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Abstract—n-Type Bi2Te3–Bi2Se3 solid solutions containing 6, 8, and 10 mol % Bi2Se3 and doped with hex-
abromobenzene (C6Br6) and excess tellurium have been prepared by extruding granules produced by melt
solidification in a liquid. The solid solutions have been characterized by X-ray microanalysis and microstruc-
tural analysis using a scanning electron and an optical microscope, and their mechanical and thermoelectric
properties have been studied. Their ultimate strength, fracture strain, and elastic coefficient have been eval-
uated from room-temperature compression test results. The electrical conductivity, Seebeck coefficient, and
thermal conductivity of the solid solutions have been measured in the temperature range 100–700 K. The
temperature behavior of the Seebeck coefficient and electrical conductivity in the temperature range 150–300 K
has been shown to differ from that predicted theoretically. The highest thermoelectric figure of merit of the
solid solutions, (ZT)max, is ~0.9 at temperatures from 320 to 390 K.
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INTRODUCTION
The subject of this study is materials based on an

n-type bismuth chalcogenide solid solution, which are
used in thermoelectric devices for various applica-
tions. The carrier concentration in this solid solution is
usually varied by adding very small amounts of halo-
gen-containing compounds (CdCl2, Hg2Cl2, and
SbI3). However, these compounds are hygroscopic,
and it is sometimes difficult to optimize the amount of
the dopant and, hence, obtain materials with stable
properties. The organic compound hexabromoben-
zene (C6Br6) is environmentally safe, sufficiently sta-
ble, and water-insoluble, and the use of this com-
pound is expected to enable the fabrication of high-
performance materials based on the above-mentioned
solid solution, with well-reproducible thermoelectric
characteristics.

In a previous study [1], we investigated the thermo-
electric and mechanical properties of n-type Bi2Te3–
Bi2Se3 solid solutions containing 8 and 20 mol %
Bi2Se3 and doped with excess tellurium, cadmium
chloride, and antimony iodide, which were prepared
by hot-pressing and extruding granules produced
through melt solidification in a liquid. In this paper,
we describe Bi2Te3–Bi2Se3 solid solutions containing
6, 8, and 10 mol % Bi2Se3 and doped with hexabromo-
benzene (0.05 wt % C6Br6), which were prepared by

extruding granules produced through melt solidifica-
tion in water at room temperature and were then
ground in a planetary mill.

The objectives of this work were to assess the feasi-
bility of controlling carrier concentration in C6Br6-
doped Bi2Te3–Bi2Se3 solid solutions by varying their
composition and achieve high thermoelectric perfor-
mance and strength using a previously developed pro-
cess for the preparation of materials through rapid
melt solidification [2].

EXPERIMENTAL
Extruded samples were prepared from granules pro-

duced by water-quenching Bi2Te2.82Se0.18, Bi2Te2.76Se0.24,
and Bi2Te2.7Se0.3 melts containing 0.049 wt % C6Br6
and 0.05 wt % excess Te.

The starting materials were loaded directly into the
container of a casting system in the following order:
C6Br6, Se, Te, and Bi. The mixture was melted and
stirred via high-frequency heating for 2 min. The melt
f lowed to water at a speed of ~5 m/s. Under such con-
ditions, the cooling rate of the melt reached ~105 K/s.
The resultant granules were comminuted in a plane-
tary mill under a nitrogen atmosphere for 40–45 min
at a rotation rate of 340 rpm and then cold-pressed
into compacts in an inert (nitrogen) atmosphere at a
load of 300 kN for 2 min and then in air at a load of
432
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Table 1. X-ray microanalysis data for the Bi2Te3–Bi2Se3 solid solutions

Sample mol % Bi2Se3

Weight percent Weight percent (X-ray analysis data)

Bi Te Se
Bi Te Se

starting mixture/sample

1 6 52.41 45.90 1.69
53.11 45.52 1.38
51.87 46.81 1.31
52.80 45.19 2.01
52.52 45.66 1.82

2 8 52.56 44.84 2.60
52.66 45.38 1.96
52.00 45.98 2.02
52.69 45.46 1.85
52.61 45.41 1.99
52.18 45.18 2.64

3 10 51.88 44.52 3.60
52.68 44.83 2.49
52.04 45.55 2.41
51.91 45.16 2.92
52.69 44.47 2.84
53.38 43.83 2.79

52.77 52.54 45.43 45.82 1.80 1.64

52.80 52.45 44.81 45.37 2.39 2.18

53.16 52.43 43.82 44.73 3.01 2.84
600 kN for another 2 min. The compacts were
annealed for 10 h in an argon atmosphere at 763 K and
extruded at 640 K into rectangular bars 5 × 5 mm in
cross-sectional dimensions and up to 200 mm in
length, which were then annealed for 24 h at a tem-
perature of 613 K.

The ultimate strength, fracture strain, and elastic
modulus of the solid solutions were determined at
room temperature in compression tests on a Model
5800 Instron Universal Testing Machine at a cross-
head speed of ~1 mm/min.

