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Editorial 

Electrochemical Education and Training 

T H E  changes and advances in educational background and training 
of applicants for membership in The Electrochemical Society were discussed by Mr. 
Frank LaQue in his Presidential address, which was published in the July 1963 is- 
sue of This Journal. Among the points uncovered by Mr. LaQue's survey of educa- 
tional institutions, was the fact that there is only very limited opportunity for stu- 
dents to get direct training in Electrochemistry or Electrochemical Engineering at 
either the graduate or the undergraduate level. Rather, most institutions provide the 
opportunity to study at least some aspects of these subjects as parts of other courses, 
but in a much limited way. 

At first glance this may appear to be a sufficient and proper, even a desirable 
method of providing education and training in the various branches of electrochem- 
istry, assuming that the material presented is not too meager. The practical conse- 
quence, however, is that much of the important subject matter of our field is over- 
looked. There is generally little attempt to correlate the facts presented in the other 
courses; particularly with respect to their application to electrochemical engineering. 
The failure to coordinate then often leads to complete neglect of the newer aspects of 
our discipline; and the lack of emphasis on electrochemistry as such is coupled with 
a complete lack of recognition of The Electrochemical Society as a Scientific Institu- 
tion. 

The neglect of Electrochemistry as an important subject in its own right gets car- 
ried over into nonacademic fields. For instance in the new edition of the "Chemical 
Engineering Handbook," the Electrochemistry discussion section was eliminated; the 
Battery discussion was completely rewritten and included as part of the Electrical 
Engineering Section. So far as I can ascertain these matters were not checked with 
The Electrochemical Society. This treatment seems particularly unfortunate in view 
of the dynamic interest in electrochemical engineering currently being shown in vari- 
ous Chemical Engineering departments; and one deplores the misspelled words as 
well as the unsophisticated discussion of batteries which resulted. 

I believe that the lack of interest in our field of science displayed by some colleges 
is a consequence of their lack of even one faculty member whose research and teach- 
ing interests are in this discipline. Many of us are active in the various Alumni As- 
sociations of American Universities, and perhaps we should try to help stimulate this 
interest through those organizations where possible. In some cases it should be possible 
for qualified members of the Society to serve as classroom lecturers on a one-after- 
noon or a one-night a week basis in order to provide institutions with a staff member 
oriented toward electrochemistry and electrochemical engineering; this might pro- 
vide the necessary initial stimulus. 

-A. J. Salkindl 

1Physlcal Chemistry Division, Research Center. 
Engineering. Polytechnic Institute of Brooklyn. 

The Electric Storage Battery co.: Adjunct Professor Chemical 



Morphology of PbO, in the Positive Plates of Lead Acid Cells 
Jeanne Burbank 

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

ABSTRACT 

Several preparations of PbOz including positive active material from lead 
antimony and lead calcium cells were examined by electron microscopy. The 
morphology of the particles is believed to have a bearing on positive paste 
retention and plate performance in the lead acid cell. The anodic coating of 
PbOz formed on pure lead sheet in HzSO4 was found to be prismatic when &st 
formed, but lost its prismatic character on prolonged anodization and on 
cycling. 

The primary component of the positive plate in 
the fully charged lead acid cell is PbOz. This mate- 
rial exists in two polymorphic forms, the low-tem- 
perature a form is orthorhombic, and the high-tem- 
perature p form is tetragonal (1-3). Both phases 
have been observed in the positive plate active ma- 
terial of the battery and in anodic corrosion products 
on lead (4-7). The corrosion products, the surfaces 
of battery plates, and electrodeposits of PbOz have 
been examined by electron microscopy (7-11). 

Mineral deposits of PbOz, plattnerite, do not com- 
monly exhibit well-developed crystals, but occur 
in nodular masses (12). Synthetic p PbOz crystal- 
lized by hydrothermal treatment exhibits a mor- 
phology characteristic of its rutile structure type 
(13) ; however, most synthetic PbOz preparations 
do not give crystals large enough to be described by 
optical methods. 

The lead calcium storage battery was developed 
for float service in the telephone system (14, 15) 
and has proved satisfactory in such installations. 
In recent years the lead calcium cell has been used 
on submarines in float service, but many failures 
were experienced in the early installations. As part 
of an investigation of this problem, the positive 
plates were examined by electron microscopy. The 
major difference between failing and successful 
cells was found to be a startling contrast in mor- 
phology of the particles of PbOz in the positives 
(16). It is generally agreed that the strength of 
particulate conglomerates is imparted by the mor- 
phology of the several species present. For example, 
Sliepcevich, Gildart, and Katz (17) discussing 
Portland Cement concrete state that ". . .the strength 
of the concrete is attributable to an abundance of 
crystals in the form of splines, needles and films 
matted together and bonded together by the amor- 
phous mass." In agreement with this picturization, 
positive battery plates that contain mostly non- 
descript pebble-like nodular PbOl particles were 
found to soften and fail. On the other hand, plates 
made up of PbOz particles that were prismatic 
needles with many branches, possibly twinned, 
maintained capacity and retained a firm texture. 

Astakhov, Kiseleva, and Kabanov (11) examined 
electrolytic deposits of the two polymorphs of PbOz 
by electron microscopy and indicated that there was 
a relation between mechanical strength and mor- 

phology of the crystals in the electrode; they fur- 
ther suggested that the same considerations would 
apply to the stability of battery plates. 

For this investigation commercial battery plates 
from several manufacturers in both lead antimony 
and lead calcium cells were examined by electron 
microscopy. Considerable variation was found in 
the particle morphology. 

Experimental 

Carbon replicas (18) were prepared of the speci- 
mens of PbOz, and, after removal of the PbOz by 
solution in dilute HN08 containing HzOz, the replicas 
were examined in an RCA EMU-2B electron micro- 
scope. 

Particulate specimens of PbOz were dispersed by 
floating on water in a crystallizing dish and picked 
up on parlodion films supported on specimen screens 
of the electron microscope. The carbon replicas 
were deposited by vacuum evaporation. After rep- 
lication, the parlodion supporting film was dissolved 
in acetone by flooding the sample resting on a folded 
piece of filter paper from which the screens were 
then gently lifted with fine tweezers. The carbon 
replica would tend to be cemented to the screen 
mesh by any residual softened parlodion. The spec- 
imen was then touched to clean blotting paper and 
dropped onto the surface of the acid HzOz solution. 
Following solution of the PbOz, a matter of a min- 
ute or two, the specimen was transferred to a sur- 
face of distilled water. After rinsing, it was trans- 
ferred to blotting paper or onto a peg for air drying. 

The active material from the battery plates and 
a cycled specimen of lead sheet were extracted with 
saturated ammonium acetate solution in order to 
obtain dispersion of the PbOz into discrete particles. 
Acid extraction of PbsOl also gave a residue of 
PbOz that was examined. The extracted material 
was dispersed by placing a drop of the run on slurry 
on the surface of distilled water in a crystallizing 
dish where the particles would float out across the 
surface, and these were then mounted for replica- 
tion as described above. 

Anodized lead sheet was replicated directly after 
blotting dry. The surface was scored into small 
squares, and the sample was gently lowered into 
dilute acetic acid containing Hz0.2. Carbon films 
floated free on the surface and were transferred to 
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distilled water for rinsing. The films were then 
picked up on specimen screens of the electron 
microscope and air dried. 

Results and Discussion 
Anodic corrosion product on pure lead.-Earlier 

studies by electron diffraction (19) showed that the 
initial deposition of PbOz on pure lead by anodiza- 
tion in H2SO4 was preferentially oriented, and that 
on further anodization the deposit had random ori- 
entation. The initial deposit, Fig. 1, appears to be 
entirely prismatic, and clusters of crystallites of 
similar orientation are clearly discernible. This is 
the kind of deposit that is too thin to give x-ray 
diffraction patterns, but strong electron diffraction 
patterns are registered. The areas of similarly ori- 
ented crystallites confirm the electron diffraction 
observations of preferred orientation reported in 
the earlier studies. When the deposit was thickened 
by prolonged anodization, the coating began to spall 
from the surface. The electron micrograph, Fig. 2. 
of the anodic sample at this stage suggests that there 
is a total loss in prismatic character, and also shows 
the flaky nature of the coating. A coating of this type 
gives a polycrystalline diffraction pattern. As the 
specimen was cycled, the coating continued to shed, 
and it has been shown by Feitknecht and Gaumann 
(7-8) that the surface becomes covered with nodular 
concretions of PbOz. The individual particles are 

Fig. 3. Particles of PbOz isolated from a sheet of pure lead cycled 
8 times in HzSO4. The individual particles are difficult to disperse 
and tend to clump together; however, they appear to be approxi- 
mately 0 . 1 ~  in diameter, and to be spheroidal. These particles are 
believed to be obtained by conversion from PbSOd and, unless bound 
by mechanical or chemical forces, readily detach themselves from 
the electrode surface. 

submicron size and appear to be spheroidal. Figure 
3 shows a carbon replica of such particles isolated 
from the surface of the cycled specimen. These par- 
ticles are rather uniform in size and appear to be 
approximately 0 . 1 ~  in diameter. This is in the same 
range observed by Feitknecht and Gaumann and 
Burbank (8, 20); however, on the basis of x-ray 
line broadening, Feitknecht (7) estimated the par- 
ticles to be about 100A. It is difficult to obtain good 
dispersion of such fine material by the techniques 
used in this work; however, these certainly lie 
within the colloidal range. It is these particles that 
form a reddish cloud in the electrolyte near the 
electrode surface if gas evolution is vigorous enough, 
and in turn give rise to lead trees as they circulate 
in the cell and come into contact with the negative 
electrode. As the anodic coating builds up, it tends 
to lose electrical contact with the lead surface and 
continuity between individual particles. In Plant6 
plate formation it is necessary to retain the PbO, 
particles in a mass on the surface in order to get 
adequate capacity from the plates. Feitknecht's 
electron micrographs taken during self-discharge 

Fig. 1.  Pure lead sheet anodized in H2S0, for 68 hr. This thin show that prismatic sulfate crystals grow during 
coating of PbOz is prismatic and appears to exhibit definite areas open-circuit stand. In a study of lead calcium cells 
of preferred orientation of the crystallites. (16) it was shown that even in pasted plates when 

the active material is composed of nondescript nod- 
ular PbOz particles, the plates would not give satis- 
factory capacity until sufficient prismatic PbS04 
had been formed to bind the mass together. Plant6 
in 1887 (21) described similar behavior thus: "A 
singular phenomenon frequently observed with 
secondary lead cells: it is found that immediately 
after charging, the battery will not pass enough 
current to heat a platinum wire, but after standing 
on open-circuit for about 24 hours it will heat the 
same wire to incandescence." He attributed this to 
a film of gas, but it appears from the electron micro- 
scopic investigations that during the 24 hr stand 
sufficient sulfate crystallized to cement the particles 

Fig. 2. Pure lead sheet anodized in HzSO4 for 1464 hr. The in- 
into a conducting mass. 

dividual crystallites of thinner films (Fig. 1 )  have disoppeared, and Battery positive active 
the coating is flaking away from the surface. from commercial battery plates shows a wide vari- 
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ety of particle morphology varying from complex 
prismatic crystals to nodular forms. Some commer- 
cial plates appear to be entirely prismatic in na- 
ture while others are entirely nondescript nodular 
formations. Still others contain clusters of well- 
developed prismatic crystals in a matrix of non- 
descript material. These formations are illustrated 
in the electron micrographs shown in Fig. 4-8. It 

Fig. 7. A large cluster o f  prismatic crystals showing many side 
arms illustrating the interlocking believed t o  be associated with 
morphology o f  this type which is believed t o  impart mechanical 
strength to the positive paste. 

Fig. 4. Positive active material from lead calcium cells showing 
almost entirely prismatic crystallization. Plates composed of  these 
particles remained f irm and retained capacity i n  shallow cycling 
tests. 

Fig. 8. Particles of positive active material showing an inter- 
mediate development of prismatic character. These particles retain 
some prismatic form, but are not characterized by intricate branch- 
ing and would not be expected t o  impart mechanical strength to the 
active mass. 

Fig. 5. Positive active material from lead calcium cells showing 
predominantly nodular crystallization. Plates composed of  these 
particles softened and failed after a few weeks of shallow cycle 
testing. 

Fig. 6. Positive active material from a lead antimony cell. Massive 
prismatic conglomerates were characteristic of the active material 
i n  this sample. 

has been shown in an earlier study (16) that plates 
containing large amounts of prismatic material 
maintained capacity whereas plates comprised 
mainly of nondescript particles suffered drastic 
capacity loss and failed because of softening of the 
active mass. If the plates containing nondescript 
particles were operated in such a way as to retain 
prismatic sulfate crystals in the active material, 
satisfactory performance could be obtained from 
them. It is apparent that morphology of the particles 
plays a significant role in the retention of the posi- 
tive active material in the lead acid cell. 

Miscellaneous preparations.-Reagent grade PbOe 
was also examined as a matter of curiosity, and the 
sample available at this Laboratory showed a mix- 
ture of prismatic and nondescript particles Fig. 9. 
The growth habit of the prismatic crystals was dif- 
ferent from that exhibited by the prismatic battery 
samples. 

If Pb3O4 is extracted with acids that react with 
the divalent lead, PbOz is deposited. The lattice of 
Pb3O4 contains both di- and tetravalent lead, and 
the residue of PbOz is formed by deposition from 
solution. This material is not contained as such in 
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The individual particles are very small, and no pris- 
matic forms were observed. 

It is concluded that the morphology of battery ac- 
tive materials may be correlated with the perform- 
ance of the plates at  least under certain conditions. 
Optical microscopic examination of the active ma- 
terials (22) has also shown variations in structure 
of a different order of magnitude. These studies sug- 
gest that improvements in battery performance may 
be expected to result from such examinations of 
structures and physical mechanisms of operation. I t  
is hoped that this study will serve to stimulate fur- 
ther investigations of paste morphology and its re- 
lation to electrochemical and mechanical properties 
of battery active materials. 

Fig. 90. Particles of reagent grade PbOz. Prismatic crystals Manuscript received Jan. 28, 1964. 
showing a growth habit different from those contained in the Any discussion of this paper will appear in a Discus- 
active material of the cells illustrated in Fig. 4, 6, and 7. sion Section to be published in the June 1965 JOURNAL. 

Fig. 9b. Particles of reagent grade PbOz. Mixture of nodular and 
prismatic forms. This type of material formed the bulk of the 
sample. 

REFERENCES 
1. A. I. Zaslavskii, Yu. D. Kondrashov, and S. S. Tol- 

kachev, Doklady Akad. Nauk. S.S.S.R., 75, 559 
(1950). 

2. A. I. Zaslavskii and S. S. Talkachev, J. Phys. Chem. 
USSR, 26,743 (1952). 

3. W. B. White, F. Dachille, and R. Roy, Am. Ceram. 
SOC. J., 44,170 (1961). 

4. H. Bode and E. Voss, Z. Elektrochem., 60, 1053 
(1956). 

5. P. Ruetschi and B. D. Cahan, This Journal, 104,406 
(1957). 

6. J. Burbank, ibid., 106,369 (1959). 
7. W. Feitknecht, Z. Elektrochem., 62,795 (1958). 
8. W. Feitknecht and A. Gaumann, J. Chim. Phys., 49, 

135 (1952). 
9. J. E. Buskirk, P. D. Boyd, and V. V. Smith, Paper 

presented at the Electrochemical Society Meeting, 
Houston. Texas. October 1960 (Extended Ab- 
stract 19'). 

10. D. Spahrbier, Thesis: Zum elektrochemischen Ver- 
halten der Bleidioxydelektroden Technischen 
Hochschule, Stuttgart, 1960. 

11. I. I. Astakhov, I. G. Kiseleva, and B. N. Kabanov, 
Doklady Akad. Nauk. S.S.S.R., 126, 1041 (1959). 

12. C. Palache, H. Berman, and C. Frondel, "Dana's 
System of Mineralogy," Vol. 1, p. 581, John Wiley 
& Sons, Inc., New York (1944). 

13. H. R. Davidson, Am. Min., 26, 16 (1941). 
14. H. E. Haring and U. B. Thomas, Trans. Electro- 

chem. Soc., 68, 293 (1935). 
15. U. B. Thomas, F. T. Forster, and H. E. Haring, ibid., 

92,313 (1947). 
16. J. Burbank, Batteries, Proceedings of the 3rd In- 

ternational Symposium, Bournemouth, England, 
October 1962, p. 43. 

17. C. M. Slie~cevich. L. Gildart, and D. L. Katz. Ind. 
Fig. 10. PbOz obtained by extraction of Pb301. The smallest in- Eng. ch&, ~ n d .  ~ d . ,  35,1178 (1943). 

dividuals appear to be spheroidal, and the large particles may be 18. D. E. Bradley, Brit. J. Appl. Phys., 5,65, 96 (1954). 
conglomerates of these small units. There appears to be no tendency 19. J. ~ ~ ~ b ~ ~ k ,   hi^ ~ ~ ~ ~ ~ ~ l ,  103, 87 (1956). 
toward prismatic development. 20. J. Burbank, ibid., 104,693 (1957). 

21. G. PlantB, RQcherches sur L'ElectricitC, Librarie de 
the Pb3O4 lattice. Figure 10 is an  electron micro- A. Fourneau, Paris 1679, p. 72 ff. 
graph of the ~ b O z  residue obtained from extracting 22, A. C. Simon and E. L. Jones, This Journal, 109,760 
Pb304 and shows a lack of well developed crystals. (1962). 



Thermogalvanic Cells with Silver Iodide as a Solid Electrolyte 
1. L. Weininger 

Research Laboratory, General Electric Company, Schenectady, New York 

ABSTRACT 

Experiments with the thermocells Ag/a-AgI/Ag and Iz/a-AgI/IZ are de- 
scribed and compared with theory. The combination of the solid electrolyte, 
a-AgI, with iodine gas diffusion electrodes gives the iodine cell a figure of 
merit of 1 x 10-3 deg-1 and a theoretical efficiency of 5.1%. In operation of 
this cell, iodine gas is evolved at the cold electrode and consumed at the hot 
electrode. These electrode reactions are reversible. In the silver cell, compli- 
cations are introduced by the formation of silver dendrites at the cathode. 

Thermogalvanic cells, "thermocells" for short, are 
nonisothermal cells usually with identical elec- 
trodes in contact with an electrolyte. A difference in 
temperature of the two electrodes produces an emf 
(thermopotential) which causes a galvanic current 
to flow. The temperature coefficient of the thermo- 
potential is the "thermoelectric power" of the elec- 
trolytic cell analogous to the thermoelectric power 
of electronic thermal converters. 

Thermocells with solid electrolytes were first 
studied by Reinhold (1, 2) who was primarily in- 
terested in their thermodynamic aspects. Wagner 
(3) elaborated on the theory and studied the inter- 
relation of the thermogalvanic effect with other 
heat effects. More recent investigations are due to 
Holtan (4, 5). A very recent and comprehensive 
review is due to Agar (6). 

Among solid electrolytes silver halides have the 
largest ionic, conductivities. Over the past years 
they have been studied in this Laboratory as elec- 
trolytes for galvanic cells (7, 8)  as well as for ther- 
mocells. Alpha-silver iodide, a stable form of AgI 
in the temperature range 146"-552", is particularly 
suitable for use in thermocells. This report, there- 
fore, deals with thermocells containing W-AgI as the 
electrolyte. Two types of thermocells are consid- 
ered. In the "silver cell" the electrodes are silver 
(Ag/a-AgI/Ag) ; in the "iodine cell" iodine gas dif- 
fusion electrodes are used (12/a-AgI/Iz). Both cells 
are discussed, but more emphasis is placed on the 

iodine cell which is thought to have more promise 
of practical application. 

Mechanism.-The mechanisms of the present 
thermocells are shown in Table I. For the silver 
cell, the mechanism was proved by Reinhold; the 
present work experimentally verifies the mechan- 
ism of the iodine cell. The latter is also the subject 
of a recent patent (9 ) .  The thermoelectric power of 
the iodine cell and the dependence of this important 
parameter on the iodine vapor pressure were first 
reported by Wagener (10). 

Silver Thermocell-Ag/a-Agl/Ag 

Cell construction.-Three cell types shown in 
Fig. 1 were used. 

Cell I consists of two silver electrodes, 2 mm 
thick, which sandwich the AgI electrolyte. The 
lower electrode (anode) is heated. The electrolyte 
is a disk 4 mm thick and 5.07 cm2 in area), con- 
tained in a Pyrex spacer to prevent deformation. 

In Cell I1 the cathode (colder electrode) is a sil- 
ver cup which is maintained above the transforma- 
tion temperature of a-AgI (146'). AgI is melted 
and solidified in the cathode under an inert atmos- 
phere to establish the electrolyte. The anode (hotter 
electrode) is a block of silver at the end of the tip 
of a soldering iron. 

Cell I11 has the same electrodes and heating ar- 
rangement but the electrolyte is a porous ceramic 
disk (alumina) impregnated with AgI. The porous 

Table I. Mechanism of therrnocells 

Silver thermocell Iodine therrnocell 

Anode: 

Electrolyte: 
Cathode: 

Net change per 

$ &/a-AgI/Ag e 
cold hot 
at T atT+AT 

Temperature: T + AT 
Reaction: Ag -* Ag+ + e- 

Ag+ moves from hot to cold electrode. 
Temperature: T 
Reaction: Ag+ + e- + Ag 

Faraday electricity: transport of 1 mole of silver from hot 
to cold electrode. 

$ Iz (Mela-AgI/Iz(Me) 9 
hot cold 
atT + AT at T 
where Me = inert electrode 
T 
i- -* $12 + e- 
(or, AgI -* MI2 + Ag+ + e-) 

PI, increases 
Ag+ moves from cold to hot electrode. 
T + AT 
MG + e- + I- 
(or, Ag+ + MI2 + e- -, AgI). 

 PI^ decreases 
transport of M mole of iodine from 
cold to hot electrode. 
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Fig 1. Silver thermocells 

Fig. 2. Thermopotential-current curves for silver thermocell I 

matrix was used in an attempt to overcome den- 
drite formation. 

Results.-The experiments confirmed the known 
mechanism, i.e., that transport of silver takes place 
from the hot to the cold electrode, with the former 
as the negative pole. 

The thermopotential-current curves obtained 
with Cell I are shown in Fig. 2. The pertinent data 
of the two plots are: 

AT = 114'C, Thot = 397', To ,  = 283', AE/AT 
= 0.60 mv/deg, slope = 1.33 ohms 

AT = 226"C, Th = 38Z0, Tc = 156', AE/AT 
= 0.56 mv/deg, slope = 1.57 ohms. 

With the given geometry the internal resistance 
should have been 0.056 ohm. Thus, the measured 
values indicated only about 4% effective contact. 
Jn another experiment at AT = 85", an open cell 
voltage of 46 mv was measured. On passing a total 
of 290 coulombs in the external circuit, the anode 
had lost an amount of Ag equivalent to 373 cou- 
lombs, which was not deposited on the cathode. 
Thus, a 22% loss of Ag from the anode and almost 
constant cathode weight were evidence of an irre- 
versible change. This was explained by the appear- 
ance of cell I at the end of the experiment, which 
is illustrated schematically in Fig. 3. The anode was 

Ag CATHODE 
I 

Ag I ELECTROLYTE 

A~  ENDR RITES 
Ag I ELECTROLYTE 

I1 

DARKEMING DUE TO 
SOLUTMN OF Ag IN Ag I 

- 
7- Ag ANODE 

Fig. 3. Dendrite formation in operation of silver thermocell 

etched in spots (111), indicating irregular dissolu- 
tion of silver ions. These formed dendrites at the 
cathode (I) instead of depositing on the electrode. 
Silver grains extended also from the cathode into 
the electrolyte (11). 

Better short-term performance was obtained 
with cell I1 because of its tighter construction. and 
closer electrode spacing, but dendrite formation be- 
came an even more serious problem. At AT = 414" 
-150 = 264'C, by shorting the cell through the 
0.011 ohm range of an ammeter a current of 500 ma 
was obtained. Dendrites were first seen 8 min after 
the start of the experiment and after 53 min the 
cell became internally shorted. As the current 
slowly decreased, a total passage of about 1000 
coulombs was estimated. 

With the construction of cell 111, dendrite forma- 
tion was slowed down, but some polarization oc- 
curred so that the lifetime of the cell was increased 
by a factor of 20 whereas the resistance of the cell 
increased by a factor of 5. 

These experiments indicate that dendrite forma- 
tion and the lack of deposition of silver at the 
cathode are formidable obstacles to the proper 
functioning of the silver thermocell. To obtain 
larger current production, commensurate with the 
large conductivity of the electrolyte, would require 
homogeneous deposition and migration of the car- 
rier-ion (Agt). In the iodine thermocell, a different 
set of experimental difficulties are encountered. 

Iodine Thermocell-lz/a-Agl/l~ 

Both the iodine and silver thermocells have the 
same electrolyte with its highly desirable ionic 
conductivity ( p  = 0.38 ohm-cm at 500°, 0.47 ohm- 
cm at 350") (11, 12). They differ, however, in that 
the carrier-ion (Ag+) moves in opposite directions 
with respect to the temperature gradient. Hence, 
the net transport of material, iodine and silver, re- 
spectively, is in opposite directions. This is illus- 
trated in Table I, which also shows that in the 
iodine cell the iodine pressure is increased at the 
cold electrode (anode) and decreased at the hot 
electrode (cathode). 

Cell construction.-Two main problems in the 
design of the iodine cell are the use of gas diffusion 
electrodes, and the contraction of the room tem- 
perature form of AgI on heating and at the transi- 
tion point 8-AgI + a-AgI. 

Most metals react with iodine at elevated tem- 
peratures. However, for preliminary experiments 
platinum and tantalum were chosen as electrodes 
because they had proved to be satisfactory for the 
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Fig. 4. Iodine thermocell 

Fig. 5. Detail of iodine thermocell 

iodine electrode in the galvanic cell I2/a-AgI/Ag 
(8). Later on, porous carbon was found to be a 
preferable electrode material. Hence the electrodes 
were prepared from "Ultra-purity" graphite rods, 
supplied by the United Carbon Products Company. 
These electrodes had a porosity of 27% and a resis- 
tivity of 8 x ohm-cm. 

Below the temperature of transformation of j3- 
AgI to a-AgI at 145.8OoC (12) and during this 
transformation the electrolyte contracts on heating. 
Thus, the cell must accommodate contraction and 
expansion of the electrolyte, on heating and cooling, 
without either losing contact between electrode and 
electrolyte, or putting undue strain on the elec- 
trodes and their supports. This presents a problem 
of cell design that was solved by mounting the cell 
on glass supports within the Pyrex housing which 
contained glass bellows. The cell is shown in the 
photograph of Fig. 4. Details of the cell are sketched 
in Fig. 5. The electrolyte is a disk of AgI, 14 mm 
in diameter and 3 mm thick. The electrodes, with 
the same diameter and a thickness of 6 mm, contain 
small doubly wound spiral heaters (H, and Hz) 
made of 0.010 in. platinum wires, which were in- 
sulated with a thin layer of AlzOs. These heaters 
were covered with graphite plugs (e.g., CY). The 
thermocouple leads (TC1 and TC2) were also in- 
sulated and the electric leads (L, and L2) were 
pressure-fitted into the graphite blocks. The two 
electrodes were identical except that on one there 
was a shoulder to provide a temporary wall (not 
shown) for melting the AgI under an inert atmos- 
phere. For operation, iodine crystals were placed 
in the housing and the cell was evacuated and 

Table II. Performance of the iodine cell 

Internal 
Fxperi- Tr T.. AE/AT, resistance, 

ment No. ' C  'C  AE. mv mv/deg ohms 

At current CO.8 ma. 
**  At current >1 ma. 

closed. At room temperature an iodine vapor pres- 
sure of approximately 0.3 mm Hg was then estab- 
lished. 

Results.-Table I1 summarizes the thermopoten- 
tion-current curves shown in Fig. 6. Within the ex- 
perimental error the temperature coefficient of the 
thermopotential, the "thermoelectric power" of the 
cell, is in agreement with values calculated from 
thermodynamics. This is discussed below. The in- 
ternal resistance of the cell, 70 ? 10 ohms, depends 
on the effective contact area of the interfaces be- 
tween the inert electrode, the electrolyte, and the 
gas. 

An important characteristic of the iodine ther- 
mocell is the advance of the solid electrolyte into 
the pores of the hot electrode. The coulombic (cur- 
rent-delivering) capacity of the cell, therefore, will 
be limited by the geometry of the electrodes, but 
reversing the temperature gradient will renew the 
capacity of the cell. A test of this capacity is shown 
in Fig. 7. The cell was discharged through an ex- 

CURRENT (ma I 
Fig. 6. Thermopotential-current curves for iodine cell 

0 2 

E L A  0 M 40 TIME 60 I n1n.l 80 DO 120 YO 160 

Fig. 7. Coulombic capacity of iodine cell; cell on 100 ohm load; 
capacity 8.5 coulombs. 
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fusing gas to reach the site of the electrode reaction 
could account for these oscillations. 

Summarizing the experimental results: 
1. The thermoelectric power of 1.2 to 1.4 mv/deg 

has been experimentally established for the iodine 
03- cell. 
a2- 2. The electrode reactions are very fast. - 

0 0 1 -  3. Reversal of the sign of the potential (hence 
current) on reversing the temperature gradient is 
instantaneous. 

-02- 
4. The internal resistance of the present cell, ap- 

-03- 
proximately 70 ohms, is large. A perfect three- 
phase interface with the present design would give 

-04- a cell resistance of 0.11 ohm. Such a 700-fold im- 
-a5- provement in cell performance may not be realized 
-06- due to the specific nature of a gas diffusion elec- 

trode. However, this experimental fact points up 
Fig. 8. Current output of iodine thermocell on reversal of tern- the area in which further work should be pursued, 

perature gradient. 

ternal resistance of 100 ohms (AT = 150°, Th = 

361°, T, = 211°, open cell potential = 204 mv, BE/  
AT = 1.36 mv/deg). The test was terminated 
when the current dropped to 0.5 ma, slightly more 
than one-half its original value. A total of 8.5 
coulombs was obtained. 

Response to a change in the temperature gradient 
seemed to be instantaneous. An illustration of this 
is the reversal of current on reversing the tempera- 
ture gradient of the cell at the end of the above life 
test. This is shown in Fig. 8. At time zero the heat- 
ing of the hot electrode was discontinued and the 
temperature of the other electrode was increased. 
The change from positive to negative current pro- 
ceeded smoothly, and the indicated change of the 
slope of the curve was due to lowering the heating 
current of the newly "hot" electrode. This change 
in cell output was instantaneous. 

The motion of the electrolyte was observed as a 
regularly advancing front of AgI at the outside of 
the hot carbon electrode. Likewise, it receded on 
reversing the thermal gradient. In fact, the data of 
Fig. 6 were obtained on current reversal after ex- 
hausting the cell in the reverse direction. The few 
steps in the current-time curve of Fig. 7 are be- 
lieved to be real and due to blockage of some of the 
electrode's pores. 

Increasing the iodine pressure by raising the 
temperature of the whole assembly did not improve 
the cell performance. This improvement would be 
expected if the diffusion of iodine in the electrodes 
were enhanced by reducing the pressure at the 
anode where iodine is formed, and by increasing 
the pressure at the cathode, where iodine is con- 
sumed. In the present cell, however, the anode and 
cathode were in one gaseous environment in which 
the iodine pressure was equalized by convection. 

When the cell in one of its discharge cycles was 
nearly exhausted, an interesting current oscillation 
was observed. The current showed irregular but 
periodic fluctuations. This phenomenon is not yet 
understood, but it might be traced to the breakdown 
of the electrode/electrolyte/vapor interface. For 
example, the complete coverage of the inert elec- 
trode by the electrolyte, or the inability of the dif- 

Discussion 
Recently, Euler (13) has discussed the present 

iodine thermocell and has considered it as one of 
several promising unconventional thermal convert- 
ers. In comparing it with other converters, the ad- 
vantages of the thermocell are its basically simple 
construction and its reasonably large power output. 
These advantages are due to the combination of the 
solid electrolyte with iodine gas as the electrokinet- 
ically active species. As with other thermal con- 
verters the disadvantage of the thermocell is its 
inherently low efficiency of converting thermal into 
electrical energy. In the following discussion, before 
dealing with the thermal efficiency of the cell, the 
experimentally obtained thermoelectric power of 
the iodine cell is compared with that calculated 
from thermodynamic considerations. The efficiency 
of the thermocell and its applications are then con- 
sidered (including the heat input into the thermo- 
cell in relation to solar energy conversion). 

Evaluation of the themnoelectric power of the io- 
dine cell.'-The thermodynamic evaluation of the 
thermoelectric potential is complicated by the ir- 
reversibility of the nonisothermal system. In terms 
of entropy changes homogeneous transport proc- 
esses and heterogeneous effects at the phase bound- 
aries (electrodes) must be considered. From a mod- 
ern viewpoint of ionic conductance, the homogene- 
ous potential difference, which is due to the tem- 
perature gradient, is given in terms of heats of 
transport for interstitial ions (14). The heterogene- 
ous effects include contact potential differences at 
the electrodes as well as the heterogeneous cell 
reactions. Fortunately, in the cell containing a-AgI 
as the electrolyte, the cell reaction overshadows all 
the other contributions to the over-all entropy of 
the process so that for a first approximation the 
Gibbs-Helmholtz equation may be applied. Pre- 
sumably this is due to small magnitude of the 
transport entropies in the already disordered cati- 
onic lattice and due to the small magnitude of the 
contact potentials. 

1 An excellent com~rehensive review of thermoaalvanic cells. 
particularly of their theoretical aspects, has been published re-  
cently (6). The author states that the flgure of merit for solid 
electrolytes is less than 0.5 x lo4 der? -I. However. for As1 the 
figure of merit is about 1 x 104. - 
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Table Ill. Variation of thermoelectric power of iodine 
cell with temperature 

Temperature C. ST - S * e o  4hS 12 dE/dT. 
'C 'K cal/deg mole mv/deg 

' By convention a plus sign of the thermoelectric power corre- 
sponds to a positlve current, at the cold interlace. flowlng In a di- 
rection from the electrode to the electrolyte. 

Table IV. Comparison of experimental and calculated 
thermoelectric power 

Mean Thermoelectric power 
Experiment No. temperature. 'K Experimental Calculated 

4 523 1.36 1.45 
2 535 1.33 1.45 
1 574 1.19 1.46 
3 631 1.24 1.48 

Following Holtan (4) for the cell reaction 

we can calculate the thermopotential 

For small temperature gradients this has been 
shown to give good agreement for the cells Clz/ 
PbCl2/Cl2, Cl2/AgC1/Clz, and Brz/AgBr/Brz (5). 
For the iodine cell Iz/AgI/12 the range of applica- 
bility of the equation should be even larger because 
of the greater ease of transport in the solid elec- 
trolyte. 

The entropy of iodine gas at 25'C is given by 
Eastman, (15) SIz (z ,,.,, = 61.8 e.u., and the heat 
capacity is given by Kelley (16) 

from which we obtain the thermoelectric power for 
the iodine cell as shown in Table 111. 

In Table IV the experimental and calculated val- 
ues of the thermoelectric power are compared at 
the mean temperatures at which the cell was oper- 
ated. Although there is considerable experimental 
error in determining the thermoelectric power it is 
seen that the deviation of the experimental from 
the theoretical value becomes larger at higher tem- 
peratures. This may reflect the extent to which the 
above simplifying assumption in the calculation of 
aE/aT were valid. 

Eficiency of iodine thmocel1.-Analogous to 
electronic thermoelectric converters the efficiency 
of electrolytic thermocells depends on the thermo- 
electric power of the cell, a, in volts/degree (above 
denoted by AE/AT), the electrical resistivity, p, in 
ohm-cm, and the thermal conductivity, k, in watts/ 
centimeter-degree. These quantities are accurately 
known for the iodine cell except for the thermal 
conductivity of a-AgI, which is estimated to be k 
= 0.004 w/cm deg. At 500" and 350°C, p = 0.38 

and 0.47 ohm-cm, respectively. With a = 1.3 mv/ 
deg a figure of merit, Z = a2/pk of 1.1 x at 500" 
and 0.9 x at 350" is ~btained.~ This compares 
favorably with the best semiconducting elements. A 
change of the cell geometry would affect absolute 
values of power output and heat losses, but would 
not change the efficiency. This is illustrated by a 
relation due to Telkes (17) 

1 
Efficiency = X 100 (%) 

where k, p, and a have the same meaning as before, 
but a is expressed in millivolt/degree, and TI, and 
T, are the temperatures of the hot and cold side of 
the cell, respectively, in degrees K. The efficiency 
defined by this equation is the percentage of the 
maximum power output relative to the heat input 
at the hot electrode or junction. The first term in 
the denominator is a Carnot heat term; the second 
term resembles the above figure of merit. For the 
iodine cell, at a mean temperature of 350°C, and a 
temperature gradient of 300' this efficiency is 5.1%. 

Applications of thermocel1s.-The efficiency of 5.1 
represents the theoretical limit of the heat which 
can be converted into electrical energy by the 
iodine cell at a reasonable mean temperature and 
temperature gradient. It assumes that heat is con- 
ducted only from the hot to the cold electrode 
through the solid electrolyte without any heat losses 
except those due to the cell reaction. In practice 
the operating temperatures of the cells containing 
the AgI electrolyte are sflciently low so that radi- 
ation effects can be neglected. Losses by conduction 
in the mechanical supports of the electrodes, and 
by convection of the iodine gas, must be minimized. 
At best an actual efficiency of a few per cent will 
be achieved. Thus, the application of thermocells is 
limited to the conversion of waste heat, and possi- 
bly to solar energy conversion. 

In connection with solar energy conversion, the 
solar intensity must be increased by a factor of 10 
in order to increase the heat input into the thermo- 
cell. For maximum cell output this can be shown 
to be necessary by matching the valu'e of solar in- 
tensity with the geometrical requirements and 
thermal properties of the AgI electrolyte. It follows 
that for conversion of solar energy, in addition to 
the solution of design problems of the thermocell, 
provision must be made for a focusing device. Fur- 
thermore, for continuous operation of the iodine 
cell, means of reversing the temperature gradient 
must also be found. 
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2.411 experimental determination of the thermal conductivity of 

a-AgI ia now being made. The estimates of the figure of merit may 
have to be changed accordingly. 
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Any discussion of this paper will appear in a Dlscus- 
sion Section to be published in the June 1965 JOURNAL. 
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The Effect of Abrasion on the Specific 

Surface Area of Metals and Glass 

R. 1. Adams, H. L. Weisbecker, and W. J. McDonald 
Minnesota Mining & Manufacturing Company, St. Paul, Minnesota 

ABSTRACT 

The surface areas of polished and abraded surface. have been investigated 
using adsorption from solution of carbon-14 tagged acetic acid, stearic acid, 
and N-ethyl-N-perfluorooctanesulfonylglycine. Adsorption rates, isotherms, 
heats of adsorption, and desorption characteristics are given for the unique 
acetic acid system. The effects of abrasion conditions on the surface area of 
steel have been investigated in detail. Specific surface areas ranging from two up 
to ten were obtained for various abrasive speeds, loads, and mineral types, and 
comparable surface areas were obtained for abraded surfaces of glass. Meas- 
ured areas decreased with increased adsorbate chain length and with increased 
abrasion temperature. Accordingly, a possible mechanism for abrasion of steel 
is suggested which involves formation of microcracks. At the higher localized 
temperatures, more of these surface fissures may become sealed due to surface 
flow or reaction with oxygen. 

Detailed studies of the processes of abrasion and 
polishing of metals are important for several rea- 
sons. Aside from surface finish and lubrication con- 
siderations, the new surfaces generated may have 
unique chemical properties and may influence bulk 
tensile and fatigue characteristics. Information has 
been contributed by many investigators [a partial 
listing is given (1-6)]; however, many questions 
remain unanswered. Samuels (7) has outlined the 
most pertinent of these. 

Prominent among these problems is the question 
of the detailed microstructure of the so-called "de- 
formed layer" formed by the abrasive action (1) 
and the effect of various abrasion parameters on 
this structure. One purpose of this work was to 
investigate the nature of abraded metal surfaces 
with respect to their specific surface area1 and 
study the effect of abrasion conditions on this area. 
It was hoped that this study would afford an in- 

1 "SpecUic surface area'' for planar solids is defined as the ratio 
of the true surface area (as approximated by the adsorption meas- 
urement) to the gross geometric area (planar area of the sample). 
Some authors have referred to thb quantity as the "roughness 
factor" to avoid confusion with the spedflc surface area of pow- 
ders (reported in square meters per gram); however we regard 
this term as misleading. In this work, the symbol RS has been 
adopted to represent the specffic surface area. 

sight into the mechanism of abrasion and structure 
of the deformed layer. 

Work has appeared concerning the effect of sur- 
face area on the chemical reactivity of metal sur- 
faces as regards the phenomena of oxidation, cor- 
rosion, and adhesion. Some of these studies have 
concerned abraded surfaces (8,9). However, dif- 
ficulty in measuring and interpreting measurements 
of surface area has been a factor in the common 
neglect of this quantity in studies concerning sur- 
face reactivity. Another purpose of this study was 
to provide detailed reference data concerning sur- 
faces generated by abrasion. 

Adsorption from solution of carbon-14 tagged 
organic acids was used to estimate the surface area. 
This method was chosen because of its experimental 
simplicity, excellent sensitivity, and because ad- 
sorption phenomena a t  liquid-abraded metal inter- 
faces are of interest per se. Several investigators 
have evaluated the merits of solution adsorption of 
tagged acids and other adsorbates for the measure- 
ment of surface area (9-12). In general, results for 
powders and planar metal surfaces using solution 
adsorption techniques have shown good agreement 
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with values found by gas adsorption and other in- 
dependent methods (13-16). 

Three adsorbates were used in this work; acetic 
acid, N-ethyl-N-perfluorooctanesulfonylglycine2 and 
stearic acid, each tagged with carbon-14 in the car- 
boxyl group. This permits an evaluation of the ef- 
fect of adsorbate chain length on the measured sur- 
face area, since the chain lengths are in the ratio 
1: 6: 9. The adsorption of stearic acid on powders 
and planar metal surfaces has been well character- 
ized (12, 14). Results for acetic acid adsorbed on 
planar metal surfaces are of interest since, to our 
knowledge, this system has not been previously in- 
vestigated. Acetic acid might be expected to give 
a better fit to micro-irregularities than the long 
chain acids which are commonly used. The glycine 
derivative was also chosen to permit comparison of 
these results with those of Ryan et al. (11) and to 
evaluate the effect of molecular cross-sectional area. 
Cyclohexane was chosen as the solvent based on 
low oxygen solubility and the results of Smith et al. 
(10) who found uniform monolayer coverage using 
this solvent. 

It should be pointed out that surface areas meas- 
ured by adsorption from solution should be con- 
sidered as relative values due to resolution and the 
assumptions involving adsorbate molecular area 
and surface coverage which are needed to calculate 
the surface area. For an excellent discussion of the 
problems involved in surface area measurements, 
the reader is referred to a book by Adamson (17). 

This study of surface area includes a detailed 
description of the effect of such variables as speed, 
load, and abrasive particle size. These quantities 
have usually been neglected in earlier work. 

Experimental 

Materials.-Acetic acid and stearic acid tagged 
with carbon-14 in the carboxyl position were ob- 
tained from New England Nuclear Corporation. 
Carbon-14 tagged N-ethyl-N-perfluorooctanesul- 
fonylglycine was obtained from Ryan et al. (11) 
who have described its preparation in a previous 
paper. Eastman Kodak white-label grade stearic 
acid and fractionally distilled Merck reagent grade 
glacial acetic acid (b.p. 116.5" k O.Z°C) were used 
to dilute the tagged acetic and stearic acids. The 
specific activity of the adsorbates was determined by 
counting infinitely thin samples in a windowless 
Q-gas counter coupled with a Nuclear Chicago 
Model 186 scaler. 

Stock solutions of the acids were prepared using 
cyclohexane exclusively as the solvent. These solu- 
tions (0.2N acetic acid, 0.02N stearic acid, and satu- 
rated glycine derivative) were diluted to obtain 
the working solutions used in this study. 

Matheson technical grade cyclohexane was dis- 
tilled, run through a column of activated alumina 
and silica gel, and finally redistilled in a fractionat- 
ing column. The product did not spread when placed 
on clean acidic, basic, and neutral water surfaces. 

Fig. 1 .  Photomicrograph of "Scotch-Brite" brand abrasive ma- 
terial showing mineral particles embedded in binder globules which 
ore dispersed throughout a nonwoven nylon web. 

The solvent was stored in air-tight bottles contain- 
ing sodium chunks until used in adsorption runs. 

Disks of mechanically polished platinum and fire 
polished Corning No. 7740 Pyrex glass were used 
in this study. The steel samples used were cut from 
low carbon cold-rolled 1020 steel rod obtained from 
Bethlehem Steel Company. Circular samples, 1 in. 
in diameter by % in. thick, were carefully machined 
from these bars so as to obtain relatively smooth 
surfaces. The samples were degreased in benzene 
and rinsed with acetone prior to the abrasive treat- 
ments. Analysis by emission spectroscopy yielded 
the following minor constituent concentrations in 
the steel: Mn, 1.0%; Cr, 0.1%; Ni, 0.3%;Si, 0.2%; 
C, 0.25%; P, 0.01%; and S, 0.02%. 

Two distinctly different abrasive materials were 
used; resinbond coated abrasive disks and a low 
density abrasive product consisting of a nonwoven 
web of nylon fibers bonded with a relatively hard 
rigid binder containing mineral particles. A photo- 
micrograph of this material is shown in Fig. 1. This 
latter material is sold under the name, "Scotch- 
Brite" Low Density Abrasive p r ~ d u c t . ~  In the re- 
mainder of the paper this product will be referred 
to as "low density abrasive." 

Procedure.-Three surface treatments were used; 
heat pretreatment at 500°C in a He atmosphere, 
abrasion in air, and abrasion under solvent. The 
first method, the heat pretreatment procedure, was 
the same as that used by Ryan et al. (11) of this 
laboratory. The second method involved holding 
the sample against the abrading tool in air for 2 
min, followed by immersion in adsorbate solution. 
A delay of less than 1 sec occurred during the trans- 
fer from the abrading tool to the adsorbate solu- 
tion. The third method consisted of abrading up to 
four samples under solvent for 2 min with constant 
load conditions followed by rapid transfer to the 
adsorbate solution so that the surfaces did not dry. 
Several experiments were carried out with tagged 
adsorbate in the abrading solution. No detectable 
differences in measured surface area were observed 
between these experiments and the ones involving 
transfer to adsorbate solution. 

sRegistered trade mark of the Minnesota Mining & Manufactur- 
ing Company, St. Paul, Minnesota. (See U.S. Patent 2,958,593 as- 
signed to Minnesota Mining & Manufacturing Company, which de- 
scribes in detail thls type of low-density abrasive product.) 

*This compound is the fluorocarbon acid, CBFI?SOSN(C&) 
CHsC'OOH. In all subsequent references, the compound is referred 
to as the "glycine derivative.'' 
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A typical experiment involved pretreatment of 
the sample by one of these techniques and immer- 
sion in the adsorbate solution for a predetermined 
time. The solutions were kept at 29.0" & O.l°C and 
were stirred from time to time during the adsorp- 
tion. Adsorbate concentrations were checked by 
radiochemical assay and fresh solutions were pre- 
pared when these concentrations deviated more than 
3% from the desired value. The samples were re- 
moved and quickly blotted dry with absorbent tis- 
sues leaving only adsorbed acid on the surface. The 
reliability of this procedure was checked for sev- 
eral samples by immersion in the adsorbate solu- 
tion, blotting, and counting followed by reimmer- 
sion, blotting, and counting. The two count rates 
agreed to within 0.5% for all samples. Smith and 
McGill (10) also observed this excellent repro- 
ducibility and both their results and this work 
agree with Ryan et al. (11) who used olephobic 
surfaces. 

The samples were mounted in brass holders which 
masked all but a 2.45 cm2 circuIar area of the sur- 
face and were counted in a windowless Q-gas 
counter long enough to obtain less than 1% stand- 
ard deviation in the count rate. 

Specific surface areas were calculated from the 
isotherm plateau count rate using the adsorbate 
cross-sectional area, specific activity of adsorbate, 
counter efficiency, and the gross sample area (2.45 
cm2). The adsorbate molecular areas have been de- 
termined by others from film balance data on liquid 
substrates. The values used were 20.5A2 (18, 19) 
for acetic and stearic acids and 63A2 for the glycine 
derivative (11). The accuracy of these values was 
verified by area measurements on known smooth 
surfaces. All three adsorbates gave specific surface 
areas of near unity on polished glass surfaces when 
these molecular areas were used. The counter ge- 
ometry factor was 50% as determined by using a 
standard carbon-14 source. The backscatter factors 
were checked with a standard source and agreed 
with values in the literature (20). Autoradiographs 
for all three adsorbates at various adsorption times 
were prepared by mounting samples containing ac- 
tivity on Eastman Kodak "No Screen" autoradio- 
graph plates. These were stored in boxes contain- 
ing drying agent to minimize loss of adsorbed acetic 
acid due to exchange with atmospheric moisture. 

Results 

Adsorption rates.-The rates of adsorption as a 
function of adsorbate concentration for acetic acid 
on steel abraded with CA-A-180 are shown in Fig. 
2. Similar rates were observed for 0.001N stearic 
acid and 3.0 x 10-BN glycine derivative. Adsorption 
rates for Pyrex glass were slightly higher than those 
for steel and nearly twice this rate was observed 
for heat pretreated platinum. 

4 This notation designates the type of abrasive tool used. The first 
two letters indicate the type of tool; CA means coated abrasive 
disks, SB means "Scotch-Brite" Brand Low Density abrasive (de- 
scribed in experimental section). The second letter designates the 
type of abrasive mineral; A means A1208 and S means Sic. The last 
symbol refers to the abrasive mineral particle size; VF, Med., and 
C referring to Very Fine (avg. size 4 0 ~ 1 ,  Medium (avg, size 134p) 
and Coarse (avg. size 2 4 0 ~ )  grades, respectively; this notation is 
used for "Scotch-Brite" Brand abrasives only. In the case of coated 
abrasives, the number refers to the particle size; grade 80 is 2448, 
grade 180 is 94p and grade 320 is 338. 

Fig. 2. Adsorption-time curves for acetic acid on abraded cold 
rolled steel. Samples abraded in air at  59 fps with CA-A-100 tool. 
Cyclohexane was the solvent, geometric sample area was 2.45 em2 
and the temperature was 29.0DC. X, 0.004N; 0, O.OO2N; A, 0.001 N; 
D, 0.00025N. 

Fig. 3. Adsorption isotherm for acetic acid on abraded cold-rolled 
steel. Data in Fig. 2, together with additional data, were used to 
construct this isotherm; temperature 29.0°C. 

Isotherm type.-Isotherms were constructed from 
the rate data by plotting the equilibrium value of 
adsorption as a function of adsorbate concentration. 
The isotherms obtained, one of which appears in 
Fig. 3, are of the variety classified as "Type I" by 
Brunauer (21) and can be interpreted as indicat- 
ing formation of a monolayer with no further ad- 
sorption until higher adsorbate concentrations are 
reached. Isotherms of this type were obtained for 
all three adsorbates on cold rolled steel, platinum, 
and glass. The increase in adsorption at higher con- 
centrations is probably due to multilayer formation 
and occurs at lower concentrations (relative to a 
saturated solution) for acetic acid than for stearic 
acid or the glycine derivative. This may reflect the 
fact that acetic acid forms a much thinner mono- 
layer film compared with the long chain stearic 
acid and glycine derivative molecules, so that long 
range surface forces (i.e., electrostatic dipole forces, 
etc.) induce formation of multilayers more easily 
than would be expected for the long chain ad- 
sorbates. The concentration ranges in which plateau 
adsorption occurred for stearic acid and the glycine 
derivative were 10-4-10-2M and 2-4 x 10-BM, re- 
spectively. 

The isotherms were found to fit the Langmuir 
adsorption equation (22) rather nicely. A typical 
result appears in Fig. 4. In general, good agreement 
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Fig. 4. A typical fit  of the isotherm data of Fig. 3 to the Langmuir 
equation C/(x/rn) = I/ab + C/o, where C is adsorbate concen- 
tration, x/m is the number of moles of odsorbed ocid per unit 
3eometric surface area, a and b are constants. RSI, ,~  = 2.3; 
bateau of isotherm = 2.4. 

in true surface area calculated from the slope of the 
Langmuir plot and from the isotherm plateau value 
was obtained. , 

Heat of adsorption.-Heats of adsorption were 
calculated from the temperature dependence of the 
parameter "b" in the Langmuir equation (23). The 
results (Table I) reveal excellent agreement be- 
tween acetic and stearic acids independent of the 
measured surface roughness. This strongly suggests 
similar adsorption mechanisms independent of the 
abrasive treatment for these two acids. The glycine 
derivative yielded higher values for the heat of ad- 
sorption (4 kcal/mole higher). This quite probably 
reflects the fact that there are two possible adsorp- 
tion sites for this molecule, the carboxyl group and 
the tertiary nitrogen atom. All of the values are 
definitely in the vicinity of that expected for chemi- 
sorption. 

Reversibility of adsorption.-Data were taken on 
desorption of acetic acid, stearic acid, and the glycine 
derivative from steel by pure cyclohexane. Ad- 
sorption reversibility was exhibited by all three ad- 
sorbates; 60% of the adsorbed acetic acid was re- 
moved at infinitely long desorption time, 52% for 
stearic acid, and 29% for the glycine derivative. 
Since the heats of adsorption indicated chemisorp- 
tion for these adsorbates, apparently the chemisorp- 
tion products have sufficient solubility in cyclo- 
hexane to explain the desorption. Bordeaux and 
Hackerman (12) found partially reversible and 
partially irreversible adsorption for stearic acid on 
iron. Further work including solution analysis for 
metal content is needed to clarify the adsorption 

Table I. H e a k  of adsorption for abraded steel 

SB-S-VF under 
SB-A-Med. In alr solvent 2.2 fps, 

Adsorbate 59 fps, kcal/mole kcal/mole 

Acetic acid 14.0 (4.1)s 14.3 (7.5) 
Glycine derivative 17.6 (2.5) 18.0 (4.4) 
Stearic acid 14.1 (2.0) 

C.R. STEEL, 56-5-VF UNDER SOLVENT 

(SIM~LRR RESULTS FOR RlR ABR&510N) 

Fig. 5. Graph illustrating the "decay effect'' for acetic acid ad- 
sorbed on cold-rolled steel. Abraded samples containing adsorbed 
radioactive acetic ocid were counted a t  vorious intervals during 
exposure to three different atmospheres; dry 02, ambient air, and 
moist He. 

mechanism. We were unsuccessful in attempts to 
obtain I. R. spectra of the adsorbed film by using 
the "Attenuated Total Reflectance" technique (24), 
due to the minute quantity of adsorbate on the sam- 
ples. 

Decay efiect fm acetic acid.-The amount of ad- 
sorbed acetic acid (presumably as a metal acetate) 
on a surface was found to decrease on exposure to 
the atmosphere (Fig. 5), no such loss being ob- 
served for stearic acid or the glycine derivative. 
This decay effect was not observed when the sam- 
ples were kept in dry helium or in dry Oz but 
storage in moist helium accentuated the effect. One 
likely explanation is that atmospheric moisture hy- 
drolyzes the chemisorption product to yield free 
acetic acid. The rate of loss in air was slow enough 
to easily permit sample handling with negligible 
loss. 

Surface area medsurements.-Experimental re- 
sults on surface areas are tabulated in terms of 
specific surface area (R,) in Tables 11-V. All single 
values represent the average of two or more runs 
and reproducibility of *lo% or better. Surface 
areas of polished platinum and glass surfaces, pre- 
viously shown to be smooth ( l l ) ,  were measured 
with acetic acid. Specific surface areas close to 
unity (0.8-1.1) resulted, supporting the validity of 
the monolayer assumption and the value used for 
the acetic acid molecular area. 

Table I1 presents the data on glass. Note that pol- 
ished glass gives values of R, near unity for all three 
adsorbates but that abraded samples give larger 
values, the increase being accentuated by the use 
of shorter chain length adsorbates. 

Table I11 presents data on the effect of abrasion 
in air on the surface area of cold rolled steel. The 
effect of speed, mineral, abrasive type, and adsorbate 
are investigated. The following generalizations may 
be drawn from the data: 

1. Decreases in abrasive speed always result in 
increases in specific surface area (R,). Measured speciAc surface areas are given In parentheses. Dupll- 

cate runs indicated an error of 2 1  kcal/mole. 
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Table II. Specific surface areas for polished and abraded Pyrexglass 

Adsorbate 

Stearic 
Pretreatment Acetic acid Glycine der. acid 

Polished, heated in 
purified He 0.7-l.lb 0.8-1.1 0.9 

Abradeda under cy- 
clohexane 8.1 4.8 2.3 

Abraded" in air 7.5 4.6 2.2 

a Abraded samples treated with CA-A-180 2.2 fps for 10 min B 
2 psi load. 

a The range reported represents the results of twelve samples. 
Single values are averages of two or more runs with a &lo% 
reproducibility. 

Table Ill. Specific surface area (R,) on abrasion in air 

Adsorbate 

Acetic Glycine Steadc 
Tool acid derivative acid 

Tool speed: 59 fps 
CA-A-80 2.2 2.0 1.7 
CA-A-180 2.4 2.6 2.0 
CA-A-320 2.3 2.0 1.5 
SB-A-VF 3.8 3.1 1.9 
SB-S-VF 5.9 4.5 2.0 

Tool speed: 2.2 fps 
CA-A-180 3.5 2.9 2.2 
CA-S-180 3.7 3.0 2.0 
SB-A-VF 4.7 3.3 1.9 -- .- . -  

SB-S-VF 6.5 4.9 2.0 

Cold rolled steel samples, 1 psi load. Values shown are averages 
of at least two runs with a &lo% reproducibility. 

2. Sic mineral produces larger values of R, than 
A1203. 

3. Low density abrasives produce larger values 
of R, than coated abrasives under identical condi- 
tions. 

4. Increases in measured surface area are ac- 
centuated by the use of short chain length ad- 
sorbates. 

Table IV considers the effect of abrasion in sol- 
vent. Generalizations 2-4, noted above, are seen 
to hold without exception, and another may be 
added: 

5. Abrasion in solvent yields larger values of Rs 
than abrasion in air. 

Table V considers a more detailed investigation 
of the effect of speed utilizing acetic acid. General- 
izations 1-3, noted above, are seen to hold, again 
without exception. 

Experiments on the effect of load showed the re- 
sults to be insensitive to the effect of load over the 
range 0.25-4.0 psi. Grit size exerted negligible in- 
fluence on R, with coated abrasives, but coarser 
grits gave larger values with low density abrasives. 

Discussion 
Topographical model of abraded surfaces.-Pro- 

filometer contour traces and optical microscopic 
examination (resolution near wavelength of visible 
light) were carried out for all abrasion treatments 
studied. Specific surface areas estimated from these 
observations did not exceed 1.7. even for rather 

Table IV. Specific surface area (R,) on abrasion in solvent 

Adsorbate 

Tool Acetic acid Glycine derivative Stearic acid 

CA-A40 4.7 3.4 2.2 
CA-S-80 6.2 4.4 2.8 
CA-A-180 5.2 3.2 1.8 
CA-S-180 5.9 4.6 2.6 
CA-A-320 5.2 3.3 1.9 
CA-S-320 5.8 4.4 2.7 
SB-A-VF 5.4 3.3 2.2 
SB-S-VF 7.5 4.4 3.3 

Speed: 2.2 ips, load: 1 psi, cold rolled steel samples. Observed 
error was &lo% or better for two or more runs. 

Table V. Effect of speed on specific surface area (R.) 

TOO1 

Abrasion in air 
CA-A-180 
CA-S-I80 
SB-A-VF 

Abrasion under 
cyclohexane 

CA-A-180 
CA-S-180 
SB-S-VF 
SB-A-VF 

Speed 

0.39 ips 0.88 ips 2.2 fps 59 ips 

Adsorbate, acetic acid: load, 1 psi: cold rolled steel samples. Ob- 
served error was &lo% or better for two or more runs. 

coarse grained abrasives. Other investigators have 
also found low values for abraded and sandblasted 
metal surfaces (25, 26). In view of the data found 
in this study (R.=2-10) and other work (9,12) 
the surfaces must contain numerous micro-irregu- 
larities which are unresolved by optical microscopy. 
It is difficult to observe micro-irregularity relief on 
the surface of abraded metals by standard electron 
microscopy techniques, however work is presently 
underway toward that end. 

Plumb (27) has pointed out that large surface 
areas can be achieved conceptually by superimpos- 
ing small asperities on large ones ad-infinitum. The 
authors noticed, however, that the present data sug- 
gests an interesting alternate possibility, namely 
that a significant portion of the surface area of 
abraded steel is contributed by the presence of 
microcracks which may be generated during abra- 
sion. 

This conclusion is corroborated by the following 
observations. First, abraded glass, which is known 
to contain Griffith microcracks (28), yielded high 
roughness factors (-8 for acetic acid) and succes- 
sively lower values as the adsorbate chain length 
increased (Table 11). The chain length effect can 
obviously be rationalized in terms of steric hindrance 
and/or increased tendency for "bridging" small 
surface fissures with increasing chain length. Grif- 
fith cracks on glass have been shown, by indirect 
means, to be as deep as the deepest grinding pits, 
yet very narrow at the surface (less than 50A) and 
could well yield true areas several times larger 
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than the geometric area. They are far too small for 
observation by optical microscopy and, as yet, have 
defied observation by electron microscopy. When 
steel was abraded under certain conditions, the 
measured surface areas and chain length effect 
were strikingly similar to abraded glass (Table I11 
and IV) . 

Second, the effect of abrasion conditions on the 
surface area of steel (and the chain length effect) 
are nicely explained by the microcrack hypothesis. 

These effects may be stated as follows: The spe- 
cific surface area is increased by lowering the speed 
of abrasion, by abrading in cyclohexane rather than 
air, by using low density abrasives rather than 
coated abrasives or by using Sic  rather than AlzOs. 

Each of these conditions have the effect of lower- 
ing the abrasion temperature. Reduction in abrasive 
speed at constant load results in lower power con- 
sumption and reduced temperature. The presence 
of a solvent atmosphere will certainly result in 
reduced temperature. Stock removal and heat gen- 
erated by coated abrasives is several times greater 
than for the unique, flexible low density abrasive. 
The latter product exhibits an abrasive action not 
unlike sandblasting since the flexible web construc- 
tion allows freedom of motion of the abrasive grains, 
resulting in lower stock removal and a more shal- 
low cut. 

Retention of a microcrack type of surface topog- 
raphy would be especially sensitive to the surface 
temperature. These fissures would propagate under 
the influence of tensile stresses at the immediate 
side and rear areas of the abrasive grain as it trav- 
erses the surface. However, at higher abrasion tem- 
peratures, the cracks would be expected to reseal 
[localized abrasion temperatures may well equal 
the melting point of steel (29)] either by plastic 
flow or by augmented oxidation. Thus, there would 
be more retention of microcracks under conditions 
of low abrasion temperature, resulting in higher 
surface area and a more dramatic adsorbate chain 
length effect. 

Abrasion in solvent has the effect of excluding 
air as well as lowering the temperature and both 
effects would tend to increase the surface area. An 
experiment designed to separate these effects is 
depicted in Fig. 6. Samples were prepared by abra- 
sion in both air and solvent, and subsequently ex- 
posed to laboratory air prior to immersion in the 
adsorbate solution. A rapid decrease in the amount 
adsorbed was observed during the first 2 min of 
exposure to air, reaching a constant value which 
remained stable for at least 24 hr. However, this 
value is still significantly higher for samples abraded 
in solvent than for those abraded in air, indicating 
a permanent increase in surface area for abrasion 
in solvent. The initial drop is probably due to oxida- 
tion since the initial rate is very rapid; this conclu- 
sion is confirmed by solvent abrasion and exposure 
to helium. 

The surprising but unmistakable difference be- 
tween Sic and A1203 may also be explicable in terms 
of temperature. Silicon carbide is a much better 
thermal conductor than aluminum oxide and this 

Fig. 6. Effect of exposure of abraded steel surfaces to various 
atmospheres. Samples abraded with SB-S-VF a t  2.2 fps and 1 psi 
load were exposed to the media labeled on the curves. After various 
times they were placed in 0.004N togged acetic acid solutions. 
When adsorption equilibrium had been attained, they were with- 
drawn, quickly dried, and counted. A, Solvent abraded-exposed in 
cyclohexane; 0, solvent abraded-exposed in air; 0, air abraded- 
exposed in air. 

would result in higher interface temperatures with 
AlzOs. The rate of wear of Sic on ferrous metals 
has been reported to be higher than that obtained 
with Alz03 (30). This may indicate that a stronger 
metal-abrasive interaction occurs for Sic than for 
A1203, thus producing more severe tears. 

One might not expect formation of such fissures 
on the surface of materials as ductile as metals. 
However, the structure and exact physical nature 
of the "deformed layer" (1) immediately underlying 
the oxide film on abraded surfaces are not well 
known. Interestingly enough, Atkinson (2) recently 
observed tears caused by polishing steel surfaces. 
The over-all dimensions of these tears are not far 
from the estimated dimensions of the proposed 
microcracks. 

In order to rationalize the data at varying ad- 
sorbate chain length and the specific surface areas 
obtained, these cracks would have to be of the order 
of 50-150A wide and approximately one to several 
microns in length and/or depth depending on the 
number of cracks per unit apparent area. If the 
fissures were, say, 5p deep and 5p long, there would 
have to be about lo7  cracks/cm2 to obtain R, values 
in the vicinity of 5. This estimation assumes that 
the walls of the cracks are smooth and that the sur- 
face area contributed by the cracks is superimposed 
on a surface of specific surface area equal to two. 
Ernsberger (28) observed approximately lo5 micro- 
cracks/cm2 on the surface of unabraded glazing 
quality plate glass. 

Adsorption method.-It should be noted that the 
surface area measurement used in this work is 
predicated on the monolayer assumption. For this 
reason, the authors would like to close by re-exam- 
ining the evidence which supports this assumption 
and contradicts other assumptions which might be 
advanced. 

Alternate possibilities might include: ( a )  multi- 
molecular layer formation; (b) retention of ad- 
sorbate solution in micro-irregularities on the sur- 
face; (c) amount of adsorption influenced more by 
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chemical reactivity of abraded surface (e.g., con- 
tinuous reaction between adsorbate and metal ox- 
ide) than by true surface area. 

As mentioned previously, the observed isotherms 
fit the Langmuir equation and exhibit discrete pla- 
teaus with the typical rise at  higher concentrations. 
This would seem to rule out multilayer formation, 
particularly in view of the measured specific sur- 
face areas of unity on surfaces expected to be 
smooth. The excellent reproducibility of the blot- 
ting procedure has been mentioned, and one can 
also consider how unlikely it would be that such 
consistent abrasion effects could be measured if 
retention of liquid on the surface was a factor, the 
chain length effect would be particularly inex- 
plicable from such a point of view. 

Table I shows that the heat of adsorption is 
similar for all three adsorbates independent of the 
measured surface area. This discourages arguments 
based on assumed difference in chemistry of the 
surface as described in (c) above. 

It appears at  present that the most consistent ar- 
gument is that saturated monolayers are formed 
and that the equilibrium amount adsorbed at  "pla- 
teau" concentrations is an approximation of the 
true surface area. Furthermore, the results indeed 
show that higher resolution is achieved with acetic 
acid than with commonly used long chain ad- 
sorbates. 

Autoradiographs prepared for steel samples 
abraded in air (for which lower R, values were 
found) showed uniform adsorbate coverage, inde- 
pendent of adsorption time, within the relatively 
gross limits of resolution of this method. Samples 
for which higher surface areas were obtained, re- 
vealed concentration of adsorbate along the abra- 
sive scratch pattern. This is consistent with the 
microcrack postulation since these fissures would 
be concentrated near the gross abrasive scratches. 

