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Efficient thermoelectric materials on the basis of Bi2Te3−xSex , Bi2−xSbxTe3, PbTe and GeTe for temperature

range of 200−900K were investigated. Materials were fabricated using traditional methods and nanostructuring.

A comparative analysis of the main physical parameters of these materials was carried out, and the temperature

dependences of their thermoelectric parameters and thermoelectric figure of merit were determined. The

relationship between structure and thermoelectric parameters in nanocrystalline materials was established. A study

of heat transport mechanisms showed that a 10−21% increase in thermoelectric figure of merit in nanocrystalline

materials is due to a decrease in phonon thermal conductivity. As a result of the calculation of a three-section

thermoelement, in which nanocrystalline thermoelectric materials were used, a high efficiency of 18% was obtained

at temperatures of 300−900K.
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1. Introduction

Thermoelectricity has been one of the most actively

developing areas in science and technology in recent years.
The benefits, as well as the huge untapped potential of using

thermoelectricity to regulate temperature (Peltier effect)
and generate electrical energy (Seebeck effect), attract high
interest in it. The non-alternative areas of application of

thermoelectricity are worth-mentioning: precision tempera-
ture control, power supply to spacecraft during deep space

exploration, as well as hard-to-reach territories.
The efficiency of thermoelectric energy conversion is

largely determined by the thermoelectric figure of merit
(Z = s2σ/κ, where s — Seebeck coefficient, σ — electrical

conductivity, κ — thermal conductivity) of semiconductor

materials used for the manufacture of thermoelements —
fundamentals of the design of any thermoelectric device.

Therefore, one of the main tasks of thermoelectric mate-
rials science is to optimize the thermoelectric parameters

(s, σ, κ) of thermoelectric materials. The following ways of
increasing Z are obvious: increasing the power factor (s2σ )
and reducing the thermal conductivity of thermoelectric
materials.

The development of effective thermoelectric materials is

carried out in two directions. One is related to the search
for new compositions of thermoelectric materials [1–5],
and the other is related to the use of nanotechnology to
produce nanostructured thermoelectric materials. In the

second case, technology is used to create nanocrystalline
materials [6–12], or composites with nanoscale inclusions

of foreign phases or compounds [7–9] are obtained.

A number of scientific groups is involved in development

of effective thermoelectric materials [9,13–15]. However,

despite the enormous progress in thermoelectric materials

science due to the developments of new thermoelectric

materials, chalcogenides based on Bi2Te3, PbTe and GeTe

are today the main semiconductor materials used for the

manufacture of thermoelectric energy converters. The

compounds and methods of producing such thermoelectric

materials have been developed, which generally include,

zone melting (ZM), extrusion (Ex), hot pressing (HP),
super-fast cooling of melts, Bridgman method, spark plasma

sintering (SPS).
Analyzing the latest achievements in creating effective

thermoelectric materials, we can draw the following con-

clusion. In a number of studies, a rise in Z has been

achieved by increasing the power factor [8,12,13]. At the

same time, there are significantly more publications stating

that higher efficiency may be achieved by reducing thermal

conductivity [7–9,16]. The mechanisms of heat transport

are considered in [8,17–19], and the sizes of crystallites

necessary to reduce the contribution of phonons are —
in [20–23], where the use of nanomaterials is justified.

However, despite the impressive successes achieved by

nanostructuring of thermoelectric materials, they are far

from practical implementation in thermoelectric devices.

At the moment, there is no deep understanding of the

mechanisms of thermal conductivity, carrier transport and

scattering in these complex materials, as well as the stability

of their properties. For this purpose, it is advisable to

fabricate and make comparative studies of thermoelectric

1782



Investigation of nanocrystalline and traditionally produced thermoelectric materials on the... 1783

Table 1. Compounds, methods and ranges of operating temperatures for thermoelectric materials

Temperature range Components of thermoelectric materials Type of conductivity Method

Low-temperature 200−400K
Bi2Te2.8Se0.2 (0.16wt.% CdCl2) n ZM, SPS

Bi0.5Sb1.5Te3 (2.20wt.%Te and 0.16 wt.% TeI4) p ZM, SPS

Medium-temperature 400−600K
Bi2Te2.4Se0.6 (0.16wt.% CuBr) n Ex, SPS

Bi0.4Sb1.6Te3 (0.14wt.% PbCl2 and 1.80wt.%Te) p Ex, SPS

Medium-temperature 600−900K
PbTe (0.30wt.% PbI2 and 0.30wt.% Ni) n HP, SPS

GeTe (7.20wt.% Bi) p HP, SPS

materials obtained by traditional methods (classical materi-

als) and nanocrystalline materials of the same composition.

