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Features in thermoelectric properties of non-textured and textured Bi; 9Gdo1Tes compounds are analysed. Cold
isostatic pressuring was applied to prepare non-textured samples, whereas textured samples were fabricated via
spark plasma sintering. The same starting powder was used for both preparation methods. Texturing [001] axis
coincided with direction of spark plasma sintering pressuring. Thermoelectric properties of non-textured sample
are isotropic, that is due to random grains orientation. Strong anisotropy in electrical resistivity and thermal

conductivity, measured in directions parallel and perpendicular to direction of spark plasma sintering pressuring
was found for textured sample. Texturing is partially recovering anisotropy inherent to single-crystalline bismuth
telluride via redistributing anisotropic contributions from crystal a-b plane and c-axis into thermoelectric prop-
erties. Electrical resistivity decreases and thermal conductivity increases for parallel measuring orientation as
compared to these properties for perpendicular measuring orientation. Highest thermoelectric figure-of-merit
(~0.75 at ~420 K) was observed for textured sample for perpendicular measuring orientation.

1. Introduction

Generally, the physical properties of grained materials are remark-
ably dependent on various parameters of grain structure including the
shape and size grains, the grain size distribution, the texturing degree,
the specific properties of grain boundaries, etc. [1-8]. Grain boundaries
contribution into the physical properties of the grained material can
sufficiently modify relevant properties of the same material, but which is
single crystal. Therefore, the grain boundaries engineering can be
considered as one of effective ways to govern the physical properties of
the grained materials and develop out new materials with desired
properties. Particularly, this way is often and fruitfully applied to
improve thermoelectric efficiency of nano- and micrograined materials
[9-15]. It is known [16] that the thermoelectric efficiency of material can
be expressed as the thermoelectric figure-of-merit, ZT = TSZ/pk, where T
is the absolute temperature, p is the specific electrical resistivity, S is the
Seebeck coefficient (the thermo-power) and k is the total thermal con-
ductivity. All the thermoelectric properties (p, S and k) can be sensitive to
presence and properties of the grain boundaries. The grain boundaries
can act as scattering centers for electrons and phonons, affecting on p and
k [17-20]. The grain boundaries can also enhance S via the electron
energy filtering scenario [21-23]. In the grained thermoelectrics based

on bismuth telluride, BiyTes, the grain boundaries are usually acting as
n-type dopants, enhancing electron concentration [24-26]. Moreover,
some thermoelectrics having a layered crystal structure, like BisTes and
BiyTes-based alloys [27-38], SnSe [39-41], BiCuSeO [42], CazCo409
[43,44], are readily textured via technological processes based on uni-
axial pressuring a starting powder. For the textured samples, a prefer-
ential orientation of the grains takes place. The texturing allows partial
recovering anisotropy in the thermoelectric properties of the grained
material, which is inherent to single crystal. In this case, the properties,
measured along directions parallel or perpendicular to the texturing axis,
are rather different, that allows using the texturing to maximize ZT in the
thermoelectric materials. The grain structure is dominantly controlled by
the shape and size of particles in the starting powder, and by the con-
ditions of compacting and sintering the starting powder, used to prepare
bulk grained material. These conditions are dependent on way, chosen to
compact and sinter the starting powder. At present, Bi;Tes is one of end
members, used to fabricate two-component thermoelectric n-type
(BisTes.Se,) and p-type (Biz.,SbyTes) solid solutions. The thermoelectric
properties of these grained materials are strongly dependent on features
in the grain structure, which can be tuned via changing parameters of
preparation way.

The aim of this paper is to give a comparative analysis of relationship
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between features in the grain structure and the thermoelectric properties
of the n-type Bi; 9Gdp 1Tes compounds, prepared by two different ways
using the same starting powder. The first way involves cold isostatic
pressing (CIP), used to compact the started powder before its sintering
[45]. The second way is spark plasma sintering (SPS), in which the
compacting and sintering stages are simultaneously occurring [33]. The
compounds studied were doped with Gd. It is known [33] that Gd,
similarly to other rare earth elements (Lu, Ce, Sm, Er, La, etc. [46-56]),
can be successfully used as donor dopant to remarkably enhance the
thermoelectric figure-of-merit of BizTes.

