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ABSTRACT: Electrodeposition of Cu(In,Ga)Se2 (CIGS) thin film is an attractive
approach for the development of highly efficient low-cost solar cells. This work focuses
on the effects of various electrodeposition parameters on the growth and properties of
CIGS layers. The films deposited at −0.9 V tend to drive the growth of CIGS favoring
(112) crystal orientation, whereas the films deposited at −1.6 V show the orientation
along (220)/(204). Interplanar distances corresponding to (112) and (204/220)
planes could be observed in the high resolution transmission electron microscopy
(HRTEM) images of the respective films, confirming the dependence of the texture on
the deposition potential. Films with larger grains could be grown by maintaining higher
temperature (130 °C) during the deposition of layers. X-ray photoelectron
spectroscopy (XPS) confirmed the presence of Cu+, In3+, Ga3+, and Se2− valence
states in the CIGS layers prepared at −0.9 and −1.6 V. The film deposited at −1.6 V
with (220/204) orientation showed high efficiency as compared to the film deposited
at −0.9 V with (112) orientation. The observed solar cell parameters, measured under
illuminated condition of input power intensity 100 mW/cm2, were VOC = 0.357 V; JSC = 27 mA/cm2, FF = 44, and η = 4.90; and
VOC = 0.460 V, JSC = 34 mA/cm2, FF = 58, and η = 9.07 for the deposition potentials of −0.9 and −1.6 V, respectively.
KEYWORDS: CIGS, Low-cost electrodeposition technique, Thin film solar cells, Structural properties, Optoelectronic properties

■ INTRODUCTION

Steps forward for photovoltaic (PV) technologies are necessary
for the production of electrical power from renewable sources.
Thin films solar cells are flourishing and anticipated to grow
considerably because of their low cost and also because they
offer a wide variety of choices in terms of device design and
fabrication. Ternary and quaternary semiconducting com-
pounds such as CuInSe2 (CIS) and Cu(In,Ga)Se2 (CIGS)
have attracted considerable interests over the past few decades
as fascinating absorber materials in efficient thin film solar cells
(TFSC).1−3 Due to the long-term stability, direct energy band
gap with high optical absorption coefficient, and long diffusion
lengths of minority carriers, CIGS is one of the most promising
materials in the thin film solar cell category with a maximum
reported laboratory-scale cell efficiency of ∼22.3%.4
Currently the efforts are ongoing to enhance the efficiency to

the theoretical maximum (∼30%)5 as well as to develop
cheaper strategies for the absorber layer. To date, several solar
cell technologies have been established with extraordinary
energy conversion efficiencies.6 The reported highest efficiency
for CIGS is obtained by the vacuum-based coevaporation
technique.4 Numerous vacuum- and nonvacuum-based meth-
ods have been used for the deposition of CIGS layers for solar
cell devices; however, the vacuum-based method creates cost
and technological barriers for the production of low-cost
photovoltaic modules.7,8 Among the different nonvacuum-

based methods, electrodeposition is one of the most studied
techniques.9,10 The intent of our study is to circumvent the
cost-intensive vacuum-based deposition method and develop
CIGS solar cells using a low-cost electrochemical method. The
method has several advantages such as low instrumental and
materials costs, high deposition speed, efficient utilization of
raw materials, and feasibility in making large area thin films.11

The most common approach to electrodeposit CIGS is based
in aqueous solutions;12 however, the hydrogen evolution limits
the adherence and quality of thin films. Ionic liquids as a
solvent are reported as alternatives to aqueous solutions to
deposit CIS-based layers. Due to the hygroscopic nature of
ionic liquids, a controlled atmosphere is required which
confines its use.13 The film prepared by electrodeposition
requires post-heat treatment, such as annealing, selenization/
sulfurization, etc. to improve the crystallinity. However, for
flexible plastic substrates, the layer cannot be annealed/
selenized at high temperature. To overcome these issues,
nonaqueous solvents such as ethylene glycol, diethylene glycol,
polyethylene glycol, etc. may be used for CIGS deposition.14

