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ABSTRACT 

Layers made of microscopic Pt grains, optically transparent, with various morphologies are deposited on n-GaAs by 
electrocrystallization. It is shown that the modified GaAs photoanode is long-term stabilized under illumination in 
aqueous electrolytes provided that the film presents some required structural properties, e.g., size and density of Pt nuclei. 
In fact, correlations between the film morphology [studied by transmission electron microscopy (TEM)] and the stabiliza- 
tion of the modified electrode [studied by I-V, C-V measurements and the rotating ring-disk electrode (RRDE) technique] 
are observed. The mechanism of stabilization by Pt grains is also investigated by.considering the surface state distribu- 
tions, determined by photocapacitance experiments, at both bare and modified interfaces. 

The use of n-type narrow bandgap semiconductor/elec- 
trolyte (SC/EL) junctions as practical photoelectrochemi- 
cal (PEC) solar cells is still hampered by the degradation of 
the photoanode, i.e., the photocorrosion and the chemical 
attack of the semiconductor. Many years ago photoanodes 
(Si, GaAs, GAP...) were reported to be effectively 
protected by vacuum deposition of thin metal layers (1-4), 
but with some disadvantages: (i) a too large film absorp- 
tion and (ii) the fact that the modified interface behaves 
like a semiconductor/metal Schottky barrier dipped in a 
liquid. Recently the concept of discontinuous metal films 
makes metal deposition more attractive because such 
films can be optically transparent (5) and the intrinsic 
properties of the SC/EL contact (e.g., photovoltage) can be 
preserved (6). At present discontinuous metal films proved 
to be suitable for catalyzing the hydrogen photoevolution 
at p-InP and p-Si (7, 8) and for stabilizing n-Si and n-GaAs 
in aqueous media (9, 10). Reference (9) puts forward a 
theory to interpret the spectacular photovoltage of n-Si 
electrodes modified with a discontinuous metallic film. As 
the Si metal-free surface is passivated in aqueous media 
the Pt grains act as the only pathway through the oxide so 
the invoked catalytic effect is not clear. Considering the 
above question the present paper intends to bring a better 
understanding of the role played by the Pt grains. For that 
purpose we must (i) consider a semiconductor which does 
not passivate and (ii) be able to vary easily the morphology 
(density, size of the grains, distribution) of the deposited 
film. The second point is essential because according to 
Ref. (9), we expect correlations between the photoelectro- 
chemical behavior of the modified interface (I-V, stabiliza- 
t i o n . . . )  and the film morphology. 

The present study deals with the n-GaAs/aqueous elec- 
trolyte junction modified by electrodeposition of Pt be- 
cause GaAs does not passivate in water solution (unless 
the pH is close to 7); furthermore a previous work in our 
laboratory suggests that the use of electrocrystallization of 
Pt  on n-GaAs should fulfill the second above requirement  
because the nucleation and growth modes of the film 
proved to be easily changed by just modifying some pa- 
rameters of the electrodeposition (11). The charge transfer 
at such compound electrodes is discussed through (i) the 
observed correlations between the film morphology and 
the stability of the electrode and (ii) electrical characteri- 
zations of the interface. By choosing a relevant electrolyte 
our results show that n-GaAs can be very well stabilized in 
aqueous solution by electrodeposition of microscopic Pt 
grains. 

Experimental 
Electrodes.--Photoanodes are made of n-GaAs (2.10 TM 

cm 3; (100) orientation) single crystals purchased from 
MCP, Limited. After a mechanical polishing with a 1 ~m 
diamond paste, the surface is chemically etched with a 

(H2SO4, H202, H=O) (2, 2, 25 volume) mixture of 1 mn, 
rinsed with 18 M~ H20, dipped in a 0.1% bromide-metha- 
nol solution for 1 mn and finally H20 rinsed and blown 
dried with argon. 

Electrical and electrochemical characterizations.--All  
measurements are performed in a potentiostatic mode in a 
three-electrode electrochemical cell. All potentials refer to 
the saturated calomel electrode (SCE). Illumination is pro- 
vided by a 100W quartz halogen lamp; the intensity is 
changed by means of neutral density filters. Impedance 
measurements are performed with a 1174 Solartron fre- 
quency response analyzer operating at 25 kHz. The Mott- 
Schottky plots (C-2-V), readily obtained through the Classi- 
cal RC parallel analysis of the data (12), give the band posi- 
tion in the dark (VFB) and under illumination (V~B*). The 
surface state distribution is determined by the photoca- 
pacitance technique which consists in measuring the vari- 
ations of the space charge capacitance of the semicon- 
ductor as a function of the incident subgap photon flux; 
for more details about the technique itself and the spec- 
trum analysis one should refer to Ref. (13, 14a). The stabili- 
zation ratio S of the interface is measured with a rotating 
ring-disk electrode (RRDE). S is defined as the ratio be- 
tween the photocurrent associated with the oxidation of 
the redox species over the total photocurrent. The 
photocurrent iTpH generated at the 6 mm diam n-GaAs disk 
leads to a photo-oxidation of redox species which amount 
is detected with the Pt ring (external and internal diam 8.8 
and 7.2 mm, respectively) with a collection factor N = 0.32 
in close agreement with its calculated value: then S = It~ 
NIpH, where Ir is the ring current. In the following, we only 
show results obtained in I-/I3- solutions acidified with 
H=SO4: the polarization of the disk is +0.5 V/SCE (i.e., in 
the region of photocurrent saturation), that of the ring is 
-0.2 V/SCE (i.e., in the diffusion plateau of the reduction 
reaction). 

Surface characterizat ion.--The interfacial composition 
is analyzed with the 2 MeV Van der Graff accelerator of the 
Groupe de Physique des Solides de I'ENS. The number  of 
deposited Pt atoms/cm 2 is measured with a 2 MeV 4He+ 
beam normally incident; the amount of oxygen atoms is 
determined by using the 160(d, p) 170* nuclear reaction at 
Ep = 850 keV (15). 

The morphology and the structure of deposited films are 
studied by transmission electrode microscopy (TEM) and 
transmi.ssion electron diffraction (TED). Samples are pre- 
pared with the extractive replica technique (11). 

