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ABSTRACT Herein, we report the synthesis of multiscale nanostructured p-type (Bi,Sb)2Te3 bulk materials by melt-spinning single
elements of Bi, Sb, and Te followed by a spark plasma sintering process. The samples that were most optimized with the resulting
composition (Bi0.48Sb1.52Te3) and specific nanostructures showed an increase of ∼50% or more in the figure of merit, ZT, over that of
the commercial bulk material between 280 and 475 K, making it suitable for commercial applications related to both power generation
and refrigeration. The results of high-resolution electron microscopy and small angle and inelastic neutron scattering along with
corresponding thermoelectric property measurements corroborate that the 10-20 nm nanocrystalline domains with coherent
boundaries are the key constituent that accounts for the resulting exceptionally low lattice thermal conductivity and significant
improvement of ZT.
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As electrical energy will most likely remain the most
convenient form of energy in the foreseeable
future, sustainable and ecofriendly methods to

generate electricity are of extreme importance. On the
other hand, more than half of all the energy generated
by mankind is lost as heat. The past two decades have
witnessed an increasing demand in renewable energy
technology, including that of direct thermal-electrical
energy conversion via thermoelectricity.1-4 Thermoelec-
tricity is based on two fundamental thermoelectric effects:
the Seebeck effect for power generation and the Peltier
effect for refrigeration. Heat from different sources such
as solar heat, geothermal heat, and waste heat from
automobiles or other industrial processes can be directly
converted into electrical energy by a thermoelectric de-
vice. The thermoelectric device can also work in reverse
as a heat pump. Despite a few niche applications such as
in NASA’s deep space probe missions, broader applica-
tions of thermoelectricity in power generation and refrig-
eration is currently limited by the low conversion effi-
ciency that is a factor of 2-4 less than that of equivalent
mechanical systems. The conversion efficiency of ther-

moelectricity depends primarily on the performance of
the thermoelectric material, which is gauged by the
dimensionless figure of merit, ZT. The ZT is defined as

where F is the electrical resistivity, R the Seebeck coef-
ficient (i.e., thermopower), κ the thermal conductivity
(often separated into the lattice thermal conductivity, κL,
and the carrier thermal conductivity, κe), and T the
temperature in kelvin. Per eq 1, a high ZT material is a
“phonon-glass electron-crystal” (PGEC)5 system with a
large Seebeck coefficient. Apparently, it is difficult to
satisfy these criteria in a simple crystal field since the
three physical properties (F, R, and κ) that govern the ZT
are interdependent: a modification to any of these prop-
erties often adversely affects the other properties.

Over the past decade, the efforts of pursuing higher ZT
materials have culminated into a new paradigm,6,7 namely,
nanocomposite (NC) thermoelectric materials. In NC ther-
moelectric materials, the characteristic length scale of at
least one constituent is on the nanometer scale; the resulting
classical and quantum size effects help ease the interdepen-
dence of those properties.8 This new paradigm started
several years ago with the speculation that low dimensional
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materials should have enhanced thermoelectric properties
compared to similar materials in bulk form.9 This assertion
was confirmed with the advent of the “custom nanoengi-
neered” systems of quantum dot and superlattice materi-
als,10 and more recently in several “self-assembled” NC
thermoelectric materials.11-15 It is instructive to note that
the main contribution to enhancing ZT in these NC thermo-
electric materials is from the significant reduction of lattice
thermal conductivity, κL, despite the variety of materials
systems and synthesis methods.

In solids, heat is carried by phonons that access a broad
range of energies (frequency) and momenta (wavelength).
To effectively scatter phonons, the size of the scattering
centers needs to be comparable to the wavelength of the
heat-carrying phonons, typically on the order of nanometers.
Since the phonon spectrum is temperature dependent, it
entails the appropriate implementation of multiscale nano-
structures and combined phonon scattering mechanisms
such as mass fluctuation, grain boundary, and strain field
scattering.16 On the other hand, not all nanostructures are
favorable since these nanostructures simultaneously need
to have a minimal detrimental impact on the electrical
properties.

