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Summary 

The spectral dependence of absolute quantum efficiency for chemically 
deposited cadmium sulphide thin-film electrodes in 1 M NaOH: 0.1 M 
Na$:O.l M S, is reported. A peak quantum efficiency of 1.75 X 10m2 is 
observed at X = 560 nm. The diffusion length of minority carriers has been 
calculated from Gartner’s photocurrent equation. The light intensity depen- 
dence of the short-circuit current (J,) was linear, whereas the open-circuit 
voltage (V,,) showed a [log 1J2 variation. Reasons for observed low values 
of V,, and J,, are discussed. 

Introduction 

Cadmium sulphide (CdS, E, = 2.42 eV) has become a prominent solar- 
cell material following the first reports in 1954 of its photovoltaic behaviour 
[ 1,2]. Furthermore, CdS is one of the most widely studied semiconductors 
in thin-film form. A variety of techniques has been developed to obtain 
good quality films for use in solar cells. Among them, the solution-growth 
procedure is relatively simple and effective. It was first used for the prepara- 
tion of CdS thin films with dopants such as Ag, In, Cu, and Zn on a variety 
of substrates for photoelectrochemical (PEC) cell applications [ 31. In later 
years, the technique became popular for the fabrication of CdS photoelec- 
trodes [4 - 91. The methods of chemical-bath deposition and of spray 
pyrolysis [14 - 181 for the preparation of thin films for solar-cell applica- 
tions have been recently reviewed [lo, 111. Other preparative methods 
include electrodeposition [12,13] and screen printing [19, 201. 

A fund of information on CdS as a solar-cell material is available in 
the literature (e.g., ref. 21). Pioneering studies on the basic principles of 
PEC cells have been conducted by Gerischer [22]. Ellis et al. [23] studied 
the stability of CdS electrodes in alkaline polysulphide electrolyte. In a 
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recent communication, photoelectrochemical investigations into poly- 
crystalline CdS films on SnO, substrates prepared by the chemical precipi- 
tation technique have been reported [24]. The work reported here is an 
extension of these studies. 

Experimental 

Thin films of iridium-doped CdS were prepared on tin oxide (Sn02)- 
coated glass plates by a chemical precipitation technique at 75 “C using 
CdClz and thiourea in alkaline medium. The films were vacuum annealed 
at 375 “C for 30 min. Photoelectrochemical studies were performed on 
these electrodes using the procedure reported previously [24]. 

Results and discussion 

Scanning electron microscope (SEM) and X-ray diffraction (XRD) 
studies showed the annealed CdS films to be polycrystalline. The experi- 
mental d values agreed with standard d values for hexagonal CdS. The film 
on the SnOz substrate was 1.5 pm thick and had a darksheet resistance 
of 25 - 50 ohm per square. By contrast, films on plain glass substrates 
showed values greater than 20 MS2. 

The variation of forward dark current with voltage was found to be 
exponential, as verified from the log J uersus V plot (Fig. 1). The latter 
showed two slopes (marked I and II in Fig. 1). Using Schottky barrier 
theory [25], extrapolation of the two straight-line portions to the log J 

-3.15 

- 3.35 

-3.55 

-3.75 

h 
Qa -3.95 
2 

4.15 

VOLTS vs. SCE 

Fig. 1. Log J us. V plot under cathodic bias for CdS PEC cell in the dark. 
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axis at V = -0.7 V (zero bias) gave exchange current densities (Jo) of 1.38 X 
10m6 A cm-’ and 7.76 X 10e6 A cmv2 for the low-voltage (region I) and high- 
voltage (region II) regions, respectively. The corresponding values of the 
junction ideality factor (n) were 1.86 (region I) and 2.62 (region II). The 
barrier height at the CdS-electrolyte interface was found to be 0.67 eV 
and was obtained using the equation: 

Jo = A*T2 exp(-Vt$,/kT) (1) 

where A* is the Richardson constant, 20 A cmm2 K-l [26]. 
Log J uersus V curves with two slopes have been reported earlier [27] 

for spraydeposited Cu,S/CdS heterojunction cells and it was observed that 
the high-voltage slopes were temperature independent, while the low-voltage 
slopes showed only a weak dependence on temperature. The present data, 
however, are insufficient to explain the temperature-dependent behaviour. 
Further, the rise of forward dark current with,electrode potential in Fig. 1 
is 244 mV (log 4-l over region I and 187 mV (log 4-i over region II. This 
is far from the ideal (viz., 60 mV (log 4-l) behaviour expected for semi- 
conductor electrodes [ 281. The non-ideal behaviour of the junction is also 
evident from the high values obtained for IZ. II = 1 denotes an ideal Schottky 
junction formation; n = 2 suggests that generation-recombination processes 
are dominating the current transport in p-n junctions [25]. In semicon- 
ductor-electrolyte junctions, II can be > 1 due to the presence of thin 
insulating films at the electrode surface [29]. Indeed, ideality factors as 
high as 14 have been reported on mechanically damaged CdS electrodes 
due to the presence of a high density of surface states [ 301. 