2. Materials and methods

Technological scheme, applied to prepare the bulk non-textured and
textured Bi; 9GdpTes compounds with different grain structures, is
presented in Fig. 1.

To prepare the Bij 9Gdg1Tes powder, the microwave-solvothermal
synthesis was used. Details of the synthesis are given at top panel in
Fig. 1. It is important to note that the synthesis applied allows preparing
the powder, consisting of 2D-nanoplates. The as-synthesized powder was
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next used to prepare the bulk grained samples of two types, depending on
preparing way. Compacting the as-synthesized powder and following
sintering the compacted material were applied as separate technological
stages for the first type samples (the CIP-samples), whereas for the second
type samples (the SPS-samples) the compacting and sintering stages were
be combined in a single process. Details of preparing the bulk samples are
presented at bottom panels in Fig. 1 (left panel is for the CIP-sample, and
right panel is for the SPS-sample). To study the thermoelectric properties,
the 2 x 2 x 10 mm bars and the #10 x 2 mm disks were prepared.
Transmission electron microscopy (TEM) using a model JEM - 2100
microscope was applied to characterize the as-synthesized powder. X-ray
diffraction (XRD) analysis was performed by using a Rigaku Ultima IV
diffractometer with CuK, - radiation to identify crystal structure and
phase composition of the as-synthesized powder and the bulk materials.
Density of the bulk samples was measured by the Archimedes method. A
Shimadzu ICP (Inductively Coupled Plasma) emission spectrometer
ICPE-9000 was applied to determine correct elemental composition of
the bulk samples. Scanning electron microscopy (SEM) using a Nova
NanoSEM 450 microscope was involved to study the grain structure
features of the bulk samples. The specific electrical resistivity and the

one), ethane-1,2-diol.

I. Synthesizing the starting powder
I1. The method 1s microwave-solvothermal synthesis.
I12. The imitial chemicals are analytically pure Bi(NO3)3 5H20,
TeO,, Gd(CH3COO);-4H0, NaOH, poly(1-ethenylpyrrolidin-2-

I3. The synthesis conditions are as follows: (a) B1(NO3)3- 5H0,
TeOs, GA(CH3COO)3-4H20 taken 1n a stoichiometric ratio were
dissolving 1n mixture of 450 cm” ethane-1,2-diol NaOH and 15 g
NaOH under vigorous simng by a magnetic stirrer; (b) Poly(1-
ethenylpyrrolidin-2-one) (M,= 12 000) was then added to the
reaction mixture and this mixture was again under vigorous
stimng for 30 min; (c) Autoclave was sealed and maintained at
190 °C for 18 h, and then cooled to room temperature naturally,
(d) As soon as the reaction was completed, dark grey precipitate
was taken out by centnfuging and washed with deionized water
and ethyl alcohol several times and then dned at 80 °C for 8 h.

ITA. Cold isostatic pressuring
(a) The powder after synthesis
was cold 1sostatically pressed
at 220 MPa by using an EPSI
pressing machine; (b) The
powder 1sostatically pressed
was sintered for 2 h in Ar flow
at temperature of 750 K.

IIB. Spark plasma
sintering

The powder after synthesis
was spark-plasma-sintered
at pressure of 40 MPa,
temperature of 750 K and
sintering time of 5 min by
using a SPS-25/10 system.

Fig. 1. Technological scheme of preparing the bulk non-textured and textured Bi; ¢Gdo ;Tez compounds.
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Seebeck coefficient of the bar samples were measured by using a ZEM-3
system. The total thermal conductivity of the disk-shaped samples was
measured by a TC-1200 system using a laser flash method. The concen-
tration, n, and Hall mobility, uy, of electrons were estimated from
studying the Hall effect by using a Mini Cryogen Free Measurements
System (Cryogenic Ltd, UK).

