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Abstract−Easily processed, low cost, and highly efficient solar cells are desirable for photovoltaic conversion of solar
energy to electricity. We present the fabrication of precursor solution processed CuInGaS2 (CIGS) thin film solar cells
on transparent indium tin oxide (ITO) substrates. The CIGS absorber film was prepared by a spin-coating method, fol-
lowed by two successive heat treatment processes. The first annealing process was on a hot plate at 300 oC for 30 min
in air to remove carbon impurities in the film; this was followed by a sulfurization process at 500 oC in an H2S(1%)/Ar
environment to form a polycrystalline CIGS film. The absorber film with an optical band-gap of 1.52 eV and a thick-
ness of about 1.1µm was successfully synthesized. Because of the usage of a transparent glass substrate, a bifacial CIGS
thin film device could be achieved; its power conversion efficiency was measured to be 6.64% and 0.96% for front and
rear illumination, respectively, under standard irradiation conditions.
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INTRODUCTION

Photovoltaics (PV), which directly convert photon energy to elec-
trical energy, have become an important part of renewable energy
programs because of the unlimited nature of solar energy. PV sys-
tems are now not only harvesting energy on rooftops, but are being
integrated into building blocks for multiple functions, such as har-
vesting energy, power generating windows, building ceilings, and
intelligent light [1,2]. Particularly for window applications, some
portion of the sunlight should be transmitted through the build-
ing’s integrated PV system. This can be achieved by employing a
wide band-gap absorber material and a transparent substrate in
the solar cell devices.

Among wide band-gap semiconductor materials, copper indium
gallium disulfide (CuInxGa1−xS2) has attracted considerable atten-
tion because of its direct and adjustable band-gap with a high ab-
sorption coefficient. The band-gap of CuInxGa1−xS2 films can range
from 1.46 eV (x=1) to 2.4 eV (x=0) [3] depending on the amount
of Ga in the CIGS composition. Also, CIGS with a band-gap of
1.5 eV has an efficiency close to the theoretical maximum for a sin-
gle junction solar cell [4]. More importantly, high band-gap solar
cells can produce higher voltage, which is desirable in solar cell mod-
ules to reduce energy loss from series resistances [5].

In general, CIGS thin film solar cells have a typical device con-
figuration of ZnO : Al/i-ZnO/CdS/CIGS/Mo-coated soda-lime glass.
In this architecture, sunlight cannot be transmitted through the
solar cell device because the opaque Mo layer blocks light trans-

mission, resulting in limited applications to smart windows [6] or
power generating windows [7]. To achieve light transmission, alterna-
tive substrates with good transparency such as indium tin oxide
(ITO) or fluorine-doped tin oxide (FTO) have been used for CIGS
solar cells. For example, Nakada et al. fabricated CIGS films on ITO
and FTO by a co-evaporation method and obtained solar cell effi-
ciencies of 15.2% and 13.7%, respectively [8]. Nishiwaki et al. also
fabricated CuGaSe2 (CGS) films by co-evaporation on transparent
ITO substrates for the top cell of tandem solar cells and obtained a
power conversion efficiency (PCE) of 4.3% [9].

To fabricate CIGS thin film solar cells on transparent glass sub-
strates more cost-effectively, non-vacuum processes such as printing,
spraying, blade coating, and spin-coating [10-13] will be required.
Solution-processed CIGS thin film solar cells have been intensively
developed, but most studies have used Mo-coated glass substrates.
Only a few studies of solution-processed CIGS thin film solar cells
on transparent glass substrate have been conducted to date [7,14].

In this study, we investigated the fabrication of conventionally
structured CIGS thin film solar cells on ITO substrates by a pre-
cursor alcohol solution process. The CIGS film was deposited on
commercial ITO substrates by a simple spin-coating method. A
polycrystalline CIGS thin film with minimal carbon impurities and
a thickness of about 1.1μm was obtained after two heat treatment
processes. A solar cell device structure (Al,Ni/AZO/i-ZnO/CdS/
CIGS/ITO/Glass) was fabricated and tested, showing a power con-
version efficiency of 6.64% with front illumination on an active area
of 0.44 cm2. We also tested the solar cell performance with rear side
and bifacial illumination, achieving power conversion efficiencies
of 0.96 and 7.6%, respectively. Notably, this solar cell efficiency is
one of the highest values ever obtained for solution-processed CIGS
thin film solar cells with transparent conducting glass substrates.
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EXPERIMENTAL

1. Preparation of the Precursor Solution
The precursor solutions were prepared by dissolving Cu(NO3)2∙

xH2O (99.999%, Alfa Aesar), In(NO3)3∙xH2O (99.99%, Alfa Aesar)
and Ga(NO3)3∙xH2O (99.999%, Alfa Aesar) in methanol and then
mixing with a Polyvinyl acetate (PVA, Sigma-Aldrich) binder solu-
tion. First, 927 mg Cu(NO3)2∙xH2O, 1148 mg In(NO3)3∙xH2O and
493 mg Ga(NO3)3∙xH2O were dissolved in 7 mL of methanol and
stirred at 600 rpm for about 2 h. The binder solution was made by
dissolving 1,000 mg of PVA in 7 mL of methanol and stirring at
600 rpm for 2 h. Finally, the two solutions were mixed together and
stirred again until the mixture become homogeneous with a bluish
color. The solution was then filtered using a 0.2μm syringe filter.
2. Solar Cell Device Fabrication

