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a b s t r a c t

A simple two-step, electrodeposition of copper-indium (Cu-In) intermetallic alloy thin films followed by
selenization process was employed for the synthesis and development of CuInSe2 (CIS) thin film solar
cells (TFSC). The co-deposition of Cu and In in ethylene glycol at 130 �C was studied using the cyclic
voltammetry (CV) to obtain a stable Cu-In phase. A wide window of deposition potentials from �0.7 V
to �1.5 V versus Ag/AgCl reference electrode was optimized. Three different potentials, �0.7 V, �1.0 V
and �1.3 V are chosen to deposit the Cu-In intermetallic alloy thin films, which were further selenized in
controlled selenium ambient at 400 �C. The selenization effect is studied extensively on structural,
morphological, optical and compositional properties of selenized Cu-In (CIS) thin films. Polycrystalline
CIS layers with tetragonal crystal structure are obtained upon selenization of Cu-In thin films. Three
prominent reflections of CIS, (112), (204/220) and (312/116) are exhibited in all selenized Cu-In layers.
Additional secondary phases of CuxSe1-x are attributed for the layers grown at �0.7 and �1.0 V. Compact
and void-free surface morphology with particle size ~1e2 mmwas observed for all selenized samples. The
selenized Cu-In layer sample deposited at �1.3 V measure ~1.06 eV energy band gap with polycrystalline
tetragonal chalcopyrite crystal structure of CIS. The photoelectrochemical measurement confirms the
growth of p-type material. A selenized Cu-In layer deposited at �1.3 V with CdS window layer measured
power conversion efficiency 5.44%.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Energy concern is becoming more serious issue because of the
global warming and diminutions of fossil fuels. This calls the
research into green and renewable energy generation from natural
resources, like sun, hydro and wind. Among all the energy sources,
solar energy is very optimistic through abundant and clean energy.
Presently, a crystalline Si-solar (c-Si) cell dominates the photovol-
taic (PV) market [1]. However, the indirect band gap, low absorp-
tion coefficient, purity, processing steps involved for c-Si solar cell
leads to the high production cost [2]. In contrast, CIGS [3,4], CdTe
[5,6] and a-Si:H [7], second generation thin film solar cells (TFSC),
are the promising alternative to c-Si due to its direct band gap, easy
availability of materials, low processing cost and high absorption
coefficient. 22.8%, record value efficiency is accomplished for CIGS
TFSCwhich can be increased up to 25% closer to the C-Si technology
[8].
.B. Chaure).
CIS based materials from chalcopyrite family are environmental
friendly with suitable properties for the development of high effi-
ciency solar cells. Till date the highest efficient (22.8%) CIGS TFSC is
developed by using the co-evaporation technique [4]. However, the
instrumentation, production cost and large material utilization,
slow growth rate promotes to develop the new cheap vacuum-free
deposition methods. Furthermore, the vacuum based methods are
not suitable over large area solar cells due to the inhomogeneous
deposition [9,10]. Various low-cost, non-vacuum solution based
methods have been employed for the deposition of CIS. Among all,
the electrodeposition is one of the most suitable methods for large
area device production, with over 95% utilization of the materials
and high growth rate [11e13].

Two different ways are generally adopted for the electrodepo-
sition of CIS thin films. A co-deposition of all precursors in a single
bath [14] and two-step process involving Cu-In/Cu-In-Ga co-
deposition followed by selenization/sulfurization [15,16]. Additives
and/or complexing agents are required for the co-deposition of
different precursors in single bath [17e19], which could be the
source of impurities in the deposit. A high crystalline absorber layer
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without undesired phases, large grains with uniform homogeneous
growth are the key factor for the development of high efficiency
TFSC device. The post-deposition heat treatment of absorber layers
at high temperature in presence of reactive gases (H2Se, H2S or
vaporizes S/Se) is the proper procedure to obtain dense, well-
crystallized layers suitable for photovoltaic devices. Here, we
employed a two-step process for CIS deposition due to the wide
differences in the reduction potentials of Cu, In and Se.

