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Dynamic Phase Transition Leading to Extraordinary Plastic
Deformability of Thermoelectric SnSe, Single Crystal

Bangzhi Ge, Chao Li, Weiqun Lu, Haolin Ye, Ruoyan Li, Wenke He, Zhilei Wei,
Zhongqi Shi, Dasol Kim, Chongjian Zhou,* Menghua Zhu,* Matthias Wuttig,

and Yuan Yu*

Plastic/ductile inorganic van der Waals (vdW) thermoelectric semiconductors
offer transformative advantages for high-performance flexible thermoelectric
devices, which can displace the self-charge system of wearable electronics.
However, the chemical origin of their plasticity remains unclear. Here, it is
reported that the exceptionally large plastic strain of the bulk SnSe, crystal
results from its polytype conversion under an external force. The SnSe, single
crystal consists of a large-period polytype with 18R low-symmetry structure
rather than the trigonal and hexagonal-phase that are frequently observed in
the polycrystalline specimen. In situ applied pressure to the specimen drives a
phase transition from low to high-symmetry, that is, from 18R to 4H, and
finally to 2H-SnSe,. First principle calculations corroborate that the dynamic
phase transition is a pressure-activated process and only 15 MPa pressure
erases their energy gaps, consistent with experimentally measured

1. Introduction

Self-charging power supply bottle-
necks the design of wireless wearable
electronics.!l.  Thermoelectric ~ semi-
conductors can directly convert the
temperature gradient across materials
into electricity through the Seebeck
effect without mechanical noise and
vibration.?l Accordingly, this technique
shows broad potential to assemble self-
powered, sustainable, and maintenance-
free power sources to realize untethered
wearable electronic devices by har-
vesting electricity from body heat.!!
The efficiency of thermoelectric semi-

strain—stress curves. This dynamic phase transition results in superior and
near isotropic plasticity along the direction parallel and perpendicular to the

cleavage plane.

conductors is typically evaluated by
the dimensionless figure of merit ZT
= S?6T/k,,, where S is the Seebeck
coefficient, ¢ is the electrical conduc-
tivity, T is the absolute temperature,
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and k., represents the total thermal conductivity, which contains
contributions from electrons (x.) and phonons (k),,).l*!

The ideal thermoelectric materials for wearable or flexible elec-
tronics must exhibit both high ZT values and exceptional plastic
deformability.*] However, the majority of thermoelectric materi-
als are brittle, and they usually fracture without any plastic defor-
mation. This substantially limits their applications. The means
of improving plasticity for thermoelectric materials has been lim-
ited to constructing inorganic/organic hybrid materials®! or dis-
covering purely organic thermoelectric materials.[® The typical
example of the former is an organic/inorganic hybrid superlattice
of TiS, /[(hexylammonium),(H,0),(DMSO),], exhibiting a maxi-
mum ZT (ZT,,,.) of 0.28 at 373 K and an exceptionally high flexu-
ral modulus of ~145 MPa at 300 K.l”] However, this requires elec-
trochemical intercalation and solvent exchange processes, and
the material processing costs are very high.”] Pure organic ther-
moelectrics generally fail to deliver the high performance and air
stability required for constructing efficient and durable thermo-
electric devices.[®] For example, the ¢ of thermoelectric molecu-
lar PEDOT:PSS was found to initially reach about 300 S m™, but
rapidly air-degraded to nearly an insulator.’)

Among the state-of-the-art plastic thermoelectric systems,
the most groundbreaking and promising one is the discovery
of inorganic semiconductors that are plastic/ductile at room
temperature,l'% such as Ag,SI' and its alloys,?! and a class
of binary two-dimensional van der Waals (2D vdW) chalco-
genide crystals screened by high-throughput calculations.!3]
However, the extraordinarily large plasticity of 2D vdW ma-
terials has only been observable in single-crystals, and their
polycrystalline cousins completely!'l lose the plasticity and
are as brittle as conventional thermoelectric materials. De-
spite the interlayer gliding and cross-layer dislocation slip
in a deformed InSe crystal were observed by transmission
electron microscopy (TEM),'! these results did not dis-
close the innate brittle nature of the polycrystalline sam-
ple. Understanding the origin of the plasticity of 2D vdW
crystals can deepen our understanding of inorganic plastic
semiconductors.

