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losses in product  isolation and /or  derivatization were 
avoided. 

Acknowledgment 
The authors would like to thank  Kenne th  F. Koncki  

and John A. Long who carried out many  of the ex- 
per iments  and analyses and Ray B. Stultz who per-  
formed the crystal s t ructure  analysis. 

Manuscr ipt  submit ted Oct. 13, 1976; revised m a n u -  
script received Nov. 7, 1977. 

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

Publication costs of this article were assisted by 
Monsanto Company. 

REFERENCES 
1. L. G. Feoktistov, H. Lund, L. Eberson, and L. Homer,  

"Organic Electrochemistry," M. M. Baizer, Editor, 
pp. 355-366, 891-893, and references therein,  Mar-  
cel Dekker, Inc., New York (1973). 

2. F. W. Snowden, Ph.D. thesis, Univers i ty  of New Or- 
leans (1975). Xerox Univers i ty  Microfilms, 75-23, 
110, and references therein.  

3. D. Seebach and H. A. Oei, Angew. Chem. Int. Ed. 
EngL TransL, 14, 634 (1975). 

4. M. J. Allen, J. Am. Chem. Soc., 72, 3797 (1950). 
5. J. Grimshaw and J. S. Ramsey, J. Chem. Soc. (C), 

1966, 653. 
6. F. W. Snowden, Ph.D. thesis, Univers i ty  of New Or-  

leans (1975). Xerox Univers i ty  Microfilms, p. 100. 
7. 3. H. Stocker and R. M. Jenevein,  J. Org. Chem., 33, 

2145 (1968). 
8. V. J. Puglisi, G. L. Clapper, and D. H. Evans, Anal. 

Chem., 41, 279 (1969). 
9. M. A. Michel, G. Mousset, J. Simonet, and H. Lurid, 

Electrochim. Acta, 20, 143 (1975). 

Semiconductor Electrodes XV. Photoelectrochemical Cells 
with Mixed Polycrystalline n-Type CdS-CdSe Electrodes 

Rommel N. Noufi,* Paul A. Kohl,* and Allen J. Bard** 
Department of Chemistry, The University oS Texas at Austin, Austin, Texas 78712 

ABSTRACT 

Solid solutions of CdS and CdSe of different compositions were prepared 
by s inter ing pressed pellets and vacuum evaporation. The bandgap of the 
mixtures  varied monotonical ly with percent  composition be tween that  of CdS 
and CdSe. Studies of the photoassisted oxidation of sulfide with these elec- 
trodes wi th  a 1M Na2S, 0.1M NaOH electrolyte showed that  the flatband po- 
tentials (Vfb) 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 Na2S, 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 (irradiat ion wi th  577 nm light of 1 mW/cm~ intensi ty)  
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 
to electrical energy (1-14). These materials  have 
bandgap energies (Eg) which are small  enough (~2.4 
eV) to capture a reasonable fraction of the solar spec- 
t r um and can be operated for long time periods with 
l i t t le or no decomposition of the semiconductor elec- 
trode in  suitable electrolytes (e.g., S 2 - / S x 2 - ) .  Ceils 
with solar energy power conversion efficiencies (~p.~) 
of 7-8% (9) and monochromatic light efficiencies 
(~]p,m) of 9-10% (4) using single crystal CdX elec- 
trodes have been reported. 

The max imum efficiency of a photoelectrochemical 
cell uti l izing a redox couple with an equi l ibr ium po- 
tential, Vr~dox, for conversion of light to electrical 
energy with no over-al l  change in  electrolyte com- 
position depends upon the flatband potential  of the 
semiconductor,  Vfb. For a cell with an n - type  semi- 
conductor photoanode, the more negative the value 
of Vfb, the greater the possible output  voltage (which 
has a m a x i m u m  value Vredox - -  Vfb)  and the larger 
the max imum efficiency. Thus optimization of the 
semiconductor-electrolyte characteristics involves vari-  
ation of Eg for opt imum match with the solar energy 
spectrum (15) and Vfb. Other semiconductor charac- 
teristics of importance include the doping level, which 
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governs the mater ial  resist ivity and the thickness of 
the space charge region at a given bias, the minor i ty  
carrier  l ifetime in the bulk  and at the surface, and 
the location and properties of in termediate  levels 
wi thin  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 $ 2 - / S x 2  - electrolytes. 
The effect of composition and sample preparat ion on 
Vfb, E~, efficiency and stabil i ty were of part icular  
interest. 

