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Abstract—In this work we obtain and certify one-dimensional particles of the composition Bi,Te, 5S¢, 3 of
submicron size with an atypical growth direction. Further, the influence of the temperature of spark plasma
sintering on the grain morphology and size, crystal-lattice parameters, elemental composition, and density
of the samples obtained are investigated. The features of the formation of the crystallographic texture depend-
ing on the sintering temperature are also established. A temperature is revealed that allows for preservation of
the crystal structure characteristic of the initial powder and materials with an atypical crystallographic texture
to obtained. The thermoelectric properties of the materials obtained are also studied.
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INTRODUCTION

The technology of the thermoelectric conversion
of thermal energy into electrical energy opens up a
promising path to environmentally friendly electricity
generation through the collection of waste industrial
heat [1]. The efficiency of thermoelectric materials is
characterized by the dimensionless thermoelectric fig-
ure of merit ZT = 8?T/pk, where § is the Seebeck
coefficient, p is the electrical resistivity, 7 is the tem-
perature, and K is the total thermal conductivity,
which is mainly determined by the electronic (x,, K, =
Lo T, Listhe Lorentz coefficient) and lattice (K,) con-
tributions [2—7]. The electrical resistivity is deter-
mined by both the concentration (#) and mobility ()
of charge carriers [8—10]. A major challenge in creat-
ing high-performance thermoelectric materials is the
strong relationship between the electrical and thermal
transport properties. One of the promising modern
concepts for resolution of the thermoelectric proper-
ties is the concept of the 3D transport of charge carri-
ers and 2D transport of phonons [1, 11-16].

Materials based on bismuth telluride are the most
common commercial low-temperature thermoelectric
materials. The crystal structure of Bi,Te; is a rhombo-

hedral type of tetradymite with the R3m space group
and is described by a hexagonal unit cell. The unit cell
consists of five covalently bonded monoatomic sheets
along the c axis in the sequence

Here (1) and (2) denote two different chemical
states of tellurium. The nature of the bond between
adjacent layers Te ;) is the weak van der Waals interac-
tion, while the bond between bismuth and tellurium
atoms is covalent with a small ionic contribution.
Because of this crystal structure, the lattice parameter
¢ (3.045 nm) is approximately 7 times larger than a, b
(0.438 nm), resulting in a striking anisotropy [17—20].
Significant progress in increasing ZT has been
achieved through the specific structuring of bulk
materials obtained from nanoscale powders by consol-
idating them using spark plasma sintering (SPS) while
maintaining the morphology and crystallographic ori-
entation of the particles of the initial powder [21].
Chemical methods of synthesis in a solution make it
possible to effectively control the morphology, crystal
structure, and direction of growth of synthesized par-
ticles based on bismuth chalcogenides [22]. Thanks to
extensive efforts aimed at developing methods for the
controlled synthesis of nanostructures to improve
their thermoelectric figure of merit, nanostructures
based on Bi,Te; such as nanoplates [23—28], ultrathin
nanostructures [29, 30], nanoscale heterostructures
[31—34] and one-dimensional nanoparticles [35—37]
have been obtained. In particular, it was theoretically
predicted [38] and experimentally confirmed [39] that
the use of one-dimensional nanostructures, such as
nanowires, can help to improve power factor (S?c) due
to the quantum confinement effect [38] and to achieve
low level of x, due to phonon scattering on the surface
of nanostructures [39].
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However, the lattice structure features of bismuth-
telluride-based materials in combination with uniaxial
densification techniques usually result in the forma-
tion of a crystallographic texture. As a rule, the textur-
ing axis (0 0 1) coincides with the direction of SPS
pressing. The features of texturing of materials based
on Bi,Te; are described in detail in [40—47]. It is
shown that the formation of a quasi-two-dimensional
structure is determined by the morphology of particles
in the initial powders, the direction of their growth,
and recrystallization processes during compaction.
However, the low electrical resistance of such poly-
crystalline materials has been discredited by relatively
high thermal conductivity [46, 47]. Therefore, it is
necessary to develop methods for optimizing the com-
paction of bulk polycrystalline materials based on
one-dimensional nanostructures with well-controlled
composition, morphology and crystallographic orien-
tation, high density, low thermal conductivity, and
high electrical conductivity.