In connection with the above, the purpose of this work is

to obtain effective thermoelectric materials using traditional

methods and nanostructuring for the operating temperature

range 200−900K, to conduct research and comparative

analysis of the main physical parameters, as well as to

determine the influence of heat transport mechanisms on

thermoelectric figure of merit.

2. Experimental

Thermoelectric materials based on chalcogenides were

fabricated using traditional methods of zone melting, ex-

trusion and hot pressing for the operating temperature

range from 200 to 900K (Table 1). In order to increase

the thermoelectric figure of merit, conditions to fabricate

nanocrystalline thermoelectric materials by spark plasma

sintering have been developed, including the manufacture of

nano-dispersed powders and their compaction to create bulk

samples of thermoelectric materials [24]. Thermoelectric

materials were synthesized by direct fusion of components

in sealed quartz tubes placed in a muffle rocking furnace

under the following conditions: for materials based on

Bi2Te3 and Sb2Te3 — 1050K, 120min; for material based

on PbTe — 1350K, 120min; for material based on GeTe —
1250K, 180min. After synthesis the tubes with thermo-

electric materials were quenched with a cooling rate of

about 500K/min. Synthesized materials were crushed using

a CSchD-6 crusher and a knife-type mill IKA A11 to a

particle size of 250µm. Further, some of the powders were

used to produce bulk materials using traditional methods:

zone melting, extrusion or hot pressing. Another part of

the powders intended for the production of nanocrystalline

materials using SPS was additionally crushed in a high-

energy planetary ball mill
”
Retsch PM400 MA“. The same

ingots of materials synthesized by direct fusion were used

for the fabrication of nanocrystalline materials and materials

obtained by traditional methods. The composition of the

materials and alloying components are presented in Table 1.

Thermoelectric materials Bi2Te2.8Se0.2 and Bi0.5Sb1.5Te3
were obtained by zone melting at a temperature in the

molten zone of 950K, the movement speed of the zone is

0.4mm/min, the number of passes of the zone is two. After
zone melting, before depressurization of the test tubes, the
thermoelectric materials were subjected to homogenizing
annealing at a temperature of 650K for 20 h. Bi2Te2.4Se0.6
was extruded at 4.0 t per 1 cm2, and Bi0.4Sb1.6Te3 at a
pressure of 3.5 t per 1 cm2, at temperatures of 680−700K
and 690−710K, respectively. The fabricated ingots were
subjected to the stabilizing annealing in Ar atmosphere
at 680K for ingots Bi2Te2.4Se0.6 and 650K for ingots
Bi0.4Sb1.6Te3 for 48 and 24 h, respectively. Hot pressing
of PbTe and GeTe was carried out at a pressure of
450MPa and a temperature of 690K for 5min, followed
by annealing at 770K in argon atmosphere for 48 h.
Bulk samples of nanocrystalline thermoelectric materials

were obtained as follows. DC current (up to 1200 A) was
passed through the powder loaded into the graphite mold of
SPS 511S system in a pulsed mode with a pulse duration
of up to 12ms and intervals of 2ms. At the same time,
controlled pressure was applied to the powder. The process
temperature was adjusted automatically due to the value
of the passed current. Samples of nanocrystalline thermo-
electric materials with a diameter of 20mm and a height
of 3 to 10mm were obtained from SPS powders crushed
in a planetary ball mill at a speed of 400 rpm for 60min.
Optimal parameters for SPS were determined: for materials
on the basis of Bi2Te2.8Se0.2, Bi0.5Sb1.5Te3, Bi2Te2.4Se0.6,
Bi0.4Sb1.6Te3, PbTe — 723K, 5min; GeTe — 773K, 5min.
During SPS process the pressure was 50MPa for materials
on the basis of Bi2Te2.8Se0.2; Bi0.5Sb1.5Te3; Bi2Te2.4Se0.6;
Bi0.4Sb1.6Te3; GeTe and 80MPa for material on the basis
of PbTe. SPS of nano-dispersed powders of thermoelectric
materials was carried out in an inert gas environment.
The size, phase composition, and fine structure of