Experimental 
The pellet semiconductor electrodes used in this 

study were prepared from high purity,  reagent  grade 
polycrystal l ine CdS and CdSe powder (Ventron, Bev- 
erly, Massachusetts).  Mixtures of the two compounds, 
which are known to form solid solutions after s in-  
ter ing (16), were mil led in acetone for 30 min  prior 
to use. The 0.5 m m  thick pellets were pressed at 5000 
psi, s intered in  a ni t rogen atmosphere at 450~ for 
12 hr, and then heated in  a hydrogen atmosphere 
for 5 rain. 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 gal l ium- 
ind ium alloy. The resistance between the two faces 
of the pellet after s inter ing was general ly less than 
10012. 

Electrodes were also prepared in a vacuum evap- 
orat ion apparatus by vacuum deposition of the pure  
compounds and their  mixtures  on Pt and SnO2- 
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coated glass substrates (donated by Texas Ins t ru-  
ments, Dallas, Texas).  Before the deposition, the Pt  
substrates were boiled in concentrated nitric acid 
for 5 rain followed by several r insings with water  
and then with ethyl alcohol. The SnO2-coated glass 
substrates were soaked in alcoholic KOH for 1 h r  
and rinsed several~ times with distilled water, fol- 
lowed by baking in an oven at 200~ for 2 hr. The 
semiconductor films, which were about 1.5 ~m thick 
as determined by weighing the electrode before and 
after deposition, were annealed first in a ni t rogen 
atmosphere at 400~ for 2 hr and then in a hydrogen 
atmosphere at 400~ for 5 min. The resistance be-  
tween the film surface and conducting substrate was 
less than 1~. 

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 2. The electrodes were etched in  6M HC1 prior 
to use. The etching times for the sintered and film 
electrodes were about 15 and 5 sec, respectively. Both 
polycrystal l ine 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 p la t inum foil counterelectrode and an aqueous satu- 
rated calomel reference electrode (SCE). The semi- 
conductor electrodes were i r radiated through an op- 
t ically flat Pyrex  window. The two-electrode, single 
compar tment  solar cell contained a p la t inum foil 
counterelectrode (about 10 cm -~) 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  i r radiat ion with no external  
power source. 

The electrolyte solution (1M Na2S, 0.2M S, and 
0.1M NaOH) was yellow in color and a correction 
for absorption of the incident  radiat ion by the solu- 
t ion was performed when calculating efficiencies. 

For vol tammetr ic  measurements ,  a PAR (Princeton 
Applied Research, Princeton,  New Jersey) Model 173 
potentiostat  and Model 175 universal  programmer  
were employed. The current -vol tage  (i-V) curves 
were recorded using IR compensation on a Houston 
Ins t ruments  (Austin, Texas) Model 2000 X-Y re-  
corder for scan rates less than 1 V/sec. Cur ren t -vo l t -  
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 grat ing monochrometer  were 
used to i l luminate  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 3d5/2 peak at 54.18 eV as the amount  
of S increased in the mixture.  Small  amounts  of 
carbon impuri t ies  were detected in the mixtures  by 
Auger  electron analysis. The x - ray  diffraction spec- 
t r um (obtained with a Norelco x - r ay  diffractometer) 
of the mixed compound electrodes gave no lines 
characteristic of ei ther of the pure components, in-  
dicating the mixtures  were subst i tut ional  solid solu- 
tions. 

Results 
Electrode composition.--The composition of the elec- 

trodes prepared by sinter ing was known from t h e  
relat ive quanti t ies of CdS and CdSe employed. The 
composition of the vacuum-deposi ted material  was 
known approximately from the amounts  of CdS and 
CdSe used as the source mater ial  and the known 
relat ive evaporation rates (16); the CdS content  of 

Table I. Properties of mixtures of CdS and CdSe a 

Composition 
Eg --Vzb (V 

% CdS % CdSe (eV) vs. SCE) 
'Voc 
(v) 

Sintered pel lets  

0 100 1.70 1.34 
36 64 1.81 1.40 
58 42 1.90 1.45 
67 33 2.05 1.48 
77 23 2.11 1.55 
90 10 2.18 1.66 
95 5 2.25 1.60 
99 1 2.30 1.50 

100 0 2.38 1.42 

Vacuum-deposi ted films 

0 100 1.76 1.30 
4.0 60 1.82 1.40 
63 37 2.00 1.50 
83 17 2.12 1.58 

100 0 2.40 1.40 

0.60 
0.66 
0.70 
0.75 
0.91 
0.96 
0.79 
0.75 
0.77 

a For solution of 1.OM Na~S and O.1M NaOH under  irradiation 
with  white  light. 

the films was always higher than its relat ive amount  
in the source material.  These films were analyzed 
by ESCA and x - r ay  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-evapora ted  film 
electrodes of about the same composition was very 
similar, except where noted. 

