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Annals of Science 

ANNALS OF SCIENCE is a British publication (Taylor 61 Francis, Ltd., 
Red Lion Court, Fleet St., London E.C. 4; £3 3s yearly), "A Quarterly Review of the 
History of Science and Technology Since the Renaissance." Our attention was called 
to the Annals by Dr. Norman Hackerman, who mentioned especially two articles by 
C. A. Russell (University College, London) entitled "The Electrochemical Theory of 
Sir Humphry Davy, I. The Voltaic Pile and Electrolysis. 11. Electrical Interpreta- 
tions of Chemistry" [Vol. 15, 1-14, 15-25 (1959) 1. The publication does not seem to be 
well known; it is nominally available in four libraries in New York City, was lo- 
cated after some search in the Rare Books Room of the New York Academy of Medi- 
cine Library. Why it should be in the Rare Books Room is not obvious, since it is 
neither rare nor unduly valuable. It is a leisurely journal, the 1959 numbers (for ex- 
ample) having been published in 1961. 

Sir Humphry was a famous man in his lifetime, and is credited with many re- 
markable findings. He discovered nitrous oxide, laughing gas, and started a series of 
"inhalation parties." He made sodium and potassium by electrolysis, was well aware 
that two dissimilar metals acquired opposite electrical charges on contact, proposed 
the attachment of zinc strips to protect copper sheathing on ships' bottoms from cor- 
rosion. (The British Admiralty tried such installations and removed them, much to 
Davy's disgust, when it was found that this "cathodic protection" allowed fouling by 
marine organisms, which the copper was used to prevent). Davy's experiments were 
dependent on the use of chemical batteries, and at one time friends and admirers 
raised money to present him with a 2000-double-plate battery. 

While Davy's discoveries became somewhat overshadowed with the passage of 
time and the advent of still more remarkable findings, many scientists think that he 
should have the title "father of electrochemistry." 

Of equal interest, in the 1957-1958 issues of Annals of Science are four articles by 
S. G. Brush (Radiation Lab., Livermore, Calif.), "The Development of the Kinetic 
Theory of Gases, I. Herapath, 11. Waterston, 111. Clausius, IV. Maxwell." Herapath in 
1816 attempted to revive the ancient Greek kinetic theory, was largely ignored. 
Waterston proposed the principle of equipartition of energy in a paper sent to the 
Royal Society in 1845, presented orally in 1846, then laid aside, and finally published 
in 1892. Clausius published a detailed kinetic theory in 1857, and in 1859 Maxwell 
published his famous and controversial theory of gas molecule velocity distribution, 
which assumed the equipartition principle and the independent treatment of veloci- 
ties in different directions. Maxwell no doubt reached his conclusions intuitively, was 
extremely doubtful of the validity of his assumptions; in 1879 he expressed doubt 
that the average kinetic energy of molecules of different gases could be the same at 
a given temperature. As late as 1891 Lord Kelvin said that the equipartition prin- 
ciple "is not only unproved but untrue."-An excellent summary (as well as details 
of the derivations) is found in J:R. Partington's "An Advanced Treatise on Physical 
Chemistry, Vol. I" (Longmans, Green & Co., 1949). 

Some of us like to read bits of scientific, chemical, and electrochemical history 
now and then, even if we are not authorities in the field. For this purpose the Annals 
of Science is to be recommended. 

--CVK 



NEWS FROM 

BELL LABORA TORIES 

A simple, highly sensitive 
micro wave amplifier 

Bell Laboratories engineers have developed an 
extremely sensitive parametric amplifier which 
approachesthe maser in sensitivity. Both will be 
used in experiments with Telstar, the Bell Sys- 
tem's experimental communications satellite. 

Heart of the parametric amplifier is a newly 
developed semiconductor diode with very low 
intrinsic noise. Previously, the sensitivity of 
such amplifiers at microwave frequencies was 
Severely limited by the unwanted noise gen- Bell Laboratories' Michael Chruney adjusts waveguide assembly 

crated in their diodes. The new diode, no 
(in crcle) housing the diode. After adjustment the entire parametric 
amplifier will be immersed in liquid nitrogen in dewar a t  left. The 

bigger than the eye-end of a needle, solved new amplifier operates a t  4170 megacycles (center of band) and 

this problem. provides an almost f lat gain of 38 d b  over a 50-megacycle band with 
a noise figure of approximately 0.6 db. 

Our engineers also devised new circuitry to 
stabilize precisely the output of the klystron 
(microwave generator) supplying power for the 
amplifier. To reduce further the intrinsic noise 
of the amplifier, they immersed the diode and 
its circuits in liquid nitrogen, utilizing a new 
cooling arrangement which economically 
maintains a low temperature for many days 
without attention. 

The new amplifier fills a need in the com- 
munications field for a simple microwave ampli- 
fier of high sensitivity in applications for which Close-up o f  the  waveguide as- Heart of ampl~fier-a hermet- . . 

the higher sensitivity of the maser does not sembly, i n  which Bell Telephone ically sealed gallium arsenide 
Laboratories' newly developed diode-is compared with eye of 

justify its additional complication. diode i s  located. average-sized sewing needle. 

BELL TELEPHONE LABORATORIES 
World cenier of communications research and oevelopment 
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Raney Type Transition Metals as Fuel Electrode Catalysts 

H. Krupp, H: Rabenhorst, G. Sandstede, and G. Walter 
Battelle-Institut e.V., Frankfurt (Main), Germany 

and R. McJones 
Cummins Engine Company, Inc., Columbus, Indiana 

ABSTRACT 

Porous metal electrodes incorporating Raney catalysts are prepared by pow- 
der techniques from transition metals of the first and eighth groups. Half-cell 
and fuel cell measurements are taken in various aqueous electrolytes at tem- 
peratures from 20" to 100°C. At 80°C in either 5 N  KOH or 5 N  HSO4 electrolyte, 
both hydrogen and methanol yield current densities beyond 300 ma/cm2. In 5 N  
KeCO. electrolyte, there are limiting current densities of the order of 10 ma/cmZ. 
Neither hexane nor methylcyclohexane display appreciable electrochemical 
oxidation under the conditions of this report. The methanol reaction appears to 
approach complete oxidation; this conclusion applies in both acid (C0,-forma- 
tion) and alkaline (carbonate formation) electrolyte as well as for both half- 
cell and fuel cell operation. 

There is so far no satisfactory low-temperature 
hydrocarbon fuel electrode. On the other hand, elec- 
trochemical conversion at an appreciable rate of par- 
tially oxidized hydrocarbons such as methanol and 
glycol seems to be possible, but only in the case of 
methanol was complete oxidation reported (1). At 
least some of the reactions involved in the stepwise 
oxidation at the anode must be accelerated cata- 
lytically in order to achieve a sufficient reaction rate 
at low temperatures (below 200°C). The electrode 
must, therefore, contain catalysts accelerating, above 
all, the acceptance of electrons from the fuel by 
the anode. 

The activity of a catalyst seems to be related to the 
number of crystallographically disoriented surface 
atoms. Defect structures are attained by several 
processes which are not discussed here. In the pres- 
ent investigations it was decided to use Raney cata- 
lysts because, on the one hand, they can be pro- 
duced at room temperature so that recrystallization 
enhanced by elevated temperatures is avoided, and 
because, on the other hand, a relatively simple 
method of Raney electrode preparation was de- 
scribed by Justi (2-4). Raney catalysts are made by 
alloying the catalyst material with a base metal, for 
instance aluminum, which is subsequently dissolved 
from this alloy leaving the catalyst metal in a highly 
active state. 

Justi has used Raney nickel electrodes, especially 
as hydrogen electrodes, with outstanding success. He 
also mentioned work with Raney electrodes based on 
copper, tungsten, molybdenum (for carbon mon- 
oxide oxidation), and palladium (as a pH electrode), 
but he did not discuss his results with these metals in 
detail. The present work must be regarded as an ap- 
plication, and possibly an extension, of Justi's tech- 
nique. 

The preparation of fuel electrodes from Raney 
copper, cobalt, nickel, rhodium, palladium, and plati- 
num is described in the following along with the re- 

sults obtained from tests with hydrogen, methanol, 
and hydrocarbon fuels. . 

Experimental Procedure 
All electrode specimens were prepared in the form 

of porous disks by compressing a mixture of skeleton 
metal powder with powdered Raney alloy and sub- 
sequent dissolution of the base metal of the Raney 
alloy. In all cases the skeleton material and the cata- 
lytic substance of the Raney alloy were identical. The 
diameter of the disks was 1.2 cm:They were glued 
around the circumference into an electrode support 
ring made of Plexiglas. The projected surface area of 
the active part of the disk was 0.65 cma. 

The Raney alloys were prepared by alloying the 
catalyst metal with aluminum. In order to achieve a 
high alloying rate without melting the components 
beforehand, the two metals were mixed in the form 
of powders and compressed into disks. The disks 
contained in individual crucibles were heated in an 
electric furnace until the alloying reaction started 
with conflagration at about 700°C. Owing to the heat 
of reaction, the temperature increased, causing the 
mixture to melt and to form a homogeneous alloy. 
Immediately after this reaction was completed, the 
alloy solidified; it was then removed from the fur- 
nace. It would not be possible, at least under 
mild conditions, to eliminate the aluminum from, 
in particular, the XA1 compound where the cata- 
lyst metal X is compounded with aluminum at 
an atomic ratio of 1: 1. The percentage of the cata- 
lytically active metal in the alloy, therefore, must 
be lower than the stoichiometric ratio of 1: 1. It must, 
however, be.above, say, 20 at. O / o  because the alloy 
becomes too ductile for powdering below this limit. 

For the preparation of the electrode disks, one 
part by volume of a pure metal powder, the skeleton 
material, was mixed with one part by volume of 
powdered Raney alloy. The mixture was subse- 
quently compacted by pressing it into disks. Justi's 
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technique to achieve homoporosity by fractionation 
of the powders was not applied at this research stage. 

The copper, cobalt, and nickel electrodes were pre- 
pared by compacting the powders at a pressure of 
3,000 kg/cmS, and sintering them at 400°C (Cu) and 
600°C (Co, Ni). The platinum, palladium, and rho- 
dium electrodes were left unsintered in order to pre- 
vent the formation of the stable compound XA1 from 
the Raney alloy and the skeleton metal during 
the heat treatment. The unsintered electrodes were 
compacted at a pressure of 10,000 kg/cmZ, and at the 
same time two platinum screens were included with 
a view to increase the mechanical stability. 

After cementation of the disks into a Plexiglas 
ring, the aluminum of the Raney alloy was dissolved 
by treating the electrode first with a dilute and then 
with a concentrated KOH solution, finally at a tem- 
perature of 80°C. The aluminum is not completely 
eliminated by this process. Further aluminum was 
dissolved anodically. A KOH solution was employed 
irrespective of whether the disks were used in alka- 
line or acid electrolytes because the dissolution rate 
of aluminum in acids is too large. 

The electrodes were tested by taking current- 
potential plots using the half-cell system depicted 
in Fig. 1. 

The test electrodes (porous disk cemented into a 
Plexiglas ring) were fixed in a Plexiglas holder pro- 
viding a gas inlet. The electrical contact with the 
disk was established by two spring-type platinum 
wires to insure good contact. A platinum wire served 
as counter electrode. The electrode potential was 
measured against a calomel electrode using a Lug- 
gin capillary placed at a distance of 5 mm from the 
electrode surface, which gave a maximum measuring 
error of 50 mv. The ohmic polarization due to the 
ohmic resistances in the electrode and the electrolyte 
was not measured and consequently is still included 
in the potential values as reported. The measured 
potentials were not corrected for the diffusion po- 
tential between the electrolyte contained in the liquid 
junction (5N) and that at the reference electrode 
(0.1N) ; the involved error would not exceed 30 mv. 
The current was adjusted by means of a galvano- 
stat. The measured amperages were converted into 
current densities by taking the projected surface area 
of the electrode to be 0.65 cms. 

All electrodes f ere tested with gaseous hydrogen 
and methanol and some, in addition, with methyl- 
cyclohexane and hexane. The latter three fuels were 

I..l .kid 'uggm i L I Y  

Fig. 1. Diagram of test stand for measuring current-potential 
plots. 

admitted to the electrodes using nitrogen as a carrier 
gas. The electrode gas excess pressures totalled 
0.5-1 atm. Reference runs were made using pure 
nitrogen. 

In addition to the gaseous fuels, the tests included 
formaldehyde, formic acid, and methanol, dissolved 
in the electrolyte. 

Alkaline, acid, and carbonate electrolytes have 
been employed as 5N solutions in water. The ma- 
jority of t6e tests performed to date have been run 
at 80°C. 

After the described chemical dissolution of alumi- 
num, further aluminum was dissolved in the half- 
cell anodically. To this end the electrode was used 
as a hydrogen electrode. The electrode potential was 
increased stepwise to about 200 mv below the re- 
versible oxygen potential. Although mainly hydro- 
gen is oxidized during this process, part of the current 
is due to dissolving aluminum. 

In the case of nickel, the electrode activity was 
much greater when electrochemical activation was 
used. For example a Raney nickel electrode using 
hydrogen in a half cell a t  -650 mv yielded current 
densities of 12 and 80 ma/cmO, respectively, when 
the electrode was activated chemically in 5N KOH 
at 40°C for 24 hr or activated electrochemically for 
$ hr in 5N KOH at 40°C with an electrode poten- 
tial of +I50 mv. Electrochemical activation was not 
necessary with the other metals of the eighth group 
tested. 

The amount of hydrogen dissolved in the electrode 
was reduced substantially prior to tests with meth- 
anol or hexane by passing a nitrogen stream through 
the electrode. To accelerate this process, a potential 
was applied which was about 200 mv below the 
standard reversible oxidation potential of the cor- 
responding electrode metal. 

Current Density-Potential Plots 
Most of the results are plotted in the form of cur- 

rent density-potential characteristics. 
All reported potential values were obtained within 

a few minutes after adjustment of the current and 
remained constant during the measuring period up 
to several hours. Figure 2 depicts the results with 
hydrogen in KOH solution. 

With all electrodes the open-circuit potential 
reached the reversible hydrogen potential. Devia- 
tions within 230 mv are due to variations of the 
potential of the calomel reference electrode. The 
nickel electrode shows a distinct limiting current 
density beyond which the polarization as a func- 
tion of the current deviates strongly from linearity. 
As the diagram shows, the platinum electrode has 

Fig. 2. Current density-potential plots of Raney electrodes with 
H1 in 5N KOH at  80°C. 
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Fig. 4. Current density-potential plots of Raney palladium elec- B 40 60 10 IDO 

trode with H2 and CHsOH in 5N KpCOs a t  80°C. e y , d  &may - rnh' 

Fig. 3. Current density-potential plots of Raney electrodes with w r r d  &mi* - m / d  

CHsOH in 5N KOH at 80°C. Fig. 5. Current density-potential plots of Raney electrodes in 
5N H,SO, a t  100°C. 

the smallest polarization. With palladium, platinum, 
and rhodium as hydrogen and methanol electrodes, 
the tests were not extended beyond current den- 
sities of about 500 ma/cm2 and 300 ma/cmg, re- 
spectively, so that the respective limiting current 
densities were not ascertained. 

The results obtained with the sintered nickel elec- 
trode, using hydrogen as fuel were inferior to those 
reported by Justi, presumably because of the much 
smaller number of active pores. It  is thus assumed 
that all electrodes investigated may be improved 
by employment of better techniques of powder 
metallurgy. 

Figure 3 shows the results with methanol fuel in 
KOH solution. 

Again the polarization increased linearly with the 
current. The open-circuit potential was about 100- 
150 mv smaller than that with hydrogen. Here pal- 
ladium furnished the best results. 

If the KOH electrolyte is replaced by K2COa, very 
large polarizations are obtained both with hydrogen 
and methanol as fuels (see Fig. 4). 

Large current densities were obtained not only 

I I 
I0 K 30 
Wmnc dmsi(y-m/cm2 

Fig. 6. Current density-potential plots of a Raney platinum 
electrode with CHsOH in 5N HISO$ as a function of temperature. 

! 
25 

in KOH solution but also in H,SO. solution with hy- 
drogen and methanol as fuel (see Fig. 5 and 6) .  

With methanol, the polarization shows a peculiar 
nonlinearity at small current densities. With me- 
thanol in an acid solution, platinum proves to be 
superior to palladium as a catalyst. The open-circuit 
potential exceeds that of hydrogen by about 100 mv. 

Figure 6 shows the temperature dependence of 
methanol oxidation as a function of the temperature 
between 25" and 100°C. 

The above resuits are summarized in Table I to- 
gether with results not illustrated so far. "Specific 
polarization" is defined as the slope of the curve po- 
tential us. current density. For methanol in acid elec- 
trolyte, the slope is taken from the linear portion of 
the curve at large currents; in these cases the value 
of the open-circuit potential is complemented by the 
interception of the extrapolated linear part of the 
polarization curve with the ordinate. Copper and 
cobalt turned out to be unsatisfactory catalysts for 
methanol or hydrogen electrodes. 

/ / H Z  
-1 

$ 

Table I. Open-circuit potential, specific polarization, and limiting current density with 
hydrogen and methanol, respectively, a t  8O0C 

I H 2  1 C&OH 

'g -ma. 

Open- Spec. Limit. Open- Spec. Limit. 
circ. pot., polar., curr. den., circ. pot.. polar., CUR.. den.. 

Catalyst Electrolyte ohm-cm? ma/crns 1 mv ohm. cm2 rna/cm2 

,- 

Cu KOH 
CU HSO, 
Co KOH 
Ni KOH 
Pd KOH 
Pd KCO, 
Pd HSO, 

Rh KOH 
Pt KOH 
Pt HSO, 

- zero 
not tested 
- zero 
- small 
1.8 >300 

55 10 
2.3 >300 

Basis for calculation of the specific polarization. 
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In order to test their electrochemical activity, the 
supposed intermediates of the methanol oxidation 
were anodically oxidized in a half-cell arrangement. 

i With formaldehyde as well as with formic acid large - 5m 
& current densities were obtained at polarizations com- 
3 c parable to those observed with methanol. This holds 

for both an alkaline and an acid medium. 
0 I I I I Another approach to the problem of the degree of 

0 100 400 6m dm iDO0 
CUI~&- "10 oxidation is the chemical analysis of the electrolyte 

after extended operation. Therefore, the amounts of 
Fig. 7. Current-voltage plots of a fuel cell in 5N KOH as a 

function of temperature with methanol fuel (electrode area 12 cm2). and formic acid were determined that 
were formed after a cell had been operated for 2 hr 

In addition, the following remarks may be made: 
( A )  There was no appreciable electrochemical oxi- 
dation of hexane or methylcyclohexane with the de- 
scribed types of electrodes and under the described 
conditions. (B) Sintering of the noble metal elec- 
trodes destroys their activity with methanol and 
seriously affects their activity with hydrogen. (C) 
The current-potential plots with methanol are in- 
dependent of whether the fuel is admitted as a 
vapor or dissolved in the electrolyte in excess con- 
centrations. (D) In both KOH and H,SO, solutions, 
formaldehyde and formic acid, dissolved in the elec- 
trolyte, are converted with current densities similar 
to those achieved with methanol. 

Experiments with a Laboratory-Stage Alkaline Methanol 
Fuel Cell 

A laboratory-stage methanol fuel cell was set up, 
using a palladium fuel electrode and a silver oxygen 
electrode of a projected surface area of 12 cm' each. 
The electrodes were spaced at 1 cm in an aqueous 5N 
KOH electrolyte to which methanol was added in 
amounts of 1 mole/l as a liquid admixture. 

The current-voltage characteristic of the cell was 
plotted at 20°, 40°, and 80°C (Fig. 7). 

It is apparent that, at the same voltage, the cell 
output rises about fourfold on increasing the tem- 
perature from 20" to 80°C. The characteristic does 
not change even after continuous operation for sev- 
eral weeks; the electrolyte had to be replaced several 
times during this period owing to the KOH consump- 
tion. The cell was used to examine the degree of 
conversion of, alternatively, methanol, formalde- 
hyde, and formic acid. 

Tests were run which showed that there was negli- 
gible activity of the methanol at the oxygen elec- 
trode. 

A known amount of methanol was added to a 
cell, and the cell was operated until completely dis- 
charged. The total amount of current withdrawn was 
measured and compared to the calculated total cur- 
rent for complete oxidation to carbonate. The meas- 
ured current corresponded to about 95% of the cal- 
culated current. 

at, alternatively, 20' and 80°C from methanol owing 
to incomplete oxidation. The applied analytical pro- 
cedure was based on the formation of an intensely 
colored complex of formaldehyde and chromotropic 
acid which was determined colorirnetrically. Formic 
acid is reduced to formaldehyde by magnesium and 
sulfuric acid before its determination. Such a pro- 
cedure was carried out for half-cells after 5000 
coulombs had been withdrawn. In the case of alka- 
line electrolyte with a palladium electrode, the 
amounts of formaldehyde and formic acid totalled 
5% of the converted electricity. With a rhodium 
electrode, they were about 10% thereof. In the case 
of an acid electrolyte, using a platinum electrode, 
the amount of formaldehyde was about 1%, and that 
of formic acid smaller than 0.1% of the converted 
electricity. There was no appreciable temperature 
effect. 

The same analyses were conducted for the alkaline 
methanol fuel cell with a palladium electrode after 
8000 coulombs had been withdrawn. The amounts of 
formaldehyde and formic acid corresponded to 1 and 
376, respectively, of the converted electricity. 

Finally, at 20°C the laboratory stage alkaline fuel 
cell was operated on defined amounts of formalde- 
hyde and formic acid in separate runs. Total current 
withdrawal was measured for each fuel and was 
found to be about 95% of the calculated current for 
complete oxidation in each case. This was in agree- 
ment with the tests run to determine fuel activity 
with methanol as the fuel. 

These various findings lead to the conclusion that 
even at room temperatures methanol oxidation pro- 
ceeds almost completely to carbonate or carbon di- 
oxide on the Raney electrodes of the present study. 
This result appears to be independent of the electro- 
lyte and of the half-cell us. fuel cell operation. 
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Determination of the Internal Resistance of Leclanche Cells 

by Square-Wave Method 

Alodar Tvarusko 

The Carl F. Norberg Research Center, The Electric Storage Battery Company, Yardley, Pennsylvania 

ABSTRACT 

The internal resistance of Leclanche dry cells was studied on shelf and dur- 
ing discharge by means of a square-wave technique. A constant-current square- 
wave signal was passed through the cell on test, and the potential variation 
across the cell displayed on a high-sensitivity oscilloscope with differential 
input. The instantaneous voltage drop in the oscilloscope pattern, caused by the 
leading edge of the constant current square wave, indicated the internal re- 
sistance of the Leclanchk cells. The internal resistance is independent of the 
amplitude and frequency of the applied square-wave current and of the mo- 
mentary d-c current. The type of manganese dioxide used in the cathode mix 
and the composition of the electrolyte influenced the internal resistance of 
D-size Leclanche cells, both undischarged and during 4-ohm continuous dis- 
charge. 

In the past, both steady-state and transient meas- 
uring methods using either alternating or direct cur- 
rent were investigated for determining the internal 
resistance of dry cells. Results obtained by these 
methods were inconsistent. One of the simplest and 
least accurate methods is the d-c steady-state method 
in which the resistance is calculated from the poten- 
tial drop at a certain current drain (1-4). Several 
d-c transient methods were developed (5-8). Gen- 
erally, the a-c steady-state methods use various 
types of impedance bridges to separate the resistive 
(real) and reactive (imaginary) part of the im- 
pedance. Various arrangements were used by the 
several authors (9-18). The a-c transient method is 
represented by Brodd's (19) current pulse method. 

Impedance of an electrical circuit consists of two 
parts: resistive and reactive. The resistive part is 
frequency independent while the reactive part varies 
with the frequency. The reactive part can include 
inductance or capacitance or both. In the case of 
Leclanche cells with relatively short leads, the in- 
ductance is negligible, and only the capacitive reac- 
tance and the pure resistive component have a role in 
the impedance. 

In general, the separation of the resistive and re- 
active components of the impedance by the a-c 
bridge methods is a fairly lengthy operation or com- 
plicated instrumentation is involved, e.g., the use of 
double-servo-controlled a-c bridge (20). During the 
changes taking place in the discharge and storage of 
cells, not only the resistive part can change but also 
the reactive part. Brodd's pulse method (19) yielded 

only the resistive part of the impedance, whereas the 
square-wave current method gives information con- 
cerning the reactive part of the impedance as well as 
the resistive part. Very recently however, a pulse 
method was described (21) to measure parameters of 
the electrical double layer, namely, the reactive part 
of the impedance. Various square-wave techniques 
have been utilized previously for electrochemical 
studies (22-25). 

In this modification of the method developed at 
this laboratory (25), a constant-current square- 
wave signal was passed through the test cell and the 
potential variation across the cell displayed on an 
oscilloscope. The instantaneous voltage drop in the 
oscilloscope pattern, caused by the leading edge of 
the constant-current square wave, represents the 
internal resistance of the Leclanche cell. Results con- 
cerning the reactive part of the impedance will be 
described in a later article. 

Experimental 
The block diagram of the circuit used to measure 

the internal resistance of Leclanchd cells is shown 
in Fig. 1. The Leclanche cell A, was connected in 
series with a noninductive resistor B. This converted 
the constant-voltage output of the square-wave gen- 
erator C, to constant current, since the value of 
resistor B is much larger than the sum of the im- 
pedances in the constant-current circuit loop 
(C-A-G-F). The voltage response of the square- 
wave current across the Leclanche cell was measured 
through oscilloscope probes (5X)D, with a high- 
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Fig. 1. Block diagram of the circuit: A, LeclanchC cell; B, re- 
sistor; C, square-wove generator; D, oscilloscope probe (5X); E, 
oscilloscope; F, blocking capacitor; G, discharging resistor. 

sensitivity differential input oscilloscope E, equipped 
with a Robot recorder camera. A capacitor F was 
used in series with the dry cell to prevent the dis- 
charge of the dry cell through the square-wave gen- 
erator. Resistor G, in parallel with the cell, was used 
for discharging the Leclanch6 cell. 

The use of matched oscilloscope probes and 
shielded cables together with the differential input 
of the oscilloscope minimized stray pick-up and 
noise. Ground loops were avoided by grounding the 
measuring circuitry only at one point. The shielding 
of the oscilloscope probes was grounded through the 
oscilloscope. 

A Hickok Model 710 sine-square-wave generator 
was used with a rise time of less than 0.1 psec for a 
range of 20 cycles to 1 Mc frequency. The square- 
wave current limiting resistor was 4200 ohm except 
for the study of internal resistance as a function of 
the square-wave current. The voltage used was 42.0~ 
peak-to-peak. The blocking capacitor was 16 pF. The 
oscilloscope was a Tektronix Model 502 with a pass- 
band of d.c. to 100 kc at the most frequently used 
sensitivities and a rise time of 3.5 psec. 

Square waves of a certain base frequency can be 
represented by the Fourier series of sine waves of its 
fundamental and odd numbered harmonics. The 
leading edge of the square wave represents the high- 
frequency harmonics. If the inductance of the sample 
and leads is negligible, the instantaneous voltage 
drop of the signal corresponds to the resistive part of 
the impedance only. Knowing the square-wave cur- 
rent amplitude and the measured instantaneous 
voltage drop (times oscilloscope probes' attenuator 
factor 5X) the R is simply calculated from Ohm's 
law. When discharging the Leclanch6 cell, the re- 
sistor G is in parallel with the cell, and R is calcu- 
lated with the help of Kirchoff's law. 

All the Leclanche cells investigated were pasted- 
type D-size dry cells. In order to study the effect of 
the type of MnO? on the course of the internal re- 
sistance curves, MnO, of different origins was used. 
African ore (Ghana) represented the naturally oc- 
curring manganese dioxide. The African ore was also 
blended with a synthetic hydrous MnO, (4% alkali 
and 10% water content). The x-ray diffraction pat- 
tern of this synthetic MnO, had weak intensity 

y-MnO, and very weak pyrolusite and cryptomelane 
peaks. The two electrolytic MnO, samples (sources 
A and B) were y-MnO,. The MnO,: carbon black 
ratio was 8: 1 for all cells. The electrolyte in the core 
was the same for all compositions with the exception 
of the African ore, synthetic MnO, mix which con- 
tained 20% less ZnC1, and 10% less NH,C1 than the 
others. The same paste composition was used for all 
Leclanch6 cells except for the electrolytic MnO, from 
source B. The paste for this cell contained 120% more 
ZnC1, and 25% more NH,CI than the other one. 

Results and Discussion 
The internal resistance of the Leclanche cells was 

measured by a constant square-wave current. It was 
of interest to investigate the internal resistance as a 
function of the applied square-wave current ampli- 
tude. The current was varied from 1 to 20 ma peak- 
to-peak, and no change was observed in the internal 
resistance of the cell. The internal resistance is thus 
independent of the square-wave current amplitude, 
i.e., it obeys Ohm's law. A current of 10 ma was sub- 
sequently chosen to obtain a convenient voltage drop. 

The frequency dependence of the internal resist- 
ance was investigated in the frequency range of 20- 
10,000 cps. The internal resistance of Leclanche cells, 
R, was thus found to be independent of the frequency 
as shown in Big. 2. This frequency independence of 
the R, was found for all the Leclanche cell composi- 
tions investigated. 

The very slight deviation at low frequencies is due 
to the difficult readability of the voltage drop (where 
large vertical deflection factors are needed), while 
at high frequencies it is due to the distortion of the 
leading edge. The internal resistance of D-size Le- 
clanch6 cells is in the range 0.1-0.4 ohm, according to 
the composition. These low values necessitated the 
use of the most sensitive range of the oscilloscope's 
vertical amplifier (200 pv/cm). At this range the 
passband of the amplifier is d.c. to 100 kc. The fifth 
odd harmonic component of the 10 kc square-wave 
signal is cut out by the amplifier, whereas the forty- 
ninth odd harmonic component of the 1 kc square- 
wave signal is carried over. The readability of the 
instantaneous voltage drop is good at 1 kc also. All 
the measurements were done at 1 kc. 

Dry cells are made as uniformly as is practically 
possible. A certain deviation in the composition, as- 

10 100 1 Po0 
FREOUENCY, cps 

Fig. 2. Internal resistance of LeclanchC cells as o function of 
frequency. Curve 1, African ore; curve 2, African ore, synthetic 
MnOl; curve 3, electrolytic MnOl, source B; curve 4, electrolytic 
MnOz, source A. 



Vol. 109, No. 7 INTERNAL RESISTANCE OF LECLANCHE CELLS 559 

Table I. Internal resistance of undischarged LeclanchC 
cells (D-size) and its deviation 

Num- 

Type of MnOz 
ber Rmm, 

of cells ohm 
Anax. 
ohm 

African ore 15 0.18 +0.03 -0.01 

Electrolytic MnO, source A 12 0.21 +0.06 -0.04 

Electrolytic MnOl, source B 12 0.16 $0.02 -0.01 

sembly, etc., is unavoidable. This naturally shows 
up in the internal resistance values also. The arith- 
metical mean of at least 12 undischarged D-size Le- 
clanch6 cells per lot, and the maximum deviation 
from it can be seen in Table I. The reproducibility 
of the internal resistance values for individual cells 
is good (k0.01 ohm). 

On replacing part of the African ore in the core 
with a synthetic hydrous MnO,, the internal resist- 
ance of the undischarged Leclanch6 cell was mark- 
edly increased (curve 2 us. curve 1, Fig. 2).  The 
slightly lower salt concentration in the mix electro- 
lyte cannot be responsible alone for this marked re- 
sistance increase. Therefore, it is safe to assume that 
the synthetic MnO, in the core contributed largely to 
the internal resistance increase. Leclanchi! cells made 
with electrolytic MnO,, source B, had a paste of sig- 
nificantly higher salt concentration which was 
mainly responsible for the internal resistance de- 
crease of these cells (curve 3). 

The internal resistance of Leclanchi! cells of vari- 
ous compositions was investigated also during dis- 
charge. Three cells or more were discharged for each 
composition to insure proper validity of results. 
Momentary current drains did not affect the internal 
resistance of cells except at very high current drains 
where it increased due to changes taking place which 
cannot be ascertained at this time. This confirms the 
results of Brodd (19), Fukuda et al. (14), and Pan- 
zer et al. (8) and is contrary to the studies reporting 
the dependence of the "internal resistance" of Le- 
clanch6 cells on current drain (1, 4, 6, 14, 15). In the 
latter cases, the "internal resistance" includes not 
only the pure resistance, R,, of Leclanchi! cells but 
also other types of polarization. 

The internal resistance of Leclanch6 cells changes 
during discharge due to the current producing and 
secondary reactions. The internal resistance change 
for Leclanch6 cells containing African ore during 4 
ohm continuous discharge can be seen in Fig. 3. The 
internal resistance of the cells having African ore 
only increased constantly, and the curve (No. 1) can 
be separated into two parts having slightly different 
slopes. Cells with synthetic hydrous MnO, and Afri- 
can ore produced a curve of an entirely different 
character. This curve was duplicated several times. 
The rapid internal resistance increase in the very 
beginning of the discharge and the nearly horizontal 
portion of the curve can be attributed to the pres- 
ence of the synthetic MnO,. In the second half of the 
discharge the synthetic MnO, had lost its influence, 
and the curve resembles that of cells with natural 
ore mixes. The voltage values on the individual 

o 100 200 3W 400 YX) 600 

DISCHARGE TIME , min 

Fig. 3. Internal resistance of Leclanch6 cells containing natural' 
ores discharged continuously through 4 ohm. Curve 1, African ore; 
curve 2, African ore, synthetic hydrous MnOa. 

0 I 
c 100 2 0 0  300 400 5 0 0  6 0 0  

DISCHARGE TIME . mm 
Fig. 4. Internal resistance of LeclonchC cells having electrolytic 

MnO* discharged continuously through 4 ohm. Curve 1, electrolytic 
MnO,, source 6; curve 2, electrolytic MnOa, source A. 

curves represent the closed-circuit voltages at the 
cut-off time. 

In the manganese dioxides of the above cells the 
amount of y-MnOp was much less than in electrolytic 
MnO,, as judged by the intensity of the 7-MnO, peaks 
in the x-ray diffraction patterns. The amount of 
y-MnO, seems to influence the first portion of the in- 
ternal resistance curve. African ore has a fair amount 
of y-MnO,, and its internal resistance curve for cells 
can be characterized by two slightly deviating slopes. 
The internal resistance curves of electrolytic MnO, 
(dominantly y-MnO,) can be separated into two 
parts with distinctly different slopes (Fig. 4). This 
is more evident in LeclanchC cells (MnO,, source B, 
curve 1) with a paste of much higher zinc chloride 
content (lower pH). 

The two distinct slopes and the initial portion of 
the curves for the latter and other LeclanchC cells 
represent various reactions taking place in the cells. 
With a paste of higher pH, the course of the internal 
resistance curve (No. 2) deviates from that pre- 
viously described (No. 1) mainly in the 250-450 min 
range. 

The previously described square-wave current 
method to determine the internal resistance natu- 
rally is not limited to Leclanche cells but can be ap- 
plied to other electrochemical systems and their 
half -cells. 
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Oxidation Studies on 304 Stainless Steel 

E. A. Gulbransen and K. F. Andrew 

Research Laboratories, Westinghouse Electric Corporation, Pittsburgh, Pennsylvania 

ABSTRACT 

The kinetics of oxidation of 304 stainless steel are studied between 500" 
and 1150°C at 0.1 atm for reaction times up to 6 hr. At 500°C about 2.3 eg/cm2 
of oxide are formed in a time period of 6 hr. The rate of increase after 6 hr is 
0.1 eg/cm2/hr. At 800°C a transition is observed in the rate of oxidation with 
the kinetics changing from the parabolic rate law to the linear rate law. This 
transition occurred for a weight gain of 9 pg/cm'. At 900°C and for weight gains 
above 90 pg/cma the parabolic rate law again was found to hold. A second 
transition is found in the kinetics of oxidation at 1150'C. This transition we 
relate to the vapor pressure of iron and chromium which acts to speed up the 
transfer of metal atoms through the oxide scale. A comparison of the kinetics 
of oxidation is made with the heat-resistant Kanthal alloys and with pure 
chromium. 

This paper presents a systematic study of the 
kinetics of oxidation of 304 stainless steel between 
500" and 1150PC at 0.1 atm and for reaction times up 
to 6 hr. Since 304 stainless steel is being used as a 
high-temperature material, one of the objectives of 
this work is to study the conditions under which the 
alloy fails in oxidation. Failure occurs when a rapid 
oxidation reaction develops in which diffusion proc- 
esses are no longer rate controlling. For some metals 
and alloys failure is due to poor adhesion of the 
oxide. With other metals the oxide may volatilize. 
For those metals which form nonvolatile and ad- 
herent oxide films, failure may result from vaporiza- 
tion of the metal through the oxide film. This type of 
failure has been observed in the oxidation of chro- 
mium (1) and several heat resistant alloys (2-3). 

From a thermodynamic point of view oxidation 

and corrosion are functions of the chemical potentials 
of the components in the environment and the chemi- 
cal potentials of the metallic components in the alloy. 
The chemical potential of an alloying component is 
a function of the activity of the metal in the alloy. 
From a kinetic point of view the rate of oxidation 
or corrosion depends in part on the nature and prop- 
erties of the oxide or corrosion film formed on the 
alloy. 

Since both gaseous oxidation and corrosion in 
high-temperature water atmospheres depends on the 
same metallurgical factors in the alloy, a study of 
the kinetics of oxidation may help our interpretation 
of corrosion in water atmospheres. 

Since the chemical activity of metal atoms in an 
alloy and the characteristics of the oxide film can be 
controlled by alloying additions (4), it is possible to 
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predict the oxidation and corrosion behavior of 
alloys. 

Experimental 

Apparatus.-The vacuum microbalance reaction sys- 
tem was used (5-6) for all of the measurements. The 
sensitivity of the microbalance was 0.83 pg per 0.001 
cm. Weight changes of 0.3 pg could be estimated. 

A mullite furnace tube was used to surround the 
specimen. This tube was sealed directly to the all- 
Pyrex glass vacuum system. After introducing the 
specimen into the reaction system and closing off, 
the system was evacuated for 16 hr at  a pressure of 
10-"mm Hg or less. To avoid evaporation of metal 
at 1000°C and higher, the specimen and reaction tube 
were heated rapidly to the reaction temperature. 
After thermal equilibrium was established, purified 
oxygen was added to 0.1 atm pressure. 

For the same surface treatment the reproducibility 
of the oxidation experiments was about 10-20%. 

The furnace temperature was maintained constant 
to k1.5"C by the use of a calibrated high-sensitivity 
recorder-controller and a calibrated Pt-Pt 10% Rh 
thermocouple. 
Samples.-The 304 stainless steel analyzed 17.7 Cr, 
8.34Ni, l . l lMn,  0.02P, 0.16 N, 0.11 C,andbalance 
iron. Strips of 5 mil sheet were abraded through 4/0 
polishing paper under purified kerosene. They were 
carefully cleaned before using (7).  Depending on the 
amount of reaction, four specimen sizes and weights 
were used. The largest was 11.25 cmP in area and 
weighed 0.6831g while the smallest was 1.36 cmP in 
area and weighed 0.0820g. 

Results 

The results are presented in weight gain vs. time 
graphs. The weight gain is in micrograms per square 
centimeter and the time is in minutes. Although the 
oxide film is a mixture of oxides (8), we can estimate 
the thickness of the oxide by assuming the oxide to 
be Cr,O, and by assuming a surface roughness ratio 
of unity. A factor of 60 is calculated to relate the 
weight gain to thickness in angstroms. An oxygen 
pressure of 0.1 atm is used for all of the experiments. 

Both annealed and unannealed specimens were 
used. The annealed specimens were prepared by 
heating in a high vacuum system at a pressure of 
9 x 10 'km Hg at 843°C for 2 hr and quenching. This 
treatment precipitates carbides and nitrides which 
could occur during normal oxidation at this tempera- 
ture. 

Oxidation at 500' and 6 0 0 ° C a n n e a l e d  speci- 
mens.--Figures 1 and 2 show the time courses of the 
experiments at 500' and 600°C. The oxide thick- 
nesses and colors are given in Table I. No spalling of 
the oxide occurred on cooling the oxidized alloy to 
room temperature. After 6 hr of oxidation at  500°C, 
about 2.3 pg/cm9 of oxide were formed. Since the 
room temperature oxide was not removed, the total 
oxide must include an additional 0.3-0.5 pg/cma. The 
reaction rate after 6 hr of reaction was of the order of 
0.1 pg/cm3 of oxide per hour at 500°C. 

A plot of the weight gain squared against time 
shows a straight line between 2 and 6 hr of reaction 
time. A value of 1.67 x lo-*' (g/cmS)*/sec is calcu- 

,of do sb I ~ o  I& 2h0 240 2;0 3:O 3k 
Time (min.) 

Fig. 1. Effect of temperature an oxidation of unannealed 304 
stainless steel, abraded through 4/0, 7.6 cm of Hg of OP; curve A, 
500°C; curve 6,  6W°C. 

Time (min.) 

Fig. 2. Effect of temperature on oxidation of annealed stainless 
304, abraded through 4/0, 7.6 cm of Hg of Ou; curve A, 70O8C; 
curve 6, 800°C; curve C, 850°C; curve D, 900°C. 

lated. No evidence was found for a transition in the 
kinetics of the reaction. We conclude that the reac- 
tion of 304 stainless steel with oxygen at 500°C is a 
slow reaction. 

Electron microscope observations on the edges of 
the specimens showed no evidence for oxide whiskers 
or platelets. 

Oxidation at 700' and 1150°C.-Figures 2 and 3 
show the time courses for the oxidation experiments 
over the temperature range of 700"-1100°C. Oxide 
thicknesses and colors are shown in Table I. None of 
the oxide films or scales spalled away from the metal 
on cooling to room temperature. 

In this study we are particularly interested in 
transitions in the rate of oxidation and "breakaway" 
type of oxidation reactions. For this purpose we use 

Table I. Thickness and color of oxide films on 304 
stainless steels 

Unannealed Annealed 
Thickness,. Thickness,. 

Temp, "C &g/cma Color &g/cme Color 

2.33 Straw 
3.91 Purple 
8.01 Blue 3.95 

12.33 Straw-pink 
24.6 Blue-green 13.1 
39.3 Gray 30.2 
46.6 Gray 40.5 
90.0 Gray 56.8 

136.0 
254.0 
490.0 
905.0$ 

Blue 

Light purple 
Gray-green 
Gray -pink 
Gray 
Gray 
Gray 
Gray 
Gray 

6-hr experiments. 
t 7-hr experiment. 
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the parabolic rate law to interpret the rate data. This 
law states that the weight gain, W, depends on the 
time, t, by the equation Wz = At + C. Here A is the 
parabolic rate law constant and C is a constant. The 
parabolic rate law based on the principles of forma- 
tion and diffusion of ions or lattice defects has been 
the most successful rate law for explaining oxidation. 
Parabolic rate law plots are used to test for changes 
in the mechanism of reaction. Figures 4-8 show para- 
bolic rate law plots of the 800°, 850°, 950°, 1050°, 
and 1150°C experiments. The first evidence for a 
transition in the rate of oxidation was found in the 
800°C parabolic plot shown in Fig. 4. After the ini- 
tial period of reaction, a good fit was obtained with 
the parabolic rate law for the thickness range of 5-9 
rg/crn2. An increase in slope was observed in the 
parabolic rate law plot above this thickness. A value 
of 5.83 x 10"" (g/cmZ)'/sec was calculated for the 
pretransition thickness range parabolic rate law con- 
stant. 

Deviations from the parabolic rate law are also 
observed in the 850°C plot as shown in Fig. 5. This 
deviation occurs after 70 min of reaction or at an 
oxide thickness of 9 rg/cm9. A similar transition 

Time (m~n.) 

Fig. 3. Effect of temperature on oxidation of annealed stainless 
304, abraded through 4/0, 7.6 cm of Hg of On; curve A, 950°C; 
curve 0, lWO°C; curve C, 1050eC; curve D, llOO°C. 

Fig. 4. Oxidation of stainless steel, 8W°C, 7.6 cm of Hg of OP; 
parabolic plot, abraded through 4/0; A = 5.83 x 10.- (g/cmP)'/sec. 

Time (min.) 

Fig. 5. Oxidotion of stainless steel, 850DC, 7.6 cm of Hg of 0 2 ;  

parabolic plot, abraded through 4/0; A = 1.79 x lo-" (g/~m~)~/sec.  

Fig. 6. Oxidotion of stainless steel, 950°C, 7.6 cm of Hg of O1; 
parabolic plot, abraded through 4/0; A = 2.78 x 10"" (g/~m')~/sec. 

Fig. 7. Oxidation of stainless steel, 1050°C, 7.6 cm of Hg of OP; 
parobolic plot, abraded through 4/0; A = 1.72 x lo-= (g/cm')Ysec. 

thickness is found for the 900°C experiment. We con- 
clude a transition occurs in the kinetics of the re- 
action for an oxide thickness of about 9 pg/cm2. This 
transition thickness is the lowest we have observed 
for any metal or alloy. For the oxidation of chro- 
mium the first transition occurred at a thickness of 
80 rg/cm2. 

Above 900°C it is not possible to observe the pre- 
transition period of oxidation. The parabolic rate 
law plot of the 950°C experiment in Fig. 6 shows a 
continuously increasing slope. The initial value for 
the rate law constant is given in Fig. 6 and Table 11. 
We interpret the changing value for the parabolic 
rate law constant as due to a change in oxide com- 
position. The parabolic rate law of oxidation does not 
apply for the oxide composition range of 9-90 rg/cm2. 
Instead the rate of oxidation follows the linear rate 
law. 

Figure 7 shows a parabolic rate law plot for the 
1050°C experiment. A straight line is found after the 
first hour of reaction. 

A second transition is found to occur in the 1150°C 
parabolic rate law plot shown in Fig. 8. The rate law 
is observed to hold for the intermediate section of 
the plot. After 330 min of oxidation the rate law con- 

Table 11. Summary of parobolic rate law constants 

A. Unannealed B. Annealed 
T e w ,  (g/crnz) Vsec (g/crnn) 'Vsec 

C Pretransit~on Posttransltion Pretransltlon Posttransition 
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lime (min.)  
Fig. 8. Oxidation of stainless steel, 1150eC, 7.6 cm of Hg of 01; 

parabolic plot, abraded through 4/0; A = 1.67 x 10-'l (g/cmP)2/sec. 

stants increase. This increase is probably due to a 
vapor pressure effect which is discussed in a later 
section. 

Temperature dependence.-To interpret the tem- 
perature dependence of the parabolic rate law con- 
stants A we use the simple form of the Arrhenius 
expression 

A = B ~ - A E I ~ ~  

Here AH is the heat of activation of the rate-control- 
ling mechanism, B is a constant, and R is the gas 
constant. AH is determined from the slope of a log 
A us. 1/T plot. More elaborate equations may be used 
if the entropy terms are evaluated (9). 

Table I1 shows a summary of the parabolic rate 
law constants for the annealed and unannealed sam- 
ples. Pre- and posttransition values are given where 
possible. Figure 9 shows a log A vs. 1/T plot of the 
data. 

Three straight lines are observed in Fig. 9. Curve 
DE gives the constants for the pretransition region. 
A value of 33,200 cal/mole for AH is calculated. The 
posttransition values are given by the line ABC. Line 
BC has about the same value for AH as line DE. 

Point B show a major change in the mechanism of 
oxidation. A heat of activation of 88,000 cal/mole is 
calculated. 

We interpret the change in rate between line DE 
and line BC as due to a crystal structure transfor- 

o bnneoled Fbrf-Tmnsmlion 
bnneoled Pre-Tronrtt~on 

0 Unonnealed Port-Tronrilion 
m Umnmled Re-Tronrifion 

Fig. 9. Oxidation of 304 stainless steel. Log A vs. 1/T. Curves 
A,B,C, posttransition; curves D,E, pretransition. AHAB = 88,000 
cal/mole. 

mation in the oxide system. Electron diffraction 
studies on a similar alloy by Hickman and Gulbran- 
sen (8) shows a crystal structure transformation 
occurring for this temperature range of oxidation. 

Vapor pressure eflect.-Figure 9 shows a drastic 
change occurs in the mechanism of oxidation at point 
B. We suggest that this change is due to the vapor 
pressure of the metals in the 304 stainless steel. We 
explained a similar change in the rate oxidation of 
chromium (1) at 900°C as due to the vapor pressure 
of chromium. At some temperature for all metals the 
rate of evaporation of metal into and through the 
oxide film acts to aid normal ion formation and 
transfer processes. Since all sides of the oxide crys- 
tals may be exposed in part to the metal vapor, a 
short circuit of the normal diffusion process is pos- 
sible. However, if the oxide film is impervious to 
metal vapor, the metal transfer process may he 
limited. This occurs for oxide films on aluminum- 
iron alloys (4).  Much smaller effects were observed 
for oxide films on simple chromium-iron alloys (4) .  

To test for the vapor pressure effect on 304 stain- 
less steel we compare the rate of evaporation of 
metal from a clean surface of a 21.9 Cr-Fe alloy with 
the rate of oxidation calculated on the basis of chro- 
mium reacting. Due to the possibility of side reac- 
tions, such as decarburization, effecting the vapor 
pressure measurements, special alloys must be used. 
We have studied recently the vapor pressure of a 
clean 21.9 Cr-Fe alloy (4) both in the oxide-free 
condition and in the presence of an oxide film. Al- 
though this alloy differs in composition from the 8 
Ni-18 0 - 7 4  Fe alloy, we feel that the two alloys do 
not differ appreciably in their vapor pressure curves 
since chromium is the metal vaporizing in each alloy. 

Figure 10 shows a comparison of the rate of evap- 
oration from an oxide-free surface of the 21.9 Cr-Fe 
alloy with the rate of oxidation of the 304 stainless 
steel. Below 1000°C the rate of oxidation is hjgher 
than the rate of evaporation. The two rates become 
equal at 100O0C, and above 1000°C the rate of oxi- 
dation is less than the rate of evaporation. 

Since the oxide film is thick, the transition is not 
sharp. The effect of oxide films on the vapor pres- 
sure would act to lower curve A slightly. 

Temp 'C 
0 , ,,OD I , 10 lm , 7 , yo 

Fig. 10. Comparison rate of evaporation from clean 21.9 Cr-Fe 
alloy (curve A) with rate of oxidation of 304 stainless steel (curve 
B), log rate vs. 1/T. 
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Temp. .C 

Fig. 11. Oxidation of stainless steel (A), chromium (B), Kanthal 
Ax (C). Log A vs. 1/T. 

Comparison with Kanthal Alloy.-Figure 11 shows 
a comparison of the parabolic rate law constants for 
Kanthal A, and chromium with the posttransition 
values for 304 stainless steel. Kanthal k shows a 
transition in the rate of oxidation at 105OoC, 304 
stainless steel at 1000°C, and chromium at  950°C. 
We have related all of these transitions to vapor 
pressure effects. 

Since the aluminum oxide film is nearly imper- 
vious to the metal atoms the transition temperature 
is higher for Kanthal Ax. The effect of the Alsos film 
is shown by the nearly constant values for the para- 
bolic rate law constants between 900" and 1050°C. 

Aluminum has another favorable influence on the 
oxidation process. Aluminum in combination with 
iron and chromium forms oxides which are closely 
matched to the metal lattice. Thus, y-Al,Os and 
FeAl,O, are both spinels which match closely the 
iron-iron spacings in the metal lattice. 

Discussion 
The effect of aluminum and nickel in chromium 

iron alloys can be considered from the electron con- 
figuration point of view. Aluminum can contribute 
one 3p electron to the unfilled 3d bands of iron and 
chromium with the result that aluminum is strongly. 
bonded in the alloy. This is confirmed experimentally 

by the lowered chemical potential of iron and chro- 
mium in the alloy (4). Since nickel has a fraction of 
a 3d level unfilled, the bonding between nickel and 
iron and chromium is not as strong as when alumi- 
num is added. Nickel is not expected to lower the 
chemical activity of iron and chromium to the same 
extent as aluminum. 

Nickel forms a less stable oxide than aluminum. 
Therefore, solid phase reactions can occur in the 
oxide (10) which can lower the protective charac- 
ter of the oxide film. Although the initial rates of 
oxidation of stainless steel are low it  would be ex- 
pected that the oxide composition changes with time. 
Nickel oxide is also much more readily attacked by 
chlorides or acid vapors than aluminum oxide. 

We conclude that both nickel and aluminum are 
good alloying elements to add in the chromium-iron 
series of alloys from a protection and corrosion point 
of view. The low permeability of the aluminum oxide 
film to iron and chromium atoms gives an alloy of 
high heat resistance. Nickel, on the other hand, gives 
an austenitic alloy of high strength with moderate 
oxidation resistance. 

Manuscript received Oct. 27, 1961; revised manuscript 
received Feb. 26, 1962. This paper was prepared for 
delivery before the Los Angeles Meeting, May 6-10, 
1962. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1963 JOURNAL. 
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Growth of Halide Layers on Copper Single Crystals 
A. Goswami 

National Chemical Laboratory, Poona, India 

ABSTRACT 

Structures and orientations of cuprous halides formed on copper ( I l l ) ,  
(110), and (100) faces by reaction with halogen vapors at room temperature 
have been studied and the crystal growth process discussed. 

Previous electron diffraction studies (1-3) on the 
growth of oxide or sulfide films on copper single 
crystals in air or sulfur vapor at various tempera- 
tures showed that these films were crystalline and 
had two-degree orientation with respect to sub- 
strate if the substrate temperature was high enough, 
but were amorphous when formed at  room tempera- 
ture. During the initial stage of their growth, the 
films consisted of cuprous compounds alone. If the 
growth continued for a sufficiently long time and the 
temperature was favorable, the top layers consisted 
entirely of cupric compounds either with two-degree 
orientation or in polycrystalline state with or with- 
out a preferred orientation. Similar reactions, how- 
ever, at room temperature with halogen vapors or by 
anodic treatment in halide solutions, produced, on 
the other hand, crystalline cuprous halides even 
when the time of reactions was sufficiently pro- 
longed (4-6). Since there has been little work on 
the growth of cuprous halide films or on their epi- 
taxial relationship to the substrate a study has been 
made on single crystals of copper and the results 
compared with those obtained by anodic treatments. 

Experimental 
Samples of copper with ( I l l ) ,  (110), and (100) 

faces were prepared by cutting pieces from a single 
crystal rod, grinding, surfacing with different grades 
of emery, etching in nitric acid, and finally electro- 
polishing in phosphoric acid in a manner already de- 
scribed in previous papers (1, 7 ) .  The diffraction 
patterns (not shown) from these faces revealed that 
they were extremely smooth and nearly parallel to 
( I l l ) ,  (110), and (100) planes of the copper lattice. 
The samples were then exposed to vapors of iodine or 
bromine for a few seconds and immediately trang- 
ferred to an electron diffraction camera (cold cath- 
ode type, 60 kv) and examined by the reflection 
method, in more than one azimuth. The crystals were 
again treated in halogen vapor and re-examined. 
Similar studies were also made on polycrystalline 
copper (spec. pure) disks. 

For comparison, these crystals after etching and 
reelectropolishing were treated anodically (4-6) in 
KI or KBr solution in the presence of H,SO, for a few 
seconds to half a minute and the surface layers ex- 
amined by the diffraction technique in a similar way. 

Results 
Halide layers formed on copper crystals by pro- 

ous interference colors, viz., brownish orange, pink, 
golden yellow, etc., depending on the thickness of 
the layers; they finally became pale yellow accom- 
panied by considerable roughening of the surface. 

The diffraction patterns from the halide films gen- 
erally consisted of spots and faint rings passing 
through these spots. With the rotation of the copper 
crystals around an axis normal to the electron beam 
direction, the spot patterns changed, thus indicating 
that the halide crystals grew epitaxially on the sub- 
strates. In other words, they developed two-degree 
orientations such that certain planes and axial direc- 
tions of the halide crystals were parallel, respec- 
tively, to the substrate face and to an important di- 
rection lying in that face. The ring patterns were due 
to the formation of polycrystalline material. Arc 
patterns, which did not change even with the rota- 
tion of copper crystals, showed the presence of one- 
degree orientated halide crystallites which had a 
common axis parallel to one another or had a com- 
mon plane, but otherwise were randomly disposed 
in space. Clarity or sharpness of patterns depended 
to a large extent on the crystal size. Hence with in- - 
crease in crystal size the clarity was better. It was 
also noticed that sometimes with progressive reaction 
the spot pattern changed and ultimately became con- 
fused by the appearance of many new spots, no doubt 
due to the formation of new crsytals with different 
orientations. 

Measurements of dnLl values from rings as well as 
spots and also of their relative intensities agree with 
those of y-forms of halides alone. 

On Cu(ll1) face.-Cuprous iodide formed on this 
face yielded diffraction patterns (Fig. 1 and 2 )  con- 
sisting of spots and faint rings, when the electron 
beam was grazing along the <110> and <112> axes 
of the crystal, respectively. The appearance of 111 

. . 

gressive reactions with halogen vapors showed vari- Fig. 1. 2-d (1 1 1 )  orientation of Cul; beam along <110> 

565 
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Fig. 2. 2-d (1  11 ) orientotion of Cul; beom along <211> 

Fig. 3. Theoretical pattern for parallel and ontiparallel { I l l )  
orientation of Cul; beam along <110> direction. 

reflection and its higher orders in the plane of in- 
cidence for all azimuthal rotation of the crystal with 
respect to the beam, together with the fact that the 
spot patterns changed with the rotation of the crys- 
tal but repeated themselves after every rotation of 
60°, clearly showed that the halide crystals grew 
epitaxially with a { I l l )  orientation. The disposition 
of spots was such that <112> of cuprous iodide was 
parallel to <110> of Cu(ll1).  Normally electron 
diffraction patterns from two-degree { I l l )  oriented 
crystals would be symmetrical with the beam along 
<112> axis, and asymmetrical along <110>. The 
symmetrical nature of the diffraction patterns (Fig. 
1 and 2) in both of the azimuths suggested that the 
deposit crystals consisted of parallel and antiparallel 
(111) orientations such that the electron beam was 
grazing along [1i0] and [ i lo]  directions of the crys- 
tals, giving rise to symmetrical patterns. Figure 3 
shows the patterns expected from such orientations. 

A detailed consideration of the position of spots 
(Fig. I ) ,  however, shows that a number of reflections 
(spots), viz., 111 appearing approximately at 40°, 
200 at 15", 220 at 75", 311 at 10' and 40°, and 422 at 
52" from the plane of incidence, cannot be accounted 
for from Fig. 3. If, on the other hand, the halide 
crystals developed a two-degree (115) orientation, 
the positions of the spots are well explained, and 
also 115 spots would coincide with 333 reflection 
(spots) in the plane of incidence with the electron 
beam along <110> of the crystals (Fig. 4). Thus 
all these spots are well accounted for by the forma- 
tion of crystals having both { I l l )  and (115) orienta- 
tions (Fig. 5). 