An inherent and added practical concern of the NC
thermoelectric materials is the stability of nanostructures at
elevated temperatures; hence it is more viable to develop
NC thermoelectric materials that operate in the vicinity of
room temperature since diffusion and grain growth will be
minimal there. Bi2Te3-based bulk materials are the most
widely used thermoelectric material that operates in the
temperature range of 200-400 K. The high ZT p-type
(Bi,Sb)2Te3 nanocrystalline bulk materials have been pre-
pared from a commercial ingot17 and elemental chunks18

by a combined ball milling and hotpressing procedure in an
inert atmosphere. Herein, we report a novel two-stage, time
and cost efficient, melt-spin and spark-plasma-sintering
synthesis procedure of high-performance p-type (Bi,Sb)2Te3

NC thermoelectric materials from single elements of Bi, Sb,
and Te, which builds upon our previous work.19,20 The
present paper is organized as follows. First, we show that
melt spinning is an effective way to create a wide spectrum
of multiscale nanostructures and that the spark plasma
sintering process can then control the as-formed nanostruc-
tures in the final product. Next, we present the results of the
thermoelectric property and inelastic neutron scattering
measurements to show that the significantly reduced κL is
due to strong phonon scattering rather than an altered
phonon spectrum. Finally, the small angle neutron scattering
measurements help pinpoint which specific nanostructures
account for the observed low κL and significantly enhanced
ZT values over a broad temperature range.

Experimental Procedure. The single elements Bi, Sb, and
Te powder (99.999%, 99.999%, and 99.99%, Alfa Aesar)
were mixed in an optimized molar ratio21 of 0.48:1.52:3.00,
cold-pressed into chunks, and loaded into a quartz tube with

a 0.5 mm diameter nozzle. In a standard 0.06 MPa argon
atmosphere, the chunks were inductively melted and sput-
tered onto a fast-rotating water-cooled copper roller. The
melt spin process takes ≈1 min for a load of 5 g of powder.
We found that higher rotation speed led to finer nanostruc-
tures, so we adopted a 4000 rpm, i.e., a tangential linear
speed of 40 m/s. The products of the melt spin process were
in the form of ribbons with a typical size of 10 × 2 ×
(0.005-0.01) mm3. The ribbons were then hand-ground for
a few minutes into raw powders; no protective atmosphere
was needed at this stage. Finally, the raw powders were
densified into pellets using a spark plasma sintering (SPS)
technique in vacuum. The SPS System is a Dr. Sinter SPS-
1500 A from Metal Processing Systems in the US and
Sunimoto Mining in Japan. In order to preserve the thermo-
electrically favored nanostructures, an optimal SPS temper-
ature of 773 K, pressure of 15 MPa, and total sintering time
of 5 min were adopted. The sample prepared by single-
element-melt spinning followed by a spark plasma sintering
(SPS) procedure is designated as SE-MS-SPS. Zone-melted
p-type Bi0.48Sb1.52Te3 ingots obtained from Shenhe Thermo-
Magnetics Co. Ltd. (Shanghai, China) were used as the
comparison.

X-ray powder diffraction (XRD, Rigaku Miniflax), field
emission scanning electron microscopy (FESEM) (Hitachi
S-4800) with an energy-dispersive X-ray spectroscopy (EDS)
option, and transmission electron microscopy (HRTEM)
(JEM-2100F) were performed at each stage of the prepara-
tion to monitor the possible change in phase, crystallinity,
and micromorphology.

All thermoelectric properties were measured on the same
sample. The results of supplemental transport measure-
ments indicated an anisotropy <3% in the SE-MS-SPS sample.
The low-temperature Seebeck coefficient (R) and electrical
resistivity (F) data were collected on a custom-designed
measurement system22 from 10 to 300 K. The high-temper-
ature Seebeck coefficient (R) and electrical resistivity (F) data
were collected on commercial equipment (ZEM-2, Ulvac
Riko, Inc.) in a helium atmosphere from 300 to 540 K. The
low temperature thermal conductivity (κ) data were collected
using a steady-state technique on a custom-designed mea-
surement system23 from 10 to 300 K. The thermal diffusivity
(D) was measured by the laser flash method using a Netzsch
LFA457 system. Specific heat (Cp) was determined by dif-
ferential scanning calorimetry using a Netzsch DSC-404C.
The density (FD) was determined by the Archimedes tech-
nique. The high-temperature κ was calculated from D, Cp,
and FD from the relationship: κ ) DCpFD. The results of low-
temperature and high-temperature measurements match
very well. Uncertainties in the electrical conductivity and
thermal conductivity are ((5-7)% due in large part in
determination of the sample dimensions; the uncertainties
in thermopower are (5%. It should be noted that the
uncertainty in the area of the sample is eliminated (since the
area cancels out) in the ZT calculation if the electrical

