
JOURNAL OF THE 
C 

=rx - 

lectrochemical 

;CI ENCE 

SOLID STATE SCIENCE 

ELECTROCHEMICAL TECHNOLOGl 

REVIEW 



Chlor- Al kali Producers 
can count 

GRAPHITE PRODUCTS DIVISION 

GREAT 
LAKES 
CARBON Great Lukes C u h n  Corporation is 

CORPORATION ~f the werld's largest manufacturers 
grophite fo. rlwtr~thermic and 

299 Park Avenue New York, N.Y. 10017 c.11 art~cesxz~ -cna lo. aerospcrce. 
Offices and Agents Coast-toCwst and Around the World . ...-. . .~.~rg:c~l and a.her industrial uses. 

@. 
one a 

of 



Battery performance gets a boost when you 
use Webrils nonwoven fabrics for separators and 
absorbers. For a number of very good reasons. 

If primary and secondary battery systems are 
to perform much more reliably, they must inhibit 
dendrite growth and passage. Permit free ionic 
passage. Remain unaffected by acid or alkali. Loss 
of active plate material must be minimized. And 
electrolyte contact with plates must be assured. 
Webril nonwoven fabrics can do all this. 

'Union Carbide Corp. trademark for its modacrylic fiber 

They have been performance-tested for over 
millions of hours in mercury-zinc, zinc-air, lead- 
acid, cuprous chloride, and nickel-cadmium sys- 
tems. The unusually broad line of fine Webril prod- 
ucts gives you greater design flexibility . . . even 
in fuel cells. You can choose from polypropylene, 
Dynel*, nylon, highly purified cotton, modified cel- 
lulose, and other fibers. 

Find out more today. Write to Mr. P.N. Dangel, 
Electrical Specialties ~e~a r tmen t .  

The Kendall Company 
Fiber Products Division Walpole, Mass. 02081 



JOURNAL OF THE 

EDITOR 
Norman Hackerman 

DIVISIONAL EDITORS 
BATTERY 
Elton J. Calms L. W. Nledrach 
Isaac Trachtenberg J. L. Welnlnger 

CORROSION 
Richard C. carlston Harry C. Gatos 
2. A. Foroulis Jerome Kruger 
Ken Nobe J. ~ a u l  ~ e m s l e r  

DIELECTRICS AN0 INSULATION 
T. W. Dakin Newton Schwartz 
Donald M. Smyth Lawrence Young 

ELECTROOEPOSlTlON 
E. B. Saubestre Seymour Senderoff 

ELECTRONICS 
Ephralm Banks Charles M. Chapman 
George R. Cronln H. F. lvey 
Simon Larach Ernest Paskell 
Jerome Prener Bertram Schwartz 
P. wang J. M. Woodall 

~~ectro.organic 
Manuel M. Bailer Stanley Wawzonek 

Electrothermics and M s b l l u r e ~  
J. M. Blocher, Jr. Joan Berkowltz-Mattuck 
W. E. Kuhn J. H. Westbrook 

Industrial EIsctrolytb 
P. A. Danna scott Lynn 

ThWrstlWI ElsCbochemBtry 
Allen J. Bard M. W. Breiter 
A. J. de Bethune R. M. Hurd 
C. W. Tobias 

EDITORIAL STAFF 
Cecil V. King, Advisov Editor 
Angel Leshlkar, Assistant t o  tho Editor 
Julius Klerer, Book Review Editor 

PUBLICATION STAFF 

Ruth G. Sterns, Publication Editor 
Natalie M. Aust, Associats Pvbliwtlon Editor 

PUBLICATION COMMITTEE 

Charles L Faust, Chairman 
Mario D. Banus 
Norman Hackerman 
Cecil V. King 
Newton Schwartz 
Fred Strieter 
Dennis R. Turner 
Ernest B. Yeager 

ADVERTISING OFFICE 

30 East 42 St. 
New York, N, Y. 1W17 

MAY 1970 

ELECTROCHEMICAL SCl ENCE 

TECHNICAL PAPERS 

M. Eisenberg Polarization Characteristics of a Cupric Chloride 
R. E. Kuppinger Cathode in a Lewis Acid Organic Electrolyte 
K. M. Wang 
. . .577 

Y. Okinaka Charge Acceptance of the Cadmium-Cadmium 
C. M. Whitehurst Hydroxide Electrode at Low Temperatures . . . 583 

F. Mansfeld The Effect of Lead Ions on the Dissolution and 
S. Gilman Deposition Characteristics of a Zinc Single Crystal . . . 588 in 6N KOH 

H. Yanagida Direct Current-Voltage Characteristics of Calcia 
R. J. Brook Stabilized Zirconia with Porous Platinum Elec- 
F. A. Kroger trodes . . . 593 

A. Brenner Electrodeless Electrolysis 
J. L. Sligh, Jr. . . . 602 

H. Y. Cheh Current Distribution During the Electrodeposition ... 609 of Gold 

W. Mindt Electroless Deposition of Certain Metal Oxides . . . 615 I. Alpha-Pbq 

F. G. Bodewig Electrochemical Behavior of Selenium and Tellur- 
J. A. Plambeck ium in Fused LiCI-KC1 Eutectic . . . 618  

N. T. Thomas Kinetics of the Hydrogen Evolution Reaction on 
K. Nobe Titanium . . .622 

T. Takamura Specular Reflection Studies of Gold Electrodes 
K. Takamura i n  s i t u  
W. Nippe 
E. Yeager . . . 626 

L. H. Jenkins Galvanostatic Overpotential Transients and Electro- . . .630 crystallization Processes on Copper Single Crys- 
tals in Solutions of Cupric Perchlorate 

A. J. Appleby Oxygen Reduction on Active Platinum in  85% . . .641 Orthophosphoric Acid 

TECHNICAL NOTES 

G. Pistoia Zinc-dichromate High Power Primary Cell 
B. Scrosati . . . 645 



ELECTROCH EMlCAL SOCl ETY 

Vol. 117 No. 5 

S. Pizzini Electrode Overvoltages in Molten Fluorides The 
G. Sternheim Corrosion of Zirconium Electrodes in Molten KHFz . . .647 

R. G. Barradas On the Electrical Analog Circuit for the Study of 
E. M. L. Valeriote Metal Solution Interfaces by the Square Wave ... 650 Technique for Capacitance Measurements 

E. Banks A Simple Cell and Reference Electrode for Voltam- 
C. W. Fleischmann metry in Alkaline Melts 
L. Meites . . . 652 

SOLID STATE SCIENCE 

TECHNICAL PAPERS 

B. Cox Factors Affecting the Growth of Porous Anodic . . . 654 Oxide Films on Zirconium 

L. Ben-Dor Reactions Caused by Additive Coloration of T I f -  
A. Glasner and Pbf2-Doped KC1 
A. Zudkevitz . . . 663 

J. Mercier Physical and Electrical Investigations on Silicon . . . 666 Epitaxial Layers on Sapphire Substrates 

B. L. Crowder The Role of Damage in the Annealing Character- . . .671 istics of Ion Implanted Si 

P. M. Dunbar Ionic Instabilities in Pyrolytically Deposited Si02 
J. R. Hauser Films . . .a74 

G. L. Holmberg Water Contamination in Thermal Oxide on Silicon 
A. B. Kuper 
F. D. Miraldi . . . 677 

D. W. Shaw Epitaxial GaAs Kinetic Studies: {001) Orientation . . . 683 

P. E. Bakeman, Jr. The Theory of Anomalous Diffusion in Solids Near 
J. M. Borrego Diffusant Saturation Concentrations: Example- . . . 688 Phosphorus in Silicon 

H. W. Billhardt New Data on Basic Lead Sulfates 
. . . 690 

L. H. Kaplan The Deposition of Molybdenum and Tungsten Films 
F. M. d'Heurle from Vapor Decomposition of Carbonyls 
. . . 693 

G. A. Antypas The Ga-Gap-GaAs Ternary Phase Diagram ... 700 

T. Tsujide Properties of Aluminum Oxide Obtained by Hydroly- 
S. Nakanuma sis of AlCla 
Y. lkushima . . . 703 

DIVISION OFFICERS 

Battery Division 

Paul C Milner Chairman 
Alvin J: ~a lk inh ,  Vice-Chalrman 
Howard R. Karas. Secretarv-Treasurer 

General Batteiy corpordtlon 
P. 0. Box 1262 
Reading, Pa. 19603 

Corrosion Division 

M. J Pryor Chairman 
2. ~ A d r e w  koroulis, Vice-Chairman 
J. Paul Pemsler. Secretarv-Treasurer 

Ledgemont ~aboratory 
Kennecott Copper Carp. 
128 Spring St. 
Lexington, Mass. 02173 

Dielectrics and Insulation Division 

Edward M DaSilva Chairman 
Donald ~ . 'Smv th .  hce.~hairman 
Lawrence ~ou;lg,'~reasurer 
Dleter Gerstenberg, Secretary 

Bell Teleohone Laboratories 
~ l i e n t o w i ,  Pa. 18100 

Electrodeposition Division 

Seward E. Beacom Chairman 
Edward B. saubest;e, Vice-Chairman 
Rolf Weil SecretaryTreasurer 

Dept. i f  Metallurgy 
Stevens Institute of Technology 
Hoboken, N. J. 07030 

Electronics Division 

Roger Newman Chairman 
Harry Selio ~ ike-chairman (Semiconductors) 
Philip M. ~Af fe Vice-Chairman (Luminescence) 
E. M. Pell, vice-chairman (General ElectrOnlCS) 
Bertram Schwartz. Secretarv.Treasurer 

Bell Telephone Laboratories, Inc. 
Murray Hill, N. J. 07974 

Electro-Organic Division 

Electrothermics and 
Metallurgy Division 

Stanley T. Wlodek Chairman 
Joan B. Berkowiti- att tuck, Vice-Chairman 
Walter W. Smeltzer, Vice-Chalrman 
Rolf Haberecht. Secretary-Treasurer 

Texas Instruments, Inc. 
P.O. Box 5303, Mail Station 144 
Dallas, Texas 75222 

Industrial Electrolytic Division 

Theodore 17. Beck, Chairman 
Jack H. Nichols, Vice-chairman 
N. E. Richards, Secretary-Treasurer 

Reduction Research 
Reynolds Metals Co. 
P.O. Box 191 
Sheffield, Ala. 35661 

Theoretical Electrochemistry Division 

Christie G.  Enke Chairman 
Robert E. ~ e r e d i t h ,  Vice.Chairman 
Manfred W. Breiter, SecretaryTreasurer 

General Electric 
R & D Center 
Schenectady, N. Y. 12301 



S O C I E T Y  O F F I C E R S  

N C o r 4  Cabon  President 
~Ansumer ~ r o d u l t s  Dlvision 
Union Carblde Corp. 
P. 0. Box 6056 
Cleveland, Ohlo 

Charles W. Teblat, Vice-President 
10 lD  Gllman Hall 
University of Callfornla 
Berkeley, Cailf. 94720 

Cecll V Kin1 Vlce.President 
~ m e r i c d n  ~ a s ' a  Chemicals, Inc. 
511  East 72 St. 
New York, N. Y. 10021 

Thaadom D McKlnley Vlce.President 
E. I. du ~ o i t  de ~ e m d u r s  & Co. Inc. 
Pigments Department 
Experimental Station 
Wilmington, Dei. 19898 

Dennis R Turner Secretary 
Bell ~ e l e i h o n e  ~aboratories, Inc. 
Room 18.247 
Murray HIII, N. J. 07971 

R. nomar Cherry, Treasurer 
Vbe.Pres1dent Corporate Research 
Leeds & Northrup Co. 
Research & Development Center 
Dlckerson Rd. 
~ o r t h  wales. Pa. 19454 

Ernest 6. Enck. Executive Secretary 
The Electrochemical Society, Inc. 
30  East 42 St. 
New York, N. V. 10017 

Mmuscr!pts submltted t o  the Journal should 
be sent in  triplicate t o  the Editorial Office at  
30 ~ a s i  42 St. ~ e w '  York, N Y 10017 They 
should conform f o  the ravlsed ~~ lns i i uc t i ons  'to Au. 
ih* aiallabie i rom Sacietv Hsadauarters. Manu- 
scripts SO submitted, as wen as papers presented 
before a National technical meeting, become the 
property of the Society and may not be published 
elsewhere in whole or in  part without written per- 
mission of the Society. Address such requests t o  
Ih. CAitn.  .,," .",.",. 

The Electrochemical Society does not  malntaln a 
supply of reprints of papers appearin i n  i t s  
Journal A photoprlnt copy of any particufar pa e r  
may b i  obtained from Univenlty Mlcrofiims, $00 
North Zeeb Road. Ann Arbor. Michiaan 48106. 

Inquiries re  positive miciofi lm copies of volumes 
should be addressed t o  University Microfilms, Inc., 
300 N. Zeeb St., Ann Arbor, Mich. 48106. 

Walter J. Johnson. Inc., 111 Flfth Ave.. Nsw 
York. N. Y.. 10003. have reorlnt rlnhts t o  out-of- 
print volumes of the ~ournal; and aiso have avail- 
able for sale back volumes and slngle Issues 
with the exception of the current calendar year: 
Anyone interested in securing back copies should 
correspond direct with them. 

plus time-normally required fo rpos ta l  dellvery 07 
JOURNAL and claim. No claims allowed because 
of failure t o  notify the Circulation Dept., The Electro- 
chemical Society 30 East 42 St. New York N. Y:, 
10017, o f  a chan'ge of address, Ar because 'copy IS 
"missing from files." Subscription t o  members as 
part of membership service; subscription t o  non- 
members $40.00 plus $3.00 for  postage outslde 
U.S. and Canada Single copies $2 50 to members 
$4.00 t o  nonmembers. 0 1970 by The ~lectro:  
chemical Society Inc. Second Class Postage Paid 
at  New York, ~ b w  York, and Manchester, N. H. 
Printed i n  U.S.A. 

SOLID STATE SCIENCE (Cont.) 

TECHNICAL NOTES 

A. Wachtel Divalent Rare Earth Activated 96% S i O z  G l a s s  . . . 708 

E. A. Taft Beryllium as an Acceptor in Silicon 
R. 0. C a r l s o n  . .. 711 

ELECTROCHEMICAL TECHNOLOGY 

TECHNICAL PAPERS 

R. 1. Rosthlein High-Surface-Area Electrodeposited Aluminum . . .714 

S. Mercouris Electrodeposition of Resin 
W. F. Graydon . . .717 

E. F. Gorey Preparation and Evaluation of Spreading Resistance 
C. P. Schneider Probe Tip 
M. R. Poponiak . . .721 

TECHNICAL NOTE 

T. H. Wang Electrical Properties of Flash Evaporated Thin Film . . . 725 C d S e - C d T e  Alloys 

BRIEF COMMUNICATION 

E. S. C h e n  Porosity in Electrodeposited GoldAlumina Alloys 
F. K. Sautter . . .726 

REVIEWS AND NEWS 

REVIEW SECTION 

A. K. Vijh Chemical Approaches to the Approximate Prediction . . . 173C of Band Gaps of Binary Semiconductors and 
Insulators 

NEWS SECTION 









ELECTROCHEMICAL BOOKS IN PRINT 
John Wiley Publications In-Print The Electron Microprobe. Edited by T. D. McKinley, K. F, J. Heinrich, 

The following are books developed and sponsored by The Electro. and 0. 0. Wittry. Published 1966, 1035 Pages, $27.50. A 1964 Fall 
chemical Society and published by John Wiley & Sons Inc., 605 Third 
Ave., New York, N. Y., 10016. Members of the Society can receive a Chemical physics of Ionic Sohtions. Edited by B. E. Conway and R. G. 
33% discount by ordering from Society Headquarters. Book and ~ ~ ~ ~ ~ d ~ ~ .  published 1966, 622 pages. $25.00. A 1964 Spring Sym- 
invoice mailed by the publisher. Nonmembers (including subscribers) posium. 
must order direct from the publisher. 
Corrosion Handbook. Edited by Herbert H. Uhlig. Published 1948, 1188 Vapor Deposition. Edited by C. F. Powell, J. H. Oxley, and J. M. Blocher, 

pages, $21.00. Jr. Published 1966, 725 pages, $19.95. 

Modern Electroplating, Second Edition. Edited by Frederick A. Lowen- The Stress corrosion of Metals by Hugh I. Logan. Published 1966, 306 
heim. Published 1963, 769 pages, $16.00. pages; $13.95. 

Electrochemistry i n  Biology and Medicine. Edited by Theodore Shedlov- 
High Temperature of Metals by Per Kofstad. Published 1966, sky. Published 1955, 369 pages, $12.50. 

340 pages; $13.50. 
Arcs in Inert Atmospheres and Vacuum. Edited by W. E. Kuhn. Published 

1956, 188 pages, $7.50. A 1956 Spring Symposium. The Corrosion of Light Metals, by H. P. Godard, W. B. Jepson, M. R. 

Ultrafine Particles, Editor.in.Chief-William E. Kuhn. published 1963, Bothwell, and R. L. Kane. Published 1967, 360 pages; $13.95- 

561 pages, $15.00. High-Temperature Materials and Technology. Edited by I. E. Campbell 
First International Conference on Electron and Ion Beam Science and and E. M. Sherwood. Published 1967, 1022 pages, $27.50. 

Technology. Edited by R. Bakish. Published 1965, 945 pages, $24.50. 
(Sponsored by the Electrothermics and Metallurgy Division of The Alkaline Storage Batteries, by S. Uno Falk and Alvin J. Salkind. Published 
Electrochemical Society and the Metallurgy Society of AIME.) 1969, 672 pages; $32.50. 

SOCIETY SOFTBOUND SYMPOSIUM SERIES 
1x1 Surface Chemistry of Metals and Semi- The Structure of Electrolytic Solutions. Optical Properties of Dielectric Films. 

conductors. Walter J. Hamer, Editor. N. Axelrod, Editor. 
H. C. Gatos, J. W. Faust, Jr., and W. J. A 1957 symposium. 441 p. $18.00 A 1968 symposium. 325 p. $9.00 
La Fleur, Editors. 
A 1959 symposium. 526 p. $21.50 @ Electrets and Related Electrostatic lhin Film Dielectrics. 

Charge Storage Phenomena. Fredrick Vratny, Editor. Electrode Processes. First Conference. 
L. M. Baxt and M. M. Perlman, Editors. A 1968 symposium. 680 p. $27.40 E. Yeager, Editor. 

A 1959 symposium. 374 p. $15.50 A 1967 symposium. 150 p. $11.00 Ohmic Contacts t o  Semiconductors. 
Mechanical Properties of Intermetallic ,j Electron and Beam Science and Bertram Schwartz, Editor. 
Compounds. A 1968 symposium. 356 p. $14.75 
J. H. Westbrook, Editor. Technology. Third Conference. 

A 1959 symposium. 435 p. $17.50 R. Bakish, Editor. Semiconductor Silicon. 
A 1968 symposium. 725 p. $21.00 Rolf R. Haberecht and Edward L. Kern, 

Zirconium and Its Alloys. Editors. 
J. P. Pemsler, E. C. W. Perryman, and Measurement Techniques for Thin Films. A 1969 symposium. 750 p. $10.00 
W. W. Smeltzer, Editors. B. Schwartz and N. Schwartz, Editors. 
A 1965 symposium. 205 p. $10.00 1965 and 1966 symposia. 347 p. Ig Chemical Vapor Oeposition. 
Electrolytic Rectification and Conduc. $12.00 (softbound) $15.00 (hard Second Conference. 
tion Mechanisms in Anodic Oxide Films. John M. Blocher, Jr. and James C. 
P. F. Schmidt and 0. M. Smyth, Editors. Electrode Processes. Second Withers, Editors. 
A 1967 symposium. 230 p. $7.00 Conference. A 1970 symposium. 872 p. $15.00. 

rn Vapor Plating. 
E. Yeager, H. Hoffman, and E. Eisen- Ore Reduction. 

C. F. Powell, I. E. Campbell, and B. W. ~ ~ " g n $ ~ ~ ~ s i u m ,  190 p. $5.00 R. R. Rogers, Editor. 
Gonser. A 1960 symposium. 359 p. $12.50 
1955. 158 p. $6.50 Order from the MacMillan CO., 60 

Vacuum Metallurgy. rn Iodide Metals and Metal Iodides. 
Fifth Ave., New York, N. Y. 10003 

J. M. Blocher, Jr., Editor. 
R. F. Rolsten. A 1954 symposium. 216 p. $5.00 Rhenium. 
1961. 441 p. $18.00 B. W. Gonser, Editor. 

13 Technology of Columbium (Niobium). a Dielectrophoretic and Electrophoretic A 1960 symposium. 225 P. $12.50 
B. W. Gonser and E. M. Sherwood, Deposition. Order from American Elsevier Publish- 
Editors. E. F. Pickard and H. A. Pohl, Editors. ing Co., 52 Vanderbilt Ave., New York, 
1958. 120 p. $5.00 A 1967 symposium. 138 p. $9.00 N. Y. 10017 

Order from University Microfilms, Inc., Order from Johnson Reprint Co., 111 Orders f i l led at the l is t  price given, 
300 N. Zeeb St., Ann Arbor, Mich. Fifth Ave., New York, N. Y. 10003. subject to availability, from The Elec- 
48103. Enclose payment with order. Specify an Electrochemical Society trochemical Society, Inc., 30 East 42 
Specify an Electrochemical Society volume. Prices subject t o  change with- St., New York, N. Y. 10017. Enclose 
volume. out notice. payment with order. 



J O U R N A L  O F  T H E  ELECTROCHEMICAL SOCIETY 

ELECTROCHEMICAL 
SCIENCE 

Polarization Characteristics of a 

Cupric Chloride Cathode in a 

Lewis Acid Organic Electrolyte 

M. Eisenberg; R. E. Kuppinger, and K. M. Wong 

Electrochimica Corporation, Menlo Park, California 

ABSTRACT 

The polarization characteristics of copper-cupric chloride electrodes in 
Lewis acid-type organic electrolytes, using propylene carbonate as an aprotic 
solvent, were studied. Two experimental techniques were used: a multiref- 
erence polarization cell (MRP) and a rotating disk electrode (RDE). For the 
latter, a range of rotational velocities from 25 to 2000 rpm was covered. 
Following elimination or accounting for concentration polarization, the re- 
maining polarization is considered to be attributable not only to charge trans- 
fer steps, but also to chemical steps such as a slow dissolution of the cupric 
chloride crystal in this electrode of the second kind. Apparent exchange cur- 
rent density values in the range of 3-6 x 10-5 A/cmz have been determined 
for the reduction of CuClz to copper. 

The interest in high energy battery systems em- 
ploying organic nonaqueous electrolyte with aprotic 
solvents has focused attention on metal halides as 
cathode materials (1). Little is known about the po- 
larization behavior of electrodes of this type in Lewis 
acid-type electrolytes in cyclic ester solvents such as 
propylene carbonate. The purpose of this study was to 
develop and adopt two techniques for a steady-state 
determination of the polarization characteristics of 
metal halide electrodes in nonaqueous media, and as 
an initial study to determine the cathodic polarization 
of a copper-cupric chloride electrode in LiCl-AlCla- 
propylene carbonate electrolyte. 

Apparatus and Experimental Procedure 
Cathodic polarization of copper-cupric chloride 

electrodes has been determined by the use of two 
galvanostatic methods in which the steady-state po- 
larization is achieved at  successively increased levels 
of current density. One of the methods is based on the 
employment of a cell with a precise, uniform geome- 
try and equipped with a multiplicity of sidewall 
reference electrodes (MRP cell); the other is based 
on the use of the rotating disk electrode in a closed 
system cell specifically developed for work with non- 
aqueous electrolytes. 

Multireference polarization cell (MRP cell) .-The 
MRP cell was designed as a symmetrical cell of cylin- 
drical uniform cross section in which the working 
electrode (under investigation) is located centrally 
between two auxiliary electrodes, completing the basic 
cell. A schematic presentation of this cell is shown 
in Fig. 1. Figure 2 shows an exploded view of the cell 
components. The uniform cylindrical geometry of the 
cell, the mounting of the electrodes to the accurately 
machined polypropylene sections of the cell, and the 

' y :  I 1- c2 CI 
A - Terminal C - 

re rmi na l ~ e r m i n a l  

Fig. 1. Multireference polarization cell (MRP cell) 

Electrochemical Society Active Member. Fig. 2. MRP cell, exploded view 
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equidistant position of the electrode under study be- 
tween the two auxiliary electrodes provides a uni- 
form primary current distribution at the surface of the 
electrode. 

Several silver-silver chloride reference electrodes 
are located at precise distances, on both sides, from 
the plane of the electrode under study. The capillary 
leading to each reference electrode compartment is 
built into the side wall of the polypropylene cell with- 
out any protrusions or indentations; thus, the primary 
current distribution remains undisturbed, and there 
are no shielding effects commonly involved in kinetic 
work where protruding glass capillaries are used. The 
location of the capillary openings for references RI, Rp, 
R4, and Rs (see Fig. 1) is such as to divide each half- 
cell compartment exactly into 1/3 lengths. Thus a 
measurement of the emf while current is passing 
through the cell between references R1 and Rp, or R4 
and Rs provides a direct value for the iR-drop in- 
volved for the distance 1/3 L. 

There are several different ways in which the 
MRP cell can be employed for galvanostatic polariza- 
tion studies. As can be seen in Fig. 1, it is possible to 
omit an electrode in position, A, place the working 
electrode under study, e.g., in position Cz, place a 
suitable counterelectrode in position C1, thus spacing 
current from one end of the cell to the other end. 
Through the use of reference electrodes Rs, R4, and RR 
obtaining and carrying out measurements between the 
working electrode, Cp and reference Rs, as well as 
between the other references, the extrapolative method 
may be used to correct for the iR drop included in the 
measurement between Cg and Rs, since the same iR 
drop is involved in the distance Cp-Rs as in the dis- 
tance Rs-R4. 

It is also possible to employ the cell by placing the 
electrode under investieation in the center and em- 
ploy the two end electrodes as counterelectrodes. In 
this case, a balanced polarizing circuit is employed to 
assure that the same amount of current flows to both 
sides of the electrode under investigation. This is 
illustrated in Fig. 3. It should be noted that in this 
case, by the use of reference electrode Rg, which is 
connected by means of a 45" capillary directly to the 
face of the working electrode (or a similar reference 
electrode Re on the other side), it is possible to reduce 
the iR drop involved in the measurement to a very 
small value, depending on now small and properly 
machined the capillary is. At the same time, if the 
diagonal capillary R3 is small, it indeed comes very 
close to the surface of electrode A. 

The polarization of the central electrode, A can be 
determined by employing all references, RI, R4, and 
Rb It should be noted that the potential difference 

Fi. 3. Schematic presentation of MRP cell and technique (cu- 
pric chloride cathode in the center). 

between RR and R4 inciudes not only the iR drop, but 
also the effects of any concentration changes at the 
surface of the working electrode. Thus, the measure- 
ment employing reference, R3, offers the means for 
assessing reasonably closely the effects of concentra- 
tion polarization. Consequently, another way to ex- 
press activation polarization is offered by the relation 

where the last term in the square bracket represents 
the major portion of concentration polarization compo- 
nent, AE,,,,, (depending on the accuracy of the Rg loca- 
tion). In the experimental studies reported here, the 
method expressed by Eq. [I]  was employed. Lithium 
electrodes were used as counter-working electrodes to 
avoid any gas or undesirable by-product generation 
which would disturb the experiment. 

The silver-silver chloride reference electrodes were 
constructed of silver wires, 0.020 in. diameter, termi- 
nating with a small loop. The wires were carefully 
cleaned to remove any surface oxides and coated with 
silver chloride by dipping in a melt of AgC1. The ref- 
erence electrodes were equilibrated by immersion in 
the electrolyte prior to insertion into the reference 
electrode compartments of the MRP cell. The cell was 
assembled and filled with electrolyte in an argon dry- 
box. It was then removed from the drybox and used 
in the normal laboratory environment. A Keithley 
Model 621 electrometer and a Hewlett-Packard Model 
405CR digital voltmeter were used for the emf mea- 
surements. During the run a current was set and emf 
measurements performed until steady state was 
achieved. Subsequently, a larger current density level 
was set. During the run, reference to reference emf 
measurements were taken at several current values. 

Rotating disk electrode.-In order to work with non- 
aqueous electrolyte systems under exclusion of air and 
moisture, a special housing was constructed for the 
rotating disk electrode using polypropylene materials 
which are inert to the cyclic esters, and a gastight con- 
struction with "0" rings for the top and bottom plates 
of the cell. The cell has a large ID (6.35 cm) to ac- 
commodate a variety of rotating disk diameters. A 
schematic diagram of the cross section of the cell is 
shown in Fig. 4. The diagram illustrates the relative 
positions of the rotating disk electrode (RDE) and of 
the Luggin capillary leading to an Ag/AgCl reference 
electrode. The distance of the tip of the capillary, 
which is in the same plane as the RDE from the 

Fig. 4. Schematic diagram of RDE electrode 
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Fig. 5. Rotating disk electrode, assembled 

access of the latter, is an important parameter since 
it affects the iR drop through the solution included 
in the steady-state measurement. Figure 5 shows the 
assembled cell in operation in the normal laboratory 
environment following its assembly inside an argon 
drybox. A mercury well is employed on top of the 
cell to provide both electrical contact to the RDE and 
a seal from the air atmosphere. The emf measurements 
between the RDE and the Ag/AgCl reference electrode 
(prepared similarly to those for the MRP cell) were 
made with a Keithley Model 621 electrometer and 
with a Hewlett-Packard Model 405CR d-c digital 
voltmeter. The RDE cell is constructed in such a way 
that the distance between the center of the active area 
of the RDE and the tip of the Luggin capillary can be 
adjusted over a range of values. For these experiments 
this radial distance was set at 0.635 cm, and the radius 
of the active area of the electrode was Ro = 0.318 cm. 
Thus, the surface area of the RDE was 3.16 cm2. 

The elimination of the iR drop between the working 
electrode and the Luggin capillary tip of the reference 
electrode is an important matter for consideration, 
especially due to the relatively lower conductivity of 
the electrolyte employed. Under favorable experi- 
mental circumstances, it is possible to obtain the value 
of the resistance involved by experimental means, 
such as the use of an interruptor and an analysis of 
the emf decay trace obtained on an interruption of the 
current. Efforts to employ an interruptor consisting of 
a mercury wetted Reed relay activated by an oscillo- 
scope (Tektronix 535) sweep pulse were not success- 
ful in obtaining the iR drop at a fixed current load, 
because of the surface resistance of the copper chloride 
layer on the electroformed electrode. Different values 
were obtained depending on the thickness of the elec- 
troformed layer. For this reason, the method of cal- 
culation of the iR drop in the cell developed by 
Newman and Hsueh (2) was employed, using an ex- 
perimentally determined value of the specific conduc- 
tivity of the electrolyte, K. When the Luggin capil- 
laries are located in the plane of the RDE, their rela- 
tion can be expressed as 

tan-' A, 0.523 
R = - - 102.0 [2] 

2nr, K K 
where 

h ,=dr-l  at z = O  
ro 

and the values applicable to this study are: 
K = specific conductivity (5.13 x 10-hhos/cm2) 
r, = radius of disk electrode (0.318 cm) 
r = radial distance to Luggin capillary of reference 

electrode (0.635 cm) 
Using the resistance value R = 102 ohms, the iR 

drops were calculated for each level of current den- 

sity employed during the polarization run and sub- 
tracted to obtain net total polarization values. 

The experimental procedure consisted of fixing a 
given rotational speed, obtaining the open-circuit emf 
difference between the copper-copper chloride RDE, 
and the Ag/AgCl reference electrode. Subsequently, a 
given current density was applied, held constant until 
steady state was achieved, and the emf determined at 
each level. Three levels of rotational velocity were 
employed throughout this study: 25, 300, and 2000 rpm. 
The rotational speed was determined by using a mag- 
netic pickup, sensing the passage of a small magnet 
attached to the rotating shaft. The speed of the elec- 
trode, driven by a d-c series motor (1/5 hp), was 
controlled by a d-c regulated power supply (Power 
Designs Inc. Model 5015-5). 

Electrolyte and electrode preparation.-The electro- 
lyte was prepared from propylene carbonate (Jeffer- 
son Chemical Company), twice vacuum distilled at  
50 mm of mercury and a temperature of 150°C. An- 
hydrous aluminum chloride (Matheson, Coleman and 
Bell) was dissolved in it to yield a molalitv of 0.8M. 
Lithium chloride (J. T. ~ a k i r ) ,  additionall? dried in 
a vacuum oven overnight at 150°C, was added to yield 
a molality of 0.7M. At the LiCl:AlCl:3 ratio of 0.7:0.8, 
the solution is essentially saturated in respect to LiCl. 
The solution was stored in a glass stoppered Erlen- 
meyer inside an argon drybox. The physical properties 
of this electrolyte were determined by conventional 
methods to be as follows 

Specific conductivity: 25°C 
K = 5.13 x 10-3 mhos/cm (20.1) 
Viscosity: I* = 4.05 Hz 
Density: d = 1.243 g/cc 
Kinematic viscosity: v = 3.25 x 10-2 cm?/sec 

As far as the copper-cupric chloride cathode is con- 
cerned, it was deemed necessary to employ a simple, 
essentially nonporous electrode in which only the 
species copper and cupric chloride would be present. 
Initial efforts to paste a suspension of anhydrous cu- 
pric chloride in acetone onto a copper foil were un- 
successful, since poor adhesion resulted after drying of 
the electrode. It was consequently decided to prepare 
the electrode by anodic electroforming of a surface 
layer of CuClz in an organic electrolyte essentially of 
the same nature as the electrolyte in which the elec- 
trode is to be studied. This approach was found suc- 
cessful and the final procedure adopted consisted of 
cleaning a copper foil (0.015 in. thick) to remove oxides, 
rinsing with acetone and subsequently with propylene 
carbonate, and then electroforming by making the foil 
anodic in a 1.5M A1Cl3 solution in propylene carbonate, 
using platinum electrodes and applying a current den- 
sity of 0.5 mA/cm? for time periods of 24-48 hr. These 
electrodes, in the form of a circular disk of the proper 
diameter, could then be inserted into the MRP cell in 
such a way that an active surface area of 4 cm? pre- 
sented itself to the electrolyte inside the MRP cell. 

For the RDE studies, the electrode was prepared by 
subjecting the exposed and cleaned end of the solid 
copper electrode-rotor to the same electroforming 
treatment. Care was taken to provide a sufficient 
amount of electroformed cupric chloride to cover the 
consumption occurring during the cathodic polarization 
runs and provide for a safe margin. 

While the electroformed cathodes represent the basic 
approach taken in this study, it was of some interest 
to investigate the comparative behavior of a porous 
pressed electrode. These could only be studied in the 
MRP cell, since a reliable attachment of a pressed 
layer to the rotor electrode of the RDE cell could not 
be achieved. The pressed electrode for the MRP cell 
was prepared to provide an equimolar ratio of Cu- 
metal and CuClz. This corresponded to a weight per 
cent ratio of 67% CuClz and 32% Cu, to which 1% (by 
weight) of a polyethylene binder was added. The cop- 
per was added as a metal powder (No. MD 151). The 
CuClp (J. T. Baker) was dehydrated by treatment 
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Table 1. Sample calculation of AE,,t (run 16, Fig. 6) 
according to Eq. [I] 

1 a 3 4 5 6 
Current 1A(R1Rs)mt 
density, (All),  =.c. A(&Rduet, A ( R I L ) ~ , c ~ ~  -A(R~Rdoat l ,  AEaet, 
mA/cma V 

with thionyl chloride and vacuum oven removal (at 
150°C) of SO2 and HC1 by-products. Electrodes 0.035 in. 
thick were produced by pressing this mixture onto a 
24-mesh copper screen. The resulting volume porosity 
was 26%. 

The counterelectrodes employed in both the MRP 
and the RDE cells were lithium pressed to a nickel 
foil. 

Results 
MRP cell studies.-A sample calculation for the ac- 

tivation polarization, AE,,~, using Eq. [I] is given in 
Table I. As discussed previously, to the extent that 
RS is small and accurately located, the bracketed ex- 
pression given in column 5 of Table I represents all 
or a major portion of the concentration polarization. 
This polarization remains small at lower current den- 
sities and reaches 14.4% (0.15V out of a total of 
1.049V) at an apparent current density of 3 mA/cm2. 
A comparison of column 3 (which expresses the iR- 
drop involved in the polarization measurement of 
column 2) and of columns 5 and 6 serves to give an 
appreciation of the importance of iR corrections and 
concentration polarization corrections for the accuracy 
of a Tafel plot. With an appreciation of these limi- 
tations, Eq. [I] appears to offer a reasonable approach 
to a determination of net electrode polarization. 

The results for electroformed copper-copper chloride 
cathodes are shown in Fig. 6 in the form of a Tafel 
plot. Four runs are presented, each with a fresh elec- 
trode; two for the cathode positioned in the center of 
the cell, and two for the cathode positioned at one end. 
The polarization, expressed in the form of activation 
polarization, was calculated from Eq. [I], or an equiv- 
alent form of it. The curve in Fig. 6 was drawn 
through the points for the cathode position in the 
center of the cell, since these results were somewhat 
more reproducible. It may be noted, however, that for 
the other two runs the polarization values are only 
slightly higher. It should be noted from the data that a 
straight Tafel line would only apply over a limited 
range of current density values (approximately up to 
I rn~/cmz).  

The results for the pressed (26% porous) electrodes 
are given in Fig. 7 which shows independent runs; two 

Fig. 6. Polarization of Cu/CuCly electroformed cothode, MRP 
cell. 

Fig. 7. Polarization of the pressed Cu/CuCb cathode, MRP cell 

Fig. 8. Comparison of electroformed and pressed Cu/CuCls cath- 
ode polarization, MRP cell. 

for the cathode position in the center, and two for the 
end of the cell. Here, again, the runs with the elec- 
trode in the center are more reproducible and, con- 
sequently, the line was drawn through these data. 
However, in general, the results are in agreement for 
both electrode positions in the cell. A comparison of 
the results obtained for the two types of cathodes is 
shown in Fig. 8. The relatively close agreement of the 
results was at first considered surprising, since a lower 
polarization for the same apparent current density was 
expected for the pressed electrode. The results indi- 
cate that the porosity of the pressed electrode, pro- 
duced in this case at a pressure of 6 tons/in.z, must 
have been of the same order of magnitude as the 
natural porosity of the CuClz layer on the surface of 
the anodically formed electrode. In the current density 
range of 0.1-0.5 mA/cmz, Tafel slopes in the range 
b = 0.18 to b = 0.23 appeared to be applicable. How- 
ever, deviation from linearity for current density of 1 
mA/cmz or above, was significant. It should be re- 
membered that the polarization values as plotted in 
Fig. 8 are already those obtained after subtraction of 
the concentration polarization component represented 
by the bracketed expression of Eq. [I]. As can be seen 
from the sample data shown in Table 11, this concen- 
tration polarization (columns 2a and 2b) is subtracted 
from the total polarization (columns l a  and Ib) be- 
fore the activation polarization, AE,,t (columns 3a and 
3b) is plotted in the figure. It should be noted that 
the concentration polarization values (columns 2a and 
2b) for the two types of electrodes do not agree too 
well for a given current density. However, this may be 
due to the drift of the reference electrode potential 
which often occurred during a run. Such references 
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Table 11. Sample data from the MRP cell studies 

Electroformed foil Pressed electrode 
(Run 16) (Run 14) 

Current Total Total 
density. polar., AE,..,. AEari .  polar., AE,..,, AE..i, 
mA/cma la 2a 3a lb 2b 3b 

had to be replaced from time to time. The difference 
may also, however, be due to the different natures of 
the electrode and its effect on the surface concentra- 
tion of the chloride ion (see discussion in next sec- 
tion). 

RDE cell studies.-The polarization values obtained 
in the RDE cell after the iR correction formally still 
contain a mass transfer or concentration polarization 
component. There is no direct way for its assessment, 
the way this could be done in the MRP cell. However, 
it can be readily estimated that for an electrode proc- 
ess which is productive, rather than consumptive (i.e., 
in which a concentration build-up occurs at the inter- 
face; in this case, a build-up of C1- ions or AICl4- 
ions), concentration polarization is usually negligibly 
small. Furthermore, it should be noted that in the 
RDE cell the diffusional mass transport is practically 
of a radial nature (considering the small size of the 
electrode compared to the shape of the electrolyte 
volume in the cell). Thus, a more uniform steady 
state is produced in the RDE cell than in the case of 
the stationary electrodes in the MRP cell. 

Figure 9 shows the total polarization (iR free) ob- 
tained for two runs at  25 rpm. Unlike the MRP cell, 
the data here are in agreement with the Tafel line over 
a wider range of current densities. Both curves in 
Fig. 9 give a slope of b = 0.18, although somewhat 
different a values have resulted. The results at 300 rpm 
(Fig. 10) are, again, not completely reproducible, but 
they fall within a fairly narrow range of slopes of 
b = 0.18-0.23. The same can be said about the results 
obtained at  2000 rpm (Fig. 11) where, however, one 
run yielded significantly higher values of the constant, 
a. It may be interesting to know that by comparing the 
results of Fig. 9, 10, and 11, increased rotational veloc- 
ity did not diminish the total polarization. This, indi- 
rectly, verifies the previously discussed estimate of 
negligible concentration polarization in the MRP cell 
results. 

Discussion 
I t  is interesting to compare the RDE cell results 

with those of the MRP cell. I t  can be seen in Fig. 8 
for the straight lines with slopes b = 0.18 and b = 0.23 

Fig. 9. Total polarization of Cu/CuCla electroformed cathode 
in the RDE a t  25 rpm. 

Fig. 10. Total polarization of Cu/CuCla electmformed cathode 
in the RDE a t  300 rpm. 

Fig. 11. Total polarizaton of Cu/CuClz electrofonned cathode in 
the RDE a t  ZOO0 rpm. 

(and with a range of a-values bracketing the results 
of the RDE cell) that fair agreement is obtained in 
the lower ranges of current density, but serious devi- 
ation of linearity is indicated for the MRP cell above 
0.5 mA/cmz, while linearity is preserved for the RDE 
cell data up to 4 or 5 rnA/cmZ. This indicates that 
possibly ohmic effects resulting in a resistance type 
polarization are important for the stationary cathode 
in the MRP cell, and that these effects can become 
very significant. For instance, at 3 mA/cmz, Fig. 10 
indicates a polarization of the order of 0.35V for the 
RDE cell. The corresponding value for the MRP cell 
is 0.84V (see Fig. 8). In light of the fact that the MRP 
cell method already subtracts the bulk solution con- 
centration polarization, this large typical difference 
can only be attributed to ohmic effects on the surface 
of the cathode itself, as may result from a possible 
crystallization of lithium chloride as the discharge of 
CuCl2 (and consequently, local build-up of chloride 
ions) proceeds in the electrolyte layer immediately ad- 
jacent to the cathode and already saturated in respect 
to LiC1. Another possibility is that the larger po- 
larization is not due to an ohmic effect, but to a "re- 
action polarization" associated with an increased re- 
sistance to the dissolution of CuCl2 which may be a 
chemical step preceding the charge transfer step in 
the over-all kinetics (see discussion further). In any 
event, the MRP cell should not be employed for ap- 
preciable current densities and in runs with prolonged 
duration. On the other hand, the RDE cell, with a 
small electrode area compared to a large volume of 
electrolyte and with a uniform and high rate of mass 
transfer, is conducive to obtaining ovenroltage data 
free of resistance polarization components associated 
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with partial or total surface coverage by lithium 
chloride, or any other species which may be involved 
in the mechanism. 

The over-all reaction in the discharge of the cupric 
chloride electrode can obviously be stated as 

This is an electrode of the second kind, the kinetic 
treatment of which is complex, since the over-all 
process involves not only charge transfer, but also 
several chemical reactions. Not only is a solid phase 
CuClz involved, but also the possibility of complex ion 
formations which the cupric or cuprous state of the 
copper may enter into with C1- ions or with Lewis- 
acid ions, A1C14-. A theoretical treatment of elec- 
trodes of this general type involves, according to 
Jaenicke (4,5) and Vetter (6), the reaction velocity 
of the chemical step, namely, the dissolution of the 
ionic crystal immediately at  the phase boundary with 
the metal conductor (here, CuC12) prior to the charge 
transfer step in the following scheme 

1. Cut + (crystal) + 4C1- t [CuC14] -2so~n. 
2. [CuCh] -2.01n. z CUO + 4C1- + 2e- [41 

In reactions of this type the rate-determining step is 
usually the first one. This has, of course, not yet been 
established specifically for the reaction investigated 
here. As far as step 2 is concerned, it may in reality 
consist of two sequential steps, namely, a reduction, 
first, of Cu++  to the cuprous state, and then to the 
metallic state. The possibility of further interactions 
between the C u t +  state and Cuo state may also need 
consideration. 

In this first study an elucidation of the detailed 
mechanism was not undertaken. From a realization of 
the complexity of the kinetics, the limited theoretical 
significance of an over-all exchange current density, i,, 
and of the transfer coefficient, a, is appreciated. These 
values should be regarded as apparent values. On the 
other hand, from the point of view of an assessment 
of over-all reversibility of the processes involved, their 
calculations appear to be of interest. The values as 
obtained from the individual methods and under 
specific conditions are given in Table 111. 
- The effective or apparent exchange current density, 
i,, would appear to be predominantly of the order 
6 x 10-5 A/cm2 for the results of the MRP cell, and 
predominantly of the order of 3 x 10-5 A/cmz for the 
RDE cell. A statement of these effective values 
amounts to a statement that the electrochemical re- 
duction of CuCl2 in the organic electrolyte under study 
does not proceed very reversibly and that the pre- 

Table Ill. Values from individual methods, under specific conditions 

App. trans APP. exchange 
coefficient, curr. density. 

Slope b a a &, A/cm'~ 

MRP cell 0.18 0.71 0.164 5.3 x 104 
0.23 0.96 0.128 6.15 x lo-* 

RDE 0.18 0.76 0.164 6.02 X 10-S 
25 rpm 0.18 0.81 0.164 3.16 x 10-6 

RDE 0.18 0.80 0.164 3.6 x 1O-S 
300 rpm 0.23 0.91 0.128 11.2 x 104 

RDE 0.18 0.81 0.164 3.16 x 10-6 
2000 rpm 0.23 1.04 0.128 3.02 x 10-6 

dominant mode of polarization one can expect would 
be activation polarization, by which we mean all 
modes of polarization other than that attributable to 
mass transfer resistance in the electrolyte. Obviously, 
when the geometric relationship in the cell, the quan- 
tity of available electrolyte, and a limited rate of 
mass transfer of the chloride ion away from the sur- 
face of the Cu/CuClz cathode, combined with an ap- 
preciable build-up of surface crystallization of lithium 
chloride (or of other possible compounds in the par- 
ticular electrolyte, e.g., LiAlCL), an appreciable com- 
ponent of resistance polarization or of "reaction po- 
larization" associated with inhibition of step l may 
result, as was clearly demonstrated by the results of 
the MRP cell, compared to those of the RDE cell. In 
the discharge of a galvanic cell, where the limitations 
of mass transfer may be even more severe than they 
were in the MRP cell, the importance of this phenome- 
non must be fully appreciated. 

Manuscript submitted Jan. 16, 1968; final revised 
manuscript received Jan. 15, 1970. This was Paper 6 
presented at  the Chicago Meeting of the Society, Oct. 
15-19, 1967. 

Any discussion of this pa er will appear in a Discus- 
sion Section to be publisEed in the December 1970 
JOURNAL. 
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Charge Acceptance of the Cadmium-Cadmium Hydroxide 

Electrode a t  Low Temperatures 

Y. Okinaka* and C. M. Whitehurst 

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

ABSTRACT 
Premature hydrogen evolution occurs when a discharged cadmium hy- 

droxide electrode is brought to a low temperature and charged at  a moderate 
rate. It was found that, in addition to various other known factors, the dis- 
charge rate and the temperature during discharge just prior to the tempera- 
ture lowering greatly affect the charge acceptance in the first low tempera- 
ture charge. Light and electron microscopic examination and BET surface 
area measurement showed that the cadmium hydroxide crystals formed at  
lower discharge rates and at higher temperatures are larger in size and more 
difficult to reduce. The results are interpreted on the basis of the mechanism 
involving a soluble intermediate species in both the charging and the dis- 
charging reactions. X-ray and electron diffraction analyses of the cadmium 
hydroxide crystals formed on discharge in 6.9N KOH at temperatures below 
-18°C showed the presence of 7-Cd(0H)z in addition to the ordinary 
8-Cd (OH) 2. Electrodes containing 7-Cd (OH12 have a greater low-tempera- 
ture charge acceptability than those containing p-Cd(OH)z alone. 

When a sealed nickel-cadmium battery is brought to 
a low temperature in the discharged state and charged, 
hydrogen gas may evolve from the negative electrode 
before the positive electrode is fully charged (1). Since 
the rate of hydrogen recombination in the cell is prac- 
tically negligible, it accumulates on repeating the low- 
temperature charge and eventually leads to a high in- 
ternal pressure and a failure due to explosion. This is 
one of the serious limitations in the applicability of 
sealed nickel-cadmium batteries. 

Gottlieb (2) made an extensive investigation of vari- 
ous factors affecting the charge acceptance of the nega- 
tive cadmium hydroxide electrode and found that the 
charge acceptance decreases with increasing charge 
rate, decreasing temperature during the charge, and in- 
creasing temperature during the preceding charge-dis- 
charge cycles. He interpreted these results on the as- 
sumption that larger and/or more perfect cadmium hy- 
droxide crystals are formed on discharge at higher 
temperatures and they are difficult to reduce on charge 
at  lower temperatures and at  higher rates. Popat and 
Rubin (3)  reported experimental results similar in 
some respects to Gottlieb's, but they proposed an en- 
tirely different interpretation. It was postulated by 
them and Rubin (4) that "active" and "inactive" 
forms of cadmium hydroxide are formed during dis- 
charge, and they are reduced at  different potentials 
on charge. 

The main purpose of this communication is to pre- 
sent experimental evidence supporting Gottlieb's as- 
sumption and showing that there is a close correlation 
between the low-temperature charge acceptance and 
the size of the cadmium hydroxide crystals. Experi- 
mental results are also presented showing that, in 
addition to the three factors studied by Gottlieb, the 
discharge rate and the temperature during the dis- 
charge immediately preceding the low-temperature 
charge have a profound effect on the size of cadmium 
hydroxide crystals formed and, consequently, on the 
charge acceptance in the first low temperature charge. 
An incidental finding made during the course of this 
investigation was that 7-Cd (OH) 2, the monoclinic 
modification, is formed preferentially on discharge at 
lower temperatures rather than p-Cd (OH) 2, the or- 
dinary hexagonal modification. 

Electrochemical Society Active Member. 
Key words: cadmium, cadmium hydroxide, battery, nickel-cad- 

mium battery. 

Experimental Methods 
All experiments were performed in flooded cells with 

6.9M KOH. The cadmium hydroxide impregnated sin- 
tered nickel plate electrodes had a theoretical capacity 
ranging from 543 to 575 mA.hr. Their dimensions were 
approximately 5.6 x 2.5~0.076 cm. The electrodes were 
prepared by a vacuum impregnation method consisting 
of impregnation in 4M Cd(N03)2, reduction in hot 25% 
KOH, washing, and drying in nitrogen. This sequence 
was repeated five times. The electrodes were then 
subjected to eleven forming charge-discharge cycles at 
various currents. After final full discharge they were 
washed, dried, and stored under nitrogen atmosphere. 
The test cell contained one cadmium electrode, two 
nickel sheet counterelectrodes, and a 6.9M KOH salt 
bridge connecting the cell to a Hg/HgO (6.9M KOH) 
reference electrode. In each experiment, the cadmium 
electrode was first "conditioned" by repeating the fol- 
lowing cycle three times: charge at 200 mA with ap- 
proximately 50% overcharge and then a full discharge 
to -0.5V against the reference electrode at the same 
current. Finally the electrode was charged fully at 
200 mA before it was subjected to a study of various 
experimental variables. This conditioning was carried 
out at  room temperature. 

Optical photomicrographs were taken with polarized 
light with a Unitron Metallograph BNX-11 using a 
xenon illuminator. Electron photomicrographs were 
obtained on specimens prepared by transferring cad- 
mium hydroxide crystals from the electrode surface 
to a collodion film. X-ray diffraction data were ob- 
tained by using CuKa radiation. Electron diffraction 
analysis was made by Ladd Research Industries, Inc., 
Burlington, Vermont, on carbon replicas prepared 
from collodion film specimens. BET surface area mea- 
surements were made by Numec Instruments and Con- 
trols Corporation, Monroeville, Pennsylvania, using an 
Orr surface-area pore-volume analyzer. Krypton was 
used as the adsorbate. The samples were degassed at 
50" for 24 hr. 

Results and Discussion 
To illustrate the problem, a potential-time curve 

obtained on charge and discharge at -18°C is com- 
pared in Fig. 1 with the curve obtained at 25°C before 
the temperature lowering. Both curves were obtained 
at  a constant current of 200 mA. I t  is seen that the 
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Fig. 1. Charge-discharge curves of cadmium hydroxide electrode 
a t  25" and at -18°C after discharge a t  25°C. 

rise in potential at -18°C toward the hydrogen evolu- 
tion range occurs after only about 60% of the 25°C 
discharge capacity is returned to the electrode. The 
arrow sign indicates where the gas bubble formation 
begins to become visible. The term "charge acceptance" 
is defined here as the ratio of the charge that the elec- 
trode accepted before this point to the charge capacity 
found in the discharge prior to the lowering of temper- 
ature. It is true that the charging reaction at the low 
temperature continues after the potential has reached 
the hydrogen evolution region, as is evidenced by the 
fact that the capacity found on the subsequent dis- 
charge was considerable greater than the charge that 
the electrode accepted before the onset of hydrogen 
evolution. However, it is the charge acceptance defined 
above that is important in sealed nickel-cadmium bat- 
teries because no hydrogen gas can be permitted to 
accumulate. Two distinct plateaus on potential-time 
curves, which were reported by Popat and Rubin (3) 
and Rubin (4) and attributed by them to the reduc- 
tion of "active" and 'Linactive" cadmium hydroxides, 
were not observed under our experimental conditions. 

In the previous study, Gottlieb (2) mentioned that 
the charge acceptance at low temperatures is not 
affected by the current used for the preceding cycles 
at a higher temperature. We found the contrary to be 
true, i.e., the low-temperature charge acceptance is 
greatly affected by the magnitude of the current used 
for the discharge prior to the charge. Results are 
shown in Fig. 2. The experiments were carried out 
in the following manner. After the conditioning cycles 
described in the preceding section, the cell was placed 
in a bath maintained at a desired temperature and, 
after temperature equilibration, discharged fully to 
-0.5V at a specific rate. The test electrode was then 
removed from the cell, and a small portion of it was 
cut off for microscopic and other examination pur- 
poses, while the remainder of the electrode was im- 
mediately placed back into the cell. The cell was then 

OlSCnARGE TEMP, 'C 

Fig. 2. Charge acceptance of cadmium hydroxide electrodes a t  
-18% a t  C/2  after discharging a t  various rates and temperatures. 
Small vertical lines indicate the reproducibility of measurement. 

transferred into a -18°C bath and, after a 2-hr open- 
circuit stand, charged at  the C/2 rate. The charging 
current was adjusted on the basis of the capacity found 
in the preceding discharge appropriate correction 
having been made for that portion of the electrode 
which had been cut off. The reproducibility of the 
charge acceptance measurement was found to be about 
24% for the discharge rates of C/2 and C/20 at  room 
temperature. This is indicated by the vertical lines 
on the two points in Fig. 2. 

Figure 2 shows that the low-temperature charge ac- 
ceptance is higher after the electrode is discharged at 
higher rates and at  lower temperatures. The charge 
acceptance values were found to be independent of 
the extent of loading of the electrode with the active 
material in the range between 75 mA.hr/plate and 896 
mA.hr/plate. On the other hand, it is striking that 
the charge acceptance varies from almost 0 to 100% 
depending on the conditions during discharge. It is of 
interest to note in Fig. 2 that the charge acceptance 
found when the electrode was first discharged at 
-30°C and then charged after raising the tempera- 
ture to -18°C was greater than the value found when 
both discharge and charge were carried out at  the 
same temperature of -18°C. 

These results can be accounted for qualitatively on 
the basis of the mechanism involving a soluble inter- 
mediate species in both the discharging and the charg- 
ing reactions. In the potential range of interest, these 
reactions may be represented by the following simple 
equations (5,6) 

Discharge: 

Cd + 3 OH- + Cd(0H)a- + 2e- [ I ]  

Cd(0H)a- + Cd(OH)z + OH- [21 
Charge: 

Cd(0H)z + OH- + Cd(0I-i)~- C3l 

There is some evidence indicating that anodically 
produced cadmium hydroxide crystals can also be 
reduced directly without going through the soluble 
intermediate (6). It will be shown in this paper that 
all experimental results described here can be ac- 
counted for without depending on a direct reduction 
mechanism. The dissolution-precipitation mechanism 
for the discharge reaction [I]  and [2] predicts the 
size of Cd(OH)2 crystals to be larger when they are 
formed at lower discharge rates. The reasoning is as 
follows. At lower discharge rates the rate of formation 
of the soluble complex Cd(OH)a- is slower, and this 
should cause the precipitation reaction 121 to proceed 
more slowly from a more dilute, and hence less super- 
saturated solution. As a general rule, it is known that 
particles of crystalline precipitates formed from more 
dilute solutions are larger in size (7). The dissolution- 
precipitation mechanism also predicts that larger 
Cd(OH)2 crystals should form on discharge at  higher 
temperatures, because the degree of supersaturation 
of the electrolyte with the soluble complex Cd(0H)a- 
should be less at higher temperatures owing to an in- 
creased solubility. This predicted relation between the 
crystal size and the discharge conditions has been sub- 
stantiated experimentally, as will be described in the 
subsequent section. From considerations of surface 
area effects in conjunction with the solution-reduction 
mechanism [3] and [4], it can easily be understood 
why large Cd(0H)z crystals yield a poor charge ac- 
ceptance. This mechanism also predicts that for a 
given electrode with Cd(0H)z crystals of a given size, 
the charge acceptance should decrease with increasing 
charging current and with decreasing charging tem- 
perature. These relations have been found experi- 
mentally by Gottlieb (2). 

Size and shape of Cd(OH12 clylsta1s.-A large num- 
ber of electron and optical photomicrographs were 
taken in order to establish the effect of discharge rate 
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and temperature on the size of cadmium hydroxide 
crystals. Some examples of transmission electron 
photomicrographs of actual crystals (dark areas) are 
reproduced in Fig. 3. Although the crystal size in each 
plate varies over a wide range, it is clearly seen that 
the crystals formed at C/20 are much larger on the 
average than those formed at  C/2. I t  is also seen that 
the crystals formed at  higher temperatures are larger. 
The crystals produced at C/100 were so large that they 
were very clearly observable under the light micro- 
scope (see Fig. 4). 

In both photomicrographs it is seen that the elec- 
trodes discharged at  -18" and at  -30°C contained 
long, needle-shaped crystals, while the crystals in the 
electrodes discharged at higher temperatures were 
all hexagonal and flat. X-ray and electron diffraction 
analyses showed conclusively that the needlelike crys- 
tals are 7-Cd (OH) 2, the monoclinic modification (81, 
while the normal hexagonal ones are p-Cd(0H)z. 
Typical x-ray diffraction intensity diagrams are shown 
in Fig. 5. It is seen that no lines corresponding to 
7-Cd(OH)z appeared in the pattern obtained with the 
electrode discharged at  25"C, while the electrodes dis- 
charged at -18" and at -30°C showed many distinct 
lines corresponding to y-Cd(0H)z. It is also apparent 
that more y-Cd(OH)z formed at -30" than at -18°C. 
This is clearly seen also from the light photomicro- 
graphs shown in Fig. 4. y-Cd(OH)z was identified in 
all electrodes discharged at -18°C regardless of the 
rate of discharge (4C to C/100). 

Recently, Breiter and Vedder (9) reported that 
7-Cd (OH)z was identified on solid polycrystalline cad- 
mium electrodes oxidized in 1M and 5M KOH at room 
temperature. In 6.9M KOH and with sintered-plate 
type electrodes, we found no 7-Cd(0H)z at  room tem- 
perature and also at 49°C at  all discharge rates studied. 
In 1M KOH, however, a large number of 7-Cd(0H)p 
crystals were formed even at room temperature. As 
already reported by Breiter and Vedder, 7-Cd(OH)p 
is unstable and slowly converted to 8-Cd(0H)z on 
open-circuit stand in contact with KOH. The conver- 
sion is, however, quite slow at room temperature. For 
example, the appearance of the electrode surface dis- 
charged at C/100 at -30°C (Fig. 4, top) did not change 
appreciably after 10 days' open-circuit stand at room 
temperature. At 49"C, however, the conversion was 
considerably accelerated, and no 7-Cd (0H)z remained 
only after 3 days' open-circuit stand. 

Fig. 3. Transmission electron photomicrographs of Cd(OH)? 
crystals formed a t  various temperatures and discharge rates. 

Fig. 4. Optical photomicrographs of Cd(0H)z crystals formed 
a t  the discharge rate of C/100 at  various temperatures. Magnifica- 
tion 750 X 

28 

Fig. 5. X-ray diffraction intensity diagrams obtained with elec- 
trodes discharged a t  rates and temperatures shown. 

BET surface area.-The information obtained by the 
microscopic observation pertains only to the surface 
of the electrode, and there is no assurance that the 
same relation between cryst 
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ance holds for the crystals within the pores of the 
electrode. Measurement of the total surface area by 
the BET method should provide a means of comparing 
the size of crystals within the electrodes. With some 
samples brown coloration apparently due to the oxi- 
dation of undischarged cadmium occurred under the 
degassing conditions used (50°C, 24 hr). The data for 
such samples were discarded. In Fig. 6 the charge 
acceptance at -18°C is plotted against the BET sur- 
face area for only those samples which showed no 
discoloration. The surface area is expressed per gram 
of the electrode and not of the cadmium hydroxide 
crystals, since the contribution of cadmium metal 
particles left undischarged to the total surface area 
did not vary very much from electrode to electrode. The 
discharge capacity of all of the electrodes for which 
the BET measurement was made ranged approximate- 
ly from 75 to 90% of the theoretical capacity. Thus, 
the trend shown in Fig. 6 is believed to be attributable 
to cadmium hydroxide crystals. 

It is seen that at constant temperatures (25" and 
-18°C) the surface area and the charge acceptance 
were both smaller for electrodes discharged at lower 
rates. Also, the surface area of the electrode discharged 
at C/20 at  4 9 b a s  less than that of the electrode dis- 
charged at 25°C at the same rate. The observed effect 
of discharge rate and temperature on the surface area 
parallels that on the crystal size, and undoubtedly the 
general conclusion drawn from the microscopic obser- 
vation holds also for the crystals within the electrode. 

It is significant to note in Fig. 6 that the electrodes 
discharged at -18" and -30°C had a considerably 
smaller surface area than those discharged at 25°C 
and yet exhibited a good charge acceptability. It ap- 
pears that 7-Cd (OH) 2 is more readily chargeable than 
P - C ~ ( O H ) ~  for the same surface area. Breiter and 
Vedder's experiments with a solid cadmium electrode 
also indicated that 7-Cd (OH) 2 is more easily reduced 
than j3 (9). In practical sealed cells, however, there 
seems to be no way of utilizing the favorable charac- 
teristics of y-Cd(OH)z because of its instability at 
higher temperatures. With an electrode containing 
both 8- and 7-phases, it was found that y-Cd(OH)? 
crystals were all converted into the @-form after only 
a few 50% depth charge-discharge cycles at room 
temperature. It has been suggested that the active and 
inactive cadmium hydroxides postulated by Rubin 
(4) might correspond to the 7- and p-forms. With elec- 
trodes containing both 7- and j3-Cd (OH) 2, however, 
we failed to observe such two separate potential pla- 
teaus as reported by Rubin. 

As already described by Gottlieb (2), the greatly 
reduced charge acceptance is observed only in the 
first charge after temperature lowering. If the elec- 
trode is continuously cycled at the low temperature, 
the charge acceptance in the second and subsequent 
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charge cycles becomes almost normal. This can be 
expected from the crystal size effect, because the 
Cd(OH)2 crystals formed on the second and subse- 
quent cycles should be small since these cycles are 
carried out at the low temperature. The formation of 
y-Cd(OH), may also be responsible for the increased 
charge acceptance. 

Effect of partial cycles.-All experimental results 
discussed in the previous sections were obtained with 
electrodes discharged completely following a full 
charge. In sealed nickel-cadmium cells, the cadmium 
hydroxide electrode is not cycled in this fashion but 
only partially cycled, because the cells are constructed 
with a large excess capacity in the negative electrode. 
Effects of such partial cycles on the low-temperature 
charge acceptance were studied to simulate more 
closely the conditions encountered by sealed cells. 
Results are tabulated in Table I. In these experiments, 
electrodes previously charged completely at the C/2 
rate were first discharged at C/20 (exp. 1 to 4) or C/2 
(exp. 5 to 8), charged at C/2 until 50% of the dis- 
charge capacity was returned, and then fully dis- 
charged at various rates. This partial cycle was given 
at room temperature and only once except for exp. 2, 
in which 9 partial cycles were given. After the final 
full discharge, the cells were left on open circuit in a 
bath maintained at -18°C for 2 hr and charged at the 
C/2 rate. 

The results of exp. 1 to 4 show that under these 
conditions, the charge acceptance is determined by 
the rate used for the initial discharge prior to the 
partial cycle (C/20) rather than the discharge rate 
used in the partial cycle. These results can be ex- 
plained in the following manner. Suppose that the 
size of the Cd(OH)2 crystals formed after the initial 
C/20 discharge was distributed according to a certain 
distribution law, for example, the normal law. On 
partial charge, the size of each crystal must have de- 
creased regardless of the extent of the charge and the 
"tightness" (the magnitude of the standard deviation) 
of the distribution, whereas the total number of crys- 
tals may or may not have decreased depending on 
these two factors. Under the present experimental 
conditions, the total number of crystals appears to 
have remained essentially unchanged before and after 
the partial charge, and the Cd(OH)2 crystals of re- 
duced size which existed at  the end of the partial 
charge appear to have grown back to the initial size 
on completion of the final discharge. This explains the 
fact that the charge acceptance observed after the 
partial cycle was nearly the same as that found after 
the full, straight C/20 discharge. The observed inde- 
pendence of the charge acceptance on the discharge 
rate used in the partial cycle probably indicates that 
no new nuclei were formed during the final discharge. 

The same explanation applies also to exp. 5 and 6, 
in which the initial discharge was carried out at  C/2. 
When the final discharge rate used in the partial cycle 
was very low as compared to the rate used for the 
initial discharge (exp. 7 and 8),  the charge accept- 
ance was considerably lower than that observed after 

Table I .  Effect of partial cycle (50%) a t  room temperature 
on charge acceptance a t  -18'C 

(Charge acceptance measured a t  C/2  rate) 

Charge acceptance 
found. % 

Rate used for Partial cycle 
full discharge After Without 

Exp. prior to Charge Discharge partial partial 
No. partial cycle rate rate cycle cycle 

1 c/zo cn 
2 c/2 c,2 (9 

25 26 
C/ZO cn 20 

Fig. 6. Relation between charge acceptance and BET surface 
area. Temperatures and rates shown refer to discharge conditions. 
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a straight, full discharge at  C/2. This result appears 
to indicate that the very low rate discharge caused 
the small crystals initially formed at  C/2 to either 
agglomerate or grow into large crystals. 

All results listed in Table I were obtained after 
50% depth partial cycles. If the depth of partial cycle 
is increased sufficiently when the initial discharge 
rate is low and the final discharge rate is high (e.g., 
in exp. l ) ,  a better charge acceptance is expected 
because of the possibility of forming small new nuclei 
during the final high rate discharge. Experimentally, 
this was found to occur, but the effect was relatively 
small until the depth of partial cycle was increased 
to about 90%. For example, the charge acceptance 
measured after an 87% partial cycle (C/20 full initial 
discharge, 87% charge at C/2, and full discharge at 
C/2) was found to be 36% as compared to 25% after 
a half depth cycle and 57% after a full depth cycle. 

Practical significance of crystal size effect.-Practical 
significance of various experimental results described 
here can be summarized as follows: 

1. The low-temperature charge acceptance of the 
negative electrode in sealed cells containing a large 
excess negative capacity is determined by the size of 
the excess cadmium hydroxide crystals, and no sig- 
nificant improvement in charge acceptance can be ex- 
pected by high rate cycles. Consequently, sealed cells 
should be constructed using negative electrodes with 
small cadmium hydroxide crystals. Fast rate, low- 
temperature forming cycles should help produce small 
crystals. 

2. Even if the negative electrode initially contains 
small crystals, they grow large on open-circuit stand 
by recrystallization. Since the rate of recrystallization 
is slower at lower temperatures, cells should be stored 
at a low temperature if they are not to be used for 
an extended period of time. 

3. Cells in the charged state should not be left on 
open circuit for a long time, because the charged posi- 
tive electrode self-discharges slowly to give off oxy- 
gen, and the latter discharges the negative electrode 
at a slow rate, which leads to the formation of large 
Cd(OH)2 crystals. 

4. Extremely low rate discharge should be avoided. 
This produces large Cd (OH) 2 crystals and possibly 
agglomerates of small crystals. 

5. If conditions permit, temperature should be 
lowered when the cell is in the fully charged state 
rather than in the discharged state, so that the first 
operation at the low temperature becomes a discharge 
and not a charge. 

Conclusion 
There is little doubt that the size and the structure 

of Cd(OH)2 crystals play an important role in deter- 

mining the low-temperature charge acceptance of 
cadmium hydroxide electrodes. A number of experi- 
mental results can be accounted for in terms of these 
effects in conjunction with the reaction mechanism 
involving a soluble intermediate species in both the 
charging and the discharging reactions. However, it 
cannot be stated that the crystal size and structure 
effect explains all results. For example, we observed 
that the charge acceptance decreases to some extent 
with increasing number of charge-discharge cycles 
given to the electrode prior to the low temperature 
charge. This may be due to a redistribution of the 
active material within the electrode which is known 
to occur as a result of use (10). More complete under- 
standing of the phenomenon would require a further 
investigation. 
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ABSTRACT 

Dissolution of the basal plane of single crystal zinc and deposition of zinc 
on the same material in alkaline solutions in the presence of 10-4M lead ion, 
has been studied using in situ microscopy and the scanning electron micro- 
scope (SEM). It was found that in the presence of lead ions, most of the sur- 
face was protected against dissolution when polarized as much as 100 mV 
positive to the rest potential. Dissolution occurs initially in the form of a 
limited number of hexagonal etch pits that grow in size and number with 
time. The pits appear to correspond to sites of macroscopic crystalline im- 
perfection. 

In the absence of Pb ions, deposition of Zn on the basal plane of a zinc 
crystal tends toward epitaxial growth at low overpotentials. In the presence 
of Pb  ions, at both high and low overpotentials, Zn deposition tends to ini- 
tiate mainly at the few sites not protected by the microscopically smooth Pb  
film. At high overpotentials, growth tends to be cylindrical and micro- 
crystalline, rather than dendritic. It is shown that, under the present con- 
ditions, no increase in the cathodic current is to be expected with increase of 
time. 

The alkaline zinc electrode is encountered in several 
commercial and proposed aqueous battery devices. Its 
attractiveness as a uniquely high-energy anode mate- 
rial (for aqueous systems) is diminished by such con- 
comitant problems as poor quality of the electrodeposit 
(secondary battery application) and corrosion of zinc. 
The use of additives incorporated into the anode, or 
dissolved in solution, has been proposed over the years 
and evaluated empirically. Most of the research effort 
in this area has been concentrated at industrial 
laboratories. 

The use of Pb and Sn ion additions to the electrolyte 
as suggested earlier by Kudryavtsev is quoted in (1). 
The use of Pb  ions was again investigated by Oxley 
and Fleischmann (2) who found that the deposit ad- 
herency on polycrystalline Zn increased when lead 
acetate was added at an optimum concentration of 
0.5 g/l to a solution of 43% KOH, 1.13M in zinc ions. 
The reason for the influence of lead on deposit ad- 
herency was unclear. 

Recently Bockris et al. (3)  claimed that "the pres- 
ence of 10-4 molar lead completely suppresses den- 
drites." This conclusion was reached, however, only 
from the change of the total current density with time 
without microscopical observation of the actual 
deposit. 

At this laboratory an investigation of the effect of 
additives, especially lead, on dissolution and deposition 
characteristics of single crystal zinc has been carried 
out using the light microscope in a way similar to 
Powers' experiments (4,5) and the scanning electron 
microscope as demonstrated by Naybour (6,7). Powers 
studied deposition of zinc on the basal plane of a 
single crystal of zinc and on polycrystalline material 
(4) and, with Breiter (5), dissolution and passivation 
of the basal plane. Naybour investigated the effect of 
substrate orientation on growth (6) as well as the 
effect of electrolyte flow on the morphology of zinc 
deposits (7) .  Both optical methods have not been used 
previously in investigations of the effects of additives. 

The effect of metal cations, anions and neutral mole- 
cules on the hydrogen evolution rate of polycrystalline 
zinc in 6N KOH and rate of hydrogen evolution of 
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Zn-Pb and Zn-A1 alloys will be reported in a separate 
paper. (12). 

Experimental 
The zinc electrodes were obtained by cleavage from 

single crystal rods grown from 99.9995% pure zinc. 
The crystal was cooled to liquid nitrogen temperature 
and then cleaved and rewarmed in a drybox under 
argon. The cell used for microscopic observation under 
polarization was similar to that used by Powers (4),  
with the only significant modification being to the 
window of the optical coverglass. The coverglass was 
fused to the Pyrex sleeve thereby avoiding the use of 
adhesives which dissolve more or less rapidly in KOH. 
The reference electrode was a zinc rod (99.95%), the 
counterelectrode was gold foil. The zinc electrode po- 
tential was controlled by a Tacussell potentiostat and 
monitored by a Keithley electrometer. The current 
was recorded on a Moseley strip-chart recorder. The 
microscope was by Reichert, Austria, used mainly with 
Nomarski interference contrast. 

The solution of 6N KOH + 20 g/l ZnO was made up 
from reagent grade KOH and bidistilled water using 
a quartz still and ZnO, "pure" (99.9%). Lead was 
added in the form of the acetate salt in a concentra- 
tion of 1 x 10-4M. Previous experiments with addition 
of 10-4M acetic acid had shown that the acetate ion 
has no effect on deposition characteristics. 

Results 
Anodic dissolution.-In the investigation of the 

effect of lead on anodic dissolution of the basal plane 
of zinc, a constant potential of $75 or +I00 mV us. 
zinc in the same solution was applied after the speci- 
men had been in contact with the solution for 5 min. 
In the absence of lead the surface changes in the same 
way as on cathodic deposition (4). the difference of 
course being dissolution of the surface. This indicates 
that dissolution and deposition occur at  the same sites, 
probably screw dislocations. After about 60 sec one 
observes pits in the form of hexagonal pyramids (Fig. 
1). These hexagonal pits cannot be observed with dark 
field methods and are consequently not visible in the 
paper of Powers and Breiter (5), (Fig. 2 ) .  Addition 
of 10-4M lead to the electrolyte does not result in a 
perceptible coating of lead on the zinc surface (c.f., 
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Fig. 1. Anodic dissolution of zinc, (0001) plane a t  + I00  mV in 
6N KOH + 20 g / l  ZnO after 60 sec. Nomarski Interference Con- 
trast (NIC), l lOX.  

Fig. 2. Anodic dissolution of zinc, (0001) plane a t  + I00  mV in 
6N KOH + 20 g/l ZnO + 1OW4M PbAc after 240 rec. NIC, l lOX.  

Fig. 2), but does have a profound effect on the anodic 
dissolution characteristics. After applying the anodic 
potential hexagonal pits are observed which grow in 
size and number (Fig. 2). They are very numerous at 
more macroscopic defects of the crystal such as cracks 
introduced by cleavage (see right corner of Fig. 2). 
This difference in dissolution is also reflected in the 
different change of current with time (Fig. 3) .  With 
no additions, the current rises sharply and then decays; 
with additions, it increases slowly with the number 

NO Pb IONS 

0 1 2 3 4 5  

t [.in] 

Fig. 3. Anodic dissolution of zinc, (0001) plane a t  +1W mV. 
Solid line, 6N KOH + 20 g/ l  ZnO; dashed line, 6N KOH + 20 
g/ l  ZnO + 10-4M PbAc. Geometric area of electrode = 0.178 
cm2. 

and size of pits. Observation with the scanning elec- 
tron microscope (SEM) shows that the pits are shal- 
low, have a flat bottom and steppe: sides (Fig. 4). The 
sides of all pits are parallel to [1120]. These pits occur 
probably on sites with macroscopic damage or in-egu- 
larities of the crystal as can be seen from Fig. 5. The 
crystal was left at the open-circuit potential for 2 hr. 
A number of hexagonal pits were observed; they were 

Fig. 4. Pit produced in experiment of Fig. 2 after 300 sec scan- 
ning electron microscope (SEM), 480X, 45". 

Fig. 5. Pits formed a t  the corrosion potential after 2 hr in  6N 
KOH + 1 0 ' M  PbAc. SEM. (a) (top) 840X; (b) (bottom) 1000X. 
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pipes growing perpendicular to the surface. Figure 6b 
shows both types at a higher magnification. 

Figure 7 shows the deposit at -200 mV from the 
same solution. The deposit is completely different from 
that obtained in the absence of lead (classical den- 
drites), it reminds one of corals. The deposit consists 
of a very large number of crystallites, the structure 
of the protrusions and of the flat areas of the surface 
seem to be the same. Figure 7c is a magnification of 
one of the flat areas. The depression corresponds to 
blockage of deposition by a hydrogen bubble. In order 
to obtain additional information about the effect of 
lead additions, an experiment was conducted with 

Fig. 6. Deposit at -100 mV from 6N KOH + 20 g/l ZnO + 
10-.lM PbAc after 617 sec, SEM, 45". (a) (top) 500X; (b) (bottom) 
2080X. 

concentrated at cracks in the surface like the one in 
Fig. 5b. These macroscopic defects serve as anodes, 
where zinc dissolves, while Pb (and hydrogen) plate 
out on the cathodes. 

Cathodic deposition.-Cathodic deposition on the 
basal plane of zinc wa$ carried out from a solution of 
6N KOH + 20 g/l ZnO with or without additions of 
10-*M lead acetate at votentials of -100 or -200 mV 
us. zinc in the same soiution. The results without addi- 
tions of lead were the same as already shown by 
Powers (4) :  at -100 mV the deposit was in the form 
of pyramids, the number of which declines with time 
as the more active pyramids cover the less active ones. 
No classical dendrites were observed at this potential 
even after 1 hr of plating, although a number of small 
protrusions were observed.2 At -200 mV the number 
of growth centers was much larger and after a short 
time dendrites with side branches occurred. If the 
potential is held at -100 mV for about 30 min and then 
changed to -200 mV, a large number of new growth 
centers appear on the sides of the previously formed 
pyramids. After some time dendrites are observed. If 
the potential is brought back to -100 mV after 1 or 2 
min-at -200 mV, the growth centers formed at -200 
mV disappear while the pyramids continue to grow. 

The effect of lead additions is shown in Fig. 6 for 
deposition at -100 mV. It can be seen from Fig. 6a 
that two different types of deposit are obtained: little 
b u m ~ s  or hills consistine of manv little crvstallites 
and 'flat areas consisting-of a very large number of ~ i ~ .  7. Deposit a t  -200 mV fro,,, 6N KOH + 2 0  g/l ZnO + 

nature of these protrusions has been studied in more detail 10-'M PbAc after 3600 sec, SEM, 45". (a) (top) 1 8 0 ~ ;  (b) (cen- 
in (13). ter) and (c) (bottom) 8GUX. 
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Fig. 8. Deposit at -100 mV: 60 sec in 6N KOH + 20 g/l ZnO + 
10-4M PbAc, followed by 3600 sec in 6N KOH + 20  g/l ZnO, SEM, 
45". 560X. 

deposition at -100 mV for 1 min in a solution con- 
taining 10-4M of lead, followed by additional deposi- 
tion in lead-free solution. Figure 8 shows the deposit 
obtained at -100 mV after 1 hr of plating in the latter 
solution. The deposit is different from that obtained 
with addition of lead ions; it is similar to the pro- 
trusions observed in lead-free solutions after longer 
plating times (13). The protrusions are clearly crystal- 
line with layer growth parallel to the surface but also 
with planes having an angle to the main crystallo- 
graphic axis (center of Fig. 8). 

Experiments where deposition at  -100 mV in 6N 
KOH and 20 g/l ZnO was followed by deposition in 
the same solution with addition of lead ions produced 
deposits very similar to the ones shown in Fig. 6. The 
flat areas of the surface are again covered with pipe- 
shaped growths of varying length (Fig. 9). Deposition 
at -200 mV produced deposits similar to the ones 
shown in Fig. 7. 

Discussion 
Our results clearly show that the addition of lead 

ions to a solution of KOH containing zincate strongly 
affects anodic dissolution of the basal plane of a zinc 
single crystal and deposition of zinc on the same 
specimen. Without an externally applied potential, a 
microscopically smooth lead coating is deposited on 
the zinc surface while zinc dissolves on the anodic 
sites, which are thought to be major defects of the 
crystal (Fig. 4). If an anodic potential is applied, the 
crystal only dissolves at these latter sites, the other 
sites, which are active during dissolution in lead-free 
solutions (Fig. I ) ,  are blocked and protected by lead. 
The pits observed after dissolution for 5 min are all 

Fig. 9. Deposit at -100 mV: 150 sec in bN KOH + 20 g/l ZnO 
followed by l2OO sec in bN KOH + 20  g/l ZnO + 10-4M PbAc, 
SEM, 45". 4M)OX. 

rather shallow and all seem to have the same width. 
They are oriented with their edges parallel to [11%1 
which implies that (11%) dissolves faster than (10i0) 
and this in turn faster than (0001), in parallel with 
increasing packing density. Ashton and Hepworth (8) 
came to the same conclusion by measuring anodic 
polarization curves on the (0001), ( I O ~ O ) ,  and (1150) 
plane of zinc in 0.5 NaOH. 

The results of deposition in lead-free solutions sug- 
gest that at  the less negative potential (-100 mV) 
and lower deposition currents, the zinc particles diffuse 
on the surface to growth sites leading to pyramid 
growth. At more negative potentials (-200 mV) and 
higher deposition currents, the rate of arrival of zin- 
cate ions is higher than the rate of diffusion to growth 
sites, the zinc adatoms "inhibiting" their own diffusion. 
This results in dendritic growth. The results obtained 
by switching the potential from -100 to -200 mV 
(new nuclei, dendritic growth) and switching from 
-100 to -200 mV and after a short time back to 
-100 mV (disappearance of nuclei formed at  -200 
mV) support this scheme. 

From our observations of the anodic dissolution of 
zinc in the presence of lead it follows that most of the 
sites for dissolution are blocked by lead. If it can be 
assumed that the sites for deposition and dissolution 
are the same, namely screw dislocations (9), then 
one would expect that growth on these sites is also 
blocked by lead. In addition it is possible that the 
presence of lead changes deposition characteristics 
from the crystallographic form of dendrites (accord- 
ing to Naybour (7) both tip and side branches of a 
dendrite grow in the [11%] direction, the main stem 
and the side branches being monocrystalline) to pro- 
trusions which are no longer monocrystalline but con- 
sist of a large number of small crystals. In fact, the 
results of Fig. 6 and 7 show that parts of the surface 
are inactive for growth; the areas of larger growth 
consist of a large number of very small crystallites. 
The results of Fig. 8 show indeed that lead blocks parts 
of the surface, subsequent growth in lead-free solution 
exhibits crystalline growth again, the deposit growing 
mainly in the vertical direction, while large areas 
remain active. The nature of the sites for growth 
under these conditions is not known, but it seems 
possible that the same physical defects (or impurity 
centers) that act as anodes on dissolution in the 
presence of lead act as growth sites in deposition. 
Vaughan and Pick (10) assumed that copper nuclea- 
tion sites were impurity centers, physical defects act- 
ing as preferred sites for impurity segregation. Al- 
though Naybour (6) showed that the number of sur- 
face defects on a zinc crystal was less than the number 
of growth sites, conditions are different in the present 
case where more surface defects are produced through 
local action currents. Figure 7 also shows that no 
classical dendrites are obtained when lead is present 
in the solution most likelv due to incor~oration of 
lead. There seems to be no major difference in the 
structure of the deposit at -100 and -200 mV in solu- 
tion containing lead (Fig. 6b and 7b), the little bumps 
growing to larger protrusions with time under diffu- 
sion control. The nature of the pipe-like structure in 
Fig. 6 and Fig. 9 is not known at the present. 

The conclusion of Bockris et al. (3) that lead addi- 
tion suppresses dendrites is correct only in so far as 
the protrusion is not a monocrystal anymore but con- 
sists of many small crystallites. The lack of a parabolic 
increase of current with time as observed in (3) 
might be due to a lack of dependency of the diffusion 
current upon a radius of curvature of the substrate 
(11) in the case of lead additions, growth probably 
being linear-diffusion controlled for the type of pro- 
trusions shown in Fig. 7. A parabolic or exponential 
increase of current with time as observed by Bockris 
and co-workers (3,111 seems questionable, however, 
since it was not observed by Powers (4) and in the 
present work in solutions free of lead ions. It could 
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result from the special preparation of the electrodes 
in (11) which consist of zinc electrodeposited on small 
Pt spheres and which are quite different from the 
much larger (0.495 cm2) single crystal plane used in 
( 4 )  and the present work. It should be remembered 
also that the parabolic increase of current with time 
in the treatment of Bockris et al. (11) results from 
the assumption that dendrite initiation is continuous, 
but from Naybour's (6)  work it seems that dendrite 
initiation is instantaneous. 

The small increase of current with time while den- 
drites grow in lead-free solutions observed in ( 4 )  and 
the present work results most likely only from an in- 
crease in total area as the dendrites penetrate the 
diffusion layer. In the presence of lead the current 
does not change appreciably after about 60 sec of 
deposition at -200 mV. The protrusions produced in 
this experiment have a cylindrical shape and grow 
perpendicular to the base contrary to real dendrites. 
From Table I which gives some average parameters 
of those protrusions it can be seen that the largest 
protrusions have reached a length comparable to the 
thickness of the diffusion layer, which is calculated to 
be 0.03 to 0.003 cm by using a limiting c.d. of 35 
mA/cm2 and a value of the diffusion coefficient of 
2 x 10-5 to 2 x 10-6 cmz sec-1 ( 2 ) .  It follows that no 
substantial increase in area and therefore in current 
is expected as protrusions grow. 

Conclusion 
The presence of small amounts of lead ions in an 

alkaline solution markedly changes the anodic dis- 
solution behavior of the basal plane of zinc by block- 
ing most of the active sites for dissolution. Its presence 
also changes deposition characteristics from mono- 
crystalline dendrites to protrusions consisting of many 
small crystals while large parts of the surface are 
inactive for deposition. It is concluded that, in the 
presence of lead, dissolution and deposition occurs at 
more macroscopic physical defects of the crystal. 

It is possible that other metal ions which have a 
reversible potential sufficiently more noble than zinc 
act in a similar way. It is not entirely clear at the 
present how the above results apply to secondary 

Table I. Typical parameters for protrusions in experiment Fig. 7 

Height (1.6 C 0.1) x 10-"cm 
Radius (2.0 f 0.2) x 10-3 crn 
Particles/cm% (1.5 5 0.2) x lW 

batteries. The change in deposit morphology is cer- 
tainly beneficial since no sharp dendrites result which 
would penetrate separators. It remains to determine 
what happens to the lead additions through cycling of 
a battery. The beneficial effect of lead ions in the 
electrolyte or lead alloyed in small amounts to zinc on 
hydrogen evolution will be reported in a separate 
paper (12).  
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Direct Current-Voltage Characteristics of 

Calcia Stabilized Zirconia with 
Porous Platinum Electrodes 

Hiroaki Yanagida,' R. J. Brook: and F. A. Kroger* 
University of Southern California, Los Angeles, California 

ABSTRACT 

The direct current-voltage characteristics of symmetrical cells Pt, O2(I), 
IZro.s~Cao.~~Ol.~~lPt, Oz(II), with pOz(1) = p02(II), were measured at 560°C 
under oxygen pressures from 1 to 10-20 atm. The characteristics were non- 
ohmic, the deviation from ohmic law being mainly due to the potential drop 
at  the cathode interface between the solid electrolyte and the as ambient. 
The characteristics consist of two parts. The first is characterized %y a marked 
oxygen pressure dependence and is observed at voltages lower than approxi- 
mately 2V (weak polarization). In this range, the rate-determining process is 
the diffusion of oxygen atoms (resulting from dissociation of 0 2  or H20) 
through the platinum of the Pt  paste electrode. The second part of the char- 
acteristic is almost independent of the oxygen pressure and is observed at 
voltages higher than approximately 2V (strong polarization). Here the rate- 
determining step is the process in which neutral oxygen atoms, adsorbed at  
the cathode surface of the electrolyte, combine with effectively neutral oxygen 
vacancies Vex, (oxygen ion vacancies which have trapped two electrons) to form 
a normal 0" lattice ion (OOX). This process utilizes the part of the electrolyte 
surface not in contact with the platinum, but close to points where the plati- 
num makes contact, and involves migration of electrons from the platinum 
over the surface of the electrolyte. 

