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Gallium Arsenide Electrode Behavior 
W. W. Harvey 

Ledgemont Laboratory, Kennecott Copper Corporation, Lexington, Massachusetts 

ABSTRACT 

The anodic dissolution reaction of GaAs was found to proceed quant i ta -  
t ively in well-s t i r red solutions of KOH and HClO4 with the formation of 
soluble, tripositive Ga and As compounds. Disintegrat ion of the anode was 
noted under  na tura l  convection. Passivity ensued at high anodic currents  in  
HCIO4 electrolyte, with an abrupt  active-passive transi t ion and a gradual  
passive-transpassive transition. In H2SO4 electrolyte, the passive region ex- 
tended to the highest a t ta inable anodic potentials. No substantial  differences 
in electrochemical behavior were found between G a ( l l l )  and A s ( l l l )  sur-  
face orientations. The influence of the semiconductor properties of p- type 
GaAs on the cathodic polarization was confined to low current  densities. 
Galvanostatic anodic-cathodic cycling revealed significant details of the 
photopotentials and el iminated the hysteresis in the cathodic polarization 
curves. 

It  was anticipated that, following the diversion of 
much research emphasis in  semiconductor physics 
from germanium and silicon to compound semicon- 
ductors, workers in the field of semiconductor elec- 
trochemistry would also tu rn  to the lat ter  materials.  
I t  happens, however, that  ge rmanium and, to a lesser 
extent,  silicon possess physical and chemical properties 
which are peculiar ly favorable for reveal ing effects of 
bulk  semiconductor properties on electrode behavior. 
For this and other reasons, the l i terature,  at the be- 
g inning  of the present  investigation, contained a bare 
handful  of papers on gal l ium arsenide electrochem- 
i s t r y - s o  fundamenta l  a characteristic as the stoi- 
chiometry of the anodic dissolution reaction had not 
been established. 

Will iams (1) had concluded from his study of photo- 
voltaic effects at b inary-semiconductor /e lec t ro lyte  
interfaces that  GaAs behaves as an iner t  electrode 
capable of exchanging electrons with a redox couple 
in the solution. This conclusion was based on observa-  
tions that  the electrode potential  of n - type  GaAs vs. 
saturated calomel varied in  the same direction as the 
oxidation potential  of the redox couple, and became 
strongly more negative on i l luminat ion.  Subsequent ly,  
Haisty (2) exper imented with photoetching and gold 
chemiplat ing of GaAs. Pla t ing was observed at the 
noni l lumina ted  and etching at the i l luminated  region 
on n - type  material.  The reverse occurred for p- type 
mater ia l  when  the photovoltage had the opposite sign. 
The results obtained by the two investigators are con- 
sistent except for the mat te r  of inertness.  Haisty noted 

that in  fairly concentrated acid or base the anodic oxi- 
dation products were soluble, but  in other electrolytes 
a film was formed. 

A study of electrolytic polarization and photopoten- 
tials for both n-  and p- type GaAs was carried out by 
Pleskov (3), who reported that  the l imit ing anodic 
cur ren t  for n- type  is proport ional  to the incident  
light intensi ty  at low values of the latter. Breakdown 
was observed to occur at a critical potential  which 
varied in an inverse manne r  with the bulk  electron 
concentration. The occurrence of avalanche break-  
down and the low magni tude  of calculated hole diffu- 
sion currents  as compared to observed anodic currents,  
together with imperfect  saturat ion of the lat ter  led 
the author to conclude that  holes are supplied main ly  
by space charge generation. Influences of semicon- 
ductor properties on cathodic polarization behavior 
were not as pronounced as the chemical effects re-  
sponsible for hysteresis in  the recorded curves. 

In  a meet ing presentation, Greenberg and Sanders 
(4) reported measurements  of current  mult ipl icat ion 
at n - type  GaAs electrodes. They obtained sharp satu-  
ra t ion of the anodic current  and, for the ratio of l imit-  
ing anodic current  to absorbed light intensity,  the 
values 2.1 and 1.5 in 1.0N HC1 and 1.0N KOH, respec- 
tively. Anodic current  resulted in dissolution of the 
crystals, whose surfaces acquired "unstable brown 
films." 

Such was the state of knowledge of the GaAs/elec-  
trolyte interface. The observed similarities and differ- 
ences with respect to germanium and silicon electrodes 
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were  general ly  in accord with  what  was known or 
anticipated concerning the electronic and chemical  
propert ies of GaAs. Recently,  three  ra ther  more ex-  
tensive studies of GaAs elect rochemist ry  have  been 
published. Included are the measurements  of differen- 
tial capacitance and cathodic reduct ion of surface 
oxides by Bir in tseva and P leskov  (5), the de te rmina-  
tion of the hole part icipat ion factor and the current  
efficiency of anodic dissolution by Efimov and Eru-  
sal imchik (6), and the invest igat ion of the anodic dis- 
solution mechanism for (111)- and ( l l l ) - o r i e n t e d  
surfaces by Gerischer  (7). Certain findings of the pres-  
ent research are in disagreement  wi th  e~rlier reported 
results; these and some previously unexplored elec- 
t rochemical  features  will  be elaborated on. 

