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0 bsolescence 

THE dynamic state of modem science and technology has created s 
situation in which obsolescence of people is a major problem of our times. While 
national attention has been given to this dilemma at the level of the nonskilled 
and semiskilled worker, obsolescence is an advancing threat among the scientists 
and the engineers-the very people in our society most responsible for these scien- 
tific and technological changes. The most pronounced symptom of this malady 
among scientists and engineers is the inability or reluctance to adapt to change 
-to make a rapid and effective attack on new problems and to develop or to adopt 
new approaches to existing problems. [This writer can not help noting that obsoles- 
cence among college and university teachers is a particularly severe malady--easily 
recognized even in its early stages by students and i n  its more advanced stages by 
fellow faculty members, particularly the younger ones, but rarely recognized by the 
faculty member inflicted with the disease.] 

Resistance to obsolescence is an acquired characteristic which tends to decline 
with increasing age but at any age definite steps can be taken to enhance this resist- 
ance. The nature of these steps is the subject of this editorial. 

First and foremost, the scientist and the engineer must recognize the import- 
ance of always remaining students in their outlook towards their work. Con- 
tinuous study will be necessary throughout all of their professional careers. Such 
study takes various forms. For the researchers, keeping up with the scientific liter- 
ature is an ever pressing problem which requires a distribution of study between 
broad general developments and highly specific developments. An extensive, read- 
ily accessible library is indispensible for this attack on the literature. Participation 
in courses and seminars given locally and at national meetings and conferences also 
is an important part of this continuous study. If the scientists in an industrial or 
governmental laboratory do not have access to such courses and seminars in a local 
college or university, then it is important that such courses and seminars be set up 
within the laboratory. In many instances, several laboratories in close proximity 
can profit by setting up such educational activities as a cooperative effort. 

For many years the academic community has recognized the importance of 
the sabbatical leave as a period for study and the acquiring of new ideas and skills. 
This writer strongly recommends that the scientists of nonacademic laboratories 
also be given sabbatical leaves during which they return to the university campus 
for at least one and preferably two semesters of study and research at the postgrad- 
uate level. The mastery of just one new research approach can justify many-fold 
the financial cost to the employer. 

Other types of preventative measures also are possible for warding off obsoles- 
cence. Scientists and engineers who undertake problems in new areas at reasonable 
intervals are like the fighter who keeps in trim by continuously fighting..Academic 
scientists find it is stimulating not only to make significant changes in the direction 
of their research from time to time, but also to teach at least one new course every 
two or thcee years. 

(Continued on following page) 



(Editorial continued) 

The "publish or perish" controversy rages on the university campus, but all 
things considered, publication based on research is a natural desire of scientists who 
continue to be productive and in itself helps to ward off obsolescence. The ex- 
perience of having your work subjected to critical examination at technical meet- 
ings and during the course of publication is the fire which tempers the intellect of 
the scientist. 

The industrial research scientist must usually spend most of his time on very 
practical problems often of limited scope. If his employer provides him with the 
opportunity to spend at least one third of his time on publishable research, the 
scientist is likely to be more productive even in his nonpublishable applied work 
and will be far more resistant to the malady of obsolescence. 

Many of the recommendations just presented are not restricted to the scien- 
tist or engineer. At a time when the working force at the nontechnical level ex- 
ceeds the demand, the prospect of a shorter working day is great. The additional 
time should not be given over to leisure, but rather to self-improvement through 
continuous study and training. Employers and unions would do well to consider us- 
ing the extra time made available by automation for employer and/or union organ- 
ized classes and training :.rograms aimed at upgrading the skills of the worker 
and preventing obsolescence. 

Ernest Yeagerl 
President-The Electro- 
chemical Society 1965-1966 

1 Acting Chairman, Department of Chemistry, Western Reserve University, Cleveland. Ohio. 



Design of Primary and Secondary Cells 
II. An Equation Describing Battery Discharge 

C. M. Shepherd 

U.  S. Naval Research Laboratory, Washington, D. C. 

ABSTRACT 

A discussion is given of the derivation and application of an equation which 
gives an excellent description of a wide variety of cell and battery discharges. 
This equation gives the cell potential during discharge as a function of dis- 
charge time, current density, and certain other factors. It makes possible a 
complete description of cell discharge characteristics, using a minimum of ex- 
perimental data and at the same time pinpointing experimental errors. It can 
also be used to describe cell charges, capacities, power evolution, and to pre- 
dict capacities. A description is given of a simple numerical method for fitting 
this equation to a particular set of battery discharge curves. A graphical 
method is described for comparing characteristics of various types of cells. 

This paper is one of a series whose ultimate goal is 
to determine procedures for designing batteries hav- 
ing optimum properties such as minimum weight or 
minimum volume. In particular, the derivation and 
application of an equation describing cell discharge 
will be discussed. The equation can be used to locate 
variations in the discharge data due to experimental 
error, uncontrolled variables, etc., thus minimizing the 
amount of experimental data needed and cutting the 
costs of evaluation. A complete set of discharge curves 
can be described by a single equation, making it 
possible to present in less space a more detailed de- 
scription of cell characteristics than has been custom- 
ary in many battery papers. 

Derivation and Determination of the 
Discharge Equation 

The mathematical analysis given here is based on 
the assumption that the following conditions are ap- 
plicable: ( A ) .  The anode and/or cathode have por- 
ous active materials. ( B ) .  The electrolyte resistance is 
constant throughout discharge. (C). The cell is dis- 
charged at a constant current. (D). The polarization 
is a linear function of the active material current den- 
sity. 

When ionic discharge is the slow or rate determining 
process, the relationship between steady-state current 
density and activation overpotential at an electrode 
in a constant concentration electrolyte is usually writ- 
ten as 

i = i,emZFIRT - i,,e -(I-ol)nZP/RT [ l l  

Fig. 1. Typical discharge curves used in equation fitting 

where i is the apparent current density in amperes 
per square centimeter, i, is the apparent exchange 
current density in amperes per square centimeter, rr 

is the transfer coefficient (0 6 ol 4 I ) ,  Z is the num- 
ber of electrons transferred in the rate-determining 
step, F is the Faraday, R is the gas constant, and T is 
the temperature in "K. The steady-state activation 
overpotential, q, is positive for the deposition of cations. 

When the exponential terms are expanded as a 
series, powers greater than one can be neglected if q 
is sufficiently small and Eq. [I] becomes 

thus establishing a linear relationship between q and i 
which is fairly accurate up to the values of q equal to 
approximately 0.03~. If Eq. [I] is applicable to a cell, 
the variation of q with change in i can be fitted by a 
straight line within approximately 0.02-0.04~ up to 
values of q equal to about 0.2-0.4~. A potential drop 
of this magnitude would cover the major portion of 
the polarization that occurs during most battery dis- 
charges. 

In Fig. 1, two solid curves, i, and ib ,  are shown which 
represent typical battery discharges. The potential in 
volts is plotted as a function of (it), the quantity of 
electricity that has been obtained from the battery 
at time t. It is assumed in the derivation that follows 
that the polarization is linear to the right of point b 
and b'. If all factors except polarization are ignored, 
then E,, the cathode potential during discharge, is 
defined as 

E, = E,, - K,i, PI 
where E,, is a constant potential, Kc is the cathode 
coefficient of polarization per unit active material cur- 
rent density, and i, is the active material current 
density. The successful use of Eq. [3] as a fundamental 
equation in the derivation that follows does not neces- 
sarily imply that the theoretical factors associated with 
Eq. [11 apply to most battery discharges even though 
both equations are linear. 

In the case of a porous electrode the active material 
current density i,, is defined as being inversely pro- 
portional to the amount of unused active material and 
is also equal to i at the beginning of the discharge. 
Consequently 

Qc 
im = (-)i 

Qe-tt 
[41 

where t is the time at any point during the discharge 
and Qc is the amount of available cathode active ma- 
terial expressed in units such as ampere hours per unit 
area. 
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When Eq. [4] is substituted in Eq. [31 

Qc 
E~ = ~ m -  ~=(-)i 

Qc - 
[51 

Similarly 
Qa 

En = Esa - KG (-1 i 
Q. - at 

[el  

where the subscripts a and c denote the anode and 
cathode values for the constants, respectively. A sign 
convention is used here which makes the value of the 
potential terms positive. 

If Q, is approximately equal to Q,, as it generally 
is in a well designed cell, Eq. [51 and [61 can be 
summed to give 

where E = E, + Ec is the potential of the cell (ne- 
glecting the internal resistance) at any time t during 
the discharge; Es = Esa + Esc is a constant potential; 
K = K, + Kc is the polarization coefficient in ohm cm2; 
and Q = Qa = Qc is the available amount of active 
material in coulombs or similar units per unit area. 

If Q, is appreciably larger than Q ,  then the nu- 
merical increase in the value of the last term in Eq. 
[6] will be small compared to the numerical increase 
in the value of the last term of Ea. r51 as (it) ap- 

charge curves experimentally. However, Eq.' [91 can 
be fitted numerically to experimental discharge data, 
thus determining empirical values of E,, K, Q, N, A, 
and B. Such a numerical equation gives an accurate 
description of the cell or battery discharge and can be 
used to describe energy evolution, cell capacity, and 
can be used in predicting cell capacities. Despite its 
successful applications, it must be considered to be 
an empirical equation since the numerical values of 
K, Q, and N that are determined in this manner will 
vary considerably at times from their true values as 
defined in the basic assumptions. 

There are a number of methods that can be used 
to determine the numerical values of Es, K, Q, N, A, 
and B in Eq. [91 from experimental discharge data, 
most of which are unsuitable. The least squares so- 
lution is particularly involved and time-consuming. 
The following approach is easily applied, rapid, rea- 
sonablv accurate and is used in fitting Ea. r91 to dis- 
charge curves obtained at a number-of current den- 
sities. In Fig. 1, four points, labeled 1, 2, 3, and 4 
have been selected on two discharge curves which 
were obtained at the moderately low current density, 
i,, and the moderately high current density, ib. The 
values of E and (it) at points 1, 2, 3, and 4 are El, Ez, 
El, and E4 and ibtl, iat2, ibt3, and iat4, respectively. 
These four points are chosen to the right of the initial 
potential drop. Thus the value of A exp(-BQ-lit) is 
negligible and the potential at  point 2 is found from - --- . . . . 

aroaches Q, in value. ~onseauentlv: t h e  second term Eq. L y l  be 

bf Eq. [6] can be considered io be Hpproximately con- 
stant and the sum of Eq. [5] and [6] will still have 
approximately the form shown in Eq. [7]. Under these 
conditions the approximate values of K, Q and E, will be 
K = Kc, Q = Qc, and E, = E,, + E8, - K,!. If Qc is ap- 
preciably larger than Q., then the approximate values 
of K, Q, and E, will be K = K,, Q = Q,, and E, = E,, 
+E,, - K,i. Thus Q is determined by the amount of 
available active material on the controlling electrode 
which is the one that fails first. A similar argument 
will show that the same type of equation will be ap- 
proximately true when several cells are connected in 
series to form a battery. 

When the potential drop due to internal resistance 
is considered, Eq. [I]  becomes 

. -  .- - 
where N, the internal resistance per unit area, is 
measured in ohm cm2 or other suitable units. 

When Eq. [81 is evaluated mathematically, a set of 
curves is obtained, one of which, plotted in Fig. 1, is 
a dotted line from a to b and a solid line from b to c. 
The initial drop in potential at the beginning of a cell 
discharge is not included in Eq. [a]. Consequently 
another term must be added to correct for the differ- 
ence between the dotted line potential calculated from 
Eq. [81 and the solid line gb that represents the actual 
discharge potential. It has been found that the expres- 
sion Aexp(-BQ-lit), where A and B are empirical 
constants, gives an excellent estimate of the initial 
potential drop in virtually every case. When this term 
is added to Eq. [a], the final equation 

E = ES - K (L) i - Ni + A exp (-BQ-lit) [9] 
Q - it 

is obtained. In a number of cases the initial drop in 
potential was too rapid to be included in the observed 
experimental data and consequently, the value of A exp 
(-BQ-lit), being negligible, could be ignored. 

That portion of the discharge curve that lies to the 
right of point b in Fig. 1 could be predicted from 
Eq. [91 if the numerical values of E,, K, Q, and N 
were known, providing the basic assumptions were 
true. However, the labor involved in determining these 
values would be so large that it probably would be 
easier, and certainly more accurate, to determine dis- 

Subtracting Eq. [ I l l  from Eq. [I01 gives 

The equation for El - Es is obtained in a similar man- 
ner and is divided into Eq. [12] to give 

When numerical values of E, i, and (it) are taken 
from the discharge data in Fig. 1 and substituted in 
Eq. 1131, a quadratic equation in Q is obtained which 
is solved to give a numerical value of Q. This value 
of Q is substituted in Eq. [I21 and solved to obtain a 
numerical value of K. When these values of Q and K 
are substituted in Eq. [lo] and a similar equation for 
El, two simultaneous equations are obtained which 
may be solved to give numerical values for Es and N. 
When these values of E,, N, K, and Q are substituted in 
Eq. [91, E is obtained as a specific function of (it). 
The calculation of Q by use of Eq. [I31 can generally 
be simplified by choosing point 2 in a manner such that 
iatz equals either ibta or ib t l .  

The two discharge curves, ia and ib, that are chosen 
as a basis for these calculations should be reoresenta- 
tive of the complete set of discharge curves and should 
show no obvious visual discrepancies that would in- 
dicate variations not present in the other curves. They 
are selected in the following manner. If (it) is held 
constant, Eq. [91 shows that the potential E to the 
right of point b in Fig. 1 may be stated as a linear 
function of the current density, i, in the form 

where constant equal 

A fairly good fit to Eq. [14] is shown in Fig. 2 where 
E has been plotted as a function of i for five values of 
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1 Table I. Values of AE in volts 

Fig. 2. Potential during cell discharge vs. current density for 
constant values of (it). The it values in amp-hr/cm2: 0, 0.00266; 
0, 0.00532; A, 0.00798; a, 0.01063; B, 0.01329. 

( i t )  using the discharge data for the lead-zinc cell 
shown in Fig. 4g. The potentials, E at the current 
density, i  = 0.0798 amp/cm2, were considerably lower 
than the straight lines drawn through the correspond- 
ing values of ( i t ) ,  thus showing that this particular dis- 
charge was out of agreement with the remainder of 
the data. Variations this large were not observed as 
a rule. The remaining four values of i  gave good 
straight line fits in Fig. 2. Either of the two low values 
of i  could be used for i ,  and either of the two high 
values could be used for ib. As a rule a plot of E us. i  
for each of two values of ( i t )  will be sufficient to se- 
lect satisfactory values of i ,  and ib. Points such as A 
which were taken past the knee of the discharge curve 
should not be used in making up these charts of E us i .  
Very low values and very high values of i  are avoided 
if feasible in selecting i ,  and ib since these extreme 
values have a tendency to be less accurate. With a 
little experience, i ,  and ib often can be selected on the 
basis of judgment without drawing up a chart such, 
as that shown in Fig. 2. 

If Eq. [9] is a perfect fit for the discharge data, then 
the plot of E us. i  as illustrated in Fig. 2 would con- 
sist of straight lines intersecting on the E axis at E = 
E,. If the plot of E us. i  gives lines that do not intersect 
on the E axis or if they are curves, then Eq. [91 does 
not describe the discharge data perfectly. However, 
Eq. [91 is so adaptable that it can describe such cases 
with good accuracy and it has not been necessary to re- 
ject any data on this account. Discharge data were not 
accepted for study here whenever they were so erratic 
and full of error that a plot of E us. i  did not give 
some semblance of a smooth curve. It was found that 
all of the data that were acceptable on this basis could 
be fitted by Eq. [91. Virtually all of the room tem- 
perature discharge data taken from the literature were 
found to be acceptable. At low temperatures the avail- 
able data were more erratic and less acceptable. 

The points 1, 2, 3, and 4 used to calculate the nu- 
merical values of the parameters K, Q, and N are se- 
lected in the manner illustrated in Fig. 1. A tangent is 
drawn to the high current density discharge curve at 
point d and point f is selected to be O.lv below the 
tangent line. Point d is determined by eye by laying 
a transparent plastic straight edge tangent to the 
curve and adjusting the point of tangency until ibtd 
equals 0.5 ibtf. This method is rapid and sufficiently ac- 
curate. Point e is located in a manner similar to f. 

greater than it is for point f. The value of E for point 
4 is approximately 0.0% greater than it is for point e. 
Point 1 is chosen so ibtl equals approximately 0.5 ids .  
If ibtf/iate is less than 0.7, point 2 is chosen directly 
above point 3 so that i,tz will equal ibt3. If ibtf/iate 
is greater than 0.7, point 2 is chosen directly above 
point 1 so that iot2 will equal ibtl. This procedure gives 
an approximate location of the points which supply the 
numerical data to substitute in Eq. [I21 and [131, and 
make possible the calculation of numerical values of 
K, Q, N, and E, which can be substituted in Eq. 191 
along with values of A and B to give a fairly good nu- 
merical description of the discharge data. Values of E 
vs. ( i t )  for different discharge rates can be calculated 
from this numerical equation and compared to the 
actual discharge data. If the agreement is not good 
enough, it can be improved by the method of successive 
approximations. A new calculation can be made using 
slightly different locations for one or more of the 
four points on the two discharge curves, i ,  and ib. If 
the calculated points were too far away from the 
measured results in the area to the left of some point 
such as 4, it could be corrected by selecting a nfw 
location for point 4 which would be slightly to the left 
of the old location and calculating a new numerical 
equation. The points calculated by this new equation 
to the right o po~nt 4 would be a little farther away 
from the ac tus  discharge data as a rough rule than 
those calculated from the first equation. A fairly good 
fit should be obtained with the first calculated equa- 
tion. If it is at all possible, a very good fit will have 
been obtained by the third calculation. Each calcula- 
tion should take less than one hour of time. 

The calculations thus far are sufficient to give a 
numerical evaluation of Eq. [8], which is plotted in 
Fig. 1 as a dotted line from a to b and a solid line from 
b to c. The difference in potential, 4E, between this 
calculated dotted line of Eq. [9] and the true dis- 
charge potential shown by the solid line gb in Fig. 1 
is approximated by the term A exp (--BQ-lit) in Eq. 
[lo]. In Table I values of 4E us. i t  are given for each 
discharge curve of the Edison cell shown in Fig. 4a. 
The average values of 4E us. ( i t )  in Table I are plotted 
on semi log paper in Fig. 3 and fitted by a straight line 

The value of E for point 3 is approximately 0 .03~  Fig. 3. Determination of AE from numerical data 
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Fig. 4a-g. Comparison of points calculated from discharge 
equations with solid lines representing actual discharges a t  various 
current densities. a. Edison cell, NIOOH-Fe-KOH. Calculated points, 
amp/cell: 0, 2; 0, 10; A, 20; V, 40; A, 60; r, 80; 0, 100; ., 120. 

1.0 

i t  (AMPERE HOURSICELL) 

Fig. 4b. Silver cell, Ago-Zn-KOH. Calculated points, amp/cell: 
0-0,2.5; A-A, 10; H-0 ,60 .  

whose equation is AE = A exp (-BQ-lit) . The inter- 
cept on the ordinate gives the numerical value of A. 
The numerical value of B/Q can be calculated from 
the slope or from a single point taken on the straight 
line. In nearly all cells the value of AE is much less at  
high values of it/Q than in the example shown in Fig. 
3 where AE = 0.006~ at  it equals 50 or it/Q equals 
0.433. In most cells AE would be less than 0.006~ at a 
value of it/Q equal to 0.10 and would be close to zero 
in value at it/Q equals 0.15. If points 1 and 2 were 
chosen in Fig. 4a at  it = 50 then a correction of AE = 
0.006~ should be subtracted from the values of El and 
E2 to be used in calculating the constants in Eq. [9]. 
This value of AE could not be estimated accurately 
until after the first calculation had been made. 

Discussion of the Equation and its Applications 
Experimental discharge data for a number of dif- 

ferent types of batteries have been plotted as solid 
lines in Fig. 4 (1, 2, 3, 4, 5). The potential E is shown 
for various current densities, i, as a function of (it) 
which is expressed in ampere hours per square centi- 

I I I I I I I I I I  
0 10 2 0  30 0 5 0  6 0  10 SO 9 0  IW 

41 I AMPERE HOURSICELL1 

Fig. 4c. Silver cadmium cell, Ago-Cd-KOH. Calculated points, 
amp/cell: 0, 0.625; 0, 2.5; A, 10.0; A, 40.0. 

Fig. 4d. Lead acid cell, PbOz-Pb-H2504. Calculated points, 
amp/cell: 0, 0.8; A, 2; 0, 4; V, 8; 0, 10; A, 20; H ,  40; +, 60; +, 80. 

I I I I I 
,o ,, ,.YlrnC *Wlf,<llLl 

Fig. 4e. Dry cell. Calculated points, amp/cell: V, 0.125; 0, 0.25; 
0, 0.5; A, 1.0; A, 2.0; 0, 3.0; X, 4.0; H ,  6.0; +, 8.0. 

meter or ampere hours per cell where the area is not 
known. Equation [9] has been fitted numerically to 
each set of discharge data thus obtaining a different 
numerical equation for each chart in Fig. 4. The nu- 
merical values of the constants for each of these equa- 
tions are shown in Table I1 and are dependent on the 
unit of time, t,  and also on the unit of area used in 
defining the current density. Since the area is un- 
known in most cases, the area of the entire cell is 

Table 11. Values of the parameters in Eq. [91 for various types of cells 

Type cell 
B/Q 

Fig. No. E l .  v K, ohm cell* Q. amp-hr/cell8 N. ohm cell* A, v Cell* (amp-hr)-1 Temp. ' C  Ref. 

Edison 
Siher-zinc 

Silver-cadmium 

Lead acid 
Dry cell 
Ni-Cd 
Lead-zinc 

Room 
27 
27 
27 
27 
25 
25 

- 18 
27 

The word cell is deRned as the electrode area of the entire cell. It is replaced in 4g by cma. Since the area terms cancel out in Eq. [91, 
it is not necessary to know the numerical value of the area. 
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Whenever the calculated values of Es, K, Q, and N 
are the true or defined values and are not affected by 
the choice of the four points, Eq. [9] fits that particu- 
lar discharge data theoretically. Whenever the calcu- 
lated values of E,, K, Q and N are not the true or de- 
fined values and are affected by the choice of points 
1 to 4, Eq. [9] is fitting that particular discharge data 
empirically. In this latter case, there are a number of 
specific combinations of numerical values of E,, K, Q 
and N which will give good fits to a particular set of 
discharge curves. Among these combinations E,  and Q 
will be fairly constant while K and N may vary some- 
what, N becoming smaller as K becomes larger. For 

0 10 20 30  40 50  8 0  10 
example, two individuals fitting Eq. [9] to a particular 

S t  [AMPERE *OURS/CELLI set of discharge curves might get two different equa- 

Fig. 4'. Sintered cell, NiOOH-Cd-KOH, -180C. ti'ns, each of which fit the data quite even though 

Calculated points, amp/cell: 0, 15; A, 24; 0, 65; 0 ,  120; A, 200; th$ ~"y~~~"'Y,~f",'"~~~,"l~P~,"~Cf zt fie- ., 300. oretical fit is generally found in the presence of one 
or more of the following conditions: the discharge data 
covers a narrow range of current densities, the poten- 
tial drop due to polarization is low, the electrolyte 
does not change in composition during discharge, the 

., slope of the discharge curves before the knee is rela- 
, tively small, the ratio (it) /Q is fairly large and covers 

, a relatively narrow range of values of ( i t ) ,  and the 
calculated value of N is not negative. Most of these 
conditions can be observed in Fig. 4a. 

\ 
In any case, Eq. [9] is so adaptable that wide vari- 

ations in its constants, particularly K and N, enable it 
to be fitted with good accuracy to a very wide range 

OOi 0J6 0068 Ob, oDj2 00/, 00/6  Oo2 of discharge data. A large increase in the numerical 
in I ~ ~ P E I L  H ~ ~ ~ ~ I ~ ~ ~ )  value of K will be accompanied by such a large de- 

Fig. 49. Pb02-Zn-H2S04 reserve cell. Calculated points, amp/cm2: crease in the value Of that Often be negative 
0, 0.00957; 0, 0.0319; A, 0.0798; W, 0.1595; 0, 0.2393. in value as can be seen in Table 11. Since N is the in- 

ternal resistance in the original derivation and theo- 
retically cannot be negative in value, it is obvious 

taken as the unit area and the current density is de- that Eq. [g] must be considered to be empirical in most 
fined as the amperes Per cell and is equal in value to of its curve fitting applications and there is no reason 
the total discharge current. The points in Fig. 4 are to believe that it should have to describe fully the dis- 
calculated from these equations. It can be seen that charge of every type of battery. 
the calculated points give good fits in every case to In Fig. 2 the measured potential is low for the points 
the solid lines that represent the actual discharge data. at i equals 0.0798 ampYcm2. In Fig. 4g the measured po- 
Thus the information in Table 11 is Sufficient to give tential at this current density is appreciably lower 
an excellent description of the discharge data in Fig. than the calculated potential thus indicating the very 
4 at a considerable savings in space. Equation 191 was strong likelihood of an error in this data. When there 
applied to a wide variety of discharge data from vari- are only three discharge curves and two of them are 
ous types of physically constructed batteries for each correct, it is not possible to tell by this method which 
of the common battery systems. The examples selected one of the three is in error without collecting more 
for Fig. 4 were in each case the one which covered the data. A fourth discharge made at a different current 
widest range of current densities. Equation [91 was density will, if correct, determine which of the other 
also fitted successfully to discharge data from the f01- three curves contains the error. 
lowing systems: PbOz-Cd-HzS04, HgO-In-KOH, air An examination of all of the data fitted by Eq. [9] 
cell-air-Zn-KOI-4 AgC1-Zn-NaCl, PbOz-Pb-HC104, shows that the differences between the calculated and 
CuO-Zn-NaOH, NiOOH-Zn-KOH, Clz-Zn-ZnCl~~ PbOz- the measured results are often larger at the highest 
Sn-HC104, PbOz-Pb-HBF4, HgO-Zn-KOH. No in&- current densities than they are at intermediate current 
vidual curves were omitted in any case. The poorest fit densities. This larger variation can be attributed to 
obtained in all the cases studied was with the dry cell the high relative dispersion of the data; the fact that 
data which is shown in Fig. 4e. Most of the data was the highly simplified calculation methods given here 
taken from the literature and was selected to cover as tend to give the poorest fit at high current densities; 
wide a range of current densities as possible. Un- and the fact that the poorest fit is often obtained at the 
fortunately, the amount of low temperature discharge extreme limits when fitting equations to measured data. 
data was limited and some of it had to be rejected as There is also a tendency for a very few of the calcu- 
erratic when tested by the method illustrated in Fig. 3. lated curves at the lowest current density to have less 

In Fig. 4b and 4c the discharge took place in two slope and a smaller capacity than the observed data. 
steps and it was found that a separate equation could This condition is most noticeable in Fig. 4g and seems 
be fit to each step. The first step in each case is indi- to be most generally associated with batteries whose 
cated by the subscript 1 on the figure number in electrolytes change appreciably in concentration dur- 
Table 11. For example, the equation for the silver cell ing discharge. As a rough empirical. approximation, it 
in Fig. 4b would be is assumed that the drop in potential in a battery is 

37.08 
E = 1.8310 - 0.005138 

directly proportional to the change in electrolyte con- 
centration during discharge, assuming all other factors 
are neglected. Equation (9) can then be written as 

0.00388 i + 0.020 exp (-0.60 it)  

whichever is higher in value. where C is a constant. 
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Fig. 5. Typical discharge curves to be used in numerical calcula- 
tion of C. 

To determine the numerical value of C select four 
points as shown in Fig. 5 which are far enough past 
the initial potential drop for the exponential term to 
be negligible. From Eq. [I51 

E5 = E.,- Kib (L) - Nib - Cibt. I161 
Q - ibts 

and 

Subtracting Eq. [I71 from Eq. 1161 gives 

Similarlv 

From Eq. [I81 and Eq. [I91 

Numerical values of C are calculated from Eq. 1201 
and substituted in Eq. [15]. 

Let E' = E + Cit. 

Then El' = El + Cibtl, Ez' = Ez + Ci,tz, E3' = E3 
+ Cibt3, and Eq' = E4 + Ciot4. If El', Ez', E3', and E4' 
are substituted for El, Ez, E3, E4, respectively, in Eq. 
1101 to 1131, they can be used to calculate numerical 
values of Q, K, N, and E, in the manner previously 
described. 

Numerical values of Eq. 1151 were determined in 
this manner for the lead-zinc cell shown in Fig. 4g 
and found to be 

Calculated points from this equation are shown in 
Fig. 6 to give a better fit to the experimental data 

Fig. 6. Comparison of points calculated from the discharge equa- 
tion with solid lines representing actual discharges a t  various 
current densities. Pb0~-Zn.H2S04 reserve cell. Calculated points, 
amplcmz: 0,0.00957; *,0.0319; A, 0.0798; W, 0.1595; 0,0.2393. 

1.2 
0 1 2 3 4 5 6 7 8 9 l O 1 1  

i t  (AMPERE-HOURS PER CELL1 

Fig. 7. Comparison of the charge data of a Ni-Cd cell with 
the calculated results for various current densities. Nickel cadmium 
cell, Ni-OOH-Cd-KOH. Calculated points, amp/cell: 0, 16.0; A, 
2.5; 0, 0.16. 

Equation 1211 can be obtained from Eq. [9] by re- 
versing the signs of the last three terms. Equation 1211 
has been fitted to the charge of a Ni-Cd cell in Fig. 7. 
The solid lines represent the actual data and the points 
are calculated from the equation 

E = 1.379 + 0.0024 ( 1 - 0.095 it 

i -0.00116 i - 0.08 exp (-0.693 it) 

The use of Eq. [21] in describing the charging of a 
cell has been tested on a very limited amount of data. 
Consequently, it is not yet certain to what extent it 
can be successfully applied. 

The total energy Wt that has been evolved from the 
beginning of the discharge up to time t is defined by 
the equation 

I Y ~ = ~ I E I ~ ~  

Substituting Eq. [8] 

A 

Wt = [E, it + KQi ln (Q - i t )  - Ni2t 

- AQ/B exp (-BQ-lit)]; [23] 

Wt =E,it - KQiln (1 - it/Q) -' - Nizt 

than was obtained by the use of Eq. [91. The constants from an equation describing the dis- 
If the basic assumptions are assumed to be true dur- charge of a Ni-Cd cell at 27°C were substituted in Eq. 

ing the charge of a cell, then the following equation [241 and the total energy evolved at time t was found 
would hold for the potential during charge to be 

Wt = 1.25 it - 0.0238 i In (1 - 1.05 it) -1 
E = Es + K (L) i 4- ~i - A  e x ~ ( - B Q - ~ i t )  1211 

Q - i t  -0.006 izt + 0.0248 11 - e ~ p ( ~ 3 . 8 3  it) 1 [25] 
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Fig. 8. Comparison of the energy evolved during the discharge 
of a Ni-Cd cell with the calculated results for various current 
densities. Sealed nickel cadmium cell, NiOOH-Cd-KOH, 27°C. 
Calculated points, amp/cell: 0 ,  4.5; 0, 0.56; 0, 0.14; A, 0.035; 
A, 0.010. 

I I I I J 
2 ' L 4  5 

a-it 

Fig. 9. Discharge curves showing the potential as a function of 
Q/Q-it for various current densities. Lead acid cell, Pb02-Pb-HzS04. 
Current density, amp/cell: 0, 0.8; A, 2; 0, 4; 0, 8; 0 ,  10; 
A, 20; H, 40; ., 60; +, 80. 

In Fig. 8, Wt in watt hours per cell for a Ni-Cd bat- 
tery has been plotted as a function of t in hours for 
various values of the cell current in amperes. The solid 
lines are obtained from calculations based on numerical 
integration of the actual discharge data. The points are 
calculated from Eq. 1241. The agreement between the 
calculated and the measured results in such cases de- 
pends entirely upon how well Eq. [9] can be fitted to 
the original discharge data. 

Once the discharge is past the initial potential drop, 
the exponential term becomes negligible and Eq. [91 
can be written as 

which shows the potential E to be a linear function 
of Q / ( Q  - i t )  with slope -Ki for any given current 
density, i. Actual discharge potentials were taken 
from the lead acid battery discharge data in Fig. 4d 
and plotted in Fig. 9 against Q / ( Q - i t )  for each of 
nine current densities. Straight lines gave good fits to 
these plotted points. The average value of the K's, de- 
termined from the slopes of each of these nine lines 
was 0.0195 as compared to the calculated value of 
0.0189 given in Table 11. 

In Fig. 9 the values of E for Q / ( Q  - i t )  equals one 
can be seen from Eq. [26] to be 

which shows E here to be a linear function of i with 
slope, - (N  + K ) ,  and intercept, E,. Values of E for 
Q / ( Q  - i t )  equals one were taken from Fig. 9 and 
plotted in Fig. 10 to give a straight line. The numerical 
values of E, and N  determined from this straight line 
were 1.998 and -0.0155 as compared to the calculated 
values of 2.003 and -0.0150 given in Table 11. The 
values of E,, K, and N determined by the two methods 
are virtually identical and show that the graphical 

1 5  ' " l o  CURRENT DENSIT7.i 4 0  IAMPICELLI  60 

Fig. 10. Es-Ni-Ki plotted as a function of current density 

Fig. 11. Discharge curves showing the cell potential during dis- 
charge as a function of the fraction of active material used UD a t  
any given time. 

A, Lead acid 
Al ,  Lead acid 
B, Silver zinc 
B1, Silver zinc 
C, Edison 
C1, Edison 
D, Dry cell 
Dl ,  Dry cell 

Rate Q/ i  
11 hr 14.6 hr 

1 hr 2.8 hr 
11 hr 11.2 hr 

1 hr 1.14 hr 
11 hr 11.3 hr 
1 hr 1.12 hr 

11 hr 25.6 hr 
1 hr 6.4 hr 

method of Fig. 9 and 10 can be used in fitting Eq. [9] 
to discharge data whenever the value of Q  is known. 
If the basic assumption holds true, then Q  can be cal- 
culated from the amount of active material cn the con- 
trolling electrode and the graphical method is ap- 
plicable. In the more empirical applications, such as 
the lead acid battery just shown, the calculated value 
of Q will be somewhat less than the value determined 
from the amount of active material and the graphical 
method would not be accurate. Almost all of the avail- 
able discharge data gave no information on the amount 
of active materials and consequently the feasibility of 
using this graphical method for fitting Eq. [9] to dis- 
charge data has not yet been determined. 

Presentation of Discharge Data 
A study of Eq. [91 suggests the possibility of plot- 

ting battery discharge data against dimensionless quan- 
tities in a manner that would make possible more 
direct comparisons between various types of cells. In 
Fig. 11 the potential during discharge is plotted as a 
function of i t /& where i t /Q is the fraction of active 
material used up at time, t. Discharge data are shown 
here at the 1-hr and the 11-hr rate for four common 
types of cells. The value of i t /& at the end of the dis- 
charge is the efficiency of utilization of the active 
material. In each case, the discharge was assumed 
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to be ended when E equalled E, - Ki - Ni - 0.25~. 
Thus in Fig. 1, curve L,, the end voltage would be 
0.25~ below the voltage at point a. A drop of more 
than 0 .25~ would have precluded the use of much 
of the available data. In Fig. 4 the discharge curves 
are shown as dotted lines wherever they extended 
past this assumed end point. 

Here in Fig. 11 .is a method of comparing at equal 
discharge times such factors as efficiencies, potentials, 
variations of potentials with time, potential drops due 
to internal resistance, etc., for various types of con- 
structions of cells. The two curves at A1 represent 
two different sizes and constructions of lead acid cells. 
Although the difference in discharge characteristics is 
small between these two cells, it could, in many cases, 
be quite large and could be readily demonstrated on 
a chart of this type. Other things being equal, the cell 
size is not important here, since each cell is being 
discharged at a particular value of Q/i that is held 
constant with change in cell size, which is equivalent 
to saying n times the current would be drawn from a 
cell n times as large. The values of Q/i given in Fig. 
11 represent the time each cell would have taken to 
discharge 100% of the active material on the control- 
ling electrode at the particular current density, i. The 
discharge characteristics of the four cells in Fig. 11 
could have been compared by plotting E vs. it/Q at a 
constant value of Q/i such as 10 hr, thus giving a 
slightly different graph. A number of other variations 
can be made of this chart. The vertical axis could be 
the ratio of the discharge potential to the theoretical 
potential. In this case the area under the curve would 
be the theoretical watt hour efficiency. If the vertical 
axis were the ratio of the discharge potential to the 
average charge voltage, E,, the area under the curve 
would be the watt hour efficiency defined by the ratio 
of the output in watt hours to the input in watt hours. 
The equation for this latter curve can be obtained by 
dividing E, into Eq. [9] to give 

where each quantity in brackets or parentheses is di- 
mensionless. In Fig. 11 the values of it/Q were taken 
from Table I1 and are empirical to a certain extent. If 
Q had been calculated from the actual amounts of 
active material on the controlling electrode, its value 
would have been slightly larger and the discharge 
curves in Fig. 11 would be changed slightly. Values of 
(it) per unit weight of active material or per unit cell 
weight, or watt hour efficiencies could have been used 

in place of it/Q for the abscissa in Fig. 11. The im- 
portant thing in each of these cases is that the use of 
some form of dimensionless quantity, or factor closely 
related thereto, as either or both of the coordinates 
enables a quantitative, visual study and comparison 
to be made of the characteristics of certain types of 
equivalent discharges, either for different types of cell 
systems, or different constructions of the same cell 
system, or both. As shown in Eq. [28], the equation 
for each of these cases can be obtained easily from 
Eq. P I .  

Manuscript received Feb. 4, 1965. This paper was 
presented at the Boston Meeting, Sept. 16-20,1962. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1966 JOURNAL. 
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GLOSSARY 

A Numerical value of A e  at (it) = 0 (v) 
Transfer coefficient (dimensionless) 

B Constant parameter (dimensionless) 
C Constant parameter (volt cm2 amp-' sec-1) 
E Cell potential during discharge (v) 
E, Anode potential during discharge (v) 
E, Cathode potential,during discharge (v) 
E, A constant potential parameter (v) 
AE Initial potential drop (v) 

Steady-state activation overpotential (v) a Faraday (coulombs equiv.-I) 
i Apparent current density (amp cm-2) 
i,, Active material current density (amp cm-2) 

Apparent exchange current density lamp cm-2) 
Coefficient of polarization (ohm cm2) 
Coefficient of polarization for anode (ohm cm2) 
Coefficient of polarization for cathode (ohm cmz) 
Internal resistance of cell (ohm cm2) 

. 

Amount of active material on controllinn elec- 
trode as coulombs (coulombs cm-2) - - -  

Amount of active material on anode as coulombs - - ~~~ ~- 
(coulombs cm-2) 
Amount of active material on cathode as (cou- 
lombs cm-2) 
Gas constant (amp volt sec deg-1 mole-') 
Temperature (deg) 
Time (min or hr) 
Energy evolved during cell discharge (amp volt 
sec cm-2) 
Number of electrons transferred in rate deter- 
mining step (dimensionless) 
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ABSTRACT 

The electrode potential of cupric sulfide was measured in aqueous acidic 
solutions of cuprous chloride and cupric chloride, as well as in alkaline solu- 
tions of sulfur and sulfide ions, The redox couples Cu+f/Cuf and S/S-- ex- 
hlbit high reversibility on this electrode material. Nonstoichiometric excess 
sulfur in CuS behaves energetically like free elemental sulfur. The reason 
for the voltage increase observed when elemental sulfur IS added to a cuprous 
chloride electrode is explained by the mechanism that the electrode reaction 
changes from ef CuCl?Cu+Cl- to a redox mechanism, e+CuClz+CuCl+Cl- 
at the CuS' solution interface, whereby cupric chloride is generated by the 
chemical reaction 2CuC1 + S # CuClz + CuS. The principle of coupling a 
chemical reaction with an electrochemical reaction in a closed cycle is shown 
to be of considerable advantage for the construction of certain types of battery 
electrodes. 

As a result of the discovery that electrodes of cu- 
prous chloride in magnesium chloride electrolyte show 
an increased electrode potential when the cuprous 
chloride is intimately mixed with elemental sulfur(l), 
an investigation was undertaken to elucidate the mech- 
anism responsible for this phenomenon. It had been 
observed previously that cuprous chloride and sulfur 
mixtures, when suspended in a chloride electrolyte, 
reacted to form cupric sulfide. This reaction does not 
take place with mixtures of the dry materials in the 
absence of aqueous electrolytes, even when heated to 
the melting point of sulfur, but it proceeds when these 
mixtures are immersed in acidic aqueous magnesium 
chloride solutions according to 

2 CuCl + S -t CuS + CuClz (dissolved) [I] 

The precipitation of CuS was confirmed experimentally 
by x-ray analysis, and the formation of CuClz in solu- 
tion by colorimetry. As early as 1889 Vortmann and 
Padberg (2) described this reaction qualitatively. 

In view of reaction [I], it was considered desirable 
to determine the effect of cupric ion concentration on 
the potential of a cupric sulfide electrode. The pres- 
ent investigation also includes a study of the cupric 
sulfide electrode in solutions containing both cupric 
and cuprous ions, and further in solutions containing 
sulfide ions. 

Electrochemical Prowrties of Metal Sulfides 

An investigation of metal sulfide electrodes in 
aqueous solutions was carried out by Wrabetz, in 
collaboration with Noddack and Herbst (3-5). Accord- 
ing to Wrabetz et al. the electrochemical behavior of 
heavy metal sulfide electrodes in aqueous solutions is 
influenced by the presence of nonstoichiometric excess 
sulfur in these materials. The sulfide electrodes diier  
from a normal electrode svstem of the first or second 

the solute activity in accordance with the Nernst re- 
lationship. Only one measurement with a cupric sulfide 
electrode was described in the work of Wrabetz, and 
its potential was approximately 0.24~ positive to that 
of copper in the cell system Pt/CuS/CuSOc (O.lm)/ 
Cu. The potentials were unstable due to high resistance 
between the loose cupric sulfide powder and the plat- 
inum wire used for making contact. 

Wrabetz et al. (3) were the first workers to sys- 
tematically study the electrochemistry of metal sul- 
fide electrodes in aqueous solutions; prior investiga- 
tions lack quantitative data and are thus of limited 
value. However, a study by Trumpler (6) is pertinent 
since he measured the potentials of a series of metallic 
sulfide semiconductors in solutions containing the re- 
spective cations. He also studied metal sulfide elec- 
trodes in solutions containing sulfide ions and dis- 
solved sulfur (i.e., polysulfide ions), and came to the 
conclusion that sulfide electrodes exhibited the same 
potentials as an inert metallic electrode such as plat- 
inum. 

Cupric sulfide is usually obtained as a lustrous, blue- 
black salt which is insoluble in water and cold dilute 
strong acids, although it dissolves readily in hot, 
moderately dilute nitric acid. Copper(I1) sulfide is 
converted to CuzS at elevated temperature in the 
presence of air, and at lower temperatures in a hydro- 
gen atmosphere. It is slowly oxidized by moist air. 
Copper(I1) sulfide is a semiconductor showing an ex- 
ceptionally high electronic conductivity, having a 
specific resistance in the order of ohm-cm. 
Badecker (7) reports 1.25 x 10-4 ohm-cm and Fisch- 
beck and Dorner (8) give 4 x 10-5 ohm-cm, which may 
be compared with 1.7 x 10-6 ohm-cm for copper metal. 
Cupric sulfide is reported as crystallizing in both the 
hexagonal and monoclinic systems (9). Remy describes 
the crystal structure as hexagonal with the lattice con- 
stants a, = 3.972A, co = 16.344A. 

kind in that only a minute Faradaic current c& fiow Experimental 
without a complete exhaustion of the available excess 
sulfur and a alteration in the composi- The electrochemical study of copper (11) sulfide in 

tion of the electrode surface. It was observed that chloride solutions of copper ions, sulfide ions, or poly- 

many metal sulfide electrodes, in contact with solutions was carried Out by measuring Po- 
containing the corresponding cations, establish a re- tentials both under equilibrium conditions and during 

versible potential. I t  was also found that the metallic flow. The experiments were performed in 'y- 

sulfides, in aqueous solutions containing the respective 'ex glass cells, one of which together with the electric 

cation, have their own electrochemical potential series circuit, is depicted in Fig. 1. All electrode potential 

which is more noble than that of the respective parent measurements with chloride electrolytes were made by 

metals. Many of the metal sulfides, studied in solutions Of saturated reference 
containing concentrations of the cation, (0.241~ us. NHE), with the liquid junction established 

showed the electrode potentials to be determined by in the interconnecting capillary tube. In addition to 
the reference electrode ca~illarv. the cell of Fie. 1 was 

l Present address: LeClanche. S.A.. Yverdon, Switzerland. also prnvfkd with a ~0n'necti& to the count& L ~ L C -  

, 
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Fig. 1. Schematic of apporatus. C, Pyrex test cell: auxiliary Pt 
electrode; E, sample electrode; R, reference electrode; CC, counter 
electrode cell; P, potentiometer; 8, bias box; E, electrometer- 
amplifier; 5, strip chart recorder; PS, power supply; A, ammeter. 

trode compartment and with a gas inlet. Effective 
purging of dissolved oxygen was realized by the con- 
tinuous introduction of a finely divided stream of pre- 
purified nitrogen gas ( 0 2  < 8 ppm) introduced through 
a fritted-glass disk. The nitrogen was purified by pass- 
ing it through a heated column of copper turnings. The 
counter electrode was a 0.6 cm diameter graphite rod 
in a separate compartment, which was connected to 
the test cell by an electrolyte bridge approximately 25 
cm in length. A porous filter paper plug was inserted 
into the electrolyte bridge to reduce convection be- 
tween compartments. The top section of the test cell 
was provided with four standard taper joints which 
held the sample electrode, the platinized platinum elec- 
trode, a gas exit bubble trap, and a thermometer. All 
experimental data were taken at 25°C. 

Potentials were measured by means of both a Rubi- 
con portable potentiometer (+0.0002v) and a General 
Radio type 1230-A DC Electrometer-Amplifier used to 
drive a Honeywell recorder. A bias box was included in 
the electrometer input to avoid switching of the elec- 
trometer polarity during discharge. A multirange con- 
stant current supply provided well regulated currents 
over the desired range. 

Cupric sulfide electrode samples were retained in a 
0.63 cm diameter cavity, drilled into a rectangular 
epoxy block as shown in Fig. 2. The epoxy block en- 

- 
SIDE VIEW 

Fig. 2. Epoxy block sample holder 

Cu/Cu+* ( T H E O R E T I C 2 I _ - I  
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Fig. 3. Cupric sulfide potential as a function of CuClz concen- 
tration. 1.OM HCI, 2 M  total (CI-). Theoretical Cu/Cu+ + couple 
plot assumes yCut + = 1. 

capsulated a graphite rod of spectrographic purity, 
0.63 cm in diameter, to provide contact with the elec- 
trode material in the cavity. The cupric sulfide was 
compacted into the cavity at pressures in the order 
of 3000 psi (150 Ib total force) which was usually suffi- 
cient for cohesive compaction and could not be greatly 
exceeded due to the limited mechanical strength of the 
cast epoxy. Loosening of the pellet was only observed 
after prolonged immersion in acidic electrolytes, and 
this difficulty was eliminated by the addition of a 
few per cent of powdered Teflon to the CuS powder 
prior to compaction. Fisher Certified Reagent CuS used 
in this study was further purified by allowing it to 
remain in contact with a large quantity of 4% HN03 
for 24 hr with intermittent shaking to achieve good 
dispersion. The acid solution acquired a faint blue 
color during this treatment due to the removal of 
copper. The sample was filtered, washed with distilled 
water, and dried at 100°C in air. Electrode potentials 
were measured during periods up to 3 days to insure 
that the stable equilibrium values had been obtained. 

Results and Discussion 
Effect of CuClz concentration on the CuS electrode 

potential.-The dependence of the cupric sulfide po- 
tential (us. saturated calomel) on the concentration of 
cupric chloride is shown in Fig. 3. In addition to the 
molal CuClz concentration indicated, the solutions were 
1M in HC1, with an addition of KC1 adjusted to give a 
total chloride concentration of 2M. The pH values of 
the solutions were maintained essentially constant by 
this procedure, and the extent of complexing of cupric 
chloride ions was maintained constant (10). The cupric 
chloride concentration was varied by more than two 
orders of magnitude while the ionic strength changed 
only from 2.0 to 2.3. Under these conditions the mean 
activity coefficient of cupric chloride can be expected 
to remain nearly constant throughout the series of 
measurements. The results show that the CuS elec- 
trode in a CuClz electrolyte obeys the theoretically 
expected relationship for a divalent ion. The electrode 
responds to the Cu+ + activity in a reversible manner, 
and the potential-log concentration plot of Fig. 3 has 
a slope 0.029 which is in agreement with chat predicted 
by the Nernst relationship 

at 25°C. The theoretical behavior for the Cu/Cu++ 
electrode couple is also included in this graph for com- 
parison, in order to illustrate that the sulfide elec- 
trode is about 0.260~ more positive. This potential in- 
crease of the sulfide electrode can be explained by the 
supposition that the nonstoichiometric cupric sulfide, 
containing excess sulfur in the crystal lattice, can pro- 
mote the following potential determining reaction 
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Fig. 4. Chronopotentiometric curve of CuS polarization during 
charge (oxidation) and discharge. 5 ma (16 ma/cm2); 0.1M CUCIZ, 
1.OM HCI, W total (CI-). 

2e- + Cu+ + + Stc.s) + CuS 
or 

[31 

2e- + Cut  + + n(cus) P CuS [41 

where Stc ,~)  represents excess sulfur and Otc,s) is a 
copper ion deficiency in the CuS lattice. Subtracting 
from [3] or [41 the equation 

2e- + C u + + + C u  
one obtains 

Stcus) + C u P C u S  151 
or 

Otcus) + Cu * CuS [61 

The free energies of Eq. [51 and [61 determine the 
voltage difference between the CuS/Cu+ + electrode 
and the Cu/Cu+ + electrode. The experimental value 
of 0.2,6v, corresponding to a free energy increase of 
AG = -nFE = -11.9 kcal, is very close to the free 
energy of formation of CuS from elemental copper and 
sulfur, namely -11.7 kcal (11). The excess sulfur in 
CuS is therefore shown to be essentially "free" sulfur. 

Cupric sulfide can phenomenologically be considered 
as a "dilute copper metal," analogous to a metal 
amalgam. The "dissolved" Cu+ + ions in CuS are able 
to equilibrate with Cu+ + ions in solution and are able 
to support limited forward and backward electrochem- 
ical reactions. It is evident that deposition of Cu++  
ions into the sulfide can only proceed as long as there 
is excess sulfur (or deficiency of copper) in the CuS 
structure. Dissolution of copper can proceed until the 
surface is so rich in sulfur that conductivity is im- 
paired and strong polarization begins. 

Polarization curves at constant current charge and 
discharge are illustrated in Fig. 4. The CuS/Cu+ + 
couple is relatively easily polarized with slight cur- 
rent flow. No metallic copper is formed during cathodic 
polarization since (Cu+ + )  ions are discharged into the 
CuS crystal where they combine with excess sulfur or 
cation vacancies. During anodic polarization Cu+ + ions 
are dissolved out of the CuS lattice, leaving excess 
sulfur or cation vacancies. On continued cathodic po- 
larization, as the excess sulfur is depleted (or the 
Cu++ vacancies filled), the CuS electrode potential 
becomes polarized to more negative potentials and the 
reduction of cupric ions to cuprous ions becomes the 
predominant reaction. The corresponding reduction 
step is clearly indicated in Fig. 4. 

The CuS electrode in solutions of Cu+ and Cu++ 
ions.-A study was made on the behavior of the CuS 
electrode in solutions containing both Cut  and Cut  + 
ions. Figure 5 shows a plot of the potential (measured 
us. a saturated calomel electrode) against the molal 
ratio of cupric chloride to cuprous chloride. The cu- 
pric chloride concentration was maintained at O.lM, 
whereas the cuprous chloride concentration was varied 
between 0.003 and 0.30 moles per lOOOg of water. 

These solutions also contained 1M HCl to maintain a 
constant pH and the requisite quantity of KC1 to bring 
the total chloride concentration of the solutions up to 
2M (12-15). 

Cuprous chloride powder, dried at 100°C in an inert 
atmosphere, was added to the cell electrolyte after 
removal of dissolved oxygen, and a constant stream of 
purified nitrogen was maintained to prevent contact of 
the solution with air. Both the cupric sulfide electrode 
and a platinized platinum electrode reached the same 
stable potential after equilibration in a given solution. 
The results of the experiments shown in Fig. 5 dem- 
onstrate that the CuS electrode functions as the inert 
part of the redox electrode 

e- + Cut  + + Cut  [71 
with 

E = E,tcuclzlcucl) + (2.3 RT/F)  log (CC~Clzl/[CuCll) 

Anodic and cathodic polarization measurements 
showed that this redox reaction exhibited excellent 
reversibility at the solid CuS surface. High current 
densities could be supported in the forward and reverse 
directions with only small potential changes. To cite 
one example, in a solution 0.10M in both cuprous and 
cupric chloride, with an apparent current density of 
3.2 ma/cmz, the potential decreased 15 mv during re- 
duction and increased 15 mv during oxidation, after 
20 min. The corresponding polarizations for platinized 
Pt were about 380 mv and 60 mv, respectively. The 
reversibility of the redox reaction at the CuS elec- 
trodes was therefore better than that at the platinized 
platinum electrode. From Fig. 5 it is seen that the 
CuS electrode potential in solutions containing both 
monovalent and divalent copper ions is more negative 
than in solutions of cupric ions only, and that the 
potential is dominated by redox reaction [7]. The 
same potentials were realized with a platinized plat- 
inum electrode as with a CuS electrode which sub- 
stantiates that the measured potentials were reversible 
redox values. 

This important result provides a clear explanation of 
the mechanism of a cuprous chloride electrode, con- 
taining sulfur, in a water-activated battery (1). Wet- 
ting of the electrode initiates the reaction between cu- 
prous chloride and sulfur, producing CuS and CuClz 
according to reaction [I]. The cupric ions generated in 
this manner are reduced in a subsequent electrochem- 
ical step, according to Eq. [71, which has been shown 
to be very fast. The excellent reversibility of this redox 
reaction makes possible a relatively high discharge 
current and also dictates that the redox couple will 
determine the electrode potential. The reaction of 
cuprous ions with sulfur replenishes the cupric ion 
concentration and maintains the Cu+ +/Cu+ ratio es- 
sentially constant. In this manner, cuprous chloride 
and sulfur are consumed to form cupric sulfide and 
chloride ions as the end-products of the discharge re- 
action. CuS has been identified as the end-product in 
discharged electrodes by x-ray diffraction analysis. 
This mechanism explains how elemental sulfur ap- 
pears to be readily reducible with little polarization, 
and how the high positive voltage level is attained. 
The Cu/CuCl/Cl- potential in 2M chloride solution at 
pH 0 is about -0.10~ against the saturated calomel 
reference electrode. The Cu+ + / (Cu t )  redox potential, 
as measured by the CuS electrode at very low (Cu+) 
concentrations, is in the vicinity of 0 .35~ (us. SCE), 
as may be seen from Fig. 5. It is evident that a poten- 
tial increase of about 0 .45~ can therefore be attained. 
This increase has actually been realized during ac- 
tivation and discharge of cuprous chloride-magnesium 
batteries by the addition of sulfur to the cuprous 
chloride active material (1). It is thus evident that the 
addition of sulfur can provide a substantial benefit by 
increasing the energy output of this battery system. 

From a thermodynamic standpoint, the maximum 
available voltage increase is given by the difference 
in free enthalpy between the reactions 
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Fig. 5. Cupric sulfide (and platinired Pt) potential as a function 
of the CuCIz/CuCI molal ratio. 0.1M CuCIz, 1.OM HCI, 2M total 
(CI-1. 

e- + CuCl +Cu t  C1- [a1 
and 

e- + CuCl+ S e C u S  + C1- [91 

From the difference in free enthalpy one obtains AE 
- - - AG/nF = 11.7/23.06 = 0.506~. 

Experimental results given in reference (1) indi- 
cate that this theoretical upper limit can be approached 
rather closely. This would mean that the reaction of 
sulfur according to Eq. [I] proceeds to nearly the satu- 
ration concentration of CuC12 in solution, such as to 
render the free energy of reaction [I] equal to zero. 
According to Latimer, reaction [11 has a positive free 
energy of 2.7 kcal if all the reactants and products 
are in the crystalline state and does thus not proceed 
spontaneously. However, for dissolved CuClz at 1M 
concentration the free energy is -2.5 kcal. Thus, the 
equilibrium cupric chloride concentration for reac- 
tion [I] is close to the saturation value of about 5.8M. 

The potential of CuS was also briefly investigated 
in solutions containing only cuprous chloride, but no 
cupric chloride. Oxygen was removed carefully from 
these solutions to avoid oxidation and metallic, oxide- 
free copper powder was stirred into the solution to re- 
move any cupric ions present by the reaction Cu+ + 

+ Cu + 2 Cu+. The electrode potentials were erratic 
and not reproducible. This is apparently due to a lack 
of an exchange between cupric ions in solution and 
in the solid. The hypothetical reaction e- + Cut  + 
Stc.s) e CuS does not seem to proceed because the 
excess free sulfur S(cus) reacts preferably with CuCl 
according to reaction [I], producing cupric ions which 
become potential determining according to reaction 
r71. - - 

There is however one additional reaction which de- 
serves attention in this connection. If an electrode of 
CuS is immersed in a solution of CuCl which is free 
of CuC12, the potential remains considerably higher 
than that of copper in a solution of CuCl. Solutions 
free of CuClz are conveniently prepared by removal 
of oxygen and reacting the CuCl solutions with clean 
metallic copper powder. The reaction 

Cu + cuc12 + 2 CuCl 

removes all traces of divalent copper. 
The electrode potential of CuS in CuCl solution is 

maintained at  nearly the same level even after apply- 
ing small currents in the cathodic direction. I t  was 
established experimentally that the following reaction 
proceeds 

e- + CuCl + CuS+ Cu2S + C1- [lo1 

The product CuzS was identified by x-ray analysis. 
Up to one third of the capacity of CuS could be utilized 
in this manner. In a 0.3M solution of CuCl (1M HC1 

+ 1M KCl) the open circuit voltage of the electrode 
was +0.156v vs. HgzC12, which is 0.271~ above the 
potential of the Cu/CuCl couple. Theoretically, one 
calculates for the couple CuS/CuzS/CuCl/Cl-/CuCl/ 
Cu a voltage of 0.385~. 

Reaction [lo] therefore constitutes a further reserve 
capacity of electrodes containing cuprous chloride and 
sulfur. After exhaustion of the sulfur according to re- 
action [I] and formation of CuS, the cuprous chloride 
can further react according to Eq. [lo], at a slightly 
reduced voltage level. 

Response of the CuS electrode to sulfide ions.- 
Sodium sulfide solutions varying in concentration be- 
tween 0.001 and 0.5M were prepared with 0.5M sodium 
chloride as the supporting electrolyte, and the poten- 
tial of the CuS electrode measured in these solutions, 
using a saturated calomel reference electrode. The pH 
values increased with increasing NazS concentration, 
attaining 13.1 in the 0.5M NazS + 0.5M NaCl solution. 
Sodium sulfide is extensively hydrolyzed in these so- 
lutions 

NazS + Hz0 P NaHS + NaOH 
with 

HS- *H+ + S--;K = 10-14 

From this one calculates for the concentration of 
[HS-I 

where St-- is the total concentration of divalent sul- 
fur present (S-- + HS-). The electrode potentials 
of CuS in sulfide ion solutions are shown in Fig. 6. 
At very low sulfide ion concentrations the potential 
rises to a positive and constant value which must rep- 
resent an adsorption potential by chloride ions. 

The potential decreases sharply as the Na2S con- 
centration is increased above 0.003M and follows sub- 
sequently a straight line on the logarithmic plot, with 
a slope of about 30 mv. 

If the reaction at  the sulfide electrode is written in 
the form 

2e- + Stcus) + H z O e H S -  + OH- [12] 

and at  the mercurous chloride reference electrode as 

2e- + HgClz * 2Hg + 2C1- [I31 
the over-all reaction becomes 

Stcus) + 2Hg + 2C1- + H2O *HgzC12 + HS- + OH- 
1141 

where StcUs) is the excess sulfur in CuS. One would 
then expect the following potential dependence 

&-#---$ SLOPE r -0030 

Fig. 6. Cupric sulfide potential as a function of log [(St--)/ 
(Ht + where (St--) = total NazS concentration. 0.5M 
NaCI. 
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since (Cl-) concentration was maintained constant. 
This would predict a slope of -0.029v, when the poten- 
tial is plotted against the logarithmic term. The ex- 
perimental results of Fig. 6 agree well with this pre- 
diction. 

The deviation between the experimental and theo- 
retical slope is due to a dissolution of sulfur and the 
presence of polysulfides in the more concentrated sul- 
fide solutions, as shown below in greater detail. 

The standard potential of the couple 
2e- + S * S-- 

at pH 14 is -0.72~ us. calomel according to Latimer. 
This value checks well with the experimentally 

measured value extrapolated with the help of refer- 
ence (15), from the data of Fig. 6, to a concentration 
of 1M at pH 14, which is another indication that the 
excess sulfur in CuS is essentially "free." 

It has been pointed out that sulfur readily dissolves 
in alkaline solutions. Hickling (16) has studied the 
behavior of solutions containing both dissolved sul- 
fur and sodium sulfide, on inert electrodes. He found 
that the dissolved sulfur species were able to support 
a reversible redox potential and high currents in the 
forward and backward direction. Also Gerischer (17) 
reports that the electrochemical oxidation of sulfide to 
sulfur can proceed with high efficiencies. It was of in- 
terest to measure the redox couple 

2e- + S<dlssolved) + Hz0 * HS- + OH- 1161 
on CuS electrodes. 

Solutions containing sulfur and sulfide in varying 
concentrations were prepared, and the voltage of CuS 
in these solutions measured against a calomel reference 
electrode. The potentials showed extreme reversibility 
and were established with ease. Forward and back- 
ward electrochemical reactions could be maintained 
with very small polarization. It was discovered that 
on CuS the redox couple was even more reversible 
than on platinized platinum. 

According to Eq. [I61 one obtains for the potential 
E = E,,(S/SH-) - (2.3 RT/2F) log 

[cs~--I/{[sI ( [H+I  + 10-~41)1 ~ 1 7 1  
Figure 7 confirms this behavior; the slope checks ex- 
cellently with the theoretical value. These results are 
in agreement with the data reported by Hickling and, 
moreover show that Eq. [I71 can be applied to solu- 
tions of different pH values. 

Conclusions 
1. Cuprous chloride reacts with sulfur in acidic 

aqueous chloride solution to produce cupric sulfide 

Fig. 7. Cupric sulfide (and platinized Pt) potential as a function 
of log (zS)/(ES=)~ Total sulfide concentration, (ZS=), corrected 
hydrolysis by [HC] [Sz1/[HS-1 = 10-14; 0.5M NaCI. 

and dissolved cupric chloride; the latter reaches an 
equilibrium concentration close to saturation. 

2. The increase in voltage observed when sulfur is 
added to a cuprous chloride electrode in acidic mag- 
nesium chloride solution is caused by the fact that the 
electrode mechanism changes from 

e- + CuC1+ Cu + C1- 
to 

e- + CuC12 + CuCl + C1- 

where the cupric chloride is generated by chemical 
reaction between cuprous chloride and sulfur: 

2CuCl+ S + CuClz + c u s  

If the cupric chloride reaches the equilibrium con- 
centration, the total free energy of formation of CuS 
(11.7 kcal) can be utilized as electrical energy and 
the over-all process can be written in the form 

e- + CuCl + S +  CuS + C1- 

resulting in a theoretical voltage increase of 0.506~. 
Further capacity could be delivered by the electrode 
through the reaction 

e- + CuCl + CuS + CuzS + C1- 

with a theoretical electrode potential increase of 0.38~. 
3. The discovery of this phenomenon is of practical 

importance to the technology of cuprous chloride-mag- 
nesium batteries. 

4. Potential measurements of CuS in solutions con- 
taining either cupric ions or sulfide ions indicate that 
the nonstoichiometric excess sulfur in CuS acts es- 
sentially as "free" sulfur. 

5. In solutions containing both dissolved sulfur and 
sulfides, CuS exhibits the characteristics of a very re- 
versible redox electrode 

2e- + S (dissolved) + S-- 

S-- + H+ S HS- 

6. While Wrabetz (3)  showed that nonstoichiometric 
micro-quantities of excess sulfur in metal sulfides are 
responsible for the high electrode potential of these 
materials in solutions of their cations, the present in- 
vestigation showed that similar over-all effects can be 
achieved with stoichiometric macro-quantities of ele- 
mental free sulfur, mechanically admixed with cuprous 
chloride to form the electrodes, whereby the sulfur 
regenerates continuously the higher oxidation state of 
the electrode couple from the lower oxidation state 
and large current outputs at an increased voltage be- 
come possible. 

7. The utilization of a purely chemical step in the 
production of electrical energy according to the scheme 

+ 
A + B chemical C + D 
t reaction 1 
electrochemical reaction 

may have considerable merit in the construction of 
various types of battery electrodes. 

Manuscript received Nov. 30, 1964. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1966 JOURNAL. 
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ABSTRACT 

The corrosion behavior of AISI 304 and 410 steels as well as 23.5 Cr-21.5 Ni 
steels in superheated steam at temperatures between 400" and 600°C was found 
to be influenced markedly by preliminary surface treatments: electrolytic 
polishing, mechanical polishing, milling, lathe-turning, grinding. The treat- 
ments accompanied by cold-working reduced the corrosion rate, the effect 
being retained for long times (at least 2000 hr for AISI 304 steel at 450°C). This 
enhanced corrosion resistance is attributed to the presence of cold-worked 
surface layers which were detected by measurement of x-ray line broadening. 
Electron microprobe analyses of the oxide layers and of the underlying metal 
showed that the oxide is enriched and the metal depleted in chromium and 
manganese. These elements thus seem to diffuse through the cold-worked 
layer toward the oxide. In water, at 300°C and below, the phenomena are more 
complex and not yet fully understood. 

The corrosion of stainless steels in water and steam 
at high temperature has been studied extensively in 
recent years in connection with nuclear reactor con- 
struction (1). One of the factors liable to modify the 
corrosion rate is the initial surface treatment of the 
metal. The studies carried out previously, however, 
scarcely enable the importance of this corrosion factor 
to be evaluated and, above all, to be understood. 

Fowler, Douglas, and Zyzes (2) consider that the 
initial surface treatment does not have an imvortant 
effect on the corrosion of stainless steels in preGurized 
water between 250" and 320°C. On the other hand, 
Friend (3) thinks that roughness is disadvantageous, 
and Roebuck, Breden, and Greenberg (4) recommend 
actual machine finishing or pickling in order to obtain 
good corrosion resistance under these conditions. 
Nevertheless, they consider that the favorable effect 
of these treatments diminishes greatly during long- 
term tests. Videm and Aas (5) show that the surface 
treatment of stainless steels has considerable influence 
on their behavior in water at  high temperature, but do 
not give details of the favorable treatments. Tolstaya 
et al. (6) show that electrolytic polishing decreases 
the corrosion rate by a factor of 2, while Rockwell and 
Cohen (7) put the factor at about 10. On the other 
hand, Ruther and Greenberg (8) found that electro- 
lytic polishing had a disastrous influence on the be- 
havior of stainless steels in steam at 650°C. Stiefel (9) 
indicates that a finely machined surface behaves much 
better in steam at 650°C than a nonmachined surface, 
but does not specify the type of machining. 

In order to try to evaluate and understand the role 
played by the surface treatment, we endeavored to 
distinguish the three characteristics of the surface of 
a metal, as defined by Jacquet (10): 

1. Microgeometric characteristics (roughness). 
2. Chemical characteristics. Pollution and, particu- 

larly, the presence of an oxide film are the most im- 
portant. 

3. Physical or structural characteristics. Disturbances 
in the metallic lattice, either at the microscopic, sub- 
microscopic, or atomic levels, caused by the surface 
treatments. Hardness changes and internal stresses in 
the surface layers are possible consequences of these 
structural disturbances. 

One of the aims of this study was to see which of 
these characteristics could have an influence on the 
corrosion of stainless steels in water and steam over 
a fairly wide temperature range. 