3. Results and discussion
3.1. Texturing in the BiyTes-based compounds

The crystal BiyTes structure is known to be layered one [57,58].
Crystal c-axes are perpendicular to the layers, and neighboring layers are
bonded via weak Van-der-Waals interaction, whereas crystal a — b planes
are oriented along the layers, and the chemical bonding between atoms
within the layers is dominantly strong covalent. Owing to different na-
ture of the chemical bonding existing between and along the layers, a
growth of the BisTes particles during chemical synthesis happens is
2D-growth, since growth rates for directions, parallel and perpendicular
to the layers, are rather different. Shape, size and dimensionality of the
particles in the as-synthesized powder are the parameters, strongly
affecting on the grain structure of the bulk material, prepared from this
powder. The 2D (plates) or 1D (whiskers) particles are usually forming
the shape-anisotropic grains with big grain shape factor in relevant bulk
materials. Particularly, in these materials the shape-anisotropic grains
can be preferentially ordered in some plane that results in developing a
texturing. Will the texturing really take place or not, is dependent on a
pressuring way, acting during compacting the starting powder or sin-
tering the preliminary compacted material. Under isostatic pressuring,
the powder being compacted is subjected to equal pressure from all di-
rections, i.e. molded body is compressed uniformly over its entire sur-
face. The material compacted by isostatic pressuring will be
characterizing by random orientation of the grains, similarly to chaotic
arrangement of the plate-like or whisker-like particles in the starting
powder, although themselves grains can remain to be highly
shape-anisotropic. The isostatic pressuring is applied at the cold and hot
isostatic pressuring methods. In contrast to the isostatic pressuring
methods, at spark plasma sintering, as at common method of die pres-
suring, uniaxial pressuring is applied to one surface of molded body, that
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results in its compression along direction, perpendicular to this surface.
To release the strain, created by wuniaxial pressuring, the
shape-anisotropic grains, being formed from the plate-like or
whisker-like particles of the starting powder, will be preferentially ar-
ranged in the plane oriented perpendicularly to pressing direction,
resulting in the texturing. Two special directions should be introduced for
the textured samples to characterize the texturing. One of them is
texturing axis usually coinciding with applied uniaxial pressuring, i.e.
this direction is perpendicular to plane with preferential arrangement of
the grains, whereas the second direction is positioned in this plane.The
grained structures of these samples are schematically shown in bottom
part of Fig. 2. Each individual grain assumed to be parallelepiped-shaped.
Hence, the grain is imaged as a rectangular in plane. Rectangular shape
can clearly underline anisotropy in the thermoelectric properties,
inherent for the individual Bi;Tes grain. If long side of the rectangular is
parallel to the crystal layers mentioned above, then the thermoelectric
properties, measured along this side, are determined by the properties,
characteristic for crystal a — b planes (pg, kqy and Sgp), whereas the
thermoelectric properties, taken perpendicularly to this side, are char-
acteristic for crystal c-axes (p., k. and S;). Since the grained structure of
the non-textured sample is disordered and characterized by random
orientation of the grains, the thermoelectric properties of this sample is
isotropic, i.e. the properties are the same (p;, k; and S;) for any measuring
direction. To underline this isotropy, shape of the non-textured-sample is
chosen as a ball (or a circle for the plane image in Fig. 2). In turn, the
grains in the SPS-sample preferentially lie in the planes, perpendicular to
the SPS-pressing direction. In this sample crystal c-axes of the grains are
preferentially directed parallel to the SPS-pressing direction, while
crystal a-b planes of the grains are preferentially oriented perpendicu-
larly to this direction. Hence, anisotropy in the thermoelectric properties,
inherent to individual single-crystalline grain, can be partially recovered
under the texturing, i.e. the properties, measured along directions
perpendicular or parallel to the SPS-pressuring direction in the grained
material, will be different. The pg, kg and Sgp, values will dominantly
contribute into the relevant thermoelectric properties, measured in the
perpendicular direction, p4 ki and S., whereas the thermoelectric
properties in the parallel direction, p|, k| and S|, will be preferentially
governed by the p., k. and S. contributions, respectively. To underline
anisotropy in the thermoelectric properties, shape of the textured sample

Crystal layers ﬁ

—> Pabs Kabs Sap

Non-textured sample

Pis K S

Textured sample

P K, Sy

Fig. 2. Schematic images of the grain structures for the non-textured sample (bottom-left image) and the textured sample (bottom-right image). Top image is an

individual grain.
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is chosen as an ellipsoid (or an ellipse for the plane image in Fig. 2). In
this case, two semi-axes of the ellipse can be related to anisotropy in the
properties, measured along these semi-axes.

