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ABSTRACT: SnSe single crystals have drawn extensive attention for their ultralow gle crystals in-plane

thermal conductivity and outstanding thermoelectric performance. Here, we report “I'E o R J
super large Sn; ,Se single crystals with excellent thermoelectric properties, Bl e {f
fabricated via an advanced horizontal Bridgman technique with great yield and 1or

high reproducibility. The obtained single crystals have a super large size of ~70 X

50 X 15 mm with a considerable weight of 148 g, which leads to a record-high mass ~ %°| =

density of >6.1 g cm™. Extensive chemical characterization demonstrates that ) prdrei— i %/5
~0.3% Sn vacancies are present, which results in a large concentration of holes, opp YT -_z;zzsesg
~1.2 X 10" cm™3, and an enhanced power factor of ~6.1 gW cm™" K2 at 793 K. 300 300 500 800 700 ';60
Simultaneously, the Sn-vacancy-induced lattice distortions result in a low thermal T (K)

conductivity of ~0.39 W m™" K" at 793 K, leading to a competitive ZT of ~1.24.
This work demonstrates that large-size off-stoichiometric SnSe single crystals hold promise to achieve high thermoelectric
performance.

KEYWORDS: Thermoelectric, Tin selenide, Single crystal, Characterizations, First-principles calculations

1. INTRODUCTION have shown an ultrahigh ZT of ~2.6," owing to their high

2 . 13,14
By offering a direct, quiet, and convenient conversion between §°c and extremely low & along the b-axis. The advanced

electricity and thermal energy, thermoelectric materials are in Bridgman technique can produce large-scale single crystals

principle able to provide a sustainable solution to the with a productivity of ~20 g each time'* and large size of 13 X
challenges of excessive energy consumption and environmental 15 mm."> However, the fabrication of SnSe single crystals is
problems.l_3 The efficiency of such direct energy conversion is still complex and time-consuming to some extent,'® and the
evaluated by the dimensionless figure of merit ZT = S’6T/x," thermoelectric performance below the phase-transition tem-
where 6, S, S’6, T, and «k are the electrical conductivity, perature (800 K) is still not excellent due to the low hole

Seebeck coeflicient, power factor, absolute temperature, and
thermal conductivity,”® respectively. k can be considered as the
sum of k, and «,” namely, the electronic and lattice
contributions,” respectively. To achieve a high ZT, it is
necessary to control the carrier concentration n to optimize the
§26.° At the same time, a low K is essential.'® To date, electron
band structure and vibrational structure engineering have been

carrier concentration p of <1 X 10" cm™ at peak ZT for pure
SnSe."” Besides, there are critical controversies on the reported
ultralow x in SnSe single crystals at high temperatures (<0.4 W
m~' K™)."”"® To solve these issues, an improved crystal
growth technique with a lower production cost and higher
efficiency is required to realize large-size high-quality SnSe

two major strategies to achieve high $*¢ and low «;."' single-crystal production.
As a typical semiconductor with low cost, low toxicity, and
low intrinsic k, stannous selenide (SnSe) has received extensive Received: December 12, 2018
attention because of its great potential to achieve high Accepted: February S, 2019
thermoelectric performance.'” p-type SnSe single crystals Published: February S, 2019
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Figure 1. Fabrication of super large Sn;_,Se single crystals. (a) Illustration of the horizontal Bridgman (HB) method; (b) temperature program for
Sn,_,Se single crystal growth; (c) side and back views of our synthesized Sn,_,Se single crystals before separation; (d) achieved Sn;_,Se single

crystals.

Within the advanced crystal-growth techniques, the
horizontal Bridgman (HB) method is a recently developed
and promising crystal-growth route.'” Compared to the vertical
Bridgman (VB)," temperature gradient (TG),”" and zone-
melting (ZM)*' methods, the HB technique can realize a
much larger temperature gradient of ~3 K cm™ and a higher
cooling rate of ~25 K h™,'” enabling us to efficiently fabricate
SnSe single crystals on a potentially industrial scale. Never-
theless, the achieved single crystals are still not large enough
and exhibit microcracks.'” Therefore, they cannot meet the
requirement of fabricating thermoelectric devices and need
further improvement. Meanwhile, for the strategies of further
improving the thermoelectric performance of SnSe, previous
studies indicate that inducing Sn vacancies in the SnSe matrix
via off-stoichiometric design (such as SngesSe”””) can
effectively tune p to >1.2 X 10" cm™, compared to ~6.7 X
10'"® cm™ in stoichiometric SnSe and realize enhanced ZTs to
~1.0 below 800 K in SnSe crystals.””>** In fact, the vacancies
are inherent to SnSe and commonly observed in other
chalcogenides and/or conventional thermoelectric materials
such as Cu,Se.”**¢

In this work, we use an improved HB method to fabricate
super large off-stoichiometric SnSe (Sn;_,Se) single crystals
with competitive high ZT of ~1.24 below the phase-transition
temperature of 800 K. Figure 1a,b illustrates the crystal growth
technique and the temperature program, respectively, in which
we choose B,O; as the encapsulant to prevent solution
volatilization at high temperature’ and use a highly elastic
pyrolytic boron nitride (PBN) crucible as the lining to further
eliminate thermal stress during the crystal-growth process in
order to avoid microcracks in the fabricated single crystals. The
achieved single crystal has a super large size of ~70 X 50 X 15
mm with a considerable weight of 148 g, which has a record-
high mass density (>6.1 g cm™?), as shown in Figure 1c,d. To
realize off-stoichiometric SnSe single crystals grown by our
improved HB method, we refer to the Sn—Se phase diagram
(shown in Figure S1 in the Supporting Information) and adjust

8052

the stoichiometric ratio of precursors Sn and Se to be 0.98:1.
Through detailed structural and compositional character-
izations, including X-ray diffraction (XRD), X-ray photo-
electron spectroscopy (XPS), energy dispersive spectroscopy
(EDS), and electron probe microanalyzer (EPMA), we
confirm that we realize off-stoichiometric SnSe single crystals.
Compared with stoichiometric SnSe,'” the Sn vacancy level of
~0.3% results in an improved p of ~1.2 X 10" cm™ at 793 K,
as well as an enhanced S%¢ of ~6.1 yW cm™" K% The higher
Sn vacancy concentration observed in our samples explains
why other SnSe single crystals obtained in the literature have
different thermoelectric properties from ours.'”?”*" In
addition, our detailed structural and morphological character-
izations using scanning electron microscopy (SEM), scanning
tunneling microscopy (STM), transmission electron micros-
copy (TEM), and spherical aberration-corrected scanning
TEM (Cs-STEM) confirm the single crystals and indicate that
there are lattice distortions caused by Sn vacancies, which can
effectively scatter the phonons and result in a low x of ~0.39
W m™' K" at 793 K, contributing to a competitive peak ZT of
~1.24 at this temperature.

2. EXPERIMENTAL SECTION

2.1. Reagents and Synthesis. SnSe single crystals were
synthesized by using the HB method. High purity Sn (99.999%)
and Se (99.999%) with a mole ratio of 0.98:1 were weighed as
precursors (280 g in total). These precursors were loaded in a quartz
ampoule (@ 25 mm) and sealed by oxyhydrogen flame after the
quartz ampoule was vacuumed to ~107> Pa. After that, the quartz
ampoule was placed into a rocking furnace for synthesis. The furnace
temperature was set at 930 °C to guarantee the full reaction of the
precursors. After the solution was soaked for 30 min, the rocking
system was rotated at a rate of 30 rpm for 0.5 h to ensure that the
synthesis is homogeneous. Finally, the furnace was cooled to room
temperature naturally, and SnSe polycrystals were obtained. These
polycrystals were treated as the precursors of the followed single-
crystal growth.

SnSe single-crystal growth was carried out in a HB furnace. The
furnace was composed of five independent heating zones, as shown in
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Figure 2. Structural characterizations of synthesized products. (a) XRD results for our SnSe and Sn,_,Se single crystals (on the cleavage surfaces);
enlarged (b) 400* and (c) 800* peaks to see the peak deviation; (d) XPS spectrum of the survey scan for the Sn;_,Se single crystals (on the
cleavage surfaces); high-resolution XPS scan for (e) Sn 3d and (f) Se 3d.

Figure la. The above synthesized polycrystalline SnSe together with
the appropriate B,O; encapsulant was loaded into a 5 N purity elastic
pyrolytic boron nitride (PBN) crucible (@ 5SS mm with 0.8 mm in
thickness), which was also sealed in a quartz ampoule with ~107% Pa
vacuum. The B,O; encapsulant would remain in solid state and float
on the solution as its melting point is 450 °C and the density is only
2.46 g cm™>. The quartz ampoule was moved into the HB furnace; its
shoulder part was adjusted in the location corresponding to Zone 5.
To achieve large-scale single crystals, the furnace tube was inclined
~30° to a horizontal plane so that most of the solution would stay on
the corn part of the PBN crucible. Figure 1b shows the temperature
program for SnSe single-crystal growth. Within 2 h, all the zones were
heated to 840 °C, which was higher than the melting point of SnSe,
but lower than that of SnSe, as shown in the Sn—Se phase diagram in
Figure S1. After the solution was soaked for 3S h, crystal growth took
place from Zone 5 to Zone 1 by decreasing the temperature gradually.
The temperature gradient for SnSe crystal growth was about 2—3 °C
cm™". As the temperatures of Zone 5 and Zone 1 were decreased to
600 and 720 °C, respectively, all the heating zones were cooled to
room temperature simultaneously with a speed of ~30 °C h™'. The
as-grown single crystals were obtained by leaching the PBN crucible
in ~50 °C carbinol (>99.7%) to dissolve B,O;.

2.2. Thermoelectric Property Measurements. The densities
(p) of the single crystals were measured by the Archimedes method
(DMS50, China).” The achieved density of ~6.1 g cm™ for Sn;_,Se is
slightly lower than the theoretical values of 6.179 g cm™ for SnSe and
~6.162 g cm™ for Sn;_,Se (here, x = 0.003) due to the experimental
error. In our measurements, ¢ and S were measured simultaneously
using a Seebeck coeflicient/electric resistivity measuring system
(ZEM-3, ULVAC Technologies, Inc.) in the temperature range
between 300 and 800 K. The thermal diffusivity D was measured
using the laser flash diffusivity method (LFA 457, NETZSCH
Group). k was calculated using k = D~Cp-p,13 where C, is the specific
heat capacity obtained by differential scanning calorimetry (DSC 404
C; NETZSCH Group), and p was measured using the van der Pauw
technique under a reversible magnetic field of 1.5 T. To ensure the
repeatability of synthesized products and their demonstrated
thermoelectric properties, each sample was measured at least three
times.

2.3. Characterization. The synthesized single crystals were
characterized by XRD (Bruker-D8) to determine their crystal
structures by using Cu Ka radiation (1 = 1.5406 A) at room
temperature and XPS (Kratos Axis Ultra) to determine the Sn and Se
valence states in SnSe. The morphological and chemical character-
istics of single crystals were investigated using SEM (JSM-6610, JEOL
Ltd.), and their structural characteristics were studied using HRTEM
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(TECNAI-F20) and Cs-corrected HR-STEM (Titan-G2). The TEM
specimens of single crystals were prepared by focused ion beam
technique (FEI Scios DualBeam System). EPMA (JEOL JXA-8200)
was used to determine their compositions, and EDS (installed in
TECNAI-F20) was used to identify the distribution of the elements.
The instrumental error of EMPA is 0.1%. There were 50 test areas for
each sample. The Sn vacancies were characterized by STM
(STM1500, Unisoku Co.).

2.4. DFT Calculations. Density functional theory calculations
were carried out using the Vienna ab initio simulation package
(VASP)**° with the projector augmented wave method (PAW)™
and the generalized gradient approximation of Perdew—Burke—
Ernzerhof (GGA-PBE)*' for the electronic exchange-correlation
functionals. The plane-wave energy cutoft was 450 eV. The SnSe
unit cell was relaxed with a 6 X 18 X 18 I'-centered k-mesh, and the
convergence thresholds of the total energy and the forces on each
atom were 107® eV and 107° eV A™", respectively. The relaxed lattice
constants are a = 11.7615 A, b = 42062 A, and ¢ = 4.5475 A. We
constructed 2 X 4 X 4 (256 atoms) and 2 X 5 X 5 (400 atoms)
supercells. The atoms in supercells were relaxed with 3 X 3 X 3 I'-
centered k-mesh until the forces of each atom were smaller than 1073
eV A7, The densities of states were calculated by using 3 X 3 X 3 I'-
centered k-mesh with the tetrahedron smearing method. The band
structures along high-symmetry directions were calculated by using
the Gaussian smearing method.

3. RESULTS AND DISCUSSION

3.1. Structural and Morphological Characteristics. To
study the grown SnSe single crystals, we first investigated their
structural and morphological characteristics. Figure 2a shows
the XRD pattern of cleavage surfaces from the grown crystals
(blue line for the stoichiometric SnSe and red line for the off-
stoichiometric SnSe) with the inset showing optical images.
The cleavage surfaces of synthesized single crystals show
metallic luster. As shown in Figure 2a, only 400* and 800*
diffraction peaks can be observed, which match the room-
temperature @-SnSe phase by Standard Identification Card,
JCPDS 48-1224, confirming that the SnSe single crystals are
intrinsic and the cleavage surfaces are typical (100)
surfaces.”'>1%** No secondary phase is detectable, indicating
that the single crystals have high purity. Figure 2b shows the
magnified 400* diffraction peaks. Compared with stoichio-
metric SnSe, the 400* diffraction peak from the off-
stoichiometric SnSe shifts toward higher angles (26),
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Figure 3. Morphological and compositional characterization of the Sn;_,Se single crystals. (a) SEM sample preparation for Sn,_,Se single crystal
and the inset showing the top view of the sample on the holder; (b) SEM image of the Sn,_,Se cleavage surface taken from (a) to show the layered
structure and the inset showing the back-scattering electron (BSE) image; (c) magnified SEM image to show the cleavage layers along (100); (d)
EDS spot and map results taken from (c) to show the real composition of Sn;_,Se; (¢) HRTEM image of the Sn,_,Se cleavage surface to see the
lattice distortions as the arrows indicate with the inset of the corresponding SAED pattern; (f) STM image of the Sn;_,Se cleavage surface to see a
typical Sn vacancy; Cs-STEM images of Sn,_,Se taken along the (g) [100], (h) [010], and (i) [011] directions.
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91632 which is caused

indicating a reduced lattice parameter g,
by the Sn vacancies.” To verify the Sn vacancies, we conduct
statistical EDS and EPMA analysis, and the results indicate that
the off-stoichiometric SnSe has an average Sn vacancy
concentration of ~0.3%, that is, its composition is Sng gy, Se.
Figure 2c shows the magnified 800* diffraction peaks and
exhibits similar results. In fact, according to the crystal-growth
theory,” the crystal surfaces with a slow growth rate [such as
(100)] prior to appearance in real crystals, and this is why the
(100) surfaces are finally exposed in our super large SnSe
single crystals. A previous study also reported that, compared
with (010) and (011) surfaces, the (100) surfaces have the
lowest surface energy,”” indicating that (100) surfaces are
much easier to form in real single crystals. Further discussion
can be found in Section S2 in the Supporting Information.

Because the synthesized Sn,_,Se single crystals result from
the selected ratio of precursors Sn and Se (0.98:1), to confirm
the valence states of Sn and Se in our single crystals, we
performed XPS analysis. Figure 2d shows the XPS scan in the
entire binding energy range, indicating that except for Sn 3d
and Se 3d energy states, there is no energy state from other
elements (except C and O). Figure 2ef also shows high-
resolution XPS scans for Sn 3d and Se 3d, respectively, in
which both Sn and Se exhibit only one valence state (Sn** for
Sn and Se?~ for Se), indicating high purity of the SnSe phase.”
The quantified atomic weights of Sn and Se are fitted well with
the obtained ~0.3% of Sn vacancies.
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Figure 3a shows a small piece of SnSe tissue cleaved by a
sharp tweezer, which is used for the structural and
morphological characterization. Figure 3b is a SEM image
taken from the cleaved piece of the Sn; .Se single crystal
(enlarged from the inset of Figure 3a), in which the cleaved
(100) surface of the intrinsic Sn,_,Se single crystal can be seen.
The inset of Figure 3b shows the corresponding back-
scattering electron (BSE) image, confirming that there is no
compositional segregation of either Sn or Se on the microscale.
Figure 3c is an enlarged SEM image, clearly showing that the
SnSe layers are cleaved along (100) planes. All these results
explain why there are only 400* and 800* peaks appearing in
the XRD results taken from the cleavage surfaces. Figure 3d
shows the EDS results of the single crystals. The spots were
taken from 50 different sites, and the maps were taken from
Figure 3¢, indicating that both Sn and Se are homogeneously
distributed. Figure 3e shows a high-resolution TEM
(HRTEM) image, showing slight lattice distortions (as the
arrows indicate), which are caused by the Sn vacancies.” The
inset of Figure 3e shows the corresponding selected area
electron diffraction (SAED) pattern indexed as a typical a-
SnSe phase with a (100) surface.”'” Figure 3f is a high-
resolution STM image, showing a typical Sn vacancy.””***’
Figure 3g—i shows STEM high-angle annular dark field
(HAADF) images taken along the [100], [010], and [011]
directions, respectively. The overlays in the normal areas show
Se atoms in green and Sn atoms in purple, all indicating the
typical orthorhombic a-SnSe phase.
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3.2. Thermoelectric Performance. To evaluate their
thermoelectric performance, we cut and polished the
synthesized Sn,_,Se single crystals into regular shapes, as
shown in the inset of Figure 4. We chose three different
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Figure 4. Plots of measured T-dependent properties from SnSe and
Sn,_,Se single crystals along the in-plane direction (bc-axis): (a) o;

) S; (c) S5 (d) k.

Sn,_,Se single-crystal samples to investigate their performance
stabilities. The stoichiometric SnSe single-crystal sample was
also investigated for comparison.'” Since Se can volatilize from
SnSe at high temperatures’ [see our measured thermogravi-
metric (TG) results shown in Figure S3] and since the phase
transition may induce microcracks in the SnSe matrix, we
selected the measured temperature range to be 300—793 K.
High repeatability was realized with measured fluctuations
being 10, 2, and 5% for o, S, and K, respectively, as shown in
Figure S4. Besides, for p-type SnSe, considering that all
properties except S measured along the bc-axis (in-plane) are
higher than that measured along the g-axis (out-of-plane) due
to the anisotropy (shown in Figure SS in the Supporting
Information),”"** we chose the bc-axis as the main measured
direction in the following discussion. Figure 4a shows the
temperature-dependent 6. Compared with stoichiometric
SnSe, the o values obtained from Sn,_,Se single crystals are
significantly improved, especially at high temperature (>750
K) due to the higher Sn vacancy concentration, which releases
more holes via thermal activation.” Figure 4b exhibits the
temperature-dependent S, showing that the S values of Sn;_,Se
single crystals drop significantly at high temperatures (>650
K), indicating an increase of p,3’9 fitting well with the results of
0. Peak S values can be achieved at the bipolar-effect
temperature T%#, and a shifting of T* toward a higher T for
Sn,_,Se also indicates an increase of p.>’ Figure 4c shows the
determined S’6, from which a high average S’c of 6.06 yW
em™ K™ at 793 K can be secured in the Sn,_,Se single
crystals. Figure 4d plots the calculated T-dependent « via k =
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D-Cp-p,9 where the measured D and p values are plotted in
Figure S6a, and the measured C, is shown in Figure S6b. As
can be seen, compared with stoichiometric SnSe, k values of
Sn;_,Se single crystals are significantly decreased from room
temperature to 793 K. This is because the induced Sn
vacancies and thus the slightly distorted lattice can effectively
scatter the phonons from short and medium wave-
lengths.”'>'*** An extra low k of ~0.39 W m™ K! is
achieved at 793 K, which is close to the results from a previous
study (~0.4 W m™' K at 773 K)."® Besides, considering the
high relative densities in the single crystals (all > 98.7%)," "
the obtained x values must be intrinsic.

To confirm the improved p at high temperature, we
measured the temperature-dependent p, as shown in Figure
Sa. As can be seen, the Sn,_,Se has higher p than SnSe due to
the extra holes provided by the Sn vacancies. The p of Sn;_,Se
at 793 K can reach >1 X 10" cm™ triggered by thermal
activation, and the induced ~0.3% Sn vacancies play a
significant role in producing more holes under thermal
excitation, contributing to such high p values.® To better
understand the carrier transport principles, Figure 5b plots the
corresponding carrier mobility y, which roughly follows the
power law (g o« T%).7°° It is seen that, from room
temperature to ~623 K, u decreases roughly following y
T~'*, indicating that acoustic-phonon scattering dominates
carrier scattering.”’35 However, from ~623 to ~750 K, there is
an increase of y roughly following 4 o« T'?, which should be
derived from thermal excitation near the phase transition."
Meanwhile, Sn,_,Se single crystals possess lower y than SnSe
for the entire temperature range due to the crystal
imperfections (mainly Sn vacancies and lattice distortions) in
Sn,_,Se, which block and/or scatter carriers and in turn
impede the carrier transportation. Besides, as shown in Figure
SS, the p is weakly dependent on the measured direction, but
the p is strongly dependent on it, from which the y along the
out-of-plane is significantly lower than that along the in-plane,
which is derived from the strong anisotropy of SnSe.”'>"*¢**

From Figure 4d, an obvious reduction of x from 600 to 800
K can be observed, even though there is a minor carrier
activation at this temperature as shown in Figure Sa, which
should result in an increase of k¥ due to the increase of k.. In
fact, previous works also reported similar results on single-
crystal SnSe—the k continued to reduce from 600 to 800 K
until the phase transition at 800 K."*7'*?%*° To further
understand such unusual behavior, we study the contributions
from electrons and lattice on the k, and the «, is calculated via
the Wiedemann—Franz law «, = L-o-T,”*" where L is the
Lorenz number calculated from the single parabolic band
(SPB) model”***"** a5 shown in Figure Sc. The calculation
details can be found in Section S7 in the Supporting
Information. For L, the value is relatively constant at ~1.5 X
107 V2 K72 in the entire temperature range.24 Figure Sd,e
shows the calculated temperature-dependent k., and k;
respectively, and kj is obtained by subtracting the electronic
contribution x, from k. We find that the electron contribution
is much lower than the lattice contribution, and the latter takes
about 82% of the total x as shown in Figure 5f. We find that
the k; shows a slower scaling with temperature (from 300 to
600 K) than the 1/T trend induced by phonon—phonon
scattering, as shown in Figure Sg. This indicates the existence
of considerable phonon-defect scattering with Sn vacancies and
concomitant lattice distortions in Sn,_,Se, which lead to low ;.
With the temperatures above 600 K, the crystals are

approaching to the phase transition regime and the x goes
below 0.33 W m™' K" at 793 K. It should be noted that this
value is close to the minimum & (0.33 W m™" K" along the c-
axis and 0.36 W m™ K™! along the b-axis'¥**) calculated via a
classical Debye—Cahill model.**

Figure Sh exhibits the T-dependent ZTs with a high peak
ZT of ~1.24 at 793 K observed before the phase transition,
indicating that Sn,_,Se possesses considerable potential for
thermoelectric applications.”” Figure 5i compares the meas-
ured ZT values with the predicted ones from the SPB model at
different temperatures.*”*>*>*® We find that the experimental
p values are all located below the theoretical optimal values.
Therefore, increasing p is key to improving the thermoelectric
performance. In this work, the achieved high p of ~1.2 x 10"
cm™ induced by the large Sn vacancy concentration is fairly
close to the optimal value of 3 X 10" cm™ at 793 K, which
partially explains the achieved high ZT of ~1.24. In the future,
higher ZT's may be achieved by further increasing p. Besides, it
should be noticed that the ZT value achieved at this
temperature (close to phase transition) may be slightly
overestimated. This is because the C, was measured using
high-temperature differential scanning calorimetry. For SnSe,
which is a typical anharmonic material,”*’~* the discrepancy
between constant-pressure specific heat C, and constant-
volume specific heat C, is offset to the first order by a decrease
in the packing density due to thermal expansion. However, this
is not accurate near the phase transition temperature. Hence, it
can be assumed that C, equals C, at all temperatures, except at
phase transition temperature. Considering these, this ZT value
near the phase transition may be overestimated due to the total
k derived from the measured C,,.

3.3. First-Principles Studies. To further understand the
mechanism of the increase of p, we conducted density
functional theory (DFT) calculations of the electronic band
structures of SnSe and Sn,_,Se, as shown in Figure 6a,b,
respectively. For SnSe and Sn;_,Se, we used Sn,sSe;,3 and
Snjy,Se s stoichiometries, respectively, by using 2 X 4 X 4
(256 atoms) supercells. It is clear that the Fermi level moves
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Figure 6. Comparisons of calculated band structures for (a) SnSe and
(b) Sn;_,Se; comparisons of (c) DOS and (d) measured band gap
values of SnSe and Sn,_,Se.
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into the valence band with the presence of a Sn vacancy in the
supercell, indicating that the Sn vacancy changes SnSe into a
degenerate p-type semiconductor with significantly increased p.
To further unveil the impact of increasing the Sn vacancy
concentration, we also calculated the electronic band structures
of Sny,6Se; 55 and SnjysSeys (with two and three Sn vacancies
in the supercell, respectively). The densities of states (DOS) of
Sny,sSesg SniyrSe s SnixeSe;sq, and SnyysSe;,q are compared
in Figure 6c, in which it is seen that the Fermi level moves
more deeply into the valence band with increasing Sn
vacancies. Therefore, the calculations clearly demonstrate
that the Sn vacancies contribute to the increased p and in
turn an enhanced S’6, agreeing with the experimental results
shown in Figure 4.°°7>% Figure 6d shows the measured band
gaps of SnSe and Sn;_,Se at room temperature (@-SnSe),
which shows that the band gap increases after introducing Sn
vacancies but the increment is negligible (from ~0.965 to
~0.975 eV). Although DFT calculations are well known for the
underestimation of band gaps,””** we find that they predict the
same trend as what we measured, that is, the band gap
increases negligibly with increasing Sn vacancies. The
measured band gap values are consistent with the previously
reported values of ~0.9 eV.” The calculated effective mass
(m*) value via the SPB model is ~1.11m, (shown in Figure
S7), which is also close to the previously reported values.”**
These results indicate that SnSe is a typical narrow-gap
semiconductor with promising thermoelectric properties. The
difference between the experimental and theoretical calculated
p for Sn;_,Se can be seen in Figure S8.

Considering the significance of Sn vacancy on the enhance-
ment of thermoelectric performance, there are some potential
routes to further enhance the Sn vacancy concentration in the
SnSe matrix, including adjusting the synthesis temperature and
the synthesis time to alter the reaction kinetics and in turn
produce more Sn vacancies,” which need further experiments
to demonstrate. Meanwhile, there is also considerable potential
to further improve the thermoelectric properties via proper
band engineering such as doping.3’39 Besides, it should be
noticed that there could be mechanical stability issues for a
device when employing single-crystal SnSe. Considering the
changes in lattice parameters as a function of temperature near
the displacive phase transition, especially arising from the
negative thermal expansion along the c-axis, the phase
transition may lead to electrical contact issues in the
thermoelectric legs of the device itself. This is why we avoid
measuring the thermoelectric properties over the phase
transition temperature at 800 K.

4. CONCLUSIONS

In conclusion, we fabricated large-size off-stoichiometric SnSe
single crystals with a Sn vacancy level of ~0.3% via an
improved horizontal Bridgman method for the first time. The
grown single crystals have a super large size of ~70 X 50 X 15
mm with a weight of 148 g and a record-high mass density of
>6.1 g cm™>. A competitive ZT of ~1.24 is achieved at 793 K
owing to the enhanced power factor and the reduced lattice
thermal conductivity. This work provides a new perspective in
achieving excellent thermoelectric properties of SnSe.
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Section 1. Sn-Se binary phase diagrams.

Figure S1 is the Sn-Se binary phase diagrams. As can be seen, there are two stable SnSe phases,
denoted as a-SnSe (low temperature) and B-SnSe (high temperature),' respectively. In order to
obtain high pure and stable SnSe compounds, the synthesis temperature is to setas >1134 K, which
is the melting point.! Meanwhile, to achieve off-stoichiometric SnSe single crystals, we choose
the stoichiometric ratio of precursors Sn and Se as 0.98:1 (shown in Figure S1), and finally realize

off-stoichiometric Sn;_,Se single crystals determined via intensive compositional characterizations.
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Figure S1. Sn-Se binary phase diagram. Reproduced and revised with permission. Copyright 2019,
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Section 2. XRD and SEM results for our synthesized polycrystalline SnSe as precursors of

followed single crystal growth.

Figure S2(a) shows XRD results for our synthesized polycrystalline SnSe as precursors of
followed single crystal growth (both polycrystalline SnSe and Sn;_Se powders). It is clearly seen
that all diffraction peaks can be indexed as orthorhombic-structured SnSe with lattice parameters
of a=1.14 nm, b = 0.42 nm and ¢ = 0.44 nm and a space group of Pnma, according to the JCPDS
48-1224 Standard Identification Card. The strongest diffraction peaks of 400* suggest our products
contain significant (100) surfaces.! 3-> Figure S2(b) also shows the 111" and 400" peaks for both
polycrystalline SnSe and Sn,_Se powders. Compared with SnSe powders, all peaks from Sn;_Se
powders are deviated from the standard value at 260 = 30.462° for 111" and 31.081° for 400*. The
right-shifted diffraction peaks indicate a high Sn vacancy level in SnSe.!-* Figure S2(c) is a SEM
image of our synthesized polycrystalline Sn;_,Se powders. It is clear that these polycrystalline SnSe
powders possess layered structure. The layers are (100) surfaces, and this is why the (400) peak is

the most significant peak in the XRD results shown in Figure 2(a).
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Figure S2. Additional morphological and structural characterizations of SnSe polycrystals. (a) X-
ray diffraction (XRD) results for our synthesized polycrystalline SnSe and Sn;_,Se as precursors
of followed single crystal growth; (b) enlarged 111* and 400* peaks to see the peak deviation of
the polycrystalline SnSe and Sn;_,Se; and (c) SEM image for our synthesized polycrystalline Sn;.

Se powders.
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Section 3. TG results for our synthesized SnSe single crystals.

Figure S3 compares the thermogravimetric (TG) curves of SnSe and Sn;_,Se. The pink dashed
line at 800 K indicates the phase transition between a-SnSe and B-SnSe. It is obvious that the
compositional difference can result in a different crystal volatilization. Sn;_Se single crystals start
to volatilize from 730 K, which is about 174 K lower than that of SnSe single crystals. Such
phenomenon is mainly because of the excess Se in Sn;_,Se single crystals. For the convenience of
comparison, the TG curves of Se and Sn elements are also illustrated in Figure S3. It is noticed
Se is very easy to volatilize (start at 593 K), but the weight of Sn slightly increases as it reacts with
residual oxygen in the chamber of equipment. The TG results indicate that the stable temperature

range for measuring the thermoelectric performance is better to be controlled within 800 K.
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Figure S3. Thermogravimetric (TG) curves of Sn, Se, SnSe, and Sn;_,Se. The pink dashed line at

800 K indicates the phase transition between a-SnSe and f-SnSe.
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Section 4. Examination of the reproducibility for obtained thermoelectric properties.

For SnSe, the phase transition between a-SnSe and B-SnSe at 800 K is detrimental to the
stability of performance, as well as the mechanical properties.! To evaluate the reproducibility of
our thermoelectric properties, we tested 6 times for our Sn;,Se single crystals from room
temperature to 793 K. Figure S4 shows the T-dependent properties (o, S, S°0, k, and ZT) with
different measured times. All properties were measured along in-plane directions (bc axis). The
Ist, 3rd and 5th measurements were taken under heating processes, and the other three
measurements were taken under cooling processes. The results indicate that the reproducibility of

our obtained thermoelectric properties are high under 793 K.
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Figure S4. T-dependent properties with different measured times for our Sn;_,Se single crystals:
(@) g; (b) S; (¢) $%0; (d) k; and (e) ZT. All properties are measured along the in-plane direction. The
Ist, 3rd and 5th measurements were taken under heating processes, and the other three

measurements were taken under cooling processes.
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Section 5. Anisotropy for the achieved thermoelectric performance of Sn,_Se single crystals.

