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THERMOELECTRICITY OF SOLID SOLUTIONS
BASED ON LEAD TELLURIDE

A review of works dealing with the problems of obtaining and research on a set of thermoelectric
properties of solid solutions based on lead telluride and chalcogenide compounds of other periodic
table elements holding good prospects for medium temperature range (500-850) K is made.
Chemical compositions, processing factors and temperature ranges whereby the materials have
optimal parameters, namely the electric conductivity (o), the Seebeck coefficient (S), the thermal
conductivity (y), as well as the specific thermoelectric power (S%), the thermoelectric figure of merit
(Z= S%ly) and the dimensionless thermoelectric figure of merit (ZT) are indicated.
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Introduction

Possibilities of direct thermal into electric energy conversion have long attracted the attention of
researchers and developers of various kinds of equipment. In recent years, thermoelectric effects have
found expanding applications. On their basis, thermoelectric generators unique in their parameters
have been created that are used in space, under water and in terrestrial (hard-to-reach for service)
equipment; generators with nuclear heat sources have been designed. Thermoelectric cooling finds
ever-widening application as well. Small overall dimensions, practically unlimited operational life,
high reliability of thermoelectric coolers are decisive for their use in instrument making, electronics,
medicine and biology [1]. Moreover, in recent years the problem of improving the efficiency of
thermal into electric energy conversion has assumed particular prominence due to lack of fossil fuels
and considerable discharge to the atmosphere of a large amount of deleterious gases that contaminate
the environment, destruct the ozone layer and cause global climate changes [1].

The efficiency of using thermoelectric material is primarily determined by its capability of
reaching high values of thermoelectric figure of merit Z (Z = S?%/y, where S is the Seebeck coefficient,
o is the electric conductivity, y is the thermal conductivity) [2].

Most of materials based on 1VV-VI compounds possess high melting points and combine a set of
properties that make them suitable for practical application. Thus, for instance, alloys based on PbTe,
containing AgSbTe,, have high values of ZT > 1 both for n- and p-type [3, 4]. With the advent of
modern methods of synthesis and processing, as well as methods for the analysis of microstructure and
chemical composition, these materials again became a subject for active studies. The greatest advances
in this area have been achieved with the implementation of solid solutions based on PbTe with low
thermal conductivity coefficients.

This review is an attempt of demonstrating some results of new investigations of PbTe based
materials.
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I. PbTe-Ag,Te system alloys

The composite (PbTe)sox(Ag2Te)20s With x = 0, 1, 2, 3 and 4 (corresponding to Pb content 50,
49, 48, 47 and 46 at. %) was obtained as follows [5]. A mixture of Pb, Ag and Te elements of purity
99,999 % or higher was loaded into a quartz ampoule evacuated to 1.33-10° Pa and sealed. Then the
ampoule was heated to 1273 K (point 1 in Fig. 1) in a vertical programmable tube furnace at a rate of
500 K/h. After holding at this temperature for 6 hours, the ampoule was cooled and then annealed at
973 K (the first annealing, point 2 in Fig. 1) for 2 days with quenching in water. To obtain a
homogeneous solid solution, the ampoule was again annealed (second annealing, point 3 in Fig. 1) at
773 K for 3 days.
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Fig. 1. Phase diagram of PbTe-Ag,Te system and procedures of thermoelectric material preparation [7].

The resulting ingots were crushed and compacted by hot pressing at 700 K for an hour. The
samples thus obtained were used as a source material for doping with Na of PbTe:Na/Ag,Te alloy. The
nominal concentration of Na corresponded to composition [(NayPbTei+)oe4s(Ag2T€)o0ss] With
x = 0...3%. The low-temperature annealing results in Ag,Te precipitation in the supersaturated alloy
phase. Low thermal conductivity of PbTe:Na/Ag,Te lattice due to the use of Ag,Te nanoinclusions and
excellent electronic properties to complex structure of valence zone result in ZT > 1.5 at high
temperatures [5]. Moreover, there are considerable improvements of the average value of ZT and
thermoelectric figure of merit in the entire temperature range, as compared to similar materials without
nanostructures and a complex band structure or with small nanostructures.
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Fig. 2. Temperature dependence of electric resistance for PbTe:Na/Ag2Te and PbTe:Na [5].
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The electric resistivity of PbTe:Na/Ag,Te nanocomposites is higher than in PbTe:Na (Fig. 2) at
low temperatures, when doping levels are almost the same (p; = 3.6:10" cm™ for PbTe:Na against
pr=3.7-10" cm™ for PbTe:Na/Ag,Te). Similar to PbTe:Na and (n-PbTe), the electric resistivity (p)

