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Abstract

We examine the anisotropic electrical and thermal transport properties in single crystals of In,Te5 belonging to the mono-
clinic space group C12/c1 with the temperature gradient applied parallel () and perpendicular (L ) to the crystallographic
c-axis of the crystals. A systematic investigation of structural, electrical, and thermal properties suggests the role of layered
structure in this material in guiding its thermoelectric behavior. The thermal conductivity along the c-axis (k) was found
to be smaller by a factor of 2 compared to the thermal conductivity along the direction perpendicular to the c-axis (k) over
the entire temperature range. In contrast, the Seebeck coefficient along the c-axis (S,,) was found to be higher than its value
along the direction perpendicular to the c-axis (S, ). At room temperature, the figure of merit 7|, is found to be four times
larger as compared to the figure of merit z7', .. Our results provide insights into how the resistivity, thermal conductivity,
and thermopower depends on the crystalline anisotropy and its impact on the overall zT.
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Introduction

Over the past few decades, thermoelectric materials have
attracted considerable research interest because of their
possible applications in direct solid-state energy conver-
sion between waste heat and electrical power (using ther-
moelectric generators), as well as for the purpose of elec-
tronic refrigeration.'™ The dimensionless figure of merit,
ZT= S*T/p (k, + «,), can be used to quantify thermoelectric
material performance. Here, S is the thermopower, p is the
electrical resistivity, k; is the lattice thermal conductivity,
K, is the electronic thermal conductivity, and T is the abso-
lute temperature, such that a large z7 value is desirable for
improving the efficiency of thermoelectric generators and
coolers. Over the past few years, several strategies have been
applied to reduce the lattice thermal conductivity, such as
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disordering the system by introducing point defects,’ cre-
ating resonant scattering by localized rattling atoms,*
creating maximum interfaces by ball milling and hot press-
ing/spark plasma sintering (SPS),*% introducing nanoscale
precipitates in thermoelectric materials, and'® synthesizing
nanosheets.!! Utilizing the aforementioned techniques, it is
found to be possible to increase phonon scattering, thereby
minimizing lattice thermal conductivity.

Anisotropy is another important parameter that plays a
crucial role in enhancing the zT values in thermoelectric
materials. Layered compounds are the natural choice for
exploiting this effect, and hence, the direction-dependent
thermoelectric properties have been investigated in detail
in many-layered compounds. A few of these layered com-
pounds, which are considered high performance layered
thermoelectric materials, are CsBi,Teq, Ag,Te, Bi,Te,, and
SnSe. CsBi,Te, crystallizes in a monoclinic structure (space
group C2/m) and has lattice parameters of a = 51.9 A b=
44 Aand c =145 A. The crystal structure is comprised
of alternating slabs of Bi,Te,, separated by layered Cs*
ions (see Fig. 1a). This type of unique structure prevents
the motion of Cs™ atoms along the perpendicular crystallo-
graphic b-axis. The localized Cs* ions behave like rattlers,
and the resonant scattering of phonons from these rattlers
reduces the lattice thermal conductivity. Hence, the z7 value


http://orcid.org/0000-0003-2391-6815
http://crossmark.crossref.org/dialog/?doi=10.1007/s11664-022-09487-w&domain=pdf

Direction-Dependent Thermoelectric Properties of a Layered Compound In,Te; Single C...

2267

—
Q
~

w7 SR

\

Pl A0
y > IX: ! e & P Fl Fl
IRELUGSRS R
EHEBEEE o0
HRRHEED AN
CsBi,Teg
(Minoili:ic) L[—_ " 0\;\'\:’;\'_.‘
e Bi,Te,
(Rhombohedral)

Te

TN T o s 531 o b
Q"‘ D d =9 & 7
DHDDHDD 2 b s
a." ‘O/ % & JJ ‘ _)/ n
’O’: ): P = =
» s L4 L4 LA
4 g g 3 tL-:C/) =0 SO
b
Ag,Te SnSe
(Monoclinic) (Orthorhombic)

Fig. 1 The crystal structures of (a) CsBi,Teq (b) Bi,Te; (c) Ag,Te, and (d) SnSe.

