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Nanostructured thermoelectric semiconductors represent a promising new direction that can further
increase energy conversion efficiency, which requires the realization of thermoelectric nanocrystals with
size comparable to their deBrogliewavelengthwhilemaintaining a high electrical conductivity.Here,we
demonstrate a new facile process to grow self-assembled Sb2Te3 nanoparticles with controlled particle
size and enhanced thermoelectric properties by using a catalyst-free vapor transport growth technique.
The samples show much more enhanced Seebeck coefficients than that of bulk Sb2Te3 with similar
charge carrier concentration. Meanwhile, the thermal conductivity measurements with pulse photo-
thermal reflectance suggest that the these Sb2Te3 nanoparticle films show much reduced thermal
conductivity as compared to that of bulk Sb2Te3. The discussed approach is promising for realizing new
types of highly efficient thermoelectric semiconductors.

Introduction

The realization of a high-efficiency thermoelectric (TE)
module for solid state energy conversion requires the
development of TE semiconductors with high figure of
merit,1 which is a dimensionless factor expressed as ZT=
(S2σ/κ)T, where T is the temperature in kelvins, S is the
Seebeck coefficient, σ is the electrical conductivity and κ is
the thermal conductivity. Among all the TE semiconduc-
tors, Sb2Te3 and their alloys have been extensively studied
due to their promising ZT values in the temperature range
of 300-500K.2-4 Further enhancement of ZT is expected
by nanostructuring these semiconductors5 due to the

occurrence of quantum size effect leading to the enhance-
ment ofS6,7 and increased interface scattering of phonons
to reduce the thermal conductivity.4,8-10

Sb2Te3 nanostructures have been prepared by vari-
ous methods including solvothermal,11,12 electrochemical
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deposition,13 and catalyzed vapor-liquid-solid (VLS)
growth.14,15 These methods all have many advantages
and some disadvantages. For example, solvothermal pro-
cesses can easily produce nanocrystals with uniform size,
shape and composition with possible scale-up production
yield. But the shape and size control may require insulat-
ing capping ligands that need to be removed to achieve
appropriate electrical conductivity. Electrochemical de-
position can produce nanocrystals with predefined shape,
size and uniformity. But it may require the removal of
anodic aluminum oxide (AAO) templates. Catalyzed
vapor-liquid-solid growth can deposit single crystalline
nanowires with excellent control of structural orienta-
tion, size and aspect ratio. But the yield of the growthmay
not be high enough for thermoelectric module integration.
Currently, the fabrication of nanocrystalline TE modules
still largely depends on ball milling combined with hot
pressing,8 or nanostructuring of bulkmaterials,16-18 which
does not give adequate control over the crystal size, and
excessive crystal growth is inevitable during the process.
In this study, we introduce the fabrication of assembled

Sb2Te3 nanoparticle films by a simple vapor transport
process without the assistance of any catalyst. The size of
theSb2Te3 particles canbe tuned in the range of 10-100nm
by varying the growth parameters, i.e., the Ar/H2 flow rate
and the substrate temperature/substrate position. The as-
prepared assembled nanoparticle films show reduced elec-
trical resistivity while high electrical resistivity is an impor-
tant issue related to applications of TE nanocrystals
prepared by wet-chemistry processes.7,19 Meanwhile, these
nanoparticle films show much enhanced Seebeck coeffi-
cients as compared to that of bulk Sb2Te3.

20,21 Further-
more, these Sb2Te3 nanoparticle films show much reduced
thermal conductivity as compared to that of bulk Sb2Te3,
which leads to an estimated maximum ZT value >1.1 at
500K for 20nmparticle films annealed at 523K for 60min.
To our best knowledge, such close-packed nanoparticle
films with controllable particle size by the simple vapor
transport growth process have not been reported before.
This growth process holds promising potential to produce

assembled nanocrystal samples for nanoelectronics with
good electrical conductivity (e.g., tedious chemical proce-
sses arenot required to remove surface capping ligands as in
the wet chemical processes19,22,23), defined nanoparticle/
grain size and well-crystallized phases, which are keys to
induce many performance enhancements.