Herein, we have investigated the sample distortions under
an applied force for a SnSe, single-crystal, which is a plas-
tic/ductile bulk 2D vdW material with a promising thermoelec-
tric performance of ZT = 0.2 at room temperature.!'®l The atomic-
level structure of SnSe, reveals a large-period polytype with low-
symmetry 18R rhombohedral structure, contradicting the previ-
ously reported 2H trigonal or 4H hexagonal structure. Upon in
situ loading, we uncovered a dynamic phase transition from the
low- to high-symmetry phase, namely, from the 18R phase con-
verting into the high-symmetry 4H and 2H-SnSe, phases. We
calculated the volume-dependent energy of each phase, revealing
that 15 MPa pressure can erase the energy gap of those phases.
The pressure also compacts SnSe,, localizing the electrons and
reducing the plasticity. These findings confirm that the phase
transition is a pressure-activated process. They also explain the
poor plasticity of the polycrystal samples, which often show 4H
and 2H structures due to the external pressure from sintering
or grain boundaries leading to lower deformability. This work
broadens our understanding of the deformation mechanism and
provides a new design paradigm for flexible inorganic semicon-
ductors.
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2. Results and Discussion

Tin diselenide (SnSe,) is a typical Cdl,-type layer compound, in
which the basic structural unit consists of two sheets of hexago-
nally close-packed selenium atoms with the tin atoms occupying
the octahedral voids sandwiched between the selenium layers.
However, reported results confirm that SnSe, possesses multi-
ple polytypism, namely, it can form different crystal structures
distinguished by variation of occupation sites along the c-axis.
For example, we prepared a dense polycrystalline SnSe, pellet by
solid-state reaction,™ which exhibits a zigzag structure with a
4H hexagonal P63mc space group throughout the specimen. In
contrast, 2H trigonal P3m1 structure in addition to the dominant
4H phase was also observed in the compacted dense pellet.['’]
To understand the chemical origin and the presence of multiple
phases, we pull a large single crystal of SnSe, with a diameter of
10 mm as displayed in Figure 1a. The crystal can be easily cleaved
as indicated by the red arrow. It is interesting to note that the
exfoliated thin layer exhibits exceptional plasticity and it can be
folded and unfolded without any visible cracking (Figure 1b,d)
and (Figure S2, Supporting Information), which is consistent
with the previous report.l'®! Figure lef presents stress—strain
curves measured by compressing the rectangular specimens par-
allel and perpendicular to the cleavage plane, that is the ¢ axis,
respectively. Note that consistent results have been reached for
measurements repeated at two independent synthesized crystals.
The strain—stress data of InSel'! is also included for comparison.
The results show that SnSe, did not fracture until the engineer-
ing strain arrives at 80% along both directions, and its plasticity
is nearly isotropic. In contrast, InSe crystal exhibits anisotropic
plasticity. This reflects that the plasticity mechanism of SnSe,
may differ from InSe, whose deformability was attributed to mo-
bile dislocations.["] On the other hand, we did not observe any
plasticity in polycrystalline SnSe, composed of 4H or 2H SnSe,
as shown in Figure le f. These polycrystalline samples immedi-
ately fracture under compression ~7% of engineering strain.
Since the mechanical properties of given materials highly de-
pend on their crystal structures and chemical bonds,[*®! we, there-
fore, considered the extraordinary plasticity of SnSe, arising from
the crystal structure. X-ray diffraction (XRD) patterns of SnSe,
single-crystal can be indexed to an 18R structure (Figure S1, Sup-
porting Information), rather than the frequently observed 4H or
2H phase in the polycrystalline sample. This also supports our
hypothesis that plasticity derives from polytype transitions.
Because XRD only probes structure at the microscale, we fur-
ther investigated the microstructure of SnSe, at the atomic level
using a spherical aberration-corrected scanning transmission
electron microscope (Cs-STEM). The crystal was thinned down
as a pillar along the direction perpendicular to the cleavage plane
(Figure 2a), along which direction respective Sn and Se atoms are
linearly aligned. As a consequence, this allows us to identify the
stacking sequence of the SnSe, layer. Figure 2b displays a repre-
sentative high-magnification STEM image, which reveals the en-
tire matrix consisting of the triple atomic layers with no defects.
To determine the atom arrangement of each layer, we collected an
atomic resolution elemental map for the corresponding region
using STEM-energy dispersive spectroscopy (EDS, Figure 2c—f).
The smaller and fainter spheres throughout the matrix can be un-
ambiguously assigned to Se, and the bigger and brighter spheres
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Figure 1. Mechanical properties of single crystal SnSe, a) SnSe, crystal with a diameter of ~10 mm and length of 50 mm pulled by Bridgman method.
b) A thin layer exfoliated from the bulk crystal exhibits extraordinary plasticity as indicated by the red arrow. c,d) The thin SnSe, crystal was folded and
unfolded under optical microscopy, respectively, confirming the exceptional plasticity of the SnSe, crystal. Stress—strain curves of SnSe, single crystal
and polycrystal samples were collected by applying pressure e) perpendicular and f) parallel to the cleavage plane. The measurement was repeated for
two independently synthesized crystals, showing consistent results. The data of InSel'®] are included for comparison.