grows faster than is commonly expected for a system with a dominant acoustic scattering (p oc TH'S) .

The thermal conductivity (x) is reduced approximately by 50% in the entire measured
temperature range due to Ag,Te nanoinclusions (Fig. 3). The observed reduction of y is only partly due
to the presence of nanoinclusions. The electric conductivity is reduced, hence the electron component
of thermal conductivity (xe) is reduced, contributing to reduction of y.
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Fig. 3. Temperature dependences of total (y) and lattice (y.) thermal conductivity for PbTe:Na/Ag,Te alloy as
compared to PbTe:Na [7].

[l. PbTe-Sb,Te; solid solutions

In order to obtain PbTe-Sh,Te; solid solutions based on lead telluride (Fig. 4), at first PbTe and
Sh,Te; compounds were synthesized with the use of lead, tellurium and antimony elements that were
loaded into evacuated quartz ampoule and placed into a furnace heated to melting point for 1 hour [6,7].
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Fig. 4. Phase diagram of PbTe-Sh,Te; system [8].
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Following that, the obtained alloys were mixed in proper stoichiometric ratio and loaded into
evacuated quartz ampoules that were placed into a furnace and melted at 1250 K for 1 hour with
subsequent cooling at a rate of 98 K/h (Fig. 4). The obtained ingots were used for measuring the
thermoelectric properties (Fig. 5).
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Fig. 5. Dependences of the electric resistivity (o — A), the Seebeck coefficient (S — ¢), the thermal conductivity
(x — @), the figure of merit (Z — m) (Pb7€)100..(Sh,Tes), on the content of x Sb,Te; [9].

The electric resistivity for PbTe as a function of Sh,Tejs is first drastically decreased when the
amount of Sh,Tes is lower than 0.03 mol. %, and then slowly decreased with increase in Sh,Te; content
(Fig. 5 — A). The research results show that the type of impact of Sb,Te; as a doping impurity varies
due to high pressure and at high temperature [9].

The Seebeck coefficient indicates that all the samples are n-type semiconductors (Fig.5 — ¢).

Similar to other doping impurities, total thermal conductivity is increased with increase in
Sh,Te; content (Fig. 5 — ). In so doing, the electron thermal conductivity is increased quickly, and
lattice thermal conductivity is continuously reduced with increase in Sh,Tes; content for doping with
0.135 mol. % Sbh,Te;. A reduction in total thermal conductivity as compared to pure PbTe is mainly
due to a reduction in lattice thermal conductivity, which may be caused by the following factors: atom
and ion impurities related to Sh,Te; have a large atomic number which has a greater impact on phonon
scattering as compared to other doping impurities; due to effect caused by “softening” of phonons that
also reduce lattice thermal conductivity [9].

The thermoelectric figure of merit Z for PbTe doped with Sh,Tes, calculated from the measured
values, is increased and then slowly decreased with increase in Sh,Te; content (Fig.5 — m). In
particular, this figure of merit parameter at room temperature has maximum value ~ 8.7x10™/K which
is about several times higher than in PbTe samples doped with Pbl (2.4x10™/K) and (2.3x10™/K) with
grain size 0.5 and 0.7 um, respectively [11].

