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pollution is becoming increasingly 
serious. To relieve the significant stress 
from energy depletion in the future, sus-
tainable power generation and refrig-
eration solutions are urgently needed. 
Thermoelectric materials and devices can 
realize direct conversions between heat 
and electricity, therefore have exhibited 
the considerable potential to tackle the 
above issues.[1] To boost the thermoelectric 
conversion efficiency of the thermoelec-
tric devices, the n-type and p-type mate-
rials as core components in the devices 
must possess high dimensionless figure-
of-merit ZT values, which can be deter-
mined by ZT = (S2σ/κ) · T.[2] Here S2σ is 
the power factor that is composed of See-
beck coefficient S and electrical conduc-
tivity σ, κ is the thermal conductivity that 
is composed of electronic thermal con-

ductivity κe and lattice thermal conductivity κl (κ  = κe  + κl),  
and T is the absolute temperature,[3] respectively. To date, 
optimizing the S2σ by tuning the carrier concentration n  
(np for p-type materials with holes as major carriers and ne for 
n-type materials with electrons as major carriers), and reducing 
the κl by rational structural engineering, are two effective strat-
egies for achieving high ZTs in current thermoelectric mate-
rials;[4] while exploring new thermoelectric materials with 
intrinsic high S and low κl is also of significance.[5]

Benefiting from the developed thermoelectric science and 
technology, many thermoelectric materials have been reported 
with high ZTs of >2,  such as GeTe,[6] Cu2Se,[7] PbTe,[8] and 
SnSe.[9] Among these state-of-the-art materials, SnSe is known 
as a promising candidate with full potential for assembling 
thermoelectric devices because of its high-performance, low-
toxic, and cost-effective features, thus has attracted intensive 
attention in recent years.[9] SnSe possesses a suitable bandgap 
of ≈0.9  eV (low-temperature α-SnSe, Figure S1, Supporting 
Information),[9] which is a typical p-type semiconductor with 
an intrinsic high S of >300  µV K−1. Meanwhile, SnSe pos-
sesses a typical layered crystal structure, in which Sn-Se layers 
are stacked layer-by-layer along its out-of-plane direction with 
Van der Waals forces between the layers (Figure S2, Supporting 
Information), leading to much higher σ and S2σ along its in-
plane direction.[9] Furthermore, SnSe possesses an intrinsic 
low κl derived from its unique zig-zag bonding between Sn 
and Se,[9] indicating significant potential in realizing high ZT. 
It was reported that p-type SnSe crystal showed a high ZT of 
≈2.6 at 923 K along its b-axis,[10] while n-type Br-doped SnSe 
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1. Introduction

With the rapid development of human society, fossil fuels 
are increasingly depleted, and the resulting environmental 
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crystal exhibited a high ZT of ≈2.8 at 773 K along its a-axis.[11] 
However, because of their critical growth techniques, prospec-
tive high cost, and poor mechanical properties,[9] SnSe crystals 
are undesirable for assembling practical devices. Consequently, 
polycrystalline SnSe has become a potential alternative.[9] Till 
now, rational doping with other elements or alloying with 
other compounds have been commonly used to tune the n of 
polycrystalline SnSe and in turn optimize its S2σ (Figure S3, 
Supporting Information), while micro/nanostructure manipu-
lations were employed to suppress its κl,[9] leading to improved 
ZTs. Texturing was also used to further improve the electrical 
transport of polycrystalline SnSe.[12] Benefiting from the syn-
ergy effect of Na-doping and oxide-removing, the ZT of p-type 
polycrystalline SnSe has been reported to reach 3.1 at 783 K,[13] 
which is even higher than that of the single crystals.[9] How-
ever, it was reported that Na-doping may severely damage the 
mechanical performance of SnSe, and the reported ultralow 
κl of only 0.07 W m−1 K−1 is difficult to understand.[13] Con-
sidering that a high-performing device requires both high 
average ZT (ZTave) within the entire temperature range[14] and 
high mechanical properties to resist internal or external forces 
during working,[4] developing mechanical-robust polycrystalline 
SnSe with high ZTave is still urgent.

To avoid damaging the mechanical properties of p-type poly-
crystalline SnSe, developing pure polycrystalline Sn1–xSe with 
rationally tuned Sn vacancy (VSn) concentration is a promising 
strategy, which can be described as “vacancy engineering”. It was 
reported that VSn can strengthen the mechanical performance of 
polycrystalline Sn1–xSe by point-defect-induced reinforcement,[15] 
while rationally tuning the VSn concentration can simultane-
ously tune the np since introducing extra VSn can lower the 
Fermi level down into the valence bands and in turn generate 
hole carriers, confirmed by first-principles density functional 
theory (DFT) calculations (Figure S4, Supporting Informa-
tion).[16,17] We analyze the relationship between the reported np 
and ZT values for pure polycrystalline Sn1–xSe by a classic single 
parabolic band (SPB) model[15,18–22] that is based on the condi-
tion of acoustic phonon scattering, and the results indicate that 
a high ZT of >2 requires both a well-tuned np of ≈3 × 1019 cm−3 
and a low κl of <0.2 W m−1 K−1 at 823 K (Figure 1a). To achieve 
this goal, it is needed to combine the vacancy engineering with 
micro/nanostructuring to simultaneously achieve high S2σ 
and low κl, which is always tricky for conventional melting or 
mechanical alloying since these fabrication techniques are dif-
ficult to form VSn with a satisfied concentration and maintain a 
strong anisotropy in the polycrystalline Sn1–xSe.

