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A Comprehensive Investigation of HCI- and Br2/NH3(aq)-Etched 
p-lnP Interfaces 

P. R. Segar, *'l C. A. Koval,** B. E. Koel, and S. C. Gebhard 

University of  Colorado, Department o f  Chemistry and Biochemistry, Boulder, Colorado 80309 

ABSTRACT 

The physical and chemical composition of p-InP surfaces prepared with HC1 and Br2/NH3(aq) etches have been inves- 
tigated using SEM and XPS, and the interfacial energetics have been studied using capacitance and open-circuit photo- 
voltage measurements. The Br2/NH3(aq) etch produced a microscopically smooth surface with a surface layer containing 
less than a monolayer of impurities, composed primarily of InPO4 with some In(OH)3 and some adsorbed hydroxyl spe- 
cies. The HC1 etch produced a rough, crystalline surface with a one to two monolayer indium-rich surface layer which was 
heavily hydrated and contained In20~ or In(OH)3 and adsorbed hydroxyl species. The HC1 etch also resulted in greater sur- 
face hydrocarbon contamination than the Br2/NH3(aq) etch. Capacitance measurements of the p-InP/acetonitrile interface 
reveal that the interfacial energetics of Br2/NH3(aq) etched electrodes are controlled by filling of empty surface states by 
solution redox couples, while those of the HCl-etched electrodes are controlled by electrochemical growth of  a surface 
film. The BrJNH3(aq) etch yields a p-InP surface which allows efficient electron transfer to the solution resulting in a deep 
depletion energetic condition under extreme reverse bias conditions, while HCl-etched electrodes enter an inversion re- 
gion where excess electrons accumulate in the space charge region. Empty surface states in the bandgap of Br2/NH3(aq)- 
etched electrodes were found to be evenly distributed at a density of ca. 1.7 • 1012 cm -2 V -1. The open-circuit photovolt- 
ages of Br2/NH3(aq)-etched electrodes approached the bulk recombination limited value of 800 mV for redox couples with 
E(0') near -1.0V, but for the most negative and the most positive redox couples, deviations in the ~xpected behavior were 
observed. These are explained by bandedge movement  which alters the barrier height. These studies reveal that the be- 
havior of p-InP photoelectrochemical cells is determined largely by the method of surface pretreatment and only in part 
by bulk properties of the semiconductor material. Even when the surface films are only a few monolayers thick, their ef- 
fect on the surface energetics are dramatic. 

The composition of oxide films formed on InP by vari- 
ous chemical etching treatments has been extensively 
studied because of the importance of InP in electronic and 
photoelectrochemical devices. Br2 in methanol is often 
used to prepare clean surfaces for metal deposition, and 
while HC1 and other inorganic acid etches are also impor- 
tant, they are not as popular for electronic applications. 
Both are common pretreatments for photoelectrochemical 
studies of InP. The electronic characteristics of InP inter- 
faces are dependent upon the surface film thickness and 
composition, which is a function of etchant composition 
and etching duration (1). Although it is accepted that 
chemical treatments determine the electronic properties 
of InP surfaces, it has been suggested that oxide thickness 
and composition are not as important as the amount of car- 
bon contamination resulting from various etches (2). 

Band broadening of x-ray photoelectron (XPS) valence 
band spectra (3) and correlations of XPS core level shift 
data with reference materials have shown that (4, 5) the 
oxide films formed by room temperature chemical etching 
are amorphous nonstoichiometric phases and that multi- 
pie oxide species can coexist on InP (6). Oxide layer inves- 
tigations are further complicated by the fact that the tran- 
sition region between bulk InP and the oxide is not well 
defined (4). 

Bromine-based etches generally yield 2-20/k films con- 
taining oxidized phosphorous, which is assumed to be in 
th e form ofInPO4, In(PO3)3, or H3PO4 (1, 5, 6, 7). P205 is also 
a common assignment, although the instability of P20~ in 
water makes it an unlikely candidate for a stable surface 
species. One advantage of Br2 treatments is that they often 
lead to very little hydrocarbon contamination. HC1 and 
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other inorganic acid-based etches have been found to 
leave thinner (<5A) films composed of indium-rich oxides, 
In203, and In(OH)3 (1, 7). More carbon contamination has 
been observed with inorganic acid etches, and ellip- 
sometry has shown that these films are often heavily hy- 
drated (8). 

Photoelectrochemical techniques have provided com- 
plementary information on the InP/oxide system formed 
by various etches. Cyclic voltammograms of HCl-etched 
electrodes were shown to be hysteretic indicating instabil- 

/ 
ity of the surface film (8, 9). Mott-Schottky (capac]tance) 
measurements of HCl-etched p-InP electrodes in aceto- 
nitrile exhibit flatband potentials which shift significantly 
as the electrode potential is repeatedly cycled in the de- 
pletion region (9). Eventually, the flatband potential 
reaches a stable value as variations in the oxide thickness 
become insignificant. Mott-Schottky plots also become 
hysteretic when HCl-etched p-InP electrodes are biased 
negative of the conduction bandedge where they enter an 
inversion condition (10). Clark et al. (1) found that elec- 
trodes etched with HF yielded nearly oxide-free (by XPS) 
surfaces, but admittance measurements were found to be 
hysteretic, while Br2-etched electrodes had a phos- 
phorous-rich oxide layer and admittance measurements 
were nonhysteretic. The difference was attributed to a 
greater amount of carbon contamination of the HF-etched 
surface. 

We have observed that Br2/NH~(aq)-etched electrodes 
exhibit  extended linear Mott-Schottky plots up to 2V neg- 
ative of the conduction bandedge indicating a deep de- 
pletion condition (10), the same potential region where 
HC1 etched electrodes become inverted. Evidence for in- 
version has also been presented by Cooper et al. (11). In 
the deep depletion condition charge does not build up in 
the space charge region as it does in the inversion condi- 
tion, rather charge transfer into the solution is fast enough 
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to remove any excess charge carriers residing near the 
surface. 

The determination of surface-state densities and their 
potential distributions is also important in understanding 
the energetics of the semiconductor/solution interface. 
Moison and Bensoussan (12) have measured the surface 
density of states (SDOS) of Ar+-sputtered and annealed 
InP(100) using UV photoelectron (UPS) and energy loss 
(ELS) spectroscopy. UPS results showed that a high den- 
sity (1.6 x 1014 cm -2) of filled states reside ca. 50 meV nega- 
tive of the valence bandedge. ELS measurements indi- 
cated that in the middle of the bandgap lies a low density 
(1012 cm -2) of empty states which strongly pin the Fermi 
level. It is interesting that even though the surface-state 
density for the filled state is two orders of magnitude 
larger than the empty states, it is the empty states that pin 
the Fermi level. 

Lemasson and Van Hong (13) used electrolyte electrore- 
flectance to measure a density of surface states of 2 • 10 ~2 
cm -2 V -1 in aqueous HC104 buffer and in propylene car- 
bonate. They estimated the density required for complete 
pinning of the Fermi level by surface states is 101~ 
cm -~ V 1. Lorenz and Herrnberger (14) suggested that a 
broad density of surface states in the bandgap can lead to a 
smooth variation in dCD~r (where ~) is the barrier 
height), thus an extended 1/C~c 2 vs. E linear range which 
significantly exceeds the gap width. 

We have studied the physical and chemical nature of InP 
single crystals etched in HC1 and in BrjNH~(aq) by SEM 
and XPS. We have also used capacitance measurements to 
investigate bandedge movement  observed in BrjNH3(aq)- 
etched electrodes as a function of solution redox potential 
in order to understand the effect of surface states and the 
surface oxide layer on the interfacial energetics. Finally, 
we have measured open-circuit photovoltages in a series of 
poised outer sphere redox couples with reduction poten- 
tials extending over a 2.2V range and compared the maxi- 
mum experimental  values to those calculated from a bulk 
recombination limited photopotential model presented by 
Lewis (15). A simple barrier height rationalization explains 
the interesting features of Voc vs. E(Ao~/A~d). 

