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Abstract—. CdS films were grown on SnO2:F substrates by
Chemical Bath Deposition at 90°C, thiourea was employed as
Sulphur source at two concentrations; 0.1 M and 0.075 M. The
structural, optical and electrical properties of the CdS thin films
were analyzed as a function of thiourea concentration. The CdS
sample at 0.1 M of thiourea had greater mobility values which was
the main difference between both thiourea concentrations.
Consequently, CdTe films were grown on the SnO2:F/CdS substrates
by Pulsed Laser Deposition (PLD) at different substrate
temperatures 25°C, 100°C, 200°C, 300°C and 400°C to evaluate the
influence of the temperature on the structural and optical properties.
It was observed that at a substrate temperature of 300°C the CdTe
vibrational mode predominated, and the grain size was greater which
is related to the photovoltaic properties of the cell. The best J-V
measurement achieved was the heterostructure with CdS-0.1 M of
thiourea and CdTe deposited at 300°, which has an efficiency of
2.38%.
Keywords—CdS, CdTe, heterostructure, photovoltaic properties.

I. INTRODUCTION
One of the best options for the fabrication of photovoltaic cells
are the CdS/CdTe heterostructures having a theoretical
efficiency of 29 %, despite their different crystalline structures
[1].
The CdS is a n-type semiconductor with a band gap of 2.45
eV, it has high transmittance in the visible spectra (400-700 nm)
which is a helpful factor to have window layer applications, it
grows in a mixture of the cubic and hexagonal phase, being the
second one the most stable. Chemical Bath Deposition (CBD) is
a common growth technique for CdS thin films, in this method it
is very important to control the deposition parameters such as
temperature, pH, time and the precursors concentration, because
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the thickness and the optoelectronics properties of the thin film
are influenced by them [2][3]. The concentration of thiourea is
evaluated in this research work due to the fact that is one of the
most important factors in CdS films obtained by CBD. Thiourea
is the sulfur source which is the limiting reactant that determines
the deposition rate of the CdS.
The CdTe is a p-type semiconductor and one of the most
promising materials for photovoltaic purposes, it has a band
gap of 1.45 eV, it is common that this material grows in
hexagonal phase at room temperature but the stable phase is the
cubic one, the absorbance coefficient (>5x105/cm) is extremely
suitable for the p-type layers because a 2 µm film can absorb
~99% of the phonons with energy higher than the band gap. [4]
Pulsed Laser Deposition is a recurrent deposition technique
for CdTe thin films in which one of the most important
parameters that can be controlled is the substrate temperature.
One of the advantages of the technique is the control on the
stoichiometry of the deposited material [5]. As explained
above, the crystalline phase of CdTe depends on the substrate
temperature, therefore, structural and optical changes will be
evaluated through its photovoltaic properties.
The entire purpose of the CdCl2 activation treatment is to avoid
electronic loses due to the spaces between the CdTe grains where
electrons cannot be conducted through. In order to solve this, the
grain size has to be increased to reduce the quantity of grain limits.

II. EXPERIMENTAL DETAILS
A. CdS thin films
The chemical bath was prepared using deionized water and the
solutions of cadmium chloride (CdCl2), ammonium hydroxide
(NH4OH), ammonium chloride (NH4Cl) and thiourea (SC(NH2)2).

B. CdTe thin films
The target was fabricated with commercially CdTe powder (with
a purity of 99.99%) and a 1 in diameter pressure die, using a
pressure of 8 ton/m3. The CdTe thin films were grown on
FTO/CdS substrates in a chamber under vacuum by Pulsed Laser
Deposition (PLD) using a CdTe pellet enclosed in a glass ampule,
a Nd:YAG laser of a wavelength of 1064 nm, deposition time of
10 minutes, with a distance substrate-target of 3 cm and at
different substrate temperatures: 25°C (room temperature),
100°C, 200°C, 300°C and 400°C.
C. Activation treatment
The samples were exposed to CdCl2 vapors using the CSS
technique to carry out the activation treatment at an upper and
bottom heating plate temperatures of 390°C and 360°C,
respectively, as it is showed in Fig. 1.

