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Abstract
A novel ethyl cellulose/CuInSe2 (CISe) composite light absorber layer and its photovoltaic
effect are reported. The precursor absorber layer was deposited from screen printing paste
containing ethyl cellulose and CISe powder, and was followed by rapid thermal annealing.
Experimental results indicated that the ethyl cellulose remained in the annealed absorber layer,
and the composite absorber layer may consist of ethyl cellulose/CISe composite shell/core
structure. The structural, optical and electronic properties of the composite absorber layer
were fully investigated. The composite absorber layer shows photovoltaic efficiency of 0.65%
under standard test condition.

(Some figures may appear in colour only in the online journal)

1. Introduction

Thin film chalcopyrite materials, such as CuInSe2 (CISe) and
its alloys with gallium and sulfur CuInxGa1−x(S,Se)2 (CIGS),
have attracted much attention as solar cell absorber layer
because of their large absorption coefficient (105 cm−1), high
stability and demonstrated high solar cell conversion efficiency
[1–3]. However, the absorber layers of high efficiency solar
cells are usually prepared by vacuum processes, which are
rather expensive, complicated and difficult to scale-up for
commercial production. Consequently, many low-cost non-
vacuum technologies, such as printing (screen printing, doctor
blade, curtain coating, etc) [4–7], spin coating [8, 9], spraying
pyrolysis [10] and electrochemical deposition [11, 12], have
been developed recently as alternatives for the preparation of
solar cell absorber layer.

Among these non-vacuum technologies, solution-based
printing technology is a very promising technology for the
fabrication of low-cost absorber layer due to its important
advantages, e.g., simple, low-temperature, high material

utilization efficiency (close to 100%) and compatibility with
production process of high throughput roll-to-roll. In the
printing process, polymer viscosity controlling agent is usually
required to add into the printing paste, otherwise the coated
paste cannot be fixed and will flow to the non-coated
area. Ethyl cellulose, a frequently used polymer viscosity
controlling agent, has been studied for the preparation of
CIGS paste [5, 6, 13–15]. On the other hand, however, the
employed ethyl cellulose may remain in the final absorber
layer as amorphous carbon material after the annealing process
[5, 15]. Moreover, the morphology and effect of the remained
amorphous material have not been clearly understood till now
[5, 14], which requires extended research.

In this study, a novel ethyl cellulose/CISe composite
absorber layer is reported. CISe powder was applied as raw
material and was dispersed by ethyl cellulose to prepare screen
printing paste. The printed absorber layer was annealed in
N2 ambience by rapid thermal annealing (RTA). Experimental
results indicated that the ethyl cellulose remained in the
annealed absorber layer, and the composite absorber layer may
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Figure 1. (a) Molecular structure of the ethyl cellulose; (b) Preparation scheme of the screen printing paste.

Figure 2. Schematic diagram of the ethyl cellulose/CISe composite absorber layer preparation process.

consist of ethyl cellulose/CISe composite shell/core structure.
The annealing effects on the structural, optical and electronic
properties of the composite absorber layer were studied.

2. Experimental method

2.1. Preparation of ethyl cellulose/CISe composite absorber
layer

2.1.1. Synthesis of CISe powder. A simple ball milling
process was applied for the synthesis of CISe powder. Element
powders copper (Cu, 99.9%), indium (In, 99.99%) and
selenium (Se, 99.9%) were mixed in molar ratio 1 : 1 : 2. The
ball milling process was conducted by the planetary ball miller
at various rotation speeds for 30 min to obtain single phase
CISe powder. A rotation speed of 700 rpm was optimized for
this purpose.

2.1.2. Preparation of screen printing paste. Ethyl cellulose
was used as polymer viscosity controlling agent for the
preparation of CISe paste, and its molecular structure is shown

in figure 1(a). The preparation scheme of the screen printing
paste is described in figure 1(b). Briefly, the CISe powder was
homogeneously dispersed in solvent α-terpineol and polymer
viscosity controlling agent ethyl cellulose to prepare printable
paste.

2.1.3. Deposition of ethyl cellulose/CISe composite absorber
layer. Paste was deposited on glass substrate by the screen
printing method. After being dried at 125 ◦C for 5 min in
air (dried sample was referred as ‘as-deposited’), the sample
was annealed in N2 ambience by the RTA process at 600 ◦C
for 15 min. A schematic diagram of the ethyl cellulose/CISe
composite absorber layer preparation process is depicted in
figure 2.

