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BiSbTe-Based Nanocomposites with High ZT: The Effect of
SiC Nanodispersion on Thermoelectric Properties

Jianhui Li, Qing Tan, Jing-Feng Li,* Da-Wei Liu, Fu Li, Zong-Yue Li, Minmin Zou,

and Ke Wang

Thermoelectric materials have potential applications in energy harvesting and
electronic cooling devices, and bismuth antimony telluride (BiSbTe) alloys
are the state-of-the-art thermoelectric materials that have been widely used
for several decades. It is demonstrated that mixing SiC nanoparticles into
the BiSbTe matrix effectively enhances its thermoelectric properties; a high
dimensionless figure of merit (ZT) value of up to 1.33 at 373 K is obtained in
Biy.3Sb; ;Te; incorporated with only 0.4 vol% SiC nanoparticles. SiC nano-
inclusions possessing coherent interfaces with the Big 3Sb, ;Te; matrix can
increase the Seebeck coefficient while increasing the electrical conductivity,
in addition to its effect of reducing lattice thermal conductivity by enhancing
phonon scattering. Nano-SiC dispersion further endows the BiSbTe alloys
with better mechanical properties, which are favorable for practical applica-

tions and device fabrication.

1. Introduction

Thermoelectric materials have attracted increasing atten-
tion recently because of its important applications of energy
harvesting and electronic cooling devices.'™ Generally, the
efficiency of a thermoelectric device is closely related to the
materials’ dimensionless figure of merit, defined as ZT =
o?0T/k, where 0, o, k and T are the Seebeck coefficient, elec-
trical conductivity, thermal conductivity and absolute tempera-
ture, respectively.3# It is clear that a high-ZT material must
possess a high Seebeck coefficient, high electrical conductivity
and low thermal conductivity. However, these parameters
are closely interrelated because they are determined by more
fundamental characteristics of the electron and phonon sys-
tems.[*’] Increasing electrical conductivity usually results in
a decrease of the Seebeck coefficient. Similarly, the reduction
of thermal conductivity often leads to a decrease in electrical
conductivity. Fortunately, several successful examples have
been reported in the past decade, in which ZT enhancement
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is realized by decoupling the electrical and
thermal transport properties even in bulk
materials. The main approach is to incor-
porate nanoscale heterogeneity or nanoin-
clusions into a thermoelectric alloy matrix
mainly by in situ precipitation or reac-
tion.[*1% For example, enhanced thermo-
electric properties have been achieved in
the AgPb,,SbTe,,,, system with character-
istic nanostructures of nanoscale inhomo-
geneity (rich in Ag and Sb) embedded in
the PbTe matrix;[®”! in fact, AgPb,,SbTe,,,,
can be considered to be antimony and
silver co-doped PbTe. It has been revealed
that nanoscopic inhomogeneity effectively
reduces thermal conductivity of the whole
material by enhancing phonon scattering
but show less influences on its electrical
conductivity because of their coherent
interfaces formed through in situ precipitation. Zhao et al.'*!
fabricated a nanostructured composite containing ytterbium-
filled CoSb; and well-distributed Yb,O; particles synthesized
by in situ oxidation. The Yb,03 nanoparticles dispersed both at
grain boundaries and inside grains generate a combined effect
that considerably scatters phonons but only slightly impacts
electrons, thereby providing a significant ZT enhancement.

