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Abstract. Tin selenide (SnSe), which has high thermoelectric (TE) performance due to its low thermal conductivity,
is considered as a promising TE material. It is good that TE properties were reported in single crystal form because
polycrystalline SnSe exhibits low electrical conductivity compared to that of single crystal SnSe. To improve the electrical
conductivity of polycrystalline SnSe, the effects of the pressure applied during spark plasma sintering (SPS) on the electrical
charge transport and the TE properties of the polycrystalline SnSe were investigated. Degree of texture was enhanced with
increasing sintering pressure from 30 to 120 MPa during SPS, which lead to the increase in carrier mobility, which resulted
in the increase in electrical conductivity. Increase in pressure led to a significant increase in thermal conductivity due to an
increase in the lattice thermal conductivity, which can be attributed to the decrease in phonon scattering at the grain boundary.
A ZT of ∼0.7 was obtained at 823 K from the polycrystalline SnSe sintered with a pressure of 60 MPa, which can result
from large increase in electrical conductivity with very small increase in the thermal conductivity. This study shows that the
TE properties of the polycrystalline SnSe can be enhanced by controlling the degree of texture which can be accomplished
by changing the pressure applied during SPS.
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1. Introduction
Owing to the growing interest to solve the global energy
crisis in new energy systems, the world’s demand for new,
clean and renewable energy resources has been increasing
[1,2]. Thermoelectric (TE) materials, which can convert waste
heat into electrical energy, have been attracting attention as
an alternative eco-friendly energy material [3,4]. The performance of a TE material is represented by the figure of merit
(ZT), ZT = (S 2 σ/k)T , where S, σ , k and T are Seebeck
coefficient, electrical conductivity, thermal conductivity and
absolute temperature, respectively [5]. Over the past decades,
various TE materials, including alloy semiconductors, such
as Bi2 Te3 , PbTe and SiGe were integrated into conventional
power generation and refrigeration systems [6–11].
Recently, SnSe, which is composed of nontoxic and abundant elements, has been considered as a promising candidate
for a TE material for practical application. The potential of
SnSe has attracted a great deal of attention since high ZT
value of ∼2.6 at 923 K was reported in single crystal SnSe by
Zhao et al [12]. Zhao et al [13] also reported the enhanced TE
properties of Na-doped single crystal SnSe. In the case of single crystal SnSe, the mechanical properties are poor, and the
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production cost is high [14]. SnSe should be synthesized in a
polycrystalline form for practical application. And so, efforts
were made to make polycrystalline SnSe which has TE performance similar to that of single crystal SnSe. It was reported
that thermal conductivity of polycrystalline SnSe is similar to
that of single crystal SnSe, but its electrical conductivity is
remarkably low compared to that of single crystal [15]. Various studies have been carried out to improve the electrical
conductivity of polycrystalline SnSe by doping [14,16–24].
Chen et al [16] and Zhang et al [17] reported the TE performance of Ag-doped polycrystalline SnSe. According to
Chen et al [16], Ag is not an effective doping element, while
Zhang et al [17] reported that TE performance of SnSe can be
improved by Ag-doping and a ZT of ∼1.3 was obtained in the
Ag-doped SnSe. Wei et al [18] investigated TE performance
of polycrystalline SnSe doped with three alkali metals (Li, Na
and K) and reported a ZT of ∼0.8 in Na-doped SnSe. Singh
et al [19] reported a ZT of up to ∼0.7 in Cu-doped SnSe,
which was attributed to the presence of Cu2 Se second phase
associated with intrinsic nanostructure formation of SnSe. Li
et al [20] reported a ZT of up to ∼0.96 in Zn-doped SnSe,
which was ∼40% higher than that of pure SnSe. Ge et al [21]
reported that Na and K co-doping can lead to the increase

