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Semi-transparent inorganic thin film PV cells have been fabricated using n-type (CdS) and
p-type (CdTe) semiconductors. Large area devices which can be used as windows and skylights
in buildings can be fabricated using cost effective solution processes. The device structure is
Glass/TCO/CdTe/CdS/TCO. Chemically stable CdS and CdTe layers are deposited at
temperatures 353 K to 373 K (80 �C to 100 �C) under controlled pH. The CdCl2 activation is
carried out followed by air annealing. The p-n junction is formed by sintering the device at
673 K to 723 K (400 �C to 450 �C). The characterization of cells is carried out using XRD,
SEM, AFM, and UV–Visible spectroscopy. The thickness of the cell is ~600 nm. The band gap
values are 2.40 eV for CdS and 1.36 eV for CdTe with transmittance of about 70 pct in the
visible region. Under 1.5 AM solar spectrum, Voc, and Isc of the initial device are 3.56e�01 V
and 6.20e�04 A, respectively.
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I. INTRODUCTION

CLIMATE change and global warming have been
major challenges of the world, mainly due to the
increase in carbon dioxide (CO2) levels. The prime
sources of energy being used presently are the fossil
fuels, which include coal, natural gas, and oil. The
overall amount of fossil fuels consumed for energy
generation in 2012 was 10,848.9 million tons, which
increased to 11,032.2 million tons in 2013.[1] This
increase in consumption of fossil fuels led to an increase
in CO2 emission from 35.6 billion tons to 36.3 billion
tons.[2] One of the effective ways of reducing CO2

emission is by supplementing fossil fuels by renewable
energy sources. Innovations, research, and development
in renewable energy resources and associated energy
harnessing systems is of significance in modern science.
Among all the renewable energy sources, solar energy is
identified as the most abundantly available and viable
energy source. In this connection, attempts are being
made to convert every possible surface to a photovoltaic
(PV) surface in order to generate electricity. The surfaces
presently being used for natural illumination in build-
ings such as windows, ventilators, and skylight are being
converted to PV surfaces by suitable modifications in
the materials.[3] This would not only be an effective
solution to reduce the consumption of fossil fuels but
also would be a catalyst in reducing the price of PV
systems. This paper deals with a process for the

fabrication of semi-transparent semiconductor based
PV, which can be used as window panes and skylights.
Inorganic PV cell, in general, consists of substrate

coated with transparent conductive oxide (TCO), win-
dow layer (n type), absorber layer (p type), and metal
contact layer. TCOs are highly transparent (generally
n-type semiconductors) with good electrical conductiv-
ity. A window layer forms junction with the absorber
layer and allows maximum amount of light to the
junction region. Cadmium Telluride (CdTe) is a p-type
II-VI group semiconductor. It is a stable absorber with a
direct band gap of 1.45 eV and high optical absorption
coefficients. Cadmium sulfide (CdS) is a photosensitive
n-type semiconductor. It is also a stable compound with
a direct band gap of 2.42 eV. The combination of these
two semiconductor materials results in CdTe/CdS p-n
junction. At the p-n junction, during the activation step,
intermixing of CdTe and CdS takes place, resulting in
the formation of CdTexS1�x region.[4] Polycrystalline
CdTe/CdS thin film solar cell is one of the highly
focused areas of research. Many techniques such as
vacuum evaporation, sputtering, thermal evaporation,
electro deposition, metal vapor organic deposition,
epitaxial growth, spin coating, closed spaced sublima-
tion, and spray pyrolysis are reported to grow the CdTe
thin films.[5–13] To fabricate a solar cell, although there
are different deposition techniques, chemical bath depo-
sition (CBD) is suitable to get low-cost, large-area, and
uniform thin films. CdTe thin films by CBD technique
have been achieved by few researchers.[14] CdS as
window layer in high-efficiency thin-film solar cells is
well established.[15–19] The film growth and device
properties are dependent on the device structure. The
most effective parameter that affects the transparency
and cost of the cell is the film thickness. In this work, we
have developed a cost-effective, semi-transparent inor-
ganic thin film solar cell with substrate configuration for
future application.
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II. EXPERIMENTAL DETAILS

Indium-doped tin oxides (coated on glass) with a
sheet resistance of 4 to 8 X/square from Delta Tech-
nologies Limited were used as substrates. Prior to the
deposition process, the indium tin oxide-coated glass
substrates were cleaned in acetone, hot distilled water,
ethanolamine solution, and ethanol with ultra-sonica-
tion for 10 minutes in each solvent. The ultra-sonication
was followed by rinsing in de-ionized water and dry air
blowing.

