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In this paper we present some new investigations made on nanocrystalline cadmium 
sulfide thin films used as photoactive components in CdS/CdTe photovoltaic cells. The 
cadmium sulfide (CdS) thin films were deposited by method of thermal vacuum 
evaporation, from a single source, on ITO covered optical glass substrates of different 
thicknesses and electrical resistances. In order to improve the structural and chemical 
properties of the prepared films, post-deposition thermal treatments combined with 
chemical treatments based on CdCl2 vapors were performed on all samples. The 
transmission as well as the absorption spectra were recorded using a UV-VIS double beam 
spectrophotometer. From the absorption spectra, the optical band-gaps of the films were 
calculated. The structural characterization of the cadmium sulfide thin films was made by 
GIXRD (Grazing Incidence X – Ray Diffraction) for samples of different thicknesses. The 
morphological investigations were carried out by cross section SEM (Scanning Electron 
Microscopy) for a more detailed evaluation of the CdS thin films. Finally the 
investigations were completed with electric measurements of the obtained photovoltaic 
devices. 
 
(Received December 12, 2011; accepted December 20, 2011) 
 
Keywords: Thin films photovoltaics, Optical absorption spectrophotometry, GIXRD,  
                   Cross section SEM, Electric measurements.  

 
 

1. Introduction 
 
In recent years a significant interest is associated with the AII–BVI semiconductor 

compounds, due to their novel properties and large area of applications. Various  nanostructures 
made out from AII–BVI semiconductor compounds have been made, such as nanowires, nanorods, 
nanotubes, nanobelts, etc., with wide range of applications, especially in electronics and 
optoelectronics devices, where the techniques for the manipulation of the electrical and optical 
properties, doping and free carriers transport properties are intensely discussed[1-16].  

Among these semiconductor compounds, CdS is one of the widely studied materials [1–
10]. This material has many applications and from these applications we are interested in 
photovoltaic applications, in particular in manufacturing high efficiencies heterojunction 
CdS/CdTe solar cells. A substantial number of experimental efforts have been made so far in order 
to improve the efficiencies of these experimental cells [17–22]. However the efficiencies for the 
solar energy conversion are still relatively low, despite the theoretical calculations that suggests a 
maximum achievable efficiency of 30 % for CdTe solar cells. 

The increased interest for this kind of solar cells is also due to their use in space 
technologies, where a considerable amount of work has been done in characterizing various 
properties of CdS/CdTe photovoltaic cells after their irradiation with different ionizing radiations 
[23-25]. 
_________________________________ 
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Experimental details about the deposition conditions, post-deposition thermal and 
chemical treatments and characterizations are given in the next section. The experimental results 
and their discussions are presented in section 3 and in the last section the main conclusions of this 
work are summarized. 

 
       
2. Experimental details 
 
We prepared polycrystalline CdS thin films by thermal vacuum evaporation (TVE) 

deposition method. All the CdS thin films were deposited on ITO and IZO covered optical glasses 
as substrates. The CdS powder (Aldrich) sublimates at a deposition pressure of 3.2 x 10-4 mbar 
inside the deposition chamber, from a single quartz crucible heated at 740 °C. This crucible was 
covered with a quartz-wool plug in order to prevent the CdS powder sputtering during the 
sublimation process. The substrate temperature was maintained constant at 250 °C [26]. 

After the CdS thin films deposition, the samples were subjected to a thermal treatment 
consisting in heating at 350 °C in vacuum for 18 minutes. The aim of this post-deposition thermal 
treatment is to improve the structural and chemical properties of these thin films.  

In order to investigate the electrical properties of the entire photovoltaic device composed 
by CdS and CdTe thin films, a CdTe layer (thickness around 3.5 μm) were deposited, also by 
thermal vacuum evaporation in the same chamber, by sublimation of CdTe powder (Aldrich), 
when the quartz container was heated at 600° C [27]. The substrate was maintained at 250° C. The 
next technological step was again the thermal treatment, the whole structure being heated at 350° 
C for 18 minutes.  

After this thermal treatment, the ITO (or IZO) / CdS / CdTe / samples were subjected to a 
series of chemical treatments based on CdCl2 vapors. These chemical post-deposition treatments 
are very important for obtaining a good photovoltaic activity [28] as well as for improving the 
qualities of the components layers. Two kind of chemical treatments have been employed: a dry 
CdCl2 treatment, respectively, a wet CdCl2 treatment.  