For BiyTes, anisotropy in the thermoelectric properties is described as
pe/pap =~ 5 + 5.5 for the electrical properties, and kg/k. = 2 for the total
thermal conductivity [34,35,59]. However, in contrast to k and p, the
Seebeck coefficient is far less anisotropic quantity. To characterize the
difference between the isotropic thermoelectric properties of the
CIP-sample and the anisotropic thermoelectric properties of the
SPS-sample, it would be helpful to introduce the following tensors

. 0 O

Tep=|0 T; O (1a)
0 0 T,

for the CIP-sample, and
T, 0 O

Tops=|0 T, O (1b)
0 0 17

for the SPS-sample, where T = p, k and S.

The (1a) tensor is corresponding to the isotropic thermoelectric
properties of the non-textured sample, whereas the thermoelectric
properties of the textured sample, differing for two measuring directions,
are presented in the (1b) tensor. This difference will be dependent on
initial anisotropy in the thermoelectric properties, inherent to single-
crystalline material, used to prepare relevant grained material, and on
a texturing degree, characterizing a degree of preferential grain
orientation.

3.2. Texturing in the XRD- and SEM-examination of the Bi; 9Gdy 1Tes
compounds

According to XRD analysis (Fig. 3 (a), left panel), the as-synthesized
powder is single hexagonal R3m phase, which is corresponding to pure
BisTes (PDF#01-089-4302). By using TEM examination, the as-
synthesized powder is mainly consisted of hexagonal plate-shaped par-
ticles with average plate size of a few hundreds of nm and width of ~100
nm (Fig. 3 (a), right panel). Therefore, separate particles in the as-
synthesized powder can be really considered as hexagonal 2D-nano-
plates. Hexagonal habitus, observed for the single-crystalline particles,
is corresponding to hexagonal symmetry of itself compound studied. As
was mentioned above, forming the 2D-nanoplates during a chemical
synthesis is typical for compounds, based on Bi;Tes and originated from
specific features in crystal structure and chemical bonding of BiyTes.
Elemental composition of the nanoplates was earlier examined by the
EDX method [33]. According to this examination, Gd is in fact inserted in
the nanoplates and all the elements (Bi, Te and Gd) are uniformly
distributed within the plates. The as-synthesized powder was further
applied to prepare the CIP- and SPS-samples.

Usually, two special directions in the textured samples are clearly
confirmed by the XRD and SEM examination. The XRD patterns, as and
the shape and size of the grains, extracted from the SEM images, corre-
sponding to surfaces oriented parallel or perpendicularly to uniaxial
pressuring direction, are rather different. The XRD pattern for the CIP-
sample is mainly coinciding with the XRD pattern for the as-
synthesized powder, i.e. both the positions of peaks and the ratio of
their intensities do not change (Fig. 3 (b), left panel). Disordered grain
structure with the grains having mainly plate-like shape is also observed
for this sample (right panel).

For the SPS-sample, a look of the XRD pattern is dependent on
orientation of the surface, used to take the XRD pattern, regarding to the
SPS-pressuring direction. For the surface, perpendicular to this direction,
the (111) peaks are dominant, whereas all other peaks are strongly
weakened (Fig. 3 (c), left panel). For the surface, parallel to the SPS-
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pressuring direction, the (001) peaks are already dominant ((Fig. 3 (d),
left panel). However, both XRD patterns are still matching to the R3m
symmetry, i.e. the positions of the peaks observed are in total agreement
with this crystal symmetry and only redistribution in the peaks intensity
occurs. Such kind of redistribution can really occur, if crystal a — b planes
in the grains of the textured samples are preferentially oriented
perpendicularly to the SPS-pressuring direction. In other words, the
crystal layers governing anisotropy in the physical properties of the
BiyTes-based compounds and mentioned above, are preferentially posi-
tioned in the planes, perpendicular to this direction. Similarly to the XRD
patterns, the SEM images, recorded on the fractured surfaces, oriented
perpendicularly and parallel to the SPS-pressing direction, are also
different. Disordered grain structure with the irregular shaped-grains is
observed at the perependicular surface, whereas the grains form ordered
lamellar structure at the parallel surface. The lamellar sheets consist of
the grains, elongated in plane perpendicular to the SPS-pressing direc-
tion, i.e. the sheets lie in plane, perpendicular to this direction. Thus,
using the same as-synthesized powder, one can prepare either non-
textured grained samples via cold isostatic pressuring or textured
grained samples via spark plasma sintering.

