistry, The University, 
Newcastle upon Tyne NEl 7RU, En- 
gland. The complete text of those pa- 
pers accepted is desired in English, 
ready for offset printing, by April 30, 
1976. 

American Electroplaters' Society, Inc. 

The American Electroplaters' Society, 
Inc., is sponsoring a special sympo- 
sium on Design and Finishing of Printed 
Wiring and Hybrid Circuits, which will 
be held at the Fort Worth Hilton Inn, 
Fort Worth, Texas, January 21-22, 1976. 

The main themes will be: design and 
fabrication of printed wiring boards, 
rigid and flexible circuitry with either 
additive or subtractive processes; tech- 
niques for metal deposition, metal dep- 
osition and recovery processes; hy- 
brid circuits design and fabrication, 
thick and thin f i lm circuits; printed wir- 
ing workshop panel discussion; and hy- 
brid circuit workshop panel discussion. 

Please address any inquiries to: 
Richard C. Baker, Bell Laboratories, 
Room 1A258, Murray Hill, N.J. 07974. 

Certificates, Pins, and Keys 
The following items are avail- 

able to Active Members: 

Membership Certificates $ 5.00 

Gold Membership Pin $ 7.50 

Gold Membership Key $15.00 

Those interested should send 
their order accompanied by check 
to The Electrochemical Society, 
Inc., P.O. Box 2071, Princeton, 
N.J. 08540 



Vol. 122, No. 10 3. Electrochem. Soc.: REVIEWS AND NEWS 

A further DaDer on ohase dianrams 

BOOK REVIEWS 
deals with the "simple iolution model" 

OBITUARY (Springfellow) where the excess free 
energy of mixing is expressed by a 
composition independent interaction 
parameter a. This model seems to al- 
low even calculation of phase dia- 
grams for quaternary compounds. Sol, 
Clariou, Linh, and Moulin give refined 

Hugh L. Logan, 74, retired physicist 
from the National Bureau of Standards 
and an internationally known authority 
on stress corrosion cracking, died June 
23, 1975, after an illness in Arlington, 
Virginia. A native of Colorado, Mr. Lo- 
gan joined the National Bureau of Stan- 
dards in 1936 and remained there until 
his retirement in 1967. He obtained a 
B.S. in chemistry from Tarkio College, 
Tarkio, Missouri, and an M.S. in physics 
at the University of Colorado. He had 
completed all requirements for the 
Ph.D. degree in physics at the Univer- 
sity of Colorado with the exception of 
two courses when the opportunity to 
come to the Bureau arose in 1936. He 
retired in 1967. 

His major work at the National Bu- 
reau of Standards was concerned with 
stress corrosion cracking. During his 
career, he became one of the out- 
standing workers in this important field. 
In 1952, he proposed the f i lm rupture 
theory of stress corrosion, and over 
the years this theory has seen increas- 
ing acceptance. I t  is considered one 
of the major mechanisms for stress cor- 
rosion cracking. He is the author of 
the book "Stress Corrosion of Metals!' 

This is the only book on the subject 
by a single author and is used exten- 
sively by corrosion engineers and met- 
allurgists. I t  is the first book in the 
Corrosion Monograph Series of The 
Electrochemical Society. He organized, 
along with Dr. E. H. Phelps of the 
United States Steel Corporation, a sym- 
posium on stress corrosion at the 2nd 
International Congress on Metallic Cor- 
rosion held in  New York in 1963. He 
published over thirty papers and books. 

He was a member of the National 
Association of Corrosion Engineers, 
The Electrochemical Society, and Amer- 
ican Society for Metals, and a fellow 
of the Washington Academy of Sci- 
ences. As recognition for his outstand- 
ing achievements, he received the Sil- 
ver Medal of the Department of Com- 
merce in 1960, and he was the recipi- 
ent of the Burgess Memorial Award 
of the Washington Chapter of the Amer- 
ican Society of Metals in 1964. 

"Liquid Phase Epitaxy," edited by G. M. 
Blom, S. L. Blank, and J. M. Wood- 
all. Published by North-Holland Pub- 
lishing Co., Amsterdam (1974). 332 
pages; $66.75. 

This book is a collection of papers on 
the subject of LPE (liquid phase epi- 
taxy) which had been published in the 
"Journal of Crystal Growth" (also a 
North-Holland publication) during 1974. 

The enormous interest which has de- 
veloped In this technology has 
prompted the publication of this collec- 
tion of papers. Many papers on the 
subject have appeared in other journals 
("Solid State Electronics," "IEEE Pro- 
ceedings," "Journal of Applied Phys- 
ics," etc.), but the papers appearing in 
the "Journal of Crystal Growth" are 
certainly most germane to a detailed 
survey on LPE. Many of the authors 
have decisively participated in the per- 
fection of this technology which has not 
only promised but shown great achieve- 
ments in the field of practical device 
development and high performance. 

H. Nelson, who was one of the first 
to develop LPE and its applications to 
GaAs, describes the role of this method 
in a short introductory paper. The ad- 
vantages cited-higher deposition 
rates, wide choice of dopants, and sim- 
ple equipment-do not seem to fully 
explain the reason for its preponder- 
ance. There is, above all, the fact of a 
more perfect layer growth due to a 
melt-back and outgrowth of dislocations 
not easily achieved in VPE (vapor 
phase epitaxy). 

A number of well-known authors de- 
velop the theory and praxis of binary, 
ternary, and quaternary compound 
crystal growth in epitaxy. 

M. B. Panish, the noted Bell Lab- 
oratories metallurgist, who first' devel- 
oped methods to grow the complex 
DH (double heterostructure) close con- 
finement lasers, contributes a paper on 
"A Thermodynamic Solution Treatment 
of the Ga-P, In-P, and Ga-As Systems." 
The solution interaction parameters 
from both the liquidus and the vapor 
pressures of these compounds are ana- 
lyzed. I t  is shown that the comparison 
of parameters on account of the Ill. 
rich liquidus of these systems is cor- 

solubility data for P in G& As in Ga, 
and P in In. A number of papers deal 
with the epitaxial growth process, sur- 
face morphology, and constitutional 
variations. There is no consensus con- 
cerning the layered or step growths 
visible at epitaxial surfaces. While some 
authors discuss their origin i n  terms of 
temperature gradients, constitutional 
smercool'na. and convection de~let ion 
(small, ~ro;sley) then conclude 'that a 
temperature gradient vertical to the 
growth surface is needed and melt 
thickness limitation is required in dif- 
fusion limited growth (Moon), other au- 
thors (Hsieh, Bauser) emphasize that 
growth steps and hillocks disappear 
when the usual (100) crystal plane has 
a misorientation 6 4 5 min of arc. 
Precisely oriented (100) surfaces of 1 
pm thick epitaxial layers of GaAs show 
little structure, are smooth, and have 
no terraces. The apparent contradic- 
tion is resolved when one considers 
that: (i) the growth of relatively thin 
layers (1-10 pm) is less prone to ter- 
race growth; (ii) a precise substrate ori- 
entation within min of arc may not be 
industrially feasible; (iii) sensitivity to 
the orientation is decreased when the 
package is subjected to a vertical tem- 
perature gradient (paper by Mattes and 
Route); and (iv) the (100) plane pos- 
sesses the highest liquid/solid interfa- 
cial energy density and is therefore 
especially sensitive to misorientation. 

A number of papers deal with the re- 
lated problems of lattice parameter con- 
trol and dislocation generation. The in- 
teresting possibility of impuritystress 
compensation in GaAlAsP (Rozgonyi, 
Petroff, and Panish) has important con- 
sequences for the extension of the use- 
ful life of DH lasers and LED'S (light 
emitting diodes) as was shown recently 
for InGaAs. Defects in epitaxial multi- 
layers (misfit dislocations) are the sub- 

continued ovar 
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ject of a paper on CVD (Matthews and 
Blakeslee) of GaAs and GaAso.sPo.s, 
and in the case of (GaAI)As on Gap 
(LPE) (Astles and Rowland) surface 
texture was investigated in view of 
transmission photocathode work. Fur- 
ther structure-oriented contributions to 
be mentioned here are letters concern- 
ing crystal growth terraces and surface 
reconstruction (Rode), the effect of 
germanium on the distribution coeffi- 
cient of Al in the system solid 
AI,Gal-,As/liquid GaAl-As-Ge (Min- 
den), and the work on LPE growth of 
GaSb (Woelk-Benz). 

