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g in modified Bi2Te3 system for
thermoelectric applications

P. Shyni and P. P. Pradyumnan*

The techniques of size reduction and defect engineering have attracted great interest as an effective

strategy for developing new and modified thermoelectric materials with high performance. Here, we

investigated the thermoelectric properties of the Bi2Te3 system modified by Fermi level tuning through

the methods of nanostructuring and doping. Band structure modification and Fermi level shift contribute

to the better thermoelectric performance of the material. A minimum thermal conductivity of 0.72 W K�1

was obtained at 440 K with a reduction of 50% as compared to the pristine sample. The improved

transport properties along with considerably reduced thermal conductivity result in a two-fold improved

figure of merit of 0.295 at 420 K for the nanostructured sample Bi0.4Sb1.6Te3 over pristine Bi2Te3.
Introduction

Nowadays, research has been focused on searching for alter-
native energy sources as a remedy for the energy crisis and
environmental deterioration.1–3 The demand for energy is rising
signicantly and we still depend mainly on fossil fuels for
energy generation. Tremendous energy is wasted in the form of
heat, escalating global warming. Thermoelectric materials,
capable of interconverting heat and electricity, can be assem-
bled to construct a thermoelectric generator (TEG) which can be
used to collect wasted heat and to convert it into useful energy,
thereby improving fuel efficiency. Thermoelectric power
generation offers an alternative energy source and sustainable
technology. Without mechanical parts, noise and gas emission,
TEGs can work for a long period without any maintenance.
TEGs are utilized in deep space missions, automotive industry,
gas and temperature sensors and in many other applications.4,5

However, the use of TEGs is limited due to their low
conversion efficiency. An efficiency of 12% is reported for Bi2Te3
based skutterudite materials, but still non-competitive with
conventional machines.6 The ever-growing market of alternative
energy sources demand thermoelectric materials with better
conversion efficiency. The conversion efficiency of a thermo-
electric material can be expressed in terms of its dimensionless
gure of merit, ZT ¼ S2sT/k, where S, s, k and T represents the
Seebeck coefficient, electrical conductivity, thermal conduc-
tivity and absolute temperature respectively.7 A good thermo-
electric material should have high value of Seebeck coefficient
for producing more voltages for a given temperature gradient,
low electrical resistivity for reducing Joule's heating and low
thermal conductivity to maintain the applied temperature
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the Royal Society of Chemistry
gradient across the legs. Thermoelectric gure of merit of
a material is the parameter evaluating all these interconnected
properties. The main challenge in designing a superior ther-
moelectric material is to decouple these inter-related physical
quantities via various strategies and optimize them
simultaneously.

Bi2Te3 has been recognized as a benchmark thermoelectric
material for near-room temperature power generation and
cooling applications. It is a multi-valleyed material with a highly
anisotropic isoenergy surface near the L point in the Brillouin
zone. Thermoelectric devices based on bismuth telluride are
widely used in the fabrication of thermal sensors, laser diodes,
thermoelectric refrigeration and power generation.8–10 The
large-scale production of Bi2Te3 based alloys has been limited
by their relatively low efficiency. The conversion efficiency of
Bi2Te3 is to be improved so that their practical applications can
be boosted in wide areas of interest. The idea of using low
dimensional structures to extent the value of gure of merit was
proposed in early 1990's to improve the thermoelectric perfor-
mance of materials, which opens up a new era in the eld of
thermoelectricity. Nanosized Bi2Te3 with excellent thermoelec-
tric properties was reported by several research groups and the
high performance is attributed to the reduction in grain size
and thermal conductivity reduction at phonon scattering
centers.11–13 The reduction in dimensions enhances (i) the
density of states near the vicinity of the Fermi energy (ii) the
phonon boundary scattering at interfaces and (iii) carrier
mobility at a given concentration due to quantization effect.
Among Bi2Te3 based alloys, n-type Bi2(Te,Se)3 and p-type
(Bi,Sb)2Te3 alloys are of great interest for room temperature
applications because of their potential for improving the
conversion efficiency by structural and compositional modi-
cations.14,15 The electrical transport properties can be optimized
by modifying the carrier concentration and energy band
RSC Adv., 2021, 11, 4539–4546 | 4539
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structure of material and thermal conductivity reduction can be
achieved by nanostructuring and defect engineering. Lipeng Hu
et al. reported the role of point defect engineering in tuning
thermoelectric properties.16 Thermal conductivity reduction
through augmenting lattice scattering by ionized impurity
scattering and improved thermoelectric performance is re-
ported for the combination of Bi0.4Sb1.6Te3.17,18

