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The results of the thermoelectric properties study obtained by pressing the materials powder on the
basis of two types of lead telluride are shown: mechanical mixtures of basic microdisperse PbTe and nano-
dispersed additives ZnO or TiOz; alloyed by antimony lead telluride and alloyed by silver lead-tin telluride
in amount that exceeds the limit of impurity solubility, in order to provide additional phases. It has been
established that the system heterophasicity, especially of the second type, provides the materials obtaining
with low value of the thermal conductivity coefficient, which allows receiving effective thermoelectric ma-
terials with the thermoelectric figure of merit coefficient > 1.0.
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1. INTRODUCTION

Thermoelectric converters are one of the most relia-
ble in exploitation types of alternative sources of elec-
tric energy [1-7]. To their advantages also can be in-
cluded a significant period of unattended exploitation,
which may proceed decades of years. This determines
the prospect of using thermoelectric generators for
military technical needs and other systems in which
the energetic autonomy is one of the main priorities.

Lead telluride is a semiconductor material that is
already used to create thermoelements based on it,
operating at temperature of 300-500 °C. The main
drawback of the PbTe exploitation is the relatively low
efficiency of devices based on it (<10 %). Therefore,
finding ways to increase this value is an urgent task.

The efficiency of a thermoelectric converter func-
tionally dependents on the material thermoelectric
figure of merit Z:
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Here Th, Tc are the temperature of the hot and cold
ends of the thermocouple. The magnitude Z is propor-
tional to the specific electrical conductivity of the mate-
rial o, to the square of the thermo-EMF coefficient a
and it is inversely proportional to the coefficient of its
thermal conductivity k:
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The tasks complexity of the increasing value Z lies in
the fact that simultaneously with increasing the specific
conductivity of the material, for example by doping, due
to the increase in carrier concentration, the thermal
conductivity of the material increases and the coefficient
of thermo-EMF decreases. As a result, no significant rise
in thermoelectric figure of merit is observed.
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Therefore, a promising area of research is the crea-
tion of systems in which these parameters can be con-
trolled separately. One example is the use of materials
with defects of various dimensions: point defects and
their complexes, nano- and micro-inclusion, grain
boundaries [1]. In this case, control of the point defects
concentration will ensure the receipt of the material
with a given type and concentration of carriers and the
presence of defects of various dimensions create condi-
tions for the effective scattering of phonons with differ-
ent wavelengths, which is necessary to achieve the low
values of k.

Given the above, the study of thermoelectric sam-
ples obtained by the powder pressing method, which
provides a large area of intergranular boundaries, is
relevant. In addition to the scattering of phonons, such
boundaries can filter current carriers, passing electrons
(holes) only with "high" energies, which should increase
the coefficient of material thermo-EMF. For pressed
samples, an important factor is the size of the request-
ed fractions used for compacting. In [3], it has been
shown that the use of nanosized powder should carry to
a significant reduction in the thermal material conduc-
tivity. The use of an additional nano-disperse compo-
nent of another material can provide the creation of an
additional scattering surface for phonons, and, in the
case of the use of metallic nanoparticles, create qualita-
tive conductive contacts for electrons between grains
[8].
At the investigation of lead telluride from the
above-described methods, only few of them have been
realized before. The most studied ones are PbAgSbTe
multicomponent compounds [9-12]. By selecting their
chemical composition and synthesis conditions, the
nanosized inclusions of additional phases are provided,
which help significantly improved the properties of the
base material. The properties of pressed samples using
nanodispersed PbTe were investigated in [13]. Howev-
er, with a significant reduction of the thermal conduc-
tivity (more than doubled), the thermo-EMF coefficient
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of samples in the working temperature range also sig-
nificantly decreased.

In this paper two types of materials are investigat-
ed. Firstly, the samples obtained from the mechanical
mixture of the microscopic powder of the base material
and the nanosized impurity powder (ZnO, TiO2) were
obtained by pressing method. Secondly, PbSbTe and
PbAgSnTe systems, in which, by the choice of chemical
composition and obtaining technological factors, are
provided conditions of the nanoinclusion formation of
additional phases.

