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Bulk thermoelectric materials are of interest for commercial application in
both power generation and Peltier refrigeration. Various synthesis approaches
have been developed by our group for high performance bulk thermoelectric
materials, such as solvo- or hydrothermal synthesis for nanopowders, hot-
pressing, and spark plasma sintering for nanostructured bulk materials, and
rapid solidification for metal silicides. In this article we report some of our
recent results in the development of high ZT thermoelectric materials,
including Bi2Te3-Sb2Te3 nanocomposites and CoSb3 micro/nanocomposites
prepared by a powder blending route, and GeTe-AgSbTe2 and Mg2Si-Mg2Sn
nanocomposites prepared by an in situ route. The results show various pos-
sibilities for improved microstructures and therefore enhanced properties of
bulk thermoelectric materials through optimization of the preparation pro-
cessing based on simple synthesis routes. A high ZT of approximately 1.5 has
been obtained in both Bi2Te3-Sb2Te3 and GeTe-AgSbTe2 nanocomposites.
Further ZT enhancement of the materials should be possible through the
control of the nanopowder morphology during synthesis and the hindering
of grain growth during sintering, as well as through the optimization of
composition and doping.

Key words: Thermoelectric materials, nanocomposites, bismuth tellurides,
skutterudites, GeTe-AgSbTe2 (TAGS) alloys, magnesium
silicides

INTRODUCTION

Nanostructuring is considered one of the most
important approaches toward the attainment of
high ZT values in bulk thermoelectric materials.1

Theoretical2 and experimental3 results have shown
that nanostructured low-dimensional materials
possess a figure of merit ZT much higher than those
of commercial bulk materials with similar compo-
sitions. Recent work has demonstrated that nano-
structuring could also improve the ZT of bulk
materials efficiently,4–6 by reducing the thermal
conductivity, j, due to the boundary phonon scat-
tering effect7 and increasing the power factor, a2r,
due to the carrier confinement effect.8 It has been

suggested9 that the so-called nano-effects in a bulk
thermoelectric material could be remarkable only if
some construction units (grains, particles, etc.) in
the material were smaller than a few tens of nano-
meters or even a few nanometers, which is much
smaller than features generally considered to be
�nano�, i.e., approximately 100 nm.

The 10-nm structures imply a high density of
boundaries and are, therefore, generally thermody-
namically unstable. During heat treatment, module
preparation and application at elevated tempera-
tures, grain growth or particle coarsening would
lead to a reduction of the nano-effects in a nano-
structured material. There are, however, some
techniques to hinder coarsening in nanostructures;
for example, secondary nanoparticles may be added
into the structure to block grain boundaries. It
would be preferable if the secondary nanoparticles
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were also a thermoelectric material of the same
conductive type as the matrix. Based on this
requirement, we consider nanocomposites consist-
ing of at least two thermoelectric components to be a
promising way to improve the thermoelectric prop-
erties of a bulk material. It should be noted that all
experimental results with ZT > 2 reported till now
have been measured from nanocomposites with two
thermoelectric (semiconducting) components, such
as Bi2Te3-Sb2Te3 superlattice thin films with
ZT = 2.4,3 PbTe-AgSbTe2 (LAST) with ZT = 2.2,10

and PbTe-PbSe0.98Te0.02 quantum-dot superlattice
with a possible ZT value of 3.11 The advantages of
TE–TE nanocomposites are easily recognized. First,
both components are thermoelectric materials and,
therefore, contribute to the properties of the com-
posite, while insulating nano-inclusions act like
nano-pores. Secondly, the migration of a phase
boundary is much slower than that of a grain
boundary in a monophase material, since the former
is related to the long-distance diffusion of atoms.

Two synthesis routes are available for the pre-
paration of thermoelectric nanocomposites. One is
the powder blending route, sintering a mixture of
semiconducting powders to form bulk materials,
and the other is the in situ route, producing nano-
structures directly in a bulk material during heat
processing. Here we show some of our recent work
on high ZT thermoelectric nanocomposites prepared
by both routes.