Experimental Section

Synthesis of Sb2Te3 Nanoparticles. Te powder (Aldrich,

99.8%, 200 mesh) and Sb powder (Sigma-Aldrich, 99.5%, 100

mesh) were used as received. Glass slides (1.5 � 1 cm) were

carefully washed by ethanol and DI water and then dried. The

experimentwas carried out in a horizontal tube furnace (Lindberg/

Blue M). Sb powder was placed at the center of the tube furnace,

and Te powder was placed at 15 cm upstream of the Sb powder.

Ten pieces of glass substrates were placed at 20-30 cm down-

stream of the Sb source. Before starting the growth process, the

quartz tube was evacuated to 10-3 mbar and then flushed with

95%Arþ 5%H2 gas 3 times to prevent possible oxidation of the

samples. The furnace was heated to 853 K with a heating rate of

30K/minandkept for 3h.During the growth, the flow rate of 95%

Ar þ 5% H2 gas was controlled at 200 sccm (standard cubic

centimeters per minute) by a mass flow meter controller. The

pressure in the quartz tube was kept at 2.6 mbar by regulating the

pump speed of the mechanical pump.

Materials Characterization. The as-prepared and annealed

Sb2Te3 nanoparticle films on glass substrates were directly used

for SEM and XRD measurements. The X-ray diffractograms

were obtained by using a Scintag PAD-Vdiffractometer withCu

KR irradiation. The size and morphology of the particles were

characterized using a field-emission SEM (JEOL JSM6340F)

operating at 5 kV. For TEM characterization, the samples were

put into a small ampule. Ethanol was then added until it covered

the surface of the substrate. After ultrasonication for 2 h, the

solution was drop cast onto carbon coated 200 mesh Cu grids.

HRTEM and EDXwere obtained by using a JEOL 2100 system

operating at 200 kV. TEM and SAED measurements were

carried out by using a JEOL 2010 system operating at 200 kV.

The thickness of the film was measured using a scanning probe

station and confirmed by the cross-section SEM.

Thermoelectric Properties Characterization. The resistivity

and Seebeck coefficient were measured from 323 to 573 K using

a commercially available ZEM 3 Seebeck meter under a helium

environment. The thickness of the films, used to calculate the

electric resistivity, was measured by a scanning probe station and

confirmed by the cross-section SEM. The effective charge carrier

concentration of samples was measured using a typical S7-500-1-

0.55T probe station with Keithley 4200 semiconductor character-

ization, adjustable pole electromagnet (model 1607037) and hall

effect gauss meter (model GM-700).
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The thermal conductivity of a 20 nm nanoparticle thin film

was measured by pulsed photothermal reflectance (PPR).24-26

For the PPR technique, the measurement on film samples is

carried out in the perpendicular direction to the surface as pre-

viously reported.24 Before the measurement, the thin film sample,

deposited on high-resistivity silicon substrate, is coated with a gold

film layer of 1 μm thickness. Gold is preferred as a light absorption

element because it is not susceptible to oxidation at room tempera-

ture and can reflect light differently at different wavelengths. The

experiment begins with the gold film irradiated by aNd:YAG laser

pulse with a pulse width (full width at half-maximum, fwhm) of

8 ns, spot size of 3 mm, pulse energy of 30.3 μJ, and frequency of

10 Hz. Immediately after the laser pulse excitation, the sample’s

surface temperature rises sharply and then slowly relaxes to room

temperature.27 Estimatedmaximum surface temperature excursion

is about 31 K, and the relaxation time is governed by the thermal

properties of the underlying films. To obtain the temperature

excursion profile, a focused continuous He-Ne probe laser is

reflected from the gold film surface and a fast speed photodetector

is used to capture the reflected light signal. Since the reflectivity is

inversely related to the surface temperature, by inverting the

acquired signal a temperature excursion profile can be obtained.

The systemwas calibratedbymeasuring the thermal conductivityof

silicon dioxide film. After conducting the experiment for the Au/

Sb2Te3 nanostructures/Si structure, the temperature profile is curve

fitted using the three-layer heat conduction model in which silicon

substrate is modeled as an infinite medium.

Results and Discussion

A typical synthesis is carried out by placing two cruci-
bles containing Te powder and Sb powder, respectively,
in the center of the quartz tube that is heated at 853 K
under continuous Ar/H2 gas flow to transfer the Sb and
Te vapors to be deposited onto glass substrates set in the
downstreampositions. Figure 1 shows the SEM images of
the as-prepared nanoparticles by the vapor transport
growth process. Analysis on the SEM images reveals that
the average particle size of the films is highly dependent
on the substrate position/temperature. Films with aver-
age particle sizes of 100, 50, and 20 nm were obtained on
substrates placed at distances of dsub=20, 25, and 30 cm
away from center of the furnace with substrate tempera-
tures of 74, 40, and 36 �C, respectively. The substrate
temperature is judged from the temperature profile of the

furnace at 853 K (see Supporting Information Figure S1).
These nanoparticles show moderate size distribution (see
Supporting Information Figure S2) as confirmed by the
analysis of atomic forcemicroscopy images (see Supporting
Information Figure S3) and closely packed onto the sub-
strates. Further increasing dsub to 36 cm leads to formation
of a particle film with even smaller average particle size,
e.g.∼10 nm (see Supporting Information Figure S4). How-
ever, due to the slow growth rate, it requires a very long
growth time, e.g.>6 h, to form a relatively continuous film
with a thickness of ∼150 nm. The Sb2Te3 nanoparticle
films on the glass substrates were dipped into ethanol
solution and subjected to sonication for TEM sample
preparation. The resulting solution was drop cast onto Cu
grids forTEMobservation. Energy dispersiveX-ray (EDX)
analysis (see Supporting Information Figure S5) confirms
that the ratio of Sb:Te is close to 2:3. Here, the carbon peak
is mainly from the carbon film in the Cu grid. TEM images
(Figure 2a-c and Supporting Information Figure S6b)
reveal the faceting of 100 nmparticle samples while samples
of other sizes are relatively spherical. High resolution TEM
(HRTEM) images (Figure 2d-f) indicate the polycrystal-
linenatureof thenanoparticles. Selectedareaelectrondiffrac-
tion (SAED) pattern (Figure 2g) on the nanoparticle films
exhibits rings corresponding to the rhombohedral Sb2Te3.
To investigate the crystal structure as well as estimate the

size of the grains of the samples, X-ray diffraction (XRD)
studies were carried out. The XRD patterns (Figure 3a)
obtained for the as-prepared particle films confirm the
existence of only the rhombohedral Sb2Te3 phase
(JCPDS-ICDD card 15-0874), which is consistent with the
SAED analysis (see Figure 2g) in TEM characterization.

Figure 1. SEMimages of Sb2Te3 nanoparticles obtainedat (a) dsub=20cm,
(b) 25 cm and (c) 30 cm, respectively.

Figure 2. TEM images of Sb2Te3 nanoparticles obtained at (a) dsub =
20cm, (b) 25 cmand (c) 30 cm, respectively.HRTEMmicrographsSb2Te3
nanoparticles obtained at (d) dsub = 20 cm, (e) 25 cm and (f) 30 cm,
respectively, which show the polycrystalline nature of the nanoparticles.
(g) SAED pattern of Sb2Te3 nanoparticles obtained at dsub = 30 cm.
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Based on the analysis of the full width at half-maximum
using the Scherrer equation,28 the grain sizes are estimated
to be about 6, 11, 15 nm for the 20, 50 and 100 nm particle
films respectively. The result is consistent with theHRTEM
observations. Here, it is noticed that the grain size of the
samples is much smaller than that of Sb2Te3 nanocrystals
made by wet-chemical approaches29 and is smaller than/
comparable to the de Broglie wavelength of Sb2Te3, e.g.
18 nm (estimated from the equation λD=h/(2mkBT)

1/2),30,31

which is important to induce the quantum size effect.5

Actually, based on our previous experiments,32 Sb or its
compound nanoparticles are very difficult to synthesize
with uniform shape and small size, e.g. <20 nm, mainly
due to lack of effective capping ligands interacting effec-
tively with Sb. We also annealed the samples at 523 K for
60 min in H2/Ar atmosphere, which is a useful process to
improve the electrical conductivity. It is noted that grain
coarsening is not obvious as suggested from the analysis of
the peak width of the XRD patterns of the annealed
samples, e.g. 6, 13, and 19 nm are obtained for the annealed
20, 50 and 100 nm particle films respectively (Figure 3b and
Supporting Information Figure S6a-c). However, partial
agglomeration of particles is observed in all three types
of samples after such annealing process (see Supporting
Information Figure S7a-c).
The formation of the Sb2Te3 nanoparticles is thought to

be related to the island growthmode (Stranski-Krastanov
growth mode)33,34 of films due to the fast nucleation

process. In some cases, such growth may require epitaxial
lattice mismatch between the substrates and the growth
species, e.g. Ge on Si (100) surface.33 Sb2Te3 in this growth
process is not necessarily epitaxially attached to the glass
substrates. The heterogeneous nucleation process and the
fast nucleation rate are the keys to initiate the growth of
these nanoparticles. Normally, slow nucleation and fast
surface diffusion lead to single crystal filmgrowthwhile fast
nucleation leads to island growth.35 The mass influx in this
vapor transport growth is very high as compared to other
typical thin film deposition techniques, e.g. sputtering or
pulse laser deposition (PLD), thus it is helpful to incur fast
nucleationwhile the diffusion of atomon glassmaybe slow
enough to promote the nanoparticle film growth. We
noticed that the surface of the substrate is a very important
parameter in controlling the particle film growth. For
example if Cu-coated Si substrates are used, the resulting
filmsare composedofnonuniformcontinuous clusters. The
particle size control was achieved by varying the precursor
vapor pressure and substrate temperature. For a constant
Ar/H2 gas flow rate, smaller sized particles are deposited at
longer dsub. This is mainly due to (1) the lower substrate
temperature that causes faster nucleation process36 and (2)
the lower precursor vapor pressure that slows down the
growth process. However, the growth rates are lower at
longer dsub. It is noted that, for the same growth time of
∼60 min, the thickness of the particle film obtained at
dsub=20 cm is>1μm,while for theparticle filmobtainedat
dsub=30 cm, the thickness is ∼200 nm.
The as-prepared Sb2Te3 particle films have smooth

surfaces, and the thicknesses are highly uniform (see
Supporting Information Figure S8a,b). This means that
they can be used directly for electrical and thermal
electrical characterization without further processing.
The four-probe resistivity measurements in the tempera-
ture range of 323-600 K performed in the commercial
ZEM 3 system reveal that the three types of films of
different particle size have low electrical resistivity in the
range of 10-4 Ω m (see Figure 4a). For thermoelectric
semiconductors, low electrical resistivity is essential to

Figure 3. XRD patterns obtained from the different sized Sb2Te3 nanoparticles: (a) as-grown and (b) annealed at 523 K for 60 min.
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achieve high ZT values. For all three types of samples, the
electrical resistivity decreases with temperature. Although
this trend indicates a typical semiconductor behavior,37

other factorsmay also affect the electrical resistivity of these
samples, e.g. the annealing effect at higher measuring
temperature leads to partial agglomeration and hence en-
hances the contact between the particles, which may also
increase the electrical conductance. Thus, the measurement
on the annealed samples is used to assess the intrinsic trend
of the electrical conductance vs temperature. The enhanced
contact between the particles in the annealed samples is
evidenced from the SEM observations (see Supporting
Information Figure S7a-c), and no obvious grain coarsen-
ing is observed as indicated by the XRD results (see
Figure 3b). The electrical resistivity of the annealed samples
shows improved values (see Figure 4b) as compared to their
corresponding as-prepared ones. In addition, their values
increase at higher temperatures, which is expected in metals
or heavily doped semiconductors.38 Here, we note that
these electric resistivity values are lower than those of TE
nanocrystals obtained by wet chemical process,29 which
is mainly a benefit from clean surface without capping
of insulating ligands. For both the as-prepared and the
annealed samples, the lower electrical resistivity shown in

the larger sized particle films is anticipated as the quantum
size effect increases the band gap,7Eg, of the semiconductor
particles.5 The UV absorption spectra (see Supporting
Information Figure S9) reveal that the onset of the thresh-
old of absorption curve shows a blue shift for 20 nm Sb2Te3
nanoparticles as compared to that of 50 and 100 nm
samples, which suggests the larger band gap value and
is consistent with the results of the electrical resistivity
measurements.
The effective charge carrier concentration, n, at room

temperature has been investigated by using a Hall Effect
measurement system (see Figure 5). For as-prepared sam-
ples, the effective charge carrier concentration39 is in the
range 3-8� 1019 cm-3, which is ideal to achieve optimized
ZT values.40 The effective charge carrier concentration
increases slightly, e.g. to 6-10� 1019 cm-3, after annealing
at 523 K for 60 min for all three types of samples. The
higher effective charge carrier concentration obtained in
larger sized particle films is expected as increasing the band
gap due to quantum confinementmay decrease the value of
n.7 Based on the charge carrier concentration data, we can
estimate the effective hole mobility, μ, of the particle films
using σ=neμ (see Supporting Information Figure S10a,b).
The estimated effective hole mobility of the samples in-
creases by 5-7 times after the heat treatment, which is also

Figure 4. Electrical resistivity of (a) as-grown and (b) annealed Sb2Te3 nanoparticles.

Figure 5. Room-temperature effective charge carrier concentration, n, of (a) as-prepared and (b) annealed Sb2Te3 samples with different particle sizes.
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in line with the increased electrical conductance. This
suggests that enhanced contact among the particles after
annealing can effectively reduce the interface scattering of
the charge carriers.
Thermoelectric characterization with the ZEM 3 system

shows that all three sized Sb2Te3 particle films are p-type
with high maximum Seebeck coefficients, e.g.>200 μV/K,
>180μV/K,and>160μV/K for 20 nm, 50nmand100nm
particle films, respectively (see Figure 6a). These values are
higher than that of bulk Sb2Te3 crystals (79 μV/K) with
similar charge carrier concentrations20,21 and that of
Sb2Te3 thin film.41 If the Sb2Te3 nanocrystal size is
increased by decreasing the dsub, the Seebeck coefficient is
reduced to 60-95 μV/K in the same temperature range (see
Supporting Information Figure S11) while the Sb2Te3 are
single-crystal nanoplates with a diameter of 2-3 μm and a
thickness of 80-200nm.The enhancedSeebeck coefficient,
S, in smaller particles is thought to be possibly related to the
quantum confinement effect that increases the difference
between the Fermi level and the average mobile carrier
energy,7 or to be related to the energy filtering effect due to
the charge carrier trapped in the grainboundaries regions.42

All three sized particle films show increased S at higher
temperature range. For heavily doped semiconductor or
metal, the electron contribution to S is proportional to the

absolute temperature.43 The values of S for the annealed
samples are comparable to those of the as-prepared ones
(see Figure 6b), although their electrical resistivities are
significantly lower.
The plots of power factor (see Figure 7) defined asS2σ of

the as-prepared samples show values>3� 10-4W/mK2 at
T>550K. The power factors for the annealed samples are
significantly improved by 2-3 times. A maximum power
factor >1.1 � 10-3 W/mK2 was measured in the 20 nm
particle films at T=500 K. The smaller sized particle films
showhigher power factormainly due to the contribution of
their higher values of Seebeck coefficients.
The measurement of κ for nanostructures or even thin

films is very difficult10,44 due to the small feature size.
Here, we carried out the pulsed photothermal reflectance
(PPR)24,25 process to evaluate the thermal conductivity of
the samples. Here, we noted that the PPR measurements
can only test the thermal conductivity along the normal
of the particle film surface while the previous discussion
on the Seebeck and electrical conductivity is along the
surface of the samples. Although these nanoparticle-
assembled films are expected to be isotropic because of
their unique build-up structures, we cannot claim ZT
values based on these measurements. For the PPR meth-
od as discussed in detail in the Experimental Section (also
see Supporting Information Figure S12), the thermal
conductivity, κ, is obtained by curve fitting the time
dependence surface temperature profile of the Au film
coated samplewith the three-layer heat conductionmodel

Figure 6. Seebeck coefficients of (a) as-grown and (b) annealed Sb2Te3 nanoparticles.

Figure 7. Power factors of (a) as-grown and (b) annealed Sb2Te3 nanoparticles.
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(see Supporting Information Figure S13a-f). Although
the PPRmeasurements have the advantages that they donot
require the known values of density and specific heat of the
samples, only room-temperature thermal conductivity of as-
prepared and annealed samples can be obtained (see Table 1
andSupporting InformationFigure S13a-f) due to the limit
of instrumental setup. The PPRmeasurement indicates that
the 20 nm Sb2Te3 nanoparticle films show much reduced
values of κ at room temperature, e.g. 0.23 W/mK for as-
prepared samples and 0.33 W/mK for annealed samples,
which is much lower than that reported for compact bulk
Sb2Te3, e.g. ∼1 W/mK.45 The values of the thermal con-
ductivity for Sb2Te3 samples with different particles sizes,
e.g. 0.2-0.5 W/mK for as-prepared particles and 0.3-
0.8 W/mK for annealed particles, are comparable to those
recently reported values for Bi2Te3 nanoparticles.

46,47 Here,
the estimated carrier thermal conductivity is not high,

e.g 0.012-0.04 W/mK for as-prepared samples and
0.17-0.26W/mK for annealed samples, usingWiedemann-
Franz’s law,48,49 e.g. κcarrier=LT/F, where L is the Lorenz
number, e.g. 2.45� 10-8V2K-2,F is the electrical resistivity,
and T is the temperature in kelvins. Preparation of these
Sb2Te3 nanoparticles in large scale can further enable accu-
rate thermal conductivity measurements by laser flash
process27 to enable estimation of the ZT values, which is
ongoing now.Also, further enhanced thermoelectric proper-
ties can be expected by applying this approach to prepare
nanoparticles of other material systems with proven higher
ZT values, e.g. BiSbTe4,8 or AgPbSbTe.9

In summary, we have demonstrated a new facile pro-
cess to grow Sb2Te3 nanoparticle films with controlled
particle size using a catalyst-free vapor transport growth
technique. Such a growth process allows the realization of
nanocrystal films with tunable crystal size, e.g. 5-15 nm,
comparable to the de Broglie wavelength of Sb2Te3. The
enhancement of the Seebeck coefficients has been demon-
strated in these nanoparticle films as compared to that of
bulk Sb2Te3 with similar charge carrier concentration.
Meanwhile, these particle films show high electrical con-
ductivities due to the clean particle surfaces. The PPR
measurements at room temperature suggest that these
nanoparticle films show much reduced thermal conduc-
tivity as compared to that of bulk Sb2Te3. Thus, this
approach demonstrates a promising route to achieve new
types of highly efficient TE semiconductors.
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Table 1. Room Temperature Thermal Conductivity (W/mK) of Sb2Te3
Nanoparticle Samples Determined by Pulsed Photothermal Reflectance

as-prepared samples annealed samples

100 nm 50 nm 20 nm 100 nm 50 nm 20 nm

0.5 0.38 0.23 0.78 0.55 0.33
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