It would seem unlikely, as pointed out before (8), 
that crystals would grow with an odd plane such as 
(115) parallel to a simple face such as (111). This 
orientation, however, could result from a single or 

Fig. 4. Theoretical pattern for (115) orientation of Cul; beam 
along <110> direction. 

Fig. 5. Fig. 3 and 4 together 

multiple twinning process (8-10). Thus if an (111) 
orientated crystal twinned on its (117) plane, it 
would bring the ( i i5 )  plane of twinned crystals par- 
allel to the initial (111) plane. In a similar way other 
orientation would result by multi-twinning proc- 
ess. This also explains the simultaneous presence of 
{ I l l )  and (115) orientated crystals. The faint spots 
at 1/3 or 2/3 of unit distance along a < I l l >  direc- 
tion are due to double diffraction as observed in 
many other cases (1,10,11). 

Generally { I l l )  oriented halide crystals had their 
<112> direction parallel to <110> of Cu( l l l ) ,  but 
sometimes they were azimuthally rotated by 30'. 
i.e., the crystals grew with parallel orientations such 
that CuI <11O>//Cu <110>. 

Cuprous bromide also grew epitaxially in the same 
way as iodide, but the rate of reaction was much 
more rapid. The reaction with moist bromine vapor 
was similar to that for iodine or bromine. 
O n  Cu(ll0) face.-on a Cu (110) face, dry iodine 

and bromine vapors formed halides which again 
developed a two-degree (111) orientation, but with 
their <110> axes parallel to <loo> of Cu(ll0).  Dif- 
fraction patterns were similar to Fig. 1 and 2. 

In the presence of moist bromine vapor, however, 
halide crystals developed two-degree mixed (100) + 
(211) orientations such that [ o i l ]  and [ ~ l i ]  of each 
were parallel to [ l i ~ ]  of copper (similar to Fig. 6). 
O n  Cu(100) face.-On a Cu(100) face, surface 

layers formed by reacting with iodine vapor yielded 
patterns consisting of spots and rings which became 
more distinct with increased time of reaction. The 
centered d r t y p e  of rectangular patterns (Fig. 6) 
with 200 and higher orders of reflection in the plane 
of incidence, obtained when the electron beam was 
along the cube axis of the copper crystal, showed 
that the halide crystals grew epitaxially with (100) 
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Fig. 6. 2-d j100)  orientation of Cul; beam along < ] l o >  direction Fig. 8. Needles and flaky nature of Cul. Magnification 3500X 

Fig. 7. I - d  :110) orientation of Cul 

orientation, but with their axes azimuthally rotated 
by 45" with respect to the substrate crystal. The 
slight arcing of spots indicated that the crystals de- 
viated from their mean position by a few degrees. 
There are indications that crystals had also devel- 
oped a { I l l )  twinned structure. Exposure to both dry 
and moist bromine vapors produced similar crystal 
orientations. 

On polycrystalline copper.-The reaction products 
on polycrystalline copper were polycrystalline in na- 
ture, but they sometimes exhibited a strong one- 
degree {110) orientation (Fig. 7) depending on the 
time of reaction. The formation of polycrystalline 
films, even on single crystals, was facilitated with 
longer time of reaction, and ultimately they devel- 
oped again a one-degree (110) orientation. 

The texture of these crystals was also studied by 
the electron microscope. The technique used was to 
expose copper grids (--400 mesh) to iodine vapor 
(very low concentration) for 10-16 hr after which 
time most of these grids were covered with iodide 
crystals. The growth was heavy and often all the 
holes in the grids were filled. Under a strong electron 
beam, the crystals melted quickly, and hence it was 
often difficult to photograph them in their original 
shape. The crystals appeared to be flaky, although 
sometimes needles were also observed (Fig. 8 and 
9). By breaking the crystals in a Mickel microshaker 
it was possible to obtain good micrographs (Fig. 10). 

Anodic treatment.-Copper samples treated anod- 
ically in bromide or iodide solution also formed cu- 
prous halide crystals with similar orientations, al- 
though sometimes the halide crystals were mixed 
with Cu,O crystals as reported earlier (5). 

The crystal orientations obtained on different faces 
of copper together with the percentage lattice mis- 
fit are shown in Table I. 

Fig. 9. Needles and flaky nature of Cul. Magnification 3500X 

Fig. 10. Flakes of Cul. Magnification 7600X 

Discussion 
The halide layers formed were always cuprous in 

type, and no trace of cupric halide was observed. The 
intensities of all reflections, spot or otherwise, were 
consistent with the zinc blende type of structures 
( TZ,,) . 

It is, however, known that cuprous iodide and 
bromide exhibit polymorphism (12). The normal 
y-forms (cubic a. = 6.051A and 5.6905A, respec- 
tively, for CuI and CuBr) change to j3 varieties 
(h.c.p. a. = 4.31A, c, = 7.09A, c./a. = 1.646 for CuI 
at  36goC, and 4.06A,.6.66A, 1.625 for CuBr at 430°C) 
and finally to a modifications (a. = 6.15A f.c.c. at 
407°C for CuI and 4.56A b.c.c. at 480°C for CuBr). 
In the present experiments only y phases were de- 
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Table I. Orientations of halide films on copper single crystals 

Orientations of 
Copper substrate cuprous halides % Misflts on copper 

Plane Axis Type Plane Axis CuI CuBr 

(111) < n o >  1 (111) <211> +3 +9 
2 (111) <110> +68 $57 

(effec- (effec- 
tive-16) tive-21) 

(110) <loo> 1 (111) <110> +19 +11 
(110) <110> 2 (115) <110> 

3 (100) <loo> $19 +I1 
(100) 100 (100)<110> +19 +11 
~ 1 1 1 ~ , ~ 1 1 0 ~ , ~ 1 0 0 ~  1 

and 
~o~ycrystalline } {llO)w 
copper J 

1-d = one-degree orientation. 

tected in the top surface layers, although their for- 
mation lower down could not be ruled out. 

It is thus seen that at room temperature the hal- 
ides formed on single crystals of copper were crystal- 
line even in very thin layers, whereas cuprous oxide 
and sulfide were not in that state (1-3). This dif- 
ference appears to be related to the high mobility of 
halides which facilitates the epitaxial growth even 
at room temperature compared to oxide or sulfide 
(m.p. of CuI, CuBr, Cu,O, and Cu,S are 605", 500°, 
1232", and 110O0C, respectively), since mobility at a 
particular temperature below the melting point is 
greater, the lower the melting point (13). 

Epitaxially grown halides often developed more 
than one azimuthal orientation on the same face of 
a copper crystal (Table I),  and hence the tolerable 
lattice mismatch varied. It is seen that the lattice 
misfit, which may be defined by 100(b-a)/a, where 
a and b are the corresponding lattice spacings in the 
substrate and deposit, respectively, could be as high 
as +68% without affecting the epitaxial growth. It 
has often been suggested in the literature that a 
good fit is an a priori condition for epitaxial growth 
of crystals. Our work and also that of other (14) 
clearly shows that crystals can grow epitaxially on 
the substrate even when there is a considerable misfit 
&d even in cases where the distribution of atoms in 
the contact planes is very dissimilar, viz., in the de- 
velopment of two-degree {103) and (203) orienta- 
tions of Cd or (205) and (101) of Zn on Cu(ll0) and 
(100) faces (4) and {IOO), {203), etc., of Zn on (100) 
of NaCl (15). It may only be said that the lower the 
lattice misfit, the greater is the probability that the 

deposit will grow thicker while remaining epitaxial. 
It may be pointed out here that when the lattice mis- 
fit is more than 50%, the effective mismatch is much 
less since the spacing between 2 or 3 atoms of one is 
often nearly equal to that of 3 and 4 of the other. 
Thus a misfit of +68% of CuI on Cu(l l1)  is nearly 
equal to -16% (effective) (Table I).  

The change of crystals from a two-degree orienta- 
tion type to polycrystalline but random, and finally 
to a one-degree orientated type showed that the ori- 
entation of the surface layers was gradually changing 
with the reaction time. This appears to be related to 
the migration of copper ions from inside in an out- 
ward direction to react with halogen ions (atomic 
radius of Cul+ = 0.96A, Brl- = 1.96A), as in the case 
of the growth of Cu,O and CuO layers (1). An alter- 
nate suggestion that the halides grow by the diffusion 
of halogen ions inward to the copper surface may not 
be ruled out completely, although their ionic sizes 
are unfavorable. Preferential grain boundary dif- 
fusion may however facilitate a process of this kind. 
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Manganese-Activated Cadmium Pyrophosphate. Phosphors 
R. C. Ropp 

Chemical and Metallurgical Division, Sylvania Electric Products Inc., Towanda, Pennsylvania 

ABSTRACT 

The effects of preparation on absorption and excitation properties have 
demonstrated that Cd,P,O,:Mn is a host-sensitized phosphor whose efficiency 
to 2537A becomes appreciable only when a step involving refiring in a reducing 
atmosphere is employed. The experimental data allow an insight into the nature 
of the luminescent center in CdpPz07: Mn. 

The combination of manganese with cadmium 
phosphates to form luminescent systems is by no 
means new, and many authors have reported on such 
phosphors. Cd,P,07:Mn was described by Williams 
(1) as an efficient cathode-ray excitable phosphor. 
Fonda (2) described tribasic cadmium orthophos- 
phate phosphors activated by manganese. Other in- 
vestigators have described various modifications of 
the cadmium phosphate phosphors including fluoro- 
phosphate doubly activated by Pb and Mn (3,4). 
Smith and Power ( 5 ) ,  as well as Zelinskii et al. (6), 
described tribasic cadmium and zinc orthophos- 
phates. The references to cadmium chlorophosphate 
phosphors are too numerous to mention. However, 
none of these authors recognized the effect of re- 
duction on excitation properties, particularly for 
Cd2P,0,: Mn. 

The present work will describe a phenomenon 
whereby reduction of the matrix produces host-sen- 
sitization in Cd,P,O,: Mn. A model will be postulated 
to show the nature of the luminescent center and the 
absorption properties as a function of preparation. 

Method of Preparation and Measurement 
The phosphors were easily prepared according to 

the following reactions: 

1. 2CdNH90, . K O  + 0.04 MnNHSO, . HIO 
A 
-, Cd,(P,O,),,:Mrb.,, + 2.04NHs + 3.06 H20 

2. 2CdNH,PO,. HIO + CdOp +0.04 MnNH,PO, - H,O 
A 
-+ CdJ(PO,)P.OI:M~lO.D + 2.04 NHs 
+ 3.06 H,O + 0.49 O2 

One could prepare Cd,PeO,: Mn and Cd, (PO1),: Mn 
and refire with a volatile chloride to form cadmium 

Thus, Cd,PZO, was the stable structure once the 
matrix was formed in the absence of halogen. The 
apatite was stable otherwise. 

Considerable effort was made to obtain CdNH,PO, 
H,O and not CdsH,(PO,),(H,O). ( 7 ) .  The former 

gave a nearly stoichiometric Cd2P,0,, whereas the 
latter gave Cds(PO,),.Cd,PpO,, a product containing 
1.25 Cd atoms per 1.00 P atom. The similarity in 
x-ray diffraction patterns may lead to mistaken 
identity, particularly for mixtures containing small 
amounts of CdJI,(PO,), (HnO) ,. 

Manganese may be added to the phosphor mix in 
several forms, but was best added as MnNH,POI.H20. 
CdO, (8) was preferred because of the ease in ob- 
taining a purified material of high reactivity which 
gave a product of specific composition (CdO) when 
heated. 

Measurements followed those described in a pre- 
vious paper (9). 

Experimental Results 
Phosphors efficient to 2537A irradiation were pro- 

duced by prefiring in air to form the matrix and re- 
firing in a reducing atmosphere. These results are 
shown in Table I. Note that refiring in a reducing 
atmosphere markedly improved the plaque response, 
but that refiring in air or Nn did not. Thus, the effect 
could not be attributed to refiring alone, but to the 
combination. Prefiring in N.-H. (40%) gave a black 
inert mass. The effect of firing atmosphere was pro- 
nounced, particularly for the pyrophosphate. If 
Cd,P,O,:Mn was refired in HC1, bright phosphors 
were obtained, but in the case of Cd.(PO,),: Mn, HC1 
converted it to Cd,P,OI:Mn according to reaction 5. 

chloroapatite: 
C d l  P20,:Yn o, 

A 
3. 3Cd,(P0,)o:Mn + CdClz + 2 Cd,C1(PO,)s: Mn 
4. 3CdpP20,: Mn + xCdCL 

A 
-, ZCd,,., Cl(PO,),: Mn + (X - 1)C1, 

Y 0 The use of HC1 gas as a firing atmosphere enabled c*, IPO.I.~YI.O. 

a further clarification of the gross reactions: 

A 
6. Cd,P,O1: Mn + HC1+ no change 
7. 3CdNH4P0, H20 + 2Cd0, + HC1 

A 
+ Cd,Cl (POl) + 3NH, + 0, + 5H20 Fig. 1. Spectral properties of some cadmium phosphate phosphors 
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Table 1. Effect of refiring 

% Red 
Atmosphere plaque (us. 

Nominal X-ray 
phosphor composition Prefiring Refiring 

Lum. color Cd borate 
structure (2537A excit.) std.) 

Cd, (PO,) ..Io: Mno.% Air 
N* 
Air 
HC1 
Air 
Air 
Air 
Air 
N* 
HC1 
Air 
Air 
Air 
Air 

- 
- 
Air 
- 
N, 
HC1 
Ns-Hz (40%) - 

Air 
HC1 
N, 
NrH2 (40%) 

The emission properties of these phosphors were 
identical to those presented by previous authors 
(1, 4) for cathode-ray excitation (see Fig. 1). It was 
in the excitation and absorption spectra that differ- 
ences were observed. Since Cd,P,O,:Mn was by far 
the more efficient, the present discussion will be 
limited to this phosphor. 

Effect of firing atmosphere.-Measurement of the 
excitation bands as a function of preparation is given 
in Fig. 2 for the Cd,P,O,:Mn phosphors shown in 
Table I. (The discontinuity in the curves is the re- 
sult of increasing the instrument gain at 34.0 x 10:' 
cm-' before proceeding to the lower energy absorp- 
tion peaks.) When prefired under oxidizing or neu- 
tral conditions (air or Nn), the excitation band 
peaked at 2370A and was relatively narrow, whereas 
on refiring under reducing conditions (N,-20% HA, 
the peak wavelength shifted to 2460A and the 2537.4 
response increased markedly. The effect was not due 
to refiring alone since the phosphor refired in N? only 
did not change in its excitation spectrum. All spectra, 

Cd,(PO4)* 
Cds(P0.). 
Cds(PO,)* 
Apatite 
Cda(PO,)* 
CdS*O, 
C& (PO,). 
CdP90, 
Cd,P*O" 
Apatite 
CdSlO, 
CdzP20, 
Cd2P20, 
CdJ'eO, 

Dull pink 
Dull pink 
Dull pink 
Bright orange 
Dull pink 
Bright red 
Dull pink 
Dull pink 
Dull pink 
Orange 
Dull pink 
Bright red 
Dull pink 
Bright red 

and particularly the reduced phosphor spectrum, 
showed evidence of low level excitation spectra com- 
posed of several narrow bands in the near-ultraviolet 
and visible regions in addition to the broad excitation 
band in the higher energy region. The former have 
been termed edge-absorption bands (lo),  due to 
Mnt2. 

Figure 3 shows the spectral properties of 
Ca,P,O,:Mn and Sr,P,O,:Mn. Although these phos- 
phors were previously said to be excited only by 
cathode rays ( l l ) ,  further reduction produced some 
excitation bands in the near-ultraviolet. Zn,P,O,, 
MgZP,O,, and Ba,P,O,, by contrast, were not found 
to form ultraviolet excitable phosphors even when 
the matrix was refired repeatedly in a reducing at- 
mosphere. The excitation bands in CazP107:Mn and 
Sr,P,07: Mn phosphors are due directly to energy ab- 
sorption in the Mni2 activator center and may be 
compared to the Mn" absorption bands in known 
phosphors such as Zn,SiO,: Mn" (10). 

Eflect of manganese.-Variation of manganese 
changed the relative response to 2537A radiation, but 
did not shift the emission peak wavelength of 
Cd,P,O,: Mn from 6180A. 

The relative plaque brightness as a function of Mn 
content and firing is given in Fig. 4. Note the large 
change in response on reduction of the preformed 
matrix. The plaque response to 2537A irradiation in- 
creases to 8 mole % Mn, remains essentially con- 
stant to 20 mole % Mn and decreases beyond that 

Fig. 2. Effect of firing atmosphere on excitation spectra of Fig. 3. Spectral properties of manganese-activated alkaline-earth 
CdaPsO,:Mn.* phosphor. pyrophosphates. 
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Fig. 4. Effect of manganese concentration on efficiency of 
Cd*P*O,:Mn phosphor. 

Fig. 5. Excitation spectra as a function of preparation conditions 

concentration. It was further instructive to deter- 
mine the effect of preparation atmosphere as a func- 
tion of manganese on excitation spectra (see Fig. 5).  
In all cases, the excitation peaks are shifted toward 
lower energy by the reduction step and, in addition, 
these peaks shift with Mn content. However, when 
a concentration of 0.32 mole Mn is reached, a de- 
cided decrease in brightness was noted as reflected 
in the change in excitation spectra. The shift of 
peak wave number due t o  reduction was approxi- 
mately constant irrespective of Mn content. 

In order to establish that Mn was the primary ac- 
tivator, an analysis was made of the components and 
phosphor (see Table 11). No other elements were 
present. 

Reversibi1ity.-The effect of reduction on response 
to 2537A was reversible, and a phosphor which was 
efficiently excited lost brightness when reheated in 
air. This effect was a function of Mn content. One 
could heat and reheat the phosphor Cd,P,O,:Mn al- 

Table 11. Spectrographic analysis of components 

Impurities in ppm (Spec. Qual.) 
Mn Ca M g  Cu Fe Ni Sn Sr A1 Si 

Fired in a silica crucible. 

ternately in an oxidizing or reducing atmosphere and 
change the response to 2537A radiation providing the 
sintering point was not reached with consequent 
degradation of the structure. 

Unactivated CdpPn07.-If CdsPIO, was formed from 
CdNH,PO,.H,O by prefiring at 1800°F in air and then 
subjected to refiring in a 40% HHz-60% Na atmos- 
phere, a phosphor was produced as shown in Fig. 6. 
Although the brightness was low under 2537A ex- 
citation, the phosphor responded to the higher en- 
ergy wavelengths. Chemical analysis of the Mn pres- 
ent in this phosphor gave a value of <0.0001% or 1 
ppm. Note that the absorption band is similar to the 
excitation band. 

The matrix, CdnP.O,, exclusive of Mn", possessed a 
high-energy excitation band. This is the fundamental 
absorption band for the matrix. The incorporation 
of Mn" into Cd,P,O, to form CdpP20,:Mn did not 
change the fundamental absorption band, as shown 
in Fig. '7. The absorption or excitation band shifted 
with reduction, when Mn was present, to a greater 

Fig. 6. Spectral properties of unactivated CdlP~07 

Fig. 7. Spectral absorption of CdoP%O7:Mn phosphor 
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extent than in its absence. The position of the ex- 
citation band also changed as a function of the Mn 
content and the shift was accentuated by reduction 
of the matrix (see Fig. 5). Reduction of the matrix 
increased the 2537A absorption markedly in the 
phosphor containing 30,000 ppm Mn, but little in that 
containing 1 ppm Mn. In contrast, the matrices, 
Ca,P,O, and Sr,P,O,, did not possess the broad ex- 
citation band (Fig. 3 )  at the higher energies 
(-2250A), and therefore incorporation of Mn" did 
not produce 2537A excitable phosphors. 

Mn" as a luminescent center.-The spectroscopic 
functions of Mn" are well known. The ground state 
is BSla and the four excited states are 'G,,, 4D51x, 4P6,2, 
'F,,, in order of ascending energy, for the free ion. 
In the presence of a crystal field, a d6 ion such as Mn" 
has the symmetry 'A,, in a weak octahedral field. The 
configuration d6 is exceptional in that no spin-al- 
lowed transitions are to be expected, since the "S 
ground state is not split significantly by the field 
(12), whereas the excited states are split, depending 
on the strength of the field. Weak absorptions are 
expected corresponding to the sextet-quartet transi- 
tions. It is generally accepted that yellow to red 
emission is indicative of Mn" in an octahedral site, 
whereas green emission is associated with Mn" in a 
tetrahedral site. However, in the absence of specific 
structure data for Cd2P,0,, such an assumption would 
be illusory since the determination of the effect of 
crystalline field on the luminescent processes of Mn" 
presupposes a knowledge of site symmetry. 

A long decay is characteristic of Mn" emission and 
probably arises from the spectroscopically forbidden 
transition, 'G -* "S. Since Cd,P,O,: Mn also possesses 
a long decay, it is logical to assume that the energy 
transition is identical since the emission is typical of 
Mn" as an activator. Coupled with the marked simi- 
larity in diffraction pattern between Mn,P,O, and 
Cd,P,O, (of which there is but one structure each), 
the data indicate that the luminescent center is com- 
posed of Mnt2 in a cationic site. 

Discussion 
The specific effect of reduction is difficult to assess 

since there are several end-results which could be 
attributed to reduction. Before discussing these, it 
would be well to summarize the observations made: 

1. The matrix Cd,P,O,, exclusive of Mn+a, possessed 
a high-energy, stimulable excitation band. This is 
the fundamental absorption band for the matrix. 
The incorporation of Mn*a into CW,O, to form 
Cd,P,O,: Mn did not change the fundamental absorp- 
tion band, although a shift was observed with Mn 
content. 

2. The equivalence between the absorption-exci- 
tation band of Cd,P,O, and the high-energy excita- 
tion band of Cd,P,O,:Mn leads to the conclusion that 
Cd,PIO,:Mn is a host-sensitized phosphor in which 
matrix absorption of radiant energy precedes fluo- 
rescence. - 

3. Ca,P?O,:Mn and Sr,P,O,: Mn are not host-sensi- 
tized. The excitation peaks are due to transitions in 
the Mn" activator. 

4. Reduction of the matrix following formation 
shifts the excitation peak wave number to lower 

energy. Absorption bands due to Mn'" are also ob- 
served. 

5. The shift in peak wave number due to reduc- 
tion is obtained only in the presence of manganese 
and is constant at each Mn" content. 

6. The position of the excitation band is dependent 
both on Mn" content and reduction. 

The logical conclusion to be drawn is that reduc- 
tion simply increases the manganous ion concentra- 
tion which causes a shift of the host lattice absorp- 
tion edge. This explanation was first demonstrated 
for willemite by Kroeger (10). The data in Fig. 4 and 
Fig. 5 and observations 5 and 6 are thus explained. 
A relevant extension of this conclusion would in- 
clude the role of the matrix, particularly since the 
host-lattice absorption edge is involved and since the 
experimental data indicate that host sensitization 
takes place. It  is unlikely that the broad absorption 
band can be attributed to the manganese center 
alone. 

If the effect were due entirely to the presence and 
number of Mn" activator centers, then one would 
expect the broad absorption band to be due to (a) 
the manganese center, or ( b )  the manganese center 
as affected by the lattice, that is, a manganese-lattice 
interaction. However, the broad absorption band 
cannot be due to transitions in the Mn+= atom itself 
because of the edge absorption bands observed in the 
same spectra (Fig. 2), which are comparable to those 
of MntZ in Ca,P,O,: Mn and Sr,P,O,: Mn. Therefore, 
the possibility remained that the effect could be 
caused by an increase in the number of Mn" centers 
as well as an increase in the host-lattice coupling. 
This would give rise to a band whose width would 
increase or decrease with temperature. 

One would then expect in the case of the com- 
parable Ca,P,O,: Mn and Sr,P,O,: Mn phosphors that 
reduction should cause the appearance of a broad 
high-energy excitable band denoting that the effect 
of reduction was to increase the lattice-coupling of 
the MntP center with its lattice surrounding. Al- 
though the position of this broad absorption peak 
would not be expected to be exactly at the same en- 
ergy in Ca,P,O, or Sr,P,O,, it should be close if the 
broad absorption band did arise only from the Mnt2 
center, and not from the matrix, as in Cd,P,O,: Mn. 

Since it has been demonstrated that reduction does 
not result in broad absorption bands in these other 
phosphors, but only narrow bands directly attribut- 
able to Mn", one can conclude that absorption is a 
function of both Mn content and reduction, but only 
in the presence of cadmium. Thus, it is probable that 
absorption by the matrix is involved rather than 
absorption in the manganese centers alone, and that 
host-sensitization occurs (observations 1 and 2).  

One is then left with the conclusion that reduction 
affects both the matrix and the activator, Mnt2. The ' 
effect cannot be chemical in nature since only 
changes in optical spectra are observed and no chem- 
ical changes were noted in the materials so treated, 
as determined by x-ray and infrared analysis. 

Since reduction has an effect on the lattice as de- 
termined by absorption measurements, it is, perhaps, 
more logical to assume that the effect is electronic in 
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Table I l l .  Spectroscopic levels for various ions 

Atomic No. of State 
species Electrons Transition Ground Excited 

I11 23 3d6 t, 3d43d* 'Sap f, 'Gsp 
I11 46 4d'" 4dQ4d * 'Sh * *Dl 
I1 47 4d1° t, 4dZ05p* 2S~p t, I p s +  

IV 48 4dm5s" t, 4dI05s5p* 'So ++ 'PI 
I11 48 4d''5sS * 4d1'5s5p* 'So * 'PI 
I11 80 5d1°6sa t, 5d1'6s6p* 'SO * 'PI 
I1 80 5d1°6sa t, 5dL"6s6p* 'So f, 'PI 

Excited state. 

nature. Since host-sensitization requires transport of 
energy by other than movement of charge, a study of 
energy transport processes within the crystal is ap- 
plicable. 

The theory of impurity-sensitized luminescence 
as developed by Dexter (13), and independently by 
Botden (14), is applicable to the present case. Im- 
purity-sensitized luminescence refers to the lumi- 
nescence mechanism whereby energy is absorbed in 
one type of center (the sensitizer) and emission oc- 
curs in a different type of center (the activator). 
The mechanisms involved in the transport and trans- 
fer of excitation energy from the absorbing.to the 
emitting center are of particular concern. 

For the Cd,P,O,:Mn system, it is interesting to 
compare the electronic spectroscopic transitions 
which may be involved. These data are given in 
Table 111, taken from ref. (15). 

The last four species in Table I11 represent mer- 
cury-like ions which are known sensitizers as 
shown by Williams (16) and Seitz (17). In regard to 
the Cd I11 species, note that the transition to the ex- 
cited state is a spin forbidden transition much like 
that of the activator center (Mn 111). The electronic 
d'"s configuration of the cadmium I1 species is similar 
to that of known sensitizers and involves a spectro- 
scopically allowed transition. Thus, the effect of re- 
duction could be assigned to the localization of an 
electron in the vicinity of a Cd" atom to form the 
spectroscopic species, Cd 11: 

propagation of energy in both the oxidized and re- 
duced phosphors, the following mechanism is possi- 
ble as shown in Table IV. (The double-headed ar- 
rows denote the resonance exchange mechanism.) 

Theoretically, one would expect, for Cd", a very 
weak interaction only at nearest-neighbor sites be- 
tween cadmium and manganese atoms, and the cor- 
responding luminescent efficiency should be very low 
as is observed experimentally. In the reduced form, 
Cd+(II), the transitions are allowed (S+ P) ,  and 
therefore the response to excitation should be much 
higher. 

The formation of such a species is not entirely 
without basis since it is well known that x-ray ir- 
radiation of alkali halide crystals containing Ca", 
Sr", or Ba" distributed in the cationic sites will form 
so-called Z centers, which, according to Seitz ( la) ,  
involve electrons trapped by the alkaline-earth ions 
at the cationic sites. The spectral characteristics of 
these centers are comparable to the free Ca', Sr', or 
Ba' ions. Furthermore, Lushchik and Lushchik (19) 
have studied the absorption excitation and emission 
spectra of various homologous ions in alkali halides 
which included Cd'. 

The shift in absorption peak due to reduction is 
attributed to formation of the Cd'(I1) species, and 
the dependence of peak absorption energy on man- 
ganese content is attributed to formation of Cdt(II) - 
Mn" pairs. It is unfortunate that specific structure 
data are not available so that a more quantitative 
estimate could be obtained of the luminescent center. 

It is apparent that reduction has an effect on the 
energy gap of Cd2P20,, and a possible explanation 
would be the injection of carriers in the valence 
band with consequent effects on resistivities as well 
as excitation energies. Perhaps photoconductive or 
Hall-coefficient measurements might clarify this 
matter. 
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The Interface between Germanium and a 

Purified Neutral Electrolyte 
W. H. Brattain and P. J. Boddy 

Bell Telephone Laboratories, Murray Hill, New Jersey 

ABSTRACT 

Measurement of the differential capacity of the interface between germanium 
(100) and M/10 K,SO,, phosphate buffered to pH 7.4, yields data indicating that 
only the capacity of the semiconductor space charge region i.s observed. Anal- 
ysis of the data yields the simple relationship for distribution of potential 

where K is a constant for a given condition at the interface. Surface recombi- 
nation velocity is found to be close to zero. This, coupled with the absence 
of capacity additional to the space charge region, indicates the absence of 
fast surface states under these conditions. Measurement of the surface con- 
ductivity of germanium as a function of surface potential does not agree with 
theory but is reproducible. 

Measurements of the electrical properties of ger- 
manium surfaces in gaseous ambients have shown a 
marked dependence of these properties on the im- 
mediate history of the sample and the nature of the 
ambient. It is inferred that the variations are due 
either to trace impurities deposited on the surface 
during etching (1) or other cleaning and handling 
procedures, interaction with the ambient (2), or to 
physical defects in the surface (e.g., emerging dis- 
locations, steps, etc.) developed in different ways 
by different chemical environments. The variation in 
the observations precludes the interpretation that 
the properties are entirely those of the surface of a 
single crystal of germanium per se. 

The object of the present work was to seek rela- 
tionships between the chemical and electrical prop- 
erties of such surfaces. 

Recent investigations of the semiconductor solu- 
tion interface have yielded detailed information on 
the electrical properties of both zinc oxide (3) and 
silicon (4). To the present time, with the exception 
of the work of Bohnenkamp and Engell (5), the 
potentially fruitful area of the germanium-electro- 
lyte interface has been little studied from this point 
of view, although the basic electrochemistry of ger- 
manium is fairly well understood (6) .  

This paper describes some initial experiments on 
the electrical properties of germanium surfaces in 

contact with aqueous solutions. It has been found 
that in a properly purified solution of KCSO, a ger- 
manium surface can be obtained free of fast surface 
states, i.e., having no additional capacity over that 
of the space charge layer and no measurable decay 
of added carriers over and above body recombina- 
tion. 

Experimental 
General.-The experiments were conducted in a 

Pyrex glass cell (shown schematically in Fig. 1) 
consisting of two compartments separated by a salt 
bridge containing a porous plug. The larger com- 
partment contained the germanium electrode, which 
was connected to ground, and two large area plati- 

Fig. 1. Experimental arrangement: A, high impedance rnillivolb 
meter; B, calomel electrode; C, germanium electrode; D, high im. 
pedance current source; E, pulsed voltage source; F, preamplifier; 
G, oscilloscope; H, exponential generator; J, ammeter; K, switch. 
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num gauze electrodes connected to external circuits 
through 0.47 pfd capacitors. A calomel electrode was 
connected through a second salt bridge and the ger- 
manium electrode potential measured on a high 
impedance (2 x 10" ohm) millivoltmeter. Stirring 
was achieved either by rotating the germanium 
electrode, or by means of a magnetically operated, 
Teflon enclosed stirring bar in the solution. The 
other compartment contained a third large area 
platinum gauze electrode connected directly through 
a high-impedance current source to ground. The 
atmosphere above the solution was purified nitrogen 
or helium. Provision was made for illuminating the 
germanium electrodes through windows set into the 
bottom and side of the cell, but unless otherwise 
stated the experiments were carried out in the dark. 
The temperature throughout was close to 25°C. 

Electrodes.-Germanium electrodes were of two 
types. The simpler ones were either square (1-2.5 
cm on a side) or circular (1 cm diameter) in cross 
section and 1-2 cm thick. Electrical contact was 
made either by rhodium plating one face and hold- 
ing the electrode by vacuum onto a stainless steel 
chuck or by attaching a platinum wire with a solder 
containing indium. In the latter case the platinum 
wire was pulled through a glass tube until the back 
of the electrode was firmly against the end of the 
tube, which was then filled with paraffin wax which 
had been boiled for several days in 1M H,SO,, 1M 
KOH, and finally several changes of distilled water. 
The electrodes were not masked. To ensure a con- 
stant superficial area exposed to the solution for a 
given electrode in different experiments the follow- 
ing procedure was used. The adjustable electrode 
holder was lowered into the solution until contact 
was made, and by visual inspection the lower surface 
of the electrode was aligned with the solution sur- 
face. The electrode was then lowered an arbitrary 
0.19 cm further into the solution. 

The second type of electrode was more complex 
and requires special description. It takes the form 

Fig. 20. Germanium bridge. The scale is in centimeters 

Fig. 2b. Electrical schematic of germanium bridge 

of a bridge cut from a slice of single crystal ger- 
manium and is illustrated in Fig. 2a and shown 
schematically in Fig. 2b. The bridge had five con- 
tacts, the active arm being between 1 and 5. The 
other arms, which were much thicker, were not 
etched, their surfaces being left in a lapped or sand- 
blasted condition making them insensitive to am- 
bient changes. Contact to the bridge was by means of 
soldered platinum wires. During an experiment the 
thin portion of arm 1-5 was completely immersed, 
contacts 1 and 5, however, being kept out of the 
solution. The major advantage of the bridge is that 
it is internally temperature compensated provided 
there are no temperature differences in the bridge 
itself. 

The arms were designed so that if either d-c or a-c 
power was applied between 1 and 3 a detector would 
read null between 2 and some point (x) between 4 
and 5. This point was determined by adjustment of 
a calibrated 10,000 ohm Helipot connected between 
4 and 5. 

The condition for balance is 

where R,* is the resistance between contacts 1 and 2, 
etc. The added surface conductivity, AC, in the thin 
arm as defined by Brattain and Garrett (14) is 

where X,. is the fractional helipot reading for mini- 
mum conductivity, X is the fractional reading at a 
point where is to be evaluated, p, is hole mobility, 
p specific resistance, e electronic charge, G the Debye 
length, n, the concentration of holes and electrons in 
intrinsic germanium, w and t the width and thick- 
ness of the thin part of arm 15. Due correction was 
made for those parts of 15 out of the solution. Ap- 
propriate measurements gave two independent es- 
timates of the values of the resistances of each of the 
five arms, exclusive of contact resistance, which 
could also be evaluated. Since the dimensions of the 
arms were known, the specific resistance and its uni- 
formity throughout the bridge could be determined. 
Once the bridge had been measured, any changes in 
the dimensions of arm 15 due to etching could be 
simply determined from the change in balance point 
at the conductivity minimum. 

In the experiments contact 2 was at ground and so 
placed that R,, was equal to R, + Rs, + R , ,  so that 
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the midpoint of arm 15 had equal resistance to E 
-------r ----------a ground either way around the bridge. When capacity _._- 

,..* measurements were made on this arm, contacts 1 
I 

I 

and 5 were grounded to eliminate the potential drop ,/ I 
to ground through the other arms. ,I i 

Materials and purification.-The solutions were 
M/10 KSO. buffered to appropriate pH values. All 

t 
solutions were gettered by stirring with finely 

! 3 s  ;L- crushed germanium for several hours before use. k I 
" Y '. 

This was produced in situ by rapidly stirring a solu- 
tion containing a few small pieces of high-purity IVb 

A TIME d 

germanium with a magnetically operated, Teflon en- 
closed stirring bar. Over the course of several hours Fig. 3. Response of the interface to a short duration square 

collisions between the pieces produced a dense cloud pulse. 

of fine particles. In some cases the solutions were 
also pre-electrolyzed at a germanium cathode for 
up to 72 hr, but the data were identical in solutions 
which had been simply gettered. Generally, the ger- 
manium powder was left in the solution throughout 
the experiment. The solutions were made up either 
with de-ionized water or de-ionized water that had 
been distilled from permanganate solution. In both 
cases the data were identical, from which it may 
be concluded that the gettering process effectively 
removes any trace impurities originally present in 
the electrolyte or the D.I. water active with respect 
to a germanium surface. Analytical grade KSO, was 
used. In some experiments not described here, K 8 0 ,  
was recrystallized three times from distilled water 
and the buffer omitted. The data were exactly simi- 
lar in both sets of experiments. 

Nitrogen was passed over hot copper gauze. He- 
lium was passed through anhydrite, Hopcalite, soda- 
lime, active copper on kieselguhr at 200°C (E), char- 
coal at -196°K and through a fitted disk into dis- 
tilled water, the gas train being all glass. Identical 
results were obtained with either gas. The electrodes 
which were all oriented to the (100) face were 
etched in CP4 and rinsed in distilled water (or 
gettered D.I. water) before each experiment. In a 
few cases they were etched in M/10 potassium ferri- 
cyanide solution after the CP4. Anodic currents of 
100-200 pa/cma (n-type electrodes illuminated) 
were applied for around 5 min before data were 
taken. Ferricyanide appeared to produce a surface 
similar to that obtained after anodic etching whereas 
the CP4 surface (before anodic etching) was more 
variable with respect to the initial value of the sur- 
face potential and the behavior of the capacity. 

Measurements.-The capacity of the germanium 
electrode solution interface was measured by means 
of a current pulse technique. Short duration square 
current pulses (up to a maximum value of 100 pa 
and of 1 psec to 50 psec duration, but most frequently 
5 psec) were applied from a pulsed constant voltage 
source, through a 10' ohm resistance and 0.47 pfd 
capacity in series, to one of the platinum electrodes 
in the larger compartment. The change of potential 
between the bulk of the germanium electrode and 
the solution was detected at the other platinum elec- 
trode in this compartment, amplified, and presented 
on an oscilloscope. 

The form of the response, which was independent 
of the sign of the current pulse, is shown in Fig. 3. 

when the pulse was turned on there was an initial 
potential change V",(A to B) which was generally 
vertical at the highest trace speed of our oscilloscope 
(0.1 psec cm-'). The potential increased with time 
from B to C where-the pulse was turned off resulting 
in an instantaneous decrease (C to D) equal to V"r. 
The residual potential V'" at D decayed to the origi- 
nal potential in an. exponential manner. In a typical 
experiment V',, V", and the time constant ( 7 )  for 
decay of V', were measured, although in some cases 
only V', was measured. Care was taken to keep the 
differential pulse sufficiently small that the response 
was less than 25 mv. During an experiment the dif- 
ferential pulse was applied repetitively through the 
interface about 20 times per second, and the voltage 
response was continuously displayed. 

The photovoltaic response of the electrodes was 
measured with a 40 cps square wave tungsten fila- 
ment light source, the potential with respect to a 
platinum electrode in the solution being presented 
on an oscilloscope. The major point of interest here 
was to determine, as a function of doping, the elec- 
trode potential at which the "fast" response changed 
sign. 

Both the interfacial capacity and the photovoltaic 
response were measured as a function of electrode 
potential, the bias being applied through the plati- 
num electrode in the smaller compartment by means 
of a direct current source (D in Fig. 1). Two methods 
of varying the electrode potential were used. The 
first (method I) was simply to set a certain current, 
through the electrode, wait for the electrode poten- 
tial (Vr) to come to a steady value and then meas- 
ure it and the quantities V",, V', and 7. Alterna- 
tively (method IIa) by manipulation of switch S 
the desired current could be set through the 10K ohm 
auxiliary resistor and then switched into the system 
for a brief period of time (approximately 1 sec) 
during which instantaneous values of VE and Vu 
were measured. The currents were such as to make 
the germanium anodic and were sufficiently small 
not to upset significantly the hole electron equilib- 
rium in the electrodes. In an extension of the second 
method (method IIb) an additional current source, 
in parallel with D, was used to provide a continuous 
current (germanium anodic) superimposed on which 
was the manually pulsed current from D which could 
now be of either sign, but not sufficiently great in 
the negative sense to reverse the sign of the net cur- 
rent. 
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R P 

Fig. 4. Equivalent circuit of the interface 

0.1 
-0.1 -0.2 -a3 -0.4 -0.5 -0.6 

ELECTRODE WTENTIAL VS. S.C.E. IN VOLTS 

M 
Fig. 5. Tafel curve for 1.1 cma germanium electrode in - KdOa, 

10 
phosphate buffered to pH 7.4. 

Experimental Results 
The response shown in Fig. 3 does not uniquely 

determine an equivalent circuit. It  does, however, 
suggest a simple combination of resistance and ca- 
pacity such as shown in Fig. 4, which is basically 
similar to a previously proposed model ( 5 )  with the 
addition of R',. Assuming any model, one can, from 
pulse data, calculate a differential resistance. If the 
method and analysis are valid, this differential re- 
sistance should agree with the differential resistance 
determined from the current-voltage curve taken at 

10.1 I I I I I I 
-0.4 -0.2 -0.3 -0.4 -0.5 -0.6 -0.7 

ELECTRODE POTENTIAL W. 3.C.E. IN VOLTS 

Fig. 6. Differential resistance vs. electrode potential, derived 
from Fig. 5 (a) and from pulse data (0). 

zero frequency. The d-c data are shown in Fig. 5,  and 
in Fig. 6 is shown the comparison of differential re- 
sistance determined graphically from Fig. 5 and 
from the pulse data in Table I. The agreement is ex- 
cellent except a t  the more negative potentials. This 
deviation is due to the fact that in order to measure 
the differential resistance correctly here by the pulse 
method the low-frequency response of our measur- 
ing system should be good down to 0.2 sec or 
better, whereas it actually falls off at about 0.05 sec. 
The agreement is independent of the equivalent 
circuit chosen provided only that the circuit is con- 
sistent with the response shown in Fig. 3 and that 
it has a continuous resistive path from one terminal 
to the other. 

It has been found in this case and in previous 
work ( 7 )  that at moderate current densities in the 
anodic direction the Tafel relation between d-c cur- 
rent and voltage is obeyed, subject to correction for a 
constant series resistance R, (due to the germanium, 

Table I. Analysis of a 25.5 ohm-cm p-type germanium electrode in terms of the equivalent circuit of Fig. 4 

vs volts 
vs. S.C.E. R., ohms R,, ohms 

Rn t R.. 
ohms 

AVdAJ,  
ohms 

167 
285 
440 
670 

1,600 
3,600 
6,700 

18,000 
46,000 
97,000 

260,000 
360,000 
440,000 

C lO-s, 
farads 
-- 

11.5 
8.3 
6.5 
5.4 
4.2 
3.65 
3.45 
3.3 
3.7 
4.9 

10.0 
14.5 
20.0 

R*s, 
ohms 

125 
125 
137 
150 
173 
182 
177 
168 
168 
150 
114 
98 
80 

R... 
ohms 

36 
100 
224 
500 

1,570 
2,720 
6,520 

18,800 
37,000 
55,000 
72,000 
59,000 
41,000 

C. 10-8. 
farads 
- 

42 
18 
10.4 
7.1 
4.6 
3.9 
3.5 
3.3 
3.7 
4.9 

10.0 
14.5 
20.0 
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electrolyte, and leads) and provided the data are 
taken under conditions where the electron or hole 
concentration does not depart essentially from the 
equilibrium value. The departure of the current volt- 
age curve in this region (as shown in Fig. 5) serves 
to determine R,. This series resistance is found to be 
about one-half of the resistance necessary to explain 
the initial rise in VWu in Fig. 3. This is the reason 
for including the resistance R', in Fig. 4. It should be 
emphasized that over most of the range of interest 
R, and R', are small compared with R,, and the exlct 
values used from R, equal to zero to R'. equal to 
zero (their sum being known from V",) have very 
little effect on the calculated values of C and R,. As- 
suming the circuit in Fig. 4, the following relations 
may be obtained 

v',, = C-'i t ( l  + R',/R,)' [41 
and 

= R,(1 + R1./R,)"i t(VuY-' [51 
whence 

R',/R. = t(V"u - R, i) (VXT).' [GI 
where i is the magnitude of the current pulse, t is 
the pulse duration, and T is the decay constant for 
the voltage after the pulse is turned off. In these 
equations it has been assumed that t / ~  is very small 
so that exp (- t /~)  is equal to (1 - t / ~ ) .  For cases 
where this is not so, the appropriate correction has 
been made. 

Typical data taken on a p-type electrode are 
shown in Table I. The magnitude of the current pulse 
was 0.1 ma and its duration was 5 psec. R, was taken 
as 80 ohms from Fig. 5. The starred values R,*, R,*, 
and C,* are the results one would obtain if one as- 
sumed R', to be equal to zero, assuming V u  and not 
Fig. 5 gives the correct value for R,. The correct cir- 
cuit is between these limits with the one for R, = 80 
ohms being the more likely. It is to be noted that for 
Vs more anodic than -0.300~ the capacity values 
are considerably different in the two cases. In meth- 
ods IIa and IIb, where we did not have time to take 
all the data shown in this table, we could not correct 
V', for t / ~  being too large, and we could only calcu- 
late C on'the basis of R', = 0. These two errors for 
very anodic potentials tend to compensate each 
other. For less anodic potentials it matters little 
which equivalent circuit one chooses. 

Charge may be distributed over three distinct 
regions of the interface, the space charge layer in 
the germanium and its associated surface states 
(Cso + Css), the Helmholtz region encompassing the 
geometrical interface, and the space charge (Gouy 
layer) in the solution. At the electrolyte concentra- 
tions used in this work the Gouy layer was essen- 
tially nonexistent, and all excess charge on the solu- 
tion side of the interface can be considered to be in 
the Helmholtz layer. Typical values for the capacity 
of the Helmholtz layer (CH) at a metal electrode 
(ca. 20 afd/cmX) are two to three orders of magni- 
tude greater than calculated values for the minimum 
space charge capacitance in the semiconductor, so 
that since these capacities are in series the ob- 
served capacity at the interface is (Cs, + Css)CH 

(Cso + Csa + CH)d and since CH > 100 CSc the ob- 
served capacity should be Cso to within about 1% in 
the absence of fast surface states. R', and R, are the 
resistances to the flow of capacitative or faradaic 
current, respectively, from the bulk of the electrode 
to the bulk of the solution. 

Figure 7 shows a typical curve of capacity us. 
steady-state electrode potential at pH 7.4 measured 
on a simple electrode. An investigation of these 
curves as a function of pH indicated that over the 
range pH 5-12 they were similar in shape, but dis- 
placed along the electrode potential axis by an 
amount depending on the change in pH. Beyond pH 
5 and 12, the curves changed shape and the minimum 
value increased by about a factor of 2. These data 
will be dealt with in detail a t  a later date. All the 
data contained in this paper were obtained at pH 7.4. 

Figure 7 is in general agreement with Bohnenkamp 
and Engell (5) that a considerable part of the poten- 
tial change occurs across the space charge region. 
Their data were taken at pH 0 and 14 and the mini- 
mum capacities were about a factor of 2 larger than 
we find at pH 7.4, but in agreement with our values 
at extremes of pH. It  is of particular interest that our 
minimum capacity agrees closely with the theoreti- 
cal value if the experimentally measured roughness 
factor of 1.3 is assumed (9).  

Similar data taken instantaneously on the appli- 
cation of a current through the interface, method 
IIa.as described previously, are shown in Fig. 8. Fur- 
ther data taken by method IIb are also shown in 
Fig. 8. 

ELECTRODE WTENTIAL IN VOLTS VS CAWMEL 

Fig. 7. Capacity vs. electrode potential (method I )  for a 42.2 
ohm-cm n-type germanium electrode. 

17.5 
X 10-0 

STEADY CURRENT 

0 1 1 1 1 1 1 1 1 1 1  
-0.25 -0.3 -035 -0.4 -0.45 -0.5 -055 -0.8 -0.65 -0.7 

ELECTRODE POTENTIAL VS. IN CALOMEL IN VOLTS 

Fig. 8. Capacity vs. electrode potential (methods Ila and Ilb) 
for a 25.5 ohm-cm p-type germanium electrode. 
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Additional experiments were conducted with the 
bridge electrodes. The capacity of the interface was 
measured exactly as for the simple electrodes, and 
good agreement was found for similarly doped ma- 
terial. The apparent variation in conductivity of the 
thin arm of the bridge was measured (Eq. 121) as 
a function of electrode potential varied by method 
IIa. 

The decay of photoconductivity in the thin arm 
was determined in two ways. The decay was com- 
pared directly with the signal from an exponential 
generator while the electrode potential was changed 
by method I. Method I1 does not allow sufficient time 
to adjust the exponential generator to an accurate 
reading so the procedure adopted in this case was to 
measure the increase in conductivity due to the 40 
:ps square light pulse, directed onto the thin arm 
mly, the duration of which was long compared with 
the photoconductivity lifetime. Once the conduc- 
tivity increase (observed as a square voltage re- 
sponse on the oscilloscope) was calibrated against 
the photoconductivity lifetime at one point (con- 
veniently zero current density across the interface), 
the latter could be derived from the former by sim- 
ple proportionality, the longer the lifetime the larger 
:he photoconductive response. The results by either 
nethod yield the same result, namely, that over the 
accessible range of electrode potential the lifetime 
gas essentially constant and equal to the body life- 
;ime of the electrode material, e.g.. for the p-type 
,ridge 640 240 psec. 

Discussion 
Dewald (6 )  has discussed the distribution of po- 

:ential and charge at the semiconductor-aqueous so- 
.ution interface and has pointed out that when the 
;elution is sufficiently concentrated the Gouy layer 
s suppressed, and in the absence of a considerable 
lumber of surface states near the semiconductor 
?ermi level or changes in surface dipole almost all of 
tny potential change at the interface occurs across 
.he space charge region in the semiconductor. Hence, 
n the absence of these effects, or of concentration 
lolarization in the solution, changes in electrode 
~otential should correspond to changes in the ger- 
nanium surface ~otential.  

It is anticipated that the observed capacity is due 
.o the space charge layer plus surface states suffi- 
:iently fast to respond to the differential current 
nlse (3). If the assumption is made that the measured 
:apacity is solely that of the space charge layer, then 
;he surface potential (+.) may be deduced by com- 
laring the experimental capacity values (divided by 
;he roughness factor) with the theoretical curve 
:alculated from (10) 

Csc = dQ,/d+, = A(dF/dY)dY/d$, 171 

  here QYC is the charge in the space charge layer, A 
s the electrode-solution interfacial area, and 

P =  +[k(e-'- - 1) +A"(eY- 1) + (A-A-')Y]'" [8] 

where A = p / n , ,  p is hole concentration, and Y = e+./ 
cT, +. being the electrostatic potential (in volts) 
tcross the soace charge region. The assumption is 

does not depart appreciably from equilibrium under 
the conditions of our experiments. 

Theory indicates that for the same steady-state 
conditions in identical solutions, the surface poten- 
tial will vary with the doping of the electrode by an 
amount kT/e In A compared with intrinsic (6 , l l ) .  
If the capacity we observe is that of the space charge 
layer and there are no potential changes in the sys- 
tem except across the space charge layer, then for 
all electrodes the plots of JI, - kT/e In A vs. electrode 
potential should coincide and should be straight lines 
with a slope of unity. The data for variously doped 
electrodes is shown in Fig. 9. It is seen that only the 
first requirement is satisfied. There are two possible 
explanations for this behavior. Either the capacity 
values and, hence, the values of JI. are incorrect due 
to the existence of a sufficient number of fast sur- 
face states within the experimental range of 
+, - kT/e In A or there is a potential change in some 
other region of the interface. 

In taking the above data it was observed that the 
behavior of the electrode potential, particularly at 
low current densities, was dependent on the im- 
mediately previous condition of the electrode, i.e., 
was a particular current density established from a 
higher or lower value, the data in Fig. 9 being the 
final steady-state values. An analysis of the data 
taken by method IIa, in which the long time effects 
are disregarded, is shown in Fig. 10. In this case, 
over a range of potential, the electrodes behave in 
an ideal fashion and obey the simple relation 

.0.201 I 
- 0 2 ~  -aaoo -0.400 -0.500 -0.600 -0700 

ELECTRODE POTENTIAL IN VOLTS VS CALOMEL 

kT 
Fig. 9. ($, - - In h) vs. electrode potential (method I) for 

e 
various electrodes. 

p-TYPE 
(I-TYPE 
,,-TYPE 
p-TYPE 

-a15 1 I 
-0,350 -0.450 -0.550 - 0 6 5 0  - 0 7 5 0  -a850 

ELECTRODE POTENTIAL IN MLTS VS. CALOMEL 

kT 
Fig. 10. ($, - - In h) vs. electrode potential (method Ila) for 

nade in the h o v e  form of F that the carrier density various electrodes. - 
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0.25 
STElOY CURRENT 

a,, . W ) U / C M ~  / P *  1 

0 -0.4 -0.5 -0.6 -0.7 -0.8 

ELECTRODE POTENTIAL IN WLTS VS CALOMEL 

Fig. 11. $, vs. electrode potential (method Ilb) for a 22 ohm-cm 

n-type germanium electrode. 

kT 
JI. = - In A = V, + constant [91 

e 

which has been predicted ( 6 , l l ) .  In Fig. 10 the 
points at the most negative potentials represent zero 
net current, while less negative potentials represent 
increasingly anodic ' polarization. Data taken by 
method IIb throw light on the reason for the depar- 
ture from Eq. 191 at higher anodic current densities. 
It can be clearly observed from Fig. 11 that the con- 
stant in Eq. [9] varies with current density up to 
about 10 aa/cm: but at a sufficiently slow rate that 
for not too large changes in current it remains es- 
sentially constant during the time that the electrode 
potential and V',, i.e., capacity, are read. The dis- 
position of these lines is independent of the stirring 
rate, indicating that the potential shift is not due to 
concentration polarization in the solution. Concen- 
tration polarization may, however, be observed in 
unbuffered solutions of the same pH as shown in 
Fig. 12, where the capacity-electrode potential 
curves exhibit a similar shift over the range of cur- 
rent density from zero to approximately 10 aa/cma 
and then, unlike the situation in Fig. 8, undergo a 
further shift at higher current densities. 

The only remaining region where the potential 
shift may occur in buffered solutions is the Helm- 
holtz layer. The potential may change appreciably in 
this region due either to a change in the adsorbed di- 
poles or to a change in the occupation of slow surface 
states. (The surface states must necessarily be slow 
since they do not respond to the capacity measure- 
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Fig. 12. Capacity vs. electrode potential (method IIa) for a 
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25.5 ohm-cm p-type germanium electrode in unbuffered - KdO,. 
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e 

type electrode (0) and a 42.2 ohm-cm n-type electrode (0) .  

ments.) The present data are not sufficient to distin- 
guish between these two possibilities. Figure 13 
shows. an analysis of some data taken by method I 
at low current densities. The surface potentials have 
been computed from the capacity and hence, know- 
ing the surface potential, it is possible to deduce how 
changes in the electrode potential due to small 
anodic current are distributed between the space 
charge and Helmholtz layers. The space charge po- 
tential is known absolutely, while only changes in 
Helmholtz potential from the zero current value are 
obtained. The curves for n- and p-type electrodes 
show a sharp step in the Helmholtz potential over a 
fairly narrow range of surface potential. The value 
of ($, - kT/e In h )  at  which this potential change 
occurs is approximately the same for both n- and 
p-type electrodes which would be expected for a 
surface state localized in energy. Unfortunately, 
equal values of (9, - kT/e In A )  represent also equal 
current densities across the interface, and the results 
do not clearly distinguish between a purely electrical 
effect dependent on surface potential and a chemical 
effect dependent on current density. Slow surface 
states, however, are usually considered to be asso- 
ciated with thick oxide films and disappear when 
such films are reduced in thickness (12). Under the 
conditions of our experiments, thick films are un- 
likely to be present (13). For this reason, it would 
seem more likely that we are observing a change in 
surface dipole due to adsorbed molecules or ions 
oriented at the surface. The structure of the ad- 
sorbed layer could be strongly affected by anodic 
current since this actually removes the surface atoms 
of the electrode. The various lines in Fig. 11 might 
then represent a steady state attained between the 
formation of an oriented adsorbed layer, probably of 
water molecules, and its disruption by anodic etch- 
ing. 

The constancy of the decay lifetime for excess 
carriers deduced from the bridge electrode and its 
close correspondence with the body lifetime indi- 
cates the absence of surface recombination centers 
over the investigated range of surface potential (ap- 
proximately 0 . 2 ~  on each side of the center of the 
gap). 

Additional information is provided by fast photo- 
voltaic response. In the absence of fast surface states, 
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this quantity should change sign at flat band ( lo) ,  
i.e., JI. = 0. Experimentally, the range is +0.03 to 
-0.02~ for the variously doped electrodes. 

It may be concluded on the above evidence of the 
distribution of charge and potential and kinetic re- 
combination effects that a germanium surface 
which has been recently anodically etched in nearly 
neutral solution is free from measurable densities of 
fast surface states. It  should be emphasized here that 
this conclusion only applies to the case of the puri- 
fied electrolyte. A similar conclusion with regard to 
the absence of fast states has recently been reached 
in the case of the zinc oxide electrode (3). 

An attempt was made to calculate $, from the 
bridge conductivity data. Here two questions arise. 
First, do the values of JI, calculated from the capacity 
changes in the thin arm of the bridge agree with re- 
sults for the simple electrodes. These results are 
compared in Fig. 14. The agreement is reasonably 
good, considering that in the case of the bridge there 
is necessarily a distribution of potential along the 
thin arm and both the potential V, and the capacity 
are some kind of average over this arm. The second 
question, how do the values of JI, calculated from 
conductivity agree with the capacity data, is illus- 
trated in Fig. 15. Over a range of potential the agree- 
ment is fairly good, but at higher anodic potentials 

.CONVENTIONAL ELECTROOE 

o O X  BRIDGE ELECTRODE BOTH 
zs.sn-CM VTYPE 

-021 I 
-0.100 - 0 1 0 0  - 0 . M O  -0.700 - 0 9 W  

ELECTRODE POTENTIAL IN VOLTS VS CALOWEL 

Fig. 14. $, vs. electrode potential (method Ila) for a simple 
electrode (e), and a bridge (0.x) both 25.5 ohm-cm p-type. 

I 25.5 OHM-CM 
P-TYPE BRIDGE 

Fig. 15. J.. calculated from capacity ( 0 . W )  and from conduc- 
tivity change (o,.) vs. electrode potential (method Ila) for a 25.5 
ohm-cm p-type bridge. 

the two methods do not agree. The lack of success 
encountered in this attempt may be ascribed to two 
potential sources of error. There is a possibility of 
conduction through the solution by virtue of the fact 
that a potential difference must be applied across the 
electrode to measure the conductivity. In most cases 
this potential was quite small, about 10 mv between 
the ends of an arm 2 cm long, and the frequency of 
the applied signal kept low (17 cps) to reduce ca- 
pacitative coupling through the solution. It is felt, 
however, that the major discrepancy arises from 
another source which is the fact that, due to the 
geometry of the bridge, at any interfacial current 
there will be a distribution of potential along the 
thin arm because of current flow along its length. 
Calculations indicate that a t  our maximum over- 
voltage of about 0.450~ there is a potential differ- 
ence between the ends and center of the thin arm of 
some 0.045v, becoming rapidly less at lower current 
densities. In this event there will be a fairly compli- 
cated averaging of surface conductivity along the 
length of the arm which could give deviations in the 
direction observed. 

