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Semiconductor Electrodes 
XIX. An Investigation of S/Se Substitution in Single Crystal CdSe and 

CdS Photoelectrodes by Electron Spectroscopy 
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Department o• Chemistry, The University oi Texas at Austin, Austin, Texas 78712 

ABSTRACT 

Photoelectron spectroscopy studies verify the occurrence of S/Se substitu- 
tion in single crystal CdSe and CdS photoanodes when used in photoelectro- 
chemical cells containing S2- or Se 2- solutions. A possible mechanism of the 
S /Se  exchange is discussed as well as its consequences on the electrode sta-  
bi l i ty  and the output parameters of the photoelectrochemical cells. 

A number of studies have shown that cadmium 
chalcogenide photoelectrodes can be stabilized in 
aqueous solutions by the addition of sulfide, selenide, 
or tel luride ions (1-3). This stabilization is at tr ibuted 
to the favorable redox potential of the X/X 2- couple 
(X --- S, Se, Te) (4, 5) compared to the potential where 
electrode oxidation can occur or the preferential  ad- 
sorption of sulfide ions for the case of CdS. Recently 
(6), the behavior of mixed CdS/CdSe solid solution 
photoelectrodes in polysulfide solutions was described, 
where changes in the flatband potential and bandgap 
with variations in the S/Se  ratio were observed. 

Although CdS and CdSe show quite stable operation 
in sulfide and selenide electrolytes, changes in the pho- 
tocurrent with time are observed and indeed one would 
expect from thermodynamic reasoning that exchange 
of solution chalcogenide ions with semiconductor lattice 
ions would occur. Recent reports (7-9) indeed have 
provided evidence for such substitution. Thus Cahen 
et al. (7) showed by x - ray  photoelectron spectroscopy 
(XPS or ESCA) that sulfide substitution occurs on 
polycrystall ine CdSe. Similar ly Heller et al. (8) found 
evidence of S substitution in CdSe by Auger electron 
spectroscopy (AES) and electron beam luminescence. 
Gerischer and Gobrecht (9) also proposed that changes 
occur in the surface of CdS and CdSe single crystals 
under il lumination in sulfide electrolytes based on 
changes in the photocurrent spectra and Mott-Schot tky 
plots with operation time. 

We report  here detailed AES and XPS studies of the 
surface changes which occur in single crystal CdS and 
CdSe photoanodes when used in photoelectrochemical 
cells (PEC). The results show that Se substitution oc- 
curs in the CdS/Se 2- system and S substitution occurs 
in the CdSe/S ~-- system and provide information about 
the mechanism of stabilization and its effect on the 
output parameters  of the PEC. 

Experimental 
The electrochemical cells, light sources, method of 

electrode preparation, and instrumentation were the 

* Electrochemical Society S t u d e n t  M e m b e r .  
* * Electrochemical Society Active M e m b e r .  
Key words:  ESCA,  e n e r g y  convers ion ,  photoe lec tr i c i ty .  

same as those previously described (6). Both single 
crystals (Cleveland Crystals, Cleveland, Ohio) and the 
polycrystall ine powder (Ventron, Beverly, Massachu- 
setts) were of high puri ty  (99.999~%). We showed 
that the CdS was Se-free and the CdSe was S-free, as 
specified by the manufacturers, by AES and XPS 
analysis. Surface treatment carried out prior to use in-  
volved polishing of the single crystals with 6 #m alu- 
mina to a mirror  finish followed by a chemical etch. 
The CdS crystals were etched in 6M HC1 for 30 sec 
followed by rinsing with deionized water, while the 
CdSe crystals were etched for 30 sec in concentrated 
HNO3 followed by rinsing with a 0.1M KCN solution to 
dissolve any Se formed during etching, then followed 
by rinsing with deionized water. Na2S and Na2Se solu- 
tions were prepared from analytical  grade reagents. 
The Na2Se solutions were obtained by bubbling H2Se 
into a 1M NaOH solution under nitrogen. The Na2S 
solution was filtered twice then deaerated and stored 
under nitrogen. All experiments were performed under 
positive nitrogen pressure. Stirring was accomplished 
with a magnetic stirrer. After performing the photo- 
electrochemical experiments, the electrodes were 
rinsed with 1M Na2S solution followed by copious 
amounts of deaerated deionized water. 