reaches ~0.8 at 225 K in doped CsBi4Teﬁ.6’12’13 Similarly,
Bi,Te; is rhombohedral with lattice parameters, a = 4.38 A
and b= 30.50 A."* The crystal structure consists of atomic
sheets in the a-b plane with Tel-Bi-Te2-Bi-Tel quintets
(see Fig. 1b). These sheets are held together only by a weak
van der Waals force along the c-axis. Therefore, Bi,Te,
possesses a structural anisotropy. Poudel et al.” reported a
maximum z7 value of 1.4 at 373K in p-type Bi,_,Sb Te,
samples. Yan et al.' reported z7 values in the range of 0.85
to 1.04 at 398K in n-type Bi,Te;_ Se, samples.'>!® Addi-
tionally, Ag,Te crystallizes in the monoclinic structure with
a P21/c space group and the lattice parameters are a = 8.16
A, b =4.46 10\, and ¢ = 8.97 A. The structure consists of
triple layers; the top and bottom layers comprise alternating
pairs of Ag and Te atoms, and the middle layer consists of
only Ag atoms (see Fig. 1c).!” This f-Ag,Te (monoclinic
structure) phase transforms into a-Ag,Te (FCC cubic struc-
ture) phase at 417 K. a-Ag,Te is also known as an Ag-ion
conductor since the Ag ions start hoping to the interstitial
sites when the phase transition begins. This hoping not only
enhances the electrical conductivity but also reduces the
lattice thermal conductivity.'® Lee et al, found a high zT
value of 1.5 at 700K in bulk composites Sb,Te;/Ag,Te."”
Another layered compound, SnSe reported by Zhao et al.,
exhibits an ultra-low thermal conductivity and a very high
zT of ~2.6 along the b-axis. Because of anisotropy, the zT'
is ~2.3 along the c-axis and 0.8 along the a-axis. At room
temperature, SnSe forms a layered orthorhombic structure
with space group Pnma.?® The crystal structure of SnSe
possesses eight atoms (two adjacent double layers) in one
primitive cell. The unique atomic stacking and anisotropic
zigzag structures (see Fig. 1d) are responsible for the ultra-
low thermal conductivity and high z7 in SnSe.?!*> Thus,
the aforementioned four compounds have a common feature,
viz., a layered structure. Further, Cs* ions act as rattlers,
which produce resonant scattering in CsBi,Te, and minimize
the thermal conductivity. Similarly, thermal conductivity

reduction occurred due to Tel-Bi-Te2-Bi-Tel quintets in
Bi,Te; and Ag ion hopping in Ag,Te, respectively. Further-
more, the zigzag structure of SnSe assists in achieving an
ultra-low thermal conductivity. These results suggest that
there is always a thermoelectric property improvement in
materials with layered structure.

In,Tes is a compound that is reported to have a natu-
ral layered structure. The In,Tes structure was solved by
Walton et al.,?® and it was found that In,Tes crystallizes in
two different space groups, Cc and C12/c1. The structure
with space group Cc (labeled as InzTe5 (D)) results in lat-
tice parameters a = 4.39 A, b=1639 A, and ¢ = 13.52A,
whereas the structure with space group C12/c1 (InzTe5 Imn)
forms with cell parameters a = 16.66 A b=436Aandc=
4134 A. In order to explore how the zigzag layered structure
of In,Tey affects the thermoelectric properties followed by
zT improvement from low temperatures to room tempera-
ture, we have prepared the In,Tes (II) phase (C12/c1 phase),
which is confirmed by the Rietveld refinement analysis.”?
We have investigated the anisotropic thermoelectric proper-
ties of this monoclinic compound (space group C12/c1) by
preparing single crystals. We show that a suitable choice of
the thermal gradient direction improves lattice thermal con-
ductivity and thermopower near room temperature, resulting
in an increase in the figure of merit z7.2* These findings are
useful because groups III and VI semiconducting materi-
als are used in practical applications such as heterojunc-
tion development, optoelectronic components, and Schottky
barriers.?

