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a b s t r a c t

A chalcogenide quaternary crystal (CIGS) composed of Cu, In, Ga, and Se was synthesized by a solution
reaction of Cu, In, and Ga nitrate and Se chloride in organic solvent, followed by an annealing process.
In our synthetic method, the binary crystal of CuCl was found to be initially formed during the solution
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uaternary

reaction at 130 C for 3 h, but it turned into another binary crystal structure, �-CuSe at the longer time
reaction (>12 h). The binary crystalline structure was then turned into quaternary crystal due to the heat
treatment at 450 ◦C in reduction conditions and in the absence of additional elemental sources of In
and/or Ga. For potential solar cell applications, the powder was also applied to prepare CIGS film by a
paste coating. The structural characteristics of the powder and film were investigated by X-ray diffraction
(XRD), transmission electron microscopy (TEM), selected area electronic diffraction (SAED), and scanning

).
inary electron microscopy (SEM

. Introduction

A CuInxGa1−xSe2 (CIGS), a representative quaternary chalco-
enide compound, has been admitted to be the most promising
bsorber material for thin film solar cell applications. For example,
IGS is a semiconductor material that has direct band gap and high
bsorption coefficient [1]. It was also known not to suffer from light
nduced degradation [1]. More importantly, the band gap of these

aterials can be controlled by changing the composition of each
omponent [1,2]. The band gap of CuInSe2 is known to be 1.04 eV,
nd it can be increased up to 1.7 eV when all In are replaced by Ga
CuGaSe2).

Particularly for solar cell applications, the CIGS has been gen-
rally synthesized as a thin film by vacuum based deposition
ethods such as co-evaporation or sputtering. As noted by many

ther researchers, however, the current vacuum based processes
ave several drawbacks regarding manufacturing costs as well as
fficiency of resource material use [3,4]. For example, the vac-
um based processes require a high initial capital investment and

aintenance capital expenses due to the necessity of the vacuum

quipment. Moreover, the resource material loss was known to be
ignificant, which again induces the increase of the manufacturing
ost [3].
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To solve the problems of the current CIGS thin film synthetic
methods, non-vacuum processes have been suggested, which
include printing, electroplating, spraying, paste coating, etc. [5–8].
Particularly, the particulate materials based paste coating, e.g.
screen printing and doctor-blade coating, would be promising in
terms of processing capital costs, efficiency of resource material
usage, and processing speed [3,9]. Furthermore, these methods can
be applied to continuous roll-to-roll depositing processes as well
as large scale panel fabrications.

In order to fabricate the CIGS thin films by the particulate materi-
als based printing methods, CIG oxide particles were first prepared
and then applied to the paste coating followed by selenization with
H2Se gas [4]. Due to the concern of using highly toxic H2Se gas,
however, the direct application of the quaternary chalcogenide par-
ticles containing four elements (Cu, In, Ga, and Se) would be more
favorable. For this purpose, many studies have been carried out
in the way of applying nano-sized CIGS particles since it is use-
ful to achieve very high packing density of the coated film. Most
recently, Panthani et al. have developed the synthetic method of
CIGS nanoparticles where the reaction was carried out at 240 ◦C in
oleylamine [10]. Ternary compound (CuInSe2) was also synthesized
at the reaction temperature of 250 ◦C using tri-n-octylphosphine

oxide (TOPO) [11]. Xiao et al. have synthesized CuIn(SexS1−x)2
nanocystallites at 180 ◦C using an autoclave in etheylenediamine
[12].

In general, however, CIGS thin film solar cells fabricated by a
paste coating using nano-sized CIGS particles did not show high

dx.doi.org/10.1016/j.jallcom.2010.07.131
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:bkmin@kist.re.kr
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Fig. 1. X-ray diffraction (XRD) data of the precipitates obtained by the solution
reaction at 130 ◦C for (a) 3 h and (b) 24 h.
70 E. Lee et al. / Journal of Alloys a

fficiency compared to those fabricated by vacuum based depo-
ition methods. Among the many possible reasons for that, the
imitation of crystal growth in CIGS layer would be a key factor
ince the presence of small grains induces high density of grain
oundaries which may be served as recombination centers [13]. To
vercome this problem, the use of submicron sized CIGS particles
as considered rather than the nano-sized one for the preparation

f CIGS pastes [5,9].
Herein, we suggested a simple synthetic method for the CIGS

owders, which the size ranges up to a few hundred nanometers. In
his study, we focused particularly on the crystal structure changes
ith respect to the heating temperature during the synthesis of
IGS alloy.

