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ABSTRACT

This work intends to investigate the optimum sintering method and temperature that can improve the
efficiency of bismuth telluride cold compact pellets, for the thermoelectric applications. Different p-type
and n-type bismuth telluride cold compact pellets were treated using three different sintering techniques
and conditions: pressure less (conventional), microwave, and tube (using argon environment) at tem-
peratures 250 °C, 300 °C, 350 °C, and 400 °C. The structural, microscopic, electron transport, thermal, and
dielectric properties of the pristine and sintered samples were examined. Broadband dielectric spectro-
scopy was performed to extract a detailed picture of the dielectric properties of the samples. Even though
each type of sintering had its own merits and demerits, the optimum conditions for enhanced electric and
thermal features were found in microwave furnace followed by tube and conventional. Low thermal con-
ductivity of 0.4 W/m/K was observed in the samples sintered at 250 °C while the increase in sintering
temperature from 250 °C to 300 °C improved the crystallinity of the material. Moreover, the crystal
structure of the bismuth telluride altered with the occurrence of higher oxidation leading to the formation
of high bismuth telluride oxide phases at sintering temperatures above 300 °C, more dominantly in the n-

type samples.

© 2021 The Author(s). Published by Elsevier B.V.
CC_BY_4.0

1. Introduction

Thermoelectrics have paved the way to utilize the underutilized
and often considered heat waste by converting it into electricity.
Nanostructured thermoelectric materials have comparatively im-
proved thermoelectric performance and find themselves in en-
ormous potential applications from the TEG to cooling and various
other purposes [ 1]. The Phonon-Glass-Electron-crystal effect dictates
that for a material to be an ideal thermoelectric, it must possess the
electronic conduction properties of a crystal and thermal conduction

Abbreviations: BPXXX, p-type samples sintered in box furnace at temperature
XXX°C; MPXXX, p-type samples sintered in microwave furnace at temperature
XXX°C; TPXXX, p-type samples sintered in tube furnace at temperature XXX°C;
BNXXX, n-type samples sintered in box furnace at temperature XXX°C; MNXXX, n-
type samples sintered in microwave furnace at temperature XXX°C; TNXXX, n-type
samples sintered in tube furnace at temperature XXX°C
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properties of a glass [2]. Better thermoelectric performance is
achieved in the material with high electric conduction and low
thermal conduction [3-7].

Bismuth telluride (Bi,Tes) is the first and best thermoelectric
material to be developed for refrigeration and cooling purposes due
to its immense capability of converting waste heat to beneficial
electrical energy [8]. Many works have aimed to increase the per-
formance of the nanostructured bismuth telluride by increasing the
electrical conductivity, Seebeck coefficient, and power factor or by
decreasing the thermal conductivities [9-13]. BiyTes is basically a
compound element of Bi (Bismuth) and Te (Tellurium) [14]. The
behavior of bismuth physically is of metal but alloyed with tell-
urium, and it functions as a semiconductor TE material [15]. Bi;Tes
operates in the low to intermediate temperature range [16]. A factor
determines the efficiency of thermoelectric material called the
“Figure of Merit (ZT),” which is given by [17],

ZT= (@)T
x (1
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where, g, x, and « are electrical conductivity, thermal conductivity,
and Seebeck coefficient, respectively.

The overall efficiency of a thermoelectric cell relies on the ZT
value of the p-type and n-type TE material. Immense efforts have
been made to improve the ZT, such as nanostructuring [16], forming
thin films [18], doping [19], alloying [20], increasing the grain
boundaries [21], optimizing the synthesis conditions [22], and so on.
It has also been a goal to replicate and reproduce such high-per-
formance thermoelectrics on a large scale at affordable rates and
conditions [23]. The enhancement has been achieved up to some
level by successfully increasing the phonon scattering at the grain
boundaries and quantum confinement [24]. Bismuth telluride
functions efficiently at low temperatures and is also available com-
mercially for practical applications. Due to the delicate and high
volatile nature of tellurium at high temperatures, the conventional
processes do not yield the desired results [25]. It is necessary to
inquire about the optimum conditions for bismuth telluride that has
the benefits of performance, cost, reliability, and time.