2. EXPERIMENTAL PROCEDURE

Synthesis of materials carried out in vacuumed
quartz ampoules [9]. The obtained ingots were
crushed, pressed under pressure (1.0-2.0) GPa and
annealed at the temperatures (200-500) °C. In the
case of mechanical mixtures, the base material pow-
der was mixed with a nanoparticle ZnO or TiOg2, the
particle size of which was (50-70) nm. Phase structure
and structure of synthesized ingots and samples were
investigated by X-diffraction methods on the automat-
ic diffractometer STOE STADI P. The surface mor-
phology was studied using a scanning electron micro-
scope. Hall measurements were carried out in con-
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stant magnetic and electric fields using a four-zone
method. The magnitude of the coefficient of thermo-
MF was calculated by measuring the voltage at the
ends of the specimen at the temperature gradient
=5 °C. The specific electrical conductivity o was de-
termined by measuring the voltage drop on the sam-
ple the of alternating current passage. The coefficient
of thermal conductivity k was determined by the
method of radial heat flux [9].

3. RESULTS AND DISCUSSION

Temperature dependences of thermoelectric parame-
ters of investigated materials PbTe, PbTe/ZnO,
PbTe/TiOz are presented in Fig 1. The homogeneous
PbTe is characterized by conductivity = 5 (Ohm-cm)-1,
the temperature dependence o (T) is nonmonotonic, with
a minimum in the vicinity of 200 °C. At a temperature of
100 °C, the sample has hole type of the conductivity. At
the temperature rises, near 250 °C, it is observed the
transition of the material to the n-type. This effect is
explained by the lowering zone maximum of light holes
below zone maximum of heavy holes, which significantly
increased their effective mass, and therefore, reduced the
mobility. The coefficient of thermal conductivity of the
non-admixture material is relatively low, it is slightly
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Fig. 1 — Temperature dependence of specific conductivity o (a), thermoelectric coefficient « (b) and thermal conductivity & (c) at
PbTe samples with the impurities of nanodispersed powders. For all samples: fractions PbTe is (0.05-0.5) mm, pressing pressure
is 1,5 GPA. The sample 3c* was additionally burned for 15 minutes at 500 °C
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Fig. 2 — Morphology of the samples surface without (a) and with inclusions of nano-dispersed ZnO (b, c, d).

dependent on the temperature and is = 0.005 W/(cm-C).
Low values of the material specific conductivity and its
thermal conductivity coefficient are caused by the
features of cold pressing technology [9, 4].

The main effect of the adding a nanodispersed ZnO
(TiO2) powder, as we expected, should manifest itself on
the temperature dependences of the heat conductivity
coefficient. The adding metal oxides should lead to the
increase of the number of dispersing surfaces, which
would reduce the value of k. However, as a result of the
measurements, it was found that with adding ZnO
(TiO2) the thermal conductivity coefficient of the
material is increased. Also, the electrical conductivity
of the material increases, and the coefficient of thermo-
EMF practically does not change in comparison with
pure PbTe. It should be noted that the properties of the
investigated materials practically do not depend on the
type of nanodispersed fraction (ZnO or TiOz2). A similar
conclusion is made in [3].

From the surface morphology analysis (Fig. 2), it
follows that the presence of a nanodispersed powder
prevents the digestion of grains (Fig. 2b), as it is in the
case of the non-homogeneous material (Fig. 2a), and
the formation of conducting electrons (holes) channels.
The zinc oxide nanoparticles, probably due to anneal-
ing, are combined with the formation of agglomerates
up to several micrometers (Fig. 2 ¢, d). The lack of plas-
tic inter-grain boundaries, obviously, is the reason also
of the higher material microhardness. So, if for a ho-
mogeneous PbTe pressed at 1.5 GPa and annealed at
500 °C (15 min), it is 297 MPa, then for a sample of
1 mas. % ZnO it equals 365 MPa.

