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losses in product isolation and/or derivatization were
avoided.
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Semiconductor Electrodes XV. Photoelectrochemical Cells
with Mixed Polycrystalline n-Type CdS-CdSe Electrodes

Rommel N. Noufi,* Paul A. Koh!,* and Allen J. Bard**

Department of Chemistry, The University of Texas at Austin, Austin, Texas 78712

ABSTRACT

Solid solutions of CdS and CdSe of different compositions were prepared
by sintering pressed pellets and vacuum evaporation. The bandgap of the
mixtures varied monotonically with percent composition between that of CdS
and CdSe. Studies of the photoassisted oxidation of sulfide with these elec-
trodes with a 1M NayS, 0.1M NaOH electrolyte showed that the flatband po-
tentials (Vg,) of the mixtures were shifted toward negative potentials with
respect to pure CdS and CdSe. Solar cells using these electrodes formulated
as (x)n-CdS (1 — x)CdSe/1M NasS, 0.2M S, 0.1M NaOH/Pt are described.
When x = 0.9, for a sintered pellet electrode, a power efficiency of 9% at a
cell voltage of 202 mV (irradiation with 577 nm light of 1 mW/ecm? intensity)

was obtained.

There has been much recent interest in the ap-
plication of n-type cadmium chalcogenide (CdX, where
X = S, Se, or Te) electrodes to the construction of
photoelectrochemical cells for the conversion of solar
fo electrical energy (1-14). These materials have
bandgap energies (Eg) which are small enough (=24
eV) to capture a reasonable fraction of the solar spec-
trum and can be operated for long time periods with
little or no decomposition of the semiconductor elec-
trode in suitable electrolytes (e.g., $2—/8,2-). Cells
with solar energy power conversion efficiencies (np,s)
of 7-8% (9) and monochromatic light efficiencies
(Mp.m) of 9-10% (4) using single crystal CdX elec-
trodes have been reported.

The maximum efficiency of a photoelectrochemical
cell utilizing a redox couple with an equilibrium po-
tential, Vryedox, for conversion of light to electrical
energy with no over-all change in electrolyte com-
position depends upon the flatband potential of the
semiconductor, V. For a cell with an n-type semi-
conductor photoanode, the more negative the value
of Vi, the greater the possible output voltage (which
has a maximum value Viedox — Vi) and the larger
the maximum efficiency. Thus optimization of the
semiconductor-electrolyte characteristics involves vari-
ation of Eg for optimum match with the solar energy
spectrum (15) and V. Other semiconductor charac-
teristics of importance include the doping level, which

* Electrochemical Society Student Member.

** Electrochemical Society Active Member.

Key words: photoelectrochemistry, solar cells, photovoltaic
cells, semiconductors.

governs the material resistivity and the thickness of
the space charge region at a given bias, the minority
carrier lifetime in the bulk and at the surface, and
the location and properties of intermediate levels
within the gap region. We report here studies of
electrodes produced by forming solid solutions of
CdS and CdSe of different compositions prepared from
sintered, pressed pellets or by vacuum evaporation
and used as photoanodes in S2~/S;2— electrolytes.
The effect of composition and sample preparation on
Vi, Eg efficiency and stability were of particular
interest.
Experimental

The pellet semiconductor electrodes used in this
study were prepared from high purity, reagent grade
polycrystalline CdS and CdSe powder (Ventron, Bev-
erly, Massachusetts). Mixtures of the two compounds,
which are known to form solid solutions after sin-
tering (18), were milled in acetone for 30 min prior
to use. The 0.5 mm thick pellets were pressed at 5000
psi, sintered in a nitrogen atmosphere at 450°C for
12 hr, and then heated in a hydrogen atmosphere
for 5 min. The densities of the pellets were about
87-89% of single crystal densities. An ohmic contact
was made to the rear of each pellet with gallium-
indium alloy. The resistance between the two faces
of the pellet after sintering was generally less than
1000.