They have several advantages such as wide electrochemical
windows, high boiling points, and flexibility of selecting the
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organic and inorganic compounds.15 Importantly, the wide
electrochemical window is available for depositing the desired
contents of Ga along with Cu, In, and Se and large grain
growth.
The highest reported CIGS solar cell efficiency by electro-

deposition is 15%.16 A multilayer superstrate solar cell structure
was prepared by Chaure et al.17 using an electrodeposition
technique with an efficiency ∼9%.
In this paper, we present a comprehensive study on the

synthesis of a CIGS layer using a low-cost electrochemical route
with nonaqueous solvents and focus on studying the effects of
various electrodeposition parameters on the growth and
properties of CIGS layers. The superstrate solar cells of a
Glass/FTO/CdS/CIGS structure, prepared using CIGS grown
at different potentials, are characterized for structural and
optoelectronic properties.

■ MATERIALS AND METHODS
Sample Preparation. One-step electrodeposition from a non-

aqueous medium (ethylene glycol) was employed for the deposition of
CIGS samples. The CIGS layers were deposited potentiostatically
onto fluorine-doped tin oxide (FTO)-coated glass substrates at 130 °C
using a Bio-Logic potentiostat/galvanostat model SP150.
To understand the electrochemical mechanism of CIGS growth in

ethylene glycol (EG), electrochemistry of a Cu−In−Ga−Se system
was studied using cyclic voltammetry (CV). The bath matrix consisted
of copper(II) chloride (CuCl2), indium chloride (InCl3), selenium
tetrachloride (SeCl4), and gallium chloride (GaCl3). LiCl was used as a
supporting chemical compound to control ionic conductivity of the
bath. A standard three-electrode geometry with Ag/AgCl as the
reference electrode, FTO as the working electrode, and graphite as the
counter electrode was used. CV measurements and deposition of
CIGS layers were performed without agitation at 130 °C. The
potentials −0.9 and −1.6 V versus Ag/AgCl were optimized from CV
measurements for the electrodeposition of CIGS. CIGS samples were
annealed with selenium ambient in a tubular furnace at 400 °C for 20
min. A graphite box consisting of CIGS layers and Se ingots was
placed in the quartz tube with a vacuum of ∼5 × 10−2 Torr. The
annealing was carried out in two-steps, initially the whole assembly was
heated at 200 °C for 15 min, and subsequently, the temperature was
increased to 400 °C with a heating rate of 50 °C/sec. The samples
were cooled to room temperature naturally. Solar cell devices were
prepared in a superstrate FTO/CdS/CIGS/Au solar cell structure,
wherein CIGS layers were electrodeposited at −0.9 or −1.6 V. CdS
layers were prepared by a chemical bath deposition technique18 to
complete the final superstrate FTO/CdS/CIGS/Au solar cell
structure. Au-metal contact of a diameter of 2 mm was made by a
thermal evaporation technique at a vacuum of ∼10−6 mbar. Prior to
the Au-metal contact, CdS/CIGS layers were etched in Br2/methanol
and NaCN solutions for 30 s each.
Characterization Techniques. Cyclic voltammetry (CV) meas-

urements were performed using a Bio-Logic potentiostat/galvanostat
model SP 150. The as-deposited and selenized layers grown at
different potentials were characterized for structural and compositional
properties. The structural properties were studied by means of an X-
ray diffractometer (XRD), model Bruker D8 with Cu Kα radiation of
wavelength 1.5405 Å, and transmission electron microscopy (TEM)
model TECNAI G2. The surface topography was examined using a
JEOL J SPM-5200 scanning probe microscope (SPM). The bulk
elemental atomic percentage concentration was determined by an
energy dispersive X-ray analysis technique equipped in the SEM unit.
The wavelength dispersive Philips PW2440 sequential X-ray
fluorescence spectrometer was used to determine the elemental
concentrations of CIGS layers. The surface composition and chemical
states of each element were examined by X-ray photoelectron spectra
(XPS) using a PHI 5000 VersaProbe II instrument equipped with a
monochromatic Al Kα (1486.6 eV) X-ray source and a hemispherical
analyzer. Appropriate electrical charge compensation was employed to