In general, it seems also possible to enhance ZT values by
dispersing nanoparticles in a thermoelectric material using a
mixing method, but it is difficult to find such a material com-
bination that thermal conductivity is reduced while its electrical
conductivity is not reduced significantly at the same time by
incorporating nanoparticles. Nevertheless, adding SiC nano-
particles into Bi,Tes-based alloys is a good choice, in view of
the facts that SiC is a promising thermoelectric semiconductor
with a wide bandgap and large Seebeck coefficient as well as
relatively high electrical conductivity.'!] In addition, the intro-
duction of hard SiC nanoparticles can improve the mechanical
property of thermoelectric materials and hence benefit device
fabrication.[12-14

This work demonstrates that mixing SiC nanoparticles into
the p-type BiSbTe matrix is effective for its thermoelectric prop-
erty enhancement; a high ZT value up to 1.33 at 373 K was
obtained in Bij3;Sb; ;Te; alloys by incorporating an optimized
amount of nano-SiC particles. The nanostructure including
the interfaces between SiC and the matrix was investigated to
explore the mechanism why thermoelectric performance can be
enhanced in a nanoparticle-dispersed composite fabricated by a
mixing method.
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Figure 1. a) XRD patterns and SEM microstructures for fractured surface of Big3Sb; ;Tes+ x vol% SiC (x = 0, 0.4) sintered by SPS at 673 K. b) XRD
patterns of the sample sections perpendicular and parallel to the pressing direction Big 3Sb; ;Te;+0.4 vol% SiC.

2. Results and Discussion

Figure 1a shows the XRD patterns of two representative sam-
ples with/without SiC addition; the diffraction peaks cited from
the database of the BiysSb;sTe; (PDF#49-1713) are also given
in the bottom of the figure by the vertical lines. All the diffrac-
tion patterns of the two samples match well with the standard
peaks of BijsSbysTes. No diffraction peaks of SiC are detected
in the Biy3Sb; ;Te; + 0.4 vol% SiC sample owing to its low con-
tent, but its existence was confirmed by EPMA and TEM as
shown later. In addition, by taking the sample with 0.4 vol%SiC
for an example, the XRD patterns of the sample sections per-
pendicular and parallel to the pressing direction are given in
Figure 1b and the orientation factor F was also calculated using
the following equations.'”!

P — P
F=3z P; (1)
_ Iy(o0l)
" b ”
(001
= S 1(hkd) (3)

where P and P, are the integrated intensities of all (00]) planes
to the intensities of all (hkl) planes for preferentially and ran-
domly oriented samples. It can be found that the relative
intensities of (00l) planes from the sections perpendicular to
the pressing direction are slightly higher than those from the
sections parallel to the pressing direction. However, the orien-
tation degree of the planes, termed F was 0.07, which means
that no preferential orientation formed in the present samples
although it was reported!!® in some Bi,Te;-based materials fab-
ricated by pressurized sintering such as SPS, probably because
the MA-derived particles are considerably fine and their pref-
erential grain growth is suppressed when sintered at the low
temperature and within a short time. As shown in the insert of
Figure 1a, relatively fine grains are obtained both in the sample
with/without SiC addition, since the MA-SPS method has an
advantage of producing fine-grained materials; MA-derived fine

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

powders can be densified at reduced temperatures and in a
short period by SPS. Moreover, the grain size of the composite
with 0.4 vol% SiC decreases somewhat as compared with that
of Bij;Sby ;Tes;, which suggests that the dispersion of nano-SiC
particles suppresses the grain growth of the matrix materials.
As shown in the scanning electron microscopy (SEM) images, a
lot of plate-shaped grains can be observed, which are character-
istics of the layer structure of Bi,Te;-based compounds.
Electronic probe micro-analyzer (EPMA) and transmis-
sion electron microscopy (TEM) experiments were conducted
to confirm the existence of SiC phase. As shown in Figure 2,
the Si element was detected in spite of its weak signal with
some Si-rich areas corresponding to the SiC nanoparticles. The
EPMA experiments also confirmed that SiC nanoparticles are
homogeneously distributed throughout the sample although
its volume fraction is as low as 0.4%. Figure 3 shows the TEM
and high-resolution TEM (HRTEM) images of Bi,3Sb; ;Te; dis-
persed with nano-SiC particles. Figure 3a shows an HRTEM
image of Bij3Sb;;Te; matrix, in which we can find many lat-
tice stripes with definite widths, and Figure 3b is an ampli-
fied HRTEM image of the white rectangle area in Figure 3a.
A series of two rows of extra-bright dots are separated by four
weaker bright dot rows, forming five-layer lamellae. Lan et al.ll’]
investigated the structure of nanograined Bi,Sb, ,Te; bulk
materials prepared by a ball milling and hot-pressing method,
and observed both five-layer lamellae and seven-layer lamellae.
In this work, only five-layer lamellae are found, and such five-
layer lamellae are also found in the sample without nano-SiC.
It is likely that five-layer lamellae represent the ideal structure
of Bi,Tes,l"”! which implies that more ideal structure might be
formed in the Bij;Sb;,Te; composite prepared by MA-SPS
method. As shown in Figure 3c, some SiC particles with dia-
meters ranging from several tens to one hundred nanometers
are observed both at grain boundaries and inside grains in the
SiC-dispersed sample. We conducted a lot of observations by
focusing on the interface between the Bij3Sb; ;Te; matrix and
the nano-SiC particles, and one typical HRTEM image is shown
in Figure 3d. Surprisingly, the interfaces are found to be quite
“clean” and even coherent in most places. Considering that the
lattice constants of cubic SiC (¢ = 0.436 nm) are close to that
of Bij3Sby;Tes;, which has a hexagonal unit cell with lattice