PEC experiments were run with the electrodes po- 
tentiostated at --0.hV vs. SCE using a large Pt counter- 
electrode (~10 cm2). The photocurrents produced 
under il lumination with white light (intensities of 20- 
180 mW/cm 2) were 2-43 mA/cm 2. The electrodes were 
employed as photoanodes for different amounts of 
photocharge passing through the electrode surface and 
compared to electrodes that were immersed at open 
circuit in the appropriate solution, 

Thin films (~hO0A) of both CdSe and CdS on plat i -  
num foils (1.5 • 1.5 cm) were prepared by vacuum 
evaporation of the powders from a hot tungsten fila- 
ment. The film thickness was determined with a Sloan 
Model 200 Thickness Monitor (Santa Barbara, Cali- 
fornia).  These films were used to calibrate the sputter-  
ing rate of CdS and CdSe by  the argon ion beam in the 
electron spectroscopy analysis. 

AES and XPS analyses were performed with a Physi-  
cal Electronics Model 548 Spectrometer (Eden Prairie, 
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Minnesota) .  A 5 kV, 10-15 ~A, focused e lect ron beam 
was used to exci te  the subs t ra te  dur ing  AES measu re -  
ments. Whi le  depth  profiling, the  vol tage  r amp  was 
mul t ip lexed  such that  the S (LMM)  (152 eV),  C ( K L L )  
(272 eV),  Cd(MNN)  (376 eV),  and Se (LMM)  (1315 
eV) t ransi t ions  could be sequent ia l ly  scanned in less 
than  1 min. The argon ion beam used for sput te r  e tch-  
ing was opera ted  at  5 kV and 30 m A  emission y ie ld ing  
a un i form beam wi th  a cur ren t  dens i ty  of 3.55 ~ / c m  2. 
The cross-sect ional  a rea  of the c i rcular  spu t te red  cra ter  
was app rox ima te ly  0.13 cm2. XPS  measurements  were  
t aken  ut i l iz ing b~th A1 Ka and Mg K~ anodes. The 
da ta  we re  collected d ig i t a l ly  using pulse counting and 
signal  averag ing  techniques.  Both broad  Scan 0-1000 eV 
binding  energy  ( resolut ion  = 1.6 eV FWHM) and high 
resolut ion (0.8 eV FWHM) XPS analysis  were  car r ied  
out  on the samples  as a function of spu t te r  time. Dur -  
ing the  sput te r ing  process the  ion pump was tu rned  off 
and the  vacuum chamber  backfi l led to 1 • 10 -5 Torr  in 
Ar.  Whi le  mak ing  XPS measurements  the  background  
pressure  was main ta ined  in the 5 • 10-9-5 • 10 -8 
Torr  range. Residual  gas analysis  showed the ma jo r  
contaminants  to be H20 and CO at these pressures.  The 
in tens i ty  of a XPS t rans i t ion  is p ropor t iona l  to the  
peak  a rea  and can be expressed  as 

I = Ion~(~)  D(e) 

where  Io = x - r a y  flux, n --  a tomic density,  ~ _-- cross 
section for ionization, ~(~) = mean  free pa th  of the 
escaping electron, and D (~) _-- the de tec tor  efficiency. 
The rat io  of in tensi t ies  for two e lements  can then be 
expressed (10) as 

I ,  ne (~a;~aDa ] 2 (Y) 
I-: =n-; J nb 

The express ion in paren thes i s  r emains  constant  to a 
first approx imat ion  for  a given ma t r i x  and thus can be 
de te rmined  empi r i ca l ly  f rom s t anda rd  samples.  Both 
high pu r i t y  pressed powders  and clean single crysta ls  
were  used to de te rmine  Y. Ratios of atomic densit ies 
could then be  der ived  f rom in tens i ty  ratios. Using the 
same s tandards,  r e la t ive  Auger  sens i t iv i t ies  were  de te r -  
mined  f rom p e a k - t o - p e a k  height  ratios.  

