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Abstract

Thermoelectric materials possess the capability to convert electricity into heat and vice versa. The utilization of chloro-
fluorocarbons and hydrochlorofluorocarbons as thermal carrier agents in traditional cooling and air conditioning systems
has sparked a surge in exploration toward pioneering refrigeration and spatial conditioning technologies. Chalcogenides,
known for their capacity to amplify the thermoelectric efficiency of materials and their adaptability across a broad spectrum
of temperatures, stand out as pivotal components in thermoelectric materials. Despite their existing suboptimal performance,
these materials hold substantial promise as power generators and as solid-state Peltier coolers, attracting significant attention
and positioning them as subjects ripe for further investigation. Categorized into alkali or alkaline earth, transition metal,
and main-group chalcogenides, these materials and their respective subclasses are meticulously scrutinized to pinpoint the
most suitable thermoelectric materials for specific applications with an optimal operational temperature span. In the quest
for energy-efficient technologies characterized by simple designs, absence of moving components, and superior stability,
thermoelectric materials play a crucial role. This review highlights the advancements in theoretical parameters as well as
the figure of merit (ZT) of chalcogenide materials, emphasizing their device applications. These insights are intended to
provide viable future approaches to mainstream thermoelectric materials. This review reveals that Cu,Se achieves a maxi-
mum ZT value of 2.66 at 1039 K, marking it as the top performer among transition metal chalcogenides. Conversely, SnSe, a
main-group metal monochalcogenide, exhibits a ZT value of 2.8 at 773 K, whereas nanowires of the main group of bismuth
chalcogenides exhibit a ZT value of 2.5 at 350 K.

Keywords Chalcogenides - thermoelectric materials - monochalcogenides and dichalcogenides - pyrites - alkali or alkaline
earth metal chalcogenides

Introduction

The depletion of natural resources is a consequence of the
heavy use of nonrenewable energy sources such as coal and
nuclear power in various fields. Thus, solar, wind, hydro,
tidal, geothermal, and biomass energy are gaining traction to
meet the increasing demand for electricity. Thermoelectric
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(TE) energy, categorized as an “alternative energy,” utilizes
temperature gradients to convert heat into electricity, thus
aiding in recycling the prevalent waste heat.! Electricity is
generated in TE power plants using heat from fossil fuels,
solar panels, and industrial waste, thus promoting energy
conservation and waste heat collection.>> Among other
advantages, advanced TE technologies can greatly improve
the energy efficiency of industrial infrastructure, cars, solar
cells,* electrochemical processes, catalysts, supercapaci-
tors, nonlinear optics, thermal energy sensors,” automotive
waste recovery,®’ wearable TE generators,® acrospace appli-
cations,” and nuclear detectors. They can be operated in a
variety of temperature ranges, are inexpensive, and are less
hazardous'®!! (Fig. 1). TE modules are smaller and lighter
than other mechanical systems and operate without any
moving components.'? Their ability to heat and cool within
a single module, combined with their precise temperature
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Fig. 1 Chalcogenide-based materials used in different applications such as flexible TE devices, electronics, CPU coolers, pacemakers, hearing

devices, and space missions.

control, makes them extremely reliable. TE devices have
environmental benefits, as they do not emit or rely on gases.

Chalcogenides are increasingly used in TE applications,
acting as generators or refrigerators depending on their
operating temperature.'® The figure of merit (ZT), a dimen-
sionless quantity expressed by Eq. 1, is the most important
aspect in determining the efficiency of TE materials'*:

ZT = SZ—GT, 1)
K

where $% is the power factor (PF), in which S is the See-

beck coefficient, o is electrical conductivity, and « is thermal

conductivity.

The current study focuses on chalcogenide materials spe-
cifically chosen for their high efficiency in TE applications,
which is achieved through an improved PF and reduced
K, possibly through the use of materials with intrinsically
low thermal conductivity and/or nanostructuring. In addi-
tion, novel approaches including nanocomposites, carrier
filtering, low-dimensional materials, and phonon scattering
are being investigated to improve the functionality of TE
materials.'>16

Among the various TE material systems studied, skut-
terudites have received substantial attention. Based on a pre-
diction using a simple semiconductor transport model, a ZT'
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of 1.4 at 1000 K is expected, compared to 0.3 at 300 K.!7!8
Despite its high PF, the lattice thermal conductivity of the
original TE skutterudite CoSb; is very high (approximately
10 W m~! K~! for R.T), which reduces its efficiency. Filling
voids in these materials with elements such as alkaline earth
metals, alkali, group IV metals, and thallium has improved
TE properties.'>!* Clathrates, with low-thermal-conduc-
tivity composition and open tetrahedral frames of Al, Ga,
Si, Ge, or Sn, show promising ZT values. Electronic band
structure studies of type I clathrates conducted using den-
sity functional theory (DFT)!~2! for optimal constitution of
SryGa,Ges,>* and Bagln,(Sny, reveal ZT values as high as
0.5 and 1.7 at 300 K and 800 K, respectively. At 943 K, the
optimized n-type clathrate Ba,,Ga,Ge¢,_, (x=15) achieved
a ZT value of 1.25.% The intermetallic compounds of half-
Heusler (HH) materials, including MNiSn (M =Ti, Hf, Zr),
FeCrSb, RuCrSb, OsCrSb ,>* and NbFeSb,? are compounds
of keen importance as promising high-temperature TE mate-
rials. A significant advancement was noted for the n-type
Zr, sHf | sNij gPd( ,Sn4 99Sby (), exhibiting a ZT value of 0.7
at 800 K.?® A promising p-type compound, p-Zn,Sb; has
an incredibly low thermal conductivity at moderate tem-
peratures. f-Zn,Sb; at 670 K exhibits a considerably high
ZT of 1.3.%7 The Si-Ge alloy used in deep-space mission
radioisotope TE generator is a system with a discernible ZT
at 1200 K. To optimize the TE performance of TE materials,
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numerous substitutions of Yb;,MnSb,, are made with alka-
line-earth, transition, and main-group metals.’®?’ These
materials are currently the primary focus in TE applications.
Skutterudites, half-Heusler alloys, clathrates, and lead-based
compounds are all excellent TE materials. However, they
have disadvantages such as high cost, toxicity, and oper-
ating temperature.'® Recent investigations have confirmed
that chalcogenides have consistently been selected as the
best materials for such applications since the inception of
thermoelectricity and will be increasingly used in the future.
This assertion is supported by the continual improvement in
the ZT value of chalcogenide materials, as depicted in Fig. 2.
According to the results, the chalcogenide compounds are
further investigated.
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Fig.2 Evolution of ZT for different high-performance TE material
systems within their optimal temperature ranges. Reprinted from Ref.
30, under Creative Commons license CC BY.

This review highlights the superiority of chalcogenide
materials over others, particularly sulfur (S), selenium
(Se), and tellurium (Te), which are widely employed in TE
generators> =% and TE refrigerators. The main objective of
the current review article is to evaluate various chalcoge-
nide material branches, highlight their superior qualities,
and determine the optimal operating temperature for each
material. This article focuses on the application of chalcoge-
nide materials in TE devices considering the improvements
in their theoretical and experimental efficiency parameters
(ZT) to date. These materials are categorized into three
main branches: alkali or alkaline earth, transition metal,
and main-group chalcogenides, and along with these, their
subcategories are examined to determine the TE materials
that are most suitable for applications (Fig. 3). This review
article also aims to draw the readers’ attention to content
that has received little focus, namely groups such as alkali
and alkaline material chalcogenides and transition metal
chalcogenides, which can be further investigated to pro-
duce high-quality TE materials. The improvement in the
efficiency of the materials with various preparation tech-
niques is discussed.

