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Copper indium gallium and di-selenium (CIGS) films have been successfully
deposited by the electrodeposition technique. The as-deposited films were
annealed at 450�C for 40 min. The (CdS) and cadmium–zinc sulfide (CdZnS)
used as buffer and window layer, respectively, were synthesized by the
chemical bath deposition technique. The prepared samples were characterized
for structure by x-ray diffraction. The morphology of the deposited films was
analyzed by scanning electron microscopy. Atomic force microscopy and UV–
Vis spectroscopy were used for surface roughness and optical properties. A
typical solar cell structure consists of CdZnS–CdS and CIGS–Mo as window,
buffer and absorber layer, respectively. The device performance was measured
under AM 1.5 global spectrum for 1000 W/m2 irradiance, where the obtained
efficiencies were in the range of 2–3%. Open-circuit voltage was 345 mV, short
circuit current was 16.8 mA/cm2 and the fill factor was 38.18%.

INTRODUCTION

Photovoltaic energy is a very precious and effec-
tive source that can be used to solve energy
problems. Many research projects are aimed at the
development and fabrication of solar cell-based on
copper indium gallium and di-selenium (CIGS) thin
films. CIGS is a semiconductor which can be used
for photovoltaic applications due to its electrical and
optical properties. CIGS thin films have a higher
absorption coefficient (� 1 9 105/cm)1 than silicon-
based solar cells,2 which have the highest efficiency
of 23.8% at the laboratory level.3 Several techniques
are available for the fabrication of CIGS thin films.
These include laser ablation,4 spin coating,5 spray
pyrolysis,6 sputtering,7 co-evaporation,8 and elec-
trodeposition.9 Many attempts have been made to
optimize the quality of CIGS films by the addition of
complexing agents and buffering agents, and by
varying the pH and the temperature of the bath, etc.
Electrodeposition is considered to be a low-cost
technique with a high deposition rate. It also has
the advantage of large area deposition with a high
level of thickness control.10 Nevertheless, efforts are

underway for further improvement of CIGS solar
cell efficiency to the theoretical maximum
(� 30%).11 The fabrication process involves different
layers (contact, absorber, buffer, window or reflec-
tor, etc.) and the overall performance of the cells
depends on the deposition process of the films and
their interfaces.

A Mo substrate is usually the back contact in the
CIGS configuration. All the CIGS devices use n-type
cadmium sulfide (CdS) with a thickness of 80–
100 nm as a buffer layer which is deposited by using
chemical bath deposition (CBD) as in Ref. 12. The
CdS film protects the absorber layer against
mechanical damage and chemical reactions. This
CdS layer also improves and helps the band align-
ment of the device.13 The p-type CIGS absorber (1–
3 lm thickness) layer is deposited on the Mo-coated
glass substrate and the n-type front contact trans-
parent bilayer [cadmium–zinc sulfide and zinc oxide
(CdZnS, ZnO)] and CdS is deposited on the CIGS
thin layer.14

In this work, we synthesized and characterized
thin layers making up CIGS-based solar cells
deposited by electrodeposition. To achieve a higher
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power conversion efficiency of the device, the win-
dow layer (CdZnS, ZnO) and the CdS must transmit
a large number of photons to reach the absorber
layer and generate electron–hole pairs. The
approach is to find alternate materials to replace
the toxic CdS buffer layer by using a suitable CBD
technique. Furthermore, our device configuration
employs a transparent, conductive CdZnS layer
with proper doping materials, which makes it easy
to minimize the interface alignment and to illumi-
nate the p–n junction. The films were characterized
by x-ray diffraction (XRD), scanning electron micro-
scopy (SEM), atomic force microscopy (AFM) and
UV–Vis spectroscopy.