2.2. Characterization of ethyl cellulose/CISe composite
absorber layer

Morphology of the absorber layer was observed by scanning
electron microscope (SEM; JSM-6510, JEOL). Organic
components were analysed by Fourier transform infrared
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Figure 3. SEM (a) image of CISe powder; (b) cross-section image of an as-deposited absorber layer; (c) cross-section image of an annealed
absorber layer; (d) surface image of an annealed absorber layer.

spectroscopy (FTIR; FT/IR-4200, JASCO). Crystallinity and
phase composition were confirmed by x-ray diffraction
spectrometer (XRD; MiniFlex, Rigaku). UV–vis–IR
absorption spectra were measured in absorbance spectroscopy
by spectrophotometer (Lambda 750, Perkin-Elmer).

In order to study the photovoltaic property of the absorber
layer, a simple superstrate solar cell structure of Mo/absorber
layer/In2S3/TiO2/FTO glass was employed. Both compact
TiO2 window layer and In2S3 buffer layer were prepared by
the spray pyrolysis method [16, 17], and their thicknesses
were about 100 nm and 300 nm, respectively. Mo electrode
was deposited by rf-sputtering. The active area of the solar
cell is 0.5 cm × 0.5 cm. Photovoltaic measurement of the
completed solar cell was performed under an AM 1.5 solar
simulator equipped with a xenon lamp (YSS-100A, Yamashita
Denso). The power of the simulated light was calibrated
to 100 mW cm−2 using a reference Si photodiode (Bunkou
Keiki). J–V (short-circuit current density Jsc and open-circuit
voltage Voc) curves were obtained by applying an external bias
to the cell and measuring the generated photocurrent with an
APCMT 6240 DC voltage current source.

3. Results and discussion

3.1. As-deposited absorber layer

Figure 3(a) shows the morphology of the CISe powder
obtained by the ball milling process. The particle size of
the powder is around 150–300 nm. Some small particles
aggregated into big ones or clusters with diameter around
2–3 µm. Figure 3(b) describes the cross-section image of
an as-deposited absorber layer. As shown in figure 3(b),
the as-deposited absorber layer contains a large amount of

viscosity controlling agent, and the CISe powder is embedded
in. A typical XRD pattern of the as-deposited absorber layer
is depicted in figure 4(a). The diffraction peaks are clearly
observed at the positions of 26.72◦, 44.22◦, 52.48◦, 64.58◦

and 70.88◦, and can be assigned to CISe (1 1 2), (2 2 0)/(2 4 0),
(3 1 2), (4 0 0) and (3 2 5) (PCPDF#872265), respectively.
However, all the peaks are weak and broad, which may be
caused by the poor crystallinity of the as-synthesized CISe
powder and the large amount of viscosity controlling agent
(causing the concentration of the CISe powder to be very low).
Figure 5 shows the UV–vis–IR absorption spectrum of the as-
deposited absorber layer. Because of the poor crystallinity of
the CISe powder and the large amount of viscosity controlling
agent, the absorption edge of the as-deposited absorber layer
is not clear, and the light absorption is also not large in the
UV–vis–NIR range in comparison with that of the annealed
samples.

3.2. Ethyl cellulose/CISe composite absorber layer

Figure 3(c) shows the cross-section image of an annealed
absorber layer. As can be seen from figure 3(c), the annealed
absorber layer is a one-layer structure which is different from
the previously reported double-layer structure [5, 15]. In
previous contributions where metal salts were used as raw
material for the preparation of printing paste, it was believed
that the reaction of the raw materials with Se vapour during
the selenium ambience annealing process was from top to
bottom. Therefore, when a dense absorber layer was first
formed on the top, the evaporation of the ethyl cellulose
was hindered and sequentially the reaction between the metal
salts and the Se vapour was stopped, inducing a double-layer
structure with top dense absorber layer and bottom amorphous
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Figure 4. XRD patterns of composite absorber layers prepared at
(a) various temperatures and (b) various times.

Figure 5. UV–vis–IR absorption spectra of composite absorber
layers prepared under various conditions.

Figure 6. FTIR data of related samples.

carbon layer. While, in this study, the CISe powder was used
to replace the metal salts as raw material, thus there is no
chemical reaction during the annealing process. In addition,
the particle size of the CISe powder is rather big, which
also makes the evaporation of the viscosity controlling agent
more easily. Therefore, in the annealed absorber layer, no
separated amorphous carbon layer is observed. Furthermore,
as observed in figures 3(c) and (d), there is also no visible
viscosity controlling agent remaining in the annealed absorber
layer.