Using a LEO 1420 scanning electron microscope
(SEM), we determined the phase composition of the
samples in terms of their major components (tellu-
rium, selenium, and bismuth) in different areas of the
samples and examined fracture surfaces. In addition,
the microstructure of the fracture surfaces was exam-
ined on a Polivar-Met-66 metallurgical optical micro-
scope after etching polished sections for 10 s in an
aqueous 50% HNO3 solution.

The thermoelectric properties of the solid solutions
were studied using samples 5 × 5 × 12 mm in dimen-
sions, cut from the extruded bars. The Seebeck coeffi-
cient (α), electrical conductivity (σ), and thermal
conductivity (κ) of the solid solutions were measured
at room temperature and in the ranges 100–300 and
300–700 K. The temperature dependences of α and σ
in the temperature range 100–300 K were obtained in
a liquid-nitrogen-cooled cryostat. The temperature
and Seebeck coefficient were determined using cop-
per–constantan thermocouples located on the end
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faces of the sample. Voltage leads were soldered to the
lateral surface of the sample. The high-temperature
measurements were made in an argon atmosphere at a
pressure of 0.7 × 105 Pa. The temperature and Seebeck
coefficient were then determined using Chromel–
Alumel thermocouples, which were inserted in holes
drilled in the sample. The thermocouples were used in
addition as voltage leads in electrical conductivity
measurements.

To follow the variation in the thermoelectric effi-
ciency coefficient Z = α2σ/κ in the temperature range
100–700 K, the lattice thermal conductivity κl (or κl + κph)
was evaluated as the difference between the total ther-
mal conductivity κ and the electron contribution κel to
the thermal conductivity using the relation κl = κ – κel,
where κel = LσT (L is the Lorenz number and T is the
ambient temperature). To calculate κl(T), we used κl
values evaluated from the total thermal conductivity
measured at room temperature, a κl ~ T–0.5 relation at
temperatures below 300 K, and a (κl + κph) ~ T0.9 rela-
tion at T > 300 K, that is, above the inflection in the
α(T) and σ(T) curves in the intrinsic conductivity
region, where an additional contribution to thermal
conductivity, κph, emerges due to ambipolar diffusion
of electrons and holes.

RESULTS AND DISCUSSION
Table 1 summarizes X-ray microanalysis data illus-

trating the concentrations of major components in dif-
ferent areas of the extruded samples. The samples were
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Table 2. Ultimate strength (σa), fracture strain (εa), and
elastic modulus (dσ/dε) in 300-K compression tests of the
samples prepared by extruding granules comminuted in a
planetary mill

Sample σa, MPa εa, % dσ/dε, GPa

1 103 0.67 15.4

2 194 1.08 18

3 248 1.37 22

Fig. 1. Stress–strain diagrams obtained in 300-K compres-
sion tests of the Bi2Te3–Bi2Se3 solid solutions containing
(1) 6, (2) 8, and (3) 10 mol % Bi2Se3 and doped with
0.05 mol % C6Br6.
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found to be similar in composition to the starting mix-
ture used for melt granulation. According to the X-ray
analysis data, the scatter in the Bi and Te contents of
the samples did not exceed 2% and that in the Se con-
tent was within ~20%. The Bi, Te, and Se contents of
the samples differed from those of the starting mixture
by no more than 0.5–1.5, 0.9–2.0, and 5.0–9.0%,
respectively.

The strength data obtained for the samples with
different compositions in the room-temperature com-
pression tests demonstrate that stress is a linear func-
tion of strain, pointing to elastic deformation. Figure 1
shows the 300-K stress–strain (σ–ε) diagrams for
these samples. They exhibit brittle fracture at a strain
of 0.7–1.4%. Table 2 presents the ultimate strength,
fracture strain, and elastic modulus of the materials
studied. These quantities were calculated with allow-
ance for the nonlinear stress–strain behavior in the
initial stage of loading. Increasing the percentage of
bismuth selenide in the solid solutions was found to
increase their ultimate strength. The highest strength
was offered by the materials prepared by extruding the
Bi2Te3–Bi2Se3 solid solution containing 10 mol %
Bi2Se3 and doped with C6Br6: they had an ultimate
strength of ~250 MPa.

Microstructural analysis of fracture surfaces under
an optical microscope showed that all of the samples
had a fine-grain structure with a grain size no greater
than a few microns (Figs. 2a–2c). SEM examination
of fractographs of fracture surfaces of the samples
(Figs. 2d–2f) showed that they had a “fibrous” struc-
ture formed by grains elongated in the plastic f low
direction and having a (100) and (110) deformation
texture. The (001) cleavage planes are basal slip
planes. Under compression, the materials under study
fracture along both grain boundaries and basal (cleav-
age) planes, with the main deformation mechanism
being basal dislocation slip. The samples prepared by
extrusion contain the highest density of dislocation
networks, both basal and tilted to the basal planes,
which hinder dislocation motion, impeding the prop-
agation of compression-induced cracks in these mate-
rials, so they have high ultimate strength.