EXPERIMENTAL SETUP

CIGS thin layers were electrodeposited by using
aqueous solutions of CuCl2, InCl2, GaCl2, and
H2SO3. LiCl was used as a supporting electrolyte
and the pH of the solution was adjusted to 2.4 by
slowly adding concentrated HCl. A three-electrode
setup was used with Mo as the back contact, a Pt-
plated counter electrode and a Ag/AgCl reference
electrode with 0.6 V applied potential.15 The as-
deposited thin films were annealed at 450�C for
40 min to improve the crystallinity.16,17

After annealing the CIGS films, a thin CdS buffer
layer was deposited using a simple CBD method.
The annealed sample of the CIGS was vertically
immersed in a 60-ml-based aqueous solution with
pH 11, containing CdSO4 (0.06 M), thiourea
CH4N2S (0.75 M) and ammonia for the pH control.
The bath temperature was kept at 75�C with
continuous magnetic stirring at 600 rpm for 1 h.
The yellow thin film was washed with deionized
water to remove the loosely bonded particles formed
on the surface during deposition, and then the
sample was dried.18

The next step was the n-type window layer
deposition, consisting of the above procedure for
CdS by adding ZnSO4 (0.1 M) as a source of Zn+ 2,
and Cd-doped ZnO, forming the CdZnS film.
Finally, the finger-patterned film of Au (80 nm) for
the electron collection was deposited by using the
evaporation method. The device had a SLG/Mo/
CIGS/CdS/CdZnS/Au structure.

Structural characterization of the films was car-
ried out by using XRD with Cu-Ka radiation
(k = 1.54 Å). The composition and microstructure
of the films were examined using energy dispersive
x-ray analysis and SEM. The surface morphology
and roughness of the films were analyzed by AFM,
and UV–Vis spectroscopy was used for the mea-
surement of the optical properties in the wavelength
range of 300–900 nm. The performance of the CIGS-
based solar cells were evaluated using a solar
simulator under AM 1.5 intensity to obtain the
current and voltage (J–V) curve characteristics.

RESULTS AND DISCUSSION

XRD analysis of the as-deposited films revealed
poor crystallinity. The annealing treatment of the
CIGS films at 450�C for 40 min increased the
crystallinity of the films, as can be seen from
Fig. 1. The appearance of the major peaks matches
well with the tetragonal crystal system of the
JCPDS No. 075-0104 pattern, corresponding to
CuGaSe2 phase (112), (220/204) and (312). An
improvement in crystallinity is indicated following
the heat treatment.19

The thin CdS films annealed at 400�C were
analyzed for their structure using XRD. Diffraction
peaks corresponded to the (002), (110) and (103)
planes with a higher intensity which is an indica-
tion of the polycrystallinity of the CdS films.20

On the other hand, the diffraction peaks of the
thin-layer CdS doped with 5% of Zn are identified at
the same 2h values, as can be seen in Fig. 2, with a
decrease in their intensity. This decrease in inten-
sity is an indication of the decreases in the crys-
tallinity of the ternary CdZnS layer. This result is
attributed to the decrease of the lattice parameters
of CdZnS that come from substituting Zn2+ (88 pm)
for Cd2+ ions of 109 pm (thus, a smaller atomic size),
which leads to a wide-angle influencing the CdS
layer’s crystallinity.21

Figure 3 shows the surface morphology of as-
deposited and annealed CIGS samples. The SEM
images have a homogenous and smooth surface with
a smaller grain size of the as-deposited films.
However, granular crystallites were observed in
the CIGS thin films, and their size increased with
the annealing temperature. This increase in grain
size produces a large number of grain boundaries
that prevent charge carrier recombination, which
causes a significant improvement in the conversion
efficiency of the solar cells.22

Fig. 1. XRD patterns of electrodeposited CIGS.

Bouich, S. Ullah, H. Ullah, Mollar, Marı́, and Touhami616



Figure 4 shows the SEM analysis of the CdS and
CdZnS thin films. A uniform and smoother fiber-like
wire structure was obtained with increases in the
Zn content. It can be observed that the decrease in
the grain size with Zn content may be useful for
solar cell applications using as a window layer.23,24

Figure 5 presents the topography of the CIGS,
CdS, and CdZnS thin films analyzed by AFM. It can
be seen that the films changed their surfaces to thin
and fine particles. According to the AFM analysis
this is important for thin films due to its contribu-
tion to electrical and mechanical properties, and the
surface topography was found to be influenced by
the incorporation of the Zn content. The fine
roughness and small grains in the films were
observed and their size gradually becomes smaller
with the Zn content. This is an indication that due
to the incorporation of Zn the roughness of the films

Fig. 2. XRD patterns of deposited (a) CdS and (b) CdZnS layers.

Fig. 3. SEM images of the thin film CIGS: (a) as-deposited and (b) after annealing.

