REVIEW

ADVANCED
SCIENCI

Open Acceq

www.advancedscience.con updates

High-Performance Thermoelectric SnSe: Aqueous Synthesis,

Innovations, and Challenges

Xiao-Lei Shi, Xinyong Tao, Jin Zou,* and Zhi-Gang Chen*

Tin selenide (SnSe) is one of the most promising candidates to realize envi-
ronmentally friendly, cost-effective, and high-performance thermoelectrics,
derived from its outstanding electrical transport properties by appropriate
bandgaps and intrinsic low lattice thermal conductivity from its anharmonic
layered structure. Advanced aqueous synthesis possesses various unique
advantages including convenient morphology control, exceptional high doping
solubility, and distinctive vacancy engineering. Considering that there is an
urgent demand for a comprehensive survey on the aqueous synthesis tech-
nique applied to thermoelectric SnSe, herein, a thorough overview of aqueous
synthesis, characterization, and thermoelectric performance in SnSe is pro-
vided. New insights into the aqueous synthesis-based strategies for improving
the performance are provided, including vacancy synergy, crystallization
design, solubility breakthrough, and local lattice imperfection engineering, and
an attempt to build the inherent links between the aqueous synthesis-induced
structural characteristics and the excellent thermoelectric performance is
presented. Furthermore, the significant advantages and potentials of an
aqueous synthesis route for fabricating SnSe-based 2D thermoelectric genera-
tors, including nanorods, nanobelts, and nanosheets, are also discussed.
Finally, the controversy, strategy, and outlook toward future enhancement of

generation is particularly suitable for
these applications.[! Thermoelectric mate-
rials can realize the mutual conversion
between thermal and electric energies
through thermoelectric effects. Harvesting
electricity from temperature difference is
a potential energy utilization method to
meet the challenge of the traditional fuel
resource depletion in recent years, making
thermoelectrics be a research topic with
significant attentions for broad application
prospects.l?l To evaluate the thermoelectric
efficiency, a dimensionless figure-of-merit
ZT is described asP’!

S*c
K

ZT =

T (1)

where S, 0, k, and T are the Seebeck
coefficient, the electrical conductivity,
the thermal conductivity, and the abso-
lute temperature, respectively.®! S%c is
the power factor to evaluate the thermo-

SnSe-based thermoelectric materials are also provided. This Review guides
the design of thermoelectric SnSe with high performance and provides new

perspectives as a reference for other thermoelectric systems.

1. Introduction

With increasing the interest in global energy dilemma, space
exploration, medical physics advances, and resource explo-
ration, to develop a power system that can supply itself
from waste heat is highly needed, and thermoelectric power

powet.l kis described as®!
k=D pC, = K. + K; (2)

where D, p, C,, Kk, and K are the thermal

diffusivity, mass density, specific heat, and
electronic and lattice thermal conductivities, respectively.’! In
order to achieve high ZT, both high S?0 and low k are needed.!®!
To meet this goal, computational studies indicate that appropri-
ately tuning the band structure can effectively improve S2c,!
and further strengthening the phonon scattering can reduce ;,®!
contributing a significant ZT improvement.
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Among the state-of-the-art thermoelectric materials, tin sele-
nide (SnSe) is one of the most promising candidates to apply
to thermoelectric devices due to its environmentally friendly
feature, high cost-effectiveness, and outstanding thermoelectric
performance derived from its appropriate bandgap of =0.9 eV
and intrinsic low k.19 Figure 1a shows the development time-
line for all SnSe-based bulk thermoelectric materials,1-124
from which a record high ZT of =2.8 at 773 K was found in
the n-type SnSe single crystal,'!l derived from its ultralow
ki of =0.18 W m™! K! and high S?c of =9.0 uyW cm™' K2 at
this temperature.'”! Such a high ZT is also very competitive
to other state-of-the-art thermoelectric systems which possess
ZTs > 2, such as PbTe, 1267134 GeTe,!135-147] Cu,Se/Cu,S,148-157]
and AgSbTe,.'>8 Inspired by the full potentials for further
improving ZT via reducing k& and tuning carrier concentra-
tion n (for electrons) and/or p (for holes), SnSe-based ther-
moelectric materials have attracted much attentions in recent
years 159,160

SnSe single crystals have been reported to have outstanding
thermoelectric properties.’! However, due to their poor mechan-
ical properties,> rigid crystal growth conditions,>*161-165] and
high cost for production, SnSe single crystals are limited for
their industrial scale-up.**7% To solve this challenge, polycrys-
talline SnSe as an alternative has become a research topic,!
and significant progress has been made for enhancing their
ZT values, as shown in Figure 1a.’] Considering that the per-
formance of polycrystalline SnSe is still lower than its single
crystal counterparts due to its relatively high k and low o,[1%
simultaneously achieving appropriate n/p and low K is urgently
needed.

SnSe is a layered orthorhombic-structured materials with
strong anisotropy.l>'?l Historically, an ideal SnSe-based thermo-
electric material should be polycrystalline SnSe composed by
grains with single-crystal like anisotropy and optimized n/p.>!
However, traditional fabrication techniques such as melting
and mechanical alloying are difficult to realize morphology
control of the fabricated SnSe products,®! thus there are limi-
tations for these synthesis routes to achieve high thermoelec-
tric performance in polycrystalline SnSe. To solve this issue,
as one of the most convenient methods to fabricate SnSe crys-
tals, advanced aqueous synthesis-based solution routes have
been constructively employed to achieve high thermoelectric
performance in polycrystalline SnSe.’] Compared with tradi-
tional melting and mechanical alloying routes,'*71%] advanced
aqueous synthesis-based solution routes possess unique advan-
tages, including convenient morphology control to achieve high
anisotropy,’! exceptional high doping solubility to tune the
n/p,*871 intensive local lattice imperfections to reduce ig,1*871
special doping behaviors,?27!l and distinctive vacancy engi-
neering for property synergy.?22425 Figure 1b,c shows tem-
perature-dependent ZT and corresponding peak and average
ZT values for polycrystalline SnSe fabricated through different
techniques,[13:10224658,629599.101] fo1 each technique we have
chosen the reported highest performance. As can be clearly
seen, aqueous solution routes (including solvothermal, hydro-
thermal and traditional aqueous route) can achieve both high
peak and average ZTs, indicating considerable potentials of the
solution routes possess for achieving high thermoelectric per-
formance in polycrystalline SnSe.
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Although the aqueous solution route has distinctive features,
there is still lack of a comprehensive Review to summarize
these unique features on enhancing the thermoelectric perfor-
mance of polycrystalline SnSe. Based on this urgent demand,
in this article, we provide a thorough overview toward an inte-
grated understanding of synthesis, characterizations, and per-
formance in polycrystalline SnSe. We provide new insights into
the strategies of aqueous synthesis route, including vacancy
synergy, crystallization design, solubility breakthrough, and
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Figure 1. A summary of ZTs for SnSe-based thermoelectric materials. a) The timeline for state-of-the-art SnSe bulks thermoelectric materials,

[11-124,169-182]

the performance achieved by solution route are circled by yellow. b) Temperature-dependent ZT and c) corresponding peak and average ZT values for poly-

crystalline SnSe through different fabrication techniques.13.16.22:46,58,62.95,9,

197 Here, melting, arc-melting, mechanical alloying, solid-state reaction, com-

bustion, aqueous solution, hydrothermal, solvothermal, and chemical exfoliation are abbreviated as M, AM, MA, SSR, C, AS, HT, ST, and CE, respectively.

local lattice imperfection engineering, to build the inherent
links between the aqueous synthesis-induced nanostructural
characteristics and the excellent thermoelectric performance.
Besides, the advances of solution route on fabricating SnSe
nanocrystal-based 2D thermoelectric generators are discussed
in detail, and the controversy, strategy, and outlook toward
future enhancements of SnSe-based thermoelectric materials
are also provided. This Review will provide guidance in the
design of SnSe-based thermoelectric materials with high per-
formance and robust stability, and provide new perspectives as
reference for other thermoelectric system.

2. Fundamental

Aqueous solution synthesis refers to the synthesis through
chemical reactions in aqueous solution above the boiling point
of the solvent,'®] which is particularly suitable for fabricating
SnSe crystals.®l In this section, the fundamental mechanisms
of solution-based synthesis on SnSe are discussed, followed by
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recent advances in SnSe, including thermodynamics, crystal char-
acteristics, band structures, evaluation of thermoelectric perfor-
mance through modelling, anharmonic bonding, and potential
phonon scattering occurred in SnSe. The kinetic conditions for
synthesizing SnSe crystals are also comprehensively summarized.

2.1. Solution-Based Synthesis
2.1.1. Hydrothermal

Hydrothermal synthesis is an important branch of inorganic
synthesis, which has a history of more than 100 years.['®#3] Hydro-
thermal refers to a method of preparing materials in a sealed
pressure vessel using water as a solvent, in which precursors
can be dissolved, reacted, and crystallized, similar to traditional
aqueous solution route. The difference is that hydrothermal
reaction occurs under high-temperature and high-pressure
conditions, which are usually above the boiling temperature
of water to achieve a high vapor pressure and in turn to meet

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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specific critical conditions. Therefore, the synthesized products
are subject to post-treatment, including separation, washing,
and drying. Compared with other material fabrication tech-
niques, the products prepared by the hydrothermal method
have complete crystal growth, controllable crystal size, uniform
distribution, weak agglomeration, considerable efficiency, com-
petitive productivity, and more cost-effectiveness derived from
using relatively cheap raw materials, and are easy to achieve
suitable stoichiometry and desired crystal form at a much
lower temperature. For SnSe, hydrothermal has been demon-
strated as a convenient route to achieve SnSe micro/nanocrys-
tals with controllable size and yielding rate 31818 thus has
been considered as a promising approach to fabricate poly-
crystalline SnSe for subsequently sintering them into bulks
for property measurements or device assembly. In particular,
the preparation of SnSe crystals by the hydrothermal method
avoids inducing impurity during synthesis, contributing to a
high sintering activity. In addition, driven by the layered crystal
structure, hydrothermal-grown SnSe are more likely to form 2D
structures, which have been widely observed in other layered
materials grown by the hydrothermal method. (!

www.advancedscience.com

In a typical hydrothermal synthesis, a water solution is used
as a reaction medium in a special closed reaction vessel (auto-
clave) to create a high-temperature (>100 °C), high-pressure
(1-100 MPa) reaction environment by heating the reaction
vessel, making the normally insoluble precursors be dissolved,
reacted, and crystallized. Figure 2a plots the relationship of
temperature-density of water under different pressure,!'®’]
from which it is clearly seen that, with increasing the pressure
and temperature, the ion products of water rapidly increase.
When under significantly high pressure and high temperature
(15-20 GPa and 1000 °C), the density of water is in the range of
1.7-1.9 g cm™3. In this condition, water can be completely dis-
sociated into OH™ and H;0", behaved as a molten salt. Besides,
the water viscosity decreases with rising the temperature. At
500 °C and under 0.1 GPa, the water viscosity is only =10% of
its value under normal condition. In this situation, the mobili-
ties of ions and molecules are much higher than under normal
condition, so that many chemical reactions can take place in
this environment. Besides, for the chemical reactions happened
during hydrothermal synthesis, water is also used as a solvent in
some occasions, in which the dielectric constant of water is one

a
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Figure 2. Illustrations of hydrothermal synthesis for fabrication SnSe crystals and sintered polycrystalline bulks. a) Plots of temperature-density of

water with pressure as a parameter.'®¥”] b) Plots of dielectric constant of

water versus temperature and pressure. Reproduced with permission.[138]

Copyright 1981, Elsevier. c) Illustration of typical hydrothermal synthesis, and d) obtained SnSe products and subsequent sintering and cutting pro-
cesses for thermoelectric performance evaluation. c,d) Reproduced with permission.?2l Copyright 2019, Wiley.
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of the key factors, as shown in Figure 2b. With increasing the
temperature and pressure, the dielectric constant decreases, %!
indicating that temperature and pressure play dominant roles
in the dielectric constant of water. Based on these fundamen-
tals, hydrothermal syntheses have many advantages as hydro-
thermal syntheses can produce crystalline phases that are not
stable at the melting point, and fabricate materials which have
a high vapor pressure near their melting points. Meanwhile,
hydrothermal synthesis can maintain the designed composition
of synthesized materials, exhibiting high operability and adjust-
ability. Besides, hydrothermal synthesis is environmentally safe
and cheap, thus is a particularly suitable route to fabricate SnSe
with high productivity and high efficiency.

Figure 2c illustrates a typical hydrothermal synthesis of
SnSe crystals, in which the solvent is water, the Sn sources are
SnCl, and SnCl,-2H,0,°%121l and the Se sources are Se and
Se0,.8818] If doping processes are needed, dopant sources are
needed to further modify the composition of the synthesized
products and in turn their performances.*)l Therefore, high
purities (>99%) of all precursors are needed to avoid potential
impurities and/or doping errors. Taking SnCl,-2H,0 and Se
for examples, in a typical synthesis, SnCl,-2H,0 is dissolved in
water and kept stirring for a certain time at room temperature
to ensure a complete dissolve of following reaction

SnCl, -2H,0 — Sn*" + 2C1" + 2H,0 (3)
To dissolve Se, alkaline such as NaOH or KOH is used in the
solution to ensure the reaction of
3Se + 60H™ — 2Se> + SeO? + 3H,0 (4)
The solution is then sealed in a polytetrafluoroethylene-lined
stainless-steel autoclave. The autoclave is heated above 100 °C
(boiling temperature of water to provide sufficient vapor pres-
sure for ensuring chemical reactions) in an oven, maintained
for a certain time, followed by naturally cooled to room tempera-
ture. Sometimes surfactant such as polyvinylpyrrolidone (PVP)
is used to contribute to a better crystallization, and catalyst can

also be used to accelerate either precursors dissolving or chem-
ical reactions.'® During this stage, a reaction can take place

Sn’* + Se’” — SnSe (5)

To achieve SnSe crystals with high purity, post-treatments,
including separation, washing, and drying, are needed, as illus-
trated in Figure 2d. Traditionally, the synthesized SnSe prod-
ucts are collected by centrifugation and washed by deionized
water for several times before drying in the oven at tempera-
ture below 70 °C for a certain time (usually 12 h). At this stage,
it is important to avoid oxidization on the surface of synthe-
sized products because oxidization can significantly increase
the thermal conductivity of SnSe,®! resulting in a low ZT. A
vacuum oven is generally recommended with controllable syn-
thesis temperature and time. Finally, the dried products can
be conveniently sintered via either traditional hot-pressing or
spark plasma sintering (SPS) to achieve polycrystalline SnSe
bulks for thermoelectric performance evaluation and/or their
device assembling, as shown in Figure 2d.
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2.1.2. Solvothermal

Compared with hydrothermal, solvothermal-based solution
methods use nonaqueous rather than water, and the syntheses
are always carried out at a relative high temperature, 13311 thus
hydrothermal can be treated as a class of solvothermal method.
Since different solvents possess different characteristics, such as
boiling point, vapor pressure, and solubility of precursors, there
exist full potentials for applying different solvents for synthe-
sizing SnSe crystals with distinctive features, including tuning
vacancy concentration to achieve higher electrical transport
performance,?2%° crystallization design to fabricate large crys-
tals for high anisotropy,?* solubility breakthrough for increase
doping potentials,?2*871 and local lattice imperfection inducing
to strengthen the phonon scattering, 22871 making solvo-
thermal synthesis a “wondrous magic” with considerable vari-
ation and full potentials for SnSe-based thermoelectric material
design. Table 1 lists the key physical parameters of the solvents
used in solvothermal synthesis (including hydrothermal when
the solvent is water),'®#31%! including molecular weight Mr, p,
melting point T, boiling point T, dielectric constant ¢, dipole
moment g, and solvent polarity ETy, respectively. Among these
parameters, E'y, defined as the sum of the interaction of solvent
and solute including Coulomb force, induction force, dispersion
force, H-bond, and charge transport force, is the key factor to
describe the solvation property of solvent.

For solvothermal-based synthesis of SnSe crystals, the pro-
cess is similar to hydrothermal, as shown in Figure 2c. Taking
ethylene glycol (EG, C,H¢O,) as solvent for an example,
Sn sources are SnCl, and SnCl,-2H,0,”%192 similar to
hydrothermal, 1121l and Se sources are Se,[%? Se0,,2°l and
Na,Se0;.”1l Sometimes dopant sources are needed to further
modify the performance of synthesized products.*® Taking
SnCl, and Na,SeO; for examples, in a typical solvothermal
synthesis, SnCl, is dissolved in EG and kept stirring for a cer-
tain time at room temperature to ensure a complete dissolve
through a reaction as

SnCl, —SH% 5% 4 2C1"

(0)

To produce Se?”, EG acts as the precursor,?! and alkaline
such as NaOH or KOH is used in the solution, acting as both
pH adjuster and precursor to benefit the chemical reactions as(*’!

C,H;0,

Na,Se0; —<H% 5 INa* + SeO?”

Se0? + C,H,0, — Se+ C,H,0, + H,0+ 20H"
3Se+60H™ — 2Se* + SeO% + 3H,0

The solution is then sealed in a polytetrafluoroethylene-lined
stainless-steel autoclave. The autoclave is heated above 200 °C
(boiling temperature of EG to provide sufficient vapor pressure
for ensuring chemical reactions) in an oven, maintained for a
certain time, followed by naturally cooled to room temperature.
Sometimes surfactants (such as PVP) are used to ensure the
better crystallization,®?l and catalyst can also be used to accel-
erate either precursors dissolving or chemical reactions.!®
During this stage, reactions (2) and (3) take place.

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. Physical parameters of the solvents used in solvothermal synthesis.['3319" Here M, p, T,,,, Ty, €, g, and ETy are molecular weight, mass den-
sity (g cm™3), melting point (°C), boiling point (°C), dielectric constant (C2 N~ M), dipole moment (D), and solvent polarity, respectively.

Solvent Mr D T I € Ug E'y
Water 18.01 1 0 100 80.4 1.94 1
Methyl alcohol 32.04 0.791 -98 65 32.6 1.7 0.762
Ethyl alcohol 46.07 0.785 -130 78 243 1.69 0.654
Propanol 60.1 0.804 -127 97 20.1 1.66 0.602
2-Propanol 60.1 0.785 -90 82 18.3 1.66 0.546
Butanol 7412 0.81 -90 118 17.1 1.66 0.602
2-Butanol 7412 0.807 =115 98 15.8 0.506
2-Methyl-1-propanol 74.12 0.802 -10 108 17.7 1.64 0.552
2-Methyl-2-propanol 7412 0.786 25 83 0.389
Pentanol 88.15 0.811 -78 137 13.9 1.8 0.568
2-Pentanol 88.15 0.809 120 13.8 1.66 -
3-Methyl-1-butanol 88.15 0.809 =11 130 14.7 1.82 0.565
2-Methyl-2-butanol 88.15 0.805 =12 102 7 1.7 0.321
Hexyl alcohol 102.18 0.814 -52 157 13.3 0.559
1-Heptanol 116.2 0.822 -36 176 121 0.549
2-Methyl-2-hexanol 116.2 0.8119 139.4 - - -
Tetradecanol 21439 0.823 39 289 - -
Cyclohexanol 100.16 0.963 21 160 15 1.9 0.5
Benzyl alcohol 108.14 1.045 =15 205 13.1 1.7 0.608
Ethylene glycol 62.07 1.109 =11 199 37.7 2.28 0.79
1,3-Propanediol 76.1 1.053 =27 214 35 2.5 0.747
1,2-Propanediol 76.1 1.036 -60 187 32 2.25 0.722
1,4-Butanediol 90.12 1.017 16 230 311 2.4 0.704
1,3-Butanediol 90.12 1.004 =50 207 0.682
Diethylene glycol 106.12 1.118 -10 245 0.713
Triethylene glycol 150.18 1.123 -7 287 23.7 5.58 0.704
Tetraethylene glycol 194.23 1.125 -6 314 0.664
Glycerol 92.09 1.261 20 180 42.5 0.812
Diglycerol 166.18 13

After the synthesis, the post-treatments may be needed,
similar to hydrothermal. The only difference is that the synthe-
sized SnSe products should be collected by centrifugation and
washed by both deionized water to remove all salts and ions
remained in the solution and ethanol to remove the un-reacted
solvent and organic byproducts.

2.1.3. Microwave Assistance

Occasionally, to increase the density of grain boundaries in sin-
tered polycrystalline SnSe for strengthening the mechanical
properties (such as hardness and compressing strength) and/or
reduce «j, fabricating smaller SnSe crystals are needed, where
traditional solvothermal route is difficult to achieve such a goal.
To meet this requirement, microwave-assisted solvothermal
synthesis can be a key resolution. Different from the tradi-
tional solvothermal route needing conventional oven heating,

Adv. Sci. 2020, 7, 1902923 1902923 (6 of 51)

microwave-assisted solvothermal receives heat from microwave
radiation, thus the heat is much more homogeneous with a high
heating efficiency. Besides, considering that many chemical reac-
tions show significant differences under microwave heating con-
ditions in aspects of the reaction rate and product selectivity, it is
important to understand the principle of microwave radiation.