To demonstrate the anisotropy of thermoelectric performance in our Sn,_Se single crystals, we
show the plots of properties (temperature-dependent o, S, S%0, p, u, D, x, and ZT) with different
measured directions in Figure S5, in which label “in-plane” stands for the measured directions
along the bc-axis and label “out-of-plane” represents the measured directions along the a-axis. It
is clear that except S and p, all properties measured along the bc-axis are higher than that measured
along the a-axis due to the anisotropy. This is why we chose bc-axis as the main measured direction

in the main text.
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Figure S5. Plots of 7-dependent properties with different measured directions from our Sn;_Se
single crystals: (a) a; (b) S; (¢) S%0; (d) p, (€) u, (f) D, (g) k, and (h) ZT. The label “in-plane” stands
for the measured directions along the bc-axis and label “out-of-plane” represents the measured

directions along the a-axis.
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Section 6. Measured D and C, for SnSe single crystals.

The measured thermal diffusivity (D) and specific heat (C,) for our SnSe single crystals are
shown in Figure 6(a, b), respectively. The measured room temperature densities p are also shown
in Figure 6(a). The C, are stable in the entire temperature range except a small peak at 800 K,
indicating the phase transition between a-SnSe and B-SnSe. The difference between measured
phase transition temperature (798.8 K for Sn;_,Se) and theoretical temperature (800 K for SnSe)

comes from the slight composition difference between Sn;_.Se and SnSe.
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Figure S6. Measured thermal diffusivity D and specific heat C, of our SnSe single crystals. (a)
Plots of 7-dependent D for Sn,Se single crystals with room temperature densities p; (b) 7-
dependent C, for both SnSe and Sn,.,Se single crystals, the enlarged curves at ~800 K is shown in

the inset. The pink line at 800 K indicates the phase transition between a-SnSe and -SnSe.
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Section 7. Calculated m* for Sny_Se single crystals with SPB model calculation details.

The calculated average effective mass (m*) for Sn;_,Se single crystals are shown in Figure S7.
The m* were calculated via a single parabolic band (SPB) model.>? It is clear that the m* are

almost stable with increasing the temperature.

For calculation details, the the pertinent equations are as follows:
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B. 2 2
L= - (S6-4)

(r+;)-FT+%(n) B (r+§)-FT+%(n)

where 7, kg, e, v, Ry, h, C;, and E4rare the reduced Fermi level, the Boltzmann constant, the
electron charge, the carrier scattering factor (» = -1/2 for acoustic phonon scattering), the Hall
coefficient, the reduced plank constant, the elastic constant for longitudinal vibrations, and the

deformation potential coefficient, respectively. Here:
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Cr=vip (86-5)

where v, is the longitudinal sound velocity and taken as 2530 m-s*! in this study.!? Fi(7) is the

Fermi integral expressed as:

0 xi
Fi(m) = [y roadx (56-6)

The predicted hole carrier concentration p-dependent Z7 values in Figure 6(i) are also
calculated based on the above model at different temperature, and the x; used in the calculation are

derived from Figure 6(e).
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Figure S7. Calculated effective mass m*.
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Section 8. Difference between the experimental and theoretical calculated p for Sn,_,Se.

To evaluate the theoretical hole carrier concentration p with a high accuracy, we perform both
first-principle calculations as well as common theoretical calculations to estimate the p value. The
calculation is based on the formula shown as below:

p=J"""(1—)DOS(E)dE (S8-1)

1
f=—""%% (S8-2)

1+ exp ()

The calculated results via DFT with both supercells of 2x4x4 (256 atoms) and 2x5x5 (400
atoms) as well as common theoretical evaluation are shown in Figure S8. It is clear to see that the
theoretical p value for the presence of ~0.3 % Sn vacancies in SnSe is calculated as ~1.13 x 1020
cm3. This value is higher than the experimental value of ~1.2 x 10! cm-3, approximately 1 order
larger than experimental result. There are three reasons for the deviation of experimental data from
calculated results, include the precision of experimentally achieved “x value, the existence of Se
vacancies in the SnSe matrix which is very common in selenides,!'!1? and the hydrogenation of Sn
vacancies which is also common seen in selenides.!3"!4 All of these reasons are hard to avoid,

resulting in the difference between experimental and calculated values of p.
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