I.A. Drabkin', V.B. Osvenskil, Yu.N. Parkhomenkol, Al Sorokinl,
G.L Pivovarovz, L.P. Bulat’

'State Scientific-Research and Design Institute of Rare-Metal Industry “Giredmet” JSC,
5/1, B. Tolmachevsky lane, Moscow, 119017, Russia;
*Technological Institute of Superhard and New Carbon Materials “Tisnum”,
7 a, Centralnaya Str., Troitsk, Moscow, 142190, Russia;
3The National Research University ITMO, 49, Kronverkskiy Ave.,
Saint-Petersburg, 197101, Russia

ANISOTROPY OF THERMOELECTRIC PROPERTIES
OF P-TYPE NANOSTRUCTURED MATERIAL BASED
ON (Bi, Sb),Te;

Anisotropy of thermoelectric properties of nanostructured Bi, 4Sb, sTes, material obtained by spark
plasma sintering (SPS) method in the temperature range of 245 to 420 K has been investigated. It
has been established that anisotropy value is increased with sintering pressure increase and
temperature reduction. Electric conductivity anisotropy coefficient is higher than thermal
conductivity anisotropy coefficient. Based on the experimental values of electric and thermal
conductivity in different directions, texture coefficients in compacted material have been
calculated. The resulting calculated temperature dependences of thermoEMF are in reasonable
agreement with the experimental data. The results of calculation of temperature dependence of
lattice thermal conductivity in perpendicular and parallel directions with respect to trigonal axis
are given for a single-crystal grain in the extrinsic conduction region. Starting from some
temperature depending on sample manufacturing conditions, the value of thermoelectric figure of
merit ZT in a direction parallel to compaction axis, becomes higher than in a perpendicular
direction, which is due to the emergence of minor carriers and the difference in the values of hole-
electron mobility ratios in single-crystal material for parallel and perpendicular directions with
respect to trigonal axis. Comparison of errors in determination of material thermoelectric
parameters with Harman’s method and the method of separate measurement of electric
conductivity, thermoEMF and thermal conductivity on different samples has been made. In the
latter case measurement of electric and thermal conductivity without regard to anisotropy can
yield overrated ZT values.

Key words: nanostructured material, anisotropy coefficient, electric conductivity, thermal conductivity.

Introduction

The Bi,Te; compound and solid solutions on its basis possess a layered crystalline structure
with monoatomic layers alternating as 7e"" — Bi — Te® — Bi — Te!” in the ¢ direction. These quintet
layers are interconnected by weak Van der Waals bonds. Such anisotropic structure defines possible
anisotropy of thermoelectric properties along and across the layers. In a bulk polycrystalline sample
the anisotropy of properties is the stronger, the higher is texture degree, i.e. preferred
crystallographic orientation of grains.

It is well known that single crystals and polycrystals obtained by methods of oriented
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crystallization of the melt (for instance, zone melting) or extrusion, possess 100-percent or so texture
and, as a consequence, pronounced anisotropy of thermoelectric properties. In polycrystalline material
obtained by hot pressing of powders, the possibility of texture origination and anisotropy of
thermoelectric properties increases with increasing grain size. Starting from work [1] where for the first
time the bulk nanostructured material with high thermoelectric properties (Z7 = 1.4) was obtained, it has
been believed that samples with randomly oriented nanosize grains are isotropic. Therefore, in the
majority of subsequent works that reported on obtaining p-type material with high ZT values the
possibility of thermoelectric properties anisotropy was ignored.

However, a more thorough and purposeful investigation based on the measurement of
thermoelectric properties in perpendicular and parallel directions with respect to compaction axis,
revealed electric and thermal conductivity anisotropy of compacted material based on Bi,Tes, including
that produced from nanopowders. Anisotropy due to the presence of texture is more pronounced in
n-type material [2].