Of particular interest for the elec- 
tronics engineer and the solid-state 
physicist in industry are the contribu- 
tions concerned with difficult device 
design and production based on LPE. 
We have to limit our discussion to the 
most important points to convey to the 
reader the gist of this monograph. 
There are the many methods based on 
"rotary crucibles" (Thompson and Kirk- 
by), multiple boat growth with graph- 
ite slider (Dawson, Lockwood, Kres- 
sel), and the dipping method (Davies). 
There is also a "multislice slider" sys- 
tem which decants the melt and brings 
the substrate in contact with only a thin 
melt (Saul, Lorimor). Here, some of 
the difficulties encountered with thick 
melts are overcome, and i t  looks as i f  
the rotating system of Lorimor may 
solve the industrial production prob- 
lems. Finally, one should mention the 
papers on characterization by photolu- 
minescence, a method already used in- 
dustrially (Hitchens and Holonyak, and 
Outon, Lorenz, and Woodall). 

The monograph is made complete 
by the reports on the work in micro- 
wave devices and garnet films based on 
LPE. 

I t  seems astonishing that LPE has 
replaced CVD in many cases where 
the latter technology has had consid- 
erable lead time. The reasons for this 
are not industrial applicability, which 
would give preponderance to CVD, but 
the fact of higher structural perfection 
achieved which is decisive in layers 
for microwave applications (Rosztoczy) 
and bubble domain memories (Roberton, 
Linares, Glass, Davies, Morgan, Miller, 
Stacy, Hiskes, Pierce, and Clover). It 
is well known that i t  is not only the 
generation-recombination noise de- 
crease in GaAs-FET's, but also the de- 
creased trapping rate in Gunn devices 
which lend importance to LPE, while 
in the case of garnet growth for bub- 
ble domain devices, regular impurity 
distribution, lattice match, and high 
perfection are more readily achieved 
than in CVD. Even in the case of growth 
of crystals for far infrared applications, 
such as Pbl-,Sn,Te and Pbl-,Sn,Se, 
we see a tendency to apply LPE (Kasai 
and Basset). Finally, the growth of Sic 
from transition-metal silicide solutions 
shows the general applicability of LPE 
(Pellegrini and Feldman). 

The book is an excellent compilation 
of the latest work in this field which 
promises to become a central technol- 
ogy for research, development, and 
production of a wide variety of impor- 
tant electronic devices. I t  is recom- 
mended to all specialists working in 
the field of electronic materials prop- 
erties and applications. 

H. F. Matar6 
Los Angeles, California 

Book Reviewers Needed 
The Electrochemical Society 

needs competent individuals to 
review books for the Journal. 

Any Society member who 
wishes to volunteer his services 
should send his name, address, 
and field of competence to the 
attention of the Book Review 
Editor, Dr. Julius Klerer, c/o The 
Electrochemical Society, P.O. 
Box 2071, Princeton, N.J. 08540 

"lntroduction to Organic Electrochem- 
istry," by M. R. Rifi and Frank H. 
Covitz (Techniques and Applications 
in Organic Synthesis Series, edited 
by R. L. Augustine). Published by Mar- 
cel Dekker, Inc., New York (1974). 
417 pages; $26.50. 

The increasing interest in organic 
electrochemistry is additionally under- 
scored by the appearance of this recent 
book. Since 19i0, some twelve years af- 
ter Allen's "Organic Electrode Proc- 
esses" directed itself uniquely to the 
general organic research chemist, 
there has appeared slightly more than 
a book a year of substantial interest or 
directed predominantly to the organic 
chemist. A roll call of these books is 
pertinent here: C. K. Mann, "Electro- 
chemical,, Reactions in Nonaqueous 
Systems, Marcel Dekker, Inc., New 
York (1970); L. Eberson and H. Schafer, 
"Organic Electrochemistry," Springer- 
Verlag, New York (1971); A. P. Tomi- 
lov, S. G. Mairanovski, M. Ya. Fioshin, 
and V. A. Smirnov, "The Electrochem- 
istry of Organic Compounds, Halsted 
Press, New York (1972); A. J. Fry, "Syn- 
thetic Organic Electrochemistry," Har- 
per & Row, New York (1972); M. M. 
Baizer, Editor, "Organic Electrochemis- 
try, An lntroduction and a Guide," Mar- 
cel Dekker, Inc., New York (1973); and 
N. L. Weinberg, Editor, "Techniques of 
Electro-organic Synthesis, Parts I and 
11," John Wiley & Sons, Inc., New York 
(1974-1975). (This two volume work was 
not completed at the time of this re- 
view.) 

There are other books forthcoming in 
the field, including one or more vol- 
umes on organic electrochemistry, in 
the monumental "Encyclopedia of Elec- 
trochemistry of the Elements" series 
ed~ted by Allen Bard, being published 
by Marcel Dekker, Inc. 

Both Rifi and Covitz have excellent 
credentials for this undertaking, and 
each has made fundamental contribu- 
tions to the field of organic electro- 
chemistry. Their offset-printed book is 
divided into the following chapter head- 
ings: "lntroduction," "Basic Principles," 
"Apparatus and Techniques," "Reduc- 
tion of Functional Groups," "Oxidation 
of Functional Groups," "Electroinitiated 
Polymerization," and "Electrocoating." 
There are three appendices-"Ques- 
tions and Answers," "Glossary of 
Terms Commonly Used in Electrochem- 
istry," and "Charts of Useful Electrode 
Potentials1'--and both author and su- 
ject indices. One might say that about 
15 per cent of the book is devoted to 
basic principles, almost 25 per cent to 
apparatus and techniques, and some- 
what less than 50 per cent to chemical 
transformations. 

Any book should be assessed in the 
light of its intended audience. The 
word "lntroduction" in the title is not 
necessarily a clarifying one. Beyond 
designating the text as a "first," it 
discloses neither the sophistication ex- 
pected of the reader nor the depth of 
the knowledge ~ ~ r v e v e d .  Baizer's 1100 
page compendium is also designated 
an "lntroduction," but demands and pro- 
vides information at a much higher 
level. I t  would, perhaps, be reasonably 
accurate to consider the present voC 
ume directed to a level of training cor- 
responding to advanced undergraduate 
or "rusty" organic chemist seeking a 
very panoramic, bird'seye view of the 
material. For such an audience, the de- 
votion of 34 pages to "Questions and 
Answers" is defensible, and the descrip- 
tive, summary nature of the coverage 
more reasonable. I t  is not fully adequate 
for the active organic researcher seek- 
ing fundamental material for his first 
entry into the specialized electro-or- 
ganic field and should not, therefore, 
be considered in competition with Fry's 
book, the most obvious comparison. 

There are a few shortcomings that 
require comment. 

While the number of references is not 
unreasonable, they are poorly up-to- 
date. In this 1974 copyrighted book, the 
reviewer found a single reference to 
1972 work (a patent to one of its au- 
thors), two references to 1971 work (a 
"Scientific American" article and a pa- 
per by one of the authors), and very 
few citations of 1970 work. Material 
from the sixties is not as well repre- 
sented as i t  should be. For the chapter 
on electrocoating, only three refer- 
ences are given: one to a 1927 work, 
one to a book published in England in 
1966, and one to an unpublished work 
by one of the authors. If this book is to 
be compared with other recent efforts, 
this is a serious shortcoming. Even 
Eberson and Schafer's book, published 
three years earlier, has more recent 
coverage. 

continued over 
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One of the most frequent reasons for 
consulting an introductory type of book 
in an unfamiliar area is to see whether 
a particular goal can be accomplished 
by the unfamiliar technique. To this end, 
tables of representative examples are 
invaluable. The present book has unfor- 
tunately few of these. In fact, the ma- 
jor chapter on reduction has but one 
such table, with six entries, for the re- 
duction of nitrobenzene. The most ex- 
tensive table in this chapter, almost five 
pages long, gives half-wave potentials 
of organic halides but does not indicate 
products. So extended a listing of El12 
is hardly warranted in the present "in- 
troductory" book; such a listing, with 
products, would be valuable in any book 
and enormously useful to the poten- 
tially interested organic chemist. A 
number of such tables do appear in the 
chapter on oxidation. 

This pattern of uneven coverage is 
apparent elsewhere in the book in the 
space allotted to the various functional 
groups, i.e., 24 pages to carbon-halogen 
reduction versus ten for the nitro group 
and only eleven to carbonyl compounds. 