Bi2Te3 AND CoSb3 BASED
NANOCOMPOSITES OBTAINED BY THE

POWDER BLENDING ROUTE

The most important advantage of the powder
blending route is that one could produce composites
simply by mixing the component powders to the
designed ratios and sintering them together, with
little care for the differences in the chemical and
physical properties between the components. In
order for 10 nm sized nanocomposites to be prepared,
the sizes of the nanopowders, as the starting mate-
rials for sintering, should be as small as possible.

In this work we used solvo- or hydrothermal
synthesis to produce the nano-sized powders of both
bismuth telluride based compounds12,13 and CoSb3

skutterudites.14,15

Bi2Te3-Sb2Te3 Nanocomposites

Figure 1a shows the hydrothermally synthesized
bismuth telluride nanopowders. Although various
morphologies are possible, dependent upon the
chemical composition of the material, the additives
used, and the synthesis conditions, the typical sizes
of the nanopowders are approximately 20 nm or
smaller. Figure 1b is a transmission electron
microscopy (TEM, JEOL-4000EX) photograph
taken from the cross-plane of the disk sample NC11,
hot-pressed from a 1:1 mixture of Bi2Te3 and Sb2Te3

nanopowders. The image in Fig. 1b shows a lami-
nated structure composed of nano-layers with layer
thicknesses between 5 nm and 50 nm.

The phase structures of the hot-pressed samples
were investigated by x-ray diffraction (XRD) with a
Rigaku D/MAX-2550P diffractometer using Cu Ka

radiation (k = 1.54056 Å). The in-plane and cross-
plane XRD patterns of sample NC11 are plotted in
(Fig. 2) and show a biphase structure consisting of
both Bi2Te3 and Sb2Te3 phases. It should be noted
that the differences between the in-plane and cross-
plane XRD patterns are very small, implying neg-
ligible texture. This lack of texture suggests that the
Bi2Te3 and Sb2Te3 layers in the hot-pressed sample
were globally randomly oriented but exhibited small
regions arranged in parallel, as shown in Fig. 1b.
The results indicated that the bulk samples hot-
pressed from the mixtures of Bi2Te3 and Sb2Te3

nanopowders were textureless nanocomposites
composed of a layer thickness between 5 nm and
50 nm.

The electric conductivity r and the Seebeck coef-
ficient a were measured with a computer-assisted
device, described in our previous work.16 The ther-
mal conductivity j was calculated from the thermal
diffusivity, the specific heat capacity and sample
density were measured by laser flash (Netzsch LFA

Fig. 1. TEM image of (a) the hydrothermally synthesized Bi2Te3 nanopowders and (b) disk NC11 hot-pressed from 1:1 mixture of Bi2Te3 and
Sb2Te3.
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427), thermal analysis (Netzsch DSC 404), and
Archimedes� method, respectively. The results are
plotted in Fig. 3, where NC11 and NC13 are nano-
composite samples hot-pressed from 1:1 and 1:3
mixtures of Bi2Te3 and Sb2Te3, and MC11 and
MC13 are microsized reference samples prepared by
the same hot-pressing (HP) process and having the

same chemical compositions as the nanocomposites
but prepared with vacuum melted and ball milled
micropowders of Bi2Te3 and Sb2Te3. Figure 3a
shows that all samples are of p-type conduction.
It should be noted that the nanocomposites pos-
sess not only a higher Seebeck coefficient but also
a higher electric conductivity than the correspond-
ing microsized composites. All nanocomposite
samples exhibited lower thermal conductivities
than those of the microcomposite samples, between
0.8 W (m K)�1 and 1.4 W (m K)�1 from room tem-
perature to approximately 200�C, as shown in
Fig. 3c. It is reasonable to suggest that the low
thermal conductivity of the nanocomposites origi-
nates from the enhanced mid-to-long wave phonon
scattering due to nanostructuring.8 The highest
dimensionless figure of merit ZT reached 1.47 for
sample NC11, as shown in Fig. 3d. Since no dopant
was used in any of the samples shown in Fig. 3, the
ZT values of both microcomposite samples were
rather low, making the effect of nanostructures
even more significant. It could be expected that the
properties of the nanocomposites could be further
improved by doping optimization.