Figure 3a shows a typical spectrum of common electromag-
netic radiations.'83191 The basic principle of microwaves can
be described as

o= (10)

where A, is the microwave wavelength, ¢ is the microwave
velocity, and f'is the microwave frequency, which is defined as
the numbers of oscillations of the electric or magnetic field in
1 s. From Figure 3a, it is clear that microwave lies in the elec-
tromagnetic spectrum between infrared waves and radio waves

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. lllustrations of microwave-assisted solvothermal synthesis. a) A typical spectrum of common electromagnetic radiations.'®31°1 b) Energy
of microwave and common bonding in solvents. c) TEM image with inset HRTEM image of SnSe nanocrystals synthesized via microwave-assisted
solvothermal synthesis. Reproduced with permission.['®l Copyright 2016, American Chemical Society.

with the wavelength between 0.01 and 1 m, and the frequency
ranges between 0.3 and 30 GHz.

Generally, microwave is a typical low energy radiation with
quantum energy of only =1.6 x 1073 eV at 2450 MHz, which
is difficult to break any chemical bond (such as hydrogen
bond with a bonding energy of 5.2 eV),!183191 ag illustrated
in Figure 3b. However, microwave energy can be absorbed
by dielectric solvent (such as water) and in turn heat is gen-
erated, which is critical for solvothermal syntheses. There are
two dominant microwave energy absorption mechanisms,
namely dipole rotation and ionic conduction, respectively. For
dipole rotation, it refers to dielectric heating. When applying
an electromagnetic field, molecular rotation occurs in solvent
containing polar molecules with an electrical dipole moment,
which will completely or partially align themselves. When
this electromagnetic field alternates, the directions of mole-
cules change, resulting in rotation of molecules and colliding
between adjacent molecules. However, the rotation cannot fully
follow the field changes since it depends upon the size and the
dielectric coefficient of the molecules, thus the field energy is
converted to kinetic and thermal energy. Simply, such heating
can be described as the molecular friction. For ionic conduction,

Adv. Sci. 2020, 7, 1902923 1902923 (7 of 51)

it refers to ion movements with the electronic field. When this
field changes, ions with the same charge migrate away from the
field, which will affect the chemical reaction in different ways
as compared with conventional heating.

Based on these unique features, microwave-assisted sol-
vothermal synthesis is particularly suitable for produce SnSe
nanoscale crystals with both high efficiency and low crystal
dimension, thus is promising for the fabrication of 2D flexible
thermoelectric generator. Figure 3c shows a typical example,
in which a TEM image with inset HRTEM image shows SnSe
nanocrystals with averaged size of =5 nm, synthesized by
microwave-assisted solvothermal synthesis.

2.2. SnSe

2.2.1. Thermodynamics

To successfully synthesize SnSe crystals using aqueous solu-
tion method (especially for the advanced solvothermal route),

a key factor is that the kinetic conditions of synthesis, such
as boiling point and vapor pressure, should strictly align to

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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the thermodynamic conditions of the growth of SnSe crys-
tals, such as formation energy and crystallization temperature.
Therefore, understanding the fundamental thermodynamics
of SnSe are needed in order to the design of synthesis param-
eters, including temperature, pressure, precursor amount, type
of solvent, pH, and time. Figure 4a shows the Sn—Se binary
phase diagram, shows a high melting point of 1134 K for SnSe.
Figure 4b shows a liquid miscibility gap, a monotectic reaction,
and a eutectic reaction in Sn—SnSe region. The eutectic point
of L1 & (Sn) + SnSe is very close to pure Sn, and this should
be one of the reasons that occasionally Sn secondary phase is
formed in aqueously synthesized SnSe. Besides, SnSe has two
phases, namely a-SnSe (T < =800 K) with lattice parameters
of a=11.37 A, b =419 A, and ¢ = 4.44 A and a space group
of Pnma and B-SnSe (T > =800 K) with lattice parameters of
a=431A b=11.71 A, and ¢ = 432 A and a space group of
Cmem.B194 In this Review, we focus on o-SnSe phase because
it has a much stable performance than -SnSe.

In traditional melting and/or solid-state reaction routes, to
synthesize SnSe solid products, the enthalpy change AH®gg ¢ of
SnSe is —21.5 + 1.7 K cal mol™! for the solid reaction asl!*32%]

Se(s) + Sn(s) — SnSe(s) (11)

which is essential for guiding the synthesis of SnSe products.
To explore the thermodynamic conditions of SnSe, Figure 4c
shows 1000/ T-dependent log p for the Sn—Se system, ' where

www.advancedscience.com

the unit of pressure p is bars. As can be clearly seen, appro-
priate temperature and pressure are both needed to achieve
pure SnSe and avoid to produce Se and/or SnSe, second
phases because these two secondary phases show typical n-type
feature,?91-2941 which harm the performance of p-type SnSe.
Besides, to avoid the evaporation of fabricated SnSe, the tem-
perature and pressure should be controlled within a reason-
able range, and the measured vapor pressure of SnSe can be
referred as shown in Figure 4d,1%82% which shows a linear
relationship between 1000/ T and log p.

2.2.2. Crystal Structure

The grown SnSe crystals via advanced solution route mostly
have plate or belt shapes, which can be described as micro/nan-
oplates or micro/nanobelts. This interesting phenomenon is
mainly due to the nature of SnSe layered orthorhombic crystal
structure, as shown in Figure 5. The low temperature a-SnSe
has the orthogonal structure with lattice parameters of a = 11.37
A, b=419 A, and ¢ = 444 A and a space group of Pnma.?%)
Figure 5a—c shows the projected crystal structures, high-resolu-
tion spherical aberration corrected high-angle annular dark-field
scanning transmission electron microscopy (Cs-HAADF-STEM)
images with multislice simulations, and corresponding selected
area electron diffraction (SAED) patterns of SnSe viewed along
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Figure 4. Thermodynamics of SnSe. a) The phase diagram of Sn—Se.
log p for Sn—Se system.[%¢l d) Vapor pressure of SnSe.[1%8-200]
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Figure 5. Crystal structure of SnSe (a-SnSe). Crystal structures, Cs-HAADF-STEM images with multislice simulations, and SAED patterns of SnSe
viewed along a) the a-axis, b) the b-axis, and c) the c-axis. Reproduced with permission.?%l Copyright 2017, Elsevier.

the a-, b- and c-axes,?%! respectively. SnSe possesses a typical

double-layered structure, similar to SnS and black phos-
phorus.2072%8] In a unit cell of SnSe, there are eight atoms
joined with strong hetero-polar bonds, consisting of two planes
of zigzag-like chain.[?9%21% The adjacent layers are mainly bound
by a combination of van der Waals forces and a long-range elec-
trostatic attractions,?2!!l making it easy to crack along {100}
atomic planes when shear force applied,/?!? and this is also the
reason why the growth SnSe single crystals through the solu-
tion route are mainly plate- or belt-like.

2.2.3. Electronic Structure

Advanced aqueous solution route has been demonstrated to have
full potentials for further improving doping limitand/or increasing
doping possibility for specific dopants to enhance ZT,*871
which is a distinctive advantage compared with traditional
melting and mechanical alloying routes. To improve the elec-
trical transport of SnSe-based thermoelectric materials, appro-
priate tuning of n/p is needed, guided by the following rules
(here taking n for example)!®!

o = nel (12)
8mks & ( T )2/}
S= T —
3eh’ " 3n (13)
k.= LoT (14)
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where e is the electrical charge, p is the carrier mobility, kg is
the Boltzmann constant, h is the Planck constant, m* is the
carrier effective mass, and L is the Lorenz number. S, o, and
K strongly couple with each other via tuning n/p. To under-
stand the behaviors of n/p and S in SnSe, the band structure
and its density of states (DOS) are introduced. Figure 6a shows
a typical calculated band structure of intrinsic a-SnSe along
high-symmetry points with the generalized gradient approxi-
mation (GGA), GGA with spin-orbit coupling (GGA SO), the
local-density approximation (LDA), and LDA with spin—orbit
coupling (LDA SO),1213 respectively. The calculations are based
on full-potential linearized augmented plane wave (FPLAPW)
method derived from first principles and semi-classical Boltz-
mann theory.}] Compared with its simple crystal structure
shown in Figure 5, the band structure of SnSe is much compli-
cated, and the overall profiles of the band structures are rather
similar with different exchange—correlation functions. The cal-
culated bandgaps from these four functions are =0.75, =0.71,
=0.67, and =0.63 eV, respectively, indicating that SnSe is a typ-
ical semiconductor with a narrow bandgap, which is promising
for band manipulation to further improve the electric transport.

To further understand the plotted band structure of SnSe,
Figure 6b shows corresponding DOS for both total (up) and par-
tial (down) types,?'l in which a significantly high DOS can be
seen close to the Fermi level (Ef), mainly derived from the gener-
ally heavy bands near the band edge. Overall dispersion of both
valence and conduction bands nearest the gap can be seen, indi-
cating high S potentials can be achieved if Er can be appropriately
moved via doping, which can contribute to high thermopower.

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. Computational advances in SnSe. a) Band structure of SnSe with GGA, GGA with spin—orbit coupling, LDA, and LDA with spin-orbit cou-
pling for Pnma phase (0-SnSe). b) total (up) and partial (down) DOS for Pnma phase. a,b) Reproduced with permission.2'3 Copyright 2016, Springer.
c) p-dependent S20, k, and ZT of SnSe at T=823 K with a fixed kj of 0.4 W m~' K~! through SPB model. Reproduced with permission.?2 Copyright 2019,
Wiley. d) Phonon dispersions of o-SnSe, the red, green, and blue lines highlight TA, TA’, and LA modes, respectively. Reproduced with permission.2™l
Copyright 2016, Royal Society of Chemistry. e) Calculated kj of SnSe along different axes via first-principles (stoichiometric) and Debye—Callaway model
(off-stoichiometric),206215] respectively. f) p-dependent ZT via reducing kj by defect engineering. Reproduced with permission.?2l Copyright 2019, Wiley.

These results confirm that SnSe possesses intrinsic high S, and
has full potentials to tune n/p to further achieve a high S?c.

2.2.4. Carrier Tuning

Computational results shown in Figure 6a,b based on first
principles can obviously benefit to guiding the design of
SnSe-based thermoelectric materials. However, these cal-
culations are complex and time-consuming to some extent.
To simplify the process of exploring appropriate n/p to
achieve peak ZTs, modellings such as the Kane band (KB)
model and single parabolic band (SPB) model are intro-
duced.?® For the KB model, it is often used to explore

Adv. Sci. 2020, 7, 1902923 1902923 (10 of 51)

the multiband effects and the charge carriers are assumed
mainly scattered by acoustic phonons, which is particularly
suitable for SnSe. Taking n-type SnSe as an example, S can
be described asl'*217:218]

'y (m,B:)

ky
Si=— — i
e ["F.z(ni,ﬁi) ”}

where indices i refer to different bands, 1 is the reduced
Fermi level, and "E"(n, B) is the generalized Fermi function,
expressed as!14217-218]

(15)

w p)= [[(-L e erep) [r2per +2f e )

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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L can be described as!'4217:218]

2
" :(i)z RETUNED N REUNEY) (17)
"ok, °Fy(n.8) \"FL(n:.B)
Electron concentration n can be described asl'+217:218]
N, (Zm;;‘kBT)“ :
m=Al——— L op (m,ﬁ,) as)

2'h?

where N, is the band degeneracy and A is the Hall factor
expressed asl1+217:218]

012 (0 R\ 32 (0 A3
Ai:3ci(ci+§) F*(n.B) E (leli) (19
(2Gi+1) [°FL(m.B)]

where G is calculated by!'4217-218]

* % \U2
G=mj, |(mymi:) (20)
p can be described asl'+217:218]
¢ 3°FL (m:, B;
'ui —A Zﬂh eCl z(n ﬁ ) (21)

i (2mak,T) " B "R (1,8)

where Eg. is the deformation potential coefficient and C is the
elastic constant for longitudinal vibrations, determined by!'+217-218]

Cl = V]Zp (22)

where v = 2730 ms!

for SnSe.*

Although the KB model has a relative high accuracy for pre-
dicting the appropriate n/p, there are considerable pre-condi-
tions needed for taking calculations, making the KB model very
complicated and limiting its applications. As an alternative, the
SPB model is more frequently used. For the SPB model, taking
p-type SnSe as an example, S can be described asl?%2448197]

is the longitudinal speed of sound

(23)

where r is the carrier scattering factor and r = —1/2 for acoustic

phonon scattering and F,(n) is the Fermi integral expressed
5[22.24,48,197)

i

- x
E (n): Io 14+elxm dx (24)
Hole concentration p can be described agl?22448197]
3 2
3 2
iy (2] R
1 2m’” -kgT)? (r+ ) e
— _( B ) 2 2 (25)

p= - 223 :
e Ry 3n’h (2r+%)-F ()

2r+—
2
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where Ry is the Hall coefficient. p can be determined byl?%2448.197]

3
(2r+3) 7,0

eﬂ:h4 C1

= 3 0 3)\? (26)

VAT Bl | (r42) £ ()

2
L is expressed by[22:2448.197]
7 5 ’
ey | JEs () (r+ o B ()
=[] . 2 _ 2
(%) )

(3} 2300 |(+3) 5500

To exemplify, Figure 6c shows p-dependent S?c, k, and ZT of
polycrystalline SnSe at 823 K with a fixed kj of 0.4 W m~! K~!
through the SPB model, from which a p of =3.0 X 10'® cm™ can
contribute to a peak ZT of =1.4, which is competitive to the cur-
rently reported polycrystalline SnSe.P! It is clear that in order
to further enhance the peak ZT, a lower kj is needed, which is
not affected by tuning n/p to a great extent (only affecting the
carrier-phonon scattering, which is not a dominant factor to
determine xj in SnSe case).l21]

2.2.5. Anharmonicity

For further reducing &k, understanding the anharmonic
bonding in SnSe becomes critical since it plays a significant
role in determining low x; with strong anisotropy. The anhar-
monic bonding can be described when an atom is forced to
deviate from its equilibrium position during the phonon trans-
portation, and the applied force is no longer proportional to its
displacement, thus resulting in imbalanced phonon transport
and in turn a strengthening of phonon scattering,?2 which
overall contributes to a low x.[194215221-227] Tt should be noted
that all bonds are anharmonic in most of the materials, but the
degree of anharmonicity varies from different materials.[228-2331
In this regard, SnSe has the high anharmonic degree, which
can be used to further reduce k. For example, inducing point
defects (either vacancies or heteroatoms) into the matrix can
strengthen the anharmonic bonding, and can apply for appro-
priate pressure to alter the anharmonicity.214234-23¢ Other cal-
culation work indicated that the coupled instability of electronic
orbitals and lattice dynamics is the origin of the strong anhar-
monicity in SnSe, which causes the ultralow x;.237]

To verify the strengthen of anharmonicity, since the heat
transfer is mainly contributed by the acoustic modes in
SnSe,2 Figure 6d shows phonon dispersions of a-SnSe, the
red, green and blue lines highlight TA, TA’, and LA modes,
respectively, calculated via the Vienna Ab Initio Simulation
Package (VASP) with the projector augmented wave (PAW)
scheme based on the density functional theory (DFT) in combi-
nation with the semiclassical Boltzmann transport theory. Here
TA and TA’ refer to the two transverse modes, and LA refers
to the longitudinal mode. From the phonon dispersion results,
the Griineisen parameter ycan be achieved and described as!?*®!

3BBV,,
y=2PBVn

c (28)
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where f3 is the volume thermal expansion coefficient, B is the
isothermal bulk modulus, V,, is the molar volume, and C, is
the isochoric specific heat (mol™), respectively. Generally, large
Y represents a strong anharmonicity, and y = 0 indicates a har-
monic bonding, which is an ideal condition. For SnSe, the cal-
culated average y values along the a-, b- and c-axes are 4.1, 2.1,
and 2.3, respectively, indicating a significant difference of
y along different three axes, and the considerable anisotropy
found in the thermoelectric performance of SnSe (mainly
o, k, and p). The much larger y achieved along the ag-axis
comes from the stacked SnSe layers bound by a combination
of van der Waals forces and a long-range electrostatic attrac-
tions, 292U making it difficult for either phonon or carrier
transportations along this direction, which explain why o and x
measured along this direction having both the lowest values in
SnSe single crystals.['!

To predict the theoretical xj in pure SnSe single crystals, the
first-principles calculations indicate that the calculated x5 of
stoichiometric SnSe at 300 K were 0.53, 1.88, and 1.44 W m™ K™
along the a-, b- and caxes* respectively, as shown in
Figure 6e.?) Although the calculated Kj of stoichiometric SnSe at
750 K can be reduced to 0.22, 0.76, and 0.66 W m~" K~! along the
a-, b-, and c-axes,*" respectively, considering that these 1 values
are still high, further xj reductions are needed to achieve lower x
values as well as higher ZT values. Besides, to predict theoretical
minimum xj, a much simpler calculation can be expressed as('1:23]

1 2
Y, 2 T 9yl
el 3] £

where n, is the number density of atoms, v; is the sound
velocity, and ©; is Debye temperature calculated byl!1-23]

0, = (%)(G#na)é

(29)

(30)

B

2.2.6. Phonon Scattering

To reduce K in SnSe, except the strengthening of the anharmo-
nicity in SnSe, other phonon scattering sources should be con-
sidered, such as lattice strains. To achieve sufficient strains in a
SnSe lattice, multidimensional lattice imperfections are needed
in the SnSe matrix, acted as phonon scattering sources. Among
these imperfections, point defects are typical 0D lattice imper-
fections, which play significant roles in both strengthening
the anharmonic bonding and causing strain fields for phonon
scattering.?2% In fact, point defects can be treated as the fun-
damental lattice imperfections. For example, the dislocation
as a typical 1D lattice imperfection can be treated as a linear
disordered arrangement of point defects,?*) and the grain
boundary as a typical 2D lattice imperfection can be treated as
a linear disordered arrangement of dislocations (for the case of
small-angle grain boundary mainly composed by edge disloca-
tions).2*1-248] All these lattice imperfections can produce strain
fields in SnSe matrix with different degrees, making concerted
efforts to scatter phonons and in turn reduce ;.

To evaluate the effects on reducing x; by different lattice
imperfections, a classical Debye—Callaway model is commonly
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used.?%24] In the relaxation time approximation, it can be
expressed asl3*206:250]

ky (kTY (2 gt
_ ksT " 31
(M), T 61
Here, {is defined as
ho
=T .

where o is the angular frequency. The total relaxation time 7.

consists of individual scattering mechanism via Matthiessen’s
rulel35:206,250]

_ _ _ _ _ _ _1\-1
To=(n +r T T T T ) (33)
where 1y, Ty, Ty, T, Ts, Tp, and 7g refer to normal process,
Umbklapp process, vacancy scattering, interstitial atom scat-
tering, substitutional atom scattering, dislocation scattering,
and grain boundary scattering, respectively. For normal pro-
cess, there is?%°!

-1 -1
TN =Ty B (34)
where fis a fitting parameter for normal process. For Umklapp
process, there isl3%206:250]

2
T = h’; mZTexp(—e—D)
MvO, 3T (35)

where M is average molar mass of one atom and 6, is the axial
Debye temperature. Calculations indicated that there is a relation-
ship between 7 ~! and phonon frequency parameter fas 7y~ ~ f 2,
indicating the phonons in all crystalline materials are scattered
through Umklapp scattering. For vacancy scattering, there is/20°!

4 Q3

M 2
—z] (36)

M

where 0 is the dimension of an atom, x is the molar ratio

of vacancies, and M, is the molar mass of the missing atom

(vacancy). For interstitial atom scattering, there is/2%°!

©(1-x)| -

4xmv?

20*5°
v’

Aw’
(co2 —a)é)z

2
T = y(l—y)[B.Z}/%a] (37)
where A is a fitting parameter containing the information of
interstitial defects concentration and corresponding binding
force with surrounding matrix atoms, @, is the intrinsic reso-
nant frequency of interstitial defects, which is proportional to
~JK/M where K is the effective force constant, y is the molar
ratio of interstitial point defects, and Ad is the dimension
change due to the introduction of a point defect. For substitu-
tional atom scattering, there is2%!

z(l—Z)[(%)z +g(%‘3)]
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where z is the molar ratio of substitutional point defects and
€ is a phenomenological factor as a function of the Griineisen
parameter. Point defects scatter mostly high-frequency pho-
nons (! ~ f4).2°1 As a typical pristine point defect in SnSe
semiconductors, Sn vacancies are frequently found in SnSe
matrix, making pure SnSe as an intrinsic p-type semiconductor.
Through solvothermal-based solution route, the Sn vacancy
concentration can be further improved, resulting in a com-
position of Sn;_,Se, which is a typical off-stoichiometric com-
pound. Figure 6e shows the calculated xj of off-stoichiometric
SnSe, which are only 0.25, 0.38, and 0.36 W m~! K! at 750 K
along the a-, b- and c-axes, respectively. These values are much
lower than that of their stoichiometric counterpart.?%6215] The
reduced j is mainly derived from the phonon scattering at the
strain fields induced by high concentration Sn vacancies.
For grain boundary scattering, there s’

-1 v

TG =
Lg

(39)
where v is the Poisson ratio and Lg is the grain size. Grain
boundaries scatter mostly low-frequency phonons (7! ~ f°).12°1
For dislocation scattering, T, comes from three parts, namely,
dislocation core-induced strain field 1p,, the strain screw dislo-
cation-induced strain field tp,, and the edge dislocation-induced
strain field 7p,, as can be expressed as*>?!