Experimental Details

Single crystals of In,Te; were grown by the modified
Bridgman method. In (99.99%) and Te shots (99.99%)
were weighed in a stoichiometric ratio and sealed in a
quartz ampoule after evacuation (10> mbar). The charge
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was heated to 500°C over a time period of 15 h, kept at
this temperature for 24 h, and then cooled slowly (2°C/h)
to 470°C where it was left for 24 h.?>2° The charge was
then furnace-cooled to room temperature. Well-grown sin-
gle crystals could easily be separated from the charge for
various measurements. The typical dimensions of the sin-
gle crystals chosen for the present study are 4.54 x 1.96 X
1.27 mm?. Powder x-ray diffraction patterns were obtained
using an x-ray diffraction (XRD) system (Philips X’Pert
Pro, the Netherlands) with Cu Ko radiation. The thermo-
power and thermal conductivity were measured by using
the Thermal Transport Option (TTO) in a Physical Property
Measurement System (PPMS; Quantum Design Inc., USA).
Four-probe resistivity and heat capacity measurements were
performed using the Resistivity and Heat Capacity Option
(PPMS; Quantum Design Inc., USA). The typical accuracy
is + 5%, as per the PPMS specifications. The nominal com-
position was examined by energy dispersive x-ray analysis.
The observed stoichiometric values were found to be within
1.5% of the starting composition. The single-crystal mor-
phology was checked with a field emission scanning electron
microscope (FESEM), and the single-crystalline nature was
confirmed by a high-resolution transmission electron micro-
scope (HRTEM).

Results and Discussion
Material Characterization
X-ray Diffraction

Figure 2a shows the XRD pattern of the powdered single
crystals of In,Tes. Rietveld refinement was performed on
the obtained pattern using the known monoclinic structure
with space group C12/c1. All the observed peaks could be
indexed, and a good agreement between the experimental
data (open circles) and the calculated pattern (solid line)
suggests the formation of In,Tes in a single phase. In order to
determine the orientation of the single crystals used for the
present studies, x-ray diffraction patterns were obtained from
the single crystals. One such pattern is shown in Fig. 2b. It is
clear from the pattern that the crystal planes are grown along
the c-direction (it can be noted clearly that only the [0, 0, 6]
and [0, 0, 12] diffractions are seen in the measured 26 range).

TEM Analysis

We show in Fig. 3a the structure of In,Tes. The dark pink
and dark blue spheres represent the indium and tellu-
rium atoms, respectively. The structure consists of In-Te
rings interconnected by three cross-linked Te atoms along
the plane.’! These In-Te planes are stacked along the

@ Springer

T T T T

T
3r (a) O YObs o T
—YCale s Powder
“o sl . ™
: i
3
©
2
7]
c
2 0 =111 [N [} ARTMUN DT 00 TR W ey
[= “
.= MWWWWMW \[’\/’\/\Mww*f\
-1 [ 1 1 1 1 T
3.5 (b) i 1
2 Ssingle crystal
- 3.0 In;Tes p
o
=
3
©
1.0 s
0.5 1 1 1 1
15 20 25 30 35
20 (deg)

Fig.2 (a) Powder x-ray diffraction pattern of In,Tes with the details
of Rietveld refinement. (b) x-ray diffraction pattern for a single crys-
tal of In,Tes.

crystallographic c-axis to form a unit cell. Such a structure
has been seen to possess a large unit cell with very different
lattice parameters'>**. Figure 3b shows the selected area
electron diffraction (SAED) pattern obtained for one of the
single crystals used in our measurements. The characteris-
tic bright spots indicating the single-crystalline nature of
the specimen are evident. From the HRTEM photograph
(Fig. 3c¢), the lattice spacing between the two neighbouring
atomic planes was estimated to be about 3.38A (marked by
two parallel lines), which is very close to the reported inter-
planar distance of 3.39A between the two adjacent (0,0,12)
planes (JCPDS #00-031-0602). Figure 3d shows the optical
micrograph of a cleaved piece of a single crystal belonging
to the same batch where the layered structure of the single
crystal In,Tes is clearly visible. A summary of the crystal-
lographic data is given in Table I.

Electrical Resistivity

The temperature dependence of the electrical resistiv-
ity p(T) along the two crystallographic directions p. and
pi. is shown in Fig. 4. As reported in Ref. 25 Resistiv-
ity behavior is typical of this compound, with a maximum
of around 300 K due to the change of conductivity from
impurity-based to intrinsic and the associated change in the
hole mobility and carrier concentration.” p)cand p, . follow
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Fig.3 (a) The crystal structure of In,Tes viewed along the b-axis. (b)
The HRTEM selected area electron diffraction pattern, indicating the
single-crystalline nature. (¢) HRTEM image of the In,Tes single crys-
tal. (d) FESEM image of the layered structure of a monoclinic In,Tes
single crystal.

different paths, indicating anisotropic behavior. At about 300
K, pj.=0.096 Qm and p, . = 0.12 Qm. We have measured
Hall carrier concentration as a function of temperature for
undoped In,Tes, and Iny(Te,_,Se,)s, x=0.5, 0.10, and Fe o5
In, o5(Tey 99S€0.10)5 sSamples reported by Sanchela et al.*
We have observed extrinsic and intrinsic behavior in mid-
and high-temperature regions. The carrier concentration