Stoichiometry of the Electrode Reactions 
One bit  of informat ion present ly  unavailable,  yet  

essential for the calculation of s tandard potentials  of 
possible electrode reactions, is the standard f ree  en- 
thalpy of format ion & G ~  of gal l ium arsenide. Ther -  
mochemical  data (8) for several  re la ted compounds 
are presented in Table I, which also lists e lectronega-  
tivities f rom Paul ing  (9) and f rom a more recent  com-  
pilation (10) [two and three significant figures, re -  
spectively].  No correlat ion is evident  be tween the 
s tandard enthalpies of format ion of the compounds 
GaSb, InAs, and InSb and differences in e lectronega-  
tivities of the consti tuent elements. As a rough ap- 
proximation,  the unknown ~ H ~  for GaAs was taken 
to be the same as that of InSb (--3.5 kca l /mole) .  

When this assumed value is combined wi th  the 
standard entropy of formation f rom Table I, the quan-  
ti ty --3.1 kca l /mole  is obtained for AG~ of GaAs. 
The absolute er ror  cannot be so great  as to al ter  the 
conclusions to be drawn from Table II; namely, that  
the 6-electron anodic reactions are favored  over  the 
corresponding 8-electron reactions in both acid and 
alkal ine solution and that  cathodic hydrogen evolut ion 
is much more probable than arsine formation. 

Experimental 
Gall ium arsenide electrodes were  fashioned in the 

form of ( l l l ) - o r i e n t e d  disks, 4 -mm or 8-ram diameter,  
and of the order  of 1-mm thick. The (111), "A" or 
gal l ium faces were  distinguished f rom the ( I l l ) ,  "B" 
or arsenic faces by etching the ini t ial ly abraded sur-  
faces in 1HF:lH20.2: 1H20. The identification of po- 
lar i ty  according to the chemical  etch pat terns was con- 
firmed for one pair of surfaces by means of anomalous 
x - r ay  dispersion. The crystals f rom which electrodes 
were  cut had the fol lowing characterist ics 

n - type  (undoped) 0.85 ohm-cm, 2.0 x 1015 car r ie r s /  
cm 3, mobi l i ty  3700 em2/v-sec 

p - type  (Zn-doped) 0.012 ohm-cm, 4.2 x 10 is ca r r ie r s /  
cm 3, mobi l i ty  125 cm2/v-sec 

Table I. Eiectronegativities and thermochemica[ data 

I l I A  V A  I I I - V  --  '~H ~ ~ 

G a  A s  G a S b  5 .0  ~ 0 .2  k c a l  
P a u l i n g  1.8 2 ,0  I n A s  7 .4  • 0 .6  k c a l  
G r a y  1 .81  2 . 1 8  I n S b  3 .5  • 0 . I  k c a l  

I n  S b  
P a u l i n g  1 .7  1 .9  
G r a y  1 .78  2 . 0 5  G a A s :  AS~ = - - 1 . 4  c a l /  

deg 

Table II. Standard potentials for some GaAs electrode reactions 

..~G ~ 
k c a l  E ~ v 

G a A s  + 2 H ~ O  = G a  +a + H A s O , ~ ( a q )  + 3 H +  + 6 e -  - - 1 6 . 2  §  
GaAs  + 4H~O : Ga § + H ~ A s O ~ ( a q )  + 5 H  + + 8e- + 9 . 8  --0.05o 
G a A s  + 8 O H -  = H ~ G a O ~ -  + A s O z -  + 3 H ~ O  + 6 e -  - -  128 ,o  + 0.92~ 
GaAs  + 1 2 O H -  = H ~ - a O 3 -  + A s O ~  -8 + 5 H s O  + 8 e -  - - 1 5 9 . 3  + 0 . S 6 a  
GaAs  + 3 H +  + 3 e -  = G a  + A s H a ( g )  + 4 7 . 0  - - 0 , 6 9 3  
GaAs + 3 ~  + 3e-= Ga + AsHMg) + 3OH- +102.8 --I,47~ 
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The provision of suitably low resistance electrical  
contacts proved an impor tant  consideration, par t icu-  
lar ly  for n - type  electrodes. A satisfactory procedure 
consisted of sput ter ing gold onto a clean, f reshly 
abraded surface and then effecting some penetra t ion of 
the gold into the GaAs surface layer by heat ing in a 
reducing a tmosphere  (H2/N2 mixture)  for �89 hr  at 
300~ For  the major i ty  of exper iments  a bead of in-  
dium was al loyed to the gold layer, thus permit t ing  a 
rel iable pressure contact to be made. Where  accu- 
rate  electrode weight  changes were  required,  "pre-  
cipitated si lver meta l"  was compacted be tween the 
sput tered gold layer  and a meta l  rod. 