Aqueous-solution-based solvothermal synthesis is a route 
to fabricate super-large Sn1–xSe microplates with average 
dimensions of >100  µm.[15]  By sintering these microplates 
into polycrystals, the as-achieved p-type Sn1–xSe can exhibit 
single-crystal-like anisotropy with high electrical transport per-
formance along the direction perpendicular to the sintering 
pressure. The main chemical reactions during the solvothermal 
synthesis can be expressed as:[15]

SnCl ·2H O Sn 2Cl 2H O2 2
C H O 2

2
2 6 2 → + ++ −  (1)

Na SeO 2Na SeO2 3
C H O

3
22 6 2 → ++ −  (2)

SeO C H O Se C H O H O 2OH3
2

2 6 2 2 2 2 2+ → + + +− −  (3)

3Se 6OH 2Se SeO 3H O2
3
2

2+ → + +− − −  (4)

1 Sn Se Sn Se2 2 Na
1( )− +  →+ −

−

+

x x  (5)

where C2H6O2 acts as the solvent to dissolve SnCl2 · 2H2O as Sn 
sources (Equation  1) and Na2SeO3 as Se sources (Equation 2). 
C2H6O2 also acts as the reducing agent to generate Se 
(Equation  3), and NaOH acts as the reducing agent to reduce 
Se into Se2− (Equation  4), benefiting the formation of Sn1–xSe 
(Equation  5).[23–25] Based on the above chemical reactions, by 
tuning the NaOH concentration during the synthesis, rationally 
tuned VSn with a concentration of ≈2.5% can lead to a high np 
of ≈2.3 × 1019 cm−3 and in turn a high ZT of ≈1.5 at 823 K and 
a high ZTave of ≈0.8.[15] The as-achieved VSn can simultaneously 
improve the compression strength of polycrystalline Sn1–xSe 
from 52.1 MPa to 77.0 MPa.[15] However, the as-achieved np still 
needs further improvement (up to ≈3 × 1019 cm−3) to optimize 
the ZT, and the as-achieved ZT of ≈1.5 is not competitive com-
pared with reported ZTs of >2  in single crystals[10] and many 
other thermoelectric materials,[4] which is mainly resulted 
from its κl of >0.3 W m−1 K−1. Furthermore, a higher ZTave of 
>1.0  should be further realized to be valuable for applying to 
practical devices.

In this work, we employ CrCl3 during the solvothermal 
synthesis to simultaneously tune the np and suppress the κl 
of the as-fabricated Sn1–xSe. In detail, we employ y% CrCl3 
as a multi-functional precursor during the solvothermal syn-
thesis (Figure  1b), and y% is defined as the ratio of CrCl3 to 
SnCl2 · 2H2O used for the synthesis. By dissolving CrCl3 into 
the solution, there are chemical reactions:

CrCl Cr 3Cl3
C H O 32 6 2 → ++ −  (6)

Cr 3OH Cr OH3 C H O

3

2 6 2 ( )+  →+ −  (7)