perform the analysis, and binding energy was referenced to the C 1s
peak at 284.8 eV. The final solar cell devices were measured for solar
cell parameters in dark and illuminated conditions at room
temperatures. For the visible light illumination, an input power
intensity of 100 mW/cm2 (1.5 AM) was used. External quantum
efficiency (EQE) was measured by a photon counting spectrometer,
ISS Inc., and Kiethley 2400 source meter.

■ RESULTS AND DISCUSSION
Cyclic Voltammetry Measurements. In order to achieve

prologue information about electrochemical behavior and
reduction of CIGS, a cyclic voltammogram for the quaternary
Cu−In−Ga−Se system prepared on FTO glass was recorded.
Figure 1 shows typical the cyclic voltammograms recorded for
the quaternary Cu−In−Ga−Se system at a scan rate of 10 mV/
s.

A cathodic current starts to increase at the beginning of a
forward scan at about +0.52 V followed by a plateau region in
the range from +0.52 V to −0.05 V. This plateau corresponds
to the reduction of ionic copper species to copper by the
following charge transfer reactions:

+ → = ++ −Cu 2e Cu E 0.34 V vs SCE2
0 (1)

+ → = ++ − +Cu e Cu E 0.16 V vs SCE2
0 (2)

+ → = ++ −Cu e Cu E 0.52 V vs SCE0 (3)

A slight increase in current seen at about −0.5 V is proposed
to be due to the reaction of selenium by the following charge
transfer reaction:

+ → = ++ − −Se 6e Se E 0.048 V vs SCE4 2
0 (4)

The reduction peaks observed at about −0.17 and −0.51 V
are proposed to be due to the reduction of In3+ to In and Ga3+

to Ga according to charge transfer reactions (5) and (6):

+ → = −+ −In 3e In E 0.34 V vs SCE3
0 (5)

+ → = −+ −Ga e Ga E 0.56 V vs SCE3
0 (6)

Further linear rise in the cathodic current after −0.65 V with
increasing the cathodic potential may be due to the deposition

Figure 1. Typical cyclic voltammogram recorded in electrolyte
consisting of ionic species CuCl2, InCl3, GaCl3, and SeCl4, with scan
rate 10 mV/s at temperature of 130 °C using Ag/AgCl reference
electrode on FTO substrate.
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of Ga and In along with Cu and Se. The cathodic current is
found to be increased beyond −1.0 V, which may be due to the
co-deposition of Cu, In, Ga, and Se. We have not observed any
bubbling from the cathode at higher cathodic potentials, which
confirms the absence of hydrogen evolution. The peaks
observed during the anodic scan marked as A, B, and C are
due to the stripping of In, Se, and Cu, respectively.
Structural Study. Figure 2 depicts the X-ray diffractograms

of typical as-grown CIGS layers at −0.9 and −1.6 V. XRD

patterns exhibit three prominent reflectionns (112), (204/220),
and (312)/(116) that correspond to the chalcopyrite crystal
structure of CIGS. It is noteworthy that the as-deposited layers
prepared at −0.9 and −1.6 V exhibit (112) and (204/220)
textures, respectively. The secondary binary phases, Cu2Se and
In2Se3, indicated in the XRD patterns shown in Figure 2 are
attributed to the applied potentials −0.9 and −1.6 V,

respectively. As per the equilibrium potentials (reactions 1
and 5), Cu-rich and In-rich layers are expected for lower (−0.9
V) and higher (−1.6 V) growth potentials, respectively.
The XRD pattern of the annealed layers is shown in Figure 3.

