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Semiconductor Electrodes. 24, Behavior and
Photoclectrochemical Cells Based on p-Tvpe GaAs

in Aqueous Solutions

Fu-Ren . Fan and Allen 0. Bard
Department of Chemistry
The University of Texas at Austin

Austin, Texas 78712

(ABSTRACT)

The electrochemical behavior of single crystal p-type GaAs in aqueous
solutions containing several redox couples (13/1 s, Fe(IlTl)/Fe(lD), Sn(IV)/
Sn(Il), Eu(TIl)/Eu(Il)) in the dark and under irrvadiation is described.

The observation that the difference in potential between that {or the onset
of photocurrent and the standard potential for the redox couple was 0.4 to
0.5V, independent of the couple, leads to a revised model for semiconductor,
electrolyte solution interface with semiconductors having a high density of
surface states with energics within the band gap region. In such a surface
controlled system the Fermi level of the semiconductor is pinned at the sur

face state level. Several solar cells in which p-GaAs shows stable behavior

are described. The cell p (;.’L‘\.\‘/]% (0.25 M), T (0.75 M)/t showed an open

Y

circuit voltage of 0.20 V and a short circuit current density of 30 mA/om”

under irradiation with the full visible (longer than 590 nm and IR filtered)
output fram a 450 W Xe-lamp focused onto the photocathode. The quantum efficiency
at the maximum photocurrent in this cell was about 952.

(End of Abstract)
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Introduction

Considerable success has been realized rvcvntlvl ? in converting
visible light to electricity using n-type semiconductor-based photo
electrochemical (PEC) cells. In principle, p-type semiconductors should
be useful as photocathodes in a PEC cell. Some p-type semiconductor
electrodes studied to date, p-MoS,, p-Cdle, p-Gads or p-GaP, scem to be

4-8 !
stable when used as photncnthudos‘ . Unfortunately, the onset photo

potential for the PEC reaction on most p-type clectrodes lies negative

of the flat-band potential, Vg, and close to the standard potential of
the redox couple in the electrolyte. This limits the open circuit photo
voltage of p-type semiconductor-based PEC cells to relatively small values.
In this paper we describe PEC effects on p-GaAs electrodes.  We show
that the quantum efficiencies of these PEC cells are strongly dependent

on the redox couples present in the solution and the "one- third rule' in

. el ' :
semiconductor physics™ is applicable to explain the present results. In

FRROR e TR B T

addition, we demonstrate a p-GaAs basced solar cell in an l'/lz- system.  The

short-circuit quantum yields for clectron flow of this cell approach

1005,  Under short-term illumination with the full visible (longer than

590 nm and IR filtered) output from a 450 W Xe-lamp tocused onto the photo-
cathode, the p-GaAs electrode was stable.  To our knowledge this represents
the first example of a single p-type semiconductor-based PEC cell in
aqueous solution which shows near 100% short-circuit quantum etfticiency
under fairly strong light intensity with good stability.

Eixperimental

The semiconductors used arve p type Gads single crystals obtained trom
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Atomergic Chemicals (Long Island, N.Y.). The acceptor concentration was
leuwcm_:’. The ohmic contact was obtained by electroplating Au on the
rear surface (which was polished first with sandpaper and then with 0.5

um alumina on felt). A copper wire was then attached to the ohmic contact
with conductive silver epoxy (Allied Products Corp., New Haven, Connecticut)
which was subsequently covered, along with the copper wire and the sides

of the crystal, with silicone rubber scalant (Dow Corning Corp., Midland,

Michigan). The semiconductor material was then mounted onto an 8' long

piece of 7 mm diameter glass tubing, resulting in an exposed area of p-Gaas
4
of 0.05 am®. Before use, the surface of the clectrode was etched for 10-15 seconds

in concentrated H,50,:350% H,0,:H,0 (3:1:1) followed by 6 M HCL for

4
10-15 seconds.