Because dissolving CrCl3 can release extra Cl− in the solu-
tion (Equation  6), based on the common ion effect,[26] these 
extra Cl− will inhibit the reaction of Equation  1, leading to a 
less-Sn condition in the as-synthesized Sn1–xSe microplates. 
We carefully studied the real compositions of polycrystalline 
Sn1–xSe sintered from these microplates by electron probe 
micro-analyser (EPMA), and the results indicated that with 
increasing the amount of CrCl3 up to y = 10, the VSn concentra-
tion can be further increased from ≈1.9% to ≈3.5% (Figure 1c & 
Table S1–S2, Supporting Information), leading to a well-tuned 
np from ≈1.5 × 1019 cm−3 to ≈3.0 × 1019 cm−3, which is the opti-
mized value for achieving a peak S2σ of ≈8.35 µW cm−1 K−2 at 
823 K. At the same time, during the synthesis, Cr3+ react with 
OH− to form Cr(OH)3 colloidal precipitations, confirmed by 
X-ray diffraction (XRD) patterns (Figure S5, Supporting Infor-
mation) and scanning electronic microscopy (SEM) image 
(Figure S6, Supporting Information). During the crystal-growth 
process in the solution, these colloidal precipitations can realize 
unique micro/nanoporous structures of the as-synthesized 
Sn1–xSe microplates without reducing their dimensions 
(Figure S7, Supporting Information), acting as unique “tem-
plates”. After the synthesis, all precipitations attached to the 
as-synthesized microplates can be removed by washing the 
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products with H2O and ethanol. By sintering these micro/
nanoporous microplates into polycrystals through a fast sparkle 
plasma sintering technique, we successfully obtained polycrys-
talline Sn1–xSe with dense grain boundaries and three-dimen-
sional (3D) pores as defects while keeping a strong anisotropy 
(Figure S8, Supporting Information). Such a unique structure 
combined with other lattice imperfections such as zero-dimen-
sional (0D) point defects and one-dimensional (1D) dislocations 
caused by introducing high-concentration VSn can successfully 
suppress the κl from ≈0.4 W m−1 K−1 to ≈0.2 W m−1 K−1 at 823 K 
(Figure 1d). As a result, a competitively high ZT of ≈2.4 can be 
achieved in polycrystalline Sn0.965Se at 823 K along the direction 
perpendicular to the sintering pressure, which has reached the 
peak value confirmed by the SPB model (Figure 1e). In addition 
to the high peak ZT at 823 K, a competitive ZTave of ≈1.1 can 
be simultaneously realized (Figure S9, Supporting Informa-
tion), which is valuable for applying to practical thermoelectric 
devices. We also compare the T-dependent ZT between our 
polycrystalline Sn0.965Se and reported pure Sn1–xSe[15,17–22,27–30] 

from room temperature to 873 K (Figure  1f), and the results 
indicate that the ZT of our Sn0.965Se is around 1.6 at 750 K, 
and the ZT is >1 within a wide temperature range of >600 K, 
unveiling the potential for applying to practical applications.

2. Results and Discussion

In addition to the optimized np of ≈3.0 × 1019 cm−3 and sup-
pressed κl of ≈0.2 W m−1 K−1 that leads to the high peak ZT 
at 823 K, the strong anisotropy in the as-sintered polycrystal 
also plays a significant role in determining the high electrical 
transport performance. In this work, we found that there is 
an optimized concentration of CrCl3 during the solvothermal 
synthesis, which is equal to using 10% CrCl3 as precursors 
(y  = 10). When the CrCl3 concentration is <10%,  the np is 
<3.0  × 1019 cm−3 due to the insufficient VSn concentration of 
<3.5%, and the pores in the microplates or as-sintered polycrys-
tals are not dense due to the insufficient Cr(OH)3 formed during 

Figure 1. Fabrications, compositions, and thermoelectric performance of polycrystalline Sn1–xSe. a) Figure-of-merit ZT as functions of hole carrier con-
centration np and lattice thermal conductivity κl for p-type polycrystalline SnSe at 823 K, calculated by a single parabolic band (SPB) model. Reported 
ZT values are provided for comparison.[15,18–22] b) Schematic diagram of fabricating polycrystalline Sn1–xSe by a combination of solvothermal synthesis 
and sparkle plasma sintering (SPS) technique. c) Real compositions of polycrystalline Sn1–xSe fabricated by using y % CrCl3 during the solvothermal 
synthesis, evaluated by electron probe microanalysis (EPMA). Here y = 0, 2.5, 5, 7.5, and 10, respectively. d) κl of polycrystalline Sn1–xSe as a function of 
y % CrCl3. The insets illustrate multi-dimensional crystal imperfections found in the matrix of polycrystalline Sn1–xSe, including zero-dimensional (0D) 
point defects, one-dimensional (1D) edge dislocations, two-dimensional (2D) grain boundaries, and three-dimensional (3D) pores. e) np-dependent ZT 
for polycrystalline Sn1–xSe at 823 K, calculated by the SPB model. The as-achieved experimental ZT values are included for comparison. f) Temperature 
T-dependent ZT of polycrystalline Sn0.965Se by using 10% CrCl3 during the solvothermal synthesis. Reported T-dependent ZT values are included for 
comparison.[15,17–22,27–30]
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the synthesis (Figure S10, Supporting Information). However, 
when the concentration of CrCl3 is >10%,  the dimensions of 
the as-synthesized microplates are significantly dropped from 
≈136 µm to <100 µm because excessive Cr(OH)3 in the solution 
will impede the crystal growth of Sn1–xSe microplates, while the 
concentration of VSn is only slightly enhanced (Figure 2a). After 
sintering these microplates into polycrystals, all samples show 
single-crystal-like anisotropy confirmed by their XRD patterns, 
in which (400) peaks exhibit the strongest intensity (Figure 2b). 
However, by studying the relative peak intensities between the 
(400) peaks and (111) peaks (I(400)/I(111)), it can be found that with 
increasing y from 0 to 10, I(400)/I(111) reaches a peak value, indi-
cating the strongest anisotropy in the as-sintered polycrystals. 