Some reports are available on the deposition of Cu-In thin films
from aqueous medium as well as its nanoparticles. Cu-In nano
particles are synthesized with melt atomization technique with
10.5% efficiency by Norswaorthy et al. [20]. Kind et al., in 2011
synthesized citrate capped Cu11In9 nanoparticles by polyol method
and fabricated solar cell with 7% efficiency [21]. Prosini et al. re-
ported the electrodeposition of Cu-In thin films onto different
substrates [22]. Electrodeposited Cu-In layers were sulfurized to
obtain the CuInS2 thin films by Herrero et al. [23]. Cummings et al.
reported the selenization of Cu-In alloy deposited by rotating disc
electrodeposition [24].

In the present study we have reported the electrodeposition of
Cu-In layers fromnon-aqueous bath at higher working temperature
(130 �C), followed by selenization. In electrochemical deposition
the most common approach to the growth of metal, oxide and
semiconductor thin film is from the aqueous bath, however, Hþ

reduction results the poor crystalline, non-adhesive, non-uniform
and inhomogeneous layers [24,25], which further limit the elec-
trochemical window. The ionic liquids and non-aqueous can be
resolved the above issues. The ionic liquids have to be utilized in the
inert ambient due to its hygroscopic nature [26]. However, the non-
aqueous electrolytes have several advantages, such as wider elec-
trochemical window, absence of hydrogen evolution and the
growth of thematerial can be performed at higher temperature due
to the high boiling point. Due to the availability of large number of
non-aqueous solvents, there is the feasibility to choose an appro-
priate solvent. Further, most of the inorganic compounds are sol-
uble in non-aqueous solvent, therefore, there is also a feasibility to
choose additives and complexing agents. The higher working
temperature supports the growth of highly crystalline and large
particle size layers [27]. With and without selenized Cu-In samples
were characterizedwith the range of characterization techniques to
study the different properties and solar cell devices were prepared.
2. Experimental

Two-step method was employed for CIS formation/deposition.
Firstly, the Cu-In layers were electrodeposited from ethylene glycol
bath and subsequently selenized in a controlled selenium
atmosphere.
Fig. 1. A Schematic diagram of hom
2.1. Electrodeposition of Cu-In thin films

Copper chloride (CuCl2, Sigma Aldrich - 99.9%) and Indium
chloride (InCl3, Sigma Aldrich - 99.9%) were used as Cu and In ion
precursors for the deposition of Cu-In layers. Lithium Chloride (LiCl,
Sigma Aldrich - 99.5%) was used as supporting electrolyte. Ethylene
glycol (EG) was used as an electrolyte. Electrochemical mechanism
of Cu-In growth was studied using cyclic voltammetry (CV) mea-
surements. Biologic potentiostat/galvanostat model SP150 was
used for the deposition of Cu-In layers potentiostatically onto
fluorine doped tin oxide (FTO) (Pilkington, UK, 10e15 U/,) coated
glass substrates at 130 �C. A standard three-electrode geometry
with Ag/AgCl as reference, FTO as working and graphite as counter
electrode were used for electrodeposition. A wide potential range
from �0.7 V to �1.6 V versus Ag/AgCl was optimized from CV
measurement. Chronoamperometric measurements were per-
formed for different potentials. The properties of Cu-In layers were
analyzed with various characterization techniques.
2.2. Selenization of Cu-In thin films

Cu-In layers electrodeposited at various deposition potentials
were selenized in controlled atmosphere. Fig. 1 shows a schematic
diagram of the selenization chamber. Two different selenization
procedures are commonly used; one is the use of H2Se gas [28] and
another is generating the Se vapors from solid selenium ingots [29].
Our approach was the vaporization of Se ingots in a controlled
ambient. The Se ingots were placed in an air tight graphite box. The
graphite box consisting Cu-In layers and Se ingots were placed in
the quartz tube with vacuum ~5� 10�2 Torr. The heat treatment
was carried out in to two-steps; firstly, the whole assembly was
heated at 200 C for 15min and subsequently the temperature of the
system was raised up to 400 �C with heating rate 50 �C/s. The
samples cooled to room temperature naturally. The diffusion of Se
into grain boundaries is expected upon annealing at lower tem-
perature (200 �C) and at second stage the Se react with of Cu-In
alloy to produce a homogeneous CIS layer.
2.3. Electrochemical measurements