Adv. Funct. Mater. 2013, 23, 4317-4323
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Figure 2. a) SEM secondary electron images of a polished surface of Big3Sb; ;Te; + 0.4 vol%
SiC and b) X-ray map of Si. SiC nanoparticles are located at the circled areas with high Si

concentration.

constants a = 0.429 nm and ¢ = 3.048 nm, it is possible to form
coherent interfaces between SiC and Biy;Sby;Te;. It should
be mentioned that Bij;Sb;-Te; was formed by mechanical
alloying of Bi, Sb and Te elemental powders with the presence
of SiC nanoparticles, which may act as the nucleation site for
the mechanochemical formation of Biy 3Sb; ;Tes. Therefore, the
present fabrication process is also in favor for the formation of
coherently bonded interfaces. For Figure 3d, additional analysis
was done to confirm the interface between Biy3Sb;,Te; and
SiC. Here, the Fourier transfer diffraction pattern of Figure 3d
is given in Figure 3e, and that of Bi,3Sb, ;Te; matrix for com-
parison is also given in Figure 3f. We can find that there are
some extra diffraction spots in Figure 3e as compared with 3f,
as pointed out by the red circles that belong to SiC, indicating
the existence of SiC in addition to the Bi, 3Sb; ;Te; matrix.

Figure 4 shows the temperature dependence of electrical con-
ductivity, Seebeck coefficient and power factor for Bij 3Sb; ;Te;+
x vol% SiC (x = 0, 0.1, 0.4, 0.6), and the ratio of Seebeck coef-
ficient to electrical resistivity of Bij;Sb, ;Te; with different con-
tents of nano-SiC at 323 and 423 K is also given. As shown in
Figure 4a, the electrical conductivity of all samples decreases
with temperature, being indicative of semimetallic transport
behavior. The tiny amount of SiC addition did not cause signifi-
cant change in electrical conductivity. Nevertheless, it seems that
the highest electrical conductivity value (10.2 x 10* S m™') was
obtained in the Bij3Sb;;Te; + 0.4 vol% SiC sample, implying
that the electrical conductivity can be increased by incorporating
an optimized small amount of SiC particles into Big;Sb, ;Tes,
although the former has lower electrical conductivity. As shown
in Table 1, the carrier concentration is increased from 1.81 x
10" cm™3 for Biy3Sb;,Te; to 3.39 x 10! cm™ for the sample
with 0.4 vol% SiC, although the carrier mobility is correspond-
ingly reduced from 365.4 cm? V' s7! to 212.1 cm? V-! s7. The
SiC addition reduces the grain size and increases the defects,
which can increase the carrier density, and decrease the
mobility by enhancing scattering. Therefore, the SiC addition
can increase the electrical conductivity of Bij;Sb, ;Te; provided
that the carrier concentration is sufficiently increased to com-
pensate for the reduction of carrier mobility. It should be men-
tioned that the coherent interfaces between Bi,;Sb;;Te; and
nano-SiC could weaken the obstructing effect of nanoinclusions
against carrier transport,” '8 consequently the carrier mobility
is still high even in the SiC-dispersed Bij 3Sby ;Tes.