TE Applications of Chalcogenide Materials
Han et al.* classified TE materials into nine groups based
on their composition and structure. Bi,Te; alloys, doped
with Sb and Se, exhibited a ZT of 0.6 at 300 K and are
widely used in TE refrigeration (groups 1-2). Bi,Te;-Sb,Te,
superlattice films exhibited a ZT of 2.4 at 300 K, stimulating
nanomaterial exploration. Group 3 A-B-X (ternary) materi-
als, such as polycrystalline CuGaTe,, achieved a ZT of 1.4
through ball milling and hot pressing, with the ZT reaching
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earth
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chalcogenides
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Fig.3 Schematic showing the categorization of the chalcogenide material considered in this review
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1.69 at 950 K367 Groups 4 and 5, Sn-X and In-X systems,
offer high performance and affordability. Enhanced TE effi-
ciency is achieved through elemental adjustments.* Owing
to the interaction between the elements, In,Se, ;3 and SnSe
single crystals showed exceptional TE performance, with ZT'
values of 1.48 (n-type) at 705 K and 2 (p-type) at 923 K.
SnSe nanotubes revealed lattice thermal conductivity (x; ) of
0.18Wm™ K" at 750K, a PF of 0.235x 10~ W cm™' K™/,
and a ZT of 4.6 from first-principles calculations.*® Group
6 materials with layered structures are effective TE materi-
als due to their unique crystal structure and plane modula-
tion. Tewari et al. and Gascoin et al. obtained maximum
ZT values of 2 and 1 for CuCrS, and AgCrS, at 300 K and
848 K, respectively.*>* A sandwich-like structure of the
compound (AgCrSe,), s(CuCrSe,), 5 exhibited a ZT of 1.4
at 773 K.** Group 7 materials, including binary (e.g., GeTe),
ternary (e.g., Ag-Sb-Te), and quaternary (e.g., Ag-Sb-Pb-Te
or Ag-Sb-Ge-Te) compounds, are formed by phase separa-
tion, nucleation, growth, and spinodal breakdown. Zhang
et al. created composites (Ag,Te/Sb,Te;) with a ZT of 1.53
at 500 K through a nanodomain boundary-induced decrease
in thermal conductivity.*> The [(GeTe),,(AgSbTe,)]100.m
system, which is rich in GeTe, has extraordinary electrical
conductivity, a high Seebeck coefficient, and relatively good
thermal conductivity, but with defects such as metal vacan-
cies and Te stoichiometry deviation. Group 8 comprises

binary or ternary Cu or Ag chalcogenides, with Cu,Se and
Cu,S exhibiting remarkable TE performance. The a-phase
of Cu,Se exceeded 469.5,** whereas Nb-doped AgBiSe,
exhibited a ZT of 1 at 773 K.*> Group 9 includes Ga-Te
systems such as Ga,Te,, with low thermal conductivity, and
non-layered transition metal chalcogenides such as MnTe,
Ce,Te,, CeSe,, and FeS,, which are promising for their com-
plex crystal structures.

Synthesis of Chalcogenides

A multitude of diverse synthetic methods can be employed
for the production of chalcogenides, including flux- and
melt-based synthesis, vacuum/high-temperature deposition
from the gas phase, hydrothermal synthesis, and solution-
based synthesis. These techniques also include conventional
direct-combination high-temperature methods. Innovative
strategies include metal-nanoparticle-suspended alloy syn-
thesis, the low-temperature synthesis of nanostructured
metal oxides and chalcogenides, salt-inclusion synthesis,
and various processes for synthesizing porous materials
(Fig. 4). Traditional solid-state synthesis involves high-
temperature (about 1273 K) direct reactions of pure ele-
ments mixed in appropriate stoichiometric ratios. Using
the Bridgman method, Yamashita et al.*® demonstrated
that adding 8 wt.% excess Te provides p-(Bi ,5Sby 75),Te;,
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Fig. 4 Different synthesis methods for processing thin film, polycrystalline, and single-crystal materials.>’
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while 0.017 wt.% Te and 0.068 wt.% I-doping yield n-type
Bi,(Te( g45€ o6)3- Annealing produced ZT values of 1.88
(p-type) and 1.59 (n-type) at 298 K for the two materials.*®
The modified Bridgman approach achieved a maximum Z7T
of 2.1 for SnSe-2SnTe with a PF of ~5.5% 107> Wm™ K2
at 793 K.*’ Similarly, Sn, 9sSe was synthesized via a hydro-
thermal method at 873 K with a low PF value of approxi-
mately 0.777x 107> W m~! K=2.* Multilayer Mo-SnSe films
and 2.6 at.% Mo-doped SnSe films, produced via magne-
tron sputtering, exhibited a PF of 0.44x 10™* W m~! K2 at
576 K, outperforming undoped SnSe films due to the hetero-
junction.*” Melting and ball milling improved the TE prop-
erties of aluminum-doped Cu,Se (Cu, ,Al, 1,Se), achieving
ZT of 2.62 at 1039 K. However, these materials are less
suitable for low-temperature applications.>

Alkali or Alkaline Earth Metal Chalcogenides
and Their TE Applications

Alkaline metal chalcogenides and alkaline earth compounds
crystallize in an antifluorite structure resembling sodium
chloride.>® Rare-earth chalcogenides exhibit a variety of
physical properties, particularly in quaternary systems.
Te-rich alkali metal tellurides have distinct structural and
transport characteristics. Rare-earth chalcogenides (e.g.,
RX,, R,X3, R3X,, and RX) exhibit mixed valence effects,
differing significantly from oxides and necessitating differ-
ent handling methods.

Alkali metal carbon nanotubes (AM-CNTS) are consid-
ered promising TE materials due to their notable electrical
conductivity, whereas doped semiconducting single-walled
CNTs (SWCNTs) are recognized for their exceptional See-
beck coefficient. Despite the considerable attention received
by carbon nanotubes doped with p-type materials, their
n-type variants have lagged,”>>* primarily due to concerns
regarding their stability. Dorling et al.*® introduced a carbon
nanotube dissolution technique, enabling the production of
n-doped films. These films exhibit a favorable Seebeck coef-
ficient in addition to high electrical conductivity, making
them appealing candidates in the realm of TE applications.>
The hybrid system, which combines an alkali metal TE con-
verter (AMTEC) and a segmented TE generator (STEG),
shows promise for thermal-to-electric conversion. This tech-
nology has sparked significant interest due to its potential
for home, military, and aerospace applications.”® AMTEC
has limitations such as 15% conversion efficiency and time-
dependent power depreciation. Research on novel electrode
materials>®*’ and enhanced manufacturing techniques can
address these issues.”® Some alkali-based TE materials have
shown good TE performance, as listed in Table I below.

In the creation of TE materials, heavy components in
narrow-bandgap semiconductors are commonly used.

Tellurides, in particular semiconducting lanthanum chalco-
genides, are prominent in TE investigations and hold prom-
ise for high-temperature applications.®® A detailed analysis
presented in Table I shows the energy bandgap, Seebeck
coefficient, electrical conductivity, and ZT values of calcium
chalcogenides at specific temperatures, as obtained from
DFT calculations. Although showing satisfactory results
through theoretical studies, the alkali and alkaline earth
metal chalcogenides have not yet seen any practical appli-
cations apart from AMTEC. The reason for these failures
could be the high reactiveness and oxidation properties of
these elements when exposed to the atmosphere. In addition,
alkali metals are good conductors of heat, which makes them
less suitable for TE applications where the phonon-glass
electron-crystal approach is important. Therefore, focusing
on these branches of materials is imperative in order to bring
them into TE material application.’ So far, these materials
have been widely used as guest materials®® to modify the
electronic structure of existing TE materials and enhance
their performance.

Transition Metal Chalcogenides and Their TE
Applications

Transition metal chalcogenides (TMCs) are monochal-
cogenides or dichalcogenides with the general formula
M, X,,, where M represents transition metals (Sc, Ti, V,
Cr, Mn, Fe, Co, Ni, Cu, and Zn) and X represents lay-
ered or unlayered S, Se, and Te. The most widely stud-
ied ultrathin materials besides graphene and hexagonal
boron nitride (h-BN) are TMCs.®® The layered structure of
TMCs, which differs in its electrical and chemical proper-
ties from bulk semiconductor material, is one of its most
notable characteristics. Sulfides, selenides, and tellurides
are only a few of the key structural types that the TMCs
represent. Typically, binary stable layered crystal forma-
tions are created when transition elements from groups IV
to VII-B combine with elements from group VI-A, such as
S, Se, and Te. The usual formula for these layered TMCs
consists of a transition metal atom from group IV-B (Ti,
Zr, Hf), group V-B (V, Nb, Ta), group VI-B (Mo, W), or
group VII-B (Tc, Re), plus a chalcogen atom from group
VI-A (S, Se, Te). Except for the bandgap (Ep, which
depends on the chemical combination, the total number
of layers, and whether adoption of atoms is present, the
bulk structure and features of TMCs almost exactly mimic
semimetal pure graphene. The E, of TMCs ranges between
0 eV and 2 eV. The E, in sulfides is normally 1-3 eV,
although it decreases in selenides and nearly disappears in
tellurides. For group VI transition metal dichalcogenides
(TMDs) that consist of tungsten disulfide (WS,), molyb-
denum disulfide (MoS,), and molybdenum diselenide
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Table| Properties of TE