Pt electrodeposition.--Pt coating is performed by elec- 
trocrystallization of Pt on n-GaAs from a (NH4)2PtC16 solu- 
tion either at pH = 0 or 3.3. Jus t  after etching the rotating 
disk electrode is dipped in the plating solution at 0 V/SCE 
and a negative pulse of potential Vd is applied. At present 
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Fig. 1. TEM observations of electrodeposited Pt films on n-GaAs. (a, 
top left) Vd = - 0 . 5 V ,  and (b, above) - 0 . 8 5 V  at pH = 0; (c, left) 
V~ = - 0 . 7 V  at pH = 3.3. 

t h e  main  point  of  the  t echn ique  consists  in its abil i ty to 
p roduce  very  different  film morphologies .  For  examp le  
the  T E M  observat ions  o f  Fig. l a  and lb  show that  the  grain 
dens i ty  is s t rongly d e p e n d e n t  on the  potent ia l  of :deposi-  
t ion Vd at pH  = 0 whi le  there  size is =2-4 nm;  for a g iven Vd 
the  size of  the  grains depends  on the  t ime  of depos i t ion  td. 
F igure  l c  ev idences  the inf luence of  the  pH: at pH = 3.3 
the  grains are m u c h  larger (20 nm) and less n u m e r o u s  than  
at p H  = O. The in terpre ta t ion  of these  resul ts  is out  of  the  
scope of  this s tudy and will  be publ i shed  e l sewhere  (16). 
As a final remark,  TED pat terns  present  dot ted  rings in 
a g r e e m e n t  wi th  crystal l ized P t  grains wi thou t  preferent ia l  
or ienta t ions  (11 ). 

Results  
Figure  2 presents  TEM observat ions  of  two different  sur- 

faces of  GaAs after the  same PEC test: each e lec t rode  is 
kep t  unde r  i l luminat ion  in a 7M NaI (pH = 0) solut ion for 
30 m n  (Ips = 0.3 mA/cm2; V = +0.5 V/SCE). These  observa- 
t ions clearly demons t ra te  that  the  naked  e lec t rode  (Fig. 2a) 

is m u c h  more  d is turbed  by corros ion pits than  the  Pt- 
coated  one (Fig. 2b). The  small  dots (4 nm) in Fig. 2b are 
the  P t  grains. These  corrosion pits p roved  to be main ly  due  
to the  chemica l  at tack at the  surface by the  solut ion be- �9 
cause  they  are observed  (with a lmost  the  same size) w h e n  
the  e lec t rode  is only kep t  in the  dark for the  same time. 
This  agrees wi th  the obse rved  chemica l  e tch ing  of  GaAs in 
solut ions conta in ing iodine (17). Therefore  Fig. 2 indicates  
that  (i) the  P t  film stabilizes the  e lec t rode  against  the  
chemica l  at tack and (it)  the  photocorros ion,  i f  it exists,  oc- 

c u r s  wi th  no preferent ia l  site. This is w h y  we direct ly  de: 
t e rmined  the  stabil ization ratio S of  the e lec t rode  wi th  our  
R R D E  which  GaAs disk has been  P t  coated pr ior  to meas-  
urement .  

F igure  3 ev idences  the abil i ty of  our  P t  films to protec t  
n-GaAs under  i l luminat ion.  We repor t  here  the var ia t ions  
of  the bandedge  d i sp lacement  hV = VFB ~ -- VFS unde r  illu- 
mina t ion  as a funct ion  of  the  stabilization ratio S for in- 
creas ing t imes  td of  P t  e lec t rodepos i t ion  (Vd = - 0 . 7  
V/SCE). In  the  1M NaI + 0.5M H2SO4 solut ion [denoted 1M 

Fig. 2. TEM observations of n-GaAs surfaces after the same PEC test (see text). (a, left) Naked surface; (b, right) Pt-coated surface 
(Vd = - 0 . 8 5 V ;  td = 2s at pH = 0). 
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Fig. 3. Variations of the shift A V  = VFB* --  V~B vs. the stabilization 

ratio S for Pt-caated n-GaAs electrodes in 7M (O) and 1M(O) Nal solu- 
tions with increasing times of deposition td of Pt (potential of deposi- 
tion V~ = -0 .7V) .  

NaI  (pH = 0) in  t he  following],  t he  s tab i l i ty  o b v i o u s l y  in- 
c reases  w i t h  t he  a m o u n t  of  d e p o s i t e d  Pt:  S is on ly  0.74 for  a 
n a k e d  sur face  a n d  b e c o m e s  0.97 for td = 10S (i.e. = 10]6Pt 
atom/cm2). In  t he  7M NaI  (pH = 0) so lu t ion  [ the  pH is ad- 
j u s t e d  w i t h  H2SO4 as in  Ref. (18)], t h e  sens i t iv i ty  of  t he  
R R D E  t e c h n i q u e  is no t  ab le  to de t ec t  a n y  i m p r o v e m e n t  of  
S b e c a u s e  i t  is in i t ia l ly  >0.99 (18). F i g u r e  3 also s h o w s  t h a t  
AV d e c r e a s e s  in  1M NaI  wh i l e  S increases .  S u c h  a r e su l t  is 
qu i t e  s imi la r  to t h a t  o b s e r v e d  w i t h  ba re  n -GaAs  p h o t o a n -  
odes  in  con t ac t  w i th  va r ious ly  s tab i l iz ing  r e d o x  coup les  
(19). R e f e r e n c e  (19) d e m o n s t r a t e s  t h a t  AV is c o n n e c t e d  
w i t h  t he  r e m a i n i n g  p h o t o c o r r o s i o n  of  the  e lec t rode:  t he  
sma l l e r  t he  AV, t he  smal l e r  t he  pho toco r ros ion .  A c c o r d i n g  
t o  Fig. 3 th i s  r e su l t  app l ies  w i th  P t - coa ted  e lec t rodes ;  
t h e r e f o r e  in  t he  fo l lowing  we will  cons ider ,  in  a g iven  me-  
d ium,  t h a t  m e a s u r i n g  AV is a p rac t i ca l  way  to e s t ima te  t he  
s t ab i l i ty  of  t he  e lec t rode .  T he  goal  is to  o b t a i n  t he  sma l l e s t  
pos s ib l e  A V  w i t h  t h e  sma l l e s t  pos s ib l e  fi lm a b s o r p t i o n  
( A V  = 0 m e a n s  S = 1.0). 