63

Page 2 of 7

in Seebeck coefficient and a decrease in lattice thermal
conductivity in polycrystalline SnSe, which resulted in a ZT
of ∼1.2 in 1% (Na, K) co-doped SnSe.
Chandra et al [22] reported a ZT of ∼0.21 at 719 K for 6%
Bi-doped SnSe nanosheets, which is higher than that of ntype SnSe nanosheets. Chandra and Banik [23] also reported
a ZT of ∼2.1 at 873 K in 3% Ge-doped SnSe nanoplates
synthesized by a simple hydrothermal route followed by spark
plasma sintering (SPS).
TE performances of polycrystalline SnSe which was
improved by doping, however, are still low compared to
that of single crystal SnSe. Further improvement in TE
performance of polycrystalline SnSe is needed for practical application. SnSe has anisotropic structure, and its
electrical/thermal properties strongly depend on the crystal
orientation [12]. Therefore, if the grains of polycrystalline
SnSe can be oriented along the direction with high electrical conductivity through the control of texture, the electrical properties can be improved. There are few reports
on the TE properties of textured polycrystalline SnSe [25–
28]. Popuri et al [25] reported anisotropic TE properties
of polycrystalline SnSe when they were measured along
the direction perpendicular and parallel to the pressure
applied during hot pressing. Fu et al [26] reported a
ZT of ∼0.92 at 873 K in highly textured polycrystalline
SnSe samples prepared by zone melting. But, zone melting is a relatively long and expensive process and is a
difficult process to control the degree of texture. Feng et
al [28] reported that different degrees of texture of the
polycrystalline SnSe can be obtained by SPS at different
sintering temperatures; a ZT of ∼0.81 was obtained at 773 K
in the polycrystalline SnSe, which was sintered at 623 K.
However, measurement of the TE properties at a temperature
higher than the sintering temperature can lead to changes in
the microstructure (e.g. grain size, density, etc.) and loss of
some element(s), which can affect the TE property [29,30].
Li et al [30] reported that the degree of texture of polycrystalline SnSe is not affected by sintering temperature.
Therefore, it is difficult to explain the change in TE property using the change in the degree of texture only, when
factors other than the degree of texture can affect the TE
properties.
One way to control the degree of texture of polycrystalline SnSe is to change the sintering pressure. In the case
of Bi2 Te3 , CoSb3 and BiCuSeO, which have anisotropic
TE properties, the TE performance can be improved by
controlling the degree of texture through sintering pressure
[31–34]. The effect of texture on the TE properties of SnSe
(which also has anisotropic TE properties) with all parameters
other than the degree of texture kept constant, has not been
reported.
In this study, the degree of texture of polycrystalline
SnSe was controlled by the pressure applied during SPS,
and the effects of sintering pressure on electrical transport and TE properties of the polycrystalline SnSe were
investigated.
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2. Experimental
High purity Sn (99.99%, Sigma, Aldrich) and Se (99.99%,
Aldrich) powders were used as the starting materials. Sn and
Se were weighed based on the stoichiometry of SnSe and
placed in a steel crucible at a ratio of 5:1 with steel balls.
Using the prepared mixture, polycrystalline SnSe powder was
then synthesized by mechanical alloying for 4 h in Ar atmosphere. Approximately 4 g of the synthesized SnSe powder
was placed in a 12.5 mm-diameter graphite crucible die and
sintered in vacuum (∼2 ×10−3 Torr) at 850 K for 5 min under
various uniaxial pressures of 0, 30, 60, 90 and 120 MPa using
SPS.
The qualitative phase analyses of the SnSe powder and
the sintered SnSe samples were carried out using X-ray
diffraction (XRD, D-8 Advanced, Bruker). The microstructures of the samples were observed using a field emission
scanning electron microscope (FE-SEM, SU-70, JEOL). The
disk-shaped sintered bodies were cut into bar shapes of
1.5 × 1.5 × 7 mm3 . The electric conductivity and Seebeck coefficient were measured from 300 to 823 K using
a commercial measurement equipment (Seepel Corp). Carrier concentrations of the SnSe samples at room temperature
were obtained using a Hall measurement system (HMS 3000,
Ecopia). The total thermal conductivity (ktot ) can be expressed
as the sum of electronic thermal conductivity (ke ) and lattice
thermal conductivity (klatt ). ktot was calculated by multiplying the specific heat (Cp ), thermal diffusivity (D) and density
(ρ). The Cp values, which were measured from room temperature to 823 K using differential scanning calorimetry
(DSC, DSC-404C, Netzsch) were used for the calculation
of ktot . The samples were put in an alumina crucible in Ar
atmosphere, and the DSC curve was recorded with a heating rate of 10 K min−1 . The D and ρ values were measured
using the laser flash method (LFA457, Netzsch) and the
Archimedes method, respectively. The ke was obtained using
the Wiedemann–Franz law, ke = Lσ T , where L, σ and
T are Lorenz number, electrical conductivity and absolute
temperature, respectively. The Lorenz number which was calculated from the Seebeck coefficients by fitting to the reduced
chemical potential in prior reports, was used to obtain ke
[35,36]. The klatt was obtained by subtracting ke from ktot .
The TE properties of all the samples were measured perpendicular to the direction of the pressure applied during the
SPS.

3. Results and discussion
Figure 1 shows the XRD pattern and the SEM image of the
SnSe powder prepared using mechanical alloying. The peaks
with (hkl)’s are from orthorhombic SnSe (PDF #48-1224),
and peaks from secondary phase(s) are not observed in the
pattern. The average size of SnSe particles observed by SEM
was ∼6 µm.
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Figure 1. XRD pattern and SEM image of the SnSe powder prepared using mechanical alloying.

Figure 2. XRD patterns of the polycrystalline SnSe spark-plasmasintered with different sintering pressures. XRD patterns were
obtained from planes perpendicular to the direction of the applied
pressure (parellel to the surface of the sintered samples).

Figure 2 shows XRD patterns of the polycrystalline SnSe
sintered with different sintering pressures. XRD patterns were
obtained from planes, which are perpendicular to the direction of the applied pressure. All the diffraction peaks in
figure 2 are from the orthorhombic SnSe (PDF #48-1224),
and no peaks from any secondary phase(s) are observed. As
the sintering pressure is increased, the relative intensity ratio
I (111)/I (400) is decreased, which means that the degree of
(100) out-of-plane orientation is increased.
The degree of texture of the samples can be described by
the Lotgering factor (F) [37]. The F value is defined using
the following equation:
F=

(P − P0 )
,
(1 − P0 )

(1)



where P =
I (100)/ I (hkl) for the textured sample,
and P0 is P for randomly oriented sample. In this study, P0
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was calculated from the data of the orthorhombic SnSe (PDF
#48-1224). The results are shown in table 1. The calculated F
values of the SnSe, which were sintered with different pressures of 30, 60, 90 and 120 MPa, were 0.11, 0.16, 0.25 and
0.43, respectively (table 1).
Figure 3a–d show the FESEM micrographs taken from the
fracture surface of the polycrystalline SnSe samples sintered
with different pressures. All the sintered samples have dense
microstructure and plate-like grains. As the sintering pressure
is increased, plate-like grains are aligned along the direction perpendicular to the pressure applied during sintering.
A much higher degree of texture is observed in the SnSe sintered with 120 MPa than that sintered with 30 MPa. From the
results of XRD and FESEM, the surface of the plate-like grain
can be (100) plane. Feng et al [28] reported that the surface
of the plate-like SnSe particle is (100) plane and the plane of
preferred orientation changed from (111) to (100) when SPS
pressure was increased, which is consistent with the results
of this study. An electron-probe micro-analysis (EPMA) was
used to quantitatively determine the composition of all the
sintered samples. The atomic ratio of Sn and Se for all the
sintered samples was close to 50 (±0.1) : 50 (±0.1), which
means that there was no change of composition during sintering. The grain sizes of all the samples observed by FESEM
were similar. Therefore, the change in TE properties can be
explained by the single effect of texture generated by the pressure applied during SPS, without the effect of the change in
the composition and grain size.
Figure 4a shows the temperature-dependent electrical
conductivity (σ ) of the polycrystalline SnSe sintered with
different sintering pressures. The way electrical conductivity changes with temperature does not change when
different pressure was applied during SPS. The electrical conductivities were increased with temperature up to
∼450 K, then decreased from ∼450 to 650 K, and then
increased again. The change of electric conductivity with the
temperature observed in this study is in agreement with those
of the previous reports [28,38,39]. Sassi et al [38] reported
that the reduction of the electrical conductivity can occur
when Sn is melted at a temperature around 505 K. Fu et al
[39] reported that the increase in electrical conductivity at
temperatures above ∼650 K can be attributed to the thermal
activation of minority carriers and the phase transition of the
SnSe from Pnma to Cmcm.
The electrical conductivity is increased with sintering
pressure. In general, electrical conductivity is known to be
influenced by carrier concentration (n) and carrier mobility (μ). To investigate the effects of pressure on the charge
transport properties, the carrier concentration and the mobility of SnSe sintered at different pressures were measured at
room temperature, and the results are shown in table 1. As the
pressure is increased, the carrier concentrations of the SnSe,
which are in the range of 2.8–3.0 × 1018 cm−3 , do not show
any significant change. Yan et al [40] and Ghosh et al [41]
reported that the band gap of SnSe is reduced by the high
pressure (4–10 GPa) and the intrinsic carrier concentration is
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120 MPa). It is difficult to explain the increase in the electric
conductivities observed in this study using the change in the
band gap, which was used to explain the change in electrical
conductivities in previous studies [23,24]. The improvement
in the electric conductivity with increasing pressure can be
due to the increase in the carrier mobility. The enhancement of degree of texture was confirmed through XRD and
FESEM (figures 2 and 3), which can lead to the increased
hole carrier mobility, which is consistent with the results of Fu
et al [39].
Figure 4b shows the temperature-dependent Seebeck coefficients (S) of the polycrystalline SnSe sintered with different
sintering pressures. S values can be determined by Pisarenko
relationship which is given below [42]:

S=

Figure 3. FESEM micrographs taken from the fracture surface of
the polycrystalline SnSe sintered with different sintering pressures:
(a) 30, (b) 60, (c) 90 and (d) 120 MPa.

increased by the reduced band gap. In this study, however,
there was no significant change in the carrier concentration
when the pressure applied during SPS was changed (30–

8π 2 kB2 T ∗  π 2/3
md
,
3qh 2
3n

(2)

where q, kB , h, m ∗d and n are the charge of carrier, the Boltzmann constant, the Planck’s constant, the density of state
(DOS) effective mass and carrier concentration, respectively.
The measured Seebeck coefficients are positive, which
means that the samples are p-type semiconductors. For all
the samples, up to 550 K, the S values are increased, and
then, they are slightly decreased, followed by a sharp decrease
from 750 K. The decrease in the Seebeck coefficient in the
temperature range of 550–673 K can be the result of the
bipolar conduction by the excitation of the minor carrier
[28], and the sharp decrease in the Seebeck coefficient
can be caused by the increase in the hole concentration
by the phase transition of SnSe from Pnma to Cmcm
[26,43]. The S values of all the samples at room temperature are not significantly changed by the sintering
pressure. According to the measured carrier concentrations
(table 1), the carrier concentration at room temperature did
not change with the increase in sintering pressure, indicating
that the Seebeck coefficient is not affected by the degree of
texture.
Figure 5 shows the temperature-dependent power factor
(PF = S 2 σ ) of the polycrystalline SnSe sintered at 850 K with
different sintering pressures (30, 60, 90 and 120 MPa). The
SnSe sintered at 120 MPa has a PF of ∼3.9×10−4 W m−1 K−2
at 823 K due to the improved electrical conductivity, which

Table 1. Lotgering factor (F) and charge transport properties of the polycrystalline SnSe sintered with different sintering pressures (30,
60, 90 and 120 MPa). The carrier concentration (n), carrier mobility (μ) and electrical conductivity were measured at room temperature.
Sintering pressure
(MPa)
30
60
90
120

Lotgering factor
(F)

Carrier concentration
(n, cm−3 )

0.11
0.16
0.25
0.43

3.04 ×1018
3.16 ×1018
2.99 ×1018
2.89 ×1018

Carrier mobility
(μ, cm2 V−1 s−1 )
7.5
10.46
12.27
21.21

Conductivity
(σ , S cm−1 )
3.89
5.59
6.19
10.35
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Figure 4. The temperature-dependent (a) electrical conductivity (σ ) and (b) Seebeck coefficient (S) of the polycrystalline SnSe sintered with different sintering pressures.

Figure 5. The temperature-dependent power factor (PF = S 2 σ ) of
the polycrystalline SnSe sintered with different sintering pressures.

means that the use of sintering pressure can enhance the electrical transport of polycrystalline SnSe.
Figure 6a shows the temperature-dependent total thermal
conductivities (ktot ) of the SnSe sintered at 850 K with different sintering pressures. ktot is decreased with the increase in
the temperature from room temperature to 773 K, and then,
it is increased at temperatures > ∼773 K due to the phase
transition of the SnSe from Pnma to Cmcm [18,25]. As the
sintering pressure is increased, the ktot increased, which can
be explained in terms of the changes in electrical/lattice thermal conductivity. ktot is a sum of ke and klatt . ke was calculated
using the Wiedemann–Franz relation, ke = Lσ T , where L, σ
and T are Lorenz number, electrical conductivity and absolute
temperature, respectively. klatt can be obtained by subtracting
ke from ktot .

Figure 6. The temperature-dependent (a) total thermal conductivity (ktot ), (b) electronic thermal conductivity (ke ) and
the lattice thermal conductivity (klatt ) of the polycrystalline SnSe sintered with different sintering pressures (filled shapes,
lattice thermal conductivity; hollow shapes, the electronic thermal conductivity).
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Figure 7. The temperature-dependent ZTs of the polycrystalline
SnSe sintered with different sintering pressures.

Figure 6b shows the temperature-dependent electronic
thermal conductivity (ke ) and the lattice thermal conductivity
(klatt ) of the SnSe sintered with different pressures.
In all the samples, the change in klatt with increasing temperature is similar to the change in ktot . klatt is decreased with the
increase in temperature up to ∼773 K and then, it is increased
at temperatures over 773 K. Leng et al [44] and Gao et al [45]
reported that the decreasing of klatt up to ∼773 K is due to
the increase in phonon scattering with increasing temperature, and the increase of klatt over 773 K is related to the
phase transition from Pnma to Cmcm. When sintering pressure is increased from 30 to 120 MPa, the change of ke is
not noticeable, but the change of klatt is significant, indicating
that the change of ktot is mainly determined by the change
in klatt . The grain boundary scattering was reported to have a
significant influence on lattice thermal conductivity [46,47],
which can be responsible for the change in klatt observed in
this study. As the sintering pressure is increased, the enhancement of degree of texture along the direction perpendicular to
the applied pressure is observed through XRD and FESEM
(figures 2 and 3), which can lead to the decrease in the phonon
scattering at the grain boundary, which results in the increase
in lattice thermal conductivity.
Figure 7a shows the temperature-dependent ZTs of the
polycrystalline SnSe obtained from the electrical conductivity, Seebeck coefficient and thermal conductivity. The highest
ZT value obtained in this study was from the SnSe sample
sintered at 60 MPa, which was about 0.7 at 823 K. To investigate the reproducibility of ZT values of SnSe sintered at 60
MPa, ZT values of three SnSe samples sintered at 60 MPa
were compared, and the results are shown in figure 8. The
ZT values of all the three samples show no significant difference. The results of this study show that as the pressure
applied during sintering is increased, the electrical conductivity of polycrystalline SnSe can be effectively increased by
out-of-plane texturing, which gives a positive effect on the ZT
value. The thermal conductivity, however, was also increased
by the reduced phonon scattering at the grain boundary, which
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Figure 8. ZT values of three SnSe samples spark-plasma-sintered
at 60 MPa.

gives a negative effect on the ZT value. Therefore, large
improvement of ZT was obtained in the polycrystalline SnSe
sintered with 60 MPa at temperatures > ∼700 K, which
has high power factor and small change of thermal conductivity compared to the samples sintered with 30 MPa. This
study shows that different amount of out-of-texturing can be
obtained by the application of different pressures, which can
be used to control the TE performance.

4. Conclusion
This study investigated the effects of pressure applied during
SPS on the electrical charge transport and the TE properties of
the polycrystalline SnSe. Degree of texture was enhanced with
increase in sintering pressure from 30 to 120 MPa during SPS
of polycrystalline SnSe, which leads to the increase in carrier
mobility, thereby increasing the electrical conductivity. When
the pressure was increased, the total thermal conductivity was
significantly increased by the increase in the lattice thermal
conductivity, which resulted from the decrease in the phonon
scattering at the grain boundary. A ZT of ∼0.7 was obtained at
823 K from the polycrystalline SnSe, which was sintered with
a pressure of 60 MPa, which can be attributed to large increase
in the electrical conductivity with a very small increase in the
thermal conductivity. This study shows that the TE properties
of the polycrystalline SnSe can be controlled by the degree of
texture, which can be obtained by the pressure applied during
SPS.
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