E o and Vlb.--The bandgap energy was determined 
by not ing the longest wavelength (~) which produced 
a photoanodic current  with the electrode held at po- 
tentials 0.60-0.95V positive of V~b. Vfb was esti,mated 
from the i -V curves and was taken as the potential  
for the onset of the ph~toanodic current .  Typical i -V 
and i-~. curves for a film electrode are given in Fig. 1 
and the rising port ion 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 Na2S and 0.1M NaOH, with and with-  
out dissolved sulfur. Values of Eg and Vfb for the 
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Fig. 1. (a) Photocurrent-potential curve (light chopped at 0.23 
Hz); (b) photocurrent vs. wavelength at - -0.8V vs. SCE, for the 
40% CdS-60% CdSe evoporated film electrode in 1M Ha2S, 0.1M 
HaOH. 
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Fig. 2. Photocurrent-potentiul curves for pressed pellets of the 
following composition (illuminated with white in 1.0M Ha2S, 0.1M 
NaOH): (a) 100%CdS, 0%CdSe; (b) 99%CDS, 1%CdSe; (c) 
0%CdS, 100%CdSe; (d) 36%CDS, 64%CdSe; (e) 58%CDS, 
42%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 (Vt~) and open-circult 
potential (Vat) for pressed pellets containing different amounts of 
Cd$ and CdSe in a 1M Na2S, 0.1M NaOH solution with Pt counter- 
electrode. 

different electrodes are given in  Table  I; the var ia-  
t ion of Vfb with electrode composition is shown in 
Fig. 3. But ler  (17) has recommended that V~ be 
determined not f rom the potent ial  of onset of the 
photocurrent  but  from the extrapolated value of a 
plot of V vs. (photocurrent).~ The t rend in such 
extrapolated values with composition general ly  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.SV compared to 
the sulf ide-containing solutions. In  these solutions 
the electrodes underwen t  photodissolution to Cd ~+, 
S, and Se (with  the appearance of a yellowish film 
in  the case of CdS-containing electrodes and a gray 
film on the CdSe electrode) and the photocurrent  
decreased with time. 

The dark anodic curent  in  0.1M NaOH at the film 
electrodes appeared at potentials positive of 0V vs. 
SCE and bubbles were observed forming on the elec- 
trode surface. No dark anodic current  was found at 
the sintered electrodes unt i l  potentials well positive 
of + I .0V vs. SCE. A cathodic current  in  0,1M NaOH 
was observed at potentials just  negat ive of Vfb, occur- 
r ing at slightly more positive potentials at the film 
electrodes.  Attempts  to determine Vfb from Mott- 
Schottky plots (18), with the capacitance determined 
by cyclic vol tammetry  (19) over a potential  range 
where  no dark  faradaic current  was observed led 
to intercepts that were f requency dependent.  The 
slopes of these plots showed ,doping levels between 
10 TM and 10 $0 cm -3. 