Adv. Funct. Mater. 2013, 23,4317-4323
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Figure 4b shows the temperature depend-
ence of Seebeck coefficient for Bij;Sb;sTes
+ x vol% SiC (x = 0, 0.1, 0.4, 0.6) composi-
tions. The Seebeck coefficient values for all
samples are positive, indicative of p-type
electrical transport property. It has also been
revealed™”! that nano-SiC dispersion is effec-
tive in improving the thermoelectric proper-
ties of p-type BigsSb;sTe; compound rather
than n-type Bi,Te;;Sey3;, probably because
of p-type semiconducting characteristic of
SiC.""l The Seebeck coefficient values for all
samples increase with temperature approxi-
mately below 423 K and then turn to decrease.
It reaches a maximum value of 211 puV K
around 427 K when the nano-SiC content is
0.4 vol%, which is somewhat higher than that of Biy;Sb; ;Te;
(206 uV K! at 427 K). Interestingly, the Seebeck coefficient
value increases although the electrical conductivity increases by

(b)

Figure 3. TEM and HRTEM images of the sample dispersed with nano-
SiC: a) HRTEM image of Biy 3Sb; ;Tes matrix; b) high-magnification image
of the white rectangle area in (a); c) TEM image of nano-SiCin Biy 3Sb; ;Tes
matrix; d) HRTEM image of the interface between Big;Sb, ;Te; matrix and
nano-SiC; and e,f) the Fourier transfer diffraction pattern of (d) and (a),
respectively.
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Figure 4. Temperature dependence of a) electrical conductivity, b) Seebeck coefficient, c) power
factor for Big3Sby ;Te; + x vol% SiC (x =0, 0.1, 0.4, 0.6) samples, and d) the ratio of Seebeck
coefficient to electrical resistivity at 323 and 423 K of Big3Sb; ;Te; + x vol% SiC (x=0, 0.1, 0.3,
0.4, 0.5, 0.6) compositions as a function of the volume fraction of nano-SiC.

adding SiC nanoparticles into Bij;Sb; ;Tes, although it is gener-
ally known that absolute Seebeck coefficient decreases if the elec-
trical conductivity improves. With the values of electrical conduc-
tivity and Seebeck coefficient mentioned above, the power factor
values of all samples are calculated and the results are shown
in Figure 4c. The power factor values increase with the addi-
tion of nano-SiC, and reaches a maximum when the addition is
0.4 vol% with a high value of 3.92 mW K2 m™ around 327 K,
but turns to decrease to a value close to that of Biy3Sb; ;Tes
without SiC addition if the SiC addition is further increased.
Figure 4d shows the change in the ratio of Seebeck coefficient to
electrical resistivity at 323 and 423 K as a function of the volume
fraction of nano-SiC. With increasing the content of nano-SiC,
the ratio increases gradually and gets the maximum when the
SiC addition is 0.4 vol%, then turns to decrease at a higher SiC
content, especially at 323 K, clearly indicating that the Seebeck
coefficient is enhanced relative to the electrical resistivity.

Generally, the Seebeck coefficient o and electrical conduc-
tivity o are given in Equation (4) and Equation (5):1>2°)

Table 1. Seebeck coefficient, carrier concentration and mobility of all
samples at 323 K, and the ratio of effective mass (m") between the
sample with/without nano-SiC is also listed.