Preliminary Experiments and Objectives 
The first part of the study, published elsewhere (111, 

concerned AISI 304 stainless steel. The curves in Fig. 
1 reproduce the results obtained in autoclaves in pres- 
surized water at 300°C and in steam at  400°C and 200 
atm pressure with specimens which have been sub- 
jected to various mechanical surface treatments or to 
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Fig. 1. Corrosion of AlSl 304 in autoclaves: (a) (left), water at  
300°C; (b) (right), steam at  400°C. 200 kg/cm2. 
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electrolytic polishing. Details of these treatments are 
given in the experimental section of this paper. The 
values reported are averages over many tests, each in- 
volving a large number of specimens which made it 
possible to study statistically the significance of the 
results. It was found that electrolytic polishing appre- 
ciably improved the corrosion behavior in water at 
300°C as compared with the three mechanically treated 
states. In steam at 40O0C, the mechanically treated 
samples behaved better than in water at  300°C and 
became better than the electrolytically polished speci- 
mens. 

The preliminary studies suggested that the follow- 
ing areas should be investigated: (a) to discern if the 
differences observed in water at 300°C and in steam at 
400°C were due to a change in the physical state of 
the water or to the rise in temperature; (b) to cover 
a wider temperature range; (c) to investigate whether 
the surface treatment affected only the initial phase of 
oxidation or whether this effect persisted to longer 
times. The very slight corrosion of stainless steels 
under these conditions did not make it possible to 
study by autoclave tests the corrosion rate after 1000 
hr with sufficient accuracy; (d) to ascertain whether 
other stainless steels behave similarly; (e) to discern 
what surface state characteristic is responsible for the 
observed effects. 

Experimental 
Specimen preparation.-The material used for this 

investigation was mainly AISI 304 stainless steel. Some 
additional tests were made using AISI 410 steel and 
also with a steel containing 23.5% Cr and 21.5% Ni. 

Prior to the corrosion tests, the surface of the speci- 
mens was treated in a standardized manner. Three dif- 
ferent mechanical treatments were used: (i) mechan- 
ical polishing through 600 grit paper, (ii) machine 
grinding with carborundum (grain size 80), and (iii) 
milling. A fourth type of treatment was electrolytical 
polishing in a perchloric-acetic acid bath. These treat- 
ments were followed by a chemical conditioning of 
the resulting surfaces. The standard method was im- 
mersion for 2 min in boiling water. Occasionally, con- 
ditioning techniques were tried in order to check if 
this step in the preparation of the specimens might 
alter the corrosion behavior. Alternate treatments were 
as follows: (a) exposure during 8 days in an air-con- 
ditioned room at 20°C and 50% humidity; (b) immer- 
sion for 2 min in nitric acid of density 1.33 at 20°C; 
(c) pickling during 25 min in a bath composed of 
10% HNO,, 3% HF, and 87% Hz0 at 30°C (a layer of 
6p was dissolved by this treatment). Some of the me- 
chanically treated specimens were heated under Hz, 
A, or in vacuum at 1050°C followed by quenching. The 
specimens were then chemically conditioned by the 
standard method (2 min in boiling water). 

The surface of the treated s~ecimens was examined 

Fig. 2. Measure of the surface cold work of AlSl 304 using 
the half-width of the (111) austenite line. Depth for which the 
ray profile is similar to that of the electrolytic polished state; 
grinding, 5-&; mechanical polishing, 1-2p. 

sulfuric acid. This method, as described previously 
(12), makes it possible to evaluate the number of cou- 
lombs required to reduce the passivation oxides of 
stainless steels as well as the exchange current, ex- 
pressing slow oxidation in sulfuric acid (13). This last 
value may therefore indicate the protection conferred 
by the oxide independently of its thickness. The ex- 
change current values obtained with these different 
chemical treatments vary greatly (13). 

In order to evaluate the thickness of the layers af- 
fected by the various mechanical treatments, the 
broadening of the (111) austenite line in the x-ray 
diffraction pattern of the specimen was measured. For 
this purpose, the method for the study of surface 
layers by grazing emergence of the diffracted beam, 
described by Legrand (141, was adapted to an asym- 
metrically mounted focusing camera. The Kn line of 
copper, obtained from a bent quartz crystal mono- 
chrometer was used. Figure 2 shows the variation in 
the half-peak width of the (111) line measured on 
the photometric recordings. It can be seen that the 
depths of the cold-worked layer depend greatly on 
the mechanical treatment. The method reveals no fur- 
ther surface cold-work for specimens polished through 
600 grit paper, after 2p have been dissolved, whereas 
6p are to be removed from ground specimens, and 
milled specimens are still thoroughly cold-worked at 
a depth of 30#. 

Autoclave tests.-This technique has been described 
previously (15). The water used in all of the experi- 
ments was extremely pure (resistivity reading 20 
Mohm-cm and oxygen content below 15 x 10-6 g/ 

by various methods- the roug6ness of the surface was liter). 
measured with a profilograph Talysurf model 3 (Tay- Measurement the diffused a 
lor-Hobson) ; the results are expressed in terns of the metal is oxidized in oxygen-free water, hydrogen is 
"central line average," henceforth designated as C.L.A. produced. If the specimen under study is in the shape 
which is defined as the mean absolute deviation of the of a small capsule containing water or steam, the hy- 
profile from the center line. Results of these measure- drogen formed diffuses through the walls.   loom et al. 
ments are given in Table I. (16) have shown that it is possible to plot the corro- 

~h~ films formed on stainless steel in various sion-us.-time curve by measurement of the quantity 
media were by cou~ometric reduction in of evolved hydrogen. A longitudinal section through 

the capsules used is shown in Fig. 3. They are small 

Table I. Effect of surface treatment on roughness values of 
AlSl 304 steels 

C.L.A. In microns 

Surface treatment Parallel* Perpendicular* 

The roughness profiles were measured parallel and perpendlc- 
ular to the direction of mechanical surface treatment. 

cylinders of 20 mm diameter and 38 mm length. After 
annealing, all inside surfaces are subjected to the 
specified treatments. Bottom and top are then sealed 
by electron beam welding. The required quantity of 
water is added through the filling tube which is then 
pinched off and sealed by spot welding. The sealed 
capsules are placed in a gas collecting rig, a flow sheet 
of which is shown in Fig. 4. The rig is made of Pyrex 
glass and can hold ten capsules which are placed in 
ten gas collecting chambers heated individually by 
electric furnaces. The gas accumulated in each collect- 
ing chamber is periodically swept into a gas chromato- 
graph for measurement. Because of the high precision 
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Fig. 3. Hydrogen diffusion test capsule 

Fig. 4. Flow sheet of experimental rig for hydrogen diffusion 
measurements: 1, test capsule; 2, gas collecting chamber; 3, bottom 
closure of chamber; 4, thermometer; 5, electric furnace; 6, three- 
way stopcocks; 7, to vacuum line; 8, Penning vacuum gauge; 9, 
flow meter; 10, sealed circulating pump; 11, gas chromatograph; 
12, bottle for calibration gas mixture; 13, argon bottle; 14, high- 
purity pressure reducer; 15, liquid air trap; 16, mercury manometer; 
17, exit gas bubble counter with no return safety device; 18, 
conical ground joint; 19, glass to metal seals. 

croprobe. Specimens oxidized in steam for 1000 hr 
were used for these measurements. 

Table I1 shows the total corrosion values from 1000- 
hr experiments in autoclaves at different temperatures 
in pressurized water and superheated steam for the 
electropolished and mechanically treated states. As 
the three mechanically treated states give very close 
corrosion values, the corrosion results for the milled 
and the electropolished specimens only are indicated. 
The corrosion rate at 500'C is sufficiently high for the 
autoclave measurements to indicate the oxidation 

Table II. Total corrosion values in mg dm-2 after 1000 hr in autoclaves 

Water Superheated steam 

I AISI YO 
EP 

a AISI 104 

, ,/'EP . 
/ / ' 

,,'" 
,' I AISI 410. NT 

,/ SINNLESS 25 EP 

' ,>' A151 104 .-- . STAINLESS n u i  
'UT , 

of hydrogen determination by gas chromatography, 
this method makes it possible to measure accurately 
the low corrosion rate of AISI 304 steel at 300°C after 

Temperature, "C Temperature and pressure 

250°C 350'C 4OO0C 450'C 500'C 600'C 

polished cross sections were prepared after protecting 330 I000 2000 =,  
the oxide by a layer of cobalt deposited electrolytically. 

Variations in composition of the oxide and the un- Fig. 5. Corrosion of stainless steels in superheated steam a t  
derlying metal were determined with the electron mi- 500°C, 70 kg/cme2 (autoclaves). 

1000 hr. This was not possible with autoclave meas- 
urements. - 'E 

Results and Discussion 
E 

The corrosion was evaluated after reduction of the 
oxide layer in a stream of pure hydrogen at 800°C. It 
was always assumed that the metal to oxygen ratio was 
that of magnetite. However, for high corrosion rates, 
i.e., for electrolytically polished specimens at temper- g 
atures above 450°C, the results are given by simple 

Surface 15 35 70 70 70 70 
Stainless Steel Compositions, % treatment 200 250 300 350 kg/cm2 kg/cma kg/cm8 kg/cmn kg/cmz kg/cmr 

4 w .  

3W- 

! .  
2w- 

AISI 304 
0.04 Si 
11.0 Mn 
18.8 

Stainless 25 
(Uddeholm) 

<0.075 Si 
21.5 M n  
23.5 P 
<0.025 

AISI 410 
0.07 Cr 
0.38 Si 
0.021 s 

measurement of the weight gain, as reduction in hy- 
drogen and descaling have proved unsatisfactory. The 100- 
values obtained are thus slightly below the real total 
corrosion values since the metal lost as detached scale 
in the autoclave is not taken into account. 

In order to examine the oxide layers microscopically, 

Milled 
Electro- 

polished 

Milled 

Electro- 
polished 

Milled 

Electro- 
polished 
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Table Il l .  Corrosion rates of AlSl 304 steel in mg dm+ hr-I 
measured by hydrogen diffusion 

Corrosion rates* 

Superheated Superheated 
Measured Water, steam. 300'C steam. 450.C 
at time. hr Treatment 300°C 50 kg/cmz 70 kg/cm* 

lo00 Electropolished 0.003 0.003 0.045 
Lathe-turned 0.008 0.003 - 0.005 

2000 Electropolished - - - 0.040 
Lathe-turned 0.003 

For the calculation of the corrosion rates, the metal to oxygen 
ratio was assumed to be that of magnetlte. 

kinetics, even after 1000 hr (Fig. 5). This is not so at 
300°C. 

  he corrosion rates of AISI 304 steel measured by 
hydrogen diffusion are shown in Table 111. 

These results show that: 
1. The adverse influence of a mechanical surface 

treatment noted for AISI 304 in water at 300°C did not 
occur in superheated steam at the same temperature. 
In saturated steam, however, the results were similar 
to those obtained in water. Below the critical temper- 
ature, the physical state of water must thus be con- 
sidered as an essential factor of the behavior. Between 
250" and 350°C, the corrosion in superheated steam was 
independent of the surface state and was generally 
lower than in water. 

The fact that the corrosion of electropolished speci- 
mens in water was higher at 200" than at 250°C and 
300°C is due to the larger quantity of metal in solution 
in the water at 200°C. It is probable that the trans- 
formation of more soluble ferrous hydroxide into mag- 
netite is slower at 200" than at 300°C (1, 17). 

2. The curves in Fig. 6 summarize the results of AISI 
304 corrosion after 1000 hr in superheated steam at 
various temperatures. The corrosion in this medium, 
which was independent of the surface state up to 350°C, 
was dependent on this factor above 400°C. A mechan- 
ical surface treatment improved the behavior of the 
specimens above that temperature; this improvement 
increased with temperature. At 600°C, the total cor- 
rosion rate of electropolished specimens in 1000 hr 
was more than 50 times greater than that of mechan- 
ically treated specimens. 

3. The hydrogen diffusion data (Fig. 7 and 8) and 
also the 500°C autoclave curves (Fig. 5) clearly dem- 
onstrate that the effect of the surface treatment is not 
a short-term effect; under the conditions employed in 
our experiments, the oxidation kinetics in steam from 
400°C upwards and for exposure times up to 2000 hr 

Fig. 6. Total corrosion of AlSl 304 in 1000 hr in superheated 
steam (autoclaves). 

TlME IN HOURS 

Fig. 7. Total corrosion of AlSl 304 a t  300°C measured by hydro- 
gen evolution. A, X, Water 3W°C; +, 0, superheoted steam a t  
300°C. 

0 
500 loo0 1500 ZWO 

TlME IN HOURS - 
Fig. 8. Total corrosion of AlSl 304 in superheated steam a t  450'. 

7 0  kg/cm2, measured by hydrogen evolution. 

are considerably altered by mechanical treatment. The 
favorable effect of electrolytic polishing on corrosion 
in water at 300°C was retained after 1000 hr. 

4. The favorable effect of a mechanical surface 
treatment on corrosion in steam at high temperature is 
the same for AISI 410 and 23.5 Cr-21.5 Ni steels as for 
AISI 304 steel. On the other hand, electrolytic polishing 
imparts no noticeable improvement on these steels in 
water at 300°C. 

5. The various roughness values obtained by the 
different mechanical treatments do not alter appre- 
ciably the corrosion behavior of AISI 304 steels in 
water and steam. Furthermore. the different methods 
of chemical conditioning of ' the surface did not 
bring about noticeable effects. The pickling of a pre- 
viously electropolished specimen also did not change 
the corrosion behavior of the surface in water and 
steam at high temperature. It is thus impossible to re- 
late the behavior of electrolytically polished specimens 
in this medium to the presence of an oxide film formed 
during polishing as was the case in the corrosion of 
iron-chromium alloys oxidized in oxygen (18). 

The influence of cold-work on the corrosion be- 
havior was shown by the specimens .which had been 
pickled in the nitric-hydrofluoric acid bath after the 
four surface treatments. Only the milled specimen 
which had been cold-worked to a depth greater than 
6c, maintained a low corrosion rate at 500°C after 
pickling, whereas the three other surface treatments 
produced corrosion rates similar to that of the electro- 
polished specimen. All the specimens which were 
quenched from 1050°C behaved similarly in steam at 
500°C to the electropolished specimens. 
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Fig. 9. Section of an AlSl 304 sample marked with a diamond 
point and oxidized foi 1000 hr in steam at 500°C. 

Figure 9 shows a section of an electropolished speci- 
men of AISI 304 steel on which a mark was scribed 
with a diamond point under constant load. The speci- 
men was oxidized during 1000 hr in steam a t  500°C. 
It can be seen that the oxide layer on the area cold- 
worked by the diamond point is distinctly thinner than 
on the remainder of the surface. These results show 
that the improvement in the behavior in steam at  high 
temperature observed after mechanical treatment is 
due to the presence of a cold-worked layer several mi- 
crons thick. 

The electron microprobe analysis of cross sections 
of mechanically treated specimens was not possible be- 
cause after 1000 hr at 500°C in steam the oxide films 
are too thin (0 .G) .  However, surface analysis of a 
specimen was carried out, the depth of penetration of 
the beam being about 3p. The results obtained were 
therefore only qualitative, but a very marked enrich- 
ment of the oxide layer in chromium and in manganese 
was observed. This is shown in Table IV. 

The microscopic study of oxides formed on electro- 
polished specimens has shown that they consist of two 
layers separated by the initial surface of the metal. 
The outside layer is highly crystallized magnetite, free 
of chromium and nickel, whereas the inside layer prob- 
ably resulted from an internal oxidation of chromium 
in a nickel-rich austenite matrix (19).  The chromium 
content of the metal under the oxide layer is given 
in Table V. 

It may be ascertained that no chromium concentra- 
tion gradient is formed in the metal of the electro- 
polished sample, whereas with the mechanically 
treated samples a depletion of the chromium content is 
found in the neighborhood of the oxide, which itself is 
rich in chromium. It is therefore probable that the 
diffusion rate of the chromium is higher in the layer 
affected by the mechanical treatments because of the 
increased number of dislocations in the crystal lattice. 

The film initially formed on the cold-worked sur- 
faces would be greatly enriched in chromium as a 

Table IV. Electron microprobe analysis of a milled specimen of 
AlSl 304 steel oxidized for 1000 hr in steam at  500°C 

Concentrations in % 

Analyzed layer Fe Cr Ni M u  Si 

Original metal 89 18 11 1.5 0.9 
Oxide 59.6 23.8 10 6.2 0.6 

Table V. Chromium content of the metal under the oxide layer 
of AlSl 304 steel specimens oxidized for 1000 hr at  500°C 

Electro- 
Mffled Ground polfshed 

Thickness of the metal APWOX. 
consumed by corrosion 0.4~ OAa 2 r,. 

7 -- -" 

Depth under 
oxide layer, fi Chromium contents in % 

result of this diffusion and might thus afford a greater 
degree of protection against later oxidation of the iron. 
A similar mechanism has been suggested by Poulignier 
et al. (20) to explain the favorable effect of superficial 
cold-work on the oxidization of Cr-Ni-Co-Mo alloys 
in air. 

Conclusions 

The corrosion rate of stainless steel in superheated 
steam at high temperature is greatly affected by the 
initial surface treatment of the metal. The essential 
factor was found to be cold-work which reduces con- 
siderably the corrosion rates. Definition of the surface 
state in terms of its roughness is totally inadequate. 
Pickling or electrolytic polishing are also insufficient to 
define a surface state, because the cold-worked surface 
layers may not have totally disappeared. 

In water at  300°C and below, more complex phe- 
nomena seem to be involved in which the physical state 
of the water, the temperature, and the surface state of 
the metal as well as its composition contribute in a 
manner which is not yet fully understood. The investi- 
gation of these mechanisms is more difficult because of 
the low corrosion values obtained. 

It should be possible to make use in nuclear power 
plants of the considerable improvement in corrosion 
behavior in superheated steam produced by suitable 
surface treatments. 
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The Migration of Metal and Oxygen during 
Anodic Film Formation 

J. A. Davies, B. Domeij, J. P. S. Pringle, and F. Brown 
Research Chemistry Branch, Chalk River Nuclear Laboratories, 

Atomic Energy of Canada Limited, Chalk River, Ontario, Canada 

ABSTRACT 

Beta-ray spectroscopy and radiotracer techniques have been used to study 
the transport of metal and oxygen during anodic oxidation. Both species are 
mobile during oxide film growth on +, Nb, Ta, and W, but in Zr and Hf only 
oxygen transport is observed. Radiotracer measurements showed that the 
amount of metal dissolving in the electrolyte was usually less than 1% of the 
total oxidized, but that for A1 it could be as high as 40%, depending on the 
current density and electrolyte used. 

Although the anodic oxidation of metals has been 
studied extensively in recent years, the nature of the 
mobile species within the growing oxide film has not 
been clearly established. Experimental evidence has 
been presented in Al, for example, to suggest that 
anodic oxidation proceeds by metal ion migration 
(1,2), by oxygen ion migration (3), or by a combina- 
tion of both processes (4,5). 

To resolve such discrepancies, a "transport number" 
experiment is required in which a thin surface layer is 
tagged with a completely immobile marker atom, 
whose position is then followed during the subsequent 
anodic oxidation. If the metal ions alone are mobile, 
new oxide will be formed at  the oxide/electrolyte 
interface on top of the tagged layer, and so the 
marker will become buried. On the other hand, if 
oxygen ions are the only mobile species, the new oxide 
forms at  the metal/oxide interface underneath the 
tagged layer, and so the marker remains close to the 
outer surface throughout the oxidation. 

The ideal marker atoms for such a transport experi- 
ment should be (i) uncharged, so that they do not mi- 
grate under the influence of the applied electric field; 
(ii) large in size, so that they do not diffuse signifi- 
cantly within the oxide lattice; (iii) present in trace 
amount, so that the macroscopic properties of the 
tagged oxide remain unaltered; and (iv) such that 
their depth beneath the surface can be determined 
in situ, without damaging or destroying the oxide layer. 
Previous investigations (1,6) have not fulfilled these 
criteria. 

Radioactive isotopes of the heavier inert gases should 
approximate the ideal marker closely. Of all the pos- 
sible atomic markers, the inert gases are the most 
likely to remain uncharged within the oxide lattice. 
The heavier gases are much bigger than either metal 
or oxygen ions and, if radioactive, can be used in trace 
amounts. Furthermore, the radioisotopes Xel25 and 
Rn222 decay with the emission of monoenergetic con- 
version electrons and a particles respectively, and so 
their depth beneath the surface of a solid can be 
measured in situ by means of high precision nuclear 
spectroscopy (7,8).  

Our earlier experiments on the anodic oxidation of 
A1 and Ta in aqueous solution (3) showed that the 
Xe125 markers in anodic A1203 remained very close 
to the outer surface. We also noted that an appreciable 
amount of aluminum went into solution during anodiz- 
ing, which suggested that aluminum ions might be 
mobile but were not building oxide at the outer sur- 
face. Subsequent experiments (4,5) showed that the 
final location of the marker atoms within the alumi- 

sible, at least in part, for oxide growth. We have now 
found that the amount of aluminum going into soh- 
tion during anodizing also varies with the current 
density; obviously, this loss must be considered in 
assessing the relative importance of cation mobility in 
the growing oxide. 

Consequently, it was decided to carry out a more de- 
tailed radiochemical investigation of the anodizing be- 
havior of A1 and Ta. Two types of experiments have 
been used: (i) transport number experiments using 
Xe125 marker atoms as in the previous work (3,5) ; and 
(ii) experiments with neutron-activated metals in 
order to determine the amount of metal ion dissolving 
during the anodic oxidation. The effect of current 
density was studied in both sets of experiments, and 
for A1 the nature of the electrolyte was varied. In 
addition, the anodic behavior of zirconium, niobium, 
hafnium, and tungsten was studied. 

Experimental Procedure 
Xelz5 depth measurements.-In these experiments, 

trace amounts of Xe125 were incorporated in a thin 
anodic oxide layer on the surface of a metal foil. After 
measuring the mean depth of the Xel25 atoms, the foil 
was anodized further to produce a thick oxide film, and 
the mean depth of the Xe125 atoms was again deter- 
mined. The difference in the Xel25 depths, divided by 
the thickness increment of the oxide, gave the fraction 
of the anodic oxide formed outside the Xetz5 layer. 

A previous paper from this laboratory (9) has de- 
scribed the use of an isotope separator for injecting 
Xel25 into solid targets. The Xe125 ions strike one tenth 
of the area of the target, 3.5 x 1.0 cm, as a line 3.5 cm 
long and 0.1 cm wide; the total number of XelZ5 was 
always less than 1012/cm2, and so the atomic con- 
centration of Xelz5 in the tagged layer did not exceed 
20 ppm. A relatively low injection energy, either 3 
or 5 kev, was used to keep the depth of the tagged 
layer small. The Xelz5 could have been injected directly 
into the oxide layer, and a very narrow Xel25 depth 
distribution would have resulted (10). Because of the 
possibility that radiation damage to the oxide might 
affect its anodizing behavior, we preferred to put the 
Xe125 into the metal, and then anodize to convert the 
surrounding metal to oxide. As the distribution of em- 
bedded Xe is known for A1 (9) and W (111, it is pos- 
sible to calculate the anodizing voltage required to 
oxidize just this depth, and suitable voltages for the 
other metals could be inferred. This procedure does 
not eliminate the possibility that radiation damage in 
the metal may affect the anodic oxidation, but it has 
previously . . been shown that this is negligible for A1 

num oxide layer depended markedly on the current (12). 
density used and also on the nature of the electrolyte. with the Xe125 atoms in a very thin layer oxide, 
~t higher current density we observed an appreciable the target was inserted into the source chamber of the 
burying, which shows that metal transport is respon- Chalk River q/i 8-spectrometer and the shapes of the 
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Fig. 1. The K54.96 conversion electron spectra from XelZ5 atoms 
in anodic Al203; 3 kev XelZ5 in Al  subsequently anodized to 
125v. The effect of current densitv is shown. 

21.79 and 155.2 kev electron peaks, arising from K con- 
version of the 54.96 and 188.4 kev nuclear transitions, 
respectively, were measured. The target was then re- 
moved, anodized under the desired conditions, replaced 
in the spectrometer, and the peaks remeasured. Fur- 
ther anodizing and peak measurements were carried 
out as needed. The depth of the Xe1z5 layer after 
anodizing was found from the conversion electron 
spectra by comparing the observed attenuation of the 
21.79 kev peak with that produced by absorbers of 
known thickness (7). The 155.2 kev peak is not signifi- 
cantly attenuated by the absorber thicknesses involved 
in the present work; it was measured to provide a 
normalizing factor for eliminating variations in source 
strength, geometrical efficiency, etc., in the spectrom- 
eter. Sample K54.96 spectra are shown in Fig. 1 for the 
anodization of A1 in aqueous citrate. 

A detailed description of this 8-spectroscopic method 
for measuring small penetration depths has been given 
elsewhere (7). In the article, the method had been 
calibrated against known thicknesses of A1 and Au 
absorbers; it was necessary for the present purpose to 
extend these calibrations to anodic oxides. Accordingly, 
anodized Al and W targets were bombarded with 
monoenergetic Xel25 ions of 1, 40, and 160 kev energy, 
and the Xel25 conversion electron spectra measured. 
The mean penetration depth, % of Xe125 in anodic 
A1203 and WO3 is known accurately as a function of in- 
cident energy from the work of Domeij et al. ( lo),  and 
the targets were anodized sufficiently (70v for W, 125v 
for Al) to ensure that essentially all the X_el25 was 
stopped in the oxide layer. Comparison of R against 
the normalized K54.96 peak height, N, in Fig 2 shows 
that N decreases exponentially w i thx  as observed pre- 
viously for Al and Au. Strictly, the mean "exponential" 
depth, %, defined in the previous article (7) should be 
used for comparison with N, but the discrepancy be- 
tween R and ; is small provided that the thickness 
of the Xe125 layer is also small, as is the case in these 
oxides. 

Xenon penetration depths are not known experi- 
mentally for the other anodic oxides; it was assumed 
that the electron stopping powers of HfOz and TazOs 
were the same as that of WO3. To provide a calibration 
for ZrOz and Nbz05, the mean penetration depths of 
80 kev Xel25 ions in these oxides were calculated from 
the theory of Lindhard (13) and used with the ex- 
perimentally observed K54.96 peak height to construct 
the calibration shown in Fig. 2. These theoretical pene- 
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Fig. 2. Calibration of N, the normalized counting rate a t  the 
natural peak position of the K54.96 line, against the mean depth, 
& o f  the XelZ5 atoms in anodic oxides. 

tration depths, 11.9 cg/cm2 for ZrOz and 11.5 ,ug/cm2 for 
Nbz05 are estimated to have an error of about 10%; it 
was assumed that the calibration for these two oxides 
was the same. 

Dissolution of metal during anodizing.-A neutron 
activation technique was used to measure the ex- 
tremely small amounts of metal ion that dissolve dur- 
ing anodic oxidation. Metal targets identical to those 
used above were irradiated in the NRX reactor at  a 
flux of 2 x 1013 n cm2/sec until a specific activity of -10 
mc/g was attained. No suitable radioisotope of Nb is 
produced by neutron activation, and the short half 
life of A128 makes it necessary to start with a much 
higher specific activity (approximately 1000 mc/g) in 
order to have sufficient time to carry out the anodic 
oxidation. The irradiated targets were anodized at con- 
stant current to various voltages, and the amount of 
metal dissolved was determined by comparing with a 
standard; The latter was prepared by dissolving a 
known weight of the irradiated metal in an identical 
volume of etching solution. 

Target preparation.-The targets were high-purity 
metal foils of dimensions 3.5 x 1.0 x 0.02 cm. Apart 
from W, all targets were polished either chemically or 
electrochemically in order to remove the mechanically 
damaged surface region using the following reagents: 

(a) For Nb and Ta: chemically polished with a 
5: 2: 2 mixture of concentrated H2SO4: HN03: HF acids. 

b) For Zr and Hf: chemically polished in a 45:4: 51 
mixture of concentrated HNOs: concentrated HF: HZ?. 

(c) For Al: electrochemically polished in perchlorlc 
acid-acetic anhydride. 

(d) For W: not polished; the same material was 
used as in ref. (11). 

Immediately prior to use, targets of A1 and W were 
given a final pre-anodizing treatment, which con- 
sisted of the successive formation and dissolution of 
several anodic oxide layers approximately lOOOA thick. 
Unfortunately, no suitable reagent for dissolving the 
anodic oxides of Zr, Nb, Hf, and Ta without attacking 
the underlying metal is known to us, and so this 
pre-anodizing treatment could not be applied. 

Anodizing procedure.-The anodic oxidations were 
all carried out at constant current, using the following 
electrolytic solutions: 

(a) For Nb and Ta: 0.1M NazSO4 in water. 
( b )  For Zr, Hf, and W: 0.4M KNO3 + 0.04M HN03 

in water. 
(c) For Al: (i) Vermilyea's solution A (6),  i.e., 

sodium tetraborate (50 g/l) in 95% ethylene glycol- 
5% water; (ii) ammonium dihydrogen citrate (30 g/l) 
in water. The electrolyte temperature was always 
25°C. 

Results 
Mobility of metal and oxygen.-Before discussing the 

behavior of individual metals, it is necessary to estab- 
lish the significance of the experimental results. For 
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existing oxide does not appear to occur under the 
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takes place (4). 

For the practical determination of t,, account must 
be taken of the finite depth of the Xel25 markers in the 
initial oxide film. Accordingly, differential experiments 
were carried out in which the XelZ5 depth, Dl, was 
measured in the low voltage oxide of thickness W1. 
After anodizing to high voltage to produce an oxide 
film of thickness W2, the depth, Dz, of the Xe125 was 
again measured. The fraction F was then obtained from 

Dz - F=- 
Wz - w1 

The cationic transport fraction, t,,,, is equal to F only 
if no metal dissolves in the electrolyte; if metal does 
dissolve, say a fraction, f, of that giving rise to oxide, 
then 

Fig. 3. Effect of metal and oxygen migration on the final position Niobium, tantalum, and tungsten (Fig. 4).-After 
of an inert marker in an oxide film. bombardment with Xe'25, samples of these three metals 

were anodized to low voltage in order to incor~orate 

this purpose, the oxide is assumed to grow on a plane 
surface, to be of effectively uniform thickness at all 
times, and to be free of flaws; it is also assumed that 
the marker is present in negligible concentration and 
is truly immobile. There are then three possibilities 
for oxide growth; either the metal alone moves, or 
the oxygen alone, or they both move. The effect of 
metal and oxygen mobility on the final marker posi- 
tion is illustrated in Fig. 3. 

If metal ion migration is solely responsible for film 
growth, the fresh oxide layers will be formed at the 
oxide/electrolyte interface on top of the marked layer. 
The situation is complicated, however, by the fact 
that the metal layers consumed during the oxidation 
must be replaced by oxide if the film is to remain in 
contact with the metal. Since the oxygen is, by defini- 
tion, immobile, the oxide film must adjust itself to the 
metal surface by some process of plastic flow deforma- 
tion; under these circumstances, the marker atoms will 
be trapped at  the oxide/metal interface. Such markers 
would, therefore, appear buried by the full depth of 
the oxide film, but no practical example of this has yet 

the Xe125 in the oxide layeryand then reanodiz6d to a 
much higher voltage. No Xe125 was lost from any of 
these oxides during the oxidation process, and only 
trace amounts of metal were found in the electrolyte; 
less than 0.1% for Ta, and less than 0.5% for W. No 
information could be obtained for Nb as no suitable 
radioisotope was available. Oxide thicknesses were ex- 
tracted from the appropriate information in Young's 
book (15). The increase in the XelZ5 depth divided by 
the increase in the total oxide thickness gave the frac- 
tional burying, F,  of the Xelz5; with such a small loss of 
metal to the solution, F approximates the cationic 
transport fraction t, very closely. 

As can be seen from Table I, tm is close to 0.30 for all 
three metals, and so the oxygen mobility is about 
twice that of the metal. The error in each determina- 
tion is probably about 20.03, due to uncertainties in the 
XelZ5 depth; variations in the individual errors quoted 
for the latter are due to differing counting rates in the 
samples measured. The Xe125 depths in Nb205 are less 
reliable because of the larger uncertainty in the cali- 
bration; TazO5 has been assumed to have the same 

been found. 
If the oxide grows entirely by the inward move- I I 

ment of oxygen ions, migrating either directly through 
the oxide or by a series of replacement events, then 
the fresh oxide layers will be formed at  the metal/ 
oxide interface underneath the marked layer. The lat- 
ter will, therefore, remain close to the oxide/electro- 
lyte interface, and no burying of the marker will be u 
observed. LL 

If both metal and oxygen move, the marker atoms 
will be found somewhere in the middle of the film, the 
exact position depending on the relative mobilities of 
the metal and oxygen. Since all the metal ions migrat- 
ing across the marked layer give rise to oxide above it, 
and all the oxygen ions migrating inward to oxide be- 
low, it is evident that the final position of the marked - ANOOIZED 

Z 
layer within the oxide can be used as a measure of the LT 

ionic transport fractions of metal and oxygen. Denoting z 

these fractions by t ,  and to, such that &,, + t o  = 1, it 
follows that t, is equal to F, the fractional burying of 
the marked layer. 

So far, it has been assumed that fresh oxide is formed I t 

only at the surfaces of the existing oxide. This is 21.7 21.8 
E L E C T R O N  E N E R G Y  IN Lev where it must occur if either the metal or the oxygen 

is the sole mobile species. If, however, both are mobile, Fig. 4. The K54.96 conversion electron spectra from Xel25 
the possibility arises that fresh oxide can be formed at atoms in anodic WOs; 5 kev XelZ5 in W subsequently anodized a t  
points within the existing oxide, as suggested by 0.1 ma/cm2. 
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Table I. Niobium, tungsten, and tantalum Table II .  Zirconium and hafnium 

Total Change Change Frac- 
Current Final oxide Xem in oxide in Xem tional 
density, voltage, formed. depth, thickness, depth. burying, 
ma/cm* v /~g/cma pg/cms @cma fig/cma F = tn 

Niobium 
0.1 10 11.3 5.7 f 1.0 
0.1 125 141 3 4 2 6  130 28 0.22 
1.0 10 10.5 4.52 1.0 
1.0 60 63 18.5 f 3 52.5 14 0.27 

10.0 10 8.8 (5) 
10.0 125 110 38 e 4 101 33 0.33 

Tantalum 

Tungsten 
0.1 20 26.8 16.8 f 1.0 
0.1 70 93.8 37 -C 3 67 20 0.30 
1.0 10 12.3 13.5 & 1.0 
1.0 60 73.8 36.5 f 1.5 61.5 23 0.37 

calibration as WOs. No value for the XeL25 depth in Nb 
anodized at 10 ma/cmZ to 10v was measured, and so a 
value of 5 cg/crnZ was chosen. In the light of these 
errors, no significant variation of tm with current 
density or oxide thickness is observed in these metals. 

Zirconium and hafnium (Fig. 5).-As can be seen 
frzm Table 11, the fractional burying, F, of the XelZ5 
in these metals was very small at all the current den- 
sities used. Substantial amounts of Xe1Z5 were lost 
during the anodizing process, together with a small 
loss of metal; we have no data for Hf, but about 0.6% 
of the Zr appeared in the electrolyte. As is well 
known, the anodizing behavior of these two metals is 
much more variable than that of the metals already 
discussed; there is a marked tendency to evolve oxy- 
gen, with resulting lower current efficiency for the 
formation of oxide. Accordingly, the oxide thicknesses 
were calculated from a fixed rate of 20 A/v (15), using 
a density of 5.5 g/cms for ZrOz and 9.7 g/cm3 for HfOz 
(16); the errors in these thicknesses could easily reach 
25%. - -  .~ 

The amount of metal appearing in solution corre- 
sponds to approximately 1.0 pg/cm2 of oxide, and this 
loss is nearly sufficient to account for the magnitude of 
the Xe losses. If the Xel25 tagged layers nearest the 
surface are removed, the depth distribution of the re- 
maining Xel25 will change in such a way that the 
measured mean depth increases. This effect could ac- 

21.7 21.8 
ELECTRON ENERGY IN kcV 

Fig. 5. The K54.96 conversion electron spectra from Xelz5 atoms 
in anodic ZrOz; 3 kev Xe125 in Zr subsequently anodized at 1.0 
ma/cmZ. 

Change 
Xem in oxide Change Frac- 

Current Final Oxide Xe15 re- thick- in X e s  tional 
density, volt- formed, depth, tained, ness. depth, burying. 
ma/cml age, v pg/cmS fig/cmS % pg/cma pg/cmn F = tn 

Zirconium 
1.0 10 11 3.4 2 1.0 82 
1.0 125 138 3.2 -C 1.0 69 127 -0.2 0 
4.0 10 11 13) 

125 138 8 -C 1.5 64 127 5 0.04 
10.0 10 11 (3) 81 

113 124 8 e 1.5 59 113 5 0.05 

Hafnium 
1.0 10 19 3.7 2 1.0 93 
1.0 57 110 8.5 -C 1.0 86 91 5 0.05 

count for at least part of the apparent burying; cer- 
tainly t, is not greater than 0.05. Accordingly, the 
thickening of the anodic oxide in these metals must 
proceed almost entirely by oxygen migration. 

Aluminum.-In solution A.-The results obtained on 
anodizing Al to 125v in solution A (50 g/l sodium 
tetraborate in 95% ethylene glycol, 5% water) are 
given in Table 111. The Xelz5 is completely retained 
in the oxide at  all current densities and occurs at the 
same depths, 31 gg/cmz, within the experimental error 
of 3 cg/crnz. Some 2% of the metal appears in the elec- 
trolyte, the amount decreasing with increasing cur- 
rent density. The mean value of tm calculated from 
these results is 0.58 f 0.04; the error in the individual 
results is greater than this at 0.06, arising largely from 
uncertainty in the Xe depth. 

In these experiments with Al, the preliminary anodi- 
zation to low voltage was omitted, and t, was cal- 
culated by a different method. The mean range,% of 
3 kev Xel25 projectiles in polycrystalline A1 foil is 
known t~ be 2.9 &g/cmZ (9), which corresponds to 5.5 
~g/crnz of AlzOs. This value was then substituted for 
Dl and W1 in the formula already given for F. Oxide 
thicknesses were calculated from the weight gains re- 
c~ rded  by Bernard and Cook (17) at constant current 
in an ammonium pentaborate/glycol electrolyte; rea- 
sonable agreement with a constant voltage calibration 
made in solution A is observed. 
In ammonium citrate (Fig. 11.-The results obtained 
on anodizing A1 to 125v in 3% aqueous ammonium 
citrate are shown in Table IV, and are substantially 
different from those obtained in solution A. In order 
to relate t, to the observed Xe125 depth in the oxide, 
two other factors must be taken into account; the first 
is the dissolution of the A1 in the electrolyte, and the 
second is the loss of Xel25. 

Although the amount of A1 appearing in the electro- 
lyte decreases with increasing current density as in 
solution A, the fraction f is nearly twenty times as 
great at the same current density. It was observed that 
this dissolution occurs only during anodizing; if the 
oxide is immersed in the electrolyte without an applied 
field for a time comparable to the anodizing time, the 
dissolution is negligible. Similarly, if the applied volt- 
age (100v) was less than that used to form the oxide 
( 125v), no dissolution occurred either. These results 
confirm Hoar and Mott's hypothesis (18) that the dis- 
solution of the A1 is field assisted. 

The Xe125 is all retained in the oxide except at  very 
low current densities, where for 0.2 ma/cmZ, the loss of 
8% is insufficient to affect the mean Xel25 depth very 
much. The 69.5% loss at 0.1 ma/crnz, however is in a 
very different category, because the observed Xel25 
depth is then a measure of the Xel25 remaining, which 
may have a very different depth distribution from the 
criginal. Two extreme possibilities can be considered. 
The Xe125 layer can be removed completely from 
69.5% of the surface, the remaining 30.5% being un- 
touched and thus retaining its original depth dis- 
tribution. Under these circumstances, the measured 
depth corresponds to that measured at  other current 
densities, although the significance of the resultant t, 
is open to question. Alternatively, the Xel25 layer may 
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Table Ill. Aluminum 

Aluminum anodized to 125v In solution A 

Experimental results 
Current density (ma/cm2) 
Observed Xe'S depth (pg/cme) 
Observed Xem retention (%I 
Al fraction in electrolyte, F* 

(il Oxide formed (p€!/cm2) 46.9 45.6 45.1 44.2 42.4 
(ii) Oxide equivalent in electrolyte 1.4 1.0 0.9 0.7 0.3 

(i) x F lpg/cmz) 
(iii) Corrected Xem depth 25.9 26.0 28.9 27.2 24.2 

Observed + (ii) - 5.5 (pg/cm2) 
livl corrected oxide thicknvs* 48.3 46.6 46.0 44.8 42.7 

(il t lii) - 5.5 (pg/cm2) 
(vl Cationic transport fraction 0.54 0.56 0.63 0.60 0.57 

t,,, = 11ii1/1ivi 

Values of F in brackets have been interpolated for the purposeof calculation. 

be removed uniformly across the surface, leaving 30.5% 
of the Xel25 behind at all points. In polycrystalline Al, 
30.5% of the 3 kev Xel25 projectiles penetrate more 
than 2.8 pg/crn2, which corresponds to 5.3 pg/cm2 of 
A1203. The net burial of the Xe125 atoms is then 5.5-5.3 
pg/cm2 or 0.2 pg/cm2, not 5.2 pg/cmz as observed. Both 
values have been used in the calculations for Table I 
to give the possible range for tm. 

The oxide film thickness was calculated from data 
available in the literature, as no experimental cali- 
brations were available for the constant current con- 
ditions used here. For aqueous borate electrolytes, 
Young (15) has given an equation relating the current 
density to the field strength across the oxide, from 
which angstrom per volt increments can be obtained 
for any current density. Young, however, measured 
his oxide thicknesses by a method which included the 
charge to form the films as a parameter and apparently 
assumed 100% current efficiency for oxide formation. 
This is not so; as with aqueous citrate, substantial 
amounts of A1 pass into the borate electrolyte. If 
Young's values are corrected for the loss of A1 to solu- 
tion, they become very similar to those obtained by 
Bernard and Cook (17) in ammonium pentaborate/ 
glycol; the latter have therefore been used to compute 
the oxide thicknesses in aqueous citrate as well as in 
solution A. 

Calculations of Table IV show that in aqueous ci- 
trate, tm does vary with current density, from about 
0.37 at 0.1 ma/cmz to 0.72 at 10 ma/cmz. The experi- 
mental error in each value is about lo%, arising both 
from uncertainty in the Xel25 depth and in the frac- 
tion of A1 going into solution; errors in the total oxide 
thickness have relatively little effect, except at high 
current density. The value of 0.72 recorded at 10 
ma/cm2 may not therefore be significantly greater than 
0.58, but the variation of tm with current density in 
aqueous citrate definitely is significant. 

Although there does not appear to be any chemical 
difference between the oxides formed in aqueous and 
nonaqueous electrolytes (15,17), it has long been 
known that A1 tends to give duplex films in the former. 
The outer layer, that next to the electrolyte, has a low 
resistance to the passage of ionic current and is porous 
(19), whereas the inner "barrier" layer is continuous 
and has a high resistance. It is questionable whether 
the films produced here contain pores, as pore forma- 
tion has only been observed, for neutral electrolytes 
like ammonium citrate, on prolonged anodizing at 
about 0.01 ma/cm2 (19,20), which is one tenth of the 
lowest current density used here. The agreement be- 
tween the oxide thicknesses formed in aqueous and 
nonaqueous electrolytes is additional evidence against 
the presence of a porous layer. Nevertheless, these 
citrate films do show similarities to porous films, par- 
ticularly as regards the solution of A1 in the electro- 
lyte. 

No direct measure of the A1 dissolving in the elec- 
trolyte appears to have been made under conditions 
in which the anodic films are known to be porous, but 
values of f can be calculated from data on the amount 
of A1 remaining in the oxide (21,22). Thus on anodiz- 
ing in 15% H2S04 at  21.1°C for 30 min, the fraction f 
ranges from 0.57 at 13 ma/cm2 to 0.44 for 78 ma/cm2. 
This variation is qualitatively similar to that observed 
in the citrate electrolyte, but the f values are somewhat 
greater. It seems possible, therefore, that the variation 
in tm is related to the onset of porous oxide formation. 

Discussion 
The differing results reported in the literature for 

oxygen and metal mobility in these oxides stem from 
incomplete interpretation of the experimental data. 
This arises first from a belief that either the metal or 
the oxygen can move, but not both (2), and second 
from a tacit assumption that the foreign atoms used as 

Table IV. Aluminum 

Aluminum anodized to 125v In 3% aqueous ammonium cltrate 

Exnerimental results 

Current dendty lma/cmQ) 
Observed Xem depth (pg/cmR) 
Observed Xem retention (%) 
Al fraction in electrolyte. F* 

Calculations 
(1)  Oxide formed (pg/cm") 46.9 46.0 45.6 
(ii) Oxide equivalent in electrolyte 20.2 18.9 18.2 

(i) x F (pg/cm2) 
(iB) Corrected Xem depth 20.4-25.4t 23.0 25.7 

Observed + (ii) - 5.5 (pdcm?) 
(iv) Corrected oxide thickness 61.6 59.4 58.3 

(il + (iil - 5.5 (pg/cm2) 
(v) Cationic transport fraction 0.33-0.41 0.39 0.44 

t , ! ~  = liiil/(ivl 

* Values of F in brackets have been interpolated for the purposeof calculatfon. 
t See text for correction applied. 
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markers are themselves immobile. To illustrate, the 
work of Lewis and Plumb (1) will be discussed. 

These workers anodized aluminum at 50v in 3% am- 
monium tartrate and then briefly at 52v in radioactive 
0.1% HzS3504 electrolyte; analysis of the oxide by slow 
dissolution in 5% H3P04-2% CrO3 at  50°C showed that 
almost all the radioactivity was removed in the first 4 
min. The reverse experiment, 15v in the SS504-- 
electrolyte first followed by 50v in tartrate, was also 
performed, whereupon the bulk of the radioactivity 
dissolved between the eighth and fourteenth minutes 
in the stripping solution. Lewis and Plumb concluded 
that the oxide applied first was removed last and, 
hence, that fresh oxide was being formed at the oxide- 
electrolyte interface. However, these workers had ap- 
parently no means of knowing when their oxide was 
completely dissolved, and consequently, in the reverse 
experiment, they had no means of knowing whether 
any oxide was being formed underneath the radioactive 
layer due to oxygen migration. Furthermore their 
interpretation rests on the assumption that the S 5 0 4 - -  
is a truly immobile marker. Were the sulfate ion mo- 
bile, it would, from its charge, tend to move in toward 
the metal-oxide interface, and these experiments could 
then be interpreted solely on the basis of oxygen mi- 
gration. 

Similar experiments have been performed with tan- 
talum, using the film formed in concentrated sulfuric 
acid as the marker layer. Such films dissolve much 
more rapidly in HF than do films formed in dilute 
aqueous electrolytes, and this property has been used 
to analyze the duplex films. Vermilyea (6) anodized 
first in dilute aqueous sulfate, and then in concen- 
trated sulfuric acid, and found that the faster dis- 
solving layer was on the outside of the final oxide 
film. Like Lewis and Plumb, he concluded that metal 
was the mobile species. Franklin, as reported by Young 
(15), carried out the reverse experiment, using con- 
centrated sulfuric acid first and dilute acid second, and 
found that the faster dissolving layer was in the middle 
of the final oxide. Very recently, Cheseldine (14) has 
repeated this last experiment almost exactly, forming 
his marker layer in formic acid rather than concen- 
trated sulfuric. His observations were the same as 
Franklin's, and he concluded that both the metal and 
the oxygen were mobile. His value for t,, 0.48, is how- 
ever rather larger than that reported here. 

It is quite clear that in these experiments on Ta, the 
marked layer has different properties from the rest of 
the oxide, and the same may be true of the S3504-- 
experiments on Al. In an effort to avoid the compli- 
cations of chemically different layers, Amsel and 
Samuel (2) have used 0 1 8  as the tracer during the 
anodization of Al, and determined its position in the 
final oxide by means of nuclear spectroscopy. The in- 
troduction of a marker that is part of the oxidation 
system in principle increases the information that may 
be obtained from the experiment, for the final depth 
distribution of the 0 ' 8  is a function not only of the oxy- 
gen mobility, but of the method by which it moves. 
Difficulty in determining the 018 distribution with 
sufficient accuracy, however, limits the information 
that can be obtained by this nuclear method. 

Amsel and Samuel found that a thin 018 layer put on 
first remained essentially in contact with the metal/ 
oxide interface during subsequent anodization to high 
voltage in an 0 1 6  electrolyte. They therefore concluded 
that either the oxygen was immobile, or that it moved 
in single jumps from one lattice plane to the next, 
so that the order of the oxygen atoms in the oxide was 
conserved. The mixing of the 016/018 layers predicted 
on the basis of the second assumption was not ob- 
served, but even with 100% oxygen transport, it would 
only have been three times the experimental limit of 
detection. Amsel and Samuel's results are not therefore 
in conflict with the present observation of about equal 
metal and oxygen transport in Al. 

The results obtained from previous experiments are 
not therefore in conflict with those reported here, pro- 
vided that the usual assumption is made; that the Xe125 
markers are immobile. The Xe125 could move in these 
oxides for one of two reasons; it could diffuse, or it 
could move under the influence of the applied field 
because it has a net charge. Since no experimental 
evidence can be presented on the second point, it will 
be assumed, for the purposes of the present paper, that 
the Xe is not charged. 

The absence of Xe125 diffusion in these oxides is well 
established. Except for injection energies below 5 kev, 
all the Xelz5 striking the surface of anodic A1203 and 
WO3 remains in the oxide (10). This behavior exactly 
parallels that of the corresponding metals, where the 
low sticking factor at low bombardment energies was 
ascribed to failure of the ions to penetrate to a suffi- 
cient depth in their initial impact (12). Furthermore, 
experiments in this laboratory by Kelly have shown 
that on heating anodic Alz03, no XelZ5 is released be- 
low 600°C, even when the Xelz5 is injected directly into 
the oxide at such low energy, 1 kev, that it must be very 
close to the surface. And finally, the range and the 
range straggling of injected Xe125 ions in anodic A1203 
and W03 agrees well with that expected from the 
theory (13) of Lindhard et al. on the range of energetic 
particles in amorphous solids. 

Although the Xe125 does not diffuse appreciably in 
the static oxide, there remains the possibility that it 
could diffuse in the growing oxide. If so, the distribu- 
tion of the XelZ5 markers in the oxide should broaden. 
The p-ray spectrometry method used here provides 
no information on the depth distribution of the Xel25, 
but in a similar experiment using the closely related 
isotope Rn222, it was shown, by a-particle spectrom- 
etry, that no appreciable broadening of the distribu- 
tion occurs (4). 

Manuscript received Dec. 21, 1964. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1966 JOURNAL. 
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Magnetic Properties and Corrosion Behavior 

of Thin Electroless Co-P Deposits 

J. S. Judge, J. R. Morrison, D. E. Speliotis, and G. Bate 
Systems Development Division, International Business Machines Corporation, Poughkeepsie, New York 

ABSTRACT 

Thin magnetic films of Co-P were prepared in two somewhat different 
electroless cobalt solutions. The magnetic properties and the corrosion behavior 
of these films as a function of thickness was studied. The films exhibited high 
coercivities with a maximum of about 1000 oe at a thickness of BOOA. The mag- 
netic moment of these films was found to decrease on exposure to high 
humidity and moderate temperatures (40"-70°C); this was used as a means 
of studying the extent of corrosion. The extent of corrosion was found to vary 
as the 2/3 power of the thickness of the film. 

Advances in information storage have created an 
increasing demand on the capacity of the storage media. 
For very high density applications, the thinness of the 
recording surface is of the utmost importance. A thin 
recording medium not only facilitates the writing of 
sharper transition regions by the recording transducer, 
but is also better able to resist demagnetization. Metal- 
lic surfaces of chemically deposited Co-P have been 
investigated as recording media (1,2). However, the 
thickness region below 4000A, which is of far greater 
importance for high density recording, has not been 
investigated. It is primarily this region that is the 
subject of our study. 

Two thickness series, produced in somewhat different 
solutions, were examined. The structural and magnetic 
properties of these deposits were investigated. Further- 
more, the magnetic moment of the deposits was found 
to decrease on exposure to relatively mild conditions of 
humidity and temperature. This phenomenon was 
utilized to study the corrosion behavior of the deposits. 

Preparation 
The films were deposited on Mylar substrates which 

were presensitized with the usual SnC12-PdC12 treat- 
ments (3). Prior to this, the Mylar substrate had been 
rendered hydrophilic by a two-step process involving 
immersion first into a hot chromic-sulfuric acid solu- 
tion, and then into a hot sodium hydroxide solution. 

Two somewhat different electroless cobalt solutions 
were used, a sulfate and a chloride solution. The com- 
position and conditions of the plating solutions were: 

Sulfate Chloride 

Temp.: 80'C; pH: 8.7 at 50.C (pH adjusted wlth NH4OH); no 
agitation. 

Thickness, Composition, and Structure 
Figure 1 shows the dependence of the weight of the 

deposit on plating time for the two solutions. From 
the slope of these curves, the plating rates were meas- 
ured to be 1.35 pg/cm~/sec for the deposits from the 
sulfate solution, and 1.12 pg/cm2/sec for the deposits 
from the chloride solution. These weights were deter- 
mined by x-ray fluorescence measurements. 

The weight of phosphorus deposited was also deter- 
mined in this way. The dependence of the weight of 
phosphorus deposited on the total weight of the de- 
posits is shown for the deposits from both solutions in 
Fig. 2. It can be seen from this plot that there is no 
apparent change in per cent phosphorus (within the 
precision of the data) over this thickness range. The 
average phosphorus content obtained from the slope of 
the plots of Fig. 2 is 5.8 2 0.35% and 5.0 .t 0.2% for 
the deposits from the sulfate and chloride solutions, 
respectively. 

Assuming a density similar to bulk cobalt of 8.9 
g/cm3, these films cover a thickness range from 200 to 
5000A. 

The structure of the films was examined by x-ray 
diffraction, and was found to be hcp, with crystallite 

PLATING TIYE 1s.c I 

Fig. 1. Weight of deposits vs. plating time. 

s l m r  w mra,r r*,m., 

Fig. 2. Weight of phosphorus deposited vs. total weight of deposit 
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size ranging from 200 to 700A. This technique gave no 200 

evidence of the whereabouts of the phosphorus. 
The films had a residual compressive stress of + ,,, 

-20,000 psi. This stress was estimated from the curva- 
ture of a sample with plating on only one side (4). 

+ 119 
too j 

Magnetic Properties 
Magnetic measurements were performed using a 

vibrating sample magnetometer and a very sensitive p 
torsion balance magnetometer (5). The variation of ; 
coercivity with thickness is shown in Fig. 3; both 
curves rise quickly from zero to a maximum coer- 
civity at a thickness of 600-700A, and then decrease 0 10 4 10 IW , to  110 IBO IW 100 

,411 (111.1 

more gradually, tending to a constant coercivity of ap- 
proximately 400 oe at very large thicknesses. Referring Fig. 5. Per cent decrease in remanence with time due to corrosion 
to Fig. 3, we distinguish three different regions of the 
depeGdence of coercivity on thickness. Region a (less 
than 200A) is dominated by a large number of super- emu/g for the films from the sulfate and chloride 
paramagnetic regions, resulting in coercivities increas- baths, respectively. The discrepancy between the meas- 
ine ranidlv with increasing aarticle size. Region b ured and calculated values of the magnetic moment ... - -= - - .. . . . . . . .- - . - - - .- - - A ~ - -  ---- ------ ~ 

(300-1000A) is characterized mostly by a single do- of the deposits may be attributed to the presence of 
main region with very high coercivity. It is interesting some cobalt oxide or an amorphous cobalt phase (6). 
to note that this thickness range corresponds to the 
size of the crvstallites. Finallv. region c (>1000A) cor- 
responds to the growth of muikdohain regions. ~ u r t h e r  
support to this interpretation can be derived from Fig. 
4, where the ratio of remanent to saturation moments 
is plotted as a function of the thickness of the deposit. 
In region a, one would expect very low squareness due 
to the presence of superparamagnetic regions. Region b 
is characteristic of individual single domain regions 
with increasing interactions. Finally, region c, with 
relatively high squareness, is characteristic of strongly 
coupled and multidomain areas. 

The magnetic moment density of the deposits was 
found to be 111 emu/g for samples prepared in the 
sulfate bath, and 116 emu/g for samples prepared in 
the chloride bath, and independent of the thickness of 
the deposit. The calculated magnetic moment densities, 
assuming the phosphorus to exist in the films as the 
nonferromagnetic CozP, were 120 emu/g and 125 

Corrosion Behavior 

The corrosion behavior of these deposits was fol- 
lowed by periodically measuring their magnetic mo- 
ments as they were exposed to high humidity and 
temperature. Apparently, because of the thinness of 
these films, and their consequently high surface to 
volume ratio, relatively large percentage changes in 
their magnetic moments occurred 

A torsion balance magnetometer (5) was used in 
these studies This instrument had the necessary sensi- 
tivity for measurements of small changes in remanent 
moment. Sensitive measurements of saturation mo- 
ments were too time consuming to obtain and since 
there was no apparent change in squareness with cor- 
rosion and since the greater sensitivity of the torsion 
balance was necessary, all the corrosion data are 
based on changes in remanent moments 

The sample used was a disk of 1 cm diameter. These 
disks were-placed in a constant temperature-humidity 

3.w I I I 1 I cabinet and periodically removed for measurements of 
Mr. 

Ten samples plated in an identical manner to a 
nominal thickness of lOOOA were subjected to this test 
at  43.5" 2 1.5"C and 80 & 5% relative humidity. A 
typical curve of per cent drop in remanent moment 
us. time is shown in Fig. 5. 

The remanent moment, M,, is related to the amount 
of ferromagnetic (unoxidized cobalt) by the following 

r' r w  relationship 
M, = Sq. M, 

where M, is the saturation moment of the sample and 
Sq. the squareness of the sample. 

UI I I I I 
W 

I003 rm Mm 1003 IWO 
M. = u , ( ~ ) A  =" X A  

awsn rwlcxwso ti, 

Fig. 3. Coercivity vs. thickness; A, chloride; 0, sulfate where W is the weight of unoxidized cobalt, A  the 

Fig. 4. Squareness vs. deposit thickness (sulfate bath) Fig. 6. Per cent deviation from the average change in ten samples 



V o l .  112, No.  7 MAGNETIC PROPER1 

Fig. 7. Dependence of extent of corrosion on initial moment 

Fig. 8. Electron micrograph of electroless cobalt on Mylar 

area of the sample, X = W/A, a, the saturation 
moment per gram 

Mr = Sq. a, XA 

or the fraction of = 5 = - A ~ ~ ~ ~ ,  
cobalt oxidized xo 

then -AX = -AM,X,/M,, = weight per unit area of 
cobalt oxidized. The weight per unit area of oxidized 
cobalt for the IOOOA film has been indicated on the 
right hand ordinate of Fig. 5. 

The reproducibility was evaluated by plotting the 
per cent spread (90% confidence level) in the value 
of the percentage corrosion as a function of time. This 
is plotted in Fig. 6; it shows that "identical" samples 
level out to within k20% of the same final value of 
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Fig. 9. Corrosion vs. time; temperature, 43.5'C; relative humid- 
ity, 80%. 

Fig. 10. Corrosion vs. time; temperature, 65°C relative humidity, 
80%. 

Fig. 11. Deposit stress vs. corrosion time 

corrosion. The necessity of considering the average 
behavior of a number of samples is apparent. 

When the two thickness series previously described 
were subjected to these conditions (43.5"C, 80% R.H.), 
it was found that the change in remanent moment in- 
creased with increasing thickness. This effect is par- 
ticularly apparent, considering only the maximum 
drop in remanent moment after sufficiently long ex- 
posure (i.e., a value at times greater than 100 hr; for 
these purposes (-AMr)~sx is -AMr after 140 hr ex- 
posure, see Fig. 5). The dependence of ( - A M I )  MBX on 
sample thickness was found to best fit an M,,Zf3 de- 
pendence. This dependence is shown in Fig. 7 for sam- 
ples from both solutions. This dependence would re- 
sult if the film were composed of hemispherical clumps 
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the surface area of which increased as the 2/3 power 
of their thickness. Electron micrographs of similar 
samples Iend support to this interpretation (see Fig. 8). 

As a consequence of this thickness dependence, the 
average value of the thickness independent quantity 
-AMr/MTozJ3 has been plotted against time for these 
samples in Fig. 9. These curves show a parabolic or 
logarithmic (the data does not enable one to distin- 
guish) dependence typical of the formation of a pro- 
tective oxidation product. It is interesting that despite 
the difference in early environment (i.e., the plating 
solution), magnetic properties, and composition of the 
samples from the sulfate solution and the chloride 
solution, they exhibit almost identical corrosion be- 
havior. The behavior for both series at  65.5"C and 80% 
relative humidity is shown in Fig. 10. In this case, the 
curve levels out at  the same value of -AM,/MmzI3 but 
rises to this value in about half of the time. 

The residual compressive stress of the deposits in- 
creased in a manner similar to that of the decrease 
in remanent moment. The averaEe stress (estimated bv 

Conclusion 
The magnetic properties of electroless cobalt de- 

posits of variable thickness prepared in different solu- 
tions (a sulfate and a chloride solution) were found 
to be very similar. Furthermore, the variations of the 
magnetic properties with thickness are related to the 
crystallite size growth of the deposits. Magnetic mo- 
ment measurements were used successfully as a very 
sensitive means of studying the corrosion of magnetic 
deposits. The amount of corrosion increased with in- 
creasing thickness, indicating that the deposits became 
rougher at increased thickness, i.e., their surface area 
increased. The advantages of very thin metallic films 
for magnetic recording must be contrasted with the 
danger of significant atmospheric corrosion when their 
surface to volume ratio becomes large. In addition, 
magnetic and recording studies of such materials must 
be undertaken with precautions lest significant cor- 
rosion occurs during the sometimes extended period 
of investigation of specific samples. 

the bent strip method) as a function of exposure timk Manuscript received Sept. 22, 1964; revised manu- 
at 43.5"C. 80% R. H. is shown in Fig. 11. This result script receivedMarch 12. 1965. 
indicates'the formation of a corrosion layer of greater Any discussion of this'paper will appear in a Discus- specific volume than the metal, again indicative of a sion Section to be published in the June 1966 JOURNAL. 
protective product (6). 
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Rotating Disk Study of the Dissolution of 

Zirconium in HF-HNO, 
R. E. Meyer 

Chemistry Division, Oak Ridge National Laboratwy, Oak Ridge, Tennessee 

ABSTRACT 

The rotating disk electrode system was used to determine the rate constants 
of the reaction of zirconium with HF in solutions of HNO3 and HF. The reac- 
tion was found to be first order with respect to HF, and the rate constants de- 
creased slightly as the potential became more anodic. Possible mechanisms ex- 
plaining the role of HF in the dissolution reaction are discussed. 

When zirconium dissolves in aqueous solutions con- 
taining HF, the over-all rate of the reaction is con- 
trolled by the rate of mass transfer of undissociated 
HF molecules to the surface of the electrode (1,2). An 
investigation in detail of the kinetics of this reaction 
requires that the concentration of HF be precisely con- 
trolled and determined at the reaction interface. A 
rotating disk electrode was therefore selected to study 
this system; for, as Levich (3) has emphasized, this 
system provides a uniformly accessible surface, i.e., it 
provides a uniform, determinable concentration of the 
migrating species along the surface of the electrode. If 
this condition of uniform accessibility were not met, as 
would be the case if ordinary methods of stirring were 
employed, the overpotential would vary across the sur- 
face, and complicated current-voltage behavior would 
be observed. 

study of the over-all reaction, therefore, involves the 
study of both the dissolution and film formation reac- 
tions. Some aspects of the kinetics of the film forma- 
tion reaction were reported previously (21, but the dis- 
solution reaction could not be studied until the mass- 
transfer conditions were better defined. In the work 
described here, the rotating disk was used to determine 
the rate constants of this surface reaction and the 
dependence of this rate constant on the potential and 
concentration. All measurements were carried out at 
potentials sufficiently anodic so that the rate of the 
hydrogen evolution reaction was negligible. 

The derivations of the equations describing the rotat- 
ing disk electrode system have been summarized by 
Levich (3). In this reference, it is shown that the flux 
of a neutral particle is given to within a few per cent 
by the expression 

The dissolution of zirconium in solutions containing j = 0.62 D ~ ~ ~ V - ~ ~ I D " ~ ( C ~  - Ci) 
HF appears to be complicated in that in some, and Dl 
perhaps in all cases the reaction proceeds by the con- where j is the flux, D is the diffusion coefficient, v is 
tinuous formation and dissolution of a film (2). The the kinematic viscosity, w is the angular velocity in 
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radians per second, CB is the concentration in the bulk 
of the solution, and Ci is the concentration of the re- 
actant at the interface. If the migrating species is 
neutral, or if the species is charged and there is a large 
excess of inert electrolyte (at least 100 to 11, then the 
current will be given by 

where nF is the charge that is transferred per mole of 
the migrating species, and S is the area of the elec- 
trode. 

In many cases of interest, the rate of the surface 
reaction is comparable to the rate of mass transfer. The 
reaction rate at the surface may be expressed by the 
equation 

I = n'FkSCp [31 

where k is the rate constant, Ci is the concentration of 
the reactant at the interface, and m is the order.1 In 
the steady state 

where A = 0.62 D213y-116. If m = 1, these equations 
may be solved with the elimination of Ci to give 

A plot of 1-1 us. w-112 should therefore be linear for 
a first order reaction, and the rate constant can be de- 
termined by extrapolation of the line to infinite fre- 
quency of rotation (w-112- 0). From the slope of the 
line, the expression nFA can be calculated, and n can 
be determined if the value of D is known (or D can 
be determined if n is known). If the order is not unity, 
the determinations of the order and the constants are 
less straightforward, but various techniques have been 
devised for treating the data (3,4). 

If the rate constant k is large so that the rate of the 
surface reaction is fast compared to the rate of.mass 
transfer, then Cg will be much greater than Ci in Eq. 
[21 and the limiting current will be given by 

and a plot of I-' us, w-112 will go through the origin. 
In this work, a series of determinations were made 

of the current as a function of angular velocity, po- 
tential, and solution composition at  several potentials 
anodic to the open-circuit potential. The rate constant 
k was determined, and n was calculated using esti- 
mates of the value of D. 

Experimental 

In the design of the experiment, the conditions as- 
sumed in the solution of the convective-diffusion equa- 
tion must be maintained. The flow of the solution over 
the surface of the electrode must be laminar, and the 
dimensions of the electrode must be large compared 
to the diffusion and hydrodynamic boundary layers 
and small compared to the dimensions of the cell 
(3,5,6). In practice, the correct conditions are best 
determined empirically by varying the pertinent di- 
mensions of the cell until reasonable results are ob- 
tained. The conditions depend on the degree of pre- 
cision desired. If it is desired to determine diffusion 
coefficients, great care must be taken, for the slopes 
of plots of Eq. [51 are quite sensitive to the hydro- 
dynamic conditions. If rate constants of surface reac- 
tions are desired, then the requirements are relaxed 
slightly as long as reasonable extrapolations can be 
carried out. 

1 In Eq. [31, the n is primed because it does not necessarily have 
the same value as the n in Eq. 121. In the mass transfer expression 
Eq. 121, n refers to the number of Faradays transported for ever; 
mole of HF that reacts with the zirconium at the surface. This 
number would therefore depend on the ratio of zirconium to HF in 
the complex that forms at the surface. The n' in Eq. I31 is the 
number of Faradays transported across the interface for every 
mole of zirconium that reacts and would therefore normally have 
a value of four. 

Fig. 1. Electrode shapes used in rotating disk experiments. The 
outer sections are Teflon. 

The electrode shapes shown in Fig. 1 were tried. In 
each of these configurations, the working surface was 
the end of a cylindrical electrode $4 in. in diameter, 
which was carefully machined perpendicular to the 
axis of rotation. The electrode was then threaded to a 
holder which was mounted so that the eccentricity of 
rotation was less than 0.0015 in. The cylindrical sur- 
faces of the electrode were insulated with a lacquer, 
and Teflon sleeves of various shapes were fitted about 
the electrode. All of these configurations gave the same 
results, and most of the experiments were conducted 
with No. 1 and 4 of Fig. 1. The cell was made of 
Teflon with an outer steel liner for reinforcement, and 
it had an internal diameter of 2% in. and a depth of 4 
in. Varying the depth of the solution and varying the 
position of the electrode did not affect the results. Gas 
inlets and exits were made by leading % in. diameter 
Teflon "spaghetti" tubing through holes in the Teflon 
cell just large enough to insure a tight fit. The satu- 
rated calomel reference electrode was also bridged into 
the solution with the Teflon spaghetti tubing. Varying 
the position of the tip of the tubing did not affect 
the results. The solutions contained the required 
amount of HF plus 1.2M HNO3. The nitric acid served 
to minimize IR drop, to act as an inert electrolyte, and 
to suppress ionization of HF. 