Anisotropy value, characterized by anisotropy coefficient, depends on a combination of
factors: solid solution composition [3], morphology of source powder particles [4], as well as
compaction conditions, namely pressure and temperature. This accounts for a quantitative difference
in anisotropy coefficients observed in the samples produced under different conditions.

In the present work, anisotropy of thermoelectric properties of p-type nanostructured
Biy 4Sb, ¢Te; material obtained by spark plasma sintering (SPS) has been studied as a function of
compaction temperature and pressure. Unlike the majority of works, electric conductivity,
thermoEMF, thermal conductivity and thermoelectric figure of merit were determined by two
methods: Harman’s method of measurement on the same sample and method of separate measurement
of electric conductivity, thermoEMF, thermal conductivity on different samples.

Experimental procedure

Nanostructured samples were obtained from nanopowders of synthesized material of given
composition. As a source raw material, Bi (99.999), §b (99.999), Te (99.999) was used. Synthesis was
performed by direct alloying of components in sealed quartz ampoules. The resulting ingots were
subject to mechano-activated treatment in protective atmosphere in high-energy planetary ball mill PM
400 (Retsch, Germany). Compact nanostructured material samples of composition Bij4Sbh, ¢Te; were
obtained by SPS method in SPS-5118S installation (SPS Syntex, Japan). This method offers a number
of advantages over conventional hot-pressing technique [5]. Cold-pressed pellet, preliminarily
produced from nanopowder, was transferred to SPS installation. All operations with nanopowder were
carried out in a glove box in protective atmosphere with moisture content O, control. Concentration of
0O, was maintained below 10 ppm to prevent from powder oxidation.

Samples sintered in graphite mold were as thick as 3 to 10 mm with diameter 20 mm. Sintering
was made at temperatures 450 and 500 °C under a pressure of 30 and 50 MPa during 5 minutes. From
the resulting pellets on electric erosion cutting machine APTA-151 (Delta-Test, Russia) samples of
different size were cut depending on the method of properties measurement.

Thermoelectric properties of the bulk nanostructured material were measured by two methods.

In the temperature range of 245 to 355 K measurements were made by six-wire Harman’s
method [6] on the samples of size 2.5 x 2.5 x 4 mm’. The specific feature of this method is that
thermoelectric figure of merit Z, thermoEMF o and electric conductivity ¢ are determined by direct
measurement on the same sample, and thermal conductivity k is calculated from the formula
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Z = o’o/k. In so doing, electric and thermal conductivity is measured in one direction, perpendicular
or parallel to compaction axis.

Account of thermal losses due to heat fluxes through sample input leads and heat radiation from
the sample and the leads allows reducing considerably the errors of Z measurement. The calculated
values of proper corrections are given in [7]. The accuracy of Z determination by Harman’s method is
much higher as compared to separate measurement of a, ¢ and x, since it is a quotient of electrical
voltages obtained in the course of experiment. The advantage of Harman’s method is independence of
results on sample shape and possibility of measurements on small-size samples. The shortcoming of
Harman’s method is the presence of soldered electric contacts to sample which automatically adds
contact resistances to sample resistance.

Measurements were made on automated bench (Giredmet, Russia) and installation DX-8080
(RMT, Russia). According to our estimates, with Harman’s method the measurement errors are:
thermoEMF =+ 1.5 %, electric conductivity + 2 %, thermoelectric figure of merit =3 %, thermal
conductivity determined by calculation + 5 %.

The temperature dependences of thermoelectric properties in the range of temperatures
300 to 420 K were also determined by separate measurement of electric conductivity, thermoEMF
and thermal conductivity on different samples with subsequent calculation of thermoelectric figure
of merit. Practically all the results reported in foreign works on thermoelectricity of recent years
have been obtained by this method which employs standard equipment. Electric conductivity and
thermoEMF were measured on ZEM 3 installation (Ulvac, Japan) on the samples of size
2.5x2.5x 10 mm’. Thermal conductivity was calculated by the formula k = D, x C, x d, where
D, — temperature diffusivity, C, — specific heat, d — density. Each of these parameters is measured on
different samples, which increases the error in measuring k and, hence, Z. Temperature diffusivity
was measured by laser flash method on LFA 457 installation (Netzsch, Germany). Specific heat was
measured by calorimetric method on the samples of size 0.7 x 2 x 4 mm® on DSC-404C installation
(Netzsch, Germany). The density of samples was measured by Archimedes’s method.