Stabilized zirconia with the composition Zro.85Cao.15- The ionic current is stopped by the application of a 
01.85 crystallizes in the CaFz structure (1,2) and con- voltage Estop (9, 10) given by 
tains 7.5% extrinsic vacant oxygen sites (2,3). The 
electrical conduction at  high temperature in air or 1 
oxygen is ionic in nature and is due to the migration Estop = - [/*02 (11) - pOz(1) 1 

4F 
[41 

of oxvaen ions bv a vacancy mechanism (2-4). The 
vacancres involveh are oxygen ion vacancies with an 
effective charge $2, Vo.. (5). At lower oxygen pres- Since ti 6 1 comparison of [2] and [4] shows that 
sures, however, electronic conduction sets in (2,5,6). 
An ionic transference number ti is defined by Estop 2 Eopen 151 

where ui is the ionic and u. the electronic conductivity. 
The value of the oxygen pressure at  which this trans- 
ference number is 0.5 is a function of temperature 
(2,6) and varies from sample to sample (4 ) .  Typical 
values of (pO2)o.s for stabilized zirconia of the composi- 
tion given above are 10-qhtm at  560°C, 10-32 atm at  
800°C, 10-26 atm at 940°C (2). A galvanic cell with 
platinum electrodes and stabilized zirconia as a solid 
electrolyte operated with different oxygen pressures 
at the two sides, gives an open circuit emf E,,,, given 
by (2.7) 

where /*02  = RT In pOz. The cell can be used as a fuel 
cell or a solid-state battery (8) and also as an oxygen 
pressure monitor (7). 

The emf arises as a consequence of the simultaneous 
migration of ionic and electronic defects. In the sta- 
tionary state, the total electrical current carried by 
these defects at  open-circuit voltage must be zero, 
and therefore the electronic current je and the ionic 
current j i  must be equal and opposite 
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gland. 

Application of a voltage higher than Estop causes oxy- 
gen ions to move through the electrolyte from the 
lower oxygen pressure side toward the higher pres- 
sure side, and thus oxygen gas is pumped from the 
side of lower oxygen pressure to the side of high 
oxygen pressure (11-13). The oxygen pump not only 
pumps 02, but can also decompose HzO (11) and COI 
(13). If ionic currents flow, and as seen above this is 
true in all cases unless V = Estop, the chemical poten- 
tial of oxygen in the electrolyte at the cathode surface 
(where oxygen is taken up) is lower than that of its 
gas ambient, and the chemical potential of oxygen in 
the electrolyte at the anode surface (where oxygen 
gas is evolved) is higher than that of its gas ambient. 
These potential drops, if appreciable, must be expected 
to reduce the accuracy of oxygen pressure monitor 
cells and the efficiency of fuel cells or oxygen pump 
cells. Their presence is indicated by the nonohmic 
character of the current-voltage characteristics; such 
nonohmic effects have been observed with several 
ionic conductors (12-15). It is the purpose of the pres- 
ent study to investigate the current-voltage character- 
istics of calcia stabilized zirconia in order to gain in- 
sight into the processes taking place at the electrodes. 
In this study, mainly symmetrical cells with pOz(1) = 
p02(II)  and J = 0 at E,*, = 0 = E,,,, have been 
used. This was done to avoid possible complications 
arising from the ionic current inside the electrolyte in 
asymmetrical cells at  J = 0 [see (3)]. Asymmetrical 
cells were only used to separate the effects of anodic 
and cathodic potential drops. The oxygen pressure of 
the gas ambient under which the measurements were 
made was between 10-20 and 1 atm. 
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Experimental Procedures 
Sample preparation.-Zirconium dioxide was made 

by slow calcination of zirconium tetra-acetyl-acetate 
(supplied by Matheson Coleman and Bell Company) at 
800°C in air. Major impurities present in the acetate 
were [in weight per cent (w/o)]: 0.15 SiO2, 0.005 
FenOs, 0.003 AlzOs, 0.003 MgO, 0.003 TiOp, 0.004 (Na2O + K20). The ignition loss was 71.23 w/o. Calcium car- 
bonate supplied by Mallinckrodt was used as a source 
of calcia. For this, the maximum limits of major im- 
purities, given in weight per cent, are: 0.10 Na, 0.10 
Sr, 0.02 Mg, 0.01 K, 0.005 Ba. Zirconium dioxide and 
calcium carbonate powders were weighed to give the 
composition (0.15 CaO + 0.85 ZrOz), mixed in an 
agate mortar for 2 hr, and pressed to pellets. The pel- 
lets were heated in dry Argon gas at 1900°C for 2 hr in 
an induction furnace with a graphite crucible. The 
pellets as fired showed a brown color. The color dis- 
appeared on heat-treatment in air at 800°C. X-ray 
analysis showed the diffraction pattern of the fluorite 
structure only. The pellets in their final state were 1 
mm thick and 10 mm in diameter. 

Experimental set-up.-The specimen, whose charac- 
teristic was to be studied, was kept in a stabilized zir- 
conia tube through which a carrier gas (5 ml/sec) 
containing various amounts of oxygen was circulated. 
The experimental set-up is shown schematically in 
Fig. 1. Nitrogen gas was used as the carrier gas and 
was found to contain -10-4 oxygen as an impurity. In 
addition water vapor was present. The oxygen content 
was varied by passing the gas through an oxygen 
pump cell consisting of stabilized zirconia as a solid 
electrolyte with platinum paste electrodes (11-13). 
The oxygen pressure was reduced by applying to the 
pump cell, operated at  670°C, a voltage higher than 
E,,,, corresponding to the two oxygen pressures, 
pO2 (I)  .= 10-4 atrn (N2) and p02 (11) - 0.2 atrn (air). 
The oxygen pressure was increased by applying a volt- 
age smaller than Estop To reduce the amount of water 
vapor in the gas ambient around the test specimen, a 
liquid nitrogen cold trap was used with the trap usu- 
ally at position A. Some measurements were carried 
out without the trap to find the effects of water vapor. 

Fig. 1. Experimental set-up. a, inert gas bottle; b, cock and flow 
meter; c, stabilized zirconia tube; d, platinum poste electrodes for 
oxygen pump; e, oxygen pump furnace; f, platinum leads; g, d-c 
power supply for oxygen pump; h, liquid nitrogen cold trap; i, fur- 
nace for I -V  characteristic measurements; j, thermocouple; k, plat- 
inum paste cathode; I, test specimen; m, platinum paste anode; n, 
platinum paste electrodes for oxygen pressure monitoring; o, gas 
input; p, gas outlet; VI, volt meter for oxygen pressure monitoring 
(Cary 31); Vp, volt meter for I -V  characteristic measurements 
(Cory 31); Am, d-c power supply and voltage regulator; G, ground; 
A, position of the liquid nitrogen trap used in most of the experi- 
ment; 0, alternative position of the cold trap. 
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Some measurements were also done with the trap at  
position B rather than at A. The oxygen pressure 
around the specimen was monitored by a zirconia cell 
using the wall of a commercial Zircoa B grade stabilized 
zirconia tube with the composition (ZrOdo,w(CaO)~.~o 
as the electrolyte. 

The test specimen was provided with platinum paste 
electrodes at the two sides. The platinum paste was 
prepared using a submicron platinum powder and an 
organic suspending medium. At one side the paste 
covered much of the surface specimen (5-20 mm2) ; at 
the other side the electrode had an area of 6 1  mmz. 
Contact to the electrodes was made by spring loaded 
platinum wires (0.01 in. diameter) which were dipped 
in platinum paste prior to their application to the elec- 
trodes. 

The specimen with electrodes and contacts in place 
was heated to 800°C for about M hr in order to re- 
move the organic material and to sinter partially the 
platinum powder. The microscopic configuration of the 
contact is shown schematically in Fig. 2. The platinum 
has a spongelike structure with interconnected gas 
channels. It makes direct contact with the zirconia 
over part of the surface, leaving a gas-zirconia contact 
over the remaining surface area. Lines where the 
triple contact platinum-zirconia-gas occurs are indi- 
cated by T. Usually only half of the characteristic will 
be reported, vir., that half for which the small area 
electrode is the cathode. 

The voltage differences between the electrodes of 
the oxygen pressure monitor cell and between those 
of the test specimen (pellet) were measured with a 
vibrating reed electrometer (Cary 31, Applied Physics 
Corporation). The current through the specimen was 
measured with the aid of a Keithley 610B multipur- 
pose electrometer. The voltage applied over the speci- 
men was changed with a voltage divider, Dekavider 
DV-412 (Electro-Measurements, Inc.). A Burgess 5156 
(Clevite Corporation) dry battery was used as a direct 
current source. Most of the measurements were carried 
out at 560°C, a temperature chosen to be high enough 
to keep the resistance at a reasonable level, but low 
enough to reduce F center migration from the cathode 
into the electrolyte which complicates the analysis. 

In one instance, measurements were made on an 
asymmetric cell, i.e., where pOz(1) = 10-20 atrn and 
p02(II)  = 0.2 atm. For this experiment, the sample 
was cemented to the end of a zirconia tube and placed 
in a furnace containing an air atmosphere. The in- 
terior of the tube was filled with flowing nitrogen 
which had been purified to pO2 = 10-20 atrn by the 
zirconia pump, this value being measured by the 
open-circuit emf of the sample itself. Paste electrodes 
and platinum wire contact probes were used for this 
experiment in the same way as described above for 
the symmetric cells, except in that both electrodes 
were of the same area -1 mmz. 

Minimum oxygen pressures around the test speci- 
men.-The lowest oxygen pressure monitored near the 
test specimen was 10-20 atrn at  560°C. This is well 
above the values (16) monitored within the oxygen 
pump cell itself (11). The pressure increase is due to 

Fig. 2. Schematic representation of the contact between the 
electrolyte and a sintered Pt contact made by sintering Pt paste 
a t  BW°C. 
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leakage through the wall or release of oxygen from From here on, only the characteristics obtained ac- 
the wall of the glass tube connecting the pump to cording to this schedule will be discussed. 
the measuring vessel. An alternative experimental ar- 
rangement with the cold trap at the position B in Fig. 
1 gave pressures in the measuring cell well above 
those found with the trap in the usual position A. The 
difference is due to the buffering action of hydro- 
gen (11). If water vapor present in the tank nitrogen 
is still present when the gas enters the pump cell (i.e., 
the set-up with the trap at  A) ,  the water is decom- 
posed with the formation of an equivalent amount of 
hydrogen. Drying the gas at  A then removes most of 
the residual water and leads to a certain value of the 
water-hydrogen pressure ratio (pHzO/pHz)n. On the 
other hand, with the cold trap in position B, the water 
is largely removed before the gas enters the cell, and 
therefore the amount of HZ that can be formed is 
largely reduced. This leads to a higher value of the 
water-hydrogen pressure ratio (pHzO/pHz)~. If no 
leakage would occur, each would give rise to an oxy- 
gen pressure given by the ratio 

with ( ~ 0 2 ) ~  < ( ~ 0 2 ) ~ .  Moreover, leakage of oxygen 
occurs and this will have a much stronger effect if 
the HZ pressure is low (case of position B) than if i t  is 
high (case of position A). As a result, the value of 
p02 finally measured in the monitor cell is again 
smaller in case A than in case B. 

Experimental Results and Discussions 
Hysteresis.-If at a dven oxygen pressure the cur- 

rent is measured as a function of applied voltage, first 
increasing the voltage from zero to 6V at a rate of 1 
v/min, and then decreasing it to zero at  the same rate, 
hysteresis is observed. Figure 3 shows the result for 
a measurement with the cell in air. Both the decrease 
of current wtih time (4, 9, 17) and the increase of 
current with time ( 9 , l l )  were previously reported. 
The hysteresis, however, has not been satisfactorily 
explained (9). The present authors believe that the 
increase is due to the injection of F centers into the 
electrolyte from the cathode at voltages r2V,  and that 
the decrease is due to the time required for the com- 
pletion of polarization or, if it is after a considerable 
number of F centers have been formed, the time re- 
quired for these centers to disappear. The most repro- 
ducible curves were obtained with measurements 
taken during the decrease of the applied voltage from 
6 to OV at a rate of 1 V/min (the solid curve in Fig. 3)  
after the voltage had been increased from 0 to 6V be- 
forehand at the same rate and held at  6V for half a 
minute. The times involved are supposed to be long 
enough to build up space charges characteristic of 
polarization, but are still short enough to keep F cen- 
ters, formed at the cathode at high voltages, from 
drifting into the electrolyte to an appreciable extent. 

Fig. 3. Example of the direct current-voltage characteristic and 
hysteresis. 

Oxygen pressure dependence of the direct-current 
us. voltage characteristics.-Some examples of cur- 
rent-voltage characteristics measured at various oxy- 
gen pressures are shown in Fig. 4. It is seen that vari- 
ation of the oxygen pressure affects the characteristic 
in different ways. At V > 2V the current slightly de- 
creases with increasing oxygen pressure in the range 
10-14."0 lO-4.:1 atm and hardly changes with the oxy- 
gen pressure in the range pOz > 10-4.Qtm. This be- 
havior is more easily seen from a plot of the slope of 
the I-V characteristic, i.e, the dynamic conductance 
(aI/aV), as a function of applied voltage. The inverse 
of this derivative, (aV/al), is of the dimension of a 
resistance and is called dynamic resistance. Figure 5 
shows the relation between (aV/aI) and applied volt- 
age for various oxygen pressures. The effect of oxy- 
gen pressure upon the dynamic resistance is strongest 
where applied voltage is zero, and weakest at voltages 
higher than 2V. This behavior suggests that the 
chiracteristic is determined by two different mech- 
anisms, the effect of one being dominant at V < 2V, 
the other being dominant at voltages >2V. 

A difference in mechanism is also indicated by a 
difference in the effect of the presence of water vapor 
(Fig. 6). The effect of a variation in pH20 is seen only 
at low 0% pressures where oxygen atoms are present 
mainly as water molecules, and at V < 2V; at higher 
voltages there is practically no effect. 

Finally the time dependence in the high and low 
voltage regions is different: the current at high volt- 
ages increases with time probably as a result of the 
occurrence of electronic conduction, increasing when F 
centers formed at the cathode drift into the electro- 
lyte. That at low voltages tends to decrease. 

Fig. 4. Effect of oxygen pressure on I -V  characteristics 

Fig. 5. Interface dynamic resistance as a function of applied 
voltage and oxygen pressure. 
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wtth cold trap 

- without cold trap 

Fig. 6. Effect of water vapor on the dynamic resistance as a 
function of voltage. 

Low voltage section of the characteristic.-Dynamic 
resistance at zero volts.-Since the test specimen was 
operated with the same oxygen pressures at the two 
sides, E,t0, as given by [4] is zero. Since no ionic cur- 
rent occurs when the applied voltage is Esto,,, no po- 
tential drop can be present at the electrolyte-gas am- 
bient interfaces. Furthermore, since the applied volt- 
age is zero in this case, there is no oxygen chemical 
potential drop across the electrolyte. 

The equivalent circuit consists of three resistances 
in series: one, R, represents the resistance between 
the electrolyte and its gas ambient at the cathode side, 
the second, Rb, the bulk resistance of the electrolyte, 
and the third, R;,, the resistance between the ambient 
and the solid electrolyte at the anode side interface. 
The relation 

holds, where the superscript 0 indicates that the ap- 
plied voltage is zero. Or, introducing the total inter- 
face resistance Re defined by 

RrO = R,O + R.0 [81 

and noting that RI, is ohmic so that RbO = RI,, [7] can 
be written 

(f )v=o = Rb + .to t91 

The resistance across the electrolyte is practically 
independent of oxygen pressure since the concentra- 
tion of anion vacancies responsible for ionic conduction 
is fixed and determined by the calcium oxide content; 
also the electronic contribution to the conductivity 
across the electrolyte is hardly measurable in the oxy- 
gen pressure range 1 to 10-20 atrn covered in this 
study, so that ti - 1. Hence, the change in the dynamic 
resistance (aV/aI)Y=o with pOz must be mainly due to 
a change in the interface resistance RrO. Equation [91 
tells us that if a constant (=Rb) is subtracted from 
the observed dynamic resistances, the residue should 
be the RrO, which is a function p02. Trial and error 
shows that a plot of log RrO us. log pOz is linear for 
the oxygen pressure range from 10-4 atrn up to 1 atrn 
if Rb = 5 x 105 ohms; the line has a slope of - H ,  in- 
dicating that RfO a p02-"2 (Fig. 7). The value of RI, 
found in this manner should be compared with re- 
ported values for the resistivity of stabilized zirconia. 
According to Kingery et al. (3), p(560"C) - 2.9 x lo4  
ohm cm. For a sample thickness, t, of -1 mm, a gross 
cathode contact area, Sg, of -1 mm2, an anode area of 
5 mmz, and thus for an effective cross section of the 
conduction path of Serf = (5 - l ) / ln  5 = 2.5 mm2, the 

t 
calculated value of the bulk resistance 

p )  is 
1.16 x 105 ohms. The fact that the characteristic leads 

with cold trap 
without cold trap 

I 
0 -5 -10 -15 -20 

log PO, (atm.) 

Fig. 7. Rro as a function of oxygen pressure (Rb = 5 x 1 0 b h m )  

to a slightly larger value may be due to the fact that 
the actual contact area for the low voltage mechanism, 
SL, is less than S,. For Sq/S, = 1/4.3, the two re- 
sistance values agree. This phenomenon, described 
here in terms of SL and S, has been discussed else- 
where (19) in terms of a "constriction resistance." 

The plot of log Rfn us. log pOz shown in Fig. 7 has a 
sharp change in slope near pOz = 10-4 atm, indicating 
that RrO is only weakly dependent on the oxygen pres- 
sure for pO2 < 10-4 atm. This sharp change in behavior 
requires a distinction between RrO for high and for low 
oxygen pressure, i.e., between Rr,hO and Rr.10. Compari- 
son of the results of experiments with and without the 
liquid nitrogen cold trap (i.e., with gas of the same 
oxygen pressure but containing different amounts of 
water vapor) shows that Rr.10 is variable, but Rf,hO is 
not affected. This indicates that Rf,hO involves oxygen 
atoms deriving from 0 2  molecules, but that Rr.10 in- 
volves oxygen atoms deriving from buffer molecules, 
e.g., Hz0 or COz (in the present case probably the 
former). It indicates also that we are dealing with a 
different rate-limiting process. We shall deal with the 
oxygen process and with the water process below. 

The relative importance of the two terms, R,O and 
RaO, may be shown by noting that a change in the gross 
anode surface area from 5 to 20 mmz did not give any 
alteration of the observed characteristics whereas 
changing the cathode area did alter the behavior. This 
indicates that Rfo is determined mainly by R,O: it is 
mainly the cathodic processes that determine the cur- 
rent-voltage characteristics. Consequently 

RfO - ReO [lo1 
and 

Rc" >> Rao [ I l l  
The same feature is indicated by a comparison of the 
I-V characteristic of an asymmetrical cell, for which 
pOz(I) = 10-20.0 atrn and p02(II) = 0.2 atm, with 
the I-V characteristics of symmetrical cells operated 
at these two pressures. As shown in Fig. 8, the section 
of the asymmetrical characteristic for V > E,,,, (curve 
la)  where the electrode at the low pO2 side is the 
cathode, is almost identical with the symmetrical 
characteristic for pOz = 10-20.0 atrn (curve 2) if the 
latter is shifted by E,,,, (curve 2). Similarly the 
section of the asymmetric characteristic for V < E,,,,,, 
(curve lb)  where the electrode at the high pO2 side is 
the cathode, is almost identical with the characteristic 
of the symmetrical cell having pOz = 0.2 atrn (curve 
3) similarly shifted (curve 3'). Thus the gas present 
at the cathode (negative relative to E,,,,,) determines 
the shape of the characteristic. 

If the cathode process determines RrO, the pressure 
dependence of RrO mainly arises from the pressure de- 
pendence of RcO. Since R = C-1, where C is the con- 
ductance, the pOz-" dependence of R,O corresponds to 
the following relation for the conductance C,O at the 
cathode side interface 
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Fig. 8. Comparison of the I - V  characteristic of an asymmetrical 
cell with those of symmetrical cells. I,, asymmetrical characteristic 
for V h E, (E ,  = 810 mV, a t  560T, p&(l) = 10-20.0 a t m  and 
p02(11) = 10-0.7 atm.); lb, asymmetrical characteristic for V 6 
E,; 2, symmetrical characteristic for pOe = 10-20.0 atm; Y,  2 
shifted to the right by 810 mV; 3, symmetrical characteristic for 
pO2 = 10-0.7 atm; 3'. 3 shifted to the right by 810 mV. 

where n = M at high oxygen pressures and n 0 at 
low oxygen pressures. The conductance is given by 

The current I is given by the number of @- ions 
formed per second from 02(g) or HzO(g) at the cath- 
ode and transferred to the solid electrolyte (15). This 
may happen in various ways, each involving a number 
of steps, one of wllich is the rate-determining one. 

Determination of the rate-limiting step: pO2 >> 
pH2O.-At relatively high oxygen pressures, when 
pO2 >> pHzO, the over-all cathode process consists of 
the dissociation and ionization of oxygen and its in- 
corporation into the zirconia 

M Oz(g) + 2e- (Pt)  + OE(ZrOz) [i41 

It has been argued (13) that since species in three 
phases are involved in this process, it has to occur at  a 
triple contact where these three phases meet (Fig. 
2,T). It should be understood, however, that this triple 
contact is one-dimensional and cannot carry any cur- 
rent. Although the actual process will occur more or 
less close to T, it must take place across a two-dimen- 
sional surface, e.g., an area either at  the P t  side or 
at  the zirconia side (or at  both sides) of T. In the first 
case the process must involve diffusion of an oxygen 
species through or over the platinum; in the latter case 
it must involve electron diffusion from the P t  at T 
over the free zirconia surface. It is proposed that the 
first mechanism is responsible for the low-voltage 
behavior and that the second mechanism accounts for 
the high-voltage behavior. We shall now proceed with 
a discussion of the former. The following steps, in- 
dicated schematically in Fig. 12 are supposed to be in- 
volved. 

n o z ( d  e n oz(pt/g) ~151  

2e- (Pt)  + 2h. + 0 El91 

Here Oz(Pt/g) are oxygen molecules adsorbed at  the 
interfaces between the platinum crystals and the gas 
phase either at the outer surface of the paste elec- 
trode or inside the platinum sponge; e- (Pt)  are elec- 
trons of the platinum, with energies corresponding to 
its Fermi surface; O(Pt/g) are oxygen atoms in the 
platinum at the platinum-gas interface (the formation 
of charged forms of oxygen in the platinum, e.g., O- 
or O=, is not energetically favored), O(Pt/ZrOz) are 
oxygen atoms in the platinum near the Pt, ZrOz inter- 
face, Vo.. are the oxygen ion vacancies present in the 
zirconia at a concentration given by that of calcia 
(2, 3), OOX is the structure element symbol for a 
normal 0 =  ion in the zirconia, and h. are electron 
holes formed in the ZrOz surface by solution of the 
oxygen atoms from the platinum. 

Each of the steps in the reaction sequence must be 
considered as a possible rate-limiting step. To treat 
them in turn, reaction [I51 represents access of the 
oxygen gas to the platinum surface and could be the 
rate-limiting step if diffusion of oxygen molecules 
through a boundary layer were slow. The oxygen flux 
would then be _-, 

where q is the boundary layer thickness and D' the 
diffusion coefficient for oxygen in the boundary layer. 

By an analysis similar to that used in the next sec- 
tion, it can be shown that this leads to an equation 
for the interface resistance of the form 

where F is the Faraday and B' is a constant (cf. Eq. 
[35]). The resistance thus varies linearly with 
pOz-l(g) whereas the experimental observations (Fig. 
7) vary with pOz-'/z (g). Thus [15], which has been 
recognized in the literature (19) as a possibly im- 
portant rate-limiting process (gas phase polarization), 
is not the rate-controlling step in any of the present 
experiments. 

In a similar manner, reaction [I61 can be eliminated 
as a rate-limiting step since it also shows a conduct- 
ance proportional to pOz (g). Of all the reactions, only 
[I71 and [18] have the required PO%'/. dependence 
through the equilibrium of [16] combined with [Il l .  
Of these two, [18] has no voltage dependence since the 
activity of V o  may be considered constant as deter- 
mined-by the calcium concentration. If the current 
capable of being given by [I81 is greater than 4 = 
V/Rb given by the ohmic bulk resistance, Rb, and this 
must be expected to occur close to the origin of the 
I-V curve where I b  is small, the over-all current must 
be limited by Rb and be independent of pOz. On the 
other hand, if the current given by [I81 is the smaller 
one so that [I81 becomes the rate-limiting step it 
leads to a voltage independent current I, oc ~ 0 2 % .  The 
resulting I-V characteristic near the origin would be 
as shown in Fig. 9. The experimental results in the 
present work show, however, that in the area where 
the dynamic resistance is proportional to pOz-'12, the 
current near V = 0 is dependent on both pOzlh and V. 
Therefore [18] cannot be rate limiting, and [I71 is in- 
dicated as the rate-determining step. 

Low voltage I-V characteristic for pOz >> pHz0.- 
The fact that [I71 is the rate-determining step leads 
to an expression for (aV/aI)v=o which may be com- 
pared with the data. As mentioned earlier, in any 
situation in which ionic current flows, i.e., where V =# 
Estop, the chemical potential of oxygen at  the cathode 
surface of the electrolyte is lower than that of its gas 
ambient. For pOz(1) = pOz(I1) as holds for the cells 
investigated in the present study, and in accordance 
with the experimental results which indicate that the 
cathode resistance R, >> R, the anodic resistance, the 
variation of the chemical potential of oxygen through 
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Fig. 9. Schematic diagram for the case where the process [I81 
would be the rate-determining step. I t  would be expected that (JV/ 
Jl)v=a = Rb near the origin; lm a ~ 0 2 % .  

the cells can be shown schematically as in Fig. 10. As 
shown, the drop in at  the cathode is much larger 
than the increase in at  the anode: aOz(g) - 
rOz(c) >> &(a) - cOz(g) 

The induced potential difference ApOz over the electro- 
lyte represents an emf 

APOZ 
Ea-c - EB-e = - 

4F 
1211 

which is almost of the magnitude and sign to stop the 
migration of ions under the influence of the outer field. 
The ionic conduction processes may be represented by 
the equivalent circuit (Fig. 11). The limitation of 
electronic conduction may be represented by a re- 
sistance, Re, parallel to the others which represent the 
resistance to ionic conduction. In this equivalent cir- 
cuit, the polarization emf (21) works over the re- 
sistance Rf - R,. Since there is practically no elec- 
tronic conduction under the conditions of the experi- 
ments, Re FS m. A small ionic current is kept going if 
the applied voltage is larger than the polarization 
voltage (21) 

Electrolyte 

+ - 
Anode Cathode 

Fig. 10. Schematic diagram of the oxygen chemical potential 
across the circuit (electrode-electrolyte) if  ionic current flbws. 

I I 
L - - - - - - - - W----J 

R. 

Fig. 11. Equivalent circuit for the situation depicted in Fig. 1 0  

Fig. 12. Reaction steps in the low-voltage mechanism. The dotted 
line indicates the rate-controlling step. 

If 11'71 is the rate-determining step, the rate is given 
by a diffusion flux equation 

where D is the diffusion constant of 0 atoms for diffu- 
sion through the platinum from the Pt/gas surface to 
the Pt/ZrOz interface along any of the paths pp', qq', 
rr', tt' in Fig. 13; it may include diffusion along the 
Pt/ZrOl interface (path Ts in Fig. 13) but not diffu- 
sion along the Pt/gas interface (p + q -t r-t t - T), 
since the latter would be effected faster by a diffusion 
of 0 2  molecules through the gas phase. (This is true 
in particular in pure oxygen where concentration 
gradients cannot occur, and since there is no indica- 
tion of a change in mechanism on going from pure 
oxygen to inert gas-02 mixtures, the same appears to 
hold for operation in these mixtures also. Gas diffusion 
of 02, if rate determining, would also give a rate 
a Poz.) 

The maximum contact area for the proposed process 
is the total area S of the Pt/ZrOz interfaces (wT in 
Fig. 13). As we saw in the section on Dynamic re- 
sistance at zero voltage, the  contact area for the low 
voltage mechanism SL (1/4.3)Sp. The total ZrOz 
surface becomes accessible only if the ZrO2 becomes 
sufficiently conductive at  its surface to transport elec- 
trons from the platinum over the ZrOz surface. 

Assuming a linear gradient, [24] can be changed to 

D 
Jo = - {[0 (Pt/g) 1 - [O (Pt/ZrOz) I} [251 

a 

ZrO, 

Fig. 13. Various diffusion paths for 0 in Pt 
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Here a is the effective length of the diffusion path, i.e., 
in Fig. 13, the appropriate average of the lengths of 
paths pp' to tt'. 

The equilibrium for [I51 and [I61 leads to 

[O (Pt/g) I = K~pOz'h(g) [261 

and one can also write (Fig. 10) 

[ 0  (Pt/Zr02) ] = KlpOz'h (Pt/ZrOz) = KlpOz% (c) 1271 

Consequently 
D 

Jo = - K1 {pOz% (g) - pOzlh (c) 1 1281 

with a diffusion controlled process. If it is assumed 
that 1171 is again the rate-limiting step, then the con- 
centration of O(Pt/g) depends on the activity of Hz0 
and Hz through 1381 and [39] and the current may be 
represented by 

Kz being the equilibrium constant of 1381 and [391 
combined. But since pHzO/pHz = K~~opOz", this 
would make 1 1  again a pOz%, whereas a much weaker 
devendence was observed (see Fia. 7). Thus r171 can- 
not be the rate-limiting step. ~ h ;  observed behavior 

At the interface Pt/ZrOz, 0 atoms are transformed is found if diffusion across a boundary layer in the 
into O= ions by reaction [181. Therefore the particle gas phase, i.e., [37], is the rate-limiting process. This 
current [28] ultimately represents an equivalent elec- leads to a current 
trical current through the ZrOz of 

[291 
4=2FK3{pHzO(g)-pHzO(g/Pt))  1411 

Ih  = ~ F S L J O  
dependent on pH20 in the gas and pH20 at the gas-Pt 

Here SL is the effective area of the Pt/ZrOz interface, surface, the latter depending on the applied field in a 
F is the Faraday, and the subscripts h and L are used manner similar to that found for O(Pt/ZrOz) in the to indicate respectively relatively high Oz pressure oxygen governed case. 
(pOz >> pHz0) and a low voltage. Combining [29] The weak pOz dependence seen in Fig. 7 is at least 
with [22], [23], and [28], we find aualitativelv exulained bv the way in which pH20 is 

RT 
V = IhRb + -In pOz(g)/pOz(c) [301 

4F 
and 

= B {pOz%(g) - pOz"(c)} 1311 
where 

B = ~ F S L  (D/a) Ki [321 

Eliminating pOz(c) from [30] and [31] we get 

- Ih/B)I [331 
and, by differentiation 

or, for zero voltage where I h  = 0 

This is just the form observed for RfO at pO2 > 10-4 
atm (Fig. 7). The current by this mechanism cannot 
exceed a limiting value given by [31] with p O ~ ( c )  
= 0, i.e. 

(Ih)~im = BpOs%(g) 1361 

linked to p02, 6 that a iowering bf pOz results from 
the decomposition of Hz0 with the formation of Hz. 
Thus a decrease of pO2 is tied to a decrease of pH20 
and increase of pH2. But whereas pO2 is determined 
by pHzO/pHz, the rate of [37] depends on pH20 alone, 
and the latter may vary only slightly while the former 
varies considerably. However, a quantitative fit on the 
basis of this model with (KHZO) 560'C = 7.6 x 1012 atm'lz 
is not obtained, and further experiments with well- 
defined buffer mixtures are required to clarify the 
mechanism operating in this range. 
High-voltage section of the characteristic.-At voltages 
above 2V a new mechanism becomes operative. It 
might be assumed that the change in mechanism is 
due to a change from ionic conduction, dominant at 
low voltages, to electronic conduction at high voltages. 
This, however, cannot be the case. The electronic con- 
ductivity o, and the concentration of free electrons 
[e'] in calcia stabilized zirconia vary with the oxygen 
pressure as (2,6) 

whereas the high-voltage conductivity ( a l / a V ) ~  is 
practically independent of pOz. Thus apparently the 
current remains largely ionic. This conclusion is also 
supported by the fact that the dynamic resistance, 
( aV/a l )~ ,  shown in Fig. 5 and 6, has a value of 
5-8 x lo4 ohms which is close to the value 1.16 x lo5 
ohms calculated on the basis of the published ionic 
conductivity (3) and the dimensions of the cell, as- 

This limiting value is approached when V -* m; av/ar suming the cathode electrode to be active over its as given by [341 approaches Or whole surface. The following mechanism is proposed. 
zero. In the present experiments the saturation level A, shown in ~ i ~ .  10, the chemical potential of oxygen 
is not reached, a different mechanism with a larger at the cathode surface of the Zr02 (point c)  is lower 
current taking over at  large voltages. This new mecha- than that of the gas ambient. This is the result of the nism is discussed below. slow urocess at the interface and reuresents ~olariza- 

Low-voltage characteristic for pOz << pH2O.-At 
lower oxygen pressures and in an incompletely dried 
gas where pOz < pHzO, oxygen atoms are present 
mainly in the form of water molecules, and the 0 
atoms in the platinum will be mainly formed from 
these. The successive steps of the entire cathodic 
process are then 

followed by [17]-[19]. The fact that the voltage de- 
pendence of the current is similar to that in the 0 2  

governed case and different from the dependence 
shown in Fig. 9 suggests that we are again dealing 

tion. ~ l t h o u ~ h  a certain amount of polarizatibn takes 
place at all voltages, its extent increases with applied 
voltage. Increasing the strength of polarization results 
in a lowering of p O ~  at point c. Since the concentration 
of electronic defects is related to pOz by 1421, types 
of oxygen vacancies different from the ones present 
under normal conditions can be formed 

where Vo. and Vex are oxygen ion vacancies with one 
and two trapped electrons respectively. Once Vox va- 
cancies are present, it is possible for the oxygen ad- 
sorbed at the surface of the ZrOz to enter the lattice 
directly by the reaction 
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0 (ZrOz/g) + VoX -, OoX [451 MOz(ZrOz/g) 4 0 (ZrOz/g) [46bI 

The 00' can then pass to the anode. 2e- (Pt) 4 2e1(ZrOz) [47al 
This model relies on having VoX close to the ZrOn- 

gas interface. Since the polarization occurs at the 2e'(ZrOz) + Vo,' += Vex 147bI 
~la t inum cathode, the Vox occurs initially at that point together with reaction [45]. The rate-controlling step 
and diffuses away with longer times of polarization in this sequence can be determined in much the same 
as shown in Fig. 14. As a result of the sideways diffu- way as for the low voltage case. Experimentally, the 
sion of the F-centers (Vox), path a in Fig. 14, the free high voltage characteristic is voltage dependent but 
ZrOz surface next to the platinum becomes electron- not oxygen pressure dependent. Since [46a] and [46bl 
ically conductive and becomes available to the ad- and [41a] are oxygen pressure dependent, and [47b] 
sorbed oxygen for 'the reaction of Eq. [451. is voltage independent, the indication is that [45] is 

The spreading of an area with increased, probably the rate-controlling step. 
electronic, conductivity has been observed by Kleitz The oxygen pressure independence of reaction [45] 
(13). Also, inspection of samples used in the present may be shown as follows. The number of neutral 
work revealed F-centers (a purple coloration) Over oxygen atoms adsorbed on the zirconia surface is 
the entire contact area if the samples were subjected 
to voltages >6V. The high voltage characteristic is 0 (ads) H = K ~ S H P O Z ~  (g) [481 
time dependent, with current increasing with time; 
this is predicted by the model (i) because ~ - ~ ~ ~ t ~ ~ ~  where K4 is the equilibrium constant of C46al and 

diffuse into the zirconia away from the interface (path [46bI combined, and SH is the effective surface area 

in Fig. 14) causing some electronic conduction in for the mechanism. The concentration of Vox vacancies 

the bulk (this is the effect that was minimized in the is given by 1431, C441, with equilibrium constants Ks, 
design of the experiments; section on Experimental K61 and [421 
set-up), and (ii) because the sideways diffusion in- [VoX(c) I = KsK~[VO..IPOZ-'~(C) 
creases the surface area that can take part in the 0 

1491 

transport of Eq. [45] (the distance vT in Fig. 14 in- The current generated by the high voltage mechanism 
creases with time). In the present experiments the with 1451 as the rate-limiting step is equivalent to 
maximum sideways diffusion path length is of the the number of Oox lattice ions formed per second 
order of the radius of the platinum particles, i.e., 
small relative to the thickness of the sample. There- dOoX 

Ia  = 2F - = 2F ASH[VO~]O (ads) 1501 fore, a state is very quickly reached where the entire dt 
free surface is active. From then on the only time 
dependence is due to process (i). where A is the rate constant for reaction [45]. Using 

Once the entire free surface area is available for [481 and [491 
reaction [45], the sequence of processes involved in 
the incorporation of oxygen is (Fig. 15) IH = C [pOz(g)/pOz (c) I [511 

MOz(g) P MOz(ZrOz/g) C46al 
with C = 2F AK~K~K~SHIVO"].  Or using [231 

Fig. 14. Diffusion of F-centers away from the platinum electrode 
region into the zirconia. 

Gas 

Fig. 15. Reaction steps for the high-voltage mechanism. The 
dashed lines indicate the rate-controlling step. 

2F 
IH = C exp - Ea-, C521 

RT 
From 1221 and [52] 

RT 
V = I H R ~  + -In (IH/C) 

2F 
1531 

and 

These expressions do not contain pOz and thus give 
the required independence from oxygen pressure. 
They also represent a voltage dependent current as 
required. The dynamic resistance [54] approaches RL, 
with increasing current, i.e., at large voltages, as is 
observed (Fig. 5 and 6). 

Since the bulk resistivity of the electrolyte, pb, is 
independent of voltage, the bulk resistance applicable 
to the low voltage mechanism is 

and the bulk resistance applicable to the high voltage 
mechanism is 

where y is the sample thickness, and SL, SH are the 
active contact areas appropriate to the two mecha- 
nisms. From above, RL,L = 5 x 105 ohms, and from 
Fig. 5 and 6, R b , ~  - 2 x 105 ohms. Thus, as an approxi- 
mate figure 

SH 
--2.5 
SL 

or in other words, the platinum crystals physically 
cover about 30% of the zirconia surface "covered" by 
the paste. 
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Traitsition from the low- to the high-voltage mecha- 
nism.-Although we have spoken about low-voltage 
and a high-voltage mechanism with a transition at 
= 2V, in reality both mechanisms occur at all voltages: 
only the ratio in which they contribute varies. The 
total ionic current is the sum of the current generated 
by the two mechanisms, i.e., that from the low voltage 
mechanism, IL, and that from the high voltage mecha- 
nism, I H .  Then 

I = I L  + IH [551 

IL in turn involves two types of oxygen atom source, 
one at high oxygen pressures, Ih, and one at low oxy- 
gen pressures, 11. These are given by [31] and [411. 
Then 

IL = Ih + 11 [561 

Consequences of the proposed models.-The models 
proposed here have been developed on the basis of 
experiments on moderately sintered Pt-paste contacts. 
They are sufficiently general, however, to be applied 
to other types of contacts and contact configurations, 
e.g., Pt, Au, and Ag point contacts as used by Kleitz 
(13), evaporated or sputtered Pt  contacts as used by 
Heyne (9) and Karapachev et al. (18). The oxygen 
dominated low-voltage regime was found to depend 
on diffusion of 0 through the platinum and was char- 
acterized by a diffusion coefficient D and an effective 
thickness a. As shown in [321-[34], the resistance is 
greater than the bulk electrolyte resistance and is 
proportional to a as long as a is not too small; a de- 
crease of a will decrease the resistance until a con- 
stant resistance Rb is reached. For large a, the re- 
sistance is quasi-ohmic but polarization occurs; for 
small a, the resistance is truly ohmic, and no polari- 
zation occurs. The conclusions only hold if other rate- 
limiting steps are avoided. 

Absence of polarization with thin sputtered Pt  
cathodes and the occurrence of polarization with thick- 
er Pt  layers was actually observed by Heyne (9). An 
increase of the current, attributable to a decrease of 
the effective diffusion path, was observed by Kara- 
pachev et al. (18) in experiments in which they made 
scratches in evaporated Pt  layers, thus creating 3- 
phase boundaries with small effective a. In terms of 
Fig. 13, the unscratched layer corresponds to a - pp', 
while the scratched one reduces a to the average of 
pp'-tt'. An almost ohmic characteristic was also found 
by Yuan et  al. (11) who used a thinly spread paste 
cathode in pumping experiments. 

An investigation of the electrode characteristics in 
the O2 dominated low-voltage range should show a 
material dependence through the solubility of 0 and 
its diffusion constant. This may account for the differ- 
ences observed between Pt, Au, and Ag point contacts 
(13). The high-voltage mechanism was based on the 
utilization of free ZrOz surface. Therefore, a cathode 
geometry which reduces the free surface area (e.g., 
evaporated or sputtered platinum) should suppress 
the current based on this mechanism and may make 
an increase in current due to electronic conduction 
(characterized by a pOz-'j4 dependence) observable. 

A transition from a low- to a high-voltage mecha- 
nism has been observed by others, e.g., Kleitz (13) and 
Guillou et al. (15). These authors used point contacts 
and therefore must have observed ionic effects of the 
type discussed here. Experiments with porous cathodes 
as employed in the present investigation but with zir- 
conia doped with donors (5) should show a high- 
voltage mechanism as discussed in the present paper, 
but setting in at  a lower voltage. The discussion given 
so far applies to densely sintered zirconia. With porous 
zirconia other models become possible in which oxygen 
may reach the Pt/Zr02 interface by diffusion as 0 2  
through the pores in the zirconia. This as the rate 
limiting step would lead to a current apOp. 

Determination of transference numbers by polariza- 
tion techniques.-It is interesting to consider in the 
light of the results presented in this paper, the use of 

polarization experiments to determine the extent of 
electronic conduction in stabilized zirconia. In the 
technique of Vest and Tallan (4), the time dependence 
of the voltage needed to drive a constant current 
across the sample is measured, and the electronic 
transport number obtained from the relation 

where E (0) is the voltage at time = 0, and E(  m) is 
that at time = ai. This relation is as pointed out, valid 
only when the electrodes are blocking to the passage 
of oxygen. With the electrodes used in the present 
paper, blocking behavior was not observed, and values 
of t, deduced from the time effects would not be cor- 
rect; that Vest and Tallan were able to observe iso- 
lated electronic conduction may well be due to their 
use of "fluxed" platinum paste electrodes, i.e., elec- 
trodes with a glass additive used to improve adhesion. 
The presence of the glass would seem to improve the 
blocking effect of the electrode, presumably by sealing 
gas permeation channels and thus increasing a in Eq. 
[25]; at any rate the different behavior with at first 
sight similar (both Pt )  electrodes, emphasizes the need 
to consider the details of electrode structure when 
interpreting observations of electrical behavior in 
largely ionic conductors. 

Summary 
The direct current-voltage characteristics of cells 

Pt, 02/(Zrr Ca) +/Pt, 0 2  with the same oxygen pres- 
sures at both sldes were measured at 560°C under 
oxygen pressures ranging from 1 to 10-20 atm. The 
characteristics were markedly nonohmic and showed 
two distinct regions. One, at voltages <2V shows an 
oxygen pressure dependence, the conductance varying 
as ~ 0 2 1 ' 2  as long as 0 2  is the major 0-containing 
species; a weaker pop dependence is found if Hz0 is 
the main 0-containing species. The rate-determining 
step for the Oz case is the diffusion of 0 atoms through 
the platinum of the electrode. The high-voltage region 
shows practically no pO2 dependence. Here the rate- 
limiting step is the combination of 0 atoms adsorbed 
at the ZrO? gas interface with Vex formed as a result 
of polarization. 

The importance of the electrode material and the 
electrode geometry is stressed. 
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Electrodeless Electrolysis 
Abner Brenner* and John L. Sligh, Jr.* 

National Bureau of Standards, Washington, D. C. 

ABSTRACT 

Solid ionic conductors and fused salts were electrolyzed without contact 
of solid electrical leads. The current was carried to the materials to be elec- 
trolyzed either by means of electrons emitted by a hot filament or by a glow 
discharge. The materials were made the separating wall between the anode 
and cathode compartments of an apparatus constructed of glass or fused 
silica. Electrolysis of glass produced a white opaque material which did not 
seem to differ chemically from the original glass. Dendrites of several metals 
were obtained in the glow discharge electrolysis of fused salts. The results 
of the latter process resembled conventional electrolysis with metal electrodes 
and was not similar to the glow discharge electrolysis of aqueous electrolytes. 

In electrodeposition or electrolysis as ordinarily 
practiced, the electrodes are metals or graphite, and 
the products of electrolysis form at the interface be- 
tween the electrode and the electrolyte. Most of the 
data of electrolysis have been obtained with the use of 
such electrodes, and their characteristics have entered 
into the theories. Thus, the cathode provides a path- 
way by means of which electrons can flow to the elec- 
trolyte-cathode interface. However, the electric cur- 
rent is conducted by other kinds of systems, such as 
the electron beam and rarified gases; and the question 
arises as to whether electrochemical reaction will oc- 
cur with such systems in contact with an electrolyte. 

The purpose of this investigation was to call atten- 
tion to prior work that showed that electrolysis could 
be accomplished without the use of conventional elec- 
trodes and to explore further the variety of uncon- 
ventional ways in which electrolysis could be accom- 
plished. 

Electrolysis in the absence of the conventional elec- 
trode-electrolyte interface will in this paper be called, 
for brevity, "electrodeless electrolysis," although it is 
recognized that the electron beam, rarified gas, or 
other conducting phase in contact with the electrolyte 
is performing the function of the conventional elec- 
trode. 

The subject of eledrodeless electrolysis has not pre- 
viously been unified in the literature as a single topic 
or branch of electrochemistry. For that reason the in- 
troductory part of this paper has been amplified be- 
yond the customary scope of an introduction, so as to 
present a survey of the field. We define electrodeless 
electrolysis as the occurrence of an electrochemical 
reaction, such as those resulting in deposition of metal 
or evolution of gas, at  locations in the system which 
are remote from the metallic conductors which bring 
the current to the system. Electrodeless electrolysis 
has been observed in a variety of experiments, and the 
nature and, hence, the explanation of the phenomena, 
are not necessarily the same for all. Probably the first 
example of electrodeless electrolysis was that reported 
by Grotthuss (1) in 1819 who passed a current through 

a crack in a glass vessel which was wet on both sides 
by a silver nitrate solution. Silver separated out in 
the vicinity of the crack. The phenomena was studied 
in detail by Braun (2) in 1891 who gave it the name 
electrostenolysis. Metal deposition or evidence of a 
chemical reaction also was observed by a number of 
electrochemists at  an organic membrane, such as a pig 
bladder or at  an inorganic membrane, such as copper 
ferrocyanide, on the passage of current through sys- 
tems consisting of a membrane separating solutions of 
heavy metal salts: 

Anodehalt solution//membrane//salt solution/cathode 

Electrostenolysis differed from deposition at  mem- 
branes in that the former required 20V or more, 
whereas the latter process occurred with the low volt- 
ages used in ordinary electrodeposition. The subject of 
the electrolytic processes at membranes has been 
capably reviewed and discussed by Sollner (3) and, 
thus, there is no need for further treatment here. 

Electrodeless electrolysis of an entirely different 
kind occurred with the glow discharge above an aque- 
ous solution. The phenomenon was first reported by 
Gubkin in 1887 (4). In an evacuated vessel contain- 
ing an electrolyte (and water vapor) he passed a cur- 
rent between an electrode suspended in the vapor and 
an electrode situated beneath the surface of the elec- 
trolyte. A potential of several hundred volts was re- 
quired. This phenomena was studied in some detail by 
several workers some 50 or 60 years later [(5),  no 
attempt is made here to give a complete bibliography 
of glow discharge electrolysis]. 

Glow discharge electrolysis is very different from 
conventional electrolysis. Either reduction (for ex- 
ample, of permanganate ion) or oxidation (for ex- 
ample, of ferrous ion) can occur and the yield may be 
several times greater than that expected from Fara- 
day's law. Furthermore, in some experiments it makes 
little difference whether the anode or cathode is placed 
in the electrolyte (5b) (the other electrode being in 
the space above the electrolyte) or whether direct or 
alternating current is used. The separation of metal 
was r e~or t ed  in two instances (5a. 5c). but this seems 

Electrochemical Society Active Member. to be i rare occurrence and the' obser~ations are open 
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discharge into free radicals which then react with the 
dissolved salt. 

Although the term "glow discharge electrolysis" has 
been used almost invariably in the literature as the 
name of the phenomena described in the preceding 
paragraph, it is unlikely that the phenomena involve 
the mechanism of conventional electrolysis. Hence, 
the use of the word "electrolysis" in connection with 
the action of the glow discharge of aqueous solutions 
is a little unfortunate. 

Couch and Brenner (6a) observed a green corona 
above a copper solution and a blue corona above an 
indium solution with the glow discharge. Sastry (6b) 
observed similarly colored corona with some other salt 
solutions but not with fused salts. He concluded that 
the presence of water was necessary and that the de- 
composition of water vapor into free radicals in the 
cathode fall was involved in the mechanism. 

A very different type of electrodeless electrolysis 
was described by Burt in 1925 (7a, 7b) and by Selenyi 
(7c) in 1927. They placed an ordinary (evacuated 
type) light bulb in a bath of fused sodium nitrate in 
which a wire was placed and served as anode. The 
filament of the lamp was made incandescent by pass- 
age of an a-c current. Then a d-c potential was placed 
between the wire serving as anode in the sodium ni- 
trate and the filament, which was made negative. Cur- 
rent passed through the glass bulb and pure sodium 
collected on the upper cool walls of the interior of the 
bulb. The yield was exactly in accordance with Fara- 
day's law. The explanation of the phenomena was that 
sodium ions migrated through the bulb from the so- 
dium nitrate and were discharged on the inner sur- 
face of the bulb by the stream of electrons from the 
hot filament. 

We have extended electron beam electrolysis to 
materials other than glass; this work is described in a 
subsequent section. The fused salt bath, which pre- 
sumably served as a source of sodium ions, we found 
not to be an essential part of the experiment, as elec- 
trolysis could be performed with the bulb immersed 
in distilled water instead of fused sodium nitrate or 
with the electrical contact established through copper, 
plated on the outside of the bulb. Thus, the glass was 
actually electrolyzed to yield sodium. 

The systems described in the previous examples of 
electrodeless electrolysis all possessed a sharp discon- 
tinuity between an electrolyte and another phase, for 
example, between a membrane and an electrolyte or 
between a gaseous phase and an electrolyte. Milicka 
(8) described an unusual example of electrodeless 
electrolysis in which both phases were aqueous. In a 
U-tube a concentrated solution of potassium iodide 
was placed and above it, in one limb, distilled water 
was placed. Current was passed through the liquids in 
the U-tube, and iodine was observed to separate out at 
the interface between the two liquids. Substitution of 
copper sulfate for the iodide resulted in the deposition 
of copper or copper hydroxide at  the interface. Milicka 
stated that these experiments were well known to the 
earlier electrochemists, but gave no reference. 

Since nothing in the current theories of electrolysis 
would lead one to expect electrolysis to occur at the 
boundary of two aqueous liquids, we attempted to 
verify the report. In our experiment the amount of 
iodine was very slight, and it was necessary to intro- 
duce starch into the liquids to make its presence 
visible. A blue color did occur on passing a current 
of 50 mA at about lOOOV through the column. It ap- 
peared to form chiefly next to the wall of the glass 
tube. I t  is likely that the phenomenon is not as simple 
as it seems, and the presence of the glass wall may be 
essential to the electrolysis. 

The most recent example of electrodeless electrolysis 
was described by Palit (9) in 1968. He observed that 
gas collected in a salt bridge which was used to con- 
nect a vessel of catholyte to a vessel of anolyte. The 
gas began to appear after about 6 hr of electrolysis, 
and the composition of the gas ranged from 60% to 

90% oxygen. The formation of the gas was attributed 
to the production of charged water molecules which 
migrated away from the electrodes and reacted with 
either hydroxyl or hydrogen ions. 

Our experiments on electrodeless electrolysis which 
are described below dealt mainly with the electrolysis 
of solid materials and fused salts. Aqueous solutions 
were not involved. The phase contacting the material 
to be electrolyzed was a partial vacuum ranging from 
about 1.0 to 10-"orr/(133 to 0.00133 N/mz). It will 
be noted that in some of these experiments materials 
have been electrolyzed almost in free space, as the only 
electrical contact with the specimen was an electron 
beam and/or a gas at low pressure. 

Electron Beam Electrolysis 
Apparatus and procedure.-A schematic diagram of 

the apparatus is shown in Fig. 1. It is taken from 
U.S. Patent 3,366,562 in which it is fully described. 
The apparatus consisted of a glass envelope, 10 
and 12, which was provided with a large port, 17, for 
evacuation by an oil diffusion pump, 18, and with vac- 
uum-tight seals, 20, 21, and 28, for introducing the 
electrical leads, 26 and 30, The tungsten filament, 25, 
was heated by alternating current and could carry up 
to 17A. The specimen to be electrolyzed took a number 
of forms, but for some of the work it was a solid, cast 
around the end of the anode lead and was placed in 
the top of the holder shaped like a long stem funnel. 
The latter was made from fused silica or mullite. The 
stem of the holder protruded through a vacuum-tight 
seal to the outside and served both as a conduit for the 
positive lead and to prevent short circuiting of the 
latter by the electron beam. The voltage for electrol- 
ysis was applied between the tungsten filament, 25, and 
the positive lead, 30. The pressure in the vessel was 
about 10-5 Tom. 

The solid materials which were electrolyzed had to 
be heated to attain a conductivity sufficient for elec- 
trolysis. For example, glass required about 400°C and 
selected ceramics still higher temperatures. In some 
experiments the tungsten filament was placed only a 
centimeter or two distant from the electrolyte, and 
the heat from the filament was sufficient to raise the 
temaerature of the electrolvte to a uoint that it be- . - 
came conducting. However, -this was not adequate for 

Fig. 1. Diagram of apparatus for electron beam electrolysis. 
Figure taken from U.S. Pat. No. 3,366,562. The numbers refer to 
the description in the patent. 
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some materials, and it was necessary to use a nonin- 
ductively wound resistance heater which was placed 
inside of the glass envelope around the solid electro- 
lyte. Heating by induction with a metal susceptor 
placed around the electrolyte was not successful, as 
the magnetic field of the induction coil apparently dis- 
persed the stream of electrons and no current could 
be made to pass through the system. 

In a typical experiment the apparatus was pumped 
down to 10-5 Torr and as a check on the system the 
high voltage, 1000-1500V d.c., was applied between 
filament and the positive lead with the resistance 
heater off. The absence of current flow was evidence 
that there was no electrical leakage. The heating ele- 
ment was next energized to make the solid conductive. 
As the latter became hot, current began to flow. Usu- 
ally the current was held below 50 mA as a higher 
current (and a higher voltage) occasionally caused 
perforation of the specimen, in which case all the 
current flowed through the pore and electrolysis 
ceased. 

The main difficulty with electron beam electrolysis 
was establishing a good electrical connection between 
the anode lead and the solid electrolyte. A solid me- 
tallic connection was unsatisfactory. A number of 
methods were evaluated using glass as a representative 
solid electrolyte. In the electrolysis of glass it was well 
known before 1900 that solid contacts were unsatis- 
factory, but that molten salts or sodium amalgam could 
be used. Markin (10) showed that the difficulty with 
solid electrodes was that the contact that it made with 
a solid electrolyte occurred only at isolated points and 
resulted in a very high local current density. This 
caused either arcing through or the formation of den- 
drites, which soon extended through the solid and 
shorted the electrodes. 

In Burts' light bulb experiment the anode lead to the 
glass was a fused salt. However, this is not generally 
applicable, because so few materials are readily ob- 
tainable in the form of a bulb. We, therefore, gave up 
the attempts to find a suitable solid positive contact 
and turned to conduction through a rarified gas to es- 
tablish the electrical contact with the electrolyte. This 
subject is treated in a later section of this paper. 

Materials for electrolysis.-Preparation of a solid 
electrolyte in a shape suitable for electrodeless elec- 
trolysis, whether by electron beam or by the glow dis- 
charge method, was a difficulty that we did not com- 
pletely overcome. In these methods of electrolysis high 
voltages had to be used because even the heated solid 
materials were not very conductive. Consequently, the 
slightest pore which traversed a solid electrolyte 
allowed the circuit to be completed without passage of 
current through the electrolyte. Solid electrol'ytes 
made by fusing a salt and allowing it to solidify all 
seemed to have cracks. Very slow cooling, particularly 
in a metal container made of foil, helped to eliminate 
some of the stresses arising from contraction on cool- 
ing. However, to obtain a sound disk of a salt, it 
seemed that cutting a slice from a single crystal was 
the only solution. The solid materials which could be 
obtained readily for electrolysis, therefore, were silver 
chloride, which is plastic at room temperature, glass, 
ceramic materials commercially available in the form 
of plates or impervious tubes closed at one end, and 
single crystals. 

Results of experiments with electron beam electrol- 
ysis.-In our apparatus the "light bulb" experiment of 
Burt was easily carried out as follows. A glass test 
tube filled with an easily fusible salt mixture was 
placed near the tungsten filament. The open end of 
the tube extended through a vacuum-tight seal to the 
outside. The positive lead was inside of the test tube. 
Under these circumstances the outside wall of the 
glass tube was exposed to the electron beam and 
readily electrolyzed. The sodium could not be col- 
lected because it was saread as a mist or film over the 

film was dissolved in water and titrated. The alkalinity 
corresponded to over 90% of the amount of sodium 
predicted by Faraday's law. 

A similar experiment with a mullite tube resulted in 
the formation of a dark layer on the outside of the 
tube, but the nature of the transformation was not 
investigated. 

In other experiments the arrangement shown in 
Fig. 1 was used, which involved direct contact of the 
materials with the positive metallic lead. Copper and 
nickel dendrites were obtained from their chlorides 
which had been melted with potassium chloride and 
cooled. Silver dendrites were obtained from solid sil- 
ver chloride. The deposition occurred on the surface 
facing the heated filament, and dendrites extended 
into the body of the solid. Here is a clear instance of 
an electron beam acting as a cathode exactly as would 
be expected of a metal or any other electronically con- 
ducting cathode, i.e., the dendrites formed at  the cath- 
ode-electrolyte interface and grew into the electrolyte. 

In one experiment solid sodium tetraborate was 
electrolyzed, but the heat of the filament and the IR 
drop caused the salt to melt, and consequently the ex- 
periment was actually electrolysis of the fused salt. 
At the conclusion of the experiment a lump of trans- 
parent boric oxide was found on top of the melt; the 
sodium liberated by the electrolysis had volatilized. 
Materials which normally did not electrolyze, also did 
not undergo electrolysis with the electron beam. For 
example, molybdenum disulfide, which is an electronic 
conductor, did not undergo any observable change in 
the electron beam experiment. 

Glow Discharge Electrolysis of Solid Electrolytes 
Development of process, apparatus, and procedure.- 

The difficulty of obtaining a satisfactory electrical con- 
tact of the positive lead to the solid electrolyte in 
electron beam electrolysis led to the investigation of 
glow discharge electrolysis. The first experiment was a 
hybrid type of electrolysis-a modification of the one 
with a glass tube described earlier. In that experiment 
the outside surface of the tube was exposed to the 
electron beam for electrolysis; the inside contained a 
molten salt for making a good electrical connection to 
the positive lead wire. In the modified experiment with 
glow discharge the fused salt was not used. Instead, 
the interior of the tube was evacuated to a low pres- 
sure at which a good glow discharge occurred. The 
path of the current thus went from the positive lead 
through the rarified gas to the inside wall of the glass 
tube, and finally through the wall to the electron 
beam. Satisfactory operation of the glow discharge as 
a positive lead to the solid electrolyte suggested using 
the glow discharge also on the outside wall of the glass 
tube to carry the current instead of the electron beam. 
Thus, in essence, a body would be electrolyzed with- 
out any palpable contact with metallic electrical con- 
nections. 

The first experiment in which the glow discharge 
was used to make electrical contact to both sides of a 
glass wall was performed with simple equipment. A 
96% silica glass1 tube about 5 cm in diameter and 75 
cm in length served as one electrode chamber. At one 
end of the tube was a connection to a vacuum pump 
and a graphite electrode which passed through a vac- 
uum-tight seal. The other electrode chamber was sim- 
ply a long glass test tube about 2.5 cm in diameter 
which extended into the larger tube through a vac- 
uum-tight seal. This smaller tube likewise was pro- 
vided with a graphite electrode and a vacuum con- 
nection. The central part of the apparatus was heated 
by a tube furnace to 400"-500°C. On placing a poten- 
tial of about 1400V across the two graphite electrodes 
(both vessels being evacuated to between 0.1 and 1.0 
Torr) a glow discharge occurred and a current of 
about 40 mA flowed. The path of the current was from 
one graphite electrode, through the rarified gas, 

extensive inner surface of the chamber. However, the I vycor, ~ ~ ~ i ~ t ~ ~ ~ ~  TM, corning alass works. 
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Fig. 2. Disassembled apparatus for glow d~scharge electrolysis 

through the glass wall and through rarified gas on the 
other side to the other graphite electrode. The ap- 
pearance of the glass after electrolysis was similar to 
that of the tube electrolyzed by the hybrid glow dis- 
charge-electron beam procedure described in the pre- 
ceding paragraph. 

The next step in the development of the apparatus 
was to provide for the electrolysis of solid materials 
in the form of a slab or disk because, as already men- 
tioned, we had difficulty in obtaining materials in the 
form of a thin-walled tube (1-3 mm thick). The ap- 
paratus which was designed is shown disassembled in 
Fig. 2 and assembled in Fig. 3. It was essentially a 
modification of the electron beam apparatus with the 
filament and the positive lead replaced by a graphite 
rod. 

The main envelope was again a silica glass tube 
about 6 cm in diameter with spherical joints at each 
end. The glass fixture which was attached to the upper 
end of the envelope carried a side tube for attachment 
to an ordinary vacuum pump (a high vacuum was not 
necessary) and two tubulations which were provided 
with vacuum-tight seals. One tubulation carried a 
graphite rod (6 mm in diameter) which served as an 
electrode and the other carried a sheathed thermo- 
couple, about 1.5 mm in diameter. The glass fixture 
attached to the lower end of the envelope also was 
provided with a side tube for connection to a vacuum 
pump and a vacuum-tight seal for a graphite electrode. 

The part of the apparatus which needs further 
elaboration is the funnel shaped part which pro- 
jected upward to about the middle of the main cham- 
ber. It is shown schematically in Fig. 4. It was made 
of fused silica, and it was integral with the lower fix- 
ture, just described. It may be noted that, by closing 
the mouth of the funnel with a disk, the apparatus 
became divided into two chambers, the large outer 

Fig. 3. Photograph of apparatus for glow discharge electrolysis 
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Fig. 4. Diagram of funnel shaped holder of electrolyte in  glow dis- 
charge electrolysis. 

chamber and the smaller chamber consisting of the 
fused silica funnel. 

As with electron beam electrolysis, one of the most 
significant problems was to prevent short circuiting by 
flow of current between the edges of the disk and the 
mouth of the funnel. The key to the solution of the 
problem was the observation that the glow discharge 
would not penetrate through a tortuous path, even 
though it was porous enough for gas to flow through. 
For example, powdered magnesium oxide (which is a 
good insulator even at elevated temperatures) packed 
in a tube so as to make a compact about 1 cm thick 
prevented the glow discharge. A fibrous mineral ma- 
terialz was also satisfactory and easier to use. To pre- 
vent leakage around the disk of solid electrolyte, 
which was inserted into the mouth of the funnel, the 
fibrous mineral was packed underneath the outer 
perimeter of the disk and around its sides so as to 
fill the space between the disk and the funnel wall. 
To still further increase the length of the tortuous 
path, a fused silica cylinder was placed on the sur- 

2 Fiberfrax, Registered TM. Carborundum Company. 
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face of the disk and fibrous mineral packed around it, not a thermal decomposition. We believe this to be the 
as shown in the diagram, Fig. 4. This arrangement first reported example of an electrolysis between two 
prevented current from leaking, even up to an applied gas ulasma electrodes. . . 
potential of 6000V. 

The packing was useful also for preventing electri- 
cal leakage between the electrodes via the tubing 
connected to the vacuum pump. The vacuum connec- 
tions at the top and bottom of the apparatus were 
connected to a T-joint which led to the vacuum pump. 
In some instances the discharge took the path of 
going from one side tube, through the rubber tubing 
and the T-connection to the other side tube. thus. 
effectively short-circuiting the flow of current'through 
the disk. This short-circuiting was prevented by pack- 
ing fibrous material lightly in the tubing between the 
T-joint and the apparatus. The glow discharge was 
thereby discouraged from traversing this path. 

In the first experiments the residual air sustained the 
glow discharge. Replacement of the residual air by ar- 
gon (at low pressure) was found necessary in the elec- 
trolysis of silver chloride, because otherwise the silver 
formed was oxidized to silver oxide. In most experi- 
ments, therefore, argon was introduced through a tube 
which ended in the vicinity of the disk. The fiow of gas 
was controlled simply by manipulating a screw clamp 
on the rubber tubing and observing the bubbling of the 
gas as it flowed through oil in a U-tube. Argon gave 
a glow discharge over a wider range of pressure than 
air, namely, between 0.05 and 8 Torr at a voltage be- 
tween 1000 and 3000. 

In comparison with electron beam electrolysis, the 
glow discharge experiments were much easier to per- 
form because (i) a higher pressure was satisfactory 
(as much as 1.0 Torr could be used as compared to less 
than 10-4 Tom for the electron beam process), (ii) 
contamination from a filament was eliminated (in the 
electron beam procedure some tungsten evaporated 
from the filament) ; (iii) short circuiting between the 
cathode and anode chambers was minimized. 

Usually an electrolysis current of about 25 mA was 
desired. This required from 1000 to 3000V. Heating of 
the specimen was necessary to obtain sufficient con- 
ductivity for passage of current, and the tube furnace 
used is shown in Fig. 3. It permitted a temperature of 
about 800°C to be obtained, but this temperature was 
inadequate for obtaining conductivity of some ceram- 
ics. 

- - 
The most interesting results were obtained with the 

electrolysis of glass. In an electrolysis performed (as 
described earlier) with a fused salt bath serying as the 
anode connection, the glass did not change its appear- 
ance, even though sodium was liberated. 

In the electrolysis of glass with the glow discharge 
(or with the glow discharge on one side and the elec- 
tron beam on the other. as in an earlier section) the 
side of the glass facing. the cathode became dull and 
developed some blisters, while the side toward the 
anode developed an opaque white layer which readily 
flaked off, as shown in Fig. 5. The chemistry of the 
change was not elucidated, as the opaque material gave 
an x-ray pattern similar to that of the original glass 
and the content of silica in the materials seemed to 
be almost the same as that in the original glass. The 
dramatic change in the appearance of the glass on 
electrolysis warrants further investigation. 

Thin disks of some titanates, such as barium ti- 
tanate which were initially light yellow in color be- 
came brown or black on electrolysis, the discoloration 
occurring throughout the thickness of the disk. The 
disk also became electrically conductive. A similar 
phenomenon resulted on heating a disk of the titanate 
to 700°C in an atmosuhere of hvdroeen. - - 

Several other materials in the form of disks sawed 
from a single crystal were electrolyzed and, although 
they changed in appearance, no clear evidence was 
obtained of the nature of the chemical change. It is 
thought that in some of these instances, the conduc- 
tivity of the material was too low at the temperature 
of the experiment, and that the flow of current may 
have been through pores or cracks which developed 
as a result of thermal shock. A single crystal disk 
of sodium chloride became opaque on the side facing 
the cathode and a thin white film deposited on the 
surface of the containing vessel. The film gave an 
alkaline reaction and probably was derived from 
vaporized sodium. Similar results were obtained with 
a disk of potassium bromide. Calcium fluoride did not 
allow enough current to pass, even at 750°C, to permit 
an adequate amount of electrolysis for qualitative 

The source of voltage in the glow discharge experi- examination' 
ments was a commercial instrument which delivered 
a maximum of 30 kV at 35 mA. During the glow dis- 
charge experiments, particularly those in which a gas 
flowed through the system, regulation of the pressure 
was necessary. This was accomplished by a commercial 
electronic instrument which had a thermocouple type 
of pressure gauge as a sensing device. The instrument 
automatically turned the vacuum pump on and off so 
as to keep the pressure between two prescribed limits, 
for example, between 0.1 and 0.2 Torr. 

Results of experiments with solid electrolytes.- 
Silver chloride was the electrolyte which we used for 
exploring the variables of operation and the modifi- 
cations of equipment. Silver chloride is easily melted, 
gives a sound ingot on solidification, and is plastic, so 
that it does not develop pores and cracks. In electrol- 
ysis, the side facing the negative lead became covered 
with silver. On long electrolysis (an hour or more) 
silver dendrites eventually grew through the disk and 
shorted out the flow of current through the silver 
chloride. Silver iodide electrolyzed similarly to silver 
chloride. In a quantitative experiment, we found that 
the silver chloride disk lost weight about equal to the 
amount of chlorine that should have been liberated on 
the basis of Faraday's law. No silver was observed 
on the anode side unless the experiment was run long 
enough for the dendrites formed on the cathode side to 
penetrate completely through the electrolyte. This fur- 
ther demonstrates that the process which occurred was Fig. 5. Glass test tube electrolyzed by the glow discharge 
truly an electrolysis between plasma electrodes and method. 
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Glow Discharge Electrolysis of Fused Salts 
Background.-It was pointed out in the introduction 

and survey that the glow discharge electrolysis of 
aqueous solutions differed from conventional elec- 
trolysis with metal electrodes in that the products 
were not those usually obtained (metals were seldom 
reported as having been deposited) and the yields 
were several times greater than those expected on the 
basis of Faraday's law. This kind of electrolysis in- 
volves complexities in the vapor phase. By contrast the 
glow discharge electrolysis of fused salts is simpler, 
resembling conventional electrolysis in products 
formed and their yields. The fact that the current is 
conducted to the molten electrolyte by a gas at low 
pressure instead of metal conductors appears to make 
no difference in the results, except that reaction or 
alloying of the product with a metallic electrode can 
be avoided. 

Of the various types of electrodeless electrolysis 
which have been described, the glow discharge elec- 
trolysis of fused salts was the process most easily per- 
formed and seems to be the one most likely to have 
any practicable use. 

Apparatus.-The most obvious kind of apparatus to 
use for the glow discharge electrolysis of fused salts is 
a U-tube, such as shown in Fig. 6. The tube was made 
of glass or fused silica. The fused salt, B, was con- 
tained in the bend of the U-tube and was separated 
into two portions by the porous diaphragm, D. The 
U-tube was constructed with a considerably reduced 
diameter at the bend, which was occupied by the fused 
salt (diameter at the bend about 2 mm), so as to re- 
strict the amount of melt electrolyzed to about 1 or 
2 ml. This was necessary because the amount of metal 
formed in electrolysis was small (amounting to 10-50 
mg in a typical experiment) and, consequently, was 
very difficult to recover from a large mass of fused 
salt. After each experiment, the U-tube was sawed 
through at the diaphragm in order to separate the 
cathode and anode compartment and make possible 
the working up of the salt for the products of elec- 
trolysis. 

Most of the experiments in fused salt electrolysis 
were done with the simple apparatus shown in Fig. 7. 
Since in all of the experiments the main interest was 
in the metal deposit, the cathode chamber, A, was 
made small, and it was immersed in a larger amount 
of fused salt, B. The chamber A was introduced empty 
into the test tube C at the beginning of an experiment. 
On lowering the chamber into the melt, the latter en- 
tered through the porous disk D. The purpose of the 
disk was to filter the fused melt which was to be elec- 
trolyzed and to prevent loss of products which formed 

Fig. 6. U-tube for glow discharge electrolysis of fused salts 

Fig. 7. Apparatus with a test tube envelope for the glow dis- 
charge electrolysis of fused salts. 

in A during electrolysis. At the conclusion of the elec- 
trolysis, the chamber A was removed and the molten 
salt allowed to drain out. The chamber was then sawed 
through a short distance above the frit so as to ex- 
pedite the collection of the product. 

In all of the experiments the degree of vacuum was 
the same as that used for the glow discharge elec- 
trolysis of solid electrolytes. Care had to be taken in 
evacuating the vessel to prevent an inequality in pres- 
sure from forcing the melt completely from one cham- 
ber into the other. 

In these experiments the phenomena in the anode 
chamber were not investigated and were not of con- 
cern, particularly since the diaphragm prevented any 
products from the anode compartment from entering 
the cathode compartment. Therefore, in most experi- 
ments a metallic anode was used is the anode cham- 
ber instead of a glow discharge. However, in at least 
one experiment, the electrolysis of molten silver chlo- 
ride, the glow discharge was used in both chambers 
to demonstrate that solid electrodes were not essential. 

Results of experiments with fused salts.-The glow 
discharge electrolysis of fused cupric chloride in po- 
tassium chloride yielded no deposit, probably because 
the electrolysis resulted only in a reduction of cupric 
ion to cuprous. The electrolysis of molten cuprous 
chloride at first also yielded no deposit. However, it 
was surmised that the presence of a small concentra- 
tion of cupric ion was responsible for this failure. The 
molten cuprous chloride (in potassium chloride melt) 
was then treated with copper powder in the anode 
compartment prior to the electrolysis and then forced 
through the porous diaphragm in the cathode com- 
partment. A yield of copper dendrites was obtained in 
the cathode compartment on electrolysis. 

Silver chloride was electrolyzed in the U-tube with- 
out difficulty. After electrolysis, the solidified melt was 
obtained in the form of a rod after breaking away 
the glass tubing. On compressing the plastic chloride 
into a thin, transparent sheet, silver dendrites were 
readily visible, as shown in Fig. 8. The yield was 
roughly in accord with Faraday's law. 
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Tin dendrites were obtained from stannous chloride, 
cobalt dendrites from cobalt chloride, and nickel den- 
drites from nickel chloride. These products were sepa- 
rated from the solidified melts by dissolving the latter 
with water. 

In the electrolysis of magnesium chloride, small, 
shining crystals collected in the tube above the level 
of the melt, thus indicating that the metal had been 
liberated at the surface of the melt as a vapor and had 
then subsequently condensed on the cooler portion of 
the apparatus. 

Conclusion 
This investigation of electrodeless electrolysis is only 

of an exploratory nature. The glow discharge elec- 
trolysis of ceramics and solid materials warrants fur- 
ther investigation. We suggest that the apparatus be 
designed'to permit the ceramic electrolyte to be heated 
to much higher temperatures than we used, in order to 
promote a higher conductivity. If vessels could be 
constructed of a transparent, high melting material 
like yttrium oxide (mp 2410°C), the work would be 
greatly facilitated. Further work is in order to ex- 
plain the curious change produced in glass on elec- 
trolysis. 

The high voltages required for electron beam or 
glow discharge electrolysis militates against their use 
for any but a highly specialized application. The resid- 
ual electrical conduction imparted to ceramics by the 
glow discharge electrolysis might be of some prac- 
ticable use. The glow discharge electrolysis of fused 
salts might be of advantage in a situation in which 

Fig. 8. Dendrites of silver in silver chloride which had been 
electrolyzed in the fused state. 
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the contamination of the deposit by a metallic cathode 
could not be permitted. 

The main interest in these exploratory experiments 
in electrodeless electrolysis, however, is in calling for 
a broader understanding of electrochemical phenom- 
ena by calling attention to the wide variety of situa- 
tions in which chemical changes can be produced by 
the electric current. 

To generalize as to the common denominator under- 
lying all these curious examples of electrolysis, it  
seems that the presence of a metallic conductor is not 
it. Rather it seems that the essential factors are (as- 
suming the presence of at  least one ionic conductor) 
that the two materials in contact be different phases 
(gas, liquid, solid) and /or differ greatly in electrical 
conductivity. 
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Electrodeposition of Gold 
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ABSTRACT 

The phenomenon of macro- and microcurrent distribution in plating sys- 
tems is studied. At high current densities where mass transport of the reacting 
species is rate controlling, the plating process will yield relatively uniform 
macro- but nonuniform microcurrent distribution. At low current densities 
where depletion of the reacting species is negligible, relatively uniform micro- 
but nonuniform macrocurrent distribution will be observed. The effect of 
surface roughness and current density on the microcurrent distribution of 
gold plated from a citrate bath is studied experimentally. The microcurrent 
distribution is found to improve considerably by reducing the surface rough- 
ness and by performing the deposition process at a lower current density. Due 
to the low gold content of most gold baths, practical gold plating is per- 
formed under conditions where mass transport limitations of the reacting 
species are significant. 

The electrodeposition of gold is becoming increas- 
ingly important due to its wide applications in elec- 
tronics equipment. The purpose in plating a thin layer 
of gold over certain parts of a substrate surface is to 
protect the parts from corrosion, reduce the elec- 
trical contact resistance, or provide a conducting path 
between devices. More uniform deposition both on a 
macro- and microscale and deposits with lower poros- 
ity and better mechanical properties are the goals 
pursued by the modern plating industry. 

In this paper, the current distribution of a gold 
plating system is considered. The theoretical aspects of 
macro- and microcurrent distributions concerning sys- 
tems involving only one electrochemical reaction are 
first examined. The conclusions from these considera- 
tions can be applied to many practical plating systems. 
Experimental observations on the microcurrent distri- 
bution of gold plated from a citrate gold bath are then 
reported. 

Phenomenological Description of Macro- and 
Microcurrent Distribution 

A typical linear dimension for a microprofile on a 
surface is in the order of 5 0 ~  whereas the linear di- 
mension for a macroprofile is about 1000a or larger. 
Transition between micro- and macrodimensions oc- 
curs between these limits. These definitions are some- 
what arbitrary. The dimension of micro- us. macro- 
profiles suggested here falls in the range used by most 
electroplaters. A rigorous definition can be established 
from the concept of the diffusion layer thickness. This 
will be treated in a later section. 

Many investigators have found that a fundamental 
difference of current distribution occurs on macro- 
and microprofiles. For instance, Meyer (1) and Gar- 
dam (2) found that, in acid copper bath, uniform 
plating into the pores of the basis metal occurred 
although the macrocurrent distribution was poor. In 
a cyanide copper bath, the filling of microgrooves was 
poor whereas the macrocurrent distribution was rela- 
tively uniform. Reinhard (3) ,  Foulke and Kardos (41, 
and Kardos (5) all found that the microcurrent dis- 
tribution for all baths became less uniform with in- 
creasing current density. It is well known to electro- 
platers that ( 6 ) ,  as a common rule, in the absence of 
a leveling agent, a bath having relatively uniform 
macrocurrent distribution generally has nonuniform 
microcurrent distribution and vice versa. 

logical theory of transport processes in electrocherni- 
cal systems. The fundamental transport equations in 
dilute solutions have been discussed in detail by Levich 
(7) and more recently by Newman (8). Application of 
these equations has followed two main courses. At low 
current densities where change of concentration near 
the electrode-solution interface can be neglected, the 
transport equations reduce to the Laplace equation (9) 

V2$ = 0 C11 

and the current density is given by 

- 
i = -KV@ -, 121 

where @ is the potential in the solution, i is the cur- 
rent density vector, and K is the electrical conductivity 
of the solution. An extensive review of the solution 
of the Laplace equation for electrochemical systems 
has been completed by Fleck (10). At high current 
densities and when electrical migration is neglected, 
the mass transport of the reacting species becomes rate 
controlling and the transport equations reduce to the 
convective diffusion equation (9) 

dci + - + v . Vci = V . (DiVci) 
at 

and 

where ci, Di, zi are the concentration, differential dif- 
-* 

fusion coefficient, and valency of species i, v is the 
fluid velocity, and F is the Faraday constant. Meth- 
ods of solving the convective diffusion equation have 
been treated in detail by Levich (7). 

These two limiting cases play an important role in 
electroplating. The application to the phenomenon of 
macro- and microcurrent distribution is given below. 

Application to the Phenomenon of Macro- and 
Microcurrent Distribution 

An important parameter used in systems where mass 
transport is slow is the Nernst diffusion layer thick- 
ness 6 ~ .  For a single electrode reaction, it is defined 
bv 

~ ~ ~ d ~ ~ ~ ~ ~ ~ l  T~~~~~~~~ processes in plating systems where Y is a distance coordinate normal to the elec- 
trode surface, cia and cir are the concentration of the 

A general theory of current distribution on elec- ,,,,ting species i in the bulk at the interface, re- trodes is based on a consideration of the phenomeno- s,,ectively, 6N is a function of number and 
Key words: electrodeposition, current distribution, gold. Schmidt -number in forced convection systems and a 
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function of Grashof number and Schmidt number in 
free convection systems (11). Typical values of 6 ~  in 
gently stirred solutions range from 50 to 100p (12). 
b ~ .  can be used conveniently to establish an opera- 
tional definition of macro- and microprofiles (4,5,14). 
When the linear dimension of a surface profile is in the 
same range or slightly smaller than 6 ~ ,  the profile is 
considered to be microscopic. When the linear dimen- 
sion is at least one order of magnitude larger than b ~ ,  
the profile becomes macroscopic. Since h ~  depends on 
both the flow condition and physical properties of the 
system, the dimension of macro- and microprofiles 
varies accordingly. The local variation of 6 ~  deter- 
mines the characteristics of local mass transport. For 
instance, a faster transport results from a thinner 
diffusion layer. Consequently, from the standpoint of 
mass transport, microprofiles are "rough" whereas 
macroprofiles are "smooth!' On the other hand, when 
mass transport of the reacting species is not rate con- 
trolling, ohmic drop in the solution and electrode over- 
potential at the interface are the important parameters 
to consider. Let us now examine the two cases. 

Ohmic drop and electrode overpotential controlling. 
-This is the case where low current density is applied. 
The concentration gradient of the reacting species at 
the interface is negligible. On a macroprofile, the effect 
of ohmic drop in the solution is predominant in deter- 
mining the current distribution. Primary current dis- 
tribution results when electrode overpotential is negli- 
gible. The current distribution depends only on geo- 
metrical factors concerning the electrochemical cell 
and electrode arrangements. On a microprofile, the 
effect of ohmic drop in the solution is outweighed by 
the electrode overpotential at the interface. The micro- 
current distribution is governed by the secondary 
current distribution. A linear electrode overpotential- 
current density relation exists when the electrode 
overpotential is small 

, i.nF 
a = -  

RT ' [GI 

where i, is the exchange current density for the re- 
action, n is the number of electrons transferred for 
the reaction, q is the electrode overpotential, R is the 
gas constant, and T is the absolute temperature. The 
current distribution depends on the same geometrical 
factors as to the primary current distribution and, in 
addition, to the dimensionless parameter (9,13) (L/K) 
(di/d') where L is a characteristic length of the 
microprofile. For large cathodic overpotentials, the 
electrode overpotential-current density relation is 
given by the Tafel equation 

where a is the transfer coefficient. The current distri- 
bution now depends on the parameter (9, 13) li,,,! 
(1 - a)nFL/RTq where i,,, is the average current 
density. It has been confirmed in numerous cases 
(14,15) that, at low current densities, the secondary 
current distribution on a microprofile is uniform due 
to the high overpotential of the deposition reactions 
and the high conductivity of most plating baths. This 
is the reason for the statement (6) "a bath of poor 
macrocurrent distribution has good microcurrent dis- 
tribution." 

Mass transport controlling.-At high current den- 
sities when mass transport of the reacting species 
becomes rate controlling, the Nernst diffusion layer 
thickness is the most important parameter to consider. 
A relatively uniform distribution of current is seen 
on the macroprofile due to the uniform thickness of 
the Nernst diffusion layer over the profile whereas the 
local variation of the diffusion layer thickness over 
the microprofile is responsible for the poor micro- 
current distribution. Of course, current distribution 
can be highly nonuniform at electrode edges. For in- 
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stance, the theoretical current density is infinite at the 
leading edge of a flat plate in the direction of electro- 
lyte flow (16). Therefore, the above statement is only 
valid at regions where both the momentum and the 
diffusion boundary layers are fully developed. 

For most plating baths, the metal ion concentration 
is so high that the two limiting cases can readily be 
distinguished and consequently lead to the interesting 
observation of macro- and microcurrent distribution. 
However, the gold content in a gold plating bath is 
usually so low (approximately 10-20 g/l) that under 
most operating conditions, the process is influenced by 
both electrode potential, ohmic drop and mass trans- 
port. To study the applicability of the above theoreti- 
cal considerations, experimental investigation on the 
microcurrent distribution of a gold plating system was 
carried out. 

Experimental 

Electrolyte.-The Ehrhardt acid citrate bath (17) 
which contained 21.3 g/l potassium gold cyanide and 
50 g/l ammonium citrate (dibasic) was chosen for these 
experiments. At 60°C, the pH of the bath was 5 and 
the conductivity of the bath was 0.063 ohm-1 cm-1 
measured by a conductivity bridge which supplied 
1000 Hz bridge current. 

Electrodes.-Two types of cathodes were used to 
study the effect of the dimension and geometry of 
surface inhomogeneities. Electroformed nickel with a 
wavy surface of amplitude approximately 25p and 
polished planar OFHC copper plates were chosen to 
study the microcurrent distribution. The surface area 
for both electrodes was 1 cm2. Three identical 
V-shaped grooves, 2.5 mm apart, were cut into the 
copper plates. The angles of the grooves were 30", 60", 
and 90°, and the groove depths were approximately 
50, 125, and 250,~. The anode was a platinum coil. 

Experimental procedures.-Prior to plating, both the 
nickel and the copper electrodes were cleaned and 
degreased using acetone and trichloroethylene, re- 
spectively. The copper electrodes were then bright- 
dipped for approximately 10 sec in a solution contain- 
ing 250 ml H2S04, 125 ml HN03, 4 ml HC1, and 250 ml 
water. Both electrodes were then rinsed with distilled 
water. The plating cell was cylindrical in shape with 
a volume of 200 ml. For each plating, 150 ml of the 
citrate gold solution was used. Oxygen-free nitrogen 
was bubbled through the solution for 30 min prior to 
electrolysis, and a nitrogen atmosphere was main- 
tained above the solution during electrolysis. No stir- 
ring was applied. The plating was performed at 60'C. 
The applied cathodic current density was 2, 4, and 
6 mA/cmz. The limiting current density for gold depo- 
sition in this experiment was found to be 6.3 mA/cm?. 
The Tafel slope for the system was measured under 
galvanostatic condition using a rotating disk electrode 
at a constant rotational speed of 1730 rpm. The value 
was found to be 130 mV at 60°C. Depending on the 
depths of these grooves and the current density used, 
the duration of electrolysis was varied between 1 to 
6 hr for optimum observation. To protect the gold 
surface for sectioning, approximately 1 2 ~  of Watts 
nickel was plated over the gold coating. 

These electrodes were then mounted in epoxy, 
sectioned, polished, and etched in an equivolume mix- 
ture of acetic acid, nitric acid, and phosphoric acid. 
The microcurrent distribution of the citrate gold was 
determined by microscopic examination. 

Results 
Typical results from photomicrographs are shown 

in Fig. 1 to Fig. 5. They can be summarized as follows: 

1. The microcurrent distribution is relatively uni- 
form on the electroformed nickel electrode. 

2. On the copper electrode, the microcurrent distri- 
bution becomes less uniform at increasing cathodic 
current densities and sharpening V-angles. 
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Fig. 1. Photomicrographs of gold deposits on nickel substrates Fig. 2. Photomicrographs of gold deposits on copper substrates 
with wavy surfaces: (0)  2 mA/cmZ; (b) 4 mA/cm" (c) 6 mA/ with triangular grooves: (a)  2 mA/cm2; (b) 4 mA/cm2; (c) 6 mA/ 
cm2. cm2. 

3. On the copper electrode, the microcurrent dis- metrical factors used in these figures are the groove 
tribution becomes less uniform at increasing groove depth d and groove angle e, and the operating variable 
depth. chosen here is the current density. 