A. CdTe Thin Film

Cadmium Telluride thin films were deposited by CBD
process. The procedure has been described in detail
elsewhere. The bath solution was cadmium acetate
(1.11 M), tellurium dioxide (0.07 M dissolved in 12 ml
of conc. H2SO4), 30 ml of TEA, hydrazine hydrate, and
100 ml of ammonia (25 pct). The pH of the bath
solution was maintained at 13 and the deposition was
carried out for 60 minutes at 365 K (92 �C). Deposition
for about 60 minutes produced a CdTe thin film of
100 nm thick and is of dark ash color. After CdTe
deposition, the films were treated with wet cadmium
chloride (CdCl2) followed by air annealing at 623 K
(350 �C). The procedure has been described in detail
elsewhere.[20] Similar procedure was repeated to get
multiple layers of CdTe thin films. Initially, Cd2+ ions
form a complex with triethanolamine which is stable in
highly basic medium (100 ml ammonia). Hydrazine
hydrate reduces tellurium, and at high temperature, a
cadmium-TEA complex gets dissociated resulting in the
association of Cd2+ and Te2� ions forming CdTe.

Cadmium ions form a stable complex with tri-
ethanolamine in the presence of ammonia:

Cd2þ
Cadmium ion

þTEA !ammonia
CdðTEAÞn
� �2þ

Cadmium�TEA Complex

½1�

Hydrazine hydrate reduces TeO2 to Te2�,

TeO2
Tellurium dioxide

!hydrazine hydrate
Te2�

Tellurium ion
½2�

At higher temperature, cadmium-TEA complex disso-
ciates and both Cd2+ and Te2� ions associate, result-
ing in the formation of cadmium telluride:

CdðTEAÞn
� �2þþTe2þ ! CdTe

Cadmium telluride
þnðTEAÞ ½3�

B. CdS Thin Film

Cadmium Sulfide thin films were also deposited by
chemical bath deposition technique at 353 K (80 �C)
from stirred bath solution. The procedure for CdS
deposition is well optimized by many researchers.[21] An
aqueous solution of cadmium acetate (0.002 M),
thiourea (0.005 M), and ammonium acetate (0.02 M)
was prepared. Ammonia solution (20 ml) as a complex-
ing agent was added later to adjust the pH of the bath to
10. Bath solution was mixed thoroughly under stirring

to get clear homogeneous solution. Then the solution
was placed in oil bath. Once the bath solution attains a
constant temperature of 353 K (80 �C), substrates were
introduced. CdS thin films were coated on CdCl2 treated
CdTe layers. The films were allowed to deposit for 45 to
60 minutes to get 80 to 100 nm of thickness. The
deposited thin films were highly adhesive, uniform, and
light yellowish.
Cadmium acetate with ammonium acetate, in the

presence of ammonia, forms a complex.
Tetra-ammonium cadmium(II) complex:

Cd(CH3COOH)2
Cadmium acetate

þ4NH3 ! Cd(NH)3½ �2þþ2CH3CHOO
tetraammonium cadmiumðIIÞ complex

½4�

The tetra-ammonium cadmium (II) complex under-
goes decomplexation, resulting in the formation of
cadmium ions:

CdðNH3Þ4
� �2þ! Cd2þ þ 4NH3 ½5�

Hydrolysis of thiourea in basic medium results in
sulfide ions:

SCðNH2Þ2 þ 2OH� ! S2� þ CN2H2 þ 2H2O ½6�

When the ionic products of both Cd2+ and S2� ions
become greater than the solubility product of cadmium
sulfide, it precipitates at the surface of the substrate,
leading to thin film.