Sintering has the proven practical advantage of producing better
polycrystalline forms of the material [26]. Sintering reduces the
lattice conductivity of the material, and bulk nanostructures can be
easily realized [27]. But there is a reduction in the power factor in
the sintered materials, and the benefit of lattice conductivity re-
duction is overshadowed unless some measure of crystal alignment
or orientation is achieved [28]. Conventional or pressureless sin-
tering is the simplest sintering form that involves heating of the
ambient temperature prepared powder compact without any ap-
plied external pressure [29]. On the other hand, in microwave sin-
tering or non-conventional sintering, the nature of the heat transfer
mechanism is considerably different and occurs in terms of con-
vection, radiation, and conduction [30].

Zhou et al. [31] used the microwave-assisted polyol method to
synthesize nanocrystalline Bi;Te; with a combination of nanorods
and hexagonal nanoflakes of length ranging from 200 to 400 nm and
90-150 nm, respectively. Kim et al. [32] used three different
methods, namely the chemical reaction method, conventional pul-
verization method, and gas atomization method, to prepare the
starting powders of nanostructured Bi,Tes alloys. In the traditional
pulverization method, the materials bismuth, tellurium, and anti-
mony were mixed and treated in a quartz tube at 1000 °C tem-
perature for 24 h. Their work suggested better crystal orientation
alignment for enhanced TE characteristics. High-quality bismuth
selenide (Bi,Ses) single-crystalline bulk TE materials were synthe-
sized in a 12-inch horizontal quartz tube furnace and heated in the
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450-580°C temperature range for 1-5h [33]. Ashalley et al. re-
viewed in detail the characteristics and synthesis methods to realize
various nanostructured Bi,Te; materials (0D, 1D, 2D, and nano-
composites) [34]. Anandan et al. [35] investigated the influence of
sintering temperature on the phase transformation and morpholo-
gical evolution in a wet chemical synthesized Bi,Te; nanocrystal
pellets. Phase change to BiTe was observed at high sintering tem-
peratures, and this BiTe phase dominated the Bi,Te; phase at 773 K.
Usually, the chemical methods lack efficient reproducibility in bulk
production [36].

Comparisons of the impact of different sintering and sintering
temperature on the morphological, phase, thermal and dielectric
properties of the cold compact pellets have not been investigated
before, and our work aims to fill that gap. This work is primarily
divided into three parts. In the first part, we have treated both p-type
and n-type samples using three different types of sintering, namely,
conventional, microwave, and tube. In the second part, we have done
several characterizations: structural, electrical, thermal, and micro-
scopic, of the prepared samples. Finally, we have done broadband
dielectric spectroscopy analysis to exhaustively study the dielectric
properties of the samples.

2. Experimental details
2.1. Sample preparation

The materials used to prepare samples are the commercially
available p-type and n-type bismuth telluride powders (Bi,Tes
-purity:99.99% and size: 200 mesh) supplied by Nanoshel LLC
(NS6130-12-000436A). The p-type powders were bismuth telluride
doped with antimony, and n-type powders were bismuth telluride
with indium sulfide doping. The powders were weighed to be 5¢g
each, and then various p-type and n-type pellets were compacted by
cold uniaxial pressing under an applied pressure of 6 MPa for 30s.
Each pellet prepared was of diameter and width 13 mm and 3 mm,
respectively and the density of the pellets was 12.56 + 0.04 g/mm?>.
These samples were then sintered in conventional or box furnace,
tube furnace, and microwave furnace at temperatures 250 °C, 300 °C,
350°C, and 400 °C. In the tube furnace, the sintering is done in the
presence of argon gas flow. In all the cases, the heating ramp time is
considered as 10 °C/min. At each temperature, the samples were
sintered for 1 h and left to be cooled down to room temperature and
then removed from their respective chambers. The sintered samples
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Fig. 1. XRD profile of (a) microwave sintered p-type Bi,Tes, and (b) microwave n-type Bi,Tes.
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were then investigated for structural, microscopic, electric, and
thermal properties.