A conventional three-electrode, single-compartment cell was used for
the electrochemical measurements. The electrochemical cell (volume = 25 ml.)
which contained the Pt disk or semiconductor working clectrode was titted
with a flat Pyrex window for illumination of the semiconductor. Removable
air-tight Teflon joints were used with the Pt disk or semiconductor clectrode.
A platinum foil ( ~40 cm:) was used as the counter electrode and an aqueous
saturated calomel electrode (SCE) as the reference clectrode.

The cyclic voltammograms were obtained with a PAR 173 Potentiostat,

PAR 17§ Universal Programmer and PAR 179 Current-to-Voltage Converter and
recorded on a Houston Instruments Model 2000 X-Y recorder (Austin, Texas).
In the solar cell measurements, current (i) and voltage (V) readings weve

taken between the working electrode and the platinum counter electrode

with no external power source. The photovoltage and the photocurrent

as functions of the load resistance were measured with a Keithley Model 000A {
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electrometer or a custom-built voltage follower and a current-to-voltage
converter.

The light source used in the study of the PEC effect was an Oriel
Corp. 450 W Xe-lamp (Stamford, Connecticut). Experiments designed for
specific wavelengths employed an Oriel 7240 grating monochromator with a
20 nm band pass. A red filter (590 nm cut-on) was used with the xenon
lamp. The radiant intensity was measured with an EG § G Model 550 Radio-
meter/Photometer (Salem, Massachusetts).

Reagent grade chemicals were used without further purification. All
solutions were prepared from triply distilled water and were deoxygenated
for at least 30 minutes with purified nitrogen before cach experiment.
All experiments were carried out with the solution under nitrogen without
stirring.

A Perkin-Elmer 303 atomic absorption spectrometer fitted with a
standard Ga hollow cathode operated at 2874 A was used to determine the
Ga3+ concentration in the solution. Standard solutions containing Ga3+
were prepared from a stock solution of GaCl; (200 ppm GaS+) with the same
electrolyte solution as used in the solar cell measurcment.

Results

Current-potential behavior. - Typical voltammetric curves in the I'/Ig'

system are shown in Figure 1. As shown in curve 1, the dark anodic current,
which starts at about 0.28 V vs. SCE, represents the oxidation of iodide through
the valence band of p-GaAs;6 this reaction competes with the anodic dissolution.
The rate of oxidation of iodide on p-GaAs is much smaller than that at a Pt

electrode (compare curves 1 and 3). Negligibly small cathodic currents

AR A 1K/ Po V)T 7
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were observed for p-GaAs in the dark (curve 1), as expectad tor a p type

rveregm———

material (i.o., with only a small density of minority carriers, clectrons,

at the surface). The cathadic current was substantially enhanced undoer

Bp——

il lumination, because electrans are pramoted by the Light into the conduction

band. An implication of these results is that the raduction rate of iadine

on p-Gads 18 limited by the electron density at the surtace of p-Gads |

electrades rather than the energetic tactor. Under constant illumination
a cathadic photocurrent commencing at 0,75 V ovs. SCE (curve J) is observad

at the p-Gads electrade.  The photocurrent during a potential sweep in

A AT ETEY R R A

wnstirred solution reached a maximum at about 0,32 1 vs, SCE betfore decreasing.

The decrease in the cathadic photocurrent at potentials pnegative of 0,32V

PR o v

18 attributed to mass transfer effects, since 1t can be eliminated by
vigorous stirring ot the solution (sce curves J-a and 2-b), Note that the
photocurrent for tritadide “3 ) reduction lies at potentials positive of
the potentials tor the reduction of ‘S on Pt electrades: this potential
difference represents the conversion of light to electrical energy.  From
the 1=V curves on Pt and p-GaAs one pradicts that a PEC coll based on pruads
and platinum electrades in an |1 ]f\ solution should show high quantum
efficiency. This is indead observad and will be tllustrated by the results
of the solar cell describad below,

In the absence of l_.\ . the cathadic photocurrent decreases to negligibly
amall values (curve 4).  Bven in this acidic mediim in the absence ot |

i

signitficant hvdrogen evolution was only observed at potentials negative ot
0.2 Vovs, SCEL Clearly, the photoraduction ot T campetes very well with

the hvdrogen fomation; tram the band structure pradicted from Vo of pooals

U=~ VR PSR (g A =g 3 SR sa SRR S TR S R SR SA S E TR SRS S R

v i kU i y
in this medivum  (Fig. ), H* reduction is energetically possible by photo
goneratad electrons.  The lack of reduction of HY under these conditions

suggests that the Gals does not have the propertics characteristic of "low !

