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Abstract: We report herein the behavior of «-type GaAs- and GaP-based photoelectrochemical cells employing alkaline aque
ous solutions of chalcogenide and polychalcogenide ions, X 2 - and Xn

2' (X = S, Se, Te). For GaAs in Te2_/Te22_ and GaP 
in Se2"/Sen

2" or Te2~/Te22~, the photoanodic dissolution of the GaAs or GaP photoelectrode does not occur; rather, the chal
cogenide is oxidized at the photoelectrode. Other combinations of GaAs or GaP photoelectrodes and X2~/X„2~ electrolytes 
give photoanodic dissolution of the photoelectrode, despite the fact that chalcogenide oxidation is still energetically feasible. 
The results support the conclusion that kinetic factors, not energetics alone, control whether a given X2~/X„2- electrolyte will 
be oxidized at the photoelectrode at a rate which precludes photoanodic dissolution of the electrode. For any case where the 
photoelectrode is stable, it is possible to sustain conversion of optical energy to electricity. Wavelengths shorter than those cor
responding to the band gaps of 2.24 and 1.35 eV for GaP and GaAs, respectively, are effective. Conversion efficiencies for 
monochromatic light are a few percent, with output voltages of ~0.2-0.45 V at the maximum power output. Sustained conver
sion is possible because the photoelectrode is stable and also because the electrolyte undergoes no net chemical change, since 
the substance oxidized at the photoelectrode is reduced at the dark counter electrode. 

Much attention is now turning to photoelectrochemical 
cells3 as a means of converting optical energy to chemical 
fuels4-15 and/or electricity.16-21 In the preceding paper20 and 
elsewhere16 '19 we have established that the photoanodic dis
solution of «-type semiconductors CdX (X = S, Se, Te) can 
be quenched by competitive electron transfer from electroac-
tive substances in the electrolyte. Such stabilization of pho
toelectrodes is also being studied in other laboratories,21 and 
it is now quite evident that certain electroactive reagents can 
be oxidized at irradiated n-type electrodes with no other side 
reactions. For the stabilization of CdX by X 2 - (X = S, Se, Te), 
we have further established that the oxidation product (X„2~) 
is reducible at the counter electrode to regenerate X 2 - . The 
chemistry can be represented as in the reactions 

A — A + + e~ 

A + + e~ — A 

(photoanode) 

(cathode) 

(D 
(2) 

We have demonstrated that one can exploit such schemes to 
sustain the efficient conversion of low-energy visible light to 
electricity, when photoinduced current passes through a load 
in the external circuit. 

A key to further advances in using semiconductor photo-
electrochemistry is to elaborate the factors controlling whether 
the interfacial oxidation of a species A will compete with the 
photoanodic dissolution of an n-type semiconductor. Curiously, 

for example, CdTe is susceptible to photoanodic dissolution 
in the presence of S 2 - , whereas both CdSe and CdS are stable. 
We showed20 that S 2 - oxidation at irradiated CdTe is ener
getically feasible, but apparently the rate is too slow to com
pletely quench another energetically feasible process corre
sponding to photoanodic dissolution. 

In order to understand the factors controlling interfacial 
electron transfer at the photoelectrodes, we have pressed to find 
new examples of quenched photoanodic dissolution. In this 
paper we report the first stabilization of n-type GaP ( £ B G = 
2.24 eV)22 and GaAs ( £ B G = 1-35 eV)23 by the competitive 
electron-transfer technique using chalcogenide ions as re-
ductants. Both of these n-type semiconductors are well known 
to undergo photoanodic dissolution in aqueous electrolytes.24-27 

We think it noteworthy that these materials are shown to be 
stabilized by certain chalcogenide ions, but do not themselves 
contain chalcogenide lattice ions. 

