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ABSTRACT
Several affordable and pollution-free technologies have drawn a lot of attention 
because of the pressure of our energy needs and environmental problems; among 
these, thermoelectric technology has made enormous advances. It has been known 
that thermoelectric materials are efficient in transforming waste heat energy into 
electricity. The efficiency of thermoelectric materials is typically assessed using 
the ZT value, ZT =  S2T/ρκ. Several methods have been highlighted in the litera-
ture for improving thermoelectric figure of merit. This review stands out for its 
particular emphasis on cutting-edge techniques that are leading to a new era of 
thermoelectric innovation, including doping, co-doping, alloying, nanostructur-
ing, and nanocompositing. Our focus is on mid-temperature range thermoelectric 
materials, which operate between 500 and 900 K and have enormous potential for 
high-efficiency thermoelectricity and waste heat recovery due to their inherent 
thermal and electrical properties. This review provides a foundational under-
standing of thermoelectric concepts as well as obstacles to improving the figure 
of merit and the various classes of mid-temperature range thermoelectric materi-
als, including their structure and thermoelectric characteristics are discussed in 
brief. Additionally, it also discusses different methods described in the various 
literature regarding enhancing performance as well as recent advancements made 
in this area and this article emphasizes the relevance and importance of these 
developments in the context of urgent global energy challenges and highlights 
the crucial role that mid-temperature range thermoelectric materials will play in 
determining the future landscape of sustainable energy sources. To satisfy the 
practical demand, scientific research in the field of thermoelectricity still needs to 
be intensified, for this mid-temperature range, Chalcogenide-based thermoelectric 
materials play a very important role in the future.
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materials. The major drawback of these materials/
devices is their poor efficiency, because of low ZT 
values, which restricts their use at the commercial 
level. If the efficiency of these materials improved 
significantly, then thermoelectric devices could play 
an important role in addressing today’s energy chal-
lenges. But efficiency optimization is a great chal-
lenge, as a result, the main question in this field of 
research is how to increase thermoelectric efficiency 
in these materials.

The principal purpose of this review is to provide 
a broad analysis of the structural properties and syn-
thetic strategies of mid-temperature range Chalcoge-
nide-based thermoelectric materials, as well as recent 
research on strengthening their figure of merit. This 
review initially discusses the fundamentals of ther-
moelectric materials, various types of thermoelectric 
materials based on its working temperature, and 
dimensionless figure of merit. The detailed discus-
sion of mid-temperature Chalcogenide-based ther-
moelectric materials follows a general outline of 
their structure and thermoelectric characteristics. 
The impact of various mechanisms utilized in the 
literature to boost their ZT is also evaluated. This 
review focuses to provide some information on the 
energy conversion applications of mid-temperature 
Chalcogenide-based thermoelectric materials by 
underlining the obstacles and possibilities in the 
evolution of these materials.

Introduction

Our society mainly depends on energy to maintain 
our living standards and to serve all other compo-
nents of our economy [1]. Energy consumption has 
increased dramatically in recent years. This demand 
is primarily met by the burning of fossil fuels, and 
coal, which ultimately resulted in the release of green-
house gases. Due to the declining reserves of fossil 
fuels along with the bad impacts of the emission of 
greenhouse gases on the environment [2], to tackle this 
issue, the world is striving for clean, affordable, and 
long-lasting energy by utilizing renewable forms of 
energy like wind, solar, biomass and tidal. Realizing 
that a major portion of the energy we consume is lost 
as heat, hence, this waste heat can be converted into a 
beneficial form of energy like electricity. Thermoelec-
tric materials are one such kind of material having the 
potential to convert heat energy into electricity and 
reverse [3]. Thermoelectric devices have attracted the 
research community over other technologies by their 
unique properties like toxic-free action, immovable 
parts, and no chemical reactions during the process 
[1].

The majority of heat is wasted in industries, power 
plants, and automobiles. We can utilize this heat 
and it can be converted into a useful form of energy 
by using mid-temperature range thermoelectric 
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Fundamental theory of thermoelectrics

Fundamentally the thermoelectric effect is the process 
of temperature differences being directly converted 
to electric voltage and vice versa [4]. Thermoelectric 
effect mainly consists of three main effects those are.

• Seebeck effect
• Peltier effect
• Thomson effect

Thermoelectrics seems to be an old concept because 
the Seebeck effect introduced by the German physicist 
Thomas Johann Seebeck in 1821, states that when a 
thermocouple is exposed to a temperature gradient, 
it creates voltage. This is known as the Seebeck effect 
and the schematic representation of the Seebeck effect 
is shown in Fig. 1a [4, 5]. This effect is mathematically 
described by Eq. 1,

where S is the Seebeck coefficient, ΔT is the tempera-
ture difference, and ΔV is the thermoelectric potential 
[4].