The tentative hypothesis of the production of 
microcracks in grinding metals is sufficient to ex- 
plain our results to date. This investigation is being 
extended to attempt direct observation of the postu- 
lated microcracks by electron microscopy. Double 
layer capacity measurements are also planned in 
an attempt to obtain independent correlation with 
the present surface area data. 
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The Corrosion of Uranium, Zirconium, and Some 
Alloys in Alkaline Solutions 

1. S. Llewelyn Leach and A. Y. Nehru 
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ABSTRACT 

The corrosion of uranium, zirconium, and an uranium-zirconium alloy was 
studied as a function of potential in some alkaline solutions. The behavior of 
zirconium was found to be in qualitative agreement with results pre- 
viously obtained in more acid solutions. The interpretation of the data for 
uranium and the alloy involved assumptions concerning changes in the nature 
of the protective oxide layer associated with changes in the formation potential. 
Such differences are not shown on the pH-potential diagram generally accepted 
for the uranium-water system and a new diagram has been derived. Elec- 
tron diffraction measurements were employed in an attempt to verify the 
present interpretation. 

The high-temperature aqueous corrosion of ura- 
nium and zirconium has been the object of several 
detailed studies (1-5). The early work ascribed in- 
creases in the corrosion rate as well as the physical 
damage to the accumulation in the metal of the 
corrosion-product hydrogen formed during the re- 
action which, in the absence of oxygen, has the 
general form 

Although it appears to be clearly established that 
hydrogen is active in the corrosion attack, there is 
some disagreement as to the precise nature of its 
role. 

It was shown recently (1) that the corrosion rate 
of uranium, uranium-5 weight per cent (w/o) zir- 
conium, and zirconium, cathodically polarized in a 
slightly acidic solution at temperatures below 
10O0C, was simply related to the hydrogen activity 
at the oxide-electrolyte interface over a wide range 
of potential. The corrosion rate was found to in- 
crease with increasing cathodic polarization indi- 
cating that the effect of the potential on the kinet- 
ics was greater than its effect in decreasing the 
thermodynamic driving force. This behavior was 
inter~reted as resulting from the dissolution of - 
hydrogen in the oxide leading to changes, within 
the film, of an electrical nature (causing increased 
ionic diffusion rates) rather than mechanical failure. 

The present paper describes the results of cor- 
rosion rate measurements on uranium, uranium-10 
w/o zirconium, and zirconium in alkaline solutions, 
with particular reference to the effect of cathodic 
polarization. It is shown that, although the behavior 
at high values of pH may be explained in the same 
general terms as the corrosion in acidic solution, 
the relationships with potential (i.e., hydrogen ac- 
tivity) are much more complex for uranium and 
the alloy. 

Experimental 
The experimental method which has been de- 

scribed previously (1, 6, 7) permits measurement 
without removal of the specimen from the test en- 

vironment. The technique involves the continuous 
measurement of the intensity of light reflected from 
the surface of the corroding specimen. Monochro- 
matic light can be used giving interference effects 
superimposed on an absorption curve while white 
light gives absorption effects only. 

To derive absolute values of oxide thickness re- 
quires a knowledge of either the refractive index 
or the absorption coefficient of the oxide depending 
on the method used. Over the range of thickness 
where both methods can be applied, the ratio of 
the refractive index to the absorption coefficient 
appears to be constant (1). As these two parame- 
ters depend on different physical properties it seems 
likely that they are independently constant. How- 
ever, the exact magnitude of either is open to 
doubt, and in consequence the amount of oxidation 
is given in terms of relative oxide thickness rather 
than in absolute units. 

In the present instance the white light method 
has been used which permits measurements of 
thicker oxide films due to the greater intensity 
available. 

The test solutions were prepared by dissolving 
ANALAR reagents in dktilled water and were con- 
stituted as follows: 

pH 9.7 solution 0.2N Na2COs + 0.2N NaHCOs 
pH 11.6 solution 0.1N Na2COs 
pH 13 solution 0.1N NaOH or O.lN KOH 

Oxygen-free nitrogen was continuously bubbled 
through the solutions before and during use to re- 
move dissolved oxygen. 

The marked corrosion resistance of zirconium 
necessitated making the measurements at higher 
temperatures (90°C). Additional features were in- 
corporated in the test cell to provide a temperature 
control accurate to within ?Z 1°C. 

Of the materials examined, the high purity zir- 
conium was supplied by A.E.R.E.' (impurity anal- 
ysis: 0 ,  125 ppm; C, 50 ppm; N, 170 ppm; H, 24 
ppm). No heat treatment was given before examin- 

1 Atomic Energy Research Establishment. Hamell, England. 



JOURNAL O F  THE ELECT 'ROCHEMICAL SOCIETY July 1964 

TlME IN MINUTES. 
1WO 

Fig. 1. Corrosion of zirconium, 02-reduced 0.1N KOH solution, 
90% 

ation. The uranium was supplied by A.E.R.E. and 
certified as 99.95% pure (impurity analysis: 0, 40 
ppm; N, 10 ppm; C, 30 ppm; Si, 8 ppm; Fe, varia- 
ble 10-90 ppm; Al, 3 ppm). It was not subjected to 
a preliminary heat treatment. The alloy, prepared 

I 
WO 

TlME IN MINUTES. 
1WO 

Fig. 20. Corrosion of uranium, 02-reduced 0.2N NozC03 + 0.2N 
NaHC03 solution, room temperature. 

r.d 8 I 
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TlME IN MINUTES. 

Fig. 2b. Corrosion of uranium, 02-reduced 0.2N NazC03 + 0.2N 
NoHC03 solution, room temperature. 

from 99.95% pure uranium and low hafnium 99.9% 
pure zirconium (Van Arkel), was supplied in the 
arc-cast condition. Before testing, it was homogen- 
ized (by annealing in vacuo) at 1000°C for seven 
days and then water-quenched. The methods used 
for mounting the specimen and preparation of the 
surface have been described previously (1,6). 

Results 
Figure 1 illustrates the corrosion of zirconium in 

pH 9.7 solution at 90°C. The method of plotting 
enables calculation of the kinetics of film growth 
from the slope of the curves. The chief points of 
interest are given below: 

(I). The corrosion rate increases with increasing 
cathodic polarization. 

(11). A transition from less rapid to more rapid 
kinetics is easily distinguishable for two values of 
potential (EHA = -0.2~, -0.3~): and appears to 
take place at an approximately constant film thick- 
ness. 

(111). The growth law governing the early stages 
of corrosion may be expressed by y2.5 = kt  where, 
y is the oxide thickness, k is a constant, and t is 
time. 

Figures 2a and 2b show the corrosion behavior of 
pure uranium in pH 9.7 solution. The following ob- 
servations are of interest: 

(I).  At and above EHA = OV (Fig. 2a), the cor- 
rosion rate is either parabolic or parabolic changing 
to an approximately linear law. The corrosion rate 
increases with increasing cathodic polarization. 

(11). Between -0 .2~  and -0.5~ EHA (Fig. 2b), 
the corrosion rate initially approximates to a linear 
law and changes in time to a complex law (accel- 
erating rate). In this potential range, the rate de- 
creases with increasing cathodic polarization. 

(111). Below -0 .5~  EHA (Fig. 2b), there is a ten- 
dency for the initial corrosion to approximate more 
closely to the linear law. The rate increases with 
increasing cathodic polarization. 

The corrosion of uranium-10 w/o zirconium in 
pH 9.7 solution is illustrated in Fig. 3a and 3b. It 
can be seen that the results indicate a continuation 
of the trends established for the pure metal with, 
however, two significant differences: 

(I). The over-all corrosion rate of the alloy is 
lower. 

(11). The changes in the corrosion process of the 
alloy occur at more negative potentials, i.e., first, 
between -0.2~ and -0 .3~  EHA (instead of between 
Ov and -0.2~ EHA) and, second (apparently) below 
-0.7~ EHA (instead of between - 0 . 5 ~  and -0.6~ 
EHA). 

The corrosion behavior of pure uranium in pH 
11.6 solution bears a marked resemblance to the 
behavior in pH 9.7 solution. Figures 4a and 4b show 
that the changes in corrosion process occur at ap- 
proximately the same hydrogen activity potentials 
(EHA), although the over-all corrosion rate is 
higher in the more alkaline solution. 

The corrosion of uranium and the alloy in pH 13 
solution has not been investigated in detail. How- 

? ERA = EH + 0.0581 pH where En ia the potential with 
to the normal hydrogen scale. 

respect 
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TlME IN MINUTES. 

Fig. 30. Corrosion of uranium-10 w/o zirconium, 02-reduced O.2N 
NazCOs + O.2N NaHC03 solution, room temperature. 
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Fig. 3b. Corrosion of uranium-10 w/o zirconium, 02-reduced 0 2 N  
NazCOs + 0.2N NaHCO3 solution, room temperature. 

ever, the measurements which were made (Fig. 5) 
show the same type of complex behavior observed 
in other alkaline solutions. Again, it is clear that 
the over-all corrosion rate at any given potential 
is increased by greater alkalinity and decreased by 
alloying. 

Discussion 
A comparison of the present results with our 

earlier observations in pH 5.4 solutions shows that 
while the characteristics of the corrosion of zir- 
conium remain virtually unaffected by the change 
in environment those of uranium and its alloys are 
significantly altered. The results obtained for the 
two metal systems will be discussed separately for 
the sake of simplicity. 

Zirconium.-The low corrosion rate of zirconium 
in the temperature range to which this experimen- 
tal technique is restricted makes it difficult to cause 
a change from protective to nonprotective kinetics 
within a reasonable length of time. Nevertheless, by 
cathodically polarizing the specimens it has been 
possible to show at 90°C (at least, in two instances) 
a kinetic sequence which is normally associated with 
very much higher temperatures. The increase in 
corrosion rates which accompanies cathodic polari- 

7.0 
10 100 

TIME N MINUTES. 

Fig. C. Corrosion of uranium, 02-reduced 0.1N NazC03 
tion, room temperature. 

solu- 

Fig. 4b. Corrosion of uranium, 02-reduced 0.1N NozCOs solu- 
tion, room temperature. 

zation may be related to an increase in electronic 
conductivity of the corrosion-product oxide after 
the model previously proposed (1) to account for 
similar results obtained with uranium. If, as is 
thought to be the case (8), the oxide formed on 
zirconium is an anion-deficient n-type semicon- 
ductor, then the addition of a positively charged 
ion such as H+ is likely to cause the type of effect 
we have observed. 

rd I 
X, TIME IN MINUTES MO 

Fig. 5. Corrosion of uranium and uranium-10 w/o zirconium, 
02-reduced 0.1N NaOH solution, room temperature. 
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It should be pointed out, however, that in the ini- &,.E" .O 0501 PH 

tial stages of corrosion (up to 200 or 300 min), 
when the oxide film is still very thin, the sensitivity 
of the equipment was not always sufficient to allow 
accurate measurement, and in some cases the ex- 
perimental scatter was considerable. In the series 
of measurements illustrated in Fig. 1, this scatter 
was particularly marked for the test carried out at 
EHA = -0.4v, and it was difficult to obtain a rea- 
sonable straight-line fit for the period of protective 
growth. It is interesting, however, that in the cases 
where two well-defined growth laws can be seen, 
the transition from one to the other appears to take 
place at approximately the same film thickness. 
This observation may be compared with similar ob- 
servations made by us on uranium in acidic solution 
from which it was concluded that cathodically in- 
duced hydrogen appears to change the corrosion 
rate without altering the protective thickness of 
the oxide (1, 9). 

Fig. 6. pH-potential diagram for U-Hz0 system (after Pourbaix) 

The kinetics of oxide growth bear a marked re- 
semblance both in alkaline and acid solutions, al- 
though tests in the latter were not carried out for 
long enough to obtain a transition. The power of 2.5 
for the protective growth law in pH 13 solution 
agrees reasonably with the exponent 2.66 found by 
us in acid solution, and both values compare favor- 
ably with the observations of other workers at 
higher temperatures (8, 10). The somewhat higher 
over-all rates in alkaline solution are difficult to 
explain from the present results. Coriou and co- 
authors (11) have pointed out from work on Zirca- 
loy that such increases may be only in part due to 
the effect of pH, and that the oxides formed in 
alkaline solutions require further study. 

Uranium and uranium-10 w/o zirconium.-The 
difference between the corrosion behavior of ura- 
nium in alkaline solutions and in pH 5.4 solution 
has been clearly established. Briefly, the present 
results show (i) that oxide growth in alkaline solu- 
tions is, in many cases, governed by complex laws, 
and (ii) that the direct relationship between cor- 
rosion rate and applied potential found in acidic 
environments is no longer apparent. In addition, 
visual observations of specimens tested in alkaline 
solutions have shown that the corrosion films are 
generally duller and less compact than their coun- 
terparts in acidic (pH 5.4) solution. 

While it seems likely that such differences in 
behavior and appearance should correspond to a 
difference, either in structure or in composition, 
between the corrosion films formed in the two en- 
vironments, the existence of two distinct species is 
not indicated by the data presented by Pourbaix 
and co-workers (2). Figure 6 shows the pH-poten- 
tial diagram derived by these investigators, from 
thermodynamic data, for the uranium-water sys- 
tem. This figure has been recalculated from the 
original on the basis of hydrogen activity potentials 
to conform to the method adopted in this paper for 
the plotting of results. Here, the sole species con- 
sidered stable in the pH-potential range of interest 
(pH 5.4 to pH 13 and S 0 . 2 ~  to -0 .7~  EHA) is given 
as UOz. Nevertheless, since the diagram has been 

derived for equilibrium conditions, it is possible that 
during processes of high irreversibility such as are 
encountered during the corrosion of uranium, the 
configuration may be significantly altered. As one 
example of this type of effect, it is worth noting 
that, although FeO is thermodynamically unsta- 
ble with respect to Fe and Fe304, below 570°C, a 
layer of FeO has been found during the oxidation 
of iron at temperatures as low as 400°C (12). Of 
more specific interest to the present work is an ob- 
servation made in the early stages of this investiga- 
tion that rapid film growth occurs on uranium in 
very acid solutions (0.1N HC1, pH 1) where ac- 
cording to the thermodynamic data no solid phase 
should be stable. 

There is, moreover, some evidence which suggests 
that the data from which the Pourbaix diagram for 
uranium-water is derived are incomplete and might 
not permit a comprehensive representation of the 
system. First, both Waber (13) and Katz and Rab- 
inowitch (14) have observed and commented on 
the possible formation of the hydroxide U(OH)4 
instead of UOz in aqueous corrosion films on ura- 
nium. Pourbaix, himself, is not emphatic in denying 
the occurrence of this phase but prefers the altern- 
ative choice for his diagram. Second, some values 
for the free energy of formation used in calculating 
the Pourbaix diagram are 3-4% lower than values 
reported by Latimer (15). This is a noticeable dis- 
agreement in view of the fact that a relatively small 
difference in free energy can have considerable ef- 
fect on the potential at which a given species is 
stable. Finally, Willardson, Moody, and Goering 
(16) have shown that the oxidation of UOz to 
higher oxides is accompanied by changes in type of 
semiconductivity caused by deviations from stoich- 
iometry, and have identified two stable oxide phases 
U409 and Us07 of O/U ratio intermediate to U(S2 
and UsOs. Capacity measurements on uranium elec- 
trodes in aqueous solutions have also been inter- 
preted (17, 18) as showing the formation of higher 
oxides during corrosion, although it was difficult 
from the results to ascertain changes in semiconduc- 
tivity. From the present point of view, the omission 
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Fig. 7. Over-all corrosion rate of uranium as a function of pH 
and potential. 

of the intermediate oxides from the diagram is 
serious since measurements in this investigation 
have been conducted within the potential range in 
which these species are most likely to be stable. 

In view of these shortcomings and others which 
may arise when the conventional pH-potential dia- 
gram is applied to nonequilibrium conditions, it is 
not unreasonable to reconstruct relevant portions 
to fit the present results. It should be stressed, 
however, that the resulting diagram may be more 
in the nature of a metastable equilibrium diagram 
rather than a substitute for that proposed by Pour- 
baix (2 )  and his colleagues. 

Figure 7 illustrates the differences between the 
corrosion trends of uranium in pH 5.4 solution and 
in alkaline solutions. A hypothetical demarcation 
has been shown at pH 7. The rate in pH 5.4 solu- 
tion increases continuously with decreasing poten- 
tial, whereas two transitions are found in alkaline 
solutions. 

As pointed out earlier in the discussion, an in- 
crease in corrosion rate with increasing cathodic 
polarization suggests that the oxide forming is an 
n-type semiconductor. Conversely, a decrease in 
rate under similar circumstances would indicate 
the formation of a p-type oxide. Hence, the cor- 
rosion behavior of uranium in alkaline solutions 
may be ascribed to changes in the semiconductivity 
of the corrosion-product from n- to p- to n-type as 
the potential is decreased. It should be stressed, 
however, that the absence of parabolic growth at 
certain potentials in high pH solutions does not 
necessarily imply the absence of a diffusion process. 
Instead, as the over-all corrosion rate in these solu- 
tions is considerably higher than in pH 5.4 solution, 
it is believed that the period during which the dif- 
fusion-controlling film is growing is too short to 
allow detection by the measuring instrument. The 
over-all corrosion rate is defined as the amount of 
corrosion occurring in a given length of time and 
the use of this parameter becomes necessary in 
instances where it is difficult to define the corrosion 
rate in terms of the constants of the growth laws. 

Changes in conductivity mechanism of the type 
described above could arise from the formation of 
nonstoichiometric phases during corrosion in alka- 
line solutions. Within the domain of stabilty of a 
given species, the oxygen-rich region (positive, in 
terms of potential) will tend to be p-type while 
oxygen deficiency will result in n-type semicon- 
ductivity (e.g., UOz+. - p-type, U40~-u - n-type, 
U ~ O B + ~  .- p-type). Note, that since the exact poten- 
tials at which the changes in mechanism occur are 
not known from the results, a divison has been 
made in Fig. 7 at the arbitrarily chosen values - 0 . 1 ~  
EHA and -0.7~ EHA. These two potentials, hence, 
bound the domain of stability of one species while 
immediately below lies the oxygen-rich region of 
a stable compound of lesser O/U ratio and imme- 
diately above is the oxygen-deficient region of the 
next phase. The fact that the transitions in the cor- 
rosion process of uranium-10 w/o zirconium occur 
at more negative potentials can be ascribed to the 
difference between the free energies of formation 
of pure oxides and those of the mixed oxides which 
result from the corrosion of the alloy. 

Figure 8 shows the pH potential diagram con- 
structed to fit the present results. The major differ- 
ences between this figure and the diagram due to 
Pourbaix and co-workers are listed below: 

1. The intermediate oxide phases U409 and U307 
have been shown as occurring within the potential 
boundaries -0 .1~  ERA and -0 .7~  ERA and S 0 . 4 5 ~  
EHA and - 0 . 1 ~  ERA, respectively, and the hydroxide 
U(OH)4 has been chosen in preference to UOz as 
the lowest oxidized phase of uranium. The complete 
sequence of solid phases is, therefore, U-U (OH) 4- 

U40g-U3O7-U3O8-U03. A consideration of the free 
energies of formation showed that the values deter- 
mined theoretically from this particular sequence 
gave the best approximations to the available data, 
and differed by only 3-47!, from those quoted by 
Pourbaix and co-workers. Values used by Pourbaix 
are compared with the recalculated values in 
Table I. 

Fig. 8. pH-potential diagram for U-Hz0 system (modified version) 
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Table I. Free energy of formation of solid species 

Pourbaix values, Calculated values, 
kcal/g mole kcal/g mole 

U(OH)4 -351.6 -351.6 
u409 -1041.9 
Us07 -796.7 
Us08 -804 -833 
UOs -273 -273 

Table II. Free energy of formation of ionic species 

Pourbafx values, Calculated values. 
kcal/g mole kcal/g mole 

U3 + -124.4 -131.1 
U4 + -138.4 -145.1 
UOHs+ -193.5 -200.2 
U02+ -236.4 -243.1 

2. The ionic activity lines of the Pourbaix dia- 
gram (marked A to G in Fig. 6) have been shifted 
2 pH units to the right. This permits the differ- 
ences between the corrosion behavior of uranium 
in acid and alkaline solutions to be ascribed to the 
existence of different species in the two environ- 
ments. The free energies of formation for the ionic 
species recalculated after the shift are again found 
to differ only slightly from the values given by 
Pourbaix. Table I1 shows the values adopted by 
Pourbaix compared with the new ones used in 
Fig. 8. 

Electron diffraction.-An attempt was made to 
verify the theoretical pH-potential diagram by 
electron diffraction measurements. Specimens of 
uranium were corroded at several values of poten- 
tial between f 0 . 8 ~  EHA and -1v EHA in both pH 5.4 
solution and in alkaline solutions, washed in ether 
and benzene, and transferred to a Hitachi HU 11 
electron microscope which incorporated a special 
attachment for glancing angle diffraction. The dif- 
fraction chamber was provided with a vacuum seal 
which isolated it from the rest of the microscope and 
enabled the specimens to be under high vacuum 
within about 5 min of removal from the corrosion 
cell. This prevented serious atmospheric oxidation 
of the specimen before it could be photographed. 
Best results were obtained with a 50 kv electron 
beam. 

The diffraction patterns were calibrated against 
a graphite dl10 ring obtained by transmission using 
identical microscope settings. The results are sum- 
marized in Fig. 9 (the reference numbers indicate 
the sources where the lattice parameters of the 
relevant oxides were found). 

The patterns obtained from specimens corroded 
in pH 5.4 solution were simple to identify, and 
showed that the corrosion product formed at all 
values of potential was UOz. Corrosion in alkaline 
solutions gave some diffuse patterns with wide 
rings and these were, consequently, difficult to 
measure and interpret. The pattern for U307, 
however, was clearly identifiable as were several 
U308 lines in the oxide formed at +0.5v EHA and 
+0.8v EHA The pattern obtained from the test at 

I O U 0 , W  I O M W W J D E 7  
44 LINES PRESENT. 

pH b4 ALKAUNE SUUTIONS 

Fig. 9. Identification of uranium oxides by electron diffraction 

-1v EHA closely resembled that of UOz, but the 
rings were very diffuse. On the basis of x-ray work, 
this is believed by some workers (13,19) to indi- 
cate the presence of the hydroxide U (OH) 

Conclusions 

It is established from the results that the corro- 
sion of uranium and the uranium-zirconium alloy 
in alkaline solutions differs significantly from the 
corrosion in pH 5.4 solution, and this difference in 
behavior is ascribed to the formation of oxides 
other than UOz in solutions of high pH. The cor- 
rosion rate of zirconium in alkaline solutions is 
somewhat higher than in pH 5.4 but the mechan- 
ism appears to remain virtually unaltered. Zir- 
conium ions are known to display a unique val- 
ency and oxides higher than ZrOz do not normally 
exist. 

Electron diffraction measurements while failing 
to establish accurately the stability ranges of the 
various oxide phases shown in the newly con- 
structed pH-potential diagram for uranium gave 
supporting evidence for their existence. The elec- 
tron diffraction results agreed with the corrosion 
rate results to the extent of indicating clearly the 
marked difference between the corrosion products 
in the two types of environment. 

Although the reversals in the corrosion rate of 
uranium and the alloy associated with cathodic 
polarization in alkaline solutions require a different 
and more complex explanation than does the simple 
behavior found in acidic solutions, the proposed 
mechanism of oxide growth remains the same. 
These results lend further support to the suggestion 
that a relationship exists between the electronic 
conductivity of the oxide, its hydrogen content, 
and the corrosion rate. 
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The Effect of Heat-Treatment on the Corrosion and Hydrogen 

Pickup Behavior of a Zr-Sn-Nb Alloy in High Temperature Water 

and Steam 

D. L. Douglass 

Vallecitos Atomic Laboratory, General Electric Company, Pleasanton, California 

and H. A. Fisch 

Lamp Metals and Components Department, General Electric Company, Cleveland, Ohio 

ABSTRACT 

Heat-treatment was shown to increase the rate of corrosion of Zr-2Sn-2Nb 
over that of the annealed condition, but the rate of hydrogen pickup as a 
function of total corrosion was found to be relatively insensitive to heat treat- 
ment. The effects of heat treatment have been analyzed in terms of changes 
in: (i) alloy constitution, (ii) composition of microconstituents, and (iii) the 
metal texture and oxide orientation. Stereoscopic examination of oxide-film 
surfaces by electron microscopy revealed cracking both at grain boundaries and 
at  interfaces between phases. Extensive and abrupt changes in film topography, 
which also were sites of film cracking, were observed. 

A 2 atomic per cent (a/o) tin-2 a/o niobium al- 
loy of zirconium in the annealed condition has been 
shown (1) to have mechanical properties superior 
to those of Zircaloy-2 and a corrosion resistance 
only slightly inferior to that of Zircaloy-2. Addi- 
tional corrosion studies were warranted by this 
excellent combination of properties. The alloy is 
susceptible to heat-treatment with further im- 
provement of its mechanical properties. This paper 
presents the results of a program to evaluate the 
corrosion behavior and hydrogen absorption of the 
annealed alloy and to determine the effects of heat- 
treatment on corrosion resistance. 

Experimental Procedure 
Sample preparation.-Two, 10-lb ingots were 

prepared by consumable arc melting in vacuum in a 
copper-cooled crucible. Ingots were remelted three 
times to obtain homogeneity. Ingot A (see Table I )  
was used to provide specimens for the investigation 
of the annealed alloy. Ingot B provided specimens 
for the heat-treatment studies. 

Ingot A was jacketed with copper and Ingot B 
with mild steel before being extruded a t  800°C. The 
extrusion reduced the ingots from the original 3-in. 
diameter to =&in. rod. These extruded rods were 
cold-rolled into 65-mil strips (3 passes with inter- 
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Table I. Chemical analysis of Zr-2Sn-2Nb ingots 

Ingot A Ingot B 
Weight per cent 

(w/o) a/o w/o a/o 

Tin 2.58 1.97 2.53 1.94 
Niobium 1.97 1.93 1.94 1.90 
Hydrogen 0.0022 0.20 0.0040 0.36 
Nitrogen 0.0049 0.032 0.0110 0.072 
Oxygen 0.1560 0.89 0.1000 0.57 
Carbon - - 0.030 0.23 

Zirconium Balance Balance 

mediate anneals) and cut into blanks which were 
vacuum-annealed at 775OC for M hr and fast- 
cooled (8O0C/min). Corrosion coupons approxi- 
mately 1xM-in. were machined from these blanks 
so that each specimen had four machined edges and 
two as-rolled surfaces. 

Corrosion testing.-The coupons were degreased, 
pickled in HN03-HF-H20, and corrosion tested in 
water at 316" and 360°C and in steam at 400°, 
440°, and 48Z°C, in static autoclaves of 347 stainless 
operated at 1500 psi. Deionized deoxygenated water 
was used in all tests. Twenty coupons were placed 
in an autoclave for each temperature condition. At 
the end of each incremental exposure, one coupon 
was removed and cut into six pieces. Hydrogen 
analysis by vacuum fusion and metallographic and 
x-ray examinations for hydride precipitation were 
performed on separate pieces of the coupon. The 
remaining coupons were left in the autoclave for 
longer exposures. 

Heat treatment.-The blanks from Ingot B were 
heat-treated by sealing them, along with zirconium 
turnings, in quartz capsules under 1/3 atm of argon. 
Gettering of the atmosphere was performed before 
heat treatment by heating the turnings at one end 
of the capsule for several minutes. Quenching was 
performed by breaking the capsule under water 
after the desired time at temperature. Coupons 
were machined from these blanks and corrosion 
tested in 360°C water and 400°C steam. 

X-ray diffraction.-The oxide films on the cou- 
pons from Ingot B were examined in a high-angle 
diffractometer with filtered copper radiation. A 
sample spinner was employed to rotate the sample 
about an axis perpendicular to the rolled surface of 
the strip. 

Electron microscopy.-Oxide film surfaces were 
examined by electron microscopy using two-stage 

Fig. 1. Corrosion and hydrogen pickup kinetics of annealed 
samples. Open symbols, oxygen; closed symbols, hydrogen. 

replication. Replicas were prepared by pressing 
replicating tape firmly against the surface, strip- 
ping off the tape, shadowing the tape with chro- 
mium at an oblique angle and finally shadowing 
with carbon normal to the surface of the tape. The 
carbon surface was coated with molten wax to  
prevent breakup of the replica, and the replicating 
tape was dissolved in acetone. The wax was dis- 
solved subsequently, and the replicas were washed 
thoroughly. Stereo pairs were taken of all micro- 
graphs and subsequently studied with the aid of a 
stereoscope to determine the exact topographical 
nature of the oxide surfaces. 

Results 

Corrosion and Hydrogen Absorption of 
Annealed Samples 

The effect of temperature on corrosion weight 
gain and associated hydrogen absorption for an- 
nealed samples is shown in Table 11 and in Fig. 1. 
As is characteristic for many zirconium-base alloys, 
the corrosion weight gain behavior follows a quasi- 
cubic rate law in the initial pretransition region, 
and a roughly linear rate in the post-transition 
region. On a log-log graph the transition point is 
arbitrarily taken to be the intersection of the lines 
representing the two rate law periods. The actual 
transition is gradual rather than abrupt. The slopes 
of the pretransition curves varied between 0.26 and 
0.30 with no apparent relationship to exposure tem- 
perature. Posttransition slopes ranged between 1.01 
and 1.08 and increased with increasing exposure 
temperature. These slopes are the exponents, n, in 

Table II. Effect of temperature on corrosion and hydrogen pickup behavior on annealed alloy 

(70-Day exposure data) 

Oxygen Hydrogen pickup 
weight gain, Per cent of Weight gain. H:O weight 

Temp, ' C  Medium mg/dmz P P ~ ,  & theoretical mg/dma gain ratio 

Water 21.5 0 0 0 0 
Water 81.0 16 6.3 0.6 0.0074 
Steam (302) * (94) * (10.3) * (4.0) * (0.013) * 
Steam 879 260 9.7 11 0.011 

482 Steam 2585 601 27 8.4 0.010 

84-Day data. 
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Table Ill. Summary of rate law exponents 

Exponent from: 
AW = kB 

Exposure Pretran- Posttran- 
Sample history temp, 'C  sition sition 

Annealed 775°C Y4 hr 
Annealed 775°C Y4 hr 
Annealed 775'C Y4 hr 
Annealed 775°C Y4 hr 
Annealed 775°C Y4 hr 
Annealed 800°C 24 hr 
Annealed 800°C 24 hr 
Annealed 950°C 24 hr, fur- 

nace-cooled 
Annealed 950°C 24 hr, fur- 

nace-cooled 
Annealed 950°C 24 hr, water- 

quenched 
Annealed 950°C 24 hr, water- 

quenched 
Annealed 950°C 24 hr, water- 

quenched, tempered 24 hr 
at 600°C 

Annealed 950°C 24 hr, water- 
quenched, tempered 24 hr 
at 600°C 

Hot-rolled then cold-rolled 
30% 

Hot-rolled then cold-rolled 
30 % 

the equation A W  = kt", in which AW is the weight 
gain in mg/dm2 and t is the exposure time in days. 
Individual values for these slopes are given in Table 
111. 

During the corrosion reaction, hydrogen is liber- 
ated according to the following reaction 

A portion of this hydrogen is taken up by the metal, 
the remainder is released to the environment. The 
hydrogen pickup of the annealed alloy is shown in 
Table I1 and Fig. 1, 2, and 3. Figure 1 shows that 
hydrogen absorption kinetics closely follow the 

Fig. 2. Relationship between absorbed hydrogen and oxygen weight 
gains. 

Test temperature, 'C 

316 360 400 440 482 

Annealed alloys posttransition A . r solid oblong 
Heat-treated alloys + X 

oxysan W.isht Cioin. moldn '  

Fig. 3 Relationship between absorbed hydrogen and oxygen weight 
gains. 

Test temperature, O C  

316 360 400 440 482 

Annealed alloys 
Pretransition V open oblong 
Posttransition . r solid oblong 

Heat-treated alloys + 

weight change kinetics. The absorbed hydrogen val- 
ues in parts per million given in Table I1 are the 
differences between initial and final values. Since 
the hydrogen analyses were only accurate to 2 5 
ppm, specimens with hydrogen absorption values 
below 5 ppm may be considered as having absorbed 
no hydrogen. 

Figures 2 and 3 show that the ratio of hydrogen 
weight gain to oxygen weight gain of 0.013 is nearly 
constant over the temperature range investigated 
and that there is no difference between pickup in 
the pretransition and posttransition regions of the 
weight gain curve. This is in contrast to the obser- 
vations of Cox ( 2 )  who found, for Zircaloy-2 and 
other zirconium alloys, that the curve for hydrogen 
absorption could be divided into three regions each 
having different ratios. 

Effect of Heat-Treatment on Corrosion Resistance 
and Hydrogen Absorption 

Total weight gain curves for heat-treated coupons 
exposed in 360°C water and 400°C steam are given 
in Fig. 4 and 5. All heat-treated coupons, with one 
exception, produced comparable corrosion weight 
gains after 100 days in 360°C water. A specimen 
which had been water-quenched from 950°C ex- 
hibited weight gains two or three times greater 
than the others. Tempering of the quenched struc- 
ture for 100 hr at 500°, 600°, or 700°C resulted in 
weight gains comparable to those of both the fully 
annealed and cold-worked samples. The same gen- 
eral behavior was observed in 400°C steam. The 
as-quenched sample again showed greater weight 
gains than the others. 

The increase in weight gain with time of the 
quenched samples did not follow the quasi-cubic .to 
linear transition behavior observed with the an- 
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TI.., Omrs 

Fig. 4. Effect of heat treatment on 360.C water corrosion. H, 
950°C 24 hr, water quenched; A, 950°C 2 4  hr, furnace-cooled; 
0, hot rolled and cold rolled (-30%); a, 950°C 2 4  hr, water- 
quenched, tempered a t  600eC 100 hr; 0, annealed a t  800°C 24 
hr, furnace cooled. 

Fig. 5. Effect of heat treatment on 4 W 0 C  steam corrosion. ., 
950°C 24 hr, water-quenched; A, 950°C 24 hr, furnace-cooled; 
0, hot rolled and cold rolled (-930%); 0,  950°C 24 hr, water- 
quenched, tempered a t  600°C 100 hr; 0, annealed a t  800°C 2 4  
hr, furnace-cooled. 

nealed specimens. In 360°C water, the specimen 
quenched from 950°C showed a continuously in- 
creasing slope which reached a limiting value of 
0.78. This value, while not corresponding to any of 
the exponents for known rate laws, may be taken as 
the equivalent of the posttransition linear rate ob- 
served for the annealed specimens. Both the cold- 

rolled and 800°C-annealed samples showed an ini- 
tial quartic, rather than cubic, time relationship 
followed by a transition to a linear time relation- 
ship. 

The same general behavior was observed in 400°C 
steam, but the initial slopes could not be determined. 
For the cold-rolled and 80O0C-annealed specimens 
the slopes reached limiting values of 0.89 and 1.06, 
respectively. The samples which were furnace- 
cooled from 950°C showed a corrosion rate slope of 
0.74 and the samples water-quenched from 950°C 
showed a corrosion rate slope of 0.83. These data 
are summarized in Table 111. 

The coupons were analyzed for hydrogen pickup 
after corrosion tests were completed. These results 
are given in Table IV. The per cent of theoretically 
available hydrogen which was absorbed by the 
heat-treated samples and the ratio of absorbed hy- 
drogen to oxygen were generally higher than those 
for the fully annealed alloy. The median ratio for 
the heat-treated alloys, 0.015, was higher by a sta- 
tistically significant amount than the value 0.013 ob- 
served for the annealed alloys. 

Oxide Film Orientation 
Monoclinic ZrOz films were observed on all sam- 

ples investigated in this work. Although the film 
structures were identical on all alloys, differences 
in relative intensities of various ZrOz reflections are 
evidence of different film textures. Diffraction pat- 
terns of several samples are given in Table V, for 
both films and substrates. 

According to Chirigos and Thomas (3) the mono- 
clinic oxide on Zircaloy-2 is oriented with the (111) 
planes parallel with the (0001) planes of the metal; 
because of the similarity of Zircaloy-2 and Zr-2Sn- 
2Nb, a similar relationship of oxide-to-metal is to 
be expected for the latter alloy. The (111) oxide 
reflections on the annealed and cold-rolled samples 
were the strongest as shown in Table V. The strong- 
est reflection from the substrate was for the (0002) 
planes (second order basal plane reflection). Evi- 
dently the oxide and metal both have the orienta- 
tions observed by Chirigos and Thomas. However, 
the water-quenched samples showed weak basal 

Table IV. Effect of heat treatment on corrosion and hydrogen pickup behavior 

(98 Day exposure data) 

Corrosion results Hydrogen pickup 
Heat-treatment Corrosion Oxygen weight Weight gain, Per cent of 

conditions gain, mg/dm2 ppm H p  mg/dms theoretical H : O  Ratio 

Annealed 800°C, F.C.(a) 
Annealed 800°C F.C. 
Betatized 95O0C, F.C. 
Betatized 950°C, F.C. 
Betatized 950°C, A.C.(b) 
Betatized 950°C, A.C. 
Betatized 95O0C, W.Q.(c) 
Betatized 950°C, W.Q. + 100 hr 500°C 
Betatized 950°C, W.Q. + 100 hr 500°C 
Betatized 950°C, W.Q. + 100 hr 700°C 
Betatized 95O0C, W.Q. + 100 hr 700°C 
Hot-rolled + 30% cold-work 
Hot-rolled + 30% cold-work 

360°C water 
400°C steam 
360°C water 
400°C steam 
360°C water 
400°C steam 
400°C steam 
360°C water 
400°C steam 
360°C water 
400'C steam 
360°C water 
400°C steam 

c u  F.c., furnace-cooled: cb) A.C.. air-cooled: I*) W.Q.. water-quenched. 
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Table V. Relative intensities of x-ray patterns of uncorroded metal and of corrosion films 

Phase 

ZrOz 
oZr 
ZrOz 
aZr 
ZrOz 
ZrOz 
aZr 
ZrOz 
ZrOz 
aZr 
ZrOz 
ZrOz 
aZr 
ZrOz 
ZrOz 
aZr 
aZr 
aZr 
aZr 
Zr Oz 
aZr 
aZr 
aZr 
aZr 
ZrOz 
aZr 
azr 
aZr 
aZr 
ZrOz 

Corrosion tests 

Base metal 
360°C Water 400'C Steam 

Water- Water- 
Water- Annealed Water- quenched Annealed Water- quenched 

Annealed quenched Annealed and quenched & 6OO'C Annealed and quenched & 600'C 
(hkll  800'C from 950'C 800'C cold-rolled from 950°C tempering 800'C cold-rolled from 950.C tempering 

(111) - - 100 100 8 14 100 100 12 36 
(100) 0 30 0 0 0 0 0 0 0 0 
(002) - - 75 100 100 100 86 100 100 100 
(002) 100 10 0 0 0 0 0 0 0 0 
(200) - - 50 60 0 0 0 0 0 0 
(102) - - 40 65 55 38 55 50 55 50 
(101) 15 15 0 0 0 0 0 0 0 0 
(211) - - 20 18 0 0 18 20 2 10 
(ZIT) - - 20 20 25 20 32 20 23 15 
(102) 45 15 0 0 0 5 0 0 0 0 
(220) - - 10 0 8 0 13 5 6 0 
(013) - 55 50 20 20 75 70 23 36 
(11%) 8 100 0 0 0 50 0 0 0 0 
(131) - - 10 18 8 10 23 20 10 18 
(113) - - 25 25 2 5 32 30 4 12 
(103) 100 60 45 25 0 15 0 0 0 0 
(200) 0 5 0 0 0 0 0 0 0 0 
(112) 15 5 0 0 0 5 0 0 0 0 
(201) 0 0 0 0 0 0 0 0 0 0 
~ S C U =  71.2 - - 25 40 50 28 45 50 40 43 
(004) 30 0 15 0 0 0 0 0 0 0 
(202) 0 0 0 0 0 0 0 0 0 0 
(104) 30 5 15 0 0 0 0 0 0 0 
(203) 0 0 0 0 0 0 0 0 0 0 
2Scu=92.6 - - 12 0 0 0 0 0 0 0 
(210) 0 10 0 0 0 0 0 0 0 0 
(211) 0 10 0 0 0 0 0 0 0 0 
(114) 30 50 0 10 0 15 0 10 0 12 
(212) 0 0 0 0 0 0 0 0 0 0 
2Ocu= 106 0 0 25 10 0 0 0 0 0 0 

plane reflections, the strongest x-ray peak being 
the (11%) reflection. The oxide on the quenched 
sample was oriented with the (001) planes parallel 
to the (11F0) planes of the quenched metal. The 
(ZOO), (211), (013), and (113) oxide reflections on 
the annealed samples were strong but were non- 
existent or weak on quenched samples. 

Fig. 7. Structure of 950°C onnealed, furnace-cooled alloy. Cor- 
roded 100 days in 360°C water. a (upper), Alloy substrate; left, 
magnification approximately 250X; right, approximotely 3000X. b 
(lower), stereo pair of oxide film surface (negative replicas); 
Magnification approximately 3000X. 

Topography and Morphology of Oxide Films 

Fig. 6. Structure of annealed alloy, 24 hr a t  800°C and furnace- 
cooled. Corroded 112 days in 360°C water. a (upper), Alloy sub- 
strate; b (lower), Stereo pair of oxide film surfsce (negative 
replica). Magnification approximately 3000X. 

The topographical features of the oxide films and 
the relationship of the film structure to the metal 
substrate structure were easily discernible in stereo 
pairs of electron micrographs. Four stereo pairs 
which were particularly informative are shown in 
Fig. 6, 7, 8, and 9, and may be viewed by the reader 
with a stereoscope. 
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Fig. 8. Structure of quenched and tempered alloys. a (upper), 
Alloy substrate, quenched from 950°C and tempered 100 hr a t  
500°C, corroded 100 days in 360°C water; magnification, left, 
250X; right, 3000X. b (lower), Stereo pair of oxide film surface 
(negative replicas). History same as a. 3000X. 

Fig. 10. Martensitic substrate structure, water-quenched from 
1000°C. No primary alpha present, solution temperature was above 
j3/p + a transus. Magnification approximately 250X. 

Although macroscopic examination of the films 
indicated that they were crack-free and protective, 
the electron micrographs definitely established that 
many cracks were present. The cracks generally ap- 
peared at interfaces such as grain boundaries or 
the interfaces between two phases. An example of 
a grain boundary crack may be seen in Fig. 6, and 
an example of cracks between two phases may be 
seen in Fig. 7. Figure 7 also shows a crack which 
formed entirely within a primary alpha grain. Nu- 
merous interfacial cracks formed in the cold-rolled 
sample, Fig. 9. The quenched alloys were marten- 
sitic, consisting of a surface-roughened, acicular 
structure shown in Fig. 10. Much of the martensitic 
structure did not appear in the oxide films (such as 
in Fig. 8) indicating the oxide film masks out the 
structure of the substrate readily. 

,It should be emphasized that there are differences 
in the topography of the films which cannot be seen 
readily without a stereoscope. For example, the 
cracked patch in Fig. 8 is a raised mound in the 
replica (surface depression on the oxide surface) 
which probably resulted from a higher corrosion 

Fig. 8c. Alloy substrate, quenched from 950°C and tempered 100 rate in this region. Another example of surface de- 
hr a t  600°C, corroded 100 days in 3 M 0 C  water. Notice larger pressions in the oxide may be found in the negative - 
precipitate size and more advanced stages of martensite break stereo pair in ~ i ~ .  7 (the region just below 
down compared to a; left, 375X; right, 3000X. the center of the micrograph). This mottled region 

Fig. 9. Structure of hot-rolled plus cold-rolled alloy, corroded 
100 days in 360°C water. a (upper), Alloy substrate, 6000X. b 
(lower), stereo pair of oxide film surface (negative replicas). Mag- 
nification approximately 3000X. 

on the oxide is surrounded by a protruding ridge, 
at the bottom of which exists a crack (the black, 
fan-like structure). In most instances, the oxide 
films were cracked where the topography changed 
abruptly. 

All stereo pairs revealed a significant amount 
of surface porosity as evidenced by small protrud- 
ing whiskers in the replicas. The depth of these 
pores could be estimated from the height of the 
whiskers. It is not known whether the plastic 
replicating tape completely filled the pores or 
whether all of the tape was extracted from the 
pbres during removal of the tape. The importance 
and nature of these features warrants further 
work. 

Discussion 
Rate Laws 

Various heat-treatments effected appreciable dif- 
ferences in the corrosion behavior of the alloys, but 
it is difficult to analyze these differences in terms of 
the usual rate laws. It appears that many of the sam- 
ples initially corroded in accordance with some frac- 
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tional-power-exponent rate law, which is indicative 
of some type of diffusion-controlled process. Even- 
tually all of the samples exhibited a transition to 
corrosion in accordance with a more rapid rate law 
having higher values of the exponent. The higher 
values of the exponent are characteristic of a linear 
rate law in cases where n - 1, but the intermediate 
values, between 0.5 for a parabolic rate law and 
unity for a linear rate law, are puzzling. It is pos- 
sible that a combination of rate laws is applicable 
because only a portion of the film area is protective 
(in which region a diffusion-controlled process 
takes place), while the remaining area of the sam- 
ple is corroding according to a linear rate law. The 
fact that cracks in the film were observed rather 
extensively gives support to this idea. Further, the 
presence of porosity over certain areas, see Fig. 9, 
may allow those areas to corrode linearly, although 
it is not known if the porosity is deep enough to al- 
low the reactants direct access to each other. 

It is still doubtful that values of the exponent, n, 
obtained from log-log plots of weight gain us. time 
are meaningful in view of Wanklyn's work (4) on 
individual grains of zirconium. Wanklyn has studied 
the formation of interference films by noticing color 
changes on numerous individual zirconium grains 
and has found a wide variety of rate laws for the 
grains. In addition to differences in over-all thick- 
ness, Wanklyn observed the formation of large 
"pustules" on grains which had the thinnest oxide 
films. Grains which oxidized rapidly appeared to 
form uniform thick films, whereas the more resist- 
ant grains eventually exhibited the highly localized 
attack in the form of pustules. Rate laws cannot be 
assigned with certainty to the oxidation of poly- 
crystalline metals when the single grains exhibit 
such a wide variation in behavior. 

Alloy Constitution 

The difference in corrosion behavior as affected 
by heat-treatment can be analyzed in terms of the 
relative corrosion rates of the different phases. Let 
us consider how the constitution of the alloys can 
be changed by heat treatment. 

The constitution of the alloy at the quenching 
temperature, 950°C, was a + /3 even though the iso- 
thermal sections of high-purity alloys indicate that 
the alloy should be entirely within the beta region 
(5). The primary alpha was stabilized by the pres- 
ence of 1000 ppm oxygen, thus resulting in parti- 
tioning of the niobium to the beta phase and of the 
tin and oxygen to the alpha phase. Quenching re- 
sulted in supersaturation of the primary alpha and 
the transformation of the beta martensitically to 
distorted alpha having a solute content in excess of 
that shown in the equilibrium diagram (5). The 
structure, therefore, consisted of two alpha-phases 
of different composition: primary alpha with - 1 
a/o Nb and - 7 a/o Sn, and alpha prime with - 1-2 
a/o Nb and - 1-2 a/o Sn.' The corrosion rate of 
the primary alpha would be higher than that of the 

1 These compositions were estimated from available ternary Iso- 
therms and unpublished research on the effect of oxygen on the 
constitution of Zr-Sn-Nb alloys. 

alpha prime due to the higher tin content of the 
former. 

Tempering of the quenched structure improved 
the corrosion resistance considerably. This effect is 
related to the rejection of a precipitate from the 
martensitic alpha (see Fig. 8a and c). Tempering at 
500°C produced a very fine precipitate; tempering 
at 600°C produced a much coarser precipitate. The 
primary alpha phase was void of precipitate whether 
tempering was performed at 500" or 600°C. This is 
rather surprising in view of the high tin content of 
the primary alpha which was considerably higher 
than the solubility limits at either tempering tem- 
perature. It was expected that rejection of Zr4Sn 
would occur in the primary alpha, but electron 
microscopy failed to reveal any precipitation. Opti- 
cal micrographs of the corroded samples, Fig. 8a 
and c, show the hydrides observed in the marten- 
sitic matrix of quenched alloys as well as tempered 
alloys. The hydrides did not form in the primary 
alpha phase, and when growing in the martensitic 
phase apparently were stopped on reaching the 
primary alpha particles. 

Annealing a t  800°C also was performed within 
the a + ,9 region, but the composition of the two 
phases was markedly different from that of the alloy 
quenched from 950°C. The tin content of the prim- 
ary alpha was lower, and the niobium content of 
the beta-phase was higher than the sample quenched 
from 950°C. If the niobium content of the beta- 
phase is high, transformation may be expected dur- 
ing cooling (6). According to the only isothermal 
sections available for high purity alloys (5), beta 
should decompose into three phases, a + pf +Zr&n; 
the final beta, pf, having a composition presently 
unknown but different from the original beta. The 
decomposition products of the high-temperature 
beta are seen in Fig. 6a as small polyphase regions. 
The fact that the samples annealed at 800°C were 
polyphase and also showed the most resistance to 
corrosion gives strong support to the supposition 
that the corrosion resistance of all the phases is 
nearly identical. 

The good corrosion resistance of the cold-worked 
sample may be attributed to its similarity in struc- 
ture to that of the sample annealed at 800°C. The 
cold-worked structure is elongated slightly by the 
rolling, but otherwise is very similar with respect 
to microconstituents. 

Heat-treatment has been observed to have a 
strong influence on corrosion resistance in Zr-Nb 
binary alloys (7,  8), primarily due to gross changes 
in the composition of microconstituents. Klepfer 
(7) and Richter and Tverberg (8) showed that heat 
treatment in the a + /3 region for binary Zr-Nb al- 
loys resulted in corrosion rates much higher than 
the corrosion rates for material annealed in the 
region below the monotectoid temperature. In the 
latter material an alpha-zirconium phase containing 
about 1% Nb is in equilibrium with a body-cen- 
tered cubic phase of about 90% Nb-10% Zr; both 
phases have excellent corrosion resistance. Heating 
in the a + f i  region produces an alpha phase which 
is very similar to that formed below the monotec- 
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toid temperature, but the body-centered cubic phase 
in equilibrium with the alpha contains between 
zero and -. 20% Nb, depending on the temperature. 
Klepfer showed that as the annealing temperature 
within the a + j3 region increased, the niobium con- 
tent of the beta-phase decreased. Richter and Tver- 
berg showed a similar behavior for ternary Zr-Nb- 
Sn alloys for tin contents of up to 1%. It has been 
shown (1, 5, 7, 8)  that the corrosion resistance 
of 8-zirconium decreases with increasing niobium, 
and thus the over-all corrosion resistance of the 
two-phase alloy decreases as the amount of the 
beta-phase increases and/or as its niobium content 
increases. 

Changes in Oxide and Metal Orientations 

Another factor which may be partly responsible 
for the different corrosion behaviors after heat 
treatment could be the changes noted in orienta- 
tions of both oxide and metal. The anisotropy of 
corrosion (9 )  would manifest itself in different cor- 
rosion kinetics as the texture of the substrate 
changed. Likewise, a change in oxide orientation 
might be expected to alter both the rate of oxygen 
diffusion through the oxide and the rate of growth 
of the oxide. Although no evidence exists for aniso- 
tropy of oxygen diffusion in zirconia ( l o ) ,  it is rea- 
sonable to expect diffusion anisotropy in low-sym- 
metry structures as exemplified by self-diffusion in 
bismuth I l l ) .  

In this study, the strong (1120) texture of the 
quenched samples and the strong (0001) texture of 
the annealed samples are the principal texture dif- 
ferences. Bibb and Fascia (9) have shown that metal 
orientation significantly affects the corrosion rate 
of single crystals of zirconium, some of their data 
are summarized in Table VI. Although Bibb and 
Fascia found that the weight gains in a given time 
of (0001) and (1120) faces were similar, a shift in 
orientation from the ( l l ? ~ )  face of less than 16" 
gives an orientation of (2151), the crystal face 
which they found to have the poorest corrosion re- 
sistance. 

Pole figures were not run on the Zr-Sn-Nb sam- 
ples, but the fact that medium intensities of the 
(1073) and (1124) reflections were observed in the 
quenched sample indicates that this sample did not 
have a perfect (1120) texture and probably was 
close to the (2131) texture. The (2131) reflection 
for the quenched samples had a relative intensity 

Table VI. Anisotropy of zirconium single crystal corrosion in 
360°C water (9) 

Weight gain, 
mg/dma Time to 

Crystal face after 100 days transition, days 

of 10, but this reflection was not detected in the an- 
nealed samples. Additional evidence supporting a 
(2131) texture of the quenched samples may be ob- 
tained by considering the relative intensities of the 
low-multiplicity planes of zirconium powder, e.g., 

(2171)-6 for powder us. 10 for the quenched sam- 
ple; (1124)-3 for powder us. 50 for the quenched 
sample. 

The quenched samples showed a weight gain at a 
rate about two times that of the annealed samples, 
which is quantitatively similar to the ratio observed 
by Bibb and Fascia for the (2171) and (0001) crys- 
tal face textures. 

Hydrogen Pickup 

'Ihe relative insensitivity of hydrogen pickup rate 
with respect to heat treatment and composition has 
been noted in binary Zr-Nb alloys by Klepfer (7) .  
Richter and Tverberg (8)  also studied binary Zr- 
Nb alloys and observed slight differences in hydro- 
gen pickup rates, but no clear correlation between 
pickup and heat treatment or between pickup and 
composition could be established. Richter and Tver- 
berg investigated several ternary Zr-Nb-Sn alloys 
and found that various alloys subjected to different 
heat treatments picked up hydrogen at about the 
same rate as that which Klepfer observed in the 
binary Zr-Nb alloys and as that observed in this 
study on Zr-2Sn-2Nb. 

The location of hydrides (see Fig. 8)  is somewhat 
puzzling. There appears to be no hydride in the 
primary alpha phase. The beta phase2 is an equi- 
librium phase at 360°C, the corrosion test tempera- 
ture, and if beta were present, one would expect 
that the hydrogen would locate preferentially in 
this phase due to a higher solubility than in alpha. 
However, the high temperature beta transformed 
to martensite during the quench, and no evidence 
of beta was found by x-ray diffraction after expos- 
ure at 360°C for 100 days. It would thus appear 
that tin restricts the solubility of hydrogen in alpha 
zirconium, whereas niobium increases the solubil- 
ity. If it is assumed that the hydrogen was soluble 
at the test temperature, then precipitation should 
occur during cooling to room temperature. 

No clear explanation of hydrogen pickup in zir- 
conium alloys containing niobium has thus far 
been given. Fortunately, the rate of pickup is low in 
these alloys, and thus, if good corrosion resistance 
can be achieved, the amount of hydrogen absorbed 
will be low and integrity of mechanical properties 
can be maintained. 

Manuscript received Aug. 30, 1963. This paper was 
presented at the New York Meeting, Sept. 29-Oct. 3, 
1963. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1965 JOURNAL. 
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The Trivalency of Gallium Ions Formed 

during the Dissolution of the Metal in Acids 
M. E. Straumanis and K. A. Poush 

Department of Metallurgical Engineering, 
University of Missouri School of Mines and Metallurgy, Rolla, Missouri 

ABSTRACT 

Gallium dissolves very slowly in dilute acids such as HCl, HzS04, and 
HClO4. The rate can be substantially accelerated if the metal is connected with 
a Pt electrode in the same solution. From the volume of the hydrogen de- 
veloped the valency of 3 is calculated for the Ga ions going into solution. The 
same ionic charge is obtained from coulometric measurements using a Ga 
amalgam as an anode. This is in contradiction with the valency of one re- 
cently reported in the literature. However, microscopic observations revealed 
that the valency of one is only apparent, because GaO disintegrates partially 
while going into solution anodically. The diameter of the smallest observable 
Ga particles is less than 7 x 10-5 mm. If the solution is not cooled the forma- 
tion of large metallic spheres is observed. Disintegration explains the devia- 
tion from Faraday's law, and the presence of the small particles-the reducing 
ability of the electrolyte. The postulation of Ga ions of lower valency is 
therefore, not necessary. 

One of the basic problems in corrosion and anodic C104- + 8H + C1- + 4H20 PI 
dissolution of metals is the valency or charge of 
ions with which the latter go into solution. There 
are investigations which seem to prove that, for 
instance, Be, Mg, and Zn, under certain conditions, 
may go into solution in the form of monovalent 
ions and then immediately react with the electro- 
lyte or an oxidizer if present. Thus, the existence of 
lower valency ions cannot be proved directly, but 
the deviation from Faraday's law in the sense that 
more metal went into solution than calculated, 
points indirectly toward the anodic formation of 
lower valency ions. 

Such observations were also made on gallium 
anodes (1): more Ga went into solution than re- 
quired by Faraday's law and the anolyte showed 
some reducing ability. I t  was concluded that in the 
initial stage of dissolution monovalent gallium ions 
were ejected by the anode. The existence of such 
ions was derived (2) from experiments in which 
Ga was dissolved in concentrated HC104, whereby 
this was assumed to be (partially) reduced to C1- 

A second possibility that the active hydrogen, de- 
veloped during the dissolution reaction, might act 
as a reducing agent was not considered 

The aim of the present contribution is to prove that 
GaO does go into solution in the form of Ga3+, and 
that the deviation from Faraday's law and the re- 
ducing ability of the anolyte are due to partial dis- 
integration of the Ga anode into very fine particles 
which may act as a reducing agent. The experi- 
mental procedure is as follows: (i) collecting and 
measuring the volume of hydrogen evolved from 
the metal dissolving in acids provides confirmation 
of 

Ga + 3Ht + Ga3+ + 1.5Hz C ~ I  
(ii) determining the valency of Ga-ions going into 
solution from a Ga-amalgam electrode by measur- 
ing the number of coulombs, and (iii) examining 
the solvent for very fine metallic particles which 
may be expelled from the Ga anode while the cur- 
rent is flowing. 

The Trivalency f r m  the Hz-Volume Developed 
Unfortunately, pure Ga metal dissolves so slowly 

in acids such as HC1, HzS04, and HC104, even when 
they are hot and concentrated, that it was impos- 
sible to collect sufficient amounts of hydrogen to 
establish the stoichiometry of reaction 131. The dis- 
solution rates of Ga amalgams were even lower. 
Therefore, it was necessary to accelerate the veloc- 
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Fig. 1. Device for dissolving the Go of the amalgam A by im- 
mersion into HCI, HzSO4, or HClO4. 0, Pt cylinder and connectiori 
with A. 

ity of the reaction. This was achieved by connecting 
the Ga amalgam with a cylindrical platinized plati- 
num electrode as a cathode (Fig. 1). Since this 
cathode has a low hydrogen overpotential, the gas 
can readily develop on it, while Ga is going into 
solution anodically. 

About 0.13g of gallium (99.9% pure) were 
weighed precisely and dropped into some Hg; Ga 
amalgam was formed (3). Then this amalgam was 
connected with the hollow platinum cylinder and 
the couple was immersed in the acid, held in a 
flask. The contents were preheated to a temperature 
of 37'-38°C in a constant temperature water bath 
and saturated with hydrogen (4). Reaction [3] 
started at once. The gas was collected above water 
in a burette, using a leveling bulb. 

Volume-time curves were drawn to determine 
the end of the dissolution reaction, which required 
3-6 hr. The valency of Ga ions was calculated from 
the weight of Ga dissolved and the volume of hy- 
drogen developed. The results are summarized in 
Table I. 

Table I. Valency of Ga ions going into solution anodically 
(from a Ga-amalgam anode) 

Acid Normality Valency Average 

HCl 6.1 3.01 
6.1 2.88 
6.1 2.96 
6.1 2.94 
6.1 3.01 
6.1 2.90 

Considering that there is still some hydrogen loss 
during the 3-6 hr of collection of the gas, it be- 
comes clear from the valency numbers of Table I 
that Ga goes into solution as a trivalent ion, Ga3+. 
Besides, no C1- could be detected in the solutions of 
HClOd after the dissolution of Ga was completed, 
which indicates again that Gat was not formed 
during the experiments and that there were no re- 
duction reactions according to [2]. 

Nevertheless, the objection can be raised that re- 
action 131 may proceed in two steps, according to 
Davidson and Jirik (1) 

Ga + Ht +Gat  + 0.5H2 ~ 4 1  
and 

Gat + 2Ht + + Ga3+ +Hz 151 

As the sum of reactions [4] and [5] is equal to re- 
action [3], Table I is no proof for the initial mono- 
valency of Ga ions; it shows only that the stable 
valency of Ga-ions is 3. 

However, there are the following objections 
against Eq. [4] and, as a consequence, against 151: 
(i) The presence of Gat could not be proved in 
the solution, and therefore, it was previously as- 
sumed that Ga+ ions have only a very short life- 
time (1) ; (ii) in the experiments as shown by Fig. 
1, there was no reduction of C104-, (hence there 
were no Gat ions (2), although a reaction similar 
to [5] could also proceed), and (iii) it was shown 
by James and Stoner (5) that in the case of Zn- 
amalgam only Zn2+ ions were formed during anodic 
dissolution. This might be also true with gallium 
(no expulsion of lower valency Ga ions). 

The Trivalency of Ga Ions from 
Coulometric Measurements 

As Ga electrodes are difficult to handle and may 
easily melt (melting point 29.8"C), another ar- 
rangement than described previously (5) was used 
for the coulometric proof of trivalency of Ga ions 
expelled by gallium amalgam. Figure 2 explains the 
method. A precisely weighed piece of Ga (about 
0.015-0.028g) was dropped into mercury held in 
the beaker and covered with an acidic solution as 

Fig. 2. Number of coulombs delivered by a certain amount of 
Go: A, Ga-amalgam; 0, platinized Pt electrode; MA, precise milli- 
ammeter; D, variable resistance. 
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MINUTES - 
Fig. 3. Current delivered by the cell, Fig. 2, vs. time. Acid 

0.5N HCIO4; shaded area: 69.5 amp sec (coulombs) = 0.01679 Ga. 

shown in Fig. 2. Then a connection was made with 
the platinum electrode through a milliammeter. 
Immediately Ga went into solution and hydrogen 
was developed on the Pt cathode. The amount of 
current was plotted against the time as shown in 
Fig. 3. The experiment was continued until the cur- 
rent dropped to zero on the milliammeter. The mil- 
liampere minutes were determined from the shaded 
area of Fig. 3 by three methods: by weighing the 
paper of the shaded area, by direct counting of the 
square millimeters of that area, and by a planimeter. 
All three methods gave results in good agreement 
with each other. Then the milliampere-minutes 
were converted into coulombs and the amount of 
Ga present in the mercury was calculated assuming 
trivalency of Ga-ions (Eq. [3]). The results are 
summarized in Table 11. This table shows clearly 
that Ga is going into solution solely as a trivalent 
ion. If the output values are slightly lower than 
the amount of Ga weighed in, then the difference 
is easily explained: slight formation of Hz-bubbles 

Table II. Check of trivalency of Ga ions going anodically into 
solution from Go amalgam 

Acid 

1.8N HzS04 
1.8N HzS04 
1.8N H2S04 
1.8N HzS04 
1.8N HzS04 

Input of 
Ga. g 

0.0082 
0.0170 
0.0296 
0.0156 
0.0194 

0.0169 
0.0284 
0.0093 

0.0154 
0.0176 
0.0131 

0.0137 
0.0091 
0.0207 
0.0166 
0.0206 

Coulombs 
drawn 

output Of 
Ga, g 

Diff. 
A in D/o 

-1.2 
-1.7 
-3.4 
-1.9 
0 

A = -1.6 

0 
-2.1 
-2.1 

A = -1.4 

-3.2 
-4.0 
-2.3 

A = -3.2 

+0.7 
-2.2 
+0.5 
+0.6 
-1.4 

A = -0.3 

was observed on the surface of the amalgam, except 
in perchloric acid, and some oxidation might also 
have occurred, as the work was done in presence of 
air. Thus, very slight amounts of Ga went into 
solution outside the circuit shown in Fig. 2. Besides, 
the differences obtained are nearly always within 
the limits of error. 

Finally there is no reason to assume that Ga 
from a compact piece would go differently into so- 
lution, e.g., with a lower than 3 valency, as com- 
pared with the amalgam. 

In order to check the correctness of the quantita- 
tive determination of active metals dissolved in 
mercury by the coulometric method (Fig. 2 and 
Table 11), experiments with zinc were made: the 
differences between the input and output values 
were even smaller, they rarely exceeded 0.5%. 

Disintegration of Gallium 

If gallium goes into solution in acids solely as a 
trivalent ion, then why, using compact Ga as an 
anode, is more Ga dissolved than calculated from 
Faraday's law (1, 2)? The answer is a simple one: 
partial disintegration of the anode into very fine 
particles (6-10). Weight loss is caused not only be- 
cause of faradaic current, but also because of the 
dropout of single Ga particles (11). If all the 
weight loss is attributed to the faradaic current, a 
lower calculated valency than 3 for the Ga ions go- 
ing into solution follows automatically. 

The partial disintegration of Ga anodes while 
the current was flowing was proved as follows: a 
Ga anode was made by pressing metallic Ga into 
a hole drilled in Plexiglass and having a Pt lead 
(Fig. 4). The anode was cooled down and immersed 
in cooled H2S04. As soon as the circuit was closed a 
stream of grayish particles (sometimes interrupted 
by grayish flakes) started to drop from the anode 
to the bottom of the beaker. The particles were de- 
canted with distilled water, dried, and observed 
under the microscope. Under high magnification 
(oil immersion) aggregates of very small particles 
could be seen. They were metallic because of their 
metallic luster (see Fig. 5 ) .  The particles were 
not held together by a surface oxide film as in the 

Fig. 4. Arrangement for observation of disintegration of a Ga 
anode A; 8, cathode of PI; electrolyte-0.5N Hz%; current den- 
sity 850 ma C, battery; MA,  milliammeter. 
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Fig. 5. Metallic Go particles formed becouse of the partial 
disintegration of the Ga anode. Conditions: see Fig. 4. Magnifica- 
tion 1430X. 

case of Mg (9, 10) ;  they appeared separately, but 
easily stuck, together to form particle aggregates. 
The diameter of the smallest visible particles was 
below 7 x 10-5 mm in diameter. If the anodic dis- 
solution was performed without cooling, Ga spheres 
could frequently be observed. They were recog- 
nized by their larger size, spherical shape, and high 
metallic luster. X-ray pictures of the particles were 
not taken, because there was no doubt as to their 
metallic nature. 

Discussion and Conclusions 
Tables I and I1 show that 3-valent Ga-ions are 

produced in acidic solutions and that Ga-ions from 
Ga-amalgam go into solution as trivalent ions. Fur- 
thermore, there is no reason to assume that Ga-ions 
from a compact piece of the metal will be expelled 
with a charge lower than 3. While the metal is dis- 
solving, it undergoes a partial disintegration into 
fine and very fine particles. This, of course, causes a 
deviation from Faraday's law, if the metal is dis- 
solved anodically. The metallic particles, having a 
large specific surface, and an active potential (12) 
may act in the presence of oxidizers as reducers 
directly or through the active hydrogen developed 
on their surface. Thus, the C1O4- ion may be par- 
tially reduced to C1- (Eq. [2]). In the experiments 
of Fig. 1 (also Table I )  no C1- ions could be found 
after the completion of the dissolution process, be- 
cause the hydrogen was developed on the platinized 
Pt  electrode which has a low hydrogen overpoten- 
tial, inefficient in reduction processes, as molecular 
hydrogen is produced. 