According to our estimates, with separate measurement of a, ¢ and k, the errors are as follows:
thermoEMF =+ 7 %, electric conductivity = 4 %, thermal conductivity + 12 % (with regard to errors in
measuring D,, C, and d), thermoelectric figure of merit — minimum + 20 %.

Note that with said method the relatively high error in measuring ¢ and a is primarily related to
low accuracy of fixing the distance between thermocouples that simultaneously serve as probes. When
measuring temperature diffusivity by nonstationary laser flash method it is not quite clear to which
temperature one should compare the measured value, since heat wave, especially at the initial moment
after heat pulse, propagates under conditions of strong overheat with respect to initial sample
temperature. Besides, when measuring on samples pressed from powders with high anisotropy of
thermal properties, heat wave propagates in conformity with local thermal resistance, rather than over
the shortest distance. It may affect the time of heat wave propagation and the measured temperature
diffusivity value.

Thus, the above measurement accuracies are permissible for studying temperature dependences
of a, o and K, but give rather approximate estimate of thermoelectric figure of merit.

To determine anisotropy value of thermoelectric properties at different temperatures,
measurements by both methods were performed in perpendicular and parallel directions with respect
to sample compaction axis.

ISSN 1607-8829 Journal of Thermoelectricity Ne3, 2013 37



LA. Drabkin, V.B. Osvenski, Yu.N. Parkhomenko, A.1. Sorokin, G.1. Pivovarov, L.P. Bulat
Anisotropy of thermoelectric properties of p-type nanostructured material based on (Bi, Sb),Te;

Experimental results and discussion

Compacted polycrystalline material formed by anisotropic crystals is locally inhomogeneous, since
its constituent single-crystal grains are of different orientation. Any electrical measurement on such
material will yield certain effective values of measured quantities. Anisotropy coefficient of the effective

electric conductivity K., in compacted material will be characterized by the ratio

K, =—2, (1)

ep||

where o, — electric conductivity measured along compaction axis, and G,,, — electric conductivity in
a transverse direction. In a similar way, the anisotropy of effective thermal conductivity K, can be
determined as the ratio of thermal conductivities along and across compaction axis.

Experimental values of electric conductivity and thermal conductivity anisotropy coefficients at
room temperature for samples prepared under different SPS conditions are given in Table 1.

The emergence of electric conductivity and thermal conductivity anisotropy in pressed
polycrystalline samples is naturally attributable to texture arising during compaction [3, 8]. The degree
of texture increases with increase in pressure. However, with a rise in temperature as a result of
recrystallization, texture becomes weaker, which leads to reduction of anisotropy coefficients.

Therefore, even in a relatively small range of change in SPS pressure and temperature, there is a
tendency toward K, and K, increase with pressure increase and temperature reduction. According to
this, as follows from the results given in [3], in p-type samples produced by SPS method at 380 °C and
pressure 50 MPa, at room temperature K;=1.36, K.=1.25. In so doing, electric conductivity
anisotropy is more pronounced than thermal conductivity anisotropy. This effect is particularly
apparent in n-type Bi,Te; material produced by SPS method, where electric resistance anisotropy at
room temperature is from 1.4 [4] to 1.7 [2].