materials based on alkali or Material Model Temperature (K) Energy band- Sgebeck coe_f{'“l- zT

alkaline earth metals>~% gap (V) cient WV K7)
CaO-rock salt DFT+BTE 1200 3.691 275 0.7
CaO-hexagonal 2.489 150 0.5
CaS-rock salt DFT+BTE 1200 2.409 175 0.6
CaS- hexagonal 225 3.163 300 1.35
CaSe-rock salt DFT+BTE 1200 2.061 185 0.7
CaSe- hexagonal 510 3.028 350 1.45
CaTe- rock salt DFT+BTE 1200 2.602 150 0.4
Na,Te (p-type) DFT +BTE 300 2.48 123 0.25
Na,Te (n-type) DFT +BTE 300 2.48 25 0.11
SrCdSnS DFT +BTE 800 3.25 -94 0.019
SrCdSnSe DFT +BTE 800 3.00 -10 0.60
SrCdSnTe DFT +BTE 800 1.90 53 0.09
NaBiSe, Experiment 596 - =510 0.025
NaBi, ;5Sb, 555€, 596 - -250 0.24
NaBi, sSb, sSe, 596 - -550 0.01
Na,GeS; DFT 1000 2.5 300 0.92
Na,GeSe; DFT 1000 23 400 0.90
Na,GeTe, DFT 1000 1.5 700 0.85
MgDy,S, DFT 600 - 900 -
MgDy,Se, DFT 600 - 400 -
CsAgsTe, DFT 727 0.67 650 1.40
CsAgsTe, SPS 673 - 240 0.67

DFT density functional theory, BTE Boltzmann transport equations, SPS spark plasma sintering

(MoSe,), numerous instances of phase alteration owing
to chemical interactions have been observed. These mate-
rials might be essential for upcoming studies as well as
practical applications.”® Ternary metal chalcogenides are
a suitable substitute for hazardous binary metal chalcoge-
nides, such as cadmium chalcogenides. The most difficult
compounds to produce are those with the general formula
MM' ' M"” X, (M = transition metal, M'/M" = transition
or other metal, and X =S, Se, or Te). In terms of their
electrical, chemical, and thermal properties, many TMCs
may form crystals with layers that are more anisotropic
than graphite. Groups IV through VII of the TMCs fre-
quently have a hierarchy system, whereas groups VIII and
X usually have non-layered structures. Due to their distinct
characteristics, single-layer TMDs are ideal for research in
both fundamental and technologically significant fields.”!
The typical structure of TMDs is shown in Fig. 5.

As a result of the low thermal conductivity (x) and
high Seebeck coefficient (S), the TMCs have also been
explored for their distinctive geometry and electrical
properties as good TE candidates. These applications
are described in more detail below. The TMCs are subdi-
vided into five groups, namely, metal-rich chalcogenides,
monochalcogenides, dichalcogenides, pyrites, and tri- and
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tetra-chalcogenides. A detailed description of each subdi-
vision is provided below.

Metal-Rich Chalcogenides

The late lanthanides and early transition metals contain
the vast bulk of metal-rich chalcogenides (Sc, Y, and Ti).%
Chalcogenide monolayers end up with numerous thick
blocks of transition metal atoms in the intriguing family of
solid-state structures known as transition-metal-rich chalco-
genides.” Ta,Se, the earliest transition-metal-rich chalcoge-
nide, was prepared using the arc-melting procedure. Ta,Se
is the intercalation of two layers of Se between every four
layers of Ta. DFT-based full-potential linearized-augmented
plane wave computations were used to analyze the structural,
electrical, optical, and thermodynamic characteristics of
ScX (X =S8, Se, and Te) and the associated ternary alloys.’*
In transition-metal-rich chalcogenides, the transition metal
frequently adopts the anti-format of TMDs, taking the form
of an octahedron or trigonal prism with chalcogen elements
at the center.”® Figure 6 illustrates the interaction process
between metals and chalcogenides.

The high inherent conductivity of metal-rich chalcoge-
nides negates the need for additional conductive materials
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Fig.6 Common structural motifs of metal chalcogenides. The dominant structural motifs can be understood as primarily ionic, metallic, or
motifs in between these two extremes. Reprinted from Ref. 75, under Creative Commons license CC BY.

or sophisticated nanostructuring, in contrast to chalcogen-
rich metal chalcogenides. Less research has been devoted to
metal-rich chalcogenide materials than to the huge family of
stacked TMDs. Metal-rich chalcogenides are anticipated to
be crucial in upcoming scientific research and commercial

applications.”® As TE materials, metal-rich chalcogenides
have also been studied, but not extensively. The TE prop-
erties of these materials require further analysis before
being used as TE materials. There are a few materials such
as nickel antimonide telluride or selenide, complex silver

@ Springer
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tellurides, and palladium selenide which exhibit TE proper-
ties, as presented in Table II.

Transition Metal Monochalcogenides

Compounds such as TiX and MnX, where X=0, S, or Se;
and VS and Sc-S with S =S, are examples of transition metal
monochalcogenides (TMMs). It is challenging to produce
chemically separate TMMs, the 1D vdW-wired materials.””
Recently, bulk MoTe, was successfully vacuum-annealed
to create MoTe.®? Most of the time, TMMs were found in
mixtures with bulk TMDs or in bundles, making it difficult

to characterize their unique features. Researchers working
to understand the nature and possible uses of the vdW-wired
materials still face a substantial hurdle in the manufacturing
of single-wired TMMs.%!

A simple procedure for separating MoTeNWs with well-
defined atomic structures was developed by using a CNT
template for self-assembly. Complex structural dynamics
were observed in a single MoTeNW within a CNT; this has
never been observed in bundled MoTeNWs.** Mo, TeS and
Mo, TeSe, the other two TMMs, showed similar robustness
and topological feature modification under external load.
M¢Xs M =Mo and W; X =S, Se, and Te) 1D metallic TMM
nanowires exhibited structures and intrinsic anisotropic

Table Il Properties of TE materials based on metal-rich  metallic characteristics that make them potential candidates
chalcogenides’®7® for nanodevices.®* Using a first-principles calculation, Gao
Material Power factor Seebeck  Tempera- Resistivity et al. showed that the hole-free CuSe has the Dirac nodal
(Wm™'K™?) coefficient ture (K)  (Qm) line fermion (Fig. 7), which was subsequently produced on

WV K™ the surface of Cu (111) via molecular beam epitaxy (MBE)

Pd;InSe 05x 10! ~ 300 5.25% 10-2! and has promising characteristics.®® Chin et al.?? demon-
PdyIn,Se 2 75% 101! B 300 230% 10-2! strated the use of 2.1 planarized solid-state chemical reaction
NigoSbTe,  4.11x107% - 300 4% 10-10 to pr(?d'uce ultrathin ZD TMMs. 'Ev'en thngh the results ar'e
RbAg,Te, _ 700 350 _ prorplsl'ng, these materials ar.e s't111 in their infancy, ar.ld their
Rb,Ag,InTe, - 350 350 3 fabrication challenges make it difficult to apply them in prac-

a planarized

tical applications. Monochalcogenides, which are transition
materials, must be manufactured using practical methods for
their application in devices.
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Fig.7 Features of 2D crystals grown by planarized reaction: selected area electron diffraction (SAED) and Raman spectra for Cu,S grown under
planarized growth conditions can be seen. Reprinted from Ref. 82, under Creative Commons license CC BY.
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It can be seen through a literature survey that out
of the various transition metals, Cu and Ag have been
explored to a greater extent, leaving room for explor-
ing the other materials from this branch.?-!1%!7 The TE
properties of the transition-metal-based materials are
shown in Fig. 8, and some are tabulated in Table III. The
investigation shows that Cu-based chalcogenide materi-
als, which exhibit peak performance in the mid- to high-
temperature range, are promising candidates for use in
TE generators. In contrast, Ag-based materials with high
ZT values within the ambient temperature range, emerge
as optimal choices for Peltier coolers. Further, Al-doped
Zn0 (Al 1,Zn ¢gO), although an oxide material, exhibits
the highest ZT of 0.3 at 1000 K.''®!!° By using a void-
forming agent, namely carbon nanoparticles or organic
polymers, a distinct type of Al-doped ZnO has exhibited
elevated ZT of 0.4 at 773 K (shown in Fig. 9). Complex
crystal structures'?°7122 are formed by the quaternary
chalcogenide materials, which are beyond the scope of
this review article and therefore are not discussed here.