4

V3
-1 0 3
Tpe ~ =MpNp V_ZCU

a

(40)

3 2

22 1 1(1-2vY :

T ' == MpNpb’y’0 —+—( v) 1+x/§(V—T) (41)
3 2 24\ 1-v v

3

2
-1

2
Tpe =— nDNDbZ'}’Zw
35

(42)

where 1p is a factor indicating the orientation of temperature
gradient with respect to the dislocation line (1 for perpendic-
ular; 0 for parallel; 0.55 for random), Np, is the dislocation den-
sity, V; is the volume per atom, v, is the average velocity, b is
the magnitude of Burger’s vector, vy is the transverse and longi-
tudinal velocity, and vy is the longitudinal velocity, respectively.
Considering that most of the remaining heat-carrying pho-
nons have intermediate frequency around 0.63 THz,3! These
phonons avoid scattering from point defects and boundaries.
Instead, dislocations target to scatter the mid-frequency pho-
nons with both dependences of 7,7 ~ fand 7! ~ f3, which
is between those for point defect and boundary scattering,?!”!
thus play a dominant role in strengthening phonon scattering.
Because dislocations always distribute at grain boundaries,?*!
increasing the boundary density is a suitable strategy to fur-
ther reduce k. Considering that advanced solution route such
as solvothermal can conveniently realize morphology control of
synthesize SnSe crystals through adjusting appropriate kinetic
conditions, it is a good choice to achieve this goal.

Introducing inclusions (especially for nanoinclusions acted
as 3D lattice imperfections which have high interface density
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and nanoscale effects) can further reduce xj by strengthening
phonon scattering at the strain fields induced by these inclu-
sions, the inducing of nanoinclusions is a good strategy to
further lower k and in turn enhance ZT, which can be simply
realized by solution route.?*! When there are nanoinclusions in
SnSe matrix, we havel100:253:24]

tan™ u

K1 =Ky (43)

where i, is lattice thermal conductivity of parent sample (SnSe
in this case). The parameter u is defined as!!%%-253.254]

1
T°6p,Q 2
u= (h—l;l(']pr)

where Q is the volume per atom and I' is imperfection-scaling
parameter{100253.254]

(44)

I'=Ty + el (45)
where Iy, is calculated by average sublattice mass and I's is cal-
culated by average sublattice ionic radius.

Except inclusions, inducing pores in SnSe is also an effec-
tive way to reduce . This is because that both strengthened
phonon scattering at the boundaries of pores and thermal radi-
ation in these pores contribute to reduce .12 In fact, for poly-
crystalline SnSe, porosity as a typical 3D lattice imperfection
is commonly found in their structures due to the fact that the
sintering techniques cannot perfectly sinter the raw materials
into a bulk without any interspace between the grains, which
can be seen from their measured mass density from =90% to
=98%.132°1 However, calculations indicate that the pores can
contribute to the kj reduction only when the size of pores is
reduced to a certain value. To determine the effective size of
pores, a “gray medium” approximation under the assumption
of complete phonon-scattering on the interfaces of these inter-
spaces can be described as['>4

:|'Klb

where o, is the “shape” parameter of the gamma distribu-
tion,25%l 4, is the average diameter of interspaces, and kj, is the
lattice thermal conductivity of bulk with 100% relative mass
density, respectively. The parameter ¢, can be described as!>*

@, = 1 wc,d, [—(a” hi 1)(205,, i 2)]
6 o,

1-9¢,
30,0,
2(o, +2)-4d,

K| =
1+ A, [ (46)

(47)

where ¢, is the number density of interspaces and A, is the
phonon mean free path calculated by!'>*

3Ky

A, =
b C,v,

(48)

where C, is the volume heat capacity and v, is the average sound
velocity, taken as 1410 m s7! for SnSe.?* The calculated results
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indicate that the xj can be significantly reduced when the pores
are within an average size of <0 nm. If xj is 0.4 W m™ K! for
polycrystalline SnSe with a relative mass density of 100%, the
induced 2% and 5% volume nanopores with an average size of
40 nm can further reduced xj to 0.3 and 0.2 W m™ K~!, thus to
design an appropriate nanoporosity structure in SnSe is critical
for further improve the thermoelectric performance of SnSe.

Based on these strategies of reducing kj, Figure 6f shows
p-dependent ZT at T = 823 K for pure polycrystalline SnSe with
further reduced K values via a combination of multiple strate-
gies discussed above. A high peak ZT of =1.85 at 823 K can
be obtained when kj is reduced to 0.2 W m™' K, indicating
that the further reduction of xj is crucial for achieving high
ZT. However, it should be noticed that the predicted peak ZT
of =1.85 is not its upper limit value due to that the SPB model
is based on pure polycrystalline SnSe system, and it is still not
accurate to some extent compared with computational calcula-
tions based on first principles, which possess a much higher
precision. Thus, through appropriate band engineering such as
doping and alloying with other compounds, the upper limit of
ZT should be definitely enhanced.

2.3. Kinetic Condition

A successful synthesis of SnSe crystals through hydrothermal/
solvothermal routes is mainly driven by the selection of appro-
priate kinetic conditions, as discussed above. However, there
are various solvents, precursors, surfactants, and catalysts
available for a design of hydrothermal/solvothermal routes to
fabricate SnSe crystals, making it difficult to achieve targeted
SnSe products, such as morphology control and/or doping
level. To meet this challenge, an empirical table to summary
these conditions is necessary. Table 2 provides a comprehensive
overview on the synthesis of polycrystalline SnSe through solu-
tion-based route applied to thermoelectrics, including product
type, solvent type, Sn source, Se source, dopant and/or inclu-
sion source, surfactant and/or catalyst, pH adjuster, synthesis
temperature (K), synthesis time (h), sintering method, sinter
pressure (MPa), sinter temperature (K), and sinter time (min),
respectively. It is clear that water and EG are the two of the
most frequently used solvents, and hydrazine with its hydrate
compound are often used to accelerate the chemical reactions
during synthesis.#8%] NaBH, can be used as subsolvent to
dissolve Se when Se is chosen as Se source,['*” and PVP and/
or ethylenediaminetetraacetic acid (EDTA) are occasionally
used as surfactant to ensure a high degree of crystallization in
SnSe.>257 Tt should be noted that more attempts are needed
to fill the gaps and further improve the table, thus there is full
potentials for finding new phenomenon and/or exploring new
mechanism when fabricating SnSe through hydrothermal/sol-
vothermal-based solution method.

3. Vacancy Engineering

Compared with conventional melting and mechanical alloying
routes, hydrothermal/solvothermal-based solution methods can
realize direct control of Sn and/or Se vacancy concentrations to
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tune n/p during synthesis, which can be described as “vacancy
engineering.” It is a unique advantage for hydrothermal/solvo-
thermal synthesis. In this section, we discuss the fundamental
mechanism of hydrothermal/solvothermal-based syntheses on
the control of Sn/Se vacancies, including kinetic conditions,
formation energy, and band manipulation. Based on the dis-
cussion, we compare the main thermoelectric performances of
SnSe synthesized through traditional melting, hydrothermal,
and solvothermal routes to emphasize the advantage of the
vacancy engineering from the experimental point of view. The
controversy on the difference between experimentally meas-
ured composition and calculated results of the carrier density
for SnSe with vacancies is also discussed.

3.1. Vacancy Physics
3.1.1. Carrier Evaluation

As shown in Table 2, due to different physical parameters (such
as Mr, p, T, Ty, € Mg, and ETy), different solvent used in sol-
vothermal syntheses should result in different SnSe products
with different features caused by the different kinetic condi-
tions, such as morphology and size of crystals, yielding rate,
and vacancy concentration, which is one of the key factors to
directly tune n/p and further improve the thermoelectric per-
formance of sintered polycrystalline SnSe. To calculate the car-
rier density, taking the Sn vacancy for example, in a unit cell
of SnSe, there are four Sn atoms and four Se atoms, and the
volume of the unit cell V, can be calculated by
V.=a-b-c (49)
We choose a = 1.137 nm, b = 0.419 nm, and ¢ = 0.444 nm
to achieve a calculated V. of =2.115 x 107%2 cm?. If there is a
vacancy on Sn site in a unit cell, the composition can be
described as Sng;sSe (Sn;_,Se when x = 0.25), the missed Sn
atom will contribute to extra 2 holes in the system, making
p = =9.456 x 10*! cm™3. As shown in Figure 6f, an optimized
p =3 % 10" cm™ can result in a peak ZT, that correspond to
x =0.0008.

Advanced computational study based on first principles
can calculate the carrier density with a much higher accuracy,
according tol1”]

p=[" (1~ f)DOS(E)dE (50)

.

E—-Eg

T+exp| —
P ( kT )
where VBM is the valence band maxima. The calculated results
through DFT with both supercells of 2 x 4 x 4 (256 atoms) and
2 x5 x5 (400 atoms) and traditional theoretical evaluation are
compared in Figure 7a, from which a typical linear relation-
ship between p and 1 — x can be seen, which is useful to guide

the experimental design for hydrothermal/solvothermal-based
solution route.

f= (51)
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3.1.2. Formation Energy

To achieve targeted vacancy concentration, a key point is to
adjust the kinetic conditions to meet the requirement of for-
mation energy of these vacancies, simply because all types of
point defects including vacancies need energy to form in SnSe
matrix. To evaluate the formation potentials of targeted vacan-
cies, first-principles calculations based on DFT were carried
out.267-28%1 Figure 7b shows formation energies of all types
of point defects in pure SnSe under Se-rich and Sn-rich con-
ditions.[®”] For Sn and/or Se vacancies, the calculated results
indicate that Sn vacancy (Vs,) possess much lower formation
energy than Se vacancy (Vs.), explaining the p-type electrical
transport behavior in pure SnSe. Meanwhile, the results indi-
cate that forming extra Sn vacancies in SnSe matrix is much
easier than forming extra Se vacancies, which has been experi-
mentally confirmed.>'7-2>270 Besides, the formation of intersti-
tial Sn (Sn;) and Se (Se;) are much more difficult than that of
Vs, and Vg, indicating that it is much harder to form intersti-
tial atoms in pure SnSe. In addition, it is of interest to note that
the formation energy of Sn substituting Se site (Sng) is con-
siderably low in Sn-rich condition, and the formation energy of
Se substituting Sn site (Seg,) is also low in Se-rich condition,
indicating that there may be complex composition in real SnSe
matrix.

3.1.3. Band Manipulation

Sn/Se vacancies can significantly improve S2c by tuning n/p
to their optimized values, which can be explained and guided
by the variation of their band structures.[207:213,234268,269,272-298]
Taking Sn vacancy for example, Figure 7c,d compares the cal-
culated band structures for SnSe and Sn;_,Se (here x = 0.008
is used), respectively, and Figure 7e compares DOS based on
DFT calculations.'”! As can be clearly seen, the induced Sn
vacancies do not obviously affect the bandgap, but Er obviously
moves into the valence band, indicating that the Sn vacancy
changes SnSe into a degenerate p-type semiconductor, and in
turn resulting in significantly increased p.*>'] Considering
that pristine SnSe possess a low p of only =2 x 107 c¢cm=,53!
which is far away from its optimized value of =3 x 10" cm™ to
achieve a high S?0,3221%] creating more Sn vacancies in SnSe
matrix is an effective strategy to improve the thermoelectric per-
formance of pure SnSe.[317:22:25.2702%] For Se vacancies, because
their formation energy is much larger than that of Sn vacan-
cies, it is difficult to induce a high concentration of Se vacan-
cies in SnSe matrix to realize high performance n-type SnSe.[°!

3.1.4. Charge Density

Except the first-principles-based computational study dis-
cussed above, using electronic localization function (ELF)
can also describe the potential charge distribution of SnSe
when vacancies are introduced. Figure 7f shows ELF contour
maps of SnSe without vacancy (top) and with Vg, (bottom
left) and Vg, (bottom right), respectively. Compared with the
situation with no vacancy, electrons spread over Sn atom

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 7. Calculation works focusing on vacancy physics. a) Calculated 1 - x dependent p for Sn;_,Se. Reproduced with permission.l®”] Copyright 2019,
American Chemical Society. b) Formation energies of point defects in pure SnSe under Se-rich and Sn-rich conditions, respectively. Reproduced with
permission.?%7l Copyright 2018, American Physical Society. Comparisons of calculated band structures for ¢) SnSe and d) Sn,_Se (here x = 0.008).
e) Comparisons of DOS for Sn;_,Se. c—e) Reproduced with permission.[¥”] Copyright 2019, American Chemical Society. f) ELF contour maps of normal

SnSe, SnSe with Sn and Se vacancies. Reproduced with permission.?”!l Copyright 2018, IOP Publishing.

for Vg, indicating that the extra electrons are attributed to
electrons returned back to Sn. Meanwhile, the much higher
degree of electron delocalization in the vacancy than the pris-
tine SnSe indicates strong charge transfer, and the contribu-
tion of vacancies to o indicates that proper vacancy design
can significantly improve o. Therefore, securing proper
kinetic conditions in hydrothermal/solvothermal synthesis
are critical to improve S?’0 of SnSe-based thermoelectric
materials.
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3.2. Experimental Verification
3.2.1. Composition Mismatch

To verify the vacancy concentrations in SnSe synthesized
through different routes, polycrystalline SnSe fabricated
through traditional melting, hydrothermal, and solvothermal
routes are compared.>?#2>?7] For SnSe fabricated through
hydrothermal and solvothermal routes, most of synthesized
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conditions were same except the solvent, which is water in
hydrothermal and EG in solvothermal. Interestingly, the com-
position of SnSe prepared from traditional melting, hydro-
thermal, and solvothermal routes were Sng g9gSe, Sng g9,Se, and
Sng.og1Se, respectively, evaluated by both the energy-dispersive
spectrometry (EDS) and electron probe microanalyzer (EPMA),
although the Sn source and Se source were set as 1:1 during
syntheses, indicating that different synthesis routes can result
in different Sn vacancy concentrations. The hydrothermal route
can result in a much higher Sn vacancy concentration than tra-
ditional melting route, derived from the high vapor pressure of
water during hydrothermal synthesis in order to lower or meet
the vacancy formation energy.>%! Meanwhile, solvothermal
route can achieve an even higher Sn vacancy concentration of
~2%, but the reason is much complex due to the fact that the
experimental conditions between water and EG, such as vapor
pressure, Mr, p, T,,,, Ty, & Lg, and ETy, are all different.

The experimentally measured p for SnggegSe, Snggo,Se,
and Sngyeg;Se are =2.4 x 10V, =1.0 x 10, and =1.1 x
101 em3,3242 respectively, indicating significant difference in
the p values obtained from different synthesis routes. Specially,
the p achieved in Sngeg,Se prepared through a solvothermal
route is very close to the calculated best value of =3 x 10!° cm™3
estimated by the SPB model,?¥l indicating that solvothermal
route is a promising way to tune p. However, it should be noted
that even for Sny gogSe fabricated through conventional melting
route with a low Sn vacancy concentration of only =0.2%, the
calculated theoretical value of p should be =7.6 x 10" cm™,
which is much higher than the measured value of only =2.4 x
10" ¢cm™3, approximately two orders larger than experimental
results. There are mainly three reasons accounting for this dis-
crepancy between experimental and calculated results. Frist,
considering that even for EPMA that has a higher accuracy
than EDS,®! there is still £0.4% error in the measured EPMA
results,!?”! thus the precision of experimentally achieved “x”
value in Sn;_,Se is limited. Second, the existence of Se vacan-
cies in SnSe matrix is very common in selenides, 3%l and
the hydrogenation of Sn vacancies is also common seen in
selenides, 291392l which can neutralize holes and in turn cause
experimental errors in both EDS and EPMA due to that H
cannot be detected in these techniques. Third, due to the low
formation energy of Sng, and Seg, as shown in Figure 7b,[*%"]
substitutions between Sn and Se are commonly seen in the
SnSe system. All these phenomena are unavoidable during
experiments, resulting in the significant discrepancy between
experimental and calculated p values.

3.2.2. Electrical Transportation

To evaluate the influence of Sn vacancies on the thermoelec-
tric performance of SnSe, the main temperature-dependent
properties for SnggegSe, Snggg,Se, and Sngeg;Se along L direc-
tion (perpendicular to sintering pressure) are compared,?224
including o, S, S?0, p, p, K ki, and ZT, respectively. Figure 8
shows the results, in which the green dashed lines stand for
theoretical phase transition temperature at =800 K.[86.236:303-305]
Figure 8a shows temperature-dependent o. Compared with
SnggosSe fabricated through traditional melting routes,
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Sngeg1Se fabricated through solvothermal route has signifi-
cantly higher o, derived from extra holes caused by the Sn
vacancies, and in turn contributing to higher p.>?’! Figure 8b
shows temperature-dependent S, in which peak S values can
be achieved at the bipolar-effect temperature T*. Compared
with SnggegSe fabricated through traditional melting routes,
Sngeg1Se fabricated through solvothermal route has signifi-
cantly lower S, indicating much higher p. Besides, the shift of
T* toward a higher T also indicates the p increase due to the
bi-polar effect.>*! Figure 8c shows the determined S?c, from
which Sngog;Se fabricated through solvothermal route has the
highest S?c of =6.7 uW cm™ K2 at 823 K due to the fact that
its p value is much closer to the optimized p of 3.0 x 10! cm™
calculated by the SPB model.[396-308]

Since n/p of SnSe is very sensitive to temperature,>12 it
should clarify the relationship between n/p and temperature,
so to explore the fundamental mechanism of electrical trans-
port behaviors in SnSe. To achieve this goal, Figure 8d shows
T-dependent p. With increasing the temperature, thermal
excitations can be observed in Snjg¢gsSe fabricated through
traditional melting routes and Sngg,Se fabricated through
hydrothermal route, contributing to significant p improve-
ment to =10'° cm™ at 823 K.39319 For Sng e Se fabricated
through solvothermal route, its p maintained almost constantly
with slightly fluctuated for the entire temperature range with
high values of =10' cm™. Figure 8e shows the corresponding
T-dependent i, which roughly follows p o< T (power law).[8311]
It is clear that p are reduced following p o< T ~1° for all sam-
ples, indicating that acoustic-phonon scattering dominates the
scattering mechanism before the phase transition.®*1!] Mean-
while, although there are extensive vacancies in Snggg;Se fab-
ricated through solvothermal route, which can block and/or
scatter carriers and in turn impede the carrier transportation,
Sng.og; Se still possesses the highest p because the much higher
p plays a dominant role in securing a high p value.

3.2.3. Thermal Transportation

In terms of the thermal transportation, Figure 8f shows the cal-
culated T-dependent k. As shown in Figure 8f, SnggegSe fab-
ricated through traditional melting route have much higher x
than SnSe fabricated through solution-based method for the
entire temperature range, even though SnjgsSe possesses
much lower «,, as shown in Figure 8g, obtained by k. = L-0-T
via the Wiedemann-Franz law.’! Here L of =1.5 x 1078 V2 K2
was calculated from the SPB model.3%-3%8 Figure 8h shows the
determined T-dependent xj using kj = kK — k.. As can be seen,
Snyg 9g1Se fabricated through solvothermal route has the lowest
K (=0.35 W m™ K at 823 K, which is very close to the calculated
minimum kj using the classical Debye-Cahill model,1?*! from
which the calculated xj,,;, were 0.26, 0.36 and 0.33 W m™ K!
along the a-, b- and c-axes,['>?”7] respectively), derived from a
high concentration of Sn vacancies which can cause larger
lattice strains in SnSe matrix. Consequently, it strengthens
the phonon scattering and in turn reduce xj. The high xj/x
ratio of >=70% in all samples indicate that phonon transport
is significant for k in SnSe. Figure 8i shows the determined
T-dependent ZT, from which a peak ZT of =1.27 at 823 K can

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 8. Different solvent on thermoelectric performance of synthesized polycrystalline SnSe. Temperature-dependent Thermoelectric properties for

pure polycrystalline SnSe fabricated via melting, hydrothermal, and solvothe
1 direction (perpendicular to sintering pressure):
phase transition temperature.

be achieved in Sng;Se fabricated through solvothermal route,
indicating that controlling Sn vacancies is critical for securing a
high ZT value for polycrystalline SnSe. It should be noted that
these results cannot confirm that solvothermal route is better
than hydrothermal route for fabricating thermoelectric SnSe
because the factors to affect the vacancy concentration is not
only the boiling temperature of solvent, so that further studies
are still needed to explore all the keys to achieve a high vacancy
level.

Recently, it was reported that inducing Sn vacancy by a sol-
vothermal route can lead to a continuous phase transition for
Sn;_,Se, which is also responsible for their high thermoelectric
performance.l'’! For the solvothermally synthesized SngosSe
with inducing =2% Sn vacancies, a much lower phase transi-
tion temperature of =573 K can be achieved, and a continuous
phase transition from =573 to =843 K can be observed by high-
temperature X-ray diffraction (XRD) and in situ high-voltage
transmission electron microscopy (HVTEM), leading to a high
ZT of =1.4 at 823 K where o-SnSe and -SnSe coexisted.['”!]
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a) 0,b) S, c) S?0,d) p, e) , )

rmal (EG as solvent) routes, 242527 the properties were all measured along
K, g) K., h) K, and i) ZT. The green dashed line indicates theoretical

Considering that B-SnSe with a Cmcm space group possess
much higher thermoelectric performance than o-SnSe with a
Pnma space group due to the different band structures with
different bandgaps (=0.9 eV for o-SnSe and =0.45 eV for
B-SnSe) B! the continuous phase transition can definitely ben-
efit the high ZT in a broad temperature range for Sn;_,Se.
DFT calculations also reveal the origin to be the suppression of
bipolar thermal conduction in the Cmcm phase of SnggsSe due
to the enlarged bandgap.l'’!l These results indicate that phase-
related designs are critical for realizing high thermoelectric per-
formance in SnSe-based thermoelectric materials.

