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THERMAL CONDUCTIVITY OF PbSei1-xTex
(x=0-0.04) SOLID SOLUTIONS

The dependence of lattice thermal conductivity A, of pressed samples of PbSei.xTex solid
solutions on the composition (x = 0 — 0.04) at a temperature of 325 K is obtained. The A.(x)
curve shows a maximum near x = 0.0075. Measurement of the temperature dependence of A_
in the range of 150-600 K showed that a concentration anomaly in the same range of
compositions is also observed on the composition dependence of power factor g in the
temperature dependence of AL . The non-monotonic character of the AL(x) and p(x)
dependences is associated with critical phenomena accompanying the transition of the
percolation type from dilute to concentrated solid solutions. In the study and practical
application of PbSeixTex solid solutions, it is necessary to take into account the non-
monotonic nature of the change in thermal conductivity with composition. Bibl. 15, Fig. 3.
Key words: PbSeixTex solid solutions, thermal conductivity, composition, temperature,
percolation.

Introduction

Semiconducting isovalent and isostructural substitutional PbSeixTex solid solutions are
promising medium-temperature thermoelectric (TE) materials [1, 2]. Since the efficiency of using
TE materials is determined by the figure of merit ZT (ZT = S%T/ A, where S is the Seebeck
coefficient, o is the electrical conductivity, 1 is the total thermal conductivity, and T is the
absolute temperature), one of the ways to increase ZT is to decrease 4. The thermal conductivity of
a semiconductor includes two main components - lattice (4.) and electronic (4e), which reflect the
distribution of the heat flux in the substance by phonons and conduction electrons [1,2].
Enhancing phonon scattering and, therefore, decreasing A. without negatively affecting the
electronic properties (S, ) remains an urgent problem of TE materials science [1-3].

Experimentally, the thermal conductivity of polycrystalline PbSei.«Tex solid solutions was
studied in many works [4-6], where the main attention was paid to the compositions from the side
of PbTe. Thus, in [4, 5], the total 1 decreased with an increase in the Se content to x ~ 0.5, and
then increased again. It was shown in [6] that A_ also decreases with an increase in the Se content
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to x =0.25, which, according to the authors, is due to phonon scattering because of local
deformation caused by the difference in the masses of Te and Se atoms. The theoretical
calculation of A_ carried out by the authors of [7] showed that at room temperature at x = 0.5, a
maximum decrease in AL by ~ 30 % is observed in comparison with i. of PbTe and PbSe
compounds.

Earlier, in a number of works reviewed in [8], anomalies were found in the isotherms of
properties, including thermal conductivity, in solid solutions based on IVV-VI compounds at a low
content of the second component (~ 0.5-1.5 at.%). According to the assumption of the authors of
these works, the concentration anomalies are associated with the presence of phase transitions of
the percolation type in going from dilute to concentrated solid solutions.

An anomalous area of thermal conductivity growth on the dependence of A(x) at room
temperature was also observed by the authors [9] in the PbSe1.xTex solid solution from the side of
PbTe in the range of x = 0.9925 - 0.9875. It was of interest to find out whether a similar effect will
be manifested in the same PbSe1.xTex solid solutions only by PbSe. Therefore, in [10] a study of
the concentration dependences of the microhardness H, S, o of cast and extruded polycrystalline
samples of PbSeixTex (x=0-0.045) solid solutions at room temperature and near x =0.01
revealed areas of abnormal decrease in H and S and growth of . However, the thermal properties
of these samples were unstudied.

This work is devoted to the study of the effect of composition and temperature on the
thermal conductivity of solid solutions based on lead selenide in the PbSeixTex system
(x=0-0.04).