This reviewer checked his own area 
of maximum expertise (electrochemical 
reduction of the carbonyl group) as a 
measure of the practical guidance that 
could be obtained and found the guid- 
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ance unsatisfactory or misleading. 
None of the quoted material on the 
nature of the electrode is less than 20 
years old; i t  should be considered sus- 
pect. The statement that acidic condi- 
tions favor pinacol formation while basic 
conditions give mainly alcohols is at 
best misleading (pinacol products may 
fragment or rearrange to alcohols), but 
more frequently inaccurate. I t  should 
be added that the above undoubtedly 
stems from the very admirable inten- 
tion of the authors to summarize an 
essentially indigestible mass of liters- 
ture from which i t  is doubtful i f  any 
brief over-all summary can be made at 
present. In such cases, as noted above, 
tables can stand effectively in lieu of 
oversimplification. More importantly, 
the material offered does not provide 
enough guidance to make the very use- 
ful possibilities attractive. 

The book does have some real 
strengths, however. It is written in a 
simple, straightforward, and, occa- 
sionally, pleasantly personalized style. 
The chapter on basic principles is mini- 
mally mathematical and highly prag- 
matic as is the chapter on apparatus 
and techniques which contains a great 
deal of practical information. Very use- 
ful experimental details are provided 
for specific reductions or oxidations of 
representative functional groups fol- 
lowing the pertinent subsections. The 
appendix which offers a glossary of 
terms is an attractive feature. 

For the audiences suggested above, 
the book can f i l l  a distinct need not 
presently met by the other books avail- 
able, that of a truly introductory learn- 
ing text oriented to the organic chem- 
ist. In such a comparative framework, 
both the Fry and EbersonlSchafer 
books might more properly be desig- 
nated reference sources with the Baizer 
and Weinberg offerings properly con- 
sidered overlapping but not competing 
compendia; the first having a critical 
orientation and the second a compre- 
hensive one. 

It has become customary to deplore 
book prices, often using a cost-per-page 
criterion. Excluding consideration of 
the merits of a quality-per-unit-weight 
judgment, in this day of offset vs. type- 
set printing i t  was a matter of curiosity 
to this reviewer to consider similarly 
the approximate number of characters 
per representational page of several of 
the books mentioned above. Found were: 
EbersonlSchafer = 3400, Fry = 3200, 
Baizer = 3300, and RifiICovitz = 
2200, i.e., the first three provide on a 
"quantity" basis approximately 50% 
more "information" per page. Obvi- 
ously, any price-oriented evaluation 
should consider such data. 

Jack H. Stocker 
Louisiana State University 

New Orleans, Louisiana 

OUT-OF-PRINT SOCIETY VOLUMES 
The following volumes sponsored or published by The Electrochemical Society, Inc. are now out-of-print. Xerographic 

copies* or reprintst of these volumes are available. 

Vapor Platlng. C. F. Powell. I. E. Campbell, and B. W. Gon- ' Electrets and Related Electrostatic Charge Storage Phe- 
ser, Editors. A 1955 symposium. 158 pages, $8.40. nomena. L. M. Baxt and M. M. Perlman, Editors. A 1967 

The Structure of Electrolytic Solutions. W. J. Hamer, Editor. 150 pages, s7'80' 
A 1957 symposium. 441 pages, $22.70. ' Dielectrophoretlc and Electrophoretic Deposlllon. E. F. 

'Technology of Columbium (Niobium). B. W. Gonser and Pickard and H. A. Pohl, Editors. A 1967 symposium. 138 
E. M. Sherwood, Editors. A 1958 symposium. 120 pages, pages, $6.90. 
$6.50. . Surface of Metals and Semiconductors. ,,. C. Electron and Ion Beam Science and Technology, Third In- 
Gates, J, W. Faust, Jr., and W. J. La Fleur, Editors. A ternational Conference. R. Bakish, Editor. A 1968 sym- 
1959 symposium. 526 pages, $27.00. posium. 725 pages, $35.80. 

' Electrode Processes, First Conference. E. Yeager, Editor. ' Optlcal Properties of Dlelectrlc Films. N. Axelrod, Editor. 
A 1959 symposium. 374 pages, $19.50. A 1968 symposium. 325 pages, $14.50. 
Mechanical Propertles 01 Intermetallic Compounds. J. H. 
westbrook, Editor. A 1959 symposium. 435 pages, $22.50. ' Thin Film Dielectrics. F. Vratny, Editor. A 1968 s~mposlum. 

680 pages, $34.20. 
Zirconium end Its Alloys. J. P. Pemsler, E. C. W. Perryman, 
and W. W. Smeltzer, Editors. A 1965 symposium. 205 'Ohmic Contacts to Semiconductors. B. Schwartz, Editor. 
pages, $15.10. A 1968 symposium. 356 pages, $18.40. 

t Measurement Techniques for Thin Films. B. Schwartz and 
N. Schwartz, Editors. 1965 and 1966 symposia. 347 pages, 

~ ~ ~ ~ ~ ~ ~ g ~ ~ ~ ~ ~ s i ~ ; l . R j ~ ~ , " ~ , " , " , h ~ ~ ~ o . E .  L. Kerns $12.00 (softbound), $15.00 (hardbound). 
Electrode ProcesSeS, Second Conference. E. Yeager. H. ' Chemical Vapor Deposition, Second International Confer- 
Hoffman, and E. Ei~m'fIann, Editors. A 1966 symposium. ence. J. M. Blocher, Jr. and J. C. Withers, Editors. A 1970 
190 pages, $5.00. symposium. 872 pages, $43.55. 

Electrolytic Rectification and Conduction Mechanisms in 
Anodic Oxide Fllms. P. F. Schmidt and D. M. Smyth, High Temperature Oxidatlon of Metals. By P. Kofstad. The 
Editors. A 1967 symposium. 230 pages, $11.80. Corrosion Monograph Series. 340 pages, $20.00. 

' Order from University Microfilms, Inc., 300 North Zeeb Street, Ann Arbor, Mich. 48103. Enclose payment with order. 
Specify an Electrochemical Society volume. 

+ Order from Johnson Reprint Co., 355 Chestnut St., Norwood, N.J. 07648. Specify an Electrochemical Society voi- 
ume. Prices subject to change wlthout notice. 
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"The Founders of Electrochemistry," by 
Samuel Ruben. Published by Dorrance 
& Company, Philadelphia (1975). 107 
pages; $5.95. 

Samuel Ruben has been an active 
inventor i n  various areas of electro- 
chemistry for more than 50 years. Quite 
understandably, he became intrigued in 
studying the lives and motivations of 
the pioneers in research which led to 
the modern concepts of electrochem- 
istry. For this little volume he has cho- 
sen four outstanding figures who may 
be called the founders of electrochem- 
istry: Count Rumford, Alessandro Volta, 
Humphry Davy, and Michael Faraday. 

Count Rumford was never an elec- 
trochemist, but he was instrumental in 
founding the Royal Institution of Great 
Britain and his recognition of young 
Humphry Davy's ability started many 
years of study and invention in the 
fields of electricity and chemistry. Rum- 
ford was born Benjamin Thompson, in 
Massachusetts, in 1753. At an early 
age he began the study of explosives 
and armaments; in the early 1770's he 
was an ardent Tory and found in ex- 
pedient to flee to England. There he 
became a successful manufacturer of 
armaments, became acquainted with the 
leading scientists, and was elected Fel- 
low of the Royal Society. About 1782, 
he took a governmental position in 
Bavaria, where he was able to upgrade 
the Bavarian army and to introduce 
many military and civilian reforms. In 
recognition, he was given the title of 
Count, and chose the name Rumford 
to go with it. 

During this time Rumford arranged 
controlled experiments in boring can- 
non barrels to study the heat produc- 
tion. I t  became evident that the energy 
expended by two horses in driving the 
boring mechanism was responsible for 
the heat via friction of the cutting tools. 
It was impossible at the time to derive 
a quantitative relation between heat 
and work; this was done some 50 years 
later. 

Rumford returned to England, i n  
1794, a wealthy man. He presented his 
studies before the Royal Society, and, 
in 1798, founded the Royal Institution. 
He soon acquired Davy as lecturer in 
chemistry. 

