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a b s t r a c t

ZnIn2Te4 and CdIn2Te4 have a defect-chalcopyrite tetragonal crystal structure with structural vacancies.
In order to investigate the effects of vacancies on the lattice thermal conductivity (�lat), single phase
samples of ZnIn2Te4 and CdIn2Te4 were synthesized and their �lat values were examined in the temper-
ature range from room temperature to 850 K. The �lat data for ZnIn2Te4 and CdIn2Te4 were compared
eywords:
nIn2Te4

dIn2Te4

halcopyrite structure
acancy

with those of Zn- and Cd-series chalcopyrite compounds with no vacancies. The results revealed that
the presence of vacancies alone in the defect-chalcopyrite structure does not result in effective phonon
scattering.

© 2011 Elsevier B.V. All rights reserved.
hermal conductivity

. Introduction

Thermoelectric (TE) technology, for converting waste heat into
seful electricity, is expected to play an important role in meeting
oday’s energy challenges [1]. The efficiency of the device is linked
o the TE properties of the generator materials and the temperature
radient across the device. The effectiveness of the TE conversion
s determined by the dimensionless figure of merit, ZT = S2�T/�,

here S is the Seebeck coefficient, � is the electrical conductivity, T
s the absolute temperature, and � is the total thermal conductivity
� = �lat + �el, the lattice and the electronic contributions, respec-
ively). Since S, �, and �el in bulk materials are interrelated, it is very
mportant to reduce �lat so that ZT can be increased [2]. Contempo-
ary developments in low dimensional materials and new bulk TE
aterials are leading to breakthroughs in TE research [3]. Recently,

ow-�lat materials, such as Ag9TlTe5 [4], have been proposed as
ext-generation advanced TE materials.

Our group has focused on vacancies in the crystal as one way to
educe �lat. Good examples of compounds with vacancies include
a2Te3 and In2Te3 with a defect zinc-blend structure (space group:

-43m) [5–7]. Due to valence mismatch between the cation and
he anion, a third of the cation sites are structural vacancies; i.e.,
he chemical formula A2Te3 (A = Ga, In) can be written as A2VA1Te3,

∗ Corresponding author. Tel.: +81 6 6879 7905; fax: +81 6 6879 7889.
E-mail address: kurosaki@see.eng.osaka-u.ac.jp (K. Kurosaki).
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where VA indicates a vacancy. These vacancies are thought to be
distributed in various states and are also expected to affect various
physical properties including TE properties. Kurosaki et al. revealed
that Ga2Te3 exhibits very low-�lat, most likely due to effective
phonon scattering by two-dimensional vacancy planes that exist
throughout the bulk sample [5]. Pei and Morelli have shown that
a significant reduction in �lat occurs in InSb–In2Te3 solid solutions
due to strong phonon–vacancy scattering [8].

Against this background, in the present study, we focused our
attention on defect-chalcopyrite compounds (tetragonal structure,
space group: I-4). Defect-chalcopyrite compounds contain a large
number of vacancies in the crystal similar to defect zinc-blend
compounds. The general chemical formula of defect-chalcopyrite
compounds considered here is II-III2-VI4 where II = Zn or Cd, III = In
or Ga, and VI = S, Te, or Se. In order to maintain the valence mis-
match, half of the II sites in II-III2-VI4 compounds should be vacant;
in other words, the chemical formula II-III2-VI4 can be written
as II-VA-III2-VI4 [9]. The II-III2-VI4 defect-chalcopyrite compounds
are closely related to parent II-IV-V2 chalcopyrite compounds
that contain no vacancies in the crystal, such as ZnGeAs2. The
band structure and optical properties of the defect-chalcopyrite
compounds ZnIn2Te4 [10,11] and CdIn2Te4 [12,13] have been pre-
viously reported. However, little research has been done on the

� (and �lat) values of these compounds. In the present study,
therefore, we attempted to synthesize ZnIn2Te4 and CdIn2Te4 and
investigate the temperature dependence of �lat. The obtained �lat
values of ZnIn2Te4 and CdIn2Te4 were compared with those of

dx.doi.org/10.1016/j.jallcom.2011.04.086
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Fig. 1. (a) Crystal structure of ZnIn2Te4. (b) Zn or Cd and In atoms exist at the center
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Table 1
Lattice parameter, sample bulk density, and chemical composition of the ZnIn2Te4

and CdIn2Te4 samples, as determined by EDX analysis.

ZnIn2Te4 CdIn2Te4

Lattice parameter
a (nm) 0.6132 0.6220
c (nm) 1.2292 1.2453

Theoretical density
dth (g cm−3) 5.79 5.88

Measured density
dex (g cm−3) 5.76 5.83

Relative density
dex/dth (%) 99 99

Chemical composition
determined by EDX analysis

Zn (at.%) 15 –
Cd (at.%) – 13
In (at.%) 29 30
f tetrahedra surrounded by Te atoms.

he parent II-IV-V2 chalcopyrite compounds from literature. The
ffects of vacancies on �lat of the chalcopyrite-series compounds
re discussed in this report.