Cur ren t -vo l tage  characterist ics of pairs of contacts 
affixed to opposite faces of the same specimen were  
measured. Electr ical  contacts were  considered satis- 
factory when  the combined resistance of contacts plus 
electrode was constant and not significantly greater  
than the resistance of electrode alone (as calculated 
f rom the bulk resist ivi ty)  over  the current  range of 
interest.  Thereupon the superfluous contact was re-  
moved. Of the previously cited publications dealing 
with  aspects of GaAs electrode behavior,  only that of 
Pleskov (3) makes specific note of concern with  and 
the means employed for c i rcumvent ing  rectification 
and high resistance at the meta l -GaAs contacts. 

Electrodes were  cemented with  Apiezon W black 
wax  into a circular  recess at the end of a glass capil- 
lary  tube. The wax  and project ing edge of the GaAs 
disk were  then coated with  commercial  purified paraf -  
fin, excluding all but  the desired face f rom contact 
wi th  the electrolyte.  It was thus possible to make ad- 
vantageous use both of the  adhesiveness of the black 
wax  and the chemical  inertness of the paraffin. The 
surface was most often wet -abraded  (3000-mesh gar-  
net)  before mount ing  as indicated and subsequent ly 
was general ly  chemical ly polished (10 v / o  Br~ in 
methanol)  before insert ion in the electrochemical  cell. 

A Pyrex  cell was employed which could accommo- 
date up to three working electrodes, symmetr ica l ly  
si tuated with  respect  to a pivotal  Luggin capillary. 
The counter  electrode compar tment  was separated 
f rom the main body of the cell by a glass frit. A 
s t ream of purified, deoxygenated  ni t rogen served to 
purge both the cell volume and the electrolyte  in a 
connec ted  solution reservoir.  Reagent  grade salts and 
perchloric acid were  used wi thout  purification; sul- 
furic acid and alkaline solutions were  made up f rom 
Acculute  volumetr ic  standards. The disti l led water  
used had room tempera ture  resist ivi ty in excess of 
I0 -6 ohm-cm and was obtained from an a l l -Pyrex  
still fed with  demineral ized and Mil l ipore-f i l tered 
water.  The cell t empera ture  was 25~ throughout  and, 
unless otherwise noted, exper iments  were  carr ied out 
in room light and with magnet ic  s t i r r ing of the elec-  
trolyte. 

Results and Discussion 
Over-all electrode reactions.--In agreement  wi th  the 

observations of other  investigators,  n - type  GaAs elec-  
trodes were  found to exhibi t  a large, negat ive  photo-  
vol tage on open circuit; p - type  electrodes showed a 
smaller,  posit ive photovol tage in the solutions studied. 
Fur thermore ,  the l imit ing anodic current  for n - type  was 
both ve ry  small  in the dark and ex t remely  sensitive 
to light. Gas was evolved at appreciable current  den-  
sities during cathodic but  not anodic polarization; the 
s teady-sta te  anodic reaction was always GaAs dis- 
solution. In a number  of cases a loosely adheren t  
brown coating formed on the anode; this substance 
was isolated and found by x - r a y  diffraction to be gal-  
l ium arsenide ra ther  than some oxidat ion product. 
[Greenberg  and Sanders  (4) and Gerischer  (7) re -  
ported a dark coating, whose ident i ty  was correct ly  
established by the latter.] 

The indicated disintegrat ion or undermining  of the 
anode could be e l iminated by effeeting vigorous mass- 
t ransport  conditions at the interface. Table III sum- 
marizes coulometric measurements  carr ied out on ini-  
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Table III. Coulometry of the anodic dissolution reaction for 
p-GaAs, 20 ma/cm 2 

D i s k  d i a m -  E l e c t r o n  
E x p t .  No. S u r f a c e  e t e r ,  m m  E l e c t r o l y t e  n u m b e r  

1 A ( l l l )  4 0.SN K O H  5.88o 
2 A~ 111 ) 8 0 .5N K O H  5.92u 

3 Bt  111) 8 0.SN K O H  5.992 

4 B (1111 8 1 .ON HC10~ 5.99a 
5 A (111; 8 1 .0N HC104 6.100 

t ial ly abraded p- type  anodes at 20 m a / c m  2 and 25~ 
wi th  magnet ic  s t i r r ing of the electrolyte.  Anode weight  
losses were  determined directly. In general,  as tech- 
niques were  refined the electron number  more closely 
approached the value 6; the single instance of an ap- 
parent  electron number  in excess of 6 appeared to be 
due to severe at tack of the r im of the GaAs disk, lead-  
ing to possible exposure of the edge of the gold film 
to the electrolyte.  

Fol lowing anodic dissolution, a posit ive test was 
obtained for arsenite in the electrolyte.  It appears 
cer ta in  that  gal l ium arsenide normal ly  undergoes 
anodic dissolution with  the format ion of t r iva lent  gal-  
l ium and t r iva lent  arsenic, a conclusion in agreement  
wi th  that  expressed in ref. (6) and (7). Moreover,  the 
s toichiometry is the same for both surface polarities. 
In exper iments  2-5 of Table III, the cathode was a 
GaAs disk of surface polar i ty  opposite to that of the 
anode. There  were  no weight  changes of the cathodes, 
wi thin  weighing errors, a t tending prolonged cathodic 
hydrogen evolut ion at current  densities of 20 and 80 
m a / c m  2. Evidently,  arsine format ion is not a significant 
par t  of the cathodic process at the current  densities 
indicated. 