Oppositely, when y is >10,  I(400)/I(111) is significantly dropped, 
indicating the drop of anisotropy (Figure  2c). Besides, with 
increasing y, the (400) peaks of the as-sintered polycrystals shift 
toward a higher 2θ valve (Figure  2d), indicating the increased 
concentration of VSn as “native” point defects that shrink the 
lattice parameters and uni-cell volume, which is similar to 
the XRD results of the solvothermal synthesized microplates  
(Figures S11–S12, Supporting Information).

The variation of anisotropy of the as-sintered polycrys-
tals significantly affects their electrical and thermal trans-
port performance. In this work, we have carefully evaluated 
the T-dependent thermoelectric properties of polycrystalline 
Sn1–xSe as a function of y% CrCl3, including measured σ, S, 

Figure 2. Anisotropy, electrical and thermal transport of polycrystalline Sn1–xSe. a) Size distributions of solvothermally synthesized Sn1–xSe microplates 
as a function of y% CrCl3. The inset shows their average sizes and compositions. b) X-ray diffraction (XRD) patterns of polycrystalline Sn1–xSe were 
fabricated by using y% CrCl3 during the solvothermal synthesis. c) relative peak intensities between the (400) peak and (111) peak (I(400)/I(111)). d) Mag-
nified XRD patterns to see the deviation of the (400) peak (right). e, np and carrier mobilities µ. f) Electrical conductivities σ and Seebeck coefficients 
S. g) Effective masses m* and deformation potential coefficients Edef. h) np-dependent S2σ at 823 K, calculated by the SPB model. The as-achieved 
experimental S2σ values are included for comparison. i) Thermal conductivities κ and electronic thermal conductivities κe. j) T-dependent κl for poly-
crystalline Sn0.965Se. Calculated κl by a Debye-Callaway model are included for comparison. Here U refers to the Umklapp process, GB refers to the 
grain boundary scattering, PD refers to the point defect scattering, ED refers to the edge dislocation scattering, and Po refers to the pore scattering.
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and determined S2σ (Figure S13, Supporting Information), 
measured np and carrier mobilities µ (Figure S14), effective 
masses m* and Lorenz number L calculated by the SPB model 
(Figure S15, Supporting Information), measured thermal dif-
fusivities D, mass density ρ, and specific heat capacities Cp 
to determine the κ by κ = DρCp (Figure S16 & Table S3, Sup-
porting Information), determined κ, κe, and κl by κe = LσT and 
κl  = κ – κe (Figure S17, Supporting Information), and deter-
mined ZT (Figure S18). All properties were evaluated along 
the directions both perpendicular and parallel to the sintering 
pressure to study their anisotropies, marked as the “⊥” and “//” 
directions. The results indicate that the as-achieved σ, µ, and κ 
are highly dependent on the anisotropy, which are much higher 
along the “⊥” direction (close to the in-plane direction of single 
crystals); while the as-achieved S and np are weakly dependent 
on the anisotropy, which are mainly determined by the compo-
sitions rather than the structures (Figures S19–S20, Supporting 
Information). Taking the thermoelectric properties at 823 K 
along the “⊥” direction for an example, with increasing the 
y from 0 to 15, np is gradually enhanced due to the increased 
concentration of VSn, while µ is gradually decreased due to the 
strengthened scattering of carriers on the lattice imperfections 
in the matrix, such as point defects (mainly VSn) and grain 
boundaries introduced by the pores (Figure  2e). As a result, 
with increasing the y from 0 to 15, S is gradually decreased due 
to the increased np, while σ is firstly increased up to a peak 
value of ≈95.4 S cm−1 at y  = 10 and then decreased, which is 
derived from the drop of anisotropy (Figure  2f). In terms of 
m* and deformation potential coefficients Edef extracted from 
the SPB model, with increasing the y from 0 to 15, m* is first 
increased up to a peak value of ≈1.15 at y  = 10 and then kept 
almost stable, which is derived from the variation of np; while 
Edef exhibits a valley value at y  = 10, which can explain the 
highest texturing effect achieved in the polycrystal when y = 10 
(Figure  2g). Benefiting from the well-tuned np and strongest 
anisotropy at y  = 10, a high S2σ of ≈8.35 µW cm−1 K−2 can 
be achieved at 823 K along the “⊥” direction (Figure  2h). In 
terms of thermal transport, κ also exhibits a strong anisotropy-
dependent feature because both κe and κl that determine the 
κ are related to the structures of materials. With increasing 
the y from 0 to 15, κe is first increased up to a peak value of  
≈0.12 W m−1 K−2 at y = 10 and then decreased, which is derived 
from the variation of σ; while κ and κl are firstly decreased 
until y = 10 and then kept almost unchanged, which is derived 
from the variation of anisotropy (Figure  2i & S17, Supporting 
Information). Besides, it can be found that the ratio of κe:κ is 
<40% in all samples, indicating that κl plays a dominant role in 
determining the κ. We compared the T-dependent κl with cal-
culated results by a classic Debye-Callaway model (Figure 2j), in 
which U refers to the Umklapp process, GB refers to the grain 
boundary scattering, PD refers to the point defect scattering, 
ED refers to the edge dislocation scattering, and Po refers to the 
pore scattering. The pores play a significant role in determining 
the low κl. Furthermore, our achieved thermoelectric properties 
possess high repeatability/stability, confirmed by the repetition 
tests (Figure S21, Supporting Information).