The spectral distribution of absolute quantum efficiency (determined 
from the photocurrent measured at each wavelength) is shown in Fig. 2. 
The quantum efficiencies are poor, and the peak value occurs at X = 560 nm. 
The results also indicate considerably better response for X > 540 nm in 
the sub-bandgap region. The data of Fig. 2 can be used to determine the 
value of the diffusion length of the holes according to the following theory. 

From Gartner’s photocurrent equation [31] for a metal/semiconductor 
junction, and neglecting the term contributing to the dark current, one 
can arrive at the following simple equation: 

(Q.E.)-’ = (oLLJ1 + 1 (for CrW 4 1) (2) 

where: Q.E. is the quantum efficiency, which is defined as the number of 
electron-hole pairs collected per incident photon; (Y is the optical absorption 
coefficient in cm- l; L, is the diffusion length of holes in cm; W is the 
depletion width in cm. 

In the present case, W (from capacitance measurements) was found 
to be 44.34 A for a band bending of 1 V with respect to the dark equi- 
librium potential [V, = -800 mV (SCE)] of the electrode. From optical 
absorption studies, the absorption coefficient cy was found to be - lo3 
cm-i over a range of 500 - 600 nm. Hence, the product aW was very much 
less than 1 and the required condition for eqn. (2) was satisfied. A plot of 
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Fig. 2. Variation of absolute quantum efficiency 
CdS PEC cell. 

with wavelength of incident light for 

(Q.E.)-’ uersus CY-’ is shown in Fig. 3. The diffusion length of the holes, 
L,, was calculated from the slope and was found to be 0.0022 pm or 22 A. 
This value is very much lower than the 0.13 pm (1300 A) reported for 
vacuum evaporated films or 0.41 pm (4100 a) for spray deposited films 
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Fig. 3. Variation of inverse quantum efficiency (Q.E.) with reciprocal of optical absorp- 
tion coefficient ((u) of the CdS film. 
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[32]. Jastrzebski et al. [33] reported that in the event of a high order of 
surface recombination, the effective diffusion length is reduced from the 
bulk value, Lo, to Leff according to the following equation: 

L& = Lo2(l - $j-) =&--Z/Lo) (3) 

where s is the reduced surface recombination velocity and is equal to SL,/D, 
where D is the diffusion coefficient and S is the surface recombination 
velocity. 

For excitation at the surface, 2 will be 0. Assuming Lo = 0.41 pm 
WI, and Leff = 22 A (Fig. 3), s was found to be 3.47 X lo4 cm s-l. The 
actual value of the parameter, S, in the absence of reduced diffusion length 
would be 1.27 X lo4 cm s-r, assuming the value of D to be 0.15 cm2 s-r 
1341. 

The intensity variation of the short-circuit current density (J,,) is 
shown in Fig. 4 in terms of a plot of log J,, uersus IL, where IL is expressed 
in mW cme2. It can be seen that the relationship is linear with a slope of 
0.40. The dependence of the open-circuit voltage (V,,) on log I,. is shown 
in Fig. 5. The slope d V,,/d log IL is less than 60 mV (log I&l and is not 
constant over the intensity range studied. V,, is proportional to IL at very 
low intensities and to log IL at moderate intensities according to the fol- 
lowing equation [ 291: 

nkT 
(d V,,/d In In) 1 + pg(vO,-vfi)-l =- - 1 nkT 

q 

Equation (4) shows that if V,, - I$., % nkT/2q, V,, is expected to vary 
linearly with log I,, the slope d V,,/d log IL being -2.3 nkT/q or 60 mV 

I L , mW cni* 

Fig. 4. Dependence of short-circuit current (.I*,.) over light intensity (iL) range 1 - 60 mW 
cm-‘. 
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Fig. 5. Variation of open-circuit voltage (V,,) with log IL over intensity range 1 - 60 mW 
cmv2. 

for n = 1. For a single crystal CdX (X = S, Se or Te)/liquid junction, values 
in the range 60 - 120 mV (log IL)-r have been reported [23], whereas with 
polycrystalline CdS films, values as high as 230 mV (log IL)-’ [12] and 
750 mV (log IL)-’ [15] have been cited. 

The intensity dependence of J,, and V,, can be combined to form 
Fig. 6 which shows a plot of V,, against log JS, according to eqn. (5): 

J,=J,eap(s -1) (5) 

The slope of Fig. 6 gave a value of n of 1.21. Compared with the ideality 
factors obtained from Fig. 1, the decrease in value may be ascribed to an 
overall decrease in the series resistance of the cell contributed by the photo- 
conductivity of CdS. 