Electrode polarization character is t ics . - -Prel iminary 
anodic etching exper iments  with an n- type  GaAs 
hemisphere  in 0.5N KOH, carr ied out perforce under  
strong i l lumination,  gave some indication of a reduced 
rate  of at tack along the [110] zone, including the (111) 

plane, as compared to the (111) plane. However ,  the 
anodic etch pat terns were  not  near ly  so wel l  defined 
as those obtainable wi th  ge rmanium hemispheres - -one  
infers a lower degree of crystal l ine perfect ion for  the 
GaAs- -and  the polarizat ion exper iments  to be de-  
scribed allow li t t le distinction to be made between 
the electrode kinetics of nominal ly  A and B surfaces. 
On the other hand, anodic dissolution of both sur-  
faces is definitely re ta rded  re la t ive  to other  or ienta-  
tions. Only one example  is given by the photographs 
of Fig. 1, which depict the surface of an n - type  elec- 
t rode of B (111) surface polar i ty  fol lowing anodic etch- 
ing in 2N NaOH under  i l lumination.  There  is clear  
evidence of h ighe r - than -ave rage  current  density at 
the r im of the disk; there also appears to be l i t t le  re-  
maining of the original  surface orientation. The major  
reflecting planes in this par t icular  etch pat tern  were  
identified as (223) by means of a two-ci rc le  goni- 
ometer.  

Figures 2 and 3 i l lustrate  the s imilar i ty  in polar iza-  
tion behavior  of the nominal ly  A and B surfaces. The 
data points were  obtained potentiostat ical ly and repre-  
sent quasis tat ionary current  densities measured at 
roughly  30-sec intervals.  It  is apparent  that  l i t t le 
quant i ta t ive  significance can be at tached to rest poten-  
tials in this system. On the other  hand, the anodic po- 
larization behavior  was nicely reproducible,  obeying 
a Tafel  relat ion over  at least four  decades of current  
density. Within exper imenta l  error,  Tafel  slopes were  
the same (82 mv)  for both electrodes. 

The upward swing of the anodic curves at the high-  
est current  densities is an indication of a resist ive 
component  of the electrode potential  measured vs. 
the saturated calomel  half-cell .  Thus, the data at high 

O 0  i i ' ' i , , r ' ' i , �9 i ' 

- o 5 . . ~ ~  

-2o ~ . ~ .  
~0 - 2 5  

- 3 0  

i I , , I J i I ~ , [ , i I , j I , 
. 0 0 1  O l  .I I I 0  I O '  

C U R R E N T  D E N S I T Y ,  m A / c m  2 

Fig. 2. Anodic and cathodic polarization curves for a p-GaAs, 
A(111) electrode in 0.5N KOH, 25~ A ,  incr. [~11; A ,  decr. 
!~ll; D ,  incr. [~11 (repeat); i ,  decr. [~11 (repeat). The symbol ~ in 
this and subsequent figure captions stands for "overpotentlal." 

Fig. 1. Etch pattern resulting from anodic dissolution in 2N 
NaOH of an a-GaAs disk, 4-mm diameter, with B~11) surface 
orientation. Magnification before reproduction: (a) 20X, (b) 160X. 

O O  ' i . . i . . . . . . . . .  i i j j  

- o  5 ~ ~  

- I . 0  

~ -15 �9 

~ - 2 0  -. 

Q. 
- 2  G ~ ,  

- 3 0  

, I i , I , , I I , , I I , , P , , I , 
0 0 1  .01 . iO I 0 0  

C U R R E N T  D E N S I T Y ,  m A / c m  2 

Fig. 3. Anodic and cathodic polarization curves for a p-GoAs, 
B(111) electrode in 0.SN KOH, 25~ Sequence of measurements: 
/% A ,  [ ] ,  • ,  �9 �9 (see Fig. 2 caption). 
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anodic overpotentials ,  when replot ted as potential,  U, 
vs. ( l inear)  current  density, j, yield straight lines wi th  
slopes, R ~ d U / d j ,  equal  to 2.83 and 3.0~ ohm-cm 2 for 
the A and B electrodes, respectively.  The indicated 
magni tude  of R is too large to be accounted for by 
the corresponding  quant i ty  for semiconductor  bulk 
plus electrical  contact to the back surface and is prob-  
ably determined by the effective resistance (11) be- 
tween electrode and Luggin capi l lary tip. Actually,  
for  these and other  cases it  was found that  the sub- 
traction of jR f rom the measured electrode potentials 
apparent ly  overcompensates  for ohmic resistance; the 
corrected Tafel  plots invar iably  leveled  off at high 
current  densities. 