interleaved between two adjacent Se atoms are Sn atoms. Ac-
cordingly, the specimen strictly follows the stoichiometric ratio
of SnSe, without any secondary phase. The corresponding fast
Fourier transform (FFT) image (Inset of Figure 2b) shows a sin-
gle set of the diffraction pattern, corroborating its single-phase
nature. The arrangement of the layer unit can be indexed as an
18R structure, in which nine individual SnSe, layers form the
basic unit cell as outlined by the red rectangle (Figure 2b).

To resolve the structural distortion during deformation in real
time, we applied force to the pillar-shaped specimen in situ, i.e.,
in the STEM chamber using a tungsten probe. Figure 2d images
a pillar after compression. Even though the sample shows a dis-
cernible distortion, only a few dislocations are formed as indi-
cated by the white arrow, corresponding to a dislocation density
lower than 1.5 X 107 cm™2. This number density of dislocations is
at least four orders of magnitude lower than conventional metal-
lic materials!'? and plastic InSe bulk crystal.'>! Consequently, the
macroscopic plasticity of SnSe, cannot be attributed to the move-
ment and multiplication of dislocations. Figure 2e presents an
atomic-resolution STEM image focusing on the region nearby
the contact point (Figure S3, Supporting Information) between
the tungsten probe and specimen. The undistorted and distorted
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region forms a tightly joint phase boundary as indicated by the
yellow dashed line. The former remains an 18R phase. In con-
trast, the pressure reconstructed the distorted region into multi-
ple phases, in which 4H and 2H phases can be observed as in-
dicated by the green and cyan dash boxes, respectively. Note that
the distance between adjacent Se layers of the 18R structure is ap-
parently wider than vdW gap reported for 4H and 2H structures,
which implies that it can undergo deformation because of the
larger space left for atoms to move under stress as discussed later.
The atomic level EDS mapping reveals that the triple layer in the
distorted region also consists of the Sn and Se atoms (Figure S4,
Supporting Information), demonstrating that the phase change
does not arise from an off-stoichiometry induced by an external
force. As aresult, the applied pressure drives the phase transition
from 18R to 2H and 4H phases.

The in situ STEM experiment indicates that the crystal struc-
ture transition is associated with external pressure. Thus, we
calculated the volume-dependent energy employing the first-
principle calculations to study the structural evolution of SnSe,
under pressure. The 18R, 4H, and 2H phases are constructed and
relaxed to closely mimic the experimentally observed three crystal
structures. To investigate the pressure-driven phase transitions,