Sample  Seebeck coef-  Carrier concentration  Carrier mobility ~ mj/mjg
ficient [uV K] [10" cm) [em? Vs

x=0 187.94 1.81 365.4 1

x=0.1 186.14 2.48 284.2 1.222

x=0.4 196.18 3.39 2121 1.586

x=0.6 187.52 3.51 164.1 1.552
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faces can be formed in the combination of
Biy3Sb; ;Te; and SiC, which is also prerequi-
site to the energy filtering effect. In a review
paper,l’] Dresselhaus et al. summarized
many studies and concluded that nanopar-
ticle inclusions through a size-dependent
energy-filtering effect can significantly enhance Seebeck coef-
ficient. The low-energy electrons that contribute less to the
electrical conductivity can be strongly scattered, and the See-
beck coefficient depends on the energy derivative of the relaxa-
tion time at the Fermi energy, so this type of energy filtering
is precisely the prescription to increase the Seebeck coeffi-
cient of thermoelectric materials.? Xiong et al.*?l indicates
that the optimized addition has a close relationship with the
size of nanoinclusions. As schematically shown in Figure 5,
if viewed in three dimensions, the carriers have many possi-
bilities to collide against SiC nanoparticles embedded in the
Biy 3Sb; 7 Te; polycrystalline matrix, even though their volume
fraction is extremely low provided that their distribution are
spatially homogeneous. The SiC nanoparticles in a series of
planes normal to the temperature gradient can filter out many
low-energy carriers by the scattering effect, consequently high-
energy carriers pass through the SiC nanoinclusions and
the material's Seebeck coefficient is enhanced. As another
possible reason, the increased Seebeck coefficient may be as
a result of the enhanced density of states (DOS) g(E) in the
composites.?>2%1 As shown in Equation (6),! there is a pro-
portional relationship between DOS and effective mass (m"),
and the effective mass (m}) in the nanocomposites can be esti-
mated by calculating its relative value referring to the effective
mass (m() without SiC addition by Equation (7), which can be
deduced from Equation (4).

(m*)2/3\/ﬁ

g(E): W32

My _ &(ﬁ)m
mé aop \ Ny

Adv. Funct. Mater. 2013, 23, 4317-4323



'a\
M“\‘:Iiié

www.MaterialsViews.com

1
i
|
F—
. °
|
I —— -u —
r
[
1
I I
s ® Nano-SiC
— High energy carrier
e Low energy carrier

Figure 5. Schematic drawing shows that SiC nanoparticles in a series
of planes can block low-energy carriers by energy filtering effect. A low-
energy carrier passing though the upper plane can be scattered by SiC
nanoparticles at another plane.

According to o and n values measured, the values of m;,/my at
323 K were obtained and shown in Table 1. The m},/my ratio
increased with the addition of nano-SiC, showing a maximum
when the addition of SiC is 0.4 vol%, which is consistent with
Seebeck coefficient. In the present study, the increase of DOS
can be attributed to the change of electronic structures of
Big3Sb; 7 Te; due to addition of nano-SiC. The HRTEM results
show that, in the nanocomposite, SiC nanoparticles are dis-
tributed in grains or along grain boundaries with coherent
interfaces with the Bij;Sb, ;Te; matrix, which is required for
nanoinclusions to be able to influence the

www.afm-journal.de

calorimeter (DSC) and the laser flash method, and the results
are close to each other. The results shown in Figure 6b are the
average values. The measured C, value is 0.184 ] g! K™! at
373 K, which is very close to that of p-type Biys,Sby4gTe; at
room temperature reported by Xie et al.?’! as shown in Figure
6b; the limited difference may be due to the inconsistent Bi/Sb
ratios. Because SiC has a higher C,, whose room-temperature
value is between 0.711 J/g K for cubic SiC and 0.6904 J/g K for
hexagonal SiC,?% the SiC addition resulted in a slight increase
of specific heat in the Bij;Sb;;Te; + 0.4 vol% SiC composite.
Please note that the measured C, values are higher than the
calculated values according to the rule of mixture, nevertheless
the former values were used in this work for the computation
of thermal conductivity. Then, the thermal conductivity is cal-
culated from the measured thermal diffusivity, density and spe-
cific heat and the results are shown in Figure 6c.