In this study, Bi2Te3 was synthesized via solid state reaction
route, nanostructured via ball milling and compacted by hot
pressing method. The effect of Fermi level modication,
through grain size reduction and point defect engineering, on
the thermoelectric properties of the as synthesized samples was
studied in the temperature range of 300–480 K.
Fig. 1 XRD pattern of the samples BT, BTN and BSbTN.
Experimental procedure

Elemental Bi (99%) and Te (99.99%) powder, obtained from
Sigma Aldrich, were weighed according to the stoichiometric
composition and the powder mixture was loaded into carbon
coated quartz ampoule, evacuated and sealed under vacuum at
10�3 pascal. The ingot obtained aer pre heating was hand
ground using agate mortar and pestle and the powder was
mechanically pressed to form a pellet. This pellet was again
charged into a carbon coated quartz tube, evacuated and sealed
at 10�5 Pa, heated in a furnace at 823 K for 18 hours, furnace
cooled to room temperature, ground in agate mortar and pestle
to form Bi2Te3 powder. This manually ground powder was
subjected to ball milling for 4 hours at milling speed of 200 rpm
to obtain nanopowder of Bi2Te3 (sample BT).

The as prepared BT nanopowder was again ball milled for 1
hour at a milling speed of 400 rpm to obtain nanopowder of
Bi2Te3 with reduced grain size (BTN).

The synthesis of Bi0.4Sb1.6Te3 sample through solid state
reaction route was reported in our previous work.19 The as
synthesized powder was subjected to ball milling for 4 hours at
milling speed of 200 rpm and then again ball milled at 400 rpm
for 1 hour to obtain nanopowder of Bi0.4Sb1.6Te3 (sample
BSbTN).

The crystal phase of the samples was conrmed by analyzing
X-ray diffraction pattern obtained from Rigaku Miniex X-ray
diffractometer using Cu Ka radiation (l ¼ 1.54 �A) before and
aer hot pressing. The micro structural morphology was
observed by eld emission scanning electron microscopy
(ZEISS-FESEM) and energy dispersive spectroscope attached
with SEM respectively. Archimedes method was used to deter-
mine the density of the samples and verication is done by
volumetric method. The Hall coefficient RH, carrier concentra-
tion n andmobility of the carrier mwere measured using van der
Pauw method with magnetic eld strength of 0.55 T. Thermo-
electric parameters such as Seebeck coefficient and electrical
resistivity of the samples were determined by using Ulvac-Riko
ZEM-3 (M8) equipment under low pressure helium environ-
ment with temperature ranging from 300 K to 480 K. The
thermal conductivity of the rectangular bar shaped (10 � 3 � 1
mm3) sample was measured by steady state method. The
temperature gradient was maintained in the sample and the
4540 | RSC Adv., 2021, 11, 4539–4546
temperature was recorded using the standard copper–
constantan thermocouple.
Results and discussion
Morphological and structural analysis

