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A low-cost, scalable chalcogenide semiconductor thin film deposition process, Chemical Bath Deposition, is used
to fabricate semi-transparent TiO2/CdS/CdTe solar cells. Cadmium telluride (CdTe) acts as an absorber and cad-
mium sulphide (CdS) is the window layer with band gaps of 1.45 eV and 2.45 eV, respectively. In this work,
about 400 nm thick p-CdTe and ~200 nm n-CdS films are deposited on titanium dioxide (TiO2) coated substrate.
Insertion of TiO2 layer at front contact between FTO coated glass substrate and CdS; improved CdS/CdTe PV cell
performance by reducing the leakage current. This resulted in increase of short circuit current in thedevice. At the
initial stage of development the cell exhibits a voltage of 100.53mV and photocurrent of 14.7mA/cm2, illustrates
the potential of the process. The devices are characterized using FE-SEM, UV–Visible spectroscopy, XRD and AFM.
The fabricated PV cells are around 43% transparent and these semi-transparent cells can be used aswindowpanes
for building integrated photovoltaic applications.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

In the present scenario, fossil fuel reserves are not enough to meet
the energy requirements of the world. In addition, burning fossil fuels
has other detrimental effect of emission of greenhouse gases leading
to global warming. Alternative renewable energy sources such as solar
and wind can be utilized to overcome the energy deficit. Researchers
are working on different technologies to harness these renewable re-
sources in an efficient way because installation of photovoltaic (PV)
modules will provide energy with less carbon footprint [1].

For many decades, silicon based solar cells dominated the
market and with an increase in manufacturing capabilities, thin
film PV cells are gaining significance [2]. Major deposition techniques
such as sputtering [3], Metal Organic Chemical Vapor Deposition
(MOCVD) [4], Closed Spaced Sublimation (CSS) [5], thermal evapora-
tion [6], e-beam evaporation [7], Molecular Beam Epitaxy (MBE) [8]
have been attempted to produce thin film PV. The material cost, energy
consumption and technologies used by these sophisticated fabrication
techniques make the cells and in turn the panels expensive. The area
and number of samples that can be coated is limited in order to produce
homogeneous thinfilm. The Chemical Bath Deposition (CBD) provides a
simple and economical way for deposition of thin films. Multiple sam-
ples can be deposited at a time. Large area deposition is possible with
CBD process and it requires basic instrumental setup. CBD is a solution
masesha).
process used to deposit different metal chalcogenide thin films such as
cadmium sulphide (CdS), zinc sulphide (ZnS), copper indiumdiselenide
(CuInSe2), cadmium zinc sulphide (CdZnS) and copper selenide
(CuSe). The thin films produced by CBD processes are of high quality
are used for photovoltaic, solar selective coatings and optical imaging
applications [9].

Recent research and development work on photovoltaic focused on
energy preserving and reduction of carbon emission to the atmosphere.
Semi-transparent PV windows or skylights are integrated in modern
buildings, which ensure daylight utilization along with electricity pro-
duction [10]. Semi-transparent PV is considered to be one of the sustain-
able building materials. In this regard, the concept of semi-transparent
PV was introduced by creating microscopic apertures in opaque silicon
modules [11]. Development of these technically sustainable PV is im-
portant to competewith the usage of non-renewable sources for electri-
fication. In this article, an attempt is made to produce semi-transparent
PV cells, which can be used in Building Integrated Photo Voltaic (BIPV).