Speed control was effected by a General Radio 
1701-AK Variac speed control driving a 1/15 hp d-c 
motor. This unit gave excellent regulation from about 
100 rpm to 4000 rpm. The angular velocity was deter- 
mined with a General Radio Strobotac. 

During the experiments, the electrodes were held at 
constant potential with a potentiostat. Currents were 
recorded by measuring the potential drops across pre- 
cision resistance with a Hewlett-Packard 425 AR DC 
Microvolt-Ammeter coupled to a Brown recorder. In 
some of the experiments, temperatures were main- 
tained at 25°C with a water bath, but since the tem- 
perature coefficient of the reaction was quite small, 
many of the experiments were conducted at 25' f 1°C 
with the room thermostat. 

Results 
The experimental apparatus was tested by .investi- 

gating the reduction of oxygen on platinum in the 
limiting current region where Eq. [61 should be valid. 
For this purpose, a platinum disk electrode whose ex- 
posed surface area was identical to that of the zirco- 
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Fig. 2. Reduction of oxygen on rotating platinum disk electrode 

0.1M NazSOe 02-saturated, electrode orea = 0.316 cm2. 

nium electrodes was used. Figure 2 shows a plot of log 
I vs. log o for this system. The slope of the line is 0.485, 
which is very close to the theoretical 0.5. A few addi- 
tional experiments were performed in which a large 
glass beaker was substituted for the Teflon container, 
and crystals of KMn04 were placed in the bottom. The 
flow pattern characteristic of rotating disks (3) was 
observed as the Khfn04 dissolved. 

Plots of 1-1 vs. w-l/2 are shown in Fig. 3 and 4 for 
two separate runs. According to Eq. [5], the extrapola- 
tions of these lines determine the fraction 1/n1FkSCs, 
i.e., the reciprocal current at infinite frequency of ro- 
tation. The rate constant, k, was then calculated for 
each experiment, and values of the rate constant are 
recorded in Table I. 

If the reaction were precisely first order with respect 
to the concentration of HF, the values of k would be 
independent of concentration. Instead they tend to de- 
crease slightly as the concentration is reduced to 
0.005N HF, and then they decrease more sharply as the 
concentration is reduced to 0.001N. Possible explana- 
tions for this effect are discussed below. The deviations 
from first order in an individual run did not appear 
to be large enough to affect the validity of the extrapo- 
lation to infinite frequency, for, as shown in Fig. 2 
and 3, the deviations from linearity are not apparent. 

The tendency for the apparent order to be slightly 
greater than unity can also be shown by calculating 
the concentration at the interface by using the follow- 
ing equation, obtained from Eq. [4] 

Fig. 3. Rotating disk plot of 1-1 vs. (rpm)-l'2 for zirconium 
in 0.0213M HF and 1.2M HNO3, 25%. -500 mv vs. SCE, electrode 
area = 0.316 cm2. 

'ROCHEMICAL SOCIETY July 1965 

Fig. 4. Rotating disk plot of 1-1 vs. (rpm)-l/2 for zirconium in 
0.00535M HF and 1.ZM HNOs, 2S°C, -500 mv vs. SCE, electrode 
area = 0.31 6 cm2. 

The numerical or effective order can be determined 
from a plot of log 1 us. log Ci, since the slope of this 
plot is numerically equal to the order. The quantity 
n F A  was obtained from the slope of the plots of 1/1 us. 
l/wllz (Eq. [51) for each run. The average value of 
n F A  for all of the runs in 1.2M HNOs is 32.5. In this 
computation, the units of concentration were moles per 
cubic centimeter and the units of o were rpm. An ex- 
ample of a plot of log 1 us. log Ci is shown in Fig. 5 
where an order of 1.17 was found. For most of the 
runs, the orders found were slightly above unity; 
values between 1.1 and 1.2 were most common. 

The value of the quantity n F A  was checked by an- 
other method of evaluation which took advantage of 
the fact that as the stirring rate tends to zero, the con- 
centration at the interface also tends to zero. Therefore, 
if a plot of I us. ow2 is extended to the origin, the 
slope of the tangent drawn to the line at the origin will 
be given by Eq. [81 [cf. ref. (4)l. 

This method is illustrated in Fig. 6 where i t  is esti- 
mated that n F A  equals 33.7. This value agrees well 
with the values found above. 

The value of n in the product n F A  can be determined 
if the diffusion coefficient and the viscosity are known, 
as shown by Eq. [I]. The viscosity will be given to a 

Table I. First order rate constants for zirconium dissolving 
in 1.2M HN03 and varying concentrations of HF 

Concentration k in em aec-1 
Of NF. 

molelliter -800 mv -500 mv -400 mv -300 mv 
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Fig. 5. Determination of order of reaction for zirconium in 0.010M 
HF, 1.ZM HN03, 25"C, -300 rnv vs. SCE, electrode area = 0.316 
cm2. 

Fig. 6. Rotating disk plot of I vs. (rpm)'l2 for zirconium in 
0.0213M HF, 1.2M HN03, 25"C, -500 mv vs. SCE, electrode 
area = 0.31 6 crnz. 

good approximation by the viscosity of the appropriate 
concentration of HNO,. Since the viscosity enters as the 
1/6 power, it need not be known precisely. To the 
author's knowledge, the diffusion coefficient of HF has 
not been determined experimentally. Further, it is dif- 
ficult to make a reliable estimate of D because the de- 
gree of the interaction of HF with the water is unknown. 
However, because all known values of D in aqueous 
solutions are of the order of magnitude of 10-5 cm2/sec, 
such a value would be expected. From the known 
values of nFA, the product nD213 is calculated to be 
7.6 x 10-4. Therefore, if D is 2 x 10-5, n is about 1, and 
if D is 10-5, n is 1.65. If n would be 4, D would be 
2.6 x 10-6, a value that is probably too low. A value of 
D between 10-5 and 2 x 10-5 seems reasonable for HF 
and would be consistent with a complex containing 

occurring at  or very near the surface is Zr + bHF + 
ZrFb4-b + bH+ + 4e- where b probably has a value 
from 2.5 to 4. (D) There is an effect which tends to 
decrease the rate constants as the concentration of HF 
is reduced. 

If the dissolution reaction were a simple electro- 
chemical reaction with a normal potential dependence, 
then the rate constant, k, should increase as the po- 
tential becomes more anodic. Furthermore, if normal 
values of the Tafel slope are assumed, the current 
would increase by at least two orders of magnitude in 
the 300 mv potential region that was investigated. In- 
stead, values tended to decrease slightly as the poten- 
tial became more anodic. This effect is understandable 
if the potential at the film solution interface where the 
dissolution takes place remains essentially unchanged 
as the over-all potential between the metal and the 
solution is changed. The potential change would then 
occur primarily across the film or the film-metal inter- 
face. This would be in accord with a model, previously 
proposed (21, in which the dissolution reaction occurs 
by the continuous dissolution and formation of the film. 
In this model, the zirconium is oxidized to form a film 
of oxide on the surface, and the dissolution proceeds 
by the action of HF on the zirconium ions at the inter- 
face between the film and the solution. This is also 
similar to the case of passive iron (7) where it is 
observed that the rate of dissolution of the film is po- 
tential independent over a wide potential range. In the 
case of iron, it was assumed that the potential at the 
interface stays constant and is determined by the 
equilibrium 2H+ + O=lattiCe = HzO. A similar equilib- 
rium might also be proposed for the case of zirconium. 

The following scheme seems reasonable for the reac- 
tion mechanism at the interface between the film and 
the solution 

Zr+41attice + HF-t ZrFfS + Hf 
ZrFfS + HF -, ZrF2+2 + Hf - - - - - - - - - - - - - -  

Zrb-14-cb-1) + HF-t ZrFb-3-b + Hf 
The intermediate complexes may either be solution 
complexes at  or near the surface, or they may be sur- 
face complexes in that they are bonded to the film. If 
the first reaction is rate-determining, then the rate of 
the reaction will be given by the expression 

where kl is the rate constant for the first reaction. If 
the succeeding complexing reactions occur rapidly in 
the solution at or very near the interface, a value of 
n in agreement with the results could be obtained. 
The complexing reactions must occur in a distance 
small compared to the width of the diffusion boundary 
layer so that the complexing affects the value of the 
concentration of HF at the interface. If the complexing 
reactions occurred in the bulk of the solution, then 
the value of n found experimentally would be four, 
because four units of charge (the Zr+4 ion) would be 
removed from the interface for every reacting HF 
molecule. The actual value of n is probably from 1 to 
1.65 as shown above. Therefore, Eq. [91 could represent 
the correct mechanism if the complexing occurs at or 
near the interface. 

A similar kinetic equation would result if some or 
all of the complexing reactions occurred with surface 
atoms as in the following scheme 

from 2.5 to 4 fluoride ions per zirconium ion. The - - - - - - - - - - - -  
charge on the zirconium ion is assumed to be four. Z rFb-~~- (~ - l )  lattice + H?? -t ZrFb4-b + Hf 

Discussion In this scheme, all but the last complex is formed on 

The essential results may be summarized as follows: the surface of the film. The expressions for the rates of 

(A) The reaction rate constant, k, is almost potential these reactions are 

independent. (B) The reaction at  the surface is first 
order with respect to HF. ( C )  The over-all reaction 

= k~ (HF) (1 - %: ~9~ ) [lo] 
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In these equations, the e's represent the coverages of 
the various complexes on the surface. 

In the steady state, the r's are equal and 

kl (HF) 1 - 2 en = k2 (HF) el = . . . = kb (HF) Rb-1 ( 2) 

Since there are (b - 1) equations in ( b  - 1) unknowns 
(the values of en), this set of equations may be solved 
to give any of the values of on in terms of the rate con- 
stants. Therefore, the resulting current expression 
will have the form 

I = nFKS (HF) [I51 

where K is a combination of rate constants.2 This has 
the same form as Eq. [9], and unfortunately, there 
seems to be no way of distinguishing between these two 
possibilities. 

As noted above, the reaction is not exactly first 
order, but the effective order is slightly greater than 
unity. According to the above mechanisms, one would 
expect an exact first order. A possible clue to this 
behavior is provided by the experiments in 0.12M 
HNO3. Although the concentration of HF is essentially 
unchanged, the rates are greater than the rates at the 
same concentration of HF and 1.2M HN03. It may be 
that the nitrate ion, which is present in large relative 
quantities, competes with the HF molecules at the 
interface. At high ratios of HN03 to HF, the reaction 
may be slightly inhibited. The ratio of HNO3 to HF is 
decreased as the stirring rate is increased, and the rate 

2 If, for example, b equals three, then K = (k~kskr)/(ktkp + kllc. 
+ klk8). 

would then increase faster than if a normal first order 
mechanism were operating. 

Another possibility is that at the lower concentra- 
tions of HF, a thicker film may be formed on the sur- 
face [cf. ref. (2)l .  Relatively thick films may be more 
resistant to the action of HF as compared to the very 
thin films formed in the more concentrated solutions. 
Therefore, as the HF concentration at the interface is 
changed by varying the rotational velocity, the film 
may vary in thickness, and, if the thicker films are 
more resistant, the effect would be to increase the order 
slightly above first order. This effect would also ex- 
plain the slight decrease in rate at constant concentra- 
tion as the potential is made more anodic, for at the 
more anodic potentials, thicker films are formed (2). 

It is also possible that the above systems of equations 
do not describe this system correctly, and that a more 
complex mechanism leading to an order of 1.2 occurs. 
However, the mechanisms described above seem to be 
the simplest that will describe the data. 

Manuscript received Nov. 19, 1964; revised manu- 
script received Feb. 23, 1964. This paper was presented 
at the Washington Meeting, Oct. 11-15, 1964. The re- 
search was sponsored by the United States Atomic 
Energy Commission under contract with Union Carbide 
Corporation. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1966 JOURNAL. 
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Electronic Paramagnetic Resonance Study of the Thermal 

Decomposition of Dibasic Calcium Orthophosphate 

J. A. Parodi, R. L. Hickok, W. G. Segelken, and J. R. Cooper 

Lighting Research Laboratory, Lamp Division, General Electric Company, Cleveland, Ohio 

ABSTRACT 

Electronic paramagnetic resonance (EPR) spectra of trace quantities of 
Mn+z in solid solution in CaHP04.2H20, CaHPO?, 7-CazPz07, 8-CazPz07, and 
a-CazPz07 are given. The utility of EPR in following phase changes is demon- 
strated. The transition from p-CazPz07 to a-CazPz07 is established as occurring 
within the temperature range, 1171"-1179". The results of hydrothermal ex- 
periments indicate that 7-CazPzO7 is a metastable phase. It is established by 
EPR that the amorphous gel formed as an intermediate in the dehydration- 
recrystallization of CaHPOa.2HzO is in dynamic equilibrium with the solution 
phase. 

Although electronic paramagnetic resonance (EPR) In the following paper the EPR of Mn+z is used to 
has been used extensively in physics research and free follow the thermal decomposition of dibasic calcium 
radical chemistry (1,2) since it was discovered by orthophosphate dihydrate, beginning with the dehy- 
Zavoyskiy (3) in 1944, it has had rather limited use in dration to CaHP04 and followed by pyrolysis to 
the study of solid-state chemical reactions. It has been r-CazPz07 with subsequent inversions to p-Ca~P207 
used to study the effect of pressure (4) and also of im- and a-CazPz07. 
purities (5) on the hexagonal to cubic phase trans- The mechanism of dehydration of CaHP04.2H20, 
formation of ZnS, and to follow the course of the syn- which has been studied by Vol'fkovich and Urusov 
thesis of calcium fluorophosphate (6). Phase changes (7), BoullC and Dupont (8-lo), and Rabatin, Gale, and 
were followed by observing the EPR spectrum of Newkirk ( l l ) ,  is dependent on the partial pressure of 
manganous ion introduced in solid solution in the con- water vapor in contact with the salt and on the method 
centration range of 0.005-0.05% by weight. of preparation. Dehydration is favored by high hu- 
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midity; indeed the recrystallization of CaHP04.2H~q 
to CaHP04 goes to completion very readily above 75 
in water (10). Chiola and Vanderpool (12) state that 
CaHP04 is formed by the dehydration of CaHP04.2HzO 
in aqueous medium over the temperature range 65'- 
104". The question of whether or not there is an ex- 
change with the solution during recrystallization is 
taken up in this paper. 

The thermal decomposition of dibasic calcium ortho- 
phosphate to 7-Ca~PzO7 is apt to be rather complex 
depending on whether CaHP04.2HzO or crystalline 
CaHP04 is the starting material and whether the am- 
bient atmosphere is dry or humid (8-11). The highest 
reported temperature at which 7-CazPz07 is formed is 
about 475" (11). When 7-CazPz07 is fired at a some- 
what higher temperature p-CazPz07 is produced. Tern; 
peratures reported for this phase transition are 555 
(131, 700"-750" (14), and 850" (15). The transition 
temperature for the inversion of p-CazPz07 to 
a-CazPz0, is given as 1140" (16), 1270" (171, 1130" 
(la) ,  and 1220"(15). The latter two inversions (7 to p 
and p to a) appear to be straightforward and will be 
used to illustrate the utility of the EPR method in fol- 
lowing phase transformations. 

Experimental 
Preparation of materials.-The refractive indices and 

x-ray diffraction patterns of all preparations described 
below were in agreement with the literature. 

1. CaHP04.2H~0, brushite 
Dibasic calcium orthophosphate dihydrate was pre- 

pared by two methods. The first of these procedures, 
described by St. Pierre (19), produces high-purity 
crystals. It was not possible to introduce manganese 
into solid solution by this method, but incorporation of 
manganese was achieved by the second procedure de- 
scribed below. 

A solution containing 0.4M Ca(NOa)z, 0.4M HaP04, 
and 0.004M Mn(N03)Z was slowly neutralized w ~ t h  
dilute NH40H at 53". The product was washed with 
10-3M H3P04 to insure that no adsorbed Mn would 
remain. Although it is desirable to carry out this 
precipitation at low temperature in order to minimize 
hydrolysis, it was possible to incorporate manganese 
only at 53" and above. 

2. CaHP04, monetite 
Anhydrous dibasic calcium orthophosphate contain- 

ing trace concentrations of divalent manganese was 
prepared in two ways: (a) by the dehydration-recrys- 
tallization of CaHP04.2H~0 (10,12) and (b) by a 
homogeneous precipitation procedure (20,21) in which 
a solution of the cation salts and phosphoric acid is 
very slowly neutralized by ammonia liberated during 
the hydrolysis of urea. The preparative details for the 
former method are given further on in this paper. 
Typical conditions for some of the preparations made 
by the latter method are given in Table I. 

Chemical analysis of the recrystallized CaHP04 gave 
a Ca/P04 mole ratio of 1.023 and an ignition loss of 
7.54%, indicating the presence of minor amounts of 
basic hydrolysis products. On the other hand chemical 
analysis of homogeneously precipitated CaHP04 (e.g., 

Table I. Homogeneous precipitation of CaHP04 
Concentrations of chemicals used to make solution, and 

other conditions of preparation 

Preparation No. 1 and 2 3 4 

Ca(NOah 1.2M 
CaCOa 0.1M O.2M 
Mn(N0s)~ 2 x 10- l W M  2 x 10-'M 
Hsp01 1.5M 1.OMW I.0M8 
Urea 1.5M 0.4M 0.6M 
Temperature 83 85'-90' 85'-80' 
Time 5 days 8 hr 1 hr 
pH at end of pre- 

cipitation 2.5 <a0 2.3 

Actual hydrogen ton concentration is somewhat less than indi- 
cated, because acid was used to neutralize CaCOa. 

Fig. 1.  Furnace for phase transition experiments. A, Pt, Pt-1096 
Rh thermocouple; 0, Pt sample tube; C, heating element; D, mullite 
tube; E, epoxy cement; F, alumina thermocouple tube; G, alumina 
fire brick; H, alumina fire brick plug. 

Ca/P04 = 0.983 and ignition loss = 7.25%) suggests 
contamination with a small quantity of a more acidic 
phosphate, even though microscopic examination 
showed the crystals to be free of included impurity 
phases. 

3. Calcium Pyrophosphate Ca2P207 
All of the calcium pyrophosphates were obtained 

from the pyrolysis of monetite or brushite. Gamma 
calcium pyrophosphate was obtained both by prolonged 
heating in a vacuum (e.g., 8 days at 275") and by firing 
for 4 hr at  500". p-Ca2P207 was prepared by firing at  
1050" for 1 hr or by hydrothermal treatment: 4 hr at 
450" and 30,000 psi. Alpha calcium pyrophosphate was 
prepared by ignition at 1250" for 1 hr. In addition to 
using dibasic orthophosphates containing manganese 
in solid solution, traces of manganese were incor- 
porated in the beta and alpha polymorphs by slurrying 
the material to be ignited in acetone containing a man- 
ganous salt, drying, and firing. 

Temperature of the phase transitions, 7-CazPz0.1 + 
p-CazPz07 and p-CazP207 + a-CazPzO,.-The tempera- 
tures of the indicated phase transitions were deter- 
mined by inserting a thermocouple directly into the 
center of the sample as shown in Fig. 1. The weight 
of the sample was about 0.2g. The thermocouple was 
calibrated both before and after the experiments 
against a standard thermocouple certified by the Na- 
tional Bureau of Standards. There was no change in 
calibration with use. The output of the thermocouple 
was read from a precision potentiometer. 

Samples were fired from 16 to 20 hr, and the result- 
ing structures were determined by x-ray diffraction 
and EPR (Mntz present in the approximate concen- 
tration, Mn/Ca = 10-3). 

Electronic parawgnetic resonance.-Electronic para- 
magnetic resonance of the polycrystalline calcium 
phosphate was measured on a Varian Associates V-4500 
EPR spectrometer with a resonant frequency of 9480 
Mc/s and a modulation frequency of 200 cps. Approxi- 
mately % in. of sample at one end of a fused quartz 
sample tube 4 mm OD x 3 mm ID x 4 in. or more in 
length was used. The EPR spectra reproduced in this 
paper are potentiometric recorder tracings of the first 
derivative of absorption of microwave energy versus 
the magnetic field, which increases from left to right in 
the figures. 

Results and Discussion 
EPR spectra of divalent manganese in CaHP04.2H20, 

CaHP04, 7-CazPzO7, p-CazPz07, and a-Ca2P207 are 
presented in Fig. 2. All EPR spectra of a given com- 
pound, irrespective of method of preparation, are 
identical. This indicates that the local symmetry of the 
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OPPH 

Fig. 2. EPR spectra of Mnf f in solid solution in the indicated 
dibasic orthophosphates and pyrophosphates of calcium. The field 
marker diphenyl picryl hydrazyl, g = 2.0036, is indicated by DPPH. 

Table II .  Determination of transition temperature, 8-CazPzO+ 
a-CazPz07 

Flrfng EPR result range. ' C  time, hr X-ray result 

1170.1-1171.2 24 I3 13 
1172.8-1173.6 17% a + small amt. a + small amt. of 

some other phase 
1174.3-1175.4 17% a + trace 8 a 
1177.3-1179.0 15% a a 

The ,9-Cagfl~:2 x 10- Mn used for this experiment was made by 
firing CaHPO.. 2HzO plus manganous acetate at 1050" for 90 mln. 
The CaHP0,. 2HB was made by the procedure described by 
St. Pierre (I@). 

100°C for two weeks. EPR showed no trace of Mn+z 
incorporation. 

The conclusion reached from these experiments is 
that the amorphous gel formed as an intermediate in 
the dehydration-recrystallization of CaHP04.2H20 is 
in dynamic equilibrium with the solution phase. Ex- 
change of ions appears to be rapid. 

It is interesting that p-CazPz07 and not 7-CazPzO7 is 
the result when dibasic calcium orthophosphate under- 
goes pyrolysis at  450" and 30,000 psi. This tempera- 
ture is well below that reported for the transition of 
7-CazPz07 to p-CazP207. As a matter of fact the pur- 
pose of carrying out the original hydrothermal pyrol- 
ysis at  450" was to prepare well crystallized r-CazPzO7. 
Subsequent experiments in which CaHP04 was fired 
overnight or longer at 30,000 psi water pressure and 
at various temperatures over the range 300"-450" 
yielded only the starting material, CaHP04, or 
p-CazPza. Products were identified by EPR and x-ray 
diffraction. Temperature and aressure were auenched 
simultaneously at the conclu~on of each experiment. 

crystalline field about the manganous ion (assumed to  he transition from CaHP04 to p-Ca2P2@ occurred at 
substitute for Ca+2 in these structures) is not affected 4100 150. when p -~az~z07  was similarly treated at 
by minor deviations from stoichiometry which may 398" and 376"he reverse reaction did not proceed. 
exist (22,23). From these experiments it is concluded that r-CazPzO7 

The high-temperature polymor~h, a-CazP207:Mn, is a metastable phase. Mesmer and Irani (15) have 
has an EPR spectrum which, although unique, is similar shown that the transition from ?- to p -~a2p207  is 
to that of ~aHP042HzO:Mn in broad outline. Further, exothermic and therefore also have concluded that the 
both extend over a wide range of magnetic field, about must be 
4100 gauss for the former and 3300 gauss for the latter. 
The crystalline field interaction with Mnfz is, thus, Ternmrature of the Phase Transition. 
quite intense for these two structures. On the other - i3-ca2~207 to a-ca2~207 
hand the effect of the crystalline field on Mntz in 
CaHP04,7-CazPzO7, and p-CazP20.1 appears to be much 
less, because the range of all three spectra is only 
about 600 gauss. In the case of powdered samples, how- 
ever, one cannot discount the possibility that the 
angular dependence of the spectral lines is such that 
lines which would appear at large separation in spectra 
of single crystals are washed out in spectra of pow- 
ders, and therefore that the fine structure splitting con- 
stant is actually larger than it appears to be. 

Recrystallization of CaHP04.2HzO 
During the dehydration-recrystallization of CaHP04. 

2Hz0 in an aqueous slurry the formation of an amor- 
phous gel intermediate was observed. Nucleation and 
growth of the CaHP04 crystals occurs in and from this 
intermediate. One of the questions arising from this 
observation was whether equilibrium was established 
between this intermediate phase and the ions in solu- 
tion. To answer this question experiments were con- 
ducted in which EPR measurements were used to fol- 
low the course of Mn+z during the transformation. 

CaHP04.2H20, both with and without incorporated 
Mnfz, was slurried at 82°C in water and in 0.01M 
H3P04. For the latter starting material the solutions 
were also 1.44 x 10-4M in Mn(N03)~. In every case 
EPR showed that Mn+z was incorporated in the re- 
crystallized CaHP04. 

To eliminate the possibility that incorporation of 
Mn+z in CaHP04 had occurred after crystallization, 
CaHP04 was equilibrated in 0.01M Mn(N03)~ at  90"- 

, 

The transition from beta calcium pyrophosphate to 
alpha calcium pyrophosphate occurs over a narrow 
range of no greater than 8". As is seen by reference to 
Table I1 the transition begins at a temperature of 
1171" or greater. The upper limit of the transition is, 
according to x-ray results, 1175"; whereas according to 
EPR it is between 1175" and 1179". The EPR interpre- 
tation is based on a small difference in relative inten- 
sity of three pairs of lines. Referring to Fig. 3, the 
line intensity ratios, A/B, C/D, and E/F, increase on 
going from the beta to the alpha pyrophosphate. In 
all samples ignited at 1179" and above the correspond- 
ing intensity ratios are the same, whereas for the sam- 
ple fired at 1174"-1175" the ratios are all a little less 
than the respective ratios in the former samples. This 
indicates that perfection of the a-CazPz07 structure is 
not quite complete at 1175" and that at some temper- 
ature in the interval, 1175"-1179", the transformation 
is complete. It should be emphasized that the temper- 
atures given here are those of the thermocouple at a 
point within the sample and that there is bound to be 
some temperature variation along the sh in. length of 
the sample, which might account for the observed tem- 
perature range for the phase transition. 

The data in Table I1 were obtained from a sample of 
p-CazPz07:2 x Mn prepared by firing CaHP04. 
2H20 to which manganous acetate was added prior to 
ignition. The same results were obtained with p-Caz 
P207:Mn prepared by the pyrolysis of CaHP04:Mn 
precipitated from homogeneous solution. This indicates 
that the transition is independent of the history of the 
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Fig. 3. EPR spectra of CazPz07:2 x Mn fired overnight at 
indicated temperatures. A progressive change from the beta to 
the alpha polymorph is evident as the firing temperature increases. 

starting material. Furthermore, inasmuch as the 
method of St. Pierre (19), which was used to prepare 
the brushite, is known to give very high-purity ma- 
terial, the results also indicate that the quantity and 
kind of impurities present in the homogeneously pre- 
cipitated monetite have a negligible effect on the phase 
transition. 

The transition temperature of 1175" k 4" given here 
for the above materials is intermediate between the 
temperatures reported by Hill, Faust, and Reynolds 
(16) and Mesmer and Irani (15). 1140' and 1220'. 

Table Ill. Determination of transition range, y-CazPzO7 + 
P-COZPZO~ 

PYring 
Startlng Run Firing time, X-ray 
material No. range, 'C  hr EPR result result* 

Y + trace 8 

8 + tracer 
B 

y + trace 8 
r + 8  

8 + small amt. r 
8 + small amt. + trace 

Note: The EPR spectrum of Run No. 7 was identical to that of 
No. 2 and the EPR of No. 11 was the same as that of No. 5. Thus 
by comparison with starting material A. the estimated maximum 
transition range of B is 680'-720'. Starting materials: A. prepared 
by flrina CaHPO4:Mn 1 hr at 500': B. nrerwred bv firina caHP01:Mn 
18 hr aT 500': C, prepared by firing bIi?01.2~20 2-3 hr at 600'. 
CaHP04 .2HD prepared by addition of calcium sucrate solution to 
a dllute solution of ~hosohoric add 119). 

For group A thex-ray diffractameter was used; for group C the 
x-ray powder camera was used. 

Summary 
The thermal decomposition of dibasic calcium ortho- 

phosphate was studied by electron paramagnetic res- 
onance (EPR) and x-ray diffraction. EPR spectra of 
trace amounts of manganous ion in solid solution in 
CaHP04.2H~0, CaHP04, 7-CaSzO7, p-Ca~PzOr, and 
a-CazPz07 are presented. The utility of EPR in fol- 
lowing phase changes is demonstrated. The investiga- 
tions of the phase transitions, 7-CazPzO7 to p-CazPz07 
and p-CazP~07 to a-CazPz07, delineate the fact that 
EPR is often more sensitive than x-ray diffraction in 
detecting phase changes. 

Some results of the above study which are of pos- 
sible interest to lamp phosphor technology are given 
below. 

1. It is established by EPR that the amorphous gel 
formed as an intermediate in the dehydration-recrys- 

. - ,  

respectively. 
A point that perhaps should be brought up is the ir- 

reversibility of the above structure transformation un- 
der normal conditions of preparation for relatively 
pure material. If the structure change were reversible, 
quenching would have been necessary to preserve the 
high-temperature form. The phase transition is so 
irreversible, as a matter of fact, that a-CazPzCh has 
been prepared by firing at  1250" and annealing over- 
night in the range 1150" f 20", which it is seen is just 
below the transition range. 

Temperature of the Phase Transition, 
7-CazP207 to p-CazP207 

The transition from 7-CazPzO7 to B-Ca~P207 is 
rather sluggish and poorly defined. Roughly, the tem- 
perature range in which the phase change occurs lies 
between 680" and 740", in approximate agreement with 
McIntosh and Jablonski (14), but this appears to be 
partially dependent on the history of the sample. Re- 
sults are summarized in Table 111. 

It is seen that for one starting material, A, there is 
practically a one to one correspondence between EPR 
and x-ray difPractometer results. The one exception 
is for the sample fired at 729"-730": EPR indicates 
that conversion to p-CazPz07 is not quite complete 
whereas x-ray results indicate that the conversion is 
complete. The EPR interpretation is based on the dis- 
appearance of a line due only to 7-CazPz07:Mn and 
the appearance and subsequent growth of a line due Fig. 4. Portion of EPR spectrum of CazP207:Mn showing change 
only to 8-CazPzO7:Mn. As seen in Fig. 4, at 729"-730" from y- to p-CazP207:Mn as the firing temperature is increased. 
there is still a trace of the 7-Ca2P207:Mn line showing Peak A is due to 7-CazPzO7:Mn and peak B is due to 
in the EPR spectrum. p-Ca2P207:Mn. 
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tallization of CaHP04.2H20 is in dynamic equilibrium A. R. Wreath and R. Bell, Ind. Eng. Chem., Anal. 
with the solution phase. ~d.,.17, 491 (1'945). 

2. The transition from p-Ca2PzOi occurs within the 18. G. Tromel H. J. Harkort, and W. Hotop, Z. a w g .  
temperature range 1171"-1179". Chem., 2'56,253 (1948). 

3. ~h~ phase change from r-Ca2Pz0, to p-CazPzO7 19. P. D. S. St. Pierre, J. Am. Chem. Sot., 77, 2197 
(1955). is very sluggish and poorly defined, proceeding roughly 20. L. ~ ~ ~ d ~ ~ ,  M. L. Salutsky, and H. 

between 680" and 740". "Precipitation from Homogeneous Solution," 
4. When CaHP04 is heated over the temperature John Wiley & Sons, Inc., New York (1959). 

range, 300"-45O0, under 30,000 psi water pressure only 21. R. W. Mooney and M. A. Aia, Chem. Revs., 61, 433 
CaHP04 or 8-CazPzOi is produced, the transition oc- (1961). 
curring at 410" 15". This indicates that 7-CazPzO7, 22. B. Bleaney and K. W. H. Stevens, Rept. Progr. 
which under normal atmospheric pressure is the prod- Phys., 16,108 (1953). 
uct of the pyrolysis of CaHP04 in the approximate 2 3  K. D. Bowers and J. Owen, ibid., 18,305 (1955). 
temperature range of 300"-700", is a metastable phase. 

APPENDIX 
Acknowledgment 

The authors are greatly indebted to Dr. J. F. Sarver 
for his help in both the implementation and interpre- 
tation of the hydrothermal experiments. 

Manuscript received Oct. 14, 1964; revised manu- 
script received March 9, 1965. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1966 JOURNAL. 

REFERENCES 
1. S. A. Al'tshuler and B. M. Kozyrev, "Electron Para- 

magnetic Resonance," C. P. Poole, Jr., Transla- 
tion Editor, Academic Press, New York (1964). 

2. D. J. E. Ingram, "F'ree R$icals as Studied by Elec- 
tron Spin Resonance, Academic Press, New 
York 11958). ,----,- 

3. ye. X- Zavoyskiy, Doctor's Dissertation, Moscow, 
FIAN, 1944; J. Phys. USSR, 9,245 (1945). 

4. J. S. van Wierinnen. Phvsica. s'Grav.. 19. 397 - .  - ,  . , 

(1953). 
5. M. Aven and J. A. Parodi, J. Phys. Chem. Solids, 

13,56 (1960). 
6. P. H. Kasai, J. Phys. Chem., 66,674 (1962). 
7. S. I. Vol'fkovich and V. V. Urusov, Izvest. Akad. 

Nauk S.S.S.R., Otdel. Khim. Nauk,4,341 (1951). 
8. A. Boull6, CSmpt. rend., 226,1617 (1948). 
9. A. Boull6 and M. Dupont, ibid., 240,860 (1955). 

10. A. Boull6 and M. Dupont, ibid., 241,42 (1955). 
11. J. G. Rabatin, R. H. Gale, and A. E. Newkirk, 3. 

Phys. Chem., 64,491 (1960). 
12. V. Chiola and C. D. Vanderpool, Canadian Pat. No. 

673,681, Nov. 5, 1963. 
13. E. J. Fox and K. G. Clark. Ind. Eno. Chem.. 35. , , 

1264 (1943). 
14. A. 0 .  McIntosh and W. L. Jablonski, Anal. Chem., 

28, 1424 (1956). 
15. R. E. Mesmer and R. R. Irani, J. Chem. Engr. Data, 

8,530 (1963). 
16. W. L. Hill, G. T. Faust, and D. S. Reynolds, Am. 

J. Sci., 242,457 (1944). 
17. W. F. Bale, J. F. Bonner, H. C. Hodge, H. Adler, 

The following x-ray diffraction powder pattern was 
obtained for gamma calcium pyrophosphate made by 
the pyrolysis of both CaHPO4.2H20 and CaHP04prep- 
arations described earlier. It is compared here with the 
earlier determination of McIntosh and Jablonski (14) .  
It is seen that the two patterns are essentially in 
agreement, but that there are minor differences. The 
differences are probably accounted for, however, by the 
techniques used. The present data were taken on a 
modern goniometer with larger dispersion and better 
resolution than the film technique of McIntosh and 
Jablonski. 

X-ray powder pattern of gamma calcium pyrophosphate 

This paper* M. and J. This paper* M. and J. 
dA I dA 1/11 dA I dA 1/11 

Data taken on G.E. goniometer using copper radiation through 
nickel filters. 

Erratum 

The Brief Communication "Recrystallization of Thin the JOURNAL has two authors J. D. Filby and S. Nielsen. 
Films of Germanium and Silicon" which was pub- Mr. Filby's name was omitted in error. 
lished on pages 534 and 535 of the May. 1965 issue of 



The Solidification of PbTe-SnTe Alloys under the 
lnf luence of Ultrasonic Agitation 

H. E. Bates and Martin Weinstein 

Tyco Laboratories, Incorporated, Waltham, Massachusetts 

ABSTRACT 

The previously described technique for the solidification of thermoelectric 
materials by ultrasonic agitation of a freez~ng melt has been applled to the 
solid solution 0.7 PbTe-0.3 SnTe. The material prepared by this technique is 
fine-grained, dense, and chemically homogeneous. The thermoelectric prop- 
erties of lead telluride-tin telluride have been measured as a function of 
temperature. The room temperature figure of merlt is approximately 
0.6 x 10-3/"K. Compressive-fiow strength and ductility are improved by ultra- 
sonic agitation; 0.7 PbTe-0.3 SnTe prepared in this study showed 35% reduc- 
tion in length at  an ultimate compressive stress of over 16,000 psi, compared 
to an ultimate compressive strength of 7,500 psi and 10% reduction in length 
for unagitated material. Precipitation in the PbTe-SnTe system is discussed. 
In particular the effects of ultrasonic irradiation on the precipitation phenom- 
enon are described in detail. 

Interest in the use of thermoelectric materials for 
power generation and refrigeration has led to im- 
portant research into the fundamental nature of ther- 
moelectric phenomena and the means of optimizing 
thermoelectric properties by alloying and doping (1). 
Of equal or greater importance to the designer of prac- 
tical thermoelectric devices are what Klein (2) terms 
"the auxiliary properties": melting point, vapor pres- 
sure, coefficient of expansion, mechanical strength, etc. 
While the first three properties are quite insensitive 
to any manipulation of the material other than appre- 
ciable changes in composition, which may be incom- 
patible with the desired thermoelectric properties, the 
possibility does exist of improving the mechanical 
properties without affecting the composition. 

Because of the predominantly covalent nature of 
most thermoelectric materials, they tend to be highly 
susceptible to cleavage and brittle failure. The simplest 
way to decrease brittle fracture in any material is to 
decrease the grain size, that is, to interpose as many 
barriers (grain boundaries) as possible to the propa- 
gation of micro- and gross cracks. The irradiation of 
solidifying ingots with ultrasound as a means of pro- 
ducing a fine-grained, equiaxed structure has been 
studied extensively in the USSR and to a lesser extent 
in this country (3, 4). An entirely satisfactory mech- 
anism for the refinement of grain structure by ultra- 
sonic vibration has yet to be advanced, but there is 
general agreement that refinement is caused through 
decreasing the critical nucleus size by increasing the 
pressure at certain points in the liquid (3, 5) and/or 
disrupting the advancing solid-liquid interface by 
cavitation (4,6). 

The application of ultrasonic irradiation to PbTe- 
SnTe alloys can be expected to yield several benefits: 
a fine grained, equiaxed structure with good mechan- 
ical strength, free of inclusions and porosity; a chem- 
ically homogeneous material free of the gross and mi- 
crosegregation which occurs under normal freezing 
conditions. Because of the tendency of doping elements 
to segregate during normal freezing, most commercial 
thermoelectric materials have been prepared by cold 
pressing and sintering or extrusion. The purpose of this 
investigation was to prepare crystalline, homogeneous 
alloys with satisfactory thermoelectric properties and 
mechanical properties superior to those of materials 
prepared by other techniques. 

Experimental 
The experimental equipment and procedures here 

outlined have been described in detail elsewhere (1). 
Figure 1 shows the assembly used to solidify a melt 

under ultrasonic agitation. A charge of 50-75g was 
sealed under vacuum in the quartz tube. A Pt-wound 
resistance furnace was lowered over the tube and 
heated until the charge melted, as indicated by a 
thermocouple attached at the base of the tube. At this 
point the piezoelectric transducer, epoxied to the base 
of the quartz pedestal, was energized. Shortly after 
agitation began, the furnace was raised by a motorized 
hoist so that solidification proceeded from the bottom 
of the ingot upward at a rate defined by the rate of 
removal of the furnace. As the freezing interface 
moved upward, the input frequency to the PZT crystal 
was varied to maintain a resonant condition. The in- 
put power was also increased gradually to compensate 
for attenuation of the ultrasonic waves in the solidified 
portion of the ingot. 

Ingots of 0.7 PbTe-0.3 SnTe were solidified under 
agitation of 19-21 kc at approximately 50w nominal 
input power and 33-35 kc at 35w. Directional solidifica- 
tion was begun with the base of the melt at approx- 
imately 910°C. Growth rate in both cases was about 
1.1 in./hr. Faster growth rates tended to diminish 
grain refinement. 

A calorimetric technique was devised to measure the 
ultrasonic energy input to the melt. The heat capacity 
of a gallium melt of the same volume as an ordinary 
ingot was measured in the agitation assembly (Fig. I ) ,  
using a thermocouple 8nd a small resistance heater 
immersed in the melt. The gallium melt was then agi- 
tated at various levels and frequencies. The energy 
absorbed by the melt during agitation was calculated 
from the known heat capacity and the temperature 
increase during the application of the ultrasound. The 
results of these measurements are shown in Fig. 2; 
the nominal power input refers to the electrical input 
to the transducer. It can be seen from Fig. 2 that the 
efficiency of the system is highest when operation 
takes place in the vicinity of the natural frequency 
of the transducer (36 kc). Efficiencies of over 35% 
were achieved at the 34.4 kc resonance. Inputs produc- 
ing more than 10 w/cm2 fractured the quartz tube 
at the tube-pedestal joint. 

Results . 
Employing the process variables noted above, ingots 

of 0.7 PbTe-0.3 SnTe were produced 0.7 in. in diam- 
eter and over 1 in. long which were fine-grained, dense, 
and chemically homogeneous. 

Microstructure.-The solidification of 0.7 PbTe-0.3 
SnTe under the influence of ultrasonic agitation re- 
sulted in a microstructure (Fig. 3) free of inclusions, 
porosity, columnar grains, and the segregation asso- 
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Fig. 3. Microstructure of 0 .7  PbTe-0.3 SnTe ingot solidified under 
ultrasonic agitation. Magnification approximately 42X. 

Fig. 1. Piezoelectric transducer, quartz concentrator, and crucible 
assembly. 

Fig. 4. Microstructure of woter-quenched 0.7 PbTe-0.3 SnTe ingot. 
Magnification approximately 42X. 

Fig. 2. Ultrasonic energy conversion efficiency for four resonant 
frequencies. 

ciated with normal freezing. Directionally solidified 
ingots ordinarily consist of five or six columnar grains 
running the length of the ingot. The surfaces of un- 
agitated ingots usually show considerable porosity and 
roughness, a feature which is eliminated by the ultra- 
sopic agitation. The microstructure of a water- 
quenched 0.7 PbTe-0.3 SnTe ingot, with dendritic 
structure and extensive microsegregation character- 
istic of this treatment, is shown in Fig. 4. Annealing 
of this structure below the melting point for 2 hr 
produced spheroidization of the intergranular segre- 
gated phase with little accompanying recrystallization 
and grain growth. Evidence for the chemical homogen- 
eity produced by ultrasonic agitation is shown in Fig. 5, 
where the room temperature resistance of p-type 0.7 
PbTe-0.3 SnTe is plotted as a function of distance for 
an agitated and an unagitated ingot. Variations of this 
sort are even more pronounced in doped alloys where 
segregation of the dopant produces a quite abrupt 
variation in properties in the final portion of the ingot 
to freeze. 

0 I I I I  I  I I I 
0 ,250 ,500 750 100 

DISTANCE (INCHES) 

Fig. 5. Room temperature resistance as a function of distance 
along agitated and unagitated 0.7 PbTe-0.3 SnTe ingots. 

Thermoelectric properties.-The figure of merit Z = 
a2/Kp provides a means of comparing the efficiencies of 
different thermoelectric materials. In the above ex- 
pression a is the Seebeck coefficient in volts per 'C, 
K is the thermal conductivity in watts/cm/"C, and p 
the electrical resistivity in ohm-centimeters. The See- 
beck coefficient and resistivity of cast, directionally 
solidified, and ultrasonically agitated 0.7 PbTe-0.3 SnTe 
ingots were measured as a function of temperature. 

1. Seebeck Coefficient.-The variation of Seebeck 
coefficient with temperature is shown in Fig. 6. The 
ultrasonically agitated material contained a slight ex- 
cess (0.3 at. %) of Te. The recent investigation by 
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Fig. 6. Seebeck coefficient as a function of temperature of 0.7 
PbTe-0.3 SnTe. 

AGITATED 

L I I b 100 200 300 400 MO 
TEMPERATURE ('C) 

Fig. 7. Resistivity as a function of temperature of 0.7 PbTe-0.3 
SnTe. 

Machonis and Cadoff (7) which employed cation-rich 
single crystals of nominal composition 0.7 PbTe-0.3 
SnTe showed a slightly different Seebeck behavior, 
giving a maximum Seebeck coefficient of 190 cv/"C 
at 180°C. Both the Te-rich and cation-rich specimens 
are p-type. The low value of the Seebeck coefficient 
for the directionally solidified material is probably due 
to segregation and inhomogeneities of the kind dis- 
cussed by Cosgrove et al. (8). The directionally solidi- 
fied, unagitated ingot also contained 0.3 a/o (atom %) 
excess Te. Metallographic examination of the cast 
material showed that the peculiar behavior of the See- 
beck coefficient, and of the resistivity, was caused by 
melting of the interdendritic phase, probably Pb-Sn 
eutectic (eutectic temperature - 185°C). Melting was 
evidenced by spheroidization of the phase in the pre- 
existant segregation pattern. 

2. Resistivity.-The variation of resistivity with 
temperature is shown in Fig. 7. The difference between 
agitated and unagitated ingots is negligible. The re- 
sistivity as a function of temperature given by Mach- 
onis and Cadoff (7) for cation-rich 0.7 PbTe-0.3 SnTe 
varied from 0.9 x 10-3 ohm-cm at room temperature 
to 10 x 10-3 ohm-cm at 500°C. 

3. Electrical Efficiency.-The electrical efficiency fac- 
tor a 2 / p  is shown in Fig. 8 as a function of temper- 
ature. The low values of the directionally solidified 
material are due to lowering of the Seebeck coefficient 
by inhomogeneous distribution of excess constituents. 

0 1 I I I I I 
0 KX) XK) 300 400 M O  

TEMPERATURE ( T I  

Fig. 8. Electrical efficiency factor as a function of temperature of 
0.7 PbTe-0.3 SnTe. 

Fig. 9. Stress-strain behavior in compression of 0.7 PbTe- 0.3 
SnTe prepared by directional solidification, and directional solidifi- 
cation with ultrasonic agitation. 

The total thermal conductivity of 0.7 PbTe-0.3 SnTe 
has been estimated, in the absence of any measure- 
ments, as 0.02 w/cm "K at room temperature. It is 
probably actually lower, the data .of Machonis and 
Cadoff indicate k~ - 0.015 w/cm 'K at 300°K; how- 
ever, using 0.02 w/cm "K the room temperature figure 
of merit, Z, of ultrasonically prepared 0.7 PbTe-0.3 
SnTe is approximately 0.6 x 10-3/"K. 

Mechanical properties.-The stress-strain character- 
istics in compression of 0.7 PbTe-0.3 SnTe prepared 
by directional solidification, with and without ultra- 
sonic agitation, were measured. Rectangular specimens 
about 0.4 in. square by 0.3 in. long were compressed in 
a Hounsfield Tensometer, Type W. Strain rate was 
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Fig. 10. Sn-Pb eutectic in grain boundaries of stoichiometric 0.7 Fig. 13. Precipitation of excess Sn on slip lines in grains of 
PbTe-0.3 SnTe ingot. Magnification approximately 420X. ultrasonically agitated 0.7 PbTe-0.3 SnTe. Magnification approxi- 

matelv 85X. 

Fig. 11. Eutectic structure in last portion to freeze of unagitated 
ingot of 0.7 PbTe-0.3 SnTe +0.3 a/o T ~ .  Magnification approxi- Fig. 14. Extensive subgrain arroy in bottom a or ti on of ultra- 
mately 420X. sonically agitated ingot of 0.7 PbTe-0.3 SnTe. Magnification ap- 

proximately 42X. 

Fig. 12. Precipitation of excess Sn as stringers and spheroids in 
ultrasonically agitated 0.7 PbTe-0.3 SnTe. Magnification approxi- 
mately 420X. 

approximately 5 %/min. Results of these measurements 
are presented in Fig. 9. Compression was parallel to 
the direction of solidification in both cases. The un- 
agitated material showed 30-40% lower strength when 
compressed perpendicular to the growth axis, while 
the agitated ingots were isotropic. The considerable 
improvement in strength and ductility of the agitated 

material can be attributed, as in the case of PbTe in 
the previous study ( I ) ,  to the production of a fine- 
grained, equiaxed structure free of inclusions and 
porosity. It is interesting to note that in both systems, 
PbTe and 0.7 PbTe-0.3 SnTe, the agitated material has 
twice the ultimate strength and three times the duc- 
tility of the unagitated. 

Precipitation phenomena.-Some interesting obser- 
vations of second phase precipitation were made dur- 
ing this investigation. Some ingots of 0.7 PbTe-0.3 
SnTe when agitated with fairly high sound intensities 
(8-10 w/cm2 at 35 kc) showed extensive intergranu- 
lar porosity in the bottom third of the ingot. In the 
solid portion of the ingot there was an almost con- 
tinuous network of eutectic phase (Fig. 10). These 
ingots were made with the stoichiometric amounts of 
Sn and Te. Due to the deviation from stoichiometry in 
SnTe (9, lo), a stoichiometric melt will contain an 
excess of Sn on solidification. It is felt that this eu- 
tectic is of Sn-Pb, which, because of its low (-185'C) 
melting point appeared in the grain boundaries as 
liquid and was then forced out by the ultrasonic irra- 
diation and concentrated in the top of the ingot. To 
eliminate this problem, ingots were prepared with ex- 
cess Te and the intensity of the ultrasound was slightly 
reduced. Addition of 0.3 a/o excess Te effectively elim- 
inated precipitation of Sn. In the unagitated ingot a 
small amount of eutectic which is thought to be Te- 
PbTe was found in the last portion to freeze (Fig. 11). 
The interesting aspect of the precipitation of excess 
Sn in stoichiometric ingots was that moderate intensi- 
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ties of ultrasound resulted in a regular array of par- 
allel stringers and tiny, random spheroids of Sn in 
the bulk of the grains, with very little precipitation in 
the grain boundaries. Figure 12 shows the intersection 
of the needle-like Sn with a grain boundary. Figure 
13 shows the regularity of this structure and the vir- 
tual absence of Sn precipitated at the grain boundaries. 
It is felt that these precipitates occur on slip lines in 
the grains; the regularity of the array, the change in 
orientation from one grain to the next, the appearance 
of competing orientations intersecting the predominant 
one, (Fig. 13) and particularly the observation of sub- 
grain formation in agitated ingots (Fig. 14) indicate 
deformation of the grains by the ultrasonic process. 
Lane, Cunningham, and Tiller (11) also observed dec- 
oration of slip lines by carbide precipitates in an Fe- 
Mn-Cr alloy with ultrasonic agitation of the solidify- 
ing ingot. 

Silverstein et al. (12) found evidence of increased 
stress in the grain boundaries of ultrasonically agi- 
tated weldments in Ta, but in the present investiga- 
tion the evidence from precipitation of excess Sn in- 
dicates that although the grain boundaries remain re- 
gions of high strain, the ultrasonic irradiation has 
effected a redistribution of the strain in the aggregate 
such that precipitation is now favored in the bulk. 

Conclusions 
1. Fine-grained, homogeneous p-type 0.7 PbTe-0.3 

SnTe has been prepared by ultrasonic agitation of di- 
rectionally solidified ingots. 

2. The ultrasonic irradiation of solidifying 0.7 PbTe- 
0.3 SnTe produced material with twice the compressive 
strength and three times the ductility of directionally 
solidified 0.7 PbTe-0.3 SnTe. 

3. The thermoelectric properties and efficiency of 
p-type 0.7 PbTe-0.3 SnTe (Te-rich) prepared by ul- 
trasonic agitation are superior to those of directionally 
solidified unagitated material. 

4. Ultrasonic agitation promotes the precipitation of 

excess Sn from 0.7 PbTe-0.3 SnTe in the bulk of the 
grains along slip planes, rather than at the grain 
boundaries. 
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Donor Diffusion into GaAs from Group VI Compounds 

R. G. Frieser 

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

ABSTRACT 

A simple and reproducible technique is presented for diffusing donors into 
p-type GaAs using binary sulfides, selenides, or tellurides as donor sources. 
Using compound sources, the effective vapor pressure of the donor impurity 
is reduced, thereby limiting troublesome surface erosion of the wafers during 
diffusion. Either a sealed or a "closed box" system is suitable. With AlzS3 as a 
doping source, observed junction depth in zinc or in cadmium doped GaAs 
varied linearly with the square root of time. The diffusion coefficient of 
sulfur is given by D = 2.6 x 10W5 exp(-1.86/kT) in Zn doped GaAs. Anoma- 
lous results were obtained in Cd doped substrates at  higher temperatures 
where higher values of the effective diffusion coefficients were observed. 

Donors such as S, Se, Te, or Sn have been diffused 
into GaAs by several investigators (1-4). In all re- 
ported cases the donor sources were the elements 
themselves. Reported difficulties with this technique 
were alloying and formation of sulfides during dif- 
fusion which produced severe surface erosion. At 
diffusion temperatures both donor elements and ar- 
senic are not only quite reactive, but volatilize to an 
appreciable extent (5,8). Furthermore, in the presence 
of sulfur the transport problem of arsenic and gallium 
from the surface of the GaAs wafers is enhanced, pre- 
sumably by the formation of volatile compounds (5). 

The present work was directed toward employing 
group VI compounds (sulfides, selenides, or tellurides) 
as donor sources, thus reducing the vapor pressure of 
donor elements during diffusion This report describes 
a simple and reproducible technique, using compounds 

as donor sources for diffusion into GaAs. The effective 
diffusion coefficient of sulfur has been determined and 
will be discussed. 

Experimental 
Exploratory work indicated that a practical and use- 

ful donor diffusion system for GaAs should incorporate 
the following features: (a) a minimum temperature 
gradient across the diffusion system to prevent surface 
erosion caused by transport and redeposition of ma- 
terial elsewhere in the system; (b) an oxygen-free 
source of arsenic to satisfy the equilibrium arsenic 
pressure in the system; and (c) a source providing a 
constant and low concentration of donor atoms. 

These conditions were approximated in the following 
manner. Sealed quartz tubes were used for the major 
portion of this work; however, equally good results 
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were obtained with a "closed box" system for the diffu- 
sions (7). The temperature gradient across the sealed 
diffusion tube was 3°C or less during the diffusion, 
thereby reducing surface erosion. Crushed undoped 
GaAs was placed in the system to limit arsenic as 
well as gallium loss from the slice to be diffused (5). 
Sulfides were chosen as donors since the concentration 
of donors over these compounds in a closed system is 
constant and only a function of the dissociation pres- 
sure, which is uniquely determined by the temperature. 
A wide range of surface concentrations and junction 
depth is therefore possible by merely choosing a sul- 
fide with an appropriately low vapor pressure of sul- 
fur and a suitable diffusion temperature and time. The 
same argument applies to selenides and tellurides as 
well. One limitation on the choice of source is that the 
second component of the source should not form a 
stable arsenide at diffusion conditions. 

Materials.-Table I lists the properties of the GaAs 
used in this work as supplied by the manufacturer on 
the basis of Hall and resistivity measurements. All 
crystals were cut into slices perpendicular to their 
growth direction, < I l l>  within 5". and -0.38 mm 
thick. The slices were lapped and then chemically 
polished (8) on the arsenic-rich side prior to diffusion. 
All donor compounds came from commercial sources 
and were used without further treatment. 

To provide the partial vapor pressure of arsenic in 
the diffusion system, crushed undoped GaAs (B18) 
(Table I) was acid washed [I0 ml HzS04 (95%), 15 ml 
Hz02 (30%), 15 ml Hz01 (9), rinsed with deionized 
water, acetone, and dried. Table I1 is a list of all the 
compounds examined on an exploratory basis as donor 
sources. Diffusion temperature was 900°C except for 
those compounds in Table I1 marked with an asterisk 
for which it was 800°C. Diffusion time was 2 hr. 

Primarily because of their melting points and be- 
cause little surface erosion and good junctions were ob- 
tained, the following compounds were chosen for more 
detailed consideration as donor sources: AszSa, GeS, 
GazSs, and AlzS3. Aluminum sulfide provided the bulk 
of the data of this work. 

Procedure.-Quartz tubes (9 mm ID, 1 mm wall) 
were thoroughly cleaned (HF, NH40H, DI water) and 
dried at 100" in an oven. Precisely weighed amounts 
of crushed GaAs (1000-4000 pg), the donor source (100- 
1000 pg) and one or two wafers (of different zinc 
concentration) were placed into the bottom of a tube. 
The weight of the wafers ranged from 10,000 to 80,000 
pg. This tube was evacuated to -1 Torr, heated for 
about 5 min at 300°C to remove any moisture, oxygen, 

Table I. GaAs substrate 

GaAs crystals Impurity Resistivity 
Designation Impurity cone per cma ohm-cm 

Zn 
Zn 
Zn 
Cd 
Cd 
Cd 

Undoped 

Table II. Donor sources investigated at 900°C in crystal 825 

Junctions were obtained with the following compounds 
W s  GeSl 
AWes Inba* 
Alires MOSS 
As& Moses 
Asba PtS. 
AszSea Pba* 
AszSea SnS 
GazSs NH4SCN 
GeS NHBCSNHI* 

No junctions were obtained with the following compounds 
HgS* SnSs 
MOSS Ti& 
MoTep W& 
PdSa ZnS 

or free sulfur, if present, and sealed while still under 
vacuum and hot. For donor sources other than AlzS3 
the temperature was 150°C. Diffusions were carried out 
in a high-temperature furnace operated in the range of 
800" to 1100" for M to 16 hr. The sealed diffusion tubes 
were placed in a heavy stainless steel jacket. Tem- 
perature gradients of 3" r 0.5'C or less in a 12 cm 
temperature zone were observed during diffusions. To 
prevent surface deterioration after diffusion and dur- 
ing cooling the following procedure was found to be 
best. The steel jacket with the tube inside was re- 
moved from the furnace and -Y4 in. of the tube was 
exposed to room air for -1 min until the steel jacket 
reached -750°C (cherry red). The ampoule was then 
completely withdrawn from the steel jacket and the 
end opposite the wafer was quenched. 

Evaluation.-The diffused wafers were examined 
microscopically (37x - 235x) for etch pits and other 
signs of erosion. Also, each GaAs slice was checked 
for weight loss following each diffusion run. Most Zn 
doped and many of the Cd doped wafers exhibited 
blemish-free surfaces after diffusion. Pitting in spots 
was occasionally observed. Wafers which showed 
weight loss in excess of 0.3% were discarded. 

Films that deposited occasionally on GaAs during the 
quenching operation were removed by boiling the 
wafers in CS2 followed by boiling in dilute (1: 1) HC1, 
(etch rate -100 A/min.). 

The diffused wafers were angle lapped and stained. 
The staining solution' when applied to a junction 
under illumination darkens the p-region with respect 
to the n-region or decorates the n-region preferentially 
with copper, depending on the conductivity difference 
between the two sides of the junction. Junction depths 
were obtained by both the standard technique (10) and 
by interference microscopy (11) with a general ac- 
curacy of 20 .3~.  

Results 
Table I11 indicates that higher concentrations of 

sulfur can be obtained with the lower melting sulfides 
employed in this study. Junctions were obtained in low 
resistivity GaAs using As2S3 as a donor source while 
AlzS3 produced a junction only at  higher temperatures 
in the same material. The highest melting donor 
sources did not produce a junction at 900°C in the 
high conductivity GaAs. 

Using AlzS3 as the donor source the presence of 
either elemental arsenic or crushed GaAs resulted in 
the same junction depth. This observation is in con- 
trast with Vieland's results (2). He found that the 
junction depth of sulfur in GaAs depended on the 
arsenic pressure below 1 atm. The equilibrium pressure 
in the present system was presumably satisfied from 
the lapped side of the GaAs, since only one side of the 
wafer was polished. That this contention is justified is 
supported by the following observation. In some cases 
the wafers exhibited weight losses (2%) without any 
structural changes on the polished side of the GaAs 
wafer. Presumably the material was lost from the 
lapped rather than the polished side. 

Zinc out-diffusion appeared not to have been very 
significant in this study, although it cannot be com- 
pletely ruled out. A series of experiments was per- 
formed at 900°, 100O0, and 1100'C for 2- and 4-hr 

1 Staining solution: solution A: log CUSOI. 5H10 t 50 ml Hz0: 
solution B (8, 9): 35 ml conc. H b 0 1  + 5 ml HnO + 5 ml Ha- 
(30%): stain: l ml of solution B + 50 ml solution A. 

Table Ill. Comparison of junction depth as a function of mp and 
bp of sulfides 

Wafer Diffusion 
acceptor Time, Temp, Junction Source Source 

conc, cmJ hr C depth. p material M P .  'C BP, 'C 

Zn 8.1 x 101e 2 900 None Ga&s 1225 - 
Zn8.1  x 1010 2 900 1.6 ALSs 11OO 1550 
Zn4.2 x lOur 1 1100 1.6 AhSs 11OO 1550 
Zn 4.2 x 101s 1 900 None Al&s 11OO 1550 
Zn4.2 x 1018 1.5 900 0.2 As& 300 700 
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Fig. 1. Sulfur diffusion into GaAs a t  1100°C 
x-x Z n  8.1 x 1016 M l 6  A-A Zn 5.6 x 1017 
O--O Zn4.2x1018 M21 +-+ Cd 5.6 x 1 017 

BIO 0-0 c d  9.2 1017 

diffusions into zinc-doped GaAs samples of two differ- 
ent acceptor concentrations within the same ampoule. 
The observed junction depths were found to be inde- 
pendent of the number of wafers in the diffusion 
capsule and the presence of wafers of other acceptor 
concentrations. Even though crushed undoped GaAs 
was present in all capsules, noticeable differences in 
the junction depth might have been expected if out- 
diffusion had been significant. Comparable experiments 
were not performed using the Cd doped series. 

Figures 1-3 are plots of the average junction depth 
in microns as a function of the square root of diffusion 

Fig. 3. Sulfur diffusion into GoAs a t  900°C 
M15 x-x Zn8.1 xlO'0 M16 &-A Zn 5.6 x lot7 
M21 +-+ Cd 5.6 x 10'' ~ 1 0  0-0 ~d 9.2 10" 

time for the various wafers using AlzS3 as the donor 
s3urce. It is assumed, since no junction was observed 
for sample M10, that the maximum concentration of 
electrically active sulfur was <4 x 10'8 c m - h t  900°C. 
Because erosion problems were encountered in the Cd 
runs, the precision of these data is not as high as that 
of the Zn runs. For that reason the Cd data will be 
discussed separately. Figure 4 shows photomicrographs 
(90X) of representative junctions obtained in M15 
(900°C, 16 hr) using AlzS3 as a donor source and in 
two samples of MI5 (110O0C, 1 hr) using GeS and 
AszS3. 

Estimation of apparent diffusion aoeficients.-Al- 
though neither the surface concentration nor the dis- 

TIME Ji ORIGINAL 

WAFER: M 15 SURFACE 

DIFF. SOURCE :A12Ss 
DIFF. TEMP. 900.C 
DIFF. TIME IBHRS 

JUNCTION 

JUNC. DEPTH: 4 . S p  
LAPPED 
SURFACE 

ORIGINAL 

WAFER: M I 5  
SURFACE 

DIFF. SOURCE :Gas  
DIFF. TEMP: 1100'C JUNCTION 

DIFF. TlME : IHR 
JUNC. DEPTH: 1.9p 

LAPPED 
SURFACE 

ORIGINAL 

WAFER: M IS SURFACE 

DIFF. SOURCE: AS2S3 
DIFF. TEMP: 1100*C 
DIFF. TIME: IHR JUNCTION 

TIME IN HRS JUNC. DEPTH: 1.9p 

Fig. 2. Sulfur diffusion into GaAs a t  1000°C 
LAPPED 
SURFACE 

M15 x-x Z n  8 . 1 ~  1016 M I 6  A-A Zn 5.6 x 1017 (XSO) 

M I 0  0-0 Zn 4.2 x 10'8 M21 +-+ Cd 5.6 x 1017 
B10 0-0 Cd 9.2 x 10'7 Fig. 4. Representative n on p junctions in GaAs 
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Table IV. Calculated diffusion coefficients in cm2/wc 

GaAs-1100.C 
Wafer pairs 2 hr 

(a) MI5 
MI0 

(b) M15 
MI6 

(C) MI0 
MI6 

tribution profile of sulfur in these wafers was known, 
effective diffusion coefficients were estimated, using a 
modification of a method employed by Fuller (12). 
The following assumptions had to be made: 

1. At a given temperature the same effective donor 
concentration exists above AlzSs in all capsules. 

2. All wafers have the same surface concentration 
of donors, under the same diffusion conditions. 

3. The diffusion coefficient is independent of the 
donor and the acceptor concentration (a frequent, al- 
though not necessarily correct assumption). 

4. The supply of donors is essentially unlimited in 
the diffusion system. 

5. Sulfur diffusion in GaAs follows a complementary 
error function distribution. 

On the basis of these assumptions, the surface con- 
centrations are the same for a given temperature and 
the following equation is applicable 

N, Erfc (Xl/2 dE) 
-= C11 

N z  Erfc (X2/2 4E) 
X is the junction depth in cm, D the diffusion coeffi- 
cient in cmZ/sec, t the diffusion time in seconds, and 
N1 and Nz are the Zn concentrations in the two crys- 
tals chosen (Table I). Using paired values of the ob- 
served junction depth in GaAs samples of different ac- 

w 1 3 u  
IMO 1200 IIW IWO 900 800 

Fig. 5. Diffusion constants of sulfur in GaAs. The variation of the 
calculated D with 1/T for the Zn and Cd experiments is attributed 
partially to the effects of out diffusion. The Zn data (solid line) are 
considered more reliable (see text). 
Zn doped 
Dgoo = 2.9 f 2.0 x 10-13 Cd doped 
Dl000 = 1.1 f 0.2 x 10-l2 Dsoo = 3.6 X 10-l3 
Dl100 = 3.9 f 0.2 x 10P12 Dl100 = 2.6 x lo-" 
D = 2.6 x 10-5 e-1.801KT D = 4.4 e-3.061KT 

ceptor concentrations the diffusion coefficients of sulfur 
were calculated by a technique of successive approxi- 
mations (curve fitting) (12). Table IV shows the 
values obtained by this technique for Zn doped wafers 
at 1100°C as well as the averages for 1000" and 900°C. 

These values are plotted in Fig. 5 and, within ex- 
perimental error, lie on a straight line. The activation 
energy for sulfur diffusing into GaAs computed from 
these data is 1.86 f 0.01 ev. The diffusion coefficient 
can be thus described by the equation D = 2.6 x 10-5 
exp (-1.86/kT). 

Discussion 

The straight line relationship between the junction 
depth and (time)lf2 indicates that Fick's law is obeyed 
in these experiments. Out-diffusion of zinc was found 
to be small, if not negligible, on the basis of special ex- 
periments. The activation energy obtained in this study 
agrees closely with that reported by Vieland (2) who 
based his value on junction migration studies. The 
present value is about one half that reported by Gold- 
stein (1) from his radiotracer studies. Table V sum- 
marizes the literature values and those of this study. 

Fane and Goss, studying the diffusion of Sn and Se 
in GaAs (3), have observed that junction depths are 
consistently less than penetration depth when deter- 
mined by radiotracer techniques. Tannenbaum had ob- 
served that the phosphorous concentration in silicon 
determined by radiotracer techniques was larger than 
that determined by electrical measurements (13) and 
concluded that not all impurity atoms in a semicon- 
ductor contribute to the conductivity. 

It may be appropriate to consider the Cd data 
plotted as dashed lines on Fig. 1-3. Even though these 
data were not as reliable as the Zn data the points 
which could be determined lie on straight lines passing 
through the origin and, therefore, deserve considera- 
tion. The diffusion coefficients could only be calculated 
at 900' and 1100'C which yielded values of Dgoo = 3.6 
& 0.1 x 10-13 and Dl100 = 2.6 -+ 0.1 x 10-11. This is 
equivalent to an effective activation energy of 3.06 ev 
and a Do = 4.4. As discussed previously, out-diffusion 
did not appear to play an important role in the zinc 
experiments. Unfortunately, even less is known about 
the out-diffusion of Cd. While it is possible that the 
effects observed here are due to some extent to Cd out- 
diffusion, this cannot be resolved on the basis of the 
present work. However, it is possible that the differ- 
ence is due partially to another effect. Certain anom- 
alies exist in the data as plotted in Fig. 1-3. Sulfur 
diffusion into Zn or Cd doped GaAs of the same 
acceptor concentration might be expected to yield 
data giving comparable slopes. This is observed for dif- 
fusions at 1100" and 100O0C, but not at  900'C (Fig. 1-3, 
Mld and M21). The relative position of the lines with 
respect to each other should be the same at each dif- 
fusion temperature. This is found to be the case for Zn 
doped GaAs. For Cd doped GaAs a reversal of this 
order takes place at 1000°C. While there is a large un- 
certainty in the precision of the Cd points, it appears 
that the general relationship of these lines to each 
other is real. 