During the dry chemical treatment, the CdCl2 powder (Aldrich) sublimated at a pressure of 
10-5 Torr inside the deposition chamber from the quartz crucible heated at 250° C, temperature of 
the samples (used now as substrates for CdCl2 vapors) being maintained constant at 100° C. As 
result of this evaporation a thin CdCl2 layer (approx. 80 nm thickness) was obtained. After the 
deposition of cadmium chloride layer the entire structure was heated at 200° C for 20 minutes. The 
wet chemical treatment was made by immersing the samples in CdCl2 solution (concentration is 
2.08 g of CdCl2 in 100 ml of methanol CH3OH) for about 7 seconds. After this immersion the 
samples were heated in vacuum at 375° C for 30 minutes.  

To complete the solar cell structure, a 50 nm copper layer and a 100 nm gold layer were 
deposited on top of the chemically treated CdTe layers, as back contacts. After the deposition of 
the copper layer an annealing treatment in vacuum at 150° C for 30 minutes was applied. Finally, 
after this procedure the gold layer was deposited (we used a silver paste to secure the electrical 
contacts to the electrodes). The active area of each solar cell was 0.4 cm2.  

The transmission as well as the absorption spectra were recorded using a double-beam 
spectrophotometer Perkin Elmer Lambda 35. The investigated spectral range was between 190 nm 
to 1.1 μm. For each sample the optical band gap values were measured directly from the 
absorption spectra. The structural properties for the CdS thin films were investigated using 
Grazing Incidence X–Ray Diffraction (GIXRD), using a Bruker D 8 Discover diffractometer.  

  The surface morphology for the CdS thin films were analyzed by Cross Section Scanning 
Electron Microscopy (Cross-Section SEM), using a Tescan Vega XMU-II microscope with 
secondary electrons as signal (the acceleration voltage was between 200 V up to 30 kV, the 
resulting magnification being from 3 x up to 500.000 x). The SEM had also an adjustable scanning 
speed between 160 ns / pixel to 10 ms / pixel. 

Finally, the electric characterizations regarding the dark current–voltage (I–V) 
measurements were done at room temperature using a 2400 Keithley Source Metter. The range of 
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the sweeping voltage across the samples is set using lab view software which is connected with the 
source meter. 

 
3. Results and discussion  
 
First thing to do was to investigate the crystallographic structure using the X-ray 

diffraction technique. In Figure 1 are the XRD spectra for CdS thin films of three different 
thicknesses: 125 nm, 185 nm and 245 nm, respectively.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1 – GIXRD spectra for CdS / ITO / optical glass: P1 = 125 nm, P2 = 185 nm, P3 = 245 nm   
 
 
 

The identification of crystalline phases for the deposited CdS thin films, was made by 
grazing incidence X – ray diffraction (GIXRD), using a Bruker D 8 Discover diffractometer, in 
parallel beam setting, with monochromatised CuKα1 radiation (λ = 1.5406 Å). We decided to work 
at grazing incidence (the incidence angle was set at 1.5°) in order to reduce the intensity of the 
radiation reflected (by diffraction) by the substrate. The scattered intensity was scanned in the 2θ 
range between 22 - 69°, with a step size of 0.08° at a rate of 1 second per step. 

As we can see from the Figure 1, structural GIXRD analyses for all CdS/ITO/optical glass 
samples indicated that their structure consist of a hexagonal ZnO type crystalline phase (würtzite 
phase), preferentially oriented in the (002) direction. This direction corresponds to the c – axis, 
which is, in this case, the direction with the highest growth rate for the CdS thin films. The (103) 
line can be also observed for all samples. 
Using Scherrer formula: 




cos

k
Dhkl         (1) 