The second effect under the thermoelectric effect 
is the Peltier effect, which states that thermoelectric 
devices have the potential to convert electrical energy 
into a temperature gradient, this was first recognized 
by Peltier in 1834 [5]. Figure 1b shows the schematic 
diagram of the Peltier effect. The amount of current 
control and how gradually heat(Q) is released or 
absorbed at a thermocouple junction and this is math-
ematically represented by Eq. 2.

where Π is the Peltier coefficient [6].

(1)ΔV = SΔT

(2)
dQ

dt

= Πi

The third effect under the thermoelectric effect is the 
Thomson effect, which states that when applying elec-
trical current(I) to a single conducting material with 
a temperature difference between two endpoints, the 
material will either eject or absorb heat [7] this was 
first recognized by William Thomson. Figure 1c shows 
the schematic diagram of the Thomson effect. The 
Thomson coefficient is mathematically represented 
by Eq. 3.

where β is the Thomson coefficient.

Kinds of thermoelectric materials

The materials which follow the above effects (Seebeck, 
Peltier, Thomson) are called thermoelectric materi-
als. Thermoelectric materials are classified into three 
main categories based on their working temperatures, 
namely (i) Low-temperature thermoelectric materials, 
(ii) Mid-temperature thermoelectric materials, and (iii) 
High-temperature thermoelectric materials [8].

i) Low-temperature thermoelectric materials: These 
are the materials whose working temperature is less 
than 500 K and are also called near-room temperature 
thermoelectric materials. Tetradymites, alloys like Bis-
muth Chalcogenides  (Bi2Se3 [9],  Bi2Te3 [10],  Bi2S3 [11]), 
and Antimony Chalcogenides  (Sb2Se3 [12],  Sb2Te3 [13], 
 Sb2S3 [14]) belong to the family of low-temperature 
thermoelectric materials.

ii)Mid-temperature thermoelectric materials: These 
are the materials whose working temperature lies 
between 500 and 900 K. Lead Chalcogenides (PbTe 
[15], PbSe [16], PbS [17]), Tin Chalcogenides (SnSe [18], 
SnTe [19], SnS [20]), Indium Chalcogenides (InSe [21], 
InTe [22], InS [23]), and Germanium Chalcogenides 

(3)� =
Q

IΔT

Figure 1  The Schematic diagram of the a Seebeck effect b Peltier effect c Thomson effect.
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(GeTe [24], GeSe [25], GeS [26]) and many more belong 
to the group of mid-temperature range thermoelectric 
materials.

iii) High-temperature thermoelectric materials: 
These are the materials whose working temperature is 
greater than 900 K. SiGe [27],  La3Te4 [28],  Yb14MnSb11 
[29], ZrNiSn-, and FeNbSb-based [30] half-Heusler 
alloys belong to high-temperature thermoelectric 
materials [31].

Among these three major classifications, this review 
mainly focused on structure, synthesis techniques, effi-
ciency, drawbacks, and applications of mid-tempera-
ture thermoelectric material.

The mid-temperature range chalcogenide-based 
TE materials have a wide range of potential applica-
tions, particularly in energy harvesting and efficiency 
enhancement across various industries, portable 
power generation, aerospace and space exploration, 
automotives, medical devices etc.

Thermoelectric efficiency

David Rowe, a physicist at the National Renewable 
Energy Laboratory, was the person who first intro-
duced the idea of ZT as a measurement of thermo-
electric efficiency in the middle of the 1980s. Prior 
to the invention of ZT, initially, in the early 90’s the 
figure-of-merit is represented by ‘Z’ and the unit 
used is per kelvin [32], afterward to make this quan-
tity dimensionless it changed to ZT. The temperature 
of the material, which is a crucial factor in determin-
ing its efficiency, was not considered in this measure 
before the 90 s. Since its introduction in Z makes it as 
ZT, takes temperature into account while calculating 
thermoelectric efficiency, has become the benchmark 
for assessing and contrasting the performance of vari-
ous thermoelectric materials. The conversion efficiency 
of heat into a useful form of energy of thermoelectric 
materials mainly depends on the dimensionless figure-
of-merit (ZT) and the ZT is represented by Eq. 4 [33].