Experimental 
Reagents  and  mater ia ls . - -UV-grade  acetonitrile (Bur- 

dick-Jackson) was doubly distilled under nitrogen, first 
over P205 and then over Call2. The supporting electrolyte, 
te trabutylammonium fluoroborate, TBAFB, (Southwest- 
ern Analytical) was recrystallized twice from absolute eth- 
anol and dried under vacuum for 3-5 days. Acetylferrocene 
(AFER, Aldrich), ferrocene (FERR, Aldrich), and deca- 
methylferrocene (DFER, Strem) were purified by subli- 
mation. Cobalticenium hexafluorophosphate (COB, 
Strem) was used without further purification. 1,1'di- 
carbomethoxyferrocene (DCMCOB), bis(diphenyl-phos- 
phinocyclopentadienyl) cobalt hexafluorophosphate 
(DPCOB), decamethylcobalt icenium hexafluorophos- 
phate (DCOB), and [Ru(bipy)~]C12 were all used as re- 
ceived. [Cu(II)(trans-diene)](C104)2 was prepared according 
to the procedure outlined by Olson and Vasilevskis (16) 
and modified by Allison (17). All solutions were 0.1M in 
TBAFB and had a total redox couple concentration of 
2.0 mM. Solutions were electrolyzed prior to the experi- 
ment  to yield a poised solution containing a 50:50 ratio of 
ox:red unless otherwise noted. 

Electrode preparation and  pretreatment . - -Bent  InP elec- 
trodes for photoeleetrochemical measurements were con- 
structed as previously described (9). Bare single crystals 
were used for SEM experiments, and electrodes with 
ohmic back contacts sealed in Torr-Seal epoxy were 
grounded for the XPS experiments to minimize charging 
effects. Single-crystal InP wafers were obtained from 
Crysta-Comm and had (100) crystal orientation. P-type 
samples were Zn-doped at 8 • 1015 (low-doped samples) 
and 1.23 x 10 TM cm -3 (high-doped samples) as reported by 
the manufacturer; n-type electrodes were Sn-doped to 
1.22 x 10 TM cm -3. 

InP electrodes were prepared before each experiment  ei- 
ther by a slightly modified bromine etching procedure 

originally reported by Aspnes (10, 18), or by etching twice 
for 60s in 50% HC1/MeOH (9). The Br~rNH3(aq) etch was 
performed by stirring the electrode in 5% Br2/MeOH, buf- 
fing the surface with lens paper soaked in 0.05% Br2/ 
MeOH, stirring 30s in 5% Br2/MeOH, and finally stirring for 
30s in 50% aqueous NH3(aq), rinsing with DI water, and 
blowing dry with argon. The BrJNH3(aq) etch resulted in 
mirror-smooth, reproducible, and electrochemically well- 
behaved InP surfaces (10), while the HC1 etch left a dull 
gray surface. After etching, the samples were immediately 
placed under vacuum. 

Surface analys is . - -Surface  analysis of the samples was 
performed in a Perkin-Elmer PHI Model 548 ESCA spec- 
trometer with a base pressure of 5 • 10 -l~ torr, equipped 
with a double-pass CMA (containing a coaxial electron 
gun), a dual anode x-ray source, and a sputter ion gun. The 
InP samples and a piece of Au foil (for reference) were 
mounted on a manipulator which allowed each sample to 
be rotated into position for analysis. 

Spectra were obtained for each sample both before (as 
mounted after evacuation) and after sputtering with a 
1 keV (20 ~A/cm 2 incident current, defocused to 2 cm 2) 
Ar ~ ion beam. The samples were sputtered until no carbon 
was detected by Auger electron spectroscopy (AES). This 
occurred after 30s for the BrjNH3(aq)-etched sample and 
after 4 min for the HCl-etched sample. 

All XPS spectra were obtained at room temperature 
using Mg Ks (1253.6 eV) radiation at 100W. The analyzer 
was operated in constant resolution mode at 50 eV pass 
energy for the high-resolution spectra and 100 eV pass 
energy for survey spectra, corresponding to 0.8 and 1.6 eV 
analyzer resolution, respectively. Survey spectra were ob- 
tained for the range 0-1200eV binding energy. High- 
resolution spectra were obtained for In(3d~/2.312), P(2p), 
Cl(2p), and O(ls) regions. In addition, the x-ray excited 
In(MNN) Auger spectra were recorded. Each spectrum 
took approximately 45 rain to obtain. All reported XPS 
binding energies are referenced to a binding energy for 
Au(4fTj2) of 84.0 eV. 

Photoelectrochemical measurements . - -Al]  photoelectro- 
chemical measurements were performed in a Vacuum At- 
mospheres helium-filled glove box. The three-electrode 
electrochemical cell and basic electrochemical equipment  
have been described previously (9, 19). The Ag/AgNO~ ref- 
erence electrode had a potential of ca. +0.100V vs. ferro- 
cene. All potentials are reported vs. the E(0') of the ferro- 
cene/ferricenium redox couple (20). 

Open-circuit photovoltage (Voc) measurements were 
done using a Fluke 8026B voltmeter to measure the poten- 
tial between an illuminated p-InP electrode and a large 
area platinum electrode, both immersed in a solution con- 
taining a poised redox couple. A 1000W tungsten-halogen 
lamp (Oriel) fitted with IR heat filters was focused to ca. 
2 cm 2 to yield a white light intensity of 75 _+ 5 mW/cm 2 as 
measured by an Oriel 7072 photodiode readout equipped 
with an Oriel 7106 thermopile detector. 

The Mott-Schottky data acquisition was performed as 
previously described (9, 19), all measurements were done 
in the dark both before and after Voc measurements.  The 
bandedge positions are derived from capacitance meas- 
urements using the following relations (21) 

kT  
- E - EFB - [1] 

Csc 2 E~oeNd q 

Evbe = EFB -- (kT/q) In [NJNv] [2] 

Ecbe = Evbe - Ebg [3] 

where Csc is the capacitance of the space charge region, 
Evbo and Ecbe are the energies of the valence and con- 
duction bandedges, Nd is the doping density, and Nv is the 
effective density of states in the valence band, assumed to 
be 10 TM cm-3; all other symbols have their usual meaning. 
Energetics are described in terms of the valence bandedge 
rather than the flatband potential to facilitate comparison 
between high- and low-doped samples. 
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Fig. 1. Scanning electron micrographs at IO,O00 times magnification of (a, left) HCI-, and (b, right) Br2/NH~(aq)-etched p-lnP single crystals 

Results 
The resul ts  are p r e s e n t e d  in two sect ions.  First ,  the  re- 

sults  of  surface analysis  compar ing  the  phys ica l  and  chem-  
ical differences be tween  the  InP  surfaces prepared  wi th  the 
BrjNH3(aq) and  the  HC1 etches  will be given, and  second,  
the  pho toe l ec t rochemica l  m e a s u r e m e n t s  p e r f o r m e d  on 
the  Br jNHa(aq) -e tched  e lec t rodes  will be  p resen ted .  
Pho toe l ec t rochemica l  m e a s u r e m e n t s  of  HCl-e tched  p - InP  
have  b e e n  previous ly  pub l i shed  (9, 19). 

Sur face  a n a l y s i s . - - S c a n n i n g  e lec t ron  mic rog raphs  at 
10,000x magnif ica t ion  are p r e s e n t e d  in Fig. 1. The HC1 
e tch  left a rough,  crystal l ine surface,  whi le  the  BrjNH3(aq) 
e tch  p r o d u c e d  a very smooth ,  defect - f ree  surface.  Un- 
e t c h e d  samples  (not shown)  exh ib i t ed  app rox ima te ly  the  
s ame  surface roughnes s  as the  HCl-e tched  sample ,  bu t  the  
fea tures  were  no t  as sharp  and  crystal l ine in appearance .  A 
dus t  particle,  seen  in the  top  r ight  corner  of  Fig. lb ,  was  
used  to facili tate focus ing  onto  the  surface of  the  b romine-  
e t ched  sample .  Surface  charging  p r e v e n t e d  fu r ther  magni-  
fication. 