2.2. Characterization

The various samples from the sintered and non-sintered pure
pellets were subjected to XRD analysis (X-ray powder diffraction).
The XRD patterns were logged over the range of 20 between 10° and
90°, using PANAnalytical EMPYREAN, Netherland (45kV/40 mA)
with  radiation of CuKal (A=1540598A) and CuKoa2
(1 =1.544426 A). A Nova Nano Scanning Electron Microscopy (Model:
Nova Nano SEM 450, Manufacturer: FEI, Netherland) was used for
Field emission scanning electron microscopy (FESEM) to analyze the
morphological and chemical composition changes of bismuth and
tellurium in the sintered materials along with detection of oxide
concentrations. The Ossila four-point probe system recorded the DC
electrical conductivities. The Broadband Dielectric Spectroscopy
analysis determined the electrical characteristics such as impedance,
AC electrical conductivities, dielectric permittivity, electric modulus,
specific resistance, and phase angle. This was done using
Novocontrol GmbH Concept 40 broadband dielectric spectrometer.
The different parameters were computed using Novocontrol Win
DETA software. The data from the samples were collected over the
frequency range of 10-10 MHz at fixed temperatures in the range of
25°C to 375°C with a 25 °C temperature increment. The thermal
characteristics such as thermal conductivity, specific heat capacity,
and thermal diffusivity were determined by thermal constants
analyzer (TCA) test using the TPS 2500 s hot disk analyzer.

3. Results and discussion
3.1. Structural characterization

Fig. 1 shows the XRD profile of all the samples treated through
the microwave sintering method at different temperatures. To study,
analyze and compare the structural behavior, bonding, and impurity
phase changes of BiyTes at different sintering temperatures, powder
X-ray diffraction data were collected from 26 Bi,Tes samples using
Cu-Ka radiation. Out of the 26 samples, two were pristine p-type and
n-type samples, and others were sintered samples at temperatures
250°C, 300°C, 350°C, and 400 °C in the box, microwave, and tube
furnace, respectively. The XRD analysis data were collected in the 20
range from 10° to 90°. Bragg’s peaks and fitted profile for all the
samples are shown in Fig. 1. The grain size calculations of the dif-
ferent sample XRD profiles are given in the Supplementary Data file.
The grain size was approximated through the Debye-Scherrer for-
mula [37],

o
~ B.cosd (2)

where D is the crystallite size in nm, k is the shape factor (0.93), 1 is
the wavelength of X-ray and in this case, CuKa (1.54 nm), 8 is the
FWHM (full width half maximum) of the intense peak in radians,
and 6 is the Braggs angle.

The pure p-type samples consisted of a pure single phase of
antimony bismuth telluride (BigsSby5Tes) with hexagonal structure
as confirmed by ICDD: 98-061-7062 data whereas the n-type
samples comprised of a pure single phase of bismuth indium sulfide
telluride (Bigg4lng106S0.11T€2.89) With hexagonal structure as con-
firmed by ICDD: 98-065-8770 data. The p-type material was made
by doping bismuth telluride with antimony and n-type samples
were made by doping bismuth telluride with indium sulfide.