© 2010 American Chemical Society 3284 DOI: 10.1021/nl100804a | Nano Lett. 2010, 10, 3283-–3289



conductivity and thermal conductivity are measured on the
same sample. Thus the uncertainty in the ZT is around 10%.
Repeated measurements up to 540 K on the SE-MS-SPS
sample did not show any degradation; the variations were
within a few percent for the samples made by the same
procedure.

In the data analysis, the total thermal conductivity is
separated into contributions from the electron thermal
conductivity (κe) and the lattice thermal conductivity (κL) by
the relationship: κ ) κe + κL, where κe is estimated by the
Wiedemann-Franz relation, ke ) LT/F, and the Lorenz
number L ) 2.0 × 10-8 V2/K2 for a heavily doped semicon-
ductor. The Hall coefficient measurements were preformed
on a Quantum Design Physical Properties Measurement
System (PPMS) using a five-probe configuration by sweeping
the magnetic field between(0.5 T over a temperature range
of 5-310 K. The carrier concentration (n) and Hall mobility
(µΗ) were estimated from the Hall coefficient by the relation
n ) -1/RHe and µΗ ) RH/ne, respectively, where RH is the
Hall coefficient and e the electron charge.

Inelastic neutron scattering measurements were per-
formed with the time-of-flight instrument, DCS,24 at the NIST
Center for Neutron Research (NCNR). The detector array of
the time-of-flight instrument covers a wide range of scatter-
ing angle and allows for the energy and momentum to be
probed at the same time. The generalized phonon density
of states (GDOS) were obtained by averaging the momentum
over both the direction and the magnitude using available
software.25 For our measurements, an incident neutron
wavelength of 4.8 Å was selected, which gives an elastic
energy resolution of about 0.1 meV. The sample was sealed
in an aluminum can filled with helium gas for heat exchange
with its temperature controlled using a closed cycle refrig-
erator. The same measurement on an identical helium-filled
can without a sample was performed to obtain a back-
ground. To probe the nanostructuring-induced microstruc-
ture change, small angle neutron scattering (SANS) mea-
surements were performed using the NG3-SANS instrument
at the NIST Center for Neutron Research.26 Neutrons of
average wavelength 8.4 Å were collimated over distances
3-16 m before the sample. The scattering was measured
using a two-dimensional detector of 128 × 128 pixels, each
5.08 mm × 5.08 mm, placed at distances 2-14 m after the
sample. In addition, the lowest scattering vectors were
attained through the use of focusing biconcave MgF2 lenses.
The error bars in neutron scattering data are (σ.

Thermoelectric Properties of (Bi,Sb)2Te3 Nanocompos-
ites. The temperature dependences of the electrical resistiv-
ity (F) and Seebeck coefficient (R) are presented in parts a
and b of Figure 1, respectively. For comparison, a sample
directly cut from the commercial zone melting (ZM) ingot
along the ZM direction is designated as ZM. Both the ZM and
SE-MS-SPS samples exhibit typical semimetallic behavior in
electrical resistivity and Seebeck coefficient. Despite the
similar resistivity behavior, they display a different Seebeck

