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Polycrystalline CuGaTe2 with a chalcopyrite-type structure consolidated by
hot-pressing is a potential candidate as a medium-temperature thermoelectric
(TE) material. However, its high-temperature formation phases have rarely
been reported to date. Here, we investigated the temperature-dependent for-
mation phases and crystal structure at 300–800 K of hot-pressed CuGaTe2.
From synchrotron x-ray diffraction data and crystal structure analysis of the
heating and cooling processes, it was clarified that a certain amount of
impurity phases, such as Te and CuTe, precipitated from the CuGaTe2 matrix
when the temperature was increased (to 500–650 K). This is the temperature
range where CuGaTe2 has been reported to show high TE performance. After
CuGaTe2 was heated to 800 K, such impurity phases remained, even when
cooled to room temperature. They also affected the tetragonal distortion and
the x-coordinate of Te in the CuGaTe2 matrix, probably due to deficiencies of
Cu and Te in the matrix. Our results reveal detailed information on the for-
mation phases of CuGaTe2 at high temperature and thus provide insight for
evaluation of its high-temperature stability and transport properties.

Key words: Thermoelectric, chalcopyrite-type structure, crystal structure
analysis, hot-press, CuGaTe2, synchrotron x-ray diffraction

INTRODUCTION

Chalcopyrite-type structure materials have pre-
viously been developed for various applications in
photovoltaic and optoelectronics fields because of
their characteristics can be controlled through
selection of their atomic composition. The ternary
chalcopyrite-type structure, denoted as AIBIIIX2

VI

(A = Cu or Ag; B = Al, Ga or In; and X = S, Se or
Te), can feature many different combinations of
compositions. This structure is regarded as the

stacking of two binary II–VI zinc-blended structures
along the c-axis, in which one cation of a group II
element is alternately replaced by two different
cations of group I and III elements. This replace-
ment alters the crystal structure from a cubic to a
tetragonal shape and induces characteristic p–d
hybridization between cations and anions. The
degrees of tetragonality and hybridization differ
according to the kinds of elements and temperature.
These factors have a considerable effect on the
physical properties of chalcopyrite-type structured
materials. For example, typical chalcopyrite-type
structure materials have good electrical properties
and high thermal conductivity for thermoelectric
(TE) applications. These properties are attributed to
both the covalent and iconic bonding in the crystal
structure, where two different cation atoms (I and
III) are located at the inequivalent sites.1 Therefore,
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improving the TE properties of chalcopyrite-type
structured materials has been widely examined
from the viewpoint of tuning their crystal structure.
For example, this is done through the application of
band structure engineering to form a pseudo-cubic
structure2 and reducing thermal conductivity by
increased lattice distortion3 and improving the
figure of merit zT with anion displacement.4 How-
ever, the temperature dependence of modifications
of chalcopyrite-type crystal structures has not been
extensively studied. For example, CuGaTe2 is rec-
ognized as a prominent chalcopyrite-type structure
TE material because of its high zT value at inter-
mediate temperatures 700–900 K. There have been
some reports of the phase diagram of pseudo-binary
Cu2Te-Ga2Te3,5 the phase diagram of a ternary Cu-
Ga-Te system at 923 K,6 and the occurrence of
order–disorder transition over 1000 K.7 However,
the thermal stability of CuGaTe2 over its operating
temperature range has not been previously reported
in detail. Many attempts have been made to
improve the TE properties of hot-pressed CuGaTe2;
however, these have been founded on the assump-
tion that the material is stable over the operating
temperature range, which has not been confirmed.
For practical applications, TE materials should
have long-operating lifetimes and be maintenance-
free. Therefore, it is essential to consider the
thermal stability of such materials to assess their
reliability. Such studies also offer prospects for
improving TE properties and understanding the
material behavior at high temperatures. At elevated
temperatures, mechanisms of material deteriora-
tion, such as oxidation, dissociation, and precipita-
tion of constituent elements, can easily alter or
lower TE performance. For example, tellurium is a
typical element likely to dissociate from compounds
below its melting temperature.8–10 For these rea-
sons, it is necessary to clarify the high-temperature
phase formation of TE materials.

