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The CuInSe
2
absorber layers were deposited on Mo/glass substrates by using the spray coating method (SCM). At first, the CIS

powder was ground into nanoscale particles; then the 6wt% CIS particles were dispersed into isopropyl alcohol (IPA) to get the
solution for SCM. 0.05mL CIS solution was sprayed on the 2 cm × 1 cmMo/glass substrates, and then the CIS solution films were
annealed in a selenization furnace under different parameters. At first, the extra 0.2 g Se was put in the furnace, the selenization time
was 5min, and the selenization temperature was changed from 450∘C to 600∘C. After finding the better selenization temperature
of 550∘C and setting the selenization time at 5min, the selenization process was set at 550∘C and the extra Se content was changed
from0 g to 0.6 g.The influences of the selenization temperature and extra Se content on the surface and cross-sectionmorphologies,
crystallization, hall mobility, and carrier concentration and resistivity of the CIS absorber layers were well investigated in this study.

1. Introduction

The quest for new energy to replace the present consumed
materials, for example, oil, finding the sustainable sources
is one of the major concerns of the present day industrial
society. Because photovoltaic (PV) solar energy can serve
as a decentralized source of electricity, it is a key sector
in this quest. Crystalline silicon solar cells have excellent
efficiencies; however, there are serious bottlenecks for this
technique with respect to future large-scale applications both
from an economical as well as from an ecological point of
view. Thus, the thin film silicon solar cells are considered
as the main option for large-scale energy applications in the
foreseeable future [1–3]. The use of polycrystalline CuInSe
(CIS) and CuIn

1−𝑥
Ga
𝑥
Se
2
(CIGS) thin films as the absorber

materials for thin film solar cells is another choice and allows
easier commercial production because of their appropriate
band gap values (e.g., 1.018–1.701 eV, depending on the com-
positions) and high absorption coefficient in the visible light
and near-infrared. Most investigated CIS and CIGS absorber
layers are in the polycrystalline structures [4, 5].

The CIS or CIGS absorber layers are mainly deposited
by various vacuum methods. Sputtering is one of the most
popular vacuummethods to deposit CIS or CIGS absorption
layers with high quality [6], and molecular beam epitaxy
(MBE) is another important process to deposit CIS or CIGS
absorption layers [7]. The coevaporation process can be
used to fabricate the highly efficient CIS absorber layers
and solar cells [8]. However, the most important process for
preparing the CIS or CIGS absorber layers is the using two-
step processes, sputtering and selenization [9].

The nonvacuum method is the cheapest and the easiest
to deposit the CIS and CIGS absorber layers on an industrial
scale. Gu et al. used the CuCl

2
⋅2H
2
O, GaCl

3
, and Se as

the as raw materials; ethylenediamine was used as solvent,
and the solvothermal method was used to form the CIGS
powders [10]. The spray coating method (SCM) is a very
important non-vacuum deposition method to fabricate the
thin films because it is a relatively simple and inexpensive
non-vacuum deposition method for large-area coating. In
the past, we had successfully investigated a modified spray
pyrolysis method to deposit the high efficiency Li-dopedNiO
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thin films [11]. As we know, fabricating the CIS and CIGS
absorber layers in a non-vacuum process is an important
issue for lowering down the fabrication price. However, only
few efforts have been made to systematically investigate the
CIS and CIGS absorber layers by a SPM method. In this
research, the CuInSe

2
was ground into nano-scale powers,

and SPM method was used to develop the CIS absorber
layers. The effects of the different selenization parameters
on the physical and electrical properties of the CIS absorber
layers, including the surfacemorphology, crystallinity, carrier
mobility, carrier concentration, and resistivity, were well
investigated.

2. Experimental

High purity CuInSe
2
was formed using hydrothermal process

by Nanowin Technology Co., Ltd. Because the CIS powder
was aggregated into microscale particles and the average
particle sizes were approximately 3–8 𝜇m, it could not be used
as the source materials to form the CIS absorber layers as
the spray coating method (SCM) was used. After finding the
optimum grinding time and KD1 content, the CIS powder
was ground into nano-scale, and it had the average particle
sizes approximately 40–80 nm.Then, the 6wt% CIS particles
were dispersed into isopropyl alcohol (IPA) to get the solution
for SPM to prepare the CIS absorber layers.