. Experimental

ZnIn2Te4 and CdIn2Te4 ternary compounds were synthesized by direct reac-
ions of mixtures of stoichiometric ratios of Zn (3N), Cd (6N), In2Te3 (5N), and
e (5N) in sealed silica tubes. These mixtures were slowly heated to 1173 K for
nIn2Te4 and 1053 K for CdIn2Te4, held at these temperatures for 3 days before
uenching in an ice water bath. The products were crushed and milled into fine pow-
ers. Bulk samples were then produced by hot-pressing using a 10 mm graphite die
nder 45 MPa sintering pressure at 873 K for 2 h in an argon-flow atmosphere. The
hases, morphologies, and chemical compositions of these samples were character-

zed by powder X-ray diffraction (XRD) technique using Cu K� radiation on a Rigaku
INT 2000 instrument and a scanning electron microscope (SEM) equipped with an
nergy dispersive X-ray (EDX) analyzer (Hitachi, S2600H) at room temperature. The
ensities of the bulk samples were calculated based on the measured weight and
imensions. Longitudinal and shear sound velocities were measured by the ultra-
onic pulse echo method at room temperature in air, and the Debye temperature
�D) was evaluated from the measured sound velocities. Thermal conductivity (�)
as calculated from thermal diffusivity (˛), heat capacity (Cp) and sample density

d) based on the relationship � = ˛Cpd. ˛ was measured under vacuum using a laser

ash apparatus (ULVAC, TC-7000). Cp was estimated using the Dulong-Petit model,
p = 3nR, where n is the number of atoms per formula unit and R is the gas constant.
was evaluated in the temperature range from room temperature to 850 K.

Fig. 2. SEM and EDX mapping ima
Te (at.%) 56 57

3. Results and discussion

Powder XRD patterns of the prepared samples were in good
agreement with the JCPDS database (Reference codes: 74-0218
for ZnIn2Te4 and 74-0219 for CdIn2Te4) [14,15]. It was confirmed
from the XRD data that chemical reactions of all the raw materials
used were completed and single phase samples of ZnIn2Te4 and
CdIn2Te4 were successfully produced.

The crystal structures of the compounds are shown in Fig. 1(a).
This crystal system is known as the defect-chalcopyrite structure.
Details of this structure are reported in Refs. [10,14], wherein the
atomic positions in the unit cell were reported as follows: (1) A Zn
or Cd atom occupies the (0, 0, 0) position; (2) the In atom occupies
the (0, 0, 0.5) and (0, 0.5, 0.25) positions; (3) the Te atom occupies
the (0.26, 0.24, 0.13) position; (4) a vacancy occupies the (0.5, 0,
0.25) position. Two Zn or Cd atoms are present with two vacancies,

four In atoms, and eight Te atoms in the unit cell. Zn or Cd and In
atoms are present in the center of the tetrahedra created by four Te
atoms, as shown in Fig. 1(b).

ges of the CdIn2Te4 sample.
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dIn2Te4. (a) Total thermal conductivity (�) and (b) lattice thermal conductivity
�lat).

The lattice parameters, sample bulk density, and chemical com-
osition of the samples are summarized in Table 1. The tetragonal

attice parameters and the theoretical densities of these com-
ounds were in good agreement with those reported by Hahn et al.

14]. The densities of the polycrystalline samples taken from the
intered specimens were 99% of the theoretical density. All the
amples appeared to be stable in air at room temperature.

able 2
verage atomic weight of the crystal (M), third root of the average volume occupied by an

Mı(�D)3/n2/3) and lattice thermal conductivity (kW) at room temperature for the II-II
halcopyrite compounds ZnSiAs2, ZnGeAs2, ZnGeP2, CdGeP2, and CdSnAs2.

ZnIn2Te4 CdIn2Te4 ZnSiAs2

Average atomic weight of the crystal
M (u) 115.1 121.8 60.8

Third root of the average volume occupied by an atom
ı (nm) 0.321 0.325 0.278a

Debye temperature
�D (K) 175 166 339e

Number of atoms in the unit cell
n 14 14 16

Parameter
Mı(�D)3/n2/3 (um K3) 0.0341 0.0312 0.1036

Lattice thermal conductivity at room temperature
�lat (Wm−1 K−1) 2.1 1.2 14.0f

a Ref. [17].
b Ref. [18].
c Ref. [19].
d Ref. [20].
e Ref. [21].
f Ref. [22].
conductivity (�lat) at room temperature for the II-III2-VI4 defect-chalcopyrite com-
pounds, ZnIn2Te4 and CdIn2Te4, together with the data of the II-IV-V2 chalcopyrite
compounds, ZnSiAs2, ZnGeAs2, ZnGeP2, CdGeP2, and CdSnAs2.