III. RESULTS AND DISCUSSION
A. Characterization of CdS thin films
Raman spectra of CdS films deposited with different thiourea
concentration is shown in Fig. 1. Note the presence of the first two
longitudinal modes corresponding to CdS. Both modes are located
at 296 and 592 cm-1, for both thiourea concentrations in the CdS
deposit. The first intensive mode corresponds to the longitudinal
mode and the second one is related to the first overtone of the
longitudinal mode, both modes are close to the reported in
literature [6].
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The Chemical Bath Deposition was under constant stirring at a
temperature of 90°C, the deposition time was 1 hour and the
pH>10. After the reaction was completed, the substrates were
rinsed and sonic with deionized water for another 15 minutes and
dried with N2.
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Fig. 2. Raman spectra of CdS thin films at different thiourea concentrations.
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The samples treated were rinsed in methanol vapors for 15
minutes to clean the CdCl2 excess.
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where D is the crystallite size, β is the FWHM function, θB is the
diffraction angle and λ is the wavelength used in the analysis.
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E. Characterization of the CdS and CdTe thin films
X-ray diffraction (XRD) patterns were obtained with a Rigaku
Smartlab diffractometer, using the Cu-Kα radiation (1.5406 Å) in
the 2theta range of 20-80 nm. Raman spectroscopy was used to
evaluate the structural properties with a MicroRaman
Thermofisher, DXT 3 with a 532 nm laser as the excitation source.
The surface morphology of the films was observed by scanning
electron microscopy (SEM) using a JEOL microscope model
JSM-7401F. Transmittance spectra for the thin films were
obtained using a UV-Vis Perkin-Elmer Lambda 25 in the
wavelength range of 190-1100 nm. Electrical properties were
measured in a Hall Effect Measurement System HMS-3000 at
room temperature (300 K). Film thicknesses were measured with
a KLA Tencor D-100 profilometer.
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D. Cu-Au contacts deposition
The Cu-Au contacts were deposited by Physical Vapor Deposition
(PVD). First, the Cu contact was deposited and then the Au
contact which had greater thickness. Once the contacts were
fabricated, they were treated in a furnace at 150°C for 20 minutes,
to diffuse both metals into a Cu-Au contact.
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Fig. 1. Configuration of CSS chamber for the activation treatment.

XRD patterns are presented in Fig. 3. The patterns have six
diffraction peaks, meaning that it is a polycrystalline material with
a mixture of phases, but only two correspond to the CdS, 26.42°
and 51.42° which are preferentially attributed to the (0 0 2)H y (1
1 2)H planes because the hexagonal phase is more stable and has
a greater value of band gap comparing to the cubic phase [7]. The
other four diffraction peaks correspond to the FTO film. The
crystallite size was calculated from the Debye-Scherrer equation:
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Fig. 3. XRD pattern of CdS thin films at different thiourea concentrations.

The crystallographic cards used for the hexagonal and cubic phase
were: PDF#65-3414 and PDF#65-2887, respectively.
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where dhkl is the interplanar distance, θ is the diffraction angle and
λ is the wavelength used in the analysis. Then the lattice parameter
for the cubic phase was calculated using equation (3):
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The crystallite size and lattice parameters for both thiourea
concentrations are presented in Table I. The crystallite size is ~20
nm which corresponds to the reported values when the addition of
thiourea is not at a medium velocity (20 ml in 30 minutes), when
this addition velocity is achieved, grain size can grow up to 35 nm
[8]. Moreover, the lattice parameters are compared to the reported
in their respective crystallographic cards, the values are close to
the reported, therefore, cubic and hexagonal phases were
successfully obtained. It is observed that the crystallite size is
greater in the 0.1 M of thiourea sample, that characteristic has a
strong influence on the the electrical parameters of the film.
TABLE I.
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Fig. 4. Transmission spectra of CdS thin films at different thiourea
concentrations.

Fig. 5 shows the graph of the estimation of the bandgap of CdS
films, both bandgap values are close to 2.4 eV, which guarantees
high optical transmittance in the visible region, and coincide with
that reported in the literature [2]. The bandgap was estimated from
equation (6)
αhʋ= (hʋ-Eg)1/2

(6)

where hʋ is the photon energy, Eg the bandgap and α the
absorption coefficient that was calculated from equation (7)
,=

1

1
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/
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where d is film thickness (77.6 nm and 73.4 nm for the 0.1 M and
0.075 M concentrations, respectively) and T transmittance.
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CRYSTALLITE SIZE AND LATTICE PARAMETERS OF CdS THIN
FILMS AT DIFFERENT THIOUREA CONCENTRATIONS.
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0.1 M

40

(3)

where dhkl is the interplanar distance, (h k l) is the plane for the
cubic phase. The equations (4) and (5) were used to calculate the
hexagonal phase parameters.
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The interplanar distance for the cubic planes was calculated from
the Bragg law using equation (2):
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The transmittance spectra of the CdS films are shown in Fig. 4.
For both nominal concentrations of thiourea, the transmittance
percentages are higher than 80%, which is appropriate for
applications as window layer in a solar cell. Also, for both
samples, the absorption border is around the 500-600 nm
indicating that the highest percentage of transmission occurs in
that wavelength range.

