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Abstract. Thin films of CdTe have been obtained by electrodeposition in the presence of tartaric acid on fluorine-
doped tin oxide (FTO)-coated glass substrates, under a constant voltage of 1.40 V. In order to determine the 
deposition parameters of CdTe, cyclic voltammetry has been performed. The films were annealed at Т= 200 oС, Т= 
300 oС, Т= 400 oС and Т= 450 oС, in air atmosphere. The X-ray diffractograms show that the films obtained at 90 oC 
are nanocrystal with cubic structure and with grain size of 6 nm. The thermal treatment of CdTe films contributes to 
grain growth and obtaining polycrystalline films. Atomic Force Microscope shows that the films are smooth and 
uniform with columnar grains. The optical properties of the CdTe films have been investigated by measurements of 
wavelength-dependent transmission. The optical band gap of as-deposited films is 1.48 eV and is decreasing up to 
1.45 eV, for films annealed at temperature of 300 оС, and increasing again at temperature of 450 оС. Lastly, SnO2-
CdS-CdTe-electrolyte-graphite type photoelectrochemical solar cells have been made, using the 0.1 М NaOH-Na2Sx 
electrolyte. From the measured current-voltage characteristics, open circuit voltage of Voc= 500 mV and short circuit 
current of Isc= 1.2 mA/cm2 have been determined. 
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1. INTRODUCTION 

Lately, photoelectrochemical cells, which possess 
certain advantages over cells with p–n junction, are 
more and more attractive. Photoelectrochemical cells 
can be deposited on large area, defects in the crystal 
structure of individual layers are not significant, and 
their efficiency approaches diode solar cells [1]. Lately, 
materials that do not harm the environment 
ecologically are researched, yet solar cells based on 
CdTe are efficient and stable [2, 3]. CdTe is a 
semiconducting compound used in the production 
process of PV, due to the high value of the absorption 
coefficient and the optimal width of the band gap of 1.5 
eV. CdTe in the shape of thin film can be 
polycrystalline or nanocrystalline, which can contribute 
towards the change of its characteristics [4]-[6]. 
Different methods are used for the preparation of thin 
films of CdTe, including electrodeposition [4], [7], [8], 
magnetron sputtering [9], [10], thermal evaporation 
[5], [11], close space sublimation [12] - [14] and others 
[15], [16]. 

Semiconducting detectors of X-ray and radioactive 
emissions are attractive to medicine and nuclear 
medicine [17]. It is important to develop digital 
emission detectors that will have great sensitivity and 
resolution in comparison to gas and scintillation 
detectors. For that purpose, semiconducting detectors 

of CdTe and CdZnTe are researched, and they should 
detect X-ray and gamma radiation. 

Previous studies have been directed towards 
obtaining detectors with an absorption layer of CdTe, 
created on the basis of the existence of a p-n transition 
and electrodes for collecting the generated carriers. 
However, photoelectrochemical cells have recently 
appeared, where for transfer of holes liquid electrolyte 
or electrolyte in liquid state is used [18] - [22]. 

2. MATERIALS AND METHODS 

Before a thin film of CdTe is deposited, a thin film 
of CdS is deposited over substrates of SnO2, with 
resistance of 20 Ohms/square. CdS thin films were 
obtained via chemical bath deposition of alkaline 
aqueous solution CdCl2 that is complexed with NH4OH 
of the thiourea that helps in obtaining sulfur anions, 
and the reaction takes place in the presence of NH4F as 
a buffer. The CdS films that were deposited after 5 
minutes are thermally treated in air at a temperature of 
400 oC [23] for better crystallization. 

Cadmium telluride thin films were deposited via 
the method of electrodeposition on substrates with a 
SnO2 layer and substrates with SnO2-CdS layers. For 
electrodeposition of CdTe, an aqueous solution of 
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cadmium sulfate, tellurium dioxide and tartaric acid is 
used. 