As  a first  c o n c l u s i o n  it  appea r s  t h a t  ou r  e l e c t r o d e p o s i t e d  
P t  f i lms ef fec t ively  s tabi l ize  t he  sur face  of  G a A s  aga ins t  
b o t h  t h e  c h e m i c a l  co r ros ion  (Fig. 2) a n d  t h e  p h o t o c o r -  
ro s ion  (Fig. 3). B u t  t h e  q u e s t i o n  arises:  h o w  do s u c h  mic ro -  
scop ic  g ra ins  act? I n d e e d  t hey  on ly  cover  a few p e r c e n t s  of  
t h e  w h o l e  surface.  

To a n s w e r  t he  a b o v e  q u e s t i o n  we h a v e  p r o d u c e d  a large  
va r i e ty  of  fi lm m o r p h o l o g i e s  a n d  t e s t ed  t he  r e s u l t i n g  inter-  
faces. The  t e s t  cons i s t ed  in keep ing ,  as in  Fig. 2, t h e  elec- 
t r ode  u n d e r  i l l u m i n a t i o n  in 7M NaI  (IpH = 0.3 mA/cm2; 
V = +0.5 V/SCE) for  30 mn .  T he  in te r face  was  t h e n  charac-  
t e r i zed  b y  t h e  m e a s u r e d  sh i f t  AV of  the  b a n d e d g e s ,  i .e.,  i ts  
s tabi l i ty .  The  sur face  was  also o b s e r v e d  b y  TEM, as s h o w n  
in Fig. 2b, a n d  ha s  b e e n  cha rac t e r i zed  by  (i) t he  co r ros ion  
p i t  cove rage  0~o~v (wh ich  a c c o u n t s  for t he  c h e m i c a l  at tack),  
(ii)  t h e  P t  cove rage  OPt, ( i i i )  t h e  g ra in  dens i t y  No (cm-2), a n d  
( iv)  t he i r  d i a m e t e r  d (nm). We c h e c k e d  t h a t  t he  va lues  of No 
a n d  d we re  c o n s i s t e n t  w i t h  t h e  a m o u n t  of  d e p o s i t e d  m e t a l  
a t o m / c m  2 ( m e a s u r e d  by  RBS)  b y  c o n s i d e r i n g  h e m i s p h e r i -  
cal P t  gra ins .  The  p h o t o e l e c t r o c h e m i c a l  (PEC) t e s t  were  
p e r f o r m e d  in t he  7M NaI  so lu t ion  b e c a u s e  our  a im was  t o  
l o n g - t e r m  s tabi l ize  t he  sur face  a n d  it  s e e m e d  m o r e  rele- 
v a n t  to b e g i n  w i t h  a good  e n o u g h  s tab i l iz ing  m e d i u m .  

T h e  m a i n  cor re la t ions  b e t w e e n  t he  film m o r p h o l o g y  a n d  
t he  s tab i l i ty  aga ins t  b o t h  co r ros ion  a n d  p h o t o c o r r o s i o n  are  
r e p o r t e d  in  Fig. 4 a n d  5, respec t ive ly .  T h e s e  f igures  s h o w  
t h a t  b o t h  0~o~ a n d  AV dec rea se  for  P t  coverages  as low as 
10-3:0  .... = 0.25 a n d  AV = 120 m V  for n a k e d  e lec t rodes  
w i t h i n  t he  s a m e  cond i t ions .  This  a l r eady  ind ica t e s  t h a t  P t  
does  no t  ac t  as a s imp le  mask .  Unt i l  Opt = 0.2 the  r e d u c t i o n  
of  b o t h  AV a n d  0~o~ is r a t h e r  slow. Fo r  OPt > 0.2 t he  fas te r  
v a r i a t i o n s  of  0oo~ a n d  AV sugges t  t h a t  0.2 is a cr i t ical  P t  cov- 
e rage  to r e a c h  t he  s tabi l i ty .  However ,  it s e e m s  t h a t  t h e  re- 
su l t s  d e p e n d  on  t he  fi lm m o r p h o l o g y  espec ia l ly  for AV 
(Fig. 5a). Fo r  example ,  depos i t s  w i t h  smal l  dens i t i e s  No 
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(~lOl~ -2) a n d  large gra ins  (d ~ 30 nm),  o b t a i n e d  at  pH = 
3.3 ([3), are less  eff ic ient  t h a n  t h o s e  o b t a i n e d  at pH = 0 w i t h  
l a rger  No e v e n  if  t he  nuc le i  are m u c h  smal l e r  (=2-4 nm)  
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(Fig. 5b). This  m e a n s  t h a t  No is t he  p reva i l ing  p a r a m e t e r  in  
t h e  m o r p h o l o g y  for a g iven  P t  coverage .  No te  t h a t  we can- 
no t  a sce r t a in  w h e t h e r  g ra ins  sma l l e r  t h a n  4 n m  b u t  w i t h  a 
dens i t y  la rger  t h a n  5 �9 1012 cm -2 are m o r e  efficient.  At  t he  
p r e s e n t  t i m e  i t  s e e m s  t h a t  2 �9 10 TM c m  2 nuc le i  is a cr i t ical  
dens i ty ;  t he  c o r r e s p o n d i n g  o p t i m u m  gra in  size is 4 rim. So 
far  it a p p e a r s  t h a t  depos i t s  p e r f o r m e d  at p H  = 3.3 m u s t  be  
ru led  ou t  b e c a u s e  of  a too smal l  No. Neve r the l e s s ,  e v e n  i f  
No was  greater ,  t h a t  k i n d  of  fi lm w o u l d  no t  be  i n t e r e s t i n g  
b e c a u s e  of  a too  large  l igh t  abso rp t ion .  