This paper focuses on fabrication of a CdS/CdTe ultra-thinfilm PV cell
with TiO2 as a buffer layer by the CBD method. The key feature of these
PV cells is that both the n- and p-type semiconductors are deposited by
solution process. The fabricated cells are semi-transparent and the CBD
process has been used to deposit multiple large area thin films in a sin-
gle experiment unlike the traditional vacuum techniques. Here the at-
tempt has been to prove the concept of making environmentally
stable semi-transparent p-n junction based inorganic solar cells. The
cell thickness is maintained low in order to achieve transparency. Fluo-
rine doped tin oxide (FTO) is used as a substrate as it has unique prop-
erties such as high transparency, good electrical conductivity and
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chemical stability at high annealing temperatures [12]. Cadmium tellu-
ride, p-type semiconductor with optimum band gap of 1.45 eV acts as
the absorber layer. A transparent n-type semiconductor cadmium sul-
phide is used as the window layer, which has band gap of 2.45 eV.
Prior to deposition of p- and n-type semiconductors a thin layer of
TiO2 is spin coated on FTO coated glass substrate. TiO2 has a wide
band gap of 3.2 eV and is an n-type conductor. It is a good electron ac-
ceptor and transport material [13]. This property of TiO2 is useful in
transportation of electrons generated due to photovoltaic effect in the
cell. The insertion of TiO2 layer improved CdS/CdTe PV cell performance
by reducing the leakage current.
2. Experimental

2.1. Thin film coating

The fluorine doped tin oxide (FTO) coated glass of sheet resistance
10Ω/sq. purchased fromTechinstrowas used as the substrate. Substrate
was thoroughly cleaned using deionized water, ethanolamine and eth-
anol. TiO2 layer was spin coated on cleaned FTO substrate. Titanium
isopropoxide, ethanol and hydrochloric acid were used to prepare
TiO2 sol. TiO2 was spin coated at 2000 rpm for 50 s and samples were
annealed at 500 °C for 30 min.

A layer of CdS was deposited on TiO2 coated FTO substrates by CBD
method of thin film deposition. This procedure is well established
[14]. The bath solution was prepared by using 2 × 10−3 M cadmium ac-
etate, 5 × 10−3M thiourea and 2 × 10−2M ammoniumacetate and am-
monia. Substrates were inserted into the chemical bath. The deposition
was carried out for 60 min. After the deposition the samples were re-
moved and washed with distilled water. CdS coated samples were
annealed at 350 °C for 10 min. This procedure was repeated to coat sec-
ond layer of CdS.

Cadmium telluride was also coated using cost effective CBDmethod.
p-CdTe thin layerwas deposited on CdS coated substrate. The optimized
procedure is described in our previous work [15]. Cadmium acetate
(Cd(CH3COO)2·2H2O), tellurium dioxide (TeO2), triethanolamine
(TEA), ammonia and hydrazine hydratewere used to prepare bath solu-
tion. The deposition was carried out for 60 min at 92 °C. The procedure
was repeated to deposit two more layers of CdTe. Later the sample was
treated with saturated solution of cadmium chloride (CdCl2) in metha-
nol and annealed in air at 400 °C.
2.2. Cell fabrication

The n-TiO2/n-CdS/p-CdTe thin film PV cell was fabricated by anneal-
ing the cell at 400 °C for 1min. This annealing step results in intermixing
of the n- and p-type semiconductors forming CdTexS1 − x junction re-
gion [16]. One more layer of CdTe was deposited on top of the cell to
fill up the gaps that might have appeared due to the grain growth at
high temperature. Prior to electrode deposition surface of the fabricated
PV cell was cleaned thoroughly by ultra-sonication using deionized
water. Copper and gold (Cu-Au) alloy electrode was deposited by DC
sputtering. Around 5 nm of copper was deposited followed by 20 nm
of gold.

J-V measurement was carried out both in dark and under illumina-
tion using Tracer-2, 1.5 AM solar simulator with 1 SUN (1000W/m2) in-
cident power. Ultra 55 Karl-Zeiss Field emission-scanning electron
microscopy (FE-SEM) was used to study the surface morphology of
each layer of the thin film. Optical band gap measurements of TiO2,
CdS and CdTe thin films are investigated using Perkin–Elmer Lamda
35 UV–Visible spectrophotometer. The structure and crystal orientation
was examined by thin film Rigaku X-ray diffractometer. The atomic
force microscopy (AFM) measurements were considered to analyze
roughness of the thin films.
3. Result and discussions

The PV cells, thus fabricatedwere characterized usingmultiple tech-
niques for crystal structure, morphology and electrical performance.