nano-dispersed powders and nanocrystalline thermoelectric
materials were studied by transmission electron microscopy
(TEM) using JEM-2100 system at an accelerating voltage
of 200 kV. The powder compositions were determined
according to the parameters of the crystal lattice. The size of
crystallites was determined by the broadening of the peaks
on X-ray diffraction pattern with an accuracy of ±2 nm.
The density of nanocrystalline materials was measured

by hydrostatic weighing with an error of no more than
0.01 g/cm3. Three density measurements (ρ) were per-
formed for each sample and the average value was calcu-
lated.
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To determine the concentration and mobility of charge

carriers, the results of measuring the Hall constant on

HMS-5000 (Ecopia) system at 300K in a magnetic field

of 0.55 T, at a current of 10mA were used. Samples with

sizes 7× 7× 4mm3 were prepared for the studies. The

concentration of the majority charge carriers (n) and their

mobility (µ) were determined as follows:

n = 1/e RH; µ = σ RH, (1)

where RH — Hall constant, e — charge of the electron.

Microhardness was measured using Vickers method with

PMT-3M microhardness tester based on the recovered

indenter print.

To control possible phase transformations during heat

treatment, accompanied by thermal effects, studies were

conducted using differential scanning calorimetry methods

(Shimadzu DSC-50 calorimeter).
Studies of the temperature dependences of the thermo-

electric parameters of classical and nanocrystalline thermo-

electric materials in the range from 200 to 900K were car-

ried out using method presented in [25]. The studies were

conducted in a stationary mode in a single measuring cycle,

the thermal conductivity was determined by the absolute

method. Thermoelectric parameters of materials based on

Bi2Te3 and Sb2Te3 were measured: perpendicular to SPS

pressure orientation; parallel to the direction of pressure

during extrusion; parallel to the direction of crystallization

during zone melting. The measurement directions of the

thermoelectric parameters coincided with the direction of

the current in the legs of the thermoelectric element.

Thermal conductivity was calculated by the formula:

κ = LQ/(S1T ), (2)

where Q — heat flow passing through the sample; 1T —
temperature difference on the sample; L — height of the

sample; S — area of the sample cross-section. The heat

flow was calculated based on the power of the gradient

heater minus the heat losses along the supply potential

wires. In order to reduce the measurement error of thermal

conductivity, the installation was calibrated using reference

samples: quartz glass KV (GOST 15130-86) and alloy VT6

(GOST 19807-91).
Thermal conductivity was calculated by the formula:

σ =
2LI

S(U1 + U2)
, (3)

where I — dc current passing through the sample;

U1 and U2 — voltage drop across the sample in opposite

current directions.

The Seebeck coefficient of the investigated material is

determined as follows. Thermal EMF was measured

on a sample using the same legs of thermocouples

Ec−c and Ea−a

s1 = Ec−c/1T, (4)

s2 = Ea−a/1T. (5)

From the data obtained (s1 and s2), the Seebeck coeffi-

cients values of alumel and chromel were excluded, and the

average value of Seebeck coefficient of the thermoelectric

material was calculated.

The error of the method is 2% for the coefficients of

Seebeck and electrical conductivity, 5% for the coefficient

of thermal conductivity.

3. Results and discussion

It has been established that when nano-dispersed powders

are produced in a planetary ball mill, intensive grinding of

thermoelectric materials occurs in the first 20−40min, and

the minimum powder sizes are reached after 50−60min.

For all thermoelectric materials, except PbTe, the minimum

sizes of powder crystallites were reached at the level of

24−29 nm. For PbTe these sizes were much greater and

were about 84 nm. The average crystallite sizes of powders

of thermoelectric materials obtained during 60min grinding

are shown in Table 2. Here and further, the compo-

sitions of thermoelectric materials are indicated without

alloying.

As an example, Figure 1 shows TEM-images of ag-

glomerates and individual powder particles after grinding

for 60min. All powders were found to be single-phase,

and the powder compositions corresponded to those of

synthesized thermoelectric materials. Micro-deformations

of the crystal structure were found in these powders, which

change slightly at different grinding times.