For the p-type samples in conventional sintering, the pristine and
BP250 showed sharp peaks indicating high crystalline nature. Peak
broadening can be observed at 20 =27.6 with (0 1 5) plane in BP300
and BP350 samples, and this may be due to descent in size of the
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crystallite with the increase in sintering temperature up to 350 °C.
But in the sample BP400, as shown in Fig. S1(b) (Supplementary
Data), peak shifts can be observed due to the introduction of the
oxidized impure phase of Bi;04Sb; as confirmed by ICDD:98-007-
5901. There have also been changes in peak position and intensities
above 350 °C temperatures. On the contrary, in the case of n-type
Bi,Tes, the peaks and phases are similar for pristine, BN250, and
BN300 samples. But whereas for the samples BN350 and BN400,
there are various new peaks at different 20 indicated by several
impure phases such as Bi,OsTe;, BiO;Te, and Bi,Oq;Te4 as seen in
Fig. S1(c) (Supplementary Data) that can be confirmed by ICDD:98-
028-0627, 98-008-5725 and 98-007-2709. It is also noteworthy that
as the sintering temperature increased, there has been an ex-
ponential increase in the various oxide phases. To summarize, it can
be said that the p-type samples are pure single-phase and crystalline
until sintering temperature 350 °C and have oxide impure phase at
temperatures beyond it. On the other hand, in the n-type samples,
the impure phases have been introduced at a lower sintering tem-
perature of 350°C. The estimated grain size (from the
Supplementary Data) indicates that the crystallite size decreased as
the sintering temperature increased. It can be vividly deduced that
the size of the sub-microns depends on the sintering temperature.
The size of the sub-microns range from 400 nm to 1000 nm.

In the microwave furnace, the p-type samples have an almost
similar XRD profile for all the samples, as shown in Fig. 1(a). There
has been a slight increase in intensities and some broadening at
some peaks with some negligible shift in the phases. Also, oxidations
phases are from low to null in the p-type samples. On the contrary,
in the n-type material, the profile is similar for pristine, MN250, and
MN300 samples with pure single phases whereas, there are some
considerable amounts of impure bismuth oxide phase of Bi,OsTe; in
MNA400 as depicted in Fig. 1(b) and confirmed by ICDD:98-028-0627.
Overall, the p-type material in the microwave furnace has been
stable and did not change any phase through temperatures 250 °C to
300°C and had some antimony oxide (OsSb,) impurity in samples
MP350 and MP400 as confirmed by ICDD:98-000-1994. In the n-
type samples, there were considerable phase changes at sintering
temperatures 350 °C and 400 °C. In the tube furnace, the p-type
materials have no peak shift for pristine, TP250, and TP300 samples.
But for the TP350 and TP400 samples, there are several new oxidized
impurity peaks, such as BiSpisTezgs and OsSb, confirmed by
ICDD:98-061-7047, as shown in Fig. S1(d). For the n-type, the im-
pure phases are similar to that observed in the box and microwave
furnaces.

3.2. Compositional and morphological analysis

3.2.1. P-type

The Scanning Electron Microscopic (SEM) images of the p-type
bismuth telluride samples both with and without sintering are
shown in Fig. 2(a)-(d). The images depict how crystallization occurs
with an increase in sintering temperatures. Fig. 2(a) represents the
SEM image of the non-sintered p-type sample. It can be seen in
Fig. 2(a) that the non-sintered samples had a layered structure with
tellurium-rich phases. The thickness of each layer is in the range of
~10nm. Fig. 2(b)-(d) indicates the crystallization process in the
microwave furnace. The SEM images illustrating the crystallization
process in conventional and tube furnaces are given in the
Supplementary Data. It can be seen at 250 °C sintering temperature
in the box and microwave furnace, the morphology and size were
quite similar to the pristine p-type sample with an addition of few
small ununiform micro-sized crystals. But in tube sintering, several
micro-sized crystals were observed between the layers at 250 °C
sintering temperature. Subsequently, the samples contained a mix-
ture of nanocrystals and microcrystals (namely fine grains and
coarse grains, respectively). The size of the sub-microns kept on
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Fig. 2. Field emission scanning electron microscopy (FESEM) images at 1 um of (a) pristine p-type Bi;Te; sample, (b) MP250. (c) MP300, (d) MP350. Sub-microns of sizes less than

1um can be observed in the SEM images of samples sintered at 300 °C and 350 °C.

decreasing with an increase in sintering temperatures in all the
sintering methods. That means with temperature increase, better
and uniform finer grains were formed. This can be confirmed by the
grain size calculated from XRD characterization data using the
Debye-Scherrer formula given in the Supplementary Data. At sin-
tering temperatures 300 °C and 350 °C in all the furnaces, the sub-
microns were finer and uniformly distributed with sizes ranging
between 500 and 900 nm, as shown in Fig. 2.