SEM and EDX mapping images of the bulk CdIn2Te4 sample are
shown in Fig. 2. The SEM image indicated that the sample was
homogeneous. EDX analysis revealed that Cd, In, and Te were uni-
formly distributed on the sample surface. In the case of ZnIn2Te4,
similar results to those for CdIn2Te4 were obtained. The SEM and
EDX analyses confirmed that the ZnIn2Te4 and CdIn2Te4 samples
were homogeneous, without any impurity phases. The quantita-
tive EDX analysis confirmed that the chemical compositions of the
bulk sintered samples were roughly in accordance with the stoi-
chiometric compositions, as summarized in Table 1.

The temperature dependence of � for ZnIn2Te4 and CdIn2Te4 is
shown in Fig. 3(a). The � values of both compounds were relatively
low and decreased with temperature. �lat was obtained by subtract-
ing �el from the total thermal conductivity. The value of �el can be
calculated as �el = L�T, where � is the electrical conductivity and
values obtained experimentally by our group, �lat for ZnIn2Te4 and
CdIn2Te4 was calculated as shown in Fig. 3(b). It was confirmed
that �lat was predominant in these compounds. The �lat values for

atom (ı), Debye temperature (�D), number of atoms in the unit cell (n), parameter
I2-VI4 n defect-chalcopyrite compounds ZnIn2Te4 and CdIn2Te4 and the II-IV-V2

ZnGeAs2 ZnGeP2 CdGeP2 CdSnAs2

72.0 50.0 61.7 95.2

0.282a 0.271b 0.281c 0.302d

302e 392e 304e 255e

16 16 16 16

0.0879 0.1286 0.0767 0.0752

11.4 f 18.0f 11.0f 9.2e
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nIn2Te4 and CdIn2Te4 at room temperature were approximately
.1 and 1.2 Wm−1 K−1, respectively. ZnIn2Te4 yielded higher �lat
alues than CdIn2Te4 over the whole temperature range consid-
red. As summarized in Table 2, CdIn2Te4 exhibited a lower Debye
emperature (�D = 166 K) than ZnIn2Te4 (�D = 175 K). Since ZnIn2Te4
nd CdIn2Te4 have the same crystal structure, the larger molecu-
ar weight of CdIn2Te4 would lead to lower �D and thus lower �lat
ompared to ZnIn2Te4.

In order to discuss the effect of vacancies on �lat in the defect-
halcopyrite compounds, the �lat values obtained for ZnIn2Te4
nd CdIn2Te4 were compared with those of the chalcopyrite
ompounds with no vacancies. Among various chalcopyrite com-
ounds, we chose the Zn- and Cd-series II-IV-V2 compounds for
his purpose, as summarized in Table 2.

Generally, under the assumptions that none of optical phonons
arry heat and that the temperature is above the Debye tempera-
ure �D, �lat can be expressed as [16]:

lat ∝ Mı(�D)3

n2/3T

here M is the average atomic weight of the crystal, ı is the third
oot of the average volume occupied by an atom, n is the num-
er of atoms in the unit cell, and T is the absolute temperature.

can be obtained from the molecular weight. ı can be calcu-
ated from the lattice parameter. The lattice parameter, �D, and
lat values for ZnSiAs2, ZnGeAs2, ZnGeP2, CdGeP2, and CdSnAs2
ave been reported in Refs. [17–22]. We calculated the parameter
Mı(�D)3/n2/3) at 300 K for the II-IV-V2 chalcopyrite compounds,
nSiAs2, ZnGeAs2, ZnGeP2, CdGeP2, and CdSnAs2, and the II-III2-
I4 defect-chalcopyrite compounds, ZnIn2Te4 and CdIn2Te4. The
alues of M, ı, n, �D, (Mı(�D)3/n2/3) and �lat at room temperature
or these compounds are summarized in Table 2. The relationship
etween the parameter (Mı(�D)3/n2/3) and �lat at room temper-
ture is shown in Fig. 4. From the figure, it is observed that (1)
ecreasing the value of the parameter (Mı(�D)3/n2/3) leads to a
ecrease in the value of �lat and (2) the �lat values of ZnIn2Te4
nd CdIn2Te4 are on the extrapolated line which expresses the
elationship between the parameter (Mı(�D)3/n2/3) and �lat for
he II-IV-V2 chalcopyrite compounds. These results demonstrate
hat the magnitude relation of the �lat values of the II-IV-V2 chal-
opyrite compounds as well as the II-III2-VI4 defect-chalcopyrite
ompounds can be explained by the general �lat theory, viz. the
acancies in the defect-chalcopyrite compounds have little effect
n the reduction of �lat.
. Summary and conclusion