Quantitative information on the microcurrent dis- 
tribution of citrate gold plating are plotted in Fig. 6 Discussion 
to Fig. 8. The current distribution is represented by a It has been concluded that the secondary current 
gold plating thickness ratio h,/h2 where h, is the aver- distribution depends heavily on the dimensions and 
age deposit thickness on a planar surface and hz is the geometry of the surface profile that is being plated. 
thickness at the bottom of a triangular groove. Geo- It is, therefore, not surprising to find that, on electro- 
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Fig. 3. Photomicrographs of gold depos~ts on copper substrates Fig. 4. Photomicrographs of gold deposits on copper substrates 
with triangular grooves: (a) 2 mA/cm" (b) 4 mA/cm?; (c) 6 mA/ with triangular grooves: (0) 2 mA/cm" (b) 4 mA/cm?; (c) 6 mA/ 
cm2. cm2. 

formed nickel surface which is relatively smooth, the 
microcurrent distribution is rather uniform. 

At increasing cathodic current densities, the process 
becomes increasingly mass transport limited and con- 
sequently, the microcurrent distribution becomes less 
uniform. At the limiting current density, gassing is 
observed at the electrode. The deposit becomes inco- 
herent and frequently rough or powdery. 

Wagner (18) has calculated theoretically the second- 
ary current distribution on a triangular wave surface 

when the counterelectrode is far removed from the 
working electrode. The geometrical parameter is 
shown to be 1/2 (cos e/2/sin 8/21 where e is the angle 
between the two adjacent sides of the triangle. For 
linear polarization, 

i - ir L di 1 cos e/2 
-=---- 

i,,, K dq 2 sin e/2 
181 

whereas for Tafel polarization 
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Fig. 6. Microcurrent distribution of gold deposits on copper sub- 
strates. 
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Fig. 5. Photomicrographs of gold deposits on copper substrates 
with triangular grooves: (0) 2 mA/cmZ; (b) 4 mA/cm2; (c) 6 mA/ 
cm3. 

i, li,,,lL(l - a)nF 1 cos 0/2 
In-= -- 

KRT 2 sin s/2 
[91 

21. 

where i, is the current density at  the peak, i, is the 
current density at  the recess, and L is the distance 
between two adjacent peaks. Varying e from 90" to 
30", the geometrical parameter increases by approxi- 
mately a factor of ten. Therefore, the microcurrent 
distribution is very sensitive to the value of this angle. 
This conclusion is also amply demonstrated in the 
present investigation as shown in Fig. 6-8. 

Fig. 7. Microcurrent distribution of gold deposits on copper sub- 
strates 
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Fig. 8. Microcurrent distribution of gold deposits on copper sub- 
strates. 
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Considering the effect of groove depth from these 
figures, a significant increase in the thickness ratio is 
seen when groove depth is increased from 50 to 1 2 5 ~  
but less change is found from 125 to 250~. This can 
be explained by a consideration of the mass transfer 
aspect. Using the limiting current density of 6.3 
mA/cmz and assuming the diffusion coefficient of gold 
ion as 9 x 10-6 cmz/sec, 6~ is calculated from Eq. [5] 
to be 100~. The difference between the diffusion path 
is, therefore, greater when d is changed from 50 to 
125,~ than from 125 to 250~. Ignoring the effect of elec- 
trical migration, the interfacial concentration of gold 
ion is 10 g/l at a cathodic current density of 2 mA/cm? 
and 5.7 g/l at 4 mA/cmz. Comparing these values to 
the bulk concentration of gold (15 g/l), it is seen that 
even at 2 mA/cmz, the effect of mass transport is ap- 
preciable. It is therefore concluded that for most gold 
baths, due to the low gold content, the plating process 
is performed under conditions where mass transport 
limitations cannot be ignored. 

Conclusions 
Theoretical aspects of macro- and microcurrent dis- 

tribution are presented. Two operating regimes for 
plating systems are established. At low current den- 
sities where concentration gradients near the electrode- 
solution interface can be neglected, a plating bath 
with no leveling agents will have relatively uniform 
microcurrent distribution but nonuniform macrocurrent 
distribution. At high current densities where mass 
transport of the reacting species is rate controlling, 
the plating bath will have nonuniform microcurrent 
distribution but relatively uniform macrocurrent 
distribution. 

Quantitative information on the microcurrent dis- 
tribution of a citrate gold plating system have been 
obtained. Effect of surface roughness as well as oper- 
ating conditions such as metal concentration and cur- 
rent density on the current distribution has been 
established. It is also confirmed that most gold plating 
systems are operated under conditions where the effect 
of mass transport of the reacting species cannot be 
neglected. 

In order to improve the microcurrent distribution, 
reduction of surface roughness and application of low 
current densities are both essential. An alternative ap- 
proach will be either to search for suitable leveling 
agents or to raise the gold content of the bath thereby 
reducing the mass transfer controlling effect on micro- 
current distribution. 
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List of Symbols 
Cit Concentration of species i, moles/cm3 
C~B, C~I ,  Concentration of species i in the bulk and 

at the interface, respectively, moles/cm3 

Differential diffusion coefficient of species 
i, cmz/sec 
Depth of a triangular grove, cm 
Faraday's constant, coulomb/equiv 
Deposit thickness on a planar surface and 
at the recess of a triangular groove, respec- 
tively, cm 

Current density vector and measured cur- 
rent density, A/cm2 
Average current density, current density at 
the peak and current density at  the recess 
of a triangular wave surface, A/cm2 
Exchange current density, A/crnZ 
A characteristic length, cm 
Wave length of a triangular wave, cm 
Number of electrons transferred in a re- 
action 
Gas constant, joule/mole "K 
Temperature, OK 

Fluid velocity, cm/sec 
Distance normal from electrode, cm 
Valency of species i 
Transfer coefficient in polarization equation 
Nernst diffusion layer thickness, cm 
Electrode overpotential, V 
Conductivity, mho/cm 
Electrostatic potential, V 
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Electroless Deposition of Certain Metal Oxides 

W. Mindt*' 
Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

ABSTRACT 

Electroless deposition of a-PbOz films by oxidation of lead(I1) acetate 
with peroxydisulfate is described. Investigations into the mechanism of this 
reaction show it to be a mixed electrolytic process with the two partial reac- 
tions P b t  t + 2Hz0 -* a-PbOz + 4Hf + 2e- and SzOs= + 2e- + 2S04=. The 
variation of mixed potential and growth rate with the pH of the electrolyte 
is studied and interpreted in terms of the pH dependence of both partial 
reactions. A mechanism of the reduction of S2O8' at PbOz is proposed. 

The anodic oxidation of some metal ions in aqueous 
solutions leads under certain conditions to the deposi- 
tion of an oxide at  the anode, according to the elec- 
trode reaction 

(in acid solutions). Some well-known examples are 
the systems Pb+ +/PbOz, Mnt  +/Mn02, Nit  +/"NiOz" 
Tl+/T1~03 and Ag+/AgO. If the oxidation of the metai 
ion is carried out as a controlled heterogeneous reac- 
tion by a suitable oxidizing agent instead of an ex- 
ternal electrical current, the deposition of the metal 
oxide can be called "electroless" in analogy to the 
corresponding process known for rnetals.2 In general, 
the conditions under which electroless deposition of 
metal oxides is possible are equivalent to those for 
metals: The oxidizing agent must have, of course, a 
higher redox potential than the equilibrium potential 
of reaction [I], and its reduction at the metal oxide 
must be kinetically possible. The reduced species 
should be soluble in the electrolyte and should not 
interfere with the anodic process, e.g., due to adsorp- 
tion at the metal oxide. Nucleation of the metal oxide 
in the solution should be prevented since this results 
in an uncontrolled precipitation. Finally, since oxida- 
tion and reduction steps occur at  different locations, 
charge transport within the metal oxide must be 
possible, i.e., the metal oxide has to be an electrical 
conductor. 

In the present work some systems are investigated 
in which these conditions are fulfilled. In the first part, 
deposition of a-PbOz is described. Films of this oxide 
are of interest for use as counterelectrodes in solid 
valve metal oxide capacitors, since they have a con- 
siderably higher conductivity than MnOz films which 
are used so far, and capacitors with PbOz coatings 
show similar self-healing properties (2,3). 

The oxidizing agent used in our experiments is 
peroxydisulfate (persulfate). The studied over-all 
reaction is 

This reaction was described earlier by Riietschi and 
Cahan (4).  The authors obtained a-PbOz as precipitate 
from solution by a homogeneous reaction. Occasionally, 
the formation of PbOz films at the walls of the glass 
beakers in which the reaction was carried out was 
observed (5); however, this effect was not further 

studied. In the experiments described here, reaction 
[2] was carried out heterogeneously on PbOz sub- 
strates under conditions where no precipitation of 
PbOz in the solution occurred. 

It is of some practical interest to be able to deposit 
adherent a-PbOz films on insulating substrates. In 
electroless metal deposition, this is usually accom- 
plished by treating the substrate surface in such a way 
that it acts as catalyzer during the deposition of an 
initial metal layer. We did not investigate an equiva- 
lent procedure of surface activation. As an alternative 
method, an initial PbOz layer of a few hundred ang- 
stroms was precipitated from solution by catalyzing 
reaction [2] with Ag+, as will be described in the 
experimental part. Further growth of PbOz was car- 
ried out by electroless deposition. a-PbOz films ob- 
tained in this way showed good adherence up to a 
thickness of lp on various substrates, such as glass, 
quartz, ceramics, or Taz0~. 

Experimental 
All experiments were carried out in a supporting 

electrolyte of M N I I ~ C ~ H ~ O Z  which was prepared from 
30% NH4OH and glacial acetic acid (both Baker 
"electronic grade"). Lead acetate was added to this 
solution in the form of PbO (Fisher "certified") and 
an equivalent amount of acetic acid. In most experi- 
ments, a concentration of lead acetate of 50 mM was 
used. SzO8' was added from a freshly prepared aqueous 
solution of ammonium persulfate (Fisher "certified") 
which was brought to the pH of the studied solution 
by addition of NH40H. 

The PbOz electrodes used for the current/potential 
measurements were prepared by anodic deposition of 
a ca. 0.5p thick layer on a 0.25 cmz Pt electrode. The 
deposition was carried out immediately before each 
measurement in the same electrolyte, applying a cur- 
rent density of 0.5 mA/cmz. Weight measurements of 
the deposited PbOz were carried out on electrodes of 
larger surface area to achieve a higher accuracy. For 
this purpose, 3 x 1 in. glass slides were used, on which 
an initial layer of 500A PbOz was precipitated in the 
following way: Glass slides were exposed in a vertical 
position to a solution prepared by mixing 100 ml of 
50 mM lead acetate dissolved in M NH4C2H302 with 
100 ml of 2M (NH4)2SzOs, both brought to a pH of 6. 
To this solution, AgN03 was added as catalyst in a 
concentration of 5 x 10-sM. After an induction time of 
about 15 min, the solution turned slowly brown, and 
after 45 to 90 min, a continuous film of 500A PbOz was 
UreciUitated on the elass slides. After washine with 

Electrochemical Society Active Member. ;istilied water and &ying at  room temperature, the 
lPresent address: C/O F. Hoffmann-La Roche and Company. slides were used for the weight and open-circuit po- 

CH 4002 Basel, Postfach, Switzerland. 
9Electroless deposition of a metal oxide is known so far only in measurements' of these measurements 

the case of MnOz. Films of this oxide are deposited by reduction of should be, of course. indeuendent of the wav in which 
rG;,!:1; ,6" fs;,>;;:ES; :,",",:tf;l jl ~~C~;;$i~;l~~;le,";~U;~; the initial PbO2 layer was obtained.  his- was con- 
rather than a controlled heterogeneous reaction. firmed by experiments carried out on 20 cmz P t  elec- 
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trodes, on which PbOz was electrodeposited, as well 
as by using glass substrates on which PbO2 was de- 
posited by hydrolysis of lead tetraacetate as described 
by Robinson (2).  

The potential/current measurements were carried 
out potentiostatically, using a 1 N  calomel reference 
electrode (NCE) and a Pt  counterelectrode. Stationary 
conditions were achieved after a few minutes at low 
current densities (< 10 ~A/cmz) and after several 
seconds at higher current densities. The electrolyte 
was stirred. All experiments were carried out at 25°C. 

Results 
In Fig. 1, stationary current/potential curves are 

shown which demonstrate that the nature of the 
deposition is a mixed electrolytic process. Curve 1 was 
obtained in a solution of 50 mM lead acetate in M 
N&C2H302 at pH 8.5. In this solution, where the lead 
ions are solubilized by complexing with acetate, the 
anodic reaction is 

with cathodic currents, PbOz is reduced to a lower 
oxide. Curve 2 was obtained after addition of 50 mM 
ammonium persulfate to the above solution. The net 
current results from the superposition of reaction [31 
and the reduction of SzOs' 

By subtraction of curve 1 from curve 2, the partial 
current voltage curve of reaction [4]  is obtained 
(curve 3). At open circuit, deposition of PbOz occurs 
at the mixed potential Urn with the partial current 
density id. Independent determinations of id by weight 
measurements of the deposited PbOz give the same 
result. This can be seen in Fig. 2 which shows id and 
U,,, as a function of pH. The electrolyte was again 50 
mM lead acetate and 50 mM ammonium persulfate in 
M ammonium acetate. The pH was varied between 5 
and 10 by addition of HCzH302 or NH40H, respectively. 
i,i was determined from the stationary anodic current 
at the potential U,, in the absence of SiO8' as de- 
scribed before as well as by weight measurements. The 
results of both methods were reproducible with devi- 
ations not larger than 10%. A current density of l 
mA/cmz corresponds to a deposition rate of 760 A/min. 
The deposition current increases with pH, following 
the relationship 

log id = const + 0.81 pH [51 

U,,, was determined on PbOz films deposited on Pt and 
on glass substrates. With increasing pH, Urn shifts in 
negative direction by (59 2 5) mV per pH unit. 

The observed pH dependence of id and Urn results 
from influences of both anodic and cathodic reactions. 

I 
200 400 600 

U VS. NCE (mvl 

Fig. 1. Stationary current/potential curves a t  PbOz electrode. 
Curve 1, anodic partial reaction [)I, measured in a solution of 
50 m M  lead acetate in 1 M  ammonium acetate a t  pH 8.5; curve 2, 
over-all reaction 131 + [41, measured after addition of 5 0  m M  
ammonium persulfate; curve 3, cathodic partial reaction [41, col- 
culated by subtraction of curve 1 from curve 2. 

Fig. 2. Deposition current id and mixed potential Urn as function 
of pH. Electrolyte: 50 m M  lead acetate + 5 0  m M  ammonium per- 
sulfate in 1 M  ammonium acetate. ., id from current a t  Urn in 
absence of SOs'; +, id from weight measurements; o, Un, a t  
PbOz deposited on platinum; x, U, a t  PbOz deposited on glass 
(1 mA/cm' corresponds to 760 A/min). 

This becomes evident from Fig. 3 in which the partial 
current/potential curves of the two reactions are 
plotted at different pH values. The anodic curves were 
determined in a solution of 50 mM lead acetate in M 
ammonium acetate. The pH was varied as before. The 
reduction of S2O8= could not be studied in a similar 
way in a solution containing (NH4)2S208 only. Under 
this condition, the PbOz electrode turned slowly into 
a passivated state, and the current measurements were 
irreproducible. It is assumed that this is the effect of 
adsorption of the reaction product, Sod'. Apparently, 
the PbOy surface which is freshly formed during the 
deposition shows a different behavior with regard to 
the kinetics of the SzOs= reduction. The partial cur- 
rent/potential curves of the SzOe' reduction near U,,, 
were determined from the difference between the cur- 
rents of the Pbf + oxidation and the over-all reaction 
[21 as described for Fig. 1. The intersections between 
anodic and cathodic curves at the same pH represent 
open-circuit conditions (zero net current), i.e., give 
the values of id and U,. The dotted line is obtained 
from the experimental data of id and Urn in Fig. 2. The 
log i/U curves of the P b + +  oxidation approach at 
higher current densities and low pH a Tafel slope of 
118 mV which is expected for this reaction if the trans- 

Fig. 3. Partial current/potential curves a t  various pH. x, anodic 
reaction [2]; o, cathodic reaction [4]; dotted line, id vs. U,. 
from data in Fig. 2. 
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fer coefficient a is 0.5. In the region studied here 
(dotted line), the slopes are generally smaller. The 
Tafel slopes of the reduction of S208= vary between 
210 m d  270 mV, corresponding to transfer coefficients 
between 0.28 and 0.22. The low transfer coefficient is 
typical for this reaction, e.g., a value of a = 0.32 was 
obtained by Miiller (6) in alkaline solutions at P t  
electrodes. 

In Fig. 4, the partial cathodic current is plotted as 
a function of the SnOe' concentration at  constant 
electrode potentials. This experiment was carried out 
again in a solution of 50 mM lead acetate in 1M 
NH4CnHaO2, to which (NH4)2S208 was added from a 
2M aqueous solution. The pH was kept constant at 
8.50. At low concentrations, the current is proportional 
to the square root of the persulfate concentration in- 
dicating a reaction order of 0.5 for the SzO8= ion. The 
deviation from linearity at higher concentrations is 
probably the effect of the presence of S04= ions which 
seem to inhibit the reaction. This assumption is sup- 
ported by the fact that an addition of 0.1M (NH4)2S04 
to the solution results in a decrease of the current to 
nearly zero. 

Properties of the PbOz films.-The electron diffrac- 
tion pattern of the PbO2 films deposited on glass sub- 
strates showed only lines of the a-modification. There 
was no evidence for the presence of lower lead oxides. 
In some cases, the crystallites had a slight orientation 
with the (100)-plane parallel to the substrate as is 
observed also on electrodeposited a-PbOz (7). The 
crystallite size of a 5000A thick film deposited at pH 8 
is about 2000.4 as determined by electron microscopy. 

The electrical properties are, in general, similar to 
those of electrodeposited m-PbO2 (8). Hall effect mea- 
surements showed that the carrier density is about 
1021 cm-3 and is nearly independent of the pH at  which 
the films were deposited. There is, however, an effect 
on the resistivity with increasing pH, e.g., a 5000A 
thick film deposited at pH 7 had a resistivity of 
2 x 10-3 ohm cm, whereas at pH 10 a resistivity of 
3 x 10-2 ohm cm was obtained. 

Discussion 
The result that the deposition occurs at  the rate 

expected from the stationary current potential rela- 
tions indicates that the deposition is a pure electro- 
chemical process, i.e., that no "chemical" deposition 
due to a reaction without charge exchange at the 
interface is involved. The deposition rate is controlled 
by the potential U,, which is a function of the com- 
position of the electrolyte. 

The variation of U, with pH was found to be linear 
in the studied pH region with a slope of -59 mV/pH. 
An interpretation of this result is difficult since it 
arises from a complex pH dependence of the current 
potential relations of both partial reactions, as was 

Fig. 4. Partial current of S208= reduction a t  PbOa vs, concentra- 
tion of S208=. Electrolyte: 50 m M  lead acetate + x m M  am- 
monium persulfate in 1 M  ammonium acetate, pH 8.50. 

seen in Fig. 3. In the following, the origins of the pH 
dependence of the two reactions are discussed. 

The drift of the anodic current potential curves with 
pH is mainly the effect of the variation of the equilib- 
rium potential of the anodic reaction. The equilibrium 
potential of reaction 133 is 

U, = 1.450 - 0.0296 log (Pb++)  - 0.1183 pH [6] 

Measurements of the open-circuit potential of a PbOz 
electrode in a solution of 50 mM lead acetate in 1M 
ammonium acetate are shown in Fig. 5 (dotted line). 
The variation with pH is linear and has a slope of -90 
mV/pH instead of -118 mV/pH which would be ex- 
pected for reaction 131. Better agreement with thls 
result would be given by the reaction 

p b  (OH) + + Hz0 s PbOz + 3H+ + 2e- 171 
with 

u, = 1.270 - 0.0296 log [Pb(OH) + I  - 0.0887 PH 181 

It is, however, not certain what composition the lead 
acetate complex has in this solution. The assumption 
that a complex of the type Pb(0H) (C~H302)~("-~)-  
exists is not unreasonable, since Pb(0H) +, respective- 
ly Pbl(OH)44+, is the hydrolyzed form stable in this 
pH region in perchlorate medium according to Olin 
(12). It should be mentioned that the absolute values 
of the open-circuit potentials in Fig. 5 cannot be com- 
pared with the calculated equilibrium potentials, since 
no liquid junction potentials and activity coefficients 
have been taken into account. The fact that the devia- 
tion is as high as 150 mV indicates that the activity 
coefficient of lead(I1) in this solution is very low. 

Besides the pH dependence of the equilibrium poten- 
tial, there is also an effect of the pH on the rate of 
the anodic reaction, as can be seen in Fig. 3. At higher 
pH, the current potential curves are steeper. It is 
unlikely that this is an effect of an increase of the 
exchange current of reaction 131, since the influence 
of the reverse current should be negligible at  over- 
potentials more than about 120 mV. It may be sug- 
gested that the mechanism of the reaction changes at 
higher pH, possibly due to the formation of Pb (OH) 2 

or a complex of this with acetate. 
The result that the cathodic curves are pH dependent 

is at first surprising, since S2Os' as well as the reaction 
product SO4= are almost completely dissociated in the 
studied pH region. The mechanism of the S208= re- 
duction on platinum electrodes in alkaline solution, 
as proposed by Miiller (6) 

Fig. 5. Equilibrium potentials calculated from thermodynamic 
data (9) vs, pH. x ,  open-circuit potentials of PbOz electrodes 
measured in a solution of 50 m M  lead acetate in 1 M  ammonium 
acetate. 
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2(SO4').aS + 2e- -* 2SO4= [lo] This result is in agreement with the reaction order of 
0.5 found for the Sz08= ion at  low concentrations 

does also not explain the pH dependence found here. (Fig. 4). Furthermore, it gives an explanation for the 
1t has been ~roposed by several authors (10) that the pH dependence of reaction [4], although the experi- sulfate radical is converted to the OH, radical, ac- mental data in F ~ ~ .  are not sufficient to determine if 
cording to the reaction order of OH- is actually one. Finally, Eq. 

[16] shows that an increase of the sulfate ion concen- 
or + H20e0H' + + H +  ['la] tration will decrease the current. This was also ob- 

Sod' + OH- OH. + SO,= [lib] served in the experiments; however, a passivation of 
the PbOz surface by formation of lead(I1) sulfate may 

Recent investigations on the photolysis of persulfate have a similar effect. 
ions (11) showed that between pH 8.5 and 10.8 the 
stability of the SO'; radical decreases rapidly, indi- Acknowledgments 
cating the existence of a pH dependent equilibrium The author would like to thank U. B. Thomas and 
like Eq. [ l l ] .  Although the path of the conversion of P. C. Milner for their interest in this work and many 
SO*' into OH. is not yet clarified, the following mech- helpful discussions. He is also indebted to H. C. Mont- 
anism of the reduction of SzO8= at  PbOz can be pro- gomery for the provision of facilities for the Hall 
posed effect measurements and to G. W. Kammlott for 

SaOs' 2S04Lads [91 carrying out the electron diffraction and electron mi- 

2SO4'.,,, + 2 OH- = 2 OH'& + 2s04= [ I l l  
croscopic studies. 
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Electrochemical Behavior of Selenium and 

Tellurium in Fused LiCI-KC1 Eutectic 
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Department of Chemistry, University of Alberta, Edmonton, Alberta, Canada 

ABSTRACT 

Liquid selenium has been reduced coulometrically in fused LiCl-KC1 eu- 
tectic at 400". Nernstian behavior is observed for the cell CSe( l ) /SeZ,  
LiCl-KCl//Pt++,LiCl-KCl/Pt. The standard potentials of the  selenium/ 
selenide couple at 450'C with respect to the appropriate standard platinum 
reference electrode are -1.141, -1.172, and -1.252V on the molar, molal, and 
mole fraction scales, respectively. Voltammetric studies showed an anodic 
wave at +0.05V ascribed to 2Se + 2C1- -, SezClp(g) + 2e- and a cathodic 
wave at  -1.07V ascribed to Se + 2e- -* Se'. For tellurium an anodic wave 
at  -0.15V is ascribed to Te -t Te(I1) + 2e- and a cathodic one at -1.40V 
to the plating of lithium into tellurium; the formation of free telluride does 
not appear to occur. The standard potential for the couple Te(II)/Te is esti- 
mated at -0.1V. 

A recent publication from this laboratory (1) re- The literature on selenium and tellurium in fused 
ported the electrochemical behavior of sulfide in the salt media is scanty. Verdieck and Yntema (2) mea- 
fused LiCl-KC1 eutectic. The present paper extends sured the deposition potential of tellurium from solu- 
this studv to selenium and tellurium. tions of tellurium dioxide in fused A1Cl.-NaC1-KC1 at  

'' Electrochemical Society Active Member. 
' Electrochemical Soclety Student Member. 

.---- .- - - - ~ - - ~  ~~ - ~ - - ~ - -  - - - - -  ~- - 

218". The solid electrolyte cells A ~ ( S - ) ~ A ~ I ( S ) / A ~  in 
Te or Se have been investigated by Kiukkola and 
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Wagner (3). Foster and Liu (4) employed the cell 
LisBi (s)  , Li in Bi (1) /LiCl-LiF/Li in Te (11, LinTe to 
obtain the free energy of formation of Li2Te by emf 
measurements, and a similar cell has been used in the 
Bi-Te system by Liu and Angus (5). Selenium and 
tellurium have been used as cathode materials in 
secondary cells with fused salt electrolytes at Argonne 
National Laboratory (6,7). 

Experimental 
Apparatus.-Potentials were measured with a digital 

voltmeter (Model 3440A, Hewlett-Packard). Coulo- 
metric generations employed a Model IV Coulometric 
Current Source (E. H. Sargent and Company). An 
Anotrol Model 4100 Potential Controller was used for 
voltammetric investigations. 

A Lindberg Hevi-Duty Model 54381A furnace with a 
Model 59344 temperature controller was employed. 
Temperatures were measured with a chromel-alumel 
thermocouple calibrated at the melting point of zinc. 

The electrolytic cell was essentially the same as de- 
scribed previously (8). 

Solvent.-The preparation of the LiCl-KC1 eutectic 
solvent (59.5 m/o LiCl, mp 352°C) has been described 
previously (1). 

Chemicals.-Reagent grade LiCl (Fisher Scientific 
Company) and KC1 (Fisher Scientific Company or 
Shawinigan Chemicals) were used. Selenium (99.99% ) 
was obtained in Y4 x 2 in. rods from A. D. Mackay, Inc. 
Tellurium (99.999%) was obtained from Atomergic 
Chemetals Company. Graphite electrodes were Spe- 
cial Spectroscopic Electrodes % in. in diameter (Na- 
tional Carbon Company). Argon was dried by passage 
through a magnesium perchlorate column and two 
traps cooled by a dry ice-acetone bath. 

Electrodes.-A reference electrode based on the 
Pt(II)/Pt  couple (about 0.03M) was generated coulo- 
metrically for each experiment by anodization of a 
coil of platinum wire. 

The selenium electrode consisted of a small Pyrex 
cup (7 mm diameter, 5 mm long) containing pieces of 
selenium. Contact with the selenium (liquid at operat- 
ing temperature) was made with a graphite rod at- 
tached to Nichrome leads well above the melt level. 
The Pyrex cup rested on the bottom of the isolation 
compartment and was totally immersed in the melt. 

The tellurium electrodes were made by melting 
lumps of tellurium in a 4 mm Pyrex tube under argon. 
A tungsten wire was inserted into the liquid tellurium 
which was then allowed to solidify. The electrode was 
removed by carefully breaking the glass. 

A graphite rod in an isolation compartment was used 
as the counterelectrode. 

Procedure.-The crucible containing the frozen eu- 
tectic, isolation compartments, and electrodes was 
placed inside the outer glass jacket of the electrolytic 
cell which could be connected to a vacuum pump. 
Transfers of frozen eutectic to the crucible were made 
inside a dry box under nitrogen. The outer jacket was 
closed to the atmosphere by means of a Pyrex cap 
connected to it with a 75 mm O-ring joint. On this 
cap were blown five 14/20 ground-glass joints which 
were used to insert a thermocouple, an argon inlet 
tube, and the electrodes. The isolation compartments 
were made of 10 mm Pyrex sealing tubes with 10-20c 
frits (D porosity; Ace Glass Inc.) The temperature of 
the cell was slowly raised to 370°C under vacuum in 
order to dry the glass equipment and electrodes before 
fusion of the eutectic. After fusion of the eutectic, 
argon was introduced and bubbled through the melt 
during all experiments. The compartments were al- 
lowed to fill with eutectic during a period of 8-10 hr. 
The selenium or tellurium was added as a final step. 
Ionic species were generated by anodization or catho- 
dization of the selenium or tellurium. The cells were 
operated at 400" -+: 2" to minimize loss of volatile 
materials from the melt, which was still the most 
serious problem encountered in the investigation. 

Electrode potentials were measured against the 
platinum reference electrode and corrected to the 
Pt (111, 1.0 M/Pt standard molar platinum electrode 
(SMPE) of Laitinen and Liu (9) ; they are reported in 
conformance with the IUPAC "Stockholm" sign con- 
vention. The thermoelectric potential of the graphite 
and leads was measured as + l o  mV with respect to 
platinum. It was essentially invariant with tempera- 
ture from 400" to 450". The potentials were corrected 
for this effect. They were then converted from 400" to 
450°C using the experimentally determined potential- 
temperature relationships (see below) and the actual 
temperature of each potential measurement. The 
amount of solvent in each isolation compartment was 
determined by a potentiometric chloride titration; 
when necessary, selenide was removed by acidifica- 
tion (in a hood). The concentrations of Se= and P t+  -+ 

were determined from the coulombs passed and sol- 
vent volume (9). The least-square calculations were 
done on the University of Alberta IBM/360 computer, 
and copies of the programs used are available in the 
thesis of one of the authors (F.G.B.). 

The voltammetric procedure was as described pre- 
viously ( 1). 

Results 
Voltammetric results.-The voltammetric curves ob- 

tained for selenium and tellurium are shown in Fig. 1, 
denoted respectively by triangles and circles. In the 
absence of selenium and tellurium, the only electro- 
chemical phenomena observed are anodic chlorine 
evolution (f0.3V) and cathodic lithium deposition 
(>-2.1V) as in previous work (1, 9). 

The cathodic branch observed with selenium is 
ascribed to Se(1) + 2e- -* Se'. A red-brown color 
was observed leaving the electrode until the entire 
compartment contents were colored when cathodic 
current was passed. Extrapolation of the linear part of 
the curve to zero current gave -1.07 -+: 0.02V for the 
"decomposition" potential, in good agreement with 
the potentiometric results given below. The anodic 
wave is ascribed to 2Se(l) + 2C1- -* SepCln(g) + 
2e-, analogous to the reaction 25(1) + 2C1- -t 

SYC12 (g) + 2e- observed previously (1). The "decom- 
position" potential was +0.05 0.02V. Colorless gas 
bubbles were observed forming on the electrode at 
this potential and leaving the melt. No attempt was 
made to trap the gas since Se2C12 is reported as un- 
stable at considerably lower temperatures than those 
employed here. Stable potentials could not be obtained. 
as is expected when the species produced electro- 
chemically volatilizes from the melt. 

POTENTIAL AGAINST S.M.P.E. (volts) g<:;;;; e2:,2. ze- 

Fig. 1. Voltammetric curves of LiCI-KC1 containing selenium 
(triangles) or tellurium (circles). Temperature 400°C, reference po- 
tential SMPE. Area of selenium pool approximately 0.4 cm', of 
tellurium rod 1.1 cm2. Voltammetric curve of pure melt on graphite 
electrode is line without symbols. 
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Voltammetric curves were also taken with selenium 
electrodes in compartments in which selenide had 
been generated. Two typical curves are shown in 
Fig. 2. Identical straight lines were always obtained 
regardless of the direction of voltage change as long 
as precautions were taken to prevent significant 
changes in the ion concentration between measure- 
ments. These precautions included stirring and, when 
necessary, oxidation or reduction such that the zero 
current potential remained within 3 mV of its original 
value. The slope of these lines was approximately 15 
ohms and represents the cell resistance. These curves 
show the Se/Se' couple to be reversible in this sol- 
vent system. 

The cathodic branch observed with tellurium (Fig. 
1) is ascribed to the formation of stable lithium- 
tellurium intermetallic compounds whose limiting 
composition is Li2Te (4); the reaction written as 
Te(s) + 2Li+ + 2e- + LipTe(s) is probably an 
oversimplification. The potential characteristic of this 
reaction was -1.40 -c 0.02V. Liquid alloys were ob- 
served to form on the tellurium rod on cathodization 
beyond this potential. Such alloy formation on catho- 
dization has been observed in previous studies of the 
Li-Te system (4,lO). The anodic wave is ascribed to 
Te + Te(I1) + 2e-. An orange-brown color was ob- 
served leaving the electrode upon anodization. The 
"decomposition" potential for this reaction was -0.15 
4 0.03V, in good agreement with the potentiometric 
measurements given below. 

Potentiometry of selenium.-Three complete experi- 
ments, each involving multiple cells, were carried 
out with new compartments, electrodes, and eutectic 
charge used in each. A total of 52 data points were 
taken at 400" r 2°C. For each point, the emf became 
constant, within 0.5 mV, 30-90 min after completion 
of coulometric reduction of selenium and stirring. The 
potential was thereafter constant, within 1 mV, over 
several hours. 

The effect of temperature on the emf was deter- 
mined in several experiments over the temperature 
range 380"-42O0C, with both increasing and decreasing 
temperature. The measured potential was, for a fixed 
selenide concentration, linearly dependent on tempera- 
ture. A plot of IE/AT against the logarithm of the 
molar concentration (as moles Se'/liter of eutectic at 
450°C) was linear (Fig. 3). Least square analysis of 
this plot gives AE/AT = +0.123 log [Se=] - 0.510 
mV/"C, with a relative standard error of 6% in the 
slope and 1.5% in the intercept, for the temperature 
dependence of the cell ( -) C, Se (1) /Se', LiCl-KC]// 
Pt(II) ,  LiCl-KCl/Pt ( + )  This equation is identical to 
that obtained for the analogous sulfide cell (1) within 
experimental error. It was used to extrapolate all mea- 

E 
c S.M.P.E. (volts) 

Fig. 2. Current-potential curves for different selenide concen- 
trations in the same compartment. Reference potential SMPE, tem- 
perature 400°C. 
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0 -as -1.0 -1.5 

LOG OF MOLAR SELENIDE CONCENTRATION 

Fig. 3. Temperature dependence of potential as a function of 
selenide ion concentration. Line is that given by leost-squares 
analysis. Temperature range 380'-420°C. 

sured potentials to 450°C. This temperature is ac- 
cepted as standard for potential measurements in this 
fused salt system [ ( l l ) ,  and references cited therein]. 

These extrapolated potentials gave linear Nernst 
plots over the concentration range 0.015-0.35M sele- 
nide. A typical plot of potentials against the logarithm 
of selenide concentration (Fig. 4) shows that Henry's 
law is obeyed over the concentration range studied. A 
summary of all runs is given in Table I; the original 
data are available in the thesis of F.G.B. Least square 
analysis of all points gave a standard potential of 
-1.141V for the Se(l)/Se' couple (molarity scale) at 
450°C. with a standard error of 0.002V. This corre- 
sponds to values of -1.172 and -1.2528, with the 
same standard error, on the molality and mole frac- 
tion scales, respectively ( l l ) ,  all potentials being with 
respect to the appropriate standard platinum elec- 
trode. The slope of the Nernst plot was -0.0660 V/log 
unit with a standard error of 0.0014, corresponding to 
2.17 r 0.05 electrons taking part in the reaction. This 
is in agreement with the theoretical value of 2 ex- 
pected for Se + 2e- + Se'. 

-1.04 -108 - 1.1 2 

POTENTIAL AGAINST S.M.RE.,(voltr) 

Fig. 4. Electromotive force of selenide electrode fvs. SMPE) as a 
function of selenide concentration in a typical run, showing obedi- 
ence to Henry's law. Temperature (extrapolated) 450% 
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Table I. Standard emf determinations for the Se/Se' couple* 

Selenide NO. of Standard Exper. 
molarity points Ex". V deviation, mV n 

Least square anal- 
ysis of all points 52 - 1.141 1.5 2.11 

- 

Values corrected to 450'C and SMPE; each entry is a separate 
compartment, the first being run 1, the next two being run 2, and 
the remainder being run 3. 

Stable potentials could not be obtained on anodiza- 
tion of selenium electrodes, for the reasons discussed 
above. 

Potentiometry of tellurium.-Attempts were made 
to measure the standard potential of the Te (s) /Te= 
couple. These attempts were unsuccessful because the 
solubility of "LizTe" in the LiC1-KC1 eutectic in the 
presence of excess tellurium is very low; even an at- 
tempt to produce 2 x 10-3M Te= resulted in the for- 
mation of liquid on the surface of the tellurium elec- 
trode. The potentials obtained in this manner were 
quite stable. They correspond, after correction for 
reference electrode, to those observed by Foster and 
Liu (4) for very tellurium-rich alloys of lithium and 
tellurium in a similar system, and therefore cannot be 
considered as true tellurium/telluride electrode po- 
tentials. 

Anodization of tellurium produced an orange-brown 
solution. Long needles of tellurium were observed ex- 
tending from the electrode. The potentials measured 
were unstable, however, and drifted in the negative 
direction continuously after anodization was com- 
pleted. At the same time, the color of the solution 
slowly disappeared. A yellow powder sometimes con- 
densed in the cooler top of the isolation compartment. 
This behavior would be expected if a volatile species 
such as TeClz (bp 327°C) escaped from solution at 
400" The experiment was repeated at 375", but the 
species formed still volatilized from solution. 

Attempts to produce meaningful Nernst plots from 
the potential data for this system were unsuccessful. 
The slope varied between 0.067 and 0.134 V/log unit. 
Since 0.033 V/log unit would be expected for a four- 
electron process, the ionic species produced should be 
Te(I1) rather than Te(1V). From these plots and the 
voltammetric curves the standard potential (molarity 
scale) of the Te(II)/Te(s) couple is estimated as 
-0.10 % 0.03V, placing it between Rh(III)/Rh and 
Ir(III)/Ir  couples in this medium (11). Attempts to 
further oxidize the Te(I1) species at a graphite elec- 
trode were unsuccessful. 

Discussion 
The potential between selenium and lithium elec- 

trodes, using literature data for lithium (11) and the 
result of the present study for selenium, is 2.2V at 

450°C. This is in good agreement with the open-cir- 
cuit potentials of 2.3-2.4V obtained from the Li/Se 
secondary cell between 350" and 400°C (7) and im- 
plies that at  nearly full charge the selenium electrode 
potential of that cell may well be determined by solu- 
ble Se= in the electrolyte rather than electrode com- 
position. The free energy of the reaction 2Se(l) + Cle 
-* SepClz(g) can be estimated as -11 kcal/mole from 
the voltammetric curves. No literature data could be 
found with which to compare this value; it seems rea- 
sonable, however, as it is similar to that for the forma- 
tion of gaseous S&lz (1). 

The Li/Te secondary cell is reported (4,6) to have 
an open-circuit voltage of 1.7-1.8V which is in agree- 
ment with the value of 1.9V obtained from the 
voltammetric curves of the present study. 

There is a significant point raised in the present 
work related to lithium-chalcogen cells. Clearly, a 
soluble selenide species determines the potential of 
the selenium electrode under the conditions of the pres- 
ent study. Such a species, whether Se= or Li2Se, can 
be expected to be present in Li/Se cells (6) and to 
diffuse to the lithium electrode if cell construction so 
permits. This will lead to reduced cell efficiency and 
eventual cell failure. The problem appears less sig- 
nificant in the Li/Te system due to lower solubility of 
the species produced. 
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Kinetics of the Hydrogen Evolution Reaction on Titanium 
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ABSTRACT 

The kinetics of the hydrogen evolution reaction on titanium in sulfuric 
acid solutions between pH 0.25 to 2.25 have been investigated. The Tafel slope 
of the HER was 150 mV at all pH values, and the electrochemical reaction 
order was 0.6 with respect to the hydrogen ions. The corrosion potential 
varied negligibly with pH;, @,log i,,da pH) = -0.57; (a log &/a pH) = -0.23. 
If it is assumed that a thin inc~pient oxide film covers the surface of active 
titanium, a mechanism for the HER based on Temkin adsorption behavior, 
electrochemical desorption as the rate-determining electrode reaction step, 
and the dual barrier model is consistent with the experimental results. 

There have been a number of investigations of the 
hydrogen evolution reaction (HER) on titanium in 
aqueous solutions. However, a mechanistic study of -mo 

the HER on titanium has not been reported thus far. 
Hackerman and Hall (1) reported an HER Tafel 

relationship of q' = 1.30 + 0.154 log i, volts, for titan- L 
ium in sodium chloride solutions. Straumanis et al. (2) X 
and Andreeva (3) obtained HER Tafel slopes of 175 : .m 
and 160 mV for titanium in 0.5N and 40% HYSO~, re- g 
spectively. Kolotyrkin and Petrov (4)  observed the A 

Tafel behavior of 9' = 0.82 + 0.135 log i, volts, and a E 
first order dependence on the concentration of hydro- ? 
gen ions for the HER on titanium in sulfuric acid ' .lm 
solutions. Petrenko (5) and Artemova (6) obtained 
Tafel relationships of q' = 0.97 + 0.119 log i and 
9' = 0.97 + 0.135 log i, volts, for titanium in 2N H2SO4, -tm 

respectively. + 113 

This work is an investigation of the kinetics and 
mechanism of the HER on titanium in sulfuric acid ,j= ~d 10' 16' ,t2 

solutions of pH ranging from 0.25 to 2.25 at room tem- CURREMT DENSITY I./ CY'I 

perature. Experimental details have been given else- Fig. 1. Cathodic polarization curves of titanium in H2SOI 
where (7). 

Results 
Figure 1 shows the results of the cathodic polariza- 

tion of titanium in sulfuric acid solutions. The HER 
Tafel slope was 150 mV for all pH values. It should be 
observed that deviations from the Tafel behavior oc- 
curred at about -1.OV vs. SCE for all pH values. At 
more active potentials, the current density was greater 
than the value obtained by extrapolating the Tafel 
line. This behavior suggests the possible commence- 
ment of a second reduction process. 

As shown in Table I, the corrosion potential did not 
vary significantly with the pH. The corrosion current 
at each pH was determined by extrapolating the Tafel 
line to the corrosion potential. These values and the 
exchange current densities are also given in Table I. 

Figure 2 is a cross plot of the data in Fig. 1. The log 
i vs. pH lines at constant potential +, in the Tafel re- 
gion, are all parallel with slope 

Similarly, the + us. pH lines at constant current i, in 
the Tafel region, are all parallel as shown in Fig. 3. 

The dependence of the exchange current of the HER 
on the pH is given in Fig. 5 and shows that 

d log i, -- - -0.23 
~ P H  

Values of the Tafel slopes and the exchange current 
densities for the HER obtained in this investigation 
are comparable to the values reported by other in- 
vestigators (1, 2, 4-6). The corrosion rates are in rea- 
sonable agreement with the values reported by Mill- 
away (8) .  

In the Tafel region, the rate of the HER can be ex- 
pressed as 

-uF$ 
i = La"+" exp (F) 

where k is the rate constant, a n t  is the activity of the 
hydrogen ions, a is the over-all transfer coefficient, 
and n is the electrochemical reaction order with re- 
spect to the hydrogen ions. The over-all transfer co- 
efficient, a = 0.4, is determined from the cathodic Tafel 
slope of 150 mV. The slope of the curves in Fig. 2 

The slopes were 
Table I. Cathodic parameters of titanium in H2S04 ($)i = -90 mV [21 

Active corro- Tafel Corrosion Exchange 
sion Potential, slope, current. current. &A/ R, x 10-3. 

Figure 4 gives the dependence of the corrosion current PH mV us. SCE mV pA/cmr. cm. x iw o h m - C ~ Z  
on the pH of the solution and shows that 

a log icorr 
0.25 -680f10 150 9.0k0.7 15.4f1.2 4.0fO.S 

= -0.57 0.50 -675 150 6.0 13.5 
131 0.90 -610 

5.1 
~ P H  

150 3.4 11.5 
1.00 -665 

8.0 
150 2.9 10.5 

1.35 -676 
11.0 

150 2.0 8.8 14.0 
Electrochemical Soctety Active Member. 1.65 -675 150 1.4 7.5 23.0 

Key words: hydrogen evolution, titanium. kinetics, corrosion, 1.90 -680 150 1.0 6.5 34.0 
Temkin isotherm, dual-barrier. 2.25 -665 150 0.6 5.5 51.0 



Vol. 117, No. 5 KINETICS OF THE HER ON Ti 

Fig. 2. Plot of logarithm of current density vs. pH in the Tafe l  
region of the HER. 

05 1.0 1.5 z.0 25 
m 

Fig. 3. Plot of potential vs. pH in the Tafel region of the HER 

gives the reaction order 

a log i 
n = - ( -  = 0.60 

~ P H  $ 

Equation [5] shows that ( a $ / a ~ H ) ~  = -2.303 R T / F  
n /= = -90 mV which agrees with the experimental 
value of Eq [2]. The equation for the exchange cur- 
rent density can be obtained from Eq. [5] 

It follows from Eq. [7] and the Nernst equation, +, = 
-2.303 R T / F  log a ~ +  that io = ka~+"-=.  Thus 

a log i, -- - -0.20 
apH 

which is in good agreement with Eq. 141. The equation 
for the corrosion current can also be obtained from 
Eq. [51 

iearr = k a ~  + n exp ( 4 ) [91 

Fig. 4. Dependence of corrosion current on pH 

pn 

Fig. 5. Dependence of the HER exchange current on pH 

From Eq. 191, the pH dependence of the corrosion cur- 
rent can be determined 

a log icorr aF a$corr 
=-n+- - 

apH 23RT ( dpH ) [lo] 

Since it has been shown that a+corr/c3pH - 0 

a log i,, - - n  = -0.60 
aPH 

[ I l l  

and this value agrees well with Eq. [31. 
Since a single anodic process and a single cathodic 

process can describe the corrosion of titanium in sul- 
furic acid, the polarization current can be expressed as 

. . 4% 
= z-r [ex. (= ) - exp (=)I 

where a, and a, are the over-all transfer coefficients 
of the anodic and cathodic processes, respectively, and 
11 = $ - $corr From Eq. [12] the relation between the 
polarization resistance, R,, and the corrosion rate, i,,,,., 
can be determined ( 9 )  

Figure 6 shows a linear plot of ($ - +,,,,) us. the ap- 
plied current for titanium in sulfuric acid of various 
pH values. The slope of each curve is the polarization 
resistance which is given in Table I. A plot of log 
R,  us. log i,,,, is shown in Fig. 7. It is seen that a 
slope of -1 correlated the data well. The polarization 
resistance-corrosion current values were comparable 
to those values obtained for a number of different 
metals as shown in Fig. 5 of ref. (10). 

The R ,  - i ,,,, data and a, = 0.40 indicates that 
a,  =0.44. Thus, an anodic Tafel slope of 136 mV for 
titanium electrodissolution can be estimated. 

Equation [5] can be expressed as 
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Fig. 6. Linear plot of ($-$corr) vs. current density. Same sym- - bols as in Fig. 1. 

Fig. 7. Log, polarization resistance (ohm cm') vs. log corrosion 
current (A/cm-2). 

icorr = ka13 t " exp ( -"fP ) 1141 

Equations [13] and [14] can be used to express the 
pH dependence of the polarization resistance as shown 
in Eq. [15] 

a log Rp 
-= 

~ c F  a$c~rr n + ------ - 
~ P H  2.303RT ( apH ) [I51 

Since it has been shown that a$,,,,/apH 0 

a log Rp - - n = 0.60 
~ P H  

Figure 8 shows a plot of log R ,  us. pH. The slope of 
the straight line which best fits the experimental 
points is 0.57 and agrees well with Eq. [16]. The slope 
of Fig. 8 is also consistent with the results given in 
Eq. [3]. The above analysis has shown that the ex- 
uerimental results of this investigation are self-con- 
&tent. 

The rate of the HER on titanium in sulfuric acid 
between pH 0.25 to 2.25 can be expressed by the 
equation 

i = k a ~  t o . G  exp ( )  I l l ]  

Figure 9 shows the results of the measurements of 
the differential capacitance of titanium in pH 0.25 solu- 
tions as a function of potential. At potentials more 
negative than the active corrosion potential, the ca- 
pacitance decreased with decrease in potential. A mini- 
mum capacitance value is attained at approximately 

vH 

Fig. 8. Dependence of the polarization resistonce on p H  

.I 

e0 ' -A ' ' -9;O ' -I& ' -#!A0 ' -tic4 
POTENTIAL , mY r. S C  L.1 

Fig. 9. Differential capacitance of titanium in IN Hz504 as a 
function of potential. 

-1.OV. The capacitance increased again with further 
decrease in potential. 

Discussion 
The reaction steps in the HER which are generally 

considered are Eq. [la], [19], and [20]: 

and 
H+ + H,,I, + e- + He [I91 

A detailed account of the mechanisms of the HER on 
metals, assuming the applicability of the Langmuir 
isotherm for the adsorption of hydrogen atoms, is 
given by Bockris (11).  Parsons (12),  Thomas (13) ,  
and Conway and Salomon (14) have considered the 
kinetics of the HER using the Temkin isotherm for 
the adsorbed hydrogen atoms. 

The experiments of Tomashov et al. (15) show that 
a mixed oxide film of Ti02 and Ti203 is present on 
the surface of passive titanium. The thermodynamic 
data of these oxides indicate their possible presence 
even on active titanium in the Tafel region of the HER 

Ti + 2H20 = TiOz + 4Ht + 4 - ;  
$0 = - 1.100V us. SCE [211 

and 
2Ti + 3H20 = TisOa + 6H+ + 6e-; 

$0 = - 1.405V us. SCE [221 

The presence of other titanium oxides are also pos- 
sible in the HER Tafel region, and it is surmised that 
in this region a thin oxide film is always present on 
the surface of titanium. 

Meyer (16) has utilized a dual barrier model to 
develoo electrode kinetic eouations for metals covered 
with thin oxide films. ~ e y &  (16, 17) and Posey et al. 
(18) interpreted the kinetics of reduction reactions on 
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zirconium and passive steel, respectively, in terms of 
the dual barrier model. MacDonald and Conway (19) 
used this model to analyze the kinetics of the oxygen 
evolution reaction on gold. The electrode reaction rates 
for this model are dependent on the potential across 
the oxide film, $r, and across the double layer in the 
electrolyte, $4. Thus 

$ = h + $ d  1231 

The rate of electron transport through the thin oxide 
film can be described by Eq. [24] 

where ar is the transfer coefficient for the electro- 
migration of electrons in the film and kf is the film 
rate constant. It is assumed that the charge transfer 
across the film and the electrolyte double layer are 
both rate determining. Analysis has shown that ex- 
perimental data is consistent with the electrochemical 
desorption step, Eq. [191, as the rate-determining step 
for the HER and with Temkin behavior for adsorbed 
hydrogen atoms. For this case 

Equations [24] and [25] lead to Eq. [26J 

Expressions for the reaction order and the HER Tafel 
slope can be determined from Eq. [261 

A second feasible explanation of the nonlinearity 
in the $-log i curve is the possible titanium hydride 
formation from the hydrated oxides Tip03 and TiO?, at 
about -l.OV, as indicated by calculations based on 
thermodynamic data obtained from Pourbaix (22,23) 

Ti203 + 10H+ + 10e- = 2TiHz + 3Hz0; 
$O = - 1.027V US. SCE [29] 

Ti02 + 6H+ + 6e- = TiHz + 2H20; 
$O = - 0.910V us. SCE [30] 

It should be noted that Pourbaix's calculations (22) 
were based on the standard free energy of formation of 
titanium hydride reported by Baymakov and Lebedev 
(24), AGIO (TiH2) = 10.00 kcal/mole. On the other 
hand, thermodynamic data reported by Stalinski and 
Bieganski (25) indicate a value, AGp (TiH2) = -20.6 
kcal/mole. Based on the latter value, the standard 
potentials of TiHp formation from Ti203 and Ti02 are 
as follows 

Ti20a/TiHz; = - 0.764V US. SCE [311 

TiOz/TiHz; $O = - 0.692V us. SCE [321 

It is also seen that, at approximately - l.OV, a mini- 
mum in the differential capacitance of titanium in 1N 
HpS04 occurred as shown in Fig. 9. The potential of 
zero charge of titanium, -942 mV us. SCE, was cal- 
culated from the work function by Petrenko (5). At 
present, no significance is attached to this apparent 
agreement between the potential of the capacitance 
minimum and the calculated potential of zero charge. 
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By substituting the experimental values, n = 0.60 and 
a+/alog i = 150 mV, one obtains = 0.67 and p = 0.5. LIST OF SYMBOLS 

These derived values indicate that a mechanism con- aH +(  hydrogen ion activity 
sistent with the experimental results of the HER on F' 5,"~,",d,"{~,"$:~tA/cm2 titanium in sulfuric acid can be based on Temkin ad- ;b, exchange current density for HER, ~ / ~ ~ z  
sorption, electrochemical desorption as the rate-deter- ieorr, corrosion current density, A/cm? 
mining electrode reaction step, and the dual barrier k ,  rate constant in Eq. [5] 
model. k', rate constant in Eq. [25] 

Bockris and Srinivasan (20) present a plot of log i, k", rate constant in Eq. [26] 
of the HER us. the work function of metals. This plot kr, film rate constant in Eq. 1241 
shows that the metals fall into three groups, those with n, electrochemical reaction order with respect to 
high hydrogen overpotentials, medium hydrogen over- hydrogen ion 
potentials, and low hydrogen overpotentials. The rate- R~ gas 'Onstant 
determining step for the HER on these three groups R"* Ohm cm" 
of metals was ascribed to be ion discharge, electro- T' OK 

over-all charge transfer coefficient 
chemical desorption, and recombination, respectively. a,'", anodic charge transfer 
This correlation shows that titanium is included in the , cathodic charge transfer coefficient 
medium hydrogen overpotential group, that is, the ar, charge transfer coefficient for electromigration 
electrochemical desorption step is the rate-determining of electrons in film 
step which is in accord with- the analysis of the ex- 8, charge transfer coefficient for electrochemical 
perimental results of this work. In t h e  present study, desorption step, Eq. [I91 
the values of log io for the HER on titanium in HISO, (fi - *corr)> V 
were between -7.8 to -8.3 for solutions of pH be- 9'1 overpotential (* - * , ) I  

tween 0.25 and 2.25 which is in good agreement with co"osionpotential~ 
the data used in the correlation reported by Bockris ,"t","h~ab~~2,"t",22,"ip"~tf,"~t~3 
and Srinivasan (20). $(I, potential across double layer 

It was observed in the polarization of titanium in ~otential  across oxide film 
sulfuric acid that. at a~~rox ima te lv  -1.OV. deviations 
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Gold Electrodes in situ 
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ABSTRACT 

Multiple specular reflection has been used to examine the gold electrode 
in acid and alkaline solutions. Reflectivity-potential and linear sweep voltam- 
metry curves have been recorded simultaneously. The wavelength depen- 
dence indicates that reflectivity changes with potential arise principally be- 
cause of the interaction of the d-c electric field at the interface with the 
internal photoelectric effect in gold corresponding to a 5d -r 6s band transi- 
tion. The results demonstrate that multiple specular reflection techniques are 
particularly well suited to in situ studies of the specific adsorption of ions, 
the formation of mono- and polylayer oxides, and the Faraday adsorption of 
ions such as lead and cadmium to form monolayers of these metals on gold. 

Substantial interest has been expressed by electro- 
chemists recently in the use of optical techniques for 
the examination in situ of electrode-solution inter- 
faces. Ellipsometry and reflectance measurements 
have received the principal attention. 

The purpose of this publication is to demonstrate 
how a simple multiple specular reflection technique 
can be used to obtain interesting information concern- 
ing adsorption phenomena, oxide formation, and the 
electronic properties of metal electrode surfaces. 
McIntyre (1)  also has called attention to the suitability 
of specular reflection methods for in situ studies of 
adsorption and the formation of various layers. Holden 
and Ullman (2)  have used specular reflectance to 
study anodic film formation interferometrically. Walter 
(3,  4) has used a grazing-angle specular reflection 
technique for in situ examination of electrode surfaces. 

Gold electrodes were chosen for study not only be- 
cause of their importance to electrochemistry but also 
because of the marked wavelength dependence of 
reflectance in the visible portion of the spectrum. An 
internal photoelectric effect (5-7) involving a 5d + 6s 
band transition (Ljz -, Lz) leads to an edge in the 
optical reflectivity at approximately 2.3 eV or 5500.4. 
This transition should be sensitive to the interaction 
of surface orbitals with adsorbed species and the 
electric field at  the interface. The plasmon excitation 
in gold is at -8 eV, far in the vacuum ultraviolet. 

Apparatus and Experimental Procedure 
The measurement cell (Fig. 1) consisted of two flat 

gold electrodes mounted parallel with a 2-mm separa- 
tion and backed by glass plates. These electrodes were 

connected in parallel and a third gold electrode (E in 
Fig. 1) was used as the counterelectrode in a com- 
partment separated from the main compartment by a 
fritted glass disk. The potential of the parallel working 
electrodes was measured relative to a saturated 
calomel electrode in a separate vessel connected by a 
Luggin capillary whose tip was placed near the center 
of the parallel gold working electrodes but outside of 
the optical path. This arrangement is satisfactory pro- 
vided the current density on the working electrodes is 
sufficiently small for no appreciable ohmic drop to 
occur in the electrolyte between them. Such was true 
for all of the work reported here with the exception of 
the cathodic peak associated with oxide reduction. 

This cell was not gas tight and hence should be 
considered a preliminary model. Air-saturated solu- 
tions were used rather than having the solutions con- 
taminated with some unknown amount of 0 2  from the 
air. The electrolyte solutions were prepared from 

Fig. 1. Schematic diagram of specular reflection electrochemical 
cell. A, reference electrode (SCE): 0, gold plates (working elec- 
trode). Electrochemical Society Active Member. 
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high-purity reagent grade chemicals and triply dis- 
tilled water. The HC104 and HeSO, solutions were pre- 
electrolyzed with gold electrodes. The NaOH solutions 
were not pre-electrolyzed and hence were contami- 
nated with iron and other species. 

The flat gold plates used as working electrodes were 
99.99% pure, 0.5 mm thick, 25 mm high, and about 40 
mm in length. They were polished on a flat glass plate 
with 5p alumina grinding powder followed by 0.3r 
chromic oxide grinding powder. After final polishing, 
the plates were cleaned with acetone, hot sodium 
hydroxide-ethanol mixture, and pure concentrated 
nitric acid, and finally rinsed with triply distilled 
water. 

A monochromatic beam from a Beckrnann DU spec- 
trophotometer with a tungsten source was passed 
through the optically flat cell windows (Fig. 1) into 
the electrolyte and externally reflected approximately 
20 times between the working electrodes at an angle 
of incidence near 50". The reflected light was de- 
tected by a photomultiplier (RCA 1P28) and the 
signal then amplified with a chopper amplifier (Beck- 
mann Model 5800) and fed to an X-Y plotter (Mosley 
Model 7000A) on which was also displayed the po- 
tential of the parallel gold electrodes us. the reference 
electrode. The linearity of the photomultiplier-ampli- 
fier system with respect to optical intensity was 
checked by comparison with the detection-readout sys- 
tem ordinarily used with the Beckmann DU spectro- 
photometer. No polarizer was used in the optical 
system, but after a few specular reflections from the 
gold the light became plane polarized perpendicular 
to the plane of incidence. 

Linear sweep cyclic voltammetry curves were re- 
corded simultaneously on a second X-Y plotter in the 
usual manner with a Wenking potentiostat and Hew- 
lett-Packard function generator (Model 3300A) at 
voltage sweep rates normally between 33 and 100 
mV/sec. All potentials in this paper are relative to the 
saturated calomel reference electrode. The tempera- 
ture was 22"-23°C. 

Results 
A typical reflectivity-potential curve at 5400A and 

corresponding linear sweep voltammetry curve are 
given in Fig. 2 for a 0.2M HClO4 solution. Small vari- 
ations occur in the reflectivity and reflectivity de- 
pendence on potential from sample to sample, depend- 
ing on the quality of the surface finish, but the shapes 
of the curves are invariant. Specific adsorption effects 
should be relatively small in this solution. The re- 
flectivity-potential curve consists of two regions: linear 
characterized by slight hysteresis; and nonlinear cor- 
responding to formation of an oxide layer and charac- 
terized by large hysteresis. Formation of stable gold 
oxide begins at about +l.lV on the anodic sweep 
branch (8-12) and at the same potential the reflectivity 
begins to decrease rapidly. The over-all decrease in 
Fig. 2 amounts to about 1% per single reflection. 
During the reverse potential sweep the reflectivity 
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Fig. 2. Relative reflectivity change-potential (-) and current- 
potential (- -) curves of the gold electrode in O.2M HClO4 a t  
22°C. Potential sweep rate, 108 mV/sec; wavelength, 54002~; 
electrode area, 23 crn2; incident angle, 50". 

remains constant until the oxide layer starts to be 
reduced at about 1.OV. The large peak in the cathodic 
sweep in the voltammetry curve at 0.98V is attributed 
to the reduction of the oxide. Similar reflectivity-po- 
tential curves were obtained at all wavelengths (4800- 
8000A) in both HC104 and solutions, although 
at wavelengths longer than 6000A the plots showed 
some curvature in the region from 0 to 1.OV. 

In Fig. 3 are superimposed the curves for the po- 
tential dependence of charge and reflectivity changes 
associated with formation and reduction of the oxide 
layer in 0.2M Hc10.1. The charge-potential curve was 
obtained by integrating the voltammetry curve of 
Fig. 2. The reflectivity changes plotted in this figure 
correspond to the difference between the observed 
relative reflectivity in Fig. 2 and the value obtained by 
a linear extrapolation of the reflectivity change-po- 
tential curve recorded while scanning anodically in the 
potential range 0-1.OV. The two curves, including the 
hysteresis effects, correlate fairly well providing fur- 
ther evidence of the formation of the oxide layer and 
the attending reflectivity changes. At more anodic 
potentials in Fig. 3, the oxide layer is certainly more 
than a monolayer. Curves similar to those given in 
Fig. 3 have been obtained in 0.5M NaOH. Both the 
reflectivity and charge curves in Fig. 3 may be some- 
what distorted by IR drop within the solution and 
nonuniform current distribution on the electrode sur- 
faces. 

The reflectivity change-potential curve in Fig. 3 
resembles corresponding plots of the relative ampli- 
tude and phase retardation us. potential obtained by 
Sirohi and Genshaw (12) from ellipsometric measure- 
ments on gold at 5500 and 6328A in acid solutions at 
potential steps of 0.1V. 

The relationship between the change in reflectivity 
and the extent of oxidation of the surface has been 
further examined by recording simultaneously the 
change in reflectivity and the charge passed as a 
function of time when the potential is stepped from a 
value just below that at  which oxide starts to form 
(0.96V) to a value sufficient to form a multilayer oxide 
(e.g., 1.20V). The plots of the change in reflectivity us. 
charge associated with formation of oxide indicate 
two linear regions (Fig. 4) with the change in slope 
occurring at -500 pcoul/cm~, which probably corres- 
ponds to the completion of monolayer coverage. 

The reflectivity-potential and voltammetry curves 
for an alkaline solution are shown in Fig. 5. The 
presence of oxygen in the solution contributed waves 
associated with the 02-H02- couple in the anodic and 
cathodic sweeps at potentials in the range 0 to -0.20V. 
The hysteresis in this potential range is probably 
caused by this couple. In contrast to the results in acid 
solution at wavelengths shorter than 6000A, the non- 
oxide portion of the reflectivity-potential curve in 
NaOH solution is no longer characterized by a single 
linear region but rather appears to consist of two 
approximately linear portions intersecting at about 
-0.40V for the sweep in either the anodic or cathodic 
direction. This potential value corresponds to the point 
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Fig. 3. Relative reflectivity change-potential (-a7) and 
charge-potential (-0-1 curves for the formation of gold oxide 
layer obtained in O.2M HC104. Conditions same as for Fig. 2. 



of zero charge (pzc) reported by Eyring and co- 
workers (13) for gold in NaOH solutions. According 
to these workers, the pzc for gold in the 0.2M HClO., 
solutions used for the measurements in Fig. 2 is ap- 
proximately -0.05V which is more cathodic than the 
voltage regions scanned in this figure. 

To obtain further information on the relation of the 
reflectivity to the pzc, iodide ions were added to 0.5M 
NaOH solution (Fig. 6). The specific adsorption of 
I -  shifts the pzc to more negative values. The po- 
tential (EA) of the intersection of the two linear 
portions of the reflectivity-potential curves is likewise 
shifted. A plot of E A  US. log CI- is given in Fig. 6. 
Linearity is expected on the basis of the Esin-Markov 
effect (14). Three points in the semilog plot in Fig. 6 
fall on a straight line with a slope of -O.O6OV/decade. 
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rates of change of the-reflectivity with respect to 
potential expressed in per cent [ ( 100/R) (dR/dE) 1 
evaluated at  0.27V and +0.70V at  0.2M HClO4. The 
slopes are the same at  these two potentials for 
). L 5500A since the reflectivity-potential plot is 
linear in this region. Also plotted in this figure is the 
change in reflectivity associated with the formation 
of the oxide at a potential of +1.20V (taken as the 
distance X-Y in Fig. 2). The maxima in all three 
curves occur at 5500A where the reflectivity of gold 
changes rapidly due to the 5d + 6s band transition 
(see insert drawing in Fig. 7). This implies that the 
maximum in these curves is caused by the rapid 
change in reflectivity of the gold. Feinleib (17), using 
an a-c modulation technique obtained a peak at the 
same wavelength in his electrochemical reflectance 
studies of gold. The slopes plotted in Fig. 7 corres- 
pond to the a-c signal obtained by Feinleib, who used 
a modulation potential of 2V which probably encom- 
passed the linear region of Fig. 2, the oxide region, 
and perhaps the Hz evolution region. Thus the quanti- 
tative significance of his results is in doubt. 

Some of the small hysteresis observed in Fig. 6 may 
be associated with the slow adsorption-desorption of 
I-. 

The sensitivity of the reflectivity curves to the pzc 
and specific ionic adsorption cannot be readily ex- 
plained on the basis of the dependence of the re- 
flectivity on the refractive index of the ionic double 
layer. The calculations of Stedman (15) and Prostak 
and Hansen (16) have shown that such effects should 
be too small to cause changes in the reflectivity of the 
magnitude observed in the present work. 

Fig. 6. Effect of iodide ions on the reflectivity-potential curves 
of gold: (a) in 0.5M N a O H  and the shift of the potential of inter- 
section of the two linear regions (En) with iodide concentration 
(b). Wavelength, 5600A; other conditions same as in Fig. 5. 
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The adsorption of ions on the electrode surface, 
however, can produce changes in the charge on the 

Fig. 4. Relative reflectivity changes vs. charge associated with metal surface and the penetration of the electric 
oxide formation in 0.1M HrS0.l a t  22°C. Wavelength, 6750A; po- field into the surface of the metal. These in turn 
tential, + 1.2OV re SCE. would lead to changes in the carrier concentration in 

the surface of the metal as well as to changes in the 
photon energies required for the 5d + 6s band transi- 
tion. Both of the effects would produce a change in 
the complex refractive index and hence the reflectivity 
of the interface. 

The wavelength dependence of the reflectivity at  
: various potentials provides further insight into the 

mechanism by which reflectivity changes with change 
in electrode potential. The wavelength dependence of 
the reflectivity, however, could not be recorded di- 

- 8 0 0  - 4 0 0  0 4 0 0  
5 rectly at  given electrode potentials because the in- 

POTENTIAL I ~ V I  re SCE tensity of the light reaching the photomultiplier 
Fig. 5. Relative change in reflectivity-potential (-) and current- changes far too with after the 

( - - )  curves of gold in 0.5M N o O H  a t  22°C. Potential large number of reflections in the present 

sweep rate, 104 mV/rec; wavelength, 5400A; exposed electrode ~ ~ ~ ~ ~ p ~ , " f " ~ ~ ~ , " e t ~ C ~ ~ t ~ ~ ~ ~ ~ ~ ~ h C , d , " , " , " , " ~ C ~ e , " ~  
area, 23 cm" incident angle, 50"; number of reflections, 18. examined instead. In Fie. 7 are  lotted the relative 

4 0 0 0  6 0 0 0  8 0 0 0  
WAVELENGTH 1111 

Fig. 7. Wavelength dependence of reflectivity change. Curve A, 
(l/R) fdRldEl a t  E = +0.27V re SCE. Curve B, (1/R) fdR/dEJ a t  
E = +0.78V re SCE. Curve C, relative reflectivity change (X-Y in 
Fig. 2) for oxide formation. Conditions same as for Fig. 2. Insert 
figure, reflectivity of gold in air (17). 
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The relative slope us. wavelength plot for +0.27V in 
Fig. 7 indicates that the effects of potential become 
relatively small at wavelengths remote from the maxi- 
mum. Even when these relative slopes are converted 
to absolute values by multiplying by the absolute re- 
flectivity, the absolute slope for +0.27V still passes 
through a pronounced maximum at 5500A. This means 
that the principal effect of changing the electrode 
potential on the reflectivity-wavelength curve at po- 
tentials from 0 to -+0.4V is to translate the curve 
along the wavelength scale with the change in re- 
flectivity negligible at wavelengths shorter than the 
threshold for the 5d + 6s band transition. The direc- 
tion of the shift along the wavelength scale indicates 
that the photon energies required for the transition 
become lower with increasing anodic potential. Such 
a decrease in the minimum photon energy required 
for this transition is in accord with the idea that the 
transition is from the top of the 5d band to the Fermi 
level and that the top of the 5d level bends upward 
(higher energy) at the surface, while the Fermi level 
is relatively invariant. 

Prostak and Hansen (16) calculated the change in 
reflectivity for the gold-electrolyte (1M KC1) interface 
assuming a 0.5A thick surface layer in the metal 
phase in which the optical constants have been modi- 
fied by an amount equivalent to a photon energy of 
0.1 eV due to penetration of the electric field into the 
metal. By applying Maxwell's equations to a three- 
layer structure, these authors obtain a change in re- 
flectivity (100 lR/R) at normal incidence of 0.07% at 
5500A, compared with a value of (l/R)dR/dE = 0.3%/ 
V per reflection observed at this wavelength in the 
present work at  an angle of incidence of 50" for an 
applied potential +0.27V. The four-fold discrepancy 
is not surprising since the comparison is valid only 
if the penetration depth is 0.5A and 10% of the 
change in applied potential occurs within this layer, 
aside from the difference in angle of incidence. The 
calculated change in reflectivity should be larger for a 
deeper penetration and for a larger electric field within 
the metal. Therefore, the experimental values appear 
reasonable in terms of a model involving the pene- 
tration of the field into the metal to a depth of the 
order of 1A. 

The shift in the slope of the linear portion of thc 
reflectivity-potential curve associated with passing 
through the pzc can be explained on the basis of a 
change in the fraction of the applied electric field 
which penetrates into the metal surface. Such a change 
in the distribution of the potential at the interface is 
certainly to be expected when the ions predominating 
in the plane of closest approach to the electrode 
surface are changed from anions to cations and the 
solvent dipoles at the interface probably reorient. 

The maximum in the curve in Fig. 7 corresponding 
to the reflectivity change for the oxide can be inter- 
preted in terms of a shift in the threshold frequency of 
the 5d + 6s band transition resulting from the inter- 
action of the oxide ions with the surface orbitals of 
the metal. An alternate view of the same phenomenon 
is that the local field produced by the oxide ions pene- 
trates into the metal phase thus shifting the threshold 
frequency of the 5d + 6s transition. The decrease in 
reflectivity caused by the oxide, however, persists at 
longer wavelengths (see Fig. 7) and hence the reflec- 
tivity is decreased by some other mechanism at longer 
wavelengths. One possibility is a change in carrier 
concentration and mobility in the surface layers of the 
metal due to the local field of the oxide ions. 

Various workers (12, 18-20) have proposed that the 
chemisorption of an oxygen species; i.e., AuO or AuOH, 
occurs on gold at potentials more cathodic than those of 
oxide layer formation. Sirohi and Genshaw (12) have 
explained the changes in phase retardation and ampli- 
tude in their ellipsometric studies of gold at relatively 
cathodic potentials in terms of the chemisorption of 
an oxygen species, which modifies the optical constants 
of the metal phase. Without some kind of relatively 

slow adsorption-desorption process, these authors find 
it difficult to explain the observed time dependence. 

Unfortunately the present results do not provide 
strong evidence for or against such chemisorption at 
potentials cathodic to the oxide region although it 
may cause the curvature noted in the reflectivity- 
potential curves in the potential range +0.3 to 1.OV at 
).>6000A. Why this curvature is not evident at shorter 
wavelengths remains to be explained. 

The Faradaic adsorption of lead and cadmium on 
the gold electrodes has been examined using the 
present apparatus. Lead or cadmium ions strongly 
adsorb on gold at far more positive potentials than the 
standard electrode potentials of these ions (21, 22). 
Reflectivity-potential and current-potential curves for 
gold in 0.2M HC104 containing 5 x 10-4 M P b 2 t  are 
shown in Fig. 8. The Faradaic adsorption and desorp- 
tion peaks for Pb occur at +0.10V in the voltammetry 
curve. The surface concentration of adsorbed Pb esti- 
mated from the area under the voltammetry peaks 
corresponds to 400 ac~u l /~m2 ,  providing further evi- 
dence for monolayer formation. The reflectivity-poten- 
tial curve shows a marked change on adsorption or de- 
sorption of the lead atoms and is quite wavelength- 
dependent (Fig. 9) .  At shorter wavelengths, e.g., 5000A, 
the reflectivity increases on the formation of the Pb 
monolayer, whereas at longer wavelengths, e.g., 7500A, 
the reflectivity decreases. A similar situation has been 
found with cadmium (Fig. 9).  

The wavelength dependence of the change in re- 
flectivity attending the formation of lead and cadmium 
monolayers remains to be explained but is not sur- 

0 BOO 1600  
POTENTIAL I m V I  re SCE 

Fig. 8. Relative change in reflectivity-potential and current-po- 
tential curves for gold in the presence of Pb+Vons.  Electrolyte: 
5 x 10-4M Pb2+ + 0.2M HCIO4. Potential sweep rate, 105 mV/ 
sec; wavelength, 5200A; other conditions same as for Fig. 6. 

POTENTIAL I m V I  re SCE 

Fig. 9. Relative change in reflectivity-potential curves at  various 
wavelengths in the absence of Pb2+ or Cd2+. Electrolyte: curves a, 
a'; 5x10-4M PbZt + 0.2M HC104. Curves b, b'; 1x10-"M CdZt 
+ 0.2M HCIO4. Potential sweep rote, 105 rnV/sec; other conditions 
same as for Fig. 2. 
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prising since a monolayer of foreign metal atoms on 
the gold surface has specific electronic and hence 
optical properties. This wavelength dependence should 
provide an important tool in studying the electronic 
properties of such monolayers. 

The work reported here is preliminary. It has dem- 
onstrated, however, that specular reflection techniques 
can be used to: (i) establish the point of zero charge 
for solid metal electrodes, (ii) follow adsorption and 
desorption, and (iii) obtain information concerning 
the surface electronic properties of metal electrodes 
and the penetration of the electric field into the metal 
phase. 
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Galvanostatic Overpotential Transients 

and Electrocrystallization Processes on Copper Single Crystals 

in Solutions of Cupric Perchlorate 

L. H. Jenkins* 

Solid State Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 

ABSTRACT 

Overpotential transients have been measured on copper single crystal sur- 
faces oriented (loo), (1101, (Ill), and (321) undergoing galvanostatic dis- 
solution or deposition in acidic solutions of Cu(C104)2. In the current density 
range 1-400 pA/cm2 it is shown that maximum values observed in over- 
voltage-time relationships respond to analytical treatment. For the (100) and 
(110) the anodic and cathodic overpotential maxima us. current density 
relationships were symmetric about the equilibrium point, but not for the 
(111) and (321). From plots of certain functions of overvoltage maxima vs. 
current density, orientation sensitive quantities similar to exchange current 
densities could be calculated. At the low and intermediate current densities 
it was established that a "deposition anomaly" was observed on all orienta- 
tions. Deposited material did not seem to occupy crystal lattice positions, and 
moreover, affected subsequent anodic overpotential-time relationships in a 
manner related to the extent of the deposition. In situ photomicrography and 
goniometric observations were used to determine the orientations and rates 
of facet development on the various surfaces when subjected to long term 
deposition or dissolution, and these results are discussed in terms of the rela- 
tive ease of movement of monatomic steps over the various orientations. A 
model is proposed of a sequence of events on the surface and in the diffusion 
layer which provides a self-consistent explanation of all the experimental data. 

The behavior of copper serving as electrodes in trode surfaces. Also, Shanefield and Lighty (3) have 
acidic solutions of cupric perchlorate have previously observed the changes in growth forms on copper (100) 
been studied by Piontelli, Poli, and Serravalle (1) and surfaces produced by electrodeposition from cupric 
by ~ ~ ~ k ~ i ~  and E~~~ (2). A~~~~ other things, both perchlorate solutions containing various impurities. 
studies attempted to relate kinetic parameters of the The rep0rt Of PiOntelli et data 
systems to structural characteristics of various copper single crystal surfaces oriented (lo"), (110), 

and (111) in which the "quasi-steady" ovemoltages 
Electrochemical Society Active Member. observed under galvanostatic conditions at current 
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densities of - 1-10 mA/cm"- were orientation depen- STANDARD TAPERED JOINTS 
FOR CONNEtTlON TO 

dent. Anodic and cathodic data were not symmetric GAS V~CUUM AND S O ~ U T I O ~ -  

about the equilibrium point for any one orientation, 
nor were the relative differences between orientations 
the same for anodic and cathodic processes. Employing -COUNTER ANO 

spherical electrodes - 0.1 cm in diameter, Bockris and 
Enyo determined kinetic parameters for surfaces pre- 
pared by melting in helium or by electrodeposition. 
In - 0.1M Cu(C104)~ at current densities > 10 mA/ - 
cmz the data indicated charge transfer to be the rate- 
controlling step, but it was suggested that at lower 
current densities surface diffusion was the slow proc- 
ess. Certain differences observed between the two 
types of electrodes were thought to arise from differ- 
ences in dislocation densities. 

Data such as these indicate that perhaps the deter- 
mination of pertinent kinetic parameters at current U - R I N ~  E ~ E C T R ~ C A L  SERVICE 

densities lower than those studied previously would, 
when augmented by observations of changes in sur- 
face structure resulting from long-term dissolution 
or deposition, yield information regarding the effects 
of structure on the reactivity of a metal surface. Obvi- 
ously there are many other relevant reports in the 
literature concerning the behavior of copper electrodes 
in solutions of copper ions. As a matter of fact, data 
regarding systems of copper sulfate far exceed that 
related to perchlorates. However, the work previously 
cited regarding the latter provides an adequate basis 
to discuss the research reported here, and similar work 
in sulfate systems which is currently being prepared 
for publication will provide opportunity later for 
discussion of other systems. 

Materials.-Preferentially oriented cylindrical cop- 
per single crystal slugs approximately 25 mm diameter 
x 100 mm were grown in this laboratory by seeding 
99.999+% metal from the melt in graphite crucibles. 
From such crystals coin-shaped specimens - 7 x 25 
mm were cut with an acid string saw, and the flat 
surface chemically polished on a soft cloth polishing 
wheel using an aqueous solution containing CuCle, 
HCl, and HaPo,. Finally, the crystals were electro- 
polished in a copper-containing phosphoric acid bath, 
rinsed in dilute phosphoric acid, and washed in dis- 
tilled water. [Details of these procedures have been 
published previously (4, 5) .I The manipulations intro- 
duced no new dislocations into the crystals, and the 
average dislocation density in as-grown material was - 5 x 104-lo6 cm-2. The large surfaces prepared in 
this manner were not absolutely flat, but rather con- 
tained a few gentle undulations such that the average 
orientation was within & 0.1" of that desired. 

Solutions of Cu(C104)2 were prepared from doubly 
recrystallized material and stored in rack reservoirs 
in the manner previously described (6).  All solutions 
used in this study were 0.20M in Cu(C104)2 with pH 
adjusted to - 1 by addition of HC104. When intro- 
duced into the Teflon cells they were free of dissolved 
oxygen, under an atmosphere of hydrogen, and in 
equilibrium with polycrystalline metallic copper. U1- 
trapure grade (99.999+%) tank hydrogen was passed 
through a platinum catalytic purification system and 
then through magnesium perchlorate drying towers 
before using. 

Experimental methods.-Two types of reaction cells 
were used. One type, illustrated in Fig. 1, was used 
to obtain galvanostatic current-potential data. The ap- 
paratus consisted of a large brass support plate with 
a flat surface and an O-ring groove. On this was 
mounted a pipe flange-type reaction flask cover with 
fine ground face and standard taper outer joints. A 
shallow dish of Teflon sat within this enclosure. Four 
ports with thin, beveled lips in the bottom of the Teflon 
dish provided for isolation of the crystal orientation of 
interest. The copper specimens were pressed against 
the lips of the port and held in place by gentle pressure 
from the mounting screws in the manner shown. The 
diameter of the ports was such that 2 cmz geometric 

Fig. 1. Cell for isolating single orientations and determining cur- 
rent-overpotential characteristics. 

area of each crystal surface was exposed to the solu- 
tion. Infrequently, crystals of different orientation 
were mounted in each of the four available ports. Usu- 
ally only three orientations were used in order to 
obtain duplicate data for one of them. Polycrystalline 
copper wires suspended from a cross member over the 
dish served as counter and reference electrodes. Elec- 
trical access was provided through a vacuum tight 
octal plug welded in the brass support plate. After the 
crystals were mounted and appropriate electrical con- 
nections made, the flask cover was placed over the dish 
and secured to the plate by a ring clamp. The entire 
apparatus was then attached to the solution flask and 
hydrogen and vacuum lines on a mounting rack. Usu- 
ally a glass electrode inserted through the small stand- 
ard taper port served as an auxiliary reference elec- 
trode. After repeated evacuation and flushing with 
hydrogen over a period of at least two days, solution 
was admitted to the system. Appropriate stopcocks 
were then closed, the entire system detached from the 
rack, and placed in an air bath maintained at 23.00" 
2 0.02"C and which was surrounded by a Faraday cage. 
Potential measurements were made with either vibrat- 
ing reed electrometers or a Philbrick P-2 operational 
amplifier, and data were recorded either on a strip 
chart recorder or by photography of oscilloscope traces, 
respectively. 

The second type of reaction cell is shown in Fig. 2. 
The main body of the cell was machined from 99.99+ % 
copper. After the viewing glass was attached, an elec- 
tropolished crystal was mounted and pressed against 
the lower Viton O-ring. (Since all O-rings contacted 
the solution, they previously had been soaked for many 
hours in hot solutions of the same composition as the 
test solution.) Solution was introduced to the system 
through the small side port in the main body of the 

,- VIEWING GLASS 

_ - "YITON" 
"0" RINGS 

Electrolytic Cell for Mlcroscapic Observation. 

Fig. 2. Cell permitting microscopic observation and time-lapse 
photomicrography of surfaces. M a i n  cell body of 4/9s copper serves 
os counterelectrode. 
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cell with the aid of a pipette drawn to a needle tip 
capillary. Obviously, it was impossible to maintain an 
inert atmosphere within the cell while filling the sys- 
tem. Because of this, the solutions used in the 2-ml 
capacity cells were not free of dissolved oxygen, nor 
certainly were they initially at  equilibrium with cop- 
per metal. As in the previous cell, 2 cm? geometric 
surface area of the crystal was exposed to the solu- 
tion. The cell was filled to the top of the port such that 
insertion of the closure screw with O-ring seal caused 
overflow and prevented entrapment of air within the 
system. After filling and sealing, the cell was set aside 
for a period of at least two weeks so that equilibrium 
could be established. The cell was then placed on a 
microscope stage, and using the body of the cell as a 
counterelectrode, changes in single crystal surface 
structures due to dissolution or deposition process 
concomitant with the passage of current through the 
system were observed and recorded by time lapse pho- 
tomicrography. A few systems were closed with a 
Teflon screw which contained a polycrystalline copper 
wire sealed through its length to serve as a reference 
electrode, but usually no attempts were made to mea- 
sure potentials within these cells. All the data dis- 
cussed here were obtained under galvanostatic con- 
ditions. The current source was a dry cell pack, and 
current flow was regulated by fixed in-line resistors 
with resistance values very large compared with those 
of the various cells. 

In all cases when the reaction cells were opened, 
crystals were examined and photographed under the 
microscope. Orientations of surface facets were deter- 
mined with a two-circle reflection goniometer. In in- 
stances in which deposition had been to an extent 
great enough to make the observations valid, Laue 
back reflection x-ray techniques were used to establish 
the orientation of the deposited metal. 

Experimental Results 
Chaltges in surface structure.-Using the copper 

body cells, observations were made on surfaces ori- 
ented (loo), (110), ( I l l ) ,  and (321). Data were taken 
at constant currents of 4, 40, and 400 pA/cm2 original 
surface area for all orientations during both dissolu- 
tion and deposition, and a few observations were made 
at other current densities also. Under any given com- 
bination of experimental conditions the changes ob- 
served in a surface structure were reproducible. Data 
always were obtained from duplicate systems, and in 
many cases from triplicate, so that the results dis- 
cussed below derive from more than 60 different crys- 
tals. In all cases tested, deposits were single-crystal- 
line and oriented like the substrate. 

(loo).-Under all experimental conditions dissolution 
of the (100) was completely uniform and regular, and 
resulted in the formation of square pits. Figure 3 shows 
that rapid removal produced a more regular and well- 
defined pit than removal of a like amount of material 
at a lower rate. At lower current densities sides of 
pits were -less well defined and apparently relatively 
more material was removed by motion of steps over 
the original surface than at higher current densities. 
Nevertheless, in general, such differences were of de- 
gree rather than kind. 

By comparison, deposition on the (loo), although 
accompanied by the formation of four-sided pyramids, 
did not occur in as regular and uniform a manner. At 
higher current densities pyramids of a uniform size 
developed, but at  current densities < 100 pA/crnz (al- - 
though initial deposition and growth occurred uni- 
formly) some pyramids soon began to develop at  a 
much greater rate than others. A few of these larger 
pyramids, appearing dark to the viewer, had sides - 22" from the (1001, but they were outnumbered 
approximately 10:l by the lighter appearing large 
kind with sides - 8" from the original surface. The 
number of large pyramids, both light and dark, com- 

Fig. 3. Structures developed on (100) due to long-term galvano- 
static processes. Upper photographs represent features developed 
by anodic process after removal of the equivalent of - 4.5 
coulombs cm-' a t  current densities (left to right) of 4000, 40, and 
4 pA cm-" respectively. Lower photographs after deposition 
equivalent to - 1.0 coulombs cm-2 a t  (left to right) 400, 40, and 
4 #A cm-2. 

prised less than 1% of the total number on the sur- 
face. However, initial deposition occurred uniformly, 
and the formation of large pyramids seemed apparently 
a random fluctuation. As a first approximation, growth 
rates of topographic features were linear in time. 
Deposition growth forms occurred in an even less uni- 
form manner at 4 aA/cm? Again, although nucleation 
of small pyramids apparently occurred over the entire 
surface, random large growths began to develop. At 
this low current density much of the material seems 
to have been deposited by step motion over the original 
surface, similar to the case for dissolution, for the vol- 
ume of material contained in the pyramids was calcu- 
lated to be only - 20% of the total deposited. 

Facets formed by both pyramids and pits always 
were oriented along <loo> zones, and no facets on 
any other zones were ever obtained under the stated 
conditions. As in the case previously reported (7) pit 
bottoms always were within - 5" of the original ( loo),  
but as  indicated above, deposition-formed facets ex- 
hibited more varied orientations. 
(llO).-Structures developed on the (110) were very 
similar under all conditions. Reaction always occurred 
in a uniform manner and invariably resulted in the 
formation of a well-defined series of sharp-topped 
ridges separated by equally sharp-bottomed valleys, 
as illustrated in Fig. 4. Ridge sides were never formed 
other than along the <loo> zone, and faceting was 
more or less continuous along this zone out to - 40" 
from the (110). 

(Ill).-The (111) also seemed to react in a completely 
uniform manner. Either dissolution or deposition ap- 
parently occurred by the removal of material at  sub- 
microscopic steps on the surface. In early stages, these 

Fig. 4. Typical structures developed on the (110), left, and (321) 
right. Former shown after dissolution of -1.5 coulombs ~ m - ~  a t  
4 pA cm-5 and the latter after equivalent deposition a t  400 FA 
~ m - ~ .  



