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a b s t r a c t   

Medium-entropy BiSbTe1.5Se1.5 alloy has been prepared by self-propagating high-temperature synthesis 
(to prepare a starting powder with desired composition and structure) and spark plasma sintering 
(to prepare block-textured samples). Under texturing, a partial ordering of grains, which is typical for 
Bi2Te3-based alloys, takes place resulting in forming a lamellar grain structure. Lamellar sheets are not 
continuous for whole volume of the textured sample. There are blocks with continuous lamellar sheets of 
some definite orientation, but the orientations of the sheets in neighboring blocks are different from each 
other. Forming the block-textured structure can be related to specific features of the starting powder, 
applied to sinter the bulk samples. The starting powder was strongly inhomogeneous and particles in the 
starting powder were rather big and shape-isotropic. As result, the texturing can be initiated in local 
domains of volume independently from each other resulting in forming the blocks with different preferential 
grains orientation. Due to the block texturing, the thermoelectric properties of the BiSbTe1.5Se1.5 alloy, measured 
perpendicularly or parallel to a texturing axis, are different. Many features, found in these properties, are typical 
for textured Bi2Te3-based alloys. The thermoelectric properties of the medium-entropy block-textured 
BiSbTe1.5Se1.5 alloy can be believed to be promising enough. The highest thermoelectric figure-of-merit equal to 
~0.43 was observed for the perpendicular measuring orientation. This alloy can be next applied as a precursor for 
developing five- or six-element high-entropy alloys with enhanced thermoelectric efficiency. 

© 2021 Elsevier B.V. All rights reserved.    

1. Introduction 

Developing high-entropy alloys is one of fruitful and effective 
approaches of modern materials science that can be applied to im-
prove the properties of both structural and functional materials  
[1–5]. The high-entropy alloys consist of five or more principal ele-
ments in equimolar or near-equimolar ratios, which compete for the 
same position in a crystal lattice. Due to effects of the high-mixing 
entropy and chemical complexity, the high-entropy alloys show 
many unique properties, useful for variety of applications. Besides 
the high-entropy alloys, medium-entropy alloys consisting of 3 or 4 
principal elements are also intensively developed and examined  
[6–8]. Generally, the medium-entropy alloys should be considered as 
precursors, which can be applied to prepare the high-entropy alloys 
by adding other principal elements. The medium-entropy alloys 

have simpler structure, composition and, hence, properties, which 
can be taken as reference ones for the relevant high-entropy alloys. 

Owing to effective scattering of phonons by lattice disorder, 
which is formed in the high-entropy and medium-entropy alloys, 
these alloys possess intrinsically low lattice thermal conductivity. 
This feature is very important to enhance the thermoelectric effi-
ciency of materials [9–13]. Actually, the thermoelectric figure- 
of-merit, ZT, is expressed as ZT = [PF/kt]T, where T is the absolute 
temperature, kt is the total thermal conductivity with contributions 
from the lattice thermal conductivity, kp, the electronic thermal 
conductivity, ke, the bipolar thermal conductivity, kb, (this con-
tribution is specific for semiconductors) and PF is the power factor  
[14]. In turn, PF is given as PF = S2/ρ, where ρ is the specific electrical 
resistivity and S is the Seebeck coefficient. Therefore, due to the low 
lattice thermal conductivity, the high-entropy and medium-entropy 
alloys can be considered as a new class of promising thermoelectric 
materials. At present, direct way to develop these materials is based 
on applying known thermoelectric compound taken as some 
starting material, which can be transformed into the high-entropy 
and medium-entropy alloy. In accordance with this approach, 
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bismuth telluride, Bi2Te3, was successfully applied as the starting 
material to develop both high-entropy (BiSbTe1.5Se1.5)1-xAgx and 
medium-entropy BiSbTe1.5Se1.5 alloys [15,16]. The bismuth telluride 
itself is widely applied to prepare n-Bi2Te3-xSex and p-Bi2-xSbxTe3 

alloys for low-temperature thermoelectric applications [17,18]. It is 
known that the Bi2Te3-based alloys are readily texturing under 
uniaxial pressuring [19–25]. Moreover, the texturing is one of key 
parameters affecting the thermoelectric properties of these mate-
rials, since it results in a partial recovering of natural crystal aniso-
tropy in the properties inherent to single-crystalline Bi2Te3 [26]. 
Therefore, the texturing effect on the thermoelectric properties of 
the high-entropy and medium-entropy alloys, derived from Bi2Te3 

structure, should be also taken into account to characterize the 
properties in detail. 

