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Abstract

Thermoelectric properties of dense bulk polycrystalline InsSes « (x =0, 0.25, 0.5, 0.65
and 0.8) compounds are investigated. A peak dimensionless thermoelectric figure-of-merit
(ZT) of about 1 is achieved for x = 0.65 and 0.8. The peak ZT is about 50% higher than the
previously reported highest value for polycrystalline InsSe;x compounds. Our InsSe;y
samples were prepared by ball milling and hot pressing. We show that it is possible to
effectively control the electrical conductivity and thermal conductivity by controlling
selenium (Se) deficiency x. The Z7T enhancement is mainly attributed to the thermal
conductivity reduction due to the increased phonon scattering by Se deficiency, defects and

nanoscale inclusions in the ball milled and hot pressed dense bulk InsSe; « samples.
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Solid state energy conversion between heat and electricity based on thermoelectric effects has
attracted extensive interest for many decades'. Thermoelectric devices can be used for
environmentally friendly refrigeration and power generation. The efficiency of
thermoelectric devices is determined by a dimensionless thermoelectric figure-of-merit Z7 =
(SJ o/k)T, where S, o, k, and T are the Seebeck coefficient, electrical conductivity, thermal
conductivity, and absolute temperature, respectively'. Considerable effort has been made to
improve the ZT values of the existing thermoelectric materials or to discover new high ZT
materials. Recently, a noticeably high Z7 was achieved in b-c plane of InsSe,ss single
crystals’. IngSes crystallizes in a layered structure with weak van der Waals bonding
between the layers along a axis and strong covalent bonding within the layer (b-c¢ plane)™”.
Due to charge density wave (CDW) and Peierls distortion, the thermal conductivity in b-c
plane of bulk single crystal InsSe; 35 is greatly reduced’. However, InsSe; 35 single crystals
prepared by unidirectional crystal growth method, such as Bridgeman technology, have
remarkable anisotropy. Although InsSe; 35 is reported to have a ZT value of 1.48 at 432 °C
in the b-c plane, the ZT value in the a-b plane is much lower, around 0.5 at 432 °C 2.
Although polycrystalline InsSes.x compounds do not have anisotropy problem, the highest
reported ZT is only about 0.6*°, which is not good enough for practical applications. In the
past decade, numerous experimental and theoretical studies have shown that nanocomposite
and nanostucturing approaches are effective in improving Z7°"".  In nanostructured systems,
the enhanced ZT comes from a significant reduction in phonon thermal conductivity.
Nanoscale grains and inclusions are believed to strongly scatter phonons which have

relatively longer mean free paths than that of the electrons'*.

We note that InsSes single
crystals have relatively high electrical resistivity, and the thermal conductivity mainly comes
from the lattice thermal conductivity. Thus, we applied ball milling and hot pressing
approach”"" to InsSes., system, expecting to observe reduced lattice thermal conductivity due
to the enhanced phonon scattering by nanograins and/or nanostructures in hot-pressed
samples. Furthermore, different Se deficiency x in InsSes.x samples were prepared so as to
optimize the thermoelectric properties.

In our work, different amounts of indium (In) and selenium (Se) elements were mixed

together and pulverized into nanopowders by ball milling. ~All weighing and loading of the



materials were operated inside a glove box filled with argon gas. The nanopowders were
hot pressed into discs by a quick direct current induced hot pressing process at 540 °C.
X-ray diffraction (XRD, Bruker-AXS, DS), scanning electron microscopy (SEM,
JEOL-6340F), and high resolution transmission electron microscopy (HRTEM, JEOL-2010F)
were used to characterize the nanopowders and hot-pressed bulk samples. The electrical
conductivity and Seebeck coefficient were measured simultaneously on the same bar samples
of about 2 x 2 x 12 mm in a multi probe transport system (Ulvac ZEM-3). The thermal
diffusivity (&) was measured using a laser flash system (Netzsch LFA 457) and the heat
capacity (C,) was measured by a commercial differential scanning calorimeter (DSC 200 F3).
The density of the hot-pressed samples was measured using an Archimedes’ kit. The
density of our hot pressed InsSe;x (x = 0 — 0.8) samples is ~5.93 —6.03 g cm’ that is very
close to the theoretical value. The thermal conductivity k is obtained as the product of
thermal diffusivity («), sample density (p), and heat capacity: k = apC,,.

