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Abstract

For screen printing of Cu(In; _ ,Ga,)Se, (CIGS) in solar cell application, the synthesis of CIGS powder was examined. The solvothermal
method was adopted for CIGS synthesis, as it is known that the method could control particle characteristics easily and produce much amount of
powders. The phase change and particle shapes were observed with variation of reaction temperature and time. At low reaction temperature of
210 °C, CulnSe, (CIS) and CuGaSe, (CGS) were formed first without CIGS. As reaction temperature increased, CIGS phases of different
compositions appeared at 230 °C, but made into one stoichiometric composition at 250 °C. With increase of reaction time at 250 °C, the phase ratio

did not change significantly and three phases coexisted.
© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Solar cell has been focused on recently as prospective new
energy resource with predicted exhaustion of fossil fuels [1,2].
And single crystalline solar cell by thin film process has been
widely studied. Single crystalline solar cell, however, has been
known to have two major disadvantages of low photoelectric
conversion rate and expensive cost of single crystalline silicon
wafer [3]. To overcome these, some researchers have examined
the II-IV compound semiconductor solar cell [4,5]. Among
those, Culn; _ ,Ga,Se; (CIGS) system has been known to have
some advantages such as non-toxicity, long time stability, and
high conversion efficiency [6]. CIGS has also been examined
mostly by thin film process. Though thin film process has been
widely adopted, it is known to cost too much due to co-
evaporation in vacuum. It can be easily assumed that the process
cost could be lowered by non-vacuum thick film process such as
screen printing, though nano-sized powder of CIGS is needed for
the paste. For the synthesis of nano-sized CIGS powder, the
solvothermal method has been mainly adopted, for it could easily
control particle characteristics, and produce much amount of
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powder. But CIGS powder of single phase has never been
synthesized by the solvothermal method [7,8]. As similar
crystalline phases during synthesis such as CulnSe, (CIS) and
CuGaSe, (CGS) have been formed and coexisted with CIGS, X-
ray diffraction patterns of synthesized mixture could hardly been
analyzed. A few researchers have reported the X-ray diffraction
patterns of the synthesized mixtures [9].

In this study, nano-sized CIGS powder was synthesized by the
solvothermal method. Phase change during process has been
observed to examine the effect of reaction temperature and time
on phase formation. And the feasibility of single phase CIGS by
control of reaction temperature and time has been checked.

2. Experimental procedure

CuCl,-2H,0 (99.99%, Junsei Chemical Co. Ltd., Japan),
InCl; (97%, Sigma—Aldrich Co. Ltd., Japan), GaCl;z (99.99%,
Sigma—Aldrich Co. Ltd., Japan) and Se (99.99%, Sigma-—
Aldrich Co. Ltd., Japan) were used as raw materials. And
ethylenediamine (99.9%, Sigma—Aldrich Co. Ltd., Japan) was
used as solvent.

In the glove box which is filled with mixed gas of Ar (g) and
N> (g), 0.050 mmol (0.221 g) of CuCl,-H,0, 0.025 mmol
(0.190 g) of InCl;, 0.025 mmol (0.114 g) of GaCl; and
0.100 mmol (0.205 g) of Se were loaded into the autoclave

0272-8842/$36.00 © 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

doi:10.1016/j.ceramint.2011.05.067


http://dx.doi.org/10.1016/j.ceramint.2011.05.067
mailto:hshin@kicet.re.kr
http://dx.doi.org/10.1016/j.ceramint.2011.05.067

S522 S.-i. Gu et al./Ceramics International 38S (2012) $521-S523

vessel, which were filled with 43 cm® of anhydrous ethylene-
diamine afterward. The reaction temperature was varied
from 190 °C to 250 °C and the reaction time was varied from
8h to 40 h. The synthesized powders were washed with
distilled water to remove chlorine ions and then dried at 100 °C
for 24 h.

