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Reactive spark plasma sintering combining the synthesis and densification stages has been at the first time
applied to prepare medium-entropy grained PbSbTeSe alloy. This alloy is prospect medium-temperature p-type
thermoelectric. Self-propagating high-temperature synthesis in initial mixture of elemental Pb, Sb, Te and Se
powders, resulting in synthesis of single-phased PbSbTeSe, was stage of synthesis. Lattice thermal conductivity of
the alloy is very low (~0.7 at ~ 755 K). Owing to this low lattice thermal conductivity, thermoelectric per-

formance of PbSbTeSe alloy is promising . Highest thermoelectric figure-of-merit equal to ~ 0.43 is observed at
~ 720 K. Anomalies of thermoelectric properties were found at ~ 490 K. These anomalies can be related to
specific features of energy bands, consisting of two valence bands, which are close in energy.

1. Introduction

Aim of this work is to prepare medium-entropy PbSbTeSe alloy by
reactive spark plasma sintering (RSPS), which includes self-propagating
high-temperature synthesis (SHS), and analyze features in thermoelec-
tric properties of this alloy. Developing high-entropy (consisting of five
or more principal elements in equimolar or near-equimolar ratio, which
competes for the same position in crystal lattice) and medium-entropy
(consisting of three or four principal elements) alloys is effective
approach in modern materials science [1-3]. Due to effects of high-
mixing entropy and chemical complexity, these alloys show unique
properties. Particularly, the alloys possess intrinsically low lattice
thermal conductivity, originated from scattering of phonons by lattice
disorder. Medium-entropy PbSbTeSe alloy is prospect p-type thermo-
electric [4]. Usually, to sinter bulk material from relevant initial powder,
synthesis of initial powder (stage I) and densification of powder during
sintering bulk material (stage II) are carried out separately by using
different technological processes. As result, several processes of long-
time sintering and multiple re-sintering, crushing and washing are
involved. Preparation of material becomes complex and time-
consuming. Material can be contaminated during this multi-staged
fabrication, which will crucially affect reproducibility of its properties.
The I and II stages can be unified into single process by using RSPS-
process. Under RSPS-process, the synthesis and densification stages
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are implemented as two successive or parallel stages in single techno-
logical process [5]. As synthesis stage, self-propagating high-tempera-
ture synthesis (SHS) can be involved. SHS is self-sustained combustion,
based on synthesis from elemental powders, reactions of solid com-
pounds, thermite-type reactions and combustion of porous solid reactive
media in a gaseous oxidizer [6]. Combination of SPS- and SHS-processes
into RSPS-process allows synthesizing materials with desired structure
and composition for very short time, shortening densification time,
lowering sintering temperature and fabricating dense bulk material.

2. Material and methods

To prepare PbSbTeSe alloy, initial mixture of elemental Bi, Sb, Se and
Te was thoroughly mixed by ball mill. This mixture was RSPS-treated by
SPS 25/10 system. Tuning parameters of RSPS-process, material with
desired phase composition and crystal structure can be synthesized via
SHS, and bulk samples can be sintered at densification stage. Density of
bulk samples was measured by Archimedes method. To find onset
temperature of SHS for initial mixture of Pb, Sb, Te and Se powders,
differential thermal analysis (DTA) was performed with SDT Q600
thermal analyzer in Ar atmosphere at rate of 10 K/min using a-AloO3
powder as reference. To identify crystal structure and phase composition
of samples, X-ray diffraction (XRD) analysis was carried out by Rigaku
Ultima IV diffractometer with CuKyradiation. To examine
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Fig. 1. (a) DTA curve taken at heating of mixture of elemental Pb, Sb, Te and Se powders; (b) XRD pattern of material after RSPS-process of mixture of Pb, Sb, Te and

Se powders. Inset is SEM image of fractured surface of material.
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Fig. 2. The o(a) and S (b) vs. T dependences. Inset (a) is the ¢ vs. T 25
dependence, and inset (b) is the PF vs. T dependence.

microstructure of samples, scanning electron microscopy (SEM, Nova
NanoSEM 450 microscope) was applied. Elemental composition of
samples was determined by energy dispersive X-ray spectroscopy (EDS)
method. Specific electrical conductivity, ¢, and Seebeck coefficient, S,
were measured by using ZEM-3 system, and total thermal conductivity,
k, was measured by TC-1200 system. A Mini Cryogen Free Measure-
ments System (Cryogenic Ltd) was also used to study Hall effect and
estimate concentration, n, and Hall mobility, uy, of majority charge
carriers.

3. Results and discussion

Key technological parameter of SHS is its onset temperature. To find
this temperature for mixture of Pb, Sb, Te and Se powders, DTA curve
was taken under heating of mixture (Fig. 1 (a). Two thermal processes
are observed. First weak endothermic process at temperature T;2460 K
is related to melting Se in powder mixture, whereas second powerful
exothermic process at temperature T>~500 K is originated from syn-
thesis of PbSbTeSe due to SHS. By correct tuning technological vari-
ables, SHS can be implemented as first stage of RSPS-process. To include
SHS in common SPS-process and transfer to RSPS-process, technological
regime was applied as follows. Initial mixture of Pb, Sb, Te and Se
powders was filled into graphite cylindrical die, which was put in
chamber of SPS 25/10 system and undergone uniaxial 20 MPa pres-
suring in vacuum. Pulse 1500 A current was simultaneously passed
through die for 2-3 s. Onset of SHS was recorded by abrupt increasing in
powder mixture temperature and simultaneous shrinking material being
synthesized. Then the material was heating to 823 K under the same
pressure and holding at this temperature for 15 min. Therefore, both
synthesis of PbSbTeSe compound and densification of this compound are
two successive stages of single RSPS-process.

