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Thermoelectric materials have attracted much attention due to the

current interest in energy conversion and recent advancements in

nano-engineering. A simple approach to synthesize BiTe and Bi2Te3
micro/nanowires was developed by combining solution chemistry

reactions and catalyst-free vapor–solid growth. A pathway to trans-

form the as-grown BiTe nanostructures into Bi2Te3 can be identified

through the Bi–Te phase diagram. Structural characterization of

these products was identified using standard microscopy practices.

Meanwhile, thermoelectric properties of individual Bi–Te compound

micro/nanowires were determined by the suspended microdevice

technique. This approach provides an applicable route to synthesize

advanced high performance thermoelectric materials in quantities

and can be used for a wide range of low-dimensional structures.
Technologies for converting waste heat into useful electricity
have become an important research topic in recent years.1–5 For
this purpose, thermoelectric materials, which can generate
electricity while under a temperature gradient, have attracted
much attention following advances in nano-engineering mate-
rials. For practical applications, which may have different
working temperature requirements, the development of mate-
rials with high thermoelectric efficiency that can be mass
produced cheaply is paramount. Besides, the energy cost for the
production and high-end facility needed for highly efficient
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superlattice/quantum nanostructures needs to meet commer-
cial requirements. Therefore, synthesis and material processing
play essential roles in practical applications. Nanomaterials are
expected to enhance the thermoelectric gure-of-merit due to
quantum connement effects and increased surface phonon
scattering.6–8 Among the best thermoelectric materials, Bi–Te
compounds, including Bi2Te3 and related alloys,9,10 are
frequently used in commercial solid state Peltier coolers and
low temperature thermal couples, and show promise for
thermal energy scavenging.11 Conventional fabrication
processes for Bi2Te3 and related ternary compound nanowires,
such as electrodeposition, are complex and require electro-
chemical workstations. In this study, we developed a simple and
fast approach to grow BiTe nanostructures using chemically
synthesized BiTe nanoparticles as precursors. The as-synthe-
sized BiTe nanostructures were transformed into Bi2Te3 by
thermal annealing in the presence of Te vapor. The temperature
dependent thermoelectric properties of BiTe and the trans-
formed Bi2Te3 were investigated, exhibiting drastically
enhanced gure-of-merit aer the transformation. These
results prove that this method is a simple, feasible route to
produce high quality thermoelectric nanomaterials in
quantities.

All chemicals were obtained from Sigma Aldrich and used
without further purication. Bismuth telluride (BiTe) nano-
particles were synthesized bymixing 0.2 mmol BiCl3 (99.99%) in
1 ml nitric acid and 0.3 mmol H6TeO6 (99.99%) in 2 ml deion-
ized water, followed by the addition of 1 mmol thioglycolic acid
(98%) for the formation of the mixed complex at room
temperature. Then the solution temperature was raised to 90 �C
and 1 ml hydrazine monohydrate (98%) was added for the
reduction of the BiTe nanoparticles.12 The as-synthesized
nanoparticles were ltered and washed with excess acetone,
then collected and drop-cast with acetone onto silicon (100)
wafers which had been ultrasonically cleaned in an acetone
solution for 30 min to remove organic residues, rinsed with
deionized water and subsequently cleaned through a standard
RCA process and dilute HF dip for 10 s.13,14 Substrates with
Nanoscale, 2013, 5, 4669–4672 | 4669
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Fig. 1 (a) SEM image of the as-grown BiTe nanostructures on the Si substrate, (b)
EDS spectrum of the BiTe nanostructures. The inset is the atomic percentage of
the elements, (c) TEM image of the BiTe nanobelt, and (d) the high resolution TEM
image of the BiTe nanobelt. The inset is the corresponding FFT electron diffraction
pattern.

Fig. 2 (a) Optical image of the BiTe nanostructures and (b) the corresponding
optical image of the Bi2Te3 nanostructures. The inset is the high magnification
image highlighted with an arrow in (b), (c) TEM image of the as-transformed
Bi2Te3 nanowire. The inset is the FFT diffraction pattern, (d) high magnification
TEM image of the Bi2Te3 nanowire at the twin boundary, and (e) the HRTEM
image of the nanowire.
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nanoparticles were placed face-to-face in a furnace and
annealed at 600 �C in a vacuum (10�3 torr) for 30 min. Before
annealing, the furnace was purged with Ar for 20 min and
pumped to low pressure to remove oxygen. Acetone will vaporize
easily under atmosphere conditions and furnace purication in
a vacuum. BiTe nanostructures were grown during annealing on
the substrates. BiTe nanowires were then dried, transferred to a
new Si substrate and loaded into a furnace, purged with Ar, and
annealed at 400 �C in vacuum (10�3 torr) for 3 h. During the
annealing process, pure Te powder (99.8%) was placed next to
the samples, serving as a Te source for transforming BiTe
into Bi2Te3.