For that purpose, the water solution was composed 
of 0.2 M CdSO4 and 0.8 mM Na2TeO3, while the 
solution temperature was 90 °C and the acidity of the 
solution was adjusted using tartaric acid, to the value of 
pH = 2. Transparent conductive film of SnO2 deposited 
on glass and substrates with layers of SnO2-CdS was 
used for working electrode, whereas a graphite rod was 
used for the counter electrode. The voltage of the 
working electrode opposed to the one of the counter 
electrode was -1.4 V and it was maintained constant 
during the deposition. The time of deposition was 10 
minutes on SnO2 substrates and 1.5 hour on substrates 
with layers of SnO2-CdS. CdTe thin film was obtained 
by electrodeposition, and in the cathode the following 
reaction took place [24]: 

OH2TeCd2H3HTO2Cd 2
2

2    (1) 

The films electrodeposited for 10 minutes on SnO2 
substrates and 1.5 hour on substrates with layers of 
SnO2-CdS have good adhesion, uniform and without 
holes  . 

CdTe thin film deposited by electrolysis on SnO2 
substrates was thermally treated in air at temperatures 
of T = 200 ° C, T = 300 °C, T = 400 °C and T = 450 °C, 
in order to examine the influence of temperature on its 
structural and optical properties. On the other hand, 
CdTe film obtained by electrodeposition on substrates 
with layers of SnO2-CdS was thermally treated in air at 
a temperature of T = 400 °C. 

For the characterization of the chemical reactions 
during CdTe electrodeposition, a cyclic voltammetry 
was created using two electrodes, wherein SnO2 film 
was used as the working electrode and a graphite rod 
was used as the counter electrode. Additionally, for 
measuring the I-V characteristics, PM 8272 XYt 
Recorder Philips and Wavetek Model 134 Sweep 
Generator are used. 

The crystal structure of the films was studied using 
X-ray diffraction (XRD) measurements obtained with a 
Rigaku Ultima IV powder X-ray diffractometer, for 2θ 
in the range of 20°–70°. As a radiation source we used 
Cu-K radiation with  = 0. 15418 nm, obtained from a 
generator set at 40 kV and a current of 40 mA, with a 
scan rate of 2 °/min. The optical transmission spectra 
of the deposited thin films of CdTe was determined 
with a Varian Cary 50 spectrophotometer in order to 
determine the band gap energy, within the range of 
400–900 nm.  

The AFM images of the surfaces of the films were 
taken with a Scanning Probe Microscope SPM-9700 
operating in dynamic mode. 

Photoelectrochemical cell type SnO2-CdS-CdTe- 
electrolyte-grafite was made using semiconducting 
electrode SnO2-CdS-CdTe and graphite counter 
electrode, while for the electrolyte an aqueous solution 
of 0.1 M NaOH and 0.1 M Na2Sx was used. For lighting 
the photo electrochemical cell, the GRAFOSKOP-Š8 
650, whose intensity is measured with the LUX-UV-IR 
Meter 666 230 light meter, was used. The cells are 
illuminated from the front side of the glass-SnO2-CdS-
CdTe- electrolyte-grafite, which is near to the edge of 
the civet. To measure the I-V characteristics of photo 
electrochemical cells, we used a function generator 

Iskra MA 3732, and then the cell is serially bound to 
the voltage source and the standard resistor, while the 
current and the voltage are measured using the PM 
8272 XYt Recorder Philips. 

3. RESULTS AND DISCUSSION 

For the characterization of the conditions, the 
electrodeposition of CdTe films is made of cyclic 
voltammetry of aqueous solution of 0.2 M CdSO4 and 
0.8 mM Na2TeO3, with the solution temperature at 90 
°C and pH = 2. The voltage between the working 
electrode (SnO2 film) and the counter electrode 
(graphite) was changing from +1.82 V to -1.82 V, at a 
scan rate of 40 mV/s [4], [25]. Figure 1 shows that 
cadmium starts to deposit at cathode voltage of -0.90 
V, while the cathode voltage of -1.4 V plateau occurs 
and therefore the latter was elected as the voltage for 
the electrodeposition of CdTe film. In fact, during 
deposition voltage of -1.4 V, a reduction of Cd2+ and 
Te4+ ions at the cathode occurs, and, as a result, a CdTe 
film starts creating on the cathode [25]. 