Table 1
Electric conductivity and thermal conductivity anisotropy coefficients measured
by Harman’s method in Biy4Sb, ¢Te; samples at room temperature
SPS conditions
nx107",
Time, Pressure, Temperature, Kepo t Kepe em’?
min MPa °C

5 50 450 1.17-1.18 | 020-0.21 | 1.075—1.09 1.75

5 30 450 1.13-1.145 | 0.16-0.18 | 1.07 -1.075

5 50 500 1.12-1.13 0.15-0.16 | 1.05-1.07

5 30 500 1.09-1.105 | 0.11-0.13 | 1.035-1.05 1.64

In single-crystal material there is electric conductivity anisotropy along trigonal axis 6, and in a
perpendicular direction G,,. Let us denote electric conductivity anisotropy coefficient in a single
crystal as K,

“2n @)

ol

PO

For single crystals of composition Biy4Sh;¢Te; K,c =2.5 [9]. If in compacted polycrystalline
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material the distribution of grains orientation takes place completely at random, its properties are
homogeneous in all directions. For such materials there are approximate formulae for the calculation
of the effective values of electric conductivity, thermal conductivity and the Hall effect [10-13].
However, in the presence of texture in compacted material the anisotropy of electric conductivity
effective values is created. For compacted material we will restrict ourselves to a linear approximation
and assume

206, +0, 0, -0

c,, = +1
Pt 3 3

_tz(cﬁi _GpH)
3 3

Pl , (3)

2cspL+cspH

GepH = H (4)
where ¢ — texture coefficient in a direction perpendicular to compaction axis. Multiplier 2 before G,
is due to the fact that there are 2 perpendicular directions and one parallel.

26, +o0,

In the absence of texture =0 andc,, =c L. With a perfect texture (single

epll —

crystal) =1 and o,,, = 6,., and ., = o,. In the absence of texture the difference between (3) or (4)
and the expression for electric conductivity in the model of effective medium [11] is within the
measurement accuracy and makes 3 —4 % towards overrating of the effective values, i.e. is quite
comparable to electric conductivity measurement error. Therefore, one can consider the expressions
(3) and (4) suitable for the analysis of properties of compacted polycrystalline material with low
texture coefficient values.

Electric conductivity anisotropy coefficient in compacted material is related to properties of
single crystal by the ratios obtained from (3) and (4):

26, to,, =20, to, ()

and
Oy =y =1(0,. —0,)- (6)
Dividing (6) by (5) and using designations (1) and (2) yields

. (Kepc —1)(2KW + 1)‘ )
(2K€p0 + 1)(KPG - 1)

The values of texture coefficient calculated from (7) are listed in Table 1. Increase in pressure
from 30 MPa to 50 MPa results in texture coefficient growth by about 0.03 —0.04, and a rise in
sintering temperature from 450 °C to 500 °C to the same increase of ¢.

In the model of effective medium the relation between charge carrier concentration and
measured Hall coefficient R,y is given by the expression [12]

4B,

R, , 8)
nec

where n — charge carrier concentration, e — electron charge, ¢ — light velocity, 4 — the Hall factor,
B, — effective anisotropy factor. In the absence of texture the value of B,y with regard to the values
of effective masses can be approximately considered equal to 0.8 [14]. In a single crystal the difference
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in anisotropy coefficients for the directions parallel and perpendicular to triad axis is 10 — 15 %. So, it
should be expected that with low texture coefficients the difference in the effective anisotropy
coefficients for different directions will be small and comparable to measurement error. Therefore,
charge carrier concentration was determined from the Hall effect measured at temperature 77 K with
regard to B.y. In the process, the Hall factor 4 was considered equal to unity, since at this temperature
and charge carrier concentration the degeneracy condition is observed. The values of hole concentration
in the investigated samples are listed in Table 1.