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 2. Structures and elemental distribution maps taken parallel to the <100> zone axis for the pillar-shaped specimens prepared from SnSe, crystal.
a) Low-magnification transmission electron microscopy (TEM) image. b) Medium-magnification high-angle annular dark-field scanning transmission
electron microscope (HAADF-STEM) image showing the single 18R structure. Inset: electron diffraction pattern taken over the entire area presenting
a single set of diffraction spots corresponding to 18R structure. c) Elemental distribution map by STEM energy dispersive spectroscopy (STEM-EDS).
EDS signals directly recorded from Sn (red) and Se (green) are overlaid to show the distribution of the respective atoms. d) Low-magnification TEM
image for resulting sample after in situ deformation. Dislocations embedded in the matrix are indicated by the white arrow. e) Medium-magnification
HAADF-STEM image during the in situ deformation. The left part of the yellow broken line is undeformed showing the 18R structure. The right part is
deformed showing the 4H structure mixing with a slight 2H structure. The unit cell of the 18R structure, 2H, and 4H structure is signified by the red,
green, and blue dash lines, respectively. d) Elemental distribution map focusing on the 4H structure by STEM—-EDS which is the overlaid image of the

direct EDS signals from Sn (red) and Se (green).

we calculated the energy per atom with respect to the volume
change of each phase of SnSe, and fitted them to the third-order
Birch-Murnaghan equation of state (Figure 3a).[?°/ 18R and 4H
phase represent the metastable states, while 2H represents the
stable state. Under compressive, differences in free energy be-
tween phases are reduced, indicating that compression facilitates
the phase transition between 18R, 4H, and 2H phases, consistent
with the experimental findings.

Note that the volume—energy curves of these structures in-
tersect with each other at a volume change of ~2%. Based on
previously reported Young’s modulus of 78.77 GPa,['®! this vol-
ume change corresponds to a pressure of 15 MPa. This is con-
sistent with our previous report that only the 4H phase was
observed in the spark plasma sintered (SPS) sample. It is be-
cause the SPS process usually involves pressure much larger
than 15 MPa, and the phase transformation follows the lowest
energy pathway once the pressure was released after sintering
as denoted by the red arrow in Figure 3a,b. It should be noted
that despite the 2H phase showing lower energy than the 4H
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phase at no volume change, its energy gap is only 0.001 eV,
which was rapidly removed upon volume shrink. In fact, the 4H
phase shows energy lower than 2H at a pressure of ~4 MPa.
Accordingly, the 4H and 2H phases are competing phases af-
ter releasing the pressure. However, the 4H phase typically is
the dominating phase in the polycrystalline sample because
grain boundaries usually generate residual strain exceeding the
threshold of ~4 MPa, forcing the materials to remain in the
4H structure.[?!]

To connect the crystal structure with transport properties, we
calculated the electronic band structures of these three phases
in Figure 3c—e using DFT. All structures show nearly identical
curvature and accordingly similar effective mass m, = 0.5 m, at
the conduction band minima (CBM). As a result, the polytype
structure conversion negligibly affects the thermoelectric perfor-
mance. Indeed, the experimental thermoelectric performance of
polycrystalline 4H SnSe, is comparable to that of 18R single crys-
tal (Figure S5, Supporting Information), matching well with our
calculations.
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Figure 3. a) The energy with respect to the volume change of 2H, 4H, and
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Wave vector

18R-SnSe, calculated by DFT. The positive and negative values represent

lattice expansion and compression, respectively. b) Illustration of SnSe, structure transition upon applied pressure. The arrow indicates the structure
consecutively changes from low symmetry 18R phase to the intermediate 4H phase, and finally to the high-symmetry 2H phase. Black dash boxes outline
the unit cell of each structure. The electronic band structures of SnSe, for c) 18R, d) 4H, and e) 2H phases show nearly identical curvature and similar

effective mass my = 0.5 m, at the conduction band minima (CBM).