3.2.2. N-type

The Scanning Electron Microscopic (SEM) images of the n-type
bismuth telluride samples both with and without sintering are
shown in Fig. 3(a)-(d). The images indicate how crystallization oc-
curs in different sintering at different temperatures. Fig. 3(a) re-
presents the SEM image of the pristine n-type sample. It can be seen
in Fig. 3(a), the pure sample had a layered structure with bismuth-
rich phases. Fig. 3(b)-(d) indicates the crystallization process in the
microwave furnace. The crystallization process in the conventional
and tube furnace is given in the Supplementary Data. In p-type
samples, the formation of micro-nano-sized crystals started roughly
around 300 °C. But here, in the case of n-type samples, the crystal-
lization started at a lower sintering temperature of 250 °C in all the
sintering. At sintering temperatures 250 °C and 300 °C, the size and
morphology of the samples consisted of unevenly and ununiform
micro-sized crystals. In the box furnace at 250 °C, some layered
structures can be observed. The SEM images also indicate that the
samples consisted of both fine and coarse grains. Finer and finer
particles were formed with an increase in sintering temperature. The

size of the sub-microns for the n-type samples ranges from 400 to
700 nm, as shown in Fig. 3.

3.3. Thermoelectric properties

3.3.1. DC electrical conductivity

The DC electrical conductivity of the pristine and the sintered
samples was calibrated by Ossila four-point probe system. The
software used was Ossila sheet resistance v1.0.01. The equipment
applies direct current on the samples, and respective DC sheet re-
sistances are measured. The DC conductivities of all the samples are
given in Fig. 4. The p-type samples after sintering have become
better conductors than the n-type samples with maximum con-
ductivity values of 140S/m and 47 S/m for p-type and n-type, re-
spectively. For both p-type and n-type samples and all three types of
sintering, the conductivities are higher at sintering temperatures
250 °C and 300 °C. The electrical conductivities have drastically re-
duced to the range 2-20 S/m for samples at temperatures 350 °C and
400 °C. The impurity in the samples sintered at 250 °C and 300 °C
have no or negligible impurity concentration leading to high elec-
trical conductivity values of 140 S/m. And for the samples sintered at
350 °C and 400 °C, the electrical conductivities were mostly from the
bismuth oxide phases resulting in low values of 10 S/m. These oxide
phases have restricted the free movement of electrons in the crystal
of the samples [38,39]. Besides, the conductivities are higher for
microwave and tube furnace-sintered samples due to lesser impurity
concentration and oxidation in the chambers of the microwave and
the presence of argon gas in the tube furnace.
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Fig. 3. Field emission scanning electron microscopy (FESEM) images at 1 um of (a) Pristine n-type Bi,Te; sample, (b) MN250. (c) MN300, (d) MN350. Sub-microns of sizes less than

1pm can be observed in the SEM images of samples sintered at 300 °C and 350 °C.