On the one hand, there is the possibility of obtain-
ing one-dimensional particles and the prospect of cre-
ating bulk materials based on them by rapid compac-
tion using the SPS method; and on the other hand,
due to the structural features of the crystal lattice, the
recrystallization process leads to destruction of the
structure of the rods with the formation of highly tex-
tured materials (the texturing axis (0 0 1) coincides
with the direction of SPS pressing). This prevents
implementation of the benefits of materials based on
one-dimensional particles.

MATERIALS AND METHODS

Analytically pure chemical reagents were used
without additional purification. In a typical prepara-
tion procedure, the required amount (0.125 mol) of
sodium hydroxide (NaOH) was dissolved in 200 mL of
1,2-ethanediol under continuous heating and mag-
netic stirring to form a clear solution. At temperatures
of 100—110°C, 0.108 mol of tellurium oxide (TeO,)
and 0.012 mol of selenium oxide (SeO,) were added to
the resulting solution. After their complete dissolu-
tion, the volume of the reaction medium was adjusted
to 1 L with 1,2-ethanediol and heated to 180°C, kept
at this temperature for 2 h, and naturally cooled to
140°C. Then 0.04 mol of bismuth oxide (Bi,0O3), and
an additional 0.125 mol of NaOH and 500 mL of eth-
ylene glycol were added. After this, the reaction
medium was heated to 180°C and kept isothermally for
4 h. The resulting precipitate was separated by centrif-
ugation, washed several times with propan-2-ol to
pH 7 and then with 2-propanone to remove impuri-
ties. The resulting powders were dried at room tem-
perature for 8 h.

To obtain bulk samples, the initial powders based
on Bi,Te, 5S¢, ; rods were subjected to the SPS process
using the SPS 25/10 system (Thermal Technology,

NANOBIOTECHNOLOGY REPORTS

Vol. 18  Suppl. 1

S91

LLC, USA). The synthesized powder materials were
sintered in a graphite mold with an internal diameter
of 20 mm at a vacuum level of 1.5 Pa, pressure of
40 MPa, and various temperatures (7, = 530, 580,
630, and 680 K) for 15 min.

A JEM-2100 transmission electron microscope
(TEM) (JEOL) was used to characterize the size, mor-
phology, and crystallographic growth direction of par-
ticles in the initial powder. To determine the phase
composition and crystal-lattice parameters of the
powder materials and bulk samples, X-ray phase anal-
ysis (XPA) was performed using a SmartLab diffrac-
tometer (Rigaku) with CuK|, radiation. Scanning elec-
tron microscopy (SEM) was used with a Quanta 600
scanning electron microscope (FEI) to study the par-
ticle morphology, estimate the average particle size of
the initial powder material, and study the grain struc-
ture features of the bulk materials. The bulk samples
were also examined by electron backscatter diffraction
(EBSD). The sample surface was prepared by vibra-
tion polishing. To perform EBSD analysis, the TSL,
OIM system (Velocity EBSD camera) was used [48].
Energy dispersive X-ray spectroscopy (EDX) using an
Octane Elite EDS system (EDAX AMETEK, Inc.)
was used to determine the chemical composition of
the initial powder and bulk bismuth—telluride materi-
als. The characteristic lines Bi—L, Te—L, and Se—K
were used to calculate the elemental composition.