Disintegration of Ga anodes was observed at high 
current densities. There still may be a question as 
to whether disintegration also occurs at  low cur- 
rent densities. This should happen because of the 
following reasons: an anode is rarely attacked 
evenly throughout, especially at  low current densi- 
ties; it will go into solution, as frequently observed, 
at preferential places (formation of etch pits) and, 
therefore, at  high local current densities. Thus, if 
disintegration occurs, it will occur at  these places. 
So it may be assumed that disintegration is to a 
certain degree proportional to the current density. 

There is still a possibility that the 3 electrons of 
each Ga atom going into solution might not be re- 
leased simultaneously but successively on the sur- 
face of the metal or of the amalgam. However, at 
present we have no experimental means to investi- 
gate this possibility. The question as to whether a 
Gat is formed first and then immediately the Ga3+ 
by further release of two electrons, is therefore, 
useless. 
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Distributed Network Analysis of Porous Electrode Capacitors 

Jean Vergnolle 
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ABSTRACT 

Assuming parameters distributed in a homogeneous anode of planar or 
cylindrical type, equations are given from which, with the aid of an analog 
computer, expressions are derived for equivalent series capacitance C, re- 
sistance (ESR) R, and for loss factor. Results are presented as families of 
curves, with the loss angle of the dielectric as a parameter, showing the de- 
crease of C and R with frequency. The cathode has also a determinant influence 
on the characteristics. 

In most capacitors with localized constants and 
relatively simple geometry, the equivalent impe- 
dance is easily determined. Electrolytic capacitors 
are a class apart, especially those in which the 
anode is a porous sintered mass with a useful area 
of a few tenths square meter per cubic centimeter. 
Such capacitors have a capacitance distributed in- 
side the porous mass; the useful area has been 
coated with a very thin skin of dielectric, and the 
over-all capacitance results from the integration of 
the extremely small capacitances of the elementary 
areas facing the conducting material which impreg- 
nates the anode. A characteristic common to all 
capacitors of this type is the decrease of the ap- 
parent capacitance with frequency as well as the 
increase of the loss angle that may reach and even 
exceed 4 4 .  Before attempting any calculation, it 
will be realized that the current, which passes be- 
tween the porous metal and the conducting material 
filling its pores, by capacity effect, generates an 
energy in the dielectric skin by dielectric losses, as 
well as in the conducting material by the Joule 
effect; these phenomena determine the loss factor. 
At the higher frequencies, the resistance in the 
pores is shunted by the surrounding capacitance of 
the elementary capacitors; the effect of this low- 
pass filter is to prevent the current from entering 
the anode, resulting in a drop of the over-all capaci- 

Fig. 1. Artist's conception of a cross section through a yorous 
anode (current lines contained in the figure plane). 

tance, which tends to become localized near the 
external surface of the anode (cf. Fig. 1 and 2). 

Calculations will be made of the apparent ca- 
pacitance and ESR, as well as the loss factor of the 
capacitors, taking into consideration characteristic 
parameters whose nature and number have been 
suggested by experimental data and by reasoning. 

After examination of the complex anode impe- 
dance, the cathode (1) will be considered briefly, per- 
mitting an evaluation of the over-all impedance of 
a porous electrode capacitor. 

Setting up the Anode Equatim (2,3) 
We shall consider a porous anode as a homogene- 

ous medium at the scale of the apparent dimensions 
with distributed capacitance, which will henceforth 
be referred to as nominal or specific capacitance, 
expressed in farads per cubic centimeter. The anode 
core is the porous metal mass relatively infinitely 
conducting: the cathode system is the impregnant, 
characterized by its finite conductivity x that ap- 
pears in the pores, multiplied by a factor p related 
to the state of division of the medium. The nominal 
capacitance per unit volume will be designated by 
K. Assuming an apparent intrinsic loss factor 8 of 
the dielectric due, as will be seen later, partially to 
its nature and partially to an ESR distributed be- 
tween the impregnant and the insulating skin it- 
self, K will be a complex quantity given by 

if S is small enough; KO decreases slowly with angu- 
lar frequency following an approximate law 

that is not the author's subject, and thus will not 
be discussed (4,5). 

Let us consider (cf. Fig. 3) a certain "current 
tube" whose shape is related to the macroscopic 
anode geometry, and in this tube an elementary 
volume dV between two equipotential surfaces, 
marked off by their abscissae x and x+& taken 
along a current line. The nominal capacitance of 
dV is 

d 4  = (aCl/ax) CIZ = KdV = K(aV/ax) CIZ 133 -- and the resistance between the two surfaces (in the + impregnant) 

Fig. 2. Equivalent dectrical nehvork d~~ = (aRl/ax)& = ( k / p x )  (av/ax) 143 
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i 
Anodes 

planar cylindriccr/ 

Fig. 3. Principal anodes structures investigated by using the 
corresponding dependence of aV/ax on x. 

Let Z (x) = R (x) - j/oC (x) be the impedance 
between the anode and the plane x > x, in the 
case that no current would flow beyond this plane 
in the anode core, i.e., considering x as the outer 
surface of the porous anode. When increasing the 
thickness by clx, the impedance of the new struc- 
ture becomes Z f cEZ, where 

from which 
dZ = dR1 - jZ%dC1 C51 

This is where the macroscopic geometry of the 
anode comes in; it decides the shape of the cur- 
rent tubes and the expression for aV/ax. Two main 
structures are met with in practice: the so-called 
"planar" one in which the current lines are normal 
to a reference equipotential plane, and the so-called 
"cylindrical" one in which these lines are normal to 
a reference equipotential cylinder; the latter is by 
far the most common type. For planar anodes and 
a tube of unit section; aV/ax = 1; for cylindrical 
anodes and a "tube" contained between two cross- 
sectional planes one unit apart, aV/ax = 2nx. Tak- 
ing into consideration the basic equations 131 and 
[4], the system [6] and 171 becomes, for planar 
types 

and for cylindrical types 

When x x,, i.e., when the porous material layer 
tends to be infinitely thin, ESR tends to zero, like 
capacitance, the over-all loss factor of the anode 
remaining. The variable will be normed using 

Combined with an appropriate norm for R and C,  
a set of differential equations is obtained from 181 

Fig. 4. Auxiliary function Glp) 

Fig. 5. Auxiliary function R(p) 

and [ 9 ]  (or [ lo]  and [ l l ] )  which contains only one 
independent variable X including both size depend- 
ence, x ,  and frequency dependence, a .  An appro- 
priate norm for R and C is obtained when dividing 
by the limiting values for X -* 0, i.e., by the "initial 
values" Ci and Ri. One has, for planar types 

Ci = Kx, Ri = x/3px  [13] [14] 

for cylindrical types 

Ci = lrKx26, Ri = R/4?rpx [15] [I61 

with the auxiliary functions of the ratio p (cf. Fig. 
4 and 5) 

G = 1 - l/p2 C171 

R =  Ih: - (P2-1) -1+2Lnp(p2- l ) -2  [18] 

The normed values of C and R are 

Y c  = C / K X ,  Y R  = 3pxR/x [I91 1201 

for planar types and 

Yc = C/?rKx2G, Y R  = * R / R  [211 [221 

for cylindrical types. It is remarkable that ESR of 
the cylindrical anodes remains constant,whatever be 
X (low), either the radius x or the frequency o be 
low; on the other hand, x remaining constant, when 
p +  1, capacitance and ESR of the thin layer are 
given by the simplified formulas 

and when p = r, (no solid central core) 

Invariant Curves for Anodes 
Although mathematical solutions may be derived 

for the above differential systems, the author pre- 
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ferred using an ANALAC analog computer which 
gave invariant curves (Y, X) and whose interest be- 
comes evident in the case of cylindrical anodes for 
which mathematics yield very complicated functions 
of Bessel's functions. Logarithmic coordinates are 
extensively and advantageously employed for these 
kinds of problems, and we shall now examine 
asymptotic solutions for X + 0 and X + YJ. 

For planar types, like Z = R - j/Co 

P = 6pXZ/x = ~ Y R  - 3j/XYc [271 
with 

= X'(1- jS)/(l + S2) [28] 

For small values of X ("initial range"), Yc = YR = 1. 

ESR is represented by 

yRP = 1 + 3S/2X1 ~291  

and capacitance by 
yC' = 1 [301 

tan A = RCW = (2/3)X1Y~'Yc' = 2X'/3 + S [311 

In this range, capacitance is constant, ESR decreases 
like X'-l, while loss factor increases linearly with X' 
from its initial value 6. 

For high values of X' ("extreme range") 

YR = 3 / 2 d X  Yc = 1 / d x  [321 C331 

F = 3 ( 1 - j ) [ ( l  +S2)(1-jS)X']-1/2 [34] 
Putting 

T, = [ (1  + 82) 'I2 + S11J2 C351 
then 

P = 3 (T6 - j/Ta) /dz E36l 
Whence 

YR' = 3Ta/2dx, Ye' = T ~ / ~ X ~ '  [37] 1381 

tan A = Tp2 C391 

Those formulas become, when S is very small 

The "capacitance critical point" is important in 
practice, and defined, equating Yc' values derived 
from Eq. [30] and 1381 

Similarly, "ESR critical point" might be defined 
equating YR' values derived from Eq. [29] and [37]. 
It is significant only when 8 is negligible, then 

XR1 = 9Tp2/4 N 9 (1 + 8) /4 1451 

For cylindrical types,like Z = R - j/Cw 

P = 41rpxZ = RYR - 2j/GXYc 

= RYE'- 2j/GX'Ycf 1461 

For low values of X, following the same compu- 
tation process, 

tan A = (1/2) (RGX'YR'YC') = RGX'/2 + 6 [49] 

For high values of X, where 

tan A = Ta2 C541 

The capacitance critical point is defined by 

Figures 6, 7, and 8 show the three invariant 
families of curves, depending on the parameter 8. 
for planar anodes. Figures 9, 10, and 11 are drawn 
as regards cylindrical types with p = 8 (as an ex- 
ample). 

These curves represent variation of R, C, and 
tan A with frequency W, this variable being directly 
proportional to X', following Eq. [28]. The critical 
point is characterized by the "critical frequency" oc, 
which is an upper practical limit for utilization of 
the anode; above a frequency approximately 5 oc, 
capacitance and ESR decrease like w-l12. For planar 
types, X' is simply the ratio w/(wc),, and for cylin- 

Fig. 6. Invariant family of curves (log Y,', log X') for planar 
anodes ( 8  as the parameter) (extreme asymptote in dotted line). 

Fig. 7. Invariant family of curves (log YR', log X') for planar 
anodes (6  as the parameter). 

Fig. 8. Invariant family of curves (log tan A, log X') for planar 
anodes ( 6  as the parameter). 
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Fig. 9. Invariant family of curves (log Y,', log X') for cylindrical 
anodes (6 as the parameter) (p = 8 )  (extreme asymptote in dotted 
line). 

Fig. 10. Invariant family of curves (log YR', log X') for cylindrical 
anodes (8 as the parameter1 (p = 8). 

Fig. 11. Invariant family of curves (log tan A, log X ' l  for 
cylindrical anodes (8 as the parameter) (p = 8). 

drical ones, it is similarly (4/G2) [o/(oc),,], (oc) 
being the critical frequency for a nil 8. Experimen- 
tally one may observe a slope of the curve (LnC, 
Lno) different from zero in the initial range, and 
higher than 0.5 in the extreme one, depending on 
Eq. [2], or possibly, another physical law. 

Theoretical Comparison of Planar and 
Cylindrical Anodes 

Before making any further assumptions it seems 
worthwhile comparing planar and cylindrical anodes 
with results already obtained; this comparison will 
make sense when made in respect to two anodes 
with the same useful volume and the same limit 
capacitance. Having first used anodes of unit cross 
section or unit length, it will now be necessary to 
take into consideration the area of cross section a or 
length 1 of the cylinder; the initial capacitances are 
then respectively Kax, and rKxc21G, the indices p 

and c being applied to the values of x to distinguish 
the thickness xp from the external radius x,, i.e. 

Further on these indices will designate the magni- 
tudes relative to the anodes of each of the two types. 
A new assumption will be added, i.e., the equality of 
the loss factors 8. 

Under these conditions, the series resistances in 
the initial range, essentially laid down by 8, are 
necessarily the same. If S is small, there is an inter- 
mediate range where R = (Ri) ., and where 

(throughout this range, the capacitances are still 
equal and constant). The ratio 

compares practical upper utilization limits. 
In the "extreme range," where only the apparent 

external areas come are considered, the following 
equation is valid for all values of 8. 

Applications with Supplementary Hypothesis 

The expressions derived for the equivalent series 
resistance and capacitance contain the parameter 6, 
which may be a function of frequency; it consists of 
an inherent, quasi frequency independent value S1 
of the dielectric (and of the interface dielectric-im- 
pregnant) and of a frequency dependent loss arising 
from the series resistance of the impregnant in pores 
extending essentially perpendicular to the direction 
x; thus 

q (or a) is a new auxiliary parameter; q is dimen- 
sionless like p. A more thorough analysis of the 
effects would take into account the fact that, strictly, 
the new series resistance is depth dependent and 
thus frequency dependent; but we shall assume the 
critical frequencies of the narrowest pores are 
pushed back beyond the usual frequencies. 

We shall now show how to utilize the computations 
and families of curves given in the previous section, 
taking due account of the introduction of new pa- 
rameters. Instead of being constant, S is linearly in- 
creasing with X', according to Eq. [60]. And so, the 
invariant plots already made are still usable as 
charts for obtaining the new invariant curves (Yr', 
X'), (YR', X'), and (tan A, X') arising from our ad- 
ditional assumptions. We shall suppose the new 
parameter q is always high enough to assure 6 <<< 
1, whatever X' in a usual range, since values of Sl 
are lower than 1% for Ta205. 

Simple calculations lead to the following results. 
Plane anodes-Initial range 

Yc' = 1, YR' = 1 + 3p/q + 381/2X' 1611 [62] 

tan A = S1 + 2 (1/3 + p/q) X' ~ 6 3 1  
Extreme range 

Yc' = (1 + ~ 1 / 2 ) / d F  + p d i / q  7 
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Fig. 12. Equivalent electrical diagrams of a complete capacitor 
Yc' = (1/G) [ (2 + S I ) / ~ F  + 2pdT/q,  

Y R ' =  (l/R) [ (1 + 81/2) /dc  + p v F / q l  [701 [711 

tan A = 1 + S1 + 2pX'/q [721 

As a general rule, in the initial range, capacitance 
is not affected by S variations, but tan A increases 
just a little more rapidly; in the extreme range, de- 
creasing of capacitance is counter-balanced by an 

YR' = 3/2[(1 + &/2)/dT'  + pqT'/ql LC41 1651 I I 

increasing term ( d m ,  whereas tan A follows a 
linear growth. Loss factor depends mainly on the 
dielectric quality S1 at low frequencies, and on the 
anode porosity (p/q) at high frequencies (6). 

tan A = 1 + s1 + 2 p ~ ' / q  ["I + ++- 

Role of the Cathode 
All the computations made so far have only in- 

troduced the impedance between an origin equipo- 
tential at the apparent external surface of the anode, 
but a conducting mass is necessarily inserted between 
the anode and the cathode: it is a layer of graphite, 
as in tantalum or niobium capacitors of the so-called 
"solid type," or a layer of electrolyte, as in those of 
the so-called "liquid" type. This layer, mainly in the 
latter case, introduces an additional resistance, r,  
which can be taken as fixed at all frequencies. The 
cathode is an electrode which is relatively com- 
parable to the anode, with its own capacitance, re- 
sistance, and loss factor; these parameters vary in a 
highly complex manner with frequency if, in a 
liquid electrolyte, the cathode is porous, in order to 
increase its surface area and to lower its impedance. 
In all cases a porous cathode can be considered as a 
thin layer of a material with electrical parameters 
distributed throughout its mass and deposited on a 
support which constitutes the last equipotential sur- 
face to be considered. Physically, capacitance is 
shunted by a very low resistance, what is equivalent 
to a very high capacitance with an ESR, both vary- 
ing with frequency. The equivalent electrical dia- 
gram of a complete capacitor is therefore as follows 
(Fig. 12). 

We might try to extend to the electrolytic cathode 
the conclusions of our previous calculations. 
Roughly, the capacitance per unit smooth area r in- 
creases with the electrolyte concentration, and, at 
the high concentrations used in porous electrodes 
capacitors, it goes through a maximum when the 
voltage between the electrode and the solution is 
zero; it decreases with frequency at a negative 
power with an absolute value decreasing with higher 
concentration (about -0.1 to -0.3). For a-c volt- 
ages, the only ones we are concerned with, a polari- 
zation series resistance II appears, as inversely pro- 
portional to frequency. Unfortunately, a compara- 
tive examination of the curves (n,o) and ( r , ~ )  

1 

Fig. 13. Typical variations with w of the different elements of 
the impedance of a liquid electrolyte capacitor with a smooth 
cathode. 

Cylindrical anodes-Initial range 
-IF- 

C R  r *  
Yc' = 1, YR' = 1 + 4p/GRq + 2S1/G42X' [671 [681 

tan A = 81 + (RG/2 + 2piq)X' [691 + -( 
Extreme range 

relative to smooth cathodes with localized constants 
and to porous cathodes with distributed constants 
has so far failed to yield an explanation in terms of 
the criteria already adopted. In fact, for porous 
electrodes, n and r decrease approximately like 
w-"" coating a smooth silver cathode with a porous 
silver layer dipped in 40" Be sulfuric acid may di- 
vide n by a factor of about 100 and multiply r by 
the same factor. 

It is then easy to see the deteriorating effect of a 
smooth cathode with a capacitance of the same order 
of magnitude as C in the initial range: the resultant 
capacitance of the capacitor is halved. The cathode 
capacitance decreases whereas the anode capacitance 
hardly varies, so that the net capacitance decreases. 
These effects are illustrated in Fig. 13, drawn some- 
what arbitrarily: in the extreme range it shows the 
over-all capacitance decreases more slowly than C; 
the over-all ESR is considerable regarding R in the 
initial range; the two resistances then tend to come 
together, but at very high frequencies the resistance 
r causes the curves to diverge. With the same as- 
sumptions, substituting a porous cathode for a 
smooth one brings about a gain of r such that the re- 
sultant capacitance is practically equal to C. The 
over-all ESR, shown in Fig. 14, is hardly higher than 
R in the initial range, but in the extreme range 
both curves are necessarily again divergent; what- 
ever be the upper validity range of our hypothesis, at 
the higher frequencies, r then dominates and the 
over-all ESR is not dependent on the nature of the 
cathode. 

Conclusion 
Returning to an idea that arose during the first - - 

physical and technological investigations on porous 
anode tantalum capacitors, we have attempted, with 
the collaboration of the ANALAC Analog computing 
Center, to explain the dynamic behavior of electro- 
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SYMBOLS 
a Cross-sectional area of a planar 

anode 
1 Length of a cylindrical anode 
x Space coordinate (radial coor- 

dinate for cylindrical anode) ; 
also denoting space coordinate 
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val) 
Cathode polarization equiva- 
lent series capacitance 
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lent series resistance 

of outer position of porous 
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xo Space coordinate for solid 
anode core 

P x/xo 
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Fig. 14. Typical voriotions with o of the different real elements and 5 

of the impedance of a liquid electrolyte capacitor with 0 porous V ( x )  Volume within the surface, 
layer cathode. x = const. 

a c l / a x  Series equivalent capacitance 
per unit length of the porous 

lytic capacitors with liquid or solid semiconductor anode 
K Complex equivalent series ca- 
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served variations of capacitance and loss factor with unit volume 
frequency and various characteristic parameters, K0 Real part of K 

more with regard to the "geometric" phenomena due Specific conductivity in the 
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to the low-pass filter action of porous anodes, than tivity) 
the deeper physical phenomena which affect the aRl/ax Effective resistance per unit 

length of the pores 
parameters themselves. We have shown how rela- 

aV -' A form factor characterizing 
tively simple families of curves allow the treatment P = (g X =) porosity 
of planar and cylindrical capacitors. These computa- 8 Effective loss factor of the di- 
tions should assist in the interpretations of the ex- electric 
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projected, the author contemplates soon publishing T ,  Function defined by Eq. [331 
as a whole experimental results as well on liquid g, An intrinsic loss factor of the 
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Growth of a-Sic Single Crystals from Chromium Solution 

L. B. Griffiths and A. I. Mlavsky 
Tyco Laboratories, Inc., Waltham, Massachusetts 

ABSTRACT 

The travelling solvent method of crystal growth has been successfully 
adapted to the growth of a-Sic single crystals, using pure chromium as the 
solvent. Since molten chromium does not wet chemically cleaned Sic in a uni- 
form and reproducible manner, a prewetting procedure was developed which 
involves a heat treatment of the Sic at 1200"-1300°C in vacua at 10-9-10-10 
Torr, followed immediately by the evaporation of a thin (104A) film of pure 
chromium onto the clean surfaces. The chromium solvent zones were passed 
under the influence of a temperature gradient in a simple r. f. furnace; the 
average specimen temperature was 1750'C. Subsequent metallographic and 
x-ray examination revealed that good crystal growth had occurred. Growth 
rates of the order of 0.75 mm hr-I were obtained under the above conditions. 
p-n junctions prepared by deposition, from chromium solution, of one con- 
ductivity type onto the opposite type were assembled into diode structures. 
Junction capacitance varies with bias in accordance with a V a I/C2 law, in- 
dicating an abrupt (step) junction. The forward I-V characteristics are unique 
for Sic devices in that the forward voltage drop is 1.2-1.5~ compared to 2-5v 
reported for previous diodes at comparable current densities. The slope of the 
forward biased characteristics was found to be e/2.4kT. Considerable leakage 
is observed (under reverse bias) ; the peak inverse voltage, which ranges from 
6-15v, is much lower than expected from the resistivity of the bulk material. 
This low voltage breakdown is tentatively discussed in terms of a peculiar 
dislocation structure in the region of the p-n junction. The over-all rectifying 
properties of the devices prepared by TSM persist up to at least 540°C. 

Silicon carbide, a highly refractory semiconduc- 
tor, occurs in two major crystallographic modifica- 
tions. The so-called high-temperature, a-modifica- 
tion has a hexagonal structure which is most con- 
veniently described as a distorted wurtzite structure. 
Depending on the polytype, of which a great num- 
ber exist, the energy gap (1-3) is 2.7-3.2 ev. The 
,9 (cubic) modification, which is usually formed 
below 2000°C, has an energy gap of 2.3 ev (3). 

The combination of high energy gap and refrac- 
toriness [decomposition (4) occurs at ca. 280OoC] 
makes a-Sic potentially very useful for high-tem- 
perature semiconductor devices. However, device 
development has been hampered by the difficulties 
encountered in the preparation of high-quality 
single crystals and p-n junctions. 

a-Sic p-n junctions have been prepared by 
growth from the vapor phase (5-7), by the stand- 
ard semiconductor techniques of alloying and diffu- 
sion (8,9) ,  and during growth from solution (10). 
This paper describes an improved version of the 
latter technique, the travelling solvent method of 
crystal growth (TSM) (11, 12). 

TSM is based both on the temperature gradient 
zone melting technique of Pfann (13) and also a 
variant thereof (14) in which an aluminum-rich 
zone is passed through silicon under the influence 
of a temperature gradient to yield a large area p-n 
junction. Hergenrother (10) applied a similar tech- 
nique to the growth of a-Sic p-n junctions, using a 
chromium-rich solvent. Modifications and improve- 
ments of these techniques have been made in this 
laboratory for the crystal growth of compound 
semiconductors. In the particular case of Sic,  strin- 

gent surface preparation of a-Sic insures uniform 
and ready wetting by the solvent and effects a con- 
siderable improvement in the basic technique. 

Experimental 
Principle of the method.-In the application of 

TSM, a temperature gradient is impressed across 
a thin solvent zone sandwiched between two pieces 
of the solid to be grown. Initially dissolution occurs 
at both solvent-solid interfaces. However, since the 
equilibrium solubility is greater at the hotter in- 
terface, a concentration gradient is established and 
solute diffuses across the liquid zone and precipi- 
tates onto the cooler seed crystal. The process may 
therefore be divided into several stages, i.e., wet- 
ting of the solid by the solvent; dissolution at both 
interfaces; establishment of the concentration 
gradient; and finally precipitation of the solute on 
the seed crystal. Irrespective of which stage is rate 
determining, there is theoretically no dependence of 
the growth rate on the zone thickness. The driving 
force for passage of the solvent zone is provided 
solely by the concentration gradient which is a 
function of both the temperature gradient and also 
the slope of the liquidus at the particular tempera- 
ture (average zone temperature) of growth. 

Selection of a suitable solvent is based on the 
criteria that it should readily wet the solid in ques- 
tion, and exhibit increasing equilibrium solute con- 
tent with increasing temperature, i.e., the slope of 
the liquidus in the particular system should be pos- 
itive. The solvent should preferably have a lower 
melting point than that of the solute, exhibit low 
vapor pressure at the temperature of growth, and 
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possess negligible solid solubility. The final feature 
is desirable from the viewpoint of the physical 
properties of the final crystal and is particularly 
significant for semiconductors. 

Practical considerations.-TSM depends on a dif- 
ference in solubility at the hot and cool solid-liquid 
interfaces. In principle, therefore, any alloy system 
exhibiting a liquidus of positive slope should favor 
zone movement. The liq;idus slope'ds/d~ is given 
by: 

ds F 

where F is the flux through the solvent zone, D the 
diffusion coefficient, and dT/& the temperature 
gradient. If we consider an acceptable growth rate 
of 0.125 mm/hr, a liquid metal diffusion coefficient 
of cm2/sec, and a temperature gradient across 
the solvent zone of 1O0C/mm, which is a reasonable 
estimate, then: 

i.e., expressing S as a percentage solubility, it is re- 
quired that ds/dT > 0.1 at growth temperature. 

The solvent zone must be sufficiently thick to pro- 
vide stable interfaces with the solid over the entire 
contacting surfaces, while its maximum thickness 
is chosen to enable some solid material to be present 
always. The particular experimental arrangement 
used in the present work precluded the use of sol- 
vent zones thicker than 0.35 mm since both convec- 
tion currents and r.f. stirring tended to destroy the 
temperature gradient in thicker zones. 

The crystal growth experiments discussed in this 
paper were performed with chromium as the sol- 
vent. We have established a tentative constitutional 
diagram of the Cr-Sic alloy system in the region of 
interest (Fig. 1). The eutectic which occurs at about 
1600°C is advantageous since it permits crystal 
growth well below the melting point of chromium. 
At the melting point, the vapor pressure of chro- 
mium is high and would cause serious experimental 
difficulties. 

Silicon and platinum were initially used as sol- 
vents, but were discarded since the liquidus slopes 

, I LIQUID , 

I I 
0 - 20 

W t %  sic 

Fig. 1. Tentative constitutional diagram of chromium-rich end 
of Cr-Sic system. 

in both systems are apparently too steep to provide 
growth rates of practical significance. 

Specimen preparation.-Initial efforts of crystal 
growth were hindered by difficulties encountered in 
the wetting of Sic surfaces with chromium. This 
resulted in erratic zone movement. Good wetting 
was achieved when the silicon carbide surfaces 
were cleaned by the following procedure. After the 
specimens were machined to a suitable size and 
shape, they were heated by electron bombardment 
to about 1300°C in a vacuum of l O V S  to 10-lo mm 
Hg. The immediate visual result of the vacuum heat 
treatment was a greatly enhanced reflectivity. A 
thin film of chromium was then evaporated from a 
heated tungsten filament onto the specimens in the 
same apparatus. All experiments were performed 
utilizing (0001) crystallographic surfaces. Good ad- 
hesion between the evaporated films and the silicon 
carbide surfaces was obtained, as indicated by the 
lack of blistering or peeling of the films when they 
were heated to 1300°C. The apparatus used in this 
phase of the work is shown in Fig. 2. 

Crystal growth and p-n junction fabrication.- 
Pairs of chromium-coated specimens were assembled 
in "sandwiches," with chromium slices of 0.1-0.3 
mm thick between the coated surfaces. This as- 
sembly was heated in an argon atmosphere, inside 
the apparatus shown in Fig. 3. The upper surface of 
the sandwich was cooled by natural radiation; the 
maximum specimen temperature observed with an 
optical pyrometer was about 1750°C. Sic specimens 

ELECTRON BEAM FILAMENT 

HIGH VOLTAGE 
O.C. 

SUPPLY , 

' 1 '  
TO PUMPS 

Fig. 2. Schematic of vacuum system with electron beam heating 
and chromium evaporation facilities. 
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Fig. 3. Assembly for TSM crystal growth of Sic 
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Table I. Physical properties 

Conductivity Hall coefficient. Resistivity. Mobility, 
type cmycoul ohm-crn cms/volt-sec 

of different thicknesses were used, and the time re- 
quired for complete traverse of the chromium zone 
was recorded. The direction of growth was always 
in the "c" direction. 

p-n junctions may be fabricated readily by TSM. 
The introduction of dopants into the solvent during 
crystal growth makes possible the deposition of 
either conductivity type. As a test of feasibility we 
took advantage of the fact that nitrogen is a strong 
n-type dopant in Sic and added a small quantity of 
Nz to the argon atmosphere during growth of a p- 
type Sic crystal. The resultant crystal was subse- 
quently examined metallographically. 

Table I lists some physical properties of both p- 
and n-type Sic crystals obtained from Norton Com- 
pany. The n-type material is green and transparent, 
while p-type is dark blue and also transparent. Us- 
ing the procedures outlined above, p-type Sic has 
been deposited onto n-type seeds and vice versa. 
p-n junctions were thus fabricated using this par- 
tially characterized material without additional 
doping during crystal growth. 

Contacting procedures.-Contacts of pure plati- 
num were evaluated for use as ohmic contacts to 
p-n junctions. While exhibiting an excellent linear 
current-voltage relationship, they possessed very 
high resistances. Accordingly the use of platinum 
was discontinued. 

An alloy of 99: 1 Au-Ta doped with either alumi- 
num or antimony was subsequently evaluated for 
contacting to p- and n-type material, respectively. 
Gold-tantalum alloys have been used both by West- 
inghouse Company (15) and also by Philips Re- 
search Laboratories (16). Tantalum additions aid 
in the wetting of gold to Sic. Quite excellent ohmic 
contacts were obtained when the alloy was heated 
in contact with the Sic in an r.f. furnace to 1150°C 
for a few minutes. 

Results and Discussion 
Figure 4a is a photomicrograph of a ground and 

polished crosssection through a typical Sic speci- 
men after zone passing. The arrows indicate the ini- 
tial position of the chromium layer; excellent re- 
growth is observed. Figures 4b and 4c, which show 
x-ray back reflection photographs of the seed and 
regrown material, respectively, demonstrate that 
true crystalline propagation of the seed has oc- 
curred. These results clearly demonstrate that the 
surface cleaning procedure is adequate to allow 
wetting of the Sic by the chromium. (There was 
no difficulty in wetting at Cr-Cr interfaces.) The 
high vacuum heat treatment was initially under- 
taken on the basis that a film of SiOz existed on the 
SIC and prevented wetting. Under high vacuum 
heating such a film would be removed by dissocia- 
tion to SiO, which is volatile. Since the a-Sic struc- 

Fig. 4. Photomicrograph of cross section with corresponding 
x-ray patterns of TSM grown Sic crystal. 

ture consists of alternate layers of silicon and carbon 
atoms tetrahedrally bound to their neighbors, only 
one surface of a Sic crystal is likely to be coated 
with a continuous SiOz film; the opposite surface 
terminates in a layer of carbon atoms. This surface 
"polarity" may be observed readily by etching Sic 
platelets; distinct differences in surface structure 
become clearly apparent. 

A second possibility is that adsorbed gas on the 
Sic prevents wetting. However, unless the particu- 
lar species is strongly chemisorbed, it appears un- 
likely that it would prevent wetting by chromium. 
The exact nature of the interface between chro- 
mium and "untreated" Sic is therefore still unre- 
solved. 

Of considerable interest is the fact that a-Sic 
(hexagonal) may be grown from chromium-rich 
solution at temperatures well below the B/a "tran- 
sition" temperature of about 2000°C. This so-called 
transition in Sic is not a true allotropic, solid-state 
transition. In general, experimental evidence has 
demonstrated that preparation of Sic at tempera- 
tures below about 2000°C produces the cubic modi- 
fication while the hexagonal form results, usually 
from vapor phase growth, above 2000°C. The tran- 
sition is not sharp, and a wide range of hexagonal 
polytypes may be produced. Thermal cycling through 
2000°C does not cause a crystallographic-type 
change. It appears that in the presence of an a-Sic 
seed and the particular experimental conditions of 
TSM the hexagonal modification may be grown be- 
low 2000°C. From the measurements of the time 
taken for passage of chromium-rich solvent through 
various thicknesses of Sic a growth rate of - 0.75 
mm/hr was deduced. Figure 5 summarizes the data 
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which refer to a specimen temperature of 1750°C. 
Figure 6 shows a photomicrograph of a cross sec- 

tion through the crystal doped with nitrogen during 
growth. It is clear that the quite flat, uniform junc- 
tions may be prepared by TSM, although at present 
we must resort to over-compensation to influence 
conductivity type. The junction shown in Fig. 6 was 
delineated by electrolytic etching in hydrofluoric 
acid at room temperature for 30 sec. 

Using material of the type referred to in Table I, 
several crystals of 10 mm diameter, 2-3 mm thick, 
and containing a single p-n junction have been pre- 
pared. A die cut from one such crystal is shown in 
Fig. 7. This specimen measures 3 x 3 x 2 mm. The 
darker colored p-type material remained transpar- 
ent after the chromium solvent zone had passed 
through it. 

Several dice were cut from the junction-bearing 
crystal and provided with Au-Ta ohmic contacts in 
the manner previously described. The junction 
areas of the finished experimental diode structures 
were about 5 mm2. A typical oscilloscope trace of 
the room temperature voltage-current character- 

Oo 
I I I 

0 5  I D  1.5 2 0  
DISTANCE MOVED BY ZONE Imm) 

Fig. 5. Time-distance relationship for Sic crystal growth for 
chromium solution; temperature about 1750°C. 

Fig. 6. Photomicrograph of cross section through SIC crystal 
showing junction produced by nitrogen doping during growth; 
electrolytically etched in HF solution. Magnification 250X. 

istics of silicon carbide diodes is shown in Fig. 8. Of 
particular interest is the forward characteristic in 
which turnover occurs at about 1 .3~ .  This value is 
considerably lower than that previously observed in 
silicon carbide (17), but of the order expected for 
this material. Figure 9 illustrates the results ob- 
tained from point-by-point measurements in the 
forward direction. The forward characteristics may 
be represented by the empirical relationship 

Fig. 7. View of die cut from typical TSM crystal. Magnification 
8X. 

Fig. 8. Oscilloscope trace of room temperature characteristic of 
Sic p-n junction diode; vertical axis 5 mo/cm; horizontal axis 2 
v/cm. 

Fig. 9. Forward characteristic of Sic p-n junction diode 
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where V is the applied voltage, and A is the diffu- 
sion current. The quantity n is determined from the 
slope of the curve in Fig. 9 to be 2.4. Values of n of 
this order have been observed in silicon carbide 
diodes made from vapor grown junctions (2). Such 
high values may result from the relatively high 
impurity content of presently available material. To 
some extent, however, a high value of n reflects the 
nature of the junction, which in the case of Sic, fre- 
quently contains a thin semi-insulating region be- 
tween the p and n sides. The physical extent of 
such a layer will be strongly influenced by the tem- 
perature of growth. In addition to affecting the 
value of n, the presence of a semi-insulating region 
will be reflected in the forward voltage drop. In 
fact, a contributory factor to the relatively low 
F.V.D. observed on many of our diodes (c.f., 1 . 3 ~ )  
would appear to result from the temperature of 
crystal growth being several hundred degrees lower 
than that for vapor grown junctions. 

Considerable information regarding the nature of 
p-n junctions is obtainable from the variation of 
junction capacitance with applied voltage. The theo- 
retical dependence is given by the relation 

where C, is the junction capacitance at a bias volt- 
age V. C, is the junction capacitance at zero basis, 
Q is the "built-in" junction potential, and x is 1/2 
for an abrupt junction and 1/3 for a diffuse junc- 
tion. Very careful measurements on TSM-grown 
silicon carbide junctions, Fig. 10, have yielded the 
relationship: 

Extrapolation to infinite capacitance yields the 
value of 4 which, in an ideal p-n junction, can be 
identified as that voltage which produces a flat band 
condition across the junction. The value of 2.lv 
shown in Fig. 10 is reasonable for a-Sic. For a sim- 
ple p-n junction, 4 cannot exceed the fundamental 
energy gap of the particular semiconductor, but, 
with the presence of a semi-insulating region be- 

APPLIED POTENTIAL (VOUS) 

Fig. 10. Variation of Sic diode junction capacitance with applied 
voltage. 

SINGLE CRYSTALS 809 

tween the p and n sides, Eq. [2] is inapplicable and 
4 has no real significance; extrapolation of l/CZ us. 
V plots yields voltages, corresponding to infinite 
capacitance which are very large and certainly 
greater than the band gap. This is understandable, 
since, in a true p-n junction structure, the capaci- 
tance is provided by the space charge region which 
varies with bias, whereas the capacitance of the 
semi-insulating region will be essentially independ- 
ent of bias. Several diodes have exhibited large ap- 
parent values of 4. A detailed discussion of junction 
structure and properties in relation to growth pa- 
rameters will be published elsewhere. 

The temperature dependence of the diode char- 
acteristics is illustrated in Fig. 11, 12, and 13, which 
show oscilloscope traces for a typical junction at 
30°, 320°, and 54OoC, respectively. The forward 

Fig. 11. Variation of Sic rectifier characteristics with tempera- 
ture; vertical axis 5 ma/cm; horizontal axis 2 v/cm. 

Fig. 12. (same as above) 

Fig. 13. (same as above) 
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characteristic improves continuously as the tem- 
perature increases. The reverse characteristic be- 
gins to "soften" only at  temperatures above 500°C. 
Even at  room temperature, the reverse character- 
istic of these devices is smaller than expected; typi- 
cal values of peak inverse voltage range from 6v to 
about 15v. The low peak inverse voltages of TSM- 
prepared diodes may be the result of inadequate 
surface treatment of the assembled structure, i.e., 
high surface leakage. However, repeated etching 
and washing treatments produced little or no im- 
provement. 

Metallographic examination of diode structures 
indicated that if, during alloying of contacts, the 
gold alloy flowed down the sides of a specimen and 
thus came into contact with the edges of the junc- 
tion region, deep penetration of the junction by a 
thin film of gold occurred in times of the order of 
minutes only. I t  is recalled that in these structures 
the junction region coincides with the initial plane 
of crystallization. This plane is believed to contain 
a network of screw dislocations which allows the 
remarkably rapid penetration of gold. TSM grown 
crystals of other solids have revealed interesting 
and unique dislocation configurations (18) in the 
same general region. The presence of such a dislo- 
cation network in the vicinity of the junction could 
explain the rather high reverse leakage observed. 

Summary 
It has been shown that TSM is a simple technique 

for growing relatively large crystals of silicon car- 
bide and of forming p-n junctions during crystal 
growth. Successful application of the method re- 
quires that S i c  surfaces be rigorously clean. Uni- 
form wetting by chromium is a prerequisite for 
successful zone passage and occurs only on ultra- 
clean Sic. The regrown material is a-Sic, even 
though the growth process is performed well below 
the B/a "transition" temperature of about 2000°C. 
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Measurement of the Resistivity of Epitaxial Vapor 

Grown Films of Silicon by an Infrared Technique 

T. G. R. Rawlins 

Northern Electric Research and Develcpment Laboratories, Ottawa, Ontario, Canada 

ABSTRACT 

An infrared reflectivity technique is outlined whereby the reflectivity may 
be correlated with d-c resistivity of thin vapor deposited epitaxial silicon 
layers. The theory underlying the method is outlined and calculated curves for 
different planes of polarization are given. Experimental results are described 
for a range of resistivities between 0.63-60 ohm-cm. Limitations of the equip- 
ment,used are discussed and the validity of the method examined. 

It is well known that diffused transistors fabri- tors of controlled properties, it is necessary to meas- 
cated from epitaxial silicon (silicon having a thin ure the thickness and the resistivity of the layers. 
lightly doped layer grown on top of a heavily doped A nondestructive infrared interference method for 
single crystal substrate) have vastly improved the measurement of thickness has been proposed by 
characteristics over transistors fabricated from con- Spitzer and Tannenbaum (2)  and enlarged upon by 
ventional material (1). In order to produce transis- Albert and Combs (3). 
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A variety of methods have been tried for meas- 
urement of resistivity, most of these have been elec- 
trical methods either direct or indirect. One method, 
that has been used extensively, has been to fabri- 
cate shallow junction diodes on the surface and cal- 
culate resistivity from the capacitance-voltage 
characteristics [see for example (4)]. This method 
is, however, destructive and comparatively time- 
consuming. Other methods in the case of silicon, 
which are nondestructive, rely on the properties of 
various types of contacts (5).  These contacts do not 
usually have reproducible properties. In many in- 
stances these methods are not very practical and 
are limited in resistivity range. 

It was with these many short-comings in mind 
that an infrared method was sought. The infrared 
method is also convenient in that thickness and re- 
sistivity may be measured on the same instrument. 

In principle, high frequency resistivity (assumed 
proportional to d-c resistivity) may be found from 
the optical constants n and k. Thus any method of 
measurement which leads to values for n and k may 
be used, since the complex refractive index is given 
by 

N = n-ik 

and from Maxwell's equations 

where e is the permittivity, p permeability, u con- 
ductivity (high frequency), and ,II = 271 x frequency. 

Conventionally, reflectivity may be used to find n 
and k (6. 71. However. the case of e~itaxial silicon 
reflecti;ity is different' in that interference fringes 
are obtained, which somewhat complicate the situa- 
tion, and a different expression for the reflectivity 
from a layer is obtained (8). In any case it becomes 
impracticable to measure resistivity in this way for, 
apart from the above factors, it is found that for 
the range of resistivities, which are usually of in- 
terest for epitaxial layers (0.1 ohm-cm - 100 ohm- 
cm), n is essentially constant and k is extremely 
small (9). In the case of conventional reflectivity 
measurements for reasonably accurate results, it is 
necessary that k 1 0.2, i.e., significant absorption 
(6, 7 ) .  It therefore becomes necessary to "magnify" 
the very small values of k - 10-l) in order 
to be able to use reflection spectra for differentiat- 
ing between layers of different resistivities. In addi- 
tion, such a method must only allow penetration of 
the incident radiation into the topmost region of 
the deposited layer. In fact these requirements are 
met in the method of attenuated total reflection due 
to Fahrenfort (10) and Fahrenfort and Visser (11). 
The essentials of this method are such that radia- 
tion is allowed to travel in a dense medium towards 
a boundary between this medium and one which is 
less dense. The latter medium is the sample of im- 
mediate interest, having a finite (but usually small) 
value of k. The angle of incidence of the radiation 
on the boundary is arranged such that it is slightly 
greater than the critical angle. The reflectivity is 
then no longer 100% but depends quite markedly 
on the value of k for the sample [see (10, l l ) ] .  This 
implies a transfer of energy into the second medium. 

Some of this energy is absorbed, according to the 
value of k and the particular wavelength. 

Theory 
An outline of the theory, which is appropriate to 

the use of the method for resistivity measurement, 
will be given below. 

The Fresnel coefficients may be obtained by ap- 
plying the boundary conditions for radiation inci- 
dent on an interface between dense and less dense 
media [c.f. (12)l. 

These expressions give the ratios of the ampli- 
tudes of the reflected or transmitted electric vectors 
for both planes of polarization of the incident elec- 
tric vector. Analogous expressions may be obtained 
for the magnetic vectors. 

Also 
No sin 4, = Nl sin (Snell's law) [I] 

No = no 
N1 = nl - ikl 

(Since N1 is complex, it is apparent from [I] that 
41 must be complex.) 

Using the Fresnel equations, Snell's law and the 
definition of the Poynting vector, we may obtain 
equations for the reflectivity for the two planes of 
polarization, i.e., for polarization perpendicular to 
the plane of incidence 

where x and y are parameters given by 

x - iy = [ ( n  - ik)2 - no2 sin2 $,]lf2 

A similar expression may be obtained for the other 
plane of polarization. When various appropriate 
values of G, nl, kl, and 4, are substituted in the re- 
flectivity equations, results such as those shown in 
Fig. 1 and 2 are obtained. From these graphs it may 
be seen that, when the second medium has a finite 
non-zero value of extinction coefficient for angles 
of incidence greater than the critical angle, defined 

Fig. 1. Calculated reflectivity vs. angle of incidence curves for 
polarization perpendicular to the plane of incidence and various 
values of k: no = 4.02 (germanium), nl  = 3.42 (silicon). 
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Fig. 2. Re-plotted version of Fig. 1, showing reflectivity vs. k for 
different angles of incidence. 

as sin-' (nl/no), the reflectivity varies according to 
the value of k. This is also true for angles of inci- 
dence less than the critical angle. However, in this 
case, the difference in reflectivity for a given change 
in k very rapidly becomes much less (see Fig. 2). 
It is evident from the graphs that the difference is 
greatest at, or slightly above the critical angle. 

Now according to electromagnetic theory 

Hence n and k are dependent on u. Also experimen- 
tally (9 )  it is found that at a given wavelength the 
absorption coefficient increases with increasing car- 
rier concentration, i.e., since absorption coefficient 
a = 4a k/h, reflectivity must vary with carrier con- 
centration. [For a more complete theoretical treat- 
ment, see ref. 13.1 

Experimental 
As the refractive index of silicon is (nominally) 

3.42 - ik (14) it is necessary to pick another semi- 
conductor, namely germanium, n = 4.02, as the 
optically denser medium (14). Since both incident 
beam and reflected beam should be attenuated as 
little as possible, it is preferable that the germa- 
nium should have small absorption, i.e., intrinsic 
germanium so that little or no impurity absorption 
occurs and only that due to lattice vibrations is sig- 
nificant. 

Further, it is apparent from the analysis (13) 
that the two media must be in intimate contact in 
order to give the best results, i.e., there should be 
no intermediate air space. In practice this is diffi- 
cult to achieve. However, various microwave ex- 
periments (15) show that the effect will still occur 
even when there is substantial separation. However, 
it is evident that the relative difference may be ex- 
pected to be considerably reduced. Due to this fact, 
and to the fact that the surface of vapor-grown 
material is not perfectly flat, it is more convenient 
to be able to investigate a relatively small portion 
of the total area, since the variation in flatness may 
be expected to be less over the more restricted area. 

Hence, better contact should be achieved. This re- 
quirement, therefore, suggests that a condensing 
system be used. A further factor, suggesting the 
necessity for a condensing system, is that it is con- 
venient to have the same amount of energy incident 
on every sample. This means that the beam should 
be condensed sufficiently so that the whole of the 
beam will fall on the smallest and most irregular 
samples, without any portion of it being lost, i.e., 
sampling area is maintained constant. 

In order to ensure that the angular accuracy and 
reproducibility are maintained, a parallel beam 
should fall on the sample. 

Most of these requirements are satisfied by a 
commercially available micro-attenuated total re- 
flectance unit.' 

A schematic of the optical system of this unit is 
shown in Fig. 3 and 4. A condensing system is used 
to bring the beam to a focus just before the germa- 
nium hemicylinder. The cylindrical surface refracts 
the radiation such that a parallel beam falls on the 
sample [c.f., Fahrenfort (lo)]. The size of the sam- 
ple is approximately 1 x 6 mm, i.e., the beam is con- 
densed to this approximate size. The main draw- 
back is that the angular accuracy is not as adequate 
as desirable [see ( l l ) ] .  It is also necessary for the 
germanium hemicylinder to be very accurate and 
free from surface defects on the polished surfaces 
in order to prevent aberrations and scattering. 

Results and Conclusions 
Some typical reflectance curves, using random 

polarization, for a variety of epitaxial vapor-de- 

1 Connecticut Instrument COT., Wflton. Conn. 

Fig. 3. Optical system of the micro-attenuated total reflectance 
unit. 

Fig. 4. Enlarged portion of Fig. 2 showing the sample and 
germanium hemicylinder. 
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WAVELENGTH MICRONS 

Fig. 5. Relative reflectivity vs. wavelength for epitaxial silicon 
slices of different resistivity. 
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Fig. 6. Relative reflectivity vs. wavelength for further epitaxial 
silicon slices. 

posited slices are shown in Fig. 5 and 6. In Fig. 5, 
which is a tracing of a number of curves, the reflec- 
tion unit was placed in the sample beam of a Beck- 
man I.R. 5A Rock Salt Spectrophotometer. A beam 
attenuator was used in the reference beam in order 
to increase the relative transmission. Usually the 
actual transmission in the sample beam was ap- 
proximately 15-30%, which compares reasonably 
well with the 50-55% observed with an aluminized 
mirror substituted for hemicylinder prism and sam- 
ple, i.e., the sample etc. must cause some scattering, 
absorption, and reflection losses. Also evident in the 
spectra are atmospheric absorption bands, due to 
the longer sample beam path length. The layer re- 
sistivities were measured by means of the diode 
capacitance technique [c.f. (4) 1. 

Figure 6 shows further tracings, in this case the 
curves were run on a Perkin-Elmer Model 21 
Spectrophotometer under exactly the same condi- 
tions, except that scale expansion as well as beam 

attenuation was used. As before the sample resis- 
tivities were measured by means of the diode ca- 
pacitance-voltage technique. Figures 5 and 6 are 
unfortunately not directly comparable due to the 
scale expansion and beam attenuation used; it 
should be emphasized that the ordinate is relative 
reflectivity. 

It is, therefore, apparent that the method is sound, 
although the difference in reflectivity is not as great 
as that which might be predicted from absorption 
measurements and the above calculated curves. 

Further experimental work is required, both to 
improve and refine the 'technique, and to give a 
better idea of reproducibility and accuracy. First, 
as noted above, the reflectivity observed does not 
agree with that predicted from the theory. It is felt 
that the explanation for this lies first in the lack of 
angular accuracy inherent in the unit. Indeed, from 
this respect as well as others, such as convenience 
of loading the sample, it may be best to design an 
instrument for the specific purpose, probably with a 
fixed angle, as it has been found quite difficult to 
maintain the angle constant when samples are 
changed. Second it is felt that the germanium hemi- 
cylinder may not be sufficiently adequate for the 
purpose of the measurement. It is quite likely that 
the germanium is insufficiently pure (the resistivity 
was only close to intrinsic resistivity) and is, there- 
fore, absorbing. Any absorption will cause a loss in 
reflected energy. It is also likely that the geometri- 
cal shape is inaccurate. Any variation in curvature 
will change the refracting power of the surface, so 
that the beam will not be parallel when it is inci- 
dent on the sample. This in turn will cause further 
loss in energy. After the blank has been machined, 
it is necessary to polish it. This may introduce fur- 
ther sources of energy loss due to scattering, as well 
as change in dimensions or flatness. In addition, if 
the sample itself is not flat, or has a poor surface, or 
is not in contact with the germanium, additional 
energy will be lost. 

Thus, it seems likely that the above-noted mech- 
anisms account for any discrepancies. It should be 
noted that, in any case, limits should be set on the 
range of resistivities which may be measured; the 
limitation being the actual value of k. From the 
theoretical curves it may be expected that k = 
is the lowest practical value under most circum- 
stances. This corresponds to approximately 10 ohm- 
cm at 10p for n-type material (9). The high limit 
of k may be set by the ability to distinguish mate- 
rials of different values of k. In practice the lower 
limit enables one to cover the whole conventional 
range of resistivities, from approximately 0.001 
ohm-cm upwards, consistent only with being able 
to resolve sufficiently small changes in relative re- 
flectivity. 

It is difficult at this stage to give any exact idea 
of precision due to difficulties already noted, how- 
ever it may be stated that, provided great care is 
taken to maintain a constant angle, a sample may 
be removed and replaced to give relative reflectivi- 
ties constant to within a few per cent. As discussed 
above the accuracy is primarily limited by the unit 
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itself, although the roughness of the sample also 
contributes as does the sample area. 

A further point should be made clear with refer- 
ence to the practicality of the method for measuring 
resistivities in thin layers. It is obvious that for the 
epitaxial silicon to affect the reflectivity, there must 
be penetration into it. As epitaxial layers are usu- 
ally only about l o p  thick, it is valid to question 
whether the substrate will have any effect on the 
measurement. I t  will become clear from the theory 
(13 )  that the penetration is less than a wavelength. 
Thus, a suitable wavelength may be chosen between 
the energy gap absorption region and the region of 
high lattice absorption (in germanium) such that 
penetration is no problem. In practice no difficulty 
is encountered, for interference fringes would be 
observed on scanning the whole spectrum if the 
penetration were substantial. 

Finally it should be emphasized that the method 
gives only the resistivity of the surface layer. 
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Preparation of GaAs.P,, by Vapor Phase Reaction 

W. F. Finch1 and E. W. Mehal 

Texas Znstruments Incorporated, Dallas, Texas 

ABSTRACT 

A method for producing epitaxial GaAs,Pl-, utilizing an open tube flowing 
atmosphere system is presented. The various alloy compositions are synthe- 
sized and deposited by using AsC13, PC13, HZ, and Ga as the initial reactants. 
The complete range of GaAs,Pl-, compositions has been prepared by varying 
the mole ratio PC13 and AsCls introduced into the reactor gas stream. Experi- 
mental conditions required for achieving good epitaxial growth of these ma- 
terials on < I l l >  oriented GaAs substrates are discussed. 

Preparation of 111-V semiconductors by vapor 
phase reaction was first reported by Antell and Effer 
(1). Later Lyons and Silvestri (2)  demonstrated 
epitaxial GaAs growth from a vapor. Others have 
continued this work in open and closed systems using 
volatile halides and oxides as transport media. 

Gershenzon and Mikulyak (3) prepared Gap by 
reaction of gallium suboxide with phosphorus in the 
vapor phase. A variety of oxygen compounds were 
also formed, and the Gap was thought to be doped 
with oxygen. Oxygen was later shown to cause a 
deep donor level (4) (0.4 ev) in Gap. 

Pizzarello (5) prepared solid solutions of Gap in 
GaAs by transporting a mixture of GaAs and Gap 
with iodine in a closed system. The deposits were 
not epitaxial, but the entire composition range was 
synthesized and identified from x-ray powder dif- 
fraction patterns. Variation in band gap as a func- 

1 IBM. Components Divkion, Poughkeepsie, New York. 

tion of composition was measured. Also, lattice pa- 
rameter variation was found to obey Vegard's law. 

Halogen doping experiments by Antell (6) have 
shown that chlorine and iodine do not behave as 
donors or acceptors in InAs, Gap, and presumably 
other 111-V semiconductors. For this reason halogen 
vapor transport systems seem better than oxygen 
systems for 111-V semiconductor vapor growth. A 
variety of halide sources has been used in closed 
system experiments (7) ,  but open tube experiments 
have used primarily HCl. Open systems offer con- 
siderable flexibility compared to closed systems, but 
HCl is difficult to obtain in high purity and is easily 
contaminated through reaction with metal valves 
and flow meters. 

This paper describes the vapor phase reaction of 
Ga and GaAs with AsCls and PC13 in an open sys- 
tem to form epitaxial GaAs,Pl-, deposits on GaAs 
substrates. This technique has several advantages 
over earlier open tube systems. High-purity AsC13 
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TWO TEMPERATURE 
ZONE FURNACE 

THERMOCOUPLE THERMOCOUPLE 

PURIFIED HYDROGEN 

Fig. 1. GaAs,Pi-, epitaxial depositi~n system 

and PC13 can be prepared by laboratory distillation 
and can serve as a pure arsenic and phosphorus 
source as well as a halogen source. The vapor pres- 
sures of AsCl3 and PC13 are high enough so that they 
can be transported as gases by displacement from 
a bubbler, thus avoiding contact with the usual metal 
parts necessary in HC1 systems. Also, the ratio of 
arsenic to phosphorus introduced into the system can 
be varied during growth allowing graded composi- 
tion structures to be grown in a single operation. 

Experimental 
Figure 1 shows the experimental apparatus. Hy- 

drogen, purified by Pd diffusion, is metered into the 
system through four flow meters. Two are connected 
to AsCla and PC13 bubblers while a third controls 
further dilution of the displaced AsCl3 and PC13 
vapors. The diluted vapors then pass over Ga or 
GaAs feed material2 at an elevated temperature, 
and the reaction products are further diluted with 
hydrogen from the fourth flow meter. These gaseous 
products are swept through a decreasing tempera- 
ture gradient to the cooler end of the reaction tube 
where they combine to deposit GaAs,P1-, on a GaAs 
seed. Both mechanically and chemically polished 
(111) oriented seeds have been used with equal 
success. 

Typical operating conditions are: feed material 
temperature, 900'-950°C; seed temperature, 775"- 
820°C; AsC13 bubbler flow rate, 10-100 cm3/min; 
PC13 bubbler flow rate, 1-10 cm3/min; dilution hy- 
drogen flow rates, 20-200 cms/min. 

The chemical compositions of the GaAs,P1-, de- 
posits were identified primarily by x-ray diffraction. 
Since no composition difference was seen in 
GaAs,P1-, deposited on a seed and on adjacent 
walls of the reaction tube, most of the x-ray meas- 
urements were done from powder patterns of ma- 
terial adjacent to the seed. A few wet chemical 
measurements were made and were found to be 
within 4% of the x-ray values. 

Junction electroluminescence was used as an in- 
direct measurement of composition. Zinc was dif- 
fused into several n-type deposits of different mm- 
positions to form p-n junctions. The light emitted on 

forward bias had a wavelength which corresponded 
to an energy transition approximately equal to the 
energy gap of the composition involved. 

Transport properties were measured for two com- 
positions of GaAsxP1-,. A 100p thick deposit of 
GaAso.pPo.1 was grown using n .- 1015 ~ m - ~  GaAs 
as feed material. The seed was lapped away and the 
deposit was cut into a 1.0 x 0.2 cm rectangular 
bar. Direct current Hall effect and resistivity meas- 
urements showed n = 1.4 x 1017 and p~ = 1.2 
x lo3 cm2/volt-sec at room temperature. This mo- 
bility is below what might be expected for this 
composition and doping level. It was later discov- 
ered that the PC4 used in this preparation was con- 
taminated with POC13. 

A deposit of G ~ A S O . ~ P ~ , ~  was grown on a high re- 
sistivity (p % l o0  ohm-cm) seed using n .- 1016 

GaAs as feed material. Hall effect and re- 
sistivity measurements showed n = 3.0 x 1016 
and pH = 1.8 x 10S cm2/volt-sec. These values seem 
reasonable for this composition. 

Crystalline characteristics of the GaAs,Pl-, have 
been examined by staining techniques and micro- 
scopic observation. X-ray techniques were used to 
measure the orientation of the deposit. Deposit thick- 
ness was optically measured on a cleaved or angle 
lapped edge. No staining was necessary here be- 
cause the deposit is a different color from the seed. 
Compositions having phosphorus greater than 
G ~ A s ~ . ~ ~ P ~ . ~ ~  are transparent varying from dark red 
to greenish-yellow. 

Results and Discussion 

The complete composition range of GaAsxP1-, 
has been grown epitaxially on GaAs. The two im- 
portant variables that control the product com- 
position are the composition of the feed material and 
the ratio of AsC13 to PC13 introduced into the sys- 
tem. The composition of the deposit was not de- 
pendent on the temperature of the feed material for 
the temperature range investigated (900'-950°C). 
Figure 2 shows the effect of the mole ratio of AsCl3 
to PC13 introduced into the system on the deposit 
composition for both Ga and GaAs feed material. 

a The carrier concentration of the feed materials is presented as an 
order of magnitude number estimated from resistivity and emission 
spectrographic data. 

- 

A Go FEED MATERIAL - 

X- GaAsX PX-I 

SThe Ga was dx ninea grade purity and the GaAs was prepared Fig. 2. GaAsxP~-, deposit composition as a function of AsC13 
initially from five nines grade purity Ga and As. The AsCla and and PCls gclr phase compositions~ PCls were distilled reagent grade materials. 
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The complete composition range has been synthe- 
sized using Ga feed material; however, GaAso.e7Po.33 
was the highest phosphorus composition produced 
using GaAs as a feed material. This information 
can be used to give some insight into the nature of 
the chemistry involved. The literature generally 
agrees that a reaction between Ga and a halide 
source will form mono-, di-, and tri-halides. The 
di-halide is thought to be a loosely associated 
Ga (GaCL) complex and does not exist in the gaseous 
state. The gallium feed data in Fig. 2 have shown 
that the composition of GaAs,P1-, formed is roughly 
proportional to the mole ratio of arsenic to phos- 
phorus present in the system. The GaAs feed data in 
Fig. 2 have shown that the reaction between PC13 
and GaAs produces GaAso.e7Po.s3. This indicates that 
the ratio of arsenic to phosphorus present in the de- 
position zone must be 2 to 1. Equation [I] 

gives such a ratio. Knowing that under these tem- 
perature conditions 3 moles of GaCl are formed for 
every mole of GaC4 we can propose the following 
over-all series of reactions. 

where x = (2 + n)/3. First the GaAs reacts with the 
AsCl3 and PC13 (Eq. 121). In the decreasing tem- 
perature gradient the GaCl disproportionates (Eq. 
[3]) forming gallium which is then able to react 
(Eq. [4]) with the arsenic and phosphorus which 
are available in the gas phase. 

The reaction shown in Eq. [2] is complicated by 
the fact that AsCl3 and PC13 aye reduced by hydro- 
gen at elevated temperatures. This means that while 
the over-all reaction proposed in Eq. [2] is correct 
the mechanism may involve HCI as an intermediate. 

The reactions with gallium feed material are 
similar to the gallium arsenide feed material reac- 

SUBSTRATE TEMR .C 
03s ses 81s 80s ~ e s  78s 77s 78s 

1 + ' 1 1 1 1 1 ~  
0 A*-* ,,, P" ," s" 7* 

DISTANCE INTO DEPOSITION ZONE (INCHES) 

Fig. 3. Deposition rate as a function of position of substrate in 
deposition zone and temperature. 

tions except that, in the former, AsCl3 is the only 
arsenic source. 

The deposit growth rate has not been extensively 
investigated as such, but the following trends have 
been established. The two primary growth rate 
variables are the AsC13 and PC13 flow rates and the 
position of the seed in the temperature gradient. 

The normal ranges of flow rates of Hz saturated 
with AsC13 and PC13 vapor from the bubblers are 
10-100 cm3/min and 1-10 cm3/min, respectively. 
(Vapor pressure of PC13 is approximately ten times 
higher than that of AsC13.) In general, increased flow 
rates give increased growth rate. Very high flow 
rates, however, tend to etch the seed, and no de- 
position occurs. This is because the Hz saturated 
with AsCl3 and PC13 flow past the feed material too 
rapidly to react completely and are subsequently 
reduced to produce HCl as a by-product. The HC1 
then etches the GaAs seed at a rate higher than the 
growth can occur. 

Figure 3 shows the deposition rates during a 4.5 
hr growth with PC4 and AsC13 vapor flow rates of 
4 and 20 cm3/min, respectively. The gallium feed 
material temperature was 950°C. Six GaAs seeds 
were placed at 1-in. intervals in the cooler end of 
the reactor and the temperature gradient was ad- 
justed to 10°C/in. No deposit grew on the hottest 
seed. On the second seed the deposition rate was 
3.3 p/hr, and no deposit occurred on the adjacent 
supporting quartz shelf. This indicates that the 
growth process is surface catalyzed at this point in 
the reactor. On the next seed a growth rate of 50 
p/hr was obtained, and a very thick deposit was 
formed on the surrounding quartz. The process here 
is probably a combination of surface catalysis and 
condensation of a supersaturated vapor species. On 
the next three seeds the deposition rate varied from 
17 to 11 p/hr with a moderate deposit on the quartz. 
This is a combination of surface catalysis and nor- 
mal condensation from the vapor. 

Values presented in Fig. 3 show a typical deposi- 
tion rate gradient. The curve can be shifted to the 
left by raising the feed material temperature, but 
this tends to eliminate the region in which growth 
is by surface catalysis only. 

Epitaxial growth is easily achieved in the surface 
catalyzed region, but the rate is too slow for prac- 
tical use. Epitaxial growth in the region of rapid 
deposition is possible but unpredictable. The most 
reproducible, practical growth is achieved in the 

Table I. Physical chorocteristics of deposits produced a t  
various substrate temperatures 

Run Seed temper- 
No. ature. ' C  

7 650 
8 675 
9 725 

11 775 
29 790 
38 830 
37 850 
63 790- 600 

Result 

"Powdery" deposit 
Very fine grain polycrystalline 
Large grain polycrystalline 
Single-epitaxial, rough surface 
Single-epitaxial, smooth surface 
Single-epitaxial, slow growth rate 
Seed etched, no deposit 
Single-epitaxial, slightly rough surface 
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region immediately beyond the rapid deposition 
zone. Initially, only about 30% of the deposits grown 
in this region were epitaxial. Later, by beginning 
the growth at 840°C and slowly lowering the seed 
temperature to 790°C, about 80% of the deposits 
were epitaxial. 

The series of runs shown in Table I was made to 
establish the temperature conditions for epitaxially 
depositing GaAso.67Po.ss on a GaAs substrate. In each 
run GaAs was used as a feed material at 915OC, and 
the substrates were placed in the deposition zone 
about 1.5 in. past the region of rapid deposition. Epi- 
taxial growth was achieved when the substrate 
temperature was between 775" and 830°C. With the 
gas concentration and flow conditions used, vapor 
etching was noticed at the higher temperature, and 
nonepitaxial deposits were observed for lower tem- 
peratures. 

The evidence that our epitaxial yield was in- 
creased from 30 to 80% by starting growth at 840°C 
and slowly lowering the seed temperature to 790°C 
suggested that initial nucleation was a critical phase 
of growth. Several runs, similar to run 63 in Table I, 
were made in which the temperature was substan- 
tially lowered in several steps after an initial period 
of 790°C growth. It was established that the deposit 
can remain epitaxial and single crystalline as low 
as 600°C. Below this temperature arsenic begins to 

condense in the deposition zone making further 
growth difficult. 
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Epitaxial Growth of Gallium Arsenide on Germanium Substrates 

1. The Relationship between Fault Formation in 

Gallium Arsenide Films and the Surface of Their Germanium Substrate 

T. Gabor" 

Research Laboratories, Westinghouse Electric Corporation, Pittsburgh, Pennsylvania 

ABSTRACT 

Morphological and etching studies on films of gallium arsenide deposited 
on germanium substrates have revealed twin planes, grains, and stacking faults. 
The evidence suggests that these defects are related to the faceting of the sub- 
strate and to the presence of oxide films. 

The deposition of gallium arsenide films on low 
index planes of germanium substrates has been de- 
scribed (1-4), and recently films altogether free of 
stacking faults have been grown (5). We have 
found it much more difficult to avoid the formation 
of faults in films grown on (111) surfaces of ger- 
manium than in films grown on gallium arsenide 
substrates. The aim of the work described in this 
communication was to examine the causes of fault 
formation when germanium was used as substrate. 

Experimental 
Flow system.-A stream of hydrogen containing 

arsenic trichloride was passed over gallium arsen- 
ide in an open tube. The resulting gas mixture then 
flowed over germanium substrates in a lower tem- 
perature region. The substrates were lying horizon- 
tally on semicylindrical holders so that some growth 

Present address: Battelle Memorial Institute, Columbus. Ohio. 

took place even on the sides that were facing down- 
wards. The experimental conditions, the chemical 
equilibria, and transport taking place in this system 
have previously been described (6). 

Substrates and outgassing.-{111) wafers cut from 
Czochralski-grown crystals and germanium webs 
were used as substrates. The latter are grown by 
pulling two dendrites from the melt, the material 
connecting the dendrites being pulled up by surface 
tension (7, 8). Various procedures were used for the 
cleaning of the crystals. The Czochralski-crystals 
were etched in CP4 while the webs were sometimes 
etched in CP4 at other times in aqueous HF. In most 
cases after etching the crystals were rinsed in water 
then in redistilled methanol. The second distillation 
of the methanol was performed in a quartz appara- 
tus. The solvent was blown off the crystals with a 
stream of ultrapure hydrogen. A similar technique 
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was also used with double-distilled water. On a few 
occasions, especially when no CP4 etching was per- 
formed, the substrates were washed with a non- 
ionic surface active agent, "Ster~xAJ"~ (2.5 cc/ 
liter), in an ultrasonic bath followed by three 
washes with distilled water. In still other cases tri- 
chloroethylene was used for cleaning. 

