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Electrodeposition of nanocrystalline CdTe thin films from an acidic sulfate aqueous electrolyte was
performed using different potential values to study the effect of the electrodeposition potential and
thermal and chemical treatments on the structure, morphology and optical properties of the resulting
films. Electrodeposition at -0.62 V(SCE) followed by heat and CdCl2 treatment was used to produce
CdTe films that showed a highly crystalline cubic structure, did not exhibit any free Te, had defined
grains and free cracks and were nearly stoichiometric with a band gap of 1.44 eV. The properties of
CdTe films were studied using X-ray diffraction (XRD), Raman spectroscopy, scanning electron
microscopy (SEM), energy dispersive X-ray, and UV-Vis spectroscopy. The J –V characteristic curve
of the CdTe/CdS solar cell was investigated under illumination intensity of 100 mW/cm2. Voc of 0.73
V, Jsc of 20 mA/cm2, FF of 50%, and η of 9% were measured for the solar cell based on CdTe film that
was electrodeposited at -0.62 V(SCE) and then treated by heat and CdCl2.

Keywords: Nanocrystalline CdTe; electrodeposition; CdCl2 and heat treatment, CdTe/CdS solar cell.

1. INTRODUCTION
Cadmium telluride (CdTe) has shown great promise for efficient, low-cost photovoltaic (PV)
solar cells [1]. CdTe thin film solar cells have shown stable long-term performance and high efficiency
[2]. CdTe has good properties as the absorber layer for the low cost photovoltaic cell [3] and has a
direct band gap (1.44 eV) that is near the optimum for photovoltaic solar energy conversion [4]. The
optical absorption coefficient of CdTe thin films is greater than 1 105 cm-1, sufficiently high to
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achieve a nearly full absorption of light for thicknesses below 800 nm [5-6]. CdTe has been prepared
using different techniques such as electrodeposition [7–8], closed-space sublimation (CSS) [9], spray
pyrolysis [10], screen printing [11], atomic layer epitaxy [12] and radio-frequency (RF) sputtering
[13].
Electrodeposition of CdTe has become a promising method for producing efficient thin film
solar cells. The optimization of CdTe thin film and CdTe/CdS interface properties with post-deposition
treatments is believed to play an important role in solar cell operation [14]. The CdCl2 activation heat
treatment is a critical processing step in the fabrication of high-efficiency CdTe-based solar cells. Due
to the CdCl2 activation heat treatment, CdTe films partially melt, re-grow and interface, the chlorine
diffuses from the surface to the interior of the CdTe thin film and defects begin to be reduced [15-17].
The K2Cr2O7:H2SO4 etching process leads to the removal of the oxide layer on the surface of CdTe [1].
In this paper, the structure, morphology, chemical composition and optical properties of CdTe
thin films electrodeposited at different potential values on CdS/ITO/glass substrates before and after
heat and CdCl2 treatment were studied by X-ray diffraction (XRD), Raman spectroscopy, scanning
electron microscopy (SEM), energy dispersive X-ray analysis (EDX) and UV-Vis spectrophotometer.
Additionally, the J-V characteristics under illumination were measured to determine the solar cell
characteristics and junction quality (Jsc, Voc, and η).

2. EXPERIMENTAL WORK
2.1. Methodology
ITO layer deposited on glass substrate
using sputtering technique (650 nm thickness, 15 Ω /□ & T% of 85-95 %)

Electrodeposition of CdS film on ITO/glass substrate (100 nm thickness, & Rsh of 2.89104 Ω /□)

Electrodeposition of CdTe film

Deposition of Mo-Contact
using sputtering technique

Fabrication of CdTe/CdS solar cell

Figure 1. Flow chart of the experimental work.
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The chart presented in Figure 1 explains the experimental procedure used in this work. Sodalime glass substrates coated with 650 nm Indium-Tin Oxide (ITO) layer deposited by sputtering
technique were used [18]. The substrates had a high transparency and a sheet resistance of
approximately 15 Ω /□. Acetone, methanol and distilled water were used as cleaning solutions in an
ultrasonic bath, and the samples were then dried under a stream of nitrogen. ITO glass substrates were
immersed for 30 sec in 0.1 M HCl etching solution in order to remove impurities and increase the
surface roughness and finally were washed in de-ionized water. CdS films were electrodeposited by
the galvanostatic method, as reported in [19].
As-deposited CdS films were treated with CdCl2:CH3OH (0.5% of CdCl2 by weight) solution.
CdS films were dried, heat treated at 400˚C in air for 15 min, rinsed with distilled water and dried with
nitrogen gas.

