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a b s t r a c t

SnTe is a notable member of the IV–VI semiconductors with SnSe and PbTe as two representative
thermoelectric materials, which is considered to be a potentially attractive thermoelectric material due
to its similar rock-salt crystal structure to PbTe. However, the current researches on SnTe are limited
because of the difficult synthesis in aspect of controlling morphology and size, and its thermoelectric
figure of merit is also low due to the high thermal conductivity. In this study, a simple and ultra-fast
microwave hydrothermal method was designed to synthesize the SnTe particles with controlled sizes
from micro-scale to nano-scale. The thermoelectric properties of the corresponding SnTe bulk materials
prepared by spark plasma sintering were investigated in a wide temperature range with a focus on the
size effect. Due to the enhanced phonon scattering caused by the nanometer size effect, a low thermal
conductivity, 0.60 W m�1 K�1 at 803 K, was obtained in the bulk specimen using 165-nm-sized nano-
particles. The corresponding maximum ZT value at 803 K is enhanced to 0.49, which is about 2.3 times
that of the SnTe bulk samples using mechanically alloyed powders.

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Thermoelectric (TE) materials have attracted substantial at-
tention over the past few decades not only due to their excellent
capabilities on generating electricity from the waste heat, but also
because of their broad application prospects in solid-state re-
frigeration [1–4]. TE properties are characterized by the di-
mensionless figure of merit (ZT), which is defined as ZT¼S2sT/κ,
where S, s, T, κ are the Seebeck coefficient, electrical conductivity,
absolute temperature, and thermal conductivity, respectively [5–
8]. In medium temperature region, IV–VI semiconductors, such as
SnSe and PbTe, are identified as the best commercial and most
efficient TE materials at present because of their superior aniso-
tropy on the crystal structure, and intrinsically low lattice thermal
conductivity. PbTe based semiconductor compounds have been
applied in the thermoelectric generators of “Curiosity”, “Galileo”
Mars detectors, and “Voyager 1” spacecraft since 1980s [9–11]. The
ZT value of SnSe single crystal has reached 2.6 as reported by Zhao
et al., which is undoubtedly the best TE properties among all of the
current materials [12,13]. SnTe, as another member of the IV–VI
semiconductors, is considered to be one of the most promising
thermoelectric materials not only because it is a lead-free material
but also possesses the similar crystal and band structures to PbTe
crystal [14–18]. However, unfortunately, the recent researches
have revealed that the ZT values of SnTe crystals are still very low
because of their inherently high thermal conductivities (usually
higher than 2.5 Wm�1 K�1 at 800 K) [19,20]. Endotaxial CdS or
ZnS nanoscale precipitates were introduced into the cubic phase
SnTe by Tan et al. [21], and its thermal conductivity was reduced to
2.1 Wm�1 K�1 from 3.8 W m�1 K�1 (dropped by 34%), leading to
an increase in ZT values to 0.60 from 0.42 (increased by 50%). It is
true that increasing Seebeck coefficients and electrical con-
ductivity is effective in raising the ZT values in this crystal, how-
ever, in terms of the final value, more than half of the contribution
on the enhanced ZT values came from the reduced thermal con-
ductivities. Similar phenomenon was also observed on the In-
doped SnTe crystal reported by Zhang et al. [22], whose thermal
conductivity is reduced by 18%, resulting in 32% increase in the ZT
value. Thus, the thermal conductivity probably also plays a deci-
sive role in improving the thermoelectric properties of SnTe
crystals [23,24].