Thin film X-ray diffraction studies on all the samples were carried out
in the 2θ range of 20–90° at grazing angle of 0.5°. The diffraction pattern
was identified using JCPDS data. Fig. 1 shows the XRD pattern of FTO sub-
strate, CdS, CdTe and TiO2 layers. The peaks appearing at 2θ of 23.84
(111), 39.48 (220), 46.62 (311) and 57.11 (400) (JCPDS file no:
650890); 28.14 (200) (JCPDS file no: 89-3011) and 30.57 (200) (JCPDS
file no: 65-1047) correspond to the cubic phase of CdTe. The peaks of
cubic and hexagonal CdS appeared at 26.58 (111), 43.89 (220) (JCPDS
file no: 75-1546) and 24.92 (100) (JCPDS file no: 80-0006), respectively.
Anatase TiO2 peaks are found at 25.18 (101) and 47.89 (200) (JCPDS file
no: 21-1272). No impurity peaks were detected in the diffraction pattern.

Fig. 2 shows the SEM images of TiO2, CdS and CdTe thin layers depos-
ited on FTO substrate.

Fig. 2(A) shows TiO2 buffer layer deposited on FTO substrate
annealed at 500 °C for 30 min. TiO2 is uniformly covering the substrate
without any visible pinholes providing better platform for CdS growth.
CdS layer as deposited and after heat treatment at 350 °C for 10 min is
shown in Fig. 2(B) & (C), respectively. In CdS thin film it was observed
that groups of crystallites clubbed to form grains. As deposited CdTe
thin film and CdCl2 treated CdTe after annealing at 400 °C is shown in
Fig. 2(D) & (E), respectively. CdTe has densely packed microstructure
and CdCl2 treatment resulted in enhanced grain growth. In CBD grown
CdTe thin film, annealing is a significant step. During annealing grain
boundaries are created and grain growth continues through grain
boundary movement. The fabrication involves deposition of multiple
layers of CdS and CdTe and multiple annealing steps. High temperature
annealing, results in random orientation of grains. In CBD process, nu-
cleation and grain growth can be controlled by changing chemical
bath environment (temperature and chemistry of solution). During
CdTe deposition, CdTe can diffuse through the pinholes and the grain
boundaries present in the CdS layer to get in contact with exposed
parts of FTO substrate if buffer layer is absent. This will lead to short cir-
cuit in the device leading to reduced cell performance. Hence having the
buffer layer of TiO2 has helped in improved cell performance.

Fig. 3(A) schematically represents the superstrate configuration of
the device and 3(B) depicts the cross sectional SEM image of the cell.
The total cell thickness was found to be 1.4 μm. The individual layer
thickness of FTO, CdS along with TiO2 and CdTe was found to be
650 nm, 305 nm and 450 nm, respectively. Cross section image con-
firmed the device thickness and the device fabricated was ultrathin.

Fig. 4 shows the topographical images of FTO substrate, TiO2, CdS
and CdTe layer. The surface roughness was calculated by root mean
square values. The roughness of FTO substrate was found to be
63.6 nm and after spin coating TiO2 layer and annealing at high temper-
ature (500 °C) the surface roughnesswas found to be 20.4 nm.With de-
position of CdS the roughness was 21.3 nm. Roughness of the cell after
deposition of CdTe thin film, CdCl2 treatment and subsequent annealing
at 400 °C increased slightly to 39.4 nm. As the substrate surface provides
nucleation sites for the film growth, surface morphology of the sub-
strate (FTO in this case) used plays important role. It is clear from the
AFM images that the FTO used influenced the thin film deposition.
This has led to increased shuntingproblems in thedevice resulting in re-
duced open circuit voltage.