behavior in several important aspects. The SE-MS-SPS sample
has as much as 10% higher Seebeck value than the ZM
sample between ≈270 and 540 K. Furthermore, the Seebeck
coefficient of SE-MS-SPS sample peaks at T ≈ 450 K,
significantly higher than that of the ZM sample. The results
of Hall coefficient measurements indicated that both samples
have a carrier concentration on the order of 1019 cm-3 and
within (10% of each other between 5 and 300 K (see Figure
S2 in Supporting Information). Furthermore, the T-3/2 de-
pendence of Hall mobility is consistent with a predominant
electron-phonon scattering near room temperature. The
concomitant enhancement and the upshift of the Seebeck
coefficient peak with temperature strongly suggest that the
nanostructuring process induced a favorable change in the
Fermi surface topology. This argument is further supported
by the temperature dependence of the lattice thermal
conductivity. As shown in the main panel and inset of Figure
1c, the minima of lattice thermal conductivity (κL) and total
thermal conductivity (κ) are close to the temperature where
the Seebeck coefficient peaks, a signature of bipolar thermal
conduction. The MS-SPS nanostructuring procedure thus
alters the band structure and shifts the impact of the
detrimental bipolar effects to higher temperatures. As a
result, the adopted two-stage nanostructuring procedure led
to a slightly higher resistivity, moderately enhanced Seebeck
coefficient, and significantly reduced lattice thermal con-
ductivity in the SE-MS-SPS sample. In particular, the SE-MS-
SPS sample has a lattice thermal conducitivity, ≈0.4-0.5
W/(m K) between 300 and 400 K, as compared to a
≈0.8-0.9 W/(m K) of the ZM sample. An increase of 50%
or more in the ZT values between 280 and 540 K over the
ZM sample has been attained, and the maximum ZT value
is ≈1.5 at 390 K (Figure 1d).

FIGURE 1. Thermoelectric properties of ZM and SE-MS-SPS bulk
materials: (a) electrical resistivity; (b) Seebeck coefficient; (c) lattice
thermal conductivity inserted by total thermal conductivity; (d)
figure of merit ZT values.
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Relation between Microstructures and Transport
Properties. In view of the trivial differences in the packing
density, overall composition, and XRD patterns between the
two samples, the drastic reduction of the lattice thermal
conductivity in the SE-MS-SPS sample is somewhat unex-
pected. From a kinetic point of view, it is an open question
whether such a reduction in κL is due to a drastically altered
phonon spectrum and/or a strong scattering of the phonons.
To address this question, we performed inelastic neutron
scattering experiments and present the results in Figure 2.
The generalized phonon densty of states (GDOS) in the
energy range of 0-30 meV was measured at 100 and 300
K for both materials. The resulting GDOS of the SE-MS-SPS
and the ZM samples are virtually identical. Although, we are
fully aware that the GDOS is not sensitive enough to monitor
small changes of each phonon mode, the overall change in
GDOS is nonetheless too small to account for the reduction
of lattice thermal conductivity. Hence, the drastic reduction
of lattice thermal conductivity is more likely due primarily
to the diminishing phonon mean free path arising from
some strong scattering processes. In addtion, the GDOS
exhibited a quadratic energy dependence in the energy
range of 0-4.5 meV, the data fitting in this range yielded a
velocity of sound v ≈ 900 m/s and a Debye temperature θD

≈ 120 K in the context of the Debye model. The character-
istic wavelength of heat-carrying phonons, mostly acoustic
phonons, was estimated to be on the order of 1-10 nm from
the values of energy and velocity of sound.

At this point, it is instructive to estimate the minimum
lattice thermal conductivity (κmin) using a model developed
by Cahill et al.27

where the summation is over the three polarization modes
and kB is the Boltzmann constant. The cutoff frequency (in

units of kelvin) is θi ) vi(p/kB)(6π2na)1/3, where na is the
number density of atoms, p the reduced Planck constant, vi

the sound velocity for each polarization mode. The supple-
mental study showed that the SE-MS-SPS sample is an
isotropic phonon media: the anisotropy in total thermal
conductivity is <3%. The Cahill model is in the context of a
random walk of Einstein oscillators of varying sizes and is
valid for amorphous or highly disordered materials, where
the phonon mean free path is close to the average inter-
atomic spacing. Substituting the v and θ values in eq 2 yields
κmin as shown in the main panel of Figure 1c. Between 300
and 400 K, the lattice thermal conductivity of SE-MS-SPS
sample is close to κmin, indicating a “phonon glass” like heat
conduction despite the well-defined crystalline nature.