Fig. 1 shows the XRD spectrum of InsSe; 35 bulk samples after hot pressing. XRD
pattern confirms that the major phase of our samples is InsSe; phase. Since InsSesy is
thermodynamically unstable'”, weak indium impurity phase was also detected in some of the
InySe;_« samples.

Fig. 2 shows the transport properties of InsSes« samples with different Se deficiency
concentrations (x = 0, 0.25, 0.5, 0.65, and 0.8). The electrical resistivity p dependence of
temperature as shown in Fig. 2(a), and the dependence of Se deficiency x, shown as the inset,
indicate that the resistivity first decreases with increasing Se deficiency concentration up to x
= 0.5, then increases with x. With increasing Se deficiency x from 0 to 0.8, [nsSe;x samples
change conducting behaviors: InsSe; and InySe,» are semiconductors whereas InsSe, s shows
semimetallic behaviors, especially at around room temperature, with both hole and electron
carriers, which results in a relatively lower electrical resistivity of 1.7 x 10™* ohm m at room
temperature. The effective carrier concentration n of InsSe; s, measured by using the van
der Pauw method'®, is 1.68 x 10'® cm™ at 25 °C, almost two orders of magnitude higher than
4.02 x 10" ¢cm? (IngSes3) and 4.13 x 10 ¢m’ (InsSe; ). The mobility of InsSes. samples
varies from 29.1 cm® V' S™ (InsSey5) to 189 cm®V'S™ (InsSes), which is lower than the

reported value'. The relatively low mobility in our InsSes., samples is mainly due to the



increased scattering of the charge carriers by the increased number of grain boundaries and
defects in our ball milled and hot pressed samples.

Large negative Seebeck coefficient values are observed in InsSe, InsSe,s3s and
InsSes; samples (Fig. 2(b)). Semiconducting InsSe,» sample shows a maximum Seebeck
coefficient of about -560 pVK'l at room temperature, whereas semimetallic InsSe; s sample
shows the lowest Seebeck coefficient of -26 WVK™' at room temperature due to the existence
of both types of carriers. The thermoelectric power factor (Sza) is shown in Fig. 2(c).
Because of the low electrical transport properties, S°c values are small for all InsSej
samples.

Fig. 2(d) and 2(e) show the temperature dependence of the thermal conductivity x and
dimensionless figure-of-merit Z7. As shown in Fig. 2(d), the thermal conductivity x
decreases from 0.75 Wm'K™' to 0.41 Wm'K™ at 425 °C with increasing temperature for
IngSe,, that has the lowest thermal conductivity among all samples, which is about 40%
lower than the reported value in the polycrystalline InsSes.« compounds®. The low thermal
conductivity in our InsSesx samples should be attributed to the defect induced phonon
scattering by the Se deficiency sites and enhanced phonon scattering due to the higher grain
boundary density. Fig. 2(e) shows the thermal diffusivity and specific heat capacity values
of InsSe; x samples. Very low diffusivity values are observed in all InsSe;« samples and the
diffusivity decreases with increasing Se deficiency in high temperature region, indicating
strong phonon scattering by Se vacant sites.  ZT (Fig. 2(f)) increases with temperature and
reaches the maximum value at 425 °C. Owing to the significantly reduced thermal
conductivity, the hot pressed InsSe;« samples exhibit peak Z7 values of 0.97 and 0.96 at 425
°C for In4Se; ; and InsSe; 35 samples, respectively.

