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The bulk nanocomposites f(Zn4Sb3)/Bi0.5Sb1.5Te3 (f = 0, 5, 10 and 15 vol.%) were prepared, and their
thermoelectric properties were investigated at temperatures from 300 to 650 K. The results of X-
ray diffraction (XRD) and field emission scanning electron microscopy (FE-SEM) showed that the
nanometer-sized Zn4Sb3 particles were dispersed homogeneously in Bi0.5Sb1.5Te3 matrix. Transport
property measurements indicated that the resistivity and Seebeck coefficient of the composite sam-
ples f(Zn4Sb3)/Bi0.5Sb1.5Te3 (f = 0, 5, 10 and 15 vol.%) decreased with increasing Zn4Sb3 content due
emiconductor
anocomposite
hermoelectric
ot-pressing

to the increase in carrier concentration. Experiments also showed that thermal conductivity of
f(Zn4Sb3)/Bi0.5Sb1.5Te3 decreased monotonically with increasing f owing to enhanced phonon scatter-
ing by the dispersed Zn4Sb3 nanoparticles and the phase boundaries in the matrix. Among the samples
studied, 15 vol.% (Zn4Sb3)/Bi0.5Sb1.5Te3 exhibited the largest power factor (25 �W/cm K2 at ∼300 K) that
was 2.5 times larger than that of Bi0.5Sb1.5Te3; correspondingly, its figure of merit (ZT = 0.6 at ∼300 K)
was about three times larger than that of Bi0.5Sb1.5Te3, indicating that the thermoelectric properties of

ced
Bi0.5Sb1.5Te3 can be enhan

. Introduction

Pseudo-binary alloys p-type (Bi2Te3)1−x(Sb2Te3)x (x = 0.75) and
-type (Bi2Te3)1−y(Bi2Se3)y (y = 0.1) are the best thermoelec-
ric (TE) materials around the room temperature [1]. Numerous
esearches have been performed to enhance the figure of merit,
T = S2T/�� (where S is the Seebeck coefficient, � is the electri-
al resistivity, � is the thermal conductivity, and T is the absolute
emperature) by alloying and doping [2–10] since Bi2Te3-based
hermoelectric materials were found in 1950s. Recent reports,
owever, demonstrate that low-dimensional TE materials such
s p-type Bi2Te3/Sb2Te3 superlattice thin films [11,12] and the
anostructured (Bi, Sb)2Te3 bulk alloys [13–15] show a significant
nhancement of their ZT mainly due to decreases of the thermal
onductivity in these structures. Especially, experimental works on
i2Te3-alloy based nanocomposites indicate that both a decrease in
hermal conductivity and an increase in the power factor (S2/�) are
ossible in nanocomposite systems [16–19].
Since �-Zn4Sb3 possesses high figure of merit in the moder-
te temperature (ZT = 1.3 at 673 K) [20,21] due to its extremely
ow thermal conductivity, it is expected that the combination of
i0.5Sb1.5Te3 (matrix) with Zn4Sb3 (dispersed phase) will produce
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effectively by the dispersion of nanometer-sized Zn4Sb3.
© 2010 Elsevier B.V. All rights reserved.

a composite system with better thermoelectric properties. Hence,
in present work Bi0.5Sb1.5Te3-based (nano)composites dispersed
with nanometer-sized Zn4Sb3 particles were fabricated, and their
thermoelectric properties were evaluated and discussed in relevant
to their microstructures.

2. Experimental procedures

(Zn4Sb3)/Bi0.5Sb1.5Te nanocomposite samples were fabricated by using a
method of vacuum melting and ball milling, followed by a vacuum hot-pressing.
In order to obtain p-type Bi0.5Sb1.5Te3 and �-phase Zn4Sb3 compounds, constituent
elements Bi (4N), Sb (3N) and Te (4N) (for Bi0.5Sb1.5Te3), and (Zn (5N) and Sb (3N))
(for Zn4Sb3) were separately sealed into evacuated quartz tubes corresponding to
their stoichiometry. Firstly, for the synthesis of Bi0.5Sb1.5Te3 alloy the mixture of
the constituent elements were melted at 973 K and isothermally kept for 6 h before
cooling to room temperature; while for the synthesis of Zn4Sb3 compound the mix-
ture of elements Zn and Sb were heated slowly to 1023 K and isothermally kept for
12 h before quenching in water. Secondly, in order to obtain nanometer-sized pow-
ders of Bi0.5Sb1.5Te3 and Zn4Sb3 alloys, the obtained Bi0.5Sb1.5Te3 and Zn4Sb3 alloys
ingots (rod) were ground into pieces and then were ball-milled respectively in a
high-energy planetary mill (QM-SB) with a speed of 260 rmp under Ar atmosphere
for 50 h (nano-Bi0.5Sb1.5Te3) and 40 h (nano-Zn4Sb3). Thirdly, the nanometer-sized
Zn4Sb3 and Bi0.5Sb1.5Te3 powders were mixed for 5 h with a planetary mill in accor-
dance with the volume ratio of 5:95, 10:80 and 15:75 at a speed of 150 rmp. Finally,
the obtained powder samples were then compacted by hot-pressing in vacuum