The main aim of this paper is to examine features in the micro-
structure and thermoelectric properties of the medium-entropy 
textured BiSbTe1.5Se1.5 alloy. Self-propagating high-temperature 
synthesis (SHS) was used to prepare a starting powder. In contrast to 
common methods of chemical synthesis, the SHS-process is very 
fast. By now, it was successfully applied to prepare a wide range of 
the thermoelectric materials [27–30]. To texture the alloy being 
studied, spark plasma sintering (SPS) was applied. The SPS method is 
often applied to prepare various Bi2Te3-based materials with im-
proved and governed thermoelectric properties [19,20,22,31,32]. 

2. Materials and methods 

To prepare the starting powder, Bi, Sb, Se and Te powders taken 
in a stoichiometric ratio were thoroughly mixed. Then the mixture 
was cold-pressed into pellets under uniaxial 50 MPa pressure. The 
pellets were put in a quartz ampule. To start the SHS-process, a 
bottom of the ampule was heated by a hand torch under continuous 
evacuating by a pump. Once ignited, the hand torch was im-
mediately removed. The SHS-process was finishing in several sec-
onds. After finishing the SHS-process, the synthesized sinter was 
grounded for 30 min, resulting in the starting BiSbTe1.5Se1.5 

powder. To prepare bulk samples, the starting powder was spark- 
plasma-sintered at pressure of 40 MPa and temperature of 723 K for 
15 min in vacuum. Density of the bulk samples was measured by the 
Archimedes’ method. X-ray diffraction (XRD) analysis of the starting 
powder and bulk samples was performed by using a Rigaku Ultima 
IV diffractometer with CuKα-radiation. Scanning electron microscopy 
(SEM, a Nova NanoSEM 450 microscope) was applied to examine 
morphology of the starting powder and grain structure of the bulk 
samples. To measure the thermoelectric properties of the bulk 
samples, the 2 × 2 × 10 mm bars and the Ø10 × 2 mm disks were 
prepared. A ZEM-3 system was applied for the ρ and S measuring of 
the bar samples. A TC-1200 system was applied for the kt measuring 
by using the disk-shaped samples. 

3. Results and discussion 

XRD pattern for the starting powder taken at room temperature is 
presented in Fig. 1. According to XRD analysis, the powder is single 
hexagonal phase with space symmetry R m3 group (PDF#01-089-4302). 
This crystal structure is characteristic for pure Bi2Te3 and Bi2Te3-based 
alloys. Unit cell parameters, which were calculated by the Rietveld 
refinement, are a = b = 4.179 Å and c = 28.701 Å. According to SEM 
examination, the powder consists of various size particles having 
mainly irregular shape (Fig. 1(d)). To estimate an average particle size, la, 
a histogram of grain size distribution was plotted. The histogram was 
fitted by a lognormal unimodal distribution that can be expressed 
as [33]. 
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where F(l) is the lognormal probability density function, σ is the stan-
dard deviation of logarithms of the particle sizes. 