Studies of the fine structure and phase composition of

nanocrystalline thermoelectric materials were carried out

using transmission electron microscopy with examination of

electron diffraction patterns. As an example, Figure 2 illus-

trates TEM-images of structures of thermoelectric materials

based on Bi2Te2.8Se0.2 and Bi0.5Sb1.5Te3.

The lattice parameters of bulk nanocrystalline

thermoelectric materials were determined. It was found

that the fabricated materials and synthesized materials

had equivalent compositions. The distribution of elements

in the thermoelectric materials was homogeneous. The

Table 2. Average crystallite sizes in powders and thermoelectric

materials

Thermoelectric
Average crystallite sizes, nm

material Powders
Bulk thermoelectric materials,

obtained by SPS

Bi2Te2.8Se0.2 28 97

Bi0.5Sb1.5Te3 29 76

Bi2Te2.4Se0.6 28 74

Bi0.4Sb1.6Te3 28 78

PbTe 84 116

GeTe 24 72
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a b
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c d
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Figure 1. TEM images of agglomerates (a) Bi2Te2.8Se0.2,

(c) Bi0.5Sb1.5Te3, (e) PbTe, (g) GeTe and individual powder

particles (b) Bi2Te2.8Se0.2, (d) Bi0.5Sb1.5Te3, (f ) PbTe, (h) GeTe.

distribution of reflexes on the ring electron diffraction

patterns shown in Figure 2 correspond to solid solutions

of Bi2Te2.8Se0.2 and Bi0.5Sb1.5Te3. The size of crystallites

were identified in thermoelectric materials. A comparison

of the data obtained shows that the size of crystallites

after sintering for all thermoelectric materials increased

compared to the size of the powders. The average sizes of

crystallites in bulk nanocrystalline materials obtained from

powders ground for 60min are presented in Table 2.

The main physical parameters have been studied and the

data for nanocrystalline and materials obtained by traditional

methods, presented in Table 3, have been compared.

According to the data presented, the density of nanocrys-

talline materials is 97−98% of the density of materials ob-

tained by direct fusion of components (theoretical density).
The obtained concentration and mobility values for

nanocrystalline and classical materials of the same compo-

sition have similar values. However, the carrier mobility

of nanocrystalline materials is somewhat lower, which is

due to their scattering on nanoscale structural elements

and impacts the values of electrical conductivity. The

microhardness of nanocrystalline materials is higher than

that of classical materials [26,27]. This result is consistent

with Hall−Petch law stating that nanostructuring increases

the mechanical strength of materials [28].
Studies of the thermoelectric parameters of classical and

nanocrystalline materials were carried out in the range of

their operating temperatures. Figure 3 shows the results

of the study of electrical conductivity temperature depen-
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Figure 2. TEM high-resolution images of structures

(a) Bi2Te2.8Se0.2 and (b) Bi0.5Sb1.5Te3, of individual crystallites

(c) Bi2Te2.8Se0.2 and (d) Bi0.5Sb1.5Te3, electron diffraction patterns

(e) Bi2Te2.8Se0.2 and (f ) Bi0.5Sb1.5Te3 .
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Table 3. Properties of thermoelectric materials obtained by various methods