. Experimental

A precursor mixture was prepared by dissolving the appropriate amounts of
u(NO3)2·3H2O (99.5%, Junsei, 0.504 g), In(NO3)3·xH2O (99.99%, Alfa Aesar, 0.313 g),
a(NO3)3·xH2O (99.9%, Alfa Aesar, 0.266 g), and SeCl4 (99.5%, Alfa Aesar, 0.917 g) in
-propanol (99.5+%, Aldrich, 13 mL), followed by an addition of m-Xylene (99+%,
ldrich, 30 mL). Before refluxing the mixture solution, it was heated up to 130 ◦C to
emove the alcohol. After the reaction for a certain time under Ar atmosphere, the
recipitates were filtered and washed with xylene, propanol, and acetone several
imes. The precipitate was then annealed at 250 and 450 ◦C for 30 min in air and in
2(5%)/Ar environment, respectively with a flow rate of 300 mL/min.

To prepare a paste the powder synthesized was dispersed in ethanol by an ultra-
onic followed by the addition of terpineol (Fruka, 3.5 g) and ethyl cellulose (Alfa
esar, 0.1 g) to make rheological properties suitable for a doctor-blade coating or a
pin coating. After coating the paste on the glass substrate, the sample was annealed
t 450 ◦C for 30 min in a H2S(1000 ppm)/Ar gas mixture at a flow rate of 100 mL/min.

Structural characterization of the powder and film was carried out using various
nalysis tools such as a transmittance electron microscopy (TEM, FEI Co., Tecnai F20),
scanning electron microscopy (SEM, Hitachi, S-4200), and a X-ray diffraction (XRD,
himadzu, XRD-6000).

. Results and discussion

For the synthesis of CIGS powders, the Cu, In, and Ga nitrate pre-
ursors were first dissolved in 1-propanol followed by the addition
f xylene. In order to perform the reaction at a higher tempera-
ure (e.g. 130 ◦C) than the boiling point of 1-propanol, the alcohol
as removed prior to the reflux. However, the use of alcohol was
ecessary because the precursors were not completely dissolved

n aprotic organic solvent (e.g. xylene). Alternatively, the alcohol
ay play a role as a reducing agent similar to the polyol process,
hich is well known in metal nanoparticle synthesis [14,15]. In our
articular synthetic procedure, a cationic Se precursor, SeCl4, was
sed; therefore, a reduction process is needed to change the oxida-
ion state of Se from +4 to −2. Propanol may be coordinated with
e4+ ions to form Se(OC3H7)4,which is participated in the reaction
ith other ions.

Fig. 1 shows the XRD patterns of the precipitates obtained after
he reaction at 130 ◦C. After the 3 h reaction, the sample revealed
hree apparent XRD peaks at 28.6◦, 47.5◦, and 56.2◦ 2�. Based on the
RD database (JCPDS # 27-0184), the XRD peaks can be assigned

o the (1 1 1), (2 2 0), and (3 1 1) phase of crystal structure of CuCl,
espectively. The formation of CuCl crystal seems to have resulted
rom the generation of chlorine ions from the SeCl4, which was used
s a Se precursor. The longer reaction at the same temperature,
owever, resulted in a very different XRD pattern as seen in Fig. 1b.

t became more complex, and its intensity was significantly dimin-
shed after the longer time reaction (24 h). Furthermore, the small
RD peaks are completely different from those of CuCl, implying
hat the crystal structure of CuCl was destructed due to the longer
eaction. Based on the XRD database (JCPDS # 77-2383), the XRD
eaks correspond to those of the �-CuSe crystal structure. Notably,
he XRD pattern was not changed any further up to the reaction
ime of 48 h.
Fig. 2. X-ray diffraction (XRD) data of the powders prepared by annealing the pre-
cipitate at (a) 250 ◦C and (b) 450 ◦C under reduction conditions.

In order to prepare the crystalline CIGS particles, the precipitate
obtained by the reaction for 24 h was annealed at two different tem-
peratures of 250 and 450 ◦C in the reduction environment (H2/Ar).
Interestingly, there was little change in the XRD pattern (Fig. 2a)
due to the annealing at 250 ◦C, indicating that there was no change
in crystal structure of the powder. On the other hand, a dramatic
change in the XRD pattern (Fig. 2b) occurred after the annealing at
450 ◦C, showing three distinct peaks at 26.7◦, 44.4◦, and 52.5◦ 2�.
In addition, the XRD peak intensity was enhanced by the factor of
∼7, indicating an increase of crystallinity of the particles.

Based on the XRD database (JCPDS #35-1102) and other refer-
ences, these peaks can be assigned to those of CIGS alloy [3,16].
The most intense peak at 26.7◦ 2� represents the CIGS alloy with
a (1 1 2) orientation. The other prominent peaks correspond to
the (2 0 4)/(2 2 0) and (1 1 6)/(3 1 2) phase. In addition to these
peaks commonly observed in CIGS, several weak peaks such as
(4 0 0)/(0 0 8), (3 3 2)/(3 1 6) and (4 2 4)/(2 2 8) were also present in
the XRD patterns.