Transition Metal Dichalcogenides

Because of the wide range of fascinating properties of TMDs
and their potential use in developing technologies, research
on these materials is likely to remain important. A TMD
consists of a metal (M) sandwiched between two atomic
layers of chalcogen (X). The typical atomic ratio in multi-
layer TMDs to produce MX, is one transition metal to two
chalcogen atoms, with a few exceptions: 1:1 metal chalco-
genide (MX) and 2:3 quintuple layers (M,X5). Within the
chalcogen—metal—chalcogen configuration are weak van der
Waals (vdW) connections between every chalcogen—chalco-
gen layer in the z-direction, and these contacts are one layer.
For metal dichalcogenides, the oxidation state is +4, and for
chalcogenides, it is —2.!2*!2 The structure of 2D TMDs can
be classified as trigonal prismatic (hexagonal, H), octahedral
(tetragonal, T), or distorted phase depending on the arrange-
ment of atoms (Fig. 10).1%

TMDs are particularly well suited for TE applications due
to their very high electrical conductivity and comparatively
moderate thermal conductivity.'>> The ideal temperature
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Fig.8 (a) Phase mapping grain size distribution, structural character-
istics of single-crystal, polycrystalline, and mosaic crystal materials,
dependence of S on Hall carrier concentration at 1000 K, tempera-
ture dependence of PF, k, and ZT of Cu-Se-S compounds. Reprinted
with permission from Ref. 86. Copyright 2024, Springer Publish-
ing Company. (b) Temperature-dependent Z7T for Cu,S-, Cu,Se-, and
Cu,Te-based liquid-like TE materials. Reprinted with permission from

Ref. 87. Copyright 2023, CC BY 4.0, Wiley. (c) Changes in electri-
cal conductivity (o), Seebeck coefficient (S), and PF as a function of
temperature of Cu,S using different elements for reducing the oxida-
tion and thermal decomposition. Reprinted with permission from Ref.
88. Copyright 2024, Elsevier. (d) Temperature-dependent TE properties
of Cu,Te,_,,S,Se, and Cu,_,Ag Te,S,,Se,, samples. Reprinted with
permission from Ref. 88. Copyright 2024, Elsevier.
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Table lll Transition-metal-based TE materials and their TE properties

Material Preparation method Thermal conductivity ZT Temp (K) References
(Wm™' K™
a-Cu,Se - 0.5 1.5 1000 89
Cu,Te Annealing ~1.2 1.1 1000 90
a-Ag,_ CuSe Solid-state reaction ~0.5 0.9 693 91
p-Cu,_, Se - 1.2 1.5 1000 89,92
Cu,Se-MWCNT (1%) Reduction method - - 450 93
Cu,S Ball milling - 1.5 450 88
Ag,Te nanoparticles Hydrothermal method 0.45 1.7 373 94
Cu, oS SSR +SPS 0.48 1.63 1000 95
Cu, oMn ;S SSR +MA +SPS 1.25 1.41 700 96
Cu,_,S HP 0.62 1.23 710 97
Cu, §Sbg 0,50 35 MA +SPS 0.6 1.1 773 98
Cu, gNag (sS MA +SPS 0.76 1.04 773 99
Cu,_,S-0.25%C WC+SPS 0.47 1.01 773 100
Cu, ¢S HTS + MA + SPS 0.68 1.00 773 98
Cu, ¢S-1%Ru MA +SPS 1.05 2.4 773 101
AgCuSe ¢S 4 Melting-annealing - 0.53 300 102
Ag; 96SeS Melting 0.62 0.73 493 103
(Ag(99CUg 01)25€S( o Melting 1.14 0.45 372 104
Ag,Se+5 mol.% nano-Cu2Se Melting + SPS 2 0.7 875 105
Ag,Se+5 mol.%ZnSe MA +SPS 1.2 - 383 105
Ag,Se+CuAgSe +PEDOT + nylon substrate Thin film 0.46 1.2 300 106
Ag,Se+SWCNTSs +nylon substrate Thin film - 1.56 300 107
Ag,Se on PI substrate Thin film 0.66 1.1 300 108
Cu,S Powder M+SPS - 2.7 800 109
Cu,Se; (;5/0.1 mol.% BiCuSeO M+SPS - 2.1 973 110
Cu, ¢6Nay o4Se micro-pores HM +HP - 0.3 973 111
Cu,Se, ;Te 5 solid solutions BM+CP - 1.47 500 112
Cu,Te-0.4 graphene (composites) M+ SPS - 1.25 1000 113
Zn0O Solid-state reaction - 0.06 1100 114
PtPS DFT - 0.3 300 115
PtPSe DFT - 0.4 300 115
PtPTe DFT - 25 300 115

SSR solid-state reaction, SPS spark plasma sintering, MA mechanical alloying, HP hydraulic pressing, WC wet chemical synthesis, HTS or
HS hydrothermal synthesis, M melting, HM hydrothermal method, BM ball milling

range for using TMDs as TE systems is between 600 K and
1000 K, where the ZT values of these compounds vary from
0.1 to 0.6. The band structure of the materials is linked to
TE values found in the TMD single-crystal flakes and films,
which represent the inherent transport abilities of the mate-
rial. Therefore, flake samples offer a perfect environment for
investigating the TE capabilities of these materials. Highly
aligned and dense polycrystalline materials may be capa-
ble of conducting electricity and TE transport capabilities
that are quite like those of their single-crystal counterparts.
The TE properties in TMDs have been studied primarily in
MoS,, although other materials such as TiS,, WSe,, PtSe,,
and 1T-MoTe, have also been the subject of study.

@ Springer

Improved TE performance in TMD superlattices has
been achieved by utilizing phonon scatterers and a blend
of materials that have various structural and transport
properties as interfaces. The TMD samples have been
generated as nanoflake complexes through liquid-phase
exfoliation and restacking using drop casting or inkjet
printing because vdW bonding is weak. Chemically
exfoliated WS, and NbSe, nanosheet assemblies allow
for the practical development of a flexible TE genera-
tor using TMDs.'?® These TMDs, which have PF values
of 0.005-0.007x 107> W m~! K=2 in n-type WS, and
0.026-0.034 x 10~ W m~! K% in p-type NbSe,, are the
ideal values for nanosheet assemblies. A concept for a
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TMD-based solid-state thermionic appliance, which might
serve as a generator or refrigerator, was also proposed.
The method used a vdW heterostructure with two TMDs
(WSe, and MoSe,) and two electrodes made of graphene.

TMDs have significantly lower thermal conductivity than
graphene, making them suitable for high-performance TE
applications. It would be intriguing to create TMD-based
wearable electronic devices that use the temperature differ-
ence between the human body'?’ and the surrounding air to
generate power.® MoS, with reduced graphene oxide nano-
composite (MoS,-RGO) enhanced the TE performance of
molybdenum disulfide by 5920%. TE enhancements were
made possible by the MoS,-RGO nanocomposites largely
due to their improved electrical conductivity, enhanced
Seebeck effect, and concomitant reduction in the thermal
conductivity of MoS,.

In p-type and n-type MoS, and WSe,, the ZT was pro-
jected as being close to unity (ZT values for some of the
TMD materials are given in Table IV), varying according to
the number of atomic layers, and achieved the optimal value
for one or two monolayers (MLs). To attain a remarkable ZT
of 1.87 at 800 K, it was discovered that the thickness of the
SnS, nanosheet was reduced to approximately three MLs,
where S and ¢ along the in-plane directions would increase
and k would decrease. The band structure and TE character-
istics were tuned by varying the thickness from one to four
MLs for MoS,, MoSe,, WS,, and WSe,. The predictions
for the TMD heterostructure were equally promising. In the

Table IV TE properties of some of the TMD systems

MoS,/WS, hybrid nanoribbons,'* it was anticipated that
the MoS,/WS, contact would result in a ZT of 5.5 at 600 K
by decreasing the lattice thermal conductivity more than
electron transport. Glassy phonon transport and interface
scattering in the ML ZrSe,/HfSe, superlattice implied strong
n-type PFs with substantial electronic band degeneracy. Cal-
culations for the ZT obtained a value of 5.3 in the n-type
superlattice at 300 K and 3.2 in the p-type superlattice. The
p- and n-type doping predicted ZT values of 1.1 and 0.3,
respectively, at 300 K, and even as large as ZT> 4 at 800 K
for exceptionally thin BP/MoS, bilayers.'?®

TMDs might outperform graphene in the field of thermo-
electricity because of their low thermal conductivity, high
effective mass, valley degeneracy, adaptable and program-
mable transport characteristics, band structure sensitivity,
and confinement-sensitive phonon spectrum. In addition,
due to their unusual electrical characteristics and customiz-
able band structure, TMDs have sparked widespread interest
as possible TE materials.'*’ Recent research has looked into
numerous techniques for improving the TE performance of
TMDs. Theoretical calculations and computational modeling
are critical in predicting and understanding the TE character-
istics of TMDs, directing experimental efforts toward their
material design and optimization. Current research focuses
on the integration of TMD-based TE modules into practical
devices such as waste heat recovery systems,'*! wearable
energy harvesters,'*? and portable cooling systems. 4144
Despite these advances, problems such as improving their

Sample Compound type Power factor (W m~' K™2) ZT Temp (K) References
Highly oriented polycrystalline TiS,  Polycrystalline 1.7%x1073at 325 K 0.45 800 131
with Cu intercalation
rGO-MoS, and rGO-WS, composites Composite prepared from liquid-phase — 0.022-0.025 300 131
exfoliation
1T-MoS,/PEDOT:PSS composite Composite prepared from liquid-phase — 0.04 300 131
exfoliation
TiS, - 0.371 0.16 300 131
TiSSe DFT - 1.04 300 132
TiSTe DFT - 0.95 300 132
TiSeTe DFT - 0.88 300 132
CuSbs, Bridgman technique 0.01152x 107 0.988 503 133
CuGaTe, + Sb alloying Alloying - 0.33 300-623 134
CoTe, Vacuum solid-state reaction 330x107° 3.7x1072 619 135
NiTe, Vacuum solid-state reaction 80x107° 44x107 617 135
FeTe, Vacuum solid-state reaction method - 1.3x1072 617 135
FeTe, - - 157107 373 136
Fe, sCo, sTe, SPS 0.18 600 137
Ag,Sb, i,Te, Arc-melting 0.6 0.61 750 138
AgSbTe, Hg doping - - 570 139

DFT density functional theory, SPS spark plasma sintering
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overall TE efficiency, boosting the stability and depend-
ability of TMD-based devices, and lowering the production
costs for large-scale applications still remain. Nonetheless,
recent research indicates that TMDs show great promise as
TE materials and will play an important role in the future of
energy harvesting and thermal control systems.

Pyrite and Related Disulfides

Pyrite, an iron disulfide with the formula FeS,, is com-
monly referred to as “firestone.” One well-known example
of a cubic structure type with the general composition AB,
is the mineral pyrite. Pyrite is classified as a semiconduc-
tor due to its bandgap of 0.95 eV. Pure pyrite is intrinsi-
cally n-type in both its crystal and thin-film forms. This is
most likely due to sulfur vacancies acting as n-dopants in
the pyrite crystal structure. Among the advantages of this
material are its abundance, nontoxic nature, low cost, high
quantum efficiency, and increased optical absorption coef-
ficient. The interatomic separations in disulfides including
pyrite structures were studied by Birkholtz et al.'*> The sul-
fur atoms are arranged in pairs along the trigonal axis of the
lattice, with each sulfur atom situated approximately 3/8ths
of the diagonal length away from a metal atom (Fig. 11).
Gudelli et al.'*® investigated the electronic structure and
TE properties of the marcasite (m) and synthetic pyrite (p)
phases of FeX, (X =Se, Te) using the Boltzmann transport
equation and first-principles DFT. Except for marcasite
FeTe,, which was more favorable to electron doping, the

SE NS\ o

Fig. 11 Atomistic representation of a unit cell of pyrite. The brown
spheres represent Fe and yellow spheres represent S. Reprinted with
permission from Ref. 147. Copyright 2008, Springer Nature.

computations demonstrated that all of the examined com-
pounds are excellent TE materials for p-type doping. Mar-
casite FeSe, performed better than any other material for
p-type TE applications. The crystal symmetry was weaker
than that of rock salt due to the sulfur dimers that occupy
the anion sites along the <111> direction. A unit cell of
pyrite contains four units of FeS,. The distorted octahedral
field results from the coordination of each S atom to three Fe
atoms and its dimer counterpart, as well as the coupling of
each Fe atom to six S atoms,'*’ as shown in Fig. 11.

The ideal form of iron pyrite, FeS,, is a 2D TMD with
prospective uses in the chemical, optical, and electronics
industries. Its small bandgap makes it perfect for ultrafast
applications in the near-infrared spectrum.'*® FeS, is being
considered as a potential component for TE and battery
cathode applications.'* Iron pyrite can be produced using a
variety of vapor-phase and solution processing methods such
as sulfurization of iron and iron oxide thin films, chemical
vapor deposition, electrodeposition, spray pyrolysis, hydro-
thermal techniques, sputtering, hot injection, and electro-
chemical deposition.

FeS, exhibits higher thermal conductivity than CoS,
and MS,.”? For its mineral compound and a single crys-
tal, thermal conductivity values of 23 W m~! K~! and
45 W m~! K7!, respectively, were reported. A new category
of wide-bandgap p-type TE materials known as Cu,MSnX,
includes quaternary chalcogenides that resemble chalcopy-
rite and are doped with copper (M =Zn, Cd; X=S, Se).150
The TE properties of undoped and doped FeS, are listed in
Table V.

Due to the chemical instability by forming sulfuric acid
and ferrous oxide when coming into contact with air and
moisture, these materials are unsuitable as a TE material
at high temperatures. In addition, their high conductivity
impedes their application in this field. From the literature,
it is also clear that pyrite as such has not shown any pro-
nounced result as a TE material, but in the future, doping it
with suitable impurities might bring this material into the
actual area of TE applications. Therefore, it can be con-
cluded that this branch of chalcogenide materials is still open
for further exploration.

TableV TE properties of
undoped and highly doped FeS,
samples 14

Sample Electrical con- Seebeck coef- Thermal conductiv- ZT (300 K)
ductivity (Sm™") ficient (uV K™ ity (Wm™' K™

Undoped FeS, (p-type, 16 nm) 3.1 73 1.2 4.1x107*

5% Co-doped FeS, (n-type) 19.5 -53 2.3 7.0x1074

4% Se-doped FeS, (p-type) 10.1 63 1.7 8.0x107*
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Tri- and Tetra-Chalcogenides

The transition metal tri-chalcogenides are a low-dimensional
family of materials sharing similar distinctive physical prop-
erties. They have layered and chain-like characteristics in
their crystal structure. Trigonal MX prismatic columns
form the framework of the structure. The monoclinic crystal
structure is seen in the semiconductive ZrSe; compounds.
The strong chalcogen—chalcogen bonds in the prisms, which
preserve pairs of electrons per unit cell, are mostly responsi-
ble for the nonmetallic character of the crystal. Niobium and
tantalum are two low-dimensional materials that are good
examples of transition metal tri-chalcogenides. The electri-
cal properties of these compounds are controlled primarily
by metal pairing in chains and chalcogen pairing around
metal atoms. A new set of halogenide transition metal tetra-
chalcogenides with the general formula (MX,),Y, where M
is Nbor Ta, Xis Sor Se, Yis Cl, Br,or I, and nis 2, 3, or
4, were produced by heating the components in enclosed
silica tubes at temperatures ranging from 500°C to 600°C.
The TE properties of some of the tri- and tetra-TMCs are
shown in Table VI.

Transition metal tetra-selenides (MSe,) were examined
by Gressier et al.'>> Recent research has led to the synthe-
sis of novel transition metal tetra-chalcogenides (MX,),Y
(M =Nb, Ta; X=S, Se; Y =halogen) in relation to low-
dimensional phenomena such as the Peierls distortion and
the sliding charge density wave (CDW). Each MX, chain
contains an atom of a metal, M, sandwiched between two
nearly rectangular X4 units.'>® Chianelli et al.'*’ discovered
that n-butyl-lithium typically produces a ternary phase of
the form Li;MX; when it reacts with transition metal tri-
chalcogenides.'”’ ZrSe;-type or TiS;-type are two extremely
similar monoclinic structures that can be seen in either or
both of the crystalline structures of transition metal tri-chal-
cogenides in bulk form. Figure 12 shows the TiS; crystal
structure.

Anisotropic TE properties are thought to be significant in
bulk, multilayer, and ML MX3 materials. ZrS; has a greater
PF (S%0) along the x-direction, but travels more slowly
along the y-direction. According to the DFT investigations

of ZrSe; MLs, solid anisotropy of the electric transport char-
acteristics might result from corrugated conduction levels.'>>
Transition metal tri-chalcogenides are extraordinary two-
dimensional materials that stand out from other materials
due to their inherent electronic, optical, electrical, magnetic,
and superconducting properties as well as their ability to
transport CDWs. !> While tremendous progress has been
made, issues such as achieving high TE performance over
a wide temperature range and improving the stability and
dependability of TMC-based devices remain to be addressed
before the branch can be brought into mainstream applica-
tions. However, continuous research and development of tri-
and tetra-transition-metal chalcogenides shows potential for
developing the TE technology and tackling global energy
concerns.

Thermoelectric Applications
of the Main-Group Chalcogenides

PbTe, GeTe, Bi,Se;, Sb,Te;, AgSbTe,, and Ge,Sb,Tes are
a few of the main-group chalcogenides.'®*!°! These materi-
als and their compounds have unique physical properties
and are used in phase-transition materials, TE materials, and
topological insulators. The inclusion of the main group of
metals and the composition and structure of these materials
have a significant impact on their characteristics. For chalco-
gen atoms and group 13/14 metals, tetrahedral coordination
geometry is the most desirable coordination mode. Binary
intermediate phases (In,S;, In,Se;, GeS, SnSe, and SnS)
are frequently produced as reaction by-products. However,
because of their low solubility in common solvents, metal
and chalcogen ions may precipitate, impeding the formation
of complex frameworks by the reaction process. The solvo-
(hydro)thermal technique, high-temperature solid-state pro-
cesses, solution synthesis, and others have all been used to
create crystalline chalcogenides. !¢

Metal monochalcogenides have the chemical formula
MX, which comprises group IV metals such as Si, Ge, and
Sn, and chalcogens such as S and Se. GeS possesses a direct
bandgap between 1.58 eV and 1.61 eV, whereas SnS, SnSe,

Table VI Thermoelectric

. Sample Method Thermal conductivity ZT Temperature References

pr.opertles of some Qf the Wm™ K™

tri- and tetra-transition metal

chalcogenide systems Nag,osCusSs nano- BM +SPS - - 773 151

powders

Ag,ZnGeS, DFT - 2.5 600 152
Ag,PbGeS4 DFT - 2.5-3 600
Cu,CoSnSe, DFT 0.7 0.75 773 153
BaCu,GeS, DFT - 1.01 100 154

SPS spark plasma sintering, DFT density functional theory, BM ball milling
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Fig. 12 (a) The crystal structure of anisotropic TiS; showing the bond
lengths between titanium and sulfur along the b- and a-axis, with the
shorter bonds along the b-axis. (b) Calculated electronic energy band
structure along the symmetry directions of the Brillouin zone (G-Y-

C-X-G) and the projected density of states (PDOS) of the optimized
structure of ML TiS;. The direct bandgap E, of ML TiS; is indicated
by the red arrows. Reprinted from Ref. 158, under Creative Commons
license CC BY Copyright 2020, Royal Society of Chemistry.
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Fig. 13 Crystal structure of the 2D metal monochalcogenides SnSe, SnS, GeSe, and GeS. (a) Side view perpendicular to the zigzag direction, (b)
top view, (c) side view perpendicular to the armchair direction. Reprinted from Ref. 163, under Creative Commons license CC BY.
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Table VIl Calculated lattice parameters and bandgaps of SnSe, SnS,
GeSe, and GeS '%?

Composition Lattice parameter (A) Bandgap (eV)
Monolayer Monolayer Bulk
a b GGA GGA
SnSe 4.46 4.29 0.99 0.65
SnS 4.31 4.07 1.42 0.86
GeSe 4.41 3.99 1.16 0.83
GeS 4.48 3.70 1.71 1.18

GGA generalized gradient approximation

and GeSe have near-infrared (< 1.45 eV) indirect bandgaps.
By the alternation of metal and chalcogen atoms along the
zigzag (y) and armchair (x) planes, a puckered or wavy layer
structure is created (Fig. 13).

Despite possessing a finite bandgap (as shown in
Table VII), monochalcogenides exfoliated into atomically
thin layers have attracted increasing interest because of their
competitive characteristics compared to graphene. GeSe is
a IV-VI p-type semiconductor with a layered crystal struc-
ture and a narrow bandgap of 1.08 eV.'®* The structural
transitions between the phases lead to significant changes
in the electrical characteristics of the material.'®>~1%7 Low-
dimensional semiconducting materials with applications in
the emerging microelectronics field have mainly focused on
bandgap and high carrier mobility. %1%

Monochalcogenides have significant ZT values at room
temperature, with p-SnSe exhibiting a ZT'~2.06 at 300 K.'?®
Since the TE properties of a material greatly depend on the
structure of the crystal, Hu et al.'® examined the energy
and TE characteristics of four distinct SnSe (4, y, J, and
€) ML phases combined with a-SnSe using the ab initio
DFT approach. Figure 14 presents the ZT values of SnSe
MLs with different phases at 300 K. Using the semiclassi-
cal Boltzmann theory, the TE transport characteristics and
coefficients were extracted from the electronic structure.
Due to its nontoxic, earth-abundant, and chemically stable
nature, SnSe exhibits the highest TE performance among the
different TE materials and has potential uses in TE appli-
cations. Based on calculations of the TE characteristics at
different doping levels, and because of its poor lattice ther-
mal conductivity (Table VIII), B-SnSe exhibits the highest
ZT.""" For SnSe, ZT=2.63 and 2.46; for SnS, ZT'=1.75 and
1.88; for GeSe, ZT=1.99 and 1.73; and for GeS, ZT=1.85
and 1.29 along the armchair and zigzag directions, respec-
tively. Wubieneh et al.!”® examined the effect of Ge dop-
ing on SnSe, and found that (Sn;_,Ge )Se is a promising
alternative for highly efficient TE materials. Further reduc-
ing the dimensionality can improve the efficiency of TE
materials.'%

@ Springer

It is observed that two-dimensional materials have higher
Seebeck coefficients than bulk structures, with GeS hav-
ing the highest value, at 2810 uV K~! at ambient tempera-
ture. GeSe single crystals produced using several transport
agents, such as physical vapor transport and chemical vapor
transport using I, and NH,Cl, were investigated by Solanki
et al.!”! for TE PF studies. According to their data analysis,
GeSe is an effective TE material. GeTe, PbTe, and related
materials showed low thermal conductivity, strong stability,
and high ZT values in the moderate-temperature range of
300-900 K. Further improving their TE performance is pos-
sible by doping, making composites, building micro/nano-
structures, and recrystallization of these materials. Accord-
ing to Hodges et al.,'” the new Pb o5_ Nag 0, ,%HgSe
system has outperformed all other p-type PbSe systems to
date and exhibited a PF value of 2000 W m™' K™ at 950 K,
setting a record-high ZT of 1.7. Increasing the PF is often far
more challenging with top TE materials than reducing heat
conductivity.!”> The ZT values of some of the monochalco-
genides are shown in Fig. 15 and listed in Table IX.

Recently, 2D main-group metal chalcogenides such as
GeS, SnSe,, and GaTe have attracted considerable atten-
tion. These layered semiconducting materials have excel-
lent room-temperature stability, a low effective mass, and a
programmable bandgap. According to theory, nanostructur-
ing can enhance the ZT beyond the value in the bulk due to
a decrease in k, caused by increased phonon scattering at
the edges of the nanostructure,?® and the increase in S and
o caused by quantum confinement. The investigation of a
new technique for synthesizing nanostructures of bismuth
telluride and related alloys is currently in progress.'®? The
highest known Z7 in bulk form is found in Bi,Te;-based TE
materials.'®'% The crystal structures of Bi,Te, and Bi,Se;
are formed by the quintuple stalk sequences of Te—Bi-Te
and Se-Bi-Se. The bonds between Bi, Te, and Se are polar
covalent bonds, whereas Se/"’-SePand Te"-TeM with
weak vdW bonding rise to an easy cleavage along ¢ basal
planes.'®"1%° With a bandgap of 1.3 eV, bismuth sulfide, or
Bi,S; (of a stibnite structure), offers significant potential in
TE cooling. Their solid solutions are semiconductors, such
as Bi,Se;, Bi,Te;, and Sb,Te;, which are well-known TE
materials (Fig. 16).

With the right doping, both n- and p-type materials can
be created. Electrochemical deposition in porous alumina
templates can be used to produce aligned Bi,Te; nanorods.
However, they are usually polycrystalline and have poor
charge carrier mobility. Figure 16 illustrates the improve-
ment in Z7T values for n- and p-type bismuth chalcogenide
materials with different doping conditions. Liu et al.'”®
investigated various Bi,Te;-Bi,Se;-Bi,S; systems and dem-
onstrated a maximum ZT of 0.8 at 300°C for Bi,Te,S; and
at 500°C for Bi,Se,S, (Fig. 17). These findings indicate that
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Fig. 14 (a) Seebeck coefficient, (b) electrical conductivity, (c) power
factor, (d) total thermal conductivity, and (e) ZT values for five
monolayer SnSe phases at a temperature of 300 K; (f) ZT values of

these materials are appropriate for use in power generation
at medium temperatures.

Hao et al.'*? reported 1.4 and 1.2 as the highest possi-
ble ZT values between 100°C and 300°C, respectively, for
p-type Bi,Te; materials with suppressed intrinsic excitation,

a-SnSe, f-SnSe, y-SnSe, §-SnSe, and e-SnSe as a function of tem-
perature from 300 K to 800 K. Reprinted with permission from Ref.
169. Copyright 2017, Royal Society of Chemistry.

and reported increased conversion efficiency of 6% under
217 K temperature gradient when incorporated in a TE mod-
ule. Kim et al.'** performed band engineering on Bi,Te; and
Sb,Te,, reporting a considerable increase in the density-of-
state effective mass and carrier concentration while retaining

@ Springer
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mobility. This technique resulted in a high ZT value of 1.05
at 300 K for (Bij,5Sb, 75),Te;, indicating promising TE
performance among the main-group chalcogenide materi-
als (see Table X).

Zhu et al.'” studied defect engineering in V2VI3 semi-
conductors, focusing on the effect of intrinsic point defects
in improving the TE performance of these semiconductor

Table VIl Minimum lattice thermal conductivity, y &, (W m~! K71,
and minimum and maximum ZT values (ZT,;, and ZT,,, respec-

tively) at 300/800 K for a-SnSe, p-SnSe, y-SnSe, 6-SnSe, and
e-SnSe'®

materials. Their findings highlight the potential for defect
management to revitalize semiconductor materials used in
TE applications. By employing microstructure engineer-
ing, Pan et al.'”® demonstrated that it was possible to reduce
the lattice thermal conductivity (x; ), which also increased
the TE ZT. By controlling the development of dislocations
and clean grain boundaries, the microstructure modifica-
tion created a porous platelet-like network. The ZT value
of 1.2 for this porous material was higher than that of the
completely dense (BiSb),Te; alloys that were prepared
using hot-pressed and zone-melted ingots. Bi, ;Sb; sTe; and

Phases K (Wm™ K™Y ZT,.. ZT, . Bi, ;Sb, ;Te; segmented legs with a high ZT above 1.0 may
have device efficiency of up to 9% over the entire tempera-
« 0.175 1362 2.420 ture range of 323—523 K. According to Luo et al.,'"” n-type
p 0.156 2.061 2.658 SnSe, nanoplates with electron doping exhibit encouraging
0 0.219 1532 209 temperature-dependent TE performance, with a maximum
€ 0.162 1.743 2382 776 0.63 for 1.5 at.% Cl-doped SnSe, o5 at 673 K, which is
Y 0.184 1.498 2.358 significantly greater than the ZT of 0.08 for pure SnSe,.'"’
L) . 700 ;
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_ aas o m 6001
s i W . bais o o pridta,
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Fig. 15 (a) Temperature-dependent Hall carrier concentration, Hall
mobility, Seebeck coefficient, resistivity, total thermal conductivity,
and lattice thermal conductivity for pristine and doped GaGeTe hot-
pressed materials; Reprinted with permission from Ref. 173. Copy-
right 2024, American Chemical Society. (b) Temperature-dependent
electrical conductivity and Seebeck coefficient of undoped SnSe and
hole-doped SnSe along the a, b, and ¢ directions, schematic represen-
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tation of multivalent bands of SnSe, comparison of power factor of
undoped SnSe crystal, hole-doped SnSe crystal, Bi,_,Sb,, and PbTe
alloyed with 4 mol.% SrTe and doped with 2 mol.% Na, thermal dif-
fusivity of polycrystalline SnSe with and without SnO, as a function
of temperature. Reprinted with permission from Ref. 174. Copyright
2023, CC BY 4.0.
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Table IX ZT values of some monochalcogenide materials

128,168,173,175-181

Material

SnSg.915€,09

SnSe—2SnTe

Sng 97Re0,035€0,93C10.02

Sn;_,Se (Sn vacancy level of 0.3%)
SnggsSe

SnSe with multiple nanopores
SnSe oBr

0.25 vol.% CNTs-SnSe

SnSe crystals

Sn,_,Ag,Se

Sn,_,Au,Se

Cmcm-phase SnSe

Ko 01519 995€

5% Bi,Te;doped-Ge, 3;Pb, ;;Te
Gey 55sMgp 05Sbg.1 Te

Gey 36Mng 19Sbg g4 Te
Gey.94Sbo g6 Te

Gey 51 Mng 5Big g4 Te

Gey 55(PbygYby 1)g15Te
Ag-doped SnS

Hole-doped GeSe

SnSe

GeS/phosphorene 2D heterostructures
GaGeTe

Ge96-Mn,Big o Te
Geg.94SbgpsTe

Gey g9Cuig g65bg og Te
(Mg,Sb)-co-doped polycrystalline GeTe
Nay g3Eug 03509 02Pb 9, Te
HgY,S,

HgY,Se,

Gey gsMng 19Sbg g4 Te

Pby 953N 49Ge go7 Te

Sng gAg 0sPPo 1Se

Pb; 1,Se-0.2%Cu

Ge .93Pb 9,04Bi 903 Te

Sng.96Bip 2Mgg 0o Te

SnggoMny ;, Te

Methods Type Temperature (K) ZT
Temperature gradient method - 873 1.6
The modified Bridgman method P 793 2.1
Solid-state reaction and SPS N 798 1.5
Improved horizontal Bridgman method P 793 1.24
Hydrothermal method P 873 2.1
Simple solvothermal method P 823 1.7
Melting and HP N 773 1.3
Cryogenic grinding and SPS P 773 0.96
- N 773 2.8
DFT - 0-1000 0.53
DFT - 0-1000 0.68
- - 923 4.33
Mechanical alloying and SPS - 773 1.1
Vacuum-melting and annealing + SPS process - 775 2.1
Melting, annealing, and SPS - 300-800 1.2
Melting, quenching, and annealing process combined with SPS - 400-800 1.09
MS-SPS P 700 1.56
BM+HP - 300-773 1.5
Conventional melting and SPS techniques - 723 14
Mechanical alloying followed by spark plasma sintering - 873 0.6
- - 300-800 0.8-2.5
Solvothermal synthesized powders - >773 0.6
First-principles study - 300 2.53
High-temperature melting - 800 0.4
BM +HP - 773 1.5
MS +SPS - 700 1.56
Traditional melting, annealing, and SPS - 750 >2.0
Melting, annealing, and SPS - 800 1.84
Lattice strain and band convergence - 873 2.6
DFT - 300 0.72
DFT - 300 0.75
Melting, quenching, and annealing - 823 1.61
Melting, grinding, and SPS - 805 1.9
Mechanical alloying + SPS - 800 1.33
Dual interstitial doping N 773 1.3
DFT +doping - 670 2.14
Solvothermal - 584 0.21
HPHT - 773 1.1

SPS spark plasma sintering, DFT density functional theory, HP hydraulic press, BM ball milling, MS melt spin, HPHT high pressure high tem-

perature

Hegde et al.!”®!%? showed a reduction in the electri- et al.’”’ emphasized the importance of synthesis meth-
cal resistivity of (Big g¢Ing g4),5€, ;T€( 3, which resulted  ods as well as materials in their study. Several growth
in an increased PF of 1900 uyW m~'K~2? with ZT'=0.28. approaches, including defect optimization, nanostructur-

Similarly, the authors reported tin-doped bismuth tellu-  ing, and band engineering, resulted in high-Z7T TE mate-
ride with a ZT of 0.27 using a melt-growth technique. Zhu  rials, with some reaching a value of 2. Nanostructuring,
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Fig. 16 Temperature-dependent TE properties of the Bi,Te;-Bi,Se;
system: (a) electrical resistivity, (b) Seebeck coefficient, (c) PF, (d)
specific heat, (e) thermal conductivity, and (f) figure of merit (Z7).
The inset in (d) shows a comparison of the specific heat at room tem-

by lowering the phonon mean free path, has the potential
to improve the TE performance of the material.2’! MBE
is frequently used to produce nanostructures of 2D layers
on a solid material such as silicon.?>2* The ZT values
of the main-group chalcogenide TE materials are listed
in Table X.

Progress, Challenges, and Outlook

In this work, we have carefully reviewed the most recent
progress in chalcogenide-based TE materials. The crystal
structure, their basic properties, and the effect of doping
and modification of the dimensionality on the TE proper-
ties of chalcogenide materials have been summarized in
this article. The efficiency of the materials based on their
TE properties and their efficiency in device applications
were described through this review. Different synthesis
methods for preparing these materials were also discussed.
The review reveals that the solution-based method of

@ Springer

perature between the experimentally measured and theoretically cal-
culated values. Reprinted with permission from Ref. 190. Copyright
2013, Royal Society of Chemistry.

chemical synthesis outperforms chemical vapor deposi-
tion, and MBE has several advantages, including afford-
ability, low energy use, and ease of scaling. Of crucial
significance is the precise control of the reaction param-
eters such as temperature, concentration of catalysts, and
dispersants, which enable chemical synthesis to more
easily regulate the size, form, and composition of the 2D
materials. Two-dimensional-type TMDs have often been
produced using aqueous solution-based hydrothermal
synthesis.?!'"2!3 The morphology and structure of the
2D materials can be affected by their hydrothermal syn-
thesis, thus providing a new method for modifying their
carrier mobility and concentration and making TMDs
a great alternative for TE applications. Random porous
structures are created by partially densifying a material
to offer a distribution of pores throughout the structure.
Although it is simple to create random porous structures,
their impacts are limited by the lack of morphological
control.'”® Small impurity additions made during the bot-
tom-up manufacturing of semiconductor TE materials can
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Fig.17 (a) Temperature-dependent TE properties of Sb-doped
Bi,Te;. Reprinted with permission from Ref. 191. Copyright 2023,
CC BY 4.0, Elsevier. (b) Temperature-dependent Seebeck coefficient,

adjust the mobility and/or carrier concentration and also
induce point defects and modify the microstructures.?!*2!3
To obtain the optimal results, defect-engineering or stoi-
chiometric control (typically 10'® cm™) can be used to
alter the carrier concentration during synthesis, and this
frequently requires further extrinsic doping.”?® Although
a large number of materials are classified under the main-
group chalcogenides, there are still many less-explored
materials that are not being synthesized or have received
little attention. Among these are Bi,0,Se,?'® SnSb,Te,,*!”
and their related compounds, which despite having a con-
siderable Seebeck coefficient, due to their poor electrical
properties are still in a stage of infancy and require further
attention to enter the main branch of study.

Conclusion and Future Outlook

TE materials present possibilities for the creation of smart
sensor devices, energy harvesting, thermopower wave
sources, woodstoves, diesel power plants, and automobiles.

electrical conductivity, power factor, total thermal conductivity, and
figure of merit of Bi,Te;_ S, between 300 K and 500 K. Reprinted
from Ref. 192, under Creative Commons license CC BY.

In addition, the use of TE chalcogenide-based material with
high figures of merit is favored in TE device applications.
Through techniques such as doping, energy band engineer-
ing, and artificial micro-nanostructure processing, material
properties including electrical conductivity, thermal conduc-
tivity, and Seebeck coefficient of the materials are altered
to enhance their Z7T value. This review has revealed that
Bi,Te; nanowires showed the highest ZT of 2.5 at 350 K
and can be considered a highly efficient material for device
formation at room temperature or in the temperature range
of 10-400 K, whereas the first-principles calculation pre-
dicts the best performance in the mid- and high-temperature
range with the ZT of approximately 4.1 and 4.33 at 750 K
and 923 K, respectively, for Cmcm-phase SnSe nanotubes.
Al- and Li-doped Cu,Se are the preferred TE candidates,
with ZT values of approximately 2.14 and 2.66 at 973 K
and 1039 K, respectively. Hence, tuning the parameters of
these candidates will be the most efficient method, with good
conversion efficiency that can result in the best-fit materials
for future applications.

However, the majority of mid- or high-temperature mate-
rials, such as Pb, As, Be, and Cd, are costly and contain toxic
chemicals, making them unsuitable for use in actual applica-
tions. The development of effective TE materials has been
hampered by numerous restrictions. The reproducibility of
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Table X ZT values of the main-group chalcogenide TE materials

175,205-210

Materials Methods Type of Temperature (K) ZT value
mate-
rial
Bi,Te; bulk Liquid-state manipulation N 475 0.66
(Big ggIng gp),Te, 7S¢€ 5 Solid-state reaction techniques N 350 0.6
Cuy g7Bi,Te, g9 Disproportionation redox reaction N 415 0.67
Bi, Te;-CaSiO; Physical blending and calcination P 373 0.72
Bi; 5Geg gsTes Solid melt N 300 0.95
Bij 4,Sb, (Te;-8 mol.% FeTe, High-temperature solid-state reaction P 396 1.52
Bi sSb, sTe; Bottom-up solution synthesis P 370 1.59
2.0 mol.%-Au-nanodot/BT-nanotube Bottom-up synthesis N 480 0.95
Y(,5Bi; 75Tes Hydrothermal method P 410 1.23
Bi, ¢Te, ;Se( 3 Arc plasma torch N 300 1.47
Bi,Te; nanowires - - 350 2.5
Bi,Te,/Sb,Te; superlattice - P 300 2.4
Bil;-doped Sb,Te;(GeTe),, Melting, annealing, and SPS - 723 22
GeySb,Te,_, (x=0, 0.03, 0.06, 0.09, 0.12,0.15) ~ Vacuum-melting +annealing +SPS - 775 2.1
Nay o,Pbg o5 Mg Te, sSe » Melting and SPS - 800 2.0
3 mol.% Bi,Te;-doped Ge, g,Pb, ;Te - - 773 1.9
PbTe/PbTe ;5S¢ 55 Evaporation process - 425 1.75
Ge,_,, Te(CuSb), (x=0.025, 0.05, 0.075, 0.10) Solid-phase reaction - 773 1.62
composites
Ge75Pbg»5Te sSeg s Melting, solutioning, and quenching route +SPS — 673 1.6
(PbyoYb,  Te) 15(GeTe) g5 Melting, annealing, and HP - 750 1.4
SnS, Nanoflakes - 300 0.13
SnSe, Nanosheet pellets - 673 0.63
Bi,Se; thin films Thermal evaporation - 300 -
Bi,Te; CNT +silica aerogel films Doping + sintering - 400 1.1 (p-type)
1.01 (n-type)
Bi,Te, 755 25 Direct reaction - 400 0.7
SnSe, DFT calculation - 673 0.56
Bi,Te, ;Se 3 Zone melting - 360 1.16
Sb,Te;-SWCNT + Sb, Te;-electrodeposition Redox reaction technique - 300 -
Bij 55Sb, 45Te; +2.5 wt.% Bi Mechanical alloying +BM +HP P 360 1.45
Bi,_,La,Te,,_,Seg; BM+SPS N 300-400 0.87
Bi| 94Sbg g6 Tes HP - 430 1.97
Sny ;Bi,Se; Melt growth - 835 0.2
Bi,S,Se+wt.1% Bil; Solid-state method + SPS - 673 0.65

SPS spark plasma sintering, DFT density functional theory, HP hydraulic press, BM ball milling

the ZT value constitutes the major obstacle. Concerns about
reliability and efficiency also need to be considered. It takes
a combination of theoretical direction, sharp chemical intui-
tion, synthetic chemistry competence, materials processing,
and good measurement skills to find promising novel mate-
rials. Resolving these restrictions could eventually result
in the commercialization of a clean electricity generator
or Peltier device for refrigeration applications. In addition,

@ Springer

standardization will also be required in the fabrication of
TE materials to guarantee the quality and success of com-
mercialization. It is anticipated that TE materials will gain
more application potential in the future.
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