XRD pattern of the samples BT, BTN and BSbTN are shown in
Fig. 1. The diffraction peaks of the samples BT and BTN can be
indexed to JCPDS card no. 00-015-0863 indicating the formation
of single phase and polycrystalline Bi2Te3 with rhombohedral
structure. All the peaks of BSbTN be indexed to # JCPDS 01-72-
1836 which indicates the formation of single phase and poly-
crystalline Bi0.4Sb1.6Te3 having hexagonal structure with lattice
parameters a ¼ 4.248�A and c ¼ 30.28�A. The average crystallite
size was calculated by using Debye–Scherrer equation, d ¼ kl/
b cos q, where k ¼ 0.93, l is Cu-Ka wavelength (l ¼ 1.54�A), q is
the Bragg's angle and b is the full width at half maximum of the
peak. The average crystallite size for the planes [015], [1010] and
[110] was calculated to be 41.2 nm, 32.5 nm and 24.8 nm for the
samples BT, BTN and BSbTN respectively. It can be seen that the
average crystallite size is reduced by 20% for the samples BTN
and 40% for the sample BSbTN compared to pristine BT.

The morphological analysis of the samples was carried out
and the FESEM images depicted in Fig. 2(a–c) shows agglom-
erated grains of the samples BT, BTN and BSbTN respectively
with size ranging from 20 nm to 1 mm. The layered structure of
Bi2Te3 and Bi0.4Sb1.6Te3 is visible in the gure.

Archimedesmethod was used to determine the density of the
samples and verication was done by volumetric method. The
density values obtained were presented in Table 1. All the
samples were found to be compacted well.
Electrical transport property studies

The variation of electrical conductivity of the samples BT, BTN
and BSbTN are depicted in Fig. 5(a). The electrical conductivity
of all the samples falls off with increase in temperature for the
entire temperature range, indicating degenerate
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 FESEM images of the samples (a) BT, (b) BTN and (c) BSbTN.

Table 1 Relative density of samples BT, BTN and BSbTN measured by
Archimedes method

Sample
name

Actual density
(g cm�3)

Relative density
(%)

BT 7.66 99.5
BTN 7.08 91.9
BSbTN 6.31 93.1

Table 2 Hall carrier concentration n, mobility m and effective mass of
carrier m* at 300 K of samples BT, BTN and BSbTN

Sample
name

n
(1019 cm�3)

m

(cm2 V�1 s�1) m* (me)

BT 2.49 61.42 0.548
BTN 5.93 113.98 0.534
BSbTN 6.49 11.19 0.305
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semiconducting behavior of the material. The sample BTN
shows escalated electrical conductivity and the sample BSbTN
shows declined electrical conductivity compared to that of the
pristine sample. The sample BTN shows an electrical conduc-
tivity around three-fold greater than that of pristine sample at
room temperature.

The electrical conductivity of a material is related to carrier
concentration (n) and mobility of charge carrier (m) through the
relation, s ¼ nem, where e is the electronic charge.

The Hall coefficient RH, n, m and effective mass m* were
measured using van der Pauw method with magnetic eld
strength of 0.55 T and the obtained values are recorded in Table
2.

From the table, it can be seen that n is greater for the
samples BTN and BSbTN than BT. The Hall mobility is found to
be decreased for BSbTN sample, presumably due to scattering
© 2021 The Author(s). Published by the Royal Society of Chemistry
of carriers by point defects and carrier–carrier scattering due to
high carrier density.

The hike in carrier concentration of BTN may be attributed
to a donor-like effect induced due to the mechanical deforma-
tion by excessive ball milling and subsequent hot pressing.20

Deformation induces non-basal slip and creates an average of
3Te to 2Bi vacancy–interstitial pairs.21 When large number of Bi
vacancies are created, the Bi atoms occupying the Te sites
diffuses back to their original sublattices producing Te
vacancies.20

2V 00 0
Bi þ 3V

��

Te þ Bi
0
Te/V 00 0

Bi þ Bi�Bi þ 4V
��

Te þ 6e
0

where V 00 0
Bi and V ��

Te represents the Bi and Te vacancies gener-
ated during the ball milling deformation process, Bi0Te is the
antisite defect formed during crystal growth and e0 is an excess
electron. The Te layers are connected by the weak van der Waals
RSC Adv., 2021, 11, 4539–4546 | 4541
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bonding and due to mechanical deformation, cleavage slip
occurs between Te layers generating Te vacancies. Due to the
small electronegativity difference between Bi and Te, Bi atoms
occupying Te vacancies results in an antisite defect Bi00 0Te and
a vacancy VBi.22,23 The available additional electrons create
donor-like effect which accounts for the large value of n for the
nanostructured sample BTN. The impact level of donor-like
effect is determined by the concentration of antisite defects.