Sput te r ing  ra tes  were  ca l ibra ted  by  dep th  profi l ing 
CdS and CdSe films of known thickness.  The Cd (376 
eV),  S (152 eV),  and Pt  (237 eV) peaks  were  moni -  
tored  whi le  sput ter ing;  the spu t te r ing  process was 
judged  compIete  when the Cd and S signals were  r e -  
duced to the noise level.  Two profiles were  run  on each 
film, the  craters  being wel l  isolated on opposi te  sides of 
the  film as judged v i sua l ly  by  the bright ,  shiny p la t i -  
num at the cra ter  bottom. By this method,  spu t te r ing  
rates for  CdS and CdSe of 16 • 3 and 19 • 3 A /min ,  
respect ively,  were  found. This corresponds to a spu t t e r -  
ing efficiency of 2.4 molecules / ion  for  CdS and 2.6 
molecules / ion  for CdSe. A constant  Cd /Se  Auge r  
p e a k - t o - p e a k  he ight  rat io  dur ing  the sput te r ing  process 
indica ted  tha t  Cd and Se were  removed  from the sur -  
face region at the  same rate. Over lap  of a p l a t inum 
t rans i t ion  wi th  the S (152 eV) peak  prec luded  any such 
de te rmina t ion  on CdS. The fact tha t  the  CdS and CdSe 
spu t t e r ing  ra tes  are  the  same wi th in  expe r ime n t a l  
e r ror  indicates  tha t  p re fe ren t i a l  spu t te r ing  is not 
significant. 

Results 
CdSe single crystaIs.--Three CdSe single crysta ls  

were  examined  by  e lec t ron spectroscopy af te r  var ious  
p re t rea tments .  One crys ta l  was soaked in 1M NaOH, 
1M Na~S, 1M S solut ion for 30 rain at  open circui t  under  
i l luminat ion;  the o ther  two crys ta ls  were  used as 
photoanodes  in a PEC wi th  a total  charge passed of 
2.5 and 12.0 C/cm 2 in a s imi lar  solution. In i t ia l  AES 
and XPS analysis  a f te r  immers ion  and t ransfe r  to the  
spec t romete r  showed la rge  amounts  of C wi th  lesser  
amounts  of O on al l  of the crystals .  The  open-c i rcu i t  
c rys ta l  showed a smal l  amount  of S on the surface 
which was comple te ly  removed  wi th  Iess than  1 rain of  

Ar+  bombardment .  The C signal  was also reduced  to 
its background  level  wi th  this same amount  of spu t te r -  
ing. Whether  this S is subst i tuted,  as sugges.ted by  
He l l e r  e t  al. (8) or  mere ly  adsorbed  on the surface 
cannot  be ascer ta ined  f rom our  da ta  bu t  i t  is ev ident  
tha t  S is only  presen t  in the  first few atomic layers.  A 
l a rge  amount  of S was found in the  surface region on 
the crys ta l  which had been  anodized for 2.5 C/cm 2. The 
rat ios  of AES p e a k - t o - p e a k  heights  for Cd/Se,  S/Cd,  
and Se /S  as a funct ion of spu t te r  depth  given in Fig. 1, 
suggest  tha t  sul fur  is subs t i tu ted  to a depth  of 40A 
which corresponds to about  12 atomic layers.  The high 
resolut ion X P S  spect ra  of the  S (2s ) -Se  (3s) and 
S (2p ) -Se  (3p) regions af ter  0.5 and 8 min of spu t te r -  
ing are  given in Fig. 2 and 3. Contr ibut ions  f rom both 
Se and S are  ev ident  a f te r  0.5 min of sput te r ing  but  the 
S signal  is comple te ly  gone a~ter 8 min. The C signal  
on this sample  was reduced  to its background  level  by  
less than  1 min of sput ter ing.  The CdSe crys ta l  which 
was anodized for 12 C/cm ~ showed S subst i tu t ion  to a 
dep th  of about  67A or  20 atomic layers  as shown by 
the atomic rat ios of S/Cd,  Cd/Se,  and S e / S  vs. sput te r  
depth  for this c rys ta l  (Fig. 4). The  solid l ines are  from 
AES p e a k - t o - p e a k  height  rat ios  correc ted  for e lementa l  
sens i t iv i ty  as de te rmined  f rom the s t andard  samples.  
In  addi t ion  to the c rys ta l  which was anodized for  12 