Vol. 11 7, No. 5 GALVANOSTATIC OVERPOTENTIAL TRANSIENTS 633 

steps interacted to form small ledges of such great 
density that the entire surface appeared roughened. As 
the process continued. small ledges interacted to form 
large ledges separated by apparently flat (111) sur- 
faces, such that the surface appeared as smooth over 
local areas as at initiation of reaction. Figure 5 is a 
series of photomicrographs, some taken in situ of the h.... .uw.~  
same area, which illustrates this process. The large ::fl:@:i# :###::: 
ledges formed in all cases were, of course, highly ........ ....... 
faceted. ! -  -!18!!!! 
(321).-This surface also seemed to react in a uniform 
manner with no appreciable difference in the facets 
produced by dissolution or deposition. A great deal of 
(111) faceting was always observed (see Fig. 4), and 
this was accompanied by the development of com- 
panion facets along the two <loo> zones, such that 
nonsymmetrical, triangular shaped pits or pyramids 
were formed. At high current densities facets devel- 
oped along these zones approached within 4" of the 
(100). At lower current densities faceting along the 
<loo> zones tended to be further removed from the 
(100) and nearer the (210). 

Potential us. time data.-Data obtained in the Teflon 
cells at all current densities (1-400 pA/cm2), both 
anodic and cathodic, and on all four orientations stud- 
ied revealed that potential us. time curves of working 
electrodes exhibited maxima generally of the shape 
observed by Roiter et al. (8) on zinc single crystals in 
solutions of zinc sulfate. However, one important dif- 
ference must be noted: The times to formation of the 
maxima reported here are much too long (generally 
by an order of magnitude) to be associated with 
charging of the double layer. True steady-state over- 
potentials could not be established on any of the 
crystals, in that, following establishment of a maxi- 
mum value, if the current passed long enough, the 
measured overpotential gradually decreased. Ulti- 
mately microscopic changes in surface structure could 
be observed without a true steady state being estab- 
lished, although pseudo-steady states frequently were 
observed shortly after maxima were established. Figure 
6 illustrates typical potential-time curves of over- 

Fig. 6. Oscilloscope traces of "normal" overpotential-time rela- 
tionships. Top row all  a t  30 pA/cm2, 5 mV/div vertical scale, 2 
sec/div horizontal scale, from left to right: anodic (110). (321); 
anodic (110). (321); cathodic (110), (321). Bottom row al l  a t  150 
pA/cm2, 10 mV/div vertical scale, 1 sec/div horizontal scale, from 
left to right: anodic (100). (111); anodic (100). (111); cathodic 
(loo), (111). 

voltages for the orientations studied. The excellent 
reproducibility of the values of the potential maxima, 
as well as times to formation, for successive anodic 
pulses is clearly indicated. Cathodic overpotential-time 
relationships were equally reproducible. As shown, 
excellent agreement between the absolute values of 
anodic and cathodic maxima were obtained, although 
at current densities < 100 pA/cmZ slightly longer times - 
were often requiredto establish the latter. Note also 
at the lower current density shown the post-maximum 
overvoltage-time relationship is quite different in the 
anodic and cathodic cases. At higher current densities 
times to formation of maxima were approximately 
equal for both processes, but again over-all overvolt- 
age-time relationships were not precisely similar. 

The most interesting feature of the deposition proc- 
ess was its effect upon a subsequent anodic pulse. 
Overvoltage-time relationships were altered drastically 
for an anodic process which had been preceded by a 
cathodic pulse. [Similar phenomena have been ob- 
served on other single crystalline material (9).] This 
is illustrated in Fig. 7 which, when compared with 
Fig. 6, shows that such anodic maxima can take much 
longer to become established than under postanodic 
conditions. Also, the absolute values of these over- 
potential maxima are greatly reduced at higher current 
densities, and in all cases the entire overvoltage-time 
relationship is altered. Interestingly enough, only very 
slight differences were observed between postanodic 
and postcathodic overpotential-time relationships dur- 
ing deposition, and the value of a cathodic overpoten- 
tial maximum rarely showed noticeable effects of 
previous electrode processes. Due to excessively long 
decay times following cathodic current interruption, 
an exhaustive study of postdeposition cathodic over- 
potential-time relationships was not undertaken. These 
observations will be of considerable significance in 
later discussions concerning interpretation of all the 
data. 

The extent of this postdeposition anomaly was de- 
pendent on the current density, deposition time, orien- 
tation of the surface to some extent, and the time lapse 

Fig. 5. A (111) surface undergoing dissolution a t  400 sA/cm-2. Fig. 7. Oscilloscope traces of postcathodic, anodic overpotential- 
Top and middle are in situ views of the some area after 6- and 15- time relationships '/z hr after a cathodic process a t  the same cur- 
min reaction, respectively. Lack of definition is due to the diffi- rent density. Left: (110) a t  30 pA/cm2, 5 mV/div vertical scale, 2 
culty of lighting and focusing through the cell and solution. Bot- sec/div horizontal scale. Right: (100) a t  150 pA/cm2, 10 mV/div 
tom illustrates a view of the same crystal after removal from the vertical scale, 1 sec/div horizontal scale. Compare with extreme 
cell following 1 hr of reaction. left trace, top and bottom, respectively, of Fig. 6. 
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between deposition and subsequent dissolution. The 
effect was more pronounced at low current densities, 
< 25 pA/cm2, than at  high, > 150 pA/cm2. Conse- 
quently, effects of deposition time were also more 
pronounced at lower current densities. In general, 
low current density deposition, as indicated in Fig. 8, 
increased the time to formation of the succeeding 
anodic maximum by an amount proportional to the 
extent of deposition. At current densities > 200 aA/cmz 
even slight deposition effects were not detectable after 
periods more than one hour. At extremely low current 
densities, < 5  rA/cm2, the effect could be observed for 
periods of many hours. 

Other ambiguous potential-time relationships werc 
observed. Whether the electrode supported an anodic 
or cathodic process at higher current densities, about 
10 min were required to re-establish equilibrium poten- 
tial after the flow of current was interrupted. However, 
at low current densities recovery time was much 
longer. For example, a current of 300 pA/cm2 flowing 
for 1  sec typically would establish an overvoltage 
maximum near 50 mV in - 0.03 sec, and would regain 
rest potential within 10 min following current inter- 
ruption. After 60 sec at 5  pA/cmz (equal charge passed) 
a maximum typically would not have yet been estab- 
lished, the observed overvoltage would not have ex- 
ceeded - 10 mV, and still it could require hours for 
the rest potential to become re-established. Therefore, 
it appears that the rate of potential decay was not 
directly related to the absolute value of the observed 
overvoltage, nor, in a simple manner, to the quantity 
of current flowing. In general, recovery time following 
a cathodic process would exceed that following an 
exactly similar anodic pulse. 

Current potential data.-At this point it is important 
that it be understood that, unless otherwise indicated, 
the overpotentials quoted in the presentations which 
follow are always values of the postanodic maxima. 
That is to say, every cathodic pulse applied in systems 
in which current-potential characteristics were being 
determined was followed by an anodic pulse of equiv- 
alent magnitude and duration. This latter pulse was 
disregarded, and equilibrium allowed to become estab- 
lished in the system. Only then was the next electrode 
process of interest initiated and data recorded. 

Figure 9 illustrates the current-potential relation- 
ships obtained on the various surface orientations in 
this study. The following experimental observations 
are shown by the figure: ( i )  The curves for ( 1 0 0 )  and 
( 1 1 0 )  are symmetrical about zero current and overpo- 
tential. (ii) While it is not obvious from this figure, 

SEQUENCEOF EVENTS 

I C ANODIC PULSE 3 h r  AFTER B 
D CATHODIC PULSE 3 hr AFTER C 

I E ANOOlC PULSE.3 hr AFTER 0 

w 

0 0.5 1 0  1 5  2 0  
TIME (mrnl 

Fig. 8. Effects of deposition on overvoltage-time relationships on 
the copper (321) orientation a t  15 pA/cm?. 
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CURRENT DENSITY l p ~ c m - L I  

Fig. 9. Overvoltage maxima for variously oriented copper single 
crystals as a function of current density in solutions of 0.2M 
Cu(C104)2 and H C l Q  (pH - 1) a t  23°C. 

the ( 3 2 1 )  data are not exactly symmetric about zero. 
( i i i )  The ( 1 1 1 )  data are obviously asymmetric in that 
at any given current density the absolute value of the 
cathodic maximum is smaller than that of its anodic 
counterpart. ( i v )  At any current density the absolute 
value of the overvoltage associated with the process 
was a function of crystal orientation, increasing in the 
order ( 3 2 1 )  < ( 1 1 0 )  < ( 1 0 0 ) .  The ( 1 1 1 )  obviously 
cannot be included in this generalization because of 
the asymmetric character of the data. ( v )  Since the 
step densities on the ( l o o ) ,  ( 1 1 0 ) ,  and ( 1 1 1 )  must be 
approximately equal and much smaller than that of 
the ( 3 2 1 ) ,  measured overvoltage maxima are inde- 
pendent of the surface step density. 

Discussion 
Surface structure.-The classic model of electro- 

crystallization processes assumes that, after crossing 
the double layer and undergoing stepwise discharge, 
atoms ultimately are incorporated into the crystal lat- 
tice at kink sites on steps. Whether this is accomplished 
by diffusion of adatoms over the surface to steps or by 
direct action at step and/or kink sites, deposition or 
dissolution ultimately may be described as occurring 
by the "motion of steps" over the crystal surface, and 
use of the phrase here does not imply a choice as to 
the mechanistic detail. Sources of steps are crystal 
edges, dislocations, new steps nucleated during the 
processes, and departures from close-packed arrange- 
ments due to crystal orientation. It is difficult to assess 
the exact number of steps arising from dislocations, 
but if it is assumed that all dislocations have a screw 
component and that an equal distribution of disloca- 
tions of equal and opposite sign exists, the maximum 
number of steps generated by dislocations should be of 
the order of the square root of the dislocation density. 
On the other hand, a misorientation of only - 0.1" from 
a close-packed arrangement will produce - 105 steps 
cm-1. It is readily seen that, since the surfaces used 
in this study could not be prepared with orientations 
better than & 0 . l 0 ,  the density of orientation-related 
steps was approximately two orders of magnitude 
greater than that produced by the maximum disloca- 
tion density, - 106 cm-2. Furthermore, although ap- 
parently it is not generally recognized, the major 
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source of steps on a large number of noncleaved metal 
surfaces employed in studying electrocrystallization 
phenomena is just such slight misorientations. One 
other fact is most helpful in discussing the structures 
developed on the surfaces reported here: Young and 
Hulett ( 1 0 )  have demonstrated that steps on a copper 
( 1 1 1 )  surface arising from misorientations of - 0.1" 
can sustain a current density as great as 10 mA/cm' 
over long periods of time without nucleation of new 
steps becoming necessary. This is a current density 
two orders of magnitude greater than the highest em- 
ployed in these studies. 

It could be assumed that facets developed on ( 3 2 1 )  
surfaces are the end products of complex step inter- 
actions and reflect more of the nature of such inter- 
actions than of the model substrate supporting the 
steps. On the other hand the interaction on the ( 1 1 1 )  
of steps to form ledges, which in time aggregated to 
form larger ledges separated by apparently flat ( I l l ) ,  
does indicate something of the nature of that orienta- 
tion. First it is clear that bunched steps constitute a 
reasonably stable array. Their rapid rates of formation 
suggest material is as easily added or removed on this 
surface from such an array as from the initial con- 
figuration. Ledges formed are large enough to be 
considered discreet areas of orientation other than 
( I l l ) ,  which in turn suggests that step motion over 
the ( 1 1 1 )  occurs with some difficulty. At lower current 
densities on the ( 1 0 0 )  observations clearly indicated 
a large portion of the process had to be sustained by 
step motion since all material was not accountable by 
pit or pyramid formation. However, as kinetic demands 
increased, it appears step motion was insufficient to 
support the reaction, and facets over which steps could 
move with greater facility were formed. The absolute 
failure ever to develop facets within - 5" of the ( 1 0 0 )  
would indicate that step motion over this orientation 
is most difficult of any orientation studied. The same 
type of argument can be used to explain formation 
of a ridge-valley structure on the ( 1 1 0 ) .  In summary, 
it is proposed that facet development on close-packed 
orientations is a consequence of the relative difficulty 
with which steps move over such surfaces. However, 
facets of close-packed arrangements can be developed 
as a result of step motion on surfaces with large step 
densities, such as ( 3 2 1 ) ,  since the latter contain com- 
ponents of the former within their structure. As a 
consequence of this argument it must be concluded 
that, once facets are developed on a surface, little re- 
action occurs on the areas covered by low index facets, 
and the surface is in a true sense no longer acting in 
a uniform manner. 

The fact that regardless of initial orientation a large 
proportion of the total facets formed were oriented 
along <loo> zones suggest that steps move along the 
<loo> zone with relative ease. The low angle facets 
developed on ( 1 0 0 )  indicate that the degree of facet- 
ing is related to the rate of the surface process in that 
only those facets necessary to support the reaction are 
formed. This proposal is substantiated by the observa- 
tion that at high current densities facets on the ( 3 2 1 )  
formed orientations near the ( l o o ) ,  while those formed 
at  lower current densities were further removed from 
the ( 1 0 0 )  along the two <loo> zones. 

Finally, it should be stated there was no evidence 
that the defect structure of the copper crystals played 
a significant role in crystal growth or dissolution. Even 
the pits and pyramids on the ( 1 0 0 )  could not be re- 
lated to the crystal defect density. 

Overpotential-time data.-Before discussing the 
overpotential-time data, it is helpful to consider the 
entire system in the manner employed by Bertocci 
( 1 1 ) .  Although he treated steady-state conditions, the 
concepts should be applicable to transient processes. 
Three reactions must be considered: a redox reaction 

the reaction between adatoms and cuprous ions 

and the exchange of adatoms with the metal lattice 

Eertocci, in treating the general case, assumed the con- 
centration of adatoms always to be the equilibrium 
value so considerations here are a bit less specific. At 
any rate, however, it can be shown that the equilib- 
rium potential can be expressed as 

and that when activities of the various species at the 
interface depart from equilibrium values, the poten- 
tial of the electrode may be expressed as a sum of the 
reversible potential of the pertinent reaction and the 
overvoltage for that reaction 

E = Ecu + /cu2 +, rev + qi = E A I C ~ + .  rev + qii 121 

Using the notation that Ei = Ec,+,cL,zt ,,,, etc., it fol- 
lows that 

R T  ( a C U z + )  X ( a c u + ) e a  
Ei - E,, = - In D l  

F (acuz+ I , ,  x ( a ~ h + )  

Since electrocrystallization processes must be associ- 
ated with reaction (iii), the electrocrystallization over- 
voltage, will be noted as qiii. It has been defined by 
Vetter ( 1 2 )  as 

Note that this expression for qiii is contained in Eq. [41 
so that also 

Still following the method of Bertocci it can be shown 
from Eq. [ 2 ] ,  [ 3 ] ,  [ 4 ] ,  and [ 5 ]  that, since 

R T  ( a c u z + )  X (acu+)eq  
q=-ln + rli 

F ( a m z + ) e q  X ( a c U + )  

R T  (%,+) X (a , ) , ,  
= - In + rlii [ 8 ]  

F (%u+ )eq x 
and that 

RT (achz+)  x ( ~ A ) e q  
2q = - ln + rli + r l i i  

F (acuz+ ) ,, X (UA) 

Among others, Bertocci considered the special case in 
which 2q = qi  He pointed out such circumstances re- 
quired that ( a c , z + )  = ( a c u z + ) , ,  and that reaction (ii) 
occur completely reversibly (that is rlii = 0 ) .  These 
requirements also were those necessary for Bockris 
and Enyo to interpret their data obtained under con- 
ditions of charge transfer control. However, Eq. [ a ]  
indicated such circumstances also require that (a , )  = 
(aAIeq ,  a limitation which would seem obtainable only 
if, under the stated conditions, adatoms are indistin- 
guishable from those occupying lattice sites, and there- 
fore, that the adatom concentration equal the number 
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of surface lattice sites. This relationship will be ex- 
plored more fully in discussions which follow. 

Bertocci's model can be used to explore situations in 
which charge transfer is not the rate-controlling proc- 
ess, and it is necessary that this be done, for Bockris 
and Enyo also clearly demonstrated that the redox 
reaction could not be rate limiting under the experi- 
mental conditions reported here. It could be thought, 
for example, that premaxima overvoltage transients 
resulted solely from the occurrence of the redox reac- 
tion within the diffusion layer without a net flux of 
material across the interface prior to the establishment 
of maxima. Since the equilibrium constant for the 
reaction, CuO + Cu+ + 4 2Cu+, is approximately 10-o 
(13), it can readily be demonstrated there were suffi- 
cient cuprous ions within the diffusion layer to support 
the necessary current. This mechanism dictates that, 
during the time of the premaximum transients, reac- 
tions (ii) and (iii) do not occur. From the data of others 
it is only reasonable to assume that also (ac,z+) = 
(a,-,,z+),. However, a consequence of the mechanism 
is that concentrations of cuprous ions in the diffusion 
layer are smaller than at equilibrium for anodic proc- 
esses and larger for cathodic. The second portion of Eq. 
[8] reveals that such circumstances require either that 
anodic processes exhibit negative overpotentials or q,i 
f 0. Since either choice is unacceptable the proposed 
mechanism must be considered most implausible. 
Moreover, it does not aid in understanding the deposi- 
tion anomaly. However, as is indicated below, this 
situation related to cuprous ion activities within the 
diffusion layer is permissible if surface adion concen- 
trations depart from the equilibrium value. 

All the time dependent characteristics of overpoten- 
tials reported here cannot be explained on the basis of 
the classic model of adatom diffusion over the surface 
to steps where they eventually can be incorporated into 
the crystal lattice. The data are easier understood if it 
is assumed that surface diffusion coefficients are much 
smaller than those for similar processes in solutions. 
Also, it is necessary to make one alteration in the as- 
sumptions generally made regarding the classic model: 
It will not be assumed that exchange of adatoms at 
steps occurs more rapidly than other surface processes, 
but rather that the action is hindered in some manner, 
and a barrier to exchange exists. 

The formation of maxima, the dependence of the 
rate of decay of overpotential on the current density 
prior to opening the circuit and on the total charge 
passed, as well as the inverse relationship between 
current density and total charge passed at overpotential 
maxima formation suggest the following interpretation 
of the data. On closing a circuit at a higher current 
density the initial current was carried largely with- 
out reaction at steps. As the surface concentration of 
adatoms changed rapidly from the equilibrium value, 
other necessary events occurred such that the condi- 
tions required for steps to act as sources or sinks for 
adatoms were established. Thereafter, reaction began 
to occur at steps, and continued reaction produced 
gradual changes in surface adion concentrations to- 
ward the equilibrium value in efforts to establish de- 
sired steady-state concentrations. However, under the 
given experimental conditions, the net flux of adatoms 
at steps was such that the theoretical steady-state 
supface adion concentration was slow in being estab- 
lished since most of the adatom flux at steps sei-ved 
largely to support the net reaction rather than to 
change the average surface concentration of the spe- 
cies. (As will be seen later, it is also proposed that 
voltage-time relationships are influenced by events 
occurring at the metal-solution interface.) Obviously 
such a mechanism assumes the occurrence of time- 
dependent phenomena. Consequently, if it is assumed 
that at higher current densities overvoltage maxima 
were formed before significant reaction occurred at 
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steps, premaxima current flow can be expressed in 
terms of adion activities 

where (a,) = activity of surface adions at equilib- 
rium or time, t ,  as designated, 

i = current density, 
k =fraction of the total current carried by adion 

reaction, 
F = the Faraday. 

By combining Eq. 151 and [lo] one obtains the ex- 
pression 

exp ( -  zFqiii/RT) + kit/F(a,), = 1 [I l l  

Consequently, the shape of premaxima portions of 
overvoltage-time curves at higher current densities 
should reflect the indicated relationship between over- 
voltage and time. For the few conditions tested, this 
was found to be the case, but effects of orientation, 
current density, polarity, etc., were such that addi- 
tional studies of these phenomena are being conducted. 
Shapes of postmaxima portions of overvoltage-time 
curves should be a complex function of, among other 
things, the rate of change of surface adion concentra- 
tion toward equilibrium values, events in the diffusion 
layer, and changes in surface structures produced by 
the process under observation. The absolute values of 
maxima resulting from such a reaction mechanism 
could, as experimentally observed, be independent of 
the surface step density, although postmaxima over- 
voltage-time relationships should not necessarily be. 

The failure to establish a true steady-state potential 
at higher current densities over reasonable times sug- 
gests the time required for such an event is of the order 
of that for significant alterations in initial surface 
structure. Data shown in Fig. 10 clearly indicate that 
"normal," postanodic maxima were established before 
the equivalent of a monolayer of copper had reacted. 
The high current density data suggest that the equilib- 
rium concentration of adatoms is at least two orders of 
magnitude less than the total number of lattice sites, 
if as previously suggested, the initial current flow was 
largely supported without reaction at steps. 

Such a mechanism also accounts satisfactorily for the 
more rapid establishment of equilibrium conditions 
following termination of high current density pulses 
as compared with low decay rates of overpotential 

1 1  
0 50 100 150 200 250 390 350 

CURRENT DENSITY lpA/crn21 

Fig. 10. Total charge passed before overpotential maxima formed 
on different orientations as a function of current density. 
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after low current density processes. On interruption 
of large currents, the potential for a short time, al- 
though rapidly decaying, was still sufficient to exceed 
the barrier to exchange at steps such that they still 
could act as sources or sinks for adatoms. During this 
time the total number of adatoms approached the 
equilibrium value, and additional time was required 
only for the proper equilibrium distribution to become 
established. 

Anodic pulses at low current densities apparently 
followed the same general pattern. However, the data 
in Fig. 9 and 10 suggest that at  current densities <_ 25 

pA/cm~'normal" anodic maxima were formed by a 
current flow supported extensively by reaction at steps. 
Otherwise, the surface adatom concentration would 
have been so depleted that much higher overpotentials 
should have been observed. Also, since early, premax- 
ima stages of current flow were accompanied by a slow 
monotonic increase in overpotential at low current 
densities, it would appear that at  least a portion of 
the barrier to reaction at steps was indeed due to the 
occurrence of some sort of time dependent phenomena. 
The extremely slow rate of decay to equilibrium poten- 
tial following interruption of a low current density 
pulse suggests that related processes at steps also were 
dependent on the overpotential. On interruption of 
small anodic currents, overpotentials during decay ap- 
parently were of such a relatively small magnitude 
that the barrier to reaction at steps was not exceeded 
sufficiently to produce adatoms at a rate necessary to 
satisfy rapidly the equilibrium requirements. There- 
fore, rates of potential decay during open circuit fol- 
lowing low current density anodic processes were 
slower because they reflected the rate of production of 
adatoms at steps rather than, as at higher current den- 
sities, attainment of an equilibrium distribution by an 
adequate adion concentration. It will be seen that 
cathodic processes at low current densities can be un- 
derstood on the basis of the same general model, al- 
though slight, but significant, alterations must be made. 

Since Piontelli (14), as well as others, questions the 
validity of overpotential maxima and generally at- 
tributes their existence to the presence of impurities, 
perhaps some comments on the systems reported here 
would be useful. Admittedly neither the data of others 
obtained at higher current densities nor present theo- 
ries of electrocrystallization phenomena are too helpful 
in assessing these results. It seems highly unlikely they 
can be dismissed as an impurity effect because it is 
difficult to propose a model of surface processes involv- 
ing impurities which accounts satisfactorily for all the 
experimental results reported here. 

At this point it is informative to discuss in some de- 
tail a part of the data reported by Bockris and Enyo 
(2).  Although they were concerned primarily with the 
determination of kinetic parameters for copper elec- 
trodes exposed to various acidic solutions of different 
copper salts under conditions such that charge trans- 
fer was the slow process, only that portion of the data 
gathered when such conditions were not met ( i  < 10 - 
mA/cm2) is considered here. As much as is possible 
reference is made only to data concerned with cupric 
perchlorate systems. However, unless specifically ex- 
cluded by the authors, it is assumed their general re- 
marks drawn from all the data apply equally to 
perchlorate solutions. Using spherical copper electrodes 
they obtained different current-overpotential relation- 
ships for electrodes prepared by melting in helium and 
others of similar origin which were subjected to elec- 
trodeposition before use. In general, electrodes of the 
latter type acted in a much more consistent and under- 
standable manner. For example, cathodic Tafel behav- 
ior was obtained for the latter, but not the former type, 
and values of anodic overpotentials gathered from the 
two kinds of electrodes did not agree completely. It 

was proposed that such behavior resulted from the 
different surface properties of the electrodes. They 
suggested that electrodes melted in helium contained 
an oxide film which, on exposure to acidic solutions, 
dissolved to expose a "new (clean) copper surface" on 
which the exchange current density would be expected 
to be greater than on a surface formed by electro- 
deposition. Further, they assumed a dislocation density 
of - 10Qm2 for the former type and that of the latter 
to be greater, and concluded, therefore, that because 
electrodes melted in helium had this lower density of 
growth sites a surface process (diffusion) could be- 
come rate determining. It was also concluded that, at 
the lower current densities studied, surface diffusion 
was the rate-controlling step on both types of surfaces, 
which also helped explain the observation that rise 
times of overpotentials were greater than expected 
and differed for the two types of electrodes, as well as 
in anodic and cathodic cases for a single type. 

The surface processes suggested by Bockris and 
Enyo are not unreasonable, but more credible alterna- 
tives do exist. From considerations of elementary 
geometry it can be shown that surfaces of spherical 
copper electrodes must have an average step density 
of - 107 cm-1 due solely to the intersection of crystal- 
lographic planes by the circumference of the sphere. 
Since, as previously discussed, the number of steps 
generated by dislocations intersecting a surface surely 
cannot exceed the square root of the dislocation density, 
defect related steps on the electrodes of Bockris and 
Enyo most probably did not number more than - 10" 
cm-1. Therefore, growth sites produced by electrode 
geometry far outnumbered those associated with line 
defects in both types of electrodes, and it appears 
highly improbable that surface diffusion processes 
were affected to any significant extent by dislocations 
present in either type of electrode. Since average step 
densities on the two electrodes must have been approxi- 
mately equal, it is much more reasonable to assume that 
differences measured on the two surfaces were not re- 
lated to the average number of steps, but rather to the 
arrangement and distribution of this number of steps 
due to the different methods of surface preparation. 
This suggestion is compatible with the changes they 
observed on "new (clean) " helium-melted surfaces as 
more data was gathered on them. Presumably the net 
reaction on such electrodes in time would produce a 
surface similar to that resulting from electrodeposition, 
which, because of the method of preparation (15), 
surely must have consisted of ledges, facets, etc., 
formed by the bunching of steps. 

It is not the primary purpose of this discussion to 
argue whether the interpretation presented here for 
the data of Bockris and Enyo is preferable to that of 
the authors, but rather to demonstrate that data gath- 
ered by others under entirely different conditions than 
those described in this report can reasonably be in- 
terpreted in a manner to lend support to the argument 
that a surface can yield vastly different current- 
potential and potential-time characteristics depending 
upon the arrangement of steps on that surface. The 
surfaces reported in this study upon which current- 
potential data were gathered contained steps dis- 
tributed, as previously indicated, in a more or less con- 
tinuous manner. The reactions performed on these sur- 
faces were conducted at such low rates that the initial 
step distribution was changed very li*ttle during the 
course of the measurements, and it is certain these 
data are representative of structures quite different 
from those of Piontelli et al. and Bockris and Enyo. 
Therefore, it is not surprising that apparently little 
correlation can be made between any of these experi- 
mental results. 

Before attempting an analytical treatment of ob- 
served overpotential maxima, it would be informative 
to discuss the data illustrated in Fig. 9 in more gen- 
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era1 terms. It is conceivable that current-potential data 
for (loo), (110), and (111) alone could support an 
argument that the differences observed on different 
orientations were related to the relative ease of direct 
reaction at steps on these orientations. However, the 
similarity of cathodic data for (321) and (111) pre- 
clude the possibility of direct discharge at steps on 
these orientations, since under such conditions the 
magnitude of the overvoltages should be proportional 
to the orientation related step densities which are -. 
107 and lO5/cm, respectively. Moreover, the nearly 
perfect symmetry of the anodic and oathodic branches 
of the (321) data indicates that the mechanism also is 
not operable during dissolution from the (321). Then 
because of their relationships to the (321) and to each 
other [relative differences between (100) and (110) 
are greater than between (110) and (32111 and be- 
cause of their perfect symmetry in anodic and cathodic 
branches, the (100) and (110) also appear unlikely to 
react by such a mechanism. 

In considering the possibility of nucleation phenom- 
ena occurring, it is helpful again to compare cathodic 
data for the (321) and (111) with their structures. 
While the idealized (111) is a familiar structure, the 
ball model of a fcc (321) is perhaps not so well known. 
The model shows that 40% of the atoms on this sur- 
face are located along continuously kinked steps, and 
on the average, of course, a step occurs every 2% atom 
rows. The only "nucleus" capable of existence on the 
model surface would be a long chain of single atoms at 
the half position between steps. Placement in any other 
lattice position would constitute direct growth at steps. 
Although a real crystal surface most surely does not 
have that of the idealized model, the arrangement must 
be such that - 40% of the atoms, on the average, rep- 
resent a kink stepped arrangement. Otherwise, the real 
surface area of the (321) would have to increase due 
to formation of preferred orientations, an occurrence 
which has previously been shown not to happen (5) .  
Therefore, regardless of the real structure of the (321), 
the similarity of its cathodic current-potential maxima 
to those of the (111) argue against nucleation as a 
major event on these surfaces. It would seem then that 
data concerning the current-potential maxima rela- 
tionships do not offer any objections to the modified 
model of surface processes previously proposed. 

It does appear strange, however, that overpotential- 
current relationships should show such a pronounced 
orientation effect but apparently be free from any in- 
fluence of step density. This is especially true in view 
of the relationship between current and step densities 
derived from the theoreies of electrocrystallization 
overvoltage. Several authors have considered surfaces 
from which material is added or removed by step mo- 
tion, and they have arrived at expressions which re- 
late step density to the average current density and 
overpotential. Bertocci et al. (16) have discussed these 
models and have shown that it is possible that a pro- 
portionality between step and current densities could 
be observed for misorientations an order of magnitude 
greater than those of surfaces used in these studies. 
However, all such models assume that adatom ex- 
change at steps is unhindered. Because of this and also 
because effects obviously related to crystal orientation 
were observed, it is unreasonable to conclude that over- 
voltage characteristics reported here are unrelated to 
electrocrystallization phenomena. This argument is 
strengthened further by treating the data for (100) and 
(110) as indicated in Fig. 11. That similar results are 
not obtained by treating (321) and (111) data in this 
manner is demonstrated in Fig. 12. The assumption of 
indicated values for certain parameters leads to a slight 
misfit for (321) and a gross misfit for (111) data. Figure 
13 shows that a better fit for the (111) is obtained if the 
value of a is assumed to be 0.46 for this orientation. 
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Fig. 11. Relationships between overpotential maxima and current 
densities on the (100) and (110) at  23°C in O.ZM Cu(C104)z + 
HCIO4 (pH - 1). 
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Fig. 12. Relationships between overpotential maxima and current 
densities on the (111) and (321) if  same parameters assumed which 
permit proper fitting of (100) and (1 10) data. 
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Fig. 13. Relationships between overpotential maxima and current 
densities on the (111) a t  23°C in 0.2M Cu(ClO4)a + Hcl0.1 (pH - 1) a t  indicated values assumed for a and Z. 

a value of - 0.49 for this surface, and further cal- 
culations are judged to be not worthwhile. From such 
plots it is readily seen that the relationship between 
values of overpotential maxima and the current flow- 
ing in the system can be described by the expression 

azht - (1 - a) zFq. 
i = K {ex. - exp [ RT 

The slight misfit observed for (321) data suggests an [I21 
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where q, = value of overpotential maximum 
rr = an orientation sensitive transfer coeffi- 

cient having the values (100) and (110) 
= 0.50; (321) = 0.49; (111) = 0.46. 

z = a factor relating the electrocrystalliza- 
tion overvoltage to the measured over- 
voltage. 

K = a pre-exponential function having the 
dimensions of current density. The ori- 
entation dependent values measured 
from the slopes of the lines in Fig. 11, 
12, and 13 are: (100) = 30; (110) = 40; 
(111) = 45; (321) = 50 rA/cm? 

i = current density. 

The remaining terms have the significance previously 
indicated. 

Previously it has been postulated that premaxima 
currents were accompanied by changes in surface ad- 
atom concentrations without concomitant action at 
steps. This is, of course, in agreement with the require- 
ments that surface adatom concentrations be less than 
the equilibrium value during anodic processes when 
qiii + 0. A cursory examination of Eq. 191 reveals that 
data of others regarding (ac,,z + ) and qii define condi- 
tions such that 2q = qi + qi i i  The preceding analytical 
treatment of current-overpotential maxima data re- 
quires that qiii = 211. Therefore, it is necessary to 
determine conditions under which qi can approach 
zero, and to decide if those conditions can be estab- 
lished. Again referring to Eq. [8] and considering the 
anodic case, it is obvious that qi can approach the 
limiting zero value only under the circumstances pre- 
viously discussed when (ac,,+ ),, > (acu+ 1. This, in 
turn, is permissible in the specific case considered when 
(a,),, > (a,). Therefore, it appears the analytical 
treatment is reasonable in terms of a model reaction 
sequence which requires that (ac.?+) = (acu2+ )eq, q,i 
= 0, qi + 0, and that reaction (i) occur within the dif- 
fusion layer at a rate greater than reaction (iii) oc- 
curs on the surface during the time of the transient. 
Apparently voltage time characteristics resulted from 
complicated interactions due to these latter two reac- 
tions, and in view of such processes even the twin 
maxima often observed during postcathodic anodic 
transients illustrated in Fig. 7 seem reasonable and 
comprehensible. 

At current densities higher than those reported here 
it would appear that q, >> 0 and qiii < 2s. Eventually 
at still higher current densities the conditions become 
established whereby, as reported by others, qiii = 0 
and qi = 211. It is interesting to note that the data of 
Piontelli et al. were obtained in just this transitional 
range of current densities where it is suggested that 
the relationship between qi and q changes with current 
density. 

Figures 11 to 13 indicate that overpotential values 
obtained at  current densities < 100 eA/cm-2 do not - 
agree with the proposed mechanism and treatment as 
well as those obtained at higher current densities. 
However, this effect is consistent with the assumption 
that maxima occurring under the former conditions 
were not established before significant reaction had oc- 
curred at steps. The significance of the pre-exponential 
constants determined for each orientation depends on 
the validity of the suggested model of events on the 
surface and in the diffusion layer. If the proposals ad- 
vanced to explain the experimental observations are 
correct, and if the adatom concentrations at equilib- 
rium are about equal on all orientations, then K val- 
ues could closely approximate the values of the ex- 
change current density of adatoms and ions in solu- 
tion. It is interesting to compare them with the value 
of 20 PA cm-2 obtained by Roiter et al. (8) on single 
crystalline zinc in zinc sulfate solutions. Anodic and 
cathodic maxima were symmetric about the equilib- 

rium point in the zinc system, and it was determined 
that observed values of maxima depended upon the 
nature of the preceding electrode process. Unfortu- 
nately, no reference is made to the orientation(s?) of 
zinc crystals used in the study so analogies regarding 
orientations cannot be drawn. Obviously K values are 
lower by factors of - 200 than the exchange current 
densities determined by Bockris and Enyo under condi- 
tions of charge transfer control. However, as previously 
noted, such experimental conditions require that 
adatoms and metal atoms be indistinguishable, a con- 
dition not demanded of the systems reported here. This 
suggests the possibility that excessive removal rates so 
alter copper surfaces that measurements determined 
thereon are concerned with surfaces of marked physical 
differences, in the sense of geometric arrangements, ad- 
sorbed species, identity of nearest neighbors, etc., from 
those on which removal rates are low enough that a 
surface process may be rate controlling. 

Anomalous deposition effects.-The previous treat- 
ment accounts in a self-consistent manner for most of 
the experimental phenomena mentioned earlier, but 
it still must be shown that the proposed model accom- 
modates equally well the observed effects of deposi- 
tion on a succeeding dissolution process. If material is 
incorporated into the metal lattice at steps, it must 
become identified with, and indistinguishable from, the 
rest of the crystal. Therefore, no "deposition effect" 
should be observed following such a process. By the 
same token, if nucleation occurred and the deposit 
formed over the old substrate, only the new steps 
bounding deposits should serve as possible sources of 
different effects since material bounded by the steps 
should be identical with the substrate. However, data 
shown in Fig. 9 indicate that the deposition process was 
independent of step density in the range - 105-107 
cm-1 since almost identical cathodic branches of 
current-overpotential data were obtained for the (321) 
and (111). Therefore, it is difficult to believe that nu- 
cleation phenomena could account for the observed 
deposition anomaly. A reasonable alternative is sug- 
gested by the shapes of anodic overpotential-time 
curves of the type illustrated in Fig. 8. If, as proposed, 
the shape of low current density "normal" anodic 
overpotential-time curves reflect both ~eaction at steps 
as well as depletion of surface adatoms, then the rela- 
tionships between cathodic and subsequent postcath- 
odic, anodic curves indicate that material deposited 
at low and intermediate current densities had more 
the characteristics of adatoms than of the crystalline 
substrate. (Although it is not to be assumed that the 
process is completely independent of the substrate.) 
Moreover, these characteristics were retained over long 
periods of time. Therefore, it is suggested that much of 
the material deposited at low current densities over 
relatively short periods of time did not occupy half- 
crystal positions, and in this sense could not be dis- 
tinguished from adatoms. Since, as indicated in Fig. 
8, the anomaly could be observed for the total deposit 
equivalent to much more than a monolayer of mate- 
rial, such deposits probably have extremely open 
structures with high vacancy concentrations. This is 
equivalent to proposing that under these conditions 
crystal growth occurred more or less by direct addi- 
tion of atoms at random sites, with little subsequent 
surface diffusion. While conceptually the idea lacks a 
certain appeal, it appears that, following a low current 
density cathodic process, the observed smaller values 
of anodic maxima and increases in times to establish- 
ment can be explained on the basis of an increased 
concentration of adatom-like material under conditions 
of "pseudo-equilibrium." 

A further indication of the differences in dissolution 
and deposition processes at low and intermediate cur- 
rent densities is seen by comparing the post-maxima 
shapes of overpotential-time curves of Fig. 6. Such dif- 
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ferences were more difficult to detect at current densi- 
ties in excess of w 200 pA/cmp, and with the exception 
of the (111) and possibly the (1001, at higher current 
densities overpotential-time relationships were almost 
precisely similar for anodic and cathodic processes at 
the same current density on any one orientation. 

A somewhat more 'quantitative discussion of the 
deposition anomaly is possible. The data in Fig. 10 
show clearly that "normal" maxima for both anodic 
and cathodic processes at the indicated current densi- 
ties were established on all orientations well before the 
equivalent of a monolayer of copper had reacted. But 
as indicated in Fig. 8 the deposition effect was not 
restricted to the charge passed in establishing a maxi- 
mum, but rather to the total amount of material de- 
posited. The highest current density at which it was 
established that ensuing anodic maxima formed only 
when the total previous deposit had been removed 
was 160 pA/cmZ. Six hours following depositions last- 
ing 1 min at  this current density, dissolution produced 
anodic maxima only after one minute at  the same cur- 
rent density. ("Normal" anodic maxima under such 
conditions were established in - 0.1 sec on all orienta- 
tions and had larger absolute values than observed in 
postcathodic instances.) These depositions corresponded 
approximately to the equivalent of 15 atom layers. At 
lower current densities the largest deposit which was 
precisely duplicated in a succeeding anodic overvolt- 
age-time to maximum curve corresponded to - 50 
atom layers. Neither of the examples cited here were 
established as limiting cases, nor indeed were any of 
the limiting conditions precisely defined. However, it 
was observed that at current densities > 200 pA/cmZ - 
the effect diminished as the current density increased, 
and a relationship between the total amount of deposit 
and the amount removed at  the time of anodic maxi- 
mum formation could not be established at higher cur- 
rent densities. 

A most intriguing aspect of the overpotential data is 
that the (321) and (111) have nearly identical cathodic 
but quite different anodic branches. Previously it has 
been pointed out that, as illustrated in Fig. 6, on any 
orientation postmaxima anodic and cathodic overpoten- 
tial-time relationships are not always identical for any 
one reaction rate, even at the highest current densities 
studied. This indicates that immediately after the 
maximum change in adion concentration had been 
established, subsequent su~face events were not pre- 
cisely equivalent for dissolution and deposition. The 
suggested model of reaction seems suitable for anodic 
processes, but further discussion is required in the 
cathodic case. The relative step densities on the (321) 
and (111) suggest that the lack of symmetry in the 
(111) overpotential data resulted from lower values 
for cathodic processes rather than excessively high 
values for the anodic. If so, it was not diffusion over 
the surface which limited the maximum cathodic 
overpotential developed on the ( I l l ) ,  otherwise the 
(321) surfaces would not have produced data identical 
to that obtained for the (111). At higher current densi- 
ties it is possible that unusual growth processes might 
have occurred on the (111). It could be that diffusion 
was such a relatively slow process that growth was ac- 
complished on the flat surface areas rather than by 
diffusion to step sites. However, there is insufficient 
evidence to suggest nucleation processes occurred, and 
furthermore, by analogy to observations on all orien- 
tations at  low current densities, it seems preferable to 
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think of growth on the (111) as being accomplished 
by rather ill-defined methods which produced atom 
layers with a very high vacancy content. 

A more plausible reason for the asymmetric behavior 
of the (111) and (321) could be a consequence of the 
fact that the (111) is the close packed plane in copper. 
In face-centered cubic systems such as copper the close 
packed planes are stacked in the sequence ABCABC- 
AB . . ., etc., but it is not at all certain that adatoms on 
a (111) area are restricted to sites representing proper 
crystal sequential orders. So while there are two types 
of geometrically similar sites available to adatoms on 
this surface, in terms of permanent occupancy of such 
sites one of them is crystallographically improper. 
Growth occurring in such unsuitable arrays, rather than 
by movement of crystallographically correct steps over 
the surface, could have been responsible for the asym- 
metric behavior observed. The slight asymmetric prop- 
erty of the (321) data emphasizes the fact that a rre- 
mendously high step density was incapable of causing 
complete obliteration of this effect, and that perhaps 
it is indeed an intrinsic property of the close-packed 
arrangement. Therefore, it is not at all certain that 
the "deposition anomaly" observed on all orientations 
at lower current densities did not also occur undetected 
on all orientations at higher current densities. It is 
possible that diffusion over any orientation was rela- 
tively so difficult that initial growth at all the current 
densities reported here occurred in such a way that 
structures with very high vacancy content always 
were formed. 

Manuscript submitted Jan. 27, 1969; revised manu- 
script received ca. Dec. 24 1969. The data reported 
here were presented in part'as Paper 110 at the Wash- 
ington Meeting Oct. 11-15 1964 and in part as Paper 
72 at the ~hiddelphia  ~ i e t i n g :  Oct. 9-14, 1966. The 
research on this paper was sponsored by the USAEC 
under contract with Union Carbide Corporation. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1970 
JOURNAL. 
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Oxygen Reduction on Active Platinum in 85% 
Orthophosphoric Acid 

A. J. Appleby* 

Institute of Gas Technology, Chicago, Illinois 

ABSTRACT 

The oxygen reduction reaction on platinum that has been anodized, fol- 
lowed by reduction at 500 mV, has been studied in 85% orthophosphoric 
acid over a wide temperature range. This anodized platinum surface is more 
active for oxygen reduction than annealed reduced platinum in the 850-950 
mV potential range and has a higher Tafel slope (1.79 RT/F at 25"C, com- 
pared to 1.04 RT/F for the annealed surface). Activation energy at the re- 
versible potential is 14.9 & 1.5 kcal. It is suggested that the rate-determining 
step on this surface is 

S + 0 2  +H+ + e -+  S02H 

under conditions in which the adsorption of the product is close to Lang- 
muirian. Hydrogen peroxide is not appreciably involved in the reduction 
mechanism. These results are interpreted in terms of the surface structure 
of the electrode after oxide reduction. 

It is well-known that platinum that has been freshly 
anodized behaves as a more effective catalytic surface 
for a wide range of electrochemical processes. This 
effect has been explained by Kolthoff and Nightingale 
(1) and by Davis (2) as being due to facilitated elec- 
tron transfer from the oxidized platinum surface by 
an oxygen-bridge mechanism. Other workers, on the 
other hand, have argued that a chemical mechanism 
is responsible in which reagents react directly with 
the oxidized surface, which is unstable under reducing 
conditions (3,4). 

Anson (5) considered that platinum that has been 
oxidized then reduced by a redox system is covered 
by a thin, platinized layer, and behaves as a specially 
active surface. This argument is supported by the ob- 
servation that marked roughening of the surface oc- 
curs under a-c conditions (6). However, Gilman (7) 
has shown that only a small increase in area is pro- 
duced by one polarization cycle, and this is true only 
if reduction of the oxidized surface is rapid. An al- 
ternative explanation was advanced by Feldberg, 
Enke, and Bricker (8) who attributed the enhanced 
activity of oxidized and reduced platinum to an ad- 
sorbed layer of PtOH. 

In general, no special increase in activity other than 
that which may be attributed to impurity adsorption 
(9, 10) is observed by pulsing platinum to 1.6V (11). 
Under these conditions, approximately one monolayer 
of adsorbed oxygen on the platinum surface is in- 
volved (12). At higher potentials, more than one 
monolayer of oxide may form (13-15). 

In this paper, the reduction of oxygen in 85% 
orthophosphoric acid is studied on reduced platinum 
that has been previously anodized at high potentials. 
Kinetics and mechanism on this active surface are 
compared with those occurring on a reduced, an- 
nealed platinum surface (10). 

Results are interpreted in terms of surface modifi- 
cation due to partial reduction of the oxide layer, with 
the formation of a strained lattice containing dissolved 
oxygen and with a high density of surface defects (16). 

Experimental 
The all-silica cell in which the experiments were 

carried out has been described in a previous publica- 
tion (17). The working electrode consisted either of 
one of a number of 1-cm2 platinum foils suspended 
from wires, or of the disk of a rotating ring-disk elec- 
trode. Electrodes (zone-refined grade, nominal 99.999% 
purity) were degreased and washed in concentrated 
HCl, conductivity water, and the electrolyte itself 
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before use. The reference electrode was a dual bub- 
bling hydrogen system equipped with a Luggin capil- 
lary. Hydrogen for the reference electrode and oxygen 
or oxygen-nitrogen mixtures (reproducibly mixed to 
the required PO* by capillary flowmeters) were led to 
the cell via presaturators. All measurements through- 
out this work were carried out by conventional gal- 
vanostatic methods, although with the ring-disk elec- 
trode a potentiostat was used. The latter electrode was 
used to study the formation of hydrogen peroxide 
intermediates in the reaction and to obtain polariza- 
tion data over a longer activation-controlled range. 

The electrolyte was purified by treatment with hy- 
drogen peroxide in a manner previously described 
(17). All potentials throughout this paper are ex- 
pressed relative to the bubbling hydrogen electrode 
in the same solution (HRE potentials). 

Electrode pretreatment-Electrodes were anodized 
at a potential of 2V HRE for 2 min and were then 
allowed to reduce galvanostatically at a current den- 
sity of 20 rA/cm2 until the potential reached 500 mV. 
Following this treatment the cathodic galvanostatic 
current was switched off and the electrode was al- 
lowed to attain its equilibrium rest potential. 

Rest potentials.-Rest potentials of the electrodes 
were approximately 990-1010 mV. The values were 
not significantly temperature dependent; initial experi- 
ments, carried out by adding small quantities of ana- 
lytical grade 85% orthophosphoric acid to the pure 
electrolyte, established that small traces of impurities 
resulted in lowered values. 

Tafel plots were obtained as soon as the electrode 
had reached an open-circuit potential whose value had 
changed by less than 5 mV in the previous 2 min. It 
was noted, however, that the potentials of electrodes 
left on open circuit slowly rose over a period of hours 
to a maximum of 1020-1030 mV. 

Tafel plots.-Galvanostatic Tafel plots were made 
using a conventional battery-operated, high impedance 
circuit allowing sufficient time (up to 5 min at low 
current density, 1-2 min at higher current density) for 
equilibrium to be reached at each point. Steady-state 
readings were taken when the potential changed by 
less than 2 mV in the previous interval of 1 min. Plots 
were obtained in this way at 25.1°, 52.1°, 76.1°, 95.9", 
116.0°, and 136.1°C (Fig. 1).  In general, they could be 
traced forward and backward with very little hyster- 
esis. 

Each potential-log current plot shows a gently slop- 
ing region extending from the rest potential, followed 
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Fig. 1. Galvanostatic Tafel plots of oxygen reduction on active 
platinum, temperature dependence. 

Fig. 2. Effect of oxygen partial pressure on polarization a t  52.1°C 

by a Tafel region starting at about 925 mV. The Tafel 
slopes and l / m  values at each temperature studied are 
given in Table I. In addition, Table I contains exchange 
current values obtained by extrapolating the Tafel 
line to the calculated reversible potential at each 
temperature (assuming PO, = 1 and P H ~  = 1-p atm, 
where p is the water vapor pressure above phosphoric . . . - 

acid). 
In each case the experimentally obtained exchange 

current has been corrected to 1 atm oxygen partial 
pressure assuming a first order mechanism (see 
below). 

Order of reaction for oxygen.-A series of Tafel 
plots was made at different oxygen partial pressures. 
At the lower partial pressures it was necessary to wait 
for some time to elapse before the first point was 
taken to allow oxygen evolved during electrode pre- 
treatment by anodizing to disperse before reproducible 
results could be obtained. Tafel plots at four oxygen 
partial pressures on active platinum electrodes at 
52.1°C have been previously published (18). A log-log 
plot of polarization data in the Tafel range of these 
plots is shown in Fig. 2, which indicates that the 
chemical reaction order for oxygen reduction is unity. 

Hydrogen peroxide.-A rotating ring-disk electrode 
was used to determine the percentage of hydrogen 
peroxide produced, either as the end product of a 
parallel mechanism or as an intermediate in the over- 
all process of oxygen reduction to water. In these ex- 
periments the disk electrode was prepared by anodiz- 
ing followed by reduction in the same way as the 
platinum foil working electrodes referred to previous- 
ly. The lightly platinized ring of the electrode was 

Table I. Kinetic data for oxygen reduction on active 
platinum in 85% orthophosphoric acid 

i., A/cmZ Tafel slope, 
Temp. "C (atm 01) mV/decade l /u  

RING CURRENT. PNAWODICI 

ACTIVE SURFACE 

S O 0  
POTENTlAL.mVIHRE 

Fig. 3. Ring-disk electrode data, 4840 rpm a t  76.1°C 

Fig. 4. Tafel plot a t  7 6 . l 0 C  on active platinum: stationary nnd 
rotating dirk electrode data. 

maintained at a constant potential of 1.3V HRE; at this 
potential hydrogen peroxide oxidation is diffusion con- 
trolled. Experiments were carried out at 76.1" and 
116.0°C in 85% orthophosphoric acid purified by hy- 
drogen peroxide treatment. Disk current and the cor- 
responding anodic ring current were determined at 
various cathodic potentials applied to the disk by 
means of a potentiostatic circuit. A typical reduction 
wave for oxygen at 76.0°C is shown on Fig. 3, for a 
rotational velocity of 4840 rpm. Unlike the correspond- 
ing case on oxide-free annealed platinum (lo),  little 
effect of impurity adsorption on oxygen reduction 
kinetics in the double layer region was noted.' At 
76.1°C, small quantities of hydrogen peroxide were 
detected at  the electrode ring. The collection factor of 
the electrode used was 35%; on this basis hydrogen 
peroxide accounted for less than 10% of the total re- 
action product or detectable intermediate. At the same 
temperature on annealed oxide-free platinum, hydro- 
gen peroxide accounted for a greater proportion, ap- 
proximately 16% of the total product or intermediate. 
At 116"C, no hydrogen peroxide could be detected at 
the ring when the disk was in the "active" state. 

The ring disk electrode at 3140 rpm was used to 
confirm the Tafel slope at 76.1°C over a greater range 
than was possible in the electrolyte stirred by gas 
bubbling. At this rotation speed, the linear Tafel range 
at the electrode was increased by approximately a 
further decade. Figure 4 shows that there is good 
agreement between the Tafel slope for platinum foil 
electrodes under stirring by gas bubbling and a rotat- 
ing disk electrode at a high rate of hydrodynamic 
stirring. 

Activation energy.-Figure 5 shows an Arrhenius 
plot of the extrapolated i, values (corrected for oxygen 
partial pressure). Activation energy at the reversible 
potential on this basis is about 14.9 -c 1.5 kcal (lo), 
and the value on active platinum is close to that ob- 
served on oxidized platinum (13.1 kcal) (17). 

The higher temperature i, values lie somewhat off 
the line; this is probably due to the uncertainty in 
measuring the Tafel slope (assumed to be about 125 
mV/decade) at the higher temperatures. 

1This deactivation is attributed by Bockris et al. (19) to HcPOr 
ion adsorption. 
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of the PtO produced in the anodic pulse, it would be 
ex~ected that the electrode surface would be covered 
w&h a monolayer of this material. The surface pro- 
duced by this treatment is, however, kinetically simi- 
lar to platinum pretreated by hydrogen reduction at 
500°C. The latter surface is unlikelv to carrv any 

Fig. 5. Arrhenius plot of extrapolated exchange currents for oxy- 
gen reduction on active platinum in 85% orthophosphoric acid. 

Discussion 
Nature of the active platinum surface.-Platinum 

which has been anodized at high potential has on its 
surface a phase oxide film at least two monolayers 
thick (13-15). In addition, the outer layers of the 
platinum lattice appear to contain "dermasorbed" 
oxygen, that is, oxygen dissolved in the first two or 
three atomic layers of the platinum. Evidence for the 
existence of the latter type of dissolved oxygen has 
been given by Schuldiner and Warner (20), and is 
implicit in the observation that the anodic charge in 
galvanostatic transients is always greater than the 
cathodic charge in the platinum oxidation reduction 
cycle. The evidence for this has been reviewed by 
Vetter (21) and Hoare (22). This observation has been 
explained by Gilman (23) in terms of an impurity 
oxidation reaction contributing to the anodic current, 
by Laitinen and Enke (14) in terms of oxygen evolu- 
tion in the anodic cycle, and by Vetter and Berndt 
(24) in terms of a cathodic mechanism involving a 
%-electron reduction of the oxide film so that hydro- 
gen peroxide was the end product rather than water. 
The latter reaction is unlikely, in view of the ring- 
disk electrode data of Frumkin et al. (251, which in- 
dicated that no detectable hydrogen peroxide was pro- 
duced during oxide-film reduction on platinum. Equal- 
ly, the first two explanations are unlikely as the same 
phenomenon is observed under conditions of high 
purity (additionally oxidation of many species is 
strongly inhibited on oxidized platinum) (26) and 
oxygen evolution is not normally apparent at low 
potentials, at which this effect is still observed. 

Feldberg et al. (8)  offer an explanation for this 
phenomenon in terms of a partial reduction of the 
platinum oxide film [which consists of PtO (27) if the 
potential of the electrode is not greater than about 
1.8VI to PtOH, on the assumption that the reduction 
of this compound is highly irreversible. This is diffi- 
cult to accept on kinetic grounds, and it is hard to 
see how an oxide film some monolayers thick can be 
exactly half reduced to a PtOH film with the same 
thickness. 

A previous publication (10) has described the 
kinetics of oxygen reduction on a platinum surface 
prepared by electrochemical reduction to remove any 
residue oxide followed by anodic and cathodic pulsing 
(at a maximum anodic potential of 1.2-1.5V) to pro- 
duce a surface free of adsorbed capillary-active im- 
purities. If PtOH is the end product of the reduction 

oxidized platinum; in addition, it is hard to see how 
radicals such as OzH or 0 can be adsorbed on a surface 
bearing a monolayer of a similar species (OH) and 
still obey a  emk kin-type adsorption isotherm, in which 
the heat of adsorption of species of similar electro- 
negativity (for example, OH, 0 ,  OzH) falls off as the 
total coverage increases (28). This isotherm accurate- 
ly applies only at intermediate coverages (0.2 < @ < 
0.8); at e +  0 or 1, adsorption is Langmuirian. Hence, 
with a coverage of -OH close to unity, the adsorption 
isotherm for 0 or OzH would be expected to be also 
Langmuirian. 

It seems reasonable to assume that the charge im- 
balance in anodic and cathodic galvanostatic transi- 
ents is caused by diffusion of oxide ions into the first 
few monolayers of the platinum lattice (20) where 
they become inaccessible for reduction. Because of the 
high energy of the platinum lattice containing inter- 
stitial oxygen, it is energetically difficult for the oxy- 
gen to diffuse out through the reduced outer one or 
two monolayers of platinum. The latter are envisaged 
to be, therefore, situated on top of a disordered highly 
strained lattice of Pt -0  alloy, so that the surface after 
oxide reduction is a high-energy, randomly oriented 
platinum layer containing numerous vacancies and lat- 
tice defects. 

It is interesting to note that the "active" surface is 
not produced by pulsing to 1.5V, where only one 
monolayer of reducible oxide is involved (12). It is 
necessary to strongly oxidize the surface by anodizing 
at high potential, followed by reduction at about 600- 
700 mV to remove the superficial reducible oxide layer. 
The disordered surface containing dissolved oxygen 
thus produced is not particularly stable, but is more 
stable than would be expected for a very lightly 
platinized surface, of the type suggested by Anson (5).  

As Feldberg et al. (8) have shown, the active sur- 
face degrades very slowly above 700 mV, but is re- 
duced relatively quickly to give a normal annealed 
platinum surface at 300 mV. It seems likely that the 
nitric-acid-treated platinum surface reported by Hoare 
(29) is a similar high-energy surface containing dis- 
solved oxide ions. 

Mechanism of Reaction on the Active Surface 
The principal kinetic characteristics of the active 

surface are: ( i)  first order reduction of oxygen, and 
(ii) Tafel slopes of 1.79 RT/F to 1.54 RT/F, depending 
on temperature. In addition, the surface is more active 
than annealed, oxide-free platinum, less affected by 
impurities, and produces less hydrogen peroxide. 

On normal (annealed) platinum the Tafel slope is 
RT/F, and oxygen reduction is first order. It has been 
shown that this is consistent with the rate-determin- 
ing step (10, 11) 

in which it is assumed that the adsorption of SOzH 
follows the Temkin isotherm. This is justified on the 
following grounds. The rate equation for the above 
reaction is 

i = s'kF exp (-  pFV/RT - p r @/RT) 

where p is a symmetry factor, 8' is the coverage of 
molecular oxygen, @ is the total coverage of similar 
oxygenated compounds (-0, -OH, and -0zH) on 
the electrode surface, r is the change in heat of ab- 
sorption for unit change in 8, and k is the specific rate 
constant. F, R, and T have their usual meanings. Only 
the adsorption of the product of the reaction follows 
the Temkin isotherm; the observation that oxygen re- 
duction is first order implies that pOz a @'; that is, a 
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Langmuir isotherm (at low coverage) operates for 
the reactant (10). 

Assuming that the oxidation products of water (-0 
and -OH) are in equilibrium on the electrode, and 
their adsorption obeys a Frumkin isotherm (Temkin 
approximation in the coverage range 0.2 < R < 0.8) 
then it can be shown in this interval of 0 (30) 

av/as = - 
F 

and FV = r 8 (29) 
Hence 

i cc p o l  exp ( - FV/RT) 

Damjanovic and Brusic (11) have also shown that this 
treatment is consistent with their observed pH de- 
pendence. 

In principle, the oxygen electrode on oxide-free 
platinum behaves like a normal charge transfer proc- 
ess with a Tafel slope 2RT/F, which is progressively 
poisoned (i.e., the rate constant decreases) by the in- 
creasing surface coverage of the oxidation products of 
water with increasing potential. The reduction reaction 
on the active surface apparently involves the same 
rate-determining step taking place under conditions 
of increased heat of adsorption of the reaction inter- 
mediate (-02H),2 thus accounting for the increased 
rates, and where this effective poisoning (fall in rate 
constant due to change in heat of adsorption with 
coverage) is less apparent. We must postulate that the 
adsorption isotherm of OnH is more nearly Langmuir- 
ian on the "active" surface. 

If we consider a surface with a high proportion of 
lattice defects, it  is probable that the range of energy 
distributions at individual defects is not too wide. On 
this basis, with only a small number of sites that are 
active at any time, approximately Langmuir conditions 
of adsorption at relatively low coverage are possible. 
The effect of O= within the lattice must not be dis- 
counted. If the Temkin isotherm on the annealed sur- 
face is caused by an induced heterogeneity effect, due 
to dipole interaction at the surface, then the effect of 
lattice oxygen may be to reduce these interactions and 
allow a more Langmuirian isotherm to operate. 

The activation energy on the reduced annealed sur- 
face was previously determined to be approximately 
22.9 kcal at the reversible potential (10). This figure 
contains a heat of adsorption term due to fall in bond- 
strength of reaction intermediates as -0 coverage on 
the electrode rises with potential. For this reason, it 
is more legitimate to compare activation energies for 
the two surfaces at a potential where coverage by 
adsorbed -0 is low, rather than at the reversible po- 
tential. On this basis, the difference in activation 
energy at about 800 mV (q - -400 mV) is (22.9-14.9) 
- (al - ~ 2 )  V F  kcal, where a, and 02 are the mean 
transfer coefficients on each surface. With a1 -1.0 and 
an - 0.59, this difference amounts to approximately 
2.5 kcal. If one assumes that the total increase in sur- 
face energy is equivalent to about one surface defect 

kcal where p is a symmetry factor, a change of 2 kcal 
might be expected, with p = 1/2. 

It is also likely that the electronic work function at 
a defect site is not canceling, i.e., it appears in the 
over-all rate equation. This possibility has been dis- 
cussed by Damjanovic, Setty, and Bockris (32). Hence, 
if the electronic work function is lower at defects, an 
additional reduction in the activation energy may be 
expected. 

Conclusion 
The "active" surface of platinum is kinetically dif- 

ferent from a normal annealed platinum surface pre- 
~ a r e d  by reduction. This mav be attributed to the 
effect of-dermasorbed oxygen (20) within the first few 
layers of the lattice, and to a high degree of surface 
disorder. Since the structure of the surface is not 
stable, eventual rearrangement and recrystallization 
take place with the production of a platinum surface 
with normal properties. The method of activation by 
anodizing and reducing is consequently not a promis- 
ing method for long-time improvement in the electro- 
catalytic properties of the substrate. 

Acknowledgment 
The author wishes to thank the sponsors of the 

TARGET fuel cell program and Pratt & Whitney Air- 
craft Division of United Aircraft Corp. for permission 
to publish this work. The help of members of IGT in 
the preparation of this publication is also greatly ap- 
preciated. 

Manuscript submitted Oct. 31, 1969; revised manu- 
script received ca. Feb. 3, 1970. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1970 
JOURNAL. 

REFERENCES 
1. I. M. Kolthoff and E. R. Nightingale, Anal. Chim. 

Acta, 17,329 (1957). 
2. D. G. Davis, Talanta, 3,335 (1960). 
3. K. I. Rozenthal and V. I. Veselovskii, Zh. Fiz. 

Khim., 27,1163 (1953). 
4. T. I. Borisova and V. I. Veselovskii, ibid., 27, 1195 

(1953). 
5. F. c.-~ns-on,Anal. Chem., 33,934 (1961). 
6. F. C. Anson and D. M. King, ibid. 34, 362 (1962). 
7. S. Gilman, J .  Electroanal. Chem., 9: 276 (1965). 
8. S. W Feldberg C. G. Enke and C. E. Bricker, 

 hi's Journal, 110,826 (19633. 
9. S. D. James, ibid., 114,1113 (1967). 

10. A. J. Auulebv. ibid.. 117. 328 (1970). 
11. A. ~a&jHno;ic and' V. ~rusic, '  ~lectrochim. Acta, 

12,615 (1967). 
12. W. Bold and M. Breiter, ibid., 5,145 (1961). 
13. A. K. N. Reddy M. Genshaw and J. O'M. Bockris, 

J .  ~lectroanai. Chem., 8, 4d6 (1964). 
14. H. A. Laitinen and C. G. Enke, This Journal, 107, 

773 (1960). 
15. D. Gilroy and B. E. Conway, Can. J .  Chem., 46, 875 

(1968). 
16. H. Dietz and H. Gohr, Electrochim. Acta, 8, 343 

for every-ten surface atoms, then it is possible to ac- (1963). 
count for most of the activation energy decrease on 17. A. J. Appleby, J. Electroanal. Chem., 24, 97 (1970). 
this basis. If a platinum atom at a defect has extra 18. A. J. Appleby and A. Borucka, This Journal, 116, 
energy available for bonding equal to 4 available 1212 (1969). 
Pt-Pt bonds, then the excess energy of each site (corn- 19. J. O'M. Bockris, Cahan, and stoner,  hem. ~ns t ru-  
pared with normal platinum) is about 4 Ls/6 where mentation, 1,273 (1969). 

Ls is the latent heat of sublimation of on 20. S. Schuldiner and T. B. Warner, This Journal, 112, 
212 (1965). 

the basis of Pauling's equation (31) for the strengths 21. K. J ,  vetter, " ~ l ~ ~ k ~ ~ ~ ~ h ~ ~ i ~ ~ h ~  ~ i ~ ~ ~ i k ;  pp. 500- 
of polar bonds, the increase in bond strength of the 506, Springer, Berlin (1961). 
reaction intermediate at each Site will be approximate- 22, J. P. Hoare, "The Electrochemistry of Oxygen," pp. 
1~ 24-26, Interscience Publishers, New York 

1 4Ls (1968). - - - 40 kcal/mole 23. S. Gilman, Electrochim. Acta, 9, 1025 (1964). 
2 6 24. K. J .  Vetter and D. Berndt, Z. Elektrochem., 62, 

The net increase in bond strength over the whole 378 (1964). 

surface will thus be about kcal, If one assumes that 25. A. N. Frumkin, E. I. Krushcheva, M. R Tarasevich, 
and N. A. Shumilova, Elektrokhimiya, 1, 17 

the change in activation energy will be given by p X 4 f lBf i . 5 ) .  . - - - - , . 
1This also explains the lower proportion of detected in 26. J. O'M. Bockris and H. Wroblowa, J. ~lectroanal. 

comparison with that at the annealed oxide-free surface (10). Chem., 2,428 (1964). 



Vol. 117, No. 5 OXYGEN REDUCTION ON ACTIVE PLATINUM 645 

27. J. P. Hoare, ibid., 12,260 (1966). (1967). 
28. B. E. Conway and E. Gileadi, Trans. Faraday Soc. 31. L. Paulmg, "The Nature of The Chemical Bond," 

London, 58,2493 ( 1962). 3rd ed., pp. 88-91, Cornell University Press, 
29. J. P. Hoare, This Journal, 112,849 (1965). Ithaca N. Y. (1960). 
30. H. Wroblowa, M. L. B. Rao, A. Damjanovic, and 32. A. ~amjhnovic, T. H. V. Setty, and J. O'M. Bockris, 

J. O'M. Bockris, J. Electroanal. Chem., 15, 139 This Journal., 113,429 (1966). 

Technical Notes 

Zinc-dichromate High Power Primary Cell 

Gianfranco Pistoia and Bruno Scrosati* 

Istituto Elettrotecnico, Universitci di Roma, Rome, ltalg 

It is known that the electrochemical cells so far 
developed, at high discharge current drains, i.e., cur- 
rent densities greater than 0.15 A/cm?, generally have 
the characteristic of showing an appreciable voltage 
drop at the electrodes. This makes it impossible to ob- 
tain high specific power values, i.e., power densities 
greater than 0.25 W/cmz, with such systems. 

The characteristics necessary in an electrochemical 
system for the development of a high power cell, i.e., 
a cell capable of tolerating high discharge rates, are 
in essence: (a) high values of open circuit potential 
(OCV), ( b )  very low internal resistance to ensure that 
IR drops through the cell are almost negligible, and 
(c) very low electrode polarizations even at high dis- 
charge rates. 

None of the high power cells based on metallic 
anodes and halogens as cathodes, such as Mg/Clp ( I ) ,  
Zn/CIZ (2), and Mg/Brp (3) has all these characteris- 
tics. In these systems, in order to dissolve the halogens, 
it is necessary to use electrolytes containing halide 
salts, such as NaCl and NaBr (11, CaClz and ZnClr 
(2), and MgBr? ( 3 ) ,  which do not possess high specific 
conductivities. This results in an appreciable voltage 
drop under discharge and, consequently in the impos- 
sibility of obtaining high power values. Furthermore, 
the necessity of a continuous supply to the positive 
electrode of the gaseous or liquid halogen from a sep- 
arate container creates enormous problems as far as 
both materials and techniques are concerned. Finally 
the high cost and the use of substances which are dan- 
gerously toxic makes this type of cell limited in its 
application. 

It would seem more practical to use, as a cathode, a 
couple in which the oxidized form is present on the 
electrode support, as in the Zn/KIOs (4) and Zn/AgO 
(5) systems, or, alternatively, in solution. The latter 
has some advantage over the former, since it does not 
require preformation of the cathode, as it is sufficient 
to provide an inert electrode, such as graphite, at 
whose surface the oxidized species may be reduced. 

One of the cells which works with a liquid depolar- 
izer is the zinc-dichromate cell. This cell is an old con- 
cept and could in principle be discharged at high cur- 
rent drains (6). On the other hand the cell, in its old 
construction, presents serious disadvantages, such as 
electrode polarizations and very short shelf life, which 
have so far prevented its use for high power purposes. 
These disadvantages can be overcome by recirculating 
the electrolyte through the electrodes, choosing the 
best electrolyte concentration and working temperature 
and by careful design of the cell. Using a similar tech- 
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nique, Crowley et al. were able to realize a high rate 
performance cell based on a Mg/CrOa system having 
a recirculating acidic electrolyte (7). 

In this work the characteristics and the performance 
of an improved zinc-dichromate cell are reported. 

Experimental 
Choice of electrolyte.-Before arriving at the system 

Zn/NapCrpO7 in acidic solution, several other possible 
catmhodic couples for the development of high power 
cells, were taken into consideration. Among these were 

The respective voltage under load of cells using each 
of these systems coupled with a zinc anode and in 
sulfuric solution was, at best, about 1V for current 
densities of the order of 0.05 A/cmZ. 

More encouraging results were obtained with systems 
utilizing the CreOi'/Cr"+ couple and therefore at- 
tention was focused on this cathodic material. The 
characteristics of the zinc-dichromate system were 
thoroughly studied, particularly as far as the composi- 
tion of the electrolyte and its recirculation procedure 
through the electrodes were concerned. 

It is known that the formal potential of the Crp072-/ 
Ce3+ couple varies widely with the nature and the 
concentration of the acid (8). In HC1 and HClO4 solu- 
tions, especially when dilute, the formal potential is 
considerably lower than in solutions. It was 
noted that progressively increasing the HpSO4 concen- 
tration up to 4.5M [32 w/o (weight per cent)] the 
OCV of the zinc-dichromate system correspondingly 
increases to a value very close to the 2.12V expected 
from the formal potentials of the two electrodes. 

Also the dichromate concentration plays an important 
role especially as far as the oxidation reaction rate is 
concerned (9). It is known that in acidic solution the 
following equilibria are present 

It appears that the most active ion in the oxidation 
process is C r ~ 0 7 ~ -  which predominates at high con- 
centrations (8). It follows that the use of concentrated 
dichromate solutions is necessary in order to obtain 
the high reaction rates that are essential to realize an 
electrochemical system able to work at high current 
drains. 
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Fig. 4. Power-current density curve for the zinc-dichromote and 
other batteries a t  high drain rates. Data related to the Zn/AgO 
are obtained in pulse condition (10). For data related to Mg/CI., 
Zn/Cls, and Mg/Bra see ref. (1). (2), (31, respectively. 

a maximum power density value of about 0.62 W/cm" 
at 0.44 A/cm2, while the Mg/Br2 cell gives a maximum 
value of 0.28 W/cmz at  0.19 A/cm2. 

No attempt has yet been made on optimizing the 
volume and the weight of the cell and therefore no 
W/g or W/cm3 values are here reported. 

The low cost of manufacture, the safety, and the 
simplicity of use represent other important advantages 
of the zinc-dichromate cell over the metal-halogens 
type. 
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Electrode Overvoltages in Molten Fluorides 

The Corrosion of Zirconium Electrodes in Molten KHF, 

S. Pizzini*,', G. Sternheim 

Euratom CCR, Materials Department, Petten, North Holland 

In the previous papers (1,2) dealing with the 
evolution of hydrogen at  bright Pt  electrodes as well 
as in a paper of this series (3) dealing with the cor- 
rosion of aluminum electrodes in KHFz melts, it was 
shown that in anhydrous melts or in melts where the 
water contamination is lower than about 0.1% by 
weight, the limiting current for the cathodic evolution 
of hydrogen and accordingly, the corrosion current 
of aluminum, is negligibly small. Indeed, it has been 
felt that the cathodic deposition of the refractory 
metals from KHFz melts should be feasible if the 
solubility of the fluorides of the refractory metals in 
KHFz melts is sufficiently high or if the diffusion co- 
efficient of the cations is high enough at the relatively 
low working temperatures. In order to obtain pre- 
liminary information on this subject, zirconium was 
chosen as a test material and corrosion as well as 
polarization experiments on zirconium electrodes were 
carried out. 

A flanged copper cell with Viton gaskets [a slightly 
modified version of the graphite cells described in 
ref. (2)] was used. As before, Teflon was used as a 
container for the melt and a graphite ring as the 
auxiliary electrode. KHF2, twice-crystallized in water- 
10% ethanol mixtures and dried under vacuum, was 
used. 

Pure anhydrous nitrogen gas was used as cover gas 
to minimize the contamination of the melt. Electrodes 
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of known geometrical dimensions (about 1 cm2) were 
mechanically polished, rinsed with ethanol, and then 
used for corrosion or polarization measurements. The 
electrodes used for corrosion experiments were quick- 
ly extracted from the melt and cleaned in ethanol in 
an ultrasonic bath. Overvoltage measurements were 
carried out by the galvanostatic method, as previously 
described (1-3). As reference electrode, an iso-elec- 
trodic zirconium or a hydrogen electrode was used. 
The voltage of a cell constituted by a hydrogen elec- 
trode and a zirconium electrode is about -500 mV. 
The solubility of ZrF4 (added to the melt after being 
previously dried under vacuum) is of the order of 
2 x 10-3 moles/liter at 250°C. 

Figure 1 shows the E us, current density plot for the 
cathodic polarization of zirconium electrodes. From 
this figure one recognizes the presence of a limiting 
current at about 1 x 10-2 A/cm2 and of small plateau 
at  about -1700 mV. 

Inspection of the electrode, after polarizing it at  
about -2000 mV, revealed the presence of a film of 
potassium metal. When anodically polarized, the elec- 
trode eventually passivates. In Fig. 2 the results of 
different corrosion experiments (at different cathodic 
polarizing currents) are reported. The experimental 
value of i0K, the corrosion current under conditions of 
spontaneous corrosion, equals 3.96 x 10-2 A/cm2 (aver- 
age of 20 experiments). The corresponding mean 
square deviation is quite large (1.22 x 10-2 A/cm2), 
thus indicating poorly reproducible surface conditions. 
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Fig. 1. c vs. current density plot for the cathodic polarization of 
zirconium electrodes in KHFr melts. Temperature, 2 M 0 C ,  zirconium 
reference electrode. 

Fig. 2. Weight changes vs. polarization current plots for the 
cathodic polarization of zirconium electrodes in KHF4 melts. Tem- 
perature, 250%. Weight changes are expressed in terms of corra- 
sion current. 

Figures 1 and 2 show that the corrosion rate is greatly 
reduced and eventually suppressed at voltages be- 
tween -1700 and -2500 mV. It appears, however, that 
when the corrosion rate is zeroed, a discharge of po- 
tassium takes place. (The negligibly small weight in- 
crease observed at the highest cathodic polarization 
could, however, indicate simultaneous discharge of 
Zr and K). The zirconium deposition rate is, however, 
insignificant for any technological application. As this 
behavior is similar to that of aluminum in the same 
melt (3), discussion of these present experimental 
results could be carried out by analogy with the 
aluminum case, when considering zirconium as a cor- 
rosion electrode. 

Figure 3 is a picture of the possible reactions which 
occur at such a corrosion electrode, when the cathodic 
reactions are s u ~ ~ o s e d  to be. according to our p r e ~ i -  . .~ - - -  - 

ous papers (1,2j; the reactidns 
- 

Fig. 3. Schematic diagram of the partial anodic and cathodic 
reactions a t  a zirconium electrode in steady state corrosion con- 
ditions. 

and 

both of which are diffusion limited. In the case of (p) 
reaction it has been demonstrated that the limiting 
current is a function of the water content (1). The 
overvoltage us. the current density (c.d.1 curves for 
( u )  and (p) reactions, reported in Fig. 3 correspond 
to that measured at Pt electrodes in KHFz melts con- 
taining water; although the overvoltage for the Hz 
discharge could be very different at  the Zr electrode, 
the value of the limiting current must be the same in 
melts of the same composition. 

In the same figure, a guess is also made for the shape 
of the overvoltage us. c.d. for the possible anodic re- 
actions 

(7) Zr e Zfl+ + 4e 

and [see also ref. (4) for the same reaction in aqueous 
solutions] 

Reaction (y), whose standard potential (indicated in 
Fig. 3 as Emo?) has been calculated (5) from the free 
energy of the reaction 

Zr + 4HF = ZrF4 + 2H2 AG250"C = - 151.9 kcal/mole 
111 

for a melt saturated in KF as well as in ZrF4,z should 
account for the free corrosion of zirconium, when the 
partial cathodic reaction is reaction (a) 

(a) H F + e - ,  %Hz+ F-  

Reaction (6), whose standard potential (indicated in 
Fig. 3 as Emas) has been calculated from the free ener- 
gy value of the reaction 

is the usual expression for the half cell reaction of an 
oxide electrode (6). 

In Fig. 3 the E us. ip curves for reactions (7) and 
( 8 )  have been drawn (as dotted and dashed lines) in 
a manner that supposes the absence of effects of over- 
voltages for reaction (7)3 and a strong hindering (due 
to the presence of a ZrOz layer, possibly nonstoichio- 
metric) of reaction (6). 

Although reaction [I] is apparently thermodgnam- 
ically favored, reaction [2] should occur as soon as 

3The possible formation of zirconium hydride has not been ac- 
counted for, inasmuch as this effect may be considered as a slight 
reduction of the thermodynamic activity of zirconium metal. 

8 This condition, based on the assumption that zirconium is a 
"normal metal" with an exchange current of the order of 1W2 
A/cmx, is, however, unessential for the treatment which follows. 
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the accumulation of metal cations and water near to and 
the electrode leads to supersaturation and consequent 
precipitation of the sparingly soluble ZrO2. 

In the same figure different possible values of the 
mixed potential of the corrosion electrode have been 
indicated, which only depend on the shape of the an- 
odic overvoltage curve for reactions (7) and (6). Re- 
actions (a) and (p) in fact occur under conditions of 
diffusion-limited current. If it is supposed that reac- 
tion (7) occurs, coupled with reaction (p), then the 
value of the mixed potential E'.,i,t closely corresponds 
to the E,? value and the corrosion current i0K can be 
calculated from the known value of id,P as (3) 

Figure 3, where the curves of Fig. 1 (solid lines) are 
replotted by recognizing that the inflection at -1750 
mV corresponds to the zirconium deposition plateau 
and that the plateau at  -2000 mV corresponds to 
potassium deposition, shows, however, that the poten- 
tial which the electrode takes under current-less con- 
ditions (i.e., E"',,,iXt) is definitely more anodic than that 
corresponding to the E',,,i,t value. Moreover, the cor- 
rosion current takes a value 

(where h , ~ ,  is the cathodic limiting current measured 
at the Zr electrode, see Fig. 1) if we consider that the 
average content of water of a KHFz bath after the 
treatments used for the present experiments corre- 
sponds to a limiting current for the (p) reaction of 
about 1.3 x 10-2 A/cmz (1,2). 

From the F US. current densitv curves for the anodic -.- . . 

polarization of a zirconium electrode reported in Fig. 
3, it appears that the present experimental behavior 
is well accounted for, if one assumes that the electrode 
works according to reactions ( 6 )  and (p), i.e., as a 
covering layer electrode. 

When considering a stationary film thickness of the 
order of lOOA or less [as results from the extrapola- 
tion of the data of ref. (4) to a formation voltage cor- 
responding to the overvoltage of the partial anodic 
reaction ( a ) ]  and ambipolar migration in the semi- 
conductin@ layer, more insight into the corrosion 
mechanism could be gained by using the phase-scheme 
of Fig. 4 for a Zr. ZrOp electrode. Here the electrode 
is represented as a "~orrosion Deckschicht Elektrode" 
according to Lange (9) and it is supposed that the 
rate-determining step for the corrosion reaction is the 
diffusion of &of across the diffusion layer. Mobility 
of Zr4+ and 0-- in the ZrOp film does not imply that 
we assume the migration of ions as a volume process 
via lattice defects; faults, dislocations, and grain 
boundaries are alternative paths (10, 11). 

From Fig. 4 it is apparent that reactions (7) and (p) , 
subdivided in the elementary reaction steps and writ- 
ten an 

Zr Zr02 0 - 8 SOLUTION 

Fig. 4. Phase scheme of a "Korrosion Deckschicht Elektrode." 
The metal phase is indicated with I, the oxide phase with I l l ,  and 
the solution phase with 11. 6 indicates the thickness of the diffu- 
sion layer. Other Greek symbols indicate, as in the previous paper 
(3), reactions taking place at the interfaces llla and Illb. 

( x  + e-transf. + p') H8Of f e-, HzO + MH2 
I1 I I1 I1 

(where Zr4f - transf. and e-transf. indicate the mass 
and charge transfer processes across the ZrO2 phase) 
occur simultaneously at a rate which equals the limit- 
ing current of p reaction. 

If the coupling of reactions (7) and ( 8 )  were the 
unique process responsible for the corrosion reaction, 
then the corrosion current i"K should equal the value 
of the limiting current id,& This is not apparently the 
case, because of the side reaction with HpO, which is 
a product of reaction ( p )  and reacts with Zr according 
to the partial reactions 

( x  + e-transf. + x ' )  Hz0 + 2e + O= + HZ 
I1 I I11 I1 

and 

I Zr'+ -* I11 ZI.4+ 
and occur as well with a maximum rate which equals 
the hSs value. In steady state conditions we have 
therefore 

i 0 K  = idpD + 2 idlP 
which is a figure very close to the experimental value. 
This result confirms t h e  proposed model and suggests 
as a reasonable explanation for the observed codeposi- 
tion of Zr and K, the permanence (see Fig. 3) of a 
ZrO2 layer [with the overvoltage associated with the 
polarization of the electrode according to reaction (6)] 
at voltages higher than the discharge potential of Zr 
according to reaction (7). 

Nomenclature 
E.1, Potential of an electrode j, vs. a hydrogen elec- 

trode whose reaction is a 
r Electrical potential difference measured at the 

terminals of the tensiometric cell 
Polarizing current A/cmz 58 Diffusion limiting current 

i ' ~  Corrosion current, A/cmz, when external current 
is zero 

i~ Corrosion current, A/cmz 
1Mezf = 1Me - ZIe 

Subscripts I, 11, I11 indicate the metal, solution, 
and oxide phases, respectively. 

APPENDIX 
In this paper the symbols for the electrode reactions 

have been written according to our previous papers 
(1-3) and the nomenclature used is a slightly modified 
version of the Lange and Gohr symbolism (6). 

The arbitrary zero of the potential scale of Fig. 3 is 
the potential of the reaction (a) for hydrogen at 1 atm 
and HF at 39.8 mm Hg, which is the equilibrium pres- 
sure of a melt of KHFz at 250°C saturated with KF. 

The potential of reaction (p) is calculated according 
to ref. (1) by taking into account the free energy of 
the reaction 

Hz0 + HF*H3Ot + F- 
(AG Y 9000 cal/mole at  250°C) and corresponds, for 
Hz0 at 1 atm and HF at the equilibrium partlal pres- 
sure, to -263 mV. 
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4s. Aronson (8) quotes, at temperatures around 50O0C, an ionic 
transport number of 0.35. 
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On the Electrical Analog Circuit for the 

Study of Metal Solution Interfaces by the 

Square Wave Technique for Capacitance Measurements 

R. G. Barradas" 

Department of Chemistry, Carleton University, Ottawa, Ontario, Canada 

and E. M. L. Valeriote* 

Department of Physical Chemistry, University of Bristol, Bristol, England 

In an earlier paper (1) we evaluated the technique 
for capacitance measurements published by McMullen 
and Hackerman (2) and reported that capacity us. 
potential (C. us. E) curves change in using different 
values of R, [see ref. ( I ) ] .  At that time the maximum 
possible values of R, were used and we argued that 
there was some empiricism in assuming the electrical 
analog of the metal-solution interface. In a subsequent 
communication (3) we suggested an experimental im- 
provement in the electrode assembly to minimize the 
problems due to R,. However, on further reconsidera- 
tion, the following electrical analysis is naw offered 
by way of an appendix as a more plausible explanation 
of some of the anomalies observed. Referring to Mc- 
Mullen and Hackerman's analysis and nomenclature of 
time-potential curves it is not necessary to assume 
that R, = m (see Fig. 1) .  It is to be noted that R,, 
should, in principle, be more rigorously represented 
by the complex faradaic impedance (Zr). The repre- 
sentation of a faradaic process by a simple resistor 
(R,,) is somewhat restrictive with respect to a priori 
separation of this process from double layer charging. 
The exact form of ZI depends on the model for the 
faradaic process. In the limiting case, when Zr ap- 
proaches infinity, the same conclusions will be reached. 
Hence, one could alternately replace R,, by Zr through- 
out this paper, and subsequently R by Z (see Eq. [I31 ) ,  
where Z = (R, + R,)Zr/R, + R, + Zr, but this ap- 
pears to be a less desirable choice because it would 
involve mixing complex quantities with purely real or 
imaginary ones. However, this simple treatment is lim- 
ited to near ideally polarizable electrodes, where negli- 
gible faradaic processes occur, such as the hanging 
mercury drop electrode (3) for which the assumption 
that Zf approaches infinity renders the model depicted 
in Fig. 1 to be valid. 

If R, = 0 as stated in case I [ref. (2)] 

as a correct equation for Ex (the observed signal) for 
each half-cycle obtained on the oscilloscope. The slope 
of the observed linear oscilloscope trace is then given 
by 

dE,/dt = R, di/dt + Ei/R,Cl [31 

The first term on the right hand side of Eq. [3] is not 
independent of the parameters in the second term and 
may not be negligible in comparison. The negligence 
of R, di/dt is therefore questionable. 