Table I summar i zes  the  X P S  b ind ing  energies  (BE), 
peak  areas,  and  surface a tomic  concen t ra t ions  for the  Br~/ 
NH3(aq)- and  HCl-e tched  samples  w h i c h  have  no t  b e e n  
Ar* ion sput te red .  B ind ing  energies  for se lec ted  re fe rence  
c o m p o u n d s  repor ted  by Guivarc 'h  et al. (6) are also given. 
A tomic  concen t ra t ions  were  calcula ted by cor rec t ing  the  
in tegra ted  peak  areas by the  appropr ia te  a tomic  sens i t iv i ty  
factor  (22), and  normal iz ing  the  total  a tomic concen t r a t ion  
to 100%. 

X P S  survey  scans  pe r fo rmed  on the  HCl-e tched  elec- 
t rode  s h o w e d  the  p re sence  of  In, P, O, C, and  C1 only. The 
Cl(2p) peak  at 198.8 eV BE clearly identif ies  chlor ine  pres-  
en t  as chloride,  and  the  C(ls) peak  b ind ing  ene rgy  is typi-  
cal for con tamina t ion  by sa tura ted  hydroca rbons .  Survey  
scans  of  the  Br jNH3(aq)-e tched e lec t rode  ind ica ted  the  
p r e s e n c e  of C, In, P, and  O wi th  no r emain ing  e t chan t  ma- 
terials.  Survey  and h igh-resolu t ion  scans  in o ther  ene rgy  

reg ions  reveal  that  a l though some chlor ide  r e m a i n e d  on 
the  surface of  the  HCl-e tched  sample ,  no e t chan t  mater ia ls  
(water,  b romine ,  or ammonia )  were  p re sen t  on the  B r J  
NH3(aq)-etched electrode.  No d o p an t  mater ia ls  were  ob- 
se rved  in e i ther  case, which  is e x p e c t e d  s ince the  d o p an t s  
are p r e s e n t  at very  low levels. AES  spec t ra  were  also re- 
co rded  for bo th  samples .  In  all cases,  e lec t ron-exc i ted  AES 
spec t ra  were  cons i s t en t  wi th  co r r e spond ing  X P S  spectra .  
X-ray exc i ted  Auger  In(MNN) spec t ra  were  also ob ta ined  
for each  sample.  The In(M4N45N45) peak  energies  were  
845.0 and  845.6 eV BE for the  HC1- and  Brz/NH3(aq)-etched 
e lec t rodes ,  respect ively .  The Auger  parameter ,  (~ = 
BE[In(3d5/2) - BE(In(M4N4sN45)], was 400.5 and  401.1 eV, re- 
spect ively,  wh ich  is character is t ic  of  bulk  InP.  Because  of  
t he  large con t r ibu t ion  of  bulk  I n P  to the  In(3d) and 
In(M4N45N4s) peaks,  m o s t  of  the  in fo rmat ion  about  the  
chemica l  na ture  of  the  surface  ox ide  layer  is con ta ined  in 
the  O(ls) and P(2p) regions.  

F igure  2 shows  the  O(ls) regions  for bo th  e tches .  Curve 
fit t ing was  p e r f o r m e d  us ing  a cons t an t  2.2 eV FWHM for 
each  c o m p o n e n t  peak  in the  spec t rum.  At  least  th ree  
fo rms  of  oxygen  are W e s e n t  on the  HCl-e tched  surface,  
whi le  only  two c o m p o n e n t s  are necessa ry  to fit the  spec t ra  
of the BrJNH3(aq)-etched surface. It should be no ted  that  it 
is possible  that  a minor  peak at ca. 530 eV may be present ,  
bu t  this  canno t  be ex t rac ted  reliably because  of  poor  reso- 
lution. The main  O(ls) peak  at 534.8 eV on the  HCl-e tched  
s amp l e  is charac ter i s t ic  of  molecu la r  water ,  whi le  O(1s) 
peaks  occurr ing  at lower  b ind ing  energies  in bo th  spec t ra  
are general ly  due  to surface ox ides  and  hydrox ides .  

In  Fig. 3, two forms  of  p h o s p h o r o u s  are obse rved  for the  
Br jNH3(aq)-e tched  electrode,  bu t  only one  form is seen  for 
the  HCl-e tched  electrode.  Other  scans  of the  P(2p) reg ion  
for the  HCl-e tched  sample  e x t e n d i n g  over  a larger  r ange  of  
b ind ing  energy  conf i rm tha t  no o ther  P(2p) peaks  are ob- 
served.  

Atomic  compos i t i ons  of the  e t ched  e lec t rode  surfaces  
have  been  calcula ted f rom the  a tomic  concen t r a t ions  

Table I. XPS data 

HCl-etched InP 
Peak Binding Peak Atomic 

assignment energy area concentration (%) 

Br2-etched InP 
Binding Peak Atomic 
energy area concentration (%) 

Reference data (6) 
binding energy (eV) 

][nP InPO4 I n 2 0 3  In(OH)~ 

In (3d3/2) 452.1 - -  - -  452.1 - -  
In (3d5/2) 444.5 1770 8.7 444.4 2~4 19 
0 (ls) 531.7 114 2.6 531.7 494 16 

532.7 154 3.5 532.7 252 7.9 
534.8 248 5.6 - -  - -  - -  

P (2p) 129.0 120 6.8 129.0 197 16 
- -  - -  - -  133.7 30 2.3 

C1 (2p) 198.8 66 2.0 - -  - -  - -  
C (ls) 285 -+ 2 1000 a 71 285 +- 2 400 39 

445.6 457.2 446.2 446.7 
444.4 445.7 444.7 445.2 

- -  531.8 530.2 531.8 
- -  - -  532.2 - -  

128.8__ 1~-134. - -  Z 

a Estimated from XPS survey scan. 
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Fig. 2. Oxygen (]s) XPS spectra of HCI- and Br2/NH3(aq)-etched 
p-lnP single crystals before Ar + ion sputtering. 

shown in Table  I: the  HCl-e tched  e lec t rode  surface was 
InP0.78 O~.34 C8.2 C10.23, and the  Br jNHa(aq)-e tched e lec t rode  
surface was InP0.92 Oi.2 C2.0. It  should be noted  that  s ince 
the  surface films are th in  (vide infra), the  cont r ibut ion  of  
bu lk  I n P  to these  a tomic  composi t ions  is significant. In ad- 
dit ion, m u c h  of  the oxygen  presen t  on the  HCl-e tched elec- 
t rode  was adsorbed  or dat ively bound  water.  

Af ter  Ar § ion sput ter ing  (4 rain) unti l  no carbon was ob- 
se rved  in the  AES spectra, the  X P S  spectra  of  the  HC]- 
e t ched  e lec t rode  also revealed  only In and P with  a t race of  
carbon.  Spu t t e r ing  the  HC1 e tched  e lec t rode  caused pref- 
erent ial  r emova l  of  P (InP0.66), and the  P(2p) peak was 
shif ted +6 eV (to 132.8 eV) relat ive to that  of  bu lk  InP  
(128.8 eV). Such  nons to ich iomet r ic  effects and oxida t ion  
state changes  associated with  Ar  + ion sput ter ing are com- 
m o n l y  observed  with  InP  (1, 3). Ar  § ion sput ter ing  of  the  
BrJNH3(aq)-etched e lec t rode  for only 30s r emoved  all of 
the  oxygen  and carbon,  leaving s to ichiometr ic  InP  (InPl.,). 
In(3d) and P(2p) b inding  energies  ma tched  those  of  refer- 
ence  spectra  for bulk InP  (3). 