3.3.2. Thermal conductivity

Two identical samples were prepared at each sintering tem-
perature in the three furnaces, namely box, microwave, and tube.
These samples were then tested for their thermal properties such as
thermal conductivity, specific heat capacity, and thermal diffusivity
by the Thermal constants analyzer (TCA) device. Fig. 5 depicts how
the thermal conductivity of p-type and n-type varies with the

sintering temperatures. The thermal conductivities for the p-type
samples are in the range 0.5-1.1 W/m/K, whereas, for the n-type,
they are in the range 0.4-0.7 W/m/K. It is to be observed that the
thermal conductivities are lower for n-type than p-type. The thermal
conductivities are linearly proportional to the sintering tempera-
tures. The samples sintered at 250°C and 300 °C have very low
conductivities compared to samples sintered at 350 °C and 400 °C.
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Fig. 4. The variation of DC electrical conductivities of (a) p-type and (b) n-type bismuth telluride samples in different furnaces at different sintering temperatures.
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Fig. 5. The variation of thermal conductivities of (a) p-type and (b) n-type Bismuth telluride samples at different sintering temperatures.

The samples sintered in the box furnace have relatively high thermal
conductivities of 1.1 W/m/K when compared to samples in other
furnaces. The oxides of bismuth have very high thermal con-
ductivities [40]. This is probably why the samples have high thermal
conductivities at higher sintering temperatures (formation of oxide
phases shown in the XRD data), especially in the box furnace.

3.4. Analysis of electrical properties through broadband dielectric
spectroscopy

Broadband Dielectric spectroscopy is a powerful means to in-
vestigate dielectric material characterization since both the chain
motion and conductivity can be monitored with respect to tem-
perature and frequency in the same spectra [41]. It is also sometimes
known as impedance spectroscopy and is used to study the physical
and chemical properties of the materials and their interactions with
electromagnetic radiation. Materials are made of atoms and mole-
cules with electric charges that respond with the application of the
electric field. The reactions may be in terms of state transition or

1.2
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rotational motion, ultimately resulting in changes in macroscopic
dielectric or electric behaviors in the materials. Gathering, sorting,
and examining the dielectric behavior information of the materials is
necessary for diverse fields such as material science, electronic
chemistry, physical chemistry, and electrical engineering. Thus,
using dielectric spectroscopy, we can effectively study the dielectric
or electrical properties of thermoelectric materials related to the
molecular structure, chemical composition, and phase morphology
of the samples.

3.4.1. The variation of AC conductivity with temperature

Fig. 6 illustrates the AC electrical conductivities (c4c) at different
frequencies 10 mHz, 1 Hz, 1kHz, and 1 MHz for p-type and n-type
Bi;Tes samples sintered in the box furnace at 300 °C. The results
show the variation of o, with the temperature at different fre-
quencies 10 mHz,1 Hz, 1kHz, and 1 MHz. The p-type samples de-
monstrated better o, than n-type samples. The p-type samples
sintered at 300 °C had the maximum electrical conductivity of 1.1 S/
cm. The conductivities had a very low or no change until the
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Fig. 6. Temperature dependence of electrical conductivity at frequencies 10 mHz, 1 Hz, 1 KHz, and 1 MHz for (a) p-type and (b) n-type Bi,Te; samples sintered in box furnace at
300 °C. The conductivity increases with an increase in temperature and sudden spike can be observed in the range 350-400 °C. Also, the conductivity is high in case the frequency

is 10 mHz.
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measuring temperature 250 °C. Beyond 250 °C, there has been a
sudden spike in the conductivities, probably due to the introduction
of defects and improvement in the crystal size in the samples
leading to increased carrier concentration and mobility [42]. The
charge carriers at high temperatures are highly localized, leading to
higher conduction through the hopping mechanism [43]. It also
suggests that the pellets became highly conductive above 250 °C due
to the availability of free majority charge carriers. There is a broad
hump from 200 °C to 300 °C within the frequency range of 1 Hz to
1 MHz; however, the hump specified is rather very small or negli-
gible for 10 mHz. Similar behavior has been previously reported in
the case of CuO-doped SrTiOs [44].