Although the conductivity experiment does not 
exhibit ideal behavior, the observed conductivities 
are a constant function of potential. This may be in- 
ferred from Fig. 16, where the bridge balance read- 
ing, being proportional to conductivity (see Eq. 121 ), 
is plotted as a function of the electrode potential. 
These experiments were carried out over an ex- 
tended period of time in solutions of pH 7.4, and in- 
clude a correction for the reduction in thickness of 
the active arm each time it is etched, deduced from 
the balance reading for minimum conductivity. In- 
sofar as capacity measurements carried out a t  the 
same time indicate a constant relationship between 
V, and ($, - k T / e  In A) ,  the Vn axis could be re- 
placed by suitably normalized values of ($. - kT/e  

-02 - 0 3  -M -0.5 - 0 6  -0.7 - 0 8  - 0 9  -1.0 
ELECTRODE POTENTIAL IN VOLTS VS CAWMEL 

Fig. 16. Balance point (arbitrary units) of 12.5 ohm-cm n-type 
bridge vs. electrode potential (method Ila). The various symbols 
represent experiments carried out at different times. The thickness 
of the active arnl is different in each case due to etching. 
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In A), and conductivity measurements could be used 
to deduce this quantity from Fig. 16. 

Conclusion 

The capacity of the interface between a germa- 
nium single crystal electrode and an aqueous solution 
of &SO, buffered to pH 7.4 when measured by a 
high-frequency pulse method is explicable solely in 
terms of the space charge capacity in the electrode 
and reveals no fast surface states (less than ca. 10U.6 
~ m - ~ )  within 2 8  kT/e measured from mid-gap. The 
conclusion of no fast surface states is supported by 
the absence of significant surface recombination 
phenomena. The distribution of potential across the 
interface in response to anodic bias is expressed by 

where the quantity K is arbitrary and depends on 
steady-state current density up to 10 pa cm-', but 
otherwise at a given pH and for a given reference 
electrode is a constant. 

Surface conductivity data yield incorrect values 
of the surface potential except at small polarizing 
currents, but are quite reproducible and could be 
used to predict surface potential if properly cali- 
brated in terms of the capacity. It is the authors' 
conviction that values of surface potential deduced 
from the capacity are most likely the correct ones. 

In other words, it is possible under these condi- 
tions to obtain an almost "perfect" germanium sur- 
face, i.e., no fast states. 
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Investigation of Some Uncommon Surface 

Treatments on Germanium 

W. A. Albers, Jr.* and A. M. Rickel 

Research Laboratories Division, The Bend& Corporation, Southfield (Detroit), Michigan 

ABSTRACT 

Several surface treatments have been applied to germanium and character- 
ized with respect to the surface energy level configuration and the sensitivity 
to variations in ambient atmosphere. The characterization was accomplished by 
making simultaneous measurements of the a-c field-effect conductivity change 
and the surface recombination velocity, both as functions of surface potential. 
Experimental results suggest certain relationships between etched germanium 
surface properties and those properties resulting from a subsequent surface 
treatment, which may be exploited to yield a surface condition that is relatively 
passive to ambient atmosphere variations. 

Attempts to stabilize and/or passivate semicon- 
ductor surfaces for the purpose of improving manu- 
factured semiconductor device uniformity and re- 
liability often involve a sequence of several distinct 
operations. It is well known that each step of such a 
sequence can contribute to the ultimate electrical 
properties of the resultant surface. It  is not generally 
understood, however, just how these steps contrib- 

*Present address: General Motors Research Laboratories, Warren, 
Michigan. 

ute, in a quantitative sense, to the resultant surface 
properties. The purpose of this paper is to report 
some preliminary studies of the effect of two succes- 
sive surface operations on the electrical properties of 
the semiconductor surface. The two steps chosen for 
investigation are (i) an etching operation and (ii) 
a surface treatment applied to the etched surface. 
The surface treatments investigated are "uncom- 
mon" in the sense that they have not been reported 
extensively in the literature. 
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The results of the measurements to be reported 
suggest a method of characterization of a given sur- 
face condition that affords a first-order approach to 
the "engineering" of surfaces into devices. The ex- 
perimental data also yield some information about 
the interaction of the two operations on the surface 
that suggests possible approaches for obtaining rela- 
tively high degrees of surface passivation. Both of 
these aspects of the experimental results are dis- 
cussed in some detail. 

Experimental Approach 
Rectangular sample with their large-area surfaces 

oriented in either the (100) or the (111) crystallo- 
graphic planes were cut from 35 ohm-cm n-type 
single crystals of germanium. The rectangles were 
subsequently lapped to a thickness of 10.5 to 11.5 
mils and then etched to a final thickness of 5.0 & 0.1 
mils in either CP4A or a 1: 1: 1 ratio of HsO,, HF, and 
H,O.' A specific sample was then subjected to one of 
several surface treatments, the nature of which will 
be detailed later. Finally leads were attached: and 
the sample was placed in the experimental ap- 
paratus. 

The method employed for the characterization of 
a given surface treatment was to observe, simultane- 
ously, the large-signal a-c field effect and the sur- 
face recombination velocity (s.r.v.) as a function of 
surface potential in various ambient atmospheres. 
The data were then analyzed in the manner em- 
ployed by Many et al. (1) to obtain surface trap 
densities and energies. In addition, the sensitivity of 
the electrical properties of the experimental sample 
to changes in the ambient atmosphere was also 
monitored. The surface treatment data were then 
compared to similar data obtained on the etched, un- 
treated surfaces previously described, which were 
employed as controls. 

The apparatus for mounting the samples in order 
to accommodate the simultaneous measurement of 

1The CP4A etch consists of a 5:3:3 ratio of nitric, hydrofluoric, 
and glacial acetic acids. The chemicals employed were all reagent 
grade or better the HNOs was 70% by weight the HF 48% by 
weight. and thd Hz02 (unstabilized) 30% by weight. The HIO was 
distilled and deionized. 

2 In order to avoid contaminating the previously prepared surface. 
the samples were made much longer than the active surface region 
under investigation; the attachment of leads was thus accomplished 
at a distance somewhat removed from the surface area of interest. 

SPRlNG 
LOADED 

t 

lLLUllYITlOl 

Fig. 1. Detail of sample mounting for field effect and photocon- 
ductivity measurements: A, brass field effect electrode; B, mica 
spacers; C, germanium sample; D, germanium filter and field effect 
electrode; E, quartz microscope slide mount for germanium filter; 
F, wall of enclosing box. 

the field-effect conductivity and the s.r.v. is drawn 
schematically in Fig. 1. The experimental technique 
is similar to those employed by Wang and Wallis (2), 
Bath and Cutler ( 3 ) ,  and Rzhanov et al. (4), with 
some modification. The above authors all performed 
simultaneous measurements of the field-effect con- 
ductivity and the conductivity change on illumina- 
tion. The photoconductivity was then related to the 
s.r.v. through suitable theoretical expresssions [see, 
for example, ref. (3)]. These workers used, for the 
most part, nonpenetrating illumination and, in some 
cases, field-effect electrodes were coupled to only 
one of the two large area surfaces of their experi- 
mental samples. The apparatus in Fig. 1 employs a 
germanium filter D which is thick compared to the 
sample thickness. The radiation that reaches the 
sample C is thus penetrating. If the filter is suffi- 
ciently thicker than the sample, the generated car- 
rier density due to illumination is nearly constant 
throughout the volume of the illuminated portion of 
the sample. The germanium filter also serves as one 
of the two field-effect electrodes, the other being an 
ordinary brass plate A. The experimental specimen is 
sandwiched between these two electrodes and in- 
sulated from them by the mica spacers B. The ger- 
manium filter thus serves both as a field-effect probe 
and as a means of obtaining a low-level; uniform 
generation of carriers in the specimen. 

The circuitry for the field-effect observations was 
patterned after that of Low (5). A 200-v peak, 70 
cps, alternating voltage was applied to the field effect 
probes, and the resulting change of sample conduc- 
tivity us. induced surface charge was displayed on an 
oscilloscope. An ordinary tungsten filament pro- 
jector lamp was used as a source of illumination. The 
light was chopped at a rate of 120 cps so that, upon 
illumination, the photoconductivity pulse appeared 
superimposed on the ordinary field-effect curve. 
Since the chopping rate was out of sync with the 
field-effect voltage, the photoconductivity pulse ran 
back and forth on the field-effect pattern on the 
oscilloscope. By employing a high persistency phos- 
phor, a double field-effect trace is obtained, the ver- 
tical separation being proportional to the photocon- 
ductivity voltage.' The necessity of calibrating the 
intensity of illumination is eliminated by obtaining a 
value of the s.r.v. by the photoconductivity decay 
method at the equilibrium surface potential (the 
value of the surface potential for zero induced sur- 
face charge). This value of the s.r.v. serves to cali- 
brate the photoconductivity voltages obtained with 
the field effect. 

The type of data that results from the methods of 
observation described above is presented in Fig. 2 
and 3 for some typical surface treatments" (the sur- 
face treatments will be referred to only by abbrevi- 
ated names in the text; the physical and chemical 
details are presented in an Appendix). In Fig. 2 is 
plotted the charge in "fast" surface states, Q,., as a 

8 The low generation level is a necessary condition for the appli- 
cability of the expressions relating s.r.v. and photoconductance (3) .  

6 Photographs of oscilloscope traces like those discussed have been 
published by Rzhanov ( 4 ) .  

5 For the purposes of this paper a "surface treatment" is deAned 
as an operation on the surface wkch does not involve the removal 
of germanium material, as opposed to an "etch;' which does involve 
the removal of material. 
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Fig. 2. Charge in fast surface states, Q,., a s  a function of surface 
potential, u., in units of kT/q for several surface treatments on an 
H2O2:HF:HSO etched surface. Solid curves represent best theoretical 
fit for the control surface and the silica treatment. 

Fig. 3. Normalized surface recombination velocity, s/s,.,, as a 
function of surface potential, u., in units of kT/q for the same 
samples as  Fig. 2. Solid curves represent the best theoretical fit 
to the experimental points. 

function of surface potential, u., in units of kT/q." 
The corresponding curves of the normalized s.r.v., 
s/s,.. US. U, are plotted in Fig. 3. The points represent 
data obtained experimentally while the solid curves 
are the theoretical curves which are the best fit with 
the experimental points. The result is that the den- 
sities and energies of the fast surface states can be 
deduced, thus partially characterizing each surface 
treatment. 

The data of Fig. 2 and 3 were all obtained in a dry 
OP ambient atmosphere, after sufficient time was al- 
lowed for the sample surface to come to equilibrium 
with this atmosphere. The reason for choosing a ref- 
erence atmosphere is due to the fact that the fast 
surface state configuration changes with varying 
ambient atmosphere. This effect is illustrated in Fig. 
4. The data presented here are the result of varying 
the ambient atmosphere about. a typical H1O,: HF: 
&O-etched surface. 

It  will be noted that there is an appreciable vari- 
ation in some of the recombination trap parameters. 

s The quantity u. is deflned as 
so. 

u, = - 
kT 

where @ is the surface potential The symbols employed for all 
other qukti t ies  throughout this piper follow those of ref. (1). 

Fig. 4. Effect of varying ambient atmosphere on the surface 
state parameters. H,0.:HF:H20 etched surface in a (1M)) plane 
of 35 ohm-cm n-type germanium. 

The values of c,/c,, the ratio of hole-to-electron cap- 
ture probabilities (which is proportional to 1 n (u.), 
u. being the value of u, about which the s.r.v. curves 
are symmetrical), and the state density, N,, appear 
to vary considerably. On the other hand, the energy 
of the state (as measured from the center of the en- 
ergy gap E,) and the maximum value of the s.r.v., 
do not exhibit such drastic changes. This behavior is 
typical of most of the surfaces that we have investi- 
gated. It was found that a dry oxygen atmosphere 
yielded the most reproducible results, and thus, this 
atmosphere was chosen for the standard. 

It follows that the variation of the surface prop- 
erties with ambient atmosphere changes should be 
an essential part of characterizing any surface con- 
dition. We chose to do this by noting the value of the 
equilibrium surface potential in the field effect for 
two ambients, namely dry 0, and wet O,.' The differ- 
ence in surface potential, bu,, and the mid-point of 
the range of AU, were thus obtained for these two 
ambients, the values of which are indicative of the 
sensitivity of the surface to ambient atmosphere 
changes. These data, along with data concerning sur- 
face state densities and energies are taken as a char- 
acterization of a given surface treatment. The data 
obtained on a total of 43 samples are summarized in 
the following section. 

Results and Discussion 

Some representative results, on (100) surfaces, are 
summarized in Table I. All of the data were obtained 
in a dry oxygen atmosphere at 295°K. Similar data 
were obtained on (111) surfaces, and, within ex- 
perimental error, the data were substantially the 
same as those presented in Table I for the (100) 
surface. Although a total of 43 samples were investi- 

7 Dry 0 2  in our case, was obtained by passing ordinary low dew- 
point combressed cylinder oxygen through a Drierite column. Wet 
On was obtained by bubbling dry O1 through distilled, deionized 
water and filtering through Pyrex wool. The sample conductivity 
would stabilize typically, about 3 min after admission of wet On. 
Although there'was a slow. long term drift evident for several hours 
in either ambient atmosphere the measurements were performed in 
a time interval sufficiently small that this drift was insignificant. 
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Table I. Summary of experimenmlly d m m i n e d  r k e  energy knl p m m c k n  mnd mlitivih 
to mmbient ornaphere vario1i.n~ b r  uwnl surhc. t n o h m h  

- . - - -. - - . . 
DW 0. .tmosphcrr . Surisce. I n  1100) pknc T = 2SS.K 

1.1 ".O.:HF:H.O etch 

.- 
Reeombtrutlon Irvels Tr.~r.l"a # ~ e l .  

gated, the data for each surface condition in Table I 
represent results typical of, at most, three samples 
per surface treatment. In several cases, only two 
samples per surface treatment were prepared. Con- 
sequently, the results may be interpreted only in 
terms of trends, since the statistical sample sizes for 
each surface treatment were too small to establish 
any degree of confidence. 

The data in Table I are organized into three pri- 
mary groups. The first of these includes the param- 
eters associated with energy levels which are active 
in recombination. The second group lists parameters 
of energy levels which are not active in recombina- 
tion, referred to as trapping levels. The third group 
of data constitutes a measure of the sensitivity of a 
given surface condition to a variation of the ambient 
atmosphere. This appears in the column headed 
"Au," in Table I. The quantity A u . ,  the total swing 
in surface potential, in units of kT/q, in going from 
a dry O2 to a wet 0, atmosphere, is listed along with 
the value of u ,  at the midpoint of this swing. The 
midpoint values are the quantities in parentheses. 

The data for each set of levels are broken up into 
several columns according to the following param- 
eters: the value of the surface potential u,, about 
which the s.r.v. curves are symmetrical, the ratio of 
the capture cross sections for holes and electrons 
c,./c,, the energy of the level E, - E, in units of kT, 
the density of the level N,, the maximum surface re- 
combination velocity s,,,,,,, the capture cross section 
for holes c,, and the capture cross section for elec- 
trons c.. The subscript numerals refer to two sepa- 
rate recombination levels while the superscript 
primes represent different trapping levels. In many 
cases, only estimates of some of these parameters are 
available due to the fact that the applied electric 
field could not induce sufficiently large swings in 
surface potential. Where such estimates were made 
are evident in Table I as represented by appropriate 
symbols. 

The main results suggested by the data are the 
following: 

( A )  The only significant difference between the 
two etched surfaces (controls in Table I) appears 
in the values of s,:,. and c,. The energy and density 
of the recombination levels are comparable. 

(B)The surface energy levels can be grouped as 
follows: ( a )  a recombination level between about 
3.0 and 6.0 units of kT above the center of the gap; 
( b )  a recombination level between about 1.0 and 1.5 
units of kT above the gap center; (c) a trapping 
level about 1.0 to 1.5 units of kT below the center; 
(d )  a trapping level at an energy somewhat greater 
than 7.0 units of kT above the gap center; (e) a trap- 
ping level at an energy somewhat greater than 6.0 
units of kT below the gap center. 

These are all consistent with the levels reported 
by several authors in the literature (2, 6-9). 

(C) The iodate and H,O,-bake surface treatments 
yielded remarkably similar results on either of the 
etched surfaces. 

In analogy, one could expect that thermal oxida- 
tion should also be similar for the two etched sur- 
faces. Although the H,O,:HF:H,O surface was suc- 
cessfully oxidized thermally, similar oxidation on a 
CP4A surface was not achieved. This is evident from 
the data of Table I, but additional support of this 
observation appeared in the form of oxide films on 
the samples. The thermal oxidation treatment on 
CP4A surfaces did not exhibit any interference col- 
ors or patterns characteristic of thick oxide layers. 
The thermally oxidized H,O,: HF: H,O surface, how- 
ever, exhibited uniform interference colors that sug- 
gested oxide film thicknesses of the order of 1000A. 

(D)  It will be noted in Table I that, with the ex- 
ception of the H,SO,-chromate treatment, a surface 
treatment on either control surface generally pre- 
serves the energy of the first recombination level. 
It appears to be characteristic of treatments that are 
known to be oxidizing (H,O,-bake and thermal oxi- 
dation), that a second recombination level is in- 
troduced. The H,SO,-chromate surface, however, 
does not preserve the first recombination level, but 
rather introduces a second recombination level in the 
1.0 < (El  - E,/kT) < 1.5 range. It is to be noted 
further that at least an order of magnitude reduction 
in the electron capture cross section for the first 
recombination level is associated with a heavily oxi- 
dized surface. 

(E) The A u ,  column of Table I indicates that three 
of the surface treatments investigated (iodate, ther- 
mal oxidation, and H,SO,-chromate) are relatively 
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insensitive to ambient atmosphere variations, sug- 
gesting that such surface treatments could possibly 
be employed to passivate partially a semiconductor 
device surface. This aspect of the data will be devel- 
oped more fully in a following section. 

(F) Although not explicitly mentioned previ- 
ously, weight loss measurements were taken for all 
of the surface treatments listed in Table I. The 
iodate, HpSO,-chromate, and bromine treatments ex- 
hibited weight losses after processing; the other 
treatments did not suffer a loss of weight within ex- 
perimental error. The iodate and HzSO,-chromate 
weight losses were relatively small, e.g., of the order 
of 2-4%. The weight loss for the bromine treatment, 
however, was of the order of 50-75%. We conclude 
that each of these treatments actually etches to some 
degree. The bromine treatment is definitely an etch 
and is thus improperly placed in the category of a 
surface treatment. The significant point to make is 
that it is just these surface treatments that alter most 
drastically the characteristics of the control surface. 
Those surface treatments which do not exhibit any 
evidence of etching seem to preserve the character- 
istics of the control surfaces to some extent. 

(G) The most widely fluctuating trap parameter 
for recombination levels is the capture cross section 
for electrons, c,. The capture cross section for holes, 
c,, varies only approximately an order of magnitude 
in the range of surface conditions investigated. The 
value of c,, however, experiences variations over a 
range of three orders of magnitude. Of particular 
interest is the reduction of c, consistently observed 
for those surface treatments which are known to 
oxidize heavily (H,O,-bake and thermal oxidation). 

The data as a whole clearly indicate the existence 
of at least two recombination levels and three trap- 
ping levels which are always present. Whether or not 
these levels can be observed experimentally depends 
on (i) the total range of u ,  covered, (ii) the relative 
densities of the levels, and (iii) the capture cross 
sections for holes and electrons for each level. Evi- 
dently, the capture cross sections are relatively small 
for the trapping levels, rendering them inactive as 
recombination centers. 

Result (D) above suggests a possible explanation 
of the origin of the two different recombination 
centers. It can be assumed that the levels in the 
range 3.0 < (E, - E,)/kT < 6.0 are associated with 
a Ge-0 bond of some form, while the levels in the 
1.0 < (E, -E,)/kT < 1.5 are associated with lack 
of stoichiometry and other imperfections in the 
Ge-to-GeO. transition region. If it is further as- 
sumed that the heavy oxidation mechanism is one 
that requires the transfer of Ge atoms from the ger- 
manium-oxide interface to the outer surface of the 
oxide, then the origin of the two recombination 
levels could be as follows: the thin, equilibrium 
layer of oxide which results from etches gives rise 
to a relatively uniform and nearly perfect transition 
from germanium to the oxide. Thus, the first type of 
recombination level dominates. On heavy oxidation, 
however, the Ge atoms that are transferred to the 
outer surface of the oxide leave the transition region 
disturbed and farther removed from perfection. 

Thus, the second type of recombination level be- 
comes more prominent, but not a t  the expense of the 
first type. The decrease in the capture cross sections 
for electrons that accompanies heavy oxidation may 
possibly be explained through an interaction be- 
tween the two types of levels. 

Employing the same assumptions of the previous 
paragraph, one could then explain the results ob- 
served for the H,SO,-chromate treatment as the 
domination of the second type of level while the 
first type is rendered insignificant. This would be 
possible if the H,SO,-chromate treatment is really 
etching moderately, yielding a resulting germanium- 
to-oxide transition region which is grossly dis- 
ordered. Evidence that this explanation is reasonable 
comes from visual observation of the H,SO,-chro- 
mate treated surface. The resulting surface appears 
slightly textured, as compared to the original H,Oz: 
HF:H,O control surface, suggestive of a large num- 
ber of nucleation sites for a surface layer decidedly 
different from the control surface. 

Now, an extension of the arguments presented for 
the oxide surface layer can be employed to discuss 
some aspects of surface passivation. It  will be noted 
that the smaller values of Au. (corresponding to sur- 
faces relatively insensitive to ambient atmosphere 
variations) are correlated with large surface state 
densities. This is expected, since large quantities of 
trapped charge in surface states offer a more effec- 
tive shield from the influence of a variation of sur- 
face charge. Let it be further noted that the thermal 
oxidation on an H,O,:HF:H,O surface affords the 
smallest value of Au,.  Based on our assumptions re- 
garding the origin of the recombination states, it 
might then be possible to reduce the value of Au8 by 
another large factor by thermally oxidizing one of 
the other surface treatments rather than the unstable 
control surfaces. What we really wish to emphasize 
is that the data suggest a very significant relation- 
ship between the etched surface characteristics and 
those characteristics which result from a subsequent 
surface treatment. It  is concluded that a fruitful 
approach to the problem of passivating a semicon- 
ductor surface can be found in studying, in more de- 
tail, just what these relations are and how they can 
be exploited. 

Application to Devices 

The data of Table I can be employed to anticipate 
the effect of the listed surface treatments as applied 
to a semiconductor device. Most semiconductor rec- 
tifiers and transistors require that both the surface 
conductivity and the surface recombination velocity 
simultaneously assume their lowest practical values. 
It is further desirable that neither of these quanti- 
ties vary with varying ambient atmosphere (passi- 
vated surface) and with time (stabilized surface). 
Information about all but the time variations is im- 
plicit in Table I. 

Consider the plot of the change in conductivity AU 
us. surface potential, u,, in units of kT/q in Fig. 5. A 
similar plot for any resistivity and type can be re- 
produced from the calculations of Kingston and 
Neustadter (10). Now this curve is independent of 
the surface treatment since it depends only on the 
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Fig. 5. Surface recombination velocity, s, and change in conduc- 
tivity, A e ,  as functions of the surface potential, u., in units of 
kT /q  for determining the range of s and A s  corresponding to a 
variation of the ambient atmosphere from dry to wet oxygen. 

bulk potential and the surface potential regardless 
of how the value of surface potential is achieved. 
However, the surface recombination velocity as a 
function of surface potential does vary considerably 
with surface treatment (see Fig. 3). Thus, in order 
to establish both the value of the conductivity and 
the surface recombination velocity (s.r.v.) simul- 
taneously for a given value of surface potential, it is 
necessary to superimpose the s.r.v. us. u, curve for 
each surface treatment. This has been done in Fig. 5 
for three representative surface treatments (control, 
iodate, thermal oxidation) on an HsO1:HF: H,O 
etched surface. The s.r.v. us. u. curves can be con- 
structed from the data of Table I by putting the ap- 
propriate values of the listed surface recombination 
level parameters into the theoretical expression for 
the surface recombination velocity (2). 

It  is then possible, by employing the A u "  column of 
Table I, to evaluate the ranges of conductivity and 
s.r.v. to be expected with a variation of ambient at- 
mosphere from dry to wet oxygen as defined previ- 
ously. Consider the s.r.v. curve I of Fig. 5, along with 
the AU us. u. curve, appropriate for an H,O,:HF: H,O 
etched surface on 35 ohm-cm n-type germanium. 
The A u ,  for this surface condition is 5.5 units of k T / q  
while the midpoint of this range is 1.8. Bracketing 
this range on the horizontal scale, it is found that 
the corresponding changes in the s.r.v. (portion of 
the curve that is heavy line) and the conductivity 
are from 125 through the maximum of 290 and back 
to 230 and Am = 0.16, respectively. Similar consider- 
ation of the iodate and thermal oxidation treatments 
yields corresponding ranges of s and A u ,  as indicated 
in Fig. 5. The significance of characterizing a surface 
treatment by including the A u .  data is now apparent. 

the latter treatment. The reason for this result is 
that the midpoint of the AU, range is near the con- 
ductivity minimum (-0.4) for the iodate case, where 
the conductivity is varying relatively slowly as a 
function of u,. The thermal oxidation case, however, 
exhibits a midpoint of Au. (3.1) which is on the por- 
tion of the conductivity us u, curve which is rapidly 
varying. The importance of stating not only the 
range of u, but also the midpoint (or some such 
arbitrary reference) is thus evident. 

It is conceivable, then, that extensive tabulation 
of data after the manner of Table I for the wide 
range of resistivities encountered in device tech- 
nology could afford a device engineer a first-order 
approach to the engineering of surfaces into devices. 
Employing such tabulations, it should be possible 
to delineate the range of values of important param- 
eters to be expected from a given surface treatment 
after a fashion similar to that discussed in connection 
with Fig. 5.' 

There remains at least one major obstacle to de- 
vice surface engineering. This has to do with the 
question of how the existence of a junction at the 
surface affects the important parameters associated 
with a given surface treatment. It is well known 
that many etches and/or surface treatments can be 
employed to delineate junctions in semiconductors. 
This, by definition, is evidence that a specific opera- 
tion on a surface will yield characteristics in the 
vicinity of the junction that could be significantly 
different from the characteristics on the surface of 
homogeneous material. Thus, work such as that de- 
scribed above must be complemented with studies on 
materials containing junctions that come out to the 
surface. 

Summary 
An attempt has been made to define a method of 

characterizing a semiconductor surface condition 
which would be conducive to an engineering ap- 
proach to the surface problem. This method consists 
of listing not only the surface parameters associated 
with surface traps, but including also the range and 
location, in values of surface potential, that are in- 
troduced by a specific surface condition. The methods 
discussed in this paper are not intended to be all-in- 
clusive or final, but rather suggest an approach which 
could possibly allow for the eventual engineering of 
surfaces into semiconductor devices. 

Features of the experimental data of particular 
interest are (a) the relatively constant capture cross 
sections for holes for the variety of surface condi- 
tions investigated, ( b )  the wide variation of capture 
cross sections for electrons, (c) the appearance of a 
second recombination level which is apparently as- 
sociated with heavy oxidation, and (d) the reduc- 
tion in sensitivity of the surface conductivity to 
variations of ambient atmosphere due to a relatively 
large concentration of charge in fast surface states 
which effectively "shield" the semiconductor from 
the influences of the atmosphere. 

It will be noted that, although the A u ,  of the thermal 81t must be recalled that the approach considered in connection 

oxidation treatment is slightly smaller than the same 
with Fi. 5 tacitly assumes that in the range Au. the surface param- 
eters of Table I do not change. +he fact that the; do change is dem- 
onstrated in Fig. 4. The assumption has been made that the 5.r.v. quantity for the iodate treatment, the changes in not significantly different for a and a wet oxygen at- 

both AU and s.r.v., percentagewise, are smaller for ~ ~ P ~ ~ ~ k ~ ~ i t ' , " ~ , S i ~ ~  ~ y a ~ ~ c ; \ h a a ~ b ~ , " ~ , " ~ P ~ n n t h u s  accurate Only 
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APPENDIX 
Descriptions of Surface Treatments 

H20. bake.-The sample is placed in contact with 
glass, flooded with a small amount of stabilized 30% 
H?O., and baked in room atmosphere for 1 hr at 100°C. 

Thermal oxidation.-The sample is placed in a flow of 
approximately 1 c.f.h. of dry oxygen for 72 hr at  500" 

210°C. (The sample is stored in methanol between the 
preparatory etch and the thermal oxidation surface 
treatment.) 

Iodate.-The sample is treated for 1 hr at room tem- 
perature in an agitated solution containing HF, HSO,, 
M/5 KIO:,, and H,O in the proportions 4: 1: 1:2. The 
sample is rinsed in the sequence: H.0, acetone, and H20, 
and is then stabilized by baking for several hours in 
room atmosphere at approximately 150°C. 

Bromine.-The sample is placed in 4.OM KOH without 
agitation, warmed to 55"-6O0C, held there for 20 min, 
and cooled to 35°C. The sample is then flooded free of 
KOH with a solution containing Br, and 4.00M KBr in 
the proportions 3:250, and is allowed to stand in this 
solution without agitation for 15 min. The KOH-bro- 
mine solution sequence outlined above is repeated as 
often as necessary, always flooding away one solution 
with the other, until visual inspection shows a uniform 
attack at the end of the 15-min exposure to the bro- 
mine solution. When this condition is satisfied, the 
samvle is left in the bromine solution for 6 hr, without 
agitation, and is then rinsed in H.O. 

Silica.-The sample is placed in agitated HF for 1% 
hr, and then silicic acid powder is added to the agitated 
solution until a 20% excess has been reached in 5 min 
according to the reaction 

SiO, + 4HF-t SiF, + 2H20 

The agitated solution is allowed to cool for %? hr and 
then is flooded away with H.O. 

HS0,-chromate.-The sample is warmed in agitated, 
M/20 Na,CrsO, . 2H,O solution in H,SO, to 140"-145°C 
and is held at this temperature for 1 hr. The solution is 
then cooled to 35'C, and the sample is removed and 
rinsed in H,O. 

Descriptions of Chemicals Used 
Bromine, analytical reagent. 
Oxygen, "Airco" U.S.P. 
Hydrofluoric acid, 49% electronic grade. 
Silicic acid powder, 78% SiO?, reagent grade. 
Sulfuric acid. 97%. electronic erade. 
Potassium hydroxide, reagentlgrade. 
Potassium bromide, reagent grade. 
Potassium iodate, analytical reagent. 
Sodium dichromate, dihydrate, reagent grade. 
Hydrogen peroxide, 30%, stabilized, electronic grade. 
Acetone, electronic grade. 
Methanol, absolute, electronic grade. 
Water, distilled and deionized, used for all rinsing 
and preparation of solutions. 
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ABSTRACT 

Experiments have been carried out which indicate that moisture in air at 
levels below 1% relative humidity (200 ppm H30) has a strong influence on 
the surface recombination velocity of germanium and on the parameters of 
transistor devices derived from it. By controlling the moisture partial pressure 
at any of various given levels within hermetically sealed transistors, it has been 
found possible to preselect different ranges of several, stabilized, device param- 
eters, such as hr,, Ico, and IEO without changing the device fabrication procedure. 
A method for controlling the moisture partial pressure using pairs of inorganic 
compounds is presented together with data obtained from its application to 
large-scale manufacture. In addition to showing the practical value of these 
controlled moisture materials, these results emphasize the need for a more 
precise knowledge of the moisture level present in the "dry" gaseous ambients 
commonly used in studies of semiconductor surface properties. 

It is well-known that the chemical composition of 
the gas phase adjacent to a semiconductor surface 
plays an important role in determining the electrical 
properties of that surface (1-3). Water vapor is 
perhaps the most striking example of this fact. High 
relative humidities produce severe and erratic cur- 
rent leakage paths across the surface of silicon and 
germanium crystals; changes in the humidity at 
moderate levels produce pronounced changes in the 
surface conductivity and surface recombination 
velocity. In the manufacture of semiconductor de- 
vices it was this high sensitivity to changes in the 
moisture level which caused the introduction of 
hermetic sealing of devices. Yet, although this her- 
metic sealing generally removed the erratic be- 
haviors associated with gross moisture, there re- 
mained day-to-day, seasonal, and aging variations 
in the parameters of production devices. In order to 
reduce these variations, it was found necessary to in- 
sert moisture adsorbing materials into the her- 
metically sealed device encapsulations. This tech- 
nique yielded a more reproducible product, but it 
frequently accomplished this at the expense of large 
shifts in the levels of some of the device parameters. 

It is the purpose of this paper to present the re- 
sults of new experimental studies of the effects of 
moisture on the parameters of germanium transistors. 
These results indicate that the presence of moisture 
vapor at very low levels continues to exert a strong 
influence on semiconductor surface properties, a con- 
clusion suggested by previous work (4-7), but not 
experimentally verified. In addition, these results 
show that the rather disruptive role commonly as- 
sociated with moisture in the manufacture of semi- 
conductor devices can be converted into a con- 
structive one by selection and control of the moisture 
level. Lastly, these results emphasize the necessity of 
being able to make a quantitative, rather than quali- 
tative, statement of the dryness level in the adjacent 

gaseous ambient in experimental studies of semi- 
conductor surfaces and semiconductor devices. 

Experimental Method 
The experimental method consisted of establish- 

ing, in principle, a constant moisture partial pressure 
within an hermetically sealed semiconductor device. 
This controlled moisture pressure was achieved 
through the utilization of the thermodynamic equi- 
librium that exists between two chemical phases in 
different, but adjacent, degrees of hydration. This is 
illustrated by Eq. [I] where the 

2CaS0, . %HIO (Solid) F' ZCaSO,(Solid) 
+ H,O(Vapor Phase) [I] 

half-hydrate of calcium sulfate is shown in equilib- 
rium with anhydrous calcium sulfate and water 
vapor. The equilibrium constant for this reaction is 
the water partial pressure (Eq. [2]). As long as 
specific, crystalline 

K., = pm,o CZl 

phases of both solids are present in a closed system, 
and as long as sufficient time for equilibration has 
been allowed at a given temperature, the moisture 
partial pressure in the adjacent gas phase will re- 
main constant, independent of the total amount of 
moisture enclosed in the system. 

The equilibrium pressure of water will be tem- 
perature dependent, varying in accordance with an 
Arrhenius expression, as long as no phase changes 
occur in the two solids. In Eq. [3] AH" is the stand- 
ard heat of reaction. (AH" can be 

K,,, = A exp - h H O / R T  CSI 

expected to have some temperature dependence. In 
addition, the water partial pressure will show a 
small dependence on total pressure if an inert gas is 
present in the system; this dependence is deter- 
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7 Table I. Equilibrium moisture partial pressures above several 
inorganic compound systems as calculated from 

6 thermodynamic data 
C 

5 
w Partial pressure 

System 
2 4 

at 25'C in mm of Hg 

> 
3 BaO:Ba(OH), 2 x lo-% (appro) 

4 CaO: Ca (OH) I 
= 2  

5 x 10-3 
M ~ O :  ~g (OH)* 5 x lo4 

2 
5 I 

B1O.: HBO, 3 x 10"' 
w ' CaSO,: CaS0,- MHsO 3 x lo9** 

o HBO9: H 3 0 a  1 x 10' 
CaSO, MH,O: CaSO+.2H20 5t 

0 0.5 I 1.5 2 2.5 3 3.5 4 4.5 5 
MILLIGRAMS OF WATER IN ENCAPSULATION Liquid water 23.76 

Fig. 1. Comparison of reactive and adsorpthe moisture getters. Calculated for a glassy B e  phase. 
Relative humidity vs. total encapsulated moisture. ** Calculated for the 8-hemihydrate and the 8-anhydrous phases. 

t Calculated for the 8-hemihydrate phase. 

mined by the volume change occurring in the re- 
action.)' 

This type of behavior is distinctly different from 
the commonly used, adsorptive desiccants, e.g., silica 
gel, activated alumina, etc., where the moisture par- 
tial pressure is strongly dependent on the total 
amount of moisture that is enclosed in the system. 
In Fig. 1' there is shown a comparison of the reactive 
type of moisture getter us. the adsorptive types. This 
figure has been constructed for the following hy- 
pothetical situation. Consider that in a 1 cm' volume 
is 100 mg of getter. One then asks: What is the rela- 
tive humidity in that volume at equilibrium at 25OC 
for various amounts of encapsulated water within 
that volume? The answer for the adsorptive getters 
is that there is a wide variation in the relative hu- 
midity with the amount of encapsulated moisture. In 
the example shown here, the molecular sieve shows 
variation, but at a very low level of relative hu- 
midity in comparison with the porous vycor, silica 
gel, and activateh alumina. These curves show be- 
haviors characteristic of true surface adsorption.' In 
contrast, the mixture of anhydrous and hemihy- 
drated calcium sulfate shows a constant relative 
humidity up to the point where the anhydrous phase 
completely disappears. After this has occurred, the 
addition of further moisture causes an abrupt in- 
crease in the relative humidity. 

If other chemical species are used in place of the 
calcium sulfate, different but similarly controlled 
moisture partial pressures can be achieved. In Table 
I are shown several systems of inorganic compounds 
together with calculated values of their equilibrium 
moisture partial pressures. All of the values shown 
have been computed from thermodynamic data in 
the literature ( l l ) ,  using the relation4 given by 
Eq. 141. Some have been qualitatively 

aF0 = -RT In K., C ~ I  
1 For further discussion of the suhject of heterogen0,us equilibrium, 

see, for example, the treatise on the phase rule by Rlcci (8 ) .  

*The data for this figure were obtained from Corning GOss (9) 
and Linde Company (10) and from thermodynamic data tabulated 
by the NBS (11). It was necessary to extrapolate the data to show 
the low relative humidity behavior of the adsorptive getters. The 
curves shown should be considered purely qualitative. 

See, for example. the treatim on surface films by Harkins (12). 

checked by the Knudsen Method of measuring the 
rate of effusion through a pin hole.6 

The materials listed above have been found ex- 
perimentally to satisfy the criteria of chemical and 
electrical inertness with respect to germanium de- 
vice surfaces, as shall be seen subsequently, ap- 
parently exerting influence on the devices primarily 
through their control of the moisture partial pres- 
sure. 

Experimental Results 

The following results were obtained by encap- 
sulating, within hermetically sealed transistors, the 
specified "controlled ambient" materials in amounts 
sufficient to maintain the required, two solid phase 
system. The germanium pnp power transistors were 
processed normally through electrolytic etch in basic 
solution, rinse, and dry. The specified materials were 
then added and the encapsulation sealed immediately 
in room air. The materials were added with no at- 
tempt to prevent their contacting the germanium 
surface. 

The high-frequency, germanium pnp transistors 
were processed normally through electrolytic etch, 
rinse, dry, and vacuum bake. The controlled ambient 
materials were then added and the encapsulation 
sealed immediately. In this case physical contact be- 
tween the materials and the germanium was pre- 
vented for mechanical reasons. 

Figure 2 shows the effect of different moisture con- 
trolling materials on the power gain of germanium 
power transistors. Each chart is a histogram showing 
the distribution of devices in the various power gain 
ranges for the given controlled ambient mixture. 
(The power gain range to the right of 41 db contains 
devices with P.G. 2 41 db.) The ordered dependence 
of power gain on the calculated moisture partial 
pressure (Table I)  a t  these very low levels is strik- 
ingly apparent. Increasing the moisture pressure 
increases the power gain. 

Parameter measurements were made following 
a 96 hr thermal treatment at 125°C and a subsequent 
recovery at room temperature for a minimum time 
of 12 hr. 

4 No value is Hsted for AF' of formation of Ba (OH) *. Since it was 5 Our measured 'values on reagent grade hemihydrate of calcium 
observed that the AS' for the reaction Ca (OH),. e CaO + HIO. was sulfate were approximately 0.06 mm of Hg at 25.C. Several phase 
identical to that for the Mg(0H)z react~on, tms same value was as- modifications of anhydrous and hemihydrated calcium sulfate are 
sumed for BaiOHlp in order to calculate the AF". Note also that reported in the literature. The value shown In Table I was calcu- 
f"gici6 = pre$sur<at these low pressures (13). lated for the 8-phase of each. 
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BOO I 

Fig. 2. EfJect of moisture level on power gain of germanium pnp 
power transistors. 

. The designed function of the BaO in these mix- 
tures is to dehydrate a portion of the hydrated phase 
in order to establish the two phase equilibrium. The 
BaO becomes completely converted to Ba(OH), by 
this process and does not apparently affect the equi- 
librium in any other manner. That this is, in fact, the 
real function of the BaO is borne out by the be- 
havior of the data; in addition, it was verified ex- 
perimentally by varying the ratio of BaO to CaSO,. 
%H20 and by using mixtures of CaS0,-1hH.O and 
CaSO, without BaO, both of which produced results 
that were statistically indistinguishable from the 
BaO + CaSO, . %H90 results shown in Fig. 2. 

Each of the histograms in Fig. 2 was prepared from 
50 devices which were randomly selected from one 
week's production run. Statistical analysis of the 
data used for Fig. 2 indicates that the difference be- 
tween the mean of each mixture and that of the BaO 
lies in the interval shown in Table 11, with 95% con- 
fidence. From this it can be seen that by reducing the 
moisture level from a calculated 50 ppm (BaO + 
CaSO, . lhH,O) in air to an extremely dry condi- 
tion (BaO), the power gain can be lowered by about 
6 db. [It might be noted that "vacuum bake-out" 
plus molecular sieve getter gives power gains that 
are similar to the BaO + Mg(OH), system.] 

Table II. Comparison of mean power gains of pnp germanium 
power transistors for different controlled ambient materials 

Mixture 

Mean P.G. P.G.-P.G. 
after (BaO) f 95% 

No. of thermal confidence 
devices treatment limits 

BaO 240 32.9 - 
BaO + M ~ ( O H ) Z  46 35.8 2.9 f 0.8 
BaO + HBOs 45 37.6 4.7 f 0.8 
BaO + CaSOclhH,O 49 38.5 5.6 2 0.7 
BaO + HsBOs 48 42.6 9.7 f 1.1 

BaO represents 5 day, 48 devices per day. Remainder represent sin- 
gle days. Comparison is with 5 day BaO average, this being the con- 
trol group. A histogram for one of these BaO groups is given in 
Fig. 2. 

These represent good devices in the sense that both emitter and col- 
.lector diodes showed reasonable reverse breakdown voltages and col- 
lector to emitter punch-through voltages were reasonably high. 

50 70 90 110 

MICROAMPERES 

Fig. 3. Effect of moisture level on low voltage saturation current 
of germanium pnp power transistors. 

The behavior of the common emitter current gain 
was measured and was as expected from the power 
gain measurements, i.e., P.G. (db) a log h,. for the 
same emitter current. 

Figure 3 shows histograms of the low voltage 
saturation current for the same devices used in Fig. 
2. (The cell to the right of 110 pa contains devices 
with Iceo 2 110 pa.) The temperature of measure- 
ment was 26" % 1°C. As can be seen, there is again 
an ordered dependence of IoBo on the calculated 
moisture pressure. Increasing the moisture level 
decreases the I,,, of these devices, except for the 
orthoboric acid group which shows a bimodal dis- 
tribution. After further recovery at room tempera- 
ture, this distribution becomes unimodal, like the 
other groups, with a strong peak in the cell with the 
lowest current. Since the power gain in this group 
recovers more rapidly from the 125'C heating than 
does the Ias0, it appears that in this case those chemi- 
cal processes, which affect the surface recombination 
velocity, stabilize within 12 hr; on the other hand, 
there appears to be an additional factor affecting the 
I,,,, which factor requires a longer time for re- 
covery than does the surface recombination velocity. 

Figure 4 shows that the effect of ambient moisture 
control persists up to 100°C. Here each histogram 
includes 100 devices. The low voltage saturation cur- 
rents of devices containing the metaboric acid mix- 
tures are clearly well below those of the dryer de- 
vices which were given a "vacuum bake-out" and 
which contain molecular sieve. 

Other device parameters were also followed in 
these experiments. The low voltage IEBo showed a 
behavior that was very similar to that of IOBO. The 
breakdown voltages of the collector junctions were 
approximately the same for all of the "controlled 
ambient" materials except for the boric acid groups 
which caused breakdown at lower voltages.' The 
emitter breakdown voltages behaved in a manner 
similar to those for the collectors. 

'The orthoboric acid appeared to lower the breakdown voltage 
slightly. The rnetaboric acid lowered it by an average of about ZOv. 
Thus, it appears that the boric acids may be acting in some capacity 
in addition to providing moisture. 
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Fig. 4. Effect of controlled ambient material on low voltage 
saturation current of germanium pnp power transistors a t  100°C. 

Cold tests showed no diode looping associated with 
condensed water, a result consistent with the low 
relative humidities wAhin these devices. Strenuous 
shake tests produced no changes in most parameters 
and only slight changes (within specifications) in 
others. 

The effects of 1000 hr of 125°C shelf aging on the 
power gain and the low voltage ICBO are presented in 
Tables I11 and IV.' These data indicate that acceler- 
ated aging at 125°C of these devices containing con- 

7 The device groups in Tables 111 and IV are not the same as those 
in Table I. The small differences in the means for the same con- 
trolled ambient material can be ascribed to differences in group sizes 
and to variations in production runs. 

Table 111. Thermal aging of pnp germanium power transistors 
a t  125'C for 1000 hr, effect on power gain 

NO. Of 
Mixture devices 

BaO 19 
Molecular sieve 239 
BaO:Mg(OH)* 20 
BaO: HBOz 237 

*BaO: CaSO.. MH,O 113 

Mean 
P.G. Change 

Mean P.G. after in mean 
after 1000 with 95% 

thermal hr at confidence 
treatment 125'C limits 

32.4 33.0 0.6 ? 0.2 
35.2 34.9 -0.3 -C 0.1 
36.1 35.1 -1.0 2 0.3 
38.8 37.2 -1.6 & 0.1 
39.5 38.2 -1.3 % 0.2 

* This group received 1300 hr at 125'C. 

Table IV. Thermal aging of pnp germanium power transistors 
a t  125'C for 1000 hr, effect on low voltage lceo 

Medi- Medi- 
an.* an** 
atter ifter 

thermal 1000 hr Per cent change in 
No. of treat- at l25'C, median with 95% 

Mixture devices ment, pa &a confidence limits 

BaO 19 75.9 80.8 6.4(2.8-10.0) 
Molecular 

sieve 239 68.7 81.0 18.1 (16.5-19.8) 
BaO: Mg(0H). 20 58.1 68.0 17.1 (4.5-31.1) 
BaO:HBO, 237 50.3 71.6 40.5 (37.6-43.5) 

*BaO: CaSO,. 
MH2O 113 62.1 57.9 -4.O(-7.4-70.5) 

This group received 1300 hr at 125.C. 
"Median computed from the formula: 

Median = 10"r. where m i i s  the mean value of log Icso. 

trolled ambient materials produces changes that are 
comparable to current production practice. 

Comparisons were made of the rate of stabilization 
of h,., after canning, at room temperature us. that at 
125"C, all measurements being made at  room tem- 
perature. In the case of BaO, greater than 95% of 
the total drop in h,. after 1000 hr at 125'C had oc- 
curred within the first day. On the other hand, the 
room temperature stabilization showed a continu- 
ously dropping h,. out to 1000 hr, with a constantly 
decreasing rate. At 1000 hr the hr. level was still 
considerably higher than in the devices that were 
heated at 125°C. It  is not clear from these data 
whether or not the hl. level during 25°C stabilization 
is asymptotically approaching the level rapidly at- 
tained at 125°C (although this is the best surmise). 
Likewise it is not clear that the stabilization process 
at 25°C is kinetically controlled by the oxidation of 
the germanium surface, or by the dehydration of the 
surface oxide, or by the desorption of moisture from 
the device interior, or by the uptake of water by the 
BaO. 

The effect of power aging (T, = 90°C and VcD = 

40v) is shown in Table V. Tabulated there are the 
power gains of eight devices of each group: BaO, 
molecular sieve, and BaO + CaSO, MHzO. Meas- 
urements were made after 125°C thermal treatment 
at 500 hr and at 1000 hr. There appears to be little 
difference in power aging behavior with these dif- 
ferent controlled ambient materials and the mole- 
cular sieve. Statistical analysis corroborates this ob- 
servation for the above groups and also for BaO + 
HBO, and BaO + Mg(OH)?, on both power gain and 
low voltage I,,, parameters. 

Table V. Power aging of pnp germanium power transistors with 
T, = 90°C and VCE = 40v, effect on power gain 

Initial 500 hr 1000 hr 

Eight devices containing BaO 

Eight devices containing molecular sieve 

Eight devices containing BaO + CaSO,. MH,O 
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CURRENT GAIN 

Fig. 5. Effect of moisture level on current gain of germanium pnp 
high-frequency transistors. 

Controlled ambient materials were applied to an- 
other device, a high-frequency pnp germanium tran- 
sistor. Figure 5 shows the effect of moisture control 
on the current gain of this diffused junction device. 
These histograms were each prepared from 100 de- 
vices, representing 20 random samples from the pro- 
duction on each of five days. The enhancement of 
gain achieved by controlling the moisture at a finite 
level over that obtained in the very dry condition 
is most evident in the high gain portion of the dis- 
tributions. Parameters were measured on these de- 
vices after a thermal treatment of 144 hr at 125'C. 
The histogram was prepared from these data. The 
median p s  in these two groups were: BaO, 35.9; 
BaO + HBO,, 39.6. The median value of j3 has been 
calculated on the basis of a log normal distribution. 

Figure 6 shows the effect of 125°C shelf aging on j3. 
The initial aging pattern is distinctly better with 
metaboric acid than with the very dry system con- 
taining BaO. At longer times the two curves appear 
to age downward at about the same rate with the 
controlled moisture system maintaining its enhanced 
current gain relative to the very dry system. 

Discussion 
The data presented above indicate that certain 

parameters of germanium transistors depend very 

I I 
0 2 0 0  4 0 0  6 0 0  8 0 0  1000 

TIME IN  HOURS 

Fig. 6. Effect of ambient moisture control on elevated temperature 
shelf aging of ,5. High-frequency germanium transistors. 

sensitively and reproducibly on moisture partial 
pressures at levels from about 80 ppm to below 1 
ppm in air. The parameters thus affected are those 
which are strongly influenced by surface recombina- 
tion velocity (or surface generation rate). The sim- 
plest interpretation to be made of these observations 
is that even at these very low partial pressures, suf- 
ficient water is adsorbed onto the germanium (or 
germanium oxide) surface to affect the surface prop- 
erties appreciably. According to the work of Law 
(14), monolayer adsorption of water onto a germa- 
nium surface does not become complete until a rela- 
tive humidity of about 10% is reached (this rela- 
tive humidity in air at 1 atm pressure at 25'C cor- 
responds to about 2000 ppm of H,O). Consequently, 
the present results suggest that water plays perhaps 
its dominant role in affecting surface recombination 
velocity in the region below one monolayer, a con- 
clusion that is consistent with the work of Law and 
Meigs (4). 

The detailed mechanism of how adsorbed water 
achieves this effect is not clear. However, since 
water is known to induce n-type channels (15) on 
p-type germanium, it has been postulated that ad- 
sorbed water molecules behave like slow, hole-trap- 
ping states. This same postulate has been used to 
explain observations of the effect of Brattain-Bar- 
deen ambient cycling on the surface recombination 
velocity of germanium (Ill).' On the other hand, 
more recent work by Margoninski and Farnsworth 
(18), and others, has suggested that adsorbed water 
modifies the fast state energies and densities as well 
as slow state densities. (It should be borne in mind, 
however, that these latter studies used very moist 
ambients, resulting in multiple layers of adsorbed 
water in a region where the adsorption isotherm is 
rising very rapidly with increasing relative humid- 
ity. Thus, not only are films of water present, with 
attendant effects associated with ion drift and other 
electrolytic phenomena, but also the film thickness is 
in questionable control; severe complications in re- 
producibility and interpretation of measurements 
are present. It might be hoped that ambient cycling 
between a truly dry ambient and one that produces 
less than monolayer adsorption would give results 
that can be reproduced.) No structure has yet been 
proposed for either the slow or fast states, although 
it has been suggested that they are associated some- 
how with the formation of hydroxy groups in the 
surface oxide (1, 7)  during a slow hydration reac- 
tion. [At higher moisture partial pressures, Hutson 
(19) ascribes the effect of water on surface potential 
to a dielectric polarization of the multilayer water 
film about unspecified surface donor ions; the first 
monolayer was specifically excluded from his anal- 
ysis.] 

However, the slow hole-trapping state model can 
be used to give a qualitative explanation of the re- 
sults presented here. Figure 7 consists of a conven- 
tional energy band diagram for an n-type semicon- 
ductor as it terminates at a surface. Adsorbed water 
molecules are shown symbolically as H,O @ after 

Brattain and Bardeen ( I ) ,  Stevenson and Keyes (161, and Many, 
Harnik, and Margoninski (17) consider the theory of surface recam- 
bination velocity. 
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1 
CONDUCTION BAND EDGE Table VI.  Surface recombination velocities for different 

controlled ambient mixtures as approximated using Webster's 
FERMI LEVEL formula for germanium pnp alloy transistors 

k BODY RECOMBINATION CENTERS - - - - - 
a 
W z ~ ~ 0 8  Surface r e c o m b i n a t i o n  

M o i s t u r e  c o n t r o l  v e l o c i t y  ( a p p r o x )  , 
VALENCE BAND EDGE m i x t u r e  cm /sec  

P 
0 SURFACE RECOMBINATION 

CENTERS 
--I HZO@ BaO 4000 

SURFACE Mg(OH), + BaO 2000 
HBO* + BaO 1000 

Fig. 7. Simple model of the effect on the surface recombination 
velocity of water adsorbed on an n-type semiconductor. 

electronic equilibration with the crystal, in accord- 
ance with the slow state model. If it is assumed that 
the water molecules are neutral when first adsorbed, 
they must then give up electrons to the semicon- 
ductor during the equilibration process. These elec- 
trons may be trapped predominantly in fast surface 
states, if the latter are sufficiently numerous, result- 
ing in a negligible effect on the surface conductivity 
and the surface potential. This was the result found 
in the original field-effect transistor experiments 
(20). However, if the fast surface states are rela- 
tively few in number, the electrostatic field asso- 
ciated with the ionized slow states will penetrate into 
the semiconductor, resulting in a strong effect on the 
surface conductivity and the surface potential, as 
shown in the Fig. 7. 

This simplified model is sufficient to explain the 
present data as can be seen as follows: Although 
the electron population in the surface traps is in- 
creased by moisture, the electric field in the surface 
space charge region opposes the diffusion of holes 
toward the surface. This latter accounts for the re- 
duction of injected carrier loss and the consequent 
increase in alpha with higher moisture levels. At the 
same time the higher electron population in the fast 
surface traps reduces the likelihood of thermal gen- 
eration of holes at the surface since vacant electron 
traps are necessary. This accounts for the reduction 
of the surface generated component of the low volt- 
age, reverse diode current with increasing moisture. 

In order to obtain estimates of the surface recom- 
bination velocity at the different moisture levels, 
h,.- IE plots were fitted to the Webster equation 
(21), which relates h,. to doping, geometry, and 
surface recombination velocity. Figure 8 shows 
typical h,. - IE plots for power transistors from sev- 
eral groups of controlled ambient encapsulants. The 
dominating influence of surface recombination veloc- 

CaSO, HH,O + BaO 1000 
H8BOs + BaO 500 

ity at low I, is clear. The power gain distributions 
previously presented corresponded to IB = 0.5 amp, 
where the effects of surface recombination velocity 
are being partially masked by strongly reduced 
emitter injection efficiencies due to conductivity 
modulation in the base. 

Only very approximate fits to Webster's equation 
were made. The results are shown in Table VI. 
Qualitatively, they suggest that in going down from 
a relative humidity of approximately 0.4% (H,BO, 
system) to very low moisture levels, one can change 
the surface recombination velocity by a factor of 
about ten. 

It should be noted that the effect of adsorbed 
moisture (as slow states) on device parameters will 
depend on the distribution of fast states and other 
slow states already present at the surface; the effects 
will also depend on the conductivity type of the body 
region. This is clearly demonstrated in the experi- 
ments of Buck and McKim (22) on silicon. 

Experiments have also been carried out with sili- 
con devices containing controlled ambient materials. 
The parameters of some of these devices have been 
affected in a similar pronounced manner; the be- 
havior pattern seems to be consistent with that found 
with germanium devices, as described above. 

Conclusion 
1. These experiments have indicated that mois- 

ture vapor in air within the sealed, device encap- 
sulations has a pronounced effect on the surface re- 
combination velocity of germanium transistors at 
extremely low relative humidities, relative humid- 
ities as low as lo'% (0.2 ppm). 

2. These experiments indicate the necessity of 
carrying out studies of semiconductor surface prop- 
erties with a quantitative knowledge of the moisture 
level present in the gaseous ambient adjacent to the 
surface. 

3. These experiments suggest that the use of 
300 ambient control materials for the stabilization of 

moisture partial pressures can be an asset in semi- 
conductor device production. These materials allow 

200  the selection and control of certain device parameter 

hl. 
levels over wide ranges without the requirement 
of modifying the body construction of the device. 

100 
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The Role of Selenium Vapor Pressure in the Formation of 

Silver Doped Manganese Selenide 

W. D. Johnston 
Research Laboratories, Westinghouse Electric Corporation, Pittsburgh, Pennsylvania 

ABSTRACT 

The effect of selenium vapor pressure on MnSe containing small additions 
of Ag,Se has been studied by both weighing and electrical measurements. Three 
distinct regions have been noted. At low selenium pressures selenium is taken 
up by the mixture to form the mixed valence compound Ag,Mn,,.,,Se@.. The 
value of $, the hole concentrations, increases as a function of the selenium 
pressure until all Ag,Se is used up and the sample becomes a single phase. At 
this equivalence point the pressure then increases rapidly with little change in 
composition. Finally, the pressure becomes sufficiently high that manganese va- 
cancies are produced. These regions are described in terms of mass action ex- 
pressions which link the vapor pressure with vacancies and electrical charge 
carrier concentrations. 

The substitution of monovalent lithium for diva- 
lent manganese in MnSe has been shown to be pos- 
sible up  to 11 atomic %, i.e., LL.,,M%.,Se ( 1 ) .  
Throughout this composition range the  rock salt 
symmetry of MnSe is maintained. The products of 
such substitutions have been found to be electrical 
conductors with the conductivity increasing with 
lithium content. An electrically balanced formula 
for the composition Li,Mn,,.,, Se may be given as 
Li',Mnt8,Mn",,,,Se= or alternatively Li+,@,Mni2,,.., 
Se'. The formulas are written for convenience in 
ionic form. In the latter formula @ refers to holes 
and emphasizes that the holes are not localized on 

any particular manganese at  normal temperatures 
(2). 