F i g u r e  6 p r e s e n t s  t he  s t eady-s ta te  cu r r en t -vo l t age  char-  
ac te r i s t i c s  u n d e r  i l l u m i n a t i o n  of  a r o t a t i ng  d i sk  n - G a A s  
e l ec t rode  in con tac t  w i th  a 7M NaI  (pH = 0) so lu t ion:  cu rve  
a c o r r e s p o n d s  to t he  ba re  sur face  a n d  cu rve  b to t h e  Pt-  
coa t ed  one  (potent ia l  of  depos i t i on  -0 .7V,  t i m e  of  deposi-  
t i on  10s). T h e  film p r e s e n t s  a m o r p h o l o g y  (No = 2.6 1022 
c m  -2, g ra in  size - 4  nm)  c lose  to t he  o p t i m u m .  As  a first 
c o n c l u s i o n  t he  f i lm is f o u n d  to be  opt ica l ly  t r a n s p a r e n t  be-  
cause  t he  i l l u m i n a t i o n  level  has  b e e n  k e p t  t he  s ame  for 
b o t h  n a k e d  a n d  modi f ied  in terfaces .  T he  b a n d  pos i t i on  
(pul led  ou t  f rom C-2-V M o t t - S c h o t t k y  plots)  in  t he  d a r k  is 
a l m o s t  u n a f f e c t e d  b y  t he  p r e s e n c e  of  P t  a t  t he  surface.  On 
t he  cont ra ry ,  t he  d o w n w a r d  sh i f t  of  t h e  b a n d e d g e s  u n d e r  
i l l u m i n a t i o n  is m a r k e d l y  r e d u c e d  at  t he  P t - coa ted  elec- 
t r o d e s  [hV(b) = 0.08V] w i th  r e spec t  to t h a t  of  t he  n a k e d  sur-  
face [AV(a) = 0.25V]. A c c o r d i n g  to Fig. 5 th i s  m e a n s  t h a t  
t h e  s tab i l i ty  is inc reased ;  no t e  t h a t h V  is sma l l e r  in  Fig. 5 
b e c a u s e  of  a w e a k e r  i l lumina t ion .  Final ly ,  t he  ga in  in  pho-  
tovo l t age  (0.05V) s h o u l d  no t  be  a sc r ibed  to an  inc rease  of  
t h e  ho le  t r a n s f e r  k ine t i c s  if  one  cons ide r s  t he  r e spec t ive  
pos i t i ons  of  t h e  b a n d e d g e s  u n d e r  i l l u m i n a t i o n  ( r ight  ar- 
rows)  a n d  t h a t  of the  onse t  po ten t ia l s .  I n d e e d  it  is wel l  
k n o w n  t h a t  t he  c loser  to VFB* t he  onse t  potent ia l ,  t h e  fas te r  
t h e  t r ans f e r  (20). 

In  o rde r  to exp la in  h o w  t h e  s tabi l i ty  of  t he  sur face  can  b e  
i m p r o v e d  w i t h o u t  any  s ign i f ican t  inc rease  of  t he  t r a n s f e r  
k ine t i c s  we h a v e  p e r f o r m e d  capac i t ance  a n d  pho t ocapac i -  
t a n c e  m e a s u r e m e n t s  to  de t e rmine ,  respec t ive ly ,  t he  po ten-  
t ial  d i s t r i b u t i o n  a n d  t h e  sur face  s ta te  d i s t r i b u t i o n  at  t he  in- 
terface.  Fo r  t h i c k  e l ec t r odepos i t ed  P t  layers  t he  f l a tband  
po t en t i a l  a t  t he  n - G a A s / P t  sol id con t ac t  is -0 .96V w i t h  re- 
spec t  to Pt.  Th i s  va lue  c o r r e s p o n d s  a l m o s t  to t h e  ba r r i e r  
h e i g h t  m e a s u r e d  at  t he  ba re  n-GaAs/7M NaI  (pH = 0) junc -  
t ion  (VFB : --0.82 V/SCE; Vredox : -F0.10 V/SCE). Th i s  ex- 
p la ins  t h a t  P t  does  no t  affect  t he  b a n d  pos i t ion  of  GaAs  in  
iod ide  so lu t ions .  On t he  cont rary ,  as soon  as t he  e l ec t rode  
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Fig. 6. I-V characteristics of the n-GaAs/TM Nal (pH =0 )  contact, a, 
Bare electrode; b, Pt-coated electrode (Vj = - 0 . 7 V ;  td = 10s at 
pH =0) .  The band position in the dark VFB (left arrows) shifts positively 
towards VFB* (right arrows) under illumination by an amount of AV(a) 
and AV(b), respectively. The illumination level is the same for both in- 
terfaces. 
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Fig. 7. Photocapacitance spectra of a bare n-GaAs surface in contact 

with 7M Nal. (a) Single beam experiment; (b) with superimposed inter- 
band illumination (Ipn = 2 ~A/cm2). 

is i l l u m i n a t e d  in 7M NaI  the  SC b a n d e d g e s  m o v e  d o w n  at  
t he  n a k e d  sur face  (see Fig. 3) w h e r e a s  t h e y  r e m a i n  un-  
c h a n g e d  w h e n  it is c o m p l e t e l y  cove red  w i t h  Pt .  F igu re s  7 
a n d  8 p r e s e n t  t he  p h o t o c a p a c i t a n c e  (PC) spec t r a  of  b o t h  a 
ba re  a n d  a P t - coa ted  e lec t rode  w i t h i n  s ingle  b e a m  (Fig. 7a, 
8a) a n d  dua l  b e a m  e x p e r i m e n t s  (Fig. 7b, 8b). We recal l  t h a t  
in  a s ingle  b e a m  e x p e r i m e n t  t h e  e l ec t rode  is on ly  s u b g a p  
i l l umina t ed ;  in  a dua l  b e a m  e x p e r i m e n t  a w e a k  i n t e r b a n d  
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Fig. 8. Same as Fig. 7 but for a Pt-coated electrode (Vd = - 0 . 7 V ;  
td = 4s at pH=0) .  (a) Single-beam experiment; (b) with superimposed 
interband illumination (I~H = 2 t~A/cm2). 
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i l lumina t ion  (IpH = 2 ~A/cm 2) is super imposed .  The  band 
bend ing  is 0.95V in all exper iments ;  Co = 14.60 nF. All the  
spect ra  are normal ized  wi th  respect  the  inc ident  subgap  
flux at 1.35 eV (10 TM cm-2s- ') .  The  e lec t rode  area is 0.3 cm 2. 
Cons ider ing  the  s ingle-beam expe r imen t s  (Fig. 7a and 8a) 
one  sees that  the  spectra  p resen t  the  same genera l  shape 
wi th  the  sm~ne t ransi t ions  e x c e p t  for the  small  peak a round  
1.27 eV w h e n  the  e lec t rode  is coated wi th  Pt. This  means  
that  (i) the  peak  is re la ted to surface states and (ii) it is in- 
duced  by the  in teract ions  be tween  P t  and the  GaAs sur- 
face. The  o ther  c o m m o n  t rans i t ions  have  been  ident i f ied 
e lsewhere :  the main  peak  at 0.85 eV is re la ted to the  well- 
k n o w n  bu lk  state EL2 in GaAs (14a), the  t ransi t ions at 1.0V 
and  1.15 eV are re la ted to the  corros ion in te rmedia te  states 
and the  t ransi t ion at 1.32 eV accounts  for the  surface 
bonds  (14b). F r o m  one spec t rum to another  di f ferences  
also appear  as far as the  quant i t ies  8i, ampl i tude  in AC be- 
tween  two consecu t ive  transit ions,  are concerned.  Both  81 
and 82 are smal ler  for the  Pt -modif ied  surface. This  is even  
m o r e  p ronounced  w h e n  the  in te rband  i l luminat ion  is 
added  (Fig. 7b and 8b): When the  e lec t rode  is P t  t rea ted  the  
ampl i tudes  81 and 82 remain  u n c h a n g e d  whereas  they  be- 
c o m e  smal ler  for a naked  electrode.  On the  contrary,  the  
decrease  in the  EL2 peak is c o m m o n  because  it is a bulk  
state. At  last note  that  the  Pt-re la ted peak  is still p resen t  in 
such  a dual  b e a m  ex pe r imen t  (Fig. 8b). 