Before deposition, the substrates were heated at 
high temperatures (5 650°C) for periods up to 20 
min in a stream of hydrogen. In some experiments 
the furnace was heated to the deposition tempera- 
ture, and the arsenic trichloride was added to the 
stream of hydrogen before the substrates were 
brought into the deposition region. 

Contamination of substrates with antimony.-A 
stream of hydrogen was passed over antimony (55 
mg) at 400°C and then over the substrates at 250°C 
for 10 min. The direction of the flow of gas was then 
reversed, and the deposition zone was heated in a 
stream of hydrogen to 610°C and kept there for 5 
min before starting the growth experiment. This 
treatment was shown (9)  to deposit lo1* - loi5 at. 
Sb/cm2 Ge. 

Results 
Etching of cross sections of gallium arsenide films. 

-On etching {211) cross sections of gallium arsenide 
films with a solution of KaFe (CN)e (2) : Hz0 (25) 
: KOH (3), two different types of areas were deline- 
ated. One etched rapidly and gave a rough dark 
brown looking surface after only 30 sec. The other 
etched more slowly and took longer (2-3 min) be- 
fore it appeared dark at magnifications up to 200X 
and showed etch pits at 500X. 

The etching studies revealed the following de- 
fects: 

1. Twin planes in the germanium substrate ex- 
tended into the gallium arsenide film with un- 
changed spacing. Figure 1 shows a typical differen- 
tially etched {211) section of the growth on the edge 
of a germanium crystal. The latter contained twin 
planes lying in { I l l )  planes perpendicular to the 
plane of the picture. (The picture was taken with 
the gallium arsenide deposit in focus; the germa- 
nium substrate has etched more slowly and was 
slightly out of focus so that only two of its three 

1 The author thanks Monsanto Chemical Company for the supply 
of the surface active agent. 

Fig. 1. {211) section of GaAs grown on Ge. Twins contained in 
the latter propagate through the epitaxial film. Changes in 
polarity across the twins are shown by the differential etch. 
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Fig. 2. Etched cross section of GaAs film grown on { I l l )  Ge 
substrate. Arrows indicate misoriented areas. 

twin planes can be seen.) The <110> traces of the 
twins in the gallium arsenide deposit separate dark 
and light etched areas. Similar lines separating dark 
from light areas also originate at edges where 
macroscopic faces of the germanium substrate meet. 
Other etched {211) cross sections showed the same 
phenomenon. 

2. Etched cross sections of the growth on the 
{ I l l )  planes showed grains. Figure 2 shows a cross 
section after a 10-sec etch (with long etching the 
roughness of the interface could not be seen because 
of the rapid dissolution of the gallium arsenide de- 
posit and the attack of the etchant on the side of the 
exposed germanium). On longer etching and for 
cross sections cut in a {110) plane, the grains re- 
mained the same color as the surrounding growth, 
whereas in {211) cross sections they were of the op- 
posite type to the growth surrounding them: they 
etched rapidly and became dark whereas the sur- 
rounding growth etched slowly and vice versa. In 
growth occurring at the edge of (111) germanium 
wafers (Fig. 1) and also in growth on { I l l )  planes 
when the system was badly contaminated2 grains 
were found not only at the interface but also 
throughout the deposit. 

3. Lines propagating in the inclined { I l l )  planes 
away from the substrate were seen. These were 
never found to delineate dark and light areas. 

Morphological studies.-Information about the 
early stages of growth was derived from the exami- 
nation of growth islands that were found in some 
cases where growth was slow. Most of these islands 
were trigonal. In very few cases, probably due to 

2 For example when a large amount of zinc chlorlde was used as 
the transporting agent i n  a sealed tube. 

Fig. 3. Circular and triangular growth islands of GaAs observed 
on the downward facing plane of a { I l l )  Ge crystal. 
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, . . . , - . . . . . . . -. . 
(111) plane where faults propagating in the three inclined (111) 
planes reach the surface. 

some impurity preventing epitaxial growth, they 
were circular. Figure 3 shows a rare case where 
both were present. The triangles showed interfer- 
ence colors suggesting growth of only a few thou- 
sand angstroms thickness. The apices of some of 
these triangles point in the [2ii]  whereas others in 
the [ f i l l  direction. 

Stacking faults were formed on both the Czo- 
chralski crystals and on the webs, and none of the 
cleaning procedures (see Experimental section) re- 
sulted in their elimination. The intersection of the 
faults with the (111) surface of the films was visible 
without etching because growth is faster along one 
side of the fault than along the other. Figure 4 
shows an interference micrograph of the surface of 
a thick film in which the faults have interacted with 
each other as has been described for the case of 
stacking faults in silicon films by Booker and Stick- 
ler (10). 

Films grown on substrates that had not been out- 
gassed also showed faults. Growth islands obtained 
on such substrates had a feathered structure (Fig. 
5), and films grown on them did not show the well- 
defined lines of the stacking faults that were ob- 
tained on outgassed samples but instead showed a 
diffuse structure (Fig. 6). 

Deliberately contaminated substrates yielded un- 
usual growth structures. For example, when the 
substrate was contaminated with antimony, a large 
number of whiskers and round hills like the one in 
Fig. 7 were found on the substrate that was nearest 
to the source region (highest temperature). This 

Fig. 5. Growth islands of GaAs showing feathered structure ob- 
tained on the downwards facing plane of an oxide-contaminated 

Fig. 7. GaAs growth structure obtained on Sb-contaminated 
(1 11 } surface of Ge crystal. 

hill showed the interaction of growth steps from a 
dominant dislocation with those from small imper- 
fect dislocations. In the same experiment, individual 
trigonal growth islands reached a height of 18p on 
the crystal furthest away from the source region, 
whereas in the absence of antimony they did not 
grow higher than 3-4p. 

Discussion 
In gallium arsenide, on one side of a twin plane 

it is the gallium atoms, on the other side the arsenic 
atoms that in a (211) cross section have two broken 
bonds, the other type of atom having only one. The 
observation that the twin planes in the substrate 
propagate through the growing film and are re- 
vealed after etching as lines separating dark from 
light areas (Fig. 1) suggests that the etch distin- 
guishes between the two possible types of polarity. 

The two vertical lines in Fig. 1 that separate dark 
from light areas and originate where macroscopic 
faces on the edge of the crystal meet must similarly 
be intersections of twin planes with the (211) cross 
section. A possible explanation for their formation 
may be the deposition of the same type of atom on 
both faces. For example, if the first layer that de- 
posits on a macroscopic (111) plane of germanium 
consists of arsenic atoms, then, on a (111) facet that 
forms an angle of 70" with it, the first layer must 
consist of gallium atoms, or vice versa, otherwise 
mismatch will occur at the edge.3 Due to the differ- 
ence in reactivity between the gallium and arsenic 
atoms ( l l ) ,  the first layer on all facets will consist 
of entirely gallium or arsenic atoms. Thus, depend- 

(111) Ge crystal. This was first pointed out by A. I. Bennett. 
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ing on the orientations of adjacent facets, there is a 
probability that, if nucleation starts independently 
on both facets, the film will not be able to grow to- 
gether without the formation of a fault. If the two 
grains join along a {Ill) plane, the boundary be- 
tween them will be a twin plane. 

Facets of atomic dimensions must be present on 
any substrate. However, these facets may not be 
large enough to allow independent nucleations to 
take place. Faceting on a macroscopic scale may 
however occur during the outgassing of the sub- 
strates (12) .4 

An additional cause of faceting may be the depo- 
sition of gallium and the absence of sufficient 
amounts of arsenic to form gallium arsenide at the 
beginning of the experiment. When outgassing is 
performed at high temperatures for prolonged per- 
iods, the source gallium arsenide must lose consid- 
erable amounts of arsenic, resulting in a gallium 
rich mixture when the carrier gas is introduced. The 
formation of a thin film, or of microscopic islands of 
gallium, on the surface of the substrates at 600"- 
700°C will result in melts containing 25-35% Ge 
(13). The dissolution of germanium should cause 
the formation of faceted pits (14). 

The degree of misorientation in the growing film 
appeared to be related to the roughness of the sub- 
strate, and it decreased with the distance from the 
interface. This means that growth with one type of 
polarity was favored. On etching the surface of a 
film (> lOOp thick) as described by Gatos and 
Lavine (ll), well-developed triangular pits, all hav- 
ing an apex pointing in the [211] direction, were 
obtained. This suggests that under the experimental 
conditions that were used in this work, the outer- 
most layer consisted of gallium atoms. 

The faults propagating in the three {Ill} planes 
inclined to the interface were similar to the stacking 
faults that have been described in films of germa- 
nium (15, 16) and silicon (17, 18). A possible ex- 
planation for the varying growth rates on the two 
sides of each fault may be the following: The 
growth may take place by the propagation of two- 
dimensional nuclei parallel to the surface. When 
such a layer reaches the intersection of a fault with 
the surface, its propagation may be prevented due 
to the stacking order being different on the two 
sides of the fault. The number of layers reaching 
the fault may be different on the two sides because 
it must depend on the probability of nucleations 

4 Note added in prooi: a method of preparing smooth, etched 
germanium substrates has recently been described IJ. A. Amick. 
RCA Rev., Z4. 555 (1963) 1. 

occurring on different sides. These nucleation prob- 
abilities will themselves depend on the distribution 
of other faults. 

The growth on a (111) substrate of triangles with 
an apex pointing in the [Tll] direction (Fig. 3) 
must have involved the formation of a fault. We do 
not know whether this was caused by mismatched 
growth on facets or by impurities. In the case of 
Fig. 5, it was evidently the oxide contamination that 
caused the growth islands to have the feathered 
structure and some of them to be misoriented. 
Growth islands pointing in opposite directions can- 
not grow into an unfaulted layer and must result 
either in the formation of stacking faults or of 
grains that are misoriented relative to each other 
(Fig. 2). 
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Epitaxial Growth of Gallium Arsenide on Germanium Substrates 
11. Deterioration of the (1 11) Surface of Germanium a t  570"-850°C 

T. Gabort 

Research Laboratories, Westinghouse Electric Corporation, Pittsburgh, Pennsylvania 

ABSTRACT 

It has been shown that on heating germanium crystals in hydrogen or in 
vacuum at temperatures 570"-85O0C, deterioration of the 111 planes takes place. 
Temperature gradients and adsorbed impurities are the probable causes of the 
deterioration. Impurities cause the formation of etch- and growth-structures 
which in their absence would be unstable. 

When preparing devices from germanium, one 
often has to heat the crystals to high temperatures. 
For example, in the epitaxial deposition of germa- 
nium or gallium arsenide on germanium substrates, 
the latter are exposed to high temperatures during 
outgassing, when impurities, especially oxides, are 
removed from the surface. This work was under- 
taken to examine whether the smoothness of the 
germanium surface can be preserved under such 
conditions. The effect of any deterioration on the 
crystallographic quality of gallium arsenide films is 
described in Part I (1) of this series. 

Experimental 
The crystals and the purification procedures have 

been described in Part I. Details of the heat treat- 
ments are given below. Numbers within the same 
bracket mean that these figures represent different 
areas of the same sample. The crystals were heated: 

A. With continuous pumping, Fig. [4, 7, 91. 
B. In sealed quartz tubes 

a. Invacuum,Fig. [I, 2,3], [lo], [ I l l .  
b. In hydrogen, Fig. 181. 

C. In open flow systems in hydrogen, Fig. [5,6]. 
Specific details are given in Table I. 

to which figure the area of the edges may be ne- 
glected. 

Observations 

Some faceting was observed on nearly all samples 
that were heat-treated. The smoothness of the sur- 
face was best preserved when the last wash before 
heat-treatment was performed with double distilled 
water, and the latter was blown off the surface by 
a stream of hydrogen. The degree of deterioration 
increased with increasing temperature and with in- 
creasing temperature gradient. In case of experi- 
ments that were performed in an atmosphere of hy- 
drogen, the roughening of the surface was the least 
prevalent when the hydrogen was purified by dif- 
fusion through a palladium alloy tube. 

On nearly all samples, either some tetrahedral pits 
or growth triangles were observed. In addition to 
these many unexpected structures were found. Some 
of these are described below: 

1. Simultaneous formation of pits and hillocks.- 
Figure 1 shows hillocks on a germanium crystal. The 
black dots are whiskers. They most likely consist of 
either germanium or of silicon dioxide, the latter 
originating from the quartz tube, although the com- 
position of the whiskers could not be established 

The quartz used for the sealed tube experiments from an electron diffraction pattern. Figure 2 shows 

was cleaned in aqua regia. The tubes had an ap- a replica of the crystal, shadowed at an angle of 30" 

proximate volume of 20 cc. The weight changes in to the specimen plane. A cross section of the struc- 

nearly all of the experiments were within the ex- ture shown at the top of Fig. 2 is drawn in Fig. 3. The 

perimental error of k0.2 mg. The two (111) faces of 
the wafers had a total area of about 1 cm2, compared 

t Present address: Battelle Memorial Institute, Columbus. Ohio. 

Table I. Details 

Evacuation of tube Heat treatment 

Temp, Pressure, Temp, Pressure. 
Fig. C Hr mm Hg C Hr mmHg 

Heated in a temperature gradient: a, the sample at the highest 
temperature was at 780'C; b, the sample at the highest temperature 
was at 780eC, and that sample lost 1.0 mg weight; c, the sample at 
the highest temperature was at 700'C ("upstream"). Fig. 1 .  Growth triangle and whiskers 
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Fig. 2. Shadowed replica of part of Fig. 1 

., ., 
Specimen Surface 

- Replica - Shadow Dark 

0 . 6 ~  - 
Fig. 3. Cross section of growth structure shown on top of Fig. 2 

Fig. 5. Simultaneous formation of pits and hillocks 

Fig. 6. Growth triangles pointing in opposite directions 

Fig. 7. Etch pit 

Fig. 4. Etch pit 

vertical dimensions given in this figure are approxi- 
mate. They were estimated from the width of the 
dark and light lines at the edge of the structure. The 
light lines represent areas that were in the shadow 
of protrusions on the replica. Figure 2 shows that 
the hillocks are surrounded by channels and that 
there are small pits on top of the hillocks. 

On another crystal, the electron micrograph of the 
shadowed replica showed that small hillocks were 
formed at the bottom of the pits. This is illustrated 
in Fig. 4. A further example of simultaneous pit and 
hillock formation is shown in Fig. 5. The large 

truncated triangles are growth areas. Five or six 
circular growth structures can also be seen. 

2. Growth triangles pointing in different direc- 
tions.-Figure 6 shows another area of the same 
crystal used in Fig. 5. This picture was again taken 
using side illumination in order to show that all the 
triangles are growth structures. 

3. Facets with orientations other than {ill).-In 
these experiments, facets other than (111) were 
found both in pits and in hillocks. Figure 7 shows 
the replica of an etch pit, and Fig. 8 shows (100) 
faces on some of the growth pyramids. 

4. Other structures.-Examples of other unex- 
pected structures are given here. Figure 9 shows the 
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Fig. 8. Growth structures; some of the (100) faces are shown 
by arrows. 

Fig. 9. Circular pattern 

replica of a circular pattern, while Fig. 10 shows 
the replica of a rough structure that was obtained 
even though the temperature during the heat treat- 
ment was nearly uniform. Figure 11 shows a struc- 
ture that was often encountered. This consists of 
lines running in <110> directions. Due to the small 
difference in height of the lines it could not be 
proved unequivocally, but it is thought that they are 
depressions. They have an appearance similar to the 
"Y-etch figures" found in evaporated epitaxial films 
of germanium by Courvoisier et al. (2). 

Heat treatment at temperatures close to 850°C 
often resulted in the formation of wormlike struc- 
tures ( 3 ) .  

Discussion 
While this work was in progress, Gatos and Lavine 

( 3 )  described the deterioration of germanium sur- 
faces on heat treatment. They examined one crystal 
at a time, thereby eliminating the complicating 
phenomenon of transport of material from one crys- 
tal to the other. Our work was directed towards the 
examination of deterioration encountered during 
device fabrication in general, with special emphasis 
on deterioration taking place in epitaxial growth 
experiments. Therefore, ( a )  in most cases several 
samples were used, and these were spread out along 
the tube; (b)  the effect of temperature gradients 
was also examined; (c) when working under vac- 
uum, the pressures in most cases were above 10-6 
mm Hg. 

In order to make the deterioration of the surfaces 
easier to observe, the period of heat treatment given 

Fig. 10. Rough surface 

Fig. 11. Lines in < I  10> directions 

to samples in this work was longer than that to 
which they would have been exposed during device 
preparation. However, deterioration to a lesser de- 
gree must occur over shorter periods. Similarly, the 
temperature gradients were larger than those usu- 
ally encountered (see next paragraph). 

When several crystals are used in the same ex- 
periment, it is difficult to assure that no temperature 
gradient occurs either during the heating up of the 
furnace or during the actual device preparation. 
Also, in experiments designed to examine the effect 
of deposition temperature on epitaxial growth, one 
may be tempted to place a series of substrates along 
a temperature gradient. Even when a gradient is not 
established on purpose, the gases, mostly flowing 
from the direction of a hotter source region, will 
establish a gradient along the cooler deposition re- 
gion. Under such conditions, material may be trans- 
ported from one sample to another through the 
vapor phase and also along the individual samples, 
both by surface diffusion and by transport in the gas 
phase.' In addition to the removal and deposition of 
complete epitaxial layers, the formation of tetra- 
hedral pits with faces consisting of inclined {I l l}  
planes and having an apex pointing in the E l l ]  di- 
rection, and the deposition of growth triangles with 
an apex pointing in the [ 2 i i ]  direction is to be ex- 
pected (4).  

The formation of misoriented growth islands like 
the triangles having an apex pointing in the [Yll] di- 

The observation that, when hydrogen was used, the deteri- 
oration of the surface was a function of the purity of the gas sug- 
gested that traces of oxygen may play a major role in the transport 
of germanium. 
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rection (Fig. 6) was probably caused by the pres- 
ence of adsorbed impurities (4). Similarly, it is 
probably impurities that caused the formation of 
the other unexpected structures. Even though a crys- 
tal plane may break up into a hill and valley struc- 
ture if the total surface free energy of the resultant 
structure is lower than that of the original plane 
(5,6), in case of clean germanium surfaces, the {I l l}  
plane is the closest packed and should therefore have 
the lowest specific surface free energy, ys. 

A certain amount of impurities must be present 
on any semiconductor surface that was in contact 
with solvents. Reversible and irreversible electro- 
chemical deposition is to be expected ( 7 ) .  In addi- 
tion, the complete removal of the solvent is unlikely, 
even when the solvent is blown off the surface of 
the crystal; during drying, the nonvolatile impuri- 
tiesz dissolved in the solvent will deposit on the sur- 
face. The effect of impurities on ys has been shown 
for some other systems (9-11). Even though the con- 
centration of impurities may be less than what can 
be detected by studies of adsorption of oxygen on 
germanium (12), they may sufficiently change ys to 
cause deterioration of the surface. In the present 
work the effect of impurities is most evident in the 
appearance of planes other than (111) and also in the 
circular structures3 shown in Fig. 9. The latter were 
probably caused by impurities deposited by the sol- 
vent. 

Due to the relatively small weight changes, in 
most cases it was not possible to differentiate be- 
tween the effect of flow to or from the vapor phase 
and that of surface diffusion. Thus three different 
explanations may be given for the formation of the 
structures shown in Fig. 1-3. The grooves around 
the hillocks may have been caused by deposition of 
an epitaxial film, this film not being able to grow 
around and link up with the faster growing areas. 
Or, if germanium was lost to the gas phase, the top 
of the hillocks may correspond to the original sur- 
face, perhaps the loss of germanium there being re- 
tarded by the presence of adsorbed impurities [a 
similar phenomenon was described by Rhead and 
Mykura (14) ; they found that when a silver crystal 

In case of organic solvents such as methanol oxidation and 
polymerization reactions can lead to the formatior; of nonvolatile 
residues (8). 

A similar phenomenon was found by Hale (13) on thermal 
etching of silicon. 

was heated, pyramids with shallow grooves around 
them were formed due to the loss of metal). Finally, 
the structures may have been formed by surface 
diffusion. The latter explanation may also hold in 
case of Fig. 4. Alternatively, in this case the growth 
at the bottom of the pits may have taken place by 
deposition during the cooling of the furnace. 

Gatos and Lavine did not find any deterioration 
below 690°C. In this work, deterioration occurred 
even at 570°C. This discrepancy was probably 
caused by transport due to a thermal gradient, and 
also by the presence of impurities that were liber- 
ated from the quartz during sealing off when the 
experiments were performed in closed tubes. 
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Epitaxial Growth of Gallium Arsenide on Germanium Substrates 
Ill. Deposition on High Index Planes and on Curved Surfaces 

Research Laboratories, Westinghouse Electric Corporation, Pittsburgh, Pennsglvania 

ABSTRACT 

When depositing gallium arsenide on low index planes of germanium from 
the vapor phase by halogen transport, stacking faults are readily formed. Films 
free of these faults were obtained when planes that were at an angle of a few 
degrees with a (111) face or curved surfaces were used as substrates. It is sug- 
gested that fast propagation of steps along the surface caused the formation 
of new stacking faults parallel to the existing ones, thereby completing loops 
and preventing the propagation of the faults. The rate of growth was much 
faster on curved surfaces than over the (111) planes. 

The formation of stacking faults in epitaxial films 
of gallium arsenide grown on low index planes of 
germanium substrates has been described in Part I 
of this' series (1). Even though it is desirable to pre- 
vent the formation of faults, a method that would 
prevent the propagation of those faults that are 
formed may also be of interest. Such a method was 
found in the use of high index planes and of curved 
surfaces of germanium as substrates. 

Experimental 
The substrates were high index planes prepared 

from Czochralski-grown crystals, as-grown ger- 
manium webs (1) (the areas connecting the flat 
central part of these crystals with the dendrites, the 
so-called "fillet regions" are curved), and both { I l l )  
Czochralski crystals and webs with a curvature es- 
tablished over part of the surface. 

Wafers were cut from a Czochralski ingot at 10" to 
a { I l l )  plane in a <211> direction, and were then 
lapped, polished, and etched. Substrates 5" and 1" 
off the { I l l )  plane were obtained by angle-lapping, 
polishing, and etching. 

Several methods were used for' the preparation of 
concave surfaces. For example a "Kodak Photo Re- 
sist" pattern, consisting of a series of channels sepa- 
rating square areas was etched into a (111) Czoch- 
ralski crystal. The etching solution consisted of 
HF[l] : H202[1] : H20[4]. Depressions were also 
prepared by a jet etching technique (2). Alterna- 
tively, a Czochralski wafer was pressed against a 
rotating steel rod, and slurries of lapping and 
polishing powders were applied. In a few cases, 
convex surfaces were also prepared. Webs were 
touched with needles that were previously immersed 
into a solution of wax, or small, 7 mil diameter metal 
spheres coated with wax were made to adhere by 
short heating. After etching, a protrusion remained 
where the surface was covered with wax or with 
the sphere. 

Details of the deposition experiments involving 
arsenic trichloride as the transporting agent in an 
open flow system have been described (1, 3). In one 

Fig. 1. Growth on substrate 10' off (111) plane. The long axis 
of triangles are in <211> direction. 

Results 
Gallium arsenide films free of stacking faults 

could easily be grown on high index planes and on 
curved surfaces of germanium, even under condi- 
tions such that deposition on { I l l )  planes gave ex- 
tremely poor films. 

When using planar substrates, even though stack- 
ing faults were absent, triangular pits formed. 
Growth on a substrate that was cut at 10' to a { I l l )  
plane in a <211> direction is shown in Fig. 1. The 
pits point in a <211> direction, and their short side 
is at the same level as the surrounding growth while 
the apex is lower. Deposition on a plane 5' off the 

experiment with a web substrate* zinc was Fig. 2. Squares show (111) planes of a Czochralski crystal. Smooth 
used as the transporting agent in a sealed tube. growth of GaAs on the edges of squares took place over sloping 

lPresent address: Battelle Memorial Institute, COI -~~~ ,  ohio. sides of channels that were etched into the crystal 
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Fig. 3. Cross section through a channel and the surrounding areas 
of the sample shown in Fig. 2. Practically no growth took place over 
the (111) planes. Light colored band is cross section of nickel 
coating. Dark area inside channel is probably due to deposition of 
polycrystalline nickel. 

Fig. 4. Smooth area shows growth over curved fillet region of 
web. Poor growth shown in lower half of picture occurred over the 
{I 11) plane. 

{ I l l )  gave similar results, while stacking faults were 
present when a substrate lo off the { I l l )  plane was 
used. 

Only a few examples can be given of growth on 
curved substrates. When channels were etched into 
a crystal, smooth growth was obtained on the sloping 
sides, while there was practically no growth over 
the square (111) areas (Fig. 2). A cross section over 
a channel and over the surrounding square areas is 
shown in Fig. 3. 

Figure 4 shows growth over the transition area 
between the { I l l )  plane of a web and the curved 
fillet region. The extremely poor growth over the 
former was caused by a large amount of zinc chlo- 
ride having been used for transport in a sealed tube. 
The polished and etched (KSF~(CN)~[Z] : H20[25] 
: KOH[3]; 40 sec) cross section in a (211) plane is 
shown in Fig. 5. The area below the curved line is 
the fillet region. The striations in the gallium ar- 
senide may have been caused by impurity segrega- 
tion. The few stacking faults that could be revealed 
did not originate as usual at the Ge-GaAs interface, 
but in an area where the growing film has already 
established a crystallographic plane. The same etch 
revealed a highly misoriented growth [presence of 
grains (1) throughout the whole film] over the 
{ I l l )  areas. The thickness of the film over the 
(111) areas was less than half of that over the 
curved region. 

Fig. 5. Cross section in {211) plane of sample shown in Fig. 4. 
Light area shows the fillet region of web, darker area with the 
striations the GaAs film. 

Fig. 6. Growth over protrusion on substrate 

Growth obtained over a convex area is shown in 
Fig. 6. 

Discussion 
It has previously been shown (4) that the crystal- 

lographic perfection of epitaxial germanium films 
grown on germanium subdtrates was improved when 
the substrates were cut at an angle of a few degrees 
with the { I l l )  plane. High index planes and curved 
substrates both have surfaces which are composed 
of an infinitesimal number of atomic steps. One 
would expect deposition at these steps to be en- 
ergetically favored, causing these steps to "flow" 
along the surface. 

It has been suggested (1) that independent nucle- 
ations may be required for growth on the two sides 
of a fault; thus the propagation of a step parallel to 
the surface may be prevented along the intersections 
of stacking faults with the surface. If the rate of 
growth parallel to the surface is increased, as must 
be the case when the surface consists of an infini- 
tesimal number of steps, there might not be sufficient 
time for independent nucleations to take place, so 
that the areas having the wrong stacking order may 
be overgrown by the film without the latter chang- 
ing its stacking order. This corresponds to the for- 
mation of intrinsic faults parallel to extrinsic 
faults that may be present and vice versa. Figure 7 
shows that a loop is thus created and the propaga- 
tion of the fault is prevented. 

The formation of pits in films grown on high index 
planes may be caused by the inability of the ad- 
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,Intrinsic Fault 

\Extrinsic Fault 

Fig. 7. Intrinsic fault generated due to fast sidewise growth of 
C-layer (2nd from top). Propagation of fault is prevented by loop 
formation. 

vancing steps to overgrow all areas where there is 
an obstacle to growth. Once a difference in level is 
established between the film and the area containing 
the fault, the overgrowth by successive steps should 
be always less likely. The bottom of the pit then 
establishes the energetically favorable { I l l )  surface. 

We can only speculate on the reason for the pres- 
ence of pits when high index planes were used as 
substrates and for their absence in films grown on 
curved surfaces. The formation of pits may be re- 
lated to the relative positions of the favored growth 
direction and the direction of the steps. 
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The Oxidation Kinetics of Zirconium Diboride and 

Zirconium Carbide a t  High Temperatures 

A. K. Kuriokosel and J. L. Margrave1 
Department of Chemistry, University of Wisconsin, Madison, Wisconsin 

ABSTRACT 

Kinetic studies have been made of the oxidation of zirconium diboride at 
945"-1256"C, and of zirconium carbide at 554"-652'C. The ZrBz-02 reaction 
is parabolic throughout the temperature range studied, whereas the ZrC-02 
reaction is linear. In the former case ZrOz, together with a molten layer of 
boron oxide, is formed which protects against further direct attack of oxygen 
on the ZrBz, while in the latter, a rather porous film of zirconium oxide is 
formed which is not protective. The rate of oxidation of ZrBz is directly pro- 
portional to the oxygen partial pressure between 102 and 744 mm. 

Because of the very refractory nature, hardness, 
and high tensile strengths, in general, of the borides, 
carbides, and nitrides of the transition metals, they 
are promising materials in many high-temperature 
applications. A knowledge of the oxidation kinetics 
of these materials is essential for such uses, and 
hence the present investigation of the high-temper- 
ature oxidation kinetics for zirconium diboride and 
zirconium carbide was undertaken. 

The oxidation of ZrBz has been studied by Brown 
(I) ,  Berkowitz (2), and Meerson et al. (3). Brown, 
working at atmospheric pressure in the temperature 
range 649°-1315"C, observed a minimum rate of 
oxidation around 100O0C, an accelerated rate in pure 
oxygen compared to dry air, and a much higher rate 
in moist air than in dry air. Berkowitz found a 
parabolic rate law to be followed after the first 40 
min of oxidation at an oxygen partial pressure 
around 10 Torr, between 1200" and 1530°C. Brown 

1 Present addresa: Department of Chemistry, Rice University, 
Houston, Texas. 

used porous compacts of the diboride, and there were 
uncertainties in the surface areas, whereas Ber- 
kowitz used electron-beam melted samples of high 
purity. Meerson et al., from metallographic exami- 
nation of the scales formed on ZrBz on oxidation in 
air at 100O0C, suggested the presence of ZrO covered 
by molten Bz03 during the initial stages of the reac- 
tion. According to them, as oxidation proceeds, Bz03 
slowly evaporates and oxygen, while diffusing 
through ZrO, reacts with it to form ZrOz in about 
10-20 hr. Berkowitz, however, found only ZrOz and 
no evidence for the presence of ZrO in the oxidation 
product. The resistance of ZrBz to scale formation 
was investigated also by Markevich and Markov- 
skii (4). 

Very recently, Bartlett, Wadsworth, and Cutler 
(5) reported an investigation of the kinetics of oxi- 
dation of ZrC powder in the temperature region 
450"-580°C, and Berkowitz (2,6) the oxidation ki- 
netics of a zone-refined ZrC at 853'-1892°C. Watt, 
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Fig. 1. Schematic diagram of the apparatus used for studying high 
temperature oxidation kinetics. a (left) Diagram of gas-flow system. 
b (right) Combustion furnace and accessories. 

Crockett, and Hall (7), Thielke (8), and Hinniiber 
and Riidiger (9) have also made some measure- 
ments on the oxidation of ZrC. 

This investigation covers the temperature ranges 
554"-652°C for ZrC and 945"-1256°C for ZrB2, at 
oxygen pressures up to 744 mm Hg. The progress of 
reaction was derived by observing directly the 
weight gained by the samples with time. Electron- 
beam melted samples of both ZrBz and ZrC were 
used. Only specimens which did not have any ap- 
parent cracks were utilized. 

Apparatus and Experimental Procedure 
A schematic diagram of the gas-flow system and 

the apparatus is given in Fig. la. Figure Ib presents 
a detailed view of the combustion furnace and ac- 
cessories. The mullite combustion tube, A, (15 in. 
long and 1% in. diam) is mounted vertically and 
heated by two concentric furnace windings, C, 
of Kanthal wire. The inner winding is on the mullite 
itself. Pyrex tubes with standard ground-glass joints 
are sealed on to the mullite tube at both ends. An 
inlet tube, J, for the reacting gas, and a chromel- 
alumel thermocouple, F, are attached from the bot- 
tom, and two outlets are provided at the top, one 
for evacuating the system and the other for venting 
the gases to the hood. A helical quartz spring, D, 
calibrated for load vs. extension is suspended ver- 
tically as shown in the figure and the sample to be 
examined is attached to the lower hook of the spring 
by means of 0.007 in. nickel wire and a piece of 
quartz fiber, E, so that the sample, S, is only about 
1 cm above the thermocouple bead. The proximity 
of the sample to the thermocouple insures accurate 
temperature measurement of the sample. The tem- 
perature of the heating furnace is regulated to 
k2'C. When the extension of the spring is measured 
by means of a cathetometer, a change in weight of 
0.2 mg can be determined, and with the relatively 
low sensitivity of the spring no vibrations were 
caused by the gas-flow through the system. 

All the experiments were done at a total pressure 
of 740 2 5 mm, and various partial pressures of Oz 
were obtained by mixing it with purified helium gas. 
The sample was initially heated in an atmosphere 

of helium to the desired temperature and the zero 
reading on the cathetometer taken against a fixed 
point (end) on the suspension wire. The system was 
then evacuated, O2 gas was suddenly admitted, and 
the flow rate slowly adjusted. The time when oxy- 
gen was introduced was taken as zero. The readings 
of the cathetometer at suitable intervals of time 
were recorded and each run was continued until a 
sufficient number of points was obtained to establish 
the kinetics of the process. 

The zirconium diboride used had a composition 
Z ~ B I . ~ ~  with 1.7% of Hf and a carbon content of 
about 200 ppm. Circular pieces of the material 
weighing about 0.5-0.8g were cut from zone-melted 
cylindrical bar and polished by grinding with fine 
abrasive powder. Any small cracks on the sample 
were visible and the cracked portions, if  any, were 
removed by breaking them off. The specimens were 
then thoroughly washed with water and dried in air. 
The areas of the samples were calculated from the 
measured dimensions to the nearest 1 mm2. A similar 
procedure was used for the zirconium carbide sam- 
ples. The electron-beam melted ZrC was 99.5+0/0 
pure with trace impurities. 

The oxide films on the oxidized samples of ZrBz 
were removed by microsand blasting. The same 
piece could be repolished by grinding again and, 
thus, could be used several times. This method, ap- 
parently, did not affect the nature of the substrate 
material, and identical rates of oxidation within 
experimental error were observed (cf. section on 
prerun treatment). In the case of ZrC, separate 
pieces were used for each run. 

Results and Discussion 
Oxidation of Zirconium Diboride 

From the extension of the spring at various in- 
tervals of time, the weight gains of the sample in 
milligrams per square centimeter at the respective 
time intervals were evaluated. The straight lines 
which were obtained by plotting (weight gain/ 
square  ent ti meter)^ vs. time (Fig. 2) show that the 
oxidation of ZrBz follows a parabolic rate law. Rate 

I25B.C 

4 0  

3 0  

2- 
2 0  - 

IO56.C 

911.C 
962.C 

0 " " " "  
2 0  4 0  4 4  m 

time, min 

Fig. 2. Parabolic plot for the oxidation of ZrBz in pure oxygen 
at  945.-1256'C. Oxygen pressure, 1 atm. 
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Table I. Parabolic rate constants for the oxidation of ZrBz a t  
1056°C after various prerun treatments 

Parabolic 
rate constant. 

Rerun treatment (mg/cm~)s/min 

Preheated for 'h hr at the temperature 0.2368 
of the experiment 

Oxidized sample repolished and no pre- 0.2459 
heating 

Fresh sample with no preheating 0.3000 

Table 11. Parabolic rate constants with various flow rates of Oz 
in the oxidation of ZrBz a t  1056'C 

Flow rate, Rate constant. k., 
ml/min (mg/~m-1)~/mfn 

constants were obtained from the slopes of the 
straight lines. 

Prerun treatment.-The prerun treatment was 
varied in a few runs and the parabolic rate constants 
obtained in each case are recorded in Table I. These 
data indicate that there is no significant change in 
the rate of oxidation of ZrBz when the sample is 
preheated or when the oxidized material is re- 
polished and used without preheating, although 
when a fresh piece is used without preheating, the 
rate constant is higher. Hence, in all the other runs 
the fresh sample was either preheated for % hr or 
the oxidized surface was repolished and used with no 
preheating. For ZrC, the sample was preheated for 
4fr hr for each run. 

Flow rates.-Runs were done with 0 2  flow rates of 
100, 50, and 20 ml/min, at 1056°C in order to deter- 
mine the effect of flow rate on the reaction, and the 
rate constants (parabolic) obtained in these cases 
are reported in Table 11. It is evident from this table 
that the rate of oxidation of ZrBz is independent 
of the flow rate of O z  in the system in the range 
studied, within experimental error. 

Effect of omgen partial pressure.-Figure 3 pre- 
sents the parabolic plot of the results obtained at 
various O2 partial pressures (102-744 mm of mer- 
cury, mixed with helium gas) for the oxidation of 

Fig. 4. Effect of Oz partial pressure on the oxidation of ZrBz. 
Temperature, 1056OC. 

ZrBz at 1056°C. The oxidation rate increases with in- 
creasing partial pressure of 02, and the increase in 
the parabolic rate constant is directly proportional 
to the partial pressure of Oz as indicated by Fig. 4 
which is a plot of the rate constants against the par- 
tial pressure. 

Effect of temperature.-In order to obtain the ac- 
tivation energy for the reaction between ZrBz and 
02, experiments were carried out at various tem- 
peratures ranging from 945" to 1256°C at a pressure 
of 740 k 5 mm and an Oz flow rate of 100 -+. 5 ml/ 
min. The parabolic rate constants calculated in each 
case are listed in Table 111. The Arrhenius plot of 
the results is linear with an activation energy of 
19.8 r 1.0 kcal/mole, calculated by a least-square 
method. Because of the volatility of boron oxide, 
one would expect the rate constant to fall off in the 
log k us. 1/T plot at higher temperatures. This is 
apparently not the case, possibly, because the loss 
in weight by evaporation of Bz03 is compensated for 
by an increased oxidation due to less thickness in 
the protective oxide film. The activation energy of 
19.8 kcal is in contrast to the value 66 kcal obtained 
by Berkowitz, although the rate constants in both 
this investigation and hers at about 1256°C were in 
excellent agreement (10). The variation in the acti- 
vation energy must arise because of a change in the 
mechanism of oxidation. This point is further con- 
firmed by the recent investigation of Berkowitz (11) 
who obtained an activation energy of 25 k 6 kcal/ 
mole in the temperature range below 1400°K for the 
oxidation of ZrBz. The oxidation product was x-ray 
analyzed and was found to contain zirconium di- 
oxide. The ethyl borate test showed the presence of 
boron oxide in the scales. 

Table Ill. Parabolic rate constants for the oxidation of ZrBz 
a t  various temperatures 

Oz Pressure, 740 k 5 mm; flow rate, 100 ml/min 

time, min 

Fig. 3. Parabolic plot for the oxidation of ZrBz a t  various oxygen 
partial pressures. Temperature, 1056'C. 

Parabolic rate constant, 
Temperature. ' C  (mg/cmz)a/min 

AE. = 19.8 f 1.0 kcal/mole 
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Presence of water vapor in the oxygen gas.-In 
one of the experiments, oxygen was bubbled through 
distilled water and passed into the combustion tube 
containing ZrB2 at 1056"C, to study the effect of 
moist oxygen on the reaction. A parabolic reaction 
rate was observed and the rate constant in this run 
C0.20 ( m g / ~ m ~ ) ~ / m i n ]  was identical, within ex- 
perimental error with that for dry oxygen under 
similar conditions C0.24 (mg/cm2) 2/min]. The 
slight decrease in the rate might be attributed to: 
(i) a reduction in the partial pressure of oxygen 
from 744 to 719 mm due to the presence of water 
vapor, and (ii) the formation of boric acid which is 
more volatile than Bz03, which would cause a fur- 
ther decrease in the observed rate of weight gain. 
Glistening white crystals of boric acid were ob- 
served on the cooler parts of the combustion tube. 
It was further noticed, unlike in other cases, that the 
ZrBz became very brittle after being exposed to 
moist oxygen. It should be mentioned that Brown 
(1) reported a greater rate in moist air than in dry 
air. 

Oxidation of Zirconium Carbide 
Zirconium carbide is more susceptible to oxi- 

dation than zirconium diboride and at lower tem- 
peratures. Pieces of zirconium carbide were found 
to break up immediately in contact with Oz at 
1000°C or even lower. Berkowitz (12) also has 
observed the same phenomenon. Gangler (13) 
found excessive oxidation of ZrC in air at 980°C 
and Watt, Crockett, and Hall (6), rapid oxida- 
tion in air at 800°C. In order to find a workable 
temperature range for studying the oxidation ki- 
netics, a piece of ZrC was heated slowly from room 
temperature in an atmosphere of oxygen. The sam- 
ple began to crumble at about 700°C and broke up 
into several pieces at about 850°C, so that the maxi- 
mum workable temperature was about 650°C. Even 
at this temperature, samples started crumbling after 
about an hour of oxidation. A porous film of zir- 
conium oxide (identified by x-ray diffraction) was 
formed on the sample. The results of the successful 
runs at 554"-652°C are presented graphically in 
Fig. 5. It is clear that the reaction follows a linear 
rate law at 740 -t 5 mm pressure of O2 and a flow 
rate of 100 * 5 ml/min. The linear rate constants at 
various temperatures are given in Table IV. The ac- 
tivation energy calculated in this case from the Ar- 
rhenius plot is 16.7 k 1.7 kcal/mole. This activation 
energy is lower than the 45.7 kcal/mole reported by 

Fig. 5. Linear plot for the oxidation of ZrC at various tempero- 
tures. 02 pressure, 740 2 5 mm; 02 flow rate, 100 mlfmin. 

Table IV. Rate constants for the ZrC-02 reaction at various 
temperatures 

Oxygen pressure, 740 k 5 mm 

Llnear rate constant, 
Temperature, ' C  kl, mg/cmz/min 

Bartlett et al. (5) from their study of the oxidation 
rate of powdered ZrC over the range 450"-580°C. 
Bartlett (14), in his thesis, notes that the tempera- 
ture-dependence above 580°C is noticeably lower so 
that a change in reaction mechanism is again im- 
plied. One might suspect that the spalling off of 
flakes of ZrC or Zr02 as oxidation occurs could cause 
an apparently slow reaction, but this would have 
been detected by the sensitive balance used unless 
the particles are extremely small. An alternative 
suggestion is that a diffusion-controlled oxidation 
process through a protective Zr-0-C film predomi- 
nates at low temperatures while a linear process 
which produces a porous ZrOz and gaseous COz 
takes over in the range above 580°C. 

Conclusions 
The oxidation of zirconium diboride, between the 

temperatures 945' and 1256°C follows a parabolic 
rate law over the first hour of oxidation. The oxida- 
tion products seem to be the oxides of Zr and boron, 
with the boron oxide present as a molten layer on 
the surface. Part of the boron oxide slowly va- 
porizes at high temperatures as indicated by a white 
deposit on the cooler parts of the combustion tube 
after several runs. Variations in flow rate of oxygen 
in the experimental system from 20-100 ml/min 
have practically no effect on the rate of oxidation 
(at 1056°C) but a direct dependence on the partial 
pressure of O2 (mixed with helium) was observed. 
The Arrhenius plot of the rate constants for the oxi- 
dation of ZrB2 between 945" and 1256°C is linear 
and gives an activation energy of 19.8 kcal/mole. 

The oxidation of zirconium carbide follows a 
linear rate law at 554"-652"C, and at higher tem- 

Fig. 6. Arrhenius plot for ZrC-02 reaction. Oz pressure, 1 atm 
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peratures, a destructive oxidation of the material 
takes place in  pure Oz. The activation energy for the  
oxidation of ZrC based on data a t  554"-652°C is 
16.7 kcal/mole. 
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"Oxygen" Adsorption and Double Layer Capacities; 

Gold in Perchloric Acid 

G. M. Schmid and R. N. O'Brien 
Department of Chemistry, University of Alberta, Edmonton, Alberta, Canada 

ABSTRACT 

The "oxygen" adsorption on polycrystalline Au in 1N HC104 was studied be- 
tween 0.4 and 1.43~ us. SCE at 5", 25", and 50°C, using cathodic galvanostatic 
stripping and rapid single pulse differential capacity measurements. A potential 
arrest at 0 . 5 ~  is ascribed to surface Au-OH and/or Au-0 formation, a plateau 
at 1 . 0 ~  to surface oxidation to AuzO,, probably occurring in patches. The ap- 
pearance of a maximum in the differential capacity-potential curve during the 
adsorption process is explained on the basis of an additional capacity, Cads, of 
the inner double layer due to the presence of the charges of the (specifically) 
adsorbed species. It is shown that Cads should be proportional to the slope of a 
plot of amount adsorbed us. potential. The model proves satisfactory for sur- 
face "Au-OH" build-up to 1/3 of a monolayer, and on decomposition from a 
monolayer. 

Adsorption and desorption processes on metal 
electrodes are frequently accompanied by a large 
maximum in the capacity-potential curve (1). I t  was 
shown by Lorenz (2) that the capacity maximum 
decreases with increasing measuring frequency but 
does not disappear even at  700 kc. At such fre- 
quencies the capacity can reasonably be assumed to 
be free of faradaic effects and to represent the ca- 
pacity of the ionic double layer only. 

In previous papers (3,4) the electrical double 
layer (edl) differential capacities of gold in HC104 
were reported as a function of potential. A rapid 
single pulse technique (5) was used to exclude the 
influence of the faradaic impedance. The zero point 
of charge was determined to be close to O.Ov on the 
saturated calomel electrode (SCE) scale (including 
a saturated KC1-HC104 junction potential) (4,6). A 
number of maxima in the capacity-potential curve 
were attributed to hydrogen adsorption, some spe- 

KEL . 

'ELECTRODE 

Fig. 1. Elactrode assembly 

cific C104- adsorption, and to the adsorption of an 
unknown, oxygen-containing species. 

An attempt to explain the behavior of the capacity 
of the ionic double layer on the basis of a change in 
dielectric constant due to the adsorbed species was 
made by Devanathan (7). In the present investiga- 
tion the appearance of a capacity maximum on ad- 
sorption (or desorption) is attributed to the presence 
of the charge of the (polarized or charged) adsorbed 
species in the inner double layer. 

The gold-"adsorbed oxygen" system was chosen 
because of the ease with which both the amount ad- 
sorbed (or desorbed) and the edl capacity can be 
measured, thus making possible a ready comparison 
between the two quantities. 

Experimental 
The electrodes were polycrystalline mint gold pur- 

chased from Engelhard Industries, Inc., Newark, 
New Jersey. Rods were pressure-sealed into Kel-F, 
cut to expose a cross-section of 0.086 cm2 apparent 
area, and joined to a Pyrex glass holder using a 
Teflon washer, brass rod, and nut (Fig. 1).  Before 
each experiment, the electrodes were abraded with 
4/0 emery paper, washed with distilled water, de- 
greased with acetone in a Soxhlet, and washed with 
conductivity water. 

Conductivity water was prepared by redistilling 
tap distilled water from an alkaline permanganate 
solution in a Pyrex still, followed by distillation in a 
Heraeus two-stage quartz still. The electrolyte, 1N 
HClOl in all cases, was prepared from 70% reagent 
grade HClOd by appropriate dilution with conduc- 
tivity water. Before each run it was purified by 
pre-electrolysis between Pt electrodes with a mini- 
mum of 35 coulombs/ml, and degassed by passing a 
steady stream of Grade A Helium for at  least 12 hr. 

The all Pyrex cell contained, in addition to the Au 
electrode, a cylindrical platinized P t  wire gauze as 
counter electrode, and two SCE's, the latter being 
connected to the main compartment by closed, un- 
greased stopcocks and capillaries. The cell had a 
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Fig. 2. Circuit diagram. TE, test electrode; CE, counter elec- 
trode; SCE, saturated calomel electrode; EM, Keithley 6lOA elec- 
trometer; POT, Sensitive Research Instr. Corp. PV potentiometer; 
SC, Tektronix 535A oscilloscope; G, gate; RI, Rz, series resistor; 
51, Sz, switch. A stripping curve is being taken. 

water jacket and was thermostated at 5", 25", and 
50°C to 20.l0C with a Colora Ultra Thermostat. 

The test electrodes were polarized with a Hickling 
potentiostat (8). In the low current density region 
(i < 0.1 pa, $0.2 to +1.43v) the potentiostat did not 
give satisfactory results and was replaced by a 
Sensitive Research Instrument Corp. Model PV po- 
tentiometer applied between test electrode and a SCE. 
The potential was monitored with a Keithley 610A 
electrometer (input impedance 1014 ohms) applied 
between test electrode and the second SCE. The po- 
tentials are reported with respect to SCE at 25°C. 

For the edl differential capacity measurements a 
rapid single pulse technique was used, as described 
elsewhere (5). The method essentially consists of 
measuring the slope of the potential-time curve of 
the test electrode at the onset, or a time very close to 
it, of a fast rise, rectangular current pulse. The po- 
tential-time curves were displayed on a Tektronix 
Type 535A oscilloscope, operated on "single sweep," 
with a Type D preamplifier, and connected between 
test and counter electrode (Fig. 2). The traces were 
photographed with a Tektronix Type C-12 Polaroid 
camera. Approximately +30v appear at the gate of 
the oscilloscope for the duration of the push button 
triggered sweep. The current pulse, of a length up 
to 50 psec, was taken from this gate and dropped 
through a suitable resistor to give 617 pa. In the in- 
vestigated potential range (0.4 to 1 . 4 ~ )  the poten- 
tial-time curve was a straight line over at least the 
first 40 psec, indicating the absence of a faradaic im- 
pedance during this period. The desired slope could 
be measured about 1 psec after the onset of the 
pulse. The measurement thus corresponds to an a-c 
determination with a base frequency of more than 
500 kc and represents the differential capacity of 
the ionic double layer only. The accuracy of the 
measurement is limited by the non-linearity of the 
oscilloscope amplifiers to 23%. 

The coverage with oxygen-containing adsorbed 
species was determined by constant current cathodic 
stripping. For this purpose the oscilloscope was con- 
nected between test electrode and SCE, and the gate 
of the oscilloscope, through a series resistor, between 
test and counter electrode (Fig. 2). The potential of 
the test electrode was set to the desired value. The 
potentiometer was then switched off and the oscillo- 

scope triggered simultaneously. All stripping was 
done with 121 pa. The low input impedance of the 
oscilloscope (1 megohm) causes an iR drop of 30 mv 
at 1 . 4 ~  to appear between test electrode and SCE (as 
measured with the Keithley). A corresponding cor- 
rection was applied to all potentials reported. 

Reproducible results were obtained only after re- 
peated anodic and cathodic cycling to the highest 
anodic potential used in this study (+1.43v) and to 
-0.5~. This pretreatment presumably removes oxi- 
dizable and reduceable impurities from the electrode 
surface (9 ) .  It also seems to introduce roughening of 
the surface until a constant state is reached. After 
cycling, capacity data were taken, beginning at about 
f 0 . 4 ~  through +1.4v and back to the starting point. 
The potential was changed in steps of 100 mv every 
10 min, except in the vicinity of the maximum where 
the steps were 50 mv only. The capacity reaches a 
constant value after 2-5 min and does not change 
over a period of up to 1 hr. Stripping curves were 
then taken in steps of approximately 100 mv, start- 
ing from cathodic potentials through +1.43v, allow- 
ing 10 min at each potential for the adsorption to 
come to a steady state. The potential was then set 
to +1.43v for 10 min, changed to a less anodic poten- 
tial, and a stripping curve taken from there 10 min 
later. This procedure was repeated for successively 
less anodic potentials, always allowing the electrode 
to come to a steady state at +1.43v first. 

All data reported are referred to the estimated 
true surface area. From freshly prepared electrode 
to freshly prepared electrode the reproducibility of 
the capacity data was ?15%. This was attributed to 
difficulties in reproducing a definite roughness factor. 
The capacity curves were normalized to an (arbi- 
trary) capacity of 16 pf/cm2 at the capacity mini- 
mum just before the rise to the anodic adsorption 
maximum. The procedure was tantamount to using a 
roughness factor varying between 2.1 and 2.5. The 
reproducibility of the capacity data was then 25%. 
The stripping data were reproducible to 210% as 
calculated with an average roughness factor of 2.3. 

Results 
Figure 3a shows the coverage with "oxygen- 

containing" species obtained on a Au electrode in 
1N HClO4 at three different temperatures. Adsorp- 
tion starts at around 0 . 5 ~  and increases up to 1 . 4 3 ~  
without any indication of reaching a constant mag- 
nitude. Average values at 1 . 4 3 ~  are 1440, 1200, and 
1100 pcoulomb/cm2 for 5", 25", and 50°C, respec- 
tively. The adsorption is highly irreversible and this 
can be seen in Fig. 3b which shows the residual cov- 
erage after holding the potential at 1.43v, and then 
at the anodic starting potential for 10 min each. De- 
sorption of the adsorbed species occurs in two very 
pronounced steps at about 1.0 and 0.5~. 

The charge involved in the step at 1 . 0 ~  can be 
separated from the charge involved in the step at 
0 . 5 ~  on the basis of the oscilloscope traces obtained 
during cathodic stripping, both for adsorption (in- 
creasing potentials) and for desorption (decreasing 
potentials). The duration of the plateau at 1 . 0 ~  was 
taken from the beginning of the trace to the in- 
flection point following the potential arrest; of the 
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Fig. 3. "Oxygen" coverage as a function of potential. Au in 
IN HC104. 5'C. -; 25'C. - . -. I 50°C , - - -. a. For in- 
creasing potentials; b, for decreasing potentials after steady state 
at  1.43~. 

plateau at 0 . 5 ~  from the inflection point before to the 
inflection point after the arrest. The potential rise 
to the plateau took less than 0.05 sec in most cases, 
the error involved in this procedure is therefore 
small, but may account partly for the reproducibility 
being 210% only. 

The results are shown in Fig. 4. Adsorption starts 
at approximately 0.5 and 1 . 0 ~  respectively and 
shows no tendency to level off even at 1 . 4 3 ~  (except 
perhaps at 5°C in Fig. 4a). The irreversibility al- 
ready evident in Fig. 3 is again visible in Fig. 4. A 
pronounced negative temperature coefficient be- 
comes apparent for the plateau at l.Ov, whereas the 
coverage causing the plateau at 0 . 5 ~  increases with 

v vs. SCE 

Fig. 4. "Oxygen" coverage as a function of potential. Au in IN 
HCI04. 5OC, -; 25'C. - . -; 50°C, - - -. a, Plateau at  
0.5~; b, plateau at  1.0~; both for increasing and decreasing po- 
tentials. 

0.5 1.0 1.4 

v vr .  SCE 

Fig. 5. Differential capacity as a function of increasing and de- 
creasing potentials. Au in IN HC104. S°C, -; 25'C, - . -; 
5O0C, - - -. 

temperature. The potential plateaus on the oscillo- 
scope traces (not shown) are displaced by about 100 
mv to more cathodic values as compared to the cor- 
responding drops in coverage shown in Fig. 3 and 4. 
This is due to overvoltage caused by the relatively 
high stripping current (121 Fa, -550 Fa/cmz). 

Comparison of the adsorption-desorption behavior 
outlined above with the capacity data shown in 
Fig. 5 reveals that the onset of adsorption (increas- 
ing potentials) at about 0 . 5 ~  closely corresponds to 
the beginning of the rise of the capacity to the ad- 
sorption maximum. The desorption step (decreasing 
potentials) at 0 . 5 ~  causes a sharp drop in capacity, 
whereas desorption at 1 . 0 ~  seems to have little or 
no influence on the capacity-potential behavior. 
After desorption is completed, at about 0.4v, the ca- 
pacity returns to approximately the values en- 
countered before adsorption. This indicates that the 
adsorption-desorption process leaves the surface es- 
sentially unaltered after a constant roughness factor 
has been achieved by cathodic-anodic cycling. 

The influence of temperature on the capacity is 
quite pronounced, the maximum being 38.2 Ff/cm2 
at 50°C, and 28.3 Ff/cm2 at 5°C. With increasing 
temperature the potential at which the maximum oc- 
curs shifts to less noble values, the maximum be- 
coming sharper at the same time. The irreversibility 
in the adsorption-desorption behavior finds its ex- 
pression in the capacity hysteresis. The desorption 
peaks (Fig. 5, decreasing potentials) are at poten- 
tials at least 300 mv more cathodic than the ad- 
sorption peaks (Fig. 5, increasing potentials). 

Discussion 
Adsorption-desorption behavior.-The gold-"ad- 

sorbed oxygen" system has been studied repeatedly 
(10). It is generally assumed that a Au-0 layer is 
formed first which is later converted to AuzOs with 
time and at more anodic potentials (11-14). It is 
then surprising that on cathodic decay only one po- 
tential arrest is reported (11, 12, 14, 15). One would 
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rather expect two plateaus, and this was indeed 
found here. 

If the model outlined above is correct, the ad- 
sorption step beginning at 0 . 5 ~  and causing, on de- 
sorption, the plateau at 0 . 5 ~  (Fig. 4a) may be as- 
sociated with the formation of Au-0, or some 
similar oxygen-containing species, on the surface. 
Perhaps the assumption of a species Au-OH (12), 
formed by oxidation of an adsorbed water dipole, is 
more reasonable since it requires the transfer of 
only one electron. The formation of Au-0 and/or 
Au-OH is in agreement with the small positive tem- 
perature coefficient observed for this step, and with 
the strong influence on the capacity behavior (see 
below), which would both be expected for chemi- 
sorption-type adsorption. 

The amount of "Au-OH" formed on the surface 
does not reach saturation even at 1.43v, although the 
observed value of 950 pcoulomb/cm2 at 50°C is 
higher than what is normally considered to be a 
monolayer on the basis of one electron per surface 
atom of Au (-500 p ~ ~ ~ l o r n b / ~ m ~ ) ,  even if a large 
error was made in estimating the roughness factor. 
It  is interesting to note that the desorption behavior 
after steady state at 1 . 4 3 ~  (Fig. 4a) shows a gradual 
reduction of the amount of "Au-OH" present, until, 
at approximately 0.65v, about one monolayer is left 
which is then removed within 100 mv or so. Ad- 
sorbed OH radicals in excess of one monolayer may 
be converted to adsorbed (atomic) oxygen, may 
form multilayers, and/or may be adsorbed on oxi- 
dized portions of the Au surface. 

It should be pointed out that the possibility of the 
plateau at 0 . 5 ~  being caused by adsorption of Hz02 
could be made highly unlikely, but could not be ex- 
cluded all together. H20z may be formed during pre- 
electrolysis, during anodic-cathodic cycling, and 
during the normal polarization procedures used dur- 
ing a run. Omission of pre-electrolysis and cycling 
still gave plateaus at 0.5v, although of rather irre- 
producible length. Also, keeping the electrolyte at 
50°C for several hours should remove most of the 
HzOz eventually present and should lead to a de- 
crease in the amount adsorbed, whereas an increase 
was actually found. 

The adsorption step beginning at 1 . 0 ~  can be 
identified with oxide formation, e.g., by further oxi- 
dation of "Au-OH" to Auz03. The latter is more 
difficult to form at higher temperatures (16), conse- 
quently a negative temperature coefficient for this 
adsorption step would be expected and is found. The 
assumption finds further support in the observation 
that a visible oxide film can be formed on the elec- 
trode by keeping the potential at 1 . 4 ~  for 24 hr. The 
maximum value of 760 pcoulomb/cm2 observed at 
5°C and 1 . 4 3 ~  is too small to account even for a 
monolayer of Auz03. The oxidation seems to occur 
in patches (17), leaving a considerable part of the 
surface covered with OH radicals only. 

The oxidation-reduction-potential behavior of the 
surface-Au203 resembles closely that of the adsorbed 
species found by Laitinen and Chao (12). These au- 
thors did not report the presence of a second ad- 
sorbate. However, as can be seen from their Fig. 3, 

not all the "oxygen" adsorbed is removed at the 
plateau at l.Ov, the total coverage not being reduced 
to zero until at about 0.4~. 

Differential capacity-theoretical.-The theory of 
the edl on metals was originally developed for 
ideally polarizable electrodes (1). It is generally 
assumed to hold for intermediate cases also, a view- 
point which will be adopted here. 

The differential capacity of the edl is defined as 
the derivative of the (electronic) charge on the 
metal with respect to potential (1). Because of the 
electroneutrality requirement, the charge on the 
metal must be equal and opposite in sign to the sum 
of the excess charges of the anions and cations on the 
solution side of the interface. In the potential region 
in which an adsorption (or desorption) process oc- 
curs, the sum of these excess charges, considered as 
a function of potential, undergoes a change, as does 
the charge on the metal, and with it the edl capacity. 
It may be expected that the capacity gives a strong 
indication of an adsorption process only for species 
entering the inner double layer (specific adsorption), 
the capacity of the outer double layer being very 
large and having little influence on the total capacity 
of the series combination. 

The differential capacity is a function of the di- 
electric constant in the inner double layer region 
and of the (effective) distance between metal sur- 
face and inner Helmholtz plane. It will be assumed 
in this discussion that both these parameters are 
constant during the adsorption process [see how- 
ever (7)]. This is equivalent to assuming that the 
adsorbate has the same polar character and effective 
physical size as the water dipoles replaced. Although 
this assumption is open to debate, here it is perhaps 
not an unreasonable one. With the adsorbed water 
dipole already distorted to give a dielectric constant 
of < 10 (7), due to the presence of the water-metal 
bond, the proton (s) missing in surface Au-0 and/or 
Au-OH should not account for a considerable addi- 
tional change in 6. 

For an adsorption process, the differential ca- 
pacity can be written as 

c = d (q + k'q') /dE 
= C, + Cads [11 

where q represents the charge on the metal in the 
absence of an adsorption (or desorption) step, q' the 
increase in charge in the inner double layer due to 
adsorption, and k' the fraction of the charge q' that 
is reflected as an increase in charge on the metal, the 
fraction 1 - k' being compensated for by a net in- 
crease of opposite charges in the outer double layer. 
C, is the differential capacity in the absence of ad- 
sorption, Cad, the increase in capacity due to the ad- 
sorption process 

Cad. = k' (dql/dE) 121 

The charge in the inner double layer due to ad- 
sorption, q', is not easily accessible to measurement. 
What can be measured frequently is the charge, qua,, 
necessary to reduce, or oxidize, the adsorbed species. 
If the interaction between adsorbed molecules is 
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negligible (for small coverage)., q' is a fraction, k", 
of qads 

q' = kWqads C ~ I  
so that 

Cads = k (dq.d./dE) 141 
with 

k = k'k" 

The dimensionless quantity k is taken as a con- 
stant, independent of potential, although this is 
probably a first approximation only. It contains k' 
which converts the charge q' to the ensuing increase 
in charge on the metal. The coefficient k' will depend 
on the electrode material, the state of the electrode 
surface, and the bond established between surface 
and adsorbate. A determination of k' requires de- 
tailed knowledge of the components of charge of the 
edl which is available for some mercury systems 
(18), but not for solid electrodes at the present time. 

One might assume that for adsorption steps ac- 
companied by a charge transfer, qadm the magnitude 
of the charge present in the inner double layer, q', 
and with it k' depends on the nature of the adsorbed 
species, that is whether they can be considered a 
charged species, of type M+,d., or a neutral entity, 
such as Mads. Further discussion of k' and k" must 
await a more detailed knowledge of the state of the 
adsorbed species and the adsorptive bonds. 

According to Eq. [4], Cads is proportional to the 
slope of a plot of q,ds us. potential and will go 
through a maximum during the adsorption (or de- 
sorption) step. For symmetrical, S-shaped q,d, us. 
potential curves, the capacity maximum will be es- 
tablished at a potential corresponding to H of the 
final coverage. In potential regions where maximum 
adsorption has been reached, the capacity returns to 
C,, or to a new, fairly constant value, consistent 
with the geometrical relationships and the dielec- 
tric constant of the fully covered (or uncovered) 
surface (2,19). This behavior is represented sche- 
matically in Fig. 6. An average value for k can be 
obtained if C, stays constant in the potential range 
involved. 

The model outlined above explains the presence 
and position of maxima in potential-differential ca- 
pacity curves caused by adsorption and desorption 
processes. It is assumed that the dielectric constant 
in the inner double layer does not change signifi- 
cantly in the region of the capacity maxima, and 
that the change in capacity is brought about by the 
presence of additional charged or dipolar species in 
the inner double layer. 

Differential capacity-experimental.-The capac- 
ity data for 25°C reported here are in very good 
agreement with values previously found on (100) 
and (110) single crystal electrodes for this tempera- 
ture (3). They do not agree with results obtained 
for polycrystalline electrodes (4), where the relative 
height of the anodic adsorption peaks was consider- 
ably smaller. This discrepancy is the result of the 
anodic and cathodic cycling used as pretreatment in 
the present work. The small amount of oxidation 
and redeposition caused by the cycling procedure 
leads to an increase in roughness factor, as judged 

POTENTIAL - 
Fig. 6. Expected behavior of the capacity-potential function during 

an odsorption process. CO, differential capocity before and ofter 
the adsorption step; Cads, additional capacity due to adsorption; 
q a d r  charge equivalent of amount adsorbed. 

from the general increase in capacity, and also 
seems to lead to a surface more susceptible to ad- 
sorption, as judged from the relative height of the 
adsorption maximum. The latter phenomena could 
be caused for example by re-deposition onto pre- 
ferred crystal faces leading to a preferred surface 
orientation (12). No x-ray analysis was performed 
with the electrodes used in the present work. 

Although the capacities measured tended to de- 
crease with temperature, much overlapping was 
caused by the irreproducibility of the roughness 
factor. Normalization of the capacity data to 16 ,uf/ 
cm2 at the minimum just before the rise to the 
anodic adsorption maximum (Fig. 5) allows com- 
parison of the capacity-adsorption (or desorption) 
behavior at the various temperatures used here. The 
16 Ilf/cm2 chosen is a reasonable value for a metal 
surface free of adsorbed species (1). 

The capacity-potential behavior during an adsorp- 
tion step outlined above can be expected to hold for 
the formation of a surface Au-OH and/or Au-0, that 
is, a chemisorbed species. It will not hold for surface 
oxidation to AuzOs. Moreover, the model is not ex- 
pected to hold for adsorption exceeding a monolayer. 
Comparison of Fig. 4 with Fig. 5 shows that the ca- 
pacity maxima are in the vicinity of beginning AuzOs 
formation rather than at potentials with an "OH" 
coverage of about 250 ~coulomb/cm2 (%  mono- 
layer). Interference of Au-OH multilayer buildup 
and/or Au-0 formation, and surface oxidation can- 
not be excluded. Metal oxide surfaces have an edl ca- 
pacity considerably lower than "free" metal surfaces 
(20). The appearance of oxide patches, growing in 
area with potential would in itself lead to a capacity 
maximum. The decrease in height of the maximum 
with temperature is brought about by a correspond- 
ing increase in oxidation to Au20s. 

Similar interference can be expected for the de- 
sorption step shown in Fig. 4 and 5. Here, coming 
from higher potentials, the rise in capacity is caused 
by a gradual conversion of a low capacity oxide into 
a high capacity "Au-OH" with simultaneous de- 
sorption of excess Au-OH and/or Au-0. However, 
the capacity maximum is positioned at or near a 
residual coverage with % of a monolayer. There- 
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v vr. SCE 

Fig. 70. Formation of surface "Au-OH!' Points calculated with 
Eq. [I1 and [41; C, = 16, pf/cmZ, k = 2.5 x 10-3. 

I t .  I I I .  I A I  I 

0.5 0.7 0.4 0.6 0.4 0.6 

v vs. SCE 

Fig. 7b. Decomposition of surface "Au-OH!' Points calculated 
or in Fig. 70. 

fore, the capacity-adsorption model should hold for 
desorption of "Au-OH" from the monolayer level. 