Electrodes were also prepared in a vacuum evap-
oration apparatus by vacuum deposition of the pure
compounds and their mixtures on Pt and SnOs-
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coated glass substrates (donated by Texas Instru-
ments, Dallas, Texas). Before the deposition, the Pt
substrates were boiled in concentrated nitric acid
for 5 min followed by several rinsings with water
and then with ethyl alcohol. The SnOq-coated glass
substrates were soaked in alcoholic KOH for 1 hr
and rinsed several times with distilled water, fol-
lowed by baking in an oven at 200°C for 2 hr. The
semiconductor films, which were about 1.5 um thick
as determined by weighing the electrode before and
after deposition, were annealed first in a nitrogen
atmosphere at 400°C for 2 hr and then in a hydrogen
atmosphere at 400°C for 5 min. The resistance be-
tween the film surface and conducting substrate was
less than 10Q.

A copper wire was attached to the electrodes with
conducting silver epoxy cement (Allied Chemicals,
New Haven, Connecticut). The back and sides of
the electrodes were insulated with epoxy resin ce-
ment (Devcon Corporation, Danvers, Massachusetts).
The exposed areas of the electrodes were 0.25-1.0
cm?, The electrodes were etched in 6M HCl prior
to use. The etching times for the sintered and film
electrodes were about 15 and 5 sec, respectively. Both
polycrystalline CdS and CdSe electrodes show a
comparable increase in photocurrent after a similar
etching step.

The semiconductors were used as the working
electrode in a conventional three-electrode cell with
a platinum foil counterelectrode and an aqueous satu-
rated calomel reference electrode (SCE). The semi-
conductor electrodes were irradiated through an op-
tically flat Pyrex window. The two-electrode, single
compartment solar cell contained a platinum foil
counterelectrode (about 10 cm?2) which was spaced
about 0.5 cm from the semiconductor electrode. With
this cell the current was measured as a function of
load resistance under irradiation with no external
power source.

The electrolyte solution (1M Na.S, 0.2M S, and
0.1M NaOH) was yellow in color and a correction
for absorption of the incident radiation by the solu-
tion was performed when calculating efficiencies.

For voltammetric measurements, a PAR (Princeton
Applied Research, Princeton, New Jersey) Model 173
potentiostat and Model 175 universal programmer
were employed. The current-voltage (i-V) curves
were recorded using IR compensation on a Houston
Instruments (Austin, Texas) Model 2000 X-Y re-
corder for scan rates less than 1 V/sec. Current-volt-
age curves at greater than 1 V/sec, obtained for
capacitance measurements, were recorded on a Nicolet
(Madison, Wisconsin) digital oscilloscope. An Oriel
Corporation (Stamford, Connecticut) 450W xenon
lamp and Model 7240 grating monochrometer were
used to illuminate the electrodes. The radiant power
was measured with a Model 550-1 Radiometer/Photom-
eter (E.G. & G., Salem, Massachusetts).

ESCA and Auger electron analysis of the electrodes
were carried out with a Physical Electronics Model
548 (Eden Prairie, Minnesota) instrument. The rela-
tive amounts of S and Se were determined from the
area of the Se 3d;/; peak at 54.18 eV as the amount
of S increased in the mixture. Small amounts of
carbon impurities were detected in the mixtures by
Auger electron analysis. The x-ray diffraction spec-
trum (obtained with a Norelco x-ray diffractometer)
of the mixed compound electrodes gave no lines
characteristic of either of the pure components, in-
dicating the mixtures were substitutional solid solu-
tions.

Results

Electrode composition.—The composition of the elec-
trodes prepared by sintering was known from the
relative quantities of CdS and CdSe employed. The
composition of the vacuum-deposited material was
known approximately from the amounts of CdS and
CdSe used as the source material and the known
relative evaporation rates (16); the CdS content of
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Table I. Properties of mixtures of CdS and CdSed

Composition - Ve (V Voo
% CdS % CdSe (eV) vs, SCE) (V)
Sintered pellets
170 1.34 0.60
32 l?sg 1.81 1.40 0.66
58 42 1.90 1.45 0.70
67 33 2.05 1.48 0.75
77 23 2.11 1.55 0.91
90 10 2,18 1.65 0.96
95 2.25 1.60 0.79
99 1 2.30 1.50 0.75
100 0 2.38 1.42 0.77
Vacuum-deposited films
100 1.75 1.30 —
48 60 1.82 1.40
63 37 2.00 1.50
83 17 2,12 1.58
100 0 2.40 1.40

2 For solution of 1.0M NaS and 0.1M NaOH under irradiation
with white light.

the films was always higher than its relative amount
in the source material. These films were analyzed
by ESCA and x-ray diffraction, and the results, re-
ported in Table I, are probably accurate to within
5% of the values listed. In general, the electrochem-
ical behavior of sintered and vacuum-evaporated film
electrodes of about the same composition was very
similar, except where noted.