 
Figure 1. Cyclic voltammetry of as-deposited CdTe thin film 

The crystal structure and composition of CdTe thin 
films were determined by x-ray diffraction spectra 
(Figure 2), which showed that the films obtained at 90 
oC are nanocrystalline with cubic structure, while the 
annealed films are polycrystalline with a cubic 
structure. Since the films were deposited on the SnO2 
film, the XRD spectrum shown in Figure 2 is compared 
to the diffraction spectrum of CdTe given on the JCPDS 
card 75-2086. Peaks that are not shown on the card 
refer to the diffraction spectrum of the SnO2 film and 
in order to be distinguishable they are marked in 
Figure 1. From the XRD diffraction pattern it can be 
concluded that at 2θ = 23.76 ° the highest peak is 
obtained, while it is a reflection of crystallographic 
plane (111) and the other peaks of 2θ = 39.29 °, 46.44 
°, 62.42 ° correspond to planes (220), (311), (331), 
respectively. Thermal treatment of a CdTe film at 
temperatures of T = 200 °C and T = 300 °C increases 
the height of the peak 2  = 23.76 °, while the T = 400 
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°C peak decreases and at T = 450 °C we have the 
highest peak compared to other temperatures. 

 
Figure 2. XRD pattern obtained from as-deposited and 

annealed CdTe thin films at different temperatures 

In Figure 1, one can determine the size of the grains 
D on CdTe thin films, which are as-deposited and 
thermally treated at different temperatures (Table 1). 
Depending on the height and width of the highest peak, 
the average size of the grains is determined and it is 
calculated using the Debye-Scherer relation [26]: 

θβ

λ.
D

cos

90
  (2) 

where  is wavelength,  is broadening of diffraction 
line measured at half-maximum intensity and θ is 
angle.  

 
Figure 3. AFM image of the surface of a CdTe film 

annealed at a temperature of 450 °C 

The morphology of films was determined by AFM 
(atomic force microscopy), whereby the film surface 

studied was 1 m x 1 m. The size of the grains 
determined by AFM images are in accordance with the 
results obtained from XRD measurements (Figure 3). 

For determining the optical band gap of CdTe thin 
films, measurements of the transmission in the 
wavelength range of 400-900 nm (Figure 4) were 
made.  

 
Figure 4. Transmission spectra of the CdTe thin films as a 

function to the substrate temperature 

Figure 4 shows that the transmission is sharply 
rising at wavelengths over 770 nm to 850 nm. This 
means that the value of the band gap of CdTe should be 
set in this range of wavelengths. 

However, for determining the width of the band 
gap and the type of transitions of the electrons between 
the valence and conduction band, it is necessary to 
determine the absorption coefficient (Figure 5), given 
by the relation [27]: 











Td
α

1
ln

1
 (3) 

The optical band gap is calculated using the 
relation: 

  n
gEhAh 2

1
   (4) 

where A is a parameter that depends on the transition 
probability,  is the absorption coefficient, h is the 
Plank constant, Eg is the optical bandgap energy,  is 
the frequency of photons and n is an index that can 
assume values of ½ for the direct allowed transitions. 
The optical bandgap Eg of the films can be determined 
by using a graphic presentation of (h)2 = f (h) and 
from the intersection of the straight part of the curves 
with the x-axis (Figure 6). 

