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Abstract—Reactive spark plasma sintering (RSPS) is used to obtain single-phase samples of medium-entropy
BiSbTe1.5Se1.5 compounds (low-temperature thermoelectric electronic type of conductivity) and PbSnTeSe
(medium temperature hole-type thermoelectric conductor) from a mixture of powders of the corresponding
elemental metals. The obtained samples are polycrystalline with lamellar grains with the average size of
~3.3 μm in BiSbTe1.5Se1.5 and with irregularly shaped grains with the average size of ~18.9 μm in PbSnTeSe.
The maximum thermoelectric figure-of-merit of the samples is ~0.43 (at 500 K for BiSbTe1.5Se1.5) and ~0.35
(at 725 K for PbSnTeSe).
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1. INTRODUCTION
The development of high- and medium-entropy

alloys is one of the effective approaches of modern
physical materials science, which is used to improve
the properties of materials [1–3]. Such alloys are char-
acterized by increased mixing of the entropy values
compared to traditional multicomponent alloys. High
entropy alloys contain at least 5 elements, the amount
of each of which should not be less than 5 at % and
should not exceed 35 at %. In turn, medium-entropy
alloys consist of 3 or 4 main elements. Due to the effi-
cient scattering of phonons on the structural inhomo-
geneities characteristic of high- and medium-entropy
alloys, these alloys have low thermal conductivity,
which is important for increasing the thermoelectric
figure-of-merit of ZT materials. The thermoelectric
figure-of-merit is expressed as ZT = [S2/(ρk)]T,
where S is the Seebeck coefficient, p is electrical resis-
tivity, k is the total thermal conductivity, and T is the
absolute temperature. High-entropy and medium-
entropy alloys are a new class of promising thermo-
electric materials with low thermal conductivity [4–6].
At present, the main way to create such materials is
based on the use of a known thermoelectric material,
taken as a parent compound, which can be converted
into an appropriate high-entropy or medium-entropy
alloy. For the medium-entropy alloys BiSbTe1.5Se1.5
and PbSbTeSe developed in this study, such parent
compounds are bismuth telluride Bi2Te3 (low-tem-

perature thermoelectric of electronic type of conduc-
tivity) and lead telluride PbTe (medium-temperature
thermoelectric of the hole type of conductivity). The
main aim of this study is to obtain polycrystalline sam-
ples of medium-entropy BiSbTe1.5Se1.5 and PbSnTeSe
compounds and determine the features of the micro-
structure and thermoelectric properties of the samples
using reactive spark plasma sintering (RSPS). Usually,
when obtaining thermoelectric materials, the stage of
synthesis of the initial powder of the required chemical
composition and the stage of sintering of the initial
powder are carried out separately. In the RSPS
method, these stages are combined; i.e., both the for-
mation of the required compound and the preparation
of a bulk sample of the required shape and size from
this compound occur in one process [7–9]. The obvi-
ous advantage of RSPS is the reduction in the number
of stages of the technological process, which, in prin-
ciple, makes it possible to obtain purer materials. To
obtain materials using RSPS of a mixture of elemental
metal powders, the desired compound can be synthe-
sized as a self-propagating high-temperature synthesis
(SHS), when an exothermic chemical process such as
combustion is initiated in the mixture of powders,
leading to the formation of a compound. The SHS
method alone (not as the RSPS stage) is used for the
synthesis of initial powders of some thermoelectric
materials intended for further sintering [10–12].
25
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Fig. 1. X-ray diffraction patterns of bulk BiSbTe1.5Se1.5
and PbSnTeSe samples.
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2. EXPERIMENTAL

To obtain samples of the materials developed in
this study, the initial Bi, Sb, Pb, Sn, Se, and Te pow-
ders taken in the stoichiometric ratio for BiSbTe1.5Se1.5
and PbSnTeSe, were thoroughly mixed with a ball
mill. To implement the RSPS, a mixture of powders
was poured into a graphite mold, which was placed in
the setup chamber. SPS 25/10 and subjected to uniax-
ial compression at a pressure of 20 MPa in a vacuum.
A current of 1500 A was passed through the mold in
the pulsed mode for 2–3 s. The beginning of the SHS
process (the first stage of RSPS) is recorded by a jump
in the temperature of the mixture of powders in the
mold and the simultaneous shrinkage of the synthe-
sized material. Then, the synthesized material was
subjected to direct spark plasma sintering (the second
stage of RSPS) without increasing the pressure for
15 min at temperatures of 723 and 823 K for
BiSbTe1.5Se1.5 and PbSnTeSe compositions, respec-
tively.