Ey and Vs —The bandgap energy was determined
by noting the longest wavelength (A) which produced
a photoanodic current with the electrode held at po-
tentials 0.60-0.95V positive of V. Vi was estimated
from the i-V curves and was taken as the potential
for the onset of the photoanodic current. Typical i-V
and i-A curves for a film electrode are given in Fig, 1
and the rising portion of the photocurrent-V curves
as a function of electrode composition is shown in
Fig. 2. The shapes of the i-V curves were similar in
solutions of 1M NagS and 0.1M NaOH, with and with-
out dissolved sulfur. Values of Eg and Vg, for the
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Fig. 1. (a) Photocurrent-patential curve (light chopped at 0.23
Hz); (b) photocurrent vs. wavelength at —0.8V vs. SCE, for the
409% CdsS-60% CdSe evaporated film electrode in 1M NagS, 0.IM
NaOH.
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Fig. 2. Photocurrent-patentia! curves for pressed pellets of the
following composition (illuminated with white in 1.0M NagS, 0.TM
NaOH): (a) 1009%CdS, 0%CdSe; (b) 99%CdS, 1%CdSe; (c)
09%CdS, 100%CdSe; (d) 36%CdS, 64%CdSe; (e) 58%CdS,
429%CdSe; (f) 67%CdS, 33%CdSe; (g) 77%CdS, 23%CdSe; (h)
90%CdS, 10%CdSe.
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Fig. 3. Values of the flatband potential (Vin) and open-circuit
potential (Vo) for pressed pellets containing different amounts of
CdS and CdSe in a IM NagS, 0.1M NaOH solution with Pt counter-
electrode.
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different electrodes are given in Table I; the varia-
tion of Vi, with electrode composition is shown in
Fig. 3. Butler (17) has recommended that Vi be
determined not from the potential of onset of the
photocurrent but from the extrapolated value of a
plot of V wvs. (photocurrent).2 The trend in such
extrapolated values with composition generally is the
same as that in Fig. 3 but displaced to more positive
values. Similar i-V behavior was observed in 0.1M
NaOH alone, with the onset of photooxidation shifted
in a positive direction by about 0.5V compared to
the sulfide-containing solutions. In these solutions
the electrodes underwent photodissolution to Cd2+,
S, and Se (with the appearance of a yellowish film
in the case of CdS-containing electrodes and a gray
film on the CdSe eéelectrode) and the photocurrent
decreased with time.

The dark anodic curent in 0.1M NaOH at the film
electrodes appeared at pofentials positive of OV ws.
SCE and bubbles were observed forming on the elec-
trode surface. No dark anodic current was found at
the sintered electrodes until potentials well positive
of +1.0V vs. SCE. A cathodic current in 0.1M NaOH
was observed at potentials just negative of Vg, occur-
ring at slightly more positive potentials at the film
electrodes.. Attempts to determine Vi, from Mott-
Schottky plots (18), with the capacitance determined
by cyclic voltammetry (19) over a potential range
where no dark faradaic current was observed led
to intercepts that were frequency dependent. The
slopes of these plots showed doping levels between
1018 and 1026 cm 3,