under the pressure of 600 MPa at 623 K for 1 h to form bulk nanocomposite samples.
The phase structures of the samples were investigated by using X-ray diffrac-
tion (XRD) (Philips-X PERT PRO diffractometer) with CuK� radiation. The average
grain sizes of samples were estimated using Scherrer formula and confirmed by
using field emission scanning electron microscopy (FE-SEM). The microstructures
of the nanocomposite samples were revealed by using back-scattered electron (BSE)

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:xyqin@issp.ac.cn
dx.doi.org/10.1016/j.jallcom.2010.04.006
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ig. 1. XRD patterns (Cu K˛ irradiation) of f(Zn4Sb3)/Bi0.5Sb1.5Te3: (a) f = 0, (b) f = 5,
c) f = 10 and (d) f = 15 vol.% at room temperature.

mages obtained with the FE-SEM. The compositions and the constituent phases of
he synthesized nanocomposites were confirmed by using energy dispersive anal-
sis system of X-ray (EDX) equipped in FE-SEM. Hall coefficient was measured at
93 K by applying a field of 0.73 T, and the carrier concentrations and mobility were
alculated by using Hall coefficient and electrical resistivity. The electrical resistivity
nd Seebeck coefficient were measured simultaneously by the standard four-probe
ethod (ULVAC-RIKO: ZEM-3, Japan) under He atmosphere from 300 to 650 K. The

hermal conductivity was measured by using a physical property measurement
ystem (PPMS, Quantum Design).

. Results and discussion

.1. Microstructural characterization

Fig. 1 shows XRD patterns for f(Zn4Sb3)/Bi0.5Sb1.5Te3 composite
amples with different Zn4Sb3 contents (f = 0, 5, 10 and 15 vol.%).
t is noted that no obvious impurity phase could be detected; that
s, there are only two phases in these nanocomposite samples: one
s Zn4Sb3 and the other is Bi0.5Sb1.5Te3. In addition, it is observed
hat Zn4Sb3 phase becomes increasingly evident with the increase
f Zn4Sb3 content. In Fig. 1 the diffraction peaks of the XRD pat-
erns for all the specimens broaden substantially. This broadening
f the diffraction peaks indicates the refinement of grain size of
he samples. The average grain size of both phases estimated by
sing the Scherrer formula is around 20–50 nm. This is well in
greement with FE-SEM observations, as shown in Fig. 2 which
hows that most of the particles in the fracture surface of 10 vol.%
Zn4Sb3)/Bi0.5Sb1.5Te3 sample have the sizes <100 nm (consider-
ng that some agglomeration is inevitable in the observed fracture
urface).

The morphologies of the microstructures for
(Zn4Sb3)/Bi0.5Sb1.5Te3 (f = 5, 10 and 15 vol.%) nanocomposite
amples are revealed by using BSE images obtained with the FE-
EM, as presented in Fig. 3. One can see that the common feature

or these morphologies is the embedded black spots (particles) on
white background. EDX analysis shows that these black particles
elong to Zn rich phase and the white continuous background
elongs to Bi rich phase (Fig. 3d and e). Hence, these black spots
re actually the dispersed phase Zn4Sb3 (as marked in the graphs)
Fig. 2. Scanning electron micrographs (secondary electron image) of grains for
10 vol.% (Zn4Sb3)/Bi0.5Sb1.5Te3 bulk specimen.

and they are dispersed homogeneously in Bi0.5Sb1.5Te3 matrix
(the white background). By comparison, one can find that the
more of the Zn4Sb3 content, the denser of the Zn4Sb3 particles
(black spots) on the observed fracture surfaces. In addition, by
careful inspection one can see that the black spots are actually
agglomerates of Zn4Sb3 grains with nanometer sizes (see the inset
in Fig. 3c), and these agglomerates become bigger with increasing
Zn4Sb3 content. But, it is worthwhile to point out that the space
resolution of BSE images is not high enough to detect the mono-
dispersed nano-Zn4Sb3 particles or distinguish the agglomerates
smaller than ∼100 nm from the BiSbTe matrix. We expect that it is
these highly dispersed Zn4Sb3 particles that play a decisive role in
influencing the electrical transport and thermoelectric properties
of the composite system (see the next section).