Efficiency and solar cel ls . --The qua n t um efficiency 
for electron flow, ce, defined as the n u m b e r  of elec- 
trons flowing in  the external  circuit divided by the 
number  of photons impinging on the electrode, was 
100 ___ 2% for all electrodes main ta ined  at --0.70V vs. 
SCE. The open-circui t  voltages, Voc, of the two- 
electrode solar ceils ( x )n -CdS  (1 -- x ) C d S e / 1 M  
Na2S, 0.2M S, 0.1M NaOH/Pt  measured between the 
i l luminated  sintered semiconductor electrode and the 
p la t inum cathode are listed in  Table I. The ma x imum 
value of Vor is Vfb - -  Vredox, where Vredox is --0.7V vs. 
SCE (4, 20-23). The t rend in Voc with electrode 
composition followed very closely that  of Vfb deter-  
mined from the i -V  curves, with a ma x i mum with  
an electrode composition of about 90% CdS-10% 
CdSe (Fig. 3). The open-circui t  photopotentials were 
dependent  on l ight  intensity.  For example, in  the 
case of the measurement  made using the 67% CdS- 
33% CdSe, when  white l ight from the 450W xenon 
lamp was reduced by 50%, the open-circui t  poten-  
tial, Voc, decreased from 0.75 to 0.66V; at intensities 
reduced to 10 and 1%, Voe was 0.58 and 0,.45V, re-  
spectively. Similar  dependence was observed when 
measuring the potential  drop through a 1000g re-  
sistor. This dependence on light in tensi ty  was also 
evident  when measur ing solar cell efficiencies. The 
~p,s of the 90% CdS-10% CdSe sintered mater ia l  
electrode was measured to be about 1% for solar 
intensities of about 75 mW.c m -2 compared to 5.9% 
with an a t tenuated solar in tensi ty  (using neut ra l  
density filters) of 1.1 mW.cm-~.  A similar  decrease 
of efficiency with increasing i r radiat ion intensi ty  was 
also observed by Wrighton et al. (3, 4) in CdS and 
CdSe cells. The monochromatic light power efficiency, 
~p,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 
in tensi ty  of 1 m W ' c m  -2. For the 90% CdS-10% CdSe 
sintered pellet with a 100012 load resistor, the output  
voltage was 202 mV and the current  was 0.45 mA.cm -2, 
yielding ~tp.m -- 9%. The ma x i mum value of ~lp,r~ 
found with the film electrodes was with the 60% 
CdS-40% CdSe mater ial  on Pt  substrate with an 
80012 load resistor, and incident  power of 0.4 mW. 
cm -2. ~p,m was 7% with an output  voltage of 157 mV. 
The measured np,m and  np,s values were quite vari-  
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able from electrode to electrode; this can be a t t r ibuted  
to the high and variable in ternal  resistance of the 
s intered electrodes and the poor adhesion of the vac- 
uum evaporated films to the substrates, par t icular ly  
the SnO2-coated glass. Separate experiments  in which 
the sintered electrodes were used as photoanodes in 
st irred solutions containing 1M NaS, 0.2M S, and 0.1M 
NaOH for periods (about 14 hr) which would have 
been sufficient to dissolve aIt the electrode mater ia l  
by photooxidation of the lattice showed weight loss 
of about 1%. This small  loss was at t r ibuted to sur-  
face erosion of the pressed pellets dur ing the long 
periods of s t i rr ing and soaking of the electrode. The 
stabil i ty of the cell current  was dependent  on the 
sulfide-polysulfide concentration. For example, when 
the solution contained 1M S and the init ial  current  
density was 16 m A . c m - 2  (100~% load) the current  
dropped to about 55% of i.ts ini t ial  value in 14 hr. 
With 0.2M S, the current  dropped to 26% of its ini t ial  
value after the same period of time. Furthermore,  
when i l luminat ion  was in ter rupted  for several m in -  
utes and then resumed the onset current  would reach 
a value slightly smaller  than its ini t ial  value. After 
a 10 sec etch in  6M HC1, the current  would at ta in  
almost its init ial  value. 

Discussion 
The mixtures  (x)CdS (1 -- x)CdSe gave the 

expected monotonic variat ion of Eg as the composi- 
t ion was changed from pure CdS to pure CdSe (16, 
24). It  is par t icular ly  interest ing that the var iat ion 
of Vfb with x shows a max imum (Fig. 3) with the 
mix ture  where x = 0.9 having a Vfb 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 f b .  These include the electron affinity of 
the semiconductor (EA), the potential  drop through 
the Helmholtz layer (VH), the potential  drop across 
the diffuse double layer  (Vd), and the difference be-  
tween the Fermi  level and the conduction band (EF 
-- Ec);  to put  Vfb on a scale relat ive to a given ref- 
erence electrode using the absolute EA (in eV), a 
constant  term, Eref, usual ly 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 (28), can then be wr i t ten  

EA Eref ( E F  -- Ec) 
Vfb : . . . . .  (VH + Vd) + [I] 

e e e 

Taking EF -- Ec as 0.1.0 eV, Eref "~ 4.75 eV, and as- 
suming a negligible drop across the diffuse double 
layer  (Vd ,-, 0) this can be wri t ten  

EA 
Vfb(V) __~ -- 4.7 -- VH [2] 

e 

The values of Vfb for CdS and CdSe in NaOH and in 
the presence of S 2- taken from various sources are 
shown in Table II. The Vfb values for CdS and CdSe 
in sulfate media are independent  of pH (4, 27) and 
the relat ive values agree quite well with those pre-  

Table II. Characteristic data for CdS and CdSe 

V f b  V f b  
(0.1 M (1.0M E~t d E~e EAr 

N a O H )  N a ~ )  ( e V )  ( e V )  ( e V )  

(V vs. SCE) 

C d S  - 0.90 a - 1.4 a 5.90 2.46 4.67 
- 0 .80  b - -  1 .42  c 

C d S e  - 0.70~ - 1.45a 5.78 1.68 4.94 
- 1.34 c 

F r o m  R e f .  ( 4 ) .  
b F r o m  R e f .  (4)  a n d  (27) .  
c T h i s  w o r k .  
d F r o m  R e f .  (28) ,  c a l c u l a t e d  u s i n g  t h e  f o l l o w i n g  P a u l i n g  e l e e .  

