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Abstract Effect of fabrication conditions on microstruc-
ture and thermoelectric properties of the BijoLug Tes
compound was studied. Starting nanopowder with mean
nanoparticle size of ~37 nm was synthesized by a
microwave—solvothermal method. In order to prepare
samples with various micro-grained structures, the syn-
thesized nanopowder was compacted by two methods. The
first method is cold isostatic pressing with further high-
temperature annealing, while the second method is spark
plasma sintering at various temperatures of process (653
and 683 K). It is found that mean grain size is equal to
~290, ~730 and ~ 1160 nm for cold isostatically pressed
and spark plasma sintered at 653 and 683 K samples,
respectively. The micro-grained sample with maximum
mean grain size shows the best thermoelectric properties.
This sample is structurally inhomogeneous and has the
lowest thermal conductivity and the specific electrical
resistivity. Maximum dimensionless figure of merit for this
sample is equal to ~0.9 for temperature range of
450-500 K.
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1 Introduction

At present, bismuth telluride, Bi,Te; and Bi,Tes-based com-
pounds are known as the best low-temperature thermoelectric
materials [1-3]. Efficiency of thermoelectric materials is
characterized by the thermoelectric figure of merit (ZT). The
dimensionless figure of merit is defined as (Szy/k)T, where T'is
the absolute temperature, S is the Seebeck coefficient, 7 is the
electrical conductivity, and k is the total thermal conductivity
with contributions from the lattice and the charge carriers [4].
The ZT value of the commercial Bi, Tes-based compounds has
remained around 1 for many years. A number of investigations
have focused on optimizing the composition, tuning doping
with other heavy metals, fabricating the various nanostruc-
tures, etc., in order to improve thermoelectric properties of the
Bi,Tes-based materials [5—8]. Recently, it has been found that
doping Bi,Te; with rare earth elements (Lu, Ce, Sm, Er, La,
etc.) can also improve thermoelectric properties of Bi,Tes-
based materials [9-16].

According to Ref. [9], rare earth element doping has
several effects on the thermoelectric properties of Bi,Te;
compound. Firstly, atoms of rare earth elements substitut-
ing for Bi site in the Bi,Te; compound behave as donors
and increase the carrier concentration which is beneficial
for the reduction of the electrical resistivity but is harmful
to the Seebeck coefficient. Then, using rare earth atoms to
replace bismuth atoms will lead to further alloying which
can additionally scatter both charge carriers and phonons.
Additional scattering of phonons will reduce thermal con-
ductivity. On the one hand, additional scattering of charge
carriers can increase the scattering factor and enhance the
Seebeck coefficient. On the other hand, scattering of charge
carriers can increase the electrical resistivity through
reducing the average relaxation time of the charge carriers.
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Finally, the thermal conductivity of the rare earth con-
taining Bi,Te;-based compounds is usually higher than the
thermal conductivity of the undoped Bi,Te;. Actually, the
mass of rare earth atoms is less than that of bismuth atom.
In this case, the frequency of phonons should be increased
as heavy bismuth atoms are replaced with lighter rare earth
atoms. However, the lutetium atom mass is very close to
the bismuth atom mass as compared with other rare earth
atoms. So, Lu-doping can avoid sufficient increase of the
phonon frequency and remain the low thermal conductivity
of Bi,Tes. Thus, in order to improve the thermoelectric
properties of the BiTe; compound, lutetium doping will be
more effective than other rare earth elements.

Important parameter influencing thermoelectric proper-
ties of the thermoelectric is a grain structure [17-21]. It is
known that both grain size and grain size distribution are
key structure parameters of the micro- and nano-grained
thermoelectric materials by controlling their electrical and
thermal properties [22-27]. In order to form a desired
microstructure, various methods of thermoelectric materi-
als fabrication including preparation of the starting powder,
compacting the starting powder and high-temperature
treatments should be used. The aim of this paper is to study
the effect of fabrication conditions on grain structure and
thermoelectric properties of Bi, gLuj ;Te; compound.

2 Experimental

Microwave—solvothermal synthesis was applied to prepare
the starting Bi; 9Lug;Te; powder. As known, compared
with the conventional methods, the microwave-assisted
heating technique has the advantages of very short time of
synthesis, simplicity and energy efficiency, small particle
size of the products, narrow particle size distribution and
high purity [28, 29]. Analytically pure chemicals were used
for the synthesis (bismuth oxide, Bi,O3, tellurium oxide,
TeO,, lutetium oxide, Lu,O;, ethylene glycol, nitric acid
and N,N-dimethylformamide).