There appears to be a correlation between the rela- 
tive position of these lines and the intrinsic tempera- 
ture. GaAs is extrinsic at the indicated temperatures 
if the impurity concentration exceeds the values shown 
in Table VI. With the data of this table applied to the 
experimental findings, the following picture emerges. 

Table V. Sulfur diffusions into GaAs 

This work 1.86 * 0.01 2.6 x 10-6 - 3.9 x 10-= 
Vieland 12) 1.8 r 0.8 - 
Goldstein (1) 4.04 4 x 103 6.0 x 10-'1 

*DT = DO exp - E/kT.  
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Table VI. Intrinsic-extrinsic conditions of GaAs a t  diffusion 
temperatures 

Intrinsic carrier concentration (14) 
WAFERS 

Condition at diff. temp. 
Desig- Acceptor 1100'C 100O0C 900DC 
nation Type conc. cm- 1.7 x 10'8 7 x 10" 3 x 101; 

MI0 Zn 4.2 x 101s ex. ex. ex. 
MI5 Zn 8.1 x 101s int. int. int. 
MI6 Zn 5.6 x 101T int. int. ex. 
M21 Cd 5.6 x 1W7 int. int. ex. 
B10 Cd 9.2 x 1017 int. ex. ex. 

Table VI shows that M21, M16, and B10 are intrinsic 
at 1100" and extrinsic at 900°C. Figures 1 and 3 show 
that at these temperatures the slope of these respec- 
tive lines increases regularly as the acceptor concen- 
tration of the wafer to be diffused decreases. Differ- 
ences in the slope of M21 and M16 may reflect out-dif- 
fusion at these temperatures. At 1000°C (Fig. 2) the 
slope of B10 is steeper than that of M21 and M16. At 
this temperature, however, B10 is extrinsic whereas 
both M21 and M16 are intrinsic (Table VI). This may 
suggest an influence of the electric field on donor dif- 
fusions into GaAs and the possibility that the activation 
energy for the diffusion of sulfur into GaAs is de- 
pendent not only on the presence but on the type of 
acceptor (i.e., Zn or Cd) as well. Further work to 
investigate these anomalies is required before definite 
conclusions can be drawn. 

It should be pointed out, too, that defects in the 
crystal structure, which are known to affect the dif- 
fusion coefficient (4) were not taken into account in 
this study. 

Summary 
A simple and reproducible technique is described 

for the donor diffusion into GaAs using group VI 
compounds as sources. This technique limits surface 
erosion and permits control over the donor concen- 
tration. Junction migration studies have provided 
values for the effective activation energies for the 

diffusion of S in Zn-doped GaAs comparable to those 
in the literature. Discrepancies observed in Cd doped 
wafers could partially be attributed to out-diffusion. 
It is, however, suggested that the sulfur diffusion into 
GaAs may also be affected by the presence or absence 
of an electric gradient in the GaAs during the diffusion. 
This effect if present, appears to be impurity depend- 
ent. 
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Photovoltaic Effects a t  Rectifying Junctions 

to Deposited CdS Films 

M.Bujattil and R. S. Muller 

College of Engineering, University of California, Berkeley, California 

ABSTRACT 

The photovoltaic response of blocking contacts to deposited CdS films has 
been measured in the wavelength range 0.3-1.3~. Film properties as deduced 
from these measurements are compared with inferences drawn from photo- 
conductivity behavior and with information on film treatment. Although evi- 
dence for photoemission of electrons from the rectifying contacts was sought, 
none was found. An interesting interference phenomenon was observed in 
thicker films. The phenomenon can be traced to standing-wave patterns in 
the films. 

The photovoltaic effect at rectifying contacts made 
to vapor deposited CdS thin films has been studied. The 
CdS films were deposited using the technique described 
by Zuleeg and Senkovits (1). The quality of the CdS 
films deposited was found to depend critically on the 
temperature of the substrate with respect to the tem- 
perature of the source; films deposited on a cold sub- 
strate were dark orange or black and conductive, while 
those deposited on a properly heated substrate were 
lemon yellow and highly resistive. These character- 
istics are believed to be related to differing amounts 
of excess Cd present in the films. 

The metals used to make contacts to the CdS films 
were Al, Cu, Te, and Au. Of these, only A1 formed an 
ohmic contact; Cu, Te, and Au formed rectifying con- 
tacts. The photovoltaic effect at the junction was de- 
tected as a function of light intensity and wavelength. 
The dependence on light intensity was found to be 
linear. The dependence on wavelength varied slightly 
with the metal involved. Some common features were 

(b) CdS powder of an ultra-high purity grade from 
Eagle Picher Company. The resistivity of the material 
was measured by compressing the powder in a ceramic 
cylinder between a copper plate and a screw tight- 
ened to the cylinder. The value of the resistivity as 
obtained from this measurement was of the order of 
107 ohm-cm. The over-all electrical results obtained 
with either material (a) or material (b) were sub- 
stantially the same. 

The films were deposited on glass substrates which 
were heated to temperatures ranging from 150" to 
350°C. A source similar to that described by Zuleeg 
and Senkovits (1) was used. The color of the films de- 
posited ranged from a dark orange for substrate tem- 
peratures near 150°C to yellow for the higher temper- 
atures. The resistivity varied correspondingly from 1 
ohm-cm to approximately 104 ohm-cm in the dark. The 
films evaporated on warm substrates were all photo- 
sensitive to some degree, with the sensitivity depend- 

observed: 
1. The photovoltage us. wavelength plots achieved a 

maximum value beginning at a wavelength which 
varied with the metal involved and ending at approx- 
imately 0.5# (which corresponds energetically to the 
CdS band gap). 

2. The lower wavelength limits corresponded to pho- 
ton energies varying linearly with the work function 
of the metal forming the junction. 

3. In addition to the main response these photo- metal metal A l  
voltage plots consistently exhibited a weak maximum 
(between 10-1 to 10-2 times weaker than the main 
peak) at a wavelength of 850 m,u. At this wavelength 
value a peak was observed both in the absorption and 
in the photoconductivity measurements on the CdS 
films. The peak at 850 m,u is therefore attributed to a 
transition internal to the CdS. 

4. No evidence of photoemission from the metal 
was found. No simple relation holds between the 
response in the long wavelength region and the thick- 
ness of the metal layer or the metallic work function. 
The weak response which was detected at long wave- 
lengths was probably due to the presence of impurity 
states in the CdS band gap. 

Fabrication of the Samples 
The structure of the diodes used in the experiments 

is shown in Fig. 1. The three differing geometries 
shown in Fig. 1 were adopted to determine if anisotropy 
in the properties of the films might affect photovoltage 
measurements. In fact, all diode structures behaved in 
substantially the same way. Two sources provided the 
CdS which was used to make the diodes: (a) CdS 
powder (mat 33-C-291) from RCA Laboratories;? 

1-Present address: Facoleta di Ingegneria, Universita di Roma, 
Italy. 

'Kindly supplied by Dr. P. K. Weimer of the RCA Laboratories, 
Fig. 1. Different shapes adopted for the diodes. An example of 

Princeton, New Jersey. type I is shown in (b) (bottom) in actual size. 
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3 G. O. MUller has reported measurements of ohmic-contact photo
voltage responses. Phys. Stat Solidi. 3. 523 (l963).

• The pressure was measured at the throat of the chamber just
before the evaporation started; during evaporation, the pressure
typically reached 2 or 3 x 1()-e Torr.

•• The thickness was measured by using a Normarski-type inter
ferometer.
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Table I. Sample fabrication properties

-------

Evaporation Temp. Temp. Thick- Dark re~

SJide pressure, • substr I source, ness of sistivity.
No. Structure Torr 'C 'C CdS,p.·· ohm-em

5\ AI-CdS-Au 1.9 x 10-7 300 780 0.098 4.9 x 1()3
54 AI-CdS-Te 3 x 10-7 250 780 0.243 5.8 x l~

55 AI-CdS-Cu 3 x 10-' 275 770 0.\64 6.6 x 103
56 AI-CdS-Cu 3.5 x 10-' 250 760 0.115 2.3 x 1()3
59 AI-CdS-Au 1.2 x 10-7 285 780 0.\40 3.1 x 11)3

Light intensity (arbitrary units)

Fig. 3. Photovoltage YS. light intensity for an AI-CdS-Te diode
(unit 54.3) at five different wavelengths. The polarity of the
photovoltage was such as to make the blocking contact positive.

straight-forward manner. The metal-CdS diode cells
fabricated in this laboratory and discussed in this
paper belong to five sets of samples. Table I summarizes
the fabrication data for these samples.

Experimental Results
No appreciable bulk photovoltage was detected

across CdS films deposited on warm substrates, the
connections being made through In-soldered ohmic
contacts. (In a few cases photovoltages which never
exceeded a few microvolts were obtained at such junc
tions under very concentrated visible illumination.3 )

Somewhat larger bulk photovoltages were obtained on
some CdS samples deposited on substrates at lower
temperatures. The maximum value of the bulk photo
current detected was 0.2 nA (1 Mohm meter resistance).
This was measured on a 11' thick sample having a
resistivity of 2.75 ohm-cm. The bulk-generated photo
current varied quite irregularly when a concentrated
beam of light was moved along test samples which
consisted of ohmic contacts made to the opposite edges
of films 1.2 cm in length. This photocurrent probably
stemmed from a nonuniform distribution of impurity
states in the film, which gave rise to a nonuniform
conductivity. Potential barriers at the microcrystal
boundaries could also be responsible for the detected
photoeffect. In all cases, however, and particularly
in the case of the films deposited on warm substrates,
the bulk photovoltage was negligible in magnitude
when compared to the photovoltages measured at metal
blocking contacts to the CdS films.

A Bausch and Lomb monochromator with a coil-fila
ment tungsten bulb was used as a light source. Photo
voltaic response was measured in a range of wave
lengths extending from 0.325 to 1.61', obtained by using
two different diffraction gratings (0.325-0.8001' and
0.700-1.6001'). The intensity of illumination at each

Fig. 2. Etch pallerns on a CdS film deposited on a substrate
warmed atlS0·C.

(mm)

ing on the temperature of the substrate. Ratios of dark
to room-light resistivities of 2: 1 or 3: 1 were typical.
When the temperature of the substrate reached or
exceeded 300'-350'C, the deposition became slow and
re-evaporation was observed. An optimum substrate
temperature seems to be about 200'C when the source
temperature is around 750' -800·C. The composition of
the films also varied with the thickness of the deposit;
thinner films showed higher conductivity than thicker
ones for the same temperature of evaporation.

The crystallographic structure of the CdS films was
studied via x-ray examination. Diffraction patterns
from the films contained only one strong line corres
ponding to the (002) direction of the hexagonal struc
ture. The line corresponding to the (lOl) direction
(the strongest line for randomly oriented powders)
was much weaker in the pattern from the films and
was of the same order as the line corresponding to
the (004) direction (i.e., the second-order diffraction
in the direction of the principal hexagonal axis). The
intensity ratio between the (002) and (lOl) lines was
approximately 104, while a randomly oriented sample
would give a ratio 59/100 for these lines. Two weak
lines corresponding to CdO were detected on the
x-ray pattern from a sample deposited on a cold sub
strate and baked in air at 350·C.

Some of the samples were etched by exposure to
warm vapors of concentrated HCI. Under microscopic
examination at 200 magnification, no crystalline pat
tern was detectable on the samples evaporated on a
cold substrate, postbaked or not. On films deposited on
a warm substrate, hexagonal patterns ranging in size
up to 40-501' were observed (Fig. 2). These patterns
may either be CdCh precipitates or else actual etch
pits. Recent work on this question will soon be pub
lished. The AI and CdS layers were deposited in a
two-step evaporation, without opening the bell jar in
order to avoid oxidation of the Al layer. The counter
electrode (Cu, Au, or Te) was then deposited in a
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wavelength was varied by adjusting the monochrom- 
ator supply voltage with a variac. The measured photo- 
voltage depended linearly on the intensity, and was 
of a polarity to make the blocking contact positive. A 
typical curve of photovoltage us. light intensity for an 
A1-CdS-Te sample is shown in Fig. 3. 

Figure 4 shows typical curves of the measured pho- 
tovoltage versus wavelength for three different metal- 
CdS rectifying contacts. Several features common to 
all three curves are easily understood. 

1. The measured photovoltage drops in each case 
all three curves are easily understood. 
ev, this energy is near to values reported for the CdS 
band gap at room temperatures (2). 

2. In each case the photovoltage becomes appreciable 
at a short wavelength which varies with the metal 
used to make the blocking contact. 

3. A much smaller peak is detectable for a wave- 
length of about 85'0 mu. 

In order to investigate further the nature of the 
peaks detected in the photovoltaic response, both the 
photoconductive response and the absorption spectrum 
of the CdS films were also measured. Curves obtained 
from these measurements are shown in Fig. 5 and 6. 
Finally, the photovoltage measurements obtained on 
the diodes fabricated in this laboratory were compared 
with the measurements made on samples supplied by 

R. Zuleeg of the Hughes Microelectronics Division, 
Newport Beach, California. Measurements on the 
Hughes units are plotted in Fig. 7 for a typical cell. 
The Hughes samples were Au-CdS diodes with differ- 
ent thicknesses of the Au-layer, deposited in the struc- 
ture described by Zuleeg (1). The CdS powder used by 
Zuleeg was supplied by Harshaw Chemical Company. 

Discussion of Results 
It is found that evaporation in a vacuum of roughly 

10-6 Torr leads to dark-colored low-resistivity films 
when the substrate temperature is roughly 150°C or 
less (with a temperature of about 850°C for the 
source). At temperatures below 150°C the vapor pres- 
sure of free Cd is less than 10-5 Tom, and hence free 
Cd condensation is likely. Free S has a vapor pressure 
more than four orders of magnitude higher than free 
Cd in this range of temperatures, so that excess S is 
not likely to be present in the evaporated films. The 
dark color and low resistivity can thus be plausibly 
connected with the presence of Cd excess, either by 
virtue of S vacancies in the lattice, or else because of 
interstitial Cd atoms. Recent work with radioactive 
tracers by Woodbury (3) has indicated that intersti- 
tial Cd is very unlikely in CdS crystals. 

It was possible to alter the resistivity of the films, 
which were deposited on a cold substrate by baking 
them in an open tube under a Hz atmosphere for 
roughly 30 min at 350°C. During this heat-treatment, 
the films changed color from dark orange to pale yel- frwar 
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Fig. 4. Photovoltage vs. wavelength for three CdS diodes: +, 
Al-CdS-Te; 0, Al-CdS-Cu; 0, Al-CdS-Au. 
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low and simultaneously increased in resistivity by as 
many as six orders of magnitude from their as-de- 
posited condition. By contrast, it was found that 
air-baking in an open tube of samples for times com- 
parable to the hydrogen bake resulted in a much 
smaller resistivity change while preserving the strik- 
ing color change. The increased resistivity is thought 
to stem from the elimination of the excess Cd at the 
crystallite surfaces. The comparative ineffectiveness of 
air baking may be a result of the oxidation of the 
Cd at the material surface; which may act to inhibit 
further Cd diffusion. (CdO was observed in the x-ray 
spectrum of air-baked samples.) Berger et al. (4) 
have explained measurements on CdS films which 
were heat treated in vacuum by postulating the pres- 
ence of two competing processes. The first is the d'if- 
fusion of excess Cd to the surface where it is vapor- 
ized, and the second is the creation of sulfur vacancies 
near to the crystal surface owing to CdS dissociation. 
The increase in resistivity and color changes which 
we have observed suggest that the elimination of ex- 
cess Cd predominates at low temperatures outside of 
vacuum. Somorjai and Jepsen (5) argue that the rela- 
tively fast diffusion which adjusts the resistivity of 
annealed CdS films is due to sulfur-vacancy migration 
from the Cd-rich interior to the surface. The diffusion 
constant for substitutional Cd (3) is far too low to be 
effective for the annealing times and temperatures that 
we have used. The sulfur-vacancy difision constant, 
while not known in detail, appears to have a value of 
about 10-5 at 800°C and a very low, but as yet un- 
determined, activation constant. A diffusion constant of 
this order would fit the relatively rapid change in re- 
sistance which we have observed on annealing. 

The energy levels associated with Cd or S vacancies 

length decrease in photovoltage occurs at different 
wavelengths depending on the metal forming the junc- 
tion. The photon energies which correspond to the point 
at which the curves drop are proportional to the work 
function of the metal, as'is evident in Fig. 8. Although 
too many factors are unknown for an exact quantita- 
tive analysis, the proportionality between work func- 
tion and photovoltage decrease may be caused by the 
dependence of space-charge layer thickness on surface- 
barrier height. The short free-hole diffusion length in 
CdS would conline all photovoltaic effects to the space- 
charge layer, and hence any photoresponse would be a 
sensitive function of the depletion layer width, which, 
in turn, is dependent on the electrode metal's work 
function.4 

No evidence is found in any of the samples of the 
presence of photoemission of electrons from the metal 
as found by Williams and Bube (7). There is in all the 
curves a background which could be interpreted ac- 
cording to Williams and Bube's theory, but no simple 
relation has been found between the responses obtained 
from samples with differing thicknesses of the metal 
layer and between the metal forming the junction and 
the shape of the curve. In the long wavelength region, 
where metallic photoemission should be observed un- 
der the Bube and Williams hypothesis, both the photo- 
conductivity response and the transmission spectrum 
show evidence of transitions inside the CdS. The pho- 
toconductivity increases and the transmission shows 
many weak absorption and emission peaks. These 
points seem to suggest that the response in the region 
considered is probably due to the presence of distrib- 
uted impurity and imperfection levels in the CdS. The 
peak at 850 mp appears in all diodes studied and is 
therefore certainly due to a transition internal to the 

or with interstitial Cd are not known exactly, although CdS. 
there is general agreement in the literature that S va- Results quite similar to those obtained for the diodes 
ranries rps111t in plertrnnic enerw levels located fabricated in this laboratory were also measured on - -. . -. - - . - - -. . . . . -. - - . . -. .-. -. . . . -. . . . . -- . . . .. . - - 
roughly 0.2 ev below the conduction band, if doubly the diodes fabricated by the Hughes Semiconductor 
charged, and 0.5 ev below the conduction band, if sin- Division. Since the CdS layers in the Hughes diodes 
elv charwd (61. were almost ten times thicker than the CdS layers de- " "  - , , 

In order to interpret the photovoltaic response data, 
we first discuss the photoconductivity and transmission 
data of Fig. 5 and 6. The photoconductive response 
curve in Fig. 5 is a plot of Ar/no us. photon energy 
where Ar is the increase in photoconductivity and no 
is the photon flux. The expected large photoconductive 
response for photon energies near and above the band 
gap is evident. Also present in the photoconductivity 
data is a smaller peak in the neighborhood of 1.5 ev 
(830 mp). Evidence for energy absorption at 1.5 ev 
was also obtained from transmission measurements. 

The general character of the observed photovoltage 
us. wavelength curves (Fig. 4) is seen to be approx- 
imated fairly closely by the spectral absorption curves 
of Fig. 6. Minor variations in the curve shapes with 
varying metallic electrodes can be partly understood 
in terms of differing reflectivities by the contacts them- 
selves. In the short-wavelength region, the photo- 
voltage us. wavelength curves drop more rapidly than 
does the absorption coefficient curve. The short wave- 

posited in this laboratory, the response for energies 
higher than the band gap was nearly completely nulled 
by photon absorption in the CdS layer, when illumin- 
ating from the A1 side of the Hughes diode. The re- 
sponse obtained with illumination from the Au side 
was quite similar to that obtained from the units fabri- 
cated in this laboratory. Also, for the Hughes diodes 
the response at higher wavelengths could be due both 
to photoemission and to distributed trapping levels in 
the CdS. Here we do not have any data on the CdS 
transmission and photoconductivity to be compared 
with the photovoltaic response. Again there is no evi- 
dence for photoemission from the metal, as no simple 
relation is found between the back and the front re- 
sponses and between the responses of two units having 
differing thicknesses for the Au layer (Fig. 7). A rigor- 
ous comparison is not possible owing to the presence of 
superimposed oscillations in photovoltage us. wave- 
length due to an interesting interference phenomenon 
in the CdS layer. 

To prove the validity of an interference hypothesis in 
explaining these oscillations in measured photovoltage, 
we have compared the wavelength of the incident light 
corresponding to the maxima in the photovoltage oscil- 

3 6 4  
4 This mechanism was suggested by Professor A. C. English. 

Table I I .  Measured and calculated wavelengths a t  
photovoltage m a x i ~ a  . 

m 2nd/m. !.mum, cale Maxima. ~ m ,  meas. 

8 

Fig. 8. Position of the first peak in the low wavelength region 1: 
of the photovoltaic response as a function of the work function i: of the metal forming the junction. 13 
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lations with the wavelength values obtained by as
suming the effect to be caused by standing wave pat
terns formed from reflections at the Au and Al sur
faces. If standing wave patterns are present one can
predict the maxima to occur for 2nd ~ m I"~ where n
is the refractive index of the CdS (2.5), d = 1.581'
is the thickness of the CdS layer, and m is an integer.
In Table II the wavelengths of the maxima of sample
a measured on Fig. 7 are compared with those calcu
lated from the theory just proposed. A similar com
parison holds for unit 6 of Fig. 7 which had a CdS
layer 2.051' thick.

It can be seen that the agreement between theory
and measurements is quite reasonable. The presence
of the interference phenomenon makes it difficult to
detect clearly the position of any maxima in the long
wavelength region that may result from other physical
mechanisms. The interference phenomenon is not pres
ent in the diodes fabricated in our laboratory because
of the difference in structure and of the semitrans
parent metal layer.

Conclusion
CdS films obtained by evaporation with both the

temperature of the substrate and the temperature of
the source opportunely controlled show a microcrys
talline structure, having a high degree of orientation.
The pale-yellow color and the high resistivity of the

films indicate that large amounts of excess Cd are
not present. Metal junctions to these films show a pho
tovoltaic effect when illuminated with light in the
wavelength region between 350 and 500 ml'; the first
limit depending on the metal involved. No evidence
for photoemission in the long-wavelength region has
been detected.

Manuscript received Jan. 28, 1965. This report was
prepared by the University of California, Electronics
Research Laboratory under USAF Contract No.
AF-33(616)-7553 and AF-33(615)-1045.

Any discussion of this paper will appear in a Discus
sion Section to be published in the June 1966 JOURNAL.
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A Novel Crystal Growth Phenomenon:
Single Crystal GaAs Overgrowth onto Silicon Dioxide

F. W. Tausch, Jr., and A. G. Lapierre, III

Engineering Department, Sylvania Semiconductor Division,
General Telephone and Electronics, Incorporated, Woburn, Massachusetts

ABSTRACT

Epitaxial growth of GaAs in windows on Si02-masked GaAs substrates has
been studied and found to yield smooth-surfaced single crystal epitaxial layers.
Single crystal overgrowth onto the Si02 films, initiating from the windows and
growing out laterally over the Si02, has also been observed to occur in many
instances. Studies of growth habits and patterns, inspection of cleaved sections,
x-ray studies, and crystallographic considerations have led to a proposed
growth mechanism which is not only consistent with the experimental window
growth and overgrowth observations, but also indicates that the processes are
highly controllable; it has been shown that overgrowth can be virtually in
hibited, and it is concluded that with proper mask geometry single crystal
overgrowth can occur over large areas almost without restraint.

In the course of investigating the Si02- masked epi
taxia� growth of GaAs in windows, which has never
been reported in the literature, it was observed that
not only window growth of excellent quality was ob
tained, but that the epitaxial layer frequently grew
out laterally from the windows in the Si02 mask, re
sulting in an area of sandwich structure with the
single crystal epitaxial GaAs layer separated from the
GaAs substrate by the amorphous Si02 film (e.g., see
Fig. 6 and 7). This behavior is quite different from
that reported for growth of silicon in windows [e.g.,
ref. (4)], where lateral overgrowth has not been re
ported. Since this phenomenon of overgrowth appears
to be not only novel but also potentially useful for
device fabrication, it has been further investigated.
This paper includes some preliminary results and con
clusions derived from study of growth in windows and
overgrowth.

Experimental
Substrates used in the work reported here were

heavily doped (tellurium) n-type GaAs, cut and pol
ished within 3° of the (iTI) As faces. Essentially similar
results were obtained on the (Ill) Ga faces. Si02 filrrs
of 100-10,000A thickness were deposited conventionally

Fig. 1. Photomicrograph of L-shaped mask used in early work.
Dark areas represent Si02 removol to GaAs substrate. Stripes are
one-half mil wide and 13 mils long. Magnification approximately
95X.



Vol. 112, No. 7 A NOVEL CRYSTAL GROWTH PHENOMENON 707 

Fig. 2. Photomicrograph of specially designed mask for over- 
growth study. Dark areas represent SiO. removal to GaAs substrate. 
Windows range from one-half to 32 mils over-all. Magnif ication 
approximately 25X. 

by pyrolysis of tetraethyl orthosilane, and windows 
were opened in the SiOz by standard photolithographic 
techniques. Figure 1 shows the simple window pattern 
used in early work, consisting of an L-shape with legs 
13 mils long and one-half mil wide, and with a 3 by 3 
mil square in the center. Figure 2 shows a more elab- 
orate pattern which was designed for study of over- 
growth and which incorporates both round and square 
windows of various sizes (Y2-32 mils over-all) as well 
as frames of various sizes (2-32 mils over-all) and 
frame widths (M-2 mils). Masks were not intentionally 
aligned along specific crystallographic planes unless 
noted. 

Epitaxial layers up to about lop thick were deposited 
on these slices in a conventional quartz vertical vapor 
transport reaction system, similar to that reported by 
Williams and Ruehrwein ( I ) ,  utilizing an undoped 
GaAs source and either HC1 or AsC13, in hydrogen, as 
the transport agent. Growth rates normal to the sur- 
face were generally 0.5-2.0 p/min. The source temper- 
ature was 900°C, and the deposition temperature was 
from 710" to 730°C. 

Results 
Figures 3 and 4 show typical growths of about lop 

thickness obtained using the two masks previously 
described. It should be mentioned that most of the gross 
imperfections apparent in these growths are due to 
im~erfect  ~hotoli thoera~hic work. incomvlete removal 

Fig. 4. Photomicrograph of growth in mask shown in Fig. 2. 
Magnif ication approximately 25X. 

overgrowths, except where obvious polycrystallinity 
exists. 

Comparison of Fig. 3 with Fig. 1 shows that lateral 
overgrowth of several mils has occurred from the one- 
half mil wide stripes, although growths of the central 
squares has tended to form hexagons and then vir- 
tually stop. Similarly, comparison of Fig. 4 with Fig. 2 
shows that growth in all of the windows except the 
largest of the squares has formed hexagons, and that 
even the largest of the squares tend toward hexagons, 
and that the three smallest frames (2, 4, and 8 mils 
over-all) have been filled by overgrowth. Figures 5A, 
B, and C show an 8-mil frame before overgrowth, after 
almost complete overgrowth, and after complete over- 
growth; these pictures not only demonstrate the de- 
velopment into the hexagonal shape, but also show that 
practically no growth occurred on two sides. It may be 
noted that the pattern is still faintly visible through 
the overgrowths of Fig. 5B and C. Finally, Fig. 5D and 
E show examples of better quality overgrowths of 2 
and 4 mil frames, achieved by growing at a slower 
rate (i.e., closer to 0.5 p/min normal to the surface, 
rather than 1.0 or 2.0 p/min). 

A number of other features apparent in Fig. 3 and 
4 may deserve comment here. For example, spurious 
nucleation occurred on a few places on the SiOz in 
some cases, especially at high growth rates, but was 
generally not a problem. Also, it can be seen that 
less perfect areas frequently occur wherever advancing 
growth fronts intersect; these may result in low-angle 

Fig. 3. Photomicrograph of growth in pattern shown in Fig. 1. Figure 5E. Photomicrograph (350X) of high quality overgrowth in 
Magnif ication approximately 125X. 4-mil frame. 
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grain boundaries, which were observed in some x-ray 
photographs of these areas, although low-angle grain 
boundaries were also detected in some substrates. In 
any event, it will be shown later that the problem of 
intersecting growth fronts can be avoided by proper 
choice of mask geometry. 

Identification of Faces 

As previously mentioned, all growths reported here 
were carried out on the polished (111) surfaces of 
GaAs. The flat top surfaces of completed hexagons 
were in several instances measured to be oriented three 
degrees from the polished substrate surface by inter- 
ferometry. Subsequent x-ray determination of the sub- 
strate orientation of these slices showed that the 
polished substrate surface was itself three degrees off 
the (111) plane in the corresponding direction. These 
observations not only indicate that the top surface 
tends to grow into a (111) facet, but also further 
support the single-crystallinity evidence of the 
growths. The tendency toward (111) facet formation 
may also explain some of the stepping which is ap- 
parent in Fig. 3 and 4, especially in large areas where 
not enough vertical growth has occurred to result in a 
single (111) facet across the entire top surface of the 
window. 

In order to identify the slow-growing crystallo- 
graphic planes bounding the growth figures, samples 
were cleaved along the (110) cleavage planes and in- 
spected from the side; (110) cleavage was confirmed in 
several instances by x-ray orientation. It should be 
noted that there are three (110) cleavage planes, sixty 
degrees apart, perpendicular to any (111) face. 

Referring again to Fig. 4, this is a top view of a 
sample twice cleaved along parallel (110) planes. It can 
be seen that these cleavage lines are perpendicular to 
one set of sides of any completed hexagon, and hence 
generally reveal the crystallography of the correspond- 
ing advancing growth front. A side view of such a 
cleavage through a completed hexagon invariable re- 
veals a structure such as that sketched in Fig. 6A and 
6B, and shown in photomicrograph 6C. The faces shown, 
at approximately 70Yrom the (111) plane, correspond 
to other (111) planes (see Table I). Consideration of the 
crystallography involved leads to the conclusion that 
the overhanging facet is chemically the same (111) 

Fig. 6. Sketch of (110) cleavage of completed (grown) hexogon. 
Figure 6B. Side view of above cleavage through completed hexogon, 
showing opposing (111) facets. Figure 6C. Photomicrograph (1000X) 
of typical cleavage as above. 

Table I. Angles between (1 11) and x planes along 1 TO zone 

It may  be mentioned that the difference between the two columns. 
as referred to in the text, is  that one always refers t o  upward slop- 
ing faces whi le  the other always refers to downward sloping faces; 
hence in a cleavage which reveals two  upward sloping faces, both  
planes w i l l  appear in the same column, whi le  i f  the cleavage re- 
veals both on upward and a downward slooine face. one w i l l  aooear 
i n  each  column^ 

plane (i.e., either gallium or arsenic) as the top (111) 
face, while the upward sloping facet is chemically the 
same (111) face as the bottom (111) face of the sub- 
strate wafer. In any of the top-view photographs the 
upward sloping facets appear dark due to the illumi- 
nation, while the downward sloping facets are not 
visible. From the photomicrograph in Fig. 6C of the 
cross section of a completed hexagon can be seen the 
flat top (111) plane of the growth in the window, the 
70" overhanging (111) side facet, and the small amount 
of overgrowth which has resulted from the formation 
of that facet. The SiOz masking can be seen in this 
photograph as the dark line separating the over- 
grown layer from the substrate. Cleavages across over- 
grown L-shaped patterns such as in Fig. 2, as well as 
across frames and windows where the hexagonal shape 
has not yet developed, frequently reveal leading edges 
at angles as shown in Fig. 7B. Referring again to 
Table I, the facet at about 35" to the (111) appears to 
correspond to a (110), and that at about 55" appears to 
correspond to a (100); usually the two facets have been 
of approximately equal magnitudes, as indicated by 

X*  EL^ I.' 

r " 

Fig. 7A. Partially overgrown frame with four cleavages indicated, 
for use with Fig. 7 8  through 7E. Figure 78. Sketch o f  cleavage 
revealing both (100) over (110). and (110) over (100) double facets. 
Figure 7C. Cleavage revealing both a (111) facet and a (110) 
over (100) combination facet, also indicating relative lateral growth 
rates. Figure 7D. Cleavage revealing the other possible combina- 
tian, with (111) and (100) aver (110) facets. Figure 7E. Cleavage 
across a (110) perpendicular facet. (Note t ha t  vertical dimensions 
i n  side view sketches, Fig. 78 through 7E are exaggerated for 
clarity). 
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the sketches. Cross sections showing leading edges 
consisting of the (110) and (100) double facet on one 
edge and a (111) facet on the opposite edge have also 
been observed, as in Fig. 7C and 7D. The discovery of 
these combinations of facets is important in corrobo- 
rating the identification of all the faces, since con- 
sideration of the crystallography involved (and refer- 
ence to Table I) leads to the conclusion that the combi- 
nations pictured are the only ones consistent with the 
observed angles. 

The above-mentioned existence of combination 
(110)-(100) faces deserves comment since it would be 
expected (2) that a (111) layer spreading over a sub- 
strate (111) surface in opposed [211] directions should 
result in a step along a (110) plane in one direction and 
a step along a {100) plane in the other direction. 
Similarly for the layer spreading over the chemically 
opposite (111) surface the (100) step should form in 
the first direction and the (110) step in the other. The 
distinctive feature of overgrowth, however, is that the 
(111) layer is effectively spreading over both (111) 
and (111) faces simultaneously since the layer is 
growing over an SiOz substrate rather than a (111) 
oriented substrate; the combination growth front in- 
volving both (110) and (100) steps is thus not too sur- 
prising. It might be mentioned that epitaxial over- 
growth is, in many respects, similar to dendritic 
growth. 

Another facet frequently found on cleavage has been 
one at 90" to the (111) plane, as sketched in Fig. 7E. 
Although the (211) plane is in the (110) zone, and is 
90" from the (111) plane (see Table I) ,  it is not likely 
to form facets on GaAs (3). On checking the top view 
of these cleavages it was found that the cleavage (110) 
planes were not perpendicular to the growth front, as 
was true in Fig. 7A through 7D. Rather, the front was 
60" from the cleavage plane, advancing in a direction 
30" from any [2111 direction. These directions are the 
[I101 directions and, indeed, the 90" face is probably 
the {110) face. Note that in Fig. 4 the planes forming 
the interiors of the three 16-mil frames are 30" from 
the exterior (111) hexagonal facets and are probably 
these perpendicular (110) facets. 

Facets at angles corresponding to other crystallo- 
graphic planes have also been observed, but have not 
been identified with any degree of certainty. 

Proposed Growth Mechanism 
Considering now the factors which determine the 

growth pattern obtained, it is clear that the amount 

Fig. 8A. Sketch of effect of relative facial growth rates on habit 
of diverging growth front (outward growth). Figure 86. Sketch of 
effect of relative facial growth rates on habit of converging 
growth front (i.e., inward growth). 

of overgrowth obtained with each possible facet as a 
leading edge will vary, and the (111) facets will ad- 
vance most slowly (i.e., at the same rate as the top 
(111) face). 

The factor determining which growth front forms 
is whether the growth front is diverging or converg- 
ing. First consider the case where the growth front 
diverges, i.e. Fig. 8A. The length of the slow grow- 
ing front increases at the expense of the fast growing 
front, and the final form is recognizable as the circum- 
scribed (111) hexagonal facets to which all mask 
shapes tend to overgrow in the outward direction. 

Considering next growth along a converging front, 
i.e., Fig. 8B, it is now the fast growing facets which 
tend to survive and predominate. For example, the 
interior overgrowths in the 16-mil frames of Fig. 4 ap- 
pear to be forming facets which are aligned 30' from 
the (111) exterior facets, and hence are believed to be 
the relatively fast growing (110) perpendicular faces. 
The fact that fast growing faces are not self-annihilated 
in this case makes possible controlled rapid overgrowth 
of a converging growth front. The relatively extensive 
inward growth apparent in the L-shaped areas of Fig. 
3 may be explained in terms of growth steps initiated 
at the inside corner. 

It is interesting and informative to speculate briefly 
on some of the techniques by which overgrowths could 
be controlled, in the light of the previously developed 
mechanism. For example, by proper orientation of a 
hexagonal mask pattern, i.e., with sides parallel to 
(111) faces, it should be possible to inhibit completely 
rapid overgrowth and thereby limit growth in all di- 
rections (including normal to the surface) to the slow 
(111) face growth rate; growth in circular windows 
approaches this condition. As another example, over- 
growth over large areas should be possible by exploiting 
a geometry which avoids {I l l )  facet formation, i.e., 
straight lines or concave curvatures (see Fig. 8B). It 
may be noted that the problem of defects caused by 
intersecting growth fronts is avoided along straight 
or gently curving window openings. 

Conclusions 
It has been shown that single crystal epitaxial growth 

occurs in windows, and that the growth tends to rapidly 
overgrow the SiOz until a hexagonal figure bounded by 
(111) facets is formed. The overgrowth is itself single 
crystal, and rather extensive (several mils) over- 
growths of good appearance have so far been 
achieved. A mechanism of overgrowth has been pro- 
posed which is not only consistent with the experi- 
mental observations, but also indicates that the over- 
growth process is highly controllable; by proper geo- 
metrical relationship between the mask and the sub- 
strate crystallography overgrowth can be virtually in- 
hibited, and it is concluded that overgrowth can also 
be made to occur over large areas almost without re- 
straint. The integrity of the isolating SiOz film has been 
established since it is visible on sectioning and after 
the overgrown GaAs has been chipped away. 
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Kinetics of Epitaxial Silicon Deposition by a Low 

Pressure lod ide Process 

John E. May 
Semiconductor Products Department, General Electric Compang, Auburn, New York 

ABSTRACT 

This report is primarily a study of the factors which control the vapor 
transport process of silicon in a modified closed tube low pressure cyclic iodide 
process. The kinetics of transport from the source to the substrate are examined 
and are found to agree with a diffusion controlled mechanism. The model is 
useful for estimating the deposition rate under a variety of conditions. The 
process is found capable of depositing silicon on silicon substrates at relatively 
high deposition rates. Impurity doping with this process is accomplished by in- 
corporating the desired impurity into the source sillcon. 

Vapor phase transport-closed tube processes are of 
considerable interest for epitaxial deposition of semi- 
conductor materials (1-4). Essentially, the process in- 
volves incorporating into a closed tube the substrate, 
the source of material to be deposited, and a carrier 
gas. By heating the source and substrate to different 
temperatures, the carrier gas reacts with the source 
material to form a volatile compound which then 
migrates to the substrate. Decomposition and deposi- 
tion occurs at the substrate. The decomposition prod- 
ucts may then travel back to the source to pick up more 
material. In the silicon-iodine system studied by Wajda 
and Glang (4), for instance, the substrate is main- 
tained at about 950°C, the source at 110O0C, and iodine 
pressure at 20 atm. With a source to substrate distance 
of 10 to 15 cm they observe deposition rates of the 
order of 10 c/hr. The dominant transport mechanism in 
this case is thermal convection. 

Dash and Taft (5) on the other hand have used a 
low pressure silicon iodine cyclic process and have 
brought the source much closer to the substrate. The 
source and substrate can be heated inductively to dif- 
ferent temperatures to achieve a steep temperature 
gradient. The close space geometry has been also used 
by Sirtl (6) and by Nicoll (7). 

This paper shows that the combination of close spac- 
ing and low pressure lead to a substantially more rapid 
deposition rate, and that the process is diffusion con- 
trolled. 

Preliminary Analysis 
In this report we expand the initial work of Dash 

and Taft (5) on the cyclic iodide process, investigating 
further the effect of pertinent variables which control 
the transport and deposition processes. In addition, the 
kinetics and mechanism of transport are examined and 
estimates are made of the deposition rate as a func- 
tion of the experimental variables. 

An important feature of this process is the relatively 
small distance between the source and substrate. This 
distance is maintained by placing the substrate between 
two slabs of silicon which are separated by means of 
a quartz ring. Two arrangements are shown schemati- 
cally in Fig. 1. One piece of silicon acts as the source 
of material and the other is the heater for the sub- 
strate. Transport from source to substrate is accom- 
plished in an iodine atmosphere by heating the s3urce 

Heater at T* A source at T~- 

Fig. 1. Schematic of heater, substrate, and source assembly 

to temperature TI and the substrate to temperature Tz 
where T1 < Tz. The iodine reacts with the source sili- 
con to form a volatile iodide with an equilibrium 
partial pressure at the source greater than its equilib- 
rium partial pressure at the substrate. This supersatu- 
rated iodide at the substrate drives the original reac- 
tion in the reverse direction leaving elemental silicon 
on the substrate. A concentration gradient of silicon 
iodide is therefore established between the source and 
substrate. At an average temperature of 1100°C and 1 
mm of iodide pressure the mean free path is about 

cm. We would expect then that a diffusion con- 
trolled process would operate down to spacer dis- 
tances between source and substrate of the order of a 
millimeter. 

For a diffusion controlled process the flux of mate- 
rial passing between the source and substrate is given 
by 

J = -D ac/ax 
where D is the gaseous interdiffusion coefficient of the 
iodide and aC/aX is the equilibrium concentration 
gradient between the source and substrate. Since 
C = n/v = p/RT, the maximum growth rate (G) of 
the deposit is given by 

G = D MAp/p RT, d [I] 

where M is the atomic weight of Si, A p  is the difference 
in equilibrium iodide pressure between the source and 
substrate, p is the density of Si, R is a gas constant, T. 
is the average temperature, and d is the distance be- 
tween the source and substrate. Since Ap is a function 
of the iodine temperature and the temperature of the 
source and substrate, and D is a function of temperature 
and iodine pressure, we now have an expression con- 
taining the variables which influence the deposition 
rate. This approach is similar to that used by Schafer 
et al. (S), in their study of metal-halide transport re- 
actions. 

This model assumes that there is no barrier to nu- 
cleation and growth of silicon on the substrate and that 
equilibrium iodide partial pressures are maintained 
at the source and substrate interfaces. 

One important feature of silicon-iodine chemistry is 
that by varying the iodine pressure, silicon can be 
made to deposit in either the high or low temperature 
region (9) .  High pressures favor migration of silicon 
from the high temperature region to the low tem- 
perature region by means of the reaction 

However (at low pressures) the additional reaction 

can occur, which in combination with reaction [2] will 
give the net reaction 
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Reaction Chamber 

Fig. 2. Apparotus for epitaxiol deposition by cyclic iodide process 

Depending on whether reaction [3] or [41 is dominat- 
ing, we would have 

AP a p4r [51 

Another pressure sensitive term is the interdiffusion 
coefficient D. This varies as 

D a T"/P ~ 7 1  

where P is the pressure, T the temperature, and n a 
constant of about 1.5 to 2. Equations [5] or [6] in com- 
bination with Eq. [7] and [I] predict the rate of dep- 
osition to be proportional to the iodine pressure if 
SiIz is the dominant carrier species and proportional 
to $1 if SiL is the dominant species. This dependence 
should be obeyed so long as the process is diffusion 
controlled, that is, when the source to substrate dis- 
tance is about ten times the mean free path. At appre- 
ciably less than 1 mm iodine pressure, we would ex- 
pect a departure from a diffusion controlled process 
with a source to substrate distance of 1 mm. 

In the next sections we determine the effect of 
variables on the deposition rate and compare the re- 
sults with those expected from the analysis. 

Experimental 
The apparatus used in this experiment is shown in 

Fig. 2. It is a demountable vacuum system consisting 
of a quartz reaction chamber with a tapered joint 
connected to an iodine source vessel and a liquid ni- 
trogen trap to prevent the iodine from entering the 
vacuum pump. The source and substrate assembly 
which was used for most of this work is that shown in 
Fig. 1 (b) and consists of two Si rods (% in. diameter 
x 1 in. long) of predetermined impurity content sepa- 
rated by a notched quartz ring. The source and sub- 
strate heater temperatures are established by position- 
ing an induction coil at the appropriate elevation 
around the source and heater. The apparatus is en- 
closed by a box in which the interior can be heated 
above the iodine source temperature. 

The operating procedure consists of pumping the 
system down to about 10-6 mm with the iodine source 
open to the liquid nitrogen trap. Once the desired tem- 
peratures of source and substrate are established the 
reaction chamber is closed off from the cold trap and 
vacuum pump, but the iodine source is kept open to 
the reaction chamber. 

Temperatures were measured with an optical pyrom- 
eter by sighting on the periphery of the source and 
heater just above and below the quartz ring. The opti- 
cal temperatures were corrected for emissivity (10) 
and true temperatures are reported here. 

The iodine vapor pressure used here is that reported 
in the Handbook of Chemistry & Physics (11). 

The substrates used here were 25 ohm-cm-N-type Si 
with (1 11) sufaces which were cleaned and then chem- 
ically polished with a solution of 100 cc HF, 180 cc 
acetic acid, 300 cc of HN03, and 0.35g of iodine. Im- 
mediately prior to loading in the reaction chamber 
they were immersed in HF and rinsed in deionized 
water. 

The source silicon for this work was 0.01 ohm-cm 
P-type. Evaluation of deposit thickness was made by 
polishing a 6" bevel on the coated surface and staining 
the P region with HF-HN03 1000: 1. The width of the 
P region was measured with a microscope and eye 
piece micrometer. This thickness was checked against 
the thickness determined from stacking fault meas- 
urements in order to determine whether a significant 
amount of diffusion of doping impurities into the sub- 
strate had occurred. 

The deposition rates were obtained by dividing the 
deposit thickness by the total elapsed time starting 
after the desired temperatures were established and 
the cold trap was closed. Deposition rates determined 
in this manner could possibly be on the low side. Ex- 
periments have shown that it takes several minutes 
to achieve a linear growth rate. The total time of the 
run was therefore scheduled to be long compared with 
the time to achieve steady state conditions. 

Results 
Since ~p is a function of AT (the difference in tem- 

perature between the substrate and the silicon source), 
we shall present the deposition rate data us. AT and 
then infer the proper iodide species from this and 
other data. The relationship between deposition rate 
and Ap will then be shown. 

Dependence of epitaxial deposition rate on source 
and substrate temperatures.-In this experiment the 
substrate heater temperature was kept constant at  
1290°C true temperature and the source temperature 
was varied. The iodine vapor pressure was maintained 
at 0.7 mm and the source to substrate distance was 1 
mm. The data so obtained are shown in Fig. 3. 

Dependence of deposition rate on iodine vapor pres- 
sure.-In this series of experiments the deposition 
rates were determined as a function of iodine pres- 

Fig. 3. Variation of deposition rate with AT. Iodine pressure, 
0.7 mm Hg; separation, 1 mm; substrate temperature, 1290°C; 
source temperature, varied. 

Iodine Pressure (mm Hg.) 

Fig. 4. Variation of deposition rate with iodine pressure. Substrate 
temperature, 1300°C; source temperature, 1150°C; separation. 
1 mm. 
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Fig. 5. Effect of source to substrate distance on deposition rate. 
Substrate temperature, 13W°C; source temperature, 1090°C; iodine 
pressure, 0.7 mm Hg. 

Fig. 6. Variation of deposition rate with APsn, and comparison 
with theory. Iodine pressure, 0.7 mm Hg; separation, 1 mm; sub- 
strate temperature, 129O0C; source temperature, varied. 

sure over the range 0.3-2 mm. The source and heater 
were kept at 1150" and 1300°C, respectively, while 
the sDacer distance was 1 mm. The results are shown in 
Fig. 4. 

Effect of source to substrate distance on deposition 
rate.-The dependence of deposition rate on the dis- 
tance between the source and substrate was studied 
with a source temperature of 109O0C, substrate heater 
temperature of 1300°C, and an iodine pressure of 0.7 
mm. Quartz spacers of 1-9 mm were used. It was 
found that as the spacing increased, the uniformity of 
the deposit decreased. The data plotted in Fig. 5 indi- 
cates that the deposition rate is roughly proportional to 
the reciprocal of the distance. 

Discussion and Results 

The results of the study of the variation of deposi- 
tion rate with iodine pressure indicates that the dep- 
osition rate is directly proportional to the iodine pres- 
sure at  least within the limited range reported here. 
As discussed in the Preliminary Analysis, the result 
indicates that SiIz is the dominant species. This is in 
accordance with thermodynamic calculations. The 
slightly lower deposition rates at the lower iodine pres- 
sures are probably caused by the evaporation of sili- 
con which becomes significant compared with the dep- 
osition rate. 

With evidence that SiIz is the major transport species 
we can re-plot Fig. 4 (G = fAT) as G = f (Ap) SII,. For 
the net reaction 

SiIz e Si + 21 181 

we calculate from Schafer and Morcher (9) the silicon 
diiodide pressure in equilibrium with iodine and silicon. 
This is given by 

log (PzI/P SiIz),, = 7.447 - 8256/T [91 

The experimental relationship G (exp) = f (Ap) is 
shown in Fig. 6 and is interpreted to indicate that the 
deposition rate is directly proportional to Apsirz, in 
qualitative agreement with Eq. [ l l .  

Comparison of calculated and observed deposition 
rates.-It is of interest now to compare quantitatively 
the observed results with those predicted from Eq. [ l l .  
It is important first to consider the geometry of our 
system. We have relatively hot silicon connected to a 
distance source of iodine maintained at millimeter 
pressures. The wall temperature of the apparatus is 
about 75"C, which is lower than the silicon tempera- 
ture but higher than the iodine source temperature. We 
assume that the pressure of iodine in the space be- 
tween the silicon source and substrate is about the 
same as the equilibrium iodine pressure maintained at  
the iodine source. At these pressures and silicon tem- 
peratures the iodine is practically completely dis- 
sociated. 

The coefficient of interdiffusion of SiIz in iodine may 
be estimated from kinetic theory (12,13). (See Ap- 
pendix.) Combining Eq. [I] and [A-11 and evaluating 
the constants, we obtain the following expression for 
the maximum rate of deposition 

G is in mils per minute, ZP is the total gas pressure in 
mm, and Ap SiIz is computed from Eq. [91. 

The results calculated from Eq. [lo] are compared 
in Fig. 6 with the experimental results. We see that 
the calculated transport rates are about three times 
the observed deposition rates. However, with an ap- 
paratus modified to permit hydrogen cleaning of the 
substrate and source surfaces, we have observed dep- 
osition rates quite close to the calculated maximum 
rates. For instance, with the source at 1150°C, substrate 
at 1300eC, and iodine pressure at 3.5 mm, we have ob- 
served on occasion deposition rates of 0.35 and 0.47 
mil/min which compare with a calculated rate of 0.5 
mil/min. No doubt the rate at which gases enter the 
system during the deposition period is a variable. It 
increases ZP which has not been taken into con- 
sideration in the calculation, and one which we have 
not determined. The formation of more stable gas- 
silicon compounds will also decrease the deposition 
rate. Considering the assumptions and estimates which 
have been made in the calculation then, the agreement 
between observed and calculated maximum deposition 
rates is good. 
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APPENDIX 
The interdiffusion coefficient was calculated from the 

theory of Maxwell, Chapman, and Enskog [see Dush- 
man (12) p. 75, or Kennard (13) p. 1941, and is given by 

where vl and vz are the average velocities - - (." 3)"' 
of species 1 and 2, nlz = nl + nz = number of mole- 

01 + uz 
cules/cm3 of species 1 and 2 and olz = - where 

2 
o is the molecular diameter of species 1 and 2. Using 
values of or = 2.8 x cm and us112 = 7.2 x lo-* cm 
we compute Dl2 = 5.6 x 102 cmZ/sec at Ta = 1498°K 
and P = 0.7 mm. 

The Anodic Synthesis of CdS Films 
William McNeill, Leonard L. Gruss, and Dorsey G. Husted 

Pitman-Dunn Institute for Research, Frankford Arsenal, Philadelphia, Pennsylvania 

ABSTRACT 

Cd is shown to behave as a typical "valve anode" in solutions of NazS.9H20 
in ethanol and becomes covered with a film which acts as an electrical barrier, 
exhibits interference colors, increases in thickness as voltage is increased, and 
gives rise to sparking at voltages in excess of 150 V. Voltage-time curves, film 
thickness and electrical resistance, and x-ray diffraction analyses showing 
the films to be CdS are presented. The thickness-voltage ratio based on inter- 
ference colors is 26 A/v. 

The synthesis and properties of anodic oxide barrier 
films on metals such as A1 and Ta are well known and 
have been described in detail by Young (1). Among 
important properties of films of this type are: the ap- 
proximate linear increase of thickness with formation 
voltage for nonporous films at  constant current den- 
sity (2) ; the appearance of interference colors during 
film growth (3); and the ability to sustain very large 
electric fields (4). The majority of papers on this 
subject deal with films which are composed mainly of 
oxides of the anode metal, although some work has 
been reported on non-oxide films such as AgCl (5,6). 

In this paper we describe the anodic behavior of 
Cd in electrolytes which contain sulfide ions. 

Experimental 
Electrolytes.-The anodic reaction of Cd was studied 

with a number of electrolytes, and "valve anode" 
properties were observed in solutions of NazS in di- 
methylformamide, liquid NH3, CHaOH, CzHsOH, and 
NazS.9HzO in CzHsOH. In all cases, anodic reaction 
products included CdS as shown by powder x-ray dif- 
fraction analyses. All further studies reported here 
were carried out in solutions of NazS.9HzO in CzHsOH. 
Reagent grade chemicals were used throughout. 

The solutions of NazS.9HzO in CzH50H were subject 
to slow air oxidation which resulted in formation of SsO 
(rhombic), NazS03 and NazS04.10 Hz0 all of which 
were identified by powder x-ray diffraction. The stated 
concentrations of these solutions are therefore nominal 
and refer to conditions at  the start of an experiment. 
Also, a yellow color, presumed due to polysulfide for- 
mation appeared in the solution during anodization. 

Anodes.-Anodes were round Cd rods of 1.27 or 0.63 
cm diameter. These were reagent grade Cd of 99.9% 
purity. Anodes used for study of voltage-time charac- 
teristics and determination of film structure and com- 
position were machined to approximate hemispheric 
shape on one end, inserted in tight-fitting Teflon sleeves 
and chemically polished by alternate immersion in a 
60:40 conc. HNOa, glacial acetic acid solution, and 

water. This was followed by a 5 to 8 second immersion 
in a solution containing 32g CrO3 and 6g NazS04 in 
100 ml HzO. The polishing solution was removed by 
washing in HzO and the anode was given a final rinse 
in dry CzH50H. 

Anodes used for study of film thickness were em- 
bedded in polyrnethylmethacrylate blocks. These were 
subsequently cut and polished. In the polishing pro- 
cedure a series of abrasive papers was employed 
through grit size No. 600. The specimens were then 
lapped on a gamal cloth wheel using first AlzOs and 
finally a reagent grade MgO. 

Anodic reaction.-Anodic reactions of Cd were 
studied at current densities of 0.0155, 0.0775, and 0.155 
amp/cmZ in 0.1N and in 0.05N NazS.9Hz0 in CzH50H. 
Three replications were made for each set of conditions 
and the maximum cell voltages were reproducible 
within f 5%. Cell voltages are plotted as functions of 
time in Fig. 1. These curves exhibit the characteristic 

0.0773 amp 'me 

0,0775 amp/cm2 

100 0.0155 omp/cm2 

0- 0 5 10 IS 20 25 30 

TIME- Minute1 

Fig. 1. Voltage-time curves for Cd anodized in solutions of 
NazS.9HzO in C2H50H. Solid lines are for 0.05N solutions. 
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Table I. Electroluminescence and spark initiation voltages for 
anodic films on Cd in NazS.9H20 in CzHsOH 

Conc. of Current density, Electro- Spark 
NaS.QHpO amp/cmZ luminescence, v voltage, v 

shape that is associated with the growth, breakdown, 
and sparking of anodic barrier films (7,s). In the 
initial stage of the anode reaction, up to about 100v, 
the voltage rises very rapidly and is accompanied by 
the appearance of a film which exhibits a sequence 
of interference colors corresponding to increasing 
thickness. As the anodic film increases in thickness, its 
characteristic bright yellow color becomes more pro- 
nounced. In some cases, especially when films were 
grown at  constant voltage, there was a tendency for 
films to be somewhat cloudy or opaque. The origin of 
this behavior is not clear as yet, but we assume it 
arises from contaminants in the electrolyte or in the 
anode, or from excessive current densities causing pre- 
mature breakdown of the film. In the absence of such 
deleterious effects, it was usually possible to grow 
films to voltages in excess of lOOv with no appreciable 
loss in transparency. In these cases gas evolution was 
observed starting at about 150v. 

Electroluminescence and sparking were observed for 
the experimental conditions listed above, and the 
voltages at which these effects became visible are 
given in Table I. It is difficult to give precise voltages 
for the occurrence of these effects, but in replicate 
experiments the ranges for appearance of electrolu- 
minescence and sparking were approximately 5v and 
10v respectively. 

Films or coatings produced above the spark poten- 
tial were all yellow or orange and opaque. The spark 
reaction products were normally adherent after com- 
pletion of the anode reaction, but products of the 
same composition were ejected from the anode sur- 
face during the spark reaction. 

Film and coating composition.-Qualitative chemical 
tests and powder x-ray diffraction analyses were used 
to determine film composition and structure. 

Treatment of unsparked films with dilute HCl re- 
sulted in dissolution of the film, evolution of HzS, and 
formation of a clear solution. No change in the ap- 
pearance of smooth films, produced at 50v, was ob- 
served after immersion for two hours in CS2. Some 
change such as pitting or erosion of the film would 
have been expected if elemental surfur had been pres- 
ent. 

The results of powder x-ray diffraction analyses of 
anodic film samples obtained at different formation 
voltages is presented in Table 11. The x-ray patterns 
were made on a Norelco x-ray unit using Ni filtered 
K, radiation of Cu. Samples were exposed in a Debye- 
Scherrer camera for approximately 15 hr, with the 
beam at 18 ma and 40 kv. 

The powder samples were prepared by scraping the 
film from the Cd anode after anodic formation and 
washing in CzHsOH. The Cd present in the 50 and 70v 
samples is introduced during the scraping and is not 
present in the samples of thicker coatings obtained at 
90, 110, and 130v. Cd is present again in coatings 
formed at voltages in excess of 220v. All of the 
latter coatings were produced in the presence of spark- 
ing which may have been sufficiently energetic to dis- 
lodge metal from the anode. Attempts to obtain x-ray 
data from thin ( 5 0 ~ )  films in situ with the wide angle 
goniometer were unsuccessful and there was no evi- 
dence for either crystal structure or preferred orienta- 
tion. 

Electrical resistance.-The d-c electrical resistance 
was calculated from current and voltage values for films 

Table II .  X-ray diffraction analysis of films on Cd produced by 
anodic treatment in 0.05N NazS.9H20 in CzH50H 

Anodic forma- Products determined 
tion voltage by x-ray diffraction 

50 
70 
90 

110 
130 
220 (sparking) 
315 (sparking) 
500 (sparking) 
750 (sparking) 

Cd 
Cd 
Cds 3 diffuse lines 
CdS 5 diffuse lines 
CdS 10 diffuse lines 
CdS 24 lines, Cd 20 lines 
CdS 23 lines, Cd 11 lines 
CdS 27 lines. Cd 8 lines 
CdS 21 lines, Cd 15 lines 

in contact with the electrolyte at various stages of for- 
mation. In this experiment the anodes were 1.27 cm 
diam Cd rods, 25 cm in length which were machined and 
chemically polished to produce smooth surfaces. These 
were masked with bands of a pressure-sensitive tape 
so that the anode surfaces prior to electrolytic treat- 
ment consisted of series of exposed areas 1.27 cm wide 
and separated by masked areas of equal width. The 
anodization procedure was to insert the anode to its full 
length in 0.05N NazS.9Hz0 in CZH~OH, anodize at pre- 
determined constant voltage for periods of 10 and 45 
min, and after each period of anodization to raise a 
section of the anode out of the electrolyte and increase 
the voltage to the next desired level. The data are 
plotted in Fig. 2. The resistance values are at least 
two orders of magnitude larger than the resistance of 
the solution in the anodic cell (which has a specific 
resistivity of approximately 1100 ohm cm), and thus 
the electrolyte contribution to the measured resistance 
is very small and may be neglected. The decrease in 
the resistance us. formation voltage curves as shown in 
Fig. 2 at the higher voltages may be related to the 
development of crystal structure which the x-ray data 
in Table I1 show to occur to an increasing degree as 
formation voltage is increased. 

A series of resistance measurements was also made 
with a film formed on Cd for 16 hr at lOOv in 0.05N 
NazS.9HzO in CzHsOH. After forming under the above 
conditions, the circuit was opened and a 10 Kn re- 
sistor was placed in series with the anode. The voltage 
drop across this resistor was measured with a vacuum 
tube voltmeter in order to calculate current flowing 
in the cell as voltage applied to the cell was raised in 
approximate 10v increments. At each voltage set- 
ting, current readings were taken over a period of 
time, sufficient for decay of transients, and the cur- 
rent density was plotted as a function of voltage on 
the film. These values are shown in Fig. 3. It is ap- 
parent from this plot that the current passing through 
the CdS film is nonlinearly dependent on the applied 
voltage. 

Film thickness-Film thicknesses were estimated 
from interference colors for samples prepared by ano- 
dizing in 0.05N Na2S.9HzO in CzHsOH. The anodes were 
Cd rods mounted lengthwise in polymethylmethacrylate 
blocks and polished mechanically to expose a flat sur- 

45 Min. 
Forrnlng 

Time 

10 Min 
Ferrntng 

Time 

FORMATION VOLTAGE 

Fig. 2. Electrical resistance of anodic CdS films, formed and 
measured in 0.05N Na2S.9HzO in CzH50H a t  25°C. 
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VOLTAGE 

Fig. 3. Current den&-voltage relation for CdS film: formed 16 
hr; 100v; 0.05N NazS.9HzO in CzHsOH. 

face measuring 0.7 x 2.4 cm. The film was prepared by 
anodizing at  a current density which ranged between 
0.3 to 2.5 ma/cmz as the applied voltage was increased 
from 0 to 200v at the rate of 2.4 v/min. The anode was 
simultaneously withdrawn from the electrolyte by 
means of a clock drive at a rate of 0.19 mm/min. Thus, 
a film increasing in thickness from 0 to that corre- 
sponding to 200v was displayed over a length of 
anode surface measuring 1.6 cm. There was some 
uncertainty as to the position of the first fringe but 
in the range 0 to 195v, fringes could be observed in 
sodium light ( h  = 5893A) and were found to be 
equally spaced, occurring at intervals of 45v. The last 
two fringes at  about 150 and 195v were in a film that 
was slightly cloudy and it appears that in this voltage 
range, film growth and film breakdown occur simul- 
taneously. Film thickness increase was calculated as 
a function of voltage with the aid of the expression 
cited by Booker and Benjamin (9) 

in which d is film thickness, T is the number of fringes, 
h is the wavelength of incident light, and n is the re- 
fractive index. This latter value is assumed to be the 
same for the film as for bulk CdS in which n is 2.5 
measured with light of the above wavelength (1.0). The 
film thickness difference between fringes is calculated 
at 1178A and since this corresponds to a voltage inter- 
val of 45v, the thickness/voltage ratio is determined as 
26A/v. 

Discussion 

The experimental study, described in the preceding 
sections, of the anodic behavior of Cd in NazS.9H~0 
solutions in CzHsOH is of interest due to the barrier 
nature of the films which are produced, and the sci- 
entific and technical areas which appear as subjects 
for further investigation. 

The barrier which forms on the Cd anodes consists 
of a thin film which sustains large electric fields as 
is shown by the appearance of interference colors, 

electroluminescence, and dielectric breakdown accom- 
panied by sparking at elevated anodic voltages. Nearly 
all the voltage applied to the electrolysis cell is ac- 
counted for by the film since the solution resistance 
can account for only about 1% of the cell resistance. 
One can therefore estimate that fields in these films are 
of the order of 4 x 108 v/cm. 

The question of composition of the films is not com- 
pletely answered by the measurements made thus far, 
but it is clear that CdS is present in films obtained 
above 90v. The even spacing of interference fringes 
in films grown as wedges of uniformly increasing 
thickness, indicates that the refractive index of the 
film does not change appreciably over the voltage 
range 50 to 200v, and this would indicate that gross 
changes in film composition do not occur in this volt- 
age range. 

The ability to control anodic film composition and 
properties is of interest in connection with possible 
applications in electronic devices. We have prepared 
films similar to those described above on Cd anodes 
in which small quantities of Al, Cu and Mn were pres- 
ent as alloy constituents. Also, exploratory studies have 
shown that C1 can be incorporated in the CdS anodic 
films via anion deposition if NH4C1 is added to the 
electrolyte. 

The anodic formation of CdS films opens several 
areas of research which should yield useful results. 
Other Group 11-IV and Group 111-V compounds can 
probably be prepared in this form. It is also reasonable 
to expect that some of the compounds of Group V and 
VI elements with transition and inner transition metals 
will be accessible via anodic processes. 
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Conductivity Anomalies of Dimethyl Sul fone 

Erik Kissa 
Jackson Laboratory, Organic Chemicals Department, 

E. I. du Pont de Nemours and Company, Wilmington, Delaware 

ABSTRACT 

The electrical conductivity of dimethyl sulfone has been measured while 
cooling it from 130" to 30°C at  a rate of 0.5"C/m!n. Unlike d~phenyl sulfone or 
chlorotriphenylmethane, dimethyl sulfone exhibited conduction anomalies at- 
tributable to proton conduction and interfacial polarization. 

The chemical electret (1) was formed by solidifying 
a mixture of carnauba wax, resin, and beeswax in an 
electric field (2). Various substances have been shown 
to form electrets (3, 4). Unlike the classical electret, 
dimethyl sulfone exhibits long-lasting voltage reminis- 
cence when a strong electric field is applied after 
freezing (5). Considering proton conduction and phase 
changes as possible causes, the conductivity-temper- 
ature relationship of dimethyl sulfone was studied. 

Experimental 
Purification.-Dimethyl sulfone was purified by neu- 

tralization of its acidic impurities and recrystallization 
from chloroform and from ethanol, dried in vacuo over 
metallic sodium, and sublimed twice. M.p. 108-109°C. 
Anal. Calc'd: C, 25.5; H, 6.4; S, 34.1. Found: C, 25.5; 
H, 6.4; S, 34.0. 

Diphenyl sulfone was sublimed twice, Up.  128'C. 
Anal. Calc'd: C, 66.0; H, 4.6; S, 14.7: Found: C, 66.1; 
H. 4.7: S. 14.7. -- , -  

~hfor&i~hen~lmethane was recrystallized from a 
mixture of benzene and petroleum ether. M.P. 112- 
113°C. Anal. Calc'd: C1, 12.7. Found: C1, 12.6. 

The purified compounds were stored and handled 
under anhydrous conditions. 

Conductivity measurements.-The conductivity cells 
were 20 x 40 mm Pyrex vials equipped with a Teflon 
plug through which an inlet tube for dry argon, a 
thermocouple well, and two platinum wire electrodes, 
10 mm apart, were introduced. The upper part of the 
electrodes was covered with a glass tubing, leaving a 
10-mm long portion exposed. 

The conductivity cells were charged with molten 
samples and cooled slowly to room temperature. After 
standing 16 hr they were heated to 130°C and cooled 
in an oil bath at  a rate of 0.5"C/min. A General Radio 
impedance bridge was used at 1 kc frequency for 
measuring resistances up to 107 ohms. For higher re- 
sistances, a General Radio type 1862-B megohm-meter 
was used, by applying two I-sec long d-c pulses of 
opposite polarity. 

On heating from 28" to 130°C, dimethyl sulfone, di- 
phenyl sulfone, and triphenylmethane did not exhibit 
conduction anomalies: the a ~ ~ a r e n t  conductivities in- 

bridge equipped with a Balsbaugh cell. The dielectric 
constant-temperature curve of cooling dimethyl sul- 
fone exhibited a peak which was frequency-dependent 
and weakened with time. I t  was very strong at 200 cps 
and disappeared at 6000 cps (Fig. 2). The peak in the 
dissipation factor-temperature curve was also time- 
and frequency-dependent; at 200 cps (Fig. 2) it was 
too high to be measured. 