In the sample BSbTN, n increases with respect to the sample
BT as a result of the higher antisite defects due to larger electro
negativity difference between Bi and Te than that between Sb
and Te.24,25 The formation of antisite defects in Bi0.4Sb1.6Te3
crystals was caused by the low polarity of Bi–Te and Sb–Te
bonds. Whenever the difference in electro negativity value of the
component atoms decreases, the ability to form antisite defects
increases (cSb ¼ 1.9, cBi ¼ 1.8 and cTe ¼ 2.1). The Bi and Sb
atoms occupying the Te sites account for the creation of holes
and p-type semiconducting behavior of the material.26 It was
already reported that in BixSb1�xTe3 crystals the hole concen-
tration increases with increase in concentration of Sb.27,28 In
Bi0.4Sb1.6Te3 structure, inherent point defects occur during
growth of crystal from the melt. Here, antisite defects refers to
Bi or Sb atoms occupying Te(1) sites ðBiðSbÞ0Teð1ÞÞ, Bi or Sb
atoms occupying Te(2) sites ðBiðSbÞ0Teð2ÞÞ and Te atoms occu-
pying Bi or Sb sites (TeBi(Sb)). The formation energies of these
Fig. 3 Variation of S with 1/T for the samples (a) BT, (b) BTN and (c) BSb

4542 | RSC Adv., 2021, 11, 4539–4546
antistructure defects were reported as 0.47, 0.76 and 0.94 eV
respectively by T. Thonhauser et al.29

For the sample BTN, the higher value of n and m account for
the shoot up in its electrical conductivity. The diminished
mobility of charge carriers conceals the hike in carrier
concentration in the sample BSbTN, thus reduces its electrical
conductivity.

The variation in Seebeck coefficient of the samples with
temperature are plotted in Fig. 5(b). For the samples BT and
BTN, Seebeck coefficients are negative showing that the
samples are n-type semiconductors. Seebeck coefficient is
positive for the sample BSbTN showing the p-type semi-
conducting nature of the sample. With increase in temperature,
Seebeck coefficient initially increases, reaches a maximum and
then decreases. Bipolar effects account for the diminishing of
Seebeck coefficient at higher temperatures.30 Here, minority
carriers are thermally excited at sufficiently high temperatures.
Seebeck coefficient for electrons and holes are opposite in
nature, hence its value decreases.

The magnitude of an individual gain in S scales roughly with
the distance from Fermi energy (EF) in units of energy. Fritzsche
proposed a model depicting the correlation connecting Seebeck
coefficient to the energy difference between the conduction
band and Fermi level when the density of states edge allows
carrier motion only in the conduction band or in the valence
band.31 For the n and p type semiconductors,
TN.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Calculated values of Fermi level

Sample Ec � EF (eV) EF � Ev (eV)

BT 0.011 � 0.003 —
BTN �0.015 � 0.001 —
BSbTN — �0.016 � 0.002
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S ¼ kB

e

�
Ec � EF

KT
þ Ac

�
for E.Ec

and

S ¼ kB

e

�
EF � Ev

KT
þ Av

�
for E\Ev respectively:

The terms Ac and Av accounts for the distribution of carriers
beyond the conduction band Ec and below the valence band Ev
respectively.