To investigate this point more rigorously, the circuit 
analysis should be carried out with the initial condition 
that R, could take any value (except infinity). Assum- 
ing that R,, and R, are finite, application of Kirchoff's 
laws yields the following equations 

Solving Eq. [4] and [5] gives 

R,R,Cl 
If the period of the square wave r << 

( R p  + Rs) 

exponential term in Eq. [I] can be linearized to give 
Ec = Eit/R,Cl. Following McMullen and Hackerman's 
analysis [case 111 in ref. (2) 1 when Rc = O one obtains Fig. 1. Electrical analog circuit *ith the addition of GEN (gen- 

s Electrochemical Society Active Member. erator) and CRO (osci~~oxope) symbols. 
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and 
Ei = (R, + R,)i + E, [lo] 

From Eq. 161 and [81 

Ec = Rl,(i - ic) [ I l l  
Combination of the differentials of [lo] and [ I l l ,  and 
recalling that Ei is constant during each half cycle 

dEi = 0 = ( R ,  + R, + R,)di - R, di, [I21 

Integrating the right hand side of Eq. [12] using the 
boundary condition that at t = 0, E, = 0; it follows 
from Eq. [4] and 151 that (Ei) t =o  = i/(Rs + R,). 
Setting 

R = (Rs + Rc) R d R s  + Rc + R,, 1131 - 
yields: 

Rs + Rc Ei ic = - [ i - --I and 
R - Rs + Rc 

di, R, + Rc di 
_.=-.A 
dt  R dt 

[I41 
- 

Combining Eq. [I]  with [14] and the differential of 
[lo] then results in 

di, -dt 
-=- 

i, RCI 
[I51 

- 
Integration of [I51 from i, = Ei/(Rs + Rc) to ic and t - 0 to t = t, and taking the exponentials of the result- 
ing expression, one obtains 

Ei i, = ------ exp ( -t/RCl) 
- 

[I61 
R, + Rc 

Substitution of [16] into Eq. [I], and integrating, on 
substitution into Eq. 191 leads to 

'I 
[ I -  exp ( -t/RC1) I + Rc J - 

[I71 

t is always 4 7/2 during a half cycle, hence at large 
enough frequencies so that t L 7/2 << RC1 the ex- 
ponential in [17] can be linearized to give 

EiRc EiRs t 
Ex = ---- a - [la] 

Rs + Rc (Rs + RcI2 C1 

the condition under which linearization can be made 
equivalent to 7/2 << C1 (Rs + R,), since R -z Rs + R, 
as R,, -+ m. This condition is realized t o a  good ap- 
proximation as long as no faradaic process occurs. It 
is to be noted from Eq. [18] that as long as the wave 
is linear, the form of Ex is independent of the value of 
R,. The slope of the output wave is given by 

where A is the electrode area and C is the differential 
capacity. If R, << R, then 

Ei 
C =  

ARs (dEx/dt) 
P l l  

Equation 1211 is not dissimilar in essence from the one 
ultimately arrived at by McMullen and Hackerman 
(2). However, when R, becomes significant compared 
to R,, Eq. [211 will give values of C which are greater 
than those obtained from the more accurate Eq. [20] 
because R,/(R, + R,I2 is < l/Rs for R, > 0. This anal- 
ysis goes a long way toward explaining the anomalous 
dependence of capacities on R, reported in ref. (1). 
Examination of Fig. 2, 3, and 4 in ref. (1) suggests that 
a potential shift is also occurring. An assumption that 
R, changes as a function of potential alone could not 
explain the difference between cathodic and anodic 
branches for small values of R,. In all likelihood, it is 
more probable that for small values of R, it is rea- 
sonable to consider that there is some undesirable 
faradaic reaction occurring in the case of the large Hg 
pool electrode (5 cmz), but the faradaic process should 
be minimal if not insignificant with the use of a hang- 
ing Hg electrode [ref. ( I ) ] .  R, may well vary as a 
function of potential if it is not to be regarded as 
purely the electrolyte resistance. In any case, it is pos- 
sible to incorporate the nonelectrolyte component of 
R, into a term such as Zr if R ,  is replaced by it; thereby 
making R, the electrolyte resistance only (6). Thc 
anomalies for large R, values (implying constant cur- 
rent conditions) appears in all probability to be solely 
due to departure from constant current conditions at 
given potential if a faradaic process was occurring, in 
which case the simple model shown in Fig. 1 would be 
invalid unless the form of Zr and its coupling with 
the charging impedance were considered as mentioned 
earlier. The present model is not intended, as stated 
previously, to cover such a case and the technique is 
not meant to be used under such conditions. Consider- 
ing the availability of many other more accurate meth- 
ods for determining capacitance data from slopes of 
oscilloscope traces [see e.g., ref. (4) and (5) ]  the tech- 
nique as published by McMullen and Hackerman (2) 
does not appear to warrant further complicated theo- 
retical considerations. McMullen and Hackerman's ob- 
jective was meant for a specialized application, namely 
to obtain electrode surface area measurements where 
no faradaic processes occur. The technique could indeed 
be useful under either constant current or constant 
voltage conditions. 
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A Simple Cell and Reference Electrode for 

Voltammetry in Alkaline Melts 

E. Banks,* C. W. Fleischmann,*,' and L. Meites" 
Department of Chemistry, Polytechnic Institute of Brooklyn, Brooklyn, New York 

Various techniques are used to provide conductance 
between two or more otherwise isolated compartments 
of an electrolytic cell. For molten salt studies, isola- 
tion of the compartments is usually accomplished by 
fritted glass, porous silica disks, or asbestos plugs. 
Examples are given in recent reviews (1-4). These 
materials, however, are severely attacked by alkaline 
melts. For use in such melts, particularly those of 
the alkali tungstates, a simple, inexpensive, and easily 
constructed two-compartment cell was designed. This 
cell employed commercial laboratory porcelain as a 
nonporous conductive separator between the working 
and reference half-cell compartments. 

Sodium glasses have been employed as conductive 
separators in molten salts (5,6), but the use of glass 
limits work to below 500°C. Labrie and Lamb ( I ) ,  
however, developed a reference electrode employing 
the Ag/Ag(I) couple in which a sodium-containing 
porcelain separator was used in melts up to 900°C. 
These workers also demonstrated the feasibility of 
commercial porcelain as a separator. 

Reference half-cells reversible to oxygen have been 
employed in oxide-containing melts (1-41, but be- 
cause they are-inconvenient, they have not been 
recommended (3) for use in fused-salt voltammetry. 
A large Pt electrode is frequently employed as a ref- 
erence for voltammetry in melts (1-4), but since it 
had not been demonstrated that such an electrode is 
well poised in tungstate melts, a metal, metal ion 
couple was preferred. The Ag/Ag(I) couple has been 
used as a reference in a number of melts (1-4). and 
Ag/AgpWOc was found to be a successful half-cell for 
use as a reference with the present cell design. 

The Ag2W04 used in these studies was prepared by 
precipitation from aqueous solutions. A filterable pre- 
cipitate was obtained by mixing together 0.1-0.2F 
solutions of reagent-grade AgN03 and NazW04 and 
allowing the precipitate to digest, overnight, in the 
dark. The precipitate was washed several times with 
water, then acetone, and dried in air. 

The cell is illustrated in Fig. 1. A 5-ml Coors por- 
celain crucible served both as the container for the 
Ag/Ag2W04 reference half-cell and as the conductive 
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reference, voltammetry fused Cd(I1) tungstate. 

septum. This crucible was placed in a 10-ml porcelain 
tray along with the study melt. For improved con- 
ductance, the area of the crucible in contact with the 
melt was increased by placing the crucible on a loose 
platform of alumina tubes or rods. The resistance be- 
tween the reference and working electrodes was de- 
termined for each cell by means of an a-c bridge so 
that the recorded voltammograms could be corrected 
for the potential drop across the porcelain. 

Reproducibility of the potential of a Ag/AgzWO, 
half-cell was determined to be 210 mV from the po- 
tentials of nine cells of the composition 

Potentials were measured at 750°C with the cells 
under argon. A second measurement on some cells was 
made after 3 hr to establish the extent of the potential 
drift with time. Table I records the potential of cells 
prepared as follows: Cells 1 through 4, constructed 
from freshly synthesized Ag2W04 and previously un- 
used Ag-wire electrodes; Cells 5 and 6, one half-cell 
was prepared from AgzW04 recovered from a previ- 
ous reference compartment; and in cells 8 and 9, new 
and previously used silver wires were opposed. In cell 
7, one porcelain crucible was of more recent manu- 
facturethan the other (8). 

Ag/Ag2W04 half-cells are polarized only about 5 mV 
at 100 mA/cmZ (750°C) as shown by an extrapolation 
of the current-voltage data in Fig. 2 to that current 
densitv. This fieure eives the total ~olarization of the 
.&;ic" and catcodic reactions at two silver wire elec- 
trodes immersed in silver tungstate. The polarization 
at each electrode may be taken to be 2-3 mV at 100 
mA/cm2 assuming that the anodic and cathodic con- 
tributions to the total polarization are equal. This as- 
sumption is supported by voltammograms obtained at 
silver microelectrodes in Ag2W04 which did show 
equivalent anodic and cathodic polarizations. 

Since most voltammetric studies employ a small 
study electrode (e.g., a 1-mm diameter Pt  bead), the 
current density at the reference would be of the order 
of 1 mA/cm2. Such a current density would give rise 
to negligible polarization as may be read from Fig. 2. 

Table I. Potentials of cells: Ag/AgzW04//Na~W04//AgfW04/Ag, 
754°C 

Potential 
Full-cell Potential* of cell. V 

No. of cell, V after 3 hr Description of eella 

1 0.00619 - Both half cells were con- 
2 0.0148 0.0094 structed from freshly synthe- 
3 0.00316 - sized Ac.WO8 and ~ r e v i o u s l ~  
4 0.000498 0.00115 unused Ag-wire electrodes. 

5 0.0388 - One half-cell was prepared 
6 0.00923 0.00845 from AgzWO, recovered from 

a previously reference com- 
partment. 

7 0,00150 - New and previously used sil- 
8 0.00507 0.0004 ver wires were opposed. 

9 0.0033 - One crucible was of more re- 
cent manufacture than the 
other. 

Fig. 1. Two-compartment cell for voltammetry. A, alumina tub- 
ing; B, study melt; C, 10-ml porcelain dish; D, study electrode; E, polarity always to give positive cell 
silver wire; F, Ag~W04; G, 5-ml porcelain crucible. 0 Otherwlse as for F~II-cel l  NO. 1-4. 



Vol. 117, No. 5 VOLTAMMETRY IN ALKALINE MELTS 653 

This cell design was also employed for synthesis. 
For electrosynthesis at  constant current when it is 
not desired to monitor the potential of the study elec- 
trode, any suitable couple may be employed on the 
other side of the porcelain membrane. As an example, 
tungsten bronzes were electrodeposited from poly- 
tungstate melts and a suitable anodic reaction on the 
other side of the porcelain was the electro-oxidation of 
alkali tungstate at Pt. 
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POTENTIAL vs Ap/Ag2W04 , volts 

Fig. 3. Voltammograms for Pt bead (0.03 cm2 area) in NwEWO~ 
containing: (a) 0.2 m/o Cd(ll), (b) 0.4 m/o Cd(ll), 750°C. Sweep 
rate, -250 mV/min. 

The cell shown in Fig. 1 was employed to study the 
reduction of W 0 8  and simple cations from alkali tung- 
state melts. As an illustration, Fig. 3 presents voltam- 
mograms obtained for the reduction of 0.2 and 0.4 
m/o (mole per cent) Cd(I1) from NazW04, 750", at  a 
Pt  bead (0.03 cm2 area). 

Any discussion of this F p e r  will appear in a Dis- 
cussion Section to be pub lshed in the December 1970 
JOURNAL. 
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ABSTRACT 

Although anodization of zirconium and its alloys generally results in  the 
formation of barrier-type films, porous anodic oxide films can be produced 
in some electrolytes and by some preparation techniques. A survey of com- 
mon electrolytes reveals that those containing nitrate, chromate, dichromate, 
and phosphate ions commonly lead to porous anodic films. An electron micro- 
scope study of the films produced in these electrolytes, and others giving 
barrier-type films, has shown that no single explanation fits all instances of 
porous film formation. While incorporation of the electrolyte anion in the 
oxide may be the primary factor influencing the formation of porous oxide 
films, it appears to operate primarily by affecting the local transport of oxygen 
ions through the films. This effect may be achieved by influencing the crystal- 
lization of the oxide during growth so that in some instances local oxidation 
and cracking occur at grain boundaries, while in other instances it leads to 
the general development of a porous structure. 

Zirconium and Zircaloy-2 readily form barrier-type 
anodic oxide films in a wide range of electrolytes (1-4), 
including gaseous plasmas (5). A few instances of the 
formation of thick porous anodic films have been re- 
ported, generally associated with anodization at high 
voltages in solutions containing the nitrate ion (1, 6 ) .  
We have found that porous films can be formed even 
at low voltages and have used such films in testing a 
porosimeter designed to measure pore sizes in zirconia 
films in situ ( I ,  8). 

It was found that the capacitance, and especially the 
resistance, of even the barrier-type oxide films was 
much less than would be predicted from optical mea- 
surements of the oxide thickness and previous mea- 
surements of the resistivity of zirconia films using dry 
metallic contacts (9, 10). This effect was most pro- 
nounced for Zircaloy-2, an alloy cottaining small 
second phase particles, but was also present with the 
batch of crystal-bar zirconium used in our experi- 

determined times in the range 0.5-100 min at  each volt- 
age step or by the constant current technique with 
applied currents between 1.0 and 5.0 mA/cm2 and a 
predetermined final voltage. The electrolytes used were 
"normal" solutions of the following in water: Hzs0.1, 
NazS04, HNOJ, NH4NO:3, KNOJ, KNO2, KOH, NH40H, 
KsFe (CN) 6, K2Cr207, KCr04, tartaric, lactic, formlc, 
oxalic, acetic, and citric acids; saturated solutions of 
potassium persulfate, ammonium borate, and boric 
acid; 2% ammonium borate in ethylene glycol; 0.5M 
NH4N0, in ethylene glycol; 85% phosphoric acid; a 

Table I. Analysis of crystal-bar zirconium and Zircaloy-2 batches 

Crystal-bar Zir- Zircaloy-2 
Element conium (Be). ppm ( ~ h ) ,  ppm 

ments. 
- 
C 

It appeared that there might be a whole spectrum of Ca 

degrees of porosity from electrolyte to electrolyte, and E: 
we set out to study this possibility and to correlate the cr 
effect with observable variations in the ionic transport :t 
process through the oxide film. H 

Hf 

Experimental Mg 
Mn 

Paddle shaped specimens, with 2 x 2 cm blades, were 
cut from one sheet of crystal-bar zirconium (Be) and Na 
one of Zircaloy-2 (Bh). Analyses of these batches of EP 
material are listed in Table I. The specimens were o 
chemically polished in mixed nitric/hydrofluoric acids, Pb 

washed in water and alcohol, and weighed prior to and 2; 
after anodization. Ta 

Anodization was carried out either by the stepwise ;i 
constant voltage technique, holding for different pre- zn 
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1: 2: 3 mixture of water, oxalic acid, and ethylene glycol, 
and a complex solution recommended by workers at 
Oak Ridge National Laboratory (4). 

At the final anodization voltage and time the d-c 
source was disconnected and the leakage rates of the 
films determined by plotting the voltage decay on a 
high speed recorder. The anodic oxide surface was ex- 
amined by optical microscopy, replica electron micros- 
copy, and scanning electron microscopy. The metal- 
oxide interface was examined with the scanning elec- 
tron microscope. The electrical properties of the films 
were determined with a GR1680A automatic impedance 
bridge during immersion in a molar ammonium nitrate 
solution; capacitative and resistive components (based 
on a parallel equivalent circuit) were followed as a 
function of immersion time. Measurements were also 
made using mercury and Viking alloy LS232 liquid 
metal contacts (8), and in a mercury porosimeter de- 
signed to measure pore sizes in insulating oxide films 
( 7 ) .  

mined from the optical thickness and the time taken to 
reach the final voltage. Instantaneous current ef- 
ficiencies were calculated from the slope of the volt- 
agehime plot on the assumption that the formation 
rate ( A N )  was constant throughout the period of film 
growth. 

Results 
Electrical measurements.Selected measurements of 

optical thickness and impedance of the oxide films are 
presented in Table I1 to demonstrate the variations in 
the behavior observed in the various electrolytes. 
Further details may be obtained from the author. The 
oxide formation rates (based on the optical thickness 
of the oxide) for those electrolytes where sufficient 
specimens were anodized to give a meaningful average 
are quoted in Table I11 in comparison with other pub- 
lished values for which the formation method is 
known. Porous oxides could be detected electrically 
either by following the change in capacitance of a 
specimen with time after immersion in an aqueous 
electrolyte (Fig. 1) or by comparing the apparent 
thickness indicated by liquid metal and aqueous elec- 
trolytic contacts [see Ref. (8), Fig. 191. The much 
greater degree of porosity of the films formed in 
NHINO:, than in H2SO4 could be readily seen from the 
separation of the curves of apparent thickness mea- 
sured in an aqueous electrolyte and in mercury. The 
capacitative thickness of apparently nonporous films 
is plotted against their optical thickness in Fig 2. 

The degree of porosity of the other anodic films was 
also estimated from a comparison of the apparent 
oxide thickness measured with mercury, LS232, and 
an aqueous electrolyte as contacts (Table 11). A con- 
sistently higher apparent thickness in the liquid metals 

~, 

The "optical thickness" of the oxide films was de- 
termined by comparing the interference colors of the 
oxide on individual metal grains with a calibration 
strip prepared using the data of Wilkins (11) and 
checked with a spectrophotometer. The refractive in- 
dex of the films was assumed to be insensitive to the 
forming electrolyte. The insensitivity of the refractive 
index to the forming electrolyte was demonstrated by 
Wilkins (3) for a limited range of electrolytes, and 
has been generally assumed to hold for all electrolytes 
by other investigators (4,12). The "capacitative thick- 
ness" was determined from the capacitative com- 
ponent of the a-c impedance of the specimen, assuming 
the oxide to be effectively a parallel sided slab of 
dielectric. Average current efficiencies were deter- 

Table I I .  Properties of anodic oxide film! i formed on zirconium and Zircaloy-2 

Final Optical Impedance 
Specimen Forming volt- Forming thick- l/C, cmV/l~F Specific resistance, ohm x 106 

No. electrolyte age, V method* ness, A Hg LS232 NHINO~ Hg LS232 NHINO~ Comments 

Zirconium soecimens 
KCrOi 
NaPOt 
Citric 
NH~NOI 
KNOr 
KOH 
H:SOt 
ORNL 
NH!NOa 

See Fig. 5 and 6 

Increasing flaws or porosity 
in the oxlde 

Zircaloy-2 specimens 
Amm. Bor. 
Na:SO& 
K?S?O8 
K ~ C ~ Z O I  
HIPO~ 
NH4NOa 
KOH 
KNOI 
HSOc 
ORNL 
NHtNOs 

Apparent order of increas- 
ing flaws or porosity 

Increasing flaws or porosity 
in the oxide 

'Forming method: V = constant voltage; C = constant current. 

Table I l l .  Formation rates of anodic oxide films on zirconium and Zircaloy-2 

Formation 
Electrolyte Formation method rate, A/V Reference 

0.5M HSOt 
0.5M H&Or 
0.5M HISO, 
0.1M HISO, 
1.OM KOH 
1.OM KOH 
1% KOH 
1'; NaOH 
ORNL solution 
ORNL solution 
ORNL solution 
Sat. amm. borate 
Sat. amm. boratc 
Sat. amm. boratc 
Sat. amm. boratc 
Sodium borate/ 

Steowise constant voltage, <5 min decau/steo This work 
This work 
This work 

Stepwise constant voltage, 1-2 hr/step 
~. 

Stcpwise constant voltage. >24 hr/step 
Steowise constant voltaee. decav to 0.2 mA/cm' Wilkins (3) 

This work 
This work 
Wllkins (3) 
Wanklyn (131 
This work 
This work 
Banter 141 

~ tepwise  constant voltape; -5 min decay/Geo 
Constant current 1.0 m ~ / c m \  no decay 
Constant current 10 mA/cm3, decay to 0.2 mA/cm? 
Constant current 10 mA/cm2. decav to 0.2 mA/cm2 
Stepwise constant voltage, -5 mii decay/step 
Constant current, 1.0 mA/cm: 
Constant voltage. 30 sec decay 
Steowlse constant voltaee. -5 min decav/steo This work 

This work 
T h ~ s  work 
Wanklyn (13) 

stepwise constant voltage; -1 hr decayistep - 
Stepwise constant voltage, >24 hr decay/step 
Stcpwise constant voltage, decay to 0.2 mA/cm:: 
S tc~wise  constant voltuzc, 5 min-1 hr decav Salomon (14) 
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Fig. 1. Comparison of impedance vs. immersion time curves for 
porous and nonporous anodic oxide showing equality of barrier layer 
oxide thickness for both specimens. 

FIGURE 3 RELATION BETWEEN OPTICAL 
AND UIPPICITATIVE FILM THICKNESS 

a *.OD. 

lNOl 

v OWL ScXUTDH 

0 *I* 

0 8011ATE SOLUTIONS 

* W e N I C  AC8O 

Fig. 2. Relation between optical and capacitative oxide thickness 
for films formed in various electrolytes. 

is indicative of the total oxide thickness, while the 
final apparent thickness in ammonium nitrate mea- 
sures the barrier thickness. The sizes of the flaws 
present in some films have been determined using a 
mercury porosimeter (Fig. 3) and the results can be 
correlated with the observed defects seen by electron 
microscopy [see Ref. (7) for details]. 

During forming at constant current the characteristic 
plateau (13) in the voltage-time curve was often ob- 

0,000 
MO XI0 IEOUIVbLENT P M E  

000 3W I00 0 10 I)&,,"Z, 
1 I 

0 01 I I 1  I 1  I 

0 $8 80' d d 
PRESSURE Ilblm'ob~l 

Fig. 3. Porosimeter curves for barrier-type anodic oxide films 
formed in sulfuric acid (Bh 248, Bh 249) and a porous anodic film 
formed in ammonium nitrate (Bh 245). 

served. The duration of this plateau varied enormously 
with the electrolyte being used and in any given elec- 
trolyte was always longer for Zircaloy-2 specimens 
than for zirconium specimens. During the plateau 
localized oxygen evolution could be observed at a 
number of sites. Anodization was attempted initially 
at -1 mA/cm2 for all specimens; in some instances the 
current had to be increased as much as a factor of five 
before the plateau could be passed. The current was 
returned to 1 mA/cm2 once film growth resumed. Typi- 
cal examples of the shapes of the constant current 
curves for Zircaloy-2 are shown in Fig. 4, and for zir- 
conium in Fig. 5. The voltage decay curves were ob- 
tained for zirconium and Zircaloy-2 specimens after 
formation at constant current. Examples are shown in 
Fig. 6. The decay currents of specimens formed at con- 
stant voltage in different electrolytes were also mea- 
sured [see Ref. (8),  Fig. 241. 

Visual observations.-Observation of the specimens 
in the optical microscope showed that (for most elec- 
trolytes) the interference colors were uniform over 
the zirconium matrix. Large intermetallic particles 
were clearly different in interference color from the 
surrounding matrix, but in most instances were too 
small for the film thickness on the intermetallics to be 
determined in the optical microscope, or even to esti- 
mate whether it was greater or less than the sur- 
rounding oxide thickness. Electrolytes giving porous 
oxide films commonly yield irregular interference 
colors, and some other electrolytes reproducibly gave 
local variations in oxide thickness. 

Examination of the specimens with the electron 
microscope and scanning electron microscope showed 
that most anodic films, especially on Zircaloy-2, con- 
tained a number of flaws, even when they would be 
classified as good barrier-type oxide films from an 
examination of the electrical measurements. These 
flaws fell into a few characteristic types (illustrated 
by Fig. 7-9) which appeared commonly in a number of 
solutions and in the case of cracking at grain bound- 
aries became more prominent with increasing oxide 
thickness. 

Fig. 4. Voltage-time curves for Zircaloy-2 specimens anodized in 
organic acid electrolytes. Numbers by curves indicate current den- 
sity where this was increased above 1 mA/cm2 to overcome the 
plateau in the anadization curve. Specimens anodized in (a)  citric 
acid, (b) tartartic acid, (c) oxalic acid, (d) lactic acid, (e) 
acetic acid, ( f )  formic acid. 
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Fig. 7. Cracks forming along prior metal grain boundaries in 
anodic oxide fi lm formed in sulfuric acid specimen (Bh 249, 96 V). 
X 20,000. 

Fig. 5. Constant current anodization of unalloyed zirconium at 
1 mA/cm2. Specimens anodized in (a) KCrOd, (b) NHINOJ, (c) 
citric acid, (d) NazSOc. 

Fig. 8. Minor flows produced by cracking of onodic oxide 
intermetallic porticles in a Zircaloy-2 specimen anodized 
monium borate (Specimen Bh 306, 18 V). X 5000. 

around 
In am- 

Fig. 6. Decay of the formation voltage for specimens of unalloyed 
zirconium shown in Fig. 5. (a) KCr04, (b) NH~NOR,  (c) citric acid, 
(d) NazS04. 

However, the phenomena which were studied in 
most detail were those leading to more severe break- 
down of the oxide and to generally porous oxide films. 
These can be divided into three different types of 
failure. 

1. Formation of thicker oxide along grain boundaries 
and around intermetallic particles leading to cracking 
along grain boundaries and ultimately to spalling of 
the oxide (see Fig. 10-12). 

2. Local formation of patches of thicker rough oxide 
eventually leading to spalling (Fig. 13 and 14). 

3. Formation of generally porous oxide films which 
continue to grow considerably in thickness when held 
at the forming voltage (Fig. 15-17). 

Transmission electron microscopy of stripped oxide 
films from selected specimens formed in sulfate, hy- 
droxide, tartrate, and nitrate electrolytes showed 
unique features associated with the films formed in 
nitrate. In bright and dark field illumination the 

Fig. 9. Small oreas of poorly odherent thicker oxide detac 
from specimen, anodized in ORNL solution, by the replication t, 
nique (Specimen Bh 319, 100 V). X 20,000. 

:hed 
ech- 
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Fig. 10. Scanning electron micrograph showing later stages of 
development of thick oxide ridges along prior metal grain bound- 
aries. Cracks i n  oxide are now visible along some boundaries (Spe- 
cimen Bh 249,96 V in HzSOr). X 2000. 

Fig. 12. Local ox~de spalling as result of formation of thicker 
oxide along grain boundaries. X 1000. (Photo-emission electron 
micrograph). 

Fig. 11. More advanced stage of growth in sulfuric acid of grain 
boundary ridges of thick anodic oxide (Specimen Bh 315, 132 V). 
SEM X 10.000. 

crystallite size was clearly smaller in the nitrate films 
compared with films formed in the other three elec- 
trolytes (Fig. 18). In addition to being larger the 
crystallites were also less distorted in the barrier-type 
films. In the nitrate films the thickness varied in an ir- 
regular fashion not evident in the other oxides, and 
small thin patches, which might be the early stage of 
pore development, could be seen (Fig. 19).'The dif- 
fraction patterns, from basal planes of the zirconium 
matrix, showed that the nitrate film was also unique in 
being essentially all monoclinic ZrOz, whereas the 
other films had large percentages of cubic Zr02 
( 3 5 % )  and only traces of the monoclinic phase (Fig. 
20). There were differences between the barrier-type 
films in the randomness of the distribution of the 
cubic oxide crystallites. In some instances, especially 
tartaric acid, the crystallites were almost random, giv- 

Fig. 13. Uneven growth of anodic oxide films in potassium chro- 
mate solution, X 10,000. 

ing rise to complete rings (Fig. 211, whereas in the 
other barrier-type oxides the crystallites were highly 
oriented. 

Scanning electron microscopy of the oxide/metal 
interfaces of anodic oxide films showed that consider- 
able roughness of the interface was present for oxides 
known from other measurements to be porous (Fig. 
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Fig. 16. Oxide spalling a t  a later stage in formation of thick 
porous oxide in ammonium nitrate (Specimen Bh 246 96 V). X 
Sow. 

Fig. 14. Spalling of oxide resulting from multiplication and co- 
alescence of areas of thick oxide formed in potassium chromate. 
X 100. 

Fig. IS. Intermediate stage in development of pore network in 
oxide formed in ammonium nitrate (Specimen Bh 312, 18 V, 5 m i d .  
X 5000. 

Fig. 17. Uniform pore network in anodic oxide formed in phos- 
phoric acid (Specmen Bh 266, 25 V). X 20,000. N.B. absence of 
porous oxide along residual scratches. 

22), whereas the interfaces of barrier-type films were 
generally smooth except in the vicinity of second 
phase particles. 

Discussion 
Identification of porous odde films from electrical 

measurements.-A study of the impedance measure- 
ments (e.g., Table 11) shows that porous oxide films 
result for specimens formed in solutions containing the 
nitrate ion (NH4N03, HN03, KN03) and phosphoric 
acid. The mode of formation has some influence on the 
results, however. Zircaloy-2 specimens formed at con- 
stant voltage or constant current showed little dif- 
ference in the relative thickness indicated by liquid 
metal and aqueous contacts (c.f., specimens Bh 225, 
328, and 329), whereas for crystal-bar zirconium, films 
formed at constant current showed less evidence of 
porosity than those formed at constant voltage. This 
conclusion from the impedance measurements was 
confirmed by electron microscopy. The oxide surface on 
the zirconium specimen was found to be uneven, but 
not obviously porous. This conclusion might have been 
different had the specimen been held at the final volt- 
age for some time after forming at  constant current, 

if the increase in porosity found for Zircaloy-2 spe- 
cimens held at constant voltage for increasing lengths 
of time is indicative of general behavior (Fig. 15-17). 

Oxide films formed on Zircaloy-2 in chromate and 
dichromate solutions showed extensive areas of break- 
down. There was correspondingly less evidence for 
breakdown on a zirconium specimen formed in potas- 
sium chromate solution at constant current, than for a 
comparable Zircaloy-2 specimen both from impedance 
measurements and electron microscopy. 

Films formed in most other electrolytes showed 
relatively small differences between apparent thick- 
ness measurements in liquid metals and aqueous elec- 
trolytes. Of the former the measurements in LS232 are 
the more reliable because of its better ability to wet 
zirconia (8). Of those showing major differences be- 
tween the impedance with aqueous and liquid metal 
contacts (a factor of two or more differences in ap- 
parent thickness in NHINO~ and LS232) porosity, or 
other major flaws, were confirmed by electron micros- 
copy and porosimetry only for films formed in phos- 
phoric and sulfuric acids. Differences less than a factor 
of two can probably be explained on the basis of a 



660 3. Electrochem. Soc.: SOLID STATE SCIENCE May 1970 

Fig. 18a Fig. 200 

Fig. 18b Fig. 20b 

Fig. 18. Transmission electron micrographs of anodic oxide films Fig. 20. Diffraction patterns from oxide formed (a) in ammonium 
(a) formed in  ammonium nitrate (Bh 224); (b) formed in  potassium nitrate (Bh 224, (b) in potassium hydroxide (Bh 308). 
hydroxide (Bh 308). X 75,000. 

Fig. 19. Cellular structure developing in anodic oxide formed in  Fig. 21. Diffraction pattern from oxide formed in oxalic acid 
ammonium nitrate. X 20,000. (Bh 263). 

number of small flaws associated with the intermetal- anodic film. However, with the exception of the or- 
lic particles. ganic acids, the other electrolytes for which he demon- 

Banter (4) has demonstrated for zirconium that in strated this phenomenon were ones which we have 
many electrolytes the anion is incorporated into the found to yield porous or cracked oxide films. Thus, it 
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Fig. 22. Oxide metal interface of thick porous anodic oxide film 
formed in ammonium nitrate (Bh 247,97 V). 

is possible that anions from the electrolyte adsorbed 
in the porous structure rather than incorporated into 
the oxide lattice led to many of his observations. 
Nevertheless, it seems likely that anions from most if 
not all electrolytes are incorporated into nonporous 
anodic oxides (12, 15), but at levels generally below 
the level of detection of the methods employed by 
Banter. 

That the incorporation of anions does not lead to any 
major change in the physical properties of the oxide 
formed is shown by the small spread of the impedance/ 
thickness data for relatively defect free oxides in Fig. 
2. The phosphate films for which Banter observed the 
outer layers dissolving faster than the inner ones were 
likely also to have been porous (Fig. 17) and the dis- 
solution may have been due to this porosity rather 
than to the incorporation of a larger fraction of phos- 
phate ions into the oxide lattice in the outer regions of 
the film. Absorbed phosphate would almost certainly 
have been more highly concentrated within the porous 
layer than within the inner "barrier-type" film, thus 
leading to the possible misinterpretation of the ob- 
servations. 

Current decay curves and leakage currents.-The 
formation of porous anodic films could also be de- 
tected in the current decay curves for specimens 
formed at constant voltage. An essentially constant 
(but fluctuating) current was observed for specimens 
forming porous films. Cracking and breakdown of the 
film can be distinguished from this process as they 
usually lead to discontinuous increases in the forming 
current. The rate of decay of the current during form- 
ing does not seem to be indicative of the quality of 
the final film as determined from a-c impedance mea- 
surements. Presumably the size of this current (which 
is probably mainly electronic at long decay times) 
measures the effectiveness with which the intermetallic 
particles are anodized, although no correlation could 
be found with the apparent thickness of the oxide on 
the intermetallic particles in those instances where 
this could be estimated. 

Unusually high decay currents were observed for 
films formed in KOH. This current represents mainly 
oxygen evolution at intermetallic sites and might be 
thought to be due to lack of film formation on these in- 
termetallics. However, electrical measurements on 
these films did not show them to be of significantly 
lower resistance than other films which did not yield 
such high leakage currents. The high decay currents 
in KOH also explain the apparent difference between 
our values for the formation rate in KOH (Table 111) 
and those quoted by Wilkins (3, 11). Our specimens 
were held at each voltage step for a constant time 
whereas Wilkins' were held until a predetermined 
leakage current (0.2 mA/cm2) was reached. Our data 
suggest that this would represent a long time at each 
voltage step and would be expected to yield a higher 
formation rate in A/V. The good agreement when 
equivalent formation methods are compared is shown 
by the results in sulfuric acid. Wilkins' technique is 
equivalent to a decay time of about 1 min at each 
voltage, and therefore the formation rates are very 
close for the two equivalent conditions. 

OXIDE FILMS ON Zr 

During formation at constant current, breakdown of 
the type observed in chromate and dichromate reveals 
itself as a failure of the voltage to continue to rise 
(Fig. 5). This feature is not observed with specimens 
forming porous films in nitrate or phosphate solution. 
These, and other, films show the normal arrest in the 
anodic growth curve (1, 16) at  about 5V, at the current 
densities used here. 

The height and length of this arrest varied from 
3.7-6.3V and from a few seconds effectively to in- 
finity depending on the electrolyte. In any given elec- 
trolyte the height was also a function of the current 
density. Extrapolation of our curves of "plateau" 
height us. current density to the current densities of 
Adams et al. (16) gives good agreement with their 
data. Observation of local oxygen evolution during this 
plateau together with other data suggests that the 
plateau is caused by the presence of second phase par- 
ticles in the zirconium matrix. The plateau is com- 
monly very small or absent for unalloyed zirconium 
except at very low current densities, or for roughly 
abraded surfaces (16) where embedded abrasive par- 
ticles may substitute for the intermetallic particles in 
Zircaloy-2. 

The variation from electrolyte to electrolyte in the 
length of the plateau, and the current density needed 
to exceed it, is presumably a measure of the ability 
of each electrolyte to form a nonconducting film on 
the intermetallic particles. In Zircaloy-2 these are 
either Zr-Fe-Ni or Zr-Fe-Cr phases and the critical 
step may be the formation of an oxide film other than 
ZrOz on these particles. The big variation in the length 
of the plateau for different organic acids is surprising 
in this context since little difference would be ex- 
pected in the ability of lactic, tartaric, and citric acids 
(for instance) to oxidize the intermetallic particles. 

For unalloyed zirconium a clear distinction was 
found in leakage rate for porous and nonporous oxide 
films (Fig. 6). This distinction was not apparent with 
anodic films formed on Zircaloy-2, showing that in the 
latter instance the properties of the oxide formed on 
the intermetallic particles were more important in 
determining the leakage rate of the oxide than the 
porosity of the oxide formed on the majority of the 
surface. That this conclusion is reasonable may be 
judged from the fact that the porous.oxide films all 
apparently have a barrier-layer at the oxide-metal 
interface, as judged from impedance measurements 
during immersion (Fig. 1). The intermetallic particles 
are large enough to short-circuit the whole oxide if 
the oxide over them is very thin, cracked, or more 
conducting (electronically) than that on the matrix. 
Further confirmation of this explanation may be pro- 
vided by the apparent correlation between the leak- 
age rate (estimated from the residual voltage after 
10 sec) and the average current efficiency for forma- 
tion (indicated by the time to reach 25V) for most 
of the specimens where no change in current density 
was needed to ex'ceed the plateau (Table IV). Since 
most of the time taken to reach 25V was required to 
overcome the effect of the intermetallic particles the 
second of the above quantities probably measures the 
efficiency with which these particles are oxidized in 
a particular electrolyte. 

Electron microscope studies.-Unlike anodic oxide 
films on many other valve metals, those formed on 
zirconium and its alloys are essentially microcrystal- 
line (17) and bear a striking resemblance in the trans- 
mission electron microscope to thin thermal oxide 
films formed at -300°C (18). Although marker 
studies using rare gas atoms indicated that the mov- 
ing species during anodization is oxygen (19); the 
oxides used by Davies et al. were formed in nitrate 
solution and were therefore probably porous. Thus, 
electrolyte could have migrated past the markers via 
the pores. Further studies by Whitton using charged 
marker ions and oxides formed in borate solution have 
confirmed that the migrating species is oxygen but 
that migration is not through the bulk of the lattice 
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Table IV. Current efficiency and leakage rate of specimens anodized to 25V 

Optical thickness (A) Current efficiency (:i ) Leakage rate 
Inter- at -1 mA/cm> (residual voltage at time) 

Spccimen Electrolyte Matrix metallics Average Final 1.0 see 10 scc 

Formic 

22.6 40.0 
Breakdown occurred 
before reaching 25V 

Specimens showing zero current efficiency did not anodize beyond 
imens. 

(15).  Thus, since the latter films were probably non- 
porous, it appears that in anodic films, as in thermal 
films (20), the oxygen transport process is via the 
boundaries between the oxide crystallites (or any 
residual amorphous material between the crystallites) 
rather than through the bulk of the oxide lattice. 

The various processes by which irregular or porous 
oxide films are formed in different electrolytes are 
thought to be related to the effect of incorporated 
electrolyte ions on the crystallization or recrystalliza- 
tion of the oxide film. Thus, transmission microscopy 
has shown that crystallite size and degree of orienta- 
tion are affected by the electrolyte used. These effects 
are most readily seen in the enhanced oxidation and 
ultimate cracking (perhaps) due to local stresses ob- 
served at grain boundaries in sulfuric acid, and to a 
lesser extent in potassium nitrite. The effect of such 
cracks on dielectric loss in films formed in sulfuric acid 
has already been reported by Young (21). Disorder at 
grain boundaries might be expected to lead to varia- 
tions in the density of easy diffusion paths and locally 
enhanced oxidation via local modifications in the field 
strength in the oxide. That this phenomenon is in- 
frequent during anodic oxidation presumably indicates 
a normally greater degree of order at crystallite 
boundaries in anodic films than is present in thermal 
oxide films so that locally enhanced anodic oxidation 
at grain boundaries is the exception rather than the 
rule. The observation that barrier-type films are pre- 
dominantly cubic ZrOz, would be expected to lead to 
less lattice disorder in crystallite boundaries than in 
thermal oxide films which are predominantly mono- 
"1:"a.. 
LIII1,L. 

The electron microscope study of films formed in 
nitrate, phosphate, and dichromate solutions shows 
that the porosity originates in the growth of films 
having relatively rough outer and inner interfaces, 
and apparently associated with a high percentage of 
monoclinic ZrOz in the film. In nitrate and phosphate 
solutions these rough films cover virtually the whole 
surface, and eventually develop a network of pores. 
Thicker films do not form along residual scratches in 
the metal, which can often be seen in the optical 
microscope because the interference color film over 
them is of normal thickness (8) .  Presumably the dis- 
torted nature of the underlying metal prevents the 
formation of the thicker films at these points, although 
the precise reason for this is not clear. Perhaps the 
cold work in the surface causes the formation of 
cubic oxide at these sites, and this inhibits the de- 
velopment of roughness and porosity. 

It is concluded therefore that electrolytes, which 
lead to the formation of porous oxides, modify the 
crvstallization of the oxide thus ~ermitt ine the de- 

the plateau at 1 mA/cme. Leakage rates are not shown for these spec- 

in nitrate solutions seems to develop from a pattern 
of crystallization which occurs in the first few seconds 
of formation (Fig. 19). The manner in which the pore 
structure develops from this has not been elucidated. 
Penetration of the electrolyte into the pores and the 
development of a columnar crystallite structure would 
permit this growth process to continue. In chromate 
and dichromate solutions the course followed seems 
to be basically the same, but becomes irregular on a 
small scale. This leads to small local patches of thicker 
oxide which eventually crack and spall, presumably 
due to the more severe local stresses in these films 
than in the nitrate or phosphate films. 

Previous studies of the crystal structure of anodic 
oxide films on zirconium by x-ray and glancing angle 
electron diffraction (22-25) have been unable to agree 
on the relative proportions of cubic, monoclinic, and 
amorphous oxide in the film formed in different elec- 
trolytes. Previous studies of anodic films by transmis- 
sion electron microscopy have stopped short of at- 
tempted interpretations of the diffraction patterns 
(17). 

The basic processes relating the changes in oxide 
morphology to the effect of the incorporated ions and 
changes in the crystallization process require a de- 
tailed study of the films by transmission electron 
microscopy. This is currently in progress but is beyond 
the scope of the present work. 

Conclusion 
A survey of the anodization of zirconium alloys in 

a number of electrolytes has shown that (using a 
forming method involving long holds at  constant volt- 
age) porous anodic films can be formed in solutions 
containing nitrate, chromate, dichromate, and phos- 
phate ions. Flaws formed at intermetallic particles and 
by cracking of the oxide along grain boundaries are 
also prevalent being worst in sulfuric acid of the 
electrolytes tested here, but being found to a greater 
or lesser extent in most of the electrolytes yielding 
barrier-type films. 

In the electrolytes yielding porous films the precise 
mechanism of their formation is apparently different 
for each electrolyte, however the underlying mech- 
anism is believed to be associated with the incorpora- 
tion of anions into the oxide and their effect on the 
crystallization of the oxide during anodization. 
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Reactions Caused by Additive Coloration of 
TI+- and Pb+-Doped KC1 
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ABSTRACT 

Additive coloration of KC1 doped with T1+ may reduce the substitute -Tlb  
ions to T10 neutral centers o r  to negative "Tl-" complex centers. In the case 
of Pb+"doped KC1, an intermediate P b +  and a Pbo netural center are formed. 

TI+-Doped Alkali Halides 
The spectra of TI+-doped alkali halides is well un- 

derstood (1-lc) and is thought to be directly connected 
with electron excitations confined to the impurity ion. 
Additive coloration performed by heating the crystal 
in vacuum or low nitrogen pressure, in alkali metal 
vapor as well as radiative coloration, performed by x-  
rays or y-rays, of the doped alkali halides have been 
studied (2-41, but attention was paid mainly to the 
effect of the impurity on F-center formation. 

In the case of KBr, Tamai (5) observed the forma- 
tion of two distinct bands on additive coloration by 
potassium vapor: a T1 neutral center (TNC) peaking 
at  4.1 eV (310 nm) and a Tl  complex center (TCC) 
peaking a t  3.1 eV (400 nm).  The nomenclature adopted 
had been used earlier (2). The TNC is supposed to be 
a TI+ ion associated with one F center, and the TCC 
a T1+ ion associated with two F centers. 

The formation of Tl0 as well as  T1+2 in KC1 as a re- 
sult of low-temperature y-irradiation was studied (6) .  
Coloration by irradiation causes both reducing and 
oxidizing processes. The elucidation of the resulting 
absorption spectra is complicated because of the simul- 
taneous formation of a variety of V, F, and impurity 
centers. Also, the species thus formed are highly ex- 
cited and labile, disappearing on warming above liquid 
nitrogen temperature. In  contrast, additive coloration 
forms only reduced centers, which are stable to heat- 
and bleaching-treatments in general. It seemed ad- 
visable to carry out a further investigation to check the 
new "reduced-only" color centers formed and possibly 
confirm the existence of a negatively charged TCC 
center in other alkali halides besides KBr. 

Pb + 2-Doped Alkali Halides 
The absorption of Pbt2-doped alkali halides, unlike 

the T1+-doped salts, is attributed solely to charge 
transfer transitions (7). The existence of Bb+*-cation 
vacancy complexes has been reported by many investi- 
gators (8-10). In studies of X-irradiated NaCl doped 
with Pb2+, a gray coloration caused by PbO (11) and 
an "atomary" lead center (12), peaking at  254 nm, 
were reported. Low-temperature colorability of doped 
KC1 was also studied (13, 14), but no attention was 
given to uv impurity bands formed thereby. In this 
work, the reduced species formed on additive colora- 
tion are more closely defined. 

Experimental Section 
All chemicals used, KC1, TlC1, PbCl?, were J. T. 

Baker Analyzed Reagents. Single crystals were grown 
by the Stockbarger method, and additive coloration 
was performed both in Pyrex (550°C) and in nickel 
(700°C) (16) containers at  a pressure of -50 Torr 
nitrogen. The optical absorption was recorded on a 
Perkin-Elmer Model 137 uv spectrophotometer, work- 
ing in the double beam mode. A special holder with 
1 mm slit was used in  the sample beam of the spectro- 
photometer, so that a 1-2 mm thick crystal plate, 
cleaved from the center of the  colored single crystal 
(13 mm on the edge), could be moved in front of the 
beam. In this manner the spectrum of a desired region 
of the crystal plate could be recorded at  various dis- 
tances from the  exposed surface. The spectra were 
taken at  room temperature. 

Results and Discussion 
A KC1 crystal containing 0.01-0.05 m/o (mole per 

cent) T1+ did not show F absorption on coloration as 
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the high impurity concentration acted as an efficient 
trap for electrons. Crystals containing less than 0.001 
m/o Tlt were easily colored and showed a distinct 
band peaking at 290 nm, besides the well-defined F 
band (Fig. 1). The additively colored crystal plates 
cleaved from the center of the colored cube exhibited 
three distinct areas [cf. ref. (2)l: an outer bluish 
F-zone about 2.5 mm wide, a brown-yellow zone con- 
taining the reduced center (290 nm), and an inner- 
most colorless zone containing the unreacted TI+ ions. 
The same crystals, when colored for longer periods 
(2 hr instead of 1 hr) and/or at  higher nitrogen pres- 
sure (100 Torr instead of 50 Torr), or in the presence 
of thallium chloride powder added to the coloring 
vessel, showed another previously unobserved band 
peaking at 345 nm (Fig. 2). It was found that the 
center responsible for this latter band is formed 
mainly in the outer zone, overlapping the F zone, of 
the crystal. On the other hand, the center responsible 
for the 290 nm band is found in the inner square of 
the crystal plate, 4.5-5 mm deep inside the face ex- 
posed to the coloring alkali metal vapor. The 247 nm 
A band of the T l t  ions survives in the interior color- 
less square (Fig. 3). Following former nomenclature, 
we wish to identify the 290 nm band as being due to 
TNC and the 345 nm as a TCC, reasoning that the 
doubly reduced TCC is formed only under drastic re- 
ducing conditions in the outer zone, where the con- 
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Fig. 1. Absorption spectra of T I t  doped KCI: (a) before colora- 
tion, (b) after additive coloration (1 hr, 7W°C,  50 Torr nitrogen). 

Fig. 2. Absorption spectra of additively colored TI+-doped KC1 
(2 hr, 550°C, 100 Torr nitrogen). Spectra shown in (a) to (dl were 
taken in progressively inner parts of the crystal. 

250  300  3 5 0  

Wavelength I M ~ l l i m i c r o n r l  

Fig. 3. Absorption spectra of additively colored TIC-doped KC1 
(conditions of coloration as in Fig. 2). Spectra shown in (a) to (d) 
were taken a t  % mm distances from, the exposed face. Spectra (e)- 
(i) were omitted for clarity; (i)-(1) show spectra to 6 mm from the 
face. 

centration of electrons is highest. Comparing the cen- 
ters observed in KBr by Tamai (5) with those found 
by us: 

TNC, TCC, 
eV eV 

KC1 -4.3 3.6 
KBr 4.0 3.1 

one observes a shift in the same direction and similar 
magnitude when changing the matrix from KBr to 
KCl. 

Delbecq et  al. (6) identified a Tlo center in low- 
temperature 7-irradiated KCl, showing a weak band at  
-300 nm, as well as a comparatively stronger band 
peaking at 380 nm, and three other extremely weak 
bands peaking in the visible and near IR regions. All 
these bands are attributed to Tlo centers on the basis 
of an analogy with the well-established Ago center 
(17). The authors point out (7) that the 380 nm ab- 
sorption is associated with a transition from the 
ground state to a 2Sllz resonant level in the conduction 
band. This latter excited level may be unstable at  high 
temperatures. On the other hand, the 290 nm band 
prominent in our spectra may be due to a transition 
in the Tlo center from the ground state completely up 
to the conduction band. Thus, in the additively colored 
crystals only a single absorption band in the uv, aris- 
ing from the Tlo center, was observed. 

The 345 nm band produced only under more drastic 
conditions of coloration is attributed to a negative 
thallium complex, i.e., a substitute Tlo atom associ- 
ated with an F center. The Tlo center first produced 
carries an effective negative charge making its as- 
sociation with an anion vacancy highly probable. 
Under the drastic coloring conditions this associate 
could then capture a second electron to produce the 
negative complex center. 

KC1 single crystals containing 0.025-0.05% Pb+" as 
grown, showed besides the characteristic 273 nm Pb+" 
band an absorption band at  325 nm (Fig. 4). This 325 
nm band was also observed in concentrated KC1 solu- 
tions containing -100 ppm Pb+z ions. Crystals ab- 
sorbing in this region invariably had a yellow colora- 
tion, reminiscent of the yellow-brown coloration ap- 
pearing in T1+ as well as in Zn+z, Cd+z, or Hg+z 
doped (15) KC1 crystals when additively colored. In 
all these cases the characteristic absorption band caus- 
ing the yellow-brown coloration was attributed to the 
formation of neutral atomic species. Hence we sug- 
gest that, in the case of lead-doped crystals, dispersed 
neutral species appear to be formed by reduction in 
the melt, or by a photochemical decomposition, during 
crystal growth 

PbCIz + PbO + Clz 

Hence the 325 nm band is attributed to an atomary 
Pbo-center. On the other hand, the gray coloration ob- 
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Fig. 4. Absorption spectra of Pb+'-doped KC1 after growth (the 
kink a t  -250 nm should be disregarded). 

served by Schulman et al. (11) in NaCl is indicative 
of colloidal lead aggregates. 

On additive coloration of the Pbtz-doped KCl, a 
further band, not well resolved, situated at -254 nm, 
was obtained (Fig. 5). Since this band is different 
from the one described above, 325 nm, attributed to 
PbO, and since the crystal had neither a yellow nor a 
gray coloration, it must be due to another intermediary 
reduced species, viz., Pb+ center. 

The Pbz+-doped crystals were further studied by 
irradiative coloration at r.t., and it was found that 
with very low doping concentration (0.002 m/o Pb+z), 
F centers are formed, but the presence of any other 
band is hardly discernable, although the character- 
istic Pb+2 band at  273 nm diminishes in intensity. 
Optical bleaching by direct sunlight renders the crys- 
tals colorless, and on further heat-treatment for 2 hr 
in a closed ampoule at  -200°C, the previously ob- 
served 254 nm band is formed. We claim, in accord- 
ance with Schulman et al. ( l l ) ,  that irradiation 
causes the formation of Pbo centers (in low concentra- 
tion not discernable in the spectrum) as well as im- 
mobile oxidizing species such as holes. During heat- 
treatment the Pbo centers are partly reoxidized, caus- 

250 300 
W O v e l e n g t h I M i l l i m i ~ r o n ~ l  

Fig. 5. Additive coloration of Pb+2-doped KC1 (20 hr, 550°C, 
100 Torr nitrogen). Spectra shown in (a) to (f) were taken in pro- 
gressively inner parts of the crystal. Note weak 254 nm band in 
outer parts, its disappearance toward the interior with the simul- 
taneous appearance of the Pbt2 band (273 nm). 

ing the appearance of the band at  254 nm. This center, 
formed both by a reduction (additive coloration) and 
by an oxidizing process, could only be a Pb+ center. 

In summary, both T1+ and Pb+2 substituted in KC1 
crystals act as electron traps; therefore crystals con- 
taining high concentrations of these ions do not color, 
i.e., no F centers are formed either on irradiation or 
treatment with alkali metal vapor. In each case a 
maximum of two electrons per impurity ion may be 
trapped, but the impurity ions prefer to be reduced to 
the neutral atomary state. 

In moderately doped KC1 crystals the following cen- 
ters were observed and may be identified as follows: 

Tlo (290 nm) , TlO-F center complex (345 nm) 
Pb+ (254 nm) , Pbo (325 nm) 

The position of the bands is indicated in parentheses. 
Our results in the case of TI+-doped KC1 are similar 
to those of Tamai (5) with KBr, but the models at- 
tributed to the respective centers are different, as 
shown above. 

The apparent discrepancy between low-temperature 
irradiative coloration (6) and the results obtained on 
additive coloration of TI+-doped KC1 is explained. 

Of all the cation impurities studied, to date, only 
thallium was found to form a complex center formed 
from an association of Tlo (neutral) with an F center. 
In the case of Pb2+-doped KCl, the reduced species 
formed are most probably Pb+ and PbO centers. The 
254 nm band is thus identified as a monovalent Pb+ 
center, rather than an "atomary" center as had been 
casually suggested (12) in the case of NaCl crystals. 

Manuscript received Oct. 20, 1969; revised manu- 
script received ca. Jan. 15, 1970. This paper is based 
on the M.Sc. Thesis of one of the authors (A.Z.) 
(1965). 

Any discussion of this paper will appear in a Dis- 
cussion Sectidn to be published in the December 1970 
JOURNAL. 
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ABSTRACT 

X-ray microdiffraction and special IR spectrometry techniques are used 
to explain the peculiarities of electrical properties of silicon thin films on 
sapphire substrates. Taking into account an autodoping effect due to the 
transfer of aluminum from the substrate into the layer, an optimum epitaxial 
temperature is observed. The results are interpreted in terms of misoriented 
regions, which are related to the presence of various Si-0 bonds, the nature 
and the amount of which are dependent on the epitaxial temperature. It is 
concluded that chemical interactions between the substrate and the layer are 
more effective than crystallographic effects in determining the particular 
electrical properties of these silicon layers. 

The need for physical methods is especially strong in 
the field of heteroepitaxy studies. This need does not 
arise from the number of the preparation steps, but 
from the intricate nature of the physical parameters 
involved in the process. The electrical characteristics, 
so useful with respect to the applications of these 
layers, give no physical insight. Furthermore they 
often involve long, sometimes destructive steps before 
measurements. 

For these reas&s, x-ray diffraction methods and IR 
spectrometry techniques complement the conventional 
electrical methods, in order to characterize thin silicon 
films grown by pyrolysis of silane, in hydrogen, on 
single crystal sapphire. 

The aim of this study is an attempt to answer the 
following question: what are the relative contributions 
of fundamental factors and of incidental ones, inherent 
to the fact that the film properties are different from 
those of bulk material? The discrimination between 
these factors lies in the ability to improve the inci- 
dental ones, while the fundamental ones can only be 
optimized. 

Experimental Conditions 
Following Matare's general analysis presented in his 

excellent review paper ( I ) ,  we can state some funda- 
mental factors, optimizing in principle the experimen- 
tal conditions: 

Electrical Results 
The mean value results are shown in Fig. 1. Two 

processes have been used: process A, in which a 
chemical treatment of the substrate by hot phosphoric 
acid prior to insertion in the reactor is employed; and 
process B, without this chemical treatment. In any 
case, no intentional doping is performed. 

From Fig. la, it follows that P-type doping occurs in 
the higher range of temperature, whatever the process, 
but N-type layers are grown at low temperatures, with 
the A process only. 

Figure l b  gives the variation of Hall mobility with 
the epitaxial temperature. In the experimental range, 
a maximum value occurs at some optimum temperature 
(say To = 1100°C). But if the sensitivity is far less in 
the A process than in the B process, the maximum 
value in the former case is slightly less than in the 
latter one. 

Figure lc gives another picture of this last result. 
If, instead of absolute values, a quality factor, F ex- 
pressed as follows 

Hall mobility (film) 
F =  

Hall mobility (bulk for the same type and conc.) 

is used, the difference between both processes disap- 
pears. We note that F increases with T,i and reaches 
50-60% at To. 

Using a MOS structure, the majority carrier concen- 
1. High crystalline quality, A1203 ingots are used: tration (Ns) and the minority carrier lifetime (Ts) near 

they are ~zochralski grown, and various tests confirm the free surface of the film (3, 4) has been measured. this quality (etching techniques, Borrmann effect). 
2. The orientation (0li2) of the substrates gives 

two related advantages: (a) a nonpreferential in situ 
etching with Hz at high temperature (130OoC), and 
(b) a quasi-systematic epitaxy of Si (100) as deter- 
mined by x-ray and electron diffraction methods. 

3. The substrate, 500 pm, and film, 5 pm, thick are 
chosen to minimize the strain of the layers. 

4. Stresses are also avoided by a slow cooling rate 
after epitaxy (- 10O0/min). 

5. The residual contamination level is low. With 
quite identical process conditions, silicon homoepitaxy 
is performed in the range 1000"-1200°C (2). Layers 5 
pm thick are grown with N-type conductivity: when 
on 5-10 ohm cm P-type substrates, the layers resistiv- 
ities are >I00 ohm cm, and when on 0.01 ohm cm Sb 
doped substrates, the impurity concentration is less 
than 1014 cm-3, at 1150'C. 

6. The flow conditions (HZ as a carrier gas, silane 
I 
I T'C prediluted in Hz) have been determined to get low t 

supersaturations required for epitaxy. The mean 
a'looo ld50 1\00 Ilk0 

growth rate is 0.1 pm/min at 1100°C. Fig. l a .  Resistivity of Si layers vs. Tepi 
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Discussion 
Some of these results can be now interpreted. 
1. It has been ascertained by (7, 8) that A1 from 

150.- 

100.. 

56- 

Fig. lc .  Relative factor of merit vs. Tepi Fig. 2. X-ray surface topography arrangement 

the substrate gives rise to P-type autodoping. The exact 
mechanism involved has not been clearly demonstrated. 
But from the variation of the layer resistivities, it 
seems reasonable to suppose that the N-type contam- 
ination is due to phosphorous residues after etching. 
This contamination has thus no other reason, but is 
inherent with the difficulties involved in the chemical 
surface preparation of the substrates. This result is 
to be compared with more subtle interfacial contam- 
ination effects (9). As a consequence, P-type layers 
grown at  high temperature in the A process condi- 
tions are certainly electrically compensated. This ex- 
plains the slightly lower maximum value of pf for the 
A process than for the B process (Fig. lb) .  

2. The observed reduction of mobility (expressed by 
F) being independent of the type and doping level, it is 
plausible to explain in terms of structure defect the 
limitations at low temperature. This assumption must 

T*C be checked by specific methods (discussed later). On 
the other hand, the decrease of mobility values in the 

o.s-' 

0.1 .. 

The variation of T, and its apparently high maximum 
value, when compared to other results (5) have been 
noted. The results are given in Table I. 

Furthermore, some N-type layers were subjected to 
short time moderately high temperature, Hz atmo- 
sphere treatments. For example, a 10 ohm cm N-type 
layer after 5 min at  1100°C turns to 150 ohm cm P-type. 
This change could not be explained in terms of usual 
dopant's diffusion. That it occurs only with Hz atmo- 
sphere seems to indicate interfacial electrical states 
similar to those reported in ref. (6). 

lOs0 li06 I150 higher temperature range can be attributed to impurity 

Fig. 1 b. Hal l  mobility vs. T,,,i defects, the level of which increases with temperature. 

X-ray Surface Topography 

In the analysis of structural defect limitations, the 

T 
first step to be considered is the state of preparation of 
the substrate surface. Reflection techniques as sche- 
matically described in Fig. 2 are used (10). Plate and 
sample under study are simultaneously moved to ex- 
plore the whole surface, the resolution is fairly good 
( 1 0 ~ ) .  

Figure 3 shows a well polished substrate, and Fig. 4a 
presents a poorly polished one. An optical examination 
would have given in either case a very flat appearance. 
Then the same last wafer, after subjection to an Hz 
treatment at 1300°C is seen in Fig. 4b. The efficiency 

y 
of this treatment is demonstrated by the removal of 

I : FOCUS 

X-ray beam I 
I 

T 'c 51 IT 

Table I. Electrical characteristics of Si layers 

r O'SO I I O ~  60 - 

P,  Nature T.,, Type ohm cm Nu, cm* 7s(ns3 of oxide 

1030 N 7.6 3.3 x 101: 90 Pyrolitic 
1055 N 23.8 1.1 7 Pyrolitic 
1080 P 3.5 8.0 4 Anodic 
1105 P 1 7.0 45 Anodic 
1150 P 0.55 1.1 X 1016 3 Anodic 

Fig. 3. X-ray surface topography of a well polished A1203 
strate. 
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Fig. 
substrc 

4a. X-ray surface topography of a poorly polished AlzOn 
ite before H p  treatment. 

Fig. 6b. X-ray surface topography of the Si-Al2O:j interface 
Fig. 4b. X-ray surface topography of a poorly polished A1203 

substrate after Hp treatment. down). As these structures are visible only if a rapid 
cooling rate after epitaxy takes place, it may be con- 

fine scratches and the smoothing of dislocation lines. cluded that the contrast is due to thermal stresses both 
Some  referential etching is indicated by the 11001 in the and in the substrate. 
direction as seen in Fig. 5; which is a G x 10 ~a; t  of Assessment of Crystalline Quality of Films 
that substrate. This direction has been spotted with the 

The x-ray diffraction method is a powerful tech- [021] reference direction. This last one is the intersec- nique for this aim, its interesting features are: (i)  
tion of the (3.2.4) reflecting plane with the (01.2) plane. nondestructive, (ii) analysis of net planes in the film these One may say in 'pite. Of and not only of the surface structure, and (iii) , semi- 
difficulties, mechanical and gaseous polishing give quantitative: the diffracted intensities are comparative 
good surfaces for epitaxy. estimates of this quality. 

After growing a silicon layer, it is possible, with ~ ~ b l ~  11 shows relative intensities of the cu 
a proper choice of film thickness to investigate during radiation, diffracted on various planes for six layers 
the same experiment the free surface of the silicon (D 1 to 6), deposited at different temperatures, 
film and the silicon-substrate interface (obviously with ~ h ,  (400) plane-reflection corresponds to the pre- 
different reflecting planes: for Si (440) is convenient). dominant (100) orientation of s i  films. ~ ~ ~ ~ ~ d l ~ ~ ~  of 
Generally no structure is seen. But Fig. 6a (silicon the position of the x-ray spot (2  5 mmp) on the sur- 
surface) and Fig. 6b (interface) are special cases: the face, and whatever the sample under study, this in- 
structures' replica is apparent (see the right corner tensity is constant and is the strongest one. It will be 

taken as a reference, with a value of 106 in arbitrary 
unit. 

The (200) plane-reflection does not normally satisfy 
the Bragg condition, unless some planes are missing. 

Table I I .  Relative intensities of x-ray diffracted beam 

Plane: 
(4001 I08 108 10a 108 108 108 
(200) 1.6~109 lo1 1.2 x 10" <40* 1.4 x 101 400 
(220) 2 x 103 200 <40 <40 2.8 x 109 200 

Fig. 5.  Part (G x 10) of that wafer 40 is the (relative) detection limit. 
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This means that stacking faults are present in the 
layers and the given figures are indicative of their 
density. It must be noticed that the reported values 
are maximum ones, for the intensity varies from place 
to place. 

The (220) plane-reflection, which has been reported 
by others (11) is due to an epitaxial defect orientation 
(110). Its intensity is uniform for a given film. 

The stressed layers as shown in Fig. 6 were (110) 
mono-oriented. 

In conclusion, the comparison of figures in Table 11, 
gives an optimum temperature from both the point of 
view of stacking fault and of misorientation densities. 
This temperature is the same one as for mobility values. 

Substrote Layer Chemicol Interactions 

That chemical interaction occurs at the initial stages 
of the heteroepitaxial process is ascertained with a 
simple experiment: the selective removal of the epi- 
taxial layer leaves a disturbed Ale03 surface (12) 
which is not observed solely due to an Hp heat treat- 
ment. 

I t  has generally been assumed that heteroepitaxy 
occurs in this specific case, by the way of a substitution 
ior A1 atoms by Si atoms (13). A reducing action of 
Si itself seems to have been demonstrated (14-16) in 
vacuum deposition. However, these authors agree that 
a very low supersaturation gives this etching effect, 
and this condition is not generally met in normal 
deposition conditions. In fact, this would not allow 
the reversible reaction 

2Si + A1B3 e 2Si0 + AlyO 

to take place but, the following reactions 

involving less silicon but also the presence of Hp would 
be favored due to the extremely dry atmosphere of 
the experimental conditions. 

In any case, however, two consequences of this re- 
activity are expected: (i) the association between the 
epitaxial condition and the presence of A1 in the 
layer, and (ii) the introduction of various Si-0 bonds 
at the film-substrate interface, and probably in the 
layer itself, due to the high solubility of oxygen in 
silicon. 

infrared Spectroscopy 

In order to check these two points, we have con- 
ducted experiments in infrared spectroscopy. 

Infrared interferences in the range 1.5-7.u are used 
for layer thickness measurement. But absorption lines, 
characteristic of specific chemical bonds are well 
known. For Si-0 bonds they lie in the 700-1400 cm-1 
range, and for Si-A1 the optically excited line is 560 
cm-l (0.067 eV) (see the special references at the 
end of this article). 

The use of IR spectrometry however gives rise to 
two main difficulties with respect to: (i) selectivity to 
avoid interfering effects of the substrate, and (ii) 
sensitivity due to the small amount of Si, containing 
a low impurity concentration (from a chemical point 
of view). 

The attenuated total reflection method in an arrange- 
ment first proposed by Harrick (17) using multiple re- 
flections, has been devised for this purpose. The princi- 
ple is given in Fig 7. A monochromatic light of the 
proper wavelength hits a prism in optical contact with 
the sample. With a suitable refractive index of this 
prism, a total reflection condition is obtained, and light 
transfers some part of its energy to a certain depth 
inside the absorbing medium (Si) (18). 

Experimental difficulties, with the optical contact, 
the low transmittance (<20%), the need for a compen- 
sating circuit in the reference beam, add to the theo- 

Fig. 7. Attenuated total reflection arrongement 

Fig. 80. IR spectrum of D2 layer: 390-630 cm-1 range 

retical difficulties in the interpretation of the results. 
For example, difficulties inherent to the method are: 

(a)  shift toward long wavelengths, ( b )  attenuation of 
short A bands, and (c) reduction of spectrum contrast. 

For the moment, only qualitative results are given 
in Table 111. Some spectra are given for the D2 and 
Dl layers (Fig. 8 and 9) and an Al& substrate (Fig. 
10). 

Discussion 
1. The Si-A1 bond is detected in all epitaxial layers, 

whatever the epi temperature process and therefore 
electrical type of the layer. 

2. Various Si-0 bonds are found, the nature and the 
amount of which depend on the epi temperature. No 
apparent continuous transition between amorphous 
poly- and monocrystalline forms is found when in- 
creasing T,,,i. But for the same optimum T as before, 

Table Ill. IR absorption spectra of Si films (10) 

Wave No. 
cm-1 Sample Sub- 
N DL D2 DI D, Dz DO strate Referencc 

-- - 
490 + + + + + + A1203 
510 + + + ? 

530-560 + + + + +  Al in Si 
630 + + + + + +  SiO (amorphous) 

at 620, but also 
Also* 

700-720 + + 
a Quartz 
SiOy (crystalline) 
Sir32 (vitreous) 

a Quartz 
a Quartz 
SiO, (polycrystal- 
line) 
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Fig. 8b. IR spectrum of Dz layer: 630-1400 cm-I  range 
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Fig. 90. IR spectrum of D4 layer: 390-630 cm-I range 

0% 

Fig. 9b. IR spectrum of Dq layer: 630-1400 em-' range 

- - SAPPHIRE - . - 

Fig. 10. IR spectrum of Ah03  substrate 

(a) the number of absorption lines is minimum, and 
(b)  no amorphous SiO and SiOz quartz bonds are pres- 
ent in this layer. 

Quartz as a separate phase might have its own ori- 
entation, quite independently of the substrate and as 
a result misorientation effects could be ascribed to its 
presence. 

To resolve an objection against the preceding dis- 
cussion, we have performed the same experiment on 
N/N+ homoepitaxial silicon layers without finding any 
evidence of Si-0 and Si-AI bonding. This removes the 
possible influence of impurities in silane itself. 

Conclusion 
Even in our optimized conditions, imperfections are 

always present in heteroepitaxial Si layers. The opti- 
mum range of epitaxial temperatures, around 110O0C, 
has been found for the majority carrier mobility and 
has been correlated to crystalline quality from x-ray 
diffraction methods. IR spectrometry has pointed out 
the outstanding influence of chemical bonds in explain- 
ing most of the layer properties. This conclusion does 
not mean that crystallographic defects are not of great 
importance, but it seems that their effects are essen- 
tially indirect, due to interaction between dislocations 
and impurities for example. 
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Speciol References for the 1R Study 
Reference - ~ -  ,- - ~~ 

Alumina (Sadtler-ref. Y 172 S) 
P. T. Sarjeant and R. Roy (J. Appl. 

Phys p. 4541, Oct. 1967) give 378 
P. T. SaGeant gives 440 and 485 
Near 0.067 eV optical level Al/Si 

T. S. Moss, "Optical Properties of Semi- 
conductors" [Butterworths, p. 123 
(1961)l C. B. Collins [Phys. Rev., 
108. 1049 (195711. W. Kohn [Solid 
Stake ~hys.,5,257-(1957)], ~rostoroski 
and Kayser [J. Phys. Chem. Solids, 4, 
48. 315 (1958) 1 

P. T. ~ a r j e a n t  and-R. Roy [J. Awl .  Phys., 
p. 4541 (Oct. 196711 

Sadtler, P. T. Sarjeant, and P. T. Sarjeant 
and R. Roy 620:SiOl amorphous (De- 
soto Chemical Coatings) L. C Afpe- 
mow and J. T. Vandebere 

B3 line of a quartz (Plyler), E. K. Plyler 
[Phys. Rev. (2) 33-1929-483 

Reflection lines a quartz 
B. D. Saskena [Proc. Indian Acad. Sci., 
A12, 93-139 (1940) ; ibid., A22, 379-182 
(1945) 1 

SiOe Sadtler Y 1695 
SiO. crvstalline (Desoto Chemical Coat- 

ings 4663) 
Silica glass (Gmelin 935) D. G. Drummond 

INature. 134. 739 (1934) 1 
SiO - (~me l ih ,  p.' 266, gives' 1001) 

G. Hass and C. D. Salzberg [J. Opt. Soc. 
Am., 44, 181 (1954) ] 

SiOe a uartz B4 line (Gmelin and E. K. 
~ ly ler?  

2nd line twin j34 a quartz 
Mean value 1220-1285 
Mean value 1320-1400 (Gmelin) 

A. H. Pfund and Silverman [Phys. Rev. 
(2) 39 64 (1932)l A. S. Barker, Jr., 
[PAYS. 'Rev., 132, 1473 (1963)l studied 
the spectrum us. orientation and sur- 
face state of alumina 

The Role of Damage in the Annealing Characteristics 

of Ion Implanted Si 
Billy L. Crowder 

IBM T. J. Watsoib Research Center, Yorktown Heights, New York 

ABSTRACT 

Carrier concentration profiles are presented for S i  which has been im- 
planted with a low (3 x 1013 cm-2), intermediate (3 x 1014 cm-2) or high 
(8 x 1015 cm-2) dose of 280 keV Pa ions at room temperature and subjected 
to a 30 min post implantation anneal in the temperature range 550"-850°C. 
The annealing behavior of these samples is correlated with the amount 
of damage produced by the room temperature implantation. If a continuous 
amorphous region is present, ions within this region become electrically active 
and uncompensated during the epitaxial recrystallization of the layer between 
550" and 600°C. These results are generalized to provide a model for the an- .- 
nealing characteristics observed for room temperature and elevated tempera- 
ture ion implanted Si layers. 

Ion implantation doping of silicon at or near room 
temperature has been shown to produce gross struc- 
tural defects consisting of a,morphous (or highly dis- 
ordered) regions along the path of the ion (1). Theo- 
retical estimates of the spatial distribution of damage 
in "amorphous" Si have indicated that the average pro- 
jected range of the ions is somewhat larger than the 
average damage depth and that the straggling in these 
quantities are comparable (2, 3). Recent experimental 
observations confirm these estimates for implantations 
of P,  As, B, and Si into Si (4). Annealing is required 
to remove such gross lattice damage and to achieve the 
desired electrical activity of the implanted dopant. 
Previous investigations of the dose dependence of the 
annealing characteristics of Si doped with P or As by 
room temperature ion implantation have indicated a 
minimum in the number of carriers per implanted ion 
as a function of the number of implanted ions in the 
temperature range 500"-700°C (5, 6). The purpose of 
this investigation is to demonstrate that this minimum 
is due to three factors: (i) the damage distribution lies 
closer to the surface than the implanted ion distribu- 
tion (4), (ii) the compensating centers remaining after 
the annealing of the damage clusters are thermally 
stable up  to temperatures characteristic of diffusion 
processes in Si (4), and (iii) a continuous amorphous 
layer, if present, recrystallizes epitaxially onto the 
underlying substrate at  500"-600°C (1). 

Experimental 
Implantation was accomplished with a Cockcroft- 

Walton accelerator capable of operation to 300 kV. The 
P ions were obtained from gaseous PFs. The ion beam 
was focused, mass analyzed magnetically, and electro- 
statically scanned uniformly over a 4 cm2 area. The 
total dose was obtained by integrating the current 
from the samples. Dose rates were typically 1 pamp 
cm-2. Accurate target alignment was not available 
since the beam sweep was over approximately 2 1". 

The Si substrates were <loo> wafers cut from 
Czochralski-grown crystals, which were boron-doped 
and 1 ohm-cm resistivity. The substrates were lapped 
and chemically polished. Contact areas were diffused 
with As prior to implantation to facilitate good elec- 
trical contact to the implanted region. 

The electrical evaluation of ion implanted layers 
was accomplished by Hall effect and sheet resistivity 
measurements on van der Pauw configurations in con- 
junction,with removal of Si layers by anodic oxidation 
and HF stripping. This technique has been fully de- 
scribed by Mayer et al  (7). The details of our experi- 
ments have been covered in a previous publication and 
will not be repeated here (8) 

Experimental Results 
Table I summarizes the electrical properties observed 

for Si implanted with 280 keV P31 ions at a low, inter- 
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Table I. Summary of electrical properties of Si implanted with 
280 keV PJ1 

Annealing Sheet 
temper- resistivity n,r'tl &lc ,  

Dose (cm-3) aturel") ('C) (ohmfl3, lcm-'I lcm-'1 

Samples annealed after ion implantation for 30 min in a nitro- 
?n atmosphere. 
lbl  Effective number of carriers cm-2 determined from the sheet 

Hall coefficient of the entire implanted layer. 
('I The total number of carriers cm-9 obtained by integrating over 

the distribution obtained by the anodic oxidation, and HF stripping 
procedure in conjunction with sheet Hall coefficient and sheet re- 
sistivity measurements. 

mediate, and high dose and subjected to annealing for 
30 min at the temperature given in column 2. In column 
4, the effective number of carriers cm-2 as determined 
from the sheet Hall coefficient of the implanted layer 
is presented. This number is less than the true number 
of carriers cm-2 (presented in column 5 and obtained 
from stripping experiments) due to the fact that it 
represents a weighted average which favors higher 
mobility carriers (7).  The utilization of the implanted 
P ions (i.e., the ratio of carriers observed to P im- 
planted), presented in Table 11, exhibits the minimum 
observed by previous authors (5, 6). 

The depth distribution of carriers for Si implanted 
with P31 and annealed at  various temperatures for 30 
min are given in Fig. 1 (3 x 101" cm-2), Fig. 2 (3 x 
1014 cm-Z), and Fig. 3 (8 x 1015 cm-2). In Fig. 3, the 
total P atom profile [obtained by neutron activation 
analysis as described in ref. (9)] is also shown. The 
carrier concentration after an 850" anneal (not shown 
in the figure) corresponds closely to this total P pro- 
file [see ref. (a)]. I t  should be emphasized that no ap- 
preciable differences were observed between the total 
P profile obtained by neutron activation analysis for 
samples which were not annealed and samples which 
were annealed at 850°C for 30 min; i.e., no appreciable 
diffusion occurs as a result of the annealing step (9). 
The low dose implant (Fig. 1) exhibits a large "tail" 
which is due to partially channeled P ions. As the 
damage produced during the course of the implanta- 
tion is increased, channeling of P ions is eventually 
curtailed (10). Channeled P ions contribute less to the 
profile for the intermediate dose (3 x 1014 cm-2, Fig. 
2) than to that for the low dose. For the high dose im- 
plant, ions which have partially channeled represent 
only a small fraction of the implanted dose (Fig. 3). 

The Hall mobility observed in Si implanted with 3 x 
1014 cm-2 280 keV P ions (see Fig. 2 for profiles) are 
presented in Fig. 4 as a function of the observed car- 
rier concentration. After a high temperature anneal 

Table 11. Utilization factor for Si implanted with 280 keV P3' 

Utilization factor* 
Dose (cm3) 55O'C 600°C '700°C 850'C 

3 x IN 0.13 0.8 -la I 
3 x 10x4 0.02 o.a 0.7 0.9 
8 x 10- -la 1.0 -la 0.9 

8 The utilization factor (delined as the total number of carriers 
observed to the number of P ions implanted) is given as a fune- 
tion of the temperature at which the sample was annealed for 30 
min. 

b These values are obtained from the effective number of carriers 
cm-2 (rather than the total number of carriers cm-'1, estimating the 
profile correction from the data given at temperatures for which 
wafers were stripped and profiled. 

(85O0C), the mobility of the implanted layer is com- 
parable to that observed for bulk Si, as previously ob- 
served for well annealed ion implanted layers by Baron 
et al. (11). At lower annealing temperatures, where 
most of the implanted P ions are not electrically active 
and uncompensated, the observed mobility is lower for 
layers within approximately 0.5p of the surface, pre- 
sumably because of the presence of charged compensat- 
ing species. Similar behavior was observed for the Hall 
mobility in the low dose implants (3 x 10lhm-2) in 
that the mobility after a 550°C anneal was lower than 
that observed in uncompensated bulk Si, for layers 
within 0.5p of the surface. 

The surface of the substrate implanted with 8 x 1013 
P ions cm-2 exhibited the "milky" appearance char- 
acteristic of amorphous Si. The depth of this amor- 
phous region was determined to be 0 . 5 ~  by interference 
fringes observed in the optical absorption spectrum of 
a similarly implanted wafer (12). The surface still 
exhibited the milky appearance after annealing at 
550°C for 30 min, but the depth of the amorphous layer 
was only 0.1~. This observation is consistent with the 
epitaxial regrowth onto the crystalline substrate pre- 
viously reported (1). Annealing for 30 rnin at  600°C 

, , , I ,  

0 0.2 0.4 0.6 0.8 1.0 1.2 
DEPTH FROM SURFACE 

Fig. 1. Carrier concentration profile of <loo> Si implanted 
with 3 x 101%m-"28 keV Pdl. Samples were annealed for 30 
min a t  550°C (open triangles), 6000C (closed squares), or 850°C 
(open circles). 

"A,.' 
I I I I I  

0 0.2 0.4 0.6 0.8 1.0 1.2 
DEPTH FROM SURFACE ( p )  

Fig. 2. Carrier concentration profile of <1W> Si implanted with 
3 x 1014 cm-"80 keV P"'. Samples were annealed for 30 min a t  
550°C (triangles), 600°C (squares), or 850°C (circles). 
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- 
0 0.2 0.4 0.6 0.8 1.0 

DEPTH FROM SURFACE l p )  

Fig. 3. Concentration profile of <100> Si implanted with 8 x 
1015 280 keV P a ' .  Closed circles represent total P concentra- 
tion as determined by neutron activation analysis. Open circles 
represent carrier concentration observed after a 30 min anneal a t  
600°C. Arrow marks depth of continuous amorphous region present 
after implantation and before annealing. 

A- $ 50 
1 0 ' ~  ,o" 

CARRIER CONCENTRATION I ~ r n - ~ l  

Fig. 4. Hall mobility of Si ion-implanted layers as a function of 
observed carrier concentration of the layer. Carrier concentration 
profiles of these samples are given in Fig. 3. Samples were annealed 
for 30 min a t  550°C (triangles), 600'C (open squares), or 850°C 
(circles). 

was sufficient to eliminate this milky appearance. These 
results may explain the higher annealing temperatures 
reported for P-implanted layers by Davies, who em- 
ployed a four point probe (i.e., contacting only the high 
resistance surface layer) to measure resistivity (13). 

Discussion of Results 
In a study of the electrical properties of Si implanted 

with 400 keV P ions, Gibson et al. observed essentially 
complete annealing at temperatures as low as 550°C 
for low dose (1 x 10'3 cm-2) and high dose (1 x 101; 
cm-2) implantations in a random direction (14). These 
authors did not report on intermediate doses, but the 
results of the previous section indicate that for such 
doses only a fraction of the implanted P ions are 
electrically active and uncompensated after a 550°C 
anneal for 30 min, in spite of the fact that the gross 
lattice damage produced by low dose implants anneals 
below 400°C (15). 

Experimental investigations on the spatial distribu- 
tion of damage in Si produced by P ions in the energy 
range 70-280 keV show that the ratio of the average 
damage depth (i.e., the depth from the surface at  
wshich the peak in the damage distribution profile oc- 
curs) to the average projected range of the P ions (R,) 
is between 0.6 and 0.7 [ref. (4)l .  For 280 keV P im- 
plantations considered here, the maximum damage 
density occurs at  0.24-0.28~. Since the damage increases 
with increasing ion dose, the amount of damage in the 
spatial region in which most of the P ions lie is much 
greater for a dose of 3 x 1014 cm-2 than for 3 x 1013 
cm-2. These factors are clearly reflected in both the 
profile of carrier concentration after a 550" anneal in 
Fig. 1 and 2 and the low mobilities observed for car- 
riers in this region of highest damage density. An 
analogous situation is observed for implantations con- 
ducted at temperatures above 400°C, where gross lat- 
tice damage anneals during implantation. Thermally 
stable defects remain after the annealing of isolated 
damage clusters, whether annealing occurs during or 
after implantation. The density of these defects in the 
vicinity of the ion distribution is higher for higher 
doses. Higher temperatures, at which diffusion proc- 
esses can eliminate such compensating centers, are 
required to achieve a large fraction of the implanted 
ions electrically active and uncompensated. 

In the case of a high dose which produces a continu- 
ous amorphous region, the annealing behavior is 
markedly different. After a 600°C anneal, the carrier 
concentration profile corresponds closely to the im- 
planted P ion profile (Fig. 3) to a depth of 0 . 5 ~  and 
the Hall mobility is that expected for bulk Si of 
comparable doping. Beyond this point, the carrier con- 
centration is markedly lower than the P concentration. 
Since most of the implanted P ions lie within 0 . 5 ~  of 
the surface, a 600°C anneal results in nearly complete 
utilization of the implanted P (Table I) .  The process 
of epitaxial regrowth of the amorphous region onto 
the underlying crystalline Si substrate provides a 
mechanism for the incorporation of most of the P 
atoms substitutionally and the elimination of any com- 
pensating defect centers. Annealing at  550°C also re- 
sults in nearly complete utilization of the implanted P, 
even though the surface is still amo~phous. As shown 
earlier, the depth of the amorphous region after a 
550°C anneal is only 0.1 to 0.13~ so that most of the P 
ions lie within recrystallized Si. The diffused contact 
areas serve to make good electrical contact to this 
"buried" conducting region. 

Similar results are obtained for high dose As im- 
plantations, as presented in Fig. 5. The depth of the 
continuous amorphous region was determined to be 
0.35 to 0.36~ [stripping and visual observation; inter- 
ference fringes (12)] as shown by the arrow. Arsenic 
ions which are within 0.35~ of the surface (i.e., within 
the amorphous region) become electrically active and 
uncompensated after a 550°C anneal for 30 min. 

In the high dose P and As implantations, the distri- 
bution of ions which lie just beyond the boundary of 
the amorphous layer produced by room temperature 
implantation are located in a region of relatively high 
damage density, thus requiring temperatures charac- 
teristic of diffusion processes in Si in order to become 
uncompensated and electrically active. 

Summary 
The fact that the damage distribution lies closer to 

the surface than the ion distribution giving rise to the 
damage has been shown to have interesting conse- 
quences in the low temperature annealing behavior of 
room temperature implantations of P into Si. These 
results can be generalized as follows: 

1. At a sufficiently low dose, the damage density is 
so low in the region where the bulk of the ion distribu- 
tion lies that a large fraction of the implanted species 
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1 0 l s L  0.5 

DEPTH FROM SURFACE ( u )  

Fig. 5. Carrier concentration profile of <100> Si implanted 
with As75, 280 keV, 4 x 1015 cm-? Samples were annealed for 30 
min at  550°C (open circles) or 8 W C  (closed circles). Arrow marks 
depth of continuous omorphous Si region present after implantation 
and before annealing. 

are electrically active and uncompensated after a low 
temperature anneal, as observed, e.g., for P implants 
by Gibson et al. (14) and for low dose B implants by 
Seidel and MacRae ( 16). 
2. As the dose is increased, the amount of damage 

in the region occupied by the ion distribution increases. 
A fraction of the damage centers which remain after 
the gross lattice damage has annealed are thermally 
stable to temperatures characteristic of those at which 
diffusion processes can occur (4). When this fraction 
of compensating defects is comparable to or exceeds 
the ion concentration, high temperatures are required 
to achieve a high degree of electrical activity in the 
implanted layer. These observations apply for the 
situation where annealing is accomplished during im- 
plantation as well as low temperature implantations 
followed by a post implantation anneal. Such behavior 
has been noted for B, P, and As implantations by a 
number of authors [see, e.g., ref. (9) and (1611. 
3. If the dose is sufficiently high and the temperature 

sufficiently low to allow the formation of a continuous 

amorphous region overlapping the ion distribution, the 
epitaxial regrowth of this amorphous region "sweeps 
out" the compensating defects and the ions within this 
regrown region are electrically active and uncompen- 
sated. At a given temperature, light ions require a 
higher dose to produce this amorphous layer than 
heavy ions, as shown, e.g., for room temperature 
implantations of P or As (6). For a given ion, lower 
doses are required at lower temperatures, as demon- 
strated for B implantations into Si by Davies (13). The 
required dose may approach a limiting value at suffi- 
ciently low temperatures. 
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Ionic lnsta bilities in Pyrolytically Deposited SiO, Films 
P. M. Dunbar' and J. R. Hauser 

North Carolina State University, Raleigh, North Carolina 

ABSTRACT 

Forms of ionic instability in pyrolytic SiOz layers are investigated through 
movements of the flat band voltage. The films were in the thickness range of 
1000A, deposited at 725"C, and annealed at 800°C in a steam atmosphere. As 
deposited, the films exhibited the presence of both positive and negative 
charge. This charge was also found to be highly mobile. The annealed films 
exhibited only positive ionic charge but high flat band voltages with insta- 
bility present only after long term bias. 

The process of pyrolytic deposition has become electrical insulation. Some of the initial work with 
quite widely used in semiconductor device fabrication. this process was performed by Jordan (1) in his at- 
Basically, the process concerns the deposition of thin tempt to apply the process as a suitable method for 
insulator films such as SiOz for both diffusion and diffusion masking on germanium. Klerer (2, 3) ex- 

lpresent address: Howard University, Washington. D. C. 20001. panded on Jordan's work and studied the chemical 
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reactions involved in a pyrolytic deposition. Other 
evaluations showed densified pyrolytic films to be 
quite comparable to thermally grown SiO2. I-Iowever, 
ionic instability usually occurred in the films. These 
instabilities have been noted briefly (4),  and this 
present work expands on this problem. 

Experimental Techniques and Results 

The apparatus used in this work was similar to that 
used by Jordan (1). A diagram of the complete sys- 
tem is shown in Fig. 1. This system allows the three 
basic operations of purging, deposition, and annealing 
in a steam atmosphere. The nitrogen purge takes place 
prior to any deposition and while the furnace is heat- 
ing or cooling. When the slice obtained proper tem- 
perature, the deposition was initiated by introducing 
nitrogen into the bubbler which contains liquid tetra- 
ethyoxysilane. The tetraethyoxysilane was standard 
reagent grade material. This flow rate and the purge 
rate can be controlled by flowmeters 1 and 2. The bub- 
bler was held at  32°C in order to regulate the absorp- 
tion rate of the tetraethyoxysilane into the nitrogen 
carrier. This allowed an improvement in repeatability 
by excluding room temperature as a process parameter. 
The substrates used were n-type silicon slices. The 
resistivity was in the 10 ohm-cm range, and the crys- 
tal orientation was r1001. The slices were approxi- 
mately 3 cm in length by 1.5 cm in width. 

The substrates were stored in methyl alcohol prior 
to deposition, and placed wet into a 200°C furnace at 
the outset of a run. The system was then purged with 
a nitrogen flow rate of 1.0 l/min for about 15 min. 
When proper temperature was reached, deposition was 
begun by diverting 0.5 l/min of nitrogen through the 
tetraethyoxysilane while allowing 0.5 l/min of nitro- 
gen to flow freely into the furnace, giving a total de- 
position flow rate of 1.0 l/min. This combination 
yielded the best results, because a higher or lower 
rate through the bubbler detracted from the uniformity 
of the films. At the end of the desired deposition time, 
the bubbler flow was cut off and the purge flow of 
1.0 l/min was returned. After allowing 2 min for the 
system to clear of tetraethyoxysilane vapors, the power 
to the furnace was shut off. The slice was then re- 
moved after the temperature dropped to 300°C. De- 
position temperatures were in the 700°C range with 
deposition rates of 60 to 160 A/min. This range of de- 
position rates had no detectable effect on the stability 
results. 