where the shape factor k = 0.9, λ is the X – ray wavelength, β the line broadening at half the 
intensity maximum (in radians) and θ the Bragg angle, we can easily calculate the size of 
crystallites. Thus the crystallite’s size for the (002) direction was of almost 50 nm, as for the 
corresponding (103) reflection a size of about 15 nm was calculated. 
 For the surface morphology investigations we have used the Cross-Section SEM 
technique, using a Tescan Vega XMU-II SEM microscope. In order to perform this kind of 
analyses, we had to prepare more samples, different than the samples investigated by GIXRD. 
Those samples were: Sample 1 (S1) with the structure IZO coated optical glass / CdS/CdTe (dry 
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CdCl2)/Cu/Au, Sample 2 (S2) with the structure ITO (15 – 25 Ω / cm2) coated optical 
glass/CdS/CdTe(dry CdCl2)/Cu/Au and Sample 3 (S3) with the following material structure ITO 
(8–12 Ω/cm2)/CdS/CdTe (wet CdCl2)/Cu/Au. 
 The corresponding Cross-Section SEM images for each sample are presented in the Figure 
2. There are two rows, each row containing three SEM images (corresponding to each sample): the 
upper row contains SEM images recorded with a higher scanning speed, while the row below 
contains SEM images recorded with a smaller scanning speed. For images in the lower row the 
corresponding thicknesses for each layer are figured. 
 
 

         

          

         
 

Fig. 2 –Cross-Section SEM images for three samples:  
S 1 – left images, S 2 – central images, S 3 – right images   

   
 

As we can see the thicknesses for CdS layers are between 400 nm (sample S 3) to 540 nm 
(sample S 1), as for the CdTe the corresponding thicknesses are situated between 3.32 μm (sample 
S 3) up to 3.71 μm (sample S 1).  

We also can see from SEM images contained in the first row that the chemical treatment 
based on the use of CdCl2 vapors on CdTe thin films, does not produce any significant 
modification on the grain sizes, in this sense thermal treatments seems to be more important.  
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However, the chemical treatments based on the interaction between CdTe thin layers and 
CdCl2 reactive vapors, tends to lead at more smooth surfaces (for comparison, the left SEM image 
from the upper row correspond to S1 sample that has been chemically treated with dry CdCl2, as 
the right SEM image from the upper row correspond to S3 sample, which has also chemically 
treated, but using this time wet CdCl2 vapors). We expect that using multiple chemical treatments 
of the deposited CdS/CdTe photovoltaic structures, more rounded grain facets could be obtained. 

The optical properties of the CdS thin films were investigated using a double-beam 
spectrophotometer Perkin Elmer Lambda 35. We recorded both transmission and absorption 
spectra for the next samples: samples P1, P2 and P3 are the same samples investigated by GIXRD, 
with the material structure ITO coated optical glass/CdS and three different thicknesses (125nm, 
185 nm and 245 nm). Sample P4 has the structure IZO coated optical glass/CdS with the thickness 
185 nm. All spectra were recorded at room temperature. 

None of these material structures based on thin CdS films, were not subjected to any kind 
of chemical treatments using CdCl2 vapors. We wanted first to investigate their intrinsic optical 
properties (transmission and absorption properties) as window materials and then, after the 
deposition of CdTe p-type films, we start the chemical treatments procedures. 
   
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3 – The transmission spectra   
 
 

As we can see from the Figure 3 the optical transmittance for polycrystalline CdS thin 
films is higher than 60 % for all investigated samples. 
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Fig. 4 – The absorption spectra of CdS thin films   
 

The Figure 4 contains the absorption spectra of the four employed samples of CdS thin 
films, with the calculated values for the optical band gaps. Taking into account that CdS is a 
classic AII-BVI semiconductor compound with direct bands (direct transitions), the optical band 
gaps were relatively easy computed from the fundamental absorption region. We obtained values 
for the optical band gap between 2.3 eV and 2.34 eV, which are in good concordance with other 
reported results. 

The final part of this paper is devoted to electric measurements of the obtained 
photovoltaic cells. Two samples were investigated as follows: P1 sample has the structure ITO 
(15–25 Ω/cm2) coated optical glass/CdS/CdTe (dry CdCl2)/Cu/Au, while P2 sample has the 
material structure IZO/CdS/CdTe (wet CdCl2)/Cu/Au. 