The la value was estimated as ~1.55 µm. 
The density of the bulk samples was equal to ~6.87 g cm−3. This 

value is in agreement with data reported in Refs. [15,16]. The bulk 
samples happened to be textured. The texturing in the Bi2Te3-based 
alloys is usually developing during sintering under uniaxial pres-
suring of a starting powder consisting of particles with specific 
shape and size. Generally, the texturing can be confirmed by XRD 
and SEM examination [26]. Ideally, for highly-textured Bi2Te3-based 
samples with textured structure, which is continuous and homo-
geneous within whole volume, the intensities of (00 l) peaks should 
be enhancing for the perpendicular surface, whereas the intensities 
of (11l) peaks should be increasing for the parallel surface [26]. The 
continuous and homogeneous textured Bi2Te3 structure is readily 
formed for the starting powder consisting from nm-thin 2D-plateled 
particles [26]. During the SPS-process, these plates are ordered, and 
under further high-temperature forming a grain structure, lamellar 
sheets with preferential grains orientation are arranged. XRD pat-
terns for the perpendicular and parallel surfaces of the samples 
being studied are presented in Fig. 1(b) and (c). A slight increase in 
intensity of (00l) peaks can be really observed for the perpendicular 
surface, however any change in intensity of (11l) peaks for the par-
allel surface happens to too small to be reliably analyzed. Therefore, 
the redistribution in intensities of the (00l) and (11l) peaks, which is 
usually due to the texturing, is minor. However, SEM images of the 
grain structures, taken for the perpendicular (Fig. 1(e)) and parallel 
(Fig. 1(f)) surfaces, are rather different. In contrast to the starting 
powder particles, the grains have a crystal faceting that can be taken 
as evidence of intense sintering of the powder during the SPS- 
process. The grains themselves are plate-like shaped, and larger 
faces of the plates are irregularly shaped. Forming the plate-like 
grains is typical for the grained Bi2Te3-based alloys, and it can by 
usually attributed to specific features in crystal structure and che-
mical bonding of Bi2Te3 [17,18]. The crystal Bi2Te3 structure is layered 
one. Crystal c-axes are oriented perpendicularly to the layers, and 
crystal a-b planes are oriented along the layers. Neighboring layers 
are bonded via weak Van-der-Waals interaction, whereas chemical 
bonding within the layers is dominantly strong covalent. A rate of 
grains growth during high-temperature sintering of the grained 
Bi2Te3-based material happens to be rather different for directions, 
parallel and perpendicular to the layers that results in forming the 
plate-like grains [26]. 

Similarly to the grained Bi2Te3-based material, under the grain 
ordering in the BiSbTe1.5Se1.5 alloy during the SPS-process, the plate- 
like grains are arranging in such manner that their flat surfaces are 
dominantly oriented perpendicularly to the uniaxial SPS pressuring 
direction (Fig. 1(e)), i.e. crystal c-axes of the grains preferentially 
directed parallel to this direction (Fig. 1(f)). In turn, crystal a-b planes 
of the grains are preferentially oriented perpendicularly to the SPS- 
pressing direction. However, the lamellar sheets, which are formed 
in textured BiSbSe1.5Te1.5 alloy, are not continuous for whole volume. 
There are blocks with the continuous lamellar sheets of some defi-
nite orientation, but the orientations of the sheets in neighboring 
blocks are different from each other. A size of the blocks is a few 
dozens of micrometers. Two blocks are highlighted by ellipses in  
Fig. 1(f). Semi-major axes of the ellipses correspond to the dominant 
grains orientation in the blocks I and II. In contrast to nm-thin 2D- 
plateled particles, applied to prepare highly-textured Bi2Te3-based 
samples with continuous and homogeneous textured structure, the 
particles in the starting BiSbTe1.5Se1.5 powder consisted of micron 
size particles having mainly irregular shape (Fig. 1(d)). That is this 
starting powder is, firstly, strongly inhomogeneous, secondly, the 
particles in the starting powder are rather big and shape-isotropic. In 
this case, the texturing can be initiated in local domains of 
volume independently from each other, resulting in forming the 
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block-textured structure. Schematic illustrations of ideally textured 
and block-textured (right) samples are shown in Fig. 2. 