Fig. 5. Bandgap of CdS thin films at different thiourea concentrations.

The Hall effect characterization is presented in Table II. Firstly,
the carrier concentration values indicated that it is an n-type
semiconductor, also, it is noted that carrier concentration, defects
and impurities affected the mobility of the CdS-0.075 M which is
less than the mobility of the CdS-0.1 M film. The resistivity of the
CdS-0.1 M sample is an order greater than the CdS-0.075 M
sample which is related to the mobility. There is no notable

difference in the carrier concentration values between both films,
but they are one order less than the reported values [9]. It was
observed that carrier mobility increased significantly with the
increase of thiourea concentration, this is related to the thickness
of the films and the crystallite size, when the thiourea
concentration was 0.1 M, a thickness of 77.6 nm and a crystallite
size of 19.79 nm, carrier mobility was 400 cm2/Vs.
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HALL EFFECT RESULTS OF THE CdS THIN FILMS AT DIFFERENT
THIOUREA CONCENTRATIONS.

CdS
(M)

Carrier Concentration
(cm-3)

Mobility
(cm2/Vs)

Sheet Resistance
(Ω/sq)

0.1

-1.10E+12

400.54

2.33E+9

0.075

-1.24E+12

169.38

2.64E+9
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TABLE II.
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B. Characterization of CdTe films obtained by PLD
Fig. 6 shows the Raman spectra of CdTe films deposited by PLD
on CdS at different substrate temperatures. The presence of two
vibrational modes is observed, one (LO) at 166 cm-1 and the
second (2LO) at 332 cm-1. CdTe films grown at 100°C and 200°C
also have more intense phonon vibrational modes of the telluride
hexagonal A1 y E1 at 122 cm-1 y 141 cm-1, respectively [10]. The
intensity of first order vibrational mode increases and it is better
defined when temperature increases, as it is showed in CdTe-300
and CdTe-400 samples, meaning that with the increase of
substrate temperature results on a higher CdTe contribution. The
2LO begins to appear in spectrum of CdTe films deposited at
300°C and 400°C which indicates better crystalline quality,
therefore, when the substrate temperature is increased the
crystalline quality of the film is favored.
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Fig. 6. Raman spectra of CdTe thin films at different substrate temperatures.

In Fig. 7, SEM images of the CdTe films deposited at different
substrate temperatures by PLD are exposed, visually there is a
clear difference of the grain size between the samples that were
subjected to the activation treatment which have a greater grain
size (bottom) comparing to those that were not subjected to the
activation treatment which have a smaller grain size (top). Table
III is a summary of the analysis carried out in ImageJ to calculate
the average grain size, the greatest one was obtained in the sample
where CdTe was deposited at a substrate temperature of 300°C. It
was observed that the grain size increased with temperature, and
these, in turn, increased when the samples were subjected to an
activation treatment.
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Fig. 7. SEM images of CdTe thin films grown by PLD before (top) and after (bottom) activation treatment at different substrates temperatures

TABLE III.
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AVERAGE GRAIN SIZE OF CdTe THIN FILMS BEFORE AND AFTER ACTIVATION TREATMENT AT DIFERRENT TEMPERATURES.

Before Activation Treatment
Temperature (°C)
Average grain size (nm)
55.72
100
37.96
200
63.02
300

Temperature (°C)
100
200
300

The absorbance spectra of the CdTe films grown at different
substrate temperatures is shown in Fig. 8. Spectra have an
absorbance edge around 800-900 nm and it is noted that
absorbance predominates in the visible region (400-700 nm) as
reported in literature [10]. The 200°C sample shows a very low
absorbance due to its thickness which is very low compared to
the rest of the samples. For band gap calculations, equations (6)
and (7) were used and the bandgap values are shown in Fig. 9.
There is no significant difference in the values ranging from
1.48-1.50 eV that are very similar to the reported [11].
0.6
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After Activation Treatment
Average grain size (nm)
86.69
116.01
127.21