A survey was made to determine what other dop- 
ing additives could be used in order to induce p-type 
semiconductivity in MnSe. To this end Na, Cu, Ag, 
Au, T1, and Cu were substituted for Mn. Selenium 
was replaced by As, P ,  and Si. The only successful 
doping agents proved to be Na and Ag as indicated 
by room temperature electrical measurements. The 
silver seemed to be soluble to only about 2 atomic % 
on the basis of a discontinuity in the thermoelectric 
power us. resistivity curve as shown in Fig. 1. In 
this preliminary survey the reactants were fired iso- 
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weighed and placed in a graphite boat which was 
sealed in a 12 in. long 19 mm diameter Vycor tube. 
In one end of the tube was a ?4 in. long chamber 
which contained selenium. The pellet was held at 
the other end. The tube was placed in a two zone 
furnace such that the pellet was maintained at 800°, 
and the temperature of the selenium reservoir was 
at some lower temperature which could be chosen 
at will. The selenium reservoir temperature was ar- 
ranged to be the coldest temperature of the tube, 
and thus the selenium vapor pressure was controlled 
by this temperature. In this manner the reaction 

" I x 
7 Se2 vapor + x/ZAg,Se 

I I I 'i 

10 la + (l-x) MnSe F'c Ag,Mn,,-,,Se 
log c lohm-rmll 

Fig. 1. or vs. log u for Ag.Mne-.,Se may be studied. By quenching the sample tube at 
the end of the experiment and weighing the pellet, 

thermally at 800°C in small sealed Vycor tubes. 
Additional qualitative experiments with silver sub- 
stituted MnSe showed that the doping level de- 
creased as selenium was removed by volatilization 
at elevated temperatures. The study described in this 
paper was undertaken in order to understand this 
relationship more fully. In brief the experiment 
performed was designed to give the stoichiometry 
or charge carrier concentration at various pressures 
of selenium vapor. 

Experimental 

The stoichiometry of the ,MnSe used in this work 
was critical to the success of the experiments. MnSe 
was prepared from -60 mesh vacuum distilled man- 
ganese and -60 mesh 99.99% selenium supplied by 
the American Smelting and Refining Company. The 
reactants, including a 10% excess of selenium, were 
either placed in a graphite crucible and sealed in 
Vycor or alternatively they were sealed in a Vycor 
tube which had been carbon coated by the pyrolysis 
of acetone. The material was heated up slowly to 
avoid any sudden evolution of heat to a final tem- 
perature of 700" and held for 24 hr. The product 
was crushed to 160 mesh and reheated for another 
24 hr at which point the excess selenium was dis- 
tilled off a t  800°C. The recrushing was necessary 
to react all the manganese, and the 800" distillation 
quantitatively removed the excess selenium. 

Products of the type x/2 AgSe + (l-x) MnSe 
were prepared from a mixture of a -100 mesh 
powder composed of weighed amounts of the stock 
MnSe and silver and.selenium powders. The pow- 
ders were pressed at 15,000 lb in a 3/8 in. diameter 
carbide die. The pellet was sealed in a graphite cru- 
cible and Vycor tube which had been previously 
outgassed. The mixture was heated isothermally at  
800°C for 20 hr, then one end of the tube was placed 
at room temperature and volatile material, if any 
(none was ever observed), was allowed to distill 
to the room temperature end. The pellets obtained 
in this manner were clearly composed of two phases 
consisting of a small amount of shiny material dis- 
tributed in the black pellet. 

For the vapor pressure studies a 6g pellet of 
x/ZA&Se + (1-x) MnSe as prepared above was 

the uptake of selenium may be determined. Since 
selenium requires two electrons to be donated from 
the lattice to form the selenide ion (SeS), creating 
two holes, the weight uptake of selenium may be ex- 
pressed in terms of the hole concentration of the 
MnSe phase. It should also be noted that for each 
selenium added from the vapor two silvers are also 
added to the MnSe lattice and thus are equal to the 
hole content. It was found that equilibrium was 
achieved in less than 16 hr at all selenium pressures 
since an additional 16 hr or more did not result in 
a substantial additional weight change (generally 
less than Yz mg). Data were taken at random tem- 
peratures of the selenium reservoir which results 
in both adding and removing selenium from the 
sample in a random manner. 

The first run however was an exception to this 
and was always at 600" reservoir temperature since, 
as will be seen later, the selenium pressure gen- 
erated at 600" generally is sufficient to drive the 
formation reaction to completion. This first experi- 
ment thus acts as a check on the stoichiometry of 
the starting material. Apparently manganese and 
silver are not lost in any measurable amount from 
the pellets, nor does handling result in any appre- 
ciable weight loss since, on removal of the selenium 
added during a series of experiments by distilling 
this selenium to a room temperature reservoir, the 
starting weight is reproduced to within i 1 mg. 

As mentioned previously, repeat measurements 
are reproducible in pellet weight to - Yz mg. The 
weight changes recorded in this work range from 
2-3 mg obtained at the lowest selenium additions to 
30 mg at the highest selenium additions. The ef- 
fect of this error is clearly visible in the wide scatter 
of the data at the low pressure-low selenium ad- 
dition region of Fig. 2. 

One must inquire as to the uptake of selenium 
vapor by MnSe and Ag,Se individually in order to 
evaluate properly the uptake of the mixture. The 
MnSe case has been studied in detail, and the re- 
sults are shown in Fig. 2. The change in weight of 
Ag,Se maintained at 800" has been examined after 
equilibration with both a 600' selenium reservoir 
and a room temperature reservoir. In the case of 
the distillation to room temperature a weight loss 
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Fig. 2. Log p Se? vs. log @ for Ag.Mn,,.,,Se 

of 0.24% was observed. In the case of the 600" Se 
reservoir experiment the sample gained a total - 
1.1% by weight of selenium and was a liquid at 
80O0[mp reported (3) 897'1 which liberated se- 
lenium on cooling. This weight change is negligible 
when one considers that only small amounts of 
Ag,Se are used in the experiments combined with 
MnSe. 

The selenium vapor pressure used is that reported 
by Brooks (4).  It is taken as being purely dimeric 
Se,. This approximation is not strictly correct since 
at 800°C and a pressure of Se, of 1 atm the pressure 
of the hexamer, Se,, would be 0.02 atm (5). How- 
ever, the relative pressure of the hexamer decreases 
rapidly with decreasing pressure of the dimer, and 
therefore, the 2% contribution is the worst possible 
case. The use of a lower sample temperature than 
800°C would rapidly lead to an increased hexamer 
content, so 800" must be considered a minimum op- 
erating temperature to avoid this additional com- 
plication in the calculations. 

After each experiment electrical measurements 
were made. Resistivities were measured by the 
standard four terminal technique and the thermo- 
electric power was measured as described elsewhere 
(6). 

Samples of Ag,Mn,_,Se where x = 0.01, 0.02, 0.03, 
and 0.06 were made for the preliminary studies by 
firing all reactants in small isothermal sealed tubes 
at 800°C. In this way the samples would decompose 
until their equilibrium vapor pressures were 
reached. The samples where x = 0.03 and 0.06 were 
examined by x-ray and metallography. The x-ray 
patterns of both samples showed NaCl cubic MnSe 
and weak lines of 8-Ag,Se. By metallography the 
small amounts of a second phase appears in the 
grain boundaries and may have been liquid at one 
time. 

Results 

The results of the vapor pressure experiments are 
summarized in Fig. 2. This figure gives the appear- 
ance of a group of titration curves which in fact 
it is. The figure gives a plot of log vapor pressure 
us. log of the electron hole concentration as deter- 
mined by the weight of the sample pellet, assuming 
each selenium added permits the formation of two 
holes. The data can be described in terms of three 
distinct regions. There is the doping region in which 

selenium vapor is taken up while a corresponding 
amount of AgSe is reacted. This continues until the 
total amount of Ag,Se present has been reacted. At 
the conclusion of this region Ag,Mn,,_,,Se is com- 
pletely formed. The next region is the equivalence 
point region or the controlled valence region. Fin- 
ally, there is the vacancy region. The figure shows 
that in the doping region the curves coincide within 
the rather large experimental error. This region is 
shown on the graph as a straight line with slope = 6. 
As the equivalence point for each sample is reached, 
the curve rapidly becomes vertical. It would be ex- 
pected that the vertical region would occur exactly 
where there is selenium uptake equal to Ag,Se 
added. Any departure from this is assumed to re- 
flect experimental error. In the sample Ag,,,Mn,,Se, 
the only one where measurements could be made 
substantially beyond the equivalence point, the 
curve again assumes a slope similar to that of the 
doping region. Further, this region is approaching 
the data for MnSe containing no silver additions 
which also has a slope =6. This additional uptake 
beyond the silver equivalence point represents the 
creation of manganese vacancies in the lattice. 

From Fig. 2 it is clear why the phase boundary 
suggested in Fig. 1 comes about. The data plotted 
in Fig. 2 are terminated at nearly 1 atm of Se,. This 
occurs near the equivalence point for Ag,.,Mn&3e. 
Insufficient Se has been added for the formation of 
Ag,.,Mn,,Se. In fact, this composition is impossible 
at a sample temperature of 800" under any circum- 
stances. If the Se, reservoir temperature were in- 
creased to 800°C (the sample temperature), Fig. 2 
indicates that the selenium uptake would only be 
su'Ecient for the formation of Ag,.,Mn,,,Se. The 
selenium pressure would be 3.5 atm at these condi- 
tions on the basis of an extrapolation of the data 
of Brooks (4).  

The electrical conductivity data corresponding to 
the sample compositions in Fig. 2 are plotted in Fig. 
3. The correspondence between Fig. 2 and Fig. 3 is 
quite apparent. The doping region is again of slope 
6. The equivalence points for x = 0.005, 0.01, and 
0.02 are at conductivities 19, 37, and 76 ohm-' cm". 
Thus the conductivities at the equivalence point es- 

21 I 
LO 1W 

Lg o lohm-crnl-I 

Fig. 3. Log p Se2 vs. log u for Ag,Mnl,.,,Se 
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Fig. 4. Thermoelectric power of Ag.Mncb.)Se as a function of 
log p Sen. 

sentially double with each doubling of x, as would 
be expected. The data on this graph are actually 
probably more accurate than that of Fig. 2 since the 
data in Fig. 2 involves a very large weighing error 
a t  low selenium additions. 

Thermoelectric power data corresponding to the 
compositions of Fig. 2 and Fig. 3 are plotted in Fig. 4. 
At the equivalence point the thermoelectric power, a, 
changes from +I37 to +I97 to +268 pv/"C for 
x = 0.02, 0.01, and 0.005. Theoretically a decrease 
of -60 pv/"C for each doubling of @ would be ex- 
pected since a --. -k/e In @ + C so there is agree- 
ment at this point (6). In the doping region however, 
the curves might be expected to coincide on the basis 
of Fig. 2 and 3. Actually at  a given selenium pres- 
sure the higher the value of Ag in this region the 
lower value of a. This is due to the presence of the 
second phase of n-type Ag,Se in the product which 
will give rise to internal circulating currents be- 
tween the p- and n-phases. [Ag,Se normally (7 )  
has the electrical properties a = -150 pv/'C and 
u = 10" ohm-' cm-'.I As indicated earlier in Fig. 1, 
this has a large effect on a, but little effect on u. In 
Fig. 4 a slope corresponding to that of Fig. 2 and 3 
is indicated by a dotted line showing that where the 
silver content is low there is good agreement with 
this slope but, as the silver content increases, the de- 
viation becomes marked showing the effect of in- 
creased amounts of the Ag,Se second phase. 

No data for MnSe are given in Fig. 3 and 4 in spite 
of the fact that considerable nonstoichiometry was 
indicated in Fig. 2. It was found that all MnSe sam- 
ples had nearly constant values of a and u of - +500 
pv/"C and 1 ohm-' cm-', respectively. Actually, 
values of a as low as - +280 and values of u are high 
as -15 would be expected from the figures, and 
further the values would be expected to vary sys- 
tematically with composition. Evidently the vacancy 
structure of MnSe is not stable at room temperature. 
and the vacancies are eliminated rapidly on quench- 
ing with the probable formation of MnSe,. This ex- 
perience indicates the risk associated with inferring 
high-temperature data from room temperature 
electrical measurements as is frequently done. Such 
inferences from weight data are much more sound 
since weight data are not structure sensitive and 
processes involving changes in weight are much 
slower than just an atomic or electronic rearrange- 

ment. This comparison also bears out the hypothesis 
that has been held for some time that doped semi- 
conductors are thermally much more stable than 
those relying only on nonstoichiometry for the con- 
trol of charge carriers. 

Discussion 
A number of cases involving the relationship be- 

tween the electrical conductivity and the vapor 
pressure of a gaseous component have been reported 
in the literature. These are generally cases of simple 
nonstoichiometry. The approach is usually through 
the use of mass action. The groundwork was laid in 
1930 by Wagner and Schottky (8). It  has been pur- 
sued experimentally by Wagner (9), Hauffe (lo),  
and others. A graphical method of approximating 
these interactions has been introduced by the Phil- 
lips workers, notably Kroger and Vink (11). A 
similar approach using semiconductor terminology 
has recently been discussed by Brebrick (12). A 
simple mass action approach will be used in the dis- 
cussion to follow. 

The simplest case to be treated is that of non- 
stoichiometric MnSe. The chemical equation may be 
written 

X 
MnSe + - Se, -, MnSe,,, m. $?, 

2 

where is assumed to be a neutral (or doubly 
ionized) manganese vacancy, and @ is a hole. With 
respect to the manganese lattice, the manganese 
vacancy as written has a net charge of -2 and is 
therefore a potential trap for holes. The mass action 
expression for this equation may be written 

but since 2 . = @ 

Thus it can be seen that the slope of the log p Se, vs. 
log @ plot should have a slope of 6 as is indeed ob- 
served. The agreement indicates that the manganese 
vacancies are not trapping electron at the tempera- 
ture of the experiments, in accord with the starting 
equation. 

This same approach may be used beyond the 
equivalence point in the silver doped samples 

Y 
Ag,Mn,,-,)Se @, + - 2 Se, 

Here the expression for the equilibrium constant 
turns out to be the same as before, but now $ = Ag 
+ 2 m 
SO 

This is clearly not a simple exponential. A series of 
curves were calculated using K, derived from the 
MnSe data and the silver concentrations of the ex- 
periments and are shown in Fig. 5. The derived 
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Fig. 5. Derived log p Ser vs. log @ calculated using log KI = 
-16.1. 

curves give the very slow change in composition 
with changing selenium pressure near equivalence 
points and then a less steep approach to the MnSe 
curve. The MnSe and Ag.Mn,,,,Se curves will be- 
come indistinguishable when $ >> Ag. At that 
point the Ag,Mn,,..,Se curve will have a slope of 6. 
Thus both the equivalence region and the vacancy 
region are described by one equation. 

The region in which doping occurs has not been 
successfully evaluated in these terms. The over-all 
formation reaction may be written 

X x 
- Ag,Se + - Se, + 1 - x MnSe -* Ag, @, Mn ,,,, Se 
2 4 

If Ag,Se is assumed to be a t  a fixed activity, a slope 
of 8 would be derived for the plot of Fig. 2. The ob- 
served slope is 6, however. The lack of agreement is 
believed to be due to the changing activity of Ag,Se 
with selenium pressure that has been demonstrated 
earlier and which has also been described in the 
work of Wagner ( 1 3 ) ,  Miyatani ( 1 4 ) ,  and Rahlfs 
(15). 

The presence of a phase containing selenium 
vacancies as a result of the silver addition, i.e., 
Ag,Mn ,,.,, Se, . , , ,a  lSel,2, instead of a two phase mix- 
ture of x/2 Ag,Se + ( 1  - x)MnSe can be ruled out 
since it would lead to a variation in vapor pressure 
with the silver content at  the start of the selenium 
addition which is far beyond the experimental 
error involved. Instead the data are completely in- 
dependent of the silver content in this region. More- 
over insolubility of Ag,Se in MnSe has been demon- 
strated, a t  least a t  room temperature, by visual 
observation and thermoelectric power measurements. 
Therefore, in terms of the ternary phase diagram, 
the process of selenium addition can be described in 
terms of cutting across the tie lines of the Ag,Se- 
MnSe binary field. 

Finally one might consider the behavior of 
Li,Mn,,.,,Se within this framework. A rather serious 
attack of Vycor by lithium precludes any accurate 

experimental work since a continuous undoping will 
arise from this attack. Electrical data indicate, how- 
ever, that a t  least in the case of Lia,,M&.,Se the ma- 
terial probably is completely within the controlled 
valence range throughout the range of selenium 
pressures used in this work. I t  is also reasonable to 
suppose that when x = 0.11 in Li,Mn,,-,,Se, which is 
the previously reported phase boundary composition 
( I ) ,  the selenium equilibrium vapor pressure has 
increased to the vicinity of 1 atm. This in itself would 
require a large extension of the range of controlled 
valence by the mechanism of lowering the doping 
curve for Li,Mn,,_,,Se away from the vacancy curve 
which,is common to both systems. 
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Electrical Conductivity of Nonstoichiometric a - N b p ,  

E. H. Greener and W. M. Hirthe 

College of Engineering, Marquette University, Milwaukee, Wisconsin 

ABSTRACT 

The electrical conductivity of reduced u-Nb20j was measured after prior 
reduction in 10." atm of air from 350"-1150°K for both single crystals and sin- 
tered specimens. The conductivity of single crystals was found to be exponen- 
tially dependent on temperature with an activation energy of 0.9 ev in the range 
from 1150"-650°K and 0.2 ev in the range from 650'-350°K. The electrical con- 
ductivity of sintered specimens was also found to be exponentially dependent 
on temperature, but only a single activation energy was obtained over the en- 
tire temperature range. This activation energy was dependent on defect con- 
centration and varied from 1.0 ev for the smallest degree of reduction to almost 
zero at the highest degree of reduction where the behavior was essentially that 
of a degenerate semiconductor. An explanation based on overlapping orbitals 
of trapped electrons is offered to explain both the dependence of activation 
energy on defect concentration and the absence of a low-temperature activation 
energy in sintered material. Finally, two mechanisms are discussed to explain 
the observed conductivity of reduced a-Nb20,. Comparison of conductivity data 
and thermoluminescence data tends to favor a model in which two trapped 
electrons are excited from an oxygen vacancy to the "d" band of the niobium 
cations. 

A discussion of the past work on the electrical trap (Eq. [3]). Wo is the energy required to create 
properties of NbzO, has been presented in an earlier the defect, and E, is the energy necessary to excite 
paper (1). In this work m-Nb2O5 has been shown to the first electron from the defect into the conduction 
be a metal-excess n-type semiconductor. The defect band. Experimentally, the quantity -(Wn + 
producing this structure is most probably an oxygen was found to be 1.65 ev (Fig. 2). 
ion vacancy which has trapped two electrons. A pos- These reactions may be summarized as , 
sible energy band model for the defect oxide semi- 
conductor appears in Fig. 1. 

In near-stoichiometric or-Nb,O,, between 600"- 
900°C, the conduction band carrier concentration' 
[el has been shown to obey a law of the form 

[el = VKOIKo2 Pea-'/' exp - (WD + E,) /2kT [I] 10-3, I 
where KO, and KO, are, respectively, the temperature a0.12 ATM. O X Y G E N  
independent terms of the equilibrium constants for - 

0 0.9 A T  M. O X Y G E N  
the creation of the defect (Eq. [2]) and the excita- 
tion of the first electron from the oxygen vacancy 

The temperature dependence of conduction band carrier mobility 
in near-stoichiornetric a-NbzOs is assumed to be negligible when - 
compared to the change in conduction band carrier concentration 

I 
I 

over the temperature range 600'-900'C. A discussion of this is in- 
cluded in the earlier paper (1).  - 

I 
0 - 
> - - 
> 

CONDUCTION BAND C 
0 3 

Z 

0 

lu-5 - 

- 
I 

0.8 0.9 1.0 1.1 1.2 1.3 
IVT 103 (OK-I ) 

Fig. 2. Logarithm of the conductivity of sintered near-stoichio- 
metric a-NbzO. as a function of 1/T for two oxygen pressures. The 

Fig. 1. Band model for a metal-excess oxide semiconductor with value of 1.65 ev calculated from the slopes of these curves repre- 
an oxygen ion vacancy trapping two electrons. sents (Wn + Et)/2. 
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where 0," is an oxygen ion in a normal lattice posi- for sintered specimens. Compositional changes were 
tion, 0,' is an oxygen vacancy which has trapped measured by weight loss, the entire weight change 
two electrons in its field, 0; is an oxygen vacancy being attributed to the loss of oxygen. 
from which an electron has been excited, and 0 is 
an electron in the conduction band. Experimental Results and Discussion 

~t is further possible to write an analogous expres- In an attempt to freeze in a constant defect con- 

sion for the excitation of the second electron centration the reduction was carried out directly in 
the vacuum apparatus. Specimens were held at lo4 

0; e 0;. + -El [41 atm 0, for from 1 to 8 hr at temperatures from 700' 

where 0;. is an oxygen ion vacancy from which both 
electrons have been excited, and E, is the energy 
necessary to excite the second electron from the 
vacancy trap into the conduction band.' 

Thus, the conductivity of near-stoichiometric 
a-Nb,O, is seen to depend on both temperature and 
oxygen partial pressure. 

In the case of materials of near-stoichiometric 
composition, Eq. [2], [3], and 141 control the change 
in conduction band carrier concentration with tem- 
perature and pressure. Consequently, E, and E, can- 
not be separated from Wo. On the other hand, if the 
concentration of defects were increased so that the 
change in conduction band carrier concentration 
would be controlled by Eq. [3] and [4] it should be 
possible to determine E, and E, experimentally. 

Experimental Details 
Small single crystals of a-Nb,O, approximately 

2 mm in diameter were kindly furnished by Linde 
Air Products Company. Flat surfaces were ground 
and polished with 420 grit carborundum on the crys- 
tals for electrical contact. No chemical analysis of 
the Linde crystals or knowledge of their perfection 
was available. Since the dimensions of the Linde 
crystals were very irregular the data for these spec- 
imens are reported as conductance rather than as 
conductivity. 

High-purity Nb,O, powder furnished by the Fan- 
steel Metallurgical Corporation was a mixture of a 
and p modifications. It was cold-pressed without a 
binder at a pressure of 40,000 psi and sintered at 
temperatures between 1300" and 1350°C for 2 hr. 
After this treatment, the Nb,O, existed entirely as 
the a modification. The apparent densities of the 
sintered compacts were measured pycnometrically 
and were found to be within 80-90% of the theo- 
retical density of 4.55 g/cm3 reported by Holtzberg 
et al. (2 ) .  Rectangular parallelepipeds approxi- 
mately 35 x '/4 x 0.05 in. were cut from the sintered 
compacts and used for conductivity specimens, the 
surfaces being polished with 420 grit carborundum. 

The equipment for measurement of resistance as a 
function of temperature in the range 300"-1000°K 
and oxygen partial pressure has been described pre- 
viously (1 ,3 ) .  Two types of apparatus were used: 
the first system consisted of a furnace in a vacuum 
bell jar, and in the second, a Vycor tube connected to 
a vacuum system separated the specimen from the 
furnace. The single crystals were investigated in the 
bell jar whereas the sintered specimens were in- 
vestigated in the Vycor tube. Because of the size lim- 
itations, the two-probe technique was used for single 
crystals whereas four-probe techniques were used 

'Another possible explanation for the occurrence of a second acti- 
vation energy is mentioned at the end of the paper. 

to 900°C. The specimens were cooled quickly 
(5"-10°C/min for the sintered specimens, faster for 
the single crystals) in vacuo, and resistance readings 
were taken on cooling. It is felt that in the case of 
the data reported in this paper this treatment was 
successful in maintaining the defect concentration 
produced by the high-temperature reduction. Slower 
cooling or holding at the higher temperatures pro- 
duced discontinuities in the log w us. 1/T curve due 
to further reduction. No such discontinuities were 
found in the data reported in this investigation. 

A typical run on a single crystal of Nb,05 in a vac- 
uum of 10" atm of air in the temperature range from 
300" to 1000°K is given in Fig. 3. Essentially the 
same log u us. 1/T curve was obtained for six differ- 
ent specimens initially reduced at 800'-850°C for 
from 2 to 4 hr. The observed data can be rationalized 
with the normal semiconductor equation 

u = w. exp (-E,,/2kT) C51 

where E,, is the energy of the donor level, k is Boltz- 
mann's constant, and T is the absolute temperature. 
The activation energy calculated from the high- 
temperature slope is about 0.9 ev (E,) and from the 
low-temperature slope about 0.2 ev (E,). The break 
in the log w us. 1/T curve occurs at 1/T x 10" equal 

l r 5 ~ o  10 2 0  

I /TX lo3 c - K - ' )  

Fig. 3. Logorithm of the conductance of single crystal a-NbzOs 
as a function of 1 / T  after reduction a t  800'C for 4 hr in a vacuum 
of 10." atm of air. The values of 0.45 ev and 0.11 ev calculated 
from the slopes of the curve represent EJZ ond E, /2 ,  respectively. 



602 JOURNAL OF THE ELECTROCHEMICAL SOCIETY July 1962 

Table I. Comparison of thermal energy for exhaustion with 
energy level of the donor state 

Fig. 4. Logarirhm ot the conductivity of sinhred a-NbyO. in 10-a 
atm of air as a function of 1 / T  for the following reduction treat- 
ments in a vacuum of 10- atm of air: (A) 8 hr at 875'C; (B) 
8 hr a t  860°C; (C) !/2 hr a t  860°C; (D) 8 hr a t  750°C; (E) H hr 
at 800°C. 

to 1.5 or 650°K which corresponds to a thermal en- 
ergy of about 0.06 ev. The change in slope of the 
curve is due to the exhaustion of electrons trapped 
at E, because the thermal energy at 650°K is within 
4kT of E,. 

Typical curves of log u us. 1/T for reduced sin- 
tered specimens shown in Fig. 4 can be characterized 
by two distinct regions. In the low-temperature re- 
gion the conductivity changes exponentially with 
temperature and can be represented by a straight 
line, the slope of which will yield the activation en- 
ergy from the donor level according to Eq. [5]. In 
the high-temperature region the conductivity is es- 
sentially independent of temperature and can be ex- 
plained on the basis of an exhaustion process in 
which the thermal energy is large enough to excite 
all trapped electrons from available donor centers, 
but is too small for any intrinsic excitation to occur. 
The thermal energy for exhaustion is compared with 
the energy level of the donor state in Table I for all 
curves in Fig. 4 and can be seen to be within ap- 
proximately 4kT of the donor level E,. For the small- 
est degree of reduction attempted, the observed ac- 
tivation energy is (according to Eq. [5]) 1.0 ev. This 
is in good agreement with 0.9 ev obtained from the 
high-temperature slope of the single crystal curve." 
As the degree of reduction and consequently the con- 

%Since good agreement was obtained between the high-temper- 
ature aetiGation energies of the single crystal (two-prob; method) 
and sintered specimens (four-probe method), contact resistance 
was not deemed to be a problem in the case of the single crystal 
studies. Certainly if any problem were to exist it would have ap- 
 eared in the high-temperature range of measurement where s ~ e c i -  
men resistance I's lower than in the low-temperature range. Since 
the hieh-temoerature activation enerdes agreed. it is reasonable to 
assume that Eontact resistance is nota  priiblem'in the low-temper- 
ature range of measurement. 

Thermal energy 
for exhaustion Activation energy 

Curve from Fig. 4 from Fig. 4 

A Degenerate 
B 0.08 0.15 
C 0.09 0.23 
D 0.09 0.45 
E 0.10 0.50 

centration of defect levels and trapped electrons 
increases, the conductivity also increases. In addi- 
tion, there is a decrease in the activation energy due 
to the fact that the electrons trapped in donor levels 
can no longer be considered as isolated defects be- 
cause their orbitals begin to overlap. As treated by 
Pearson and Bardeen (4), increasing the concentra- 
tion of donor levels to the point where overlapping 
occurs moves the Fermi level up toward the con- 
duction band. This will lower the activation energy 
necessary for electronic excitation and the beginning 
of the exhaustion region will occur at successively 
lower temperatures as is seen in Fig. 4. 

This may be the reason why only a single acti- 
vation energy is obtained with sintered materials 
over the same temperature range where two acti- 
vation energies are found in single crystals. For ob- 
vious reasons, the kinetics of reduction of the sin- 
tered materials can be considered to be faster than 
that for single crystals. Consequently, even at the 
smallest degree of reduction in sintered specimens, 
the concentration of oxygen vacancies and trapped 
electrons would be higher than for single crystals 
receiving the identical reduction treatment. The 
electrons trapped at E, will be more loosely bound 
than those traped at E, (Eq. [3] and [4]) and can be 
thought of as having a larger orbit. Therefore a con- 
centration of defects sufficient to cause overlapping 
of the E, levels may be insufficient to cause over- 
lapping of the E, levels. In this case the E, level 
would shift toward the conduction band in a man- 
ner analogous to the shifting of the E? level in Fig. 4. 
Since from the single crystal data the E, level is 
about 0.2 ev, the smallest reduction attained in this 
investigation may provide a sufficient number of 
defects to shift the E, level within 4kT (at room 
temperature 4kT = 0.1 ev) of the conduction band. 
If this occurs, the first level would be exhausted at 
all temperatures utilized in this research. and the 
conductivity of sintered specimens would change 
only through excitation of electrons from the second 
level into the conduction band. 

At the highest degree of reduction (curve A, Fig. 
4) the conductivity is essentially independent of 
temperature over the entire temperature range in- 
vestigated, and thus the material in this region may 
be classified as a degenerate semiconductor, i.e., both 
E, and E, levels are exhausted. Since in a degenerate 
semiconductor the Fermi level may be considered 
to be in the conduction band, the exponential term 
for the dependence of the conductivity may be re- 
placed by unity, and the conductivity u may be ex- 
pressed as 

u = U. New 161 
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where N is the number of carriers in the conduction 
band, e is the electronic charge, and v is the elec- 
tronic mobility. Thus, if it is possible to estimate the 
number of carriers and measure the conductivity, a 
calculation of the electron mobility could be made. 
From x-ray data of Holtzberg and co-workers (2), 
it is possible to estimate the total number of mole- 
cules in Nb20S/cc as 1.2 x lom. This means that there 
would be 6 x 10" normally occupied oxygen anion 
lattice sites. From measurement of weight changes, 
however, it was found that the compositional 
change from insulator to degenerate semiconductor 
amounted to the change Nb,O,-Nb,O,,., with the 
composition NbZO,,., corresponding to about 1% va- 
cancies per cubic centimeter. Since an oxygen va- 
cancy can trap two electrons, N can be approximated 
as 1.2 x 1OW/cc. From Fig. 4 the conductivity for the 
degenerate case can be approximated as lo-' ohm- 
cm. Therefore, the electron mobility is of the order of 
10.' cm2/volt-sec. This value of mobility is close to 
that found by Breckenridge and Hosler (5) for the 
case of heavily reduced TiO, and was related by 
them to a conduction process in the narrow "d" band 
of Ti ions. Thus, by analogy to the TiO, case, it  would 
be possible for the narrow "d" band of the Nb cat- 
ion to act as the conduction band. 

Conclusion 

On the basis of the conductivity studies presented, 
two alternative mechanisms may be offered. 

1. Excess electrons produced as a result of re- 
duction are locally trapped at Nb" ions. Since an 
oxygen vacancy may be considered to have a virtual 
charge of +2, these NW ions would be found near a 
vacancy. Conduction might take place via excitation 
of an electron from an Nb" ion into the conduction 
band (high-temperature activation energy) or by 
"hopping" of an electron from an Nb4+ site to an Nb6+ 
site (low-temperature activation energy). The acti- 
vation energies are summarized in Table IIa. Mitoff 
(6) has recently treated the case for hopping in NiO. 
He reports an activation energy of about 0.2 ev over 
the same low-temperature range used in this in- 
vestigation. A standard diffusion analysis can treat 
this problem quite adequately; i.e., the conductivity 
rr may be expressed as 

T = nev = nev. exp (-E/kT) [71 

where n is the number of carriers trapped in defect 
levels, e is the electronic charge, and the term 
v.  exp (-E/kT) expresses the temperature depend- 
ence of the mobility. 

2. Excitation of two electrons from an oxygen va- 
cancy trap into the "d" band of the Nb"' ions accord- 
ing to Eq. [3] and [4]. The observed activation en- 

equation (Eq. [5]) yield the energies necessary to 
excite these electrons from a vacancy trap into the 
conduction band, Table IIb. Recent thermolumines- 
cence studies by Greener, Fehr, and Angino (7) tend 
to substantiate this model. In this investigation 
specimens of powdered near-stoichiometric a-Nb,O, 
were subjected to Cow and u.v. irradiation after 
which they exhibited two thermoluminescence 
peaks. The activation energies calculated from these 
peaks closely correspond to those calculated from 
single crystal conductance data based on activation 
to a band from two discrete levels (Tables IIb and 
IIc). This suggests that the trapping mechanisms in 
both experiments were the same. 

Further, two activation energies were obtained 
in powdered material. In the case of thermolumines- 
cence experiments one may expect an extremely 
small concentration of electrons trapped at vacan- 
cies. For example, irradiation produces no color 
change, while reduction does. Thus no overlapping 
of electrons trapped at E, occurs, and a second ac- 
tivation energy is seen which is in good agreement 
with the single crystal conductance data. The hop- 
ping mechanism discussed earlier (mechanism 1) 
could not give rise to a thermoluminescence peak. It  
is also of interest to note that a Bohr He model for 
the traps predicts that the energy to excite the sec- 
ond electron from the vacancy is about four times the 
energy to excite the first. Such a relationship is evi- 
dent in Table 11. 

Although at present the model which best explains 
all experimental data seems to be the excitation of 
two trapped electrons into the "d" band of the nio- 
bium cations, the final decision as to which mechan- 
ism occurs must depend on an experiment which can 
differentiate between the temperature dependence of 
carrier concentration and carrier mobility. In the 
case of excitation into a band it is the carrier con- 
centration which is exponentially dependent on tem- 
perature whereas in the case of a hopping process the 
mobility is exponentially dependent on temperature. 
Clearly in order to distinguish between the two pos- 
sible mechanisms, Hall Effect data would be most 
valuable. 
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Cross Sections and Ohmic Resistance of Diffusion 

Pipes in Silicon 

A. Goetzberger and C. Stephens 

Shockley Transistor, Unit of Clevite Transistor, Palo Alto, California 

Diffusion pipes were deliberately produced by contamination with phos- 
phorus as described previously by Goetzberger and their cross sections meas- 
ured as a function of depth from the surface by removing thin layers of silicon 
by anodic oxidation. The results are in qualitative agreement with theory as 
derived from a simple diffusion model. In particular some pipes were found 
having diameters that increase with depth, and others were found having 
decreasing diameters. "Submerged pipes" were also detected experimentally 
for the first time. Deviations from the predicted theoretical behavior were rela- 
tively unimportant and seem to be caused by enhanced diffusion close to the 
surface by the finite size of the n-type source and by the influence of back- 
ground doping. The proposed theoretical model was further confirmed by meas- 
urement of the ohmic resistance of pipes which was in agreement with predic- 
tions based on spreading resistance from the concentration end of the pipe. 

This paper reports new investigations on diffusion 
pipes in silicon. In an earlier paper (1) it had been 
shown that pipe-like regions of high donor concen- 
tration through diffused p-layers in silicon can orig- 
inate from localized sources of n-type impurity on 
the surface. x x 

It had further been shown that this n-type im- ELLIPSOID HYPERBOLA OF ROTATION 

purity was phosphorus in the majority of cases and I II 

that pipes are formed by diffusion from the localized 
sources. The results reported in (1) were recently 

k Y l - 7  

confirmed by Flint (2) who was able to detect a 
high concentration of phosphorus in pipes with an 
electron probe x-ray analyzer. According to the dif- 
fusion theory given in ( I ) ,  pipes should have dif- x \ 

ferent profiles dependent on diffusion conditions CYLINDER HYPERBOLA 
(Table I and Fig. 1). Of particular interest are the IU IX 

so-ca11ed "submerged" pipes (case IV)' This type Fig. 1. Four different pipe shapes according to mathematical 
of pipe cannot be detected on the surface because it model. 
does not contain a junction intersecting the surface. 

In this evidence that all the predicted 
shapes exist is reported. This evidence, obtained 
with a sectioning technique employing anodic ox- 
idation, is discussed below. 

The results of the profile measurements were 
checked by measuring the ohmic resistance of a 
number of pipes. Since pipes result from diffusion 
from the surface, the resistivity along a pipe in- 

Table I. Pipe shapes for different diffusion conditions 

Case Condition Shape 

I C.$ > CO1, Dxtl > D& Ellipsoid 
I1 C., > C,, a t l  < Dat. Hyperbola of rotation 
I11 C., > Cox, Dlk = DaL Cylinder 
IV C, < C.,, D,k < D,t, Hyperbola of rotation 

(submerged pipe) 

Definition of symbols: C. is surface concentration: D ,  diffusion co- 
efiicient' t diffusion time. subscript 1 refers to the plane diffusion: 
subscriit i refers to the lpherical pipe diffusion. 

creases from the surface according to a diffusion 
distribution. The most important contribution to 
the resistance, therefore, arises from the spreading 
resistance in the bulk material lying beyond the end 
of the pipe. The area of the conducting channel 
through the diffused layer can thus be estimated 
from resistivity measurements and is found in a 
later section to 'compare with optical measurements 
of the pipe shape. 

Cross Section Measurements 
Experimental procedure.-Diode preparation and 

observation of pipe diameter a t  the surface were 
identical to the procedures described in (1). Pipes 
were introduced into boron diffused p'n planar di- 
odes by exposure to P,O, aerosol before boron pre- 
deposit and were optically observed by light emis- 
sion from microplasmas at the surface. 

Afterwards the thickness of the silicon slices con- 
taining diodes with pipes was reduced in small in- 
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Fig. 2. Anodic oxidation apparatus 

crements by anodic oxidation, and the variation of 
the pipe shapes studied. The technique of anodic 
oxidation of silicon has been described by Schmidt 
( 3 ) ,  and Tannenbaum (4).  The procedure followed 
in this investigation had been worked out by MC- 
Donald and Collins ( 5 ) .  One anodization step in the 
apparatus shown in Fig. 2 removes approximately 
0.05p. After each anodization the oxide was removed 
in HF, and after every five oxidation steps the thick- 
ness of the removed layer and the diameter of the 
pipe were measured. Thickness was determined by 
weighing with a microbalance with an accuracy 
of % 4 pg, corresponding to a depth accuracy of 
0.016p for a slice of 1 cm' area. This accuracy, how- 
ever, is only applicable for slices of uniform doping 
over the whole surface because it has been observed 
during this investigation that the etching rate is 
different for n- and p-type and for different re- 
sistivities. Therefore the depth measurements repre- 
sent only an average over the whole slice and may 
not apply accurately to the pipes themselves. The 
error is thought to be less than 10%. 

The dimensions of the pipes were determined by 
taking photomicrographs of the diodes under re- 
verse bias, utilizing avalanche radiation to delineate 
the intersection of the pipes with the surface. Some 
of the pipes deviated from a circular geometry. In 
these cases the diameter was always measured in 
the same direction. 

An alternative to the avalanche method is the 
chemical staining technique ( 6 ) .  The avalanche 
method was chosen because of its greater repro- 
ducibility. 

Results.-When phosphorus was introduced as an 
aerosol before boron predeposition, in general a 
greater percentage of pipes were found to have di- 
ameters which decreased with depth corresponding 
to the ellipsoidal type. The remainder of the pipes 
showed a widening with increasing depth; this type 
of pipes is believed to be due to unintentional con- 
tamination during or before the oxidation step with 

Fig. 3. Group of pipes showing constriction. Light emission photo- 
graphs are taken a t  increasing depths. X is depth of cross section. 

LAWID.Imto lac~tion o l  
p-n jvnclm 

Fig. 4. Cross sections for four different pipes showing constriction 

Fig. 5. Cross section of a pipe showing widening of diameter with 
depth. 

consequently larger values of Dt for the phosphorus 
than for the boron. 

Figure 3 a-c shows light emission from the same 
group of pipes as it appeared at different depths. 
The cross sections of two of these pipes and of some 
others found in the same sample are given in Fig. 4. 

Figure 5 shows the cross section of a pipe with 
increasing diameter, the two outlines correspond- 
ing to two perpendicular directions across the pipe 
which was not exactly circular. 

In Fig. 6 the detection of a submerged pipe dur- 
ing sectioning is shown. In Fig. 6a a small light spot 
can be seen to the left of a well-developed pipe. At 
greater depths this light spot developed into a ring 
of light characteristic for a pipe. It can be assumed 
that the light emission that emerges before the pipe 
itself is sectioned is caused by avalanche break- 
down at the top of the n-region where the impurity 
gradient is increased. 

In Fig. 7a the cross section of this pipe is given. 
The two traces again apply to two perpendicular 
directions. Figure 7b shows a similar structure found 
in another diode. 

Discussion.-The observed pipe cross sections are 
in qualitative agreement with the theory given in 
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Fig. 6. Light emission photographs showing detection of a sub- 
merged pipe. X is depth of cross section. 

Junctim d.pth tor tmm plpa--/ 

1 0 )  

~unstioo depth tor trom pope> 

1 b l  

Fig. 7. Cross sections of two submerged pipes 

(1). The following deviations from the expected 
behavior can be noticed: (A) Pipes which show a 
decrease in diameter in depth (Fig. 4) are wider at 
the surface than the expected ellipsoid. (B) Pipes 
showing an increase in diameter with increasing 
depth, including the submerged types, do not follow 
a hyperbolic outline exactly, but show more curva- 
ture at the bottom end. 

Effect (A) might be caused by enhanced diffusion 
close to the surface as has been reported by differ- 
ent observers (4, 5, 7) .  Little is known about diffu- 
sion along surfaces, but in general it is assumed to 
be much faster than bulk diffusion. Because the 
observed effect can be explained adequately by a 
small modification of the bulk diffusion coefficient, 
it is believed to be due to enhanced bulk diffusion 
and probably not to surface diffusion. 

Effect (B) can be accounted for by (i) finite 
extension of the source initially over the surface 
and (ii) influence of the doping of the crystal from 
which the slice was prepared; this constant concen- 
tration term was not taken into consideration in the 
simple mathematical model. 

For several pipes an evaluation of phosphorus 
content was carried out using the known data of 
the plane diffusion and a diffusion time for the pipes 
corresponding to the time elapsed after introduction 
of phosphorus. The number of phosphorus atoms 
per pipe was estimated as between 10' and lo0, in 
good agreement with earlier estimates (1) based on 
measurements of the growth rate of pipes. 

Submerged pipes had an impurity content in the 
lower range, as anticipated. 

It should be noted here that the lower limit for 
the phosphorus content which will make a pipe ob- 
servable is determined by the surface concentration 
of the plane boron diffusion. If the surface concen- 
tration of the plane diffusion is lowered, then the 
number of impurity atoms required to form com- 
parable types of pipes will be lowered by the same 
factor. 

One of the results of the present investigation is 
a proof of existence of the submerged pipes (Fig. 
7) .  This type is characterized by relatively small 
amounts of impurities which started diffusing a 
considerable time before diffusion of the p-type 
layer is frequently found in planar devices. The 
long high-temperature oxidation necessary to pro- 
duce the initial oxide layer provides a chance for 
submerged pipes to be introduced. It appears to be 
very difficult to avoid contamination with phos- 
phorus during this step. In the opinion of the au- 
thors this problem will have to be solved before 
large area planar devices become technically fea- 
sible in silicon.' 

Pipe Resistance 
Technique of measurement and results.-The main 

problem in measuring the resistance through a pipe 
is the small size of the pipe areas. James and Flint 
(8) attempted to measure the ohmic resistance by 
placing a fine probe in the center of a pipe. They 
obtained only a rough estimate of the resistance. 

In this investigation a different contacting method 
was chosen. Contact to the pipe was made by means 
of a shallow diffused n+-layer of a lateral extension 
smaller than the planar p-type junction containing 
the pipe (Fig. 8). Application of this technique is 
possible because, owing to the high doping level 
at the surface, the top part of the pipe does not con- 
tribute appreciably to its resistance. Before diffu- 
sion of the contacting emitter layer certain diodes 
containing pipes were photographed to obtain the 
pipe diameter. The n+-layer was then produced by 
conventional oxide masking and photoresist tech- 
niques. Only those devices which contained a single 
pipe were selected for measurement. In order to 
be sure that no submerged pipes were also con- 
tacted by the n+-layer, after the resistance had been 
measured the specimens were anodically sectioned 
and examined again for the presence of submerged 
pipes. 

The arrangement for resistance measurement is 
shown in Fig. 8. Separate probes were used for 

1 For example, in device production submerged pipes can produce 
emitter-collector shorts in structures which prior to the emitter 
diffusion, exhibit perfectly satisfactory colle&tor base junctions. 

Fig. 8. Technique for measurement of ohmic resistance of pipe 
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CURRENT i po )  

Fig. 9. V-l curves for four different pipes, which were used to 
determine ohmic resistance. 

voltage and current readings so that the influence 
of contact resistances could be eliminated. All the 
resistances measured were ohmic in the range be- 
tween -0.5 and S 0 . 5 ~ .  At higher voltage the 
measurements were disturbed by injection effects 
within the npn structure. Voltage us. current values 
for four different pipes are given in Fig. 9. 

Discussion.-In Table I1 the results of the resist- 
ance measurement are presented. The first column 
gives the number of the pipe, the second the meas- 
ured resistance. In the third column the observed 
diameters of the pipes at the surface are listed. 
These diameters had been measured before the con- 
tacting n+-layer was diffused. For comparison the 
diameter of the pipe was calculated from the spread- 
ing resistance on the basis of two different models 
(9). The first model assumes that current spreads 
from a disk of negligible resistance of diameter d 
into the bulk silicon of resistivity p. Resistance in 
this case is given by 

In the second model resistance is thought to arise 
by spreading of current into the bulk from a hem- 
isphere with negligible resistance, and diameter d 

(A rigorous treatment would require calculation of 
the spreading resistance of a hemispherical diffusion 
distribution whose top part is cut off by the junc- 
tion.) For both cases d was calculated for p = 3 ohm- 
cm from the measured R values. These d-values are 
given in the third and fourth column of Table 11. 

The pipes in Table I1 can be separated into two 
groups. One group (No. 1 and 2 )  consists of pipes 

Table II. Results of pipe resistance measurements 

drslr, 
Rrneasured, d measured. disk 

dralr, 
spher. 

No. K ohms a model, p model, p 

with a small diameter. For these we calculate a di- 
ameter which is too small with either model. The 
other group which consists of bigger pipes (No. 3 
and 4) can best be approximated by the spherical 
model. 

In order to explain the disagreement for the first 
group, we have to assume that the diameters at 
the junction are smaller than at the surface. Indi- 
cations for such a constriction of these pipes were 
indeed found when the sample containing the slice 
was sectioned anodically. Occurrence of surface con- 
tamination, however, prevented accurate measure- 
ments of pipe diameters close to the junction. We 
conclude, however, that in general the agreement 
with the model is satisfactorily within the limits set 
by experimental errors. 

Conclusions 
Pipes through diffused layers that were found in 

a preceding paper to be caused by diffusion of n- 
type impurity from localized specks of contamina- 
tion were studied in detail in this investigation. 
Cross sections of pipes that were obtained by anodic 
oxidation were found to be in qualitative agreement 
with theory. Three types of pipes were found cor- 
responding to the theoretically postulated type 
shapes: ellipsoid (I), hyperbola of rotation (11) , and 
submerged hyperbola of rotation (IV). The exist- 
ence of the latter type, which had only been postu- 
lated theoretically, was thus confirmed. 

Deviations from the calculated shapes can be ex- 
plained by enhanced diffusion close to the surface. 

Measurement of the ohmic resistance of a number 
of pipes gave satisfactory agreement between op- 
tically and electrically determined pipe diameters. 
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Hysteresis in the Large-Signal Field 

Effect in Semiconductor Surfaces 

D. R. Frankl 

General Telephme & Electronics Laboratories Inc., Bayside, New York 

ABSTRACT 

The finite generation and recombination rates of excess minority carriers 
can lead to large hysteresis effects even at frequencies <<(Zzz)-l in large- 
signal field effect measurements. The hysteresis loop occurs on the inversion- 
layer side of the conductance us.. field curve and widens with increasing fre- 
quency and with increasing minority carrier lifetime in the sample. Experi- 
mental results on germanium and a simple theoretical treatment are pre- 
sented. 

Owing to the existence (usually) of a large con- 
centration of slow surface states in semiconductors, 
any changes in sample properties induced by con- 
stant transverse electric fields tend to decay to zero. 
In other words, equilibrium field effects usually 
vanish. However, since at least in most germanium 
and silicon surfaces there is a large separation in 
the time constants of the slow and fast states, it is 
often possible to achieve a "quasi-equilibrium" con- 
dition, with the carriers in the bands and the fast 
states virtually in equilibrium, but with the car- 
riers in the slow states virtually unaffected. The 
usual analysis (1) of field-induced conductance 
changes, to obtain information about the fast states, 
entails the implicit assumption that this condition 
exists. 

The experimental requirement is that the time 
variations of the applied field be too rapid to be 
followed by the slow states, yet slow enough to be 
followed by all other processes affecting the carrier 
concentrations. These include drift and diffusion of 
free carriers, trapping in and release from fast 
states, and generation and recombination of minor- 
ity carriers. 

The latter processes are of principal concern in 
this paper. As is well known (2), under small-sig- 
nal a-c conditions their finite rates lead to a re- 
laxation in the field-effect mobility, centered at a 
frequency f = (2m)-' (7 = sample lifetime), which 
for ordinary samples lies in the neighborhood of 10 
kcps. Under large signal conditions, this effect can 
lead to appreciable departures from quasi-equi- 
librium even at much lower frequencies, and these 
give rise to hysteresis in the curve of conductance 
us. applied field. The purpose of this paper is to 
illustrate this hysteresis effect, and to present a 
simple theoretical treatment to account for the or- 
der of magnitude of the observed deviations. 

Theory 
We consider, for definiteness, a p-type sample, 

and let P, N, and Nt be, respectively, the numbers 
per unit area of free holes, free electrons, and elec- 
trons trapped in fast surface states, all measured 

relative to some arbitrary reference level such as 
the flat-band condition. Also let P, No, and N," be 
the corresponding quasi-equilibrium values of these 
quantities. Then the induced surface charge density 
at any instant is 

CV = -e(AP-AN-AN,) [I] 

where C is the capacitance per unit area between 
field plate and sample, V the applied voltage, A de- 
notes change from zero-voltage value. The. excess 
surface conductance is, neglecting the surface mo- 
bility correction (3) which is usually small 

AV = e(p,,AN + ~ = A P )  

= e[p,,AN + pP(AN + AN, - CV/e)] 121 

where p. and II,  are the electron and hole mobilities, 
respectively, Hence, the departure from the quasi- 
equilibrium conductance is 

where SN = N - No, etc. 

It remains to compute SN and SN, from the rate 
equations governing the approach to quasi-equilib- 
rium. These are, in general, quite complicated (4) ,  
and an exact treatment was not attempted. Instead, 
we introduce the following simplifying assumptions: 

1. The carriers in each band are separately in 
equilibrium among each other. This requires that 
the field period be >> the time constant for redis- 
tribution, by diffusion, of localized excess carrier 
concentrations. From the diffusion equation, this 
time constant may be estimated to be 6 B"/D (D is 
the diffusion constant, 2B the sample thickness) 
which is, for germanium at room temperature, about 
10-"ec. Hence, the assumption should be reasonably 
valid for the low frequencies of interest here. Since 
the assumed distribution is essentially the same as 
the fundamental decay mode distribution (6) for 
small surface recombination velocity, this assump- 
tion permits us to write the rate equations in terms 
of the ordinary lifetime, as measured, for example, 
in photoconductive decay. 
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2. The transitions between the traps and at least 
one of the bands are so rapid (2) that the trapped 
carriers are always in equilibrium with this band. 
Then two limiting cases may be distinguished, de- 
pending on which band this is. 

Case A, Traps in equilibrium with conduction 
band.-In this case, as the applied field is increasing 
electrons are generated and some of these fall into 
the traps. Hence 

Note that this equation gives an underestimate for 
dN/dt since, in actuality, some fraction of the rate 
dN,/dt comes from transitions to the valence band. 
This must be so because at least some of the sur- 
face states are the generation-recombination cen- 
ters. In discussing this case, therefore, we are as- 
suming that these centers comprise a negligible 
fraction of all the fast states. Since the latter are 
in equilibrium with the conduction band, we may 
take 

where 

Then [4] becomes, in terms of the phase angle 4 =urr 

The solution that vanishes at the accumulation-layer 
extreme of the voltage cycle (taken as 4 = 0) is 

If o is not too large, the exponential factor is very 
small except when 6 --4, so that we may approx- 
imate [8] by 

This result states that N lags behind N" by the 
amount that the sum of N + N," changes in one 
lifetime. Physically, the reason for this is that N + 
N, together form an equilibrium population that is 
generated at a rate proportional to the deficit in N 
only. 

From [5] we have 

and Eq. [9] and [lo] provide the values to be in- 
serted in [3]. The computation will be illustrated 
in the next section. 

Case B, Traps in equilibrium with valence band. 
-In this case, the rapid communication with the 

majority-carrier band keeps SN, always essentially 
equal to zero. The sole rate equation is then simply 

giving, in the same approximation as was used in 
~ 9 1 ,  

dNO 
SN (4) = - or(+) - 

d4 
1121 

Experimental Results and Discussion 
The experimental method used in this work has 

been described in detail elsewhere (7 ) .  In brief, 
a small constant current is passed through the sam- 
ple (a  thin plate) and the voltage drop between two 
probes is displayed on the Y axis of an oscilloscope 
while the field voltage is displayed on the X axis. 
Thus, with suitable scale factors and with proper 
precautions to balance out spurious signals due to 
the displacement current, the oscillogram gives di- 
rectly AU vs V. With the addition of chopped light, 
T can also be measured from the instantaneous pho- 
toconductance. 

Typical dark curves for a p-type sample are shown 
in Fig. 1. The hysteresis occurs in the n-type surface 
conductivity branch of the curve and increases with 
increasing frequency. With n-type samples the hys- 
leresis occurs in the other branch. And with either 
type of sample the width of the loop at a given fre- 
quency may vary widely depending on the surface 
treatment; with high-lifetime surfaces the loop is 
wide and vice versa. 

The computation of the quantities entering Eq. 
191, [lo], and 1121 is illustrated in Fig. 2, 3, and 4. 
Values of u ,  are obtained by the usual analysis (1) 
of the lowest-frequency curve, and N"is then calcu- 
lated as N" = n,L,G(ur,u.), where n,  is the intrinsic 
concentration, L, the Debye length, and G is the 
function tabulated by Kingston and Neustadter (8) 
and others (9) ; finally, dN"/d+ is obtained by graph- 
ical differentiation. These quantities are shown in 

- I 
0 + 

v- 
Fig. 1. Oscillograms of conductance vs. voltage on field plate a t  

frequencies of 20, 80, and 200 cps for a p-type Ge sample. The 
field amplitude was about 1 0  v/cm. The line marked I = 0, ob- 
tained with no current through the sample, illustrates the cancella- 
tion of spurious signals. 
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Fig. 2. Values of UB, No, and dNO/d@, as functions of the phase 
angle 9. 

Fig. 3. Values of Nto and dNio/d@ a$ functions of the phase 
angle @. 

Fig. 2. NIo and dNl0/+, computed similarly, are 
shown in Fig. 3. Finally 8, the ratio' of the two de- 
rivatives, and r, measured separately, are shown in 
Fig. 4. 

The hysteresis data obtained on the same surface 
at higher frequencies are illustrated in Fig. 5. Here 
the total vertical separation 216~1 between the 
branches of the loop is plotted as function of the 
applied voltage. (Note that V = -V. cos $ as we 
have defined +). Calculated curves for the two 
limiting cases discussed above are also shown. It 
is seen that the curve for Case A fits the data 
quite well at the right-hand end, but deviates 
markedly at the left. This deviation occurs be- 
cause at these low values of us, the assumption of 
no communication between traps and valence band 
is untenable. At the extreme left-hand end of the 
loop, the curve for Case B gives an approximate fit 
to the data, but it is clear that over an appreciable 
range of surface potentials the true situation is inter- 

Fig. 4. Values of j3 and r as functions of the phase angle @ 

V I VOLTS) 

Fig. 5. Total vertical separation 2 lSsl between branches of 
hysteresis loop a t  200 cps. Solid line is experimental; broken lines 
are theoretical for the two limiting cases discussed in the text. 

mediate between the two limiting cases. We shall not 
attempt to analyze this in detail. 

The loop width at constant $ is found experi- 
mentally to be quite closely proportional to the fre- 
quency, as predicted by Eq. [S], [ lo] ,  and [12], over 
the range from about 100 to 500 cps. However, below 
about 100 cps, the widths deviate from proportion- 
ality toward smaller values. The reason is the onset 
of another hysteresis mechanism, the exchange of 
charge with the slow surface states, which produces 
a loop that extends over the entire curve and widens 
with decreasing frequency. It is usually, although 
not always, possible to find a frequency at which the 
over-all hysteresis is negligible. 

At frequencies above about 500 cps (in the pres- 
ent samples) still another effect was observed to set 
in: the mean of the two branches of the hysteresis 
loop sags below the equilibrium curve. This cor- 
responds to the beginning of the field-effect mobility 
relaxation found by Montgomery ( 2 ) .  In samples 
with very high lifetime, this effect would set in at 
lower frequencies and might cause appreciable 
errors in field-effect measurements. This is particu- 
larly true when pint-by-point methods (10)  are 
used, since the hysteresis might easily be overlooked. 
It is one of the advantages of the oscilloscope method 
used here that any appreciable hysteresis present is 
clearly evident and serves as a warning that caution 
must be exercised in interpreting the results. 
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Thermodynamic Functions for the Tantalum-Hydrogen System 

M. W. Mallett and B. G. Koehl 

Battelle Memorial Institute, Columbus, Ohio 

ABSTRACT 

Equilibria in the tantalum-hydrogen system were determined in the range 
300"-70O0C, at  hydrogen pressures of 10-1000 mm of Hg, and atomic fractions, 
NH, 0.05-0.333. A single-phase solid solution of hydrogen in tantalum was pro- 
duced throughout the experimental ranges. Obedience to Sieverts' law is ap- 
proached at  500°C and higher for compositions below N a  = 0.20. The data were 
used to calculate the relative partial molar and total enthalpies, entropies, and 
free energies for formation of the solid solutions. 