Ill. PbTe-Bi,Te; solid solutions

To obtain PbTe-Bi,Te; solid solutions based on lead telluride, at first PbTe and Bi,Te;
compounds were synthesized from the elements of lead, tellurium and bismuth that were loaded into
evacuated quartz ampoule and placed into a furnace heated to melting temperature for 1 hour.
Following that, the resulting compounds were mixed in proper stoichiometric ratio and loaded into
evacuated quartz ampoules that were placed into furnace and melted at 1250 K for 1 hour with
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subsequent cooling at a rate of 98 K/h. The resulting ingots were used for measuring the
thermoelectric properties (Fig. 7) [14].
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Fig. 6. Phase diagram of PbTe-Bi,Te; system [8].

For (PbTe)100..(BixTes), solid solutions (Fig.7 — A) it is seen that the electric resistivity is
drastically increased at x <0.3 and more slowly at x > 0.3. As compared to the results for Sb,Te; as
doping impurity [10], the electric resistivity of PbTe is less sensitive to doping impurity Bi,Tes. The
difference of electric resistivity from the composition can be due to different ionic radii of these
atoms. The ionic radii of Pb, Bi and Sb are 1.26, 1.2 and 1.0 A, respectively [11]. The difference
between the ionic radii of Pb and Sb is greater than between Pb and Bi, so chemical internal stress as a
result of Sb substitution for Pb is higher than Bi substitution for Pb with the same concentration of
impurity atoms. Moreover, chemical internal stresses should grow with impurity increase.
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Fig. 7. Dependences of the resistivity (p — A), the Seebeck coefficient (S — ), the thermal conductivity (y — e),
the figure of merit (Z — m) (PbTe€),00_.(Bi,Tes), on the content of x Bi, Tes [14].

From the dependence of the Seebeck coefficient on the content of x (Fig.7 — ¢) it is seen that all
(PbTe)100-(Bi2Tes), samples have n-type conductivity. The Seebeck coefficient in its absolute value is
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almost unchanged at x <0.3 and has sharp maximum at x = 0.3, and then is reduced at x > 0.35 with
increase in x (Fig.7 — ¢). Sharp maxima of the Seebeck coefficient observed for (PbTe)io.(BizTes),
resemble a behaviour that takes place for metals, intermetallic compounds and heavily doped
semiconductors [14]. This is due to the energy dependence on the density of electron states close to the
Fermi energy [14].

Total thermal conductivity coefficient y is retained almost constant and is ~ 2.30 W/K-m
(Fig. 7 — m) which is in agreement with the literature data [15]. Lattice thermal conductivity is linearly
reduced, whereas carrier thermal conductivity is linearly increased with increase in x. These results
show that thermal conductivity coefficient of (PbTe)i00..(Bi2Tes),, is mainly lattice. Different values of
lattice thermal conductivity for PbTe doped with Bi,Te; and Sh,Te; also can be due to different ion
radii of Bi and Sb which results in greater crystal lattice deformation and increased phonon scattering.
This can be mainly responsible for the fact that lattice thermal conductivity is reduced. Moreover,
effect of phonon scattering of heavy impurity atoms should be stronger compared to lighter impurity
atoms, so lattice thermal conductivity is much lower than in PbTe which is contained in other doping
impurities with small grain size [9].

Thermoelectric figure of merit Z for (PbTe)100..(Bi,Tes), samples at room temperature first is
increased and then decreased with increase in x (pumc.7 — m). In particular, at room temperature
maximum Z.. value is 7.63x10* K which is several fold greater than the literature data for PbTe
samples doped with Pbl, with small grain size [9]. The resulting high Z value is attributable to
considerable Seebeck coefficient and low thermal conductivity. The Seebeck coefficient value
167.2 uV/K at x = 0.3 is due to electron topological transition as a result of doping Bi,Tes with high
mobility (1212 V.cm?/s).

IV. PbTe-PbS solid solutions 1373
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of 1373 K. The samples were turned over
several times in liquid state and cooled to room
temperature [16].