In the research presented herein, we focus on the
chalcopyrite-type structure CuGaTe2, prepared by
hot-pressing, and examine its thermal stability,
with the intention of understanding its potential
applications to waste heat recovery at high temper-
atures. Because hot-pressing is a typical sintering
method, it is also expected to be effective for
CuGaTe2. A previous report on hot-pressed
CuGaTe2 showed zT = 1.4 at 950 K.11 Therefore,
we investigated the thermal stability of hot-pressed
CuGaTe2 over an appropriate operating tempera-
ture range by observing phase changes and by
performing crystal structure analysis. Hence, we
studied phases of a CuGaTe2 material that have
already been evaluated for their TE properties, with
the aim of providing information about the thermal
stability of CuGaTe2. We performed Rietveld anal-
ysis using fine profile data obtained by synchrotron
x-ray powder diffraction and succeeding in captur-
ing the phase formed in hot-pressed CuGaTe2 at a
high temperature.

EXPERIMENTAL SECTION

Sample Preparation

The starting materials, Cu (99.99% purity, shot,
Rare Metallic Co., Ltd., Japan), Ga2Te3 (99.999%
purity, chunks, Furuuchi Chemical Co., Ltd.,
Japan), and Te (99.999% purity, shot, Rare Metallic
Co., Ltd., Japan), were mixed according to the
corresponding stoichiometry and placed in a vac-
uumed silica tube. The mixture was melted at
1173 K and kept overnight in a furnace before being
quenched in water. The obtained CuGaTe2 ingot
was annealed at 773 K for 72 h to obtain a homo-
geneous bulk sample. The samples had a dark gray
appearance and no changes in the apparent color of
the sample occurred on standing under atmosphere
for several months. The ingot was then crushed into
fine powder. The fine powder sample was sintered
into a disc-like shape with a hot-press apparatus by
applying conditions reported previously.11 The hot-
pressed sample was crushed into fine powder and
was sealed into a 0.1 mm / silica capillary under
vacuum for synchrotron x-ray diffraction (SXRD)
measurements.

To characterize the crystal structure and identify
impurity phases, SXRD was performed at the
BL02B2 beamline of the synchrotron radiation
facility SPring-8. At beamline BL02B2, a large
Debye–Scherrer camera and imaging plate (IP)
were used for the detector. The wavelength used
in this study was 0.419712 Å refined with CeO2. We
measured diffraction profiles of hot-pressed
CuGaTe2 with increasing temperature from 300 K
to 800 K (in increments of 50 K), and then with
decreasing temperature from 800 K to 300 K, for
the purpose of observing changes in crystal struc-
ture and/or the development of impurity phases
with changes in temperature.

Crystal Structure Refinement

Rietveld analyses were carried out for the
observed SXRD profiles using the RIETAN-FP
program12 to refine the lattice parameters and to
identify the appearance of phases. A modified split
pseudo-Voigt function with Lorentz and Gauss
functions full width at half maximum (FWHM)
were applied for profile function. Impurity profiles
were identified using data analysis software inte-
grated with the x-ray powder diffraction software
(PDXL; Rigaku Corporation).

RESULTS AND DISCUSSION

The SXRD patterns of hot-pressed CuGaTe2 were
collected using the heating process over 300–800 K
in increments of 50 K (Fig. 1a and b), and then
using the cooling process over 800–300 K in incre-
ments of 100 K (Fig. 1c and d). We analyzed the
overall changes in SXRD patterns resulting from
the variation in temperature. We found that the
chalcopyrite-type structure was the main phase at
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all temperatures studied. During the heating pro-
cess there existed only peaks of the chalcopyrite-
type structure over the range 300–450 K (region I);
the peaks of impurity phases appeared over the
range 500–650 K, as denoted by triangle symbols
(region II); then, the impurity phases disappeared,
and only the chalcopyrite phase existed over the
range 700–800 K (region III). During the tempera-
ture cooling process of 800–500 K (regions IV and
V), the formation phases are the same as those
observed during the heating process (regions III and
II). The impurity phases, observed over the range
650–500 K, did not disappear below 500 K (region
VI) and still remained at 300 K, which is different
behavior from that observed during the heating
process.