3.2.4. Mechanical Property
Although the doping with alkaline metals Na and/or K achieved
by traditional melting routes can also tune p and in turn

achieve high ZTs in SnSe,?*3342l much weak mechanical prop-
erties are often resulted in doped alkaline metals, that limits
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the applications of polycrystalline SnSe in real thermoelectric
devices, mainly caused by the high activities of these alkaline
metals.l’} However, solvothermal is a good choice to meet the
goal of simultaneously improving the thermoelectric and
mechanical properties. It was reported that at a strain rate of
2.5 x 10™* 571, competitive compressive strength of =52.1 and
=77.0 MPa can be achieved along the L and // directions for
solvothermally synthesized Sn;_,Se (x = 0.025),17% respectively,
and both of which are very competitive with reported record
value of 74.4 MPa achieved by a combustion method.”® This
value is also comparable to the other commercial thermoelec-
tric materials, such as PbTe and Bi,Te;.B12313] Such outstanding
mechanical performance are mainly derived from the Sn
vacancy induced dispersion hardening for the grains,14316
which is similar to the strengthening mechanism of traditional
metals and alloys.314316]

It should be noted that the compressive strength measured
along the L direction was lower than that measured along
the // direction. This is because that along the L direction, the
pellet was easier to crack along the textured grains due to
the most significant {100} surfaces of SnSe crystals. At the
same time, the grains may also be easier to crack due to the
weak van der Waals forces between adjacent Sn-Se layers.2%]
In fact, according to the famous Hall-Petch relationship!*'”]
5=08,+Kg" (52)
where 0 is the yield strength of polycrystalline materials, &, is
the yield strength of a single crystal, g is the average grain size,
and K is a constant;*'”! a higher mechanical property may be
further achieved when reducing the grain size of SnSe pellets.
In this regard, solution method is an especially good choice
because it can conveniently achieve the morphology control of
synthesized SnSe crystals during synthesis by adjusting corre-
sponding synthesis parameters, contributing to a much smaller
g in sintered polycrystalline bulks and in turn, a higher 6. How-
ever, such a grain refinement may reduce the anisotropy and
harm the thermoelectric performance of polycrystalline SnSe
along specific directions. Therefore, a balance of thermoelec-
tric and mechanical properties is need for securing a practical
candidate.

4. Morphology Control

SnSe has a typical orthorhombic and layered crystal structure
with strong anisotropy.}1?! Since an ideal SnSe-based thermo-
electric material should be polycrystalline SnSe composed by
grains with single-crystal-like anisotropy and optimized n/p,?!
it is necessary to strengthen their anisotropy along the b- or
c-directions. However, traditional fabrication techniques such
as melting and mechanical alloying are difficult to achieve this
goal due to the impossibility of morphology control in fabri-
cated SnSe products.’! On the other hand, hydrothermal/sol-
vothermal-based solution methods can conveniently control the
morphology and/or size of synthesized products by appropri-
ately adjusting the synthesis parameters, thus can be treated as
promising routes to achieve high thermoelectric performance
in polycrystalline SnSe along specific directions. Besides, to

Adv. Sci. 2020, 7, 1902923 1902923 (20 of 51)

www.advancedscience.com

meet the requirement of 1D or 2D thermoelectric microdevices,
solvothermal route is also the key solution to achieve this goal
by controlling the crystallization type from plate-like to belt-
like, thus allowing the full potential for applying for the micro-
devices as thermoelectric generators.

4.1. Crystal Growth
4.1.1. Size Control

To realize a high anisotropy in the sintered polycrystalline SnSe
bulks, to fabricate plate-like SnSe crystals with a large average
size become essential, indicating that the morphology of the fab-
ricated SnSe should be controlled by carefully selecting precur-
sors and their concentrations to avoid suppression of the {001}
and {010} planes with high surface energies in SnSe, based on
the Bravais law.[*”160318319] Generally, there are many strategies
to achieve this goal, such as reducing the amounts of precursors
to ensure sufficient space for crystal growth, using appropriate
surfactants and/or catalysts to secure complete crystallizations,
and just prolong the synthesis time, which is one of the most
direct and convenient way to achieve SnSe crystals with a con-
siderable average size.”” To exemplify, Figure 9a shows the
XRD pattern of solvothermally synthesized SnSe crystals with
inset being optical image of synthesized microplates,®! the
pink line is for crystals with an average size of =30 um fabri-
cated by a 3 h synthesis, and green line is for crystals with an
average size of =100 um fabricated by a 36 h synthesis, respec-
tively. It is clear that both crystals show features of metallic
luster, and all diffraction peaks can be exclusively indexed as the
orthorhombic structured o-SnSe phase (Standard Identification
Card, JCPDS 48-1224).%5] Meanwhile, both crystals show sig-
nificant 400* diffraction peaks, indicating the nature of micro-
plates with significant {100} surfaces, but the 111* diffraction
peak from crystals with an average size of =100 um is slightly
weaker than that from crystals with an average size of =30 um,
indicating a higher anisotropy in synthesized crystals and larger
crystal size having more {100} surfaces. Figure 9b shows mag-
nified XRD pattern,?! in which both 400* and 111* diffraction
peaks shift toward a higher 26, indicating a shrink of the unit
cell derived from the Sn vacancies in SnSe matrix.

To further study the anisotropy in synthesized SnSe crys-
tals, scanning electron microscopy (SEM) was investigated.
Figure 9¢,d shows SEM images of SnSe products with average
sizes of =30 and =100 um,?! respectively. All the crystals are
plate-like. The plate-like morphology explains the significant
400~ diffraction peaks found in XRD results found in Figure 9a,
which make other peaks weak. Meanwhile, microplates with an
average size of =100 um have a much higher dimension size,
explaining the weaker 111* diffraction peak found in XRD
results. The inset SEM images show typical microplates from
a size view, from which microplates with an average size of
=100 pm have a larger thickness, indicating more complete
crystallizations. Both microplates have the same crystal struc-
tures, confirmed by the high-resolution transmission electron
microscopy (HRTEM) image with inset corresponding SAED
pattern, as shown in Figure 9e. Both HRTEM image and SAED
pattern indicate a typical orthorhombic structure of o-SnSe
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Figure 9. Characterizations on aqueously synthesized SnSe crystals by morphology controlling. a) XRD pattern of solvothermally synthesized SnSe crys-
tals (pink line for products with an average size of =30 um and green line for products with an average size of =100 um) with inserted optical image of
synthesized microplates. b) Magnified XRD pattern to see the peak deviation and variation. SEM images of SnSe microplates with inserted SEM images
show typical plates for c) products with an average size of =30 um and d) products with an average size of =100 pm, respectively. ) HRTEM image and
SAED pattern taken from the microplates. a—e) Reproduced with permission.[?’l Copyright 2018, Elsevier. f) Flower-like SnSe nanoplates by hydrothermal
route. Reproduced with permission.2%l Copyright 2018, American Chemical Society. g) Ultrathin SnSe nanoplates by microwave-assisted solvothermal
route. Reproduced with permission.®9l Copyright 2017, Royal Society of Chemistry. h) SEM image of SnSe nanobelts by solvothermal route using the
amine-based solvent molecular template with inset showing an individual SnSe nanobelt. Reproduced with permission.®® Copyright 2017, Elsevier.

from the view direction of [100], confirming the most signifi-
cant surfaces of SnSe microplates are {100}.

4.1.2. Crystallization Type

In some situations, SnSe crystals with a small size are needed,
such as using them as the 2D fillers for flexible thermoelec-
tric generators, fabricating microdevices as components, and
further improving the mechanical properties of sintered bulks
without concerning the performance. In this case, solvothermal
route is one of the key solutions to achieve these goals by simply
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controlling the synthesis parameters, thus possesses full poten-
tials and has attracted increasing attentions in recent years. As
discussed in Section 4.1.1, reducing the synthesis time is one
of the effective strategies to achieve SnSe crystals with a small
average size. However, simply reducing the synthesis time has
its own limitations due to the fact that it cannot further reduce
the crystal size due to the specific kinetic conditions. In this
situation, further modification of the kinetic conditions is
needed, and the appropriate selection of solvent is one of the
solutions to achieve this goal. Figure 9f shows an SEM image
of SnSe nanoplates synthesized by a typical hydrothermal
route,?° in which the nanoplates have very small sizes, and are
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agglomerating to form a flowerlike morphology.??" Previous

studies indicate that the flower-like morphology prefers to form
when the vapor pressure is lower than the standard value (such
as the synthesis temperature does not reach the boiling tem-
perature of solvent),® and increasing the precursors amounts
can achieve the similar results since there is no enough space
for the crystal growth inside the autoclaves.

To achieve SnSe crystals with a much small size, microwave-
assisted solvothermal route is also an effective strategy, as dis-
cussed in Section 2.1.3. To exemplify, Figure 9g shows ultrathin
SnSe nanoplates synthesized via microwave-assisted solvo-
thermal route,[®” and the inset shows one SnSe nanoplate from
a side view. It is clear that the synthesized nanoplates have an
average size of =5 um with a typical thickness of only 100 nm,
that possess full potentials for applying to 2D flexible thermo-
electric generators. Meanwhile, there is no agglomeration
found in the synthesized nanoplates, which is derived from the
homogeneous heating conditions via microwave-assistance.

In some conditions, 1D SnSe crystals, such as belts, wires,
and rods, are needed as microdevices for thermoelectric gen-
eration, and hydrothermal/solvothermal routes can achieve
this goal by adjusting appropriate synthesis parameters and/or
adding templates into the solutions, which can guide the crystal
growth of SnSe along specific directions to form 1D SnSe crys-
tals. One typical case can be found in Figure 9h, from which
typical SnSe nanobelts can be seen in the SEM image, fabri-
cated by a typical solvothermal route using the amine-based
solvent molecular template.’% It is clear that the synthesized
nanobelts have uniform size and obvious crystal information.
The inset SEM image shows that the measured angle at the
end of nanobelt is =94°, fitting well with the theoretical angle
of (011) and (011).®) These results indicate that solvothermal
route is a promising strategy of realizing different morphology
of SnSe for their ultimate applications in microsized thermo-
electric devices.

4.2. Anisotropy
4.2.1. Anisotropy Strengthening

As confirmed by XRD and SEM results shown in Figure 9a—d,
there are strong anisotropy in synthesized SnSe microplates
through solvothermal method. To confirm such strong ani-
sotropy maintained in the sintered polycrystalline bulks, XRD
investigations were often used. Figure 10a shows XRD pro-
files for samples cut along two orthogonal directions from the
sintered pellets with average grain sizes of =30 and =100 pm,
respectively.?’! The samples have very high relative mass den-
sities of =98.5% and =98.8% for samples with average grain
sizes of =30 and =100 um, respectively, derived from the less
grain boundaries and interspaces in these sintered pellets
compared with traditional melting routes, which can show
their intrinsic thermoelectric performance. From Figure 10a, it
is clear that both the samples cut along the L direction show
strong 400* diffraction peaks, similar to the XRD pattern taken
from the microplates; in contrast, both the samples cut along
the // direction shows weak 400* diffraction peaks but strong
111* diffraction peaks, indicating significant anisotropy in the
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sintered pellets. Figure 10b shows magnified XRD pattern to
see the peak deviation and variation of both 400% and 111%,12]
from which it is clear that samples with an average grain size of
~100 um have much weaker 111* peaks along the L direction,
indicating higher anisotropy in these samples compared with
their counterparts with an average grain size of =30 um.

In terms of SEM investigations. Figure 10c,d shows SEM
images of samples with an average grain size of =30 um frac-
tured from the L and // directions to the SPS pressure, respec-
tively, and Figure 10e,f shows SEM images of pellets with an
average grain size of =100 um fractured from the 1 and //
directions, respectively. It is clear that distinct fracture features
can be found, confirming that the sintered pellets contain a pre-
ferred orientation. Meanwhile, larger grain size was observed
in Figure 10e,f, and the much more distinct fracture features
confirm the sintered pellets containing a much more strength-
ened anisotropy, fitting well with the XRD results shown in
Figure 10a,b. Figure 10g shows an SEM image of a cracked pellet
by grinding these pellets into powders, from which the separated
SnSe grains still kept an obvious orientation, indicating the con-
siderable anisotropy in sintered SnSe pellets. However, similar
to the SnSe microplates, both pellets have the same crystal
structures, Figure 10h shows an HRTEM image with inset cor-
responding SAED pattern, confirming a typical orthorhombic
structure of o~SnSe viewed along the [001] direction.

4.2.2. Performance

To evaluate the anisotropy on thermoelectric performance of
sintered SnSe pellets fabricated through solvothermal routes,
Figure 11 shows main T-dependent thermoelectric proper-
ties for polycrystalline SnSe with different grain sizes along
both the L and // directions,?” including o, S, S0, p, i, K, K,
1000/ T-dependent kj, and ZT, respectively. Figure 11a shows
measured o, and o),. The distinct plots of 6, and o), indicate a
strong preferred orientation with o, > ), over the entire tem-
perature range. Since o), reflects the conductivity parallel to
the a-axis where carriers need to overcome the van der Waals
forces between the stacked Sn-Se layers to participate the
transportation,”! low o, values are expected. Besides, stronger
anisotropy in the pellets with =100 um average grain size can
result in a large discrepancy between o, and o)), indicating the
strengthen of anisotropy can contribute to high ¢ along specific
directions. Figure 11b shows the measured S;, and S;,*! in
which no obvious difference between S, and S, can be found,
indicating that S is not affected by the preferred orientation to
a great extent.l'?) Figure 11c shows the determined (S0),, and
(S%0) 1,»! from which distinct plots of (S?0),, and (S%0), can be
seen, derived from the distinct 6, and o,

To demonstrate the impact of anisotropy on electric transport
behaviors of SnSe pellets, Figure 11d plots the measured p,, and
pu,?! in which p, and p;; are almost same, indicating that p has
less dependence on anisotropy, similar to S. Figure 11e shows
determined p1;; and p,.»! Similar to o, the distinct plots of y,,
and y, indicate a strong preferred orientation with u;, < u,
over the entire temperature range. For the anisotropy on
thermal transport behaviors, Figure 11f plots the achieved &,
and «,®! in which the distinct plots of &, and &, indicate a
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Figure 10. Characterizations on polycrystalline SnSe sintered from solvothermally synthesized SnSe crystals with different size. a) XRD patterns of
sintered SnSe pellets with different average grain sizes (=30 um and =100 um) measured along both the L (orange lines) and // (purple lines) direc-
tions. b) Magnified XRD patterns to see the peak deviation and variation. SEM images of pellets with an average grain size of =30 um fractured from
c) the L direction and d) the // directions, respectively. SEM images of pellets with an average grain size of =100 um fractured from e) the L direction
and f) the // directions, respectively. a—f) Reproduced with permission.[?’! Copyright 2018, Elsevier. g) SEM image of a cracked pellet by grinding.
Reproduced with permission.['7% Copyright 2019, Wiley. h) HRTEM image and inset SAED pattern of SnSe pellets viewed along the c-axis. Reproduced

with permission.?’l Copyright 2018, Elsevier.

strong preferred orientation with x;, < Kk over the entire tem-
perature range. Figure 11g plots kj, and kj;, for both pellets,?’]
which have the similar results to x, and &, due to the fact that
ki reflect the nature of crystal structure of SnSe, which is the
key reason to cause such a high anisotropy. Figure 11h shows
the plots of xj;, and xj, as a function of 1000/T for both pel-
lets, form which the linear relationships indicate that the
phonon scattering is dominated by the Umbklapp phonon scat-
tering rather than the grain size.[*"*2!) Figure 11i presents ZT),
and ZT,,® indicating that the strengthening of anisotropy by
increase the grain size can achieve a high peak ZT, of =1.36
at 823 K along specific directions. Thus, strengthening the
anisotropy of sintered polycrystalline bulk materials through
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morphology control through solvothermal routes is an effective
strategy to achieve high thermoelectric performance of SnSe.

5. Doping

Similar to conventional melting route, hydrothermal/solvo-
thermal-based solution routes can realize both p-type and
n-type doping in SnSe by adding various dopants during syn-
theses. However, there are mainly two distinct features in aque-
ously induced doping, namely raising the doping limitation
(solubility of dopant in SnSe system), and realizing impossible
doping through traditional melting route, both need appropriate
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Figure 11. Grain size and anisotropy on thermoelectric performance of solvothermally synthesized polycrystalline SnSe. Thermoelectric properties
for polycrystalline SnSe with different grain size along both L (perpendicular to sintering pressure) and // (parallel to sintering pressure) directions:

a) T-dependent o, b) T-dependent S, c) T-dependent S%c, d) T-dependent p,

e) T-dependent u, f) T-dependent k;, g) T-dependent k;, h) 1000/ T-dependent

K, and i) T-dependent ZT. Reproduced with permission.?’l Copyright 2018, Elsevier.

kinetic conditions to realize during synthesis. Based on these
two distinct features, there are more potentials for the band
engineering design for polycrystalline SnSe through hydro-
thermal/solvothermal-based solution methods.

5.1. p-Type Doping
5.1.1. Breakthrough in Doping Limit

Doping is defined as foreign atoms substitute on Sn and/or Se
sites as heteroatoms or interstitial atoms in Sn-Se layers. These
foreign atoms provide extra holes or electrons in the system,
strengthening the pristine carrier density of p-type pristine
SnSe or making pristine SnSe be n-type. Strictly speaking, the
pure SnSe with high Sn/Se vacancies can also be considered
as “self-doping” because the dopant are vacancies. As shown
in Figure 6f, a high p of =3.0 x 10'® cm™ can contribute to a
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peak ZT value of =1.85 in pure SnSe through appropriate struc-
tural design and vacancy engineering. However, in order to
achieve higher peak ZT (such as ZT > 2), it needs to make a
breakthrough on the limitation of ZT by modifying the band
structure, especially for the bandgap that directly determine the
semiconductor behavior of SnSe. To achieve this goal, doping
with foreign atoms is a good choice.

SnSe has been demonstrated as a doping-friendly semi-
conductor, such as alkali metals (Li,3¥ Na,[2%32-3436-38] and
K[293442)) and 1-B group metals (Cul3322 and Agl*+7112)) for
p-type doping, and halogens (CL[®73 Br,’2 and 17¢)) and V-A
group metals (Bi”?l and Sb"Y)) for n-type doping. For doping
in SnSe by a solvothermal route, one of the distinct features
from traditional melting route is that solvothermal route can
achieve a much higher doping limit (solubility of dopant in
SnSe). The breakthrough of doping limit can in turn enhance
the thermoelectric performance of polycrystalline SnSe,
and heavily Cu-doped SnSe (Sn;_Cu,Se) is a typical case.
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Figure 12. Characterizations on p-type doping behaviors in aqueously synthesized SnSe. a) Magnified XRD patterns of solvothermally Cu-doped SnSe
products with different doping concentration x for Sn;_,Cu,Se. b) SEM image of solvothermally synthesized Cu-doped SnSe microbelts with magnified
SEM image inset showing part of a typical microbelt. c) TEM image of a typical microbelt with corresponding SAED pattern inset. d) High-resolution
XPS spectrum for Cu 2p. e) EDS maps of a microbelt. f) STEM-HAADF image of microbelt to show the disordered arrangement of atoms. g) Com-
parison of experimental ZTs with predicted plots for Cu-doped SnSe pellets. a—g) Reproduced under the terms of the Creative Commons Attribution
3.0 Unported Licence.*®l Copyright 2018, Royal Society of Chemistry. h) SEM image of precipitates in SnSe induced by Ge-doping with an EDS scan
line inset. Reproduced with permission.[') Copyright 2019, American Chemical Society. i) SEM image of 3% Cd-doped SnSe microplates with magnified
SEM image inset showing a regular-shaped crystal imperfection and Sn vacancy formation energy inset showing its reduction by Cd-doping. Repro-

duced with permission.?2l Copyright 2019, Wiley.