PbTe-PbS solid solutions with 8 mol.% 873
PbS are unique in that they can be obtained in
two forms, namely solid solution and
nanostructured material. Fig. 9 shows TEM
image of PbTe-PbS solid solution (8% mol.%
PbS) prepared by melt quenching. Single-phase 673

Liquid

Pb(S.Te),,

973
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Oo»s
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binary phase diagram [19] where nucleation and Fig. 8. Phase diagram of PbTe-PbS system [17].
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particle growth occurs between 400 K and 500 K. This creates thermodynamically stable nanosize PbS
particles settling in PbTe matrix. At settling of PbS nanoparticles, the electron and thermal transport
undergo considerable changes [19]. Increase in electron mobility, as well as carrier concentration
testify to reduction of electron scattering on the ionized impurities. Formation of thermodynamically
stable and sequential PbS nanostructures contributes to lattice thermal conductivity decrease by 60%
(Fig. 9) [20]. This confirms that nanosize particles in the bulk thermoelectric materials are extremely
efficient in reducing lattice thermal conductivity, thus contributing to thermoelectric power increase
[20].

In PbTe-PbS system, apart from nucleation and growth processes, there is spinodal
decomposition which is another ideal mechanism of phonon scattering by nanoparticles on phase
boundaries [21]. Hence, the composition and structure, as well as the size and distribution of
nanoinclusions, can be controlled due to rational choice of cooling rate and thermal treatment after
sysnthesis.
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Fig. 9. Temperature dependence of lattice thermal
conductivity for samples of PbTe-PbS solid solution (8 mol.%
PbS): a, ¢ — TEM result, b — thermal conductivity: first heating
(1); cooling after the first heating (2); after sample annealing

@) [18].

anostructured

c)

Three scale components have been revealed for PbTe-PbS system (30 mol.% PbS), namely
point defects of solid solution (atomic scale), nanoparticles (nanodimensional) and semicoherent phase
boundaries with regularly distributed misfit dislocations (Fig. 10) [21].
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Fig. 10.
(a) — image of lattice of PbTey 7Sy 3 sSample on one Moire fringe boundary;
(b) — image of dislocation centres (high intensity red lines);
(c) — image of lattice including one sharp centre of dislocation with the Burgers vector 1/2 [1 0 0];
(d) — atomic simulation of dislocations between PbTe/PbS [18].

V. PbTe-PbS solid solutions doped with Bi and Sb

Material was prepared from Pb, Bi, Te and S (Pb, Sh, Te and S) elements with purity 99.99%
mixed in a proper molar ratio in quartz tubes and sealed in vacuum 3-10° Pa [22]. Later on the
samples were heated to 1273 K for 12 hours and quickly cooled to 873 K and held for another 72
hours, following which they were quenched in liquid nitrogen. The samples were made in a ball
planetary mill and compacted by spark plasma sintering (SPS) at 853 K for 5 minutes under pressure
of 50 MPa.

Thermoelectric properties and figure of merit of Bi-doped (BiPb;T€)ogs(PbS)o.12 Samples with
x =0, 0.001, 0.003, and 0.005 are shown in Fig. 11. The resistivity of all samples is increased with a
rise in temperature over the entire measurement range. As is shown in Fig. 11, a, the undoped sample
(PbTe)oss(PbS)o12 has high electric resistivity from 1.98:10° Ohm at 300 K and 1.37-10 Ohm at
773 K [23]. It is apparently due to intergrain boundary resistance and considerable PbS content.
Nevertheless, this results in evident increase of the Seebeck coefficient and thermal conductivity
reduction. The electric resistance of Bi-doped samples is considerably reduced with increase in Bi
content as compared the undoped sample.
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Fig. 11. Temperature dependences of the electric resistivity (p — a), the Seebeck coefficient (S — b), total thermal
conductivity (y — c), the value of ZT (d) for doped samples (BixPb;.xT€)Biggg(PbS).12
(x =0, 0.001, 0.003, 0.005) [22].

The Seebeck coefficients of the investigated solid solutions are negative over the entire
temperature range, which indicates to dominant n-type carriers (electrons) (Fig. 11, b). The absolute
values of the Seebeck coefficients for all the samples are increased with a rise in temperature
(Fig. 11, b).