In fact, according to theoretical calculations, the total thermal
conductivity (κ) is composed of electrical thermal conductivity (κe) and
lattice thermal conductivity (κL), and in many semiconductors κL is
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usually much greater than κe [5]. Thus, enhancing phonon scattering
by the size effect of nano-materials, which can significantly decrease
the κL, has become one of the most effective means to increase the ZT
values [25,26]. Certainly, a vast variety of SnTe nano-structures such as
quantum dots, nanoparticles, nanowires, and nanosheets have been
designed to improve the ZT values, and they also can be synthesized
by some traditional means such as solvothermal method [27,28], so-
lution phase synthesis [29–32], vapor transport method [33–38], or-
ganic matter degradation [39,40] and so on. However, there are still
some limitations that should be resolved during these strategies. First,
the hydrothermal method generally requires high temperature and
pressure as well as the long reaction time, which significantly hinder
the applications on the large-scale production. Second, some toxic or
malodorous reducers, such as tetrahydrofuran, phenylbenzene, so-
dium borohydride, and three octyl phenyl phosphine are used in the
solution phase synthesis. Several organic oily solvents like octadecy-
lene, stearic acid, and oleamide used in this method may also bring
serious cleaning problems. Third, the vapor transport method is badly
circumscribed because of their high cost, complex processes, and the
low product yield. Finally, the controlled synthesis of the nanocrystals
with different sizes or morphologies still cannot be implemented in
most of these methods. Furthermore, currently, there is few literature
discussing the influence of nanometer size effect on the thermoelectric
properties of undoped SnTe.

Thus, in this study, we designed a facile, ultra-fast, green, and
high-yield microwave hydrothermal method to synthesize SnTe
nanoparticles (NPs) with controlled sizes from micro-scale to
nano-scale. The oriented attachment growth mechanism and
morphology controlling technologies were systematically dis-
cussed. In order to prove and understand the nanometer size effect
further, SnTe reference sample, as a comparison, was also prepared
by ball-milling combining with spark plasma sintering (SPS).
Comparing with the thermoelectric performance of the pure SnTe
bulk material, ultra-low thermal conductivities (from
1.5 W m�1 K�1 to 0.60 Wm�1 K�1, 323–800 K), relatively higher
Seebeck coefficients (58–90 μV K�1, 323–800 K), and much higher
ZT value (about 0.49 at 803 K), which can be ascribed to the en-
hanced phonon scattering and the intensified energy filtering ef-
fect, were discovered in the specimen that was sintered from the
NPs with an average diameter of 165 nm.
2. Experimental

2.1. Materials and reactors

Commercial powders of tellurium dioxide (TeO2, 99.99%), tell-
urium (Te, 99.99%), tin (Sn, 99.99%) and polyvinyl pyrrolidone
(PVP, K-30, Mw¼ 40,000) were used as starting materials. The tin
dichloride dehydrate (SnCl2 �2H2O), sodium hydroxide (NaOH),
ethylene glycol (EG), and absolute ethyl alcohol were analytical-
grade and were not purified further before using. The synthetic
processes of SnTe NPs were carried out in a special microwave
hydrothermal synthesis system (MHSS, XH-8000, Beijing XiangHu
Science and Technology Development Co., Ltd, China). The reaction
temperatures can be accurately regulated by the power program
control (from 300 W to 1500 W). A magnetic stirrer was equipped
into the MHSS to obtain homogeneous solution.

2.2. Preparations

Controlled synthesis of SnTe NPs: in typical synthesis, 250 mL
EG, 10.0 g PVP, 1.330 g TeO2, 1.881 g SnCl2 �2H2O and 1.5 g NaOH
were orderly added to a 500 mL special teflon autoclave with high
strength shell (polyetheretherkrtone, PEEK). Then the mixture was
heat to 120 °C within 8 min in the MHSS with vigorous and
continuous magnetic stirring. Subsequently, the temperature was
increased to 220 °C at a heating rate of 15 °C/min, and last for
20 min with a power of 550 W. The final products were naturally
cooled to room temperature and washed several times with dis-
tilled water and absolute ethanol. SnTe NPs with a mean diameter
of 165 nm were obtained, and they were adequately dried to
powder in a vacuum oven at 60 °C for 8 h. In the similar reaction
conditions, SnTe particles with different sizes and morphologies
were obtained by only adjusting the NaOH dosage from 0 g to 0.
50 g. The dense specimens were prepared in a graphite die by spark
plasma sintering (SPS-211Lx, Fuji Electronic Industrial Co., Ltd, Ja-
pan) at 450 °C for 8 min under an axial pressure of 80 MPa and a
vacuum of 3.0 Pa. And then, the circular samples were accurately
polished to 2.0 mm in thickness, and 12.7 mm in diameter to
evaluate their thermal conductivities. Finally, the dense specimens
were cut into rectangular columns with the size of 12�2�3 mm to
measure the Seebeck coefficient and the electrical resistivity.