To further understand the relationship between phase transi-
tion and mechanical properties, we calculated the electron local-
ization function (ELF). This measures the charge localization be-
tween adjacent atoms, directly appraising the chemical bonds be-
tween them. Figure 4a—c displays three-dimensional ELF for 18R,
4H, and 2H-SnSe,, respectively. The color change from purple
to red corresponds to electron transformation from full delocal-
ization to perfect localization. According to the 3D-ELF contour
map, the electrons surrounding Sn atoms are highly delocalized,
indicating that the electrons behave as in metallic bonds. This
finding is indeed consistent with our STEM images and relaxed
supercell, which reveal a vdW gap of 3.13, 2.97, and 2.96 A for
18R, 4H, and 2H-SnSe,, respectively. These delocalized electrons
can move freely within the matrix, facilitating the deformation of
18R-SnSe,. The highly delocalized electrons shift the chemical
bonds of 18R-SnSe toward metallic bonding, whereby the struc-
ture can undergo large deformation. In contrast, valence elec-
trons are highly localized in 4H and 2H-SnSe,. These results are
consistent with our previous findings,!'*] which reveal an elec-
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tron localization domain with a polar covalent interaction for the
Sn—Se bond in 4H-SnSe,. To quantify the change in the valence
electron count upon the phase transitions, recently the predictive
power of quantum-chemical bonding descriptors, i.e., the num-
ber of electrons shared (ES) and electrons transferred between
adjacent atoms (TET)!??] are calculated (Figures S6 and S7, Sup-
porting Information). The interlayer interaction over vdW layers
is considerably (13%) reduced when comparing the 18R phase
with the 2H and 4H phases, consistent with the larger interlayer
distances (6%). The valence electrons in the 18R phase, where
the electronic cloud around the Se atom is relatively isolated, in-
duce weak interlayer vdW forces, and hence an easier deforma-
tion. These results also help to understand why polycrystalline
SnSe, does not show any plasticity: the localized electrons are
constrained around the chemical bonds so that these structures
are rigid and brittle.

We also calculated the mechanical properties to understand
the impact of chemical bonds on them (see the Experiment
Section for detail). Figure 4d—f presents the calculated Young’s

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

85UB01 SUOWIWIOD BANER1D el |dde 8y} Aq pausenoh a1e Sapile YO ‘8SN JO S9N 10} ARIqIT BUIUO A8]IM UO (SUORIPUOD-PUB-SLUBILIOD" A2 I ARe1d]1 B 1UO//SdRY) SUORIPUOD PUe SWB L 83 885 *[7202/T0/9T] U0 ArIqIT2UIUO AB11M BB YoJeassy HAWS a1 INe wnauwezsbunyasiod Ag S9600€202 WUSe/Z00T OT/I0p/LI0D" A3 |1 AReiq 1|ouljuo//SARY Woiy pepeojumod ‘g ‘€202 ‘0v89rTIT



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

www.advenergymat.de

(e) [0g1) (f)
800 ki 900
600 ”\ I700 700
400 500 500
[100] 010] [y o101 8 e 1100 10101 {10
18R 4H 2H

Figure 4. The electron localization function (ELF) and mechanical properties are extracted by first principle calculations. a—c) Three-dimensional ELF
for 18R, 4H, and 2H-SnSe,, respectively. The blue spheres represent Sn atoms, and the red spheres denote Se atoms. The color transition from purple
to red corresponds to electron transformation from no localization to perfect localization. d—f) The calculated Young’s modulus along three principal

crystallographic directions for 18R, 4H, and 2H-SnSe,, respectively.

modulus for 18R, 4H, and 2H-SnSe,. The remaining mechan-
ical properties, including shear modulus and Poisson ratio, are
appended in the supporting information (Figures S8 and S10,
Supporting Information). It is important to note that Young’s
modulus gradually increases as the phase consecutively converts
from 18R to 4H, and finally to the 2H phase. It is because the
delocalized electrons soften the chemical bonds, resulting in a
lower Young’s modulus. Additionally, the anisotropy of Young’s
modulus continuously decreases as symmetry increases. This
matches well with our experimentally measured strain—stress
curve, showing nearly isotropic performance even though the
sample was deformed along two different directions.

3. Conclusion

Thermoelectric semiconductors tend to fail in a brittle man-
ner because of their rigid chemical bonds. Searching for ductile
thermoelectric materials is a highly sought-after goal. Recently,
2D vdW layered SnSe, single-crystal thermoelectric material is
found to exhibit extraordinary plasticity and can be bent without
forming visible cracks. Their plastic deformability was attributed
to the long-range cation—anion Coulomb interaction meditated
interlayer gliding and cross-layer dislocation slip. However, this
mechanism does not explain the brittleness of polycrystalline
SnSe,. In this work, we precisely resolve the crystal structure
of SnSe, statically and dynamically upon loading on the atomic
level. The pristine SnSe, crystal consists of an 18R structure,
which has never been observed in its polycrystalline cousins. In
situ loading of pressure to the crystal leads to a low- to high-
symmetry phase transition. By combining STEM experimental
observations and first-principle calculations, the phase conver-
sion pathway is determined to be from 18R to 4H, and finally
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to the 2H phase upon compression. These results disclose a new
mechanism underneath the exceptional plasticity of SnSe,, ex-
tending our understanding of plasticity and the design of flexible
inorganic semiconductors.