Efficiency and solar cells—The quantum efficiency
for electron flow, &., defined as the number of elec-
trons flowing in the external circuit divided by the
number of photons impinging on the electrode, was
100 + 2% for all electrodes maintained at —0.70V wvs.
SCE. The open-circuit voltages, Vo, of the two-
electrode solar cells (x)n-CdS (1 — x)CdSe/IM
NasS, 0.2M S, 0.1M NaOH/Pt measured between the
illuminated sintered semiconductor electrode and the
platinum cathode are listed in Table I. The maximum
value of Ve is Vib — Vredox, Where Viedox is —0.7V vs.
SCE (4, 20-23). The trend in V, with electrode
composition followed very closely that of Vi, deter-
mined from the i-V curves, with a maximum with
an electrode composition of about 90% CdS-10%
CdSe (Fig. 3). The open-circuit photopotentials were
dependent on light intensity., For example, in the
case of the measurement made using the 67% CdS-
33% CdSe, when white light from the 450W xenon
lamp was reduced by 50%, the open-circuit poten-
tial, Vo, decreased from 0.75 to 0.66V; at intensities
reduced tc 10 and 1%, Vo was 0.58 and 045V, re-
spectively. Similar dependence was observed when
measuring the potential drop through a 10000 re-
sistor., This dependence on light intensity was also
evident when measuring solar cell efficiencies. The
np.s of the 90% CdS-10% CdSe sintered material
electrode was measured to be about 1% for solar
intensities of about 75 mW-:cm~2 compared to 5.9%
with an attenuated solar intensity (using neutral
density filters) of 1.1 mW-cm~2 A similar decrease
of efficiency with increasing irradiation intensity was
also observed by Wrighton et al. (3, 4) in CdS and
CdSe cells. The monochromatic light power efficiency,
Np,m, Of the photoelectrochemical cell, defined as the
ratio of the output power across the external load
resistor to the incident radiant power, was deter-
mined with 577 nm light (12 nm bandpass) with an
intensity of 1 mW-cm~2 For the 90% CdS-10% CdSe
sintered pellet with a 10000 load resistor, the output
voltage was 202 mV and the current was 0.45 mA-cm~2,
yielding mpm = 9%. The maximum value of npm
found with the film electrodes was with the 60%
CdS-40% CdSe material on Pt substrate with an
8000 load resistor, and incident power of 0.4 mW:
cm~2, mpm was 7% with an output voltage of 157 mV.
The measured mpm and wps values were quite vari-
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able from electrode to electrode; this can be attributed
to the high and variable internal resistance of the
sintered electrodes and the poor adhesion of the vac-
uum evaporated films to the substrates, particularly
the Sn0s-coated glass. Separate experiments in which
the sintered electrodes were used as photoanodes in
stirred solutions containing 1M NaS$, 0.2M S, and 0.1M
NaOH for periods (about 14 hr) which would have
been sufficient to dissolve all the electrede material
by photooxidation of the lattice showed weight loss
of about 1%. This small loss was attributed to sur-
face erosion of the pressed pellets during the long
periods of stirring and soaking of the electrode. The
stability of the cell current was dependent on the
sulfide-polysulfide concentration. For example, when
the solution contained 1M S and the initial current
density was 16 mA:cm—2 (100Q load) the current
dropped to about 55% of its initial value in 14 hr.
With 0.2M S, the current dropped to 26% of its initial
value after the same period of time. Furthermore,
when illumination was interrupted for several min-
utes and then resumed the onset current would reach
a value slightly smaller than its initial value. After
a 10 sec etch in 6M HCI, the current would attain
almost its initial value.

Discussion

The mixtures (x)CdS (1 — x)CdSe gave the
expected monotonic variation of E; as the composi-
tion was changed from pure CdS to pure CdSe (186,
24). It is particularly interesting that the variation
of Vi, with x shows a maximum (Fig. 8) with the
mixture where x = 0.9 having a Vg, ca. 0.2V more
negative than either pure CdS or CdSe. To seek the
reason for this behavior let us consider the factors
that affect V. These include the electron affinity of
the semiconductor (EA), the potential drop through
the Helmholtz layer (Vy), the potential drop across
the diffuse double layer (Vy4), and the difference be-
tween the Fermi level and the conduction band (Ep
— Ec); to put Vy, on a scale relative to a given ref-
erence electrode using the absolute EA (in eV), a
constant term, Er., usually taken as ca. 4.75 eV for
the SCE vs. the vacuum level (25) is used. The fol-
lowing equation, which is an extension of one given
by Butler and Ginley (26), can then be written

EA E Ey — E.
Vfb=—e—-— et _ (Vg + Va) +-LF—e——)— [1]

Taking Er — E; as 0.10 eV, Eret ~ 4.75 eV, and as-
suming a negligible drop across the diffuse double
layer (V4 ~ 0) this can be written

EA
Vfb(v) o~ ——e—— — 4.7 — VH [2]

The values of Vg, for CdS and CdSe in NaOH and in
the presence of S2- taken from various sources are
shown in Table II, The Vi, values for CdS and CdSe
in sulfate media are independent of pH (4, 27) and
the relative values agree quite well with those pre-

Table 11. Characteristic data for CdS and CdSe

Vi Vo
(0.1 M (1.0M Eptd Ege EAt
NaOH) NasS) (eV) (eV) (eV)
{V vs, SCE)
cds —0.90~ —142 5.90 2.46 4.67
—0.80% —1.42¢
CdSe ~0.702 —1.452 5.78 1.68 494
—~1.34¢

a From Ref. (4).

b From Ref. (4) and (27).