To study the transport properties of bulk samples,
rods 2 X 2 X 10 mm and disks @10 X 2 mm were pre-
pared. A ZEM-3 system (ULVAC Advance-Riko) was
used to measure the electrical resistivity and Seebeck
coefficient of the rods using the four-probe method.
Thermal-constant measurement system TC-1200RH
(ULVAC Advance-Riko) was used to measure the total
thermal conductivity of the disc-shaped samples by
laser flash in vacuum. The dependences p(7), S(7),
and k(T) were taken for temperatures from 290 to
520 K. Taking into account the accuracy of the sys-
tems and the accuracy of measurements, an error of
5% was estimated when measuring the Seebeck coeffi-
cient; 1%, when measuring the electrical resistivity;
and 5%, when measuring the thermal conductivity.

RESULTS AND DISCUSSION

Although bismuth-telluride-based materials are
characterized by the formation of a crystallographic
texture, where the texture axis (0 0 I) coincides with
the SPS pressing direction, control of the crystallo-
graphic texture can potentially contribute to partial
resolution of the thermoelectric properties (p, S, k)
due to the formation of an atypical crystallographic
texture.

In an attempt to study the applicability of crystallo-
graphic-texture inversion as a way to optimize the
thermoelectric properties, anisotropic 1D particles
with an atypical crystallite growth direction (along the
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Fig. 1. X-ray diffraction pattern of the initial powder of the
composition Bi,Te, 7Se 3.

crystalline ¢ axis) have been obtained. The further
strategy of this study was aimed at studying the possi-
bility of maintaining the atypical structure during the
transition from a 1D powder material to a bulk one.
For this reason, n-type thermoelectric material
Bi,Te, ;Se, 3, which has been well studied, was chosen
as the object of study [49—51]. In order to suppress the
recrystallization process, it must be carried out at the
optimum temperature in the shortest possible time, so
the SPS method was chosen for densification and the
initial sintering temperature (7’) was selected at 680 K
as it is optimal for compacting materials of the
Bi,Te, ;Se, ; composition using the SPS method [40—
47]. Further, varying the sintering temperature was
aimed at determining a 7g value that would allow one
to obtain an atypical crystallographic texture and to
study the influence of this type of crystallographic tex-
ture on the thermoelectric properties.

According to the XPA results, the initial 1D powder
was single phase with the crystal-lattice parameters
a= 4.38315 and ¢ = 30.494 A, which are in good
agreement with the standard data for materials based
on Bi,Te; (PDF no. 01-089-2009). The X-ray diffrac-
tion pattern for the original 1D powder is shown in
Fig. 1.

The morphology and sizes of the particles were
studied by SEM (Fig. 2a) on a carbon substrate. The
SEM image shows that a large number of rods are ran-
domly distributed on the surface of the substrate.
Using SEM image analysis, particle-size-distribution
histograms were constructed to estimate the average
diameter (d,) and length (/,) of particles in the initial
powder. All histograms were described by a lognormal
unimodal distribution. For the Bi,Te,,Sey; d, =
0.27 um and /, = 1.17 um.
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Fig. 2. SEM image (a), histograms of the distribution of
the average diameter (b), and average length (c) of the par-
ticles of the initial powder material.

Figure 3 shows the TEM images and electron dif-
fraction of a selected region for the Bi,Te, ;Se, ; sam-
ple. Diffraction was carried out in the area marked by
a circle (Fig. 3a). The point diffraction pattern was
indexed as Bi,Te,;Se, ;, which is consistent with the
XPA results. Next, the diffraction pattern was indexed
as a pure Bi,Te, ;Se ; phase with the calculated lattice
parameters a = 4.384 Aand ¢ =30.493 A, the values of
which correspond to published data (PDF no. 01-089-
2009). The diffraction pattern indicates that crystal-
lites grow along the c axis (direction [0 0 1]).

These results indicate that one-dimensional
Bi,Te, ;Se, ; particles were obtained at the synthesis
stage. The morphology and growth direction of the
synthesized particles are atypical for this class of mate-
rials, which should facilitate the production of bulk
2023
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(b) [100]

Fig. 3. TEM image (a) and SAED diffraction pattern (b) of
the particles of the initial powder material.

materials with an atypical microstructure and crystal-
lographic orientation.