Discussion 
This  sect ion is in t ended  to give an in terpre ta t ion  for (i) 

the  stabil izing effect  of  a t ransparen t  P t  film and (ii) the  ob- 
se rved  correla t ions  be tween  the  stabil i ty of  the  surface 
and the  film morphology.  

The  small  peak  a round 1.27 eV in the pho tocapac i t ance  
spectra  of  Fig. 8 accounts  for the  p resence  of  two surface 
states (14) i nduced  by Pt: E1 = E c - 1 . 2 5  eV and E2 = Ec 
-0 .15 eV. This  resul t  is qu i te  consis tent  wi th  the  posi t ion 
of  the  Fe rmi  level  at the  surface of  GaAs covered  with  sub- 
monolayers  of  var ious  meta ls  (21). F igure  9 gives only the  
state d is t r ibut ion  at the  interface.  The  corros ion states 
(Ec -1 .0  eV and Ec -1.15 eV) are still p resen t  because  the  
P t  film is d iscont inuous .  

The  quan t i ty  81 (82) (Fig. 7 and 8) is re la ted to the  n u m b e r  
of  avai lable  optical  t ransi t ions be tween  the  state 
E c - 1 . 0  eV (Ec -1 .15  eV) and the  conduc t ion  band (CB); 

CB 

COl" r'. ~" 

s tares L 

V B  

E 2 

I E I 
Fig. 9. Interface state distribution at a n-GaAs/Pt/7M Nal (pH=0)  

contact. E1 = Ec - 1 . 2 5  eV and E2 = Ec - 0 . 1 5  eV are the Pt-induced 
states. 

that  is to say it accounts  for the  state dens i ty  and/or  the  
state popula t ion  in the  cor responding  state. In the  dark 
(s ingle-beam exper iment )  the smal ler  va lues  of  8i in pres- 
ence  of  P t  sugges t  that  there  are less corros ion defects  at 
the  surface. This resul t  is cons is tent  wi th  our  previous  in- 
te rpre ta t ion  of  these  defects  which  were  regarded  as one- 
e lectron surface bonds  (19); P t  ad-atoms are in fact l ikely 
to br ing the  miss ing  e lec t ron and create  a m u c h  s t ronger  
chemica l  bond  as is p roved  by the  posi t ion of both  states 
E1 and E~ (they are close to the  SC bands). When electron- 
hole  pairs are pho togenera ted  (dual b e a m  exper iment) ,  the  
popula t ion  in the  corrosion state depends  on the  surface. 
For  the  naked  surface (Fig. 7b) 81 and 82 b e c o m e  smaller.  
This  behav ior  is a t t r ibuted to a hole  t rapp ing  process  in 
the  corros ion states at the  i l lumina ted  n-GaAs e lec t rode  
(13, 14b). As a m a t t e r  of  fact, at a naked  sur face  holes  are 
t ransfer red  to solut ion at the  top  of the  va lence  band (VB) 
( redox reaction,  i.e., stabil izat ion process) and th rough  the  
corros ion in te rmedia tes  (photocorros ion process)  as it is 
dep ic ted  in Fig. 10a (19); 81 and 82 decrease  in Fig. 17b be- 
cause  of  a ne t  hole  popula t ion  in the  cor ros ion  states. On 
the  contrary,  w h e n  the  e lec t rode  is P t  coated (Fig. 8), holes  
do not  t r ansmi t  anymore  th rough  the  corros ion states be- 
cause  81 and 82 are unchanged  (Fig. 8b) in ag reemen t  wi th  
the  bet ter  observed  stability. This means  tha t  they  are no 
longer  t ransferred to solut ion th rough  the  metal- f ree  inter- 
face because  both  pathways '  in Fig. 10a are spatial ly 
coupled.  They mus t  therefore  be t ransferred via the  very  
P t  grains (where no corrosion occurs); the  state E1 (spa- 
tially located at the  grains) is l ikely to favor  this mecha-  
n i sm because  of  its energy  localizat ion in the  bandgap  
(Fig. 9). Howeve r  we cannot  say, at present ,  whe the r  the  
t ransfer  occurs  at the  state E1 or at the  top of  the  VB at the  
local P t /GaAs contacts  (Fig. 10b). 