Results and Discussion 

The sections below detail our characterization of n-type 
GaAs and GaP photoelectrodes in cells employing chalco
genide/polychalcogenide, X 2 _ /X„ 2 ~ (X = S, Se, Te) elec
trolytes. Unless stated otherwise, the solvent is 5.0 M NaOH, 
and all results have been obtained in cells blanketed under Ar 
with stirred electrolytes. For three of the six possible combi-
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Table I. Behavior of GaZ and CdX in Polychalcogenide 
Electrolytes" 

Electrode*/ 
electrolyte 

GaP 
GaAs 
CdS' ' 
CdSe'' 
CdTe' ' 

S 2 - / S „ 2 -

Unstable 
Unstable 
Stable 
Stable 
Unstable 

Se2 /Se,,2 

Stable 
Unstable' 
Stable 
Stable 
Stable 

T e 2 " / T e 2
2 -

Stable 
Stable 
Stable 
Stable 
Stable 

" "Stable" behavior means that for the indicated combination of 
electrode and electrolyte, enough equivalents of electricity were passed 
to decompose a substantial fraction of the crystal, yet no weight loss 
or surface damage was observed (cf. Table 111). "Unstable" combi
nations do not meet these criteria. ' Single crystals of these «-type 
materials serve as the photoanode and were irradiated with light whose 
energy exceeded the band gap of the crystal. ' We do see some oxi
dation of Se2- at irradiated GaAs, but it is only competitive with GaAs 
photoanodic dissolution at 0.10 M Na2Se at 70 0C; see text. '' Cf. ref 
20. 

nations of GaAs and GaP, we find that oxidation of the X„ 2 _ 

occurs at a rate which precludes photoanodic dissolution, Table 
I. Table I also indicates the stable combinations of CdX and 
X 2 _ / X „ 2 - . 2 0 The results substantiating the claims in Table 
I for GaAs and GaP will be presented first, and the results of 
investigations of current-voltage properties, energy conversion 
efficiency, and open-circuit photopotential will be presented 
and discussed. 

a. Stabilization of GaAs and GaP to Photoanodic Dissolu
tion. According to Memming and Schwandt,24 irradiation of 
an «-type GaP electrode in alkaline solution results in electron 
flow such that electrons flow from GaP to the counter elec
trode. The electron flow at <10 mA/cm2 yields photoanodic 
dissolution of GaP according to the reaction2425 

GaP + 4 O H - — GaO 2 - + P + 2H2O + 3e" (3) 

Meek and Schumaker25 claim that at higher current densities 
(2^lO mA/cm2) the reaction 

GaP + 9 O H - — H 2 GaO 3 - + H P O 3
2 - + 3H2O + 6e~ (4) 

obtains. We verified, by measuring the weight loss in the GaP, 
that photoanodic dissolution of GaP in 3 M NaOH obtains 
with consumption of six holes per GaP at a current density of 
12 mA/cm2 . In our hands, the photoanodic dissolution is ob
vious: prolonged irradiation yields a hole in the GaP crystal. 

Analogous studies of the photoanodic dissolution of GaAs 
have been reported.26'27 In alkaline media Gerischer26 reports 

dissolution according to the reaction 

GaAs + 10 O H - — GaO 2 " + AsO 3
3 - + 5H2O + 6e~ (5) 

Unlike CdX anodic dissolution, where the plating out of X 
quenches the photocurrent, both GaP and GaAs often undergo 
photoanodic dissolution with stable photocurrents. Williams28 

observed this behavior for GaAs in KCl electrolyte and as
sumed that GaAs had been stabilized as a photoanode. We 
found that GaAs photoanodically dissolves in 0.2 M KCl with 
eventual surface damage and consumption of ~ 6 mol of 
holes/mol of GaAs. Thus, stable photocurrent is a deceptive 
indicator of semiconductor stability. Therefore, we have ap
plied three criteria in assessing photoelectrode stability: (1) 
photocurrent stability, (2) surface damage, and (3) weight loss 
in the photoelectrode. 

Table I lists the behavior with respect to stability of w-type 
semiconducting GaAs and GaP photoanodes in photoelec
trochemical cells employing the listed X 2 _ / X „ 2 - electrolyte. 
All experiments consisted of a photoanode and Pt gauze 
counter electrode in a single vessel. The source and treatment 
of each GaAs and GaP sample used in this study are given in 
Table II. For 1 M O H - / 1 M S 2 - / l M S (polysulfide) elec
trolyte, GaAs was shown by irradiation at 633 nm to be un
stable by virtue of weight loss and surface damage—an in
soluble gray film formed on the electrolyte-exposed surface. 
This decomposition was observed at a GaAs potential of —0.7V 
vs. SCE and a current density of ~1.2 mA/cm2 from irradia
tion with a 6X beam-expanded He-Ne laser. In the case of 
GaP, the polysulfide electrolyte absorbs too strongly at A < 500 
nm for GaP (wavelength response onset ~530 nm) to be 
strongly irradiated. In transparent 1 M O H - / 1 M S 2 - , how
ever, there is no oxidation of S 2 - to S n