Based on Hall effect studies, it has been found that
in nano-powder samples, the concentration of carriers
is significantly increased, while the lattice constant
decreases with increasing ZnO content (Fig. 3). This
suggests that oxide nanoparticles are not electrically
inactive. The increase of the holes concentration may
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be due to the diffusion inside of PbTe both oxygen and
zinc, which, under certain conditions, exhibits acceptor
properties [15]. Probably, the growth of the thermal
conductivity coefficient is also due to the growth of
carrier concentration and, accordingly, the electronic
component of the value k. It would seem that the ab-
sence of "good" intercrystal contacts should, at least in
part, compensate this growth. But, as you can see from
Fig. 1a and Fig. 1c, the growth of electrical conductivity
is doubly accompanied by the increase of the thermal
conductivity coefficient in the same number of times. In
the studied samples, there are obviously two ways of
phonons passing between the PbTe crystallites: partly
due to some degree of intergranular contact between
PbTe and partly through ZnO (or TiO2) grains. And, in
the second case, the heat conductivity will be better,
because, firstly, the nanosized particles were agglomer-
ated, increasing by this, theﬁchannel area for the pas-
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sage of phonons, and, second, the ZnO thermal conduc-
tivity has almost an order higher magnitude than the
thermal conductivity of PbTe.

Thus, in order to improve the effects associated with
the introduction of nanoparticles, it is worthwhile to
ensure that the conditions for agglomeration of nano-
particles had not been met. One embodiment of this
may be the use of a more finely divided base material
powder to provide a better distribution of nanomateri-
als by the sample volume. However, the effectiveness of
using a nanodisperse additive can be questioned. This
is due to the fact that an increase in dispersion already
leads to an increase in the area of intergranular
boundaries, which determines the efficiency of the pho-
nons scattering. And the type of materials that create
these surfaces, as has been established in this paper
and noted in [3], is not fundamentally important.
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Fig. 3 — Hall concentration of carriers in PbTe/ZnO(TiOz) composite samples (a) and the dependence on the lattice parameter of

elementary cell of PbTe/ZnO samples and the content of ZnO (b)
From the point of view of improving the thermoelec-
tric properties, the materials in which the additional

phase is formed as a result of doping with an admixture
in excess of the solubility limit (Fig. 4) proved to be

Sh

Sh

I, r.u

30 35 40 45
20, grad.

25

a

more effective. Two systems of PbSbTe and PbAgSnTe,
the first of which are characterized by the n-type, and
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study. The impurity of antimony manifests amphoteric
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Fig. 4 - Fragments of diffractograms in the region of detected reflexes of the phase Sb in PbTe:Sb (8 at.% Sb) (a) and the phase
Agi0.6Te7 in Pb1sSnzAgeTezo (XXIV) and in Pb14SnsAgeTeso (XXIX) (b)
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properties, with the predominance of donor exposure.
When replacing lead atoms, Sb contributes to the
growth of the density of states at the edge of the con-
duction band [16], which increases the coefficient of
thermo-EMF material and is valuable in terms of the
use of PbTe:Sb in thermoelectric converters.

Based on the performed studies, it was found that
in the case of a solid solution Pbo49Shoo1Te, the donor
effect is significantly less pronounced than in the case
of doping PbTe:Sb (1 at.% Sb). Most likely, this is asso-
ciated with the possibility of formation during doping,
in addition to substitution defects of the donor type

APbTe:Sb 1 at.% (1Sa)

J. NANO- ELECTRON. PHYS. 9, 05022 (2017)

(Sbrpp! *) as well as interstitial donor defects Pbi2* [17].
At the expense of higher in comparison with solids the
carrier concentration of PbTe:Sb (1 at %. Sb), the spe-
cific electrical conductivity and heat conductivity coeffi-
cient have high value for this material. An increase in
the amount of impurity up to 8 at. % leads to the allo-
cation of an additional phase of pure antimony, which
contributes to a significant decrease in the value of k.
This provides the obtaining material with a fairly high
dimensional thermoelectric figure of merit: ZT ~ 1.25 at
200 °C. Size of the inclusion the Sb phase, determined
using the Debye-Sherer formula, is 55 nm.
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Fig. 5 — The temperature dependences of the specific conductivity o (a), the of thermo-EMF coefficient « (b) and the thermal
conductivity & (c) of the PbTe:Sb (1 at.%), PbTe:Sb (8 at.%) and Pbo.4oSbo.o1Te samples