3.2. The resistivity and Seebeck coefficient

The variations of electrical resistivity of f(Zn4Sb3)/Bi0.5Sb1.5Te3
(f = 0, 5, 10 and 15 vol.%) nanocomposite samples with tempera-
ture are shown in Fig. 4. The temperature behavior of the electrical
resistivity for the four samples are similar: the electrical resistiv-
ity increases initially with increasing the temperature and then
decreases with further increasing temperature, leaving a maxi-
mum locating at a particular temperature Tmax [Tmax = 325, 425 and
550 K for f(Zn4Sb3)/Bi0.5Sb1.5Te3 with f = 0, 5 and 10 vol.%, respec-
tively. The Tmax of the 15 vol.% (Zn4Sb3)/Bi0.5Sb1.5Te3 is expected
to be higher than 550 K, which is beyond the temperature range of
our measurements]. At the temperatures above Tmax, the electrical
resistivity for the four samples decreases with further increas-
ing temperature. This reduction in electrical resistivity is mainly
due to the onset of mixed conduction [22] in Bi0.5Sb1.5Te3. It is
noted that the onset temperature of mixed conduction shifts from
325 K for Bi0.5Sb1.5Te3 to 550 K for 10 vol.% (Zn4Sb3)/Bi0.5Sb1.5Te3.
The shift of Tmax (corresponding to the onset of mixed conduc-
tion) toward higher temperatures with increasing Zn4Sb3 content
(Fig. 4) indicates that the addition of the Zn4Sb3 particles enhances
the high-temperature thermoelectric properties of the composite
system. Moreover, one can see that the resistivity � decreases obvi-

ously with increasing Zn4Sb3 content (except f = 5 vol.% in the range
of 415–600 K). For instance, at room temperature � decreases from
6.25 × 10−5 � m for f = 5 vol.% to 2.25 × 10−5 � m for f = 10 vol.% and
then to 1.55 × 10−5 � m for f = 15 vol.%.
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ig. 3. The back-scattered electron (BSE) images of the fracture surfaces for sam
Zn4Sb3)/Bi0.5Sb1.5Te3 (c). The inset in (c) is a magnified (secondary electron) ima
y using EDX for Zn4Sb3 phase (black spots as shown in (c)) and (e) is the spectrum

The temperature dependences of Seebeck coefficient for
(Zn4Sb3)/Bi0.5Sb1.5Te3 (f = 0, 5, 10 and 15 vol.%) nanocomposites
re shown in Fig. 5. The positive values of the S mean that
ll of the nanocomposite samples belong to p-type semicon-
uctors. In addition, the temperature dependences of Seebeck
oefficient for all the samples are similar: they decrease monoton-
cally with decreasing temperature. Generally, Seebeck coefficient
f f(Zn4Sb3)/Bi0.5Sb1.5Te3 (f = 5, 10 and 15 vol.%) decreases with
ncreasing Zn4Sb3 content and S of composite samples is smaller
han that of Bi0.5Sb1.5Te3 below a certain temperature. But, See-
eck coefficient of the composite samples becomes larger than

hat of Bi0.5Sb1.5Te3 at T > ∼375, ∼425 and ∼470 K for f = 5, f = 10
nd f = 15, respectively. Present results indicate that Seebeck coef-
cient of the composite system is substantially improved at the
igh-temperatures due to addition of the dispersed Zn4Sb3 parti-
les.
5 vol.% (Zn4Sb3)/Bi0.5Sb1.5Te3 (a), 10 vol.% (Zn4Sb3)/Bi0.5Sb1.5Te3 (b) and 15 vol.%
r the agglomerate as indicated in (c). (d) The electron energy spectrum obtained
0.5Sb1.5Te3 phase (white background as shown in (c)).

