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Elemental composition, crystal and grain structures, specific electrical resistivity, Seebeck coefficient, thermal
conductivity, and thermoelectric figure-of-merit of n-type grained Bi; ¢Gdy ;Tez compounds, spark-plasma-sin-
tered at Ts = 690, 720, 750, 780 and 810 K, have been studied. All the samples are highly textured along the 001
direction parallel to the pressing direction. The average grain size measured along the pressing direction is much
less as compared to the average grain size measured in the perpendicular direction. A strong anisotropy in the
transport properties measured along directions parallel and perpendicular to the pressing direction was found

within the 290 + 630K interval. Electrical resistivity decreases and thermal conductivity increases for parallel
orientation as compared to these properties for perpendicular orientation. The Ts - effect on thermoelectric
figure-of-merit of textured Bi; 9Gdo1Te; compounds has been found and analyzed. Highest thermoelectric
figure-of-merit (~0.75) was observed for sample with Ts = 750K at perpendicular orientation.

1. Introduction

Today, thermoelectric materials directly conversing thermal energy
into electricity and no harmful effect on the environment can fairly be
considered as ones of prospect materials to develop so-called "green"
energy. The thermoelectric performance of a thermoelectric material
can be expressed by the dimensionless thermoelectric figure-of-merit,
ZT = TS?/pk,, where T is the absolute temperature, S is the Seebeck
coefficient, p is the specific electrical resistivity and k; is the total
thermal conductivity with contributions from crystal lattice, carriers
and bipolar conductivity [1]. The ZT value for the conventional ther-
moelectrics is close to unity up to now. Unfortunately, this value is very
low for industrial large-scale developing the thermoelectric generation.
Analyzing the ZT definition, one can conclude that enhancing in direct
heat-energy conversion is related to optimizing all three thermoelectric
properties (S, p and k), simultaneously governing ZT. Already for a long
time, bismuth telluride, Bi,Tes, and its n- and p- types alloys have been
used as the best materials for low-temperature thermoelectric applica-
tions [2,3]. However, at present the thermoelectric efficiency of these
materials still remains low enough (usually ZT < 1.4). To enhance the
thermoelectric conversion efficiency, many efforts based on various
modern scientific and technological approaches (like fabrication of
various nanostructures, specific doping to form resonant levels and
etc.), focusing on optimal S, p and k combination of the Bi,Tes-based

compounds, have been made in past decades [4-15]. In turn, to extract
the highest efficiency of the advantages, characteristic for these ap-
proaches, and, hence, maximize ZT, some relevant material character-
istics including the density, the crystal and grain structures, the tex-
turing degree, the phase and elemental compositions, and the specific
defect structure should thoroughly be tuned during a fabrication pro-
cess of the thermoelectric. One of effective and promising ways to im-
prove the thermoelectric properties of the Bi,Tes-based compounds is
an element doping [16-18]. Recently it was found that rare earth ele-
ments, R, (R = Lu, Ce, Sm, Er, La, Gd, etc.) can successfully be used as
dopants to remarkably enhance the thermoelectric performance of
Bi,Te; [19-29]. The Bi; gRy 1Tes composition is known to be optimal
one to get a maximum ZT enhancement for R-doped Bi,Te; compounds
[19,29]. In this case, the R-doping effect will also be dependent on the
material characteristics listed above. The material characteristics can be
tuned by varying in some technological variables. Sintering tempera-
ture is one of such easily changeable and controlled variables.

The purpose of this paper is to find and analyze the patterns of
sintering temperature effect on the thermoelectric properties of the n-
type grained Bi; ¢Gdp;Te; compounds prepared by spark plasma sin-
tering (SPS). It should also be noted that the SPS method allows pre-
paring textured samples [30-34]. The texturing is important material
characteristic effecting on the thermoelectric properties of the grained
Bi,Tes-based compounds.
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2. Materials and methods