Thermal conductivity can be expressed by the sum of lattice
thermal conductivity (k) and electronic thermal conductivity
(k.), and k. can be estimated from Wiedemann-Franz's law as
K. = LT/R, where T is the absolute temperature, R is the elec-
trical resistivity and L is the Lorenz number. The classical value
of the Lorentz number L = 2.45 x 108 V2 K2 and is valid for
a degenerate electron gas. Here, L = 2.0 x 1078 V2 K2 is used,
which is used for a heavily doped semiconductor.>?°l There-
fore, Ky is obtained using the equation k; = kK — k... The temper-
ature dependence of k; of both Bij3Sb; ;Te; and Bij;Sby ;Te; +
0.4 vol% SiC are obtained and shown in Figure 6¢ with their
thermal conductivity together. We can find that the electronic
components k. of two samples make a great contribution to
the total thermal conductivity, because of their lower electrical
resistivity.

Finally, the temperature dependence of ZT values for
Bip3Sb; ;Te; and Bip3Sby;Te; + 0.4 vol% SiC in temperature
range from 300 to 500 K are given in Figure 6d. The maximum

distribution of energy levels of the host mate- 92 022

rial at the interfaces. a0l (a) e o ol ® X MS-SPSBi_Sb Te "
Since the highest power factor was  ser 1 T Ovamsic

obtained at Biy;Sb;;Te; + 0.4 vol% SiC, its  § sef o 020 -- - 0.4vol% SiC-calculated

thermal properties were thoroughly investi- g 84f

gated and compared with that of Biy3Sby ;Te;. & 82[

The thermal diffusivity was measured by =« %°f

the laser flash technique in the temperature rer 047}

range from 300 to 500 K and the results are :j F . . . o6l . . .

shown in Figure 6a. The thermal diffusivity o300 350 400 450 s0 300 350 400 450 500

values of two samples decrease with tempera- 12 Ll 15 Teme- 19

ture but turn to increase after a minimum 4l © » (d) Bl Gy

at 423 K. It should be noted that their values ol ‘\A\,_.,k__.// 4

are close to each other in the whole tempera- o Y~ 13k

ture range. The sintered density values of § s e L K

Bi3Sby ;Te; and Big3Sby;Te; + 0.4 vol% SiC ¢ 05 |a—-a 0.4v0% SiC v : 2r
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values of BigsSb;sTe; and SiC are 6.878 g 300 350 400 450 500 300 350 400 450 500
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cm™ and 3.215 g cm™3, respectively. The spe-
cific heat values of the present Bij;Sb, ;Te;
and Biy3Sb;;Te; + 0.4 vol% SiC samples
were measured using a differential scanning
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Figure 6. Temperature dependence of a) thermal diffusivity, b) measured heat capacity,
c) thermal conductivity and lattice thermal conductivity, and d) ZT value for Big3Sb; ;Te; and
Big.3Sby 7Te; + 0.4 vol% SiC samples.
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Figure 7. Microscopy images of indentation of Big;Sb; ;Te; without and
with different SiC content: a) 0 vol% SiC, b) 0.1 vol% SiC, c) 0.4 vol% SiC,
and d) 0.6 vol% SiC.

ZT value of the present Bij;Sby;Te; sample without SiC is
about 1.23 at 423 K, and ZT > 1.2 in the temperature rang from
373 to 423 K. The Biy3Sb; ;Te; + 0.4 vol% SiC composite gets a
higher ZT = 1.33 at 373 K, because of the enhanced power factor
and the unchanged thermal conductivity, and ZT > 1.3 in the
temperature range from 373 to 423 K. It also should be men-
tioned that the present nanocomposites have better mechanical
properties as an additional advantage, such as microhardness,
which was tested by indentation method, and the microscopy
images of indentation are shown in Figure 7. With SiC con-
tent increasing, the cracks in the samples decrease gradually,
indicating that the resistance against cracking and fracture
increases by the dispersion of SiC nanoparticles, since SiC
possesses high Young’s modulus and hardness, whose disper-
sion can lead to the improvement of fracture toughness (Kj¢) in
the composites.l'?13] The mechanical properties of thermoelec-
tric materials have received attention recently, whose improve-
ment is beneficial for improving the materials machinability
and devices reliability.['4]