To observe the changes with temperature in the
formation of phases and crystal structure of the hot-
pressed CuGaTe2, we identified the impurity phases
using PDXL software and performed Rietveld anal-
ysis. The results of the Rietveld refinement are
listed in Table I. At 300 K of region I, all of the

peaks were fully indexed as those of CuGaTe2 with a
chalcopyrite-type structure, confirming previously
reported data for samples prepared by similar
methods.11 The R-factors RB and Rwp of this anal-
ysis were suppressed to< 6%, meaning that good
convergence was obtained. Likewise, in regions I
and III, all of the peaks were fitted well to those of a
chalcopyrite-type structure. In regions II, V, and VI,
the peaks of the impurity phases correspond to
those of Te and CuTe. Based on this finding, we
carried out Rietveld analysis, assuming that the
SXRD pattern contained CuGaTe2 with chalcopy-
rite-type structure as the main phase, and Te and
CuTe phases as the impurity phases. The resulting
R-factors (Rwp and RB) became< 6% and reached
good convergence. In region II, the estimated phase
fractions of Te and CuTe in the heating process were
ca. 1 wt.% at 500 K, and reached maximum values
of 2.41 wt.% and 1.69 wt.%, respectively, at 600 K,
before starting to decrease when the temperature
reached 650 K. Finally, it became zero at and above
700 K in region III. The melting temperature of Te

Fig. 1. Synchrotron x-ray diffraction (SXRD) measurements. (a) SXRD data of heating process over the temperature range 300–800 K. (b)
Enlarged profile data of (a) at the angle range of 0�–15�. (c) SXRD data of cooling process over the temperature range 800–300 K. (d) Enlarged
profile data of (c) at the angle range of 0�–15�. Triangles in (b and d) show locations of impurity peaks, with filled triangle denoting Te and open
triangle denoting CuTe. Triangles are placed only where peaks can be glanced. The numbers I–VI refer to temperature regions to classify the
profiles, herein referred to as region I, region II, etc.
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and CuTe was higher than 650 K, these impurities
phases was not considered to melt. Instead, the
eutectic reaction between Te and CuTe occurs at
613 K, so that Te and CuTe would change to liquid
phase.13 Thereby, the peaks of Te and CuTe were
disappeared in region III, and the same phenomena
can be occurred in region IV. In the cooling process
of regions V and VI, Te and CuTe had values for the
phase fraction of greater than 4 wt.% and retained a
similar value even at 300 K. This implies that once
the hot-pressed CuGaTe2 was heated to 800 K, the
Te and CuTe phases segregated from the CuGaTe2,
probably causing Cu and Te deficiencies in the
CuGaTe2-matrix phase at 300 K.

Figure 2a, b, and c show the temperature depen-
dent tetragonal lattice parameters, a and c; the
tetragonal distortion, defined by g = c/2a; and the x-
coordinate of Te, respectively. The latter two
parameters of g and x are features of a chalcopy-
rite-type structure. The ternary I–III–VI2 chalcopy-
rite-type structure is regarded as the stacking of
two binary II–VI zinc-blended structures along the
c-axis, as mentioned. For example, ZnTe with a
zinc-blend structure (Fig. 3a) is the binary analog
of CuGaTe2 with a chalcopyrite-type structure
(Fig. 3b) drew using the software of visualization
for electronic structural analysis (VESTA).14 This

type of crystal structure often shows tetragonal
distortion, where g deviates from 1. In the ZnTe
structure, each Te atom is tetrahedrally coordinated

Fig. 2. Parameters obtained by Rietveld analysis. The parameters are shown for both heating and cooling processes, filled and white symbols
show the heating and cooling process, respectively. (a) Temperature dependence of lattice constants a and c. (b) Temperature dependence of
tetragonal distortion, g. (c) Temperature dependence of x-coordinate of Te. (d) Temperature dependence of isotropic temperature factor of Cu,
Ga, and Te.

Fig. 3. (a) Crystal structure of ZnTe with zinc-blende structure, (b)
CuGaTe2 with chalcopyrite-type structure, and (c) tetrahedral struc-
ture of Cu2Ga2-Te in chalcopyrite-type structure.
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by four Zn atoms, meaning that the Te atom is
located at the center of a tetrahedron. However, in
the CuGaTe2 structure each Te is coordinated by
two Cu and two Ga atoms (Fig. 3c). This fact causes
the Te to commonly adopt an equilibrium position
closer to one pair of cations than to the other, i.e., Te
atoms are displaced from their zinc-blende sites.
This also mean that bonding states inside the Te-
centered tetrahedron affect the g and x values in
chalcopyrite compounds. Therefore, if some defects,
such as point defects and/or antisite defects, are
introduced to CuGaTe2, g and x in defect CuGaTe2