Photoelectrochemical measurements of Br2/NH3(aq) 
etched p-InP.--The p-InP/acetoni t r i le  interfacial  ener- 
getics were  inves t iga ted  us ing capaci tance  measu remen t s  
in the  dark in poised solutions of revers ible  outer  sphere  
r edox  couples�9 Both  high- (1.23 • 10 TM cm 3) and low- 
doped  (8 x 10 ~ cm -3, as repor ted  by the  manufacturer)  
p - InP  samples  were  invest igated.  The difference be tween  
the  f latband potent ia l  (VFB) and the  va lence  bandedge  
(V.u~) depends  upon  the doping  densi ty  and is descr ibed  
by Eq. [2]. This  difference (Vp) is 50 mV for the h igh-doped  
sample,  and 170 mV for the  low-doped  sample.  Much  of 
the  data p resen ted  in this sect ion will be for the DFER(0/+)  
r edox  couple  at h igh-doped  p- InP for the  sake of  sim- 
plicity. 

The  qual i ty  of  the  capaci tance  measu remen t s  is demon-  
s t ra ted by f requency- independen t ,  nonhys te re t ic  Mott-  
Scho t tky  (M-S) plot~ which  were  observed  for all r edox  
couples  excep t  for AFER(0/+)  where  the  e lec t rode  under-  
wen t  anodic  corrosion. The  M-S plots for 500, 5000, and 
10,000 Hz scans of h igh-doped  p- InP in DFER(0/+)  are 
shown in Fig. 4. The  va lence  bandedges  were  +0.18, +0.19, 
and +0.18V, respect ively,  and doping densi t ies  calculated 
f rom the  slopes var ied  by less than  1,5%. Fur thermore ,  V.b~ 
was found to be i n d e p e n d e n t  of  the  doping  of  InP  elec- 
trode.  B a n d e d g e  posi t ions for high- and low-doped  p-InP,  
as wel l  as a h igh-doped  n- type InP  electrodes,  were  meas-  
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Fig. 3. Phosphorous (2p) XPS spectra of HCI- and Br2/NH3(aq)- 

etched p-lnP single crystals before Ar + ion sputtering. 

ured  in poised Cu(II/I)(trans-diene) 2§247 at 0.05, 0.00, and 
0�9 V, respect ively.  

The  va lence  band-edge  posi t ions were  reproduc ib le  be- 
tween  etches  as well. The  h igh-doped  sample  was e tched  
five different  t imes  and Vvbe'S were  measu red  in 
DFER(0/+).  The doping  densit ies averaged 1.70 • 10 TM 

cm 3 wi th  a relat ive s tandard deviat ion of  only 3.5%. The 
average  va lue  of  Vvbe was +0.190V wi th  a s tandard  devia- 
t ion of  0.025V; this is taken  to be  the  uncer ta in ty  in Mott- 
Scho t tky  measurements .  

The  band-edge  posi t ions were  found to be l inearly de- 
penden t  upon  solut ion r edox  potential ,  E(Aox/Ared), but  in- 
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Fig. 4. Mott-Schottky plots of a high-doped p-lnP electrode in 
DFER(O/+) at 500, 5000, and 10,000 Hz. 
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(filled circles) doped p-lnP electrodes plotted as a function of solution 
redox potential in a series of poised, reversible, one-electron redox 
couples. 

d e p e n d e n t  of  dop ing  dens i ty  as s h o w n  in Fig. 5. F igure  6 
s h o w s  the  M-S scans  for the  h igh -doped  e lec t rode  in m o s t  
o f  the  r e d o x  couples.  Vvbe changed  55 m V  for every  100 m V  
change  in solut ion r edox  potential �9 The band -edge  posi-  
t ions  and  open-c i rcu i t  pho tovo l t age  (vide infra) values  for 
each  e lec t rode  are p r e s e n t e d  in Table II. The effect  of  solu- 
t ion r e d o x  potent ia l  on the  f la tband potent ia l  was  also in- 
ves t iga ted  by  measu r ing  band-edge  pos i t ions  in a solut ion 
con ta in ing  various ratios of  Cu(II)(trans-diene)2§ 
Cu(I)(trans-diene) § as p repa red  by  bulk  electrolysis .  The 
resul ts  are p r e s e n t e d  in Table III; the  b a n d e d g e s  were  
found  to shif t  58 m V  for every  100 m V  change  in E(A§247 

One of  the  m o s t  in te res t ing  observa t ions  is tha t  the  
band -edge  pos i t ions  were  comple te ly  d e p e n d e n t  u p o n  the  
r e d o x  potent ia l  of  the  solution.  The revers ibi l i ty  of  the  en- 
erget ics  were  tes ted  by  measu r ing  Vvbe of  t he  h igh -doped  
sample  in DFER(0/+) before  and  after  pe r fo rming  exper i -  
m e n t s  in o ther  solut ions.  Vvbe of  the  h igh -doped  sample  
was  m e a s u r e d  at +0.19V in DFER(0/+) pr ior  to i m m e r s i n g  
it in DPCOB(0/+) w h e r e  Vvb~ was  m e a s u r e d  at -0.04V. 
U p o n  re tu rn ing  the  e lec t rode  to DFER(0/+),  V~b~ r e tu rn ed  
to +0.19V. After  r ins ing the  e lec t rode  and  s tor ing  it dry  
overnight ,  the  e lec t rode  was r e tu rned  wi thou t  re -e tch ing  
to the  DFER(0/+) solution,  and V~b~ was  m e a s u r e d  at 
+0.18V. T h r o u g h o u t  this  ent i re  cycle, the  m e a s u r e d  dop-  
ing dens i t i es  changed  by  less t han  3.5%. Again,  the  excep-  
t ion to this  revers ibi l i ty  of b a n d e d g e s  was  AFER(0/+) 
w h i c h  anodical ly  co r roded  the  electrode;  u p o n  re tu rn ing  
the  e lec t rode  to DFER(0/+) af ter  pe r fo rming  e x p e r i m e n t s  
in AFER(0/+) Vvbe had  shi f ted  posi t ive  by 210 m V  relat ive 
to its initial pos i t ion  in DFER(0/+). 

The open-c i rcu i t  pho tovo l t age  (Voc) was  also m e a s u r e d  
for b o t h  high-  and  low-doped  p - InP  e lec t rodes  in t he  r e d o x  
couple  solut ions.  The resul ts  are s h o w n  in Table II and  
Fig. 7. The in te res t ing  fea tures  are a decrease  in Voc for the  
more  nega t ive  r edox  couples  [DCOB(0/+) and  
Ru(bipy)32§ and  a nonzero  Voo for AFER(0/+).  Values of  
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Fig. 6. Mott-Schottky plots for a high-doped p-lnP electrode in a 
series of poised, reversible, one-electron redox couples. Shown from 
right to left are M-S scans in FERR(O/+), DFER(O/+), DCMCOB(O/+), 
DPCOB(O/+), COB(O/+), and DCOB(O/+). 

the  barr ier  he igh t  [EFB -- E(Aox/Ared)] have  also b e e n  tabu-  
lated. 