X-ray diffraction (XRD hereafter) patterns of synthesized
powders were observed by X-ray diffractometer (X pert pro,
PANalytical, Netherlands) with use of Cu Ka radiation at
scanning speed of 5°/min between 20° < 26 < 70° at 1200 W
(40kV x 30mA). The XRD patterns were analyzed with
computer-aided phase analysis program (X’pert HighScore
Pro, PANalytical, Netherlands) to compare phase ratio. Particle
shapes were observed by field emission scanning electron
microscope (LSM-6700F, Jeol, Japan) at an accelerating
voltage of 20 kV. The ratio of phase was calculated using
phase analysis program (X pert HighScore pro, PANalytical,
Netherlands).

3. Results and discussion

Fig. 1 shows XRD patterns of synthesized powders with
variation of reaction temperature. At 190 °C, any peak of CIS,
CGS, and CIGS could be found but several unknown peaks. The
unknown ones were hard to be identified, because intensities of
them were too low to be separated and analyzed. At 210 °C of
reaction temperature, clear peaks of CIS and CGS appeared
respectively. In the cases of 230 °C and 250 °C, peaks of CIS
and CGS at (204) plane were not separated clearly as if
another peak coexists between them, and those peaks could be
assumed at (112) plane and (312) plane. The crystal
structures of CIS, CGS, and CIGS are known to be same
and make complete solid solution [10]. The broad peak at each
plane was thought to indicate coexistence of those three phases.
For phase comparison, peaks of (2 0 4) plane were separated
and analyzed instead of (3 1 2) plane, due to too low intensities
of (3 12) plane.
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Fig. 1. X-ray diffraction patterns of synthesized powders with reaction tem-
perature.
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Fig. 2. Phase ratios of CIS, CIGS, and CGS with reaction temperature and
calculation of synthesized CIGS.

Fig. 2 shows phase ratios of CIS, CGS, and CIGS calculated
from the XRD patterns with variation of reaction temperature.
For accurate phase analysis from XRD patterns, Rietveld
method has been widely adopted. But for this method, it is
known that the peaks must be narrow and separated. As shown
in Fig. 1, XRD patterns obtained in this study shows broad
peaks which could be hardly separated. So Rietveld method is
hard to be adopted in this study. Instead of Rietveld method,
despite its insufficient accuracy, peak separation method in
X’pert HighScore program was used to calculate the phase
ratio. Peaks at (2 0 4) plane was used as mentioned above. As
shown in Fig. 1, CIS and CGS appeared at 210 °C and two
different CIGS phases were identified at 230 °C. The
compositions of two CIGS were identified as Culng3Gag;Se,
and Culng¢Gag4Se,, respectively. The composition was
determined from calculation of peak shift along In:Ga ratio
and corresponds with the result reported by Balboul et al. [11]
who had formed thin film phases by CVD method. And the
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Fig. 3. Phase ratios of CIS, CIGS, and CGS with reaction time at 250 °C.
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Fig. 4. Particle morphologies of synthesized powder at 250 °C with reaction time: (a) 8 h and (b) 40 h.

result also agreed with precedent study by Gu et al. [12] which
reported that certain single phase with fixed ratio of In:Ga is not
synthesized but CIGS phases of different ratio of In:Ga coexist
in the synthesized powder, as indium can be solved completely
in CGS. Though the precise ratio may not be correct, the
coexistence of CIS, CGS, and CIGS could be explained
sufficiently by the program. From this result, it can be known
that stable single phase CIGS can hardly be synthesized with
increase of reaction temperature, as the phase formation
temperatures of the three phases are almost same.

Fig. 3 shows phase ratios of CIS, CGS, and CIGS calculated
from the XRD patterns with variation of reaction time at
250 °C. Each phase of CIS, CGS, and CIGS was already formed
at 8 h. CIS appeared to decrease till 24 h but increased again to
40 h. CIGS increased slightly up to 24 h but showed no
remarkable increase or decrease afterward. CGS increased up
to 24 h but decreased afterward. As a whole, the phase ratio did
not change significantly and single phase CIGS was not formed.
Though Chun et al. [9] did not explain these phase ratio exactly,
the coexistence of three phases could be confirmed from their
data. Wang et al. [13] reported the formation of single phase
CIGS, but it was not synthesized and coexistence of three
phases could be shown in their XRD patterns. As a result, it can
be shown that single phase CIGS could hardly been synthesized
by solvothermal method despite results of Chun et al. and Wang
et al. The phase ratio of CIS, CGS, and CIGS did not change
notably with either reaction temperature or reaction time.