Ac ¼

ðN
0

3

KT
sð3Þd3

ðN
0

sð3Þd3
with 3 ¼ E � Ec
Fig. 4 Modified Kubelka–Munk function versus hn graph of the samples

© 2021 The Author(s). Published by the Royal Society of Chemistry
Av ¼
Ð 0
�N

3

KT
sð3Þd3Ð 0

�N sð3Þd3
with 3 ¼ Ev � E

A graph is plotted with 1/T on the x-axis and �S along the y
axis for n type BT and BTN samples, as shown in Fig. 3(a and b).
Slope of the graph gives value of Ec � EF.32 Slope of the graph
plotted with 1/T along x-axis and S along y-axis for p type BSbTN
sample gives the value of EF � Ev, as estimated from Fig. 3(c).
The obtained values are listed in Table 3.

The obtained results reveal that the derived Fermi level, as
measured from the conduction band edge, is positive for the
sample BT showing that the Fermi level resides inside the band
gap. The lower electrical conductivity of the sample BT also
implies that the Fermi level is located inside the band gap. The
negative value of (Ec � EF) obtained for the sample BTN shows
that the Fermi level shis above the conduction band edge and
the material becomes degenerate. Electrical conductivity of the
sample is enhanced, as expected. (EF � Ev) is positive for the
sample BSbTN informing that the Fermi level shis below the
valence band. Here, Sb acts as an acceptor and down shi the
Fermi level towards the valence band. The n to p type transition
on addition of Sb also implies the Fermi level tuning from
bottom of conduction band edge to top of valence band edge.
(a) BT, (b) BTN and (c) BSbTN.

RSC Adv., 2021, 11, 4539–4546 | 4543
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Table 4 Band gap energy of the samples BT, BTN and BSbTN

Sample
code Eg (eV)

BT 2.528 � 0.002
BTN 2.534 � 0.001
BSbTN 2.591 � 0.004

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
Ja

nu
ar

y 
20

21
. D

ow
nl

oa
de

d 
on

 1
/1

1/
20

26
 8

:2
6:

36
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
For a degenerate semiconductor, Seebeck coefficient
measures the asymmetry in the electronic structure and scat-
tering rates near Fermi energy and is connected to carrier
concentration (n) and effective mass of charge carrier (m*)
through Mott's relation,

S ¼ 8p2kBm*T

3eh2

�p

3n

�2
3

where kB is the Boltzmann constant and h is the Planck's
constant.33 The increase in n and decrease in m* of BTN
explains its lower Seebeck coefficient compared to that of BT.
Widening of band gap

The UV-visible spectroscopy studies were conducted to deter-
mine the optical band gap of the material. The fundamental
optical band gap energy was calculated by using the Tauc-plot
relation,

(hnF(R))2 ¼ A(hn � Eg)

where, hn is the photon energy (eV), Eg is the optical band gap
(eV) of the material and A is the proportionality constant.34 The
Kubelka–Munk function, F(R) is calculated by using the
measured diffuse reectance data,

FðRÞ ¼ ð1� RÞ2
2R

The absolute reectance value, R is obtained from UV-visible
diffuse reectance spectroscopy. The band gap energy of the
samples BT, BTN and BSbTN were found out by extrapolating
the linear part of (F(R)hn)2 to the energy axis, i.e., by extrapo-
lating the absorption edge to zero absorption, as shown in
Fig. 4(a–c). The obtained values of band gap energy were listed
in Table 4.

It is clear that, nanostructuring widens the band gap of
Bi2Te3 by an amount of 0.014 eV for the sample BTN and the
combined effect of nanostructuring and defect engineering
widens the energy gap by an amount of 0.063 eV. Increment in
band gap energy can be ascertained due to the apparent shi in
Fermi level dened as Burstein–Moss shi.35

The variations in electrical conductivity and Seebeck coeffi-
cient with temperature reects in the value of power factor (S2s)
as shown in Fig. 5(c). Power factor value of the sample BTN is
higher and BSbTN is lower compared to that of the BT for the
entire temperature range indicating that nanostructuring alone
is benecial for improving the power factor while doping with
4544 | RSC Adv., 2021, 11, 4539–4546
Sb results in diminished power factor. A maximum power factor
value of 1.18 W mK�2 is obtained for the sample BTN at
a temperature of 340 K.