!
!
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hydrogen overpotential' surtaces. The photoreduction of several other
couples at p-Gads were also investigated (Table 1); with all of the redox
couples, all oxidized forms, except tor Fe(lll), compete well with protons
for photogenerated electrons on p-Gals.  As shown in Figure 3, even heptvl
viologen*/heptyl \'iolugon“’ and Bu(ID)/Bu(1l1), which have more negative
standard redox potential (-0.43 V vs. NHE) than that of H, H* (0.0 V vs.
NHE at pH 0) are able to compete fairly well with the hvdrogen evolution.
The ring (Pt) - disc (p-GaAs) electrade experiment on Pu(ll) Tu(lll)

: 0 . . ;
.\k‘nmmgl showed that almost 1008 of the cathodic photocurrent is due to

the photoreduction of Fu(111). In the case of heptyl viologen, a film of
| insoluble, violet, heptyl viologen* bromide could be deposited on the p-Gals
| under illumination by applying a potential about -0.25 V vs, SCE on the
p-Gads electrode. Applications of the p-Gals ‘H\'“w Br system to electro
i chromic devices and rechargeable solar cells will be discussed elsewhere.
The behavior of several other systems at p-GaAds is illustrated in Figure 4.

The voltammetric data summarized in Table 1 show that the onset

potentials for the PEC reactions vs. the standard potentials, \'on Ve, are

only slightly dependent on the redox couples used in this study. \'0n ve

2 -

tor ]’u“\/’l’.u‘“ is about 0.50 V, which is close to one-thivd of the band gap
of GaAs (E =1.4 V).
Q

Solar_cell measurements. - Regenerative semiconductor/liquid junction
photovoltaic (solar) cells are fabricated by immersing the semiconductor
clectrode and a counter electrode in a solution containing a redox couple
(Figure §). With n-type semiconductors, which act as phetoanades in the
cells, the redox couple often serves to stabilize the semiconductor against
photo-oxidation. While a nunber of cells with n-tvpe materials (e.g. Gads,
CdS, CdSe) have been described, stable cells with p-type semiconductors

are less frequent.  Solar cells were fomed with a p-Gads photocathode and




a platinum foil anode with various redox couples. The open-circuit photo-
voltages Woc) and the short-circuit photocurrents (1 L) are summari zed

b
W gt . 3k . : : ;
in Table 11. Eu™ /Fu” showed the highest open-circuit photovoltage while

_and showed the highest quantum efficiency,

I /1, produced the largest i_
b 25

As shown in Figure ¢, at monochromatic light intensity 5-8 lmvx"cnf‘. the
quantun efficiency of a p-GaAs/1 (0.75M), 13"(0.:5 M), H*(1.0 M)/Pt PEC
cell at wavelengths shorter than 750 nm approaches 100%, if light absorption
by 13> is minimized. The 1-V characteristic of this cell, shown in Figure
7, vields a fill factor of 0.65. This cell showed highly stable operation,
with no evidence of decamposition of the p-GaAs.

Irradiation of the p-GaAs crystal with the full visible (longer than
590 nm and IR filtered) output ifrom a 450 W xenon lamp focused onto the
photoelectrode surface vielded a stable ~23 m\/'cm: photocurrent (Figure 8).
No attempt was made to minimize the optical absorption due to 13‘ (the
optical path through the solution was about 1 cm). The power etficiency
under these conditions was estimated to be about 5-0%. 1f the solution
was stirred and/or the optical path through the solution was minimized,
the photocurrent could be increased to higher levels (~35 mA ‘cm”‘N. During
a seven-hour continuous illumination, the stability of the p-Gads photo-
cathode was demonstrated by (1) a constant photocurrent, (2) no obvious
change in the appearance of the electrode surface, and (3) no detectable
amount of Ga‘v produced by decomposition (i.¢., less than 1 ppm, the
detection limit of the flame atomic absorption spectrometer used in this
study,was detected in the solution after the experiment) (Table 11).  This
result indicates that photodecomposition of the Gals, assumed to be a

three-electron reaction, can represent no more than ~0.02% of the total

e ————————— S
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photocurrent. The possibility of chemical attack of GaAs by 13' was also
checked by keeping the p-GaAs electrode in contact with the I /I solution
in the dark for one day. Less than 1 ppm of GnS+ was determined by the
flame atomic absorption spectroscopy.