Thermoelectric properties were measured using suspended
micro-device heaters over a temperature range of 300–500 K. Pt
resistance thermometer coils patterned onto the suspended
membranes allow for heating and temperature sensing, where
one coil acts as a heater to create a temperature differential
across the micro/nanowire and both coils simultaneously act as
thermometers to measure the temperature rise of each sus-
pended membrane. Such devices have previously been used for
single nanowire thermal conductivity measurements.3,15–17 Four
electrodes, two bonded to each end of the micro/nanowire with
Pt by focused ion beam (FIB), allow for 4-point I–V resistivity
measurements as well as Seebeck voltage measurements while
heating the micro/nanowires (see Fig. 3). The details of the
Seebeck and resistivity measurements are described in the ESI.†
Measurements were performed in a vacuum chamber evacuated
to�10�5 torr to reduce conduction and convection heat transfer
due to residual air molecules to negligible quantities. The
micro/nanowires are large enough that all non-negligible heat
transfer occurs by conduction through the wire itself.

A JEOL 6500 eld-emission scanning electron microscope
(SEM) and a 2100F transmission electron microscope (TEM)
equipped with an energy dispersion spectrometer (EDS) were
used to image microstructures and determine chemical
composition. Fast Fourier transform (FFT) was used to reduce
noise in the high resolution TEM image and analyze the
diffraction pattern.

Fig. 1(a) shows an SEM image of an as-grown BiTe micro/
nanowire with length greater than 10 mm.Due to the absence of a
catalyst, the growth of BiTe nanostructures is attributed to the
vapor–solid mechanism, which results in a diverse set of
morphologies, including nanowires, nanobelts, andmicrowires.
Fig. 1(b) depicts the EDS spectrum of the samples, with the inset
listing composition, indicating a deciency of Te in the BiTe
nanowires. A TEM image of a BiTe nanowire is shown in Fig. 1(c)
along with the EDS line scan. The TEM image also reveals the
surface roughness of the nanowires. Lattice planes are clearly
evident in the high-resolution TEM image of the nanowire,
shown in Fig. 1(d). The FFT pattern in the inset of Fig. 1(d) from
the high-resolution TEM (HRTEM) image conrms that the BiTe
nanowire has a P�3m1 hexagonal structure.

Fig. 2(a) and (b) show optical images of the as-transferred
BiTe micro/nanowires and their as-transformed Bi2Te3 coun-
terparts, respectively. During the annealing process in a Te rich
atmosphere and at high temperature, transformation of BiTe to
Bi2Te3 occurred in the Te-supersaturated region, which allowed
4670 | Nanoscale, 2013, 5, 4669–4672
for the incorporation of Te into BiTe. Based on the phase
diagram of Bi–Te,18 BiTe will react with Te in this state and form
Bi2Te3. This transformation may not occur at the same rate
along an individual micro/nanowire or may have multiple
nucleation sites, possibly resulting in polycrystalline Bi2Te3.
The optical contrast of Bi2Te3 products in Fig. 2(b) shows
evidence of the existence of multiple grain boundaries. The
inset of Fig. 2(b) depicts the contrast of the grain boundary of
the nanowire highlighted with an arrow. For comparison, TEM
images of the nanowire were taken aer transformation, shown
in Fig. 2(c). The polycrystalline structure of the nanowire is
This journal is ª The Royal Society of Chemistry 2013
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evident and the FFT diffraction pattern in the inset was taken
from the HRTEM image in Fig. 2(e). The grain/twin boundary is
highlighted in Fig. 2(d), demonstrating the defects of two
adjacent grains, which are the result of an inhomogeneous
phase transformation.

Fig. 3 shows the SEM image of a device used to characterize
the thermoelectric properties of the nanowires. The device
consists of two suspended silicon nitride membranes with
serpentine heating and sensing coils and four Pt electrodes.
Nanowires were transferred to bridge the pads. During the
measurement, the temperature of one pad was raised, with heat
conducting through the nanowire resulting in a temperature
difference between the two pads. Pt contacts were deposited
using a FIB to secure the transferred micro/nanowire to the
electrodes. Excess length of the micro/nanowire was cut to
eliminate electrical shorting.

Temperature-dependent thermoelectric properties of the as-
grown BiTe and transformed Bi2Te3 nanowires are summarized
in Fig. 4. The uncertainties in the measured k, r, S, and ZT are
15–18%, 6–8%, �20% and 30–33%, respectively (ESI†). The
thermal conductivities of BiTe and Bi2Te3 nanowires (Fig. 4(a))
are about 4.5 and 1.2 Wm�1 K�1 at 300 K, respectively. The BiTe
nanowire has a higher electrical conductivity and hence a larger
Fig. 4 Temperature-dependent thermoelectric properties of BiTe (black circles)
and Bi2Te3 (red down triangles). (a) Thermal conductivity, (b) electrical resistivity,
(c) Seebeck coefficient, and (d) ZT.

Fig. 3 The SEM image of a micro-fabricated device used for single nanowire
thermoelectric property measurements.