where S is the Seebeck coefficient, ρ is electri-
cal resistivity, T is absolute temperature, and 
k =  kelectronic +  klattice is total thermal conductivity due 
to electronic and lattice thermal conductivity [34]. All 
these parameters are interdependent on one another. 
Hence, the optimization of one parameter leads to 

(4)ZT =
S
2
T

�k

changes in the other. Therefore, this stands as the 
uppermost challenge to increase efficiency in thermo-
electric materials. Enhancing ZT in the typical medium 
temperature material involve some mechanisms like 
1. Electrical Transport Optimization: Electrical Con-
ductivity (σ): Increasing σ by doping or alloying to 
enhance the material’s ability to conduct electricity 
efficiently, Seebeck Coefficient (S): Raising the See-
beck coefficient to maximize voltage generation when 
a temperature gradient is applied. This is achieved 
through band engineering of the material’s electronic 
structure. Together, high σ and S contribute to a high 
power factor, a critical factor for ZT improvement. 2. 
Reduction of Thermal Conductivity (κ): To boost ZT, 
it is essential to reduce thermal conductivity. Lower 
κ minimizes heat loss and is achieved through vari-
ous mechanisms like phonon scattering: Introducing 
structural defects, nanostructuring of the material, or 
creating alloyed structures to scatter phonons effec-
tively, thereby hindering their ability to transport heat. 
Boundary Effects: Capitalizing on grain boundaries, 
interfaces, and other structural features to impede 
phonon heat transfer. Interfaces of this type can serve 
as phonon scattering sites for lowering thermal con-
ductivity. 3. Band Structure Engineering: Medium-
temperature thermoelectric materials often undergo 
band structure engineering. This involves modifying 
the electronic band structure to influence the transport 
of both charge carriers (electrons or holes) and phon-
ons. Tailoring Bandgap: Adjust the bandgap to match 
the energy levels of carriers in the operating tem-
perature range. A suitable bandgap ensures efficient 
charge transport without excessive heat generation. 
Effective Mass Engineering: Modifying the effective 
mass of charge carriers can significantly impact their 
mobility and, consequently, their electrical conductiv-
ity. Energy Filtering: Restructuring the band edges to 
enhance the Seebeck coefficient. This can be achieved 
by manipulating the density of states in the energy 
range of interest. 4. Phonon Engineering: Phonons are 
responsible for heat conduction in solids. Therefore, 
phonon engineering strategies aim to limit phonon 
transport by introducing structural complexities, such 
as nanostructures or super lattices and by employing 
materials with strong phonon scattering characteris-
tics. Two notable theoretical models utilized for band 
structure analysis are the single parabolic band (SPB) 
model and the Kane Band (KB) model. These models 
help in understanding and engineering the electronic 
properties of thermoelectric materials to optimize their 

16594



J Mater Sci (2023) 58:16591–16633 

ZT values and theoretical calculations based on first-
principles density functional theory (DFT) [35] have 
become indispensable tools in the design and evalua-
tion of thermoelectric materials. DFT enables research-
ers to predict electronic structure, phonon disper-
sion, and defect formation energies accurately. Both 
the Kane band (KB) model and the single parabolic 
band (SPB) model can be used to investigate the n- or 
p-dependent ZT. The correlation between n or p and 
ZT for different thermoelectric materials is frequently 
investigated using conventional first-principles den-
sity functional theory (DFT) calculations [5].

Structure of mid‑temperature 
thermoelectric materials

Lead Chalcogenide series

Lead chalcogenides are a class of materials that con-
tain both metal and chalcogen elements. Chalcogenide 
compounds are made up of three key elements: sulfur, 
selenium, and tellurium PbX (X = S, Se, Te), these have 
gained considerable attention with a narrow band gap, 
outstanding and tunable electronic transport proper-
ties, and low thermal conductivity [36] (Fig. 2).

Lead telluride (PbTe)

Figure 3a shows a binary phase diagram of Pb-Te, 
it illustrates the temperature and stoichiometric 