Of particular interest is to study the temperature dependence of thermoelectric properties
anisotropy. As an example, Fig. 1 shows measured by Harman’s method temperature dependences of
electric conductivity o, thermoEMF a, thermal conductivity k and thermoelectric figure of merit ZT'
for a sample obtained by SPS method at a pressure of 50 MPa and temperature 450 °C, as well as the
respective temperature dependences of anisotropy coefficients.
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Fig. 1. Temperature dependences of electric conductivity (a), thermoEMF (b), thermal conductivity (c),
dimensionless thermoelectric figure of merit (d) of Big,Sb; sTe;,
samples prepared by SPS method at a pressure of 50 MPa, temperature 450 °C.
Measurement by Harman's method: 1 — perpendicular to compaction axis, 2 — parallel to compaction axis,
3 — anisotropy coefficient, 4 — result of thermoEMF calculation.

The data on electric conductivity, the Hall effect and thermoEMF allow calculating with a
knowledge of band parameters the temperature dependences of thermoelectric properties within the
framework of parabolic bands and isotropic scattering of charge carriers. The difficulty of
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calculation lies in a wide difference between the data on band parameters provided by different
authors. Thus, according to [15], the density-of-state effective mass of holes m, for composition
Biy458b1 55sTe; is 0.43m,, and according to [16] — 0.968 m,. In our calculation we considered
scattering parameter »=-0.5, which corresponds to acoustic scattering of charge carriers. The
density-of-state effective mass was chosen on condition of the best matching between calculated and
experimental temperature dependences of thermoEMF. The ratio between hole and electron masses,
between hole and electron mobilities, the energy gap width and coefficients of temperature
dependence of the density-of-state effective masses and energy gap width were taken from [17].
Electron scattering parameter » was considered to be equal to hole scattering parameter. With regard
to the above, the density-of-state mass of holes was 0.58(7/100)"°m,, the density-of-state mass of
electrons was 0.5(T/100)0'35me.
The Fermi level was found from the solution of neutrality equation

n,—n,=n, )

where n,—hole concentration, n,—electron concentration. ThermoEMF for single-crystal grains was
found from

2r+5)F. :
a :ﬁ ( r ) r+3/2(“n,p)_u* (10)

e (2r+3) r+1/2(lvl:p) "

where k—the Boltzmann constant, e—electron charge, »— scattering parameter, F, —the Fermi

integrals, F, '[0 —dx i, » —reduced Fermi level for electrons and holes. Indexes

1+exp xX—u )

n

n and p denote electron or hole component. In the accepted approximations, the hole and electron
components of thermoEMF are isotropic, but total thermoEMF in the region of mixed conduction can
be anisotropic. A relation between the effective values of thermoEMEF in a compacted polycrystalline
sample and in single-crystal grains in the framework of model (2) and (3) is given by the ratios

o — (X'Plcpi (2+t)+al7HGl7H(l_t) (11)

epl
v 30,,,

20“picpi (1 t) + apH ll (1 + Zt)

el = 35

a , (12)

epll

where o, o, — thermoEMF values in individual grains.

The resulting calculated temperature dependences of thermoEMF are represented in Fig. 1 and
testify to their reasonable agreement with the experimental data. In the investigated temperature range
a divergence between calculated values ., and o, appears only at temperatures above 350 °C and
does not exceed 1—2 uV/K. Experimental data (Fig. 1) also testify to the presence of small
thermoEMF anisotropy (about 2 %) in compacted samples. Its emergence can be related to the effect
of charge carrier scattering anisotropy on the grain boundaries. Electric conductivity anisotropy in a
single crystal is also related to anisotropy of charge carrier mean free paths K,;. With a motion of
charge carriers in a single grain of polycrystalline material for a direction perpendicular to trigonal
axis, the mean free path is larger than for a parallel direction. Therefore, scattering processes on the
grain boundaries will be more pronounced for a direction perpendicular to trigonal axis, which in the
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presence of texture will result in the effective thermoEMF anisotropy for compacted material.
However, this effect per se is very small and cannot result in considerable change of electric
conductivity value, so determination of ¢ without regard to scattering on grain boundaries can be
considered to be sufficiently correct.