The electrical resistivity of a conventional composite material
is determined by the resistivity of both its matrix and dispersed
phase(s). However, it is difficult to estimate theoretically the resis-
tivity of our nanocomposite samples from the resistivity of their
constituent phases. In fact, we have tried to calculate the resis-
tivity of f(Zn4Sb3)/Bi0.5Sb1.5Te3 (f = 5, 10 and 15 vol.%) using the
resistivity of Zn4Sb3 and Bi0.5Sb1.5Te3 in terms of several formu-
lae for estimating the resistivity of a composite material (such as
the rule of mixture) [23]. But, none of the formulae can yield a
result that is compared to experimental results as presented above.
Actually, all of the predicted values are higher than correspond-

ing magnitudes obtained experimentally. This suggests that the
lower resistivity of the composites (Zn4Sb3)/Bi0.5Sb1.5Te3 cannot
be interpreted by the theory for conventional composites. This is
understandable considering that the theory to predict the resistiv-
ity of conventional composites assumes no interaction between a
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Fig. 4. The temperature dependence of the electrical resistivity � for
f(Zn4Sb3)/Bi0.5Sb1.5Te3 (f = 0, 5, 10 and 15 vol.%).
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ig. 5. Variation of Seebeck coefficient S with temperature for
(Zn4Sb3)/Bi0.5Sb1.5Te3 (f = 0, 5, 10 and 15 vol.%).

atrix and a dispersed phase within it. However, one can expect
hat this assumption will not hold in a nanocomposite system,
specially when both the constituent phases belong to semicon-
uctors. It is conceivable that as nanoparticles of p-type Zn4Sb3
re embedded in p-type Bi0.5Sb1.5Te3 matrix, p–p-type heterojunc-
ions will form at the phase boundaries. Since the band-gap of the
n4Sb3 (Eg = 1.2 eV) [24] is much larger than that of Bi0.5Sb1.5Te3
Eg, 300 K = 0.12 eV) [25], the holes in Zn4Sb3 phase would transfer
o Bi0.5Sb1.5Te3 matrix so that Fermi level of both phases becomes

quivalent, leading to the increase of hole concentration in the
atrix. In fact, our Hall coefficient measurements demonstrate that

ole concentration increases monotonically from 1.05 × 1019/cm3

or f = 0 to 3.08 × 1019/cm3 for f = 10 vol.% and to 4.89 × 1019/cm3 for
= 15%, respectively, as shown in Table 1. Correspondingly, the car-

able 1
he carrier concentrations p, Hall mobility � obtained at 293 K, thermal conductivity
at ∼300 K for f(Zn4Sb3)/Bi0.5Sb1.5Te3 (f = 0, 10 and 15 vol.%).

Sample with
f (vol.%)

p (1019 cm−3) � (cm2/V s) � (W K−1 m−1) �L (W K−1 m−1)

0 1.05 79.7 1.60 1.50
10 3.08 90.4 1.39 1.04
15 4.89 75.4 1.21 0.77
Fig. 6. The temperature dependence of the power factor (PF) for
f(Zn4Sb3)/Bi0.5Sb1.5Te3 (f = 0, 5, 10 and 15 vol.%). The inset in figure shows the
ZT for f(Zn4Sb3)/Bi0.5Sb1.5Te3 (f = 0, 10 and 15 vol.%) at room temperature.

rier mobility does not decline remarkably. Nevertheless, one cannot
exclude the possibility that some doping process would occur at
the phase boundaries. That is, some Zn2+ would replace Bi3+ or
Sb3+ in the boundary regimes, resulting in an increase in hole con-
centration. Hence, the substantial increase in hole concentration is
mainly responsible for the decrease of both the resistivity and See-
beck coefficient. The reason why the resistivity of sample 5 vol.%
(Zn4Sb3)/Bi0.5Sb1.5Te3 is higher than that of Bi0.5Sb1.5Te3 in the
range from 415 to 600 K can be ascribed to the lower onset temper-
ature of mixed conduction in Bi0.5Sb1.5Te3. This means that at the
temperatures higher than ∼410 K, the electrons in the valence band
of Bi0.5Sb1.5Te3 are excited substantially into the conduction band.
The contribution of these generated electrons together with that of
holes leads to a large drop of its resistivity which is even smaller
than that of 5 vol.% (Zn4Sb3)/Bi0.5Sb1.5Te3 at the high-temperatures
(Fig. 4).

3.3. Thermal conductivity and thermoelectric performance

The power factor PF (=S2/�) is given as a function of tem-
perature in Fig. 6. It can be seen that PF of all the samples
decreases with increasing temperature. Although PF of 5 vol.%
(Zn4Sb3)/Bi0.5Sb1.5Te3 is comparable to that of Bi0.5Sb1.5Te3, PF of
the other nanocomposite samples with f = 10 and 15 vol.% is much
larger than that of Bi0.5Sb1.5Te3 in the whole temperature range
investigated in this study, which comes mainly from their much
lower resistivity. For instance, PF of the nanocomposite sample with
f = 15 vol.% reaches a maximum 25 �W/cm K2 at ∼300 K, which is
around 2.5 times larger than that of Bi0.5Sb1.5Te3 at the same tem-
perature. Present results show that the thermoelectric properties
of Bi0.5Sb1.5Te3 can be enhanced effectively by the dispersion of
nanometer-sized Zn4Sb3.

