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a b s t r a c t

Bismuth telluride-based alloys are the most widely used commercial thermoelectric (TE) material for
room temperature refrigeration. Here, we successfully shift up the optimum figure of merit of n-type
bismuth-telluride-based TE materials for mid-temperature power generation. SbI3 doping is used to
regulate the carrier concentration and Indium alloying to increase the bandgap, suppressing the detri-
mental bipolar conduction in the mid-temperature range. The lattice thermal conductivity is significantly
reduced due to the multiscale microstructures induced via hot deformation. As a result, a peak zT of ~1.1
was attained at 625 K for Bi1.85In0.15Te2Se þ 0.25 wt% SbI3 alloy after hot deformation, showing a great
application prospect of this alloy in mid-temperature TE power generation.
© 2018 The Chinese Ceramic Society. Production and hosting by Elsevier B.V. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Thermoelectric (TE) materials, which are capable of directly
inter-converting heat and electricity, have received widespread
attention due to the growing energy needs of fossil fuels over the
past two decades [1]. The conversion efficiency of a TE device
strongly depends on the dimensionless figure of merit zT ¼ a2sT/k,
where a is the Seebeck coefficient, s and k are the electrical con-
ductivity and the total thermal conductivity (including the lattice
contribution kL and the carrier contribution ke) respectively, and T is
the operating temperature [2,3]. Recently, band engineering [4e6]
and phonon engineering [7,8] have been used separately to opti-
mize the electronic and the thermal transport properties in order to
maximize the figure of merit, including band convergence, hierar-
chical phonon scattering, nanostructuring and introducing point
defects.

For power generation, some good TE materials have exhibited
excellent TE performance with the optimal operating temperatures
over 700 K, such as PbTe [9,10], half-Heusler alloys [11,12], and filled
skutteruides [13,14]. However, the promising TE materials are
rarely reported for the waste heat harvesting in the temperature

range of 400e700 K. Therefore, developing high-efficiency TE ma-
terials operating in the range 400e700 K is significant in practice.

In the past decades, zone-melted (ZM) bismuth telluride
(Bi2Te3) based alloys have become the best commercial TE mate-
rials. ZM Bi2Te3-based alloys are mainly used in the solid-state
refrigeration because of high zT values of ~1 near room tempera-
ture [15]. With the increasing energy consumption, Bi2Te3 based
alloys have drawn increasing interest for power generation appli-
cations below 700 K. P-type Bi2Te3-based alloys for this purpose
have exhibited high TE performance. For example, Hu et al. ob-
tained a high zT of ~1.3 at 380 K for p-type polycrystalline
Bi0.3Sb1.7Te3 alloys [16] and a maximum zT of ~0.92 at 710 K for p-
type Ag0.01Sb1.85In0.15Te3 alloy [17]. Xu et al. successfully upshifted
the service temperature of p-type (Bi,Sb)2Te3, and a peak value of zT
of ~1.4 was attained at 500 K in Bi0.3Sb1.625In0.075Te3 [18]. As for n-
type Bi2Te3-based alloys for power generation, Pan et al. fabricated
textured n-type Bi2(Te,Se)3materials with amaximum zTexceeding
1.1 at 473 K [19]; Wang et al. reported a peak zT value of ~0.86 at
600 K in n-type zone melted Bi2Te1.5Se1.5 [20]; Meanwhile, Liu et al.
achieved a high zT of ~0.8 at 573 K in n-type Bi2Te2S prepared by
ball-milling and hot-pressing [21]. However, the current n-type
performance cannot match the p-type counterparts in the range of
500e700 K. Therefore, this work is focused on high performance n-
type Bi2Te3-based alloys for power generation at higher
temperatures.
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Owing to the intrinsically small band gap Eg ~0.13 eV [22,23],
Bi2Te3-based alloys show a significant degradation in TE perfor-
mance when applied to mid-temperature power generation. On
account of bipolar conduction, the excitation of minority carriers
not only decreases the Seebeck coefficient but also increases the
thermal conductivity, which result in a decreased zT [24]. There-
fore, suppressing bipolar conduction of Bi2Te3 based alloys is
crucial, and an apparent solution is to increase the band gap. Fig. 1
shows the composition dependence of band gap for n-type Bi2Te3-
xSex. The previous results reach a consensus that the Eg reaches a
maximum at x¼ 1 (Bi2Te2Se) whereas they disagree at x¼ 3
(Bi2Se3) [26e28]. Therefore, we choose Bi2Te2Se as the matrix
composition in this work.

Bi2Te2Se ingots prepared by zone-melting exhibit very low
carrier concentrations because the concentration of antisite defects
near this composition is close to that of anion vacancy [28e30]. For
the purpose of increasing carrier concentration, SbI3 is generally
used as a donor dopant in the n-type Bi2(Te,Se)3 alloys [31]. In our
previous work, Xu et al. demonstrated that the band gap could be
broadened by In doping in p-type (Bi,Sb)2Te3 and thus suppressed
the detrimental bipolar effect [18]. Besides, hot deformation (HD)
processing could create multiscale phonon scattering centers to
optimize the thermal conductivity [8].