The resulting films were clear in appearance and 
the thicknesses, estimated from the film color, were 
in the lOOOA range. Although the films suffered from 
a thickness nonuniformity in the range of 20%, the 
region over which metal was evaporated had no more 
than a 5% variation. The annealed films were processed 
identically except that a 15 min steam treatment at  
800°C was included. 

To fabricate the capacitors, 17 mil diameter dots 
were evaporated onto the slice. Both gold and alumi- 
num were used, but the metal thickness was 4000A 
throughout. Electrical contact was made to these de- 
vices with a probing technique. 

Fig. 1. Apparatus for pyrolytic deposition of thin insulating films 

Evaluation 
Studies of these devices showed the steam annealed 

films to be quite similar to thermal oxides with re- 
spect to dielectric strength and structural qualities 
such as pinhole characteristics. Although the unan- 
nealed devices had both high leakage currents and 
pinhole counts, the breakdown strength of all the de- 
vices were in the 10' V/cm range. The relative per- 
meativity values were quite scattered, but generally 
were 20% higher than in thermal oxides. 

It is known that pyrolytic oxides obtained from 
tetraethyoxysilane can contain considerable concen- 
trations of impurities which can dope the silicon 
either p- or n-type. No doping effect on the silicon 
was noted for the temperatures and times used in the 
present work. The possible presence of a p-type layer 
was checked by etching the oxide from several wafers 
after testing and checking for the conductivity type 
which remained n-type. Similar deposits on p-type 
wafers of about 10 ohm.cm resistivity have also failed 
to show the presence of a thin n-type layer due to 
diffusion from the pyrolytic oxide during the tempera- 
tures and time employed in this work. 

The apparatus used to determine the capacitance 
us. voltage characteristics involved a standard capaci- 
tance bridge outfitted so that the voltage could be au- 
tomatically swept across the device. A block diagram 
of this system is shown in Fig. 2. A 50 msec ramp volt- 
age from the oscilloscope was used to sweep the de- 
vice voltage. The ramp was 50V in height but the be- 
ginning and end points could be adjusted by means 
of the series bias. The scope could be triggered ex- 
ternally or allowed to free run, depending on the mode 
of sweep voltage desired. Comparisons of the curve 
shifts were made by photographs of the scope face. 

The initial curves were obtained by single sweeps 
of the ramp voltage across the device. After the ini- 
tial curve was obtained, the ramp voltage was allowed 
to free run across the device for several thousand cy- 
cles to detect any rapid movements of the curve. The 
bridge was then disconnected, and a 9V d-c bias was 
connected across the device for a 4-hr period with 
the metal positive. At the end of this time, the battery 
was disconnected and the bridge reconnected, and 
another "initial" curve was obtained. As before, the 
ramp was then set on free run to d6tect any rapid 
changes. This was then repeated for the opposite 
polarity for the 4-hr bias. 

The need to bias the ramp voltage resulted from 
the need to sweep the device voltage in a bipolar 
method. This bias, however, resulted in a d-c compo- 
nent of voltage placed across the device whenever 
a sweep was made. Although this d-c component had 
no detectable effect in the single sweep mode, the ef- 
fect was quite appreciable during the free run time. 
The voltages applied to the devices during the free 
running mode are shown in Fig. 3. Typical initial 
curves for both types of devices are shown in Fig. 4 
and 5. The flat band voltage for this oxide thickness 
and substrate doping occurred when C/C,,, was in 
the order of 0.7. These curves depict the movements 
somewhat typical of unstable oxides. Note however, 
that the unannealed films exhibited positive flat band 
voltages after negative stress. This indicates the pres- 
ence of a fairly large negative charge density in the 
layer. 

Note also, that after annealing in a steam atmo- 
sphere the effect of this negative charge could also ex- 
plain the low flat band voltage of the unannealed films 

I * . "  L 

-7 h 

Fig. 2. Capacitance vs. voltage apparatus 
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A. after Ramp negative voltage stress. employed -m+ 
-3% 

0. Ramp voltage employed ,Lfl 
after positive stress. 

Fig. 3. Sweep voltage 
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Fig. 4. Capacitance vs. voltage for annealed devices before and 
after stress. 
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Fig. 5. Capacitance vs. voltage for unannealed devices before 
and after stress. 

as compared to the annealed films, since the negative 
charge would counteract any positive charge present 
in the layer, thus lowering the flat band voltage. Since 
the annealing seems to eradicate these charge centers, 
the counteracting effect would not be present in the 
annealed films, allowing the now free positive charge 
to raise the flat band voltage. The positive charge and 
its related high flat band voltage could, of course, have 
been caused by a contamination entering at some point 
in the process; however, the apparent nulling of the 

-4 .5  v 
STRESS 

/' 

9.5 v STRESS 

negative charge by annealing suggests that this nega- 
tive charge is inherent in the unannealed pyrolytically 
deposited SiOz films. 

Another major difference between the annealed and 
unannealed devices was exhibited when the sweep 
voltage was set to free run in order to detect any 
rapid movements. The unannealed devices, as shown 
in Fig. 6 and 7, exhibited a very rapid flat band move- 
ment, indicative of a highly mobile charge species. 
Two factors indicate that the mobile charge causing 
this is the negative charge. Primariljr, this type of 
rapid hysteresis was not present after annealing. This, 
when coupled to the indication that the negative 
charge was eliminated by annealing points to this 
charge as the cause of the rapid shifts. 

A close examination of the rapid instability also 
indicates that negative charges can explain the rapid 
shifts in flat band voltage. Note that after positive 
stress, the positive charge would be near the SiOz-Si 
interface, having a more pronounced effect in VFB than 
the negative charges which are at the SiOz-metal in- 
terface. The d-c component of the free running sweep, 
then would move the negative charges to the SiOz-Si 
interface but the positive charges would remain com- 
paratively unmoved, thus counteracting the negative 
charge movement, slowing down any hysteresis ef- 
fects. The case of negative stress points this out in 
somewhat more dramatic fashion. After stress, the 
positive charge is now at the metal-SiOz interface, 

-- 0.8 

-- 0.7 
c'C~&x 

-- 0.6 

-- 0.5 

I0 MINUTES I 11 --. 

1 J 

APPLIEO VOLTAGE (VOLTS) 

-- 0.4 

- - O 3  

-- 0.2 

Fig. 6. Capacitance vs. voltage showing rapid charge movement 
after positive stress in unonnealed devices. 

PO SEC. 

0 3 

- - 0 2  

Fig. 7. Capacitance vs. voltage showing rapid charge movement 
after negative stress in unannealed devices. 
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where it has little effect on VFB, and the negative 
charge, now at the SiOp-Si interface, is the controlling 
factor. So, when the free run component occurs, this 
negative charge now moves rapidly to the metal-SiOr 
interface, lowering the VFB just as rapidly, causing 
the rapid movement as seen in Fig. 7. 

These results, however, were somewhat scattered. 
Although the characteristics shown in Fig. 6 and 7 
were quite typical, the speed of the movements varied 
widely, indicating a somewhat unpredictable mobility 
of the negative charge. Another factor of note is that 
these rapid changes did not occur until after the de- 
vices were put under a long term bias. 

Summary and Conclusions 
Stability studies showed the films to be unstable 

with high flat band voltage as compared to good 
thermally grown oxides. Both the annealed and unan- 
nealed films exhibited the effects of charge movement 
indicative of positive ionic charge in the oxide layer. 
The unannealed devices indicated the presence of 
both positive and negative charge in the oxide layer. 

The presence of the negative total charge in the 
oxide differs from that of thermal oxides where posi- 
tive ionic charges are observed. The origin of the 
negative charge can only be speculated on at this point. 
Ionic instabilities in SiOz have been studied in con- 
siderable detail (5, 6). The rapid movement of the 
negative charges in the present study would require, 
however, a much larger mobility than has previously 
been reported for ions. Hofstein (7) has reported on 
a hydrogen ion trapping instability in SiOp which 
gives times more consistent with the rapid shifts ob- 
served in this work. The hydrogen ion, however, is a 

positive charge whereas the present observations in- 
dicate a rapid movement of negative charges. The 
negative charges may in fact be just electronic motion 
within the pyrolytic SiO? layer. A thin higher quality 
thermal oxide at the silicon interface could prevent 
the electrons from flowing out of the pyrolytik oxide 
into the silicon, resulting in their accumulation at the 
pyrolytic-thermal oxide interface. 

The improvement in the C-V shifts following an- 
nealing in a stream atmosphere appear to be due 
largely to the elimination of the rapid negative charge 
movements within the oxide. The steam annealing 
process can have two effects on the insulating layer. 
Previous work (2-4) has indicated this process results 
in a densification of the pyrolytic oxide films. Also, 
there is likely some increase in the thickness of the 
thermal oxide between the silicon and the pyrolytic 
oxide. Both of these processes may contribute to the 
improved electrical properties following annealing. 

Manuscript received May 3, 1969; revised manuscript 
received ca. Jan. 26, 1970. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1970 
JOURNAL. 
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Water Contamination in Thermal Oxide 
on Silicon 

G. L. Holmberg,' A. B. Kuper? and F. D. Miraldi 

School of Engineering, Case Western Reserve University, Cleveland, Ohio 

ABSTRACT 

Wet-grown, baked 5400A films were controllably hydrated in tritiated- 
water vapor under conditions approximating device operation (50"-25O0C, 
0.25-8 hr, 25-400 Torr water vapor pressure). Fast penetration and fast out- 
diffusion suggest a micropore diffusion mechanism. This conclusion is sup- 
ported by a low diffusion activation energy (0.3 eV) and exponential profiles 
in the bulk oxide. Strong surface peaking of the hydrogen tracer in both in- 
diffusion and outdiffusion is attributed to surface energy lowering (Gibbs 
effect). "Water" under these conditions gave negligible MOS AQ,, or AQi,  
even with a hydrogen concentration of 5 x 1018 c m - h t  the silicon. Sodium 
contamination gave an order higher water entry rate. Water, likewise, in- 
creased sodium entry rate and charge production by the sodium. 

Water has long been considered a serious con- 
taminant in oxide-passivated silicon planar devices. 
Since it is not possible to eliminate it in device manu- 
facture or, except by hermetic sealing, in device use, 
it is desirable to study its effects under likely con- 
tamination conditions. 

In previous studies (1, 2), fused silica was hydrated 
at high temperatures (600"-1200°C) to measure the 
diffusion coefficient and the activation energy for water 
diffusion in silica. The same studies indicated that 
water interacted with bridging oxygens to form silanol 
(Si-OH) groups on entering the silica. 

Oxides on silicon have been grown in tritiated steam 
at 1000°C (3, 4). The diffusion coefficient (3, 4)  and 

activation energy (3) determined from bakeout were 
comparable to those determined for water diffusion in 
fused silica, but bakeout data were not taken below 
500°C. Only one study (5) has produced a hydrogen 
profile associated with water contamination; the 
sample was contaminated by boiling in tritiated water. 

Electrical effects of water contamination in thermal 
oxide on silicon have been studied. Water has been 
shown (6) to promote channel conduction on p-type 
surfaces. Water under certain conditions is believed 
(5, 7) to act as a positively charged species, probably 
due to formation of H+  ions. Water also acts to an- 
nihilate interface states (8-10) and is known to increase 
dielectric loss in bulk silica (11). Water introduced 

1 Present address: 3508 Wilson St.. Fairfax. Virginia 22030. 
2 On leave 1969-1970 to Electrical Engineering. Technion. Haifa. 

during oxidation appears to have no charge associated 
Israel. with it as evidenced by the fact that the hydrogen in 
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tritiated-steam grown oxides (3, 4) did not redistribute 
under bias-temperature stress. 

Since data were not available on the diffusion of 
water in silica below 600°C, we had to extrapolate 
fused-silica data to the lower temperatures of interest 
in our work. The validity of the extrapolation from 
600'C is questionable; in addition, significant dif- 
ferences exist between the oxide and bulk silica. The 
oxide is very thin and therefore may be dominated by 
surface effects. It is under large compressive stress, 
contains concentration gradients of silicon and oxygen, 
and has a different thermal history than the fused 
silica; in particular, the oxide film is formed below its 
softening point. Evidence recently summarized (12) 
also suggests a micropore structure in the oxide. 

A number of experiments have demonstrated the 
interaction of water with sodium in silica. Increased 
sodium transport in the presence of water (13) and 
increased wet oxidation rates in the presence of sodium 
(12) have been shown. Sodium is thought to release 
hydrogen (5) in the oxide. Glass corrosion studies in- 
dicate (14) that water can release sodium in silica. 

In our study, oxides were hydrated in tritiated-water 
vapor under controlled conditions approximating device 
operating conditions. Sets of hydrogen profiles were 
developed with time, temperature, and water vapor 
pressure as parameters. Outdiffusion and other ex- 
periments further characterized the hydration. Models 
are presented for the hydration process. MOS measure- 
ments of charge and interface-state density were made 
to assess the electrical effects of the water. 

Radioactive sodium and water were diffused together 
in some samples; profiles and MOS electrical effects 
were measured to determine interactions between the 
two diffusants. 

Experimental 
Samples were 1 or 10 ohm-cm, n-type, {Ill}- 

oriented silicon. They were wet-oxygen oxidized in a 
quartz-tube furnace at 1200°C to a thickness of 5400A, 
then baked for 30 min at 1000°C in dry nitrogen. 

Hydrations were carried out in the apparatus shown 
in Fig. 1. The sample cell was a solid aluminum cylin- 
der into the top of which several slots had been milled; 
the remainder of the apparatus was stainless steel, 
sealed to the cell by a Viton O-ring. Oxidized wafers 
were dropped into the slots and held in good thermal 
contact with the aluminum by means of Teflon strips 
at their edges. The source vial contained 0.5 cc of tri- 
tiated water with specific activity of approximately 
250 mc/g. The tubing and valves were wrapped with 
heating tape and kept well above the temperature of 
the source vial to prevent water condensation any- 
where except in the source vial. 

The tritiated-water source vial was valved off while 
loading the samples. The source vial was then cooled 
with liquid nitrogen, the source valve opened, and the 
apparatus evacuated with a mechanical forepump. 
After evacuation, the source valve was closed, the cell 
and samples brought to temperature in a thermo- 
stated oven, and the source vial thermostated at a 

SOURCE 

TEMPERATURE 
CIRCULATOR 

HYDRATION APPARATUS 
Fig. 1. Apparatus for tritbted-water hydrations 
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temperature corresponding to the desired water vapor 
pressure. 

When source and samples were at the proper tem- 
perature, the vacuum line valve was closed, the source 
valve opened, and timing started. At the end of the 
desired hydration time, these operations were reversed 
to recondense the water into the source vial and to 
remove the samples. 

An experiment was done to test pressure equilibra- 
tion. With a glass plate in place of the sample cell, it 
was found that water immediately condensed onto the 
glass on opening the source valve. A calculation con- 
firmed that pressure in the apparatus should equil- 
ibrate within a second after opening the source valve. 
Thus we felt it unnecessary to have a manometer in 
the system, and pressures are based on source vial 
temperature. 

The apparatus allowed close control of hydration 
conditions. Accuracy and precision of temperature 
were within l0C, pressure was within 1%, and time 
was accurate within a few seconds. Also, the cell 
allowed several samples to be loaded simultaneously 
and exposed to identical hydration conditions. 

Samples were etched in dilute HF and the etchants 
were liquid-scintillation counted. Since the efficiency 
of liquid scintillation counting is degraded by large 
amounts of aqueous material in the solution, an ap- 
paratus was built to minimize etchant volume. The 
apparatus allowed etching with 0.5 cc of acid and 
rinsing in 1 cc of water with good reproducibility. 

Samples were washed in water before sectioning to 
exchange off adsorbed tritiated water from the surface 
and thus to avoid contaminating the first section with 
adsorbed activity. Samples were also washed between 
sections to avoid cross-contamination between adjacent 
sections. 

The etchant was neutralized with calcium hydroxide, 
then solubilized with a xylene-PBD mixture by means 
of Beckrnan Biosolve BS-3 solubilizer. Counting was 
done in a Picker Ansitron I1 liquid scintillation count- 
er. Counting efficiency was approximately 25% and 
background about 25 counts per minute. Sufficiently 
long counts were taken to keep one-sigma counting 
errors below 5%. 

Counting efficiency was determined by counting a 
standard along with the etchants. The standard had the 
same chemical composition as the unknowns, and its 
activity was known to %3%. Accuracy of relative con- 
centrations (for profile shapes or for comparisons of 
profiles) was equal to the 5% counting error. However, 
uncertainty in the specific activity of the tritiated 
water in the source vial limited accuracy of absolute 
hydrogen concentrations to about 20%. 

Sodium-water interactions were studied with a 
NaZ2C1 tracer. Samples were either baked or else equili- 
brated with a wet ambient (nitrogen, 95°C dew point) 
at 800°C. They were next contaminated by dipping 
them into a methanol solution of the tracer and air 
drying them. The samples were then sandwiched be- 
tween two bare silicon wafers to minimize sodium 
evaporation during the diffusion and were diffused in 
a tube furnace. The dry (baked) oxides were diffused 
in a dry nitrogen ambient and the wet oxides in a 
wet (95°C dew point) nitrogen ambient. 

The sodium-contaminated samples were sectioned in 
dilute HF. The etchant was gamma scintillation 
counted with a 4 x 4 in. NaI(T1) crystal and a multi- 
channel analyzer. A counting standard (f3%) was 
again used. 

Some samples were diffused both with Na22Cl and 
with tritiated water. These samples were etched like 
other hydrated samples and liquid scintillation 
counted. Two analysis channels were set up on the 
liquid scintillation counter to count the two isotopes in 
the presence of each other. Counting efficiencies and 
the interferences of the isotopes on each other were 
determined from counting standards. Sodium concen- 
trations were also checked by gamma scintillation 
counting. 
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Aluminum dots were evaporated onto some of the 
samples, and 1-MHz C-V curves were run. Room tem- 
perature flatband voltage was used to measure fixed 
charge in the oxide. Interface state density was mea- 
sured by the Gray-Brown (15) technique of deter- 
mining the shift in flatband voltage between room 
temperature and liquid nitrogen temperature. 

Hydration Results 
A typical hydration profile is shown in Fig. 2. The 

profile is made up of three regions: at the air interface 
is a sharp spike of hydrogen; in the bulk oxide the pro- 
file is rather flat; at  the silicon interface there is a 
slight peak with a dip just before the peak. The spike 
at the air interface is present in all profiles, the peak 
and dip at  the silicon only in some profiles. This pro- 
file and others to be presented are simply drawn 
through the data points and represent no theoretical 
fit. 

Figure 3 shows the time development of the hydra- 
tion profile at  constant temperature and pressure 
(hydration time was the time during which tritiated 
water vapor was actually in contact with the samples). 
The spike at the air interface is present in all profiles. 
In the bulk oxide the profile is roughly exponential 
(i.e., linear on the semilog plot). The effect of increas- 
ing hydration time is to fill and flatten the profile in 
the bulk oxide. Concentration in the oxide near the 
air interface increases with increasing hydration time, 
hut penetration of the spike remains roughly constant. 

For 15-min hydrations, not shown in the figure, the 
hydration profile is nonreproducible and shows anoma- 
lous peaking near the silicon. Even for the profiles 
shown, however, the penetration is much faster than 
expected. A diffusion coefficient estimated from the 
profiles in Fig. 3 is 10-13 cmZ/sec, more than an order 
larger than estimated by extrapolating fused silica hy- 
dration data (1) from 600°C. 

The effect of hydration temperature at  constant time 
and pressure is shown in Fig. 4. The effect of increas- 
ing hydration temperature is similar to the effect of 
increasing hydration time. The profile fills and flattens 
in the bulk, and the surface spike rises in amplitude 
at constant penetration. 

The anomalous peaking in the 50" and 100°C pro- 
files is similar to that at  short times. It appears that 
there is some defect in the oxide which interacts with 

m"o 1000 
DISTANCE FROM AIR INTERFACE ( h )  

Fig. 2. Typical hydration profile. Counting errors ( f lu)  are 
shown by error bars. Concentration equivalent of counting back- 
ground is represented by dashed curve and sectioning by vertical 
dashed lines. Reproducibility on individual data points was about 
+-lo% from sample to sample. 
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Fig. 3. Time development of hydration profile a t  constant tem- 
perature and pressure. Profiles are in reasonable agreement with 
Hofstein's (5) profile for a dry oxide. Data are averages of one or 
more samples, as indicated. 
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Fig. 4. Effect of temperature on hydration profile a t  constant 
time and pressure. Anomalous peaking a t  low temperature is similar 
to that seen for short times. Activation energy for diffusion was 
about 0.3 eV. 

the "water" and then saturates. At higher temperatures 
(or longer times) the hydrogen profile levels itself out. 

For error-function profiles, either the total hydro- 
gen in the oxide (N) or the intercept (x) of the profile 
with a given concentration level should have the same 
temperature dependence as D"z (D is the diffusion co- 
efficient). Although the profiles are not actually error 
functions, Arrhenius plots were made for N and x 
(from Fig. 4) and the slope used to approximate the 
energy dependence of Dl/%. The former method esti- 
mated an activation energy of 0.25 eV for D (0.13 eV 
for D1/2), and the latter gave 0.3 eV. 

An activation energy of 0.3 eV is less than half of 
the activation energies found for fused silica hydra- 
tion (1, 2), steam oxidation (16), or wet-oxygen oxida- 
tion (17) of silicon, or for outdiffusion of water from 
steam-grown oxides (3). The low activation energy 
suggests that hydration rates could he appreciable at 
room temperature. 
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The effect of hydration pressure is shown in Fig. 5. 
Increase in pressure shifts the hydration profile uni- 
formly to higher concentrations. Concentration of hy- 
drogen in the oxide varies as the square root of hydra- 
tion pressure, as expected from fused silica hydration 
data (1, 2), which indicates the breakup of the water 
molecule into two independently diffusing fragments 
on entering the oxide. The square root pressure de- 
pendence throughout the oxide implies that little of 
the hydrogen tracer exists as water molecules in the 
oxide. 

Several experiments were done to characterize the 
hydrogen surface spike. As shown in Fig. 3-5, the 
amplitude of the spike increased with time, tempera- 
ture, and pressure with no significant increase in 
penetration. It was considered possible that the surface 
region of the oxide was different from the remainder 
of the oxide, possibly due to local stress-relief. 

In order to test this hypothesis, 10008, of oxide was 
etched from the surface. The etched oxide and an un- 
etched oxide were then hydrated together for 4 hr. 
The surface spike was still present in the oxide which 
had been etched before hydration. The same result was 
obtained in the same experiment with a 1-hr hydration. 

It was also considered possible that the spike was an 
experimental artifact. As mentioned previously, the 
sample surface was thoroughly washed before the first 
section was taken in order that adsorbed surface ac- 
tivity not be contained in the first section, thus making 
its concentration incorrectly high. Also, samples were 
soaked overnight in concentrated HC1 and washed 
overnight in running water with no noticeable effect on 
the spike. Thus, the spike was apparently actually 
present in the oxide surface region. 

An outdiffusion experiment was done to characterize 
further both the surface spike and the bulk diffusion 
mechanism. Three samples were hydrated simulta- 
neously. One was etched immediately as a control 
(profile A in Fig. 6) and showed good agreement with 
other samples hydrated previously under the same 
conditions. 

A second sample was vacuum-baked after hydration. 
After baking, it had the profile shown as profile B in 
Fig. 6. Note that roughly half of the hydrogen out- 
diffused in 4 hr  at 200°C. Extrapolation of bake-out 
data for tritiated-steam grown oxides (3)  would give 
a negligible outdiffusion rate at 200°C. This suggests 
that water diffused at 200°C is incorporated differ- 
ently into the oxide than it is incorporated during a 
steam oxidation. 

The first 12508, of the third sample was sectioned 
(profile C in Fig. 6). This profile agreed well with the 
profile in the surface region of the control. We assume 
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that the remainder of the profile in this sample was 
similar to that in the control. After vacuum baking, 
the partially etched sample had the profile shown as 
profile D in Fig. 6. Again the outdiffusion rate is large. 
Of greater significance, however, is the fact that the 
surface spike reformed in the outdiffusion. In fact, 
the dip in the profile just beyond the spike suggests 
that hydrogen was preferentially segregated from this 
region into the surface region. 

It should perhaps be emphasized that these results 
were obtained on single samples, and reproducibility 
was therefore not checked. Similar results have, how- 
ever, been obtained (18) for a similar outdiffusion ex- 
periment with sodium in an oxide film. 

There were essentially no MOS electrical effects 
from hydrations at  200°C or below, even though hy- 
drogen concentrations as high as 5 x 1018 cm-"ere 
measured at the silicon. Room-temperature flatband 
voltage showed a positive shift of about 1V (4 x 101" 
electrons cm-2), attributed to annealing. No measur- 
able change in interface state density was observed. 
Annihilation of states was complete for hydrations at 
800°C, however, suggesting that temperature is im- 
portant to the annihilation. 

Interpretation of Results 
To interpret the hydration data two models are con- 

sidered, one for bulk oxide profiles, one for the surface 
spike. 

In bulk oxide, hydration is characterized by'fast in- 
and outdiffusion, exponential profiles, low activation 
energy, and anomalous peaking for "gentle" hydra- 
tions (as in Fig. 4, 50" and 100°C). It is possible that 
extrapolation from high temperature data underesti- 
mates the diffusion coefficient. This would explain 
"fast" penetration. However, it would not explain the 
anomalous peaking, nor the fact that the profile does 
not have the expected error-function shape. 

A model in which the oxide is assumed to contain a 
network of micropores could explain the observations. 
A "network of micropores" as used here does not mean 
actual pinholes through the oxide. Rather it means an 
interconnected network of small (probably a few atom 
diameters) disturbed regions which have a somewhat 
higher diffusivity than the bulk oxide. Such a model 
for oxide structure has been previously suggested (12). 

We considered diffusion in such a micropored struc- 
ture to be analogous to grain boundary diffusion and 
applied Fisher's (19) diffusion model to the hydration 
data. In Fisher's treatment, the diffusant is considered 
to penetrate very quickly along the high diffusivity 
path and then to side-diffuse. The model predicts ex- 
ponential profiles, as observed, and appears consistent 
with the fast diffusion, low activation energy, and 
even the anomalous peaking which was observed. 
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Such a high diffusivity path would, of course, show 
up most strongly at low temperatures where bulk dif- 
fusion is slow. At high temperatures, such as in steam 
oxidations, bulk diffusion would be expected to 
dominate, as has been observed (3,4,17). 

Several explanations were considered for the sur- 
face spike. We first thought that the spike represented 
a second, slower-diffusing hydrogen species. However, 
the shape of the spike and the change in amplitude 
with no penetration change were not consistent with 
this interpretation. 

Surface rate limitation would give the observed 
behavior of the spike for indiffusions. However, it 
could not explain reformation of the spike from a flat 
profile in outdiffusion. 

The remaining possibility was enhanced solubility in 
the surface region, either electrically or chemically 
caused. Electrical binding was rejected since no 
evidence was found of charge associated with the 
"water." 

In keeping with the micropore model, it was con- 
sidered possible that the surface region had a higher 
pore density and therefore retained more water than 
the bulk oxide. However, to explain the experiments 
in which the oxide surface was etched before in- and 
outdiffusion, it would be necessary to assume that the 
heavily pored region reformed in hours at 200'C. 

The model which we favor has recently been de- 
scribed in papers on near-surface effects in metal- 
metal diffusions (20, 21) and is referred to as the Gibbs 
effect. In a diffusion system such as water-silica, where 
the reaction between the diffusant and the host matrix 
is exothermic, segregation of the diffusant near the 
surface of the host matrix leads to lowering of surface 
free energy. Thus, water segregates near the surface 
of the oxide simply because this lowers the energy of 
the system. The penetration of the spike in our pro- 
files (a few hundred angstroms) is in good agreement 
with the penetration in the profiles shown in ref. (21). 

With this model it would be expected that surface 
concentration would rise with bulk concentration, as 
observed. The constant penetration and the shape of 
the spike are reasonable. The reformation of the spike 
in outdiffusion would be expected. 

Sodium-Water Interactions 
Sodium chloride was diffused wet and dry as pre- 

viously described, and sodium distributions and their 
electrical effects were measured. Although the diffu- 
sion length was orders greater than the oxide thickness 
(11) for dry diffusions at 600°C, profiles were steeply 
falling and diffusion time (1 to 60 min) had little effect 
on the profile. It appeared that the sodium was being 
preferentially segregated in the surface region of the 
oxide. This segregation could possibly be explained 
again by the Gibbs effect (20, 21). An alternative ex- 
planation, given by Fowkes and Burgess (18), is a 
surface layer of negative oxide ions which attract the 
sodium ions and bind them near the surface. 

In wet diffusions the profile showed a definite de- 
velopment with time, i.e., a filling and flattening with 
increasing time. Furthermore, profiles for wet diffu- 
sions peaked at the silicon, which has been associated 
with image charge in the silicon (22). Profiles for 1 hr 
wet and dry diffusions are shown in Fig. 7. In addition 
to the other differences noted between wet and dry 
diffusions, the water had the effect of significantly in- 
creasing the quantity of sodium transported. Such an 
effect has been previously noted (13). 

Electrically, a definite sodium-water interaction is 
also seen. Charge production in the silicon is shown in 
Fig. 8 as a function of diffusion time. In dry diffusions 
at 600°C charge buildup was slow as expected from 
the sodium profiles. At 800°C charge buildup also 
behaved as expected [the decrease for long diffusion 
times has been attributed to anion compensation (23) 1. 

Charge buildup in the wet diffusions, however, was 
very rapid. This is expected from the larger amount 
of sodium transported in the wet diffusions. However, 
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Fig. 7. Comparison of sodium profiles for 1-hr wet and dry diffu- 
sions of NaZ2CI at  600°C. 

Fig. 8. Variation of MOS-measured charge with diffusion time 
for NaCI. Wet diffusions at  800°C gave charge beyond measure- 
ment limit for all diffusion times. 

the larger sodium transport alone does not appear 
sufficient to explain the magnitude of charge produc- 
tion. The same amount of sodium can easily be trans- 
ported in a dry diffusion (by increasing diffusion tem- 
perature, for example) as was transported in these 
wet diffusions without producing as large a charge 
(22). This implies that water enhances the charge 
production of sodium. The mechanism of such en- 
hancement has not been ascertained. 

It was noted in the wet diffusions that the sample 
coverplates were oxidized several times faster where 
they were in contact with the contaminated samples 
than they were on areas remote from the contamina- 
tion (the covers were larger than the samples). Since 
the water in the wet nitrogen ambient was necessarily 
the oxidant, this observation implied that sodium also 
enhanced the transport of water into the oxide. Such 
sodium-enhanced oxidation has been previously ob- 
served (12) and could possibly be explained by 
Charles' (14) proposed mechanism for the sodium-en- 
hanced corrosion of silica. 

The hypothesis that sodium enhanced the water 
transport was directly checked in a 200°C hydration. 
Sodium-contaminated and uncontaminated samples 
were hydrated together and sectioned. The profiles are 
shown in Fig. 9. The sodium level in the contaminated 
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6. At the device temperatures of interest in this 
EFFECT OF SODIUM 

ON HYDRATION study, diffused water has negligible effect on silicon 
surface potential or on interface-state density. 
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Epitaxial GaAs Kinetic Studies: {OOl}Orientation 

Don W. Show* 
Texas Instruments, Incoqwrated, Dallas, Texas 

ABSTRACT 

Gallium arsenide deposition rate studies were conducted with an open tube, 
chloride transport system which permitted independent control of the reactant 
input partial pressures. A recording microbalance was adapted to the depo- 
sition apparatus so that the epitaxial growth rates could be continuously mea- 
sured during the actual deposition process. At low temperatures and high re- 
actant partial pressures the process appears to be kinetically controlled. The 
rate then becomes inversely proportional to the gallium monochloride partial 
pressure and may indicate the presence of a competitive adsorption process. 
At high temperatures and low partial pressures the rates may be described 
in terms of a "quasi-equilibrium" model where a fraction of the incoming 
gas stream equilibrates with the condensed phase. 

Studies of the influence of substrate temperature on 
GaAs epitaxial growth rates in the Ga/HCl/As/H2 sys- 
tem have indicated that at low temperatures the proc- 
ess operates under kinetic control ( I ) .  Under such 
conditions the growth rate is independent of the total 
gas flow rate but is strongly dependent on the crys- 
tallographic orientation of the substrate. In addition 
the rate increases rapidly with increasing substrate 
temperature contrary to the behavior predicted from 
thermodynamic considerations. The epitaxial growth 
rates as well as the electrical characteristics of the 
deposits are also known to be significantly influenced 
by the composition of the vapor from which the layers 
are grown (2, 3). These facts indicate the utility of a 
detailed investigation of the influence of the gas phase 
composition on the kinetics of GaAs epitaxial growth. 

Kinetic studies in gas flow systems are often limited 
by lack of precision of the rate data. Usually the 
studies are conducted by deposition for a fixed time 
period with subsequent measurement of the layer 
thickness. Although this approach is straightforward, 
it is time consuming and relatively imprecise. Implicit 
in its use is the assumption that the deposition rate is 
constant over the time interval used for deposition of 
the layer. An effort was made in the present investiga- 
tion to eliminate these problems by use of an apparatus 
which permitted continuous measurement of the epi- 
taxial growth rate as the layer was being deposited. 
This consisted of a recording microbalance adapted to 
the epitaxial deposition system. By suspension of the 
substrate crystal from one arm of the microbalance, 
the weight of the crystal was continuously measured. 
The details of this approach are described in the fol- 
lowing section. 

Experimental 
Under proper conditions the growth of GaAs from a 

GaCl/As4/HCl/H2 ambient is a surface catalyzed proc- 
ess (1). This is a critical requirement to the study of 
epitaxial growth kinetics since it permits growth on 
the substrate only. Extraneous growth on the tube 
walls or the substrate holder would greatly complicate 
the results due to depletion of the gas stream of 
reactants. Obviously, if the epitaxial growth rate is to 
be obtained by continuous gravimetric measurements 
of the crystal, extraneous growth on the specimen 
hangdown and support must be eliminated. The GaAs 
system to be described meets these requirements, par- 
ticularly if a small excess of HC1 is added to the 
reactant gas phase (1). 

The experimental apparatus is illustrated in Fig. 1. 
It consists principally of two parts: a microbalance, 
from one arm of which the specimen is suspended, and 
the fused silica reactor assembly. The microbalance 
is a Cahn RG Electrobalance (Cahn Instrument Com- 
pany, Paramount, California) which uses the null 

balance principle. As the specimen weight changes, the 
deflection of the beam from its equilibrium point is 
detected. Attached to this beam is a coil positioned in 
a magnetic field. As the beam is deflected, a current is 
applied to the coil which restores the beam to the 
equilibrium position. From the measured current the 
specimen weight is obtained. Ideally, the balance is 
sensitive to 0.1 pg with a maximum capacity of lg. As 
the specimen weight changes, it does not move ver- 
tically within the reaction apparatus. Consequently the 
length of the flat profile region of the furnace is 
minimized. The temperature variation over the length 
of the substrate crystal was found to be < 2". Both 
the weight and growth or etch rates are continuously 
measured. The latter data are obtained by electron- 
ically differentiating the balance output with time us- 
ing a Cahn Mark I1 Time Derivative Computer. Us- 
ually the rate was displayed on one channel of a dual 
pen recorder, while the variable under study (tem- 
perature, partial pressure, etc.) was displaced simul- 
taneously on the other channel. The noise level for 
both the rate and the weight outputs was minimized 
by electronic filtering. 

The materials employed in construction of the bal- 
ance mechanism are not inert to the corrosive gases 
used in deposition. Consequently, it was necessary to 
protect the balance by use of a hydrogen colmterflow. 
This flow entered the center arm of the balance cham- 
ber, passed over the balance mechanism, and then 
flowed downward. The protective hydrogen flow rate 
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Fig. 2. Growth rate as a function of reciprocal temperature a t  
several arsenic input partial pressures in atmospheres. 

A similar set of rate vs. 1/T curves at  various 
gallium monochloride partial pressures is given in 
Fig. 3. For these experiments the arsenic and hydro- 
gen chloride partial pressures were held constant. 
Again the same basic curve shape is observed. As 
in Fig. 2, the value of T,., is a function of the gas 
phase composition. Apparent activation energies 
measured in the kinetic regions exhibit good agree- 
ment among the various runs and yield an average 
value of 48.7 2 3.5 kcal/mole. No dependence of the 
activation energy on gas phase composition was evi- 
dent. 

If the deposition temperature is continually reduced, 
a point is ultimately reached at which the growth rate 
actually passes through a minimum. Additional tem- 
perature reductions result in an apparently increasing 
growth rate. Termination of the experiment after the 
temperature had been reduced below the minimum 
and examination of the crystal and its support revealed 
that extraneous GaAs deposits were beginning to form 
on the fused silica crystal support and hangdown fiber. 
Thus the apparent increase in growth rate was the 
result of the increased surface area and weight which 
accompanied the nucleation of these extraneous de- 
posits. As the substrate temperature is lowered in the 

Fig. 3. Growth rate as a function of reciprocal temperature a t  
several gallium monochloride input partial pressures in atmospheres. 

kinetic region, the growth rate decreases, even though 
the gas phase supersaturation is increasing, due to a 
reduction in the rate of some activated surface process. 
This will continue until the supersaturation exceeds 
the critical value necessary for nucleation on fused 
silica; then an apparent rate increase would be ob- 
served with our technique for rate measurement. The 
earlier stages of this effect are apparent in Fig. 3 for 
the curves corresponding to the three highest gallium 
monochloride partial pressures. Although this particu- 
lar experiment was not extended so far as to produce 
an actual minimum in rate, a decrease in slope of the 
curves is evident at  very low temperatures. The de- 
crease occurs at higher temperatures as the gallium 
monochloride partial pressure is increased since the 
critical value of gas phase supersaturation is reached 
at higher temperatures. 

Figure 4 illustrates the influence of the arsenic initial 
partial pressure on the deposition rate at several se- 
lected temperatures. At low temperatures the plots 
are nearly linear (on a log-log scale) with relatively 
small slopes. At intermediate temperatures the low 
partial pressure region exhibits an increased slope. 
This slope becomes characteristic of the entire curve at 
high temperatures. These plots are actually isothermal 
sections from Fig. 2. Comparison of Fig. 2 and 4 reveals 
that the regions where the rate is most sensitive to 
arsenic partial pressure variations, i.e., at low arsenic 
partial pressures and high temperatures, correspond 
to regions of Fig. 2 where the growth rate decreases 
with increasing temperature. This illustrates the value 
of obtaining the rate-partial pressure data at several 
temperatures. Certainly, erroneous conclusions would 
be obtained if rate-partial pressure variations were 
interpreted in terms of a kinetic model when at low 
partial pressures the rate is no longer kinetically 
limited. For example, only the high partial pressure 
points of the 754" curve in Fig. 4 actually correspond 
to the kinetically limited region. 

Interesting results are obtained when the growth 
rate is plotted as a function of the gallium mono- 
chloride partial pressure. This is shown in Fig. 5 where 
the curves for several deposition temperatures are 
given. It is apparent that, at least at the lower tem- 
peratures, the rate passes through, a maximum with 
increasing gallium monochloride partial. pressure. As 
in the preceding case, it is important to identify those 
portions of these curves which correspond to the 
kinetically limited region. Again this may be ascer- 
tained by comparison with Fig. 3. Although there 
might be a small region of the ascending portions of 
the curves in Fig. 4 which represent kinetic control, 
only the descending regions beyond the maximum 
definitely correspond to the activated regions in Fig. 3. 
Although not shown in Fig. 5, the growth rates actually 

Fig. 4. Growth rate as a function of arsenic input partial pres- 
sure for several substrate temperatures. 
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where p ~ . ~  and pcac1 represent the Langmuir adsorp- 
tion coefficients for the subscripted species. If the rate- 
limiting process involves a reaction of adsorbed arsenic 
atoms, then the rate may significantly begin to de- 
crease with increasing gallium monochloride partial 
pressures when 

PGacl P G ~ C I  > 1 + PA~z" PA~z% 121 
Actually, several different rate-limiting surface proc- 
esses may be imagined which involve adsorbed arsenic 
atoms. General rate expressions were derived for many 
of these processes in an attempt to describe the actual 
growth mechanism in the kinetic region. However, the 
resulting equations all involve several undetermined 
constants. Although many of the rate expressions ap- 
pear to agree with the experimental results, the un- 

2110'~ S X I O - ~  1110-~ 
determined constants precluded identification of which 

%:,-+AWI if any of the mechanisms was the most valid. Conse- 
quently, one cannot determine the true nature of the 

Fig. 5. Growth rate as a function of gallium monochloride input rate-limiting process in the region of kinetic control. 
partial pressure for several substrate temperatures. However, a competitive adsorption process between 

arsenic and gallium monochloride for the arsenic ad- 
sorption sites can qualitatively account for the experi- 

pass through a minimum at high partial pressures 
considerably in excess of the value for the rate maxi- 
mum. This is due to two-dimensional nucleation on the 
fused silica hangdown fiber which results in extraneous 
growth as previously mentioned. Since this is inde- 
pendent of the single crystal epitaxial growth, such 
data will be excluded from the discussion. The results 
shown in Fig. 4'and 5 correspond only to conditions 
where growth is confined to the substrate crystal. 

In general the results may be summarized in terms 
of two unique growth regions. The first region, which 
corresponds to low partial pressures and high tem- 
peratures, is characterized by rates which decrease 
with increasing temperature and increase when the 
partial pressure of one reactant is increased while 
holding the other constant. In the second region, the 
rate increases with increasing temperature and with 
increasing arsenic partial pressure, but actually de- 
creases when the other reactant, gallium monochloride, 
is increased. 

Discussion 
As previously stated, the low-temperature region 

where the rate increases with increasing temperature 
is believed to represent a region where the process 
operates under kinetic control. This interpretation is 
supported by the following evidence: (i) The deposi- 
tion rate exhibits a strong orientation dependence (4). 
(ii) An exponential temperature dependence is ob- 
served which is contrary to that predicted from equi- 
librium considerations (1). (iii) The rate is inde- 
pendent of the total gas flow rate (1). Having now 
established the influence of reactant partial pressures 
on the growth rate in this kinetically controlled re- 
gion, it is of interest to examine the possibilities of 
extracting information concerning the nature of the 
slow surface process. The process might be adsorption 
of either reactant species, some surface reaction be- 
tween adsorbed species, or desorption of the products. 

The inverse dependence of the rate on the gallium 
monochloride uartial Dressure mav indicate a com- 
petitive adsorption prbcess whereby GaCl competes 
with arsenic for adsorption sites. Consider, for exam- 
ple, that As4 is in gas phase equilibrium with Asz which 
in turn is adsorbed dissociatively on the (001) surface. 
If GaCl should compete for these sites, perhaps by 
attraction of the C1 portion of the molecule to the 
surface, the amount of surface available for arsenic 
adsorption would be reduced. By assuming a Langmuir 
type adsorption process, the fraction of the surface 
covered by arsenic atoms could be expressed by the 
following equation 

mental observations. 
The high temperature-low partial pressure regions 

where the rate exhibits a negative temperature de- 
pendence could be due to an activated etching proc- 
ess which becomes significant at higher temperatures. 
However, this is unlikely since earlier results (1) 
indicated that the orientation dependence diminishes 
markedly in this region. Another possibility is that, at 
high temperatures or low partial pressures, the entire 
gas stream approaches equilibrium with the condensed 
phase. In order to investigate this possibility, equi- 
librium calculations were carried out for conditions 
which corresponded to our experiments. In these cal- 
culations, the composition of a mixture was deter- 
mined which represented the minimum free energy of 
the system subject to the mass balance constraints. 
Thermodynamic values employed in the calculations 
were taken from Day's (6) compilation. However, com- 
parison of the experimental rates described earlier 
with the calculated values revealed a large dis- 
crepancy. Yet when the two results were plotted, the 
curve shapes were very similar, particularly in the 
regions of high temperatures and low reactant partial 
pressures. 

Sedgwick ( I )  described a method for treating silicon 
epitaxial deposition in which a "quasi-equilibrium" is 
assumed. In this case, only a fraction of the incoming 
gas stream equilibrates with the condensed phase, 
while the remainder passes by unreacted. Silvestri (8) 
has successfully applied this approach to germanium 
deposition from GeC14 and He. Actually the quasi- 
equilibrium approach is very similar to models which 
assume diffusion control, where all diffusing species 
have the same diffusion coefficients and the rate is 
determined by the difference between the bulk stream 
partial pressure of a given species and its equilibrium 
value at the crystal surface. 

According to Sedgwick, the deposition rate for a 
process operating in the quasi-equilibrium mode may 
be expressed as 

D = J . a . p  [31 

where J is the flux of the species being deposited, a is 
a theoretical efficiency factor which represents the 
fraction of the flux which would be deposited if com- 
plete equilibrium were achieved between the entire gas 
stream and the substrate, and p is the fraction of the 
incoming gas stream which actually equilibrates with 
the condensed substrate. For the case where the entire 
gas stream equilibrates with the condensed phase, is 
unity. However, for the quasi-equilibrium case, p is 
less than unity and is a highly geometry dependent 
factor. 
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Calculations of the factor J . a were made for por- I .o 
tions of the data shown in Fig. 2 through 5. The factor 
j3 was then estimated by assuming that the quasi-equi- 
librium approach was valid at  740°C and the lowest 
gallium monochloride partial pressure (1.23 X lo-" 
atm) shown in Fig. 5. A value of j3 = 0.093 was ob- 
tained. This value was assumed to remain constant for 
all the experimental conditions described since the 
same geometry and linear gas stream velocity were 
used throughout the study. It should be noted that j3 
should be only weakly dependent on temperature. 
Using the above mentioned value of j3, theoretical 
curves for the dependence of the deposition rate on z 
the arsenic and gallium monochloride initial partial 
pressures were determined. These curves, together 
with points representing the experimental results, are 
shown in Fig. 6 and 7. The same value of j3 was used 
in construction of the curves for both figures. 710°C 

Very poor agreement between the theoretical and 0.2 a 2  

experimental values is obtained at low temperatures, 
but, as the deposition temperature is increased, the 0.1 
agreement becomes better. Very good agreement is Z K I O - ~  ~ X I O - ~  6 r10-~  8110-~ 1a10-~ 

obtained at  768°C at the lower partial pressure values. Pi,,, (ATMI 
Comparison of Fig. 6 and 7 with Fig. 2 and 4 reveals 
that deviations between the experimental and cal- Fig. 7. Theoretical curves of rate as a function of gallium 
culated values become significant when the data falls monochloride input partial pressure. Open circles represent ex- 
in the activated regions or where the process begins perimental data. Ordinate scales on each side of the figure corre- 
to operate under kinetic control. However, in the high spond to 710". 740°, and 768" in ascending order. 
temperature-low partial pressure regions good agree- 
ment is apparent, indicating that the quasi-equilibrium 
model is applicable in the region. ~h~ value of j3 = These two types of deposition should be accompanied 
0.093 for the G ~ A ~  system may be compared with a by differences in surface morphologies and electrical 
value of 0.3 obtained for G~ deposition (8) the characteristics. For example, Silvestri (8) has observed 
range of values from 0.03 to 0.30 for s i  deposition (7). that smooth surfaces are obtained when Ge is deposited 

summary, with the present system, G ~ A ~  can be under conditions corresponding to the quasi-equilib- 
deposited epitaxially under two unique regimes de- rium case, while structured surfaces predominate when 
pending on the temperature and reactant partial pres- surface limitations are significant. Differences in the 
sures, ~t low temperatures and high reactant partial electrical characteristics may also be observed since 
pressures the GaAs deposition rate is limited by some growth in the high temperature region occurs under 
surface process. The rate is then inversely dependent conditions which more closely approach equilibrium 
on the gallium monochloride partial pressure and may than in the low temperature kinetically controlled 
indicate a competitive adsorption process between gal- region. Such differences will be the subject of future 
lium monochloride and arsenic. With lower partial studies. 
pressures and high deposition temperatures, the rate Acknowledgments 
behavior agrees well with a quasi-equilibrium model. Appreciation is expressed to Miss Carolyn Banks for 
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The Theory of Anomalous Diffusion in Solids Near 

Diffusant Saturation Concentrations: 

Example-Phosphorus in Silicon 
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and J. M. Borrego 
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ABSTRACT 

This paper presents a diffusion theory for the diffusion of impurities 
which exhibit solid solubility saturation. The theory is based on a simple 
assumption for impurity atom interaction which yields a self-consistent result 
for the diffusion constant and chemical potential of the impurity. The theory 
predicts the diffusion constant of the diffusing species to be: D' = 
D(Cm,, + C)/(Cm,, - C), where D is the low level diffusion constant, C is 
the impurity concentration, and C,,, is the saturation impurity concentration. 
The theory is compared with available experimental data on the diffusion of 
phosphorus in silicon. The theory and experiment are in excellent agreement. 

It is the purpose of this paper to advance a theory definition 
of diffusion which is capable of explaining the anoma- P ( + , x )  + P(-,x)  = 1 [21 
lous diffusion behavior observed in the diffusion of 
impurities which exhibit solid solubility saturation, These assumptions yield the result that (4) 

such as phosphorus diffusiner in silicon. The assumption D = 1/2 raz 131 
is madetha t  atoms,of the diffusing species do interact 
with each other during diffusion as opposed to the 
assumption that they move independently, which is 
implicit in deriving Fick's first law. The rationale for 
the atomic interaction assumption is presented and the 
assumed interaction is expressed both phenomenologi- 
cally and as a term in the chemical potential equation. 

A recent communication (1) evaluates the effect of 
ambipolar or field aided diffusion of impurities in sili- 
con and concludes that this effect is insufficient to 
cause experimentally observed diffusion anomalies. In 
fact, it  can be shown that ambipolar diffusion effects 
can account for a maximum increase in D, the impurity 
diffusion constant, by a factor of 2 in semiconductors 
if Maxwell-Boltzmann statistics are used (2). In the 
degenerate case, Shockley (3) has evaluated the ambi- 
polar diffusion effect using Fermi statistics and de- 
rived the relation 

This correction still cannot explain the experimentally 
observed diffusion phenomena. 

Theory 
Let us derive a one dimensional expression for the 

impurity atom flux density as a function of concentra- 
tion and concentration gradient. In the classical deri- 
vation, which yields Fick's first law, the following 
assumptions are made (4). 

1. The impurity atoms move in discrete jumps 
(length = a) with a jump frequency r (jumps/sec) 
which is a function of neither concentration nor con- 
centration gradient. 

2. Each impurity atom moves at random indepen- 
dent of other diffusing impurity atoms. 

The second assumption indicates that there is an 
equal probability of an impurity atom, at plane x, 
jumping in the +x  and -x directions on any given 
jump. Thus, the probability, P ( + , x ) ,  that it jumps in 
the + x  direction is 1/2 and, similarly, the probability, 
P(- ,  x ) ,  that it jumps in the -x direction is 1/2. By 

Let us change assumption 2 to account for impurity 
atom interaction as follows: 

2'. Each impurity atom moves at  random to available 
sites within the host material. Also assume that the 
total concentration of impurity cannot exceed Cmax 

The effect of the new assumption is to change the 
values of P ( + ,  x )  and P(- ,  x )  so that they are no 
longer equal, but their sum is still unity. 

The probabilities PC+, x)  and P( - ,  x )  are mathe- 
matically determined by counting the density of empty 
sites in planes x +a  and x -a. Since we have assumed 
that the impurity atom will diffuse into any empty 
site with equal probability 

P ( + , x )  N m m - N ( x + ~ )  
-= 
P(-, X) Nmax - N (X - a) 

[41 

where N,., = maximum density of impurity in an 
atomic plane; N(x) = density of impurity atoms in 
atomic plane at  x (number/cmz); and a = spacing of 
atomic planes. 

Combining Eq. [2] and [4] yields the values of 
P ( + , x )  and P(- ,x)  

Nmax - N(x + a) 
P(+ ,  x) = 

I N , a x - N ( ~ + a ) l  + [Nmax-N(x-a)I 
P a l  

Nmsx - N(x - U) 
P(-, x )  = 

[ N m a x - N ( ~ + a ) l  + [Nmax-N(x-~) I  
[5bl 

Referring to Fig. 1, we calculate the atom flux den- 
sity J ( x )  across plane x. The net flux equals the num- 
ber of impurity atoms flowing from plane x - a/2 to 
plane x + a/2 minus those moving from x + a/2 to 
x - a/2 

where r = impurity jump frequency. 
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. rnaX- . (X+ ,) 
- - 

[ N , . ~ - N ( ~ + + ) ]  + [ N ~ - - N ( ~ - : ) ]  

17al 

P ( - , x + , )  

~ ( x - + )  
- - 

[ N - - N ( X - + ) ]  + [ N ~ - - N ( ~ + : ) ]  

17bl 

The relationship between area concentration, N ( x ) ,  
and volume concentration, C  ( x )  is 

N ( x )  = C ( X )  a [81 

Combining Eq. [6] through C81 yields 

dC ( x )  
J = - 1/2 rs- 

dx 

cma2  - C  ( x )  + 

a 36 N ( x - ~ )  N ( X - $ )  N ( X t F )  N ( X + T )  

constant equals D and is independent of concentration; 
at high impurity levels Eq. 1121 must be used to cal- 
culate D' as a function of concentration. 

It should be noted that Eq. [I23 can be derived using 
the random-walk approach to diffusion theory (7) and 
the directional jump probabilities presented in Eq. 
[5a] and [5b]. 

Discussion 
Figure 2 is a graph of effective diffusion constant us. 

impurity concentration for the diffusion of phosphorus 
in silicon. The data points were obtained by Tannen- 
baum (5) from experimental radioactive tracer data 
of two diffusion runs under identical conditions. The 
upper and lower curves are calculated from the theory 
presented herein using values for D of 7.4 and 4.8 x 
10-13 cmZ/sec and for C,,, of 7.4 and 7.7 x loz0 atom/ 
cm" respectively. It can be seen that the theory and 
experiment show remarkable agreement. Similar ex- 
perimental verification can be shown wing recent ex- 
perimental data by Vick and Whittle (6) for the diffu- 
sion of boron in silicon. 

The chemical potential for an impurity in a solid 
with the assumption of no impurity atom interaction is 

+ = + kT In C  ( x )  + constant C131 

It can be shown from Eq. [12] that the chemical po- 
tential in the system based on assumption 2' is 

I 
I 
I 

I (+) 
+ 

but 
a d C ( x )  -- << Cmax - C ( X )  
2 d x  

[I01 

U 

ii 
\ 
Nr lo-l2 

herefore 
d C ( x )  Cm,+ C ( X )  .. - , A  I 

Thus, from Eq. [3] and [ I l l ,  the effective diffusion 
constant D', is a function of concentration and equals 

I I(-) a 
n 9 'O-"kJ,L 

Cm., + C ( x )  
D' = D 

Cmax - C ( X )  

- 
I 
I 

I 

where, D = the impurity diffusion constant at low 0.01 0.1 1.0 
impurity concentrations. Equation [I21 shows that the 
diffusion constant, D', of an impurity in a material is C ' C ~ ~  
a function of the actual concentration of the impurity Fig. 3. Graph of chemical potential vs. impurity concentration 
relative to its saturation concentration. At low con- for the two diffusion theories. Dotted line is from Eq. [I)]. Solid 
centrations [ C ( x )  << Cmax] the impurity diffusion line, corrected for impurity atom interaction, is from Eq. [14]. 

b 

10-l3 
I 019 loZ0 to2! 

- x - ~  2 1 , + p  X+? CONCENTRATION (cM-~) 

Fig. 1. Atomic flux density across plane x Fig. 2. Diffusion constant, D', of phosphorus in silicon as a func- 
tion of phosphorus concentration. Data points are experimental 
measurement of two samples diffused a t  1050°C for 30 min each, 

By transforming the value of x in Eq. P a l  and [5b19 from Tannenbaum (5). Curves are as calculated from Eq. 1121 
we find using D = 7.4 x 10-l3 cm2/sec and C,,, = 7.4 x 1OZ0 

(upper) and D = 4.8 x 10-13 cm2/sec and Cmax = 7.7 x lwO 

P ( + , . - + )  cm-3 (lower). 
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rp = +kTln + constant 1141 r c ( x ) i 2  
L 1 - c , ,  1 

These equations are plotted in Fig. 3. The abrupt rise 
in rp' at C = Cma, is precisely what is required of an 
impurity for it to exhibit a maximum solid solubility 
at a concentraton C,,. 
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New Data on Basic Lead Sulfates 

H. W. Billhardtl 

Minemlogisches Institut der Universitat (TH), Karlsruhe, Germany 

ABSTRACT 

High-temperature x-ray and DTA investigations of the lead oxide-lead 
sulfate system confirmed the phase relations established by Esdayle and 
Lander. In order to elucidate discrepancies in the literature and to insure 

," positive identification of the three basic lead sulfates PbO.PbS04, p-2PbO. 
PbS04, and dPbO.PbSO4, single crystals were prepared and investigated by 
several x-ray techniques. Indexed x-ray powder data, cell parameters, and 
also IR-absorption spectra are presented. A high-temperature x-ray pattern 
is given for a-PPbO.PbS04. 

During the investigation of lead silicate sulfate 
glasses and their crystallization products, the well- 
known system PbO-SO3 (1-6) was re-investigated. 
Discrepancies were found between the x-ray data 
given in previous papers and those obtained from our 
own measurements. In order to insure positive identi- 
fication of all basic lead sulfates, single crystals were 
prepared and investigated by means of several x-ray 
techniques. IR-absorption spectra were also recorded. 

Pure PbO and PbSQ were used for the preparation 
of the basic lead sulfates. The oxides in stoichiometric 
relation were fused in Pt crucibles, taking into account 
the loss caused by evaporation. To protect the Pt  
crucible from reaction with Pb a small amount of 
NH4N03 was added to the sample in order to get an 
oxidizing atmosphere [Merker and Wondratschek (7) 1 
and then the batch was heated very slowly. A serious 
attack of the crucibles by Pb-rich melts was never ob- 
served. After each preparation the Pt crucibles were 
cleaned by a soda-borax melt. The loss of Pt  was al- 
ways less than l mg. 

In the lead oxide-lead sulfate system, the monobasic, 
the U- and p-dibasic and the tetrabasic lead sulfate 
are the only phases which are observed. The phase 
diagram established by Esdaile (3) and Lander (4) 
has been confirmed (Fig. 1). It stands in strict contra- 
diction to the newly published paper of Margulis and 
Kopylov (6). Our repeated DTA-analyses and high- 
temperature x-ray measurements under different 
heating and cooling rates, revealed that the diagram 
given by Margulis and Kopylov is based on systems 
not in equilibrium and on cooling-curves with re- 
tarded crystallization effects and should, therefore, be 
rejected. 

Monobusk Lead Sulfufe 
Monobasic lead sulfate obtained by slow cooling of 

a PbO . PbS04 melt in Pt crucibles was found to be 
identical with the mineral lanarkite. The crystallogra- 

phic space group is C2/m and the monoclinic cell pa- 
rameters tabulated in Table I are in close agreement 
with the data of lanarkite described by Richmond and 
Wolfe (8) and Binnie (9). The cell parameters pre- 
sented in this paper are the result of refinement of 
the x-ray powder data in Table I1 (AEG-Guinier 
camera, CuKal-radiation, intensities photometrically 
measured) with the help of a least-squares computer 
procedure. 

Dibusic Lead Sulfate 
Dibasic lead sulfate exists in two modifications (3, 

10). High-temperature x-ray investigations (Nonius- 
Guinier camera) revealed that this compound is un- 
stable below about 640'C and decomposes at this tem- 
perature to mono- and tetrabasic lead sulfate. This 
decomposition takes place very slowly. Even at cooling 
rates of 1O0C/hr, a-2PbO . PbS04 is stable down to 
450°C and then it forms metastable p-2PbO. PbS04. 

Fig. 1 .  Lead-oxide sulfate system after Esdaile (3), Lander (4). 
and the author's measurements. 

1 Resent address: Forschungsinstitut der Zementindustrie, Diissel- 
dorf-Nord, Germany. 
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Table I. Single-crystal data of Pb0.PbSO.i and lanarkite 
- 

PbO . PbSOt Lannrkite 
Present work Binnic Richmond 

and Wolfe 
hobable 

space group C2/m C2/m C2/m 

Table II. lndexed x-ray pattern of monobasic lead sulfate 

This low-temperature modification has the monoclinic 
space group P21/m or P21, in agreement with Boivin, 
Thomas, and Tridot (101, but we could not confirm 
all t,he cell parameters given by these authors (a = 
7.814A, b = 5.803A, c = 8.035A, = 102.64", peal, = 
6.98 g/cm3, p,,, = 7.08 g/cm9. Our repeated density 
measurements and x-ray single-crystal investigations 
led to the following cell parameters: a = 8.06 2 0.02A, 
b = 5.79 +- 0 . 0 2 4  c = 7.175 +- 0 . 0 2 4  and p = 103°C 
2 0.02". 

The calculated density is 7.63 g/cm" assuming two 
formula weights per unit cell. This density is close to 
our experimentally determined density of 7.6 2 0.05 
g/cm3. The p-2PbO . PbS04 single crystals aretwinned 
about a twofold [ lol l  rotation axis or a (101 ) twin 
plane. The angle between al* of the one cell and cz* 
of the other cell is about 8.4 2 0.3". 

DTA-heating curves and high-temperature x-ray 
measurements reveal that the metastable p low-tem- 
perature modification exists up to about 450°C and then 
decomposes to mono- and tetrabasic lead sulfate. At or 
above 640°C, 2Pb0 . PbS04 recrystallizes from the two 
basic lead sulfates, but now in the a-form. It is remark- 
able that the inflection point at 640°C is not strictly 

Table Ill .  X-ray powder diffraction of a-ZPbO.PbSO4 at  700°C 

Table IV. lndexed x-ray pattern of p-dibaric lead sulfate 

I/I" d,,,<.a.. dl.",,,n. h k l  

Table V. lndexed x-ray pattern of tetrabasic lead sulfate 

1/10 dm.*.. d.",,,,,. h k l  
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Table VI. IR-absorption spectra of lead sulfates 

SO*" PbSOl Pb0,PbSOt 8-2Pbo.PbS01 4PbO.PbSOs 

reversible at normal cooling rates and may be easily 
overlooked. 

The transformation of a-2PbO . PbS0.t (which is 
metastable below 640°C) to the p-form occurs even 
during quenching at  450°C. The high-temperature x- 
ray data of a-2PbO . PbS04, recorded in Table 111, 
are similar to those of p-2PbO . PbSO4. In order to 
index these data, further high-temperature single- 
crvstal investi~ations are necessarv and are ~ lanned .  

471 m 
520 st 

599 st 605 st GOO st 
607 s h  (?I 613 s t  610 st 

615 sh 
900-1200 955 st 960 m 

(max. at 1060) 1050 st (bt 
1050 st 1100 s h  
1146 st 1133 m 

The IR-absorption data of all basic lead sulfates arc 
collected in Table VI. They are compared with those 
of PbS04, anglesite, and those of the free S012- anion 
(14). The typical S042- absorption bands appear in all 
basic lead sulfates, but they show relatively large 
splitting (e.g., "4) which indicates that the SO4* ion 
in the basic lead sulfates has lower site-symmetry 
than in lead sulfate. 

- 
Tetrabasic Lead Sulfate Acknowledgments 
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synthesize the incongruently melting compound 4Pb0 . 
PbS04 in large single crystals out of a ternary silicate 
sulfate melt having the over-all composition 60 m/o 
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ABSTRACT 

Molybdenum and tungsten films formed by the pyrolytic decomposition of 
the respective carbonyls were inl'estigated to determine their usefulness as 
conductors in microcircuit devices. The relations between deposition variables 
(such as pressure of carbonyls, pressure of the carrier gas, rate of gas flow, 
and substrate temperature) and deposition parameters (such as rate of film 
growth) or film properties (such as resistivity) were studied. The effects of 
carrler gas substitution on molybdenum film resistivity were determined. At 
a carbonyl pressure of 0.001 Torr, a hydrogen pressure of 0.01 Torr, a gas flow 
of 12 std cc/min, and a substrate temperature of 500°C, molybdenum films 
were deposited with a resistivity close to that of bulk (5.6 cohm cm), at a 
rate of 3.7 A/sec. In molybdenum films deposited at lower substrate tempera- 
tures the resistivity increased, presumably because of increased carbon 
within the films. The resistivity of tungsten film is always greater than the 
resistivity of Mo films deposited under equivalent conditions. The lowest re- 
sistivity achieved in a tungsten film was approximately twice the value for 
bulk tungsten (5.5 cohm cm). The structures of both molybdenum and 
tungsten films deposited under conditions that favored the formation of films 
with the lowest resistivities were examined by x-ray diffraction as well as 
replica electron microscope techniques. Measured lattice parameters, when 
corrected for independently determined stress, were approximately equal to 
the parameters reported for pure molybdenum and tungsten. In all tungsten 
films studied, tensile stresses were found, but in molybdenum films the 
stresses were tensile for substrate temperatures greater than 500°C and com- 
pressive for lower temperatures. 

Molybdenum and tungsten are potentially interest- 
ing materials for semiconductor device applications 
because of their relative inertness, high-temperature 
stability, satisfactory electrical resistivity, low thermal 
expansion coefficients, and good etching properties. 
Since damage to the semiconductor surface should be 
minimal during deposition of metal interconnections, 
chemical vapor deposition is preferable to sputtering 
or electron-bombardment evaporation. Of several ways 
to vapor-deposit molybdenum and tungsten, the most 
attractive are hydrogen reduction of metal halides 
and thermal decomposition of carbonyls. The latter 
process has the advantage of a starting material that 
is a fairly inert, volatile solid, which allows a relatively 
simple system design. It does, however, require op- 
eration at reduced pressure, in contrast to halide re- 
ductions ( 1 4 ,  which usually proceed at atmospheric 
pressure. 

In the pioneering study of molybdenum and tungs- 
ten carbonyl decomposition by Lander and Germer 
(7, 8) the main emphasis was placed on the mechanical 
properties of thick coatings used to protect bearing 
surfaces against wear. Electrical properties were not 
considered and deposition rates were not systematically 
studied. A general article on carbonyl metallurgy by 
Carlton and Goldberger (9)  considers thermodynamics 
and kinetics. Carlton and Oxley (10) have determined 
the kinetics of iron carbonyl decomposition. Maty- 
uskenko et aE. (11) have investigated the morphology 
of molybdenum and tungsten films deposited via car- 
bony1 decomposition. More recently, Cuomo (12) has 
described preliminary work on molybdenum and 
tungsten films formed from their respective carbonyls. 

In the present work, the carbonyl decomposition 
process was characterized with regard to deposition 
rate and to properties (resistivity, stress, orientation, 
grain size) of the films produced. The effects were in- 
vestigated of varying the parameters (temperature, 
pressure, and rate of gas flow) and of modifying the 

chemistry of the system. A specific aim of some of 
these experiments was to reduce carbon in molyb- 
denum films. 

Apparatus and Method 
All films were deposited as follows in an apparatus 

shown. schematically in Fig. ,I. The apparatus con- 
sisted of a diffusion-pumped vacudm system 1 con- 
nected to a vertical reactor tube 2.) A cylindrical 
molybdenum susceptor 3, supported and rotated from 
below, was heated inductively through use of a coil 
mounted outside the tube. The substrate, generally an 
oxidized silicon wafer, was placed on the susceptor 
and was perpendicular to the direction of the incom- 
ing gas. The gas (hydrogen or other carrier gas at re- 
duced pressure, containing a known partial pressure 
of metal carbonyl) entered through the top of the 
tube. The carbonyl pressure was established by regu- 
lating the temperature of solid carbonyl in a reser- 

Fig. 1. Schematic drawing of apporotus used for film deposition 
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Fig. 2. Rate of metal deposition n. deposition temperature. a. 
PH = 0.07 Torr; b. PH = 0.23 Torr. 

voir 4 through which the carder gas passed. This 
reservoir (shown in the diagram as a single chamber) 
consisted of a superheated carbonyl source followed 
by an equilibrating chamber maintained at the desired 
temperature. The rate of flow was regulated by a 
needle valve 5 and calibrated flow meter 6. Pressure 
in the tube was determined by setting the vacuum 
valve 7 and was read by a calibrated Pirani gauge 8. 

The temperatufe of ,the molybdenum susceptor was 
read from a thermocouple rigidly fastened to it. The 
substrate was thermally coupled to the susceptor by a 
layer of liquid gallium which maintained susceptor 
and substrate at essentially identical temperatures. 
To prevent reaction between the gallium and the 
molybdenum susceptor, the upper surface of the sus- 
ceptor was coated with reactively sputtered silicon 
nitride. The hydrogen and argon (Matheson research 
grade, 99.995% pure, with nitrogen the main impurity) 
were used without further purification. The molyb- 
denum carbonyl (99.5% purity) 1 was found by emission 
spectroscopy to contain less than 0.01% metallic con- 
taminants. - 

Typically, film deposition would begin with evacu- 
ating the reactor tube to a pressure of 2 x 10-5 Torr. 
Carrier gas was then admitted through a by-pass at 
low flow rate and pressure, while the substrate tem- 
perature was raised to the desired point. The carrier 
gas was then allowed to flow through the carbonyl 
powder and into the reactor at the desired flow rate, 
while the vacuum valve was used to adjust reactor 
pressure. After the desired deposition time, gas flow 
and heat were turned off, and the substrate was cooled 
to room temperature, while carrier gas flow was main- 
tained. The most important process parameters that 
could be varied independently were substrate tem- 
perature, carbonyl partial pressure, carrier gas pres- 
sure, and carrier gas flow rate. Each significantly af- 
fected the rate of deposition, but deposition tempera- 
ture appeared to affect the resistivity of the films 
formed most significantly. 

Thickness measurements were made with a Talysurf 
instrument and/or a Tolanski interferometer. Film 
resistivities were derived from resistance measure- 
ments obtained from a linear four-point probe and a 
Keithley 503 milliohmeter. A qualitative evaluation of 
film adhesion was obtained by means of the so-called 
"Scotch-tape test." 

Results and Discussion 
Process rate studies.-Figure 2a and b show the 

effect of substrate temperature on deposition rates of 

Mo and W, respectively, for several typical sets of op- 
erating parameters. Although the conditions for the 
two metals were not fully equivalent, it may be noted 
that deposition rates for Mo were higher than those 
for W. As the deposition temperature is increased, the 
deposition rate tends to rise sharply at first but then 
levels off at high temperatures. However, the leveling 
off effect shown by the Mo rate curve at higher tem- 
peratures is not exhibited by the W curves. Additional 
results have shown that for deposition temperatures 
lower than 400aC, the rates of growth of Mo films 
appear to increase slightly with decreasing tempera- 
tures. A maximum in deposition rate is reached at 
about 300°C. Since this unexpected increase in de- 
position rate occurs under conditions where molyb- 
denum carbide rather than molybdenum films are ob- 
tained, it is likely due precisely to the formation of 
molybdenum carbide. At temperatures below 300°C 
the rate of deposition falls rapidly to zero. 

The effect of carbonyl partial pressure PC on de- 
position rate is shown in Fig. 3a and b for Mo and W, 
respectively, for various conditions of temperature 
and flow. In all cases approximate linearity is ob- 
served in the initial portions of the curves, generally 
followed by a leveled-off portion. The importance of 
carrier gas flow rate F, at constant PC and total pres- 
sure, in determining the rate of Mo and W deposition 
is clearly shown in Fig. 4a and b, for low and high 
levels of temperature and carbonyl pressure. 

Fig. 3, Rate of metal deposition vs. carbonyl partial pressure. a. 
PH = 0.07 Torr; b. PH = 0.23 Torr. 

* 
F (STD CUMIN) 

Fig. 4. Rate of metal deposition vs. flow rate. a. PH = 0.07 
Torr; b. PH = 0.23 Torr. 

1 Purchased from Gallard-Schlesinger Chemical Manufacturing 
Corporation, Carle Place. New York. 
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In vapor decomposition processes such as those con- 
sidered here, two mechanisms are generally expected 
to play a rate-controlling role: ( i)  the chemical de- 
composition of the carbonyl, and (ii) gaseous diffusion 
of carbonyl vapor to the deposition surface. Also, in 
this latter diffusion mechanism one should include 
the diffusion of by-products, in this case CO, away 
from the same surface. 

The individual processes should each exhibit a dif- 
ferent temperature dependence. Thus, as the tempera- 
ture is raised, the rate of the chemical decomposition 
will increase as exp (-Q/kT) (where Q is the activa- 
tion energy), whilethe rate of a gaseous diffusion will 
vary only as the VT (13). Hence, while the carbonyl 
decomposition might be the rate-limiting step at  some 
lower temperature range (here, apparently 200"- 
400°C), the diffusion steps would limit the rate at 
higher temperatures. 

It should also be noted that an experimental 
limitation can be caused by the carbonyl depletion of 
the gas at  high deposition rates. A quick calculation 
indicates that under the deposition conditions used 
here, such a depletion effect contributes to the level- 
ing-off in the deposition rates recorded in curves 1 
and 2 of Fig. 2a. 

The shape of the curves (deposition rate us. carbonyl 
pressure) in Fig. 3 suggests that gaseous diffusion of 
carbonyl molecules to the substrate surface is rate- 
limiting. The rate of such diffusion should be linear 
with carbonyl concentration until the concentration 
becomes high enough that diffusion is no longer the 
slowest process. At higher carbonyl pressure the over- 
all rate should be much less affected by pressure. and . - 
the curves should level off. 

The effect of flow rates on the rate of deposition is 
shown in Fig. 4. The curves do not extrapolate to a 
deposition rate of 0 at 0 flow rate. This undoubtedly 
reflects the diffusion of carbonyl vapor from the source 
to the reactor. The approximate proportionality ob- 
served between deposition rate and pressure (at equal 
temperature) at  the lowest flow rates substantiates 
this point. The more than linearly increasing varia- 
tion of deposition rate at high flow rate in curves 3 
and 4 of Fig. 4a remains unexplained. 

From the temperature dependence as shown in Fig. 
2, one may attempt to calculate an over-all activation 
energy for the reactions. The form of these curves in- 
dicates that, in the case of Mo, carbonyl decomposi- 
tion is rate-limiting only at the lower temperature 
ranges. Figure 5 shows an Arrhenius-type plot of the 
rate/temperature data for a typical set of conditions 
(0.05 Torr of Mo (CO) 6 flowing at 0.9 std. cc/min). For 
Mo (CO)a an activation energy of 23 kcal/mole was 
found, while the corresponding value for W (CO)a 
was 18 kcal/mole. These figures are roughly in the 
same range as the value of 14 kcal/mole reported (14) 
for the decomposition of nickel carbonyl, Ni (CO)r. 

Lander and Germer (7) found that Mo deposition 
on an iron surface stops totally when the tempera- 
ture is lowered to 160°C. In the course of this study, 
a similar behavior was found to occur at temperatures 
which varied with choice of substrate surfaces. In each 
case, the expected exponential decay of deposition 
rate with temperature was interrupted by a sudden 
cutoff of deposition. In order to initiate deposition at  
temperatures in the range immediately above the cut- 
off, it was found necessary to raise the system pressure 
to several Torr for a few seconds. Once deposition be- 
gan, pressure could be lowered to the desired level 
(usually about 0.01 Torr) and deposition continued. 
Minimum Mo deposition temperatures were established 
for oxidized silicon surfaces, as well as for various 
polymer surfaces. On SiOz, Mo deposition cuts off be- 
tween 180" and 170°C. On oxidized silicon wafers 
coated with AZ1350, a photosensitive varnish used in 
semiconductor technology,Z deposition does not occur 
below 210'C. Although not all deposition parameters 

2Distributed by the Shipley Corporation, Wellesley, Massachu- 
setts. 

u- 
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Fig. 5. Log (rate) vs. I/T 

were studied for all cases, it was found that the cutoff 
temperature for SiOz surfaces was not significantly 
dependent upon carbonyl pressure or flow rate. - - 

Film properties.-Adherence.-Adherence of films 
to a substrate is a function of two types of opposing 
forces. One arises from the bonding between film and 
substrate and the other from the state of stress of the 
film. If the stresses in the film are effectively inde- 
pendent of film thickness, adhesion will decrease with 
increasing fi,lm thickness because of the increased 
shearing force at the film-substrate interface. On the 
other hand, the increase in film adhesion usually ob- 
served with increasing temperature of deposition may 
be attributed to the formation of chemical bonds be- 
tween substrate and film material. In general, films 
formed above 500°C were perfectly adherent. Molyb- 
denum films with thicknesses of 13,000A ,of less de- 
posited at 450°C were satisfactory according to the 
"Scotch-tape test!' The Mo films deposited at lower 
temperatures were unsatisfactory. The same finding is 
essentially true for tungsten films of the same thick- 
ness. 

To obtain adherent films in the lower temperature 
ranges so that other film properties might be evaluated, 
several potentially useful methods were developed. 
The addition during the first minute of deposition of a 
partial pressure (1-2 Torr) of an oxidizing gas (02 or 
HzO) greatly improved adhesion to SiOz surfaces and 
allowed deposition temperatures as low as 325°C. 
Similarly low temperatures were made practical by 
first depositing at a very low rate (0.1-1.0 A/sec) up 
to a thickness of several hundred angstroms. Deposi- 
tion at normal rates following this step yielded ad- 
herent films at substrate temperatures as low as 
325°C. Adherence of films depends strongly on the 
nature of the substrate surface. Ultrathin coatings 
(e.g., 100A) of AZ1350, or other photosensitive var- 
nishes, on the oxidized silicon wafers allowed deposi- 
tion of adherent Mo films at all substrate temperatures 
down to the 210°C cutoff temperature. Aside from 
the effects of such coatings, no relationship between 
film adhesion and substrate preparation procedures 
could be established. 

Electrical resistivity.-The resistivity of metal films 
is of paramount importance for most microelectronic 
applications. The most probable cause for high resis- 
tivities in the films produced by carbonyl decomposi- 
tion is the incorporation of carbon into the metal struc- 
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Table 1. Resistivity and carbon content for various deposition 
conditions 

Deposition Carbon 
Carrier Temper- Rate, Pn,o, Resistivity, content. 

gas ature. 'C A/sec m m  pohm em ppm 

ture either as interstitial atoms or in the form of a 
finely divided carbide. Such a cause/effect relationship 
is strongly suggested by the data in Table I. Here, the 
average carbon content, obtained by chemical analysis 
(oxidation followed by micro-gas-analysis), is listed 
with average resistivity for various deposition con- 
ditions, including the presence of water vapor in the 
plating gas. A good correlation between carbon con- 
tent and resistivity is evident. 

Figure 6a and b show the effect of deposition tem- 
perature on resistivity for films of Mo and W formed 
via carbonyl decomposition. It may be noted that 
resistivity of films deposited in the high range of sub- 
strate temperature is essentially invariant with tem- 
perature. For any given pressure and flow conditions, 
however, there will be some substrate temperature 
below which the resistivities of deposited films are 
found to increase. In fact, a decrease of 50°C in sub- 
strate temperature in this range can cause the re- 
sistivity of t h i  resultant film to be 10-100 times as 
high as that of films formed at higher temperatures. 
Indications are that resistivity may level off again for 
still lower deposition temperatures. However, diffrac- 
tion studies indicate that a carbide phase is deposited 
at such temperatures. 

The dramatic effect of deposition temperature on 
resistivity of the deposited films shown in Fig. 6 can 
be explained, at least qualitatively, in terms of the 
thermodynamics of the CO/C02 equilibrium. When 
thermodynamic equilibrium is assumed, the ratio of 
carbon to metal deposited in the films can be derived 
from a consideration of the following reactions 

Clearly, the number of moles of deposited carbon will 
be equal to the number of moles of COa. From the 

Fig. 6. Resistivity vs. deposition temperature. Resistivities are 
given as number of times bulk value, taken as 5.7 pohm cm for M o  
and 5.5 pohm cm for W. a. PH = 0.074 Torr; b. Prr = 0.23 Torr. 

Table 11. Calculated deposition of carbon in films as 
function of temperature 

(For PC -: 7.6 x 10W3 mm = 10-5 atm) 

Equilibrium 
Temper- constant. n,/n,. 
ature. 'C K = P , . , . ~ / P  ..,, P..,, atm nnn/nc x 10s 

knowledge of the equilibrium constant K for Eq. [2] 
one may then calculate the ratio of moles of deposited 
carbon to moles of deposited metal. This is expressed 
by the relation 

n , K 1  1 _ = _ . _  +- 
n, 6 PC, 3 

[31 

where n, and n, are the numbers of moles of deposited 
metal and carbon, respectively. Calculated values of 
the ratio n,/n,, together with values of K (15) as a 
function of T are listed in Table 11. At least in the 
lower concentration range, n,/n, should be linear with 
resistivity. The values of CO pressure used were ob- 
tained by assuming a carbonyl pressure of 0.0076 mm 
(a typical pressure here) and using the derived rela- 
tionship -- 

It is apparent that an increasingly sharp rise in the 
ratio n,/n, is to be expected as the deposition tem- 
perature is lowered. In practice, as is seen in Fig. 6, 
this effect reaches noticeable proportions below 450°C 
in molybdenum and generally below about 500" for 
tungsten. 

Although no correlation between resistivity and any 
one deposition parameter other than deposition tem- 
perature was established, the resistivity of molyb- 
denum films was found to change with deposition rate, 
as illustrated in Fig. 7. These films were deposited on 
substrates at 400°C and had relatively high resistivi- 
ties. Results obtained with films deposited at 500°C 
might be expected to show a similar relationship be- 
tween resistivity and rate. However, because the re- 
sistivities of such films were so close to bulk value, 
they were almost indistinguishable. The more sensi- 
tive parameter of resistivity ratio (proom temperature/ 
pliouia N ~ )  was used in an attempt to discover a relation- 

- - - - - - - - - - - - - - - - - - BULK P = 5.7 

1.0 2.0 30 4.0 5.0 60 20 80 9.0 IQO 
DEPOSITION RATE ( A ~ S C C )  

Fig. 7. Resistivity vs. deposition rate 
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ship between the resistivity and rate of growth of films 
deposited at 500°C, but no clear-cut relation was found. 
The dependence of resistivity on deposition rate, ob- 
served in films deposited at 400°C, is possibly explained 
by the physical incorporation of adsorbed carbon- 
containing molecules (CO and CO?) into the growing 
film. If the rate of deposition is high enough that an 
adsorbed biproduct molecule is covered before it can 
move away, the molecule will become an impurity in 
the film. Lower rates of deposition might allow a 
greater portion of biproduct molecules to escape be- 
fore entrapment and thus yield films with lower re- 
sistivity. 

An investigation aimed at determining the optimum 
deposition parameters for molybdenum films deposited 
at  the lowest possible substrate temperature, but still 
displaying a resistivity of approximately 6 @ohm cm 
(close to that of pure bulk molybdenum), yielded the 
following results: substrate temperature 500°C, car- 
bonyl pressure 0.001 Torr, hydrogen pressure 0.01 
Torr, rate of gas flow 12 std. cc/min, rate of film 
growth 3.7 A/sec. Attempts to obtain films with as low 
resistivities, but deposited at  lower substrate tempera- 
tures, were all unsuccessful. 

Some alloys of Mo and W were formed by simul- 
taneous decomposition of the two carbonyls in appro- 
priate molar ratios. Alloys prepared from such mix- 
tures containing 0, 2, 5, 10, and 50% W had resistivi- 
ties of 6.9, 7.3, 7.7, 8.6, and 14.7   ohm cm. Experience 
with chromium impurities in certain batches of molyb- 
denum carbonyl in this work indicated that Cr exerts 
a deleterious influence on the resistivity of Mo films. 
This effect, which appears quite large, may be partly 
due to the formation of chromium carbide. 

Structure, orientation, and stress.-Films deposited at 
different substrate temperatures were examined by 
the usual replica electron microscopy technique and 
by x-ray diffraction. In some instances, the stresses 
in the films were determined by the "wafer bending 
technique," (16) in which stresses are evaluated from 
the optically determined bow imparted to the under- 
lying silicon substrate. 

Measurements made on an XRD-5 diffractometer 
with a Cu target yielded information about structure, 
preferred orientation, and particle size; and through 
lattice parameter (17) determination (with an accu- 
racy of -c0.0015A) gave values for the homogeneous 
film stresses. Strains measured from lattice parameter 
measurements were correlated with stresses deter- 
mined by optical means, according to the formula 

where 6, is the strain normal to the surface of the film, 
is the Poisson ratio, E the modulus of elasticity, and 

u, is the homogeneous film stress in the direction 
parallel to the film surface. The values (18) of v and 
E are 0.32 and 3.2 x 1012 dynes/cm2, respectively, for 
pure molybdenum. 

For tungsten E = 3.5 x 1012 dynes/cm2, and v = 0.27, 
from the listed values (19) of E and G, the modulus 
of rigidity. The diffraction line broadening was parti- 
tioned into two parts, respectively proportional to 
l/cos 9 and tan 8, which yielded values of particle 
size and heterogeneous film stresses. A few samples 
were also examined by electron diffraction. 

'Molybdenum films used for structural studies were 
deposited under conditions that produced films with 
the lowest value of film resistivity obtained. The car- 
bonyl pressure was 0.0015 Torr, hydrogen pressure 
0.01 Torr, and rate of gas flow 12 std. cc/min; only the 
substrate temperature was varied for the different 
film depositions. 

The residual stresses measured by optical means at 
room temperature were tensile for films deposited at  
high substrate temperatures (1.5 to 2 x lo9 dynes/crnz, 
580°C) and compressive, with quite high values, for 
films deposited at lower substrate temperatures. Com- 
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pressive stress values of 2 x 109 dynes/cmz, 1.3 x 101° 
dynes/cm2, and as high as 2.3 x 1010 dynes/cmZ were 
determined for films deposited at substrate tempera- 
tures of 530°, 480°, and 430°C, respectively. 

Figure 8 shows the surface topography of a film de- 
posited at 580°C, as shown by the microscope. X-ray 
diffraction indicates that such a film has a very strong 
(100) orientation. The lattice parameter measured on 
a similar film was found to be 3.1456A, and 3.1468A 
after correction for a film stress of 2 x 109 dynes/cm2. 
(The listed lattice parameter (20) is 3.1466A for pure 
molybdenum.) The particle size, from x-ray measure- 
ments, was .-. 2500A in a direction normal to the film 
surface. If one assumes that Fig. 8 gives a good indi- 
cation of the grain size in a direction parallel to the 
film surface, it would appear that the grain structure 
is approximately equiaxed. Values of heterogeneous 
stresses, approximately k3.5 x 109 dynes/cm2, appear 
quite high. 

Figure 9 is an electron micrograph of a replica taken 
from a 5000A thick film of molybdenum deposited at 
a substrate temperature of 530°C. This film showed 
a mixed (100)-(211) orientation, with the (211) part 
predominant. The combination of orientations, as well 
as an apparently smaller grain size, probably accounts 
for the more complex surface aspect displayed in Fig. 
9 as compared with Fig. 8. The high lattice-parameter 
value, measured as 3.1490A (corresponding to 3.1475A 
after correction for a stress of 2.3 x 109 dynes/cm2) 
corroborates indications that the film is in a state of 
compressive stress. Diffraction-determined grain size 
and heterogeneous stress values are about equal to 
those reported above for a film deposited at 580°C. 
Film orientations do not correspond to those observed 
by Lander and Germer (7) who reported mostly (111) 
orientations. 

Films deposited at a substrate temperature of 480" 
and 430°C displayed nondistinctive surface structures 
on examination by electron microscopy. 

When films deposited at a substrate temperature of 
480°C were studied by x-ray diffraction, strong (211) 
and (111) peaks were obtained, while (200) peaks 
were either absent or extremely weak. The lattice 
parameter of one such film was 3.1562A, or 3.1480A 
after correction for a compressive stress of 1.3 x 10'0 
dynes/cmz. The diffraction peaks were,quite wide. If 

Fig. 8. Electron micrograph of a molybdenum film, 9000A thick, 
deposited a t  a substrate temperature of 580PC. T h e  latex ba l l  
has a diameter o f  5000A (as on the other photographs). 

Fig. 9. Electron micrograph of a molybdenum film, 5000A thick, 
deposited a t  a substrate temperature of 530°C. 
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one assumes, as was found in films deposited at higher 
temperatures, that the line broadening can be parti- 
tioned equally between grain size and heterogeneous 
stress effects, the grain size would be of the order of 
600A and the heterogeneous stress approximately 
&5.5 x 10Qynes/cm2. 