Fig. 4 shows the particle shapes of synthesized powder at
250 °C with reaction time of (a) 8 h and (b) 40 h. Sizes of
primary particles are about 100 °C in both (a) and (b), but those
in (b) are somewhat larger than those in (a). Particles in both (a)
and (b) are agglomerated seriously. During solvothermal
process, among the formed solid particles, the larger ones are
thought to grow with consumption of smaller ones with growth
mechanism known as ‘Ostwald ripening’ [14].

4. Conclusions

The synthesis of CIGS powder was examined by solvother-
mal method. At low reaction temperature of 210 °C, CIS and

CGS were formed first without CIGS. As reaction temperature
increased, CIGS phases of different compositions appeared at
230 °C, but made into one stoichiometric composition at
250 °C. With increase of reaction time at 250 °C, the phase
ratio did not change significantly and three phases coexisted.

References

[1] N.G. Dhere, Toward GW/year of CIGS production within the next decade,
Solar Energy Materials & Solar Cells 91 (2007) 1376-1382.

[2] J. Deubener, G. Helsch, A. Moiseev, H. Bornhoft, Glasses for solar energy
conversion systems, Journal of the European Ceramic Society 29 (2009)
1203-1210.

[3] M. Reuter, W. Brendle, O. Tobail, J.H. Werner, 50 pm thin solar cells with
17.0% efficiency, Solar Energy Materials & Solar Cells 93 (2009)
704-706.

[4] R.W. Miles, Photovoltaic solar cells: choice of materials and production
methods, Vacuum 80 (2006) 1090-1097.

[51 J.C.C. Fan, Promises of III-V solar cells, Solar Energy Materials 23
(1991) 129-138.

[6] P.Jackson, R. Wiirz, U. Rau, J. Mattheis, M. Kurth, T. Schlétzer, G. Bilger,
J.H. Werner, High quality baseline for high efficiency Cu(In; _ ,Ga,)Se,
solar cells, Progress in Photovoltaics: Research and Applications 15
(2007) 507-519.

[7]1 T. Wada, H. Kinoshita, Preparation of Culn(S,Se), by mechanochemical
process, Thin Solid Films 480—481 (2005) 92-94.

[8] S. Mehdaoui, N. Benslim, O. Aissaoui, M. Benabdeslem, L. Bechiri, A.
Otmani, X. Portier, G. Nouet, Study of the properties of CulnSe, materials
prepared from nanoparticle powder, Materials Characterization 60 (2009)
451-455.

[9] Y.-G. Chun, K.-H. Kim, K.-H. Yoon, Synthesis of CulnGaSe, nanopar-
ticles by solvothermal route, Thin Solid Films 480481 (2005) 46—49.

[10] M. Chandramohan, S. Velumani, T. Venkatachalam, Band structure
calculations of Cu(In; _ ,Ga,)Se,, Materials Science and Engineering
B 174 (2010) 200-204.

[11] M.R. Balboul, H.-W. Schock, S.A. Fayak, A. Abdel El-Aal, J.H. Werner,
A.A. Ramadan, Correlation of structure parameters of absorber layer with
efficiency of Cu(In,Ga)Se, solar cell, Applied Physics A 92 (2008) 557-563.

[12] S.I.Gu,H.S.Shin,Y.W.Hong,D.H.Yeo,S.Nahm,Thechangesof morphology
andcompositioninCu(In 1. . .xGax)Se, powdersynthesisby solvothermal-
method,Metals&MaterialsInternational, submitted for publication.

[13] Y.A. Wang, C. Pan, N. Bao, A. Gupta, Synthesis of ternary and quaternary
Culn,Ga; _ ,Se, (0 <x <1) semiconductor nanocrystals, Solid State
Sciences 11 (2009) 1961-1964.

[14] W.D. Kingery, H.K. Bowen, D.R. Uhlmann, Introduction to Ceramics,
second ed., John Wiley & Sons, New York, 1976, pp. 425-430.



	Phase analysis of Cu(In1-xGax)Se2 prepared by solvothermal method
	Introduction
	Experimental procedure
	Results and discussion
	Conclusions
	References