Experimental

Polycrystalline PbSe1xTex samples (x = 0, 0.0025, 0.005, 0.01, 0.0125, 0.015, 0.0175, 0.035,
0.04) were synthesized by alloying the initial elements in evacuated quartz ampoules at a
temperature of 1380 K, followed by homogenizing annealing at a temperature of 870 K for
240 hours. All samples had p-type conductivity. To measure the thermal conductivity, hot-pressed
cylindrical specimens with a diameter of 15 mm and a height of 5.5 mm (pressing temperature
650 K, pressure 0.4 GPa, holding time under load 10 s) were prepared from cast ingots, followed
by annealing at 720 K for 250 h.

Thermal conductivity was measured in the temperature range of 150-600 K on a VT-1-400
device using a dynamic calorimeter in a monotonic heating mode. Three measurements of 1 were
carried out for each sample. The relative measurement error did not exceed 5%. The lattice
component of thermal conductivity AL was separated from the total thermal conductivity by
subtracting the electronic component . which was calculated according to the Wiedemann-Franz
law le = LoT (for a degenerate semiconductor the Lorentz number L = z%k*/3e =2.45-10®
W-Ohm-K2 [11]. The electric conductivity ¢ was measured by the four-probe method with an
accuracy of 5 %.
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Discussion of results

Fig. 1 shows a dependence of lattice thermal conductivity on the composition of
PbSe1xTex solid solution at a temperature of 325 K. It is seen that with a general tendency to
decrease AL with increasing Te content on the dependence A.(x) a maximum is observed near
x =0.0075, which indicates a decrease in phonon scattering and an increase in the propagation
velocity of elementary excitations near x = 0.0075.

In this regard, it was of interest to find out what the nature of the concentration dependence
of the power factor in the temperature dependence of A_ will be. Therefore, the total thermal
conductivity 4 of the samples under study was measured in the temperature range 150-600 K.
Fig. 2 shows the temperature dependences A(T) of some PbSeixTex (x =0, 0.0025, 0.005,
0.0175) samples. The rest of the samples had a similar character of the dependences A(T). From
Fig. 2 it can be seen that in the investigated temperature range the values of A decrease, which is
typical for phonon-phonon scattering and is consistent with the dependences A(T) given in [4 — 6].
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Fig. 1. Dependence of lattice thermal conductivity A, of PbSe1xTex solid solution
on the composition x at a temperature of 325 K

26
122
118
114
11.0

A (W/m-K)
A (W/m-K)

2.8
122
116
1 1.0

200 300 400 500 600
T (K)

Fig. 2. Temperature dependences of total thermal conductivity 4 of PbSeixTexsolid solution
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Our estimated calculation of the electronic component of thermal conductivity showed that
for PbSe polycrystal at room temperature A. = 1-102 W/(m-K), /A = 99.4%, and for PbSe;.«Tex
solid solution the value A. = (0.5—1.4)-10% W/(m-K), /A = (99.2 — 99.8)%. Thus, in PbSe and
in the PbSe1xTex solid solution on its basis, the main contribution to the thermal conductivity is
made by A.. Based on this, it can be assumed that the experimental values of A obtained in this
work practically coincide with the values of the lattice thermal conductivity.

It is known that at temperatures above the Debye temperature ©p (for PbSe ©p = 138 K) AL
of semiconductors with a rise in temperature decreases according to the law i ~ T* [11,12].
Assuming the power character of the temperature dependence AL (AL ~ T?), the power factor S was
estimated for the studied samples (Fig. 3). As is evident from Fig. 3, after a decrease in £ upon the
introduction of the first portion of the impurity (x = 0.0025), one can observe a sharp increase in
the power factor at x = 0.005, when g reaches an almost theoretical value (f =-1.05+0.05).
Besides, a subsequent sharp decrease to = -0.5 + 0.05 is observed, which indicates the presence
of some transformations in the crystal, which significantly change the processes of heat transfer
and phonon scattering. The subsequent increase in £ and the constancy of A in the range
x=0.0125-0.0175 indicate the complex nature of these transformations, which may be
accompanied by ordering processes. It was interesting to compare the values of £ obtained by
other authors with the results of this work. A numerical estimate of the power factor p for a
number of experimental dependences A.(T) for PbSe polycrystals given in [5, 6, 13] showed that
the values of g are f=-(0.7 - 0.9). The deviation of £ values for pure PbSe from the theoretical
value is obviously due to the presence of grain boundaries, nonstoichiometry defects and other
imperfections in polycrystals.
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Fig. 3. Dependence of the power factor g in the temperature
dependence of lattice thermal conductivity A on the composition
of the PbSe1.xTey solid solution