CoSb3 Based Micro/Nano-Composites

Figure 4a is a TEM photograph of the solvo-
thermally synthesized CoSb3 skutterudite nano-
powders. Micropowders of Te-doped CoSb3 were
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Fig. 3. Thermoelectric properties of the nanocomposites (NC11 and NC13) compared with the microsized composites (MC11 & MC13).
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prepared by vacuum melting, vacuum annealing,
and ball milling. Micro/nano-composite bulk sam-
ples were produced by the HP of the mixtures of
micropowders and nanopowders. Figure 4b is a
scanning electron microscopy (SEM) image of the
fracture surface of the sample containing 5% nano-
powder. We see that the nanoparticles were signif-
icantly coarsened from approximately 20 nm in
Fig. 4a to about 100 nm after HP in Fig. 4b. The
rapid coarsening of the nanopowders during HP
could be due to the composition similarity between
both nanopowder and micropowder, which allows
particles to coarsen rapidly without long-distance
diffusion of atoms.

The thermal conductivities and figures of merit of
the CoSb3-based composites are plotted in Fig. 5.
The maximal ZT of the sample containing 5%
nanopowder was approximately 0.58, which was
about 25% higher than that of the sample without
nano-additives, as shown in Fig. 5b. However,
Fig. 5a illustrates that the improvement of ZT by
nano-additives was mainly due to the reduction of
thermal conductivity, which is approximately 25%
for the sample containing 5% nanopowders in com-
parison with the microsized sample. For the sam-
ples with more nanopowder additives, the increases

in ZT were even smaller than the decreases in j.
This means that the addition of nanopowders
had no mentionable effects for enhancing the elec-
tric power factor a2r. The reason could be the rela-
tively large sizes of the nanocomponents in the
composites.

If we compare this result with those obtained in
the Bi2Te3-Sb2Te3 nanocomposite plotted in Fig. 3,
we can recognize that the particle/grain sizes of a
composite should be much smaller than 100 nm to
reduce thermal conductivity by phonon confinement
and enhance power factor by quantum effects at the
same time, leading to the efficient improvement of
the ZT in the composite.

IN SITU FORMED GeTe-AgSbTe2 AND
Mg2Si-Mg2Sn NANOCOMPOSITES

Even smaller domain sizes could be possible if
nanocomposites were synthesized by an in situ
route, when the nanostructures are formed directly
in a bulk material. The in situ formed nanostructure
could be manifested as solute-rich nanodomains
such as those in AgPbmSbTe2+m,10 or precipitated
nanoparticles in a supersaturated solid solution
such as those in Bi2Te3 alloyed with PbTe.17

Fig. 4. (a) TEM photograph of the CoSb3 nanopowders and (b) SEM image of the sample containing 5% nanopowder.
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GeTe-AgSbTe2 Nanocomposites

Samples with the designed compositions of
(GeTe)x(AgSbTe2)100�x (x = 75, 80, 85, and 90) were
prepared by, in sequence: vacuum melting from the
element metals in sealed quartz ampoules at 1000�C
for 10 h, milling to powders with sizes <150 lm,
and vacuum HP at 500�C under 70 MPa for 30 min.
The XRD patterns showed that all GeTe-AgSbTe2

(TAGS) samples were in rhombohedral GeTe-type
phase with the space group R3m (JCPDF No.
47-1079). With increasing content of AgSbTe2 the
(024) peak shifts left and (220) shifts right, tending
to overlap, behaving as typical solid solutions of
GeTe and AgSbTe2 (Fig. 6).

The grain sizes of the hot-pressed TAGS samples
were generally in the sub-micrometer range, but
grains of a few tens of nanometers could also be
found, as shown in Fig. 7a. Also noted in Fig. 7a are
nanosized inhomogeneous dots embedded within
grains. The high-resolution transmission electron
microscopy (HRTEM) photograph in Fig. 7b indi-
cates that most of these nanodots have the same

crystal orientation as the surrounding grain, but
there are also differently oriented nanodomains, as
shown in the inserted photograph in Fig. 7b. These
nanodots or nanodomains of only a few nanometers
could be observed throughout the TAGS samples
except the low AgSbTe2 sample with x = 90, sug-
gesting that these nanostructures originated from
the composition fluctuation of AgSb in the micro-
structure and formed in situ during the heat pro-
cessing of the material. Similar nanostructures
have been observed in AgSbTe2-PbTe and AgSbTe2-
SnTe systems.18–20 The nanodots could act as po-
tential barriers for intermediate frequency phonons
and carriers.8