To understand the as-achieved low κl, we investigate compre-
hensive microstructure characterizations on the solvothermal 
synthesized microplates and as-sintered polycrystals. Taking 

Sn0.965Se for a typical case (y = 10), benefited from the Cr(OH)3 
colloidal precipitations that act as “templates” during the sol-
vothermal synthesis, the as-synthesized Sn0.965Se microplates 
are highly porous but successfully keep a large average size 
(Figure 3a), especially compared to the dense Sn0.981Se micro-
plates when no CrCl3 was used (Figure S22, Supporting Infor-
mation). After sintering these porous microplates into bulk 
materials, although most of the pores in the microplates were 
compressed by the high sintering pressure, the as-achieved 
polycrystal still successfully keeps some micro/nanopores as 
3D crystal imperfections (Figure 3b). The average diameter of 
pores in Sn0.965Se is ≈1.2 µm (Figure S8, Supporting Informa-
tion). It was pointed out that the thermal transport in pores is 
only based on thermal radiation,[19] and the boundaries of the 
pores can strongly scatter the phonons with different wave-
lengths,[19] therefore micro/nanopores are useful to suppress 
the κ. Similar to the polycrystalline Sn0.981Se (Figure S23, Sup-
porting Information), the strong anisotropy of polycrystalline 
Sn0.965Se is also safely kept, derived from the large average size 
of the Sn0.965Se microplates. The anisotropy of polycrystalline 
Sn0.965Se is even stronger than that of polycrystalline Sn0.981Se, 
confirmed by their XRD results (Figure S24, Supporting Infor-
mation). Besides, the distributions of Sn and Se elements are 
uniform after sintering confirmed by energy-dispersive spec-
troscopy (EDS) results, indicating that there is no composition 
change during the sintering process (Figure S25, Supporting 
Information).

To further study the structure characteristics, we investigated 
scanning tunneling microscopy (STM), transmission electron 
microscopy (TEM), and spherical aberration-corrected scan-
ning TEM (Cs-STEM) characterizations. In detail, we used 
STM to characterize the surface of polycrystalline Sn0.965Se, 
and the results show a typical surface with dense VSn as point 
defects (Figure 3c). These VSn are individually distributed, and 
no extra atomic plane is extended from the VSn, indicating 
that these defects are Sn vacancies rather than parts of dislo-
cations. Around these VSn, the lattices are distorted, resulting 
in different contrast from the matrix without VSn. Such a 
contrast around the VSn is derived from the release of hole car-
riers by the VSn, which causes the change of charge distribu-
tion around the VSn detected by the tunnel current of STM. 
The inset image shows a corresponding magnified STM image 
after a fast Fourier transform (FFT) taken from a normal area, 
in which the Sn and Se atoms are both labeled on this (100) 
surface (b–c plane). In addition to STM, TEM and Cs-STEM 
were also employed to study the lattice features of Sn1–xSe 
microplates (Figures S26–S27, Supporting Information) and 
polycrystals. For example, the high-resolution TEM (HRTEM) 
result of polycrystalline Sn0.965Se shows typical lattice distor-
tions (Figure  3d), which are mainly caused by the VSn. These 
lattice distortions cause significant lattice strains in the matrix 
(Figure S28, Supporting Information), which act as the effective 
sources for short-wavelength phonon scattering. As well, the 
VSn can be observed by Cs-STEM high-angle annular dark-field 
(HAADF) image (Figure  3e). In addition to the VSn as typical 
point defects, grain boundaries are also typical lattice imperfec-
tions in polycrystalline Sn0.965Se. For example, one typical grain 
boundary is observed by the HRTEM image (Figure  3f), in 
which the adjacent grains possess close zone axes, confirmed 
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by their FFT patterns. Benefiting from the micro/nanoporous 
structure of solvothermally synthesized Sn0.965Se microplates, 
the as-sintered polycrystals possess considerably dense grain 
boundaries (Figure S29, Supporting Information), derived from 
the nanograins formed by squeezing the micro/nanoporous 
structure of microplates through high-pressure SPS. The dense 
grain boundaries are effective sources for long-wavelength 
phonon scattering. Besides, in the matrix of polycrystalline 
Sn0.965Se, we also found dense dislocations confirmed by the 
TEM image (Figure 3g). After magnifying one of these disloca-
tions, an array of dislocations can be observed that show typical 
edge characteristics, confirmed by the corresponding HRTEM 
image (Figure  3h). These dislocations are mainly triggered by 

VSn when the lattice distortions caused by the VSn are strong 
enough to meet the dislocation formation energy. Similar to 
VSn, dislocations especially edge dislocations can also cause 
significant lattice strains (Figure S30, Supporting Informa-
tion),[4] which are effective sources for mid-wavelength phonon 
scattering. It should be noted that most dislocations found in 
thermoelectric materials are curved, indicating that they have 
a mixed nature, and only the edge component of disloca-
tion can be seen in HRTEM images.[4] The edge dislocations 
are also effective for improving the mechanical properties 
of thermoelectric materials. Based on the as-observed multi-
dimensional lattice imperfections, we used the Debye-Callaway 
model to calculate the spectral lattice thermal conductivity (κs) 

Figure 3. Micro/nanostructural characterizations of polycrystalline Sn1–xSe. a) Scanning electron microscopy (SEM) image of solvothermally synthe-
sized Sn0.965Se microplates by using 10% CrCl3. b) SEM image of cracked polycrystalline Sn0.965Se to show the pores. c, Scanning tunneling microscopy 
(STM) image of the surface of polycrystalline Sn0.965Se to show the Sn vacancies (VSn). The inset shows a corresponding magnified STM image after 
a fast Fourier transform (FFT) taken from a normal area. d) High-resolution transmission electron microscopy (HRTEM) image of polycrystalline 
Sn0.965Se to show the lattice distortion. The TEM sample is prepared by the focused ion beam (FIB) technique. The inset shows the corresponding 
FFT pattern. e) Spherical aberration-corrected scanning transmission electron microscopy (Cs-STEM) high-angle annular dark-field (HAADF) image of 
polycrystalline Sn0.965Se to show the local VSn domain. The insets show the corresponding FFT pattern (top-right) and line profile (bottom-right) taken 
from the local VSn domain. f) HRTEM image of polycrystalline Sn0.965Se to show the grain boundary. The insets compare the FFT patterns of the adjacent 
grains. g) TEM image of polycrystalline Sn0.965Se to show dense edge dislocations. h) Corresponding HRTEM image to show an array of dislocations 
with typical edge characteristics. i) Calculated spectral lattice thermal conductivity (κs) at 300 K using the Debye-Callaway model.
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of polycrystalline Sn0.965Se at 300 K (Figure 3i). Benefiting from 
the point defects, edge dislocations, dense grain boundaries, 
and micro/nanopores, it is reasonable to achieve the low κl 
in the as-fabricated polycrystals. It should be noted that a few 
Cr(OH)3 precipitations may be occasionally included in the 
matrix of polycrystals due to the insufficient cleaning of solvo-
thermally synthesized microplates, which can act as “nanoin-
clusions” to scatter the phonons (Figure S31, Supporting Infor-
mation). However, considering that these nanoinclusions are 
still impurities that may harm electrical and mechanical perfor-
mance, these impurities should be removed.

In addition to optimizing the thermoelectric performance of 
polycrystalline Sn1–xSe, CrCl3 can simultaneously improve its 
mechanical properties, which are crucial for employing in prac-
tical devices for long-term durability. Here, we further evaluated 
the local elastic modules Er and hardness H by a nano indenter, 
and the overall compressive strength by a conventional compres-
sion test. The samples include polycrystalline Sn0.965Se (y = 10),  
polycrystalline Sn0.981Se (y  = 0), and SnSe with rare VSn and 
poor anisotropy, fabricated by a conventional melting route. 
The nanoindentation tests were under fixed loads of 1500 µN 
on the polycrystal surfaces perpendicular to the sintering pres-
sure (⊥ direction), which is the same as the direction of the 

as-achieved thermoelectric performance. As well, considering 
that the nanoindentation may be taken on the grain boundaries 
or scratches caused by the polishing paper, to ensure convincing 
results, each sample was measured 15 times. Polycrystalline 
Sn0.965Se exhibits the lowest displacement among the three sam-
ples during the nanoindentation tests (Figure  4a), indicating 
potentially high local Er and H. The inset shows a SEM image 
of typical nanoindentation. The size of the nanoindentation is 
only ≈1 µm, and the depth is within 300 nm. After further ana-
lyzing the load-displacement curves, we found that polycrystal-
line Sn0.965Se exhibits the highest Er and H (Figures 4b,c). Com-
pared with the reported H value of ≈0.27  GPa in SnSe,[31] the 
average H of ≈2.26 GPa achieved in our polycrystalline Sn0.965Se 
is much higher. Meanwhile, this value is also highly competi-
tive compared to other commercial thermoelectric materials 
such as Bi2Te3.[32] Such high Er and H values are mainly derived 
from the as-observed VSn-induced lattice distortions and dislo-
cations, which are effective in improving the local mechanical 
properties. Sn vacancies that act as intrinsic point defects can 
cause significant lattice distortions, which impede the dislo-
cation movement and make the dislocation difficult to slip, 
thereby increasing the strength and hardness of the material. 
Such a strengthening mechanism is similar to some reported 