The peaks of the chalcopyrite structure of CIGS observed at 2θ
= 26.76°, 44.47°, and 52.47° correspond to (112), (220/204),
and (312) planes, respectively(JCPDS data Card No. = 35-
1102). The annealed layer deposited at −0.9 V exhibits strong
(112) orientation, whereas the strong (220/204) orientation
can be clearly seen in Figure 3b. The preferential orientation
was further confirmed by HRTEM as shown adjacent to the
respective XRD patterns. The values of interplanar distance,
0.204 and 0.339 nm, obtained for the annealed CIGS sample
prepared at −0.9 and −1.6 V correspond to (112) and (220)/
(204) reflections, respectively. Several reports are available on
the studies of orientation of CIGS thin films prepared by the
co-evaporation and sputtering technique; however, to the
authors’ best knowledge, the control of orientation achieved by
varying the electrodeposition process parameters has not been
reported so far. The most stable and favorable preferred
orientation of the CIGS is of the (112) plane, which is parallel
to the substrate orientation as experimentally reported19,20 as
well as theoretically predicted.21 However, achieving [220]/
[204] orientation is challenging. Schlenker et al.22 reported the
substrate effects on the texture orientation. Contreras et al.23

accounted that the preferential orientation of CIGS can be
changed by varying the crystallographic orientation of the
(In,Ga)2Se3 layer by the three-stage co-evaporation process.
Nonetheless, Contreras et al.24 also report that other
parameters also influence the film orientation. They particularly
highlighted the effect of nature of the glass substrate for the
(220)/(204) orientation, which may get prompted by the
diffusion of sodium into the growing CIGS layer from the
substrate. Wallin et al.25 and Hanna et al.26 proposed that the
growth of an absorber layer deposited under Se-rich conditions
helps in growing the (220)/(204)-oriented layer. Contreras et
al.27 observed increased device performance with higher Se flux
driven by an increase in open circuit voltage as well as the fill
factor, whereas Yun et al.28 found that an intermediate Se

Figure 2. X-ray diffractograms of the as-deposited CIGS thin film
deposited at (a) −0.9 V and (b) −1.6 V with respect to Ag/AgCl
reference electrode.

Figure 3. X-ray diffractogram of the annealed CIGS thin film deposited at (a) −0.9 V and (b) −1.6 V. Adjacent images corresponds HRTEM of the
respective sample.
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evaporation rate was optimal. In our case, the observed

preferential (220)/(204) texture for the CIGS film deposited at

−1.6 V could be due to the formation of the In2Se3 phase along

with CIGS in an as-deposited sample and also the growth of a

copper-poor layer. It has been reported in the literature that the

In2Se3/(In,Ga)2Se3 layer helps in growing the CIGS layer with
a (220/204) orientation.23,29,30

The preferred orientations of the CIGS films were obtained
with Lotgering factors. The reflections as a function of
deposition potential for the as-deposited and annealed layers
are shown in Figure 4(A) and (B), respectively.

Figure 4. Variation of Lotgering factor (F) as a function of deposition potential for (A) as-deposited and (B) annealed CIGS thin film.

Table 1. Summary of Compositional analysis of CuInGaSe2 Thin Films Electrodeposited at −0.9 and −1.6 V Determined by
EDAX and XRF

Atomic Composition (%)

Cu In Ga Se Ga/(In+Ga)

Deposition Potential (V) EDAX XRF EDAX XRF EDAX XRF EDAX XRF EDAX XRF

−0.9 21.23 22.00 22.48 21.00 03.00 02.90 53.29 54.10 0.12 0.12
−1.6 10.74 12.50 33.07 30.00 06.02 06.50 50.17 51.00 0.16 0.18