2 - such as is observed 
for CdS- and CdSe-based cells. Instead, both surface damage 
and weight loss (corresponding to ~ 6 mol of electrons/mol of 
GaP) are observed. In this decomposition the GaP was at 
—0.22 V vs. SCE and the current density was ~12 mA/cm2 

from irradiation with the visible output from a 200-W Hg 
lamp. Thus, GaP and GaAs are not stable in sulfide and 
polysulfide electrolyte, respectively. 

For irradiation of either GaP or GaAs electrodes in the 
presence of a Te 2 - /Te 2

2 ~ electrolyte (0.10 M Te2", 50 0 C), 
we observed that oxidation of T e 2 - obtains and completely 
quenches photoanodic dissolution, Table III. By the procedures 
described previously,20 we have established the cell chemistry 
as in the reactions 

2Te 2 - — 

Te 2
2 - 4- 2Te2" 

+ 2e_ 

(photoanode) (6) 

Table II. Characterization of Electrode Materials 

Supplier 

Wafer dimensions 

Dopant 
Orientation (face 

exposed) 
Carrier concn, 

Resistivity, 
fi-cm 

Treatment 

«-GaP 

lmanco, Inc., 
Monsey, N.Y. 

20 mm (diameter) 
0.54-mm thick 

Undoped 
(111) 

3.6-13 X 1016 

0.27-1.0 

Etched; smooth, 
Ga-rich face 
exposed 

/J-GaAs-A 

Electronic Materials Corp., 
Pasadena, Calif. 

5 X 5 mm 
0.43-mm thick 

Si 
(100) 

2-9 X 1017 

0.003 

Chemically polished 
on one side 

«-GaAs-B" 

Applied Materials, 
Santa Clara, Calif. 

25 X 30 mm 
0.43-mm thick 

Te 
(100) 

~10 1 7 

0.003 

Chemically polished 
on one side 

W-GaAs-C 

Crystal Specialities 
Inc., Moneovia, 
Calif. 

25 X 25 mm 
0.41-mm thick 

Si 
(111) 

3.5 X 101S 

0.001 

Chemically polished 
on one side 

" This crystal had a 20-^m thick epitaxial layer of Te-doped GaAs grown on a GaAs substrate. 
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Table III. 

Crystal 

GaP 
GaP 
GaAs 

Stable Combinations of n 

Initial 
electrolyte 
(7", 0C)6 

0.10 M Se2" (63) 
0.10 M Te2-(50) 
0.10 M Te2" (50) 

-Type GaZ and Polychalcogenide Electrolytes 

Crystal 
before/ 

mol X 104 

6.04 
8.02 
3.30 

Crystal 
after/ 

mol X 104 

6.04 
8.04 
3.30 

Electrons/' 
mol X 104 

6.42 
3.84 
2.26 

Av /, mA'' 

1.26 
0.51 
0.42s 

Kapp,, V / 

-0.05 
0.0 

-0.10 

Mi 

13.6 
10.2 
14.25 

Irradiation 
source^ 

Hg 
Hg 
W-X 

a See Table II for a description of the properties of these crystals. * Electrolyte is 5.0 M NaOH and the indicated molarity of NaiX. The 
initially colorless electrolyte acquires the color of the polychalcogenide species formed by oxidation of X2" at the photoanode. ' Moles of crystal 
determined by weighing the crystal before and after photoelectrochemistry. d Moles of electrons passed in the external circuit determined 
by integrating a plot of photocurrent vs. time. e Photocurrent was roughly constant (±10%) throughout the experiments; much of the observed 
declines can be ascribed to increased absorption by the solution as polychalcogenide species are formed. Current density (mA/cm2) is four 
times the values shown. J Applied bias from power supply in series with photoanode and Pt cathode. Values of 0.0 mean that the two electrodes 
are short-circuited. Negative values mean that the negative lead of the power supply is connected to the photoanode and represents an electrical 
load. * Hg is a 200-W Hg arc lamp; W-X is a 650-W tungsten-halogen lamp. Both sources are filtered with 18 cm of water to dissipate near 
IR heat and a Corning 3-73 filter to absorb UV irradiation. 