Microwave-solvothermal synthesis was used to prepare a starting
Bi; 9Gdp 1 Tez powder. Synthesis conditions and characterization results
of the starting powder were reported in detail in Ref. [35]. In brief,
analytically pure chemicals (Bi(NO3)35H,0, TeO,, Gd
(CH5CO00)34H,0, NaOH, poly(1-ethenylpyrrolidin-2-one), ethane-1,2-
diol) were used to synthesize a starting powder. At first, Bi(NO3)3-5H50,
TeO, and Gd(CH3CO0)3-4H,0 were dissolving in mixture of 450 cm®
ethane-1,2-diol NaOH and 15g NaOH under vigorous stirring by a
magnetic stirrer. Then, poly(1-ethenylpyrrolidin-2-one) (M, = 12 000)
was added to the reaction mixture. This mixture was again under vig-
orous stirring for 30 min. Finally, the autoclave was sealed and main-
tained at 190 °C for 18 h. After, the autoclave was naturally cooled to
room temperature. As soon as the reaction was completed, dark gray
precipitate was taken out by centrifuging and washed with deionized
water and ethyl alcohol several times and then dried at 80 °C for 8 h.
The synthesized powder was single hexagonal R3m phase, character-
istic for pure Bi,Tes, and mainly consisted of hexagonal plates with
average plate size of a few hundreds of nm and width of ~100nm.
Content of Bi, Gd and Te was equal to 38.00, 2.00 and 60.00 at. %,
respectively, that is correctly corresponding to the Bi; ¢Gdy 1Tes com-
position. Besides, all the elements were found to be uniformly dis-
tributed within the hexagonal Bi; ¢Gdg Tes plates.

Spark plasma sintering method by using a SPS-25/10 system was
applied to compact the powder at pressure of 40 MPa and sintering time
of 5min, resulting in the @20 mm X 15 mm cylinders. Different SPS
temperatures, Ts, equal to 690, 720, 735, 750, 780, and 810K were
used. To study the thermoelectric properties, the 2 X 2 x 10 mm bars
and the @10 x 2 mm disks were cut out both along in-plane and out of
plane directions of the cylinders.

Density of the bulk samples SPS-prepared at different temperatures
was measured by the Archimedes method. To identify crystal structure
and phase composition of the starting powder and the bulk materials, X-
ray diffraction (XRD) analysis was performed by using a Rigaku Ultima
IV diffractometer with CuK, — radiation. To determine correct ele-
mental composition of the bulk samples, a Shimadzu ICP (Inductively
Coupled Plasma) emission spectrometer ICPE-9000 was applied. A
scanning electron microscope (SEM) Nova NanoSEM 450 was applied to
study grain structure features of the bulk samples. The specific elec-
trical resistivity and the Seebeck coefficient of the bar samples were
measured by using a ZEM-3 system. To determine the total thermal
conductivity of the disk-shaped samples, a TC-1200 system using a laser
flash method was applied. A Mini Cryogen Free Measurements System
(Cryogenic Ltd, UK) was also used to study the Hall effect and estimate
the concentration, n, and Hall mobility, py, of majority charge carriers.

3. Results and discussion

3.1. SPS-temperature effect on elemental composition, crystal and grain
structure, and texturing

According to XRD patterns taken for room temperature, the bulk
Bi; 9Gdp 1 Tes samples sintered at different Tg have the crystal structure
corresponding to the space symmetry R3m group like the starting
powder. Therefore, the crystal symmetry does not change with varying
Ts. But, the lattice ¢ and a = b parameters were found to be weakly
increased with increasing Ts (Fig. S1(a)). This behavior can be origi-
nated from changing in elemental composition due to high-temperature
Te evaporation during SPS-process [21]. As a result, the Te content is
gradually decreasing with increasing Ts (Fig. S1(b)). Decreasing in the
Te content leads to forming Te vacancies [36]. In turn, these vacancies
can generate anti-site defects of Bi in Te-sites (Bite) [37,38]. Since ionic
radius of Bi®* is bigger as compared to that for Te** (1.02 nm against
0.089 nm [39]), forming the Bir. defects will really be accompanied by
increasing in the lattice parameters. Thus, forming these defects can be
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Fig. 1. (a) The XRD pattern for the bulk sample sintered at Tg = 750K and
taken on surface perpendicular to the SPS-pressing direction; (b) The XRD
pattern for the same bulk sample taken on surface parallel to the SPS-pressing
direction. Insets to Figs. (a) and (b) show the SEM-images taken on the frac-
tured surfaces oriented perpendicular and parallel to the SPS- pressing direc-
tion, respectively.