Fig. 4. SEM images of the synthesized films: (a) Cd(Zn 0%)S and (b) Cd(Zn 5%)S.
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decreases. This in turn increases the transmittance
of the incident light and prevents recombination to
generate more hole–pairs in the absorber layer.

OPTICAL PROPRIETIES

The optical properties of CIGS thin films such as
absorbance and bandgap energy varied with wave-
length (k) in the series of 400–900 nm; the material
has good absorption in the visible region. The thin
CIGS layer is considered a direct bandgap semicon-
ductor material. The bandgap energy was deter-
mined from the absorbance data by plotting (Ahm)2

versus hm to the energy axis at (Ahm)2 = 0, where A
is the absorbance and hm the photon energy.25 The
obtained bandgap for CIGS thin films is 1.6 eV
which is favorable for the absorber layer,and is
shown in Fig. 6.

Figure 7a shows the absorbance of CdS and
CdZnS thin films in the wavelength range of 300–
650 nm. The optical bandgap was calculated as
discussed previously for CdS at 2.48 eV and CdZnS
at 3.05 eV (Fig. 7b). The variation in the bandgap
energy from 2.48 eV to 3.05 eV is of great interest
due to the incorporation of 5 at.% Zn in the CdS,
which is considered a promising window layer for
CIGS-based solar cells in order to decrease the
absorption in the window layer and exhibit a high
transmittance over a wide range of wavelength.26

CIGS-BASED SOLAR CELL

The device performance of CIGS-based solar cells
configuration shown in Fig. 8a was characterized by
measuring the J–V behavior under simulated AM
1.5 illumination (1000 W/m2). The best device per-
formance is recorded as 2.2% in Fig. 8b, Open-
circuit voltage, short circuit current and fill factor
(Voc = 345 mV, Jsc = 16.8 mA/cm2 and FF =
38.18%) was obtained with a 5% Zn content respec-

tively. The achieved efficiency is relatively lower
than those of the literature. We can observe that the
device has some natural defects, such as recombi-
nation loss at grain boundaries and series resis-
tance, which cannot boost the efficiency of the

device. The comparison of our CIGS device with
different works fabricated by various techniques is
illustrated in Table 1.

CONCLUSION

In this study, a CIGS-based solar cell was pro-
posed, which consisted of a sequential process
electrodeposition for a CIGS absorber layer and
CBD for the buffer and window layers. The anneal-
ing treatment plays an important role in the device
performance as it increased the grain size and the
crystallinity of the absorber layer to collect more
light. The CdS buffer layer and CdS doped with
5 at.% Zn were examined where the following
results were observed: (1) a decrease in surface
roughness, (2) substitution of Zn for Cd, and (3) an
increase in the optical bandgap. The increasing
bandgap is an indication for covering the high-
energy wavelength in the visible region to transmit
high-energy photons. The CIGS-based device fabri-
cated with a 5% Zn content had a conversion
efficiency of 2.2%, open-circuit voltage of 345 mV,
a, short circuit current of 16.8 mA/cm2 and a fill

Fig. 5. AFM (2D) images (2D) of surface morphologies: (a) CIGS, (b) CdS, and (c) CdZnS.

Fig. 6. Optical absorption and bandgap of annealed CIGS.
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factor of 38.18%. The achieved efficiency is rela-
tively lower than those in the literature, but the
proposed study could be an alternative for replacing
sputtering-based deposition by CBD to reduce the
overall production costs of the device.
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Fig. 7. (a) Optical absorption and (b) bandgap of CdS with Zn content.

Fig. 8. (a) A typical device SLG/Mo/CIGS/CdS/CdZnS/Au structure configuration, and (b) J–V characteristic curve in the dark and under
illumination.

Table 1. Photovoltaic parameters for different CIGS solar cells, including fabrication methods

Cell structure Fabrication technique

PV parameters

ReferencesJsc (mA/cm2) Voc (mV) FF (%) g (%)

ZnO/CdS/CuGaSe2/Mo Electrodeposition 14.9 546.0 50.8 4.10 25
ZnO/CdS/CIGS/Mo Co-evaporation 35.2 538.2 69.6 13.20 26
ZnO/CdS/CIS/ITO Scalable coating process 25.8 280.0 39.0 2.82 10
ZnO, CdZnS/CdS/CIGS/MO Electrodeposition and CBD 16.8 346.5 38.18 2.22 Our work
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