Table 3 summarizes the room-temperature ther-
moelectric properties of our samples. Figure 3 shows
temperature dependences of the Seebeck coefficient,
electrical conductivity, and thermal conductivity in
the range 100–700 K for the samples containing 6, 8,
and 10 mol % Bi2Se3. The highest electron concentra-
tion and, accordingly, a lower Seebeck coefficient and
higher electrical conductivity and thermal conductiv-
ity were obtained in the Bi2Te3–Bi2Se3 solid solution
with the lowest Bi2Se3 content (6 mol %, sample 1).
Raising the percentage of bismuth selenide in the
Bi2Te3–Bi2Se3 solid solutions reduces the carrier con-
centration and shifts the inflection in the α(T), σ(T),
κ(T), and ZT(T) curves to lower temperatures. The
(ZT)max of the solid solutions is essentially indepen-
dent of their composition and reaches ~0.9 in the
range 320–390 K (Table 4).

For the materials studied, we evaluated the expo-
nent (r) in the relation between log σ and log T and the
slope (A) of the plot of α against ln T in the range from
their Debye characteristic temperature (155 K) to a
temperature 50 K below the temperature correspond-
ing to αmax (Table 4). The behavior of the temperature
dependences of the Seebeck coefficient and electrical
conductivity in the range 150–300 K differs from that
in the case of a parabolic band structure and an acous-
tic carrier scattering mechanism in materials, when
the carrier effective mass is temperature-independent,
with r = –1.5 and A = 129 μV/K [3]. For the materials
INORGANIC MATERIALS  Vol. 55  No. 5  2019
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Fig. 2. Cleavage surfaces after room-temperature compression tests of the Bi2Te3–Bi2Se3 solid solutions containing (a, d) 6, (b, e)
8, and (c, f) 10 mol % Bi2Se3 and doped with 0.05 mol % C6Br6: (a–c) optical and (d–f) SEM micrographs.

(b)10 μm 10 μm 10 μm

2 μm2 μm2 μm

(c)

(d) (e) (f)

(a)
studied here, we obtained r ~ –1 and A ~ 110 μV/K. The
same values were obtained for Bi2Te2.7Se0.3 solid solution
samples prepared by hot-pressing melt-spun powder [4]
and CdCl2-doped Bi2Te2.76Se0.24 and Bi2Te2.4Se0.6 sam-
ples prepared by extruding granules produced by liquid
quenching at 180 K and ground in a planetary mill [1].
INORGANIC MATERIALS  Vol. 55  No. 5  2019

Table 3. 300-K thermoelectric properties of the n-type samples

Sample Composition α, μV/K σ

1 Bi2Te2.82Se0.18 + 0.05 wt % С6Br6 –183

2 Bi2Te2.76Se0.24 + 0.05 wt % С6Br6 –208

3 Bi2Te2.7Se0.3 + 0.05 wt % С6Br6 –227

Table 4. αmax, (ZT)max, and exponents and slopes (r and A)
extruded samples 1–3 and CdCl2-doped Bi2Te2.76Se0.24 samp

* Bi2Te2.76Se0.24 + 0.02% CdCl2.
** Bi2Te2.76Se0.24 + 0.015% CdCl2.

Sample Тc, K Тmax, K αmax, 

1 300 390 –1
2 300 350 –2
3 300 320 –2
4* 180 433 –2
5** 180 345 –2
CONCLUSIONS

The composition of n-type hexabromobenzene-
doped Bi2Te3–Bi2Se3 solid solutions has been further
optimized. The solid solutions have been prepared by
extruding granules produced by liquid quenching in
water and ground in a planetary mill. These samples
 prepared by extruding granules comminuted in a planetary mill

, S/cm κ × 103, W/(cm K) κl × 103, W/(cm K) ZТ

1361 16.53 9.88 0.83

905 13.80 9.54 0.85

690 12.96 9.75 0.82

 in the plots of log σ vs. log T and α vs. ln T for the n-type
les (4, 5)

μV/K (ZT)max r А, μV/K

96 0.9 –1.00 113
20 0.9 –1.10 111
46 0.9 –1.05 110
03 1.0 –0.91 98
29 0.8 –1.27 112
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Fig. 3. Temperature dependences of the (a) Seebeck coeffi-
cient, (b) electrical conductivity, (c) thermal conductivity, and
(d) thermoelectric figure of merit in the range 100–600 K for
the Bi2Te3–Bi2Se3 solid solutions containing (1) 6, (2) 8, and
(3) 10 mol % Bi2Se3 and doped with 0.05 mol % C6Br6.
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have been shown to be sufficiently homogeneous in
terms of their major components, whose composition
was similar to that of the starting mixture.
The ultimate strength of the samples increases from
100 to 250 MPa as Bi2Se3 content increases from 6 to
10 mol %. The highest thermoelectric figure of merit
of the solid solutions, (ZT)max ~ 0.9, is essentially inde-
pendent of their composition, whereas the peak in ZT
shifts from 320 to 390 K with decreasing Bi2Se3 content.
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