The crystal structure of the powders was further confirmed by
high resolution TEM images and corresponding selected area elec-
tronic diffraction (SAED) patterns as seen in Fig. 3. The TEM image
of the sample corresponding to the XRD pattern of Fig. 1a showed
small crystals (∼5 nm), and its enlarged image (Fig. 3b) revealed

atomic rows spaced about 0.312 nm, which is very close to those
of CuCl. Both lattice structure and SAED pattern were substantially
changed after the longer time reaction as seen in Fig. 3c and d.
The spacing of the lattice fringes was estimated to be 0.337 nm,
indicating that this crystallite is different from CuCl. SAED pattern
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ig. 3. Transmission electron microscopy (TEM) image of the precipitate obtained
c) are selected area electronic diffraction (SAED) patterns of the crystals marked by

howed apparent hexagonal spots, which was also different from
hat of CuCl. Both the lattice spacing and the SAED data were con-
istent with XRD data, confirming the formation of CuSe crystalline
tructure.

Consistent with the XRD data, the heat treatment at 250 ◦C
id not substantially alter the crystal structure of CuSe (data not
hown). The similar lattice spacing and SAED pattern to those of
ig. 3c and d were seen, implying that the binary crystal structure

an persist up to this temperature. On the other hand, signifi-
ant changes in the crystal structure were seen after the annealing
t 450 ◦C as predicted in the XRD data. The general morphology
bserved in TEM images of CIGS powders is seen in Fig. 4, where
elatively small crystals with size distribution from 10 to 50 nm

ig. 4. (a) Transmission electron microscopy (TEM) image of the powder prepared by th
mall and large grains of CIGS. (b) The enlarged image of both small and large grains emph
iffraction (SAED) pattern of the crystal, and inset of (b) is a high resolution TEM image o
solution reaction at 130 ◦C for (a) and (b) 3 h and (c) and (d) 24 h. Insets of (a) and
d circles. (b) and (c) are the enlarged image of the crystals showing lattice spaces.

seems to be deposited on large size grains (a few hundred nanome-
ter scale). More importantly, however, both small and large grains
have almost identical composition and lattice spacing based on SDX
analysis as well as high resolution TEM (Fig. 4b), indicating that both
are the same kind CIGS crystal. The SAED pattern also showed very
sharp and strong spots (see inset of Fig. 4a), which is in agreement
with the XRD data.

It is important to note here that the powder prepared by an
◦
annealing at 250 C revealed the crystal structure of the binary

compound, but it turned into quaternary crystal due to the anneal-
ing process at a higher temperature without adding any elemental
sources. This result implies that there is an amorphous phase where
In and Ga are incorporated as well as the binary crystal phase of

e annealing at 450 ◦C in reduction conditions from the precipitate, showing both
asizing same lattice spacing between them. Inset of (a) is a selected area electronic
f the area marked by dotted circles in (a).
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ig. 5. (a) Cross-sectional and (b) planar SEM micrographs of CIGS thin film prepared
y a paste coating using the powder synthesized.

uSe in the powder prepared by the annealing at 250 ◦C. The heat
reatment at higher temperature induced In, Ga, and residual Se to
urn into the crystal structure.

Finally, the CIGS powder was applied to make CIGS film on
olybdenum coated soda lime glass as seen in Fig. 5. In order to

oat the film on glass substrate, a viscose paste with suitable rheo-
ogical properties was first prepared. After a spin coating, the film

as then annealed at two different successive conditions: 250 ◦C at
mbient condition for 30 min and 450 ◦C at H2S/Ar for 1 h. The first
eat treatment at 250 ◦C was applied to remove residual organic

olvent as well as binder as much as possible. The second anneal-
ng at 450 ◦C was also necessary to sinter the particles to form
arger grains in the film. In addition, the heat treatment at H2S/Ar
onditions was found to provide some beneficial effects. This sul-
urization led to the diminishing of residual carbon impurity. In

[
[
[

[
[
[
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addition, sulfur atoms inserted into the film during sulfurization
can compensate for a little lack of selenium in CIGS powder we
synthesized, which may enhance p-type characteristics of the CIGS
film. Moreover, the adhesion of the film to Mo coated glass substrate
was observed to be significantly enhanced due to the sulfurization
process.

Even though the carbon impurities in the film were significantly
diminished by sulfurization it would be necessary to almost com-
pletely remove the carbon residues in order to apply the CIGS thin
films from the paste coating to the fabrication of CIGS solar cell
devices. This may be achieved using organic binders that can be
burned out at lower temperatures, which is currently being inves-
tigated in our laboratory.

4. Conclusions

High crystalline CIGS powder was synthesized by a solution
reaction using volatile solvent at low temperature (130 ◦C), fol-
lowed by annealing at elevated temperature (450 ◦C) in reduction
conditions. We observed that the binary crystal structure was ini-
tially formed up to 250 ◦C and subsequently turned into quaternary
crystal structure at higher temperature (450 ◦C), which was con-
firmed by both XRD and high resolution TEM analysis. Using this
powder, CIGS film was prepared by a paste coating with sulfur-
ization at 450 ◦C, which resulted in the enhancing of the adhesion
between CIGS film and glass substrate and the diminishing of resid-
ual carbon impurity.
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