The  schemat ic  b a n d  d iagram of the  in terface  under  illu- 
mina t ion  is dep ic ted  in Fig. 11; it comes  f rom our capaci- 
tance  m e a s u r e m e n t s  (see previous  sectiori). In  the  dark, no 
band modu la t ion  occurs  at the  surface because  the  band 
posi t ions of the  s emiconduc to r  are the  same even  if  it is 
comple te ly  covered  wi th  Pt. On the  contrary  unde r  i l lumi- 
na t ion  the  meta l  free surface undergoes  a d o w n w a r d  shift  
of  the bandedges  of  GaAs and a band modu la t ion  appears:  
Ec(M) - Ec(S) = 0.12-0.25 eV depends on the illumination 
level. Figure 11 immediately suggests that a 
photogenerated hole close to the surface is likely to be 

< 
2 

1 

|  

@ | 
Fig. 10. Schematic transfer process at an illuminated n-GaAs/7M 

Nal (pH=O) contact when the electrode is bare (a) or Pt coated (b). For 
the naked surface both the direct transfer, at the top of the valence 
band ( ~ ;  redox reaction), and the indirect one, through the corrosion 
states ( ~ ;  photocorrosion) are spatially coupled. For the sake of sim- 
plicity only one corrosion state is figured. In presence of Pt the holes 
transit spatially at the Pt grains either directly (~1) or indirectly (_~' 
through the state El. 
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Fig. 11. Schematic energy band diagram of the illuminated contact of 
Fig. 6. Ec(M)-EF (M) is the barrier height at the Pt/GaAs solid contact. 
El is the Pt-induced state. Ec (S) and Ev (S) [Ec(M) and Ev (M)] are the 
band positions at the metal-free(covered) surface. 

c a u g h t  by  a P t  g ra in  b e c a u s e  t he  ene rgy  d i a g r a m  favors  it. 
Th i s  r e m a r k  w i l l  be  of  i m p o r t a n c e  in  the  fo l lowing  dis- 
cuss ion .  

A n y  p h o t o g e n e r a t e d  ho le  t h a t  r eaches  t he  space  c h a r g e  
layer  is d r i v e n  by  t he  e lectr ic  field t ow ar ds  t h e  in terface:  
th i s  la t te r  fact,  a c c o r d i n g  to Ref. (25), does  no t  p r e s e n t  any  
l a t e r a l . c o m p o n e n t  e v e n  in t he  case  of  Fig. 11. T h e r e f o r e  t he  
m e a n  t ra jec to ry  of  t he  ho le  is n o r m a l  to t he  sur face  al- 
t h o u g h  it  ac tua l ly  p r e s e n t s  a m u c h  m o r e  c o m p l e x  trajec-  
to ry  due  to col l is ions  (22). T he  t i m e  b e t w e e n  two  col l i s ions  
is 7 t : ~pmp*/q w h e r e  ~p is t he  ho le  mobi l i ty ,  mp* t he  effec- 
t ive  m a s s  of  t he  hole,  a n d  q the  e lec t ron ic  cha rge  (23). For  
GaAs,  ~p = 0.04 m2V-ls  1, mp* = 0.45 mo (mo is t he  m a s s  of  
a n  e l ec t ron  at  rest)  (23), lead  to 7t = ]0-1~s: th i s  c o r r e s p o n d s  
to a d i s t a n c e  b e t w e e n  two  col l is ions  kt = 10 n m  (kt 2 = Dpzt 
w i t h  Dp = 10 cm2s -1 for holes  in  GaAs).  I t  m u s t  b e  t h e n  
c o n s i d e r e d  t h a t  t he  hole  also r a n d o m l y  m o v e s  para l le l  to 
t h e  sur face  a n d  pa r t i cu la r ly  j u s t  b e l o w  it: t h i s  h a z a r d o u s  
t r a j ec to ry  m u s t  no t  e x t e n d  over  m o r e  t h a n  a few kt w i t h  re- 
spec t  to i ts or ig ina l  t r a jec to ry  t o w a r d s  t he  interface.  More-  
over,  k n o w i n g  t h a t  t he  ra te  c o n s t a n t s  at  t he  local  meta l /SC 
a n d  e lec t ro ly te /SC con tac t s  are, respec t ive ly ,  107 cm/s  (22) 
a n d  5 • 102 cm/s  (19), one  f inds  t h a t  a ho le  n e e d s  71 = 10 14s 
a n d  72 = 10 11s to c ross  t he  r e spec t ive  in ter faces .  This  
m e a n s  t h a t  eve ry  ho le  a r r iv ing  at the  meta l - f ree  sur face  un-  
de rgoes  a g rea t  n u m b e r  of col l is ions  in  t he  v ic in i ty  of  t he  
sur face  b e c a u s e  (i) 7t < <  72 a n d  (ii) ~t < <  %, t h e  l i fe t ime  of  
ho les  in  GaAs.  Therefore ,  wh i l e  r a n d o m l y  m o v i n g  a long  
t he  sur face  (over kt), a r o u n d  a m e a n  position,,  th i s  ve ry  
s a m e  hole  c an  e n c o u n t e r  a P t  g ra in  on  w h i c h  it  will  t r an s i t  
t o w a r d s  so lu t ion ,  w i t h o u t  c o r r o d i n g  t he  surface,  b e c a u s e  
(i) of  t he  b a n d  m o d u l a t i o n  (see Fig. 11) a n d  (ii) vt = 71. Wi th  
s u c h  s i m p l e  cons ide ra t ions ,  it is n o w  obv i ous  t ha t  t he  
p r o b a b i l i t y  for  a ho le  to e n c o u n t e r  a m e t a l  grain,  i.e., t h e  
s tabi l i ty ,  d e p e n d s  on  t he i r  dens i t y  No, in  a g r e e m e n t  w i th  
Fig. 5. 

So far  it t u r n s  ou t  t h a t  t he  i n t e r p r e t a t i o n  we  give for  t he  
PC spec t r a  (Fig. 7 a n d  8) agrees  fair ly wel l  w i t h  t h a t  pu l l ed  
ou t  f rom t h e  c o n s i d e r a t i o n s  of t he  b a n d  m o d u l a t i o n  (Fig. 
11) a n d  t he  va r ious  t r an s i t  t imes  (see above).  T he  s tab i l i ty  
c o m e s  f rom a ho le  t r ans f e r  t h r o u g h  t he  P t  g ra ins  a l t h o u g h  
t h e y  cover  on ly  20% of  the  w h o l e  surface.  No te  t h a t  t he  
s ta te  E1 is l ikely to r e in fo rce  the  b a n d  m o d u l a t i o n ;  in  t he  
s a m e  way  i n c r e a s i n g  t he  l ight  i n t ens i t y  is no t  too un favora -  
b le  b e c a u s e  it s h o u l d  inc rease  Ec(M) - Ec(S) (Fig. 11). A t  
las t  i t  s e e m s  t h a t  the  t r ans f e r  k ine t i c s  at  t he  P t / so lu t i on  in- 
t e r face  is n o t  cr i t ica l  p r o v i d e d  t h a t  it is n o t  s lower  t h a n  
t h a t  f o u n d  at  the  SC/so lu t ion  contac t .  In  ou r  case  t he se  two 
k ine t i c s  m u s t  be  nea r ly  t he  s ame  b e c a u s e  b o t h  a n a k e d  or 
a c o m p l e t e l y  cove red  sur face  p r e s e n t  t he  s a m e  p h o t o c u r -  
r en t -vo l t age  cha rac te r i s t i c s  u n d e r  i l l u m i n a t i o n  (in t he  s e c -  