2 -

• • 
• 

— • 
• • • 

-

I 

O 

O 

• O 

• 

O 

• 

O ? ? 0 ° n 

-

-

~ 
-
-
-

-

r 

1.4 w 
Ul 

C 

1.2 o 
.C 
h-

1.0 E 
E 

0.8 *. 
O 

0.6 i i 
IS

U
 

0.4 S 

O 

0.2 £ 
O 

n 

3 

O 

O 

6 

2 

I 

0 

1 

-

-

-

i 

' ! ' I 1 I 
O 

* • -
• 
• 

• 

• 
0» 

• 

O 

1.4 </> 
- J O) 

C 

1-2 « 

h-
1.0 £ 

£ 

0.8 * 
O 

0.6 i 
to 

0.4 S 
D 

0.2 B 
- O 

0OnAo 
500 600 700 

Wavelength, 
800 900 

Figure 1. Wavelength response curve for an n-type GaP-based photo-
electrochemical cell in optically clear 0.1 M Se2- (63 CC) electrolyte. The 
filled circles represent relative photocurrent after correction for light in
tensity variation (cf. Experimental Section). Open circles represent the 
absorption spectrum of a polished 0.43-mm thick GaP crystal. 

T e 2
2 - + 2e~ 2Te2 (cathode) (7) 

Additionally, we have found that the Se 2 - /Se„ 2 _ can be used 
to stabilize GaP, Table III, but under the same conditions (0.10 
M Se 2 - , 63 0C) GaAs is only partially stabilized to pho-
toanodic dissolution. For example, at a current density of 1.6 
mA/cm2 in 0.1 M Na2Se at a GaAs potential of -0 .80 V vs. 
SCE, we observe both S e 2 - —»• Se„2~ oxidation and GaAs 
dissolution. In the case of GaP stabilization by Se 2 - , the 
chemistry is analogous20 to that shown for T e 2 - in eq 6 and 
7. 

b. Wavelength Response. Figures 1 and 2 show the absorp
tion onset and relative photocurrent vs. wavelength for GaP 
and GaAs, respectively. Consistent with the model for pho-
toelectrochemical cells, the photocurrent onset is at the onset 
of absorption corresponding to a valence band (VB) to con
duction band (CB) transition. For GaP the long, fairly weak 
absorption tail is a consequence of indirect transitions29 with 
low absorptivity. At about ~530 nm there is a strong, sharp 
increase in absorption, corresponding to the reported direct 
band gap of 2.24 eV.22 The wavelength response curve for GaP 
in either the Te2~- or Se2_-containing electrolyte is consistent 
with absorption data, in that the onset of photocurrent corre
sponds closely to the absorption onset. The absorption and 
photocurrent for GaAs both increase sharply near 930 nm, in 
accord with the known direct band gap of 1.35 eV.23 

c. Current-Voltage Properties and Energy Conversion Ef
ficiencies. We have measured the current-voltage properties 

500 600 700 800 
Wavelength, nm 

900 

Figure 2. Wavelength response curve for a photoelectrochemical cell 
employing /!-type GaAs-B as the photoanode in an optically clear 0.10 M 
Te2- (50 0C) electrolyte. Symbols are the same as in Figure 1. 

and energy conversion efficiencies for the three new stable 
electrode/electrolyte alliances established above. 

Potentiostated Current-Voltage Curves. Using the standard 
three-electrode configuration with a saturated calomel elec
trode (SCE) as the reference, we have measured the current-
voltage behavior of GaP in the S e 2 _ / S e „ 2 - and T e 2 _ / T e 2

2 -
electrolyte and GaAs in the T e 2 _ / T e 2

2 _ electrolyte. Repre
sentative curves are shown in Figures 3 and 4 for GaP and 
GaAs, respectively, at three different light intensities and in 
the dark. The key result is that in every case irradiation results 
in anodic current flow at potentials significantly more negative 
than the thermodynamically expected potential. For example, 
the oxidation of T e 2 - or T e 2

2 - should occur at -1 .05 V vs. 
SCE30 ,31 and for both irradiated GaAs and GaP we see onset 
of anodic current at ~— 1.6 V vs. SCE at the highest light in
tensity. Likewise, Se 2 - oxidation, which should occur at —0.95 
V vs. SCE31 is found at 1.7 V vs. SCE upon irradiation (224 
mW/cm 2 at 454.5 nm) of an n-type GaP photoelectrode. In 
each of the three electrode/electrolyte combinations we have 
also measured the potential of the Pt electrode and found it to 
be invariant at the X 2 - /X„ 2 ~ potential30,31 for photoelectrode 
potentials from -1 .8 to -1 .1 V vs. SCE. The significance of 
these current-voltage data lies in the fact that one concludes 
that electrical work can be extracted from the photoelectro
chemical cell. The energy conversion efficiencies will be de
tailed below. 

