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ABSTRACT 

The photoelectrochemical properties of cadmium chalcogenide (CdS1-xSex) active photo electrode / electrolyte interface have 
been examined. The active photo electrodes were prepared from the basic ingredients, using a chemical bath deposition 
technique. The composition parameter, x was varied from 0 to 1. The various photoelectrochemical solar cells have been 
devised and then characterized through their electrical and optical properties / responses. These properties were evaluated 
through their performance parameters such as open circuit voltage (Voc), short circuit current (Isc), series and shunt 
resistances (Rs and Rsh ), fill factor (ff %), efficiency ( %), junction ideality factor (nd), lighted quality factor (nL) and flat 
band potential (Vfb). The calculated values of these parameters revealed that the cell performance was enhanced for materials 
composition, x = 0.1 from 0.053 % to 0.125 %. The incremental changes in the performance parameters and consequently the 
enhancement in the cell performance have been explained on the basis of alterations (effect of thickness) in the photoelectrode 
properties.   
Keywords: Chemical method, Cd (S, Se) thin films, PEC performance, photoelectrode thickness. 

1. INTRODUCTION 
Our earlier studies revealed that the optimum composition for the best performance of a photoelectrochemical cell with 
CdS1-xSex photo electrode is x = 0.1, which is found to be dependent on the photosensitive electrode properties. 
Although the photoelectrochemical cell electrode with   x = 0.1 showed highest conversion efficiency, but it is below 
the reported values in the literature. i.e. photoelectrochemical cells formed with CuInS2, CuInSe2, CuIn (S, Se)2 etc. 
One of the major factors affecting the quantum conversion efficiency of a photoelectrochemical cell is the form of the 
photoelectrode material in which it has been used in a photoelectrochemical cell. In general, photoelectrochemical cell 
electrodes could be fabricated in different forms: single crystal, thin films, thick films or pellets etc. Single crystal 
electrodes are known to yield the highest conversion efficiency for a given material [1] - [3].  
This is because, amongst the other factors, thickness and the grain boundaries of the material are important parameters 
influencing the quantum conversion efficiency. Generally, the thickness of the electrode material should be 
approximately equal to the wavelength of the light corresponding to the band gap of the photosensitive material. This 
gives rise to maximum absorption of the light without any recombination [1] – [3]. As a general approximation, the 
thickness of the electrode material should not be too large, that causes loss of photo generated carriers and in turn a loss 
of the photocurrent. This decreases the conversion efficiency [1] – [3]. On the other hand, thickness should not be too 
small, because there would be an incomplete absorption of the incident photons by the material resulting in lower 
conversion efficiency [1] – [3]. Thus there will be an optimum thickness for which absorption of incident photons by 
the electrode material will be maximum. Further, an important criterion for achieving high conversion efficiency from 
the solar radiations is to have a photoelectrode material with large crystallite size, preferably in a hexagonal crystalline 
phase [2] – [4]. 
Increase in thickness not only enhances the crystallite size but can cause a phase transition from cubic to hexagonal, 
especially for chalcogenides of cadmium [2] – [4]. The larger crystallites inhibit photo-carrier losses due to grain 
boundary recombination and hexagonal phase has a higher photo-absorption and provides required stability against 
corrosive electrolytes in the photoelectrochemical cell configurations [2] – [4]. This paper presents an exhaustive 
account of the effect of photoelectrode thickness on the performance of a photoelectrochemical cell through its various 
performance parameters.  

2. MATERIALS AND METHODS 
2.1 Deposition of photoelectrodes of various thicknesses   
CdS1-xSex (x = 0.1) thin film electrodes of different thicknesses were deposited onto the glass as well as stainless steel 
substrates by following the deposition procedure mentioned as earlier. The electrode thickness was increased by 
repeating the number of depositions. Each time the layers were exposed to the fresh quantities of the reactants [5] – [8]. 
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The layer surface was cleaned after every successive deposition by double distilled water. The thickness was measured 
as usual. 