The organic/CIS composite films were formed by SCM
on Mo/glass, and then the organic/CIS composite films were
annealed for 5min by using the rapid temperature annealing
(RTA) process in selenization furnace (the chamber size is
5 cm× 5 cm× 4 cm) under different annealing parameters to
remove the used organic and crystallize the CIS absorber
layers. The selenization temperature was changed from
450∘C to 600∘C, and the extra 0.0∼0.6 g Se was put in the
furnace during the selenization process. After selenization
process, the crystalline structure was examined by using X-
ray diffraction (XRD) pattern, and the surface morphology
and cross-section observations of the CIS absorber layers
were examined by using the field-emission scanning electron
microscope (FE-SEM), respectively. The electrical resistivity
and the Hall-effect coefficients were measured using a Bio-
Rad Hall setup.

3. Results and Discussion

The XRD patterns of the CIS absorber layers as a func-
tion of selenization temperature were first investigated, the
extra Se content in the selenization furnace was 0.2 g, and
the results are shown in Figure 1. The mainly crystalline
peak of the CIS absorber layers is the (112). Even though
selenization temperature was raised from 450∘C to 600∘C,
all (112) peaks revealed in Figure 1 were situated at 2𝜃 =
26.66∘. This result suggests that even when 600∘C is used
as selenization temperature, the lattice constants of the CIS
absorber layers have no apparent change. Figure 1 also shows
that the secondary CuSe phase was observed in the 600∘C-
selenized CIS absorber layers. As the CIS absorber layers are
used to fabricate the thin film solar cells, the formation of
secondary phases will degenerate the efficiency. This result
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Figure 1: XRD patterns of the CIS absorber layers as a function of
selenization temperature, the extra Se content was 0.2 g.

suggests that 600∘C is not suitable to be used as selenization
temperature because the secondary phase is formed. The full
width at half maximum (FWHM) value of the (112) peak of
the CIS absorber layers was 0.683, 0.638, 0.565, and 0.476
as the selenization temperature was 450∘C, 500∘C, 550∘C,
and 600∘C, respectively. Also, the relative diffraction intensity
of (112) peak had no apparent change as the selenization
temperature increased from 450∘C to 600∘C, as indicated by
theXRDpatterns shown in Figure 1.These results suggest that
CIS absorber layers selenized at higher temperature have the
better crystalline structure and the defects in theCIS absorber
layers decreasewith increasing selenization temperature.This
is because as higher temperature is used to treat on the CIS
absorber layers, the number of thin film defects decreases and
the crystallization of the CIS absorber layer is improved, then
the FWHM value decreases.

The surface morphologies of the CIS absorber layers
by using extra 0.2 g Se in selenization furnace and under
different selenization temperatures are shown in Figure 2,
which indicates that as the selenization temperature changes,
the surface morphologies apparently change as well. Evi-
dently, the selenization temperature has a significant effect
on the CIS absorber layers’ surface morphologies. Selenized
at 450∘C, a porous structure was observed, the small CIS
particles aggregated into microscale particles (not grain
growth), and the average particle sizes were approximately
30–55 𝜇m. Selenized at 500∘C, a more densified structure
with nano-scale particles was observed.These results suggest
that 450∘C and 500∘C are not high enough to improve the
densification and grain growth of the CIS absorber layers,
and a roughness surface was observed. When the 550∘C
and 600∘C were used as the selenized temperatures, the
roughness and densification were apparently improved even
only nano-scale particles were observed. Comparing the SEM
micrographs shown in Figure 2, the grain growth is inhibited
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Figure 2: Surface morphologies of the CIS absorber layers as a function of selenization temperature the extra Se content was 0.2 g.
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Figure 3: Cross-section observations of the CIS absorber layers as a function of selenization temperature the extra Se content was 0.2 g.

by using the extra 0.2 g Se in selenized furnace, which will be
proved in Figures 6 and 7.