From the measured data of power factors, a2r,
and thermal conductivities, j, of the (GeTe)x

(AgSbTe2)100�x samples plotted in Fig. 8, it should
be noted that samples with high AgSb content
(x £ 85) possess higher a2r and lower j values at the
same time than the sample of x = 90. Considering
the fact that a proper high AgSb content is favorable
for the formation of nanodomains in TAGS alloys, as
observed in this work, it could be concluded that the
high density of nanodomains with sizes of only a few
nanometers are crucial to increasing the power
factor and reducing the thermal conductivity coin-
stantaneously in the materials. The maximal ZT
calculated from the data given in Fig. 8 reached
over 1.5 at 720 K for the samples with x £ 85, much
higher than that of the sample with x = 90.

Mg2Si-Mg2Sn Nanocomposites

Sb-doped Mg2Si-Mg2Sn bulk materials with the
composition of Mg2Si0.4�xSn0.6Sbx (x = 0, 0.002,
0.005, 0.0075, 0.010, 0.015) were prepared by vac-
uum melting, milling, HP at 700�C for 2 h, followed
by natural cooling to room temperature. XRD pat-
terns plotted in Fig. 9 show that all samples
exhibited features of monophase Mg2Si-Mg2Sn solid
solutions.

However, in the TEM photograph, Fig. 10a, one
sees a number of �particles� with different contrasts
and sizes, from a few nanometers to a few tens of
nanometers. From the high-resolution image,
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Fig. 10b, we see that they are embedded nano-
domains with orientations different from that of the
surrounding grain. The large surrounding grain
in Fig. 10b is clearly a single grain, since neither
orientation difference nor visible inner grain

boundaries can be found in the large grain. The
compositions of the nanodomains should be differ-
ent from that of the large grain, because an inner
nanograin with the same composition as its sur-
rounding would rapidly disappear during the heat
processing. Hence, the material is believed to be an
in situ nanocomposite containing Si-rich nanodo-
mains embedded in Sn-rich micrograins. The high-
density and randomly distributed nanodomains in
the Mg2Si-Mg2Sn alloy are expected to enhance the
scattering of both carriers and phonons favorably,
therefore improving the thermoelectric figure of
merit of the nanocomposites.

Figure 11 shows the thermoelectric properties of
the Sb-doped Mg2Si0.4Sn0.6 samples. It is noted from
Fig. 11a that the electric conductivity increases
with the dopant amount of Sb from x = 0 to 0.0075
and then decreases when x > 0.0075, suggesting
that the solubility of Sb in Mg2Si0.4Sn0.6 is approx-
imately 0.0075 mole per mole Mg2Si0.4Sn0.6.
From the data in Fig. 11, it can be calculated that
the sample with x = 0.0075 possesses the highest
r/j ratio and lowest phonon conductivities jph =
j � L0T (L0 = 2.44 9 10�8 V2 K�2 for degenerate
semiconductors) among all samples. A high ZT, over
1, was obtained in this work from samples doped
with 0.005 and 0.0075 mole Sb per mole
Mg2Si0.4Sn0.6 at approximately 700 K.
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CONCLUSIONS

Thermoelectric nanocomposites were synthesized
by sintering the mixture of semiconducting powders
to bulk materials, the powder blending route, or by
forming nanostructures directly in a bulk material
during heat processing, the in situ route, for various
thermoelectric materials. Nanocomposites with par-
ticle sizes of a few tens of nanometers can be produced
by the powder blending route using solvothermally/
hydrothermally synthesized nanopowders. However,
rapid coarsening would also be possible if the pow-
ders were similar in chemical composition. Nano-
composites with even finer nanostructures of only a
few nanometers can be obtained if the in situ route
can be used in a particular material, whereby nano-
particles are directly formed in the bulk material
during heat processing. Both routes are simple and
suitable to produce thermoelectric bulk nanocom-
posites with high thermoelectric properties.
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