Total thermal conductivity coefficients for the investigated samples (BixPb;.cT€)o g3(PbS)o.1, With
x = 0, 0.001, 0.003 and 0.005 are shown in Fig. 11, c. Total thermal conductivity for the undoped
sample (PbTe)o.gs(PbS)o.12 is reduced from 0.99 to 0.67 W/m-K with a rise in temperature from 300 to
573 K, and is increased with a rise in temperature in the range of 573 to 773 K (Fig. 11, ). Increase in
total thermal conductivity at high temperature can be related to increase in lattice thermal conductivity
that dominates over total thermal conductivity for the undoped sample. Growing lattice thermal
conductivity can be due to anharmonic phonon excitation or partial decomposition of nanostructures at
high temperatures.

The figure of merit ZT for the investigated samples (BixPb;4Te)ogs(PbS)e.12 With x =0, 0.001,
0.003 and 0.005 over the entire temperature range is shown in Fig.11,d. Sample
(BixPb1xTe)o.gs(PbS)o.12 With x = 0.001 shows the highest ZT = 1.20 with 573 K, which is much higher
than 0.91 for the undoped (Bi,Pb1xT€)g3(PbS)o.1- at 473 K.

The electrical properties of synthesized and doped samples (PbTe)o gs(PbS)0.12S5bxPb1.xT€0.8850.12
with x = 0; 0,002; 0,004; 0,006; 0,008 are given in Fig. 12. The resistivity of all samples is increased
with a rise in temperature over the entire measured range. The resistivity of undoped sample
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(PbTe)ss(PbS)o 12, (Fig. 12, a) is rather high and varies from 1.98-:10° Ohm at 298 K to 1.37-10™ Ohm
at 773 K. This is due to high resistance of intergrain boundaries and high content of PbS in a sample
prepared by spark-plasma sintering. The resistivity of Sb-doped sample is reduced considerably with
increase in Sb content as compared to undoped sample. Resistivity reduction of Sb-doped
(PbTe)ess(PbS)e1 is attributable to substitution of Sb** ions for Pb?" ions, since Sh is an efficient
electron donor [24].
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Fig. 12. Temperature dependences of the electric resistivity (p - a), the Seebeck coefficient (S - b), thermal
conductivity (y - ¢), the value of ZT (d) for doped samples Sb,Pb;.T€0.88S0.12
(x =10, 0.002 0.004, 0.006 and 0.008) [25].

The Seebeck coefficients of investigated samples are represented in Fig. 12, b. They are
negative over the entire temperature range, pointing to dominant n-type carriers (electrons). The
absolute Seebeck coefficient for all the samples is increased with a rise in temperature. The absolute
Seebeck coefficient for undoped sample (PbTe)ogs(PbS)o12 is linearly increased from 196 uV/K at
room temperature to 298 uV/K at 573 K, and then is slightly decreased. For doped Sb samples it is
decreased with increasing Sb content from 196 uV/K with x = 0 to 57.0 pV/K with x = 0.008 at room
temperature.

Total thermal conductivity coefficients for the investigated Sb-doped (PbTe)gs(PbS)e.12 Samples
SbyPb;,TeggsSo.12 With x =0, 0.002, 0.004, 0.006, and 0.008, are shown in Fig. 12, c. Total thermal
conductivity for the undoped sample (PbTe)ogs(PbS)o.1> made by SPS is reduced from 0.99 W/m-K to
0.67 W/m-K with a rise in temperature from 298 K to 573 K, and is slightly increased with a rise in
temperature from 573 K to 773 K. Thermal conductivity of Sb,Pb;TegsSo.1» is from 1.08W/m-K to
0.654 W/m-K with x = 0.002, from 1.43 W/m-K to 0.663 W/m-K with x = 0.004, from 1.56 W/m-K for
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0.702 W/m-K, with x=0.006, and from 1.64 W/m-K to 0.802 W/m-K with x=0.008 in the
temperature range from 298 K and 773 K. Low thermal conductivity coefficients are attributable to
small grain size and grain boundaries that formed as a result of grinding in a ball mill. On doping of
(PbTe)o.gs(PbS)o.12 With Sh, total thermal conductivity is increased mainly due to increase in electron
concentration through Sh. The sample of ShyPb;,TeggsSo.12 With x = 0.004 shows the highest figure of
merit ZT 1.20 at 773 K, which is higher than 0.91 for the undoped (PbTe),gs(PbS)o.1, at 473 K.