Discussion 
Surface structure and composition�9 p h o t o g r a p h s  

clearly s h o w  tha t  the  Br~/NH3(aq) e tch ing/buff ing  proce-  
du re  p r o d u c e d  a m u c h  smoother ,  more  defec t - f ree  surface  
t h a n  the  HC1 etch,  w h i c h  p r o d u c e d  a surface  tha t  was 
rough  and  crystall ine,  wi th  a m o r p h o l o g y  similar  to an un- 
e t ch ed  surface.  Surface  r o u g h n e s s  factors  have  no t  b e e n  
calculated,  bu t  it is clear tha t  the  usual  mac roscop ic  elec- 
t rode  area m e a s u r e m e n t s  will be m u c h  more  accura te  for 
the  s m o o t h e r  surface. This can" be an impor t an t  factor  
w h e n  a t t emp t ing  to m a k e  careful  area-sensi t ive  measure -  
m e n t s  such  as cu r ren t  dens i ty  or surface capacitance�9 

The X P S  spec t ra  revealed  d is t inc t  chemica l  d i f fe rences  
b e t w e e n  the  surfaces  p r o d u c e d  by the  two etches .  An  im- 
po r t an t  a spec t  of  the  chemica l  na ture  of the  e t ched  sur- 
faces is the  a m o u n t  of  surface h y d r o c a r b o n  con tamina t ion .  
R o u g h  es t imates  of  the  a m o u n t  of  h y d r o c a r b o n  contami-  
na t ion  were  der ived  f rom the  C(ls) peak  areas of  the  X P S  
survey  scans  and  f rom the  t ime  requ i red  to r emo v e  the  car- 
b o n  signal  in AES via Ar § ion sput ter ing�9 X P S  spec t ra  of  
the HCI- and BrJNH3(aq)-etched surfaces yielded C:In 
atomic concentration ratios of eight and two, respectively, 
with the Br~rNH3(aq)-etched surface being much cleaner 
than the HCl-etched. This is consistent with the findings of 
Clark et al. (i) who observed greater carbon contamination 
for inorganic acid etches than for Br2-based etches. They 
suggested that this difference may be significant in that 
the electronic quality of etched InP did not depend as 
much upon oxide thickness or composition as it did upon 
the degree of carbon contamination. The highly oxidizing 
nature of the BrJNH3(aq) etchant may be responsible for 
the difference in hydrocarbon contamination, since car- 
bon contaminants on the surface or in the etchant solution 

Table II. Metallocene V(oc), V(vbe) data 

Redox 
couple E(0') a V(FB) a 

High-doped sample 
Barrier Doping 

V(vbe) a V(oc) b height b density (cm -8) V(FBp V(vbe) a 

Low-doped sample 
Barrier 

V(oc) b height b 
Doping 

density (cm -3) 

AFER 0/+ 
FERR 0/+ 
DFER 0/+ 
DCMCOB ~ 
DPCOB 8/+ 
COB 0/+ 
Ru(bpy)32+/3§ 
DCOB 0/+ 

+0.25 
0.00 

-0.51 
-0.81 
-1.11 
- 1.34 
-1.72 
-1.90 

+0.56 
+0.41 
+0.14 
+0.12 
-0.09 
-0.11 
-0.60 
-0.83 

+0.61 0.166 0.31 1.81 • 10 TM +0.64 
+0.46 0.179 0.41 1.80 • 10 TM +0.26 
+0.19 0.397 0.65 1.68 • 10 TM +0.04 
+0.17 0.600 0.93 1.68 • 10 TM -0.18 
-0.04 0.645 1.02 1.68 • 1018 -0.19 
-0.06 0.715 1.23 1.86 • 10  TM -0.31 
-0.55 0.615 1.12 1.75 • 10 TM - -  
-0.78 0.580 1.07 1.83 x 10 TM -1.00 

+0.81 0.240 0.39 
+0.43 0.205 0.26 
+0.21 0.440 0.47 
-0.01 0.600 0.63 
-0.02 0.721 0.92 

0.14 0.735 1.03 

- ~ 3  o ~ 0  090 

1.81 • 1016 
1.52 • 10 TM 

1.56 • 10 TM 

1.40 • 10 TM 
1.64 • 10 TM 

1.87 • 10 TM 

1.63~ 10 TM 

a V o l t s  v s .  A g ( 0 / + ) .  
b V o l t s .  
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m a y  be  oxidized to CO2 by Br2, whi le  the same species may  
be  unaf fec ted  by the  weakly  oxidiz ing HC1 etch. 

The  th ickness  of  the  surface oxide  layers was es t imated  
f rom Ar § ion sput ter ing  t imes  requ i red  to comple te ly  re- 
m o v e  the  ox ide  layers (from detec t ion  by AES). Comas  
and Cooper  (23) measured  sput ter ing  yields for var ious  
s emiconduc to r s  wi th  a 1 keV Ar § b e a m  wi th  a total  Ar  § ion 
cur ren t  dens i ty  of  3 m A / c m  ~. For  GaAs, GaP,  and GaSb,  
the  sput te r ing  yield was 0.4 molec/ ion,  and for InSb,  0.25 
molec/ ion.  We es t imate  that  for InP,  the  yield wou ld  be c a .  

0.3 molec/ ion,  which  cor responds  to a sput ter ing  rate of  ap- 
p rox ima te ly  100 A/min. Spu t te r ing  of  the  InP  oxides  dur- 
ing our  expe r imen t s  was pe r fo rmed  wi th  a h ighly  defo- 
cused  1 keV Ar § b e a m  wi th  an es t imated  Ar  § current  den- 
sity of  20 ~A/cm 2. Correc t ing  the  repor ted  sput ter ing  
rate for the  dif ference in ion current  dens i ty  reveals  a sput- 
te r ing  rate of  c a .  0.7/~Jmin for our  exper iments .  The  HC1- 
e tched  film was r e m o v e d  in 4 min,  so it was roughly  2.7A 
(one to two monolayers)  thick. The  Br jNH3(aq)-e tched 
film was r e m o v e d  in 30s, cor responding  to a 0.33/~ film (<1 
monolayer) .  The  Br2/NH3(aq) film was m u c h  th inner  than  
p rev ious ly  repor ted  values  of  4-20A (1, 6); however ,  the  
HC1 film th ickness  agreed wi th  that  of  4A measu red  by el- 
l ipsomet ry  (8). It  should  be no ted  that  the absolute  film 
th ickness  measu red  by Ar § ion sput ter ing  can be  accurate  
to wi th in  20% (24); however ,  the  uncer ta in ty  in the  abso- 
lu te  sput te r ing  rate for our  expe r imen t s  increases  this 
error  to _+ 1A. I t  is impor tan t  to note  that  the  relat ive thick- 
nesses  of  the  oxide  films be tween  the  two samples  was de- 
t e rmined  very  accurately,  s ince the  sput te r ing  was per- 
fo rmed  unde r  ident ical  condi t ions  for both  samples.  

A l though  the  chemica l  e tch ing  of  InP  at room tempera-  
ture  general ly  leads to the  format ion  of  amorphous  and 
nons to ich iomet r i c  oxide  films, the  compos i t ion  of  the  pre- 
d o m i n a n t  ox ide  species present  in these  films can be de- 
t e rmined  by us ing the  O(ls) and P(2p) peak  b inding  ener- 
gies and the  a tomic  compos i t ion  of  the  surface region 
shown in Table  I. The  de te rmina t ion  of  the  a tomic  compo-  
si t ion is over  the  X P S  sampl ing  dep th  of  a few tens of  
angst roms,  and useful  in format ion  on the  compos i t ion  of  
the  surface films can only be  obta ined  wi th in  the  frame- 
w o r k  of  a s t ructural  mode l  of  the  e tched  surfaces. Our 
mode l  assumes  that  a cont iguous  phys i sorbed  hydrocar-  
bon  layer covers  a th in  oxide  film present  at the  surface of  
the  e tched  InP  electrode.  Thus,  X P S  measu remen t s  in- 
c lude  cont r ibut ions  f rom bulk  InP,  the  surface oxide  layer, 
and phys i sorbed  contaminants ,  and the measured  
amoun t s  of  each of  these  species is modif ied  by the  dep th  
d is t r ibut ion  of  the  species. Both  the  HC1- and the  B r J  
NH3(aq)-etched surfaces showed  In(3d~/2) and P(2p) peaks  
wi th  b ind ing  energies  character is t ic  of  bu lk  InP,  as shown 
in Table  I. The  observa t ion  of I n P  in the  spectra  demon-  
s trates  that  these  hydroca rbon  layers and ox ide  films are  
relat ively th in  compared  with  the  X P S  sampl ing  dep th  (in 
a g r e e m e n t  wi th  the  th ickness  es t imated  f rom sputtering).  

Table III. Vvbe vs. E,e,t 

[Cu(II/I)] Ratio E(rest) a V(vbe) a 

1.10 -1.01 +0.02 
1:1 -1.07 +0.038 

10:1 -0.041 +0.009 

Volts v s .  Ag(0/+). 