Additionally, the coarse structures of samples sintered at 250 °C
favor better electron transportation, as there is a decrease in the
quantity of grain boundaries due to the formation of micro-sized
structures. The movement of electrons is easier in coarse structures all
the way through the electrically neutral grain boundaries that enhance
the carrier transport in coarse and fine structures, unlike the phonon
scattering [45]. However, even though the samples sintered at 350 °C
and 400 °C had finer micro and nanostructures, the oxide impurity
phases restricted the free movement of electrons, especially in the n-
type samples, which had an abundance of bismuth resulting in a
massive number of distinct bismuth oxide phases [38,39]. The samples
in the microwave furnace and tube furnace had better c,. than the
samples in the box furnace.

3.4.2. The variation of AC conductivity with frequency

The variation of AC conductivity with frequency is necessary to
analyze the electrical conduction behavior in the bismuth telluride
thermoelectrics. The capacitance and parallel conductance mea-
surements were obtained in the spectrometer and Windeta software
to calculate the appropriate frequency-dependent values of the AC
conductivity o, The total conductivity is the sum of AC and DC
conductivities, which is proposed by Jonscher’s Universal power-law
equation [46] given by

3)

where gy, is the DC conductivity, which is frequency independent, A is
the AC component or pre-exponential constant and w is the angular
frequency (2nf) and n is the power-law exponent of the mobile ions
and ranges between 0 and 1. The o, complies with the Almond-west
universal power-law given by o, = Aw" [47]. The variation of AC
conductivity through temperatures 25 °C to 375 °C with frequency f
can be seen in Fig. 7. A typical conductivity vs. frequency spectrum
exhibits three distinct regions, namely 1) low frequency dispersion, 2)
an intermediate frequency plateau, and 3) an extended dispersion at

o = ogc + A"
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higher frequencies [41]. The low frequency (10 mHz-1 Hz) variation of
the conductivities can be attributed to the dielectric polarization in the
material [48]. This dielectric effect increases the capacitance in the
material, thereby decreasing the AC conductivity that can be seen in
the plots of Fig. 7. In the intermediate frequency range, the con-
ductivity is almost independent of frequency and can be given by the
DC conductivity. A sudden increase of the conductivity around 1 MHz
indicates decreased polarization at higher oscillations in the high-
frequency dispersive region. It is also noted that the conductivities
increased with an increase in temperatures from 25 °C to 375 °C, im-
plying the linear relationship of conductivity with temperature. This
increase may be ascribed to the generation of multiple oxygen va-
cancies at higher temperatures and enhancement in the drift mobility
of the charge carriers through thermal activation because of the in-
crease in the hopping rate in the conduction mechanism [43]. The
samples sintered at 300 °C showed a steady independent response to
the frequency variations in conductivity. There is a rapid drop in
conductivities in the samples at 350 °C from the low-frequency region
to the intermediate frequency region.

3.4.3. The variation of dielectric permittivity storage with frequency

The variation of dielectric permittivity storage of as-prepared and
sintered bismuth telluride samples with frequency through tempera-
tures 25 °C to 375 °C are depicted in Fig. 8. The sintering conditions
and temperatures influence the physical properties of the sample
pellets, which in turn affects their dielectric properties. The electron
transport properties are affected, making it an absolute necessity to
investigate the influence of temperature and sintering method on the
dielectric constant, dielectric loss, and electric modulus of the refer-
enced samples. The frequency-dependent dielectric parameter is
termed by the complex form of permittivity given by
e*=¢ —j&' (4)
where real part ¢’ is the relative dielectric permittivity or dielectric
permittivity constant or storage and imaginary part ¢ is the dielectric
loss. The dielectric constant can be calculated from the capacitance C
and is given by

, d
F=x ) (5)
where A is the surface area of the sample (rr;r is the radius) and d is
the thickness of the sample.

The dielectric loss ¢’ can be calculated from the measured con-
ductance (G) with the following expression:
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Fig. 7. Frequency dependence of electrical conductivity in the temperature range 25 °C to 375 °C for (a) p-type and (b) n-type Bi,Tes samples sintered in box furnace at 300 °C. The
conductivity is high at temperature 375 °C. A spike in AC conductivity can be observed at higher frequencies.
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where ¢,is the permittivity in free space.