¢ This work. -

4 From Ref. (28), calculated using the following Pauling elec-
tronegativities (xp»): Cd, 1.7; S, 2.5; Se, 2.4,

e From Ref. (28)

f Calculated using Eq. [41.
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dicted from Eg and the intrinsic Fermi level (Er')
calculated by Nethercot (28) from electronegativities.
In the latter case Efl is calculated from the Pauling
electronegativities for the atoms A and B (x4 and xg)
using the equation (28, 29)

Epl = 2.86 (xaxs) % [31

If one takes EA as the difference in energy between
the conduction bandedge and vacuum {26}, then

EA =Epi—Eg/2 [4]

Calculated EA values are shown in Table II. When
these values are used in Eq. [2], a Vu of about 0.9
(£0.1)V is obtained for both CdS and CdSe in the
NaOH medium. The addition of $2— causes the Vg
values to shift toward negative values by about 0.5V
for CdS and 0.7V for CdSe (4) presumably because
specific adsorption of S2— causes a change in the
voltage drop across the Helmholtz layer (to about
1.4 and 1.6V for CdS and CdSe, respectively).

Thus the change in Vg with composition could be
ascribed to changes in the EA or specific adsorption
(Vy). The fact that the same sort of maximum of
Vi with composition is observed for NaOH solutions
in the absence of S2- suggests that this variation
can be attributed to changes in the EA and that the
introduction of small amounts of CdSe into the CdS
lattice yields a material with a significantly smaller
EA. However it is also possible that the composition
of the surface layer of these electrodes changes upon
immersion or operation in the sulfide electrolyte
medium. Under these conditions a junction potential
could arise between the surface layer and the bulk
semiconductor which would affect the observed Vi,
values obtained under illumination. Investigations of
the changes in the electrode surfaces by ESCA and
Auger electron spectroscopy are currently underway
in this laboratory.

It is of interest to consider in a general way how
the efficiency of a photoelectrochemical solar cell
varies with Eg and Vg, For irradiation with light of
energy equal to that of the bandgap the maximum
efficiency, or the so-called open-circuit voltage effi-
ciency (15), is

(Vredox — Vin) e

Np,m (max) = Eg [5]

Thus both the maximum output voltage and efficiency
depend upon Vi, When one considers the solar energy
efficiency of a threshold semiconductor device the
ultimate power efficiency, nuy: depends upon the
value of E; [as given in Ref. (15), Eq. [2], and Fig.
3]. Thus, considering the variation of both Vi, and E,,
the maximum (open-circuit voltage) efficiency for
solar irradiation is mpm(max) wa; typical curves
showing the efficiency (for AM1 sunlight) are given
in Fig. 4. With these curves and the Vi, and E, values

50
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Fig. 4. Maximum solar efficiency (AM1 sunlight) for various values
of Eg and (Vreqox — Vib). Yalues of nyuy used in preparing this
figure from (15).
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Fig. 5. Predicted maximum solar efficiency vs. composition for
the (x)CdS (1 — x)CdSe system with $2—, 52— electrolyte.

of the various CdS-CdSe mixtures a plot of maximum
solar efficiency as a function of composition can be
derived (Fig. 5). The results suggest that the addi-
tion of only a small amount of CdSe greatly improves
the maximum efficiency of a CdS electrode. Although
the efficiency in this case is smaller than that of
CdSe alone, this principle when applied to other sys-
tems could, by suitable manipulation of Vi and Eg,
yield higher efficiencies than the pure compounds.

