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We investigated the thermoelectric properties of sintered BigsSb1sTes alloys containing grains for their
alignment, sizes and shapes. The figure of merit can be improved as the result of lower resistivity by
increasing the alignment, which is realized by using the spark plasma sintering method and a strong
magnetic field. In addition, making the grains more spherical can improve the thermoelectric efficiency
as a result of carrier quantum confinement and enhancement of the band gap energy.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Binary and ternary compounds of Bi, Sb, Te, and Se prepared
using a hot-pressing method [1-3] have been widely investigated
for use in thermoelectric devices operating near room temperature
because they have highly anisotropic electric and thermal proper-
ties with a rhombohedral structure. Powder metallurgy using hot
pressing is a powerful tool for fabricating thermoelectric materials
because it allows for production in great quantities and control of
the microstructure. The prepared materials have grain boundaries
and anisotropy due to their alignment. To improve the thermoelec-
tric performance, the thermoelectric properties were extensively
investigated by controlling the grain size [4], carrier concentration
[5-7] and the crystal alignment [8-10], which can be controlled by
using the spark plasma sintering (SPS) method with magnetic fields
of different strengths. The alloys prepared by the SPS method have
a mixed system containing the polycrystalline and powder phases.
We define polycrystalline and powder phases as follows: the poly-
crystalline phase has grains in which the c-axis of the crystallites
lies randomly in a plane perpendicular to the growth direction, and
the powder has grains in which the c-axis is completely randomly
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oriented. The thermoelectric properties of both materials were the-
oretically investigated [6,11].

In this study, we investigated the thermal properties of the sin-
tered BigsSby5Tes alloys. The grains in the prepared alloys have
different sizes, irregular shapes and different crystal-alignments.
We found that the figure of merit can be improved as the result of
lower resistivity from increasing the crystal-alignment and as the
result of lower thermal conductivity from making the grains more
spherical.

The alloy prepared under pure conditions or a magnetic field
using the SPS method has an oriented c-axis in a plane perpendic-
ular to the growth direction. The magnetic field introduced a large
number of c-axes oriented along the plane in the green bodies. The
crystal alignment can be controlled by the strength of the magnetic
field. The thermoelectric results are presented in Sections 2 and 3.

2. Experimental and theory

We obtained powdered Big 5Sb; 5 Tes via a powder metallurgy process. The pow-
der was dispersed in anhydrous ethanol and then slip-casted in the presence and
absence of a magnetic field. The slip-casted green bodies were sintered with a SPS
machine at 500 °C for 2 min in an Ar atmosphere. The experimental details of sample
preparation and characterization have been described previously [8-10].

When the Bi, Sb, and Te alloys are sintered by using the SPS method, the alloys
have variously oriented grains with various sizes. The grain size and crystal orien-
tation can be determined by the electron backscatter diffraction (EBSD) mappings
according to the scanning electron microscopy (SEM) results [8,9]. We defined the
polycrystalline phase, in which the c-axes of grains are completely aligned along the
direction parallel to the pressing direction, and powder phase, in which the c-axes
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of grains are randomly oriented in the alloys. The sintered alloys are considered to
be a mixed system of the polycrystalline phase and the powder phase. The thermal
properties of both material structures have been determined from the correspond-
ing single-crystal components, which have anisotropic properties along the cleavage
planes (11-direction) and perpendicular to the cleavage planes (33-direction) [11].
The ‘33’ and ‘11’ correspond to the directions parallel and perpendicular to the SPS
pressing direction, respectively.

In the model, the alloys have two occupying volume fractions, Vg and Vsmai,
which are the total volumes of big and small grains, respectively. The region with
the volume Vg consists of the proportions agp and agw of the polycrystalline and
powder phases, respectively, and the other region with volume Vg, consists of
different proportions of asp and asw for the polycrystalline and powder phases,
respectively. In this case, the conductivity (o), thermal conductivity (x) and Seebeck
coefficient («) are given by
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Here opcpw), kpcpw) and apgpw) are the conductivity, thermal conductivity and
Seebeck coefficient of polycrystalline (powder) model of the sintered alloys, respec-
tively and i denotes B (big) and S (small).

Consider a simple two-band model [12,13] in which both bands have a parabolic
energy-wave vector relationship with effective mass dependent on the temperature.
In the two-band model, by considering an appropriate relaxation time, the thermal
properties are given by
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Here my;n) denotes the effective mass of electrons (holes), and s=(11, 33); n} =
ns/kgT is the reduced chemical potential (Fermi energy). F;, represents an average
relaxation time given by
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where 7;; is the appropriate scattering rate. The Fermi energy is calculated numer-

ically from the relation n=2 Z fk [14]. The carrier distribution function f; is the
Fermi function as follows:

1
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We have also considered the electron scattering processes with relaxation times
caused by acoustic lattice vibrations and ionized impurities, using the following
equation [15,16]:
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The lattice contribution to the thermal conductivity is given by [17,18]
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Here 6 is the Debye temperature, and vs is the average velocity of sound. Under the
assumption that the relaxation times for all scattering processes are independent,

24
2.0
1.6

K (W/mK)

1.2
o8l Experiment (Theory)
O ( ) with B=0T
04r @ (- --) with B=6T
0.0 n n n n n n ) ‘e
0 50 100 150 200 250 300 350 02

Temperature (C°)

250F b 0 50 100 150 200 250 308'0
Temperature (C°)

= n
— 200f ¢ v al
X
3
— 100F
3
50 F
0 L L L L L L
0 50 100 150 200 250 300
Temperature (C°)
30
C
IS
G
3
=
0

0 50 100 150 200 250 300
Temperature (C°)

Fig. 1. (a) Thermal conductivities, (b) Seebeck coefficients and (c) resistivities of
the a-axis direction of BigsSby5Tes alloys. Squares(circles) show the properties of
the sintered alloy prepared in the absence of a magnetic field (in the presence of
a B=6T magnetic field). Grains in the alloys had two sizes, 2/0.5 wm and 20/4 p.m,
in the a/c-axis directions, and the carrier concentration in the a-axis direction was
1.8 x 10" cm~3. The dotted green line shows the theoretically calculated resistivity
in a completely aligned alloy. (The insert shows the effective masses of the holes
and electrons as a function of temperature.) (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of the article.)

the combined phonon scattering relaxation rate is given in the calculation of the
lattice thermal conductivity by [17,18]

-1 -1 -1 -1 -1
T = (1+ Bt s+ Tons + Tois T Tas (16)

where 7, ! is the Umklapp three-phonon scattering rate, r;dls is the point defects-
phonon scattering rate, T' is the electron-phonon scattering rate and 7! is the
ph,s B.s

phonon-grain boundary scattering rate. The relaxation time 755 for the phonon-
grain boundary scattering is described by

1
TBs = £ (17)

where I; is the average grain-boundary size. This additional relaxation time gives
rise to a decrease in the lattice thermal conductivity.

To investigate the thermal properties due to the additional carrier-grain bound-
ary scattering, the relaxation time is described in the presence of grain boundaries:

g
Tg = > (18)
where v = [3k5T/m"]1/Z is the average thermal velocity [19]. The mobility due to the
carrier-grain boundary scattering is given by the relaxation time 7g:
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Therefore, the effective mobility /e is given by the grain boundary scattering
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Fig. 2. (a) Theoretically calculated thermal conductivity, (b) Seebeck coefficient and resistivity and (c) the figure of merit (ZT) of the aligned p-type BigsSb; 5Tes alloys with

one type of various round grain-sizes with diameters of 10, 5, 1, 0.5, 0.1 wm. (The insert shows the electronic thermal conductivities of the alloys.)
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Fig. 3. (a) Theoretically calculated thermal conductivity, (b) resistivity, (c) Seebeck coefficient and (d) the figure of merit of the BipsSb;sTes alloys with three types of
grain-shapes, all of which had the same volume, with L, <L..
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Fig. 4. (a) Theoretically calculated thermal conductivity, (b) resistivity, (c) Seebeck coefficient and (d) the figure of merit of the Bips5Sb;sTes alloys with three types of

grain-shapes, all of which had the same volume, with L, > L.

where o is the mobility of the single crystal (alloy without grains). For the large
grain size, the effective mobility should be the single crystal mobility, whereas
for small grain size it will be limited by the grain boundary scattering. This effect
may influence the thermal conductivity because of the Wiedemann-Franz ratio.
Thus, the carrier part, k., in the total thermal conductivity is determined using the
Wiedemann-Franz ratio as «.s =Ls;05 T, where L; is the Lorentz number.

In addition, the band gap energy is also changed by the carrier confinement in
the grain boundary

h?
Egqp =Eo + —— 21
gap 0 2111*1; ( )

where Ej is the energy band gap of the single crystal. The effective mass is deter-
mined by the mobility and carrier concentration and depends on the temperature
[20]. We assumed in the theoretical calculations that the complex band structure of
anisotropic materials represents the two conduction-band model with a parabolic
band structure and the changing effective mass for temperatures.

3. Results and discussion

The sintered Big5Sbq 5Tes alloys have various grain types that
can be classified into two types of randomization. One has grains
with an average size of L, =2.5 pum (small particles) whose c-axes
are completely randomly oriented in the medium, and the other
has grains with an average size of L, =20 wm (big particles) whose
c-axes are almost regularly oriented.

Fig. 1 shows the k, &, and p values along the a-axis for the
two types of prepared BigsSb;sTes alloys with a volume ratio
of Vpig/Vsman=0.3/0.7. The alloy prepared under the pure con-
ditions (pure alloy) had agp=0.5 and asp=0.27 and the other
prepared in the presence of a 6 T magnetic field (aligned alloy)
had agp=0.58 and asp=0.53. The c-axes of the small grains in the
alloy prepared in the presence of a magnetic field are more strongly
aligned, 0.53 compared to 0.27. The grains in the alloys have two
sizes, Lq/L=2.5/0.5um and Lq/L,=20/4 pm, and the carrier con-
centrations of the a-axis directions are about 1.8 x 109 cm~3 at
room temperature and are almost unchanged until 100°C. The
using parameters in the model are obtained from the reported
experimental results by the EBSD-SEM mapping analysis in Refs.
[8,9]. We take the average grain sizes of L. =L,/5 along the c-axis.

Experimental (calculated) results are denoted by open squares
(dashed lines) for the pure alloy and open circles (solid lines) for
the aligned alloy in Fig. 1. The experimental « values of both alloys
are similar, as shown in Fig. 1(a). However, the calculated k value of
the aligned alloy is higher than that in the pure alloy, because the x
value of the a-axis is highly aligned in the 11-direction. The insert
shows the effective masses of the holes and electrons in the alloys
in the 11-direction. The product of the effective mass and mobility
is one of the most important parameters effecting the thermoelec-
tric efficiency in the extrinsic conduction region. The increase in
the effective mass with temperature results from complex scatter-
ing mechanisms of carriers. The « value of both alloys are similar,
as shown in Fig. 1(b). This result indicates that the Seebeck coef-
ficient is almost unaffected by the crystalline alignment. Because
the carrier concentrations of both directions does not changed due
to the crystalline alignment. This result agrees with the theoretical
results. Fig. 1(c) shows the p value of the two alloys. The p value of
the aligned alloy has smaller than that of the pure alloy, because the
aligned alloy has more aligned resistivities in the 11-direction. The
dotted line shows the theoretical p of the perfectly aligned alloy,
that is, the polycrystalline phase of Big5Sb;5Tes. Therefore, the
thermoelectric efficiency is improved by the crystalline alignment
of the c-axis in the grains. This improvement is mainly caused by
the improved resistivity due to the enlarged alignment. The exper-
imental results agree well with the theoretical calculations [9].
Fig. 2 shows the calculated thermoelectric properties of the
aligned Big5Sbq sTes alloys, in which the grains were all spheri-
cal with diameters of 10, 5, 1, 0.5, 0.1 pm. The decrease in « with
decreasing grain size, as shown in Fig. 1(a), occurred because the
phonon-grain scattering rates became dominant. The electronic
thermal conductivity (k. ) did not change for grain sizes over 0.1 um,
as shown in the insert. Therefore, we can see that thermal con-
ductivity of the alloys with grain boundaries is determined almost
exclusively by the phonon-grain boundary scattering. The @ and p
values of the alloys with different grain sizes were constant up to
0.5 pm. The variations begin with under grain size of 0.1 um. This
variation is caused by the confinement of carriers in the grains,
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the carrier-grain boundary scattering and change in the band gap
energy. But, the hole-grain boundary scattering over grain size of
0.1 wm has little effect on the thermoelectric properties. Conse-
quently, we found that the figure of merit of the alloy is improved
with the small grain size, because of the phonon-grain boundary
scattering.

Fig. 3 shows the calculated values of k, «, p and figure of
merit along the a-axis in the aligned BigsSbysTes alloys with
the three types of grain shapes (Lg<L.), in which the same vol-
umes are the same, A=(0.1 x 0.1) x 0.1, B=(0.05 x 0.05) x 0.4 and
C=(0.025 x 0.025) x 1.6 (um)3. In the case, we assume that their
carrier concentrations are the same. These volumes were obtained
by multiplying the grain area in the cleavage plane (L; x Lg) by the
length (L) along the c-axis of the grains. The k with the small grain
area becomes low, but it had a similar value for all samples, as
shown in Fig. 3(a). It is caused by the phonon-grain boundary scat-
tering. The p value decreased as the grain volume became a cube, as
shown in Fig. 3(b). It is caused by the reduced carrier-grain bound-
ary scattering rate in the 11-direction. The « value for the strongly
confined samples become large in the condition of the same carrier
concentration. It is caused by the extended band gap due to the car-
rier confinement in the 11-direction. Consequently, we found that
the figure of merit along the a-axis could be improved by making
the grain shape more spherical.

Fig. 4 shows the calculated values of k, «, p and figure
of merit along the a-axis in the aligned BigsSb;sTes alloys
with the three types of grain shapes (Lq>L.), which have the
same grain volumes, A=(0.1x0.1)x 0.1, B=(0.14 x 0.14) x 0.05
and C=(0.2 x 0.2) x 0.025(pm)3. The grain areas in the cleav-
age plane increased as L. decreased. The k value decreased with
stronger carrier confinement in the cleavage plane, as shown in
Fig. 4(a). It will be more dominant in the higher aligned samples.
The resistivities were almost the same. It results from the small
carrier-grain boundary scattering in these sizes. The grain sizes of
L: had no effect on the resistivity of the a-axis. The « values of
the alloys are determined by the carrier confinement in the c-axis.
In this case, the chemical potential energy was large, because the
energy band gap is extended by the strong quantum confinement.
Consequently, the figure of merit of sample A with more spherical
grain areas increased.

4. Conclusion

The thermoelectric efficiency of BigsSbqsTe; alloys was
improved by increasing the crystalline alignment and by making
the grains more spherical in the region of the same volume. This
improvement mainly results from the improved thermal conduc-
tivity due to the phonon-grain boundary scattering and the band
gap enhancement due to the more strong carrier confinement to
the measuring direction.
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