Preparation of SnTe reference materials: as a comparison spe-
cimen, SnTe bulk samples were synthesized by the following
processes. 6.380 g Te powder and 5.936 g Sn powder were put into
a zirconia jar, and mixed by a high-energy planetary ball mill
(BM4, Beijing Grinder Instrument Co., Ltd) at 310 rpm for 5 h. Then
3.0 g mixture was sintered in to bulk by SPS at 450 °C for 8 min
under an axial pressure of 80 MPa and a vacuum of 3.0 Pa.

2.3. Characterization methods

The crystal structures of the samples were investigated using a
Bruker AXS XRD-D8 Focus X-ray diffractometer (XRD) equipped
with graphite monochromatized CuKα radiation (λ¼0.15406 nm).
A field emission scanning electron microscope (FESEM, FEI Quanta
200F) was used to characterize the morphologies of the as-pre-
pared products. High-resolution transmission electron microscopy
(HRTEM) image and selected area electron diffraction (SAED)
pattern were recorded by an FEI Tecnai G2 F20 field emission
transmission electron microscope with an acceleration voltage of
200 kV. The Seebeck coefficient and resistivity were measured
from 323 K to 803 K using a ZEM-3 (M8) Seebeck coefficient/
electric resistance measuring system (ULVAC-RIKO, Inc.) whose
uncertainty is 5%. The thermal conductivity can be calculated by
the equation K¼λCpd, where λ, Cp, d are thermal diffusion coeffi-
cient, specific heat capacity and density, respectively. The thermal
diffusion coefficient of the dense specimens was evaluated by a
laser flash apparatus (LFA457, Netzsch). The specific heat capacity
measurements were carried out using a NETZSCH DSC 404C. An
XS105 density meter was used to measure the densities of the
SnTe samples after SPS. The particle size distributions were per-
formed in a laser particle analyzer (Zetasizer Nano ZS). The carrier
concentration and mobility were measured on the square chips
with the thickness under 0.6 mm using the Hall measurement
system with 2.0 T magnetic field (ResiTest 8400, Toyo, Japan).
3. Results and discussion

3.1. Characterization of the SnTe NPs

Different from the traditional hydrothermal apparatuses, where
stirring cannot be performed due to the sealed and ferric reactor,
magnetic stirring was applied to the microwave hydrothermal
synthesis system (MHSS) because the autoclaves used in this re-
actor were made up of polymer instead of the stainless steel. The
solution temperature in the MHSS were accurately probed by a
thermal detector which was deeply inserted into the solution. The
overall appearance and main units of the MHSS are shown in
Fig. 1a. Moreover, microwave is electromagnetic wave generated
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from magnetrons. The strong electric and magnetic fields with an
ultra-high frequency can force the polar molecules (like EG or
H2O) to realign and vibrate acutely. Energy with high power is
generated from the inner of the solution as a result of the violent
collision and strong friction among the polar molecules. Thus,
reagents in the reaction solutions are heated uniformly with an
ultra-fast heating rate, and therefore, microwave-assisted synth-
esis can operate at a high reaction rate and short reaction time
[41–44]. As the temperature recorder displayed, the temperature
was accurately controlled at 220 °C as well as the program set, and
the main reaction processes were finished only in 20 min (Fig. 1b).
The maximum vapor pressure was 0.17 MPa, which is far lower
than the ultimate pressure (4.0 MPa) of PEEK autoclave. The highly
polar and temperate vapor pressure also demonstrated that the EG
is an ideal solvent for microwave hydrothermal method at 220 °C.
The XRD pattern with diffraction angles from 15° to 90° was per-
formed after the SnTe NPs were adequately dried. All the Bragg
diffraction peaks in the pattern of the as-obtained sample (red line
A in Fig. 1c) are completely indexed to the crystal planes of the
stand JCPDS card no. 8-487, including the (200), (220), (420)
planes and so on (black line B in Fig. 1c). It is also proved that the
as-prepared sample is cubic phase SnTe with a space group of
Fm3m (No. 225), and the lattice constants are a¼b¼c¼0.6303 nm.
The sharp peaks and the small half-peak width suggest that the
sample consist of highly crystallized crystals with small diameter.
This characteristic is also attested by the overall morphology
(Fig. 1d) and the moderate-magnification (Fig. 1e) SEM images.
SnTe NPs with various structures are dispersed uniformly, and
their diameters ranged from 130 nm to 190 nm. Among these NPs,
many regular octahedral structures with the side length approxi-
mately to 180 nm can be found, and one of their detailed mor-
phology is clearly shown in the inset of Fig. 1e. As the simulative
structure shows (Fig. 1f), which was established using the pro-
fessional structure simulation software based on the Te and Sn
atom position, the six top atoms of the octahedron are central
atoms of the plane on the face-centered-cubic (FCC) cell. Thus, the
eight surface planes of the octahedron belong to {111} plane fa-
mily. And interestingly, due to the slow-rate and multistep of Te
reductive reaction (from TeO2 to TeO3