8 Journal of Thermoelectricity Ne4, 2020 ISSN 1607-8829



G.0.Nikolaenko, O.S.Vodoriz, E.l. Rogacheva, T.V. Tavrina, Lisachuk G.V.
Thermal conductivity of PbSei1xTex (x = 0 — 0.04) solid solutions

The anomalous growth of 4. near x = 0.0075 can be described, as was done in [9], within
the problem of the spheres of percolation theory [14, 15]. In this model, each introduced
substitutional atom (in this case the Te atom), represented as a sphere, causes a field of static
deformation with radius Ro and excitation of the phonon spectrum in the crystal. When a certain
critical concentration x. of substitutional atoms (percolation threshold) is reached, a chain of
interconnected atoms is formed that permeates the entire crystal (an infinite cluster). When the
first portions of Te are introduced into the PbSe lattice, the crystal structure becomes disordered,
which is manifested in a decrease in thermal conductivity at x = 0.0025. A further increase in the
Te concentration leads to the fact that the deformation fields of neighboring substitutional atoms
begin to overlap, which causes a decrease in local elastic lattice stresses, an increase in the rate of
propagation of thermal oscillations of the crystal lattice and, consequently, an increase in thermal
conductivity. Within the framework of the problem of the percolation theory spheres, using the
assumption of the short-range nature of the deformation interaction, the critical concentration can
be determined from the condition 4/3N. (2Ro)® = 2.7, where N is the average number of centers of
spheres with radius Ro per unit volume [15]. Assuming that the critical concentration with the
maximum value A_ corresponds to x. = 0.0075, we obtained Ro = 1.39ap (where ag is the unit cell
parameter of PbSe). A further increase in the concentration of Te causes new crystal deformations
in the solid solution, and hence a decrease in A_ at x > 0.015. With a high probability, as noted
above, such a percolation transition is accompanied by ordering processes.

Thus, we associate the anomalous growth of A.(x) in the PbSeixTex solid solution near
x =0.0075 with the manifestation of critical phenomena accompanying the transition of the
percolation type from dilute solid solutions to concentrated ones. The presence of such a growth
region of A (x) should be taken into account when developing materials based on PbSe, therefore,
an increase in thermal conductivity can lead to a decrease in the value of ZT. The results of the
work once again confirm the assumption, grounded in [8], about the universal nature of such
concentration anomalies.

Conclusions

The composition dependences of lattice thermal conductivity A of pressed samples of
PbSe1xTex (x =0 —0.04) solid solutions at a temperature of 325 K and a power factor g in the
temperature dependence of A.. On the dependences A.(x) and £(x) near x = 0.0075, clear maxima
were observed, the presence of which indicated the existence of transformations in the lattice
subsystem of the crystal, leading to an increase in the rate of phonon propagation and changes in
their scattering processes. The non-monotonic nature of the dependences Au(x) and f(x) is
associated with the manifestation of critical phenomena that accompany the phase transition of the
percolation type, which occurs during the transition from dilute to concentrated solid solutions.
The results of this work, as well as our previous data on the study of PbSei.xTex solid solutions,
show that when interpreting the results, optimizing the TE properties and practical application of
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these materials, it is necessary to take into account the concentration anomalies of thermal
conductivity in a certain range of compositions near the initial components PbTe and PbSe.
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HarionansHMiT TEeXHIYHUHN YHIBEPCUTET
«XapKiBChKUII MOMITEXHIYHUI IHCTUTYT»,