To estimate average values of lateral size, Da, and thickness, da, of 
the grains in the blocks, relevant histograms of lateral size and 
thickness distributions were plotted, which were again analyzed in 
framework of the lognormal unimodal distribution. The Da and da 

values were estimated as ~12.0 and ~4.2 µm, respectively. Hence, the 

samples being studied are micro-grained ones. A grain shape factor, 
Da/da, introduced to characterize a difference in the grain sizes, is 
equal to 2.86, i.e. really the grains are rather shape-anisotropic. 

To estimate a texturing degree for the samples being studied, the 
Lotgering factor, LF, was extracted via analysis of XRD pattern, 
taken for the perpendicular surface. LF is known to given by 
expression [34]. 

Fig. 1. XRD patterns (left panel) and SEM images (right panel) for the starting powder ((a) and (d)) and the bulk sample taken for the fractured surfaces, oriented perpendicularly 
((b) and (e)) and parallel ((c) and (f)) to the SPS-pressuring direction. 

Fig. 2. Schematic illustrations of ideally textured (left) and block-textured (right) samples (lamellar sheets with preferential grains orientations correspond to dashed lines).  

O. Ivanov, M. Yaprintsev, A. Vasil’ev et al. Journal of Alloys and Compounds 872 (2021) 159743 

3 



=F
p p

p1
0

0 (2) 

where p and p0 are defined as 

= =p
I l
I hkl

p
I l
I hkl

(00 )
( )

, and
(00 )
( )

,0
0

0 (3)  

and the I0 and I intensities correspond to non-textured (non- 
oriented) and textured (oriented) samples, respectively. 

LF happened to be equal to ~0.13. That is the samples being 
studied are weakly block-textured. 

Since the BiSbTe1.5Se1.5 alloy is texturing under the SPS process, 
its thermoelectric properties are anisotropic. To find the texturing 
effect, the thermoelectric properties were measured for directions, 
perpendicular (perpendicular measuring orientation, ρ┴, k┴ and S┴) 
and parallel (parallel measuring orientation, ρII, kII and SII) to the SPS- 
pressing direction. The texturing results in redistribution of aniso-
tropic ρ and k contributions from crystal a-b plane (ρab and ktab) and 
c-axis (ρc and ktc) into the specific electrical resistivity and the total 
thermal conductivity, which are measured parallel or perpendicu-
larly to the texturing axis [26]. At the parallel measuring orientation, 
ρc and ktc are dominant contributions, whereas at the perpendicular 
measuring orientation the electrical and thermal properties are de-
termined by ρab and ktab. Since ρab <  ρc and kab >  kc, the electrical 
resistivity increases and the thermal conductivity decreases for the 
parallel measuring orientation as compared to these properties for 
the perpendicular measuring orientation. For the Bi2Te3-based al-
loys, the Seebeck coefficient is weakly anisotropic quantity [26]. 
Similar features with minor differences were also found in the 
thermoelectric properties of the block-textured BiSbTe1.5Se1.5 alloy. 

The ρ(T) dependences of the samples being studied are presented 
in Fig. 3(a). Within whole temperature range under study, ρ for the 
parallel measuring orientation (curve 1) is higher as compared to 
that for the perpendicular measuring orientation (curve 2). At room 
temperature, anisotropy coefficient of the specific electrical re-
sistivity can be estimated as ρII/ρ┴ ≈ 1.28, i.e. the texturing effect on ρ 
is rather remarkable. For both measuring orientations, ρ is gradually 
growing with increasing temperature. This ρ(T) behavior is usually 
observed in metals and degenerate semiconductors. It is known that 
the specific electrical resistivity of donor semiconductors is given 
as [35]. 

µ
=

e n
1

,
(4) 

where e, n and μ are the unit charge, concentration and mobility of 
electrons, respectively. 

Generally, the ρ(T) behavior can be dependent on both n(T) and 
μ(T) changes. The degenerate semiconductors, n is T-independent, 
i.e. the ρ(T) changes in Fig. 3(a) are related to the μ(T) changes. 