A solar cell device with the configuration (Al,Ni/AZO/i-ZnO/
CdS/CIGS/ITO/glass) was fabricated on a commercial ITO/Glass
substrate (Samsung Corning, ~8Ω/sq). Fig. 1 shows the schematic
of the CIGS fabrication process using the precursor solutions. First,
the precursors were dissolved and mixed with the PVA binder in
methanol. Then the solution was spin-coated (2,000rpm, 40s) on the
ITO substrate to make a precursor film. Next, the film was annealed
in air on a hot plate at 300 oC for 30 min. The spin-coating and
annealing processes were repeated several times to reach a desirable

thickness of the CIGS film. The subsequent annealing processes in
an H2S(1%)/Ar environment for 30 min resulted in a polycrystal-
line CIGS film with a film thickness of ~1.1±0.1 mm. The CIGS
film was etched in a diluted KCN solution to remove Cu-rich phases
on the surface prior to the deposition of the buffer layer. The n-type
CdS buffer layer was deposited by chemical bath deposition fol-
lowed by the deposition of intrinsic and Al-doped zinc oxide win-
dow layers.
3. Characterization

The CIGS film structure was characterized by scanning electron
microscopy (SEM, FEI, Nova-Nano200) with 10 kV acceleration
voltage and by an X-ray diffractometer (XRD, Shimadzu, XRD-
6000) with Cu-Kα radiation (λ=0.15406 nm). The thickness of the
CIGS film was measured by a surface profiler (Veeco, Dektak 8).
The optical properties of the CIGS absorption film and the com-
pleted solar cell device were measured with a UV-Vis spectrometer
(Varian, Cary 5000). The composition of the CIGS film was inves-
tigated with an electron probe microanalyzer (EPMA, JEOL Ltd.,
Tokyo, Japan). The EPMA was operated at 15 kV and 20 nA cur-
rent with 1 to 30μm e-beam diameter providing a quantitative analy-
sis of the element distribution within the CIGS film. Device per-
formances were characterized using a solar simulator (ABET Tech-
nologies, Inc., Sun 2000) and an incident photon-to-current con-
version efficiency (IPCE) measurement system (K3100, McScience).

Fig. 1. Schematic of the fabrication process for the CuInGaS2/indium tin oxide (CIGS/ITO) thin film solar cell using precursor solutions.

Fig. 2. Scanning electron microscope (SEM) images of CIGS absorber film growth on an ITO substrate showing the surface morphology at
low magnification (2a), high magnification (2b), and a cross-sectional view (2c).
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RESULTS AND DISCUSSION

The prepared precursor solution was spin-coated on an ITO sub-
strate followed by annealing at 300 oC to remove the carbon impu-
rities from the organic chemicals (e.g., polymer binder). An amor-
phous mixed-oxide film was formed after several cycles of spin-
coating and annealing processes. To convert the mixed-oxide film
of Cu, In, and Ga into a CIGS alloy, the film was sulfurized at 500 oC
in an H2S(1%)/Ar gas environment. Following the sulfurization pro-
cess, a dark colored CIGS film remained on the ITO substrate.
Fig. 2 shows the top-view and cross-sectional SEM images of the
prepared CIGS films. The low magnification SEM image (Fig. 2(a))
shows a uniform surface with an absence of apparent cracks. A rough
surface with larger grains on top can be also observed in the high
magnification top-view (Fig. 2(b)) and the cross-sectional SEM image
(Fig. 2(c)). This non-uniform morphology of the film may be at-
tributed to small variation in chemical composition across the film.

To elucidate the composition distribution on the surface and
throughout the film thickness, elemental analysis and mapping of
Cu, In, Ga and S was performed out by an electron probe micro-
analyzer (EPMA). The average atomic composition ratios of Cu,
In, Ga and S were estimated as 1 : 0.74 : 0.21 : 2.04. Fig. 3 shows the
element map corresponding to the SEM image (Fig. 3(a)). A gra-

Fig. 3. Electron probe microanalyzer (EPMA) compositional mapping of the CIGS film. SEM image of mapping area (3a), EPMA mapping
images of Ga (3b) with enclosed line profiles at the cross section of the CIGS/ITO film.

Fig. 4. X-ray diffraction (XRD) patterns of the bare ITO substrate and the CIGS/ITO films (4a) and optical properties of CIGS film (4b).

dient distribution of Ga with a higher concentration at the bottom
part of the CIGS film was observed (Fig. 3(b)). The lower amount
of Ga on the surface and the higher amount at the bottom also re-
sulted in morphology variation: the CIGS film contained larger grains
in the upper part and smaller grains at the bottom [15]. The self-
Ga-grading with higher Ga concentration at the bottom (close to
the CIGS/ITO interface) may help to transport minority carriers to
the p-n junction, hence improving the collection of charge carriers.