Byn. Kupnmuosa, 2, Xapkis, 61002, Ykpaina

TEIVIOHNPOBIJIHICTDb TBEPAUX PO3UNHIB
PbSe1xTex (x =0-0.04)

Odepoicano 3anexicHicms 2pamrogoi menjionpogioHOCmi AL Npeco8aHux 3pasKie meepoux
posuunie PbSei1xTey 6i0 cknady (x = 0 — 0.04) 3a memnepamypu 325 K. Ha xpusiti 2L(x)
susgneno maxcumym nooausy x = 0.0075. Bumiproeanns memnepamypHoi 3a1excHoCmi AL 6
inmepeani 150 - 600 K noxazano, wjo KOHYeHMpayilHa aHOMANISs 6 YbOMY XHC IHMep8ani
CKAA0I8 CROCMEPIcacEmbCa I HA 3ANeHCHOCI Cenenesozo Koegiyienma ff y memnepamypHiil
sanexchocmi AL 6i0 cknady. Hemonomounuu xapaxmep 3anexcnocmei AL(x) i P(x)
NOB'A3YEMbCA 3 KPUMUYHUMYU AGUWYAMU, WO CYNPOBOONCYIOMb Nepexio NepKONAYIUHO20 MUny
8i0 p036e0eHUX 00 KOHYEHMPOBAHUX MBEPOUX po3uurie. IIpu 0ocaioxicenHi i npaKxmuyHomy
s3acmocyeanni meepoux posuunie PbSeixTe€x HeobXiono epaxosyeamu HeMOHOMOHHUL
xapakmep 3MiHu Menaonposionocmi 3i cknadom. bion. 15, puc. 3.

Kuarouosi cioBa: TtBepai posumHu PbSei.Tex, TemmonpoBifHICTh, CKJIaa, TeMIeparypa,

MEPKOJIAIIISL.
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HaunoHanbHbIA TEXHUYECKUI YHUBEPCUTET
«XapbKOBCKUI MOTUTEXHUYECKUA HHCTUTYTY,

yi. Kupnimuena, 2, Xapskos, 61002, Ykpauna

TEIIJIOIIPOBOJHOCTDB TBEP/JIbIX PACTBOPOB
PbSe1xTex (x = 0 - 0.04)

Tonyuena 3asucumocms peuemoyHol MenionpoSOOHOCIU AL NPECCOBAHHBIX 00pA3Y08 MEEPObIX
pacmeopos PbSeixTex om cocmasa (x = 0 - 0.04) npu memnepamype 325 K. Ha xpueoii AL(X)
svLsignen maxcumym ¢onuzu x = 0.0075. Hamepenue memnepamypHoil 3a6UcumMocmu AL 8 uHmepeaie
150 - 600 K noxaszano, umo KOHYEHMPAYUOHHAS AHOMANUSL @ DMOM Jce UHMEPEANe COCMABO8
HAOM00Aemcs U Ha 3a6UCUMOCTIU CIENEHHO20 KO3@uyuenma 5 6 meMnepamypHol 3a6UCUMOCmU
AL om cocmasa. Hemonomownuwiti xapaxmep 3aeucumocmeti A(x) u p(x)cesasvisaemcs ¢
KPUMUYEeCKUMU — SIGIEHUSMY,  CONPOBONCOAIOWUMY — Nepexo0  NepKONAYUOHHO20 — muna  om
Paz0asieHHbIX K KOHYEHMPUPOBAHHBIM MeepObiM pacmeopam. Ilpu uccredosanuu u npakmuyeckom
npuMeHeHuu meepovlx pacmeopos PbSe1xTe€x HeobX00umo yuumvléams HeMOHOMOHHBIL XapaKkmep
UBMEHeHUs MeNIonpo8oOHOCmU ¢ cocmagom. bubn. 15, puc. 3.

KmoueBbie cioBa: TBepabie pacTtBOpsl PhSeixTey, TermmompoBOAHOCTb, COCTaB, TEMIIEPATypa,

TMCPKOJIAINUA.
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