The plots in Fig. 8 show that the dielectric storage decreases with
increasing frequency. This may be related to the tendency of dipoles
in the sample pellets to orient themselves in line with the applied
electric field direction [49]. On the other hand, the values of the
dielectric storage remained constant with a change in frequency in
the higher frequency range. The temperature change did not have
much effect on the characteristics except with a slight shift in the
transient frequencies. This trend remained the same for all the
samples, with some variation in the magnitude of the dielectric
constant values. It could be attributed to the fact that the rotation of
dipoles is hindered by higher frequencies making it hard for the
dipoles to reorient [49]. The dielectric constant rapidly decreased
with an increase in frequency and remained very low and almost
constant after the 1Hz frequency. This dielectric dispersion was
larger for higher temperatures and decreased with temperature
decrease. This dielectric behavior can be attributed to the me-
chanism of the polarization process in bismuth tellurides quite si-
milar to that of the conduction process.

3.4.4. The variation of dielectric loss with frequency

Dielectric permittivity loss can be loosely stated as the loss of
energy when heating a material when the varying or AC electric field
is applied. The dielectric losses rely on the frequency of the electric
field applied and the permittivity or dielectric feature of the ma-
terial.

Fig. 9 shows the changes in the dielectric loss of the as-prepared
and sintered bismuth telluride samples in the electromagnetic
spectrum at various temperatures from 25 °C to 375°C. ¢” is very
high at low frequencies correspondent to the DC electrical con-
ductivities, probably from the free charge polarization within the
sample material [48]. This dielectric loss decreased linearly with an
increase in frequency. So, it can be said that the dielectric loss in-
creases with a temperature rise and decreases with an increase in
frequency. The relation of this dielectric loss ” with frequency can
be given from the power law [50],

8// = B wm

(7)

where B and m are constant and frequency power factor, respec-
tively. The plots of log ¢” versus log(freq) or log(w) depict straight
lines at different temperatures. The m values can be obtained from
the slopes of the lines at various temperatures using Eq. (7). It can be
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observed that this m value tends to decrease with a temperature
rise. The response of dielectric loss on low frequency side corre-
sponds to the low AC conductivity and electric modulus values in
this frequency range. The response of AC conductivity at low fre-
quency is DC conductivity. This response corresponds to typical
Debye relation given by odc = 2mnfe,e” [51].

4. Conclusion

In this work, we have treated p-type and n-type bismuth tell-
uride nanocrystals using conventional, microwave, and tube sin-
tering. The XRD and SEM characterization were done to study the
structural and microscopic properties of the treated materials. The
DC electrical conductivity and thermal conductivity were de-
termined by the 4-point probe method and TCA test, respectively.
The dielectric characterization was done using dielectric spectro-
scopy. The XRD analysis showed that the prepared materials re-
mained stable with a single-phase at sintering temperatures 250 °C
and 300 °C. However, beyond 300 °C, phase change occurred with
the appearance of oxide impurities at 350-400 °C sintering tem-
peratures. Also, the DC electrical conductivity decreased as the sin-
tering temperature went from 250 °C to 400 °C with an increase in
coarse and crystalline structures. On the contrary, the thermal con-
ductivity increased with an increase in sintering temperatures. The
broadband dielectric spectroscopy confirmed that the conduction
behavior in the samples was from the hopping mechanism, and the
samples exhibited characteristics more similar to glass. Therefore,
the samples had an exceptionally ultra-low thermal conductivity of
approximately 0.4 W/m/K. The microwave furnace samples demon-
strated better thermoelectric properties among all the sintering with
an optimum annealing temperature of 250 °C. However, the higher
oxidation levels have restricted the characteristics of the materials
that can be avoided by acute control of the sintering atmospheres.
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