60

taken as dominant mechanism, responsible for growth of the lattice
parameters with decreasing the Te content.

Density of all the samples SPS-prepared at various temperatures was
found to be nonmonotonously changed from ~6.4 gecm ™2 (Tg = 810K)
to ~7.5gem ™3 (Ts = 750K), that are 83 % and 97 % of theoretical
value of the Bi,Te3 density (7.7 g/cmg).

Two features in the grain structure of the bulk Bi; ¢Gdo ;Te; samples
were found. First of them is texturing developing under SPS-process.
The second feature is related to significant growth of the grains with
increasing Ts. Texturing development is clearly confirmed by XRD and
SEM experiments. Since the grains in the textured samples are pre-
ferentially arranged in plane oriented perpendicularly to the SPS-
pressing direction, the XRD patterns, collected on surfaces perpendi-
cular and parallel to this direction, should be rather different. These
XRD patterns, recordered for the sample with Tg = 750 K, are presented
in Fig. 1(a) (perpendicularly to the SPS-pressing direction) and Fig. 1(b)
(parallel to the SPS-pressing direction). All the peaks at these XRD
patterns can again be assigned to rhombohedral R3m structure, but the
intensities of some peaks are remarkably different. The intensities of the
(111) peaks taken for surface oriented perpendicularly are found to be
enhanced (Fig. 1(a)), whereas at the XRD pattern taken for parallel
surface orientation, similar enhancing in the intensities is already
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observed for the (001) peaks (Fig. 1(b)). Such redistribution in the in-
tensities of the peaks can be originated from forming a lamellar texture,
characterizing with preferential grain orientating during SPS-process.
To show this redistribution in detail, the XRD pattern for the starting
Bi; 9Gdy 1 Tes is presented in Fig. S2. In the textured samples, the c-axes
of the grains are preferentially directed parallel to the SPS-pressing
direction, while the a-b planes of the grains are preferentially oriented
perpendicularly to this direction. A degree of the preferential grains
orientation is estimated by an orientation factor, F, which can be ex-
pressed as [30,31]

Fe P—Po )
1-7p, (@)
where p and py are in turn expressed as
_ _I(oon , and p, = 1p(001)
¥ 1(hk)) 3. To(hkl) @

Here, the I and I, intensities are corresponding to oriented (textured)
and non-oriented (non-textured) samples, respectively. Ideally, F = 1 is
corresponding to completely oriented sample (single crystal), whereas
F = 0 is characteristic of completely non-oriented sample (powder or
grained material with completely random grain orientation).

The XRD patterns taken on surfaces perpendicular and parallel to
the SPS-pressing direction were used to calculate the p and pg values,
and estimate F for all the samples with different Ts. At first, F is in-
creasing with increasing Ts from 0.59 (at Ts = 690K) up to 0.68 (at
Ts = 750K), but at further increasing in Ts, the orientation factor is
already decreasing down to 0.58 (at Ts = 810 K). The texturing is also
observed in the SEM-images of the grain structures. These images re-
corded on the fractured surfaces oriented perpendicularly and parallel
to the SPS-pressing direction for the sample with Tg = 750 are pre-
sented in inset to Fig. 1(a) and (b), respectively. Disordered grain
structure with a few pm grains having mainly irregular shape is ob-
served at the perependicular surface, whereas at parallel surface the
grains form ordered lamellar structure. The lamellar sheets lie in plane
perpendicular to the SPS-pressing direction. The lamellar sheets consist
of the grains elongated in plane perpendicular to the SPS-pressing di-
rection. The grain sizes in the directions perpendicular (D) parallel and
(D1) to the SPS-pressing direction happen to be rather different. Be-
sides, the grains themselves are significantly growing with increasing
Ts. To estimate the average grain size in both directions, the histograms
of the grain size distribution for the samples sintered at different Tg
were plotted and analyzed in frames of the lognormal unimodal dis-
tribution [40]. The D(Ts) and Dy(Ts) dependences are shown in Fig.
S3. The D. values are much bigger as compared to the D values. Be-
sides, both average sizes are steady increasing with increasing Ts. The
grain growth during a powder material sintering is known to be usually
governing by reducing in energy of system having numerous interfaces
[41]. To characterize the difference in the grain sizes measured along to
the both directions mentioned, a D|/D. ratio can be introduced as a
grain shape factor. This factor can be considered as the main material
parameter governing the texturing and, hence, the density of the tex-
tured material (Fig. S4).