Thermal conductivity measurements

The change in total thermal conductivity and lattice thermal
conductivity of the samples BT, BTN and BSbTN with temper-
ature were plotted in Fig. 5(d and e) respectively. The total
thermal conductivity (k) of a material is the sum of electronic,
phononic and bipolar contributions.

k ¼ ke + kl + kb

where ke represents the electronic thermal conductivity, kl is the
lattice thermal conductivity and kb is the bipolar thermal
conductivity. Bipolar thermal conductivity arises at sufficiently
high temperatures with the onset of conduction by minority
charge carriers. At low temperatures, k ¼ ke + kl.

Weidemann–Franz law denes electronic thermal conduc-
tivity in terms of electrical conductivity as,34

ke ¼ L0sT

where T represents the absolute temperature. L0, the Lorent'z
constant can be calculated36 as,

L0 ¼ 1.5 + exp[�|S|/116]

As seen in Fig. 5(d and e), the samples show similar trend in
variation of k and kl with temperature. k initially decreases,
reaches a minimum and then starts to increase. The further
increase in k at high temperature is due to onset of bipolar
conduction. k and kl values of BTN and BSbTN are lower than
that of BT showing that the technique of nanostructuring and
defect engineering were effective in reducing thermal conduc-
tivity of Bi2Te3. Comparing the values of k and kl shows that the
reduction in k mainly comes from reduced kl due to enhanced
scattering of phonons. It was reported that phonons with short,
intermediate and long wavelengths can be scattered by struc-
tures with comparable sizes.37 In nanostructured BTN sample,
phonons with intermediate wavelengths can be scattered by
increased grain boundaries resulting in reduced thermal
conductivity. The enhanced electrical conductivity and reduced
thermal conductivity of BTN implies that phononic transport is
more affected than electrons. In the sample BSbTN, phonons
with short and intermediated wavelengths can be scattered by
increased grain boundaries and point defects created by the
substitutional Sb atoms leading to further diminished thermal
conductivity.38 Both nanostructuring and defect engineering
contribute to reduction in thermal conductivity andminimum k

of 0.72 W mK�1 at 420 K is obtained for the sample BSbTN,
reduced by a factor of 2 compared to the sample BT.

Figure of merit

Fig. 5(f) presents the variation of ZT with temperature. It is evident
that ZT value is substantially increased for the samples BTN and
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Variation of thermoelectric properties of the samples BT, BTN and BSbTN (a) electrical conductivity (b) seebeck coefficient (c) power
factor (d) total thermal conductivity (e) lattice thermal conductivity and (f) figure of merit.
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BSbTN compared to that of the sample BT. A peak ZT value of
0.295 is obtained at 420 K for the sample BSbTN which is two-fold
greater than that of the pristine sample. The better performance of
© 2021 The Author(s). Published by the Royal Society of Chemistry
BSbTN can be attributed to the reduction in thermal conductivity
due to intensied phonon scattering at the increased boundaries
offered by grain size reduction and defect engineering.
RSC Adv., 2021, 11, 4539–4546 | 4545
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Conclusions

In this study, Bi2Te3 is synthesized through solid state reaction
route and variation in thermoelectric properties induced via
techniques of nanostructuring and defect engineering are
studied. The donor-like effect induced by the mechanical
deformation is found to modify the Fermi level and hence the
carrier concentration, leading to better electrical properties.
Thermal conductivity reduction is achieved via nanostructuring
and probing antisite defects by incorporating dopant. Tuned
Fermi level due to impurity addition and enhanced phonon
scattering at increased boundaries of nanograins effectively
change the thermoelectric gure of merit of the sample. A
minimum thermal conductivity of 0.72 W mK�1 at 420 K is
obtained for the sample BSbTN, reduced by a factor of 2 and
a peak ZT value of 0.295 is obtained at 420 K which is two-fold
greater than that of the pristine sample.
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