Figure 12a shows the magnified XRD results of Sn;_.Cu,Se
synthesized by a typical solvothermal route using CuO as the
Cu source.*¥ The doping limit of Cu in SnSe was enhanced
to =11.8% determined by both EDS and EPMA, ¥ which is a
considerably high value that is difficult to be realized by the
traditional melting route.*)l The fundamental reasons for the
raising of doping limit can be attributed to the modified kinetic
conditions during solvothermal synthesis, in which the sol-
vent and vapor pressure should be two of the key factors. As
shown in Figure 12a, with increasing the doping concentra-
tion, the 400* diffraction peaks of Cu-doped SnSe significantly
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shifts toward higher 26, derived from the shrinkage of the unit
cell by inducing Cu into SnSe matrix. Figure 12b shows cor-
responding SEM image of heavily Cu-doped SnSe crystals with
the doping concentration of 11.8%, from which the synthe-
sized crystals are in the form of microbelts rather than micro-
plates for pure SnSe as shown in Figure 9c¢,d. The variation of
crystal morphology mainly comes from the kinetic conditions
change when Cu dopants were introduced into the synthesis,
which guide the crystal growth direction for specific surfaces
due to the change of surface formation energy,*¥ acted as a
template discussed in Figure 9h. Thus, solvothermally doping
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can be treated as another effective strategy to achieve 1D SnSe
crystals, which has full potentials for the applications of micro-
sized thermoelectric devices. Similar results were reported in
Ag-doped SnSe,*”) from which the doped Ag can change the
morphology of SnSe crystals from nanoplates to nanorods. The
inset in Figure 12b shows an enlarged SEM image, and shows
stepped surfaces parallel to the axial direction of a heavily Cu-
doped SnSe microbelt, caused by the irregular stacking of Sn—
Se thinner belts.*¥! Occasionally, some crystals with a much
smaller size can be found, as shown in the TEM image in
Figure 12¢, from which a SnSe nanobelt with a width of only
~300 nm can be seen. The inset corresponding SAED pattern
indicates that the nanobelt has a typical orthorhombic structure
viewed along the [100] direction.*®]

To demonstrate the unique doping behavior of Cu in SnSe
system through a solvothermal route, Figure 12d shows a high-
resolution X-ray photoelectron spectroscopy (XPS) spectrum
for Cu 2p,1* in which strong peaks corresponding to Cu 2p;,
were observed at =933 eV, indicating the successful Cu-doping
in SnSe. Interestingly, there were two valence states for Cu
ions (Cu® for peak at 932 eV and Cu?* for peak at 935 eV) in
SnSe, which is a new finding in the doping behavior of Cu.
Figure 12e shows EDS maps for a section of heavily Cu-doped
SnSe nanobelt,*® in which all the elements are well distrib-
uted, indicating the success doping of Cu in SnSe system. The
local nonuniformity of Cu can also be seen, which is also a new
finding is also in the Cu-doping behavior. Figure 12f shows a
high-resolution Cs-HAADF-STEM image of heavily Cu-doped
SnSe nanobelt viewed along the a-axis,*® from which disor-
dered atom arrangement can be clearly seen as arrows indi-
cate. This phenomenon may come from the local lattice bent
by heavily Cu-doping and/or interstitial Cu atoms, which is an
exciting result containing potential new physics in the system.

Figure 12g shows a comparison of experimental ZTs at
823 K with predicted values by SPB model-based calcula-
tions.[B06-308323] Tt ig clear that with increasing the Cu doping
level, the measured p values are closer to the predicted value
(=3 x 10" cm™), resulting in a peak ZT of =1.5, indicating
that there are still room for achieving higher ZT if further
improving the doping limit of Cu in SnSe. Thus, further
studies are needed to explore the best kinetic conditions during
solvothermal synthesis to achieve a best doping concentration.

It should be noted that although the appropriate design for
hydrothermal/solvothermal synthesis can improve the doping
limit, secondary phase may be generated in the solution, which
may affect the purity of sintered polycrystalline SnSe bulks.
Figure 12h shows a typical case, in which an SEM image shows
precipitates in hydrothermally synthesized SnSe induced by
Ge-doping.™ The EDS scan line inset clearly shows the Ge-rich
regions in the precipitates.'” The induced precipitates may
influence on thermoelectric performance in various ways, from
which the mechanisms are historically complex. Fortunately, for
advanced solution routes, because the formed secondary phase
has a much smaller size than SnSe crystals, they can be effec-
tively removed through ultrasonic separation and centrifuging
technique after the synthesis,?>*#71l which is one of the unique
advantages for aqueous synthesis routes compared with tradi-
tional melting route, from which the formed secondary phases
are hard to be totally removed.
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5.1.2. Realizing New Doping

For hydrothermal/solvothermal-based solution methods, except
the advantage of raising the doping limit in SnSe, another
unique characteristic is to realize impossible doping in tradi-
tional melting routes, achieved by adjusting appropriate kinetic
conditions during syntheses. One typical case is the Cd-doping,
which have not been achieved by traditional melting route yet.
However, through appropriate solvothermal synthesis design,
Cd-doped SnSe have been achieved with a doping limit of
~2.3%. Interestingly, the doped Cd in SnSe matrix can further
reduce the Sn vacancy formation energy from 1.63 to 1.50 eV
confirmed by first principle-based DFT calculations,?? as
shown in the inset of Figure 12i, benefitted from the different
atomic/ionic size of Cd/Cd?" (0.166/0.095 nm) compared to
Sn/Sn?* (0.151/0.112 nm).32* The reduction of Sn vacancy
formation energy can result in a high cation vacancy of =2.9%
in SnSe, contributing to an appropriate p of =2.6 X 10! cm=,
which is very close to the best value of =3 x 10 cm™ calcu-
lated using a SPB model, and in turn an improved S%c of
~6.9 uW cm! K2 at 823 K,[??/ indicating that solvothermally
Cd-doping can effectively improve the electrical transport per-
formance of polycrystalline SnSe.

To illustrate effect of Cd-doping on SnSe crystal growth,
Figure 12i shows a typical SEM image of a SnSe microplate
with a (100) surface through solvothermally Cd-doping, in which
pores and slight crystal bent can be seen.”! A typical pore is
shown in the inset of Figure 12i in a magnified SEM image,
likely caused by the Cd-doping. These crystal imperfections
indicate that doping with foreign atoms can result in different
crystal growth of SnSe, which need further clarification in terms
of their mechanism behand this novel doping phenomenon.

5.1.3. Band Modulation

To guide the novel doping in SnSe system through hydro-
thermal/solvothermal routes, the understanding of band modula-
tion is needed. Taking heavily Cu-doping in SnSe for an example,
Figure 13a,b shows calculated band structure and DOS of pure
SnSe,*8 and Figure 13c,d shows calculated band structure and
DOS of Sngge,Cug155e,*® respectively. The VBM are both
pinned to 0 eV in energy. For pure SnSe, Figure 13a shows two
distinct conduction band minima (CBM) around Y and at the "
points of the Brillouin zone, respectively. For the valence band, six
VBM can be clearly depicted, with two principal ones lying along
the T-Z line. For heavily Cu-doped SnSe, Figure 13c also shows
two distinct CBM around Y and at the T" points of the Brillouin
zone. However, for the valence band, the VBM are not as sharp as
pure SnSe, and potential band convergence of multiple-valences
was observed after heavily Cu-doping, which is responsible for
the enhanced S%0.3%% Besides, through the calculated DOS of
SnSe before and after heavily Cu-doping, it is clear that the doped
Cu (mainly by Cu_d) enhance the DOS at valence bands, indi-
cating the increase of p, agreeing with the experimental results
shown in Figure 12g. Therefore, the heavy Cu-doping can signifi-
cantly improve p in SnSe and result in an enhanced S?c.148!
Another typical case is the solvothermally Cd-doping.
Figure 13e—g shows the calculated band structures ofSng go4Se,?%
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Figure 13. Solvothermal-driven band manipulations. Calculated a) band structure and b) DOS of SnSe. Calculated ¢) band structure and d) DOS of
Sno.32CUg 115Se. a—d) Reproduced under the terms of the Creative Commons Attribution 3.0 Unported Licence.l8l Copyright 2018, Royal Society of Chem-
istry. Calculated band structures of €) Snggg4Se, f) Sngg76Cdoo0sSe, and g) Snggs,Cdg 019S€, and h) comparisons of DOS of Sng g94Se, Sng 9g4Cdo 0osSe,
Sho.076Cdo.009S€, SNo.066Cdo.0145€, SNo.os7Cdo.019Se, and SngossCdo023Se, respectively. e-h) Reproduced with permission.[?2l Copyright 2019, Wiley.

S1.976Cdo.009Se,22 and  Sngg5,Cdg 010Se,22 respectively, and
Figure 13h compares the DOS of SnggesSe, Sng9s4CdggosSe,
S19,976Cdo.0095€, Sno.966Cdo014Se, Snggs7Cdog19Se, and Snggqs
Cdg 0235e,??! respectively. As can be seen, the band structures
and DOS are almost identical with and without Cd replacing
Sn, due to the same valence state of Cd*" and Sn?*. However,
with increasing the Cd doping concentration, the Fermi level
moves into the valence band, making the material a degenerate
semiconductor, similar to the results shown in Figure 7d,e
caused by vacancy engineering. This is because the substituting
of Cd on Sn sites can result in a reduction of Sn vacancy forma-
tion energy, as shown in Figure 12i, which further improve the
cation vacancy concentration. Consequently, exploring the band
modulation is an effective approach to guide the solvothermal
synthesis design and explain the physical reasons behand the
novel solvothermal doping behaviors in SnSe.

5.2. n-Type Doping
5.2.1. Pnictogen
Compared with p-type doping, to realize n-type doping is his-

torically difficult in SnSe because pristine SnSe is a natural
p-type semiconductor, derived from the much lower Sn vacancy
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formation energy than Se in SnSe system, as shown in Figure 7b.
To realize n-type doping in SnSe, it is necessary to break the
Sn-Se bonding and substituting Sn sites with +3 valence state
dopants and/or Se sites with —1 valence state dopants, and sol-
vothermal route is one of the effective ways to achieve this goal,
derived from the adjustable kinetic conditions such as solvent,
pH, and vapor pressure, which all play significant roles in
meeting the required energies to realize n-type doping.

Figure 14a shows a magnified XRD pattern of Sb-doped
SnSe products synthesized through a typical solvothermal route
using Sb,0; as Sb source.’!l Interestingly, by adding 1%, 2%,
and 3% Sb sources in the synthesis, the ratios of Sn, Sb, and
Se in synthesized SnSe products were 1:0.01:0.98, 1:0.02:0.96,
and 1:0.03:0.94, respectively, determined by both EDS and
EPMA,"! indicating that the real compositions roughly fol-
lowed SnSb,Se;_,,.l"!] These results suggest that the induced Sb
should substitute Se sites rather than Sn sites, resulting in extra
Se vacancies in SnSe system due to the different atomic sizes
between Se (0.103 nm) and Sb (0.133 nm). From Figure 14a,
with increasing the doping concentration, the 400* diffraction
peaks significantly shifts toward higher 26, derived from the
shrinkage of the unit cell by inducing Se vacancies into SnSe
matrix due to the Sb doping.’!!

To further study the unique Sb-doping behaviors in SnSe
through solvothermal route, Figure 14b shows a typical SEM

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

SnSby ;;S€5, N

SnSby, ,S€ o

SNSb;;,S€; 45

Q

Intensity (a.u.)

PDF#48-1224
(400) i
309 310 311

312

www.advancedscience.com

2 theta (degree)

Figure 14. Characterizations on n-type doping behaviors in aqueously synthesized SnSe. a) XRD patterns (enlarged 400* peaks) of the synthesized
SnSb,Seq_, products with different x values. b) SEM image of one SnSby ¢3Seq 94 microplate with circled imperfections and crystal bent. ¢) TEM image
of a typical SnSbgo3Segq4 plate. d) Corresponding HRTEM image showing the local lattice bent. €) EDS scan line taken from a Cs-STEM-HAADF
image (inset) viewed along the g-axis. a—e) Reproduced with permission.l”! Copyright 2018, Wiley. f) TEM image of Sn;_,Bi,Se nanoplates with inset
HRTEM image showing lattice distortion. Reproduced with permission.l””! Copyright 2018, American Chemical Society. g) TEM image of Cl-doped
SnSe nanoparticles with corresponding SAED pattern inset. h) Corresponding EDS maps. g,h) Reproduced with permission.®l Copyright 2017, Wiley.

image of a SnSby ;Se .04 microplate,’! in which crystal imper-
fection can be seen, including stepped surfaces, breaches, and
crystal bent, which should be derived from the Sb-doping.
Figure 14c shows a TEM image of another SnSbgg;Seqo4
plate,’!l in which a dislocation network approximately parallel
to the {100} surface with averaged spacing of 100 nm is seen,
mainly derived from the local lattice distortions with significant
strains caused by Sb-doping. Figure 14d shows an HRTEM
image taken from the highly strained area, showing the local
lattice bent. Figure 14e shows EDS scan line taken from a Cs-
corrected STEM-HAADF image (inset) viewed along the a-
axis.”I Although the Sn and Se signals fluctuate, they follow
opposite trend. For Sb, the statistical measurement suggests
that more than 70% of Sb peaks/valleys have the same trend as
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Se, and the calculated average at% values in this case for Sn, Se,
and Sb are 56.4%, 39.7%, and 3.9%, respectively, all indicating
the substitution nature of Sb in Se sites and Se vacancies.

In fact, Sb is a typical amphoteric metal and can show +3
and -3 valence states in different situations,}?>3261 which is
different from Bi since Bi often shows traditional metal behav-
iors.'>7] Therefore, Sb may present different doping behav-
iors from Bi, and act as Sb*~ in SnSe system when appropriate
kinetic conditions are achieved through solvothermal synthesis.
As a typical V-A group metals, for Bi-doping, Sn;_,Bi,Se crystals
(x < 0.04%) can be achieved through a facile solution method
when EDA was used as solvent,””! as shown in TEM images
in Figure 14f, from which Bi-doped SnSe nanoplates can be
seen with significant lattice distortions as inset HRTEM shows,
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similar to the doping behavior of Sb in SnSe. Thus, there is full
potentials for realizing n-type doping in SnSe by appropriate
solvothermal synthesis design.

5.2.2. Halogen

Except pnictogens (V-A group metals such as Sb and Bi), halo-
gens such as Cl, Br, and I from VII-A group are also good candi-
dates to realize n-type doping in SnSe through a solution-based
synthesis. Figure 14g shows a typical TEM image of Cl-doped
SnSe nanocrystals with corresponding SAED pattern inset, %]
synthesized through a facile solution route, which exploited
the nucleophilic nature of the halide anion and the electrophi-
licity of coordinately unsaturated metal cations at the nanopar-
ticle surface, coupled with the acidic conditions that promote
the formation of metal-halide bonds by ligand replacement.[%®]
Figure 14h shows EDS maps for Sn (red), Cl (yellow), and Se
(green), respectively, indicating a homogeneous doping of CL.
These results indicate that halogens can be successfully doped
into SnSe system through appropriate design on solution-based
synthesis.

6. Defect Engineering

Inducing nanosized crystal imperfections can result in consid-
erable strains in the lattice, which can significantly scatter the
phonons with different frequencies and in turn reduce the x,
thus has been treated as one of the most important strategies
to enhance the thermoelectric performance of SnSe. Hydro-
thermal/solvothermal-based solution methods can achieve this
goal by appropriate adjusting the kinetic conditions during syn-
thesis, thus is very promising with full potentials for achieving
low K;. Besides, compared with traditional melting and mechan-
ical alloying routes, hydrothermal/solvothermal synthesis can
realize unique “local nanodefect engineering,” which can result
in significant local lattice distortions with high-density strain
fields, thus is a power tool to achieve ultralow K.

6.1. Strain in Lattice

As discussed in Section 2.2.6, inducing multidimensional
nanodefects in SnSe matrix is critical for secure a low kj. This
is because these nanodefects can result in strain fields at a
nanoscale, and phonons with different frequencies can be effec-
tively scattered at these strain fields due to the nanosize effect,
which explains why only nanosized crystal defects can achieve
the goal of reducing k. For SnSe, there are mainly four types of
nanodefects in the matrix, as shown in Figure 15. The 0D nano-
defects are mainly point defects, including Sn/Se vacancies and
heteroatoms either substituting Sn/Se sites or act as interstitial
atoms. Because Sn/Se vacancies and heteroatoms can simulta-
neously improve S0 by tuning appropriate n and/or p via band
engineering and reduce xj by strengthening the anharmonic
bonding and phonon scattering at the strain fields caused by
the lattice distortion via inducing these point defects,?>3%"]
0D nanodefects have been treated as a fundamental strategy
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Figure 15. lllustration of potential phonon scattering sources in SnSe,
including point defects,? dislocations,®] interfaces,®! inclusions,? and
pores.?2 Reproduced with permission.?2l Copyright 2019, Wiley; and
reproduced with permission.?l Copyright 2018, Elsevier.

to enhance the thermoelectric performance of SnSe and paid
significant attentions in recent years.’*3%] The 1D nano-
defects are mainly dislocations, including edge dislocations
and screw dislocations. Dislocations can be treated as a linear
arranged point defects in SnSe matrix, thus play a significant
role in causing considerable strain fields by lattice distortions
near these dislocations, strengthening the phonon scattering
and in turn reducing x.3>3%l The 2D nanodefects are mainly
interfaces, including grain boundaries, heterojunctions, and
stacking faults. These interfaces are commonly composed and/
or embedded by high density dislocations, thus play a critical
role in contributing to mass strain fields by lattice distor-
tions near grain boundaries, strengthening the phonon scat-
tering and in turn reducing x.3°3?! Besides, inducing 3D
nanodefects such as nanoprecipitates is also an effective way
to improve the thermoelectric performance of polycrystalline
SnSe by enhancing the electrical transport properties via energy
filtering effect and/or reducing the xj via strengthening the
phonon scattering at the strain fields induced by these nanoin-
clusions, and hydrothermal/solvothermal routes are highly
potential routes to achieve this goal.

6.2. Scattering Source

6.2.1. Point Defect

As discussed in Section 6.1, point defects such as vacancies
and heteroatoms are effective sources to provide nanosized

strain fields for phonon scattering, and hydrothermal/sol-
vothermal routes are good choices to introduce various types
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of point defects into the SnSe matrix through appropriately  Sn vacancies and Cd substituting Sn sites as heteroatoms,
adjusting kinetic conditions during synthesis, which can be  Dboth contributing to the local lattice distortion. Figure 16b
described as “local nanodefect engineering” and is a unique  shows corresponding Cs-STEM-HAADF image taken along
characteristic compared with traditional melting and mechan-  the a-axis,??! from which the overlays in a normal area show
ical alloying route. Figure 16a shows a typical HRTEM image  axes and Se atoms in green and Sn atoms in purple. It is clear
of Sng945Cdg23Se microplate,?Z from which localized lattice  that a nonuniform structural contrast can be seen, suggesting a
distortion derived from the point defects via Cd-doping can  typical lattice distortion, likely derived from the local elemental
be clearly seen. The point defects include two parts, namely  variation.*37! Figure 16¢ shows the intensity line profile taken
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Figure 16. Characterizations on multidimensional crystal imperfections in aqueously synthesized SnSe. a) HRTEM image of Sng g43Cdg 235€ micro-
plate showing the localized lattice distortion derived from the point defects via Cd-doping. b) Corresponding high-resolution Cs-STEM HAADF images
viewed along the a-axis to see the contrast difference. c) Corresponding intensity line profile taken from (b). d) High-resolution STM image of pure
SnSe microplate surface showing Sn vacancy region and a typical Sn vacancy in the outermost Sn—Se layer inset. e) High-resolution Cs-STEM HAADF
image of Sng 943Cdy 023Se viewed along the b-axis to see the contrast difference, the contrast difference can be clear seen in low-magnification Cs-STEM
HAADF image inset. f) Corresponding intensity line profile taken from (e). a—f) Reproduced with permission.[?l Copyright 2019, Wiley. g) Typical dis-
locations caused by induced heteroatoms, including Sng 645Cdo 023Se and Sng7Big 03Se, respectively. Reproduced with permission.”>! Copyright 2018,
American Chemical Society. h) AFM image of screw dislocation in SnSe nanoplate with measured step height inset. Reproduced with permission.[?’]
Copyright 2016, American Chemical Society. i) TEM image of SnSe mesoscale grains and boundaries with EBSD image inset showing the orientation
difference between grains and bar chart inset showing grain size distribution. Reproduced with permission.[?3l Copyright 2016, American Chemical
Society. j) High-resolution Cs-STEM HAADF image of Sng g3Pbg o,Se pellet viewed along the c-axis showing an antiphase boundary (APB). Reproduced
with permission.?’l Copyright 2018, American Chemical Society.
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along the dashed red line in Figure 16b and shows different
peak intensities between different areas,?! reflecting the local
compositional variations such as Cd replacement and cation
vacancies. In fact, solvothermally synthesized SnSe crystals
doped with Sb and Bi also exhibited similar local lattice distor-
tions, as shown in Figure 14d.f, indicating the strategy of “local
nanodefect engineering” achieved by solvothermal-based solu-
tion route has extensive applicability and practical significance.