2.1.1. Electrodeposition of CdTe thin films
The CdTe thin films were electrodeposited by potentiostatic method from an aqueous solution
of 1.5 M of CdSO4.(8/3)H2O (Sigma Chemicals 99.97%) and 1 mM TeO2 (Aldrich Chemicals
99.995%) [8]. The pH was adjusted to 1.6 by adding H2SO4. The bath temperature was kept constant at
80 ˚C and the stirring rate was approximately 300 rpm. A three-electrode cell was connected to a
Wenking Potentio-Galvano-Scan (PGS 95). The reference electrode was a saturated calomel electrode
(SCE), the working electrode was the CdS/ITO glass substrate and the counter electrode was a
platinum sheet (2x2 cm2). The deposition bath temperature was 80 °C, and a deposition time of 2 hrs
was used to produce film thickness of about ~ 2 μm according to equation (1) [20]:

where d is the film thickness, J is the current density (mA/cm2), M is the molecular weight(g), t
is the deposition time (sec), n is the number of electrons, F is Faraday constant (96500 C) and ρ is the
CdTe density (5.85 g/cm3). The value of n is taken as 2, considering the conversion of Cd2+ to Cd in
CdTe.

The CdTe thin films were deposited at potential values of -0.6, -0.62 and -0.65 V (SCE) (Table
1).
The deposition of CdTe films on the cathode can be accomplished by the following reactions
[21]:
HTeO2+ +3H+ +4e- ↔ Te + 2H2O
(2)
2+
Cd + Te + 2e ↔ CdTe
(3)
The as-deposited CdTe film is n-type. The production of CdTe/CdS heterojunctions involved a
post heat treatment step that converted n-type to p-type. Some samples that were deposited at different
deposition potentials were heat treated at 400˚C in air for 15 min. Others were chemically treated using
CdCl2 solution and then heat treated at 400˚C in air for 15 min, followed by rinsing with distilled water
and drying with nitrogen gas. CdTe films were etched using an acidic K2Cr2O7 solution.
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Table 1. CdTe samples electrodeposited at different potential values.
Deposition potential V(SCE)

- 0.6

- 0.62

- 0.65

as-deposited
heat treatment
CdCl2 +
heat treatment
as-deposited
heat treatment
CdCl2 +
heat treatment
as-deposited
heat treatment
CdCl2 +
heat treatment

Sample
code
S1
S2
S3
S4
S5
S6
S7
S8
S9

The films were immersed for 2 sec in the etching solution, followed by rinsing again with
distilled water and drying with nitrogen gas. For fabrication of CdTe/CdS solar cell (as shown in
Figure 1), a molybdenum back electrode was deposited on the p-CdTe layer using a DC magnetron
sputtering machine (Hummer 8.1, USA) with a power of 50 W for 10 min.

2.2. Characterization
The structure, composition and morphology characteristics of CdTe thin films grown on the
CdS/ITO/glass substrate were investigated using XRD, Raman, EDX and SEM techniques. X-ray
powder diffraction measurements were performed using Shimadzu 7000 XRD, with CuKα radiation
(λ= 1.54 Å) generated at 30 kV and 30 mA with a scanning rate of 4˚ min-1 for 2θ values between 10
and 100 degrees.
The individual crystallite size (t) was calculated using Scherrer’s formula [22], as shown in
equation (4)
t = k.λ /B. cos θ
(4)
where k is the Scherrer’s constant, that is a reference value corresponding to the quality factor
of the apparatus measured with a reference single crystal and dependent on the crystallite shape (0.89–
0.9). λ is the X-ray wave length, B is the full width at half maximum (FWHM) or the integral width of
the diffraction peak and θ is the Bragg angle [23].
Raman spectra were obtained at the excitation wavelength of 532 nm (Senterra, Germany). The
surface morphology and surface homogeneity of CdTe thin films were investigated with scanning
electron microscopy (JEOL, JSM-6360 LA). Composition of solid phases was estimated by energy
dispersive spectrometry (EDX). The band gap energy (Eg) of CdTe films was calculated using
absorbance spectra measured using a double beam UV-Vis spectrophotometer under normal incidence
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in the 190 - 1100 nm wavelength range. Solar cell performance was characterized by the cell’s currentvoltage relationship under illumination. The current-voltage curve was determined using a solar
simulator (PET Photo Emission Tech., Inc. USA) and the values of Voc, Jsc, FF and η were measured.