In 1791 Luigi Galvani published ex- 
periments with frogs' leg muscles; he 
felt that "animal electricity" could flow 
through wires. Volta, on the other hand, 
felt that the two metals used by Gal- 
vani (a copper hook and an iron fry- 
ing pan?) generated a current. On this 
basis, Volta set up his famous piles 
and crown of cups, and with the use 
of various metals was able to con- 
struct an electrochemical series. In 
1800 Cruikshank made partitioned cells 
from which current could be drawn to 
deposit copper, for example. These 

crude cells made i t  possible for Davy 
to carry out many experiments, includ- 
ing the production of metallic sodium 
and potassium, and later for Faraday 
to derive the quantitative laws of elec- 
trolysis. 

Humphry Davy at an early age be- 
came apprentice to a surgeon-apothe- 
cary, but by 1797 was mainly interested 
in chemistry. By 1800 he was able to 
publish experiments on the production 
and nature of nitrous oxide, and shortly 
thereafter was offered a position at 
the Royal Institution. As part of his 
duties there he made a comprehensive 
study of tanning and the treatment of 
hides, and of certain phases of agri- 
culture. In 1815 he devised the famous 
miner's safety lamp, and in 1824 in- 
vented cathodic protection for the cop- 
per sheathing on naval vessels (an in- 
vention which unfortunately was not 
useful). In 1813 Davy engaged a young 
assistant named Michael Faraday. 

Faraday was born in 1791, and in 
1804 became errand boy and appren- 
tice to a bookbinder. He was able to 
read some of the books in the shop, 
and became intrigued by science. In 
1810 he attended lectures on scienti- 
fic subjects, including lectures by Davy. 
He applied to Davy for a position and 
eventually was employed as an assist- 
ant. In the course of 5 or 6 years he 
became well known as a lecturer and 
experimenter. 

Faraday carried out an amazing num- 
ber of experiments in a wide variety 
of fields. Best known to electrochemists 
for his simple laws of electrolysis and 
the introduction of familiar names (elec- 
trolysis, electrodes, ions, anode, cath- 
ode, anion, cation), he showed that 
oxygen is paramagnetic, discovered 
benzene, and made derivatives such 
as nitrobenzene. He studied the na- 
ture of electrical capacity and capac- 
itors. Most importantly, he showed that 
a moving magnet induces a current in 
a wire, or that a wire carrying current 
in a magnetic field can produce me- 
chanical energy. 

Dr. Ruben's thesis is that these 
four men-and many, many others 
could no doubt be mentioned-were 
inspired from early youth with a desire 
for knowledge. Read, read, read, listen 
to the men of knowledge, get ac- 
quainted and talk to them, discuss mat- 
ters of interest, experiment, keep full- 
est notes, publish. But listen critically, 
read critically, be a skeptic, look for 
flaws, be sure your views will stand 
up under the fullest investigation of 
others. 

C. V. King 
American Gas & Chemical Company, 

Limited 
New York, New York 

CHEMIST 
Searle Laboratories, the pharmaceutical division of G. D. Searle 
and Company, located in a northern suburb of Chicago, has an 
immediate opening in the Analytical Research Department. 
You will need a B.S. or M.S. in chemistry to develop electroanalyti- 
cal methods for quality control. As there is a heavy emphasis in 
polarography, 1 year experience in this specialty is required, 
preferably dealing with analysis of organic compounds. A desirable 
background would also possess familiarity with other electro- 
analytical techniques. 
We offer an excellent starting salary as well as an attractive 
benefit package. Please submit your resume, including salary 
requirements, in confidence to: 

Carol L Bernacchi 

G. D. Searle & Co. 

Box  51 10. Chicago. Ill inois 60680 
Equal Opportunity ... 

A Practice, Not Just A Policy 
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POSITIONS AVAILABLE 

Assistant Professor in the Metallurw Sac- 
tion--Candidate should be a Ph.D. with 
teaching and research interests in the broad 
areas of hydrometallurgy, electrochemistry, 
and mineral processing. Send resume to: 
Professor H. W. Pickering, Chairman. Me!al- 
Iu rw  Section. 208 Mineral Industries Bulld- 
i n K - ~ h e  ~ennsylvania State University, Uni- 
versity Park. Pa. 16802. The University is 
an equal opportunity and an affirmative ac- 
tion employer. 

Semiconductor Materials ScientisLPh.D. 
extensive experience in the growth of multi- 
layered liquid-phase epitaxial structure of 
Ill-V compound semiconductors and fabrica- 
tion of LED and laser materials. More than 
20 publications. Seeking industrial or teach- 
Ing position. Reply Box C-161. 

Manager/Group Leader-Ph.D. (1970) ma- 
terials science. Richly experienced in the 
area of inorganic materials preparation and 
characterization, display materials (includ- 
ing phosphors), modern characterization 
techn~ques ~ncluding sem/Probe. ESCA/ 
Auger, x-ray diffraction/fluorescence. 10 
years experience includes R&D at top chem- 
~ca l  and electrical companies. Seeking full- 
time position or part-time consulting. Reply 
BOX C-162. 

Electrochemist-Advance development in Electrochemist-Ph.D., 10 years experience 
engineering group involving design and in electrochemical energy conversion, corro- 
Conducting of investigations related to the sion, materials research. Seeks creative en- 
basic chemistry and electrochemistry of vironment in energy R&D. Reply Box C-la. 
lead acid tvoe batteries. Reouires B.S. 
chemistry and several years exberience in 
electrochemistry. Exposure to lead acid sys- 
tems desirable. Modern facility. Milwaukee 
suburb. Comoetitive salarv. Excellent bene- 
fits. Send resume and kalarv history to 
E. R. Boelk. Globe-Union Inc., P. 0. Box 591, 
Milwaukee. Wisconsin 53201. 

POSITIONS WANTE D 

Please address replies t o  the  box 
number shown, c / o  The Electrochemi- 
ca l  Society, Inc., P. 0. Box 2071, Prince- 
ton. N. J. 08540. 

ChemirtCreative resourceful, versatile. 
Ex~ertence In batte;v. fuel cell. electrornedl- 

surroundings. Resume and references. Reply 
BOX C-158. 

Materials Scientist-Ph.D. (1973) experienced 
in preparation and characterization of thin 
films, evaporation, sputtering, electron mi- 
croscopy, x-ray techn~ques. vacuum technol- 
ogy, optical, electrical and magnetic proper- 
ties. Five years industrial experience. Seeks 
challenging R&D position. Reply Box G159. 

Electrochemist/Materials Scientist - Ph.D. 
1972, 7 years industrial research exoerience 
including work on fuel cells and 'metallic 
Corrosion. Some teaching experience. 10 pub- 
lications. Seeks responsible position to pur- 
sue research in energy conversion materials 
science, or related fields. Reply Bbx C-160. 

r - - - - - - - - -  
I ATTENTION. MEMBERS 7 

AND SUBSCRIBERS 
Whenever you write to 

ATTACH 
The Electrochemical Soci- 
ety about your membersh~p LABEL 
or subscript~on, please in- 
clude your Magazine ad. HERE 
dress label to ensure 
Prompt service. 

Challenging position w i t h  a major  
energy research institute develop- 
i n g  numerous advanced energy 
conversion systems such as fuel 
cells, electrolyzers and batteries; 
HZ technology; and energy storage 
systems. Candidate should have 
proven record of accomplish- 
ment, preferably i n  areas of ap- 
plied electrochemistry, reaction 
mechanisms, and corrosion in 
molten salt and alkal i  systems. 
L iberal  benefits include free med- 
ical, l i fe  insurance, and tuit ion 
assistance. Please send resume in- 
cluding salary requirements to: 

Mrs. A. Pruss 

Institute Of Gas Technology 

3424 South State Street 
Chicago, Illinois 60631 

Equal 0pportun;ty Employer I I 

- 

EOUCATION RESEARCH - 1  

Change of Address I ;  I 
To change your address place magazine 
address label here. Print ;our NEW address 
below. If you have any question about your 
subscription or membership place your 
magazine label here and c l i i  this form to 
your letter. 1 1  I 

I Mail to the Circulation ---- 
Department The Electro. name I chemical Society Inc. 
P. 0. Box 2071. 'prince! -- --- - 
ton. N.J. 08540. 

I 
city state zip code I 

ANODIC OXIDATION 
by SIDNEY D. ROSS, MANUEL 
FINKELSTEIN. and  ERIC RUDD - - 

A Volume in the 
ORGANIC CHEMISTRY Series 

This book i s  d iv ided in to  two sec- 
t ions. The first section (Chapters 1-4) 
p r e s e n : ~  the  underlying theory fo r  the  
electrochemical oxidation o f  organic 
substrates and  briefly discusses the 
experimental methods a n d  required 
equipment. The second section (Chap- 
ters 5-12) assesses the  available litera- 
ture o f  the  anodic oxidation o f  or- 
ganic compounds, classifying the  
compounds according t o  t h e  func- 
t ional  group being oxidized, e.g., there 
are chapters o n  the  oxidation o f  hy- 
drocarbons, acids, amines, alcohols, 
ethers. etc. -, - -. 
1975, 352 pp., $37.001£ 17.75 

SEMICONDUCTORS 
AND SEMIMETALS 
series editors: R. K' WILLARDSON 
and ALBERT C. BEER 
Volume l l l S O L A R  CELLS 
by  HAROLD J. HOVEL 

The effects o f  solar ce l l  thickness 
and polycrystall inity, fully detailed 
here, are h ighly valuable and  n o t  sig- 
nif icantly found elsewhere. Also in- 
c luded are valuable detailed discus- 
sions o f  Schottky barrier, heterojunc- 
tion, vertical rnult i junction, and or- 
ganic solar cells, a n d  o f  back surface 
field devices, drift f ie ld effects, a n d  
the  opt ical  transmission o f  metal  
films. There i s  a n  addendum which 
reviews the  important work presented 
a t  the  recent solar ce l l  conferences 
(mid-1975). 
1975, about 250 pp., in preparation 

POWER SOURCES 5 
Research and  Development in Non- 
Mechanical Electrical Power Sources 
(Proceedings o f  the 9 th  International 
Symposium held a t  Brighton, Septem- 
ber 1974. Sponsored by the  Joint  
Sewices Electrical Power Sources 
Committee) 
edi ted by D. H. COLLINS 

This book i s  a unique col lect ion o f  
papers a iming t o  provide t h e  most  up- 
to-date information on research a n d  
development, applications engineer- 
ing, design studies and  user-experi- 
ence o f  primary and  secondary cells, 
solar cells, thermoelectric generators 
and  related subjects. An  important 
feature i s  t h e  inclusion o f  edi ted dis- 
cussions o f  t h e  papers. 
1975, 752 pp., $54.501 £21.00 
N.B.: Postage plus 506 handl ing charge 
on a l l  orders n o t  accompanied b y  

payment. 
Prices sublect  to change without 

notice. 

Harcourt Brace Jovanovich, Publishers 
111 F i f th  Ave., New York, N. Y. 10003 
24-28 Oval Road, London N W I  7DX 
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P.O. Box 207 1, Princeton, New Jersey 08540 609/924- 1902 

Instructions to Authors of Papers Rcv~sed July 1, 1972 

J O U R N A L  OF T H E  ELECTROCHEMICAL SOCIETY Mathematical equations should be written on a single line i f  
is the official journal of the Society and three sections possible. and parentheses, brackets, the 
totaling some 2500 editorial pages annually: ~~ectrochemicol Science solidus I/), negative exponents, etc., may EQUATIONS 
and Technology, Solid-State Science and Technology, and Reviews be used freely for this Purpase. Authors 
and News. are urged to consult Chapter VI of the "Style Manual" of the 

American institute of Physics (available far $2.50 a t  the American 
Institute of Physics, 335 East 45 Street, New York, N. Y. 10017) 

Manuscripts submitted to the Journal should be sent in  triplicate 
Ond to follow the patterns described there' 

(one original and two clear copies, prefer- 
GENERAL ably Xeroxed), to the Editorial Office, 

P.O. Box 207,, princeton, N~~ J~~~~~ 08540. Authors are encouraged to use symbols extensively. These should be 

~ h ~ y  must be typewritten, double-spoced, on one side Only Of defined in a list at the end Of the paper* 
SYMBOLS 

white bond 81j2 X I 1  in. paper, 21h-4 cm (1-144 in.) margins. with units given. 

Illustrations should also be sent in  triplicate, with one original and 
two copies that are clear enough for easy review. 

a, b . . . -E empirical constants of Brown equation 

Titles should be brief and properly descriptive, followed by the 
fi = fugacity of pure i th  component, atm 

author's nome. professional connection and complete address, in- 
DP = volumc diffusion coefficient, cm*/sec 

cluding city, itate, and r i p  code. Text should be as brief as is 
consistent with clarity and should omit introductory or explanatory 
material which may be regarded as familior to specialists in  the 
particular field. Popers should be written in  concise and good 
English and authors are urged to ensure they have been carefully 
edited and proofread before they are submitted. Suitable headings 
and subheadings should be included but sections should not be 
numbered. For current form and style, papers in recent issues should 
be consulted. Proprietary and trade names should be generally 
avoided; i f  used with discretion, they should be capitalized to  pro- 
tect the owners' rights. 

I f  a paper was presented at a meeting of the Electrochemical 
Society, i t  should be mentioned in  the covering letter sent with 
the original manuscript. 

Under present Society policy, the review procedure is handled by 
the various Divisional Editors, with final acceptance or rejection by 
the Editor. Manuscripts are usually reviewed in several weeks and 
those returned to the author for revision should be resubmitted 
promptly to the appropriate Divisional Editor. This generally allows 
publication in  five months or less from date of original receipt. 

Authors are encouraaed to suaaest aualified reviewers for their -- . 
manuscripts, with the editors reserving the right to final choice. 
I t  is helpful i f  the author tells whlch ECS division (listed in  the front 
of each Issue of the Journal) would be most interested in  his paper. 

Inquiries concerning submitted manuscripts should be addressed 
to the Editor, President's Office, Rice University, Houston, Texas 
7mm 

Articles of wide diversity of interest are acceptable, but sub- 
jects primarily covered in  the other spe- 

TYPES OF ciolized journals (e.g., analytical or nu- 
ARTICLES clear chemistry) are not considered appro- 

priate. 
Technical Popers are divided into two categories: fundamental 

and applied. The former describes original research of basic nature 
and must have scientific depth. The latter may deal with any 
practical aspect of the fields of interest to the Society, e.g., plant 
design or operation, production and control methods, economics. 
Each paper should be introduced by an abstract stating the scope 
of the paper and summarizing fully its results and contents. 

Review Papen furnish a current and critical analysis of the 
subject with citation only of truly pertinent references, and nor- 
nmlly should not exceed 20 manuscript poges. An abstract is 

The AIP "Style Manual" referred to  here gives a suitable list 
of common Abbreviations. Units usually will 
be abbreviated without periods throughout ABBREVIATIONS 
the text, as sec, min, hr, cm mm, etc. UNITS 
Metric Units should be used 'throughout, 
unless English unlts are clearly more appropriate in  the area of 
d~scussion. 

Electrode potentials: Authors are urged to state and make use of 
the polarity of test electrodes with respect 
to the reference electrode used, i.e, Zn is POTENTIAL 
normally negative, Cu normally positive with SIGNS 
respect to the standard hydrogen electrode. 
The slgn for the emf of a cell should conform to the free energy 
change of the chemical reaction as written or implied, i n  accard- 
once with the definition AG = - nFE. These suggestions agree with 
the IUPAC conventions adopted in  1953. 

Literature References should be listed on a separate sheet a t  the 
end of the paper In the order i n  which they 
are cited in  the text. Authors' initials must REFERENCES 
be given, and the style and abbreviations 
adopted by Chemical Abstracts should be used. Anv recent issue 
of Society journals may be consulted. Literature cited should be 
readily availoble; consequently personal communications, Depart- 
ment of Defense (DOD), and Office of Technical Services (OTS) 
citations should be minimized. When references are not readily ac- 
cessible, Chemicml Abstracts cdtation numbers must be supplied. 