composition dependence of the crystal structure of 
different phases, which is important in figuring out 
the physical and chemical properties of these materi-
als. According to the binary phase diagram of lead 
telluride (PbTe), a 50–50 composition of lead (Pb) 
and tellurium (Te) would correspond to the eutectic 
composition. Lead telluride exists in only one phase, 
which is the PbTe phase at 50–50 atomic percentages 
of lead and tellurium. At this composition, a eutectic 
mixture or a eutectic phase will form. Lead telluride 
is categorized as a mid-temperature thermoelectric 
material. It can work at a maximum temperature 
of 900 K. In addition to its excellent figure of merit, 
PbTe has a high melting point, superior chemical 
stability, low vapor pressure, and good chemical 
Stability [42]. The structure of lead telluride, PbTe, 
is rock salt (face-centered cubic (FCC)) with Fm3m 
space group and the lattice constant a = 6.460 Å. As a 
result of stoichiometric deviation, PbTe can be n- or 
p-type (if Pb-rich PbTe is n-type, while Te-rich PbTe 
is p-type) [43]. It crystallizes as NaCl, with Pb atoms 
occupying the cation and Te forming the anionic lat-
tice with a narrow band gap at an L point (a specific 
high symmetry point in the Brillouin zone of a crys-
tal lattice) of 0.32 eV [44]. The PbTe structure is com-
posed of two interlayer fcc lattices, one of Pb atoms 
and the other of Te atoms bonded by combined ionic 
and covalent bonds. As shown in Fig. 2a, each atom 
is octahedrally coordinated by the six nearest neigh-
bors of the other type [45] and Fig. 4a–c shows the 
TEM images of PbTe compound, which shows the 
cubic structure of the compound.

Figure 2  Crystal structure models of a PbTe reproduce with permission [37], copyright 2012, John Wiley and Sons. b PbS reproduced 
with permission [38]. Copyright 2021, Elsevier. c PbSe reproduced with permission [39]. Copyright 2022, Elsevier.
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In the past few decades, both theoretical and experi-
mental researchers have paid close attention to struc-
tural phase transitions in lead chalcogenides under 
high pressure [46]. In normal conditions, PbTe shows 
rock salt structure, but it undergoes phase transition 
under pressure, these changes were studied on the idea 
of high-pressure X-ray diffraction [19, 20]. First-order 
structural changes in PbTe are affected by pressure. 
Phases in which the rock-salt structural phase modifies 
into an intermediary phase in the 2.2 to 6.0GPa range 
[48]. The PbTe compounds have shown additional 
structural phase transition from the intermediate phase 
towards the eightfold-coordinated CsCl (B2) phase at 
around 13 to 21 GPa. Although the intermediate phase 
of PbS and PbSe adopts a Tll-type of structure, it was 
very challenging to infer anything about the structure of 
PbTe from the available X-ray data, it also proposed to 

belong to the GeS type. But latest X-ray diffraction stud-
ies demonstrate that the intermediate phase of PbTe and 
PbSe at high pressure is an orthorhombic Pnma struc-
ture observed at 6–6.7 GPa rather than the GeS or Tll 
type phases as initially reported [49]. The way the pho-
non dispersion of the NaCl phase behaves under pres-
sure may be affected by distortions of the NaCl struc-
ture. In analyses of the dynamics of the lattice of PbTe 
G. Rousse et al. discovered a pressure-induced softening 
of PbTe. The [98] and [108] transverse acoustic phonon 
branch directions might be connected to the structural 
elements with a phase of high-pressure [18, 19].

Figure 3  Binary phase diagram of a Pb-Te reproduced with permission [40]. Copyright 2009, Journal of Alloys and Compounds. b 
Pb-Se reproduced with permission [39]. Copyright 2022, Elsevier. c Pb–S [41].
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Lead selenide (PbSe)

Figure 3b represents the Pb-Se binary phase diagram. 
The binary phase diagram of PbSe is a graphic depic-
tion of the relationships that exist between the tem-
perature, composition, and phase of a lead and sele-
nium mixture. At various temperatures and 
compositions, the diagram shows the stable phases 
and their compositions. According to the atomic per-
centage composition of PbSe in the phase diagram, 
where Pb is 50% and Se is 50%, it indicates the stoi-
chiometry or chemical formula of the compound. In 
this case, PbSe represents a 1:1 ratio of lead (Pb) 
atoms to selenium (Se) atoms. This means that for 
every lead atom, there is one selenium atom, result-
ing in a balanced and neutral compound. Lead sele-
nide and Lead telluride are grouped as thermoelec-
tric materials with a mid-temperature range. It can 
reach a maximum temperature of 900 K. PbSe per-
forms better than PbTe at 900 K, melts at a relatively 
high temperature (1080° C), is simple to scale up, and 
is abundant [16]. The abundance of selenium exceeds 
that of tellurium by 50 times [51]. PbSe and PbTe 
have nearly identical electronic and structural fea-
tures. The structure of PbSe, is rock salt (face-cen-
tered cubic (FCC)). In order to create the NaCl 

rock-salt type crystal structure with space group 
Fm-3 m and lattice parameter of 6.125 Å, the Pb atom 
is situated at the origin, while the Se atom occupies 
the 

(

1

2

,
1

2

,
1

2

)

 position. It crystallizes as NaCl, with Pb 
atoms occupying the cation and Se forming the ani-
onic lattice with extremely small energy gaps (direct 
gaps at the L point of 0 eV). It is a sixfold coordinated 
system. Figure 2c shows the structure of PbSe and 
Fig. 4d–f shows the TEM and HRTEM images of 
PbSe compound, which shows the cubic structure of 
the compound.