3. RESULTS AND DISCUSSION
The properties of these films were studied as a function of the potentials, heat treatment and
CdCl2 treatment.
3.1. Structural analysis
3.1.1. XRD

(a)

(b)
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(c)

Figure 2. The X-ray diffraction patterns of as-deposited, heat and CdCl2 treated CdTe thin films
electrodeposited at different potential values of (a) -0.6, (b) -0.62 and (c) -0.65 V(SCE).
X-ray diffraction is used to analyze the formation of the crystalline phases. The X-ray
diffraction patterns of as-deposited, heat-treated and CdCl2-treated CdTe thin films on CdS/ITO/glass
are shown in Fig. 2.
For samples S1, S2 and S3, CdTe films had a strong preferred orientation at 2θ of 23.7˚
corresponding to the plane parallel to the (111) direction of the cubic zinc blende structure [4].
Moreover, principal diffraction peaks at 2θ of 39.3˚, 46.4˚, 62.3˚, 71.2˚ and 76.3˚ correspond to the
(220), (311), (331), (422) and (511) planes, respectively (according to JCPDS-015-0770), confirming
the high crystallinity of the CdTe films electrodeposited at -0.6 V (SCE) [8]. For sample S2, the
intensity of the main peak decreased and new peaks due to TeO2 and CdO were apparent (JCPDS-421365 and JCPDS-65-2908) [24-25].
After CdCl2 treatment (S3), the TeO2 and CdO peaks disappeared, and the intensity of the
(111) and (331) peaks decreased while the intensity of the (220) and (311) peaks increased.
Figure 2(b) showed the XRD results for the CdTe samples (S4, S5 and S6) electrodeposited on
CdS/ITO/ glass substrates at the potential of -0.62 V. For the S4 sample, all peaks of the CdTe cubic
zinc blend structure were obtained. After heat treatment (S5), no TeO2 or CdO peaks were observed.
The same spectrum was produced for sample S6, but the (111) peak intensity decreased, the (511) peak
disappeared, and intensities of all other peaks increased.
The effect of changing the deposition potential from -0.62 to -0.65 V(SCE) is shown in Figure
2(c). According to JCPDS file no 36-1452, the S7 sample structure contained both a cubic CdTe
structure and a free tellurium phase [26]. The (111) plane peak intensity of S7 was lower than those of
S1 and S4. The intensity of all peaks decreased after the heat treatment (S8). For sample S9, the
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intensity of the (111) peak as well as of the other peaks increased and the free tellurium phase
disappeared. Because of the CdCl2 treatment, the XRD peaks became sharper and more identified.
The calculated crystallite size of samples S3, S6 and S9 using Scherrer’s formula for (111)
plane according to equation (4) is shown in Figure 3. The crystallite size of the CdCl2 treated CdTe
films increased as the deposition potential increased from -0.6 V(SCE) to -0.62 V(SCE) and then
decreased at the deposition potential of -0.65 V (SCE).

Figure 3. Dependence of crystallite size on the deposition potential.

3.1.2. Raman analysis
The molecular structure and identification of phases in CdTe films were explored using Raman
spectra. The Raman spectra of different samples (Table 1) are shown in Figure 4. For all samples, five
energy peaks were observed at 120, 130, 140, 151 and 170 cm-1. The positions of all of the peaks are
very close to those reported by other researchers in the field [27-29].
Peaks at 170, 151 and 140 cm-1 were observed for all CdTe bulk crystals, . The peaks at 170
and 140 cm-1 correspond to the longitudinal (LO) and the transverse (TO) modes, whereas the peak at
151 cm–1 lies between the two modes [30]. The peak at 120 cm-1 is related to the TeO2 Raman
vibrational mode. The entire film area was tested point by point and showed no significant changes
among the different spectra, indicating a good homogeneity of the deposited film. For all samples, the
Raman spectra intensities were enhanced after the heat and CdCl2 treatments [31-32].
For samples electrodeposited at -0.6 V(SCE) (S1, S2 and S3), the appearance of the peak at 130
–1
cm for sample S3 is due to the vibrations in the tellurium inclusions [30].
For samples electrodeposited at -0.62 V(SCE) (S4, S5 and S6), the 130 cm–1 peak was reduced
gradually. This indicates that S6 contains a lower amount of free Te than S4 and S5, whereas by
increasing the electrodeposition potential to -0.65 V(SCE), the energy peak at 130 cm–1 once again
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became obvious and more intense after the heat and CdCl2 treatments. This result was in agreement
with the data previously obtained from XRD measurements.

(a)

(b)
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Figure 4. Raman spectra of the as-deposited, heat and CdCl2 treated CdTe thin films electrodeposited
at different potential values: (a) -0.6, (b) -0.62 and (c) -0.65 V(SEC).