In the present study, polycrystalline single phase samples of
nIn2Te4 and CdIn2Te4 with the defect-chalcopyrite structure were

[
[
[
[
[

ompounds 509 (2011) 7484–7487 7487

successfully synthesized and � was examined in the tempera-
ture range from room temperature to 850 K. The XRD patterns
and the lattice parameters are in good agreement with previously
reported data. The � values of both samples were relatively low and
decreased with temperature, and CdIn2Te4 yielded lower � values
than ZnIn2Te4. For both compounds, �lat was predominant, equiv-
alent to more than 99% of the measured �. CdIn2Te4 exhibited a
lower Debye temperature (�D = 166 K) than ZnIn2Te4 (�D = 175 K),
which would lead to a lower �lat for CdIn2Te4 than for ZnIn2Te4.
The obtained �lat values for ZnIn2Te4 and CdIn2Te4 were com-
pared to those of the Zn- and Cd-series chalcopyrite compounds
with no vacancies. These results revealed that the vacancies in the
defect-chalcopyrite compounds are not responsible for the reduc-
tion in �lat, in other words, the presence of vacancies alone in the
defect-chalcopyrite structure does not result in effective phonon
scattering.

Acknowledgements

We are grateful to the Thailand Research Fund (TRF) through
the Royal Golden Jubilee Ph.D. Program (RGJ-Ph.D.); grant number
PHD/0078/2550, Thailand for financial support, and the Graduate
School of Chiang Mai University for general funding.

References

[1] T.M. Tritt, M.A. Subramanian, MRS Bull. 31 (2006) 188.
[2] D.M. Rowe (Ed.), CRC Handbook of Thermoelectrics, CRC Press, New York, 1995.
[3] G.J. Snyder, E.S. Toberer, Nat. Mater. 7 (2008) 105.
[4] K. Kurosaki, A. Kosuga, H. Muta, M. Uno, S. Yamanaka, Appl. Phys. Lett. 87 (2005)

061919.
[5] K. Kurosaki, H. Matsumoto, A. Charoenphakdee, S. Yamanaka, M. Ishimaru, Y.

Hirotsu, Appl. Phys. Lett. 93 (2008) 012101.
[6] C.E. Kim, K. Kurosaki, M. Ishimaru, D.Y. Jung, H. Muta, S. Yamanaka, Phys. Status

Solidi RRL 3 (2009) 221.
[7] S. Yamanaka, M. Ishimaru, A. Charoenphakdee, H. Matsumoto, K. Kurosaki, J.

Electron. Mater. 7 (2009) 1392.
[8] Y. Pei, D.T. Morelli, Appl. Phys. Lett. 94 (2009) 122112.
[9] X. Jiang, W.R.L. Lambrecht, Phys. Rev. B 69 (2004) 035201.
10] B. Ganguli, K.K. Saha, T.S. Dasgupta, A. Mookerjee, A.K. Bhattacharya, Phys. B

348 (2004) 382.
11] S. Ozaki, S. Adachi, Phys. Rev. B 64 (2001) 085208.
12] S.H. You, K.J. Hong, T.S. Jeong, C.J. Youn, J.S. Park, D.C. Shin, J.D. Moon, J. Appl.

Phys. 95 (2004) 4042.
13] T.S. Jeong, K.J. Hong, J. Appl. Phys. 96 (2004) 1758311.
14] H. Hahn, G. Frank, W. Klingler, A.D. Stoerger, G. Stoerger, Z. Anorg. Allg. Chem.

279 (1955) 241.
15] Powder Diffract. File, JCPDS-ICDD, 12 Campus Boulevard, Newtown Square, PA

19073-3273, U.S.A. (2001).
16] G.A. Slack, Advances in research and applications, in: H. Ehrenreich, F. Seitz, D.

Turnbull (Eds.), Solid State Physics, vol. 39, Academic Press, New York, 1979.
17] M. Levalois, G. Allais, Phys. Status Solidi A 109 (1988) 111.

18] M.D. Lind, R.W. Grant, J. Chem. Phys. 58 (1973) 357.
19] W. Hoenle, H.G. von Schnering, Z. Kristallogr. 155 (1981) 319.
20] H. Pfister, Acta Crystallogr. 11 (1958) 221.
21] M.L. Valeri-Gil, C. Rincon, Mater. Lett. 17 (1993) 59.
22] D.P. Spitzer, J. Phys. Chem. Solids 31 (1970) 19.


	Synthesis and thermal conductivities of ZnIn2Te4 and CdIn2Te4 with defect-chalcopyrite structure
	1 Introduction
	2 Experimental
	3 Results and discussion
	4 Summary and conclusion
	Acknowledgements
	References