Discussion 
The conduction anomalies of dimethyl sulfone can 

be explained by accumulation of space charges asso- 
ciated with proton conduction and coexistence of two 
phases with different conductivities, already observed 
in long-chain alcohols (6). Frosch (7) explained the 
rise in dielectric constant of n-octadecanol by inter- 
facial polarization, caused by the coexistence of liquid 
and solid phases. Hoffman and Smyth (8) believed 
this to be improbable and concluded that two solid 
phases formed on freezing. The highly conductive a 
phase, in which proton transfer was facilitated by 
molecular rotation, changed via a nonconductive 81 
form to the stable form. 

creased gradually with the increasing temperature un- Z 
ti1 melting occurred with a sharp conductivity in- 
crease. 

Typical conductivity curves obtained by cooling the 
molten compounds from 130' to 30'C are shown in 
Fig. 1. The conductivity minimum slightly below the 
freezing point was present also with carbon electrodes 
or when switching from one pair of platinum elec- 
trodes to another pair arranged crosswise. 

The conductivity of molten dimethyl sulfone changed 
only by 20% rel. when subjected to the (about 1-v 
a.c.) output of the impedance meter for 3 hr. How- 
ever, an application of 50v d.c. increased the conduc- 50 100 I30 

TEMPERATURE (TI 
tivity of molten dimethyl sulfone 2.7 times in 3 hr, and 
an acidic electrolysis product had formed. Fig. 1. Apparent conductivities of dimethyl sulfone, diphenyl 

Dielectric pqerties.-Dielectric measurements were sulfone, and chlorotriphenylmethane during cooling of their melh. 
carried out in the frequency range betwen 200 and - , CH3SOzCH3; - - -, CH3SOzCH3 reversed direction; 
6000 cps with a General Radio Type 716-C capacitance - - - , CeHsSOzCeHs; - - , (CeHsh CCI. 
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0- 50 
TEMPERATURE PC) 

Fig. 2. Temperature dependence of the dielectric constant and 
the dissipation factor a t  200 cps. 

The conductivity minimum of freezing dimethyl sul- 
fone appears with the formation of f i s t  crystals on 
the electrodes and is associated with interfacial po- 
larization With progressing solidification a conductive 
pseudo-solid is formed, in which molecular rotation 
may permit a proton transfer. On further cooling the 
metastable amorphous phase transforms into the sta- 
ble crystalline form which does not permit molecular 
rotation, and the resistance increases again. 

The release of protons in dimethyl sulfone under 
electric stress is indicated by its dielectric properties 
and by the formation of acidic electrolysis products. 

The somewhat acidic nature of hydrogen in dimethyl 
sulfone has been demonstrated by Hochberg and Bon- 
hoeffer ( 9 )  who observed hydrogen-deuterium ex- 
change in alkaline DzO. Activation of hydrogen by the 
sulfonyl group is shown also by metalation with a 
Grignard reagent (10,  1 1 ) .  

Diphenyl sulfone and chlorotriphenylmethane can- 
not provide protons and do not show conductivity 
anomalies. 

Measurements of electric conductivity change dur- 
ing phase transitions may provide a method for 
structure determination and identification of com- 
pounds which release a proton under electric stress. 
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Hydrogen Overvoltage on Rhenium and Niobium Electrodes 

M. J. Joncich' and L. S. Stewart2 
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Chemistry Division, Oak Ridge National Laboratwy, Oak Ridge, Tennessee 

ABSTRACT 

Polarization curves of the hydrogen evolution reaction are presented for 
rhenium and niobium electrodes in dilute hydrochloric acid solutions as a 
function of temperature. The Tafel reaction is the rate-determining step in 
the hydrogen evolution reaction on rhenium. The behavior of niobium elec- 
trodes is much more complicated. The presence of the passive oxide layer on 
niobium produces an ohmic contribution to the total overvoltage. The cor- 
rected activation-overvoltage curves for niobium show a change of Tafel 
slope which is consistent with a Volmer-Tafel mechanism if certain assump- 
tions are made about the distribution of potential at the interface. Activation 
energies of the hydrogen reaction are computed for both rhenium and niobium 
electrodes. 

Comparatively few studies on the electrochemical 
behavior of rhenium and niobium electrodes have been 
reported. Pecherskaya and Stender (1) measured hy- 
drogen overvoltage on rhenium. Hydrogen overvolt- 
age on niobium was studied by Bockris ( 2 ) ,  by Konon- 
chuk and Barmashenko ( 3 ) ,  and by Rotinyan and 

'Present address: Department of Chemistry. Northern IUhois 
University, DeKalb. Illinois. 

'Present address: DeDaItment of Cbemiatry, Rutgers University, 
New Brunswick, New Jersey. 

Kozhevnikova ( 4 ) .  The use of Nb as a pH-responsive 
electrode was investigated by Jensovsky ( 5 )  and by 
Galinker ( 6 ) .  An electrode potential-pH diagram for 
rhenium was constructed from available thermody- 
namic data by Pourbaix ( 7 ) .  Anodic oxidation of 
rhenium was studied by Lavrenko ( 8 ) ,  while the an- 
odic behavior of niobium has been the subject of a 
number of investigators (9-22) .  

Here we present data for hydrogen overvoltage on 
rhenium and niobium electrodes in dilute hydro- 
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chloric acid solutions. Current densities from 10-6 to 
10-2 amp/cm2 were used and measurements were made 
over the temperature range, 5"-45°C. Conclusions are 
drawn about the mechanism of the hydrogen evolution 
reaction on rhenium and niobium under these condi- 
tions and the apparent activation energies of the reac- 
tions are calculated. 

Experimental 
The experimental cell was similar to that described 

by Ammar and Awad (23) except for certain modifica- 
tions which facilitated cleaning and equalization of 
hydrogen pressure in the three cell compartments. 
Teflon stopcocks were used throughout the apparatus. 
A platinum electrode of large area was employed as 
a polarizing electrode, and the current density at this 
electrode was kept low enough so that no significant 
oxygen evolution occurred (24). 

The hydrogen reference electrode was constructed of 
30-gauge platinum wire and checked frequently against 
a standard calomel electrode. Cathodes for pre-elec- 
trolysis were made of the same metal as the electrodes 
used in the experiments. Rhenium electrodes were con- 
structed from wires fabricated from 99.99% pure rhen- 
ium powder by Sylvania Electric Products Inc. Spec- 
troscopic analysis of this material showed Ca, 0.01- 
0.1%; Fe, 0.01%; and Si, 0.1%. Niobium metal was ob- 
tained from a sheet cold-pressed at 40 tonshn.2 and 
purified by a zone-refining method. Spectroscopic anal- 
ysis of the niobium showed 0 ,  0.01%; N, 0.018%; C, 
0.010%; Zr, 0.04%; and Ta, 0.14% by weight. Rhemum 
and niobium electrodes were mounted in Teflon hold- 
ers, cleaned by immersion in hydrochloric acid, and 
rinsed repeatedly with distilled water and with con- 
ductance water. 

Electrolytic tank hydrogen was purified by passage 
through a train consisting of an alkaline solution of 
potassium permanganate, cocoanut charcoal, silica gel, 
Anhydrone, Hopcalite, Ascarite, DeOxy Catalytic Puri- 
fier, and silica gel. A gas washer located between the 
purification train and the cell was used to saturate the 
hydrogen gas with the test solution. Temperature con- 
trol was accomplished by use of an insulated air bath; 
temperature was constant to within f 0.l0C. 

Hydrochloric acid solutions were prepared by dilu- 
tion of a constant-boiling distillate of reagent grade 
hydrochloric acid and conductance water. he-elec- 
trolysis was conducted for a minimum of 50 hr with 
a current of 4-5 ma. Several hours were allowed for 
the establishment of temperature equilibrium. A L&N 
pH Indicator was used to measure both potentials and 
currents. Current was supplied from a bank of bat- 
teries and regulated by use of variable resistors. Elec- 
trode potentials were measured by the direct method 
within a few minutes after application or change of 
polarizing current as recommended by Schuldiner 
(25). Potentials measured in this manner were stable 
and polarization curves were reproducible. Stirring by 
hydrogen gas was continued during the measurements. 

Results 
Tafel plots of data for hydrogen overvoltage on rhen- 

ium electrodes in 0.037N and 0.145N HC1 are shown 
in Fig. 1 and 2. Resistance overvoltage due to IR drop 
in the solution phase between the electrode surface 
and the tip of the reference electrode capillary con- 
tributes significantly to the measured overvoltage at 
the higher current densities. The resistive contribution 
was subtracted from the measured overvoltage values 
by a series of successive graphical approximations. Use 
of this correction, together with a correction due to the 
rate of the anodic reaction near the equilibrium poten- 
tial, leads to the dashed Tafel lines in Fig. 1 and 2. The 
exact value of the resistance correction varied with 
each series of measurements because of unavoidable 
differences in the placement of the reference electrode 
capillary. Values of the resistance corrections for the 
data of Fig. 1 are 13.9, 13.7, 8.7, and 12.3 ohm-cmz at  

CURRENT OENSlTY [41tmP] 

Fig. 1. Hydrogen overvoltage on rhenium in 0.037N HCI as a 
function of temperature; temperature in 'C: A, 5; A, 15; 0 ,  25; 
0, 45. Solid lines are calculated polarization curves; dashed lines 
are cathodic Tafel lines corrected for resistance overvoltage and 
the rate of the anodic reaction. 

Fig. 2. Hydrogen overvoltage on rhenium in 0.145N HCI as a 
function of temperature; temperature in 'C: A, 15; A, 25; a, 35; 
0, 45. Solid lines are calculated polarization curves; dashed lines 
are cathodic Tafel lines corrected for resistance overvoltage and 
the rate of the anodic reaction. 

5", 15", 25", and 45°C. respectively. Corrections for re- 
sistance overvoltage for the data of Fig. 2 are similar, 
except that resistance values are only one-fourth as 
large as those necessary to correct the data of Fig. 1 
because the solution concentration is approximately 
four times greater. 

Tafel plots of the anodic reaction, calculated from 
the difference between the experimental data points 
and the dashed Tafel lines in Fig. 1 and 2 in the region 
near the equilibrium potential, show that the rate of 
this reaction is independent of the overvoltage. Use 
of this fact, taking into account the resistance over- 
voltage, leads to Eq. [ l l  for the total overvoltage. In 
Eq. [ l l ,  lql (V) is the absolute value of 

the overvoltage, Ibl (V/decade of current) is the ab- 
solute value of the Tafel slope, Ijl (amp/cm2) is the 
absolute value of the applied current density, j, (amp/ 
cmz) is the exchange current density, and Ra (ohm- 
cmz) is the resistance between the electrode surface 
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Table I. Parameters for hydrogen overvoltage on rhenium 
electrodes in dilute hydrochloric acid solutions 

Tempu- b(x  10s). 50 ,  
Solution ature, ' C  a, v v (amp/ctnD) 

0.037N HCI 

0.145N HCI 

and the reference electrode capillary tip.8 Table I 
presents values of the Tafel a and b constants as well 
as values of the exchange current density calculated 
from the Tafel lines in Fig. 1 and 2. The a and b con- 
stants are defined conventionally by Eq. [21, which is 
Tafel's equation. Values of jo, b, and Rs 

v = a + b l o g I j l  121 

were used with Eq. [I] to calculate the solid lines in 
Fig. 1 and 2; these theoretical lines fit the data very 
well. 

Data for hydrogen overvoltage on niobium electrodes 
in 0.145N HCl are shown in Fig. 3. In this case, a large 
correction for resistance overvoltaae is necessary; this 

where Rox(ohrn-cmz) is the resistivity correction, A+ox 
is taken to be the potential difference across the oxide 
layer, j is current density, 1 is the thickness of the 
layer, and a, is the specific conductance of the layer. 
For Rox = 200 ohm-cmz, u, would have a value be- 
tween 10-9 and 10-7 ohm-' cm-1 if the film thickness 
were between 20 and 2M)OA. This order of magnitude 
of specific conductance for the Nb205 layer at the 
temperatures of this study is not unexpected in view 
of the results obtained elsewhere on the specific con- 
ductance of sintered and single crystal NbzOs speci- 
mens as a function of departure from stoichiometry 
and of temperature (27-29). 

Correction of the data of Fig. 3 for the ohmic con- 
tribution leads to the dashed Tafel lines shown in the 
graph. In this case, a change of Tafel slope occurs, cor- 
responding to a change in the identity of the rate-de- 
termining step in the hydrogen evolution reaction. The 
corrected overvoltage data are described well by an 
expression of the form of Eq. [41 

j.1 i.,~ exp [-2.303 + i ) n  ] 
j" = 

jo,l exp [-2.303n/bil + j,,z exp I-2.303dbzl 
141 

correction was made in the same manner as that used 
for the data of Fig. 1 and 2. Resistive corrections in the where jc is the current density of the cathodic process, 
case of the rhenium electrode in 0.145N HCI (cf. Fig. jo.1 and jo.2 are the exchange current densities obtained 
2) average approximately 2.5 ohm-cm2, which is con- by extrapolation of the two Tafel regions to zero over- 
sistent with the conductivity of the solution and the voltage, and bl and bz are the corresponding Tafel 
placement of the tubulus of the reference electrode, slopes (cf. Eq. [21) .4 Values of parameters for the over- 
whereas those for the niobium electrode average ap- voltage in this case are given in Table 11. The solid 
proximately 216 ohm-cmz. we suggest that, during the lines in Fig. 3 are theoretical polarization curves cal- 
time necessary for the measurement of the overvoltage, culated by use of Eq. [4] and the data I1 
no significant change occurs in the thickness of the gether with the correction for the ohmic behavior of 
oxide layer on the surface of the niobium electrodes. the passive layer and for the rate of the anodic reaction 
The poor electronic conductivity of the passive layer near the potential. 
then accounts for the large resistive contribution to the Estimated exchange current densities from the data 
measured overvoltage. Since the electronic conduc- of Fig. 1, 2, and 3 are plotted as a function of temper- 
tivity of the passive oxide layer on niobium in solu- ature in Fig. 4 and 5. In the case of the rhenium 
tion is not known accurately, no reliable estimate can electrode, exchange current densities are essentially 
be given, in the absence of capacity measurements, of independent of the concentration of hydrogen ions, and 
the film thickness on the electrodes used here. ~h~ the line shown in Fig. 4 is a least squares fit of all the 
resistive correction for the ohmic behavior of the film data. The slope of the line is equivalent to an apparent 
in this case may be defined by Eq. [3] enthalpy of activation of 5.96 kcal/mole. The apparent 

enthalpy of activation of the rate-determining process 

m:,"h"a~~~o~1&~;;~~,"~~1",$~t;t~a~~,"htO;n(~~/sf~;s~&~~;! in the low current region on niobium is found from 
change current density (j.) is equal to j,, the limiting current den- Fig. 5 to be 31.4 kcal/mole. The corresponding value 
SltY Of the Tafel reaction, which is independent of electrode poten- for the Drocess which determines the rate at larger 
tial. overvoltages is 11.3 kcal/mole. Both values were ie-  

termined by least squares fit of a simple Arrhenius- 
type equation to the available data. 

Discussion 

09 
The data of Pecherskaya and Stender (1) for hy- 

drogen overvoltage on rhenium were obtained in 2N 
4 Equation 141 is a generalized form for the cathodic polarization - curve of the h~droaen evolution reaction in the case of a dual 

mechanism with small surface coverage of adsorbed hydrogen 
atoms. With j0.1 = jov/Z, j.,, = I,, b, = 2.303 RT/(l - rrv)F, and 
br = 2.303 RT/2F. Eq. 141 is a form of the Hammett equation (30) 
for the Volmer-Tafel mechanism of the hydrogen evolution reac- 
tion. In this case, 50' is the exchange current density of the Volmer 
reaction, i r  is the limiting current density of the Tafel or recom- 
bination reaction, and a v  is the transfer coefficient of the Volmer 
reaction. However, for io. I = 2jav, 50 ,  t = 2i0x, bt = 2.303 RT/ (1 - 
av)F, and ba = 2.303 RT/(2 - adF, Eq. [41 is a form of Vetter's 
relation (31) for the Volmer-Horiuti reaction sequence. In this case. 
j.v and j.n are the exchange current densities of the Volmer and 
Horiuti reactions, respectively, and ar and an are the corresponding 
transfer coefficients. 

Table II. Parameters for hydrogen overvoltage on niobium 
electrodes in 0.145N HCI  

CJRRENT DENSITY [ A / c m z I  
-- 

Temper- bi(X lV), 5 0  1, ba(x10s), j o . ~ ,  
Fig. 3. Hydrogen overvoltage on niobium in 0.145N HCI  as a ature, ' C  ax, v v (ami/cme) as, v v (amp/cmQ) 

function of temperature; temperature in "C: A, 15; A, 25; a, 35; 
0, 45. Solid lines are calculated polarization curves; dashed liner 15 -0.700 -71 9.4 1 ~ s  -1.429 -280 7.9 10-e 
ore cathodic Tafel lines corrected for resistance overvoltage and 25 -0.402 -57 8.8 x -1.472 -343 5.1 x 10-s 
the rate of the anodic reaction. 

35 -0.461 -75 7.0 X 10-7 -1.569 -376 6.7 X lod 
45 -0.373 -84 1.5 x 10-1 -1.153 -271 5.8 x 106 
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Fig. 4. Variation of the exchange current of the hydrogen reaction 
on rhenium with temperature. 0, 0.037N HCI; 0 ,  0.145N HCI. 

Fig. 5. Variation of the calculated exchange current densities 
of the hydrogen reaction on niobium with temperature. Solution, 
0.145N HCI; 0, jo.1 (Tafel reaction); 0, jo.2 (Volmer reaction). 

HzS04 at 25°C. These authors reported an exchange 
current density of approximately 10-3 amp/cm2 in 
the medium studied and a Tafel slope of b = 0.14~. 
Their data are not extensive, and only one data point 
is in very good agreement with this work. Pecherskaya 
and Stender report a cathodic overvoltage of 0.09~ at 
a current density of 5 x amp/cmz; this value com- 
pares favorably with the corrected Tafel lines of Fig. 
1 and 2. Hydrogen overvoltage on rhenium is quite low; 
it is comparable to that found for iridium and rhodium 
(32). 

We find that the Tafel slopes for the hydrogen evo- 
lution reaction on rhenium in dilute hydrochloric acid 
are close to 30 mv/decade (cf. Table I). The Tafel 
slopes obtained in 0.037N HC1 are somewhat higher 
than this value, but double layer effects are probably 
important here, and the resistive correction is less 
certain in the more dilute solution. Calculations of the 
rate of the anodic reaction near the equilibrium poten- 
tial show that the rate of this reaction is independent 
of potential, and the exchange current densities ob- 
tained by extrapolation of the Tafel lines are insensi- 
tive to the concentration of hydrogen ions in solution. 
These facts suggest that the Tafel reaction, 2H(.a,.) = 
Hz(ag.), determines the rate of the hydrogen evolution 
reaction on rhenium. This conclusion is supported by 
values of the stoichiometric numbers obtained from 
the polarization resistances and the estimated exchange 

current densities. All calculated stoichiometric num- 
bers are near unity, ranging from 0.8 to 1.3. 

Our value of the Tafel slope (30 mv/decade) may 
still be consistent with that of Pecherskaya and Sten- 
der (140 mv/decade) if a transition in the nature of 
the rate-determining step occurs near current den- 
sities of 10-2 amp/cm2. In this case, an increase in 
cathodic polarization would increase the surface cov- 
erage of adsorbed atomic hydrogen to the point where 
the Tafel reaction would be essentially in equilibrium, 
and the rate of the over-all reaction would then be 
controlled by the Volmer reaction, HtcW,, + e- = 
Heads:) (33). The apparent activation energy at the 
equilibrium potential of the hydrogen reaction on 
rhenium, obtained from Fig. 4 as 5.96 kcal/mole, refers 
in this case to the mean enthalpy of activation of the 
forward and reverse steps of the Tafel reaction. 

The data on hydrogen overvoltage on niobium of 
Bockris (2) in 0.1N HC1 and of Kononchuk and Bar- 
mashenko (3) in IN HzS04 are fragmentary, and the 
Tafel slopes do not agree with those observed here. 
The reason for this discrepancy is not known; i t  is 
possible that their measurements were influenced by 
the presence of impurities which could exert an im- 
portant effect on the results in such a polarizable sys- 
tem. The measurements of Rotinyan and Kozhevni- 
kova (4) are more extensive, and their observations 
resemble ours to a greater extent. These authors meas- 
ured hydrogen overvoltage on niobium in 0.01-10.ON 
H2S04 at temperatures from 25" to 55°C. They found 
nonlinear Tafel plots in the region 10-5-10-4 amp/ 
cm2, whereas linear Tafel plots were obtained for cur- 
rent densities greater than 10-4 arnp/cmz. In addition, 
deviations from linearity were observed in dilute so- 
lutions for current densities greater than about 2 x 
10-3 amp/cm2 at 25°C. 

The results of Rotinyan and Koshevnikova are un- 
derstandable on the basis of the data in Fig. 3. The 
Tafel plot in the range, 10-5-10-4 amp/cm2, is non- 
linear because of the effect of the anodic reaction and 
because the change in Tafel slope occurs in this 
range of current densities. Above approximately 
amp/cmz, linear Tafel plots could then be obtained in 
concentrated acidic solutions; under these conditions 
the thickness of the oxide layer on the surface of the 
niobium electrode and thus the ohmic contribution to 
the total overvoltage should be much less than in dilute 
acids. However, in dilute acids the ohmic properties of 
the passive oxide layer should contribute significantly 
to the total overvoltage, and in this case one should 
expect nonlinear Tafel plots, as found by Rotinyan and 
Kozhevnikova. 

The Tafel slopes observed in the two linear regions 
of the polarization curves in Fig. 3 average bl = 67 mv 
and bz = 318 mv, respectively. Transitions in Tafel 
slope are expected for the hydrogen evolution reac- 
tion on electrodes with no superficial oxide layers for 
the Volmer-Tafel and the Volmer-Heyrovsky mech- 
anisms (33). The Volmer-Tafel mechanism involves a 
transition in Tafel slope from 29 to 116 mv/decade at 
25°C for normal values of the transfer coefficients, 
whereas Tafel slopes of the Volmer-Heyrovsky me- 
chanism should show a transition from 39 to 116 mv/ 
decade. Although the transition in Tafel slopes is ob- 
served on niobium, values of the slopes are roughly 
twice those expected at  an interface with no passive 
oxide layer. 

Unusual values of Tafel slopes for oxidation-reduc- 
tion reactions on passive electrodes have been dis- 
cussed by Posey, Cartledge, and Yaffe (34), Meyer 
(35), MacDonald and Conway (36), and Makrides 
(37). The dual-barrier model and its variations used 
by these authors account for high values of Tafel 
slopes which are frequently found on passive metals. 
In this model, the distribution of potential at  the pas- 
sive interface is recognized to be complex; only that 
part of the total potential difference between metal and 
solution which exists at the oxide-solution interface 
affects the rate of electrochemical charge-transfer steps 
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of oxidation-reduction reactions. For cases where 
transfer of charge must occur across two energy bar- 
riers, both of which are affected by changes in the 
total interfacial potential difference, the Tafel slope 
of the over-all reaction is given by Eq. 151, where 

81 and 82 are the transfer coefficients of the separate 
energy barriers (34). If 81 = = 1/2, then the Tafel 
slope will be 2.303 (4RT/F) instead of 2.303 (2RT/F) 
for a simple reaction in a system involving a single 
barrier. The Tafel slopes of Fig. 3 can be understood on 
this basis. The dashed lines are corrected for the ohmic 
behavior of the passive layer, so that only the potential 
differences at the metal-oxide interface and at the 
oxide-solution interface need be considered. If both 
of these potential differences can vary with cathodic 
current, then the dual-barrier model and the formula 
of Eq. [5] should be applicable. The ratio of Tafel 
slopes for regions of high and low current density in 
the case of the Volmer-Tafel reaction is 4; that for 
the Volmer-Heyrovsky reaction is 3. The ratio of the 
average Tafel slopes of Fig. 3 is 4.7, although that for 
the results at 15" and at 45°C is 3.9 and 4.2, respec- 
tively. We conclude tentatively that the Volmer-Tafel 
mechanism of the hydrogen evolution reaction operates 
on niobium in dilute hydrochloric acid solutions and 
that the high Tafel slopes observed are a consequence 
of the existence of a passive layer which is described to 
a first approximation by a dual-barrier model. 

Activation energies calculated from the plot of ex- 
change current densities as a function of temperature 
in Fig. 5 are 31.4 kcal/mole for the Tafel reaction on 
the niobium surface and 11.3 kcal/mole for the Vol- 
mer reaction. These values represent the mean en- 
thalpies of activation of the forward and reverse steps 
of the respective reactions. The value of 11.3 kcal/mole 
for the Volmer reaction is comparable to the value of 
10.5 kcal/mole calculated by Rotinyan and Kozhev- 
nikova from their data in the range from 10-4 to 10-2 
amp/crnz. Extrapolation of the lines in Fig. 5 to their 
point of intersection shows that the exchange current 
densities of the Volmer and Tafel reactions should be 
equal in the vicinity of 90°C. Therefore at temper- 
atures higher than about 90°C, the Volmer reaction 
alone should govern the over-all rate of the hydrogen 
evolution reaction and no change of Tafel slope should 
be observed in the cathodic polarization curve of ni- 
obium. 

Acknowledgment 
Partial support of this project was provided by the 

Rhenium Fund of the University of Tennessee. 

Manuscript received June 22, 1964; revised manu- 
script received Nov. 16, 1964. This paper was pre- 
sented at  the Los Angeles Meeting, May 6-10, 1962. 
A portion of this work was taken from a thesis sub- 
mitted by one of the authors (L.S.S.) to the University 
of Tennessee in partial fulfillment of the requirements 

'AGE ON Rh ELECTRODE 721 

for the MSc degree; another portion was sponsored by 
the United States Atomic Ener Commission under 
contract with the Union Carbide grporation. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1966 JOURNAL. 

REFERENCES 
A. G. Pecherskaya and V. V. Stender, Zhur. Fiz. 

Khim., 24,856 (1950). 
J. OM. Bockris, Trans. Faraday Soc., 43,417 (1947). 
T. I. Kononchuk and I. B. Barmashenko, Ukrain. 

Khim. Zhur., 26,25 (1960). 
A. L. Rotinyan and N. M. Kozhevnikova, Zhur. Fiz. 

Khim., 37,1818 (1963). 
L. Jensovsky, Coll. Czech. Chm. Comm., 16, 127 

(1951). 
V. S. Galinker Izvest. Vysshikh Ucheb. Zavedenii, 

Khim. i ~ h i h .  Tekhnol., 4,189 (1961). 
M. Pourbaix, Z. Elektrochem., 62,670 (1958). 
V. 0 .  Lavrenko, Zhur. Fiz. Khim., 35,198 (1961). 
L. Young Trans. Faraday Soc., 52,502,515 (1956). 
L. ~ o u n g ' ~ c t a  Met., 4, 101 (1956). 
D. A. ~eimi lyea  This Journal 104,427 (1957). 
Yu. M. ~alokodinskii. Dokl. kkad. Nauk S.S.S.R.. 

113,1023 (1957). ' 
G. B. Adams and T. Kao, AECU-3769 (1957), 

U.S.A.E.C. Tech. Inf. Div., Oak Ridge, Tennessee. 
L. Young, Can. J. Chem., 38,1141 (1960). 
W. M. Graven R. E. Salomon and G. B. Adams, 

TID-6514 (li)60), U.S.A.E.C. )Tech. Inf. Div., Oak 
Ridge, Tennessee. 

G. B. Adams and T. Kao, This Journal, 107, 640 
( loan\ 
I'U"",. 

L. Young, "Anodic Oxide Films," p. 186, Academic 
Press, London (1961). 

A. Yu. Shatalov and T. P. Bondareva, Dokl. Akad. 
Nauk S.S.S.R., 147,1137 (1962). 

A. Yu. Shatalov, T. P. Bondareva, and L. E. Tsy- 
gankova, Zhur. Priklad. Khim., 36,588 (1963). 

A. Yu. Shatalov and T. P. Bondareva, Zhur. Fiz. 
Khim, 37,868 (1963). 

R. E. Salomon G. B Adams, and W. M. Graven, 
This ~ournal '  110, 1163 (1963). 

P. H. G.  rape;, Electrochim. Acta, 8,847 (1963). 
I. A. Arnmar and S. A. Awad, J. Phys. Chem., 60, 

837 (1956). 
S. Schuldiner, This Jouml ,  101,426 (1954). 
S. Schuldiner, ibid., 99,488 (1952). 
L. P. Hammett, J. Am. Chem Soc., 46,7 (1924). 
E. H. Greener, D. H. Whitmore, and M. E. Fine, J. 

Chem. Phys 34 1017 (1961). 
E. H. ~reener"and W. M. Hirthe, This Jouml ,  109, 

600 (1962). 
R. F. Janninck and D. H. Whitmore, J. Chem. Phys., 

37,2750 (1962). 
L. P. Hammett Tram. Faraday Soc., 29,770 (1933). 
K. J. Vetter, ~.'Elektrochem., 59,435 (1955). 
J. P. Hoare and S. Schuldiner, J. Chem. Phys., 25, 

786 (1956). 
K. J. Vetter, "Elektrochemische Kinetik," pp. 410 ff, 

Springer-Verlag, Berlin (1961). 
F. A. Posey, G. H. Cartledge, and R. P. Yaffe, This 

Jmrnnl. 106.582 11959). . - ... -~ ,-..,..- ~ .--.,. 
R. E. Meyer, ibid., 107,847 (1960). 
J. J. MacDonald and B. E Conway, Proc. Roy. Soc. 

(London), 269A, 419 (1962). 
A. C. Makrides, Thu Journal, 111,392, 400 (1964) 



Conduction Properties of Valve Metal-Oxide Systems 
I. A New Theory 
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ABSTRACT 

A theory of cooperative ion transport in anodic oxide films on valve metals 
has been developed on the basis of a dielectric mosaic model. The oxide, which 
is "amorphous," is considered to be composed of very small crystallites or 
polymeric units. Ion transfer from one such unit to another is strongly influenced 
by the distribution of ions within these units since the field assisting the transfer 
will be a function of the polarization of the dielectric oxide medium. Tran- 
sient ionic conduction phenomena and anomalous charging currents arise as a 
result of the slow adjustment of the polarization of the medium to new con- 
ditions. Two mechanisms for the rate of change of the polarization are em- 
ployed, one involving thermally activated ion migration, the other being as- 
sociated with the large energies dissipated during an ion transfer event. The 
equations arising from this model have been solved for a number of particular 
experimental conditions. 

Recent data (1-8) concerning the anodic oxidation 
of the valve metals have revealed serious limitations 
in all previous quantitative theories dealing with the 
growth mechanism for these oxides. The purpose of 
this paper is to present a new theory which is in 
accord with the facts now available. In the following 
paper this theory is compared with previous theories, 
the principal one being the high field Frenkel defect 
theory (9), in relation to most pertinent data. 

It seems likely that the main fault of previous theo- 
ries lies in their failure to allow for cooperative phe- 
nomena associated with ion migration through the 
film. Although the possibility of such phenomena has 
been mentioned by Young (9) no attempt has been 
made previously to allow quantitatively for them. 
According to the high field Frenkel defect theory, 
transient conduction phenomena arise as a result of 
a slow readjustment of the concentration of ionic 
current carriers following a change in the field strength 
or current density. In the present theory the transients 
are ascribed to cooperative transport phenomena, the 
concentration of current carriers being essentially in- 
dependent of field strength and current density. The 
detailed model, which rests on time dependent dielec- 
tric polarization phenomena, can be regarded at the 
very least as an "incorrect model" which nevertheless 
leads to the correct form for the cooperative phe- 
nomena, and at most a satisfactory approximation to - - 

the "true model!' 
The paper is divided into five sections with this 

section followed by Outline of Theory and Summary 
and Discussion providing the descriptive development 
of the theory. The detailed mathematical development 
has been confined to the remaining two sections. The 
major support for the theory is presented in the fol- 
lowing paper (10) in which excellent agreement be- 
tween the present theory and data is demonstrated. 

ionic migration within the molecular units. We shall 
focus attention initially on the former. 

Because of the discontinuous nature of the dielectric 
medium, the electric field, Ee, assisting this ion trans- 
fer process will depend on the polarization of the 
oxide, P, so that we may write 

where E is the applied field, &, the permittivity of free 
space, and 6 a geometric factor of the order of unity 
introduced since the detailed geometry of these quasi 
gaps is unknown. 

In order to take account of ion migration within the 
molecular units, the polarization term is separated into 
two terms, P = Pi + Pz, where PI is considered to 
arise from conventional inertial and electronic polar- 
ization processes and Pz from ion transport within the 
individual molecular units. The ordinary polarization, 
PI, will have a small relaxation time and may be con- 
sidered to follow the applied field in the normal man- 
ner 

Pi = 60x1 E 121 
where X I ,  the electric susceptibility of the oxide meas- 
ured at sufficiently high frequencies, say 1 kc, is to a 
good approximation independent of field and time. 
The ion transport polarization, Pz, however, since it 
involves mass transport, will have a large relaxation 
time so that i t  will vary linearly with the applied 
field only under steady-state conditions of constant 
field and current density. 

In attempting to predict the variation of the trans- 
port polarization, Pz, with the field strength, time, and 
current density, there are several factors which should 
be borne in mind. If the effective field strength, E,, is 
sufficiently high to cause a significant number of ion 
transfer events per unit time per unit volume, then 

-._A,:-- _dmL the energy imparted to the molecular units as.a re- 
u7LrLzTle OJ 1 n e o q  

In the present theory the oxide is treated as a non- 
uniform dielectric, being composed of very small crys- 
tallites or polymeric "molecular" units. Since the bond- 
ing possesses a considerable covalent character ( l l ) ,  
the intra-"molecular" bonding will be stronger than 
the inter-"molecular" bonding. This will lead to re- 
gions of low density, or quasi gaps, between adjacent 
molecular units. The low density found for these ox- 
ides compared with their bulk densities is consistent 

sult of these events will be very important and must 
be taken into account. From the available kinetic data 
(12) one can estimate that the energy imparted to a 
molecular unit receiving a charged species will be, for 
example, about 5 ev or more for a tantala film, which 
in relation to the estimated diameter of a molecular 
unit, 9A (10). represents a very considerable energy 
density. Indeed such a unit will possess about 105 de- 
grees of freedom, giving an impact energy per degree 
of freedom of about 0.2 kt at room temaeraturc nr 

with the above model. - -- 
about M the mean thermal energy. The impact en- 

Two simultaneous rate-controlling processes for ion ergy will be highly localized initially, making its ef- 
transport through such an oxide must be considered. fect greater than the above estimate would suggest. 
The one is associated with the transfer of ions from Under conditions where the collision process will be 
one molecular unit to the next, and the other with important, that is for ion current densities which are 
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not too small, it is to be expected that the rate of 
change of the transport polarization, Pz, is controlled 
almost solely by the collision density per unit time, 
the rate associated with conventional thermally ac- 
tivated processes being negligible by comparison. For 
sufficiently low ion current densities, however, ther- 
mally activated polarization processes must predom- 
inate. 

A possible mechanism for the collisionally activated 
polarization process follows: Immediately following an 
ion transfer event, the donor and acceptor molecular 
units will be depolarized or perhaps even acquire a 
dipole moment in the opposite direction. To re-es- 
tablish their previous dipole moments or acquire their 
equilibrium dipole moments, ion migration in each is 
required. The high impact energy involved in the ion 
transfer event should be more than enough to pro- 
duce both defects and sufficient vibrational excitation 
to establish in a short time the local equilibrium di- 
pole moment for both the donor and acceptor molecu- 
lar units. 

To complete the outline of the theory, some state- 
ment as to how the ion current density varies with 
E, and time is required. At any given moment it is 
apparent that certain of the molecular units will have a 
net electrostatic charge by virtue of their possessing 
an excess or deficit of the mobile species involved in 
the ion transfer process. Provided that the number 
density of these charged molecular units is independent 
of E, at  fixed temperature, the ion current density can 
be represented as a function of E, and temperature 
only, the functional form being very similar to the ex- 
ponential relationship conventionally used to inter- 
pret steady-state anodic oxidation data. Accepting this 
provision for the moment, we see that, for the present 
model, transient ionic conduction phenomena arise en- 
tirely from the time dependent polarization phenom- 
ena within the oxide film. The most critical tests of 
this model will therefore involve the measurement of 
transients, although certain unique predictions con- 
cerning steady-state anodic oxidation can also be 
subject to verification. 

Mathematical Development of Model 

In this section the model outlined will be used to 
obtain first a specific equation relating the ion cur- 
rent density to the effective field strength, then a dif- 
ferential equation for the variation with time of the 
dielectric polarization, and finally solutions of these 
equations for certain special cases. 

Dependence of ion current on the efledive field 
strength.-We shall assume, in accord with normal 
practice, that only one species bearing a charge rZe 
is involved in the ion transfer process and further 
that the majority of the molecular units are electro- 
statically neutral (where Z is the absolute value of 
the oxidation state of the species, e the charge on the 
proton, and T = 1 or -1 according to the sign of the 
charge on the species). The small contribution to ki- 
netic processes made by units possessing a charge 
which differs from zero or k Ze will be neglected. 

From the above it is sufficient to consider the fol- 
lowing four types of ion transfer processes: 

1. Transfer from a neutral species to an adjacent 
neutral species, with a transfer probability, po 

2. Transfer from a species with a charge rZe to an 
adjacent neutral species, with a transfer probability, 
P+r>>Po. 

3. Transfer from a neutral species to an adjacent 
species with a charge -rZe, with a transfer probabil- 
ity, P-, >> PO. 

4. Transfer from a species with a charge rZe to an 
adjacent species with a charge -rZe, with a transfer 
probability >> p t ,  or p-T. 

In a previous publication (12) it was shown that the 
net activation energy, W'(E,), for the transfer of a 
charged species across a potential energy barrier in 
the presence of a high electrostatic Aeld, E,, is given by 

where 9' is the zero field activation energy, p*' the 
zero field "activation dipole" (i.e., effective charge 
times activation distance for the ion transfer process), 
and C' a dimensionless parameter the value for which 
depends on the shape of the potential energy barrier.' 
The transfer probability per unit time from a given 
molecular unit will therefore be given by 

Associating Eq. [31 with process 1 and assuming 
that a charge rZe on a molecular unit will change the 
transfer probability to or from this unit simply by con- 
tributing a constant additional field term, &*, to the 
effective field which would exist in the absence of such 
a charge, we may write 

P + T =  Nt~exp{-[#'- [Ee + &+,I 
c~*'(l-[E= + &+~la*' /C'# ') l /kT~ [dl 

or 
P + r =  ~+rPo 151 

where 
K + I  = exp{&tr~*'[1-(2Ee + &r)~*'/C'#'l/kT} [61 

A corresponding set of equations is obtained for p-, 
from the above by replacing +T with -r. The terms 
&tr and &-, will be positive and represent the con- 
stant field contributed by the net charge on one of 
the molecular species. From geometric considerations, 
it follows that & tr > &-r and hence that K + V  > K-V. If 
the quadratic term in the field in the net activation 
energy did not exist (i.e., 1/C' = 0), then K + ~  and K-r 

would be strictly independent of E,. The presence of 
the quadratic term introduces a variation in K+,  and 
K - T  with Ee which is negligible compared with the 
variation of p,, with E, provided that &+rp*'/C'#' << 1, 
a statement in accord with the values obtained ex- 
perimentally for aluminum (10). Associating the ion 
current (i.e., the current leading to film growth) i, with 
the ion transfer processes 1 to 4, we may write 

where d is the mean dimension of a molecular unit 
along the field direction and %, n + ,  and n-,. the vol- 
ume concentrations of molecular units which bear 
changes of zero, +rZe and -rZe, respectively. The final 
term within the square brackets of Eq. ['I] requires 
some explanation. It represents the rate of annihilation 
of charged molecular units by transfer process 4, which 
has been treated as a "collision" annihilation with a 
"capture" cross-sectional area (fd) , which should be 
about equal to or somewhat greater than the mean 
cross-sectional area, a' (=l/Nd, where N is the volume 
concentration of molecular units), of the molecular 
units in a plane normal to the applied field. In an ana- 
logous manner, the net rate of formation of charged 
molecular units is given by 

If at some time steady-state concentrations prevail 
(i.e., dnt,/dt = 0 = dn-ddt) it follows from Eq. [81 
that any subsequent changes in the field, E,, under 
isothermal conditions, will have a negligible effect on 
n + ~ ,  n-,, and no (since the variation of K + I  and K-, 

with E, is negligible). The equation . 

dnt,/dt = dn-ddt -- 0 

will therefore be satisfied even under conditions of 
rapidly changing field. Thus Eq. [8] reduces to 

1 It is probably more correct to regard 6' and p*' as extrapolated 
values. the extrapolation to Es = 0 being based on the behavlor at 
high fields only (12). 
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=noz/(K+? + K-r)f 
since for 

% >> n+, and n - ,  cW N l/no 

In the bulk of the film, remote from the interfaces, the 
mean space charge will be essentially zero, so that 
we may set n+, = n-?. Under these conditions Eq. 171 
and 191 yield 

Equation [lo] will only be valid remote from the inter- 
faces. To allow for space charge phenomena, Eq. 171 
and [9] must be solved in conjunction with Poisson's 
equation. For the present, however, we shall assume 
that the films involved are thick enough that Eq. [I01 
may be used without serious error. 

It is now convenient to write Eq. [lo] in the follow- . ~ 

ing form 
i = (Ze/a) ~ l l zp ,  C111 

where 
"r + "-r )'"' JKlIZ 

f 

and K is identically K+, or K - ,  whichever is the greater. 
(From previous discussion, K+, > K-r.) K is therefore 
given by 

K = exp{&a*'[l-(2Ee + &)p*'/C'+'I/kT) 1121 

where the subscript, r, has been omitted for brevity. 
It follows from our earlier assumption, % >> n* ,  that 
~112 >> 1. Since f probably lies betweel about 1 and 2, 
we may set the following limits on a, d 2  5 a/d 5 1 /d% 
Furthermore, from the equations for K+, and K-,. it is 
easily shown that ir/d will vary not more than 0.15% 
for a 1% change in absolute temperature. Its variation 
with the effective field, Ee, will be totally negligible. 
It follows, therefore, that a -- a' and is for all practical 
purposes independent of both temperature and field 
strength (provided of course d is independent of 
thesei. - 

Combining Eq. 131, [I l l ,  and [12], the desired rela- 
tionship is obtained 

i = io  exp{-[+ - EeP* (1 - Ee~*/C+)]/kT) 1131 
where 

&, = ZeN'v/a [I41 

EP*' 1 
,=# [I-- + - ( 1  1151 

2,' 2ac 

From the space charge data for the anodic oxidation 
of aluminum, one can estimate that &p*'/C@' N 0.07 
(10). Using this value and setting C' N 3.6 (12) we 
have for this system 

Experimentally determined values for +', c*, and C 
will provide, therefore, reasonably good estimates of 
the more fundamental primed parameters. 

Rate of change of the dielectric polarizationlIn 
determining the rate of change of the dielectric po- 
larization, and hence of E,, as a function of the ap- 
propriate variables, it is convenient to work with the 
dipole moments of the individual molecular units. For 
conditions of uniform polarization of the oxide, the 
dipole moment per unit volume will be the same 

throughout the oxide, so that the dipole moment as- 
sociated with a given molecular unit will be propor- 
tional to its volume. Since the volume of a molecular 
unit might vary from one unit to the next, the dipole 
moment per molecular unit appears at first to be a 
poor parameter with which to work. However, since 
the ultimate form of the equations involves a simple 
linear summation over all the molecular units, mean 
values for the dipole moments and polarizabilities may 
be used at the outset without it introducing an approxi- 
mation in the final equations. 

Accordingly, we shall define the following param- 
eters: 

Ee field effective in assisting the ion transfer process 
Ep field effective in polarizing a given molecular 

unit 
N number of molecular units per unit volume 
p dipole moment per molecular unit 
pl dipole moment per molecular unit associated 

with the fast polarization process. 
pz dipole moment per molecular unit associated 

with the slow, ion transport, polarization proc- 
ess 
static polarizability associated with p(i.e., a, = 
p/Ep for static conditions) 
differential polarizability associated with pl (i.e., 
ai = (aai/aEp)+! 
static polarizability associated with pz (i.e., az = 
p2/Ep for static conditions) 
ion current density associated with the growth 
of film (as opposed to charging current) 
absolute magnitude of the charge transferred 
during an ion transfer process 
mean dimension of a molecular unit along the 
applied field direction 
mean cross-sectional area of a molecular unit in 
a plane normal to the applied field direction, = 
1/Nd 

[sing these parameters, Eq. [I] becomes 

where 8 is a factor of the order'of unity which al- 
lows for the uncertainty as to the precise contribution 
of the polarization of the medium to the effective field 
strength, E,. Similarly, we have 

where 8' is a factor analogous to 8, introduced for the 
same reason. By definition, we,also have 

For PZ constant, (JPI/JE~),,~ = a1. However, the 
presence of pz introduces a depolarization field pro- 
portional to pz (-ypz/az say), acting in the opposite di- 
rection to E,. We may therefore write 

where 1 -y A 0, since for steady-state conditions, 
pz/az = Ep 

From Eq. [201 and 1211 it follows that 

The principal equation now lacking is that for the 
rate of change of pz with time, in accordance with the 
collisionally induced and thermally activated polariza- 
tion processes discussed previously. We shall treat the 
collisionally induced process first. 

The ion transfer frequency per unit volume of ox- 
ide is clearly given by i/Zed. In accordance with our 
previous assumption, ion transfer processes type 2 
and 3 will predominate so that the effect of processes 
1 and 4 on the rate of change of polarization will be 
neglected. This approximation amounts to neglecting 
K-1'2 compared with unity. Immediately before an 
ion transfer event, the uncharged molecular unit tak- 
ing part in the event will have, on the average, a di- 
pole moment nearly equal to the average of the di- 
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pole moments for all units. Following the ion trans- 
fer process, the dipole moment will be the equilibrium 
value, qE,, so that the contribution to the change in 
Nfi2 per collision made by the initially uncharged mo- 
lecular unit is on the average (WE, - ~ 2 ) .  

The contribution made by the charged molecular 
unit must be calculated differently. Being few in 
number, a charged molecular unit will have been in- 
volved in a collision process much more recently on 
the average than the uncharged unit and hence will 
have, in general, a dipole moment differing appreci- 
ably from the average value. The contribution to the 
change in NJLZ made by the initially charged molecular 
unit can be represented approximately by az(dEp/dt) 
At where (dE,/dt)At approximates the change in Ep 
between consecutive ion transfer processes involving 
the unit in question, At being an appropriately 
weighted average lifetime for a charged unit. For a 
molecular unit of charge rZe, the average lifetime is 
l / p + ,  while for a charge -7Ze it is l/p-,. The com- 
bined average lifetime, weighted according to trans- 
fer frequency, is therefore given by 

where the last step involves Eq. [lo]. 
Multiplying the ion transfer frequency per unit 

volume by the total change in Npz per transfer proc- 
ess, we now obtain the following equation 

i N dEp 
= - [ a z E p - ~ 1 + ~ 1 / 2 a 2 d t  

Zed 

where the subscript, c, denotes that i t  is the collision- 
ally induced component of (d+z/dt). Ultimately, it 
will be shown that the term in dEddt  can be ne- 
glected, so that the approximations involved in obtain- 
ing it are of little consequence. This is fortunate since 
this term is too large for sufficiently small i. (For i 
= 0 this term should be zero.) 

The thermally activated component of d ~ z / d t  will 
be equal to the ion current per molecular unit within 
the molecular units arising most probably as a re- 
sult of surface ion transport. Assuming a single ionic 
species to predominate in this transport process, we 
may write 

+ 2 ~ e b v f n * [  exp (- %)I sinh [ f ( E ~  - )] 
[241 

where the new symbols are defined as follows: 

Z'e absolute magnitude of the charge associated with 
the ionic species 

b mean jump distance for the ionic species (i.e., 
mean distance travelled per activation) 

v' vibrational frequency along the reaction coordi- 
nate associated with the ionic species 

n' number of ionic species per molecular unit in 
preferred sites for migration 

Q zero field activation energy for migration of ionic 
species from preferred sites 

w*' activation dipole associated with Q (i.e., activa- 
tion distance times effective charge) 

The first two terms of Eq. 1241 come directly from 
Eq. [231, the final term being that for conventional 
ion transport allowing for the possibility of high field 
strengths (13). The internal field effective in assisting 
the ion transport will be proportional to Ep - p/as. 

(This clearly has the correct form for p = 0 and also 
for p = asE,, i.e., &2/dt = 0 for p = a,E,.) The pro- 
portionality constant, 8, would appear to be somewhat 
greater than unity.2 The quadratic term in the field 
strength, such as introduced in Eq. 131 (i.e., the term 
containing C), should be entirely negligible in the 
present case since E, - Ja, is at least a factor of 10 
less than E, for a given applied field, E. This statement 
can be verified readily from the equations presented 
in the remainder of this section and from empirical 
values for the constants presented in the following 
paper (10). However, the nature of the model would 
suggest a range of values for the parameters Q and 
w*', so that the hyperbolic sine function term in Eq. 
1251 can only be regarded as a rather rough approxi- 
mation. 

Elimination of E,, pl, pz, and a2 from Eq. [191, [201, 
1211, 1221, and 1241, and replacing w*"B with we*' 
yields 

2Z'e bv'n' l 1 - I#Na11/&J [ exp ( - 3 1  

as - a1 
where al' = a1 $ - . Assuming, as before, that 

.1/2 

~1'2 >> 1, one may neglect (as - al) /~1/2  compared 
with al, thus eliminating this term as previously men- 
tioned. 

Equation [25] may be simplified considerably by in- 
troducing the dynamic and static electric suscepti- 
bilities, xl and x,, respectively, defined as follows 

N Limit dp 
x1= - 

&, i-* m - z  
1261 

N Limit dp 
xs = - Go % - * o c l E  

1271 

From Eq. [25] 

xs = NaS/&,(1 - b'Na,/&o) 1291 

Eliminating al' and as from Eq. [25], [28], and 1291 
and substituting p = P/N where P is the polarization 
of the oxide, we obtain the desired equation 

ic,[exp (-Q/kT) 1 sinh [we*'(E - P/&oxs) /kTI 1301 

where 

Alternatively, eliminating P = Np from Eq. [I81 and 
[301, an equation for the effective field strength, E,, 
is obtained 

9 For the simule electrostattc model in which the crvstallites are 
treated as dielectric spheres In a uniform field, E,. the internal 
field assumed to be the Lorentz field. and y assumed to be unity, 
it can be shown that 8 = (1 - m/a.)F. A more zeneral treatment 
of the problem suggests a somewhat smaller value-for 8. 
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To complete the development of the basic equa- 
tions for the model, we note that the current flowing 
in the external circuit, I, will be given by 

I = i + & + i .  [321 

where i is the ion current leading to film growth, 
given by Eq. 1131; i, is the total charging current, 
d[P + &,E]/dt, and i, the current arising from elec- 
tronic conduction through the film, which we shall 
assume to be zero. From Eq. [18] and [30], the charg- 
ing current is given by 

{ ;:' [ (1 + 6;:E - Ee 
i,,[exp (-Q/kT) 1 sinh - 

r33i 
- - - A  

where Kl = 1 + xl is the dynamic dielectric constant 
for the oxide. 

Elimination of E,, i,, and i from Eq. 1131, [31], [321, 
and [33] leads to a differential equation which may in 
principal be solved to obtain I as a function of time, 
given E as a function of time and a suitable boundary 
rondition. In the followine sections we shall use these . . - - - - - - - - - 

equations to obtain I as-a function of E or t for a 
number of special cases, thus providing equations 
which are readily amenable to experimental verifica- 
tion. In general, however, digital computer methods 
are required. 

Particular Solutions of Basic Equations 
For simplicity, no case will be considered for which 

the rate of change of the polarization brought about 
by collision is of the same magnitude as that brought 
about by thermally activated ionic conduction. The 
discussion of transient phenomena will therefore be 
classified according to i large (i.e., collision process 
dominant) and i small (i.e., thermally activated proc- 
ess dominant). We shall begin, however, by obtaining 
the steady-state solution. 

Steady-state solution.-For steady-state conditions 
(dE/dt = di/dt = 0) it follows from Eq. [I31 and 1311 
that E, = (1 + bx,E) and hence from Eq. 1321 and 
[33] that I = i. Substituting these results into Eq. [131, 
we obtain the desired solution 

' '~341 

where ps* = (1 + 8Xs)P*. We note that, apart from 
space charge effects, four parameters, i,, $, p.', and C 
are sufficient to define the steady-state behavior ac- 
cording to this model. 

It is convenient to define the steady-state reciprocal 
Tafel slope, 8,. as follows 

Ps = Limit dl"I 
k + o  arc - - -- 

[351 
from which we have 

General transient behavior for i large.-For i suffi- 
ciently large, the collisionally activated polarizing 
process will dominate so that the final term in Eq. [311 
and [33] may be neglected. Equation [31] can then be 
written 

where PI* = (1 + BX1)p*. From Eq. [32] and [33], and 
setting [Kl + (1 - 6) /8] N K1, we obtain 

For both alumina and tantala the term in B does not 
exceed about 0.05 for any realizable experiment (10) 
so the above approximation should normally be a 
satisfactory one, particularly since one would expect 8 
to be close to unity and K1 is large compared to unity. 

Eliminating p*E, and i from Eq. [131, [371, and [381, 
it is seen that apart from K1, which is readily deter- 
mined independently, only two parameters, and B, 
are required in addition to the steady-state parameters 
to define transient behavior for i large. Unfortunately, 
the solution of even this equation generally requires 
the use of a digital computer, although two important 
exceptions are for the cases E very large and E = 0. 

Transient behavior for i and E large.-In consider- 
ing this case, it is convenient to define the transient 
reciprocal Tafel slope, 81, as follows 

Limit d ln  I' 
P I = $  - 

- ' m  dE 
[391 

where I' = I - &&I dE/dt can be obtained readily 
from the experimental measurements. Using the 
boundary condition that at t = 0, E = E,, and 
pbE, = psbE, (i.e., steady-state conditions prevailed 
immediately before commencing the rapid change in 
field) Eq. [13], [37], [38], and [39] yield 

where AE = E - E, and the approximation 

has been made. The final term in Eq. [40] contributes 
less than 3% to 81 for both alumina and tantala (10) 
so may usually be neglected. The integrated form of 
Eq. [391 and 1401 can be written 

- I n - =  
AE I ,  kT 

-- 81 for AE small 

where I, is the steady-state current density before 
effecting the rapid change in E. It is noteworthy that 
the variation of 81 with E, is closely related to the 
variation of 8, with E (Eq. [36] ), a prediction which 
can readily be checked (10). 

Constant field transients for i large.-From Eq. 1371, 
on setting E = 0, we obtain 

Also, from Eq. [I31 and [341, respectively, we have 

where A = b exp (-+/kT) and I, is the steady-state 
current density for the field, E, in question. 
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From Eq. [42], [43], and [441, the following equa- 
tion may be readily verified 

d l n i  (ps*E - p*Ee)' - = Bi ln (lS/i) + 
dt kT C# 

C451 

Solving for p*Ee and pS*E from Eq. [431 and 1441, 
respectively, we obtain 

It is readily proven that for a1 < 1 and ~z < 1, 
(1 - a1)lfZ- (1 -az)lf2 = M(a2-at)/(l - 5)lf2for 
some 5 in the interval (al,az), the first approximation 
value for 5 being (a1 + az) /2.3 Equation [46] can 
therefore be written 

ps*E - p*Ee = (kT/zlf2) In (Is/i) [471 
where 

z = 1 - (4kTlC#) In (&/A) [481 

and i. is some current in the interval (I&, a first 
approximation for which is given by: i. -- (ISi)lf2. An 
alternative expression for z can be obtained by replac- 
ing I, in Eq. [44] by is (to avoid confusion of symbols), 
solving for ps*E and evaluating dE/d In is 

where &(is) is the steady-state reciprocal Tafel slope 
for a current density is. Wemay therefore write 

z1f2 = kT ps (i,) /ps* [491 

From Eq. [45] and [47] we now have 

d l n i  
-= 

kT 
Bi ln (I&) [ 1 + - ln ( ~ i ) ]  L501 

dt ZC# 

Eliminating p,*E-p*E, from Eq. [381 and [47] we 
obtain 

Recalling that the term in B is small compared with 
unity, we may write 

kT ] [521 

Since 1 + B&,Kl kT/p1*z1f2 varies only slowly with z, 
and z in turn varies only slowly with I, we may set 

and obtain from Eq. [521 

Eliminating d In i/dt, i and In (I,/i) from Eq. [501 
using Eq. [53], [51], and [52], respectively, we obtain 

where 

Fortunately, for both aluminum and tantalum (lo), 
a -- 10-2 for typical conditions. It appears, therefore, 

8 Defining F(f )  = (1 - t ) l /nl( l  - a ~ ) l D  - (1 - an)'J81 - % (c% - 
a d ,  b y  substitution we have F ( m )  = -F(an), so that F ( 0 ,  which is 
continuous in the interval (a,, ad ,  changes sign in the interval and 
hence is zero for some f in (at, ad .  Also, since F(ad = -F(aa). 
linear interpolation gives < (a1 + ad /2 .  

that the term in a may usually be neglected. Accord- 
ingly, integration of Eq. 1541 gives 

where I, is the value of I at t = 0. An alternative 
integrated form of Eq. [54] may be written (neglect- 
ing the term in a) 

In (MI)  = Cln (Is/Io)I exp (--Bq) [561 
where 

q=s;rClt 

is the charge passed per unit area. We note that for 
a fixed value of Is/Io, In (MI)  is a function of q only, 
being independent of both the steady-state current 
density and the temperature. The duration of these 
transients will of course depend on the current den- 
sity. 

The approximations made in deriving Eq. [55] and 
[561 should be valid within experimental error for 
llog IS/11 G 2. If approximate values for the various 
constants are known, a may be calculated as a func- 
tion of I and the correction term included. In general, 
however, other sources of error will be more im- 
portant. 

It is perhaps worthwhile pointing out that the term 
in a in Eq. [54] arises as a result of two effects, the 
quadratic term in the field in the net activation energy 
(Eq. [3]), and the ionic contribution to the charging 
current. The two effects tend to cancel one another. 

General transient behavior for i small.-For i suffi- 
ciently small so that the collisionally activated con- 
tribution to the polarization process may be neglected, 
Eq. [30] becomes 

For both alumina and tantala near 25°C Eq. [571 is a 
reasonable approximation only when i is vanishingly 
small, that is when I = i, (10). For other metal-oxide 
systems, however, or for alumina and tantala at suffi- 
ciently high temperatures, it is possible that 
i,, exp (-Q/kT) will be sufficiently large that Eq. 
[571 would apply even for reasonably large values of i. 
Before limiting the discussion to the case i ..: 0, there- 
fore, the case where i F i,, yet is sufficiently small for 
the present approximation to be valid, will be con- 
sidered. 

Constant field transients for i small.-Making the 
substitutions 

and 
g = we*'ieo [exp (-Q/kT) I/&,x, kT 

Eq. [57] becomes, for E = 0, 

which on integration gives 

In [tanh (yo/2)] - ln [tanh (y/2)1 = gt [58] 
or 

-y = 2tanh-1 [De-gt] 
where 

D = tanh (-y,/2) 
and 

y = y o a t t = O  

We may replace y by (we*/ps*) (ptE,-ps*E)/kT 
where we* = (1 + 1/8xS) we*' N we*' and obtain 

and 
g -- we*ieo lexp (-Q/kT)l  pi*/^,* GoKl kT 
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Eliminating p*E, from Eq. [47] and [591 the following 
result is obtained 

Since z varies only slowly with i, we may to a first 
approximation set it equal to the mean of the extreme 
values of z, given approximately by (see Eq. [48] and 
[491) 
- u88 114 
1 - n  ( )  = ( X T B ; / ~ * ) Z  

where i = &, at t = 0 and is the steady-state reci- 
procal Tafel slope for a current density equal to 
(iDIss) If4. Equation 1601 therefore becomes 

where D N tanh [(we*/2k~TS) In (I./&,). Because of 
the complex form of the equation (derived in the next 
section) for the charging current, interpretation of 
data in terms of Eq. [61] will only be feasible for 
Z E i (i.e., i >> it). 

We note that Eq. 1611 predicts In (I&) to be a 
function only of time for &/I, and temperature fixed. 
The duration of these transients is therefore inde- 
pendent of the steady-state current density, but is 
highly dependent on the temperature, since g contains 
a Boltzmann factor. This behavior is in marked con- 
trast to that for constant field transients at  high ion 
currents (cf. Eq. [561). The two cases can therefore be 
readily distinguished experimentally. 

Charging current for i small.-For i sufficiently 
small, we may combine Eq. [571 with the relation 

ic = d[P + cOE]/dt 
and obtain 

or setting 

1 + xs -- (1 + xi) (1 + 8xs)/(l + 6x1) = KlrS*/pl9 

(E-E.) --- 
PS* ED& 

C62l 

where i,' = ic - &.,K1 d.E/dt is the ionic contribution to 
the charging current; Ac = kD exp (-Q/kT), q,' = 
Jti,'dt, E. = (Po/Eo - xiEo)/ (xs - xi) and Po and Eo 
are the values of P and E at  t = 0. For a fully an- 
nealed film, the ionic contribution to the polarization 
will be zero at  t = 0 (Le., Po = EDx~ED) so that E. = 0 
for this case. If equilibrium polarization conditions 
prevail at  t = 0 (i.e., Po = &DXsEo) then E. = E,. 

The analysis of data in terms of Eq. [62] requires 
numerical integration to obtain 9,'. If we consider the 
special case of constant field, the charging current may 
be obtained as an explicit function of time. Accord- 
ingly, differentiation of Eq. [581 with respect to time 
yields 

i, = 2DAc e-gt/(l- D2 e-zrt) 
where 

C631 

and E = a constant = Eo. An equation somewhat more 
convenient for fitting to empirical data is obtained by 
solving for eat and taking logarithms. The resulting 
equation is 

] = gt-ln ID, [64] 

Summary and Discussion 
A theory of cooperative ion migration in valve metal 

oxide films has been developed on the basis of a di- 
electric mosaic model of the film. The cooperative 

phenomena arise then as a result of time dependent 
polarization properties of the oxide film. Thus the ion 
current leading to film growth depends not only on the 
applied field strength and temperature but also on the 
polarization of the medium. The transient conduction 
properties of these systems are therefore determined 
by the kinetics of the polarization processes. 

In addition to conventional "fast" polarization proc- 
esses, for this model a "slow" polarization process, 
associated with ionic migration within a single mosaic 
component (crystallite or polymeric unit) must exist. 
Two independent mechanisms for the kinetics of the 
slow polarization process have been proposed; the 
"high ion current mechanism" in which the change in 
the slow component of the polarization is induced by 
the transfer of ions from one polymeric unit to the 
next and the "low ion current mechanism" in which 
the ionic migration within the polymeric units takes 
place by a conventional high field ionic conduction 
process. The terms "high" and "low" are of course 
only relative, implying correctly that at sufficiently 
high ion current densities, for a given temperature, 
one mechanism will predominate, while the other will 
predominate a t  sufficiently low ion current densities. 
For a given range of ion current densities, the low ion 
current mechanism should predominate at sufficiently 
high temperatures, and vice-versa. 

In discussing the model it is convenient to consider 
steady-state and high ion current conditions separately 
from low ion current conditions. 

For steady-state conditions, the following kinetic 
parameters are required to define the behavior of the 

' system: a pre-exponential factor, iD, an activation 
energy, #, an effective charge-activation distance prod- 
uct, pa*, and a parameter, ,C, to allow for the nonlinear 
dependence of the net activation energy on the field 
strength. A precisely analogous set of parameters is 
required for the high field Frenkel defect theory (14). 
For high ion current transient experiments, the pres- 
ent model required an additional two parameters; 
another effective charge-activation distance product, 
pi*, and a constant, B, related to the cross-sectional 
area of a polymeric unit. For similar experiments, the 
high field Frenkel defect theory requires three addi- 
tional parameters; parameters analogous to pl* and B, 
plus an additional parameter similar to C of the pres- 
ent model (5). 

As the high field Frenkel defect model does not pre- 
dict anything analogous to the low ion current phe- 
nomena predicted by the present model, comparison 
in this area is not really possible. However, in order 
to predict conduction phenomena associated with an- 
nealing experiments (4,5), the Frenkel defect theory 
requires a knowledge of an additional activation en- 
ergy and another exponential factor. The present 
model is extended to cover these phenomena and also 
phenomena relating to low ion currents by the addition 
of three new parameters; a pre-exponential factor, 
i,,, an activation energy, Q, and an effective charge- 
activation distance product, weg. The present model 
therefore involves, in total, the same number of dis- 
posable constants as does the Frenkel defect theory, so 
that agreement with data is not achieved simply by 
introducing more disposable constants. As most of the 
data presently available in fact are concerned with 
high ion current conditions (101, the present theory 
generally involves one less disposable constant. 

Apart from the obvious tests which can be applied 
to most theories (i.e., that they lead to functionalforms 
in agreement with data and to reasonable values for 
the parameters) the present model offers two addi- 
tional checks for internal consistency. The parameter, 
C, can be determined from both steady-state (Eq. 
[361) and transient (Eq. [411 Tafel slope measure- 
ments. The parameters rs* and pi* can be evaluated 
from high ion current measurements (Eq. [36] and 
[411, respectively), with the ratio pa*/pl* also being 
obtainable from charging current measurements, since 
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ass/pl* _N %/Ki, the ratio of the static to dynamic di- Any discussion of this paper will appear in a Discus- 
electric constant. sion Section to be pubhshed ~n the June 1966 JOURNAL. 

The parameters &, #, &.*, and C are most readily ob- 
tained from steady-state measurements 0%. [341). 
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Conduction Properties of Valve Metal-Oxide Systems 
II. Comparison of Data with New Theory 

M. 1. Dignam 

Department of Chemistry, University of Toronto, Toronto, Ontario, Canada 

ABSTRACT 

Data from the literature for the anodic oxidation of a number of the valve 
metals have been analyzed in terms of the d~electric polarization theory of 
ionic transport, developed in Part I, .and previous theories. The unique predic- 
tions of this theory were found to be in excellent accord with the data. 

In the preceding paper (1) a theory of cooperative 
ion transport has been developed and equations ap- 
propriate to various experimental conditions derived. 
The purpose of the present paper is to test this theory 
against available data and compare its predictions 
with those of other theories. In respect to the latter, 
special attention will be paid to the high field Frenkel 
defect theory, proposed originally by Bean, Fisher, and 
Vermilyea (2) as this is the only other theory capa- 
ble of describing, even qualitatively, most of the ob- 
served phenomena. Very briefly, in this theory the 
transient ionic conduction phenomena are attributed 
to a slow adjustment of the field dependent popula- 
tion of Frenkel defects to a change in the field. A 
detailed description of this model and others can be 
found elsewhere (3). 

The theory and available data will be discussed un- 
der the headings: Steady-State Data, Tafel Slope 
Data, Constant Field Transients, and Space Charge 
Effects. 

Examination of Available Data 
Steady-state data-The conventional empirical 

equation used to fit steady-state ionic conduction data 
can be written 

I = a e x p @ E  [I] 

where a contains the Boltzmann factor for the zero 
field activation energy. In most previous theoretical 
treatments, p is predicted to have the form aq/kT 
where a is an activation distance or mean activation 
distance for the field assisted displacement of an ion 
of charge q. 

In relation to Eq. [I], three kinds of anomalous be- 
havior have been observed: 

1. For zirconium, the parameters a and @ have been 
found by Young (4) to depend on the thickness of 
the anodic film. The data for tantalum (5), aluminum 

(6), niobium (7), bismuth (a), and titanium (9) show 
no such anomaly for films thicker than about 100A. 

2. The Tafel slope, (d  In I /~E)T ,  has been found to 
vary more slowly with the absolute temperature than 
predicted by setting p = aq/kT, for both tantalum 
(5, 10) and niobium (7). For titanium, p appears to 
decrease more rapidly than 1/T with increasing tem- 
perature. Sufficiently accurate data are not available 
for other valve metals to check the temperature de- 
pendence of 8. 

3. For both tantalum (5) and aluminum (6) a vari- 
ation of the Tafel slope with field strength at a given 
temperature has been observed. The data for other 
valve metals are not sufficiently precise to allow this 
observation to be made. 