The current-voltage curves (Figures 3 and 4) are influenced 
by light intensity. In the dark little or no anodic current flow 
obtains in the potential range scanned, consistent with anodic 
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Figure 3. Potentiostated current-voltage curves as a function of light in
tensity for an n-type GaP-based photoelectrochemical cell in 0.10 M Te 2 -

(50 0C). The dark Pt potential was -1.12 V vs. SCE for any bias, and the 
sweep rate was 2 mV/s. The unexpanded 454.5-nm line of an Ar ion laser 
was the light source. 

current flow as a consequence of photogenerated holes, h+.3 

At low light intensity the onset of anodic current is not as 
negative as at a higher light intensity. At low light levels the 
maximum photocurrent is approximately proportional to light 
intensity. But at the highest light intensities we do see some 
saturation of the photocurrent, and moreover, the rise of anodic 
photocurrent with increasing bias is not as steep as at the lowest 
intensity. Similar trends with variation of light intensity have 
been found for CdX in X2 _/X„2 _ electrolytes.16"20 The more 
negative onset for the photoanodic current with increasing light 
intensity reflects the expected3 dependence of photopotential 
on light intensity. 

Energy Conversion Efficiencies. The facts that (1) the GaAs 
and GaP can be stabilized to anodic dissolution by competitive 
electron transfer from certain chalcogenide ions, (2) the oxi
dation product is reducible at the dark cathode, and (3) oxi
dation of the chalcogenide occurs at the photoelectrode at 
significantly more negative potentials than thermodynamically 
possible point to the conclusion that the GaAs- and GaP-based 
cells should be able to sustain the conversion of light to elec
tricity. 

To determine the energy conversion efficiencies of the GaAs-
and GaP-based cells, we have determined current-voltage 
curves using a variable power supply in series in the external 
circuit with the negative lead attached to the photoelectrode 
and the positive lead attached to the Pt cathode. In this con
figuration the power supply represents an electrical load, since 
the photocurrent flows against the power supply. The power 
output of the cell in watts is just the photocurrent in amps times 
the potential in volts read from the power supply. We have used 

-1.8 -1.7 -1.6 -1.5 -1.4 -1.3 
Potential. V vs. SCE 

-1.2 

Figure 4. Potentiostated current-voltage properties (cf. Experimental 
Section) as a function of light intensity for a photoelectrochemical cell 
employing n-type GaAs-B in 0.1 M Te 2 - (50 0C). The Pt dark potential 
was always at — 1.10 V vs. SCE, and the sweep rate was 2 mV/s. Irradia
tion source was the unexpanded beam of a He-Ne laser, 632.8 nm. 

this technique16 20 to measure power output, and it is equiv
alent to measuring the power output using a variable resistor 
in the external circuit where the output is simply (photocur
rent)2 X resistance. Irradiating with light of band-gap energy, 
JE1BG, one could ideally hope for 100% conversion of optical to 
electrical energy. This would require a quantum efficiency for 
electron flow, $e, of unity at an output potential, Ey, equal to 
£BG- In general for band-gap irradiation efficiency is 
$e(Ey/EBQ)- Current-voltage data for the stable electrode/ 
electrolyte combinations are set out in Table IV. 

All of the current-voltage curves from which the data in 
Table IV were extracted were obtained in electrolytes where 
about 20% of the initial X 2 - concentration had been converted 
to X„2_. For example, an initially clear 0.1 M Te2~ solution 
was converted to a dark purple ~0.01 M Te2

2~/0.08 M Te2 -

solution before obtaining current-voltage curves. The data are 
not corrected for solution absorption (<10%) or reflection from 
glass surfaces. For the small (~l-mm) path lengths used, the 
Se2 - /Se„2 - and Te2~/Te22_ solutions are essentially trans
parent to visible light. 