Relations of the type (2) and (3), with replacement ¢ by « are also true for thermal conductivity.
Based on them, with regard to texture coefficient, determined from the results of electric conductivity
measurement, one can calculate thermal conductivity, parallel and perpendicular to triad axis in a
single-crystal grain. Knowledge of band structure parameters allows calculating the electron
component of thermal conductivity k., by the formulae [17]

K —T(—ka Ao +4Ac +——L—|8§ +8 +-—= (13)
el — nn PP n r 2
e c,+0, kT

|+ 7I2)F () (r45/2) FRLs (W) , (14)

An * *
” (r+3/2)E~+1/2 (M n,p) (I’+3/2)2 F2r+l/2 (“ n,p)

. [(r+5/2)Fr+3/2 (“*"51’ ):|
" [(7+3/2)Fr+1/2 (“*"’p ):| ’

where T — temperature, E, — energy gap width, ¢, and o, are used to mean the respective values of

(15)

electric conductivity in a direction perpendicular and parallel to trigonal axis [18]. The first two terms
in braces (13) characterize the electron and hole contribution to thermal conductivity, the last term is a
bipolar thermal conductivity.

To make full calculation of thermal conductivity, as it was done for thermoEMF, does not seem
possible due to absence of data on the lattice thermal conductivity for single crystals of given
composition. Therefore, one can only calculate the lattice thermal conductivity in a single-crystal grain
for extrinsic conductivity region, where electron contribution to thermal conductivity can be neglected.
According to the results of calculation for a single grain, the lattice thermal conductivity parallel to

trigonal axis has a conventional temperature dependence « g, ~1 /T, as illustrated in Fig. 2.
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Fig. 2. Temperature dependence of lattice thermal conductivity in a single grain
for a direction parallel to trigonal axis, and lattice conductivity anisotropy coefficient.
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At the same time, the lattice thermal conductivity, perpendicular to trigonal axis, grows with a

rise in temperature, as a result of which anisotropy coefficient K, =1, /K% also grows with

temperature (Fig. 2). Such a difference in thermal conductivity mechanisms along and across trigonal
axis is hard to explain in the framework of scattering inside a grain. Most probably it is related not to
intragranular properties, but to phonon scattering on grain boundaries. The mean free path of phonons
inside a grain is larger for a direction perpendicular to trigonal axis. Therefore, for this direction
scattering on grain boundaries will be more pronounced. With temperature reduction, the mean free
path of phonons is increased and scattering on grain boundaries will be more pronounced, resulting in
equalization of mean free paths (and, as a consequence, of thermal conductivity) along the directions
parallel and perpendicular to triad axis.

Approximation of thermal conductivity anisotropy coefficient to electric conductivity
anisotropy coefficient (Fig. 1) will contribute to Z increase with a rise in temperature, since in a
polycrystalline sample it will reduce the eddy currents caused by different ways for heat flux and
electric current.

From (9) it is seen that a crucial factor in bipolar thermal conductivity in p-type semiconductor
at the initial stage, when c,>>g,, is electron conductivity. In single-crystal material the ratio of
electron and hole mobilities depends on crystallographic orientation. For a direction perpendicular to
triad axis the bipolar thermal conductivity is higher than the respective value for a parallel direction. In
compacted material with texture this yields that in a direction perpendicular to compaction axis
thermal conductivity, with a rise in temperature, grows faster, as a result of which thermoelectric
figure of merit drops faster than for a parallel direction. This accounts for intersection of
thermoelectric figure of merit curves for parallel and perpendicular directions at temperatures close to
320 K (Fig. 1). Calculation of a bipolar thermal conductivity component shows that at a temperature of
415 K in a perpendicular direction K, = 0.208 W/m-K, and ,,; = 0.059 W/m-K.

The above regularities of influence of SPS conditions on the anisotropy of thermoelectric
properties are also observed with separate measurement of o, a, k. Fig. 3 represents the temperature
dependences of thermoelectric properties measured by this method and the respective anisotropy
coefficients for samples obtained by SPS method at a pressure of 30 MPa and 500 °C.