Solid solutions such as (x)CdS (1 — x)CdSe may
also be utilized in preparing a film electrode with
a gradient composition, i.e., an increasing CdSe con-
tent with depth. This would allow one to take ad-
vantage of the negative shift in Vg at the solution
interface (with high CdS content), and to absorb a
greater fraction of the visible spectrum further into
the space charge region (with the higher CdSe con-
tent). Work is currently being carried out in our
laboratory to improve the conductivity of the pellets
and extend the concept of solid-state solutions to
other semiconductor systems.

Acknowledgment
The support of this research by the National Science
Foundation and the Robert A. Welch Foundation is
gratefully acknowledged.

Manuscript submitted Aug. 15, 1977; revised manu-
seript received Oct. 27, 1977.

Any discussion of this paper will appear in a Discus-
sion Section to be published in the Decembér 1978
JournaL. All discussions for the December 1978 Discus-
sion Section should be submitted by Aug. 1, 1978.

SEMICONDUCTOR ELECTRODES 379

Publication costs of this article were assisted by The
University of Texas at Austin.

REFERENCES

1. A. B, Ellis, S. W. Kaiser, and M. S. Wrighton, J. Am.
Chem. Soc., 98, 1635 (1976).

2. A, Béflléis, S. W. Kaiser, and M. S. Wrighton, ibid.,
p. .

3. A B68E515lis’ S. W. Kaiser, and M. S. Wrighton, ibid.,
p. :

4, A. B. Ellis, S. W. Kaiser, J. M. Botts, and M. S.
Wrighton, ibid., 99, 2839 (1977).

5. G. Hodes, J. Manassen, and D. Cahen, Nature
(London), 261, 403 (1976).

6. C. (I-llgrcziézjs, D. Cahen; and J. Manassen, ibid., 260, 312

7. J. Manaséen, G. Hodes, and D. Cahen, This Journal,
124, 532 (1977).

8. B. Miller and A. Heller, Nature (London), 262,
680 (1976).

9. A. Heller, K. C. Chang, and B. Miller, This Journal,

124, 697 (1977).

. T. Inoue, T. Watanabe, A. Fujishima, K. Honda,
and K. Kohayakawa, ibid., 124, 719 (1977).

. H. Minoura, T. Oki, and M. Tsuiki, Chem. Lett.,
1279 (1976).

. Y. G. Chai and W. W. Anderson, Appl. Phys. Lett.,
27,183 (1975).

. H. Gerischer, J. Electroanal. Chem., 58, 263 (1975).

. H. Gerischer and J. Gobrecht, Ber. Bunsenges.
Physik., Chem., 80, 327 (1976).

. M. D. Archer, J. Appl. Electrochem., 5, 17 (1975).

. N. I Vitrikhouskii and I B. Mizetskaya, in
“Growth of Crystals,” Vol. 3, p. 247, Consultants
Bureau, New York (1962). ]

17. M. A. Butler, J. Appl. Phys., 48, 1914 (1977).

18. H. Gerischer and W. Mindt, Electrochim. Acta., 13,

1329 (1968).

19. R. N. Noufi, P. A. Kohl, S. N. Frank, and A. J. Bard,
This Journal, 125, 246 (1978).

20. W. M. Latimer, “The Oxidation States of the Ele-
ments and Their Potentials in Aqueous Solu-
tions,” Prentice Hall Inc., New York, (1952).

21. J. J. Lingane and L. W. Niedrach, J. Am. Chem.
Soc., 70,4115 (1948).

22. A.J.Panson, J. Phys. Chem., 67, 2177 (1963).

23. P. L. Allen and A. Hickling, Trans. Faraday Soc.,
53, 1626 (1957).

24. E. T. Handelman and W. Kaiser, J. Appl. Phys., 35,
3519 (1964).

25. F. Lohmann, Z. Naturforschg., 22A, 843 (1967).

26. M. A. Butler and D. S. Ginley, Private communica-
tion (1977).

27. T. Watanabe, A. Fujishima, and K. Honda, Chem.
Lett., 897 (1974).

28. A‘(II-SI);Z 4I;Iethercot, Jr., Phys. Rev. Lett., 33, 1088

29. R. T. Pool, D. R. Williams, J. D. Riley, and J. G.
Jenkin, J. Liesengang, and R. C. G. Leckey,
Chem. Phys. Lett., 36, 401 (1975).

e ol
N = O

b et
N

b b
oo

-3

Downloaded 16 Feb 2009 to 146.6.143.190. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp





