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TOPICAL REVIEW — Recent advances in thermoelectric materials and devices
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Pb-based group-IV chalcogenides including PbTe and PbSe have been extensively studied as high performance ther-
moelectric materials during the past few decades. However, the toxicity of Pb inhibits their applications in vast fields due
to the serious harm to the environment. Recently the Pb-free group-IV chalcogenides have become an extensive research
subject as promising thermoelectric materials because of their unique thermal and electronic transport properties as well
as the enviromentally friendly advantage. This paper briefly summarizes the recent research advances in Sn-, Ge-, and Si-
chalcogenides thermoelectrics, showing the unexceptionally high thermoelectric performance in SnSe single crystal, and
the significant improvement in thermoelectric performance for those polycrystalline materials by successfully modulating
the electronic and thermal transport through using some well-developed strategies including band engineering, nanostruc-
turing and defect engineering. In addition, some important issues for future device applications, including N-type doping
and mechanical and chemical stabilities of the new thermoelectrics, are also discussed.

Keywords: non-Pb, thermoelectric, group-IV chalcogenides

PACS: 81.05.Zx, 28.41.Ak

1. Introduction

Thermoelectric (TE) materials, a kind of functional ma-
terials able to realize direct energy conversion between heat
and electricity, have been extensively studied due to the
great desire for clean energy.!!! The dimensionless figure
of merit zT = (S>07T/x) is used to characterize the perfor-
mance of TE material, where S is the Seebeck coefficient,
o is the electrical conductivity, T is the absolute tempera-
ture and k is the thermal conductivity (kK = k. + K}, Ke iS
the electronic thermal conductivity, kj is the lattice thermal
conductivity). Therefore, the high performance TE material
should have a low thermal conductivity (k) and large S and
0. Unfortunately the three parameters, i.e., S, o, and
K, are strongly coupled, and thus preventing the thermoelec-
tric performance from improving by singularly tuning one
of them. In the last few decades, the zT" values of thermo-
electrics have been constantly improved through the success-
ful utilizations of new concepts and mechanisms including de-
fect engineering,>! band engineering,[®7! nanostructuring, 8!
nanoinclusions,!'%!!") and modulation doping.['>13]

The strategies mentioned above have been applied
to many TE material systems, such as Half-Heuslers, 14!
Skutterudites,['!) BiyTes[1%15] and PbTe,!'® making great
achievements. Among those material systems, PbTe has been
well investigated for a long history, and most important con-
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cepts and strategies for enhancing the TE performances were
developed or started in PbTe. The high TE performance for
PbTe is related to its intrinsic electronic band structure pos-
sessing two valence bands (L and X) with a small energy oft-
set that can be further reduced by band engineering to obtain
a high band degeneracy, resulting in the improved z7.!'"! Be-
sides band engineering, defect engineering has also been uti-
lized to tune the phonon transport in PbTe and obtain a high
7T value of 2.2 by their synergistic effects.!!® Despite the fact
that great achievements have been made in PbTe-based ther-
moelectrics, that Pb seriously harms the environment is still a
fatal weakness that hinders its large-scale applications.

In 2014, SnSe single crystal was found to have an un-
precedentedly high z7T" value of 2.6 along the crystallographic
direction b axis, which uncovered and testified the great po-
tential applications in non-Pb based group-IV chalcogenides
thermoelectrics, [!°! including tin-, germanium-, and silicon-
chalcogenides, because they have the same crystal structure as
and similar band structures to PbTe and SnSe.[%?Y1 As seen
from Fig. 1, the number of publications related to the non-
Pb based group-IV chalcogenides thermoelectrics has been
quickly growing since 2013, implying that the increasing at-
tention has been paid to the research field. Besides the surpris-
ing discovery in SnSe single crystals, more exciting achieve-
ments have been made in those materials more recently, such
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as the high z7 values of 1.6 and 1.4 for SnTe!?!! and GeTe-
based thermoelectrics,!??! respectively. These studies reveal
the possibility that the higher TE performance beyond that of
PbTe can be realized in those eco-friendly group-IV chalco-
genides although there are still many challenges.
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Fig. 1. (color online) Increasing trend of publications relating to non-
Pb based group-1V chalcogenide thermoelectrics since the year of 2013.
The statistics is performed based on the collection from the Web of Sci-
ence.

In this paper, we outline the research advances in the
group-IV chalcogenides out of PbTe and PbSe in recent years,
trying to give a rough guide to this rising topic of thermoelec-
tricity. We first survey the basic crystal and electronic band
structural parameters of the materials, showing their potential
applications in thermoelectrics. Then we present some typi-
cal researches on Sn-, Ge-, and Si-based chalcogenide ther-
moelectrics, respectively, in which high TE performance has
been achieved by utilizing some recently developed strategies
or approaches in PbTe thermoelectrics to tune the thermal and
electronic transport in those materials. Finally we briefly dis-
cuss the possible challenges in the N-type doping, mechanical
and chemical stabilities of these TE materials for the future

device applications.

2. General considerations of crystal structures
and electronic band structures

The crystal structures and electronic band structures of
IV-chalcogenides thermoelectrics are briefly summarized in
Table 1 and Fig. 2, which can give a basic clue to the spec-
ulation of the possible intrinsic thermoelectric properties of
the non-Pb based compounds as referenced to Pb-based com-
pounds. It can be seen that SnTe has an NaCl structure with
the space group Fm3m that is the same as those of PbTe, PbSe,
and PbS, and its lattice constants have a just about 2% de-
viation from those of PbTe. Consequently, SnTe has a sim-
ilar electronic band structure to that of PbTe, including two
valence bands (light band and heavy band), leading to high
band degeneracy.’Y) At room-temperature, the other IV-VI
compounds including SnSe, GeSe, SnS, and GeS all crystal-
lize into GeS-type orthorhombic structure with space group
Pnma, and they have similar lattice constants. Such a lay-
ered crystal structure contains eight atoms and two adjacent
double layers in the primitive cell, which can be regarded as
a three-dimensional distortion of the NaCl structure.?’! The
electronic structure is another important piece of information
to consider the thermoelectric properties of materials. Ta-
ble 1 presents the band gaps of SnSe, SnTe, SnS, GeSe, GeS,
GeTe, SiSe, SiS, and SipTes, showing that most of the I'V-
chalcogenides have narrow bandgaps, suggesting their poten-
tials as thermoelectric materials. The calculated band struc-
tures of SnS, SnSe, GeS, and GeSe are shown in Fig. 2, re-
vealing that they are indirect semiconductors except GeSe. In
Figs. 2(b) and 2(d), the sharp peaks appear near valence band
maxima and conduction band minima in the densities of states
of SnS and GeS monolayers, which may enhance the Seebeck

coefficient.[?]

Table 1. Crystal structures and band gaps of IV-chalcogenide thermoelectrics.

Crystal Space group alA bIA clA Vol/A3 Band gap/eV Reference
PbTe Fm3m 6.46 6.46 6.46 269.50 0.30 [18]
PbSe Fm3m 6.12 6.12 6.12 229.70 0.29 [23]
PbS Fm3m 5.94 5.94 5.94 209.20 0.42 [23]
SnTe Fm3m 6.33 6.33 6.33 253.30 0.18 [21]
SnSe Pnma 11.50 4.15 4.44 212.00 0.61 [19]

Cmem 431 11.70 4.31 217.70 0.39 [19]

SnS Pnma 11.19 3.98 4.33 193.00 1.07 [24]
GeTe Pnma 10.95 4.03 445 196.40 0.20 [25]
GeSe Pnma 10.82 3.83 4.39 182.10 0.85 [26]
GeS Pnma 10.47 3.64 4.30 163.90 1.25 [20]
SiSe Pmma 6.64 3.98 9.44 249.47 1.22 [27]
SiS Pmma 7.02 4.00 14.98 420.63 1.35 [27]
SiyTes P3lc 6.95 6.95 15.17 643.90 1.78 [28]
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Fig. 2. (color online) Band structures along the high-symmetry k-points I', X, S, and Y, and density of states of (a) SnSe, (b) SnS, (c)

GeSe, and (d) GeS.[*?) (Reprinted from Ref. [29]).

Considering the similarity in the crystalline and electronic
band structures of SnTe and PbTe, it is reasonable to antici-
pate that the high thermoelectric performance can be achieved
in SnTe by applying those successful strategies used in PbTe.
Meanwhile, the layered structures of those orthorhombic Sn-
and Ge-chalcogenides also imply their anisotropic thermoelec-
tric transports, which might lead to their high thermoelectric
performances. In the following sections, the detailed discus-
sion is categorized according to the specific material systems
that are tin-, germanium- and silicon-chalcogenides, respec-
tively.

3. Tin-chalcogenides (SnSe, SnS, SnTe)

As an alternative analogue of PbTe, SnTe has received
more attention from the thermoelectric field due to their high
similarity in crystal and electronic band structures. However,
an unexceptional breakthrough was first achieved in SnSe. As
a narrow band gap semiconductor, SnSe was noticed because
of its photo electronic potentials!3!-*?] instead of thermoelec-
tric properties. The SnSe is an intrinsic P-type material with
a carrier concentration in a range of 10'7 cm—3-10'® cm—3
and an electrical resistivity between 10" Q-cm-10° Q-cm at
room temperature.33! These features make SnSe widely stud-

[34

ied and used in solar cells,** optoelectronics,*>! and other

electronic devices.’®! Recently, the unexceptionally high z7
of 2.66+0.3 at 923 K along the b-crystallographic direction
was found in un-doped SnSe single crystal, which soon made

SnSe a focus of the thermoelectric community.!'”! Soon af-

ter the first report on un-doped SnSe single crystals,'°! some
reports were presented by Zhao et al.’”! and Zhou et al.,!?!
respectively. Na-doped SnSe single crystal with greatly in-
creased hole concentration realized a record-high average zT'
of ~ 1.34 from 300 K to 773 K7 and an average zT of
~ 1.2 from 300 K to 800 K, respectively. Inspired by
the surprising discovery in SnSe single crystal, some conse-
quent researches on its polycrystalline form were carried out,
but the much lower z7 of ~ 0.5 was obtained®*! as seen in
Fig. 3 that summarizes some reports on thermal conductivity
and z7’s for SnSe samples with different forms and compo-
sitions. To improve z7T' of SnSe polycrystal, the nanostruc-
turing strategy was implemented. [**#!] Well-crystallized SnSe
single crystal nanobelts were prepared by the hydrothermal
approach and then were pressed into bulk material by spark
plasma sintering.[*! As shown in Fig. 2(a), the lower ther-
mal conductivity was achieved in the nanobelt sample than
that in the single-crystal sample, which was considered to be
due to the enhanced phonon scattering. The improvement in
zT from about 0.5 (SnSe normal polycrystals) to about 0.8
was reported./*!! Introducing some nano-inclusions is another
effective approach to reducing the lattice thermal conductiv-
ity of the matrix. Recently, some kinds of nanoparticals in-
cluding PbSe!*>*1 and SnTel**! have been introduced into
the SnSe polycrystalline nanocomposites as inclusions and
the encouraging results were reported. A high z7' value of
1.7 in bulk SnSe polycrystals was obtained by embedding 1%
PbSe into the matrix of SnSe nanopowder, and the PbSe sec-
ondary phase was found to distribute in the grain boundaries of
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SnSe.[*?] The nano-inclusions made the electrical conductiv-
ity and power factor of the SnSe phase significantly enhanced,
resulting in high z7T values of 1.7 and 1.4 in parallel and per-
pendicular to the pressing direction, respectively.*?] Doping is
a common approach to increasing the carrier concentration and
adjusting the band structure of a material. The thermoelectric
properties of Na doped into the P-type SnSe polycrystalline!*’]
have been reported. It was reported that the heavy P-type dop-
ing lowers the Fermi level and increases carrier concentration,
leading to a collaborative optimization of the power factor. ]
In addition the point defects enhance the scattering phonons,
which reduces the thermal conductivity.[**! The P-type SnSe
polycrystal has been prepared by 1% Na doping, which en-
hanced the carrier concentration and electrical conductivity,
meanwhile maintained a relatively large Seebeck coefficient
of 142 pV/K and a lower thermal conductivity than the un-
doped SnSe polycrystal. The 1% Na- doped SnSe shows a

maximum z7 of ~ 0.8.143

2.0
1.8 (a‘) —&— SnSe single crystal Ref. [19]
: —8— SnSe+1% Na Ref. [45]
16k —&— Sn( 97Nag g3Se Ref. [38]
’ v— SnSe+1% PbSe Ref. [42]
1.4 —4— SnSe polycrystalline Ref. [39]
- —»— SnSp2Seqs Ref. [46]
f‘ﬁ 1.2}k ——— SnSe nanobelt Ref. [41]
T.
g 1.0
Z o
=~
0.6
0.4
0.2
300 400 500 600 700 80 900 1000
Temperature/K

500 600 700 800 900 1000
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300 400

Fig. 3. (color online) Temperature-dependent (a) thermal conductiv-
ities and (b) zT values of SnSe single crystal,“gl SnSe+1%Na, 43
Sng.97Nag03Se,*®)  SnSe+1%PbSe,[*?)  SnSe  polycrystalline, 3!
SnSo.2Seo s, and SnSe nanobelt. 411

The SnS has the same crystal structure as that of SnSe
at room temperature, and is considered as a promising new
thermoelectric material that has an abundant resource and a
better environmental compatibility.[*”! The pristine SnS shows
a high Seebeck coefficient and low thermal conductivity, but
the low carrier concentration leads to low electrical conductiv-
ity that results in a low z7 value. The pristine SnS shows a
carrier concentration of about 10 cm™3 ~ 107 ¢cm™ and a
maximum z7 value of 0.16 at 873 K.[*8] The P-type SnS was
doped with 0.5% Ag bulk material synthesized by a mechan-
ical alloying method, and the derived powders were pressed
into pellets by using spark plasma sintering (SPS) and thus
improving the z7 value from 0.16 to 0.6. The improvement
arises from the significantly increased electrical conductivity
by Ag doping on Sn sites which greatly increased the carrier
concentration (71, ~ 10'® cm™3).181 The electric conductiv-
ity and phonon scattering were also increased simultaneously
in SnSp»Seg g solid solution, and thus obtaining a high z7 of
0.82 at 823 K, which is much higher than that in the pristine
SnS compound. 6! Although the significant increase of zT for
SnS-based material has not been achieved to date, it is worth
further investigating as a potential thermoelectric material.

As shown in Table 1, there are more similarities between
SnTe and PbTe including the rock-salt crystal structure, small
band gaps, and complex valence band structure,?!! than be-
tween SnSe and SnS. However, as summarized in Ref. [17],
SnTe has some intrinsic factors that greatly degrade its ther-
moelectric performance. The SnTe is an intrinsically P-type
semiconductor with a high P-type carrier concentration (about
10! ecm~3) due to a large number of Sn vacancies in the lat-
tice. Such a high carrier concentration leads to a low Seebeck
coefficient and high thermal conductivity, and finally results in
low thermoelectric performance in pristine SnTe. In spite of a
very high electrical conductivity about ~ 7000 S-cm ™! caused
by the high carrier concentration, a high total thermal conduc-
tivity and a low Seebeck coefficient of about 20 uV-K~! were
simultaneously obtained, consequently a low zT" value (about
0.2) was achieved at room temperature. (401 However, recent
studies have largely improved the thermoelectric performance
of SnTe, proving that the SnTe is a promising thermoelectric
material through some strategies individually/synergistically
applied, which included band engineering,**! all-scale hier-

491 defect, 59 and nano-inclusive.!!

archical architecturing,
Specifically, a record peak z7 value of 1.6 in P-type SnTe has
been reported by Pei et al. via the synergistic effects of the
band convergence and interstitial defects.!”!! Figure 4 shows
the thermoelectric transport data and z7 values of SnTe-based
thermoelectric, 2! and the data of PbTe-based material(!3! are
also presented for comparison. The main results presented in
the Ref. [21] are briefly depicted as follows, which can clearly

show the effectiveness of the band and defect engineering.
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The addition of MnTe with sufficiently high concentration into
the matrix of SnTe leads to well-converged valence bands and
highly enhances the Seebeck coefficient as seen in Fig. 4(a).
The enhanced Seebeck coefficient for SnygeMng 14Te was
comparable to that for PbTe at 840 K. It should be noted that
the electrical conductivity of Sng geMng.14Te is lower than that
of pristine SnTe due to the decrease of carrier concentration.
On the other hand, the addition of MnTe greatly reduces both
ke and k; by reducing the carrier concentration and enhancing
the phonon scatter, finally gives a high z7 value of 1.0 that is
2.5 times that of pristine P-type SnTe. To further reduce the k;
for Sng gsMng 14Te, the Cu, Te nano-particles were introduced
into the matrix to form interstitial defects at high temperature.

250
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It was found that the Seebeck coefficient and resistivity in a
broad temperature range were not significantly affected, sug-
gesting that the influence of 5% Cu,Te on the electronic trans-
port properties was negligible. However, a decrease of the k;
was achieved, giving a record zT value of 1.6 in P-type SnTe,
which is four times that of pristine SnTe. The advantages of
both band convergence and phonon scattering by interstitial
defects realize a high 77T value./?!! Besides the band engineer-
ing and defects engineering, the nanostructuring strategy was
also used in SnTe thermoelectrics. The SnTe nano-particles
have been prepared by the hydrothermal approach, and the
dramatically reduced thermal conductivity led to a high zT
value of 0.79 at 873 K.13%)
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Fig. 4. (color online) Temperature-dependent (a) Seebeck coefficients, (b) resistivities, (c) thermal conductivities, and (d) z7 values
of the SnTe,"!1 Sng gMnj.14Te, 1 Sng g6Mng.14Te(Cuz Te)o o5, 2! and Nag 03 Eug.03Pbg.04Te. 18]

4. Germanium-chalcogenides (GeTe, GeSe, and GeS)

The GeTe-based alloys have been known for a long time for their promising thermoelectric properties due to their superior

structural and thermal properties.[>?! The GeTe as a P-type semiconductor shows a narrow band gap with a high electrical

conductivity and carrier concentration (10! cm™3), which is due to a large number of Ge vacancies.>* In spite of the high

electrical conductivity, the low Seebeck coefficient and high thermal conductivity were also exhibited in the pristine GeTe.
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For these reasons, the pristine GeTe exhibited a maximum z7 value of 0.88 at 712 K.’ The doping, band engineering, and
nanostructuring have been applied to GeTe for high TE performance. Recently, the GeTe—AgSbTe;-based alloys,>* Ge-Sb-Te
ternary alloys,?>3! doped GeTe,*6>"] and Ge-Pb-Te alloys!??! each have shown a significant enhancement in z7 value as seen

in Fig. 5. Some elements such as In,[% Pb,[>?1 Sb, (>3] and Bil>") have been doped into the GeTe matrix occupying the site of Ge

in the matrix to act as donors to reduce the Ge vacancies, leading to the decrease of hole concentration.
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(color online) Temperature-dependent (a) z7 values, (b) conductivities, (c) thermal conductivities, and (d) Seebeck co-

efficients of GeTe(GeTe,’* Ing2GegosTe,’® and GeTe:Bil"), (GeTe)go(AngSez)zo,[54] Ge-Sb-Te alloys (GegoSbg1Te,[>> and
Gep.9Sbo.1Te.95€0.05S0.05°*!), and Ge-Pb—Te materials (Geg g5(Pbo.o Ybo 1 )0.15Te?)).

It was found that in spite of the decrease of the electri-
cal resistivity, the substitution of 2% In for Ge in GeTe en-
larged the Seebeck coefficient, and remarkably reduced the
total thermal conductivity, which finally achieved a high zT
value of 1.3 at temperature near 628 K in Ing 02 Geg 9 Te. 20
The group-V elements Sb- and Bi-doped GeTe also achieved
effective reduction in the carrier concentration and collec-
tively increased the Seebeck coefficient from ~ 30 pV-K~!
to ~ 100 uwV-K~!, and ~ 80 uV-K~!.>7] Importantly, Sb
in GeTe not only reduced the carrier concentration, but also
enhanced the valence band degeneracy that highly increased

the Seebeck coefficient. Combining with the meso-structured

significant decrease in the thermal conductivity, the high ther-
moelectric figure of merit of 1.85 at 725 K in Geg 9Sby,; Te!>!
was realized. Similarly, Bi in the GeTe matrix also got a zT
value of 1.8 at 700 K.!>’! The rhombohedral GeTe and rock-
salt type AgSbTe; could form complete solid solution (Ge—
Te),(AgSbTe;)100_x (named TAGS).P®! The AgSbTe, in-
creased density of states of TAGS, and the lead TAGS showed
a high Seebeck coefficient.[>3 The high thermoelectric figure
of merit of 1.5 at 750 K was achieved in TGAS-85.1° The
new pseudo-binary solid solution (Ge-Te)go(AgSbSe; )20l
underwent phase-separation and the formation of hierarchi-

cal nano/mesostructures, which caused extensive scattering of
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heat carrying phonons of different wavelengths, leading to ul-
tra low kiy ~ 0.4 W-m~!.K~!, a high peak z7 of 1.9 at 660 K,
and an ultrahigh average z7T" of 1.4 in a temperature range of
300K-700 K. [54] The Geongo,1Te0,9Seo_0550_05 551 also ex-
hibited a low Ky of 0.7 W-m~'-K~! at 730 K due to a broad
set of multiple types of mass fluctuations such as Ge/Sb,Te/Se,
Te/S, and Se/S that enhanced the phonon scattering. As a
result, the SPS-processed Geg oSbg 1Tep.95€0.0550.05 sample
showed a remarkably high z7 of 2.1 at 630 K.15!

The GeSe and GeS have similar crystal structures to
SnSe. The orthorhombic layered GeSe and GeS have been
predicted as good thermoelectric materials via theoretical

(201 but the experimental investigation indicated

calculation,
that the polycrystalline GeSe with a low carrier concentration
showed a low zT value of only 0.2 at 700 K.!%°! The elemen-
tal doping could be an effective route to optimizing the carrier
concentration, but it is still challenging work to ahieve reali-
able doping experimentally in the GeSe compound.

For these reasons above, the alloying strategy has been
used in GeSe by adding the AgSbSe,, ®!] which made a struc-
tural phase transition from the original orthorhombic structure
to a high symmetry rhombohedral phase, and thus obtaining
a higher Seebeck coefficient, a modified band structure, and
a higher carrier concentration (1.2 x 1020 cm_3). As a result,
a zT of 0.86 was achieved. The GeS had a larger band gap
(about 1.25 V) than those of SnSe and GeSe, leading to a low
carrier concentration and large Seebeck coefficient. A large
power factor of GeS could be obtained by alloying and rea-
sonable doping strategy.?"’

5. Silicon-chalcogenides (SiSe, SiS, Si,Te3)

Although SiS and SiSe are of an isostructure with SnSe,
they have received less attention than other group-IV chalco-
genides up to now. Thermoelectrics properties of SiS and SiSe
monolayers have been prdicted via the first-principles calcula-
tion as we can see in Fig. 6.7l The theoretical calculation
predicted that SiS (SiSe) can achieve zT values as high as
1.06 (0.92) and 1.99 (1.79) at T =500 K and T = 700 K,

[27] The chemical stability of Si-based chalco-

respectively.
genide becomes a problem that maybe inhibits their future ap-
plications. In an Si—Te system, the Si,Tes is only stable phase
with space group of P31c.[%?! Using first-principles density
functional theory and semiclassical Boltzmann transport the-
ory, the thermoelectric property of Si;Tes has been pridicted,
showing that the maxima of z7 are 1.86 and 0.34 for N-doped
and P-doped materials at 1000 K, respectively.[?®! The theo-
retical studies have revealed the thermoelectric potentials of
Si-chalcogenides, but the experimental difficulties, in particu-

lar, in synthesizing the materials should be overcome.

300 K, Si—S(Se)—Si

300 K, Si %igzag

500 K, Si—S(Se)Si 700 K, Si—S(Se)—Si

700 K, Si zigzag

500 K, Si zigzag

(o/7)/10%0 W-Lm~Ls~

5/10-3 V.K-1

(S%/7)/108" W-K-2m~ts~!

2T

-1.0 0.0 1.0 -1.0 0.0 1.0 2.0
et/eV et/eV

Fig. 6. (color online) [(a) and (e)] Electrical conductivities, [(b) and (f)]
Seebeck coefficients, [(c) and (g)] power factors, and [(d) and (h)] zT
values of SiS and SiSe each as a function of electron chemical potential
& at three different temperatures: 7 = 300, 500, and 700 K and along
two anisotropic directions, respectively. Here & refers to the valence
band maximum of SiS or SiSe. (Reprinted (adapted) from Ref. [27]
with permission from Copyright (2017) American Chemical Society).

6. N-type doping

The above promising results indicate that they are all
achieved in P-type materials. It is known that the intrisic
metallic ion vacancies in group IV—chalcogenides result in
their P-type conductivities and make it difficult to realize re-
liable N-type doping.!?!*!3 In order to achieve the P-N
conduction transition and enhance the electrical conductivity,
the effective heavy doping is necessary. However, it is diffcult
to realize heavy doping, which is possibly due to the lower sol-
ubility of the dopants in group IV—chalcogenide lattices. Some
studies demonstrated that extra group- IV metal and halogen
elements were promising candidates. Figure 7 summarizes
the reported carrier concentrations of some N-type and P-type
group-IV chalcogenides. The pristine SnSe,!!%38] SnTe, 3]
and GeTe!??! are P-type semiconductors each with a higher
hole concentration. There have been some studies carried out
to achieve N-type doping in some of those materials, (see the
summarized results in Fig. 7(a). But the effective approach to
realizing the N-type doping still needs to be explored to op-
timize the carrier concentation (10'°-102%) for thermoeletric
applications. There are two kinds of dopants in the IV and
VI compounds, which substitute for IV site and VI site, re-
spectively. Some reports showed that Bi, Sb, Pb, and In could

substitute for IV site to form N-type conductivity.[63-63-67]
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The N-type single crystal SnSe has been achieved by Bi dop-

3 and

ing, and the carrier concentrations of about 10'® cm™
2x10'" cm™> were obtained at room terperature and 773 K,
respectively. Consequently a high z7 value of 2.2 at 723 K has
been achieved in N-type single crystal.[®3] The N-type GeTe
has also been achieved by Bi doping.[®* The N-type polycrys-
talline SnSe has been prepared by Pb and Ti doping, and the
Sng.94—Pb,Tig 0sSe presents a maxium carrier concentration
of 2.64 x 10'® cm™3 at room temperature with x = 0.3.16]
N-type SnTe by In doping showed a high carrier concentra-
tion (4 x 10%° cm™3), in which In not only acted as a hole
dopant but also partly filled InSs—TeSp hybridized state cen-
(67) Similarly, the N-type SnTe,

GeTe, and SnSe should also be achieved by the above dopants,

tered around Fermi energy Ef.

which needs to be further examined. The VI site is generally

10 1 (a)
10° 1
105 [

4

10[

n/10" cm—3
Bi:SnSe single crystal

Snp.96Tip.045e

Fig. 7.

substituted by halogens such as Cl, Br, and I to form N-type
conductivity. The N-type SnSe was achieved by substituting
Brl%land C1'%°! for Se, and the N-type carrier concentrations
were 1.86 x 10! cm™3 and 1.56 x 10'° cm ™ at room temper-
ature, and their z7 values are 0.54 and 0.6 at 793 K, respec-
tively. Kutorasinski ef al. performed the calculation based
on the density functional theory to compare the valence band
and conduction band characteristics of N-type with those of
P-type SnSe for the cases where the N- and P-type SnSe have
low temperature, middle temperature and high temperature
phases, and the results are shown in Fig. 8.1”!1 Tt can be found
that the Fermi surfaces of N- and P-type SnSe present differ-
ent features depending on the carrier concentration. For the
N-type SnSe semiconductor, when the carrier concentration is

105r (b)
10'f

Q
» £
i 3
8
g 10°} &
o
g =
= 2
~ Q
—_ «n
S 10f 2 &

s

o

]

[T
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Q
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[

wv

(color online) (a) N-type carrier concentrations of some doped IV-VI compounds at room temperature: N-type IV-VI com-

pounds (SnSeg.95+3%PbBr, 18] Bi:SnSe single crystal, %3] SnSe 95+0.1%BiCl3,1% Sng ¢4 Pby 3 Tig.06Se, % Sng 96 Tig.04Se, [ Sng gIng 4 Te, 07 and
Pbg.oLag ; Tel7)), (b) P-type IV-VI compounds (SnSe single crystal,['”) Sng g¢Mng 14Te,?!] SnSe polycrystalline, ! Nag ; Pbo goTe, '8 SnTe, 1511

GeTe, 22 and Big o5 Geg o5 Te!®3).

'-p.-:’"

LM

(a) N-type LT

Ly, Ly,

(d) P-type LT

- |

(b) N-type MT

(e) P-type MT

(¢) N-type HT

€T
Ly,

(f) P-type HT

Fig. 8. (color online) Fermi surfaces of the low-temperature (LT) phase, middle-temperature (MT) phase, and high temperature (HT) phase SnSe
for [(a)—(c)] N-type and [(d)—(f)] P-type doping for carrier concentrations (in cm’3) of 10! (left) and 10%° (right). Electron velocities (in m/s) are
represented by a color scale. (Reprinted (figure) from Ref. [71] with permision of Copyright (2015) by American Physical Society).
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less than 10'” cm™3, the Fermi level makes an ellipsoidal elec-
tron pocket with a twofold degeneration, forming a regular and
parabolic-like electronic pocket. For the P-type SnSe semi-
conductor, when the carrier concentration is 102° ¢cm—3 for
the low-temperature SnSe phase, the Fermi level enters into
a hole pocket with nonellipsoidal shape. It was reported that
the m* (effective electron mass) of SnSe is less than the effec-
tive hole mass mj;/mjp = 1.12 x 1073,172! suggesting that the
electrical conductivity of N-type SnSe would be much higher
than that of P-type SnSe.!”3! With the principal availability re-
vealed by those preliminary results, it can be expected that
N-type group-IV chalcogenide thermoelectrics with high per-
formance in the near future, though there are some technical
difficulties, should be implemented.

7. Mechanical and chemical stability

The mechanical and chemical stability is another impor-
tant issue for the practical device applications of the group- IV
chalcogenides thermoelectrics, but few researches have been
performed to date. As shown in Table 1, most of those com-
pounds adopt orthohombic structure with space group Pnma,
exhibiting a layered structural feature, which means the weak
strength and easy decomposition along the crystallographic di-
rections with large periods. Taking SnSe for example, the ad-
jacent layers of SnSe are bound to each other by weak van der
Waals and long-range electrostatic attractions.!’*”>! This leads

(74 mean-

to a low friction coefficient of about 0.38 for SnSe,
ing the easy intercrystallite slip decomposition along a specific
crystallographic direction.

The Berkovich nano-indentation and Vickers micro-
indentation methods can be used to examine the me-
chanical properties of materials.’3] Figure 9 summa-
rizes the reported Vickers (H,) micro-hardness val-
materials, such
PbSe,[””l  Cu,S, B0

Geg g7Pbg.13Te, B!
[82]

ues of the popular thermoelectric
as BiyTes, "™ PbTe,l’1  SnTe,[8]
CUQSC,[SO] Bi2T63+Geolg7Pb0.13Te,[Sl]
Geo.9Sbo.1Te).950.05S€0.05, > Ge.94Big o6 Te, and
GeTe.[821 Here, the GeTe based materials exhibit higher
micro-hardness values than others promising chalcogenide
thermoelectric materials. The SnTe, PbTe, and PbSe have the
same crystal structure, and the micro-hardness value of SnTe
is higher than those of PbSe and PbTe. The mechanical per-
formance of the material still needs to be improved for the
practical device applications. There are some approaches to
improving mechanical properties, such as introducing appro-
priate defects and dislocations.®3] Grain refinement, nano-
inclusion, and texture are also effective ways to enhance the
mechanical properties of the materials.[8>84]

In addition, chemical stability of the material is also an
improtant factor. Selenide is easily oxidized by long-term ex-
posure to the air,®3 which would harm its thermoelectric per-

formance. It was reported that the surface of polycrystalline
SnSe sample is easily oxidized to form tin oxide, leading to
much higher thermal conductivity. %! The low chemical sta-
blilities of Ge- and Si-tellurides would also be detrimental to
their applications. Tellurium easily evaporates during heat-
ing and tends to form oxides on the surface, which is harm-

[87] Hence the fabrication

ful to their thermoelectric properties.
and service stablity of the thermoelectric device based on the
group-IV chalcogenides, which have not been well explored,

need to be studied in depth.
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Fig. 9. (color online) Vickers micro-hardness value of group IV—

chalcogenides compared with those of other popular thermoelectric mate-
rials. (Reprinted (adapted) from Ref. [55] with permission from Copyright
(2017) American Chemical Society).

8. Conclusions

Based on the above survey of the recent reports, it is
reasonable to conclude that non-Pb based group-IV chalco-
genides have emerged as a new promsing thermoelectric ma-
terial with high performance comparable to (even beyond) that
of PbTe besides the advantage of environmental friendship.
Most strategies that have been applied to PbTe-based ther-
moelectrics have proven their availability and effectiveness,
which inculde defect engineering, band engineering, nanos-
tructuring, nanoinclusions and modulation doping. During the
last several years, notable achievements have been made both
experimentally and theoretically, thereby greatly deepening
and broadening our knowledge of the thermoelectrics. It could
be expected that more exciting and encouraging progress of
material research in science and technology would be made in
the near future.
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