As shown in Table 11, the quantum efficiencies of p-GaAs based PEC
cells are strongly dependent on the redox couples. The quantum vields
for electron flow can be substantially enhanced by applying a negative
potential on the photocathode. For example, for irradiation with a 1.6
mW He-Ne laser (032.8 nm) of a p-GaAs photocathode in Snl+(0.5 .‘SD/Sn4+
(0.5M(1 M HY and 6 M Br ), the short-circuit quantum efficiency was
only 16%. However by applying a negative potential to the GaAs to bring
its potential to -0.5 V vs. SCE, the quantum viecld for electron flow
was increased to about 86% (see Table 11).

Discussion

Surface barrier at p-GaAs/solution interface. - The results given in

lable 1 show that the difference between the onset potential for the

photocurrent, V__, and the standard potential of the redox couple, V°, AV,

on
is generally about 0.4 - 0.5 V, independent of V° for the redox couple.

o ! ) > B SR e RS AL T - B . PR s
lhese results, coupled with previous findings for p-GaAs in acetonitrile
and liquid ammoniall solutions, suggest that the simple idealized model for

a semiconductor/solution interface must be modified to account for the be-

N o : - : - S e e ,
havior. The ideal model for the interface (Figure 9a) " would predict that
von would be near Vrb and that AV would vary with V°. Previous studies
have shown, however, that dark oxidations can occur at p-type materials
(or dark reduction at n-type materials), even for couples with energies
located within the forbidden gap region. These dark reactions at potentials,
where there is not appreciable overlap of the redox solution distribution

with the conduction or valence band carrier densities, have been attributed

g

g o g




Q
to charge transfers via surface states or intermediate levels in the gap
region. They also constitute a path for loss of the photogenerated
species by surface recombination, e.g., for p-type materials the photo-
generated reductant, R, can be oxidized via such levels as suggested in
Fig. 9b. The effect of this recombination is a smaller AV with a lower
dependence on V° than that predicted from the idealized model.

[f the surface state density is high, the nature of the semi-
conductor/solution interface might best be described as surface laver
controlled (Fig. 9¢). This is analogous to the effect found at a metal/
semiconductor Schottky barrier when the density of surface states is high.ga
In this case these states absorb most of the charge transterred to
equalize the Fermi levels, thus "pinning" the Fermi level of the metal at
this energy independent of the metal work function. What is observed in
this case is a constant barrier height between bulk semiconductor (e.g.
GaAs) and metal. Yor the solution case this is equivalent to "pinning"
of the semiconductor Fermi level at the redox potential of the solution
couple with all of the photovoltage developed between the semiconductor
surface and bulk (Fig 9¢). Such a surface controlled model, modified for
etfects of recombination, appears to be appropriate for the p-Gads/
solution interface. Moreover the AV value found, ~0.3 - 0.5 Y, is
consistent with surface states located at a position predicted by the
""one-third rulc”g. 1.e., at energies one-third of Fs (1.4 eV for GaAs)
up from the wvalence band edge.

This surface controlled model is also consistent with previous studies

) o , id, ie, 1l
of GaAs in nonaqueous solvents. ' ¥

For example in studies of
acetonitrile solutions it was necessary to invoke surtace lavers on the
GaAs to explain photoeffects for couples located well above the conduction

band edge. This proposed surface layer can be considerved to be the surface

=g
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modified by filling the surface states, in this case moving the semi-
conductor Fermi level up to the location of the solution redox couple while
maintaining band bending between the surface and bulk semiconductor. Such
a model can also account for the observed photoejection of electrons from
p-GaAs into liquid ammonia at potentials considerably negative of those

corresponding to the conduction band edge.

