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We investigated the thermoelectric properties of the InSe, InSe/In4Se3 composite, and SrTiO3

(STO) nano-particles dispersed InSe/In4Se3 bulk composites. The electrical conductivity of the

InSe/In4Se3 composite with self-assembled phase separation is significantly increased compared

with those of InSe and In4Se3–d implying the enhancement of surface conductivity between grain

boundaries. The thermal conductivity of InSe/In4Se3 composite is decreased compared to those of

InSe. When the STO nano-particle dispersion was employed in the InSe/In4Se3 composite, a

coherent interface was observed between nano-particle precipitates and the InSe bulk matrix with a

reduction of the thermal conductivity. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4809677]

Recently, research on thermoelectric (TE) materials has

begun to receive renewed attention due to global awareness

of renewable energy. The efficiency of thermoelectric materi-

als is defined by a dimensionless figure of merit ZT
¼ S2rT=j, where S, r, T, and j are the Seebeck coefficient,

electrical conductivity, absolute temperature, and thermal

conductivity, respectively. Several years before, we reported

high ZT in n-type In4Se3–d and In4Se3–dCl0.03 bulk crystals.1,2

The basic mechanism of high ZT is to employ quasi-one-

dimensional lattice distortion along the transport plane of

electrons, which is called by Peierls distortion. The phonon

softening and lattice distortion by strong electron-phonon

coupling in a low-dimensional electron system reduce the

thermal conductivity along the transport plane because of the

reduced phonon energy and disordered lattices, respectively.

InSe has one additional selenium to In4Se3 with van der

Waals interaction along the c-axis. There has been no report

on the thermoelectric properties of InSe. From the calcula-

tion of the phonon spectrum, the InSe (hexagonal D4
6h) might

have a similar low-frequency phonon dynamics to those of

the In4Se3 (orthorhombic D12
2h).3 This implies that the almost

identical phonon modes contribute to the thermal conductiv-

ity of both compounds. Because In4Se3–d exhibits Peierls dis-

tortion, whereas the InSe does not, the investigation of the

thermal conductivity of InSe compared with In4Se3–d might

provide further evidence of the effect of Peierls distortion on

the reduction of thermal conductivity.

It has been proven that the nanostructuring approach is

an effective way to enhance ZT.4 Theoretical calculation of

the thermal conductivity with respect to the size of nano-

particles has shown that low thermal conductivity can be

achieved by nano-particle dispersion in a thermoelectric ma-

trix with an optimum size of the nano-particles.5 The nano-

particle-in-alloy approach in bulk TE materials can enhance

ZT by 20% or more by the reduction of the lattice thermal

conductivity jph due to phonon scattering as a result of the

inhomogeneous distribution of nano-particles. Ag nano-

particles dispersion in (Bi, Sb)2Te3 also has an effect of lower-

ing thermal conductivity.6 The metal nano-particle dispersion

in TE matrix is appropriate for materials of thermoelectric

cooling applications, because the operating temperature is less

than room temperature. It is known that the melting points of

nano-particles are decreased with decreasing nano-particle

size.7 In order to maintain the thermal stability in the mid-

temperature range (300–600 �C) for thermoelectric power

generation, a metal oxide SrTiO3 (STO) nano-particle disper-

sion in bulk matrix was employed, because the melting point

of metal oxide nanoparticles is generally higher than that of

metal nano-particles with similar size.

In addition to nano-particle dispersion, the phase separa-

tion by spinodal decomposition is another route to make

bulk nanostructured materials.8 The coherent nanoscale

phase separation of PbTe and PbS in (PbTe)1–x(PbS)x results

in a very low thermal conductivity of �0.4 W m�1 K�1.