It should be noted that the physical properties of the Bi;Te; com-
pound is inherently anisotropic [1]. The anisotropy is originated from
features in crystal structure and chemical bonding. The crystal structure
is layered one, and crystal a-b planes are oriented along the layers,
whereas crystal c-axe are perpendicular to the layers. The chemical
bonding between atoms within the layers is dominantly strong cova-
lent, whereas neighboring layers are bonded via weak van der Waals
forces. Due to various nature of the bonding environment mentioned,
the physical properties measured along or perpendicular to the layers
happen to be remarkably different, too. To estimate this difference in
the properties, relevant anisotropy coefficients can be introduced. For
the Bi,Te; single crystals, anisotropy coefficients in the specific elec-
trical resistivity, p, and in the thermal conductivity, k, are usually equal
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to pe/pab = 5 + 5.5 and kyp/k. = 2, respectively [1,42,43]. Here the ab
and c subscripts corresponds to the p and k measuring directions, or-
iented either along with the crystal a-b plane or along with the crystal
c-axis, respectively. Since p and k for the Bi,Tes single crystals are
highly anisotropic, the thermoelectric figure-of-merit happens to be
anisotropic, too. For the grained material with completely random or-
ientation of the grains, ZT is already isotropic. The texturing resulting
in preferential grain orientation can recover, at least, partially the an-
isotropy in the transport properties. In this case, some physical prop-
erties, measured along the texturing direction or within the plane
perpendicular to this direction, start to be different again.

3.2. SPS-temperature effect on concentration and Hall mobility of the
majority carriers

The concentration and the Hall mobility of the majority carriers
were extracted by study of the Hall effect at room temperature. The Hall
constant, Ry, was found to have a negative sign for all the samples, i.e.
the majority carriers in these samples are electrons. The electron con-
centration was then estimated by using a link between Ry and n ex-
pressed as Ry = 1/(n-e) [44]. The Hall mobility of the electrons was
estimated by using the py = (Ry/p) ratio. Due to the partially recovered
anisotropy in the physical properties of Bi,Tes, the specific electrical
resistivity of the textured compound is usually different for the mea-
surement direction perpendicular to the SPS-pressing direction (per-
pendicular orientation), and the measurement direction parallel to the
SPS-pressing direction (parallel orientation). So, two values of the Hall
mobility corresponding to the perpendicular (uyt) and parallel (ugy)
orientations should be analyzed. The n(Ts), up1(Ts) and py)(Ts) de-
pendences are presented in Fig. 2.

Both the electron concentration and the Hall mobilities are in-
creasing with increasing Ts, demonstrating a rather complicated be-
havior. The py1 mobility is much bigger than the py), whereas the
electron concentration is naturally the same for both parallel and per-
pendicular orientations. The Ts-effect on n, py1 and py) can be due to a
combination of several different mechanisms depending on Ts and
acting simultaneously. At present, to distinguish these concrete me-
chanisms correctly is a complicated task. However, dominant me-
chanisms governing the n(Ts), py.(Ts) and py(Ts) dependences can
still be found. Let us consider the main mechanism resulting in the
increasing in n with increasing Ts. It is known [16-18] that both type
and concentration of the carriers in Bi,Te; are closely related to various
point defects. Since at high temperatures the Te evaporation takes
place, the most common defects are vacancies at Te sites, V7. Each
positively charged V7, vacancy will leave two free electrons. This
process can be described by equation

Bi,Te; = 2Biy; + 2Tey, + Te(g) + Vi, + 2¢, 3)

where symbol g is corresponding to a gaseous phase.