In order to evaluate properly the effects of inter- 
stitial elements on the  mechanical properties of a 
metal, it is useful and, in some cases, necessary to 
know their kinetics of sorption by and diffusion in 
the metal. The literature is lacking in this type of 
information for the behavior of hydrogen and tan- 
talum. At the temperatures of interest, above 300°C, 
the tantalum-hydrogen system shows a continuous 
solid solution up to compositions corresponding to 
TaB,.: and higher. I t  has been demonstrated (1,2) 
that kinetic data for such a system are more readily 
rationalized when kinetic experiments are designed 
to produce a reaction product of constant composi- 
tion. Therefore, it was necessary to know the equi- 
libria of the tantalum-hydrogen system before start- 
ing the kinetic experiments. A number of earlier ob- 
servations on the solubility of hydrogen in tantalum 
have been made (3). However, all of the data, with 
exception of those of Sieverts and Bergner and Sie- 
verts and Briining, appear to suffer from the im- 
purity of the tantalum. The results show gross effects 
presumably of dissolved or surface oxide inhibiting 
reaction and quantitatively affecting the solution. 
Sieverts' equilibria were too limited for our purpose 
since they are largely for a pressure of 760 mm of 
Hg. 

A recent paper (4) by Kofstad, Wallace, and Hy- 
vanen gave good equilibrium data for a number of 
compositions of interest and for temperatures up to 
400°C. Because our study was to cover temperatures 
up to 700°C, it was necessary to determine equilibria 
for the temperature range of 400"-700°C not covered 

by the literature. In addition, data were taken at  
300"-400°C for comparison with the work of Kofstad 
et  al. 

Also, some thermodynamic functions readily ob- 
tainable from the equilibrium factors were calcu- 
lated. 

Material 
The tantalum used in this work was obtained from 

the Wah Chang Corporation of Albany, Oregon. I t  
had been electron-beam melted to an  ingot, 3% in. in 
diameter, and cold forged and swaged to a 7/16-in. 
diameter. Final fabrication was carried out a t  Bat- 
telle and consisted of cold swaging to rod, Y4 and Y8 
in. in diameter, and vacuum annealing. for 1 hr  at  
1200°C. A length of the %-in. rod was cold rolled to 
0.0146-in. sheet for equilibrium experiments. The 
analysis of the tantalum before final fabrication is 
given in Table I. 

Pure hydrogen was obtained from the thermal de- 
composition of uranium hydride prepared from dry 
tank hydrogen and degreased uranium chips. 

Equilibrium Studies 
Experimental procedure.-The method to obtain 

equilibrium data has been described (5). Briefly, the 
data were obtained as follows: A measured quantity 
of hydrogen was added to the calibrated reaction 
tube containing approximately 4g of sheet tantalum. 
At the desired temperature, the system was allowed 
to come to constant (equilibrium) pressure as meas- 
ured on a mercury manometer.' The equilibrium 
composition was calculated from the equilibrium 
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Table I. Analysis of tantalum 

Element PPM by weight 

Average BHN 80.1 
' Vacuum-fusion analysis after final fabrication. 

pressure, specimen weight, volume of gas addition, 
and gas capacity of the reaction system at the ex- 
perimental room and furnace temperatures. 

Results 
The pressure-temperature-composition equilibria 

of the tantalum-hydrogen system were determined 
in the range 300'-700°C, 10-1000 mm Hg pressure, 
and atomic ratios, H/Ta, of about 0.05-0.50. These 
atomic ratios correspond to atomic fractions Na for 
hydrogen of about 0.05-0.333. Equilibrium pressures 
were measured for at least three different tempera- 
tures for each composition. Figure 1 is a logarithmic 
plot of the equilibrium pressure against the H/Ta 
ratio. The plot shows that the isotherms are linear 
at temperatures of 500°C and higher; at lower tem- 
peratures, the isotherms show curvature which be- 
comes increasingly marked with decrease in temper- 
ature. This curvature suggests a trend toward the 

Fig. 1. Logarithmic plot of isotherms in the Ta-H system. Addi- 
tional points at  300°C: 5.3 mm a t  H/Ta = 0.05, 7.4 mm a t  H/Ta 
= 0.10. 

*a 

sm 

200 

E 

$- 1.0 : 8. 

40 

0 

0 
B 10 12 1. l(i I8 20 I2 

10.000 - 
TIKI 

Fig. 2. Representative isopleths for the Ta-H system 

formation of two phases at lower temperatures. 
However, since none of the isotherms shows an in- 
variant pressure, no two-phase region was indicated 
in our experimental range. It seems that such a re- 
gion would appear only at some temperature below 
1oo0c. 

After completion of this paper, a thesis by Veleckis 
(6)  came to the authors' attention. He calculated the 
critical temperature to be -58.5"C at the H/Ta ratio 
of 0.205. 

The equilibria were interpreted in terms of the 
conditions needed to form various products (solid 
solutions) having definite H/Ta and N, ratios. This 
placed the data in the most convenient form for use 
in subsequent kinetic experiments. Several repre- 
sentative constant composition lines or isopleths are 
shown in Fig. 2. The equilibria for a given composi- 
tion in these plots of logarithm of equilibrium pres- 
sure against reciprocal temperature can be expressed 
as 

loglo P,, = -CA/T (K) 1 + B C11 

Values for the constants A and B determined by the 
method of least squares are given in Table 11. 

Since it may be desirable to relate thermodynamic 
and kinetic properties rather directly, the composi- 
tions are listed primarily according to round N. 
values or atomic fractions of H. 

Table II. Equations for equilibrium pressures 

Constants in*. 

Atom ratio, 
Log,, P,,,,,, = -A/T + B 
- -- 

Nu' H/Ta A B 

0.05 0.0526 3480 2 50 6.26 2 0.06 
0.10 0.1111 3620 a 30 7.00 2 0.05 
0.15 0.1765 3860 c 10 7.69 -t 0.02 
0.20 0.2500 3740 2 80 7.78 2 0.13 
0.25 0.3333 3800 a 60 8.14 -F. 0.09 
0.30 0.4286 3960 2 110 8.77 -e 0.17 
0.333 0.5000 4020 a 5 9.26 0.01 

* Nrr = atomic fraction of H. 
** & values in this table are the probable errors for A and B. 
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Table I l l .  Equilibrium pressure isotherms for Ta-H solid solutions 

\/H 
Log - mm 

NH 

0.05 1.391 1.305 1.420 1.635 1.579 1.842 1.819 2.177 2.435 2.640 
0.10 1.343 1.305 1.420 1.596 1.579 1.811 1.819 2.163 2.427 
0.15 1.294 1.305 1.420 1.564 1.579 1.795 1.819 2.167 
0.20 1.327 1.307 1.423 1.590 1.581 1.812 1.822 2.171 
0.25 1.355 1.351 1.470 1.621 1.637 1.848 1.882 
0.30 1.450 1.487 1.613 1.728 1.757 1.964 (2 .011)  * *  
0.333 1.599 1.649 1.746 1.777 1.880 (1.909) * *  2.124 (2.158) * *  

Data from ref. ( 4 ) .  All temperatures in 'C. 
**  Values extrapolated from low-temperature isotherms. 

A comparison of the equilibrium pressure iso- 1/2 H2 (gas) e H, (dissolved in Ta) [2] 
therms of the present study and those of Kofstad 
et is given in ~ ~ b l ~  111. ~h~ agreement between the relative partial molar free energy of hydrogen 

the two sets of data is reasonable. A point worthy of in a given Ta-H (i) is 

note is that the pressures for the higher concentra- 
tions are consistently lower for the present study. 
This may indicate that our tantalum contained less 
interstitial contamination, particularly oxygen, than 
the metal of Kofstad. As will be seen later, the lower 
pressures also are reflected in lower relative partial 
molar free energy values at 3 5 0 ° C .  

Also, it appears from the collective data that the 
Sieverts law is obeyed approximately for the N n  
composition range 0 .05-0 .20 .  This is evidenced by the 
(relative) invariance of the value of log d5~a for 
different compositions at a given temperature. Large 
deviations from the Sieverts law are seen for higher 
compositions. That these deviations are related to 
entropy effects rather than enthalpy changes will be 
shown later. Deviations were also found by Kofstad 
at compositions lower than those of this study. 

Thermodynamic Functions 
When the dissolution of hydrogen in tantalum is 

expressed as 

- 
F H ,  - MFI)n2 = RT In (PH~)"' 131 

PIC, is the pressure of hydrogen gas in equilibrium 
with the solution at temperature T and R is the gas 
constant. 

The values for the relative partial molar enthal- - 
pies, HH - H " H ~ / ~ ,  and entropies, SH - S"n,/2, were 
calculated by the method of least squares from plots 
of log d F  against reciprocal temperature. This 
treatment also yielded the probable errors for these 
values. The free energy values were then calculated 
according to 

AF = A H -  T A S  ~ 4 1  

which applies to both the integral and partial molar 
quantities. The calculated relative partial molar 
thermodynamic functions for hydrogen in solution 
in tantalum are given in Table IV. 

The relative partial molar enthalpy (the negative 
of the heat of dissociation) decreases systematically 
with increasing hydrogen content, if the value for 

Table IV. Relative partial molar thermodynamic functions* for hydrogen in Ta-H solid solutions 

Nn: 0.05 0.10 0.15 0.20 0.25 0.30 0.333 

This Study 

Temperature range, " C  400.-700' 350'-600' 300'-500' 300.-500' 300'-400' 300'-400' 300"-350' 

From ref. (41 far 350'C 

H'II* 
HE - - calk-atom -9500 - 9400 - 9500 -9500 - 9100 - 9700 - 9300 

2 

The relative partial molar free energies, enthalpies, and entropies are for 1 g-atom of hydrogen. 
t These free-energy values are for 350'C only. 
%The 2 values in this table are probable error. 
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N, 0.15 is omitted. This indicates an increase in hy- 
drogen binding in the Ta-H lattice over the Na range 
0.05-0.333. This agrees with the conclusions of Kof- 
stad who reported an increase in partial heat of dis- 
sociation. 

The relative partial molar entropy also decreases 
rapidly with increasing hydrogen contents. This may 
be caused by the decreasing availability of inter- 
stitial sites as more hydrogen is added to the metal. 
Thus, the enthalpy and entropy changes in the tanta- 
lum-hydrogen system make for opposite deviations 
in behavior from Sieverts' law. However, abnormal 
increases in pressure are observed with increasing 
hydrogen concentration indicating that the entropy 
effect is the stronger. This, of course, is a demonstra- 
tion of a rise in relative partial molar free energy, 
F- F"a,/2, such as shown by calculated values for 
350°C given in Table IV. 

The relative partial molar enthalpies and entropies 
of the tantalum-hydrogen system show the same 
trends and are of the same general magnitude as 
those of the niobium-hydrogen system (7). How- 
ever, for a given temperature and composition, the 
tantalum-hydrogen system shows the higher dissoci- 
ation pressure of hydrogen, i.e., the relative partial 
molar free energy for the dissolution reaction is 
higher. 

An equation for calculating the partial molar free 
energy for tantalum in a given solution and the total 
free energy of formation of the solution was ob- 
tained by modification of the Duhem-Margules 
equation ( 8 )  

where N is the mole or atom fraction. Since 
NT. + Nn = 1 

From Eq. [3] 
d F, = RT d In P'@H* 171 

at constant temperature. Transposing one term of 
Eq. 5, dividing by NTn, and then substituting the 
equivalent of d from Eq. 173 

Also, from Eq. [6] by multiplying by RT and divid- 
ing by NT, 

Subtracting Eq. [9] from [8] 
Nm P'"H, 

dFT. =RTdlnNTn-RT-dln- 
NTn NH 

[lo1 
Integrating, we obtain 

- p112 
H? 

FT., - FoTa = RT [ln NT., - .f:::og d In -1 
Nn 

which is the equation for the relative partial molar 
free energy for tantalum in solution. The standard 
reference states at any temperature are 1 atm pres- 

Fig. 3. Equilibrium isotherms for the tantalum-hydrogen system 

Fig. 4. Integration for NH = 0.25 a t  400°C 

sure for hydrogen and the pure hydrogen-free con- 
dition for tantalum. 

The negative integral in Eq. [11] is the natural 
logarithm of the activity coefficient of tantalum in 
a solution ( i ) .  To solve the equation it is necessary to 
integrate the last term graphically. To help visualize 
the areas to be integrated it is useful to consider the 
case of integration by parts where the negative in- 
tegral becomes 

Figure 3 shows several equilibrium isotherms 
plotted for integration. The 500" and 600°C curves 
approach the horizontal position which would in- 
dicate obedience to Sieverts' law. Figure 4 is a plot 
of a typical curve expanded for graphical integra- 
tion. The negative and positive areas involved for the 
composition, N, = 0.25 are indicated. The regions 
of overlap where the terms cancel each other are 
shown in cross-hatch. The computed relative partial 
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Table V. Relative partial molar free energies for tantalum Table VII. Relative partial molar enthalpies* and entropies? 
in tantalum-hydrogen solutions of tantalum in tantalum-hydrogen solutions 

FT., - F-T. (cal/moleof alloy) - Probable Probable 
N ~ .  HT.. - H - T .  error ST.., - S'TI error 

molar free energies for tantalum are listed in 
Table V. 

The equation for the total free energy of formation 
for a given solution ( i )  is a combination of Eq. [3] 
and [6]. 

Values for A F r ,  are given in Table VI. Equations of 
the same basic form as Eq. [11] and [I21 were used 
by Katz and Gulbransen ( 7 )  for calculating the 
thermodynamic functions for the columbium-hydro- 
gen system. 

Both the relative partial molar free energy values 
(for tantalum) us. temperature plots and the total 
free energy u s .  temperature plots for each composi- 
tion were linear. Therefore, the respective enthalpy 
and entropy functions and their probable errors 
could be calculated by a least squares treatment of 
the data for a given composition. It  follows that both 
functions were invariant over the experimental tem- 
perature range. The relative partial molar enthalpies 
and entropies of tantalum in several hydrogen-in- 
tantalum solutions are given in Table VII. Corre- 
sponding total enthalpies and entropies for these 
solutions ranging in compositions from N, = 0.05 to 
0.333 are given in Table VIII. 

Data of Kofstad et at. (4 )  are listed for comparison 
in Tables VI and VIII. Although their total en- 
thalpies ranged from 96 to 307 cal/mole higher than 
those of our study their total free energies were 
higher by only 7 to 27 callmole. 

The uncertainties in the values of H T . ,  - H " T ~  and 

Table VI. Total free energies of formation in 
the tantalum-hydrogen system 

AFt (cal/mole of alloy) 

Temperature. 'C 

NII 300- 350' 350.. 400' 500' 600' 100' 

14.8 f 2.1 0.117 f0.003 
42.9 f 4.1 0.255 -c0.006 

100 f l l  0.445 f0.017 
115 f 10 0.593 &0.015 
127 r 27 0.798 f0.043 
119 &37 1.12 f0.06 
286 f26 1.81 f 0.04 

' Cal/mole of alloy. 
t Cal/deg-mole of alloy. 

- 
 ST.^ -SOT.  in the present study are from 9 to 30% 
and 2 to 5%, respectively. Since the investigations of 
similar systems have either omitted presenting un- 
certainties in values for these functions or even the 
values themselves, no comparison can be made. 
However, because of the indirect means of deriving 
these values the uncertainties appear quite reason- 
able. It is seen that the uncertainties in the values 
for relative partial molar energy functions for tanta- 
lum have an insignificant effect on the total energy 
functions. This is evidenced by the probable errors 
for A H ,  and AS, which are of the order of only 1%. 
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New Experiments on Thermoosmosis 
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National Institute of Arthritis and Metabolic Diseases, National Institutes of Health, Bethesda, Maryland 

ABSTRACT 

Thermoosmosis, the transport of liquid across a membrane which separates 
two solutions of identical composition but different temperature, was studied 
by means of a specially constructed apparatus. No thermoosmosis was observed 
with water or aqueous solutions of nonelectrolytes. With aqueous solutions of 
electrolytes thermoosmosis occurs across electrically charged membranes but 
not across uncharged membranes. While thermoosmotic effects are small their 
reproducibility is good. The rate of thermoosmosis is proportional to the tem- 
perature difference across the membrane. The direction of the thermoosmotic 
movement depends on the sign of charge of the membrane and the nature and 
concentration of the electrolyte in the solution. The results confirm those of 
Lippmann and Aubert (1907, 1912) and prove their tentative conclusion that 
thermoosmosis with electrolytic solutions is an electrochemical phenomenon 
and related to electroosmosis. The present results show in addition that the di- 
rection and rate of thermoosmosis depend in a strikingly similar manner on those 
factors which determine the direction and rate of anomalous osmosis, namely, 
the charge of the membrane and the nature and concentration of the electrolyte. 
This similarity is strongly suggestive evidence of a fundamental, close rela- 
tionship between the two phenomena. 

The study of the fundamental aspects of mem- 
brane phenomena has almost always been carried 
out in isothermal systems. Very little attention has 
been paid to the possible effects which might arise 
when the temperature of a liquid on one side of a 
membrane is different from that on the other. This 
is not surprising in view of the fact that the study of 
nonisothermal phenomena in liquid systems, such as 
the Ludwig-Soret effect (that is the uneven distri- 
bution of solute due to a thermal gradient in a solu- 
tion) and thermopotentials in electrolytic systems, 
was for a long time a neglected field of research, 
not only because of the inherent complexity of non- 
isothermal systems in general, but also because they 
seemed to be somewhat outside the conventional 
scope of physical chemistry. 

In the last two decades, however, novel and to a 
large extent successful attempts have been made to 
treat nonisothermal phenomena from a theoretical 
point of view (1, 2).  Thus experimental information 
on nonisothermal membrane phenomena has as- 
sumed a renewed physicochemical interest. In addi- 
tion nonisothermal phenomena deserve some interest 
because very few processes in nature occur under 
completely isothermal conditions. Temperature 
gradients of varying magnitude certainly exist 
across numerous types of living membranes and 
could conceivably influence the transfer of solvent 
and solutes across such membranes. 

Therrnoosrnosis 
Only a limited number of well-controlled experi- 

ments to determine the possible magnitude of non- 
isothermal membrane effects are reported in the lit- 
erature. Lippmann ( 3 )  and Aubert (4) (in Lipp- 
mann's laboratory) were the first to describe the 
phenomena which occur when a membrane separates 
a cold from a hot solution. A transfer of liquid across 
the membrane, which they called "thermoosmosis," 
was observed in numerous instances with solutions 
of electrolytes; with nonelectrolytes the effect was 
doubtful or nonexistent. With some membranes 
(parchment paper and regenerated cellulose) an 
osmotic flow was observed from the side of the 
warmer to the side of the cooler liquid. With other 
membranes (pig's bladder, gelatin, and animal 
parchment) the osmotic flow was in the opposite di- 
rection. The phenomenon also seemed to be depend- 
ent on the presence of some foreign material that 
could be leached from the membrane. In addition, 
membranes which in use had become inactive could 
be restored to a state of activity by traces of suitable 
electrolytes, and similarly, certain membranes which 
were naturally inactive became active in the pres- 
ence of some electrolytes. On the basis of their ex- 
periments, Lippmann and Aubert concluded that the 
thermoosmosis which they observed was linked 
closely to electroosmosis. This view was shared by 
Freundlich who, more specifically, surmised a funda- 
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mental similarity between thermoosmosis and anom- 
alous osmosis (see below) (5). 

The work of Ernst, and Ernst and Koczkas (6) on 
thermoosmosis was criticized by Ursprung (7) and 
need not be considered further here. Derjaguin and 
Sidorenkov (8) reported that appreciable quantities 
of water and other liquids are transported through 
sintered glass filters by thermoosmosis. Hutchison, 
Nixon, and Denbigh (9)  have repeated and ex- 
panded these experiments and conclude that the re- 
sults of the former investigators are due almost en- 
tirely, if not entirely, to the thermal expansion of 
the liquid. They agree with Lippmann and Aubert 
that there is no observable thermoosmosis of pure 
liquids across an inert barrier such as sintered glass 
or porous clay. Hutchison, Nixon, and Denbigh are 
of the opinion that those instances where thermo- 
osmosis definitely occurs are most likely due to some 
electrokinetic mechanism; they also point out that 
probably not a single case of thermoosmosis has been 
found which can be explained on the basis of classi- 
cal thermodynamics. 

Riehl (10) in a paper on a rapid method of deter- 
mining Ludwig-Soret coefficients by the use of a 
membrane separating a hot from a cold solution ob- 
served the transport of moderate quantities of liquid 
across membranes, but did not study this phenome- 
non further. 

Winterkorn (11) finds a very close correlation be- 
tween the mass movement of water in soils under a 
thermal gradient and the electrokinetic properties 
of these systems and believes that the thermal os- 
motic effects in soils may be an instance of thermo- 
osmosis. 

Haase (12) expressed the feeling of those familiar 
with the literature when he stated recently that only 
a few, and in part questionable, observations on 
thermoosmosis in liquid systems are extant (while 
analogous processes in gaseous systems were proven 
beyond doubt and are amenable to theoretical treat- 
ment). Haase has presented theoretical considera- 
tions concerning thermoosmosis with pure liquids 
and with solutions of nonelectrolytes and carried 
out experiments to test his conclusions; he did not 
consider thermoosmosis in systems with electrolytic 
solutions. 

Thermoosmosis, a Problem in the 
Electrochemistry of Membranes 

A review of the quoted and the other available 
literature indicates that thermoosmosis in systems 
free of electrolytes, if it occurs at all, is in all in- 
stances much less pronounced than in many systems 
with electrolytic solutions. The published data sug- 
gest that the essential mechanism of thermoosmosis 
in electrolytic systems is electrochemical in nature, 
most likely related in some manner to electroos- 
mosis. Thus, it seemed promising to attack the prob- 
lem of thermoosmosis from an electrochemical point 
of view and apply to it some of the current basic in- 
formation on the electrochemistry of membranes as 
exemplified by the classical work on the electro- 
chemistry of membranes by Loeb (13), by Michaelis 
(14), the fixed charge theory of electrochemical 
membrane behavior of Teorell (15) and Meyer and 

Sievers (16), and the work on "activated" mem- 
branes carried out in our laboratories (17-24). 

The degree of the electrochemical activity of ionic 
membranes, for instance their electromotive action, 
their electroosmotic efficacy, or their ability to give 
rise to anomalous osmosis are more pronounced the 
greater the density of ionic groups at the walls of 
the pore system which constitutes the membrane 
(17-24). These ionic groups may be an inherent 
part of the matrix material from which the mem- 
branes are prepared or they may be introduced by 
intentional "activation" such as a chemical reaction, 
e.g., oxidation which creates ionic groups, adsorption 
of ionic materials such as polyelectrolytes or pro- 
teins on formed membranes, and mixing of poly- 
electrolytes with the matrix material before the 
membranes are cast (17-24). It is evident that the 
methods of activating membranes should be very 
helpful in determining whether thermoosmosis is 
really an electrochemical effect. If this is the case, 
activated membranes with solutions of electrolytes 
should show greatly enhanced thermoosmotic effects 
as compared with nonactivated ones. 

Experimental 
An apparatus similar to that used by Aubert (4), 

was constructed for measuring thermoosmosis; it is 
shown in Fig. 1 and 2. 

Essentially the apparatus consists of two very nar- 
row circular chambers separated by a membrane, the 
two chambers being arranged for heating and cool- 
ing, respectively (see Fig. l a  and lb.) Two round 

Membrane 

Fig. 1. Cell for the study of thermoosmosis across membranes 
(slightly schematic): (a) side view of a solution compartment; (b) 
cross-sectional view of main parts of thermoosmosis cell. 

Fig. 2. Complete thermoosmosis apparatus with thermoosmosis cell 
and auxiliary equipment. 
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copper blocks of 50.7 mm diameter are set in hard 
rubber rings of 90 mm outer diameter. One of the 
blocks was heated by a 100-w (nominal at 110v) 
electric heater whose temperature was adjusted by 
a variable voltage control, routinely set at 60v (cor- 
responding to about 30w) unless otherwise stated; 
the other copper block was cooled by water circulat- 
ing through it, the temperature of which was main- 
tained at 25'C. The surfaces of both copper blocks 
were painted with an inert and electrically insulating 
lacquer thus excluding corrosion and any possibility 
of an outside electrical connection between the solu- 
tions in the two compartments. Rubber gaskets 1 mm 
in thickness with an internal opening of 56 mm in 
diameter (and small cut outs for the inlet and out- 
let for the solution) were cemented to the hard rub- 
ber rings surrounding the copper blocks. To keep the 
membrane in an exactly defined, unchanging posi- 
tion, several narrow strips of the gasket material 
(about 1 mm in width) were cemented parallel, in 
opposite diagonal positions onto each of the copper 
blocks. When a membrane was clamped between 
these two parts, two cylindrical chambers were 
formed, each 55 mm in diameter and 1 mm in depth. 
The free membrane area, not blocked by the rubber 
strips, was about 20 cm'. Each chamber was con- 
nected with a horizontal glass capillary. In the as- 
sembled apparatus (see below) the two capillaries 
were on the same level to prevent the development 
of any difference in hydrostatic pressure in the 
chambers while an experiment is in progress. A scale 
graduated in millimeters was attached under each 
capillary so that the rate of movement of the menis- 
cus could be observed. 

These essential parts of the thermoosmotic cell 
were mounted in the apparatus shown in Fig. 2 con- 
sisting of an L-shaped stand A and an L-shaped 
sledge a which can be moved back and forth along 
the longer limb of the stand A. The two assemblies 
(Fig. lb )  which form the thermoosmosis cell proper, 
B and b, connected to the measuring capillaries C 
and c (inner diameter about 0.9 mm) are mounted 
in the upright parts of A and a as shown in Fig. 2. To 
put the apparatus together for an experiment, it is 
first turned 90' into the vertical position with the 
sledge a raised and held by the catch bolt cl. The 
membrane to be used is then placed over the lower 
copper block and rubber gasket, B, mounted on A; it 
should be large enough to cover all of the gasket. The 
assembly with the upper copper block, b, mounted 
on the sledge a, is then lowered onto the membrane. 
The two parts are then clamped tightly together with 
two large screws e.  The apparatus is then returned 
to the horizontal position. Figure 2 shows in addi- 
tion the arrangement for filling and flushing the two 
cell compartments by means of two solution reser- 
voirs F and f, the three-way stopcocks G and g, and 
the attached waste lines H and h. 

For an experiment the chambers were filled by 
gravity feed with the same solution from the two 
reservoirs. The positions of the menisci in the capil- 
laries C and c are regulated by the three-way stop- 
cocks, G and g. With both chambers at the same 
temperature, the apparatus is allowed to stand for 
30 min, the position of the meniscus in each tube 

being observed every 5 min to ascertain that there 
are no leaks. When it has been established that the 
system is watertight, the heater for the one chamber 
is turned on, and the cooling water is circulated 
through the copper block of the other chamber. 
When the assembly has warmed up, a steady state 
is reached in which the rate of movement of the 
menisci in the two capillaries becomes constant; this 
usually requires 15-30 min after the start of the ex- 
periment. Thereafter readings of the positions of the 
menisci are taken every 10 or 15 min for about 1 hr, 
confirming thereby that the observed rate of water 
movement is constant at least during this period.' 
This rate is take as a measure of the magnitude of 
the thermoo~mosis.~ 

The solutions must be carefully degassed by boil- 
ing (and replacement of the water lost by equally 
carefully degassed water); 15-20 min vigorous boil- 
ing were adequate. With not properly degassed 
solutions, gas bubbles form, particularly in the 
compartment of the hot solution and give rise to 
spurious volume readings. 

The possibility of a disturbing thermometric ef- 
fect must also be considered. As will be shown later, 
with distilled water in the apparatus no thermo- 
osmosis is observed, i.e., there is no continuous uni- 
directional movement of the meniscus. There is also 
no detectable fluctuation in the position of the 
meniscus after the steady state has been attained. 
Thus a significant contribution of the thermometric 
effect to the observed volume changes during the 
experimental period is ruled out. 

All membranes used were of the porosity of con- 
ventional dialyzing membranes. They included 
membranes prepared from electrochemically rather 
inactive collodion of high purity which were used 
without further treatment; collodion membranes 
that had been made strongly electronegative by 
oxidation with NaOH (20) ;' and collodion mem- 
branes that had been made electropositive by the 
adsorption of protamine (23): The preparation and 
properties of these types of membranes have been 
described previously (17-24).' In addition, some 

> I n  the limited number of experiments which were carried out 
over 3-4 hr, a gradual hut significant decrease in the rate of liquid 
movement occurred, an effect reported already by Aubert (4). 

*The described apparatus and the technique used are obviously 
not suitable to determine minor thermoosmotic effects which might 
occur during the warming up period. Our experimental procedure, 
like that of Aubert, is designed to study processes which extend 
over periods substantially longer than the warming up period. A 
thermoosmotic orocess which comes to a stoa durine the warmine uo 
period and 1s liot of the magnitude of a t  1;ast a &able fractlo; & 
the total thermometric (thermal expansion) effect occurring dunng 
thls penod. would not be detected. Any negatzve result obtalned bv 
our experimental method should be consideked in this light 

Collodion in contact with alkaline solution is not hydrolyzed in 
a straightforward manner to cellulose and nitric acid; rather, it un- 
dergoes a gradual decomposition of a complicated nature. Nitrite !s 
formed in large quantities and the nitrocellulose is gradually o u -  
dized. The oxidation of collodion membranes by means of alkaline 
solutions tends to produce membranes of higher electrochemical 
activity than conventional oxidizing agents. 

4 hotamines are simple strongly basic proteins, ordinarily derived 
from salmon sperm, with molecular weights of about 4000 in the 
hydroxyl form. They are of somewhat varying composition, most 
orobablv consistine of 19 molecules of areinine. a dihasic amino acid 
k i th  a GK of 12.5,-and six or seven mono%asic amino acids. The ion- 
izable groups in the protamine molecule, which are not blocked by 
the formation of peptide linkages, are: one carboxyl group, one 
imino group, and 19 guanidirio groups. 

sit should be noted that the activation of the wide pored mem- 
branes of the dialyzing type by oxidation (to render them acidic) or 
the adsorption of protamine (to make them basic m character) does 
not chance to a n  extent which is sieniflcant in the oresent cannec- 
tions e&er thelr water permeabllitf or them osmotd behavlar w ~ t h  
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experiments were carried out with cellophane and 
animal parchment. 

A shortcoming of our thermoosmosis apparatus 
is the lack of provisions for the measurement of 
the temperature difference between the two sides 
of the membrane? For the purpose at hand, how- 
ever, this shortcoming is more apparent than real, 
since our aim here is the comparison of the behavior 
of different membranes and different solutions under 
otherwise constant, standardized conditions. The 
temperature difference across membranes must vary 
to some extent according to their different thick- 
nesses and water contents. However, the difference 
in temperature can be assumed to be virtually the 
same across generically related membranes of the 
same thickness and water content. The nonacti- 
vated, the oxidized, and the protamine collodion 
matrix membranes with which the bulk of the ex- 
periments were carried out fall into this category. 

In the experimental results presented later, a flow 
of liquid from the hot side to the cold side is ar- 
bitrarily assigned a positive sign, a flow in the op- 
posite direction a negative sign. This convention 
was chosen to avoid confusion in the discussion, 
when the flow of liquid in thermoosmosis will be 
compared to the flow of liquid in anomalous osmosis. 
The results obtained from the rates of movement of 
the menisci in the capillaries are expressed in mma/ 
100 cm' of membrane area per minute. It is estimated 
that the reproducibility of a given measurement is 
about & 1 mma/lOO cma-min. 

Results and Discussions 

Our initial survey experiments were concerned 
with the influence of the nature of the membrane, 
and of the nature and the concentration of various 
solutes. A summary of representative data is given 
in Table I. The results were clear cut: In systems 

8In the narrow solution compartments of our apparatus, which 
are indicated by other considerations, stirring of the liquid is due 
only to natural convection, and therefore rather ineffective. In addi- 
tion. adiacent to the membrane. there are unstirred (Nernstl lavers 
o f ~ l u 6 h w h i ~ h  ire of the same order of magnitude in thickness as 
the membrane itself. Thus a large fraction of the temperature dif- 
ference between the two 6u1k solutions is not operative across-the 
membrane. In further work it will be advisable to use membranes 
of ereater thickness. 1 mm or more. than that of the membranes 
us& here (30-50~); combined with effective mechanical stirring. 

Table I. Therrnoosrnosis with different solutions across various 
membranest 

Membrane Solution 

Rate of 
themoosmosis 

in mms/100 
cm2-min. 

Nonoxidized collodion H,O 
0.02M KSO, 

Oxidized collodion H,O 
0.02M KC1 
0.02M &SO& 
Sucrose 

Protamine-collodion He0 
0.02M KC1 
0.02M MgCl, 

Cellophane HBO 
0.02M KSOI 

Animal parchment 0.02M NaOH 

t The voltage applied to the heater was 6Ov in all instances. 
A positive sign represents flow of solution from the hot side to 

the cold side, a negative sign the reverse. 

with pure water, thoroughly freed of all solutes, 
thermoosmosis does not occur to an extent detect- 
able with our equipment, that is less than 0.3 mms/ 
100 cmS-min. The same holds true with solutions of 
sucrose in agreement with the observation of Aubert 
who did not observe any thermoosmosis with solu- 
tions of various nonelectrolytes. With solutions of 
electrolytes, however, thermoosmosis may occur 
depending on the electrical charge of the membrane. 
The effect is not measurable in our system with 
cellophane membranes or membranes prepared from 
pure collodion, which are known to be rather in- 
active electrochemically, having only a few stray 
fixed ionic wall groups in their pores (18-20). "Ac- 
tivated" or inherently active membranes such as 
oxidized collodion membranes or protamine collo- 
dion matrix membranes or membranes of animal 
parchment are thermoosmotically active, corres- 
ponding to the fact that they are electrically 
charged, carrying numerous fixed ionic groups in 
their pore structure. 

The direction of the thermoosmotic flow in the 
majority of simple systems is from the hot to the 
cold compartment-"positive" in our terminology. 

It may be useful to add here that the thermo- 
osmotic effect, as stated already by Aubert, becomes 
larger with an increase of the temperature difference 
between the solutions in the hot and cold compart- 
ment. It would require a special, rather elaborate 
arrangement to determine accurately the magnitude 
of the driving force, that is the temperature drop 
across the membrane itself." We confined ourselves 
to the simple expedient of correlating the extent 
of thermoosmosis to the voltage applied to the 
heating element of the hot side of our apparatus. 
While water of 25°C flowed at a constant rate 
through the copper block of the cold side, a step- 
wise increased voltage, 30, 40, 50, 60, and 65v, was 
applied to the heater. The corresponding rates of 
thermoosmosis with an oxidized collodion membrane 
and 0.01M K,SO, solution were: 1.3, 2.2, 6.3, 10.8, 
and 11.4 mma/lOO cma-min. When these values are 
plotted against the square of the voltage applied 
to the heater, they are found to lie on a straight 
line within the limits of the accuracy of the data 
and to be proportional to the square of the voltage, 
that is proportional to the quantity of heat which 
flowed across the thermoosmosis cell. The tempera- 
ture drop across the membrane proper must be 
assumed to be proportional to the flux of heat across 
the cell. Therefore it can be concluded that the rate 
of thermoosmosii is proportional to the driving 
force, the temperature difference between the two 
membrane-solution interfaces, a not unexpected 
result. 

The results of Table I, and of other experiments 
omitted here, fully confirm those of Aubert. There 
is excellent agreement with respect to the most 
important points, namely, the influence of the na- 
ture of the iolute, the direction of the thermoosmosis 
as dependent on the nature of the membrane, and 
the order of magnitude of the observed effects. Our 
observation that the electrochemical "activation" 
of membranes increases thermoosmosis many-fold 
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strongly supports the hypothesis of Lippmann and 
Aubert that thermoosmosis is of an electrochemical 
nature and probably closely linked to electroosmosis. 

As stated before, Freundlich had surmised that 
thermoosmosis might be closely related to anomalous 
osmosis (5). In the course of our experiments two 
regularities of importance in this connection have 
been noted consistently. First, thermoosmosis across 
acidic membranes, such as oxidized collodion mem- 
branes, is always stronger with uni-bivalent electro- 
lytes such as K,SO, than uni-univalent salts; with 
basic, electropositive membranes, such as protamine 
collodion matrix membranes, the effect is stronger 
if the electrolyte has a bivalent cation. Second, with- 
out exception the thermoosmotic effect was strong- 
est with solutions in a medium concentration range 
(with most systems about 0.01-0.03M) and con- 
siderably smaller at lower and higher concentra- 
tions. These regularities are also very characteristic 
for the phenomenon that is known in the literature 
as "anomalous osmosis." Thus, it seems indicated 
to compare the influence of concentration on the 
transport effects arising in thermoosmosis and in 
anomalous osmosis. 

The term anomalous osmosis is commonly used 
to denote those osmotic phenomena arising with 
solutions of electrolytes which seem to be contrary 
to the common experience that the flow of liquid 
across a membrane which separates a solution from 
pure solvent (or a more dilute solution) occurs 
ordinarily toward the side of the more concentrated 
solution, and at  a rate roughly proportional to the 
concentration difference. In the very common in- 
stance of "anomalous positive osmosis" the rate of 
movement of liquid toward the side of the solution 
depends on the concentration of the solution used, 
the rates of flow in a medium range of concentra- 
tions being much higher than with more concen- 
trated or more dilute solution. In the relatively rare 
instances of "anomalous negative osmosis" a flow 
of liquid occurs toward the side of the pure solvent 
(or the more dilute solution). 

Investigators in this field agree unanimously that 
anomalous osmosis through porous membranes is 
an electrochemical phenomenon (25). Its magnitude 
is closely correlated with the product of the elec- 
trokinetic charge of the membrane and the dynamic 
membrane potential which results from the diffu- 
sion of electrolyte across the membrane as stressed 
particularly by Bartell (26, 27) and Loeb (13). The 
details of the mechanism of anomalous osmosis 
across porous membranes are still controversial and 
the subject of continuing investigation (25, 28-31). 
One of us proposed some time ago that anomalous 
osmosis arises from the interaction of pores which 
yield different potentials (for instance, due to their 
different width), when the electrolytic solute dif- 
fuses across the membrane (25, 28). Local electric 
circuits arise, superficially similar to the local cir- 
cuits assumed generally in corrosion. One set of 
pores acts as the source of the driving electromotive 
force, another set of pores plays the role of an elec- 
troosmotic diaphragm through which the current is 

driven passively, thereby producing electroosmosis 
according to the electrokinetic charge of the pores. 
Schlogl, in a most ingenious manner, has developed 
the idea that anomalous osmosis arises in the in- 
dividual pores, without interaction of different 
pores (29). According to Schlogl, the potential 
which arises at each pore due to the diffusion of 
the electrolyte across it, acts as a moving force 
on the pore water according to the electrokinetic 
charge of the latter. Whichever of these and similar 
concepts may ultimately be proven correct, the elec- 
trochemical character of anomalous osmosis seems 
beyond doubt. 

Most experiments on anomalous osmosis have been 
performed with systems in which a membrane sep- 
arates pure water from a solution of an electrolyte, 
and the pressure rise in an osmometric capillary is 
read after an arbitrarily chosen time (20 min in 
the experiments presented below). The observed 
effect consists of two components, the true anoma- 
lous osmosis and the normal osmotic effect as it 
arises also with nonelectrolytes. To avoid this un- 
certainty and to determine the magnitude of true 
anomalous osmosis Grim and Sollner had recourse 
to the easily demonstrated fact that anomalous os- 
mosis does not occur with electroneutral membranes 
(22). Accordingly, with membranes which can be 
charged and discharged reversibly (without sig- 
nificant changes in geometrical structure), such as 
many proteinized membranes, the osmotic effects 
caused by an electrolyte can be measured both when 
only normal osmosis arises (with the membrane in 
the electroneutral state) and when normal as well 
as anomalous osmosis occurs (with the membrane 
in a charged state). The difference between these 
two effects is considered as the true anomalous os- 
mosis. Using this procedure Grim and Sollner have 
measured the true anomalous osmotic effects aris- 
ing in systems in which the concentration ratio of 
the two solutions separated by the membrane was 
2:l. Such systems are, of course, more similar to 
those used in the thermoosmosis studies, where the 
membrane separates solutions of equal concentra- 
tion, than to the conventional solution-water system. 

Figure 3 presents data on the extent of thermo- 
osmosis across an oxidized, electronegative, collo- 
dion membrane with K,SOI as electrolyte (heater 
set at 60v), and two sets of data on anomalous pos- 
itive osmosis with the same electrolyte; the one set 
was obtained with an oxidized collodion membrane 
by the pressure rise method (18), the other one by 
the volume method with an oxyhemoglobin collodion 
matrix membrane in the negative state (at pH 10.0) 
(22). 

Figure 4 gives analogous data on thermoosmosis 
with MgCl, across an electropositive protamine col- 
lodion matrix membrane (heater set at 60v), and 
data on anomalous positive osmosis by the pressure 
rise method across a similar protamine collodion 
membrane," and by the volume method across the 
same oxyhemoglobin membrane referred to in Fig. 

7 The data shown in Fig. 4 for the pressure rise methods were ac- 
tually obtained by Ahrams and Sollner (23) with CaClz as the elee- 
trolyte. The work of Loeb (13) and experience in our own lahora- 
tories show that there is no reason to believe that the curve would 
be any different in its form if MgClz had been used instead of CaCll. 
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Fig. 3. Comparison of thermoosmosis and anomalous osmosis 
across negatively charged, acidic membranes; -*- thermo- 
osmosis; - - o - - anomalous osmosis by the pressure rise 
method; . . . . A . . . . anomalous osmosis by the volume transport 
method. 

3, but now in the positively charged state (at pH 
4.0) (22). 

Figures 3 and 4 show the great similarity of the 
concentration dependence of thermoosmosis and of 
anomalous positive osmosis; the maximum effects 
of thermoosmosis and of anomalous osmosis occur 
in the same concentration range, with a fairly sharp 
decline both at higher and lower concentrations. In 
view of this correlation the next, obvious step was 
to test whether or not thermoosmosis occurs in the 
opposite direction (from the cold to the hot com- 
partment) in systems the analogues of which are 
known to give anomalous negative osmosis. 

Anomalous negative osmosis has been shown to 
arise in systems which satisfy these requirements: 
(i) the electrolyte must be such that its faster dif- 
fusing ion has the same sign as the charge of the 
membrane, and (ii) the porosity and charge density 
of the membrane and the concentration of the elec- 
trolyte must be adjusted so that the membrane po- 
tential is in the direction which gives the more dilute 
solution the same charge as that of the membrane 
(28). 

In those instances where anomalous negative os- 
mosis has been observed, the concentration of elec- 
trolyte necessary to produce maximal effects is con- 
siderably higher than that to produce maximal 
anomalous positive osmosis with the same mem- 
branes (and different electrolytes). For example, 
with positive membranes, acids, particularly di- and 
tri-basic acids, are especially effective in the con- 
centration range of 0.5-1.OM; similarly, with nega- 
tive membranes LiCl and strong bases will produce 
anomalous negative osmosis in this concentration 
range. 

We have carried out a limited number of test ex- 
periments on thermoosmosis, simulating the above- 
described conditions which produce anomalous neg- 
ative osmosis. In all instances the movement of 
liquid was from the cold to the hot compartment, 
that is the direction opposite to that in the experi- 
ments shown in Fig. 3 and 4. For example, with a 
protamine collodion matrix membrane, 0.5M H,PO,, 
and the same temperature gradient as used before, 
the rate of flow was -7.4 mms/lOO cma-min. Sim- 
ilarly, with 0.02M NaOH8 and oxidized collodion 

Fig. 4. Comparison of thermoosmosis and anomalous osmosis 
across positively charged, basic membranes; -- thermo- 
osmosis; - - o - - anomalous osmosis by the pressure rise 
method; . . . . A . . . . anomalous osmosis by the volume transport 
method. 

membranes, the rate of flow was -8.4 mm8/100 
cm2-min. 

These results confirm our anticipation based on 
the previous results which showed a strong corre- 
lation of thermoosmosis and anomalous positive os- 
mosis. That the correlation of thermoosmosis and 
anomalous negative osmosis in appropriate systems 
is equally strong lends further strength to the hy- 
pothesis that mechanisms of thermoosmosis and 
anomalous osmosis are intimately related. However, 
we are not prepared at this time to propose a de- 
tailed mechanism for thermoosmosis. Before this 
can be done, it will be necessary to have measure- 
ments of the thermopotentials which arise under the 
conditions of the experiments. If one considers that 
the rate of anomalous osmosis in 2: 1 concentration 
systems is at least 10 times larger than that of ther- 
moosmosis under our experimental conditions (com- 
pare Fig. 3 and 4), and that the membrane poten- 
tials which arise in the former systems are of the 
order of 10 mv, it can be seen that the thermopoten- 
tial required to produce the observed thermoosmosis 
may be only of the magnitude of 1 mv or less. Fur- 
ther, one should try to correlate the thermoosmotic 
mass movement with the Ludwig-Soret distribu- 
tion of electrolytes across membranes. With such 
further information available, it will be of consid- 
erable interest to discuss possible mechanisms of 
thermoosmosis in the light of current theories of 
anomalous osmosis. 
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Anodic Oxidation of Methanol on Platinum 
I. Adsorption of Methanol, Oxygen, and Hydrogen on 

Platinum in Acidic Solution 

M. W. Breiter and S. Gilman 

Research Laboratory, General Electric Company, Schenectady, New York 

ABSTRACT 

The coverage of bright platinum electrodes with methanol, oxygen, and hy- 
drogen was determined as a function of potential and bulk concentration of 
methanol in perchloric acid. Two different techniques which lead to the same 
results for the coverage with the respective species are described. The methanol 
coverage was obtained for equilibrium conditions at  open circuit and under the 
conditions of a quasistationary current-potential curve. The methanol cover- 
age is potential independent between +0.1 and +0.6v and decreases rapidly 
with potential above +0.6v during the anodic sweep of the current-potential 
curve. The oxygen coverage differs only slightly in 1N HCIOI and 1N HClO, + 
1M CHSOH. Hydrogen adsorption is decreased by 75% if the saturation coverage 
of methanol is present on the surface. 

The mechanism of the anodic oxidation of lower felt tha t  the results would advance the  understand- 
alcohols on solid electrodes, particularly platinum, ing of similar systems. Results on the  mechanism 
is of great importance in connection with fuel cell of the anodic methanol oxidation will be  reported 
technology. An intensive study of one particular in a series of papers. The first paper: deals with the 
system, acid methanol, was carried out since it was adsorptive properties of platinum with respect to 
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methanol, oxygen, and hydrogen in IN HClO,, con- 
taining different amounts of methanol. 

Current-potential curves and analytic determin- 
ation of the reaction products in different solutions 
have been mainly used to come to conclusions on 
the reaction mechanism (1-7). It is assumed in the 
existing theories of the oxidation mechanism that 
adsorption of methanol plays an important role. 
However, little is known about the adsorption of 
methanol in the so-called double layer region, about 
a possible simultaneous adsorption of hydrogen and 
methanol in the hydrogen region, and of methanol 
and oxygen in the oxygen region. A detailed descrip- 
tion of the three well-known potential regions can 
be found in a paper (8) on the adsorption of amyl 
alcohol at platinum in which similar problems were 
discussed. 

Pavela ( 3 )  was the first to establish direct experi- 
mental evidence for the adsorption of methanol on 
platinized platinum. He kept the electrode at open 
circuit in solutions of water and methanol for 15 
min and then briefly immersed it in distilled water. 
The electrode was then immersed in 1N NaOH and 
an anodic charging curve measured. An arrest is 
observed which Pavela attributes to the quantitative 
oxidation of methanol to formic acid. The adsorbed 
amount is computed from the transition time of the 
arrest and the current. Pavela found a saturation 
coverage for methanol concentrations CM > 0.5M. 
The experimental adsorption isotherm is in fairly 
good agreement with Langmuir's isotherm. 

Pavela's procedure is based on two conditions: 
( A )  Methanol is desorbed only to a negligible 
amount during the rinsing while only an adherent 
liquid layer of methanol is removed. (B) All the 
adsorbed methanol is oxidized before the anodic 
formation of a chemisorbed oxygen layer starts. As 
the fulfillment of the conditions was not verified, 
Pavela's results may include a considerable error. 
Therefore other techniques were developed and 
used to obtain the equilibrium coverage with meth- 
anol at open circuit and the coverage under the con- 
ditions of a potentiostatic current-potential curve. 
A comparison of the methanol coverage under the 
two conditions shows that equilibrium coverage is 
attained in the double layer region during the anodic 
sweep of current-potential curves. The oxygen cov- 
erage was measured as a function of potential in 
the base electrolyte solution and in solutions con- 
taining methanol. The information on methanol ad- 
sorption and oxygen coverage under different con- 
ditions has not been available in the literature. The 
results of this paper will be used to discuss the po- 
tentiostatic current-potential curve in a second pa- 
per of the series. 

Experimental 

Two techniques were used for the determination 
of the coverage with methanol, hydrogen, and oxy- 
gen. The first method is the potentiostatic applica- 
tion of voltage pulses to the electrode by means of 
a Wenking potentiostat. The second method con- 
sists in the chronopotentiometric (galvanostatic) 
application of current pulses. The form of the pulses 
was chosen such as to meet the experimental re- 

Fig. 1. Potentiostatic i-U-curves with v = 800 v/sec in I N  HClO. + IM CHsOH (curve 0) and in IN HClO, (curve A) starting from 
the open-circuit potential. 

quirements for the determination of the adsorbed 
amount of one of the three species. 

Potentiostatic technique.-A single triangular po- 
tential sweep of very short duration was applied to 
study methanol adsorption. The anodic sweep 
started at a desired potential and extended to 2 . 0 ~ .  
It could also be started when the electrode potential 
changed linearly and periodically as under the con- 
ditions of a potentiostatic current-potential curve. 
The current was registered as a function of poten- 
tial (or time) by means of an oscilloscope during 
the fast potential sweep. The nonstationary anodic a 

current-potential curves (i-U-curves) were meas- 
ured in the electrolyte (IN HCIO,) and in 1N HClO, 
with different amounts .of methanol. Curve B in 
Fig. 1 was obtained in 1N HC10, + 1M CH,OH and 
curve A in 1N HCIO,. The sweep started at the open- 
circuit potential of the platinum electrode in the 
respective solutions. All the potentials in this paper 
are referred to a hydrogen electrode in the same 
solution. The voltage speed of the sweep was 800 
v/sec. The methanol was Spectro-quality Reagent 
(Matheson Coleman & Bell), the perchloric acid 
Analytical Reagent (Mallinckrodt), the water was 
double distilled with a specific resistivity of 8.10" 
ohm-cm at 25'C. Methanol concentrations up to 
1M were used. The solutions were intensively stirred 
with argon before the measurements. The measure- 
ments were made in a Pyrex glass vessel with three 
compartments. The vessel was thermostated at 30°C. 
The prehistory of the electrode influences the i-U- 
curves markedly and is always given. The electrode 
pretreatment for the curves in Fig. 1 is described in 
the next section on the equilibrium coverage with 
methanol. 

Shaded area 2 minus shaded area 1 (see Fig. 1) 
yields the charge, QM(coul/cm2) required for the 
removal of the adsorbed methanol by anodic oxida- 
tion, or 

Q. = J' iBdt - J' iAdt [I]  

The applicability of the potentiostatic technique is 
based on four conditions: ( A )  The number of coul/ 
cm2 which are used for the anodic formation of an 
oxygen layer and for oxygen evolution during the 
sweep is the same in the electrolyte and in the so- 
lution containing methanol. (B) The same number 
of electrons per molecule is involved in the oxida- 
tion, independent of the adsorbed amount of meth- 



624 JOURNAL OF THE ELEC 

anol. (C) The nonfaradaic currents which change 
the charge of the double layer are the same in the 
electrolyte and in the solution containing methanol. 
(D) The anodic sweep is sufficiently rapid that ox- 
idation of methanol which diffuses to the electrode 
during the sweep is negligible. 

The precision of the determination of 6. by the 
potentiostatic method is estimated at k 0.1. The 
i-U-curves (see Fig. 1) coincide at high potentials. 
This shows that the electrode surface is oxidized 
to the same extent in the electrolyte and in the so- 
lution with methanol. Condition ( A )  is approxi- 
mately fulfilled. This conclusion is supported by the 
result that the oxygen coverage of the electrode 
under the conditions of a potentiostatic current- 
potential curve is nearly the same at any potential 
independent of the methanol concentration as de- 
scribed in the section on the oxygen coverage. The 
coincidence of the i-U-curves is evidence that all 
the adsorbed methanol is removed during the anodic 
sweep. The i-U-curves have the same shape inde- 
pendent of the adsorbed amount of methanol. This 
suggests the fulfillment of condition (B). It  was es- 
timated that condition (C) might introduce an error 
of up to 7%. The nonfaradaic currents are relatively 
large due to the high voltage speed. They will differ 
to some extent as the double layer capacity is likely 
to be smaller during the sweep in the solution with 
methanol than in the electrolyte solution. Simul- 
taneous adsorption of amyl alcohol and oxygen on 
platinum resulted in a lowering of the double layer 
capacity in the oxygen region (8). The same effect 
can be expected for methanol. To verify the fulfill- 
ment of condition (D), i-U-curves were measured 
at different voltage speed in 1N HCIO, + 1M CH,OH. 
Figure 2 represents the result. Q, is plotted us. log v. 
A limiting value for Q, is obtained for v > 200 v/sec. 
Therefore the determination of Q, was carried out 
with u = 800 v/sec. As condition (D) is fulfilled for 
1M CH,OH, it is valid for C ,  < 1M also. 

The oxygen coverage at  potentials in the oxygen 
region was obtained by interrupting the circuit at 
the desired potential and applying a potential of 
+ 0 . 4 ~  very rapidly. This was done with the West- 
ern.Electric 275 C Relay. The oxygen layer is com- 
pletely reduced at + 0.4~.  The area under the cur- 
rent-time curve gives the amount Q. in coul/cms 
of adsorbed oxygen. The reduction occurs very fast 

Fig. 2. Adsorbed amount Qaa of methanol in IN HClO, + I M  
CH80H as a function of the voltage speed v of the potentiostatic 
sweep. 
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Fig. 3. Cathodic charging curves from 0 . 5 ~  with 0.06 arnp/cma 
in I N  HCIOl (curve a) and in I N  HCIOI + IM CHsOH (cune b). 
The determination of the transition time TH for the hydrogen 
branch is shown. 

(in about 5.103 sec). Therefore the influence of a 
simultaneous oxidation of methanol which diffuses 
to the surface is negligible. 

Galvanostatic technique.-The second method 
consists in taking cathodic charging curves from 
different initial potentials. Q. is determined as a 
function of potential in the oxygen region from the 
transition time of the oxygen branch of the charg- 
ing curve and the current density (9) .  The length 
of the hydrogen branch yields the number Q. of 
coul/cm" to fill the sites available for hydrogen ad- 
sorption. If the charging curve starts a t  a potential 
where methanol is adsorbed, the number N ,  of hy- 
drogen adsorption sites which are occupied by ad- 
sorbed methanol can be computed from the decrease 
in Q,. Curve a in Fig. 3 is a charging curve with 
0.06 amp/cm2 from + 0 . 5 ~  in IN HCIO,, curve b 
from + 0 . 5 ~  in 1N HCIO, + 1M CHsOH. Both curves 
were taken during the anodic sweep of potentiostatic 
current-potential curves with v = 30 mv/sec by 
switching from the potentiostatic to the galvano- 
static circuit when the potential reached + 0.5~. 
Curve b shows a marked decrease in the length of 
the hydrogen branch. If ,Q, designates the number 
of coul/cma for the cathodic formation of a com- 
pleteIy covered surface in the electrolyte and Q. is 
the value in the presence of methanol, then for po- 
tentials U 2 + 0 . 3 ~  

F is the faraday and L is Avogadro's number. It was 
found from charging curves starting between $ 0.8 
and + 1 . 5 ~  that sQH was approximately the same 
(0.34 mcoul/cm3) in all solutions. The above con- 
cept was used by Oikawa and Mukaibo (10) to study 
the adsorption of acetic acid on platinum, and by 
Franklin and Sothern ( 11 )  for the adsorption of 
nitrides on platinum. These authors took the quan- 
tity 

as a measure for the coverage with organic sub- 
stance. This implies the validity of the relation 

for the whole range of 8' values. The validity of 
relation [4] has already been questioned by one of 
the authors (8). The objection is based on the pos- 
sibility that hydrogen atoms could be adsorbed on 
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IO- and the potential held at 1 . 5 5 ~  for 1% additional 
minutes. The potential was then stepped instanta- 
neously to + 0 . 4 ~  and held there for 0.015 sec. This 
time is sufficient for the reduction of the chemisorbed 
oxygen layer. After 0.015 sec the circuit was opened. 
After a specified period at open circuit, Q, was de- 
termined by the potentiostatic method. Two minutes 
were sufficient for establishment of adsorption equi- 
librium at all bulk concentrations of methanol. The 
described procedure was carried out in all solutions 
with the potentiostat and suitable circuits of West- 
ern Electric C275 Relays. The pretreatment described 
above not only provides a reproducible surface state 

o 5 1 0  for methanol adsorption, but largely excludes the 
QM - possibility that oxidation products formed during 
soh( the measurements or during the removal of the ox- 

sQa - Qa 
ygen layer are adsorbed. 

Fig. 4. Apparent coverage - , as determined from the The potential shifts toward less positive values 
XQH than +0.4v at open circuit in solutions with meth- 

decrease of the hydrogen arrest of the cathodic charging curve, as 
QM 

anol. The potential which is reached after 2 min de- 
a function of the coverage -, determined with the anodic po- pends on the bulk concentration of methanol. Poten- 

SQP 

tential sweep. 
tial shifts of the described nature which start from a 
surface free of adsorbed oxygen and hydrogen were 

sites which are not accessible to methanol adsorption 
for geometric reasons. 8 and 6" were determined for 
various concentrations of methanol in 1N HClO, 
under the conditions of a quasi-stationary potential 
sweep. The values reported for 8 were obtained po- 
tentiostatically and those for 8' were obtained gal- 
vanostatically. Figure 4 gives the experimental re- 
sults. Equation [4] is fulfilled for 6" 5 0.5. Above 
8' = 0.5 the 8' - 8 curve bends and tends toward 
8' = 0.75 for 8 = 1. Only 75% of the sites which are 
accessible to the adsorption of hydrogen atoms are 
available for methanol adsorption. The calibration 
curve in Fig. 4 permits interconversion of 8 and 8'. 
Since the galvanostatic method is simpler than the 
potentiostatic one, it was used in many cases. Ad- 
sorption isotherms of organic substances which were 
determined solely from the decrease of the amount 
of adsorbed hydrogen are in error for 6" > 0.5. The 
latter statement holds for any method of determin- 
ing Q,. The fair agreement between 8 and 8' for 8' 
< 0.5 confirms the reliability of the potentiostatic 
and the galvanostatic method. The accuracy for 8' 
is estimated at  k 0.1. Precision for 8 by the potentio- 
static method is better than 0.03. 