During liquid-solid solidification or eutectoid decomposition

processes, a self-assembled phase separation can occur,

which results in reduced thermal conductivity.9,10 The

indium-selenium phase diagram also has meta-stable points

of different phases. With this in mind, phase-separated

In4Se3 and InSe bulk sintered ingots were synthesized using

meta-stable conditions during heat treatment. In addition, the

thermoelectric properties of the phase mixed composite were

explored with STO nano-particle dispersion.

The compounds of InSe and InSe/In4Se3 were synthe-

sized by solid state reaction using high purity In (99.999%)

and Se (99.999%) granules. In the binary phase diagram

between In4Se3 and InSe phases, there is a peritectic point at

600 �C and Se 45 mol. %. In order to synthesize a bulk InSe

ingot, the composition should be Se-rich and at the peritectic

point. In and Se were mixed in an evacuated quartz tube witha)E-mail: jsrhyee@khu.ac.kr

0003-6951/2013/102(22)/223901/4/$30.00 VC 2013 AIP Publishing LLC102, 223901-1

APPLIED PHYSICS LETTERS 102, 223901 (2013)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  203.255.172.21 On: Wed, 06 Jul 2016

04:09:11

http://dx.doi.org/10.1063/1.4809677
http://dx.doi.org/10.1063/1.4809677
http://dx.doi.org/10.1063/1.4809677
http://dx.doi.org/10.1063/1.4809677
mailto:jsrhyee@khu.ac.kr
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4809677&domain=pdf&date_stamp=2013-06-05


a molar ratio of In 54%:Se 46% and melted at 1000 �C for

12 h, cooled quickly and annealed at 400 �C for 1 week. The

InSe/In4Se3 composite was synthesized by slow cooling. A

mixture with a molar ratio of In 56%:Se 44% was melted at

1000 �C for 12 h and cooled to room temperature with a

cooling rate of 100 �C/h. STO nano-particles with 1 wt. %

(10 nm size with hexagonal shape) were dispersed in the

InSe/In4Se3 bulk composite. InSe/In4Se3 powder was pre-

pared by hand milling for 4 h in an agate mortar and mixed

with STO nano-particles in n-hexane solution. The solution

was stirred for 8 h and dried. The STO-dispersed InSe/In4Se3

powder was sintered by spark plasma sintering under a uni-

axial pressure of 70 MPa and 350 �C for 5 min.

The Seebeck coefficient and electrical resistivity were

measured by a four-point probe method using a thermoelec-

tric measurement system (ZEM-3 ULVAC, Japan). The ther-

mal conductivity was obtained by j ¼ qsCpk, where qs, Cp,

and k are the sample density, specific heat measured by the

physical property measurement system (PPMS, Quantum

Design, USA), and thermal diffusivity measured by a laser

flash method, respectively.

Figure 1 shows the x-ray diffraction (XRD) pattern of

InSe (lower pattern) and STO-dispersed InSe/In4Se3 bulk

composite (upper pattern). The XRD pattern of the STO

non-dispersed InSe/In4Se3 composite is almost identical to

that of the STO-dispersed composite. The InSe compound

has a minor phase of In4Se3 with (330) and (311) peaks. The

InSe/In4Se3 composite (with and without STO dispersion)

contains mixed phases of InSe (indicated by black-colored

miller indices) and In4Se3 (red-colored miller indices). The

lattice parameters of InSe and InSe/In4Se3 composite are

listed in Table I.

In order to confirm the microstructure of the composite,

transmission electron microscopy (TEM) and electron diffrac-

tion (ED) measurements were performed on the InSe/In4Se3

and STO-dispersed InSe/In4Se3 composites. The TEM image

of STO-dispersed InSe/In4Se3 composite is presented in Fig.

2(a). A dark needle-like shape and some defects were

observed in the bulk matrix. The needle-like precipitate was

340–420 nm in length and 16–33 nm in width. Because no

precipitates could be observed in the InSe/In4Se3 composite

without STO-dispersion, it is assumed that the precipitates

are caused by the agglomeration of STO nano-particles.