Then, the electron concentration should be increasing with de-
creasing Te content (or with increasing in number of the Te vacancies).
This tendency was really observed in our experiment (Fig. 3(a)). Be-
sides this main mechanism, other mechanisms can also contribute to
the n(Ts) behavior. Two mechanisms, at least, related to (i) appearing
the dangling bonds at grain boundaries due to Te deficiencies, and (ii)
forming the anti-site Biy. defects at high temperatures should be con-
sidered. The dangling bonds at the grain boundaries, forming via Te
deficiency, can be considered as fractional- Vi, vacancies. These va-
cancies behave as n-type dopants similarly to whole- V7, defects inside
the grains. In this case, the electron concentration should gradually be
increasing, when the grain boundaries area per unit volume is in-
creasing, too. In turn, the grain boundary area per unit volume should
gradually be increasing, when the average grain size is, in contrast,
decreased. However, in our experiment increasing in the average grain
size with increasing Ts is accompanied by increasing in n. Therefore,
the dangling bonds contribution is not dominant mechanism, effecting
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on the n(Ts) behavior. Forming the anti-site Bir. defects at high tem-
peratures was before applied to account for increasing in the lattice ¢
and a parameters with increasing Ts (Fig. S1(a)). Each forming Bir.
defect will contribute one hole as a free carrier reducing a fraction of
the electrons as the majority carriers. This process should also result in
decreasing in n with increasing in the anti-site Bir. defects content (or
with increasing Ts), that is contrary to the experiment. Thus, if the
dangling bonds and anti-site Bir. defects contributions still occur, they
are minor ones as compared to the dominant contribution due to the
V. vacancies.

Difference in pyL and pg for the textured samples can be attributed
to a few mechanisms. The mobility is usually related to various defects
acting as scattering centres. For the samples studied, the typical defects
sensitive to changing in Ts are the V;; vacancies, the anti-site Bir. de-
fects and the grain boundaries. It was found that both pyt and pyy are
strongly dependent on the relevant average grain size (Fig. 3(b)).
Hence, of all these typical defects, the grain boundary scattering can
reasonably be considered as the dominant mechanism effecting on the
upL(Ts) and py)(Ts) dependences. As a rule, the grain boundary scat-
tering is usually effective one for micro- and nanostructural materials
[45,46]. The average grain size for the textured Bi; 9Gdo;Te; com-
pounds was found to be very different for the directions perpendicular
and parallel to the SPS-pressing direction. More number of the grain
boundaries acting as the scattering centers exist for the parallel or-
ientation. So, for this orientation the grain boundary scattering should
be more effective.

The Mayadas-Shatzkes model can be applied to analyze the effect of
the grain boundaries on the electrical resistivity [47]. In accordance
with the Mayadas-Shatzkes model, the grain boundaries can be re-
garded as potential barriers which have to be overcome by the elec-
trons. The scattering electron processes from the potential barriers will
result in decreasing in the electron mobility. A relation between the
electron mobility due to the grain boundary scattering, {gp, and the
electron mobility of the grainless materials, [icrys;, iS expressed as [48]

Hep 1
Heryst 1+ 1.34(L)k 4)

1-R/)D

where R is the reflectivity of the grain boundaries, |, is the electron
mean free path and D is the average grain size.

The lcryse mobility determines the bulk resistivity of the grained
material, whereas the pigg mobility is related to additional resistivity
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contribution due to the grain boundaries. In accordance with expression
(4), decreasing in D will result in decreasing in pgp. The experimental
results confirm this conclusion (Fig. 3(b)). It should be noted that at
Ts = 750K, D1 and Dy are rapidly growing (Fig. S3). The growth is
accompanied by increasing in pyt and pyy. The pyt mobility is clearly
saturated at D1 = ~1000nm, i.e. the grain boundary scattering be-
comes ineffective for the coarse-grained samples. Changing in grain
shape factor with varying Ts can also result in anisotropic behavior of
the Hall mobilities. Really, the increasing in D1/D) is accompanied by
the relevant increasing in py1/py) (inset to Fig. 3(b)).

3.3. SPS-temperature effect on the thermoelectric properties

In our experiment, all the thermoelectric properties including the
specific electrical resistance, the Seebeck coefficient and the total
thermal conductivity of the grained Bi; ¢Gdo 1 Tes; samples happened to
be Ts-dependent. Since the samples studied were highly-textured, these
properties were found to be anisotropic. To take into account the tex-
turing effect, we will analyze the Ts-effect on the thermoelectric
properties for the perpendicular and parallel orientations of the mea-
surement.