3. DISCUSSION

According to the results of the X-ray phase analysis
completed using the Rigaku SmartLab X-ray diffrac-
tometer, the samples obtained by the RSPS method
are indeed single-phase BiSbTe1.5Se1.5 and PbSnTeSe
compounds, respectively (Fig. 1). Thus, the selected
RSPS method for obtaining materials allows initiating
the SHS process for the synthesis of the necessary
chemical compounds. The BiSbTe1.5Se1.5 samples have
a hexagonal crystal structure (symmetry space group

) with lattice parameters a = b = 4.182 Å and c =
29.752 Å. Such a hexagonal structure is characteristic
of alloys based on Bi2Te3. The PbSnTeSe samples have
a cubic structure ( ) with a period of 6.216 Å.
A similar cubic structure is characteristic of PbTe-
based alloys. The sample density determined using the
Archimedes method was ~6.87 (BiSbTe1.5Se1.5) and
~7.07 g cm–3 (PbSnTeSe). According to the scanning
electron microscopy data (microscope Nova Nano-
SEM 450), the obtained samples are polycrystalline
(Fig. 2). In BiSbTe1.5Se1.5 the grains have a lamellar
shape with the average size of ~3.3 μm. The grains in
PbSnTeSe have an irregular shape with the average size
of ~18.9 μm.

The electrical resistivity and the Seebeck coeffi-
cient were measured using a ZEM-3 setup. For sam-
ples of both types, p increases with temperature (from
~23 at 300 K to ~30 μΩ m at 550 K for BiSbTe1.5Se1.5,
and from ~7 at 300 K to ~38 μΩ m at 760 K for
PbSnTeSe), demonstrating the behavior characteristic
of metals and degenerate semiconductors. This behav-
ior is due to the scattering of the majority current car-
riers on phonons. The Seebeck coefficient for
BiSbTe1.5Se1.5 has a negative sign (the majority current
carriers are electrons), and for PbSnTeSe, it is positive
(holes). For samples of both types S changes mono-
tonically as the temperature increases (from ~–108 at
300 K to ~–130 μV K–1 at 550 K for BiSbTe1.5Se1.5, and
from ~20 at 300 K to ~130 μV K–1 at 760 K for
PbSnTeSe). To measure the total thermal conductiv-
ity of the samples by the laser flash method, a TC-1200
setup was used. The temperature dependences k of
samples of both types are shown in Fig. 3. For the pur-
pose of comparison, the same figure shows the same
dependences for samples of the same compositions,
but obtained according to the classical scheme of the
preliminary synthesis of the initial powders and their
subsequent sintering (the data for BiSbTe1.5Se1.5 are
taken from [5]; and for PbSnTeSe, from [13]). For
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Fig. 2. Surface images of bulk BiSbTe1.5Se1.5 (a) and PbSnTeSe (b) samples.
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Fig. 3. Temperature dependences of the total thermal con-
ductivity of bulk BiSbTe1.5Se1.5 and PbSnTeSe samples.
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Fig. 4. Temperature dependences of the thermoelectric
figure-of-merit of bulk BiSbTe1.5Se1.5 and PbSnTeSe
samples.
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samples of BiSbTe1.5Se1.5 compounds, obtained in var-
ious ways, dependences k(T) practically coincide,
while the thermal conductivity of the PbSnTeSe sam-
ple obtained using RSPS at low temperatures is
approximately 20% higher than that of the reference
sample, but at high temperatures (at which this
medium-temperature thermoelectric can be used),
the thermal conductivity of both PbSnTeSe samples is
just slightly different. The temperature dependences of
the thermoelectric figure-of-merit of BiSbTe1.5Se1.5
and PbSnTeSe samples, both obtained in this study
and reference samples, are shown in Fig. 4. Through-
out the temperature range, the ZT values of the
BiSbTe1.5Se1.5 sample obtained using RSPS is much
higher than the thermoelectric figure-of-merit of the
reference sample. For PbSnTeSe samples, even the
RSPS sample has lower figure-of-merit factors. The
maximum ZT value of the samples obtained in this
study is ~0.43 (at 500 K for BiSbTe1.5Se1.5) and ~0.35
(at 725 K for PbSnTeSe).

4. CONCLUSIONS

The use of the RSPS method makes it possible to
obtain single-phase samples of medium-entropy
BiSbTe1.5Se1.5 and PbSnTeSe thermoelectrics with
acceptable thermoelectric properties.
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