1.2 

. o.~ 

r f= 

0.4 

Sputter Depth, A 
19 ,38 57 76 95  114 133 

nse (0.1)  
,I n S 
J 
J 

2 4 6 8 
Sputter Time,  rain. 

Fig. 1. Atomic ratios of Se/S, Cd/Se, and S/Cd from AES peak-to- 
peak ratios as a function of sputter depth for a CdSe single crystal 
electrode photoanodized in a 1M NaOH, 1M Na2S, 1M S solution 
(2.5 C/cm2). 
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Fig. 2. High resolution XPS spectra of the S (2s)-Se (3s) region 
of the same CdSe electrode in Fig. 1 as a function of sputter time. 
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Fig. 3. High resolution XPS spectra of the S (2p)-Se (3p) region of 
the same CdSe electrode in Fig. ! as a function of sputter time. 
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Fig. 4. Atomic ratios of Se/S, Cd/Se, and S/Cd from AES peak-to- 
peak ratios as a function of sputter depth. Electrode and solution as 
in Fig. 1 (12 C/cm2). 

C/cm 2 in 1M Na2S, ano ther  CdSe c rys ta l  was anodized 
under  the  same condit ions except  the  solut ion was also 
0.05M in dissolved Se. This has  been shown to decrease  
the  ra te  of cu r ren t  decay of CdSe photoanodes  in S ~-  
media  under  ex tended  electrolysis  (8). A plot  of the  
AES resul ts  for this  anode  in  Fig. 5 (compared  to Fig. 
4) indicates  S subst i tu t ion  to a dep th  of 33A. Besides 
the  usual  contaminants  of C and O, t races o f  Na and 
SiO2 were  in i t i a l ly  p resen t  on the  surface  of  this 
crystal .  The Na p r o b a b l y  arises f rom the Na2S solut ion 
i tself  and the t race  of SiO2 could or ig ina te  f rom the 
si l icone r u b b e r  sea lant  used to isolate  the r ea r  por t ions  
of the c rys ta l  f rom the solution, or  f rom a t t ack  of the  
a lka l ine  solutions on the P y r e x  cells. 

CdS.--CdS single crysta ls  were  p re t r ea t ed  in a m a n -  
ner  s imi lar  to the  CdSe crystals .  One was immersed  at  
open circui t  for 30 min in 1M NaOH, 0.5M Na2Se, O,5M 
Se solut ion whi le  two others  were  anodized in a s imi lar  
solut ion for t imes equiva len t  to 0.5 and 6 c / c m  ~. Aga in  
C and O were  in i t ia l ly  observed on the surface of al l  
of these crystals .  The smal l  amount  of Se in i t i a l ly  
p resen t  on the  open-c i rcu i t  sample  again  was removed  
in less than  1 rain of spu t t e r ing  indica t ing  no Se sub-  
s t i tu t ion  beyond the surface region. The crys ta l  which  
had  been  anodized for 0.5 C /cm 2 showed a l aye r  of 
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Fig. 6. Atomic ratios of $/Se, Cd/$e, and $/Cd from AES peak-to- 
peak ratios as a function of sputter depth for a CdS single crystal 
photoonodizod in ]M NaOH, 0.5M Ha2Se, 0.SM Se solution (0.5 
C/cm~). 

pure  Se 250A deep, fol lowed by  a region of Se subst i -  
tut ion into the CdS about  240A in depth.  