Figure 4. Mechanical Performance of polycrystalline Sn1–xSe. a) Load-displacement curves. The inset SEM image shows typical nanoindentation.  
b) Elastic modules Er. c) hardness H. d) Compressive strength with reported value.[37] The inset photo shows typical specimens used for the compres-
sion tests.
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alloys.[33] As well, the strengthening in Er and H is also par-
tially derived from the VSn-induced dispersion strengthening 
for the grains.[34–36] Besides, we found that the Er and H values 
measured along the ⊥ direction are higher than the//direction 
for all samples, which are mainly derived from the anisotropy 
difference (Figure S32, Supporting Information). It should be 
also noted that the nanoindentation results mostly reflect the 
mechanical properties of a targeted small area, and this is why 
we further undertook the compression test, which can reflect 
the entire mechanical properties of the polycrystals.

Considering that the materials in thermoelectric mod-
ules may experience significant stress (mainly compression) 
during in-service, the materials need to have high compres-
sive strengths. In terms of the compression tests, all samples 
were cut into cuboidal chips of 3.5 mm in width and thickness, 
and 7 mm in length (Figure S33, Supporting Information). 
The direction for compression is also along the ⊥ direction. 
The strain rate was set as 2.5 × 10−4 s−1 for all samples. 
From the compression-extension curves (Figure  4d), the com-
pressive strength of Sn0.965Se (109.03 MPa) is much higher than 
Sn0.981Se (51.99 MPa) and SnSe (54.08 MPa), as well as reported 
value (74.4 MPa),[37] indicating that Sn0.965Se possesses excellent 
mechanical properties at a macroscale. Such high performance 

is mainly derived from the dense grain boundaries of the 
polycrystals sintered from the micro/nanoporous structure of 
microplates. During the sintering process, most of the pores in 
the microplates were compressed by the high pressure, leading 
to an effect of grain refinement, which can further strengthen 
the mechanical properties of pellets according to the Hall-Petch 
relationship δ = δ0 + Κg−1/2, where δ and δ0 are yield strengths 
of polycrystal and single crystal, respectively, K is a constant, 
and g is the average grain size.[38,39] By reducing the g, the yield 
strength is enhanced, fitting well with our experimental results. 
Meanwhile, it should be noted that the extension of Sn0.981Se is 
much lower than Sn0.965Se and SnSe, this is because Sn0.981Se 
possesses stronger anisotropy but fewer grain boundaries than 
SnSe. As a result, during the compression test, the pressure 
prefers to break the Van der Waals forces between Sn-Se layers 
of Sn0.981Se polycrystal and in turn, leads to a crack along the 
in-plane direction. Our compression results also exhibit anisot-
ropy (Figure S34, Supporting Information).

To evaluate the potential of polycrystalline Sn0.965Se for 
applying to practical thermoelectric devices, we evaluate 
its theoretical maximum energy conversion efficiency ηmax 
based on the calculated ZTave (Figure  5a). In this work, the 
ZTave is calculated in two different ways, namely conventional 