The cross-section observations of the CIS absorber layers
as a function of selenization temperature are shown in
Figure 3; the extra Se content was 0.2 g. As Figure 3 shows,
the thicknesses of the CIS absorption layers were around
900∼1000 nm. This result proves that we can deposit the

CIS absorption layers with uniform thickness by using
the spray coating method. The cross-section morphologies
also show that the pores and undensified structures are
really observed in the 450∘C- and 500∘C-selenized CIS
absorption layers and the densified structures are also really
observed in the 550∘C- and 600∘C-selenized CIS absorption
layers.



4 International Journal of Photoenergy
Ca

rr
ie

r c
on

ce
nt

ra
tio

n 
(c

m
−
3
) 1.5E22

1E22

5E21

Carrier concentration
Mobility
Resistivity

450 500 550 600

10

5

Temperature (∘C)

M
ob

ili
ty

 (c
m

2

Re
sis

tiv
ity

 (Ω
-c

m
)

3E − 4

2E − 4

1E − 4

/V
·s)

Figure 4: Resistivity (𝜌), hallmobility (𝜇), and carrier concentration
(𝑛) of the CIS absorber layers as a function of selenization tempera-
ture the extra Se content was 0.2 g.
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Figure 5: XRD patterns of the CIS absorber layers as a function of
extra Se content; the selenization temperature was 550∘C.

Figure 4 shows the dependence of electrical properties on
selenization temperature of the CIS absorber layers. When
the CIS absorber layers are deposited on a glass substrate
by using SCM and selenization process, many defects result
and inhibit electron movement. As the different selenization
temperatures are used during the selenization process, two
factors are believed to cause an increase in the carriermobility
of the CIS absorber layers. First, the higher selenization
temperature enhances the densification and crystallization,
which will decrease the numbers of defects and pores in
the CIS absorber layers that will cause the decrease in the
inhibiting of the barriers electron transportation [12]. Second,
as the selenization temperature is too high and extra Se is
used, the secondary phase of the CIS absorber layers will
appear because of the vaporization of Se and or the diffusion

of extra Se into the CIS absorber layers. In this study, the
carrier concentration increased with increasing selenization
temperature and reached a maximum of 1.03 × 1022 cm−3 at
600∘C. Thus, the mobility had no apparent trend with the
variation of selenization temperature and had a maximum
of 8.64 cm2/V⋅s at 450∘C. The resistivity of the CIS absorber
layers is proportional to the reciprocal of the product of
carrier concentration 𝑛 and mobility 𝜇:

𝜌 =

1

𝑛𝑒𝜇

. (1)

Both the carrier concentration and the carrier mobility
contribute to the conductivity.Theminimum resistivity of the
CIS absorber layers at a selenization temperature of 600∘C
is mainly caused by the carrier concentration being at its
maximum.

The 550∘C deposited CIS absorber layers have acceptable
characteristics, including smaller FWHM value (Figure 1),
no secondary phase formed (Figure 1), acceptable carrier
concentration and carrier mobility (Figure 4), and smaller
resistivity (Figure 4). For that we used 550∘C as the sel-
enization temperature to develop the characteristics of the
CIS absorber layers under different extra Se content used
during the selenization process. The XRD patterns of the
CIS absorber layers as a function of extra Se content were
also investigated, and the results are shown in Figure 5. As
extra Se content was 0.0 g, 0.1 g, 0.2 g, and 0.6 g, the (112)
peak revealed in Figure 5 was situated at 2𝜃= 26.64∘, 26.60∘,
26.66∘, and 26.68∘, respectively. Figure 5 also shows that the
secondary CuSe phase was observed as extra Se content was
0.6 g. This result suggests that too much extra Se content is
not necessary because the secondary phase is formed. The
FWHM value of the (112) peak of the CIS absorber layers was
0.367, 0.481, 0.565, and 0.601 as extra Se content was 0.0 g,
0.1 g, 0.2 g, and 0.6 g, respectively. Except that the FWHM
value increased, the relative diffraction intensity of (112) peak
also critically decreased as extra Se content increased from
0.0 g to 0.6 g, as indicated by the XRD patterns shown in
Figure 5. This is because as extra Se content is used, more
Se will vaporize during the selenization process to inhibit
the grain growth, then the FWHM value increases, and the
relative diffraction intensity of (112) peak decreases.