Now we proceed to the electron microscopy results in
order to more clearly establish the correlation between the
microstructures and the thermoelectric properties. We first
examine the microstructures of the melt spun ribbons.
Owing to the rapid solidification and low thermal conductiv-
ity of melts in the melt spin process, the contact surface
(where the melts touch the copper roller) and the free surface
are expected to have drastically different temperatures,
critical radii for nucleation, and growth speed for nucleation
sites. In order to verify these speculations, high-resolution
transmission electron microscopy (HRTEM) was utilized to
investigate the microstructures of the two surfaces and the
cross section of SE-MS ribbon. The results show that the
contact surface is characterized by 5-10 nm nanocrystalline
domains embedded in amorphous phase (parts a and b of
Figure 3), whereas the free surface features microsize den-
dritic crystals (Figure 3c). More interestingly, we have identi-
fied nanoscale modulations within the dendritic crystals
(Figure 3d), the Fourier analysis yielded a periodicity close
to 1.0 nmsabout 5 times that of the d1 ) d0015 spacing. The
microstructures observed on the cross section of ribbon are
shown in Figure 4. Note that a gradient of multiscale micro-
structures was formed along the thickness direction of
ribbon during the melt spin process ((Figure 4a): from the
amorphous phase near the contact surface (Figure 4b), to
the 5-10 nm randomly oriented nanocrystalline domains
with coherent boundary in the midpart of the ribbon (Figure
4c), and to the microsize dendritic crystals near the free
surface (Figure 4d). The selected area electron diffraction
(SAED) confirmed that the nanocrystalline domains could
be indexed as Bi2Te3 and the orientation of domains ap-
peared to be random. Besides, the EDS taken on seven
different locations along the thickness of the ribbon showed
that the composition was uniform on the micrometer scale
and above, but the Bi and Te concentrations were not
homogeneous on the nanoscale (Figure 4e).

Next, we examine the impact of the SPS process on these
multiscale microstructures. As shown in panels a and b of
Figure 5, the typical microstructures after the SPS process
contained some 10-20 nm nanocrystals embedded in the
bulk matrix (SE-MS-SPS). These 10-20 nm nanocrystals are

FIGURE 2. Generalized phonon density of states (GDOS) for ZM and
SE-MS-SPS samples at 300 K. For clarity, we do not show the data
taken at 100 K.

kmin ) (π6)1/3
kBna

2/3 ∑
i

vi( T
θi

)2 ∫0

θi/T x3ex

(ex - 1)2
dx

(2)
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probably derived from the amorphous phase and the 5-10
nm nanocrystals that are shown in Figures 3 and 4. It is
interesting to note that these nanostructures give rise to only
a slight increase in resistivity but significantly reduce the
resulting lattice thermal conductivity. In other words, the
boundaries among the nanocrystalline domains and the bulk
matrix scatter phonons more effectively than they scatter
electrons. Panels a and b of Figure 5 present a representative
grain boundary between nanocrystalline domains. We found
that most grain boundaries are coherent despite some
nanodomains without clear boundaries. Importantly, the
nanoscale modulations found in the microsize dendrite
crystals survive the SPS process, as shown in panels c and d
of Figure 5.

In general, the microstructures of the as prepared SE-MS-
SPS sample are featured by closely packed microsized

crystals with nanoscale modulations, a small amount of
amorphous phase, and a large population of 10-20 nm
nanocrystalline domains with coherent boundaries. The
characteristic length scales of these nanostructures are
comparable to the estimated wavelength of heat-carrying
phonons, and the mostly coherent grain boundaries render
a minimum degradation of the carrier mobility. To supple-
ment the microscopy study of nanostructures, we performed
SANS measurements on ZM and SE-MS-SPS bulk materials.28

SANS is a well-established technique for characterizing
microstructures on the length scales from a few nanometers
to a few hundred nanometers, which greatly supplements
the electron microscopy study. In Figure 6 we present the
SANS intensity (I) as a function of momentum transfer (Q)
for the SE-MS-SPS and ZM samples. The plot is in double-
logarithmic scale. Due to the complexity of microstructures,

FIGURE 3. Microscopy images of the melt spin ribbon: (a) TEM image of near contact surface; (b) HRTEM image of nanocrystalline domains;
(c) TEM image of free surface that is featured by microsize dendritic crystals; (d) HRTEM image of nanoscale modulation in the dendritic
crystal shown in (c). The scale bars for (a), (b), (c), and (d) are 20, 5, 200, and 5 nm, respectively. (e) Diagram of the MS process denoting the
free surface (FS) and contact surface (CS). (f) Schematic structure distribution in the ribbon from contact surface to free surface.

FIGURE 4. (a) TEM image of the cross section of ribbon, positions 7 and 1 are near the contact surface and free surface, respectively. (b)
HRTEM image of amorphous phase. (c) HRTEM image of nanocrystalline domains with mostly coherent boundary. (d) TEM image of microsize
crystals. (e) EDS results of related position in (a). The scale bars for (a), (b), (c) and (d) are 0.5, 10, 5, and 50 nm, respectively. The insets of
panel d are the HRTEM image of the nanoscale modulation, and the scale bar is 2 nm.
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we shall restrict our data analysis to the comparison of the
Q dependence of scattered intensity in the two samples. First
of all, the scattered intensity for SE-MS-SPS sample exhibits
a salient power-law behavior with an exponent, a ) 3.7
between Qmin ) 0.001 Å-1 and Qmax ) 0.1 Å-1, i.e., I ∼ Q-a

with a ) 3.70 ( 0.01. This observation is consistent with a
broad distribution of microstructures over a decade or more
in length scale,29 as well as the observed multiscale micro-
structures in the electron microscopy study (Figures 3-5).
In addition, the observed power-law exponent close to 4
indicates that the interfaces among nanostructures and bulk
matrix in the SE-MS sample are mostly homogeneous or
coherent.30,31 In sharp contrast, the Q dependence of the
scattered intensity for the ZM sample deviates from the
power law in the ranges, (i) Q < 0.007 Å-1 and (ii) Q > 0.05
Å-1, the overall downward curvature suggesting a less poly-
disperse distribution of microstructures. As a rough estimate,

Q < 0.007 Å-1 and Q > 0.05 Å-1 translate to characteristic
length scales of a few hundred nanometers and a few tens
of nanometers, respectively. The difference in the range (i)
may be attributed to the presence of dendritic crystals in the
SE-MS-SPS sample (Figure 2c) and their absence in the ZM
sample. However, the associated length scale in the range
(i) is too large, compared to the wavelength of heat-carrying
phonons, to substantially affect the lattice thermal conduc-
tivity. That leaves us with the only option, i.e., the range (ii)
that corresponds to the nanostructures on the order of a few
to a few tens of nanometers. In light of the absence of 10-20
nm nanocrystalline domains in the ZM sample and the esti-
mated 1-10 nm phonon wavelength, we thus attribute the
difference in the range (ii) along with the drastic reduction of
lattice thermal conductivity to the presence of 10-20 nm
nanocrystalline domains with coherent boundaries. We note
that similar features of microstructures have been also reported
in the ball-milled nanocrystalline bulk p-Bi2Te3 that exhibited
high ZT values.17,18

Summary. Nanocomposite thermoelectric materials
can be a cost-effective and scalable alternative to the
“custom nanoengineered” systems, such as superlattices
or quantum dots, in order to achieve higher ZT materials.
Herein, we reported a nanostructuring procedure in p-type
Bi2Te3 by combining high-speed melt spinning and spark
plasma sintering processes to yield a bulk TE nanocom-
posite from the precursor single elements. The unique
multiscale microstructures, in particular the 10-20 nm
nanocrystals with mostly coherent grain boundaries, are
believed to account for the significant reduction of thermal
conductivity without degrading the electrical properties.
Compared to the commercial zone melting material, as
much as a 50% enhancement in the ZT over a wide
temperature range has been attained by a sample pre-
pared from the single elements at a 4000 rpm melt spin
speed followed by spark plasma sintering at 15 MPa of
pressure and at 773 K for 1 min.
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mensionless thermoelectric figure of merit ZT as a function
of Bi content and carrier concentration and carrier mobility
as a funtion of temperature for SE-MS-SPS and ZM bulk

FIGURE 5. Representative TEM images of SE-MS-SPS sample: (a) and
(b) HRTEM images of typical microstructures contained 10-20 nm
nanocrystals embedded in the bulk matrix; (c) and (d) HRTEM
images of nanoscale modulations. The scale bars for (a), (b), (c), and
(d), are 2, 5, 100, and 2 nm, respectively.

FIGURE 6. SANS intensities as a function of momentum transfer Q
in a double-logarithmic plot. The SE-MS-SPS sample is fitted with a
Q-a in all Q range with a ) 3.7 (black line).
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