Cyclic voltammetric measurements were performed using Bio-
logic potentiostat/galvanostat model SP 150. The conductivity type
of selenized Cu-In layers (CIS) was studied by using photo-
electrochemical (PEC) analysis. Three-electrode geometry was
employed for PEC studies with graphite and Ag/AgCl as counter and
reference electrode, respectively in 1M KCl solution. A white light
source of intensity 10mW/cm2 was used to illuminate the sample
during the PEC measurements. The impedance spectroscopic
̊

e-made selenization chamber.



P.U. Londhe et al. / Journal of Alloys and Compounds 771 (2019) 246e253248
measurements were performed for a frequency range,
1MHze100mHz in 1M NaCl solution.

2.4. Materials characterization

The structural properties were studied by using X-ray diffrac-
tometer, model Bruker D8 with Cu Ka anode of wavelength
0.154 nm. Surface topography of Cu-In and CIS layer was recorded
with scanning electron microscope (SEM), JEOL JSM 6360 A, at
operating voltage 20 kV. An elemental atomic percentage concen-
tration was determined with the help of energy dispersive X-ray
analysis (EDAX) technique attached with SEM equipment. Optical
absorption measurements were performed with JASCO
UVeViseNIR spectrophotometer, model-770. The optoelectronic
properties weremeasured under dark and illuminated condition by
using the solar simulator with input power intensity, 100mW/cm2.

2.5. Solar cell development

Superstrate solar cell structure, FTO/CdS/Selenized Cu-In/Au
was prepared; wherein a Cu-In layer was electrodeposited
at �1.3 V. CdS layers were prepared by chemical bath deposition
technique [30]. Au-metal contact of diameter 3mm was made by
thermal evaporation technique at vacuum ~5� 10�5 Torr. Prior to
Au-metal contact the samples were etched in Br-Methanol and
NaCN solution for 30 s each.

3. Results and discussion

3.1. Results obtained for Cu-In thin films

The electrochemical performance of Cu-In system in ethylene
glycol and co-deposition potentials were optimized by using cyclic
voltammetric measurements. Fig. 2 represents the cyclic voltam-
mogram recorded for Cu-In system in ethylene glycol at working
temperature 130 �C with scan rate 10 mV/s. A gradual rise in cur-
rent noticed beyond ~ þ0.37 V for the cathodic scan could be
associated to the reduction of copper by following half electrode
reaction (1) [31];

Cu2þ þ 2e� / Cu … … … … … …Eo ¼ þ0.34 V versus SCE (1)
Fig. 2. Cyclic voltammogram recorded in an ethylene glycol electrolyte for Cu-In alloy,
with 10mV/s scan rate verses Ag/AgCl reference electrode at temperature 130 �C.
Further the cathodic current increased from�0.23 V is proposed
due to the growth of Cu-rich, Cu-In intermetallic layers. The shift in
the reduction potentials from the standard value is due to the
change in open circuit potential, which depends upon various
growth parameters, like nucleation, the concentrations of pre-
cursors, temperature of the bath, agitation conditions, position of
the electrodes, etc.

The sharp rise in the cathodic current beyond �0.65 V is asso-
ciated to the deposition of In-rich Cu-In thin films by the following
charge transfer reaction;

In3þ þ 3e�/ In…………… Eo¼�0.34 V versus SCE……………

… … (2)

A plateau region observed from�1.10 to�1.50 V is proposed for
the co-deposition of Cu and In. A plateau region attributed during
reverse scan (anodic) from �1.5 V to-1.0 V is due to the deposition
of Cu-In intermetallic layer on to low resistive layer deposited at
high cathodic potentials (<-1.5 V). The stripping peak A, B and C
attributed during reverse scan are associated to the oxidation of In-
rich and Cu-rich phases of Cu-In thin film. Three different
potentials, �0.7 V, �1.0 V and �1.5 V were chosen from cyclic vol-
tammogram to grow Cu-In thin films.