Similarly to the Bi2Te3-based alloys, the Seebeck coefficient in the 
block-textured BiSbTe1.5Se1.5 alloy is also weakly anisotropic quan-
tity (S┴/SII ≈ 1), since the S(T) curves, taken for the perpendicular and 
parallel measuring orientations, are positioned very close to each 
other (Fig. 3(b)). Since a sign of S is negative, majority carriers in the 
samples being studied are electrons. The Seebeck coefficient of de-
generate donor semiconductor is expressed as [36]. 

= +S
k Tm

e n
2 *

3 3
3
2

,B
2

2

2/3
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where kB is the Boltzmann’s constant, ћ is the reduced Planck con-
stant, m* is the density-of-state effective mass of electrons, and γ is 
the scattering factor. 

According to expression (5), S should be linearly increasing with 
increasing temperature. As is shown by dashed lines in Fig. 3(b), 
T-linear growth of S is really observed within a broad temperature 
range. However, maxima in the S(T) dependences are observed at 

Tm ≈ 490 K. These maxima are originated from a bipolar effect, which 
is characteristic for the Bi2Te3-based alloys [37–41]. In contrast to the 
Bi2Te3-based alloys, onset of intrinsic conductivity resulting in the 
bipolar effect is not clearly observed in the ρ(T) behavior (Fig. 3(a)). 

By using the Goldsmid-Sharp expression, the S(T) dependences 
were applied to estimate a band gap, Eg, in the samples being stu-
died. According to this expression, Eg, maximum value of the Seebeck 
coefficient ( S| |max) and temperature at which it takes place (Tmax), are 
related by expression [42]. 

Fig. 3. The temperature dependences of ρ (a), S (b) and PW (c) for bulk sample, taken 
for the perpendicular (curves 1) and parallel (2) measuring orientations. 

O. Ivanov, M. Yaprintsev, A. Vasil’ev et al. Journal of Alloys and Compounds 872 (2021) 159743 

4 



=E e S T2 | |g max max (6)  

Eg was estimated as ~0.13 eV. This estimate is in well accordance 
with the Eg value, which is known for Bi2Te3 [17]. 

The PF(T) dependence are presented in Fig. 3(c). Owing to dif-
ference of the ρ and S contributions, dependent on the measuring 
orientation, PF for the perpendicular orientation is less as compared 
to that for the parallel orientation. 

The kt(T) dependences are presented in Fig. 4(a). Below ~450 K, 
the thermal conductivity is higher for the perpendicular measuring 

orientation (curve 1) as compared to that for the parallel measuring 
orientation (curve 2). At room temperature, anisotropy coefficient of 
the total thermal conductivity was estimated as kt┴/ktII ≈ 1.09. So, 
the texturing effect on kt is less expressed as compared to that 
for the texturing effect on ρ. The difference in kt┴/ktII and ρII/ρ┴, 
observed in the block-textured BiSbTe1.5Se1.5 alloy, is in agreement in 
anisotropy of the thermoelectric properties of the Bi2Te3-based 
alloys [26]. At high temperatures, the kt(T) curves taken for both 
measuring orientations lie very close to each other. Besides, both 
kt(T) curves have minima. The minima are typical for the Bi2Te3-based 
alloys. The lattice thermal conductivity, kp, the electronic thermal con-
ductivity, ke, and the bipolar thermal conductivity, kb, are usually con-
tributing into the total thermal conductivity of semiconductors. The 
electronic thermal conductivity is related to the specific electrical con-
ductivity, σ = 1/ρ, by the Wiedemann–Franz law [43]. 

=k L T ,e (7) 

where L is a constant called as the Lorenz number. 
Approach proposed in Ref. [44] was applied to estimate the 

Lorenz number for semiconductors. According to the approach, L and 
maximum S value are linked as 

= + µ
L

S
[10 , W· ·K ] 1.5 exp

| | [ V·K ]
116

max8 2
1

(8)  

By using expression (8), for the sample being studied, L was es-
timated as ~1.8 × 10−8 WΩ K−2. This L value was applied to find the ke 

(T) contributions into kt, as shown in Fig. 4(b). Naturally, the ke(T) 
contributions are correlated with the ρ(T) dependences presented in  
Fig. 3(a), i.e. ke for the perpendicular measuring orientation (curve 1) 
is higher as compared to that for the parallel measuring orientation 
(curve 2), and anisotropy coefficient of the electron thermal con-
ductivity is ke┴/keII ≈ 1.28. 