2.2 Fabrication of photoelectrochemical cells 
Photoelectrochemical cells of the configuration CdS1-xSex / electrolyte / C were fabricated with these photo electrodes of 
varying thicknesses. A graphite rod was sensitized in a medium concentrated CoS solution for 24 hours and then 
employed as a counter electrode. The distance between a photoelectrode and a counter electrode was of the order of 0.3 
cm. A rubber cork was used to air tighten the cell and to support both counter electrode and active photoelectrode.  
2.3 Measurements on the photoelectrochemical cell properties 
The photoelectrochemical cells comprising photo electrodes of various thicknesses were characterized through their I-V 
and C-V characteristics in dark and power output characteristics. The various performance parameters of these cells 
viz. nd, Id, nL, Voc, Isc, %, ff %, Rs and Rsh etc were studied. Additionally, the optical responses (photo & spectral 
responsivity) were also examined.  
 

3. RESULTS AND DISCUSSION 
The thickness of the CdS1-xSex electrode was increased by depositing layer after layer on the electrodes .For this; 
samples were retreated each time with fresh quantities of the basic reactants [2]-[3], [5]-[7], [10]. The as-deposited 
thicknesses of all these samples were measured as usual. It is seen that, initially, the thickness increased almost linearly 
with the number of depositions and then saturated as shown in Figure 1.  
 

 
 

Fig. 1. Variation of thickness with no. of layers. 
This behavior can be explained as follows [2]-[3], [5]-[7]. The kinetics of film growth suggests that growth of the film 
takes place either by ion by ion condensation or by adsorption of the colloidal particles from the solution [2]-[3], [5], 
[7], [11]-[12]. For the first layer, we observed thin, adherent, relatively uniform and specularly reflecting films, 
showing the film growth by an ion by ion condensation of the ions on the substrate surface [2]-[3], [5], [7], [11]-[12]. 
 
For successive depositions, the earlier layer provides enough nucleating centers and / or the foreign impurities of the 
same kind and the film growth proceeds further. As the thickness was increased, the film goes on diffusely reflecting 
showing the further growth by adsorption of the colloidal particles from the solution [2]-[3], [5], [7], [11]-[12]. If the 
numbers of depositions are increased further, the rate of adsorption of the colloidal particles on the substrate surface 
ceases and the electrode thickness tends towards saturation [2]-[3], [5], [7], [11]-[12].   
3.1 Current – Voltage characteristics  
The current -voltage characteristics in dark were therefore studied for all the PEC cells of various photo electrode 
thicknesses. It is found that the forward current increased rapidly with the electrode thickness whereas the reverse 
saturation current decreased [2]-[3], [5]-[6], [10], [13]. This may be partly attributed to: i) the reduced surface traps 
with increase in the thickness and ii) reduction in the path shortening through the micro pores in the electrode 
structure.  The reverse saturation current (Id ) for each of the PEC cells was then determined from these studies. It is 
observed that Id decreased with increase in the photo electrode thickness. The junction ideality factors (nd) were also 
determined from the slopes of log I vs. V plots and are cited in Table.  

Table 1.  Effect of the electrode thickness on performance of photoelectrochemical cell formed with CdS1-xSex  (x = 0.1) photo 
electrode. 

 
No. of layers t,  

nm 
nd   nL 

 
% 
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mV mV A/
m
2 

2 969 1.91 -735 298 438 1.48 0.50 

4 1342 1.87 -752 305 445 1.45 0.53 

6 1587 1.83 -769 321 453 1.41 0.55 

8 1748 1.80 -784 339 462 1.39 0.56 

10 1846 1.79 -805 351 472 1.37 0.57 

12 1863 1.78 -823 364 487 1.34 0.59 

 
3.2 Capacitance - Voltage characteristics 
The capacitance-voltage measurements were done on these cells to evaluate the flat band potential. The M-S plots were 
then constructed for PEC cells of different electrode thicknesses as shown in Figure 2.  

 
 

Fig. 2. Mott-Schottky plots of CdS1-xSex electrode of various thicknesses: a) t = 969 nm, b) t = 1342 nm, c) t = 1587 
nm, d) t = 1748 nm, e) t = 1846 nm and f) t = 1863 nm. 

 
The flat band potentials were obtained by extrapolating the steep portion of the curves on V-axis and their values are 
listed in Table 1. The increase in flat band potential may be due to the reduced dark current (Id) of the PEC cells [2]-
[3], [5]-[6], [8], [10].   
 