The nucleation mechanism of Cu-In layers grown for different
growth potentials was studied with the help of Scharifker and Hill's
model [32]. Scharifker and Hill proposed two distinct regions in I-t
transient curve; the peak associated to the cathodic current and the
decrease in the current by Cottrell equation. The peak represents
the summation of nuclei current and the decrease in current is
associated to overlapping the diffusion layer by the particles during
nucleation. Fig. 3 shows the plot of an experimental results and the
theoretical calculations carried by using equations (3) and (4) for
instantaneous and progressive nucleation, respectively to the Cu-In
films deposited at �0.7 V (a), �1.0 V (b) and �1.3 V (c).
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where Im represents the peak current density; tm is the time of peak
current.

The experimental transient curves for growth potentials �0.7 V
and�1.0 V exhibits to some extent progressive nucleation fit with a
sharper inclined peak, which could be due to the diffusion
controlled nucleation process.

For higher cathodic growth potential,�1.3 V, a similar trend was
observed in the experimental data for short time (double layer
charging) i.e progressive nucleation and later the slow decrease in
current close fit to the theoretical curves for the instantaneous
nucleation process. The above observation confirms the mixed
nucleation process due to the mixed charge-transfer and diffusion
controlled mechanism takes place for the sample grown at �1.3 V.
A similar explanation on the electrodeposition of for cobalt and
platinum is reported [33,34]. The charge transfer reactions, varia-
tion in conducting properties of electrode during deposition and
variation in precursor concentration in the solution may contribute
the deviation of the experimental data from theoretical data.

Fig. 4 depicts the x-ray diffractograms of as-deposited Cu-In
intermetallic thin films electrodeposited at (a) �0.7 V, (b) �1.0 V
and (c) �1.3 V on to FTO substrates. Polycrystalline thin layers of
Cu-In intermetallic layers are deposited from non-aqueous bath for
all deposition potentials. The diffraction peaks attributed in XRD



Fig. 3. (I/Imax)
2 versus (t/tmax) plots for Cu-In layers deposited at �0.7 V (a), �1.0 V (b)

and �1.3 V (c) potentials with corresponding theoretical results obtained for instan-
taneous and progressive nucleation (continues line).

Fig. 4. X-ray diffractogram of Cu-In thin films electrodeposited at �0.7 V (a), �1.0 V (b)
and �1.3 V (c).
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pattern for the samples deposited at �1.0 V and �1.3 V are agrees
well with the standard JCPDF (File No. 41-0883) data of Cu11In9

monoclinic crystal structure. The additional peaks observed for the
sample grown at �0.7 V corresponds to Cu16In9 phase (JCPDF File
No. 26-0522). The individual metallic Cu and In peaks were not
observed in the XRD pattern. The peaks associated to the FTO under
layers are marked as solid circles (C).

SEM images of Cu-In layers deposited at various deposition
potentials are given in Fig. 5. Films deposited for all three potentials
were compact, void-free and well adherent to the substrate. The
films grown at potentials, �0.7 V and �1.0 V show granular
morphology, Fig. 5a) and b). The grain size was found to be
increased for film deposited at �1.0 V. A mixed, spherical as well as
rod like morphology was observed for the Cu-In film deposited
at �1.3 V (Fig. 5 c). These SEM results confirm that the deposition
potentials play an important role to control the surface
morphology. In addition the viscosity of the growth solution and
bath temperature can also control the shape and size of the particle.
Ethylene glycol is highly viscous, the viscosity is inversely propor-
tional to the diffusion coefficient; therefore the rate of transport of
depositing species varies and results in different morphology.