To estimate the degree of preferential grain orientation in the
textured material, the Lotgering factor, F, is usually applied [60]. The F
value for the SPS-sample studied was extracted by analysis of the XRD
patterns, presented in Fig. 3 (c) and (d), by using expressions

F:P—pol’ (2a)
1 —po

with p and pg are defined as

_ 1(001) _ 1y(00)
=S rkdy P S 1y k) (@b

where the I and I intensities are corresponding to the textured and non-
textured samples, respectively. In limiting cases, F — 1 is for ideally
textured (like single crystal) samples, and F — 0 is for completely non-
textured samples (powder or the grained material with completely
random grain orientation).

The F value was estimated as ~0.68, that is characteristic for highly-
textured material. All the parameters, characterizing the CIP- and SPS-
samples, can be divided into isotropic (Table 1) and anisotropic
(Table 2) parameters. These parameters were taken at room temperature.
The isotropic parameters are the density, d, the elemental composition,
and the electron concentration. The density of the SPS-sample is higher
as compared to that for the CIP-sample. This difference in the density can
be originated from features of ways, applied to compact and sinter these
samples. Although maximum pressuring value is higher at the CIP-
process, in this case compacting stage of the starting powder is preced-
ing to following high-temperature sintering stage. At the SPS-process,
stages of compacting and sintering are implemented simultaneously at
high temperatures under simultaneous acting both uniaxial pressuring
and pulse electrical current. Extra mechanisms of an interstitial diffusion
can be involved in densification process for the SPS-sample, which are
based on electrical diffusion and reducing the diffusion constant under
the applied SPS-pressuring [61-67]. These mechanisms will result in
higher densification of the SPS-sample as compared to that of the
CIP-sample.

Slight difference in the elemental composition of the CIP- and SPS-
samples was found, too. Changing in the elemental composition of the
BiyTes-based compounds during the sintering is usually related to high-
temperature evaporation of Te, which is due to remarkable difference
in the energy evaporation of Te (52.55 kJ'mol-1) and Bi (104.80 kJ'mol-
1) [48]. This evaporation resulted in deviation of real elemental
composition of the CIP- and SPS-samples from nominal Bi; 9Gdg 1Tes
composition. In contrast to Te, the Bi and Gd content was found to be
practically T-independent, i.e. the changes of stoichiometric composition
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observed in the samples should be attributed to the change in the Te
content. The Te evaporation is more effective for the SPS-sample,
although the sintering time for this sample is far less than the time of
high-temperature annealing for the CIP-sample (5 min against 2 h). Real
evaporation process is rather complicated and can involve a few diffusion
mechanisms (volume diffusion, grain boundary diffusion and surface
diffusion), which are usually related to vacancy gradient concentration.
At the SPS-process, extra diffusion mechanisms can accelerate a total
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Fig. 3. (a) Left panel: the XRD pattern for the as-
synthesized Bi; 9Gdg 1 Tez powder; right panel: the
TEM-image of the plate-like particles in the as-
synthesized powder; (b) Left panel: the XRD
pattern for the CIP-sample; right panel: the SEM
image taken on the fractured surface of this
sample; (c) Left panel: the XRD pattern for the
SPS-sample taken on surface oriented perpendic-
ularly to the SPS-pressing direction; right panel:
the SEM image of this surface; (d) Left panel: the
XRD pattern for the SPS-sample taken on the
surface oriented parallel to the SPS-pressing di-
rection; right panel: the SEM image of this
surface.

diffusion process, resulting in intensive Te evaporation. The Te content in
the SPS-sample happens is less as compared to that in the CIP-sample.
Decreasing in the Te content is naturally resulting in formation of Te
vacancies, Vy,, within the crystal BisTes structure. Each positively
charged Vi, vacancy will generate two free electrons, as follows from
equation [25].