t r o n e g a t i v i t i e s  ( X , ) :  Cd,  1.7; S, 2.5; Se ,  2.4. 
e F r o m  R e f .  (28) 

C a l c u l a t e d  u s i n g  Eq.  [4].  

dicted from Eg and the intr insic Fermi  level (EF i) 
calculated by Nethercot (28) from electronegativities. 
In  the lat ter  case EF i is calculated from the Paul ing  
electronegativities for the atoms A and B (XA and XB) 
using the equation (28, 29) 

Ev i : 2.86 (XAXB) V2 [3] 

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

EA : EF i -  Eg/2 [4] 

Calculated EA values are shown in  Table H. When 
these values are used in  Eq. [2], a VH of about 0.9 
(_+0.1)V is obtained for both CdS and CdSe in the 
NaOH medium. The addit ion of S 2- causes the Vfb 
values to shift toward negative values by about 0.SV 
for CdS and 0.7V for CdSe (4) presumably  because 
specific adsorption of S 2- 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  Vfb with composition could be 
ascribed to changes in the EA or specific adsorption 
(VH). The fact that  the same sort of ma x i mum of 
Vfb with composition is observed for NaOH solutions 
in the absence of S 2- suggests that this variat ion 
can be a t t r ibuted to changes in the EA and that  the 
introduct ion of small  amounts  of CdSe into the CdS 
lattice yields a mater ial  with a significantly smaller 
EA. However it is also possible that the composition 
of the surface layer of these electrodes changes upon 
immersion or operat ion in the sulfide electrolyte 
medium. Under  these conditions a junct ion potential  
could arise between the surface layer  and the bulk  
semiconductor which would affect the observed Vfb 
values obtained under  i l lumination.  Investigations of 
the changes in the electrode surfaces by ESCA and 
Auger  electron spectroscopy are cur ren t ly  underw.ay 
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 Vfb. For i r radiat ion with Hght of 
energy equal to that of the bandgap the ma x imum 
efficiency, or the so-called open-circuit  voltage effi- 
ciency (15), is 

(Vredox - Vfb) e 
1]p,m (max) = [5] 

E~ 

Thus both the max imum output voltage and efficiency 
depend upon Vfb. When one considers the solar energy 
efficiency of a threshold semiconductor device the 
u l t imate  power efficiency, ~]uzt, depends upon the 
value of Eg [as given in Ref. (15), Eq. [2], and Fig. 
3]. Thus, considering the variat ion of both Vfb and Eg, 
the max imum (open-circuit  voltage) efficiency for 
solar i rradiat ion is ~]p.m(max) ~ult; typical curves 
showing the efficiency (for AM1 sunlight)  are given 
in Fig. 4. With these curves and the Vfb and Eg values 

0 0.4 o.s *.2 x.s z.o 2.4 2.s 3.2 
Eg (ev) 

Fig. 4. Maximum solar efficiency (AM1 sunlight) for various values 
of Eg and (Vre~ox - -  Vfb). Values of ~ult 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 S 2- ,  S ~ -  electrolyte. 

of the var ious  CdS-CdSe  mix tures  a plot  of m a x i m u m  
solar  efficiency as a funct ion of composit ion can be 
der ived  (Fig. 5). The resul ts  suggest  that  the add i -  
t ion of only  a smal l  amount  of CdSe grea t ly  improves  
the m a x i m u m  efficiency of a CdS electrode.  Al though  
the efficiency in this case is smal le r  than  that  of 
CdSe alone, this pr incip le  when appl ied  to other  sys-  
tems could, by  sui table  manipu la t ion  of Vfb and Eg, 
y ie ld  h igher  efficiencies than  the pure  compounds.  

Solid solutions such as ( x ) C d S  (1 --  x ) C d S e  m a y  
also be ut i l ized in p repar ing  a film elect rode wi th  
a g rad ien t  composition, i.e., an increasing CdSe con- 
tent  wi th  depth.  This would al low one to take  ad-  
van tage  of the  negat ive  shif t  in Vrb at the  solut ion 
interface  (wi th  high CdS content ) ,  and to absorb a 
g rea te r  f ract ion of the visible spec t rum fur ther  into 
the  space charge  region (wi th  the h igher  CdSe con- 
ten t ) .  Work  is cu r ren t ly  being car r ied  out in our 
l abo ra to ry  to improve  the conduct ivi ty  of the  pel lets  
and  ex tend  the concept  of so l id-s ta te  solutions to 
other  semiconductor  systems. 
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