Tables should be typed on separate sheets. TABLES 

Photographs should be used spartngly, must be glossy prints, and 
should be mailed with protection against 
folding. Micrographs should have a labeled ILLUSlRATlONS 
length unit drawn or parted on the picture. 
On both, label "top" where any uncertainty might arise. Captions 
for figures (inciud~ng photographs) must be included on a separate 
sheet. Figure numbers must not appear in  the body of the figure; 
they will be removed i f  they do. Numerical Data should not be 
du~licated in tobler and fiourer. - ~- - -~ -.. 

required. Drawings and Graphs ordinarily will be reduced to 8.3 cm (31/4 
Technkal are used for brief research* in.) column width, and after such reduction should have lettering 

+"";~~uF,3'kb~C",'s~s t $ ~ ~ ' O ~ ~  Ey ~ ~ v ~ , " ~ ~ ~ r ~ ~ ~ ~ ~ ; S ~ t e ~ , " ~ ~ ;  
no less than 0.15 cm high. Lettering must be of letter-guide quality. 

scientific study. No abstract is required. 
India ink on tracing cloth or paper is preferred, but India ink on 
coordinate paper with blue ruling is  acceptable. Line weight 2 is 

~ ~ ~ n ~ ~ ~ ~ ~ ~ ~ ~ a , " ~  Uf4C: ~ , " ~ ~ : : f O ~ ~ ~ O ~ i ~ ~ ~ i i ~ ~ ~ / ~ ~  
u ~ d  for borders and zero lines. When several curves are shown, 

even though not necessarily a completed research. Length should ~ ~ ~ ~ n ~ ~ o , " , 9 0 ~ i " , " , ~ ~ [ ~ d V , " n ~ n n  d ~ ~ , " ' d ~ i n ~  >~e,:"~~O",bt~~~$i",", 
be limited to 1000 words or less, with no more than two illustrottons. 
No abstract is reouired. Publishing time is normallv less than three 

Ordinate' lncreaslng negative values should down' 

months. 
To cover  art of tnc cost of cubi~cation 0 Poge charge of $50.00 
per print id page is requested for the pub- 

Authors are respons~ble for supplying a last of from three to Itcation of technical moteriol. A 10% re- PUBLICATION 

KEY 
five single key words to facilitate informa- duction is allowed i f  at least one author CHARGE 

WORDS tion retrieval. No paper will be published of an artlcle is an ECS member or an em- 
without them. Generic terms generally arc ployee of a Patron or Sustaining Member firm. However, acceptance 

to be avoided as are terms already contained i n  the title. Key of a manuscript is on the basis of merit and IS in no way dependent 
words acce~table to Chemical Abstracts are also ~enerallv acceDt- on such payment. The chargc may bc waived i n  individual cases. 
able in  Soiiety publications. List key words at the bottom of the 
first page of the manuscript. 



Cull for Papers 

149th Meeting, Washington, D.C. 
May 2-7, 1976 

Di<sians which have scheduled sessions are listed on the overleaf, along with symposium topics. 

I .  Symposium Papers. 

Authors desiring to contribute papers to a symposium listed on the overleaf should check first with the symposium 
chairman to ascertain appropriateness of the topic. 

2. General Session Papers. 
Eoch of the several Society Divisions which will meet in Washington, D.C., con plon a general session. I f  your paper 
does not f i t  readily into a planned symposium, you should specify "General Session!' 

3. To Submit a Meeting Paper. 
Each author who submits a paper for presentation a t  a Society Meeting must do three things: 

A-Submit one original 75-word abstract of paper to be delivered. Use the form printed on the overleaf or a fac- 
simile. Deadline for receipt of 75-word abstract is December 1, 1975. 

I-Submit original and one copy of an Extended Abstract of the paper. Deadline for receipt o f  Extended Ab- 
stract is January 1, 1976. See (5) below for details. 

C--Determine whether the meeting paper is to be submitted to the Society Journal for publication. See (6) be- 
low for details. 

Send a l l  material t o  The Electrochemical Society, Inc., P.O. Box 2071, Princeton, N.J. 08540. 

Unless the 75-word and required Extended Abstracts are received at Society Headquarters by stated deadlines, the 

DaDers will not be considered for inclusion in the program. 

4. Meeting Paper Acceptance. 
Notification of acceptance for meeting presentation, along with scheduled time, will be moiled to outhors with 
general instructions no earlier than two months before the meeting. Those outhors who require more prompt noti- 
fication are requested to submit with their abstracts a self-addresred postal card with full outhor-title listing on 
the reverse. 

5. Extended Abstract Volume Publication. 

Al l  scheduled papers will be published in the EXTENDED ABSTRACTS volume of the meeting. The volume is pub- 
lished by photo-offset directly from typewritten copy submitted by the outhor. Therefore, special care should be given 
to the following instructions to insure legibility. 

A-Abstracts are to be from 500 to 1000 words in letters. Please include zip code in address. It is not 
length and should not exceed two pages, single spoced. necessary to designate paper as "Extended Abstract" 
The abstract should contain to whatever extent procti- or to quote the divisional symposium involved. 
col all significant experimental data to be presented 
during oral delivery. 

B-Abstracts should be typed single spaced on the 
typing guide forms which are sent to each author after 
the submission of a short abstract. I f  i t  is necessary to 
use white bond paper, i t  should be 8% x 11 inches 
with 1% inch margins on all sides. Submit all copy in 
block ink. Do not use handwritten corrections. 

C-Title of paper should be in capitol letters. 
Author(s) name and affiliation and address should be 
typed immediately below in capital and lower case 

Abstracts exceeding the stipulated length will be 

D--If figures, tables, or drawings are used, they 
should follow the body of the text and should not ex- 
ceed one page. Submit only the important illustrations 
and avoid use of holftones. Lettering and symbols 
should be no smaller than '/s inch in size. Figure cap- 
tions should be typed beneoth the figure and be no 
wider than the figure. Table titles should be typed 
above, and the some width as, the table. 

E-Moil originol and one copy of the abstract to: 
The Electrochemical Society, Inc., P.O. Box 2071, 
Princeton, N.J. 08540, unfolded. 

returned to outhor for condensotion and retyping. 

6. Manuscript Publication in Society Journal. 

Al l  meeting papers upon presentation become the property of The Electrochemical Society, Inc. However, presen- 
tation incurs no obligation to publish. I f  publication in Journal is desired, papers should be submitted as promptly 
as possible in ful l  manuscript form in order to be considered. I f  publication elsewhere after presentation is de- 
sired, written permission from Society Headquarters is required. 
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a,) For receipt no later than December 1, 1975, submit a 75-word abstract of the paper to be delivered, on the form overleaf. 
b.) For receipt no later than January 1, 1976, submit two copies of an extended abstract, 500-1000 words. 
c.) Send all abstracts to The Electrochemical Society, Inc., P.O. Box 2071, Princeton, N.J. 08540. See details on preceding 
page. 

BATTERY AND ELECTRONICS 
DIVISIONS 

Materials for Batteries 
and Fuel Cells 

taining to dielectrics and insulators should 
be directed to. 8. H. Vronen. IBM Corp. 
Dept. 265, Bldg. 300-100, Hopewell  unction: 
N.Y. 12533. 

1. Characterization of processed semicon- 
ductor material; profiling and surface charac- 
terization technioues, process monitors and 
nondestructive testing, correlation with de- 
vice characterlstlcs, and cross-correlation be- 
tween various techniques. 

2. Doping of sem~conductors; diffusion ion 
implantation segregation phenomena cristal- 
line defects: and radiation enhanced diffu- 
slon. 

3. Device isolation and gettering tech- 
niques; yield, reliability, and dens~ty ~mplica- 
tions, leakage defects, and gettering models. 

4. Compound and amorphous semiconduc- 
tors; Preparation, characterization, and device 
modeling. 

5. Thin-film device technology character- 
ization, reliability, dual dielectric;, and proc- 
essing effects on thin-film integrity. 

6. Semiconductor processing technology 
homo- and hetero-epitaxy. photolithography: 
metallization, interconnections, passivation, 
encaosulation, and large scale intenration. 

DIELECTRICS AND INSULATION 
AND ELECTRONICS DIVISIONS This svmoosium is intended. i n  oart. to be 

a continbation of the "Mater~als Problems in  
Batteries and Fuel Cells" symposium con- 
ducted at the Toronto MeetlnB (May 1975). Etching - 

This svmoosium is directed toward current Again, emphasis will be placed-on the mate- 
rials aspects of electrochemical power source 
comoonents: oaoers dealina with these aen- 

advancei i n  electronic materials etching and 
an exchange of ideas on the theory and prac- 
tice of etchina for Dattern definition. Insula- era1 'subject'aieas are solic'%ed. In particular 

papers are soliclted in  the context of the fol: 
owlna tooics: 

tors, semicofductors, and metals are in- 
cluded, and gaseous as well as aqueous 
etching. Contributed papers are solicited on 

- .  
!. Battery systems with high energy per 

unrt volume. 
2. New button cell materials and technol- 

ogy: Self-discharm orocesses induced by cell 

such topics as: 
1. Etch rates, kinetics, and reactions mech- 

anisms: autocatalysis, induction periods, and 
inhibition. 