For SPS conditions 30 MPa and 500 °C at room temperature (~ 297 K), K, and K, are lower
than in the samples obtained at 50 MPa and 450 °C (Fig. 1). The observed difference in temperatures
corresponding to maximum Z7 and intersection of curves Z7, and Z7Tj, in Figs. 1 and 3, is also
apparently related to the difference in sample sintering conditions. At the same time, it should be noted
that, as is evident from Fig.3, when measuring D; by laser flash method the differences in the values .|
and . and appropriately calculated ZT', and ZT are within the accuracy of experimental procedure.

In this connection, we draw attention to another important feature of temperature diffusivity
measurement procedure with the use of the LFA installation. As mentioned above, in this case the
measured samples shaped as thin plates should have dimensions 10 x 10 mm?® or diameter 12 mm, and
measurement is performed in a direction perpendicular to the surface of samples. In the majority of
cases, including the works reporting very high values of ZT > 1.3, hot-pressed or spark plasma sintered
samples shaped as pellets 2 — 3 mm thick are employed. Of such pellets one can cut out samples of
necessary size for measuring D, only perpendicular to compaction axis, and perform measurements
along the compaction axis. This brings about a situation when ¥, and G, o, are measured in
different directions, which results in considerable overrating of thermoelectric figure of merit value.
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Fig. 3. Temperature dependences of electric conductivity (a),thermoEMF (b), thermal conductivity (c),
dimensionless thermoelectric figure of merit (d) of Biy,Sb; sTe;,
samples obtained by SPS method at a pressure of 30 MPa, temperature 500 °C.
Method of separate measurement: 1 — perpendicular to compaction axis, 2 — parallel to compaction axis,
3 — anisotropy coefficient, 4 — results of thermoEMF calculation.

For instance, in [3], where for a textured pellet 13 mm thick, obtained by SPS method in the
mode of 50 MPa, 380 °C, when &, and k; are measured in different directions, Z7 ~ 1.7, and when o,
and k., are measured in the same direction, Z7T ~ 1.1.

Therefore, the values of Z7 > 1.3 obtained on thin samples without regard to anisotropy give
rise to doubt.

Conclusions

Anisotropy of thermoelectric properties of p-type nanostructured Biy 4Sb, ¢Te; material obtained
by spark plasma sintering method (SPS) has been studied as a function of compaction pressure and
temperature. Unlike the majority of works, the thermoelectric properties were determined both by
Harman’s method and the method of separate measurement of electric conductivity o, thermoEMF o
and thermal conductivity k on different samples. In a direction perpendicular to compaction axis, &,
and x, are higher than in a direction parallel to o and . It has been established that electric
conductivity anisotropy exceeds thermal conductivity anisotropy. The values of anisotropy
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coefficients K, and K, increase with SPS pressure increase and temperature reduction. From the
experimental values of electric and thermal conductivity in various directions coefficients of texture in
compacted material have been calculated. The resulting calculated temperature dependences of
thermoEMEF are in reasonable agreement with the experimental data. For a single-crystal grain in the
extrinsic conduction region the results of calculation of the temperature dependence of lattice thermal
conductivity in perpendicular and parallel directions with respect to trigonal axis have been given.
Starting from certain temperature depending on sample preparation conditions, the value of
thermoelectric figure of merit Z7 in a direction parallel to compaction axis becomes larger than in the
perpendicular direction, which is due to the emergence of minor carriers and the difference in hole and
electron mobility ratios in single-crystal material for directions parallel and perpendicular to trigonal
axis. Comparison of the errors in determination of thermoelectric material parameters with Harman’s
method and the method of separate measurement of electric conductivity, thermoEMF and thermal
conductivity on different samples has been made. In the latter case high values of Z7 > 1.3 obtained on
thin samples without regard to anisotropy, can be overrated due to specificity of temperature
diffusivity measurement by laser flash method.
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