o n d  case  t h e  k ine t i c s  a t  t he  SC/meta l  con t ac t  is no t  t he  l im- 
i t ing  step).  Th i s  reconc i les  t h e  b e t t e r  s t ab i l i ty  w i t h  a n  
a p p a r e n t l y  una f fec t ed  m a c r o s c o p i c  k ine t i c s  (Fig. 6). As a 
m a t t e r  of  fact  the  a b o v e  d i scuss ion ,  s t r ic t ly  speak ing ,  ru les  
ou t  a cata lyt ic  effect  of  t he  P t  gra ins :  t hey  act  on ly  as an  in- 
t e r m e d i a t e  pa thway .  

Unt i l  n o w  we  h a v e  on ly  dea l t  w i t h  t he  p r o t e c t i o n  aga ins t  
t h e  pho toco r ros ion ,  i.e., w h e n  holes  are i n j ec t ed  at  the  sur- 
face f rom the  b u l k  of the  i l l u m i n a t e d  SC. K n o w i n g  t h a t  a 
c h e m i c a l  a t t ack  is a ho le  in j ec t ion  f rom ox id iz ing  species  
i n  so lu t ion  (24), i t  s eems  real is t ic  to t h i n k  t h a t  t he  stabil iz-  
ing  p rocess  is t he  s a m e  in  t h a t  case  if  we cons ide r  Fig. 4 
a n d  5. 

T h e  m a g n i t u d e  of t he  r e l axa t ion  t i m e  Tt for ho les  a n d  its 
a s soc ia t ed  l e n g t h  kt = 10 n m  s h o u l d  lead to a cri t ical  va lue  
o f  t h e  n u c l e u s  d e n s i t y  of  5 - 1011 c m  -2 in  t he  case  of  per-  
fec t ly  we l l -d i s t r i bu t ed  grains .  I n d e e d  in t h a t  case  holes  
w o u l d  have  a large  p robab i l i t y  of  e n c o u n t e r i n g  a m e t a l  
g ra in  and  t h e n  be ing  t rans fe r red  to solut ion t h r o u g h  it (see 
above); therefore  S shou ld  be  un i ty  (i.e., A V  = 0). The  experi-  
m e n t a l  critical va lue  of No is s o m e w h a t  grea ter  (2.1012 c m  -2) 
because  our  depos i t ed  grains  are no t  h o m o g e n e o u s l y  dis- 
t r i bu t ed  at  pH = 0 (Fig. 2b). At  pH = 3.3 (Fig. lc) the  nuc leus  
d i s t r ibu t ion  is be t t e r  bu t  No is too small. (< 6 �9 101~ cm-2). 
A c c o r d i n g  to t h e s e  s t a t e m e n t s  it s e e m s  t h a t  g rea te r  No, 
e v e n  w i t h  smal le r  P t  grains ,  wou ld  b e  e v e n  m o r e  f avorab le  
for s tab i l iz ing  the  e lect rode.  H o w e v e r  the  role  p l ayed  b y  
t h e  size of  t he  g ra ins  is no t  c o m p l e t e l y  clear.  One  can  un-  
d e r s t a n d  t h a t  if  t h e y  are sma l l e r  t h a n  1 n m  the  b a n d  m o d u -  
l a t ion  is a t t e n u a t e d  b e c a u s e  t he  ene rgy  levels  a t  t he  local  
SC/me ta l  con tac t s  are  q u a n t i z e d  (9). Fo r  2 n m  d i a m  gra ins  
th i s  is no  m o r e  true.  The  d i f fe rence  in s tab i l i ty  o b s e r v e d  
w i t h  2 a n d  4 n m  gra ins  m u s t  ar ise  e i t he r  f rom the  coverage  
0 p t  , i.e., t he  p robab i l i t y  to m e e t  a grain,  a t  a g iven  d e n s i t y  
(Fig. 5b) or a dec rease  in the  t u n n e l i n g  p robab i l i t y  t h r o u g h  
t h e  well,  for  holes,  due  to P t  (Fig. 11). The re fo re  t he  opti-  
m u m  fi lm m o r p h o l o g y  we give (No > 1012 cm-2; d = 4 nm)  
is e x p l a i n e d  b y  s imp le  cons ide ra t ion .  

T h e  a b o v e - m e n t i o n e d  resu l t s  i m p l y  severa l  r emarks :  as 
kt is a n  in t r ins i c  p r o p e r t y  of  t he  SC the  cr i t ical  d e n s i t y  No 
s h o u l d  d e p e n d  on  t he  c h o s e n  ma te r i a l  a n d  its d o p i n g  level  
(23). In  the  s a m e  way,  for a g iven  SC, t he  n a t u r e  of  t he  de- 
pos i t ed  m e t a l  s h o u l d  p lay  on ly  t h r o u g h  the  a m p l i t u d e  of  
t h e  b a n d  modu la t i on .  F u r t h e r  w o r k  in  t h a t  field s eems  
ve ry  i n t e r e s t i n g  for  t he  u n d e r s t a n d i n g  of  our  mode l .  