The optical absorption response was recorded in thewavelength re-
gion of 300–1100 nm. Different layers (CdS and CdTe) can absorb pho-
tons from different wavelength region of the solar spectrum. The
following equation was used to calculate the band gap values.

α vð Þhv ¼ B hv−Egap
� �m ð1Þ

where α(υ) is the absorption coefficient, B is a constant, hυ is the inci-
dent photon energy, Egap is the optical gap and m = 1/2 for best curve



Fig. 1. XRD pattern of (A) FTO substrate and (B) FTO/TiO2/CdS/CdTe cell annealed at 400°C in air.
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fitting of direct allowed transitions. The band gap of TiO2 is large and it
was found to be 3.25 eV. The optical band gap value of CdSwas found to
be 2.2 eV and that of CdTewas 1.3 eV. Band gap valueswere obtained by
Fig. 2. SEM images of (A) TiO2 layer, (B) CdS as deposited, (C) CdS annea
plotting the graph of incident photon energy versus optical gap and ex-
trapolating the straight line portion of the plot to zero which were in
good agreement with the literature value [17–19].
led at 350°C and (D) CdTe as deposited, (E) CdTe annealed at 400°C.

Image of Fig. 1
Image of Fig. 2


Fig. 3. (A) Device architecture and (B) Cross sectional SEM image of the device.
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Fig. 5 shows the transmittance spectra of FTO, after coating TiO2 and
thin films of CdS and CdTe (cell). The fabricated cells are around 43%
transparent, which is achieved by reducing the thickness of the cell.
Since titania (TiO2) layer itself absorbs about 30% of the incoming radi-
ation the transparency of the cell is reduced compared to the cell fabri-
cated without TiO2 layer [20]. The fabricated devices were semi-
transparent. These semi-transparent PV cells can replace traditional
windowpanes and skylights of buildings. These smart windows act as
a screen against UV radiation, in addition to functioning as a normal
window and will generate electricity [21].

The photo-current density-voltage (J-V) curves of CdS/CdTe PV cell
fabricated by CBD method is shown in Fig. 6 (A). Cell performance
was measured in both dark and under illumination. The shape of the
curve is not a square J-V curve exhibited by a typical solar cell. It is
known that the shape of the J-V curve is a function of the thickness of
the absorber layer in the device [22,23]. Fewmicrometers of CdTe is re-
quired to absorb all the photons. A numericalmodel shows that for 1 μm
thick CdTe, photo carrier generation rate decreases by a factor of 0.01
[24]. Since the aim of the paperwas to demonstrate the concept ofmak-
ing windowpanes that generate electricity while blocking harmful UV
radiation (as seen in Fig. 5), thinner absorber layers are deposited.
Fig. 4. AFM images: (A) FTO substrate, (B) TiO2 coated o
Thinning of the absorber layer (b1 μm) increases the recombination
and affect the cell characteristics. The performance parameters were
found to be: open circuit voltage (Voc) of 100.53 mV, short circuit cur-
rent density (JSc) of 14.7mA/cm2, fill factor (FF) of 27.7% and solar ener-
gy conversion efficiency of 0.41%. The FF and efficiency (η) was
calculated using the equations:

FF ¼ VmpImp

VocIsc
ð2Þ

η ¼ VocIscFF
Pin

ð3Þ

where Vmp and Imp are voltage and current at maximum power, respec-
tively. Pin is input power.

Low Voc and fill factor observed were possibly due to carrier recom-
bination loss near the back contact. Copperwhen used as a back contact
is known to be a fast diffuser in CdTe, especially in thin CdTe cells with
thickness b1 μm [25]. Optimization of back contact is under progress to
enhance the cell performance.
n FTO, (C) CdS thin film, (D) CdTe thin film (CELL).

