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SnSe emerges as a promising thermoelectric material due to an ultrahigh ZT value in its single crystal
while polycrystalline SnSe offers much lower ZTs resulting from the weak texturing degree. Here, we
report a liquid-phase hot deformation technique to enhance the texturing degree of polycrystalline
Nag 03Shoo7Se, leading to a significantly boosted carrier mobility of 30.1 cm?® V71 st at room
temperature and a remarkable average power factor of 573 pyW cm~! K=2 between 300 and 830 K.
Moreover, the liquid-phase hot deformation procedure introduces dense dislocation defects and realizes
an obviously reduced lattice thermal conductivity of 0.40 W m~* K™* at 747 K. Consequently, a peak ZT
of 0.9 at 780 K and a high average ZT,. of 0.49 from 300 to 830 K were obtained for the
polycrystalline Nag 03Snoo7Se sample. This work indicates that liquid-phase hot deformation is a
convenient and energy-saving strategy to enhance the texturing degree and improve the thermoelectric
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1. Introduction

In the last few decades, thermoelectric (TE) materials have
drawn great attention due to their capacity of direct conversion
between heat and electricity.'” The conversion efficiency of TE
materials is quantified by the dimensionless figure of merit
ZT = o6 Tk, where o is the Seebeck coefficient, ¢ is the electrical
conductivity, x is the thermal conductivity (including the carrier .
and lattice x; contributions), and T is the operating temperature.
The excellent TE performance could be realized by increasing the
power factor (PF = o’g) or compressing the thermal conductivity as
much as possible.® Usually, several strategies such as resonant
doping,”'® band convergence’™™ and carrier concentration
optimization'*"® can effectively increase the power factor, while
the lattice thermal conductivity k; can be reduced by the all-scale
hierarchical structuring'®™?® and dense defects**>* as phonon
scattering centers.
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performance in polycrystalline SnSe materials.

As an emerging TE material, the earth-abundant and
environmentally-friendly binary compound tin selenide (SnSe)
has attracted widespread attention owing to its intrinsic ultra-
low thermal conductivity*® and record-high ZT values for
both p-type (2.6 at 923 K)*” and n-type (2.8 at 773 K)*® SnSe
single crystals. Although the SnSe single crystals exhibit high
ZTs, their poor mechanical properties severely limit their
practical application in devices. Given this, polycrystalline SnSe
has been expected to improve the mechanical properties, but
their corresponding ZTs are much lower than those of the
single crystals.”*”*” This is mainly because of their low oriented
degree in polycrystalline samples, in other words, the poor
texturing degree of polycrystalline SnSe leads to low electrical
conductivity. Many previous studies have shown that the pre-
ferred orientation of polycrystalline SnSe grains is beneficial for
improving the electronic transport properties.*®*° The widely-
used zone melting (ZM) is an efficient method to obtain good
orientation, but the products still had poor mechanical
properties.***! Therefore, there is a need to develop advanced
textured sintering methods to prepare polycrystalline SnSe
samples with good orientation and mechanical properties.

The liquid-phase sintering (LPS) method was successfully
used to enhance the texturing degree and mechanical proper-
ties of layered TE materials, such as Big sSb; sTe; and SnSe.***?
For example, the Na-doped SnSe polycrystalline samples were
surrounded by the liquid phase of Te during the sintering

This journal is © The Royal Society of Chemistry 2020
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process. The optimized orientation led to a greatly improved
PF,e of 6.01 pW em™ ' K 2 and a higher ZT,,. of 0.45 between
300 and 830 K.** Besides, the hot deformation (HD) process was
also applied to promote grain alignment and enhance texture
modulation in Na-doped SnSe polycrystalline samples. Resulting
from the increased gy by texturing in the HD process, a peak ZT'
value of 1.3 was achieved with a high PF of 10.2 yW ecm™ ' K~ >.**
Obviously, both LPS and HD processes contribute to texture
modulation and result in better electronic properties as well as
mechanical properties in SnSe-based materials. Nevertheless, the
HD procedure is somewhat complicated and energy-consuming
with poor repeatability,***® while the LPS process may induce a
higher thermal conductivity.***>*

Recently, the liquid-phase hot deformation (LPHD) technique
was proposed in n-type Bi,(Te,Se); alloys.>® This unconventional
process combined the advantages of LPS and HD closely,
generating the excellent TE properties. In this work, we used
the LPHD method to prepare polycrystalline SnSe-based
materials. During the sintering process, the Nag o3Sng.o,Se
solid grains were initially surrounded by the liquid phase Te.
Meanwhile, the prepared samples were gradually deformed
in a larger graphite die with the extrusion of liquid phase Te.
The recrystallization and orientation optimization of grains
occurred by plastic deformation. As a result, an enhanced
carrier mobility y;; and a reasonably reduced lattice thermal
conductivity were realized for the enhancement of TE proper-
ties in the LPHD polycrystalline Nag ¢3Sn, ¢7Se samples.