3.2. Morphological analysis
Figure 5 shows the SEM images of all CdTe samples listed in Table 1. For as-deposited CdTe
samples at different potentials (S1, S4 and S7), small particles were aggregated and form well
connected grains [33] with the grain size decreasing with increased electrodeposition potential
magnitude. The SEM images also indicated that the growth process occurred predominantly by grain
growth and not through the layer by layer mode [21]. The heat treatment process reduced particle
aggregation in samples S2 and S8, but S5 still exhibited a granular structure closely grown on the
surface [34]. After CdCl2 treatment (S3, S6 and S9), the particle size was increased for samples S3 and
S9 and the grain size increased for sample S6. In general, the CdCl 2 treatment increased the surface
roughness and improved the shapes of the grains and the particles, making them more defined.
The compositions of CdTe thin films were studied by EDX with the results presented in Table
2. It was observed that the as-deposited samples (S1, S4 and S7) became slightly richer in Te as was
previously reported in [34]. After the heat and CdCl2 treatment, the Te ratio in the samples decreased.
Additionally, composition analysis showed that compared to the other samples, sample S6 was nearly
stoichiometric. This suggests that the deposition potential plays a crucial role for the control of the film
deposition properties [35].
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Figure 5. SEM images of the as-deposited, heat and CdCl2 treated CdTe thin film surfaces
electrodeposited at different potential values.

Table 2. The composition analysis (Atomic %) and the band gap energy of CdTe samples
Deposition
potential V(SCE)
- 0.6

- 0.62

- 0.65

Sample
S1
S2
S3
S4
S5
S6
S7
S8
S9

Cd %
40.1
61
46.9
42
51.33
50.38
44.5
49.1
44.5

Te %
59.9
39
53.1
58
48.67
49.62
55.5
50.9
55.5

Eg (eV)
1.46
1.24
1.4
1.42
1.45
1.44
1.4
1.41
1.43

3.3. Optical analysis
The absorption spectra of the CdTe samples were obtained in the 190-1100 nm wavelength
range, and the absorption coefficients for each wavelength were calculated from the absorption
spectroscopic data.
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CdTe is a direct band gap material [36, 37] and the relation between the optical absorption
coefficient (α) and the incident photon energy is:
(hν)2  (hν - Eg)
(5)
where ν is the frequency of the incident photons, hν is the photon energy and Eg is the band gap
energy.
Based on this equation, the band gap energy can be obtained from the intercept of the plot on
the X-axis; the Eg values obtained this way for all CdTe films are presented in Table 2.
We observed that the band gap energies for all samples are approximately 1.4 eV and in
particular the Eg for sample S6 was 1.44 eV; the excellent agreement with the reported bulk CdTe band
gap value [13, 38] supports the stoichiometry of Cd:Te deposition for sample S6.

3.4. J-V curve
Based on the results discussed above, we concluded that sample S6 has a high crystallinity,
does not include any free Te, exhibits the most defined grains and is nearly stoichiometric with a band
gap of 1.44 eV. The fabricated CdTe/CdS solar cell was therefore based on the S6 sample. The cell
exhibits the following photovoltaic properties for cell area of 0.08 mm2 illumination intensity of 100
mW/cm2: an efficiency (η) of 9%, open circuit voltage (Voc) of 0.73 V, short circuit current density
(Jsc) of 20 mA/cm2, and fill factor (FF) of 50%.

ITO/ CdS/ CdTe/Mo

20

-2

J(mA.cm )

15

10

5

0
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

V(volts)

Figure 6. The J - V curve of CdTe/CdS solar cell.
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4. CONCLUSIONS
The individual effects of electrodeposition potential variation, heat treatment, and CdCl2
treatment on the properties of CdTe films deposited on CdS/ITO substrates have been investigated.
Nanocrystalline CdTe films with cubic zinc blende structure were produced using -0.6, -0.62, and 0.65 V (SCE) potentials. A decrease in the grain sizes and Te-rich samples were obtained as the
magnitude of the potential increased. However, no grain growth and no free Te were observed after
heat treatment and CdCl2 treatment, especially for the film deposited at -0.62 V(SCE). Thus, the heat
and CdTe treatment was found to be necessary to improve the film stoichiometry and quality that
affect the efficiency of CdTe/CdS solar cells.
CdTe thin films have been successfully deposited on CdS/ITO substrates from an aqueous
solution by using the electrodeposition technique. To simplify the processing and eliminate a potential
source of impurities, the electrodeposition was performed using the 3-electrode system. Structural
analysis showed that the heat and CdCl2 treated CdTe film had a high crystal quality and high
preferential orientation along the (111) plane. SEM characterization indicated that the growth process
occurs predominantly by cluster growth and not through layer by layer mode. Composition analysis of
the films showed that the heat and CdCl2 treated CdTe thin film was nearly stoichiometric. Using
optical analysis, it was found that the CdTe thin films had a direct band gap of approximately 1.44 eV.
After the fabrication of a solar cell, photovoltaic energy conversion characteristics were investigated
under illumination of 100 mW/cm2 and an efficiency of 9% was observed.
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