The cathodic behavior  was more  s t rongly influenced 
by chemical factors than by bulk semiconductor prop-  
erties. Note in this regard  the absence of an e lect ron-  
l imited current,  together  wi th  an insensi t ivi ty to i l lu-  
minat ion at all but the lowest  cathodic currents.  These 
findings are  in general  agreement  wi th  those of Ples-  
kov  (3). The curves repor ted  here  were  obtained sub- 
sequent to anodic polarization, and it is clear f rom ex~ 
aminat ion of Fig. 2 and 3 that  beyond a certain region 
of cathodic overpotent ia l  the na ture  of the GaAs sur-  
face becomes al tered so that  the polarization curve is 
not re t raced on decreasing the overpotential .  By way 
of comparison, Bir intseva and Pleskov (5) obtained 
evidence for the anodic format ion of a surface oxide 
phase in acid solution, but only of the order of one 
monolayer  of cathodical ly reducible oxidation product 
in a lkal ine solution. 

In addition to a shift of approximate ly  0.8v to more 
posit ive potentials, as compared to the 0.5N KOH elec- 
trolyte, the anodic polarizat ion curves for p- type  GaAs 
in 1.0N HC104 exhibi t  a passive region. Results for one 
surface orientat ion only are shown (Fig. 4), since the 
data for the second are v i r tua l ly  superposable, even 
to the extent  of reproducing all details of the com- 
plicated cathodic behavior.  The effect of prior  anodic 
polarization on the cathodic behavior  was more pro-  
nounced in the acid electrolyte,  consistent wi th  more 
extens ive  oxidation of the electrode surface. As in the 
alkal ine electrolyte,  the cathodic behavior  of the p- 
type electrodes employed was much more a function 
of their  chemical  than of their  semiconducting nature. 

In 1.0N HC104 the anodic Tafel  slope was 68 my. 
The resist ive contributions to measured overpotentials  
in the prepassive region were  1.5~ and 1.8s ohm-cm ~ 
for an A and a B electrode, respectively,  mult ipl ied by 

I r i ] i i - -  I t I ' I i I t 

+t.5 ~ n ~ 

+,.o 

+05  

~ 0.0 

J 
< - o 5  ~,  

'% 
-2.0 

I ~ I t i I i J L i t I i I I i 

ooJ .or .i t Jo too 

CURRENT DENSITY, mA/cm 2 

Fig. 4. Anodic and cathodic polarization curves for a p-GaAs, 
B(i11) electrode in 1.0N HCIO4, 25~ Sequence of measurements: 
same as Fig. 2. 
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Fig. 5. Details of the active-passive transition for a p-GaAs, 
B(111 ) electrode in 1 .ON HCIO4, 25~ 

current  density. The transi t ion f rom active to passive 
condition was abrupt;  the crit ical  potential  could be 
located potentiostat ical ly to wi thin  1 mv  (Fig. 5). Re-  
establ ishment of the act ive condition was at tended by 
pronounced hysteresis, a l though the pass ive- to-ac t ive  
transi t ion was equal ly  abrupt. In the absence of s t i r-  
ring, current  densities were  lower  in the prepassive 
and throughout  the passive regions, but intense light 
had no percept ible  effect on the kinetics. 

By contrast  to the act ive-passive transitions, that  
be tween passive and transpassive regions was gradual 
with, moreover ,  a drif t ing of the current  at a fixed 
electrode potential.  It is possible that  the former  is, 
in reality, continuous in keeping with  the suggestion 
of Osterwald (11) re la t ive  to the effect of an included 
jR component.  

Anodic polarization in HC104 to the extent  indicated 
by Fig. 4 (about 30 sec/point)  resulted in deep pit t ing 
of the GaAs surface and heavy  attack of the rim. 
Although, as shown in Fig. 6, the pits formed on an A 
and a B surface are readi ly  dist inguishable (as in 
chemical  etching) ,  the microtextures  of the rest of the 
surface and, indeed, of the pits themselves proved to 
be ra ther  similar. The passive film is not thought  to 
be the dark coating which appeared at high anodic 
current  densities, since the la t ter  could be dislodged 
mechanically,  but  was not reduced electrochemically.  

The most pronounced effect of changing the anion 
f rom perchlora te  to sulfate was the extension of the 
passive region to the most  posit ive at ta inable  poten-  
tials. The anodic polarization data given in Fig. 7 are 
for an A ( l l l )  surface orientat ion;  results were  v i r -  
tual ly identical  for a B ( l l l )  electrode as wel l  as for 

A(ili) B(IIi) 
Fig. 6. Gross appearance of differently oriented p-GaAs elec- 

trodes, 8-ram diameter, following anodic passivation experiments 
in HCIO4. 
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Fig. 7. Anodic polarization behavior of a p-GaAs, A(111) elec- 
trode in 1.0N H2SO4, 25~ A ,  incr. ~1; A ,  decr. ~1. 

a second A(111) electrode. The value of b der ived 
f rom Fig. 7 is 62 my. The act ive-passive transi t ion was 
abrupt  in both directions, but without  appreciable 
hysteresis. 