Temperature (°C)
25
100
200
300
400

Thickness (µm)
1.727
1.853
1.055
1.669
1.828

Fig. 10 shows the current-voltage curve of CdS/CdTe devices
where the CdS film was deposited with a 0.1 M thiourea
concentration. The J-V characteristics are displayed in Table V.
The device with a CdTe film grown at 300 °C showed the
highest values obtained of Jsc and Voc which are 10.76
mA/cm2 and 0.52 V, respectively, even though, CdTe-300
presented more series resistance (425.2 Ωcm2) than CdTe-100
(263.7 Ωcm2), it exhibited the highest efficiency value.
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Fig. 8. Absorbance spectra of CdTe thin films deposited by PLD at different
substrate temperatures.
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Fig. 10. J-V measurements of CdS at 0.1 M of thiourea and CdTe at different
substrate temperature heterostructures.
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TABLE V.
PHOTOVOLTAIC PARAMETERS OF CdS AT 0.1 M OF THIOUREA
AND CdTe AT DIFFERENT SUBSTRATE TEMPERATURE HETEROSTRUCTURES.

1.48 eV
1.51 eV
1.47 eV
1.46 eV
1.40 1.42 1.44 1.46 1.48 1.50 1.52 1.54 1.56 1.58 1.60

hυ (eV)
Fig. 9. Bandgap of CdTe thin films deposited by PLD at different substrate
temperatures.

TABLE IV.

0

THICKNESS OF CdTe THIN FILMS GROWN BY PLD AT
DIFFERENT SUBSTRATE TEMPERATURES.

T
(°C)

η
(%)

Voc
(V)

Jsc
(mA/cm2)

Fill Factor
(%)

RS
(Ωcm2)

RP
(Ωcm2)

25

0.22

0.28

2.66

30.13

1709.2

1144.6

100

1.69

0.36

9.62

17.84

263.7

169.9

200

0.30

0.32

4.74

11.63

1031.3

460.5

300

2.38

0.52

10.76

34.33

425.2

678.5

400

0.89

0.39

6.24

25.03

684.7

554.3

The CdS-0.1 M heterostructure that had the best photovoltaic
properties was CdTe-300 with an efficiency value of 2.38%, fill
factor of 34.33%, series and shunt resistance of 425.26 Ω cm2
and 678.59 Ω cm2, respectively. The CdS-0.1 M thin film
presented better electrical properties such as greater mobility
and less shunt resistance, besides a slightly greater crystallite
size than CdS-0.075 M which can be associated to the
photovoltaic properties of the cell.

Fig. 11 and Table VI show the J-V measurements of the
FTO/CdS-0.075/CdTe/Cu-Au heterostructures, where the
CdTe-300 sample showed the highest photovoltaic response,
giving an efficiency value of 1.29%, fill factor 35.09%, series
and shunt resistance of 743.15 and 743.15 Ω cm2.
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Current density (mA/cm2)

7

at different substrate temperatures were also obtained, they
showed better crystalline quality at 300°C and 400°C and CdTe
contribution enhance with temperature, activation treatment
increased the average grain size showing a tendency of growth
with temperature. CdS/CdTe were finally achieved, the J-V
measurements showed that the heterostructure with the highest
efficiency was the FTO/CdS-0.1M/CdTe-300°C/Cu-Au with a
value of 2.38%.
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The most significant difference between the samples is that
current density values are higher and shunt resistance is lower
in the CdS-0.1 M samples. Secondly, the CdTe thin film grown
at 300°C showed a greater grain size, this favors less grain
limits that reduce the conductivity of the film due to “electric
holes”. Also the Raman spectra of the CdTe thin films exhibited
the predominance of the CdTe vibrational mode from 300°C.
Both characterizations are related to the efficiency of the cell
and suggested that the best temperatures are equal or above
300°C.
TABLE VI.
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2
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IV. CONCLUSIONS
The CdS films were obtained by CBD varying the nominal
concentration of the sulfur source. Both samples showed
preferential growth at hexagonal phase but sample at 0.1 M had
less resistivity (2.33 E+9 Ω/sq) and a higher carrier
concentration (-1.10E+12 cm-3), the calculated band gap was
of ~2.42 eV for both thiourea concentrations showing high
transmittance in the visible region. CdTe films grown by PLD
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