In Fig. 7 experimental coverage data are com- 
pared with values calculated from the integrated 
form of Eq. [1] and [4] with Ca = 16 pf/cm2 and k = 
2.5 x As expected, the adsorption step is de- 
scribed satisfactorily only to about 1/3 of a mono- 
layer, whereas the desorption from a monolayer is 
represented reasonably well. 

Summary 
The amount of "oxygen" adsorbed on Au in 1N 

HC104 was studied between 0.40 and 1 . 4 3 ~  vs. SCE 
at 5", 25', and 50°C, and compared with the differ- 
ential capacity of the ionic double layer. Coverage 
data were obtained from cathodic galvanostatic 
stripping curves; a rapid single pulse technique was 
used to measure the capacity. 

The stripping curves show two potential plateaus, 
at 0 . 5 ~  and at 1 .0~ .  The arrest at 0 . 5 ~  is attributed to 
surface Au-OH and/or Au-0 formation on the 
basis of a small positive temperature coefficient, ex- 
pected for chemisorption, and a pronounced influ- 
ence on the capacity, expected for adsorption proc- 
esses involving the inner double layer. For this 
species, the coverage of 950 acoul~mb/cm2 measured 
at 1 . 4 3 ~  and 50°C exceeds monolayer coverage as 

calculated for the transition of one electron per 
surface atom of Au (-500 pcoulomb/cma). This is 
explained by multilayer buildup or conversion of 
Au-OH to Au-0. The arrest at 1 . 0 ~  is caused by sur- 
face oxidation to Au2O3, as judged from a negative 
temperature coefficient of formation. The oxida- 
tion reaches 760 pcoulomb/cm2 at 1 . 4 3 ~  and 5°C and 
probably occurs in patches. 

The differential capacity exhibits a maximum in 
the "oxygen" adsorption region. The appearance of 
such a maximum during a (specific) adsorption 
process is explained on the basis of an additional ca- 
pacity, Cads, of the inner double layer, due to the 
presence of the charges of the adsorbed speeies, at 
constant dielectric constant. It is shown that Cads 
should be proportional to the slope of a plot of 
"amount adsorbed" vs. potential. The capacity-ad- 
sorption model is tested for "Au-OH" adsorption 
and desorption. A value of k = 2.5 x low3 for the 
proportionality constant gives satisfactory results 
for adsorption up to 1/3 of a monolayer, and for de- 
sorption from a monolayer, which is the range for 
which the model is expected to hold. 

Manuscript received Aug. 4,1963; revised manuscript 
received March 2,1964. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1965 JOURNAL. 
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Electrodialytic Demineralization Using Permselective Membranes 
I. Energy Consumption and Production Rate 

W. G. B. Mandersloot 

Chemical Engineering Group, South African Council for Scientific and Industrial Research, Pretoria, South Africa 

ABSTRACT 

Equations were derived for the energy consumption and production rate in 
electrodialytic demineralization, based on a simple empirical relation between 
the apparent compartment pair resistance and the electrolyte concentration in 
the desalting stream. The equations are independent of the compartment di- 
mensions parallel to the membranes and of flow velocity. Special attention is 
given to the detrimental effect of water transport and an "over-all efficiency" 
is introduced which covers the nonideality of the membranes, salt diffusion, 
and water transport. The equations are compared with experimental results. 

The principle of electrodialytic demineralization 
(1,2) using ion-selective membranes in a multi- 
compartment apparatus (Fig. 1) in which flow dis- 
turbing devices (2,3) are placed in the compart- 
ments to combat concentration polarization (4-6) 
finds increasing technical application. A number of 
transport processes occur simultaneously in the 
membranes (Fig. 2), of which only counterion 
transport brings about the desired effect. These 
transport processes occur in a medium in which the 
concentrations of counterions and fixed ions are usu- 
ally in the range of 1-6M; a good deal of interaction 
must therefore occur. 

The optimum compartment thickness, arrived at 
through a balance of electrical resistance and hy- 
draulic resistance, is approximately 1 mm. The elec- 
trolyte concentration in the brine should be high to 
achieve a low resistance of the compartment pair, 
but limitations are set by (a) the presence of pre- 
cipitate forming ions; (b) the fact that the concen- 
tration difference across the membranes constitutes 

Fig. 1. Membrane arrangement in a membrane stack for elec- 
trodialytic water demineralization. The cation and anion selective 
membranes are indicated by - and +, respectively. 

NO+ ( + H, o E.","~&$cL-(+HP 
CL-(+H,OI tr%'$t, N ~ + ( + H ~ O  

Diffusion. NOCL[+H,$~, Osmosis. f L ( + H 2 0 1  

Brine. I 
I 

Dialysate. Brine 

Fig. 2. Transport processes occurring simultaneously through the 
membranes. 

the driving force for most of the detrimental proc- 
esses indicated in Fig. 2; (c) electrical leakage 
through the brine stream. 

In the design of electrodialytic demineralization 
plants the cost of membrane surface area (approxi- 
mately inversely proportional to the applied electric 
potential gradient) and the cost of electrical energy 
consumed (approximately proportional to this gradi- 
ent) should be balanced to arrive at an economic 
optimum. Relations between these two variable cost- 
determining factors and the initial and final di- 
alysate concentrations are therefore required. They 
are derived from the relation between compartment 
pair resistance and the dialysate concentration. For 
small dernineralization ranges the average compart- 
ment pair resistance can be determined (7,8) or 
calculated from the resistances of the component 
parts (9). The latter method requires an estimate of 
the effect of that part of concentration polarization 
which cannot be eliminated and of the screening 
effect of spacer materials and membrane potentials 
should be taken into account as well. A measure- 
ment of the apparent resistance of the complete as- 
sembly is, of course, much more accurate. We there- 
fore decided on a method applicable to large desalt- 
ing ranges as well, in which the relation between 
compartment pair resistance and dialysate concen- 
tration is determined in a laboratory size electro- 
dialysis apparatus with components identical to 
those used in a technical installation (except dimen- 
sions parallel to the membranes). 

Mathematical Description of the Process 

When serious concentration polarization is 
avoided by using an appropriate flow velocity in the 
compartments the apparent electrical resistance of a 
unit surface area of a compartment pair is a linear 
function of the reciprocal of the electrolyte con- 
centration in the dialysate 

In a given compartment pair assembly a and b are 
dependent on the temperature and composition of 
the electrolyte, and the relation is valid for the 
range of C for which electrodialytic demineralization 
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is usually considered (0.01 < C < 0.6), provided no 
large variation in the brine concentration occurs. 
When, as usual, a constant voltage per compartment 
pair is applied 

i = E/ (a + b/C) [21 

The salt transport j per square centimeter of mem- 
brane pair is then 

and the rate at which salt is removed from the di- 
alysate is 

dN/dt = -jA = -JI'AE/F(a + b/C) [4] 

At any time 
N = V C  [51 

and therefore 
dN = VdC + CdV 161 

If it is assumed that for each gram equivalent of salt 
removed from the dialysate the volume of the di- 
alysate changes by H liter and that this figure in- 
cludes osmotic water transport, then 

dV = HdN c-71 

and a material balance gives: 

and the energy consumption per liter of product of 
concentration CT by 

W' = EF (C, - CT) /$ [12al 
The slope of this linear relation between W' and CT 
(i.e., the energy consumption per gram equivalent 
removed per liter) is 

w = -EF/JI C13al 

and the energy consumption per volt per compart- 
ment pair and per gram equivalent removed per 
liter is 

w = F/+ ~ 4 a 1  

Equation [14a] can be expressed in more practical 
units by 

W = 2.68 x kwh/g-equiv. volt [15a] 

In the American literature on electrodialysis ref- 
erence is often made to a quantity called the Power 
Index, which is the energy consumption per unit 
volume over the production rate per unit area 

Power Index = F2 (C, - CT) (a + b/Cln mean) /p 
[16al 

Effect of Water Transport 
The detrimental effect of water transport on the 

V = V*(1 -HCT)/(l-HC) [81 efficiency of the process can be shown by combining 

Combining Eq. [4], [6],[ 71, and [8] and taking 
(1 - HC)2 = 1 - ZHC, the concentration change in 
the dialysate can be described by 

After integration (assuming JI' to be constant) the 
production rate of the process is given by 

and the energy consumption per liter of product of 
concentration CT obtained through the integration 

It should be noted that a and b do not appear in 
Eq. C121 

Simplification Using "Over-all Eficiency" 
The coulomb efficiency $' incorporated the non- 

ideality of the membranes, the effect of diffusional 
salt transfer, and the effect of the small amount of 
usually unavoidable interstream leakage. We may, 
however, replace JI' by the over-all efficiency $, 
which incorporates in addition the effect of water 
transfer. Equation [9] then changes to 

the production rate is then given by 

Eq. [ I l l  and [ l la]  

$/$' = (1 - 2HC)lnmean/(l-HC~) [17al 

A graphical illustration of Eq. [17a] for various 
values of H and C, and for CT = 0.01 (drinking 
water) is given in Fig. 3. Values for H < 0.2 are not 
indicated as this value corresponds with the primary 
hydration of the ions. Figure 3 clearly indicates that 
the over-all efficiency of electrodialytic deminer- 
alization can never be high when solutions of near 
sea water concentration are demineralized to a 
drinking water level. 

Fig. 3. The ratio \I./$', for various values of H and Co, when 
CT = 0.01; Eq. [170]. 
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Average Current Density 
In electrodialytic demineralization it is often re- 

quired to consider the effect of one dialysate pass 
through the apparatus; in some technical installa- 
tions a pass length of up to several yards is used. 
The externally measured total current can be ex- 
pressed only as an average current densityx Making 
the reasonable assum~tion that each compartment is 
at one electric potential over its whole area,Tcan be 
related to the ingoing and outgoing dialysate con- 
centrations. If it takes the dialysate T sec to com- 
plete one pass, then - 

i = id t /T  1181 

By combining Eq. [ 2 ] ,  [ g a l ,  and [lOa] we obtain 
- 
i = E / ( a  + b/Cin mean) C19aI 

and this equation can be used to predict the elec- 
tric current in a technical installation from flow rate 
and a laboratory measurement of a and b. 

Optimization of Cost 
To optimize the cost of the process, the costs of 

compartment surface area and power consumption 
must be balanced (12 ,13) ,  and Eq. [ lOa] and [12a] ,  
or their more intricate equivalents, may be used to 
determine the optimum E with respect to cost 
(rather than an optimum average current density). 
The cost of installed compartment pair area per liter 
of product can be expressed as 

Sn = qF ( C ,  - CT)  ( a  + b / C h  mean) /JIE POal 
and the energy cost per liter of product by 

Sw. = PEF(CO - C T ) / $  C21al 
if allowance is made in the factor p for rectifying 
losses and also for the required pump energy. The 
total cost S, variable with E is 

and the optimum E can be obtained from dS/dE = o 

It may occur that E,th,,, is higher than the maxi- 
mum allowable value for E with respect to concen- 
tration polarization and scaling. 

Experimental 
The electrodialysis multicell was composed of 21 

Klingeritl gaskets, 0.08 cm thick, with a central cut- 
away section 16 x 8 cm forming 11 brine and 10 di- 
alysate compartments with a surface area of 128 
cm2 each. The membrane alternating with the gas- 
kets were supported across this area by corrugated 
perforated spacers, the corrugations making an angle 
of 22" with the vertical long axis of the compartments. 
The assembly was clamped between Perspex2 plates 
backed by steel plates, and a graphite cathode and a 
platinized titanium anodeS were placed either in or 
adjacent to the Perspex plates. Liquid flow was up- 
wards in all compartments, a multislot feeding and 
withdrawal system being used (Fig. 4) .  The con- 

' Kllngerit. compressed aabeatos steam jointing. Kllnger & Co.. 
England. 

duits formed by corresponding holes in gaskets and 
membranes were interconnected in one of the Per- 
spex plates on which external connections were sup- 
plied. A flow diagram is given in Fig. 5. The batch 
of dialysate was contained in a 10 1 aspirator with a 
calibrated glass on top and all liquids were pumped 
with nonmetallic pumps. The by-pass in the dialysate 
system allowed quick mixing in the aspirator. A 
branch of this by-pass contained a conductivity ceL4 
All lines returning to the calibrated glass with which 
the dialysate volume was measured ended in a length 
of glass tubing, the lower end of which was placed 
on the meniscus when a volume reading was taken. 

The brine and electrode rinse systems were 
thermostated, which sufficed also to keep the dialy- 
sate at the required temperature, all flows being 
measured with rotameters6 The direct current was 

4 Radiometer. Kopenhagen, type CDM2c with cell CDCll4. 
Flscher & Porter, flowrators. 

Fig. 4. Gasket to form dialysate compartments (and brine com- 
partments by turning 180'); sizes in mm. 

1 Perspex. Lueite. Plexiglass. 
a Imperial Chemical Industries. 

Fig. 5. Flow diagram of experimental set-up. The compartments 
marked "xu have a calomel probe electrode inserted. 
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Id 
VTVM 

Fig. 6. Wiring diagram 

obtained from a selenium re~t if ier ;~ a wiring dia- 
gram is given in Fig. 6. The membrane pack voltage 
was measured with probe electrodes inserted in the 
first and last brine compartments. Best results were 
obtained with calomel electrodes connected to a 
vacuum tube ~o l tmete r .~  The calomel electrodes 
were put under an air pressure slightly exceeding 
the pressure in the brine compartments. 

The desalting experiments were usually carried 
out by selecting a temperature, brine concentration, 
and initial dialysate concentration and composition. 
By applying a constant electric potential as meas- 
ured on the probe electrodes the batch of dialysate 
was desalted taking frequent volume, conductivity 
and current readings. The liquid flows were kept at 
10 cm/sec in brine and dialysate compartments and 
14 cm/sec in the electrode compartments. When 
mixed electrolytes were used intermediate samples 
of the dialysate were taken to determine individual 
ion concentrations. 

Salt diffusion rates in the membrane pack were 
determined in a currentless experiment with the di- 

s Standard Telephones and Cables. Type 22JE283. 
T Marconi Instruments, Model TF1900. 

alysate concentration at approximately 0.01N. On a 
number of single membranes diffusion rates were 
measured separately in a small stirred diffusion cell 
placed in a thermostat at 25°C. The low concentra- 
tion was again 0.01N. 

Results and  isc cuss ion 
Resistance.-The validity of Eq. [2] is demonstrated 
in Fig. 7 and 8, in which for three constant voltages 
per compartment pair l/i is plotted against 1/C. The 
linear relations hold over large concentration ranges. 
Values for a and b derived from Fig. 7 and a num- 
ber of similar plots are included in Table I. The 
spread in the values for a and b for each series of 
experiments (certain membrane pair, temperature, 
brine concentration, and electrolyte composition) 
illustrates the poor reproducibility of membrane 
pack resistance, a fact well known to workers in this 
field. The application of the individual values for a 

Fig. 7. Reciprocal of the current density vr. reciprocal of the 
concentration in the dialysate. T.N.0.-A60 and C60S membranes a t  
25% 0, 0.50~; A, 0.76~; n . 1 . 0 0 ~ .  

Table I. Production rates 1 sec-' cmw2 volt-') calculated according to Eq. [lOa], the effect of water transport 

calculated according to Eq. 117.1, and experimental values 

Cation Anion Vr/ATE 
selective selective EP. ' Eq. Temp, Expe- 

membrane membrane Co CT E a b JI  H [ l lal  Ob8erved [10a1 Observed B C riment 

0.250. 0.020 0.40 11 1.8 0.86 0.927 0.46 0.87 0.87 - 1.53 0.50 30 18 
C-608 A-608 0.250. 0.020 0.80 12 1.2 0.79 0.854 0.39 0.89 0.89 - 1.33 0.50 30 19 

0.250. 0.020 1.00 7 1.9 0.73 0.850 0.40 0.88 0.86 1.17 1.26 0.50 30 20 

Initially equal equivalents of CaCla and NaC1. 

a Central Technical InatitUte. T.N.O. (Netherlands) ; commercially 10 Asahi Chemical Industry Co. 
available at AMFion A60 and CEO membranes from the American 
Machine and Foundry Company. The Permutit Co. Ltd. 

s American Machine and Foundry Company. South Afrlcan C.S.I.R. 
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Fig. 8. Reciprocal of the current density vs. reciprocal of the con- 
centration in the dialysate. A.M.F. 3129-8-56 and 969 membranes 
a t  3S°C. 0, 0.50~; A, 0.75~; 0, 1.00~.  

and b in the derived equations led to good agree- 
ment with experimental values. 
Salt diffusion.-In Eq. [3] it was assumed that the 
coulomb efficiency $' is constant. For most practical 
cases this is an acceptable approximation for the 
calculation of production rate and energy con- 
sumption. However, a check should always be made 
so that even at the end of the desalting range the 
back diffusion of salt from brine to dialysate remains 
acceptable in comparison with the current density. 
Practical salt diffusion rates (including a small 
amount of leakage) from brine towards an 0.01N di- 
alysate appear to be proportional to the brine con- 
centration, as illustrated in Fig. 9. 

The results of diffusion measurements on single 
membranes are shown in Fig. 10 for a number of 
anion and cation selective membranes. From a sim- 
ple "Donnan equilibrium" (14) it would be expected 
that the diffusion rates increase with the second 
power of the high concentration on one side of the 
membrane, as the amount of sorbed electrolyte in 
the membrane is then proportional to the square of 
the external concentration. The actual power, how- 
ever, varies between 1.13 and 1.54 for the various 
membranes. Glueckauf and Watts (15) attributed the 
deviation from 2 to heterogeneity in the crosslinking 
of the resin, for which evidence was also obtained 
from electrolyte uptake data. The interaction of 
electrolyte diffusion and the simultaneously occur- 
ring osmosis in the opposite direction is the subject 

Fig. 9. Salt diffusion rate through a membrane pair at  two 
brine concentrations; dialysate concentration approximately 0.01 N; 
3S°C, A.M.F. 3129-B9 membranes. 

Fig. 10. Sodium chloride diffusion rate through a number of ion 
selective membranes; 0.01 N NaCI solution on one side. 

of a current investigation in this laboratory (16). 
It should be noted that the slopes for the data on 
the mechanically heterogeneous Permaplex mem- 
branes in Fig. 10 indicate lower powers than for the 
majority of the "homogeneous" membranes. 
Water tramport.-A check on Eq. [8] is presented in 
Table 11; the experimental data were taken from ex- 
periment 20. 
Production rate.-The production rates calculated 
according to Eq. [lo] and [lOa] are compared in 

Table II. Calculated and experimental values 
for the dialysate volume; H = 0.4 

C V. observed V, Eq. [81 
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Toble I l l .  Production rates (10-61 sec-'cm-2 volt-1) 
calculated according to the derived equations, and 

experimental values 

Vr/AET 
CT Eq. [ I01 Eq. [I051 Observed 

Toble IV. Energy consumption (kwh/ms) calculated according 
to Eq. [12] and [12b], and experimental values 

W', kwh/& 
Eq. [12bI and 

CT Eq. El21 experimental 

Table I11 with experimental values from experiment 
20. The following values for the constants were used 
in the calculations: a, 7; b, 1.92; H, 0.4; E, 1.0; A, 
1280; B, 0.5; JI', 0.85; JI, 0.73; F, 96,500; C,, 0.25. Cal- 
culated and experimental values are in good agree- 
ment, even when the most simplified Eq. [lOa] is 
used. Comparison of experimental and calculated 
production rates on a number of complete desalting 
experiments is included in Table I. The observed 
values for $I/$' in Table I can also be compared with 
values in Fig. 3. 
Energy Consumption.-The energy consumption cal- 
culated according to Eq. 1121 and [12a] and experi- 
mental values obtained from experiment 20 are com- 
pared in Table IV. The constants used were the same 
as for Table 111. As the concept of "over-all effi- 
ciency" originated in energy consumption data, 
values calculated according to Eq. [12a] and the ex- 
perimental values in Table IV are the same. A 
separate check of the validity of Eq. [12a] can be 
found in a plot of energy consumption per volume of 
dialysate vs. the electrolyte concentration in the di- 
alysate. Such plots are shown in Fig. 11 for a num- 
ber of experiments on mixed NaC1/CaCl2 solutions. 
Linear relations were obtained and the slopes of 
these relations have been plotted us. E in Fig. 12. 
Again linear relations were obtained showing the 
validity of Eq. [13a]. In Fig. 12 the line for JI = 1 is 
also indicated and JI is now the ratio of the slopes of 
this line and of an experimental line. 
Paver Index.-In Eq. [16a] it has been shown that 
the Power Index is a complicated function of Co. 
Linear plots of log P.I. vs. log C,. with a slope of 
1.86 have been reported (17) for desalting to drink- 
ing water concentration (CT = 0.01) from 0.04 < Co 
< 0.6. It can be shown that such linear relations cor- 
respond to rather large values for the basic resist- 
ance of the compartment pair. 

Conclusion 
The use of the concept of "over-all efficiency" al- 

lows a mathematical description of the process with 

1N.O-A 6 0 - ~ 6 0 '  MEMBRANES 

PERMAPLEX-A10 - c ~ o "  MMBRANES 

10 

- 
'E 
_C 

$ 5  

3 

c ig+q.i') 

Fig. 11. Energy consumption per unit volume vs. dialysate con- 
centration. 

PERMAPLEX ~ 2 0 - ~ 2 0 ~  MEMBRANES 

': 2 
P 

E IbEolt) 
Fig. 12. Energy consumption per gram equivalent vr. compart- 

mental voltage. 

relatively simple equations which are in good agree- 
ment with experimental results and which can be 
used for the prediction of the operation of large 
scale equipment from laboratory compartment pair 
d-c resistance measurements because the equations 
are independent of the compartment dimensions 
parallel to the membranes. The equations can also be 
used for the optimization of E with respect to cost. 
The "over-all efficiency" incorporates the effect of 
water transport, which is an important detrimental 
factor in electrodialytic demineralization when other 
than short brackish desalting ranges, using reason- 
ably high current densities, are considered. 
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SYMBOLS 
Resistance of 1 cm2 of compartment pair, ohm- 
cm2 
Constant (a  = r a t  C = m), ohm-cmz 
Proportionality factor, ohm-cm2, g-eq. 1-1 
Electrolyte concentration in dialysate, g-eq. 1-I 

i Current density, amp cm-2 
E Electric potential gradient per compartment pair, 

volt 
j2 Effective salt transport rate per cm2, g-eq. sec-1, 

om2 -... 
' Coulomb efficiency 
F 96,500, coul. g-eq.-1 
N Total number of g-eq. in the batch of dialysate, 

g-eq. 
t Time, sec 
A Available total comvartment vair area. cm2 
V Volume of the bat& of dialys&e, liter 
H Water transvort factor. 1.g-ea.-1 
T Time required to desalt fF0m-Co to CT, SeC 
W' Energy consumption per liter of product, watt 

SPP 1-1 --- - 
P Over-all efficiency 
W" Energy consumption per g-eq. (removed per 

liter), watt sec g-eq.-1 
W Energy consumption per g-eq. (removed per 

liter) and per volt applied on each compartment 
- pair, amp sec g-eq.-1 
i Average current density, amp a n - 2  

(Depreciation) cost of 1 cmz of compartment 
pair, per sec, $. cm-2, sec-1 
Cost of energy, $. Watt-', sec-1 
Cost per liter of product, $. 1-1 

B Electrolyte concentration in brine, g-eq. 1-1 
D Salt diffusion rate through a membrane pair, 

g-eq. cm-2, sec-1 
Subscri~ts o and T refer to t = o and t = T. resuec- , - 
tively. - 
Subscript 'In mean" indicates the logarithmic mean of 
the values at  t = o and at t = T. 

Theoretical Calculations of the Separation Factors in the 

Hydrogen Evolution Reaction for the Slow Discharge Mechanism 
John O'M. Bockris and S. Srinivasan 

The Electrochemistry Labwatwy, The University of Pennsylvania, Philadelphia, Pennsylvania 

ABSTRACT 

Theoretical calculations of the electrolytic separation factors ( S )  for the 
slow discharge mechanism were carried out following the lines of earlier cal- 
culations by Horiuti et al. Previous calculations neglected the effect on S of 
(i) the step following the discharge step, (ii) the real stretching frequency 
of the transition state, and (iii) tunneling corrections. The presently calculated 
S values differ from previous results mainly due to the inclusion of the real 
stretching frequency of the transition state. The H-T separation factors are 
more useful than the H-D separation factors in determining the mechanism. 

Calculations of electrolytic separation factors for 
the slow discharge mechanism have been carried out 
by Keii and Kodera (1) (H/D separation factors), 
Conway (2) (H/D separation factors), and by 
Kodera and Saito (3) (H/T separation factors). The 
Japanese authors based their calculations on those 
of earlier calculations of Horiuti et  al. (4-6) for 
other mechanisms. Conway carried out his calcula- 
tions for various mechanisms of the evolution reac- 
tions, assuming that the isotopic effects were related 
in part to the difference of heats of activation meas- 
ured with respect to the zero point energy levels for 
the isotopic reactants and products, as treated by 
Bockris (7). In further papers (8,9) approximate 
estimates of isotope effects on the energy of the 
transition state were made in calculations of the 
ratio of the hydrogen and deuterium exchange cur- 

rents. The ratios of exchange currents on various 
metals were measured experimentally by Conway 
(8) and discussed in terms of calculated separation 
factors for the various mechanisms. 

There are two important differences in these ap- 
proaches. The first presents a difference in the model 
of the activated complex. Horiuti's calculations fol- 
low the Eyring treatment (10) in which the transi- 
tion state complex is considered as a stable molecule 
having its own vibrational frequencies. Hence, dif- 
ferences of zero point energies of the isotopic acti- 
vated complexes make an important contribution to 
the separation factor. 

Conway's calculations imply that the transition 
state complex is transient, i.e., it is sufficiently short 
lived so that vibrational frequencies of the activated 
complex do not affect the activation energy, which is 
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hence measured from the zero point energy of the 
initial state to the intersection point of the Morse 
curves. 

A second difference is one of convenience. In Con- 
way's calculations, the ratio of concentrations of 
isotopic species in the initial state is calculated from 
theoretical considerations of equilibrium in solution. 
In Horiuti's calculations it is possible to avoid these 
considerations by introducing an experimental equi- 
librium constant between isotopic species in solution 
and corresponding molecules in the gas phase. This 
latter feature of the Horiuti approach appears pref- 
erable to that of Conway's because it reduces un- 
certainties in calculating partition functions of spe- 
cies in solution. 

In both treatments, the influence of the electro- 
chemical desorption step on the separation factor for 
a slow discharge mechanism was neglected. Tunnel- 
ing effects, which were first pointed out by Bawn 
and Ogden (11) were also not considered in either 
treatment. However, Conway (12) had previously 
concluded that appreciable tunneling would lead to 
a high dependence of S on potential and to anoma- 
lous Tafel slopes which are not observed experi- 
mentally. Nevertheless, it is the authors' opinion that 
calculations should include tunneling corrections, if 
possible, since these are certainly important in hy- 
drogen atom and ion transfer reactions (13). In the 
calculation of the ratio of activities of isotopic oxo- 
nium ions (aH30+/~H2Do+), Conway assumed incor- 
rectly the equality of the deuteron affinity of water 
and the proton affinity of HDO. The slopes of Morse 
curves for Hf-OHz and D+-OH2 were also calculated 
to be different and hence to contribute to the isotope 
effect. This difference arose because the observed 
vibration frequencies of the O-H and O-D bonds 
were related to "a" values of the Morse equations 
using the usual approximate assumption (13,14) 
that the H+-OHz interaction could be treated by an 
analogous formula relevant to that for a diatomic 
molecule. In order to facilitate many calculations in 
isotope effect work, such an approximation is useful. 
However, its application to calculate different "a" 
values for the Morse curves, implies that the poten- 
tial energy distance functions for the stretching of 
bonds exhibits isotope effects. This is not consistent 
with the usual opinion which is based on the con- 
sideration that in the Schroedinger equation set up 
in a discussion of the bond, the relevant mass is the 
reduced mass of the electron and the nucleus, i.e., 
influence of nuclear mass is small (16). 

Keii and Kodera and also Kodera and Saito have 
not included the isotope effect due to the real 
stretching frequency of the activated complex 
HzO----H----M. [The H20 molecule is treated as a 
pseudo atom as in previous work (14).] They also 
used 263 kcal mole-' (solvation energy of a proton) 
as the dissociation energy of the H+-OH2. It is more 
appropriate to use the proton affinity of water. This 
change should also affect the Morse constant of the 
H+-OHz molecule. In the present calculations, the 
Eyring assumption regarding the transition state 
complex (cf. Conway's transient assumption) has 
been used largely on grounds of the greater con- 

sistency of the resultant calculations with experi- 
ment. Further, the easier way of calculating ionic 
concentration ratios in solution and their partition 
function ratios was used. The latter method is, how- 
ever, more complex than that of Conway due to 
difficulties of evaluating potential energy surfaces 
of the transition state complex for calculating vibra- 
tional frequencies. 

Present Calculations 

Discharge Followed by Recombination 
Expression for separatim factor.-The H/D sepa- 

ration factor (SD) is given by 

where (CH/CD)~ and (CH/CD)~ are the ratios of 
atomic concentrations of H to D in the gas and 
solution, respectively. Under the condition that 
a ~ ~ 0 . 1  >> a~w.1  (where a~,o,l and UHDO,I are the ac- 
tivities of HzO and HDO in solution) Eq. [I] reduces 
to 

It may easily be shown (17)' that both for the case 
in which the recombination step is treated as in 
equilibrium or not so treated that 

where and il,D are the discharge currents for the 
isotopic reactions 

respectively, 

i ] , ~  and i1.D are given by 

il,H = kl,~aH30+ (1 - 8 ~ -  8D)e-BVF'RT [61 

where k l , ~  and k l , ~  are the respective rate constants, 
when the metal-solution potential difference (V) is 
zero; a ~ , o +  and aHz~o+ are the activities of the H30+ 
and H2DOf ions at the double layer. The factor 
(1/3) in Eq. [7] arises, since it is assumed that only 
one out of three H2DO+ molecules is suitably ori- 
ented for Df discharge. Dividing Eq. [6] by Eq. [7], 
we have 

Expressing the ratio kl,~/kl,D in terms of the 
standard chemical potentials of the activated and 

1 Equation [SI follows from the equation 
CH 2 (i2.z - i - s . ~ )  + ( i a . ~  - Z-D.D) 
-= 
Cn 

and the use of the stationary(%% ii;$thesis far the interme- 
diates, i.e., adsorbed atomic hydrogen and deuterium. 
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initial states and ratio of the tunneling factors P H Z O ~  = - RT In ~ H ~ o ~  + RT In ~ H ~ o ,  [22] 
(rl.H/rl,D)' for the isotopic reactions, we have 

and 

- j t  O#IRT - p  IRT 
H%DO+ 

~ I , H  e e =-. 
r l ,D -p O ~ I R T  - p  IRT 

C l O l  
D H ~ O +  

e e 

The latter Eq. [lo] is obtained using the relations 

PHQO + = P H ~ O  to + RT In U H ~ O  t [111 

Hence, the equation for ( i l ,~ / i l ,~ )  may be ex- 
pressed in another form 

i i , ~  ~ I . H  f ~ #  ~ H D O ~  a~zog -= -.-.-.- 
i l , ~  r l , ~  f ~ +  ~ H Z O ~  ~ H D O ~  

~ 2 4 1  

With Eq. [2], 131, and [24], SD is expressed as 

where KD is the equilibrium constant for reaction 
Cl8l. 

Similarly, the H/T separation factor (ST) is given 
by 

~ H Z D O  + where KT is the equilibrium constant for the re- 
PHzDO+ = Q H ~ D O  to f RT In - 

3 action 

PH~H,O+ and ~ H ~ D O +  are the chemical potentials of Hz01 + HTO, S HTOl + H20s [271 
the H30t ion and the H2DOt ion (with D + oriented 

Numerical calculations of separation factors ( S o  suitably for its discharge) at the double layer re- and ST) .-Equilibrium constant (KD or KT) .-The 
spectively. equilibrium constant, KD, was measured over a wide 

Considering the following steps which are in range of temperatures by Ikusima and Azakami 
equilibrium (18). Its value at 25°C is 1.07. This value differs by 

H 3 0 + ~  + H3O C131 only 2% from that of Horiuti and Okamoto (19). 

H2DO+~ s HzO - Dt C141 
we have 

PHso + B = CH30 + C151 

PHzDO + e = PHzDO + 

B refers to the bulk of the solution. 
In addition, the following equilibrium reactions 

may be considered 

We may thus write 

- a  IRT -a IRT 
HzDO B HDOg 

e e - - 
-a IRT - p  IRT 

[I91 
HSO+B H Z O ~  

e e 

The suffixes 1 and g refer to the liquid and gaseous 
phase, respectively. 

Using Eq. [15], 1161, [18], and 1191, Eq. [lo] may 
be rewritten as 

We also have the relations 

ZThe quantum mechanical rate constant. (k,) h related to the 
clasdcal rate constant (kc) by the relation k, = rx,, where r is 
the tunneling correction to the clasdcal rate. 

Sepal1 and Mason (20) have measured KT at tem- 
peratures ranging from 0" to 90'. Its value at 25'C 
is 1.093. The results of these workers are in complete 
agreement with that of Brown (21). 
Partition. function ratio of isotopic water molecules 
in gas phase ( ~ H D o ~ / ~ H ~ o ~  and ~ H T O , / ~ H ~ O ~ )  .-The 
partition function ratio ( ~ H D o ~ / ~ H ~ o ~ )  is given by 

3 
II sinh (hvi/2kT) ~~0 

C28l 
I1 sinh (hvi/2kT) H D ~  

A similar expression may be written for the ratio 
( ~ H T O ~ / ~ H ~ O ~ ) .  Using the spectroscopic data of Bene- 
dict, Gailer, and Plyer (22), ~ H D O ~ / ~ H ~ O ~  is 59.16 
at 25°C and that of Libby (23), ~ H T O ~ / ~ H ~ O ~  is 289.54. 
Together with KD and KT, given in the previous 
subsection, we have 

Partition function ratio of isotopic activated com- 
plexes (fH+/fD# and fH+/f~+) .-Complete partition 
function ratio.-It may be assumed that the acti- 
vated complex, H20----H----M (or its isotopes) is 
analogous to a linear triatomic molecule, as has 
been done previously by Parsons and Bockris (14). 
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The partition function ratio of the isotopic activated 
complexes is given by 

where ft+, f,+, and fv+ represent the translational, 
rotational, and vibrational contributions, respec- 
tively, of the indicated isotopes. 

Translational partition. function ratio.-The ac- 
tivated complex may be regarded as immobile. 
Under these conditions, the translational partition 
function ratio is unity. Even if the translational mo- 
tion were treated as restricted, no isotope effect 
arises, since the heavy metal atom forms a part of 
the isotopic activated complexes. 

Rotational partition function ratio.-A small iso- 
tope effect exists due to the restricted rotation of the 
isotopic activated complexes about the two axis 
through the center of gravity of the activated com- 
plex and mutually perpendicular to the axis of the 
molecule. The partition function ratio due to this 
restricted rotation is expressed as 

Since the observed vibrational frequencies are 
small (e.g., for water 600 cm-I at room tempera- 
ture), and are inversely proportional to the square 
roots of the corresponding moments of inertia 

where In+ and ID+ are the moments of inertia of the 
H and D activated complexes, respectively, about an 
axis, perpendicular to the axis of the molecule and 
through their respective centers of gravities. The 
calculated rotational partition function ratios are 

Similarly 

Vibrational partition function ratios.-For a linear 
triatomic molecule, there are four degrees of vi- 
brational freedom. Since one of these is imaginary 
for the activated complex, three frequencies are to be 
considered in calculating the vibrational partition 
function ratio of the isotopic activated complexes 
(7). which is given by 

f ~ , #  sinh (hv~/ZkT), sinh2(hvD/2kT) I, -- - 
~v.D+ sinh (hv~/ZkT). sinh2(hv~/2kT)b 

[361 

where 11 and 12 are the distances of X and Z from the 
central atom Y; w, my, and m, are the masses of 
the atoms X, Y, and Z, respectively, and ka is the 
bending force constant. In the case under consider- 
ation, X = M, Y = H, D, or T, and Z = H2O. 

Assuming that force constants are invariant upon 
isotopic substitution and also that %>> m, and 
m. >> %, it follows from Eq. 1371 that 

and 

Generally bending frequencies are small (<600 
cm-I). We may hence assume that 

sinh2 ( h v ~ / % k T ) ~  vD2 m~ 1 

~ i n h ~ ( h v ~ / Z k T ) ~  rn2 m~ 2 
C401 

sinh2 (hv~/fkT)b vT2 m~ 1 
=-=-=- 

sinh2 ( h ~ ~ / 2 k T ) ~  vH2 mT 3 
C411 

as has been done by Melander (16) 

For the calculation of the stretching vibrational 
frequencies, it is necessary to know the force con- 
stants of the respective bonds in the activated com- 
plex (Fig. 1). The potential energy of the system 
can then be expressed as a function of displacements 
from the saddle point by the equation 

where kll is the force constant for the stretching 
of the bond between the water molecule and H+ 
ion, kz2 that for the stretching of the bond between 
the hydrogen and metal atoms, and kl2 is a coupling 
constant. The kinetic energy of the system is given 
by 

where ml, m, and ms are the masses of the water 
molecule, hydrogen, and metal atoms, respectively. 

Using Lagrange's equation of motion, it can then 
be shown that the stretching frequencies are given 
by the equation 

The suffixes, s and b stand for stretching and r s  - 
bending frequencies, respectively. 0 - - - - - - 4  -- - - - -- 

The bending frequency (v) of a linear triatomic 
molecule, XYZ, is given by (24) HZ 0 H M 

A = 4 9 3  ml m2 m3 
r , - -  rz - 

Fig. 1. Activated complex for slow discharge mechanism 
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where 
A=W$ E451 

As pointed out earlier, one of these frequencies is 
imaginary for the activated complex. An absolute 
calculation of the partition function ratio of the iso- 
topic activated complexes, due to the real stretching 
frequencies presents a number of difficulties. Two 
of the approximate methods used will be described 
in the following subsections. 

Method 1, Case of low real stretching frequencies. 
-According to Westheimer (25), if the imaginary 
frequency be taken as zero, (one vibration becomes 
translation along reaction path), the last term in 
Eq. [44] can be set equal to zero. 

. a . k l l  kzz = k1z2 [461 

Under these conditions, the real frequency of the 
activated complex is given by 

Using Eq. 1461, Eq. [47] becomes 

k l l  kzz kll + kzz - 2~~ 
A=4n29=-+-+ 

m~ ms mz 
C481 

If we now make the assumption that ml >>mz, 
ma >> q, and kll >> kz2, Eq. [48] reduces to 

- 
k i i  + kzz - 2 d k i i k n  

A = 4n2v2 = 
mz 

[491 

It is clear from Eq. [49] that the ratio of vibra- 
tional frequencies for the H to D (or H to T) acti- 
vated complexes is equal to the ratio of the square 
roots of the masses of the D to H (or T to H) atoms. 
Further, if we assume that these frequencies are 
small, the vibrational partition function ratio of the 
H to D (or H to T) activated complexes is equal to 
the ratio of the corresponding frequencies. Thus 

Using Eq. 1341, [35], [40], and 1411, the com- 
plete partition function ratio is 

The use of this method for the calculation of the 
vibrational partition function ratio gives an upper 
limit for the separation factors. 

Method 2 ,  Case of moderate or high frequencies, 
the method of Eyring et al. (lo).-In this method, 
the potential energy of the linear three atom sys- 
tem (Fig. 1, Hz0 is treated as a single atom) is given 
by the Heitler-London expression, viz. 

where K's are the coulombic and J's the exchange 
contributions to the total energies for interactions 
between HzO and H+, H and M, and M and HzO? As 
in the method of Eyring et al., the reference state for 
the energy was taken as that of the separated atoms 
Hz0 + H + M and Morse functions were used to ex- 
press variation of potential energy with distance. 

The potential energy of the initial state HzO - Hf 
+ e , ~  + M, expressed as a function of the distance 
between H+ ion and HzO molecule (pseudo atom) 
can then be obtained by considering the following 
Born-Haber cycle (14) 

Adding 

where I is the ionization energy of the H atom, 4 
is the electronic work function of the metal, Dlz is 
the energy of the H+-OH2 interaction as a function 
of the internuclear distance and is given by 

L is the heat of solvation of a proton and D1zO is the 
proton affinity of water. 

Similarly, the potential energy of the final state 
MH + H20, expressed as a function of the dis- 
tance between the M and H atoms, is obtained by 
considering the reaction 

where 

Since the metal atom and water molecule are 
relatively far apart for all values of rl and rp, and 
also because the interaction between M and Hz0 is 
considerably less than between H and M or H+ and 
HzO, the M-Hz0 interaction was taken as zero for 
all distances of separation, i.e. 

As in the method of Eyring et al., a certain per- 
centage of each of the energies V12, V23, and V31 was 
assumed to be coulombic and the balance exchange, 
for all distances of separation. Thus, the total en- 

s In a normal chemical reaction of the type A + BC -t AB + C. 
where A. B and C are atoms. all atoms maintain the same elec- 
tronic state throughout the reaction path. In our case, it is neces- 
sary to treat the central particle as an ion for interaction with 
water and as an atom for interaction with M. since the initial state 
of the discharge step is HnO - H+ + M + ea.x and the final state 
is M - H + H a .  Although not strictly correct, the approximation 
may be considered as satisfactory. since for small displacements 
from the eouilibrium nosition of the H+ and H a .  the interaction 
energy is miinly that of H+-OH*, while the M-H-interaction energy 
is small and vice versa for the case of small d~splacements of the 
H from the M-H eauilibrium ~odt ion .  In the activated state. the cen- 
tral atom may be conddercd as partly neutralized, since in the 
initial state it is totally ionic, whereas in the final state it is 
an atom. 
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Table I. Physical constants used in calculation of potential 
energy of system for slow discharge mechanism 

DUO -0 I L @ TI* 5% as 

187 57 313 263 104 1.05 1.74 1.375 1.20 
kcal . mole-' A A-1 

ergy of the system H20----H----M was calculated, 
using Eq. 1541, as a function of rl and rz. 

All calculations were carried out with M = Hg. 
The constants used in the calculation of V12 and V23 
with the aid of Eq. [58], [59], and [61] are given 
in Table I and were obtained from the paper of Par- 
sons and Bockris (14) except for DlzO and a ~ .  Parsons 
and Bockris used the figure of 263 kcal mole-' 
for DlzO, which is the heat of solvation of a proton. 
Dlzo represents the dissociation energy of the 
H20-Ht into H20 and H+ and the more appropriate 
figure is the proton affinity for water (187 kcal 
mole-'). Due to this change in DIZO, a1 is also altered. 

Three calculations were carried out varying the 
percentage coulombic energies, pi and pz, in VIZ 
and VZ3, respectively. In the first calculation, pl and 
pz were taken as 20%. The energy V, given by Eq. 
[54] was calculated as a function of the variable 
distances rl and 72, using an I.B.M. 7090 computer. 
From the table of values of V as a function of. rl 
and r2, the reaction path and saddle point were de- 
termined. It was found that TI+ = 1.05A and rz# = 
3.40A. This calculation also showed that the classical 
activation energy excluding zero point energies is 
2 kcal mole-'. The force constants kll, kzz, and k~z, 
appearing in Eq. [42] were then calculated by evalu- 
ating the second derivatives of V (Eq. 1541) at the 
saddle point. The coupling constant, klz, is zero for 
the present model since the interaction between M 
and Hz0 was ignored. The stretching vibrational 
frequencies, calculated using Eq. [44], for the iso- 
topic activated complexes (H, D, and T) in this 

Table II. Force constant (k's), stretching vibrational frequencies 
(a's), partition function ratios (fH+/fD+ and fH*/f~+) of 

isotopic activated complexes for the slow discharge mechanism 

Calculation number 

Parameter 1 2 3 

EZ (kcal mole-') 2 6 4 
kii (kcal mole-l A-2) 688.6 635.1 654.8 
kzz (kcal mole-1 A-2) -3.9 -12.7 -10.6 -- 
k t ~  (kcal mole-' A-zj  0 0 0 
r n ~  (cm-1) 2906 2773 2820 
WD (ern-') 2110 2015 2048 
WT (ern-') 1763 1686 1714 
OH+ (cm-1) 52 i 90 i 84 i 
WD+ (em-') 50 i 88 i 83 i 
WT+ (ern-') 50 i 89 i 81 i 
sinh (hm/2kT) 

0.1465 0.1605 0.1552 
sinh (hv~/2 kT) 
sinh (hd2kT) 

0.0633 0.0725 0.0672 
sinh (hv~/ZkT) 
( f ~ + / f ~ + )  102 7.207 7.897 7.636 
( f ~ f  / f ~ f  lo2 2.030 2.325 2.155 

case and the subsequent two calculations are given 
in Table 11. 

In the second calculation, the percentage coulom- 
bic energy used for each interaction was reduced to 
5% since the first calculation gave too small an ac- 
tivation energy. The activation energy increased to 
6 kcal mole-' in this case. This calculation and the 
subsequent one were also carried out to check any 
variation in the vibrational partition function ratio 
(due to stretching) of the isotopic activated com- 
plexes. 

In the last calculation, the percentage coulombic 
energy for the 0-Ht bond was taken as 39% and 3% 
for the Hg-H bond. These figures were obtained 
from the relationship between percentage ionic char- 
acter of a bond and the difference in electronegativi- 
ties of the atoms forming the bond (26). 

The results of all three calculations, including 
partition function ratios of the isotopic activated 
complexes are given in Table 11. pl and pz are the 
percentage coulombic energies of the 0-Ht and 
H-Hg bonds respectively, rlf and r2+ are the 
0-Ha and Hg-H internuclear distances respec- 
tively in the activated complex, E+ is the activation 

sinh (hv~/2kT). sinh(hv~/2kT), 
energy and 

sinh (hv~/2kT), sinh(hv~/2kT), 
the partition function ratios of the isotopic acti- 
vated complexes due to the real stretching fre- 
quencies. 

Table I1 reveals that the variation in percentage 
coulombic energy has little influence on the real 
vibrational frequencies (aH, a ~ ,  o ~ )  of the activated 
complexes. Further, the calculated activation ener- 
gies are considerably less than the experimentally 
observed values. This discrepancy is probably due to 
the neglect of the H20-Hg interaction in the calcu- 
lation of V. The real frequency for the H activated 
complex is of the order of the frequency of the bond 
0-HC, which is the highest possible value. This high 
value may be expected, since it is found that in the 
activated complex the 0-H bond is not stretched 
from the equilibrium value in H20-H+ in any of 
the calculations. Thus, the partition function ratios, 
f ~ f / f ~ +  and f ~ + / f ~ + ,  in Table 11, may be considered 
as the lower limits for these ratios. 
Tunneling factor ratios (rl,H/rl,D and rl,H/rl,T) .- 
The tunneling factor ratios depend on potential. The 
calculations of Christov (27) refer to the reversible 
potential. The H/T separation factors on Hg were 
determined (28) at a current density of 10V2 amp 

Hence the tunneling factor ratios are now cal- 
culated at the barrier height corresponding to this 
current density. The overpotential (7) at this cur- 
rent density is about lv. The activation energy (E+) 
may be obtained by using the relation 

where E,+ is the activation energy at the reversible 
potential and 8 is the symmetry factor. 

Using ED+ = 21.5 kcal mole-' and p =  Ih, E# = 10 
kcal mole-'. 

Two proton (or isotopic ions) transfer distances 
are possible, depending on the model chosen. If it is 
assumed that the proton transfer takes place from 
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a hydroxonium ion specifically adsorbed on the elec- Table Ill. Separation factors for the slow discharge fas t  
trode, the proton transfer distance is 1.15A. The recombination mechanism 
other possible proton transfer distance follows from 

Methods of calculation of 
the model of Bockris, Devanathan, and Miiller (29), # +  z z  
where a layer of water molecules is assumed be- 

fn /fo or fn /fi 
Method 2-Moderate or high 

tween the electrode surface and the Helmholtz plane. ~ ~ ~ ~ ~ ~ ~ & ? ~ : " ~ ~  Calcu- real stretching Calcu- frequency Calcu- 

In this case, the proton transfer distance is 2.86A. i n $ , " ~ , " ~ i ~ ~ f " g  Method lation lation lation 

This distance corresponds to the width of the equiv- - 
1 1 2 3 

alent Eckart barrier (4.75A) used by Christov at 
the reversible potential. 

Tunneling factors were obtained both for the sym- 
metrical Eckart and parabolic barriers. In the former 
case, they were obtained from the tunneling factors 
tabulated as a function of the barrier height and 
frequency at the top of the barrier [which can 
easily be related to the barrier height and width 
(17) 1 by Johnston and Rapp (30). In the latter case, 
the method of Bell (31) was followed, assuming in . 
this calculation the same barrier height and curva- 
ture at the top of the barrier as the equivalent Eckart 
barrier. 

For the smaller proton transfer distance, the tun- 
neling factor ratios, I(I,H/I(~,D and III,H/III,T, for a 
symmetrical Eckart barrier are 4.8 and 8.4, respec- 
tively. The corresponding values for a parabolic 
barrier are 14 and 33. It has been pointed out earlier 
that when the degree of tunneling is high, the use 
of the parabolic barrier overestimates the tunneling 
factor ratios. 

For the higher proton transfer distance, the tun- 
neling factor ratios, r l .H/r l lD and III,H/III,T are 1.24 
and 1.35, respectively, for a symmetrical Eckart 
barrier. These values are in excellent agreement 
with the corresponding ratios of 1.25 and 1.34 ob- 
tained for a parabolic barrier. 

Separation factors.-Separation factors excluding 
tunneling corrections (SDX and STX) .-Excluding 
tunneling corrections, the separation factors4 were 
calculated for the two methods of obtaining vibra- 
tional partition function ratios due to the real 
stretching frequencies (cases of low and moderate/ 
high real frequencies). For this purpose, the Eq. 
[25], [26], [29], 1301, 1521, 1531 and data in Table 
I1 were made use of. The separation factors are 
tabulated in Table 111. The first method (low real 
stretching frequencies) gives an upper limit whereas 
the second (moderate or high frequencies-Eyring's 
method) a lower limit for the separation factor. The 
values obtained by the latter method, with vari- 
ation of percentage coulombic and exchange energies 
are consistent to within 10 %. 

The values of SD* and ST*, calculated here, are 
significantly different from the earlier values of 
Keii and Kodera (1) for SoX of 12-14, and of Kodera 
and Saito (3) for ST* of 33-37, mainly because of 
the inclusion of the 'isotope effect due to the real 
stretching frequency in the present work. 
Separation factors including tunneling corrections. 
-Table 111 shows that if we use 213 = 1.90A (2h  is 
the width of the equivalent Eckart barrier, corre- 

4Inclusion of anharmonicity corrections in the partition function 
ratios of (a) isotopic water molecules in the gas phase and (bl iso- 
topic activated complexes has an effect of less than 10% on the 
separation factors. The authors wish to thank one of the reviewers 
for pointing out the effect of anharmonicity corrections on the 
former partition function ratio. 

sponding to a proton transfer distance of 1.15A), the 
separation factors obtained including tunneling cor- 
rections for both methods of calculation of partition 
function ratios of activated complexes, are consider- 
ably higher than the experimental separation fac- 
tors. For 2 1 ~  = 4.75A, with the second method of 
calculation of vibrational partition function ratios 
due to the real stretching frequencies, SD and ST 
are in the region of experimentally determined sep- 
aration factors. 

It may also be added that with 2 1 ~  = 4.754 the 
separation factors, obtained for the case of low real 
stretching frequencies of the isotopic activated 
complexes, are considerably higher than the experi- 
mentally observed separation factors (even for the 
case of the linked discharge-electrochemical de- 
sorption mechanism, as seen below). We may thus 
conclude that the approximate method (for low 
real stretching frequencies) is not valid in our case. 

Discharge followed by electrochemical desorption 
at low and intermediate overpotentia1s.-Expression 
for separation factor.-The discharge steps [4] and 
[5] are followed by 

It follows from Eq. [I] and [2] that SD is given 
by 

~ H D O ~  
CH2 . - S,, = - 
CHD ~ H Z O I  

C671 

for the condition that ( c H ) ~ > >  ( c D ) ~  . CH~/CHD is 
the ratio of concentrations of the electrolytic gases 
Hz to HD. Since the electrochemical desorption steps 
may be considered to be in equilibrium at low and 
intermediate overpotentials, when the discharge 
step is rate-determining, we have from Eq. [64] and 
1661 the following equilibrium 

In addition to this equilibrium reaction, we also 
have the equilibrium reactions [13], [14], and [17], 
from which it follows that 

The ratio, CH~/CHD, may now be expressed as 
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where KHD is the equilibrium constant for reaction 
1691. Use of Eq. [70] in [67] gives the interesting 
result 

and similarly we have 

where KHT is the equilibrium constant for the re- 
action 

Numerical values of separation factors (SD and 
&).-The equilibrium constants KHD and KHT are 
3.8 [Farkas and Farkas (32)] and 6.2 [Libby (33)], 
respectively, at room temperature. The calculated 
and experimental results of these equilibrium con- 
stants are in excellent agreement. Thus, for the case 

It is now necessary to evaluate the ratio O D / B ~ .  
Using the stationary state hypothesis for OH and OD, 
we have 

and 
1 

k1.D - aHzDO+ (1 - BH - OD) - k3,D.H aH30+ OD = 0 
3 

1841 

Solving the simultaneous Eq. [83] and [84] for 
OH and OD, 

of the slow discharge mechanism followed by the 
fast electrochemical desorption step, with the latter 
treated as in equilibrium, the H/D and H/T separa- 
tion factors are equal to these values at room tem- 
perature. 

Discharge followed by electrochemical desorption 
of high overpotentia1s.-Expression for separation 
factor.-At high overpotentials the reverse currents 
of the electrochemical desorption steps may be neg- 
lected. During electrolysis, the ratio (CH/CD), is 
hence given by 

where i3.H~ and i3,HD are the partial currents for Hz 
and HD evolution, respectively. Since (cH), >> 
(CD) s, i3,H2 >> i3,HD and Eq. [74] reduces to 

Using Eq. [2] and [75], we have 

i3,HD is composed of two further partial currents, 
since there are two paths 1651 and [66] for HD 
evolution. We may, therefore, write 

where ~I,D,H and i3.H.~ are the partial currents accord- 
ing to paths [65] and 1661 respectively. The electro- 
chemical desorption currents may be expressed as 

i3,~z = k s . . ~ ~  UH3o+ OH e-BVF'RT [781 

The second term in the numerator on the right hand 
side of Eq. [85] is very small compared to the first, 
since 

U H ~ O +  >> ~ H Z D O +  [a6] 
and 

k3,~z > k l , ~ . ~  [871 

Equation [85], thus reduces to 

Using Eq. 1881 in [82], we have 

1 1 
- ~ H Z D O +  - ~ H Z D O  + 

i3.H~ k3.H~ 3 -=-. k1.D 3 +-. 
i3,~z k3,~z aH30+ k l , ~  aHzo+ 

[891 

It follows from Eq. 1761 and [89] that 

where 

and 

It may be noted that Eq. 1921 is also obtained 
from Eq. 121, [3], 161, and [I] and is numerically 
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Table IV. Separation factors for the slow discharge fast 
electrochemical desorption mechanism at  high overpotentials 

Separation factors Separation factors 
Calculation (27) Percentage coulombic energy (p) excluding tunneling corrections 

No. for S D . ~ ,  
including tunneling corrections 

or  ST.^ PI-H PHI-on, PH-H Sn.P  S n . q 0  Sn* Sn.1 Sn .e ,  S o  

equal to the separation factor worked out in an 
earlier subsection. It is also shown in a separate 
paper (33) that SD,E] is pseudo separation factor for 
the electrochemical desorption step according to 
paths [64] and [66] only. 

Numerical calculation of separation factors.- 
Separation factors excluding tunneling cowectiom 
(So* and &*).-With the average of the SDJ* val- 
ues, 2.4, using the second method for the calculation 
of the partition function ratio of the isotopic acti- 
vated complexes due to the real stretching fre- 
quencies (earlier subsection) and the value of SD,E,* 
(11.8) assuming a 100% coulombic energy for all 
interactions, Eq. [91] shows that SD* is 3.4. A simi- 
lar calculation, using STJ* = 3.4 and ST,E,* = 25.5 
gives a value of 5.4 for ST* at 25°C. 

Assuming at 20% coulombic energy for the 
Hf-OH2 and also for the M-H interactions and a 
15% coulombic energy for the H-H interaction, in 
the calculation of SD,E]* and ST,E~*, their respective 
values are 14.9 and 34.1. With these values and the 
values used earlier for SD,I* and ST,I*, SD* and ST* 
are 3.6 and 5.7, respectively. 
Separation factors including tunneling cor~ectiow 
(SD and ST).- These values are summarized in 
Table IV along with the corresponding S* values. 

Conclusions 
It may be seen from Table V that the separation 

factor for a slow discharge mechanism depends on 
the desorption step as well. For a desorption step by 
the combination of adsorbed hydrogen atoms, the 
separation factor is solely determined by the ratio 
of rate constants for the discharge step. For a de- 

Table V. Theoretical separation factors for the slow 
discharge mechanism 

Mechanism 

Separation Separation 
factors factors 

excluding including 
tunneling tunneling 
corrections corrections -- 
So* ST* S D  ST 

sorption by the electrochemical mechanism the sepa- 
ration factors depend on whether this step is treated 
as in equilibrium or not in equilibrium. In the 
former case, the separation factors (SD and ST) be- 
come the respective equilibrium constants of the 
H~/HDOI and H2/HTOI interchange reactions. In 
the latter case, the separation factors are the same 
as for a coupled discharge-electrochemical desorp- 
tion mechanism. 

The H/D separation factors are not sufficiently 
separated to be of value in determining the de- 
sorption step. The H/T separation factors may be 
useful for this purpose. 

A slow discharge-fast electrochemical desorption 
mechanism cannot be distinguished from a fast dis- 
charge-slow electrochemical desorption mechanism 
[as seen in a subsequent paper (33)] at high over- 
potentials when the reverse currents of the discharge 
and electrochemical desorption steps may be neg- 
lected in comparison to their forward currents. The 
only way of distinguishing between these two mech- 
anisms is by a determination of degree of coverage 
(8) of atomic hydrogen on the electrode since 8+ 0 
for a slow discharge mechanism and B +  1 for a slow 
electrochemical desorption mechanism. 

The tunneling corrections may be somewhat over- 
estimated. In this case, the H/T separation factors 
for the three cases are nearly equaL5 There are two 
possible ways of examining the tunnel effect (i) 
influence of potential on the separation factors [cf., 
Conway, ref. ( l l ) ] ,  and (ii) influence of tempera- 
ture on the separation factor at constant potential. 
Assuming no change of mechanism, with variation 
of potential, there should be no change of separation 
factor with current density if the desorption step 
is the electrochemical desorption mechanism and is 
treated as in equilibrium. The other mechanisms 
will be affected since the tunneling factors change 
with potential. Temperature effect of S will also 
distinguish the slow discharge-fast electrochemical 
desorption mechanism (with the latter treated as in 
equilibrium) from the others. 
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Theoretical Calculations of the Separation Factors in the 

Hydrogen Evolution Reaction for the Slow Electrochemical 

Desorption Mechanism 

John O'M. Bockris and S. Srinivasan 

The Electrochemistry Laboratory, The University of Pennsylvania, Philadelphia, Pennsylvania 

ABSTRACT 

Separation factors (S) for the slow electrochemical desorption mechanism 
at low and intermediate overpotentials are calculated for Ni. The S values are 
distinctly separated from those for all other mechanisms. The results are con- 
sistent with variation of percentage coulombic energy of all interactions. The 
separation factor method alone cannot be used to distinguish between either of 
the rate-determining steps in a linked discharge electrochemical desorption 
mechanism. A knowledge of the degree of coverage is also required. 

Calculations of electrolytic separation factors are 
of value in examination of mechanism of hydrogen 
evolution and are  discussed elsewhere (1). Of the 
mechanisms cogent in this discussion, the electro- 
chemical desorption mechanism is one of importance. 
The theoretical values, associated with this mechan- 
ism, are calculated in this paper. 

In previous calculations of the separation factor 
for this mechanism (2),  the rate of only one of the 
two paths for HD evolution 

H3Ot + e, + MD + HD + Hz0 + M [la] 

H2DOt e, + MH -, HD + H20  + M [ l b l  

was compared with the rate of Hz evolution accord- 
ing to 

H 3 0 + + e , + M H - , H 2 + H ~ O + M  [2] 

That HD evolution could occur by the two parallel 
paths [ la ]  and [lb] was considered by the author of 
the previous paper, who concluded however that HD 
evolution by step [lb] would lead to separation fac- 
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tors less than unity, which is in conflict with experi- 
mental observations. Since the total quantity of HD 
in the electrolytic gas is evolved according to the two 
parallel paths, it is necessary to compare the rates 
of both paths simultaneously with the rate of path 
[2]. Further refinements on the previous calculations 
are possible through inclusion of the zero point en- 
ergy differences of the isotopic activated complexes 
(which were assumed sufficiently short lived that 
their vibrational frequencies do not contribute to 
the activation energy), and of tunneling corrections 
[as there is still some question as to the conditions 
under which these contribute significantly to the 
separation factors (3,4)]. 

For mechanisms involving adsorbed species in the 
rate determining step, the ratio of adsorbed atomic 
hydrogen to deuterium (BH/~D) is a particularly im- 
portant quantity. In the previous separation factor 
calculations, this ratio was worked out for a steady- 
state situation, allowing for isotopic differences of 
free energies of activation in the forward and back- 
ward directions of the discharge step. The result of 
assuming that is approximately equal to the 
ratio of activities of the isotopic ions H80t and 
H2DOt was also considered. Since an isotope effect 
exists in the primary discharge step, this latter as- 
sumption is not correct. 

Present Calculations 

Slow Electrochemical Desorption at Low and 
Intermediate Overpotentials 

Expression for separation factor.-Under these 
conditions, the discharge steps may be considered to 
be in equilibrium. They are represented by 

and are followed by [I], 121 and 

If aHzol >> a ~ ~ o , ,  the separation factor is given by 

where (CH/CD)~ is the ratio of atomic concentrations 
of H to D in the electrolytic gas. During electrolysis, 
(CH/CD)~ may be expressed as 

where i3,R2 is the electrochemical desorption current 
according to path [5] and ~ Q , H D  is the total current 
for HD evolution according to the two parallel paths 
[I]  and 121. Since iQ.HZ >> iQ,HD, SD is given by 

The currents i3,HZ and ~S.HD may be represented as 

where 

i8,D.H and i a . ~ , ~  are the partial currents according 
to paths [I]  and [2], respectively; k's are the re- 
spective rate constants; UMH and UMD are the activi- 
ties of the adsorbed hydrogen and deuterium atoms 
respectively, on the surface; and V is the metal 
solution potential difference. 

It follows from Eq. [9] to [12] that 

-C IRT 
HQO + 

r~ ~H.D' e =-.-. 

-P IR 
MH 

FH ~D,H' e +-.-. 
h fHzZ - P  IRT 

C161 
MD 

r, f, p with the appropriate suffices are the tunnel- 
ing factor, partition function, and chemical potential, 
respectively, of the indicated isotopes. 

By considering the equilibrium reactions [3] and 
[4] and also between the isotopic oxonium ions and 
water molecules in the liquid phase and then in the 
gaseous phase (5), Eq. 1161 may be written as 

-u IRT 

C171 
It follows from Eq. [8] and 1171 that 

Equation [I81 may also be expressed in the form 

- .  
where . . 

and 
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Fig. 1. Activated complex for slow electrochemical desorption 
mechanism. 

KD is the equilibrium constant for the reaction 

The H/T separation factor for the fast discharge- 
slow electrochemical desorption mechanism at low 
and intermediate overpotentials is given by an ex- 
pression, similar to [19]. 

Numerical Calculations of Separation Factors 
Product of equilibrium constant (KD or KT) and 

partition function ratio of isotopic water molecules 
in the gas phase ( ~ H D o ~ / ~ H ~ o ~  OT ~ H T O ~ / ~ H Z O ~ ) . - I ~  a 
previous paper (3), it was shown 

Partition function ratios of isotopic activated com- 
plexes (fn,~+/f~Z+, fn.~+/f~Zf, ~D,H+/~HZ+, and 
~T.H+/~H,+) .-It may be assumed that the activated 
complex has a configuration in which the centers of 
the metal atom, hydrogen atom, partially neutralized 
hydrogen ion and water molecule are collinear, as 
shown in Fig. 1. 

For the calculation of f ~ , ~ + / f n ~ + ,  isotopic substi- 
tution occurs at position 3 in Fig. 1, whereas for 
calculating fD,H+/fHZ+, isotopic substitution is at 
position 2. The activated complexes may be regarded 
as immobile, under which conditions their transla- 
tional partition function ratio is unity. The contri- 
bution to the isotope effect due to restricted rotation 
about the two axes, mutually perpendicular to the 
axis of the molecule is insignificant, due to the heavy 
end atoms. Thus, the partition function ratios of the 
isotopic activated complexes reduce to 

To determine the coordinates of the central atoms 
(or its isotopes) in the activated complex, the poten- 
tial energy of the system (V) was treated as a four 
atom problem (6). V is given by 

V = K1z + Kza + K34 + Kla 

where 
a = JIZ + 534 [281 

Y = 523 C301 
and 

Vij = Kij + Ju 1311 

according to the Heitler-London method. Vij is the 
potential energy due to interactions between atoms 
i and j with varying internuclear distance; Kij and 
Jij are the respective coulombic and exchange con- 
tributions to the total energy. 

The M-H20 and H-Hz0 interactions were neg- 
lected since their respective internuclear distances 
are relatively far apart and also because these inter- 
actions are considerably less than the others where 
strong chemical bonding exists. 

As in the method of Eyring et al., the reference 
state for the energy was taken as that of the sepa- 
rated atoms 2H + M + Hz0 [Hz0 is treated as a 
pseudo atom (7)]. The sum of the energies, (V12 + 
VS4), represent the potential energy of the intial 
state as a function of the M-H and HC-OH2 dis- 
tances. For this calculation, the respective Morse 
functions were used. 

The potential energy (V12 + V34) was expressed 
as a function of the distance between the H+ ion 
(position 1) and H20 molecule and also between the 
metal atom and H atom (position 2) by consider- 
ing the following Born-Haber cycles (8). 

2H+H20+M-*HC +HzO+M+H+e, (I) [32] 
HC + H 2 0 + H + M + e ,  

Adding 

Vlz + V34 = I + 0 1 2 -  4 + D34 C361 
with 

Dlz = D120[1 - e-ai2(~12-~12~)]~ - ILI [37] 
and 

L and DlzO are the heat of solvation of a proton 
and the proton affinity for a water molecule in the 
gas phase, respectively, as used in the slow dis- 
charge mechanism calculations (5). VZ3 is the en- 
ergy of the final state, Hz, as a function of the H-H 
distance and is given by the Morse function of the 
final state. In the absence of spectroscopic data for 
the M-H+ interaction, the Morse function of M-H 
was used for the VI3 energy. (Spectroscopic data for 
Hg-H and Hg-H+ are practically the same.) As in 
the slow discharge mechanism calculation, the hy- 
drogen ion is assumed to be an ion, where inter- 
actions with the water molecule are concerned and 
as an atom for interaction with the other hydrogen 
atoms. However, the energy of the electron has been 
accounted for through the chosen reference state. 
Further, when the hydrogen ion is sufficiently sepa- 
rated from the water molecule, the HC-OH2 inter- 
action is small and the H-H energy is predominant 
and it is likely that in this position the hydrogen 
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Table I. Physical constants in calculation of potential 
energy of system ( V )  

Interaction 

Parameter H-H Ni-H H+-OH2 

Do kcal mole-' 109.52 60.00 187.00 
a A-I 1.94 1.60 1.375 
re A 0.74 1.48 1.05 

ion is fully neutralized. Thus, the assumption is not 
seriously in error. 