4. Experimental Section

Synthesis and Single Crystal Growth: Reagents of Sn and Se (99.999%,
American Elements) were used as received. Ingots (220 g) with the nomi-
nal compositions SnSe, were synthesized by reacting an appropriate mo-
lar ratio of starting reagents in an evacuated fused silica tube (~10> Torr)
at 973 K for 6 h, followed by quenching to ice water. The obtained ingots
were subsequently annealed at 773 K for 72 h and naturally cooled to room
temperature. The products were hand-ground by an agate mortar and pes-
tle to a fine powder in an Ar-filled glove box. The resulting powder was
loaded into an evacuated cone-shaped quartz tube and placed in a vertical
Bridgman furnace. The crystal was grown at a temperature of 973 K with
a speed of 1 mm h™'. These preparation processes were important for ob-
taining a high-quality single crystal with uniform element distribution. The
polycrystalline SnSe, was prepared by melting synthesis combined with
SPS. The above ingot was hand-ground by an agate mortar and pestle to
fine powders in an Ar-filled glove box. The resulting powders were consol-
idated at 773 K for 5 min under an axial pressure of 50 MPa in a vacuum
using SPS (SPS-211Lx, Fuji Electronic Industrial Co., Japan).

X-Ray Diffraction (XRD): XRD patterns were collected using Cu Ka
(A= 15418 A) graphite monochromatized radiation on a SmartLab Rigaku
powder X-ray diffractometer operating at 40 kV and 20 mA.

Scanning Transmission Electron Microscopy (STEM): For STEM, the
specimen was thinned down as a pillar in the direction perpendicular to
the cleavage plane, namely, along the <100> zone axis by focused ion
beams (FIB, Helios 650, FEG, FEI) with a dual beam microscope employ-
ing gallium ion milling.[23] Before the ion milling, a thin layer of carbon was
sputtered to the surface of the specimen for protecting the sample. Struc-
tures and chemical compositions were analyzed by a spherical aberration-
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corrected JEM ARM-200F microscope (Cold FEG Type, JEOL) equipped
with an SDD type EDS detector (Solid Angle 0.9-sr, X-MaxN T00TLE, OX-
FORD) at 200 kV. In high-angle annular dark-field STEM (HAADF-STEM)
images, the point-to-point resolution was about 80 pm after the spher-
ical aberration correction and the angular range of the annular detector
employed was from 68 to 280 rad. All STEM images were obtained by
a high-resolution CCD detector with a 2k x 2k pixel device in the GIF-
QuantumER imaging filter (GATAN). For STEM—-EDS investigation, chem-
ical maps were recorded with a probe size of 0.13 nm and a probe current
of 40 pA.

First Principle Calculations: We performed the first-principles calcula-
tion utilizing the Perdew—Burke—Ernzerhof (PBE)[24] implemented in the
Vienna ab initio simulation package (VASP) code.l?’! To describe vdW in-
teractions, the strongly constrained and appropriately normed meta-GGA
functional with the revised Vydrov—van Voorhis nonlocal correlation func-
tional (SCAN+rVV10) was employed.!?6] Meta-GGAs offer higher accuracy
compared to GGAs, but their computational cost is significantly higher.
To investigate the pressure-induced phase transition of SnSe,, Vesta was
used(?”] to construct three different crystal structures, including 2H, 4H,
and 18R-SnSe,. In the calculations, the energy at 400 eV was truncated.
All the atoms were optimized for geometric structure until the variation
of the total energy was below 1 x 1076 eV, the relaxation would not stop
until all forces were less than 1x 1072 eV A='. Furthermore, the Brillouin
zone (BZ) was sampled with 9 X 9 x 4,9 X 9 X 2, and 9 X 9 X 1 k-point
mesh generated by the I'-centered for the 2H, 4H, and 18R-SnSe, phases,
respectively. Finally, postprocessing software was employed to extract the
mechanical properties of each phase.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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