The data were recorded using a 2400 Keithley Source Metter. The current-voltage 
characteristics of our solar cells treated in CdCl2 have been measured in dark light, at room 
temperature, in both forward and reverse bias conditions, as they are shown in Figure 5. As 
expected, the forward bias conditions lead to an increase of the current density with the positive 
voltage between the gold electrode with respect to the ITO front contact electrode.  
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Fig. 5. Current-voltage characteristics for: ITO/CdS/CdTe (dry CdCl2)/Cu/Au –left- respectively 
IZO/CdS/CdTe (wet CdCl2)/Cu/Au –right-    

 
 
 After obtaining these current–voltage characteristics we started a study of the CdS / CdTe 
interface which is responsible for photovoltaic properties of the investigated structures. In order to 
do this we used the modified Shockley equation [27,29] given by:  
 

   
sh

s
so R

IRV
+IRVβI=I


 1exp                 (1) 

 
where: I0 is the reverse saturation current, Rs – the series resistance and Rsh – the shunt resistance. 
Here β = q/nkT, where q is the electronic charge, n – the diode quality factor, k – the Boltzmann 
constant, and T – the absolute temperature. Starting from this equation we can easily compute the 
differential resistance of the solar cell:  
 

  











sh
so

so

R
IRVI

R
dI

dV
R

1
exp

1


                            (2) 

 
 At high voltages, in forward bias, equation (1) becomes   so IRVII  exp  and then 

equation (2) simplifies to: 
 

R R
Io s 

1


                                                                (3) 

 
So, if we plot the dependencies of the differential resistance on the reciprocal of the current, at 
high voltages, the values for Rs and n parameters can be extracted (Figures 6 and 7).   
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Fig. 6 – Dependence of the differential resistance of ITO/CdS/CdTe/Cu/Au cell on the reciprocal of the 
current at forward bias 
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Fig. 7. Dependence of the differential resistance of IZO (AE2)/CdS/CdTe/Cu/Au cell on the reciprocal of the 

current at forward bias 
 
 
 
 At low voltages, where the current flowing through Rsh becomes important, equation (2) 
becomes 

shso RRR  . Since
shs RR  , it follows that R0 is essentially Rsh at low levels of 

injection.  
 On the other hand, the Shockley equation can be transformed as:  
 

      YI
R

Y
I o

sh

exp                                 (4) 

 

where: 
shR

Y
I  is the current flowing through the barrier and sRIVY   is the real voltage drop 

across it. After we plot the dependencies of 




 

shR
YIln  on the real voltage Y, the linear part of 

this graph was extended and, after removing the effects of series and shunt resistances, we 
determined the I0 and n values.  
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Fig. 8. The ln(I-Y/Rsh) vs f(Y) characteristics for ITO/CdS/CsTe/Cu/Au – left – and  
IZO/CdS/CdTe/Cu/Au-right- 

 
 
 The values for series and shunt resistances, the reverse saturation current and the quality 
diode factor were calculated and are presented in Table 1 below. 
 

Table 1– Parameters characterizing the CdS/CdTe heterojunction 
 

Parameter ITO/CdS/CdTe/Cu/Au IZO/CdS/CdTe/Cu/Au  
Rs (kΩ) 16.26 1.86 

Rsh (MΩ) 0.3 1 
I0(A) 2.19x10-9 3.38x10-7 

n 3.3 3.5 
 
 

4. Conclusions  
 
Good quality polycrystalline CdS thin films have been obtained using thermal vacuum 

evaporation technique. The XRD studies confirmed the würtzite type structure of these films with 
crystallites sizes from 15 nm to 50 nm. The optical studies showed high transmittances of CdS thin 
films while the band-gap values are between 2.3 eV and 2.34 eV. 

After these investigations entire photovoltaic structures ITO (or IZO) /CdS/CdTe/Cu/Au  
have been prepared and subjected to a complex series of thermal and chemical treatments. Cross-
section SEM studies showed that these post-deposition treatments lead to some improved 
morphological properties (more smooth surfaces and more rounded grain facets). 

From electric measurements and study of dark current – voltage characteristics the electric 
parameters (series and shunt resistances, the reverse saturation current and the quality diode factor) 
have been calculated for two kind of CdS/CdTe heterojunction solar cells.  

The complex mixture of thermal and chemical treatments applied on obtained CdS / CdTe 
photovoltaic cells leads to the increasing of the inter-diffusion between the CdTe and CdS 
semiconductors layers and therefore to the improvement of the CdS–CdTe heterojunction, so we 
expect this to lead to a significant increase in solar cell efficiency.  
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