This journal is ª The Royal Society of Chemistry 2013
electronic thermal conductivity. However, this alone would not
explain the signicantly higher thermal conductivity (ke in the
BiTe nanowire is only 0.7 W m�1 K�1). It was also recognized
that the total thermal conductivity of the BiTe nanowire is
signicantly higher than that of the Bi0.515Te0.485 single crystal
(1.83 W m�1 K�1 at 300 K).19 Therefore, the higher thermal
conductivity in the BiTe nanowire must be the result of a larger
bipolar contribution and higher lattice thermal conductivity,
which are difficult to quantify without a complete modeling of
carrier and phonon transport.

The thermal conductivity of Bi2Te3 ismuch lower than that of
bulk single crystal Bi2Te3 (1.73 W m�1 K�1),19 showing the
effectiveness of phonon scattering by nanowire surfaces, grain
boundaries and defects, which is advantageous for thermoelec-
trics. However, the thermal conductivity of our Bi2Te3 nanowires
is higher than that of the nanostructured bulk counterpart,20

presumably due to the larger grain size in our samples.
The total thermal conductivity of both BiTe and Bi2Te3

nanowires increases gradually with temperature, and the trend
is more pronounced for the BiTe nanowire. The temperature
dependence can be attributed to the onset of bi-polar diffusion
at higher temperature. The more pronounced trend for the BiTe
nanowire is also consistent with the rapid decreasing Seebeck
coefficient with temperature. Similarly, increasing temperature
dependence for total thermal conductivity has also been
observed in Bi1.5Sb0.5Te3 nano-composites.21–23

The electrical resistivity of the as-grown BiTe micro/nano-
wires is as low as 0.6 mU cm, while that of Bi2Te3 is�1.1 mU cm
(Fig. 4(b)). From the EDS in Fig. 1(b), BiTe is non-stoichiometric
with excess Bi. Grain boundaries in the transformed Bi2Te3
micro/nanowires may be a major source of electron scattering,
resulting in decreased electron mobility. The electrical resis-
tivity of BiTe and Bi2Te3 shows opposing temperature depen-
dences: BiTe exhibits semiconducting behavior (resistivity
decreases with temperature) while Bi2Te3 exhibits metallic
behavior (resistivity increases with temperature). This reveals
that Bi2Te3 must have a degenerate free electron density due to
extrinsic and unintentional dopants (such as native defects and
impurities from the Te powder), and its higher resistivity could
be caused by lower mobility.

The opposing temperature dependence of electrical resis-
tivity in BiTe and Bi2Te3 correlates well with the behavior of
their thermopower (Seebeck coefficient). The Seebeck coeffi-
cient is positive for both BiTe and Bi2Te3 (Fig. 4(c)), except for
BiTe at 500 K where it approaches zero. Two conclusions can be
drawn from these results: (1) holes are responsible for electrical
transport, and both materials are p-type. This suggests that the
materials are Bi-rich.24 (2) Intrinsic carriers thermally activated
across the bandgap of BiTe also play an important role to such a
degree that at high temperatures (>500 K) its Seebeck coefficient
approaches �4 mV K�1 due to bi-polar conduction. On the other
hand, the linearly increasing Seebeck coefficient with respect to
the temperature in Bi2Te3 is consistent with the behavior
expected from a metallically doped material.25

The thermoelectric gure-of-merit is given by ZT ¼ S2T/rk,
where S, r, T, and k are the Seebeck coefficient, electrical
resistivity, absolute temperature, and thermal conductivity,
Nanoscale, 2013, 5, 4669–4672 | 4671
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respectively, and are shown as functions of T in Fig. 4(d). The ZT
of the Bi2Te3 nanowires increases with temperature as opposed
to that of BiTe, which decreases. At high temperatures, the ZT of
Bi2Te3 is much greater (by >500 times) than that of BiTe prior to
transformation. In comparison to previous reports of electro-
deposited Bi2Te3 nanowires,26 ZT is of the same magnitude but
lower than that of its bulk counterpart due to the high electrical
resistivity, which is three times higher than that of the bulk
property.20 In addition, the higher resistivity of our result sug-
gested processing control to suppress the unexpected impurity
and electron-defect scattering. ZT could also be improved
through further optimization of material processing and the
resultant structure. For example, the carrier and heat conduc-
tion along the a-plane is 4 and 2 times higher than that of the c-
axis direction, respectively, indicating that crystallographic
orientation is one way to improve ZT.27Meanwhile, alloying with
Sb and Se is another option to improve ZT by way of modifying
the phonon scattering and electronic density of states.6

In summary, BiTe and Bi2Te3 micro/nanowires were synthe-
sized using a simple and low cost chemical reaction and thermal
annealing process. The structure and composition were inves-
tigated using SEM, TEM, and micro-Raman. The BiTe micro/
nanowires were successfully transformed into Bi2Te3 by thermal
annealing in the presence of Te vapor. Temperature dependent
thermoelectric properties (thermal conductivity, resistivity,
Seebeck coefficient) were measured and the gure-of-merit, ZT,
was found to increase aer the transformation of BiTe to Bi2Te3,
reaching �0.2 at 500 K. The methodology presented here is
applicable for synthesis of Bi–Te nanostructures and could
possibly be extended to other bismuth—group VI compound
alloys due to similarities in the binary phase diagrams of Bi—O,
S, and Se for the future design of thermoelectric materials.
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