As in the slow recombination mechanism calcula- 
tion (9), the metal atom was considered as fixed. 
In addition, the position of the water molecule, with 
respect to the metal atom, was also considered to be 
fixed for purposes of simplifying the calculation of 
vibrational frequencies. The error involved in the 
calculation of the vibrational frequencies, due to the 
latter assumption, is small since the water molecule 
is heavy compared to the hydrogen or deuterium 
atoms and also because the motion of the water 
molecule is restricted due to hydrogen bonding with 
surrounding water molecules. 

The potential energy of the system was then cal- 
culated as a function of the coordinates of the two 
hydrogen atoms with respect to the metal atom using 
a computer. Four calculations were carried out for 
nickel. The constants, used in the calculation of V, 
are shown in Table I. In the first two calculations, an 
Ni-HzO distance of 3.5A was used, as in the calcu- 
lation of Conway and Bockris (8). No saddle point 
was obtained when the total energy was assumed to 
be 100,%coulombic for all interactions nor for the 
case of 20% coulombic energy for the Ni-H, Ht  -OH2 
interactions and 15% coulombic for the H-H inter- 
action. The results of these two calculations indi- 
cate that the electrochemical desorption mechanism 
can take place readily for the assumed distance be- 
tween the Ni atom and water molecule. 

In the third and fourth calculations, the distance 
between the Ni atom and water molecule was taken 
as 5.4A. This distance follows from the model of the 
double layer according to Bockris, Devanathan, and 
Muller (10) in which a layer of water molecules 
separates the metal surface from the first layer of 
ions. In the third calculation, the total energy of the 
system was assumed to be coulombic. In the fourth 
calculation 20% of the H+-OHz, Ni-H interactions 
and 15% of the H-H interactions were assumed to be 
coulombic. Saddle points were obtained in the two 
calculations. Let the coordinates of the H atom (po- 
sition 2) and H ion (position 3) at the saddle point 
be (x,,D,D) and (yo,O,O). (The axis of the activated 
complex is the x axis, the y and the z axis are the 
two axes mutually perpendicular to the x axis). 

The potential energy in the neighborhood of the 
saddle point may be expanded by a Taylor series 
and is given by 

Since the activated complex is linear, the other 
cross terms vanish. The terms a,,----a,~ were ob- 
tained by a determination of the corresponding sec- 
ond derivatives (a2V/ax2----a2V/a.aL) of the po- 
tential function at the saddle point. They were then 
used in the secular equations 

where A = b2v2, ml and are the masses of hydro- 
gen (or its isotopes) at positions 2 and 3; respec- 
tively. One of the frequencies is imaginary. The 
bending frequencies are doubly degenerate due to 
the cylindrical symmetry of the potential function 
around the saddle point. The results of the two 
calculations including partition function ratios of the 
activated complexes are summarized in Table 11. 

The fourth calculation gave an activation energy 
(Ef) considerably higher than the third. The ex- 
perimentally observed Ef for the hydrogen evolu- 
tion reaction on Ni in acid solutions (11) is 7 kcal 
mole-' and this figure is also much less than the 

Table I I .  Force constants (a's) vibrational frequencies (o's) 
partition function ratios ( f ~ ~ f / f ~ , ~ f ,  etc.) of isotopic activated 

complexes for the slow electrochemicol desorption mechanism 

Percentage coulombic energy for 
Ni-H, H+-OH2 and H-H interactions 

(p) and calculation number 
in parentheses 

PNI-H = 
P N I - I I  = PH+-OH~ = PH+-OH - 20 

Parameter p ~ - e  = 100 3 pn-EX L-15 4 

r1zf A* 
TZS+ A* 
~ 3 4 2  A * 
EZ kcal mole-l* 
axx kcal mole-' A-2 
ayy kcal mole-' A-2 
azz kcal mole-1 A-2 
act kcal mole-' A-2 
h,, kcal mole-1 A-2 
aa kcal mole-l A-2 
axe kcal mole-' A-2 
ayll kcal mole-' A-2 
a.r kcal mole-' A-2 
o f o r N i - - - H - - - H e  - - -  OHz (cm-1) 
w f o r N i - - - H - - - D m  

- - - OHz (cm-1) 
w f o r N i - - - D - - - H e  

- - - OHz (cm-1) 
w f o r N i - - - H - - - T e  

- - - OHz (cm-1) 
w f o r N i - - - T - - - H e  

- - - OHz (cm-1) 
f ~ & J f  H . D ~  
~HZ+/~D,H+ 
f ~ ~ f / f  H,T+ 
~HZ+/~T.H+ 

rlS2, rmf and h? are the Ni-H, H-H' and He-OH2 inter- 

nuclear distances in the activated complex: Ef is the activation 
energy. 
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Table Ill. Separation factors for the slow electrochemical desorption mechanism at  low and intermediate overpotentials 

Separation factors Separation factors 
Calculation Percentage coulombic energy (p)S  excluding tunneling corrections including tunneling corrections 

No. ~ N I - H  pa+-OH, PH-H SD.~,'  Sn.lpB0 SD* S D . ~  SD.Q SD 

value obtained in the third calculation. The parti- 
tion function ratios in the two calculations are, how- 
ever, not significantly different. The value obtained 
in the third calculation is preferable since E+ in this 
calculation is closer to the experimental activation 
energy. It  may be expected that the correct parti- 
tion function ratios of the activated complexes may 
be slightly less than the values of calculation 3. The 
isotope effect is greater when the isotopic substitu- 
tion is at position 2 rather than position 3 (see 
Fig. 1). 

Tunneling factor ratios ( r H / r ~  and rH/rT) .-The 
tunneling factor ratios were obtained for hydrogen 
ion or atom (or its isotopes) transfer distances of 
2.13A C5.40 - (1.48 + 1.05 + 0.74)]. Calculations 
for both parabolic and Eckart barriers (5,12) were 
in good agreement. rdrD is 1.09 for a parabolic and 
1.10 for an Eckart barrier, the corresponding 
ratios being 1.13 and 1.16, respectively. 

Separation Factors 

Separation factors excluding tunneling co-rrectiom 
(SD* and ST*).-Using Eq. [19] to [21], [23], [24] 
and the data in Table 11, So* and ST" were calculated 
and are given in Table 111. The values obtained in 
calculation 3 are closer to the correct values, since 
the activation energy obtained in this calculation is 
closer to the experimental activation energy than 
that of calculation 4. 

Separation factors including tunneling correctiom 
(SD and ST) .-The separation factors including tun- 
neling corrections are also given in Table 111. It is 
probable that the tunneling factors are somewhat 
overestimated in view of the low barrier height at 
an overpotential of 0 . 4 ~  on Ni and thus the separa- 
tion factors, excluding tunneling corrections are the 
preferred values for this mechanism. 

Table IV. Separation factors for the slow electrochemical 
dewrption mechanism at  all overpotentials 

factors factors 
Percentage excluding including 
coulombic tunneling tunneling 
energy ( p )  corrections corrections 

Ovemotential -- 
region PNI-a pn+-OH, pn-H SD* ST* SD ST 

Low and inter- 
mediate 100 100 100 8.3 19.8 9.1 23.0 

Low and inter- 
mediate 20 20 15 9.7 24.7 10.7 28.7 

High 100 100 100 3.4 5.4 4.1 7.0 
High 20 20 15 3.6 5.7 4.4 7.5 

Slow Electrochemical Desorption Mechanism at 
High Overpotentials 

Expression fwr separation factcvr.-At high over- 
potentials, the reverse currents of the discharge 
steps 3 and 4 may be neglected. The separation fac- 
tor expression for this case was worked out previ- 
ously (5) as 

where SD, is the separation factor expression for the 
discharge step and is given by 

This equation holds for a linked discharge-electro- 
chemical desorption mechanism. However, at high 
overpotentials, if the coverage of the electrode with 
adsorbed atomic hydrogen (8) is low, the mechanism 
is rate determined by the discharge step, whereas if 
8 is high, the electrochemical desorption step is rate- 
determining. Equation 1431 was obtained in the 
general case but holds equally well for the two 
special cases of low and high degree of coverage, the 
determination of which distinguishes the alternate 
rate-determining steps. 

Numerical values of separation factors.-The nu- 
merical values of separation factors were worked 
out previously and are given in Table IV, along with 
the S values for the slow electrochemical desorption 
mechanism at low and intermediate overpotentials. 

Conclusions 
At low and intermediate overpotentials, when the 

discharge step can be treated as in equilibrium, the 
calculated S values are distinctly separated from the 
corresponding values for all other mechanisms. 

The theoretical separation factors, using a 100% 
coulombic energy for all interactions, are closer to 
the true S values, since the experimental activation 
energy is closer to the calculated activation energy 
for this case than for the case where the coulombic 
energy is taken at 20% for the Ni-H and H+-OH2 
bonds and 15% for the H-H bond. It is not possible 
to reduce the calculated values any further, since 
the separation factors in both the presently cal- 
culated cases are not much different even though the 
calculated activation energies differ by as much as 
30 kcal mole-'. 

At high overpotentials the separation factor is 
given by that for a linked discharge-electrochemical 
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desorption mechanism. Thus, the separation factor 
method cannot be used to distinguish between a 
rate-determining discharge and a rate-determining 
electrochemical desorption mechanism at high over- 
potentials. The only way of distinguishing between 
these two mechanisms is by a determination of the 
degree of coverage of adsorbed hydrogen on the 
electrode, since the coverage is low for a slow dis- 
charge mechanism and is high for a slow elec- 
trochemical desorption mechanism. 

Some aspects of separation factor calculations.- 
It may be thought that there are inaccuracies in such 
calculations [ref. (5,9) and this paper]. The statis- 
tical mechanical treatment of reaction rates is quite 
satisfactory. The only doubt arises in the calculation 
of vibrational frequencies of transition state which 
is vital. Defects of calculation are those of the semi- 
empirical method of Eyring et al. The Heitler-Lon- 
don treatment for H bonds is used in the present cal- 
culations as well. The inaccuracies of the calcula- 
tions are much less than is thought, as has been 
shown by a variation of parameters: metal, M-M 
distance, percentage coulombic energy. In any case, 
many defects are present in absolute calculation of 
reaction rates, they are particularly useful in con- 
junction with isotope effects (3). 

The separation factors for the slow electrochemi- 
cal desorption mechanism at low and intermediate 
overpotentials and the slow discharge mechanism 
are distinctly separated, mainly due to the high real 
stretching frequencies in the activated complex of 
the slow discharge step. Thus, the separation factor 
method has proved useful in distinguishing between 
these two mechanisms on a number of metals (1) in 
which cases other methods (e.g., stoichiometric 
numbers, variation of degree of coverage with po- 
tential) are inapplicable (12). 
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Theoretical Calculations of the Separation Factors in the 
Hydrogen Evolution Reaction for the Slow 

Recombination Mechanism 
John O'M. Bockris and S. Srinivasan 

The Electrochemistry Labmatory, The University of Pennsylvania, Philadelphia, Pennsylvania 

ABSTRACT 

The theoretical calculations of H/D and H/T separation factors have been 
carried out on the metals Ni and Pt, following the lines of earlier calculations 
by Okamoto et al. The effect of variations in the metal-metal internuclear dis- 
tances and the coulombic exchange energy ratio on the separation factor was 
small. Tunneling corrections were also made. The calculated H/T separation 
factor on Pt is in agreement with the experimentally determined value. The 
theoretically predicted separation factors for a slow molecular hydrogen dif- 
fusion mechanism are not distinctly separated from the values for a slow re- 
combination mechanism. Separation factor determinations on the platinum 
group of metals or the temperature coefficients of separation factors on these 
metals should be useful to distinguish between the two mechanisms. 

Earlier calculations (1-3) of the separation fac- Pt surfaces were used. Recent overpotential meas- 
tors for the slow recombination mechanism are con- urements in Ni (4) showed that the most closely 
tradictory. In the original calculations (1,2), the packed plane has the smallest overvoltage and it is 
longer of the two possible M-M distances for Ni and hence more appropriate to use the closer M-M dis- 
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tances in the determination of the coordinates d the 
saddle point and the vibrational frequencies of the 
activated state therefrom. Wigner's tunneling cor- 
rection was also used and this is applicable only for 
very small degrees of tunneling. Since hydrogen or 
its isotopes are the masses involved in the reaction, 
larger tunneling corrections are to be expected. 

Considerations in the most recent calculations of 
the zero point energy differences of the isotopic ac- 
tivated complexes and of the concentration ratio of 
adsorbed atomic hydrogen to deuterium have been 
discussed in the previous paper of this series (5). 

Present Calculations 
Expression far Separation Factor 

Under the conditions that a ~ , o ~  >> a ~ ~ o ~ ,  the H/D 
separation factor is given by 

where ( C ~ / C D ) ~  is the ratio of atomic concentrations 
of H to D in the electrolytic gas; a~,o, and UHDO~ are 
the activities of H20 and HDO in solution. 

During electrolysis, the ratio (CH/CD), is given by 

where inz and i H ~  are the recombination currents for 
the isotopic reactions 

2MH- 2M + Hz 131 
and 

MH+MD+ 2M +HD ~4 I 
respectively. Since in, >> iHD, we have 

using Eq. [I] and [2]. The currents in2 and ~ H D  may 
be expressed as 

in2 = k~~ U M H ~  [61 

where kHz and kHD are the respective recombination 
rate constants for the isotopic reactions, ~ M H  and UMD 

are the activities of H and D atoms adsorbed on the 
electrode. 

Dividing Eq. [6] by [7], we have 

Expressing the rate constants in terms of statistical 
mechanical functions, we have 

where rH/rD is the ratio of the tunneling factors for 
the isotopic reactions, f H f / f ~ #  is the ratio of parti- 
tion functions of the isotopic activated complexes 
and fMD/fMH is the ratio of partition functions of an 
MD molecule to an MH molecule. 

The reference state, used in the definition of par- 
tition functions for isotopic species, is the minima 

of potential energy curves and not the zero point 
energy level. 

If f, a, p are the partition function, activity, and 
chemical potential of a species respectively, then 
f/a = e-PIRT. Thus, Eq. [9] becomes . 

The discharge steps 

HsOt + e, + M e M H  + Hz0 [ I l l  

may be considered to be in equilibrium when the re- 
combination step is rate-determining. Hence, 

It was shown in an earlier paper (6) that 

- B  IRT - B  IRT 
H 9 0  + H W 8  

e 

Using Eq. 151, [lo], [13], and [14], we have 

where ~ ~ D o ~ / ~ H ~ o ~  is the partition function ratio of 
the isotopic water molecules in the gas phase and KD 
is the equilibrium constant of the reaction 

The suffixes 1 and g stand for the liquid and gas 
phase, respectively. 

The H/T separation factor is given by a similar 
expression. 

Numerical Calculation of Separation Factors 
Product of equilibrium constant (KD or KT) and 

partition function ratio of isotopic water molecules 
in the gas phase ( ~ H D o ~ / ~ H ~ o ~  or fn~o~/f~zo~).-In a 
previous paper (6) it was shown that 

Partition function ratio of isotopic activated com- 
plexes ( f ~ f / f ~ +  or f ~ f  / f ~ f )  .-At low coverages, in- 
teractions between adsorbed hydrogen atoms may be 
neglected. The activated complex may be regarded as 
planar and also to have a plane of symmetry through 
the right bisector of the line joining the two metal 
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Fig. 1. Activated complex for slow recombination mechanism 

atoms and perpendicular to the plane of the mole- 
cule (1, 7). 

In the activated state, the hydrogen atoms may 
be considered to be immobile. The translational and 
rotational partition function ratio are unity, apart 
from a symmetry factor and hence 

The activated complex has five real frequencies. 

To determine the coordinates of the H atoms (or 
its isotopes) in the activated complex, the potential 
energy of the system was treated as a four electron 
problem, cf. Eyring et al. (8). The potential energy 
of the system (V) is given by 

with 
= Jab + 51% [=I 

8 = Ja1 + Jaz 1231 

Y = Jaz + Jbl C241 

where K's are the coulombic and J's the exchange 
contributions to the total energies of interactions 
M-M, H-H and M-H (see Fig. 1). 

As in the method of Eyring, a certain percentage 
of each interaction was assumed to be coulombic for 
all distances of separation. 

Three calculations were carried out, two on nickel 
and one on platinum. The constants, used in the cal- 
culation of V, are given in Table I. In the first cal- 
culation on Ni, the physical constants used are the 
same as in the calculation of Okamoto et al. (1). In 
the second calculation on Ni and the one on Pt, the 
shorter of the two oossible M-M distances was used. 

tions. This assumption may be considered as valid, 
since the metal atoms are much heavier than the 
hydrogen atoms and thus the hydrogen atoms only 
move in the formation of the activated complex. The 
potential energy of the system (V)  was then ex- 
pressed as a function of two coordinates, the distance 
between the two hydrogen atoms (2y) and that be- 
tween the centers of the two metal atoms and the 
two H atoms (x), in keeping with the assumption 
that the activated complex is symmetrical. V was 
calculated as a function of x and y on a computer 
and from the table of these V values, the coordinates 
of the saddle point where determined. 

Following the treatment of Okamoto et al. (1) let 
the coordinates of the H atoms in any arbitrary posi- 
tion be (XI, yl, 21) and (12, y2, zz). [The OZ axis is 
perpendicular to the plane of the paper through 0 ;  
Fig. I]. Introducing a change of coordinates to sim- 
plify the subsequent treatment, we have 

X l  + xz x=- XI- x2 t = -  
2 2 

Y l  4- Yz y=- 211 - Y2 
2 'l=- 2 

At the saddle point, x = so, y = yo, and z = [ = q 

= [ = 0. The potential energy in the neighborhood 
of the saddle point may be expanded by a Taylor 
series and is given by 

L 

Due to the symmetry of the activated complex, 
the other cross terms are zero. The terms a, . . . . a h  
were obtained by a determination of the correspond- 
ing second derivatives (aVz/acc2 . . . . a2V/a[ 87) of 
the expression [21] at the saddle point. 

&, . . . . ah were used in the secular equations 

As in previous work (1,7) a fixed distance was / &=(ml + m2) - 4mlmzl, acr(ml --%I I = 
assumed between the two metal atoms in all calcula- &,(ml - mz), asc(ml + mz) - 4mlmzX ~271 

Table I. Physical constants used in calculation of potential energy of system for slow recombination mechanism 

Interaction and calculation number 

E-H Ni-NI Nl-H Pt-F't Pt-H 

Parameter 1 2 and 3 1 a 1 2 3 3 

DO kcal mole-' 109.10 109.52 20.60 20.00 60 74.24 21.55 65.52 
a A-I 1.95 1.94 - - 1.60 1.45 - 1.63 
Te A 0.74 0.74 3.52 2.49 1.48 1.48 2.77 1.62 
P 11 14 37 30 24 20 40 27 
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Table II. Force constants (a's) vibrational frequencies lo's) and partition function ratios (fHf/fDf and fHf/fTf of 
isotopic activated complexes for the slow recombination mechanism 

Metal, dr-x and calculation number in parenthesis 

Parameter Ni, ~ N I - N I  = 3.52A 1 Ni. ~ N I - N I  = 2.491 2 Pt, d ~ t - ~ t  = 2.77A S 

xo A* 1.06 1.74 1.48 
yo  A* 0.69 0.39 0.63 
Ef kcal mole-1* 14.2 36.0 15.8 
axx kcal mole-' A-2 232.75 -57.55 400.06 
ayy kcal mole-I A-2 -155.09 546.65 -393.58 
azz kcal mole-' A-2 0.96 0.23 1.61 
ace kcal mole-I A-2 276.66 138.69 452.19 
a,,? kcal mole-' A-2 267.09 26.65 131.79 
ate kcal mole-' A-2 38.38 124.02 41.33 
axl kcal mole-I A-2 -193.09 194.41 -101.33 
at,, kcal mole-' A-2 -221.30 36.23 -179.70 
an2+ cm-1 1170i, 1696, 1355, 818i, 1876,933, 15391,1762, 1551, 

543, 473, 75. 305, 850, 36. 547, 491, 91. 
OHD+ cm-I 998i, 1554,1049, 690i, 1635,776, 1322i,1663,1166, 

446, 406, 62. 249, 737, 30. 448, 426, 79. 
WET+ cm-I 924i, 1531, 879, 6271,1553,692, 1232i, 1653, 963, 

390, 387, 53, 216, 695, 26. 391, 392, 68. 
f H+/~D+ 0.1715 0.187 0.1550 
f ~ + / f ~ +  0.07153 0.0827 0.05934 

x,, and 2y. are the distances of the Une joining the 2 hydrogen 

the 2 hydrogen atoms in the activated complex: E+ is the activation 

where X = 41123. Of the six frequencies, one is imag- 
inary, corresponding to motion along the reaction 
coordinate. 

The results of all three calculations, including 
partition function ratios of the activated complexes, 
are given in Table 11. The first calculation on nickel 
gives values of partition function ratios of activated 
complexes lower than the corresponding values 
of Horiuti et al. (1, 2), although the same input 
parameters were used in both calculations. The dis- 
crepancy is probably due to an inaccurate location 
of the saddle point in the earlier work. Further, the 
calculation of the force constant, axx, appears to be 
inexact since a negative value is reported, though 
it is clearly positive, as indicated in the correspond- 
ing energy map. The procedure of calculating the 
force constants in the present work (viz., by evalu- 
ating the corresponding second derivatives at the 
saddle point) may also be thought to be more ac- 
curate than that carried out by Horiuti et al. (viz., 
kom potential energy maps). 

f ~ f / f ~ f  and f ~ + / f ~ + ,  obtained in the second cal- 
culation on Ni, with variation of Ni-Ni distance, 
coulombic exchange energy ratio and Morse con- 
stants, are in reasonable agreement with the cor- 
responding values of the first calculation. 

f ~ f / f ~ +  and fH+/f~f  on Pt are also lower than 
the values obtained by Horiuti and Nakamura (2). 
In addition to the above possible explanations, this 
discrepancy may be due to the different Pt-Pt dis- 
tances used (2.77A in this work and 3.921 in the 
former work). 

Tunneling factor ratios.-The tunneling factor 
ratios on Ni were obtained for a hydrogen atom 
transfer distance of 2.48A (3.52-0.74) in the first 
calculation and 1.75A (2.49-0.74) in the second 
calculation. Bell's method of calculation for a para- 
bolic barrier (9). [which gives good agreement with 
calculations for an Eckart barrier, when the tun- 

atoms from the line joining the 2M atoms end the distance between 

energy. 

neling corrections are small ( lo)]  was used. This 
method of calculating tunneling corrections was 
first applied to the separation factor problem by 
Bawn and Ogden (lo),  and more recently by Con- 
way (11). 

The height of the barrier, Ef, at q = 0 . 4 ~  was 
calculated as 2.4 kcal mole-', using equation 

with j3 = 1/2 and E,f = 7 kcal mole-' (13). The 
ratios rH/l'D are 1.07 and 1.15 according to the first 
and second calculations, respectively. The corres- 
ponding values of r H / r T  are 1.09 and 1.20, respec- 
tively. 

For Pt, a hydrogen atom transfer distance of 
2.03A (2.77-0.74) was used. Ef calculated at q = 

0.05v, using Eq. [28] with p = 2.0 and E,# = 5.2 
kcal mole-' (14) is 2.9 kcal mole-'. rn/rD is 1.13 
and rH/I(T 1.18. 

It is probable that these tunneling factors are 
overestimated in view of the fact that the barrier 
heights are small. 

Separation factors.-Separation factors excluding 
tunneling corrections (SDX and ST*) .-Using Eq. 
[18], [IS], and the partition function ratios in 
Table 11, SD* and ST*,' arising in the three calcu- 
lations are given in Table 111. Though the H/D 
separation factors differ by about 1 0 1 ,  whereas the 
H/T separation factors differ by about 16% in the 
two calculations and both sets of results are some- 
what higher than the results on Pt, we may con- 
clude that the separation factors do not significantly 
depend on the metal, the interatomic distances and 
the coulombic-exchange energy ratios, but they de- 

1 Inclusion of anharmonicity corrections in the partition fUnC- 
tion ratios of (a) isotopic water molecules in the gas phase and 
(b) isotopic activated complexes has an effect of less than 10% on 
the separation factors. The authors wish to thank one of the re- 
viewers for Dointing out the effect of anharmonicity corrections 
on the formei partition function ratio. 



862 JOURNAL OF THE ELEC TROCHEMICAL SOCIETY July 1964 

Table I l l .  Separation factors for the slow recombination mechanism 

Separation factors 
excluding (S*) 

or including 
Metal and calcuiation number 

tunneling ( S )  Ni 1 Ni 2 Pt 3 

pend mainly on the mechanism. Of the two results 
on Ni, for both H/D and H/T separation factors, the 
lower values are preferable since for a Ni-Ni dis- 
tance of 3.52A, the activation energy is consider- 
ably lower than for the Ni-Ni distance of 2.49A. 
This result was also reported by Okamoto et al. (1) 
but is contrary to the conclusions reached by Pi- 
ontelli et al. from overpotential measurements on 
Ni single crystals. The present calculations on Pt 
also yield considerably lower S values than those of 
Horiuti and Nakamura (SD = 7.2, ST = 16.1 with 
no tunneling corrections). From the results on Ni 
for the two interatomic distances, we may expect 
still lower values on Pt for a Pt-Pt distance of 
3.92.4 as used by Horiuti et al. 
Separation factors including tunneling cmections 
(SD and &).-The separation factors, including 
tunneling corrections are also given in Table 111. 
Calculations 1 and 3 give results in reasonable 
agreement with each other. The results of calcu- 
lation 2 are somewhat higher. Due to a higher acti- 
vation energy for a Ni-Ni distance of 2.49A, as com- 
pared with 3.52.4, we may conclude that the separa- 
tion factor on polycrystalline nickel is more likely 
to correspond to the value obtained in the first 
calculation for a slow recombination mechanism. 

Conclusion 

Due to the higher calculated activation energy 
for a Ni-Ni distance of 2.49A than that for 3.52.4, 
it is probable that most of the reaction takes place 
on two adjacent Ni atoms 3.52.4 apart for a slow 
recombination mechanism. 

On Pt, it is probable that the reaction takes place 
on 2Pt atoms 3.92A apart, but since the calculated 
activation energy for a Pt-Pt distance of 2.77A is 
itself fairly low, S values for the higher Pt-Pt dis- 
tance are not likely to be much different, although 
they may be somewhat lower (since there was a 
decrease in S with decrease of activation energy 
on Ni) . 

In some experimental determinations of H/T 
separation factors (ST), an increasing trend or a 
small scatter was observed with each successive 
measurement (15). This variation in ST was proba- 
bly due to certain preferred sites being used up. 

The values of ST for the recombination mechanism 
are distinctly separated from ST for a slow dis- 
charge or for a coupled discharge-electrochemical 
desorption mechanism. SD values for a slow recom- 
bination and coupled discharge-electrochemical de- 
sorption mechanism are not markedly separated. 

The H/D separation factor for a slow molecular 
hydrogen diffusion mechanism is 

where KD is the equilibrium constant for reaction 

HD + H20 * Hz + HDO [301 

and p~ or FD is the reduced mass of an Hz or HD and 
Hz0 molecules (15). The H/T separation factor is 
given by a similar expression. With KD as 3.8 
(16) and KT as 6.2 (I?),  SD and ST are 4.5 and 8.2, 
respectively. Unfortunately, these values are not 
distinctly separated from the corresponding values 
for the slow recombination mechanism on platinum. 
It is on the platinum group of metals that this 
mechanism was proposed. However, for a slay 
recombination mechanism, there should be a slight 
dependence of S on the metal, whereas for a diffu- 
sion mechanism, there should be no dependence of 
S on the metal. Thus, from the experimental S 
values on the platinum group of metals, we may be 
able to distinguish the two mechanisms. The tem- 
perature coefficient of the separation factors should 
also prove useful in distinguishing between a slow 
recombination and slow molecular hydrogen dif- 
fusion mechanism. 
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The Mechanism of the Electro-Oxidation of Acetylene 
on Platinum 

James W. Johnson, Halina Wroblowa, and John O'M. Bockris 

The Electrochemistry Laboratory, The University of Pennsylvania, Philadelphia, Pennsylvania 

ABSTRACT 

The increasing interest in hydrocarbon oxidation reactions connected with 
the development of electrochemical energy conversion makes the investigation 
of the influence of the relations between structure of the oxidized compound 
and the mechanism of the reaction of primary importance. The study of oxida- 
tion reactions of several olefins has been reported elsewhere. This paper is 
concerned with the mechanism of acetylene oxidation. 

Experimental 
Cell and apparatus.-The electrolytic cell and 

electrical apparatus were similar to that described 
previously (1, 2) unless otherwise stated. The test 
electrode was a planar rectangle of platinized 52 
mesh platinum gauze of geometric area 11.7 cm2. 
The auxiliary electrode (cathode) was of similar 
platinized gauze (47 cm2). The procedure for plat- 
inization and activation of the electrodes has been 
reported (1,2). The reference electrodes were satu- 
rated calomel for alkaline and IN mercury-mercu- 
rous sulfate for acid solutions. 

Coulombic efficiency.-Acid solution.-This was 
measured galvanostatically in a three compartment 
cell with cldsed stopcocks between the compart- 
ments. The effluent gases from the anodic compart- 
ment were passed through an absorber containing 
barium hydroxide solution. For a measurement, 300 
ml of saturated solution ( M  30g Ba(OH)p/liter) 
were initially filtered into the absorber; 50 ml were 
withdrawn and titrated with 0.200N HC1 using phe- 
nolphthalein indicator. Precautions were taken so 
that air did not contact the solutions. All containers 
were nitrogen-flushed, and nitrogen was used to 
pass the solutions from one container to another. 

The cell was first operated for a sufficient length 
of time at constant current to saturate the anolyte 
with carbon dioxide. During this time, the gases 
were vented to the atmosphere via a three-way 
stopcock and a bubbler. Immediately following, the 
gases were diverted through the absorber. A low 
flow rate of gases (- 5 cmS min-I at STP) and glass 
bead packing in the absorber were used to increase 
the gas-liquid contact. (A second absorber indicated 
no carbon dioxide was passing out of the first.) 

After the carbon dioxide had been collected for 
the desired length of time (cell always operated at 
the original constant current), the absorber was 
disconnected from the cell. Another 50 ml sample 
was withdrawn and titrated as described above. 

'u Golvonostof 

Fig. 1. Diagram of apparatus for measurement of coulombic 
efficiency in alkaline solution. A, anode compartment; B, gas 
buret; C, leveling bulb; D, circulation pump; E, water jacket; F, 
three-way stopcock; G, thermometer; H, thermoregulator; I, heater; 
J, stirrer; K, gas inlet; L, Luggin capillary; M, anode; N, cathode; 
P, water cooled condenser. 

Separate experiments indicated that the barium 
hydroxide could be titrated accurately in the pres- 
ence of barium carbonate. 
Alkaline solution.-A diagram of the apparatus is 
shown in Fig. 1. The change in volume of gaseous 
acetylene contained in a closed anodic compartment 
A above the anolyte is measured at constant pres- 
sure with a mercury-filled buret B and leveling 
bulb C which are integral parts of the compart- 
ment. The carbon dioxide produced during the oxi- 
dation is absorbed by the alkaline anolyte. A small 
magnetically driven glass centrifugal pump D cir- 
culates the anolyte causing it to flow down column 
E (approximately 12 in. in length). This gives a 
sutXcient gas-liquid contact area to keep the anolyte 
saturated with acetylene. 
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When making a consumption determination, the 
cell was filled with electrolyte and the circulation 
pump D started. The mercury level in the buret 
was raised near to the three-way stopcock F and 
nitrogen vigorously bubbled through the anode and 
cathode compartments to remove oxygen from the 
cell. After about 1 hr of bubbling, the nitrogen 
passing through the anode compartment was stop- 
ped and acetylene flow started. This was continued 
for 1 to 2 hr to saturate the anolyte and replace the 
other gases in the compartment with acetylene. 
Next, stopcock F was turned so as to connect the 
gas buret to the anode compartment and the mer- 
cury displaced by acetylene until the desired 
amount was contained in the buret. The system was 
allowed to equilibrate, the buret reading noted, and 
the current started at  a value to keep the potential 
within the linear Tafel region. The run was contin- 
ued (with frequent adjustment of the leveling bulb) 
until a desired volume of acetylene had been con- 
sumed. 

Reagents.Sulfuric acid, "Baker Analyzed" re- 
agent; sodium sulfate, "Fisher certified" reagent; 
sodium hydroxide, "Baker Analyzed" reagent; 
acetylene, Air Reduction Company, purified (> 
99.5% purity, impurities largely water and nitro- 
gen); nitrogen, Matheson, prepurified (99.996% 
purity) ; water-distilled; gas mixtures of acetylene 
and prepurified nitrogen were supplied in cylinders 
and analyzed by Matheson. 

Results 
Rest potentials.-All potentials are given on the 

normal hydrogen scale ( e 0 ~ ,  = 0 at 80°C). The cor- 
rection for the reference electrode being at room 
temperature was made as described previously (2). 

Oxygen was removed from the electrolyte by vig- 
orously passing nitrogen through the anode and 
cathode compartments for 1 to 2 hr. Acetylene (or 
the mixtures with nitrogen) was then passed 
through the anolyte at a rate of 90 cmS (STP)/min. 
The rest potentials were found to be - 0.58 in IN 
NaOH and + 0 .26~ in 1N H2S04. These values were 
attained almost immediately after admitting the 
acetylene and remained constant for periods of 1-2 
hr. For more prolonged periods, the potentials 
slowly became more positive. The rest potentials 
varied by 60-70 mv per unit pH (Table I) and were 
independent of the partial pressure of acetylene in 
the range to 1 atm. 

Coulombic e@ciency.-Acid solution.-The amount 
of electricity q per mole of COz produced during 
the time t by current i is 

2V, it 
q = 

N Va (Vo - Ve) 

Table I. Rest potentials for acetylene a t  80eC 

where V, is the volume of samples titrated, ml; V, 
the volume of barium hydroxide solution in ab- 
sorber, ml; V, the volume of hydrochloric acid for 
initial titration, ml; V, the volume of hydrochloric 
acid for final titration, ml; and N the concentration 
of hydrochloric acid, mole/ml. 

For acetylene oxidation in IN H 2 S 4  (in the Tafel 
region), it was found that (4.8 a 0.2) x lo5 coulombs 
of electricity was produced per mole of COz as com- 
pared with the theoretical value of 4.82 x lo5 cou- 
lombs according to the equation: C2Hz + 4H20 -t 
2C02 + 10H" + 10:. 
Alkaline solution.-The amount of electricity q pro- 
duced per mole of acetylene consumed was directly 
calculated by the formula 

where AVO,, is the volume of acetylene consumed 
corrected to standard temperature and pressure. 

For acetylene oxidation in 1N NaOH, the Fara- 
daic equivalence was found to be (9.1 & 0.5) x lo5 
coulombs per mole of acetylene, as compared with 
the theoretical value of 9.65 x lo5 coulombs. The 
error in this determination is much higher than in 
the first method; it is connected with the measure- 
ment of the volume and correction for the water 
vapor pressure (the presence of the temperature 
gradient between A and B, Fig. 2) and amounts to 
about 5%. 
Analysis of elect~o1yte.-An analysis1 was made of 
the 1N NaOH anolyte to determine the presence of 
any organic substances that might be the products 
of branching reactions. Previous to the analysis an 
anodic oxidation of acetylene was carried out for 
approximately 100 hr in the electrolyte. 

An ultraviolet spectrum of the electrolyte showed 
no significant absorption, indicating no conjugated 
unsaturation, such as might be suspected for poly- 
merization reactions. 

Infrared spectrograms of samples obtained by ex- 
tracting portions of the electrolyte with benzene, 

Analysis performed by Sadtler Research Laboratories. Philadel- 
phia. Pennsylvania. 

-02 1 I I I 
16' 0-' 0" KT' 

i larnpcm-'I 

Fig. 2. Current-pofential relation (Pa = 1 atml as a function 
of pH = curve 1, 0.3; curve 2, 1.2; curve 3, 8.7; curve 4, 11.9; 
curve 5, 12.6. 
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ethyl ether, and n-hexane revealed nothing other 
than sodium carbonate. 

Water was removed from a sample neutralized 
with hydrochloric acid. The sample was then ex- 
tracted with anhydrous ethyl alcohol. No organic 
residue could be demonstrated. 

Current-potential relation.-These were deter- 
mined both galvanostatically and potentiostatically. 
A linear Tafel region was found at potentials 450- 
500 mv more positive than the rest potentials (Fig. 
2). This region extended over about one and a half 
decades of current and had a slope of 65-75 mv/ 
decade. Below the linear region the current was 
quite small and nearly independent of potential. 
Above the linear region the slope increased rapidly, 
with passivation (2) occurring at potentials V = 

0 . 2 ~  and 1 . 0 ~  for 1N NaOH and 1N HzS04, respec- 
tively. Reproducibility of the current values at con- 
stant potential was within 10%. 

Time effects and electrode activation.-The vari- 
ation of current with time depended on the elec- 
trode potential as related to the linear Tafel region. 
At potentials below the linear region, the current 
decreased steadily with time and reached a quasi- 
steady state only after several hours at a constant 
potential. In the lower section of the linear region, 
the current increased with time reaching a steady 
value in 30-90 min. (The time necessary to reach 
the steady state decreased as the potential in- 
creased.) In the upper part of this region, steady 
currents were attained almost immediately. At po- 
tentials still higher by about 200 mv, a passivation 
region was found, but no consistent behavior noted. 
The electrode might passivate immediately on 
switching the potential to this region or it might 
function quite normally for periods up to 45 min 
before suddenly passivating. The electrode could 
be re-activated by interrupting the current and al- 
lowing the rest potential to be re-established. This 
normally required 1-2 hr. (At potentials below the 

Fig. 3. Current-temperature relation as a function of potential: 
1, 0.790v, 1N HzSO4; 2, 0.740v, 1N HzS04; 3, 0.005v, 1N NaOH; 4. 
0.055v, 1 N NaOH. 

Table 11. Activation energies for the anodic oxidation of 
acetylene on platinized platinum electrodes 

Potential Activation energy 
Electrolyte (V) , v ( E d .  kcal mole-1 

1N 0.790 21.2 
&So4 0.740 22.4 

1N NaOH -0.005 25.4 
1N NaOH -0.055 26.7 

passivation region, the rest potential was re-estab- 
lished rapidly after opening the circuit.) Once a 
steady current was attained in the linear Tafel re- 
gion, it remained constant with almost no percepti- 
ble change for periods in excess of 24 hr. 

pH effect.-The effect of pH at constant ionic 
strength is shown in Fig. 2. A linear Tafel region 
with the same slope ( b  = 70 mv) was found in each 
case over approximately the same current range. 
The only effect was that the lines were shifted in 
the positive direction along the potential axis as 
the pH decreased, (dV/dpH)i .- - 50 mv. 

Temperature effect.-The effect of temperature 
on current was measured potentiostatically in both 
IN NaOH and IN HzS04 solutions at potentials 
within the linear Tafel region. Results are shown in 
Fig. 3. Activation energies were calculated and are 
shown in Table 11. The shift in activation energy 
with potential is -. - 25 kcal/volt as compared with 
the theoretical value d(EA)/dV = aF = - 23.06 
kcal/v for u = 1. 

From the above values the heat of activation at 
reversible potential was calculated E A ~ ~ ~  = + 
TJF = 42 kcal mole-' for acidic, and 48 kcal mole-' 
for alkaline solutions. 

Pressure effect.-Acetylene of a given partial 
pressure (mixed with prepurified nitrogen) was 
passed through the cell. The electrode was held at 
constant potential and, after a steady state had been 
obtained, the pressure was changed to another 
value. The i-p curves thus attained in 1N sulfuric 
acid are shown in Fig. 4. For acetylene pressures 
between 0.04 and 1.0 atm it can be seen that the 
current increases inversely with pressure. The Tafel 
lines at various pressures are laterally shifted hav- 

Fig. 4. Current-pressure relation (1N HzS04) as a function of po- 
tential: curve l, 0.775~; curve 2, 0.750~; curve 3, 0.725~. 
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Fig. 5. Current-pressure relation (IN NaOH) as a function of 
potential: curve 1, 0.005~; curve 2, 0.030~; curve 3, 0.055~. 

ing approximately the same slope but different in- 
tercepts. At pressures lower than 0.04 atm, limiting 
currents (influenced by the rate of stirring) are 
observed at very low current densities, and no Tafel 
lines could be obtained. The pressure effect in 1N 
NaOH is shown in Fig. 5. The effect was similar but 
more pronounced than in sulfuric acid. 

Discussion 
Adsorption of Acetylene 

In a recent paper (2) adsorption of ethylene from 
aqueous solutions under anodic conditions had been 
discussed. The adsorption isotherm was formulated 
as 

where BE is the fractional coverage by ethylene, cE 
the concentration of ethylene (mole The 
order of magnitude of Kc, estimated by two inde- 
pendent methods give a range of lo6-lo8 cm3 
mole-'. No data are available which would allow 
an independent evaluation of the isotherm constant 
Kc for acetylene adsorption on Pt from solution. 
The evidence from the gas phase (4) shows that the 
heat of adsorption of acetylene is independent of 
coverage. Taking this into account, as well as the 
fact that the coverage of acetylene is probably even 
higher than that of ethylene (4), which in turn is 
already high (2), Langmuir conditions are assumed. 
A very rough estimation of Kc can then be made on 
the following basis. 

The most probable mode of acetylene adsorption is 

The evidence from the gas phase adsorption sug- 
gests that acetylene forms an immobile layer (4)  by 
means of covalent bonds with d-band electrons (5). 
Since one Pt atom may supply 0.5 of d-electrons, 
one molecule of acetylene requires 4 adjacent sur- 
face sites to adsorb. Thus, the adsorption isotherm 
is of the same type as in the case of ethylene, i.e., 

The similarity of the ethylenic and acetylenic radi- 
cals allows one to assume analogous adsorption be- 
havior of the two hydrocarbons and to calculate 
roughly the value of Kc, = Ke-AG"IRT, where AGAo 
is the standard free energy of adsorption of acetyl- 
ene, and the K value includes energy changes con- 
nected with the displacement of water. The free 
energy of adsorption of ethylene and acetylene will 
differ by a value which consists of the following 
contributions: 

1. The difference connected with the energy of 
breaking one C-C bond in a double and a triple 
bond. The values of energies reported in the litera- 
ture (6-8) differ; the best estimate of AG1 = AG,,, 
- AG,, = 6 kcals mole-' seems to be that given 

by Bond (4). 
2. The difference in free energies of adsorption 

due to different adsorbate-solution interactions. 
This difference may be roughly estimated (9) as 

where 4GosE and AGosA are the standard free en- 
ergies of solution of ethylene and acetylene, respec- 
tively, and a~ and a~ are the activities of saturated 
solutions at 1 atm partial pressure of the respective 
hydrocarbons. Assuming activity coefficients to be 1 
and introducing CE = 0.1 cA,2 AG2 N - 1.6 kcal, thus 
Kc, =Kc, eAGitAGzJRT = 5.5.108 to 5.5.101° cm3 mole-' 
and the limits of the corresponding Kp, values are 
lo4-lo6 atm-I (K,, is the adsorption constant for 
isotherm relating coverage to partial pressure of 
acetylene). 

Reaction Mechanism 
General nature.-(A) The efficiency of COz pro- 

duction is 100 & 1% in acid and 95 ? 5% in alkaline 
solutions. Thus, it is assumed that no branching 
leading to products other than COz and water (or 
protons) occurs to an appreciable extent. The re- 
sults of ultraviolet and infrared spectroscopy of the 
anolyte confirm this result. However, a branching 
reaction occurring with < 1% of the total current 
cannot be excluded by these measurements even in 
acid solution. 

(B) The high value of the heat of activation E. 
e 40 kcal mole-' precludes terminal desorption of 
COz as a rate-determining step (1). 

(C) The observed Tafel slopes, b = 0.065 - 
0.075~ (Fig. 2) are consistent with the value of b 
= 2.3 RT/F. For a consecutive sequence of reac- 
tions, such as must exist in acetylene oxidation to 
COz, the slope b = 2.3 RT/F must be associated 
under Langmuir conditions with a chemical reaction 
following the first charge transfer, or following any 
later charge transfer in which the reactant is at 
full coverage as can easily be shown by a treatment 
of the consecutive reaction kinetics in the usual 
way (10). For the latter case, however, no pressure 
effect could be expected. Thus, the value of b = 2.3 
RT/F, together with the fact that di/dp < 0, fix the 

aData were not available for determining the ratio of CE/CA di- 
rectly for 1N HSOI at 80'C. The value CE/CA = 0.1 is for the ratio 
of the solubilities of the gases in water at 80'C. Data available at 
lnw-r t-mneraturer indicated the solubilities of each eas in 1N 
ii;So4 G ~ b ~ r i b o ~ O % ~ ~ f  their respective values in water. 
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location of the r.d.s. as one of the chemical reac- 
tions between the first and the second charge trans- 
fer. 

(D) The negative pressure effect, di/dp < 0, 
shows that the r.d.s. must include a substance other 
than the adsorbing acetylene, or a radical derived 
from acetylene. 

Reaction sequence and reaction rate.-The re- 
quirements listed above allow one to formulate the 
reaction path up to the r.d.s., and the nature of the 
latter. 

The substance other than acetylene, or a radical 
derived therefrom and adsorbed on the surface, 
may be only OH- or OH radical. Since all kinetic 
parameters are the same in acidic and alkaline solu- 
tions, the same mechanism may be assumed for 
both. This points to the OH radical being the entity 
in question. This in turn (in acidic solutions) may 
arise only from water discharge (2). Thus the 
charge transfer preceding the r.d.s. is assumed to 
be water discharge: 

The rate-determining chemical reaction involves 
apart from OH either adsorbed acetylene, or a radi- 
cal derived therefrom, in a chemical reaction. (Any 
dissociation into H atoms would involve ionization 
into H+ + i? and contribute to the Tafel slope.) 
Thus, the radical derived from acetylene can be 
only CH or an addition product involving acetylene 
and water. 

The adsorption of acetylene followed by splitting, 
i.e., 

H H  H H 
I I  1 I 

C=C+2C: or 2 C .  P I  

would require additional energy connected with 
breaking of the double bond of about 146 kcal 
mole-'. Even if each carbon atom were to form not 
one, but two covalent bonds with Pt, the extra en- 
ergy needed would be about 80 kcal mole-I.3 There- 
fore, the possibility of CH being the radical seems 
unlikely. 

It is impossible to distinguish whether the radical 
in question is adsorbed acetylene or a product of 
water addition since both would give similar kinetic 
parameters. Absence of polymerization products 
and of acetaldehyde in the electrolyte indicate there 
is no hydrolysis in solution. Thus, the radical is as- 
sumed to be adsorbed acetylene. 

The reaction path may be now formulated as 

CzHz = C2H2 (ads) [41 

Hz0 = OH (ads) + H+ + e, or ) [5a] 
1 

OH- = OH (ads) + e 1 [5bl 

a The energy of C-Pt bond was calculated as: 
Ea-pt = l/a(Ec-o + Ept-pt) - 2S.06(Xc - Xpt). 

where X = electronegatfvity value, Ec-c = 85 kcal mole-1, Ept-pt 
= 20.3 kcal mole-?. Xa = 2.5. XPI = 2.2 (6). 

Table Ill. Comparison of theoretical and experimental 
kinetic parameters 

Kinetic parameter Theoretical value Experimental value 
Tafel slope 2.3 RT/F = 70 mv 65-75 mv (Fig. 2) 

pH dependence, a log i 
assuming @A + (-) = I 0.8' 
f ( p ~ )  at con- aPH 
stant ionic a v  (dPR)i = -70 mv -50 mv (pig. 2) 
strengths 

-4 (See below, 
"Exchange cur- 
rent") 

The coefiicient (=)r was obtalned by extrapolating the 

Tafel lines (Fig. 2) so that the current could be obtained at the 
same potential for various pH values, and by plotting log i us. pH 
(Fig. 6 ) .  

r.d.s. 
CzHz(ads) + OH (ads) + CzH20H, or [6] 

C&+ Hz0 
Hz0 

CZHZOH . . . -+ 2C02 + 9Ht + 9e 

From the quasi-equilibrium in reaction [5] 

where KS represents either K5. ~ H ~ O  for 5a or 
KW A H ~ O  for 5b, and Kw is the ionization constant 
of water. 

The coverage of OH radicals is very low (11) and 
the coverage of all other intermediates may be ne- 
glected in comparison with e ~ ,  since they occur in 
the reaction sequence after the rate-determining 
step, and are not in equilibrium because of the con- 
stant removal of the final product, COz. Thus the 
total coverage BT may be approximated as 8~ N BA. 

The rate of anodic oxidation of acetylene may 
then be expressed as 

See Table I for a comparison of theoretical and 
experimental kinetic parameters. 

Pressure dependence.-The dependence of the 
steady-state reaction rate on the acetylene pressure 
(Fig. 4 and 5) can be stated in terms of the coeffi- 
cient Z 5 (di/a log P). The values of Z are given in 
Fig. 7. They depend on potential, d log Z/dV being 

Fig. 6. Dependence of current on pH at  constant potential 
V = 0.40~. 
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Fig. 7. Dependence of Z = 
1N NaOH (use potential scale at top), curve 2 I N  HzS04 (use po- 
tentiol scale st bottom). 

Fig. 8. Theoretical dependence of current on pressure as a func- 
tion of potential: (a) 0.775v, l b )  0.750v, (c) 0.725~; curve 1 for 
K- = 104 atm-1, curves 2 for K- = 106 otm-I, a experi- 

PA PA 
mental points. 

equal to - 13.5 v-l, as calculated from Fig. 7. 
Qualitatively, two types of explanation may be 

considered for the inverse pressure effect: (i) It 
could be due to increasing adsorption of a poison, 
either present in the or produced by a side 
branching reaction of current efficiency too low to 
be detected by the methods employed. A polymeri- 
zation of a reactant or product might also lead 
qualitatively to the effects observed. However, this 
explanation is not consistent with a number of 
facts, as discussed elsewhere (12). (ii) Aceteylene 
blocks partly the area available for reaction. A de- 
tailed treatment of such effects, in terms of poison- 
ing, and hydrocarbon adsorption model, is published 
elsewhere (12). It is shown here that the observa- 
tions are consistent with the type (ii) model ac- 
cording to the mechanism suggested in Eq. [7]. 

To compare the experimental data with the theo- 
retical dependence of current on pressure at various 
potentials, the calculated limits of K p  -- lo4 - lo8 
atm-I (cf. section on Adsorption of Acetylene 
above), were inserted in Eq. [I]. By plotting the 
term 8(1- 8) us. p, the values of 8(1- 8) at any 

given pressure may be read. Inserting those values 
into Eq. [7] and calibrating the term k a - ' ~ t  eFVlRT 
for one value of current for FA = 1 atm, the theo- 
retical i - log p curves for 3 potential values were 
obtained (Fig. 7, curve 1, K p  = l o 4  atm-I; curve 2, 
K, = lo8 atm-I). The experimental results obtained 
in 1N Has04 for these potentials are also shown in 
Fig. 8. It  may be seen that a better fit would be ob- 
tained for somewhat lower K p  values than lo4 
atm-I. However in view of the very rough calcula- 
tion of Kp, the agreement is considered satisfactory. 

The theory also yields the coefficient dlog Z/dV 
as FD.3 RT E 14 v-I in fair agreement with the 
experimental value of 13.5 v-l. 

For 1N NaOH solution the change of current with 
pressure at constant potential is about 2-3 times 
higher than that predicted by theory. Variation of 
Kp to values considerably outside those deduced 
earlier does not cover the observed discrepancy. The 
coefficient d log Z/dV (Fig. 7) and all other kinetic 
parameters are in agreement with the suggested 
mechanism. This strongly points to a similar mech- 
anism for the oxidation reaction in both acidic and 
alkaline solutions, but with a different type of ad- 
sorption isotherm, in that the amount of sites oc- 
cupied by one adsorbed acetylenic radical in alka- 
line solution would be less than in acidic solution, 

since the value of 

would then be higher. Two explanations of this pos- 
sible difference in surface occupancy by acetylene 
in H2S04 and NaOH solutions may be suggested: 

1. In NaOH, a rearrangement occurs, so that the 

adsorbed species are C = C and/or I I 
I I C 
Pt Pt  I 

P t  

giving rise to a decreased occupancy per 1 acet- 
ylenic radical. 

2. Acetylene does not form covalent bonds with 
d-electrons as assumed above, and on the basis of 
steric considerations it will occupy only two adja- 
cent sites. In HzS04, however, adsorption occurs 
along with hydration, according to the equation 

CzHz (g) + Hz0 CH2 = CHOH 

and the resulting radical occupies an area covering 
approximately four surface sites. 

Behavior at  potentials above Tafel region.-Acet- 
ylene behaves here similarly to ethylene, and diffu- 
sion limiting currents are observed for p~ 0.4. At 
higher pressures the potential of about + lv, where 
the current rapidly decreases to negligible value is 
reached earlier than the limiting current value. The 
observed passivation of the electrode had been in- 
terpreted elsewhere (2) in terms of accumulation 
of surface oxide resulting from the reaction between 
the OH radicals which at the above potential be- 
comes sufficiently fast. The resulting oxide is unable 
to oxidize the hydrocarbon. 
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Exchange cument.-From the thermodynamic 
data, the standard reversible potential of the CzHz/ 
COZ couple is 

AGOz5 - AS0 (80 - 25) 
EOEO = - - - - 

10F 
0.0503~ 

Taking into account the solubility of carbon dioxide 
[cf. ref. ( I ) ]  and the actual value of pH, the re- 
versible potential at 1 atm acetylene partial pres- 
sure is 

- 0 . 1 1 ~  in 1N H2S01 (pH = 0.3) 
and - 0 .97~ in 1N NaOH (pH = 12.6) 

solutions. The exchange currents obtained by ex- 
trapolation of the Tafel lines to those potential val- 
ues are 

4.5 x 10-l8 and 6.6 x 10-l8 amp ~ m - ~  (geom.), 
respectively. The model proposed indicates equality 
of i, in acid and alkaline solutions (cf. Table 111). 

Rest potentials.-The rest potential observed on 
Pt in presence of acetylene in solution is about 350 
mv more positive than the reversible potential, for 
the acetylene oxidation to COz. Similar differences 
between the rest and reversible potentials have 
been reported for other hydrocarbons (1-3). 

It is of interest to consider the possible nature of 
this potential. The principal facts with which an 
interpretation must be consistent are the following: 
1, It is linearly dependent on pH: dE/dpH 1: - 2.3 
RT/F. 2, It  is independent of the nature of the hy- 
drocarbon used. 3, The partial pressure of hydro- 
carbon has no effect. 4, The potential concerned dif- 
fers little from that which exists in the nitrogen 
saturated solution before the ingress of the hydro- 
carbon. The average effect of adding the hydrocar- 
bon is to make the rest potential at the zero current 
flow more negative by approximately 20 mv. 5, 
Purification of the solution has no effect. 6, Tem- 
perature coefficient dE/dT < 0. 7, Stirring has no 
effect. 

Possible interpretations of this potential are: 
1. It may be a mixed potential set up between the 

reduction of oxygen to water on hydrogen peroxide 
and the oxidation of the hydrocarbon to COz. This 
theory would agree with the sign of the dependence 
of rest potential on pH and with the lack of effects of 
hydrocarbon pressure and temperature coefficient. 
However, it is unlikely that the nature of the hydro- 
carbon would then have a small effect, because acet- 
ylene and ethylene, at least, have very largely dif- 
ferent exchange current values. Correspondingly, 
for the oxygen concentration present, it can be 
shown that the potential would be stirring depend- 
ent. 

2. It may be a mixed potential between the oxi- 
dation of the unsaturated hydrocarbon to COZ and 

nature of the hydrocarbon, would require certain 
unlikely differences between the Tafel slopes and 
exchange current densities in the reduction of ethy- 
lene and acetylene. Furthermore, the small change 
brought about upon the introduction of the hydro- 
carbon into the nitrogen-saturated solution makes 
this theory unlikely. 

3. Another possibility is the interference of the 
ethylene oxidation reaction by some redox process 
connected with the presence of impurities. This 
seems unlikely, however, because of the fact that 
calculations show that the impurities have to be 
~resent  at a concentration havine an order of marr- 
nitude of moledliter. If th;, rest potential a t  
zero current flow is to be independent of stirring, 
this is an improbably high concentration of impuri- 
ties to have present. A constant value independent 
of purification is also a strong point against this 
view. 

4. Last, it is possible to regard the potential as 
that corresponding to the reversible equilibrium of 
water with hydroxyl radicals according to the re- 
action HzO e OH' + H+ + e,-. A reaction similar 
to this has been discussed by Bockris and Oldfield 
(13). Attempts to calculate the potential utilizing 
a PtOH bond, gives values which are approximately 
0 . 5 ~  too high. However, such calculations are un- 
certain. The theory would be consistent with the 
absence of stirring effects and with the negative 
temperature coefficient of the reversible potential. 
It might, however, be thought that the introduction 
of the hydrocarbon would play a large effect, for it 
would presumably reduce the concentration of hy- 
droxyl radicals, on which the potential (according 
to this view) would be linearly dependent. 

At the present time it is not possible to elucidate 
the mechanism of this rest potential, but the above 
remarks may serve as a beginning to such work. 

Effect of the TTiple Bond 
The mechanisms proposed for olefin oxidation in- 

volves a rate-determining water discharge reaction, 
whereas that for acetylene involves a rate deter- 
mining reaction between adsorbed acetylene and 
OH radicals. That the systems have a difference in 
mechanisms arises probably from a higher value of 
the heat of adsorption of acetylene as compared to 
that of ethylene as a result of the triple bond in the 
former (4). 

For the case of ethylene, the specific rate of the 
reaction 

H H 
I I 

H-C-C-H + OH+ R-OH, or R'+ Hz0 
I I 

Pt Pt 
its reduction to the corresponding saturated hydro- 
carbon, This theory might be consistent with the ab- is higher than that of water discharge, whereas for 

sence of partial pressure effects in the hydrocarbon the 'pecific rate of the reaction 

and stirring. Although neither the exchange current H H 
densities nor Tafel s lo~es  for the reduction of the I I 
hydrocarbons are known, consideration of a mixed C = C + O H + R " - O H , O ~ R ' " + H Z O  
potential diagram shows that a mixed potential at 
the constant value observed, independent of the 

I I 
Pt Pt 
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is less than that of water discharge. This results in 
a change of the Tafel slope from 2RT/F to RT/F 
and a reduced i, value. 

Summary 
The acetylene oxidation reaction on platinized 

platinum has been studied at 80°C in solutions of 
+ Na2S04 and NaOH of constant ionic 

strength. Reaction rates were measured as a func- 
tion of potential, pH, and partial pressure of acety- 
lene. Coulombic efficiency was determined by meas- 
urements of COz production in acidic solutions and 
of CzH2 consumption in alkaline solutions. An im- 
proved apparatus for consumption measurements is 
described. 

The following parameters have been found 
d log i 

( & ) p = 7 0 ~ v , ( - )  ~ P H  v "0.8, 

Coulombic efficiency is 100 2 1% in acidic and 95 
r 5% in alkaline solutions. i. cz 10-l8 amp 
for both solutions. The heat of activation at the re- 
versible potential, A H O  = 42 kcal mole-' in acidic 
and -- 46 kcal mole-' in alkaline solutions. At V - 
1V in 1N HzS04 -- 0.3V in 1N NaOH, "passivation" 
due to oxide formation occurs. 

The reaction mechanism in the Tafel range was 
interpreted in terms of the following sequence 

C2Hz = CzHz (ads) 
Hz0 = OH (ads) + H+ + e 

r.d.s. 

C2& (ads) + OH (ads) 4 . . . 

over the entire pH range investigated (pH = 0.3 - 
12.6). The inverse pressure effect observed could 
also be quantitatively accounted for in terms of the 
suggested mechanism. 
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Growth Twins and Branching of Electrodeposited 

Copper Dendrites 

Fielding Ogburn 

National Bureau of Standards, Washington, D. C. 

It is not unusual to see electrodeposited dendrites 
or trees which are branched in one plane only. That 
is, all the branches and the main stalk lie in the 
same plane, the whole dendrite being flat. Such 
dendrites of lead, tin, and copper were described by 
Wranglen (I), but he gave no explanation for the 
growth being restricted to one plane. From crystal- 
lographic considerations one would not predict this 
restricted growth if the dendrite were a single crys- 
tal. Branching would be expected to appear also 

in other planes passing through the main stalk. 
Faust and Johns (2) reported twinning boundaries 

in electrodeposited dendrites of aluminum, copper, 
gold, lead, and silver. They showed that twinning 
can play a dominant role in the electrolytic growth 
of dendrites and cite references showing the same 
dominant role for growth other than electrolytic. 
The twinning boundary provides a re-entrant 
groove, and this groove may be self-perpetuating if 
two or more twin planes occur close together. 
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Consideration of these two pieces of information 
leads to the proposal that branching in one plane 
only is directly related to the occurrence of growth 
twins and that at least one twinning boundary ex- 
tends throughout the dendrite and is parallel to the 
plane of the dendrite. The reasoning is that, if the 
twinning boundary facilitates the growth of the 
deposit by providing a re-entrant groove, then the 
dendrite should grow fastest at or close to the 
re-entrant groove. Growth at a distance from the 
groove would proceed more slowly or not at all. 
Thus, a platelet would form with the twinning 
boundary sandwiched between two thin layers of 
metal. Within the plane of the dendrite, the rate of 
growth would be different in different crystal- 
lographic directions, and one would expect the 
usual dendritic pattern. The net effect is to produce 
a fern-like shape with a twinning boundary extend- 
ing throughout the stalk and each of its branches. 

To test this hypothesis, copper dendrites were se- 
lected which were branched in one plane only and 
examined metallographically and by x-ray diffrac- 
tion. These dendrites had been grown in a solution 
of 2g of cuprous chloride, 15g of sodium chloride, 
and 1 ml of concentrated hydrochloric acid in 80 ml 
of distilled water. All the chemicals were reagent 
grade. The deposition was carried out potentio- 
statically with 150 mv between the cathode deposit 
and a reference electrode. The latter was a copper 
wire in a Luggin capillary with the tip of the capil- 
lary within 5 mm of the cathode. The rate of 
growth of the dendrite is estimated to have been 
about 1 mm/hr or less judging from rate measure- 
ments made under similar conditions. The dendrites 
were free to grow in all directions. 

Figure 1 shows an x-ray Laue transmission dif- 
fraction pattern taken of a copper dendrite 1 or 2 
mm long with several branches, all in one plane. 
The plane common to the stalk and its branches was 
normal to the x-ray beam in each case. The pattern 
shows a sixfold symmetry which is characteristic 
of diffraction patterns of twinned face-centered 
cubic metals for which the (111) twinning plane is 
normal to the x-ray beam. The six Laue spots near- 
est the center of the pattern are 311 reflections. 

Fig. 1. Laue transmission pattern of copper dendrite. X-ray beam 
perpendicular to plane of dendrite. 

Fig. 2. Section through dendrite of Fig. 1 showing boundary 
between growth twins; etchant, ammonium hydroxide with hydrogen 
peroxide. 

Fig. 3. Section through dendrite showing boundary between growth 
twins which extends through branches and main stalk. Section is 
perpendicular to branches and oblique to stalk. Polarized light; 
etchant, ammonium hydroxide with hydrogen peroxide. 

The dendrite was mounted in plastic, sectioned, 
polished, and etched with a solution of dilute am- 
monium hydroxide and hydrogen peroxide. Figure 
2 shows an etched section of the main stalk. It 
shows what appears to be the boundary between 
a pair of crystals in twin orientation and the plane 
of the twinning boundary is essentially parallel to 
the branches of the dendrite. 

Figure 3 shows a similar section of a second den- 
drite grown simultaneously with the dendrite of 
Fig. 1 and 2. This section passes through the main 
stalk and the branches and is essentially perpen- 
dicular to the branches. Here again it appears that a 
twinning boundary extends throughout the den- 
drite, but with a slight displacement. Successive sec- 
tions showed that the displacement disappears as 
the section approaches the junctions of the branches 
with the stalk. 

To summarize, x-ray diffraction and metal- 
lographic examinations of copper dendrites which 
are branched in one plane only show them to be 
twinned with the twinning boundary extending the 
length of the stalks and branches. This appears to 
be an example of a growth twin and one which ex- 
erts a substantial influence on the growth of the 
dendrite. This is to be compared with the apparent 
influence of growth twins in polycrystalline electro- 
deposits of copper (3 ) .  
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Evidence for Oxidation Growth a t  the Oxide-Silicon Interface 

from Controlled Etch Studies 

W. A. Pliskin and R. P. Gnall 
Components Laboratory, International Business Machines Corporation, Poughkeepsie, New York 

The purpose of this paper is to show how a dilute 
selective etch can be used in the study of various 
glass and oxide film systems. We shall show, as an 
example, the details for only one specific applica- 
tion, in particular its usefulness for the study of 
silicon oxidation. Ligenza and Spitzer have shown 
by infrared spectroscopy using isotopic oxygen that, 
with high pressure steam, the oxidation occurs at 
the silicon-silicon dioxide interface (1). The con- 
trolled etch technique described here, is a simpler 
method of showing that oxidation occurs at the 
silicon-silicon dioxide interface with both atmos- 
pheric steam and dry oxygen oxidation. This tech- 
nique depends on the ability of the selective etch, 
consisting of 15 parts hydrofluoric acid (49%), 10 
parts nitric acid (70%), and 300 parts water, to 
etch various type glass and mixed oxide layers much 
more rapidly than silicon dioxide. The selective na- 
ture of this etch, referred to as P etch, is shown in 
Fig. 1. A silicon dioxide film was exposed to a phos- 
phorus diffusion process to form a mixed Si02 + 
P205 layer on top of a pure silicon dioxide layer as 
shown on the left. The film thicknesses1 were meas- 
ured after etching for various times with P etch 
and plotted as shown on the right. The film thick- 
ness measurements were accurate to tens of Ang- 
stroms. 

It is thus seen that the etch rate is much faster 
for the Si02 + P205 layer than for pure Si02, and 
the demarcation is clearly visible. Similar results 
have been observed with various type glasses on 
silicon dioxide, and this technique has been used 

1Thicknesses were measured with Vamfo, an interference micro- 
scope developed for accurate, nondestructive, film thickness meas- 
urements. (2). 
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Fig. 1. Etch rates after exposure of an SiOz film to phosphorus 
diffusion. 

Table I. Etch rates (A/sec) for Pz05-SiOz and SiOz (23'C) 

PsOs-SiOp layer St% 
Thickness. P etch, NHS-HF, P etch, NW-HF, 

A A/sec A/sec A/sec A/sec 

After phosphorus 
diffusion 

A 2960 570 270 1.8 9.5 
B 1940 390 110 - - 
C 1310 220 - - 9.0 

After reoxidation 
(steam at 970°C) 

for studying the penetration of glass films and 
glazes into underlying silicon dioxide films. (3). 

Etch data for phosphosilicate films formed on 
silicon dioxide after exposure to different phos- 
phorus diffusion conditions2 is shown in Table I, 
where we have compared the etch rate of P etch 
with that .of an ammonium fluoride buffer etch.3 
For the purpose of delineation of films, the etch 
rate ratio between the phosphosilicate layer and 
the silicon dioxide layer should be as large as pos- 
sible. For P etch, this ratio is 100 to 300 after the 
phosphorus diffusion, whereas, with the NH4F-HF 
buffered solutions, it is only about 10 to 30, about 
one order of magnitude less. After reoxidation, the 
ratio for P etch is about 10-20 and for NHIF-HF 
it is only 3-4. Thus it is seen that the P etch is 
much better for delineation than is the ammonium 
fluoride buffer etch. 