With regard to the first anomaly, zirconium appears 
to be unique among the valve metals in displaying 
film thickness dependent kinetic behavior for films 
thicker than about 100A. This suggests either that ad- 
ditional complicating factors are present (for ex- 
ample film inhomogeneity) or that a different mech- 
anism is involved. Young has suggested (4), and in- 
deed it appears not unreasonable, that zirconium ox- 
idizes anodically in accord with Dewald's two barrier 
model (11). The difficulty with this model, however, is 
that it requires no less than six disposable constants 
to define steady-state behavior, while Young's gen- 
eralization of the model involves at  least seven dis- 
posable constants (12). With such flexibility, agree- 
ment between data of limited scope, such as steady- 
state data, is almost guaranteed regardless of the 
validity of the model. Nevertheless, this model must 
be regarded as a possibility in connection with the 
anodic oxidation of zirconium. 

Dewald's model has also been applied to the steady- 
state anodic oxidation of tantalum (10, 13) and nio- 
bium (14) with the purpose of explaining the Tafel 
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slope anomalies mentioned above. With the exception 
that the dependence on thickness predicted by this 
model has never been detected, the Tafel slope anom- 
alies were accounted for quantitatively. Once again, 
however, it must be emphasized that this improvement 
over Eq. [I] is gained by introducing three new pa- 
rameters, for a total of six. By contrast, Eq. [I31 of 
the previous paper ( I ) ,  reproduced below for con- 
venience, is also able to account for the Tafel slope 
anomalies for the above metals and for aluminum 
(15) with the addition of only one positive parameter, 
C. 

An equation of the form of [21 was first suggested by 
Young (5) on empirical grounds. He later justified 
the presence of a quadratic term in the field on the 
basis of a postulated variation of activation energy 
with the condenser pressure (16). In a recent paper 
by the author (15) it is pointed out that the con- 
denser pressure effect is probably too small to ex- 
plain the observed phenomena. Further, it is shown 
that the quadratic term arises quite naturally from a 
more detailed consideration of ion transfer processes 
at high electrostatic fields. Specifically, it was shown 
that not only the form of Eq. [2], but also the empirical 
values for C for Ta, Nb, and A1 are predicted cor- 
rectly by assuming that the interaction potential be- 
tween the mobile ion and its immediate surroundings 
can be represented by a Morse function for small 
displacements. If one accepts the Morse function pos- 
tulate, C is not an independent constant, so that the 
Tafel slope anomalies for Ta, Nb, and A1 may be 
explained quantitatively without increasing the num- 
ber of disposable constants above three. It would ap- 
pear, therefore, that Eq. 121 represents a far more 
satisfactory explanation for the Tafel slope anomalies 
than does Dewald's model, at least in the cases of Ta, 
Nb, and Al, particularly since Dewald's model does 
not lend itself readily to explaining even qualitatively 
the transient conduction phenomena observed for the 
anodic oxidation of these metals. 

It should be emphasized at this point that Eq. [2] 
cannot be regarded as specific to the theory developed 
in the preceding paper. An essentially identical equa- 
tion can be expected for the Mott-Cabrera theory 
(17), the high field Frenkel defect theory, or Verwey's 
theory (18). The only way in which the present the- 
ory can be regarded as in any way unique in relation 
to Eq. [2] is that a Morse function interaction poten- 
tial is more in accord with the new theory than it is 
with the other theories mentioned. Indeed, the ion 
transfer process from one molecular unit to the next 
would appear to be not unlike the dissociation of a 
diatomic molecule. 

The Tafel slope anomaly for titanium cannot be 
interpreted in the same way as that for Ta, Nb, and 
Al, since the effect, being in the opposite direction, re- 
quires a negative value for C. A negative value for C 
can be explained in terms of a range or distribution 
of values for the activation energy and activation dis- 
tance, as outlined by Young (5). However, an equally 
probable explanation of the titanium results would 
be that the current efficiency for formation of the film 
decreases with increasing temperature and decreasing 
current density. A further explanation is that the 
theory of the previous paper is applicable, but that p,* 
decreases with increasing temperature as a result of 
a variation of xs, the static electric susceptibility, with 
temperature. A re-examination of titanium using the 
optical techniques developed by Young should resolve 
this uncertainty. 

The situation is, therefore, that Ta, Nb, and Al give 
data in agreement with Eq. C21 where the values of 
C are in accord with that predicted on the basis of a 
Morse interaction potential; the data for Bi (8) are 
also consistent with this equation although of in- 

sufficient precision to verify the term in C, the data 
for Ti are uncertain since the current efficiency for 
film formation is unknown; and finally, the data for 
Zr are definitely not in accord with this equation. Ac- 
cordingly, in this paper we shall be concerned pri- 
marily with the behavior of Ta and Al, for which 
the major amount of data are available, and to a les- 
ser extent Nb and Bi. The data for other metals or 
semimetals which exhibit valve metal film forming 
properties are not sufficiently complete or precise to 
distinguish between alternative mechanisms. 

A brief comment on the magnitude of the parameters 
found experimentally is relevant at this point. For Ta, 
Young (5) obtained a value for a,* (qa in his nota- 
tion) of 35 eA which on choosing the maximum pos- 
sible effective charge on the mobile ion, + 5e &ves 
an effective activation distance of. 7A, an extremely 
large value. If we assume a value for C for the anodic 
oxidation of Bi of the same order as that found for Ta, 
Nb, and Al (i.e., about 3.3) then a value of 129 eA for 
pS* may be calculated from Young's data (8). In this 
case, the value for the effective activation distance is 
no less than 43A. Even without making any allowance 
for the covalent bonding in these oxides (which would 
be expected to lead to effective changes appreciably 
less than +5e and + 3e, respectively) it is seen that 
these values for a,* are very much too large to be 
equated to the product of a charge and activation dis- 
tance. The other valve metals also give high values 
for the steady-state effective activation dipole, a,*. 
These high values are immediately explained in terms 
of the new theory, since as* = (1 + 6x,)p* where 
p* is the "true" activation dipole, x, the static electric 
susceptibility of the oxide, and 6 a geometric factor 
of the order of unity. A more quantitative considera- 
tion of this matter will be reserved for the following 
section. At this point, however, it is worth noting that 
the suggestion that the field effective in causing ion 
migration is greater than the applied field is by no 
means a new one. Indeed in 1941, Maurer (19) ex- 
plained the temperature dependence of the ionic con- 
duction of glasses on the assumption that the effective 
field was given by the static dielectric constant times 
the applied field. The point was first raised in connec- 
tion with anodic oxide films by Young (20) in 1954. 
Until now, however, this concept has received very 
little attention. 

Perhaps the most serious limitation of all previous 
theories lies in their failure to account for the recent 
data (21-25) regarding anionic and cationic transport 
in certain valve metal oxides. I wish to draw particu- 
lar attention to the excellent work of Davies and col- 
leagues (21-23) in which using @-spectroscopy in con- 
junction with XelZ5 and Rnzz2 marker experiments, they 
were able to evaluate the transport numbers appro- 
priate to the anodic oxidation of Al, W, Ta, and Zr. 
The anionic transport numbers were found to be (23) 
for A1203 0.45 2 0.5; for WOz and TazOs 0.65 _c 0.04; 
and for ZrOz 0.99 2 0.01. In addition the transport 
numbers for AlzOs were found to be independent of 
current density over the range 10-4 to 10-2 amp/cmZ, 
with a similar result found for WOz and ZrQ. The ef- 
fect of current density on transport numbers for TazOs 
had not been investigated at  the time this paper was 
prepared. 

For previous theories to be compatible with these 
data, one must first assume that the activation dipole 
for anionic and cationic defects present in the film are 
nearly identical, since the transport numbers are in- 
dependent of field strength. Next, since pre-expo- 
nential factors will be comparable for all defects, one 
must assume that the zero field activation energies for 
migration of the anionic and cationic defects are nearly 
the same. Such postulates if proposed to explain the 
results for only a single metal-oxide system should 
be regarded with great scepticism and must be con- 
sidered entirely out of the question when required to 
explain the data for more than one metal oxide system. 
Indeed, if any of the previous theories are to be ac- 
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cepted even tentatively, one is forced to reject the 
validity of the transport number data. 

Let us now examine the data of Davies and collab- 
orators in terms of the newly proposed theory. The 
transport numbers will be determined largely by the 
fraction of the charge carried through the individual 
molecular units by anions and cations, respectively, 
since the gap between molecular units is presumably 
quite small compared with the dimensions of such 
units. Immediately following an ion transfer event, 
the donor and acceptor molecular units will be de- 
polarized. To re-establish their equilibrium dipole 
moments, ion migration in each is required. In gen- 
eral one would expect both anionic and cationic de- 
fects to be produced in a somewhat random manner 
in the two molecular units by the highly exoenergetic 
ion transfer process. As the impact energy for ion 
transfer will be very nearly independent of current 
density, no significant dependence on current density 
would be expected. From this model we deduce, there- 
fore, transport behavior, in accord with the above data. 
The theory is also in accord with the transport data 
presented in a recent paper by Amsel and Samuel (25) 
and an earlier paper by Verkerk, Winkel, and Groot 
(24). 

Tafel slope data.-Two kinds of Tafel slope deter- 
minations have been made on a number of the valve 
metal-oxide systems: steady-state Tafel slopes, evalu- 
ated from the steady-state relation between current 
and field strength, and transient Tafel slopes, obtained 
from the relation between current and field strength 
when the field (or current) is changed very rapidly. 
The steady-state and transient reciprocal Tafel slopes, 
ps and p1, respectively, are given by Eq. [36] and [40] 
(or 1411 ) of the previous paper 

Limit d ln I rs* ps=  . -=- 
E - 0  dE kT [I-%] [3] 

Limit 
81 = 

E +  00 

where the approximations amount to neglecting 
rl*.lE/C+ compared with unity and a further small 
term, cf (1) Eq. [40] and following. 

From the excellent data of Young (5, 26), the field 
dependence of the Tafel slopes for the tantalum system 
are represented by the following equations 

81 kT = 11.15 (1 - 9.50 E,) eA [61 

The manner in which p1 was determined was such 
that AE << E so that the approximations contained in 
Eq. 141 are justified in this instance. We now note that 
the empirical coefficients of E and E, in the above 
expressions are the same well within experimental 
error, as predicted by Eq. [3] and [4]. The same agree- 
ment within experimental error has been found for 
aluminum from recent data obtained in this labora- 
tory (6, 27). Unfortunately, however, we have as yet 
been unable to obtain the coefficient of E, in the ex- 
pression for the transient Tafel slope any more accu- 
rately than -c 30%. Data of sufficient precision to test 
this prediction for other value metals are lacking at 
present. 

On the basis of previous theories, and in particular 
the high field Frenkel defect theory, the agreement 
between the coefficients of E and E, (Eq. [5] and [6]) 
must be regarded as entirely fortuitous, whereas it is 
a specific prediction of the present theory. 

It is of interest at this point to show how xs may be 
estimated from Tafel slope data. If complete data are 
available, p,* and ,u1* can be determined from 8, and 
p1 us. E and E,, respectively, from which one obtains 
(6x8 + 1)/(6x1 + 1) = cs*/r1* 

or assuming x, >> (1/6 - 1) and XI >> (1/6 - 11, 

where K, and K1 are the static and dynamic dielectric 
constants. Using standard a-c capacitance data at suf- 
ficiently high frequencies (1000 cps would appear to 
be sufficiently high) the dynamic dielectric constant 
can be calculated and thence an estimate of the static 
electric susceptibility, x,, or static dielectric constant, 
K,, obtained from rs*/,ul*. If data for the variation of 
the Tafel slopes with field strength are not available, 
then for measurements such that E N E, and AE small, 
it follows that 

To date, no independent determinations of Ks are 
available to test the validity of Eq. [I]. 

One of the more fundamental predictions of the 
present theory is that the transient Tafel slope and 
conventional dynamic dielectric constant are related, 
since 

[for Kt >> (1/6 - 1)1 

If oxygen ions are the ones involved in the ion trans- 
fer process for all the valve metal systems, then 6p* 
should not differ greatly from one system to the next, 
so that pl*/Kl will be approximately a constant. The 
variation in ionic character, bond strength, and struc- 
ture will of course introduce some variation in rl*/Kl. 
The real justification for assuming oxygen ion trans- 
port between crystallites is, of course, that this postu- 
late is in accord with the results. However, a reason- 
able case can be made for this postulate simply on 
the basis of the proposed model. Since the oxides are 
partially ionically bonded, the radius of the oxygen 
species will be appreciably larger than that of the 
metal species. The oxygen "ions" will therefore stand 
out from the surface of the crystallites, in relation to 
the metal "ions," so that the effective field at the ox- 
ygen ions should be somewhat higher. The higher 
polarizability of the anionic species should also favor 
oxygen ion transport between crystallites rather than 
cation transport. 

Table I lists values of r ~ / K l  for the systems 
tantalum, aluminum, niobium, and bismuth and 
their respective oxides. Young's values for pl* (26) 
and K1 (28) for Ta205 are reported, along with the 
corresponding values for A1203 obtained recently in 
the author's laboratory (27). In a previous publica- 
tion (15) Young's data (7) for NbzOs were used to 
calculate ,us*. Combining this result with Young's value 
for K1 (29) and Vermilyea's (30) determination of 
ps*/pl* = 2.1 (qli effective/qh initial, in his terminol- 
ogy) gives the required values of @I* and K1 for 
Nbz05. Young's data for Biz03 (8) provides values for 
p., 81, $, and K1. Since the quadratic parameter, C, is 
nearly the same for TazOs, NbzOs, and A1205 (15), 
el* for Biz03 was calculated from Eq. [4] and [5] as- 
suming C N 3.3. 

As predicted, the values of elb/K1 in Table I show 
much less variation than do the values of either el* 
or K1 individually. Furthermore, the variation in 
el*/Kl N 6p* can be explained qualitatively on the 
assumption that it is due primarily to a variation in 
the effective charge on the oxygen "ion" from oxide 
to oxide. Thus the oxides in which the metal is in an 

Table I. Relation between transient activation 
dipole and dynamic dielectric constant 

Oxide #I* eA K1 p l * / K ~  -- 6p* eA 
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oxidation state of +3 should involve a higher pro- 
portion of ionic us. covalent bonding than those in- 
volving a metal oxidation state of + 5, so that p *  for 
A1203 and Biz03 should be appreciably greater than 
p* for TazOs and NbzOs. Between Taz05 and NbzOs, 
according to the usual variation with ionic size, Taz05 
should be slightly more ionic (31). The argument 
favoring more ionic bonding for A1203 than for Biz03 
rests on the fact that the first ionization potential for 
A1 is 1.3 ev lower than that for Bi (32). 

Finally, as a check on the reasonableness of the 
magnitudes of the kinetic parameters pl* and ps*, we 
shall attempt to estimate the magnitude of the effec- 
tive activation distance. From the crystal lattice pa- 
rameters, Wells (33) estimates that the bonding in a 
A1203 is about 50% ionic. Assuming about the same 
proportion of ionic bonding is involved in the an- 
odically formed oxide, we may estimate the effective 
charge on the oxygen species in Alz03 to be about le. 
This leads to an effective activation distance at zero 
field strength of about 0.9/6 A, which for 6 N 1 is an 
eminently reasonable value. It is tempting to suggest 
that this calculation justifies choosing a value for 6 
of about unity, however, the assumptions involved in 
this estimate are sufficiently bold to make such a prop- 
osition somewhat hazardous. Nevertheless, the calcu- 
lation does indicate that the values of p l *  are of the 
correct magnitude. 

In summary, the Tafel slope data for Ta, Nb, Al, 
and Bi are in complete accord with the theory pre- 
sented in the previous paper. It would be very difficult 
to rationalize the data of Table I on the basis of any 
previous theory. 

Constant field transients.-Measurements of tran- 
sient conduction phenomena under conditions of very 
nearly constant field strength have been made by 
Young (26) on tantalum and in the author's laboratory 
on aluminum (27). Typical examples of these data are 
reproduced in Fig. 1 and 2. Young's data were ob- 
tained by heating a previously anodized sample to 
100°C for a few minutes then returning it to the cell, 
applying suddenly an appropriate constant voltage and 
recording the current for the first few seconds. Our 
measurements were made following thermal treat- 
ment both for 1 hr at  60" and for a few minutes at 
room temperature. The voltage was not applied sud- 
denly but increased to its final value at a rapid linear 
rate, as shown in Fig. 2. 

There are several points of interest in these curves 
which we shall discuss primarily with reference to 
Fig. 2. The initial upswing in the current during the 

L 40 time (see) 100 

Fig. 1. Young's data for tantalum (26). Logarithm of the cur- 
rent density, l, as a function of time on reapplication of a fixed 
anodic potential. 

Fig. 2. Current density, I (pa cm-2) as a function of time for 
aluminum on reapplication of anodic potential, v, as illustrated. 

voltage build-up stage and the fall in current imme- 
diately after the voltage becomes constant cannot be 
explained by any previous theory, except by postu- 
lating fissures in the anodic film as Young has done 
(26). On the present theory, such charging currents 
are to be expected and represent strong evidence in 
support of an anomalous polarizing process which we 
have referred to as the transport polarization process. 

A second point of interest is the fact that, apart from 
the present theory, there exists no quantitative theory 
even for the shape of the curves beyond the point 
where the anomalous charging currents will make a 
significant contribution. The high field Frenkel defect 
theory predicts a curve shape (log I us. t or I US. t )  
which is at  all times concave downward, as pointed 
out by Young (26), whereas experimentally (Fig. 1 
and 2) the curves are at  first distinctly concave up- 
ward. I t  has previously been suggested to the author 
that effects such as these are likely brought about 
as a result of structural changes during thermal 
treatment, but all these same features have been 
observed in the author's laboratory for aluminum 
samples which have been merely held at room tem- 
perature and zero applied voltage for a minute be- 
fore re-applying the voltage. Such an explanation, 
therefore, seems improbable. 

Before attempting a quantitative fit of these tran- 
sient measurements to the present theory, it is worth- 
while to give a qualitative description, in terms of the 
present theory, of the processes occurring over the 
various regions of Fig. 2. 

On applying the linearly increasing voltage, the 
conventional charging current rapidly achieves its 
constant value of &,Kl (dE/dt), giving rise to the initial 
current jump. This is then followed by the more slug- 
gish build-up of the "anomalous" charging current, 
dPz/dt, under conditions where the growth current, i, 
is negligible, so that the collision process is not con- 
tributing to dPz/dt. This initial build-up of the charg- 
ing current should be given by Eq. [62] of the pre- 
vious paper, from which we see that the current should 
rise approximately according to a hyperbolic sine 
function of the voltage, in qualitative agreement with 
the observed shape. When the voltage rise is stopped, 
the polarization of the medium is still well below the 
equilibrium value for the applied field, so that E, is 
still too small to produce a significant number of ion 
transfer events. The total current observed is there- 
fore still only the charging current, which should 
drop abruptly by an amount &,Kl(dE/dt), equal to 
the initial abrupt rise, then decay approximately as a 
negative exponential of the time, according to Eq. 
[63] of the previous paper. Unfortunately, the slow 
response of the recorder used did not permit the reso- 
lution of the initial fast drop from the subsequent 
decay. 
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Up to about 200 sec, therefore, the polarization of 
the medium, and hence the effective field, E,, has 
been increasing almost exclusively by the thermally 
activated polarization process, the effective field being 
too small to cause a significant number of ion transfer 
events to take place. Somewhat after 20 sec, however, 
the growth current starts to become of significance, so 
that by 30 sec the rate of increase of the growth cur- 
rent effected by the increasing polarization of the 
medium has more than overcome the rate of fall of 
the thermally activated component of the charging 
current. From about 30 sec onward, the thermally 
activated polarization process becomes negligible com- 
pared with the collision induced process and the 
charging current small compared with the growth 
current, i. As the growth current increases, it in- 
creases the rate of change of the polarization of the 
medium, and hence of E,, thus increasing the rate of 
increase of i and producing the concave upward por- 
tion of the curve from 30 to 80 sec. Ultimately, this 
"autocatalytic" process is overcome as the polarization 
of the medium approaches its steady-state value, lead- 
ing to the rounding off from 80 to 140 sec. The de- 
crease in current beyond 160 sec is caused by the 
slow fall in the applied field resulting from the slow 
film growth. 

The data relating to the charging current are not 
sufficiently accurate to warrant quantitative treatment. 
Measurements are now being undertaken in this lab- 
oratory to test this aspect of the theory. We shall at 
present analyze quantitatively only that part of the 
data for which the thermally activated component of 
the charging current can be neglected. The correct 
equation for these conditions, Eq. [55] of ( I ) ,  is re- 
corded below 

Ft 

where I, is the current density at t = 0, and I, is the 
steady-state current density. 

In Figure 3, the data for aluminum are plotted ac- 
cording to Eq. [81 for the experimental points lying 
between about 30 and 150 sec. In order to illustrate 
more clearly the quality of the agreement between 
the data and Eq. 181, the data for tantalum have been 
plotted in Fig. 4 according to a rearranged form of 
Eq. 181, viz. 
F = [1/I - B Jt ln(I/I,) dtl = l/Io - [B ln(I,/Io)] t [8'] 

Both these sets of data are in excellent accord with 
Eq. [8] and hence with the present theory. The values 
of B calculated from the slopes are 8.0 x 103 cm2/ 
coulomb for tantalum and 11.4 x 103 cm2/coulomb for 
aluminum. A number of values for aluminum have 
been obtained which are in agreement to about ? 5%. 
From the theory we have 

B = (s'/Ze) (1 + Wx1)/(1 + 6'xs) _N (u'/Ze) (cl*/p,*) 

since 

Fig. 3. Data of Fig. 2, plotted according to Eq. [8] (1 in pa 
~ r n - ~ ,  t in sec). 
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Fig. 4. Data of Fig. 1 plotted according to Eq. [8'] 

for xl >> I/&' and 1/8, or 6' _N 6. Setting Z = 2 
we then obtain a'l/2 = 8.9A for tantala and 11A for 
alumina. On the reasonable assumption that the crys- 
tallites should contain at least one unit cell and be 
sufficiently small to give rise to the observed diffuse 
diffraction patterns, d l 1 2  should lie between about 4 
and 20A, in excellent accord with the above values. 

From the experimental value for the pre-exponen- 
tial factor for the tantalum system, io = 1.74 x lo8 
amp/cm2 (51, and the theoretical form for io, cf. Eq. 
[I41 in ( I ) ,  it follows that 

On substituting the empirical values for pl*/p,* and B 
we obtain N'v N 4 x 1012 sec-1, an eminently reason- 
able result since N', the number of charged species per 
molecular unit located at suitable sites for transfer to 
the next molecular unit, would be expected to be close 
to unity. 

Since B contains a molecular unit dimension pararn- 
eter, it is entirely possible that it will vary somewhat 
with film formation conditions. A thorough investiga- 
tion to look for such an effect has not as yet been 
carried out but the present results (27) indicate that 
a variation in B of 20% or more can be effected by 
the choice of formation current density. 

As stated previously, the data relating to the "anom- 
alous" charging current are not sufficiently accurate 
to warrant quantitative treatment. A computer cal- 
culation to generate the entire experimental curve 
shown in Fig. 2, starting from Eq. [I], 1131, [30], and 
[321 of the previous paper, has, however, been carried 
out. The result of this calculation was good qualitative, 
but not quantitative agreement with the experimental 
data. The failure to achieve a quantitative fit was 
traced to the form chosen for the "anomalous" charg- 
ing current, dP~/dt,  i.e., final term Eq. [30] of (1) or 
final term Eq. I241 of (1). It appears that the varia- 
tion of dPz/dt with E is in accord with Eq. [30] of (1) 
since the initial build-up of the charging current could 
be fitted well and for reasonable values of the pa- 
rameters (we* N 1.6 eA and Q - 0.8 ev). The de- 
crease of dPz/dt from the peak under conditions of 
constant E, however, are not in accord with Eq. 1301 
of (1). The present equations appear to predict the 
wrong functional dependence of the anomalous charg- 
ing current on PZ or P. In view of the approximations 
made in deriving the equation for the thermally ac- 
tivated polarization process, this is not too surpris- 
ing. It  is felt, however, that this aspect of the theory 
can be substantially improved without altering the 
basic model. Efforts in this direction are now under 
way. 

Influence of space charge on steady-state anodic ox- 
idation.-As mentioned in the previous paper, Eq. 
[I01 and hence Eq. [I91 of the previous paper are only 
valid in a region of the film where the space charge is 
negligible. We shall now investigate the influence of 
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Fig. 5. Space charge doto for aluminum (34) plotted according 
to Eq. [151. (Q is charge passed in mcoul/cm2). 

space charge for steady-state anodic oxidation condi- 
tions. 

From Eq. [I] and [9] of the previous paper and 
Poisson's equation, and assuming K + ,  >> K-, we may 
write 

i = ZedN + r ~ p ,  191 

where K N x + ~ ,  & is the permittivity of the oxide (K,., 
for steady-state conditions), n, the value of n+r and 
n-, beyond the space charge zone and x the distance 
into the oxide measured from the interface away from 
which the species of charge rZe move. The assump- 
tion I + ,  >> K-, (or the converse) is required to 
obtain agreement with the data and would appear 
to be justified providing the molecular units are suf- 
ficiently small. Since a' N 100A2, we may assume a 
radius for a molecular unit of about 5A and a nuclear 
separation between surface oxygen species on adja- 
cent molecular units of about 2A. The ratio of the 
two field terms ( I ) ,  &+, and &-r, should then be given 
approximately by ( & + r / & - r )  - (5 + 2)2/52 , 2. 
Therefore for a+, N 106 (the value consistent with the 
experimental data reported below), K-, - (106)l/z = 
103 so that K + , / K - ~  ,- 103. 

Returning to Eq. [9] to [ I l l ,  we can write 

where y = pa,/po and porn is the value of p, beyond 
the space charge zone. Since we shall consider only 
steady-state conditions y is given by 

exp [ E d s *  (1 - E.ps*/C+)/kT1 
Y = 

exp [EsSm (1 - Ep,*/C+)/kT] 
or 

where 

and E, is the field beyond the space charge zone, 8, is 
the steady-state reciprocal Tafel slope for thick films 
(i.e., thicker than the space charge zone) measured at  
a field strength (Em + E) /2 (see Eq. 131). Since the 
small variation in the Tafel slope with field strength 
is only just detectable, taking independent of field 
will be a satisfactory approximation for E close to E,. 

Using the above expression for y and making the 
approximation that a is constant, Eq. [I21 can be 
written 

dy/dS N ( 1 - y2) /2 C 141 
where 

S = (2aen, /&)x 
Integrating this equation we obtain 

lnC(1 + y ) / ( l - y ) l  = S + S o  C151 

where So is the integration constant, so that a plot of 
In[ (1 + y ) / ( l  - y)] vs. distance from the appropri- 
ate interface should yield a straight line of slope 
(%E~en, /&) .  The space charge data previously pub- 
lished for aluminum (34) is plotted in Fig. 5 accord- 
ing to Eq. [15]. Differential field strengths as a func- 
tion of charge passed were calculated from measure- 
ments of the time derivative of the anodic overpoten- 
tials as a function of charge passed. Details of the ex- 
perimental procedure and assumptions involved in in- 
terpreting these data can be found in the original 
paper. However, it is worth pointing out that the as- 
sumptions are consistent with the present model. 

As can be seen, the data fall on an excellent straight 
line. In the original paper it was shown that the slope 
of such plots was independent of current density, a 
result in conflict with the basic postulate of the high 
field Frenkel defect model and probably in conflict 
with any model which predicts a significant depend- 
ence of the bulk defect concentration on current den- 
sity. Such a result, however, is in accord with the pre- 
dictions based on the present model. 

The slope of the graph was found to be l.04 x 102 
coulomb-l, which for an oxide density of 3.2 g/cm3 
(35) corresponds to 1.86 x lo6 cm-l. Comparing this 
with the theoretical slope and setting = 4.8 x 10-6 
cm/v (35), & = Ks&, N (Bs/B~)Ki&a Y 25.8 Eo (27).  and 
Z = 2, we obtain n, = 1.4 x 1018 cm-3. Estimating no 
as follows: n, Y ( u ' ) - ~ ' ~  N 1.3 x loz1 ~ m - ~ ,  we have 
n,/n, N 10-3, a reasonable result. 

We can obtain an estimate of 8, = & in the following 
manner. From Eq. [lo], K = (n,/nJ2/f N lo6. From 
Eq. [121, [151, C161, and [I71 of the previous paper, it 
can be shown that 

where terms of the order of (&p*/C+)2 have been ne- 
glected in comparison with unity. Assuming steady- 
state conditions and setting (1 + ax,) N 6K1 Eq. [I61 
can be written 

where the term in &2 is fairly small compared to that 
in &. Using previously reported values (i.e., r,' N 23.5 
eA (15), C@ N 7.8 ev (15), r l*  N 7.8 eA, K1 N 8.85, 
and setting E N 8.5 x 106 v/cm. and K N lo6, we cal- 
culate &/ti N 5 x 107 v/cm. (From this value, &r*/C+ 
Y &r~*/aKlC+ = 0.07, a result consistent with the 
approximation made, i.e., (&r*/C+)z << 1.) The value 
of & estimated in this way appears to be of the correct 
order, although a reliable independent estimate based 
on electrostatic considerations is difficult to make. 

Summary 
In the previous sections, selected data from the 

literature have been examined in the light of the 
newly proposed theory. The theory has by no means 
been applied, however, to the majority of the vast 
amount of data available in this field, an undertaking 
which lies outside the scope of the present paper. The 
principal features of the steady-state and transient 
behavior of electrodes formed by anodic oxidation of 
Ta, Al, Nb, and Bi have been examined and found 
to be in excellent accord with the theory. Specifically, 
the present theory is the only one to provide a rea- 
sonable explanation for: ( a )  the transport number 
data (Ta, Al);  ( b )  the correlation between the field 
dependence of the transient and steady-state Tafel 
slopes (Ta, Al); (c) the correlation between the 
transient charge-activation distance product and the 
dielectric constant (Ta, Nb, Al, Bi) ; and (d) the form 
of constant field transients (Al, Ta). In addition, the 
theory provides a quantitative interpretation of space 
charge phenomena for thin films (Al). Again, all of 
the parameters deduced on the basis of this model are 
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A Method for the Dynamic Measurement of 

Capacity a t  Electrode Interfaces 

C. C. Krischer and R. A. Osteryoung 

North American Aviation Science Center, Thousand Oaks, California 

ABSTRACT 

A potentiostatic method to permit determination of double layer capacity 
of electrodes under dynamic conditions has been developed. Small potential 
pulses are superimposed on a d-c sweep and the capacity is determined from 
the magnitude of current changes observed at  the initiation and cessation of 
the pulse. Further, a method utilizing a transistor is described which permits 
rapid switching of a potentiostat from galvanostatic to potentiostatic operation. 

Although several methods for the dynamic measure- 
ment of double-layer capacity have been reported, 
1.hey appear to suffer from certain disadvantages. 
Breiter (1) utilized a n  a-c impedance technique to 
obtain qualitative curves at  solid electrodes. 

Boddy and Sundburg (2) developed a simple 
method of measuring the capacity continuously and 
rapidly. The authors used a current sweep which had 
superimposed short duration current pulses. The anal- 
ysis of the resulting potential-time transients, properly 
displayed on a cathode ray tube, gave the value of 
the capacity over the whole length of the sweep. The 
disadvantage of this method is that the potential 
change, dE/dt, is not constant with time for a linear 
current sweep. dE/dt varies depending on the current- 
potential characteristic of the electrode. To keep dE/dt 
approximately constant these authors used a nonlinear 
sweep. 

A potentiostatic method would be more convenient 
and is reported here. A linear d-c sweep voltage is 
applied directly to the electrode via a potentiostat. 
Superimposed on this potentiostatic sweep are low 
amplitude potential pulses. The pulse is short com- 
pared to the RC time constant of the electrode net- 
work. 

In  the first part of this paper it is shown how the 
electrode capacity can be calculated from the current 
transient that is caused by a potential pulse. 

The advantage of using a linear potential sweep 
rather than a linear current sweep is quite evident if 
one recalls that the differential capacity curve that 
one is interested in lies in a potential region where 
dE/di of the indicator electrode has a maximum. Em- 
ploying a galvanostatic method, the potential region 
of interest is passed rapidly if a linear current sweep 
is used. 

In carrying out our work on germanium electrodes 
(3) we desired and devised a method to permit rapid 
switching of the cell from a potentiostatic mode to a 
galvanostatic mode of operation which is reported 
in the second part of this paper. 

Dynamic Potentiostatic Measurement of 
Electrode Capacity 

The electrical equivalent of the impedance of an 
indicator electrode in the potentiostatic circuit is 
shown in Fig. 1. It consists of a resistor, R, represent- 
ing all series resistances in the circuit such as un- 
compensated resistance in the electrolyte, in the in- 
dicator electrode, etc., a resistor, R,, representing the 
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Fig. 1. Electrical equivalent circuit for the application of a 
potential step (potentiostatic operation) at  a metal (or semicon- 
ductor) electrolyte interface. 

impedance of the faradaic reaction and a capacitor, C, 
the capacitance of the double layer. [In the case of a 
germanium electrode, C represents the capacitance 
due to a space charge layer within the germanium 
(4) .I The potentiostat is a potential source of effectively 
zero internal impedance. If it delivers a positive po- 
tential step of the magnitude, E, a current, i, will flow 
through the circuit. At t=O the capacitor acts as a 
short circuit of R, and an initial current 

io = E/R El1 
will flow. The charging current ic decays exponentially 

RRp . Simultaneously a current i ,  where R' = - 
R + RP 

starts to build up exponentially 

The total current i is the sum of the two 

The initial slope of this curve is given by 

At t = At a negative step of the same amplitude, -E, 
is delivered (the sequence of the two steps is a rec- 
tangular pulse, At is the pulse width). At the beginning 
of the negative step the current changes by -E/R, 
followed by an exponential current-time behavior 
analogous to the one expressed in Eq. [41. If the pulse 
width 

~t << R'C [el 

Eq. [51 can be approximated by 
AtE 

Ai= -- 
CR2 

where Ai is the change in current during the time in- 
terval of the pulse. In this equation C and R are un- 
known; but according to Eq. [I], R = E/io so the un- 
known capacity C becomes 

L n t  I -: 
TIME - 

Fig. 2. Schematic of the current time behavior that results by 
application of a potential pulse in the circuit of Fig. 1 for Rp >> 
R. The line from which i, rises represents the d-c level. 

From this relationship it is seen that one can calculate 
C if at a known pulse width At and amplitude E the 
quantities & and Ai are measured. Figure 2 represents 
a schematic of the current transient that is caused 
by a potential pulse. The dashed line indicates the 
current decay that would occur if the negative step 
were missing. Note that the quantities i, and Ai which 
are needed for the calculation of the capacity are the 
maximum positive and negative amplitudes of the 
transient. 

In order to measure the capacity potential curve in 
a dynamic manner a single (or repetitive) linear po- 
tential sweep with superimposed short duration pulses 
is applied to the electrode. The duration of the pulses 
has to be sufficiently short so that the sweep d-c level 
may be considered constant over the interval of the 
pulse. The current transient which results as a con- 
sequence of this polarization is characteristic for the 
electrode impedance-potential curve. Figure 3 gives 
an example. The line with maximum intensity repre- 
sents the d-c current through R, of Fig. 1.  This trace 
corresponds to the base line from which i, rises, see 
Fig. 2. As the potential sweep is linear with time, this 
curve represents a conventional current potential plot. 
The envelope curves of low intensity above and below 
the most intense line are caused by the current ex- 
cursions due to the superimposed pulses. Since there 
are 250 pulses of 3 psec duration per horizontal divi- 
sion in Fig. 3, the current transients, one of which is 

I I 
0 -62Omv - E 

Fig. 3. Example of a current potential curve obtained potentio- 
statically with a single d-c sweep of 0.24 v/sec which hod super- 
imposed negative pulses of 100 mv amplitude and 3 psec width. 
Repetition rate of the square wove pulse generator: 500 sec-1. 
Electrode: 10 ohm cm n-Ge. Electrolyte 0.5M NaC104 0.1M buffer 
pH 7, unstirred. The intense line (d-c voltage curve) within the 
trace became wider during the course of reproduction; i t  should 
be as narrow as in the left side of the figure. The arrows indicate 
typical current-transient amplitudes, see Fig. 2 and text. 
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shown in Fig. 2, merge together to yield an area of 
low intensity compared to the intensity of the main 
current-potential curve resulting from the voltage 
sweep. If the intensity of the oscilloscope beam is 
sufficient to permit observation of the current tran- 
sients resulting from the voltage pulses, the main cur- 
rent potential trace from the voltage sweep is brighter 
and diffuse because of its longer duration relative to 
the transients. This problem, which affects the ac- 
curacy of the measurement, may be partially solved by 
intensifying the beam during appropriate portions of 
the trace. The deviations on either side of the d-c 
current trace directly represent the current amplitudes 
i, and Ai, compare Fig. 2 and 3. With Eq. [81 one can 
then calculate C at any desired potential. From Fig. 3 
it is seen that the condition Ai << i, is in most poten- 
tial regions not fulfilled. Therefore, the exponential 
is at t = At no longer near linear, condition [6] is not 
strictly fulfilled. Equation [8] then yields capacity 
values which are larger than in the case of validity of 
condition 161. This error is however partly compen- 
sated by another effect. The rise time of the potentio- 
stat tends to round off edges of the current transient: 
i, will be measured smaller than it should be. These 
two errors tend to cancel each other. We found the 
accuracy to be within &20%. The systematic error 
for one particular system will, however, be constant 
so that relative changes are easily detectable. In ref. 
(3) capacity potential curves are reported which are 
in good agreement with the calculated curves. 

Intermittent Galvanostatic Switching of a Potentiostat 
For the purpose of studying the surface of electrodes 

it may be desirable to polarize the electrode by a 
known amount of charge prior to the measurement of 
the characteristic. Most conveniently the charging is 
carried out under constant current conditions for a 
given time interval, i.e., in a galvanostatic mode of 
operation. In order to minimize changes of the result- 
ing state of the electrode before the capacity measure- 
ment is initiated, rapid switching to the potential 
where the capacity measuring sweep starts is required. 
A versatile, yet simple circuit is described which 
meets this requirement. 

A transistor is placed in series with the cell. A volt- 
age, E, is applied from the potentiostat to cause a po- 
tential drop, Et,,,,, across the transistor sufficient to 
drive it well into its limiting current region (reverse 
bias), (see Fig. 4). This results in the current through 
the cell being controlled by the limiting current 
characteristics of the transistor. The limiting current 
can be selected by appropriate transistor base cur- 
rent input (see Fig. 5). Changes in the voltage across 
the cell have little effect on the current through the 
system provided that such changes occur within the 

1 1 " q ~ l v o n o ~ t ~ t i c "  mode of o p m l ! o r  

, I n d ~ c ~ t o ~  electrode c b r -  / j ater8stlc dom~nonl potent- * mode of ope=" / 1 
Fig. 4. Current potential behavior of a series combination of 

cell and transistor. The voltage drops as a function current are: 
dashed, of the indicator electrode; thin, of the transistor with 
three different base currents; and bold, of the cell and the transis- 
tor with three different base currents in series. 

limiting current region of the transistor. When the 
voltage, E, is such as to result in a potential drop 
across the transistor which brings it into the forward 
biased region, there is little potential drop across the 
transistor. The current through the transistor can 
change appreciably with little change in potential drop 
across the transistor.1 

It was found ( 3 )  that in steep portions of the tran- 
sistor characteristic (forward bias) the transistor ca- 
pacity was much larger than the capacity of a ger- 
manium electrode in the flat part of its current 
potential curve. In this potential region, in which the 
potentiostatic mode prevails, the transistor capacity 
does not introduce a significant error in the measure- 
ment of the electrode capacity. Figure 4 represents a 
schematic construction of the current potential curves 
that result if a transistor with three different base cur- 
rents is placed in series with an electrode which has 
an activation controlled current-potential character- 
istic. It is seen that the introduction of the transistor 
yields current clamping in one direction. I t  is in the 
potential region of small currents where the differen- 
tial capacity curve is measured potentiostatically. 

To summarize, placing the transistor in series with 
the indicator electrode serves the purpose of control- 
ling the current through the cell. This is accomplished 
by applying a voltage that brings the transistor into 
reverse bias. The transistor characteristic then dom- 
inates. Under forward bias of the transistor, the in- 
dicator electrode characteristic prevails, and the 
transistor introduces only a slight perturbation on the 
indicator electrode characteristic. The base current, 
which has to be supplied by a current source other 
than the potentiostat, has two functions: ( i)  it deter- 
mines the limiting current during the galvanostatic 
period, and (ii) it diminishes the interference of the 
transistor during the potentiostatic period. The per- 
turbation of the indicator electrode characteristic 
during this period may be kept small by injecting a 
large base current, top curve in Fig. 4. 

The design of the electrical circuit has to fulfill two 
requirements: short rise time of the potentiostat and 
versatility in the input system. The latter is needed in 
order to provide well-defined galvanostatic prepolar- 
ization followed by potentiostatic capacity measure- 
ment. We therefore employed the Wenking potentio- 
stat in the adder configuration (6) rather than in the 
conventional differential mode. An oscilloscope with a 
delayed sweep capability is a convenient source of 
prepolarizing pulse and measuring sweep. The time 
base of such oscilloscopes may deliver two sawtooth 
and square wave voltages. One couple of sawtooth and 
square wave voltages corresponds to the normal or 
delaying sweep, the other to the delayed sweep. 
The voltages are of fixed amplitude and polarity. At- 
tenuation and in some cases inversion is needed. The 
durations of the wave forms are calibrated and vari- 
able within a wide range. The beginning of the de- 
layed sweep with respect to the normal sweep (and 
normal gate) is determined by the setting of the cal- 
ibrated delay time potentiometer. 

The details of the experimental arrangement are 
shown in Fig. 5. The response of the circuit is demon- 
strated in Fig. 6. It represents a photograph of a typ- 
ical current transient that is caused by a rectangular 
potential pulse. The rise time is a little less than one 
psec. 

ISince the transistor is in series with the cell, 
it*... = i..11 = i(Et....) 

and 
Et7.n. = E - Ecsll 

di dit,,,,, dEt,... dit.... -- 
dE ,.I, dE t,... dE.,,, dEtra,,* 

.... 
In the region of reverse bias, ditran./dEtrans is very small lca. 1Ws 
ohm-1) so that a change in the cell voltage does not change i. In 
the forward bias relion ditrxn./dEtrmns is very large. there is verv 
little potential drop-across the transistor, and dECill is unaffected 
by changes in i. 
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Fig. 5. Schematic representation of the electrical circuit for 
galvanostatic prepolarizotion followed by rapid potentiostatic 
measurement of the current and capacity-potential curve. The 
amplifiers are Philbrick, type P65A. The 383 time base is o 
Tektronix module, the numbers refer to the switching diagram of 
the time base manual. The pulse generator is a Hewlett-Packard 
product, type 214A. The potentiostat is a Wenking model. 

Fig. 6. Typical current time behavior that results upon application 
of a rectongular potential pulse to the following, not standard 
circuit elements: 150 ohm resistance in series with a 4 x 1OWsF 
capacitor which has a 10K ohm resistor in parallel. Pulse ampli- 
tude was 75 mv, duration 3 ssec. From the figure the series 
resistor is calculated to 125 ohm (instead of 150) and the capacitor 
to 3.6 10-SF (instead of 4.10-SF). The R'C network is similar to 
a 1 cm2 Ge-electrolyte interface a t  the potential of the capacity 
minimum. 

For studies of the germanium-electrolyte interface 
we were interested in pretreating the electrode with 
known amounts of cathodic charge prior to the im- 
pedance measurement. Therefore, in the circuit of 
Fig. 5 a n-p-n transistor was used to limit the cathodic 
current. For anodic pretreatment a p-n-p transistor 
would be chosen. Both current directions can also 
be limited if two transistors, n-p-n and p-n-p, with 
appropriate base currents, are placed in series. 

Three waveforms of the timebase combined with 
two other voltage sources are used. The task of the in- 
dividual potential sources is as follows: 

1. Prior to the polarizing cycle the potential has to 
be set at a d-c level, Ed*, which yields a reproducible 
steady state of the surface. 

2. For the capacity measurements free running 
short duration rectangular pulses are needed. We used 
a Hewlett Packard 214A pulse generator. 

3. To drive the transistor into its limiting current 
region in order to prepolarize, a high amplitude pre- 

polarizing pulse, E,, is applied. We chose the square 
wave of the normal or delaying sweep of the time base. 

4. Furthermore, the measuring linear sweep, E,, is 
needed. The sawtooth of the delayed sweep is used. 
The delay time of this delayed sweep with respect to 
the beginning of the normal sweep thereby determines 
the duration of the prepolarizing pulse. 

5. In order to initiate the sweep at  any desired po- 
tential, an additional pulse, Est is required. Without 
this pulse the linear sweep would start in the limiting 
current region. The changeover from galvanostatic 
to potentiostatic mode would be gradual instead of 
abrupt. The gate of the delayed sweep which occurs 
simultaneously with the sawtooth can be used for E,t 
advantageously. 

As indicated in Fig. 5, this latter pulse source, i.e., 
the timebase, is also utilized to increase the transistor 
base current. Thereby a transistor characteristic is se- 
lected which causes the least interference of the indi- 
cator electrode characteristic at  small current den- 
sities, compare Fig. 4. For further experimental de- 
tails see Fig. 5 and its legend. 

Figure 7 is a schematic representation of the wave- 
form that appears at  the output of the potentiostat by 
application of voltages 1-5 as listed above. 

Listed below are some polarization cycles that can 
easily be obtained with the circuit of Fig. 5. 

Prepolarization, anodic sweep (PA).-The cycle of 
Fig. 7 is described above in detail in which the volt- 
age is increasing with time. This sweep will be called 
an anodic sweep. Decreasing voltage with time is 
called a cathodic sweep. 

Prepolarization, cathodic sweep (PC).-If the same 
potential region as in Fig. 7 should be measured with 
a cathodic sweep, the amplitude of Est is increased by 
the amount of E, and E, itself is inverted. 

Anodic sweep (A).-If anodic sweep without gal- 
vanostatic prepolarization is desired one can (i)  make 
the transistor limiting current very small by omitting 
the base current and making the delay time - 0 or 
(ii) E, is omitted and an inverted gate, -ESb brings 
the sweep to a potential, E d e  - E.t which is desired 
as the sweep starting potential. . . 

Cathodic sweep (C).-If cathodic sweep and no pre- 
polarization is desired, the cathodic sweep is simply 
initiated at  Edc. EP and ESt are omitted. 

Although our original interest in devising this pro- 
cedure was focused on the studies of the germanium- 
electrolyte interface the technique is applicable to 
other electrodes such as metal electrodes and the drop- 
ping mercury electrode. For example, we have exam- 
ined the differential capacity at a dropping mercury 
electrode in various electrolytes by this method and 
obtained agreement with literature results. Because a 
dropping mercury electrode has a longer time con- 
stant R'C than a germanium interface, the pulse dura- 

I ~ ~ o l v o n o s l o l i c t \ y  

P ~ t e n f i o s l a l i ~  

Fig. 7. Output waveform of the potentiostat for galvanostatic 
pulsing followed by a potentiostatic sweep. The voltages ore with 
reference to Fig. 5. The dashed part following the sweep represents 
the termination of the golvanodatic pulse. 
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tion was chosen longer than in the case of germanium. 
Adjusting the pulse width to the particular RC net- 
work of the electrochemical system is necessary to 
obtain reasonable accuracy. 

For low values of the time constant R'C of the in- 
dicator electrode the method may be used up to high 
sweep rates Y = dE/dt. At germanium electrodes 
sweep rates up to 300 v/sec were employed (3). For 
convenience we chose a combination of square wave 
and sawtooth voltages for the prepolarization and po- 
tential variation. The circuit described above allows, 
however, the use of other wave forms as well, such as 
a triangular or a sine wave. An application of this 
method to the study of germanium electrodes will be 
reported (3). 

Summary 
A dynamic capacity measuring method is devised. 

I t  is based on the analysis of current transients that 
are caused by short duration potential pulses. The dy- 
namic variation of the potential is achieved with a 
linear potential sweep on which the pulses are super- 
imposed. An oscilloscope serves as a sweep generator. 
The charge flow during the measurement of the ca- 
pacity potential curve may be kept very small (in the 
order of a few pa sec/cm2) if appropriate values of 
the sweep starting potential and the sweep rate v = 
dE/dt are chosen. 

This method may be employed advantageously in 
connection with a novel technique of switching the 
cell from the normal potentiostatic into a galvanostatic 

mode, as is also described in this paper. A transistor, 
placed in series with the indicator electrode, repre- 
sents the fast switching element. The galvanostatic 
mode serves to charge the electrode surface to a 
known extent. The same oscilloscope (with delayed 
sweep capability) that delivers the sweep controls also 
the prepolarization time. With the method described 
above one is able to measure the electrochemical char- 
acteristic of a prepolarized electrode, since its state re- 
mains practically undisturbed in the course of the 
measurement. The galvanostatic prepolarization may 
be chosen in the cathodic, anodic or both current di- 
rections. 

Manuscript received Jan. 25, 1965. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1966 JOURNAL. 
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The Effect of Dislocations and Orientation on the Electrical 

Double Layer Capacity of Silver Surfaces 

R. G. Rein, C. M. Sliepcevich, and R. D. Daniels 
University of Oklahoma, Norman, Oklahoma 

ABSTRACT 

This study was undertaken in an attempt to obtain a better understanding 
of the effects of dislocations, crystal orientation, and surface imperfections on 
the catalytic activity of metals- Relative surface areas of pure silver crystals 
were determined from measurements of double layer capacities for {110), {Il l) ,  
and (211) planes with dislocation densities ranging from 106 to 108 cm-2. Care 
was taken to insure that clean, oxide-free surfaces were used during measure- 
ments. Although it was found that the relative areas of (110) and (211) planes 
were proportional to the log of dislocation density, the relative area of { I l l )  
planes was found to be independent of dislocation density. The behavior of 
the double layer capacity as influenced by abrasion, cracks, notches, grain 
boundaries, and dislocations is discussed in terms of changes in physical area 
and changes in effective area resulting from additional dislocations. Models of 
metal surfaces and knowledge about the structure of the double layer are 
inadequate, at present, to allow positive conclusions to be drawn about the 
effect of dislocations on double layer capacity. The double layer capacity of 
mercury in 0.2N HzS04 was experimentally determined to be 19.4 f 2.2 pf/cmz 
which agrees favorably with values reported recently. 

Crystal imperfections and surface orientation, par- fections are not considered, this investigation was 
ticle geometry and surface irregularities are factors undertaken to determine changes in area as influenced 
which can influence the activity of catalysts (1-3). The by dislocation density and crystal orientation. 
effectiveness of a metallic catalyst has been found to be The many methods for determining surface areas 
dependent on the crystal face exposed to the reactants have been summarized by Adamson (141, Brunauer 
(4-8). In addition, Liedheiser and Gwathmey have (15), and Gregg (16). Of the methods mentioned, only 
found that (100) planes of copper become roughened the various adsorption methods, such as the well- 
while catalyzing the reaction of oxygen and hydrogen; known BET technique and the double layer capacity 
whereas (111) planes remained smooth (6). Introduc- method are generally applicable. Gas adsorption tech- 
ing imperfections into a crystal has also been reported niques are not satisfactory in the case of metals be- 
to influence catalytic activity (9-12). Barnes and cause of their small area to volume ratio. The relative 
Mazey (13) show a change in surface area with irradi- decrease in pressure or volume of the adsorbed gas 
ation, a common method for disturbing a metal lattice. is too small, for a reasonable size sample, to allow ac- 

Although the BET area has been used frequently in curate analysis. For this reason the double layer 
correlating kinetic data for catalytic reactions, in most capacity method first proposed by Bowden and Rideal 
cases the superficial area, or some equivalent, is used (17) was used to determine the effective surface areas 
without giving any consideration to surface conditions. of the silver crystals employed in this study. 
Since it is possible that significant information can be Throughout this paper three different area terms 
masked if differences in surface area between crystal will be used: (a) superficial area, which is determined 
planes and differences in area due to crystal imper- by the gross dimensions of the sample; (b) physical 
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area, which takes into account all mechanical surface 
irregularities such as roughness, notches, cracks, mis- 
orientation at grain boundaries, regardless of the scale 
of dimensions; and (c) effective area, which is deter- 
mined by the double layer capacity measurement and 
which may be influenced both by the physical area as 
defined above and by energy factors associated with 
crystal surface orientation and crystal defects. 

The double layer capacity method as originally con- 
ceived was based on the assumption that the double 
layer capacities of metal electrodes with equal physical 
areas are the same and independent of the metal being 
investigated. However, it is conceivable that the double 
layer capacity measurement considers not only the 
physical area but also area affects arising from crystal 
orientation and defects. Consequently, an attempt was 
made to isolate these latter factors by taking special 
precautions to maintain a constant physical area while 
varying only the dislocation density and crystal ori- 
entation. 

The measured double layer capacity is given by 

dl) =C(a t t ime=O)  [ l l  
aE T, P. ete. 

where r is the charge in coulombs on the double 
layer per unit superficial area, E is the potential in 
volts across the double layer, and C is the differential 
capacity applicable for short durations of time (time 
<0.10 sec) in farads per unit superficial area. The 
units of superficial area are hereafter denoted by an 
asterisk (cm2) *. Thus, ar/aE represents the instan- 
taneous measured value of the capacity at time equal 
zero. 

If the superficial area of a metal and the effective 
area for capacity determination are identical, 
ar/aE = C' will have the units of (faraddeffective 
area in cm2). The assumption is made for a mercury 
electrode that the effective area for capacity determi- 
nations is identical to its superficial area. Therefore the 
capacity of any metal electrode, C, divided by the 
capacity of a mercury electrode, C', gives the effective 
area of the metal electrode relative to its superficial 
area. 

C (cm2) 
CAR= -- 

C (em? * 

The abbreviation, CAR, refers to the capacity area 
ratio and will be used throughout the paper. It is an 
indication of the effective area. 

In these measurements care must be taken to  elimi- 
nate concentration and ohmic polarization, which 
would distort the value of the potential applicable to 
the double layer. For reproducibility and accuracy of 
measurement, care must also be exercised to eliminate 
impurities on the electrode surface and in the electro- 
lytic solution as impurities also tend to affect the ca- 
pacity of the double layer (14,17,18). 

Procedure 

Apparatus and General Considerations 

The effective areas of silver specimens were meas- 
ured by the double layer capacity first proposed by 
Bowden and Rideal (17). The electrical circuit is 
shown in Fig. 1. 

The oscilloscope (0) was used in conjunction with 
an oscilloscope camera to record the potential E (t)  of 
the silver electrode. The integrated current through 
the cell r ( t )  was obtained from readings on the re- 
corder (R) of the voltage across the capacitor. The 
output of the signal generator (SG) was a square wave 
of frequency 0.05 cps and supplied the polarizing cur- 
rent for the cell. The steady-state current density 
through the cell was 10-4-10-3 amp/(cm2) *. 

Since the signal generator output was from plus 
volts to minus volts and the desired output was from 

Fig. 1. Electrical circuit 

zero to ~ l u s  volts. the circuit SGB was used to bias out 
the unciesired negative output. 

(H) is a standard hydrogen electrode, (P) a plati- 
num electrode, and (M) the metal electrode whcse 
effective area is being determined. 

The effects of ohmic polarization were minimized 
by putting the electrodes near each other (at the cor- 
ners of an equilateral triangle of side 4 cm). Hydrogen 
bubbling from the hydrogen electrode agitated the 
solution to eliminate concentration polarization. 

The electrolyte was 0.2N HzS04 which had been 
freed from dissolved oxygen by heating under a slight 
vacuum for 1-2 hr and cooled to room temperature in 
a hydrogen atmosphere. 

Although Bowden and Rideal (17) state that the 
determinations may be made either during polariza- 
tion or depolarization of the double layer, the larger 
part of the data were obtained during polarization; 
however some data, which agreed with that obtained 
by polarization, were obtained during depolarization. 
All data were obtained at  temperatures between 75" 
and 80°F. 

Crystal Preparation 
The silver single crystals used for effective area 

determinations were grown in the laboratory (19). 
The crystals were oriented by the Laue back-reflection 
x-ray technique and cut with a standard, water-cooled 
cut-off machine, so as to expose either {211), {Il l) ,  or 
{110) planes. The desired surfaces were then mechani- 
cally polished with successively finer grit polishing 
disks, the final treatment being with a 600C disk. The 
crystals were then deformed to introduce a controlled 
number of dislocations. Two methods of deformation 
were used: (a) The crystals were bent to a U shape 
by either a 1.00 or a 4.00 cm radius plunger-die com- 
bination (see Fig. 2a) ; the deforming force was applied 
normal to the surface whose area was to be measured. 

F O R C E  

& 

F O R C E  
DCWOTCI I I L Y T I  SPECIMEN 

1.1 I31 

Fig. 2. Methods of crystal deformation 
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(b) The crystals were cold-rolled to a given reduction; 
the applied force again was normal to the surface 
whose area was to be measured (see Fig. 2b). 

The crystals, after deformation were electropolished 
in a 5 w/o (weight per cent) KCN solution. This treat- 
ment lasted for 3-6 min at  1-2 amp/cm2. The electro- 
polished surfaces appeared bright, shiny, and free from 
microscratches as determined by microscopic exami- 
nations at  300X. The surfaces were also strain-free 
as evidenced by the distinct poles rather than smears 
obtained on a Laue back-reflection pattern of a sample 
prepared in this manner. 

A thermal-etching technique applicable to silver 
(19,20) was used to determine the dislocation density. 
The samples were annealed at 600"-615°C for 45-90 
min in an argon atmosphere, etched 10-15 min in a 
10% oxygen-90% argon mixture, and cooled to room 
temperature in an  argon atmosphere. Etch pits were 
counted at magnifications of 1500-2500X on a metallo- 
graph. Figure 3 is representative of the etch pit ob- 
servations. The macroscopic dimensions of the speci- 
mens were then measured with a micrometer and used 
to calculate the superficial area. 

After thermal etching, an electrical lead was con- 
nected to the sample by an alligator clip and the 
sample was mounted in Koldmount. The face which 
was to be subjected to CAR determinations was pro- 
tected by a strip of fiberglass tape during mounting. 
After mounting, the tape was removed, and the surface 
cleaned with methanol to remove traces of adhesive 
and fingerprints. 

To insure the absence of any oxide layer either of 
two final surface preparations was used: (a) The sam- 
ples were again electropolished for 15-20 sec, washed 
with distilled water, and then placed in the CAR de- 
termination apparatus, a technique found acceptable 
by Wisdon and Hackerman for iron (21). (b) The 
samples were subjected to 2-4 hr  of electrolytic re- 
duction to reduce any oxide layer (22,23). For this 
treatment the sample served as the cathode, oxygen- 
free 0.2N HzS04 as the electrolyte and platinum as 
the anode. A steady-state current density was passed 
through the cell; the range of densities used was be- 
tween 5-15 pa/cm2*. After this pretreatment the sam- 
ples were immediately placed in the CAR apparatus. 

The double layer capacity, and hence the CAR, was 
found to be independent of the two techniques used 
for final surface preparation. 

To isolate the dependence of CAR on undesirable 
effects, the following exceptions were made to the 
general procedure mentioned: ( a )  Sample E, an un- 
deformed sample: the final polish was with a 240C 
polishing disk, instead of electropolishing, to deter- 
mine the effect of scratches on the CAR. (b) Sample F, 
deformed 62% by rolling: it completely recrystallized 
during the annealing treatment. (c) Samples I and J: 
the CAR was measured after use of these samples as 
catalysts for the decomposition of formic acid. The 
surface of sample J was not cleaned prior to the CAR 
tests, while sample I was subjected to 4 hr of electro- 
lytic reduction. ( d )  Sample K: the thermal etching 
treatment and determinations of dislocation density 

Fig. 3. Etch pits on a (211) plane of silver (2000X and 1.2 x 
10' dislocations/cm2). 

Table I. Capacity area ratio (CAR) Data 

Crystal Double layer Number 
face Dislocation capacity of deter- 

Sample exposed density f/(cm*) CAR minations 

3.2 x 1W 
1.0 X 107 
1.7 x 107 
3.2 x 108 
3.2 X 108 
7.3 X 107 
1.1 X 107 
7.1 x 101 
3.2 X 108 
1.3 x 1V 
7.3 x 105 
1.3 x 108 
3.0 x 108 
3.4 X 108 
6.0 x 107 
1.0 X 108 

Scratched - 

a CAR determined after sample was used to catalyze the decom- 
position of formic acid. Surface cleaned prior to determination. 

b CAR determined after samDle was used to catalyze the decom- 
position of formic acid. surface not cleaned prior to determination. 

0 Sample recrystallized. 
Final surface preparation was with 240C polishing disk. 

were made after the CAR tests to minimize possible 
recrystallization effects. 

It is possible that the cold work used to introduce 
dislocations into the specimens could cause recrystal- 
lization of the samples during the annealing and ther- 
mal etching treatment. The grain boundaries thus 
formed could also affect the area measurements. To 
determine the extent of recrystallization, if any, sev- 
eral specimens were etched in an ammonium persul- 
fate-sodium cyanide solution. Sample F (noted above) 
was the only one which exhibited recrystallization. 

To determine the double layer capacity of the mer- 
cury, a fresh pool of mercury was placed in a plastic 
tube; electric contact was made via a copper disk con- 
nected to a lead in the bottom of the tube. The tube 
was immediately placed in the cell and the necessary 
data were obtained. Sufficient holes and slots were cut 
in the tube to eliminate the possibility of concentration 
polarization. 

Results 
The results of this investigation are shown graphi- 

cally in Fig. 4-7, and are given in tabular form in 

Fig. 4. Dislocation density vs. double layer capacity {211) planes' 
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Fig. 5. Dislocation density vs. double layer capacity (110) planes 

I I I I I I 

mDOUBLE LAYER ''CAPACITY, pf/cma' 

Fig. 6. Dislocation density vs. double layer capacity (1 11) planes 

Table I. Since there is no theoretical correlation avail- 
able, the data are represented by straight lines rather 
than resorting to curve fitting. Figures 4-6 are plots 
of log dislocation density in units of surface intersec- 
tions per square centimeter for various crystal planes 
us. double layer capacity (within 95% confidence 
limits). Double layer capacity, as noted earlier, has 
been assumed to be a measure of the effective area 
which takes into account both physical area and en- 
ergy factors. However, since precautions were taken 
to keep the physical area constant, the changes in 
double layer capacity are attributed to energy effects 
arising from changes in crystal surface orientation and 
dislocation density. In Fig. 7 the previous results are 
condensed on a single graph to illustrate the influence 

PLANES 

Fig. 7. Dislocation density vs. capacity area ratio for various 
planes: A, values for (111) planes; 0, values for (211) planes; 
a, values for (110) planes. 

of planar orientation on the effective area. In this 
figure double layer capacity is converted to CAR. 

As indicated by Fig. 4-6, the CAR of (211) and (110) 
planes, which are the double layer capacities of these 
planes divided by that of mercury, appear to be sensi- 
tive to changes in dislocation density, while the CAR of 
(111) planes is insensitive to these changes. From Fig. 
7, the effective area of (111) planes is about 3% times 
the superficial area, while for (211) and (110) planes it 
changes from approximately 2% times the superficial 
area at  low dislocation densities to 4 times at higher 
densities. 

In Table I notice that the effective area of sample E 
is 2% times as great as that for undeformed, smooth 
(211) surfaces (samples A and I ) .  This result is to be 
expected since the final surface preparation of sample 
E involved polishing with a 240C disk instead of elec- 
tropolishing. 

Comparison of data for samples A and I, with clean 
surfaces, and sample J, with a contaminated surface, 
indicates the necessity of clean surfaces. 

As mentioned earlier, the CAR is merely the double 
layer capacity of the silver surface divided by that of 
a mercury surface. The capacity of mercury surfaces 
was found, within 95% confidence limits, to be 
19.4 r 2.2 pf/cmZ (Table I). 

Discussion 
The value of 19.4 a 2.2 pf/cmz for the double layer 

capacity of mercury in 0.2N HzS04 obtained in this in- 
vestigation agrees favorably with other recently deter- 
mined values (24-27) and serves to confirm the reli- 
ability of the results obtained in this study. 

Referring again to Table I, sample E was not elec- 
tropolished after mechanical polishing with a 240C 
disk. In this case the double layer capacity of the 
single silver crystal was 128 2 4.9 fif/(cmZ)* or 6% 
times that of mercury. It is assumed that this increase 
in effective area is indicative of an increase in physical 
area due to surface roughening. A comparable value 
was given by Bowden and Rideal (17) for a silver 
specimen which was polished with "flour" sandpaper. 
The value is 100 e 10 pf/(cmZ) *. The agreement is 
acceptable considering that the degree of mechanical 
polishing of the specimen used by Bowden and Rideal 



Vol. 112, No. 7 DOUBLE LAYER CAPA( ZITY OF Ag SURFACES 743 

is not accurately known. Furthermore, it is not known 
whether their specimen was polycrystalline or a single 
crystal. 

In Table I, the double layer capacity for sample F 
which was electropolished, but was polycrystalline, 
was found to be 83.8 pf/(cmz)*. This value is in the 
range of the double layer capacity for other polycrys- 
talline metal surfaces in H2S04; 70 pf/(crnz) * having 
been observed for copper (28) and 85.5 pf (cm2) * for a 
10p zinc coating on aluminum (29). These values are 
somewhat higher than those for the electropolished, 
single crystals and can possibly be attributed to in- 
creased area due to grain boundaries in the metals. In 
addition, surface irregularities in the substrate for the 
zinc coating could cause an increase in the area. 

Figures 4-6 indicate that the precision involved in 
these measurements is not great, as evidenced by the 
spread of 95% confidence limits. Data of Bowden and 
Rideal (17) exhibit a similar lack of precision, which 
they attribute to the very small quantities being meas- 
ured. Regardless of the precision involved, it appears 
that the CAR of {211) and {110) faces (Fig. 4 and 5) 
tends to increase with increasing dislocation density, 
while that of { I l l )  faces (Fig. 6) does not. In addition, 
successive determinations of CAR on the same sample 
(constant dislocation density) gave a random spread 
of results, indicating that the silver surface did not 
become roughened during the measurements. 

In considering the effect of dislocations on double 
layer capacity, and thus on the CAR, it is believed that 
the tendency of the double layer capacity to increase 
with increasing dislocation density (as in the cases 
of {110) and (211) planes) is not due to an increasing 
physical area since the intersection of dislocations 
with a surface which has been electropolished leads to 
no change in the physical area of that surface. In addi- 
tion, since the specimens were not recrystallized the 
apparent change in double layer capacity or effective 
area is not produced by the introduction of grain 
boundaries. It appears that the CAR or effective area 
is influenced by something other than changes in 
physical area. This additional contribution to the effec- 
tive area is assumed to be caused by the energy of 
dislocations intersecting the surface. However, present 
theoretical models of metal surfaces are inadequate 
quantitatively to analyze this effect; a more atomistic 
model is needed to characterize the surface in regions 
of defects and distortion. 

In summary: 
1. The double layer capacity for abraded metal elec- 

trode surfaces is significantly greater than that for 
electropolished surfaces; the difference is attributed to 
the increased physical area due to abrasion. 

2. The double layer capacities of electropolished 
polycrystalline metal electrode surfaces are greater 
than those of electropolished single crystal surfaces, 
but far less so than those of abraded surfaces. Part of 
this difference in effective area is probably due to an 
increased physical area caused by grain boundaries. 
However, a portion of the change in effective area is 
thought to be caused by dislocations. 

3. The double layer capacity of electropolished 
single crystal silver electrodes increases with increas- 
ing dislocation density on the {211) and {110) planes 
but not on the { I l l )  planes. 
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Molybdenum Oxidation Kinetics at High Temperatures 

R. W. Bartlettl 

Aeronutronic Applied Research Laboratories, Philco Corporation, Newport Beach, California 

Oxidation of molybdenum results in condensed 
oxides at  moderate temperatures and evaporation of 
gaseous oxide species at temperatures above approxi- 
mately 700°C. Seven oxidation rate studies have been 
made at  temperatures in excess of 1000°C (1-7). The 
recent investigation by Gulbransen et al. (6), was 
carried to the highest temperature, 1700°C. These 
studies have been conducted in air and oxygen but 
over narrow pressure ranges. The present study was 
conducted between 1380" and 2470°C (molybdenum 
mp 2625°C) and over a wider oxygen pressure range, 
1 x 10-0 atm to 1 atm. 

The experimental technique employed a 24-in. diam- 
eter cold wall furnace chamber. This permitted free 
convection around the sample without apparatus con- 
straints on gas mixing or oxygen diffusion within the 
boundary layer formed by molybdenum oxide vapors 
diffusing outward from the sample. Polycrystalline 
molybdenum rods, 0.125-in. initial diameter, were used 
as samples and heated electrically. The furnace cham- 
ber was maintained at the appropriate oxygen pres- 
sure by controlling the flow of dry oxygen through 
the system. Oxidation rates were determined by meas- 
uring the sample diameter at suitable intervals using 
an optical technique. Temperatures were measured 
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Fig. 1. Arrhenius plot of recession rate of molybdenum; iwbart 
at  indicated system oxygen pressure. 