This Se ove r l aye r  was h igh ly  con tamina ted  wi th  C as 
seen f rom Fig. 6. The C was essent ia l ly  reduced  to its 
background  level  as the  region of subs t i tu t ion  was 
approached.  We define the region  of  subs t i tu t ion  in this 
c rys ta l  to begin  where  the  Cd and S signals first appear .  
The S (2p ) -Se  (3p) and Se x - r a y  induced regions as a 
funct ion of spu t te r  t ime for the 6 C/cm2 crys ta l  a re  
shown in Fig. 7. - The Se x - r a y  induced A u g e r  t r ans i -  
tion, which appears  at  a b inding  energy  of 178 eV 
when an A1 K s  anode is used for  excitat ion,  is also 
shown. Even af ter  this sample  was spu t t e red  for  a total  
of 51 min Se could st i l l  be detected,  as shown in Fig. 7. 
This indicates  tha t  Se subst i tu t ion occurs deep into the  
bulk,  g rea te r  than  800A in this case. The resul ts  on both 
CdSe and CdS crys ta ls  a re  summar ized  in Table  I. 

Table I. Summary of the extent of S/Se substitution for the CdS 
and CdSe photoelectrodes under different operating conditions 

CdSe/S ~ (A) CdS/Se ~ (A) 

O p e n  O p e n  
c i r c u i t  2.5 C / e r a  -~ 12 C / c m  -~ c i r c u i t  0.5 C/cm~ 6 C / c m  2 

<12 --40 67 <12 240 >800 
(33A-So) 
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Fig. 7. High resolution spectra of the S(2p)-Se(3p) and x-ray in- 
duced Auger transition as a function of sputter time. CdS single 
crystal photoanodized in a 1M NaOH, 0.SM Na2Se, 0.SM Se solu- 
tion (6 C/cmS). 

Discussion 
I t  is c lear  f rom the resul ts  tha t  S /Se  subst i tu t ion  

takes  p lace  in both  systems,  i.e., f rom a polysulf ide 
solut ion into the  CdSe photoanode  and f rom the p o l y -  
se lenide solut ion into the  CdS photoanode.  The ex ten t  
of subst i tu t ion of Se into CdS is g rea te r  than  S into 
CdSe, as indica ted  b y  the re la t ive  dep th  of penet ra t ion .  
The so lubi l i ty  produc t  constants  for CdS and CdSe a re  
5 X 10 -~s and 1 X 10 -81, respect ively,  as ca lcula ted  
f rom the rmodynamic  da ta  (11). That  the  subs t i tu t ion  
of the  anion is g rea t ly  enhanced on the passage of 
charge u n d e r  i l lumina t ion  is c lear  f rom the da ta  given 
in Table  I. The exchange  could occur v ia  some ini t ia l  
pho to -ox ida t ion  of the  CdS and CdSe electrodes in a 
m a n n e r  sugges ted  by  severa l  inves t igators  (4, 12), 
fo l lowed by  reprec ip i ta t ion  of the  Cd2+ 

CdSe + 2p + -~ Cd s+ + Se 

Se + S 2- ~ SSe2- 

and 
Cd 2+ + ~- -~ CdS 

[1] 

[2] 

[3] 

[4] 

[5] 

CdS+2p + ~ C d  ~+ + S  

S + Se 2- ~ SSe2- 

Cd s+ + Se 2-  -~ CdSe [6] 