The synthesized Bi,Te, ;Se, ; powder based on 1D
particles was compacted by SPS. The density of the
resulting materials was determined using the Archime-
des method. The density naturally increases with
increasing temperature (Table 1). X-ray analysis of the
bulk samples, carried out on a plane perpendicular to
the pressing axis, showed that the consolidated mate-
rial the is single phase (no reflections corresponding to
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Fig. 4. X-ray diffraction patterns for bulk samples of
Bi,Te, 7S¢ 3 based on 1D particles, obtained on the sur-
faces oriented perpendicular to the direction of SPS press-
ing, sintered at different temperatures (680, 630, 580, and
530 K).

extraneous phases were detected). As in the case of the
powdery material, bulk materials were single phase

with a rhombohedral crystal lattice (R3m space

group), and the calculated lattice parameters
decreased with increasing sintering temperature
(Table 1).

The X-ray diffraction patterns for the bulk samples
are shown in Fig. 4.

The X-ray diffraction patterns presented in Fig. 1
correspond to powdery material with a completely
random orientation of 1D particles. If the bulk mate-
rial obtained from the initial powder consists of ran-
domly located grains, then the X-ray diffraction pat-
terns for the powder and bulk materials will have an
identical distribution of intensities of the correspond-
ing reflections. However, upon compaction using the
SPS method, the grains must be ordered in a certain
plane due to the application of pressure and the
recrystallization process. As a result, there will be a
preferential orientation of the crystal planes that
reflect X-ray radiation. In turn, diffraction patterns

Table 1. Crystal-lattice parameters, grain size, density, and composition (relative to Bi = 2) of bulk Bi,Te, ;Se ; samples
based on 1D particles obtained by SPS at different temperatures (7)

Concentration, at %
Ts, K a=bA ¢, A D, um d,gem™3

Te Se
530 4.358 30.314 0.34 6.76 53.9 5.7
580 4.356 30.283 0.65 6.81 53.8 5.7
630 4.354 30.302 0.87 7.00 53.7 5.7
680 4.352 30.301 1.23 7.34 53.5 5.7

NANOBIOTECHNOLOGY REPORTS  Vol. 18 Suppl. 1 2023
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obtained on the surfaces oriented parallel or perpen-
dicular to the axes of pressure application can be dif-
ferent. This difference is associated with redistribution
of the intensities of some reflections. This type of
redistribution was observed in bulk Bi,Te, ;Se, ; sam-
ples based on 1D particles obtained by SPS at different
temperatures (7). The redistribution is visible when
considering the intensity of reflections (0 0 1). For
example, in Fig. 4, the reflections (0 0 15) are high-
lighted with a rectangle. It can be seen that for 7y =
680, 630, and 580 K, the intensity of reflections (0 0 1)
is increased compared to a randomly oriented powder
material (Fig. 1). Whereas for a sample sintered at a
temperature of 530 K, suppression of the peak inten-
sity (0 0 1) is observed in comparison with the ran-
domly oriented powdery material (Fig. 1). This may
indicate inversion of the crystallographic-texture axis.
For T = 680, 630, and 580 K, it was found that the
texture axis is oriented along the crystallographic
direction 0 0 1 and parallel to the direction of SPS
pressing. There is a noticeable decrease in the relative
intensity of reflections (0 0 1) with decreasing sintering
temperature, which indicates a decrease in the degree
of texturing.

The degree of preferential grain orientation for the
samples sintered at 7 = 680, 630, and 580 K can be

estimated from the orientation coefficient LF, given by
the formula [52]

LE=2"P (1)
1= p,
where p and p, are defined as
_ 100} . _ _1,(00/) )
Skl 0 S I(hkl)

where 4, k, and / are Miller indices of the correspond-
ing reflection planes.