Thus,  the  O(ls) and P(2p) X P S  spectra reasonably  reflect 
an average  compos i t ion  of the  ent ire  surface oxide  film on 
the  electrodes.  

The  a tomic  compos i t ion  of  the  HCl-e tched  InP  surface, 
as de te rmined  by XPS,  was InP0.Ts O1.34 C8.2 C10.2~. F r o m  the  
P(2p) peak  at 129.0 eV BE, we can de te rmine  that  phos- 
ph ide  (as InP) accounts  for 6.8% of the  measured  composi-  
t ion; thus, InP  accounts  for 13.6% of the  measu red  compo-  
sition. These  signals cor respond  to pure  bu lk  InP  that  is 
covered  and a t tenuated  by the  surface ox ide  film and the  
phys i sorbed  hydroca rbon  film. The  C(ls) peak at 
285 eV BE  corresponds  to a large measu red  concent ra t ion  
(71%) of  phys i sorbed  hydrocarbons ,  due  to a cont iguous  
hydroca rbon  film one to two monolayers  th ick  at the  out- 
e rmos t  surface. The  Cl(2p) peak  at 198.8 eV BE  is due  to a 
small  a m o u n t  of chloride, p robably  present  at the  InP/  
ox ide  or ox ide /hydrocarbon  interface.  The  actual  a m o u n t  
of  chlor ide  is greater  than  the  measu red  2% since the  hy- 
d roca rbon  film at tenuates  this signal. 

N o w  that  the  bulk  InP,  chloride,  and phys i sorbed  car- 
bon  componen t s  are accounted  for, we  can der ive  a gen- 
eral  p ic ture  of  the  compos i t ion  of  the  oxygen  conta in ing  
over layer  on the  HCl-e tched  surface. S t rongly  bound  
water ,  character ized by the  O(ls) peak  at 534.8 eV BE, ac- 
counts  for 5.6% of the  measu red  a tomic  compos i t ion  and is 
the  main  chemica l  form of oxygen.  The  O(ls) peak  at 
532.7 eV BE can be  identif ied as chemiso rbed  hydroxy l  or 
a hydrox ide  species which  accounts  for 3.5% of the  meas-  
u red  a tomic  composi t ion.  The  presence  of  InPO4 can be  
d is regarded since no phospha te  peak is seen in the  P(2p) 
spect rum.  The remain ing  4.5% (In and O) of  measu red  
a tomic  compos i t ion  is p resen t  as ei ther  In203 or In(OH)3. 
IntO3 is character ized by an O(1 s) double t  cen te red  a round 
531.2 e V B E ,  and In(OH)3 has a single O(ls) peak  at 
531.8 eV BE  (3). The  observed  expe r imen ta l  peak  was at 
531.7 eV BE. Our spectral  resolut ion was not  h igh  enough  
to d is t inguish  be tween  these  two species. The rmodynami -  
cally, In203 is sl ightly favored over  In(OH)3, wi th  free ener- 
gies of  format ion of  -833 and -762 k J/tool,  respect ive ly  
(25), a l though these  bu lk  values  may  have  to be modif ied  
sl ightly for surface species. The  remain ing  ind ium (1.9%), 
wh ich  has not  been  accounted  for by bulk  InP,  and the  re- 
ma in ing  oxygen  (2.6%), represen ted  by the  O(ls) peak  at 
531.4 eV BE,  gives an In/O ratio of  0.73. This  is more  con- 
s is tent  wi th  In203 than  wi th  In(OH)s; however ,  we cannot  
d is t inguish  be tween  these  two unambiguous ly .  

Within the  f ramework  of  our  model ,  the  oxygen  signals 
all arise f rom a thin, roughly  homogeneous ,  ox ide  film. 
This  film is composed  of  42% strongly bound  water,  32% 
nons to ich iomet r ic  mix tu re  of  ind ium oxides  and/or  hy- 
droxides ,  and 26% adsorbed  hydroxyl  or o ther  hyd roxy  
species.  This  a s s ignment  is consis tent  wi th  previous  inves- 
t igat ions of  inorganic  ac id-e tched I n P  which  lead to the  
format ion  of  heavi ly  hydra ted  ind ium-r ich  surfaces 
(1, 7, 8). 

Similarly,  the  compos i t ion  of  the  BrJNH3(aq) film can be 
de te rmined .  F r o m  the  P(2p) peak at 129.0 eV BE, it is 
found  that  31% of the  surface region p robed  by X P S  is 
bu lk  InP.  Phys i so rbed  hydrocarbons  account  for only 39% 
of measu red  a tomic compos i t ion  on this surface. Both  of  
these  resul ts  are consis tent  wi th  a hydroca rbon  film that  is 
abou t  half  as th ick  as on the  HCl-e tched  surface. The  P(2p) 
peak  at 133.7 eV BE  is clearly due  to a phospha te  or poly- 
phospha te  species. The  main  contr ibutors  to this oxidized 
phosphorous  film are expec ted  to be InPO4 or In(PO3)3 and 
poss ib ly  some H3PO4. As exp la ined  in the  in t roduct ion,  
P~O~ is no t  cons idered  to be  a reasonable  const i tuent .  

Reference  spectra  for InPO4 show an O(ls) peak  at 
531.8 eV BE and a P(2p) peak  at 134.1 eV BE. The O(ls) 
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peak observed at 531.7 eV BE and the small P(2p) peak at 
133.7 eV BE in our spectra are consistent with these refer- 
ence peaks. In(PO3)s (indium trimetaphosphate) XPS ref- 
erence data is not available; however, this is known to be 
the most thermodynamically stable member  of the In-P-O 
system with a bulk free energy of formation of 
-2552 kJ/mol (25). Sodium trimetaphosphate (NaPOs)s is a 
reasonable model compound since the bonding arrange- 
ment  is very similar to that of In(PQ)s. The P(2p) binding 
energy for this compound is 133.8 eV (22) which matches 
the observed peak. 

Phosphoric acid is another species which must be con- 
sidered. Although no data exist for H3PO4, we can esti- 
mate a P(2p) binding energy from related model com- 
pounds. The P(2p) peaks for K2HPO4 and KH2PO4 are 132.4 
and 133.5 eV BE, respectively (22). We can infer that the 
P(2p) binding energy of HsPO, would occur near 
134.5 eV BE. This is almost 1 eV higher in binding energy 
than the observed Br2/NH3(aq)-etched value, and thus, 
H3PO4 is not a major constituent of the surface. 

InPO4 and In(POs)s are difficult to distinguish purely by 
the O(1s) or P(2p) peaks, so it is necessary to consider the 
observed stoichiometry. After accounting for the bulk InP 
and for the adsorbed carbon and hydroxyl species, the re- 
maining atomic concentrations of In, P, and O are 3.9, 2.3, 
and 15.5%, respectively. This ratio can only be accounted 
for by the presence of InPO, or In(POs)s combined with 
In(OH)~, which also has an O(ls) peak near the same bind- 
ing energy. The result most consistent with the data is 
InPO4 with some In(OH)s. 

If  it is assumed that this phosphate species is InPO4 
rather than In(PO3)s, then InPO, accounts for 14% of the 
surface oxide film. The O(ls) peak at 532.7 eV BE is due to 
adsorbed hydroxyl and accounts for 7.9% of the surface 
oxide film. The remaining oxygen represented by the O(ls) 
peak at 531.7 eV BE is present as In(OH)s, which accounts 
for 8.4% of the surface oxide film. This identification is 
consistent with both binding energy and atomic concen- 
tration data. The composition of the oxygen containing 
film after the bulk InP and the physisorbed carbon are ac- 
counted for is then 46% InPO4, 28% In(OH)3, and 26% ad- 
sorbed hydroxyl species. Due to the similarity of O(ls) 
binding energies for InPO4, In(POs)3, and In(OH)s, it is 
probable that this film is actually composed of some non- 
stoichiometric indium polyphosphate phase as well as 
In(OH)s. 