Because of the high concentration of the anion in solu- 
tion the Cd2+ will precipitate very quickly as CdS or 
CdSe. The pure Se layer found in one of the CdS 
samples  can  p r o b a b l y  be a t t r i bu t ed  to slow kinet ics  in  
[2], as also found b y  Ellis et aL (13). The n e w l y  fo rmed  
ma te r i a l  wi l l  p robab ly  possess a more  po lycrys ta l l ine  
charac te r  of different  composition, as suggested by  
Ger ischer  and Gobrech t  (9). A 600-magnification SEM 
pic ture  (Fig. 8) c lear ly  shows the change in the surface 
na tu re  of a CdS e lec t rode  before  and af te r  anodizat ion 
in a polyse lenide  solution. The increased  roughness 
and graininess  of the  surface p robab ly  indicates  a 
r egenera ted  one by  the  reprec ip i ta t ion  of CdSe to give 
a surface containing both anions and exhib i t ing  a po ly -  
c rys ta l l ine  charac te r  wi th  a different  doping level,  r e -  
sist ivity,  adsorpt ion  character is t ics  t oward  the anions 
in solution, and e lect ron affinity. We have  recen t ly  de-  
scr ibed  the behavior  of CdS-CdSe  solid solut ion elec-  
t rodes  (6) and showed tha t  the  f ia tband poten t ia l  and  
open-c i rcu i t  vol tage  changed wi th  e lect rode compo- 
sition. We a t t r i bu t ed  this behav ior  to a change in the 
e lec t ron  affinity wi th  the  change in composit ion of the  

Fig. 8. SEM pictures showing the change in the surface nature of 
a CdS single crystal electrode: (a) before photoanodization, (b) 
after the passage of 0.2 C/cm 2 photocharge in a solution as in Fig. 
7. 

anions. Jus t  as the open-c i rcu i t  vol tage  (Voc) increased 
wi th  the  above sol id-solut ion  e lect rodes  as the compo- 
si t ion of one of the anions was increased,  a s imi lar  
change in the  Voc was observed  wi th  the CdS and CdSe 
photoanodes  as the  anion subst i tu t ion proceeded.  

The shor t -c i rcu i t  cu r ren t  of these e lect rodes  has been 
shown by severa l  groups (7, 8), and was confirmed in 
this labora tory ,  to decrease  wi th  opera t ion  time. The 
ra te  of the  in i t ia l  decrease  was grea te r  for h igher  in-  
tensi t ies  ( rout inely,  in i t ia l  cur ren ts  of 5 to 40 m A / c m  2 
corresponding to 50 to 180 m W / c m  2 whi te  l ight  in-  
tensi t ies) .  Typical  behav ior  of the  pho tocur ren t  for a 
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Fig. 9. Photocurrent vs. time for a CdSe photoanode operated in a 
two electrode photoelectrochemical solar cell employing a solution 
as in Fig. 1. White light illumination intensity: (a) about 180 
mW/cm 2, (b) about 50 mW/cm 2. 

CdSe operated in a polysulfide solution is shown in  Fig. 
9. This deact ivat ion can be rationalized in terms of the 
energy level d iagram one can establish for these sub-  
s t i tuted electrodes. If the operation Of these electrodes 
is carried long enough so that  a subst i tuted layer  is 
formed at the surface of the electrode, the energy level 
d iagram for equi l ibr ium condition will  be as shown in  
Fig. 10 for a CdS layer  on CdSe electrode and in  Fig. 11 
for CdSe on CdS. The relat ive position of the conduc- 
t ion bands for both mater ia ls  was taken from the elec- 
t ron affinities. Prom Fig. 10 one sees that  a layer  of 
larger  bandgap n - type  semiconductor on a s imilar  
semiconductor of smaller  bandgap wil l  tend to inhibi t  
the passage of holes to the surface and the flow of elec- 
trons into the bulk. In  the opposite situation, i.~., a 
CdSe layer  on a CdS electrode, the flow of holes to the 
surface is favorable, however  the flow of electrons into 
the bulk  is inhibi ted as seen in  Fig. 11. The magni tude  
of the bar r ie r  is progressively changing as x changes in  
the CdSel-zSz and CdSl-xSex with operation time, 
where  x ---- 1 m e a n s  formation of a subst i tuted layer. 
Other factors to be considered are a lattice mismatch 
be tween CdS and CdSe and the possibili ty of defects 
at the surface of the newly  formed layer  which creates 
traps and thus sites for carrier  recombination.  