The semiconductors which should exhibit this surface controlled
behavior are those which exhibit similar behavior with metal Schottky
barriers. Such studies suggest that surface controlled behavior occurs

in semiconductors of low jonicity, as represented by the difference in

electronegativities of the constituents.l4 Thus GaAs, Si, and InP would
show such behavior. Indeed recent studies of InP in acetonitrile’® and p-5116
suggested the importance of surface effects.

Solar cells. - The open circuit photovoltage of the two electrode

photovoltaic cells, voc’ should ideally approach the AV-value given in

Table I. In most cases however VOC was significantly smaller (Table II).
This difference can be ascribed to the dark anodic current which is present
in the potential region for the onset of the photocurrent with most couples.

The VOn represents the onset of the modulated or phase sensitive-detected

photocurrent which occurs superimposed on a net d.c. dark anodic current.

The VOC—Value represents the d.c. photovoltage which will be at less

positive values. Significantly the VOC value for the Eu(IIT)/Eu(II) system,
which is well negative of the anodic decomposition current of the GaAs, 1is
largest. Similar effects have recently been seen for p-GaAs in a

methyl viologen electrolyte (V°= -0.66 V vs. SCE). For the Sn(TV)/Sn(11)
couple, the system is slow even at Pt (Figure 4c) and this too contributes

to the low operating cell voltage even at very small currents.
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The quantum efticiency is determined by the spectrum of the light
source and the spectral response of the cell.  The spectral response
in turn depends on the optical absorption coetticient, the width ot the
depletion region, the lifetime and mobilities of charge carrviers, and
the charge transter and recombination Kinetics at the semiconductor/electro-
lyte interface. All parameters except the last one are mainly controlled
by the semiconductor. The dif“erent quantum etfticiencices observed for
the different redox couples (Table 11) will thus be due to ditferences
in charge transfer and recombination rates. The limiting quantum efficiency
for every redox couple occurs at a potential about 0.3 V negative of the
redox potential, suggesting that the extent of band-bending within the
semiconductor is about the same tor each, as expected for a surface
controlled system. Hence, the different limiting quantum yields shown
in Table Il are not due to different widths of the depletion layer but
mainly contributed by differvent chavge transfer Kinetics at the semi-
conductor/electrolyte intertace.

Stability. - From thermodynamic considerations alone, Gads (cither
p- or n-type) should be stable only over a very restricted range of
potentials and ptl in agueous solut ions.”\‘ In fact, however, n-GaAs can be
stabilized with respect to photo-oxidation by the incorporation of suitable

Y Al ) .l

T g . . &0 ek s .
redox couples (e.g. Seiy /Se”™ ) in the solution.™ Fhis has been explained
in terms of the redox couple maintaining a surtace potential more negative

" g " : . L78,:D .. k i
than that for the anodic dissolution reaction. With respect to p-Gads
stabilization requires that no oxidation of the Gads occurs by reaction
with the oxidized form of the redox couple (¢.p., I,\ ). Indeed illumination

of the p-GaAs tends to cathodically protect the material from such an

oxidative corrosion reaction by genervating clectrons at the electrode
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surface. The materials must also be stable with respect to cathodic decom-
position, which requires that the cathodic decomposition potential (-0.8 V

vs, NHE at pH 0(10)) of

the p=GaAs be nore negative than the Tocation ot the
conduction band edge or that a redox couple is present which can maintain a
surface potential more positive than the cathodic decomposition potential
of p-GaAs. The present results show that the redox process of I ’I; at
p-GaAs photoelectrodes can occur during illumination without any significant
anodic dissolution. The question arises, then, which factors other than
thermodynamic considerations arc of importance in determining the stability
of a semiconductor electrode. It appears in this case that kinetic tactors
and surface states play an important role. We suggest that chemical attack
or anodic dissolution is kinetically very slow and the photo-protection
from these reactions might be very efficient, if the quasi-Fermi level
for holes under illumination does not substantially deviate from that at
thermal equi]ihrium.l?‘.1 In this respect, a p-type material, especially a
surface state controlled p-type semiconductor, has the advantage that its
quasi-Fermi level for holes is relatively insensitive to the change of
hole density due to illumination.