2. Gas-phase etching and etch phenomena, 
includ~ng reactlve plasma, Ion m~lling, reac- 
tive sputtering, and equipment therefor; etch 
stops. 

3. Aqueous etching including the chemis- 
try and scientific basis of etch formulations, 
electrochemistry, electrolytic ,etching, circuit 
pattern potentials and sens~t~vity in conduc- 
tor etchinz and eauioment. Luminescence 

4. ~oveietches.' aiternative etches to meet 
problems ,in environmental effects, safety, 
and chemlcal shortages. 

5. Factors influenc~ng contours and topog- 
raphy of etched patterns etch step profiles 
etch mask adherence. And the associated 

Surface Properties of Phosphors 
and Photoconductors 

Invited and contributed papers will address 
the problem of understand~ng the surface 
Properties of powder, thin-film and single 
Crystal luminescent and photoconductive ma- 
terials by both physical and chemical meth- 
ods. 

Of particular interest will be which factors 
in the processing of .these materials effect 
their surface orooertnes and. conseauentlv. CORROSION DIVISION 

General Session Each presentation including discussion will 
be scheduled for 25 mbn. Lonner tlmes can be their behavior 'in i he  systems in-which~they 

are used. These factors may include: 
The Corrosion Division will schedule a 

General Session. All aspects of low tempera- 
ture,and high temperature corrosion wil l  be 
cons~dered. Techn~ques for the study of cor- 
rosion ohenomena are of interest. Sueees- 

arranged of requested at t h e  time the short 
abstract is submitted. A symposium volume 
mav be oubllshed ~f suffic~ent interest devel- 

1. Methods of synthesis. 
2. Treatments. 
3. Coatings. 
Papers concerning instrumental methods of 

characteriz,ng surfaces of powders thin films. 
and single crystals are also incouraged. 
These may include LEED. ESCA. ISS, Auger, 
SEM, and SIMS. 

Suggestions and inquiries should be di- 
rected to the Symposium Chairman: Peter M. 
Plaksin. United States Radium Corp.. P.O. 
BOX 409, Hackettstown, N.J. 07840, 

o p i  suggestions and inquiries should be 
directed to the Symposium Co-Chairmen: 
Myron J. Rand, Bell Laboratories, 555 Union 
Blvd., Allentown, Pa. 18103; or Henry G. 
Hughes. Motorola, SPD. M/S 8136, 5005 East 
McDowell Rd., Phoenix, Ariz. 85008. 

tions a i d  inquiries should be directeci-to: 
Roger W. Staehle. Dept. of Metallurgical En- 
gineering. Ohio State University. 116 West 
19th Ave.. Columbus. Ohio 43210. 

CORROSION AND INDUSTRIAL 
ELECTROLYTIC DIVISIONS 

Electrochemistry and Corrosion 
Processes in Caustic Solutions 

DIELECTRICS AND INSULATION, 
ELECTRONICS, AND ELECTROTHERMICS 

AND METALLURGY DIVISIONS 
General Sessions 

Control and Utilization of Defects 
in Nonmetallic Solids 

Papers are solicited for a symposium ses- 
sion, sponsored by the Corrosion and Indus- 
trial Electrolytic Divisions, on Electrochemis- 
try and Corrrosion Processes in Caustic Solu- 
tions. Included are topics dealing with: 

This jointly sponsored symposium wil l  focus 
attention on  the control-and use of defects 
(point, line, and/or surface defects) in non- 
metallic solids. Pavers are solicited which 1. LOW temperature and high temperature 

corrosion studies with or without electro- 
chemical monitoring. 

2. Other electroche.mical studies. such as 
reaction rates on varlous substrates, gas ev- 
olution. or other electrolytic breakdown. 

3. Caustic solutions. pure fused caustics. 
or fused caustic mixtures. 

4. Batteries. and type of defects and their relation to the 
end use of the material. Papers on the sub- 
ject of gettering in semiconductor device 
technology are also solicited. This will in- 
clude gettering on or in insulators as well as 
the semiconductor itself. 

The purpose of having a symposium cov- 
ering all asoects of caustic studies is to 

Suggest~ons and inquiries should be di- 
rected to the Symposium Co-Chairmen: 
J. Bruce Wagner, Jr., Northwestern University, 
Materials Research Center. Evanston, Ill. 
60201; Donald M. Smyth, Lehigh University, 
Materials Research Center. Bethlehem, Pa. 
18015; or Edward Nicollian, Bell Laboratories, 
600 Mountain Ave., Murray Hill. N. J. 07974. 

General Materials and Processes 

General Session 
This session covers the general area of 

materials and orocesses which are not suffi- 
ciently e!ectroriic in nature to be. included in 
the semiconductor general session or sym- 
oosia. Follow-uo Daoers in areas covered in  ELECTRONICS DIVISION 
iecent symposi'a b f ' t he  Electronics Division 
are encouraged as well as papers in new 
emeraina areas of materials science and tech- 

Semiconductors 

Gene 
A broad range of 

device fabricatton and materials characteriza- 
tion wil l  be treated in  the Semiconductors 

nolo&'. Papers are solicited in areas such as 
magnetic bubbles, integrated optics, energy 
aeneration and storage, material oreoaration. 

ral Session 
tODiCS in  semiconductor DIELECTRICS AND INSULATION 

DIVISION 
General Session 

device processing, and other areas of in- 

A General ,Session is planned at  this meet- 
ing. Suggest~ons and inqu~rles for papers per- 



ELECTRONICS AND 
ELECTROTHERMICS AND METALLURGY 

INDUSTRIAL ELECTROLYTIC AND 
ORGANIC AND BIOLOGICAL 

ELECTROCHEMISTRY DIVISIONS 
- --. 

DIVISIONS 
lnternational Symposium on 

Solar Energy 
Industrial Electro-Organic Processes 

This joint symposium (under the guidance 
of D. N. Goens of the lndustrial Electrolytic 
Division and M. M. Baizer of the Organic 
and Biological Electrochemistr~ Division) 
alms to b r ~ n g  together the electro-organic 
chemists and the electrochemical engineers 
to focus on the unique factors involved in  
development of organic electrochemical reac- 
tions. Examples of topics which may be in- 
cluded are: 

Contributed papers for this symposium are 
Solicited covering materials aspects of solar 
energy conversion. Topics pertinent to this 
symposium include: preparation and proper- 
ties of monolithic and thin-film solar energy 
cells based on silicon CdS-Cu S GaAs and 
other Ill-V and Il-IV ;emlconduAors: dhoto- 
galvanic cells; selective absorbers for solar 
thermal applications; long term stability of 
solar hardware; storage for solar energy con- 
version systems materials and energy utiliza- 
tion in solar sistem fabrication; and corro- 
sion in  liquid-cooled collectors and ocean 
thermal gradient svstems. 

alloys, and nonmetallic solids; determination 
of corrosion maduct. 

iect%he;mjzand Metallurgy Division.- 
Applications of mathematical modeling of 
metal extraction and nurification orocesses in  1. Novel electrode and cell design. 

2. Economic considerations. 
3. Pilot plant operations (scale-up studies). 
4. Potential lndustrlal reactions. 
A number of invited papers will be ,pre- 

sented and contributed papers are sollclted. 
Suggestions and inquiries should be directed 
to the Symposium Chairman: John H. Wagen- 
knecht Monsanto Co. Corporate Research 
Dept., '800 North ~ inddergh Blvd., St. Louis, 
Mo. 63141. 

laboratory and p~ant'scale studies; therme 
dynam~cs of alloys from galvanic cells. 

lndustrial Electrolytic Division.-Electrolytic 
Processes for recovering and purifying met- 
als; k~ne t~cs  and mass transfer phenomena at 
Dhase boundaries and electrodes: nreoaratlon It is pknned thdt the symposium proceed- 

ings will be published and available for dis- 
tribution at the time of the meeting. Final 
manuscripts will be required from the author 
by December 15. 1975. 

ORGANIC AND BIOLOGICAL 
ELECTROCHEMISTRY DIVISION 
Electrochemical Oxidations 

This symposium reflects the rqpidly grow- 
jng quant~ty of research on anodlc reactions 
In recent years. Papers relating to all as- 
pects of eiectro-organic oxidations may be 
included, e.g.: 

Seventh lnternational Conference 
on Electron and ton Beam 
Science and Technology 1. New reactions. 