3.3 Power output curves 
The above PEC cells were further characterized through their power output characteristics under 20 mW/cm2 

illumination intensity. The short circuit current (Isc) and open circuit voltage (Voc) were measured as a function of the 
photo electrode thickness. It is found that both short circuit current (Isc) and open circuit voltage (Voc) increased almost 
linearly up to a photo electrode thickness of 1846 nm and then deviated from linearity for higher thicknesses. The 
power output curves were plotted as shown in Figure 3 and analyzed to give the quantum conversion efficiency ( %) 
and are cited in Table 1.   

 
 

Fig. 3. Power output curves of CdS1-xSex electrode of various thicknesses:  a) t = 969 nm, b) t = 1342 nm, c) t = 1587 nm, d) t = 
1748 nm, e) t = 1846 nm and f) t = 1863 nm. 

3.2 Thin film photoelectrode materials properties 
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3.2.1 The XRD observations 
The X-ray diffractograms of the typical electrode materials were obtained as usual. It appeared from the patterns that 
the crystalline nature has been found to be improved considerably when thickness is increased [3], [12]. The peak 
intensities have also been increased. The average crystallite size (D) was therefore determined for these electrodes and 
cited in Table 2.  
 

Table 2.   Influence of electrode thickness on various materials properties of CdS1-xSex (x = 0.1) photo electrode. 
 

No. of  

layers 

t, 
nm 

R. T. 
Conductivity, 

 
-1 cm-1 

s Crystallite 
Size, 

D 

Dark  

(d),   

x 10-6 

Light 

(L),  

x 10-4 

XRD 

A.U. 

SEM 

A.U. 

2 969 5.34 1.11 19.8 635 894 

4 1342 5.87 1.26 20.6 654 904 

6 1587 6.52 1.48 21.7 689 912 

8 1748 7.63 1.85 23.3 745 926 

10 1846 8.21 2.21 25.9 782 935 

12 1863 8.43 2.34 26.7 827 938 

 
It is found that the crystallite size has been improved, typically from 635 Ao to 827 Ao, with increase in thickness from 
969 nm to 1863 nm, respectively. This improvement in the crystallite size may be due to the enhanced growth of the 
crystallites as thickness is increased.  

3.2.2 Surface morphological observations  
The SEM micrographs of all photoelectrode thicknesses are obtained as shown in Figure 4.  
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Fig. 4. Shows SEM micrographs of CdS1-xSex electrode of various thicknesses:  a) t = 969 nm, b) t = 1342 nm, c) t = 1748 nm           
and d) t = 1863 nm. 

All the micrographs showed globular net like shapes with increased crystallite size as the thickness of the photo 
electrode is increased. Further, an inter granular space is also reduced [3]. The crystallite sizes are listed in Table 2. 

3.2.3 The photoconductivity studies 
The room temperature d. c. electrical conductivities in dark (d ) for different electrode thicknesses were measured. The 
electrode materials of various thicknesses were illuminated by a white light of intensity 20 mW/cm2, and the 
corresponding photocurrents were measured. For this purpose, the filters of different colours were introduced in the 
path of the incident light.  It observed that the photocurrent has been increased as the thickness is increased. From 
these photocurrents, the photoconductivity (L) values were calculated and listed in Table 2.  
Further, the materials sensitivity, s = (L-d)/d was also determined. It has been observed that the materials sensitivity 
has been increased with the photoelectrode thickness [14], which can be ascribed to the increase in crystallite size and 
decreased, inter granular spacing which in turn decreases the electrode resistance. 
It has been seen that the efficiency, fill factor and shunt resistance increased with the thickness of the photo electrode 
whereas series resistance decreased. The increase in Isc can be correlated to: first, the thicker films have increased 
photon absorbing volume contributing to the increased short circuit current [2]-[6], [14] and second, the increased 
photo electrode thickness increases the photoconductivity and in turn decreases series resistance of the PEC cells [2]-
[6], [15]. The increase in Voc can be correlated to the increased flat band potential and reduced dark current [2]-[6], 
[14]-[15]. The enhancements in the quantum conversion efficiency and fill factor are direct consequences of the short 
circuit current (Isc) and open circuit voltage (Voc). It is seen that an optimum performance with quantum conversion 
efficiency of 0.59% has been achieved with the photo electrode of thickness about 1863 nm. 
 

4. CONCLUSIONS  
The photo electrode thickness has a great impact on the PEC cell performance. It is seen that changes in the materials 
properties such as photoconductivity, crystallite size, carrier density, and mobility etc. act like a useful boost for the 
improved performance of an electrochemical cell.  
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