The mixed spherical and dendrites surface morphology (Fig. 5c)
at higher deposition potential could be related to the dominating
diffusion controlled mechanism. The result obtained from current
transient analysis also supports the SEM analyses. Fig. 5 d) repre-
sents the plot of atomic composition with respect to deposition
potential of Cu-In thin films determined by EDAX analysis. It was
observed that the Cu-content decreases and In increases in the
deposits upon increasing the growth potentials, which is consistent
with the electrochemical behavior of Cu and In (equations (1) and
(2)). The above results are in good agreement with XRD analysis.
3.2. Results obtained for selenized Cu-In thin films

The Cu-In thin films deposited at different potentials, �0.7, �1.0
and �1.3 V were selenized in controlled atmosphere to obtain the
ternary chalcopyrite phase of CuInSe2. The selenized layers were
characterized thoroughly to study the structural, optical, compo-
sitional, morphological and optoelectronic properties. Fig. 6 rep-
resents the XRD pattern of selenized Cu-In intermetallic layers
deposited at �0.7 V (a), �1.0 V (b) and �1.3 V (c). Three prominent
reflections, (112), (204/220) and (312)/(116) corresponds to
tetragonal crystal structure of CIS were exhibited in all selenized
samples. Peaks related to CuxS1-x along with CIS reflections were
attributed for the Cu-In layers grown at lower cathodic potentials, i.
e. �0.7 V and �1.0 V, whereas the selenized Cu-In sample film



Fig. 5. SEM images of Cu-In thin films electrodeposited at �0.7 V (a), �1.0 V (b), �1.3 V (c) and corresponding plot for atomic concentration versus deposition potential (d).

Fig. 6. X-ray diffractogram of selenized Cu-In thin films electrodeposited at �0.7 V
(a), �1.0 V (b) and �1.3 V (c). Peaks associated to FTO substrate and CuSe are marked as
(�) and (*), respectively.
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deposited at �1.3 V exhibited only CIS reflections.
The surface morphology of selenized Cu-In thin films was

studied by using SEM analysis. Fig. 7 shows the SEM images of
selenized Cu-In thin films prepared at potentials, �0.7 V
(a), �1.0 V (b), �1.3 V (c) and the corresponding plot of atomic
percentage concentration versus deposition potential is given in
Fig. 7d). All selenized films were compact, adherent and densely
packed with somewhat irregular shaped morphology. The sample
deposited at lower potentials (�0.7 V and�1.0 V) demonstrates the
grain size in the range from ~500 nm to l.5 mm, whereas the film
obtained at �1.3 V shows slightly large grain growth in the range
from ~1 to 2 mm. These homogeneous, well adherent crystalline
layers with large clusters are advantageous for the development of
high efficiency thin film solar cells. The bulk atomic concentration
obtained by EDAX revealed the growth of Cu-rich CIS layers ob-
tained upon selenization of Cu-In samples deposited at lower
cathodic potentials, Fig. 7d). Nearly stoichiometric CIS thin films
with atomic percentage concentration ~29.7, 24.6 and 45.7 of Cu, In
and Se, respectively were obtained for the selenized Cu-In sample
deposited at �1.3 V.

Fig. 8 shows the Tauc plot, (ahn)2 versus (hn) for CIS films ob-
tained upon selenized Cu-In layers deposited at �0.7 V
(a), �1.0 V (b) and �1.3 V (c). The energy band gap ~1.06 eV was
estimated for CIS layer obtained from Cu-In layer grown at �1.3 V.
The value of band gap measured for selenized Cu-In thin films
grown at lower cathodic potential were found to be increased,
which is proposed due to the presence of secondary phases of
CuxSe1-x and the small size particles. Indeed, we have observed the
peaks associated to CuxSe1-x in the selenized layer of Cu-In grown at
lower cathodic potentials (�0.7 V and �1.3 V). Two onsets can be
clearly seen for the selenized Cu-In alloy thin layers grown
at �0.7 V and �1.3 V. A lower band gap ~0.9 eV observed in the
sample grown at�1.3 V is proposed due to the deposition of In-rich
CIS thin film [35]. It is noteworthy that the In-content in the CIS
layer obtained at �1.3 V is more with respect to the layer obtained
at �0.7 V and �1.0 V (Fig. 7 (d)). An extra band gap attributed
~1.1 eV in the sample grown at �0.7 V could be associated to the
stoichiometric CIS.