2. Effects of electrolytes. 
3. Effects of solvents. 
4. Effects of electrode material. 
5. Stereochemistry. 
6. Substituent effects. 
7. Mechanistic studies by electroanalytical 

techn~oues. 

The Seventh Internatjonal, Conference on 
Electron and ion Beam In Sclence and Tech- 
nolonv seeks naoers which will aermit the 

NEW TECHNOLOGY SUBCOMMITTEE AND 
DIELECTRICS AND INSULATION AND 

ELECTRONICS DIVISIONS 
1. Physocs of electron and ion beams and 

P ~ Y S I C S  of beam mater~al interactions. 
2. hew developments In  the aDD cation of 

electron and ion beams consider~ne both the 
field of instrumentation and ijroduction 
eouinment. Inorganic Dielectric Materials 

for Display and Storage Devices 5 .  klectron beam weldinn. ~t is our inten- 
tion this year to include a special session on 
numerical control electron beam welding op- 
erations and DossiblY a round table discus- I t  is intended to cover under this general 

title a number of sessions dealing with re- 
lated materials, so that parallel sessions will 
be avoided. The individual sessions are as 
follows: 

. . -. . , . . 
General Session Sion on the subject. 

4. Electron and ion beams in  microelec- In addition to the joint symposium with 
the lndustrial Electrolytic Div~sion on Indus- 
trial Electro-Organic Processes and the sym- 
~ o s i u m  cn Electrochemical Oxidations, the 
Division's program will Include a General Ses- 

tronics. Here we are seeking contributi&s~% 
the following areas: Electron beams in  de- 
vices and IC manufacture, electron beams i n  1. Chromic Materials.-Papers are solicited 

on the preparation and characterization of 
photochrom~c cathodochromic electro- 
chromic, and'chromic energy conLersion ma- 
terials. Papers should be sent to: P. N. 

devices and IC production monitoring and 
control, sputtering processes, and ion im- 
plantation considering both systems and ap- 
Dlicatinnz 

s1on. 
Suggestions and inquiries should be di- 

rected to: M. Manuel Baizer, Monsanto Co.. 
800 North Lindbergh Blvd.. St. Louis. Mo. 
63141. 

- - - . . . -. 
5. The success of our session on x-ray 

photolithography and the continuation of ac- 
tivities here n?ake i t  desirable to again 
Schedule a sesslon on the sublect. 
6. Electron beams in  material processing 

including oroduction. eouioment. and arooer- 

YOCOm. RCA Laboratories, PrinceLon, N.J. 
"OC""  
"O.,..". 

2. Ceramic and Glass Materials for Dis- 
play Devices.-This symposium will be d e  
voted to the studv of nonmetallic inorcanic 

PHYSICAL ELECTROCHEMISTRY DIVISION 
Spectroscopic Methods in 
Electrochemical Studies 

materials employ<d in  electronic displa;jde- 
vices and their oackaeine. Emohasin will he ties of eiektron beam piocesses mat&iali7-. 

7. Electron beams in  recording, informa- 
tion storage, and retrieval. p aced on tne delecGoc-pGpLr~.ei-of such 

materm s. Of partocu ar ~nteresr are conven- 
t~onally formulated glasses and ceramics now 

This international symposium is intended 
to provide a comnarison between the various 

8. Electron and ion beams in  surface analy- 
sis. 

widely- used in  t h e  electronics industry as 
dielectric and sealing materials. Suggested 
topics are: electric Dronerties of multilaver 

Suggestions and inquiries should be di- 
rected to the Symposium Chairman: Robert 
Bakish, Bakish Materials Corp.. 171 Sher- 
wood Place. Englewood. N.J. 07631. 

SPCC~~OSCOPIC methoas wh ch have recentl; 
become available to eleCtrcchem,sts as an 
a!d to character~z~ng electrode surfaces and 

ceramic structures 'mechanism of condbc- 
tion in  dielectric miterials in  display devices 
dielectric properties as a function of com! 
position of glasses, characterization of dielec- 
tric films in  disolav devices. effect of hostile 

the electrode-solut~o% interface. sessions are 
planned covering the use of rapid scanning 
spectrometry laser Scattering from elec- 
trodes, photkmission techniques electrode 
surface reflection spectroscopy, add the varl- 
ous high energy spectroscopies f SCA. LEED/ 
Auger mass spectrometry dssbauer) in 
electrbchemical studies. ~ h o h a s i r  will also 

INDUSTRIAL ELECTROLYTIC DIVISION 
environment on bielectric materials--and 
seals, and surface and interfacial properties 
of dielectric lavers with substrates or metal- 

Engineering Analysis and Scale-Up 
of Electrochemical Systems l ic conductors. be placed on the a p p l i c a t i a n 7 0 ~ t h e s ~ h i t h -  

ods to heterogeneous kinetic processes as 
well as homogeneous follow-up chemical 
Cvpntc 

The Purpose of the symposium is to con- 
tribute to the understanding of industrial 
problems which involve current and Dotential 

Keynote papers from invited speakers will 
be presented and contributed papers are 
solicited. Suggestions and inquiries should 
be directed to the appropriate chairman. 
Those papers primarily concerned wlth the 
chemical aspects of dielectric materials 
should go to: R. G. Frieser IBM Corp. East 
Fishkill Facility Dept. 3d5 Bldg. 340-145 
Hopewell ~unc t i bn  N.Y. 12553. Papers whicl; 
have as their maih interest the physical as- 
pects of dleiectrics should be sent to: L. D. 
Locker. AirDax Electrontcs. Corporate Offices, 
P.O. Box 8488, Fort Lauderdale, Fla. 33310. 

distribution phenomena within electiochemi- 
cal cells. Of special interest are those topics 
Which emphasize ~ndustrial asnects of hlnh- 
rate processes such as: . 
1. Scale-uo. ootimization. and over-all anal- 

ysis of electiochemical systems. - 
2. New concepts in  electrosynthesis. 
3. Methods for earlv evaluatton of electro- 

. - . . . - - . . 
General Session 

In  addition to the symposium on Spectre 
scopic Methods in  Electrochemical Studies 
the Division's program will include a ~ e n e r a i  
Session. Suggestions and inquiries should be 
directed to: James D. E. Mclntyre, Bell Lab- 
oratories. 600 Mountain Ave., Murray Hill, 
N. J. 07974. 

chem~cal synthesis -and related process 
routes. 

4. Examples of laboratory to pilot plant to 
full scale case histories. 

5. Current and potential distribution phe- 
nomena, especially modeling of electrochemi- 
cal Systems. 

6. New developments i n  theoretical meth- 

3. Dielectrics for Image and Hologram Stor- 
age and 01splay.-Faoers are so$icited on 
hologram storage in  lithium niobate. SEN. 
and similar materials: image storage a'nd dis: 
play using PLZT. Pockel's effect readout de- 
vices, and on related effects and devlces. I t  NEW TECHNOLOGY SUBCOMMITTEE. 

ods of analysis. 
7. New design concepts for high-rate cells, 

including flow-through porous electrodes. 
8. Effect of electric fields on liquid-liquid 

extraction Drocesses. 

CORROSION, ELECTROTHERMICS AND 
METALLURGY, AND INDUSTRIAL 

ELECTROLYTIC DIVISIONS 

is intended to include papers on the basic 
physical processes and on materials' proper- 
ties, as well as DaDers on snecific devices or 
Potential device applications. lnqu~ries and 
Suggestions should be directed to: Lawrence 
Young. Dept. of Electrical Engineering, Uni- 
verslty of British Columbia. Vancsuver B.C. 
Canada. Paoers on PLZT materials. their char: 

Suggestions and inquiries should be di- 
rected to the Symposium Co-Chairmen: Rich- 
ard Alkire. Dept. of Chemical Engineering. 
University of Illinois, Urbana, 111. 61801; or 
Robert E. Visco Western Electric Corp. 4500 
south ~aburnurh Ave.. Richmond, Va. i3231. 

lnternational Symposium on 
Molten Salts 

This symposiu,m seeks to convene the lead- 
ing actlve particopants In  molten salt research 

acterlzat~on and performance, should be sub. 
mltted to C. E. Land Sandla Laborator~es, 
DIV. 5133, ~lbuquerque: N.M. 87115. 
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