Results and Discussion 

Adsorption Isotherm for Methanol 

It is well known from reported polarization curves 
that methanol is oxidizable at relatively low poten- 
tials. Therefore the isotherm for equilibrium condi- 
tions can only be determined with certainty if the 
adsorption occurs at open circuit. The following 
pretreatment led to reproducible results. The elec- 
trode was polarized at 1 . 8 ~  for 15 sec and at 1 . 5 5 ~  
for 30 sec while stirring with bubbled argon. Under 
these conditions the electrode surface is completely 
stripped of organic materials and is completely cov- 
ered with an adsorbed oxygen layer. Desorbed or- 
ganic materials are swept into the bulk solution and 
highly diluted. Then the stirring was interrupted 

reported by Shlygin and co-workers (4,5) as evi- 
dence for an electron-radical oxidation mechanism 
for CH30, HCOOH, CH,OH, and other oxidizable 
substances. However, Vielstich (12) has stated that 
the measured open-circuit potentials are likely to be 
mixed potentials. Two interpretations for the poten- 
tial shift, between which a distinction cannot yet be 
made, are more probable than Shlygin's interpre- 
tation. A small amount of hydrogen atoms is formed 
cathodically during the potential shift. The cathodic 
current is equal to an anodic current of methanol 
oxidation at the same electrode. As the rate of meth- 
anol oxidation becomes smaller with decreasing po- 
tential, a final open-circuit potential is approached. 
The amount of hydrogen formed in 2 min is still im- 
measurable. On the other hand the adsorbed meth- 
anol molecules may dissociate into radicals and hy- 
drogen atoms to a small extent (1,2). The adsorbed 
hydrogen atoms produce the potential shift. Traces 
of adsorbed hydrogen are detectable by anodic 
charging curves if the electrode rests for 20 min 
at open circuit in 1N HC10, + 1M CH,OH. 

Figure 5 represents isotherms of methanol adsorp- 
tion at different times after opening the circuit (15 

8 

I 1 I I I 
10-5 - 10-4 10-3 10-1 10-1 I 

c [ ~ l l ]  

Fig. 5. Methanol coverage after different times a t  open circuit. 
The solid line represents the isotherm, the dashed line Pavela's 
results. 
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sec, 1 min, 2 min, and 10 min). Equilibrium cover- 
age is practically achieved after 2 min. 8 = Qla/sQla 
is plotted against log CM. A semilogarithmic repre- 
sentation is chosen since a relatively large coverage 
is already found at small C,-values. The saturation 
value sQM was reached for C, > 0.4M and is approxi- 
mately equal to sQa. It was 0.3 mcoul/cmD for the 
measurements in Fig. 5. If 0.75 sQH is taken as repre- 
senting the number of platinum atoms available for 
methanol adsorption and if six electrons are involved 
in the oxidation of the adsorbed methanol, one 
methanol molecule occupies 4.5 platinum atoms. If 
the oxidation goes only to formic acid (4 electrons) 
the number of occupied platinum atoms is three. 
Both numbers appear acceptable as the cross section 
of the methanol molecule is about 25.4' (13), and the 
distance between platinum atoms in the (1 11 ) -plane 
is about 3A. 

Pavela's tabulated QM-values for platinized plati- 
num were used to compute an isotherm. This iso- 
therm is plotted as a dashed line in Fig. 5 while our 
results correspond to the solid line. Agreement ex- 
ists at high concentrations while Pavela's values are 
too low at low concentrations. Obviously conditions 
( A )  and (B) of Pavela's procedure discussed in the 
introduction are not fulfilled. 

The adsorption isotherm in Fig. 5 is linear in a 
large concentration range. Temkin's isotherm de- 
scribes the results to a first approximation. Such be- 
havior is characteristic of a heterogeneous surface. 
Although an indication of steps is given by the ex- 
perimental points, the experimental precision does 
not allow a decision as to whether or not these steps 
are a real phenomenon. The attainment of saturation 
coverage does not appear as pronounced on the semi- 
logarithmic plot as on a linear plot. 

Methanol-Coverage under the Conditions of a 
Potentiostatic Current-Potential Curve 

Potentiostatic current-potential curves of fuel oxi- 
dation have peaks (1, 2, 5, 7, 12, 14) characteristic of 
every fuel. The method devised by Will and Knorr 
(15) was used here. A periodic triangular voltage 
sweep from +0.1 to 1 . 5 ~  was applied to the electrode 
by means of the electronic potentiostat. The voltage 
speed was 30 mv/sec. After a certain potential was 
reached the potentiostatic circuit was interrupted 
manually by means of a Western 275C Relay. A ca- 

U l V l  

Fig. 6. Methanol adsorption a t  different potentials during the 
anodic sweep (Fig. 6.) and the cathodic sweep (Fig. 6b) of potentio- 
static current potential curves in different solutions. 

thodic charging curve was taken immediately after 
the interruption. The coverage was determined in 
the way described in the previous section. The cur- 
rent-potential curves became independent of time in 
unstirred solutions after a few cycles had been im- 
pressed. 

Figure 6a represents the coverage as a function of 
potential and of the bulk concentration of methanol 
during the anodic potential sweep, Fig. 6b during the 
cathodic sweep. The 8-values at +0.2 and +O.lv 
were determined by the potentiostatic method. The 
coverage is independent of potential between 0.1 and 
0 . 6 ~  at all concentrations during the anodic sweep. 
Then it decreases rapidly with potential. The 8-U- 
curves have a similarity with corresponding curves 
for the adsorption of organic substances on mercury 
(16) although the cause for desorption differs 
greatly. In this case it is due to the oxidation of 
methanol on platinum in the potential range of de- 
sorption. This effect will be discussed in the second 
paper. The methanol adsorption between 0.9 and 
1 . 5 ~  is very small and plotted as equal to zero in 
Fig. 6a and 6b where the abscissa is not extended 
beyond +l.Ov. However, this statement may be 
slightly in error as the reproducibility of sQe is about 
&lo%. 

A comparison between the B values of Fig. 5 and 
the potential-independent values in Fig. 6a suggests 
that equilibrium is practically established under the 
conditions of a quasistationary potentiostatic cur- 
rent-potential curve. The rate of oxidation is not yet 
sufficient to lead to a decrease in coverage. 

The coverage increases during the cathodic sweep 
at all concentrations and does not reach the constant 
value of the anodic sweep before 0 . 1 ~ .  The B-U- 
curves show that the coverage is formed rapidly in 
the beginning while the attainment of a final value 
above 0.5 is slow. No adsorption takes place above 
0.8~.  The electrode remains covered with a chemi- 
sorbed oxygen layer between 1.0 and 1 . 5 ~  during 
the cathodic sweep (see next section). Methanol ad- 
sorption starts after about 75% of the oxygen cov- 
erage is reduced. 

So far it has been assumed that the coverage under 
the conditions of a potentiostatic current-potential 
curve is due to methanol adsorption. This need not 
necessarily be true as an oxidation peak is observed 
between 0.8 and 0 . 6 ~  during the cathodic sweep 
(1,2,7,12). It  is conceivable that intermediates are 
formed then which are more strongly adsorbed than 
methanol and remain on the surface during the 
following part of the sweep. At the higher methanol 
concentrations the intermediates might produce as 
much as 50% of the measured @-value (see Fig. 6b). 
However, a comparison of the potential-independent 
8-value during the anodic sweep with the @-value of 
the adsorption isotherm at  the same concentration 
shows fair agreement between the two coverages. 
The agreement suggests that the coverage during the 
sweep is due mainly to methanol adsorption. The 
influence of intermediates is probably within the 
error of the 8-determination (510% ) . An accidental 
agreement is felt to be unlikely for all concen- 
trations. 
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Fig. 7. Oxygen adsorption at different potentials during the 
anodic and cathodic sweep of potentiostatic current potential 
curves in I N  HClO, and in I N  HCIOI + I M  CHaOH. 

Oxygen Coverage 

It is well known that the anodic formation of a 
chemisorbed oxygen layer starts on platinum in 
acidic solutions at about +0.8v us. a hydrogen elec- 
trode in the same solution. The coverage increases 
with potential. Approximately a monolayer is at- 
tained at +1.5v (9). The influence of the oxygen 
layer on the form of the potentiostatic current poten- 
tial curves was already recognized and correctly 
interpreted in the early work on fuel oxidation 
(1,Z). However, a quantitative determination of the 
oxygen coverage under the conditions of a potentio- 
static current-potential curve is not yet reported in 
literature. The oxygen coverage was determined by 
the potentiostatic method and the galvanostatic 
method at different potentials in the oxygen region 
during a potentiostatic current potential curve with 
30 mv/sec in 1N HC10, and in 1N HC10, + 1M 
CHsOH. The results obtained by the two methods 
agree fairly well. 

The adsorbed amount Q, obtained galvanostatic- 
ally is plotted in Fig. 7 as a function of potential for 
the two solutions. A correction for the double layer 
charging during the oxygen branch of the cathodic 
charging curve was not made as the change of the 
double layer capacity with potential during the 
charging curve is not known. This leads to an error 
in tbe Q.-values estimated to be less than 10%. The 
Q,-U-curves are nearly the same in both solutions. 
This follows from the Q.-U-curves during the anodic 
sweep. The potential of reversal differed by 50 mv in 

the two solutions. Therefore, the Q.-U-curves are 
shifted against each other during the cathodic sweep. 
However, the same shape of the Q.-U-curves is ob- 
served. There is an indication that the oxygen cov- 
erage is a bit larger at the same potential in 1N 
HC10, + 1M CHIOH than in 1N HClO, up to +1.3v 
during the anodic sweep. Q, increases more rapidly 
with potential above 1 . 3 ~  in 1N HCIOI than in 1N 
HC10, + 1M CHsOH. The influence of methanol on 
the Q,-U-curve is small. Therefore the Q.-U-curve 
in IN HC10, can be taken as a good approximation 
for the Q,-U-curve in the presence of methanol up 
to C, = 1M. 

Manuscript received Dec. 6, 1961; revised manuscript 
received March 12, 1962. This paper was prepared for 
delivery before the Los Angeles Meeting, May 6-10, 
1962. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1963 JOURNAL. 
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ABSTRACT 

A mathematical treatment is developed which yields equations relating 
faradaic current, voltage, and time when an alternating voltage is applied to 
an electrolytic cell composed of a plane and auxiliary electrodes immersed 
in a solution containing initially supporting electrolyte and only reversibly 
oxidizable or reducible species. Both oxidant and reductant are taken to be 
soluble, and specific adsorption is assumed to be absent. The voltage across 
that branch of the equivalent circuit through which only faradaic current 
flows is assumed to be periodic with fixed amplitude and with or without 
an additional direct applied iroltage component; the resultant current is 
distorted. Diffusion controlled kinetics is postulated, and it is assumed that 
equilibrium is essentially established at the electrode surface. The equations 
developed show that a "steady state" (i.e., a periodic state) is quickly at- 
tained, yield diagnostic tests of use in establishing the reversible mech- 
anism, make it possible to determine the standard potential, and finally 
yield for the periodic state a relation between faradaic current and time. 
These results are then generalized so as to include systems in which the 
reversible electrochemical step is followed by a sufficiently slow secondary 
reaction step. One diagnostic result of interest in the latter connection is that 
the mean faradaic current vanishes in the periodic state, regardless of the am- 
plitude or of the shape of the applied periodic potential, when the follow-up 
reaction occurs to a negligible extent. 

The probiem of developing a mathematical de- 
scription of the chemical effects of alternating cur- 
rent on reversible redox systems has been attacked 
with varying degrees of success by several investi- 
gators (1-12) subject to the following restrictions: 
(a) undistorted voltage and current waves, and/or 
(b )  both components of the redox system must 
either be present in the solution initially or present 
at the electrode's surface as the result of superim- 
posed direct current. Berzins and Delahay (8) 
assumed what in the classification of Delahay, Senda, 
and Weis (17) may be called alternating voltage 
(A.V.) control [i.e., controlled sinusoidal potential 
difference across that branch of the equivalent cir- 
cuit for one electrode through which only faradaic 
(f) current is flowing]. They derived an equation 
for the instantaneous value of the (distorted) fara- 
daic current as a function of time. This equation 
contained transient terms and a "steady-state" (or, 
better, a "periodic-state") term. Plane electrodes 
were involved. 

Recently Matsuda and Delahay (13) extended 
the A.V. control problem to derive an equation for 
the transient current produced by faradaic rectifica- 
tion after the periodic component had reached a 
steady state. Their equation was restricted to small 
values of the A.V. and to solutions initially con- 
taining both oxidant and reductant. 

I Alfred P. Sloan Fellow; N.S.F. Senior Post Doctoral Fellow at In- 
stitute of Mathematical Sciences, New York University (1960-61). 

Koutecky (14), assuming A.V. control, derived 
an equation for the instantaneous value of the fara- 
daic current as a function of time for the general 
case of a periodic voltage of optional wave shape 
and applied it to the special cases of sine waves, 
square waves, and triangular waves. His equations 
were largely, although not entirely, concerned with 
the conditions characteristic of polarography (i.e., 
dropping electrode), but his work and an initial 
portion of the present work are related. We shall 
be concerned with stationary electrodes, with a 
treatment for (in some ways) slightly more general 
systems, with a detailed treatment of the statement 
of the periodic state, and with devising a method 
of determining the standard potential and other 
properties (m and n below) of a reversible electro- 
chemical step in an otherwise irreversible process. 

In the present paper we shall discuss a system un- 
dergoing A.V. electrolysis with or without super- 
imposed direct applied voltage for the case employ- 
ing voltage control when the initial concentration of 
either oxidant or reductant is zero. Clearly, large 
A.V. amplitudes may be necessary to bring con- 
centrations at  the electrode surface into the poised 
region where reasonable accuracy in potential-con- 
centration relationships may be achieved.. 

This case is of only limited practical interest for 

* A  certain experimental difficulty which, it has been suggested 
[P. 313 of ref. (11) I ,  could complicate interpretation of the more 
usual (low amplitude1 A. V. control systems, is absent here because 
of the different method used to interpret the results. 
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potentiometrically reversible redox reactions but 
should be important in the study of oxidations or 
reductions involving "follow-up" mechanisms, e.g. 

Red + ne + Ox (fast) 

Ox +products (slow) 

especially when the half-life period of the unstable 
(or highly reactive) intermediate substance is short 
compared to the polarographic drop time but long 
compared to the period of the A.V. in a usable fre- 
quency range. 

General Assumptions 

In the theoretical treatment along the lines in- 
dicated, the following restrictions and assumptions 
will be made. 

(i) A plane electrode is used and conditions for 
the semi-infinite linear diffusion are achieved. 

(ii) A. V. control is employed (A. V. alone or with 
a superimposed direct voltage component). 

(iii) The only depolarizer initially present is the 
reductant. (This is an unessential restriction, as 
noted later, and is made only to emphasize the case 
that is of practical interest here.) 

(iv) A supporting electrolyte eliminates migra- 
tion of the depolarizer and also keeps the pH con- 
stant through buffer action. Convection is assumed 
absent. 

(v) "Spontaneous depolarization" (15) occurs only 
by diffusion, i.e., the depolarizer concentration at the 
electrode changes only by diffusion or electron trans- 
fer to the electrode and not by secondary chemical 
reaction or by convection. 

(vi) Specific adsorption is absent. 
(vii) Electrochemical equilibrium exists between 

the electrode and the concentrations of the electro- 
chemically active species just outside the region 
effectively occupied by the electrical double layer. 

(viii) In view of the transient nature of faradaic 
rectification, it will be ignored as a possible source of 
disturbance of over-all concentration after a steady 
state (i.e., a periodic state) is achieved. 

In principle, the above assumptions are all that are 
needed. In practice, however, it is desirable that the 
electrolytic resistance is rendered negligible by the 
high concentration of supporting electrolyte, and 
that the working electrodes of the electrolytic cell 
are a measuring electrode and an unpolarizable 
auxiliary electrode. A negligible resistance ensures 
an undistorted voltage wave across the faradaic 
branch, a very desirable restriction, as discussed 
later. It should also be noted that when a second 
faradaic process of the above type occurs, it can be 
treated as a parallel branch in the equivalent circuit. 

Assumption (vii) that chemical equilibrium is 
achieved with alternating voltage does not imply 
that the charge transfer resistance (Grahame's 8) is 
zero, but it does mean that the 8 is negligible in 
comparison with the mass transfer resistance (diffu- 
sion) for the experimental conditions, i.e., that the 
frequency used is low enough to enable close ap- 
proach to equilibrium in a small fraction of a cycle. 
The validity of this assumption in the case of a 
poised ferrocyanide-ferricyanide solution was dem- 

onstrated by Remick and McCormick (16) who 
showed that the introduction of the Nernst equation 
into Grahame's equations for the faradaic admittance 
(6) adequately predicted the experimentally ob- 
served relation of depolarizer concentration to polar- 
ization resistance and capacitance up to the highest 
frequency used, viz., 5000 cps. Less reactive systems 
would be expected to behave reversibly only up to 
lower frequencies. 

The assumption that electrochemical equilibrium 
exists between the electrode and species just out- 
side the double layer implies that the salt concentra- 
tion is high, so that the width of the double layer is 
appropriately small. Were this condition not fulfilled, 
one would have to include in the diffusion equation 
of the it" electrochemically active species the usual 
migration term (D,e,/RT) (ag/ax)C,, g being the 
potential at point x, and D,, e,, and C, being the dif- 
fusion coefficient, charge and concentration (at x) 
of species i." 

The system as a whole will also be undergoing a 
periodic buildup and disappearance of the electrical 
double layer at the electrode. The total current at 
any time is the sum of this nonfaradaic current and 
the faradaic current i, calculated below. That is, as 
discussed by Grahame (6), the additional process of 
charging and discharging the double layer can be 
regarded as corresponding to a condenser (of capac- 
ity depending on instantaneous voltage) in parallel 
with the faradaic branch of the equivalent circuit. 
We consider first the behavior of the faradaic branch. 

Boundary Value Problem 
The reversible electrode reaction 

involves the soluble species Red and Ox whose 
charge types are not specified. In Eq. [I] m and n are 
rational numbers. The molar concentrations of these 
species, respectively, will be symbolized by C, and 
C., and the bulk concentration of Red by C",. CR and 
C., are functions of the time, t, and the distance, x, 
from a plane parallel to the electrode surface but 
just outside the electrical double layer region. To 
express diffusion control, Fick's second law will be 
employed as usual, expressed in terms of concen- 
tration rather than activities: 

where Dn and D,. are diffusion coefficients. Equations 
[2 ]  and 131 will be solved subject to the initial and 

a This assumption concerning the width of the double layer will 
often be satisfied even when the assumption would be inaccurate for 
systems for which a kinetic boundars condition is appropriate li.e., 
a boundary condition such as - D J C / a s  = k c " ,  - k'Cn at the elec- 
trode surface). In this kinetic case, Bockris 1261 believed that the 
"zeta potential" is largely suppressed at concentrations above ca. IN. 
This conclusion, however, was not substantiated by Breiter. Kleiner- 
man and Delahay (271 whose calculations (based on a theoretical 
equitition which was found to be in accord with experimental data 
obtained in the polarographic reduction of iodate ions1 indicated 
that the zeta ~otential mieht well be ca. 0 . 0 5 ~  even in 1M solution. 
Since electrodtransfer prdceeds from positions imnlediately adjacent 
to the electrode, wc see that for double layer effects to be neglhgiblc 
In the kinetic case. thc double laser should be narrower than a f ~ w  
Angstroms. In the electrochemical equilibrium case (assumption vii) 
however. to satisfv our assumdion. it merels suffices that diffusion. 
be rapid across tKe double lajer sd that concentration ratios inside 
it are given by a local Nernst 1i.e.. Boltzmann) relation. Accord- 
ingly, our assumption will often be valid when it is not valid to 
neglect double layer effects on rate constants for electron transfer to 
the electrode. 
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boundary conditions (and to the assumption of a 
bounded solution) : 

C ~ ( X ,  0) =Can ~ 4 1  

plus a condition on C.. (0, t )  . 
If one considers instead of 151 the alternative 

condition that C..(x, 0) equals a nonzero quantity 
C",, Eq. [I], [13], and [15] remain valid, if C,(x, t)  
in [I] is replaced by C,(x, t)  - C",., and f in [13] 
and [15] by f - C".,. Equation [8] remains intact, 
but in Eq. [9] and [14] the second C,. and f should 
be replaced by C.. - Po, and f - C".., respectively. 

In Appendix I, Eq. [2] to [6] are solved by' the 
Laplace transform method. The solution is given by 

As the boundary condition at x = 0, we employ 
the Nernst relation between C..(O, t )  and Cn(0, t )  
fo r t  > 0:6 - 
~ , p ( @ t )  = E'. + (RT/nF) In {C.,(O,~)"/CE(O,~) 1 [81 

& 

where E, is the amplitude of the applied alternating 
voltage, p(ot) is any continuous periodic function of 
cot, of period 2 s  and of unit amplitude, and E'. is a' 
quantity defined later. 

From Eq. [8] and Eq. [24] of Appendix I, it fol- 
lows that for t > 0, C,,(O, t)  in Eq. [I]  satisfies the 
relation: 

exp [ (nF/RT) ( ~ , p ( w t )  -El.) 1 C91 

The quantity E', is defined through the following 
argument: Since the electrolytic resistance is as- 
sumed negligible, the potential difference across the 
cell is the sum of the two half-cell potentials, 
E. + E., where E, is the half-cell potential across the 
auxiliary unpolarizable electrode. If Ed is the direct 
component of the applied potential, we thus have 

Writing Eh in terms of its standard potential E. of 
the reversible step of the half-cell, we have 

From Eq. [ lo]  and [ l l ] ,  Eq. [8] is obtained with 
E'. given by 

E'.=E.+E,-Ed El21 

Delahay, Senda, and Weis (17) have emphasized 
the desirability that, in specifying the type of con- 

4Equation [TI can also be obtained, after a somewhat involved 
series of substitutions, from the first half of Eq. 1211 of ref. (141. 
However, the derivation given in Appendix I of this paper has cer- 
tain advantages for our purposes and is referred to later. 

6 The apparent discontinuity between the limit which this Cox (0, t) 
approaches as t + 0 and that which Eq. 151 approaches as x + 0 
causes no difficulty. It is indeed a standard type of discontinuity (22) 
in diffusion and heat conduction problems. 

trol used, both the alternating and mean components 
of the current or voltage control should be desig- 
nated. The argument of the preceding paragraph 
shows that we are here dealirig with the case of A.V. 
control, with K.,, = E, (when the mean value of 
p (at) is zero), i.e., with, = - Ed. 

& 

It sometimes happens that E,p(ot) is treated as a 
piecewise continuous function: for example, when it 
is treated as a square wave applied potential. 
Strictly speaking, it is continuous, but is approxi- 
mated by this discontinuous function. To adapt 
Eq. [I31 to this case, one uses the fact that the de- 
rivative of a step function is a Dirac 8-function (19) .' 

Applications of Equations 171 and 191 
Silverman and Remick (18) observed oscillo- 

graphically that a periodic state was achieved very - 
rapidly using I.,,l-control, [i.e., A.C. control ( l l ) ] ,  
plane electrodes, and solutions initially containing 
only one component of a reversible redox system. 
We know of no comparable experimental demonstra- 
tion involving A.V. control; however, Eq. [I]  and 
[9] can be shown to predict the attainment of a 
periodic state. Moreover, this periodic state is a con- 
venient ,one for application of the equations to ex- 
perimental data. Accordingly, we first show how 
these equations lead to the periodic state. 

For this purpose, it is very convenient to introduce 
a function f (of?) which agrees with C(O,8) for 8 >  0, 
but which is the periodic continuation of C(0,B) 
for 6 0. 

In Appendix I1 it is then shown that Eq. [I] 
can be rearranged to give 

where f (ot - y )  satisfies Eq. [I41 for all t. Equation 
114) is obtained from Eq. [9] by replacing C.,(O, t) 
b ~ f ( o t - ~ ) .  

exp { ( ~ F / R T )  (at - U) -E'.1) 1141 

In Appendix 11, it is shown that f ( ~ t  - y) is 
bounded by some quantity, M say, so the second 
integral in [I31 tends to zero as wt tends to infinity 

U I t  may be recalled that a piecewise continuous function is one 
which has in any finite interval at most a finite number of discan- 
tinuities. 

7 In the case of piecewise continu,ous P lwt) , one may utilize Eq. 
[221 and 191 as follows. Piecewise continuous ~ ( w t )  implies piece- 
wise continuity of the function COx(O, t) defined by Eq. I91, and 
even (Appendix 11) Its finiteness for the p(wt) of interest. Its 
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since its majorant, MRy4/' dy, behaves in this way. 
Hence, this integral is a transient term. The first in- 
tegral in [I31 is periodic in wt, because f (wt - y) is 
periodic in ~t (as shown in Appendix 111), its deriva- 
tive, therefore, being periodic also, and because its 
limits are not functions of t. This integral, therefore, 
describes the periodic state. 

An equivalent form of Eq. [13], derived in Ap- 
pendix 11, is given by Eq. [15], the first integral 
being the periodic term and the second being the 
same transient term as in Eq. [13]. 

Using these equations, it is shown, incidentally, in 
Appendix I11 that the mean value of the periodic 
state integral in Eq. [I31 or [15] is zero, for arbi- 
trary periodic functions p(wt) and for arbitrarily 
large amplitudes. This theorem generalizes earlier 
discussions by other investigators for small ampli- 
tudes. It should have diagnostic value since it would 
obviously be false if the irreversible follow-up re- 
action occurred appreciably. 

To examine a possible way for determining E',s 
and other properties, it is convenient to convert the 
integral for the periodic state into a "reduced" form. 
That is, we proceed to deduce an "equation of cor- 
responding states" for the faradaic current and for 
its dependence on applied potential. 

We see from Eq. [I41 that at any given tempera- 
ture f(wt- y) depends on nE'., m, COR and on the 
value of the function nE, at the time wt - y (taking 
dD.,/D, = 1). Therefore, we may write (for given 
T), f (wt - y) as a function of C a ,  of nE'., of m, of 
the value of nE, at  time wt, and of y." Similar re- 
marks apply to the y-derivative of f (wt- y). Accord- 
ingly, the periodic state term in either 1131 or [I51 
satisfies the formal relation: 

where the function h can be written in the two 
equivalent forms (forms which differ only by a 
quantity whose integral from 0 to ac vanishes) : 

Equation [16] is a convenient one for our pur- 
poses, for we see from Eq. [13] that at a given tem- 
perature, and electrode area A, a plot of nE, us. 
ir/n (wD..)"~ depends only on nE'. and m. Therefore, 
by adjusting the direct voltage E, and (in multiples - 
of some preassigned amplitude) El, the E, us. i, plot 
could be made to conform to a standard shape, a - 
shape which, for any preassigned nE'., nE,, C", and 
T, depends only on m. From the value of Es needed 
to attain this specified nE'., E. could be calculated 

from Eq. [12], n could be determined from the El, 
The value of Er at (wt - u )  is determined if one knows for all t 

its value at wt and if one knows y, i.e.. El (wt - u )  is a function of 
the function E, (wt) and of y. 

needed to attain the standard shape, and m could be 
determined from the Ca-dependence of the data. 
(For example, for m = 1 Eq. [I41 shows that 
f(wt - y) is directly proportional to CR,  so h and 
hence i, in [I61 are directly proportional to P a ,  for 
any given E,.) Again, Eq. 1161 provides other diag- 
nostic tests. A plot of i,/w'lP us. E, should be inde- - 
pendent of w and of E,.B 

Instead of plotting E, us. if, i, can be plotted us. wt, 
after first writing Eq. [I61 for the periodic state in 

the appropriate reduced form. Since E, =.~,p(wt) ,  
the integrand in [I61 can be written as a function of - 
wt and of nE, as well as of y, nE'., m, and COR. Once 
again, for any given Cn, T and electrode area, the ad- 
justing of Ed and, in multiples of some amplitude, of - 
E,, would lead to a standard shape which depends on 
m. The values of E. and n could then be determined 
as before, and m could be determined from the CDa 
dependence of the plot. Again, as before, diagnostic 
tests could be devised: The plot of i,/wllP us. a t  should 
be independent of w and, if m = I, should be pro- 
portional to Pa. 

In actual fact, one measures total current rather 
than only the faradaic branch. The nonfaradaic com- 
ponent is independent of C n ,  so that a plot of i us. E, 
or us. t would now be a linear function of Pn when 
m = 1. On the other hand, no standard shape of a 
plot of i us. E, or t can be attained simply by adjust- - 
ing Ed and E,." 

Accordingly, in this situation, recognizing that 
under the assumptions listed earlier, the total cur- 
rent is the sum of the faradaic and nonfaradaic 
branches and that the nonfaradaic component is in- 
dependent of C",, the value of i, corresponding to any 
particular phase angle of E, can be obtained by sub- 
tracting from the measured, instantaneous current 
the value of that current when COB = 0. Examples 
where this type of subtraction has been made in po- 
tentiometric work may be found in ref. (25) and 
(16). If the condition mentioned earlier that the iR 
be negligible had not been imposed, no such subtrac- 
tion process would be permissible for obtaining i,, 
for the iR drop at any given t would cause the in- 
stantaneous potential drop across the electrode to 
depend on Cn, contrary to assumption. Further- 
more, since the cell is a nonlinear circuit element, 
the iR drop through the bulk of the solution would 
contain harmonics. which would invalidate the as- 
sumption of a sinusoidal E,. 

Information about the characteristic behavior of 
the integral in Eq. [16], and hence about the faradaic 
current, can be deduced either from numerical inte- 
gration or from investigation of the properties of 
known reversible systems. However, some prelimi- 

- 
To be sure, at small values of Et, points on this plot correspond- 

ing to large values of i t  will not be attained. Note that although i r  - 
and El depend on El, the plot does not. - 

"For, if nE'. and nEf were each made to conform to their pre- 
assigned values by such adjustments the nonfaradaic current us. Er 
plot would then differ from systed to system: Any two systems 
normally dWer in E. and hence for a preassigned nE' in Ed  (cf. 
Eq. [121).  But for a given E.. 2 plot of nonfaradaic c&ent us. Et - 
would be a standard one only for a preassigned Er and Er. 
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nary insight into its behavior as far as the depend- 
ence of i ,  on E ,  in Eq. [ I 6 1  can be obtained as fol- 
lows. We shall consider, by way of a concrete ex- 
ample, the important case in which m = 1,  Do. = D,, 
and p ( w t )  is sin ot. The integral for the periodic 
statein Eq. [ 1 6 ]  becomes (using it in the form of Eq. 
[ 1 3 ] ,  after introducing Eq. [ I 4 1  and performing the 
differentiation: 

- 
exp [ n F  ( E ,  sin ( o t -  y )  -E ' . ) /RT] cos ( a t -  y)y- '"dy  - 
( 1  + (D.,/Dn)'lPexp [ n F  ( E ,  sin ( o t  - y )  - E'.) / R T ] I Z  

[ l 8 l  

When InF E'./RTI >> 1 and z, << IE1.I, the coeffi- 
cient of y-'I2 cos ( a t  - y )  in the integrand, is very - 
small at all times, i.e., for all lErl " E,." Accordingly, 
i, is then small for all such E,, a result expected on - 
physical grounds. In the very special instance that E ,  
is sufficiently small, the integral in Eq. [ I 8 1  be- 
comes1' 

T'" cos (o t  - ;) exp ( - n F E : / R T )  / [ I  

+ (D../D,)'/' exp (-nFE'./RT)la [ I 9 1  

ciently slow. As mentioned earlier, it is this situa- 
tion where the present equations are likely to be 
of the most interest. 

Manuscript received May 29,1961; revised manuscript 
received April 10,1962. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1963 JOURNAL. 
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APPENDIX I 
Derivation of Eq. [7]  

We let u ( x , t )  denote the quantity 

u ( x , t )  = CUR - C n ( x , t )  1201 

Seeking a bounded solution of Eq. [2]  to [ 6 ] ,  we intro- 
duce boundary conditions [41 and [51 into the Laplace 
transforms of Eq. 121 and [ 3 ] ,  respectively, and obtain 
two differential equations in the domain x > 0 which can 
easily &e solved to give equations for the transforms, 
u and C..: 

- - 
U ( X , S )  = ~ ( 0 , s )  exp ( - S ~ ~ X / D . ~ / ~ )  [21] 

C.. ( x , s )  = Ex (0,s) exp (-s'~~x/D,,~") [22] 

where s is the Laplace variable. 
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Differentiation of these equations with respect to x 
followed by evaluation at x = 0 and combination with 
the transform of Eq. [6] yields 

Taking the inGerse transform of Eq. 1231 gives 

.except at  points of discontinuity, using a uniqueness 
theorem (24). 

The instantaneous anodic current, it, is related to the 
flux according to Eq. [25] 

i t  = nFAD..[aCOx (x,t) /axl... C251 
wherein we use the convention that an anodic current 
is negative, and where A denotes the electrode area. 
The term [aC,.<x,t)/ax], may be calculated from the 
preceding equations as follows. Dlfferentiating Eq. [22] 
with respect to x and setting x = 0, one finds 

From Eq. 171, [28], and [30], Eq. 1131 then follows. 
The first integral in Eq. 1131 can also be written in 

the alternative form 

Upon integrating by parts, this term becomes 

where we have introduced the identity 
[321 

Rewriting the integrals in [32] as: 

Cf ( a t  - .) - f (wt) I 1: yam dy 
. - 

where we have introduced into (a) the fact that s-'IP is +S: [f(wt) -f(wt-~)lv""dv C331 
simply the Laplace transform of (nt)-'Iz. In obtaining 
(b) we have employed the convolution theorem for and proceeding to the limit E = 0, the first expression 
Laplace transforms, and in obtaining (c) we have used in [331 varies as (constant) (c) (PI2) '  using the condi- 
the standard relation between the Laplace transform of tions on f specified in footnote1* and so vanishes. In- 
a function (here of 5: C.,(O,t - r)~-'/' dr) and of its troducing the second integral of [33] into [31], Eq. [15] 
derivative. is obtained. 

It is now immediately apparent from [26c] that 
APPENDIX I11 

a t  Proof that the Mean Value of if Equals Zero in the [dCox(x,t)/d~la = -(&A-'la- 1 ~ ~ ~ ( ~ , t - ~ ) r ~  dr 
a t  Periodic State "" 

C271 
Equation [I]  of the text is then obtained from [25] and 
r271. 

APPENDIX I1 
Derivation of Eq. [I31 and [I51 from 171 

We shall consider the behavior of Eq. 173 for 
times greater than 0, and we may therefore replace 
C.,,(O,t - T) in that equation by the function f (cot - wr), 
whlch satisfies Eq. [14] for all values of the argument of 
f ,  positive or negative. The time derivative in Eq. [I] 
can then be written as in Eq. [281, after first performing 
the differentiation and making use of the identity 

where f (0) is to be obtained from Eq. [I41 by setting 
mt - y equal to zero there. 

Introducing into Eq. 1281 a change of variable, 
y = wr, the right-hand side of the equation becomes: 

I t  is evident from Eq. [I41 that f (wt - y) is a 
bounded functionzs of wt - y, so that upon integrating 
the third term of [29] by parts we get in place of [29] 

ISFor any value of wt - y, f (wt - y)  is the positive root of an al- 
gebraic equation, all of whose coefficients are finite. The roots of 
such equations always lie in a finite region of the complex plane. 

In this section we consider the behavior at positive 
times, and it follows therefore that t >> t,. Thus, we 
may replace C,. by f. 

It is first noted that physical arguments show that 
there can be only one positive'solution of Eq. [I41 for 
f (wt - y),  even when this equation has more than one 

' solution (i.e., when m # 1). All other solutions must 
either be negative or partly imaginary. We further note 
that since p(wt) = pcwt + 2x1, f (cut - y) and 
f (wt - y + 2n) satisfy the same Eq. [14]. Because of 
the uniqueness of the physically real f ( a t  - y) just 
mentioned, it then follows that for our positive f's, 
f (wt- .y+2n)=f(wt-y) ,  i.e., f(wt-y) is also a 
perlodic functlon of wt with the same period as p(wt). 

We next observe that the mean value of the integral 
describing the periodic state is obtained by averaging 
it with respect to wt over a period of 2x. Using Eq. 
C151, the integral which occurs in this average can be 
written in the equivalent form 

1 0"' 

-- 4~ [Ey+iIJf(wt) - f ( w t - y ) ~ y ~ ~ ~ d y ] d ( w t )  

where e is any large value of wt. I t  can easily be shown" 
that the convergence of the y-integral as E + 0' is uni- 
form in wt and, hence, lim and $ can be interchanged, 
using a standard theorem [20]. Thus we obtain 

14 For e small and y lying in the interval (0, 6 ) .  I f (wt) - f (wt - Y) 1 
a -- I - f (wt) I . II, whence I p [f (wt) - f (wt - y )  I y-81% dy I 6 .'. 

N f ,"-??a dy = 2N r'lz, where N, an upper bound to the derivative, is 

indipendent of wt. Actually the differentiability of f (wt) needn't 
have been used. The milder HBlder condition, I f (otl - f (wt - y)  I 
L constant . y* but where a > K ,  would have sufficed. 
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Because of the readily proven convergence of the 
y-integral with respect to the upper limit ( m ) , uniform 
in wt, [35] may be written as 

- f (at - y)ly-"/"dy d(cat) C361 1 
The integrals c[f(wt)  -f(wt-y)ly41sdy and ydD 

SYB"[f (cot) - f (wt - y)]d(cot) exist for any c > 0 and 

L, and the double integral also exists not only for con- 
tinuous f(wt) but also for piecewise continuous f (cot). 
It then follows from a standard theorem 1211 that the 
order of integration can be interchanged. We obtain 

1 -- lim lim l y * a  [r [f(wt) 
4n r+O+ L-m 

7 

But, since f (wt) was seen earlier to be a periodic func- 
tion of wt, it is true that 

since it is easily shown that the value of a periodic 
function averaged over its veriod is independent of the 
initial value ofihe phase angle. 

We see, therefore, that the ot integral in Eq. 1371 
must vanish which proves the desired result. 

This result of Aauendix I11 can be uroven under 
milder restrictions,- such as piecewise continuity of 
f (wt). As pointed out in the text, Eq. 1151 for il is valid 
for piecewise continuous f (wt), except at the isolated 
points of discontinuity of the latter. The derivation of 
Eq. [351 from 1341 proceeds as before. when points a t  
of discontinuity of f are excluded. The derivation of 
[37] from [35] and the use of [38] remain valid. Thus, if 

one defines i, arbitrarily but finite at the isolated 
points of discontinuity of f (wt), the mean value of i t  is 
zero in the periodic state for piecewise continuous func- 
tions f (wt) . 

SYMBOLS 
A, area of electrode's surface, cmP. 
Cox, concentration of oxidant, mole I-'. 
CR, concentration of reductant, mole 1". 
CR, concentration of reductant in bulk of solution, 

mole I-'. 
Dux, diffusion coefficient of'oxidant, cmP sec-'. 
D.. diffusion coeffic~ent of reductant. cm2 sec-'. 
E.; half-cell potential difference of measuring elec- 

trode, v. 
E,, half-cell potential difference of auxiliary, non- 

polarizable electrode, v. 
EI, half-cell potential difference between electrode and 

the solution just outside of electrical double layer, 
in Ox-Red system under investigation, v. 

Ed, direct component of applied cell potential, v. - 
E,, amplitude of the periodic El wave, v. EI = E,p(wt). 
E., standard potential of the Ox-Red system, v. 
E'., E, + E. - Ed. 
- 
E..,,, mean cell potential, v. 
f ,  function of, (a particular function). 
f, (as a subscript) faradaic. 
F, faraday (96514 abs.-coulombs g-equiv.") . 
h, function of, (a particular function). 
it, instantaneous faradaic current, amp. 
m, number of oxidant molecules produced from oxida- 

tion of 1 mole of reductant. 
n, number of electrons involved in oxidation of 1 mole 

of reductant. 
R, gas constant (8.3166 x 10' erg deg-l mole"). 
t. time, sec. 
T, absolute temperature. 
U, C"n - CR. 
I, perpendicular distance from a plane which is paral- 

lel to the planar electrode of Ox-Red system, but 
which is just outside the electrical double layer re- 
gion. 

w, angular frequency of alternating voltage, sec-'. 

Technical Notes 

The Discharge Properties of a-PbO, in Dilute H,SO, Electrolyte 

~ a r r ~  B. Mark, Jr. 

Department of Chemistry, University of North Carolina, Chapel Hill, North Carolina 

The discharge properties and discharge mech- 
anism of 8-PbO, in HSO, electrolyte have been 
studied in considerable detail (1-3). There is dis- 
agreement as to the mechanism (1-3), but the ex- 
perimental characteristics of the discharge, such as 
reduction overpotentials, shape of the potential-time 
discharge curves, etc., are well known (1, 3). Al- 
though some of the electrochemical properties (elec- 
trodeposition conditions and self-discharge) of a- 
PbO* have been the subject of considerable study 
(4-8), there is little information in the literature 
concerning the properties of pure a-PbO, under an 
applied discharge current (3,4,9). Almost no work 
has been reported on the properties of pure a-PbO, in 
dilute HaSol electrolyte, although a previous paper 
(3)  showed that the discharge properties of 8-PbO? 
change considerably and in an unexpected way as 

the acid strength of the electrolyte decreases. The 
discharge capacities of lead storage batteries,. which 
have positive plates containing a mixture of a-PbOl 
and 8-PbO,, have been studied ( lo) ,  and there is 
a brief description of the discharge curve obtained 
in 4.4M &SO, for an anodized Pb electrode (6). Mi- 
crophotographs of the cross section of this electrode 
and x-ray and electron diffraction patterns seemed 
to indicate that there is a layer of a mixture of the 
two modifications of PbO, between the lead metal 
and the 8-PbO, film which was in contact with the 
electrolyte (4). The discharge of an electrode, which 
consists of a layer of a-PbOz between a layer of 
p-Pb03 and a Pt  support, in a 4.4M H,SO, electrolyte 
has been reported (9). 

In this investigation the discharge in dilute (0.1M) 
H,SO, of a-PbOp and 8-PbOz have been studied, as 
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also electrodes consisting of a layer of a-PbO, on 
top of a layer of 8-PbO, and vise versa. The effect 
of variation of discharge current and theoretical 
discharge capacity were also studied. A comparison 
of the experimental results obtained by this study 
indicate that the discharge mechanism of the two 
forms in dilute H,SO, are quite different. These 
property differences were not very apparent in the 
experimental results reported in the work which 
used a more concentrated acid electrolyte, which 
may mask the effects arising from the two different 
mechanisms or may result in yet a third discharge 
mechanism. Both forms might discharge by this 
third or combination mechanism in the concentrated 
acid electrolyte. 

Experimental Procedure 
Preparation of electrodes.-The PbO, was elec- 

trodeposited on Pt  cylinders sealed in glass as de- 
scribed in previous work (3). The electrodes had 
an apparent surface area of 8 cm2. The &PbO, was 
deposited from a solution of 0.020M Pb(NO,), and 
0.3M HNOI with a current density of 10 ma/elec- 
trode (1.25 ma/cma) at room temperature for 4 to 
40 min. The a-PbO, was deposited from a solution 
of 1.5M NH,OH and 6.5M NH,C,H.O, saturated with 
Pb(C,H,Oa)z (3,5) with a current density of 10 ma/ 
electrode for 3 to 40 min at room temperature. 

Discharge apparatus.-The discharge cell used was 
described previously (3). A saturated calomel elec- 
trode (SCE), which was used as the reference elec- 
trode, made contact with the solution in the cell 
through an agar-agar KC1 bridge. A stream of 
nitrogen was used to stir the electrolyte, and a cylin- 
drical sheet of lead metal was used as the anode. 

Currents for discharge were furnished by an elec- 
tronic constant-current source (11). The electro- 
motive force of the cell was applied to a high input 
impedence (about 10" ohms) follower amplifier of 
gain of -1. The output of the follower amplifier 
was fed first to a voltage inversion amplifier (gain 
of -1) and then to a voltage divider to attenuate 
the signal. The signal was then recorded by a Sar- 
gent model SR recorder. The follower and inversion 
amplifiers were constructed from plug-in analog 
computer amplifiers using circuits designed by De- 
Ford (12). 

When the electrodes had come to open-circuit 
equilibrium, as shown by constancy of potential 
for 15 min, a current, either continuous or inter- 
rupted (3), was introduced into the circuit. Previ- 
ous work (3) has shown that under the conditions 
used no corrections are necessary for iR drop, elec- 
trolyte concentration polarization, and self-dis- 
charge. 

Results 

Examples of the discharge curves for a- and j3- 
PbO, in 0.10M HzSO, saturated with PbSO, and with 
excess solid phase are shown in Fig. 1. Curve.1 is 
for a-PbO. when an interrupted discharge current 
of 3 ma/electrode was passed. The a-PbO? electrode 
does not reach a steady-state closed-circuit poten- 
tial in the time allowed, and the electrode recovers, 
when the current is interrupted, to a lower equilib- 
rium open-circuit potential than it had before dis- 

Fig. 1. Potential-time curves of a- and ,9-PbOs electrodes dis- 
charging under constant current. The electrolyte was 0.1M Hz501 
(sat. with PbSO,): curve 1, a-PbOl under successive short constant 
current discharges of 3ma/electrode; curve 2, a-PbOl under con- 
tinuous constant current discharge of 5 rna/electrode; curve 3, 
,9-PbO. under successive short constant current discharges of 3 
rna/electrode; curve 4, 8-PbO. under continuous constant current 
discharge of 3 ma/electrode. 

charge. Thus, reliable and reproducible overpoten- 
tials could not be obtained for a-PbOa electrodes 
(3). Curve 2 is a typical continuous discharge of 
a-PbO, (a current density of 5 ma/electrode was 
passed in this example). The electrode does not 
reach a steady-state closed-circuit potential even 
under prolonged continuous discharge. Toward the 
end of discharge the potential decreases more and 
more rapidly. The actual discharge capacity of this 
electrode was only 40 ma-min, although the the- 
oretical capacity was 250 ma-min. The actual ca- 
pacity of all a-PbO, electrodes tested in H,SO, elec- 
trolyte was considerably less than the theoretical 
and: was independent of the theoretical capacity. 
When an a-PbO? electrode had reached the state of 
discharge indicated by point e of curve 2, it was 
removed from the cell and placed in a solution of KI 
and HCIH,O,. The formation of considerable I; in- 
dicated that appreciable PbOz remained undis- 
charged. The surface of an a-PbO* electrode, that 
was initially very smooth and shiny black, was ob- 
served at point e to be covered with a white and 
strongly adhering uniform film of PbSO, (4). If 
this film was removed by a solution of NH,C2H,02 
(6) and the electrode returned to the cell, the initial 
open-circuit potential was reattained and the elec- 
trode rejuvenated. Further discharges could then 
be made. The surface of the a-Pb02 after removal 
of the PbSO, was black but no longer smooth and 
shiny. By washing the electrode with NH,CBJO, 
each time the potential broke down sharply and 
then continuing the discharge, 80-90% of the the- 
oretical discharge capacity can be obtained. Much 
larger current densities could be passed through 
a-PbO. than could be passed through 8-PbOn (3) 
without destruction of the electrode. No potential 
minimum was found on the second discharge of 
a-PbO, as was reported by other investigators (9) 
using a 4.4M H,SO, electrolyte. 

The above experiments suggest that the PbSO, 
film may be the only cause of the poor discharge 
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capacity of a-PbO,. To check this, two discharges 
were made in 1.OM HC10, electrolyte which gave 
93 and 94% of the theoretical capacity (based on 
100% current efficiency on electrodeposition). The 
Pt  electrodes were entirely bare at the end of dis- 
charge. 

The curves for the interrupted discharge of @- 
PbO:, (curve 3 of Fig. 1) were quite different from 
those of a-PbOn (curve 1) under similar conditions. 
The potential of the first discharge went through a 
pronounced minimum before reaching a steady- 
state closed-circuit potential and, on subsequent dis- 
charges, passed through very slight minima which 
were barely detectable. The @-PbO* electrode re- 
covers to a more positive open-circuit equilibrium 
potential after the first discharge than it had in- 
itially, and recovers to this new emf after each sub- 
sequent discharge until the electrode breaks down 
(3). Discharge overpotentials for single 8-PbO, 
electrodes are quite reproducible (3). On continu- 
ous discharge @-PbO, electrodes go through a po- 
tential minimum, reach a steady closed-circuit po- 
tential which remains constant for a long time, and 
finally the potential drops very rapidly, as shown 
by curve 4 of Fig. 1. Removal of the electrode at 
point f in the discharge shows that most of the 
PbO, (70-95%) has been reduced. Some I; is 
formed on placing the electrode in acidic KI, but 
bare Pt  is seen over much of the surface. For the 
particular electrode used as the example in curve 
4, a test showed that about 75% of the PbO* had 
discharged electrolytically. All attempts to reju- 
venate 8-PbOl electrodes at this point by washing 
with NH,C,H,O, were unsuccessful. Although there 
were some crystals of white PbSO, (before wash- 
ing) widely scattered on the PbOa surface, there 
was no white film as observed for a-PbOe. 

Partially discharged a-PbOn electrodes which 
were allowed to recover to open-circuit equilibrium 
were washed with 40% NH,C2Hn0, solution to strip 
off the PbSOI on the surface and the wash solution 
analyzed for Pb" by a dithizone method (13). This 
test indicated that practically all of the PbSO, pro- 
duced on discharge of a-PbO, remained on the sur- 
face of the electrode, as shown in Table I. Blank 
tests showed that the correction for the reduction 
of PbO, by the 40% NH,C,&O, was negligible. A 
similar test on partially reduced @-PbOl electrodes 
showed that only part (16-50%) of the PbSO* pro- 
duced on discharge remained on the surface after 
recovery, as shown in Table 11. 

Table I. Per cent PbSOI on the surface of a-Pb02 electrodes 
at open-circuit equilibrium following discharge in an electrolyte 

of 0.1M HnSOI saturated with PbSO. 

Discharge conditions 
% PbSO. 
produced 

Current, 
by discharge 

Time, i - t  remaining on 
ma/electrode min ma-min electrode surface 

Table II. Per cent PbSO, on the surface of 8-PbOl electrodes 
a t  open-circuit equilibrium following discharge in an 

electrolyte of 0.1M HnSOd saturated with PbSO. 

% PbSO, 
Discharge conditions produced 

Current, 
by discharge 

Time, i - t  remaining on 
ma/electrode mln ma-min electrode surface 

The overpotentials obtained for interrupted dis- 
charges of a-PbO, were considerably less than those 
for 8-PbO, and the rates of growth and decay of 
polarization were greater for @-PbO, than a-PbOl, 
as shown by comparing curves 1 and 3 of Fig. 1. The 
initial open-circuit potential of a-PbOz was some- 
what higher than that of @-PbO, in agreement with 
other work (6, 7). The larger overpotentials of @- 
PbO, may be a result of smaller true surface areas 
of @-PbO, electrodes which would increase the 
double layer capacity of the electrodes. However, 
the much rougher appearance of the @-PbO, surface 
indicates that it has the larger surface area. 

Riietschi and Cahan (6) studied the discharge of 
a film produced by anodizing Pb and Pb alloys (film 
consists of a layer of a mixture of the two modifica- 
tions of PbO, between an external layer of pure 
@-PbOo and the metal). They found that the dis- 
charge curve went through an initial potential min- 
imum before reaching a closed-circuit plateau. As 
the discharge continued, the potential went through 
a second minimum and came to a second, still lower, 
steady-state potential. The potential then dropped 
sharply as the film of PbO, was completely dis- 
charged. They suggested that the two potential 
plateaus represented the discharge of a- and @-PbO,, 
respectively, and the difference between the pla- 
teaus represented the differences in the overpo- 
tential for the two modifications. Because the pres- 
ent investigation showed that the shapes of the dis- 
charge curves of the two pure modifications are 
quite different, these characteristics could be used 
in studies of the discharge properties of electrodes 
consisting of layers of the two modifications. 

Electrodes were made consisting of a thin layer 
of a-PbO* (theoretical discharge capacities varying 
from 30 to 70 ma-min) on the Pt and a thin exterior 
layer of @-PbOp (capacities varying from 30 to 150 
ma-min). The @:a.ratios varied from 0.6 to 3. These 
electrodes were discharged by passing constant cur- 
rents of 3-12 ma/electrode, and the discharge po- 
tentials were recorded. All the discharge curves had 
the characteristic shape of curve 2 of Fig. 2. In no 
case were two plateaus and two minima observed. 
Initially the discharge curves resembled that of 
pure, undischarged @-PbO, electrodes. As the ca- 
pacity of the @-Pb02 layer was nearing exhaustion, 
about point h of curve 2, the potential started to 
drift downward, and the electrode from there to 
the end of the discharge resembles that of an a-PbO* 
electrode which was partially discharged. If the 
current was interrupted at a point along the line 
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Fig. 2. Potential-time curves. The electrolyte was 0.1M HzSO' The studied discharge characteristics of the two 
(rat. with PbSO,): curve 1, electrode consisting of a layer of p-Pb09 modifications of PbO, in 0.1M HaSol show that the 
(dixharge capacity of 40  ma-min) on Pt support and l a ~ e r  of PbSO* produced on the discharge of a-PbOz remains 
m-PbOs (capacity of 7 0  ma-min) on the p-PbO. surface, under a as a tightly adhering film on the surface of the re- 
continuous discharge of 4 ma/electrode; curve 2, electrode con- 
sisting of a Ioyer of ar-PbOz (capacity of 40  ma-min) on Pt and o maining undischarged a-PbOz~ and that produced 
layer of p-pbon (capacity of 60 ma-min) on the a-pbOt surface, on discharge of 8-Pb02 remains only in part on the 
under a continuous discharge current of 4 ma/electrode. surface and not as a film but as widely dispersed 

crystalline nuclei. This suggests that the discharge 

hi and the electrode allowed to recover before re- mechanism of the two forms may be quite different. 

suming discharge, the resulting curves for the The adherent PbSOd film on the a-PbO, electrode 

growth and decay of polarization show rates and suggests that the Pb(I1) reduction product reacts 

shapes characteristic of a-PbOa and not of 8-Pb0,. without leaving the electrode surface to form PbSO,. 

If the electrode at point was washed with 40% The corresponding product in the reduction of 8-PbO, 

N ~ , ~ , ~ , ~ , ,  the electrode was rejuvenated and on passes into solution and then deposits on existing 

subsequent discharge behaved like pure a-PbO,. PbSO, crystals, only part of which are on the sur- 

The potential minimum was least pronounced for face. Experiments in 4.4M H2SOk electrolyte (9) 

the electrode having the smallest 8-PbOa layer (30 Seem to indicate that an adherent PbS04 forms 

ma-min capacity). of both modifications on discharge. Although the 

Electrodes consisting of a thin layer of 8-Pb0, discharge properties of PbO, electrodes in the more 

(theoretical capacities varying from 40 to 70 ma- concentrated acid electrolytes and the conclusions 

min) on Pt  and a thin layer of a-PbO, (capacities drawn from these properties (9) were, for the most 

varying from to 120 ma-min) on the 8-Pb0, part, very different from those of this study in 0.1M 

surface were also made, The a:8 ratios varied from H2S04, these differences are not too surprising. A 

0.75 to 2. These electrodes were discharged by cur- previous study of the discharge properties of P-PbO, 

rents varying from to ma,electrode. The dis- as a function of HSO, concentration in the electro- 

charge curves, for the most part, had characteristic lyte (3) unexpected at the 
shapes as shown by curve of Fig. 2. Three distinct higher acid concentrations. The magnitude of the 

plateaus were observed. Initially (to point b) the overpotentials was at a minimum at about 0.1~1 

discharge curves resembled that of pure a-PbO,. HzS04, and the rates Of growth and decay Of polar- 

Interrupting the current along line ab, allowing ization were at a maximum at  this value. No satis- 

the electrode to recover, and then resuming dis- factory explanation of this behavior has yet been 

charge, resulted in decay and growth of polarization found. 

curves having the characteristics of pure a-PbO,. The discharge characteristics of the electrodes 

Interruption, recovery, and resumption of discharge consisting of a thin layer of a-Pb02 between the Pt 

along the second plateau (line cd) resulted in curves surface and the 8-PbOz layer indicate that the outer 

that had characteristics between those of a- and 8-Pb02 layer reacts first, and not until this layer 

8-PbO, (rate of growth and decay of polarization has been exhausted does the a-Pb0z layer 

greater than for a-PbO, but less than for 8-Pb0,). begin to react. This is in agreement with the con- 

These rates increased from point to d. The same clusions drawn Ikari! Yoshizawa, and Okada (9) 

treatment along the third plateau (line ef),  yielded for the discharge of a similar electrode in 4.4M 

curves which had the. characteristics of pure 8-PbO. H,SOI. These authors found, however, two distinct 
plateaus in the discharge curve, while only one pla- 

(no minimum was detected, but this might not be teau was observed under the conditions of this pa- 
expected at the recorded sensitivity used). per. They, also, found one minimum which preceded 

One electrode gave a discharge curve differing the first plateau. Riietschi and Cahan (6) found two 
from that of curve 1 of Fig. 2. For the electrode plateaus and two minima in the discharge curves 
having the largest capacity of the external a-PbO, of their two layer electrodes, which consisted of a 
layer (120 ma-min), the curve had only one plateau layer of an a-Pb0,-8-PbO, mixture (4) between a 

I I I I I I I 
": ' 4 mo 

T 
0 0.1 v 

(1) L 

0" 

4 m o  

g h 

12) 

I I I I I I I 

and was no different from that of a pure a-PbO, 
electrode (see curve 2 of Fig. 1). 

It had been suggested- (3) that an expansion of 
the crystal lattice of 8-PbOa early in discharge 
caused the minimum and the rise in the open-cir- 
cuit potential, and that the lattice of a-PbO, did not 
undergo this expansion. Powder x-ray diffraction 
patterns of the oxide films were made for 8-PbO, 
before and after the first discharge (point c and d 
in curve 3 of Fig. 1). Patterns were also before and 
after the first discharge of a-PbO,. The 8-PbO* pat- 
terns failed to reveal any appreciable shift in the 
lines which would indicate an expansion of the 
lattice. If the expansion does occur, it is too small to 
detect by this method. 
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Pb or Pb alloy surface and a pure 8-PbO, layer. 
They suggested that the a-PbO, probably discharged 
first. Although it is possible to argue that the mod- 
ification having the higher electrode potential might 
discharge first at low current densities, that is not 
probable with the relatively large apparent current 
densities (0.1-1.0 ma/cm2) used in all these in- 
vestigations. Under these conditions the species, 
8-PbO?, which is in more immediate contact with 
the electrolyte, will discharge first. 