Fig. 4 shows the Ts-effect on the specific electrical resistance (a), the
Seebeck coefficient (b) and the power factor (c) calculated as S2/p taken
at perpendicular (left panel) and parallel (right panel) orientations of
measurement. All the dependences are presented in the same scale. The
p is gradually decreasing with increasing Ts for both orientations ex-
cepting the p. behaviour for the perpendicular orientation in the
samples with Ts = 780 and 810 K (for these samples the pL(T) curves at
T > ~500K lie above the pi(T) curve taken for the sample with
Ts = 750K, see inset to Fig. 4(a)). The electrical resistivity for the
parallel orientation is much more as compared to the perpendicular
orientation. As for the p(T) dependences, p of all the samples is gra-
dually increasing with increasing temperature within whole tempera-
ture range from 290 up to 630 K. It is known that the specific electrical
resistance of donor semiconductors can be expressed as p = 1/(epn)
[49]. Then, the temperature p changes in Fig. 4(a) can be originated
from the p(T) and n(T) changes.

The Seebeck coefficient for all the samples has a negative sign
characteristic for n-type conductivity (Fig. 4(b)). The Ts - effect on S is
rather weak. Of all the S(T) curves, the Seebeck coefficient is highest for
the perpendicular measurement orientation at Ts =750 K. In this case,
S is enhancing by ~5 %. All the S(T) curves were found to have the
maxima centered at temperature of ~450K. These maxima are origi-
nated from a bipolar effect characteristic of the doped Bi,Te; and
Bi,Tes-based compounds [27-29]. The S(T) dependences can also be
used to estimate the band gap, E,. In accordance with the Goldsmid-
Sharp expression, Eg, the maximum value of the Seebeck coefficient
(Slhax) and the temperature at which it occurs (Tpax), are related by
expression E; = 2e Slyax Tnax [50]. The Goldsmid-Sharp expression re-
sults in the E; estimate equal to ~0.14 eV for all the samples studied.
This estimate is in well accordance with the band gap value known for
Bi,Tes [2]. The temperature dependences of the power factor are pre-
sented in Fig. 4(c). These dependences account for the p and S con-
tributions. Since p for the perpendicular orientations is much lower
than p for the parallel orientation, the power factor for the perpendi-
cular orientation (left panel) is far less the power factor for the parallel
orientation (right panel). Of all the power factor values calculated for
the perpendicular orientation, the highest value is observed for the
sample with Tg = 750 K. The highest $%/p value for the parallel or-
ientation is observed for the sample Ts = 810 K. This sample has the
lowest p value.

The temperature dependences of the total thermal conductivity (k¢
of the samples are shown in Fig. 5(a). Due to partial recovering in
natural anisotropy, k.. for the perpendicular orientations happens to be
higher as compared to kj for the parallel orientations. Besides, all the
k¢(T) curves have minima positioned at ~400 K. In comparison with the
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p(Ts) behavior (Fig. 4(a)), the total thermal conductivity behaves in
opposite manner, i.e. both k. and ky are gradually increasing with
increasing Ts for both orientations excepting the k.1 behaviour for the
perpendicular orientation in the samples with Ts = 780 and 810 K (for
these samples the k. (T) curves at T > ~500K lie below the k.(T)
curve taken for the sample with Ts = 750 K. Like the Ts-effect on p. and
poj, the Ts-effect on kei for the parallel orientation is also expressed
much more as compared to that for the perpendicular orientation.

In general, the lattice (or phonon) thermal conductivity, k,, the
electronic thermal conductivity, k., and the bipolar thermal con-
ductivity, ky, contribute to k. The electronic thermal conductivity is
related to the specific electrical conductivity, o = 1/p, through the
Wiedemann-Franz law, k, = LoT, where L is the Lorenz number [8].
The Wiedemann-Franz law was originally developed for metals, for
which the Lorenz number is equal to 2.45 x 10~8 WQK ™2, But, this L
value is often incorrect to be used for the semiconductors, since the
Lorenz number is dependent on the Fermi level position. Approach
proposed in Ref. [51] can be applied to estimate the Lorenz number
more correctly. Under this approach a relation between L and the
maximum value of the Seebeck coefficient is taken into account as
follows
L[1078, WeQeK?] =15 + exp(—immax VK] )