The overall picture of the interfacial region is well- 
defined by the XPS experiments and the results are sum- 
marized in Table IV. The HC1 etch produced a physisorbed 
hydrocarbon contaminant film covering a one to two 
monolayer surface oxide film, which is predominantly ad- 
sorbed or datively bonded water, and contains roughly 
equal concentrations of adsorbed hydroxyl and indium 
oxide/hydroxide species. Also present is a small amount of 
chloride remaining from the etchant. In contrast, the Br2/ 
NHs(aq) etch produced much less hydrocarbon contami- 
nation and less than a monolayer of a surface oxide film, 
which was predominantly InPO, or a nonstoichiometric 
indium polyphosphate phase, with roughly equal surface 
concentrations of In(OH)3 and adsorbed hydroxyl species. 

S u r f a c e  energet ics  o f  Br2/NH3(aq)-etched p - InP . - -Per -  
haps one of the most interesting aspects of the surface pro- 
duced by the  Br2/NHs(aq) etch is the fact that the surface 
energetics are controlled entirely by the solution redox po- 
tential. This is supported by the reproducibility and re- 
versibility of the bandedges in various redox couple solu- 

tions, and by the fact that the slope of Evbe vs. E(Aox/A~ed) is 
ca. 0.55, whether the solution potential is controlled by 
varying the standard reduction potential of a redox couple 
or by the ratio of [Aox]/[Ared] of a single couple. The uncer- 
tainty of the band-edge measurements has been deter- 
mined to be -+ 0.025V, and the M-S plots exhibited no fre- 
quency dispersion, t ime dispersion, or hysteresis except  in 
the case of AFER(0/+). 

Present work with the Br~/NHs(aq)-etched electrodes re- 
veals that the phosphorous oxide layer either does not 
dominate the interfacial energetics or that the nature of the 
surface film is not significantly altered by varying the elec- 
trode potential. The latter seems more reasonable, the en- 
ergetics being controlled not by variations in the thickness 
of the oxide layer, but by solution species populating 
empty surface states in a stable surface film. The surface 
film appears to be electrochemically stable since VFB is not 
altered by cycling the electrode potential. These electrodes 
have been shown to exhibit  extended linear M-S plots up 
to 2V negative of  Vcb~, which indicates a deep depletion re- 
gion (19). Since Br2/NHs(aq)-etched p-InP electrodes enter 
deep depletion rather than an inversion condition under 
extreme reverse bias in acetonitrile, we conclude that elec- 
tron transfer across the interfacial region is fast and effi- 
cient enough to allow the excess charge in the space 
charge region to be transferred to a solution redox species. 

The linear variation of Evbe with E(Aox/Ared) with a slope 
less than one suggests a low surface density of empty 
states (SDOS) which is distributed along a broad potential 
region. These states become increasingly populated by so- 
lution species as the solution redox potential becomes 
more negative. A calculation of the SDOS can be per- 
formed assuming each empty state can accept one electron 
from the reduced form of the redox couple. In order to 
shift the bandedges 1V, a total charge of qss = Ca " (IV) 
must  accumulate in surface states. The capacitance of the 
diffuse layer, Cd, was estimated for p-InP by cycling an 
n-InP electrode immersed in a blank solution into the ac- 
cumulation condition where it behaves as a metal-like 
electrode. The total capacitive current density observed in 
this case was Jd = 2vCd where v is the scan rate. Measuring 
Jd at various scan rates all yielded a Cd of 0.50 rtF/cm 2 for 
the n-InP electrode. The number  density of  empty states 
required to shift the bandedges 1V is then N~ = Cd/e, 
where e is the charge on an electron. Since a 1V change in 
E ( A o x / A r j  shifted the bandedges 0.55V, the total number  
of empty surface states residing in a 1V potential region on 
the InP surface is SDOS = 0.55 �9 Ns~ = 1.7 • 10 ~2 cm -2 V-L 
This SDOS agrees well with the ELS measurement  (12) of 
10 ~2 cm -2 and the electrolyte electroreflectance measure- 
ment  (13) of 2 • 10 ~2 cm -2 V-L It should be noted that other 
surface-state measurement techniques often include filled 
surface states as well and that the SDOS is highly depend- 
ent upon surface pretreatment. 

This conclusion of a broad distribution of surface states 
is also supported by the agreement between Vvb~ of p-type 
and n-type electrodes, since a narrow distribution of a high 
density of surface states in the bandgap could cause the 
bandedges of n-type and p-type electrodes to shift relative 
to one another. For example, if the surface-state density 
obeyed the "1/3 bandgap rule" (26) which states that a high 
density of surface states can be found 1/3 of the way be- 
tween the valence and conduction bands, and if the Fermi 
level was strongly pinned by this high density of surface 
states, then the valence bandedge would be observed at a 
more positive potential for n-InP than for p-InP. This be- 
havior was not observed in our experiments, further evi- 

Table IV. Effect of etching procedure on InP surface composition 

HC1 etch BrjNH3(aq) etch 

Surface morphology Rough, crystalline Smooth 
Surface film thickness 1-2 monolayers <1 monolayer 
Oxygen containing 40% adsorbed H20 45% ]nPO4 
Surface film 30% In2OJIn(OH)3 30% In(OH)3 
Composition 30% adsorbed .OH 25% adsorbed -OH 
Hydrocarbon contamination Significant Little 
Residual etchant 2% chloride None 
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dence that there was not a high density of empty states 
pinning the Fermi level. 

Surface energetics of HCl-etched p-InP.--In direct con- 
trast to the stable, reproducible, solution-controlled ener- 
getics of the BrjNH3(aq)-etched system, HCl-etched elec- 
trodes exhibit  hysteretic, frequency-dependent 
Mott-Schottky behavior indicative of oxide film growth 
which controls the bandedge positions (9, 19). 

Figure 3 of Ref. (9) shows that when HCl-etched elec- 
trodes are cycled within a narrow potential region in the 
bandgap, ideal Mott-Schottky behavior is seen. However, 
when the electrode is cycled outside of these narrow lim- 
its, extreme hysteresis is seen. As the electrode potential 
was repeatedly cycled, the bandedges shifted, eventually 
reaching a condition where the band-edge position re- 
mained essentially fixed. This point was reached when the 
oxide layer had grown sufficiently stable that small varia- 
tions in its thickness did not significantly affect the capaci- 
tance. Figure 4 of Ref. (9) shows that the bandedges shifted 
negative with t ime when the electrode was cycled negative 
of the conduction bandedge and shifted positive by cy- 
cling positive of the valence bandedge. This suggested that 
different types of surface films were electrochemically 
grown on the surface. The identities of these electrochem- 
ically grown films are not known, but it has been sug- 
gested that the anodic film is an indium oxide, while the 
cathodic film is indium metal. This work also showed that 
the band-edge positions were not dependent upon the 
identity of the solution species but upon the potential re- 
gions where the electrode had been cycled. 

HCl-etched p-InP electrodes have also been found to 
enter an inversion condition when they are biased nega- 
tive of Ecb~ (10, 11). The fact that this inversion condition is 
obtained suggests there is a surface structure which either 
accepts and stores large amounts of negative charge, or 
acts as an efficient barrier to electron transfer across the 
semiconductor/solution interface. This evidence reveals 
that the indium oxide/hydroxide produced by HC1 etching 
of InP is susceptible to further electrochemical growth of 
surface films which control the surface energetics of the 
system. This behavior contrasts that observed at metal di- 
chalcogenide materials. 

Surface energetics of WSe2.--Recently there has been 
much interest in the use of metal dichalcogenides (MDC) 
for fundamental  studies of the semiconductor/solution in- 
terface because unreactive, atomically smooth surfaces 
can be prepared (27). MDCs are generally resistant to oxide 
formation (28), and it has been suggested that they may 
have properties consistent with those of an ideally polariz- 
able electrode (27, 29). This is useful for obtaining more de- 
tailed interpretations of kinetic processes occurring at 
semiconductor/solution interfaces. 