%Present address: Stanford Research Institute, Menlo Park, Call- 
fornia. 

with either a color-ratio optical pyrometer or a dis- 
appearing filament pyrometer corrected for the emis- 
sivity of molybdenum. The apparatus and procedures 
are described more completely in a previous paper 
concerning oxidation of tungsten (8). Commercially 
pure molybdenum was used. The major impurities 
determined by spectrographic analysis were silicon 
0.12%, iron 0.22%, and nickel 0.089%. 

The surface recession data conformed with a linear 
rate law. This condition is consistent with either a sur- 
face reaction or transport within the gas boundary film 
acting as the rate controlling step. An Arrhenius plot 
of the rate data is shown in Fig. 1. Evaporation rates 
measured at  a total pressure below 1 x 10-7 atm are 
plotted in the lower left-hand corner of Fig. 1. These 
data show that evaporation of molybdenum was not 
affecting the oxidation rates in Fig. 1. 

Oxidation products were transported away from the 
sample and deposited on the chamber walls. X-ray 
diffraction analysis of several samples of this powder 
residue indicated Moos to be the principal constituent. 
Variable amounts of Mo~OZB, always below 30%, were 
also present in these samples. 

The oxidation behavior of molybdenum a t  high 
temperatures is similar to the oxidation behavior of 
tungsten (8). The rate has an exponential temperature 
dependence at  lower temperatures that is typical of 
chemical systems. Since the activation energy is too 
high for gaseous diffusion, an activation energy barrier 
at the surface is indicated. Above 1700°C the oxidation 
rates become less sensitive to temperature. Near the 
melting point the rate is independent of temperature 
provided the oxygen pressure is above 10-5 atm. The 
bends in the oxidation rate isobars plotted in Fig. 1 
occur in the same temperature range as for tungsten. 
However, because of the lower melting point of molyb- 
denum, an extended temperature region in which the 
rate was independent of temperature was not ob- 
served. The molybdenum oxidation rates are slightly 
lower at  high pressures and considerably higher at  low 
pressures than the corresponding tungsten oxidation 
rates. The change in temperature dependence of the 
rate suggests a transition in rate-controlling step from 
a chemically activated process to a gas kinetic process 
at high temperatures. For both processes, the boundary 
layer present at higher pressures probably affects the 
results by lowering the oxygen partial pressure at the 
surface compared with the oxygen pressure beyond 
the boundary layer. Although a boundary layer anal- 
ysis was not attempted, the rate results are valid for 
any free convection application of molybdenum. 

Comparisons with other investigators are difficult 
because of the variable effects caused by different ex- 
perimental systems on the boundary layer. Gulbransen 
et al. (6) measured molybdenum oxidation rates in 0.1 
atm of oxygen. Their samples were oxidized in a 
closed end tube which probably restricted oxygen 
input and oxide vapor purging. This system compli- 
cates the boundary layer analytical problem, but it 
makes the rate more sensitive to gas flow at  moderate 
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Fig. 2. Transition in the oxidation rate of molybdenum caused 
by ignition of the suboxide diffusion flame a t  15 sec. 

velocities than an open system. Their fastest rate data 
are consistent with the rate data at  equivalent tem- 
peratures and pressures (10-1 atm) from this study. 
Rosner and Allendorf (7)  measured the oxidation rate 
in an oxygen partial pressure of 3 x 10-2 Torr 
(4 x 10-5 atm) and reported molybdenum/oxygen 
molecule reaction probabilities. Their data were con- 
verted to equivalent slab recession rates, assuming a 
gas temperature of 300°K. An extrapolation of these 
rates to 1400°C joins the 1 x 10-4 atrn Arrhenius isobar 
of Fig. 1, which is fair agreement. The molybdenum 
oxidation rates observed by Modisette and Schryer (4) 
in slow moving air above 1400°C vary between 1.3 and 
2.8 mils/min. This rate is about 1/5 the oxidation rate 
in pure oxygen of the same partial pressure, 0.21 atm, 
observed in the present study. A lowered rate in air is 
expected because nitrogen impedes diffusion of oxygen 
in the boundary layer. 

The most interesting aspect of oxidizing molyb- 
denum at high temperatures and pressures is a large 
discontinuous increase in rate observed at  oxygen 
pressures near 1 atm. This change in rate was accom- 
panied by a sudden rise in temperature even when 
external heating was removed. Furthermore, the sam- 
ples were surrounded by a typical gas flame, indi- 
cating the combustion of fuel in the gas phase rather 
than on the surface of the metal rod. Although oxida- 
tion of tungsten at 10-1 atrn and 1 atrn was self-sup- 
porting at high temperatures once initiated, the flame 
phenomena and discontinuous increases in rate were 
not observed with tungsten (8). The transition in be- 
havior associated with flame ignition was easily dis- 
tinguished. Rods burning normally without an accom- 
panying flame appeared as bright incandescent objects. 
The surrounding cloud caused by condensation of 
molybdenum oxide particles could only be detected 
by reflected light. After flame ignition the reverse in 
light intensity occurred. The incandescent rod could 
not be visually distinguished from the flame sur- 
rounding it unless filters were used. Prior to ignition, 
temperature could not be detected by optical pyrom- 
etry within the vapor cloud. After ignition, the color 
temperature of the flame, measured by a color ratio 
optical pyrometer, varied from 2200" to 2500°C in 0.1 
atrn of oxygen and between 2700' and 2800°C in 1 atrn 
of oxygen. These temperatures were recorded using 

Table I. Effect of the diffusion flame on molybdenum recession 
rates a t  high temperatures (temperature independent region) and 

high oxygen pressures 

P o ,  = 0.1 atm P o ,  = l atm 

Avg. rate without flame 9 mih/min 12 mils/m!n 
Avg. rate with flame 133 2 25 mils/min 470 mils/mm* 

Burn out prevented accurate rate data acquisition on four other 
samples. 

fields of view which excluded the sample. The high 
flame temperature associated with an oxygen pressure 
of 1 atrn caused the sample to melt within a few sec- 
onds after ignition of the flame. 

Sample diameters were measured photographically 
using filters. A typical rate curve resulting from gas 
flame enhanced oxidation is shown in Fig. 2. Oxida- 
tion of the sample continued to obey a linear rate law 
after ignition but proceeded at  a much faster rate. The 
flame enhanced oxidation rates at 0.1 atrn were in- 
cluded in the Arrhenius plot, Fig. 1; average values 
are listed in Table I. 

In experiments conducted a t  both 0.1 atm and 1 atrn 
oxygen pressures, ignition of the flame did not occur 
unless a temperature above approximately 1900°C was 
used. This temperature corresponds with the tempera- 
ture at which the suboxide, MoOz(g), becomes appre- 
ciably more prevalent than MoOa(g) as the oxidation 
product determined by Berkowitz-Mattuck et al. (101, 
using mass spectrometric methods. This relation indi- 
cates that the flame results from the outward diffusion 
of the MoOz(g) and the subsequent reaction of 
MoOz(g) with oxygen to produce MoOa(g). Poly- 
merization reactions are also strongly exothermic in 
this system. The heat released by these chemical reac- 
tions can account for the gaseous diffusion flames ob- 
served. The reactions are summarized as follows: 
neglecting the small amount of Moo3 (g) produced at  
the metal surface, the primary surface oxidation re- 
action is formation of the molybdenum dioxide mono- 
mer 

Mo + 0 2 '  MoOz (g) 

The net secondary reaction in the gas phase, including 
oxidation and polymerization to the dominant equi- 
librium species (MOOS) 3 (g) , is 

3 
- 0 2  + 3M002(g) + (M003)3(g) 
2 

AH" = -598 kcal/mole of product 

This reaction is 50% more exothermic than the equi- 
valent reaction in the tungsten system (11,12) 

AH" = -405 kcal/mole 

This difference in released heat provides a possible 
explanation for the presence of the diffusion flame 
with molybdenum under conditions where it was not 
observed with tungsten. 

The casual relation between the adjacent diffusion 
flame and the increased metal surface oxidation rate is 
uncertain. The increased turbulence and temperature 
in the boundary layer caused by the flame may explain 
the rate increase. Analysis of mass transfer in turbu- 
lent boundary layers and flames is complex and was 
not attempted. 
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Effect of Concentration on the Fluorescence of 

Samarium in Cerium Dioxide 

Michael Kestigian, Ronald H. Curry, and Fredric D. Leipziger 
Sperry Rand Research Center, Sudbury, Massachusetts 

This note is concerned with the effect of concentra- 
tion on the fluorescence of samarium in cerium di- 
oxide. A study of the spectral properties of rare earth 
phosphors was recently carried out by Ropp (1). This 
investigation was concerned with rare earth sesqui- 
oxide systems. The existence of a samarium-activated 
cerium-dioxide phosphor was first reported by Toma- 
schek (2). 

Experimental Procedure 
Cerium-dioxide samples in which the molar con- 

specimens were mixed with equal weights of pure 
graphite powder and pressed into % x in. elec- 
trodes. The electrodes were sparked for a sufficient 
length of time to produce sensitivities of 1 in 
Analysis for samarium was performed by measuring 
the lines produced by the Sm147 and Sm149 isotopes. 
These lines were free of interference from other rare 
earth metals and rare earth oxides. Ilford Q-I1 plates 
were used to record the spectra and were developed 
and measured using standard techniques. 

centration was 0.01% o r  less were prepared by the P , . ~ ~ ~ ; - - + ~ I  non.ltr 
addition of appropriate amounts of a solution of sama- 
rium ion to cerium dioxide. These preparations were 
completely dried, ground in an agate mortar, and 
calcined in platinum vessels at 1350°C in oxygen for 
12 hr. On removal from the furnace, the specimens 
were cooled, reground, and the calcination procedure 
repeated. An oxygen atmosphere was used in the calci- 
nation process to ensure the formation of stoichio- 
metric cerium dioxide. Cerium-dioxide samples in 
which the molar concentration of samarium was 
greater than 0.1% were prepared from the oxides. 
These preparations were ground under ethanol, dried, 
and calcined as outlined above. The cerium dioxide 
used was prepared from the oxalate by decomposition 
in an oxygen atmosphere (3). The chemicals were all 
reported to be 99.9+ % pure. 

The fluorescence was measured using a Jarrell-Ash 
82-00 monochromator equipped with a 15,000 lpi grat- 
ing, a fixed-slit width of loop, and a slit height of 5 
mm. An EMI-9558A photomultiplier tube (S-20) was 
used as a detector. Standard amplification and record- 
ing techniques were applied. The excitation radiation 
used to record the samarium fluorescence was 3600A. 
The intensity of the fluorescence observed with 2537A 
excitation was insufficient for quantitative recording 
nf thn mnotrrrm 

YLYC, l l l " r , l l U Y  I I Z Y U I * . .  

Spectrographic studies indicated that four peaks 
were present in the fluorescence spectra of samarium- 
activated cerium dioxide. These were located at  573, 
607, ,615, and 621 w. Only the 573 and 615 mw peaks 
were strong enough to be studied quantitatively. The 
decision to study the concentration dependence of sa- 
marium in cerium dioxide by investigation of the 573 nw 
line was made because of the better signal-to-noise ratio 
of the photoelectric instrument described above. This 
fluorescence (573 w )  was observed at concentrations 
as low as 10-4 mole % Smp03. A plot of fluorescence 
intensity versus concentration is shown in Fig. 1. Re- 
ferring to the figure, it can be seen that the fluores- 
cence intensity shows a slow increase with increased 
samarium-oxide concentration to a broad maximum 
at about 0.01 mole % followed by a decrease to a con- 
centration of about 10 mole % Smz03. The fluorescence 
was not detectable at concentrations above 10 mole % 
SmzO3. It was surprising that the maximum in the 
fluorescence-intensity curve occurred at so low a con- 
centration. In most examples of concentration quench- 
ing, the effect does not become significant until concen- 
trations of the order of 1% are reached. To what extent 
these anomalies are due to the use of finely divided 
powders or truly represent intrinsic material prop- 

"& ".... 'yl-"."-... , 

The samarium content of the cerium-dioxide sam- erties is at this point- 

was analyzed by a mass spectrograph using an In the course of this investigation, it was observed 
AEI-MS7 ~ p a r k - ~ o u r c ~  instrument. The powdered that numerous high-purity cerium compounds ex- hibited the same fluorescence described above. The 
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fluorescence was observed in some cerium-dioxide 
samples in the "as-is" condition, while in other ce- 
rium-dioxide and cerium containing raw materials the 
fluorescence became visible only after calcination at 
high temperature. These samples were all found to be 
contaminated ranging from with 0.05 to other 100 rare ppm. earths Samarium in concentrations was present 

as an impurity in all cerium-dioxide samples which 
exhibited the fluorescence. The level of samarium 
ranged from 5 to 50 ppm f 50%. 
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ppm Sm are present in CeOz. The fluorescence inten- Manuscript received Nov. 12, 1964. 
sity increases with concentration until 0.01 mole % 
Sm203 has been added, after which concentration A"Y discussion of this paper will appear in a ~ i s c u s -  
quenching sets in and the fluorescence intensity de- sion Section to be published in the June 1966 JOURNAL. 
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Epitaxial Growth of GaAs Through Cracks in SiO, Masks 

M. Michelitsch 
Internutionul Business Machines Corporation Laboratories, Boeblingen, Germany 

SiOz layers several thousand Angstroms thick on 
GaAs wafers have shown excellent masking charac- 
teristics against epitaxial growth and diffusion (1,2). 
Such films are commonly produced by pyrolytic de- 
composition of gaseous Si (GH50) 4 on GaAs wafers 
at several hundred degrees centigrade. About 5000A 
can easily be obtained within 30 min. 

Figure 1 shows the epitaxial growth apparatus. I t  
consists of three quartz tubes, 20 mm in diameter. Two 
of these contain the separate source materials As and 
Ga (and if desired a dopant such as Se), the third one 
the GaAs wafer (seed). The source tubes are con- 
nected with the seed tube by capillaries 1 mm in 
diameter. To prevent deposition on the outer wall of 
the seed tube i t  is lined with a separate removable 
tube, which is surrounded by a Hz counter flow. By 
changing the direction of the Hz counter flow "growth" 
or "no growth" can be obtained. For no growth, the 

reaction gases pass through only the source tubes 
(HCI/Hz in the Ga tube, Hz in the As tube), and the 
reaction at  the source materials can reach a steady 
state. The gases leave the system through valves A 
and B. Because of a hydrogen counter flow through the 
seed tube and the capillaries to the source tubes, no 
growth can occur. For growth, valves A and B are 
closed and valve C is opened. The reacted gases from 
the source tubes enter a mixing chamber through both 
capillaries near the quartz observation window. From 
there the gas mixture passes over the seed and leaves 
the system through the liner tube and valve C. 

Each tube is heated by a separate furnace with three 
heating zones each. The observation window (mixing 
chamber) is heated by a separate small furnace to pre- 
vent GaAs deposition there. By means of a long focus 
microscope it is possible to observe the growth process 
while it occurs. 

~ i ~ .  1. G ~ - A ~ - H ~ ~ - ~ ~  synthesis system: FM, flow meters; TC, Fig. 3. Epitaxial deposition through <211> oriented cracks 

thermocouples and millivoltmeters; CT, cold traps (liquid nitrogen); 
60"' 

Fig. 2. SiOz covered GaAs (111) surface with epitaxial de- Fig. 4. Cross section (cleaved) of a crack with epitaxial over- 
positions through <211> oriented cracks. growth. 
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material, the growth spills over the SiOz layer (Fig. 
2, 3, 4). Overgrowth 25p high was produced in 2 min. 
Although the growth rate is rather high, i t  is consist- 
ent with rates obtained on uncoated substrates under 
similar conditions, and the material grown through the 
cracks which was examined by electron diffraction was 
shown to be monocrystalline having the same orienta- 
tion as the substrate. 

As the cleavage planes in GaAs are {110), the line 
of intersection of the cleavage planes with a (111) 
surface lies in the <211> direction. It is therefore 
possible to produce long and narrow GaAs bars by 
cleaving. If the epitaxial layer has the opposite con- 
ductivity type to the substrate, GaAs diodes with long 
but extremely narrow junctions can be obtained. The 
electrical characteristics (Fig. 5) of such narrow vapor 
growth junctions are usually better than those of 
junctions grown on chemically cleaned GaAs sub- 
strates. This is due to the extreme cleanliness of GaAs 
surface in the cracks, which are not formed until the 
heat-up. just ~ r i o r  to deposition. 

Fig. 5. I -V  characteristic of a "crack diode" (substrate approx. wi th  'proper doping this method should be useful 
101s cm-3 zn-doped, epitaxy 5 1017 cm-3 se.doped). vertical, for producing laser diodes. Other structures, such as, 
0.1 ma/div; horizontal: 2v/div. for example, narrow heterojunctions are possible. 

Typically the temperature at the Ga boat was 50O0C, 
at the As boat 450°C, at the mixing chamber 900°C, 
and at  the seed 780°C. The flow rates were 10 and 70 
cm3/min HC1 and Hz, respectively, in the Ga tube, and 
70 cm3/min in the As tube. 

During investigations of the epitaxial growth of 
GaAs on partially SiOz masked GaAs ( I l l )  -substrates, 
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cracks in  the SiOz layers were frequently observed ~ ~ ~ ~ ~ ~ ~ i ~ t  received N ~ ~ .  22, 1964. 
during heat-up, which were due to differential thermal 
expansion of the SiOz and GaAs. Cracking occurs if Any discussion of this paper will appear in a Discus- 
the s io2  layer is thicker than about 5000~.  ~h~ cracks sion Section to be published in the June 1966 JOURNAL. 
described in the following were about 0.5-lp wide, 
several millimeters long, and parallel to <211> di- 
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Transpiration Studies of the Gallium-Hydrogen 

Iodide-Hydrogen System 

V. I. Silvestri 

International Business Machines Corporation, Watson Research Center, Yorktown Heights, New York 

The transport of gallium by means of hydrogen 
iodide is of interest because of its importance in gal- 
lium arsenide synthesis and epitaxial growth systems 
(1). In addition, hydrogen iodide has been useful for 

GALLIUM CHAMBER ,lorn I.D. 

25mm 1.D. 

IODINE SOURCE 
METERINGVALVES 

Fig. 1. Schematic representation of the flow system employed 
for transpiration studies. 

transporting gallium as a dopant during the epitaxial 
growth of germanium (2). 

In a recent thermodynamic evaluation of the 
Ga-HI-Hz system, the conditions of temperature and 
pressure under which the efficient transport of gallium 
occurs were discussed (3). The application of these 
data to an experimental flow system requires that 
equilibrium be assured at the gallium bed. It was 
therefore the purpose of this investigation to determine 
gas flow conditions under which a hydrogen iodide- 
hydrogen mixture comes into equilibrium with a gal- 
lium source. The measurements also served to check 
the validity of the thermodynamic data employed in 
the evaluation of the system. 

Apparatus and Experimental Procedure 
Figure 1 depicts schematically the flow system used. 

It consists of an iodine chamber followed by a hydro- 
gen iodide generator, a gallium bed, and a collecting 
trap. The gases used were purified with molecular 
sieves,' to remove oxygen, primarily to avoid oxida- 
tion of the gallium. The latter presented a surface area 
of approximately 23 cm2 to the flowing gas stream. 

1 J. Mlckel Associates. 
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Fig. 2. Gallium transport as a function of hydrogen flow rate. 
Pressure of HI, 21.4 Torr; gallium temperature 433.4'C. Broken 
line represents the thermodynamically predicted gallium transport; 
o, experimental values. 
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Fig. 3. Gallium transport as a function of hydrogen flow rate. 
Pressure of HI, 34.4 Torr; gallium temperature 408.S°C. Broken 
line represents the thermodynamically predicted gallium trans- 
port; A, experimental values. 

For the experiments, monitored flows of hydrogen 
were passed through calibrated flow meters into the 
iodine source. The iodine bed was designed on the basis 
of previous iodine evaporation studies (4) such that 
vapor saturation would be achieved in this chamber. 
The temperature at  the iodine source was controlled 
to f 0.5"C in a thermostated water bath. The catalysis 
of the reaction between hydrogen and iodine was 
effected by the platinum wool at  30OoC, and the emu- 
ent from this column was then carried into the gal- 
lium bed. Here the following reactions to form gallium 
iodides occurred: 

The resulting iodides were collected in the two sec- 
tioned trap shown at the end of the system in Fig. 1. 
Condensation of the iodides occurred for the most part 
in the upper portion of the cold trap. The lower sec- 
tion contained a 6N KOH solution where any products 
escaping the freezeout zone were dissolved. The con- 
tents of both regions were then analyzed, using wet 
chemical techniques, for gallium and iodine. 

Two different hydrogen iodide input pressures (21.4 
and 34.4 Torr) were used at two different gallium bed 
temperatures (433.4" and 408.8"C), respectively, and 
for each set of conditions the amounts of gallium and 
iodine collected were determined for various flow 
rates. Experimental pressures and temperatures were 
chosen on the basis of thermodynamic calculations 

30 
00 0 0  200 300 400 500 600 700 

PRESSURE OF H I  ITorrl 

Fig. 4. Equilibrium data extracted from ref. (3) showing the 
predicted molar gallium to iodine ratio as a function of an initial 
pressure of H I  entering a gallium bed a t  the indicated tempera- 
tures. 

Fig. 5. Experimentally determined gallium to iodine molar ratios 
plotted as a function hydrogen flow rate: o, pressure of HI, 
21.4 Torr, gallium temperature 433.4'C; A, pressure of HI, 34.4 
Torr, gallium temperature 408.S°C. 

made specifically for a gallium arsenide flow sys- 
tem (1). 

Results and Discussion 
In order to determine whether equilibrium is 

achieved the data may be plotted in several ways. A 
comparison of either the gallium transport rate or the 
gallium to iodine ratio with those predicted thermo- 
dynamically may be made. Data as given below pro- 
vide both comparisons. 

In Fig. 2 and 3 the gallium transport rate has been 
plotted as a function of hydrogen flow rate for the 
two experimental conditions previously described. The 
agreement of the experimentally obtained values with 
the theoretical rates shows equilibrium was achieved 
for all flow rates. 

In Fig. 4 the predicted (3) gallium to iodine molar 
ratios have been plotted for the two temperatures 
under consideration as a function of the initial pres- 
sure of hydrogen iodide entering a gallium source. 
For the experimental hydrogen iodide pressures em- 
ployed, the indicated predicted ratios in Fig. 4 are 
obtained. Figure 5 presents the experimentally deter- 
mined molar gallium to iodine ratios as a function of 
hydrogen flow rate. As would be expected from Fig. 2 
and 3 the ratio is constant and the values are in close 
agreement with the predicted values in Fig. 4. 
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Theoretical Electromotive Forces for Cells Containing a Single 

Solid or Molten Fluoride, Bromide, or Iodide 

Walter J. Hamer, Marjorie S.-Malmberg,' and Bernard Rubin2 

National Bureau of Standards, Washingtcm, D. C. 

In a previous paper (1) an electromotive force series solid cell at 25°C correspond to the uncertainties in the 
for solid and molten chlorides was presented for tem- enthalpy of formation of the halides at 25°C quoted by 
peratures ranging from 25" to 1500°C. This series was Brewer; these uncertainties were assumed to apply 
based on the Gibbs energy (free energy) of formation also to the data in the National Bureau of Standards 
of the respective solid and molten chlorides and cor- Circular (5) since these values agree closely with 
responded to the reversible emfs of cells of the type those of Brewer and the sources of the two sets of 

data are nearly the same. The uncertainties in entropy 
I I gas values are generally small compared to those in en- 

It was also shown that i t  was unnecessary for practical 
purposes to divide the emfs into separate anodic and 
cathodic potentials, although one could assume that 
the potential of the chlorine electrode is zero (2) for 
each solid or molten chloride; the potential of each 
metal would then be, by convention, equal to the emf 
of the whole cell [I]. 

In this paper similar series are given for solid and 
molten fluorides, bromides, and iodides. These are 
given, respectively, in series arrangement, in Tables 
I, 11, and 111. A heavy vertical line in the tables in- 
dicates that the values to the left of the line are for 
solid halides while those to the right are for molten 
halides. When a sublimation, vaporization, or decom- 
position temperature is given in parenthesis, the emf 
directly above it is for that temperature rather than 
for the one heading the column. These potentials 
are given a positive sign here to be consistent with 
the procedure followed in the previous paper (1) on 
the chlorides. The emfs, therefore, correspond to the 
Gibbs energy of formation of the respective halides. 
If the Stockholm convention (3) were followed the 
opposite sign would be used and the emfs would cor- 
respond to the Gibbs energy of decomposition of the 
halides. As was done previously the Gibbs energies 
used were those published by Brewer (4) or the Na- 
tional Bureau of Standards (5) and the heat ca- 
pacities used were those published by Kelley (6). In 
some cases the necessary heat capacity data were not 
available. In those cases the values were estimated 
using either the Kelley rule (7), namely, 7.0 thermo- 
chemical calories per degree C and mean gram-atom 
for solid compounds, 8.0 for liquid compounds, 7.3 for 
solid metals, and 7.5 for liquid metals, or the Shomate 
method (8) using the enthalpy and heat capacity data 
given by the National Bureau of Standards (5). Other 
compilations of thermochemical data are available, for 
example, the "Janaf Thermochemical Tables," Dow 
Chemical Company, Midland, Michigan, Loose Data 
Sheets, 1960-. Although these new compilations are 
undoubtedly in a better state of revision than NBS Cir- 
cular 500 the latter source was adhered to here so that 
the fluoride, bromide, and iodide series, here pre- 
sented, would be internally consistent with the chlo- 
ride series previously published (1). The necessary 
equations and the sequence of the calculations for ob- 
taining the emfs at different temperatures were given 
in the previous paper and need not be repeated here. 

The uncertainties in emf listed in the tables for the 

thalpy values and accordingly the uncertainties in emf 
here listed are based on uncertainties in enthalpy 
rather than Gibbs energies of formation. In addition, 
the authors are more concerned with the order of the 
respective halides in any one series than with the 
actual values and these orders will probably remain 
the same whether the uncertainties are based on en- 
thalpies or Gibbs energies. 

It is emphasized here, as in the previous paper on 
the chlorides, that these emfs are for theoretical cells, 
i.e., for ones in which there is no interaction between 
the metals or the halogen with the halides, no solu- 
bilities of the metals in the halides, or vice versa, or 
any other factors that would lead to deviations of the 
metals, the halides, or the halogens from their stand- 
ard states. These emfs nevertheless have value in serv- 
ing to indicate if deviations from the ideal state are 
present in actual cells. 

In each table the values for the aqueous cell at 25°C 
are given for comparison (9). Since for these solid and 
molten systems at high temperatures, bromine and 
iodine exist as gases, the data for the aqueous system 
in these cases are for the gaseous state even though 
the stable state at this temperature is the liquid and 
solid, respectively. The emfs for liquid bromine and 
solid iodine for aqueous systems at 25°C would be 
0.016~ and 0.100~ lower, respectively, than those given 
in the tables. In each case it may be noted that the 
order of the elements does not parallel that of the 
aqueous system. Furthermore, the orders for the solid 
and molten fluorides, chlorides (I), bromides, and 
iodides are not the same, i.e., there is not a constant 
difference between any two halide series. Relative 
reducing power of an element, magnesium for ex- 
ample, must be confined to a single halide series. For 
example, if lithium were placed in fused barium 
fluoride it would displace the barium (1) with the 
formation of lithium fluoride, thus 

However, in fused bromides or iodides the reverse 
would occur, namely 

Ba + 2LiBr (or LiI) + BaBrz (or BaIz) + 2Li 

Manuscript received Nov. 4,1964. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1966 JOURNAL. 
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Table I. Standard electromotive forces for single, solid, or molten metallic fluorides* 

25'C Uncer- 
(aque- 25.C tainty 

Order Metal ous) (solid) (25'C) 100°C 200'C 300'C 350°C 400'C 450°C 500°C 550°C 600°C 800'C 1000°C 1500°C 
25'C ion v v v V v v v v v v v v  v v v 

1 Eu* 
2 Li+l 
3 Ca* 
4 Sm* 
5 Sr*a 
6 Bat* 
7 Ra* 
8 La+* 
9 Ce* 

10 Pr* 
11 Nd* 
12 Pm+s 
13 Na+l 
14 Sm* 
15 Gda 
16 K+1 
17 Tb* 
18 DY* 
19 Y+s 
20 H o e  
21 Mg+2 
22 Rb+l 
23 Lu* 
24 Er+a 
25 Eu* 
26 Tm* 
27 Cs+' 
28 Yb* 
29 Sc* 
30 Thu 
31 Zr* 
32 Be+* 
33 zr+r 

34 U + h  
35 Hf+* 

36 Ti+a 
37 (Al*)l 
38 V* 
39 Mn* 
40 Ti+. 

41 Cr* 
42 v w  
43 Cr* 
44 Zn* 
45 Ga* 

46 Fe* 
47 Cd* 
48 In* 
49 v- 
50 Co* 
51 Ni* 
52 Pb* 
53 Mn* 
54 Fe* 

56 B i e  

57 V+6 

58 Tl+l 

59 cu* 
60 CotJ 

61 TI* 

62 Pd* 
63 Rh* 

64 Ag+l 
65 Hg+z 

66 Pdt' 

67 Au* 

68 Au* 

69 Au+l 

S, sublimation; V, vaporization; D, decomposition. 
Values listed a t  the sublimation. vaporization, or decomposition temperatures obviously apply to cells with the solid or molten alectro- 

lyte. that is, slightly below the sublimation. vaporization, or decomposition tempereture. 
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Table II. Standard electromotive forces for single, solid, or molten metallic bromide' 

- 

Uncer- 
25'C 25-C tainty 

(aqueous) (solid) (25.C) 1W'C 
v  v v v  

400'C 450°C 500.C 550°C BOOT 800°C 1000°C 15W'C 
v v v  v  v  v  v  v  

Order Metal 
25°C ion 

1 CS+l 

2 R a e  
3 K+1 

4 Rb+l 

10 Caw 
11 La* 
12 ce+' 
13 Pr" 
14 Nd* 
15 Pm* 
16 Sm* 

17 Gd+a 

18 Tb* 

19 DY* 

20 Y* 

21 HO" 

22 Er+a 

23 El&* 

24 Tm+a 

25 Lu* 

26 Mg* 

27 Zr* 

26 Scu 

29 zr+a 

30 Yb* 

31 U s  
32 Th+4 

33 Hf+4 

34 U" 

35 v+= 
36 Zru 

37 Ti+* 

38 Mn* 

39 Be* 

40 n* 
41 (Ale). 

42 TI+% 

43 n* 
44 In+' 

45 Zn* 

46 Cra  

47 Cd* 

48 Ge* 
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Table I1 (Continued) 

Uncer- 
25'C 25'C tainty 

Order Metal (aqueous) (solid) (25-C) 100°C 2OO'C 300.C 350.C 400°C 450'C 500'C 550°C 600'C 800'C 10W'C 1500'C 
25'C ion v v v v v v v v v v  v v v v v 

(Si*). - 
Sn* 1.217 

In* 1.423 

Gats 1.611 

re+* 1.521 

v+4 - 
Cow 1.358 

Ni* 1.331 

Cufl 0.560 

0.282 - 
Sn+k 1.074 

(Hg+l)p 0.292 

Fee 1.117 

Sb* - 
Bi* - 
B+' - 
Hg*a 0.227 

Cu* 0.744 

As+a - 
MO* - 
Rh+l 0.481 

Mo* 1.281 

Rh* 0.281 

Pd* 0.094 

Ir+l - 
MO+~ - 
Ft- - 
1r.W -0.019 

we - 
In* -0.069 

w+4 - 
OSW 0.231 

w* - 
Ru* - 
Pt+' - 
Pt+* ca -0.119 

w* - 
Pt" - 
Aurl -0.599 

Au* -0.419 

S, sublimation: V, vaporization: D, decomposition: dp, disproportionates. 
Values listed at the sublimation, vaporization, or decomposition temperatures obviously apply to cells with the solid or molten electro- 

lyte, that is. slightly below the sublimation, vaporization, or decompodtion temperature. 
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Table Ill. Standard electromotive forces for single, solid, or molten iodides* 

E' 

25°C Uncer- 
(aque- 25'C tainty 

o r d e r ~ e t a l  ous) (soUd)(25"C) 100.C 200'C 300'C 350eC 400.C 450'C 500'C 550'C 600°C 800'C 1 0 0 0 ' ~  1500 .~  
25'C ion v V V V V  v v v v v v v v v v 
- - 

1 Cs+l 

2 Rb" 

3 K+l 

4 Rae  
5 Eu-' 
6 Bar* 
7 Sm+a 
8 Natl 

9 Spa 
10 Lit' 

11 Cat* 

12 La+a 

13 Ce+s 

14 Prt3 

15 Nd+3 

16 Pm* 

17 Sm+a 

18 O d e  

19 Tb+a 

20 D+ 

21 Y+* 

22 no+' 

23 E r e  

24 T m e  

25 Eu+S 

26 ZPz 

27 Lu+= 

28 Mg+z 

29 Zr+a 

30 set8 

31 Yb+' 

32 Ue 
33 Hf+4 

34 T h e  

35 Zr* 

36 U* 
37 v+o 
38 Tits 

39 Mn+* 

40 TI+% 

41 Cr*2 

42 %+a 

43 Ti* 
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Table I l l  (Continued) 

25°C Uncer- 
(aque- 25-C tainty 

Order Metal ous) (solid) (25'C) 100'C 200'C 300'C 350°C 400'C 450°C 5W'C 550.C 6OO'C 800'C 1000°C 1500°C 
25'C ion v v v v v  v v v v v v v v v v 

~--. . , 
58 (Hg+l)l -0.153 0.677 f0.02 0.609 0.521 0.444 

(290D) 
59 Co+* 0.913 0.646 f0.02 0.596 0.531 0.469 0.439 0.409 0.379 0.360 1 0.326 0.306 0.229 0.219 

(827Vl 
60 Hge -0.218 0.607 k O . O 1  0.542 0.459 1 0.387 0.358 0.355 

(354Vl 
61 B+J - 0.549 3 . 0 7  10.510 0.464 0.460 

(210V) 
62 Nii. 0.886 0.542 f0.02 0.487 0.415 0.346 0.312 0.278 0.245 0.212 0.179 0.147 0.053 

(7473) 
63 Si* 

64 Sbta 

65 Bit8 

8 sublimation. V vaporization. D decomposition. dp disproportionates. 
Yalues Ilsted i t  the sublimatioi, ;aporiaatior., or '3ecdmposition temperatures obviously sop'., to cells with the solid or molten electro- 

lyte. that is, slightly below the sublimation. vaporization, or decomposition temperature. 



Hydrogen Peroxide Reactions on Gold Electrodes 

A. K. M. S. Huql and A. C. Makrides 
Tyco Laboratories, Incorporated, Waltham, Massachusetts 

Studies of the kinetics of oxygen reduction on metal 
electrodes are generally complicated by the formation 
of surface oxides which are stable in the potential 
range of interest (1). Frequently, both the two-electron 
and four-electron reductions occur, with the result 
that the kinetics are further complicated by reactions 
involving hydrogen peroxide (2). The difficulties in- 
troduced by surface oxide films are absent with gold 
electrodes; in this case, the oxide film is reduced at  
potentials above 1 . 0 ~  (3,4) so that oxygen reduction 
and the peroxide reactions can be studied on an oxide- 
free metal electrode over a relatively wide potential 
range. . -.. --- 

The hydrogen peroxide reactions on platinum and 
gold electrodes have been examined by a number of 
authors (5-8). The suggested mechanisms assume 
either a surface saturated with adsorbed hydroxyl 
radicals (6), or postulate reactions with either ad- 
sorbed hydrogen or oxygen atoms on the electrode (7). 
Some results, presented below, on the Hz02 reactions 
on Au show that the mechanisms suggested so far are 
not correct. A more detailed discussion of the reaction 
mechanisms is given elsewhere. 

The standard experimental procedure and pre- 
cautions for electrochemical measurements were fol- 
lowed. The electrolytic cell was a three-compartment, 
Pyrex vessel and was cleaned in chromic-sulfuric 
solution. The test electrodes, gold cylinders of spectro- 
scopic purity,z were electropolished in a cyanide bath 
and were mounted so that only Teflon and the elec- 
trode were exposed to solution (9). The test elec- 
trodes were cleaned either in chromic-sulfuric or in 
hot, concentrated nitric acid and rinsed with distilled 
water and test solution before use. Both cleaning pro- 
cedures gave the same results. The counterelectrode 
was platinized platinum or gold and the referente 
electrode was saturated calomel. The cell was thermo- 
stated at  30.0" f 0.l0C. 

Triply distilled water, one distillation being from 
KMn04, was used to make up solutions of HzS04 
(C. P. reagent). DH measurements were carried out 

pH dependence of the rest potential is shown in Fig. 1; 
it follows the relation 

Rest potential = 0.816 - 0.052 pH at 30°C 
This is in fair agreement with the results of Bockris 

and Oldfield (6) who found 
Rest potential = 0.842 - 0.059 pH at 25°C 

Electrochemical reduction and oxidation.-The over- 
all reactions for the electrochemical reduction and oxi- 
dation of Hz02 are 

H202 + 2e- + 2Ht + 2H20 
and 

HZOZ + O2 + 2H+ + 2e- 

Typical Tafel curves for reduction and oxidation are 
given in Fig. 2. The main point which we wish to em- 
phasize in this communication is that the reaction rate 
at a fixed potential increases directly with peroxide 
concentration both for oxidation and for reduction 
(Fig. 2). Thus, the electrochemical orders of both re- 
actions are unity with respect to HzOz. 

befOrevand a run with a pH meter' Fig. 1. Rest potential of gold in HzOz solutions as a function 
The was de-aerated either with a stream of of pH. Squares show values given by Bockris and Oldfield (6); nitrogen or of argon. open circles and solid circles are from this work. 

The steadv-state. current-ootential curves were es- 

- - 
1 Present address: Atomic Energy Center, Dacca. Pakistan. tionwas 0.1N HzS04 in this in-stance. Open points are for in- 
a Supplied by Johnson, Matthey & Company. Ltd., London. creasing and full points for decreasing current densities. 

tablished pltentiokatically with a Wenking potentio- 
stat. After a rest potential was established, the elec- 
trode was subjected to the following cycle: the po- 
tential was decreased stepwise (50 or 100 mv per step) 
to O.Ov vs. a reversible H+/H2 in the same solution; 
then i t  was increased stepwise through the rest po- 
tential to about 1 . 2 ~  us. a reversible H+/H2 in the same ;;: 
solution, and then back to the rest potential. Any 
number of cycles could be traced in this fashion with ' 0 8  

reproducible results. E 
Current densities are expressed in amp/cmz of geo- 

metric mined for area. each The run. electrode Reported area current (-1 cm2) densities was can deter- be 

: -  04 

converted to current densities per true cm2 by dividing 
by a roughness factor of about 1.1. All potentials are 0 2  

expressed vs. the standard hydrogen electrode 
(S.H.E.). 00 

The rest potential.-The rest potential of Au in Hz02 

I I I I 

- 
- /;; < 

/> 
A*>-' 8 $,oO,* 

\o 

- \*.-,\: - 
- - 

" 0  

- o - 
I I I I 
0.' lo-' m-a a. 

solutions is essentially independent of the concentra- AI~~,,I"'I 
tion of Hz02 (0.05- 2.1 M/1) at  constant pH (0.4). The 

Fig. 2. Polarization curves for aold in H402 solutions. The solu- 



Vol. 112, No. 7 HzOz REACTIONS O N  GOLD ELECTRODES 757 

These experimental results are not consistent with 
the mechanism advanced by Bockris and Oldfield (6) 
to account for the pH dependence of the rest potential. 
These authors suggested that the rest potential is de- 
termined by the activity of adsorbed OH radicals and 
that at  even small Hz02 concentrations, the surface is 
saturated with OH radicals. This mechanism implies a 
zero order of reaction with respect to HzOz which is 
contrary to observation. 

Bianchi and collaborators (7) proposed that per- 
oxide decomposes by a chemical, rather than electro- 
chemical, process. According to these authors, per- 
oxide decomposition takes place on cathodic polariza- 
tion by reaction with atomic hydrogen adsorbed on the 
electrode surface, i.e., 

A substantial cathodic current (>lo-5 amp/cmz) was 
observed on gold at  0 . 5 ~  us. H+/Hz. At this potential, 
no adsorbed hydrogen is detectable on gold. Therefore, 
this mechanism is not tenable. Furthermore, this 
mechanism does not account for the Tafel slope. 

According to Bianchi et al. (7), Hz02 decomposes 
anodically by reacting with a surface metal oxide ac- 
cording to 

This mechanism does not account for the Tafel 
slope observed here on anodic polarization. I t  is of in- 
terest to note that in experiments with C H ~ O ~  = 10-'M, 
the anodic overpotential increased sharply at  1 . 4 ~  us. 
H+/H2, i.e., at  the potential where appreciable oxide 
formation takes place (4). Thus, contrary to the sug- 
gestion of Bianchi ef al. (7), oxide formation may ac- 
tually inhibit the electrochemical oxidation of Hz02 
on gold electrodes. 

I t  is apparent that the electrochemical reactions of 
H202 on gold are complicated. They are similar in 
some respects to those on platinum. For example, 
Gerischer and Gerischer (8) found Tafel behavior on 
Pt and a first order dependence on C H ~ O ~ ,  but a highly 
complicated pH dependence: The coefficient (a log 
i/a ~ H ) E  was a function of pH and changed from -0.3 

at pH = 1 to -0.6 a t  pH = 5, while for anodic polariza- 
tion this coefficient varied from 0.6 to 0.2 in the same 
pH range. No mechanism was advanced by these au- 
thors which explained these observations (8). 

Finally, the suggestion that platinum or gold elec- 
trodes are reversible with respect to hydrogen ion in 
solutions containing H202 (2,6), and that their opera- 
tion does not depend on the activity of HzOz, provided 
some small amount is present (2,6), are also not borne 
out by these studies. The relatively simple dependence 
of the rest potential on pH and its independence on 
the Hz02 activity are essentially accidental: they arise 
from summing up partial reactions which are not 
reversible and which have fairly complicated mech- 
anisms. 
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Etching Characteristics and Light Figures of 
the { 1 1 1 } Surfaces of GaAs 

lsamu Akasaki and Hiroyuki Kobayasi 

Matsushita Research Institute Tokyo, Inc., Ikuta, Kawasaki, Japan 

Because of various interesting properties and prac- 
tical importance, the physical, chemical, and electrical 
properties of GaAs have been extensively investigated 
(1-3). GaAs has a zinc-blende structure and exhibits 

crystallographic polarity along the < I l l>  directions 
(4), that is, the outermost atom layer in each (111) 
face consists of either Ga or As atoms which are triply 
bonded to the lattice. Conventionally (4) the former 
is designated as A(111) and the latter ~ ( i i i ) .  These 
two (111) faces are physically and chemically different. 

In this paper, the differences in orientations of etch 
pits and light figures of both the (111) faces are de- 
scribed. An explanation for this will also be given in 

terms of the relative reactivities of some principal 
planes and the structural properties of GaAs. On the 
basis of these differences both types of (111) faces are 
easily distinguished. 

Orientations of Etch Pits and Light Figures 
To determine the crystallographic indices of facets 

developed on a crystal surface by grinding or chemi- 
cal etching, the light figure method was used. The sam- 
ple was cut from a GaAs single crystal in the form 
shown in Fig. 1. The base and both sides were ground 
within a few degrees parallel to the planes (2 i i ) ,  
Ga (111) , and AS (iii), respectively. Figure 2 illus- 
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Fig. 1 (left). Form and orientations of sample. Fig. 2 (right). 
Light figure apparatus and arrangement of sample. 

trates the light figure apparatus in which the sample 
was arranged with the [Sll] direction up, and with a 
narrow beam of light (about 1 mm in diameter) nor- 
mal to the {I l l )  faces and the screen plate. The com- 
positions of etchants and etching times used are simi- 
lar to those summarized by Faust (2) (see Table I ) .  

Ga surface.-Figure 3 shows a photomicrograph and 
a light figure of Ga(ll1) face ground with No. 500 
emery powder. The light figure consists of threefold 
symmetrical arrows pointing in the [ a l l ,  11211, and 
[115] directions. As seen in Fig. 4 and 5, upon the A-1 
etching, the mechanically damaged layer was gradu- 
ally removed, the <2ll> arrows of the light figure be- 
coming faint and giving way to three <211> arrows in 
opposite positions. This change of light figure is sche- 
matically depicted in Fig. 6. Similar light figures 
pointing in <2ii> directions were also obtained by the 
A-2 etching. 

As Surface.-Optically the ground ~ s ( i f i )  face 
resembled- that of- the da ( l l 1 )  ) face, Fig. 3 (a).  The 
light figure from a ground As surface was also similar 
to that from a ground Ga su_'_face, Fig. 3 (b),  and cor- 
respondingly pointed in [211] directions. Since sur- 
face grinding introduces a center of symmetry, the 
resulting Laue symmetry m3m is that of the diamond 
structure. A light figure from the Ga(ll1) face of 
threefold symmetry with the arrows pointing in the 
[211], [121], and [112] directions, respectively, cor- 
responds to a related light figure from the As(fi1) 
face with the arrows of the threefold symmetry 
pointing in the three opposite directions [2ii], [i2i], 
and [i i2l ,  respectively. 

Figure 7 shows a photomicrograph and a light figure 
of an etched ~ s ( i f i )  face with the B-1 etchant. The 
vertices of the triangular etch patterns and the arrows 
of the light figure point in the [2lf], [i2i], and [ii2] 
directions. B-2 etchant produces the more complex 
light figure seen in Fig. 8. The form of the light figure 
has not yet been analyzed, but the arrows also point 
in <2ii> directions. Contrary to the case of Ga sur- 
face, these light figures from ground and etched As 
surfaces are always oriented in the same directions. 

Fig. 3-5, 7, 8. In each figure, (a) shows photomicrograph (magni- 
fication 490x1 of surface and (b) light figure. Fig. 3 (left) Go sur- 
face ground with No. 500 emery powder; Fig. 4 (center) and 5 
(right). Ga surface which hod been ground and then etched with 
A-1 etchont for about 3 min (Fig. 4) and for about 7 min (Fig. 5). 

Fig. 6. Schematic illustration of orientations of various light 
figures from Go surface (a) and As surface (b). 1, ground surface; 
2, ground and slightly etched surface; 3, etched surface. 

Fig. 7 (left) and 8 (right). As surface etched with 6-1 etchant 
for about 50 min (Fig. 7)  and with 6-2  for about 7 min (Fig. 8). 

faces. Accordingly the directions of arrows give the 
crystallographic indices of the facets; for example in 
the case of Ga surface, the <211> arrows indicate that 
the oblique micro-facets may be (111) or {110) planes 
assuming that only low index planes are developed. 
In surface grinding. (110) alanes seem imaortant. since . -  - -  

Etching Rate Measurement these planes are Gedo&inantly developid in the mi- 
Since the incident beam is normal to the (111) faces, Crocleavage Of GaAs ('* 2) '  

the arrow parts of the light figures show reflecto- The directions of the light figure shown in Fig. 5 
grams of many oblique facets developed on the sur- are the same as those of the Ga surface etched with 

Schell etchant, and the latter orientations were the 
[2fil, [f2il, and [Ti21 directions as reported by 

Table I. Compositions of etchants and etching times for Abrahams et al. (5).  Therefore the side facets of the etch 
production of light figures pits appearing on Ga surface with HN03-Hz0 etchants 

may be (100) planes. An explanation for this is given 
Etchant by the relative reactivities of some principal planes 

Volume Etching with the etchant, because pits developed by etching 
Notation Composition ratio time surface are generally bounded by planes of minimum reac- 

tivity. Samples (about 5 x 10 x 1 mm in size) were 
A-1 H N ~ : H ~ O  1 : 1  vmin G~ cut from undoped n-type single crystal GaAs with 
A-2 HNOs : FIaO 2 : l  
B-1 

10 sec HF : : : : 50min carrier concentration of about 10'7 cm-3 and were pol- 
B-2 HF : HNO~ : H~O. 3 : 1 : 2 7 min AS ished by Brz-CH30H solution (6)  previously to remove 

the mechanically damaged layers. One large surface of 
Concentration (wt %) : HNOs, -60: HF. 46: HaO., 30. each sample within a few degrees parallel to Ga ( l l l ) ,  
a0 : deionized water. 
*Several drops of 1% AgNOa are added in mother solution of (110)' (100)' Or As(iii) prepared' and the re- 

about 30 d. maining surfaces were completely coated with Apiezon 



Vol. 112, No. 7 ETCHING CHARACTERISTICS OF (111) FACES 759 

a latter to the negative trigon pit,' as observed in Ge : (8). This relation differs from the case that etch pits 
O on A surfaces of two kinds of 111-V compounds. 
E- 4 namely, Gap and InAs, are positive and negative tri- 
Y gon pits, respectively (2). As shown in Fig. 6, the > 
o light figures from the ground and etched Ga surfaces 
- 3  
- 
0 

are oppositely oriented, while those of the As sur- 
face are in the same directions. These relations easily 
lead to the differentiation of both the {I l l )  faces. FYom 

2 2 the orientations of light figures? any crystallographic 
0 

L orientation of a sample can be readily determined 
o with considerable accuracy. 
5 ' 
0 
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wax to protect them from the etchant. The etching Any discussion of this paper will appear in a Discus- 
rates of the respective planes were determined from sion section to be published in the june 1966 J,-,U~NAL. 
weight losses of the sam~les  which were simulta- 
neo;sly immersed in the A-1 etchant. The temperature 
of the etchant was kept at  about 25°C. The results of 
Fig. 9 show that the etching rate decreases in the fol- 
lowing order: ~~{i11)>{110)>{100}~~a{lll), which 
differs from the order in LnSb for the etchants re- 
ported in (7). Since the (111) planes developed on 
Ga(ll1) face consist of As atoms only (4), it is not 
necessary to take account of the reactivity of ~ a { l i i }  
planes. I t  appears that the pits obtained on the 
Ga(ll1) face by the A-1 etching are bounded by 
{100) planes which are more stable than the others. 

On the other hand, the results of Fig. 6 suggest that 
the side facets of pits appearing on the As ( i f f )  face 
by chemical etching may be represented by either 
planes { i i ~ )  or {lif}. The etching rate of tkie four 
crystallographic planes with the B-1 etchant is in this 
order: ~s{ill)~{110)~{100)>Ga{lll), which is in 
agreement with the results obtained by the A-? 
etching. In this case, the reactivity of the ~ a { l i l )  
planes must be compared with that of the {ifo) planes. 
Thus these side facets are thought to be the most sta- 
ble ~ a { l i i }  family planes. 

It is of interest that the side facets of etch pits 
appearing on the Ga surface may be (100) planes, 
whereas on the As surface {I l l )  planes are predom- 
inantly revealed by these etchants. The former type of 
etch pit corresponds to the positive trigon pit and the 
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Our Society 
Presidential Address' 

Lyle I. Gilbertson2 

One of the rewards of the Presidency is the oppor- ers. It is even more interesting, I think, to note that 
tunity to address this friendly, captive audience as a until about twenty years ago all papers were presented 
gesture of farewell and thanks. On such an occasion it to a single session at  our regular meetings. This pro- 
is only natural to select a subject about which one vided a cross-fertilization which is much needed today; 
knows a great deal and which is also close to one's and the Society was modern then-even a Society of 
heart. The only impersonal topic on which I can qualify the Future-in this respect. As to attendance at meet- 
on these criteria is The Electrochemical Society. ings-260 attended the meeting in New York City just 

The Society is my senior in age by one year. When I one year after the Society was founded. Thirty-five 
joined, we were about thirty-five. For twenty years I years later the meetings were not quite double this 
have been active in the Society, during which time the number. 
Society has grown and has changed in many ways. I This is perhaps enough to give a picture of our So- 
would like to review some of the most significant ciety in its early days. With this background I would 
changes; discuss them briefly in the light of the pres- like to comment on a few subjects, particularly with 
ent; and make a few guesses as to our future. I shall respect to the changes that have taken place in the last 
try to be brief. twenty years or so. 

The founding of our Society followed a period of 
significant activity in the development of sources of 
electric power and coincided with the first large-scale 
availability of hydroelectric power in this country. 
The first dynamo was built in 1867 and the foundations 
of electrochemical industry were laid in the twenty 
years that followed. In this time: Siemens and Heroult 
had produced a number of furnaces; Hall had invented 
a process for metallic aluminum; Willson had made 
calcium carbide in an attempt to make calcium metal; 
Fowler had extruded electrodes from coke and tar; 
Acheson had patented processes for making silicon car- 
bide and graphite; and Moissan had published his clas- 
sical experiments with the electric furnace. By 1900 a 
number of industries were established which were 
electrochemical in nature. Interest in this new form of 
power was high-and the desirability of an association 
of individuals having a common interest in electro- 
chemistry was recognized. 

I am not entirely certain on this point, but I believe 
that it was Professor Joseph W. Richards of Lehigh 
University whom on October 19, 1901 addressed a letter 
to thirty persons who he believed might be interested 
in forming an electrochemical society. At the time, 
Professor Richards was Vice-President of the Amer- 
ican Chemical Society. 

This inquiry led to a preliminary meeting in Phila- 
delphia when ten of the thirty invited persons agreed 
that if seventy-five persons could be interested in join- 
ing, a society would be formed. A few weeks later let- 
ters were addressed to members of such organizations 
as the American Chemical Society and the American 
Institute of Electrical Engineers and to any individuals 
who might be interested. As the result, a meeting was 
held on April 3, 1902 in Philadelphia which was at- 
tended by fifty-two persons who organized the society, 
known then as the American Electrochemical Society. 
At the time 337 applications for membership were on 
hand from thirty-six of the United States and from 
eight other countries. From this time forward the So- 
ciety grew rapidly and by the time of the fourth meet- 
ing there were 600 members. However this rapid 
growth did not continue, and forty years later our 
membership was only about 1200 to 1500. 

I believe that it is worthwhile noting that from the 
start, as at  the present, our membership did not suffer 
limitations as to discipline or vocation. Joined by a 
common interest in a new area of science and its engi- 
neering, as well as commercial applications were: sci- 
entists, engineers, industrialists, inventors, and teach- 

' Delivered at the San Francisco Meeting, May 11 1965. 
aHead. Department of Chemistry. South ~ a k o t a  School of Mines 

and Technolopy. Rapid Clty, South Dakota. 

Management of the Society 
From the start, and until about 1947, the manage- 

ment of the Society was in the hands of the Officers 
and a group of elected managers. The interests of dif- 
ferent technical groups were coordinated by a tech- 
nical committee for each interest. Later, when the Divi- 
sions of the Society were formed, these Committees 
were dissolved. For example, when the Electrothermics 
Division (which is now Electrothermics and Metal- 
lurgy) was formed in 1922, eight Technical Committees 
were joined. The Local Sections have been organized 
at various times but the most recent activity has been 
in the period 1954-1959 in which seven Local Sections 
were authorized by the Board of Directors. Their local 
operations have been autonomous and different from 
each other. 

When the Society was incorporated in 1930, the name 
was changed to The Electrochemical Society, in recog- 
nition of the international nature of our membership. 
Provision was also made putting the management con- 
trol of the Society in the Board of Directors. This 
Board now consists of the Officers of the Society, the 
Chairman of each Division, two representatives from 
the Council of Local Sections and the two most recent 
Past Presidents. This is a representative group but it 
has the disadvantage of being quite large and further- 
more it is constantly changing. Although the latter is 
certainly not a disadvantage from the standpoint of 
representation, it has led, in the past, to extended 
Board meetings-largely informative in nature. In 
order to simplify the transaction of business at  meet- 
ings of the Board, all matters first are considered by 
one of four principal committees and these committees 
then recommend action for the consideration of the 
Board of Directors. These Committees are: Finance; 
Publication; Ways and Means (concerned with legisla- 
tion) ; and Technical (concerned with programs, sym- 
posia and other matters relating to the technical inter- 
ests of the Society). Although much of the work of 
these Committees is done by correspondence, they hold 
regular meetings just prior to the meetings of the Di- 
rectors. Nearly all day last Sunday was devoted to 
these committee meetings-the Board met last evening. 
Although most Board business is transacted at the time 
of our two regular meetings, an interim meeting is also 
held early in January at the Headquarters Office in 
New York. 

For many years the Secretary of the Society carried 
the load of the day-to-day operations as a part time 
labor of love. However, by the late 1940's it had be- 
come evident that the business of the Society had be- 
come too much for such an arrangement. 
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It was just about ten years ago that the late Robert 
Shannon was employed as our first Executive Secre- 
tary. He came to us from many years of experience in 
a somewhat similar organization and capably took over 
the responsibility for the National Office. For the first 
time we had the facility for the establishment of a 
business-like operation. Until then our financial opera- 
tions were based on a clumsy voucher procedure which 
required the signature of the President and the Secre- 
tary as well as the Treasurer's signature on the check 
to pay the smallest and most routine bills. We could 
not present a financial report in the form of a balance 
sheet for want of the necessary information. These and 
other ancient procedures were changed and our busi- 
ness was modernized. I t  was fortunate that we made 
the step when we did, as this marked the beginning of 
a period of growth in activities and in membership- 
all of which greatly increased the work of the National 
Office. I t  would take a long time for me to enumerate 
the many contributions which Mr. Shannon made to 
streamline and make more effective our headquarters 
operations, but in any narration of the history of our 
Society his name should be recognized as one of the 
substantial contributors. With his untimely death about 
eighteen months ago we were found wanting in not 
having anticipated the early need for a successor-for- 
tunately for us we were able to secure the services of 
our present Executive Secretary, Mr. Ernest G. Enck, 
who has contributed substantially from his many years 
of industrial management experience. The result is 
that we are now in the best position we have ever 
been, so far as the efficiency and effectiveness of the 
National Office is concerned. 

In the course of the increased activities of the last 
ten years we have evolved a sort of a training program 
for potential Presidents. As you know, Vice-Presidents 
are elected for three-year terms. Under our charter the 
Vice-President does not automatically succeed to the 
Presidency. In some similar societies a President-elect 
has a one year opportunity to prepare himself for his 
anticipated responsibilities. Perhaps this would be a 
good plan for us. But as we now operate, our Vice- 
Presidents in turn serve on each of three of our prin- 
cipal committees, Finance, Technical, and Ways and 
Means. In most cases our future Presidents also have 
had experience in the affairs of publication but not 
always formally. Perhaps it should be made so. Quite 
recently, in the term of office of President La Que, a 
plan was put into effect to provide for an annual visit 
to each of the Sections of the Society by a Vice-Pres- 
ident, or by the President. It has taken three years to 
get this plan into operation and I hope that it will be 
continued. Our Local Sections are a substantial part 
of the framework of the Society and until recently 
have been regarded somewhat casually from the stand- 
point of the National Office. I believe that this has been 
due in part to the fact that each Section is unlike any 
other, and in part to the seeming lack of Sectional in- 
terests on the part of the Council of Local Sections. I 
believe that the annual visits of the Officers of the So- 
ciety will help to restore the Local Sections to their 
original strength and activity. 

This has been a sketchy preparation for some com- 
ments that I would like to make on specific subjects to 
which I think that we should be attentive in the future; 
but because so many of you are all too familiar with 
our history I have tried to include only enough to in- 
form our more recent members. If any of you are in- 
terested further, I suggest that you read in Volume 99 
of our JOURNAL which was published in our 50th year 
and which contains many excellent historical descrip- 
tions of our technical interests as well as of the found- 
ing and early days of the Society. And now for the 
Comments. 

Membership 
For many years our membership was open to anyone 

who was of good character and who was interested in 
electrochemistry. This was good in that it set a prece- 

dent for multidisciplinary membership, bringing to- 
gether inventors, industrialists, scientists, engineers, 
chemists, physicists, mathematicians, and metallurgists. 
But it was not good in at least two ways. As the So- 
ciety became larger its meetings began to savor, at  
least to an extent, of commercialism. Some of our 
members qualified only as salesmen. Also, for lack of 
stated standards the material which was presented at  
our meetings and which was, on occasion, published, 
sometimes did not meet the quality standards of a 
learned society. In an effort to correct this situation 
our present membership requirements were estab- 
lished and an Admissions Committee was appointed to 
review applications to insure that the requirements 
are met. Whether a result of this action or not, our 
present membership meets high standards of academic 
training and experience. A recent survey showed that 
about one third of our members are listed in American 
Men of Science (which of course does not include our 
many distinguished foreign members). 

It should be pointed out in this connection that 
almost as many nonmembers attend our meetings, and 
that a very large proportion of these also meet our 
membership standards. Despite an almost punitive re- 
gistration fee differential and an offsetting credit which 
is offered to nonmembers who apply for membership 
at  our meetings we still are not getting enough of these 
potential memberships. We know that a very large 
number of these persons are repeat visitors and our 
membership committee has tried hard to make as many 
contacts at  meetings as possible. I hope that those of 
us who have made no personal effort to bring in new 
members will do so--a membership committee repre- 
sentative is always as close as the registration desk. 

Our membership classes provide for individuals who 
have not yet qualified as to years of experience and 
also for students. We cannot expect to have a large 
number of Associate Members since this classification 
is temporary, pending the accumulation of the neces- 
sary years of experience. But we should have many 
more Student Members. We have not, as a Society, 
flourished as we should in the universities. This may in 
part be the result of our name "Electrochemical." Po%- 
sibly another designation would seem to tie us in more 
closely with the disciplines concerned with physics, 
electronics, metallurgy, crystallography, and engi- 
neering. Yet our membership includes all of these and 
more. It may be that we should sponsor undergraduate 
interests in interdisciplinary activities and patterned 
more closely to our general meetings. I can see no 
reason why our university activities should have to be 
sponsored by the chemistry department. Where this 
department is disinterested, we should go to another 
which is interested. 

Just a word about the number of members. I know 
that there are those who recall fondly the period of 
about thirty-five years ago when our membership was 
almost constant. We shall never return to those times 
but we might well consider what i t  was about them 
that was so good. I think that everyone, who can recall 
the days when each paper was presented to the So- 
ciety assembled, remembers the interesting discussions 
which were stimulating and informative. They were 
made even more so by the distribution in advance of 
the entire paper, as a preprint. This afforded the op- 
portunity to study the presentation in advance. The in- 
creased potency of questions and comments naturally 
resulted in increased stimulation of the participants, 
sometimes just a little short of fisticuffs. The many 
diverse basic interests of the members made these 
meetings an excellent source of cross-fertilization and 
new ideas. The rapidly growing popularity of our ex- 
tended abstracts seems to indicate a desire to return 
to something closer to our early meetings, although 
we may never again have fewer than the eight simul- 
taneous sessions of this meeting. Our Society will 
surely continue its present rate of growth which has 
quite quickly brought us near the 4000 mark. I hope 
that we will not too closely follow the example of those 
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societies which seem to exist only for the presentation 
of endless numbers of ten- and fifteen-minute papers 
followed by two minutes for discussion. While this 
system provides for the largest number of papers, the 
worthwhile part of the meetings takes place in the 
hotel lobby. Some consideration of ways of relieving 
our two general meetings from the pressure of increas- 
ing size would be in order now, as it takes a number 
of years to change the preparations for a meeting such 
as this. 

Publications 
In the early days of the Society the preprints and 

the discussions were published in a volume of TRANS- 
AcnoNs following each meeting. This was an excel- 
lent plan but it is costly to hold type for months pend- 
ing the editing of the comments, and it does not lend 
itself well to the publication of a monthly journal. 

In 1950 the JOURNAL OF THE ELECTROCHEMICAL SO- 
CIETY was published monthly. Volume 97 continued 
the number series following T R A N ~ A C ~ O N S  Volume 96. 
With this change no more preprints were published as 
such. 

By 1963 it had become evident that a second publica- 
tion devoted to the practical aspects of the interests of 
the Society would be a worthwhile venture and ELEC- 
TROCHEMICAL TECHNOLOGY began publication on the 
basis of six issues a year. The acceptance of the new 
publication has been good by members and by non- 
members. When the time comes that we can publish 
twelve issues a year, I hope that the Board of Directors 
will permit members to elect either of our monthly 
publications with membership dues. Those who wish 
that this could be done soon should be patient. It would 
not be difficult to obtain technological papers to permit 
twelve issues right now, except that in order to do so 
we would have to lower the very high standard that 
has been set by our Editors. I am sure that we do not 
wish our publications to grow in size at the cost of 
quality. A few misinformed individuals have been re- 
luctant to publish except in the JOURNAL. If any are 
here present-please be informed that the two publica- 
tions differ in the nature of the subject matter, but 
ndt in the standard excellence required for acceptance. 
We must insist that this not be changed. 

Not only do we publish two periodicals. As I men- 
tioned before, Extended Abstracts are growing rapidly 
in popularity. And in addition, since about 1950 we 
have published twenty-three Monographs and will 
publish three more (a total of four) this year. Two of 
these are in second editions and one is in the third. A 
recent check shows that in various stages of prepara- 
tion there are twenty-five more, and there is every 
indication that in about two years our number of pub- 
lished Monographs will be doubled. 

In order that we might have better coordination of 
all of these efforts, Mr. Robert Kolbe, Assistant Ex- 
ecutive Secretary, was this year also made Manager 
of Publications. His excellent performance in this posi- 
tion has proved the desirability of centralized control 
of publication. As the load increases we might well 
consider removing at least certain editorial functions 
from the "labor of love" category. 

Financial 
Many changes have taken place. When I became 

Treasurer in 1955 we were still trying to operate with 
a system of vouchers of ancient vintage. Many signa- 
tures were required and much correspondence was 
necessary to pay a relatively small, often recurring, ex- 
pense. We were unable to produce a balance sheet type 
of financial report for want of a system of accounting 
that would permit it. Mr. Shannon laid the foundation 
for our present system of accounting and Mr. Enck has 
revised it extensively in the direction of efficiency. 
Some of you recall that your last billing was on a 
punch card. 

About ten years ago we became co~~cerned as lo what 
might happen in the event that a sharp change in our 

national economy would leave us with a decreasing 
membership and with the responsibility of publishing 
but with a decreased budget. I t  was decided by the 
Board to set aside certain revenues, in part, as a re- 
serve. One of these sources of revenue is part of the 
nonmember registration differential at our meetings. 
In order that the Treasurer might not have the total 
responsibility for the inyestment of these funds, a 
panel of senior members having suitable experience 
was appointed as an Investment Advisory Panel. This 
sage group has provided us with a well-balanced port- 
folio which has increased well and which has also 
shown good earnings. Our original objective of a re- 
serve equal in amount to our budget for one year has 
not yet been accomplished but this has been due in part 
to the rate at which publication costs have risen. How- 
ever, the sum is, in my opinion, such as to assure rea- 
sonable protection and it has been accumulated in a 
manner as not to have taken away any part of mem- 
bers' dues. 

I do not know the date of the first Sustaining Mem- 
bership or the company which provided it. But for 
many years many companies have assisted us by annual 
contributions in this way. At present we have 127 Sus- 
taining Memberships. I think that we should have many 
more. I doubt that there are many companies who are 
willing to pay the expense for a representative at  one 
of our meetings-who would not be pleased to have 
their company name listed on our programs and in our 
publications with the distinguished group we now 
have. If your company is not so listed, tell someone 
who really counts that the cost is only $135 yer year 
including the JOURNAL and one membership. Our mem- 
bers as individuals can do much to insure our continu- 
ing financial stability in this way. The relatively low 
proportion of Sustaining Members in the aerospace and 
electronic industries does not speak well for the activ- 
ity of these members-who rank high in the presenta- 
tion of papers and in publishing. If this shoe fits-put 
it on. 

Seven Companies are distinguished as Patron Mem- 
bers. These companies each make a substantial annual 
contribution. If you do not know them, their names are 
at the top of the list. I hope that in the near future 
other companies may be able to qualify for member- 
ship in this distinguished group. 

Fellowships and Awards 
I am sure that everyone here is familiar with our 

two major medal awards, the Acheson Gold Medal and 
the Palladium Medal. It is appropriate that a learned 
society have such means of recognizing unusual ac- 
complishment. We could use at least one more. If we 
had such an award tonight we could dispense with 
these remarks-surely a step in the right direction. 