The discharge curves of the electrodes consisting 
of a thin layer of 8-PbOn between the Pt  surface 
and the thin outer layer of a-PbOl indicate that the 
a-PbOz alone starts to reduce first (initial plateau), 
followed by a "mixed" reduction of both forms (sec- 
ond plateau), and finally a reduction of the 8-PbO, 
only (third plateau). 
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Electrolytic Polarization Resulting from Longitudinal 
Current in Electrodes 

Walter W. Harvey 

Lincoln Laboratory,l Massachusetts Institute of Technology, Lexington, Massachusetts 

Longitudinal current in a metal wire contacting 
an electrolyte leads to polarization of the inter- 
phase. If the variation in potential within the metal 
along the contact with the electrolyte is not neg- 
ligibly small, i.e., if the resistance or longitudinal 
current is sufficiently large, some portion of the cur- 
rent will be conducted through the electrolyte. That 
this must be so can be seen from the following ar- 
gument. With no current flowing in the wire or in 
the electrolyte, the magnitude of the potential dif- 
ference (p.d.) between the interior of the electro- 
lyte and the interior of the wire will be the same 
over the entire length of the wire; measured with 
respect to a reference half-cell, this difference in 
potential is the "rest potential" of the given metal- 
electrolyte half-cell. If now a p.d. is impressed across 
the ends, causing current to flow through the wire, 
the result is that different parts of the wire will be 
at different potentials, so that the metal-electrolyte 
p.d. can equal the rest potential at only one position 
along the contact. It  follows that electrolysis will 
take place, the current densities normally being 
greatest at the ends of the metal-electrolyte contact, 
where the anodic and cathodic overpotentials have 
their maximum values? Similar considerations have 
been expressed before, particularly with reference 

1 Operated with support fiom the U.S. Army, Naw, and Air Force. 

2 This statement requires modification if passivation effects are 
encountered. 

to palladium wires containing hydrogen (1, 2); 
however, tp the author's knowledge, the problem 
has not previously been analyzed quantitatively. 

E'er the reasons indicated, the apportionment of 
current between wire and electrolyte will not be 
determined by the ratio of their resistances, as for 
a parallel arrangement of resistors, but (for a given 
wire) by the -current density-overpotential char- 
acteristic of the given electrode material in the 
given electrolyte. Owing to polarization, the in- 
stantaneous current across the contact can be con- 
siderably greater than the steady value, so that the 
apparent resistance of an immersed wire from a-c 
measurements would be expected to decrease with 
increasing frequency (3). It goes without saying that 
the significant current density-overpotential char- 
acteristic is that pertaining to the conditions of the 
resistance measurement, e.g., instantaneous or 
steady-state current densities for the d-c charac- 
teristic. It  is equally clear that the desired charac- 
teristic would not be obtained using a fine wire 
electrode because of the anticipated nonuniform cur- 
rent density distribution. 

Although we shall not be concerned here with map- 
ping the paths of current flow in the electrolyte, it is 
reasonable to conclude that they extend to some 
small distance from the interface. Thus, in the im- 
mediate vicinity of the wire, the electric field in the 
electrolyte has a. longitudinal component. If it is 
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Fig. 1. Distribution of longitudinal current in a wire contacting 
on electrolyte. 

true that the establishment of a potential gradient 
in a wire leads to current flow in the surrounding 
electrolyte, the converse must also be true. Accord- 
ingly, if a second wire is placed close to the wire 
carrying current, some current will flow in the sec- 
ond wire in addition to that flowing in the electro- 
lyte. Apart from magnetic effects, therefore, an ar- 
rangement of closely situated parallel wires im- 
mersed in an electrolyte would be expected to ex- 
hibit coupling in a-c impedance measurements (4). 

Derivation of the Potential Distribution 

We treat the case of a uniform wire, a portion 
of whose surface contacts an electrolyte. The x-di- 
rection is taken parallel to the wire, and I, denotes 
the longitudinal current in the wire. I. varies with 
position along the wire-electrolyte contact, having 
a minimum value at the position of zero overpo- 
tential (see Fig. 1 ) ;  in the pre-contact regions, x < 
0 and x > 1, I, has the value I. 

At points in the electrolyte sufficiently removed 
from the wire, the potential will be unaffected by 
longitudinal current in the wire. Thus, the p.d. be- 
tween interior of the electrolyte and interior of 
the wire will vary as the potential V(x) in the wire. 
That is. 

The total metal-electrolyte p.d. appropriate to Eq. 
[I] is made up of a potential drop across the inter- 
phase plus any additional potential drop in the body 
of the electrolyte: 

The electrolytic overpotential TJ(X) is determined 
by the potential drop across the interphase; more 
particularly, 

Therefore, to the extent that A+ .,.,,,, I,,. is small in 
comparison to A + , ~ ~ ~ ~ ~ ~ . ~ ~ ,  the gradients of potential 
and overpotential will be equal. 

The potential gradient along the wire is 

where p is the resistivity, and T the radius of the 
wire. We write the complete electrolytic current 
density-overpotential characteristic as j = j(q), 
assigning positive values to j and TJ for anodic polar- 
ization. Then the integrated electrolytic current at 
position x is given by 

whereupon I, may be formulated as 

and the potential gradient as 

According to our basic postulate, dV/dx may be 
set equal to d ~ ~ / d x ,  so that on taking derivatives 
Eq. [7] becomes 

d' 2 d ~ ~ 2 - i  dxx r ax j(?)dx 

from which we wish to obtain TJ = q(x). Substituting 
f (x)  for j (TJ), the derivative of the integral is sim- 
ply f (x), leading to 

subject to the boundary conditions 

A possible distribution of potential along the wire 
in accordance with Eq. [9] and conditions [ lo]  is 
shown in Fig. 2. Identical considerations apply to a 
metal strip; the potential distribution for a thin 
strip is given by Eq. [9], with the radius r of the 
wire replaced by the thickness S of the strip. 

Unless j(?) has a particularly simple form, it 
will not be possible to obtain an analytical solution 
to Eq. [9]. We illustrate the procedure for a linear 
characteristic j(q) = bq, such as often pertains at 
potentials not too far removed from the rest poten- 
tial. It is evident that for a linear characteristic, 7 
will be zero at x = 1/2. The equation 

obtained by substituting j(?) = ~ T J  into Eq. [9] has 
the general solution 

1 = c,ea' + c,e-"" [I21 
where 

a = (2pb/r)'1' [I31 
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I X 

0 Xq.O I 

Fig. 2. Distribution of potential in a wire contacting an electrolyte 

The constants cl and c, are evaluated from the 
boundary conditions [ l o ]  leading to the following 
analytical solution 

Using this result, the current carried by the elec- 
trolyte is evaluable either as the total anodic current 

a1 
i+ = 2irr r b l  d z  = I 1 - sech - ) [I51 

2 

or the total cathodic current 

with, of course, 
i+ + i- = 0 C171 

For the general characteristic j (? ) ,  the total elec- 
trolysis current is obtained from 

i+ = k J,?'O j dx C181 

Remarks 

Fig. 3. Boundary conditions for (a) longitudinal current in an irn- 
mersed wire, (b)  a wire electrode with metallic contact at one end, 
(c) a wire electrode with metallic contacts a t  both ends. A = n?. 

are based presupposes the condition A+f.t.r,~... >> 
A+ .,..,..,,,.. If this condition does not pertain in a 
practical case, details of the current flow in the elec- 
trolyte must be worked out. Even so, the method of 
treatment developed above should provide a useful 
approximation to the actual distributions of potential 
and current in the wire. 

In most instances, the fraction of current con- 
ducted through the electrolyte will be small. For ex- 
ample, for a 10-cm length of 10-mil platinum wire 
and for a linear characteristic with b  = 100 ma/v, 
i+/I would be 0.002 according to Eq. [15], increasing 
roughly proportionally with b. However, for a very 
thin metal strip or film, or for a semiconductor, the 
fraction can be appreciable. For a 10-cm length of 
0.00005-in. gold sheet and for the same j (7) as in the 
previous example, the electrolytic current would be 
5% of the total. 

The basic Eq. [9] can be applied to other situations 
of interest including that of a wire electrode of the 
usual sort, with metallic contact a t  one end, or a 
wire electrode, possibly in the form of a wide loop, 
with metallic contacts a t  both ends. The three con- 
figurations which have been considered are com- 
pared in Fig. 3, where the appropriate boundary con- 
ditions are also to be found. 

Manuscript received Nov. 30, 1961. 

Any discussion of this paper will appear in a Discus- 
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The Anodic Dissolution of Nickel in Acetoni trile 

Thomas C. Franklin and Charles R. Parsons1 

Chemistry Department, Baylor University, Waco, Texas 

Nickel normally occurs in solution as nickel(I1). 
However, there are a number of complex compounds 
containing nickel(1) (1). Ni(1) has also been postu- 
lated as an intermediate in the electrodeposition of 
nickel (2) and anodic dissolution in aqueous sys- 
tems (3). It has also been indicated that nickel 
dissolves anodically in acetonitrile to produce a 
mixture of nickel(1) and (11) ( 3 ) .  This is a report 
of a further investigation of the anodic dissolution of 
nickel in dimethylformamide and acetonitrile. 

Experimental Method 
Determination of oxidation number by weight loss 

of nickel.-The electrolysis cell was a 400 ml beaker 
containing a 100 ml porous porcelain cup as the 
anode compartment. The constant current was sup- 
plied by a regulated 500v d-c power supply and 
a series resistor. Most of the runs were for 1000 to 
5000 sec with a current of approximately 0.1 amp 
and a current density of approximately 0.0004 amp/ 
cm'. The current was maintained constant by fre- 
quent manual adjustment. The cathode and anode 
were coils of 14 gauge nickel wire. 

Fisher certified ~ k a g e n t  Grade acetonitrile and 
dimethylformamide were used as solvents. Tetra- 
methylammonium chloride was used as an electro- 
lyte in both the anode and cathode compartments. 

Determination of nickel(N) concentration in so- 
lution.-In order to check on the possibility of nickel 
entering solution by a secondary process a color- 
imetric comparison was made between the amount 
of nickel(I1) in solution and the amount of 
nickel(111 that would be expected in solution if 
the nickel had dissolved as nickel(I1). 

The standard curve for nickel(I1) was prepared 
by dissolving 23 mg of dried reagent grade nickel 
chloride in 100 ml of acetonitrile. This was then 
diluted to form a series of standards and measured 
on a Klett Summerson colorimeter. 

The anodic dissolution curves were obtained us- 
ing an apparatus and procedure similar to that of 
F'ranklin and Roth (4) in which the anode compart- 
ment, the cell of a Klett Summerson colorimeter, 
was connected by an acetonitrile tetramethylam- 
monium chloride bridge to the cathode compart- 
ment. A constant current of 0.0020 amp was passed 
(approximately 0.0002 amp/cma), and the col- 
orimeter readings were taken at  regular intervals. 
The cell was open to the atmosphere, but it was 
bubbled with nitrogen prior to and during the 
anodic dissolution. 

Coulometric titration of nickel(I).-In order to 
determine if nickel(1) were actually present in 

'A student at La Vega Junior High School, Waco. Texas, at the 
time this work was done. He  is now a student at Douglas MacArthur 
High School, San Antonio, Texas. 

solution, the solution was titrated coulometrically 
with iodine. It was very difficult to detect visually 
the iodine color in the solution already colored with 
nickel; therefore, the Klett-Summerson colorimeter 
was again used. Following an anodic dissolution run, 
potassium iodide was added to the solution. The 
colorimeter filter was changed from the red one 
used with nickel dissolution to a green one, and the 
colorimeter zero adjustment was changed to coin- 
cide with the reading before the filter change. The 
nickel anode was replaced with platinum wire and 
a current of 2.0 ma was passed. The colorimetric 
readings were recorded as a function of time. 

Results and Analysis of Results 
The experiments on the loss in weight of the nickel 

anode showed that in all experiments in acetonitrile 

I 2 3 
CoULOYOS 

Fig. 1. Anodic dissolution of nickel in acetonitrile using a colori- 
metric coulometer: X, standardization curve of nickel (11) pre- 
pared from nickel (11) chloride; A, 0, 0, runs 1, 2, and 3 for the 
anodic dissolution of nickel in acetonitrile. 

C0ULOYI)S 

Fig. 2. Anodic dissolution of nickel in acetonitrile and coulometric 
titrotion of nickel (I) in a colorimetric coulometer: x, standardiza- 
tion curve of nickel (11) prepared from nickel (11) chloride; 0, 
anodic dissolution and titration curve for the titrotion of nickel (I). 
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and dimethylformamide nickel dissolved with an 
oxidation number less than two. In dimethylforma- 
mide the average oxidation number for 5 runs was 
1.6620.12. For acetonitrile experiments the average 
oxidation number for twelve runs was 1.39k0.17. 

Figure 1 shows typical data on the comparison 
of the nickel(I1) concentration in solution as de- 
termined colorimetrically with that that would be 
in solution if the nickel had dissolved as nickel(I1). 
As can be seen in all cases, there was less nickel(I1) 
in solution than would be expected if nickel(I1) 
were the only anodic product. 

Figure 2 shows a typical run in which the nickel 
was anodically dissolved up to point A. Potassium 
iodide was then added, and the nickel anode was 
replaced with a platinum anode. As can be seen, 
the nickel(1) is titratable with the iodine generated, 
and the sudden break at B is the end point for this 
titration. The displacement of the anodic dissolu- 
tion curve indicates that 2.0 coulombs of nickel 
dissolved as nickel(1). The titration indicates that 
0.7 coulombs of nickel was present in solution as 
nickel(1). In all experiments the amount titrated 

was less than the colorimetric data indicated it 
should have been, probably because of air oxidation 
since the system was open to the air. 

In summary, it has been shown that nickel dis- 
solves anodically in acetonitrile and dimethylforma- 
mide containing tetramethylammonium chloride as 
a mixture of nickel (I) and nickel (11). The nickel (I) 
was shown to be stable enough in acetonitrile to be 
titrated with iodine. 

Manuscript received Dec. 18,1961; revised manuscript 
received Feb. 21,1962. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1963 JOURNAL. 
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On the Crystallinity of GaAs Grown Horizontally 

in Quartz Boats 

L. R. Weisberg, J. Blanc, and E. 1. Stofko 

RCA Laboratories, Radio Corporation of America, Princeton, New Jersey 

While transparent fused quartz boats have been 
previously found to provide the highest purity GaAs 
grown by the horizontal Bridgman technique ( I ) ,  
the crystallinity of the GaAs has frequently been 
unsatisfactory. Therefore, a study has been carried 
out of factors affecting the crystalline quality of 
GaAs, such as boat treatment, arsenic pressure, fur- 
nace gradient, growth speed, melt temperature, im- 
purities, and seeding. Over 50 crystals have been 
prepared, each roughly 9 cm long, and weighing 
20g. Subsequent to growth, the crystals were ex- 
amined for surface markings before and after "sand" 
blasting, and samples were removed for emission 
spectrographic analysis and Hall measurements. 
Several ingots that were essentially single crystals 
were x-ray analyzed for their axial orientation. 
Prior to growth, the transparent fused quartz boats 
were given either of two cleansing treatments: boats 
were either etched in HF acid for 10 min, or alter- 
natively, sand blasted. In either case, the final treat- 
ment was an etch in 1: 1 HC1:HNOs acid followed 
by extensive rinsing. 

Two factors were observed to have a major effect 
on the crystallinity, namely, the boat treatment and 
the arsenic pressure. Concerning the former, crys- 
tals grown in HF treated boats generally had a poor 
crystal structure, with many small angle grain 
boundaries rul?ning through the crystal. However, 
crystals grown in sand blasted boats at growth 
speeds of 1.9 cm/hr were consistently of good qual- 
ity. Visual observation of the ingot cross section 

showed that, without exception, ingots with good 
crystallinity wet the boat either not at all or to 
only a small degree. However, the absence of wet- 
ting proved to be only a necessary condition for 
good crystallinity and not a sufficient one, since 
many polycrystalline ingots were produced in HF 
treated boats when no wetting occurred. Further- 
more, nucleation of new grains could not be corre- 
lated directly with places where wetting of the 
boat occurred. These results suggest that the crys- 
tallinity can be affected in part by a growth poison 
(2) which is introduced by the HF etching of the 
quartz boat. The effect of sand blasting the boat 
is both to prepare a more passive surface and also 
to reduce the contact area between the melt and the 
boat. 

The second major growth factor was the arsenic 
pressure over the melt. A series of 22 GaAs crys- 
tals were grown with arsenic reservoir temperatures 
between 585" and 660°C, using growth speeds of 
either 1.3 or 1.9 cm/hr. When a reservoir tempera- 
ture below 600PC was employed, the melt had a 
strong tendency to supercool, and the ingots were 
polycrystalline. As higher arsenic temperatures were 
used, the crystallinity continually improved; how- 
ever, porosity began to occur, due to the escape of 
excess arsenic at the freezing interface. Porosity 
was encountered at  640°C using a growth speed of 
1.3 cm/hr., and at  630°C using a growth speed of 
l.g'cm/hr. However, the porosity does not destroy 
the crystallinity, since nearly single crystals of 
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GaAs have been prepared with an arsenic tempera- 
ture of 640°C with a growth speed of 1.9 cm/hr. 
In general, an arsenic temperature of 625"-630°C 
is desirable for good crystallinity. 

Only minor and inconsistent effects on the crys- 
tallinity were produced by most other growth factors 
such as variations in growth speed between 0.4 and 
2 cm/hr, furnace temperature gradients between 5" 
and 24°C per cm across the freezing interface, and 
melt temperatures between 1250" and 1275°C. With 
respect to seeding experiments, it was observed first 
that there was no marked preferred growth direc- 
tion for GaAs. Of ten unseeded single crystals, none 
had orientations close to the three principal crystal- 
lographic directions <001>, <011>, and < I l l > ,  
and only four had orientations at all close to each 
other, clustering about the <013>. Twenty-one 
GaAs crystals were grown using seeds with either a 
<013>, <112>, or <011> orientation, but the seed- 
ing did not produce a significant improvement in 
the crystallinity. 

No correlation could be observed between the 
crystallinity and the presence of any spectrograph- 
ically detectable impurity in the as-grown ingots, 
which contained silicon, magnesium, copper, alu- 
minum, and iron in quantities varying from 0.1 to 
50 ppm in different crystals. Next, a series of crys- 
tals were grown, doped separately with either sil- 
icon, oxygen, carbon monoxide, water vapor, hy- 
drogen, or copper. No noticeable effect on the crys- 
tallinity occurred for additions of up to 0.04 mg of 
oxygen, 0.8 mg of carbon monoxide, 0.03 mg of 
hydrogen, and 1 mg of copper. In two attempts, ad- 
ditions of 1 mg of silicon caused the melt to wet 

the boat appreciably, and the crystallinity was poor, 
indicating that the silicon acted differently when 
added in elemental fdrm than when introduced due 
to reaction with the boat in an as-grown ingot where 
oxygen may be simultaneously introduced. Water 
vapor had the most pronounced effect. Two ingots, 
one doped with 56 mg and the other with 0.5 mg 
of water, adhered very badly to the boat resulting 
in very polycrystalline .porous ingots containing 
cracks. In addition, the water vapor caused several 
grams of the GaAs ingot to be transported to the 
cooler end of the tube. This result implies that trace 
quantities of water vapor, perhaps due to the out- 
gassing of the quartz ampoule, can be deleterious 
to the crystallinity of GaAs. 
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Epitaxial Silicon Thin Films 
K. J. Miller, R. C. Manz, and M. J. Grieco 

Bell Telephone Laboratmies, Incorporated, Murray Hill, New Jersey 

Study of silicon epitaxial film growth by the hy- 
drogen reduction of silicon tetrachloride (1) has 
shown that constant deposition temperature affords 
a high degree of run-to-run thickness reproduci- 
bility. The process has been found to have a ver- 
satility especially useful for fabrication of grown 
junctions. 

Hydrogen was bubbled through thermostated SiC1. 
and carried over an R. F. heated (111) oriented sili- 
con sample in a quartz reaction chamber. If the re- 
action 

SiCL(g) + 2H2(g) * Si(s) + 4HCl(g) 

is assumed to be the idealized deposition reaction and 
reactants and products are in their standard states, 
calculations based on data in the literature (2) 
show that this reaction proceeds with the absorp- 
tion of heat according to the equation 

AGr"(ca1.) = 60.2x10*+15.0TlogT-1.23x10~s~ 
-1.33~10~T~'-85.9T(289-1000"K) 

was extrapolated beyond 1000°K. The flow con- 
ditions during epitaxial growth favor the reaction 
proceeding spontaneously at a lower temperature, 
however, because of the actual product and reactant 
activities, a, which are related to the free energy 
change, AG, by the equation 

Figure 1 shows the deposition reaction chamber. 
A Pt-10% Rh-Pt thermocouple sensing element pro- 
vided a control voltage and was located in a well 
drilled in the susceptor on which samples were 
placed. The control temperature obtained from the 
thermocouple was held constant to < -t 1°C. The 
temperature control apparatus was similar to that 
conventionally used for growing semiconductor 

hHT0(cal.) = 60.2x10"-6.51T+1.23x10~a~- single crystals from the melt and included a re- 

2.67x10"T"(298-1000"K) corder-controller (Leeds and Northrup Co., Model S 
AZAR recorder and C.A.T. Control Unit) used with 

The standard Gibbs free energy change, AG", is fa- a 10 kw, 4 M.C., R. F. generator. Sample surface 
vorable above about 1225°C. The curve obtained temperature was measured by an optical pyrometer 
from the equation through a right angle prism and a quartz optical 
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Fig. 1. Epitaxial silicon deposition reaction chamber 

flat sealed to the top of the reaction chamber as seen 
in Fig. 1. Sample temperatures could be measured 
optically with a precision of k3"C. 

Films have been deposited with SiCl, concentra- 
tions of 1-2 mole O/o and with 1-3 l/min total hydro- 
gen flows. Reaction chambers used have had inside 
diameters from 1 to 2 in. depending on sample size. 
Films up to 1% in. in diameter have been deposited 
in this apparatus using both silicon and molybdenum 
susceptors. When high resistivity silicon susceptors 
were used, infrared lamps were used initially to heat 
the silicon to increase R. F. coupling. 

With l/z in. diameter substrates, a run-to-run con- 
trol of film thickness as a function of time of deposi- 
tion of approximately f 3% was obtained as com- 
pared with a ?15% reproducibility usually obtained 
for manual temperature control. For a sample tem- 
perature of 1200°C and a 2 l/min hydrogen flow 
through a 1 in. ID reaction chamber and with 1.3 
mole O/o SiCl,, the rate of deposition was 1.7 p/min. 
At 1300°C the rate was found to be 2.1 p/min. These 
deposition rates give A(rate) /a(temp 'C) = 0.2%/ 
"C. As an example, for a 5 min deposition at 1250°C, 
with a 1°C temperature difference from the control 
temperature, the film thickness difference should 
be 0.02,~ from a 9.5p predicted thickness. 

Thicknesses measured interferometrically by 
angle-lapping-staining have been found to be uni- 
form within measurement error across $5 in. diam- 
eter substrates. However, film smoothness has been 
found to vary across samples in proportion to the - - 

smoothness of the substrate material. For M in. 
diameter samples no center to edge temperature 
gradient was observed during epitaxial deposition. 
For 1% in. diameter samples heated on silicon sus- 
ceptors, a 20'-25'C temperature gradient has usu- 
ally been observed, which should contribute ap- 
proximately 0.5p to a film thickness variation for lop 

were heated on molybdenum susceptors, this tem- 
perature gradient was observed to be approximately 
5"-10°C. 

Higher temperature has been found to favor in- 
creased orientation of depositing silicon atoms. 
Epitaxial growth of silicon films with a high degree 
of crystalline perfection has been found to require 
a 1200"-1275 "C temperature of deposition. Using the 
conditions outlined, films grown below 1050°C often 
are polycrystalline, while those films grown between 
1050" and 1200°C generally have growth defects. 

Water-free as well as oxygen-free hydrogen has 
been necessary to prevent the formation of oxide 
films on sample surfaces. The Deoxo Puridryer (ob- 
tained from Engelhard Industries, Inc.) and liquid 
nitrogen cold traps used have proven adequate to 
maintain the moisture level below 1 ppm. However, 
air as well as dust particles are introduced when 
samples are placed in the deposition apparatus. 
Sample surface defects sometimes observed are be- 
lieved to be primarily caused by such contamination. 

Doping of films to obtain desired resistivities has 
been accomplished by addition of PCL to the 
SiCl,. Film resistivity has been measured with 
a 4-point probe using films of the opposite conduc- 
tivity type from the substrate and by capacitance-' 
vs. reverse bias plots obtained from alloyed alu- 
minum dot diodes fabricated on the films. Percentage 
variation of film resistivity across a sample has been 
found to be proportional to the nonuniformity of 
film thickness and to the magnitude of the film re- 
sistivity. 

Reverse diode characteristics of some epitaxial 
film-substrate junctions have been studied. An ex- 
ample of an epitaxial film-substrate junction can be 
seen in Fig. 2a. The reverse I-V characteristics 
measured on 9 x 10 mil mesa etched diodes are 
shown in Fig. 2b. The n-type, 2 ohm-cm, film was 
6p thick and was deposited on a 1 ohm-cm, p-type 
silicon substrate. Measurements of capacitance' as 
a function of reverse voltage showed a linear rela- 
tion for diodes and indicated that the interface was 
a step junction. The substrate in Fig. 2 was prepared 
for deposition by chemical polishing. The reverse 
current just before breakdown was less than 0.1 pa 
and the breakdown voltages of the diodes were found 
to agree with those usually obtained for step junction 

EPITAXIAL FILM 2fl-CM 
N-TYPE 6pTHICK - ~ -  SUBSTRATE I n - C M .  P-TYPE 

* - - -  
thick films. By angle-lapping-staining across 1% in. v 
diameter interference measurements have Fig. 2. a (top) Epitaxial film to substrate junction; Magnifica- 
shown maximum deviations of *0.5p from 5 - 6 ~  tion, approximately 80X; b (bottom) reverse diode chorocteristicr 
mean thicknesses. When 1% in. diameter samples obtained for iunction shown i n  a. 
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Extent of Solid Solution in the GaSb-lnSb System 

from Crystal Pulling Experiments 

F. A. Trumbore, P. E. Freeland, and A. D. Mills 

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

The literature contains a number of conflicting 
reports on the extent of solid solution in the GaSb- 
InSb pseudo-binary system. Reports of limited solid 
solubility (1-3) have been discredited by various 
workers (4-8) who showed that the system contains 
a complete series of homogeneous solid solutions. 
The latter workers used experimental techniques 
such as long term annealing of powders, slow direc- 
tional freezing, and zone equalization. The purpose 
of the present paper is to report successful attempts 
to grow these solid solutions by the crystal pulling 
technique together with the results of x-ray meas- 
urements which are interpreted in terms of the 
phase diagram. 

Experimental 
Conventional rf induction heated crystal pulling 

machines (9) were used to pull ten GaSb-InSb 
samples under a hydrogen atmosphere at  pull rates 
of 3-5 mm/hr and rotation rates of 140-144 rpm 
from alloy melts containing between 9 and 92 mole 
O/o InSb. Seed crystals of randomly oriented GaSb 
were used. In one case a crystal of GaSb-InSb solid 
solution grown in a previous run was used as a 
seed. Single crystals were often obtained, even when 
pulled from melts containing as much as 60 mole % 
InSb. The other samples usually contained large 
grains, and the x-ray powder patterns were quite 
sharp except for slight fuzziness in the case of 
crystals grown from melts containing about 70-80 
mole O/o InSb. A number of the melts were doped 
with zinc or germanium, both of which acted as ac- 
ceptors in the solid solutions. However, the concen- 
trations of these dopants were negligible insofar as 
their effect on the x-ray results are concerned. 
X-ray powder patterns were taken with Strau- 
manis-type Norelco cameras (114.6 mm diameter) 
using CuKa radiation. For five of the crystals the 
melt compositions were determined from weight 
loss measurements and were corrected for the 
composition of the grown material as calculated 
from the x-ray data. Weight losses, presum- 
ably due to evaporation of antimony, were only on 
the order of 0.1' or less. For the other five crys- 
tals, grown prior to the decision to study this sys- 
tem more extensively, the melt compositions were 
assumed to be weighed-in compositions. The uncer- 
tainty introduced by this assumption was small be- 

cause the samples for x-ray analysis were taken 
from as near the seed as possible, and the size of the 
crystals was small compared to the total melt 
volume. 

Results and Discussion 
The results of the x-ray measurements are sum- 

marized in Table I together with the mole ffaction 
of InSb in the melt, x ~ , , , ~ , .  With the exception of 
three samples, as noted in Table I, the x-ray lines 
were essentially as sharp for the GaSb-InSb solid 
solutions as for the pure GaSb and InSb samples. 

In order to obtain the compositions of the solid 
solutions from the measured lattice parameters it 
was first assumed that Vegard's law is valid for the 
GaSb-InSb system as indicated by Woolley and 
Smith (7). However, more recent work (10) indi- 
cates the presence of small deviations from Vegard's 
law. Accordingly, we have recalculated the alloy 
compositions by using the experimental x-ray data 
supplied by Woolley (10). While the calculated 
compositions of the InSb-rich solid solutions do not 
differ appreciably from the Vegard's law results 
there is a significant difference for the GaSb-rich 
alloys, a t  least in terms of xSlns,,, the mole fraction 
of InSb in the solid solution. This is shown in Fig. 
1 which is a plot of log k ,.,, us. xLlnss where krnn, is 
the distribution coefficient defined by k,.,, = xS,..,,/ 

Table I. Lattice constants of pulled GoSb-lnSb solid solutions 

Sample No 

GaSb (pure) 
5EP 
7EP 

15PF 
16PF 
lOEP 
9PF 

12PF 
17PF 
24PF 
27PF 
InSb (pure) 

Lattice constant. A 

6.095 2 0.003. 
6.100 f 0.003 
6.101 f 0.003 
6.108 f 0.003 
6.121 ? 0.003 
6.138 k 0.003 
6.155 2 0.003 
6.167 f 0.005'. 
6.220 2 0.005** 
6.245 f 0.005" 
6.343 2 0.003 
6.479 2 0.003' 

*These values compare with tho figures 6.095 and 6.478A ob- 
tained for GaSb and InSh by Swanson et 51. INBS Circular 539, 
6. 30 (1956) : ibid.. 4. 73 (1955) 1. 

*: Slightly fuzzy lines. 
1 Melt compositions determined from weight loss measurements. 

Should he most reliable points. 
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-0- BASED ON DATA OF WOOLLEY 
ET AL. 

--+- BASED ON VEGARD'S LAW : 0.6 

Fig. 1. Plot of log klnsb as a function of xL1.sb from the crystal 
pulling data. The dashed curve corresponds to the results i f  
Vegard's law is used to calculate the alloy compositions from the 
x-ray data in Table I. The solid curve is derived from the x-ray 
data in Table I and Woolley and Smith's work on the variation of 
the lattice parameter with composition showing deviations from 
Vegard's low. In extrapolating krnsb to xLrnsb = 0 the points cor- 
responding to samples No. SEP and No. 7EP (Table I )  were 
essentially neglected since the uncertainties in xalDsb were rela- 
tively large due to the small changes in lattice parameter compared 
to pure GaSb. The curves have also been drawn to favor those 
points obtained from the runs where weight loss measurements 
were made. 

xLlnsb. The scatter in the points at the GaSb-rich end 
of the curve reflects the sensitivity of the calcu- 
lation of xsInsb to slight errors in the lattice param- 
eters and to the way we have drawn a curve to fit 
Woolley et al.3 x-ray data. 

If the distribution coefficient data in Fig. 1 are 
equilibrium values, a knowledge of the GaSb-InSb 
liquidus curve would be sufficient to construct the 
equilibrium solidus curve for this system. Phase 
diagrams have been determined by Woolley and 
Smith (7) and Gorshkov and Goryunova (5). Al- 
though both diagrams indicate a complete series of, 
homogeneous solid solutions, there are quantitative 
differences in the positions of the liquidus and 
solidus curves. (Some of the differences are due to 
the use of two different melting points for pure 
GaSb.) It  appears that the work of Woolley and 
Smith is the more extensive and more reliable of 
the two sets of data, and we have plotted their ex- 
perimental points, determined from x-ray data and 
from thermal analysis, in Fig. 2. The liquidus curve 
drawn through these points is our estimate of a 
reasonable curve considering the scatter of the data. 
The solidus curve in Fig. 2 was then calculated from 
the liquidus curve and the krnsb data (Fig. I ) ,  taking 
into account the reported departures from Vegard's 
law. 

It  is seen in Fig. 2 that the agreement between 
the calculated solidus curve and the experimental 
data of Woolley and Smith, especially the x-ray data, 
is relatively good. If one considers the latitude 
available in drawing the liquidus curve, the shal- 
low solidus curve in the InSb-rich region where the 
importance of a slight error in temperature is mag- 
nified and the other possible sources of error in the 
present work and in that of Woolley et al. the agree- 

750 

A THERMAL ANALYSIS 

Fig. 2. GaSb-lnSb phase diagram. The experimental points are 
those of Woolley and Smith. The liquidus curve has been drawn 
by the authors through these points. The solidus curve was col- 
culated from the liquidus curve and distribution coefficient data 
obtained from the solid curve in Fig. 1. 

500 

ment is probably within experimental error. Hence, 
it appears that the crystal pulling technique is ca- 
pable of yielding equilibrium solid solubility data 
in systems of this type. 

I I I I I 

Conclusion 
To the best of our knowledge this study repre- 

sents the first application of the crystal pulling tech- 
nique to the relatively complete coverage of a homo- 
geneous alloy system of this type. The relative ease 
of growth and the short period of time involved 
(hours instead of days or months for some methods) 
indicates that more extensive application of the 
pulling technique to the study of phase diagrams 
would be profitable. Although a liquidus curve is 
necessary to obtain the complete phase diagram from 
crystal pulling data, a preliminary survey of a given 
system with the pulling method would serve to min- 
imize confusion such as that caused by the erroneous 
reports of a miscibility gap in the GaSb-InSb sys- 
tem. 
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Preparation of Small Samples of Ductile Titanium and 

Zirconium from the Isotopic Oxides by Iodide Refining 

N. D. Veigel and J. M. Blocher, Jr. 

Battelle Memorial Institute, Columbus, Ohio 

To provide material for thin-foil work at the 
Argonne National Laboratory, 1-2g samples each 
of ductile titanium-46, -47, -48, -49, -50, and zir- 
conium-90, -91, -92, and -94 in the form of 1-in. 
long rods were prepared by calcium reduction of 
the isotopic oxides' followed by two-step iodide re- 
fining. Iodide refining of titanium and zirconium 
is described by van Arkel (1). Information on cal- 
cium reduction of the oxides is given by Kubaschew- 
ski and Dench for TiO? (2) and by Lilliendahl, 
Gregory, and Wroughton for ZrO, (3). 

The oxide was placed in a shallow molybdenum 
boat which straddled a bed of calcium chips in a 
horizontal cylindrical molybdenum tube provided 
with a tight-fitting cover. The oxide was reduced 
by exposure to calcium vapor overnight at 1000°C. 
After the resulting calcium oxide was leached out 
by water continuously neutralized with HC1, the 
crude metal powder was dried and treated again 
with calcium vapor for 5 hr at 1000°C. The result- 
ing zirconium powder was heated to 900°C in vac- 
uum to insure complete removal of excess calcium. 
In the case of titanium prepared similarly, it was 
necessary to heat the crude metal at 1300°C for 1 
hr in vacuum to remove the excess calcium. Removal 
of the calcium is essential to prevent "tie up" of 
iodine as nonvolatile stable CaI, in subsequent iodide 
processing. 

A small Pyrex glass van Arkel-de Boer bulb con- 
taining 0.5g of iodine and provided with two 1-in.- 
long 0.005-in. diameter tungsten filaments was used 
to refine the crude metal which was contained in the 
original molybdenum boat placed about 1 in. below 
the filaments. One filament was energized for trans- 
fer of the metal from the crude. When transfer to 
the first was complete (in about 4 hr),  the second 
filament was energized and the first allowed to cool 
for the final transfer. A bulb (condensed TiI,) tem- 
perature of about 135"C, a feed temperature of about 

1 Obtained from the Oak Ridge National Laboratory. 

25OoC, and a filament temperature of 1200"-1300°C 
were used for the titanium deposition. A bulb tem- 
perature of about 230°C, a feed temperature of about 
300°C, and a filament temperature of 1200"-1300°C 
were used for zirconium deposition. 

The effectiveness of the two-step refining is evi- 
dent from the fact that the final products could be 
cold rolled directly to foil less than 0.025 mm thick 
while the products of the one-step process cracked 
in attempts to reach this thickness. The improved 
fabricability is consistent with the fact that hardness 
of the two-step products ranged from 71 to 150 KHN 
(50-g load), as compared with that of a previous 
single-step product which ranged from 250 to 350 
KHN. To conserve the isotopic product it was de- 
sirable to measure hardness on the curved as-de- 
posited surface of the crystal bar. Hence, the re- 
ported hardnesses are considered to be only 
indicative of the relative purity and are not di- 
rectly comparable with hardness measured on flat 
surfaces. Hardness measurements taken on the as- 
deposited surface of a natural iodide titanium sam- 
ple were 38% higher than those obtained on a 
sectioned and polished sample of the same material. 
The extent to which crystal orientation is a factor 
was not determined. 

The relatively high contamination in the single- 
step process is attributed to a lower ratio of product 
weight to processing equipment surface than is nor- 
mally encountered in iodide processing. The two- 
step process is believed to have resulted in inter- 
mediate gettering of the residual gaseous impurities 
in the processing bulb. 

The ductility of the final product indicates low 
contamination by interstitial elements. The follow- 
ing Table compares spectrographic analyses of the 
one sample of titanium oxide and single-step re- 
fined titanium product for which analyses were 
obtained. The accuracy of the spectrographic pro- 
cedure is reported to be *50% at an impurity level 

Table I. Spectrographic analysis (w/o) of titanium oxide and titanium prepared by calcium 
reduction and single-step iodide refining 

Si M g  W A1 Cu Ca Zr Fe Mo Sn Ni 

TiO, >0.1 0.03 N.D. >0.1 0.001 0.05 0.03 0.01 0.005 0.003 <0.001 

Deposited 0.02 0.005 >0.1 <0.03 0.001 0.01 <0.01 0.01 <0.001 0.003 0.002 
Ti as TiO. (Core wire) 
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A Transistorized 60 cps Sine Wave Commutator 

for Resistance and Potential Measurements 

G. F. Pollnow1 and Robert M. Kay 

Research Division, Allis-Chalmers Manufacturing Company, Milwaukee, Wisconsin 

The use of half-cell potentials in studying the 
nature of electrode processes is well known, and for 
processes at  very low current densities there is usu- 
ally no great experimental difficulty in  making ac- 
curate measurements. However, a t  high current 
densities an error in the potential measurement is 
introduced by the large internal IR drop between 
the working electrodes. The IR drop between the 
reference electrode and the electrode of interest 
can be minimized by means of a Luggin capillary. 
In some systems the geometry of the cell precludes 
the use of a Luggin capillary; hence, a device to 
measure the potential of the electrode in its polarized 
state, but independent of the- purely ohmic resist- 
ance, is desirable. A number of such mechanical 
and electronic current interrupters have been de- 
scribed in the literature (1-5), most of them op- 
erating on square waves and having the problems 
associated with generating such distortion-free, 
high-amplitude, and high-frequeincy wave forms. 
The present apparatus was designed primarily to 
obtain reliable, resistance-free terminal and half- 
cell potentials in connection with fuel cell research 
and development. In addition, the direct measure- 
ment of the ohmic voltage drop provides a conve- 

1 Present address: Department of Chemistry, Wisconsin State Col- 
lege, Oshkosh, Wisconsin. 

117" 
(K) CPS CELL 

PUNERSTAT '8 

I* 

TEST CIRCUIT 

MEASURING CIRCUIT 

Fig. 1. Commutator circuit 

nient method of determining the resistance and the 
specific resistivity of the electrolyte in its working 
environment. 

Theory 
The instrument described herein is a transistor- 

ized modification of a device reported by Kordesch 
and Marko (3) and is based on the same half-wave 
rectified 60 cps sine wave principle. The circuit 
shown in Fig. 1, however, possesses several advan- 
tages over the one previously mentioned. In par- 
ticular, use of a power transistor with inverse b~as 
in place of the diode rectifier reduces the external 
current a t  zero applied voltage from 60 ma to 25 
pa when a 1 . 5 ~  source of emf is under test. Second, 
the stability of the voltage measuring clamping 
circuit allows the direct measurement of the dif- 
ference voltage, corresponding to the IR drop, to 
better than % 1 mv. The bridge circuit employed 
by Kordesch and Marko requires zeroing before 
each measurement because of the aging of the bridge 
diodes employed and is not stable enough to meas- 
ure the IR drop with the required precision. 

Loading of the test cell is accomplished by means 
of the Powerstat controlled input to the transformer, 
TI, whose output is rectified by the 2N677 power 
transistor. The bias supplied to the power transistor 
by the 1 . 5 ~  dry cell keeps the current at zero in the 
load circuit until the input voltage from the trans- 
former exceeds this voltage. Since no current is 
drained from the dry cell in operation, its life ex- 
pectancy is sufficiently long to render uneconomic 
its replacement with an a-c rectifier. With the 2N677 
power transistor mounted on a 3 x 4 x 1/16 in. cop- 
per heat siqk, currents of 9-10 amp can be safely oh- 
tained. Greater currents can be obtained by decreas- 
ing the 1 ohm current limiting resistor and providing 
for the increased heat dissipation of the transistor. 

Figure 2 shows the waveform of the current, I, 
through the cell, the voltage across the cell, Vb, the 
voltage across the capacitor, V., and the voltage 
across the clamping transistor, V,, as a function of 
time. 

As the current, I, is passed through the cell, the 
terminal voltage, Vb, decreases because of its inter- 
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Fig. 2. Waveforms in the commutator circuit 

nal ohmic resistance, R, and polarization voltage, E,, 
as shown in Eq. [I] 

The small filament transformer, T,, supplies an alter- 
nating voltage to the base of the clamping transistor. 
When the base is negative, the emitter to collector 
path becomes a very low impedance. With a positive 
base voltage this path becomes essentially an open 
circuit. The voltage from T, is in phase with the volt- 
age from T, so that the clamping transistor is con- 
ducting when the current through the test cell is 
zero. V, then is zero, and the ohmic-free potential 
of the test cell in its polarized state is given by 
Eq. 121 

V, = E - E, 121 

On the other half cycle, current flows through the 
test cell and the clamping transistor becomes a very 
high impedance. V. cannot change during this half 
cycle and so 

This operation can be seen from the waveforms of 

circuit to allow for an external high impedance volt- 
meter which for half-cell measurements is connected 
across the capacitor. In all cases, the four terminal 
method of voltage measurement is used to eliminate 
the IR drop due to the resistance of contacts and cur- 
rent carrying leads. The double-pole, double-throw 
switch, Ss, reverses the polarity of the 20,000 ohms/v 
voltmeter as required when the cell under test is 
changed from a source of emf to a pure resistive 
load. Connection of the clamping circuit leads to the 
test cell must be such that the correct polarity is 
maintained at all times on the electrolytic capacitor. 

For cells having a small internal resistance a 
three-way range switch, S,, to the voltmeter is pro- 
vided, having positions of 0-l.Ov, 0-5.0v, and one for 
an open circuit. 

Experiment01 Results 
A set of precision resistors were used to calibrate 

the commutator over the full range of the instru- 
ment. From the set of calibration curves shown in 
Fig. 3, it is apparent that the commutator is direct 
reading, well within the 2 3 %  accuracy of the meters 
used to measure the current and the IR drop. 

In order to demonstrate the equivalence of the 
commutator and the Luggin capillary when making 
half-cell measurements, a solution of 1M H,S04:2M 
CHsOH, at 25 C" was subjected to the pulsed dis- 
charge of the commutator applied to two parallel, 1 
in. by 1 in., electrodes placed 1 cm apart. Results are 

Fig' 2' The open-circuit is obtained prior Fig. 3. Calibration of the commutator with a precision resistance 
to loading of the cell. box. 

In order to use the apparatus only for half-cell 
measurements with a calomel reference electrode, I. 0 OHMIC FREE,L.C. AGAINST CATHODE 
the capacitor should be reduced in size to 1-10 pf, 2. a OHMIC FREE,L.C. AGAINST ANODE 

3. x L.C. AGAINST ANODE 
and a high impedance voltmeter substituted for the 4.0 LC 90- TO ANODE 

built in meter. Half-cell measurements vs. a fiber 5. + L.C 90- TO ANODE ,OHMIC FREE 

type calomel electrode. with a microammeter in 
series, showed that even'with the 200 pf capacitor the 
transient charging current did not exceed 20 pa and 

-i-*-*-*-*-r-f- persisted for only a few seconds during the initial 
closing of the circuit. No permanent polarization of 
the calomel electrode was apparent, and once the CELL RESISTANCE 0.4 OHMS 

capacitor was charged the current through the calo- 
mel electrode did not exceed 1 pa during further -.7 o XI 40 BO M) KX) IXI W) IW IM) 203 220 240 

loading. A single pole, function selector switch, S2, ma/crn> 

the V, the ca- Fig. 4. Terminal ond ohmic-free anode potentials vs. the sat- 
pacitor, across the transistor, or permits opening the urated calomel electrode. 
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shown in Fig. 4. For curve 1, a Luggin capillary was 
first placed against the back side of the cathode 
while half-cell measurements, V,, us. a saturated 
calomel electrode were made with the VTVM across 
the capacitor as the current density was varied from 
0 to 240 ma/cm8. Next, the Luggin capillary was 
placed against the rear side of the anode and the 
foregoing procedure repeated to yield the data shown 
in curve 2. 

The coincidence of curves 1 and 2 demonstrate that 
the half-cell potential measurements are, indeed, 
free of any ohmic component; however, their ab- 
solute accuracy is of course dependent on the rapid- 
ity with which the activation polarization decays. 

Curves 3 and 5 demonstrate the equivalence of the 
Luggin capillary and the commutator with the capil- 
lary in the latter case turned through 90" away from 
the anode. With the Luggin capillary in this position, 
and the VTVM'connected directly to the calomel 
electrode and the anode, curve 4 was obtained. It is 
interesting to note that the large IR drop shown here 
occurred even with the reference electrode behind 
the anode and clear of the field between the working 
electrodes. The small displacement of curves 3 and 5 
from 1 and 2 is due to the change in geometry of the 
cell which occurred when the anode and cathode 
were interchanged with respect to the Luggin capil- 

lary; hence, curve 4 is to be compared to curves 3 
and 5. 

Conclusions 
A 60 cps sine wave transistorized commutator has 

been constructed which measures directly, and dis- 
plays on a meter, the internal ohmic IR drop and the 
ohmic-free terminal or half-cell voltage. Calibration 
of the instrument shows it to be direct reading 
within the 23% accuracy of the meters employed. 
It has also been demonstrated that this device vir- 
tually eliminates the need for a Luggin capillary 
when making half-cell measurements on load, pro- 
viding the decay time of the activation polarization 
is substantially less than 1/120 of a second. 

Manuscript received Aug. 24, 1961; revised manu- 
script received Jan. 15, 1962. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1963 JOURNAL. 
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Directional Thermal Expansion Coefficients of 1 B-MnO, 

R. C. Bradt and J. S. Wiley 

Research Division, Fansteel Metallurgical Corporation, North Chicago, Illinois 

Directional thermal expansion coefficients of 
j3-Mn02 were determined over the range 25" to 
500°C using high-temperature x-ray methods. This 
was accomplished by employing relationships be- 
tween lattice constants and the angular shift of 
Bragg reflections (1). Thermal expansion coefficients 
obtained using x-ray techniques have been demon- 
strated to compare very favorably with those ob- 
tained by the more familiar dilatometric meth- 
ods (2). 

Samples were prepared by the thermal decom- 
position of manganous nitrate solution (J. T. Baker 
Reagent Grade) a well-established method of pro- 
ducing j3-MnO, (3). Chemical analysis by total man- 
ganese and available oxygen determinations showed 
the sample to have the formula MnO,., (0.04-0.09 
H,O). The samples were ground'to pass a 200 mesh 
screen and the powder used to make an ether slurry 
which was painted on a platinum high-temperature 
sample holder for x-ray observation. 

Using a G. E. Model XRD-5 diffractometer, and 
Fe-K., radiation, observations were made in air from 
room temperature to 500°C, where decomposition to 

L t r ' . . - c n n . n  
0 " 50 100 I50 200 250 300 350 400 450 500 

TEMPERATURE 'C 

Fig. 1. Thermal expansion of MnOl 

d - 50 I00 I50 200 250 300 350 400 450 500 
TEMPERATURE T 

Fig. 2. Thermal expansion of MnOl 

Mn,03 prevented further data accumulation. Except 
for the initial observation, where total decomposition 
occurred, the heating and cooling observations 
agreed quite favorably. Data were treated using the 
least squares method. Figures 1 and 2 show the re- 
sults. 

The measurements showed that the tetragonal unit 
cell of j3-MnOl has a thermal expansion coefficient of 
6.69 x 10' cm/cm-"C along the "a"-axis and 6.93 x 
lo* cm/cm-"C along the "c"-axis over the tempera- 
ture range of 25"-500°C. 

Manuscript received Feb. 19, 1962. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1963 JOURNAL. 
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Feature Section 
- 

Scientific Versus Humanistic Thought 
Presidential Address1 

Henry B. Linford2 
A year and a half ago in Houston, when I last gave a College, the undergraduate liberal arts college for men, 

general address to this Society: I spent my time talking requires that 12% of the total points required for gradua- 
about the situation in the secondary schools, devoting tion be in the natural sciences and mathematics, 20% in 
the bulk of that discussion to the inadequacy of the prep- humanities (in which, for this purpose, I have included 
aration of the large majority of our primary and sec- English and languages), and 11% in the social sciences. 
ondary school teachers. This evening, I wish to continue Barnard College, the undergraduate liberal arts college 
my discussion of education. However, I will here spend for women, requires a minimum of 8% in natural sci- 
my time not on teacher preparation but on the proper ences and mathematics, 15% in the humanities, and 
distribution of content of the curriculum. Furthermore, about 5% in the social sciences. These percentages do not 
I will be talking about the college and university educa- add up to 100% since there are a great many free elec- 
tion level, rather than the primary and secondary school tives, and also point requirements, in the chosen major. 
level. Columbia Engineering School, on the other hand, re- 

The colleges and universities have open to the young quires 41% of the courses in natural sciences and mathe- 
graduate of our secondary schools the possibility of matics, 22% in the humanities and social sciences 
entering a liberal arts college, either an independent in- lumped together, and 37% in the professional courses. 
stitution or a liberal arts college within the framework we have electives in the engineering program; how- 
of a university. Also, there is the possibility of direct ever, they are not what you might call free electives, 
admission to a professional school, such as engineering, In other words, of this 22% which I have lumped to- 
agriculture, home economics, etc. A term which I have gether in humanities, English, languages, and social sci- 
just used more than likely needs more defining in order ences, many are listed in the program as nontechnical 
that we do not get caught up in an argument in se- electives and must be selected from these fields. Now, 
mantics. I am referring to the term "liberal arts." The if we go back and summarize, we see that the Columbia 
dictionary says that liberal arts comprises the arts, nat- Engineering School requires as high a percentage of the 
ural sciences, social sciences, and humanities. Students total point load to be in the nontechnical area, humani- 
graduating from such a college are supposed to be pre- ties, English, languages, and social sciences, as does 
pared for a well-rounded, useful life in our modern 
civilization. There are, as a result, many professional Barnard College. And 1 might point out that this means 

schools that require a liberal arts background for ad- 
a considerably higher total point load in these areas, 

mission; some of these are the law, medical, graduate since Barnard graduates the student with a minimum of 

business, journalism, and architectural schools, As a 120 points, while the engineering program adds UP to 142 

matter of fact, there are many that feel that, in the case points. In the case of Columbia College, the minimum 

of engineering, the student should have a complete four percentages are higher in these areas but, again, the point 

years of a liberal arts background before entering into load is not far from the same because of the fact that the 

the professional training. H ~ ~ ~ ~ ~ ~ ,  in this case, it has College does not require as many points for graduation 

not been the custom to emphasize liberal arts to this ex- as the Engineering School. This is an interesting situa- 

tent, on the other hand, as I develop my thesis this even- tion. where the engineers require nearly as much of the 

ing you will see that, even though an independent liberal humanities, social sciences, and English as does a liberal 

arts degree usually is not obtained, the trend in engi- arts 
neering education is toward more humanities and less However, the counterpart is far from true. You will 
of the so-called professional courses. There is no question notice that 12% and 8% have been mentioned as the 
that, regardless of the type of work a person intends to minimum amount of natural sciences and mathematics in 
enter into, the need for a very strong foundation in the the two liberal arts colleges. This does not even tell the 
liberal arts in both the natural sciences and the humani- entire story. Most of the science and mathematics depart- 
ties and social sciences is absolutely necessary. Herein ments have two types of courses, the service course and 
lies my story for this evening. 1 am afraid that the feel- the course for the majors. Thus, the typical liberal arts 
ing is not mutual. In other words, those working in the student who is taking the usual two courses that are re- 
sciences see the need for a strong background in the quired will take the elementary introductory course 
humanities. I wish it also were true that those in the which usually is taught on a strictly nonrnathematical 
humanities realized the need for a strong foundation in basis and, in essence, should be considered not a course 
the sciences. in chemistry but a course about chemistry, or not a 

To make a rough comparison as to load requirements course in physics but a course about physics. This leaves 
in the two areas, I have reviewed the programs now re- us with a high percentage of our total population woe- 
quired for graduation by three branches of Columbia fully unprepared in the field of science. 
University, realizing that this is not necessarily typical Why has this situation been allowed to develop? I am 
but certainly is indicative of the situation. Columbia afraid it is because people will follow the path of least 

'Delivered at the LOS Angeles Meeting, May 8. 1962. resistance. We have here, I believe, a situation that stems 
1Professor of Chemical Engineering, Columbia University. N ~ W  back to our elementary School system. About a year and 

York City. a half ago, the American Mathematical Association went 
$Acheson Medal Address. October 11. 1960 lsee This Journal, 108. On as favoring a much stronger preparation in 1C 119611 1. 
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mathematics for primary school teachers. They pointed 
out that in their day-to-day teaching the teachers will 
be devoting about 1/4 to 1/3 of their time to mathe- 
matics. The Association was making a plea for a higher 
proportion of the course work in the teacher-training 
program to be taken in mathematics. Too high a per- 
centage of the teachers do not take any mathematics 
courses in college. One reason given for the plea was 
that a teacher who is insecure in the field and is just 
trying to keep ahead of the class is a teacher who will 
instill fear of the subject in the students. I believe that, 
by greatly increasing the competence of the teachers 
in the field of mathematics, we could dispel the fear of 
mathematics in our young people. This would allow us 
to start applying mathematics at  a much earlier age 
and would, therefore, allow the two courses that are 
typically required in the liberal arts program to be 
taught on a firm mathematical basis, so that the student 
would have a real appreciation for the scientific approach 
at the time of graduation from the liberal arts college, 
regardless of his major. 

Returning to the matter of special service courses, you 
don't find English departments giving English literature 
courses as watered-down service courses. You don't find 
the social science departments giving such courses as 
sociology at two levels. Why, then, should we counte- 
nance slovenly educational procedures when we are 
dealing with the natural sciences? Is it because we want 
to graduate a group of young people, and put the stamp of 
the university on them, knowing full well that their edu- 
cation has been only partly completed? I do not think 
this is a real intent but, in effect, this is what has been 
done and what is being done. What I am pleading for 
here is the application of uniform rules right across the 
board in liberal arts. 

The matter of the technical competence of the general 
public has been the subject of considerable controversy 
of late. Sir Charles P. Snow of England has written very 
strongly on this point. As a matter of fact, he maintains 
that a person who does not understand the second law of 
thermodynamics is no more educated than one who has 
not read Shakespeare. This may be an exaggeration- 
but I am guilty of the same thing myself since I like 
to make a point by exaggeration. At the same time, there 
is a need for the general public to be aware of science 
so as to be able to think using scientific methods. 

In this regard, I would like to quote from a recent 
speech by Dean Ralph A. Morgen of the School of Grad- 
uate Studies of Stevens Institute of Technology. He said, 
"If a person does not understand what he reads on the 
front page of the daily newspaper, he is uneducated." 
He further said, "Every person should know enough 
physics, chemistry, and biology to understand everything 
pertaining to those subjects appearing in his newspaper. 
Each specialist is going to have to know how to talk to 
the other man. If we can't talk among ourselves, how are 
we going to be able to talk between nations?" 

A very serious aspect of this situation was brought 
forcefully to mind a few years back. I had for years 
commuted to New York City in a "car pool" and, each 
morning as I waited for the car to drive up, I would sit 
in the living room. At that time, Dave Garroway was 
"M.C.-ing" a morning television show of news, weather, 
and interviews. This particular morning, fortunately, the 
car pool was a little bit late. Mr. Garroway was inter- 
viewing one of our U. S. Senators. The Senator was 
chairman of a committee to study the needs of legislation 
regarding the use of outer space. I might add that this 
was soon after the first Russian Sputnik was launched 
and, as I remember it, we had just sent our first satellite 
into orbit. This, also, was about the time of the U-2 in- 

cident. The Senator described the problem thusly: "If 
you own a piece of property, you of course control the 
air just above the land, but you do not have to go Up 
many hundred feet before you have lost your legal claim 
to that air space. However, the Federal Government does 
control the use of this air space, but there must be some 
point at  which even the Federal Government loses con- 
trol." With Sputniks flying overhead, was Russia violat- 
ing our air space? This question has not been brought up 
in reality. The Senator said that, in studying the prob- 
lem, it was very difficult to determine exactly where you 
would say the Government had lost dominion. He added 
that very likely this point would be specified as the place 
where gravity of the earth no longer exerted any pull! 
I might say that Mr. Garroway tried very desperately, 
three. times, to get the Senator to revise the statement, 
making some technical sense out of it, but, no, it was 
obvious that the Senator, who was responsible for legis- 
lation in this area, did not realize that the Sputniks were 
in free fall and had no conception as to what free fall 
meant. I am positive that the concept that the force of 
gravity never drops to zero was the furthest thing from 
his mind. To me, this is a frightening situation. It is one 
that we will have to live with until we are able to con- 
vince the nonscientist that he should not consider himself 
educated as long as he cannot understand science. 

There obviously are two sides to this question and, in 
this regard, I wish to quote from a recent article printed 
in the New York Times Magazine Section. The article 
was written by a professor of philosophy at Yale. The 
title is " 'Hamlet' us. the Laws of Thermodynamics." The 
subhead line is "In this Scientific Age, is it More Science 
We Need? Or, as this Author Contends, Are the Humani- 
ties Still Indispensable to the Educated Man and Citi- 
zen?" He tears to pieces Sir Charles P. Snow's little book 
"The Two Cultures," contending that a humanistic edu- 
cation is superior to a scientific education, superior to it 
in preparation of the individual for living and working 
in our current society. If I might quote a bit from the 
aforementioned article, I think that I will be able tc 
make my point. It said, "Well, what is the sort of think- 
ing we shall have to do? I t  is the thinking necessary to be 
a good citizen, the good neighbor, the good father or 
mother of a family, the competent man of affairs, the 
supporter of sound causes generally, the person with 
sensitive allergies for political hocum, specious advertis- 
ing, religious superstition, class and race tension, and 
lopsided partisanship in all its fifty-seven varieties. 