Table | A summary of the crystallographic data and Rietveld refine-
ment parameters for the single crystal of In,Tes

Sample In,Tes
Nature Single crystal
Data Powder XRD
Crystal Structure Monoclinic
Space group C12/c1 (15)
a(A) 16.375 (5)
b(A) 4330 (1)
cA) 40.730 (1)
V(A% 2888

Regp % 3418

Ry % 6.940

Ry, % 9.225

7 7.284

T(K)

Fig.4 Variation of electrical resistivity (p) as a function of temper-
ature (7') for In,Tey single crystal, parallel and perpendicular to the
c-axis.

increased as the doping content was increased. We show that
undoped In,Tes has a very low carrier concentration. The
maximum carrier concentration was in the range of ~10'°
cm™. As a result, poor electrical transport properties were
observed for undoped In,Tes.

Seebeck Coefficient

The variation of the Seebeck coefficient S(7") with respect to
temperature along with the two directions, S, and S ., for
the single crystal of In,Tes is shown in Fig. 5a. The positive
sign of the Seebeck coefficient indicates that the majority of
charge carriers are p-type (holes) throughout the temperature
range. The highest value of §. is 480 uV/K at about 273
Kand S, is 408 uV/K at about 267 K. During the initial
increase in temperature, S(7') both the orientations remain
the same, but after about 200 K, S lle increases faster as com-
pared to S . (S > S, .). The maximum in S(7') is in agree-
ment with the maximum observed in the conductivity of this
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Fig.5 (a) Variation of Seebeck coefficient (S) and (b) total thermal
conductivity (k) as a function of temperature (T') for In,Tes single
crystal parallel and perpendicular to c-axis. The inset in the upper
panel shows the schematic diagram of layers and the temperature gra-
dient applied parallel and perpendicular to the c-direction.

sample due to the change of conductivity from impurity-
based to intrinsic and the variation of hole mobility and hole
concentration with temperature.”

In order to find the energy band gap (E,) for our crystal,
we used the Goldsmid and Sharp formula, 7

E, = 2¢Sy,T,

max = max (1)

where e is the hole charge, S, is the maximum value of the
thermopower, and T,,,, is the corresponding temperature.
Using the values of S, and T,,,, from Fig. 5a, we calcu-

lated E, = 0.21 eV at 267 K and 0.26 eV at 273 K for § .,
and S directions, respectively.

ax

Thermal Conductivity

In order to measure the direction-dependent thermal con-
ductivity, a temperature gradient was applied either along
or perpendicular to the c-axis. In the inset of Fig. Sa, the
schematic diagram of the layered configuration with a tem-
perature gradient applied parallel or perpendicular to the
crystallographic c-axis is shown. The temperature depend-
ence of the total thermal conductivity (x) along with the
two crystallographic directions (x|, and , ) is shown in
Fig. 5b. Both the thermal conductivities follow the power
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Fig.6 Variation of (a) x, and (b) x; with temperature (T') for In,Te;
single crystal parallel and perpendicular to the c-axis.

law (the powers being 0.37 and 0.60 for K|l and k.,
respectively) up to 35 K with a typical phonon Umklapp
maximum at ~35 K. The total thermal conductivity k. is
found to be higher than k. in the entire temperature range,
indicating a clear anisotropy in the conduction process
in this compound. At room temperature, these values are
k1. =0.916 W/m K and «. = 0.411 W/m K. These are
comparable to the thermal conductivities of some of the
well-studied compounds such as SnSe and*’ doped PbTe,*®
thus making In,Tes a promising thermoelectric material
with a clear anisotropy in the heat-conduction pathway.
The anisotropy in thermal conductivity may be attributed
to the layered structure’* of the compound with very dif-
ferent lattice parameters. When the thermal gradient is
applied perpendicular to the crystallographic c-axis (i.e.,
along the In-Te planes), the thermal currents encounter an
easier path (higher thermal conductivity) as compared to
the case when the thermal gradient is applied along the
c-axis (i.e., perpendicular to the In-Te planes) due to the
gaps between the layers, which are connected only through
weak van der Walls interactions.!>2*%°