Here, the intensities / and /, correspond to textured
and nontextured samples, respectively. Ideally, LF = 1
for a fully oriented sample and LF = 0 for a completely
nonoriented sample. The results of calculating the
Lotgering coefficient for the samples are LFgg, = 0.13,
LF4; = 0.07, and LFsg, = 0.05. The data obtained
confirm the assumption that the degree of texturing
increases with increasing sintering temperature. Con-
sidering that in all experiments, the same initial pow-
dery material Bi,Te, ;Se,; based on 1D particles was
used and the compaction parameters, except for tem-
perature, were similar, it can be argued that the forma-
tion of the crystallographic texture and its develop-
ment are a consequence of the recrystallization pro-
cess. It is important to note that the calculated LF
values are small compared to similar data obtained for
materials based on 2D particles [53].

SEM images show features of the grain structure of
Bi,Te, ;Se, ; samples based on 1D particles obtained
on cleavage surfaces perpendicular and parallel to the
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Fig. 5. SEM images for bulk samples of Bi, Te, 7Se( 5 based
on 1D particles obtained on the surfaces of chips oriented
perpendicular (a, c, e, g) and parallel (b, d, f, h) to the
direction of SPS pressing, sintered at temperatures of
680 (a, b), 630 (c, d), 580 (e, f), and 530 (g, h).

direction of pressing of SPS, sintered at different tem-
peratures (Fig. 5).

As the sintering temperature decreases, the micro-
structure of the samples changes significantly. A
decrease in the sintering temperature leads to a natural
decrease in the grain size and density of the resulting
materials (Table 1). Regardless of the sintering tem-
perature and direction, the grains have an irregular
Vol. 18
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Fig. 6. Orientation distribution maps for bulk samples
obtained on surfaces oriented perpendicular to the direc-
tion of SPS pressing, sintered at temperatures of 680 (a),
630 (¢), 580 (e), and 530 K (g); corresponding inverse pole
figures, for samples sintered at 680 (b), 630 (d), 580 (f),
and 530 K (h). The inset shows a standard stereographic
triangle with color-coded crystallographic directions.

shape. No pronounced anisotropy of the grain struc-
ture was detected.

To correctly study the orientation of grains in
weakly textured samples, crystallographic orientation
distribution (EBSD) maps were constructed. EBSD
maps were obtained on highly polished surfaces ori-
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ented perpendicular to the direction of SPS pressing
(Fig. 6). These maps show the distribution of crystal-
lographic orientations of surface grains. The color of
an individual grain is directly related to its crystallo-
graphic orientation (inset in Fig. 6).

It can be seen that the samples sintered at tempera-
tures of 680, 630, and 580 K are textured, and the tex-
turing axis is parallel to the direction of SPS pressing,
i.e., coincides with the crystallographic axis of three
orders. A different type of preferred orientation is
observed in the sample sintered at temperatures of
530 K. The initial grains in the form of rods are highly
anisotropic with a grain shape factor of /,/d, = 4.3. The
particles grow in a certain crystallographic direction,
and the recrystallization process is suppressed due to
the relatively low temperature, so the crystallographic
texture in the bulk material is determined by the pack-
ing process of the initial powder particles in the SPS
process. Strongly anisotropic grains in the form of rods
lie in the plane perpendicular to the pressing axis, i.e.,
there is some ordering of the grains. On the other
hand, the grains lying in this plane are randomly ori-
ented, i.e., the angle between adjacent grains in the
form of rods changes randomly. In addition, each
grain rotates around its long axis at a random angle. As
a result, the crystal axes a and b of different grains are
randomly oriented. However, the crystallographic ¢
axis is preferably oriented along the plane perpendicu-
lar to the pressing axis. The ordering of these grains
may be the reason for weak texturing of the samples
sintered at a temperature of 530 K. The formation of a
crystallographic texture of this type is due to the influ-
ence of uniaxial compression during the SPS process
(packing of 1D particles of the initial powder) and
suppression of the recrystallization process due to a
decrease in the sintering temperature. The change in
the primary grain color in the EBSD images obtained
for the samples sintered at different temperatures is
consistent with the change in texturing discussed
above. To confirm the inversion of the crystallo-
graphic-texture axis, inverse pole figures were con-
structed (Fig. 6). It is shown that the samples obtained
at Ts = 680, 630, and 580 K are characterized by a
crystallographic texture with the (0 0 1) axis parallel to
the pressing axis. It is important to note that as the sin-
tering temperature decreases, the sharpness of the tex-
ture decreases with a simultaneous reduction in the
grain size, which correlates well with the XPA (Fig. 4)
and SEM data (Fig. 5, Table 1). For the sample
obtained at Ty = 530 K, inversion of the crystallo-
graphic-texture axis is observed, as a result of which a
biaxial texture (0 1 0) and (1 0 0) is formed, which
coincides with the pressing direction.