VI. PbTe-PbSe solid solutions

For PbTe-PbSe solid solutions comprising PbSe the Seebeck coefficients are lower than for
PbTe, and the Seebeck coefficient is reduced when molar part of PbSe is increased (Fig. 13, b)
Maximum figure of merit values reach Z = 2.0x10° K™ which is 30% better than for PbTe.
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Fig. 13. Temperature dependences of electric conductivity (o - @),
the Seebeck coefficient (S - b) for p-type PbTe-PhSe [26].

The main contribution to figure of merit enhancement is not related to thermal conductivity
reduction, but most probably to higher carrier concentration values at elevated temperatures as
compared to PbTe. The electric properties, hence the thermoelectric figure of merit, is strongly
dependent on carrier concentration. The electric resistivity grows with increase in PbSe content. This
comes as no surprise, since scattering in this system is known to be considerable [26]. The
thermoelectric figure of merit is identical for alloys comprising from 5 to 15 mol% PbSe. This is the
result of equilibration of two competing processes, namely thermal conductivity reduction and electric
resistivity increase. Maximum figure of merit is shown by compounds with PbSe content from
5 to 15 mol %.

VIl. PbTe-CaTe (BaTe) systems

Ingots (10 g) of PbTe-CaTe [0.5-8 mol.% CaTe] doped with Na,Te (1 mol.%) were synthesized
by mixing in proper ratios of high purity source components Pb, Ca, Te and Na,Te in carbon-coated
quartz ampoules. The ampoules were sealed in vacuum 3-10 Pa and heated to 1323 K for 15 hours,
and then held for 10 hours. Following that, the samples were slowly cooled to 873 K at a rate of
11 K/h and then cooled to room temperature for 15 hours. The test sample of composition PbTe-Na,Te
(1 mol.%) was manufactured by the above procedure in a hermetically sealed ampoule with a similar
heating profile.
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Fig. 14. Temperature dependences of the electric conductivity (o - a), the Seebeck coefficient (S - b), power factor
(S% - ¢) of PbTe-CaTe samples doped with 1 mol.% Na,Te and PbTe-Na,Te test sample (1 mol.%) [28].

For all samples of PbTe-CaTe doped with 1% Na,Te, o is reduced with a rise in temperature,
which is indicative of degenerate conductivity for the entire measurement range (300-815 K)
(Fig. 14, a). As a rule, samples with 6 mol.% CaTe had a conductivity from 2240 S-cm™ at room
temperature that dropped to 260 S-cm™ at 810 K. Samples including 5 mol.% and 6 mol.% CaTe have
a higher electric conductivity as compared to others at a higher temperature (450-800 K). The Seebeck
coefficients for PbTe-CaTe alloys have very similar values, thus, for instance, for PbTe-CaTe samples
doped with 1 mol.% Na,Te S=57 uV K*, (Fig. 14, b). This is consistent with the theory of the
contribution of carriers from the zone of heavy holes already at room temperature due to very high
p-type doping level.

The value of power factor (S%c) of PbTe-CaTe samples doped with 1% Na,Te and the test
sample without CaTe as a function of temperature is given in Fig. 14, ¢. The highest value of power
factor was 10 pW-cm™K™? for a sample that comprises 6 mol.% CaTe and rises to maximum
(24 pW-cm™.K?) at a temperature close to 565 K and at 810 K has the value of 19 pyW-cm™-K™. High
values of power factor at high temperatures are observed for 5 mol.% and 6 mol.% CaTe. This is
attributable to a reduction of hole scattering at high temperatures.
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Fig. 15. Temperature dependence of the electric conductivity (o — a), the Seebeck coefficient (S — b), power
factor (S% — c) and total thermal conductivity (x — d) of PbTe-BaTe (3 mol.% BaTe)
with the impurity of 1 mol.% Na,Te [28].