Several films were deposited at a substrate tempera- 
ture of 430°C. Unfortunately, because of poor ad- 
hesion and other difficulties, these had to be used 
independently for optical stress measurements and 
for x-ray studies. A compressive stress with a magni- 
tude of 2.3 x 10'0 dynes/cm2 was observed in one of 
these films. This apparently corresponds to a lattice 
parameter of 3.1622A determined in a similar film with 
a (100) orientation, which would give a value of 
3.1477A after correction for stress. However, most 
films deposited under similar conditions appeared to 
have a random orientation and a lattice parameter of 
3.1510A. This latter value would fit quite well with a 
stress value of 3.6 x 10" dynes/cm? which was also 
measured in a film deposited at 430°C under identical 
conditions. It was not possible to determine the cause 
of the two orientations and of the relation between 
film stress and film orientation. In all of these films, 
regardless of substrate temperature during deposition, 
the lattice parameters (after correction for stress), 
agree within the accuracy of these measurements with 
the lattice parameter of pure molybdenum. Impurities, 
therefore, do not contribute significantly to the lattice 
parameter of the films, 

When the substrate temperature during deposition 
is below 4009C, molybdenum carbide films rather than 
molybdenum metal films are obtained. The transition 
between deposition temperatures that correspond to 
molybdenum films and those that correspond to molyb- 
denum carbide films occurs rather sharply at about 
400°C. Only in films deposited at this temperature 
were diffraction lines characteristic of molybdenum 
and molybdenum carbide obtained simultaneously. 
Films deposited at  415°C appeared to be essentially 
"pure" molybdenum and films deposited at 370°C 
"pure" carbide. This value of the transition tempera- 
ture appears in rough agreement with the one that can 
be extrapolated from the work of Lander and Germer. 
In spite of rather strong preferred orientations in 
carbide films, enough diffraction peaks were obtained 
to establish that the carbide phase is the cubic form 
reported by the same authors. 

Molybdenum carbide films deposited at substrate 
temperatures of 375°C or below had very strong (100) 
orientations, although in films deposited at 300°C 
this orientation was somewhat less pronounced. Figure 
10 is an electron micrograph of a replica taken from a 
5000A film deposited at 345°C. The apparent grain 
size is commensurate with a value of 1200A determined 
in a similar film by x-ray diffraction. In general, 
carbide films had remarkably sharp diffraction lines, 
indicating that grain size did not decrease much be- 
low lOOOA and that heterogeneity either of stress or 
composition was limited. The lattice parameter, which 
seems to increase with decreasing temperature of 
deposition, may be influenced by lack of carbon stoi- 
chiometry. Values of 4.136, 4.146, and 4.160A were 

found for films deposited at  370°, 350°, and 300°C, 
respectively. 

For purposes of structural examination, tungsten 
films were deposited at a carbonyl pressure of 0.002 
mm, at a hydrogen pressure of 0.01 mm, at  a flow rate 
of 12 std. cc/min, and at substrate temperatures of 
450°, 400", 350Q, and 300°C. X-ray diffraction ex- 
amination of the films showed that all of them were 
"pure" tungsten, without detectable carbide lines. 
These results were confirmed by electron diffraction 
for the films deposited at 450°, 400", and 300°C. 
Thus, as previously observed by Lander and Germer, 
the tendency to form carbides is much less in tungsten 
films than in molybdenum films. The film deposited at 
450°C had a (100) orientation, while the others were 
randomly oriented. For both tungsten and molybde- 
num films, higher temperatures of deposition favor 
(100) orientations. However, for equal temperatures of 
deposition, tungsten films show tensile stress, whereas 
molybdenum films show compressive stresses. From 
two tungsten films deposited at  400°C, the value of 
the tensile stress was found to be 4.6 r 1 x 109 dynes/ 
cmz. In a film deposited at 450°C the lattice parameter 
was 3.1616A. which, when compared with a lattice 
parameter of 3.1650A for pure tungsten (21), corre- 
sponds to a tensile stress of 5.3 x 109 dynes/cm2. Diffrac- 
tion line broadening showed the film had heterogeneous 
stresses of r 4 x 109 dynes/cm2 and a particle size 
of 1200A. Comparison of this value with the apparent 
grain size of the same film in Fig. 11 indicates that the 
structure might be slightly columnar. 

The stress level in the tungsten films is approxi- 
mately twice the 2.6 x lOWynes/cm~ value that would 
be expected on the basis of differential contraction be- 
tween tungsten and silicon, for films deposited at 
about 400°C. It appears, therefore, that the films are 
deposited with intrinsic tensile stresses. The molybde- 
num films, however, display compressive stresses, 
which probably are due to carbide precipitation. 

Effects of gaseous additions and substitutions.-Since 
low resistivity is desired for conducting films in mi- 
croelectronic devices, different techniques were used 
to try to decrease the resistivity of molybdenum films. 
Generally speaking, the aim was to improve the re- 
sistivity by decreasing the carbon incorporated in the 
films during deposition. 
Addition of water vapor and hydrogen sulfide to 
carrier gas.-The removal of carbon from metals, 
according to the reaction 

is well established. However, excessive concentrations 
of HnO in a system could lead to oxidation of the host 
material, according to a reaction such as 

which would be expected to deleteriously affect the 
resistivity. Hence, with increasing water vapor, the 
resistivity passes through a minimum. In fact, the 
oxidation of Mo by mixtures of Ht and Hz0 is ther- 
modynamically favored up to 800°C for the minimum 

Fig. 10. Electron micrograph of a molybdenum carbide film, Fig. 11. Electron micrograph of a tungsten film, 3 0 W A  thick, 
5500A thick, deposited a t  a substrate temperature of 345'C. deposited a t  a substrate temperature of 450°C. 
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HzO/Hz ratio (0.01) used in this work. Calculations 
indicate that an HzO/Hz ratio at 2 x 10-6 is just 
oxidizing at  400°C. These calculations were based on 
the data of Glassner (22) for MOOS (4F = -157 
kcal/mol at 300°K and -115 kcal/mol at 800°K) and 
for MoOz (4F = -116 kcal/mol at  300°K and -89 
kcal/mol at 800°K) and on the method described in 
Darken and Gurry (23). [The substantial disagreement 
between this value and the 0.062 mentioned by Lander 
and Germer (7) probably is due to their use of un- 
reliable data for the free energies of formation of the 
two molybdenum oxides.] Results of experiments on 
adding water vapor to the hydrogen carrier gas are 
shown in Fig. 12. Although resistivity improved sub- 
stantially at  low deposition temperatures, where re- 
sistivity values generally are high, very little im- 
provement occurred in films deposited at  500°C, which 
had a resistivity close to that of bulk molybdenum 
even when deposited without added water vapor. To 
determine whether reaction [6] plays a significant 
role in the resistivity of films deposited in the presence 
of water vapor, several films deposited at a substrate 
temperature of 480°C (with water vapor pressure of 
0.001-0.002 Torr) were subsequently annealed in hy- 
drogen at 600°C. This treatment had no effect on the 
resistivity of the films. It is possible that the negative 
result is due to the difficulty in reaching equilibrium 
at this comparatively low temperature for molybde- 
num. 

Removal of carbon by HzS could be envisaged ac- 
cording to the following reaction 

Although such a reaction is not thermodynamically 
favored, under equilibrium conditions, decreases in 
the carbon content of molybdenum films deposited in 
the presence of HpS were reported by Lander and 
Germer (7). 

Results obtained here indicate that although the 
addition of HzS produces a substantial decrease in 
resistivity at a deposition temperature of 350°C, no 
advantage is gained for deposition at 500". In fact, 
it has been observed that even extremely small con- 
centrations of HzS cause the resistivity to rise for 
films deposited at this temperature. 
Substitution of argon or carbon dioxide for hydrogen. 
-The water-carbon reaction of Eq. [6] suggests 
another means for reducing the carbon content in 
these films. When hydrogen is used as a carrier gas, 
it tends to drive this reaction to the left, causing 
carbon to form by the reduction of the CO biproduct 
from the carbonyl decomposition. Hence, substitution 
of an inert gas such as Ar might be expected to reduce 
carbon content. Figure 13 compares the electrical re- 
sistivity of films made with Hp with that of films 
made with Ar carrier gases at various temperatures. 

Fig. 12. Resistivity rs. water vapor pressure 

3 0 0  4 00 5 0 0  

DEPOSIT TEMPERATURE IoC)  

Fig. 13. Resistivity vs. deposition temperature for two carrier 
gases. 

Although at low deposition temperatures the carrier 
gas substitution has a definite advantage, improve- 
ment falls off rapidly with increasing temperature. 
Carbon analysis of films deposited at 480°C shows no 
substantial differences in carbon content when the 
carrier gas is changed. 

The disproportionation of carbon monoxide, shown 
in Eq. [2] to be a likely source of carbon in the films, 
theoretically should be reversed by an increase in con- 
centration of COz. As in the case of water, however, 
too much COz can constitute an oxidizing atmosphere 
and react with the depositing metal M, according to 
the reaction 

M + 3 C O z = M 0 3 + 3 C O  [91 

It was to be expected then that pure COz carrier gas 
would lead to large resistivities. A mixture of COz and 
Hz might minimize both oxide and carbon impurities. 
Figure 14 shows resistivity as a function of mole 
fraction of Hz in the carrier gas for films deposited 
at 400°C. A minimum is evident in the region of 
30 m/o (mole per cent) HZ. ' - 

Conclusions 
Molybdenum films with a resistivity 'approaching 

the bulk value can be deposited from decomposition 
of molybdenum carbonyl at temperatures of 500°C, 
or above, and at growth rates of 3-4 A/sec. At lower 
deposition temperatures films with bulk resistivity 
cannot be obtained, presumably because of carbon 
incorporation within the films, as evidenced by the 
correlation between film resistivity and carbon content. 

In molybdenum films the stress changes from a 
tensile value of 1.5-2 x 109 dynes/cmz for films de- 
posited at 580°C to a compressive value of 2.3 x lo1@ 
dynes/cmz for films deposited at 430°C. In tungsten 
films deposited in a similar range of temperatures, 

MOLE FRACTION OF Hz IN Hz /C02 MIXTURE 

Fig. 14. Resistivity vs. mole fraction of Hz in Hz/C02 mixtures 
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only tensile stresses were observed, with a value of 
4.6 x lO"ynes/cm' for a film deposited at  400°C. 
This difference between tungsten and molybdenum 
films is probably related to the formation of a carbide 
phase, which was found to form much more readily in 
molybdenum than in tungsten. 

Attempts to produce films with low resistivity by 
making chemical deposition conditions more oxidizing 
were most successful at deposition temperatures of 
about 400°C. However, the improvements obtained 
were not sufficient to reduce resistivity to values 
approaching bulk value. Additions of water vapor, 
hydrogen sulfide, carbon dioxide, and argon to hydro- 
gen, and various combinations of these were not 
effective in the temperature range of 450"-50O0C, 
where the unmodified carbonyl decomposition in hy- 
drogen gives films with resistivities of 1.5-2 times 
bulk value. Thus it must be concluded that production 
of molybdenum films with bulk resistivity by carbonyl 
decomposition at substrate temperatures below 500°C 
is unlikely. 
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The Ga-Ga P-GaAs Ternary Phase Diagram 

G. A. Antypas 

Varian Associates, Palo Alto, California 

ABSTRACT 

The ternary phase diagram of Ga-Gap-GaAs has been calculated using 
Darken's quadratic formalism for a ternary liquid in equilibrium with a 
regular solid solution. Liquidus isotherms have been calculated from 900" to 
1450°C in 50°C increments. Gap distribution curves have also been calculated 
for 0.95, 0.9, 0.8, 0.7, 0.6, 0.5, 0.4, 0.3, and 0.1 mole fraction of Gap. The calcu- 
lated ternary and pseudobinary phase diagrams are in excellent agreement 
with available experimental data. 

Since it was demonstrated that the Gap-GaAs sys- 
tem forms continuous solid solutions (1) the system 
has attracted great attention, primarily because a por- 
tion of the system has a bandgap corresponding to the 
visible region of the spectrum. Initially, the GaAs-Gap 
crystals were prepared by vapor transport techniques, 
using AsH3 and P& as the source materials (2). I t  has 
been demonstrated, however, that 111-V compounds 
grown from solution have a lower native defect density 
(3) and in general have more efficient radiative re- 
combination properties. Thus an understanding of the 
thermodynamic properties of both the liquid and solid 

Phase Equilibria of I l l -V Ternary Compounds 
Ternary-phase diagrams of 111-V compounds have 

been calculated using the quasi-chemical equilibrium 
treatment (5) and the regular solution treatment (6). 
In computing the conditions for equilibrium between 
a ternary liquid solution A, B, C (Ga, P, As) and a 
pseudobinary solid solution AB-AC (Gap-GaAs) , 
Stringfellow and Greene (5) derived the following 
equations 

solutions is necessary for establishing optimum growth 111 

conditions. The model to be presented has already been ln Y"c(' - x, = In lNANc + In (rArc/rASTCrcSTC) 

applied to the In-Ga-As and Ga-As-Sb (4) systems + ASF~c ( T F ~ c  - T) /RT 

where it gave excellent agreement with available ex- where yAB and ri\c are the activity coefficients of AB 
perimental data. I t  can also be applied to all 111-V and AC in the solid solution, r is the mole fraction of 
ternary solids forming continuous solid solutions. AB, Ni and ri ( i  = A, B, C,) are the atom fraction and 
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activity coefficient of i in the liquid solution, respec- 
tively, is the activity coefficient of Ni at the 
stoichiometric composition, ASFm is the entropy of 
fusion of AB, TFAB is the temperature of fusion of AB, 
R is the universal gas constant, and T is the tempera- 
ture in O K .  

Under the restriction 

N A + N B + N c = ~  [21 
Eq. [I] can be solved numerically on a computer to 
yield two sets of curves, one describing the liquidus 
isotherms and the other describing the solidus iso- 
concentration curves of the system. 

In previous investigations the activity coefficients 
were determined by the quasi-chemical equilibrium 
(5)  approach and by considering the ternary liquid as 
a strictly regular solution ( 6 ) .  In the present communi- 
cation, however, the determination of the activity co- 
efficient in the liquid phase is based on Darken's quad- 
ratic representation, which for a binary liquid is 

where A is the solvent and B is the solute, y0B is the 
activity coefficient of B at infinite dilution, and mart 
is the interaction parameter of the system. Equation 
[21 reduces to that describing a regular solution if 
In roe = ~ A B .  This formalism has been satisfactorily ap- 
plied by Darken (7) and Turkdogan and Darken (8) 
to a number of liquid metallic solutions for concen- 
tration of up to 60%. This formalism is consistent with 
the Gibbs-Duhem equation and satisfies Raoult's and 
Henry's laws as the limiting cases. The quadratic for- 
malism was also extended by Darken (9)  to ternary 
systems, which results in activity coefficients given by 

where component A is the solvent and components B 
and C are the solutes, roc is the activity coefficient of 
component C at  infinite dilution, and m i - j  are the inter- 
action energies of the various binary systems. The 
above formalism is also consistent with the Gibbs- 
Duhem equation, and furthermore it reduces to the 
binary quadratic formalism as one of the solutes in the 
ternary approaches infinite dilution. 

The solid solution in equilibrium with the ternary 
liquid was assumed to be regular, i.e., AFrs = ~ A B . A C X ( ~  
- x ) ,  where ~ A B - A C  is the interaction energy and x is 
the mole fraction of one of the components in the solid. 
The activity coefficients are thus given by 

Substituting Eq. [4] and [5] in Eq. [I] the ternary 
phase diagram can be calculated numerically to yield 
the liquidus and solid distribution curves. 

Calculation of the Ga-GaP-GaAs Phase Diagram 
The parameters necessary in calculating the ternary 

phase diagram are the temperatures TF and entropies 
A S F  of fusion of the III-V compounds and the interac- 
tion parameters ~ A B ,  ~ A C ,  aBC, and ~AB-AC.  TF and ASr 
for Gap and GaAs can be obtained directly from the 
literature and are shown in Table I. Vieland (10) has 
used regular solution theory to calculate the liquidus 
of III-V compounds. The interaction parameter ob- 
tained from such a treatment is 

ASF (T  - TF) [I + R/ASF 1n 1/4x(1 - x ) ]  
a = 

2 (X - 0.5)2 [61 

Table I. List of thermodynamic parameters used in calculating 
the Ga-GaP-GaAs phase diagram 

Gap GaAs As-P GaP-GaAs 

where x is the column V element in solution. For a 
regular solution a should be independent of tempera- 
ture and composition. Thurmond ( 11) , however, 
demonstrated that for GaAs and Gap a is a linear 
function of temperature given by 

When the interaction parameter a is divided by RT so 
that it will be thermodynamically consistent with 
Darken's formulation it takes the form of 

which is of the form derived by Turkdogan and Darken 
(81, where g and have the units of enthalpy and 
entropy, respectively. 

In calculating aC,A,, Thurmond assumed a ASFc,as 
value of 14.0 eu. Arthur (12) pointed out that when a 
recently measured value for ASFcans of 16.64 eu is used, 
then 

aca,is = 5160 - 9.16 T 

Arthur has also calculated the activity coefficient of As 
from As vapor pressure measurements, and using a 
regular solution treatment found that the interaction 
parameter is accurately given by 

The interaction parameter of the As-P system was 
calculated to be 2000 cal/mole by fitting the liquidus 
curve to a regular solution model and comparing it to 
available experimental data (13).  Similarly, the inter- 
action parameter of the GaP-GaAs system was deter- 
mined by fitting the solidus to recently published data 
of the GaP-GaAs pseudobinary (14) .  Calculations per- 
formed by Moon (15) on GaP-GaAs were in good 
agreement for aCap.GaAs = 1000 cal/mole. 

Figure 1 represents the calculated ternary phase dia- 
gram. Solid lines represent the liquidus isotherms from 
900" to 1450°C by 50°C increments, while dotted lines 
represent Gap isoconcentration curves at 0.95, 0.9, 0.8, 

Fig. 1. Ga-Gap-GaAs ternary-phase diagram. -, Liquidus 
isotherms, - - - - -,Gap isoconcentrations curves. 
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0.7, 0.6, 0.5, 0.4, 0.3, and 0.1 mole fraction of Gap. The 
pseudobinary obtained from Fig. 1 is shown on Fig. 2 
along with available experimental data (14). Figures 
3, 4, and 5 compare the experimental results reported 
by Thurmond for the GaAs and Gap compounds, and 
by Panish (16) for the Ga-Gap-GaAs solution growth 
and solution epitaxy results. Figure 3 is a portion of 
Fig. 1, plotted in Cartesian coordinates, showing the 

1100 
Gap 0.2 0.4 0.6 0.8 GaAs 

Mole Fraction CaAs 

Fig. 2. Gap-Gak pseudobinary-phase diagram 

Atom Fraction P 

Fig. 3. Liquidus isotherms of the G~AS~PI - ,  system 

Atom Fraction P 

Fig. 4. Equilibrium solubility of P a t  isoarsenic concentrations in 
the ternary liquid solution. 

Fig. 5. G a k  isoconcentration curves plotted as a function of 
temperature and As concentration in the melt. 

equilibrium solubility of P as a function of the As con- 
centration in the melt for 900°, 1000a, 110O0, 1200°, and 
1300'C isotherms. Excellent agreement is obtained be- 
tween calculated and experimental results. Figure 4 
also shows a portion of the ternary-phase diagram in 
greater detail, on which the solubility of P is plotted 
as a function of temperature at isoarsenic concentra- 
tions. Figure 5 represents the distribution of GaAs in 
equilibrium with the ternary melt as a function of 
the As present in the liquid solution. The distribution 
coefficient is defined by 

where Y G ~ A ~ ,  X G ~ A ~ ,  and XA. are the activity coefficient 
of GaAs in the solid solution, the GaAs mole fraction, 
and the atom fraction of As in the liquid solution, 
respectively. For the 1100'C isotherm, D varied be- 
tween 0.13 for xp = 0.045 and 0.27 for xp = 0.002. 

Conclusions 
It has been shown that ternary phase diagrams of 

111-V compounds calculated by Darken's phenomeno- 
logical quadratic formalism are in excellent agreement 
with available experimental data. The parameters used 
in calculating the Ga-Gap-GaAs phase diagram were 
either directly obtained from the literature, or were 
obtained by fitting the model to available experimen- 
tal data. Although this model is derived to describe the 
solution in the vicinity of the major component (in 
solution epitaxy and solution growth of Gap,As~-~ in 
the vicinity of the Ga corner of the ternary diagram), 
the agreement between the calculated and experimen- 
tal results of the pseudobinary phase diagram indicate 
that the quadratic formalism accurately describes the 
ternary phase diagram of Ga-Gap-GaAs for concentra- 
tion of up to 50%. 

Manuscript submitted Oct. 30, 1969; revised manu- 
script received Dec. 18, 1969. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1970 
JOURNAL. 
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Properties of Aluminum Oxide Obtained by Hydrolysisof AICI:, 
T. Tsujide, S. Nakanuma,* and Y. lkushima 

IC Division, Nippon Electric Company, Tokyo, Japan 

ABSTRACT 

A study has been made of aluminum oxide films prepared by the hydrolysis 
of mixtures of AICls, Hz, and COz. Positive shifts of the flat band voltage of 
the MAS structure occur independently of the polarity and type of the ap- 
plied bias when this is higher than a critical voltage. This phenomenon can 
be explained by electron injection and trapping. The trapped electrons have a 
long lifetime, but are excited by radiation such as x-rays and electron beam 
without introduction of damage. 

One of the most important processes in the fabrication 
of semiconductor devices is the passivation of the 
semiconductor surface. For this purpose, various di- 
electric films have been examined, among which the 
most studied has been thermally grown silicon di- 
oxide, because of its ease of preparation. Unfortunate- 
ly, it exhibits instabilities such as shifts in device 
characteristics due to the migration of impurities, 
especially Na ions through the oxide at elevated tem- 
peratures under bias conditions (1) and degradation 
of device characteristics under irradiation environ- 
ments (2) ; more demanding requirements have there- 
fore led to the need for insulating films superior to 
this oxide. 

It is a reflection of such requirements that recently 
silicon nitride and aluminum oxide have been receiv- 
ing a great deal of attention. These materials were 
found to have properties superior to silicon dioxide 
films, in that the ion migration effect has been shown 
to be sufficiently negligible that they may be used as 
a barrier for contamination (3,4),  making it possible 
to fabricate capless devices. In addition, they have a 
high radiation resistance (5, 6). However, silicon 
nitride has some disadvantages of high surface charge 
density and crack generation during subsequent heat- 
treatment. On the other hand, it has been reported 
that aluminum oxide makes the silicon surface more 
p-type due to the negative charge (7,8). This is perti- 
nent to the fabrication of insulated gate field effect 
transistors with low threshold voltage as well as 
n-channel enhancement mode devices. Moreover, there 
are several applications of the aluminum oxide such 
as a diffusion mask, passivating film for bipolar type 
devices, and other new structures. 

There are various methods for formation of alumi- 
num oxide: pyrolysis of organic compounds such as 
A1 (CsH70)3 (3,9) and A1 (CzH50) 3 ( lo),  anodization 
of aluminum in oxygen plasma ( 11) , reactive evapora- 
tion (12), and reactive sputtering (13,14). The films 
obtained by the above methods are structureless, i.e., 
amorphous, but some of these aluminum oxide films 
have instabilities under thermal stress which are found 
to be reduced by post annealing at  temperatures as low 
as 400°C. On the other hand, deposition of polycry- 
stalline aluminum oxide films on silicon by the hydrol- 
ysis of AlCl3 at about 800°C was reported by Nigh (15) 
and Doo and Tsang (16). The properties of such poly- 
crystalline films, namely refractive index, etch rate, 
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infrared absorption, and dielectric constant, have been 
studied by us as a function of deposition conditions, 
and the MAS (metal-aluminum oxide-silicon) struc- 
tures have been used to evaluate the electrical proper- 
ties of the Si-A1203 interface. All of these results are 
discussed here. 

Experimental 
The system used for the deposition of aluminum 

oxide films on silicon wafers was similar to that re- 
ported by Nigh (15) in which Hz0 vapor, formed by 
the reaction of COz with hydrogen, hydrolyzes AlC13 
vapor. All deposition runs were carried out using the 
following conditions: the flow rates of Con, hydrogen 
saturated with AlC13 vapor and make-up hydrogen 
were 326 cc/min, 2 l/min, and 20 l/min, respectively, 
and the temperature of the silicon wafers-was mea- 
sured by means of an optical pyrometer and was kept 
at 850°C. The deposition rate of aluminum oxide was 
approximately 70 A/min. The silicon wafers with 
(100) orientation and resistivities of 3 - 5 ohm-cm, 
either p-type or n-type, were mechanically-chemically 
polished and carefully cleaned. The cleaning procedure 
involved rinses in trichlorethylene and acetone using 
ultrasonic agitation immediately prior to the deposi- 
tion. 

The refractive index and the thickness of the alumi- 
num oxide films were measured by ellipsometry. The 
etch rate was determined by measuring thickness after 
each successive etching. 

For the evaluation of the electrical properties of the 
aluminum oxide films and the Si-A1203 interface, the 
MAS structure was constructed by the deposition of 
aluminum oxide on silicon, followed by the evapora- 
tion of aluminum electrodes of 1 mm diameter and 
mounting on TO-5 headers. The C-V characteristics 
of the MAS structure were measured at  1 MHz. From 
the area of the electrode, the thickness of the film, 
and the capacitance of the MAS structure under ac- 
cumulation conditions the dielectric constant was ob- 
tained. The I-V characteristics of the aluminum oxide 
were also measured by the same MAS structure using 
a Keithley electrometer in order to analyze the con- 
duction mechanism in the aluminum oxide. 

Results 
Ellipsometric measurements on the aluminum oxide 

yielded values for the relative permittivity of 7.6 - 7.8. 
These are consistent with 7.6 for the film obtained by 
anodization in oxygen plasma ( l l ) ,  but are less than 



704 3. Electrochem. Soc.: SOLID STATE SCIENCE' May 1970 

those of 8.9 - 9.3 (15) and 11 (17) for the films formed 
by the hydrolysis of AlC13. 

The dielectric strength measured using the MAS 
structure was found to depend on the polarity of the 
applied voltage. When positive voltage was applied to 
the A1 electrode, dielectric breakdown occurred at 
fields of 6 - 7 x 106 and 8 - 9 x 106 V/cm at room 
and liquid nitrogen temperature, respectively, while 
for negative polarity it occurred with time dependence, 
i.e., when a somewhat lower field than 1.1 - 1.2 x 10' 
V/cm was applied for a few minutes, a thermal cur- 
rent fluctuation of nA order was observed and finally 
the film underwent breakdown. Similar phenomena 
have been observed for steam-grown silicon dioxide 
films, though the polarity dependence was opposite 
(18). 

Figure 1 shows the capacitance-voltage character- 
istics of an A1203 film of 1200A in thickness on n-type 
silicon substrate at three different temperatures, 
-196", 25", and 250°C. It should be noted that this 
unit has a nearly zero flat band voltage at room tem- 
perature in coincidence with the ideal MIS diode char- 
acteristic; the C-V curve shifts in the positive voltage 
direction at liquid nitrogen temperature and in the 
negative direction at 250°C. The MAS structure with 
p-type silicon, however, showed the opposite shifts to 
that with n-type silicon, indicating that fast surface 
states exist in the energy gap of silicon. These shifts 
can be explained by the existence of acceptor- and 
donor-type surface states near the band edge of the 
conduction,and valence bands, respectively, as re- 
ported by Gray and Brown (19) for the thermal grown 
oxide film. With decreasing temperature down to 
liquid nitrogen teniperature the acceptor-type states 
above the room temperature Fermi level are filled 
with electrons so as to make the surface of the silicon 
more p-type. The amount of scatter in the flat band 
voltages at room temperature is in the range 0 - 0.5V 
for n-type silicon and 0.4 - 3.OV for p-type. These 
positive flat band voltages imply that negative charges 
of 109 - 1011 electron charges/cmZ exist either at the 
Si-A1203 interface or within the A1203 film. The origin 
of the negative charge has been explained in terms of 
the existence of negative ions in the AlyOa film (lo),  
hut the negative charge reported here is believed to 
be due to electrons, as will be discussed later. 

The MAS structure exhibited an interesting be- 
havior in that the C-V curves shifted in the positive 
direction after application of voltages higher than a 
critical voltage, below which the C-V curves are very 
stable and reproducible. This positive shift occurred 
independently of the polarity and type of the bias, 
such as +d.c., -d.c., a.c., and pulse. Figures 2(a) and 
2(b) show the effects of positive and negative bias, 
respectively, applied to the metal electrode on the C-V 

Fig. 2. Capacitance-voltage characteristics after application of 
various voltages to the A l  electrode a t  room temperature for 1 min: 
(a) the effect of positive bias; (b) the effect of negative bias. 

characteristics of the MAS structure with an A120:: 
film of 1200.4 in thickness. These curves were taken 
after application of the bias indicated in the figures at 
room temperature for 1 min. Figure 3 shows the volt- 
age shifts us. the applied bias, where the critical volt- 
ages for the negative and positive bias were $15 and 
-40V, respectively. With positive bias, voltage shifts 
continue to increase linearly with applied bias until 
dielectric breakdown occurs, while with negative volt- 
age linear positive shifts above the negative critical 
voltage followed by a decrease of the positive shifts 
are observed. This decrease is always accompanied by 
increasing current through the aluminum oxide film, 
which will be discussed later. Such positive shifts were 
also observed at liquid nitrogen temperature as shown 

Vop (VOLTS) 

Fig. 3. Relationship between positive shift AV and applied voltagc 
Fig. 1. Capacitance-voltage characteristics of the MAS structure (d.c. and a.c., 5 0  Hz) a t  room and liquid nitrogen temperature. A-C 

a t  -196", 25", and 256%. 3 ohm-cm n-type silicon substrate. bias shows peak value; initial f lat band voltage is +0.2V. 
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in Fig. 3, but the lower the temperature, the higher I 
are the critical voltages. 

Figure 4 shows the change in the positive shifts when 
the negative bias is applied to the MAS structure after 
the positive shifts caused by the positive bias, and 
when positive bias is applied after the positive shifts 
by the negative bias. This means that the shifted volt- 59" 

ages are kept constant to the same values when the ,,I 
voltage is reversed. 

The time dependence of the positive shifts in 
the C-V characteristics of a typical sample with a 
1200A aluminum oxide film at room temperature for , 
bias values of +40 and -60V is shown in Fig. 5. 
Although there seems to be a broad distribution of " 

decay of the shift was studied as a function of film 

time constant, saturation was observed about 100 rnin 
after the application of the bias in both cases. The 

10 100 1000 10000 

thickness, temperature, and polarity of the applied 
bias and the results are shown in Fig. 6 and 7. Figure TIME (HOURS) 

6 Shows a typical decay curve of the positive shift at Fig. 6. Decay of positive shift of flat-band voltage with time a t  
room temperature, where the shift was caused by aP- room temperature. Insert illustrates initial decay. Film thickness 
plication of +100V for 1 min to the MAS structure is 2400i, and p-type silicon is used. 
with a 2400A aluminum oxide film. An initial decrease 
of the shift is followed by a very slow decay. where 
it takes 1014 hr to decay by a half of the shift: Figure 
7 shows decay curves of the MAS structure with a 
1200A aluminum oxide film at several temperatures, 
the shifts of which were caused by the application of 
positive bias as well as negative bias, where samples 
having nearly the same values of the shift were used. 
Apparently the decays consist of two parts; 1, a rapid 
decay for the first several minutes especially for the 
samples with the shift caused by a positive bias, which 

-100 -80 -60 -40 -20 0 20 40 

VO (VOLTS) 

Fig. 4. Dependence of positive voltage shift AV of M A S  structure 
with previous bias history on subsequent voltage applications. 

T l M E  (MINI 

Fig. 7. Thermal annealing of positive shift of M A S  structure 
with initial f lat band voltages of +0.2V4 Film thickness is 12Wi, 
and 3 ohm-cm n-type silicon substrate is used. .- 

compares with the initial rapid increase of the shift 
shown in Fig. 5 and has considerably large tempera- 
ture and polarity dependencies; 2, a subsequent slow 
decay which is in proportion to the logarithm of time, 
the temperature dependence of which is less sensitive 
than that of the rapid decay and the slope of which 
is larger for the positive bias than the negative bias. 

Figure 8(a) and (b) show the effect of x-rays on 
C-V characteristics of the as-grown MAS structure 

AS-GROWN 
la I 

3 

BIAS - SHIFTED 
(b) 

TIME ( MIN ) TIME (MIN ) 

Fig. 5. Plots of positive voltage shift AV of an MAS structure Fig. 8. Effect of x-rays on C-V characteristics of (a) as-grown 
with initial flat-band voltage of +0.2V. and (b) shifted M A S  structure. 
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and the shifted one, respectively, where x-rays from 
a copper target tube operated at  25 kV and 2 mA were 
irradiated through the aluminum electrode at a dis- 
tance of 5 cm. No difference of the decay constants for 
the shift by positive bias and by negative bias was ob- 
served. Logarithm of flat-band voltage us. radiation 
time gave a straight line, indicating exponential decay. 
The shapes of the C-V curves before and after irradia- 
tion were unchanged and an MAS structure which had 
been returned to the initial state by irradiation with 
x-rays or an electron beam showed the same positive 
shift on application of bias greater than the critical 
voltage as it did in the first place. 

In addition to the large positive shifts for the MAS 
structure, a very slight C-V hysteresis of the order 
of 0.05V was observed, as shown in Fig. 1, which at 
room temperature occurred in the same direction of 
shift as that due to ion migration or polarization, but 
in the opposite direction at liquid nitrogen tempera- 
ture. This was also observed on the positive shifted 
C-V curve with the same order of the hysteresis, that 
is, this is independent of the positive shift. 

A time dependence of the I-V characteristics of the 
MAS structure was observed. When the applied volt- 
age exceeds the critical voltage above which the posi- 
tive shift of the C-V curve occurs, the current through 
the aluminum oxide film decreases gradually for 15 
min or longer, then reaches a steady state. An addi- 
tional I-V measurement of this MAS structure gave 
lower currents than the previous ones regardless of 
the polarity. Below the critical voltage, neither a time 
dependence nor a polarity dependence of the I-V char- 
acteristic was observed with ohmic currents in the 
picoampere range. 

Figure 9 shows a typical I-V characteristic of the 
MAS structure with a 1400A aluminum oxide film for 
positive and negative bias, where each point indicates 
the current measured 20 min after application of the 
bias. At higher voltages than the critical voltage, the 
current increases exponentially with the square root 
of the applied voltage over several decades of current. 

The temperature dependence of the current through 
aluminum oxide films is shown in Fig. 10 and 11. 

Va (VOLTS) 

1 
I THICKNESS 1490) 

AREA 7.85 x10crn 1 

Fig. 9. Current vs. square root of applied voltage for both 
polarities a t  room temperature for MAS structure with 1400A 
aluminum oxide film and electrode area of 7.85 x 1 0 - h m 2 .  Posi- 
tive bias is applied after measurement of I -V  chorncteristic with 
negative bias. 

Discussion 

Positive shifts by bias voltages have been reported 
in MIS structures with insulators such as phosphosili- 
cate glass (20), silicon nitride (21,221, and reactively 
sputtered aluminum oxide (12) by several workers. 
Those of the phosphosilicate glass, the silicon nitride, 
and the aluminum oxide have been explained in terms 
of polarization of the glass, injection of electrons, and 
mobile negative ions, respectively. The aluminum 
oxide in this work shows a different type of positive 
shift, that is, the positive shifts occur independently 
of the type and polarity of the applied bias such as - 
+d.c., -d.c., a.c., and pulse, and are observed in the V) 

a 
same direction even at  liquid nitrogen temperature. I 

This means that these shifts are neither due to ionic a - 
transport nor to ionic polarization, but to electronic - 
phenomena. Therefore, the positive shifts of the 
aluminum oxide are based on a different origin than 
those for the reactively sputtered aluminum oxide 
because ionic migration is quite improbable at liquid 
nitrogen temperature. These shifts can be explained 
by electron trapping in the aluminum oxide as follows: 
when a positive bias is applied to the MAS structure, 
electrons are injected from the semiconductor into the 
aluminum oxide by tunneling (23) and some of them 
are trapped in trapping states. This injection needs 
some energy which results in the critical field as re- 
ported in silicon nitride by Deal et al. (22). However, 
when a negative bias is applied, electrons are in- 
jected from the metal to the aluminum oxide to cause 

k fi (VOLTS) 

the positive shifts. Similar explanations have been Fig. 10. Current vs. square root of applied positive voltage a t  
proposed for sputtered silicon nitride, although the four different temperatures with 1 5 W A  aluminum oxide. 
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I O O O / T  ( O K - '  

Fig. 11. Current vs. 1/T at voltage of + 75V in Fig. 10 

carriers injected were holes rather than electrons (24). 
As the electron trapping near Si-A1203 interface is 
efficient, it takes more energy to trap electrons at nega- 
tive than at positive bias. This model for the positive 
shifts is supported ( i )  by the fact that the positive 
shifts by negative bias decay more slowly and have 
smaller initial decay than those by positive bias as 

temperature. The decay of the positive shifts depends 
on the distribution of trapped electrons, so the appli- 
cation of higher negative voltage after positive shift 
by a positive bias produces a redistribution of trapped 
electrons, that is, the trapped electrons near the inter- 
face are easily released to the semiconductor. There- 
fore, positive shifts thus obtained are more stable than 
those by the positive bias alone. Similar redistribution 
occurs when positive shifted MAS structures are ex- 
posed to x-rays and electron beams. 

On the other hand, the time dependence of I-V char- 
acteristics previously mentioned can be interpreted 
by the change of space charge distribution due to elec- 
tron injection. This is closely related to the time de- 
pendence of the C-V characteristics. This means that 
the electric field in the aluminum oxide has a spatial 
distribution due to the electron injection, particularly, 
near the Si-A1203 interface. This is one of the reasons 
why we describe the positive shifts as a function of 
applied voltage rather than electric field. 

The I-V characteristics obtained in this work are 
very similar to those reported by Sze for silicon nitride 
(27) due to hopping of thermally excited electrons 
from one isolated state to another at lower voltages. 
Assuming the rapid increase in current as internal 
Schottky or Poole-Frenkel current, a static dielectric 
constant of 3.4 is obtained which is in approximate 
agreement with the square of the refractive index of 
1.78. Furthermore, from the slope of In I us. 1/T, an 
activation energy of 1.3 eV is obtained which is to be 
compared with 1.3 and 1.5 eV for Si3N4 obtained for 
the SiC4-NH3 system and the SiH4-NHs-HZ system 
(28), respectively. 

The MNOS structure has been extensively investi- 
gated for memory devices (29). This MAS structure 
also has been utilized for the fabrication of a read- 
only memory (30) consisting of MAS FET's, which 
cai be written by electron injection from the semi- 
conductor as well as from the metal. The amount of 
current through the A1203 film is 2 orders smaller than 
that through Si3N4 films and, as can be seen from Fig. 
8, both the positive-shifted MAS structure and the 
as-grown one are very stable between 220V which 
corresponds to an electric field of 2 x 106 V/cm. 

shown in Fig. 7, that is, the trapped electrons near the Conclusions ' .- 
interface are more easily released than those away 
from the interface; and (ii) by the fact that the 
trapped electrons by negative bias as well as by posi- 
tive bias can be excited by radiation such as x-rays 
and electron beam without introduction of damage. 
Although several radiation effects have been reported 
and explained by radiation damage in MIS structures 
(25), with the excitation of trapped electrons the drift 
due to the built-in field in the aluminum oxide is re- 
sponsible for the exponential decay of the positive 
shifts by x-rays, as shown in Fig. 9. 

The decrease of the positive shifts by higher nega- 
tive bias as shown in Fig. 3 is always accompanied by 
an exponential increase of the current through the 
aluminum oxide, so that this is due to the release of 
trapped electrons by the rapid increase in current. A 
similar decrease was reported for a MOS structure 

The properties of aluminum oxide films .prepared 
by the hydrolysis of AlCl.3 have been evaluated by 
using a MAS structure. The positive shifts of the flat 
band voltages of the MAS structure occur indepen- 
dently of the polarity and type of the applied bias 
when this is higher than a critical voltage, under 
which the MAS structure has stable C-V character- 
istics. These positive shifts can be explained by elec- 
tron injection and trapping in the aluminum oxide. 
The trapped electrons persist for a long time before 
discharge. However, they can be excited by radiation 
such as x-rays and electron beams without damage 
to the MAS structure and, as they drift and discharge, 
the positive shift decays exponentially. These alumi- 
num oxide films are suited for the insulator in non- 
volatile field-effect memory devices. 

. .  . .  
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,~Techieal Notes 

Divalent Rare Earth Activated 96% SiO, Glass 
A. Wachtel 

Westinghouse Electric Corporation, Bloomfield, New Jersey 

Doping of porous 96% silica glass (1, 2) with organic 
dyes or transition metal ions, the latter followed by 
heat-treatment, is a well-known process for the prep- 
aration of color filters (3). Claffy, Ginther, and Arnold 
(4) reported on Ce, Srn, Mn, and Cu activated phos- 
phors based on this material. 

The present note describes the fluorescence of the 
divalent rare earths E u ~ + ,  Ybzf, and Smz+, which is 
obtained only if A13+ is also present. The glasses are 
therefore related to the high-SiOp form ("Phosphor I") 
of aluminosilicates which was described in an earlier 
publication (5), the principal differences in composi- 
tion being only the B3+ content and the lower A13f 
content of the glasses. 

The purpose of this note is twofold: (i) it shows that 
the effect of B3+ provides additional evidence concern- 
ing the nature of the Euz+ activator center (5), and 
(ii) it  attempts to explain the large effect of particle 
size on the spectral energy distribution of the E u ~ +  
emission in terms of optical cascade energy transfer. 

Experimental 
The raw material consisted of Corning No. 7930 glass 

("thirsty Vycor") which contained 6.9 x 1 0 - Q  atoms 
Al/mole. In the few instances where Al-free glass was 
required (A1 = 0 points in Fig. 2), a raw material was 
prepared, in this laboratory, from 55 w/o (weight per 
cent) SiOz-10 w/o Naz0-35 w/o BzOs glass by anneal- 
ing at  575°C for 20 hr, and leaching in dilute HC1. The 
glasses were activated by impregnating with aqueous 
RE3f (N03)3 + Al(NO3)3 solutions of appropriate con- 
centrations, followed by firing in a reducing atmo- 

Fluorescence intensity of Eu-activated glass was 
measured by use of an integrating sphere in which 
specimens were excited through a 254 nm transmitting 
interference filter. Measurements were also taken on 
ground samples, using conventional powder plaques 
for which the intensity of 254 nm excitation was stan- 
dardized with CaWO4:Pb, NBS No. 1026. The detector 
used was the Spectra Brightness Spot Meter' set on 
"blue" ( sensitivity). Emission and excitation spectra 
were obtained as described by Thornton (6). 

Results and Discussion 
Figure 1 shows fluorescence intensity as a function 

of Eu for low or high A1 concentrations. The former 
represent samples not intentionally doped with Al, i.e., 
containing 6.9 x 10W3 Al/mole. The latter were pre- 
pared by impregnation, a t  95"C, with fused salt mix- 
tures Al(N03)a . 9Hp0 + Eu(N03)3 . 6Hz0. While fluo- 
rescence intensities of the samples prior to and after 
grinding are measured differently and are therefore 
not directly comparable, it can be seen that in both 
cases, maxima occur near 4 x 10-4 and 5 x 10-3 Eu. At 
approximately three times higher Eu concentrations, 
the samples acquired a yellow body color caused by a 
broad absorption band which is otherwise not present. 
At still higher Eu concentrations, the glasses devitrified. 
Note that the fluorescence intensity of unground speci- 
mens is highest at  low A1 and Eu concentrations, while 
the opposite holds true for powders. 

Figure 2 shows fluorescence intensity, at three Eu 
concentrations, as a function of A1 up to the highest 

sphere. 1 Photo Research Corporation. Hollywood, California. 



Vol. 117, No. 5 RARE EARTH ACTIVATED 96% SiO, GLASS 709 

-., . . .,....I I 1 I I I . I I I  1 1 1 1 1 1 1 1 1  1 

7 - 

6 -  ~ 1 ~ 6 . 9 ~ 1 0 - '  

5 - 

4 - 

3 - 
A1=5.2xldP-EU 

2 - A (fused roll m l ~ l v n s l  

Fig. 1. Fluorescence intensity of 96% SiOn glass as o function of 
Eu2+ concentration. Y, yellow discoloration; D, devitrification. 

Unpmund Speclmns 

Aluminalllsate PhoSphT ,-' 
~u=3*10~ - , - - '  06. 

Fig. 2. Fluorescence intensity of E u ~ +  in 96% Si& glass as a 
function of Al concentration. Y, yellow discoloration. 

attainable with the fused salt mixtures. In contrast to 
phosphors with varying Eu concentration (Fig. I ) ,  
single maxima are obtained; however, we note again 
that grinding shifts these to higher doping levels. The 
actual fluorescence intensity of powders prepared with 
3 x 10-3 Eu becomes comparable to that of alumino- 
silicate phosphor I (5). It can be seen that in the pow- 
dered glasses, this fluorescence intensity level is ob- 
tained at  somewhat less than 5 x 10-2 Al/mole, i.e., at  
three times lower A1 concentration than in the alu- 
minosilicate phosphor: and the shape of the curve sug- 
gests that at  still higher A1 concentrations, it would 
not be appreciably increased. At lower Eu coilcentra- 
tions, maximum fluorescence intensity in powders is 
obtained within the concentration range employed, but 

ref. (5). Al was expressed as Al& with the optimum at 
i.e.. 0.15 Al. 

again, the fluorescence increases rapidly with increas- 
ing A1 concentration. At A1 = 0, the data were ob- 
tained on samples prepared with the Al-free raw 
material. These samples were essentially nonlumines- 
cent and showed a yellow body color even at the low- 
est Eu concentration. 

A search for crystalline inclusions (mullite) which, 
in the case of the aluminosilicate phosphor, were pro- 
posed to be instrumental in the luminescence process, 
was unsuccessful. Even highly doped glasses failed to 
show distinct x-ray reflections or revealed significant 
inhomogeneities in electronphotomicrographs taken by 
transmission through thin edges. 

The principal differences between the present glasses 
and the aluminosilicate phosphor, therefore, are the 
B3+ content of the glasses, and the lower Al3+ con- 
centration which is required to produce the same fluo- 
rescence intensity observed in the aluminosilicate 
phosphor. The relatively large E u ~ +  ion is a network 
modifier and therefore occupies interstitial sites. Charge 
compensation of network modifiers in silicate glasses 
by Al3+ or B3+ leads to formation of network forming 
(substitutional) [A1041 or [B04] tetrahedra (7-9). 
Each Euz+ ion then requires two M3+ according to 
2M3+ + Euzt = 2Si4+. The present experimental evi- 
dence, however, indicates that the activator center 
involves network modifying (interstitial) [AlOsl 
groups. This evidence may be summarized as follows: 
( i)  Boron does not give rise to Euz+ luminescence. Un- 
like Al3+, it enters the SiOz network only substitu- 
tionally, an excess over low-valence modifiers forming 
triangularly coordinated [B03] groups (9, 10). It is 
likely, therefore, that E u ~ +  charge-compensated by 
substitutional A13+, is also nonluminescent. (ii) At low 
concentrations, AP+ normally tends to occupy substi- 
tutional sites; in the presence of B3+ ; however, some of 
the Al is displaced into interstitial sites (11, 12). The 
more rapid rise of fluorescence intensity with A1 con- 
centration in the (B-containing) glasses, as compared 
with the aluminosilicate phosphor, can therefore be 
explained by the more rapid rise in concentration of 
interstitial Al. (iii) Even in the glasses, maximum 
fluorescence intensity obtains at  Al/Eu ratios which 
are substantially higher than the 2/1 ratio suggested 
by charge compensation. Again, sueh excess A1 is 
known to occupy interstitial sites (9, 12, 13). 

These arguments suggest that the 'luminescence 
center in the (homogeneous) glasses is basically no 
different from that proposed for the heterogeneous 
aluminosilicate phosphor in which Euzt replaces A13+ 
at a mullite surface, and is charge compensated by Si4+ 
at the adjacent amorphous SiOz phase (5). In both 
cases, A1 is a cation, and only the size of [Aloe] ag- 
gregates and the degree of crystalline order of inter- 
stitial aluminosilicates is different. 

Emission spectra consist of bands with widths at 
half maximum averaging 77.1 nm in unground, and 
75.6 nm in ground glasses. Variations in Eu concen- 
tration primarily affect the peak emission wavelengths 
as seen-in Fig. 3. This figure shows the same low and 
high A1 series shown in Fig. 1. In both cases, it can 
be seen that at high as well as low Eu concentrations, 
the emission spectra are independent of particle size. 
At moderate Eu concentrations, however, differences 
become pronounced, particularly in the high A1 glasses. 
At 2.7 x 10-3 Eu, this difference is at a maximum of 
10 nm. A displacement of the emission band is also 
observed by shifting the excitation of powders to longer 
wavelengths, as shown in Table I. Here it can be seen 
that in going from 254 to 405 nm excitation, the emis- 
sion peak is shifted to longer wavelengths by 15.6 nm. 
The table also shows that the width at half maximum 
does not decrease (as expected by lack of emission be- 
low 405 nm), but actually increases by 2.2 nm. 

Figure 4 shows the emission of the 2.7 x 10-3 Eu 
glass under 254 nm excitation. The excitabilities of the 
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Fig. 3. Peok emission wavelength of 96% SiOt gloss, under 254 
nm excitotion, as 0 'function of EuZf concentration. 

Fig. 4. 254 nm-excited emission spectro, and excitation spectra 
of 96% SiOz gloss containing 2.7 x 10-3 Euzt/rnole. Numbers in 
figure denote wavelength of measured emission. 

two peak emission wavelengths, shown by the numbers 
in the figure, are also included. The relative heights 
of these are seen to vary with the observed emission 
wavelengths in the direction one would expect, and 
even more strongly with the particle size. In the latter 
case, the displacement is in the direction of greater ex- 
citability of powders at  shorter wavelengths. 

The 10 nm shift to longer wavelengths of the emis- 
sion of the unground glass, as compared to that of the 
powder, is not due to self-absorption alone, since the 
emission band width is not narrower. It is therefore 
caused by excitation energy at longer wavelengths 
which is present in addition to the 254 nm radiation 
employed. Figure 4 shows that this energy originates 
from the 254 nm-excited emission of the glass, and 
that radiation near 400 nm (the center of overlap be- 
tween the excitation and emission spectra) is primarily 
responsible for this process. Since pure 405 nm excita- 
tion of the powder caused a shift of 15.6 nm (Table I) ,  
it follows that in the present case, the shift should be 
smaller. The observed value of 10 nm, therefore, indi- 
cates that about 2/3 of the emission of the unground 
glass originates from optical cascade energy transfer. 
A detailed treatment of powder-optical processes which 
contribute to the present discussion is given by 
Melamed (14). 

Table I. Emission properties of powdered 96% SiOz glass 
doped with 4.9 x AI3+ and 2.7 x 10e3 Eu2+ 

Excitation Emission peak Emission width 
wavelength, wavelength. at half maximum 

nm nm nm 

96% silica glass (as well as the aluminosilicate 
phosphor) can also be activated by Ybz+ or SmZ+, 
although these elements proved to be more difficult to 
reduce to the divalent state than Eu. Figure 5 shows 
excitation and emission spectra of an unground speci- 
men of glass doped with 4.4 x A1 + 2.2 x 10-3 
Yb/mol,e and fired in Hz for 20 hr. The excitation spec- 
trum, taken with Hg lines, is corrected for equal 
quanta of exciting radiation, but may contain more 
detail than indicated in Fig. 5. Nevertheless, it appears 
that there may be four excitation bands in addition to 
the pronounced increase in excitability towards short 
wavelengths. The broad emission band is unpropor- 
tionally high on the short wavelength side, and there- 
fore may consist of a number of unresolved bands. Fig- 
ure 6a shows excitation and emission spectra of a glass 
doped with 4.4 x 10-3 A1 + 2.2 x 10-3 Sm, fired in air, 
and Fig. 6b shows the same glass fired in Hz for 20 
hr. The excitation spectra in Fig. 6a and 6b were 
taken with a continuous source of uv, and are also cor- 
rected for equal quanta of exciting radiation. It can 
be seen that at 77K, neither the excitation nor the 
emission spectra of Smz+ are significantly better re- 
solved, although the vibronic side bands are markedly 
decreased. In this respect, the emission line widths of 
Sm2+ in the glasses differ from those in many crystal- 
line matrices (15-19) where usually, broad bands are 
observed at room temperature. It should also be noted 
that the emission of the Hz-fired glass includes weak 
lines at  602 and 649 nm due to Sm8+; with 254 nm 
excitation (not shown) these are considerably en- 
hanced. This is caused by incomplete reduction in spite 
of the prolonged firing, and due to the relatively high 
reduction potential of Sm (20). For this reason, opti- 
mum doping with Sm (or Yb) is somewhat higher 
than with Eu, and detailed measurements of fluores- 
cence as a function of actual SmZ+ or Ybz+ concentra- 
tion have not been carried out. 

E"~ I l l l on  530nm Em. 

Fig. 5. Excitotion and emission spectra of %% SiOf glass doped 
with 4.4 x 10-3 A l  + 2.2 x 10-3 Yb/mole, fired in H r  a t  115O'C 
for 20 hr. 

Fig. 6. Excitation and emission spectra of %% SiOr gloss doped 
with 4.4 x 10-3 Al + 2.2 x 10-3 Sm/mole; 0, fired in air a t  
1150°C for 3 hr; b, fired in Ha a t  1150°C for 20 hr. Solid lines = 
spectro a t  room temperature; broken lines = spectra at 77K. 
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Beryllium as an Acceptor in Silicon 

E. A. Taft and R. 0. Carlson 

General Electric Research and Development Center, Schenectady, New York 

The high oxygen content of Czochralski grown sili- 
con crystals is well known (I), and some study has 
been made of the reactions of group I11 acceptors with 
this oxygen (2). The high free energy of formation and 
great thermal stability of Be0 is also well established 
(3). The possibility of beryllium combining with oxy- 
gen in liquid or solid silicon to form a stable, electri- 
cally inactive impurity led to our investigation. 

Experimental 
Beryllium has been added to 500 ohm-cm silicon to 

be pulled from quartz crucibles. Single-crystal mate- 
rial was difficult to grow by this method because of 
nucleation from oxides on the melt surface, but speci- 
mens which could be studied were obtained. A beryllia 
crucible was also found to be suitable for use in pulling 
doped single-crystal silicon. However, the reaction of 
molten silicon with the crucible wall supplied the 
dopants, and the amount of dopant obtained could not 
be controlled. Also beryllium was diffused into oxygen- 
containing n-type and p-type silicon wafers at 1170°C 
for times up to 16 hr. It was found that consistent re- 
sults could be obtained only if the beryllium metal was 
not directly exposed to the quartz walls of the furnace. 
The silicon test sample was, therefore, enclosed with 
beryllium in a cavity of silicon while the diffusion pro- 
ceeded. In addition, float-zoned crystal of 1 ohm-cm 
beryllium doped oxygen-free silicon was made avail- 
able by R. J. Mulligan. These variously doped crystals 
were then studied in infrared absorption, resistivity, 
Hall effect, and heat treatment. 

Results 
The oxygen content of undoped silicon crystals 

pulled from small quartz crucibles is typically 1018 
atoms/cm?. The oxygen is readily determined by in- 
frared absorption (1). Beryllium doped crystals pulled 
from similar quartz crucibles typically contained 1017 
atoms/cm3 of oxygen, a moderate reduction. There is 

possibly some gettering of oxygen by beryllium in the 
melt, but, more likely, the formation of a beryllium 
silicate on the quartz crucible wall reduced the reaction 
rate of molten silicon with quartz. Crystals pulled 
from beryllia crucibles were found to contain oxygen 
in amounts comparable to that found for the beryllium 
doped crystals pulled from quartz crucibles. This oxy- 
gen level does not approach the concentrations of 1015 
atoms/cm3 found in float zoned silicon. ; 

The distribution coefficient, k, of Be in silicon was 
obtained for a number of crystals pulled from quartz 
crucibles. The impurity concentration, Cs, of acceptors 
was obtained from traveling probe resistivity data at 
room temperature (4). (Most of the acceptors are 
ionized at the low concentrations obtained.) Cs is plot- 
ted against the atom fraction, g, of the initial charge 
solidified in a pulled crystal in Fig. 1. The curve Cs = 
kCJ1 - g contains the initial concentration, CL = 
3.2 x 10x9 atoms/cm3 of beryllium in the liquid obtained 
from the initial weighed charges of beryllium and 
silicon. For best fit to the points, k was selected at 1.3 
x 10-4. The consistency in results for several crystals 
measured, and the excellent fit to the curve, indicate 
that the dopant losses during the crystal growth were 
not significant. All crystals were "p" type showing 
values between 1.3 and 1.6 x 10-4 for k. 

N-type silicon of 50 ohm-cm and of 0.06 ohm-cm 
was converted to p-type after Be was diffused at 
1170°C for up to 16 hr, indicating the acceptor nature 
of the Be center. As the resistivity of these crystals was 
no longer changing with time of diffusion, the silicon 
appeared to be saturated with Be after this treatment. 
The resistivity us. temperature for one of these crys- 
tals, Be 3, is shown in Fig. 2. Also in this figure are 
the data for K-97, a Be-doped crystal pulled from a 
quartz crucible. These p-type crystals prepared by 
different methods show the same deep-lying acceptor 
level of Be. The carrier concentration derived from 
Hall effect data for these same two crystals is given in 
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/ Si (Be) CRYSTAL K-99 I 

k =1.3 x 

CL= 3.2 x l0I9 ATOMSICC 

' 0 ~ ~ 0  0.2 0.4 0.6 0.8 1.0 
g FRACTION SOL1 DlFlED 

Fig. 1. Distribution coefficient of beryllium in silicon; k is 
chosen for best f i t  to the data points. 

Fig. 2. Temperature voriation of resistivity for beryllium doped 
silicon. K-97 is a grown crystal containing Be; Be 3 is a Be dif- 
fused silicon sample. 

Fig. 3. A room-temperature mobility of 230 cmz V-1 
see-1 with an exponential temperature dependence of 
-2.4 for Be 3 shows that this crystal exhibits rea- 
sonable behavior for doped silicon. K - 9 7  also exhibits 
normal mobility values. 

Further analysis of the Hall effect data, such as that 
used by Hutson (5), yields the curve of Fig. 4. All 
crystals analyzed were similar in showing an activation 
energy of 0.17 eV for the Be acceptor center. Following 
Hutson, the intercept of Fig. 4 can be used to estimate 

l0I30 2 4 6 8 10 12 

1 0 ~ 1 ~  
Fig. 3. Temperature variation of hole concentration in beryllium 

doped silicon derived from Hall effect data. 

Fig. 4. Acceptor level determination from Hall effect data using 
corrections for total acceptor sites and for temperature variation 
of valence b n d  density of states. 

the degeneracy of the Be center. As Fig. 4 was derived 
from a crystal with < 1014 donor centers, compensation 
was negligible and the simpler equation is used. 

The intercept is 0.25, (m/m) *3/2 is 0.45 for holes in 
silicon leaving a degeneracy factor D = 1.8 or closely 2. 
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The possibility that Be contributes two levels in sili- 
con has been considered but not investigated. The 
chemically similar element, zinc, is known to give two 
levels (6). If beryllium is considered to be a well- 
behaved solute in silicon, the distribution coefficient 
can be used to estimate the solid solubility at any tem- 
perature (7) .  Our coefficient of 1.3 x 10-4 would give 
an equilibrium concentration of 5 x 10'7 Be atoms/cm3 
at 1170°C. As the data of the diffused sample Be 3 of 
Fig. 3 do not show a saturation of carriers, the room- 
temperature value has been utilized. Assuming an 
acceptor level of 0.17 eV in silicon, the number of ac- 
ceptors needed to get the 1017/cm7 room-temperature 
carriers observed in Fig. 3 is calculated in the usual 
textbook approach. The value of 1.2 x 101R/cm%ccep- 
tors obtained is higher than, but in reasonable agree- 
ment with, the value obtained from the distribution 
coefficient. Our data are not considered to be of suffi- 
cient accuracy to deduce an arguable meaning, such 
as two energy levels, from these differences in acceptor 
concentration. 

Further trying to take advantage of the affinity of 
beryllium for oxygen, some of the crystals were sub- 
jected to heat treatment a t  1000°C. The crystals con- 
tained initially lO'%torns/cmhf Be and 1017 atoms of 
On as determined from resistivity and from infrared 
absorption, respectively. The room-temperature resis- 
tivity of the samples rose by a factor of over 100 after 
only a few hours of heating. The Be was no longer 
active electrically and only background impurities of 
< 10I4/cm7 were in evidence. The oxygen content 
changed little, if at all, but the oxygen was of course 
in great excess relative to the beryllium. A short heat 
treatment at 1300°C did not return the resistivity to 
the original value as is the case for the more usual 
dopants upon interaction with dissolved oxygen (8). 
The beryllium was thus not available for redissolution 
(9) .  In this case, it is not clear whether the Be actu- 
ally left the crystal by means of diffusion to the sur- 
face or whether a Be-0 combination is too tightly 
bound to be dissociated to any extent at 1300". 

A 2 mm thick piece of oxygen-free beryllium doped 
(- 10I6/cm") crystal was heated in argon at 1050°C for 
1 hr. The room-temperature resistivity doubled after 
this treatment, the Be presumably going to the surface 
to react with the surface oxide. From this result, we 
have an estimate of the diffusion coefficient of Be in 
silicon at 1050°C of - 10-7 cm?/sec. In this case, it is 
clear that the Be is leaving the silicon and not reacting 
with dissolved oxygen as could be expected with the 
pulled crystal samples. Diffusion or clustering of On 
is not significant for these short times and low tem- 
peratures. 

To sum up, beryllium in silicon is a fast diffuser giv- 
ing an acceptor level at 0.17 eV. The distribution co- 
efficient is 1.3 x 10-4. A Be-0 combination has not 
been observed. 
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Selected Area Electron Diffraction Study of a-Fe?Oa 

Platelet Growths Twinned on Twist Grain Boundaries 

In this paper by R. L. Tallman and E. A. Gulbransen 252 were completely obscured by snow-storm-like 
which appeared in the February 1970 issue of the additions. 
Journal, the diffraction patterns in Fig. 3 and 4 on page Figures 3 and 4 are shown below as they should be. 

Fig. 3 Fig. 4 
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ABSTRACT 

Aluminum was electrodeposited from a nonaqueous organic hydride elec- 
trolyte, AlCla and LiAlH4 in ethyl ether, which produced aluminum deposits 
ranging from smooth compact to rough and highly porous. Formation of high- 
surface-area A1 substrates has been obtained by the application of high cur- 
rent densities. High-capacity values are explained on the basis of fine par- 
ticle formation incurred under these plating conditions. Current-voltage 
curves for the anodic and cathodic reaction are indicative of a diffusion- 
controlled process. 

The preparation of high-surface-area aluminum 
electrodes' for electrolytic capacitors has always been 
a major conc-ern in order to obtain the maximum ca- 
pacitance values per unit geometric area or volume. 
Increasing the surface area of aluminum has been done 
for the most part either by chemical or electrolytic 
etching. Recently, however, large surface gains have 
been reported (1) through the electrodeposition of 
aluminum. 

By means of an organic aluminum plating solution 
(2) and varying current density, aluminum dendritic 
growths have been reported to produce a surface gain 
factor over smooth aluminum of one to two orders of 
magnitude, depending on the formation voltage of the 
sample. Due to the possible advantages such a method 
may have in producing high-surface-area aluminum 
substrates, an investigation was undertaken to de- 
termine the feasibility of electrodepositing aluminum. 

The formation of dense compact aluminum deposits 
has received considerable attention in the literature 
(2-7); however, highly dispersed porous aluminum 
deposits which would produce maximum surface 
roughness have been avoided. Parameters were there- 
fore studied which would affect the nature of the 
aluminum deposit and tend to produce high-capaci- 
tance values. Electroplating was carried out in a non- 
aqueous electrolyte on aluminum wire electrodes. 

Experimental 
Due to the detrimental effects moisture has on 

aluminum plating baths, all experiments were carried 
out in a dry box containing an atmosphere consisting of 
9 parts Nz and 1 part Hz. Reagent-grade anhydrous 
materials used in the plating solutions were weighed 
inside of the dry box to avoid contact with water vapor 
in the atmosphere. The aluminum plating bath was 
an organic electrolyte (5, 6)  which was operable at 
room temperature and consisted of an ethyl ether 
solution of 3M AlCl, and 0.4M LiAlH4. The addition of 
anhydrous ether to the alkali halides must be done 
slowly, otherwise foaming and undesirable side reac- 
tions occur which affect properties of the plating 
solution. The plating cell consisted of a cylindrical 
Pyrex glass vessel 6 in. in length formed from a 60/50 
joint; the top portion consisted of an array of equally 
spaced 10/30 joints which served as inlet ports for the 
study, reference, and counter electrodes. The study 

electrode was a section of 47 mil diameter aluminum 
wire, 99.99% purity, which was sealed to a section of 
Pyrex tubing by means of heat shrinkable Flo-titel 
Teflon2 tubing. The aluminum electrode, with an ex- 
posed geometric area of approximately 0.5 cm2, could 
then be adjusted in the plating cell by means of a 
10/30 Teflon gland. The counterelectrode consisted of 
a spiral section of either aluminum or platinum wire 
which provided an even current distribution on the 
study electrode. A Luggin capillary was sealed to one 
of the 10/30 joints into which a section of platinum 
wire was inserted which served as the reference elec- 
trode. 

Aluminum electrodes were precleaned by the fol- 
lowing sequence: immersion into acetone, rinsed, con- 
centrated solution of 85% &P04-15% HNO, at 85°C 
for 2 min, rinsed, IN-NaOH 2 min, rinsed, then dried 
at 90". After immersion into the plating solution, it 
was necessary to preanodize the electrode at a high 
current density, 200 mA/cm2, for about 1 min; failure 
to preanodize the electrode in the plating solution pro- 
duced nonadherent deposits. After anodization was 
complete, the current was immediately reversed to 
the appropriate cathodic plating current. 

Both capacitance and RC product values were mea- 
sured with a conventional a-c bridge having a few mil- 
livolts' signal. The electrodeposited wire was suspended 
in a cylindrical glass tube, the sides of which were 
lined with a platinum black counterelectrode. The 
measuring electrolyte had a resistivity of 12 ohm-cm 
and was used previously by Burger and Cheseldine 
(8). Oxide formations were carried out in a solution 
of 17% ammonium pentaborate in ethylene glycol. 
Values of the capacity measured at "zero voltage" were 
taken on the unformed wire which has a thin natural 
oxide on its surface. 

Results 
The use of this organic aluminate plating solution 

provides uniform adherent electrodeposits of A1 and 
has the added advantage of being operable at room 
temperature. Conductometric studies (9) have shown 
that an ethereal solution of AlC4 will increase in con- 
ductivity with addition of LiAlH4 up to approximately 
17% equivalence. The formation of ionized species, 

t Trade-mark, Pope Scientffic Company. 
- Trade-mark. Du Pont Corporation. 
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AlzCla+ + AlH4-, has been postulated to produce 250 

this conductivity maximum; further addition of the 
hydride causes a destruction of the ionic species and 
lowering of the conductivity. A contrary view has been 
held by several authors (13, 14) in that the presence of 200- 

excess AlCls, or the formation of AlHC12 or trichloro- 
dialane AlH2Cl.AlHC12 is considered more favorable. 
Recent studies (15) have postulated the existence of o 
several chemical species present in the plating solution - 150- 

and the possibility that the plating current is carried - n 
by three or four different ions. They conclude that an a 

anion containing hydride exists and that the Li ether- 
ate is the principal current-carrying ion. The exact 
nature of the ionic species in solution has still, how- 
ever, not been definitely proved. 

In the presence of moisture, oxygen, and carbon 
dioxide the bath rapidly deteriorates; hydrogen gas is 
liberated at both electrodes during electrolysis, but to 
a much greater extent at the anode. Brenner (6) con- 
cluded that the bath was not regenerative due to a 
different ionic species formed during the dissolution 
of aluminum. More extensive studies (15) of bath 30 60 90 120 150 180 210 

life, extending over an 8 month period, have shown V, - VOLTS 

that the A1 anode does dissolve to some extent in a Fig. 1. Reciprocal capacity vs. formation voltage: electrodeposited 
manner which replaces the deposited aluminum. We Al, 300 mA/cm" 5 min. 
have found that reproducible plating results can be 
maintained by a periodic addition of solid AlCh and 
LiA1H4 to the plating solution. 

Surface roughness of the electrodeposited material 
can be varied to a considerable extent by variations in 
the plating current density. Generally, a current den- 
sity less than 50 mA/crnZ tends to give a smooth deposit. 
As the current density is increased the deposits tend 
to become nodular, and for values greater than 100 
mA/cmz dendritic growth becomes rapid. At current 
density values greater than 300 mA/cm?, a black 
powdery-like deposit forms on the electrode surface. 
Values of the capacity showed a large variation with 
changes in the surface morphology of the electrode- 
posited aluminum. 

A series of aluminum electrodes having an apparent 
geometric area of 0.5 cms were electroplated at various 
cathodic current densities both at  constant cathodic 
charge (Q), and also for varying periods of time with 
current density constant. For electrodes plated at cur- 
rent densities ranging from 50 to 300 mA/cmz, ca- 
pacity measurements taken at zero formation voltage w 

fell into a limited range from 4 to 15 pfd/cmz. De- 
pending on the amount of charge passed, deposit thick- 
ness for these electrodes ranged from 1 to 10 mils, the 
thicker deposits exhibiting the higher capacity values. 

Larger values of the capacity were not realized until 
the plating current density was increased to values 
greater than 300 m'A/cmk At these extremely high 
current densities, a black deposit forms on the elec- 
trode surface accompanied by gas evolution. Capacity 
measurements gave values in excess of 150 rfd/cmz on 
the unformed wire, and plots of the reciprocal of 
capacity us. formation voltage were linear (Fig. 1). 
Microscopic inspection of the dark deposit at mag- 
nifications up to 500X show the growth of crystals. 
Spectrographic comparison of the electrodeposited ma- 
terial and an A1 wire showed traces of B, Si, Fe, and 
Cu to be present in both samples. Lithium, which is one 
of the constituents of the plating solution, was not de- 
tected in the sample of electrodeposited aluminum 
using a method accurate to 10 ppm. Photomicrographs 
taken on a cross section of an A1 wire that was elec- 
troplated at a current density of 500 mA/cm2 for 7 min 
are shown in Fig. 2. The photos show that electro- 
deposited material consists of a highly porous deposit, 
3-4 mils in thickness, containing dendritic growths of 
varying diameter. 

Figure 3 is a plot of capacity/cm? vs. formation volt- 
age comparing the results we obtained for a wire 
electrodeposited at 300 mA/cm? for 5 min with that 
reported by Muhlhausser (1). In the low-voltage re- 
gion, <10V, Muhlhausser's data indicate a considerable 
increase in capacitance over what we have found on 

Fig. 2. Photomicrographs of electrodeposited Al plating. Condi- 
tions: 500 mA/cm2, 7 min. Magnification (A) 2OOX. (6)  385X. 

electrodeposited wires; at  higher formation voltages, 
the capacities he reports are considerably less than 
what we have observed. 

The capacity of unformed wire was studied for A1 
deposits obtained at several high current densities for 
varying periods of time. Figure 4 indicates a sharp 
rise in capacitance with the amount of A1 deposited 
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Fig. 3. Comparison of c a p a c i t y / c m ~ o r  various A l  structures. 
0-Electrodeposited wire, 300 mA/cm2, 5 min. A-Muhlhousser's 
data, 8 mA/cm2, 30 min; 60 mA/cm" 1.5 min; 15 mA/cm2, 3 0  
min. 

Fig. 4. Variation of capacitance for electrodeposits obtained a t  
different current densities and total charge. Plating current density, 
mA/cm: 0-300, 0 - 4 0 0 .  0-500, 0 - 4 0 .  A-700; zero for- 
mation voltage. 

which tends to level off as the charge increases. The 
capacity also seems to be a function of the plating 
current density, the highest values being obtained for 
a current density the order of 500 mA/cmz. The lower 
capacity values obtained at higher plating current den- 
sity are due to a lack of adherence of the depositing 
material which becomes increasingly worse as the 
current density is raised. Adherence of the electrode- 
posited A1 at high current density can be somewhat 
enhanced if a periodic short current reversal is ap- 
plied during the plating sequence, e.g. 5 sec anodic/60 
sec cathodic. During current reversal, the species 
formed could be aluminum hydride (16). 

Values of the capacity measured as a function of 
formation voltage for three different deposit thick- 
nesses (Fig. 5) indicate less of a capacity loss is in- 
curred at higher formation voltages for thicker electro- 
deposits of aluminum. This does not contradict the 
previous findings, for if the samples used in Fig. 4 
were formed at a higher formation voltage a more 
linear rise in capacity with charge increase would be 
observed. 

Steady-state current voltage curves for the deposi- 
tion and dissolution of aluminum were taken gal- 
vanostatically, potential differences being measured 
between the studv electrode and a platinum reference 
electrode. A line& relationship exists between cur- 
rent and potential for both the anodic and cathodic 
electrode process; polarization values are similar to 

v, - VOLTS 

Fig. 5. C o p a c i t y / c m ~ s .  formation voltage as a function of de- 
posit thickness. 0-9  mils, 300 mA/cm2, 20 min; 0 - 3  mils, 300 
mA/cm\ 5 min; 0 - 1  mil, 300 mA/cm', 1 min. 

those reported by Hayashi (10). A semilog plot, Fig. 
6, gives a low value of the slope for the linear portion 
of the curve between 5 and 10 mV/decade. The low 
value of the slope eliminates the possibility of activa- 
tion control and indicates that the reaction is most 
probably diffusion controlled. Measurements of the 
difference in potential between the extended linear 
portion of the curve and the potential observed at  a 
certain current density gave a constant value for the 
resistance, AE/I, over the range of currents studied. 
Although the shape of the curve indicates a limiting 
current region, most of the polarization is due to an 
ohmic drop incurred through the electrolyte. This is 
further emphasized by the small decrease in polariza- 
tion that was observed when the electrolyte was 
stirred. For the concentrations used in these experi- 
ments, a true limiting current is not observed until 
current densities from 200 to 300 mA/cmz are reached. 

Discussion 
Since the largest capacity increases were observed 

for aluminum electrodeposits obtained at high cur- 
rent densities, the discussion is concerned mainly with 
that region of the experimental results. The forma- 
tion of very fine crystals or powder metals by elec- 
trolysis is well known in the powder metallurgy indus- 
try, and these forms have been prepared from a wide 
variety of metals in both aqueous and nonaqueous 
systems (11). These deposits often appear black be- 
cause of the very small size of the particles. The struc- 
ture of these deposits depends strongly on the, forma- 
tion of new nuclei and the rate of growth of the 
already existing crystals. If the rate of nucleation is 

CURRENT. MA 

Fig. 6. Semilog current-voltage curve, deposition 0 and dissolu- 
tion of Al. 
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large and crystal growth is inhibited, the formation 
rate of powder metals will be increased. Those fac- 
tors that tend to reduce interfacial concentration, such 
as increased current density or decreasing metal ion 
concentration, will favor a high nucleation rate. As the 
concentration of metal ions in solution approaches 
zero, at limiting current, the onset of powder deposi- 
tion begins. 

We have observed experimentally that, upon appli- 
cation of a current sufficiently high to cause powder 
deposition, a black deposit does not begin to form until 
after a few seconds' time have elapsed. This lag is due 
to the time necessary to reduce the concentration of A1 
ions to near zero at  the electrode solution interface. 
Initially, a bright metal deposits on the electrode but, 
as the concentration of A1 ions at the interface ap- 
proaches zero, a black powder begins to form. Con- 
sequently, those factors (current density, temperature, 
rate of stirring) that influence mass transport phe- 
nomena influence the formation of both powder de- 
position and particle size. After the onset of a black 
powdery deposition, we have observed that for current 
densities between 300-500 mA/cm2 the deposits tend to 
become metallic again after several minutes of plating. 
This is probably due to an increase in the surface area 
of the electrode which in turn reduces the true current 
density. Thus, the A1 ion concentration at  the surface 
is increased favoring the deposition of larger metallic 
aluminum particles. This view is supported by the 
photomicrographs in Fig. 2 which show that larger 
particles tend to grow as the thickness of the electro- 
deposit increases. 

The aluminum deposits we have studied in this work 
which have exhibited high capacities are a combina- 
tion of very fine black A1 particles overgrown by a 
porous dendritic deposit. Aluminum deposits grown at 
current density below the formation of powdered A1 
exhibit capacities that are an order of magnitude lower 
even though they are dendritic in nature and of the 
same or greater thickness. Capacity measurements for 
the deposition of copper (12) have also shown that a 
steep rise in capacity occurs with the onset of powder 
formation at limiting current. 

The adhesion of these powder deposits is favorable 
for current densities below approximately 500 mA/cm2; 
for higher current density values, the black particles 
fall off the electrode easily. It is therefore necessary to 
maintain a current density in the region where the 
particles will adhere to the aluminum substrate; this 
can be enhanced to some extent by a periodic reversal 
of current for a short duration. 

Conclusions 
1. A nonaqueous organic plating solution has been 

used successfully in electrodepositing aluminum to 
obtain high-surface-area A1 electrodes. 

2. The increased capacity values observed for these 
deposits have been related to the formation of fine 
black A1 crystals which are obtained in the region of 
limiting current density. 

3. Current-voltage curves indicate that the electro- 
deposition of A1 from this electrolyte is probably dif- 
fusion controlled. 
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Electrodeposition of Resin 
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ABSTRACT 

The electrodeposition, under constant voltage, of an emulsion of a poly- 
acrylic resin is studied. The coulombic yield of the process is examined at  
different voltages and for different deposition times. The coating is ana- 
lyzed for iron, and the iron content/coulombs relationship was found to be 
linear. An addition of a small amount of C1- in the bath highly increased the 
iron content of the coating. The role of the electrodissolved anodic metal is 
examined by comparative deposition on steel and platinum. The water con- 
tent of the coating was studied and the "gassing" effect at the anode was 
related to the resistance of the resulting film. 

Electrocoating, as a method of applying primers or trodeposition process is not yet clearly understood, 
finishes on metalic surfaces, has attained wide appli- and the continuous operation of the electrocoating 
cation in recent years. Several patents cover the use tanks still involves many problems. 
of different electrocoating baths and conditions of The composition of an electropainting bath is very 
deposition. However, in spite of the numerous publica- complex. It may consist of resin, pigment, extenders, 
tions in this field, the actual mechanism of the elec- and a crosslinking agent as well as other compounds 
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which give specific properties to the coating. All those 
constituents must be deposited at the same rate or 
special care must be taken to keep the composition 
of the bath constant. The problem is solved mainly 
by special formulation of the bath, so that equal rates 
of deposition are attained. 

Due to the complexity of the electropainting bath, 
and the fact that a knowledge of behavior under sim- 
ple conditions is a prerequisite to the understanding 
of complex technological problems, a relatively simpler 
system of an emulsion of a polyacrylic resin was 
studied. Moreover, the resin undergoes all the reactions 
leading to the deposition of the paint. The resin was 
solubilized in water by use of triethylamine and the 
suspended particles of the emulsions were aggregates 
of polymeric molecules charged by the ionization of 
some carboxyl groups of the molecules located on the 
surface of the particle. 

Tawn and Berry (1) discussed the application of the 
theories of Pauli and Helmholtz to the above systems 
and they stressed the difficulties in studying them in 
terms of fundamental physicochemical properties 
alone. Following their ideas in the present work, the 
relationship among some of the less fundamental vari- 
ables of the electrodeposition process was studied. 
The rest of the variables had to be kept constant and 
this caused some problems when the degree of disper- 
sion was to be kept constant. In the emulsion of the 
resin, there is a wide distribution of particle sizes and 
size/charge ratios. This distribution cannot be exactly 
reproduced and, even for a given solution, changes 
with time. This difficulty can be easily overcome in 
many cases by taking all the measurements within a 
short time interval, but nothing can be done in the 
case where the concentration of the resin is the inde- 
pendent variable. The dependent variable then does 
not depend only on the given concentration, but also 
on the degree of dispersion of the prepared emulsions. 
Consequently, a higher variance is expected. 

This can be clearly demonstrated in Fig. 5. Each 
point of the three lines is the mean of two measure- 
ments with a mean deviation less than 1% and all the 
points of each line come from measurements taken in 
a short time interval. However, the repetition of the 
same experiment, using the same emulsion on three 
different days, produces three distinct curves and this 
must be attributed to the change in the degree of dis- 
persion of the emulsion since all the other variables 
can be considered reproducible. 

Electrode reactions.-The species moving toward 
the anode by the applied electrical field are negatively 
charged colloidal particles of resin (colloid-R) COO- 
and OH-. It is generally accepted that the deposition 
is not due to the immediate discharge of the colloidal 
particles at the anode, and the main arguments are as 
follows: 

1. Deposition can take place on diaphragms inter- 
posed between the anode and the emulsion which do 
not permit immediate contact between the colloidal 
particles and the anode [ Fink and Feinleib (2)]. 

2. If deposition were due to immediate discharge of 
the particles, we would not be able to explain the de- 
position after the first layer is formed, since the par- 
ticles cannot reach the anode any more [Finn and 
Me11 (3)]. 

3. Tawn and Berry (1) reported a delay period be- 
fore deposition could be observed and a progressive 
increase of the concentration of resin in the film ad- 
jacent to the anode (dipped film) during this period. 
This cannot be explained if the particles are imme- 
diately discharged and deposited. 

4. Immediate discharge of the particles should be 
followed by a Kolbe Electrolytic Synthesis producing 
a condensation of the resin ions with an evolution of 
carbon dioxide. Gloyer, Hart, and Cutforth (4) have 
not detected either carbon dioxide evolution at  the 
anode or significant reduction in acid value of the de- 
posited resin. 

ZHEMICAL TECHNOLOGY May 1970 

It is generally accepted in literature that deposition 
is due to the following reactions. 

[ (Colloid-R) C 0 0 l r  Fe [l] 
FeY + 

(Colloid-R) COO- < (Colloid-R) COOH [2] 

Fe" come from electrodissolution of the anode, and 
H+ come from a local drop of the pH after the dis- 
charge and consequent removal of the OH-. 

Fink and Feinlieb (2) and, later, Olsen (5) proved 
that the iron is dissolved in the form of Fez+ by add- 
ing thiocyanate or ferricyanide ions in the bath. The 
same was proved in this work more quantitatively by 
analyzing the coating for Few and Few.  

May and Smith (6) tried to calculate the ratio of 
the amounts deposited, according to reactions [I] and 
[2], from the ratio of the electrical charges involved 
in each of them. The number of coulombs used for re- 
action [I] was calculated from the amount of iron de- 
termined by analysis of the coating. The charges in- 
volved in reaction [21 were calculated from the weight 
of the deposited coating and the acid number of the 
resin. The sum of the two numbers, as above calcu- 
lated, was less than the total number of coulombs used 
for the deposition. They called this difference "unac- 
counted current." 

Results and Discussion 
Iron content of the coating.-A spectrophotometric 

method was used to analyze the coating for iron after 
dissolution with alcohol. The iron was determined in 
alcoholic solutions and in the presence of the resin. 
The number of coulombs used for the deposition was 
calculated from the area under the current/time curve 
obtained by the use of a recorder. 

The lower curve of Fig. 2 shows the weight depos- 
ited us. coulombs relationship, for different deposition 
times. A straight line, followed by a downward curve 
at higher deposition times (i.e., beyond 4 min), is ob- 
tained. The slope of the straight line represents the 
coulombic yield of the deposition. A very small 
increase of the coulombic yield was observed with 
increasing concentration of the bath and a number 
8-12 mg/coulomb was obtained for concentrations of 
2-12% solids. 

The amount of iron us. the number of coulombs re- 
lationship for different times of deposition is linear as 
shown in Fig. 1. Since the coulombic yield is constant 
for different deposition times, a constant concentra- 
tion of iron for different deposition times must be 
concluded. This concentration of iron was calculated 
to be of the order of 0.006%; the bath had a concen- 
tration of 2% solids. The relationship between the 
amount of iron and coulombs was also found to be 
linear for a solution of 12% solids and a similar iron 
concentration was calculated. 

COULOMBS 

Fig. 1. Iron vs. coulombs plot: 2% solids, 60% neutralization 
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0 1 2 3 4 5 6 
COULOMBS 

Fig. 2. Weight vs. coulombs plot: 2% solids, 60% neutralization. 
0, Weight of baked coating; +, weight of unbaked coating. 

The effect of the contamination of the bath with 
foreign anions was studied by adding a small amount 
of NaCl (50 mg/liter) . The iron/coulombs relationship 
was again linear, but the concentration of iron was 
highly increased from 0.006 to 2%. The high concen- 
tration of iron is quite evident by the brown color of 
the coatings obtained. 

Comparative deposition on iron and platinum was 
studied under identical conditions. The rates of deposi- 
tion were found to be the same and identical coulombic 
yields were obtained. The equality of the coulombic 
yields is demonstrated in Table I. A pair comparison 
of the tabulated values must be considered (Fe-Pt), 
since the values for each pair are the result of experi- 
ments conducted under identical conditions (in a short 
time interval). 

Role of iron in the electrodeposition process.-The 
percentage of the total current used to dissolve the 
iron can be calculated from the previous data. Table 
I1 shows the results for different runs. 

Table I. Comparison of the coulombic yields for deposition on 
Fe and Pt 

Conditions: 2% solids ( +  50 mg NaCl/liter) 
80% neutrallzation 
r , m ,  
A &". 
3 min deposition time 

Coulombic yield 
Run No. Fe Pt 

Table II .  Percentage of coulombs used to dissolve the iron 

% Coulombs for iron 

2% solids, 60% neutralization 
12% solids. 60% neutralization 
2% solids. 35% neutralization 
2% sollds ( + 50 mg/liter NaCI), 

60% neutralization 

The percentage of the current used for the iron dis- 
solution seems to be independent of the concentration 
and has a higher value for a lower degree of neutrali- 
zation. 

From the acid number of the resin and the weight 
of the coating, the percentage of the current used to 
deposit the resin, according to reaction [2], can be cal- 
culated. This method of calculation, however, is not 
correct for the following reasons. The emulsion used 
for the electrodepositions consists of colloidal particles 
formed by aggregates of polymeric molecules. The 
charge of the particles is due to ionization of some 
carboxyl groups of molecules which are at the sur- 
face of the particle. However, there is a large number 
of other carboxyl groups which, being in the mass of 
the particle, are not ionized. Consequently, they do 
not take part in the electrodeposition reactions, but are 
deposited because of the deposition of the whole par- 
ticle. 

Tawn and Berry (1) represented the deposited spe- 
cies in the form 

(COOHI, 
where B represents the 

neutralizing base. 
(COOB), 

x, y, and z can have different values depending on the 
ionization constants of the carboxyl groups and the 
base. Water insolubility or coagulation will result from 
an increase in the value of x, with a corresponding de- 
crease in y, and will also be promoted by loss of base, 
i.e. fall in z. The above discussion shows that a particle 
can be deposited even when some of the carboxyl 
groups are still ionized or are neutralized with an 
equivalent amount of base. 

It would be expected, thus, that by adding the per- 
centage of the current used to dissolve the iron plus 
the percentage of the current calculated by counting 
all the carboxyl groups of the resin a number much 
higher than 100 would be obtained. 

This was not verified by the experiments for they 
gave a sum much lower than 100. The difference from 
100 is the unaccounted current reported by May and 
Smith (6).  

Using an average value for the cbulombic yield 
equal to 10, the percentage of the coulombs for the 
resin is calculated as being equal to 19.' The unac- 
counted current, having been calculated equal to 79%, 
shows a very bad efficiency for reactions [I] and [2]. 

In the case of the bath contaminated with chlorides, 
the percentage of electrochemical equivalents for the 
iron was found equal to 72.8 (Table 11). This is much 
higher than the percentage of the electrochemical 
equivalents of the resin calculated in the previous par- 
agraph. That means that the amount of iron in the 
coating is much higher than the one required from 
the stoichiometry of reaction [I], even if we assume 
that this is the only deposition reaction. Consequently, 
questions arise as to the form in which the rest of the 
iron exists in the coating. 

The results shown in Table I proving equal cou- 
lombic yields for deposition on iron and platinum can- 
not be explained by the previous theory. In the case 
of deposition on platinum, a large amount of current 
is used to discharge the chlorine ions producing chlo- 
rine gas. This amount of current does not result in 
any deposition. In the case of deposition on iron, the 
discharged chlorine ions dissolve the anode, producing 
iron ions, which deposit a certain amount of resin. Con- 
sequently, a higher coulombic yield for deposition on 
iron would be expected. 

Sullivan (7) explains the existence of iron in the 
coating as being due to the formation of stable iron 
oxides by the reaction of the ferrous and ferric ions 
with the hydroxyl ions traveling toward the anode. 

Fe+2 + 2 OH- + Fe(OH)2 [31 

Fe+3 + 3 OH- -, Fe(OH)3 [dl 
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The main reaction explaining the deposition of resin 
in all cases is reaction [5]. 