To directly observe point defects such as Sn vacancies, scan-
ning tunneling microscopy (STM) was investigated. Figure 16d
shows a typical high-resolution STM image of SnSe microplate
surface indexed by relaxed structure models, synthesized via a
solvothermal route. In these models, the green and pink balls
represent Sn and Se atoms, respectively, and the indexed angle
of =86° indicates the view direction of [100]. It is clear to see a
Sn vacancy induced “sink” on the surface of microplate, derived
from the Sn vacancy in the SnSe matrix much close to the
surface, resulting in a local lattice distortion with strain field
around. Occasionally, Sn vacancies can be directly observed
when they are existed in the first layer of Sn-Se (the outer-
most layer on the surface of microplate), and one typical case is
shown in the inset STM image in Figure 16d. Except STM, Cs-
STEM is also a powerful tool to directly observe point defects.
Figure 16e shows a high-resolution Cs-STEM HAADF image
of Sng943Cdg 0235€ viewed along the b-axis,??! in which the over-
lays in a normal area show axes and Se atoms in green and Sn
atoms in purple. It is clear that a nonuniform contrast can be
seen, suggesting local elemental variation,??l and the contrast
difference can be clear seen in corresponding low-magnifica-
tion Cs-STEM-HAADF image as inset, described as nanoscale
dark domains or “local vacancy domains.” Figure 16f shows
intensity line profile taken from Figure 16e,?? from which the
peak intensities for Se sites keep stable for the entire range,
but different peak intensities for Sn sites between normal and
dark areas, indicating local elemental variation such as Cd
replacing Sn and/or cation vacancies, which can effectively
scatter the high-frequency phonons and in turn contribute to
a low #.348.71]

6.2.2. Dislocation

Similar to point defects, dislocations can lead to significant lat-
tice distortions with strain fields around both the dislocation
cores and lines, contributing to a strengthening of phonon scat-
tering and in turn reduce k.13 Computational works indicated
that dislocations target to scatter the mid-frequency phonons
which occupy most of the phonons during transportation,!
thus play a dominant role in reducing k.’ Generally, inducing
point defects can result in dense dislocations, thus hydro-
thermal/solvothermal routes can be treated as promising strate-
gies to produce dislocations by inducing intensive point defects
such as vacancies and/or heteroatoms.

Figure 16g shows two typical cases by HRTEM images,
namely Sng,5Cdg23S€?? and Sng¢7Bige3Se,”! respectively,
both synthesized via solution-based syntheses. For the Cd-
doped SnSe microplates, the edge dislocation was found from
a view direction of [100], indicating that the dislocation is
parallel to the Sn—Se layers. Significant lattice distortion can
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be seen around the dislocation, which can effectively scatter
the phonons and lead to a reduction of xj. For the Bi-doped
SnSe nanoplates, a wall of edge dislocations can be seen, which
compose a typical small-angle grain boundary. Figure 16h
shows an atomic force microscopy (AFM) image of a typical
screw dislocation in SnSe nanoplate,”>”! synthesized via a
typical solution route. It can be seen that the nanoplate has a
single helical pattern and a helical core located at the center,
making it like pyramids, derived from its orthorhombic
crystal nature. Each basal plane has a rectangular shape and
gradually shrinks to the center summit layer by layer when
spiraling up, thus the as-synthesized SnSe nanoplates can be
described as screw dislocation-driven (SDD) growth.?’ The
measured step height of =4.54 nm via AFM is shown in the
inset figure,”’! indicating that the thin flakes are approxi-
mately 4 layers due to the thickness of the monolayer SnSe
being approximately 1 nm.5328] Even though the strains caused
by screw dislocations are much lower than those by edge dis-
locations confirmed by computational studies,??% it is still a
good candidate to produce appropriate lattice distortion and
benefit to reduce K.

6.2.3. Interface

Compared with SnSe single crystals, polycrystalline SnSe has
interfaces such as grain boundaries in their structures, which
can be treated as a “treasury” because the interfaces are the
places that high-density point defects and dislocations (mainly
edge dislocations) prior to exist, thus play significant roles in
producing massive strain fields around interfaces to strengthen
the phonon scattering and in turn reduce k. Figure 16i shows a
typical TEM image of SnSe mesoscale grains, fabricated via
a typical hydrothermal route.?}l The grain boundaries can be
clearly seen with a high density. The inset bar chart shows grain
size distribution,?®l and the inset electron backscatter diffrac-
tion (EBSD) image shows the orientation difference between
grains. Generally, with decreasing the grain size, the grains are
inclined to have random orientations, derived from the anisot-
ropy nature of SnSe crystals.

Because SnSe has a typical orthorhombic crystal structure,
antiphase boundaries (APB) can be found in SnSe crystals
when doping with foreign atoms under specific conditions,
which are typical 2D crystal defect described as the disordering
of crystallographic planes. APB have considerable potentials for
strengthening the phonon scatterings, leading to reduction of
13,1933 similar to the contributions of grain boundaries and/or
heterojunctions. Figure 16j shows a high-resolution Cs-STEM
HAADF image of Sng¢3Pbgo,Se pellet viewed along the c-axis,
synthesized via a typical hydrothermal route.?”] Tt is clear that a
typical antiphase domain boundary can be seen, which disrupt
the normal arrangement of Sn—Se layers along the g-axis, sim-
ilar to the stacking faults. All these 2D nanosized crystal defects
can strengthen the phonon scattering at induced strain fields,
contributing to reducing xj. It should be noticed that reducing
the grain size (grain refinement) may also weaken the anisot-
ropy of SnSe; however, applying high pressure during sintering
process has been demonstrated as an effective way to improve
the anisotropy,®?*! thus the grain refinement is still a good
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strategy to achieve high thermoelectric performance in poly-
crystalline SnSe along both directions.

6.2.4. Inclusion

The contributions of inclusion, especially nanoprecipitates,
mainly include two parts. For one thing, the inducing nanopre-
cipitates can improve the thermoelectric performance of poly-
crystalline SnSe by enhancing the electrical transport properties
via either energy filtering effect or providing extra electrons or
holes to improve n/p; for another, these nanoprecipitates can
produce significant strain fields around either the interfaces

www.advancedscience.com

(heterojunctions) between nanoprecipitate lattice and SnSe
matrix or nanoprecipitates themselves, making inducing nano-
precipitates an effective strategy to simultaneously enhance the
electrical transport properties and reduce kj, leading to high
ZTs in polycrystalline SnSe. To achieve this goal, hydrothermal/
solvothermal-based solution routes are good choices because
it can realize simultaneously synthesizing more than two dif
ferent phases via controlling the size of secondary phases as
nanoprecipitates by aligning kinetic conditions of different
phases.

Figure 17a shows a typical TEM image of PbSe nanoprecipi-
tates in hydrothermally synthesized SnSe.?*l As can be seen,
the synthesized PbSe nanoprecipitates are well-distributed in
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Figure 17. Characterizations on aqueously induced inclusions in SnSe. a) TEM image of PbSe nanoprecipitates in hydrothermally synthesized SnSe.
b) Corresponding SAED pattern. a,b) Reproduced with permission.[?3l Copyright 2016, American Chemical Society. c) HRTEM image of Cu-rich
nanoprecipitates in hydrothermally synthesized SnSe. Reproduced with permission.[*l Copyright 2018, Elsevier. d) Interface between InSe, nanopre-
cipitates and SnSe matrix fabricated via a solvothermal route. ) EDS scan line on an InSe, nanoprecipitate. f) SEM image of SnSe microplates to
show the morphology variation by inducing InSe, nanoprecipitates. g) HRTEM image of two typical InSe, nanoprecipitates to show their typical sizes.
h) illustration of a nanoporosity design. i) TEM image of nanopores in SnSe matrix derived from the decomposition of InSe, nanoprecipitates during
SPS, a typical nanopore is shown in the magnified TEM image inset. d—i) Reproduced with permission.?!l Copyright 2018, American Chemical Society.
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SnSe matrix with an average size of only =10 nm, which are
ideal phonon scattering sources. Besides, PbSe is a typical
p-type semiconductor with a much lower direct bandgap of
=0.27 VB3 than SnSe of =0.90 eV,B! thus can further improve
the electrical transport properties of SnSe. Figure 17b shows
the corresponding SAED pattern, viewed along the [001] direc-
tion of SnSe. Extra pattern with a much weak intensity can be
indexed as cubic phase PbSe, indicating that SAED is a useful
tool to distinguish secondary phases from SnSe matrix.

Through the good alignment of kinetic conditions for SnSe
and secondary phases, nanoprecipitates can be successfully
achieved. However, it is not the unique way to produce nano-
precipitates, which can also be achieved when the doping is
over the solubility in SnSe, and one typical case can be seen in
Figure 17c, from which an HRTEM image of Cu-rich nanopre-
cipitates in hydrothermally synthesized SnSe can be seen.[*’l In
this case the Cu source used in the synthesis is only <4%, and
the doping limit can be further improved to =11.8% when the
solvent is EG with adjusted synthesis parameters, indicating a
higher doping limit can be achieved when the kinetic condi-
tions were appropriately adjusted.

6.2.5. Pore

Pores are special inclusions in SnSe matrix because they are
completely hollow. As discussed in Section 2.2.6, inducing
pores in SnSe is an effective way to further reduce k. This
is because that both strengthened phonon scattering at the
boundaries of pores and thermal radiation in these pores con-
tribute to reduce the x.12°! Calculations indicated that the pores
can contribute to a reduction of & only when the size of pores
is reduced to a certain value, and for SnSe the kj can be sig-
nificantly reduced when the pores are within an average size of
<50 nm.?Y If the & is 0.4 W m™! K™! for polycrystalline SnSe
with a relative mass density of 100%, the induced 2% and 5%
volume nanopores with an average size of 40 nm can further
reduced «j to 0.3 and 0.2 W m™! K}, thus to design an appro-
priate nanoporosity structure in SnSe is critical for further
improve the thermoelectric performance of SnSe.

To illustrate the nanoporosity design in polycrystalline SnSe,
Figure 17d-i shows a typical case. Indium selenides (InSe,)
nanoprecipitates were induced into the matrix of as-synthesized
SnSe microplates via a solvothermal route, and the nanopores
in the sintered pellets were achieved via the decompositions of
these nanoprecipitates during the sintering process, which is
a new concept to achieve nanoporous structure in thermoelec-
tric materials. Figure 17d shows an HRTEM image of a typical
boundary between SnSe and induced InSe, nanoprecipitate
with corresponding FFT patterns inset.?* It is clear that the lat-
tice of the InSe, is different from that of SnSe matrix, the corre-
sponding FFT pattern of InSe, shows extra spots from standard
SnSe, which is identified as IngSe;.2*l Figure 17e shows the EDS
line scans of Se, Sn, and In across a single InSe, nanoprecipi-
tate, indicating the existence of InSe,.* The existence of InSe,
nanoprecipitates can also result in significant crystal imper-
fections, as shown in the SEM image in Figure 17f* from
which considerable surface steps with crystal bent can be seen,
mainly derived from the cosynthesized InSe, nanoprecipitates
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which impede the crystal growth of SnSe. Figure 17g shows an
HRTEM image of two typical InSe, nanoprecipitates to show
their typical sizes of <40 nm.?* After the sintering process to
decompose these nanoprecipitates under high temperature,
high pressure, and high vacuum, as illustrated in Figure 17h,24
nanopores can be successfully achieved in polycrystalline SnSe
matrix, as shown in TEM image in Figure 17124 These nano-
pores can contribute to a high peak ZT of 1.7 £ 0.2 at 823 K,
derived from the ultralow k of 0.24 W m™' K™! achieved at this
temperature, indicating that appropriate nanoporosity design
can provide a new avenue in achieving high performance in
polycrystalline SnSe.

6.3. Summary

To provide an overview on the thermoelectric performance of
polycrystalline SnSe fabricated via solution-based syntheses,
including traditional aqueous solution, hydrothermal, and sol-
vothermal routes, we comprehensively summarize the reported
strategies and properties, including dopant and/or inclusion
used during synthesis, semiconductor type, synthesis route, ZT,
temperature, o, S, S?0, k, and n/p, as shown in Table 3. It is
clear that through appropriate design, high thermoelectric per-
formance can be achieved through solution-based syntheses,
which are very competitive compared with traditional melting
and mechanical alloying routes, as shown in Figure 1. The
achieved properties from other synthesis routes are also pro-
vided for comparison.

7. Flexible Generator

Flexible thermoelectric generators are receiving increasing
attention due to their capability of directly converting heat
into electricity through conformably attaching onto heat
sources.?3¢3%] Different from solid thermoelectric modules
from which the main components are bulk materials, flex-
ible thermoelectric generator with a high flexibility is made of
thermoelectric materials with a much smaller average size to
ensure the flexibility, and hydrothermal/solvothermal-based
solution routes are key answers to solve this issues through
convenient morphology control by adjusting appropriate kinetic
conditions during synthesis. The carefully designed nanocrys-
tals synthesized through hydrothermal/solvothermal routes
can exhibit significant quantum confinements, which is cru-
cial for improving the thermoelectric performance of flexible
generators.

7.1. Dimension Evolution

7.1.1. Quantum Confinement

To achieve a potentially high performance in SnSe-based flex-
ible thermoelectric generators, the materials should have much
low dimensions to ensure the quantum confinement effect.!33¢!

The quantum confinement refers to when the dimensions of
nanocrystals reduce to a certain degree, the nanosized crystals
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Table 3. A comprehensive summary on the thermoelectric performance of polycrystalline SnSe. Here melting, annealing, mechanical alloying, solid-
state reaction, arc-melting, aqueous solution, hydrothermal, solvothermal, combustion, electroless plating, spark plasma sintering, hot-pressing, and
cold-pressing are abbreviated as M, A, MA, SSR, AM, AS, HT, ST, C, EP, SPS, HP, and CP, respectively. The units for T, 6, S, S?0, k, p, and n/p are K,
Sem ™, uV K, uW ecm™ K2, W m™ KT, g cm™3, and 10'° cm™3, repsectively. The marked * in p/n column means the p/n values were measured at
room temperature.

Dopant/inclusion Type Synthesis zT T o S S’ K nlp Ref.
Pure p ST+ SPS - 300 - =160 - =14 =1 38]
Pure p ST + SPS =0.6 773 =28.7 =339.8 =3.3 =0.44 1.02% [89]
Pure p ST+ HP =0.8 803 =16.7 =346.0 =2.0 =0.2 =1.75 [90]
Pure p AS + HP - 550 =35.0 =338.1 =4.0 - - [97]
Pure p ST + SPS 0.54 550 =13.9 360 =1.8 =0.18 =0.25% [93]
Pure p AS + SPS =0.47 703 =30.0 =300.0 =2.8 =0.76 - [172]
Pure 2% Vs, p ST+ SPS 1.36 823 72.4 309.9 6.9 0.42 1.48 [25]
Pure 2% Vs, p ST+SPS 1.4 823 ~65.0 ~310.0 ~6.5 ~0.38 =15 n71
Pure 2% Vs, p ST + SPS 1.7 823 53.5 307.4 =5.1 0.24 1.34 [24]
Pure 2.5% Vs, p ST + SPS 1.5 823 =75.0 =312.5 =7.4 0.41 =2.3 [170]
Pure 5% Vs, p HT + SPS 21 373 ~68.7 ~336.9 =78 =0.32 ~0.9 17
Pure 10.7% Vs, p AS +SPS 1.07 385 =719 =335.7 ~8.1 ~0.66 =0.48% 126]
5% Vs, + 2% Pb p HT + SPS 1.4 773 ~30.0 <3215 ~3.1 ~0.21 ~0.82 127]
10% S p AS + SPS 1.16 923 =50.2 =333.9 =5.6 =0.45 =0.23% [28]
3% Ag p ST+ SPS 0.3 850 =90.3 ~266.2 ~6.4 =0.68 0.9% [47]
11.8% Cu p ST +SPS 1.41 823 =55.9 =315.6 =5.7 =0.32 1.95 48]
1% Cu p HT + SPS 12 873 =352 =310.6 =34 0.2 - [49]
1% Zn +1% Pb p HT + SPS 2.2 873 =50.1 =328.3 =5.4 =0.21 =0.56* [16]
1% Pb+7% S p HT + SPS 1.85 873 =37.5 =315.0 =3.9 =0.20 0.767* [177]
1% Pb + Se QDs p HT + SPS 2.0 873 =32.5 =425.0 =5.6 =0.25 0.686* [178]
2.3% Cd +2.9% Vs, p ST+ SPS 1.7 823 78.8 295.1 6.9 0.33 2.6 [22]
3% Ge p HT + SPS 2.1 873 =67.9 =276.5 5.1 =0.20 4.2% [19]
1% Te p ST+ SPS 1.1 800 =57.4 =~322.8 =6.0 =0.44 =1* [60]
10 mol% Te p AS + HP 14 790 ~48.1 ~299.8 =43 =0.25 - 162]
1% PbSe p HT + SPS ~1.7 873 =743 ~344.9 ~8.9 ~0.55 0.61%* 23]
SnSe p HT + SPS 13 850 ~48.9 ~283.1 ~4.0 ~0.26 0.56% 21
0.6% Cl n HT + HP - 540 =9.0 ~-264.8 ~0.6 - 0.64% [68]
2% Sb + 2% Vs, n ST +SPS 1.1 773 ~39.4 —247.0 ~2.4 ~0.17 3.94 7]
3% Bi n AS - 723 =3.0 ~-387.3 ~0.45 - <0.01% 175]
Pure p M + SPS =0.5 823 =31.6 =355.7 =4.0 =0.63 - [78]
Pure p M + A+ SPS =0.5 790 =18.7 =379.8 =2.7 =0.40 =0.01%* [79]
Pure p M + SPS - 850 ~66.0 =300 ~6.0 - - 80]
Pure p M + SPS =1.0 873 =49.9 =408.0 =8.3 =0.70 =0.05* [81]
Pure p M+ HP 1.1 873 ~61.9 ~366.3 =83 ~0.66 0.04% 83]
Pure p M+ HP 0.73 800 ~64.3 =322.7 =6.7 =0.73 <0.01%* [84]
Pure p AM - 395 - =660 - 0.1-0.2 <0.01% (85]
Pure p AM - 625 - 1050 - - - [36]
Pure p AM - 387 =0.17 =660.0 =0.07 =0.19 - [87]
Pure p CP+A =0.1 772 =15.3 =279.8 =1.2 =0.75 - [92]
Pure p MA + SPS =0.7 873 =~43.2 =292.8 3.7 =~0.45 =0.04* [94]
Pure p C+SPS 0.5 773 =25.0 ~368.8 ~3.4 ~0.53 ~0.03* [95]
Pure p MA + 1.7 758 =22.0 =340.0 =2.4 =0.12 - [332]
3D-Printing
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Table 3. Continued.