To further identify whether there is viscosity controlling
agent remaining in the annealed absorber layer, FTIR
measurements of the related samples were carried out. As
shown in figure 6, the peak intensity of the as-deposited
absorber layer at the position of 2974 cm−1 becomes
weaker compared with that of paste containing both solvent
α-terpineol and polymer viscosity controlling agent ethyl
cellulose, which may be due to the considerable evaporation
of solvent α-terpineol by the drying treatment process (boiling
point of the α-terpineol is around 219 ◦C [18]). The annealed
absorber layer shows two peaks at the position of 1079 cm−1

and 1596 cm−1. The peak at 1079 cm−1 is in the same
position of ethyl cellulose, so this peak could come from
the ethyl cellulose remaining in the annealed absorber layer.
There should be no peaks from α-terpineol in the high-
temperature annealed absorber layer since the boiling point of
the α-terpineol is low. Therefore, the other peak at 1596 cm−1

may be of an amorphous carbon material being formed from
the decomposition of ethyl cellulose at high temperature. The
intensity of the peak at 1596 cm−1 is much weaker than that
of 1079 cm−1, thus the main component of the remaining
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amorphous material could be ethyl cellulose (to simplify the
description, the remaining amorphous material is referred as
ethyl cellulose).

As a result, the annealed absorber layer does contain ethyl
cellulose but the amount should be very small (as shown in
figures 3(c) and (d), there is no visible viscosity controlling
agent in the annealed absorber layer). In addition, the annealed
absorber layer is a homogeneous film as observed in the SEM
images. Therefore, we speculate that there is a high possibility
that the ethyl cellulose/CISe composite absorber layer consists
of ethyl cellulose/CISe shell/core structure (see figure 2, right).

3.3. Annealing effects on the properties of the ethyl
cellulose/CISe composite absorber layer

In order to study the annealing effects on the structural, optical
and electronic properties of the composite absorber layer, the
as-deposited absorber layer was annealed in N2 ambience by
the RTA process under various conditions.

3.3.1. XRD analysis. To confirm the crystallinity and phase
composition of the ethyl cellulose/CISe composite absorber
layer, XRD measurements were performed. Figure 4(a)
depicts the XRD pattern of samples annealed at various
temperatures. As illustrated in figure 4(a), the XRD peaks of
the annealed samples become sharp and strong in comparison
with that of the as-deposited sample. The sharp and strong
peak may be attributed to the improved micro-structural and
macro-morphologic properties of the ethyl cellulose/CISe
composite absorber layer. The crystallinity of the CISe was
promoted by the annealing process. The amount of the ethyl
cellulose was also significantly reduced with its evaporation
during the annealing process. Therefore, both the crystallinity
improvement of the CISe and the evaporation of the ethyl
cellulose may contribute to the improved XRD peaks. As
shown in figure 4(a), the sample annealed at 600 ◦C shows
significantly improved crystallinity of the CISe, thus the
600 ◦C was chosen as annealing temperature in the following
experiments.

Figure 4(b) demonstrates the XRD pattern of samples
prepared at various annealing times (annealing temperature is
600 ◦C). The diffraction peaks of the sample annealed for 5 min
are relatively weak and broad, whereas, they become sharp and
strong when the annealing time is prolonged to 10 min or more.
However, when the annealing time is further increased to 15
or 20 min, the XRD peaks do not show big change compared
with that of 10 min.

3.3.2. UV–vis–IR analysis. We also investigated the optical
property of the ethyl cellulose/CISe composite absorber layer
by UV–vis–IR absorption spectra. As shown in figure 5
(samples annealed at 400 ◦C and 500 ◦C are also included):
the as-deposited sample does not show clear absorption
edge, possibly because of the amorphous nature of the as-
synthesized CISe powder and the large amount of viscosity
controlling agent, whereas all the annealed samples show clear
absorption edges. This indicates the annealing process can
effectively improve the crystallinity of the CISe and reduce

the amount of viscosity controlling agent. However, in the
long wavelength range (�1300 nm), the light absorption of the
samples annealed at 600 ◦C for 15 min is rather high compared
with that of the samples annealed at 400 or 500 ◦C for 15 min,
which may be due to the inter-bandgap defects existing in the
high-temperature annealed composite absorber layers. The
light absorption of the samples annealed at 600 ◦C for 20 min
changes back to relatively flat at the long wavelength range
(�1300 nm) compared with that of the sample annealed at
600 ◦C for 15 min. This indicates the inter-bandgap defects
that exist in the sample annealed for 15 min may have become
the main component of the sample anneal for 20 min.