No t i ce  tha t ,  as in  t he  w o r k  of  N a k a t o  et  aI. (9), Fig. 6 
s h o w s  t h a t  ou r  modi f i ed  in te r face  p r e s e n t s  a g rea te r  open-  
c i rcu i t  vo l tage  (Voc = 0.53V) t h a n  t h a t  o b t a i n e d  w i t h  a 
n a k e d  sur face  or c o m p l e t e l y  cove red  sur face  (i.e., Schot -  
t ky  barr ier) ;  Voc = 0.48V in  b o t h  l a t t e r  cases.  Th i s  r e su l t  has  
b e e n  o b t a i n e d  w i t h o u t  pa s s iva t i on  of  the  meta l - f ree  inter-  
face. P r e l i m i n a r y  resu l t s  w i t h  7M NaI  (pH = 7) s h o w  t h a t  
Voc = 0.6V w i t h  s t ab le  p h o t o c u r r e n t s  can  be  o b t a i n e d  w i th  
t h e  depos i t  of  Fig. 6; on  t he  cont ra ry ,  in  t he  s a m e  condi -  
t ions ,  a n a k e d  e lec t rode  pass iva tes  in  a few m i n u t e s ;  be- 
fore this ,  t h e  t r a n s i e n t  Voc is still  0.48V. Th i s  m e a n s  t h a t  a 
n e w  in te r face  ha s  b e e n  c rea ted  w i t h  d i f fe ren t  p roper t i e s .  
S u c h  a r e su l t  c an  be  i n t e r p r e t e d  w i t h i n  t he  f r a m e w o r k  of  
t h e  t h e o r y  d e v e l o p e d  b y  Naka to  et  al. (25) a s s u m i n g  t h a t  
t he  field d i s t r i b u t i o n  is t h e  s a m e  w h e n  Ec (M) lies a b o v e  E c  
(S). 

Befo re  conc lud ing ,  we w a n t  to s t ress  t h a t  th i s  w o r k  
dea ls  w i th  t he  l ong - t e rm  s tab i l i ty  of  GaAs. In  7M N a I  
(pH = 0) t h e  r e m a i n i n g  cor ros ion  is in i t ia l ly  10 -3 of  t he  
to ta l  p h o t o c u r r e n t  for a n a k e d  sur face  (18). A c c o r d i n g  to 
Fig. 3 we can  as sume ,  as a first a p p r o x i m a t i o n ,  t h a t  1-S a n d  
AV are  p ropor t iona l ;  t he  coeff ic ient  d e p e n d i n g  obv ious ly  
on  t he  m e d i u m  at  a g iven  p h o t o n  flux. Th i s  m e a n s  t h a t  t h e  
l i f e t ime  of  t he  e lec t rode  (b of  Fig. 6) is at  leas t  one  year,  i.e., 
t h r e e  t i thes  g r e a t e r  t h a n  t h a t  of t h e  n a k e d  e l ec t rode  
(0.5 m m  th ick)  u n d e r  s t rong  i l l u m i n a t i o n  (18 ~A/cm 2) be- 
cause  AV(a) /AV(b)  = 3. 

Conclus ions  
T h e  p r e s e n t  w o r k  s h o w s  t h a t  n - G a A s  p h o t o a n o d e s  c a n  

b e  ve ry  wel l  s tabi l ized  in a q u e o u s  e lec t ro ly tes  b y  e lectro-  
d e p o s i t i o n  of  mic roscop ic  m e t a l  gra ins .  The  film m o r p h o l -  
ogy appea r s  to be  the  key  p a r a m e t e r  to ef fec t ively  p ro t ec t  
t he  sur face  aga ins t  b o t h  t he  c h e m i c a l  e t c h i n g  a n d  t he  
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photocorrosion. Even for small Pt coverages (10-20%) most 
of the holes transit towards solution via the very Pt  grains, 
provided that their density No > i0 ~2 cm -2, because of sur- 
face diffusion. No marked improvement  of the transfer ki- 
netics is detected. Such modified electrodes prove to be of 
interest because their photovoltaic properties are better 
than those of a naked electrode or those of a solid Schottky 
barrier. 
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Semiconductor Electrodes, 62. Photoluminescence and 
Electroluminescence from Manganese-Doped ZnS and CVD ZnS 

Electrodes 

Jiangbo Ouyang, Fu-Ren F. Fan, and Allen J. Bard* 
Department of Chemistry, The University of Texas, Austin, Texas 78712 

ABSTRACT 

The photoluminescence (PL) and electroluminescence (EL) from single-crystal Mn-doped ZnS (ZnS:Mn) centered at 
580 nm was investigated. The PL was quenched by surface modification with I2- treated poly(vinylferrocene). The effect of 
pH and temperature on the EL of ZnS:Mn in aqueous and butyronitrile solutions upon reduction of peroxydisulfate ion 
was also studied. EL of polycrystalline chemical vapor deposited (CVD) ZnS doped with A1, Cu-A1, and Mn was also ob- 
served with peaks at 430, 475, and 565 rim, respectively. In all cases, the EL efficiency was about 0.2%-0.3%. 

Luminescence studies of semiconductors  immersed in 
liquids provide a useful probe of surface recombination 
and other surface processes. For example, electrolumi- 
nescence (EL) at chalcogenide semiconductor electrodes 
[e.g., CdS, CdSe, and CdTe (1)] has been the subject of a 
number  of studies. Single-crystal ZnS has also been used 
in EL studies (2). ZnS is a wide bandgap (3.66 eV) II-VI 
compound semiconductor and an excellent EL material 
(3). Previous experimental  results (1-3) suggested that it 
would be of interest to examine the EL of ZnS as a probe 
of the energetics at the ZnS/electrolyte interface and for 
possible application to display devices (2a). 

Mn-doped (ZnS:Mn) is an efficient luminescent inor- 
ganic solid (4). Manganese is an efficient luminescence ac- 
t ivator  in a number  of host lattices, e.g., silicates, sulfides, 
and fluorides of zinc or cadmium (5), and plays an impor- 
tant role in the electroluminescence of group II-VI com- 
pounds. Although much work has been done over the last 
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few decades to understand the photoluminescence (PL) 
and EL mechanisms in Mn luminescence centers and in 
group II-VI compounds doped with Mn, no work has been 
reported on the EL of ZnS:Mn in liquid junction cells. This 
paper concerns the EL at ZnS:Mn electrodes in aqueous 
solutions where emission typical of manganese was ob- 
served at 580 nm. A general strategy for designing opti- 
cally coupled sensors with chemical specificity has attract- 
ed much attention (7), and photoluminescence from 
surface-modified ZnS:Mn has been studied for this pur- 
pose. We also studied EL of ZnS:Mn in a butyronitrile so- 
lution containing persulfate at different temperatures and 
have shown that the spectral distribution of EL is 
independent  of temperature. The EL efficiency of ZnS:Mn 
in persulfate solution was found to be 0.3%. Finally, com- 
mercially available single-crystal ZnS is expensive, be- 
cause it is difficult to grow high-qua]ity, large-area, single 
crystals of ZnS. Large-area polycrystalline materials can 
be grown by chemical vapor deposition (CVD). Experi- 
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