116 (5)
By using expression (8), the Lorenz number was estimated as
~1.8 x 1078 WQK ™2 for all the samples studied. This L value was
used to extract the k.(T) contributions to the total thermal conductivity,
as is shown in Fig. 5(b). Due to lower electrical resistivity, the kv
contribution for the perpendicular orientation is much more as com-
pared to that for the parallel orientation. Although all the p(T) de-
pendences are growing with increasing T (Fig. 4(a)), the k.(T) de-
pendences for both measurement orientations can be either falling or
growing depending on the p values. Sums of the lattice and bipolar
thermal conductivity contributions were extracted as ky(T) +
kp(T) = k(T) — ke(T) (Fig. 5(c)). For the parallel orientation, the
ky(T) + ky(T) contribution is increasing with increasing Ts, but no clear
correlation between the (k, + k)L — T curves and Tg can be found for
the perpendicular orientation. All the k,(T) + ky(T) curves have
minima at temperature of ~400 K. For temperatures below the minima,
the summarized kp(T) + ky(T) contributions to the total thermal con-
ductivity are gradually decreasing with increasing temperature. This
behavior can be attributed to the lattice thermal conductivity. Above
the Debye temperature, the lattice thermal conductivity is usually
varied as T~ ! [52]. According to the Dulong-Petit law, the phonon
specific heat is a constant for these temperatures and phonon energy
increases linearly with increasing temperature, i.e. with increasing T
the number of phonons increases linearly. The experimental ky(T) de-
pendences really obey the k;, ~ T~! law for temperatures below
minima in the k,(T) + ky,(T) curves shown by dashed lines in Fig. 5 (c).
Above the minima in the ky(T) + ky(T) curves, these summarized
contributions already increase as temperature increases. This growth
can be related to the bipolar thermal conductivity [53].

Finally, the p(T), S(T) and k(T) contributions measured for both
orientations were used to calculate the ZT(T) dependences (Fig. 6).

The thermoelectric figure-of-merit for the perpendicular orientation
is much more as compared to that for the parallel orientation. For the
perpendicular orientation, low p favoring to enhancing in ZT, but high
k. harmful for final enhancing in ZT, are simultaneously observed.
However, the p contribution is dominant, that results in enhancing in
ZT. All the curves in Fig. 6 are bell-like shaped with maxima tem-
peratures falling in the 450 — 470K interval and weakly depending on
Ts. These maxima are originated from the intrinsic conductivity de-
veloping at high temperatures and resulting in the bipolar thermal
conductivity. The bipolar thermal conductivity results in remarkable
degrading in thermoelectric efficiency at high temperatures. The Ts-
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Fig. 4. The sintering temperature effect on p (a), S (b) and $%/p (c) for the perpendicular (left panel) and parallel (right panel) orientations.

effect on the thermoelectric figure-of-merit of the textured Bi; ¢Gdg 1 Tes
compounds is clearly expressed (inset to Fig. 6, right panel). The op-
timal p, ki and S combination is observed for the sample with
Ts = 750K at the perpendicular measurement orientation. This sample
is characterized by the highest orientation factor and density, too.
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4. Conclusion

Thus, the thermoelectric properties of n-type grained Bi; ¢Gdg 1 Tes
compounds, SPS-prepared at different temperatures, are happened to be
rather sensitive to the sintering temperature. This sensitivity is mainly
governed by three factors. The first of them is related to the texturing
developing under the SPS-loading, and the texturing degree is Ts-de-
pendent. The texturing is just redistributing the anisotropic
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contributions from the crystal a-b plane and c-axis to the transport
properties measured for the perpendicular and parallel orientations.
The redistributing degree is determined by the orientation factor de-
pending on Ts. The second factor is the grains growth with increasing
sintering temperature, and the growth rate is, firstly, Ts-dependent,
and, secondly, different for the directions perpendicular and parallel to
the SPS-pressing direction. Therefore, the grain shape factor is

happening to be Ts-dependent, and the grain boundary scattering of the
electrons and the phonons, effecting on the specific electrical resistivity
and the thermal conductivity, is also depending on Ts. Finally, with
increasing Tg the electron concentration is also increasing. This feature
is due to forming the Te-vacancies at high temperatures that is ad-
ditionally effecting on the specific electrical resistivity.

Detailed analysis of the Ts-effect on the temperature behavior in the
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perpendicular (curve 1) and parallel (2) orientations.

thermoelectric properties of the grained Bi; ¢Gdg ;Te; compounds will
be published elsewhere.
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