In addition, using a simple bandgap value (Eg)

measurement method of Eg = h × C/λ (h is Planck’s
constant, C is the speed of light and λ is the absorption cutoff
wavelength that can be obtained from the absorption spectra),
the calculated bandgap values of the samples annealed at
(400 ◦C, 15 min), (500 ◦C, 15 min), (600 ◦C, 5 min), (600 ◦C,
10 min), (600 ◦C, 15 min) and (600 ◦C, 20 min) are 0.86 eV,
0.94 eV, 0.88 eV, 1.00 eV, 1.01 eV and 0.98 eV, respectively.
The bandgap value generally increases as the annealing
temperature and/or annealing time increases. When the
annealing condition is (600 ◦C, 15 min), the bandgap value is
1.01 eV, which is in good agreement with the reported value of
1.02 eV [19]. The bandgap value is decreased to 0.98 eV when
the annealing time is increased to 20 min, which indicates the
element molar ratio of CISe in the sample annealed for 20 min
may have significantly deviated its standard element molar
ratio (CuInSe2, Cu : In : Se = 1 : 1 : 2). This deterioration may
be due to the significant evaporation of In and Se atoms from
the CISe during the annealing process at high temperature for
long time [20–22], as both of their melting points are low (In,
150 ◦C; Se, 220 ◦C). Therefore, from the XRD and UV–vis–
IR reults, the optimal annealing condition could be (600 ◦C,
15 min).

3.3.3. J–V analysis. The electronic property of the
ethyl cellulose/CISe composite absorber layer was measured
by employing a simple superstrate solar cell structure of
Mo/absorber layer/In2S3/TiO2/FTO glass. Figure 7 shows
the J–V characteristics of the samples prepared at 600 ◦C for
various annealing times (solar cell parameters are summarized
in table 1). As depicted in figure 7, the as-deposited absorber
layer (0 min) does not show any photovoltaic effect, which
may be due to the large amount of insulating ethyl cellulose
that totally blocks down the electron transmission in the as-
deposited absorber layer. However, the annealed absorber
layers turn out obvious photovoltaic behaviour. The Jsc of
the solar cell continuously increases as the annealing time
increases from 5 to 10 and 15 min. However, it decreases as the
annealing time is further increased to 20 min. The increased
Jsc may be due to the improved micro-structural and macro-
morphologic properties of the ethyl cellulose/CISe composite
absorber layer. The crystallinity of the CISe was improved
with the increased annealing time, which reduces the carrier
recombination in the bulk CISe. In addition, the amount of the
ethyl cellulose could also become smaller with the increased
annealing time, which reduces the obstruction of the electron
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Figure 7. J–V characteristics of composite absorber layers
prepared in N2 ambience at 600 ◦C for (a) 0 min; (b) 5 min;
(c) 10 min; (d) 15 min; (e) 20 min.

Table 1. Solar cell parameters summarized from figure 7.

Annealing Jsc Voc Efficiency
time (min) (mA cm−2) (V) FF (%)

0 0 0.20 0.38 0
5 1.43 0.27 0.27 0.11
10 3.15 0.20 0.33 0.21
15 4.48 0.36 0.41 0.65
20 3.79 0.29 0.33 0.36

transmission. Thus both of these improvements can contribute
to the increased Jsc. However, overlong annealing (20 min)
caused the CISe to significantly deviate from its standard
element molar ratio, which resulted in the reduced Jsc. These
results are consistent with those from XRD and UV–vis–IR.
Table 1 indicates the Jsc, Voc, FF and efficiency of the best solar
cell are 4.48 mA cm−2, 360 mV, 0.41 and 0.65%, respectively.

From the above discussion, the photovoltaic behaviour
of the composite absorber layer may be dominated by the
micro-structural and macro-morphologic properties of the
ethyl cellulose/CISe composite absorber layer. The insulating
ethyl cellulose is generally considered as a barrier for the
electron transmission in the composite absorber layer. The
CISe particles, which tightly connect to each other, may act as
both absorber material and transmission path of the generated
electron. Various annealing conditions change both the micro-
structural and macro-morphologic properties of the composite
absorber layer, and hence affect its photovoltaic property.

4. Conclusion

A printed ethyl cellulose/CISe composite absorber layer
was reported and its photovoltaic property was studied.
The as-deposited absorber layer contains a large amount of
insulting ethyl cellulose which totally blocks down the electron
transmission between the CISe particles. The annealing
process can improve the crystallinity of the CISe and reduce

the amount of ethyl cellulose, and thus it can facilitate the
electron transmission through the CISe particles. However,
overlong annealing may cause the CISe to significantly deviate
from its standard element molar ratio. The composite absorber
layer showed photovoltaic properties of Jsc = 4.48 mA cm−2,
Voc = 360 mV, FF = 0.41 and efficiency = 0.65%,
respectively. In order to better understand the photovoltaic
effect, a more detailed study of electron transmission and
recombination in the composite absorber layer is under way.
Such a study may offer new insight into printed absorber layer
from polymer-based paste.
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