It is unfortunate that we have not been able to con- 
tinue a major fellowship, but an amount of money 
which in the past would have been interesting to a 
student of stature does not have the same attraction 
today. Our summer assistance grants have proven to 
be very much worthwhile and should be continued. 
We should try to find a source for another major fel- 
lowshipyour suggestions are solicited. 

Local Sections 
It seems to be a safe prediction that the Society will 

continue to grow at its present rate, or more rapidly. 
With this we can expect larger Local Sections, and no 
doubt more of them. Very recently the Texas Section, 
which was established in 1959, has formed two Sec- 
tions, one in Dallas and one in Houston. We may ex- 
pect to see similar divisons in other rapidly growing 
areas. On the other hand, also recently, a Local Sec- 
tions has suspended operation. 

As I stated earlier, each Section is different from 
each other Section. But in general, I think, the health 
of a Section is more closely related to the interest and 
activity of a few individuals who are willing to do 
quite a bit of work for which no medals and little 
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thanks are given. Here present tonight are a number 
who worked hard to establish this Local Section which 
is right now contributing more free (and, I hope, not 
thankless) labor, that this meeting may be a success. 
Every man here with me tonight on this dais has con- 
tributed most substantially of time and effort to make 
the Society what it is. We must expect that this num- 
ber will be small-there are always far more members 
who come only for the ride and who probably are not 
at all concerned how this or any other society con- 
tinues to operate just so long as there are meetings at 
which to present papers and journals in which to have 
them published. But when the small hard core is miss- 
ing from a Local Section it cannot exist very long. I 
think that we need strong Local Sections. I would like 
to encourage, especially, the younger members to be- 
come personally interested in their Local Section. The 
future of our Society depends on your activity. 

In my visits to Local Sections I have noted two prob- 
lems that frequently recur--one is the competition of 
many other meetings, the other is the scattering of 
membership over a wide area. Probably the solution is 
different for each Section, but I would like to point out 
a way by which the Ontario-Quebec Section solved 
both problems. (The competition of other meetings 
only affects the less-interesting meeting, so this can be 
avoided if the meetings can be kept interesting.) Re- 
cently I attended a one-day symposium in Montreal. 
The meeting was held at a local university and speak- 
ers were invited. A pertinent round table afforded 
ample opportunity for discussion. This meeting was 
attended by at least 150 persons. I suggest considera- 
tion of meetings of this kind also as a means of re- 
lieving our national meetings of some of the pressure 
of papers, particularly where the topic may be limited 
to a smaller number or where it might be geograph- 
ically concentrated in the local area. 

Divisions 
Our technical Divisions are all healthy and are evi- 

dencing their good condition by well-attended meet- 
ings and by well-received Monographs. We should be 
alert to the possibility of developing new Divisions as 
new scientific and related areas of interest come into 
being. We have in the past afforded a meeting place 
for new interests in the field of metallurgy and elec- 
tronics. Some of our most flourishing Divisions have 
come to us as infants. Because we already embrace a 
variety of scientific and engineering interests we are 
a more modern Society than many, looking forward to 
increasing research of an interdisciplinary nature. 

Meetings 
As we have grown in numbers, so have our general 

meetings become larger until recently we have had to 
alert the hotels where we shall meet in the future to 
the necessity of scheduling five-day meetings. At this 
meeting we have had to schedule up to eight simulta- 
neous sessions to handle 270 papers. Although this may 
be one of our larger meetings we can expect that future 
meetings will be even larger. We are approaching a 
point where we must decide if we wish to become a 
paper-presenting Society, severely limiting the discus- 
sions, or whether we should find other meeting arrange- 
ments such as locally sponsored one-day meetings or 
possibly a summer meeting at  a pleasant university 
location. I believe that this would be a good topic for 
consideration by the Technical Committee. 

Past Presidents 
I have mentioned our presidential training program. 

An elected Vice-President spends three years becom- 
ing acquainted with the operations of the Society by 
participation (in two cases as Chairman) in the four 
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committees which are advisory to the Board of Direc- 
tors on Finance, Publication, Technical Affairs, and 
Ways and Means (in other words legislation). There 
is quite a bit more work involved in these responsibil- 
ities than can be seen from the outside-and the new 
Vice-President is usually surprised to discover how 
much time is required of him. After a year as Pres- 
ident, which in my case has proven to require about a 
full day a week-possibly a little more-, the Past- 
President serves as a member of the Board for two 
years. At the end of this period he has been in close 
touch with Society affairs for six years-prior to which 
he had been active in the affairs of a Section or Divi- 
sion. He has the continuing privilege of attending meet- 
ings of the Board of Directors without voting power. 
I would like to suggest that these experienced and 
devoted individuals be used more directly to further 
the interests of our Society. I do not think that old- 
timers should run the Society. I think that the Sections 
and Divisions should be able to develop the younger 
men who should head these groups and provide new 
blood for the National Offices. I would sincerely sug- 
gest that a Past-President be named as an advisor to 
each important National Committee. This would pro- 
mote continuity as well as provide an interested source 
of information and experience. I think that we could 
use special study groups in many areas, much as we 
did to review our Constitution and Bylaws some years 
ago. Some of the things that could be studied profitably 
are: 
-How can we go about interesting young scientists 
and engineers while they are in the university? What 
can we do for them, other than give them awards of 
money? 
-How can we more effectively cooperate with other 
technical societies in which our members have inter- 
ests? 
-Should we consider summer meetings directed es- 
pecially to the younger teachers who often are not 
free at the time of the year when we have our general 
meetings? 

In my preceding comments I have suggested other 
problems for study. I recommhd that these study 
groups should be appointed by the President annually 
and that each should report in writing to the Board. 

In Conclusion 
In the last ten years our Society has seen its greatest 

prosperity. In numbers we have increased at  least 
threefold. In the esteem of our peers we have never 
stood higher. Our principal reasons for being--our 
publications and our meetings-are flourishing. We 
are in good financial health. ( I  hope that everyone 
understands in this connection that this does not mean 
that we have unlimited funds for publication, but the 
very general acceptance of a page charge is tending to 
relieve that situation also.) 

We must not take this prosperity for granted. Our 
future growth should relate to our ability to serve the 
many interests which we represent-and to our ability 
to attract new and interested related disciplines and 
technologies. Our membership should continue to be 
limited to those who are truly interested in our ob- 
jectives and who can meet our requirements for mem- 
bership. We are an international Society-We provide 
a common meeting place for many scientific and engi- 
neering interests-In our meetings the traditional and 
the very new meet and learn from each other. 

In these and in all respects our Society meets the re- 
quirements of the presently rapidly moving technology 
of the world. 

In closing I would like to thank all those who have 
worked with me over many years in Society affairs. 
For me these have been my best years. I am grateful 
for them. Thank you. 



Current Affairs 

Electrochemical Society Awards 

Richard E. Westermon 

Young Author's Prize for 1964 
At the Annual Banquet held on 

Tuesday May 11, during the San 
Francisco Meeting of The Electro- 
chemical Society, Richard E. Wes- 
terman, a research associate at the 
Chemical Metallurgy Unit of Bat- 
telle-Northwest, Richland, Wash., 
was announced as the winner of the 
1964 Young Author's Prize of $100. 

His prize-winning paper "High 
Temperature Oxidation of Zirco- 
nium and Zircaloy-2 in Oxygen and 
Water Vapor" appeared in the Feb- 
ruary 1964 issue of the JOURNAL. 

Dr. Westerman's current interests 
include high temperature oxidation 
of superalloys and refractory met- 
als, and diffusion and solubility of 
hydrogen in zirconium alloys. 

He holds a B.S. degree in Metal- 
lurgical Engineering from the Mon- 
tana School of Mines and a Ph.D. 
degree (received in 1960) from the 
Rensselaer Polytechnic Institute. 

He is a member of the American 
Institute of Mining, Metallurgical, 
and Petroleum Engineers, American 
Society for Metals, Sigma Xi, and 
Phi Lambda Upsilon. 

Turner Memorial Award 
for 1964 

Roger W. Bartlett of the Sanford 
Research Institute, Menlo Park, 
Calif., was announced as the win- 
ner of the Francis Mills Turner 
Memorial Award, sponsored by the 
Reinhold Publishing Corp., in re- 
cognition of his paper "Growth 
Kinetics of Discontinuous Thermal 
Oxide Films; Aluminum," which ap- 
peared in the August 1964 issue of 
the JOURNAL. 

The award, consisting of $100 
worth of scientific and technical 
publications, was made to Dr. Bart- 
lett at the Society's Annual Banquet 
on May 11 in San Francisco. 

Dr. Bartlett recently joined Stan- 
ford Research Institute as a senior 
materials scientist. He was pre- 
viously with Aeronutronic Division 
of Philco Corp., Newport Beach, 
Calif. 

His research interests include 
oxidation of metals and intermetal- 

Robert W. Bartlett 

lic compounds, surface properties, 
solid state diffusion, chemical kinet- 
ics, refractory coatings, vapor depo- 
sition, synthesis of composite mate- 
rials and application of thermody- 
namic data to materials behavior at  
high temperatures. He has also 
studied hypervelocity impact phe- 
nomena and two-phase flow behavior 
in rocket nozzles. 

Dr. Bartlett received a B.S. de- 
gree in 1953 and a PhD. degree in 
Metallurgy from the University of 
Utah in 1961. 

He is a member of The Electro- 
chemical Society, The American In- 
stitute of Mining, Metallurgical 
and Petroleum Engineers, the 
American Society for Metals, the 
Combustion Institute, and Tau Beta 
Pi. 

Abstracts of "Recent News" Papers 
Presented a t  the Electronics Division Semiconductor and Laser Sessions, 

San Francisco, Calif., May 9-13, 1965 

Semiconductors 

(1  11) Faceting in Epitaxy Grown Over 
Stepped Surfaces 

C. E. Benjamin and E. J. Patzner, 
International Business Machines 
Corp., Systems Manufacturing Div., 
East Fishkill, N. Y. 
Epitaxial silicon layers grown 

over surface mesas and recesses ex- 
hibit structures that "smear" cer- 
tain edges and shift patterns later- 
ally. These effects become more pro- 
nounced as the wafer surface ap- 
proaches a (111) plane. Orienta- 
tion measurements show that these 
smears are approximately trunca- 
tions of growing surface steps by 

this (111) plane. Thus, the smear 
width is dependent on the step 
height, and the lateral shift, pri- 
marily on epitaxy thickness. Slight 
deviations observed from this model 
are discussed. 

Heteroepitaxial Growth of Ge on Gap and 
GaAs Substrates 

R. A. Mueller, D. R. Chambers, and 
J. J. Bordeaux, Sanford Research 
Institute, Menlo Park, Calif. 
Single crystal Ge has been de- 

posited on single crystal substrates 
of both Gap and GaAs using the 
hydrogen reduction of GeC14 in an 
open tube reaction system. Germa- 
nium nucleates and grows much 

more rapidly on these substrates 
than on silicon or germanium used 
in previous work. Junctions pro- 
duced are uniform and planar, and 
Laue patterns indicate single crys- 
tal growth in the same orientation 
as the substrate. Diodes made from 
the heterojunctions are being stud- 
ied electrically. 

The Preparation of Epitaxial Semi-Insulating 
Gallium Arsenide by Iron Doping 

P. L. Hoyt and R. W. Haisty, Texas 
Instruments Inc., Dallas, Texas 
Epitaxial semi-insulating (-105 

ohm-cm at 300°K) GaAs deposits 
were prepared by doping with iron 
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using an open tube deposition sys- 
tem. Resistance measurements as a 
function of temperature show a 
deep acceptor energy level of 0.5 ev. 
Experimental apparatus and pro- 
duction of n-SI-n sandwich struc- 
ture are described. [We wish to ac- 
knowledge support of the Electronic 
Technology Lab. of the Research 
and Technblogy Div., Air Force Sys- 
tems Command, U.S. Air Force, 
Contract AF 33 (615) -1275.1 

The Epitaxial Growth of CdS on Tetrahedral 
Faces of GaAs and Gap 

Martin Weinstein and A. A. Menna, 
Tyco Laboratories, Inc., Waltharn, 
Mass. 
Vapor phase chemical reaction 

techniques have been developed for 
the growth of single crystal CdS 
films on tetrahedral faces of GaAs 
and Gap. Smooth, highly polished 
wurtzite CdS films, 1-100~ thick and 
1 cmz in area, have been grown 
on the {I l l )  "Ga-face" of GaAs and 
Gap using an HZ-HCl mixture as 
the reactant gas and a substrate 
temperature of 720°C. Using the 
HC1-Hz mixture sphalerite-type CdS 
films were grown on {li l} "As-face" 
and "P-face" of GaAs and Gap, re- 
spectively. Employing Hz as the re- 
actant gas, highly polished wurtzite 
CdS films, containing characteristic 
hexagonal facets, were grown on 
both the { l i l )  and {I l l )  of GaAs 
and Gap. Electronmicroprobe anal- 
yses have shown the junctions to 
be chemically abrupt. The physical 
and chemical properties of these 
films are discussed. 

Epitaxial Growth of Silicon on Hexagonal 
Silicon Carbide 

T. L. Chu, G. A. Gruber, J. J. 
Oberly, and R. L. Tallman, West- 
inghouse Research Labs., Pitts- 
burgh, Pa. 
The epitaxial growth of silicon on 

the basal plane of hexagonal silicon 
carbide substrates has been accom- 
plished by using the pyrolysis of sil- 
ane in a flow system. The effects of 
deposition variables on the proper- 
ties of grown films were evaluated 
using chemical etching and optical 
microscope techniques as well as re- 
flection electron diffraction examin- 
ations. The films were found to be 
predominately of (111) and {110) 
orientations, and the relative abun- 
dance of these orientations varied 
with the crystallographic orientation 
of the substrate surface and the 
deposition conditions. [The research 
reported in this paper was spon- 
sored by the Air Force Cambridge 
Research Laboratories under Con- 
tract No. AF19 (628) -4220.1 

In Situ Etching of Silicon Substrates Prior 
to Epitaxial Growth 

T. L. Chu, G. A. Gruber, and R. 

'AL OF THE ELECTROCHEMICAL 

Stickler, Westinghouse Research 
Labs., Pittsburgh, Pa. 
The cleanness of the substrate 

surface is important for the epitax- 
ial growth of silicon, and the in situ 
etching of substrates prior to the 
growth process has been shown to 
be capable of reducing structural 
imperfections in epitaxial silicon 
films. In this work, epitaxial silicon 
films were deposited on silicon sub- 
strates of high perfection by using 
different in situ etchants, and the 
substrate-film interface regions in 
these specimens were examined by 
transmission electron microscopy. 
The effects of various etchants on 
the structural perfection of epitax- 
ial silicon films are discussed. (The 
research reported in this paper was 
sponsored by the George C. Mar- 
shall Space Flight Center of the Na- 
tional Aeronautics and Space Ad- 
ministration under Contract NAS8- 
11432.) 

Reactivity and Bond Strain of Electron Gun 
Evaporated SiOz Films 

W. A. Pliskin, IBM Components, 
Poughkeepsie, N. Y. 
A detailed study has been made 

on electron gun evaporated SiOz 
films utilizing spectroscopic, optical, 
and etch rate techniques discussed 
previously for the evaluation of 
SiOz films. Due to a high degree of 
bond strain in addition to porosity, 
electron gun evaporated films ex- 
hibit fast etch rates and consider- 
able reactivity with water at rela- 
tively low temperatures. Significant 
changes in film thickness, refractive 
index, etch rate, and structure are 
caused by exposure to high humid- 
ity. 

Macroscopic Defects in Epitaxial Silicon 

E. R. Skaw and K. M. Busen, Re- 
search Center, Sprague Electric 
Co., North Adams, Mass. 
Macroscopic defects in epitaxial 

silicon variously labeled hillocks, 
pips or stars have been studied. It 
is found that the occurrence of 
these defects is material dependent. 
Evidence is presented to show that 
these defects arise from a microalloy 
which is liquid at  the growth tem- 
perature. The shape of the defect is 
predominantly crystallographically 
determined. The impurity in the de- 
fect has been identified. 

Dislocation Reactions in Silicon Web 

S. O'Hara, Dept. of Materials Sci- 
ence, Stanford University, Stan- 
ford, Calif., and G. H. Schwuttke, 
Components Div., International 
Business Machines Corp., Pough- 
keepsie, N. Y. 
The origin of dislocations in sil- 

icon web are discussed. Dislocations 
having [ZIT] axes or <110> type 
axes have been characterized. In the 
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former case, normal edge and 30" 
dislocations are seen; however, an 
apparently new dislocation with a 
[2iil axis and [loll type or [I101 
type of Burgers vector has also been 
observed. Dislocations having a 
[lie] axis and [loll Burgers vector 
have been identified and associated 
with the Cottrell-Lomer reaction. 
The presence of multiple twin 
planes parallel to the growth direc- 
tion of the web, accompanied by re- 
gions of very high dislocation den- 
sity near the dendrites, increases the 
probability of certain dislocation 
reactions. 

Formation of Precipitates in Gold Diffused 
Silicon 

R. Stickler and E. D. Wolley, West- 
inghouse Research Labs., Pitts- 
burgh, Pa. 
Silicon wafers were gold diffused 

at 1200°C for two hr using a closed 
tube gaseous diffusion. Highly dis- 
located and relatively perfect wa- 
fers were both fast and slow cooled 
from the diffusion temperature. Af- 
ter diffusion, the silicon wafers were 
thinned and examined by transmis- 
sion electron microscopy. Precipi- 
tated particles were observed near 
the wafer surfaces. In highly dis- 
located and fast cooled wafers, small 
particles were found precipitated 
onto dislocations while in the slowly 
cooled, dislocation free wafers large 
cube shaped particles were found 
near the wafer surface. By compar- 
ison of electron diffraction data ob- 
served from the'large particles with 
x-ray diffraction data obtained from 
prepared bulk gold-phosphorus com- 
pounds the large precipitated par- 
ticles in the slow cooled, gold- 
diffused, silicon wafers have been 
tentatively identified as AuzP3. (The 
research reported in this paper was 
sponsored by the George C. Mar- 
shall Space Flight Center of the Na- 
tional Aeronautics and Space Ad- 
ministration under Contract NAS8- 
11432.) 

The Structure and Perfection of Thermally- 
Grown Oxide Films on Silicon 

R. Stickler, R&D Center, Westing- 
house Research Labs., Pittsburgh, 
Pa., and A. N. Knopp, Semicon- 
ductor Div., Westinghouse Re- 
search Labs., Pittsburgh, Pa. 
Thermally-grown silicon oxide 

films are used in many processes re- 
quired for silicon device and inte- 
grated circuit fabrication. The 
knowledge of perfection, cleanliness, 
and structure of such films is very 
desirable. The structure of ther- 
mally-grown oxides was studied as 
a function of various heat treat- 
ments. Uniform amorphous and 
crystalline films can be obtained 
which may contain gross defects 
such as cracks resulting from spe- 
cial heat treatments. 
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Observotions on Phosphorus Stabilized Research Triangle Institute, Dur- for 10 kev electrons; (2) is depen- 
SiOz Films ham, N. C. dent on the etchant used; (3)  can 

M. Yamin, Bell Telephone Labs., 
Inc., Murray Hill, N. J. 
Two experiments with SiOz films 

which have been stabilized against 
ionic drift effects by phosphorus dif- 
fusion are described. In the first ex- 
periment the interaction between 
phosphorus and boron in silicon di- 
oxide films was studied. Diffusion of 
boron into a phosphorus-stabilized 
oxide is found to destroy the sta- 
bilization, but even a light phos- 
phorus diffusion over a boron-dif- 
fused oxide will restore stabilization. 

In the second experiment, conduc- 
tion measurements were performed 
at  600°C to clarify the difference 
between phosphorus stabilized and 
untreated oxide specimens. A slowly 
varying voltage was applied to an 
MOS structure formed by evaporat- 
ing a gold dot over the oxide film, 
and the current was recorded. Both 
stabilized and untreated films 
showed rectifying characteristics at 
600°C, the more highly conducting 
polarity being that with the silicon 
negative. In the case of the un- 
treated film, a large peak of current 
is superimposed on this character- 
istic at -2.5~. This peak is absent 
in phosphorus-stabilized films. Dis- 
charge currents equivalent to the 
charging currents are not observed 
on removing voltage from the spec- 
imen, as they are at  400°C. 

The Effect of Fluorides on the Wettobility 
of Silica Surfaces 

M. L. White, Bell Telephone Labs., 
Inc., Allentown, Pa. 
The contact angle of water on sil- 

ica surfaces is a function of the tem- 
perature to which the silica is 
heated and is also affected by fluo- 
ride adsorbed on the silica from 
aqueous HF solutions. This adsorbed 
fluoride cannot be rinsed off with 
water, but is removed by complex- 
ing with ferric ion, or by high-tem- 
perature steam. From measurements 
on a porous silica it is estimated 
that 4% of a monolayer of fluoride 
is strongly adsorbed. 

The Influence of Phosphorus concentration 
on the Atmospheric Steam Oxidation 

of Silicon 

R. P. Donovan and M. N. Hobgood, 

The influence of phosphorus con- 
centration on the atmospheric steam 
oxidation of silicon has been investi- 
gated by comparing the thicknesses 
of oxides grown on the surface of 
phosphorus diffused wafers with 
those grown simultaneously on a 
bevelled cross section through the 
diffused layer. The influence of 
phosphorus concentration is most 
pronounced at low temperatures 
(- 700°C) where the growth rate 
at high phosphorus concentration 
may exceed that at low concentra- 
tion by a factor of 4 or more. The 
correlation between oxidation rate 
and phosphorus concentrations sug- 
gests that this technique may enable 
one to rapidly and easily establish 
the impurity profile of heavily-dif- 
fused phosphorus layers, since the 
oxidation of the cross section gives 
rise to well defined color bands. 

Thin Films Grown on Silicon Surfaces 
by Excess Nitric Acid Process 

W. B. Glendinning, Sidney Marshall, 
and Albert Mark, U.S. Army Elec- 
tronics Labs., Fort Monmouth, 
N. J. 
Several types of transparent films 

have been grown on the surface of 
silicon materials of varying doping 
levels (ranging from 0.05 ohm-cm 
to 50 ohm-cm) and both conductiv- 
ity types. By application of liquid 
drops ,of concentrated nitric acid 
and vapors of concentrated hydro- 
fluoric acid directlv to the surface - - ~  ~ 

of silicon samples, "ththin films which 
are insoluble in HF acid were grown 
at vertical growth rates of several 
to hundreds of angstroms per sec- 
ond. A lateral growth mechanism is 
also present which develops films 
horizontally at several angstroms 
per second. Film growth reaction 
rates are related to doping levels of 
silicon surfaces. 

Enhanced Etching in Electron ond Proton 
Bomborded Silicon Dioxide Layers 

T. W. O'Keeffe, Westinghouse Re- 
search Labs., Pittsburgh, Pa. 
Thermally grown silicon dioxide 

layers show enhanced etching rates 
after bombardment with 2-10 kev 
electrons. The enhancement effect: 
(1) saturates for bombardments of 
approximately 1 ampere second/cm2 

show a three-fold increase in etch 
rate; (4) provides a means of uni- 
form selective etching. Samples 
bombarded with 100 kev protons 
have shown 11 fold increases in etch 
rate. The effect provides a novel 
means to study energy-penetration 
relationships for electrons and pro- 
tons in the 0-2p range. 

GoAs Prepored from Nonstoichiometric Melts 

F. J. Reid, R. D. Baxter, and S. E. 
Miller, Battelle Memorial Insti- 
tute, Columbus, Ohio 
Gallium antimonide single crys- 

tals have been prepared from melts 
ranging in composition from nearly 
stoichiometric to Sb/Ga atom ratios 
of about 3/1. P-type GaSb and, by 
suitable impurity additions, n-type 
GaSb have been produced with su- 
perior electrical properties. The re- 
sidual acceptor concentration has 
been reduced to the order of 2 x 
1016/cm3 by growing crystals from 
antimony-rich melts. Hole mobil- 
ities at 78°K in excess of 6000 cmZ/ 
v-sec and electron mobilities of over 
10,000 cmz/v-sec have been realized. 
(Work supported by the Air Force 
Office of Scientific Research, Grant 
NO. 525-64.) 

The Equilibrio in the System GaSb-GoAs 

Miroslav Miksovsky (Present ad- 
dress: Dept. of Chemical and Met- 
allurgical Engineering, University 
of Michigan, Ann Arbor, Mich:) 
and B. M. Kulwicki (Present ad- 
dress: Materials and Controls 
Div., Texas Instruments, Inc., At- 
tleboro, Mass.) Institute of Solid 
State Physics, Czechoslovak Acad- 
emy of Sciences, Prague, Czecho- 
slovakia 
The liquidus curve for the pseudo- 

binary system GaAs-GaSb has been 
obtained by thermal analysis meas- 
urements. Samples were prepared 
by direct fusion of the elements in 
sealed evacuated ampoules and 
quenched in air. Each ingot was 
ground to a fine powder (< 90 mi- 
cron particle size), analyzed chem- 
ically, pressed into pellets, resealed, 
and annealed for 185 hr and 1720 hr 
at 695'C before measurement. 
Chemical analysis indicated that 
negligible material was lost during 
processing and the measured sam- 

December 1965 Discussion Section 
A Discussion Section, covering papers published in the January-June 1965 JOURNALS, is scheduled for pub- 

lication in the December 1965 issue. Any discussion whlch did not reach the Editor in time for the June 1965 
Discussion Section will be included in the December 1965 issue. 

Those who plan to contribute remarks for this Discussion Section should submit their comments or ques- 
tions in triplicate to the Managing Editor of the JOURNAL, 30 East 42 St., New York, N. Y., 10017, not later than 
September 1,  1965. All discussion will be forwarded to the author(s) for reply before being printed in the 
JOURNAL. 



150C JOURNAL OF THE ELECTROCHEMICAL SOCIETY July 1965 

were found. to vary smoothly with 

ELECTROCHEMIST 
Flectrochemicol group in our Centrol 
Research Division is expanding its 
programs in organic e1ectrochem;stry 
and in advanced battery concepts. 

Chollenging assignment ovoiloble for: 

BS or MS with 1 to 10 years 
experience related to the con- 
struction and evaluation of ex- 
perimental battery electrodes. 

Cyanomid's loborotaries in Stomford, 
Connecticut offer growth opportunities 
ond a stimuloting professional environ- 
ment in an outstonding residential 
community rich in culturol and edu- 
cotional opportunities. 

Please reply in confidence to: 

Dr. G. W. KENNERLY, 
Manager Synthetic Chemistry Section 

AMERICAN CYANAMID COMPANY 
STAMFORO RESEARCH LABORATORIES 

1937 West Main St., Stamford, Conn. 

C V A N A M X D  7 

An Equal Opportunity Employer 

ples were in fact on the pseudo- 
binary tie-line. X-ray data indicate 
that both GaAs and GaSb were 
present in the samples as made and 
both phases remained in the central 
region of the diagram after the in- 
dicated annealing times. The liqui- 
dus curve contains a flex point, and 
transitions observed in the two- 
phase liquid region may be associ- 
ated with changes in curvature of 
the liquidus and solidus curves. 
However the existence of a com- 
pletely isomorphous system is not 
established by this work. 

Structural end Optical Properties of Thin 
Films of ZnS-CdS 

W. M. Kane, J. P. Spratt, L. W. 
Hershinger, and I. H. Khan, Ap- 
plied Research Lab., Philco Corp., 
Blue Bell, Pa. 
Films of the alloy system ZnS- 

CdS have been produced by simul- 
taneous evaporation from two sep- 
arately controlled sources onto a 
single substrate. Films of uniform 
compositions covering the full range 
from 0% to 100%. ZnS concentration 
have been evaluated using X-ray 
diffraction and optical transmission 
edge measurements. A gradual 
phase transition from wurtzite to 
zincblende crystal structure was 
found to take place between 60% 
and 85% ZnS. The lattice parameters 

composition, and are close to values 
reported for bulk material. Optical 
energy gap measurements show a 
nearly linear variation of gap width 
with ZnS concentration. 

A Novel Crystol Growth Phenomenon: 
Single Crystal GaAs Overgrowth onto 

Silicon Dioxide 

F. W. Tausch, Jr., and A. G. Lapierre, 
111, Sylvania Semiconductor Div., 
General Telephone and Electron- 
ics, Inc., Woburn, Mass. 
Epitaxial growth of GaAs in win- 

dows on SiOz-masked GaAs sub- 
strates has been studied and found 
to yield smooth-surfaced single- 
crystal epitaxial layers. Single-crys- 
tal overgrowth onto the SiOn films, 
initiatine from the windows and 
growing'but laterally over the SiOz, 
has also been observed to occur in 
many instances. Studies of growth 
habits and patterns, inspection of 
cleaved sections, x-ray studies, and 
crystallographic considerations have 
led to a proposed growth mechanism 
which is not only consistent with the 
experimental window growth and 
overgrowth observations, but also 
indicates that the processes are 
highly controllable; it has been 
shown that overgrowth can be vir- 
tually inhibited, and it is concluded 
that with proper mask geometry 
single crystal overgrowth can oc- 
cur over large areas almost without 
restraint. 

Reduction of Surface Charge in SiOn 
by Oxidation Under Bios 

A. Goetzberger, Bell Telephone 
Labs., Inc., Murray Hill, N. J. 
Oxidation of silicon was carried 

out under the influence of an elec- 
tric field. The field was applied by 
means of an electrode suspended 
about 1 cm above the surface. Nega- 
tive electrode potential resulted in 
a low surface charge density after 
steam oxidation. Above several hun- 
dred volts, surface charge density 
saturates at about 4 x 10" states 
cm-2. No influence of field on sur- 
face state density during dry oxida- 
tion was found. MOS drift experi- 
ments showed greatly improved sta- 
bility of bias grown wet oxides. 

Growth of Drift-Free Silicon-Dioxide 

R. Schmidt, Bell Telephone Labs., 
Inc., Murray Hill, N. J. 
Sodium in SiO2 may result in a 

change of the surface charge in met- 
al-silicon dioxide-silicon structures. 
Sodium may originate from the sil- 
icon substrate itself, from contam- 
ination during cleaning and oxida- 
tion, or from handling the sample. 
To obtain a drift-free SiOz, it is 
necessary to begin with a silicon 
substrate whose sodium content is 
low, to properly clean the silicon 
substrate before oxidation, to grow 

the oxide in a suitable furnace and 
to keep the sample clean after oxi- 
dation. Fabrication under these con- 
ditions results in uniform devices 
and aging in steam at 300°C for 26 
hr (silicon negative, Esio, = 106 
v/cm) results in a change of less 
than 10'1 charges per cm2. 

Threshold of Metal-Oxide-Silicon 
Field Effect Transistor; 

G. Cheroff, F. Fang, and D. P. Sera- 
phim, Thomas J. Watson Research 
Center, International Business Ma- 
chines Corp., Yorktown Heights, 
N. Y. 
The gate to source potential (Vt) 

at which drain current first rises in 
the silicon MOS FET is considered 
as a function of the applied source 
t~ body potential (Vb) and impurity 
level, N, in the bulk. Vt may be 
adequately described by including 
the bulk charge in the depletion re- 
gion Qb = (2reSqN[+. + Vb] )Ifz and 
a fixed surface charge Q,, for a 
range of impurity concentrations. 
The correlation of channel conduct- 
ance and capacitance are shown. 
Some novel techniques for control- 
ling Q,, are described. 

Hall Mobility of Electrons on Inverted 
Surfoces 

A. B. Fowler, Thomas J. Watson Re- 
search Center, International Busi- 
ness Machines Corp., Yorktown 
Heights, N. Y. 
Measurements of the Hall mobil- 

ity and density of electrons on the 
surface of inverted p-type substrates 
have been made as a function of 
electric field on substrates with re- 
sistivities ranging from 1 ohm-cm to 
100 ohm-cm. The mobility has been 
observed to increase at low fields 
and to decrease at high fields. Im- 
purity level has a strong effect at 
low fields. The result of heat treat- 
ment was to remove surface traps 
and to decrease mobility. Substrate 
bias and increase of temperature 
also reduced the mobility. 

Residual Stress in Epitoxiol Silicon Films 
on Sapphire 

C. Y. Ang and H. M. Manasevit, 
Autronetics, A Division of North 
American Aviation, Inc., Ana- 
heim, Calif. 
Based on the consideration of 

their thermal expansion coefficients, 
it is most probable that an epitaxial 
silicon film growth on sapphire is 
thermally stressed. Some knowledge 
of the magnitude and state of 
stresses in the silicon films should 
be of value to the study of lattice 
imperfections as a function of 
growth conditions and to the de- 
velopment of thin film devices. This 
paper describes the results obtained 
in measuring the residual stress in 
an epitaxial silicon film on sapphire 
using the cantilever beam technique. 
A silicon film was grown on a 
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0"-oriented (basal) sapphire ribbon, 
and from the deflection of the com- 
bination at room temperature, the 
total residual stress was calculated. 
The value is considerably less than 
the estimated yield strength of sili- 
con. 

Stabilization of Tantalum Thin Film 
Resistors 

H. A. Waggener and M. T. Morris, 
Bell Telephone Labs., Inc., Mur- 
ray Hill, N. J. 
Tantalum thin-film resistors 

which use A1203 passivation are de- 
scribed. The two systems Ta-A1203- 
Taz05 and Ta-TazO5-Alz03, pro- 
duced by anodization of layered 
metal structures, will be compared to 
the usual system Ta-TazOs. Prelimi- 
nary experiments demonstrate that 
incorporation of A1203 can provide 
an order of magnitude improvement 
in stability, when the applied stress 
is either temperature, 550'C-or 
power, 80 to 12Qw per in.2 film. Dis- 
cussion of the major factors influ- 
encing stability is described. 

Dielectrically Isolated Silicon with Sharp 
Impurity Gradient 

V. Y. Doo and D. K. Seto, Systems 
Development Div., International 
Business Machines'Corp., Pough- 
keepsie, N. Y. 
Sharp impurity gradient at the 

N-N+ (or P-P+ ) interface and low 
collector resistance are required for 
high-frequency transistors. N-N + 

(or P-P+)  impurity profiles in the 
dielectrically isolated silicon pro- 
duced by using methods known 
today suffer considerable gradation 
because of the subsequent heating 
during the oxidation and polycrys- 
talline silicon growth. A new 
method which gives sharp impurity 
gradient and low collector resistance 
after isolation is described. Tech- 
niques which give high yields are 
presented, and the results are dis- 
cussed. 

Nondiffusion Junction Isolation Scheme 

V. Y. Doo and R. E. Jones, Systems 
Development Div., International 

Business Machines Corp., Pough- 
keepsie N. Y. 
A nondiffusion junction isolation 

scheme and its technical require- 
ments are discused. The advanatges 
of the nondiffusion junction isolation 
over the conventional diffusion junc- 
tion isolation are: the simplicity in 
process, the sharp N-N+ impurity 
gradient, the low collector resist- 
ance, and, above all, the low cost. 
Photomicrographs of the completed 
sample wafers are shown, and the 
electrical data measured on the iso- 
lated units are presented. 

A Composite Insulator-Junction Isolation 
Scheme 

R. E. Jones and V. Y. Doo, Systems 
Development Div., International 
Business Machines Corp., Pough- 
keepsie, N. Y. 
An isolation scheme is described 

which utilizes biased PN junction 
isolation at the bottom of an isolated 
unit and oxide isolation on the side 
walls of the units. The advantage of 
this structure is the reduction of the 
isolation capacitance and leakage 
current over the well-known dif- 
fused junction-isolation structure. 
Photomicrographs of the structure 
and electrical data are presented. 

Storage Time Control in Silicon pnp 
Transistors using Gold and Platinum 

R. Edwards and A. B. Kuper, Bell 
Telephone Lab., Inc., Murray Hill, 
N. J. 
When gold is diffused into pnp 

silicon planar transistors to reduce 
collector lifetime, severe reduction 
of lifetime in the base layer can also 
occur, limiting ~ F E .  By annealing, 
large increases in ~ F E  (e.g., from 10 
to 100) are obtained with only 
moderate increases in storage time 
(8-15 nsec.), indicating different 
rates of gold precipitation in the 
collector and base. Platinum is also 
found to act as an effective source 
of recombination centers. Results 
are qualitatively similar to those ob- 
tained with gold, with some quanti- 
tative differences. 

Second-Phase Formation in Diffused 
Transistor Structures 

J. M. Fairfield, B. J. Masters, and 
G. H. Schwuttke, International 
Business Machines Corp., Pough- 
keepsie, N. Y. 
Recently it has been shown that 

the Scanning Oscillator Technique 
(SOT) is capable of detecting 
failure mechanisms in diffused 
transistor structures. In this paper, 
the technique is actually applied to 
the study of "second phase" forma- 
tion after the diffusion process. 
Large-area x-ray topographs of sili- 
con wafers containing diffused tran- 
sistor structures reveal the presence 
of crystallographic imperfections 
and precipitation in the device area. 
After boron diffusion only the im- 
perfections are observed. A sub- 
sequent gold diffusion does not 
change the imperfection pattern. 
Si-P and Si-P-Au compound forma- 
tion is detected after phosphorus 
diffusion and after phosphorus dif- 
fusion followed by a gold diffusion, 
respectively. The x-ray measure- 
ments are verified by autoradio- 
graphic analysis. The implications of 
these findings on device properties 
are discussed. 

A Process to Deposit Uniform Silicon Films 
for Electrical Isolation 

M. Juleff and P. Wang, Semicon- 
ductor Div., Sylvania Electric 
Products, Woburn, Mass. 
One technique to achieve im- 

proved electrical isolation between 
the components of silicon microelec- 
tronic circuits is oxide isolation. 
In this technique it is necessary to 
grow polycrystalline silicon films of 
several mils thick on oxidized silicon 
wafers. Standard vapor phase epi- 
taxial growth process usually pro- 
duces etching and sporadic growth 
on the bottom surface, which creates 
a processing problem. In this paper 
we describe a simple process which 
produces very flat and uniform 
polycrystalline growth on oxidized 
silicon wafers with no etching or 
growth on the bottom surface. The 
properties of this Si/SiOz/poly Si 
sandwich structure is described. 
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The Effects of Gold Diffusion in a Silicon Rocketdyne, Autonetics, A Divi- 
Integrated Block Structure, sion of North American Aviation, 
A Lateral PNP Transistor Inc.. Anaheim, Calif. 

Philip shiota, westinghouse ~ ~ l ~ ~ -  Junction devices have been pro- 

ular Electronics Div., ~ l k ~ i d ~ ~ ,  duced in p-type silicon by injection 
m m J  of sodium ions of 1 to 20 kev energy. 
1 V l U .  Host crystals in several crystallo- 
An extended experiment of gold graphic orientations and in a wide 

diffusions in an integrated block range of resistivities have been used. 
structure, a lateral PNP transistor, Diodes and other structures employ- 
in a diffusion temperature range ing oxide masking techniques have 
from 700"C-900"C has been per- heen fabricated. Hiehlv uniform - - -. . -. . -. . . . - -" " 
formed. has been pub- electrical characteristics have been 
lished on gold diffusions into silicon obtained for diodes formed on single 
integrated at these lower wafers. Reverse breakdown voltages 
temperatures. A relationship be- up to nearly 200v have been ~ b -  
tween the change in gain of a lateral served. 
PNP transistor and the density of 
gold atoms is derived. The change of 
current gain us. gold density is 
given. The solubility curve of gold 
in silicon which is obtained using 
the above-mentioned relationship 
between the change in gain of the 
lateral transistor and the density of 
gold atoms is compared with pub- 
lished data. A comparative analysis 
between the results of this paper 
and published data is discussed. 

Silicon Junction Devices Formed by 
Sodium Ion Bombardment 

J. Cohen, R. P. Ruth, Autronetics, 
A Division of North American 
Aviation, Inc., Anaheim, Calif., 
and J. F. Hon and R. L. Steele, 

Metallizing for Beam Lead-Devices 

M. P. Lepselter, Bell Telephone 
Lab., Inc., Murray Hill, N. J. 
This talk will describe a process 

sequence developed to fabricate 
beam-lead semicondutcor devices 
and integrated circuits. The basic 
structure consists of a planar-oxi- 
dized silicon chip with diffused 
junctions, platinum silicide ohmic 
contacts, titanium and platinum 
layers bonded to the silicon oxide, 
and electroformed gold leads. The 
techniques discussed are metal layer 
sputtering, glow discharge etching 
of inert metals, and electroforming 
high resolution gold patterns. 
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Light Emission of Gallium-Arsenide 
Electroluminescent Diodes 

T. H. Yeh and M. M. Roy, Compon- 
ents Div., International Business 
Machines Corp., Poughkeepsie, 
N. Y. 
This paper discusses the spatial 

origin and appearance of light 
emitted by electroluminescent gal- 
lium-arsenide diodes. Michel, et al., 
have shown that in high-efficiency 
stimulated emission diodes the light 
issues from the P region, and that 
the emitting region's appearance does 
not change with increase in current. 
This Letter shows that for electro- 
luminescent diodes (with spontane- 
ous emission) the light also comes 
from the P region, but the region 
does change in appearance as the 
current changes. 

Solution Regrowth of Plonar lnSb 
Loser Structures 

I. Melngailis and A. R. Calawa, 
Lincoln Lab., Massachusetts Insti- 
tute of Technology, Lexington, 
Mass. 
A new technique for growing a 

thin layer of InSb on an InSb sub- 
strate from a melt consisting of In 
saturated with InSb was used to 
fabricate large volume lasers, which 
emit coherent light parallel to the di- 
rection of current. The basic process 
was first developed by Nelson for 
growing GaAs and Ge junctions. For 
the lower temperatures required for 
InSb (about 300°C), we used hot 
liquid stearic acid to cover the InSb 
substrate and the melt during the 
growth process. Uniform planar 
InSb junctions about 2 cm2 were ob- 
tained by suitably doping the melt. 
(With support from the U.S. Air 
Force.) 

Lasers 

Nonrodiotive Transitions in Solids Containing 
Trivalent Erbium Ion 

S. A. Pollack, TRW/Space Tech- 
nology Labs., Redondo Beach, 
Calif. 
Nonradiative energy transfer to 

4S312 state of erbium ion was studied 
in the following hosts: CaF2, BaF2, 
SrF2, CaW04, CaMoO4, and Yz03. 
The purpose of the study was to 
determine conditions under which 
the quantum efficiency of the 
4S312 -+ 411s12 transition in Er3+ at 
5500A is a maximum. The above 
transition is considered to be suit- 
able for laser action. An optical 
method using a 10 nsec pulsed light 
source was employed. 

Q-Switch Operation of a Continuously 
Pumped Nd:YAG Laser 

R. G. Smith, Bell Telephone Labs., 
Inc., Murray Hill, N. J. 
Q-switched operation of a Nd: 

YAG laser pumped by a tungsten 
lamp has been achieved using a ro- 
tating mirror. At speeds of 150-400 
cps, peak output powers in excess 
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stitutes facts for uncertainly. The plated deposit is 
observed through a Filar Micrometer Eyepiece 
and measurements are read directly from a 
micrometer drum. This wmpact microscope is 
easy to use, portable around the shop and has a 
built-in light source. It  also doubles as a metal. 
lurgical microscope for examining grain structure 
etc. at mogniflcotions of 25X-1500X. Permanent 
photographic records may be made using an 
acceuory 35mm. camera ottachment and provide 
valuable legal protection for subcontractors. 
UNITRON'S PLATER'S MICROSCOPE will save its 
Initial cost many times over. Prove this far 
yourself -as so many flrms in the plating 
industty have done-by requesting a FREE 
10 DAY TRIAL in your own plant. There is no cost 
and no obligation. 
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Pleats rush UNITRON'r Micrmsps C a t a l q  86-1 ! 
Name 

i 
I 

company I 
I Ad&sl, 

I 
I 

f city stat- I I 
L-----------------------,,,L 

of 250w in the fundamental TEM,, 
mode have been observed; peak 
powers in the kilowatt range ap- 
pear possible by optimization of 
coupling. Details of operation, limi- 
tations, and applications are dis- 
cussed. 

Some Characteristics of the Nd3+ - Yb3+ 
Calibo Glass Laser 

G. E. Peterson and A. D. Pearson, 
Bell Telephone Labs., Inc., Murray 
Hill, N. J. 
Laser oscillation of Yb3+ in Calibo 

glass utilizing energy exchange from 
Nd3+ has previously been reported 
by Pearson and Porto. The ions are 
resonance coupled and the system 
will oscillate as a three level laser 
at  room temperature. Time resolved 
spectral studies indicate that the 
rate of energy exchange from the 
Nd to the Yb is about 3x104 sec. Es- 
timates of the quantum efficiency of 
the exchange process from the fluo- 
rescence lifetime measurements and 
from the time resolved spectra yield 
a value of 0.6. 

There is a substantial increase in 
oscillation threshold with tempera- 
ture. Measurements have been made 
on glass rods with varying concen- 
trations over a range from 20°K to 
room temperature. The increases 
are probably attributable to two 
effects: (1) reduction in the Nd+ Yb 
exchange efficiency; (2) changes in 
the population of the crystal field 
components of the Yb ground state. 
We have found no evidence for si- 
multaneous laser oscillation of both 
ions in the Calibo glass. Gandy and 
Ginther have reported such in 
LiMgAlSiOs glass rods. It would 
appear that the coupling between 
the Nd and Yb is very much 
stronger in our case than in theirs. 

The fluorescence lifetime of the 
Yb in the coupled system is about 1 
millisecond. This relatively large 
value, coupled with the fact that 
there are substantial absorption 
bands for the pump light, tend to 
make this system particularly at- 
tractive as a high power laser. 

I C W  PbS Diode Laser 

J. S. Butler and A. R. Calawa, Lin- 
coln Lab., Massachusetts Institute 
of Technology, Lexington, Mass. 
Injection luminescence and CW 

laser action have been observed from 
PbS diodes at 4°K. Below threshold 
the spontaneous emission exhibits a 
main peak at 4.3p and a lower in- 
tensity peak at 4.6~. Above a thres- 
hold current density of 300A cm-2 
a laser line at 4.3u. with a half-width 
less than 15A and a well defined 
mode structure are observed. Fabri- 
cation methods are based on con- 
trolling deviations from stoichi- 
ometry in as-grown single crystals. 

Laser Induced Luminescence in Biphenyl 
and Its Derivative 

W. L. Peticolas, K. B. Eisenthal, and 
K. E. Rieckhoff, Research Lab., 
International Business Machines 
Corp., San Jose, Calif. 
Although the frequency of the 

first single absorption band of bi- 
phenyl is greater than twice the 
ruby laser frequency, 14,400 em-', 
and the frequency of the first bi- 
phenyl triplet is almost twice the 
laser frequency, we have found that 
ruby laser light will induce an in- 
tense luminescence throughout the 
visible region in biphenyl molecules 
in the crystalline or liquid state. 
The phenomenon has also been ob- 
served in most other molecules 
which we have examined which 
contain a phenyl-phenyl single 
bond. These include not only sub- 
stituted biphenyls, but fluorene, di- 
benzofuran, dibenzothiophene, and 
terphenyls. Since other molecules 
such as benzene, styrene, naphtha- 
lene, etc., do not show this effect 
even under intense giant-pulsed 
laser beams, it appears that this 
behavior is probably associated with 
the phenyl-phenyl single bond. 

Section News 

Boston Section ' 
The Annuab Business Meeting of 

the Boston Section was held on 
Thursday, April 29, 1965, at the MIT 
Faculty Club, Cambridge, Mass. Re- 
ports of the Secretary and Treasurer 
were presented and approved. 
Councillor H. Homer reported in de- 
tail on the activities of the Council 
of Local Sections. 

The following officers were elec- 
ted for the coming season: 

Chairman-John L. Sienczyk, Ar- 
thur D. Little, Inc. 
Vice-Chairman--Ralph B. Soper, 
Sylvania Electric Products 
Secretary-Mario D. Banus, MIT 
Lincoln Laboratory 
Treasurer-Martin S. Frant, Orion 
Research, Inc. 
Councilor (2 years)-Walter W. 
Harvey, Kennecott Copper Corp. 
After the business portion of the 

meeting, Dr. Duncan E. Macdonald 
presented a fascinating talk entitled 
"Modern Explorations" in which he 
reviewed the use of photographic 
techniques to study the surface of 
the earth and nearby celestial bodies. 
Photo reconnaissance has extensive 
commercial as well as military ap- 
plications. The classic example of 
the latter was the photo evidence of 
the missiles in Cuba. The detailed 
aerial survey of the remote areas of 
Cuba which were complete, timely, 
and convincing demonstrations of 
the major principals of reconnais- 
sance which can help keep peace by 
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preventing "force-level" surprise, 
technological surprise or accidents 
of miscalculations. 

In space exploration, the use of 
photographs or direct television par- 
ticularly with the correction addi- 
tion of filters and adsorbers permits 
gathering of much useful scientific 
data. Using these artificial "eye- 
balls" without the extensive and ex- 
pensive life-support systems neces- 
sary for direct observation by astro- 
nauts would give much more sci- 
entific information and give it 
sooner. As an example, he discussed 
how to determine the presence of 
fluorescent minerals on the Moon 
by photographic methods. 

Personals 

Eugene P. Cocozza has been pro- 
moted to manager, Chemical and 
Material Lab., International Busi- 
ness Machines Corp., Hopewell 
Junction, N.Y. 

Hill Cross Co. Inc., West New 
York, N.J., has announced the elec- 
tion of Herman N. Hammer as pres- 
ident of the firm. Also announced 
was the purchase of a significant in- 
terest in Hill Cross by Dr. Dodd S. 
Carr, who was elected to the Board 
of Directors and who will assume the 
offices of vice-president and secre- 
tary previously held by Mr. Ham- 
mer. Donald Wood will continue as 
treasurer and Glenn W. Holland as 
vice-president. 

Thomas F. Sharpe recently joined 
the Electrochemistry Department of 
the General Motors Research Labs., 
Warren, Mich. He was formerly with 
Melpar, Inc., of Falls Church, Va. 

News Items 

ECS Officers for 1966-1967 
The report of the Nominating 

Committee has been approved by 
the Board of Directors at the San 
Francisco Meeting. The slate to be 
voted on this Fall is as follows: 

PresidentHarold J. Read 
Vice-President-N. Corey Cahoon, 
Frederick W. Fink, and Austin E. 
Hardy. 
Photographs and biographies of 

each candidate will appear in the 
September 1965 issue of the JOURNAL. 

Latest Volume in ECS Series 
The Electrochemical Society is 

pleased to announce the availability 
of the latest volume in The Elec- 
trochemical Society Series: 

"First International Conference 
on Electron and Ion Beam Science 
and Technology," Edited by R. 
Bakish. 945 pages $24.50. 
This volume contains the papers 

presented at the First International 
Conference on Electron and Ion 
Beam Science and Technology held 
May 3-7, 1964 in Toronto, Canada. 
Virtually a single volume library in 
this field of scientific and technolog- 
ical endeavor, the book represents 
the most up-to-date material in the 
field. The conference was under the 
sponsorship of the Electrothermics 
and Metallurgy Division of The 
Electrochemical Society in coopera- 
tion with the ~etallurgical society 
of the AIME. 

The volume is available from the 
publisher, John Wiley & Sons, Inc., 
605 Third Ave., New York, N. Y., 

10016. A 33 1/3% discount is offered 
to ECS members only and can be ob- 
tained by ordering through Society 
Headquarters, 30 East 42 St., New 
York, N.Y. 10017. 

Third International Congress 
on Metallic Corrosion 

The Third International Congress 
on Metallic Corrosion will be held 
in Moscow, May 16-25, 1966. Profes- 
sor Y. M. Kolotyrkin of the Karpov 
Institute of Physical Chemistry and 
president of the Congress announces 
that special sessions will be devoted 
to presentation of papers in the fol- 
lowing areas: basic research, passiv- 
ity and anodic films, inhibitors, 
stress corrosion cracking, under- 
ground corrosion, salt water corro- 
sion, nonmetallic coatings, metallic 
coatings, high-temperature oxida- 
tion, corrosion in the power indus- 
try, and atmospheric corrosion. In- 
vited plenary lectures will be pre- 
sented by Professor K. Schwabe of 
the Technical University of Dresden, 
East Germany, Dr. T. P. Hoar of 
Cambridge University, Cambridge, 
England, Professor H. H. Uhlig of 
Massachusetts Institute of Technol- 
ogy, Cambridge, Mass., Dr. M. Pra- 
zak of the Research Institute for 
Materials Protection, Prague, Czech- 
oslovakia, and Professor N. D. To- 
mashov of the Academy of Science, 
U.S.S.R. Dr. E. C. Greco of the 
United Gas Corp., P.O. Box 1407, 
Shreveport, La., is one of the hon- 
orary vice-presidents of the Moscow 
meeting and is also chairman of the 
permanent Council for the Interna- 
tional Congress. Inquiries about the 
Congress should be directed to him 
or to Mrs. T. V. Victorova, 11 Gorky 
St., MOSCOW K-9, U.S.S.R. 

Submitted by H. H. Uhlig 

Call for Papers for Cleveland Meeting, May 1966 
Papers are being solicited for the Spring Meeting of the Society, to be held at the Sheraton-Cleveland Hotel 

in Cleveland, Ohio, May 1, 2, 3, 4, and 5, 1966. Technical sessions probably will be scheduled on: Electric Insu- 
lation, Electronics (including Luminescence and Semiconductors), Electrothermics & Metallurgy, Industrial 
Electrolytic, and Theoretical Electrochemistry. 

To be considered for this meeting, triplicate copies of the usual 75-word abstract, as well as of an extended 
abstract of 500-1000 words (see notice on page 121C of the May issue), must be received at The Electrochemical 
Society, 30 East 42 St., New York, N. Y., 10017, not later than Decembm 15,1965. Please indicate on 75-word ab- 
stract for which Division's symposium the paper is to be scheduled, and underline the name of the au tho~  who 
will present the paper. No paper will be placed on the program unless one of the authors, or a qualified person 
designated by the authors, has agreed to present it in person. Clearance for presentation of a paper at the meet- 
ing should be obtained before the abstract is submitted. An author who wishes his paper considered for publi- 
cation in the JOURNAL or ELECTROCHEMICAL TECHNOLOGY should send triplicate copies of the manuscript to the 
Managing Editor of the appropriate publication 30 East 42 St., New York, N. Y., 10017. Concerning papers to 
be published in the JOURNAL, see notice on per page charge on page 151C of this issue. 

Presentation of a paper at a technical meeting of the Society does not guarantee publication in the JOURNAL 
or ELECTROCHEMICAL TECHNOLOGY. However, all papers so presented become the property of The Electrochemi- 
cal 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 else- 
where, are not acceptable for oral presentation except on invitation by a Divisional program Chairman. 
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S y m p o s i u m  on Stress C o r r o s i o n  
of High Strength M a t e r i a l s  

A Symposium on Stress Corrosion 
of High Strength Materials spon- 
sored by the National Association 
of Corrosion Engineers will be held 
in Miami, Fla., April 18-22, 1966. The 
purpose of the Symposium is to 
familiarize engineers and scientists 
with the peculiar problems of stress 
corrosion testing, mechanisms, and 
evaluation of high strength mate- 
rials. 

Papers for this Symposium are in- 
vited. Approximately 100 word ab- 
stracts should be submitted by July 
31, 1965, to either the Chairman or 
Co-Chairman of the Symposium. The 
Chairman is Dr. L. R. Scharfstein, 
The Carpenter Steel Co., Front & 
Bern Sts., Reading, Pa., and the Co- 
Chairman is Mr. W. K. Boyd, Battelle 
Memorial Institute, 505 King Ave., 
Columbus. Ohio. 

New Members 

It is a pleasure to announce the 
following new members to The Elec- 
trochemical Society as recom- 
mended by the Admissions Commit- 
tee and approved by the Board of 
Directors for February 1965. 

Active Members 

Bard, A. J., Austin, Texas 
Bender, S. L., Andover, Mass. 
Bennion, D. N., Van Nuys, Calif. 
Brixey, Jr., J. C., Richardson, Texas 
Burkhardt, P. J., Poughkeepsie, N.Y. 
Carini, F. F., Scotia, N.Y. 
Chao, P.-Y., Torrance, Calif. 
Chapman, J. R., Pittsburgh, Pa. 
Chotkevys, G. P., Berea, Ohio 
Cioffi, F. J., Iselin, N.J. 
Clifton, J. K., Indianapolis, Ind. 
Conrad, R. W., Dallas, Texas 

Darland, Jr., W. G., Parma, Ohio 
Durham, H. B., Southfield, Mich. 
Evans, E. B., South Euclid, Ohio 
Finnie, L. N., Little Falls, N.J. 
Frank, W. B., New Kensington, Pa. 
Greef, Robert, Cleveland, Ohio 
Hadley, R. L., Gainesville, Fla. 
Hasler, M. F., Goleta, Calif. 
Healy, J. H., Lexington, Ky. 
L'Heureux, R. C., Fort Wayne, Ind. 
Hillenbrand, L. J., Columbus, Ohio 
Hodge, F. G., Poland, Ohio 
Hooton, K. A. H., Tempe, Ariz. 
Horak, F. A,, Pasadena, Calif. 
Kerr, D. R., Poughkeepsie, N.Y. 
Kesler, G. H., Coraopolis, Pa. 
Kestigan, Michael, Sudbury, Mass. 
Krauss, C. J., Trail, B. C., Canada 
LaBrie, J. J., Mountain View, Calif. 
Lacksonen, J. W., Columbus, Ohio 
Lambermont, Hank, Ogallala, Nebr. 
Levine, C. A., Concord, Calif. 
Littlewood, Roy, Hamilton, Ont., 

Canada 
Lord, D. E., Greensburg, Pa. 
MacKenzie, J. S., Arvida, P. Q., 

Canada 
Marek, R. W., Tonawanda, N.Y. 
Moyle, K. J., Palo Alto, Calif. 
Naiditch, Sam, Pasadena, Calif. 
Nicolliam, E. H., Murray Hill, N.J. 
Poling, G. W., Beacon, N. Y. 
Reed, Jr., M. W., Fort Wayne, Ind. 
Reyer, Greg, Danbury, Conn. 
Rigopulos, P. N., Melrose, Mass. 
Rychlewski, T. V., Seneca Falls, N.Y. 
Sagal, M. W., Murray Hill, N.J. 
Sanders, Daniel, Glastonbury, Conn. 
Skouson, G. W., Severna Park, Md. 
Steele. Ravmond. West Chester. Pa. 
~ a ~ l o ; ,  H."L.,  stin in, Texas ' 
Tuwiner, S. B., New York, N.Y. 
Van Gelder, D. W., Roermond, The 

Netherlands 
Wagner, Jr., J .  B., Evanston, Ill. 
Wakefield, Gene, Richardson, Texas 
Weinstock, I. B., Gainesville, Fla. 
Whyte, D. D., Pittsburgh, Pa. 
Wynn, J. E., Neptune, N.J. 
Young, J. P., Washington, D.C. 
Youngquist, J. A., Madison, Wis. 

Associate Member 

Schreier, L. A., Lansdowne, Pa. 
Cowen, Arthur, Detroit, Mich. 
Cuomo, J. J., Yorktown Heights, Student Associate Member 

N.Y. 
Dallas, Oak Park, Ill. 

Akiyama, 
Calif. 

Akitane, Los Angeles, 

ATTENTION, MEMBERS I AND SUBSCRIBERS ATTACH Change of Address 

I Mall to the Circulation 
Dspartment The Electro- 
chemlcal Siclety Inc 30 

I 
42 St., ~ a .  ;brk, 

H. r., 10017. address I 

Whenever you wrlte to I The Electrochem~cal Socl- 
ety about your membership 
or subscr~ptton, please ~ n -  I clude your Magame ad- 
dress label to ensure I prompt servlce. 

I 
c l h  state zip code I 

L, , , - - - , , , , - - - - - - -A  

Transfers from Student Associate to 
Active Membership 

Kovac, Zlata, Yorktown Heights, 
N.Y. 

Phillips, S. L., Poughkeepsie, N.Y. 
Plambeck, J. A,, Arlington Heights, 

71, 

To change your address, please l ive us LABEL tive weekso adranca notice. Place magallne 

HERE address la* here. w n t  your NEW address 
below. I f  you have any question about your 
subscriptlon or membership place your 
magazine label here and clip' this form to 
your letter. 

111. 

Schaer, M. J., Bozeman, Mont. 
Venkatachalam, S., Montreal, P.Q., 

Canada 

I 
I 
I 

Transfer from Active Membership to 
Student Associate 

Carbone, S. P., Lynnfield, Mass. 

Announcements 
from Publishers 

"Electronically Functional Organic 
Materials," Report AD 609 831N; 
$2.00. 

"Tables of Ideal Gas Thermodya- 
namic Functions for 73 Atoms and 
Their First and Second Ions to 10,- 
00O0K," Report AD 606 163N,* 
$7.55. 

"Corrosion of Metallic Materials by 
Uranium Hexafluoride a t  High 
Temperatures," Report AEC-TR- 
6504N,* $4.00. 

"Investigation of Power Sources for 
Man-Pack Equipment," Report AD 
610 104N,* $6.00. 

"Morphology of PbO* in The Positive 
Plates of Lead Acid Cells," Report 
AD 609 986N,* $1.00. 

"Solar Cell Performance a t  High- 
T e m p e r a t u r e s , "  R e p o r t  N65- 
11904N,* 50 cents. 

"A Review of Metal Cleaning by Ion 
Bombardment , "  R e p o r t  RFP-  
433N,* $2.00. 

"The Ion Exchange Properties of 
Cerium (IV) Compounds," Report 
AD 610 108N,* $3.00. 

Order from Office of Technical Services. 
U. S. Department of Commerce, Springfield. 
Va. 22151. 

Advertiser's Index 
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Patron and Sustaining Members 

of 
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Patron Members 

Aluminum Co. of Canoda, Ltd., Montreal, Que., Canada 

Dow Chemicol Co. 
Chemicals Dept., Midland, Mich. 
Metals Dept., Midland, Mich. 

International Nickel Co., Inc., New York, N. Y. 

General Electric Co. 
Capacitor Dept., Hudson Falls, N. Y. 
Chemical Laboratory, Knolls Atomic Power Laboratory, 

Schenectady, N. Y. 
Chemical and Materials Engineering Laboratory, 

Advanced Technology Laboratories, 
Schenectady, N. Y. 

Chemistry Research Dept., Schenectady, N. Y. 
Direct Energy Conversion Operation, West Lynn, Mass. 
Lamp Division, Cleveland, Ohio 
Materials & Processes Laboratory, Large Steam 

Turbine-Generator Dept., Schenectody, N. Y. 
Metallurgy and Ceramics Research Dept., 

Schenectady, N. Y. 

Olin Mathieson Chemical Corp. 
Chemicals Division,-'Research Dept., 

New Haven, Conn. 

Union Carbide Corp. 
Divisions: 

Carbon Products Division, New York, N. Y. 
Consumer Products Division, New York, N. Y. 

Westinghouse Electric Corp. 
Electronic Tube Division, Elmira, N. Y. 
Lamp Division, Bloomfield, N. J. 
Molecular Electronics Division, Elkridge, Md. 
Semiconductor Division, Youngwood, Po. 
Research Laboratories, Pittsburgh, Pa. 

Sustaining Members 

Air Reduction Co., Inc., New York, N. Y. 

Allen-Bradley Co., Milwaukee, Wis. 

Allied Chemical Corp. 
General Chemical Div., Morristown, N. J. 

Alloy Steel Products Co., Inc., Linden, N. J. 

Aluminum Co. of America, New Kensington, Pa. 

American Metal Climax, Inc., New York, N. Y. 

American Potosh & Chemicol Corp., Los Angeles, Calif. 

American Smelting and Refining Co., 
South Plainfield, N. J. 

American Zinc Co. of Illinois, East St. Louis, Ill. 

American Zinc, Lead & Smelting Co., St. Louis, Mo. 

M. Ames Chemical Works, Inc., Glens Folls, N .  Y. 

Ampex Corp., Redwood City, Calif. 

Basic Inc., Bettsville, Ohio 

Bell Telephone Laborotories, Ins., New York, N. Y. 
(2 memberships) 

Bethlehem Steel Co., Bethlehem, Pa. (2 memberships) 

Boeing Co., Seattle, Wash. 

Burgess Battery Co., Freeport, 111. (2 memberships) 

Burndy Corp., Norwalk, Conn. 

Conadion Industries Ltd., Montreal, Que., Canada 

Carborundum Co., Niagara Fails, N. Y. 

Chrysler Corp., Detroit, Mich. 

Consolidated Mining & Smelting Co. of Canodo, Ltd., 
Trail, B. C., Canoda (2 memberships) 

Continental Can Co., Inc., Chicago, Ill. 

Corning Glass Works, Corning, N. Y. 

Diomond Alkali Co., Painesville, Ohio 

Wilbur B. Driver Co., Newark, N. J. (2 memberships) 

E. I. du Pont de Nemours & Co., Inc., Wilmington, Del. 

Eagle-Picher Co., Chemical and Metals Div., Joplin, Mo. 

Eastmon Kadak Co., Rochester, N. Y. 

Eltra Corp. 
Prestolite Div., Toledo, Ohio 
C&D Batteries, Conshohocken, Pa. 

Electric Storage Battery Co., Philadelphia, Pa. 
(2 memberships) 

Engelhard Industries, Ins., Newark, N. J. 
(2 memberships) 

The Eppley Labomtory, Inc., Newport, R. I. 

Exmet Corp., Bridgeport, Conn. 

Fairchild Semiconductor Corp., Polo Alto, Calif. 

FMC Corp. 
lnorganic Chemical Div., Buffolo, N. Y. 
lnorganic Chemicals Div., South Charleston, W. Va. 

Foote Mineral Co., Exton, Pa. 

Ford Motor Co., Dearborn, Mich. 

Generol Motors Corp. 
Allison Div., Indianapolis, Ind. 
Delco-Remy Div., Anderson, Ind. 
Research Laboratories Div., Warren, Mich. 

General Telephone & Electronics Laborotories, Inc., 
Boyside, N. Y. (2 memberships) 

Armco Steel Corp., Middletown, Ohio Globe-Union, Inc., Milwaukee, Wis 
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B. F. Goodrich Chemical Co., Cleveland, Ohio National Lead Co., New York, N. Y. 

Gould-National Batteries, Inc., Minneapolis, Minn. National Steel Corp., Weirton, W. Va. 

G rw t  Lakes Carbon Corp., New York, N. Y. North American Aviation, Inc., El Segundo, Calif. 

Hanaon-Van Winkle-Munning Co., Matawan, N. J. Northern Electric Co., Montreal, Que., Canada 
(2 memberships) 

Norton Co., Worcester, Mass. 
Horshaw Chemical Co., Clevleand, Ohio (2 memberships) 

Owens-Illinois Glass Co., Toledo, Ohio 
Hercules Powder Co., Wilmington, Del. 

Penncolt Chemicals Corp., Philadelphia, Pa. 
Hi l l  Cross Co., Inc., West. New York,.N:J. 

Phelps Dodge Refining Corp., Maspeth, N. Y. 
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El Monte, Calif. Philca Corp.. Research Div., Blue Bell, Pa. 

Honeywell, Inc, Minneapolis, Minn. Philips Laboratories, Inc., Briorcliff Manor, N. Y. 

Hooker Chemical Corp., Niogara Falls, N. Y. Pittsburgh Plate Glass Co., Chemical Div., Pittsburgh, Pa. 
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Potash Co. of America, Carlsbad, N. Mex. 
HP Associates, Palo Alto, Calif. 

Radio Corp. of America 
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Co., Malibu, Calif. RCA Victor Record Div., Indianapolis, Ind. 

International Busineu.Machinw Corp., New York, N. Y. Ray-0-Vac Co., Madison, Wis. 
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Socony Mobil Oil Co., Inc., Dallas, Texas 
Jones & Laughlin Steel Corp., Pittsburgh, Pa. 
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Kawecki Chemical Co., Boyertown, Pa. 

Stouffer Chemicol Co., Dobbs Ferry, N. Y. 
Kennecott Copper Corp., New York, N. Y. 
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P. R. Mallary & Co., Indianapolis, Ind. United Stgtes Borox & Chemical Corp., Los Angeles, Calif. 

Melpor, Inc., Falls Church, Va. United States Steel Corp., Pittsburgh, Pa. 

Metal Pumping Services, Inc., Cleveland, Ohio Univac, Div. of Sperry Rand Corp., New York, N. Y .  

Miles Chemical Co., Div. of Miles Laboratories, Inc., Universal-Cyclops Steel Corp., Bridgeville, Pa. 

Elkhart, Ind. Upjohn Co., Kalamazoo, Mich. 
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Notional Cash Register Co., Dayton, Ohio Yardney Electric Corp., New York, N. Y. 
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