Fig. 7. SEM images of selenized Cu-In thin films (CIS) electrodeposited at -0.7 V (a), �1.0 V (b), �1.3 V (c) and corresponding plot for atomic concentration versus deposition potential
(d).

Fig. 8. Plot of (ahn)2 versus (hn) of the selenized Cu-In thin films deposited at �0.7 V
(a), �1.0 V (b) and �1.3 V (c).

Fig. 9. Photoelectrochemical measurements, photocurrent density verses time for
standard n-type Silicon a), p-type Silicon b), selenized Cu-In alloy thin films deposited
at �0.7 V (c), �1.0 V (d) and �1.3 V (e).
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Photoelectrochemical (PEC) measurements of selenized Cu-In
thin films grown at �0.7 (c), �1.0 V (d) and �1.3 V (e) are repre-
sented in Fig. 9. The ‘n’ and ‘p’-type standard silicon samples of
resistivity 0.05 Ucm were used as a reference to confirm the di-
rection of photocurrent. The spectra given in Fig. 9a) and b) cor-
responds ‘n’ and ‘p’-type Silicon sample, respectively. A three
electrode system was used to carry the PEC measurements in 1M
KCl electrolyte with a chopped light of intensity 10mW/cm2 at
room temperature. The direction of photocurrent in PEC
measurements by minority charge carries upon illumination gives
the information about type of conductivity. All selenized Cu-In alloy
samples measured the negative photocurrent and which was



Table 1
Best fit values of Rs, Rct, Cd and Zw using an equivalent circuit for selenized Cu-In thin
films deposited at different deposition potentials.

Deposition potentials (V) Rs (U) Rct (U) Cd (mF) ZW (U)

�0.7 53.03 6998 2.1 1141
�1.0 49.23 6529 4.5 965
�1.3 33.27 5228 6.1 786

Fig. 11. Dark and illuminated J-V curves of FTO/CdS/selenized Cu-In/Au superstrate
heterostructure solar cell device. Cu-In layer was electrodeposited at �1.3 V.
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further increased along negative direction demonstrate the p-type
conductivity. The photocurrent for the selenized Cu-In alloy sam-
ples deposited at �1.0 V and �1.3 V was found to be increased in
negative direction as compared to Cu-In films deposited at �0.7 V,
which could be associated to stoichiometric growth of layer and
also the presence of large particles and absence of unwanted sec-
ondary phases.

Fig. 10 shows the Nyquist plots for selenized Cu-In thin films
recorded at the frequencies 1 MHze0.1mHz deposited at �0.7 V
(a), �1.0 V (b) and �1.3 V (c). The equivalent circuit shown in the
inset of Fig.10, which is used to fit the data to calculate the values of
series resistance associated to the electrolyte (Rs), the capacitance
(Cd) at the electrode-electrolyte interface, the charge transfer
resistance (Rct) and Warburg impedance (Zw). A semicircle in the
high-frequency region and a straight line in the low-frequency
region can be clearly seen in the Nyquist plots for all three cases.
The straight line at low frequency represents the Warburg
impedance (Zw), which is proposed due to the diffusion of ions/
electroactive species from the electrolyte to CIS layer. The values of
all above estimated parameters are summarized in Table 1. As ex-
pected the value of Rs decreases systematically for the selenized Cu-
In layer grown at�1.3 V. Bymeasuring the diameter of semicircle at
the X-axis the value of Rct is calculated, which was found to be
decreased systematically with increasing the deposition potential.
Cd represents the capacitance value of the electric double layer
formed at the electrode and electrolyte interface. For the selenized
Cu-In layer deposited at higher deposition potential measured the
large value of Cd.