Figure 5. AFM images of (a, c) as-deposited and (b, d) annealed CIGS thin films deposited at −0.9 and −1.6 V, respectively.
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The Lotgering factor is given by following relation:31
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where I and I0 are the peak intensities of the textured and
randomly oriented sample, respectively. Positive values of the
Lotgering factor designates that the surface orientation (hkl) is
prominent, whereas a negative value implies a reduced
occurrence of the (hkl) orientation. It is clearly obvious from
Figure 4 that the as-prepared and annealed CIGS layers
deposited at −1.6 V exhibits a (220)/(204) preferred
orientation.
The compositional analysis of annealed CIGS thin films

deposited at −0.9 and −1.6 V were obtained by energy
dispersive analysis of X-rays (EDAX), and the results are
summarized in Table 1. We have further determined the
elemental percentage concentration of all the CIGS layers
deposited for potentials ranging from −0.8 to −1.6 V by XRF,
and the results are given in the Supporting Information (Figure
S1).
Cu deficient layers were obtained at −1.6 V; however, nearly

stoichiometric growth with ∼3% Ga was detected for the layer
grown at −0.9 V. The Ga/(Ga+In) ratio was systematically
increased from 0.12 to 0.16 with increasing the growth
potential.
AFM Study. Surface morphology of CIGS thin films was

studied using AFM analysis. 2-D AFM images of as-deposited
and annealed CIGS thin films electrodeposited at −0.9 and
−1.6 V are shown in Figure 5. During electrodeposition,
various parameters responsible for grain formation are bath
temperature, viscosity of electrolyte, chemical concentration,
and geometry of the electrode. The formation of large grains in
as-deposited samples prepared at −0.9 and −1.6 V could be
due to the higher working temperature (130 °C) during
deposition. It is found that the film deposited at −1.6 V forms
larger grains as compared to the layer deposited at −0.9 V. At
higher deposition potentials, the current density is higher,
leading to more driving force to nucleate but not sufficient time
to grow which will result in finer grains.
The CIGS layers grown at −0.9 and −1.6 V have grain sizes

approximately from 0.5 to 1.0 μm and 2.5 to 3 μm, respectively.
Upon annealing, both layers became more compact, smooth,
and uniform with grain sizes from ∼2 to 3 μm and 3.5 to 4.5
μm for the samples deposited at −0.9 and −1.6 V, respectively.
Such a uniform and smooth film having larger grains is most
suitable for charge transport in solar cell devices The root-
mean-square (RMS) surface roughness calculated for the CIGS
film deposited at −0.9 and −1.6 V was 15.33 and 26.53 nm for
the as-deposited samples; it was 30.34 and 42.59 nm for the
annealed samples, respectively. Figure 6 shows the SEM cross-
section of the FTO/CdS/CIGS superstrate structure grown at
−1.6 V. The thickness measured for the CIGS layer on CdS
was ∼2.8 μm (±70 nm), which is very similar to the thickness
measured by using a Filmetrics F10 thin film analyzer.
XPS Study. The chemical states of various elements present

in the annealed CIGS thin films electrodeposited at −0.9 and
−1.6 V were examined by XPS analysis. Figure 7 shows the
survey spectra obtained for annealed CIGS layers deposited at
−0.9 and −1.6 V.
Prior to the XPS measurement, the samples were etched in

Br2/methanol and NaCN solutions for desired conditions used

for the development of the final solar cell device. Along with
the peak corresponds to Cu, In, Ga, and Se precursors, C 1s-
and O 1s-related peaks are also exhibited in the survey scan,
which could be due to the surface contamination caused by
ambient conditions in the vacuum chamber. The sample grown
at −0.9 V measured a higher intensity Cu signal as compared to
the sample −1.6 V, which demonstrates the Cu-rich layer
grown at −0.9 V. The less intense Cu peak observed for the
sample grown at −1.6 V confirms that the Cu-deficient surface
can form the n-type ordered defect compound (ODC) by
making a homojunction within CIGS, which improves the
efficiency of the solar cell. The core level spectra of Cu 2p, Ga
2p, In 3d, and Se 3d for both samples are depicted in Figure 8,
and the corresponding binding energies are listed in Table 2.
The obtained results are in good agreement with the reported
binding energies by Lincot et al. and Calderon et al. for CIGS
samples grown by the evaporation technique.32,33