Dopant/inclusion Type Synthesis T T o S S0 K nfp Ref.
1% Na p M + SPS 0.75 823 =~49.6 =311.1 4.8 =0.53 1.0% [32]
1% Na p M+ A+ SPS 0.85 800 ~100.4 ~271.5 ~7.4 ~0.50 ~6.5% 133]
1% Na p M + SPS ~0.8 800 ~81.2 ~267.2 ~5.8 ~0.50 <15 134]
1.5% Na p M + MA + HP =0.8 773 =37.9 ~298.8 =3.4 =~0.33 =2.1%* [37]
2% Na p SPS 0.87 798 ~56.4 ~288.8 4.7 0.4 3.08* 138]
3% Na p M + HP 1.3 793 ~149.2 ~253.7 ~9.6 ~0.61 4.34% [40]
3% Na p SPS 0.82 773 =~65.1 =~280.2 =5.1 =0.50 =2.2 [39]
0.5% Na +0.5% Cl p SSR + HP 0.84 810 ~79.2 ~228.6 ~4.1 ~0.39 ~3.95% 130]
0.5% Na +0.5% K p MA + SPS 1.2 773 =349 ~374.7 ~4.9 0.32 ~7.2% [29]
0.5% Na + 1.5% Ag p M+ A+ SPS 0.81 773 ~60.2 ~288.2 =5.0 0.48 ~2.25% 31]
1% Na + 4% Pb p M + SPS =12 773 ~89.4 ~269.7 ~6.5 ~0.45 =238 136]
1% Na +16% Te p MA + SPS 0.72 773 ~67.4 =275.0 =5.1 ~0.50 - 35]
10% S +3% | n M + MA + HP =1.0 773 =100 ~—624.5 =39 ~0.30 <0.01% [76]
1.5% Cl p M 1.1 773 =255 =399.3 ~4.1 ~0.30 ~0.01% [46]
3% Re +2% Cl + 5% Vs, n M + SPS 1.5 798 =315 ~430 ~5.8 ~0.30 1.98% [169]
0.1% K p M + HP 1.1 823 ~58.1 ~281.4 ~4.6 ~0.35 ~0.47% [
1% K p MA + SPS =1.1 773 =~18.6 =~421.4 =3.3 =0.24 0.92* [42]
0.25% As p M + HP ~0.22 723 ~6.0 =532.9 =17 ~0.56 - [43]
8.6% Cu p M+HP+A 1.02 300 =75 246 ~0.16 0.4 ~0.11 [50]
2% Cu p M +A + SPS 0.7 773 ~42.4 =238.6 =2.4 0.27 18.4% [51]
2% Cu p M+ HP 0.66 813 =50.0 =325.6 =5.3 ~0.65 =1.6 [52]
3% Cu p M+ HP 0.79 823 =35.0 =325.1 =3.7 =0.39 0.02%* [53]
SN 005S€0.04Br0.06 n MA + SPS 15 783 =32.0 ~462.5 ~6.8 0.36 ~0.7 174]
10% Br n M + HP 13 773 ~28.1 ~—400.0 ~4.5 ~0.26 0.93* [69]
3% Br n M + SPS 1.0 773 ~20.0 =-500.0 =5.0 ~0.36 ~0.006* 179]
3% Br+10% Pb n M + SPS 1.2 773 =35.0 ~—400.0 =5.6 ~0.37 ~0.02% [70]
3% PbBr, n M + HP 0.54 793 ~36.0 ~-360.0 ~4.7 ~0.72 1.86% [72]
0.5% Ag p M + EP + SPS 0.85 873 ~60.0 =310 =5.6 ~0.59 =0.1 [333]
1% Ag P M +A+HP 0.6 750 ~45.9 ~344.1 =54 ~0.68 ~0.35% [44]
1% Ag p M+ A +SPS 0.74 823 =548 =330.9 6.0 ~0.66 1.9% [45]
1.5% Ag p SSR 1.3 773 ~44.7 ~344.0 =52 ~0.30 ~0.8% [46]
1% Ag +1.5% Ge p M + SPS 1.5 793 =75.0 =360 =10.0 =0.5 0.955% [175]
1% Ge p M - 400 - ~843.2 - ~0.39 - [55]
2% Ge p AM - 773 - - - 0.35 - [56]
3% Ge p M ~0.15 773 =35 ~377.9 ~0.5 0.27 <0.01% 157]
4% Ge p M + HP 0.6 823 35.6 ~378.5 5.1 ~0.7 ~0.03* 58]
1% In p M + HP 0.2 823 ~6.53 ~350.0 ~0.8 ~0.36 ~0.03* [54]
1% Zn p M+ HP 0.96 873 =74.1 =~328.5 8.0 =0.73 =0.45 [59]
3% Sm p M + HP 0.55 823 ~33.6 ~250.0 =21 ~0.32 ~0.01% (63]
2% Te p HP - 300 =9.30 =331.2 =1.0 - - [61]
3% Te p MA + SPS =0.78 823 =52.5 =~235.0 =3.4 =0.3 1.31%* [182]
6.25% Te n M + HP - 673 ~3.63 ~-276.2 =03 - ~0.02%* [67]
10% Te p MA + HP - 550 =16 ~800.0 =1.0 - ~0.012% [334]
1.0 wt% LaCly p MA + SPS 0.55 750 ~15.6 ~350.6 =19 ~0.27 <0.01% [64]
0.5% Tl p M + HP 0.6 725 ~68.9 ~300.0 ~6.2 ~0.75 - [65]
2% Vs, n M+ HP ~0.07 773 =3.0 ~-380.0 ~0.4 ~0.5 - [66]
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Dopant/inclusion Type Synthesis zT T c N S’c K n/p Ref.
20% Sb n AM 0.3 908 =100.0 =-125.0 =1.0 ~0.46 - [173]
0.4% BiCl; n M + SPS 0.7 793 ~28.9 ~—414.0 =5.0 =0.60 1.07* [73]
6% Bi n M+ HP 0.025 723 =5.5 =-190.0 =0.2 =0.53 - [74]
20% Pb + 6% Ti n MA + SPS 0.4 773 ~14.8 —-450 3.0 =0.58 <0.01* [77]
15% Pb + 5% Cl n SSR+ MA+A 12 823 =50.0 =~—362.5 =6.7 =0.46 - [176]
+ SPS
2.5vol% C p M + HP 1.21 903 ~100.2 =310.0 9.6 =0.72 >1.8 [96]
CNTs +1.5% Na p M +A + SPS =0.96 773 =~55.6 =299.2 =5.0 =0.40 =4 [97]
0.2 wt% reduced p M+ HP ~0.69 850 =~46.1 =314.2 =~4.6 =~0.53 - [98]
graphene oxide
Sn oxide + 1% K p MA + SPS =1.1 773 =18.6 =421.4 =33 =0.24 0.92* [42]
20% SnS p MA + SPS 0.64 823 =~26.3 =332.1 =2.9 =0.38 =0.02* [102]
20% SnS p M +A + SPS 0.82 823 =13.8 ~466.9 3.0 =0.30 =0.03* [104]
10% SnS + 2% Na p M + SPS 1.2 793 =71.0 =325.0 =7.5 0.92 4.68* [100]
10% SnS +3% | n M+ MA + HP =1.0 773 =16.0 ~-500.0 =4.0 =0.36 <0.01%* [76]
15% SnS +1% Ag p M+A+HP 1.67 823 =25.0 296.4 =2.2 0.11 0.76% [101]
20% SnS + 1 wt% SiC p SSR+ MA - 300 ~6.74 =571.4 =2.2 - - [103]
+HP
20% SnS +0.5% Ag p MA + SPS =1.1 823 ~53.4 =315.1 =53 ~0.40 =2 [105]
30% SnS +3% Na p M+ HP 1.35 816 =~56.3 ~301.4 =5.1 ~0.30 =0.14* [106]
SiC n M+ MA + HP 0.125 300 =7.3 —581 =2.5 =0.60 =0.58 [123]
5 vol% K;,TigO43 whiskers p M + HP 0.5 810 =27.0 =316.6 =2.7 =0.54 - [107]
1% Ag,S p MA + SPS 0.74 773 ~44.3 ~352.0 =5.5 ~0.58 ~2.43 [109]
1% Ag,S p MA +A + SPS 113 773 ~44.3 ~315.3 ~4.4 =0.30 =0.16%* [108]
30% AgSbSe, p M+ HP 0.82 842 =~219.98 ~183.08 =7.4 =0.75 33.4% [110]
AgsSnSeg + 1% Na p M + SPS 1.33 773 =71.2 =317.0 =7.2 =0.42 ~4% [111]
10% Sb,Se; + 2% Ag p M + SPS 0.7 773 =10.8 =328.5 =1.2 =0.15 4.78* [335]
0.5 mol% SnTe + 0.5% p M + SPS 1.6 875 =112.3 =313.0 =11.0 0.50 =0.4% [112]
Ag
5 wt% Te + 3% Na p M+ HP 0.8 830 =89.8 =274.0 =6.7 ~0.68 3.51% [113]
3.2 wt% MoS; + p M+ HP 0.98 810 =70.5 ~258.2 =4.7 =~0.39 2.49% [114]
graphene
1.5% MoSe, p M + SPS 0.5 773 =~21.8 ~428.3 ~4.0 =0.64 =2 [115]
0.15% Cu,Se p M + SPS 0.51 773 27.3 =385.0 =~4.0 =0.58 1.41 17
97% Cu,Se p M + SPS 1.41 823 =302.4 =199.2 12.0 =0.70 99.3* [118]
SnSe, +2% Vs, p M +A + SPS 0.61 848 ~48.3 ~308.6 ~4.6 =0.64 - [116]
SnSe, + 6% Cl n M + SPS 0.56 773 =32.0 =-300.0 =2.9 =0.43 =0.45 [122]
5% PbSe + 1% Na p MA + SPS =2.5 773 =92.9 =271.7 ~6.9 =0.20 =1 [13]
90% PbSe n MA + SPS 1.0 773 =~491.1 ~-183.3 =16.5 =1.20 35 [124]
1.5 vol% PbTe p M+ HP 1.26 880 =~94.7 =301.2 9.2 =0.64 1.94 [119]
Au particles p M + SPS 0.72 773 =20.7 =380.9 =3.0 =0.32 =0.5 [120]

with different sizes can exhibit different bandgap values (nor-
mally higher than the larger-sized crystals) between the conduc-
tion band and the valence band, thus have unique electronic
properties that differ from larger crystals. The variation of
band structures can be simply described from the evolution
of DOS, as shown in Figure 18. With decreasing the size of
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nanoparticles, the quantization of the energy from nanocrys-
tals becomes more obvious, which changes continuous energy
bands to discrete energy levels. In other words, when there
is at least one dimension of crystals equivalent to the de Bro-
glie wavelength, the motion of electrons in this dimension is
limited, the electronic state is quantized, and the continuous
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Figure 18. Crystal structures, characterizations, and electronic DOS
for multidimensional SnSe nanocrystals: a) quantum dots, 3383401
b) quantum wires,P%212338] c) quantum well (monolayer),[338341342 and
d) bulk semiconductors (3D crystals).24197:338] 3) Adapted with permis-
sion.?l Copyright 2011, Elsevier (background); and reproduced with
permission.3*0 Copyright 2010, American Chemical Society (inset). b)
Adapted with permission.l?'2l Copyright 2014, Royal Society of Chem-
istry (background); and reproduced with permission.’® Copyright 2017,
Elsevier (inset). c) Adapted with permission.?*2 Copyright 2017, 10P
Publishing (background and bottom-right inset); and reproduced with
permission.3*1l Copyright 2015, Royal Society of Chemistry (top-left
inset). d) Adapted with permission.®”] Copyright 2019, American Chem-
ical Society (background); and reproduced with permission.?!l Copyright
2018, American Chemical Society (inset).

energy band is decomposed into discrete energy levels. As a
result, a wave function that forms discrete energy levels and
standing waves. For thermoelectric materials, such a dimen-
sional reduction at the nanoscale allows new opportunities to
quasi-independently vary S, o, and x when the length scale is
sufficiently small to give rise to quantum-confinement effects
as the number of atoms in any direction (x, y, or z), and poten-
tial new physical phenomena may be introduced and these phe-
nomena may also create new opportunities to vary S, o, and k
independently.l33!

7.1.2. Quantum Dot

Quantum dots (QDs) can be described as nanoscale semicon-
ductor particles with a few nanometers in size. Figure 18a
shows an HRTEM image of typical SnSe QDs,?38340 gynthe-
sized through a typical solution route by using an electronic
accelerator as a radiation source and hexadecyl trimethyl
ammonium bromide as a surfactant. The as-synthesized SnSe
QDs have average size of only ~4 nm with the spherical shape.
The QDs exhibited a large direct bandgap of 3.89 eV, greatly
blue shifted compared with that of bulk SnSe (=0.9 eV) due to
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the significant quantum confinement effect, showing typical
blue photoluminescence at =420 nm.33!

Currently, SnSe QDs have been preliminarily applied to sen-
sitized solar cells.[33%3*3] For their applications on thermoelec-
trics, more studied are needed. Nevertheless, SnSe QDs have
exhibited amazing bandgap values and high surface activities,
thus have full potentials for thermoelectric applications such as
flexible thermoelectric generators.

7.1.3. Quantum Wire

Because of the nature of orthorhombic layered structure in
SnSe, SnSe quantum wires (QWs) were few reported, and
templates are needed during synthesis. Figure 18b shows an
HRTEM image of SnSe QWs encapsulated within single walled
nanotubes (SWNTs) with diameters below =1.4 nm,/?1? from
which Sn—Se atom column pairs arranged along a section of an
SWNT can be clearly seen. In the case of using tubes as tem-
plating, the grown nanostructures are generally polycrystalline,
which may affect their properties. Even though the challenge in
synthesis restrict the development of SnSe QWs, QWs are still
pointed to be very promising for applying to thermoelectrics
due to their significant quantum confinement effect and suit-
able bandgap values of =1.40 eV.3*4

7.1.4. Quantum Wall

For SnSe, because of its orthorhombic layered structure, it is
much easier to form quantum well, which can be described
as monolayer. Figure 18c shows a TEM image of SnSe mono-
layer,1338:341342] the inset AFM image indicates that the thick-
ness of monolayer is only =0.68 nm, which is close to the
theoretical value of single-layer SnSe (=5.749 A). In fact, SnSe
monolayers have been paid significant attentions in recent
years, derived from their relative high stability, considerable
quantum confinement effect, and high potentials in applying
to flexible thermoelectric generators.>3*1:34-34 Computational
works based on DFT indicated that the monolayer is dynami-
cally and thermally stable with a bandgap of 1.28 eV,?*!l and
the ZTs can reach 3.27/2.76 along the b- and ¢- directions with
optimal n at 700 K due to quantum confinement effect.34!l
Other works based on the Boltzmann transport equation
also indicated that SnSe monolayer can exhibit high thermo-
electric conversion efficiency in p-type doping, derived from
its high S?0 and low k*¥ These studies indicate that SnSe
monolayers are promising candidates for applying to 2D/3D
thermoelectrics.

7.2. Crystal Design

7.2.1. Particle

Figure 19a shows a TEM image of typical SnSe nanopar-
ticles,%% synthesized through a solution route based on

oleylamine (OLA) as solvent. The nanocrystals with an
average size of =20 nm are dispersed uniformly without
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Figure 19. Characterizations on multidimensional SnSe nanocrystals. a) TEM image with HRTEM image inset showing typical SnSe nanoparticles.
Reproduced with permission.>% Copyright 2011, Royal Society of Chemistry. b) TEM image with SAED pattern inset showing typical SnSe nanorods.
c) Corresponding HRTEM image with UV-vis absorption spectrum inset. b,c) Reproduced with permission.?*!l Copyright 2014, ]-STAGE. TEM images
with SAED patterns inset showing d) a typical SnSe nanobelt and e) a typical SnSe nanosheet. d) Reproduced under the terms of the Creative Com-
mons Attribution 3.0 Unported Licence.*®l Copyright 2018, Royal Society of Chemistry. e) Reproduced with permission.’!l Copyright 2018, Wiley.
f) High-resolution Cs-STEM-HAADF image of nanosheets. Reproduced under the terms of the Creative Commons Attribution 3.0 Unported Licence.[*?]

Copyright 2018, Royal Society of Chemistry.

obvious aggregation. The inset HRTEM image in Figure 19a
shows one typical SnSe nanoparticle,**® from which the
obvious lattice and indexed (011) indicate the crystal nature
of SnSe.

For SnSe nanoparticles, when the size is larger than cer-
tain values, they can have regular shapes, derived from the
orthorhombic crystal nature of SnSe. At the same time, they
can exhibit quantum confinement effect due to their small
size. Experimental results based on ultraviolet, visible and
near infrared wavelengths (UV-vis—NIR) indicated that a
facile solution-phase synthesis of well-defined SnSe nanocrys-
tals can still exhibit quantum confinement effects with meas-
ured direct optical bandgap of 1.71 eV,®5! indicating these
nanocrystals are attractive candidates for incorporation into
thermoelectrics.

7.2.2. Rod

Figure 19b shows typical SnSe nanorods fabricated through
a typical solution route by using SnCl,-2H,0 and SeO, as
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precursors and OLA as solvent.3* The synthesized SnSe
nanorods have an average length of =250 nm and width of
=14 nm. The inset SAED pattern taken from a single rod in
Figure 19D indicates the crystalline nature of SnSe. Figure 19¢
also shows a typical HRTEM of one nanorod, from which clear
lattice can be seen, indicating that preferred growth direction of
nanorods is along the [010] direction. The UV—vis—NIR results
shown in the inset of Figure 19c indicate that a direct bandgap
of 1.4 eV can be achieved in SnSe nanorods, which is favorable
for applications in thermoelectrics.

7.2.3. Belt

SnSe nanobelts have become the first measurable nanocrys-
tals in thermoelectric SnSe. To fabricate SnSe nanobelts by
advanced solution method, there are mainly two designs: one is
using appropriate templates to guide the crystal growth of SnSe
along specific directions, as shown in Figure 9h,1°)l and another
is using appropriate doping and/or adjusting kinetic conditions
such as solvent, synthesis temperature, and synthesis time to
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alter the preferential growth direction and morphology control,
as shown in Figure 12c.*8l Figure 19d shows a TEM image
of a section of Cu-doped SnSe nanobelt, synthesized through
a solvothermal route with synthesis time of only 3 h. It is clear
that a very thin nanobelt with a typical width of =600 nm can
be seen. The inset SAED pattern in Figure 19d indicates that
the nanobelt has typical orthorhombic crystal structure, viewed
along the [100] direction. Such a nanobelt is a good candidate
for thermoelectric microdevices and 2D flexible thermoelectric
generators, as well as powders for sintering into bulk materials
as components in thermoelectric modules, thus has a rela-
tively wide application in thermoelectrics. Considering SnSe
nanobelts have much lower superficial areas,® a significant
improvement of grain boundary density in the sintered bulks
can be achieved, which can strengthen the phonon scattering
and in turn reduce x.[*®!

7.2.4. Sheet

Compared with the other three types of nanocrystals, SnSe
nanosheets are most promising because the synthesis of
SnSe nanosheets with mature techniques is much easier than
the syntheses of other SnSe nanocrystals,*>3l making SnSe
nanosheets have full potentials as 2D/3D thermoelectric gen-
erators.?>*3%] Generally, SnSe nanosheets can be described
as multilayered SnSe.?**3%1  Hydrothermal/Solvothermal-
based solution methods are effective routes to fabricate SnSe
nanosheets.?0259264 Different from the other routes, such
as vapor deposition, the solution route can achieve SnSe
nanosheets with a much higher productivity, which is essential
for their applications as thermoelectric generators.

Figure 19e shows a TEM image of a SnSe nanosheet, syn-
thesized through a solvothermal route, in which the syn-
thesized nanosheet is very thin as significant bend contour
can be seen. The inset SAED pattern in Figure 19e indicates
that the nanosheet has a typical orthorhombic crystal struc-
ture, viewed along the [100] direction. Figure 19f also shows
corresponding high-resolution Cs-corrected STEM-HAADF
image of a nanosheet,*37! viewed along the a-axis. Consid-
ering that SnSe nanosheets have a thickness of only few SnSe
layers, there is significant nanosize effect in these nanosheets.
Experimental results based on UV-vis—NIR indicate that SnSe
nanosheets have a direct bandgap of =1.1 eV, indicating that
SnSe nanosheets possess considerable potentials as thermo-
electric candidates, such as flexible thermoelectric generators
and precursors for sintering bulk materials.

Except directly fabricating SnSe nanosheets by the solu-
tion methods, other convenient approach to achieve SnSe
nanosheets is chemical exfoliation technique taken in a solu-
tion environment.3>+3%5:360-362] [n 3 Teflon-lined autoclave, the
bulk SnSe is mixed with a solution containing EG and lithium
hydroxide (LiOH). During heating the autoclave, due to the
weak Van der Waals forces between SnSe layers, lithium ions
(Li*) can intercalate into these layers, separate the bulk into
nanosheets with only a few layers thick.’*!l Based on this
strategy, SnSe nanosheets with a considerable productivity can
be achieved, demonstrating the possibility for fabricating 2D
flexible thermoelectric generators.
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7.3. Application
7.3.1. Film

The design of SnSe nanocrystals is for the fabrication of 2D
flexible thermoelectric generators. Historically, there are mainly
two ways to achieve this goal, one is fabricate SnSe-based thin
films by drop-casting techniques and assemble the thin films
with flexible substrates, and another is the organic/inorganic
composite films from which the SnSe nanocrystals act as fillers.
Figure 20a shows an SEM image of hydrothermally synthesized
SnSe nanosheets with AFM image inset showing their thick-
ness of =150 nm."®1 These nanosheets are good raw materials
to fabricate SnSe thin films. Figure 20b shows an optical image
of scaling up SnSe thin film fabricated by these nanosheets with
the packed bed structure of the SnSe film obtained from the
scalable solution process (inset as bottom right) and its cross-
section SEM image (inset as top right),'® from which a thin
film of SnSe nanosheets was uniformly deposited using drop
casting onto a copper tape substrate over an area of 1 cm?. The
cross-section SEM image of the film details the high density
of this packed bed structure, which is critical for thermoelec-
tric transportation. Figure 20c shows temperature-dependent
thermoelectric performance of fabricated SnSe thin film,!'8
including o, S, and &, respectively. Interestingly, giant S of
>1200 pV K! and ultralow x of <0.1 W m™! K~! were achieved
for the entire temperature range from 300 to 380 K. The giant
S with a relatively low o of <2.5 S cm™ come from a possible
carrier filtering effect from the high density of interfaces.!']
For the ultralow x, different from the SnSe bulk materials (the
Kk gradually decrease with increasing the temperature), k of
fabricated SnSe thin film shows slight increase and indicates
that the interface boundary thermal conductance dominates
the phonon transport in the nanostructures. Such an ultralow
kK are mainly caused by the thermally resistive interfaces
between nanosheets.?®3l In the thin films, individual SnSe
nanosheets are piled together and form multiple interfaces
that dominate the thermal resistance.?% To realize a certain
flexibility, the fabricated SnSe thin film was coated on a poly-
ethylene terephthalate substrate, which exhibit significant flex-
ibility under mechanical bending, as shown in Figure 20c.