All thermoelectric properties (p, S, and k) for bulk
Bi,Te, ;Se, ; samples based on 1D particles obtained
by SPS at different temperatures were measured for
the orientations perpendicular and parallel to the
pressing axis. It is known that the transport properties
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p and k for textured materials based on Bi,Te; largely
depend on the direction of measurements [45, 46, 54—
59].

The specific electrical resistances measured in
directions perpendicular (p, ) and parallel (p) to the
pressing axis, differ significantly for the samples
obtained at the same temperature, which confirms the
anisotropy of the thermoelectric properties. In this
case, the anisotropy of the electrical resistivity (4, =

py/pL) decreases with decreasing SPS temperature

(Ag80 =3.1, A§3° =14, Asgo = 1.2; the superscripts cor-
respond to the sintering temperature). The electrical
resistivity of a semiconductor is expressed as [60]:

1
o= (3 )
eun
where e, n, and |, are the elementary charge, and the
electron concentration and mobility, respectively.

A decrease in the sintering temperature leads to an
increase in the electrical resistivity, which is caused by
a change in the concentration of charge carriers (n)
and their mobility (1). The concentration and mobil-
ity, in turn, are determined by changes in the grain
size, density, crystallographic texture, and defect con-
centration. Ifthe change in the charge-carrier mobility
correlates well with the SEM data, then the change in
the charge-carrier concentration may be associated
with the formation of point defects as a result of tellu-
rium evaporation during the SPS process. Table 1
shows these relationships between the tellurium con-
centration and sintering temperature.

It is known that the presence and concentration of
point defects in materials based on bismuth telluride
determines the type and concentration of majority
charge carriers [60—64]. The evaporation of tellurium
during annealing of the materials based on Bi,Te;
occurs due to the anomalously high pressure of satu-
rated tellurium vapors [65—68], the evaporation
energy of Te (52.55 kJ/mol) is significantly lower than
that of Bi (104.80 kJ/mol) [60]. Deviations from stoi-
chiometry towards a tellurium deficiency naturally
lead to the formation of tellurium vacancies and, as a
consequence, the formation of two electrons per
defect.

Next, the influence of the sintering temperature on
the temperature dependences of the Seebeck coeffi-
cient was studied. The sign of the Seebeck coefficient
is negative, which is consistent with the electronic
conductivity of the samples under study. Regardless of
the sintering temperature, the Seebeck coefficient is
isotropic (4g = 8/, =~ 1), which is consistent with
theoretical data [69]. An increase in the sintering tem-
perature leads to a decrease in the modulus of the See-
beck coefficient, which is generally consistent with a
change in the concentration of the main charge carri-
ers due to the evaporation of tellurium during sinter-
ing. All dependences S(7) in Fig. 7b have an extre-
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mum, which is also associated with the bipolar effect.
It is known [70] that the Seebeck coefficient of a
degenerate semiconductor can be expressed as

2Tm™ (7\ (3
s=220 () (3 +y) @

where kg is Boltzmann’s constant, 7 is Planck’s con-
stant, m* is the effective mass of the electron density,
and v is the scattering coefficient.