Optoelectronic Study. The optoelectronic properties of a
CdS/CIGS solar cell wherein CIGS layers were electro-
deposited at −0.9 and −1.6 V have been studied. The dark
and illuminated J−V curves of CdS/CIGS solar cells prepared
at −0.9 and −1.6 V are depicted in Figure 9(a) and (b),
respectively. The values of four basic solar cell parameters, short
circuit current (Jsc), open circuit voltage (Voc), fill factor (FF),
and power conversion efficiency (η) are summarized in Table 3.
In the CdS/CIGS solar cell, the CIGS layer electrodeposited at

Figure 6. Typical cross-section image of FTO/CdS/CIGS (electro-
deposited at −1.6 V) versus Ag/AgCl reference electrode.

Figure 7. XPS survey spectra of annealed CIGS thin films deposited at
(a) −0.9 V and (b) −1.6 V.
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Figure 8. XPS core level spectra of annealed CIGS thin films deposited at −0.9 and −1.6 V.

Table 2. Summary of Binding Energy Peaks for Cu 2p, Ga 2p, In 3d, and Se 3d in CIGS Layers

Binding Energies (eV)

Deposition Potential (V) Cu 2p1/2 Cu 2p3/2 In 3d3/2 In 3d5/2 Ga 2p1/2 Ga 2p3/2 Se 3d3/2 Se3 d5/2

−0.9 951.5 931.7 452.1 444.5 1144.6 1117.8 55.0 54.2
−1.6 951.5 931.7 452.3 444.6 1144.9 1117.9 55.5 54.5

Figure 9. Dark and illuminated J−V curves of CdS/CIGS heterostructure solar cell device. CIGS layer was electrodeposited at (a) −0.9 V and (b)
−1.6 V versus Ag/AgCl reference electrode.

Table 3. Solar Cell Parameters Obtained under Dark and Illuminated Conditions

Cell VOC (volts) JSC (mA/cm2) FF η (%) GD (mS/cm2) GL (mS/cm2) RS,D (Ω cm2) RS,L (Ω cm2) AD AL

FTO/CdS/CIGS(−0.9 V)/Au 0.357 27 0.44 4.90 0.9 07 16 4.3 2.2 1.7
FTO/CdS/CIGS(−1.6 V)/Au 0.460 34 0.58 9.07 1.5 13 21 2.0 1.9 1.5
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−1.6 V shows better solar cell parameters as compared to the
layer deposited at −0.9 V.
The following general diode eq 8 was used to obtain the

series resistance, shunt conductance and ideality factor.

= − + −
⎡
⎣⎢

⎤
⎦⎥J J

q
nkT

V RJ GV Jexp ( ) L0 (8)

where R and G are the series resistance and shunt conductance,
which arise in series and parallel with the device, respectively.
The values of the series resistance and ideality factor are

estimated from the plots dJ/dV versus V and dV/dJ versus (J +
Jsc)

−1 by using the J−V curves in dark and illuminated
conditions. Figure 10 illustrate the plots of dV/dJ versus (J +
Jsc)

−1 for the CIGS layer deposited at −0.9 and −1.6 V in dark
and illuminated conditions, respectively.
The diode term in eq 8 becomes negligible for the plot dJ/

dV against V (Figure 11) near Jsc and in reverse bias.
The values of shunt conductance (GD,L), series resistance

(RS,D,L), and ideality factor (AD,L) for both the cells under dark
and illuminated conditions are tabulated in Table 3. The value
of shunt conductance is found to be increased and series
resistance value decreased for the solar cell prepared at −1.6 V.