Scanning electron microscopy (SEM) and energy dispersive

spectroscopy (EDS) were used to confirm the self-assembled

phase separation of InSe and In4Se3 in STO-dispersed and

non-dispersed InSe/In4Se3 composites. In addition, the STO

nano-particles form agglomerates 1–10 lm in size in the

STO-dispersed InSe/In4Se3 composite (not shown here).

Figure 2(b) shows a magnified image of the region indi-

cated by a red circle in Fig. 2(a). The dark needle-like region

shows a stripe structure and coherent interface with the ma-

trix. The electron diffraction patterns of the interface region

are exhibited in Figs. 2(c) and 2(d) for needle-like and matrix

regions, respectively. They show hexagonal diffraction spots

in both regions which do not match with the In4Se3 crystal

structure. The irregular spots in Fig. 2(c) for the needle-like

shape come from the minor background. The STO has a

cubic perovskite crystal structure with space group Pm3m.

The cubic structure can be viewed as a hexagonal structure

along the [111]-direction. The crystal structure of b-InSe is

hexagonal with space group D4
6h. Considering this, the hex-

agonal spots in Figs. 2(c) and 2(d) might have been caused

by one of the STO and InSe phases, respectively. The elec-

tron diffraction analysis of Fig. 2(d) can confirm that the dif-

fraction spots coincide with InSe crystal structure. Therefore

it can conclude that the needle-like shape is formed by the

agglomerated STO nano-particles.

The thermoelectric properties of InSe, InSe/In4Se3,

and STO-dispersed In4Se3 composites are depicted in Fig. 3.

The temperature-dependent negative Seebeck coefficient of

FIG. 1. X-ray diffraction pattern of InSe (lower) and STO nano-particle-dis-

persed InSe/In4Se3 bulk composite (upper).

TABLE I. The lattice parameters of InSe and InSe/In4Se3 composite.

Materials a (Å) b (Å) c (Å) V (Å3)

InSe (hexagonal) 19.097 … 3.995 1261.616

InSe (composite) 19.097 … 4.000 1263.334

In4Se3 (composite) 15.257 12.226 4.073 759.745

FIG. 2. (a) The TEM image of STO-dispersed InSe/In4Se3 bulk composite.

(b) Expanded TEM image of the red circle indicated in (a). (c) Electron dif-

fraction pattern of the precipitates of the red circle in (a). (d) Electron dif-

fraction pattern of matrix.
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InSe increases with increasing temperature, as shown in Fig.

3(a). For InSe/In4Se3 composite, the Seebeck coefficient

decreases. In the case of In4Se3–d, at high temperature, the

negative Seebeck coefficient was decreased with increasing

temperatures (�450 K) from �500 lV/K to �350 lV/K for

In4Se2.98.11 This indicates that the electrical transport mecha-

nism of InSe and InSe/In4Se3 composite differs significantly

from those of In4Se3–d compounds. The STO-dispersed InSe/

In4Se3 composite shows similar temperature-dependent

behavior of the Seebeck coefficient with InSe. This is very

interesting because the temperature dependent behavior of

electrical conductivity and Seebeck coefficient of the STO-

dispersed composite is similar to that of InSe, which is dif-

ferent from the parent compound with the phase-separated

InSe/In4Se3 composite.

A similar temperature-dependent behavior of the electri-

cal conductivity r with InSe and STO-dispersed InSe/In4Se3

composite is observed in Fig. 3(b). The rðTÞ value of InSe

shows semiconducting behavior with temperature in a small

range of conductivity (1–15 S/cm). In contrast, InSe/In4Se3

exhibits metallic behavior of rðTÞ with relatively high

electrical conductivity (170–540 S/cm). The lower Seebeck

coefficient of InSe/In4Se3 than those of InSe is attributed to

the significant increase of the electrical conductivity. The

electrical conductivities of InSe and In4Se3–d (d ¼ 0:2)

(25–100 S/cm)11 are very small, so the significant increase of

the electrical conductivity in InSe/In4Se3 may come from the

InSe and In4Se3 interfaces. The interfacial conductivity is

strongly suppressed by the STO dispersion in the InSe/

In4Se3 composite. The agglomeration of the insulating STO

precipitates may have an effect of carrier scattering near

grain boundaries.