Cd2þ þ S2� ! CdS
Cadmium sulphide

½7�

C. Cell Fabrication

The p-CdTe/n-CdS heterojunction thin-film solar cell
was fabricated by annealing in air at 723 K (450 �C) for
1 minute. The surface of CdS film was washed and
ultrasonically cleaned in de-ionized water for 5 minutes
prior to electrode deposition. Figure 1 shows the pho-
tographof the device at different stages. Themetal contact
was 70 to 100 nm of aluminium. Then silver epoxy
contacts were applied to both aluminium and ITO
electrodes. Diffraction spectra were recorded using the
Philips XRD X’PERT PRO diffractometer (Cu-Ka
radiation with k = 1.5418 Å) under continuous 2h scan.
Perkin-Elmer Lamda 35 UV–Visible spectrophotometer
was used to recordUV–Visible absorption spectra and the
transmittance in 300 to 1100 wavelength range. Atomic
force microscopic studies were carried out using Dimen-
sion ICONwith Scan-Asyst 2machine. Scanning electron
microscopic studies were carried out on as deposited and
thermally treated thin films using Field Emission Scan-
ning Electron Microscope (Karl Zeiss). The electrical
characterization was carried out using Tracer-2 solar
simulator under 1000 W/m2 (1 SUN) incident power and
1.5 AM solar light spectrum. The measurement system
was calibrated with 9 pct efficient silicon solar cell.
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III. RESULTS AND DISCUSSION

A. Structural Studies

The XRD pattern of the ITO substrate and the
p-CdTe/n-CdS thin-film solar cell are shown in Figure 2.
The XRD pattern reveals the presence of CdTe, CdS,
and ITO. The well-defined diffraction peaks are at 2
theta of 23.60, 26.24 28.29, 30.04, and 34.94. The peak at
23.60 corresponds to the cubic phase of CdTe at (111)
plane. (JCPDS file No. 65-1082). The peaks at 26.24
(111) and 28.29 (101) correspond to the cubic and
hexagonal phases, respectively, of CdS. (JCPDS file No.
75-0581, 75-1545). The sharp diffraction peaks indicate
the formation of well crystallized film. The ITO peaks in
the diffractogram were compared with standard values
of JCPDF file No. 39-1058). The crystallite size of the
film was calculated using the Scherrer formula

D ¼ Kk
bcosh

; ½8�

where K is Scherrer’s constant, k is the wavelength of
X-ray used, b is full-width at half maximum, and h is
Bragg angle. The crystalline sizes in CdTe and CdS films
are of the order 150 nm (CdS) and 250 nm (CdTe) and
are in good agreement with the reported values.[22,23]

B. Morphological Studies

1. Scanning electron micrographs
The SEM micrographs of thin films of CdTe and CdS

deposited on ITO substrates are shown in Figure 3.
Thin films, before and after thermal treatment at 623 K
(350 �C) for 10 minutes in air, are shown in Figures 3(a)
through (d). The images show the substrate with as

Fig. 1—Photographic images of transparent thin film and a PV.
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Fig. 2—X-ray diffractograms of the ITO Substrate and CELL (ITO/
CdTe/CdS) annealed at 723 K (450 �C) in air.
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deposited CdTe/CdS thin films were uniform with no
porosity. After thermal treatment, the substrate was well
covered with densely packed crystallite-fused each other
resulting in the large size spherical polycrystalline
grains. The average size of the grains was found to be
15 to 150 nm (CdS) and 200 to 270 nm (CdTe).
Figure 3(e) depicts the cross-sectional image of the
device and it confirms the film thickness of ITO
(100 nm), CdTe (5 layers) (450 to 500 nm), and CdS
of 200 nm (2 layers). Hence, the total thickness of the
device was found to be around 600 nm. Figure 3(f)

shows the schematic diagram of substrate configuration
of the device.

2. Atomic force microscopy
Morphological characterisation of ITO, CdTe, and

CdS thin film were done by AFM analysis. Figures 4(a)
through (d) shows the three-dimensional surface struc-
ture of every layer of the CELL (ITO, CdTe, and CdS).
The surface roughness was evaluated by root-mean-
square (RMS) values. Cadmium chloride activation
resulted in the smoothening of the surface. The surface

Fig. 3—Scanning electron micrographs of (a) CdTe (as deposited), (b) CdTe annealed at 623 K (350 �C), (c) CdS (as deposited), (d) CdS an-
nealed at 623 K (350 �C), (e) Cross sectional image of ITO/CdTe/CdS thin film, and (f) substrate configuration of the device.