The total thermal conductivity � of f(Zn4Sb3)/Bi0.5Sb1.5Te3 (f = 0,
10 and 15 vol.%) nanocomposites is measured at room temperature,
and the obtained result is shown in Table 1. One can see that the
total thermal conductivity of nanocomposites Zn4Sb3/Bi0.5Sb1.5Te3
reduces remarkably as compared with that of Bi0.5Sb1.5Te3, and the
more the Zn4Sb3 content, the lower the total thermal conductivity.
Total thermal conductivity can be expressed by the sum of a lattice

component (�L) and a component of mobile charge carriers (�C)
as: � = �L + �C·�C can be estimated from Wiedemann–Franz’s law
as �C = L0T/� (here L0 (=2.44 × 10−8 V2/K2 for free electrons) and �
are the Lorenz number and the electrical resistivity, respectively).
Consequently, lattice thermal conductivity �L can be obtained from
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and �C, as is also listed in Table 1. One can see that thermal
onductivity of all the samples comes mainly from their lattice ther-
al conductivity. Moreover, with increasing Zn4Sb3 content the

attice thermal conductivity of the composite samples decreases
onotonically from 1.50 W m−1 K−1 for f = 0–1.04 W m−1 K−1 for

= 10 vol.% and then to 0.77 W m−1 K−1 for f = 15 vol.%. Obviously,
his decrease of �L can be ascribed to the enhancement of phonon
cattering by nanometer-sized Zn4Sb3 particles as well as the phase
oundaries in Bi0.5Sb1.5Te3 matrix.

Based on the data of both power factor shown in Fig. 6 and �
n Table 1, ZT of f(Zn4Sb3)/Bi0.5Sb1.5Te3 (f = 0, 10 and 15 vol.%) is
hen obtained at room temperature, which is shown in the inset
f Fig. 6. It can be seen that ZT of the nanocomposites is larger
han that of Bi0.5Sb1.5Te3, and it increases with increasing Zn4Sb3
ontent. In particular, ZT of 15 vol.% (Zn4Sb3)/Bi0.5Sb1.5Te3 reaches
.6 at ∼300 K, which is about 3-fold increase as compared to that of
i0.5Sb1.5Te3 obtained in this study. Obviously, this improvement
f the thermoelectric properties of f(Zn4Sb3)/Bi0.5Sb1.5Te3 (f = 10
nd 15 vol.%) originates mainly from the decrease in both thermal
onductivity and resistivity, which can be respectively ascribed to
he increase of hole concentration and enhanced phonon scattering
ue to nanometer-sized Zn4Sb3 particles embedded in Bi0.5Sb1.5Te3
atrix.

. Conclusions

The thermoelectric properties of nanocomposites
(Zn4Sb3)/Bi0.5Sb1.5Te3 (f = 0, 5, 10 and 15 vol.%) have been studied
t temperatures from 300 to 650 K. The results indicate that
he resistivity and Seebeck coefficient of f(Zn4Sb3)/Bi0.5Sb1.5Te3
f = 0, 5, 10 and 15 vol.%) decreases with increasing Zn4Sb3
ontent, which is mainly caused by the increase in carrier con-
entration after dispersion of nanometer-sized Zn4Sb3 particles.
xperiments also show that room temperature thermal conduc-
ivity of f(Zn4Sb3)/Bi0.5Sb1.5Te3 decreases monotonically with
ncreasing f due to enhanced phonon scattering by the dispersed
n4Sb3 nanoparticles and the phase boundaries. Moreover,

5 vol.% (Zn4Sb3)/Bi0.5Sb1.5Te3 exhibits the largest power factor
25 �W/cm K2 at ∼300 K) that is 2.5 times larger than that of
i0.5Sb1.5Te3. Correspondingly, its figure of merit (ZT = 0.6 at
300 K) is about three times larger than that of Bi0.5Sb1.5Te3.
resent results indicate that the thermoelectric properties of
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[
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Bi0.5Sb1.5Te3 can be enhanced effectively by the dispersion of
nanometer-sized Zn4Sb3.
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