Image of Fig. 3
Image of Fig. 4


Fig. 5. Transmittance spectra of FTO (solid line), FTO_TiO2 (dash-dot line) and PV cell
(dotted line).
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Fig. 6(B) depicts the semi-log plots of the dark and light J-V curves.
This graph represents the good diode rectifying property of the PV cell
under dark conditions. The diode parameter such as dark saturation cur-
rent and ideality factor under dark conditionwere calculated using semi
Fig. 6. (A) J-V curve of PV cell (B) Semi log plot of dark (broken line) and light cur
log curves and were found to be 7.29 × 10−6 A and 2.09, respectively.
Pinholes were not dominant in the thin film PV produced by inexpen-
sive, simple CBD process. As expected the leakage current was reduced
and the efficiency of cell was improved compared to earlier work on
CdTe/CdS by CBD method [20]. Thus insertion of buffer (TiO2) layer at
the front contact was beneficial. Multiple cells were measured and the
recorded cell parameters (Voc and Jsc) of each cell are shown in the
Fig. 6(C).

Quantum efficiency (QE) measurement reveals the ratio of number
of charge carriers collected by PV cell to the number of photons of
given energy incident on the cell. Fig. 7 shows the internal (IQE) and ex-
ternal (EQE) quantum efficiency in the wavelength range of 300–
1100 nm. To measure QE the light is shined from TCO side, the photo
charge carriers generated by the absorption of photons by CdTe is indi-
cated by rise in QE below 1100 nm. The drop in QE at lower wavelength
(around 550 nm) shows absorption loss in CdS (window layer). In CdS/
CdTe PV cells, CdTe alone is responsible for generation of photo charge
carriers and these get separated at the junction. The high energy elec-
trons cross the barrier resistance and diffuse through CdS and get col-
lected at FTO electrode. Simultaneously, holes move towards back
contact. The reduced QE at longer wavelengths may be due to inade-
quate absorption of photons as the absorber layer is ultrathin. To
achieve total charge collections, the thickness of the CdTe layer should
be N1 μm [24]. The thicker window layer restricts light transmission in
ve (solid line) (C) Performance of multiple cells prepared by the CBD process.

Image of Fig. 5
Image of Fig. 6


Fig. 7. Spectral quantum efficiency (EQE, IQE) of the TiO2/CdS/CdTe cell. Solid line and
broken line represent IQE and EQE, respectively.
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to the absorber layer and in turn contributes to reduction of QE [26]. The
ratio of thickness of p- and n-type semiconductors may also be respon-
sible for the observed QE. Electrons with short diffusion lengths gener-
ated far from junction may not be collected at the electrode, which
could also be the reason for reduced QE. Very rough surface of the TCO
may reflect incoming photons and decline photon flux to the absorber
layer lowering QE.

4. Conclusion

The proof for developing semi-transparent p-n junction based stable
inorganic solar cells for BIPV application is provided. Chemical Bath De-
position offers the possibility of amodest, adaptable process for CdS and
CdTe thin film deposition on large areas. A semi-transparent CdS/CdTe
photovoltaic cell has been fabricated by cost-effective Chemical Bath
Deposition process. Insertion of TiO2 buffer layer between thin semicon-
ducting layer and front contact is proved to be beneficial. This reduced
recombination current between FTO, CdS and CdTe layers. At the pres-
ent stage of development, Jsc of 14.7 mA/cm2, Voc of 100.53 mV and FF
of 27.7% is observed. Crystal Structure studies are in good agreement
with the structures observed for CdS and CdTe by other deposition tech-
niques. Morphological studies confirmed uniform deposition of the thin
films and the fabricated device is indeed ultrathin. It is found that the
quantum efficiency of the cell reduced due to thin CdTe layer and re-
combination at back contact. Efforts are going on to improve the J-V
characteristics by improving the process further by using less rough
TCO and improving deposition technique to reduce the CdS layer thick-
ness. These semi-transparent PV devices have enormous potential to re-
place traditional windows and skylights of buildings for harnessing
solar energy to generate electricity for lighting requirements of the
building. This provides a significant contribution in reduction of carbon
footprint.
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