Silver, like the antimony, is an amphoteric impuri-
ty, but with predominance of acceptor action. Unlike
the PbSbTe system, in the case of the PbAgTe system,
the acceptor effect of silver is more pronounced in solid
solutions [18]. When the atoms have been replaced, the
Ag impurity increased the density of states at the edge
of the valence band [16]. PbAgSnTe solid solutions were
studied for the purpose of creating a stable material of
p-type conductivity for the needs of thermoelectricity.
Partial substitution of lead atoms by tin atoms contrib-
utes to the growth of acceptor defects, which is positive-
ly reflected in the electrical conductivity of the investi-
gated materials. The highest values of dimensionless
thermoelectric figure of merit (Z7=0.55 at 200 °C)

were achieved for the Pbi1sSniAgeTez0 composition.
Silver, which has not dissolved in crystal lattices, forms
an additional phase of AgioeTe7 which promotes the
receipt of a material with a low coefficient of thermal
conductivity.

4. CONCLUSION

The thermoelectric properties of PbSbTe, PbSnAgTe
and composite materials based on mechanical mixture
of PbTe powders and additional nanodispersed frac-
tions of ZnO or TiO:z have been investigated. There are
established the technological factors, which provide
obtaining materials with given physical properties.
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ductivity % (c) of Pb16Sn2AgsTez (sample 16-20) and Pb14SnsAgaTeso (sample 16-21) materials were annealed at 500 °C.

It is shown that heterophasic materials obtained
as a result of the saturation of the crystal of a matrix
by an impurity are provided higher thermoelectric
figure of merit compared with materials based on
mechanical mixtures.

The technology of obtaining thermoelements by the

method of cold pressing of powders under the choice of
optimal technological factors allows to receive thermoe-
lectric samples with a dimensionless figure of merit
ZT > 1, which, with paying attention on the production
cost, determines the prospect of its practical use.

TepMmoeeKTPUYHI BJIACTUBOCTI HAHOCTPYKTYPOBAHUX MaTepiajliB HA OCHOBI TeJIypUay CBUHIIIO

I.B. Topiuox!, M.O. TlNamymaxk?, O.M. Matkieceruiil, LII. dpemitiil,
P.A. Aropcrruiil, B.C. Brarogup3, O.1. Bapyuxis3, T.O. ITaparnryks3

1 Ipukapnamcokuli HauloHaJbHUL yHisepcumem imenl Bacuns Cmegpanuka,
eya. Illesuenka, 57, 76018, Isano-Opankiscvk, Yrpaina
2 Jearo-OpanKieCcoKUL HAUIOHAILHILL MeXHIYHIULL YHI8epcumem Hapmu i eazy,
eys. Kapnamcora, 15, 76001, Isaro-@pankxiscek, Yrpaina
3 Isarno-@parKi8CbKUL HAUIOHAIbHUL MEOUMHUTL YHI8epcUmem,
eyn. Tanuupra 2, 76018, Isarno-Pparkiscvk, Yrpaina