Thus, the film having (220/204) orientation shows higher
efficiency as compared to the (112)-orientated film. Larger
grain size, witnessed in the film deposited at higher cathodic
potential, helps in achieving better solar cell properties. The
defect states present in the absorber layer or at the interface or
in the CdS layer are mainly contributed to the crossover
observed in both J−V curves. This may be due to the presence
of defect states in the absorber or at the heterointerface or in
the CdS layer.34−36

The increased efficiency measured for the cell grown at −1.6
V was further confirmed by external quantum efficiency (EQE)
measurements. Figure 12 depicts the EQE curves measured for
the cell grown at −1.6 and −0.9 V potentials. Both cells
revealed a high response to the visible region (450−800 nm).
However, the spectrum for the cell deposited at higher
deposition potential shows a slight blue shift of the onset
wavelength due to the increased band edge transition.
The external quantum efficiency for the device fabricated

using the CIGS layer grown at −1.6 V was found to be
increased in the region from ∼750 to 950 nm as compared to
−0.9 V and could be due to the thickness of the CIGS layer and
the trap state present in the bulk CIGS. The trap states leads to

Figure 10. Graph of dV/dJ vs (J + JSC)
−1 for CdS/CIGS solar measured in (a) dark and (b) illuminated conditions for the film electrodeposited at

−0.9 V and (c) dark and (d) illuminated conditions for the film electrodeposited at −1.6 V. The experimental data depicted in Figure 9 is processed
to obtain these graphs.

Figure 11. Graphs of dJ/dV vs V for CdS/CIGS heterostructure solar cell device. CIGS layer was electrodeposited at (a) −0.9 V and (b) −1.6 V.
The experimental data depicted in Figure 9 is processed to obtain these graphs.
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the recombination of electrons and holes, whereas thickness
directly affects the absorption of light. The band gap of the
CIGS layer is determined from a plot of (E × EQE)2 versus
energy as shown in Figure 12 (inset).
This plot yields an absorber layer band gap of Eg = 1.18 and

1.26 eV for −0.9 and −1.6 V, respectively.

■ CONCLUSION
In summary, the impact of the deposition potential, non-
aqueous electrolyte, and higher working temperature on the
growth and properties of CIGS layers were investigated. The
growth potential was optimized by using the CV measurements
on a Cu−In−Ga−Se system in ethylene glycol at a 130 °C
working temperature. A wide potential window beyond −0.8 V,
with respect to the Ag/AgCl reference electrode, was observed
from CV measurements. XRD results revealed that the films
deposited at a −0.9 V deposition potential have (112) crystal
orientation, whereas the film deposited at −1.6 V shows the
orientation along (220)/(204). HRTEM clearly showed the
values of interplanner distances corresponding (112) and (204/
220) planes. AFM confirmed the formation of globular
morphology for the layers deposited at both potentials. The
higher working temperature (130 °C) during the deposition
leads to the formation of larger grains in as-deposited samples.
The particle size was found to be increased after annealing.
These larger grains are most useful for charge transport in solar
cell devices. XPS confirmed the formation of Cu-rich and Cu-
deficient surface of layers grown at −0.9 V and −1.6 V,
respectively, which support the compositional analysis done by
EDAX and XRF. The observed solar cell parameters, measured
under illuminated condition of input power intensity 100 mW/
cm2 were VOC = 0.357 V, JSC = 27 mA/cm2, FF = 44, and η =
4.90; and VOC = 0.460 V, JSC = 34 mA/cm2, FF= 58, and η =
9.07 for the deposition potentials of −0.9 and −1.6 V,
respectively. The value of shunt conductance was found to be
increased and the series resistance value decreased for the solar
cell prepared at −1.6 V. The film deposited at −1.6 V with
(220/204) orientation showed high efficiency as compared to
the film deposited at −0.9 V with a (112)-orientated film.
Larger grain size correlated with the observed good perform-
ance of the solar cell made by the film deposited at higher
cathodic potential. It is concluded that a solar cell device can be
prepared using controlled electrodeposition parameters to

obtain a (220/204) textured CIGS film with large grains
which would exhibit higher efficiency.
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