Addit ional  comparisons of passivation character-  
istics in the two solutions are interesting. Thus, the 
Flade potent ial  in 1.0N H2SO4 and that for the di- 
rection of increasing overpotent ia l  in 1.0N HC104 have 
sensibly the same value, namely  about +0.70v vs. 
SCE; however ,  the m a x i m u m  current  density is greater  
in the fo rmer  (~325 as compared to ~150 ma/cm2) ,  
as is the passive current  density (~25 as compared to 
~15 ma/cm2).  The difference in pH be tween  normal  
solutions of sulfuric and perchloric  acid is thought  to 
be insufficient to account for differences in passivation 
behavior,  especially since hydrogen ion is a product  of 
the anode reaction. One is led to a consideration of 
the probable composition of the passive film. 

Both the sulfate and perchlorate  of t r iva lent  gal l ium 
have  appreciable solubilities, as confirmed in separate 
experiments .  It was also found that  a gal l ium arsenite 
could not be isolated, a l though gal l ium arsenate was 
precipi tated in the pH range 2-8. Arsenic tr ioxide is 
known to be only modera te ly  soluble in acid solution, 
as noted by Straumanis  and Kim in their  repor t  (12) 
on the growth of As203 crystals on GaAs etched with  
dilute and concentrated HNOs and also with  aqua 
regia. (It would be difficult to reconcile their  identi-  
fication of the product as As203 with  the known reduc-  
ing propert ies  of this substance were  it not readi ly  
demonstrable  in the laboratory that  the oxidation of 
solid As203 by the reagents  employed proceeds very  
slowly at room temperature . )  Haisty (2) identified a 
dark blue film formed on p- type  GaAs in dilute KC1 
by photogalvanic etching as ~-Ga203, which is also the 
product of thermal  oxidation (13). However ,  as noted 
previously,  oxide films were  formed only at i n t e rme-  
diate pH's. 

The published observations most per t inen t  to the 
passivation behavior  of GaAs are possibly those of 
Revesz and Zaininger  (14), who obtained a Ga203- 
As205 film by anodic oxidation of p - type  GaAs in 
acetic anhydride saturated with KNO3. They concluded 
that  the film was essential ly amorphous with  a Ga /As  
atom ratio of 1.3, possibly a glass modification of the 
si l ica-l ike composite oxide GaAsO4. It  is conceivable 
that  an anodic film of this na ture  is formed at suffi- 
cient ly high current  densities in aqueous acid elec-  
trolytes, leading to re tardat ion of the anodic dissolu- 
tion reaction. The rate  of the implied fur ther  oxida-  
tion of arsenic to the + 5  state would  l ikely be en- 
hanced by perchlorate  and so result  in diminished 
passive and m a x i m u m  prepassive currents  re la t ive  to 
H2SO4 electrolyte.  

The narrowness  of the range of passive potentials 
observed in HC104 is probably  a consequence of the 

Fig. 8. Gross appearance (inset) and surface features of a p-GaAs, 
A(111) electrode, 4-ram diameter, following anodic passivation 
experiments in H.~S04. Magnification before reproduction: 200X. 

severe pit t ing which occurs (Fig. 6). The absence of 
pits on GaAs electrodes having  undergone similar  
anodic t rea tment  in H2SO4 provides a marked  contrast  
(Fig. 8). Visible in the lat ter  figure are vestiges of a 
loosely adherent,  dark film of GaAs. The strongly 
nonuniform distr ibut ion of electrode current  density 
associated with  pi t t ing and t ranspassivi ty  is probably 
also responsible for the hysteresis in the ac t ive-pas-  
sive transi t ion observed in HC10~ electrolyte.  There 
follows a considerat ion of some exper iments  per-  
formed with the aim of unders tanding bet ter  the 
cathodic behavior.  

Cathodic photopotentials.--It was of interest  to ex- 
plore fur ther  the photoresponse of p- type  GaAs cath-  
odes. The absence of an e lec t ron- l imi ted  current  has 
been noted here as wel l  as by others, a l though Ples-  
kov (3) found the overpotent ia l  for hydrogen evolu-  
t ion to be greater  for p- type  GaAs (p = 2 x 10 is cm -3) 
than for n- type  (n = 10 is cm-3) .  It seems clear that 
at the higher  cur ren t  densities the electrons requi red  
for the cathodic process are ei ther  generated at a suffi- 
cient rate within the electrode or at its surface or are 
der ived from the valence band. The abrasion of the 
back surface pr ior  to applying the gold contact is not 
thought  to be a factor because of the very  short l ife- 
t ime and consequent short diffusion length of minor i ty  
carr iers  in GaAs (15). 

Initially, the posit ive photopotent ial  was enhanced 
by application of a small  cathodic current.  The clear 
indication is that  the negat ive  space charge was in- 
creased in the way  expected for consumption of mi-  
nori ty carriers by the cathodic reaction. Continuous 
i l luminat ion at ve ry  low cathodic current  densities 

0 . 3 ,  

Ld 0.0 
L) 
(,9 

,~  - 0 . 5  

I..- 
Z 
W 
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Fig. 9. Charging curves and photopotentials at a low current 
density. Events: a, begin magnetic stirring; b and d, begin anodic 
charging; c and e, begin cathodic charging; f to g, continuous 
illumination; h, current off. 
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Fig. 10. Charging curves and photopotentials at intermediate 
current densities. Events: a, anodic current off; b, d, and f, be- 
gin cathodic charging; c and e, cathodic current off; g, begin 
anodic charging. 