"In this kind of thinking the difficulties are less logical 
than psychological. The main one is to stick to the path 
of reasonableness through a fog of passion, pride, and 
prejudice, to thread one's way through a thicket of likes 
and dislikes, callow enthusiasms, dubious authorities, 
and distorting complexes. 

"Now the thinking of physical science is not this kind 
of thinking, nor does practice in its clear air necessarily 
help us much in the murky ways of common life. The 
physical laboratory is disinfected of emotion; among 
its equations are no personal equations; its atmosphere 
is air-conditioned to exclude the mist and miasma that 
surround us in the house and on the street. The sci- 
entist seeking to verify or amend Ohm's law may have 
to struggle against his own slowness and thickness of 
wit, but he does not noticeably have to st~uggle with 
superstitution. Ohm's law is either true or false; emo- 
tionally i t  does not matter which; why be hot about it." 

If I may skip a little bit, and we go on and pick up the 
thought, we see that he continued, "The best training 
in objectivity lies in fields where there is some tempta- 
tion to subjectivity, just as the best training in clearness 
of thought lies in those fields where clearness has to be 
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achieved by you and is not waiting for you ready-made. 
That is the difficulty with mathematics as an educational 
discipline. I admire, at a great distance, the skill of 
the mathematician in manipulating his symbols accord- 
ing to his recondite rules, just as I admire the astonish- 
ing gift of young Bobby Fischer for manipulating the 
men on a chess board. But, I confess to some disquietude 
when I learn how much of this sort of 'thinking' can, be 
done more surely and swiftly, by machines!' I think 
that this philosopher has indicated quite clearly that 
he does not appreciate the scientific method. He is look- 
ing at it from a distance and, I might add, from an un- 
educated distance, from which all he sees is the finished 
product, the finished product of the thinking of the 
scientist. Does he think that science developed without 
superstition? Surely he knows history better than this. 

,Does he think that science and scientific experimenta- 
tion are without human frailty? The human factor enters 
into all but a very few of our scientific developments. 
And, then, the closing comment that the mathematical 
thinking is now being done by machines is the final proof 
of his own incomplete education of exactly the type that 
I have been discussing this evening. Anyone familiar with 
machine calculations knows that machines only follow di- 
rections and are capable only of doing just what they 
are told to do. It is a shame that such individuals as the 
author of the above-quoted article currently are re- 
sponsible for the training of our young people, and ap- 
parently with the support of the others with like train- 
ing. 

We should stop and ask ourselves, why are we in- 
terested in education? What purpose should education 
serve? The purist would have nothing taught that could 
be used directly. However, I think that all are agreed 
that education should fit an individual to live in our 
modern civilization. Granted, at the time that our uni- 
versity system was being born, scientific knowledge was 
in very ill repute, scientists were for the most part al- 
chemists or their counterpart, and it was not until the 
beginning of the 19th Century that it became a part of 
our educational program. I know that Columbia Uni- 
versity started as Kings College in 1754, but it was not 
until 1864 that the School of Mines was started, and it 
was in this school that physics, chemistry, geology, and 
all of the engineering first got its start in the university. 
I am sure that this background is one of the real rea- 
sons for the down-grading of science, and the feeling 
that the scientific method is inferior to the humanistic 
method. However, whether we want it or not, we are 
living in a scientific age. And, if we want our children 
to end up ignorant of what is going on about them, then 
we can continue to foster the programs of the past. 
Isn't it better that we prepare ourselves for this (scien- 
tific) way of life even from the point of view of just day- 
to-day living. If our average population had a moderate 
amount of scientific background, many of the fraudu- 
lent devices and chemicals that now are being sold, and 
sold at a good profit, with government blessings in this 
eountry could not even get a foothold. 

I am speaking of the celebrated case of the battery 
additive. I call it a scandal because it was pure fraud. 
How could it be perpetrated?-simply because our poli- 
ticians are ignorant of science. As a result, they are 
subject to pressures which they cannot withstand be- 
cause they don't know enough. These pressures are ex- 
erted by small businessmen who are attempting to hood- 
wink the public and make a nefarious dollar. The case 
of special corrosion prevention devices, I think, is 
worthy of note in the same regard. Allow me to read 
from the advertising brochure of one such company: 
'The - Water Conditioner is the first important 

application of nuclear physics principles to the effective 
treatment of water to combat scale and corrosion. It 
prevents scale and corrosion by imparting added energy 
to the atoms of the water solution. This energy changes 
the outer orbit electrons of the atoms of dissolved min- 
erals and salts so that the molecules which the atoms 
form cannot build scale but are kept in suspension within 
the system or are precipitated as a drainahle mud. The 
added energy at the same time establishes a uniform 
electrolytic potential within the system and stops cor- 
rosion. 

"In actual operation, the water that flows through the 
Conditioner is passed through a series of alternating- 
fields of static energy. The effect is to cause an intra- 
molecular disruption, at the same time adding kinetic 
energy to the electrons in the outer orbits of the atoms. 

"Construction.-The - Water Conditioner is 
built in two (2 )  sections. 

"A. Dispersing Cell. 
"The dispersing cell contains the 'Perma-Core,' a 
kinetic energy generator made of a patented metal 
of extreme density whose energy shows itself in al- 
ternating fields of unusual magnetic intensity. 
"The 'Perma-Core' is a permanent well of static en- 

ergy. This energy force modifies the structure of the 
molecules of minerals and salts in the water as described 
above. 

"The 'Perma-Core' requires neither supervision nor 
control and is practically everlasting. It needs no re- 
generation. There are no moving parts. 

"B. Homogenizing Chamber. 
"The homogenizing or mixing chamber is an alloy 
casting containing a core against which the flow of 
water is directed in such a way that the water is 
tumbled upon itself to produce a homogeneous energy 
distribution within the molecules of the solution!' 
In that short bit, there is more scientific double talk 

than you can shake a stick at. I do not think it needs 
any further discussion than to say that a metallic cast- 
ing which acts as a kinetic energy generator, but is 
everlasting, needing no supervision and no regeneration, 
is obviously a fraud. Yet, this company is in business. 
I maintain that, if our average American citizen had 
only a moderate scientific background, such frauds as 
this would never even have been attempted. It would 
be difficult to attain this level of competence on the part 
of the general public since, apparently from time im- 
memorial, we have been gullible. Our only hope is to 
raise the intellectual scientific competence of the gen- 
eral public. In this same regard, i t  should be pointed 
out that one of the most difficult tasks a teacher has 
is to dispel from the student's mind the thought that 
"just because i t  is in print it must be right." It is this 
feeling that these companies that I have just been talk- 
ing about are working on. They feel that if they produce 
these brochures they will get to believe them, and soon 
the general public will get to believe them. How else 
could they be printed? 

Our real hope for the future of this country is the 
development of a citizenry capable of clear, concise 
thinking. I know of no better medium for teaching such 
thinking than the physical sciences with a mathematical 
basis. A better appreciation for the scientific method 
of thinking, rather than a detailed knowledge of sci- 
ence, is what I would instill in the liberal arts student. 
We must, however, make sure that the education be 
complete and see to it that we not only have a good 
mathematical science background but also that we con- 
tinue to instill the humanities in the hopes that man can 
continue to grow, develop, and eventually learn to live 
peacefully with his neighbor. 



WARNa[ NG 
The deadline, July 31, for receipt of articles for the first two issues of the new 

magazine of the Society to be named 

E L E C T R O C H E M I C A L  
T E C H N O L O G Y  

is rapidly approaching. 

Authors who wish to have their papers considered for these issues should send 

their manuscripts (three copies, double-spaced) promptly to 

The Editor 
ELECTROCHEMICAL TECHNOLOGY 
The Electrochemical Society, Inc. 
30 East 42 Street 
New York 17, N. Y. 

in accordance with the notice on page 168C of this issue. 

Papers also are needed for subsequent issues. Act now and enjoy the unique dis- 

tinction of becoming one of the first-volume authors. 



Current Affairs 

Charles L. Faust Selected 1962 Acheson Medalist 

Charles L. Faust, head of the Elec- 
trochemical Engineering Division of 
Battelle Memorial Institute, Colum- 
bus, Ohio, has been chosen as the 
17th recipient of the Edward Good- 
rich Acheson Medal and Prize of 
The Electrochemical Society. Pre- 
sentation of the award will be made 
at the banquet to be held during the 
122nd Meeting of the Society in Bos- 
ton, Mass., at the Statler-Hilton 
Hotel, September 16-20, 1962. 

The award, a gold medal and $1000 
prize, is made every two years for 
conspicuous "contribution to the ad- 
vancement of the objects, purposes, 
or activities" of the Society. 

Dr. Faust attended Washington 
University, receiving his B.S. degree 
in chemical engineering in 1930 and 
his M.S. degree in chemistry in 1931. 
He received the Ph.D. degree in 
chemical engineering from the Uni- 
versity of Minnesota in 1934. In that 
same year, he joined Battelle Mem- 
orial Institute as a research tech- 
nologist carrying on studies in elec- 
trochemistry; he has been head of 
the Electrochemical Engineering 
Division since 1945. An originator 
of many concepts, he has inspired 
his colleagues in the initiation and 
development of new and sound ideas. 
Both the creativity and effective 
following through on ideas, which 
have been characteristic of his 
leadership, have served to make him 
a key figure in the growth of electro- 
chemical research at the Institute. 

In the field of research, Dr. Faust 
has built up an imposing record of 
accomplishment. The studies in 
which he has participated and which 
he has directed have contributed 
both to basic knowledge and to in- 
dustrial progress. His broad research 
interest encompass electrorefining; 
electrowinning; electrolysis; elec- 
troforming; electroplating; electro- 
polishing and electroshaping; bat- 
tery technology; aqueous, fused, and 
organic electrolytes; and other elec- 
troprocesses. He has led in the pio- 
neering development of commercial 
processes for the electrodeposition 
of alloys, electropolishing, and elec- 
troshaping. 

Charles L. Faust 

Among studies relating to basic 
problems should be listed the re- 
search on the mechanisms by which 
hydrogen enters metals. Recently, 
too, Dr. Faust has been responsible 
for recognizing and disclosing the 
significance of metal surface proper- 
ties and characteristics in metallur- 
gical processes. Through the years, 
he and his colleagues have utilized 
new and often unconventional 
methods for electroplating metals 
which were previously impossible 
to plate. 

The practical effectiveness of his 
research is demonstrated by the 135 
patents that bear his name. The pro- 
digious activity disclosed by his 
record of patents is also reflected in 
Dr. Faust's writings. He has been 
author and coauthor of more than 
60 articles and papers and has con- 
tributed chapters to eight technical 
books. 

Dr. Faust's interests also include 
editorial duties. He served as Asso- 
ciate Editor of the ECS monograph 
"Modern Electr6platingU and is also 
a member of the Editorial Staff for 
the edition now being revised. He 
was Associate Editor of "Electro- 
plating Engineering Handbook" in 
1955 and of the Monthly Review of 
the American Electroplaters' Society 

(later Plating) in 1942-1949. At 
present, he is Section Editor for 
Chemical Abstracts, Electrochem- 
istry, Section 4. Also, at present he 
is Chairman of the ECS Publication 
Committee. 

During and since World War 11, 
Dr. Faust served almost continu- 
ously on the War Metallurgy Com- 
mittee. He also served on commit- 
tees of the Materials Advisory Board 
of the National Academy of Sciences 
as a member of Panels on Selenium, 
Gun Liner Materials, and the New 
Processes for Machining and Grind- 
ing. Recently, he also served as re- 
search referee for the National 
Academy of Sciences, National Re- 
search Council Committee Advisory 
to the Office of Ordnance Research 
for the Army. He was among those 
who received the Manhattan special 
award authorized by the War De- 
partment in recognition of indivi- 
dual contribution to the atomic bomb 
program, awarded in 1946. In 1961, 
Dr. Faust received the Scientific 
Achievement Award of the Amer- 
ican Electroplaters' Society, which is 
their highest honor. 

Dr. Faust's many years of service 
(since 1938) to The Electrochemical 
Society, in many capacities, reflect 
an exceptionally high degree of 
dedication and devotion to its wel- 
fare. He was President in 1950-1951 
and Vice-President in 1947-1949. He 
also served as Chairman of the Elec- 
trodeposition Division in 1942, mem- 
ber of the Board of Directors as 
Manager 1943-1945, member of the 
Publication Committee in 1944, 
member of the Ways and Means 
Committee 1946-1959 (Chairman in 
1951), Acheson Award Committee 
(Chairman 1946), Nominating Com- 
mittee (Chairman 1958), and Hon- 
ors and Awards Committee (Chair- 
man 1960). He was General Chair- 
man of the Columbus Conventions 
of 1948 and 1959. From 1960 to the 
present, he has been Chairman of 
the Publication Committee, which 
currently is directing the Society's 
expanded publication program. 
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Boston Meeting of The Electrochemical Society, 

September 1 6-20, 1 962 

0 Convention Bureau, Boston Chamber of Commerce 
Skyline of the Charles River-From the first warm days of spring, the Charles River 

is a mecca for small soiling craft, Harvord "shells," and a few yachts of considerable 
size. From Cambridge, across the Charles, this "Student's View" highlights the con- 
trast of Boston, "City of Yesterday and Tomorrow." The modern John Hancock Mutual 
Life Insurance Co. Building towers above early 19th Century church steeples of the 
Back Bay. 

From September 16 through Sep- ticipated in such a gourmet's treat, 
tember 20, the Fall Meeting of The and will be an affair never to be 
Electrochemical Society will be held forgotten. High light of the Ladies' 
in Boston, Mass., at  the Statler- Program will be a guided tour con- 
Hilton Hotel under the General ducted at  the Museum of Fine Arts, 
Chairmanship of Horace H. Homer. showing historic and cultural sights 
Other Committee Chairman are: of greater Boston, climaxed by a 

H.  H.  Homer 

Paul T. Woodberry-Hotel Arrange- 
ments, Emerson H. Newton-Enter- 
tainment, Frank C. Benner-Plant 
Trips, Richard A. Peak-Registra- 
tion, Mrs. Harry C. Gatos-Ladies' 
Program, Charles W. Jerome-Vice- 
Chairman, Charles Levy-Treasurer, 
Paul L. Raymond-Secretary. 

Some of the high lights of the 
meeting will include the real old 
New England Clam Bake to be held 
Wednesday, September 19, at  his- 
toric Plymouth, Mass. This is a 
must for anyone who has never par- 

private luncheon at the Museum it- 
self. Plant trips of the larger in- 
dustrial and research communities, 
including Western Electric in North 
Andover, Avco Research & Develop- 
ment in Wilmington, and High Vol- 
tage Engineering in Burlington, 
have been arranged. Others will be 
added to the program by convention 
time. 

On Tuesday evening, September 
18, there will be a Reception and 
Banquet in honor of Dr. Charles L. 
Faust, the recipient of the Society's 
1962 Edward Goodrich Acheson 
Gold Medal and Prize. Dr. Faust 
will deliver the Acheson Medal Ad- 
dress. Another speaker will be Dr. 
Gordon S. Brown, Dean of Engi- 
neering at  Massachusetts Institute 
of Technology, who will talk on the 
problems of education. 

There is no finer climate any- 
where in the world than in New 
England during the month of Sep- 
tember. Here the days are crisp and 
bright, the weather is sparkling, and 
the nights are pleasant and cool. 
Boston abounds with thousands of 
points of interest, historically, cul- 
turally, educationally, and techni- 

0 Convention Bureau 
Boston Chamber of cornmered 

Poul Revere Mall-A statue of Poul 
Revere graces the small park known as 
Paul Revere Mall. The historic Old North 
Church, Boston's oldest church edifice, is 
in the background. I t  was in the steeple 
of this church that the lanterns were 
hung to signal the start of Paul Revere's 
famous Ride. 

cally. It is the birthplace of liberty, 
and has many historic shrines and 
points of interest. The famous Free- 
dom Trail provides an opportunity 
to view many of the historic sights 
in and around Boston, including 
Boston Common, the State House, 
Park Street Church, Kings Chapel, 
the birthplace of Benjamin Franklin, 
The Boston Massacre, Old Faneuil 
Hall, Paul Revere House, The Old 
North Church, Old Ironsides, Bun- 
ker Hill Monument, and many 
others. In addition, the suburbs of 
Boston provide additional historic 
shrines in places such as Plymouth, 
Salem, Marblehead, Cambridge, Lex- 
ington and Concord, Rockport, 
Gloucester, Sudbury, and many, 
many others. 

Boston is famous for sea food. 
First, as the country's largest fish- 
shipping port, it can choose the 
"best of the catch" that the cold 
flavor-heightened North Atlantic 
waters yield. Second, by making use 
of the old-fashioned Yankee cooking 
and "handed-down" recipes, Bos- 
ton restaurants have developed many 
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distinctive and taste-thrilling ways 
of preparing lobster, shellfish, and 
saltwater fish dishes. 

Boston is also one of the cultural 
centers of America, with its 200 
universities, colleges, and schools, 
including Boston University, Har- 
vard, Massachusetts Institute of 
Technology, Boston College, Rad- 
cliffe, Wellesley, Tufts University, 
the New England Conservatory of 
Music, Northeastern University, Mas- 

sachusetts School of Art. In addition, 
there is the Boston Public Library, 
Symphony Hall, home of the world- 
renowned Boston Symphony Or- 
chestra. The Boston Museum of Fine 
Arts will be the center of one of the 
activities for the ladies. 

On the lighter side, Boston has 
several summer stock theaters which 
will be concluding their programs 
during the week of the convention. 
In addition, there is ample evening 

entertainment at many hotels and 
night clubs. All in all, between the 
convention and Boston's congenial 
hospitality, the September meeting 
is bound to be one you will never 
forget. 

The complete program for the 
Boston Meeting, including general 
information and 75-word abstracts 
of papers to be presented at the 
technical sessions, will be be pub- 
lished in the August issue of the 
JOURNAL. 

Manuscripts and Abstracts for Spring 1963 Meeting 
Papers are now being solicited for the Spring Meeting of the Society, to be held at  the Penn Sheraton Hotel 

in Pittsburgh, Pa., April 14, 15, 16, 17, and 18, 1963. Technical sessions probably will be scheduled on: Electric 
Insulation, Electronics (including Luminescence and Semiconductors), Electrothermics and Metallurgy, Indus- 
trial Electrolytics, and Theoretical Electrochemistry. 

To be considered for this meeting, triplicate copies of abstracts (not exceeding 75 words in length) must be 
received at  Society Headquarters, 30 East 42 St., New York 17, N. Y., not later than December 14,1962. Please in- 
dicate on abstract for which Division's symposium the paper is to be scheduled, and underline the name of the 
author who will present the paper. No paper will be placed on the program unless one of the authors, or a qual- 
ified person designated by the authors, has agreed to present it in person. An author who wishes his paper con- 
sidered for publication in the JOURNAL should send triplicate copies of the manuscript to the Managing Editor of 
the JOURNAL, 30 East 42 St., New York 17, N. Y. 

Presentation of a paper at a technical meeting of the Society does not guarantee publication in the JOUR- 
NAL. However, all papers so presented become the property of The Electrochemical Society, and may not be 
published elsewhere, either in whole or in part, unless permission for release is requested of and granted by the 
Editor. Papers already published elsewhere, or submitted for publication elsewhere, are not acceptable for oral 
presentation except on invitation by a Divisional program Chairman. 

\ 
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Annual Report of the Board of Directors, 

April 1, 1961-March 31, 1962 
(Presented at Society Business Meeting, Los Angeles, May 7,1962) 

Your Board of Directors has the 
following matters of special interest 
to bring to the attention of members 
at this time. 

New Magazine 
There long has been a generally 

recognized need for the publication 
of a new magazine covering electro- 
processes in areas of engineering, 
technology, design, economics, and 
appropriate reviews. The Publica- 
tion Committee has studied this 
matter in a comprehensive manner 
and the Board of Directors approved 
of its recommendation that such a 
magazine be published on a bi- 
monthly basis beginning in 1963. It 
will be changed to a monthly peri- 
odical as soon as sufficient papers 
are received to justify such a move. 

It is felt that this new magazine - 
will complement the present JOURNAL 
and will enable the Society to offer 
a more comprehensive publication 
program and thus contribute to its 
future growth and development. 
A. C. Loonam will serve as Editor 
and Natalie T. Michalski as Manag- 
ing Editor. 

Extended Abstract ~ookleis 
On recommendation of the Publi- 

cation Committee, the Board of Di- 

rectors also approved of publishing 
Extended Abstract Booklets of 
papers presented each year at  our 
two National Meetings. These book- 
lets will contain abstracts of 500- 
1000 words each. It is expected that 
this program will be instituted at  
our 1963 Spring Meeting. 

Publication Committee 
In view of its expanded activities, 

the personnel of our Publication 
Committee has been enlarged and 
appropriate amendments to our 
Bylaws have been approved by the 
Board of Directors to provide for its 
increased activities. 

Technical Committee 

The appointment of a Technical 
Committee has been provided for by 
appropriate amendments to our By- 
laws. It is apparent from a survey 
made that there is need for consul- 
tation and coordination of effort on 
the part of our various Divisions in 
planning future symposia at our Na- 
tional Meetings. 

The personnel of the Committee 
will be composed of the Chairmen 
of our various Divisions, the Secre- 
tary, and one of our Vice-Presidents 
who will act as Chairman of the 
Committee. Periodic meetings will 

Papers Solicited for New ECS Magazine 
to be Published in 1963 

As announced in the February issue of the JOURNAL (page 37C), The 
Electrochemical Society will publish a new magazine to be named 
Electrochemical Technology. The first issue will be published in 
January-February 1963. Initially, the new publication will be issued 
bimonthly. It will become a monthly publication as soon as enough 
papers are received to justify such a step. 

Electrochemical Technology will cover electroprocesses in areas of 
technology, engineering, design, devices, economics, and appropriate re- 
views. The same review procedures which apply to the present JOURNAL 
will also obtain with regard to the new magazine. 

A. C. Loonam, Editor, is now soliciting papers for publication in Elec- 
trochemical Technology. All members and others concerned, who are en- 
gaged in the applied areas of electroprocesses, who can submit papers on 
timely subjects are urged to do so as soon as possible. 

Triplicate copies of each manuscript, prepared in accordance with the 
Instructions to Authors of Papers published on pp. 131C-132C of the 
May JOURNAL, should be submitted to the Editor, Electrochemical Tech- 
nology, The Electrochemical Society, Inc., 30 East 42 St., New York 17, 
N. Y. 

Manuscripts so submitted become the property of The Electrochemi- 
cal Society and may not be published elsewhere, in whole or in part, 
unless permission is requested of and granted by the Editor. 

be held when future symposia will 
be considered and, where there is a 
mutuality of interest evidenced, 
joint Divisional sponsorship will en- 
sue. I t  is hoped in this way to make 
our National Meetings of greater 
interest and value. 

F. M.  Becket Memorial Award 

Revised Rules for the F. M. Becket 
Memorial Award were approved and 
the first award of this nature will 
be made this year [see Division 
News, May 1962 JOURNAL, pg. 135Cl. 

Summer Fellowship Awards 
On recommendation of the Honors 

and Awards Committee, the Board 
again approved of the awarding of 
three Summer Fellowship Awards 
for 1962. [Details will appear in a 
later issue of the JOURNAL.] 

Model Bylaws for Divisions 
On the recommendation of a special 

committee, a draft of Model Bylaws 
for Divisions was approved. Pre- 
viously, the draft of Model Bylaws 
for Local Sections was also ap- 
proved. 

Guide for Division and Section Awards 
Similarly, on recommendation of 

the Honors and Awards Committee, 
the Board approved of a Guide for 
Division and Section Awards which 
it is felt will be helpful to all con- 
cerned. 

1961 Palladium Medal Award 
On recommendation of the Palla- 

dium Medal Award Committee, the 
1961 Palladium Medal was awarded 
to Professor H. H. Uhlig at our 
Detroit Meeting. 

Prize Essay Contest 
An effort was made to determine 

whether interest could be revived 
in the Prize Essay Contest which 
was initiated some years ago. Our 
renewed efforts in this regard still 
indicate a lack of interest. 

Voting by Proxy by Board Members 
Advice of counsel reveals that 

Article VI, Section 6, of the Con- 
stitution, which permits members 
of the Board of Directors to appoint 
proxies to represent them at Board 
Meetings, is unconstitutional because 
of a prohibition against this practice 
in the Membership Corporations 
Law of State of New York. Accord- 
ingly, this provision in our Consti- 
tution is being eliminated. 
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Second International Conference a special additional issue of the new office space has been leased at 
on Passivity JOURNAL. 30 East 42 St., New York, for our 

New Society Offices new Society Headquarters. We hope 
The Second International Confer- 

ence on Passivity will be held in In view of our expanded publica- that as many members as 
will visit our new offices when they 

Canada during the first week of tion program and increased activity come to New York, 
September 1962. Papers presented in other areas, the staff at  our Na- 
at this meeting will be published in tional Office is being expanded and Henry B. Linford, President 

Annual Report of the Secretary, 

April 1, 1961 -March 31, 1962 
(Presented at  Society Business Meeting, Los Angeles, May 7,1962) 

It is a pleasure to review the pro- 
gress which has been made by your 
Society for the past fiscal year end- 
ing March 31, 1962. 

Membership 
The membership of the Society is 

at an all-time high of 3443 members. 
This compares with the previous 
year's total of 3333 and shows a net 
increase of 110. 

Patron and Sustaining Memberships 
Corporate support in the form of 

Sustaining Memberships showed a 
net increase of 4, which totals 149 
as of March 31, 1962. Patron Mem- 
berships remain the same at 5. 

Journal of the Society 
The JOURNAL continues to experi- 

ence continued growth, and budget 
appropriations are adequate to pro- 
vide funds for the prompt printing 
of all papers which have passed our 
review procedures and have been 
accepted for publication. 

Monographs and Special Publications 
During the year, the publication 

of "Electrode Processes," covering 
papers presented at our Philadelphia 
Meeting, and the monograph "Metal 
Iodides and Iodide Metals" came 
off the press. Others previously ap- 
proved, and now in various stages 
of publication, include: "Primary 
Batteries," "Alkaline Storage Bat- 
teries," "Ultrafine Particles," "Iron 
Ores." "Rhenium." "Modern Electro- - - --  

plating," and "High-Temperature 
Technology." 

In lieu of publishing a complete 
new edition of the "Corrosion Hand- 
book," it has been decided that it 
will be more practical to publish 
separate volumes on various aspects 
of corrosion. Twelve or more such 
books are contemplated. 

Memorial Award [see Division News, 
May 1962 JOURNAL, pg. 135Cl. Ar- 
rangements have been made with 
Dr. Carl Wagner of the Max-Planck- 
Institut fiir Physikalische Chemie, 
Gottingen, Germany, for Mr. John- 
son to continue his studies there 
during the summer of 1962. This is 
a biennial award. 

Summer Fellowship Awards 
During the summer of 1961, the 

Society made three Summer Fellow- 
ship Awards in the amount of $800 
each. The recipients were: Ronald 
L. Brubaker, Princeton University 
(Edward Weston Fellowship) ; Ro- 
bert E. Visco, University of Illinois; 
Michael J .  Schaer, Oregon State 
University. These students were 
selected from institutions in the 
East, Midwest, and Pacific Coast. 

The awards will be made again 
during the summer of 1962, and one 
will be designated as the Edward 
Weston Summer Fellowship and 
another the Colin Garfield Fink 
Summer Fellowship. 

These awards are made possible 
from income from investments in 
the Society's Consolidated Fellow- 
ship Fund and Edward Weston Fel- 
lowship Fund. 

Honorary Members 
By action of the Board of Direc- 

tors, Oliver W. Storey and Stanis- 
laus Skowronski have been elected 
Honorary Members of the Society. 

Young Author's Prize 
A. C. Makrides was selected as the 

Young Author's Prize Winner for 
1960 in recognition of his paper 
"Dissolution of Iron in Sulfuric Acid 
and Ferric Sulfate Solutions" which 
was published in the November 1960 
issue of the JOURNAL. 

The winner of the 1961 prize will 
F. M. Becket Memorial Award be announced at our Banquet on 

Robert E. Johnson of the Montana Tuesday evening, May 8. [Details 
School of Mines has been selected as will appear in a later issue of the 
the first recipient of the F. M. Becket JOURNAL.] 

Francis Mills Turner Memorial Award 
This award for 1960 was shared 

by R. E. Meyer and P. C. Milner: 
R. E. Meyer for his paper "Cathodic 
Processes on Passive Zirconium" 
which appeared in the October 1960 
JOURNAL, and P. C. Milner for his 
paper "Interpretation of Measure- 
ments of Potential Decay on Open 
Circuit" which appeared in the April 
1960 JOURNAL. 

The winner of the 1961 award will 
be announced at our Banquet on 
Tuesday evening, May 8. [Details 
will appear in a later issue of the 
JOURNAL.] 

Constitutional Amendments 
Amendments to the Constitution 

of the Society, which were presented 
in detail and approved at our last 
Annual Meeting, were ratified by 
mail vote of the membership as re- 
quired by our procedures. There 
were 1038 valid ballots cast as fol- 
lows: Article VI-Approved 1036, 
Disapproved 2, Total 1038; Article 
VII-Approved 1002, Disapproved 
35, No Vote 1, Total 1038; Article X 
-Approved 1022, Disapproved 16, 
Total 1038. 

Ivor E. Campbell, Secretary 

Notice to Members and Subscribers 

(Re Changes of Address) 

To insure receipt of each is- 
sue of the JOURNAL, please be 
sure to give us your old address, 
as well as your new one, when 
you move. Our records are flled 
by states and cities, not by in- 
dividual names. The Post Office 
does not forward magazines. 

We should have this informa- 
tion by the 16th of the month 
to avoid delays in receipt of the 
next issue. 
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Financial Statement of The Electrochemical Society, Inc. 

Statement of  Income and Expenses 
April 1,1961-March 30,1962 

Income Credited 
to Society 
Reserve Fund ........ 15,500 17,459.85 

Society 
Reserve 

Fund Total Excess Income 
Over Expenses ...... $ 11,800 $ 28,654.02 

Budget 
General 

Fund 
Income 

Membership Dues .... 
Patron and Sustain- 

ing Memberships .. 
Reprints ...................... 
Nonmember Journal 

Subscriptions ........ 
Office Sale Journal 

and Publications .. 
Advertising ................ 
Bound Volumes ...... 
Conventions .............. 
Interest Earned on 

General Funds ..... 

Balance Sheet at March 30, 1962 
Statement of Assets 

Cash 

Chemical Bank New York Trust 
Company 

Electronics Division Mono- 
graph Fund ........................... $ 587.97 

Corrosion Division Mono- 
graph Fund ......................... 1,953.43 

Electrodeposition Division 
Monograph Fund ............... 1,161.19 

Electrothermics & Metallurgy 
Division Monograph Fund 534.48 

$ 5,956.20 Theoretical Division Mono- 
graphFund ............................ 2,191.95 

New Capital Equipment Fund 915.98 
2,646.00 Colin Garfield Fink Fellow- 

.......................... 2,516.44 ship Fund 1,818.02 
Consolidated Fellowship 

..................................... 6,341.21 Fund 1,601.98 
........... Society Reserve f i n d  14,883.46 

......................... $ 17,459.85 General Fund 26,879.93 $ 52,528.39 

Nonmember Journal 
Subscriptions ........ 

Nonmember Conven- 
tion Registration 
Fees ......................... 

Monograph Royalties 
Income From Invest- 

ments ................... 

Petty Cash Fund .................... 36.20 
Excelsior Savings Bank- 

General Fund ........................... 9,706.32 
Greenwich Savings Bank- 

General Fund ........................... 9,299.86 
Chase Manhattan Bank Savings 
Account- 

General Fund .......................... 18,784.00 
First National City Bank Sav- 
ings Account- 

............................ General Fund 10,190.19 48,016.57 

$100,544.96 

Expenses 

Print and Mail Jour- 
nal ........................... 

....................... Salaries 
Rent .............................. 
Postage, Supplies, 

and Miscellaneous 
Bound Volumes ........ 
Local Sections and 

Divisions .............. 
Membership Direc- 

tory ......................... 
Young Author's Prize 
New York 

.......... Office Travel 
Presidential 

............ Office Fund 
Conventions: 

Program Booklets.. 
Materials, Supplies, 

....... and Postage 

Investments 

Edward Goodrich Acheson Fund 
Securities ............. $ 40,114.25 
Savings Account .. 1,896.74 42,010.99 

F. M. Becket Memorial Award 
Fund 

.............. Securities $ 21,941.50 
Savings Account .. 1,436.07 23,377.57 

Consolidated Fellowship Fund 
................................. Securities 44,312.75 

Colin Fink Fellowship Fund 
................................... Securities 3,386.29 

Joseph W. Richards Memorial 
Fund 

......... Savings Bank Account 861.67 
Edward Weston Fellowship Fund 

.............. Securities 16,281.78 

Contingency Fund - 
1% Estimated In- 
come ........................ 

$154,100 
Excess Income 

Over Expenses 
General Fund ...... -3,700 11,194.17 
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Manufacturers 
Hanover Bank . 525.83 16,807.61 

General Portfolio of Investments 
Corrosion Division: 

Corrosion Hand- 
book . . . . . . . . .  19,935.88 

Other Eauitv .... 260.00 

Electrodeposition 
Division. ........... 1,000.00 

Electrothermics & 
Metallurgy Divi- 
sion ................ 4,000.00 

Society Reserve 
Fund .................. 144,007.05 169,202.93 299,959.81 

Other Assets 

Convention Advance 1,000.00 
Accounts Receivable 4,255.90 
Furniture and Fix- 

tures 13,450.00 
Less Reserve for De- 

preclation 1,048.86 12,407.14 

Inventory. . . . . . . . . . . . . . . . . . . . . . . .  4,489.70 
Rent Prepaid . . . . . . . . . . . . . . . . . . . .  1,241.67 23,388.41 

$423,893.18 

Statement of Liabilities and Surpluses 

Liabilities 

Unearned Income (10-Year In- 
dex) ....................................... $ 4,978.76 

Accounts Payable . . . . . . . . . . . . .  101.35 
Overseas Subscriptions Payable 

(DBG-Faraday) . . . . . . . . . .  1,642.70 
Lie  Memberships .................. 2,154.80 
Federal and State Taxes With- 

held . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2,097.56 $ 10,975.17 

Surpluses 

Special Funds 
Edward Goodrich 

Acheson Fund 42,010.99 
F. M. Becket Me- 

morial Award 
Fund ................ 23,377.57 

Consolidated Fel- 
lowship Fund . 45,914.73 

Colin Fink Fel- 
lowship Fund .. 5,204.31 

Joseph W. Rich- 
ards Memorial 
Fund ................ 861.67 

Edward Weston 
Fellowship 
Fund ............... 16,807.61 134,176.88 

Division Monograph Funds 
Corrosion .......... 22,149.31 
Electrodeposition 2,161.19 
Electronics . . . . . . .  587.97 
Electro- 
thermic~ 
&Metal- 
lurgy .... 5,534.48 

Less Iron 
Ores Ad- 
vance . 1,000.00 4,534.48 

Theoretical . . . . . .  2,191.95 31,624.90 

Society Reserve Fund 
S u r ~ l u s  . . . . . . . .  141.430.66 
~ e <  Income Re- 

ceived 17,459.85 158,890.51 
General Fund 

Surplus 76,261.04 
Increase in Asset 

Values 1,219.01 

Less Advances: 
Electro 
Organic 
Chem- 
istry ...... 500.00 

Technol- 
ogy of 
Colum- 
bium .... 456.80 

Vacuum 
Metal- 
lurgy .. 58.94 

High 
Temper- 
ature 
Technol- 
ogy ........ 185.37 

Modern 
Electro- 
plating .. 163.37 1,364.48 
-- 

76,115.57 
New Capital 

Equipment .. 915.98 
Excess Income 

Over Expenses 11,194.17 88,225.72 412,918.01 

$423,893.18 

General Portfolio of Investments 

Value of Securities 3/31/61 ......................... $152,341.63 
Securities Purchased . . . . . . . . . . . . .  $ 24,169.66 
Dividend Shares ...................... 1,807.97 
Interest Earned ........................... 222.71 26,200.34 

$178,541.97 
Securities Sold . . . . . . . . . . . . . . . . . . . .  12,100.63 
Securities Transferred to Fink 

Fellowship Fund ..................... 1,638.43 13,739.06 

$164,802.91 
Increase in Value of Securities 3/30/62 4,400.02 

FUND VALUE 3/30/62 $169,202.93 

Society Reserve Fund 

Equity Value in General Portfolio 3/31/61 . . .  $127,145.75 
Additional Investments: 
*Dividend Shares .................. 1,807.97 

. . . . . . . . . . . . . . . . . . . . . .  New Purchases 24,169.66 

....................... *Interest Earned 222.71 26,200.34 

$153,346.09 
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Less: Bank Credit Balance 3/30/62 ...................... 1.953.43 
Securities Sold ...................... 12.100.63 
Securities Transferred to Fink FUND VALUE 3/30/62 ........................................ $ 22.149.31 

. . . . . . . . . . . .  Fellowship Fund 1.638.43 13.739.06 

$139,607.03 
Increased Value Securities 3/30/62 ........... 4.400.02 

Equity Value in General Portfolio 3/30/62 $144,007.05 
Bank Credit Balance 3/31/61 .. 11,523.32 

*Cash Dividends ....... 4.310.53 
*Convention Registra- 

tion Fees ............. 2.646.00 
*Journal Subscriptions 5,956.20 
*Monograph Royalties 2,516.44 15,429.17 

26,952.49 
Securities Sold ......................... 12.100.63 

39,053.12 
Securities Purchased .................. 24.169.66 

Bank Credit Balance 3/30/62 ....................... 14.883.46 

FUND VALUE 3/30/62 .................................... $158.890.51 

"Total Income from Sources Indicated $17,459.85 

General Fund Surplus 

Surplus 3/31/61 ............................................... $ 76.261.04 
Increases 

Value Inventory 3/30/62 ........ 916.30 
Value Accounts Receivable 
3/30/62 ................................ 1.232.03 

Furniture and Fixture Re- 
placements ............................. 332.59 2.480.92 

78,741.96 
Decreases 

New Capital Equipment Ap- 
propriation ............................ 600.00 

Reserve For Depreciation 
............ Furniture & Fixtures 661.91 1.261.91 

77,480.05 
......................... Less Monograph Advances 1.364.48 

76,115.57 
New Capital Equipment ................................ 915.98 
Excess Income Over Expenses General Fund 11,194.17 

Electrodeposition Division 

Equity Value General Portfolio 3/31/61 ........ $ 1.000.00 
Bank Credit Balance 3/31/61 . . . . . . .  1.600.05 
Symposium Expense 400.00 
Royalty Refund ........ 2.56 
Mailing Expense ....... 36.30 438.86 

Bank Credit Balance 3/30/62 .......................... 1.161.19 
FUND VALUE 3/30/62 ........................................ $ 2.161.19 

Electronics Division 

........ Bank Credit Balance 3/31/61 $ 427.29 
Monograph Royalties ................ 160.68 

FUND VALUE 3/30/62 ....................................... $ 587.97 

Electrothermics and Metallurgy Division 

Equity Value in General Portfolio 3/31/61 .... $ 4.000.00 
Bank Credit Balance 3/31/61 .... 1.529.82 
Monograph Royalties ................. 134.44 

1,664.26 
Mailing Expense ......................... 129.78 

1,534.48 
Advance for Iron Ores Mono- 

graph ....................................... 1,000.00 
Bank Credit Balance 3/30/62 ........................ 

Theoretical Electrochemistry Division 

Bank Credit Balance 3/31/61 ...... 1.858.97 
Monograph Royalties .................. 878.87 $ 2.737.84 

Modern Instrumentation Symposium Ex- 
pense ............................................................. 545.89 

FUND VALUE 3/30/62 ....................................... $ 2.191.95 

Special Funds 

Division Monograph Funds 

Corrosion Division 

Equity Value in General Portfolio 3/31/61 . . .  $ 20.195.88 
Bank Credit Balance 
3/31/61 . . . . . . . . . . . . . . .  1.770.80 

Monograph Royalties 1,622.47 3,393.27 

Corrosion Research 
Council Contribu- 
tion .......................... 784.50 

Palladium Medal 
... Award Expenses 189.32 

Prize Essay Content 466.02 1,439.84 

Edward Goodrich Acheson Fund 

Value Securities 3/31/61 . . . . . . . .  38.739.01 
Securities Sold . . . . . . . . . . . . . . . . . . . . . . . .  1.151.02 

37,587.99 
Securities Purchased ............... 1.834.39 

39,422.38 
Increased Value 3/30/62 ............. 691.87 

Value Securities 3/30/62 . . . . . . . . . . . . . . . . . . . . . .  $ 40.114.25 
Savings Account Balance 3/31/61 913.40 

....... Dividends from Investments 1.579.49 
Interest Earned ............................... 50.72 
Expense Refund ............................ 36.50 
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Securities Sold . . . . . . . . . . . . . . . . . . . . . .  1,151.02 Colin Garfield Fink Fellowship Fund 

Securities Purchased .................... 1,834.39 

Bank Balance 3/30/62 ............................... .... 1,896.74 

Joseph W. Richards Memorial Fund 

Savings Account Balance 3/31/61 829.75 
Interest Earned ............................ 31.92 

FUND VALUE 3/30/62 ....................... .- .............. $ 861.67 

F. M .  Becket Memorial Award Fund 

Value Securities 3/31/61 .................................. $ 20,926.56 
Additional Securities Purchased ............... 26.39 

20,952.95 
Increased Value 3/30/62 . . . . . . . . . . . . . . . . . . . . . . .  988.55 

21,941.50 
Savings Account Balance 3/31/61 1,264.39 
Interest Earned ............................ 42.36 
Cash Dividends .............................. 600.98 

1,907.73 
Award Expenses . . . . . .  445.27 
Securities Purchased 26.39 471.66 

Savings Account Balance .................................. 1,436.07 

FUND VALUE 3/30/62 ................................ $ 23,377.57 

. . . . . . . . . . . . . . . . . . . . . . . .  Value Securities 3/31/61 $ 730.00 
................. Donation of Securities 1,620.37 

Transferred from Society Reserve 
.......................................... Fund 1,638.43 

...................... Dividend Shares 102.13 3,360.93 

4,090.93 
....................... Less Value Securities 3/30/62 704.64 

............................ Value Securities 3/30/62 3,386.29 
........ Bank Credit Balance 3/31/61 273.75 

............................. Cash Donations 1,510.21 

. . . . . . . . . . . . . . . . . . . .  Cash Dividends 35.86 

1,819.82 
.................... Less Transfer Tax 1.80 

.......................... Bank Credit Balance 3/30/62 1,818.02 

........................................... F m n  VALUE 3/30/62 $ 5,204.31 - 
Edward Weston Fellowship Fund 

Value Securities 3/31/61 ............................... $15,670.46 
Increased Value Securities 3/30/62 .............. 611.32 

. . . . . . . . . . . . . . . . . . . . . .  Value of Securities 3/30/62 $ 16,281.78 
Checking Account Balance 

........................................ 3/31/61 524.77 
.......... Dividends on Investments 534.39 

1,059.16 
Weston Summer Fellowship 

Award ......................................... 533.33 

Checking Account Balance 3/30/62 ............... 525.83 

Certificate of Audit 
Consolidated Fellowshia Fund 

I have examined the balance sheet and statement of 
Value Securities 3/31/61 ............ 45,027.36 income and expenses of The Electrochemical Society, 
Less Value Securities 3/30/62 . . 714.61 Incorporated, for the period April 1, 1961 to March 30, 

1962. My examination was made in accordance with 
Value Securities 3/30/62 ................................. 44,312.75 generally accepted auditing standards and, accordingly, 
Bank Credit Balance 3/31/61 832.23 included such tests of the accounting records as were 

........................... Cash Dividends 2,769.75 considered necessary. 
In my opinion, the balance sheet and statement of in- 

3,601.98 come and expenses present fairly the financial position of 
Summer Fellowship Awards ... 2,000.00 The Electrochemical Society. Incorporated, at March 30, 

1962, in conformity with generally accepted accounting 
Bank Credit Balance 3/30/62 11601'98 principles applied on a bass consistent with that of the 

$ 45,914,73 preceding year. 

(Signed) N. W. Marinelli, Auditor 

December 1962 Discussion Section 
A Discussion Section, covering papers published in the January-June 1962 JOURNALS, is scheduled for pub- 

lication in the December 1962 issue. Any discussion which did not reach the Editor in time for inclusion in the 
June 1962 Discussion Section will be included in the December 1962 issue. 

Those who plan to contribute remarks for this Discussion Section should submit their comments or questions 
in triplicate to the Managing Editor of the JOURNAL, 30 East 42 St., New York 17, N. Y. not  later than Sep- 
tember 3, 1962. All discussion will be forwarded to the author(s) for reply before being printed in the JOURNAL. 
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Symposium on Stress Corrosion of Metals 
Rescheduled for March 1963 

The Corrosion Division Sympo- 
sium on Stress Corrosion of Metals 
originally planned for the 1963 Fall 
Meeting of The Electrochemical So- 
ciety, as announced in the April, 
May, and June JOURNALS, has been 
rescheduled and will be held in 
conjunction with the Second Inter- 
national Congress on Metallic Cor- 
rosion in New York City, March 
11-15, 1963. 

Subjects suggested for this sym- 
posium are: classical stress corro- 
sion; hydrogen embrittlement as a 
factor in stress-corrosion cracking; 
brittle fracture as affected by en- 
vironmental conditions; and the ap- 
plication of modern concepts of 
solid-state physics to stress corro- 
sion. 

Papers giving data to support or 
disprove one of the current theories 
of the mechanism of stress-corro- 
sion cracking would be considered 
under the classification of classical 
stress corrosion. Papers merely sum- 
marizing data on a particular alloy 

or group of alloys are not considered 
to have a place in the symposium. 

Inasmuch as results of center or 
edge notch tests on very high- 
strength alloys are reported to be 
highly sensitive to the test environ- 
ment, the Chairmen feel that papers 
giving results and particularly sug- 
gested mechanisms for these phen- 
omena should be included. 

Metal physics is an increasingly 
important field and papers in which 
the modern concepts of solid-state 
physics are applied to the theory 
would be desirable. 

Titles of proposed papers should 
be submitted as soon as possible to 
one of the Co-Chairmen: E. H. 
Phelps, Applied Research Lab., U. S. 
Steel Corp., Monroeville, Pa., and 
Hugh L. Logan, National Bureau of 
Standards, Washington, D. C. Ab- 
stracts of about 1000 words and con- 
taining up to four figures are due 
October 31 and the completed papers 
at the time of the Conference. 

Personals since March of this year, Dr. Sprague 
most recently has been head of the 
Transistor Research Dept. of Sprague 

Adolf Goetzberger has been given Electric's research laboratories. 
new duties in the Research and De- 
velopment Section of Clevite/Shock- 
ley Transistor in Palo Alto, Calif. 
Dr. Goetzberger, who has been a William J. Holian 

member of the Shockley Senior Re- I t  is with the deepest regret that 
search Staff for three years, has been 
appointed manager of research and 
development with the responsibility 
for the scientific and technical work 
of that department. He joined 
Shockley in 1958, coming from Mun- 
ich, West Germany, where he had 
been a member of the Siemens and 
Halske semiconductor group. 

R. Scott Modjeska has been ele- 
vated to the position of research di- 
rector in physical sciences at  Cinch 
Manufacturing Co. in Chicago, Ill. 
His research activities include vac- 
uum metallurgy, electrodeposition, 
extractive metallurgy, corrosion, 
physical metallurgy, thin films, and 
semiconductor and rectifier mater- 
ials. Prior to joining Cinch, he was 
technical director of Scientific Con- 
trol Labs., Inc. 

the Society announces the death of 
William J. Holian, Assistant Secre- 
tary of The Electrochemical Society 
from 1948 to 1955. Mr. Holian, who 
had been ailing for many years, 
died suddenly at  his home in Stam- 
ford, Conn., on April 23, 1962. 

Mr. Holian, who was experienced 
in office management, was appointed 
Assistant Secretary by the Board of 
Directors in September 1948. He was 
in charge of the Society's National 
Office, working closely with the 
Secretary (Henry B. Linford) on all 
matters of business. He continued 
in this capacity until the fall of 1954, 
when illness necessitated that he 
curtail some of his duties, and 
which culminated in his official 
resignation from the Society in June 
1955. 

He is survived by his wife, Alma. 

home of a heart attack on May 4, 
1962. He was 60 years old. 

Mr. Nixon was born on May 4, 
1901 in Philadelphia, Pa. He was 
graduated in 1923 from the Uni- 
versity of Wisconsin with a B. S. 
degree in chemical engineering. 

For six years, he was employed 
in the laboratory of Western Elec- 
tric Clock Co., Peru, Ill., and, in 
1929, he joined the staff of the Gen- 
eral Motors Ternstedt Division as 
a plating engineer. He was director 
of process development at  Tern- 
stedt at  the time of his transfer to 
the GM Research Labs. in January 
1952 to head the electrochemical de- 
partment, which was engaged in re- 
search and development of plating 
and the electrochemical generation 
of electrical energy. 

Mr. Nixon was active in many 
technical societies. He had been a 
member of The Electrochemical So- 
ciety since 1923, and also held 
memberships in the American Elec- 
troplater's Society, the American 
Society for Testing Materials, the 
Society of Automotive Engineers, 
the American Chemical Society, and 
the American Society for Metals. 

He was the author of many techni- 
cal papers on plating and plating 
processes for which he received 
several awards. 

Mr. Nixon is survived by his wife, 
Charlotte, four sons, a daughter, 
and a sister. 

Book Reviews 

Biochemical Mechanisms, by Lloyd 
L. Ingraham. Published by John 
Wiley & Sons, Inc., New York, 
1962. 108 pages; $5.75. 

This book is a valuable attempt to 
apply the general mechanistic prin- 
ciples of inorganic and organic 
chemistry to reactions of importance 
in the field of biochemistry. It is 
timely and has the virtue of brevity. 
It includes short but excellent re- 
views of atomic orbitals, bonding, 
ligand field theory, transition states, 
"high energy" bonds, and other 
topics, in addition to a discussion of 
the application of these principles 
to biochemically important reac- 
tions. As the author points out, 
many of the mechanisms are highly 
speculative. However, this approach 

John. L. Sprague has been elected to an understanding of enzyme 

a senior vice-president of the Cleveland F. Nixon mechanisms should prove to be a 
Snraeue Electric Co.. North Adams, Cleveland F. Nixon, head of the stimulus for further experimental 
-c------ -- 

Mass., and became co-director of the electrochemistry department of the studies. 
firm's engineering laboratories as of General Motors Research Labora- The book is well written, contain- 
June 1. A director of the company tories in Warren, Mich., died at  his ing excellent diagrams and formula" 
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representation. I t  is recommended 
highly both for the biochemist who 
would relate his reactions to mech- 
anistic theory, as well as to the 
nonbiochemist who would under- 
stand the nature of reactions which 
take place in the living cell. The 
appearance of this book empha- 
sizes the most important principle 
of modern biochemistry-that the 
reactions which take place in the 
living cell may be explained in 
terms of the basic laws of chemistry. 

Abraham Mazur 
New York Hospital 

Cornell Medical School 

Interfacial Phenomena, by J. T. Da- 
vies and E. K. Rideal. Published 
by Academic Press, Inc., New 
York, 1961. 474 pages; $14.00. 

This volume should be of value 
in all branches of physical science 
dealing with heterogeneous systems. 
One should not necessarily look at 
this compendium as pertinent only 
to colloid systems, i.e., where the 
particle size range is 50-5000A or 
where the interfacial area between 
phases is very large compared to 
that if the phase (s) is not in a 
state of dispersion. Rather, any 
study involving phase boundaries 
could be benefited by "Interfacial 
Phenomena" with its coverage of 
general topics of the interface in 
terms of physical and electrical 
forces, electrokinetics, adsorption. 
monolayers, physical and electrical 
transport, and chemical and physical 
reactions. Thus, the text applies to 
problems in electrostatics or elec- 
troconductivity at boundaries, to 
mass transfer as in evaporation, dis- 
solution, precipitation, condensation, 
diffusion across boundaries and 
along boundaries, and to energy 
transfer (heat) through boundaries 
where "stationary" films have so 
great an influence. 

Two chapters, some 160 pages, 
are devoted to electrical phenomena. 

CURRENT AFFAIRS 

They represent a good up-to-date 
review of this ambiguous subject. 
The treatment, being both from the 
static and dynamic viewpoints, goes 
well into theory with supporting 
thermodynamics, mathematics, and 
experimental results. The various 
electrical potential concepts are dis- 
cussed, and explanations of inter- 
facial phenomena are given in terms 
of them. From an electrokinetic 
viewpoint, the subjects of surface 
conductance, electro-osmosis, stream- 
ing potentials, streaming currents, 
electrophoresis, and fall (velocity) 
potentials are well handled. 

In the same vein, the text includes 
up-to-date comprehensive reviews 
of interfacial tension considerations 
-surface energy, cohesion and 
adhesion, spreading, and contact 
angles, etc.; adsorption processes- 
energy, kinetics, relation to inter- 
facial tension, etc.; monolayers- 
surface pressure, surface viscosity, 
etc.; dispersions; and adhesion. Ap- 
preciable space is given to discus- 
sions on experimentation in these 
subjects. 

The bibliographies associated with 
each subject, being comprehensive 
and including key works, provide 
avenues for further study. Despite 
the great number of references, the 
book shows little evidence of mere 
listings of investigators' findings. 
Rather, a spectrum of subject mat- 
ter, much of which was not available 
in one treatise before, is now pre- 
sented on a pretty-well-integrated 
basis. 

Generally speaking, "Interfacial 
Phenomena" is a good book to have 
in the library or as part of one's 
personal collection. Besides its use- 
fulness to chemists, it should be 
worth while for chemical engineers 
and biologists. It is equally valuable 
in industrial and academic labora- 
tories, to the researcher and the 
instructor. 

Max Bender 
Fairleigh Dickinson University 

Announcements 
from Publishers 

"Superconductive Devices," by John 
W. Bremer. McGraw-Hill Elec- 
tronic Sciences Series. Published 
by McGraw-Hill Book Co., New 
York, 1962. 179 pages, plus index; 
$8.00. 

"Standard X-Ray Diffraction Pow- 
der Patterns," by Howard E. 
Swanson, Marlene C. Morris, 
Roger Stinchfield, and Eloise H. 
Evans. National Bureau of Stand- 
ards Monograph 25, Section 1, 
issued March 9, 1962; 56 pages; 40 
cents. Order from the Superin- 
tendent of Documents, U. S. Gov- 
ernment Printing Office, Wash- 
ington 25, D. C. 

New Products 

Fluoborates for High-Speed Elec- 
troplating. New fluoborates of cop- 
per, lead, tin, zinc, iron, nickel, and 
cadmium have been developed for 
high-speed electroplating and elec- 
troforming. Developed and proven 
"in the field" to meet exacting 
customer specifications, these new 
baths are based on certain excellent 
properties of fluoboric acid, which 
had been difficult to use until re- 
cently. 

A price schedule is contained in 
the "Guide to Fluoborate Plating" 
available from Meaker Co., Nutley, 
N. J. 

Bright Barrel Zinc Plating Process. 
Hanson-Van Winkle-Munning Co. 
has announced the availability of 
ZINCALUME "B," an inexpensive, 
high-quality barrel zinc electro- 
plating process that meets today's 
demands for bright zinc deposits at 
low cost. It is an easy-to-dissolve 
powder and is compatible with 
most other proprietary barrel zinc 

Brief Communications 
The JOURNAL accepts short technical reports having unusual importance or timely interest, where speed of 

publication is a consideration. The communication may summarize results of important research justifying 
announcement before such time as a more detailed manuscript can be published. Consideration also will be 
given to reports of significant unfinished research which the author cannot pursue further, but the results of 
which are of potential use to others. Comments on papers already published in the JOURNAL should be re- 
served for the Discussion Section published biannually. 

Submit communicatwns in triplicate, typewritten double-spaced, to the Editor, Journal of The Electrochem- 
ical Society, 30 East 42 St., New York 17, N. Y. 
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addition agents. Bright deposits are 
produced directly from the bath. 

For additional information and 
samples of parts plated with ZINC- 
ALUME "B," write to Hanson-Van 
Winkle-Munning Co., Matawan, N. J. 

Carbon Electrodes for Fuel Cells. 
Development of a new series of 
carbon electrodes for fuel cells has 
been announced by Pure Carbon 
Co., Inc. The new series, covering 
20 different grades and offering a 
wide range of physical properties, 
including median pore diameters 
from 0.3 to 18~, and surface areas 
from 0.1 to 600-plus sq m/g, is a result 
of Pure Carbon's continuing research 
to aid fuel cell manufacturers. 

For complete information, contact 
Pure Carbon Co., Inc., 411 Hall Ave., 
St. Marys, Pa. 
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MACro Polish-3P, a new chemical 
polishing process that produces a 
smooth, semibright finish on Zamak 
No. 3 zinc diecast alloys, is de- 
scribed in Product Data Sheet No. 

The product produces a uniform 
finish that is an excellent base for 
electroplating or other applications 
where a smooth surface is required. 
Buffing often can be eliminated be- 
fore copper, nickel, and chromium' 
plating. 

' Metex Acid Salt M-629, a' new 
method of stripping decorative 
chrome from nickel that enables 
the operator to  maintain an active 
nickel surface and rechrome after 
rinsing without additional treatment, 
is described in Product Data Sheet 
No. 43B-1, available from MacDer- 
mid Inc., Waterbury, Conn. 

The product is a safe, easy-to- 
handle dry powder that strips 
chrome by immersion only. 
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Career Opportunities 
at IBM 

PRY SlCAL CHEMIST 
This is an interesting career 
opportunity to work on me- 
dium- to long-range, non- 
routine studies of electric- 
contact materials; their syn- 
thesis, properties (especially 
long-term reactivities in pol- 
luted atmospheres), and 
their mechanisms of contact 
degradation. 
Your immediate assignment 
will be to develop procedures 
for generating, monitoring, 
and maintaining low con- 
centrations of mixtures of 
corrosive gases and dusts in 
a controlled environment. 
Studies of tarnish and cor- 
rosion films will be made to 
elucidate reaction mechan- 
isms. 
You will synthesize new con- 
tact materials, by electro- 
deposition and other tech- 
niques, for IBM applications. 
I f  promising new materials 
are solved, you will provide 
technical guidance to man- 
ufacturing groups in pilot- 
plant development of these 
materials. 
Background: A degree in 
chemistry plus two or more 
years' experience in corro- 
sion or electrochemistry- 
or a graduate degree in a 
related field. 
IBM has an unusually com- 
plete benefits program de- 
signed to provide meaning- 
ful protection for employees 
and their families. Of special 
interest is the unusually 
varied educational program, 
covering a wide variety of 
subjects, many on a gradu- 
ate degree level. IBM is an 
Equal Opportunity Employer. 
Please write, outlining your 
background and experience, 
to: 
C. T. Darrah, Jr., Dept. 613T 

IBM Development Laboratory 
Glendale Drive 
Endicott, N. Y. 

IBM a 
INTERNATIONAL BUSINESS 
MACHINES CORPORATION 

! 
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