The sums of the lattice and bipolar thermal conductivity con-
tributions to the total thermal conductivity were next extracted as kp 

(T) + kb(T) = kt(T) – ke(T) (Fig. 4(c)). Similarly to the kt(T) curves, these 
contributions have minima, too. The minima are originated from a 
change in mechanism of the thermal conductivity. For temperatures 
below the minima, the thermal conductivity is governed by the 
lattice thermal conductivity, since the summarized kp(T) + kb(T) 
contributions to the total thermal conductivity is gradually de-
creasing with increasing temperature. Above the Debye tempera-
ture, the lattice thermal conductivity is decreasing with increasing 
temperature obeying a T −1 law [35]. For these temperatures, the 
phonon specific heat is T-independent (in accordance with the Du-
long–Petit law). Phonon energy and number of phonons is linearly 
increasing with increasing temperature. Scattering rate is propor-
tional to the number of phonons, hence, kp will be also decreasing 
with increasing temperature. This mechanism can be responsible for 
the kp(T) + kb(T) behavior below the kp minima. The lattice thermal 
conductivity happened to be very low (~0.36 for the perpendicular 
measuring orientation at ~475 K). As was mentioned above, the low 
lattice thermal conductivity is specific feature of the high-entropy 
and medium-entropy alloys, which are characterized by structural 
and compositional disorder. 

Above the minima in the kp(T) + kb(T) curves, these summarized 
contributions already increase with increasing temperature. This 
growth should be attributed to the bipolar thermal conductivity. Due 
to the intrinsic conductivity, electron-hole pairs start to be thermally 
excited at hot-side of sample. Then, these pairs move to cold-side, 
where they are recombined, and energy of recombination per one 
pair is equal or greater than the band gap. This energy is emerged as 
a phonon, which transfers a heat. The bipolar thermal conductivity 
can be expressed as [45]. 

=
+

k S S T
·

( ) ,b
n p

n p
p n

2

(9) 

Fig. 4. The temperature dependences of the kt (a), ke (b) and kp + kb (c) contributions 
for bulk sample, taken for the perpendicular (curves 1) and parallel (2) measuring 
orientations. 
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where σi and Si (subscript i = n, p) are the partial electrical con-
ductivity and Seebeck coefficient for electrons and holes, respec-
tively. In turn, σi of each carrier is µ= iei i where i = n, p designates 
the electron and hole concentration, respectively. 

It should be noted that the lattice thermal conductivity happens 
to be isotropic within the temperature range studied, since the kp(T) 
dependences, taken for both measuring orientations, are positioned 
very close to each other, whereas the bipolar thermal conductivity is 
weakly anisotropic, since kb taken for the perpendicular measuring 
orientation, is lower as compared to that for the parallel measuring 
orientation. Therefore, the anisotropy in the total thermal con-
ductivity, which is developing under the texturing, are originated 
from anisotropy in the electron thermal conductivity and anisotropy 
in the bipolar thermal conductivity. In accordance with expression 
(9), the bipolar thermal conductivity is dependent on both the par-
tial electrical conductivities of electrons and holes and the Seebeck 
coefficients for electrons and holes. As it follows from Fig. 4(b), 
under the texturing, the electrical resistivity becomes anisotropic 
that can result in weak anisotropy in the bipolar thermal con-
ductivity. Moreover, a combination of these properties results in 
lower bipolar thermal conductivity for the perpendicular measuring 
orientation as compared to that for the parallel measuring orienta-
tion. At present, more correct analysis of the texturing effect on the 
thermal properties of the block-textured BiSbTe1.5Se1.5 alloy is rather 
complicated task. Detailed examination of the samples with various 
texturing degree should be carried out. 