Material
SPS Synthesis Traditional methods

ρ, g/cm3 n, 1019 cm−3 µ, cm2/V·s HV ρ, g/cm3 ρ, g/cm3 n, 1019 cm−3 µ, cm2/V·s HV

Bi2Te2.8Se0.2 7.60 3.12 232 34.6 7.75 7.74 2.99 242 33.5

Bi0.5Sb1.5Te3 6.65 3.37 203 45.3 6.78 6.78 3.28 217 44.4

Bi2Te2.4Se0.6 7.62 3.47 208 50.2 7.78 7.77 3.37 219 49.9

Bi0.4Sb1.6Te3 6.63 3.80 176 60.9 6.77 6.76 3.67 185 60.1

PbTe 8.11 4.10 188 52.4 8.28 8.03 4.07 201 51.7

GeTe 6.08 10.05 76 127.8 6.20 6.01 9.76 80 125.7

T, K
200 400 500

500

2000

1000

1500

2500

0

300

–
1

–
1

σ
, 
Ω

 ·
c
m

Bi Te Se -ZM2 2.8 0.2

Bi Te Se -SPS2 2.8 0.2

Bi Sb Te -ZM0.5 1.5 3

Bi Sb Te -SPS0.5 1.5 3

a

T, K
400 600500

500

1000

1500

0

300

–
1

–
1

σ
, 
Ω

 ·
c
m

Bi Te Se -Ex2 2.6 0.4

Bi Te Se -SPS2 2.6 0.4

Bi Sb Te -Ex0.4 1.6 3

Bi Sb Te -SPS0.4 1.6 3

b

T, K

400 900500 600 700 800

500

1000

1500

0

300

–
1

–
1

σ
, 
Ω

 ·
c
m

PbTe-HP

PbTe-SPS

GeTe-HP

GeTe-SPS

c

Figure 3. Temperature dependences of electrical conductivity (a) Bi2Te2.8Se0.2 and Bi0.5Sb1.5Te3, (b) Bi2Te2.4Se0.6 and Bi0.4Sb1.6Te3,

(c) PbTe and GeTe.
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Figure 4. Temperature dependences of Seebeck coefficient (a) Bi2Te2.8Se0.2 and Bi0.5Sb1.5Te3, (b) Bi2Te2.4Se0.6 and Bi0.4Sb1.6Te3,

(c) PbTe and GeTe.

dencies for the developed thermoelectric materials. The

general nature of the temperature dependences of electrical

conductivity indicates that all thermoelectric materials are

partially degenerate semiconductor materials in the range

of operating temperatures. The electrical conductivity of

nanocrystalline materials in the entire temperature range is

lower than that of samples obtained by traditional methods

by an amount not exceeding 4%. This is explained by

the fact that nanocrystalline thermoelectric materials have

a slightly lower mobility of charge carriers due to their

scattering on nanoscale structural elements.

The Seebeck coefficient for all the studied thermoelectric

materials rises with increasing temperature (Figure 4),
reaching a maximum for various materials from 200

to 250 µV/K in the temperature range at which the

maximum values of their thermoelectric figure of merit

are observed. After that, there is a decrease in Seebeck

coefficient for all materials, which is associated with an

increase in the contribution of minority charge carriers to the

electrical transport process. The difference in the Seebeck

coefficient of classical and nanocrystalline materials does

not exceed the measurement error.

Figure 5 shows experimental data on thermal conductiv-

ity (κtot).
Comparing the experimental values of thermal conductiv-

ity of classical and nanocrystalline thermoelectric materials,

the following should be emphasized. The values κtot for all

nanocrystalline materials are lower by 12−22%. A decrease

in thermal conductivity to 20% was observed in medium-

temperature nanocrystalline materials based on Bi2−xSbxTe3
and Bi2Te3−xSex . Minimal decrease of thermal conductivity

of the low-temperature nanocrystalline materials on the ba-

sis of Bi2Te3−xSex doesn’t exceed 12%, and PbTe — 16%.

The thermal conductivity of nanocrystalline material based

on GeTe is 22% lower than for the hot-pressed analog.

As noted earlier, the concept of creating nanocrystalline

thermoelectric materials is based on reducing the phonon

component of thermal conductivity [6,29]. To confirm

this fact and determine the mechanisms of heat transport,

the calculation was carried out and the contribution of
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Figure 5. Experimental data on thermal conductivity and calculation results of its components for (a) Bi2Te2.8Se0.2, (b) Bi0.5Sb1.5Te3,

(c) Bi2Te2.4Se0.6, (d) Bi0.4Sb1.6Te3, (e) PbTe, (f ) GeTe.
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Figure 6. Temperature dependences Z: (a) Bi2Te2.8Se0.2 and Bi0.5Sb1.5Te3, (b) Bi2Te2.4Se0.6 and Bi0.4Sb1.6Te3, (c) PbTe and GeTe.

the main components of thermal conductivity to thermo-

electric materials was established. In operating temper-

ature ranges of thermoelectric materials, heat transport

mechanisms are mainly determined by the phonon (κl),
electron (κel) and bipolar (κbp) components of thermal

conductivity [20,30–32]:

κtot = κl + κel + κbp. (5)