2. Experimental details
2.1 LPHD synthesis of polycrystalline Nay ¢3Sn,.975€

Polycrystalline Na, ¢3Sn,.97Se samples alloyed with different Te
ratios (x = 0, 5 and 15 wt%) were prepared by melting high-
purity raw materials in stoichiometric ratios (Sn granules, 5 N;
Se granules, 5 N; Na chunk, 3 N; Te chunk, 5 N) in 10 mm
vacuum-sealed quartz tubes (10™* Torr). The mixtures were
melted at 1193 K for 1 h in the rocking furnace, ensuring
composition homogeneity. The quartz tubes were then kept
upright and air-cooled to form regular bulks. The obtained
conical ingots were planished up and down to the cylinders
(about 30 mm in height and 10 mm in diameter), and directly
hot-deformed in larger ¢ 16 mm graphite dies at 753 K under
60 MPa for 15 min parallel to the circular axis direction of the
cylinder. In particular, in order to ensure Te extrusion and HD
occurring simultaneously, the ingots stayed at 725 K (melting
point of Te) for 5 min, and then pressure was applied slowly.
Finally, the high-density LPHD samples of 8 mm in height and
16 mm in diameter were obtained.

2.2 Characterization

The phase structures and grain orientation were characterized
by X-ray diffraction (XRD, Bruker D8, Germany), using Cu K,
radiation (A = 1.5406 A). The chemical compositions and
morphology were determined using energy dispersive spectro-
scopy (EDS, HKL MAX, Oxford Instruments) and scanning
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electron microscopy (SEM, Quanta FEG 250, FEI Co), respec-
tively. The microstructures were investigated by using transmis-
sion electron microscopy (TEM, JEOL2100 HR).

2.3 Thermoelectric measurements

The electrical conductivity (o) and Seebeck coefficient («) were
measured simultaneously using a ZEM-3 (Ulvac-Riko, Japan)
from 300 to 830 K in a helium atmosphere. The thermal
conductivity was determined by x = pCpD, where p is the sample
density, Cp is the specific heat capacity, and D is the thermal
diffusivity. The density p was measured using the Archimedes
principle, the thermal diffusivity D was measured using the laser
flash method (Netzsch, LFA-457, Germany), and the specific heat
capacity C, was obtained from previous reports.”’” Both the electronic
and thermal transport properties were measured perpendicular to
the pressure direction. The carrier concentration (1) and mobility ()
were obtained from 7 = 1/eRy; and p = oRyy, where the Hall coefficient
Ry was measured using a physical properties measurement system
(Quantum Design, PPMS-9, US).

3. Results and discussion
3.1 XRD and morphology characterization

Fig. 1a shows the powder XRD patterns of the Nag ¢3Sng.975€—
x%Te (x = 0, 5 and 15) polycrystalline samples at different
prepared processes, including the loose melted bulk before HP,
the dense sintered bulks after LPHD, and the ejected materials
during the LPHD process. Before HP, the main peaks of SnSe
(JCPDS #48-1224) and elemental Te (JCPDS #36-1452) appeared.
After HP, there were only peaks for the SnSe phase observed
because of the reason that the elemental Te was ‘“squeezed out”
during the LPHD process. As shown in Fig. S1 of the ESI,{ the
extrudate in the x = 15 sample was more than that in the x =5
sample. Consistent with previous reports,****%° the extrudate
was also elemental Te as observed from the XRD results.

The XRD patterns for the bulk samples were measured on
the surface perpendicular to the pressure direction as shown in
Fig. 1b. All diffraction peaks can be indexed to the orthorhombic
phase with a space group Pnma phase without any obviously
detectable second phase. It can be seen that the intensities of the
(400) and (111) reflection peaks were different among these
samples, suggesting that the preferred orientation of LPHD
samples seems to be parallel to the (400) plane. Moreover, the
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Fig. 1 (a) Powder XRD patterns for Nago3Sngo7;Se—-5%Te in different

processes; (b) bulk XRD patterns for Nag 03Sno.o7Se—x%Te (x = 0, 5 and 15)
measured on the surface perpendicular to the pressing direction.
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Table 1 The density p, relative density and orientation factor F(400) for
the Nag g3Sng.o7Se—x%Te LPHD bulk samples

Samples (x content) p (g em™?) Relative density (%) F(400)
x=0 5.76 93.1 0.26
x=5 6.03 97.5 0.50
x =15 6.08 98.5 0.32

(400) peaks shifted toward lower angles with the increasing
Te content, which probably results from the thimbleful of Te
atoms which entered the Se sites and thereby increased the unit
cell volume (see Fig. S2 of the ESIY).

To evaluate the texture degree of the Nao3Sngq7Se-x%Te
LPHD samples, the orientation factor F of the (hkl) plane was
calculated using the Lotgering method by the following equations:

_(P=P)
F‘Ai(l‘*fﬁ) @
X R00) S 1(00])
Po= zz(o)(hkz)’ P =T 2)

where > Io(hkl) and Y I(hkl) are the total of all relative
intensities of (hkl) for randomly and preferentially oriented
samples, respectively.® The high F value indicates the high
orientation degree of the grains. As shown in Table 1, the
orientation factor F(400) increases from 0.26 for the initial
sample to 0.50 for the Na, ¢3Sng o,Se-5%Te sample, indicating
that the LPHD process enhance the texture for the compressed
samples. However, with more element Te added to liquid-phase
sintering, the F(400) value of the Nay ¢3Sn,.9,Se-15%Te sample
decreases to 0.32.

To further examine the textured structure, the SEM micro-
scopic characterizations of the Nag ¢3Sn,o,Se-x%Te (x = 0, 5
and 15) LPHD samples are presented in Fig. 2. The initial
Nay ¢3Sngo7Se sample without the addition of Te exhibits
disorderedness and less orientation, similar to most polycrys-
talline SnSe after the HP process.>">® However, the grains of the
LPHD samples were refined and aligned in order, consistent
with the enhanced orientation factor F(400) values.***** On
the one hand, the liquid Te promotes the crystal plane slipping
and preferred orientation during the sintering process. On the
other hand, the hot deformation process boosts the inversion
and recrystallization of the grains. Thus, the combined process
of the LPHD technique can enhance the degree of texture of the
SnSe-based material effectively. The grain size of the LPHD
samples increased significantly compared with the initial sample,

Fig. 2 The SEM image of the fractured surfaces parallel to the pressure
direction for the Nag 93Sng 975e—x%Te samples with (a) x = 0, (b) x = 5, and
(c) x = 15.
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in particular, the Nay 035N, 9,Se-5%Te sample possessed the largest
average grain size. Such a phenomenon was also observed in
previous reports about SnSe and other layered TE materials,>®>®
and it was closely related to the electronic properties.
Furthermore, the compositional homogeneity of the
sample was confirmed by the back scattered electron image
and EDS results shown in Fig. S3 in the ESL{ The results of
Nag 035N, 97Se-15%Te indicated that the content of Na is much
lower than the nominal one and a thimbleful of Te is also
observed in the lattice, consistent with the above XRD results.

3.2 Electronic transport properties

The electronic transport properties of all samples perpendi-
cular to the pressing direction are summarized in Fig. 3. Fig. 3a
shows the temperature-dependent electrical conductivity ¢ of
the Nay 3Sng.97Se polycrystalline samples. For LPHD samples,
o firstly decreased with increasing temperature until ~670 K
and then increased slightly, similar to the changing tendency of
the single crystal.>>*’ It can be seen that the LPHD technique
significantly improved the ¢ of the Nag3Sng.o,Se-x%Te samples
near room temperatures. Especially for x = 5, the ¢ reached a
maximum value of 218 S cm™" at 303 K. Compared to the results of
HD and LPS methods, the ¢ of the LPHD sample increased by
about 50% and 30%, respectively.**** Moreover, the LPHD samples
exhibited excellent electrical properties during the whole tempera-
ture range. For example, the o of the Na ¢3Sn, ¢,Se-5%Te sample at
810 K was 74 S cm™ ', which was still higher than those of other
polycrystalline SnSe.?>'?*3>%°

Fig. 3b and Table 2 present the room temperature carrier
concentration (n) and carrier mobility (1) of the LPHD samples.
Similar to the results of previous HD and LPS samples,***
the carrier concentrations of the LPHD samples increased
slightly and remained at a relatively stable level, mainly owing
to the residual Te dopants that generated Sn vacancies.’®®°
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Fig. 3 Temperature dependence of Nag g3Sno.97Se—x%Te (x = 0, 5 and 15)

LPHD samples: (a) electrical conductivity, (b) room temperature

Hall mobility with some previous reports as a comparison, (c) Seebeck

coefficient and (d) power factor.
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Table 2 The density (p), carrier concentration (n), Hall mobility (uy), and
the Seebeck coefficient () at 300 K for polycrystalline Nag 03Sno.g75e
samples prepared using different processes

Methods p(gem™@) n(10° em™) uy (em?* v 's™) o (WK
M 6.04 0.051 166 —

HD 5.72 2.67 4.7 198

LPS 6.03 3.16 22.3 145
LPHD-0%Te 5.76 1.89 6.2 139
LPHD-5%Te 6.03 4.51 30.1 158
LPHD-15%Te 6.08 4.39 25.1 163

More importantly, the room temperature carrier mobility improved
significantly due to the enhancement of the texture degree. It
can be seen that the carrier mobility increases obviously from
6.2 to 30.1 cm® V™' 57! of LPHD-5%Te, which is much higher
than those of LPS** and HD samples.** A rapidly increased
mobility was also observed in previous reports, and it may be
due to the barrier-like scattering originated from oxidation,
defects or impurities at the grain boundaries of SnSe
materials.®’®* The liquid Te may fill the grain gaps and thus
reduce the oxidation and defects at the grain boundaries.
Additionally, the stress induced by plastic deformation could
be released in a timely manner by the extrusion of liquid
Te during the HD process. As a result, the weakened grain
boundary scattering by the LPHD process significantly
improves the carrier mobility. Nevertheless, too much liquid
Te (such as 15%Te) would wrap and lubricate the crystal grains,
leading to a lower reduction in carrier mobility unexpectedly. As
discussed above, the LPHD process enlarged the grain size and
the corresponding texture degree was significantly raised (see
the F values in Table 1), which were beneficial for the carrier
mobility and electrical conductivity.

Fig. 3c shows the temperature dependence of Seebeck
coefficient (). The relatively high « of all samples were positive,
exhibiting p-type transport behavior. With the increasing
temperature, the Seebeck coefficients first increased to the
maximum and then decreased. The peak value was 327 uvV K"
at 680 K obtained in Nagy3Sn,¢,Se-5%Te. Above 680 K, the
reduction of « in all samples could be attributed to the thermal
excitation of minority carriers (bipolar effect). Compared to the
sample without Te addition, the a of Naj¢3Sngo,Se-x%Te
increased obviously. It may be a result of the suppression of
bipolar effect with improved carrier concentration.**>*

As shown in Fig. 3d, the LPHD samples exhibited a much
higher PF («’¢) than the LPS one due to the significantly
increased electrical conductivity. The maxima of o> were found
tobe 6.65 uW em™ ' K > at 430 K and 5.75 pW cm ™' K2 at 830 K
for Nag ¢3Sng o,Se-5%Te. It is worth noting that the PF value at
room temperature is 5.38 uW cm ™' K%, which is the highest
value observed in SnSe-based materials except for SnSe single
crystals. Due to the enhanced texture degree, the PF of all
LPHD samples were maintained at higher values in the whole
temperature range, particularly for Nag 3Sng.o;Se-5%Te. The
average PF,.. of Nag 35N o,Se-5%Te was 5.62 pyW cm ' K2,
which was much higher than most p-type polycrystalline
SnSe.*>446%%4 gych enhanced o’ was mainly attributed to the
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optimized texture degree and significantly improved electrical
properties during the LPHD process.

3.3 Thermal conductivity and ZT value

Fig. 4a presents the total thermal conductivity x of all samples
as functions of temperature. All the k gradually reduced with
increasing temperature and then an upturn appeared around
743 K, arising from the Pnma-Cmcm phase transition. The
LPHD samples, especially the Nag 3Sn.975¢e-5%Te one, exhib-
ited a lower k than the one without excess Te in the whole
temperature range. It is worthy to note that x was significantly
suppressed during the combined LPHD process as compared
with the LPS method under the same condition.** The lowest x
value was 0.45 W m™ ' K ' at 743 K for the Nay 435N, 9,Se-5%Te
LPHD sample.

The electronic thermal conduction x. (see Fig. S4 of the
ESI{) is proportional to ¢ according to the Wiedemann-Franz
law k. = LTo, where the Lorenz number L was calculated by
fitting the respective Seebeck coefficient values to the reduced
chemical potential. Then, the lattice thermal conduction x, was
evaluated by k) = k — k.. Fig. 4b presents the temperature-
dependent x; of the LPHD and previous LPS samples.*’ Very
different from the previously reported LPS samples with the
addition of Te, the «; of the LPHD samples was obviously lower
in the whole temperature range, which was mainly due to the
introduced defects during the plastic deformation. As shown,
the lowest k; value was obtained as 040 Wm 'K 'inthex=5
LPHD sample at 743 K.