Figure 6 shows the surface morphologies of the CIS
absorber layers as a function of extra Se content, the sel-
enization temperature was 550∘C, and the results in Figure 6
have large difference as the different extra Se content was
added in the selenization furnace. As no extra Se was added
in the furnace (0.0 g), the grain growth and roughness surface
were really observed. The surface morphologies shown in
Figure 6 apparently revealed that the grain sizes of the CIS
absorber layers apparently decreased with increasing extra Se
content. As extra 0.2 g Se was used, even the densified and
flat surfaces were observed, and the grain growth in the CIS
absorber layers was inhibited. As extra 0.6 g Se was used, the
porous and small grain structure was obtained. This result
suggests that as selenized process is used, the extra Se content
is important to control the characteristics of the CIS absorber
layers.These results suggest that CIS absorber layers selenized
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Figure 6: Surface morphologies of the CIS absorber layers as a function of extra Se content, the selenization temperature was 550∘C.
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Figure 7: Cross-section observations of the CIS absorber layers as a function of extra Se content, the selenization temperature was 550∘C.

at less extra Se content have the better crystalline structure
but will cause more pores. However, too much Se being used
is not necessary because that will inhibit the grain growth and
the crystallization of the CIS absorber layers.

Also, the cross morphologies of the CIS absorber layers
as a function of extra Se content were also observed, and the
results were compared in Figure 7. As no extra Se was put

in the furnace (0.0 g), the pores were really observed in the
cross-section. The porous structures are caused because the
large grains grow at the expense of small ones, which result
in the formation of new and larger voids where the small
grains are originally located. However, the pores apparently
decreased, and the absorber layers became more densified
with increasing Se content. Those results prove again that
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Figure 8: Resistivity (𝜌), hallmobility (𝜇), and carrier concentration
(𝑛) of the CIS absorber layers as a function of extra Se content; the
selenization temperature was 550∘C.

as the CIS absorber layers are densified and crystallized
in a selenization furnace, the extra Se content has a more
important effect to influence the films’ characteristics than
the selenization temperature.

Figure 8 shows the dependence of electrical properties
of the CIS absorber layers on used extra Se content in
the selenized process. The carrier concentration linearly
decreased from 4.15 × 1022 cm−3 to 1.57 × 1020 cm−3 as extra
Se content increased from 0.0 g to 0.6 g, respectively. From
the SEM surface and cross morphologies shown in Figures 6
and 7, the crystallinity can decrease because too much extra
Se content used in the selenization process will inhibit the
crystallization of the CIS absorber layers, then the defects will
increase, and the carrier concentration will decrease. Thus,
themobility had no apparent trend with the variation of extra
Se content and had a maximum of 13.4 cm2/V⋅s at 0.6 g. The
minimum resistivity of the CIS absorber layers at extra Se
content of 0.0 g is mainly caused by the mobility being at its
maximum.

4. Conclusions

The CIS absorber layers were selenized in non-vacuum spray
coating method. As 0.2 g extra Se content was used in the
selenized process of the CIS absorber layers, the full width
at half maximum (FWHM) value of the (112) peak decreased
from 0.683 to 0.476 and the relative diffraction intensity of
(112) peak had no apparent change as the selenization tem-
perature increased from450∘C to 600∘C.The secondary CuSe
phase was observed in the 600∘C-selenized CIS absorber
layers. 0.367, 0.481, 0.565, and 0.601 as extra Se content was
0.0 g, 0.1 g, 0.2 g, and 0.6 g, respectively. As 550∘C was used
in the selenized temperature of the CIS absorber layers, the
full width at half maximum (FWHM) value of the (112) peak
increased from 0.367 to 0.601 and the relative diffraction
intensity of (112) peak also had no apparent change as the
extra Se content increased from 0.0 g to 0.6 g. The secondary
CuSe phase was observed in the CIS absorber layers with

extra 0.6 g content during the selenization process.This result
suggested that the crystallinity decreased with increasing
extra Se content used during the selenization process. This
study proves that we have investigated a useful non-vacuum
method to prepare CIS absorber layers with different crys-
tallinity by controlling the selenization temperature and the
extra Se content added in the selenization furnace for further
solar cells’ fabrication.
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