Percentage energy conversion efficiency is derived from 
curves like those shown in Figure 5, using the equation 

_ (photocurrent at £v)(£v)(100) 
(power in from light) 

The maximum energy conversion efficiency for all three stable 
electrode/electrolyte combinations is roughly the same, 1-4%, 
over a wide range of light intensities. These numbers are quite 
respectable, although not as good as the 5-10% routinely ob-
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Table IV. Conversion of Optical to Electrical Energy for QaZ-Based Photoelectrochemical Cells 

Crystal" 
Electrolyte* 

(7", 0 C) \, nm'' 
Power in,' ' Max power out, 
m W / c m 2 m W / c m - l ™ . . 0Zo' 

V at 
Vm^, V*' 

<*>cat 41C max' 
W1PPi. V) 

GaP 0.10 M S e 2 " (63) 454.5 

GaP 0.10 M T e 2 " (50) 454.5 

GaAs 0.10 M T e 2 " (50) 632.1 

0.540 
4.24 
11.8 

224 
1.64 

11.1 
210 

1.89 
32.2. 
655 

0.0116 
0.0848 
0.214 
2.16 
0.0180 
0.106 
1.13 
0.071 
1.14 
3.56 

2.15 
2.0 
1.8 
0.96 
1.1 
0.95 
0.54 
3.8 
3.5 
0.54 

0.35 
0.40 
0.40 
0.45 
0.25 
0.25 
0.25 
0.20 
0.20 
0.20 

0.17 
0.14 
0.12 
0.06 
0.12 
0.10 
0.06 
0.54 
0.57 
0.09 

0.19(0.05) 
0.17 (0.05) 
0.17 (0.05) 
0.10(0.05) 
0.16(0.30) 
0.15(0.30) 
0.09 (0.30) 
0.37(0.05) 
0.35(0.05) 
0.09 (0.05) 

" Cf. footnote a, Table III. * The concentration of polychalcogenide in these solutions is about 0.01 M; data is uncorrected for solution ab-
sorbance, but the path length from vessel wall to photoanode was kept small (~1 mm) to minimize the error. c Unexpanded beam from Ar 
ion (454.5 nm) or He-Ne (632.8 nm) laser. d Light intensity was measured with a Tektronix J16 digital radiometer. e Calculated as the product 
of photocurrent and voltage when the power supply serves as an electrical load (cf. footnote/, Table III). / Maximum efficiency for the conversion 
of optical to electrical energy: (max power out/power in) X 100. s Output voltage at which the maximum conversion efficiency occurs. * Quantum 
yield for current flow at maximum conversion efficiency; this value represents the number of electrons flowing in the external circuit per number 
of photons incident on the photoanode. ' This is the maximum yield and the applied bias at which it occurs. 
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Figure 5. Current-voltage curves for an n-type GaP-based photoelectro
chemical cell in 0.1 M Se2- (63 0C) electrolyte. Optical to electrical energy 
conversion efficiencies are obtained from curves like these (cf. Experi
mental Section); data from this figure are summarized as the first set of 
entries in Table III. The filled circles (•) represent current-voltage be
havior for a power input of 0.54 mW/cm2, open circles (O) for 11.8 
mW/cm2, and triangles (A) for 224 mW/cm2, all at 454.5 nm. The ab
solute current at 0.0 output voltage and 0.54 mW/cm2 input power is 
0.0093 mA (*,. = 0.19), and this has been set to 1.00. Current at other 
output voltages at this light intensity is simply the indicated fraction of 
0.0093 mA. 

served for the stable C d X / ( X 2 _ / X „ 2 _ ) combinations. The 
output voltage at maximum energy conversion efficiency, t}max, 
is largest for the GaP/(Se 2 - /Se„ 2 _ ) system and increases from 
0.35 to 0.45 V over the intensity range shown in Table III. 
Lower values of Ey at r;max for the GaP/ (Te 2 _ /Te2 2 _ ) and 
GaAs/(Te 2 _ /Te2 2 _ ) combinations were less sensitive to in
creased light intensity. 