Figure 3(c) presents the temperature-dependent thermal

conductivity. The solid symbols represent the total thermal

conductivity jtot, and the open symbols represent the lattice

thermal conductivity jph obtained by the subtraction of the

electronic thermal conductivity jel from the Wiedemann-

Franz law jel ¼ L0rT, where L0 is assumed to be 2.45

� 10�8 W X/K2. The jtot value of InSe is relatively high

(2.9 W m�1 K�1 at 300 K), and a decrease of j is observed

with increasing temperature due to acoustic phonon contri-

bution. The InSe/In4Se3 composite decreases the thermal

conductivity compared to that of the InSe compound, but it

is still higher than that of In4Se3–d (�1.2 W m�1 K�1).11 The

high thermal conductivity of InSe in spite of the similar pho-

non dispersion spectrum to that of In4Se3 (Ref. 3) indicates

the importance of the Peierls distortion of In4Se3–d. Due to

the phonon softening by Peierls distortion, the thermal con-

ductivity of In4Se3–d is significantly lower than those of

InSe.

When STO nano-particles are dispersed in the InSe/

In4Se3 composite, the thermal conductivity is additionally

decreased by as much as 33% from that of the composite

without STO dispersion. The thermal conductivities of InSe

and the STO-dispersed composite are mainly contributed

from the lattice thermal conductivity jph. The jph value of

the composite without STO-dispersion is slightly higher than

that of the STO-dispersed composite near room temperature.

In this sense, the reduction of thermal conductivity for the

STO-dispersed composite is mainly caused by the reduction

of lattice thermal conductivity.

The power factor and dimensionless figure-of-merit ZT
are depicted in Figs. 4(a) and 4(b), respectively. The maxi-

mum power factor of InSe is about 0.15 mW m�1 K�2 at

600 K. The power factor of the phase-separated InSe/In4Se3

composite is increased significantly due to the enhancement

of electrical conductivity. The interface-assisted conduction

channel increases power factor. The STO-dispersed compos-

ite has a similar power factor to those of the InSe/In4Se3 at

less than 550 K, but the maximum power factor is in between

InSe/In4Se3 and InSe. Due to the reduction of the thermal

conductivity by the STO particle dispersion, the ZT value of

STO-dispersed composite is comparable to that of InSe/

In4Se3. This investigation suggests that the phase separation

between two semiconductors can have an interface conduc-

tion channel that gives rise to the enhancement of the power

factor. Incorporating a nano-particle dispersion and self-

assembled phase separation might have significant impor-

tance for increasing thermoelectric performance.

In summary, we have investigated the thermoelectric

properties of InSe, phase-separated InSe/In4Se3, and STO

FIG. 3. Temperature-dependent Seebeck coefficient (a), electrical conduc-

tivity (b), and thermal conductivity (c) of InSe, InSe/In4Se3, and STO dis-

persed Inse/In4Se3 composite.
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nano-particle-dispersed InSe/In4Se3 composites. The InSe

has a higher thermal conductivity than that of In4Se3–d in

spite of similar phonon dispersions, implying the importance

of Peierls distortion for reduction of the thermal conductivity

in In4Se3–d. The self-assembled phase separation of InSe/

In4Se3 increases the power factor due to the significant

increase of electrical conductivity. Because the electrical

conductivities of InSe and In4Se3–d are low, the high electrical

conductivity of InSe/In4Se3 is attributed to the interface con-

duction channel. The STO nano-particles agglomerate but

decrease the lattice thermal conductivity by phonon scattering.
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