Thus, in this work we fabricate n-type Bi2Te2Se alloys by SbI3
doping and In alloying, combining with zone-melting and HD
techniques. SbI3 doping can effectively regulate the carrier con-
centration via providing extra electrons, In alloying inhibits the
intrinsic excitation by increasing the band gap of Bi2Te2Se, and HD
processing reduces the lattice thermal conductivity. As a result, a
peak zT of ~1.1 at 625 K was obtained, with an average zTav of ~1.03
between 500 and 700 K in Bi1.85In0.15Te2Se þ 0.25 wt% SbI3 fabri-
cated by zone-melting and HD procedure, demonstrating its great
potential for mid-temperature (500e700 K) power generation.

2. Experimental

2.1. Preparation

Commercial high-purity elemental chunks of 99.999% Bi,
99.999% Te, 99.999% Se, 99.99% In and 99.999% SbI3 were used as
raw materials. Appropriate quantities of materials were weighed
according to stoichiometric Bi2Te2Se þ x wt% SbI3 (x¼ 0.15, 0.20,
0.25, 0.30), mixed and sealed into a quartz tube at 10�3 Pa. The
mixtures were then melted in a rocking furnace at 1023 K for 10 h.
After melting, the ingots were zone-melted at 973 K with a tem-
perature gradient of 30 K cm�1 and a growth rate of 20mmh� 1.

The resulting ingots with SbI3 content x were named ZM-SbI3-x,
and all thermoelectric properties were tested along the growth
direction of the ingot unless otherwise noted. Of these ZM samples,
0.25wt% SbI3 showed the best TE performance with a peak zT of
~0.65 at 575 K as presented in Fig. S1, and other TE properties are
shown in Figs. S1eS2. Room temperature physical parameters of
zone melted sample of Bi2Te2Se þ 0.25 wt% SbI3 are displayed in
Table S1. It is obvious that the band gap needs to be further
increased and the high lattice thermal conductivity needs to be
reduced. Based on these results, then we prepared ZM Bi2-
xInxTe2Se þ 0.25 wt% SbI3 (x¼ 0, 0.005, 0.01, 0.015, 0.02) ingots,
and these ingots were named ZM-Inx.

HD processing was performed subsequently. Rods with a
diameter of 16mm and a height of 20mm were cut along the
growth direction of the as-grown ZM-Inx ingots, and then HD
processing was performed in a graphite die of f 20mmat 823 K for
30min under the pressure of 80MPa. More details can be found
elsewhere [32e34]. Finally, the disk-shaped hot deformed samples
of 20mm (HD-Inx) were obtained. All the samples have similar
relative densities of ~96% and all their TE properties were tested
along the pressure direction.

2.2. Characterization

The phase identification of all the samples was investigated by
X-ray diffraction on a Rigaku D/MAX-2550 P diffractometer. The
actual chemical compositions were characterized by electron probe
microanalysis (EPMA) on JEOL JXA-8100 with a wave dispersive
spectrometer (WDS). Transmission electron microscope (TEM)
observation was performed on JEOL 2100 F and FEI TF30 micro-
scopes and the thin TEM specimens were prepared by the con-
ventional standard methods.

2.3. Thermoelectric measurements

The electrical conductivity s and the Seebeck coefficient a were
simultaneously measured on a commercial Linseiss LSR-3 system.
The thermal diffusivity D and the specific heat capacity Cp were
tested on A Netzsch LFA 457 laser flash apparatus with a Pyroceram
standard. The thermal conductivity is then calculated according to
the relation k¼DrCp, where r is estimated by the usual dimension
and weight measurement procedures. The Hall coefficient RH was
measured at 300 K using a four-probe configuration on a Quantum
Design PPMS-9T instrument. The carrier concentration nH and the
carrier mobility mH were computed by nH¼ 1/eRH and mH¼ sRH,
respectively.

3. Results and discussion

3.1. Electrical transport properties

No secondary phases were observed in the ZM Bi2-
xInxTe2Se þ0.25 wt% SbI3 bulk samples with x¼ 0e0.20, as indi-
cated in the XRD patterns (Fig. 2). During the preparation of n-type
Bi2Te2Se zone melted ingot, Se and Te atoms tend to be more
deficient than Bi due to their lower boiling points (Table S2),
resulting in the anion vacancies V��

Te and V��
Se . Excess Bi atoms can

occupy Te and Se vacancies to form the negatively charged antisite
defects Bi0Te and Bi0Se, resulting in the increase of hole concentra-
tion [16].

Fig. 3(a) shows the variation of carrier concentration nH with In
content in Bi2-xInxTe2Se þ 0.25 wt% SbI3 before and after hot
deformation. With the increase of In content, the carrier concen-
tration firstly increases and then decreases. Substituting In at Bi
sites does not produce more holes or electrons because of theFig. 1. Previous study on band gap of Bi2Te3-xSex [25e27].
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