3. Conclusions

In summary, incorporating a small number of SiC nano-
particles into Bij3Sb;;Te; alloys can enhance its thermoelec-
tric performance to a high ZT value over 1.3 in a relatively
wide temperature range, demonstrating that nanoinclusions
in a thermoelectric compound matrix can both increase the
Seebeck coefficient and electrical conductivity in addition
to reducing phonon thermal conductivity if the nanoinclu-
sions are well matched with the host material. Thermoelectric
property improvement in the widely commercialized bismuth
antimony telluride alloys is particularly meaningful, and the
present nanocomposite approach may also be applicable to
other thermoelectric materials. Nano-SiC-dispersed BiSbTe

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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thermoelectric alloys should be more suitable for device fab-
rication for its better mechanical property and applications at
elevated temperatures because of its improved thermoelectric
performance at higher temperatures.

4. Experimental Section

Commercial elemental powders of Bi (99.99%, =75 um), Sb (99.99%,
=75 um), Te (99.99%, =75 um) and nano-SiC (99%, =100 nm) were used
as starting materials. The mixtures of these powders were subjected
to MA in a planetary ball mill using a hardened stainless steel vial and
ball. The weight ratio of balls to powders was kept at about 20:1, and
the mill vial was filled with Ar (99.99%) gas to prevent the powders
from oxidation during the milling process. The milling was performed
at 450 rpm for 3 h, and then the powders were consolidated by SPS at
673 K for 5 min under an axial pressure of 50 MPa, by which a series of
Big.3Sby 7Te; + x vol% SiC (x = 0, 0.1, 0.3, 0.4, 0.6) bulk materials were
fabricated. It should be noted that the matrix composition was different
from BigsSby sTe; for traditional zone-melting-made ingots, because our
previous study revealed that the highest ZT value could be obtained in
p-type Big3Sby ;Te; alloys prepared by a combined process of MA and
SPS.B0

The phase structure of all samples was examined by X-ray diffraction
(XRD) using Cu Kot radiation (D/max-2500), and EPMA (JXA-8230,
JEOL) was used to investigate the distribution of SiC nanoparticles
in the Big3Sby ;Te; matrix. The microstructure was observed by SEM
(JSM-6301) and field emission TEM (JEM-2010F). Specimens used for
TEM were polished to about 30-40 um and finally thinned to electron
transparency using a precession ion-milling system at low angle
(10-15°). HRTEM images of the pieces were recorded at 200 kV. The
microhardness of Big3Sby ;Te; without and with different SiC content
was carried out on a microhardness tester (HXD-1000), and the test
load and dwell time was 0.5 N and 30 s, respectively. And the samples
were prepared by fine grinding by hand

The carrier concentration and mobility were measured using the
Hall measurement system (ResiTest 8400, Toyo, Japan). The Seebeck
coefficient and electrical resistivity were measured using the Seebeck
coefficient/electrical resistance measuring system (ZEM-2, Ulvac-Riko,
Japan). The thermal conductivity (k) was calculated using the equation
K= led, where A is the thermal diffusivity, G is the heat capacity, and
d is bulk density of the sample. The thermal diffusivity was measured
by the laser flash method (TC-9000, Ulvac-Riko, Japan) in vacuum
in the temperature range from 300 to 500 K. The heat capacity was
measured using a DSC (Q2000, TA, USA) and laser flash apparatus
(LFA457, NETZSCH, German), and the bulk density was obtained by the
Archimedes method.
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