Table I also shows the thicknesses of the phos- 
phosilicate layer on Si02 before and after reoxida- 
tion. This layer increases in thickness during re- 
oxidation due to further penetration of the Pz05 
into the SiOz, thus diluting the concentration of 
P205 and decreasing the etch rate. At the same time, 
a small quantity of Pz05 outdiffuses resulting in a 
slightly slower etch rate within a few hundred Ang- 
stroms of the outer surface. 

Evidence that the oxidation occurs at the oxide- 
silicon interface is given in Fig. 2. After the phos- 
phorus diffusion, the phosphosilicate layer extended 

a The phosphorus dlfIuaion procgss used PnOs in nitrogen carrier 
gas at either 1050' or 1100.C for various times. 

8 The buRer etch consists of one part hydrofluoric acid to ten 
parts of ammonium fluoride solution which was made by mix- 
ing 1 Ib of NIhF with 680 cc water. 
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Fig, 2. P etch rate before and after steam oxidation 

to the silicon as shown by the lower film thickness- 
etch time plot. The wafer was then oxidized in 
steam at atmospheric pressure for 90 min at 970°C. 
If the diffusing species were silicon, then Si atoms 
would diffuse out through the SiO2 + P2Os layer to 
form the SiOz layer on the outer surface. An etch 
rate plot of such a film should show a slow etch 
rate at the surface and a faster etch rate near the 
oxide-silicon interface. On the other hand, if the 
diffusing species were the oxidizing species diffus- 
ing through the phosphosilicate layer, then the new 
oxide would form at the oxide-silicon interface and 
the phosphosilicate layer would be at the outer sur- 
face. The etch rate plot would then show a fast 
etch rate followed by a slower etch rate correspond- 
ing to that of silicon dioxide. As shown in Fig. 2, 
this is exactly what is observed. It is concluded that 
in steam at atmospheric pressure the oxide forms 
at the oxide-silicon interface in agreement with 
the infrared isotopic studies of high pressure steam 
oxidation carried out by Ligenza and Spitzer. 

Since in dry oxygen the oxidation rates are much 
slower, greater precautions are necessary. These pre- 
cautions consist of limiting the phosphorus concen- 
tration and thickness of the phosphosilicate layer. 
This was accomplished by exposing a 1900A SiOz 
film (on a 0.9 ohm-cm P-type wafer) to a diffusion 
condition which limited the phosphosilicate layer 
above - lOOA of the silicon surface. The film thick- 
ness after the phosphorus diffusion was 2380A. The 
wafer was then subjected to dry nitrogen at 970°C 
for 90 min. The etch rate of this film was found 
to be 100A/sec, and it extended to the bare silicon 
as shown by thermal probe and infrared carrier ab- 
sorption. Since this layer would be too thick for 

X 
ETCH TIME ISECSI 

Fig. 3. P etch rate before and after dry oxygen oxidation 

the subsequent reoxidation experiment, most of the 
phosphosilicate layer was removed by etching for 
16.8 sec in P etch, leaving a 620A phosphosilicate 
film as shown in Fig. 3. The wafer was oxidized in 
dry oxygen at atmospheric pressure at 970°C for 
90 min. The upper plot was obtained by etching for 
various times with P etch.4 It shows the phospho- 
silicate layer on top of a 700A SiOz layer thus 
verifying the hypothesis that dry oxygen oxidation 
also occurs at the oxide-silicon interface. Similar 
results were obtained with various phosphosilicate 
layers and a borosilicate layer containing approx- 
imately 10% B208. 

In conclusion, these results show how a dilute 
selective etch can be used in the study of film sys- 
tems and, particularly, by simple techniques show 
that in thermally oxidized silicon by atmospheric 
steam or dry oxygen, oxidation occurs at the oxide- 
silicon interface. 
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Note on Calcium-Orthovanadate 
L. H. Brixner, P. A. Flournoy, and Keith Babcock 

Pigments, Engineering Physics, and Central Research Departments, 

Experimental Station, E. I. du Pont cle Nemours & Company, Inc., Wilmington, Delaware 

Although calcium orthovanadate Cas(V04)2 has the vanadates of strontium and barium. Therefore, 
been known since 1925, when Tammann (1) ob- the lattice parameters could not readily be derived 
tained it by solid-state reaction between CaO and from powder patterns and required the availability 
VzO5, there is no publication on its structure. One of large single crystals. 
reason for this may be that Ca3(V04)z is isomorphic We have grown single crystals of Cas(V04)~ up 
with neither the corresponding phosphate nor with to 10 cm long and 1.25 cm in diameter by the Czo- 
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chralski (2) technique, employing a 25 kw Westing- 
house radio-frequency generator, 450 kc/sec. An 
automatic radio-frequency voltage controller, regu- 
lating to 2.5%, was used in conjunction with the 
generator. The melt was contained in a 60% Pt-40% 
Rh crucible and the temperature observed with an 
optical pyrometer. The apparent melting point was 
1430°C. An occasional check with a Pt/Pt 13% Rh 
thermocouple indicated that the optical measure- 
ment was about 40°C too low; hence, the true melt- 
ing point is about 1470". 

The starting material was obtained by interacting 
CaC03 with Ca2V20,, which had been prepared by 
precipitation from purified solutions of calcium ni- 
trate and ammonium metavanadate. While Ca2VzO7 
is a distinct lemon-yellow color, Caa(V04)~ in the 
polycrystalline state is practically colorless. The 
pulled single crystals always had a very light 
orange-yellow color, which thus far has not been 
associated with any specific impurity. Spectroscopic 
as well as x-ray fluorescence analysis, in comparison 
with a "glass clearJ' sample of CaMo04, indicated 
only such elements as Sr and Ba present in greater 
quantities than in the absolutely colorless CaMo04. 
X-ray fluorescence analysis gave: CaO, 48.20% 
V2O5 = 52.05% (calc.: CaO, 48.05; V2O5, 51.95) for 
the composition of a grown crystal. 

We suspect, therefore, that the V04C3 group may 
indeed be slightly colored intrinsically. In view of 
the decreasing intensity of color of the neighboring 
isoelectric anion groups, MnO4-l and Cr04-2, this 
conclusion appears quite reasonable. 

X-ray examination by oscillation and Weissenberg 
methods of a section cut from a 10 cm crystal gave 

the following parameters: a, = 8.35A; bo = 10.77A; 
co = 7.OOA; 8 = 95.0". The most probable space 
group is C:, C 2/c. The x-ray density is 3.55 

*a. 

geml-l, which checks closely with the pycnometri- 
cally determined density of 3.49 g.ml-l. 

Pure Ca3(V04)2 does not fluoresce at room tem- 
perature in either 2537 or 36601 ultraviolet radia- 
tion. However, when irradiated at -196"C, yellow 
fluorescence is observed. 

Since the ionic radius of Cat2 is about the 
same as the average of the trivalent rare earths, 
the latter can be readily introduced in the lattice 
of Ca3(V04)~ if electroneutrality is restored by 
compensation with Natl as in the typical compound 
Lnxt3Naxt1Cas-2,(V04)2 or with Tit4 as in a com- 
pound of the general type Ln2xCa3-2x(V1-,Ti,04)2. 

Studies of the fluorescent emission of various rare 
earth ions in Cas(V04)2 will be the subject of a fu- 
ture and more detailed publication. An intense 
fluorescence emission at 1.063~ is observed at 
-196'C from Nd3+ doped Ca3(V04)2 when sodium 
compensation is used. The emission lines are nar- 
rower and fewer in number than those observed for 
neodymium in CaW04 and CaMo04. Experiments to 
produce laser quality crystals of Ca3(V04)~ are now 
under way. 

Manuscript received March 28, 1964. 
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The Preparation of Semi-Insulating Gallium Arsenide 

by Chromium Doping 

G. R. Cronin and R. W. Haisty 
Texas Instruments Incorporated, Dallas, Texas 

The preparation of high resistivity or semi-in- 
sulatingl GaAs has been reported by several labo- 
ratories using a variety of methods (1-12). For ex- 
ample, it has been prepared by compensation in- 
volving copper diffusion, by addition of oxygen, 
by extensive purification, that is, by vertical zoning, 
and by doping with iron, cobalt, or nickel. These 
methods, however, have not been amenable to the 
preparation of material with resistivity as high as 
lo6 ohm-cm by crystal pulling techniques. Attempts 
to pull single crystal semi-insulating GaAs by ox- 
ygen doping at this laboratory have not been en- 
tirely successful mainly due to the formation of ox- 
ides on the melt surface. 

1 The term "semi-insulating" was Arst used by Allen (2) to de- 
scribe materials whose resistivities are so high that the term "semi- 
conductor" seems ina~propriate. For a more Drecise definition. we 
propose for the purpose of this paper to define-as "seml-insulating." 
material whose resisrlvity lles in the range 10'-10c ohm-em. Thls 
range 1s the uDDer half of the 10-r-lOw ohm-cm arbitrary limits be- 
tween conduc<&drs and insulators suggested by Spenke (13). 

Experimental Results 
Our experiments have shown that semi-insulating 

GaAs with room temperature resistivity at lo8 ohm- 
cm can be pulled consistently by doping with chrom- 
ium. The minimum amount of chromium required 
is that concentration which just exceeds the con- 
centration of the usual residual n-type impurities 
such as sulfur, tellurium, or silicon. Only on one 
occasion was low resistivity material obtained after 
the introduction of chromium. This crystal was 
grown before an effective segregation coefficient for 
chromium had been measured and was shown by 
spectrographic analysis to contain a higher than 
normal silicon content. Subsequent crystals were 
grown with chromium contents on the order of a 
few parts per million or less and have all been of 
the semi-insulating variety. 
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Table I. Properties of chromium-doped GaAs at 300°K Table II .  Cr51 in GaAs crystal 217 (3W°K) 

Type 
Cr BY BY 

analysis Re Rn/p Hall ther- 
(ppm (cmJ/ lcma/ coefli- mal 

Crystal by wt) coulomb) v-sec) (ohn!-cm) cient probe 

* Crystal 3-45 inhomogeneous. Two values for Hall coemcient are 
measurements at each end of sample. 

The crystals were all pulled on the (111) direc- 
tion from melts compounded in the crystal puller. 
The details of this apparatus and its manipulation 
have been described previously (14). The chromium, 
in pellet form, was added directly to the gallium 
which was contained in an alumina crucible sur- 
rounded by a Sic-coated graphite susceptor. The 
purity of the gallium was 99.9999% while the ar- 
senic was an equivalent grade made at Texas Instru- 
ments. The total charge weight was about 90g 
which included about 10% excess of arsenic over 
the stoichiometric quantity. The chromium content 
of each charge was between 100 and 200 mg. 

The material was compounded slowly over a 
period of about 1 hr. Crystals were pulled at a 
withdrawal rate of 1.5 in./hr with a rotation speed 
of 25 rpm. The crystals tend to grow in what is ap- 
proximately a tetrahedral shape and up to about 
75% of the charge weight can be pulled. The crys- 
tals were cooled slowly to room temperature and 
their surface which was bright and shiny was ap- 
parently oxide free. Crystals grown under these 
same conditions but without addition of chromium 
have consistently been low resistivity n-type with 
excess carrier concentrations in the low 1016 ~ m - ~  
range. 

Some data taken from a series of chromium-doped 
crystals are shown in Table I. The chromium con- 
tent was obtained by emission spectrographic anal- 
ysis. With the exception of crystal 3-41, referred to 
earlier, all of the crystals are semi-insulating. It 
is interesting to note that while sign of the Hall 
coefficient indicates n-type material in every case, 
the sign of the thermoelectric power determined by 
electrometer measurement indicates p-type mate- 
rial in all cases but one. The same result was ob- 
tained whether contact was made directly to the 
sample or by melting indium dots on the sample sur- 
face at about 375°C. Similar measurements on semi- 
insulating samples which were not doped with 
chromium have consistently checked n-type by 
thermoelectric power in agreement with the sign 
of the Hall coefficient. The difference in conduction 
type as measured by Hall coefficient and thermo- 
electric power for the chromium-doped samples 
would ordinarily be expected to occur only when 
the hole and electron concentrations are nearly 

Cr content 
Rn/# 

RH (cmZ/ 
(em-a) (cm~/coulomb) v-sec) (obi-cm) 

Slice No. 5 1.03 x 1017 9.7 x 1011 1920 5.1 x 108 
Slice No. 5 1.56 x 10'7 1.5 x 1011 395 3.8 x 108 

equal, but due to the large mobility difference be- 
tween holes and electrons in GaAs there is a wider 
range of hole and electron concentrations over which 
this effect can occur, since the mobility ratio enters 
as the square in determining the sign of the Hall 
coefficient. In agreement with this possible explana- 
tion we do find that the Hall mobilities are generally 
low as would be predicted from this model. Another 
possible explanation for this anomalous behavior 
of conduction type would be the existence of small 
n-type regions in the predominantly p-type samples 
which influence the sign of the Hall coefficient due 
to the greater mobility of electrons. This seems un- 
likely, however, in view of the uniform distribution 
of chromium as shown by the autoradiograms. 

In order to measure the effective segregation co- 
efficient and the uniformity of distribution of 
chromium across the diameter, crystal 217 was 
grown with the addition of 211 mg of CrS1 enriched 
chromium in about 83g of material. Approximately 
half of the total melt was pulled. The crystal was 
cut perpendicular to the growth direction into 17 
slices, numbered from top to bottom, and the 
chromium content of each slice was counted. Data 
from two slices near the top and bottom of the 
crystal are shown in Table 11. Again the resistivity 
is in the 108 ohm-cm range while the chromium 
content varies by a factor of about 1.5 between 
these two slices representing total fractions solidified 
of 0.03 and 0.37, respectively. Autoradiograms of 
two of the slices in this crystal show that the dis- 
tribution of chromium across the diameter of this 
particular crystal was very uniform with no ev- 
idence of "faceting" effects. A plot of log C/C, us. 
log (1-X), where C and C, refer to the chromium 
concentration in each slice and the initial melt 
respectively and X is the fraction solidified, yields 
an "effective segregation coefficient" of 6.4 x 

In one instance a larger amount of chromium 
(about 1.5g) was added to the melt to determine 
whether the electrical properties would be affected. 
The resulting crystal, 3-50, had electrical properties 
similar to those containing a part per million or less 
chromium although, as shown in Table I, this crys- 
tal contained at least 400 ppm chromium. This high 
chromium concentration is difficult to reconcile with 
such a small segregation coefficient and therefore 
suggests the presence of a second phase. In this 
case the spectrographic analysis was checked and 
substantiated by wet chemical analysis. Metal- 
lographic examination of a section of this crystal 
disclosed the presence of small inclusions, metallic 
in appearance, which we believe are precipitates of 
chromium or a chromium compound. Attempts to 
confirm their identity with electron diffraction tech- 
niques have not yet been successful. Similar metal- 
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lographic examinations of crystals whose chromium 3. Chromium introduces a deep acceptor, (NAA) 
content are in the low part per million range showed possibly in combination with a defect or other im- 
no evidence of these precipitates. purity which is revealed when NAA > (ND-NA) 

Discussion 
Chromium doping is a convenient and very reli- 

able method for producing semi-insulating GaAs. 
While we cannot as yet with certainty identify the 
mechanism by which this occurs, we can rule out 
some of the possible explanations. 

If chromium introduced a deep donor level one 
should still observe low resistivity n-type material, 
since these crystals would have been low resistiv- 
ity n-type without adding chromium. Thus the 
fact that chromium always produces semi-insulat- 
ing material is an indication that it either introduces 
an acceptor or reduces the donor concentration 
enough to expose a deep level. To test this hy- 
pothesis further, crystal 3-59 was grown doped with 
both tellurium and chromium. Sufficient tellurium 
was added to the charge to produce a crystal whose 
excess n-type carrier concentration should range 
from 1016 ern+ to 1017 ~ m - ~ .  The correct melt con- 
centration had been determined from many previous 
tellurium-doped crystals. An amount of chromium 
calculated to exceed the tellurium concentration at 
the first to freeze portion of the crystal was also 
added. Most of the resulting crystal was again semi- 
insulating, and the electrical data shown in Table 
I11 indicate little if any difference between this 
crystal and those grown doped only with chromium. 
Near the very bottom, this crystal abruptly changed 
to low resistivity n-type, presumably where the 
tellurium concentration exceeded the chromium 
concentration as a result of the limited solubility 
of the latter. Similar attempts to counter dope with 
a shallow acceptor, for example, manganese or zinc, 
in melts containing chromium have not produced 
semi-insulating material (Table 111), although anal- 
ysis of the crystals shows that chromium was pres- 
ent in amounts in excess over other impurities. The 
hole concentrations in the p-type materials ob- 
tained were somewhat lower than expected. This 
effect, possibly the result of complex formation in- 
volving chromium, is under investigation and will 
be the subject of another paper. 

There are at least three other possible explana- 
tions for the role of chromium in GaAs which should 
be considered. 

1. Chromium, by gettering, reduces the concen- 
tration of shallow donors to expose an existing 
deep donor level when ND < NA and NDD > (NA-ND) . 

2. Chromium is a relatively shallow acceptor 
which compensates the shallow donors to expose an 
existing deep donor level when NA > ND and NDD > 
(NA-ND) . 

provided that ND > NA. 
At this time we feel the evidence weighs against 

a gettering action such as has been ascribed to tan- 
talum in the growth of high resistivity AlSb by 
Shaw and McKell (15), for example. The evidence 
they got for this mechanism was a lowering of the 
hole concentration accompanied by an increase in 
mobility with the addition of tantalum, indicating 
removal of scattering centers rather than compen- 
sation. In our case the mobilities in the chromium- 
doped semi-insulating GaAs are much lower than 
expected, and in the low resistivity n-type crystal 
(3-41) which did contain some chromium the mo- 
bility was 2100 cm2/v-sec, also a rather low value 
for pulled crystals with this carrier concentration. 

The next two explanations involving chromium as 
an acceptor are somewhat more plausible. If chrom- 
ium were a relatively shallow acceptor it would actu- 
ally be a secondary cause of semi-insulating material, 
the primary cause being a deep level already pres- 
ent. In support of this explanation is the fact that 
plots of log resistivity vs. reciprocal temperature for 
several samples of chromium doped material show 
slopes corresponding to energies ranging from 0.73 
to 0.80 electron volts. This is remarkably close to 
that reported for semi-insulating GaAs which con- 
tained no chromium (4, 5). However, calculations 
have shown that if the deep level already present 
is a donor, chromium, as a shallow acceptor must 
compensate the donors present rather exactly. Since 
we expect some variation in both shallow and deep 
donor concentrations, it seems unlikely that we 
would obtain such consistent results, unless some 
automatic compensation mechanism as discussed by 
Allen' (2) were operative. 

Chromium as a deep acceptor would not require 
such close compensation and perhaps is a more 
straightforward explanation. A deep level is cer- 
tainly present and chromium behaves as if it were 
an acceptor. The exact location of the chromium 
level however is still uncertain and will require 
further investigation, possibly luminescence, photo- 
conductivity, and infrared absorption measurements. 

Regardless of the exact nature of the mechanism 
involved, the preparation of semi-insulating GaAs 
by chromium doping has several advantages: 

1. The doping can be carried out easily in vertical 
crystal pulling equipment and thus provides a 
source of large single crystals of controlled orienta- 
tion. 

2. Under reasonable precautions which maintain 
purity, the doping concentration which achieves 
semi-insulating material is not a really critical 

Table Ill. Properties of Cr-doped GaAs counter-doped with 
factor, it being necessary only to exceed the con- 

Te and Mn, at  3W°K centration of the usual residual n-type impurities. 
- 
Crys- Analysis Re (d/ Rn/p l/Ree 
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Polycrystalline Silicon Films on Foreign Substrates 

W. J. McAleer, M .  A. Kozlowski, and P. I. Pollak 
Electronic Chemicals Department, Merck Sharp & Dohme Research Laboratories, Rahway, New Jersey 

Layers of silicon with crystallites up  to 0.3 x 0.7 
cm were prepared on graphite by a zone melting 
technique. Vapor deposition of silicon on foreign 
substrates by a chemical decomposition reaction 
(1, 2) yields layers with very small crystallites 
ranging from 2 to 200p across (Fig. 1). Substantial 
increases in the size of the crystallites (Fig. 2) can 
be realized by passing a molten zone through the 
deposited layer and effecting a controlled recrys- 
tallization in the layer. The zone melting is ac- 
complished using a 2.5 k w  r.f. generator as power 
source, and the melting step is carried out in argon. 
Although the initial deposition step can be carried 
out with virtually any graphite, the melting step 
was much more critical in this regard. A variety of 
graphites were tested and found wanting, due to 
penetration of the molten silicon into the substrate 
which produced fractioning of the support. A graph- 
ite' with a scleroscope hardness of 72 and moderate 

density (1.65) was found to react with molten sil- 
icon a t  the graphite surface forming a S i c  film. 
Residual silicon remained on the surface forming a 
semiconductor layer. 

All graphites tested produced silicon layers with 
varying acceptor (p-type) levels undoubtedly due 
to group I11 impurities in the graphite. To produce 
uniformly and heavily n-doped layers the graphite 
slabs were pretreated with P2O5 in methylcello- 
solve. Employing this technique, layers could be 
produced with the following characteristics: n-type, 
1-2 ohm-cm resistivity, p = 190 cm2 v-I sec-' and 
T = 0.5-1 psec. The very low mobility presumably 
arises from the general imperfection and contam- 
ination of the layers. 

Preparation of Devices 

Mesa diodes.-To the polycrystalline silicon layer 
was applied a solution of Bz03 in cellosolve (50%), 

1 United carbon-UT I. and the layer was inserted into a quartz diffusion 

Fig. 1. Photomicrograph of surface of vapor deposited silicon Fig. 2. Photomicrograph of zone melted silicon layer showing 
layer on graphite. Magnification. enlarged crystallites. Magnification. 
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Fig. 3. Reverse currents as a function of mesa diode area 

apparatus. The assembly was purged with N2 for 
15 min, closed off, and inserted into a Globar fur- 
nace set to 1523OK. Diffusion was continued for 17 
hr. The assembly was removed from the furnace 
and allowed to cool to room temperature. 

The layer was treated with hydrofluoric acid for 
30 to 60 sec to remove a neutral glass-like film 
which forms during the diffusion operation. Fol- 
lowing this operation the silicon was thermally 
probed and was found to be strongly p-type, dem- 
onstrating that boron diffusion had occurred. The 
freshly etched surface was covered with 1-2 mm 
dots of an acid resistant wax (Apiezon W) dissolved 
in toluene, and the layer was exposed to an IR heat 
lamp to drive off the solvent leaving the dry wax. 
The assembly was etched in modified CP-4 (5HNOs 
: 3HF : 3HOAc) for 1 to 2 min and immediately 
quenched in distilled water. The wax was removed 
from the etch produced mesa with toluene, and the 
layer was finally washed with distilled water and 
air dried. Reverse characteristics were measured 
dynamically using an oscilloscope. The mesas ex- 
hibited PIV's ranging from 40 to 90v with leakage 
currents as low as 100pa. In the forward direction 
mesas 2 mm in diameter (0.03 crn2) were found to 
pass 1.2 amp at lv. This would be equivalent to 
> 30 amp/cm2 at lv. 

The mesa area was found to affect critically the 
reverse characteristics of the diode. Figure 3 is a 
plot of reverse current (leakage) us. area for four 
mesas formed on one layer of polycrystalline sil- 
icon. Leakage current varied from 150 pa for a mesa 
of 0.0075 cm2 to 600 pa at 0.05 cm2. Mesas larger 
than 0.05 cm2 gave progressively poorer reverse 
characteristics, and at an area of 0.2 cm2 rectifica- 
tion was virtually eliminated. 

Photovoltaic cells.-The silicon on graphite piece 
was placed in a quartz apparatus which was evacu- 
ated to 1 mm Hg pressure. Gaseous BCla was intro- 
duced into the system pressure of 150 mm Hg, and 

Fig. 4. Voltages and currents of photovoltaic diodes a t  various loads 

the sealed ampule was inserted into a Globar fur- 
nace held at 1323°K. The diffusion was continued 
for 5 hr. Following the diffusion the assembly was 
removed from the furnace and allowed to cool 
naturally to room temperature. The piece was cut 
into several 1 cm2 sections, and the edges were 
abraided and etched (CP-4) to avoid short-circuit- 
ing of the p-layer to the graphite contact. Edge 
contacts were provided to the p-layer by chemically 
plating nickel strips on the upper surface taking 
care to leave the largest portion of the layer free 
for illumination. 

Leads were then provided from the photovoltaic 
cell to a Triplett multimeter (Model 630-NA) and 
various resistors were inserted in the circuit in 
parallel with the cell to enable one to examine the 
performance of the cells under different loading con- 
ditions. Figure 4 shows the results obtained with 
3 polycrystalline cells and a standard single crys- 
tal cell (-9% efficient). The current-voltage char- 
acteristics were determined at 100, 50, 30, 15, and 
10 ohms resistance under identical illumination con- 
ditions (100 watt lamp mounted 12 cm from the 
cell). Referring to Fig. 4, it can be seen that the 
power output (IxV) of the polycrystalline cells 
most closely approaches the single crystal cell at 
high loads (100-50 ohms) and thereafter falls off 
very rapidly. The maximum power output varies 
for each cell illustrated in Fig. 4 falling at  around 
15 ohms for cell No. 69B (6.5 mw/cm2) and approx- 
imately at 30 ohms for cell No. 77A (3.1 mw/cm2). 
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A Kinetic- Study of the System Si-SiCI, 
R. R. Monchamp,' W. J. McAleer? and P. I. Pollak2 

Electronic Chemicals Division, Merck & Company, Incorporated, Rahway, New Jersey 

As an adjunct to the development of epitaxial 
programs several investigators have reported upon 
the kinetics of the hydrogen reduction of SiC14 
(1-4) and SiC13H (5, 6). In all of these studies flow- QUARTZ SPRING 

type systems of one or more designs were used QUARTZ FIBER 

and, with the exception of Bylander's work, no di- 
QUARTZ REACTOR 

rect study was made of the etching reaction. TC WELL 

Si(s) + SiC14(g) = 2SiC12(g) [I] 
SI WAFER 

FURNACE 

Schafer (7) has studied the Sic4-Si system to 
determine the equilibrium constant as a function 
of temperature by means of a manometric method. u 
From his equilibrium experiments Schafer con- Fig. 1. Lor  pressure static system apparatus used to study 
cluded that the only important gaseous species in SiCI4-Si kinetics. 
equilibrium with solid silicon were SiC14 and SiCl:, 
over the temperature range 1125"-1300"C. No study lems and variables associated with flow-type re- 
of the equilibrium of the SiCl4-Hz-Si system, i.e., actors. considering all possible reactions which 
the hydrogen reduction of SiC14 could be studied the simplest reaction, [I], was 

SiCL(g) + 2Hz(g) = Si(s) + 4HCl(g) [2] used as a starting point, and it is the-kinetics 
of this reaction which are reported in this paper. 

has ever been reported. However, sufficient thermo- 
dynamic data are available to calculate equilibrium Exaerimental 
constants. 

In their studies Theuerer (1) and Steinmaier (4) 
have shown that, as the ratio of SiC4/H2 increases, 
the rate of deposition increases to a maximum and 
then decreases until the rate actually becomes nega- 
tive. Considering the work of Schafer it is reason- 
able to assume that the observed deposition rates 
are actually the net rate for two competing reactions 
[I] and [2]. Such a situation would explain the 
observed maximum and final negative rate, al- 
though no attempt has been made to modify the 
reduction data in these terms. 

Second, because of the nature of flow systems the 
results of these investigations can only be interre- 
lated by means of a system variable. Heinecke and 
Ing (8) in their study of the etching rates of ger- 
manium by elemental iodine found that they could 
not get reproducible kinetic data using an atmos- 
pheric flow type reactor. As a result they resorted 
to a low-pressure system from which they obtained 
"true kinetic data." 

Similar results were obtained in this laboratory 
in some initial experiments. Using helium as a car- 
rier gas for the Sic14 an activation energy of -5 
kcal was obtained which indicated that a mass 
transport phenomenon was the rate-controlling step. 
Furthermore, it was observed that the etch rate 
was significantly affected by the wafer orientation 
in the reactor. Therefore in order to investigate the 
SiC14-SiClsH-H2 kinetics systematically, a low-pres- 
sure static system was devised to avoid the prob- 

1 Present address: Airtron. Division of Litton Industries, Mor- 
ris Plains. New Jersey. 

'Present address: Merck Sharp & Dohme Research Laboratories, 
Division of Merck & Company. Inc. 

- ~ r - ~ ~-~ 

The apparatus as shown in Fig. 1 was constructed 
from Pyrex glass with the exception of the reac- 
tor itself which was made of quartz. The pumping 
stage consisted of a fore pump, diffusion pump, and 
liquid nitrogen-cooled trap. The thermocouple and 
ion gauges were NRC types 501 and 518, respec- 
tively. The furnace was constructed from an Alun- 
dum core and heavy Nichrome winding. The tem- 
perature was measured with a Pt-Pt: 13% Rh ther- 
mocouple seated in a well within the reactor and 
with a L&N potentiometer for reading the emf. In 
setting up the reactor the thermocouple was posi- 
tioned opposite the center of the wafer. 

In operation silicon wafers which had been me- 
chanically lapped with 600 mesh aluminum oxide 
were chemically polished with CP-4 etchant, 
washed, rinsed with absolute methanol, and dried 
in the reactor under vacuum. The wafers were 8 
mils thick and 20 mm in diameter, having a 1 mm 
hole just off center for suspension. In this series 
only < I l l >  r 1/2" oriented wafers were used, and 
they were p-type, 89-116 ohm-cm. The wafer was 
suspended from calibrated quartz spring (Worden 
Laboratory) by means of a thin quartz fiber. The 
springs had sensitivities of 5-7 mg/mm. The system 
was evacuated to ca. 2 x 10W4 Torr and then 0.5 
atm of high-purity' dry hydrogen was admitted to 
the reactor chamber. The furnace was then raised 
and the wafer heated in the hydrogen atmosphere 
for 1 hr. The system was evacuated again to 2 x l o p 4  
Torr. Sic4 was then admitted to a pressure of 30- 
260 Torr, and the spring displacement was measured 
by means of a cathetometer as a function of time. 
Two sets of experiments were performed, one to 
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determine the pressure dependency at a particular 
temperature and the other to determine the tem- 
perature dependency at a particular pressure. 

Since the upper part of the reactor is much colder, 
the reverse reaction 

takes place in the cooler portions just above the 
furnace. By means of reaction [3] SiC14 is continu- 
ously being generated and can migrate to the silicon 
surface again to be reacted with it. As a conse- 
quence of these reactions [I] and [3] the reactor 
operates under steady-state conditions. The slope 
of the line of a plot of weight loss us. time is the 
rate for that SiC14 pressure and temperature. For 
most of the runs only 5-10% of the total wafer 
weight was consumed with no reduction in wafer 
diameter being noted. 

Discussion 
Unlike the decomposition reaction of SiC14, where 

the question has been raised as to whether or not 
the reaction occurs on or just near the silicon sur- 
face, the etching reaction must involve the silicon 
surface. The SiC14 pressure dependence for this 
reaction can be written most simply as follows 

wliere R is the rate, K a constant, p the SiCI4 pres- 
sure in the system, and n is the pseudoreaction 
order. 

Figure 2 shows a log log plot of the pressure us. 
rate data from which the slope of the line or n has 
been determined to be one-half. The equation de- 
rived from the data is 

where R is expressed as at./cm2 sec and p is in 
atmospheres. 

An interpretation of the observed results is that 
the surface is partially covered by adsorbed reactant 
molecules since the value of n is one-half. For a zero 
order reaction, one which is pressure independent, 
n would thus equal zero indicating complete sur- 
face coverage by adsorbed reactant molecules. The 

16.5 "I -15 -1.4 -1.3 -1.2 -1.1 -1.0 -0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 

LOG PSiCl.(otml 

other case which might have been anticipated is 
that the surface would be bare or sparsely covered 
by reactant molecules, in which case the reaction 
would be expected to demonstrate a first order-type 
pressure dependency, and the value of n would be 
one. Thus, the conclusion, based on an intermediate 
value of n, must be that the surface is partially 
covered by adsorbed molecules. This value of n 
should then vary with temperature and approach 
one at higher temperatures where adsorption de- 
creases and conversely approach zero at lower 
reaction temperatures. An alternate interpretation 
of the results rests in the possibility that the re- 
action products, SiClz molecules, may be involved 
in the rate-determining step. In this case the re- 
action is retarded by the adsorbed products strongly 
held on the surface. 

The general rate equation which may then be 
written is 

If it is assumed that equilibrium conditions are 
approached near the surface of the wafer, then the 
equilibrium expression 

may be solved for Psicb and this quantity substi- 
tuted in the rate equation to give the following 
rate expression 

This alternate approach is in excellent agreement 
with the observed rate-pressure dependency. 

The assumption of near equilibrium attainment 
close to the surface is not unreasonable when it is 
considered that the system is a static type in which 
the products must diffuse or be convected to the 
cold regions rather than be swept away by fresh 
unreacted gases. 

Fig. 2 Log rate vs. log Psic~ plot for etching study a t  lllO°C; 
rate = 1.41 x 10'7 ~ 0 . ~ 9 ;  T = llO°C. 

Fig. 3. Arrhenius plot of rate data a t  Pslcu = 112 Torr; rate = 
1024.5 e-49.1001RT. 
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Epitaxial Growth of Silicon Carbide 
R. W. Brander 

Central Research Laboratories, The General Electric Company Limited, 

Hirst Research Centre, Wembley, England 

Single crystal silicon carbide is normally grown 
by the vapor phase sublimation technique, devised 
by Lely (1). This requires the use of very high tem- 
peratures, usually 2500°C, and a cavity, at least 
partially closed, in order to retain silicon vapor. 
Elaborate heat shields and accurately designed 
heaters are required to obtain the close control of 
temperature gradient necessary for the growth of 
flat platelets of single polytype. 

Silicon carbide consists of layers of tetrahedrally 
bonded silicon and carbon atoms, stacked in such 
a way as to give cubic, rhombohedral, and/or hex- 
agonal symmetry. The c-dimension of the hexagonal 
unit cell in the various polytypes depends on the 
exact number of layers necessary for the arrange- 
ment to repeat itself. 

In order to obtain good quality growth it is es- 
sential to control the furnace conditions so as to 
produce only a slight supersaturation of the am- 
bient, thus allowing the material striking the sur- 
face to migrate to lattice sites rather than nucleate 
to form new crystals. Too low a degree of satura- 
tion will allow the crystal surface to decompose. 
With a binary compound it is also necessary to pro- 
vide the correct quantities of the two elements. An 
excessive quantity of one species settling on the 
surface will tend to result in the formation of in- 
clusions in the grown layer. 

The necessary vapors can be produced either by 
decomposing silicon carbide, or by cracking com- 
pounds such as SiCh and CC14, or by vaporizing the 
elements silicon and carbon. The first mentioned 

method resembles closely the vapor phase growth 
technique of Lely and has been used by Hergen- 
rother et al. (2) .  It did not offer sufficiently vari- 
able conditions for the present experiments. The sec- 
ond method is similar to that used in the growth 
of 8-silicon carbide or in silicon epitaxy and ap- 
pears to require the presence of hydrogen. The third 
method is simpler to use and most variables can be 
altered independently, hence this technique was 
employed. 

Material Preparation 

Hexagonal silicon carbide crystals grown by the 
vapor phase technique were used throughout this 
work. The crystals were either obtained from the 
Norton Co., Arendal Co., or were grown in this 
Laboratory (3) by a technique similar to that de- 
scribed by Lely (1). Both flat parallel sided plate- 
lets and bulky crystals with one terraced face were 
used. Lapping, polishing, and etching were carried 
out as required. 

The structure of silicon carbide results in opposite 
{0001} crystal faces being terminated in different 
atomic layers. It has been observed by Faust (4) 
and others that these opposite faces etch differently, 
one face exhibiting hexagonal pits while the other 
becomes "wormy." In this work the crystal face 
which exhibits the hexagonal pits will be referred 
to as the "p" face, and other as the "q" face. The 
growth on both {0001) faces was studied and the 
effect of substrate quality on the perfection of 
growth examined. Surfaces with various degrees of 
flatness were obtained by either lapping with 800 
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Fig. 1. Schematic diagram of furnace 

Norbide, polishing with 1200 alumina or lp  diamond, 
or chemically etching in 50% KOH/KNO3 or NaOH. 
The untreated surfaces of flat platelets grown by 
the vapor phase technique were also examined as 
substrates. All substrates were chemically cleaned 
before use to remove oxide, etc. 

Crystal polytype and perfection were determined 
prior to growth by x-ray techniques and by etching 
to ascertain the etch pit density. The latter was car- 
ried out by etching in either NaOH, Na2C03 or 
borax at temperatures in the range 800"-1000°C. 
Two types of hexagonal pit can be observed, flat 
bottomed pits due to macroscopic imperfections at 
the surface, and tapering pits which occur where 
dislocations intersect the surface (5). The densities 
of these untruncated pits found on our seed crystals 
varied from 10 to lo3 per cm2. The grown layers 
were similarly investigated for perfection. 

Growing Technique 

The furnace (Fig. 1) consisted of a long graphite 
tube of 3/4 in. bore and 12 in. long heated by the 
passage of a high current. The crystal substrate was 
situated in or near the hottest part of the tube, the 
temperature of which could be varied up to 2700°C. 
The crystal surface was allowed to radiate freely 
to the ends or to the walls of the tube. The silicon 
source was contained in a boat of high density 
graphite situated in the cooler part of the tube in 
a position which could be controlled externally but 
was often fixed prior to the run. The vapor pressure 
of Si in the tube could thus be controlled within 
the range 10-4-10-1 mm Hg. 

Carbon vapor was supplied from the walls of the 
tube and the necessary vapor pressure above the 
specimen controlled by adjusting the position of 
the specimen and the maximum temperature of the 
tube. Carbon vapor pressures in the range 10-6-10-2 
mm Hg could be obtained in the absence of silicon. 
The vapors were carried over the specimen in a 
stream of argon at a rate of 0.05 to 1 liters/min. The 
degree of supersaturation above the crystal was 
regulated either by increasing the tube and source 
temperatures or by altering the position and tem- 
perature of the substrate. The exact nature of the 
molecular species transported was not determined, 
but it is most likely to consist of Sicz and Si2C and 
Si ( 6 ) .  

The crystal substrates were mounted in a high 
density graphite holder in such a manner as to ex- 
pose only one face to the vapors. In this way the 

growth on individual faces could be investigated 
without any influence from the other face either 
during the run or in subsequent measurements. 

A number of experiments were performed in 
which one single crystal was broken in two and 
then mounted in such a way that the same crystal- 
lographic face was turned towards the gas flow and 
away from it. 

A similar arrangement was also employed in or- 
der to ascertain the growth rates on different crys- 
tal faces. In this case the crystal was broken and 
then mounted so that opposite crystallographic faces 
were facing the same direction with respect to the 
gas flow. 

Results 
Initial growth runs indicated that it was necessary 

to have the temperature of the carbon source about 
600"-800°C higher than that of the silicon source 
in order to prevent the formation of silicon globules 
on the growing surface and silicon inclusions in 
the grown layer. It would appear from published 
vapor pressure data that this temperature difference 
ensures approximately equal vapor pressures from 
the two sources. 

Growth rates.-The rate of growth of silicon car- 
bide layers was found to vary with the orientation 
of the crystal in the furnace. Fastest growth was 
observed when the gas stream was directed onto the 
crystal face. The rate of growth fell off rapidly 
as the crystal was rotated towards the tube wall 
and was approximately 1/5th of the fastest rate 
when the crystal face was parallel to the direction 
of flow. Growth on the face shielded from the gas 
stream was slower still, being about l/lOth that 
of the fastest rate. 

Growth rate could be easily varied by altering 
the various parameters of the system and rates 
from 0.05 to 5 p/min were examined. Growth of 
5 p/min was achieved with the substrate at a tem- 
perature of 2200°C facing a gas flow of 500 cc/min, 
with silicon and carbon source temperature of 1800" 
and 2500°C, respectively. In this case the vapor 
pressures of the two elements would be of the order 
of mm Hg. It was found that suitable reduc- 
tion of the various temperatures and flow rate could 
produce any desired growth rate below this value. 
The above temperatures were measured optically 
and have not been corrected for emissivity. 

Fig. 2. Interference patterns on Sic epitaxial layer (slow growth 
rate). Magnification approximately 20X. 
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Fig. 3. Growth features on Sic epitaxial layer (fort growth rate). 
Magnification approximately 50X. 

The above growth rates were measured on the p 
crystal face. The rate growth on the opposite (0001) 
face was also examined and this was found to be 
approximately half that of the growth rate on the 
p face under identical conditions of growth and 
substrate preparation. This fast growing face has 
also been observed to etch faster than face q (I).  

Quality of growth.-Examination of the grown 
layers under a polarizing microscope, magnification 
500X, showed that the three smooth substrates ob- 
tained with polished, etched, or untreated platelets 
produced layers of similar appearance when grown 
under similar conditions. At rates of 0.5 C/min or 
less it was found possible to grow layers on sheltered 
crystal faces which were flat to better than 1000A 
over an area of a few square millimeters (Fig. 2). 
Some areas had an irregular stepped structure of 
the type shown in Fig. 2b. Faster growth rates, ex- 
posure to the direct gas stream, or a rough sub- 
strate surface, resulted in uneven growth, an ex- 
treme example of which is shown in Fig. 3. Here 
the surface is composed of "hills" ranging up to 
0.3 mm across and 10p high. 

The quality of growth was also investigated by 
etch pit studies. Observations showed that layers of 
the type shown in Fig. 3 had extremely large dis- 
location densities compared with that of the original 
crystal and often exceeded 103/cm2. The slowly 
grown flat layers showed appreciably fewer etch 
pits, the density being of the same order, or slightly 
greater than that on the seed. 

X-ray examination of the grown layers showed 
that they were of a single polytype without any ob- 

servable random stacking disorder. For growth tem- 
peratures above 1900°C the polytype was always 
identical to that of the seed crystal for the polytypes 
investigated, namely 4H, 6H, 15R, 33R, and 51R. The 
polytype of layers grown at lower temperatures was 
not so easily reproduced and a few layers of different 
polytype to the seed were observed. In all cases 
the layers were found to be single crystals over the 
whole area of the seed. 

Conclusions 
The experiments described in this paper show 

that good quality single crystal layers can be grown 
on silicon carbide seeds by a simple vapor phase 
technique without the need to obtain pure polycrys- 
talline silicon carbide starting charges, or the neces- 
sity of cracking volatile compounds. 

Good quality growth can be achieved at rates of 
0.5 s/min as long as the vapor stream does not im- 
pinge on the growing face. With an impinging va- 
por stream rates of less than 0.1 p/min are neces- 
sary to produce relatively smooth surfaces. 

Layers grown above 1900°C show perfect poly- 
type reproduction of the substrate. Below this tem- 
perature the polytypism is often different to that 
of the seed, and if the temperature is sufficiently 
low polycrystalline cubic material may nucleate. 
Since the various crystallographic modifications are 
known to have different energy gaps, their controlled 
growth could be used as a method of producing 
heterojunctions. 

It was also observed during these experiments 
that opposite (0001) faces grow at a markedly dif- 
ferent rate under identical conditions of prepara- 
tion and growth. In this case the hexagonal pitted 
face, which etches fastest in molten KOH/KN03, 
was the fast growing face. 

Manuscript received Aug. 12,1963. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1965 JOURNAL. 
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Ta,Os Films Formed with Nonsteady Potentials 
D. A. Verrnilyea 

Research Laboratory, General Electric Company, Schenectady, New York 

This note reports two characteristics of anodic voltage or a pulsating direct voltage to a cell con- 
Ta205 films formed with nonsteady potential and taining platinum and tantalum electrodes immersed 
an observation of a new type of film formed with in any of several aqueous solutions. Such films are 
alternating potential. The first characteristic of films thinner for a given peak formation voltage than 
formed with nonsteady potential is observed for films formed at a steady voltage equal to the peak 
films formed by applying either an alternating voltage. For example, films were formed by apply- 
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ing half-wave rectified 60 cycle alternating voltage 
to a cell shunted by a resistance which reduced the 
potential to zero between pulses. The formation field 
(voltage applied 2 min) was 0.077 v/A, while the 
corresponding value for films formed 2 min at a 
steady voltage was 0.0625 v/A. If the pulsating 
potential was applied for 1 hr the field was 0.0726 
v/A, while for steady voltage it was 0.053 v/A. The 
platinum potential measured against the saturated 
calomel electrode was +0.3v and did not change 
with either the pulsating or steady potential. With 
an alternating voltage of 10v maximum the field 
was about 0.08 v/A. Films formed by one type of 
potential (for instance pulsating) to one thickness 
and then formed further with the other type of 
potential (for instance steady) had a formation 
field characteristic of the ika l  type of potential. 

The second characteristic is that films formed with 
nonsteady potential dissolve more slowly in hydro- 
fluoric acid. For example films formed with either 
pulsating direct potential or alternating potential 
dissolved in 50% HF at about 12.5 A/sec. Films 
formed one way and then another showed dissolu- 
tion at a rate characteristic of the final type of for- 
mation. 

Both of these characteristics, slower attack by 
HF and the requirement of a higher field for ion 
motion, are characteristic of films which have been 
annealed after formation (1, 2). Such annealing 
occurs even at room temperature and is accelerated 
by applied fields smaller than those required for 
ion motion. It is suggested that films formed with 
nonsteady potential are annealed during the por- 
tions of each cycle when the field is within the 
range of 100-75% of the maximum field. 

When alternating potentials are applied in certain 
solutions a new type of film is formed. The solu- 
tions in which this phenomenon occurs are those 
containing alkali ions at fairly high concentrations. 
For example, with a 1M lithium chloride solution 
and an alternating potential of 10v maximum (20v 
peak to peak) the film formed on a Y4xl in. tan- 
talum coupon showed several orders of interference 
colors indicating thicknesses varying from IOOOA 
to 3500A (at 10v a film formed at constant voltage 
was -160A thick). The figure shows a black-and- 
white photograph of the specimen; the colors indi- 
cated a thicker film at the edges where the current 
density was highest. Indeed, a high current density 
favors the effect, for in tenth molar solutions the 
effect was greatly reduced. Similar effects occur 
with lithium solutions containing other anions and 
is somewhat more pronounced in the order Nos-< 

Fig. 1. Tantalum oxide film farmed with an alternating pa- 
tential af 10v maximum. 

C1-<C104-, possibly because of differences in the 
conductivities of the various solutions. Greater dif- 
ferences exist among the alkali cations, the effect 
increasing in the order Rb + .-K + <Na + <Lit. In 
NH4Cl, KCHsCOO plus 0.5M CHsCOOH, MgzSO4, 
(C2H5)4NC1, and in solutions of Li+ or K t  at pH 
< -0.5 the effect is absent. Apparently a condition 
for the occurrence of this phenomenon is the de- 
velopment of a high pH at the electrode surface 
during the portion of the cycle when tantalum is 
negative. In solutions containing buffers (NH4+, 
acetic acid) or in solutions in which high pH cannot 
be reached because of precipitation of a hydroxide 
(Mg + + ) or ion decomposition [ (CzH5) 4N + 1 the 
effect is absent. The capacitance of both the multi- 
colored films and those formed in buffered solu- 
tions is the same and corresponds to a film about 
160A thick. These multicolored films dissolve com- 
pletely on immersion for 2 sec in 50% HF. Underneath 
the multicolored film is a thin film which etches at 
the 12.5 A/sec characteristic of films formed with 
pulsating potential. No such multicolored films were 
formed during pulsating direct potential formation. 

Probably the anodic oxidation in the very high 
pH solution at the surface immediately following 
the half cycle in which the tantalum is negative 
forms soluble tantalates (3). As the pH falls these 
tantalates would hydrolyze to give Taz05 which 
would precipitate on the electrode. Such Ta205 
would probably be gelatinous or porous and is 
evidently an electrical conductor rather than a di- 
electric. The properties of these multicolored films 
resemble strongly those of films formed during il- 
lumination with ultraviolet light (4) .  

Manuscript received Dec. 11,1963. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1965 JOURNAL. 
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Orientation of Stacking Faults and Dislocation Etch Pits 

W. K. Liebmann 
IBM-Laboratories, Boeblingen. Germany 

Sic  crystallizes in several modifications which 
exhibit either hexagonal, rhombohedral, or cubic 
crystal symmetry. All crystal modifications are 
identical with respect to their nearest neighbor ar- 
rangement and differ only with respect to the stack- 
ing sequence of Sic-tetrahedra in the direction of 
the hexagonal crystal axis (1). Epitaxial growth 
of one Sic modification on another along a plane 
normal to the hexagonal axis is thus possible with- 
out the incorporation of too many lattice defects 
at the interface. 

In the preparation of Sic-single crystals by the 
Lely method (2) it is often found that hexagonal 
a-Sic crystals possess a thin epitaxial coating of 
cubic &Sic. Fused salt etching (3) and subse- 
quent optical microscopy have revealed markings in 

these cubic layers which are reminiscent of the 
stacking faults in epitaxial Si (4, 5),  and which will 
consequently be called stacking faults below. Figure 
1 shows an example of such a stacking fault triangle 
on a (111) 8-Sic surface. All closed stacking fault 
triangles on a specific crystal are of the same size, in- 
dicating that the stacking faults nucleate at the sam- 
ple depth, evidently at the a-8-interface. Aside from 
stacking fault triangles straight line segments are 
found, as shown, e.g., at A in Fig. 2. These segments 
probably correspond to two very closely spaced 
extrinsic-intrinsic stacking fault pairs as found by 
Finch et al. (4) in epitaxial Si. 

Triangular dislocation etch pits are formed at the 
corners of the stacking fault triangles and at the ter- 
mination points of the straight stacking fault seg- 
ments, marking the intersection points between the 
connecting stair-rod dislocations and the { I l l )  ob- 
servation plane. Figure 3 demonstrates that both ex- 
trinsic and intrinsic stacking faults are possible. 
The two interacting stacking faults do not annihilate 
along their junction, but form a new fault terminat- 
ing on both sides with dislocations. 

It is interesting to note that the orientation of the 
stacking fault triangles and the triangular disloca- 
tion etchpits is reversed, even though both intersect 
with the (111) observation plane along <110> di- 
reactions. This means that either the stacking faults 
or the side faces of the dislocation etch pits do not 
consist of { I l l )  planes. 

In the zincblende structure, the lowest energy 
Fig. 1. Stacking fault triangle in @-Sic. Thickness of the epitaxial plane which can lead to a stacking fault or an etch 

laver: 1 0 ~ ;  etched with N a N 0 2  + 10% Nap02 a t  500°C for 10 min. pit of opposite orientation from a (111) fault is 
the (311) plane. There are three sets of (311) planes 

Fig. 2. Straight line stacking fault segment a t  A Fig. 3. Two interacting stacking fault triangles 

885 
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Table I. Possible orientations of etch pits and stacking faults 

Etch pit Stacking fault h/a For stacking 
orientation orientation fault pyramids 

A (311) 29" plane { I l l )  0.81 
B {311) 79" plane { I l l )  0.81 
C { I l l )  (311) 29" plane 0.16 
D { I l l )  {311) 79" plane 1.6 

intersecting with the { I l l )  observation plane with 
intersection angles equal to 29" 30', 58" 31', and 
79" 59'. Out of these three sets of planes only the 29" 
30' and the 79" 59' planes are inclined opposite to 
the corresponding { I l l )  plane and can thus form 
etch pits or stacking faults of the opposite orienta- 
tion. Only these two planes intersect with the (111) 
plane along a <110> direction, while a pyramidal 
defect formed by three 58" planes would be slightly 
misoriented with respect to a (111) defect. 

Assuming that the (311) plane is involved in the 
formation of the observed defects, the configurations 
listed in Table I are possible. The stacking fault 
orientations can be easily tested by computing the 
altitude "h" of the various possible stacking fault 
pyramids from their altitude to base ratio, h/a, 
and comparing it to the thickness of the epitaxial 
8-Sic layer. The values for (h/a) are also listed 
in Table I, and it can be seen that they are suffi- 
ciently different to use this method of differentia- 
tion. The thickness of the epitaxial layers was meas- 
ured by angle lapping and subsequent etching, and 
in all cases very close agreement between the h/a 
ratio for a (111) stacking fault pyramid and the 
measured layer thickness was obtained. This estab- 
lishes that the stacking fault planes are parallel to 
{ I l l ) ,  eliminating possibilities C and D. B would 
lead to a very steep etch pit, with a depth to side 
length ratio of 1.6, if the etch pit sides are not ter- 
raced. A, on the other hand, would lead to a very 
shallow etch pit, with a depth of side length ratio of 
0.16. This ratio is actually found when measuring 
the depth of the etch pits by focussing a light micro- 

the etch pit side actually corresponds to a lattice 
plane or whether it is terraced. 

The formation of etch pits involving {311) planes 
can be understood if one uses the same criteria for 
the etching process which Sangster (6) developed 
to determine the most favorable growth direction. 
Following his arguments, the greatest etching rate 
will not occur in crystallographic directions normal 
to the most stable plane, but in directions normal 
to planes where the removal of individual atoms 
will not alter the net number of "dangling" covalent 
bonds, so that the formation of the first hole in a 
perfect crystallographic plane will not represent a 
serious energetic problem. In the zincblende lattice 
the {311) plane is the lowest energy plane where 
this condition is satisfied. 

It is interesting to note that also in silicon thermal 
etching in vacuum produces triangular etchpits 
which are rotated 180" with respect to the orienta- 
tion of stacking fault triangles (7). It  thus appears 
that the {311) plane is of similar importance in ele- 
mental semiconductors and that also the formation 
of etchpits on the { I l l )  planes of 111-V compounds 
should receive further attention. 
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The Effect of Orientation on the Electrical Properties 

of Epitaxial Gallium Arsenide 

Forrest V. Williams 

Central Research Department, Monsanto Chemical Company, St. Louis, Missouri 

The anisotropic segregation of impurities in semi- 
conductors has been well established. A dependence 
of the segregation coefficient on orientation has 
been reported for germanium by Hall (1 )  and by 
Dikhoff ( 2 ) ,  for indium antimonide by Hulme and 
Mullin ( 3 ) ,  and for gallium antimonide by Hall ( 4 )  
and by Willardson (5). Apparently, the effect is 
general for the 111-V compounds and has been re- 

ported for a variety of solutes in the case of in- 
dium antimonide ( 6 )  and germanium ( 2 ) .  In the 
above cited examples the segregation being referred 
to is for the case of a solid-liquid interface; that is, 
a crystal growing in contact with its melt. In the 
present paper are reported some data which indi- 
cate anisotropic segregation of impurities at a solid- 
vapor interface. 
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Briefly, epitaxial layers of gallium arsenide were 
deposited on seed crystals of gallium arsenide ori- 
ented on <loo>,  <110>, <111>A, and <111>B 
planes. (The <111>B plane terminates with arsenic 
atoms.) An open tube system using hydrogen chlo- 
ride as a transporting agent was employed. This 
method has been described in detail (7). The epi- 
taxial layers were doped by either the use of doped 
gallium arsenide as a source or the use of a separate 
reservoir of the doping element in the vapor trans- 
port system. The chemically polished seed crystals 
were undoped, high resistivity (> 1 O3 ohm-cm) ma- 
terial which permitted the electrical properties of the 
epitaxial layer to be determined directly since the 
resistivities of the epitaxial layers were many fac- 
tors smaller than the resistivity of the substrate. 
Wherever possible, seeds with different orientations 
were cut from the same high resistivity ingot. To 
eliminate the effect of slight run to run variations 
in flow rates, growth rates, and other variables, sub- 
strates with at least two different orientations were 
present in all experiments; four different orienta- 
tions were present in some experiments. 

Some representative data which have been ob- 
tained are summarized in Table I. Only net carrier 
concentrations are reported in this table, but the 
same differences are noted for the other electrical 
properties. This is shown for two experiments in 
Table 11. The relative growth rates of epitaxial 
layers on the four orientations studied are shown in 
Table 111. Comparison of the growth rates with the 
data of Table I indicates no relation between purity 
and the growth rate of the epitaxial layer. Thus, 
comparable carrier levels are obtained on epitaxial 
layers grown on <loo> and <110> oriented sub- 
strates while the growth rates differ by a factor 
of about seven. On the other hand, widely different 
carrier levels are obtained on epitaxial layers grown 
on <111>B and <110> oriented substrates which 

Table I. Net carrier concentration of epitaxial GaAs as a 
function of substrate orientation 

Carrier conc, at./cc 

Run Dopant <110> <111>A <loo> <111>B 

1 None* 9.6 x 1015 1.8 x 1016 4.2 X 1016 2.7 X 1017 
2 None* 3.0 x 1016 3.4 x loi7 
3 S 3.7 x 1018 5.8 x 10'8 
4 Sn 3.0 x 10'8 7.6 x 1018 
5 Zn 9.0 x 101' 2.2 x 1018 1.5 X 1018 5.8 X lo1' 
6 Zn 7.3 x 1018 3.2 x 1018 
7 Te 4.6 X 1018 3.7 X 1016 9.0 X 1016 6.7 X 1017 
8 Te 1.4 x 1o18 1.1 x loi9 
9 Se 3.6 x 1017 2.2 x 1017 1.6 x 101~ 

Undoped runs gave n-type epitaxial layers. 

Toble II. Effect of substrate orientation on electrical properties 
of epitaxial GoAs 

Run Orientation n C P 

Table Ill. Relotive growth rates of epitaxial GaAs on 
different orientations 

Orientatlon Growth rate 

have nearly equivalent growth rates. Clearly, the 
electrical properties obtained on epitaxial layers are 
governed by the crystal orientation of the substrate. 

The following conclusions are evident from the 
data of Table I. 

1. There is a marked difference in electrical prop- 
erties of epitaxial layers grown on <111>B oriented 
substrates and layers grown on the other three ori- 
entations, <loo>,  <110>, and <111>A. 

2. In the case of n-type doped layers, the doping 
level is much higher in layers grown on <111>B 
oriented substrates. 

3. In the case of p-type doped layers, the doping 
level is lower in layers grown on <111>B oriented 
substrates than those grown on the other three 
orientations. Further, the magnitude of the differ- 
ences between the orientations is smaller in the case 
of p-type dopants. 

4. For n-type doped layers, the difference in dop- 
ing levels on <111>B and <loo> oriented substrates 
decreases in the order Te > Se > Sn > S. 

These conclusions are more apparent from the 
data presented in Table IV which show the ratio of 
the carrier levels obtained in the four orientations as 
a function of dopant. Actually, this ratio can be 
viewed as the ratio of the segregation coefficients of 
the various impurities between the solid and vapor 
phase. 

There are some striking similarities between the 
effects described here and those which have been re- 
ported for anisotropic segregation in the solid-melt 
systems referred to initially. These similarities are 
illustrated in Table V, in which some data are com- 
pared for the anisotropic segregation of impurities 
in crystals of InSb and GaSb grown from the melt 
and crystals of GaAs grown epitaxially from the 
vapor (data from Table IV). Anisotropic segregation 
of tellurium in a melt grown crystal of GaAs has 
been recently reported (11) .  The ratio of the segre- 
gation coefficient in the < I l l >  facet to the segrega- 

Table IV. Ratio of carrier concentrations on different orientations 
os o function of dopant 

Dopant 

None 
Zn 
Te 
Se 
Sn 
S 

Numbers in parentheses refer to the number of experimental 
runs. 
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Table V. Comparison of anisotropic segregation of impurities in 
crystals grown from the melt and from the vapor 

k<111>B/<lOO> 

Impurity InSb (melt) GaSb (melt) GaAs (vapor) 

-- - 

InSb, ref. ( 6 ) ;  GaSb, ref. (5); GaAs, Table IV, this paper. 

tion coefficient "on the surrounding material" was 
2.6. 

Several theories have been postulated to account 
for the orientation dependence of segregation coeffi- 
cients. Originally, Hall (1) postulated that the in- 
corporation of impurities into the crystal depended 
on specific adsorption of the impurities at the differ- 
ent growth interfaces. Others (6,8) have attempted 
to rationalize the effect by consideration of the de- 
tailed mechanism of the growth process for the 
different orientations. Burton et al. (9) have pro- 
posed a transport theory to account for the variation 
of segregation coefficient with growth rate and ori- 
entation. An impurity diffusion layer at the growth 
interface is postulated in this theory. The segregation 
coefficient is a function of the thickness of this diffu- 
sion layer. Since the thickness of the impurity diffu- 
sion layer is also a function of stirring, this theory 
has proved useful in explaining the variation of 
segregation coefficients with stirring. This theory, 
however, has difficulty accounting for the variation 
of segregation coefficient with orientation. A depend- 
ence of the impurity diffusion layer on orientation is 
then invoked. 

Gatos (10) has pointed out that adsorption phe- 
nomena alone can account for the anisotropy of seg- 
regation coefficients. The results of the experiments 
reported in the present paper support the original 
adsorption theory of Hall (1). The same general 
features of the phenomenon in the solid-melt inter- 
face system are observed in the solid-vapor interface 
system, where transport processes in the vapor 
should be negligible. 

Of particular interest are the cases of the segre- 
gation of gallium in germanium and zinc in gallium 
arsenide. Dikhoff (2) found that gallium is incor- 
porated less readily on the < I l l >  planes of germa- 
nium than the other planes. As indicated earlier in 
this paper, zinc is less readily incorporated into the 
<111>B plane of gallium arsenide than the other 
orientations. These are the only reported examples 
of ratios of the segregation coefficient on the < I l l >  
to <loo> orientation less than unity. However, 
there is no need, in the adsorption theory, to postu- 
late that preferential adsorption is exhibited by the 
<111>B planes for all impurities. It is reasonable 
to assume that other examples will be discovered 
which display behavior similar to zinc and gallium. 

The results of this paper imply that more pure 
GaAs could be prepared by the Czochralski tech- 
nique if the seed crystal were oriented in the <loo> 
or <110> direction. This result has been confirmed 
for the case of <110> oriented seeds in this labora- 
tory. 

Manuscript received Feb. 10 1964. This paper was 
presented at the Toronto ~eetin'g, May 3-7, 1964. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1965 JOURNAL. 
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A Thermal Probe for Segregation Detection 

J. H. Westbrook, A. U. Seybolt, and A. J. Peat 

Research Laboratory, General Electric Company, Schenectady, New York 

Physical property measurement techniques which 
will permit detection of compositional variation 
over micron distances are still few in number. Some 
success has been achieved recently in the applica- 
tion of microhardness measurements for the detec- 
tion of grain boundary segregation of solute ele- 
ments in a variety of base materials (1-5). A limi- 
tation of this method is that for most materials the 
hardness indentation itself is of the order of 5-50p 
diameter and the region strained by the indenter a 
multiple of 2-3 times this. Thermal emf probes 

have sometimes been suggested for sorting of un- 
known samples (6), measurement of diffusion grad- 
ients (7),  or identification of inclusions (8). In the 
latter case several features were provided by the 
authors to facilitate the measurement and adapt it 
to problems requiring high resolution: an electro- 
lytically sharpened tungsten probe tip, use of a 
microhardness tester for applying the probe to the 
sample, and heating one leg of the thermocouple, 
i.e., the probe itself, rather than the test sample. 
The present article reports the adaptation of this 
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Fig. 1. Schematic drawing of thermal emf probe and awciated 
equipment. 

technique to the detection of grain boundary segre- 
gation. 

Figure 1 shows a schematic drawing of the test 
equipment and the detail of the probe itself. The 
probe was formed by electrolytically etching a 0.020 
in. W wire in a NaOH bath (9, 10). The wire was 
insulated with a woven glass sleeve, and this as- 
sembly was placed in a metal tube for rigid support. 
The heater was a 0.010 in. diameter Nichrome wire 
wound around the lower section of the insulated 
probe. This section of the probe was then coated 
with Sauereisen cement to hold the heater in place 
and to insulate the heater. The complete assembly 
was then mounted on a Kentron Microhardness 
Tester in place of the usual diamond indenter. Con- 
nections between probe and sample and measuring 
potentiometer were iron thermocouple wire. A 
small Variac provided variable power to the ni- 
chrome heating element. 

Bicrystals, or coarse-grained polycrystals, of sev- 
eral intermetallic compounds (NiGa, Ni, and 
AgMg) containing dissolved oxygen and dilute al- 
loys of lead and of nickel were examined. Sample 
surfaces were prepared metallographically with a 
chemical polish or an electropolish as the final 
treatment. In a typical experiment a bicrystal of 
the compound NiGa, known to contain grain bound- 
ary segregated oxygen (3) ,  was used as the test 
sample. A few preliminary experiments established 
that suitable experimental conditions were of the 
order of lop probe tip diameter, log load on probe 
tip, and 5-20v on the heater. At heater voltages of 
this order negligible heating of the sample surface 
occurs since the probe temperature is estimated to 
be less than 200°C, and furthermore, the contact 
between the probe and specimen is only a few mi- 
crons diameter. The sample and the thermoelectric 
circuit were protected from drafts by plexi-glass 
shields. 

Typical experimental results are shown in Fig. 
2a, which also presents a hardness profile for the 

60 40 2 0  0 20 40 60 80 
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Fig. 2. Comparison of thermal emf and micmhardnen profiles 
at grain boundaries in (a) (top) NiGa (52 a/o Go) containing 
oxygen and (b) (bottom) zone-refined lead with 34.8 at. ppm tin. 

same specimen. The thermal emf is observed to fall 
about 25% in the vicinity of the grain boundary. 
The width of the affected region is somewhat 
smaller than that deduced from the hardness meas- 
urements, as would be expected from the greater 
resolving power of the finer probe. Figure 3 shows 
that the mean thermal emf increases in a regular 
manner as the heater voltage is increased, while 

HEATER VOLTAGE 

Fig. 3. Effect of temperature (heater voltage) on absolute and 
relative thermal emf in an oxygen contaminated grain boundary 
in NiGa containing 52 a/o Go. 
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the relative change in thermal emf, grain us. grain 
boundary, decreases only slightly. 

Since the amount and distribution of grain 
boundary segregated oxygen in the intermetallic 
compound samples are not known, further experi- 
ments were carried out on bicrystals of zone-re- 
fined lead, some of which contained substitutional 
solute in parts per million concentrations. The zone- 
refined lead bicrystals with no added solute had 
previously been demonstrated to have extremely 
mobile grain boundaries whose microhardness was 
the same as that of the contiguous crystals. It is, 
therefore, inferred that impurity segregation in 
these samples is very slight. Thermal probe tra- 
verses across such a grain boundary gave an emf con- 
stant to within k 5  pv. On the other hand similar 
traverses across a bicrystal of the same zone-re- 
fined lead to which about 35 atom ppm Sn had been 
added exhibited sharp minima in thermal emf 
(about 60 pv change) and sharp maxima in micro- 
hardness as shown in Fig. 2b. 

Previous investigations (2-5) have shown that 
quenching from a high temperature eliminates the 
grain boundary hardness peak, and from this it is 
inferred that the local gradient in the hardening 
agent is removed at the high temperature. Accord- 
ingly pairs of samples of the intermetallic com- 
pounds NiGa and NiAl containing oxygen at grain 
boundaries were both quenched and slowly cooled 
from high temperature. Comparison of thermal 
probe traverses showed that for quenched specimens 
the thermal emf was low and essentially constant 
over the length of the traverse whereas slowly 
cooled specimens showed a higher level of thermal 
emf together with a sharply cusped minimum at 
the grain boundary. 

A peculiarity of the time dependence of thermal 
emf was observed in the tests. Upon initial contact 
of the probe with the specimen surface a certain 
potential could be measured almost instantaneously. 
This potential would then drift slowly higher for 
many seconds until a steady-state emf was reached 
of the order of 15-20% above the initial value. In 
surveys in which both the initial and steady-state 
emf were recorded as a function of distance from 
the grain boundary, parallel curves were obtained 
with both emf parameters exhibiting minima at the 
grain boundary. 