The data of Fig. 5 are replotted in Fig. 7 as V,, uersus (log IL)2 where 
IL is in W cmw2. According to Reiss [35], the photovoltage for an illumi- 
nated reverse biased semiconductor (E, > 3 eV) is given by 

IPI, 

I 

2 

V OC z-v, + u:&_ - - 
%ND(l + +I) 

(6) 

That is, V,, is proportional to (In IL)2. The present results (Fig, 7) obeyed 
the above relation although the band gap is smaller than the specified value 
of 3 eV. The deviation from the usual logarithmic relationship (and ac- 
cording to which V,, is proportional to IL at moderate light intensities) 
is due to the dependence of the depletion width (W) on IL, namely, 
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13 I I I I I I 
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V oc , mv 
Fig. 6. Intensity dependence of short-circuit current (Jse) and open-circuit voltage (V,,) 
where V,, varies according to : 

Illumination intensity (mW cm-*): 1, 10; 2, 3.3; 3, 5.4; 4, 6.3; 5,10.5; 6,12.8; 7, 21.0; 
8, 30.0; 9,42.0; 10, 58.3. 

0 1 2 3 5 6 7 a 9 

1 log I, ? , IL in W cnY2 

Fig. 7. Data of Fig. 5 replotted to show variation of V,, ‘with (log IL)*, thus demon- 
strating the validity of Reiss’s law (see text). 
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(7) 

where K* is a constant. According to eqn. (7), V,, uersus ln IL goes through 
a maximum at the flat-band potential. At the highest intensity used in the 
present studies (i.e., 58.35 mW cmb2), however, no such maximum was 
observed (Fig. 5). On the other hand, the slope of d V,,/d(logIL)2 (Fig. 7) 
was found to be 75 mV (log I&l and is in good agreement with the value 
of 71 mV (log I&r calculated from eqn. (4) using n = 1.21. 

The power output characteristics of the electrode at an illumination 
of 58.35 mW cm-? are shown in Fig. 8. The results give: V,, = 175 mV, 
J = 0.08 mA cme2, and a fill factor (FF) = 0.25. These values are com- 
p&d with those of other studies in Table 1. The data include the PEC 
parameters of chemically precipitated CdS on Sn02, Ti, and stainless steel 
substrates, though under different experimental conditions of redox con- 
centration, incident light intensity, and doping level. 

0.085 

0.068 

h 

0.017 

0 

58.35 mW cni2 

V,mV 

Fig. 8. Output power curve of CdS PEC cell obtained at 58.35 mW cmm2 tungsten- 
halogen illumination. 

(i) The value for VI, (175 mV) is close to that (154 mV) calculated 
from eqn. (5). 

(ii) The low value of Jm is largely due to the extremely small hole 
diffusion length (I&,), viz., 22 A. As a consequence, even though the penetra- 
tion depth of light (- 10 pm or lo5 A) is much larger than the depletion 
width (- 44 A), the carriers generated beyond 66 A (i.e., a distance of 
W + Lp) do not contribute to the photocurrent. Diffusion lengths in single 
crystal CdS are in the region 3 - 7 pm (3 - 7 X lo4 A) [8]. Considering this, 
the present value of diffusion length, i.e., 22 A, is extremely low. 

Conclusions 

For chemically deposited cadmium sulphide, the dark J-V charac- 
teristics showed a non-ideal junction formation, as witnessed by large values 
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for the exchange current and the ideality factor. Spectral response studies 
indicated a low hole-diffusion length and a large surface recombination 
velocity. As a consequence, the photocurrent is small. The open-circuit 
voltage (V,,) is low because of the high exchange current density. The 
light intensity dependence of V,, on (log IrJ2 was found to be in accordance 
with Reiss’s law. 
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List of symbols 

A* 
D 

Dll 
d 

4 
FF 
I 

IL 

J 

Jo 

JSC 
k 
kT 

LP 
Lo 
L eff 

k 

9 

Q.E. 

S 
S 

T 

Richardson constant for the dark current in Schottky barriers 
Diffusion coefficient 
Diffusion coefficient of electrons in p-type material 
Interplanar spacing 
Bandgap energy 
Fill factor 
Current 
Intensity of illumination. 
Current density 
Exchange current density (reverse leakage current density in Schott- 
ky barriers) 
Short-circuit current density 
Boltzmann constant 
Thermal energy 
Hole diffusion length in n-type material 
Bulk diffusion length of holes in n-type material 
Effective diffusion length for holes in n-type material in presence 
of surface recombination 
Ideality factor in dark current of Schottky barriers 
Donor impurity density 
Magnitude of electronic charge 
Quantum efficiency defined as the number of electron-hole pairs 
collected per incident photon 
Surface recombination velocity 
Reduced surface recombination velocity 
Absolute temperature 

uo redox Standard redox potential 
V Voltage 
V oc Open-circuit voltage 
IGb Flat-band potential 
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W Depletion layer width 
z Range parameter, usually occurring in the measurements of electron 

beam induced currents in semiconductor junctions 
o! Optical absorption coefficient 

:E4 
Wavelength 
Barrier height in Schottky barriers 

G Permittivity of free space 
G Static dielectric constant 
Erm Micrometre 
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