The results above show that p-type semiconductors can be much
more stable than their n-counterparts with respect to anodic dissolution.
The long-term stability of the p-type GaAs-based PEC cell in l_/ls~ or other
redox couples is under investigation. Although the p-type GaAs-based cells
show low open-circuit photovoltages, we are encouraged by the fact that
their quantum vields for electron tlow can approach 100%, it a suitable
redox couple is used.

A final aspect worth discussing is the lack of hydrogen evolution on
p-GaAs even under conditions where photogeneration of reduced forms at

more negative potentials (e.g. BEu(ll)) occurs. This suggests that

—




large overpotentials exist for hydrogen evolution at the clectrode surface
and, as for metal electrodes in ordinary electrochemical oxperiments,
catalytic surfaces (e.g. containing Pt or other transition metal) will be
required for efficient hydrogen generating p-type materials,
Acknowledgment

The support of this research by the Otfice of Naval Research is

pratefully acknowledged.

e —




14

a
TABLE 1: Voltammetric Data and Onset Potential of Photocurrent

Redox couple Ve, Vwvs. SCE V , Vvs, SCE AVsY -V° VY
on on

1'/13‘(1 M) 0.7¢ 0.46

) »
Fe™ /Fe™ (1 M H3pO,)

|

> 7 :
sn”/6n™ (UM I and 6 M Br )

Fe(I1)-EDTA/Fe(I11)-EDTA
(pH = °85)

wt vt b

B
Bu™"/ku” (1 M 1C10,)

The onset potential of photocurrent \;0” here is defined as the potential at
which 1% of the limiting or maximal photocurrent is observed.
HV = heptyl viologen (1,1'-diheptyl-4,4"-bipyridyl)

V® = the standard potential.
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Figure Captions

Figure 1

Figure 2

Figure 3

Voltammetric curves of Pt and p-GaAs electrodes in 1.0 M HI

solution.

1 Dark cyclic voltammogram on p-GaAs. Scan rate, 100 mV/sec.
Initial potential, s, 0.00 V vs. SCE (with or without addec IZ)’

2. Current-potential curves under illumination by red light on
p-GaAs. Scan rate, 5 mV/sec. Initial potential 0.78 V vs. SCE. Solution
contained 0.25 H-IZ' The photocurrent was measured by phase-sensitive
detection technique. a. Solution wasnot stirred. b. Solutionwas stirred.
3. Cyclic voltammetry on Pt. Scan rate, 100 mV/sec. Initial
potential 0.28 V vs. SCE. Solution contained 0.25 M IZ'

4. Current-potential curve under illumination with red light on
p-GaAs in 1.0 M HI. Scan rate, 5 mV/sec. Initial potential 0.10

V vs. SCE. The photocurrent was measured by phase-sensitive

detection technique (without added 1,).

Schematic diagram of the energy levels at the p-Gads/electrolyte
interface. EC, Ef, and FV denote the conduction

band edge, the Fermi energy, and the valence band edge of p-GaAs,
respectively.

Voltammetric curves of Pt and p-GaAs electrodes in various

solutions. Initial potential 0.00 V vs. SCE.

n

a. On p-GaAs. 0.1 M KBr (pH = 6). Scan rate 100 mV/sec. In

the dark.

ii¢

b. On p-GaAs. 0.1 M KBr (pH ¥ 6). Scan rate 100 mV/sec. In the
light.

%),
c-1. On p-GaAs under illumination. 0.1 M KBr and 2x10 ° M heptyl-

5
viologen"+ (pH = 6). Scan rate 100 m\'/sec.
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c-2. On p-GaAs in the dark right after c¢-1. 0.1 M KBr and 2)(10'2

M heptyl-viologen2+ (pH ¥ 6). Scan rate 100 mV/sec.
d. On Pt. 0.1 M KBr and 2x107% M heptyl—viologen2+ (pH T 6). |
Scan rate 100 mV/sec.