Thermoelectric characteristics of PbTe-BaTe alloy (3 mol.%) doped with 1% Na,Te are
represented in Fig. 15. The electric conductivity of sample ¢ = 1410 S-cm™ at room temperature is
reduced to o=140S.cm™ at 760 K. The value of the Seebeck coefficient measured at room
temperature was S = 80 pV-K™* and is increased to S = 330 pV-K™ at 760 K (Fig. 15, b). The value of
power factor at room temperature is 9 pW cm™ K2 and increases to maximum (20 pW-cm™.K?) at
temperature 465 K, and at temperature 760 K it is16 pW-cm™. K

Fig. 16, a represents the temperature dependence of total thermal conductivity x of various
samples of PbTe-CaTe doped with 1% Na,Te and the test sample. It is clearly seen that introduction of
CaTe reduces y. As a rule, at room temperature y=2.98 W-m™*K™ was observed in a sample that
comprises 6 mol. % CaTe and is reduced to 1.05 W-m™*.K™*at 825 K.

Fig. 17, a represents the temperature dependences of ZT for different samples of PbTe-CaTe
doped with 1 mol. % Na,Te and a test sample that has no CaTe. The highest ZT 1.5 was achieved at
765 K for the sample with 6 mol.% CaTe which is 55% higher than in the test p-type PbTe. The
sample with 5 mol.% CaTe also shows high value of ZT = 1.45 at 715 K. Samples with the content of
(0.5-3) mol.% CaTe have ZT value in the range from 1.2 to 1.3 at (685-760) K.
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Fig. 16. Temperature dependences of total (y - @) and lattice thermal conductivity (yia - b) of PoTe-CaTe samples
doped with 1 mol. % Na,Te and test sample of composition PbTe-Na,Te (1 mol.%) [28].
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Fig. 17. Temperature dependences of thermoelectric figure of merit (ZT) for (a) PbTe- CaTe samples doped
with 1 mol. % Na,Te and (b) PbTe- BaTe (3 mol. % BaTe) doped with 1% Na,Te [28].

With increasing concentration of CaTe, ZT maximum is displaced from 685 K to 765 K, which
is due to higher hole concentration in these samples. For the sample of PbTe-BaTe (3 mol.% BaTe)
doped with Na,Te (1 mol.%) ZT = 1.3 was achieved at 760 K (Fig. 17, b).

Conclusions

1. Characteristics and analysis of the thermoelectric properties of solid solutions obtained on the basis
of lead telluride and chalcogenide compounds of other elements of the periodic table are presented.

2. It is established that PbTe-Ag,Te; alloys have low lattice thermal conductivity through the presence
of Ag,Te; nanoinclusions and excellent electronic properties due to complex structure of valence
band yielding ZT > 1.5 at high temperatures.

3. It is shown that for solid solutions based on PbTe-Sh,Te; and PbTe-Bi,Te; the thermoelectric
properties depend on the content of Sbh,Te;(Bi,Tes), and it is established that the optimal content is
0.03 mol.% Sh,Tes and 0.3 mol.% Bi,Tes, respectively.
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4. The PbTe-PbS solid solutions with 8 mol.% PbS are unique in that they can be obtained in two
forms, namely solid solution and nanostructured material which together with spinodal
decomposition scatter phonons on phase boundaries and thus reduce the thermal conductivity.

5. In PbTe-PbSe solid solutions, the Seebeck coefficients are lower than in pure PbTe, and maximum
figure of merit values Z = 2.0x10° K™, which is possible due to high values of carrier concentration.

6. Samples of PbTe-CaTe (BaTe) systems with the content of 5mol.% CaTe show high value of
ZT =1.45 at 715 K, and samples with 3 mol.% BaTe have the value of ZT = 1.3 at 760K.

The work was performed in conformity with the scientific projects of the Ministry of Education
and Science of Ukraine (registration number 0113U000185) and NATO’s Public Diplomacy Division
as part of program “Science for the Sake of Peace” (NUKR, SEPP 984536).
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