The study of heat transport mechanisms was carried out

for compositions of thermoelectric materials obtained by

traditional methods and nanocrystalline materials. The com-

ponents of thermal conductivity were calculated according

to the method described in [33]. The results obtained

are presented in Figure 5. Analyzing the mechanisms of

heat transport, it can be argued that the observed decrease

in thermal conductivity with an increase in temperature
to minimum values at 330−340K for Bi2Te2.8Se0.2 and
Bi0.5Sb1.5Te3 (Figure 5, a, b) are determined by a drop of κl
with a slight change in κel and in the absence of bipolar
heat transport. After that, there is an increase in thermal
conductivity due to κel and κbp, manifested in the region of

390−400K. The electronic component makes a significant
contribution to heat transport over the entire temperature
range (about 30%). The growth of κtot with the rise of
temperature due to κel and κbp is determined by an increase

in the contribution of minority charge carriers, which is
confirmed by the results of temperature dependences of
Seebeck coefficient and electrical conductivity. The results
of the study of the temperature dependence of thermal

conductivity for the considered thermoelectric materials
are consistent with the data from [34–37]. Data obtained
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Table 4. Maximal values Z of nanocrystalline and classic

thermoelectric materials

Material
Nanocrystalline material Classic material

Zmax, K
−1 T , K Zmax, K

−1 T , K

Bi2Te2.8Se0.2 3.31·10−3 330 2.97·10−3 320

Bi0.5Sb1.5Te3 3.72·10−3 330 3.10·10−3 330

Bi2Te2.4Se0.6 3.30·10−3 430 2.79·10−3 420

Bi0.4Sb1.6Te3 3.21·10−3 440 2.66·10−3 420

PbTe 1.59·10−3 830 1.37·10−3 810

GeTe 1.69·10−3 820 1.41·10−3 820

by the authors of papers [38,39] covering bipolar thermal

conductivity is slightly higher than our values. The values κel
given in the work [40] correlate with the data we obtained.

Temperature dependences of thermal conductivity in

the range 300−600K and calculation data of its com-

ponents for medium-temperature materials Bi2Te2.4Se0.6
and Bi0.4Sb1.6Te3 are shown in Figure 5, c, d. The ther-

mal conductivity of these thermoelectric materials does

not decrease significantly with the rise of temperature

to 400K. This is due to the fact that the decline in

the phonon component is compensated by an increase

in κel, which in these materials is about 30%. With

a further increase in temperature, the growth of κtot is

determined by electronic heat transport and after 450K —
by bipolar heat transport. After 480K, there is a significant

increase in κtot, which is associated with an increase in the

electronic and, to a greater extent, bipolar components of

thermal conductivity. The onset of intrinsic conductivity

leads to a decrease in thermoelectric figure of merit and

determines the maximum operating temperatures of the

thermoelectric material. The experimental values of the total

thermal conductivity for thermoelectric materials produced

by extrusion in [35,41–43], correlate with our data.

Experimental data on thermal conductivity and calcula-

tion results of its components for PbTe and GeTe based

thermoelectric materials are shown in Figure 5, e, f. The

decrease in thermal conductivity with the rise of temper-

ature in these materials with a minimum in the range of

820K is also due to a decrease in the phonon component,

which declines by more than three times to this temperature.

The electronic component, the contribution of which to

heat transport is about 25% for PbTe and 40% for GeTe,

also decreases to the indicated temperatures. Then κtot
stabilizes and there is a tendency to growth, which is

associated with the appearance of bipolar heat transport,

determined by an increase in the contribution of minority

charge carriers. This result is confirmed by a change in

the temperature dependences of electrical conductivity and

Seebeck coefficient for these materials. Our experimental

results correlate with the thermal conductivity data for

PbTe [37,44–46] and GeTe [16,47–50].

Thus, it was found that for all the studied thermoelectric
materials obtained by various methods, the nature of the

change in the temperature dependences of the compo-

nents of thermal conductivity is similar. The values of

the electronic thermal conductivity for nanocrystalline and

classical materials practically do not differ over the entire

temperature range, and the bipolar components have similar
values. The temperature changes of these components are

consistent with the temperature dependences of electrical

conductivity and Seebeck coefficient. The phonon thermal

conductivity values of nanocrystalline materials are lower

than those of classical ones and determine a corresponding
decrease in total thermal conductivity, which is confirmed

by the experimental data presented above. Thus, the results

of the study of heat transport mechanisms confirm the fact

of a decrease in the absolute value of thermal conductivity in

nanocrystalline materials compared with classical materials

due to the phonon component.
Based on the results of studies of thermoelectric pa-

rameters, the calculation of the thermoelectric figure of

merit Z was carried out. Figure 6 shows the values of

the temperature dependences of this parameter for classical

and nanocrystalline materials. Table 4 shows the maximum
values of the parameter Z for nanocrystalline and classical

materials and the corresponding temperature values.