Figure 5. Single-leg thermoelectric device based on polycrystalline Sn0.965Se and its power generation performance. a) Calculated average ZT (ZTave) 
and corresponding maximum energy conversion efficiency ηmax of polycrystalline Sn0.965Se. The ZTave are calculated in two different ways, namely 
conventional average figure-of-merit (ZintTave) calculated by integration, and the engineering figure-of-merit (ZTeng) that accounts for the cumulative 
temperature-dependent thermoelectric properties.[14] Here η-1 correspondes to ZintTave, and η-2 correspondes to ZTeng. The corresponding results taken 
from the reported p-type SnSe crystals are included for comparison.[10] b) Resistivity (R) across the interface between Sn0.965Se and AgCuIn solder. The 
insets show the photo of the single-leg device (top-left) and the illustration of the measurement (bottom). c) output voltage (Vo) and power (P) as a 
function of loading current (Iload) under different temperature differences (ΔT). d) Input heat flow (Qin) from the hot side, and conversion efficiency (η) 
as a function of Iload under different ΔT. e) Comparison of η between our single-leg device and reported values.[40–54] f) Relative output power (P/P0) 
of the single-leg device as a function of thermal cycling time.
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average figure-of-merit (ZintTave) calculated by integration, and 
engineering figure-of-merit (ZTeng) that accounts for the cumu-
lative T-dependent thermoelectric properties.[14] Therefore, 
ZTeng is more useful for exactly determining the ηmax for a 
given material at a large temperature difference (ΔT) between 
the cold and hot sides, and the dimensionless intensity factor 
of the Thomson coefficient α̂  needs to be considered during 
calculating the ηmax based on ZTeng (Figure S35, Supporting 
Information). Here η-1 and η-2 are calculated based on ZintTave 
and ZTeng, respectively, and the corresponding results taken 
from the reported p-type SnSe crystals are included for com-
parison.[10] Clearly, the ZTeng of our polycrystalline Sn0.965Se is 
much higher than that of reported p-type SnSe crystals, which 
can contribute to a ηmax of ≈17% at a ΔT of 575 K. Considering 
that the practical ηmax should also be evaluated due to the 
resistivity (R) between the thermoelectric materials and solder, 
we fabricated a single-leg thermoelectric device composed of 
polycrystalline Sn0.965Se as thermoelectric leg and AgCuIn 
solder as a binder to connect the leg and Cu-Al2O3 substrate 
(Figure S36, Supporting Information). The R across the inter-
face between Sn0.965Se and AgCuIn solder is ≈0.69 mΩ, which 
can be neglected since the R of Sn0.965Se is >50  mΩ at room 
temperature (Figure 5b). We measured the output voltage (Vo) 
and power (P) of the as-fabricated single-leg device as a func-
tion of loading current (Iload) under different ΔTs, performed 
in a vacuum environment. The results indicate that a ΔT 
of 425 K can lead to a peak P of >100 mW when Iload = 1.4 A 
(Figure  5c). Considering the dimensions of the single leg are 
3.95 mm in width and thickness and 6 mm in length, the deter-
mined power density is ≈1175  mW cm−3. Besides, we meas-
ured the input heat flow (Qin) from the hot side and obtained 
conversion efficiency (η) as a function of Iload under different 
ΔT (Figure  5d). The evaluated maximum practical η is ≈10%, 
which is competitive compared to other single-leg thermoelec-
tric devices (Figure 5e).[40–54] It should be noted that a single-leg 
device always tends to overestimate its efficiency. In addition 
to the high power generation performance, the as-fabricated 
device possesses high stability, confirmed by its stable relative 
output power (P/P0) of ≈100% as a function of thermal cycling 
time up to 350 (Figure  5f). The temperature for the cold side 
(Tc) is fixed as 298 K, while the temperature for the hot side 
(Th) is cycled between 723 K and 523 K. All these results con-
firm the promising practical value of polycrystalline Sn0.965Se 
for applying to thermoelectric devices. Because SnSe is highly 
sensitive to oxygen, the oxidization of SnSe can severely 
damage its electrical and thermal transport, therefore SnSe-
based thermoelectric devices must be carefully protected and 
better be employed in a vacuum environment. Meanwhile, to 
further improve the η of SnSe-based thermoelectric devices, 
exploring high-performance n-type SnSe-based thermoelectric 
materials is also of significance. More studies are needed to fur-
ther improve the η by rational device design, such as structure, 
topology, electrode, and insulating filler.[4]

3. Conclusion 

In this work, by simply tuning the amount of CrCl3 during 
the solvothermal synthesis, highly micro/nanoporous Sn1–xSe 

microplates with large dimensions and well-tuned np can be 
successfully achieved. After sintering these microplates into 
polycrystals, the as-achieved bulk materials exhibit structures 
with strong anisotropy and multi-dimensional crystal/lattice 
imperfections. The optimized np of ≈3 × 1019 cm−3 comes from 
the enhanced VSn concentration triggered by the common 
ion effect of Cl− provided by CrCl3, leading to a high S2σ of 
≈8.35 µW cm−1 K−2 at 823 K; while the formed Cr(OH)3 col-
loidal precipitations act as unique “templates” to form micro/
nanopores in the microplates during synthesis. These micro/
nanopores combined with VSn as point defects, intensive edge 
dislocations triggered by VSn, and dense grain boundaries con-
tribute to a low κl of ≈0.2 W m−1 K−1 at 823 K, which lead to a 
high peak ZT of ≈2.4 at this temperature and a high ZTave of 
≈1.1. The as-achieved polycrystals simultaneously exhibit good 
mechanical properties with a high H of ≈2.26 GPa and a com-
pression strength of ≈109  MPa, while the as-fabricated single-
leg device shows stable P of >100 mW and η of ≈10% at a ΔT of 
425 K, indicating great potential for applying to practical ther-
moelectric devices. This work provides a unique route to realize 
high thermoelectric and mechanical performance in polycrys-
talline materials from an aspect of solvothermal synthetic envi-
ronmental design.

4. Experimental Section
Experimental Details are provided in the Supporting Information.

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