The interfacial energetics of n-WSe2 have been studied in 
acetonitrile solutions containing poised metallocene redox 
couples (27, 30). In contrast to the behavior observed by ei- 
ther of the two InP surfaces we have discussed, the band- 
edge positions of n-WSe2 electrodes exhibit  no depend- 
ence upon solution redox potential. This is presumably 
due to a lack of a significant concentration of active sur- 
face states on MDCs (28). 

Comparison of surface energetic behavior.--We have dis- 
cussed three very different types of interfacial energetic 
behavior resulting from different surface compositions: 

Atomically clean semiconductor.---As in WSe2, the semi- 
conductor surface has a clean, well-defined, single-crystal 
orientation plane which is relatively free of active surface 
states and resistant to oxide formation. Band-edge posi- 
tions do not depend upon the solution redox potential, are 
not hysteretic during potentiostatic sweep experiments, 
and are temporarily stable. 

Stable surface film.--The BrJNH3(aq)-etched InP elec- 
trode surface contained a thin surface film which was elec- 
trochemically stable and the band-edge positions were 
found to be dependent upon the solution redox potential. 
This is presumably due to a low density of surface states 
which are populated by solution species causing a poten- 

tial drop across this interfacial region. Facile electron 
transfer across this interface is demonstrated by a deep de- 
pletion region which is observed in the Mott-Schottky 
plots. 

Unstable surfacefilm.--The HC1 etch produced a relatively 
thick surface layer whose properties could be altered by 
electrochemical cycling in different potential regions 
(eventually achieving a steady-state behavior). The band- 
edge positions were found to be dependent upon the sur- 
face film thickness rather than upon solution redox poten- 
tial. The formation of an inversion layer under reverse bias 
is evidence that charge transfer across this interface is not 
as efficient as that observed at Br2/NH3(aq)-etched p-InP. 

It is suggested that the Br2/NH3(aq)-etched p-InP elec- 
trodes conform to many of the criteria of an ideally polariz- 
able electrode and that this type of interface, although not 
as "ideal" as the MDCs, may provide complementary in- 
formation, since the interracial energetics can be tuned by 
adjusting the solution redox potential. 

Open-circuit photovoltages for Br2/NH3(aq)-etched p- 
InP.--Other studies of the open-circuit photovoltage (Voc) 
of p-InP and n-Si in solutions of outer sphere redox 
couples have shown that Vo~ approaches 0 for couples with 
E(0') near Vvbe (Vobe for n-type) and reaches its maximum 
value for all redox couples with E(0') a few hundred milli- 
volts positive of Vcbe (negative of Vvb~ for n-type) (31, 32). 
While it was earlier thought that the maximum Voc should 
approach EbJq, Lewis has provided evidence that the max- 
imum Vo~ is due to a thermodynamic or bulk recombina- 
tion limit (15). For p-InP this theoretical limit is ca. 
800 mV. According to Lewis, the maximum open-circuit 
photovoltage obtainable at a p-type electrode is given by 

kT Jph Ln Ebg 
Voo(max) = - -  In - -  +. - Vp [4] 

q qNcD~, q 

where Jph is the photocurrent density; L,, is the diffusion 
length of the semiconductor; Nc is the density of states in 
the conduction band; Dn is the minority carrier diffusion 
coefficient equal to (kT/q) times the minority carrier mobil- 
ity, and Vp is the difference between Vvbe and VFB, given by 
Eq. [2]. Values of L~ (2 ~m) and D~ (119 cm2/s) for high- 
doped p-InP have been taken from Lewis (15). Jph was 
measured at 600 and 550 ~A/cm 2 for the high- and low- 
doped electrodes, respectively, and Nc was taken to be 
5.5 • 1017 cm -3 (33). Using this model, the calculated maxi- 
mum bulk recombination limited Voo is 0.83V for the high- 
doped sample, and 0.69V for the low-doped. The maxi- 
mum measured values were 0.72 and 0.74V, respectively. 
The fact that the maximum measured value for the low- 
doped sample exceeded the calculated limit by 30-50 mV 
in two cases can be attributed to the lack of available 
values of L~, and Dn for these electrodes. 

With the Br2/NH3(aq) pretreatment, Voo does not ap- 
proach 0 for couples near Vvbe (AFER), and for couples 
negative of Vcbe (Ru(bipy)32§247 DCOB), Voc values actually 
decrease. For the most positive redox couple, AFER(0/+), 
the bandedges shifted positive enough that the formal po- 
tential of AFER was still in the bandgap; thus, a photovolt- 
age was observed. Likewise, for Ru(bipy)32§247 and 
DCOB(0/+), the bandedges shifted negative enough that 
their formal potentials were also within the bandgap. 
These band-edge shifts result in a change in the barrier 
height. Comparing the barrier heights [EFB -- E(Ao• 
for DCOB(0/+) and COB(0/+) reveal that because of the 
band-edge shift, the barrier height of DCOB(0/+) was actu- 
ally smaller than that for COB(0/+), 1.12V compared with 
1.23V, even though E(0') for DCOB(0/+) is 560 mV negative 
of COB(0/+). 

Although elegant models for calculating Voo exist (34), 
they are only applicable to narrow potential regions in the 
middle of the bandgap and are not useful near the band- 
edges. For this reason, we are unable to compare the be- 
havior of this system to a more comprehensive model. The 
variations in barrier heights are adequate to explain the 
nonzero Voc for AFER(0/+) and the decrease in Voc for 
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couples with E(0') negative of COB(0/+). This dependence 
of Voc upon band-edge movement is an important consid- 
eration when attempting to understand the photoelectro- 
chemical behavior of any photoelectrochemical cell. 

Summary 
1. The HC1 etch produced a rough, crystalline p-InP sur- 

face with an indium-rich surface layer composed primarily 
of water, with roughly equal surface concentrations of in- 
dium oxides or hydroxides and adsorbed hydroxyl spe- 
cies. The surface layer was approximately one to two 
monolayers and exhibited a large amount  of hydrocarbon 
contamination. Some residual chloride from the etchant 
solution was also observed. 

2. The BrJNH3(aq) etch produced a microscopically 
smooth surface with a surface film less than a monolayer. 
The surface film had a composition similar to InPO4 or 
In(PO3)~ with roughly equal amounts of In(OH)3 and ad- 
sorbed hydroxyl species. This film exhibited much less hy- 
drocarbon contamination than the film produced via the 
HC1 etch and no etchant materials were observed. 

3. The interfacial energetics of HCl-etched p-InP elec- 
trodes in acetonitrile are controlled by the thickness of the 
electrochemically grown surface films. Biasing these elec- 
trodes negative of Ecbe causes  the surface to become in- 
verted, as electrons build up in the space charge region, 
presumably because the oxide layer prevents efficient 
electron transfer to the solution. 

4. The interracial energetics of BrJNH3(aq)-etched p-InP 
are controlled by filling of empty surface states by the re- 
duced form of solution redox couPles. Under high reverse 
bias conditions, a deep depletion condition occurs rather 
than an inversion condition, since the Br2/NH3(aq)-etched 
surface allows efficient electron transfer to the solution. 
The surface oxide layer is electrochemically stable and ca- 
thodic decomposition has not been observed. 

5. The electrochemical behavior (Fermi pinning, inver- 
sion, etc.) of p-InP is not purely dependent  upon the bulk 
properties of the semiconductor, but also upon the nature 
of the surface oxide which is prepared by chemical pre- 
treatment. The effect of even a submonolayer film can be 
dramatic, a point which has important implications for the 
investigation of semiconductors other than purely III-V 
compounds. 

6. Empty surface states are distributed evenly along the 
bandgap, with a density of approximately 1.7 • 1012 
cm -2 V -1. Surface-state recombination does not limit Voc, 
rather this is bulk recombination limited. 

7. Apparent anomalies in the Voc behavior of etched 
p-InP have been explained by variations in barrier heights 
caused by band-edge movement. 
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