€. Current-potential curve under illumination with red light
on p-GaAs in 1.0 M HC10, containing 0.20 M Fu" (pH ¥ 0). Scan
rate 5 mV/sec. The photocurrent was measured by phase-sensitive
detection technique.

£, Current-potential curve under illumination with red light

on p-GaAs in 1.0 M.HC104~ The photocurrent was measured by phase-

sensitive detection technique.

Figure 4 Current-potential curves for p-GaAs and Pt electrodes in various
electrolyte solutions.
(@) 0.20 M Fe(III)-EDTA and 0.20 M Fe(IT)-EDTA (pH = 5).
1. On Pt. Scan rate 100 mV/sec.

2. On p-GaAs under chopped red light. Scan rate 10 mV/sec.

3. On p-GaAs in the dark. Scan rate 100 mV/sec.

(b) 1.0 M H,PO, containing 0.5 M Fe(II) and 0.5 M Fe(III).

"
!
{
i

4
A
1
-

Bt
4. On Pt. Scan rate 100 mV/sec.

5. On P-GaAs under chopped red light. Scan rate 10 mV/sec.

(=)}

On p-GaAs in the dark. Scan rate 100 mV/sec.
() 1MH", 0.5MSn(IT), 0.5M Sn(IV), and 6.0 M Br .
7. On Pt. Scan rate 100 mV/sec.

8. On p-GaAs under chopped red light. Scan rate 10 mV/sec. ’

9. On p-GaAs in the dark. Scan rate 100 mV/sec. ﬂ

|

Figure 5 Schematic representation of a regenerative semiconductor/liquid f
junction photovoltaic cell containing a redox couple R/O. t
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Figure 6 Quantum efficiency vs. wavelength for a p-GaAs/1  (0.75 M),

l.\- (0.25 M), ll* (1.0 M)/Pt PEC cell. Monochromatic Light intensity

P — Y S

5-8 mW/un:.
Triangles: corrected for solution absorption.
Circles: without correcting for solution absorption.
Figure 7 Steady state current density - voltage relation for a p-GaAs/1

e |

(0.75 M), l.’ (0.25 M), H (1.0 M)/Pt PEC cell. Irradiation was with

the full visible (longer than 590 mm and also IR filtered) output from
a 450 W xenon lamp focused onto the photoelectrode. The optical path %
through the solution was about 1 cn. i
Figure 8 Time dependence of the photocurrent of a p-GaAs/I  (0.75 M), I, ‘
(0.25 M), H* (1.0 M)/Pt PEC cell. The cell was run at maximum power ;
| by connecting through a load resistance of 150 €. The solution was §
E not stirrved. Irradiation was with the red light (590 nm cut-on and
also IR filtered) from a 450 W Xe-lamp focused onto the photoelectrode.
The optical path through the solution was about 1 cm. _
Figure 9 Schematic representation of the surtace barrier at a semiconductor/
solution interface. lic = conduction band cdge; Ep = Fermi level; }'
B - valence band edge of a semiconductor; V¢ = standard potential .;
of a redox couple; \'t-h = flat-band potential of a semiconductor s
electrode; j = current densitv.
i a. Ideal model.
: Voc = Open-circuit photovoltage of a PEC cell.
b. Recambinative model (Curves 1 and 2 for n-SC, 3 and 4 for p-SO). §
}
s.s. = surface states or recombination centers; 1 and 3 = current- »
: potential curves under illumination without recombination; 2 and 4 = }
% current-potential curves under illumination with recambination; Voc =
f open-circuit photovoltage. ‘




Figure 9

(continued)

¢. Surface layer controlled model (Curves 1 -4 {or n-SC and

1

5-8 for p-SC). 1 and 5 = current-potential curves in the dark
without recombination; 3 and 8 = current-potential curves under
illumiantion without recombination; 2 and 6 = current-potential
curves in the dark with recombination; 4 and 7 = current-potential
curves under illumination with recombination; E. = surface state
energies; \'S = potential corresponding to liﬁ_: Voc' = open-circuit

photovoltage with recombination; Voc = open-circuit photovoltage

without recombination.
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