Continued experience with this testing technique 
disclosed some difficulties. First, in attempts to cali- 
brate the thermal emf with composition in a series 
of homogeneous specimens, no regular correlation 
was obtained. Next it was found that even on a 
single specimen the level of thermal emf was sensi- 
tively dependent on the method of preparation of 
the surface, on the time of exposure to room tem- 
perature air following polishing, and on the load 
applied to the probe. Although the regular decrease 
observed in room temperature thermal emf with 
time of exposure to air at room temperature (Pb) 
or elevated temperature (NiAI) suggests that oxide 
film thickness is of critical importance, attempts to 
standardize these conditions for calibration purposes 
were not notably successful. Nonetheless traverses 

TROCHEMICAL SOCIETY July 1964 

Fig. 4. Section through a gmin boundary region showing 
schematically a composition change a t  the gmin boundary, with- 
out (a) and with (b) oxide film formation. 

on zone-refined lead or quenched intermetallics con- 
taining oxygen always showed constant emf across 
grain boundaries and slowly cooled specimens con- 
taining solutes always showed grain boundary 
minima in emf-distance curves. 

Although the system is admittedly complex and 
the experiments inadequate to identify unambigu- 
ously the operative mechanism, an attempt will be 
made at least to describe the physical processes con- 
tributing to the observed results. For simplicity as- 
sume that the sample in the region of a grain 
boundary is a sandwich as in Fig. 4a, wherein a 
layer of material B at the grain boundary has one 
set of physical and chemical properties and the con- 
tiguous grain volumes A and A' another set of phy- 
sical and chemical properties. A thermal probe, P, 
traversing such a region perpendicular to the grain 
boundaries should then develop an emf which for a 
number of reasons is dependent on its position. 

First, this emf is primarily the Seebeck effect 
which will depend on the temperature difference AT 
between probe and sample and on the thermoelec- 
tric characteristics of the materials in the circuit. 
The temperature difference for a given power ap- 
plied to the probe heater will depend on the thermal 
diffusivity or conductivity and the surface heat 
transfer coefficient. Since both these factors and the 
thermoelectric characteristics are expected to vary, 
A as against B, the over-all Seebeck emf will be ex- 
pected to vary as the probe traverses the ABA' 
sandwich. 

Since the thermal conductivity of the presumably 
more highly alloyed material, B, would be expected 
to be lower than that of A, a higher AT and hence a 
higher steady-state emf is to be expected at the 
grain boundary from this variable alone. The fact 
that only minima are observed indicates either (a) 
that cases are comparatively rare for which the 
variation in thermoelectric coefficient does not more 
than compensate for the effects of the variation in 
thermal conductivity, or (b)  that some other domi- 
nating factor enters in. One such possibility is that 
in Fig. 4b, which illustrates schematically the for- 
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Scientific Communication 

Presidential Address' 

Walter J. Home9 

It is a great pleasure to address you here in this 
friendly city of Toronto. As we meet here it is inter- 
esting to recall that the name Toronto is of Indian 
origin and means "a meeting place!' I t  was here that 
neighboring Indian tribes held rendezvous long be- 
fore the coming of the white man to this hemisphere. 
As the capital of the province of Ontario, Toronto re- 
mains "a meeting place" for communication and ex- 
change of ideas. The Electrochemical Society has met 
here on three previous occasions, the first meeting be- 
ing in the fall of 1911. 

It has been seventeen and a half years since The 
Electrochemical Society last met here. Since that time 
advances in science and technology have been many 
and significant. We have seen the harnessing of nuclear 
energy for peaceful purposes, the vast development in 
television, the commercial use of jet aircraft, flight by 
man into extraterrestial space, and advances in auto- 
mation which are altering the course of life and the 
destiny of nations. Batteries using solar and nuclear 
energy have appeared. Transistors, lasers, masers, and 
hi-fi are realities. Transmutation of elements, the 
dream of the alchemist, has been further demonstrated. 
Eleven new transuranium elements, seven since World 
War 11, have been produced by nuclear reactions and 
synthesis. Chlorophyll, insulin, and strychnine have 
been synthesized. Xenon and krypton have been found 
to be reactive, thus refuting the long held view that the 
rare gases are inert. Aside from these widely pub- 
licized developments, we now have a more fundamental 
understanding of natural and physical processes and a 
better insight into the structure of matter. We now 
know more about molten salts, nonstoichiometry, the 
atomic nucleus, the chemistry of the transmission of 
hereditary characters, the behavior of thin films, and 
the passivity of metals, to mention a few. One may 
ponder what the next seventeen and a half years will 
bring forth. 

One might predict that the advances of the next 
decade will greatly surpass those of the immediate 
past. Holever, a problem of considerable concern to 
future developments has arisen. It is the one of sci- 
entific communication on which scientists and tech- 
nologists have not, in general, taken issue. In some 
quarters the conviction prevails that if this problem is 
not adequately and rapidly solved science will become 
bogged down in its own products, and excess research 
costs, represented by duplication of research efforts, 
will mount to billions of dollars. Some even go so far 
as to predict a complete breakdown in the research 
effort. Then, of course, scientific accomplishments of 
the immediate future will pale in comparison with 
those of the immediate past. 

1 Delivered at the Toronto Meeting. May 5, 1864. 

*Chief of Electrochemistry. National Bureau of Standards, 
Washington. D. C. 

The Science Advisory Committee ofrhe President of 
the United States appointed a Panel of Scientists to 
study this problem and its report of January 10, 1963, 
commonly called the "Weinberg Report," contained re- 
commendations of importance to all scientific and tech- 
nical societies. Basically, this Panel stated that all 
scientists and engineers must accept responsibility for 
the transfer of scientific information in the same degree 
and spirit in which they accept responsibility for re- 
search and development itself and must devote a larger 
share of their effort than heretofore to management 
of the ever-increasing scientific and technical record. 
They must take into consideration not only communi- 
cation with those working in their own areas of science, 
but those in other scientific disciplines, and, in many 
cases, with the lay public. This Panel went further and 
said "We believe information is a part of research: that 
the links in the information transfer chain are welded 
together, and that in this age of information crisis, the 
creator of information must assume as much responsi- 
bility as possible for subsequent dissemination and 
retrieval of the information he creates. The page 
charge imposes on the technical author a financial re- 
sponsibility that is consistent with this view of the 
information transfer chain. We therefore urge tech- 
nical societies, regardless of their tradition, to turn to 
page-charge financing." The concern with which the 
matter of scientific communication is held is also 
shown by the fact that subcommittees of the United 
States Senate and House of Representatives are devot- 
ing time to ascertain possible ways to strengthen 
information, documentation, and communication pro- 
grams in science and technology. 

Now we may wonder how we reached this state of 
affairs on scientific communication. The basic answer 
to this question lies in the growth of science itself, for 
scientific communication is intertwined with all of sci- 
ence. Derek de Solla Price in his book "Science Since 
Babylon," published in 1961 by the Yale University 
Press, says of the phenomenal growth of science, ". . . 
the growth of science is something very much more ac- 
tive, much vaster in its problems, than any other sort 
of growth happening in the world today. For one thing, 
it has been going on for a longer time and more 
steadily than most other things. More important, it is 
growing much more rapidly than anything else. All 
other things in population, economics, nonscientific cul- 
ture, are growing so as to double in roughly every 
human generation of say thirty to fifty years. Science 
in America is growing so as to double in only ten years 
-it multiplies by eight in each successive doubling of 
all nonscientific things in our civilization, . . . the den- 
sity of science in our culture is quadrupling during 
each generation. Alternatively, one can say that sci- 
ence has been growing so rapidly that all else, by com- . 
parison, has been almost stationary." 
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Measures of the expanding state of science are the 
vast increase in the number of scientists, the prolifera- 
tion of scientific societies, the exponential growth in 
the number of scientific journals, and the fabulous 
sums of money that are being spent in support of 
scientific activity. During the past 35 years there has 
been roughly a tenfold increase in the number of sci- 
entists and engineers. In North America alone the 
number has increased from about 60,000 in 1930 to 
over 600,000 today, and it is estimated that the number 
will exceed two million by 1970. There is some ev- 
idence, however, that we are approaching the satura- 
tion point. Some believe the consequence of science 
saturation will be severe, others that we can tolerate 
saturation if the quality of scientists and engineers is 
improved. In any case, science will fare differently in 
an age of saturation than in one of expansion. 

The last edition of "Scientific and Technical Societies 
of The United States and Canada" lists 1836 scien- 
tific societies. Also the recent edition of "International 
Scientific Organizations" lists 449 international organ- 
izations that maintain scientific communication serv- 
ices, such as documentation, information, or library 
services, and over 200 additional bodies that are en- 
gaged in scientific activities but do not provide com- 
munication services. In addition many government 
agencies and private groups now hold technical meet- 
ings on a scale comparable to those of societies. This 
proIiferation of scientific and technical societies has 
placed a strain on societies to keep within their de- 
fined mission and to avoid overlapping of programs 
and overcrowding of the scientific calendar. Overlap- 
ping is most evident in committee activities. It may 
surprise you to know that at least five organizations 
are presently working on definitions in electrochem- 
istry and six or seven are concerned with scientific 
units and symbols. One may argue that the perspec- 
tives of these groups differ, but when it is considered 
that they are invariably staffed by the same personnel 
the argument breaks down. 

Our Society two years ago set up a Technical Com- 
mittee to review the programs of the Society's nine 
Technical Divisions and to examine these programs 
in relation to those of other societies. There is now 
considerable pressure for intersociety programs. The 
Electrochemical Society, cognizant of its interdis- 
ciplinary nature, has participated in programs with 
other societies, dating from 1904 when it cosponsored 
technical sessions with the Fifth International Elec- 
trical Congress. Our Society in its history has co- 
sponsored programs with nearly a dozen other national 
societies. Most societies must be facing the problem 
of intersociety activities, and it is hoped that mutual 
cooperation among societies will continue and thrive. 

Since the first scientific journal appeared in the 
middle of the 17th century the number has grown 
exponentially until we have about 100,000 today. If 
this established pattern were to continue we would 
have approximately one million scientific and technical 
journals by the year 2000. Of course, these journals 
differ widely in substance and quality, but even so, 
the lesser ones cannot be passed over as inconsequen- 
tial for here one may find, on occasion, a gem of 
truth. The rapid increase in publication led, as early 
as 1830, to the abstract journal which provides re- 
sumes of published articles. However, we have now 
reached the critical stage where we need an abstract 
periodical of the abstract journal, i.e., we need to 
abstract the abstract. Also, we have the "annual re- 
views," the "modern advances," the "extended ab- 

stracts," and the "symposium monographs," etc., which 
give digests of recent advances. 

In regard to financial support of science and tech- 
nology, the United States Government, for example, 
in 1940 invested about 100 million dollars in scientific 
research and development; in 1963 this expenditure 
amounted to 12 billion dollars, and it is estimated it 
may reach 15 billion dollars this year. These ex- 
penditures represent a hundredfold increase in a 
little over two decades. All industrial nations show 
similar rates of increase in funds allotted to science 
and technology. In fact, those nations that started late 
show even higher rates of scientific growth and in- 
crease in scientific expenditures. With this kind of 
effort rests great responsibility. With this kind of 
effort has come the birth of the scientific advisor in 
government and the scientific advisory groups for 
many laboratories. With this kind of effort has come 
the realization of the need for broadened and im- 
proved scientific communication in all of its forms. 

Scientific communication lies at the core of the vi- 
tality and integrity of science and serves to enhance 
mutual understandings between people and nations. 
Tracking stations located in various countries to 
monitor orbital flights unite scientists of various back- 
grounds in a common cause. Telstar and Relay have 
made possible global communications. In the year 1957 
(July 1957 through December 19581, known as the 
International Geophysical Year, scientists of 66 na- 
tions collaborated on a grand scale to understand more 
fully the physical nature of the surface of the globe 
in relation to the ionosphere and the atmospheric en- 
velope that surrounds the earth. The results of this 
endeavor were so fruitful that the work will continue 
under such successor programs as the World Magnetic 
Survey, the International Year of the Quiet Sun which 
started this year, and the International Upper Mantle 
Project in which the United States and Canada will 
have cooperative projects. Scientists also communicate 
internationally through their National Research Coun- 
cils or through various international organizations 
such as the international standardizing bodies, the 
Unions, Federations, Associations, or Commissions. 
Our Electrochemical Society has two international 
programs at this meeting, the one on Electron and Ion 
Beam Science and Technology being cosponsored with 
the Metallurgical Society of AIME and the other on 
Electrolytic Solutions. 

Along with the great increase in the number of sci- 
entific and technical journals has been the massive in- 
crease in the number of governmental and contractual 
reports. Some of these receive limited distribution to 
what is sometimes called the "invisible college," i.e., 
to an "elite" or a select group of scientists who are 
especially trained in, or have a vested interest in, the 
subject, and who participate in "closed" symposia. This 
practice, if it were to expand, could mark the death 
knell of the research journal, in fact, of scientific 
societies. On the other hand, many of these reports 
receive wide distribution, so wide in fact, that it is 
questionable if subsequent publication in accredited 
journals can continue as accepted practice, if serious 
attempts are to be made to prevent overcrowding of 
the literature. A variation in the operation of the 
"invisible college" is the use by scientists of non- 
technical media for release of discoveries. One society 
recently threatened to reject papers for its journals 
if the contents had been so released. This view was 
not well received, and was advanced, I believe, mainly 
because of the huge backlog in unpublished scientific 
articles, by limitations in available journal space, and 
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by the great increase in the cost of publication. In 
any case, it points out the seriousness of the "publica- 
tion explosion." 

It is painfully obvious that scientists cannot possibly 
keep up with the published scientific material. For 
example, if each of the 100,000 scientific and technical 
journals published only 100 articles a year the total 
number of articles facing the scientists, per year, would 
be 10 million. It is estimated that a backlog of 2,000,000 
papers containing unevaluated data now exists. The 
literature has become so extensive that chemists and 
physicists, for example, stake out a small domain in 
their own fields and ,become authorities within this 
small domain. By such action they are then compelled 
to accept as authoritative the word of those in other 
domains and the scientist becomes authoritarian, a 
philosophy contrary to his inherent nature. A new 
approach to scientific communication is needed to 
reverse the ever-increasing trend, or the necessity, 
toward overspecialization which has been going on 
for a long time. 

Man's progress has depended on his ability to ac- 
cumulate and retrieve information. Today there is a 
threat to this program. Dr. William Grey Walter, the 
British neurologist, eloquently described this threat 
when he wrote "During the last two generations the 
rate of accumulation of knowledge has been so colos- 
sally accelerated that not even the most noble and 
most tranquil brain can now store and consider even 
a thousand part of it. . . . The root of this evil is that 
facts accumulate at a far higher rate than does the 
understanding of them. Rational thought depends liter- 
ally on ratio, on proportions and relations between 
things. As facts are collected, the number of possible 
relations between them increases at an enormous rate." 

There are those who believe that the "information 
problem" will be solved by mechanization or automa- 
tion. They believe that some process of electronic 
sorting will solve the assembly of and the dissemina- 
tion of scientific "know-how." Already we have seen 
systems based on punched cards and slot devices, those 
utilizing magnetic tape or magnetic spots, the digital 
and analog computers, the "learning machines," the 
"mechanized dictionaries," and the "language trans- 
lators," or so many, in fact, that the Washington Acad- 
emy of Sciences recently asked "Are we being com- 
puterized into automata?" Of course, information re- 
trievals or processing~ cannot stand alone; they must 
go hand in hand with assimilation which is an essen- 
tial ingredient in scientific response. Awareness of the 
assimilation problem has led to the establishment of 
various science centers, where aid is obtainable in 
specialized areas of science. These centers offer re- 
views, interpretations, compilations, evaluations, etc., 
and, therefore, are important chains in scientific com- 
munication. There are now about 400 such centers 
in the United States. When its assignment is com- 
pleted the center is dissolved. One of the earliest 
centers compiled The International Critical Tables. 
It was closed when the "Tables" were published. 

Many authorities believe that the answer to improve 
scientific communication and the overcrowding of the 
scientific literature lies in the mechanization or the 
automation of the publication processes. Perhaps pa- 
pers will need to be published in code or some type 
of notation so that the information the papers contain 
can be readily stored in the memory of a computer 
for future retrieval and machine processing or micro- 
filming. Perhaps a new language, a computer language, 
will be coined and used by all nations so that the sci- 
entists will have an international medium of expres- 

sion, really a classified one, all of their own. In either 
approach scientists would need to familiarize them- 
selves with a new method of composition that would 
lend itself to processing, storage, and retrieval. To date 
these proposals are nebulous, but societies must keep 
constantly alert to their possibilities. 

Another remedy for the overcrowding of the scien- 
tific literature is the use of central depositories which 
several government agencies in the United States have 
found to be quite practical. By using central deposi- 
tories scientists can refrain from unnecessary publica- 
tion and yet make available their new material and 
thereby avoid being "scooped." In this approach 
authors deposit manuscripts in a central deposi- 
tory, which, in turn, announces the paper, with or 
without an abstract, in a bulletin, and then distributes 
the paper on request, in some cases on microfilm. Later, 
when the scientist has accumulated sufficient data he 
publishes the total in one comprehensive paper in 
an accredited journal; he thus avoids a series of pa- 
pers with basically the same format but with each 
paper containing relatively little that is new. I have 
mentioned this in detail since the "Weinberg Report" 
called upon technical societies to consider serving as 
central depositories, stating "The Panel (on Scientific 
Information), although recognizing the difficulties of 
replacing the traditional techniques of communica- 
tion via conventional journaIs, nevertheless urges 
technical societies to experiment with central de- 
positories, or some variant thereof . . . , for at least 
some of their literature!' 

Two societies in the United States are following 
this recommendation in part. However, the general 
response has not been enthusiastic. Scientists are re- 
luctant to relinquish the prestige that goes with pub- 
lication in an accredited journal; also societies, except 
the very large ones, do not have the financial means to 
operate a depository; and the allotment of categories 
among the societies is not a matter on which agree- 
ment is easily attained. The Panel was careful to say 
"experiment with" rather than "adopt," and I believe 
it would be well for The Electrochemical Society to 
look at the matter through its Publication and Tech- 
nical Committees. 

Finally, the question arises as to the future of sci- 
entific societies in an age of automation, data process- 
ing, information retrieval, science centers, and central 
depositories. We know that many small enterprises in 
certain areas, banking, for example, have merged in 
order to obtain computer and related services; actually, 
it is a question if they could have survived otherwise. 
Will scientific societies need to tread the same path? 
I think not. Actually, the traditional role of the sci- 
entific society where personal contacts prevail and new 
ideas flourish, I am convinced, is becoming ever more 
important in an age of mechanization and automation. 
The role of the scientific society is of increasing im- 
portance in order to provide leadership in solving the 
problem of scientific communication: by serving as a 
forum for new ideas, new developments, and stimu- 
lating thought; by being at the frontiers of science; by 
maintaining the highest standards in publication and 
other means of communication; and by giving con- 
sideration to new methods that may be proposed for 
making available scientific information and discov- 
eries. In these lights I am very optimistic for The Elec- 
trochemical Society. The Electrochemical Society was 
conceived as an interdisciplinary organization, has 
served well in this role, and is well equipped, through 
its members and background, to adapt to the changes 
of the future. 
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Cwrennit Affairs 

Annual Report of the Board of Directors, 

April 1, 1963-March 31, 1964 

. (Presented at  Society Bwiness Meeting, Toronto, May 5,1964) 

As you all know Robert K. Shan- 
non who served this Society well as 
Executive Secretary from 1955 to 
1964 passed away on January 9,1964. 
Mr. Shannon contributed much to 
the arrangement and success of the 
Technical Program of this Toronto 
Meeting. Working with the Technical 
Committees in setting up the Techni- 
cal Program for this meeting was his 
last official act. We have lost a good 
and kind friend. In respect to his 
memory, will you please stand and 
with me observe a minute of silence. 

This is the 125th Annual Meeting 
of The Electrochemical Society and 
the fourth time we have met here in 
Toronto. A meeting in Canada is al- 
ways an enjoyable occasion and each 
one serves to remind us of the great 
part Canada has played in develop- 
ing the electrochemical industry in 
this continent. 

I wish to extend a special welcome 
to the Metallurgical Society of AIME 
which is cosponsoring with us the 
international symposium on Electron 
and Ion Beam Science and Tech- 
nology. I also wish to welcome those 
from countries outside this herni- 
sphere. 

Your Board of Directors has the 
following matters of importance and 
special interest to bring to the at- 
tention of members of the Society at 
this time. 

Executive Secretary 

The Board of Directors has ap- 
pointed Ernest G. Enck as Executive 
Secretary of the Society for a two- 
year term starting on Thursday, May 
7, 1964. As you will recall, Mr. Enck 
was appointed Acting Executive 
Secretary at the Board Meeting of 
January 10, 1964, to fill the position 
at the time of the death of Robert K. 
Shannon. Mr. Enck is extremely well 
qualified to be Executive Secretary 
having served the Society in many 
capacities. He served as Treasurer 
for a three-year term from 1961 to 
1964, was re-elected for a second 
three-year term which he is now re- 
linquishing, was General Convention 

Chairman of the National Meetings 
held in Philadelphia in 1949 and 
1959, and served the Philadelphia 
Section as Treasurer, Vice-Chair- 
man, and later as Chairman. The 
Electrochemical Society is most 
fortunate that Mr. Enck is willing to 
serve as its Executive Secretary for 
the next two years. 

Treasurer 
The Board of Directors has ap- 

pointed Dr. Ralph A. Schaefer as 
Treasurer of the Society for a two- 
year term starting on Thursday, May 
7, 1964, to fill the vacancy which was 
created when Ernest G. Enck re- 
signed as the Society's Treasurer to 
accept the position of Executive 
Secretary. Dr. Schaefer is thoroughly 
familiar with the operations of the 
Society having served as its Presi- 
dent, its Vice-President, and on its 
Board of Directors as Chairman of 
the Electrodeposition Division. The 
Society is most fortunate that Dr. 
Schaefer is willing to serve as Treas- 
urer for the next two years. 

Assistant Executive Secretary and 
Administrative Assistant to the 

Executive Secretary 
The Board of Directors at  its 

meeting on January 10,1964, created 
two new staff positions, namely, As- 
sistant Executive Secretary and Ad- 
ministrative Assistant to the Execu- 
tive Secretary to facilitate operations 
in the National Office. Mr. Robert A. 
Kolbe was appointed Assistant Ex- 
ecutive Secretary and Miss Rena 
Garlick Administrative Assistant to 
the Executive Secretary. 

The India Section 

On January 1, 1964, the India Sec- 
tion of the Society dissolved as a 
Local Section of The Electrochemical 
Society in order to organize as The 
Electrochemical Society of India. 
The India Section became the 12th 
Local Section of The Electrochemical 
Society in 1950 and during the 14 
years of its affiliation was active in 
its support of the Society. The India 
Section issued a Bulletin known as 

the "Bulletin of The India Section of 
The Electrochemical Society" and 
from 1952 to 1963, inclusive, pub- 
lished 12 volumes which will remain 
as a permanent record in the scien- 
tific literature. The Electrochemical 
Society extends its best wishes to 
the Indian electrochemists in their 
new venture. 

Page Charges 

The Board of Directors at its Meet- 
ing in New York on September 29, 
1963, on the recommendation of the 

, Publication and Finance Committees, 
established a charge of $35.00 per 
printed page for articles published 
in the JOURNAL OF THE ELECTRO- 
CHEMICAL SOCIETY. This action be- 
came effective on February 1, 1964, 
and, therefore, is now in operation. 
The Board of Directors also voted to 
grant a 10% reduction in page 
for papers authored by one or more 
members of The Electrochemical So- 
ciety and/or by one or more desig- 
nated representatives of Patron or 
Sustaining Members of the Society. 
The Board of Directors also stressed 
in their action that papers will be 
accepted, as in the past, on the basis 
of merit by established practices of 
review, and that the payment of 
page charges will be waived by The 
Electrochemical Society when funds 
are not available. 

Amendments to Bylaws 

The Board of Directors approved 
of three amendments to the Bylaws 
of the Society for the purpose of: 

1--clarifying an ambiguity in the 
section pertaining to appeals by 
a Division from a decision of 
the Technical Committee; 

2-authorizing the Technical Com- 
mittee to deal with questions of 
participation in inter-society 
affairs not only by the Society 
itself but also by one or more 
of its Divisions or Local Sec- 
tions; 

3-requesting Division inviting a 
foreigner to participate in a 
National Meeting to appoint an 



150C JOURNAL OF THE ELECTROCHEMICAL SOCIETY July 1964 

official representative to serve Palladium Medal Award rence Addicks, the thirteenth Presi- 
as host for such visitors. The Board of Directors approved dent of our Society. 

Society Representatives 
During the year The Electrochem- 

ical Society had official representa- 
tives at the Centennial Celebration 
of the National Academy of Sciences 
in Washington, D. C., at the 29th Ex- 
position of Chemical Industries in 
New York, at the presentation of the 
Society of Chemical Industry's Gold 
Medal to Dr. Max Tishler in Hous- 
ton, at the presentation of the Perkin 
Medal Award to Dr. William J. 
Sparks in New York, at  the Centen- 
nary Charter Convocation of Man- 
hattan College of New York, at the 
seventy-fifth anniversary of Georgia 
Institute of Technology, and at the 
inauguration of William Louis Whit- 
son as President of Clarkson College 
of Technology, Potsdam, N. Y. 

the Revised Rules for the Palladium 
Medal Award prepared by the Palla- 
dium Medal Committee. 

Local Section Visits 
This is the second year in which 

visits to the Local Sections were 
shared by the President and the 
three Vice-Presidents of the Society. 
I can report that these visits have 
been most enjoyable and have given 
these officers of the Society the op- 
portunity to become better ac- 
quainted with the activities and 
problems of the Local Sections. 

Lawrence Addicks 
We wish to record with sorrow the 

passing on January 16, 1964, of Law- 

National Office 
I can report that matters in the 

National Office are well in hand. 
Some reorganizations in addition to 
those I have already mentioned have 
been made. A new position of Man- 
ager of Publications has been created 
and Mr. Robert A. Kolbe has been 
appointed as the first Manager of 
Publications. In addition Mr. Kolbe 
will continue to serve as Assistant 
Executive Secretary. Finally, on be- 
half of the Board of Directors, I wish 
to express appreciation to Mr. Ernest 
G. Enck, who has given graciously 
of his time during the past four 
months in the capacity of Acting Ex- 
ecutive Secretary. 

Walter J. Hamer, President 

Annual. Report of the Secretary, April 1, 1963-March 31, 1964 
(Presented at Society Business Meeting, Toronto, May 5,1964) 

It is a pleasure to review the 
progress which has been made by 
the Society during the past fiscal 
year. 

Membership 
The membership of the Society is 

at an all-time high of 3776 members. 
This compares with the previous 
year's total of 3606 and represents 
a net increase of 170 members. 

Patron and Sustaining Memberships 
Corporate support in the form of 

Sustaining Memberships showed an 
increase of 1 and now total 136. 
Patron Memberships remain at 6. 

Publications 
During the past year the number 

of papers submitted for publication 
in the JOURNAL continued to in- 
crease, and the budget for the 
JOURNAL was increased to permit 
the publication of additional papers. 

Journal 
A continuing study is being made 

to determine ways of providing 
funds for the publication of the 
larger volume of papers that can be 
anticipated in future years. 

Electrochemical Technology 
1963 was the first full year 

of publication of ELECTROCHEMICAL 
TECHNOLOGY. The response to this 
new ~ublication has been most en- 
couraging, and ELECTROCHEMICAL 
TECHNOLOGY is now self-supporting. 

Extended Abstracts 
During 1963 the responsibility for 

the Extended Abstract publication 
was delegated to the National Office. 
The Extended Abstract program has 
been enthusiastically received and 
supported by those in attendance at 
the National Meetings. 

M0nograph~ and Special 
Publications 

The following monographs were 
approved for publication during the 
year 1963: 

Electrolytic Solutions 
Electrochemical Control of Cor- 

rosion 
Light Metal Corrosion 
Aqueous Corrosion and its In- 

hibition 
Plasma Technology 
Electron and Ion Beam Science 

and Technology 

Program Issue 

The complete program of the 
papers being presented at the 
Society's 1964 Fall Meeting in 
Washington, D. C., will appear 
in the August issue of the 
JOURNAL. 

Becket Memorial Award 
The F. M. Becket Memorial 

Award for 1964 was awarded to 
J. Keith Johnstone who will study 
this summer at Imperial College, 
University of London. Mr. John- 
stone is the second recipient of this 
Award which was established by 
Union Carbide Corp. 

Colin Fink Fellowship 
The Colin Garfield Fink Fellow- 

ship was awarded to William G. 
Lemmermann of Columbia Univer- 
sity, New York City. 

Edward Weston Summer Fellowship 
The Edward Weston Summer 

Fellowship was presented to Henry 
0. Daley, Jr. of Boston College, 
Chestnut Hill, Mass. 

ECS Summer Fellowship 
The Electrochemical Society Sum- 

mer Fellowship was awarded to 
C. C. Liu, California Institute of 
Technology. 

Young Author Prizes 
The presentation of the Society's 

Young Author Prize and the Fran- 
cis Mills Turner Award of the Rein- 
hold Publishing Co. for the best 
papers appearing in the JOURNAL 
by young authors for 1963 will be 
made by President Hamer at our 
Banquet this evening. 
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Financial Statement of The Electrochemical Society, Inc . 
Fiscal Year-April 1. 1963-March 31. 1964 

Balance Sheet a t  March 31. 1964 

Statement of Assets 

Bonk Balances & Cash 

Less Electron Beam 
Expenses .............. 315.26 564.83 --  

Theoretical Division ................................. 
Extended Abstract Book Fun&: 

Electrothermics & Metallurgy .................. 
Electronics Division ................................... 

Chemical Bank New York Trwt Company 
Corrosion Division ...................................... 
Electric Insulation .................................. 
Electronica Division ................................... 
Electrcdeposition Division ........................ 
Electrothermics and Metallurgy Division 
Theoretical Division .................................. 
Electro-Organic ............................................ 56.19 
New Capital Equipment Fund .................. 291.13 
Colin Garfield Fink Fellowship Fund .... 652.55 
Consolidated Fellowship Fund ................ 1.429.96 
Weston Fellowship Fund .......................... 201.60 
Society Reserve Fund ............................. 4.866.50 
General Operating Fund ............................ $ 54.745.41 $ 72.870.91 -- 

Custodian Fund 
Electronics Division ................................... 

Societ?~ Reserve Fund .................................. 
General Fund ......................... 3,431.19 

New Capital Equipment ...... 297.13 
Less Advances 

Electro-Organic Chemfstry 500.00 
Technology of Columbium 439.45 
Vacuum-Metallurgy ............ (9.061 
High Temperature Tech- 

nology .......................... 232.25 
Modern Electroplating ...... 530.87 

Petty Cash .................................................. 
Excelsior Savtngs Bank . General Fund 
Greenwich Savings Bank . General Fund 
Chase Manhattan Savings Account . Gen- 

eral Fund ....................................................... 
First National City Savings Account - 

General Fund ........................................... 
Bowery Savings Bank - General Fund .... 
Chemical Bank Savings Account - Ache- 

son Fund ............................................... 
Chemical Bank Savtngs Account - Becket 

Fund ......................................................... 
Central Sauings Bank - Richards Memo- 

rial Fund 

Statement of Income and Expenses 
The Electrochemical Society. Inc . 

March 31. 1964 
Custodian Fund 

Electronics Dlvlslon ...................................... $ 2.047.00 Income 

Consolidated Portfolio of Investments (Value 3/31/64) 
............................................................. Membership Dues $ 63.940.18 

Patron and Sustaining Memberships ................................... 23.38635 
Subscriptions: 

Electrochemical 18.739.18 
Journal of ECS 54.598.40 

Reprints: (Net) : 
Journal ................................................................................. 5.889.88 
Electrachemlcal Technology ........................................... 756.01 

Bound Volumes: 
Journal ...................................................................................... 1.526.58 
ElectrochemicalTechnolom ............................................ 383.13 

Edward Goodrich Acheson Fund ................ $ 45.734.99 
F . M . Becket Memorial Fund ....................... 22;586.10 
Consolidated Fellowship Fund .................... 44.944.60 
Colin Garfield Fink Fellowship Fund ........ 9.885.82 
Edward Weston Fellowship Fund ............. 18.165.78 
Society Reserve Fund ................................... 157.699.27 

Advertising: 
.. 

Journal .................................................................................... 
Electrochemical Technology ................................................ 

Conventions: .................... .. .......................................................... 
Extended Abstracts .................................................................... 
Interest Earned on General Funds .............................. .. ...... 
Ten Year Index of Journal ............................. .. ...................... 

.................................................................. Monograph Royalties 
Income From Investments .......................................................... 
Office Sale of Publications ........................................................ 

Other Assets 
Accounts Receivable ....................................... 4.438.18 
Furniture and Fixture8 ........ 16.480.27 
Less Reserve For Depreciation 1,348.40 15.133.81 
Inventory ............................. ... ...................... 5.561.86 
Prepaid Postage ............................................. 898.33 
Convention Advance ..................................... 500.00 26.522.24 -- - 

$480,068.97 

Expenses 

......................................................... Print and Mail Joumal 
Print and Mail Electrochemical Technology ........................ 
Salaries ........................................................................................ 

...................................................... ........................ Office Rental .. 
Postage. Supplies and Miscellaneous ................................... 
Bound Volumes: 

Statement of Liabilities and Special Funds 

Liabilities 
Accounts Payable ............................. .. ............ $ 5.180.60 

Journal ..................... ................... ................................................ 
Electrochemical Technology .................................................. 

Local Sections and Divisions .................................................. 
New York Office Travel ............................................................ 

Deferred Income 
Journal Bound Volume ................................ $ 1.147.54 
Electrochemleal Technology Bound Volume 367.85 
Patron and Sustainhe MembershlD Dues 17.115.00 

Presidential 
Conventions 
Membership 
Young Auth Membership Dues ..... ........................ : ............ 43.355.53 

Life Memberships ........................ .. .............. 2.222.58 
Journal Subscriptiona .................................. 38.423.40 
Electrochemhal Technology Subscriptions 12,942.34 
Abstracts ........................................................... 3.392.81 118.961.05 

Excess Income Over Expenses ............................................... 

Special Funds Certificate of Audit 
Awards and Fellmshiasr ............ 

Edward Goodrich go he son Fund ............ 49,067.43 
F . M . Becket Memorial Award Fund ...... 23,995.93 
Consolidated Fellowship Fund ............... 46.314.56 
Colin Garfield Fink Fellowship Fund .... 10.538.37 
Richards Memorial Fund . . . . . . . . . . . . . . .  936.17 
Edward Weston Fellowship Fund 18.373.38 necessary . 

In my opinion. the balance sheet and statement oi income and ex- 
penses present fairly the financial position of The Electmchemical 
Society Incorporated at  March 31 1964 in conformity with gen- 
erally iccepted acco&ting principle; consistent with the p h r  years . 
June 10. 1964 

Monographs Funds: 
Corrosion Division .................................. $ 18.085.00 
Electronics Division ................................. 686.94 
Electrodeposition Division ........................ 3,180.84 
Electrothermics & Metallurgy 5.153.20 
Less Iron Ores Ad- 

(Signed) N . W . Marind.  Auditor vance ................... $249.37 
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Electrochemical Society Awards 

July 1964 

James A. Cunningham 

Young Author's Prize 1963 
At the Annual Banquet held 

on Tuesday, May 5,  during the 
Toronto Meeting of The Electro- 
chemical Society, James A. Cun- 
ningham, a senior engineer at Texas 
Instruments Inc., Dallas, Texas, was 
announced as the winner of the 
1963 Young Author's Prize of $100. 
His prize-winning paper, written in 
cooperation with G. A. Watts en- 
titled "Mechanism of Electrodeposi- 
tion from Aqueous Solutions of 
Square Planar Complexes," ap- 
peared in the July 1963 issue of 
the JOURNAL. 

Dr. Cunningham presently holds 
the position of senior engineer and 
head of the Small Signal Fabrication 
Technology Section at Texas Instru- 
ments Inc. Current research interests 
include semiconductor surfaces and 
electrical contacts, corrosion, in- 
organic synthesis, and electrodepo- 
sition. He has recently published a 
paper entitled "The Formation of 
Organic-Silicon Surfaces" in ELEC- 
TROCHEMICAL TTTCHNOLOGY. 

He holds B.A., M.A., and Ph.D. de- 
grees from the University of Texas. 
His doctorate, granted in 1961, is in 
Inorganic Chemistry. 

He is a member of The Electro- 
chemical Society, Phi Lambda Upsi- 
lon, and Sigma Xi. 

Turner Memorial Award for 1963 
E. J. Cairns of General Electric 

Co., Schenectady, N. Y., and Martin 
Weinstein of Tyco Laboratories, Inc., 
Waltham, Mass., are co-winners of 
the Francis Mills Turner Memorial 
Award, sponsored by the Reinhold 
Publishing Corp., in recognition of 
their papers which appeared in the 
JOURNAL during 1963: E. J. Cairns for 
the paper "l'hermodynamics of Hy- 

E. J. Cairns Mortin Weinstein 

drocarbon Fuel Cells" written in co- 
operation with A. D. Tevebaugh and 
G. J. Holm, published in the October 
1963 issue; Martin Weinstein for 
the paper "Thermodynamic Prop- 
erties of the Manganese-Lead-Bis- 
muth System" written with J. F. 
Elliott, published in the July 1963 
issue. 

The award, consisting of $100 
worth of scientific and technical 
publications to each winner, was 
made to Dr. Cairns and Dr. Wein- 
stein at the Society's Annual Ban- 
quet on May 5 in Toronto. 

Dr. Cairns has been with General 
Electric Research Labs., as a mem- 
ber of the Physical Chemistry Sec- 
tion since 1959. While at G.E., he has 
been working in the fields of elec- 
trochemistry, fuel cells, and thermo- 
dynamics. 

He received his B.S. degree in 
chemistry from the Michigan College 
of Mining and Technology in 1955; 
and a B.S. degree in chemical engi- 

Notice to Membem and Subscribem 

(Re Changes of Address) 

To insure receipt of each is- 
sue of the JOURNAL, please be 
sure to give us your old address, 
as well as your new one, when 
you move. Our records are flled 
by states and cities, not by in- 
dividual names. The Post OfRce 
does not forward magazines. 

We should have this informa- 
tion by t h e  16th of t h e  month 
to avoid delays in receipt of the 
next issue. 

neering in the same year. He was 
awarded a Ph.D. degree from the 
University of California (Berkeley) 
in kinetics and mixing phenomena. 
While at the University of California 
he held fellowships from the Dow 
Chemical Co., the University of 
California, and the National Science 
Foundation. 

He is a member of the ACS, 
AIChE, AAAS, N. Y. Academy of 
Sciences, Phi Kappa Phi, Sigma Xi, 
Tau Beta Pi, Phi Lambda Upsilon, 
Phi Eta Sigma, and The Electro- 
chemical Society. He is past repre- 
sentative on the Council of Local 
Sections, and is presently Secretary- 
Treasurer of the Mohawk-Hudson 
Section. 

Dr. Martin Weinstein received a B. 
Met. E. degree from Rennsselaer 
Polytechnic Institute, Troy, N. Y., 
1957, a M.Sc. and Sc.D. degree in 
Metallurgy from Massachusetts In- 
stitute of Technology, Cambridge, 
Mass., in 1959 and 1961, respectively. 

His research at M.I.T. was con- 
cerned with the thermodynamics of 
liquid metallic solutions with em- 
phasis on the correlation of elec- 
tronic and chemical properties of 
binary and ternary systems. He 
joined Tyco Laboratories, Inc., Wal- 
tham, Mass.. in 1961, where he is a 
senior scientist in Physical Metal- 
lurgy. His major research interest 
is in device materials science with 
particular emphasis on crystal 
growth, imperfections in solids, and 
new device configurations in com- 
pound semiconductors. 

Dr. Weinstein is a member of The 
Electrochemical Society Sigma Xi, 
the American Institute of Metallur- 
gical Engineers, and the American 
Society of Metals. 



Vol. 11 I, No. 7 CURRENT AFFAIRS 

Abstracts of "Recent News" Papers 
Presented a t  Electronics Division Semiconductor Sessions, Toronto Meeting, May 3-7,1964 

Silicon Phosphide Precipitates in 
Diffused Silicon 

P. F. Schmidt and R. Stickler, West- 
inghouse Research and Develop- 
ment Center, Pittsburgh 35, Pa. 
The presence of a silicon phos- 

phide phase in the surface layers of 
heavily-phosphorus-diffused silicon 
was suggested by the results of 
tracer experiments. Investigation of 
suitably, thinned silicon specimens 
then led to the direct observation of 
the precipitate by transmission elec- 
tron microscopy and to its crystal- 
lographic identification by means of 
electron diffraction. 

Transmission Electron Microscope 
Investigations on Diffused Silicon Wafers 
with Relation to Electrical Properties of 

Semiconductor Devices 

A. Knopp and R. Stickler, Westing- 
house Electric Corp., Pittsburgh, 
Pa. 
Uncontrollable variations of elec- 

trical properties of semiconductor 
devices are considered to be caused 
by relatively small concentrations of 
undesired impurities in the semi- 
conductor material. Transmission 
electron microscope investigations 
on diffusion zones of silicon wafers 
showed that a correlation between 
electrical properties of devices and 
microheterogeneities in various dif- 
fusion zones exists. Due to mass 
spectrometric analysis, it seems very 
reasonable to correlate these micro- 
heterogeneities with the desired 
diffusion product and with heavy 
metals, especially copper and iron. 

Surface Concentrations of Ga-Diffused 
Silicon as Functions of Ga-Temperature and 

Diffusion Systems 

A. N. Knopp, Westinghouse Electric 
Corp., Youngwood, Pa. 
Surface concentration of gallium 

diffused n-type silicon in a closed 
quartz ampoule system can be con- 
trolled by the partial vapor pres- 
sure of a metallic gallium source or 
by one of its oxides. The results of 
this investigation show that the sur- 
face concentration can be controlled 
by the "source" temperature and 
various parameters of the diffusion 
system, e.g., by total pressure of 
our inert atmosphere and partial 
pressure of water vapor. 

Five Probe Technique For Measuring 
Silicon Properties 

D. I. Pomerantz, Lab. for Physical 
Science, P. R. Mallory & Co., Inc., 
Northwestern Industrial Park, 
Burlington, Mass. 

A five probe technique described 
for measuring properties of diffused 
and epitaxial layers near a silicon 
junction. In addition to four con- 
ventional resistivity probes, a fifth 
contact is made to the substrate to 
bias the junction between substrate 
and layer. Sheet conductivity of the 
layer and capacitance of the junction 
are measured as a function of this 
bias, allowing a determination of 
carrier concentration and mobility 
as a function of distance from the 
junction. 

Electron Microscopy of Diffusions in 
Semiconductors 

R. J. Jaccodine, Bell Telephone 
Labs., Inc., Allentown, Pa. 

An electron microscopic study of 
high concentration phosphorous dif- 
fusion (>lOl9/cmS) with silicon of 
(111) and (100) orientation has been 
undertaken. Samples were taken 
from both chemically polished and 
mechanically prepared material. 
Examples of observations of disloca- 
tion networks induced by diffusion 
are illustrated. Burger's vector de- 
termination, line orientation, and 
density are discussed. Similar ob- 
servations made with high concen- 
tration boron is presented. 

A New Dielectric Isolation Technique for 
High Quality Silicon Integrated Circuits 

D. Mc Williams, C. Fa, G. Larchian, 
and 0. Maxwell, Jr., Autonetics 
Div. of North American Aviation, 
Inc., 3370 East Anaheim Rd., Ana- 
heim, Calif. 

A new technique for improving 
integrated circuits has been devel- 
oped by Autonetics' Solid State De- 
vices Lab. Basically, it consists of 
growing a specific, but controlled, 
polycrystalline silicon layer over sil- 
icon dioxide. This yields isolated 
islands of single crystal silicon em- 
bedded in a polycrystalline sub- 
strate. A patent has been applied 
for under the title, "Electrically Iso- 
lated Semiconductor Devices on 

Common Crystalline Substrate." De- 
vices fabricated by this "poly" tech- 
nique show major advantages over 
the conventional monolithic struc- 
ture as follows: the active regions 
are formed in high grade starting 
material (silicon) ; the parasitic 
capacitance is reduced by a factor 
of ten to one in comparison to con- 
ventional devices of identical areas; 
the isolation is excellent with a di- 
electric blocking voltage greater 
than 350v and resistance greater 
than 2 x 108 ohms (1 Fa at 200v). 
The decreased parasitic capacitance 
of the poly process has extended the 
high frequency applications while 
the increased isolation makes pos- 
sible integrated circuits with higher 
voltage ratings. 

Detection of Low Concentrations of Metallic 
Impurities in Si 

M. C. DufPy, W. J. Armstrong, and 
M. S. Hess, Components Div., In- 
ternational Business Machines 
Corp., Poughkeepsie, N. Y. 
It has previously been shown that 

metallic impurities in silicon can 
cause "soft" reverse bias junction 
characteristics, and that PzOs getter- 
ing can be used to "clean up" the 
soft junctions. This paper deals with 
a method of detecting extremely 
small quantities of these impurities 
in silicon. It was used to determine 
the processing step in which the 
impurities were introduced. This 
technique consists of forming high- 
purity PzOs on silicon substrates by 
the in situ oxidation of PHs gas, 
passing the substrates through a 
thermal gettering cycle, and then 
analyzing the PsOs by a standard 
spectrographic technique. Due to the 
concentrating effect of this method, 
it was possible to detect Fe, Ni, Cu, 
and Zn to the level of 1014 at./cma. It 
was determined that these elements 
are initially present in silicon and 
that significant amounts are removed 
by PzOs gettering. 

A Single Crystal Metal  Base Tmnsisto~ 

J. Lindmayer, J. J. Casey, and R. R. 
Garnache, Research Center, 
Sprague Electric Co., North 
Adams, Mass. 
Previous attempts to develop hot 

electron transistors have relied 
heavily on evaporative methods 
which result in two successive poly- 
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crystalline layers deposited usually 
on a single crystal substrate. This 
paper describes a metal base transis- 
tor, of single crystal structure 
throughout, in which the metal layer 
and the second semiconductor layer 
are deposited on a single crystal 
substrate by epitaxial techniques. 
The particular devices to be de- 
scribed have been made from the 
single crystal structure Si-MoSia-Si, 
in which MoSiz is the metallic layer. 
These new majority carrier devices 
have been characterized for voltage, 
current, and power gain, frequency 
response, and other electrical pa- 
rameters, which are discussed in de- 
tail. The important aspects of simi- 
larity and dissimilarity between the 
metal base transistor and conven- 
tional transistors are pointed out, 
and theoretical justifications for 
these are given. Comparisons of low- 
temperature and high-temperature 
operation of metal base transistors 
and conventional transistors have 
been made. As expected, the alpha 
of the hot electron device improves 
with decreasing temperature, while 
that of the conventional transistors 
behave oppositely. The devices have 
been tested for radiation resistance at 
an integrated flux of 3 x 10'4 NVT 
and have been found to have radia- 
tion resistance properties markedly 
superior to those of conventional 
transistors. Detailed results of these 
experiments are presented. 

The Effect of Growth Parameters and 
Solute on the Radial Resistivity Uniformity 

of Czochralski Grown Silicon Crystals 

K. E. Benson, Bell Telephone Labs., 
Inc., Allentown, Pa. 
The effects of growth rate, seed 

rotation, crucible rotation, crystal 
diameter, solute, and solute concen- 
tration on the radial resistivity uni- 
formity of Czochralski grown silicon 
crystals have been determined. A 
pronounced maximum in radial re- 
sistivity variation which increases 

with growth rate was found to exist 
at seed rotation rates of 10 rpm or 
crucible rotation rates of 25 rpm. 
When both seed and crucible rota- 
tions were used counter to each 
other, these maximums were still 
present indicating that seed rotation 
acts independently of crucible ro- 
tation in controlling the radial re- 
sistivity profile under the growth 
conditions investigated. The effect 
of crystal diameter and the solutes 
B, Ga, In, Al, P, As, and Sb were 
investigated for a seed rotation of 
50 rpm and a growth rate of 11.2 
crn/hr. 

Crystal Defects in P-type Epitaxial Silicon 

G. H. Schwuttke (Present address: 
International Business Machines 
Corp.) General Telephone & Elec- 
tronics Labs., Bayside, N. Y., and 
V. Sils, Sylvania Electric Inc., Wo- 
burn, Mass. 
P-type epitaxial Si films of 10 

ohm-cm resistivity were grown by 
Sic14 vapor decomposition on the 
(111) face of boron-doped single- 
crystal silicon, ranging in resistivity 
from 10 to 0.001 ohm-cm resistivity. 
The influence of interfacial misfit in- 
troduced by the impurity concentra- 
tion gradient between substrate and 
epitaxial films on epitaxial layer 
perfection was studied through x-ray 
diffraction microscopy. Large-area 
topographs revealed characteristic 
line defects in <110> directions. 
The x-ray measurements indicate 
that the faults are extended disloca- 
tions of the Lomer-Cottrell type. 
[Research supported by the U.S. Air 
Force Cambridge Research Lab. 
under contract AF(60417313.1 

A Slide Rule for Computing Dopant 
Profiles in Epitaxial Semiconductor Films 

I. Amron, Bell Telephone Labs., Inc., 
Murray Hill, N. J. 
A slide rule has been developed 

for the rapid calculation of the dop- 

ant concentration proAles of epitaxial 
semiconductor films from difIerentia1 
capacitance measurements. The slide 
rule uses the raw data directly and 
eliminates the need for the prior 
normalization of the data to unit 
area. 

Etch Studies on Epitaxial and Bulk 
Silicon Using the Sirtl Etch 

T. G. R. Rawlins, Research and De- 
velopment Labs., Northern Electric 
Co., Ottawa, Ont., Canada 
Studies have been undertaken to 

determine suitable etch times and 
procedures to give etch figures of 
crystallographic imperfections on 
epitaxial and bulk silicon having 
different conductivities and varying 
impurity concentration. These times 
range from 1-2 min and up for dis- 
locations, and M min up for stacking 
faults, and vary with the density of 
imperfections. During the course of 
the work, etch figures, that are prob- 
ably due to regions of high impurity 
concentration (or clustering) have 
occurred in low resistivity material. 
The rate of etching has been deter- 
mined. 

Distribution of Impurity Atoms in Epitaxial 
Silicon 

B. A. Lombos and P. RaiChoudhury, 
Research and Development Labs., 
Northern Electric Co., Ottawa, 
Ont., Canada 
The influence of the impurity con- 

tent of the substrate material on the 
distribution of impurities in the 
epitaxial layer has been studied, and 
can be related to three main vari- 
ables: (i) substrate impurity level, 
(ii) preheat and growth times, and 
(iii) preheat and growth tempera- 
tures. Different growth conditions 
have been used in an attempt to 
examine separately the simultane- 
ously existing contributions. The 
evaluation of these experimental re- 
sults gives some of the controlling 
parameters which are needed for 
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the understanding of the doping 
mechanism and for the possible ad- 
justment of the impurity distribution 
and concentration in the epitaxial 
layer. 

Optical Inhomogeneities in Gallium Arsenide 

M. E. Drougard and J. B. Gunn, IBM 
Watson Research Center, York- 
town Heights, N. Y. 
Local inhomogeneities and other 

defects have been observed by opti- 
cal methods in pulled and epitaxially 
deposited crystals of gallium ar- 
senide. The samples were lapped and 
polished and examined in trans- 
mitted light with an infrared image 
converter. A reasonably parallel il- 
lumination is sufficient to exhibit all 
the defects which have been seen up 
to now, but more detailed informa- 
tion can be obtained by Schlieren or 
phase contrast techniques. The 
physical mechanisms which make 
the defects visible are discussed. 

Segregation of Dopant in GaAs Crystals 
Pulled from the Melt 

T. S. Plaskett and S. E. Blum, IBM 
Watson Research Center, York- 
town Heights, N. Y. 
Doped GaAs crystals, grown from 

the melt by the sealed Czochralski 
technique, were examined for 
chemical segregation by infrared 
transmission microscopy. The solute 
was observed to segregate in a 
striated (or banded) structure per- 
pendicular to the growth axis and in 
some crystals segregated radially. 
Attempts were made to relate the 
segregation patterns to growth pa- 
rameters. 

X-Ray Diffraction Topographies of 
Imperfections in Gallium Arsenide by the 

Anomalous Transmission of X-rays 

E. D. Jungbluth, General Telephone 
& Electronics Labs., Inc., Bayside 
60, N. Y. 
The Borrmann effect was utilized 

to form x-ray diffraction topographs 
of gallium arsenide single crystals 
grown by the Czochralski and the 
horizontal gradient freeze tech- 
niques. The dislocation densities in 
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the Czochralski-type crystals are 
relatively high, and vary between 10s 
and 104 per cm2 across the diameter 
and along the length of the ingot. 
The dislocation densities in the 
gradient freeze type crystals may be 
as low as 100 per cmz, and little vari- 
ation in the dislocation density was 
observed. Observations of dislocation 
contrast were made with respect to 
different reflections. The reflection 
dependency of segregation phenom- 
ena in solution-doped gallium ar- 
senide were observed. 

Interface-Alloy Epitaxial Heterojunctions 

R. H. Rediker, S. Stopek, and J. H. R. 
Ward, Lincoln Lab., Massachusetts 
Institute of Technology, Lexington 
73, Mass. 
Epitaxial heterojunctions between 

GaAs and Ge and between GaAs and 
GaSb have been produced by melting 
only the interface between the two 
semiconductors. Kossel-line tech- 
niques and electron-beam micro- 
probe analysis were used to in- 
vestigate the nature of the hetero- 
junction. In the interface alloying 
the wafers rotate and/or tilt with re- 
spect to each other as required for 
single crystal regrowth, which ap- 
pears to be the lowest energy 
method for regrowing. Electrical 
properties of the junctions are &s- 
cussed. (Operated with support from 
the U. S. Air Force.) 

Preparation and Properties of AIAs-GaAs 
Mixed Crystals 

J. F. Black and S. M. Ku, General 
Telephone & Electronics Labs., 
Inc., Bayside, N. Y. 
AlAs-GaAs mixed crystals of 

graded energy gap were grown 
epitaxially onto GaAs substrates by 
a "closed-tube" iodide vapor trans- 
port process a t  a temperature of 
700°C. Layers as thick as 10 mils 
with areas of several square centi- 
meters were grown with composi- 
tion varying from pure GaAs at  the 
substrate-layer interface to 55 mole 
% AlAs at  the surface. Electron- 
beam-probe microanalysis was used 
to determine lateral and transverse 

composition variation within the 
mixed crystal layer. By incremental 
grinding and x-ray fluorescence 
analysis, electrical and optical meas- 
urements were correlated with the 
AlAs-GaAs composition. 

Injection Electroluminescence in AIAs-GaAs 
Diodes 

S. M. Ku and J. F. Black, General 
Telephone & Electronics Labs., 
Inc., Bayside, N. Y. 
P-n junction A&-GaAs diodes 

were made by diffusion of zinc at 
800°C into epitaxial films with a 
graded energy gap. By control of 
junction depth, the emission wave- 
length could be varied according to 
the exact AlAs-GaAs composition at 
the p-n junction. The forward in- 
jection emission peaks were meas- 
ured as a function of current at  
room and at liquid nitrogen tempera- 
ture. Energy gap values obtained 
from the band-to-band emission 
peaks were correlated with composi- 
tion a t  the p-n junction and com- 
pared to optical measurements of the 
energy gap in the epitaxial layer. 

The Cleanness of Oxide Layers Produced 
on Silicon by Abrasion and by Etching 

R. Stickler and J. W. Faust, Jr., 
Westinghouse Electric Corp., Pitts- 
burgh, Pa. 
Many steps in device fabrication 

take place through an oxide layer. In 
addition, oxide layers are used for 
surface stabilization. The perfection 
and cleanness of oxide layers on sili- 
con were studied by transmission 
electron microscopy. Oxide layers 
formed by abrasion and also by 
mixed acid etchants were found to 
contain abrasive particles and other 
"dirt" while those from hydroxide 
etchants were found to be much 
cleaner. 

Small Particles in Si 

G. R. Booker and R. Stickler, West- 
inghouse Electric Corp., Pitts- 
burgh, Pa. 
Si grown by Czochralski or float 

zone techniques occasionally gives 

December 1964 Discussion Section 
A Discussion Section, covering papers published in the January-June, 1964 JOURNALS, is scheduled for 

publication in the December 1964 issue. Any discussion which did not reach the Editor in time for the June 1964 
Discussion Section will be included in the December 1964 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., Rm. 1806, New York, N. Y., 10017, not 
later than September 1 ,  1964. All discussions will be forwarded to the author(s) for reply before being printed in 
the JOURNAL. 
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1 anomalously low yields of p-n junc- 
tion devices, even though the re- 
sistivity, minority carrier lifetime, 
and dislocation density are within 
the normally acceptable ranges. 
When thinned areas of such Si speci- 
mens were examined in transmission 
in the electron microscope, large 
numbers of small particles embedded 
in the Si matrix were observed. The 
origin and identity of such particles 
and their effects on the electrical and 
mechanical properties of the Si are 
discussed. 

Presented a t  the Silicon Diffusion 
and Device Technology Session, 

New York Meeting, 
Sept. 29.30, Oct. 1.2. and 3,1963 
The Role of Oxygen during Diffusion into 

I Silicon from a Diborane Source 

K. M. Busen, C. G. Pochop, and W. A. 
FitzGibbons, Research Center, 
Sprague Electric Co., North 
Adams, Mass. 
The use of a mixture of phos- 

phine (or diborane) and nitrogen 
as a source for the diffusion of 
phosphorus or boron into silicon has 
been described by Donovan and 
Smith. In their diffusion equipment 
oxygen is added to the mixture to 
prevent erosion of the silicon surface. 
The authors of this paper investi- 
gated a diffusion process where di- 
borane was the impurity source, di- 
luted by a mixture of oxygen and 
nitrogen. It was found that the oxy- 

gen concentration besides being in- 
fluential for the surface conditions 
of the silicon after diffusion is an im- 
portant factor for the magnitude of 
the surface concentration, C,. 

In three sets of experiments the 
amount of oxygen was varied while 
the diborane concentration was kept 
constant at 165, 100, or 45 ppm by 
volume, respectively. The resulting 
C,, which was derived from V/I 
measurements depended linearly on 
the oxygen concentration as long as 
the latter was above 120, 100, or 80 
ppm, respectively (range I).  Below 
these values C, first increased rap- 
idly with decreasing oxygen content 
by nearly a factor of ten and then 
dropped back (range 11). At the 
same time surface erosion of the sil- 
icon could be observed. The control 
of C, within range I1 was very poor 
probably because of the deep pits 
due to the erosion. The behavior of 
the silicon seems to follow Wagner's 
theory which postulates that "at low 
oxygen content no layer of solid sil- 
ica is expected to occur and the rate 
of attack due to the formation of 
volatile SiO is supposed to be pro- 
portional to the oxygen pressure in 
the bulk gas. Above a critical oxy- 
gen partial pressure, solid silica may 
be formed. . . ." In another set of 
experiments, where the oxygen con- 
centration was kept constant (145 
ppm) , the surface concentration 
varied linearly with the diborane 
concentration. 

ESC Officers for 1965-66 
The Report of the Nominating 

Committee was approved by the 
Board of Directors at the Toronto 
Meeting. 

The slate to be voted on this Fall 
is as follows: 
President-Ernest Yeager; Vice- 
President-Ivor E. Campbell, Paul 
Delahay, and Charles W. Tobias; 
Secretary-Richard F. Bechtold. 

Photographs and biographies of 
each candidate will appear in the 
October 1964 issue of the JOURNAL. 

Personals 

Frank L. LaQue, Vice-President 
of The International Nickel Co., Inc., 
received the honorary degree of Doc- 
tor of Laws from Queen's University, 
Kingston, Ont., at a convocation held 
on Saturday, May 16, in Kingston. 

Dr. LaQue, an alumnus of the Uni- 
versity, was cited for the significant 
contributions he has made in re- 
search and development in the met- 
als industry. 

Dr. LaQue has been Vice-Presi- 
dent of Inco since 1954, serving as 
manager of the Development and Re- 
search Div., from that time until 
1962. He is, at present, engaged in 
rendering executive support to vari- 
ous activities of the company. 

He joined Inco that same year and 
has since specialized in the field of 
corrosion and corrosion-resisting 
materials. It was under his leader- 
ship that Inco's well-known corro- 
sion laboratory was established at 
Harbor Island (Kure Beach), N. C. 

Dr. LaQue is chairman of the Ad- 
visory Panel for the Division of Met- 
allurgy of the National Bureau of 
Standards, and is associated with the 
National Research Council of the 
National Academy of Sciences as 
chairman of the Subcommittee on 
Corrosion. He also serves as an ad- 
visor to the Metallurgical Dept. of 
Case Institute of Technology. He was 
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1965 Palladium Medal Award, ECS 
The seventh Palladium Medal of 

The Electrochemical Society will be 
awarded at  the Fall Meeting of the 
Society to be held in Buffalo, N. Y., 
October 10-14, 1965. The medal was 
established in 1951 by the Corrosion 
Division. 

The candidate shall be distin- 
guished for his original contribu- 
tions to theoretical electrochemistry 
or to fundamental scientific knowl- 
edge of corrosion processes. He need 
not be a member of the Society. 
There shall be no restrictions or 
reservations made regarding his 
citizenship, age, or sex. 

To be eligible, the candidate shall 
agree to receive the award in per- 
son at the designated national con- 
vention of the Society. He shall also 
agree to present a general lecture 
before the Society, at  the above 
designated national convention, to 
be called the Palladium Medal 
Address. This address will in gen- 
eral describe some area of the 
candidate's researches. and will be 

President of The Electrochemical 
Society during 1962-1963. 

Paul Riietschi has been appointed 
Technical Director of Leclanche, 
S.A., Yverdon, Switzerland, a well- 
known manufacturer of capacitors 
and batteries. During the past nine 
years Dr. Ruetschi was associated 
with The Electric Storage Battery 
Company, where he last held the po- 
sition of manager, Electrochemistry 
Division, Carl F. Norberg Research 
Center, Yardley, Pa. 

As a Past Chairman of the Theo- 
retical Division of The Electrochemi- 
cal Society, he has organized Inter- 
national Symposia at  National ECS 
Meetings. He has served on several 
Award Committees of The Electro- 
chemical Society. 

Dr. Riietschi is author of over 40 
technical papers in the field of theo- 
retical electrochemistry, reaction ki- 
netics, surface chemistry, electro- 
chemical energy conversion, and 
battery technology. He received 
the Young Author Award of The 
Electrochemical Society in 1957. 

Victor Sils joined Transitron Elec- 
tronics Corp. as manager of Epitaxial 
Materials, Integrated Circuit, and 
Transistor Div. Mr. Sils had previ- 
ously served for three years as en- 
gineering specialist on epitaxial 
process development for General 
Telephone & Electronics, Sylvania 
Semiconductor Div. 
Henry F. H. Wigton has joined 

Molectro Corp. of Santa Clara as 

presented at a time and place dur- 
ing the Convention to be specified 
in each instance by the Board of 
Directors. 

Previous medalists have been: 
Carl Wagner, Max Planck Institut 
fiir Physikalische Chemie; N. H. 
Furman, Princeton University; U. R. 
Evans, Cambridge University; K. F. 
Bonhoeffer, Max Planck Institut 
fur Physikalische Chemie (post- 
humous award); A. N. Frumkin, 
Electrochemical Institute of the 
USSR; and H. H. Uhlig, Massa- 
chusetts Institute of Technology. 

Sections, Divisions, and members 
of the Society are invited to send 
suggestions for candidates, ac- 
companied by supporting informa- 
tion, to Mr. Ernest G. Enck, Execu- 
tive Secretary, The Electrochemical 
Society, Inc., 30 East 42 Street, New 
York, N. Y., 10017, for forwarding to 
the Committee Chairman. Deadline 
for submission of suggestions is 
December 31, 1964. 

head of Materials Research, it was 
announced recently. Dr. Wigton will 
establish an epitaxial facility for 
Molectro's integrated microcircuit 
manufacturing program. He joins 
Molectro after more than three years 
as a technical staff member of Fair- 
child Semiconductor Research and 
Development Labs. in Calif. He was 
previously associated with Minne- 
apolis Honeywell, as senior scientist, 
and with E. I. DuPont, as a research 
chemist working on the oxidation 
and reduction of silicon, titanium, 
and niobium. 

News Items 

Electrochemical Symposium 
The Industrial Electrolytic Divi- 

sion of the Society is planning a 
symposium on "Electrolytic Di- 
aphragms and Separators" for the 
1965 Spring Meeting of the Society 
in San Francisco, Calif. 

Communications and inquiries re- 
garding this symposium should be 
addressed to: Dr. Robert E. Mere- 
dith, Department of Chemical En- 
gineering, Oregon State University, 
Corvallis, Oregon. 

Corrosion Research Council 
The 1964 annual meeting of the 

Corrosion Research Council will be 
held in Washington during the Fall 
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Meeting of the Society. The meeting Conference on Electrical Insulation IEEE/PTGNS 1964 Nuclear 
is scheduled for 10:OO A.M. on 
Thursday, October 15, at  the Shera- 
ton-Park Hotel. In addition to the 
business meeting, members will re-' 
view progress during the past year 
of research supported by the Council 
at university laboratories, and will 
also consider new proposals from 
qualified investigators. 

The Corrosion Research Council 
was established in 1954 under the 
sponsorship of the Engineering 
Foundation, 345 East 47th Street, 
New York City. Currently, Dr. Earl 
A. Gulbransen of Westinghouse 
Electric Corp. is Chairman, and 
Frank T. Sisco is Executive Secre- 
tary. The object of the Council is to 
stimulate fundamental research in 
corrosion and to encourage training 
of students in this area. In this way, 
the several billion-dollar loss each 
year to the American economy 
through corrosion of metal structures 
can be abated making it possible for 
the overall product of American in- 
dustry to reach a higher level. The 
research funds distributed by the 
Council are made available by vari- 
ous companies and industry associa- 
tions in the United States and Can- 
ada. 

The Conference on Electrical In- 
sulation of the National Academy of 
Sciences-National Research Council, 
will be held at  the Union Carbide 
Corp., Parma Research Center, 
Cleveland, Ohio, on October 12, 13, 
and 14,1964. For further information 
write to Mr. D. W. Thornhill, Staff 
Executive, Conference on Electrical 
Insulation, National Academy of 
Sciences, 2101 Constitution Ave., 
N. W., Washington, D. C., 20418. 

Chemical Engineering Professorship 
Established 

The New Jersey Zinc Co., New 
York, N. Y., has established the R. L. 
McCann Endowed Professorship in 
Chemical Engineering at Lehigh 
University with a gift of $100,000 to 
the University's Centennial Develop- 
ment Fund. The announcement of 
the endowed professorial post was 
made recently by Dr. Harvey A. 
Neville, president of Lehigh. 

The gift was presented to the 
University by New Jersey Zinc to 
honor the long and distinguished 
career of its president, Mr. McCann, 
to both his company and his alma 
mater, Lehigh. 

~adiat ion Effects Conference 
A nuclear radiation effects confer- 

ence will be held in Seattle on the 
University of Washington campus 
July 20-24, 1964. The program in- 
cludes sessions on dosimetry and nu- 
clear measurements, fundamental 
topics, dielectrics, semiconductors, 
materials and components, analysis 
and design of circuits. Additional in- 
formation may be obtained from: 
Mr. John C. Mitchell, Unit 2-53010, 
LTV-Vought Aeronautics Div., Ling- 
Temco-Vought, Inc., P. 0. Box 5907, 
Dallas, Texas, 75222 
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aimed a t  the solution of practical problems in sional activities, stimulating association with top- 
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