To absorb as much sunlight as possible, the film should have the
greatest possible thickness. From the standpoint of charge carrier
recombination, however, a thicker film can trigger more recombi-
nation because of the nature of the defects in solution-processed
CIGS thin films, such as a high degree of grain boundaries, and
impurities. Thus, optimized film thickness was assumed to be 1.1
mm in our CIGS films.

The crystal structure of the CIGS film was also investigated by
X-ray diffraction (XRD). The XRD data from the CIGS/ITO films
show a main peak at 27.9o, which is 2θ for the (112) plane; other
apparent peaks at 2θ angles of 32.5o, 46.8o and 55.3o correspond to
the (004)/(200), (220)/(204) and (116)/(312) phases, respectively
(Fig. 4). The presence of an intense peak at 27.9o together with the
other dominant peaks indicates the polycrystalline chalcopyrite struc-
ture of the CIGS film, which is in good agreement with the Joint
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Committee on Powder Diffraction Standards reference JCPDS #27-
0159. Other peaks at 2θ angles of 21.3o, 30.2o, 50.6o, and 60.3o were
ascribed to ITO (JCPDS #6-416).

The optical properties of the CIGS film grown on an ITO glass
substrate were also characterized by UV-Vis spectroscopy (Fig. 4(b)).
CIGS is direct band-gap semiconductor; thus, the absorption coef-
ficient of the CIGS film can be estimated from the reflectance, trans-
mittance and thickness of the CIGS film based on the equation, α=
ln((1−R)2/T)/d, [16] where R, T and d indicate reflectance, trans-
mittance and film thickness, respectively. The band-gap can also
be calculated by a plot of (αhν)2 vs. photon energy (hν), which yields
a value of 1.52 eV (inset of Fig. 4(b)).

The CIGS solar cell device fabricated on a transparent conduc-
tive glass substrate has a bifacial configuration where light can enter
from both sides simultaneously. The device fabrication was based
on well-known conventional constituents, arranged in the conven-
tional configuration of (Al,Ni/Al : ZnO/ZnO/CdS/CIGS/ITO/Glass).
The CdS (50 nm) was deposited by chemical bath deposition; the
intrinsic ZnO (50 nm), and the Al : ZnO (500 nm) layers, by radio
frequency magnetron sputtering methods. Fig. 5 shows the perfor-
mance of the best solar cell device with front illumination (rectan-
gles-black line) and rear illumination (circles-red line). The I-V char-
acteristic with front illumination shows a power conversion effi-
ciency (PCE) of 6.64% with an open circuit voltage, current density,
and fill factor of 668.30 mV, 17.57 mA/cm2, and 56.55%, respec-
tively. The rear illumination shows a PCE of 0.96% with an open
circuit voltage, current density and fill factor of 578.60 mV, 2.54
mA/cm2 and 65.14%, respectively (Table 1). Notably, the Jsc value of
17.57mA/cm2 is similar to the best results from CIGS thin film solar
cells fabricated by the sputtering method onto Mo substrates [17,18].

The external quantum efficiency (EQE) spectrum of the CIGS/
ITO solar cell device is shown in Fig. 6. The relatively high EQE of
~75% was obtained for the precursor solution processed CIGS/ITO
solar cell at ~550 nm. The EQE cutoff at wavelength of ~850 nm
indicates approximately the optical band-gap of the CIGS absorber.
The band-gap (1.52 eV) could be estimated from the EQE data as
shown in the inset of Fig. 6 in good agreement with the value ob-
tained from the absorption data.

There is still much room for improvement in the performance
of these solar cell devices. For example, doping the CIGS film with
Na and K is a promising way to improve the electronic and CIGS/
CdS heterojunction quality that has been demonstrated by co-evapo-
ration methods on a flexible polyimide substrate, and showed a solar
cell efficiency of 20.4% [19]. Uneven composition distribution through-
out the absorber film such as double Ga grading would also im-
prove the performance of solar cell devices [20,21]. In addition, we
expect that integrating nanostructures in solar cells (e.g., nanostruc-
tured electrodes [22]) with optimized thickness would also further
enhance the performance of solar cell devices; these are currently
under investigation.

CONCLUSION

We have demonstrated the fabrication of a CIGS thin film solar
cell, processed from a precursor solution, on a transparent ITO sub-
strate. The CIGS film was deposited by a spin-coating process fol-
lowed by two heat treatment processes: oxidation and sulfuriza-
tion. The thickness of the CIGS film was about 1.1μm with a rough
surface morphology. The EPMA mapping indicated a gradient of Ga
composition, with the highest concentration at the bottom of CIGS
film. The solar cell device with bifacial properties showed a con-
version efficiency of 6.64% for the front illumination and 0.96%
for the rear illumination.
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