2� , Te and Te2�) as well as
the high ionization of SnCl2, we speculate that the most superficial
atoms of the octahedron are Sn atoms (Fig. 1f, the red balls), which
is consistent with a simulation. In order to confirm the structure
information, we took a TEM image in a single octahedral NPs, and
a similar hexagon shadow was obtained (inset of Fig. 1g) when the
electron beams vertically pass through the (111) plane. Similar
hexagon shadow was also obtained in the 3D simulation structure
under the same conditions (Fig. 1g). The SAED pattern was per-
formed on the thin area of the octahedron (Fig. 1h). The zone axis
is [111], and the interplanar spacings from the three diffraction
spots to the center transmission spot are 0.2293 nm, 0.2302 nm
and 0.1308 nm, which respectively correspond well to the (�220),
(�202), (�422) planes of the cubic SnTe. All these planes com-
bined with the transmission spot can form a regular parallelogram,
and meet the principle of vector superposition as well. Fig. 1i is a
HRTEM image, the smallest interplanar spacings in different di-
rections are 0.2295 nm and 0.2305 nm, matching well to the
(�220) and (�202) planes (both of their interplanar spacings are
0.2229 nm, which can be calculated from the interplanar spacing
formula or found in JCPDS card no. 8-487). All these phenomena
demonstrate that the NPs are cubic SnTe once again.

3.2. Formation mechanisms and size control from micro-scale to
nano-scale

In order to obtain the SnTe particles with different sizes from
micro-scale to nano-scale, we tried to control the reaction rates by
adjusting the dosage of NaOH that act as an accelerant of reducing
agent in this reaction. A relatively slow oxidation-reduction reac-
tion rate between the TeO2 and EG occurred when there is no
NaOH added into the solution. The Te4þ ions were reduced to Te
atoms, then nucleated, and grew into Te nanorods along its in-
trinsic growth orientation [001], which has been discussed in our
previous works [45–47]. However, Te atoms was not reduced to
Te2� ions further because of the absence of OH� ions, and also did
not react with Sn2þ ions to form SnTe crystals. Therefore, the re-
actions without NaOH were run incompletely, and only Te na-
norods adhered lots of non-reacted reactants on their surface were
generated. Their overall morphologies are displayed in Fig. 2a, and
their XRD pattern (red line B in Fig. 2d) corresponds well to the
hexagonal Te crystal (JCPDS card no. 4-555, blue line C in Fig. 2d).
Te nanorods were transformed into nanowires when some but
insufficient NaOH granules were added to the reaction solution,
and a few of SnTe NPs appeared in the final products. The reaction
mechanism can be understood by the following phase chemical
reaction equations:

+ → + ( )− −4OH 2TeO 2TeO 2H O 12 3
2

2

+   →  + + + ( )− −TeO HO CH CH OH OHC CHO Te 2OH H O 23
2

2 2 2

 + →¯  ¯ + + ( )−OHC CHO TeO OOC COO Te H O 33
2
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+ → + + ( )− − −3Te 6OH 2Te TeO 3H O 42
3

2
2

+ → ( )− +Te Sn SnTe 52 2

The ratio of Te nanowires to SnTe NPs was highly governed by
the dosage of NaOH. Fig. 2b and c are the SEM images of the
products with 1.0 g or 1.25 g NaOH. The proportion of the Te na-
nowires decreases, and the amount of SnTe NPs increases gradu-
ally because of the increasing OH� concentrations, which made
the Te crystals generated from Eqs. (2) and (3) re-dissolve and
transform to Te2� ions according to the Eq. (4). Their XRD patterns
(black line A in Fig. 2d) demonstrated that both the hexagonal Te
and the cubic SnTe crystals coexisted in these samples. The reac-
tion rate of Eq. (4) enhanced sharply when NaOH increased to
1.50 g. All the Te nanowires were involved into the reactions, and
only pure SnTe NPs with octahedral structure or irregular shapes
are found in Fig. 2e and h. Their average diameters ranged from
130 to 190 nm, which were measured by the laser particle analy-
zer, and the sharp peak appears at 165 nm (inset of Fig. 2h). When
the dosage of NaOH increased to 2.50 g, the reaction of Eq. (4)
further enhanced because of the increasing OH� concentration,
and also result in a relatively high Te2� concentration, which
made the Eq. (5) occur fluently. Probably, in this case, some re-
action equilibrium was formed between the generated rate and
consumed rate of Te2� ions, which led to the SnTe crystals grown
along one of intrinsic crystal morphology, and ultimately formed
the regular octahedrons shown in Fig. 2f and i. Their average
diameter also increased from 165 nm to 550 nm (inset of Fig. 2i)
due to the high yield Te2� ions. However, excess OH� ions and too
violent reaction may make some lattice planes, like (00l, l≠0)
planes (inset of Fig. 2g), that once relatively stabilized in the low
OH� concentration solution involve into the reaction dramatically.
At the same time, more TeO3

2� ions were formed (Eqs. (1) and (4))
and first transformed to Te crystals (Eqs. (2) and (3)), then Te2�

ions (Eq. (4)), and finally SnTe NPs (Eq. (5)), which result in a high
SnTe yield. So the SnTe particles become irregular, and their
average diameters increased to 5–12 mm when the NaOH was ad-
ded up to 5.50 g (Fig. 2 g and j). Thus, the grain sizes of SnTe
crystals can be controlled by simply adjusting the dosage of NaOH
in this microwave hydrothermal method.



Fig. 1. (a) Main units of microwave hydrothermal synthesis system; (b) The temperature curve as function of the reaction time; (c) The XRD pattern of SnTe NPs; (d) and
(e) are SEM images under different magnifications; (f) is a simulative octahedral structure of SnTe nanoparticles; (g), (h), and (i) are overall TEM, SEAD, and HRTEM images.
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3.3. Enhanced thermoelectric properties due to the nanometer size
effect

In order to evaluate the thermoelectric properties of the as-
prepared samples, SnTe particles with different average diameters,
including 165 nm, 550 nm, and 8.2 mm were sintered to dense
specimens by SPS after adequately drying. Their overall
morphologies of the sintered samples are nearly identical after
polishing, and one of them is shown in Fig. 3a. Their densities are
approximately to 6.14, 6.21, and 6.33 g/cm3 measured by a density
meter based on the Archimedes principle, and their relative den-
sities based on the theoretical density (6.50 g/cm3) were around
94.5%, 95.5%, and 97.4%, respectively. All these densities have ba-
sically met the special requirements of thermoelectric properties
test. Dimensions after final machining were shown in Fig. 3a and
its inset (round flake: ø¼12.7 mm, T¼2.0 mm; rectangular col-
umns: 12�2�3 mm). As a reference experiment, a SnTe bulk
sample was also prepared by SPS with the same parameters using
the powders prepared by mechanical alloying (MA). All the dif-
fraction peaks in the XRD pattern well corresponded to the cubic
SnTe shown in Fig. 3b. The detailed SEM image on the fracture
surface demonstrated that the reference sample was made up of
relatively large block crystals with few obvious defects and cracks
(Fig. 3c). The relative density is 98.2% because of this compact
structure, which resulted from the high sintering pressure
(80 MPa). However, as the SEM images of the fracture surfaces
demonstrated the nanoparticles or microparticles are still retained
as their original sizes and morphologies in their dense bulk spe-
cimens, which were respectively sintered from the particles with
different average diameters of 165 nm (Fig. 3d), 550 nm (Fig. 3e),
and 8.2 mm (Fig. 3f).

The thermal conductivities as function of temperatures are
displayed in Fig. 4a. The uncertainty of the thermal conductivity is
estimated to be within 8%, considering the uncertainties for λ, Cp,
and d. In the reference sample (green line D), the thermal con-
ductivity decreased from 9.2 Wm�1 K�1 (at 323 K) to



Fig. 2. (a), (b) and (c) are SEM images of SnTe NPs synthesized with 0, 1.0, 1.25 g NaOH; (d) are XRD patterns of sample (a) and (c); (e) and (h), (f) and (i), (g) and (j) are SEM
images of SnTe particles synthesized with 1.50, 2.50, 5.50 g NaOH.
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5.1 W m�1 K�1 (at 803 K), which is similar to these results re-
ported by Kanatzidis et al. [21], Snyder et al. [48], Ren et al. [22],
Zhao et al. [49], and some other reports [17–20,24]. However, the
thermal conductivities decreased dramatically when the dia-
meters of the SnTe particles decreased from 8.2 mm to 165 nm. A
lower thermal conductivity (approximately to 3.5 W m�1 K�1,
blue line C, only about 69% of the reference sample) was obtained
at 803 K when the dense sample was sintered from the 8.2 mm
particles. The thermal conductivity dropped quickly above 643 K,
and reduced to 0.95 W m�1 K�1 at 803 K, which is only 18.7% of
the bulk sample when the average diameter of the NPs is 550 nm
(red line B). Interestingly, when the diameter further decreased to
165 nm, the thermal conductivities in the whole temperature
range from 323 K to 803 K (black line A) are far below the mini-
mum values of reference samples. An ultra-low thermal con-
ductivity, 0.60 Wm�1 K�1, only 11.8% of the reference sample is
obtained at 803 K, which is the lowest value for current undoped
SnTe. The ultra-low full-ranged thermal conductivities in SnTe
materials were achieved probably through the following three
strategies. First, the size of SnTe NPs has a poly-disperse dis-
tribution (from 130 nm to 190 nm, although the average diameter
is over 100 nm), which made some contribution to scatter the
heat-carrying phonons from mid to long wavelength at the low
temperature. Second, the specific surface area of the SnTe particles
remarkably increased with the decreasing sizes, and plenty of
nanoscale grain boundaries were formed after SPS, which ob-
viously enhanced the scattering to the low and mid frequency
phonons at the low temperature, and probably this is the main
reason why the thermal conductivity decreased to
1.6–1.3 W m�1 K�1 even at the 325–575 K. Third, due to the in-
sufficient chemical reaction, large number of point defects were
also formed after SPS, which signally enhanced the phonon scat-
tering to the high frequency phonons with short wavelengths, and
finally led to a low lattice thermal conductivities in the high
temperature range [50]. The enhanced phonon scattering was also
demonstrated by the dramatically decreased lattice thermal con-
ductivities (κL, Fig. 4b), which were calculated by κL¼κ–κe¼κ–LsT.
When the particle sizes decreased from the reference sample to
550 nm, the κL reduced from 2.8 W m�1 K�1 to 0.52 W m�1 K�1,
which almost approach to the theoretically predicted minimum
lattice thermal conductivity (κmin), 0.5 W m�1 K�1, calculated
using the model proposed by Cahill et al. [17,23,51,52]:

κ π κ ν= ( )
−V

4 6min B
2
3

where kB, V and ν are Boltzmann constant, unit cell volume and
average sound velocity (�1800 ms�1 for SnTe [19,53]) respec-
tively. Interestingly, the κL of the bulk specimen using 165-nm-
sized nanoparticles is even slightly lower than the κmin, which
could possibly result from the relatively low relative density



Fig. 3. (a) Is the overall morphology of sample after SPS, and its insets are rectangular column and square chips for the test of thermoelectric properties and Hall mea-
surements respectively; (b) is a XRD pattern of undoped SnTe reference sample; (c), (d), (e) and (f) are detailed SEM images on the dense specimens, which were sintered
from mechanically alloyed (MA) powder (c) or particles with different diameters: 165 nm (d), 550 nm (e) and 8.2 mm (f).
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(94.5%), instrumental error (8%) and high Lorenz number (L),
1.5�10�8 V2 K2, whose available range is (1–2.4)�10�8 V2 K2

[12].
On the other hand, the nanometer size effect may also have

some influences on the electrical conductivity (Fig. 4c). The elec-
trical transport properties of the SnTe particles with micro-scale
(blue line C) are similar to the reference sample (green line D).
However, the electrical conductivities decreased dramatically
when the particle sizes were reduced to nano-scale. The electrical
conductivities of the samples made of 165 or 550 nm NPs are only
23.6% or 18.7% of the reference one. These phenomena probably
stemmed from the special physical properties of SnTe. In fact, SnTe
is a typical topological insulator, in the inner of SnTe crystal, en-
ergy gap (Eg) near the Fermi level (EF) is similar to the insulator,
and thus, electrons cannot transport fluently in the inner of crys-
tal. But on the surfaces of SnTe crystal (Fig. 4d), generally, an
electron state named Dirac steadily existed, which can overcome
the Eg easily, and led to the surfaces of the crystals present me-
tallization property with a relative high electric conductivity [33–
38]. Thus, the main transportations of the holes preferentially
happened on the surface of the bulk sample because of its smooth
surface with few defects or crevices as shown in the Fig. 4e sample
D. On the contrary, although the dense block can also be formed by
the micrometer particles, some big crevices stemmed from the
defective matching between the angular nanoparticles still re-
mained on its surface, which may seriously hinder the transpor-
tation of the holes, and result in a lower electrical conductivity
than the reference sample (Fig. 4e, sample C). More structure de-
fects and small crevices appeared when the dense samples were
sintered from the 550 nm NPs (Fig. 4e, sample B). The holes cannot
smoothly transport by the sample surface, so the electrical con-
ductivity is far lower than the reference sample (red line B in
Fig. 4c). However, the electrical conductivity of the bulk samples
sintered from the 165 nm NPs did not further decreased (black line
A in Fig. 4c), because in this sample, the dominated carrier
transport occurred on the grain boundaries rather than the spe-
cimen surface (Fig. 4e, sample A). Theoretically, the smaller grain
size, the more grain boundaries, and the more transport channels
for holes, which led to a comparative electrical conductivities for
sample A to sample B. On the other hand, the carrier mobility,
which was measured at room temperature and demonstrated in
Fig. 4f, gives a corresponding evidence for this electrical trans-
portation mechanism. The hole mobility reduced from
125 cm2 V�1 s�1 to 31 cm2 V�1 s�1 when the grain sizes gradually
decreased to 165 nm with the increasing crystal defects. Although
the hole concentrations increased with the reducing grain sizes
(red bars in Fig. 4f), which probably result from the increasing
particle specific surface area and corresponding high density of
Dirac electron state, in this case, the hole mobility made more
contribution to the electrical conductivity.

The nanometer size effect may also have some mild influences
on the Seebeck coefficient. The maximum Seebeck coefficients
increased from 84 μV/K (green line D, Fig. 4g) to 90 μV/K (black
line A, Fig. 4g) at 803 K when the diameters of SnTe crystals de-
creased from the reference sample to 165 nm. In fact, as the the-
oretical researches demonstrated, the relationship between the
relaxation time (τ) and the energy (E) of the carrier can be defined
by τ¼τ0Eγ�1/2, where τ0 is a constant irrelevant to E, γ is scattering
parameter. Thus, due to the energy filtering effect [54–57], which
highly relevant to the carrier energy rather than the carrier con-
centrations, the carriers with low energy may have shorter re-
laxation times, also can be filtered by the NPs, defects, and grain
boundaries more easily than the high-energy carriers while
transmitting. Thus, more high-energy carriers can be gathered at
the ends of the dense samples sintered from NPs, where plenty of
NPs, defects, and grain boundaries are remained after SPS, and
ultimately result in a relatively high Seebeck coefficient (black line
A). On the other hand, the slightly increased Seebeck coefficient



Fig. 4. The performance curves as function of temperatures from 203 K to 803 K and electrical transporting mechanism of the dense samples sintered from the 165 nm,
550 nm nanoparticles (NPs), 8.2 mm microparticles (MPs), and mechanically alloyed (MA) powder: (a) total thermal conductivities, (b) lattice thermal conductivities,
(c) electrical conductivities, (d) and (e) electrical transporting mechanism, (f) hole mobility, carrier concentration and the ratio of * *m m/x 0as function of the decreased grain
sizes, (g) Seebeck coefficients, (h) power factors, and (i) ZT values.
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simultaneously result from the enhanced density of states (DOS)
( )g E , which can be derived using the follow formulas [58]:
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where h, e and E are electronic charge, Planck constant and energy
level, Sx, nx and *mx are Seebeck coefficients, carrier concentrations
and effective mass of carriers from different samples respectively.
According to the equation (8), *m increased with the enhanced n
(show in Fig. 4f ) when the grain sizes gradually decreased to nano
scale, indicating an enhancement in ( )g E according to the Eq. (9),
which was generally perceived as a key factor to improve the
Seebeck coefficient.

Although the Seebeck coefficient of the 165 nm NPs sample in-
creased slightly, its power factor (S2s, 3.64 μWm�1 K�2 at 803 K,
black line A of Fig. 4h) is still lower than the reference sample (13.5 μ
Wm�1 K�2 at 803 K, green line D of Fig. 4h) because of its lower
electrical conductivity. However, considering the effect of the ultra-
low thermal conductivity, the ZT value of the sample A sintered from
the 165 nm NPs finally increased to 0.49 at 803 K (black line A, in
Fig. 4i), which is about 230% of the reference sample, and also higher
than the state-of-the-art works [37–40,48,49]. Thus, these phenom-
ena give a glimpse of this viewpoint that the thermal conductivity
can be decreased by adjusting the phonon scattering due to the
nanometer size effect, and the energy filtering effect caused by the
nanometer size effect also has some contributions to the Seebeck
coefficient. If the low power factor of the SnTe NPs can be enhanced
without increasing the thermal conductivity by adjusting the carrier
concentration with the help of element doping, the thermoelectric
properties will be increased further.
4. Conclusion

In summary, SnTe particles with different sizes and shapes
were successfully synthesized using a simple, ultra-fast, and green
microwave hydrothermal method. Their diameters can be con-
trolled from 165 nm to 8.2 mm by simply adjusting the dosage of
NaOH from 1.50 g to 5.50 g. Their enhanced thermoelectric
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properties were systematically studied using the phonon scatter-
ing theory and the energy filtering effect caused by the nanometer
size effect. The thermal conductivity is dramatically reduced when
their diameters decreased from 8.2 mm to 165 nm. An ultra-low
thermal conductivity, 0.60 W m�1 K�1 at 803 K was obtained due
to the enhanced phonon scattering effect intruded by refined
grains, grain boundaries and point defects in the dense sample
sintered using the 165 nm nanoparticles. This value is only 11.8% of
the reference sample, which is the lowest thermal conductivity for
the undoped SnTe so far. Comparing with the reference sample, a
much higher ZT value, 0.49 at 803 K was obtained in the 165 nm
NPs sample, which is also higher than the vast majority of other
works. The microwave hydrothermal method, the technologies on
the controlling grain sizes or morphologies, and the nanometer
size effect may also offer new insights into the synthesis-struc-
ture-property relationships of a broad class of semiconductor
thermoelectric materials.
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