160—VOLUME 2E, SEPTEMBER 2015 METALLURGICAL AND MATERIALS TRANSACTIONS E



Fig. 4—Three dimensional AFM images of (a) ITO, (b) CdCl2 activated CdS, (c) CdCl2 activated CdTe, and (d) ITO/CdTe/CdS (CdCl2 activated).
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Fig. 5—(a) UV–Visible absorption spectra of CdTe/CdS thin film. (b) Transmission spectra of solution grown CdS and CdTe film of about
300 nm.
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roughness of each layer was found to be 2.36, 42.7, and
26.1 nm and that of the cell was 23.9 nm.

C. Optical Studies

1. Absorption
The optical absorption of the CdTe/CdS thin films

has been studied in the wavelength range of 300
to 1100 nm using UV–Visible spectrophotometer.
Figure 5a shows the optical band gap of CdTe and
CdS thin films determined by plotting (ahm)2 verses
photon energy (hm) and by extrapolating a straight line
portion of the curve to the zero absorption coefficients.
The band gaps are in good agreement with those of the
reported values.[24,25] The CdS band gap was found to
be 2.4 eV and that of CdTe was 1.36 eV. The band gap
values of CdTe and CdS thin films were calculated using
the formula:

a ¼ A

hm

� �
hm� Egð Þn; ½9�

where n = 1/2 for direct allowed and forbidden
transitions.

2. Transmission
Figure 5b shows the optical transmission spectra of

CdTe/CdS thin film. The crystallinity of the film was
indicated by the sharpness of the absorption edge (450
to 500 nm). 80 pct of transmittance was observed from
300 to 1000 nm wavelength at room temperature. This
property of high transmittance has been achieved by the
cost effective solution process (CBD). Such films can be
used as window coating and antireflection coatings.[26]

D. IV-Measurements

The IV-measurements were performed on ITO/CdTe/
CdS/Aluminum device of large area, i.e., 2.53 cm2. The
efficiency of the solar cell has been measured with a
Tracer-2 solar simulator under 1000 W/m2 (1 SUN)
incident power and 1.5 AM solar light spectrum. A
source meter of 2400 series was used. The measurement
system was calibrated through 9 pct efficient crystalline
silicon solar cell with known JV parameters. The fill
factor and the efficiency were calculated from the
relations:

FF ¼ ImaxVmax

IscVoc
½10�

g ¼ VocIscFF

Pinput
; ½11�

where Imax and Vmax are the maximum current and
maximum voltage measured, Voc and Isc are open circuit
voltage and short circuit current, and the Pinput is the
input light intensity. In Figure 6, a current density
versus voltage characteristic of the CELL in dark and
under illumination (1000 W/m2) are shown. The param-
eters of the device are as follows: an efficiency of 0.2 pct
with 355.6 mV (open circuit voltage), 0.25 mA/cm2

(short circuit current density), and a fill factor of 0.25.

IV. CONCLUSION

CdTe/CdS thin-film PV has been prepared by chem-
ical bath deposition technique. Both CdTe and CdS thin
films prepared with optimized deposition parameters
show preferential orientation along (111) direction for
CdTe and (101) for CdS. Scanning electron microscopic
analysis shows uniform, spherical-shaped grains on the
surface of the substrate without any pinholes or cracks.
The grain size of CdTe was found to be 270 nm and CdS
was 15 to 150 nm. The cell thickness and roughness was
600 and 24 nm. In the visible and near infrared regions
of electromagnetic spectrum, the CdTe/CdS cell exhib-
ited a good transmittance of about 70 to 80 pct. The
band gaps of CdTe and CdS were found to be 1.36 and
2.4 eV, respectively. Solar cell fabricated from cost
effective technique yielded 3.56e�01 V of Voc and
6.20e�04 A of Isc. Many efforts are going on to improve
the film deposition process to increase the Isc and fill
factor.
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