The electronic part of the thermal conductivity (x,)
is estimated from the Wiedmann-Franz law, «, = L,oT,
where L is the Lorenz number, 2.44 X 1078 WQK~2 and
o is the electrical conductivity (obtained from the resis-
tivity curves in Fig. 4). Figure 6a depicts the calculated
Kk, values for the two configurations of the applied ther-
mal gradient (k) for the parallel direction and «,, . for
the perpendicular direction) k, values in both directions
increase with increasing temperature, consistent with the
observed resistivity behavior. The lattice thermal conduc-
tivity (. for the parallel direction and «;, . for the per-
pendicular direction), after subtracting the electronic part
from the total thermal conductivity, is shown in Fig. 6b.
It is obvious from the figures that the electronic thermal
conductivity is four orders of magnitude smaller than the
lattice thermal conductivity, and hence it can be argued
that the phonon contributions towards « is dominant. This
is further confirmed by the heat capacity measurements,
as shown in Fig. 7, where it is shown that the heat capacity
data can be fitted to the standard Debye model in the entire
temperature range:>’
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Fig.7 Measured specific heat (Cp) versus temperature (7") for the
In,Tes single crystal. The estimated values from the Debye model are
shown as a solid line.
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Fig. 8 Variation of (a) power factor (S>¢) and (b) figure of merit (z7)
as a function of temperature (T") for In,Tes single crystal parallel and
perpendicular to the c-axis.

3 XD 4
CP=9R<1> / d—C 2)
0p o (er—=1)
where R is the gas constant and &), is the Debye temperature,
HD
Xp = ?

The temperature-dependent power factors (S2¢) along the
two directions (|| ¢ and L ¢) are shown in Fig. 8a. The power
factor increases sharply above ~170 K along the || ¢ direc-
tion and reaches a maximum value of 2.61 yW/K”m at about
225 K as compared to that along the L ¢ axis, which has a
maximum value of only 1.45 uW/K?m. The temperature-
dependent figure of merit (z7) along with the two direc-
tions zT'. and zT', . is shown in Fig. 8b. zT . increases with
temperature with a peak value of 1.6 x 107> which is ~4
times larger than the z7 . (4.1 X 10~*) at about 270 K. The
summary of composition and room temperature values of
thermal conductivity (), resistivity (p), Seebeck coefficient
(S), band gap (Eg) and figure of merit (zT') for the In,Te;
single crystal in different directions are shown in Table II.

Conclusions

We have successfully grown single crystals of In,Tes. By the
thermopower measurements, we conclude that the major-
ity of the charge carriers are holes. We have calculated the
band gap through the Goldsmid and Sharp formula, which
suggests that In,Tes could be considered a narrow-band
semiconductor. We have observed using direction-depend-
ent studies that the lattice thermal conductivity along the
|| ¢ direction is smaller by a factor of 2 as compared to the
same along the L ¢ axis, indicating the role of anisotropy
in this material. Similar anisotropic behavior is seen in the
thermopower and electrical resistivity of this compound.
These, in turn, lead to an anisotropy in power factor and
figure of merit. Our studies reveal that, due to anisotropic
behavior, bulk material with a layered structure, a large unit
cell, and very low thermal conductivity, the In,Tes single
crystal is a promising candidate in providing further scope
to develop high-efficiency thermoelectric materials. Even
though the overall figure of merit value is small in this com-
pound, suitable dopants can be used to investigate whether
the electrical transport properties can be enhanced. Another

Table Il A summary of composition and room temperature values of thermal conductivity (k), resistivity (p), Seebeck coefficient (S), band gap
(Eg) and figure of merit (z7') for the In,Tes single crystal in different directions

Nominal composi-  Average composition by Direction K P S E, T

tion EDAX (W/Km) (Qm) (nv/K) (eV)

In,Tes In, osTe, 9y lle 0.41 0.096 460 0.27 1.6x10°
In, osTe, 9y le 0.92 0.12 392 0.23 4.0x10*

@ Springer
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aspect that can be improved to obtain higher values of the
figure of merit at higher temperatures is the suppression
of the thermopower peak altogether or shifting it to higher
temperatures.®” Since In,Tes has a layered zigzag structure
that allows electrons and phonons to travel independently,
electrons can effectively move inside the layers, but phonons
can scatter widely across the layers because of weak van der
Waals forces. In short, doping, hot pressing, nanostructuring,
alloying, and monolayer approaches are some of the ways
that can be combined with layered structure to provide a
reduction in thermal conductivity with an optimum z7 value.
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