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The aim of our work was to investigate thermoelectric properties of a com-
posite of solid In4Se3 and solid or liquid indium. Polycrystalline In4Se3-In
composites were prepared by a direct reaction of elements, powdering of
products and sintering powders by pulsed electric current sintering technique.
Microstructural and structural properties of obtained composites were ana-
lyzed using SEM + EDX and XRD techniques. Electrical transport properties
and thermal conductivity were measured over a temperature range of
323 K £ T £ 673 K. Results show that the electrical conductivity of composite
increases about four times in comparison with that of pristine In4Se3. The
thermal conductivity decreases in a systematic way with the increase of In
content and reaches a value of about 0.44 W m�1 K�1. As a result, the addition
of indium enhances the thermoelectric figure of merit ZT from 0.8 to 1.2 at
673 K. However, we found that the melting of indium at about 430 K has no
significant influence on thermoelectric properties of composites. We assume
that the improvement of electrical properties is mainly due to the formation of
point defects in In4Se3 phase and metallic properties of the In phase. To
analyze formation energies of possible defects in In4Se3 structure, DFT cal-
culations within the molecular cluster model were carried out. It was found
that the In interstitial atoms are energetically more favorable than the for-
mation of Se vacancy in In4Se3 structure.

Key words: Thermal conductivity of In4Se3+In composite, thermoelectric
figure of merit of In4Se3+In composite, metal-semiconductor,
In4Se3

INTRODUCTION

Thermoelectric (TE) materials have attracted
ever-increasing attention as sustainable and renew-
able energy resources.1 The performance of TE
material is determined by the dimensionless ther-
moelectric figure of merit, ZT = S2rT/j, where S, r,
T and j are the Seebeck coefficient, the electrical

conductivity, the absolute temperature, and the
thermal conductivity, respectively. In4Se3-based
materials have been intensively investigated as
the promising mid-temperature range TE mate-
rial.2,3 In4Se3 crystallizes in a layered orthorhombic
structure with a space group of Pnnm. The (In3)5+

clusters are covalently bonded to Se2� ions in the b-c
plane whilst the van der Waals interaction connects
the interlayers along the a axis.2,4 The relatively
strong interaction between the layers is created by
interstitial In+ ions, and thus enhancing its
mechanical properties (Fig. 1). The thermoelectric(Received January 31, 2019; accepted June 25, 2019;
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properties of n-type single crystal In4Se3�x was
firstly reported with remarkable high ZT value of
1.48 at 705 K along the b-c plane.2 During the last
decade, efforts on improving the thermoelectric
performance of this material have been continually
increased. Through optimizing the carrier concen-
tration and improving the carrier mobility by Cl
doping, Rhyee et al. reported an enhanced ZT of 1.53
at 723 K.5 However, the single crystal In4Se3 has
drawbacks of strong anisotropy, poor mechanical
properties, and high production cost. Therefore,
more efforts on the development of high-perfor-
mance polycrystalline In4Se3 as a replacement of
single crystalline In4Se3�x has been actively
invested.6 Recently, thermoelectric properties of
single and polycrystalline In4Se3 based materials
have been reviewed in Refs. 4, 7, 8. Most of the TE
properties of polycrystalline In4Se3 are usually
enhanced by multi-element doping,6,9,10 copper
nano-inclusion,11 copper interaction and bromine
substitution at Se sites.12 Very few investigations of
thermoelectric properties of the In4Se3 composite
have been carried out. For instance, the nano SrTiO3

dispersed In4Se3/InSe composite shows a ZT of 0.2 at
600 K13 while the composite of In4Se3 + 20 wt.%
In4Te3 reported a ZT of 0.56 at 672 K.14 Zhai et al.
reported the thermoelectric properties of single
crystal In4Se3-In composite using the zone melting
method with a ZT of 0.9 (measured perpendicularly
to growth direction) at 700 K.15 The composite of
In4Se2.7Cl0.03-BaIn2Se4 shows an increase of Hall
mobility and electrical conductivity of a sample.16

The presence of metallic In in In4Se3 matrix was
confirmed in other works.17,18 However, the effect of
In as the second phase on the thermoelectric prop-
erties of the In4Se3 matrix was not investigated
sufficiently. Due to the low melting point of In, the
In4Se3 composite with liquid In phase could be
considered as a new type of thermoelectric material.

The thermal conductivity of composite materials
can be strongly reduced by effective phonon

scattering at the interfaces of two dissimilar mate-
rials while the work function of metal could result in
the injection of electrons to the intrinsic host
semiconductor.19,20 Therefore, it is very interesting
to investigate the thermoelectric properties of the
semiconductor–metal composite. On the other hand,
the selective scattering of low energy charge carri-
ers at the metal–semiconductor interface, as a
charge carrier filter, could produce the high Seebeck
coefficient.19,20 In addition, solid–solid and solid–
liquid phase boundaries in the In4Se3–In system can
have a significant influence on the transport of heat.

In this paper, the synthesis, characterization of
structural and thermoelectric properties of semi-
conductor–metal In4Se3 + x wt.% In (x = 0; 3; 18)
composites are presented. We suppose that the
improvement of electrical properties is mainly due
to the formation of point defects in In4Se3 phase and
effects of metallic In phase. Therefore, the forma-
tion energy of possible defects in the In4Se3 struc-
ture was also calculated using the density
functional theory (DFT) to determine their influence
on the structural and electrical properties of In4Se3

phase.

EXPERIMENTAL

Synthesis and Characterization

The material was synthesized by direct reaction of
elements in evacuated and sealed silica tubes from a
mixture of In (99.99%, Alfa Aesar) and Se (99.5%,
Alfa Aesar). The mixture of In4Se3 + x wt.% In
(x = 0; 3; 18) components was first heated up to
573 K for 20 h and then up to 673 K for 12 h with a
0.5 K min�1 rate and cooled down in the furnace.
Next, the materials were taken from the ampule,
powdered by hand milling. Then, the powders were
closed in a silica tube under vacuum again and
annealed at 673 K for a further 10 h and then at
873 K for 5 h. After these procedures, the XRD
analysis of products confirmed the presence mostly
of In4Se3, InSe, and In phases. Finally, the material
was milled again and annealed at 623 K for 120 h.
Structural XRD analysis showed the presence of
mainly In4Se3, and In phases.

Samples were characterized by powder x-ray
diffraction (XRD) using the PANalytical Empyrean
diffractometer, operating with CuKa1 radiation
(k = 1.54056 Å). Data were collected over a range
of 20 £ 2h/� £ 70, 0.022� step. Rietveld refinements
were carried out using GSAS software.21

Microstructural analysis was performed using the
JEOL JSM-6460 LV scanning electron microscopy
(SEM) while the composition of the sample was
determined by the electron dispersive spectroscopy
(EDS). The differential scanning calorimetry (DSC)
was carried out using a Netzsch 404 F3 instrument.
The sample was loaded into an aluminum crucible
and heated from room temperature to 673 K, with a
step of 5 K, under an Ar flow.

Fig. 1. The crystal structure of In4Se3. Arrows show the position of
the considered defects: In interstitial defect and Se vacancy,
respectively.
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Compression Tests

Two cylindrical specimens of In4Se3 + 18 wt.% In
with diameter of � 4.9 mm and height of � 5.9 mm
and 6.9 mm, respectively, were axially compressed
at room temperature with a speed of 1 mm/min
using a universal testing machine Zwick/Roell Z150.

DFT Calculations

Calculations of defect formation energy of In in
In4Se3 structure were performed using Firefly 8
package within the density functional theory for-
malism.22 The convergence criteria for Self-Consis-
tent Field (SCF) method calculations were chosen
as DESCF = 10�4 eV. Calculations were carried
within the Stevens–Basch–Krauss–Jasien–Cundari
(SBKJC) parameterization.23 The core states were
calculated fully relativistically while the valence
states were treated in a non-relativistic approach.
DFT calculations performed by using Becke’s three-
parameter hybrid method24 with the Lee, Yang and
Parr (B3LYP) gradient corrected correlation func-
tional.25 A supercell model was not used, however, a
cluster approach was done, where defects were
directly arranged in the In4Se3 lattice. In our
calculations, the cluster of In4Se3 contains 84 atoms
and has a chemical formula In48Se36, which is equal
to 12 formula units of In4Se3. Cluster models for
calculations have been chosen according to In4Se3

crystal structure (Fig. 1) with experimental lattice
parameters of a = 15.30 Å, b = 12.31 Å, c = 4.08 Å.3

Electrical and Thermal Transport Properties

For electrical and thermal conductivity measure-
ments, the as-prepared powders were compacted by
Pulsed Electric Current Sintering (PECS) technique
at 673 K with a uniaxial pressure of 60 MPa for
10 min under an Ar (99.999%) atmosphere and
slowly cooled down. The pressed samples had
98% of theoretical density which measured by

Archimedes‘ method with water as a liquid. The
obtained densities are comparable to those of calcu-
lations using geometrical parameters.

The electrical conductivity and Seebeck coeffi-
cient were measured by standard techniques using
lab-built equipment under a vacuum environment
(� 10� 2 torr) at a temperature range of 323 K £
T £ 673 K. The PECS-sintered samples with an

approximate diameter of 5 mm and length of 12 mm
were used to measure the electrical conductivity
using a four-probe method with a DC power source.
For the Seebeck coefficient measurement, an auxil-
iary heater was used to maintain a temperature
gradient of 5 K between top and bottom of samples.
Thermoelectric properties in heating and cooling
cycles of three samples for each composition were
also carried out (see the Fig. 8 and the supplemen-
tary Figure S3-S5). Thermal diffusivity (a) of the
sample over the same temperature range in 50 K
steps was measured by the LFA 457 MircoFlash

apparatus (see the supplementary Figure S6). The
PECS -sintered samples with a diameter of 10 mm
and a thickness of � 1.8 mm were coated by
graphite on the surface of a pellet. The thermal
conductivity (j) is calculated from the relationship
j ¼ aCpq, where q is the sample density. The heat
capacity (Cp) was measured by a Netzsch 204 F1
instrument. The electrical and thermal measure-
ments were carried out in the direction parallel to
the pressing force.

RESULTS AND DISCUSSION

Figure 2 shows the powder x-ray diffraction pat-
terns of In4Se3 + x wt.% In (x = 0; 3; 18) samples.
Analysis of these data indicates that the major
phase is the orthorhombic In4Se3. The very small
trace amount of InSe phase (less than � 1.4%) was
noticed in these samples (Figs. 2, 3 and Table I),
which should have negligible effect on properties of

Fig. 2. X-ray diffraction patterns of In4Se3 + x wt.% In (x = 0; 3; 18).

Fig. 3. Rietveld refinement using powder x-ray diffraction data for
In4Se3 + 3 wt.% In.
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samples. A representative Rietveld refinement
result is shown in Fig. 3. Other refinement results
are presented in supplementary Figure S1-S2 and
Table SI. The analysis of structural data shows that
the lattice parameters of In4Se3 phase do not change
(within the error magnitude) with the increased In
amount (Fig. 4 and Table I). It indicates that pos-
sible deviation from stoichiometry is very small.
This result is consistent with those of Osters et al.26

The presence of In as the second phase in the In4Se3

matrix of composite samples was confirmed by DSC
analysis (Fig. 5), and SEM + EDX observations
(Fig. 6). The DSC results show an endothermic
peak in In4Se3 + 18 wt.% In starting at 430 K, this
is in excellent agreement with the melting point of
indium (� 429.6 K).27 However, for the In4Se3 + 3
wt.% In sample, the In melting starts at 424 K. This
can be explained by the presence of nano-size
inclusions of indium. This suggestion is consistent
with observations in Refs. 6 and 15.

The quantitative analysis (EDS) of In4Se3 + 3
wt.% In sample indeed confirms the precipitation of
In as the second phase (Fig. 6 and Table II). Par-
ticularly, in Fig. 6, the In-rich region (R1) is sur-
rounded by In4Se3 grains (R2-4) with almost the
same chemical composition (Table II). This result is

consistent with DSC measurement in which ele-
mental In was detected in In4Se3 + x wt.% In (x = 0;
3; 18). Precise EDS analysis of chemical composition
of various regions shows a slight deviation from the
stoichiometry of In4Se3 in the direction of an excess
of In (In4+xSe3—i.e., interstitial In) or deficiency of
Se (In4Se3�y—i.e., vacancies in the Se sublattice).
Despite a favorable type of defect, the deviation
from stoichiometry is small (x, y< 0.08) which
controverts to previous works.2,9,18 For example,
Rhyee et al. reported a single crystal In4Se2.35 could
be obtained by the Bridgeman method2 or Zhu et al.,
reported the success of synthesis of Se deficiency
polycrystalline In4Se3�x compounds by ball milling
and hot-pressing,18 or Ann et al. reported the
synthesis of cationic substitution on the thermo-
electric properties of In4�xMxSe2.95.

9

Mechanical Strength

Compression tests show that the In rich In4Se3 +
18 wt.% In composite sample can withstand a

maximum stress of 140 MPa and a Young‘s modulus
of 840 MPa. Most TE materials have a fracture
strength in the range of 60–200 MPa, depending on
material and the testing method. For instance, the
commercialized Bi2Te3 has a fracture strength of
62 MPa.28 The skutterudites and half-Heuslter
materials have higher strengths of 600–

Fig. 4. Lattice parameters (a, b, and c) of In4Se3 + x wt.% In (x = 0;
3; 18).

Fig. 5. The differential scanning calorimetry (DSC) curves of
In4Se3 + x wt.% In (x = 0; 3; 18) with an evidence of endothermic
peaks at 424 K (x = 3 wt.%) and 430 K (x = 18 wt.%), which are in
good agreement with the melting point of In element (� 430 K).

Table I. Refined parameters for In4Se3 + x wt.% In (x = 0; 3; 18)

Nominal composition

x in In4Se3 + x wt.% In

0 3 18

In4Se3 a (Å) 15.2872 (6) 15.3011 (8) 15.2894 (5)
b (Å

´
) 12.3058 (4) 12.3169 (7) 12.3056 (8)

c (Å
´
) 4.0801 (8) 4.0840 (4) 4.0799 (2)

Calculated wt fraction In4Se3/InSe/In (%) 98.7/1.3/0.0 96.5/1.1/2.4 85.1/1.2/13.6
Rwp (%) 3.74 2.60 4.90
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800 MPa.29,30 The highest strength of a TE material
has been addressed to MnSi with a strength of
1083 MPa.31 It indicates that the In4Se3-In compos-
ites are usable for the TE applications.

Results of DFT Calculation

For prediction of the preferable type of defects in
In4Se3 phase the ab initio calculation of defect
formation energies have been performed. The defect
formation energy Edef was calculated as follows:

Edef Inið Þ ¼ E In49Se36ð Þ � E In48Se36ð Þ � E Inð Þ; ð1Þ

Edef VSeð Þ ¼ E In48Se35ð Þ � E In48Se36ð Þ þ E Seð Þ; ð2Þ

where Edef(Ini) and Edef(VSe) are the formation
energies of interstitial indium Ini and selenium
vacancy VSe, respectively. E(In49Se36), E(In48Se36)
and E(In48Se35) are cluster energies. E(In) and
E(Se) are energies of free atoms taken from the

structure (VSe) or added to structure (Ini),
respectively.

According to Ref. 32, the most favorable position
of Se vacancy is the Se3 site (Fig. 1). Therefore, it
was used for the DFT-calculations of the formation
energy of the Se vacancy. In the In4Se3 lattice
structure, one of the In sites is the cationic In4 (4 g
Wyckoff site) with + 1 valence state, and the other
three In (1–3) are forming a trinuclear In3

5+ metallic
bonding with + 5/3 valence state. According to
Ref. 33, the substitutional atoms prefer In4 site
than any other sites of In (1–3). This could be
explained by the weaker Van der Waals interaction
between layers comparing covalent bonds at trinu-
clear (In3)5+(Se3)6� clusters. Therefore, in this cal-
culation, the interstitial In was localized in the more
favorable position between layers. The geometry
optimization shows that an In atom occupies the
interstitial positions without strong distortion of the
defect vicinity. Such behavior of In atoms leads to
the important conclusion about the possible

Fig. 6. SEM micrographs of PECS sintered In4Se3 + 3 wt.% In sample: (a) at 200lm; (b) at 50lm; (c) at 20lm. The inset of (c) shows four
selected regions for EDS measurements.

Table II. EDS measurement of In4Se3 + 3 wt.% In sample (or nominal composition: In4.138Se3)

Region (R) Se (% wt) In (% wt) Total (% wt) Possible composition

R1 6.80 93.20 100 In4Se3 + InSe + In
R2 33.60 66.40 100 In4.08Se3 or In4Se2.94

R3 33.60 66.40 100 In4.08Se3 or In4Se2.94

R4 33.90 66.10 100 In4.02Se3 or In4Se2.98

Stoichiometric In4Se3 34.03 65.97 100 In4Se3
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occupation of interstitial positions and their
improvement of the electrical conductivity due to
the contribution of an additional electron from each
In atom into the structure. On the other hand,
introducing more In atoms into In4Se3 structure
could result in nano- and/or micro-inclusions. Cal-
culations of defect formation energies, presented in
Table III, clearly show that In interstitial defect is
energetically more favorable than Se vacancy for-
mation. It indicates that the structure prefers the
interstitial position of In atoms in the In4 vicinity
rather than to form a Se vacancy in (In3)5+(Se3)6�

clusters. These calculations strongly support our
experimental results.

Thermoelectric Properties

The electrical conductivity of In4Se3 + x wt.% In
(x = 0; 3; 18) increases with the temperature rise,
showing semiconducting behavior while negative
Seebeck coefficient indicates that these materials
are n-type semiconductors (Fig. 7). The electrical
conductivity changes from the value of 1561 S m�1

(at 323 K) to 4113 S m�1 (at 673 K) for pristine
In4Se3 (x = 0) or 1965 S m�1 (at 323 K) to 6282
S m�1 (at 673 K) and 2898 S m�1 (at 323 K) to
8417 S m�1 (at 673 K) for x = 3 wt.% and 18 wt.%,
respectively. It was observed that the excess of In

content significantly enlarges the electrical conduc-
tivity. Two factors can impact on this effect: (a) an
increase of electrical conductivity of In4Se3 phase as
the result of the increase of carriers concentration
produced by point defects (Ini or VSe) or (b) larger
contribution in conductivity of metallic In phase in
In4Se3–In composite. Indium is the metallic conduc-
tor while In4Se3 shows a semiconducting behavior
in In4Se3–In composite. The contact of these two
phases could result in electrons transfer from into
In4Se3 to redistribute the charge carriers in this
phase. In other words, the difference of the Fermi
levels at metal–semiconductor junctions should
result in electron diffusion.34 However, with the
current state of knowledge, it is hard to predict
which type of carriers would be preferable. On the
other hand, it is expected that the decrease of
electrical conductivity after phase transition of
indium would happen.35 In our result, it does not
show significant change after phase transition of
indium. Therefore, we could assume that the effect
of In liquid phase on the transport properties is not
determinative. Furthermore, the semiconducting
behavior of these composites suggests that electrical
properties of materials are related to the zone before
the percolation threshold for a metal—semiconduc-
tor composite. Therefore, the huge (almost twice)
increase of electrical conductivity can be mainly the
result of the carrier concentration increase in the
In4Se3 phase. It should be mentioned that the
temperature dependence of electrical conductivity
changes its slope in all samples at high tempera-
ture, which could also indicate the influence of
bipolar conduction in the In4Se3 phase.

The Seebeck coefficient S varies from � 366 lV/K
(x = 0 wt.%) to � 243 lV/K (x = 18 wt.%) at 323 K,
suggesting that the carrier concentration increases
with the increase of In content. In general, the
Seebeck coefficient value is inversely dependent to
electrical conductivity, with an assumption that the
electrical properties are determined by a carrier
concentration.36 However, in these composites, the
absolute value of the Seebeck coefficient and elec-
trical conductivity increases in parallel between
323 K and 573 K. This result might be related to the
assumption of the filtering of low energy carriers at
the interface barrier between In phase and In4Se3

matrix as suggested by some works.19,37–39 There-
fore, further systematic investigation of this phe-
nomenon is desired. The bandgap for pristine In4Se3

was roughly estimated to be Eg = 0.43 eV, using the
equation of

Eg ¼ 2eSmaxTmax;

where e, Smax, Tmax are the electron charge, the
maximum Seebeck coefficient, and the correspond-
ing temperature, respectively.40 This result is in
excellent agreement with the value of In4Se3

(Eg � 0.43 eV) reported in Refs. 17 and 41. The
activation energy determined from the lnr versus

Table III. Defect formation energy in In4Se3 lattice
structure

Defect Formation energy (eV)

Se vacancy 1.36
In interstitial 0.84

Fig. 7. Temperature dependence of electrical properties: (a)
electrical conductivity (r); (b) Seebeck coefficient (S); (c) power
factor (r2ÆS) of In4Se3 + x wt.% In (x = 0; 3; 18) at
323 K £ T £ 673 K.
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1/T was also used to estimate the band gap of In4Se3

at a temperature range of 523 K £ T £ 673 K (see
Supplemental Figure S7), taking into account that
for an intrinsic semiconductor Eg = 2 Ea. The cal-
culation shows that the bandgap of In4Se3 is � 0.4
eV which is comparable to the thermal band gap
value estimated by the maximum Seebeck
coefficient.

The power factor (S2r) of samples increases with
increasing temperature, approaching a value of
0.51 mW m� 1 K� 2 (x = 0); 0.76 mW m�1 K�2

(x = 3 wt.%) and 0.77 mW m�1 K�2 (x = 18 wt.%)
at 673 K, is comparable to those of In4Se3�x

(� 0.65 mW m�1K�2 at 700 K)18 or In4Pb0.01

Sn0.03Se2.5 (� 0.75 mW m�1 K�2 at 700 K).42 Com-
paring with stoichiometric In4Se3, the In4Se3-In
composites have significantly enhanced values of
power factor, which is important for the high
performance of thermoelectric applications.

Figure 8 shows the thermoelectric properties in
heating and cooling cycles of a representative
sample of In4Se3 + 3% wt In. The thermoelectric
data of other samples could be found in supplemen-
tal Figure S3-S4. Results show that samples are
stable and reproductivity at the temperature range
of 323 K £ T £ 673 K.

Thermal Properties

Table IV shows the temperature dependence of
heat capacity for In4Se3 + x wt.% In (x = 0; 3; 18).
These values are comparable to previous works.18,43

Figure 9 shows the temperature dependence of
thermal conductivity (j) of In4Se3 + x wt.% In
(x = 0; 3; 18) samples at a range of 323 K £ T £ 673

K. The contribution of electronic (je) and lattice
(jlat) thermal transports were estimated using the
electrical conductivity data in conjunction with the
Wiedemann–Franz law:

je ¼ LrT; ð3Þ

where r is the electrical conductivity, L is the
Lorenz numberr. In fact, there is no already devel-
oped model for the estimation of Lorenz number for
composites. Therefore, for a rough estimation of the
contribution of the electronic part in heat transport,
the value of L = 1.49 9 10�8 W X K�2 was used as
for the nondegenerate semiconductor.44–46

Results show that the lattice thermal conductiv-
ities (or more precisely, the average transport of
heat due to atom vibration in solid and liquid
phases) of samples decrease in a systematic way

Fig. 8. Temperature dependence of electrical properties of heating
and cooling cycles: (a) electrical conductivity (r); (b) Seebeck
coefficient (S); (c) power factor (r2ÆS) of In4Se3 + 3 wt.% In at
323 K £ T £ 673 K.

Table IV. Heat capacity Cp (J g K21) of In4Se3 + x
wt.% In (x = 0; 3; 18) samples

Temperature (K)

x in In4Se3 + x wt.% In

0 3 18

323 0.256 0.252 0.262
373 0.261 0.255 0.268
423 0.262 0.257 0.271
473 0.262 0.257 0.271
523 0.261 0.258 0.272
573 0.262 0.259 0.274
623 0.264 0.261 0.277
673 0.271 0.267 0.281

Fig. 9. Temperature dependence of (a) electronic thermal
conductivity; (b) lattice thermal conductivity and (c) total thermal
conductivity of In4Se3 + x wt.% In (x = 0; 3; 18) at a range of
323 K £ T £ 673 K.
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with the increase of In content. In addition, the
contribution of jlat dominates in all samples whilst
that of je is 0.9%; 1.2% and 1.9% of jtot at 323 K for
x = 0 wt.%; 3 wt.%; and 18 wt.%, respectively. The
electronic thermal contribution increases to 9.1%;
14.3% and 18.2% of jtot at 673 K for x = 0 wt.%; 3
wt.%; and 18 wt.%, respectively. It indicates that in
In rich- In4Se3-In composite samples, this contribu-
tion is significant and proportional to the higher
carrier concentration of the sample. The low ther-
mal conductivity of these samples should be attrib-
uted by the phonon scattering at interlayers of their
two-dimensional In/Se quasi-layers structures of
In4Se3 phase, which is regularly found in natural
2D layer structures, for instance, SnSe47 or LnO-
CuSe (Ln = La, Bi).48–50 This low thermal conduc-
tivity might also result from phonon scattering at
the phase boundary in composites,51,52 from the
point defects (Ini, VSe) in the In3Se4, or other
defects.6,17,18 On the other hand, the additional
effect of liquid–solid interphase at high temperature
on the scattering of medium and high frequent
phonons could also contribute to the low thermal
conductivity of this composite. In fact, the indium
melting during the measurement at high tempera-
tures could result in the resistance of phonon
propagation. The Debye temperature of single crys-
tal In4Se3 was theoretically estimated with a value
of 226 K and 239 K for a, b and c axis, respec-
tively.53 It suggests that the anharmonic lattice
vibration could contribute to the temperature
dependence of lattice thermal conductivity of In4Se3

with the increasing temperature. However, for
metal—semiconductor composites, the temperature
behaviour of thermal conductivity can be more
complicated and related to the elastic properties of
both materials. We plan to continue the research in
this area in the future.

The figure of merit (ZT) of samples increases as a
function of temperature (Fig. 10). The maximum ZT
reaches to a value of 1.17 and 1.13 at 673 K for the
sample of In4Se3 + 3 wt.% and 18 wt.% In, respec-
tively. Given that the trend is increasing, the higher

ZT would be expected at a higher temperature.
However, according to thermal analyses, the max-
imum temperature should not be higher than 673 K
because of the volatile Se. Therefore, this composite
is suitable for thermoelectric application in the mid-
temperature range. The enhanced electrical con-
ductivity with moderate Seebeck coefficient and
very low thermal conductivity result in good TE
performance of In4Se3 + x wt.% In (x = 0; 3; 18)
composite in comparison with the stoichiometric
In4Se3, where ZT � 0.76 at 673 K. Our result is
higher than those of several polycrystalline stoi-
chiometric or doped In4Se3 materials.9–15

CONCLUSIONS

The composite of In4Se3 + x wt.% In (x = 0; 3; 18)
was successfully synthesized via direct reaction of
elements. We obtained unique liquid–solid compos-
ite material on the basis of liquid In and solid In4Se3

in which specific transport phenomena could occur.
It was observed that the direct effect of metallic
liquid In on the electrical conductivity is not signif-
icant, because the amount of this element could be
lower than the value of the percolation threshold.
However, the excess of In can produce an additional
effect on the structural properties of In4Se3 phase.
The experimental results and DFT calculations
confirm that the formation of Se vacancy is less
preferable in the In4Se3 structure when the In
excess is introduced to the stoichiometric composi-
tion of In4Se3. The In atoms could rather occupy an
interstitial position in the In1+ vicinity to provide
more electrons in the In4Se3 matrix or formation of
nano-micro inclusions and phase separation. There-
fore, defects are playing a role of source of additional
charge carriers in the In4Se3 phase. On the other
hand, the formation of In phase in the In4Se3 matrix
could also be a source of electrons due to the
difference in Fermi levels in both phases. The
similar mechanism has been proposed for the
explanation of thermal conductivity behaviour.54,55

It could be explained by two reasons: phonon
scattering at phase boundaries of the metal
In—semiconductor In4Se3 composition in solid–solid
or solid–liquid state, and the second reason could be
the result of the phonons scattering at point defects:
Ini and VSe.

The composition of the In4Se3–In composites has
a higher electrical conductivity and lower thermal
conductivity than those of pristine In4Se3 which
allows us to obtain excellent enhancement of the
thermoelectric figure of merit. The ZT parameter of
1.17 and 1.13 at 673 K is achieved for the composite
of In4Se3 + 3 wt.% and 18 wt.% In, respectively,
higher than that of the pristine In4Se3, ZT = 0.76 at
the same temperature. The analyses of the possible
reasons for increasing the ZT parameter obtained in
this paper requires additional investigations, which
is our aim for the next research.Fig. 10. Temperature dependence of figure of merit (ZT) of

In4Se3 + x wt.% In (x = 0; 3; 18) at a range of 323 K £ T £ 673 K.
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