The derived results show that the band gap Eg of as-
deposited and thermally treated CdTe film varies from 
1.45 eV to 1.48 eV, and it decreases with the increase in 
temperature to 300 °C, whereas over this temperature 
there is a trend of growth (Table 1). 
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Table 1. The estimated values of grain size and the bandgap 
energy as a function of substrate temperature 

CdTe D (nm) Eg(op) (eV) 
as- deposited 6 1.48 
200 °C 18 1.46 
300 °C 40 1.45 
400 °C 38 1.47 
450 °C 74 1.47 

 
Figure 5. Dependence of absorption coefficient versus photon 

energy, and as a function to the substrate temperature 

 

Figure 6. The dependence of (αh)2 on the photon energy (h) 
of the CdTe thin films at different substrate temperatures for 

direct allowed transitions 

The determination of the type of electrical 
conductivity of electrodeposited CdTe thin film is 
performed by measuring the voltage between the 
glass/FTO/CdTe-electrolyte (0.1 M Na2S2O3) and 
graphite. Depending on the difference of voltage of the 
PEC cell in dark and illumination of 100 mW/cm2 the 

type of CdTe thin film is defined. Figure 7 shows that 
the CdTe thin film is n-type when the voltage is higher 
than -0.85 V, while at voltage of 1.5 V, the CdTe thin 
film is close to stoichiometric semiconductor. For 
voltage exceeding 1.5 V the CdTe thin film becomes 
strong doped n-type [28]. 

 
Figure 7. The PEC signal of the as-deposited CdTe thin film 

Photoelectrochemical cells of the type SnO2-CdS-
CdTe-electrolyte-grafite were made, where an aqueous 
solution of 0.1M NaOH-0.1 M Na2Sx was used as the 
electrolyte.  

 

Figure 8. I-V characteristics of SnO2-CdS-CdTe-graphite 
solar cell 

For characterization of photoelectrochemical cell its 
I-V characteristics are measured in dark and light with 
light intensity of 50 mW/cm2 and 100 mW/cm2 (Figure 
8). In lighting, the SnO2-CdS-CdTe photoanode voltage 
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is higher than the voltage of the graphite counter 
electrode. 

Using the measured I-V characteristics, the 
efficiency of the cell is determined with the following 
equation [29]: 










AP

VIFF

AP

IV ocscmm  (5) 

where P is the intensity of the light, FF is the filling 
factor, A is the surface of the solar cell, Isc is the short-
circuit current and Voc is the open-circuit voltage. 
Furthermore, the filling factor is determined by the 
equation: 

scoc

maxmax

IV
IV

FF



  (6) 

where Imax is the maximum current and Vmax is the 
maximum voltage, in a particular point of I-V 
characteristic in which we have the maximum 
efficiency of the cell. When the lighting of the cell has 
the light intensity of 100 mW/cm2, the efficiency of the 
photo electrochemical cell is 0.12 %. The liquid 
electrolyte used in photoelectrochemical cell can be 
replaced with an electrolyte of solid CuSCN [15], which 
will contribute to the stability and durability of the cell 
and its use as a radiation detector. 

4. CONCLUSIONS 

CdTe thin film has been electrodeposited on glass 
substrates covered with a transparent conductive film 
of SnO2, at constant voltage of 1,40 V. XRD diffraction 
patterns of as-deposited and thermally treated films 
show that the films have a cubic crystal structure. The 
average size of the grains of 74 nm is greatest for films 
that have a thermal treatment at a temperature of T = 
450 °C. The optical band gap is reduced to a value of 
1.45 eV during a thermal treatment at a temperature of 
T = 300 °C, and higher temperatures increase it to 1.47 
eV. 

Photoelectrochemical cells of the type SnO2-CdS-
CdTe-electrolyte-grafite were made with the electrolyte 
0.1 M NaOH-0.1M Na2Sx. The efficiency of the cells is 
0.12 % and can be increased using solid electrolyte and 
thermal treatment of the layers at a temperature 
greater than T = 450 °C. 
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