Recently, Heller  and co-workers (8) showed that  the 
cur ren t  blockage in  a CdSe electrode can be reduced or 
e l iminated by main ta in ing  an adequate amount  of dis- 
solved se lenium in  the polysulfide solution which re-  
sulted in  ma in ta in ing  adequate selenium concentrat ion 
in  the surface film. In  this work the results as shown 
in Fig. 5 indicate tha t ' subs t i tu t ion  of S for Se into a 
CdSe electrode operated in a se len ium-conta in ing  
polysulfide solution is appreciably reduced. 

In  summary,  we show in this work that  al though 
CdS and CdSe are stable against  photodissolution in  
polysulfide and polyselenide solutions, the la t ter  con- 
tribute,  through anion substi tution, to the deter iorat ion 
of the output  parameters,  with t ime of operation. 
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Effects of Cations on the Performance 
of the Photoanode in the n-GaAsl K Se-Ks 

Semiconductor Liquid Junction Solar Cell 
B. A. Parkinson,* A. Heller,** and B. Miller** 

Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

Cations adsorbed on n-GaAs affect the fill factor and the open-circuit volt- 
age of the n-GaAs 10.8M K2Se-0.1M K2Se2-1M KOHIC cell. An AM1 solar-to- 
electrical conversion efficiency of 12% is reached by chemisorbing Ru(III )  on 
the photoanode. This efficiency is maintained upon passage of 35,000 C/cm 2. 
The effect of Ru (III) is interpreted as a reaction with a surface chemical entity 
associated with a surface state near the conduction band, which shunts the cell 
by allowing electrons to tunnel through the barrier at the junction. Reaction 
with Ru(III)  converts the shunting surface state to one to which electrons 
cannot tunnel. Being strongly adsorbed, Ru(III)  also reduces the effect of 
certain impurities such as Bi(III) which otherwise decrease the power output. 

Photoelectrochemical cells based on semiconductor 
liquid junctions have r eached  significant solar-to- 
electrical power conversion efficiency in the short 
period since their suggestion (1). The n-GaAslSe =- 
Sex=-OH-IC cell was initially reported by this 
laboratory to achieve 8.8% efficiency under 75 mW/cm~ 
insolation (2). The operating parameters of this cell 
suggested that further improvement would be attain- 
able if variables associated with the GaAs surface could 
be better understood and controlled. This expectation 
has been realized by surface modification procedures 
leading to a 12% efficiency at 100 mW/cm 2 solar in- 
tensity (3). In this paper, we detail the voltammetric 
characteristics of the surface enhancement steps, the 
stability of the improved output, and a mechanistic in- 
terpretation of these effects. 

Until this recent development of semiconductor liq- 
uid junction solar cells, relatively little attention was 
paid to the semiconductor surface pretreatment. How- 
ever, there is considerable historical precedent, which 
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Key words: photoelectrochemistry,  energy  conversion,  surface 

treatment.  

we cannot review with proper attention in this s p a c e ,  
for expecting this to be important. Brattain and Boddy 
showed that surface preparation (4-6) and adsorbed 
impurity cations (4,5) and anions (6) modify inter- 
face states at semiconductor liquid junctions. The 
effects of such states on the redox processes at illumi- 
nated semiconductors have been reviewed by Gerischer 
(7) and Morrison (8). In the recent context of semi- 
conductor redox couple systems, Frank, Kohl, and Bard 
(9, 10) attributed voltammetric deviations from ex- 
pected behavior to the presence of interface states at 
junctions in nonaqueous electrolytes as well. Effects of 
surface condition have been observed by spectroscopic 
techniques and from the output of the cells (11, 12). In- 
deed, recent improvements in the n-GaAsISe=-Se~ =- 
OH- junction behavior have been accomplished by 
controlling the chemistry and topography of the elec- 
trode surface (3). 

The chemical nature of the semiconductor surface 
during its operation as a solar cell anode is the result 
of surface treatment reactions prior to cell electrolyte 
immersion, and any subsequent chemical modification, 
including electrochemical reactions accompanying its 

Downloaded 13 Feb 2009 to 146.6.143.190. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp




