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TOPICAL REVIEW — Progress in thermoelectric materials and devices

Research status and performance optimization of
medium-temperature thermoelectric material SnTe
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Thermoelectric materials have the ability to directly convert heat into electricity, which have been extensively stud-
ied for decades to solve global energy shortages and environmental problems. As a medium temperature (400-800 K)
thermoelectric material, SnTe has attracted extensive attention as a promising substitute for PbTe due to its non-toxic char-
acteristics. In this paper, the research status of SnTe thermoelectric materials is reviewed, and the strategies to improve
its performance are summarized and discussed in terms of electrical and thermal transport properties. This comprehensive
discussion will provides guidance and inspiration for the research on SnTe.

Keywords: SnTe, thermoelectric materials, electronic transport, thermal conductivity

PACS: 73.50.Lw, 72.10.—d, 72.15.Eb, 65.80.—¢g

1. Introduction

Energy production and conversion is one of the most im-
portant activities of any society. Fossil fuels — coal, oil, and
natural gas — currently play a significant role in fulfilling the
global energy demand and will still remain the primary sources
of energy in driving economic growth through 2040.'! For ex-
ample, almost 90% of the electricity supply relies on fossil fu-
els in 2010.%! However, fossil fuel is a non-renewable energy
source and 70% of the energy of fuel combustion is wasted in
the form of heat by the engine or factory system, discharged
together with exhaust gas (500-800 K) or taken away by the
cooling system.[3! Therefore, there exists strong environmen-
tal and economic pressure to increase the thermal efficiency
of fossil fuel by utilizing the waste heat energy. Thermo-
electric materials can directly convert between heat and elec-
tricity without any emission or vibration components, provid-
ing an opportunity to obtain useful electricity from waste heat
in cars, factories, and other energy-intensive processes.*! At
present, thermoelectric materials have already been used in
many fields, such as thermal power plant, automotive indus-
try, solar thermal systems, implantable or wearable devices,
and deep-space probes. 13!

Currently, the biggest challenge that limits the wide ap-
plications of thermoelectric materials is the low conversion ef-
ficiency. The performance of thermoelectric materials can be
assessed by the dimensionless figure of merit Z7', defined as

_ S*oT S’cT

ZT = ,
K K+ Ke + Kbipolar

e))

where § is the Seebeck coefficient, ¢ the electrical conduc-
tivity, T the absolute temperature, and k the total thermal
conductivity including the electronic thermal conductivity K,
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the lattice thermal conductivity kj, and the bipolar thermal
conductivity Kbipolar-'>! From the definition of ZT, it can be
clearly seen that ZT can be improved by increasing Seebeck
coefficient and electrical conductivity, and reducing thermal
conductivity. However, these parameters have a strong cou-
pling relationship and are all related to the carrier concentra-
tion through the following relationship: (®!

872 ki T3
= — *T _—
S 3 qhzm (3n>
2T (dn(E)  du(E
_mRT (dE) auE)
3q ndE UdE E—Ey
o =nqi, 3
k. =LoT. )

Here, kg, ¢, h, m*, i, and L are the Boltzmann constant,
the carrier charge, the Planck’s constant, the effective car-
rier mass, the carrier mobility, and the Lorentz number, re-
spectively. The interdependent relations of the thermoelec-
tric parameters are intuitively shown in Fig. 1.l7] It can be
concluded from Fig. 1 that changing one parameter to im-
prove ZT value is hardly implemented. So far, there have
been many strategies developed to weaken the coupling rela-
tionship between the parameters. Modulation doping!®°! and
band enginering!!%!!! can effectively enhance carrier mobil-
ity U, so higher electrical conductivity o is obtained accom-
panying with smaller decrease of Seebeck coefficient. Addi-
tionally, energy filtering effect,[!>!3] resonant levels,'# jon-
ization scattering!!>! and band convergence!!®!7! can effec-
tively improve Seebeck coefficient by increasing the energy
dependence of i (E) or increasing the density of states near the
Fermi level. From Fig. 1, it can be found that lattice thermal
conductivity ki, is an independent parameter, which is conve-
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nient to reduce by enhancing phonon scattering. So far, point
(22231 grain boundaries!**%
nanoparticles/nanoprecipitates!' > have already been used to
enhance phonon scattering and successfully reduced the ther-

defects,[13-211 dislocations, I and

mal conductivity of thermoelectric materials. Attributed to
the above strategies, remarkable advances have been made re-
cently in obtaining high-performance thermoelectric materi-
als.

Table 1. A summary of the thermoelectric performance of SnTe-based thermoelectric materials in recent years.

Year Material system P]jl 72 —Kl . f]l“ . zZT Temperature Ref.
(uW-em K2 (Wm LK) Wm LK (K)
2021  SnBig o3 Te—1% Mg3 2Sbg ¢Bij 4-0.2% MWCNTs - 0.96 - 1.56 873 [27]
2021 Sno_ggMn0.15In0_0] TG(CU2T6)Q.05 25 0.68 1.45 873 [28]
2021 Sng.ggMng 12 Te - - 0.47 1.7 873 [29]
2021 Sng.72Sbg.16Mng 12 Te - - 0.5 1.27 873 [30]
2021 Sno_ngg()_()}Mg()_ogTe 27 - 0.23 1.55 865 [31]
2021 CulnTe,/SnTe 21 - 0.4 1.68 823 [32]
2021 SnoiggMno‘l 1TC()}99(CUI)()A01 = 0.99 0.61 1.42 800 [33]
2021 Sng.9oMnyg 7Big 03 Te - - 0.67 1.3 850 [34]
2021 Sn0494Bi0.04Te 34.46 - - 1.23 873 [35]
2021 SnTe-15%MnTe-2%Bi - - 0.5 1.5 850 [36]
2020 Sng.o4Bip 04 Te 32.46 - - 1.23 873 [37]
2020 Sng ggSbo.os Te - - 0.62 1.1 873 [38]
2020 (SnTe)o,%(NaBiTez)om 26.7 - - 1.1 834 [39]
2020 Snj g3Te-5%BiCuSe0 15.17 1.04 - 1.21 835 [12]
2020 SnTe-1.5%Zn4Sbs - - 0.84 1.32 873 [40]
2020 (Sno.gsCd()_()5Te)0,93(CuzTe)().m—Z%l - - 0.42 1.42 823 [41]
2020 Sn0v35In0,05Ag0_10Te - - 0.48 1.38 823 [42]
2020 Sng.63Pbo.3Zng 2 Te 30.4 - 0.7 1.66 840 [43]
2020 SHQA83Ag0A03 Mn0,17Te = - 0.3 1.45 856 [44]
2020 (SnTe)g.05(A2Cl) 05 20.97 - 0.3 1.45 773 [45]
2020 Sng.95Cag gsIng.02 Te(Cuy Te)o o5 29.9 1.88 0.75 1.85 823 [46]
2019 Sn0_9251n0_()25 Sr()_05TC 33.88 - 0.57 1.31 823 [47]
2019 Sno,ggPd04025Ino_025Te - 1.13 0.42 1.51 800 [16]
2019 Sn0.5Mn0_2Pbo_3Te - - 0.5 1.5 900 [48]
2019 Sn0_9675 Bi0'03 In(),()()zs Te 20.1 - 0.8 1.26 900 [49]
2019 Sno.97Ca0.03Teg.0410.06 28.64 - - 12 873 [50]
2018 Sn0_94Mn0_09Te 21 1.2 0.8 1.35 873 [51]
2018 Sng.94Ago.03Ing,03Te 19.5 1.43 - 1.23 873 [52]
2018 Sng.92Cag o3Ing o4 Te 47 2.4 - 1.65 840 [53]
2018 AgSnsSbTey - - 0.4 1.2 800 [54]
2017 Sn0,91Mgo,lzTe(CugTe)oAgs = - 0.5 14 927 [55]
2017 SH0_9]5MH0A1 1 IHO_005TC 18 - 0.91 1.15 823 [56]
2016 Snp9Mng 11 Te 20.87 1.5 - 1.22 873 [57]
2016 Sng.94Cag g9 Te 26 2 0.7 1.35 873 [58]
2015 Sng.g3Mng 17 Te 24 2.5 1.2 1.3 900 [59]
2014 AgSn;5BiTe; 23 - 0.7 1.1 775 [60]
2013 Sn0A99751n0}0025Te 21 - 1 1.1 873 [14]

As one of the best medium temperature thermoelectric
materials, lead telluride (PbTe) has already reached relatively
high ZT (> 2.0).19-4] However, its practical application in a
wide range is limited by the toxicity of Pb. Since Sn and Pb
are in the same main group and SnTe has the similar crystal
and band structure with PbTe, SnTe has attracted great interest
as a substitute for PbTe. However, the thermoelectric perfor-
mance of SnTe is not as good as that of PbTe, mainly due
to the following reasons:[%-67 1) a smaller and direct band
gap (0.18 eV at 300 K) leading to a strong bipolar effect; 2) a
large energy separation between the light valence band and
the heavy valence band (0.3 eV and 0.15 eV at 300 K for
SnTe and PbTe, respectively), this makes the heavy hole va-

lence band basically not participate in the electron transport,
consequently resulting in lower Seebeck coefficient; 3) a large
number of inherent Sn vacancies in SnTe leading to the ex-
cessive carrier concentration (102°-10?! ¢cm™3), resulting in
higher electronic thermal conductivity and poor Seebeck co-
efficient; 4) the smaller atomic mass of Sn compared to Pb,
leading to the higher lattice thermal conductivity. Researchers
have adopted a variety of strategies to overcome those short-
comings of SnTe to improve its thermoelectric properties. The
over high carrier concentration can be modulated by doping
and self-compensation. Energy band engineerings, such as va-
lence band convergence and resonance energy level, are in-
novative ways and used to increase the Seebeck coefficient.
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Meanwhile, nano-engineering and other novel micro-structure
design and full-scale structure are used to reduce the thermal
conductivity. Figure 2 shows the timeline of the maximum ZT
for SnTe-based thermoelectric. From Fig. 2, we can clearly
observe that the thermoelectric performance of SnTe is en-
hanced step by step and some significant progress has been
made based on the mentioned strategies. In Table 1, the typ-
ical results of SnTe are summarized and presented in detail.
However, although researchers have tried their best to improve
ZT of SnTe, it still can not compare with that of PbTe. There-
fore, further improving the SnTe-based thermoelectric perfor-
mance is current main goal. In this review, we introduce the
recent development of SnTe and summarize the key strategies
for SnTe performance optimization, and then propose the fu-
ture development direction of improving SnTe thermoelectric
performance. It is hoped that this will inspire and guide re-
searchers for future development of SnTe-based thermoelec-
tric materials.

KL
- —
Insulators :  Semiconductors Metals Log(n)

Fig. 1. Schematic diagram shows the dependence of Seebeck coefficient S,
electrical conductivity ¢, thermal conductivity k and power factor $26 on
carrier concentration n. Reproduced with permission from Ref. [7]. Copy-
right 1968, Elsevier.
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Fig. 2. The timeline of the maximum ZT values for SnTe-based thermoelec-
tric materials. Data are from Refs. [12,16,27,29-36,38-60,66,68—83].

2. Crystal structure and band structure

As mentioned above, most shortcomings of SnTe as ther-
moelectric materials originate from its band structure, while
band structure is mainly determined by the crystal structure
of material. SnTe has three crystal structures: rhombohe-
dral structure (a-SnTe), rock-salt structure (-SnTe) and or-

thorhombic structure (y-SnTe).#*! -SnTe is a low tempera-
ture phase and can only exist stably at a temperature lower
than 100 K. y-SnTe is its high pressure phase and can be
transformed from B-SnTe at 18 kbar. 83! Generally, SnTe used
as thermoelectric material is 3-SnTe, which has cubic struc-
ture with space group Fm3m and the lattice parameters of
a=6.3268 A and a = 90°.1%41 The crystal structure of 3-SnTe
is shown in Fig. 3(a). When -SnTe is twisted along the direc-
tion of [111], it can transform into rhombohedral a-SnTe. For
example, local rhombohedral structural distortions can appear
in B-SnTe by heavily doping Ge, which shows significant ef-
fect on thermal conductivity.3) Local structural distortion of
B-SnTe was also observed by Ma ef al. using neutron pow-
der diffraction at 625 K.[10! So, the structure transformation
between o and 3 phases presents an efficient strategy to mod-
ulate the thermal conductivity of SnTe.

Figure 3(b) shows the band structure of SnTe calculated
using density functional theory (DFT) with the spin—orbit cou-
pling (SOC) effect.['9) It can be clearly seen that SnTe has
a direct band gap and the valence band maximum (VBM)
and conduction band minimum (CBM) are both located at L
point. The band gap is about 0.108 eV, which is consistent
with other calculation results (0.1187-881 and 0.12 eV891) and
smaller than the values measured by photoluminescence ex-
periment (0.18 eV?l). Additionally, according to the the-
oretical results, the band gap can be significantly decreased
with the concentration of Sn vacancies increasing (0.02 eV
for Sng osTe).!'6] When the Sn vacancy concentration is high,
the defect energy level has merged with the continuum to
form a large band tail, which leads to the effective band-gap
narrowing.[°! This phenomenon has been confirmed by other
theoretical results.l3”) The too small band gap is unfavorable
to the enhancement of thermoelectric performance due to the
bipolar effect. It can also find that the maximum of the heavy
hole valence band is located at X point (between I and K
points). The energy separation between the light and heavy va-
lence bands, AE; _y, is about 0.254 eV. Rogers pointed out that
the light and heavy hole valence bands are nonparabolic and
parabolic, respectively,°?! which is confirmed in Fig. 3(b). In
order to more intuitively observe the symmetry and degener-
acy of the band, the high-symmetry & point and the isoenergy
surface at £ = —0.38 eV in the first Brillouin zone of SnTe
are shown in Fig. 3(c). VBM L lies at the center of the (111)
Brillouin zone face and has 8 half-pockets, so its valley degen-
eracy is 4. The valley degeneracy of X point is 12. Usually,
the holes are confined to highly anisotropic and nonparabolic
pockets. >3] Once the energy shifts downward by 0.38 eV from
the Fermi level, the hole pockets would interconnect with the
X band and merge to an open network of tubes, which means
that both L and X bands contribute to carrier transport. In other
words, once the heavy hole valence participates in the car-
rier transport, the number of degenerated valleys will increase
from 4 to 16, which is desirable for increasing the Seebeck
coefficient.
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(b) o[V

0.2
0.0

-0.2p

Energy (eV)

\

Fig. 3. (a) The crystal structure of $-SnTe. (b) Energy band structure with SOC for SnTe. (c) The first Brillouin zone of SnTe and the isoenergy
surface at E = —0.38 eV. Panels (b) and (c) adapted with permission from Ref. [16]. Copyright 2019 American Chemical Society.

3. Optimization strategies

At first, almost all thermoelectric materials were obtained
through countless attempts and personal experience. The sci-
entific basis of thermoelectric materials was well established
in the 1950s.1°4! So far, based on continually developing ther-
moelectric theory, researchers have already developed sys-
temic strategies to optimize the performance of thermoelec-
1951 For the enhancement of the electrical prop-
erties, adjustment of carrier concentration, modulation doping,
band engineering (valence band convergence, resonance en-
ergy level) and energy filtering are used. As for the thermal

tric materials.

performance, since the lattice thermal conductivity is an inde-
pendent parameter, lots of work focus on the decrease of the
lattice thermal conductivity. Point defects, dislocation, grain
boundaries, nanoparticles, and nano-precipitates have all been
proven to effectively enhance phonon scattering and decrease
the lattice thermal conductivity. Additionally, the synergy of
multiple strategies shows better results on the improvement
of the thermoelectric properties. Here, we will review the ef-
fect of these strategies on SnTe-based thermoelectric materials
from the point of view of electrical and thermal properties re-
spectively.

3.1. Optimizing carrier concentration

As shown in Fig. 1, the Seebeck coefficient, electrical
conductivity, and electronic thermal conductivity are closely
interrelated with each other through the carrier concentration.
Therefore, optimizing carrier concentration has turned to be
a key strategy in achieving a high ZT value. Generally, the
optimal carrier concentration for most thermoelectric materi-
als is in the range of 10" cm™3 to 102! cm™~3. However, this
optimal value is variable and strongly depends on the prop-
erties of the material itself and temperature. Specifically, the
optimal carrier concentration is proportional to (mgT)l'5 un-
der the assumption of single band conduction and the approx-
imation of classical statistics, where m(’j is the density of state
effective mass.[°®! The strong dependence of the optimal car-
rier concentration on temperature has further led to the need
for a higher carrier concentration in a given material to reach
the optimal ZT value of the material at high temperatures.°7!
This can guide us to determine the optimal carrier concen-
tration according to the expected application temperature of

different materials. Using a three-band model (CB, VB and
VByx), Hong ef al. calculated that the optimal carrier concen-
tration of SnTe corresponding to the maximum Z7 value is
2 x 10% em™3 at 800 K.[°8] Theoretical results obtained by
Tan et al. indicated that the optimized ZT value of Mn doped
SnTe at 800 K and Cd doped SnTe at 750 K can be reached at

871 At room

2% 10%° cm =3 and 1.5 x 10%° cm 3, respectively.
temperature, the optimal carrier concentration of SnTe is about
1x 10! cm=3.1%

However, pristine SnTe is always p-type with high hole
concentration (102°~10?! cm~3) at room temperature induced
by intrinsic high vacancy concentration.!'>”] Huo et al. stud-
ied the defects in SnTe by using the density functional theory
(DFT)!1091 and the calculation results are shown in Fig. 4(a).
It can be seen that Sn vacancy (Vé;) has the lowest defect
formation energy under either Sn-rich or Te-rich condition.
Especially in the case of the Sn-poor condition, Sn vacancy is
easily formed because the formation energy is always nega-
tive. While, under the Sn-rich condition, the formation energy
of Vg2~
suggests that the hole concentration will be restricted by the

is partly above O in the band gap range, which

doping limit of the Sn vacancies. The Sn-rich condition can
be realized through off-stoichiometry strategies. Tan et al.
investigated the effects of Sn self-compensation on the re-
duction of the hole carrier concentration.®3 The limit for
Sn-compensation in SnTe is 0.03 and the hole concentration
reduces from 4.7 x 102 cm =3 (pristine SnTe) to 2 x 10?0 cm 3
(Sny g3Te). Due to the optimizing hole concentration, Snj o3 Te
has a ZT value of ~ 0.6 at 823 K, which is 50% improvement
over the pristine SnTe. It should be mentioned that the hole
concentration shows almost no change when the concentra-
tion of self-compensation Sn exceeds 0.03. Therefore, another
effective approach to tune carrier concentration, extrinsic dop-
ing, should be used. Naturally, aliovalent elements from the
neighboring columns of the periodic table that serve as the
donor dopants are the first choice to decrease the hole con-
centration. As shown in Fig. 4(b), Sb, Bi, Mn and In are
the most common elements acting as donors in SnTe. Espe-
cially, the carrier concentration of most of Bi doped SnTe is
on the order of 10! cm=3 and Sng ¢7Big 03 Te shows the high-
est ZT value of ~ 0.9 at 880 K.[**1 Additionally, I doping by
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Fig. 4. (a) Calculated defect formation energy of SnTe as a function of the Fermi level under Sn-rich and Sn-poor conditions. Reproduced with
permission from Ref. [100]. Copyright 2021, Royal Society of Chemistry. Carrier concentration of SnTe obtained by (b) single doping, (c)
co-doping and compound doping. The data come from Ref. [14,27,38,48,49,53,56-58,60,65,68,72,76,78,79,81-83,89,99,101-121]

substituting Te of SnTe can significantly reduce the car-

rier concentration to 3.01 x 10! ¢m=3.[110

| TIsovalent dop-
ing of Cd, Pb, Mg, Ca elements can also decrease the
carrier concentration because of the decreasing vacancy
concentration. 5882831111 Except for single doping, co-doping
and compound doping are often used to adjust the hole concen-
tration. Co-doping is a promising strategy that can simultane-
ously tune the hole concentration and realize resonance energy
level or valence band convergence. For example, by co-doping
Bi and In, a significant enhancement on the thermoelectric per-
formance with a peak ZT of 1.26 at 900 K was achieved. ! It
can be observed from Fig. 4(c) that one of the commonly used
co-doping elements is In. Theoretical and experimental results
suggest that In element is able to introduce the resonant level
in SnTe.l['*197] Additionally, compound doping can also tune
the carrier concentration because the elements of compound
will diffuse in SnTe matrix during the preparation process and
reduce the Sn vacancy concentration. Ma et al. reduced the
carrier concentration of Sn; 3Te to 3.01 x 10'* cm~3 by dop-
ing MgAgSb.?% BiCl3 compound has been employed to dope
into SnTe and the maximum ZT of ~ 1.27 at 873 K has been
obtained in the sample of SnTe doping with 4% BiCl3, which

enhances by 182% in comparison with the pristine sample. (]

3.2. Band engineering

The power factor of the material is mainly determined by
the energy band structure, so adjusting the energy band struc-
ture can optimize the electrical properties of the thermoelectric
material. The main methods of band engineering for thermo-
electric materials include: 1) increasing the carrier effective
mass; 2) the generation of the resonance energy level; 3) va-
lence band convergence.

3.2.1. Increasing carrier effective mass

It can be seen from Eq. (2) that Seebeck coefficient is di-
rectly proportional to the effective mass of carriers m*. So
increasing m* is an effective way to increase S. m* can be

determined by the following equation: 1?3

m* = (Nv)2/3 mi«”

&)

where Ny and m; are the number of valley degeneracy and
the effective mass of a single valley, respectively. Valence
band convergence can increase Ny and therefore achieve a high
m*, which will be discussed below in detail. Without modi-
fying Ny, increasing m;, seems to be an effective strategy to
increase the Seebeck coefficient. Since m, is inversely propor-
tional to d2E (k)/dk? of the band extreme, flattening the band
is a way to increase m;;. Based on the theoretical calculation,
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Ma et al. suggested that Pd doped SnTe shows a much flat-
ter band structure at VBM comparing with the pristine SnTe
and the effective mass increases accordingly.!'®! Experimen-
tal results show that the Seebeck coefficient is enhanced from
80 uV-K~! in Snj 3Te to 100 puV-K~! in Snj gPdgo; Te at
800 K. Orabi ef al. increased m* from 0.133 m,. to 0.35 m.
by doping (0-9%) Ca in SnTe, which can be attributed to the
increase of the effective mass for the split-off band at I and
X due to the increased ionicity. 58! The power factor increases
from 16 uW-cm™"-K~2 to 26 uW-cm~'-K~2 at 873 K due to
the significant enhancement in the Seebeck coefficient. How-
ever, the carrier mobility u is proportional to m~%/3 m;~1,

where m; !

is the inertial effective mass of the carriers. In-
creasing my will inevitably lead to a decrease in the carrier
mobility p and the electrical conductivity . Therefore, a
compromise will arise between S and ¢. Fortunately, SnTe
possesses a high carrier concentration. The decrease of u only
has little effect on ¢ when the increase of m* leads to a larger
S. Therefore, the enhancement of power factor can be achieved

by increasing m*. (8?1

3.2.2. Resonance energy level

In 1950, Korringa and Gerritsen first proposed the con-
cept of resonance doping. In some cases, the energy level of
the dopant that locates in the conduction band or the valence
band leads to a distortion of the host band, which is called

a resonant state.!?*! The resonance state introducing by dop-
ing can significantly enhance the Seebeck coefficient by the
strong distortion of energy-related DOS and resonance scatter-
ing. Equation (2) shows that the Seebeck coefficient depends
on the carrier density in per unit energy interval near Fermi
energy (dn(E)/ndE). n(E) is defined as n(E) = g(E) f(E).
Here, g(E) is the density of states (DOS) and f(E) is the
Fermi function. Therefore, increase or sharp features of the
DOS near Er would lead to a high Seebeck coefficient.[®! The
resonant state can generate a hump in the DOS, as shown in
Fig. 5(a). When the Fermi level moves close to the hump, g(E)
is significantly increased and therefore the Seebeck coefficient
is enhanced. Additionally, the energy dependent relaxation
time in the presence of resonant scattering can be described

with the formulal!23]

T="T (1+ <EF/§D)2>,

where E is the carrier energy level, Ep is the resonance en-

(6)

ergy level, and I" is the resonance horizontal width. Carriers
with energy equal to Ep are strongly scattered by resonance
scattering, resulting in an increase in S. 11251 However, at room
temperature and above, the effect of resonance scattering on
S is often weak. So the main effect of resonance doping is
increasing the DOS near the Fermi energy level.
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Fig. 5. (a) Schematic diagram of the influence of resonance energy level on density of states. (b) The Seebeck coefficients at room temperature
for different material systems with obvious resonance effect. (c) The schematic diagrams of the band structure for impurity doping SnTe at low
temperature and high temperature. Panels (b) and (c) reproduced with permission from Ref. [37]. Copyright 2020, Elsevier.

In recent years, many thermoelectric materials have been
applied to this strategy, such as Sn doped Bi;Te3!'%6! and Tl
doped PbTe.[%! As for SnTe, the most commonly used element
to generate resonance energy levels is In.['%%0127] [n Fig. 5(b),
it can be clearly seen that the Seebeck coefficients of In doped
SnTe obvious deviate from the solid line, the Pisarenko curve,
which means the occurrence of resonance effect. Zhang et
al. found that the ZT value of Ingy5Sngg975Te at 873 K
reached 1.1, which was about three times higher than that of
the pristine SnTe sample.'*] According to theoretical calcu-
lations, the DOS near the Fermi level is significantly higher
than that of the original SnTe, indicating that In doping in
SnTe leads to a resonance state.''%71 In 2019, Bhat and Shenoy
reported that Zn also can be a resonant dopant in SnTe us-

ing first-principles density functional theory calculations.[!%8]

This conclusion was further confirmed by experimental ZT of
~ 1.49 at 840 K for Zn doped SnTe. Although the resonance
effect has been widely used, it is still difficult to predict reso-
nance dopants. To clarify the mechanism of resonant dopants
and to simply uncover resonant dopants, Yang et al. used den-
sity functional theory to clarify the mechanism of resonant
dopants and provided a simple method to discover resonant
dopants. They predicted that a variety of elements (includ-
ing Y, Ru, In, Sb, La, Gd, Lu, Os, Tl and Bi) can be used
as resonance dopants for SnTe. It should be noted that the
resonant doping effect will fail at high temperature. Electri-
cal transport is usually provided by the carriers near the Fermi
surface, and the resonance energy level determined by the im-
purity level needs to be located near the Fermi level, as shown
in Fig. 5(c). High temperature usually changes the position of
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impurity level and Fermi level and leads to the failure of in-
crease of Seebeck. For SnTe, when the temperature is above
600 K, resonant doping effect is weak and unable to increase
the ZT value.?”)

3.2.3. Valence band convergence

As shown in Fig. 6(a), valence band convergence is to
reduce the energy separation between the heavy hole valence
band and the light hole valence band through chemical dop-
ing, so that the heavy holes participate in the electrical trans-
port, thereby increasing the number of carrier transport chan-
nels and improving the electrical transport characteristics. 123!
From Egs. (2) and (5), it can be known that using the method
of valence band convergence to increase S is to increase the
N,. Increasing N, allows heavy holes to participate in the car-
rier transport and m* increases without affecting p. Gener-
ally, Ny can be increased by proper doping and increasing the
temperature. About the effects of temperature on band con-
vergence, the power factor increases when AE;_y becomes
smaller at high temperature and it shows the highest value

(a) (b)

when the temperature is 900 K (AE;_y = 0, the light valence
band and heavy valence band totally converge).[*®! Selecting
appropriate dopant can also reduce AE;_y, for example, Ag,
Ca, Hg, Mg, Mn, Pd and Sr.[16:47:3158.82.89.1291 Eor Ca doped
SnTe, AE;_5 decreases from 0.42 to 0.2 while the ZT value
increases from 0.4 at 900 K to 1.35 at 873 K for the pristine
SnTe and the Sng.04Cag oo Te, respectively.>8! As for Ag dop-
ing in SnTe, AE; _y isreduced to 0.186, and the ZT value is in-
creased to 1.35 at 900 K.!'? The thermoelectric performance
is improved by more than 100% due to Ag doping.!'*”! To
compare the effects of different dopants on the valence band
convergence, the Seebeck coefficient and ZT value as func-
tions of temperature for pristine SnTe and Mn, Ca, Mg, Pd
doped SnTe are shown in Fig. 6(b) and 6(c). It can be seen
that the maximum Seebeck coefficient of Mn doped SnTe can
reach 254 uV-K~!. The ZT value of Mn doped SnTe is also
the largest comparing with other samples, reaching 1.35 at
873 K, which is more than 100% higher than 0.62 at 873 K
for pristine SnTe. Therefore, Mn element as the dopant shows
the better effect on the valence band convergence.
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Fig. 6. (a) Schematic diagram of band convergence of SnTe. (b) Seebeck coefficient and (c) ZT value as functions of temperature for pristine SnTe

and Mn, Ca, Mg, Pd doped SnTe. The data come from Refs. [16,51,58,82].

3.3. Energy filtering

The calculation results show that the carriers which have
higher energy between 0.05 eV and 0.1 eV contribute the most
for high Seebeck coefficient and low-energy carriers actually
reduce the Seebeck coefficient.['3"] Therefore, by introduc-
ing potential barriers using dispersed nanostructures in bulk
materials, lower-energy carriers can be filtered and the aver-
age carrier energy can be increased (namely, energy filtering),
which will lead to the Seebeck coefficient increase. Figure 7(a)
shows the schematic diagram for energy filtering effect in-
duced by additional secondary phase. When the size of the
second phase (1) is reduced to ~ 10 nm, the quantum con-
finement effect appears. This quantum confinement effect will
form a band gap lower than VBM in the p-type semiconductor,
and then only filter out low-energy holes.[?>! Energy filtering
effect can be also inferred from Eq. (2) that the Seebeck coef-
ficient can be enhanced by increasing the energy dependence
of the carrier mobility (du(E)/dE). The concept of energy
filtering in thermoelectrics was first proposed by loffe and fur-
ther developed by Rowe and Min.!!31:132] Energy filtering can
only slightly reduce the electrical conductivity while the See-

beck coefficient is enhanced, so the power factor increases.
Many experimental results confirmed that energy filtering ef-
fect can effectively enhance the thermoelectric performance.
For example, Zhou et al. doped SnTe with ZnO to produce
energy filtering effect by bending the energy band, and the
ZT value reached 0.9 at 873 K.!['33] Comparing with a single
barrier, multiple barriers can further enhance the energy filter-
ing effect. Ma et al. introduced BiCuSeO@SnO, core-shell
nanostructures into the SnTe matrix by doping the BiCuSeO
nano-alloy and multiple potential barriers can be fromed,!'?!
as shown in Fig. 7(b). BiCuSeO@SnO, core-shell nanos-
tructures result in a heterogeneous interface between the SnTe
matrix and the shell, the interface between the shell and the
core, and the layers within the core. BiCuSeO@SnO; core-
shell nanostructures can significantly improve the Hall mobil-
ity and obviously reduce the carrier concentration compared
with other doped nano-alloys.[?%340.78] It can be observed
from Fig. 7(c) that the carrier concentration could decrease to
about 10% while the mobility is increased to 350% compared
to the value of the undoped sample at room temperature when
the BiCuSeO doping concentration is over 3%.
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3.4. Reduce thermal conductivity

In a solid, the interaction between atoms produces a dis-
placement from their equilibrium positions, resulting in a se-
ries of vibration waves of different wavelengths, the so-called
phonons.!”*! In addition to improving electrical performance,
reducing thermal conductivity through the scattering of vari-
ous phonon can also optimize the thermoelectric performance
of the material. As we all know, the thermal conductivity
K is composed of three terms k., ki, and Kp. K}, arises as a
consequence of electron—hole pair creation at the hot side and
recombination at the cold side. In the case of degeneracy, only
minority carriers affect bipolar thermal conductivity k.34
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Fig. 8. (a) Schematic diagram of the relationship between phonon scatter-
ing rate and frequency of different mechanisms.!'3®! Reproduced under the
terms of the CC-BY Creative Commons Attribution 4.0 International Li-
cense (http://creativecommons.org/licenses/by/4.0/). Copyright 2016, The
Authors, published by Springer Nature. (b) Schematic diagram illustrat-
ing various phonon scattering mechanisms within a thermoelectric material,
along with electronic transport of hot and cold electrons. Reproduced with
permission from Ref. [139], Copyright 2010 Wiley Publishing.

In order to suppress the bipolar thermal conductivity, it is nec-
essary to reduce the minority carrier transport, which can be
achieved by enlarging the band gap. SnTe has a bipolar ther-
mal conductivity due to a band gap of only 0.18 eV."’! Doping
and alloying are the commonly adopted strategies to manipu-
late the bandgap, which are usually related to the optimization
of electron transport. There is a similar situation for k., which
links with ¢ via the Wiedemann—Franz law. So, here we only
discuss the reduction of the independent parameter ki .

The lattice thermal conductivity ki, is determined by the
specific heat capacity C, the phonon group velocity vs and
the phonon relaxation time 7,. These parameters are all re-
lated to the phonon frequency, especially the relaxation time
of the phonon.[!3>13¢1 A5 we all know, phonon waves can
be scattered by introducing various types of crystal defects

(112 22

(such as point defects,!'1?! dislocations,?*! interfaces, 37! and

precipitates2>138]),

Figure 8 presents the schematic dia-
gram of the frequency-dependent phonon scattering rates for
various mechanisms. Point defects are particularly effec-
tive in scattering high frequency phonons (Rayleigh scatter-
ing), while nano-inclusions are the main scattering mecha-
nism for low-frequency (long wavelength) phonons, and grain
boundary scattering plays a major role for short wavelength

phonons.[136]

3.4.1. Point defect scattering

In the thermoelectric material, point defects may be the
native point defects (vacancies) or extrinsic point defects in-
duced by doping elements (substitutional or interstitial atoms).
All the point defects inevitably lead to the the fluctuations of
mass and strain field, which can reduce the lattice thermal con-
ductivity by scattering high frequency phonons, as shown in
Fig. 9(a). The scattering factor can be evaluated by the follow-

Q AMN?
Ty ¥ (1) (V) : )

ing equation: 140

A:

where Qg, v, x, AM, M are the volume of the unit cell, the
lattice sound velocity, the fraction of guest atom, the atomic
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mass difference between the guest and the host, and the aver-
age mass of the cell, respectively. Therefore, to maximize the
degree of reduction of lattice thermal conductivity, the dop-
ing atoms and the host atoms should have the larger atomic
mass (AM). When the point defect is the vacancy, the value
of AM/M is maximized at a value of unity. In other words,
the vacancies have the maximal high frequency phonons scat-

tering. Tan et al. found that AgSbTe, alloying could in-

crease the cation vacancy concentration in SnTe from 0.7%
to 4.6%. It can be observed from Fig. 9(b) that ki, decreased
from 0.7 W-m~!.K~! at room temperature to 0.4 W-m~-K~!
at 800 K attributing to the increase of Sn vacancy,>*! which
was close to the amorphous limit of SnTe. SnTe alloying with
other compounds, such as InTes, NaSbTe,, AgBiTe,, also

shows similar results, as shown in Fig. 9(c).
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Fig. 9. (a) Schematic diagram of phonon scattering at strain fields induced by point defects including vacancies, substitutional and interstitial
atoms. (b) Lattice thermal conductivity modeling under Debye approximation. The further reduction from gray to blue (blue shaded region) is
due to increased [Vgy] and phonon-vacancy scattering. Reproduced with permission from Ref. [54]. Copyright 2018 American Chemical Society.
(c) Lattice thermal conductivity of Inp Tes, AgSbTe;, NaSnTe,, AgBiTe; doped SnTe. The data come from Ref. [54,60,80,121].

3.4.2. Nanoprecipitate

The phonons with medium and long wavelengths may be
strongly scattered by nanoprecipitate with feature sizes com-
parable to their wavelengths. Therefore, the introduction of
nanoprecipitate or nanoinclusions into bulk materials can sig-
nificantly reduce the lattice thermal conductivity. Generally,
a relatively low volume fraction of the second phase (usu-
ally a few mole percentage) is the best choice to achieve
the strongest phonon scattering. At higher volume fractions,
nanostructures can aggregate or combine into larger structures
with a lower interface area, thereby weakening their scattering
efficiency.”*141.142] The size of these nanostructures is larger

(a)

than the mean free path of electrons or holes, phonons are
more likely to be scattered by the interface without blocking
the transport of electrons.!'3%) While maintaining the carrier
mobility and electronic conductivity, the thermal conductivity
of the lattice is effectively reduced. By doping 3% MgAgSb
into SnTe during the preparation, Ma et al. observed using
SEM and TEM that MgAgSb nanoparticles formed in the ma-
trix and the diameters varied from several nanometers (sec-
ond phase) to several micrometers. MgAgSb nanoparticles
could strongly scatter phonon and consequently make a sig-
nificant ki, reduction at medium temperature, which could be
seen from Fig. 10(c).
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Fig. 10. (a) and (b) SEM and HRTEM images of MgAgSb doped Sn; o3 Te sample, respectively. (c) Lattice thermal conductivity as the function of
temperature for MgAgSb doped Sn; o3 Te sample. Reproduced with permission from Ref. [20], Copyright 2019 American Chemical Society.

The consistent embedding and complete alignment of
the guest component and the host matrix is called endotax-
ial nanostructuring, %! as shown in Fig. 11(a). These struc-
tures can effectively inhibit the heat flow in the system us-

ing the acoustic mismatch between the components but do not

137] Hussain er al. introduced the

affect the carrier mobility. |
endotaxial Cu,Te nanostructures into SnTe, 6! which plays a
dominant role in reducing the lattice thermal conductivity. In
Fig. 11(b), high density moiré fringes can be found around the

nanoprecipitates, which is due to the interference of two sets
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of crystal planes with nearly similar periodicity and/or small
relative rotation angle. The lattice image of moiré fringes in
Fig. 11(c) indicates Cu,Te nanoprecipitates are endotaxially
placed in the SnTe matrix. Figure 11(d) shows that doping
different materials in SnTe to form endotaxial nanostructur-
ing reduces the lattice thermal conductivity. At 873 K, the
lattice thermal conductivity of doping Cu,Te nanoparticlesis
is significantly reduced to ~ 0.27 W-m~!'-K~!, which is even
smaller than the minimum thermal conductivity calculated by
Debye—Cahill theory.
von Karman periodic boundary condition, the amorphous limit
of SnTe is expected to be as low as ~ 0.12 W-m~!.K~! [144]

Therefore, the experimental lattice thermal conductivity can

However, under the modified Born—

still be reasonable. Due to the ultra-low thermal conduc-
tivity, a high ZT value of 1.5 at 873 K is achieved by in-
troducing endotaxial CuyTe nanostructures into Ge and Sb
codoped SnTe.l'*3] When Sb is doped to form the compo-
sition Sng gsSbo.15Te, ki, drops to 0.67 W-m~!.K~!

room temperature. Doping SrTe into Sng 97Big o3Te can also

at near

form the second phase. At 823 K, the lattice thermal con-
ductivity decreases from 1.5 W-m~!-K~! of the pure phase to

0.8 W-m~!.K~!, and the ZT value reaches 1.2.11%3
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Fig. 11. (a) Schematic diagram of endotaxial nanostructuring in SnTe
system. (b) HRTEM image shows plenty of disperse moiré fringes;
(c) atomic resolution HAADF-STEM image of moiré fringes around the
nanoprecipitates. Panles (a)—(c) reproduced with permission from Ref. [46],
Copyright 2020, Elsevier. (d) Lattice thermal conductivity of SnTe,
Sno,gzG60404Sb0.04T6—5%CU2T6, Snolg5Sb0A15Te, Sn0497Bi0,03Te—SrTe. The
data come from Refs. [103,104,145].

3.4.3. Mesoscale structure

The scattering rate of phonons is closely related to the
mean free path of phonons (MFP). The phonons of MFP <
1 nm can be scattered by atomic-scale point defects, and those
with MFP of 1-10 nm and 10-1000 nm can be scattered by
nano-precipitates and mesoscale crystals.[**! In order to fur-
ther reduce the lattice thermal conductivity, it is necessary to
introduce crystal defects and structural features in the micron
and sub-micron length range to scatter the mid-wavelength and
long-wavelength phonons. Typically, the sizes of grains in the
single crystals are > 10 um, while the materials with grain
size from 0.1 um to 3 um are called mesoscale crystals.[¥]
Rowe et al. proved that the large-sized crystal grains are not
effective in reducing the thermal conductivity, while the crys-
tal grains with feature size less than 5 wm can strongly scat-
ter the phonons.!?*! Kihoi et al. found that mesoscale grain
boundary can be form in SnTe by doped Mn, Bi, and Sb.["3]
With the introduction of mesoscale grain boundary coordi-
nated point defects and nano-precipitation in the crystal, its
lattice thermal conductivity decreases to 0.86 W-m~!-K~! at
873 K, and the ZT value reaches 1. Similarly, Zhang et al.
obtained Agp.11Gdp.06Sn9.94Te by codoping Gd and Ag into
SnTe.!”’ The introduction of mesoscale scattering of grain
boundaries and nano-precipitates in the crystal reduced the lat-
I"at 873 K. Except
for doping, there are other methods to obtain mesoscale grains:

tice thermal conductivity to 0.6 W-m~!-K~

grinding the coarse crystals into fine powder by ball milling,
mechanical alloying, melt spinning or self-propagation high-
temperature synthesis.!'*¢-141 Comparing with doping, the
mesoscale grains size can be easily controlled by these means,
which are the most commonly used ways to reduce the lattice
thermal conductivity.

4. Summary and outlook

SnTe has attracted great interest as a promising medium
temperature thermoelectric material. The theoretical calcula-
tion suggests that the ZT value of SnTe can reach up to 2.2.[%
Currently, the ZT value does not meet the researchers’ ex-
pectations and it is still necessary to devote efforts to further
improve its thermoelectric properties to promote its commer-
cial application. Many advanced technologies have been ap-
plied to improve the electrical properties of SnTe, such as va-
lence band convergence, resonance energy level and energy
filtering. Meanwhile, to reduce the lattice thermal conductiv-
ity, point defects, nanoprecipitates, and mesoscale structures
are used to effectively maximize phonon scattering. Recently,
arising from the synergy of the multiple strategies, SnTe has
made great progress and a peak ZT can reach 1.85. Although
tremendous progress has been made in SnTe, more fundamen-
tal research is still needed to enhance its electrical and thermal
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properties and makes it a suitable candidate for the actual ap-
plication.

As mentioned above, the optimal carrier concentration is
proportional to (mgT)l'S, which means that it depends strongly
on temperature. Generally, the optimal carrier concentration
in SnTe at room temperature may be achieved by the Sn self-
compensation or doping. However, precisely controlling the
optimal carrier concentration under different temperatures is
still a big challenge because the Sn vacancy concentration,
the concentration of ionized impurities and the band gap vary
with the temperature. Additionally, it is worth to further ex-
plore whether the optimal carrier concentration can be main-
tained after several thermal cycles. In terms of thermal proper-
ties, although the lattice thermal conductivity can be reduced
to 0.4-0.5 W-m~'-K~! through multiple scales of defects at
high temperature, it is still far above the amorphous limit of
SnTe (0.12 W-m~'-K~!) predicted by Chen et al.!'"**] There-
fore, new strategy should be developed to further decrease the
lattice thermal conductivity of SnTe.

As for the real application of SnTe, the lack of n-type
SnTe is one obstacle to develop thermoelectric module be-
cause the stable module requires both n- and p-type thermo-
electric materials with similar physical and chemical prop-
erties. SnTe almost always exists in the p-type due to the
high concentration of Sn vacancies. Moshwan et al. pointed
out that the n-type study of SnTe is an opportunity and a
challenge.!'*3] The theoretical calculation suggests that the
Seebeck coefficient of n-type SnTe is even superior to that of
n-type PbTe.['52] Modern strategies such as controlled high-
efficient cation-anion codoping can produce n-type materials.
In fact, there is little research about n-type SnTe. In 2021,
n-type SnTe thermoelectric materials with remarkable perfor-
mance were successfully synthesized through suppressing Sn
vacancies, followed by electron-doping.[!33! In detail, through
Pb alloying and I doping, the n-type Sng ¢Pbg.4Teo 981o.02 can
achieve a notably high ZT ,,x ~ 0.8 at 573 K. However, this
work involves Pb element. N-type SnTe without Pb is proba-
bly the next big challenge in this field.

It is well known that the mechanical strength is an impor-
tant factor for thermoelectric module production. The thermo-
electric materials should be strong enough to withstand ther-
mal cycling, thermal shock and machining. For SnTe, Sn va-
cancies will reduce the mechanical strength. '3 SnTe exhibits
high ZT at relatively high temperatures (800-950 K). There-
fore, mechanical properties will deteriorate due to the increas-
ing Sn vacancies when SnTe shows best thermoelectric per-
formance at high temperature. Additionally, Muthumari et al.
confirmed that SnTe is brittle in nature based on density func-

(1551 Appropriate dopants or alloying, leading to

tional theory.
fewer Sn vacancies and crack growth suppression, can increase

the rigidity of SnTe.[!>*136:157] However, the mechanical prop-

erties of SnTe still need to be further improved for thermoelec-
tric devices and more detailed work should be carried out.

All in all, in order to improve the thermoelectric perfor-
mance of SnTe, further efforts are needed. We hope that this
review can spark broad interest and provide insights and new
strategies. We also expect a revolutionary breakthrough in
SnTe in the near future.
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