To better understand the reduced «; of the LPHD samples,
TEM analysis was carried out on the Na, 4351, o,Se-x%Te (x = 0, 5)
samples. Mesoscale grains with sizes around 0.5-1 um were
observed in the sample as shown in Fig. 5a (x = 0) and b (x = 5).
It can be clearly seen that the typical areas in Fig. 5b marked
as 1 and 2 possess many strain-field domains, which were
ascribed to a dislocation effect in the previous report.”> The
high-resolution TEM (HRTEM) image of region 1 in Fig. 5b was
shown in Fig. 5c. Fig. 5d presents the inverse Fourier transfor-
mation (IFFT) image along the (400) plane reflections of the red
box region in Fig. 5¢, in which many dislocation defects can be
readily observed. Moreover, interface regions with selenium
precipitates and a SnSe, second phase embedded in the matrix
can be seen from the HRTEM images and EDS results shown
in Fig. S6 and Table S1 in the ESI.}{ These emerged phonon
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Fig. 4 Temperature dependences of (a) thermal conductivity; (b) lattice
thermal conductivity. The data for the LPS samples are plotted for
comparison.*®
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(a)

W

10 nm
I

Fig. 5 Microstructure of the LPHD samples: (a) low-magnification TEM
image of Nago3Sngo7Se-0%Te; (b) low-magnification TEM image of
Nag.03SN0.975e-5%Te with the defects in the matrix; (c) HRTEM image
from (b) the region marked 1 with the FFT image and its interplanar
spacing; (d) inverse FFT image of the red box in panel (c) obtained from
the (400) reflection.

scattering centers during the LPHD process may strengthen the
phonon scattering and decrease the k). Additionally, similar to
many previous LPS results of Bi,Te; and SnSe,*>**” excess Te
addition led to a slightly increased x; in the Nag3Sng o;Se—
x%Te samples, which needs further investigation in the future.

Fig. 6a displays the temperature dependence of ZT values for
all samples. As shown, the ZTs were roughly increased with the
increasing temperature. The maximum Z7 value was 0.9 at
780 K for the Nay ¢3Sn, o;Se-5%Te sample. Since the PFs were
limited at a higher temperature, such a peak ZT was not very
competitive compared with those inrevious reports.'®2%36:44
However, compared with the results of normal LPS or HD
methods, a higher averaged ZT value (ZT,.) was achieved using
the LPHD technique as summarized in Fig. 6b. Between the
temperature range of 300 to 810 K, our LPHD-prepared poly-
crystalline Nag ¢3Sng 97Se exhibited a ZT,,. of 0.49, which was
obviously higher than the previous reported Nag o3Sng.osSe
polycrystalline samples.!**%34450 The improved ZTs at a lower
temperature resulted from both the high carrier mobility in a

(3)1‘0 frm NagySigg;Se? —0— LPS x=5" (b) 051
0.8F~ N“n.«15"«.995%44“«.16“ 2
Nag 3Sn ,Se - x% Te ;yv 0.4% &

0.6[—9— x=0 :
N =0 x5 s 03¢ gle £
N 0.4f—9 =15 N 2 3 .
; 02} 2l s 4
= 4 %
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&)
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%

&

Fig. 6 (a) Temperature dependence of ZT for LPHD samples; (b) average
ZT values from 300 to 810 K for our Nag 03Sng 97Se—-5%Te LPHD sample and
other previously reported polycrystalline Nag o3Sno ¢75e samples 3132434460
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more textured structure and the obvious reduction of k; by the
enhanced phonon scattering.

4. Conclusions

In summary, polycrystalline Nay 43S0, o7Se-x%Te (x = 0, 5 and 15)
samples were successfully prepared using a convenient and
low-cost LPHD technique, which combined the advantages of
the LPS and HD processes. For the electronic transport, the
texture of the sample was significantly enhanced and the grains
showed a strong orientation along the (400) plane. The carrier
mobility was effectively boosted, leading to a higher electrical
conductivity and power factor around room temperature. For
the phonon transport, dense dislocation defects and SnSe,
precipitates emerged during the LPHD process. These defects
increased the phonon scattering rate and obviously reduced the
lattice thermal conductivity. With these synergistical effects, a
maximum ZT of 0.9 at 780 K and an average ZT value of 0.49
between 300 and 810 K were obtained in the Nag ¢3Sng 9;Se-5%Te
LPHD materials. This work provides a novel technique for realizing
high thermoelectric performance in SnSe-based materials through
texture modification.
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