The curves shown in Figure 5 and others used to generate 
the data in Table IV are point-by-point curves, where the 
photocurrent was allowed to equilibrate before the point was 
recorded. For all light intensities in Table IV the photoelec-
trode is stable and the energy conversion efficiencies given can 
be sustained. Table III, in fact, gives the time scale on which 
sustained constant conversion of light to electricjty has actually 
been maintained. We anticipate no deterioration of properties 
in extended duration experiments. 

The data in Figure 5 and Table IV show that light intensity 

does influence energy conversion, but no significant loss in 
efficiency is found up to ~10 mW/cm2 incident optical power. 
The photocurrent saturation (lower values of $e) reflected in 
the curves in Figures 3-5 for the higher light intensities is only 
partially offset by the increased value of Ey. At this point, 
though, the important fact is that even at >200 mW/cm 2 in
cident optical power, there are still reasonable values of <f>e> 
r/max, and Ey at i)max. 

d. Energetic and Kinetic Factors Controlling Interfacial 
Electron Transfer. In this section we wish to refer to the essence 
of the model3 for n-type semiconductor photoelectrodes and 
provide evidence that the S 2 - , S e 2 - , or T e 2 - oxidation is en
ergetically feasible at GaAs or GaP photoanodes. The evidence 
shows further that kinetic factors must control whether this 
interfacial electron-transfer process will compete effectively 
with anodic dissolution. 

Oxidation of an electroactive substance, X 2 - , at an irradi
ated n-type semiconductor is energetically feasible, if the po
tential of the photogenerated holes (h+) is such that the elec
tron transfer from X 2 - is exoergic. That is, if the redox po
tential of the X2~/X„2~ couple, £redox, is more negative than 
the h+ potential, then transfer is possible. Fast rates of inter
facial electron transfer are expected when the fredox level is 
near the h+ position.3-20 In the ideal case, the position of h+ will 
be just the ppsition of the valence band at the surface, Eys-
Since we know £redox 

for S 2 - /S„ 2 - , Se 2 - /Se„ 2 - , and Te 2 " / 
T e 2

2 - to be -0.70, -0 .95 , and -1 .05 V vs. SCE, respectively, 
we can use the EVB position to determine whether interfacial 
oxidation is a reasonable expectation. 

We have used20 open-circuit photopotential, current-voltage 
curves, and differential capacitance techniques32 to locate the 
position of the conduction band at the surface, £ C B , and 
knowing the band gap, £ B G , we can then locate £ VB- Plots of 
open-circuit photopotential, Ey, against light intensity for 
GaAs and GaP in X 2 _ /X„ 2 ~ electrolytes are given in Figure 
6. The highest value of Ey should allow evaluation of EQB, with 
£ C B — -EVedox = Ey(max). Unfortunately, we do rjot see a 
limiting value of Ey with the light sources available, and we 
can consequently only place limits on the band positions. 

An independent measure of £ C B can be made from plots of 
differential capacitance, C, against electrode potential.32 A 
plot of 1/C2 vs. electrode potential will be linear, and it is be
lieved that the line intercepts the potential axis at £>B-32 We 
have made a determination of EFB by this technique for GaAs 
in the three X 2 _ / X „ 2 _ electrolytes, and the value is £ F B * EQB 
= -1 .5 ± 0.2 V vs. SCE. This is the same as that obtained 
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previously33 at pH 14 in the absence of the X 2 ~/X„ 2 _ 

species. 
The value for GaP has also been determined previously at 

pH 14,33 but we were unsuccessful in obtaining a good plot of 
1/C2 vs. electrode potential in any electrolyte. Thus, we will 
use the literature value of £ F B ~ £ C B = —2.2 V vs. SCE for 
GaP.33 We will assume, as found here for GaAs, that the £ C B 
value for GaP is independent of whether the electrolyte con
tains the added X 2 " / X „ 2 _ electrolyte. For all three CdX 
electrodes we found20 that the X 2 _ /X„ 2 ~ electrolytes shifted 
the value of £ C B more negative by a value of ~0.5 V compared 
to the NaOH electrolyte. The lack of this shift with GaAs may 
reflect the absence of a strong X 2 ~/X„ 2 _ interaction with the 
electrode surface, which does not contain a chalcogenide lattice 
ion. 