Fig. I I .  Galvanostatic anodic-cathodic polarization of a p-GaAs, 
A(111) electrode in 0.99N Na2SO4/0.01N H2SO4; pH 2.85, 25~ 
Arrows indicate the change of cathodic potential under illumina- 
tion. �9 incr. I*ll; o ,  decr. (~1I. 

caused the magni tude of the photopotential to decrease 
more rapidly than in the dark (Fig. 9). The contr ibu-  
tion of continued cathodic current  to the observed re-  
laxat ion of the photopotential  may result  from the 
change in the chemical state of the surface, with an 
a t tendant  adjus tment  of the potential  difference across 
the interface. Superposed on this effect is that of 
continued i l luminat ion (Fig. 9), which appears to be 
associated with a t rapping phenomenon;  possibly the 
light is absorbed by t rapping centers and effects the 
release of minor i ty  carriers. 

At somewhat higher cathodic current  densities (Fig. 
10), the cathodic photopotential  becomes both larger 
and less time dependent.  At still higher current  den-  
sities, the cathodic charging curve is characterized by 
overshoot and, eventually,  by great ly diminished 
photoresponse. 

It was found that the quasistat ionary potentials ob- 
tained from cyclical charging yield polarization curves 
in which much of the previously encountered compli- 
cated cathode behavior is absent (Fig. 11). Evidently,  
the chemical state of the GaAs surface is altered in a 
more reproducible way as a consequence of anodic- 
cathodic cycling. From Fig. 11 it is seen that  not  only 
do the curves for increasing and decreasing overpoten-  
tial coincide, but  the cathodic branch  has now a wel l -  
defined Tafel region. The values of the coefficient b in 
the given electrolyte are 62 mv for the anodic branch 
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and 300 mv  for the cathodic. The anodic photopoten- 
tials (not shown) were small throughout.  

The following interpretat ion of the cathodic photo- 
potentials is offered. Up to about 10 ~a/cm 2 the cathode 
potential  under  i l luminat ion  is sensibly constant, indi-  
cating that the light was sufficiently intense to bring 
the surface region to the f lat-band condition (not that 
for the unpolarized electrode, which occurs at a poten- 
t ial  slightly more anodic than the rest potential,  bu t  
that corresponding to the new surface configuration 
brought  about by cathodic current ) .  Thereafter  the 
light potential  begins to fall off and for a decade or so 
of cur ren t  density does so in parallel  with the dark 
potential.  In  this range, increments  of overpotential  
fall  largely across the space-charge region. At still 
higher current  densities an increasing fract ion of the 
applied overpotential  falls across the interface, with the 
consequence that the chemical state of the surface be- 
comes more drastically al tered--conceivably,  surface 
As atoms are removed as arsine, leaving a Ga sur face- -  
and the light potential  approaches the dark. Eventu-  
ally, the semiconductor na ture  of the p- type  GaAs is 
no longer manifest  in its cathodic behavior. 

Remarks  

Certain difficulties experienced in studies of gall ium 
arsenide electrochemistry stem from the compoun d 
na tu re  of the electrode material ;  in  most instances it 
probably does not make sense to think in terms of the 
composition GaAs in the immediate  vicini ty of the 
interface with the electrolyte. That  is, one must  con- 
sider that the existence of a surface layer with Ga/As 
atom ratio different from uni ty  is the probable state of 
affairs. Thus, the usual picture of the Helmholtz layer 
may not be adequate for the electrode side of the 
interface. 

The indis t inguishabi l i ty  in polarization behavior of 
the (111) and (111) surface orientations may be re-  
lated to the factor just  mentioned. There is also the 
likelihood, as ment ioned earlier, that as a consequence 
of preferent ial  etching, little of the real  surface re-  
tains the (111) or (111) orientation. Final ly,  as sug- 
gested by Gerischer (7) to explain similarities in 
anodic behavior, d ismant l ing of the crystal by anodic 
reaction probably proceeds by removal  of Ga and As 
atoms in pairs ra ther  than singly. 

There are serious discrepancies in the l i terature  re- 
garding the part icipation of holes in  GaAs electrode 
processes. A photoinjection method indicated that 2.8- 
4.0 holes (4) are required per GaAs uni t  enter ing the 
electrolyte at the l imit ing anodic current.  On the other 
hand, studies based on the redox method developed 
by Gerischer and Beck (16) for germanium give var i -  
ously 1-6 (6) and 6 (7) for the same quanti ty.  