In order to understand the mechanism of the thermal conductivity reduction and ZT
enhancement in the hot pressed InsSes.x samples, preliminary TEM studies were carried out.
The TEM specimens were prepared by both focused ion beam (FIB) using standard H-bar
method and mechanical polishing down to several microns using tripod, then Ar" ion-milling
using Gatan PIPS. Unfortunately it turned out that the sample preparation is very challenging,
the specimens were very easily contaminated. It seems that the contamination was caused

by the materials decomposition and re-crystallization on the specimen surface during the FIB



and ion-milling process. Fig. 3(a) shows a typical TEM image of the ion-milled TEM
specimens for InySe;, from which we can clearly see that the average grain size is about 400
— 700 nm (Fig. 3(a)), due to the grain growth during the hot pressing process. Although the
grain size is much smaller than the conventional polycrystalline compounds, they are still too
big to effectively scatter phonons and cannot be the reason to explain the low thermal
conductivity in Fig. 2(d). In order to study the microstructures of the grains by HRTEM, a
clean specimen was carefully mechanically polished to electron transparent by tripod without
using Ar’ ion-mill to prevent contamination. The TEM specimen prepared in such a way is
clean without any contamination, but the area which is thin enough for TEM is rather small.
HRTEM of the InsSe,, specimen (Fig. 3(b)) shows that there are some nanoscale features of
sizes up to 10 nm inside the grains. The energy dispersive X-ray spectroscopy (EDS) result
shows that the nanoscale inclusions have the same composition with the nearby matrix within
EDS experimental error (1 atm %). Moreover, we also noticed that there are many
dislocations and point defects in our hot pressed samples. In order to investigate the
dislocations in the specimens, the fast-Fourier-transform (FFT) of HRTEM images are
generated using the DigitalMicrograph software (Gatan Inc., PA). A series of inverse
Fast-Fourier-Transferred (IFFT) images are reconstructed from mask-applied FFT of HRTEM
images. The dislocations distinguished as lattice discontinuities are directly observed from
these reconstructed IFFT images. The estimated dislocation density (Np) is higher than 10"
cm™”. The relatively low mobility measured in the hot pressed InsSes., samples should be
resulted from the high density of dislocations and point defects. We believe that the
increased grain boundary density, line dislocation density, nanoscale inclusions, and,
especially, the Se vacant sites all contribute to the reduced phonon thermal conductivity .
A couple of interesting things need to be pointed out for this material system: 1) the
electrical conductivity in the range of 2 x 10%to 6 x 10’ Sm™ is too low for the materials to be
good thermoelectric materials with very high Z7 so there is a large room for improvement in
ZT if a suitable dopant can be found to significantly increase the electrical conductivity
without too much affecting the Seebeck coefficient, and 2) the conducting behavior change

from semiconducting to semimetallic with the Se deficiency deserves further detailed studies.



Conclusion

Dense bulk InsSesx samples with different Se deficiencies were prepared by ball
milling and hot pressing. Semimetallic behavior was observed when the Se deficiency x is
close to 0.5. High Se deficiency (x = 0.65 and 0.8) doesn’t deteriorate the electrical
properties, but rather reduces the thermal conductivity, resulting in improved ZT values. A
peak ZT of about 1 is achieved in InySe; at 425 °C, which is about 50% higher than the
previously reported highest value for polycrystalline samples. This ZT enhancement mainly
comes from the reduction of thermal conductivity due to the increased phonon scattering by

high Se deficiency, defects and nanoscale inclusions.
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Figure Captions:

FIG. 1. XRD spectrum of dense bulk samples InsSe; 35 after hot pressing.

FIG. 2. Temperature-dependent electrical resistivity (a), Seebeck coefficient (b), power
factor (c), thermal conductivity (d), specific heat C, and diffusivity (e) and ZT (f)
of hot pressed dense bulk samples InsSe; . The inset in (a) shows the electrical

resistivity dependence of Se deficiency.

FIG. 3. (a) Low magnification TEM image of the typical hot pressed InsSe; samples

and (b) nanoscale inclusions found in high resolution images.
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