IIpencraBieHo pe3ynbTaTH JOCTIZKEHHS] TEPMOEIEKTPUYHUX BJIACTUBOCTEN OTPUMAHHUX METOJOM IIpe-
CyBaHHS IOPOIIKY MaTepiasiB Ha OCHOBI TeJypHUIy CBHUHIIO JBOX THUIIIB: MeXaHIYHI cyMimii 0a3oBOro MIKpoO-
nuctiepcaoro PbTe ta manomucnepcuux mo6aBok ZnO uu TiOg; jmeroBaHuil CypMoOI0 TEJIyPHI] CBUHIIIO Ta Jie-
TOBAHHUM CPibJIOM TeJIyPHUJl CBUHII-0JI0BA B KIJIBKOCTI, III0 IIEPEBUIILYE MEKY POIYMHHOCTI JOMIIIKH, 3 METO0
BUJIIJIEHHSA JTOJATKOBUX (pa3. BeramossieHo, 110 reTepodasHicTh CHUCTEMHM, 0COOJIMBO JPYroro THUILy, 3abe3me-
Yye OTPUMAHHS MaTepiajiB 3 HU3bKUM 3HAYEHHAM Koe(iIleHTa TeIJIOIPOBIIHOCTI TA J03BOJISIE OTPUMYBATH
e)eKTUBHI TePMOEJIEKTPUYHI MaTepiayin 3 KoedillieHTOM TepMOeJIeKTPUIHOI JoopoTHOCT > 1.0.

Korouosi cnosa: Tepmoenerrpuuni marepianu, Tesypun ceunIo, TepmoemeKTpuyHa JOOPOTHICTE.
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TepmoanexkTpuyeckue CBONCTBA HAHOCTPYKTY PUPOBAHHBIX MaTEPUAJIOB HA OCHOBE TEJLUTypuaa
CBUHIIA

10.

N.B. I'opuuox!, M.A. l'anymar2, O.H. Markuscermii!, .11, dpemuiil,
P.A. Aeopcwrmiil, B.C. Birarogup3, A.W. Bapyurus3, T.A. Ilapamryx3

L [Ipurkapnamckuli HQUUOHAIbHLLE YrUugepcumem umenu Bacunus Cmeganura,
ya. Illesuenra 57, 76018, Heano-Opankosck, Ykpaurna
2 Hsarno-OpaHK08CKULL HAUUOHAIbHbLIL MeXHU1eCK ULl YyHUu8epcumem Hegomu u 2a3aq,
ya. Kapnamcrkas 15 76001, Heano-Opankosck, Ykpaurna
3 Heano-OparKo6CKULl HAUUOHAIbHLLL MEOULUUHCKULL YHUBepCUmem,
ya. Tanuukas 2, 76018, Hearno-Opanrosck, Yrpauna

[IpencraBieHB pe3yIbTATHL MCCJIEIOBAHUA TEPMOIJIEKTPUUECKUX CBOMCTB ITOJIyYEHHBIX METOIOM IIpecC-
COBAHMWS TOPOIIKA MATEPUAJIOB HA OCHOBE TeJIIypHIa CBHHIA JBYX THIIOB: MEXaHUUYECKHE CMeCH 0a30BOrO0
mukpoauctepcuoro PbTe n manogucnepcHbix qo6aBok ZnO miu TiOgz; JermpoBaHHBIA CYypbMOM TeJIypuIa
CBUHIIA ¥ JIETHPOBAHHBIA cepe0poM TeJUIyphia CBHHIA-0JI0BA B KOJUUYECTBE, IIPEBBIIIAIOIIEM IIpejes pac-
TBOPUMOCTH IIPUMECH, C IIeJIbI0 BBIJEJIEHHUS JOIOJHUTEIbHBIX (Pa3. YCTaHOBJIEHO, YTO reTepodasHOCTh CH-
CTeMBbI, 0COOEHHO BTOPOTO THUIIA, 00ECIIEYNBAET II0JIydyeHe MATePUAJIOB ¢ HU3KUM 3HAUeHUeM KoadduiireH-
Ta TEIJIONPOBOJHOCTH ¥ II03BOJISIET II0JIyuaTh 9 QPeKTUBHBIE TEPMOJJIEKTPUIECKHE MATePUAJIbl ¢ Koadd u-

LIMeHTOM T€PMO3JIEKTPHIECKOM fo0poTHOCTH > 1.0.

Kirouessie ciioBa: TepMOSIIeKTpI/I‘IeCKI/Ie Marepuasibl, Tennyplm CBUHIIA, TepMOSJIeRTpI/I‘leCRaH /I[OGPOTHOCTL.
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