The thermoelectric figure of merit of nanocrystalline low-

temperature materials based on Bi2Te2.8Se0.2 increases by

T, K
200 600 800

0.5
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T

a

1

2

3

4

5

6

I II III

1 3 5

2 4 6

I II III
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Figure 7. (a) Temperature dependences ZT of thermoelectric

materials 1) Bi2Te2.8Se0.2; 2) Bi0.5Sb1.5Te3; 3) Bi2Te2.4Se0.6;

4) Bi0.4Sb1.6Te3; 5) PbTe; 6) GeTe; (b) — Structure of three-

sectional (I−III sections) thermoelement.
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no more than 11%, and based on Bi0.5Sb1.5Te3 by 20,%

compared to the classic materials. Such a difference for

materials n- and p-types of conductivity is determined by

the size of crystallites in these nanocrystalline materials

and, accordingly, the efficiency of phonon scattering,

which affects the values of thermal conductivity. The

nanocrystalline Bi2Te2.8Se0.2 have average crystallite size of

about 97 nm, and Bi0.5Sb1.5Te3 — 76 nm. For the nanocrys-

talline materials based on Bi2Te2.4Se0.6 and Bi0.4Sb1.6Te3
the increase in Z reaches 18−21%, compared with classic

materials. PbTe-based nanocrystalline material have values

of Z higher than the thermoelectric figure of merit of the

classical material obtained by hot pressing by no more

than 14%. This is due to the fact that PbTe is the most

problematic material in terms of obtaining nanocrystalline

samples. It was not possible to obtain average crystallite

sizes of less than 100 nm for nanocrystalline PbTe, which

does not significantly reduce the phonon component of

thermal conductivity. For nanocrystalline GeTe, the obtained

values of Z by 21% exceed the values of Z samples

obtained by hot pressing. A certain discrepancy between

a decrease in thermal conductivity and an increase in Z

in nanocrystalline materials is explained by lower value of

electrical conductivity in the latter.

Thus, the studied thermoelectric materials have high

values of Z for practically used classical thermoelectric

materials. The values of Z for nanocrystalline materials

correspond to the maximum reproducible values obtained

by other authors [11,16,51–57].
As a result of the study, the temperature dependences

of the dimensionless thermoelectric figure of merit (ZT )
for nanocrystalline thermoelectric materials are presented

(Figure 7, a). Using the results obtained according to the

methodology presented in [58], a three-section thermoele-

ment was calculated (Figure 7, b). The efficiency of 18%

was obtained. The simulation results do not take into

account the thermal and electrical losses at the electrical

contacts.

4. Conclusion

Traditional methods and nano-structuring were used to

fabricate and study the thermoelectric materials on the basis

of Bi2Te3−xSex , Bi2−xSbxTe3, PbTe and GeTe, designed to

manufacture thermoelements capable of operating within

the temperature range 200−900K. As a result of the study

of the basic physical properties, their closeness has been

established for nanocrystalline and materials obtained by

traditional methods of the same composition. Studies of

the thermoelectric parameters for each material have been

carried out and their high thermoelectric figure of merit

has been established. The mechanisms of heat transport

in the operating temperature range are determined and

the components of thermal conductivity of thermoelectric

materials are found. It has been established that the

decrease in total thermal conductivity is determined by

the phonon component, which is lower in nanocrystalline

materials. Because of this, Z of the nanocrystalline materials

is higher by 10−21%. The relationship between the struc-

ture and thermoelectric parameters has been established

for nanocrystalline materials. The obtained results confirm

feasibility of fabrication of nanocrystalline materials in order

to reduce phonon thermal conductivity and increase Z.

As a result of modeling a three-sectional thermoelement

with operating temperatures 300−900K, in the structure of

which nanocrystalline thermoelectric materials are used, a

high efficiency value of 18% was obtained.
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