The band positions of GaAs and GaP and the values30'3' of 
£redox for X 2 - / X „ 2 - are shown in Scheme I. The band posi-

Scheme I 
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tions £ C B and £ V B are obtained from the differential capaci
tance measurements. We see that the E\ values for GaAs 
shown in Figure 6 agree fairly well with the separation of the 
GaAs £ C B a n < i t n e position of X 2 _ /X„ 2 ~ . That is, the E\ 
values, which do tend to level off with the highest light inten
sity, are in accord with the £ C B values from the differential 
capacitance data. For GaP the plot of £ y against log (light 
intensity) shows no tendency to level off, and we can only say 
that £ C B must lie at least 1.0 V above the X 2 ~/X„ 2 _ £redox 
level. 

The noteworthy point concerning the information in Scheme 
I is that in every electrode/electrolyte combination the values 
of £ V B and £ C B are significantly below and above, respectively, 
the £redox value associated with X 2 - / X „ 2 - . Thus, oxidation 
of X 2 - or X„ 2 _ is energetically feasible in all cases, but the 
relative rate of the energetically feasible photoanodic disso
lution is competitive with the oxidation of the chalcogenide in 
only one-half of the combinations. The stable combinations 
of CdX and X 2 _ /X„ 2 ~ are included in Table I, and as for 
GaAs and GaP, we found20 that in all combinations the £ V B 
position is positive of £redox- Curiously, the £redox systems 
closest to the £ V B position are least capable of fast interfacial 
electron transfer, and it is the Te2_/Te22~ couple with the most 
negative £redox value that can capture photogenerated h+ 

fastest. This finding parallels results on CdS exposed to elec-
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Figure 6. Open circuit photopotentials as a function of incident optical 
power (cf. Experimental Section) in (a) 1 M S/1 M S~2/l M OH" (25 
0C), (b) 0.10 M Se275 M OH' (63 0C), (c) 0.10 M Te2"/5 M OH" (50 
0C). The light source was the unexpanded beam of an Ar ion laser. The 
intensity is ~50 cm-2 times the power shown. 

trolytes having a variable £redox- The ability of a given reducing 
agent to capture h + competitively was found to be dependent 
on the £redox being significantly more negative than £VB- 2 1 C 

If one adopts the notion that h + and £redox must be close for 
fast electron transfer, then surface states between £ V B and £ C B 
near £redox could be invoked.20 We are currently attempting 
to determine the role of such states in semiconductor-based 
photoelectrochemical cells. 

Experimental Section 

Materials. The sources and physical properties of the single-crystal 
fl-type GaAs and GaP materials are summarized in Table II. The 
crystals were used as supplied. Electrodes were made by first rubbing 
gallium-indium eutectic on a face of the crystal, then placing the 
eutectic-coated face on a glass-encased Cu wire whose end had been 
coated with conducting Ag epoxy. Ordinary epoxy was used to insulate 
all exposed metal. For GaP the Ga-rich face was always exposed to 
the electrolyte; for GaAs the chemically polished face was exposed. 

General Procedures. The preparation of electrolytes and electrodes, 
the cell configuration, and the procedures for measuring current-
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voltage curves, quantum yields, photopotentials, wavelength response, 
and electrode stability have been described previously.20 

Differential Capacitance Measurements. A Hewlett-Packard 4260A 
universal bridge was employed for the capacitance measurements. 
The bias, applied through the bridge leads to the Pt and semiconductor 
electrodes, was varied in 50-mV steps, and the potential of the anode 
relative to SCE was monitored on a Data Precision 1450 multimeter. 
Experiments were performed at 1 kHz in the dark, with a suitable 
equilibration period after voltage adjustments. 

It was found that epitaxially-deposited and single-crystal samples 
of GaAs gave identical results for £FB. and that the donor densities 
calculated from the Mott-Schottky slopes were in good agreement 
with those specified by the suppliers. 

For GaP, a Hewlett-Packard 200CD external oscillator was em
ployed in conjunction with the capacitance bridge, and measurements 
were performed at 200 Hz, and at 1, 2,10, and 20 kHz. In each case, 
the slope was too shallow to extrapolate to the £FB intercept, and the 
measured capacitance was constant to within a few percent over a wide 
range (> 1500 mV) of potentials vs. SCE. It is believed that this result, 
observed in both chalcogenide and 1 M NaOH electrolytes, is due to 
the low carrier concentration of our samples, since the variation in 
capacitance with potential is markedly reduced by decreases in donor 
density.34 
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