In accordance with XRD data (Fig. 1 (b)), RSPS-treated material is
single-phased and corresponds to cubic Fm3m structure with lattice a =
0.6216 nm parameter. This structure is characteristic for PbSbTeSe alloy
[4]. No traces of other phases are observed. In accordance with SEM data
(inset to Fig. 1 (b)), bulk PbSbTeSe sample is grained and consists of
irregularly-shaped grains with size of several dozens of nm. Density of
samples is ~ 7.07 g cm™> that is in agreement with data reported in
Ref. [4]. According to results of EDS, elemental composition of sample
corresponds to PbSbTeSe composition. All elements are distributed ho-
mogeneously excluding Te, which is accumulated as small Te excess at
grain boundaries.

The o(T) and S(T) dependences of are shown in Fig. 2 (a) and (b),
respectively. The ¢(T) minimum is observed at Tpn,,~670 K. Below the
minimum, ¢ is gradually decreasing with increasing temperature. This
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Fig. 3. The k (a), and k, and k. (b) vs. T dependences. Inset (a) is the ZT vs. T
dependence, and inset (b) is the k, vs. T -1 dependence.

o(T) behavior is observed in metals and degenerate semiconductors.
Conductivity of p-type semiconductor is given by ¢ = eupp, where e, up
and p are unit charge, mobility and concentration of holes, respectively.
Using Hall effect examination, up and p were estimated as 150
em?V st and 5.10'° em™3, respectively. For degenerate semi-
conductors, p is T-independent, i.e. the o(T) changes, corresponding to
degenerate semiconductor behavior in Fig. 2 (a), is related to changes in
up(T). Above room temperature, carriers scattering by acoustic and op-
tical phonons is dominant mechanism that contributes into up(T)
behavior. Empirical expression for this mechanism is given as yp ~ T,
where m is exponent, changing from 1.5 to 2.5. For low temperatures,
experimental o(T) curve is fitted in the best manner with m = 2.5 (inset
to Fig. 2 (a)). Above temperature T*~490 K, fitting dashed line starts to
deviate from the experimental curve. Minimum of o(T) is related to
onset of intrinsic conductivity, resulting in increasing ¢ via thermal
excitation of carriers from valence band to conduction band.

Seebeck coefficient is positive that corresponds to p-type conduc-
tivity (Fig. 2 (b)). At heating, S firstly increases, but at high temperatures
S trends to constant value. Actually, S(T) curve corresponds to left part
of broad S(T) maximum positioned at Tr;qxs~760 K, which is originated
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from intrinsic conductivity. Behavior of S(T) for degenerate semi-
conductor obeys S ~ T link. This link, shown by dashed line, can be
applied to describe experimental S(T) curve only below T*. The ¢(T) and
S(T) data were further used to calculate power factor, PF = S%.6. (inset to
Fig. 2 (b)). With increasing temperature, PF increases. The S(T) depen-
dence was applied to estimate band gap, E,. In accordance with the
Goldsmid-Sharp expression, E,, maximum value of Seebeck coefficient (
S|max) and temperature at which it occurs (Tpqe), are related by
expression Eg = 2¢|S|maxTmax [7]. This expression results in Eg estimate,
equal to ~ 0.22 eV.

The k(T) dependence is shown in Fig. 3 (a). With increasing tem-
perature, k is reducing, trending to minimum at Tpix~670 K. Kink in the
k(T) dependence is observed at T *. To clearly show the kink, dashed
curves above and below T * were drawn as guides to the eyes. Lattice
thermal conductivity, kp, electronic thermal conductivity, k., and bipo-
lar thermal conductivity, kp, contribute into k. Contribution from kj is
responsible for growing k(T) dependence above Ty,inx. Contribution from
k. is related to specific electrical conductivity through the Wiedemann-
Franz law, k, = LoT, where L is Lorenz number. Using relation L[1078,
W-Q-K?] = 1.5 + exp(-|S|max [WV-K11/116) [8], value of L was esti-
mated as 1.79 x 108 W-Q K~2. Contribution from k,, calculated by the
Wiedemann-Franz law, and contribution from ky, calculated as k,(T) = k
(T)-ke(T), are shown in Fig. 3 (b). At heating above Debye temperature,
kp is varied as T ~1 The ky(T ~1y dependence is shown in inset to Fig. 3
(b). From room temperature to Tpnk, this dependence is linear. Lattice
thermal conductivity is very low (~0.7 at ~ 755 K). Low k; is specific
feature of high-entropy and medium-entropy alloys. Contribution from
ke changes in complicated manner, especially near temperatures T * and
Trmink-

The 6(T), S(T) and k(T) dependences were used to extract tempera-
ture dependence of thermoelectric figure-of-merit, ZT=(T. S26)/k (Fig. 3
(a)). With increasing temperature, ZT increases and reaches maximum
~ 0.43 value at ~ 720 K.

New finding of our work is observation of anomalies in thermo-
electric properties of PbSbTeSe at temperature T* (T*-anomalies). These
anomalies can be attributed to an intrinsic electronic property charac-
teristic for PbTe and SnSe, which can be related to the presence of a
second valence band close in energy to the primary one [9]. With
increasing temperature, thermal generation of holes from valence bands
will affect electrical and thermal conductivities and Seebeck coefficient.
To clear nature of T*-anomalies, further experimental work is in prog-
ress now.

4. Conclusion

Thus, RSPS-process including SHS stage was successfully applied to
prepare medium-entropy single-phased PbSbTeSe alloy. Owing to its
low lattice thermal conductivity, thermoelectric performance of the
alloy is promising. Next step should be transition from this four-element
medium-entropy PbSbTeSe alloy to five- or six-element high-entropy
alloy based on precursor PbSbTeSe system.
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