The Bi,O3;, TeO, and Lu,O5; oxides taken in a stoi-
chiometric ratio were dissolving in mixture of concentrated
nitric acid and ethylene glycol. Then, N,N-dimethylfor-
mamide was added in mixture after dissolving. The
microwave-assisted reaction was carried out in a MARS-6
microwave reactor, with a power of 1000 W at a working
frequency of 2.45 MHz. The synthesis was carried out for
15 min at temperature of 463 K and pressure of 4 MPa.

Two sintering methods were used to form various grain
structures of bulk Bi; gLu ; Te; materials. According to the
first method, the powder after synthesis was cold isostati-
cally pressed (CIP) at 250 MPa by using an EPSI cold
isostatic press. Pressed samples were then sintered at
683 K for 2 h at Ar atmosphere. Spark plasma sintering
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(SPS) method was applied as the second method by using a
SPS-25/10 system. Two temperatures of 653 and 683 K of
the SPS process were used. These SPS temperatures
allowed forming a quite different grain structure of the bulk
material. Pressure and time of the SPS process were,
respectively, 40 MPa and 5 min for both SPS temperatures.

Phase compositions of the starting powder and the bulk
materials were determined by X-ray diffractometer (XRD,
Rigaku Ultima IV) with Cu Ko radiation. Particles size and
morphology of the starting powder were examined by using
a transmission electron microscope (TEM, JEM-2100).
Scanning electron microscope (SEM, Nova NanoSEM 450)
was used to study the microstructure of the bulk samples
prepared. The specific electrical resistivity and the Seebeck
coefficient were measured using a ZEM-3 system. A TC-
1200 system was applied to determine the thermal con-
ductivity by the laser flash method.

Measurement by the laser flash method was used to find
thermal diffusivity. This method examines the temperature
change with time of the back side of a sample after heating
the front side with laser beam instantaneously. The thermal
conductivity (k) of a sample is found from thermal diffu-
sivity (o), the specific heat (Cp) and the density (d) using
k = aCpd equation. For the measurement of the specific
heat, a standard sample is used at room temperature to find
the absorbed energy of the sample. Then, the specific heat
of an unknown sample is found at a target temperature by
comparing the temperature changes of the sample at room
temperature and target temperature, assuming that the same
heat capacity is absorbed by the unknown sample.

3 Results and discussion

XRD pattern for the microwave-solvothermally synthe-
sized powder is shown in Fig. 1, which confirms that

hexagonal (space symmetry group of R3m) phase

M R3m
v P3121

Intensity (a.u.)

20/ (°)

Fig. 1 XRD pattern of starting powder
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characteristic for bismuth telluride is a dominant one.
Besides, the Te phase (space symmetry group of P3121)
can also be observed as traces at XRD pattern. The amount
of Te phase is estimated to be less than ~3 vol%. So, a
single phase with Bi,Te; structure cannot yet be formed
after microwave—solvothermal synthesis. It is obviously
that just after synthesis this phase will be depleted in Te to
retain a stoichiometric composition of the starting powder.
It should be noted that Lu atoms substitute for Bi site in
Bi,Te; compound and ionic radii of Bi and Lu are very
close [9]. In this case, no Lu peaks can be found in Fig. 1.
TEM image in Fig. 2 shows a typical morphology of the
microwave-solvothermally synthesized powder. It is seen
that the powder mainly consists of irregularly shaped par-
ticles. In order to estimate a mean particle size, histogram
of the particles size distribution was plotted. It is found that
the experimental histogram can be described by a unimodal
lognormal distribution. As known [30], the lognormal
probability density function can be expressed as

1 Ind — Indy,)*
—modexp<—7( = )) 0

where d is the particle size, d,, is the mean particle size,
and o is the standard deviation of the logarithms of the
particle sizes. The standard deviation is measure of the
distribution width. Based on Eq. (1), d,, and ¢ values were
estimated to be equal to ~37 and 0.56 nm, respectively.
So, the starting powder consisted of nanoparticles.

The starting powder was then used to prepare the bulk
grained material. As was mentioned above, two fabrication
methods were used to form various microstructures of the
bulk samples. The first method is the cold isostatic press-
ing, and the second method (CIP sample) is the SPS pro-
cess at temperatures of 653 and 683 K (SPS653 and
SPS683 samples, respectively). So, three bulk grained
samples with various microstructures could be fabricated.

F(d) =

Fig. 2 TEM image of starting powder
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Fig. 3 XRD patterns of (1) CIP, (2) SPS653 and (3) SPS683

Figure 3 shows XRD patterns of the three samples. In
contrast to the starting nanopowder, the bulk samples are
single hexagonal phase with unit cell parameters of
a =b =0.43871 nm and ¢ = 3.0483 nm. These parame-
ters are corresponding to Bi,Te; compound. It is important
to note that the XRD peaks become narrower and sharper at
transition from CIP to SPS653 and SPS683 samples. The
peaks narrowing and sharpening can be induced by forming
more perfect crystalline and grain structure depending on
method and conditions of the sintering.

SEM images of a sample surface are shown in Fig. 4.
One can see that microstructures of these samples are quite
different and characterized by various micro-grained
structures with various mean grain sizes. First of all, it
should be noted that the grain growth occurs during the
material fabrication. This phenomenon destroying an initial
nanostructural state is characteristic for the high-tempera-
ture sintering of nanomaterials [31]. Secondly, the crys-
talline grained structure is not yet formed for the sample
fabricated by the cold isostatic pressing (Fig. 4a). Finally,
the grains have a crystal faceting for the samples fabricated
by SPS method and the mean drain size increases as SPS
temperature increases (Fig. 4b, c). So, the intense sintering
of the starting nanopowder takes place in this case.
Besides, the SPS683 sample is structurally inhomogeneous.
At least, two types of the structural inhomogeneities can be
observed for this sample. Figure 5a, b demonstrates the
first type of these inhomogeneities. The inhomogeneities of
this type are weakly compacted domains with loose
structure and numerous pores in contrast to dense host
material. The size of the loose domains is around a few
hundreds of microns. Microcracks filled with Bi; gLug ;Tes
nanowickers are the second type of the specific structural
inhomogeneities of SPS683 sample (Fig. 5c¢). It is very
important to note that the structural inhomogeneities con-
sidered above are observed only in SPS683 sample.

Rare Met. (2018) 37(8):642-649
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Fig. 5 SEM images of structural inhomogeneity of SPS683: a domains weakly compacted with loose structure, b detailed SEM image of domain

selected in a, and ¢ microcracks filled with Bi; gLug Te; nanowickers

The samples with various microstructures have different
density values. The densities of these samples are equal to
5.09, 6.06 and 5.14 g-cm > for CIP, SPS653 and SPS683
samples, respectively. The CIP sample with unformed
crystalline grained structure has the lowest density. It is
obviously that this sample still contains numerous pores
formed in material during cold isostatic pressing. The
temperature and time sintering after CIP process are
insufficiently to form clear grained structure and increase
the density. But, the SPS process allows us to prepare
SPS653 and SPS683 samples with formed crystalline
grained structure. The density of SPS653 sample is higher
than that of CIP sample. However, the density of SPS683
sample despite the formed crystalline grained structure is
close to that of CIP sample with the unformed crystalline
grained structure. The structural inhomogeneities charac-
teristic for this sample discussed above (Fig.5) can
decrease the density of SPS683 sample.

In fact, the densities of the samples under study are less
than the theoretical density of Bi,Te; (7.7 g~cm_3). But it
should be noted that the main purpose of this paper is to
find an effect of microstructure on thermoelectric proper-
ties of Lu-doped Bi,Te;. At present, remarkably different
microstructures could be formed for samples with low
density. Simultaneous optimization of the density and
microstructure is next stage of our research. However,
microstructural effect on thermoelectric properties of Lu-
doped Bi,Te; observed is reproducible. Moreover, such
effect is also observed for Bi,Te; compound containing
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other rare earth elements (Tm, Er). At present, an exami-
nation of Tm- and Er-doped Bi,Te; is in progress.

In order to estimate the mean grain size of the samples
with various grain structures, histograms of the grain size
distributions were plotted. Diameters of more than 200
grains were measured on SEM images (Fig. 4) to obtain the
reliable size distribution. The unimodal lognormal distri-
bution was again applied to describe the experimental
histograms of the grain size distributions and estimate the
mean grain size (Dyy,) and the standard deviation. The Dy,
values are equal to ~290, ~730 and ~ 1160 nm corre-
sponding to Fig. 4a, b, c, respectively. So, the sintering of
the samples is accompanied by the sufficient grain growth
from the initial nanoparticles. The standard deviation of the
logarithms of the particle sizes (o) value was equal to 0.46
for all three samples with various grain structures.

Thus, a little difference of SPS temperature could sur-
prisingly provide a remarkable change of the grain struc-
ture. It should be reminded that the initial powder for
sintering consists of nanoparticles with the mean particle
size of ~37 nm. A considerable energy can been stored in
the powder nanoparticles [32]. So, thermodynamically,
such nanomaterials are far removed from their equilibrium
state and a large driving force toward equilibrium exists.
The stored energy is released during the heating at elevated
temperatures due to the grain growth. As a consequence,
grain growth will occur at elevated temperatures, leading to
a concomitant increase of the grain size. The grain size
increases with annealing temperature in accordance with

@ Springer
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Fig. 6 Temperature dependences of specific electrical resistivity for

CIP, SPS653 and SPS683

law close to an exponential growth. In this case, even a
little difference of the annealing temperature will cause a

significant change of the grain size.
observed for iron [33].

This behavior has been

The bulk Bi;g¢Luy;Te; samples with various grain
structures demonstrate different thermoelectric properties.
Figure 6 shows temperature dependences of the specific

electrical resistivity (p). One can

see that p of all three

samples increases as temperature increases. This behavior
is typical for degenerate semiconductors and characteristic
for Bi,Te;. The specific electrical resistivity of SPS fabri-

cated samples is sufficiently lower

than that of CIP-fabri-

cated sample. The p(T) dependences for SPS653 and
SPS683 samples can be divided into two parts. Below some
temperature (7y), these dependences are linear. Above Ty,

the experimental p(7T) curves start

to deviate from linear

law to lower p values. The T4 value is estimated as ~510
and ~540 K for SPS653 and SPS683 samples, respec-
tively. No T4 is observed for CIP sample.

It should be noted that p value
grain size increases. It means that
scattering mechanism of the ch

decreases as the mean
a contribution of grain
arge carries gradually

depresses when a number of grain boundaries decreases
during the grain growth at high-temperature sintering. The
temperature dependence of the Seebeck coefficient (S) is
shown in Fig. 7. The major charge carries in the samples
under study are electrons because the Seebeck coefficients
have a negative sign. As mentioned above, Lu atoms
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Fig. 7 Temperature dependences of Seebeck coefficient for CIP,
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substituting for Bi site in Bi,Te; compound behave as
donors [9].

It is known [9] that the Seebeck coefficient of the
degenerate semiconductors can be expressed as

G
3eh \3n 2
where kg is the Boltzmann’s constant, n is the carrier
concentration, # is the reduced Planck constant, m” is the
effective mass of electron, e is the charge of electron, and y
is the scattering factor. In accordance with Eq. (2), the
decrease of the specific electrical resistivity is usually
accompanied by the decrease of Seebeck coefficient. This
behavior is in agreement with the results in Fig. 7. The
amount of Lu atoms is the same for CIP, SPS653 and
SPS683 samples. So, a change of the scattering factor will
determine both the specific electrical resistivity and the

Seebeck coefficient of these samples.

The S(T) curves have maxima whose temperature posi-
tion is dependent on the specific electrical resistivity of the
samples with various grain structures. Such maxima are
typical for Y-, Lu-, Ce-, Sm-doped Bi,Te; compounds
[9, 11, 12, 14, 15]. Usually, such kind of non-monotonic
change of the Seebeck coefficient is attributed to a bipolar
effect when two types of the charge carriers are present.
Thermal excitation of the charge carriers from valence
band to conduction band will generate both electrons in
conduction band and holes in valence band [17]. Usually,
thermal excitation does not change the concentration of the
major charge carriers too much, but increases the minor
carrier concentration. As mentioned above, the Seebeck
coefficient of electron conductivity is negative, whereas
hole conductivity is characterized by the positive Seebeck
coefficient. A competition of these two contributions with

(2)
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opposite signs of the Seebeck coefficient can form
S(T) maxima in Fig. 7. It should be noted that an appear-
ance of p(7T) curvature at temperature T4 is in agreement
with the decrease of specific electrical resistivity due to
bipolar effect. The high electrical resistivity of CIP sample
does not allow distinguishing the contribution of the carrier
concentration change.

The temperature dependences of the power factor (S%/p)
are presented in Fig. 8. These dependences include the
contributions from p(7) and S(7) dependences, wherein the
p(T) contribution determines the maximum $%/p value and
the S(T) curve determines the appearance of maxima of the
power factor. The maximum value of S*/p is observed for
the samples with low electrical resistivity fabricated by
SPS method. So, the contribution of the resistivity decrease
is dominant one.

The thermal conductivity (k) of the samples reveals
unexpected behavior (Fig. 9). The thermal conductivity of
SPS653 sample increases compared with that of CIP
sample. This increase can be attributed to the grain growth,
leading to the decrease of phonon and electron scattering
by the grain boundaries. However, the thermal conductivity
of SPS683 sample has minimum value among all three
samples, although this sample is characterized by the
maximum mean grain size and the lowest specific electrical
resistivity. The k value of this sample is close to the ther-
mal conductivity of Y-, Ce and Sm-doped Bi,Te; com-
pounds [11].

The k behavior of CIP, SPS653 and SPS683 samples is
in contradiction with p change as the decrease of p usually
leads to the increase of k. Such p—k relationship is stated by
the Wiedemann—Franz law [17].

kearr = LoT (3)
././.\.\.
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Fig. 8 Temperature dependences of power factor for CIP, SPS653
and SPS683
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where k..., is the charge carrier contribution to the thermal
conductivity, L is the Lorenz number, and ¢ is the specific
electrical conductivity. So, the Wiedemann—Franz law is a
law for the electron thermal conductivity. In order to
explain above contradiction, the lattice contribution to the
thermal conductivity should be taken into account.

According to the experiments, the structural inhomo-
geneities (Fig. 5) can be considered as one of the main
sources to decrease the thermal conductivity of SPS683
sample. First of all, the boundaries between the structural
inhomogeneities and the bulk host material can addition-
ally depress the thermal conductivity. These boundaries
can scatter not only phonons but also electrons. The
wavelength of electrons (1) and mean free path for phonons
(}) should be different so as to provide more reduction in
the thermal conductivity than in the electrical conductivity.
Usually, suitable A/[ ratio is provided for the thermoelectric
nanomaterials [17]. In this experiment, nanowickers are
observed as specific structural inhomogeneities in SPS683
sample. It is known [34] that due to the large surface area
to volume ratio, small diameter phonon boundary scatter-
ing in nanowickers is much stronger than in bulk materials,
which leads to the reduced phonon mean free path and
thermal conductivity of nanowickers. For instance [17],
Bi,Te; composite filled with BiTe; nanowickers demon-
strates low thermal conductivity of ~0.8 W-m~ "K' at
room temperature while ~ 1.2 W-m~"-K~! for commercial
Bi,Te;. Thus, SPS683 sample contains the structural
inhomogeneities beneficial for the reduction of the thermal
conductivity. Finally, it should be noted that simultaneous
decrease of p and k has been observed in Lu-doped Bi,Te;
compound [9].
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Fig. 10 Temperature dependences of figure of merit for CIP, SPS65
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The temperature dependences of ZT are shown in Fig. 10.
One can see that SPS683 sample has the highest ZT values
over the whole measured temperature range, which can be
attributed to the lowest specific electrical resistivity and
thermal conductivity. The maximum ZT value is equal to
~0.9 for the temperature range of 450-500 K.

4 Conclusion

The bulk Bi; gLug  Te; samples with various micro-grained
structures were fabricated by cold isostatic pressing and
SPS. It is found that the mean grain size is equal to ~290,
~730 and ~ 1160 nm for CIP and SPS at 653 and 683 K
samples, respectively. The micro-grained sample with
maximum mean grain size shows the lowest specific
electrical resistivity and thermal conductivity and the
maximum dimensionless figure of merit (ZT =~ 0.9 for the
temperature range of 450-500 K).
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