A great deal more knowledge has to be gained be- 
fore the contr ibutions of different possible sources to 
the supply of minor i ty  carriers can be sorted out. 
Probably  genera t ion-recombinat ion  in the field of the 
space charge region is more impor tant  than  in the 
volume, but  the relat ive importance of thermal  genera-  
t ion-recombinat ion at the surface is not known. Some 
results presented here point to t rapping as a factor in 
the charge distr ibution,  whereas other authors have 
invoked field-induced ionization of deep lying im-  
purities. In  short, it may not be profitable to at tempt 
to fit the electrochemical behavior of compound semi- 
conductors wholly wi th in  the simple model which 
works well  for germanium. 
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Note added in proof: Since this paper was wri t ten,  
two items of especiaI per t inence have  appeared in the 
l i terature.  It has been reported that  --~G~ for GaAs 
is of the order  of 9 kca l /mole  [A. S. Abbasov et al., 
Doklady Akad. Nauk S.S.S.R., 170, 1110 (1966)]. Hence, 
the s tandard oxidation potentials of Table II are too 
posit ive by 0.26/n v, where  n is 3, 6, or 8. Recently,  
Gerischer  and Mattes [Z. physik. Chem. Neue Folge, 
49, 112 (1966)] have  demonstra ted convincingly the at-  
tainabil i ty of e lec t ron- l imi ted  currents  with p-GaAs 
cathodes. Observations of others to the contrary are 
probably not ascribable to cathodically produced elec- 
t ron-hole  generat ion centers, as may form on Ge cath-  
odes. Very  likely, it wil l  be found that  certain tech- 
niques of producing contacts to the back surface resul t  
in obli terat ion of the inherent  l imit ing current,  

Manuscript  received Nov. 23, 1966. This paper was 
presented at the Cleveland Meeting, May 1-6, 1966. 

Any discussion of this paper will  appear  in a Dis- 
cussion Section to be published in the December  1967 
JOURNAL, 
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Transient Response of Chemically Interacting 
Solid-Gas Systems 

I. Theoretical Considerations 

Seong T. Hwang and G. Parravano 
Department of Chemical and Metallurgical F~ngineering, University of Michigan, Ann Arbor, Michigan 

ABSTRACT 

The transient  response of the ra te  of a surface reaction between gas and 
solid phases is discussed mathematical ly .  The over -a l l  react ion is assumed 
to be the results of two e lementary  steps: adsorption of reactants  and desorp- 
tion of products. Expressions for the nonsteady rates of the two steps are 
der ived and applied to the case of simultaneous occurrence of both steps. 
This results in a surface catalyzed reaction. It is shown how the analysis 
of the t ransient  response permits the determinat ion of some of the fundamenta l  
parameters  of the e lementary  steps including the values of the step rate  con- 
stant, the na ture  and concentrat ion of the adsorbed intermediates.  The con- 
t r ibut ion of nonsteady state kinetics to the elucidation of basic problems 
on the react ivi ty  of solid surfaces is outlined. 

The e lementary  steps of solid-gas reactions involve  
physical and chemical phenomena taking place at 
different rates. This is par t icular ly  val id for chemical  
changes occurr ing at a phase boundary,  since the 
peculiar  env i ronment  and structure of a phase bound-  
ary provides a wider  spectrum of possibilities and con- 
ditions. Thus, a range of reaction re laxat ion  times is 
to be expected in heterogeneous kinetics: f rom rapid 
electronic transitions, to slow transfer  of atoms or ions 
among surface positions, and be tween  surface and 
bulk phases. A detailed study of these various proc- 
esses is a formidable,  but  necessary task for reaching 
a comprehensive  unders tanding of heterogeneous  and 
surface processes. 

In the past, studies have  been per formed on the non- 
steady rate  of react ion of FeO in CO2-CO and H._,O-H._, 
mixtures  (1) and of decomposition of HCOOH on Pd 
(2). In general, re la t ive ly  high tempera tures  are 

prefer red  for these investigations, since the identifi-  
cation of the physical  process corresponding to the 
measured re laxa t ion  times may  be carried out with 
more  confidence. 

In view, however ,  of the fact that  many surface re-  
actions, mostly catalytic, take place at lower tempera-  
tures wi th  fast rates, it is per t inent  to inquire  how far  
the pat tern  of physicochemical  behavior  emerging 
f rom h igh- t empera tu re  studies can be extrapola ted 
to the lower tempera tures  of interest.  To invest igate 
this problem and to find out the extent  to which low- 
tempera ture  results may be uti l ized to extract  mean-  
ingful  informat ion about surface-gas interactions, we 
have analyzed theoret ical ly  the t ransient  response of 
chemical ly in teract ing solid-gas systems and per-  
formed exper imenta l  investigations to test the theo- 
re t ical  analysis. 

Two considerations guided the present  effort: first, 
the scattered but extensive l i tera ture  reports  of init ial  
drifts of surface act ivi ty of many solids used as cata- 
lysts; in some cases, the direction of the act ivi ty 
change with  t ime was qual i ta t ive ly  related to and 
found consistent with the react ion scheme der ived 
f rom steady state veloci ty informat ion (3); second, a 
close scrutiny of the nonsteady state behavior  should 
be of great  interest  for mechanist ic  studies in he te ro-  
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