To further strengthen the anisotropy and enhance the
thermoelectric performance of SnSe thin films, highly
textured and hole-doped SnSe thin films were designed.
Figure 20d shows an SEM image of SnSe thin film fabri-
cated with purified precursor using solution route, in which
full coverage of SnSe on the substrate can be seen. The
inset cross-sectional SEM image in Figure 20d shows a uni-
form thickness of =85 nm.>” Figure 20e shows an optical
image of SnSe thin film, showing typical metallic luster. The
inset pole figure of the (400) plane in Figure 20e shows the
pole density in multiples of random distribution,**" indi-
cating a high anisotropy of the thin films. Figure 20f shows
temperature-dependent thermoelectric performance of the
SnSe thin film, including o, S, and S?c,%°% respectively.
As can be clearly seen, a high S?c of =4.3 uW cm™ K2
was achieved at 550 K, which is competitive to the corre-
sponding bulk materials,[® derived from a high c0f=39.7 S cm™!
and an appropriate S of =334.1 uV K! at this temperature,
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Figure 20. Characterizations and performance for SnSe-based 2D thermoelectric generators. a) SEM image of hydrothermally synthesized SnSe nanosheets
with AFM image inset showing their thickness of =150 nm. b) Optical image of scaling up SnSe thin film fabricated by these nanosheets with the packed
bed structure of the SnSe film obtained from the scalable solution process (inset as bottom right) and its cross-section image by SEM (inset as top right).
c) T-dependent thermoelectric performance of SnSe thin film, including o, S, and k. a—c) Reproduced with permission.['®l Copyright 2019, Wiley. d) SEM
image of SnSe thin film fabricated with purified precursor solution showing full coverage of SnSe on the substrate with cross-sectional SEM image inset
showing a uniform thickness of 85 nm. e) Optical image of SnSe thin film with its pole figure of the (400) plane inset showing the pole density in multiples of
random distribution. f) T-dependent thermoelectric performance of SnSe thin film, including 6, S, and S?c. d—f) Reproduced with permission.?%l Copyright
2019, Springer Nature. g) SEM images of the CSA-PANI coated SnSe3Sq,/PVDF composite film with cross-sectional SEM image inset showing a uniform
thickness of =10 um and TEM image of SnSe( Sy, nanosheets inset as inorganic fillers. h) Optical image of fabricated flexible thermoelectric generator.
g,h) Reproduced with permission.2%] Copyright 2018, Royal Society of Chemistry. i) SnSe amount-dependent thermoelectric performance of organic-
inorganic composite film (SnSe/PEDOT:PSS), including o, S, S0, k and ZT. Reproduced with permission.3®% Copyright 2016, American Chemical Society.

and the hole doping plays a significant role in balancing 6 and  process. The current SnSe ink solution can be further applied

S contributing to high S?c. Besides, the solution process for  to more practical solution process to fabricate applicable SnSe
achieving high performance SnSe thin films is a cost-effective  thick films and flexible thermoelectric generators.
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7.3.2. Organic/Inorganic Composite

For SnSe and polymer-based organic/inorganic composite
films, they are particular fascinating because of their intrinsic
flexibility, affordability, and low toxicity.}%®l For the organic sub-
strates of composite films, polydimethylsiloxane (PDMS),13>]
polypyrrole,3¢73%8 polyvinylidene fluoride (PVDF),2%! polythio-
phene, 390369 polyaniline (PANT),B7%371 and poly (3,4-ethylene
dioxythiophene):poly (styrenesulfonate) (PEDOT:PSS)B72 are
promising candidates due to their relatively high ¢ and intrin-
sically low x.*73378 Figure 20g show an SEM image of the
camphorsulfonic acid (CSA)-doped PANI-coated SnSeygSo.,/
PVDF composite film.B%! The inset cross-section SEM
image in Figure 20g shows a uniform thickness of =10 um.
The inorganic fillers of the composite film are SnSe;sS,
nanosheets achieved by chemical exfoliation technique taken
in a solvothermal environment with EG as solvent, and one
as-synthesized nanosheet is shown in the inset TEM image in
Figure 20g.%! Figure 20h shows an optical image of fabricated
composite film,] the inset images indicate a good flexibility
in as-fabricated film, which is a typical flexible thermoelectric
generator. Besides, by introducing a small amount of carbon
nanotubes (CNTs) into the composite, the maximum S%c of
the CSA-PANI-coated SnSe(3S(,-PVDF/CNT composite film is
2.97 uW cm™! K2 at 400 K, which is significantly higher than
that of the CSA-PANI-coated SnSe(gS,,-PVDF composite film
without CNTs (1.17 uW cm™! K2 at 400 K).%!

Among the organic substrates applied to composite film,
PEDOT:PSS is one of the most promising polythiophene-based
polymer,372l which possesses remarkable high .47’ To
illustrate the SnSe-PEDOT:PSS-based thermoelectric composite
films, Figure 20i shows the SnSe content-dependent thermo-
electric performance, including o, S, S?0, (h) k, and ZT,3%
respectively. The SnSe nanosheets acted as fillers were prepared
by chemical exfoliation technique taken in a solvothermal envi-
ronment with EG as solvent. With increasing the SnSe content
in the composite films, o decreases and S increases, indicating
a balance between SnSe fillers with intrinsic low ¢ and high S
and PEDOT:PSS substrates with intrinsic high ¢ and low S,
contributing a peak S?c of =3.8 uW cm™ K2 in the SnSe-
PEDOT: PSS composites when the SnSe content was 20 wt%.
Meanwhile, a low k of =0.36 W m™! K! can be achieved when
the SnSe content was 20 wt%, derived from the intrinsic low K
of SnSe nanosheets, and contributed to a promising peak ZT of
=~0.32, which is very competitive compared with other flexible
thermoelectric generators as well as corresponding bulk mate-
rials. These results demonstrate that SnSe with intrinsic high S
and low x are good candidates for their applications as flexible
thermoelectric generators.

7.3.3. Overview

Currently, the research focusing on SnSe-based 2D and flex-
ible thermoelectric generators is still at preliminary stage, but
some promising results have been achieved, and the strategy
of advanced solution route is playing a significant role in
determining their performance. Table 4 provides a summary
on the thermoelectric performance of 2D SnSe made through
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solution-based routes, from which huge potentials can be seen
in further improving the properties of 2D SnSe thermoelectric
generators, which represent the future development directions
of SnSe-based thermoelectrics.

8. Conclusion, Challenge, and Outlook

Compared with traditional melting and mechanical alloying
routes, advanced aqueous synthesis, especially hydrothermal/
solvothermal-based solution methods are attracting increasing
attentions in recent years, derived from their unique char-
acteristics for improving their thermoelectric performance.
Through adjusting appropriate kinetic conditions during syn-
thesis, such as solvents, precursors, amounts, pH adjusters,
surfactants, catalysts, temperatures, time, and vapor pressure,
various specific strategies can be achieved, including vacancy
engineering, morphology controlling for both crystalline size
and type, raising the doping limit, realizing impossible doping
for both p-type and n-type, and inducing local lattice defects
to significantly strengthen the phonon scattering, which are
all unique features for hydrothermal/solvothermal routes. For
SnSe, hydrothermal/solvothermal-based solution methods are
especially suitable for SnSe-based thermoelectric materials
because the thermodynamics of SnSe are well aligned with
the kinetic conditions of synthesis, thus there are considerable
potentials for materials design. Meanwhile, because SnSe are
typical orthorhombic layered structure, hydrothermal/solvo-
thermal synthesis can conveniently realize morphology control
of synthesized SnSe crystals to achieve either high thermo-
electric performance due to anisotropy strengthening or robust
mechanical properties due to grain refinements. A high peak
ZT of =2.2 can be achieved in polycrystalline SnSe fabricated
by a hydrothermal route by 1% Zn and 1% Pb codoping,'® and
a high average ZT of =0.9 can be achieved in polycrystalline
SnSe fabricated by a solvothermal route with EG as solvent and
Cd-doping,??! both indicating that solvothermal-based solution
methods can achieve significantly competitive thermoelectric
performance in polycrystalline SnSe. Besides, benefitted from
the advantages of convenient morphology control, hydro-
thermal/solvothermal synthesis are specifically suitable for fab-
ricating SnSe nanocrystals with various sizes and types, which
are good candidates for fabricating 2D and flexible thermoelec-
tric generators. In summary, when hydrothermal/solvothermal
meet thermoelectric SnSe, there will be infinite potentials for
promoting the development of SnSe-based thermoelectrics,
and hydrothermal/solvothermal methods applied to thermo-
electric SnSe can also provide new perspectives as reference
for other thermoelectric systems, such as PbTe,[*2 Cu,Se/
Cu,S,[245403-407] Bj e, [242243.247408-412] anq SnTe #1348 which
are also friendly to hydrothermal/solvothermal-based aqueous
solution methods.

It should be noted that there are still some controversies
on SnSe-based thermoelectric materials fabricated by hydro-
thermal/solvothermal routes. For polycrystalline SnSe bulks
synthesized by hydrothermal routes, the main controversies
are focusing on their special thermoelectric performance
at high temperatures, especially over the phase transition.
Reported studies indicated that S and ¢ can simultaneously
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Table 4. A comprehensive summary on the thermoelectric performance of 2D SnSe via solution-based routes. Here the carbon nanotubes, hot-
wall epitaxy, vacuum deposition, reactive evaporation, pulsed laser deposition, magnetron sputtering, chemical exfoliation, drop-casting, and flash
evaporation are abbreviated as CNTs, HWE, VD, RE, PLD, MS, CE, DC, and FE, respectively. The units for T, o, S, S?0, k, and n/p are K, S cm™,
uV K uW em™ K2, W m™ K7, and 10'° cm™3, respectively. The marked * in n/p column means the n/p values were tested at RT.

Description Type Synthesis T T o S S%c K n/p Ref.
20 wt% SnSe nanosheets + p SSR+ MA + CE+ HT +DC 0.32 300 =324.2 =109.1 =3.9 =0.35 120 [360]
PEDOT:PSS

20 wt% SnSe nanosheets + p SSR+MA + CE+HT+DC 300 =320.0 =110.0 =3.9 - - [362]
PEDOT:PSS

SnSeq.g7Teq 03 Nanosheets + p SSR+ MA + CE+ HT + DC - =18.5 =90.0 =0.15 - 1.73 [379]
PEDOT:PSS

SnSeq3Sg, hanosheets + PANI + CNTs p SSR+MA + CE+ HT+ DC 400 =30.0 =316.0 =3.0 - - [365]
PEDOT-coated SnSeq o7 Teq 03 p SSR + CE + HT + DC 0.18 300 ~3200  =80.0 =2.0 ~0.36 - [380]
nanosheet + 20 wt% PEDOT:PSS

composites

PEDOT-coated SnSe;_Te, nanosheet +  p SSR+ CE + HT + DC 300 =150.0  =124.0 2.22 - - 1381]
PEDOT:PSS multilayers

Porous SnSeggSq, nanosheets p AS 0.12 310 =4.76 =569.4 =1.5 =0.40 =0.52 [361]
Hole-doped SnSe thin film p AS 550 =~40.0 =350.0 =~4.3 - =0.35 [250]
SnSe thin film p AS 573 0.9 186 - - - 1382
SnSe thin film n AS 300 =67.5 =-90.0 =0.55 - - [265]
SnSe thin film p HT 300 =24  =12000 =35 =0.09 - [189]
SnSe nanosheets + PDMS p CvD 120 =~0.06 866.0 =0.04 - - [357]
1% Ag-doped SnSe thin film p cvD 300 =514  =370.9 =0.7 - =004  [383]
SnSe thin film p RE 1.2 42 =0.11 7863.0 =~7.2 ~0.025 =~0.03 [384]
SnSe thin film p PLD 0.45 800 28.3 264 =2.0 0.35 - [385]
SnSe thin film p PLD 343 =213 =2634 =15 ~0.19 - 386]
SnSe thin film P PLD 673 =30.0 =310 =4.0 - ~0.7%  [387]
SnggsCagsSe thin film p PLD 300 ~13.6 =367 ~1.9 - =002  [388
SnSe thin film p TE =0.055 500 =1.36 =~287.3 =0.1 =0.08 - [389]
Sny_Se thin films p TE 425 =284  =111.1 =0.04 =0.78 - [390]
SnSe thin film n TE 473 47 ~-159.8 1.2 - =0.03 * [397]
SngsSe thin films p TE 300 ~0.61 - - - <014 [392]
SnSe thin film p TE 550 =0.05 - - - - [393]
(SnSe).66(SNSey)o.34 thin film n TE 523 =238 -255 =16 - - [394]
2.6 at% Mo-SnSe multilayer thin film p MS 576 =8.5 =220.0 =0.4 - =0.13 * [395]
SnSe thin film p MS 575 =11.0 =~350.0 1.4 - 0.00043 = [396]
SnSe thin film p HWE 400 =5.0 - - - =1.1 [397]
SnSe thin film p HWE 400 =2.5 - - - =0.01 [398]
SnSe thin film p FE 512 =0.1 - - - [399]
SnSe thin film p FE 400 - - - - ~0.06  [400]
SnSe thin film p VD 300 - - - - =50 [401]

increase when T > 800 K, leading to unpredictable high S’c
and in turn high ZT of > 2, which is contradict with funda-
mental physics. This controversy indicates that there might
be very complex physics/chemistry involved in the meas-
ured data, which cannot be explained in current knowledge
and need further exploring. At the same time, a continuous
decrease of Kk over the phase transition temperature of 800 K
can be seen, which is different from traditional routes as well
as solvothermal routes (a sudden rise of x over =800 K). The
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potential reasons may be that the sintering temperatures of
<700 K ware much lower than the temperature to achieve peak
ZTs (=900 K), which may cause considerable microcracks in
polycrystalline SnSe by phase transitions, leading to underes-
timated x which cannot show the intrinsic thermal transport
performance of SnSe at these temperatures. Thus, a critical
standard of measurement should be established for achieving
reliable measured data.'”! Furthermore, considering the sig-
nificant thermal release near the phase transition of =800 K,
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Table 5. A comprehensive summary for solvothermal doping potentials in SnSe under fixed kinetic conditions. Here the solvent is EG, the Sn source
is SnCl,-2H,0, the Se source is Na,SeOs, the pH adjuster is NaOH, the synthesis temperature is 503 K, synthesis time is 36 h, and the amount of

dopant source is 10%.

Dopant  Dopant source Product Imperfection Average size [um] Doping limit Type Secondary phase

Mn MnCl, Microplate Breach 40 x 55 x5 0 p MnO

Co CoCl,-6H,0 Microplate Breach, agglomeration 95x110x 10 0 p CoO

Cu CuO Microbelt Crack, stepped surface, bent 40010 x5 10.5% p Cu,_,Se

Cu CuCl, Microbelt Crack, stepped surface, bent 450x 10 %5 11.8% p Cu,_,Se

Zn ZnCl, Microplate Breach, contamination 70 x 85x9 0 p ZnO

Ga Ga,03 Microplate Breach 40x50%x7 0 p -

As As,0; Microplate Breach, contamination 90 x 105 x 10 0 p As,0;

Br NaBr Microplate Breach, contamination 45x 60X 7 1.6% n Sn

Br SnBr, Microplate Breach, contamination 50x65x7 1.1% n Sn

Sr SrCl,-6H,0 Microplate Breach 55x70x7 0 p SrO

Ag AgNO; Microplate Breach 50x70x8 0 p Ag nanowire

Ag Ag Microplate Breach 40x55x%x7 0 p Ag nanowire

Ag Ag,0 Microplate, Breach 35x45x6 0.9% p Ag nanowire
microrod

Cd Cdcl, Microplate Breach, crack, hollow, agglomeration 110x 135 %9 2.3% p CdSe

In In,05 Microplate Breach, stepped surface, bent, agglomeration 25x25%3 0 p IngSe, In,Ses, InSe

In InCl;-4H,0 Microplate Breach, stepped surface, bent, agglomeration 25x25x%3 0 p IngSe, In,Ses, InSe

Sb SbCl; Microplate  Breach, crack, stepped surface, bent, agglomeration 40x 55 x4 3.0% n Sb,Se;

Sb Sb,0, Microplate  Breach, crack, stepped surface, bent, agglomeration 70x 85 % 6 3.2% n Sb,Se;

Te Na,TeO3; Microplate Breach, stepped surface 65%x80x%9 12.3% p SnTe

| Nal-2H,0 Microplate Breach, contamination 50%x 60 %8 0.3% p Sn

Cs CsNO; Microplate Breach 45x55%x7 0 p -

Cs CsCl Microplate Breach 45X 55%x7 0 p -

Ta TaCls Microplate Breach, contamination 40x55%x7 0 p Ta, 05

Bi Bi(NO);-5H,0  Microplate Breach 60x75x8 0 p Bi,Se;

Bi BiCl; Microplate Breach, crack 75%x90x9 0.7% n Bi,Ses

Bi Bi,O; Microplate Breach, crack 80x100x 10 0.9% n Bi,Ses

the thermal diffusivity D measured at this temperature may
be seriously underestimated. Meanwhile, for SnSe which
is a strong-anharmonic material, there is C, > C, at elevated
temperatures but the discrepancy between C, and C; is offset
to the first order by a decrease in the packing density due to
thermal expansion. However, this is not the case near the
phase transition temperature. Hence, we anticipate that C, = C,
at all temperatures, except at the phase transition temperature,
leading the reported ZT value near the phase transition be
inaccurate due to inaccurate C, and the total k derived from
the measured C,. Considering that the phase transition can
also weaken the mechanical properties,! it is recommended to
avoid reporting ZTs too close to =800 K.*?% Previous studies
also indicated that special increases of p can be found close to
phase transition,[1222244871] 35 shown in Figure 8e, indicating
that additional scattering mechanisms exist in these systems at
these temperatures. More studies are needed to explain such
special mobility behaviors near the phase transition tempera-
tures. Last but not least, for hydrothermal/solvothermal synthe-
sized SnSe crystals, some dopants such as alkaline metals Na
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and K with high chemical activities were difficult to be doped
into SnSe system due to the high formation energies of Na*
and K*.[?7] We have summarized the doping potentials in SnSe
under fixed kinetic conditions, as shown in Table 5, including
dopants, sources, products, imperfections, dimensions, doping
limits, types, and secondary phases. The solvent was EG, the
Sn source was SnCl,-2H,0, the Se source was Na,SeO;, the
pH adjuster was NaOH, the synthesis temperature was at
503 K, the synthesis time was 36 h, and the amount of dopant
sources were all 10%. As can be seen, many doping cannot be
achieved if the kinetic conditions were not well aligned with
the doping thermodynamics, and the producing of secondary
phases is also a significant issue when they were hard to be
removed from the synthesized SnSe crystals in some cases.
More studies are needed to further explore the potentials of
hydrothermal/solvothermal synthesis on fabricating thermo-
electric SnSe.

For the outlook of hydrothermal/solvothermal-based ther-
moelectric SnSe, there are mainly five aspects for attentions, as
shown in Figure 21:
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Engineering Engineering moelectric devices, the grain refinement may be needed,
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Figure 21. Illustration of outlooks for aqueously synthesized SnSe
thermoelectrics.

1. Optimizing Sn/Se vacancies: Vacancy engineering is one of

the most unique advantages in solution-based synthesized
SnSe because it can simultaneously achieve high thermo-
electric performance m tuning n/p by inducing appropriate
vacancies, and robust mechanical properties by vacancy-
induced dispersion strengthening for the grains.314-316l
However, the vacancy concentration in synthesized SnSe
still not reach the optimized value. For p-type SnSe, doping
with other elements with stable +2 valence state but differ-
ent atomic size of Sn is a good choice to reduce the vacancy
formation energy, contributing to a more optimized p, and
Cd-doped SnSe is a typical case;!??] for n-type SnSe, because
of the much higher formation energy of Vg, than that of
Vsn, as shown in Figure 7b, achieving Se vacancies in pure
SnSe is historically difficult, thus inducing foreign atoms to
substitute Se sites to further reduce the formation energy
of V. is a good choice, and Sb-doped SnSe is a typical case.
Considering that the doped Sb can also cause intensive
crystal imperfections which seriously impede the electrical
transport performance, more suitable candidates should be
explored to achieve higher thermoelectric performance of
SnSe.

. Strengthening anisotropy or grain refinement: SnSe has a typi-
cal orthorhombic layered structure, making it a typical ani-
sotropy semiconductor. To further strengthen high thermo-
electric performance in polycrystalline SnSe along specific
direction (mainly the L direction), highly texturing is needed
in sintered polycrystalline SnSe, which can be realized by
hydrothermal/solvothermal-based solution methods, derived
from the convenient morphology control. However, how to
control the SnSe crystal size still need to be addressed, and
further exploring appropriate kinetic conditions should be
considered. Oppositely, to achieve robust mechanical proper-
ties and much balanced thermoelectric performance along
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and hydrothermal/solvothermal-based solution routes can
also achieve this goal by adjusting corresponding synthesis
parameters, and microwave-assistance is a good choice to
achieve nanocrystals with a high productivity within a very
short time.

3. Appropriate doping: SPB modellings indicate that vacancy
engineering can achieve a peak ZT of =1.85 at 823 K when p is
setas =3 x 10! cm™ with a reduced kj of =0.2 W cm™! K~1.3.221
However, to breakthrough the limit of peak ZT, a band ma-
nipulation is needed to alter the band structure and/or band-
gap of SnSe, and doping with foreign atoms is a good choice
to achieve this goal. As shown in Table 5, in order to achieve
different doping in SnSe system, complex alignment of ki-
netic conditions with doping thermodynamics are needed
to either breakthrough the doping limits or realize new dop-
ing, thus exploring suitable synthesis parameters are recom-
mended.

4. Balancing the electrical and thermal transport performance:
Hydrothermal/solvothermal-based solution methods have
demonstrated that they can induce various types of nanosized
local lattice imperfections to strengthen the phonon scatter-
ing at the induced strain fields, which is one of the unique
characteristics in synthesized SnSe. However, sometimes
such intensive local lattice defects may also scatter the carriers
significantly, leading to a much reduced pand in turn alow o,
such as the case of solvothermally Sb-doped SnSe.’! In this
situation, a balancing is important to couple the ¢ and « val-
ues and in turn achieve high ZT by controlling the density of
induced local lattice imperfections by appropriately adjusting
the synthesis parameters.

5. Flexible thermoelectric generators: As discussed in Section 7.3,
the research focusing on SnSe-based 2D and flexible ther-
moelectric generators is still at preliminary stage, but
hydrothermal/solvothermal-based solution routes are play-
ing significant roles in improving their performance be-
cause it can simultaneously realize morphology control for
achieving nanocrystals and tuning n/p for achieving high
performance. Considering that personal-used flexible ther-
moelectric devices have much wider applications compared
with traditional module-based thermoelectric devices, the
design of 2D and flexible thermoelectric generators repre-
sent the directions of future development of thermoelectrics.
SnSe and hydrothermal/solvothermal synthesis, however,
are two keys to unlock this mysterious treasure box, thus
have full potentials and should be paid significant attentions
in future studies.
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