Bi,Te; = 2Bij; 4 2Tej, + Te(g) + Vi, + 2¢, 3
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Table 1 Table 2

Isotropic parameters of the CIP- and SPS-samples. Anisotropic parameters of the CIP- and SPS-samples.
Sample d, g/cm® Elemental composition n,10'°, cm ™3 Sample D1 nm Dy, nm upty, em>v- 17! Hajy cm>V s
CIP-sample 6.8 Bi;.9Gdg 1Tes.056 4.3 CIP-sample 1175 145
SPS-sample 7.5 Bi; oGdg 1Tes 897 4.9 SPS-sample 865 145 225 40

where symbol g is corresponding to a gaseous phase.

In accordance with equation (3), the electron concentration should be
increased with increasing in the Vi, vacancy content. This behavior was
really found for the CIP- and SPS-samples.

Anisotropic parameters are the average grain size, D, and the electron
mobility, uy. These parameters are dependent on measuring direction in
the SPS-sample, i.e. the DLand Dy, and yizL and py values should be used
in this case. Here the L and || subscripts correspond to the directions,
perpendicular or parallel to the SPS-pressuring direction, respectively.
For the CIP-sample, the D1 = D| and pgl = uy| equalities are naturally
valid. To estimate the average grain size in the CIP- and SPS-samples, the
histograms of the grain size distribution were plotted using the SEM
images in Fig. 3. Next, these histograms were analysed by lognormal
unimodal distribution fittings [68]. For the CIP-sample, the average grain
size is remarkably bigger than the D1 and D) values, estimated for the
SPS-sample. Generally, high-temperature growth of the grains in the
grained samples results in reducing in energy of system with numerous
interfaces. According to Ref. [69,70], general equation, used to describe
the grain growth, can be expressed as

E,
D" — Dy = Ctexp (_ﬁ> , 4)

where D; and Dy are the average grain size at time t and the original grain
size, respectively, m is the grain growth exponent, t is the sintering time,
E, is the grain growth activation energy, C is the pre-exponential constant
and R is the general gas constant.

In accordance with expression (4), bigger size of the grains for the
CIP-sample can be attributed to longer sintering time. It should be also
noted that for the SPS-sample D1 is much bigger than D). The big dif-
ference in DLand D is characteristic for highly shape-anisotropic grains.
As was mentioned above, the bulk sample having such grains is readily
textured under uniaxial pressuring. A grain shape factor, D1/D|, was
found to be equal to ~6.

The electron mobility for the CIP-sample is intermediate between the
ppt and ppy values for the SPS-sample. Difference in uyL and pp is
dominantly originated from partial recovering in anisotropy on the
electron mobility, inherent to single crystal. This inherent anisotropy is
responsible for the p./ps = 5 + 5.5 anisotropy in the thermoelectric
properties (It is known [71] that the specific electrical resistance of
n-type semiconductors is expressed as p = 1/(enu), where e is the electron
charge). Besides, the grain boundary scattering can be also considered as
one more mechanism, affecting on anisotropy in uyL and ug. Since the
average grain size for the direction perpendicular to the SPS-pressing
direction is much bigger than for the parallel direction, more number
of the grain boundaries, acting as the scattering centers for electrons,
exist for the parallel direction. So, for this orientation the grain boundary
scattering should be more effective, resulting in additional reducing in
upy| as compared to ypl. Anisotropy in the electron mobility is charac-
terized as ppd/pp) ~ 5.6.

3.3. Texturing effect on the thermoelectric properties of the Bij 9Gdy. 1Tes
compounds

The thermoelectric properties of the CIP- and SPS-samples were
examined within the 285-615 K range. For the SPS-sample, the ther-
moelectric properties were measured for the perpendicular and parallel
measuring directions. The temperature dependences of the specific
electrical resistivity, the Seebeck coefficient and the power factor, PF,