are expected to deviate from those in non-defect
CuGaTe2. a and c increased with an increase in
temperature because of thermal expansion of the
lattice. The calculated thermal expansion coefficient
of a for regions I, II, and III during the heating
process are 10.8 9 10�6 K�1, 12.6 9 10�6 K�1, and
1.38 9 10�6 K�1, respectively. Those of c are
7.33 9 10�6 K�1, 7.86 9 10�6 K�1, and 7.02 9
10�6 K�1, respectively. The thermal expansion coef-
ficient of a increased as heating proceeded. That of c
also increased, but that behavior did not show a
monotonic increase; for region III the value is
smaller than for regions I and II. It is expected,
therefore, that removal of Cu and Te would have a
greater effect on c than a. On the other hand, during
the cooling process, a and c decreased with a
decrease in temperature to follow the same root as
in the heating process from thermal shrinkage of
the lattice. However, the values of c at 300 and
400 K during the cooling process (region VI) are
somewhat greater than those during the heating
process (region I). This was probably affected to
some extent by removal of Cu and Te elements from
the matrix CuGaTe2 phase, resulting from precip-
itation of the impurity phases of CuTe and Te. Such
occurrences of change in an atomic level structure
with temperature would cause a temperature
dependent variation in g and x. As shown in Fig. 2b,
g decreased with an increase in temperature
because the thermal expansion coefficient of a is
larger than that of c. In comparison with the g value
in the heating process in region I, the g value in the
cooling process in region VI is closer to 1 at room
temperature, reflecting the temperature dependent
behavior of a and c in regions I and VI. As for
Fig. 3c, broadly speaking, the x-coordinate of Te
increased with an increase in temperature; how-
ever, in region II where the appearance and disap-
pearance, respectively, of Te and CuTe occur, this
tendency changed. This may be attributed to the
change in bonding state inside the Te-centered
tetrahedron. In particular, assuming that deficiency
of Cu would occur, it is reasonable to suggest that
Te is attracted to the Ga, resulting in a larger x,
which is consistent with the obtained results that x
in region VI is greater than that in region I.
Figure 2d shows the temperature dependence of
the isotropic temperature factor, U, of Cu, Ga, and
Te. They increased with temperature, indicating

enhanced thermal vibration of each atom. It is noted
that the U of Cu is significantly larger than that of
Ga and Te within the temperature range examined.
This is not only because of the deficiency of Cu from
the CuGaTe2 matrix, but also because Cu atoms
deviated significantly from their equilibrium posi-
tions. This is supported from molecular dynamics
simulations reported previously.15

We clarified that by increasing the temperature
Te and CuTe were separated from the CuGaTe2

matrix in polycrystalline CuGaTe2 samples consol-
idated by hot-pressing. At this stage it is not clear
whether these phenomena would occur only in hot-
pressed CuGaTe2 so further study is needed to
clarify this. However, our results do at least suggest
that the high-temperature TE properties of hot-
pressed CuGaTe2 reported previously11 could be
affected by changes in phase formation that result
from changes in temperature. Therefore, to evaluate
the high-temperature transport properties and sta-
bility of CuGaTe2 more precisely, it is necessary to
analyze the experimental data under careful con-
sideration of its temperature-dependent formation
phases and crystal structure.

CONCLUSIONS

We investigated the thermal stability of hot-
pressed thermoelectric CuGaTe2 by measuring syn-
chrotron x-ray diffraction data over the temperature
range 300–800 K and performing crystal structure
refinement. By carrying out crystal structure refine-
ment we revealed that Te and CuTe can separate
from the CuGaTe2 matrix at the temperature range
550–650 K. By increasing the temperature to
greater than 650 K, the Te and CuTe phases
disappeared and are expected to have changed to
liquid phase. The vacancy of Cu changes the
fractional coordinates of Te and modifies the bond-
ing state inside Te-centered tetrahedron. Further-
more, precipitation occurred after decreasing the
temperature to< 500 K, meaning that the Te and
CuTe phases are expected to remain after cooling.
Isotopic temperature factor of Cu increased with
temperature and is significantly larger than that of
Ga and Te within the temperature range examined,
which is likely to attribute to deficiency of Cu atoms
and deviation from equilibrium position. Therefore,
we should consider that the separated phases can
affect the thermoelectric properties of such systems.
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