The dependences S(7) below the temperature of
extrema (7,) are T linear, which corresponds to
expression (4). Above T,,, the bipolar effect becomes
dominant. To implement the bipolar effect, electrons
and holes must be simultaneously present in the solid.
The thermal excitation of charge carriers due to their
conductivity does not change the concentration of
majority carriers very much, while the concentration
of minority carriers will increase significantly. The
Vol. 18

Suppl. 1 2023



EFFECT OF THE SPARK-PLASMA-SINTERING TEMPERATURE

o
(a) _..o'.
sl ’.-.'.,.
' ®%e0e eoe N
N T v""'-'-w
E 10 55553&55 33330000%¥
z vvvvvvvvvvviv 5“” O'g
< { ¢ 00
] foatd
i' uuguuuﬂlu P i 601
| OPOO
osk L —0— 680]|
Tm —w— 6301
—g— 630]|
—@— 5801
1 1 1 1 _O_ 580“
(b) —m— 5301
—o— 530]|
0.5F e0000000000000
eo00®?®
0.4 VYYVVVVY
§ Yv-"‘""' '.‘-YY"
~ 0.3r 8"";;;;;;vvvvw
*0 888V T 000008 R
000-000002-- L
OV m.
02r mE u m
m 88
;03000°8°u388888
oo
1.6 (c)
1.4+
o2t o*
= ..o"
AN o®
3“ 1.0F ®eq ®
s ®%e0000°” o®
< 0.8+ 00000000000000 ¥ E?ﬁ
s Lok
Or  GEgEgEEuTET 0_0_6_3325
0.4 ocsoooeooow”
300 350 400 450 500
T, K
Fig. 8. Dependences k(T) (a), k(T) (b), and k,,p(7) (c)

for bulk materials.

sign of the Seebeck coefficient for electronic conduc-
tivity is negative, and for hole conductivity, it is posi-
tive. The competition of two types of charge carriers
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leads to the formation of maxima in the S(7) depen-
dences. It was shown in [71] that the ratio of the con-
centration of minority (n,,,) charge carriers to that of
majority (n,,,)) charge carriers determines the magni-
tude of the bipolar contribution to the thermoelectric
properties. An increase in the sintering temperature
leads to an increase in the concentration of the major-
ity charge carriers and, consequently, a decrease in the
value of n,,;,,/n,,;, Which generally leads to a decrease
in the bipolar contribution to the Seebeck coefficient
and a shift of 7, to a higher temperature region.

The k(T) dependences taken for bulk Bi,Te, ;Se ;
samples based on 1D particles obtained by the SPS
method at different temperatures for perpendicular
and parallel measurement orientations are shown in
Fig. 8a. For both sample types, the overall thermal
conductivity is higher for the perpendicular (k,.) mea-
surement orientation compared to that for the parallel
(ky) orientation. Anisotropy in k, (A,), which is

expressed by the ratio k,, /k,, decreases with decreas-
ing SPS temperature (A,f80 = 1.5, A,f30 1.2, A,fgo
1.2, A,fm = 1.1; the superscripts correspond to the sin-
tering temperature). For the test samples, the anisot-
ropy in k, may be due to the anisotropic effect of the
grain size and changes in the degree of texturing. All
k/(T) curves have a minimum at 7,,, which is typical
for compounds based on Bi,Te; [72—75].

Typically, the total thermal conductivity includes
phonon thermal conductivity k,, electronic thermal
conductivity k,, and bipolar thermal conductivity kp.
It is known that the contribution of %, is related to the
electrical conductivity (¢ = 1/p) by the Wiedemann—
Franz law [76]:

k, = LoT,

where L is the Lorentz number.