calculated as S%/p, are presented in Fig. 4. The electrical resistivities of all
the samples (p;, p4, p|) are gradually increasing with increasing temper-
ature within whole temperature range. As was concluded earlier [37,45],
such temperature behavior of the electrical resistivity of Bi; 9Gdg 1Tes is
really related to two mechanisms of the electrical conductivity, which
succeed each other at gradual heating. The temperature, corresponding
to changing in the conductivity mechanism, can be easily extracted by
analyzing the dp/dT vs. T curves, plotted in inset to Fig. 4 (a). Clear kinks
can be found in these curves at some temperature Ty. Below Ty, the p(T)
behavior should be attributed to a regime of the degenerate semi-
conductor. The degenerate donor semiconductor is characterized by the
T-independent electron concentration. The p(T) behavior is mainly
governed by the u(T) behavior. For the temperatures considered, the
optical and acoustic phonon scattering is dominant mechanism, respon-
sible for the temperature y change. At T > Tg, an onset of intrinsic con-
ductivity due to a thermal excitation of the carriers from valence band to
conduction band takes place. Both electrons in conduction band and
holes in valence band are thermally generated, that results in decreasing
in p via relevant increasing in current carrier concentration. The Ty
temperature is different for the CIP-sample (T; ~ 500 K) and the
SPS-sample (T3 ~ 450 K). However, this T4 difference will not be dis-
cussed here. The p;(T) curve for the CIP-sample is positioned between the
p||(T) and pL(T) curves, taken for the SPS-sample, and the p|(T) curve lies
higher pL(T) curve. This behavior is expected and natural, since p| is
dominantly governed by the p, resistivity, whereas the pq, resistivity is
dominantly contributing into p4 and p. > pap. Therefore, the texturing is
just redistributing the p. and pg contributions into the total resistivity,
that results in partial recovering in anisotropy in p.

In contrast to the p(T) behavior, difference in the S(T) behavior for the
CIP- and SPS-samples is far less expressed (Fig. 4 (b). Sign of S is negative
in agreement with the n-type conductivity of samples studied. The small
difference in Si(T), S|(T) and SL(T) curves is expected, since the Seebeck
coefficient is weakly anisotropic quantity. All the curves are bell-like
shaped, that is typical for the doped BiyTes and BiyTes-based com-
pounds [46-48]. The maximum S value was observed for the SPS-sample
at parallel measuring direction (|S4| ~ 148 pV/K at ~450 K), whereas
minimum S value was found for the CIP-sample (|S;| ~ 135 pV/K at
~500 K). It is important to note that the temperatures of the S;, and S+
and S| maxima coincide with the T4 temperatures, extracted from the
dp/dT vs. T curves for the same samples.

Fig. 5 (a) shows the temperature dependences of the total thermal
conductivity for the CIP- and SPS-samples.

The ki(T), k|(T) and kL(T) curves qualitatively behave in the same
manner. At heating, the thermal conductivity of all the samples is grad-
ually decreasing, but above some temperature (~400 K for the CIP-
sample and ~375 K for the SPS-sample) the thermal conductivity is
steady increasing, i.e. minima in the ky(T), k)(T) and kL(T) curves takes
place. Similarly to the features, observed in the p(T) (the kinks in the dp/
dT vs. T curves, inset to Fig. 4) and S(T) (the maxima in Fig. 4 (b)) de-
pendences, these k minima are also originated from changing in the
mechanisms of the thermal conductivity. The lattice (or phonon) thermal
conductivity, kp, the electronic thermal conductivity, k,, and the bipolar
thermal conductivity, kp, contribute to the k(T) behavior, presented in
Fig. 5 (a) [33,45]. For temperatures under consideration, k. is practically
T-independent. For temperatures below the k minima, the k behavior is
dominantly attributed to changing in k, [72]. According to the
Dulong-Petit law, the phonon specific heat is constant for these tem-
peratures. Phonon energy and number of phonons are linearly increasing
with increasing temperature. Scattering rate of the phonons is
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Fig. 4. The temperature dependences of the specific electrical resistivity (a), the Seebeck coefficient (b) and the power factor (c) for the CIP- and SPS-samples; inset
shows the dp/dT vs. T dependences.



O. Ivanov et al.

2.0r /o/
_ S 0 ||
¢ oy /o/o
<. 15F  ©oo°
z i
< -
X— . ././/. P
1 0 B \-\l\.,\._-ﬁ,././ ././
.« ||
* o000’
b o
( ) ) O,/O O\o ZTJ_
&
06 / o
2 .
|§l O// ././ n-E-m \-\.\O\
./’/ ZT \l O\
0.4r / I \'\o
A .