Based on the above results, a selenized Cu-In layer deposited
at �1.3 V was used to prepare the superstrate solar cell structure,
FTO/CdS/selenized-Cu-In/Au. A circular metal (Au) contact of
diameter 3 mm was prepared by thermal evaporation technique.
CdS thin film used as window layer was deposited by chemical bath
deposition [30]. To remove the unwanted secondary phases as well
as the overgrowth the CIS samples were etched in Br-methanol and
NaCN solution prior tomake the Au contacts. Fig.11 illustrates the J-
V curves measured for dark and illuminated conditions for the final
solar cell device at room temperature. The solar cell parameters
such as open circuit voltage (VOC), short circuit current (JSC), fill
factor (FF) and power conversion efficiency (h) measured for typical
device under illumination condition are given in Table 2. The effi-
ciency ~5.44% was measured for the above solar cell, which is
Fig. 10. Nyquist plots for selenized Cu-In thin films deposited at �0.7 V (a), �1.0 V (b)
and �1.3 V (c).
however low, but can be further improved by optimizing the heat-
treatment and etching conditions. The cross-over observed in be-
tween dark and illuminated J-V characteristics of solar cell could be
associated to the defects present at the interface of CIS/CdS or in
absorber layer or in buffer layer [36]. The values of shunt conduc-
tance (GD, L), series resistance (RS D, L), and ideality factor (AD, L)
deduced from the plots of dJ/dV versus V and dV/dJ versus (Jþ Jsc)

�1

under dark and illuminated conditions are tabulated in Table 2. The
values of ideality factor and series resistance of solar cell are found
to be decreased after illumination. GD¼ 1.1mS/cm2 and
GL¼ 13mS/cm2 are the values of shunt conductance estimated
from the plot dJ/dV versus V at dark and illuminated condition for
the CdS/CIS solar cell.

Fig.12shows the plot of Im(Z) and Re(Z) of a typical CdS/CIS solar
cell device at V¼ 455mV. In order to quantify the impedance data
the results were analyzed by establishing the equivalent circuit
which is shown in the inset of Fig. 12. The solid line indicates the
fitted data. The only junction formed at the interface between p-CIS
and n-CdS was considered and the configured equivalent circuit
consists, Rs, series resistance (resistance because of bulk and con-
tact resistances) and Rp, parallel resistance (resistance due to
recombination in the depletion region) and Co, the total capaci-
tance (addition of depletion and diffusion capacitances). A semi
circular nature was obtained for both the dark and illuminated
conditions. The diameter of semicircle represents the value of Rp,
whereas the displacement from origin on x-axis or the minimum
Re(Z) at the highest frequency gives the value of Rs.

The values of Rs ~22 and 12U and Rp ~210 and 800U were
obtained for dark and illuminated conditions with bias voltage
455mV. The bulk resistances of CdS and CIS thin layers may
contribute the slight increase of Rs value [37].



Table 2
Solar cell parameters obtained under dark and illuminated conditions.

Cell VOC (Volts) JSC (mA/cm2) FF Efficiency (h %) GD (mS/cm2) GL (mS/cm2) RS,DU cm2 RS,LU cm2 AD AL

FTO/CdS/Selenized-Cu-In/Au 0.455 26 0.46 5.44 1.1 13 2 0.5 2.1 1.9

Fig. 12. Impedance spectroscopy measurement of CdS/CIS thin film solar cell at
Voc¼ 455mV under dark and illuminated conditions.
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4. Conclusions

Cu-In layers have been deposited using a low-cost wet electro-
chemical technique in non-aqueous bath. The layers were selenized
in the controlled selenium ambient to obtain the CuInSe2 thin films.
A stable, polycrystalline, well adherent intermetallic Cu11In9 thin
films with monoclinic crystal structure were obtained at �1.0
and�1.3 V growth potentials. The shape and size of the particlewas
found to be dependent on the growth potential probably due to the
dominating diffusion controlled mechanism. The selenized Cu-In
layer sample deposited at �1.3 V measure ~1.06 eV energy band
gap with polycrystalline tetragonal chalcopyrite crystal structure of
CIS. The photoelectrochemical measurement confirms the growth
of p-type material. A selenized Cu-In layer deposited at �1.3 V with
CdSwindow layermeasured the power conversion efficiency 5.44%.
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