The ρ, S and k values were applied to plot the ZT(T) dependences 
(Fig. 5). As was discussed above, at texturing, ρ decreases and kt 

increases for the perpendicular measuring orientation as compared 
to these properties for the parallel measuring orientation, and S is 
independent on the measuring orientation. Since the ρ decrease is 

stronger than the kt increase, ZT for the perpendicular measuring 
orientation is remarkably enhanced. As was mentioned in In-
troduction part, the thermoelectric performance of the high-entropy 
and medium entropy alloys are dominantly originated from their 
low lattice thermal conductivity. The lowest value of the lattice 
thermal conductivity, kp min, and the highest value of the thermo-
electric figure-of-merit, ZTmax, observed for the BiSbTe1.5Se1.5 alloy in 
present work and also reported in Refs. [15,16], are collected in  
Table 1. The texturing effect on the thermoelectric properties has not 
been discussed in Refs. [15,16]. Besides, Ag-doping effect on the 
thermoelectric properties of the BiSbTe1.5Se1.5 alloy was found in Ref.  
[16]. The (BiSbTe1.5Se1.5)99.1Ag0.9 composition demonstrated the 
highest ZTmax and lowest kp min values. The ZTmax and kp min values 
presented in Table allow really considering the BiSbTe1.5Se1.5 alloy as 
a precursor thermoelectric material with promising properties. 
Some difference in the ZTmax and kp min values can be related to 
different methods of preparation of the samples studied, their tex-
turing degree, grains size, features in defect structure, etc. It should 
be noted that the BiSbTe1.5Se1.5 alloy being developed in this work is 
weakly textured. By involving the texturing with higher degree of 
the grain ordering, the thermoelectric properties of the alloy can be 
additionally tuned to maximize the thermoelectric figure-of-merit. 

4. Conclusion 

Thus, the medium-entropy block-textured BiSbTe1.5Se1.5 alloy has 
been prepared by self-propagating high-temperature synthesis and 
spark plasma sintering. The texturing axis coincides with the SPS 
pressuring direction. Under the texturing, the lamellar grains 
structure is formed. The lamellar sheets are not continuous for 
whole volume of the textured sample. There are blocks with con-
tinuous lamellar sheets of some definite orientation, but the or-
ientations of the sheets in neighboring blocks are different from each 
other. The texturing results in developing of anisotropy in the spe-
cific electrical conductivity and thermal conductivity, which are 
measured perpendicularly and parallel to the texturing axis. Owing 
to its low lattice thermal conductivity, the thermoelectric perfor-
mance of the alloy happened to be promising enough. Next step 
should be transition from the four-element medium-entropy 
BiSbTe1.5Se1.5 alloy to a five- or six-element high entropy alloy based 
on the precursor BiSbTe1.5Se1.5 system. Taking into account similar 
characteristics of Se and sulfur, S, the five-component high-entropy 
BiSbTeSeS can be reasonably chosen for further examination. 
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Fig. 5. The temperature dependences of ZT for bulk sample, taken for the perpendi-
cular (curves 1) and parallel (2) measuring orientations. 

Table 1 
The lattice thermal conductivity and thermoelectric figure-of-merit of the medium-entropy BiSbTe1.5Se1.5 alloys.      

Reference Composition kp min, W·m−1·K−1 ZTmax  

[15] BiSbTe1.5Se1.5 ~0.17 at 523 K ~0.43 at 523 K 
[16] BiSbTe1.5Se1.5 ~0.47 at 425 K ~0.20 at 450 K 
[16] (BiSbTe1.5Se1.5)99.1Ag0.9 ~0.29 at 425 K ~0.63 at 450 K 
Present work BiSbTe1.5Se1.5: perpendicularly to texturing axis ~0.36 at 475 K ~0.43 at 450 K 
Present work BiSbTe1.5Se1.5: parallel to texturing axis ~0.41 at 440 K ~0.34 at 450 K    
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