./.7.\‘.\\
02 o° £ Tn T

400 500 600

T.K

Fig. 5. The temperature dependences of the total thermal conductivity (a) and
the thermoelectric figure-of-merit (b) for the CIP- and SPS-samples.
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proportional to its number. Hence, k;, is also decreased with increasing
temperature in agreement with the T~ ! law. For temperatures above the k
minima, the k(T) behavior is dominantly governed by changing in k. At
the bipolar thermal conductivity due to the intrinsic conductivity, the
electron-hole pairs will be thermally excited at hot-side of sample and
moved to cold-side [73]. Owing to lower temperature, a recombination
of these neutral pairs will take place at cold-side. Energy of recombina-
tion per one electron-hole pair will be emerged as a phonon. The energy
is equal or greater than the band gap. Results of detailed analysis of
contributions from ky, k. and kj into the k;(T), k)(T) and kL(T) curves for
the CIP- and SPS-samples will be published elsewhere.

Similarly to the texturing effect on the electrical resistivity, k for the
CIP- and SPS-samples is also changing under the texturing with clear and
understandable manner. The k;(T) curve for the CIP-sample is positioned
between the k)(T) and kX(T) curves, taken for the SPS-sample, and the
kA(T) curve lies higher k(T) curve. Due to partial recovering in inherent
anisotropy, k- for the perpendicular orientation is higher as compared to
k| for the parallel orientations. In this case, k| is dominantly governed by
the k. thermal conductivity, whereas the kg, thermal conductivity is
dominantly contributing into k4, and kg > k.
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Finally, the p(T), S(T) and k(T) curves, taken for the CIP- and SPS-
samples, were used to plot the ZT(T) dependences (Fig. 5 (b)). All the
ZT(T) curves are bell-like shaped with maxima temperatures, falling in
the 420-460 K interval. These maxima are resulted from the intrinsic
conductivity, which is gradually developing at high temperatures and
inducing the bipolar thermal conductivity. The bipolar thermal conduc-
tivity results in remarkable degrading in thermoelectric figure-of-merit.
Owing the strong effect of the texturing on the specific electrical re-
sistivity and the total thermal conductivity, the thermoelectric efficiency
of the non-textured and textured Bij 9Gdg 1Tes samples is remarkably
different. As for the textured SPS-samples, the thermoelectric figure-of-
merit for the perpendicular measuring orientation is much more as
compared to that for the parallel measuring orientation. The ZT;(T) curve
for the CIP-sample is positioned between the p|(T) and pL(T) curves,
taken for the SPS-sample. For the perpendicular orientation, low p and
high S, favouring to enhancing in ZT, but high k, harmful for final
enhancing in ZT, are simultaneously observed. However, the p and S
contributions are dominant, that results in enhancing in ZT. The highest p
and lowest k values are observed for the SPS-sample for the parallel
measuring orientation. However, the dominant p contribution prevents
enhancing in ZT|, despite the low thermal conductivity for this
measuring orientation. For the CIP-sample, the p and k values are inter-
mediate between relevant values for the SPS-sample, taken for the
perpendicular and parallel measuring orientations. For the perpendicular
measuring orientation, the highest ZT value (~0.75) was observed at
~420 K.

4. Conclusion

Thus, comparative analysis of the microstructure (grain structutre)
and thermoelectric properties of the no-textured and textured
Bi; 9Gdp.1Tes compounds has been reported in detail. To correctly
compare the isotropic and anisotropic thermoelectric properties, the non-
textured and textured compounds were prepared from the same started
powder. In this case, the non-textured sample can be correctly used as a
reference sample. The texturing in the Bi;Tes-based materials is a phys-
ical phenomenon, important to control the thermoelectric properties.
Different grain structure, characteristic for the non-textured and textured
samples, was controlled via compacting way. Besides the texturing
developing, different ways for preparing the samples can also affect on
other parameters, which are important for the thermoelectric properties
(density, elemental composition, grain size, mobility and concentration
of electrons). The texturing is accompanied by the changing in these
parameters.
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