(Colloid - R)COO- + H+ * (Colloid - R)COOH 
[51 

This reaction must be considered as having the form 
of equilibrium, and deposition occurs when [(Colloid- 
R)C00-] [H+] > k, where k is the ionization constant 
of the resin. The drop of the pH close to the anode 
cannot be local, as often reported in literature, and a 
concentration gradient from the anode up to the bulk 
of the solution must be considered. Due to this con- 
centration gradient, a large number of H+ do not take 
part in the deposition reactions but are transferred to 
the bulk of the solution. This is a possible explanation 
of the "unaccounted current" since the current used 
to produce the above H+ does not lead to any deposi- 
tion. 

Tawn and Berry (1) reported a higher concentra- 
tion for the resin in the dipped film. An immediate 
discharge of the particles, as was already discussed, 
cannot be accepted. Consequently, a similar concentra- 
tion gradient to H+ for resin must be considered. 

The delay period reported by Tawn and Berry (1) 
can be explained as the time required for the above 
two concentration gradients to build up. Deposition 
starts when the product [ (Colloid-R) COO-] [H+ 3 be- 
comes greater than k. This also explains the progres- 
sive increase of the concentration of resin in the dipped 
film during the delay period reported by the same au- 
thors and the decrease of the delay period with an 
increase of the applied voltage reported by Yeates (8). 
The higher the voltage, the faster the formation of the 
two concentration gF'adients. 

Finally, the curvature 'of the weight/coulombs curve 
after a long time of deposition, shown in Fig. 2, can 
be explained by the above proposed scheme. After a 
long time of deposition, the anode is almost isolated 
and there is a large potential drop through the film. 
The remaining potential difference is not sufficient to 
maintain the above concentration gradients. Thus, 
[(Colloid-R)C00-] [H+]  <k, and dissolution of the 
film occurs instead of deposition. 

Water content of the coating.-The investigations 
of the water content of the film and the gassing effect, 
which will be discussed later, are of great technological 
importance since the studied variables are directly re- 

3 
2 0 2 5 3.0 3.5 4 0 4.5 5.0 

COULOMBS 

Fig. 3. Water content vs. coulombs plot: 2% solids, 60% neu- 
tralization. 

The plot of the water content us. the number of cou- 
lombs is shown in Fig. 3. An increase in the water con- 
tent of the coating is observed with an increase in the 
number of coulombs at different deposition times. 

The same work was repeated using a 12%-solids 
bath. The same increase of the water content was ob- 
served with increasing deposition time, but the actual 
numbers were higher (almost double). 

The conclusion from the above results is that a film 
with lower water content can be obtained by using a 
lower concentration of resin and a shorter deposition 
time. 

Gassing e8ect.-Tasker and Taylor (9)  and, more 
recently, Curtis, Pugh, and Taylor (10) reported a peak 
in their resistance of the film/weight deposited plots. 
The experiment was conducted under constant current 
conditions. They examined the film with the aid of a 
microscope and proved that the peak occurred at the 
point at which the film originally laid down disrupted 
in order to allow the trapped anodic gas to escape. 

Similar peaks were observed in the current/time 
curves under constant voltage conditions, as shown 
in Fig. 4. The peaks are inverted since the current is 
inversely proportional to the resistance. 

lated to such qualities of the coating produced as ap- 
BOV pearance and resistance. For example, the higher the 1QOv / 11Av 

water content of the film, the hlgher the posslblllty of 
gettlng pinholes in the coating because of the escape 

-L L -  

of water bubbles durlng the baking process. I - 1  
The water content of the film was calculated as the -- -. -.-- - - -- -4.- L -L 

difference between the weight of a baked and an un- 
baked film under identical conditions. The unbaked 
film was dried by puttlng it in a desiccator under 
vacuum conditions. 

Figure 2 shows the weight/coulombs plot of the 
baked and unbaked film for different times of deposi- 
tion for a 2%-solids bath. It is interesting to note that 
even the weight of the unbaked film changes linearly 
with the number of coulombs. A problem arising here 
is that the difference in the weight of the unbaked and 
baked film, which gives the amount of water in the 
film, can be of similar magnitude as the variance of 
the distributions of the two numbers used for the sub- 
traction. Consequently a great variance for the dis- 
tnbutlon of the water content is exuected. makine the - 
results inconclusive. 

The above problem was solved by drawine the re- 
gresslon hnes-and taking the dlfferekces between cor- 
responding points. Each point of the regression line 
represents the mean of the distribution of the ~ndivid- 
ual measurements, whose variance is eliminated in 
this way. A large number of polnts were used for the 
construction of the two regression llnes in order to 
have a higher degree of confidence. 

The values of the water content of the film at differ- TIME 

ent times of deposition were calculated from Fig 2. Fig. 4. Gassing effect a t  d~fferent voltages. 
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and for deposition on different metals. The iron content 
50 of the film, for deposition on steel, was proved to be al- 

most constant for different concentrations of resin and 
different deposition times. 

40 The electrochemical current used to dissolve the 
a iron was proved to be a small percentage of the total 
Z 
F 30 current. The iron content of the film and the percent- 
Q age of the total current used to dissolve the iron were 
0 
o highly increased after a small contamination of the 
a 20 bath with chlorides. The role of the ferrous and ferric 
z ions in the electrodeposition reactions is not as yet 

clearly understood. More work must be done in order 
1 0  to elucidate the exact form of iron in the coating. 

A small amount of water was found in the film. This 
increases with deposition time and is higher for higher 

0.0 
00 20 40,,_, ,6: 80  100HO concentrations of resin. 

A ruature of the film due to the escaue of traaaed 
V U L l  J 

anodic gas  was observed at a certain time during t h e  
Fig. 5. Weight vs. voltage for 3 min deposition time: 4% solids, deposition.  his rupture occurred for higher coneen- 

60% neutralization. 0, First day; ..-second day; $, third day. trations and voltanes greater than 80. In addition, an 
increase in the regstance of the film obtained was'ob- 

In Fig. 5, the weight of coating is plotted US. the cor- served with a voltage greater than 80. 
responding voltage of deposition for 3 min deposition 
time. The three curves represent three runs at three Manuscript received Sept. 29, 1969. 
different days. An almost linear increase for each Any discussion of this paper will appear in a ~ i ~ -  
curve is observed followed by a curvature at 80-llOV. cussion Section to be published in the December 1970 
This curvature of the weightholtage plots starts al- JOURNAL. 
most at  the same voltage at  which the resistance REFERENCES 
"peaking" starts to appear. Possibly, there is a con- 
nection between the two phenomena. 

After about 90V, a higher voltage deposits a lower 
weight for the same deposition time (3  min). That 
means that the higher the voltage, the higher the re- 
sistance of the deposited film. This can be considered 
a justification for the high voltages used in technical 
applications (100-300V). In the above experiment, a 
4%-solids solution was used. For lower concentra- 
tions the above gassing effect was not observed, 
whereas for higher concentrations it was even more 
clearly evident (Fig. 5) .  

Conclusions 
The coulombic yield of the electrodeposition was 

found to be constant for different voltages and at dif- 
ferent deposition times. Almost constant coulombic 
yield was found for different concentrations of resin 
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Preparation and Evaluation of Spreading 

Resistance Probe Tip 
E. F. Gorey, C. P. Schneider,and M. R. Poponiak 

IBM Components Division, East Fishkill Facility, Hopewell Junction, New York 

ABSTRACT 

The spreading resistance technique used to evaluate various types of silicon 
structures is dependent primarily on the probe point. Data are presented on 
point preparation and loading of different point materials. A method for 
preparation and evaluation of point characteristics for effective use on thin 
silicon structures is described. 

The spreading resistance technique (1-3) is the most 
versatile technique used to characterize impurity pro- 
files of multilayered structures. 

An improved spreading resistance probe (4 )  which 
utilized balance beam probe arms, weight loading, and 
controlled velocity of impact emphasized contact re- 
producibility as one of its most important parameters. 
It has been implied in the previous papers that a 

'spreading resistance probe will function properly if 
a particular type of probe point is used. 

The most critical part of the technique is the probe 
point. It must have the capability of making thousands 

of measurements without deteriorating and must main- 
tain certain characteristics that make it useful in mea- 
suring both n- and p-type silicon structures. 

This paper describes a method of preparing and 
evaluating a probe point for its use in the spreading 
resistance technique. 

Probe Point Characteristics 

A good probe point has the following characteristics: 
the effective penetration of the probe into the silicon 
surface must be kept to a minimum, and the spread- 
ing resistance measured in the forward and reverse 
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Fig. 1. Spreading resistance as a function of loading for a new 

K-75 point or received from vendor. Fig. 2. Spreading resistance as a function of loading for a K-75 
point prepared by 3 sec abrasion. 

direction of current must not differ by more than 5% 
of the average. Experimental data indicate that a 
probe can function on n-type silicon but can give in- 
consistent results on p-type. 

An experiment designed to study these characteris- 
tics and the behavior of n- and p-type silicon wafers 
was performed on 3 wafers. A 23.3 ohm-cm p-type 
mechanical polished bulk wafer was used to indicate 
when good contact was achieved. Good contact exists 
when the spreading resistance in the forward and re- 
verse direction of current is within 5% of the average. 
A 1.88 ohm-cm n-type bulk wafer was used as a con- 
trol wafer. A 3.0 ohm-cm n-type epitaxial layer of 
2.0 pm thickness on a 0.001 ohm-cm n-type substrate 
was used to indicate effective probe penetration. In 
the range of loading where the ratio of the spreading 
resistances of the epitaxial wafer to the n-type bulk 
wafer remains constant, no effective penetration is 
considered to exist. 

Spreading resistance was plotted as a function of 
probe point loading. All measurements were made 
utilizing the spreading resistance apparatus described 
in Ref. (4 ) .  Figures 1 through 4 show the results ob- 
tained from tungsten-ruthenium probe points with tip 
radius of 0.0007 in. 

Figure 1 represents the results of a point as received 
from the vendor.' From 10 to 15g loads, bad contact is 
made on the p-type wafer. Good contact is made on 
both n-type wafers and no effective penetration exists. 
At 20g, the ratio of the two n-type wafers now changes 
and effective probe penetration is observed. The dif- 
ference between the forward and reverse spreading 
resistance from the average on the p-type sample is 
40%. Greater effective probe penetration of the epi- 
taxial layer and good contact on the p-type wafer is 
observed at 25g loading. Deep effective penetration of 
the thin epitaxial layer and good contact on the p- 
type wafer was observed at 35g loading. From results 
obtained, it can be seen that at no one loading of the 

probe point did the point exhibit good contact and no 
effective penetration. 

The probe in Fig. 2 was prepared by an abrasive 
blasting of 3 sec. The spreading resistance probe point 
is prepared by an abrasive blasting technique in the 
following manner. A series of probe points to be pre- 
pared are positioned in a holder with their points ex- 
posed. An air abrasive unit is then used to abrade the 
point with 27.5 pm aluminum oxide with a 50 psi pres- 
sure. The unit has a 1/16 in. nozzle orifice. 

The nozzle of the unit is placed approximately 1 in. 
from the probe points. After abrading, each probe is 
immersed in trichlorethylene for 5 min. The probes 
are then wiped with cotton swabs saturated with ace- 
tone. This procedure gives the probe tips the proper 
finish to make good contact to the sample. 

It was evident that the abrasive blasting technique 
changes the results significantly. Good contact was 
made on the p-type wafer with only log loading. This 
probe point will operate properly if used between 10- 
15g loading. 

Figure 3 shows the results of abrading for 5 sec. Ef- 
fective penetration starts at 15g. The probe point 
represented in Fig. 4 was the result of abrasion for 10 
sec. In Fig. 3 and 4, the tips exhibited large spikes due 
to the abrasion which caused deep effective penetra- 
tion. 

Figure 5 shows the results of an osmium alloy probe 
point with a tip radius of 0.0007 in. 2 Effective penetra- 
tion did not occur until 35g, but poor contact was 
made to the p-type wafer. This point will not meet all 
the requirements of a good point. Figure 6 represents 
a ruthenium alloy probe point with a tip radius of 
0.0007 in. h h i c h  exhibited characteristics similar to 
the osmium point. 

A convenient method to insure a good probe point 
is as follows. Measurements are made on 3 wafers: 
No. 1, a thin (- 2.0 pm thick) n-type epitaxial layer of 

? Fidelitone $741 PIVOT. osmium alloy. 
Fidelitone #347 PIVOT, ruthenium alloy 1 Fidelitone K-75 PIVOT, tungsten ruthenium alloy. 
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Fig. 3. Spreading resistance as a function of loading for a K- 
75 point prepared by 5 sec abrasion. 
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Fig. 4. Spreading resistance as a function of loading for a K-75 
point prepared by 10 sec abrasion. 
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Fig. 5. Spreading resistance as a function of loading for a #741 
osmium alloy point. 
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Fig. 6. Spreading resistance as a function of loading far a #347 
ruthenium alloy point. 
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Fig. 9. Concentration vs. depth profile of a thin n/n+ epitaxial 
layer measured with three different K-75 probe points. 
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0.0005 in. resulting in depth increments of 0.20 em. 
Three probe points, using the apparatus described in 

Fig. 8. Ratios of spreading resistances of n/n+ to n-type bulk Ref. (4), were used to determine concentration vs. 
wafers and spreading resistances in the reverse direction to the depth profiles. Probe point 1 was considered to have 
forward direction of current as a function of loading for an un- minimal effective penetration and probes No. 2 and 3 
prepared K-75 probe point. had increasing effective penetration, respectively. Vis- 

ual inspection of the photographs of the three points' 
some on an N+ substrate exhibiting a certain spread- indentations on the bevel corroborate this finding. 
ing resistance; No. 2, an n-type bulk wafer with ap- Probe point NO. 1 was the only probe that would 
proximately the same spreading resistance as wafer qualify as a good point using the method described 
1; and No. 3, a p-type mechanical polished bulk wafer previously. 
of - 20.0 ohm-cm. Starting with a probe point loading Discussion 
of 5.0g, the ratios of the spreading resistances of the The method has been developed that produces probe n/n+ wafer to the nitype bulk and the spreading re- 
sistances in the reverse direction of current to the for- points to be used in the measurement of spreading re- 

ward direction of current of the p-type wafer are sistance of silicon with good precision. The require- 

plotted as a function of loading. 
ments that a probe point must have are little effective 

Figure represents a probe point which will be penetration and good contact. A probe point with, and 

operable in the range of 9-15g loading. The selection 
only with, these characteristics enables concentration 

of the load for proper operation is limited to the re- 
VS. depth profiles of thin layers of any type structure 

gions where both ratios have a slope of 0. For com- to be measured' 
parison, Fig. 8 presents the same ratios for the probe Acknowledgments 
point used in Fig. 1. In this case, the regions where ~h~ authors wish to acknowledge the help of Mr. 
the slopes are 0 do not coincide for any loading of the p, A. schumann, J ~ . ,  for his helpful discussions in 
probe point indicating that the point cannot be used preparation of this paper and Mr. P. Amato for some 
effectively in a spreading resistance apparatus. of the experimental data presented in this paper. 

At this point, the loading should be set at the mid- 
point of the operating range. Previous experience in- Manuscript submitted Sept. 15, 1969; revised manu- 
dicated that final conditioning of the point required script received Jan. 26, 1970. This was a Late News 
repeated use under operating conditions to insure Paper presented at the New York Meeting, May 4-99 
stability. Experimental data showed that a minimum 1969. 
of 250 measurement cycles are required to stabilize discussion of this paper will appear in a ~ i ~ -  
the probe point. Stabilization is a wearing-in process cussion Section to be published in the December 1970 
that removes probe point spikes that are not strong JOURNAL. 
enough to withstand repeated operations. These mani- REFERENCES 
fest themselves by rapid changes in the spreading re- R, G, and D, H. Dickey, This Journal, 113, 255 
sistance. (1966). 

Figure 9 is a test profile of a n/n+ epitaxial wafer. 2. E. E. Gardner, uSymposium on Manufacturing In- 
The wafer was beveled at a 1" angle and spreading Process Control and Measuring Techniques for 
resistance was measured on the bevel at  intervals of Semiconductors," Phoenix, March 9-11, 1966. 
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Electrical Properties of Flash Evaporated Thin Film 
CdSe-CdTe Alloys 

Tung H. Weng 
School of Engineering, Oakland University, Rochester, Michigan 

The work described in this paper was undertaken 
to determine the feasibility of forming thin film solid 
solutions of CdSe and CdTe by means of flash evapora- 
tion techniques and evaluate their electrical proper- 
ties. One of the outstanding features of this alloy is 
the continuous variation of energy band gap and elec- 
trical properties with the composition of the constit- 
uent compounds. This means that a semiconductor 
with specific properties can be prepared simply by 
changing the composition. Such a wide range of prop- 
erties would undoubtedly widen the scope of applica- 
tion which could not be achieved otherwise with a 
simple compound semiconductor. 

Film preparation.-The apparatus used for flash 
evaporation is similar to that suggested by Muller (I), 
but with different design in the part of the powder 
feeder assembly as shown in Fig. 1. Instead of using 
mechanical vibration as in Muller's system, the powder 
is fed into the evaporator by a relay-operated plunger. 
When the relay is energized or de-energized by a vari- 

1 
Substrate 

'I Powder 
* p u t  

Vapor output 

Evaporatar a 
Fig. 1. The flash evoporotion system 

able square wave generator, the plunger strikes the 
reservoir so that the powder falls through a small 
opening located at the bottom of the reservoir into the 
funnel of the evaporator. This method provides a con- 
tinuous and uniform rate of feeding which is essential 
if a homogeneous film with the original composition is 
to be obtained. One of the advantages of this system is 
that the rate of feed, and hence the rate of deposition, 
can be easily controlled by merely changing the fre- 
quency of the generator when the other physical set- 
tings, such as the diameter of the opening and the 
weight of the plunger, remain unchanged. This is de- 
sirable because it provides a simple means for con- 
trolling the crystalline structure as well as the proper- 
ties of the deposit which is known to depend heavily 
on the deposition rate. 

A folded molybdenum sheet was used as substrate 
heater. The glass substrate was inserted between the 
two sheets and clamped to the heater by metal screws. 
A Chromel-Alumel thermocouple for measurement of 
substrate temperature was placed adjacent to the sub- 
strate heater and made direct contact to the glass. The 
substrate was located about 8 in. from the evaporator 
with the hope that such a large distance between sub- 
strate and evaporator would minimize the heating 
effect generated by the heat radiating from the evapo- 
rator and produce a uniform thickness of the deposit. 
The vacuum system used is a 4 in. diffusion pump sys- 
tem with a liquid nitrogen trap. The pressure was 
maintained at 5 x 10-0 Torr during the entire evapora- 
tion. The evaporator which was designed specifically 
for the flash evaporation of compound semiconductors 
was kept at 1200°C. This assures a rapid and complete 
evaporation of each grain of the CdSe-CdTe powder 
which reaches the heater source. 

CdSe and CdTe powders having a purity of 99.999% 
were supplied by Semi-elements, Inc. These powders 
were well mixed and sieved through a 0.088 mm open- 
ing before being put into the reservoir of the powder 
feeder assembly. For a given physical setting of the 
assembly, the rate of feed was approximately 10 mg/ 
min which produced a 5 A/sec deposition rate. A lower 
rate was also used, but the film resistivity was substan- 
tially higher than those obtained a t  5 A/sec. This is 
presumed to be caused by the absorption of oxygen 
during the crystal growth even though the vacuum 
pressure was in the 10-6 Torr range. In order to ob- 
tain a wide range of solid solutions, the composition 
used in this investigation varied from 10 to 90% of 
CdSe by weight. The substrates used were Corning's 
Type 7059 glass with dimensions of 3 in. x 1 in. x 0.048 
in. Microslides with the same dimensions as the 7059 
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glass were also used. It was found that no significant 
difference in the characteristics of the deposited films 
was observed when these two types of glasses were 
interchanged. The substrates were cleaned, baked, 
and preheated to the designated temperature before 
evaporation took place. A set of four films with differ- 
ent substrate temperatures ranging from 50" to 200°C 
was prepared at a single pump down. This was in- 
tended to reveal the properties of the films as a func- 
tion of the substrate temperature without being affect- 
ed by other parameters which could conceivably have 
a pronounced effect on the properties of the deposits. 
A lower substrate temperature could not be obtained 
because of the heat radiating from the evaporator even 
with the substrate located far from the heater source. 
At higher substrate temperatures, however, the film 
resistivity was so high that the electrical measurement 
became increasingly difficult to perform and in many 
cases a thicker film could not be obtained. This is be- 
lieved to be due to either re-evaporation or to a low 
sticking coefficient at a higher temperature. 

Film properties.-The lattice type and constants of 
the CdSe-CdTe films were determined using x-ray 
diffraction. The diffractometer patterns were taken at 
room temperature and the output showed a single 
peak with a Bragg angle which varied with the com- 
position of the constituent compounds. No trace of 
either CdSe or CdTe was detected regardless of their 
composition and preparation conditions. Since the as- 
deposited films showed a strong preferred orientation 
which would not,give the information needed for an 
accurate result, the diffraction of randomly oriented 
powder was then performed. This was done by first 
stripping the films froni their substrates and then 
pulverizing them before x-ray data were taken. Based 
on diffraction from various [hkl] planes, it was pos- 
sible to determine their crystal type and lattice pa- 
rameters rather accurately. The results are tabulated 
in Table I, and are similar to those obtained by Stucks 
and Farrell (2) for pure CdSe-CdTe alloys. The film 
containing 50 w/o (weight per cent) of CdTe could 
not be positively identified. This presumably was due 
to the presence of both hexagonal and cubic structures 
as reported elsewhere (-2k There were no notable 

Table I .  Lattice type and constants of thin film CdSe-CdTe alloys 

Percentage of CdSe in Hexagonal structure Cubic structure 
CdSe-CdTe alloys a A c A a A 

changes between the interplanar distance for a given 
composition when the substrate temperature was 
changed from 50' to 200°C. The relative intensity 
distributions for the powdered CdSe-CdTe alloys were 
estimated by measuring the peak heights directly on 
the diffractometer tracings. These data showed that 
the intensities for [002] (hex.) and [ I l l ]  (cubic) direc- 
tions' are stronger than other reflections. These were 
also the preferred orientations of the films as deposited 
where a single peak was observed. 

The carrier mobility and conductivity of CdSe-CdTc 
films with thickness of about 2000A were determined 
using the Hall effect measurements. The dimensions 
of the Hall sample were 3/16 in. x % in. with evapo- 
rated indium films as ohmic contacts. All films regard- 
less of their composition were N-type with carrier 
mobility and concentration varying with both composi- 
tion and substrate temperature. In general, both mobil- 
ity and carrier density decreased with increasing sub- 
strate temperature and varied appreciably from one 
set of films to another. Since reproducible properties 
of these films cannot be obtained without strict con- 
trol of the preparation conditions, no attempt was 
made to pin down their electrical properties as a func- 
tion of the preparation conditions. However, the mobil- 
ities of the films containing 25-50 w/o of CdSe pre- 
pared at the substrate temperature around 50°C were 
in the vicinity of 30 cmZ/V-sec. This figure is com- 
parable to those of pure CdSe films (3).  

On the basis of experimental results, one concludes 
that the flash evaporation technique can indeed be 
used to form polycrystalline thin film solid solutions 
of CdSe and CdTe and similar alloys (4) .  This tech- 
nique offers simplicity and could be easily adopted for 
epitaxial growth of these alloys onto various single- 
crystal substrates, provided that suitable growth con- 
dition could be established. One of the immediate ap- 
plications of these thin film alloys is in the area of 
thin film transistors. These have been fabricated suc- 
cessfully (5) and showed similar characteristics as 
CdSe and CdTe insofar as the stability and frequency 
response are concerned. 

Manuscript submitted Sept. 10, 1969; revised manu- 
script received ca. Jan. 26 1970. This was Paper 179 
presented at the Detroit ~ e k t i n g ,  Oct. 5-9, 1969. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1970 
JOURNAL. 
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Porosity in Electrodeposited Gold- Alumina Alloys 

E. S. Chen and F. K. Sautter 
U. S. Army Watervliet Arsenal, Watervliet, New York 

Porosity is an important factor which affects the ductility (3, 4) of materials. However, it is frequently 
properties of all materials. In recent years, the em- overlooked that test materials inherently contain pores 
phasis of many investigations was on the effect of as a consequence of the fabrication process. This is 
porosity in relation to fracture ( I ) ,  creep (2), and particularly true in the case of dispersion strengthened 
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alloys regardless of whether the manufacturing process 
is one of powder technique or electroforming. This 
report presents the results of a study on the porosity 
in electroformed Au-A1203 alloys before and after 
high-temperature heat treatment and the attending 
implications of porosity in the creep strength of these 
alloys. 

Experimental 
Electrodeposited Au-A1203 alloys were prepared 

from solutions containing 

KAu (CN) 2 10 g/liter 
KCN 10 g/liter 
a-A1203 (1.0~) 2-25 g/liter 

using the techniques reported by Sautter (5). The 
plating was conducted at a pH of 10.5, current density 
of 3.5 mA/cmz, and temperature of 60°C using pure 
gold as soluble anodes and electropolished copper tub- 
ings, 0.4 cm diameter, as cathodes. The solutions were 
agitated by Teflon-coated magnetic stirrers. Only one 
plate was prepared from each solution. For a cathode 
with a total surface area of 10 cmz, the thickness of 
the deposit was on the average 180p after 16 hr of 
plating. Tubular Au-A1203 alloy samples are obtained 
on removing the copper substrate by dissolution in 
50% HNO3. 

The porosity in our electroformed alloys was studied 
through density measurements since such studies are 
commonly used to measure residual porosity in sin- 
tered materials and are also applicable to studying 
porosity in dispersion-hardened alloys (6) .  The density 
of Au-A1203 samples weighing 1.5g each were deter- 
mined with an immersion technique using an analyti- 
cal balance with a sensitivity of 0.1 mg. The immersion 
solution was doubly distilled water with added Triton 
X-100 surfactant to lower the surface tension to 35 
dynes/cm thereby reducing solution damping effects. 
The precision of the density measurements is better 
than f 0.03 g/cm3. The density for each sample was de- 
termined at room temperature before and after an- 
nealing for 1 hr at 1000T in air. The A1203 content 
in the alloy specimens was determined gravimetrically. 

In the course of preparing the alloy samples for 
density measurements, the observation was made that 
all annealed samples show permanent length increases. 
This unique behavior in the electrodeposited Au-A120:~ 
alloys was further investigated with a Leitz dilatom- 
eter, using a heating rate of 2T/min. 

Results 
Typical results of the density measurements as a 

function of A1203 content are shown in Fig. 1. The up- 
per curve shows the density of the as-plated alloy to 
be a linear function of oxide volume per cent (v/o) 
and that the measured densities would superimpose 
on the theoretical values (not illustrated) predicted 
by the rule of mixtures using the densities of pure 
gold and aluminum oxide as 19.3 and 3.97 g/cc, respec- 
tively. The lower curve shows the effect of the heat 
treatment. The initial decrease in density is very pro- 
nounced up to an oxide concentration of 1.5 v/o at 
which point the density appears to vary linearly with 
further increases in oxide contect. Figure 2 shows the 
expansion behavior typical of the Au-A1203 alloys 
tested. The curve shows the linear expansion us. tem- 
perature of an alloy specimen 1.0 cm long containing 
10.5 v/o lc A1203 particles against a 5.0 cm pure gold 
reference. Distinct discontinuities in the expansion- 
temperature curve were observed at  240", 330°, and 
450°C, indicating the release of different gas impuri- 
ties from the metal matrix as well as adsorbed impuri- 
ties from the surface of the oxide particles. Impurity. 
analysis using mass spectrometry showed that the 
composition of the evolved gas was mainly hydrogen 
and water and that gas evolution commences at about 
300°C. 

Discussion 
The difference between the densities of the plated 

alloys before and after heat treatment can be attrib- 

OXIDE CONTENT V0L.X 

Fig. 1. Density as a function of volume per cent oxide in Au- 
A1203 (1.0~) alloys. (Upper c u r v w s - p l a t e d  alloys; lower curve- 
annealed alloys, 1 hr a t  lM#)"C.) 
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Fig. 2. Expansion of Au-A1201 (l.Op, 10.5 v/o) with tempera- 
ture for a heating rate of Z0C/min. 

uted to the presence of adsorbed impurities on the 
surface of the oxide particles. These impurities may be 
water, hydroxyl groups, or organic additives present 
in the plating electrolyte and are codeposited with the 
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oxide particles. It has been calculated that an adsorbed have qualitatively studied alloy samples which were 
monolayer on powders with a specific surface area of heat treated to produce porosity followed by cold 
100 m2/g represents an impurity level of 5-10 v/o (7). working, extruding, and wire drawing whereby the 
The adsorbed monolayer occupies little volume in the density approached 99.9% of the theoretical value only 
condensed state. As such, the as-plated density should to find that subsequent annealing will restore the 
not deviate from the theoretical value; however, gasifi- porosity. This effect is a consequence of residual gases 
cation of the impurities at high temperatures intro- which can be eliminated only by completely melting 
duces porosity resulting in a subsequent decrease in the sample. In terms of high-temperature properties, 
alloy density. A simple calculation can illustrate this the important criterion is therefore no longer the 
point more clearly. Consider an alloy sample contain- nucleation but the growth of existing pores that will 
ing 8 v/o oxide that is annealed at 950°C. The la determine the creep strength of these dispersion 
A1203 powder has an estimated specific surface area of strengthened alloys. The presence of nonassociated 
2 m2/g. At 950°C, the gasified impurities build UP pores anchored by uniformly distributed oxide par- 
sufficient pressure to cause irreversible deformation in ticles will require creep deformation to be accompanied 
the alloy. The resulting pore volume can be estimated by the growth of these pores. Thus any gaseous im- 
by neglecting the effects of surface energy and assum- purities which can lower the internal metal surface 
ing the ideal gas law holds. Using the pressure P = 72 energy must also be considered. The gasification of 
psi or 4.9 atm which is the stress at zero strain impurities, particularly that of water, at the indicated 
(threshold stress for creep deformation) for a gold temperatures is in general agreement with the findings 
alloy containing 8 v/o oxide (8), T = 1223"K, R = of other investigators (9), who deduced that surface 
82 cc atmpmole and 0.00016/18 moles of water, the hydration does occur on suitable parts of the ar-ALOj 
pore volume is estimated to be 0.18 cc or 18 v/o. This surface and that ignition to 400°C results in the de- 
compares favorably with our experimental value of hydration of physically bound water, while ignition 
16.4 v/o measured at a slightly higher temperature of above 400°C eliminates chemically bound water. Ad- 
1000T. In view of the crude nature of the foregoing ditional work is in progress using differential thermal 
calculation, the significance of the illustration should analysis techniques to gain insight on the dehydration 
not be attached to the agreement obtained but rather and gasification of adsorbed impurities in these alloys. 
to the probability of pore formation proceeding in this Manuscript submitted Aug. 29, 1969; revised manu- manner. The initial sharp decrease in density of the script received Jan, 28, 1970. 
heat-treated alloys is difficult to interpret without 
further investigation; however, one possible explana- Any discussion of this paper will appear in a   is- 
tion is that should the relative degree of oxide particle cussion Section to be published in the December 1970 

agglomeration in the plating solution be greater when REFERENCES 
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the effects of particle agglomeration entirely, we are 6. P. Bonnet, H. Kellerer, G. Piatti, and H. W. Schlei- 
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achieve optimum oxide dispersion. Science Research, Vol. 4, p. 74, Plenum Press 
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ABSTRACT 

The chemical approaches to the approximate prediction of band gaps of 
binary inorganic semiconductors and insulators have been briefly reviewed 
with special emphasis on relatively recent work. These approaches involve 
establishment of correlations between band gaps and various other quan- 
tities, e.g. heats of formation, bond energies and electronegativities, etc. It 
has been shown that some of these correlations provide semiquantitative 
means for the estimation of band gaps of several materials for which it is 
either too difficult or impossible to compute accurate band gaps on the basis 
of methods of theoretical physics. The possible theoretical foundations of 
some of these correlations, as examined previously, have also been presented. 
Some of the recently proposed correlations, e.g. between band gaps and heats 
of formation per equivalent, even though rough, have universal validity in 
that they are applicable to all types of binary inorganic compounds covering 
a wide range of ionicity, crystal type, and band gaps. 

It is generally recognized that the methods of theo- 
retical physics are either inadequate or cumbersome 
for computing the width of forbidden gaps of all but 
the simplest semiconductors, e.g. Ge. The width of the 
forbidden gap is, of course, an extremely important 
parameter for the case of semiconducting compounds 
since it constitutes the basis for the calculation of band 
structure and the computation of the number of intrin- 
sic carriers, and other properties. This situation has 
prompted a number of investigators to predict, albeit 
approximately, the band gaps of semiconductors by 
chemical approaches involving a variety of correla- 
tions (1-8). For example, band gaps have been related 
to heats of formation per mole ( I ) ,  heats of formation 
per equivalent (7), electronegativities (31, atomic 
numbers (6), heats of atomization per atom (5), single 
bond energies (41, and average bond energies (8). 
Many of these correlations are purely empirical in 
nature. In some cases, however, attempts have been 
made to ~ r e s e n t  some theoretical justifications (1. 5. 

cluded in this article since their work has already 
been reviewed previously in some detail (10). 

Correlation of Band Gaps to Various Quantities 
It was demonstrated by Ruppel, Rose, and Gerritsen 

(1) that band gaps, E,, of several semiconductors and 
insulators lie between one and two times th@ heats of 
formation per mole of the corresponding compounds 
(Fig. 1). It was pointed out (71, however, following 
Sanderson (21), that in correlations of the type shown 
in Fig. 1 the thermodynamic data must be "normal- 
ized," i.e, the heats of formation should be plotted as 
per equivalent (i.e. neither as per mole nor as per atom 
but as per atom equivalent). This correlation (Fig. 1) 
was extended to several more compounds by including 
this concept of normalization (7 ) ,  and the results are 
shown in Fig. 2. It is clear from Fig. 2 that, roughly, 
a very large variety of semiconductors and insulators 
obey the relation: 

Eg = 2 AHe [1I . ,  . 
8-10). 

the present article, an attempt is made to present where AH, is the heat of formation per equivalent. For 

an outline of the more significant of these approaches the case Of polyatomic formed between 
with special emphasis on relatively recent work. ~t is polyvalent ions, it is particularly glaring that  a able 
assumed that the reader is familiar with the qualita- 1) the proposal of Ruppel et al. (1) is not sustained, 
tive description of the band theory of solids as pre- whereas Vijh's relation (Fig. 2) gives rather satisfac- 
sented, e.g. in a recent lucid article (11). other excel- tory predictions of approximate values of the band 
lent articles on the band theory of solids, at a rela- gaFi ~ T ~ ~ ~ e ~ ~ i i o n  proposed by Hooge 3), band tively elementary level, are also available in the gaps of several binary compounds may be satisfactorily literature (2,3, 12-16). 

It may be added that the fundamental contribu- estimated from electronegativities by means of an 

tions of M~~~~~ and Pearson (17), Goodman empirical equation. This correlation (3) does not, how- 

Suchet (19), and Welker (20) to the subject of pre- ever~ polyatomic compounds. 

diction of semiconductivity in materials are not in- In a very interesting paper, Manca related the single 
bond enereies of several compounds, calculated by 

Electrochemical Society Active Member. Pauling's empirical equation (22), to their band gaps, 
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Fig. 1. Correlation between band gaps and heats of formation 
(standard statel per mole for several compounds, after Ruppel, 
Rose, and Gerritsen Lt). 

Table I 

ER (Ruppel Es (Vilh). E. (experi- 
Compound et al.),  eV eV mental), eV 

through an empirical relation of the type: 

E, = a (E, - b )  = 2 ( E ,  - b )  [21 

where E, is the band gap value; E, is the single bond 
energy; a and b are constants characteristic of a given 
class (e.g. A I V  BIV, A 1 I 1  B V ,  etc.) of semiconductors. 
For the compounds examined by Manca, the value of 
a is roughly equal to 2. Manca's results showing the 
validity of Eq. [2] for several compounds have been 
presented in Fig. 4. In another paper, Bailly and Manca 
(5) have shown that for several compounds the fol- 
lowing relation is obeyed: 

Here AGS is the free energy of sublimation per atom 
of the semiconducting compounds and and % are 
parameters characteristic of each series of semicon- 
ducting material. It may be seen from Fig. 5  that Eq. 
[3] holds for a typical series of compounds. Bailly and 
Manca have also analyzed the factors that determine 
the magnitude of parameters and B for several series 
of inorganic compounds ( 5 ) .  

AH, a t  2SWC,  eV 

Fig. 2. A plot of band gaps vs. heats of formation (standard state) per equivalent for a large number of inorganic binary compounds (7) 
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Fig. 3. Hooge's (3) relationship between band gaps and a func- 
tion of electronegativities, X, for some semiconductors and insula- 
tors. 

SINGLE BOND ENERGIES, k cal. 
Fig. 4. Manca's correlation between single bond energies, as 

estimated by Pouling's method, and band gaps for several series 
of inorganic substances (4). 

All the foregoing correlations (Fig. 1-5) have a 
serious limitation in that they are empirical in nature. 
Further, most of them (Fig. 1, 3-5) are restricted to 
certain special classes of compounds and lack universal 
applicability. However, the relationship presented in 
Fig. 2 is an exception in this particular respect; i.e. it 
has general applicability. A point that may be em- 
phasized here is that most of these correlations are 
rather approximate in nature. 

Recently, Vijh (8) has presented a correlation (Fig. 
6) between average bond energies and band gaps, E,, 
of several inorganic binary compounds. In fact it has 
been shown that Manca's Eq. [2] is applicable to a 
large variety of compounds (Fig. 6)  if E, in Eq. [21 is 
assumed to denote an average bond energy as calcu- 
lated by a thermochemical procedure, instead of rep- 
resenting a single bond energy value. I t  is important 
to note that this correlation (Fig. 6) is not restricted 
to some particular class of semiconductors and is in 

AG', k cat / mole 
Fig. 5. A typical plot of free energy of sublimation per atom 

against band gaps for a given series of semiconductors, as pre- 
sented by Bailly and Manca (5). 

I , r ,  , , , , , , , . I  
0 1 2 3 4 5 6 7 8 3 0  

BOND ENERGY, aV 

Fig. 6. A plot depicting correlation of average bond energies 
with band gaps for a wide range of inorganic binary compounds. 
Bond energies for CdSe, ZnTe, InN, ZnSe, ZnS, and A IN are single 
bond energies estimated by Pauling's empirical equation since re- 
liable thermodynamic data are not ovailoble for calculation of 
average bond energies (8). 

fact a general one and includes compounds which 
cover the following spectrum of behavior: 

(i) Inorganic compounds which range from highly 
covalent (Sb2S3) to those which are highly 
ionic (NaF). 

(ii) Semiconductors and insulators representing a 
rather large range of band gap values, e.g. 0.5 
to 12 eV. 
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(iii) There are several substances in Fig. 6 (and 
Table I) which are polyatomic binary com- 
pounds formed between polyvalent ions, e.g. 
Sb&, Bitsa, A1203, TaeO:,, etc. 

(iv) A wide range of crystal structures as repre- 
sented in Fig. 6, e.g. Wurzite, zinc blende, 
Corundum, cuprite, fluorite, NaCI, and CsCl. 

The relationship presented in Fig. 6 is not only a 
rather general one but it can also be derived theo- 
retically (8) for the case of ionic compounds, e.g. 
alkali halides. The theoretical basis of Fig. 6 and Fig. 
2 has been outlined in the following section. 

Some Theoretical Considerations 

In this section, an attempt is made to indicate thc 
theoretical basis of Eq. [2] and [I]  for the case of 
alkali halides, assuming that E, in Eq. [2] represents 
an average bond energy value. It is important, how- 
ever, to precede this analysis by a discussion of some 
matters related to the question of proper definition of 
bond energies and band gaps. - 

Bond energies.-There are two procedures fre- 
quently used for the calculation of bond energies: 

1. Pauling's method--single bond energies 
The bond energy of an isolated diatomic molecule 
formed between two univalent atoms, e.g. NaCl, may 
be estimated by Pauling's empirical equation: 

Here, D(Na-C1) is the bond energy between Na and 
C1 in NaCl; D (Na-ma) is the bond energy between Na 
atoms; D(C1-C1) is the bond energy between two 
chlorine atoms; X N ~  and Xcl are the electronegativities 
of Na and C1, respectively, on the Pauling Scale (22). 
This method gives fairly accurate estimates of bond 
energy between two univalent atoms held together by 
a single bond, e.g. NaCl. However, when more than 
one bond is involved, e.g. in CH4, Pauling's procedure 
does not give a good estimate of the average C-H bond 
energy, but only yields a value for the last dissociation 
energy, i.e. C-H bond, when only one H is present on 
C. When applied to cases involving either divalent or 
multivalent atoms, e.g. TazOa, Sb2S3, GaN, this method 
gives an estimate of the energy of the last bond in the 
molecule after all other bonds have been removed. It 
is believed that such a quantity is not a very good 
measure of the general magnitude of binding in a 
complex molecule, which must be represented by an 
average bond energy. The average bond energy thus 
obtained, it is believed, is more pertinent to the dis- 
cussion of relation between binding and band gaps 
in inorganic compounds. This bond energy is calcu- 
lated from the appropriate thermochemical data, as 
follows. 

2. Thenochemical procedure--average bond energies 
The bond energy of a compound, e.g. NaCl, may be 
obtained from the equation: 

Here, D(Na-Cl) is the required bond energy; AHs is 
the heat of sublimation of Na metal per mole; AHde, is 
the heat of dissociation of Clz molecule into C1 atoms, 
again, per mole; 3Hof is the heat of formation of NaCl 
in its standard state, again per mole. The quantity 
given by Eq. [5] (i.e. bond energy) is, of course, the 
heat of atomization of NaCl. In the case of NaCl, only 
one shared electron pair is involved in the bonding. 
For complex compounds, e.g. A1203, several bonds (i.e. 
shared electron pairs) are involved and hence an ap- 
propriate normalizing factor must be used to obtain 
from Eq. [5] the bond energy per bond and not the 
total energy for all the bonds in A1203. This is done 
by computing, first from Eq. [5], the heat of atomiza- 
tion per mole which is then normalized with respect 
to the participating valences in order to obtain heat of 

atomization per equivalent, which is, of course, the 
bond energy. For example, the heat of atomization 
per equivalent (i.e. the bond energy) for A1203 is 
1/6 of the heat of atomization per mole as calculated 
from Eq. [5]. Further details on these and related 
matters are available elsewhere (7, 8, 21-23). 

The heat of atomization per equivalent thus ob- 
tained, after some second-order corrections (e.g. spin 
correlation stabilization energies, coordinate valence) 
as discussed by Howald (23), are the actual values of 
the average bond energies as obtained from the ex- 
perimental thermochemical data. 

These average bond energy values have been used 
in constructing Fig. 6 (see, however, caption to Fig. 6). 
The accuracy of these bond energies is limited only by 
the accuracy of the thermodynamic data which were 
used in their calculation. These data have been ob- 
tained from reliable compilations (23-25). In ob- 
taining these average bond energies, corrections to the 
heats of atomization per equivalent were applied only 
for spin correlation stabilization energies (23). The 
possible presence of coordinate valence has been ig- 
nored because unambiguous estimates of the extent 
of participation of coordinate valence in compounds 
are not always easily obtained as discussed by Howald 
(23). Since the theoretical derivation of Eq. [2] and 
[3] (see below) is claimed to be strictly valid for 
alkali halides only, this neglect of coordinate valence 
in the calculation of bond energies is not serious, be- 
cause alkali halides do not involve any coordinate 
bonds. 

Band gaps.-These band gaps (Fig. 6) refer to k 
space at k = 0. It may be mentioned that precise defi- 
nition and determination of band gaps involves some 
real difficulties. For example, in large band gap semi- 
conductors like alkali halides, experimental values 
quoted are strongly influenced by coulomb effects, 
even though there is no significant difference between 
the direct and indirect gap since the bands are very 
narrow. This is because of the reason that the optical 
absorption is determined rather by the exciton struc- 
ture in front of the energy gap than by the energy gap 
itself (8). In small band gap semiconductors, on the 
other hand, there are appreciable differences between 
direct and indirect gaps since the bands are rather 
wide (8). The significance of values of band gaps used 
in Fig. 6 must be accepted only in relation to these 
difficulties. It is believed, however, that the afore- 
mentioned difficulties in the precise definition and de- 
termination of band gaps are not serious enough to 
render values of band gaps in Fig. 6 so uncertain as 
to make the relationship presented invalid. 

Derivation of Eq. [2] and [3] for ionic compounds.- 
As shown previously by Mark (26), the forbidden gap 
E, of an ionic compound like NaCl is given by: 

where M is the Madelung energy, I, is the ionization 
potential of Na; A, is the electron affinity of C1. From 

Eq'161' E g = 2 ( U -  R) - I m + A ,  PI 

where U is the experimental (thermochemical) lattice 
energy and R is an energy term which includes re- 
pulsive, London, and other components (e.g., crystal 
field stabilization energy) of'theoretical lattice energy 
(12) so that 

M = ( U  - R) 181 
is quite valid. 

It may be readily shown, by means of a Born-Haber 
thermochemical cycle, that (12) : 

AHo, = AH, + Im + M AHD + Ax + U [9I 
where, 

A H O ~  is the heat of formation, e.g. of NaCl 
AH, is the heat of sublimation of Na 
I m  is the ionization potential of Na 
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AHD is the energy of dissociation of Clz (g) into atoms 
A, is the electron affinity of C1 
U is the lattice energy of NaCl 

The quantities defined above are all as per mole of the 
corresponding substance. 

On obvious rearrangement, Eq. [9] gives: 

Now we note that U, A,, and 4HOf are exothermic 
quantities (hence with - sign) and AH,, I,, and AHD 
are endothermic quantities (hence with + sign) for 
alkali halides. On making these substitutions for exo- 
thermicity and endothermicity in Eq. [lo], we obtain: 

Substituting Eq. [I11 in Eq. 171, 

On making an approximation that I ,  is roughly 
equivalent to A, in magnitude, one obtains: 

where AH, is the heat of atomization per mole, and for 
a diatomic molecule formed between two univalent 
ions (e.g. NaC1) is identical with the heat of atomiza- 
tion per equivalent, which is, of course, the average 
bond energy (8,21-23). 

When considering a polyatomic compound formed 
between either univalent or polyvalent ions, Eq. [I51 
has to be suitably modified. This is owing to the fact 
that Eq. [6] and [7] refer to the transfer of one 
valence electron only, i.e. from Na to C1; in order to 
maintain the validitiy of Eq. [12], U in Eq. 1111 must 
also be taken as per valence electron, i.e. as per 
equivalent. As a result, the AH, term in- Eq. [15] must 
be changed from aH,/mole to ~H./eq. for a polyatomic 
compound. As mentioned earlier, aH./eq. is, of course, 
the bond energy E,. Hence, 

For a closely related series of compounds, e.g. alkali 
halides, R may roughly be treated as a constant. Hence, 
Eq. [15] may be written as: 

where "b" is a constant. This Eq. [17] is identical 
with Manca's equation, i.e. Eq. 2 in this paper. 

The approximation made in the derivation of Eq. 
[I71 may now be considered. If I ,  is not roughly 
equivalent to A,, then R in Eq. [16] may be trans- 
formed into R' where, 

For structurally related compounds, R' may again 
be assumed as, roughly, a constant. For example, for 
several alkali halides, values of R' lie close to 2.5 0.5 
eV. It is obvious, of course, that Eq. 1181 must be ap- 
propriately modified for compounds involving positive 
electron affinities. 

On the basis of the foregoing analysis, the possible 
theoretical basis of Fig. 2 may now be explored. Re- 
writing Eq. [14], by substituting Eq. [18] into it, one 
obtains: 

E, =  AH, + ~ H D  - 2R') + 24H0r [lgl 

For several compounds, it turns out, fortuitously, 
that quantities in the parentheses of Eq. 1191 either 
roughly cancel each other out or assume rather small 
net value (8). Hence, Eq. [I91 may be approximated 
as: 

As mentioned in the foregoing discussion, in all such 
discussions the quantities must be properly normalized 
(7,8,21-23), i.e. taken as per equivalent which for a 
diatomic substance formed between uni-univalent ions 
is, of course, the same thing as per mole. fience, Eq. 
[20] may be written as: 

Equation [21] is identical with Eq. [I], and it consti- 
tutes the possible theoretical basis of Fig. 2. 

Limitations of the foregoing theoretical analysis.- 
It is clear that the foregoing analysis is invalid for 
elementary semiconductors since lattice energy for 
these substances has no significance. Also, molecular 
semiconductors like anthracene are not covered by the 
foregoing discussions. Further, theoretical foundations 
of Fig. 2 and 6 for the case of predominantly covalent 
binary compounds like Sb2S3 are not completely clear. 

For the case of some covalent compounds, however, 
e.g. those included in Fig. 6, it is possible that the 
increase in cohesive energy due to homopolar binding 
approximately cancels out the decrease in lattice en- 
ergy that may result from partial ionicity of the com- 
pound (8,26). In these cases, experimental lattice 
energy values, U,  will be nearly equivalent to the 
(M + R) values that would have been obtained, had 
the compound been predominantly ionic. In some for- 
tuitous cases of this type, the entire analysis presented 
here would still be valid, despite significant covalent 
bonding. 

In some other cases of covalent compounds, the 
present analysis may be extended by modifying Eq. 
[17] to give: 

Eg = 2 (Es - b) f dU [22I 
where 3U is the difference between the thermochemi- 
cal and theoretical lattice energies (12) again taken 
as per equivalent. 

It is important to emphasize that it is rather fortu- 
itous that several covalent compounds obey the rela- 
tionship shown in Fig. 6, despite the fact that no cor- 
rection for homopolar bonding has been applied to 
them. 

Concluding Remarks- 
It has been shown in the foregoing discussion that it 

is possible to obtain by chemical approaches some sig- 
nificant, semiquantitative correlations between band 
gaps and other properties, e.g. heats of formation and 
bond energies. The important points that have been 
brought out in this article are as follows: 

(A) These correlations (Fig. 2 and 6) need not 
necessarily be limited to certain restricted classes of 
compounds. 

(B) They yield semiquantitative results and not 
just qualitative trends. 

(C) These correlations also lend themselves to some 
theoretical analysis. 

It is obvious, of course, that these correlations are 
not very exact yet and would need considerable im- 
provements and more sophisticated theoretical anal- 
ysis before yielding procedures for accurate prediction 
of band gaps of materials. 

Manuscript submitted Nov. 3, 1969; revised manu- 
script received Jan. 19,1970. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1970 
JOURNAL. 
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SECTION. NEWS 

Columbus Section 

A symposium on battery separators 
was held in Columbus, Ohio, on Feb- 
ruary 18-19, 1970 under the sponsor- 
ship of the Columbus Section of The 
Electrochemical Society. 19 papers 
covered separator materials and per- 
formance in  lead-acid, nickekadmium, 
silver-zinc, and silver-cadmium bat- 
teries and rechargeable fuel cells. 
Approximately 100 scientists and engi- 
neers from the United States, Canada, 
England, and Sweden were in attend- 
ance. 

The proceedings of the symposium 
will be published in  a softbound book 
in approximately two months. A limited 
number of copies are stil l available at 
$7.00 each. Orders for copies of the 
proceedings should be sent to Dr. H. L. 
Goering, Battelle Memorial Institute, 505 
King Avenue, Columbus, Ohio 43201. 
Checks should be made payable to 
Columbus Section of The Electrochemi- 
cal Society. 

The program consisted of the follow- 
Ing papers: 

"General Requirements and Charac- 
terization of Secondary Battery Sep- 
arators,"-J. J. Lander, Air Force Aero 
Propulsion Laboratory, and E. J. Casey, 
Defense Research Establishment; 

"A New Type of Microporous Poly- 
meric Separator,"-Erik Sundberg, Tu- 
dor Sweden, and J. Q. Selsor, Amer- 
ace, Esna Corporation; 

"Characterization of Anisotropic 
Films for Battery Separators,"-Michael 
J. Lysaght, Amincon Corporation; 

"The Selection of Textile Fibers and 
Fabricating Techniques in Separator 

Design,"-Phoenix N. Dangel, Kendall, 
Fiber Products Division; 

"Characterization and Performance 
of Separators for Ni-Cd Aircraft Bat- 
teries,"-Louis Belove and Paul Scar- 
daville, Sonotone Corporation; 

"QC Procedures and Measurements 
-Polypropylene Separators for Sealed 
Ni-Cd Batteries,"-T. E. King, Defense 
Research Establishment; 

"Separators for Heat Sterilizable 
Ni-Cd Batteries," -R. Lutwack, Jet 
Propulsion Laboratory; 

"Ultrafine Porous Polymer Mem- 
branes as Battery Separators,"-J. L. 
Weininger, General Electric Company; 

"Cellulosic Separators for Alkaline 
Batteries-A Review,"-G. A. Dalin, 
Yardney Electric Corporation; 

"Silver-Zinc Battery Separator Mate- 
rial Development,"-E. V. Kirkland, 
M~jnsanto Research Corporation; 

Improved Separator Materials for 
Alkaline Batteries,"-H. E. Hoyt, Bor- 
den, Inc., Chemical Division; 

"Preparation and Properties of Sep- 
arators for Silver-Zinc Cells,"-A. 
Langer and L. C. Scala, Westinghouse 
Electric Corporation; 

"Preparation and Properties of 
Grafted Membrane Separators for Sil- 
ver-Zinc Cells,"-V. D'Agostino, RAI 
Research Corporation; 

"Performance of Organic Membranes 
and Inorganic Coatings as Separators 
in Silver-Zinc Cells,"-T. J. Hennigan, 
Goddard Space Flight Center; 

"Charged Stand and Cycle Life Test 
Results on Separator Systems for Al- 
kaline Cells,"-R. S. Bogner, Jet Pro- 
pulsion Laboratory; 

"QC for Heat Sterilizable Silver-Zinc 
Separator Materials,"-W. von Hart- 
mann, Jet Propulsion Laboratory; 

"Chemical and Physical Analysis of 
Grafted Membranes for Silver-Zinc Bat- 
teries,"-E. F. Cuddihy and J. Moa- 
canin. Jet Propulsion Laboratory; 

"Separator Developments for Re- 

chargeable Hz02 Fuel Cells,"-M. G. 
Klein, Electro-Optical Systems, Inc.; 

"Recent Advances in Ion Exchange 
Membranes for Use in Rechargeable 
Fuel Cells,"-A. P. Fickett, General 
Electric Company. 

Concluding the program was a panel 
discussion chaired by Arthur Fleischer, 
with panelists T. J. Hennigan, R. Lut- 
wack, T. E. King, and J. J. Lander. 

Detroit  Section 
The Detroit Section held a meeting 

on March 19, 1970, at  the McGregor 
Memorial Conference Center, Wayne 
State University. The guest speaker was 
Dr. C. V. King, Vice-President of the 
Society, and also President of American 
Gas & Chemicals, Inc. Dr. King gave a 
very interesting and lucid account of 
methods for determining gas leaks. 
Most of the methods described were 
chemical tests, involving the use of 
color-change tapes or papers, which 
could be used for rocket and missile 
fuels and oxidizers, for carbon mon- 
oxide, ammonia, hydrazine, unsymmet- 
rical dimethyl hydrazine, hydrogen sul- 
fide, for engine fuels, oils, and hydrau- 
lic fluids. A simple bubble test for bu- 
tane lighters was described which in- 
volved immersion in water containing a 
suitable detergent. Dr. King also de- 
scribed a few electrochemical methods 
for determining leaks. The presentation 
was illustrated with several dernonstra- 
tions. 

Prior to the technical part of the 
meeting Dr. King spent fifteen minutes 
or so discussing Society affairs. The 
main topics covered were the transfer 
of the National Office to Princeton, N. J., 
the running of National Meetings by 
the National Office, and the Society's 
membership and financial standing. 

Raymond Thacker 
2nd Vice Chairman 
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National Capital Area Section 

Jeanne Burbank receives 
6th Annual William Blum Award 

The National Capital Area Section 
recently presented its 6th William Blum 
Award to Mrs. Jeanne Beadle Burbank 
of the Naval Research Laboratory, 
Washington, D.C. The award was pre- 
sented to Mrs. Burbank for her funda- 
mental contribution to the science of 
electrochemistry and in  particular to 
her fundamental research on storage 
battery and storage cell phenomena. 

The award dinner, held at the Wash- 
ingtonian Motel, Gaithersburg, Md., was 
attended by many members, guests, 
and friends. Among the distinguished 
guests were Mr. N. Corey Cahoon, 
President of The Electrochemical So- 
ciety, Dr. J. C. White of the Naval Re- 
search Laboratory, and Dr. William 
Blum, for whom the award is named. 

The program included opening re- 
marks from the Chairman of the Na- 
tional Capital Area Section, Frank X. 
McCawley, who described the award 
purposes and criteria. Some pertinent 
remarks were made by Mr. Cahoon on 
behalf of the National Society. Dr. J. C. 
White then described Mrs. Burbank's 
career. 

Jeanne Burbank received an A.B. de- 
gree from American University and an 
M.S. from the University of Pennsyl- 
vania. She spent some years at Pea- 
cock Laboratories in Philadelphia, Pa. 
in metallic coatings research. She was 
later employed at the Naval Research 
Laboratory where she has continued 
a long and distinguished career. She 
worked as a physical chemist in the 
Electrochemical Power Sources Section 
and later became Head of the Crystal 
Chemistry Section of the Electrochem- 
istry Branch, Chemistry Division. She 
has received the American Institute of 
Chemists Award for undergraduate 
work and the Electrochemical Society 
Battery Division Research Award in 
1966. In her researches she has ap- 
plied X-ray and electron microscopy 
to the materials and components of the 
lead acid and silver zinc systems. She 
has also made substantial contributions 
to the understanding of battery grid 
corrosion and the active materials' re- 
actions. She has over 35 papers on 
battery systems to her credit. 

Twenty Years in  the LAB 
Having been asked many times why 

a woman would devote so much of her 
life to the lead-acid battery (LAB) she 
seized this unique opportunity to reply: 

"The story of this lead box really 
begins close to 400 years ago. Shake- 
speare clearly ,,foresaw and built the 
plot of his Merchant of Venice" 
around the joy consequent to risking 
life and giving fortune for the unknown 
contents of a lead box, eschewing the 
alternate choices of gold and silver. 
This was another of his famous in- 
stances of precognition, for gold, the 
most noble metal known to his time, 
obviously stood for fuel cells, the silver 
box for the silver cells, but the real 
prize was in the lead box. Just so to- 
day, the reliable work horse of the 
storage batteries is the lead-acid cell. 
Likely to remain so too, because of the 
plentiful supply of lead. 

"Despite the promises of Shake- 
speare, 300 years passed before Gas- 
ton Plante opened his lead box and 
discovered the lead-acid cell. Plante 
was considered a saint by those 
who knew him, he dedicated his 
life and fortune to his experimental 
work, he endowed a retirement home 
for penniless scientists, he gave his 
invention to the world free and clear of 
any patent restrictions. His invention 
changed the course of men's lives. 
Plante hooked his lead cell to 
Gramme's machine and electric motors 
became a working reality. With electric 
power and lighting, the working man 
began to perceive freedom from miser- 
able drudgery and a life spent in essen- 
tial bondage. This was the greatest 
treasure hidden in Plante's little lead 
box. But the promise of more treasure 
lingers on. 

"One hundred years later, a privi- 
leged few of us still seek more treasure 
in  these lead boxes. We find in our 
work the ecstatic joy of discovery, de- 
tective work more engrossing than any 
Sherlock Holmes mystery, and tiny 
crystals of surpassing beauty. Though 
i t  has been said that diamonds are a 
girl's best friend, these lead oxide crys- 
tals have been mine. Some of us are 
so fortunate as to find in these lead 
boxes an occasion such as this tonight. 

"These are the personal treasures one 
find in these lead boxes. But there is 
a greater store of treasure yet to be 
uncovered. We must keep working and 

searching and developing. Why? Be- 
cause we have in the lead box the 
promise of help with some urgent 
problems of today. Air pollution, ex- 
ploration, expanded data storage and 
communication systems, national de- 
fense, and control and monitoring sys- 
tems. We need quiet clean power for 
our automobiles, more people need 
more telephones, we cannot afford 
massive power black-outs, nuclear sub- 
marines and computers need batteries. 
Even a solid gold Cadillac can't be 
started without its homely battery. As 
modern culture patterns spread to more 
parts of the world, the lead-acid cell 
must of necessity go along, not for the 
ride, but to provide the ride and keep 
the wheels turning. We need every 
treasure in the lead box that we can 
uncover. 

"And that's why this woman has spent 
the best twenty years of her life in the 
L.A.B. Thank you." 

Metropoli tan New York Section 
The Metropolitan New York Section 

of The Electrochemical Society held its 
third meeting of the 1969-1970 year at 
the Stonehall Inn, New York, on March 
11, 1970, with 24 members and guests 
attending. Following a cocktail hour 
and dinner, the meeting was opened by 
Dr. Eric Rau, Chairman. He apologized 
to those members who showed up for 
the meeting on January 11, 1970 without 
a reservation, because it was impossible 
to notify them in advance that the 
meeting was cancelled because of the 
threat of a heavy storm. 

Dr. Rau then called upon Dr. Henry 
B. Linford to give a report on behalf 
of the Nominating Committee. Dr. Lin- 
ford reported that the following men 
were proposed as officers of the Metro- 
politan New York Section. for the year 
1970-1971: 

Eric Rau-Past Chairman 
Dodd S. Carr-Chairman 
D. Gardner Foulke-Vice Chairman 
Palmer H. Langdon-Secretary-Treas- 

urer. 
He said that this slate would be 

presented for election at the business 
meeting on April 8, 1970. 

The Chairman then called upon Dr. 
Cecil V. King to give a brief status 
report on the new National Head- 
quarters Building of The Electrochemi- 
cal Society. Dr. King reported that the 
building will be located on Route 1 in 
princeton, N. J. and that i t  was sched- 

(from left to right): 
Mr. N. Corey Cahoon uled for occupancy by the summer of 
Dr. Frank X. McCawley 1970. The building will have two levels 
Mrs. Jeanne Burbank 
Dr. William B I U ~  for offices and storage with dining facili- 

ties on lower level. 
The meeting was then turned over to 

the Vice Chairman, Dr. Dodd S. Carr, 
who introduced the guest speaker, Dr. 
Thomas B. Reed of Lincoln Laboratory, 
MIT, Lexington, Mass., who gave an in- 
teresting presentation on the growth of 
single crystals by three methods. Using 
slides and a color movie, Dr. Reed 
explained the techniques of growing 
single crystals of EuO, EuS, EuSe, and 
EuTe, by the use of vapor deposited 
tungsten crucibles in refractory fur- ' 
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naces in the 2000-3000°C range; the use 
of electric arcs for material synthesis, 
purification, and crystal growth; and 
new methods for vapor growth of single 
crystals of ZnTe, using a "transparent 
furnace" especially suited for vapor 
growth of crystals. After a lively period 
of questions and answers, Dr. Reed 
demonstrated a model of the trans- 
parent furnace. Dr. Carr presented the 
speaker with a telescoping pocket point- 
er as a token of the appreciation of 
the Section for the fine lecture and 
the meeting was closed with a rising 
vote of thanks for Dr. Thomas B. Reed. 

Dodd S. Carr 
Vice-Chairman 

Nor th Texas Section 
The winter meeting of the North 

Texas Section was held on January 26, 
1970 in the Meadows Building Cafeteria 
in Dallas. 

The speaker was Dr. Charles Tobias 
of the University of California. Dr. To- 
bias conducted an informal discussion 
of several aspects of Electrochemical 
Society activities such as the new loca- 
tion of the national headquarters. Fol- 
lowing this discussion he made a tech- 
nical presentation on "Electrolysis at 
High Rates." 

Active and transpassive, anodic dis- 
solution modes of copper are charac- 
terized by different overpotentials and 
different resulting surface textures. 
Voltage transients observed during 
these dissolution processes are related 
to current densities and electrolyte 
flow rates. Passivation phenomena and 
the formation and removal of solid 
anodic reaction products are likely con- 
trolled by mass transport. 

David F. Cole 
Chairman 

Pacific Northwest Section 
The Pacific Northwest Section held 

its third meeting at Andy's Diner, 
Seattle, Wash., on March 16, 1970. After 
a social hour and dinner, Robert Glock- 
ling, Chairman, introduced David Roe, 
the guest speaker. Dr. Roe is on the 
faculty of the Oregon Graduate Center, 
Portland, Oreg. His illustrated talk was 
entitled "An Electrochemical and Mass 
Spectrometric Investigation of Platinum 
Electrodes." 

In spite of their extensive use in 
electrochemistry, platinum electrodes 
show some unusual characteristics 
which eluded thorough explanations. 
The literature of the past ten years, in 
particular, is replete with electro- 
chemical investigations of the surface 
oxidation of platinum and studies of 
oxidation of organic compounds on 
"activated" platinum. Deductive devel- 
opment of rigorous, or even consistent 
molecular models from such informa- 
tion is hampered by incomplete knowl- 
edge of, for example, true surface area, 
"active" surface area, adsorption sites, 
surface contamination, and the chemi- 
cal nature of surface oxides. 

Further insight in some of these 
problems has been obtained from com- 

1971 Palladium Medal Award, ECS 
The tenth Palladium Medal of The Electrochemical Society will be awarded at 

the Fall Meeting of the Society to be held in  Cleveland, Ohio, October 3-8, 1971. 
The medal was establisheq in 1951 by the Corrosion Division. 

The candidate shall be distinguished for his original contributions to theoretical 
electrochemistry or to fundamental scientific knowledge of corrosion processes. 
He need not be a member of the Society. There shall be no restrictions or reser- 
vations made regarding his citizenship, age, or sex. 

To be eligible, the candidate shall agree to receive the award in person at the 
designated national meeting of the Society. He shall also agree to present a gen- 
eral lecture before the Society, at the above designated national meeting, to be 
called the Palladium Medal Address. This address will in general describe some 
area of the candidate's researches, and will be presented at a time and place 
during the meeting to be specified in each instance by the Board of Directors. 

Previous medalists have been: Carl Wagner, Max Planck lnstitut fur Physi- 
kalische Chemie; N. H. Furman, Princeton University; U. R. Evans, Cambridge 
University; K. F. Bonhoeffer, Max Planck lnstitut fur Physikalische Chemie (post- 
humous award); A. N. Frumkin, Electrochemical lnstitute of the USSR; H. H. Uhlig, 
Massachusetts lnstitute of Technology; Norman Hackerman, University of Texas; 
Paul Delahay, New York University; and Thomas P. Hoar, Cambridge University. 

Sections, Divisions, and members of the Society are invited to send suggestions 
for candidates, accompanied by supporting information, to Mr. Ernest G. Enck, 
Executive Secretary, The Electrochemical Society, 30 East 42nd St., New York, 
N. Y. 10017, for forwarding to the Committee Chairman. Deadline for submission 
of suggestions is August 31,1971. 

bining mass spectrometry with electro- 
chemical measurements. From these 
results i t  can be shown how to obtain 
a clean platinum surface, free of or- 
ganic adsorbants. Also, anodic oxidation 
of platinum does not produce an oxide 
with any of the properties of PtO2, as 
noted by decomposition behavior in 
vacuum. However, exposure of platinum 
to oxygen and water vapor at 210°C does 
result in detectable surface oxidation. 
This oxide can be reduced electro- 
chemically and compared with anodic- 
ally-formed oxide. Rate and equilib- 
rium measurements of the vapor phase 
oxidation at 210°C leads to identifica- 
tion of the reaction as requiring one 
water molecule per atom of oxygen, i.e. 
Pt + VzO2 + H20 + Pt (OHlr. 

Sidney Gross 
Secretary 

BOOK REVIEWS 

"Thin Film Technology," by R. W. 
Berry, P. M. Hall, and M. T. Harris. 
Published by D. Van Nostrand Co. 
Inc., Princeton, N. J., 1969. 206 
pages; $15.00. 

"Thin Film Phenomena," by K. L. 
Chopra. Published by McGraw-Hill, 
New York, 1969. 793 pages; $24.50. 

Both of the above books are intro- 
ductions in a way to thin f i lm activities. 
The former, prepared by the staff of 
Bell Telephone Laboratories, is perfect 
for the novice who wishes to eneineer 

mentals but heavily loaded with spe- 
cific equations for various topics, i t  cov- 
ers the entire gamut, in a surface man- 
ner, from the vacuum system itself to 
generation of the film assembly line. 
As such i t  is excellent, but i t  only cov- 
ers the thin f i lm capacitors and resis- 
tors with its main emphasis on tanta- 
lum components. I t  is, in essence, an 
engineering manual. 

The latter book, by Chopra, could 
be considered a manual also-but of 
a different type. Dr. Chopra collects all 
the phenomena that could occur in thin 
films, their properties and their experi- 
mental aspects, briefly and sparsely 
covers them and then presents a fan- 
tastic amount of references (over 2000). 
The book is really an encyclopedia of 
phenomena, techniques and properties. 
As such i t  is a surface coverage for 
someone wishing to enter into thin 
f i lm research. 

Both books serve useful functions. 
However, I prefer the series on "Phys- 
ics of Thin Film" published by Aca- 
demic Press as a more comprehensive 
starting point. 

Julius Klerer 
The Cooper Union, New York 
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Herman S. Preiser, principal research 
scientist of Hydronautics, Inc. in Laurel, 
Md. for the past eight years and li- 
censed practicing engineer in the State 
of Maryland, has been granted sab- 
batical leave for the year 1970. 

Mr. Preiser will be retained as a 
corrosion consultant with Hydronautics, 
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NEW MEMBERS 

I t  is a pleasure to announce the 
following new members of the Electro- 
chemical Society as recommended by 
the Admissions Committee and ap- 
proved by the Board of Directors in 
February, 1970. 

Active Members 
Aylward C. F. Danvers Mass. 
~ohunoisky, btto, Ft. iaskatchewan, Alb.. 

Canada 
Brannan J R. Mentor Ohio 
Budenstbin' P.' P. Aubhrn Ala. 
Clark R. W: ~urireesbord Tenn. 
~unnjnghad A. J. ~ecatui Ga 
Curtis B. J. 'Zurich switzehand 
Di ~regorio: Josepii, Houston. Texas 
Gardner. W. R.. Dallas. Texas 
Gentry, F. E.. Skaneateles. N. Y. 
Harding R P S. Windsor Conn. 
~ r u d e n , ' ~ :  R:: Windsor, dnt.. Canada 
Just~ce B. H. Houston Texas 
Kelly, jr., G. j.. R.D. +art Murray, N. J. 
Leigh, R. L., Marion, Ind. 
Meuli, W. P., Sunnyvale, Cal. 
Ogawa, Nobuo, Anan Tokushima, Japan 
O'Leary, K. J., Cleveland Heights, Ohio 
Richman, David. Princeton, N. J. 
Schaer, G. R., Columbus. Ohio 
Sirnpson W. I Rowland Heights, Cal. 
Stadler, H.  earb ear born, WIS. 
Turrill, F. G., Silver Spring, Md. 
Wengert, P. R., Toledo. Ohio 

Associate 
Van Zant, Peter, Dallas, Texas 

Student 
Bhalla, Ranbir, J.R.S.B., State College, Pa. 
Mirza Z I. Los Angeles, Cal. 
~la,ce: B: G:, Champaign. Ill. 
Rajdev, Dilip, Los Angeles, Cal. 

Transfer 
Michel D. J. Gaithersburg Md. 
~addodk, Ariold, Dallas, ~bxas 

PEOPLE 

Myron E. Browning has joined the 
staff of American Chemical & Refining 
Company as technical director. He will 
coordinate ACR research activities with 
production and field services and will 
be responsible for programming long 
range research and development in the 
areas of aerospace, pollution abate- 
ment, and electronics. 

Mr. Browning is an active member of 
The Electrochemical Society, as well 
as the Deutsche Bunsen-Gesellschaft 
fur Physikalische Chemie. He is also a 
member of the American Electroplater's 
Society, the Deutsche Gesellschaft fur 
Galvanotechnik, American Society for 
Metals, American Chemical Society, 
and ASTM. 

Robert Bakish has become consul- 
tant to Pechiney. His former part time 
association in the Aluminum Industry 
was with Republic Foil, Inc., Danbury, 
Conn. 

Wenking A DIVISION OF 

Potentiostats 
BRINKMANN 
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Which of our' 
electronic 
potentiostats 
IS for you? 

, A n e w l y  expanded l ine o f  W e n k i n g  Electronic 
Potentiostats f o r  var ious e lect rochemical  in'ves- 
t igat ions is n o w  avai lab le.  

C h o o s e  f rom fou r  basic series: 'fast rise' a n d / o r  
high output  vo l tage  mode ls  (wi th  ou tpu t  swing 
o f  -t- 1 0 0 V ) ;  a 'high current' m o d e l  (output cur- 
rent t o  f 1 0  amps  ); several s tandard models, 
a n d  a n  inexpensive l a b o r a t o r y  m o d e l  f o r  rou -  
t ine requirements. Accessory systems, including 
a high precision voltmeter a n d  m o t o r  potenti-  
ometers, a r e  a l so  avai lab le.  

W h i c h  W e n k i n g  is f o r  you?  Comp le te  l i terature 
describing all W e n k i n g  models, the wor ld ' s  most 
w i d e l y  used e lect ronic  potentiostats, is ava i lab le  
f ree o n  request t o  he lp  y o u  decide. Just wri te: 
W e n k i n g  Division, Brinkmann Instruments, Can-  
t iague Road, Westbury, N.Y. 1 1590.  In  C a n a d a  
wr i te :  Brinkmann Instruments (Canada)  Ltd., 50 
G a l a x y  Boulevard, Rexdale (Toronto), On ta r io .  



Keys'- 
to the future 
with 

Westinghouse 
Research 

Consider al l  that Westinahouse RBD is 
doing in such diverse areas as applied 
physics, chemistry, electronics, ecology. 
enerav svstems and materials. -. . 

Westinghouse suppotts one of the 
broadest. most fa r  reaching research and 
development programs in American 
industry. In fact; research is  not only the 
backbone of Westinghoase, it is the 
forefather. There was a Westinghouse 
Laboratory before there was a 
Westlnghouse manufacturlng facility. 

Our award-winning R&O center is a size 
you'll I~ke. Located on a beautiful. 
campus.l~ke setting, the large complex of 
buildings contain a variety and depth of 
f a c ~ l ~ t i e s  second to none. Some equipment 
is unique within the sclence. 

You'll work in a distinguished 
professional community; with outstanding. 
nationally.known scientists and engineers; 
you'll be encouraged to expand Your 
professionalism through participatlon in 
professional societies, seminars 
and publishing. 

In sum: if you are trying to unlock an 
outstanding career in research and 
development. Westinghouse 
is clearly the key. 

Current Openings 
SOLID ELECTROLYTE FUEL- 
CELL B A T T E R Y  R E S E A R C H  

Ph.D. to  carry out applied research 
directed to  a solid state fuel-cell 
battery. Strong interests in the 
electrical and physical properties of 
interacting oxides at temperatures 
above 100O0C and in the 
composition and sizing of slurries 
for the sintering of thick-film 
ceramic components is needed. A 
background in physical chemistry, 
materials science, or materials 
oriented electrical engineering would 
be appropriate. willingness towork 
as a member of a coordinated team 
is essential. 
If you am interested In the above, or 
have quallflcations In other areas of RID. 
send your resume in confidence to 
Steve Lison 
Employment Manager 
Research & Development Center 
Westinghouse Electric Corporation 
Beulah Road. Churchill Boro 
P~ttsburgh. Pa. 15235 

(w) Westinghouse 
An Equal Oppottunity Employer 
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Inc. and will engage in  a limited private 
practice. He is a member of many pro- 
fessional societies and has authored, 
or co-authored, numerous papers (in- 
cluding coediting a translation from 
the Russian of Tomashov's book 
"Theory and Protection of Metals" Mac- 
Millan 1966) and holds 20 patents re- 
lated to cathodic protection of ships. 

During the sabbatical year, he will 
take up the position as coordinator of 
the Antioch Child Study Program at 
Antioch Columbia College. This com- 
munity-oriented program, just in its in- 
fancy, will address itself immediately 
to training of teachers and other pro- 
fessionals to work with handicapped 
children and later on plan to expand 
into areas of developing new programs 
and conducting research into diagnosis 
and remediation of developmental dis- 
abilities in children. 

H a ~ e y  Seiger has been appointed 
director of Electrochemical Technology 
at Heliotek, a division in the Aerospace 
Group of Textron, Inc., Sylmar, Cal. 
He will be responsible for the produc- 
tion and research and development of 
an aerospace nickellcadmium battery. 

One of the country's foremost au- 
thorities on nickel/cadmium batteries, 
Dr. Seiger has done extensive work in 
atmospheric physics, high temperature 
measurements and thermodynamics. 
Prior to joining Heliotek, Dr. Seiger was 
associated with Gulton Industries, 
Metuchen, N. J, as director of electro- 
chemical research. 

He has several patents to his credit 
and is the author of numerous techni- 
cal papers which have been presented 
to technical conferences and published 
in technical journals. 

A Fellow of the American Institute of 
Chemists, Dr. Seiger is an active mem- 
ber of The Electrochemical Society 
and the honorary chemical society Phi 
Lambda Upsilon. 

Karl S. Willson has been appointed 
senior research associate for the In- 
dustrial Chemical Department of the 
Harshaw Chemical Company, Cleve- 
land, Ohio; he will undertake long 
range electrochemical research relat- 
ing to electroplating and metal corro- 
sion. 

During his 16 years at Harshaw, Dr. 
Willson has sewed in various capacities 
including manager of Electroplating 
Research. In addition to receiving the 
George W. Heise Award for contribu- 
tions to The Electrochemical Society 
and the Arthur Logozzo Chrome Plating 
Award, he has authored numerous pa- 
pers and holds several patents in the 
area of electrochemistry. 

Dr. Willson holds B.A., M.S. and 
Ph.D, degrees in Chemistry from 
Western Reserve University, where he 
was a member of Phi Beta Kappa and 
Sigma Xi honorary scientific fraternity. 
His professional memberships include 
The Electrochemical Society, the 
American Electroplaters Society, Ameri- 
can Chemical Society, and American 
Institute of Chemistry. He is a charter 
member of the Cleveland Association 
of Research Directors. 

ICIETY May 1970 

NEWS ITEMS 

Electrical Double Layer Conference 

A Conference on the Electrical Dou- 
ble Layer and its Influence on Elec- 
trode Processes will be held at the 
University of Kentucky, Lexington, Ky., 
from September 10-11, 1970. 

The speakers will be:-Drs. F. C. 
Anson, J. O'M. Bockris, M. Bonnemay. 
D. Inman, R, de Levie, D. M. Mohilner, 
R. Payne, and J. E. B. Randles. There 
is a nominal charge for three meals 
and social hour. 

For further information please con- 
tact: Dr. Gary D. Christian, Chemistry 
Department, University of Kentucky, 
Lexington, Ky. 40506. 

International Union o f  Pure and 
Applied Chemistry 

(I  U PAC) 
Commission on Electrochemistry 

The IUPAC Commission on Electro- 
chemistry aims at being broadly repre- 
sentative of the international scientific 
community which is currently active in 
various fields of pure and applied elec- 
trochemistry. The Commission solicits 
the cooperation of societies, groups 
and individuals concerned with signifi- 
cant aspects of electrochemistry. Com- 
ments, suggestions and active partici- 
pation are cordially invited. The cur- 
rent program of the Commission is fo- 
cused on matters of nomenclature and 
authoritative compilation of reference 
data. 

1. Electrochemical Nomenclature.- 
The Commission is laying the ground- 
work for an "Electrochemical Appen- 
dix" to the IUPAC "Manual of Symbols 
and Terminology for Physicochemical 
Qualities and Units." The immediate 
objective is standardization and codi- 
fication of a consistent set of defini- 
tions and terms for describing electro- 
chemical cells under conditions of finite 
flow. 

2. Electrochemical Thermodynamic 
Data.-A comprehensive tabular com- 
pilation of electrode potentials and re- 
lated thermodynamic quantities (heats, 
Gibbs Free Energies and entropies) is 
planned. Data including assignments in 
molten salts and other non-aqueous 
solvents are expected to be available 
for publication in 1971. 

3. Electrochemical Kinetics.-In the 
wake of important recent theoretical 
developments, a set of "Guidelines for 
the Design of Mechanistically Signifi- 
cant Experiments in Electrode Kinetics" 
is being prepared for imminent publi- 
cation. Concomitantly a questionnaire is 
being distributed to authors of papers 
on electrode kinetics, seeking to iden- 
tify the type of experimental informa- 
tion currently available. Retrieval and 
critical reinterpretation of a wealth of 
information is envisioned in  the light 
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of contemporary knowledge of diffu- 
sion theory, physicochemical hydrody- 
namics and electric double layer phe- 
nomena. 

4. A Symposium on Non-Aqueous 
Electrochemistry-has been cospon- 
sored by the Commission. The meeting 
is scheduled for July 8-10, 1970, in 
Paris. Coverage will encompass solva- 
tion, electroanalytical methods, ionic 
equilibria (acid-base, redox, complexa- 
tion, etc.) and organic electrode reac- 
tions. 

Relevant inquiries and communica- 
tions may be directed to the secretary 
of the Commission on Electrochemistry: 
Professor J. Koryta, Czechoslovak 
Academy of Sciences, J. Heyrovsky In- 
stitute of Polarography, Opletalova 25, 
Prague 1, Czechoslovakia, Telephone 22 
59 97. Other members of the Commis- 
sion are: V. S. Bagotsky (USSR); H. 
Brusset (France); I. Epelboin (France); 
A. N. Frumkin (USSR). Vice-Chairman; 
H. Gerischer (Germany; R. Haase (Ger- 
many; W. J. Hamer (USA); J. Jordan 
(USA), Chairman; E. Levart (France); 
G. Milazzo (Italy); R. Parsons (UK); A. 
Sanfeld (Belgium); R. Tamamushi 
(Japan); H. Tannenberger (Switzerland); 
E. Yeager (USA). 

On matters of mutual interest the 
Commission on Electrochemistry is co- 
operating with other appropriate IUPAC 
Commissions, viz.: with the Commission 
on Electroanalytical Chemistry (I. M. 
Kolthoff, Chairman) on items 1, 2 and 4 
of the aforementioned program; with 
the Commissions on Physicochemical 
Symbols, Terminology and Units (M. L. 
McGlashan, Chairman), on Analytical 
Nomenclature (H. M. N. H. Irving, Chair- 
man) and the Interdivisional Committee 
on Nomenclature and Symbols (K. A. 
Jensen, Chairman) on item 1. 

N E W  PRODUCTS 

pH-Indicator Paper-A pH indicator 
paper, covering the entire range from 
0.1 to 14.0 in  units of 0.5, is again 
available. Each strip is a pH tester in 
itself and it gives you immediate 
readings. 

For details write to Pfaltz & Bauer, 
Inc., 126-02 Northern Blvd., Flushing, 
N. Y. 11368. 

Semiconductor Surface Stabilizing 
Glass-Yields of discrete semicon- 
ductor devices can be significantly 
improved by a new surface stabilizing 
glass. The glass, IP 650, is designed 
for semiconductors on which surface 
states are critical-power devices, or 
where there is a need to control per- 
formance characteristics such as 
matching transistor parameters, guar- 
anteeing excellent leakage current 
stability, or insuring long term reliabil- 
it" , ., . 

For further information contact: 
INNOTECH Corporation, 181 Main 
Street, Norwalk, Conn. 06851. 

Calibration Mixtures 

Call or w r i t e  our neares t  o f f ~ c e  

PRECISION GAS PRODUCTS, INC. 
681 M~ l l  Street, Rahway, New Jersey . (201) 381-7600 
1431 Lambert Road, LaHabra, Cal~fornia (213) 691-0711 

PHYSICAL .- 

ANALYTICAL 
CHEMIST 

PHd. 
U p  to  fou r  years experience in funda- 
menta l  o r  appl ied research involv ing 
electrochemistry required. Must  have 
experience relevant to  corrosion mecha- 
nisms o r  inh ib i t ion processes, and be 
famil iar w i t h  latest instrumental tech- 
niques (viz., conventional, rap id  sweep, 
and cyclic voltammetry, and chrono- 
potentiometric methods). Knowledge of  
ellipsometry and i ts  use in conjunction 
w i t h  potentiokinetic techniques wou ld  
b e  useful. 
To w o r k  o n  surface chemistry of  steel 
and aluminum, inc lud ing under f i lm cor- 
rosion mechanisms, detection and pre- 
vention. 
Send resume in confidence: 

BOX B-55 
An Equa l  Opportunity Employer 
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Puzzle Me This* 
Solution to puzzle shown on page 170C 

When t h e  cut is completed.  t h e r e  will b e  2 
bands,  1 t h e  leng th  of t h e  o r ig ina l  b a n d  a n d  

con ta in ing  1 twist; the o t h e r  t w i c e  a s  long a s  

the  o r ig ina l  a n d  con ta in ing  2 twists.  Fur ther -  

more ,  t h e  2 resu l tan t  b a n d s  will b e  inter laced.  

p"""" 
G~IAPHANODESB 
Your best answer, also. 

POSITIONS WANTED 

Please address replies t o  the  box 
number shown, c / o  The Electrochem- 
ical  Society, Inc., 30 East 42 St., New 
York, N.Y. 10017. 

Solid State Chemist/Physicist-Ph.D. Solid 
State Sciences 1970. Ph.D. Phvslcs 1968. Soe- 
cialized in characterization .and properiies 
using electron microprobe, scanning elec- 
tron microscope X-ray etc. Cathodolumi- 
nescence thesis.' ~esire'challenaine Dosition 
in materials characterization and properties. 
Age 26. Reply Box C-33. 

Book Reviewers Needed 
The Electrochemical Society 

needs competent  indiv iduals t o  
review books for  the  Journal. 

Any Society member who 
wishes t o  volunteer h i s  services 
should send h i s  name, address, 
a n d  f ie ld  o f  competence t o  t h e  
at tent ion o f  t h e  Book Review 
Editor, Dr. Jul ius Klerer, c / o  The 
Electrochemical Society, 30 East 
42 Street, New York, N. Y. 10017. 

New Positions 
in Battery Manufacturing 

San Francisco Bay Area 

Experience in Button and 
Cyl indr ical  Cells: 

l-Production Manager 
2--Chief Products Design Engineer 
3--Senior Design Engineer 
&Senior Process Design Engineer 
5-Sales Manager 
&Assistant Sales Manager 

Please send resume t o  t h e  Person- 
n e l  Department Electrochimica Cor- 
poration, 1140 O'Brien Drive, Menlo 
Park, Cal. 94025. 

POSITIONS AVAILABLE 

Please address repl ies t o  t h e  box 
number shown, c / o  The Electrochem- 
ical  Society, Inc., 30 East 42 St., New 
York, N.Y. 10017. 

Electrochemist-M.S. or comparable experi- 
ence. Direct own research orwram aimed at 
an understanding of copper and copper al- 
loy system principally in non-aqueous me- 
dia. Use the latest eau~oment in new re- 
search fac~l~t tes locat& Ldlacent to Case 
Western Reserve University. -Extensive com- 
puter facilities in same building available 
comouter facilities in same buildine avaii- 
able' plus electronics consultant. ~ e p l y  Box 
6-54. 

Society members of any class may, at 
no cost and for the purposes of pro- 
fessional employment, place not more 
than three identical insertions per 
calendar year not to exceed 8 lines 
each. Count b3 characters per line, 
including box number, which the So- 
ciety will assign. 

ADVERTISER'S INDEX 

Applied Materials Technology Inc. . . . .  171C 
r - - - - - - - - - - - - - - - - -  1 

ATTENTION, MEMBERS 
AND SUBSCRIBERS 
Whenever you write to 
The Electrochemical Soci- 
ety about Your membership 
or subscription, please in. 
clude your Magazine ad. 
dress label to ensure 
prompt service. 

Mall to the Circulation 
Department, The Electro- 
chemical Society, Inc.. M 
East 42 St New York, 
N. Y. 10017? 

I Brinkmann Instruments . . . . . . . . . .  181C 

ATTACH K a n a  of Address I I continental can CO. . . . . . . . . . . . . . . .  l a x  

1 LABEL TO change your address, place magazine 
address label here. Print your NEW address 

HERE below. I f  you have any question about your 
subscription or membership, place your 

I 
magazine label here and clip this form to 
your letter. 

I 
Great Lakes Carbon Corp. 

. . . . . . . . . . .  I Graphite 'Products Div. 

I Fairchild Camera 
. . . . . . . . . .  and Instrument Corp. 

Cover z 

. 169C 
I 

. . . . . . . . . . . . . . . . .  I I Kendall Company 165C 

name . . . . . . . . .  I Precision Gas Products Inc. 183C 

address I Stackpole Carbon Co. . . . . . . . . . . .  .170C. 184C 

city state zip code I Westinghouse Electric Corp. 
. . . . . . . . . . . . . . . . . . . . . .  , A & 0 Center 182C 
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