(%)

In accordance with the approach proposed in [77],
L and the maximum value of the Seebeck coefficient
(8] ,ax) are related as

S| VK™

L0 = 1.5+ exp Sl VKT (6)
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Using expression (6), L was estimated as Lggy = 1.75,

Ly = 1.72, Lsgy = 1.71, L3y = 1.88 x 1078 W Q K2 for
bulk samples sintered at different temperatures. Using
the value of L, the contributions of k,(7) to k, were
determined for the samples with perpendicular and
parallel measurement orientations (Fig. 8b). The con-
tributions k,(7) correlate with the dependences p(7)
presented in Fig. 7a.

Then the sums of the contributions of the lattice
and bipolar thermal conductivities were found as

kyi5(T) = k(T) — k(T) (Fig. 8c). Similar to the k(7)
dependences, these total contributions have minima at
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T,,. Below T,,, thermal conductivity is caused by that
of the lattice. It is known that above the Debye tem-
perature, the thermal conductivity of the lattice
decreases with increasing 7, obeying the law 7! [60].
According to the Dulong—Petit law, the heat capacity
is T independent. With increasing 7, the phonon
energy and the number of phonons increase linearly.
The amount of phonon scattering is proportional to
this number. As a result, k, also decreases with
increasing 7. This mechanism is responsible for the
k,(T) + kg(T) behavior observed below T,,.

For all dependences k,,5(7) at room temperature,
there is no contribution from kg, and the values of k.,
are determined exclusively by the phonon contribu-
tion of the thermal conductivity. Let us consider the
anisotropy k,. Anisotropy &, (4y,), expressed as k. /k,,

decreases with decreasing SPS temperature (A,ffo =

1.24, 42" = L11, 4" = 1.09, 4;"= 0.94; the super-
scripts correspond to the sintering temperature), i.e.,
as the sintering temperature decreases, the anisotropy
coefficient decreases and for the sample sintered at
Ts= 530 K, it becomes less than unity (k,; < k).
Inversion of the crystallographic texture axis with
decreasing SPS temperature leads to inversion of the
anisotropy coefficient of the phonon contribution to
thermal conductivity. This result demonstrates the
potential for partial resolution of the functional ther-
moelectric properties (p, k).

The values of p, .5, and k, were used to construct the
ZT(T) dependences (Fig. 9). All dependences are bell
shaped. The highest ZT = 0.75 (at ~400 K) was
observed for the sample sintered at 580 K and mea-
sured in the direction perpendicular to the pressing
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direction. In general, the results of ZT calculations are
in natural agreement with the results of measurements
of p, §, and k,. When the sintering temperature
decreases from 680 to 580 K, a decrease in the anisot-
ropy ZT is observed, and a further decrease in the sin-
tering temperature to 530 K leads to an increase in
anisotropy. The maximum value of ZT is due to the
optimal ratio of p, .S, and k,.

CONCLUSIONS

Bi,Te, ;Se, ; bulk materials based on 1D particles
were obtained by spark plasma sintering at different
temperatures and the following conclusions were
made:

(i) modified solvothermal synthesis makes it possi-
ble to obtain 1D particles based on bismuth telluride
with an atypical direction of particle growth;

(ii) a decrease in the sintering temperature leads to
a decrease in the average grain size, density, and a
change in the degree of texturing and the direction of
the crystallographic texture, which is confirmed by the
XPA, SEM, and EBSD methods;

(iii) a change in the sintering temperature is
responsible for a change in the chemical composition
of the resulting materials (evaporation of tellurium);

(iv) the dynamics of the structural features of the
morphology and tellurium concentration depending
on the sintering temperature in the complex deter-
mines the change in the thermoelectric properties of
the resulting materials;

(v) inversion of the direction of the axis of the crys-
tallographic texture with a decrease in the temperature
of spark plasma sintering leads to crossover of the
anisotropy of the contribution of the phonon thermal
conductivity.
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