Under high pressure, there is a phase transition in 
PbSe [52, 53]. First-order transition is due to pressure 
and in normal conditions, PbSe crystallizes as NaCl 
under pressure and it changes to another phase. The 
PbSe turns to the “intermediate” orthorhombic phase 
at a pressure between 2.5to 6 GPa. PbSe compounds 
have shown additional structural phase transitions 
between the intermediate phase and the eightfold-
coordinated CsCl (B2) phase between 13 and 21 GPa 
[26, 27]. Current X-ray diffraction findings suggest 
that the intermediate phase of PbSe at high pressure 
is an orthorhombic Pnma structure observed at 6 to 
6.7 GPa rather than the GeS or TlI type phases as 
initially disclosed [54].

Figure 4  TEM images of a–c PbTe quantum dots, d–e PbSe quantum dots and f HRTEM image of PbSe, reproduced with permission 
[50]. Copyright 2012, Materials today.
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Lead sulfide (PbS)

The Pb–S (lead–sulfur ) binary phase diagram 
(Fig. 3c) depicts the relationships between tempera-
ture, composition, and the phases of a lead–sulfur 
mixture. At various temperatures and compositions, 
the diagram depicts the stable phases and their com-
positions. Figure 3c can be used to predict the sta-
bility of various phases of lead and sulfur mixtures. 
The eutectic point on the phase diagram represents 
the composition and temperature at which the lead 
sulfide compound undergoes a eutectic reaction. 
This reaction allows for the formation of a specific 
phase, often a mixture of PbS and another com-
pound. In the case of lead sulfide, PbS is the stable 
phase, if the atomic percentage of Pb is 50 and S is 
50, it also indicates the stoichiometry or chemical 
formula of the compound. PbS represents a 1:1 ratio 
of lead (Pb) atoms to sulfur (S) atoms. This means 
that for every lead atom, there is one sulfur atom, 
resulting in a balanced and neutral compound. The 
widely known group of semiconducting chalcoge-
nides involves Lead Sulfide as one of its main ele-
ments. It is one of the most favored narrow-band-gap 
semiconductors with a band gap of 0.41 eV [55]. In 
the Earth’s crust, Sulphur is one of the 16 elements 
with the highest abundance [51]. PbS, PbTe and PbSe 
have a lot in common, particularly in terms of crystal 
structure and energy band configuration. PbS is the 
lead chalcogenide that has received the least research 
attention due to its higher lattice thermal conduc-
tivity and consequently lower figure of merit [56, 
57]. It crystallizes as a cubic crystal structure with 
an fm3m space group [31, 32]. The lattice parameter 
of PbS is defined as 5.936 Å.  Pb2+ is bonded to six 
equivalent  S2− atoms to form a mixture of edge and 
corner-sharing PbS octahedral [57]. At 2.2 GPa, PbS 
experiences a phase transition from a NaCl-type 
structure to an orthorhombic structure. In normal 
conditions, it has a rock salt structure and, phase 
transition can be observed under pressure [58]. In 
PbX compounds, structural phase transitions were 
first observed by Bridgman in 1940 [59]. Later, high-
pressure X-ray diffraction studies help to study the 
phase transition in PbS. The intermediate state is 
defined as Orthorhombic Pnma structure at 6–6.7 
GPa. Figure 2b shows the crystal structure of PbS 
and Fig. 5 shows the TEM image of PbS compound 
which confirms the cubic structure of the compound.

Indium Chalcogenide series

Due to exceptional, controllable electrical, and ther-
mal properties, indium chalcogenides have received 
significant attention in high-efficiency thermoelectrics 
for waste heat energy transformation [2].

Indium selenide

Figure 6a illustrates a standard In-Se binary phase dia-
gram and demonstrates the complex stoichiometries 
of indium selenide, including  In4Se3,  In2Se3, InSe, and 
 In6Se [61]. Specifically,  In2Se3 has a number of phases, 
such as the low-temperature phase of α′-In2Se3, the 
room temperature phases of α(2H)/(3R)-In2Se3, and 
the high-temperature phase of β(3R)-  In2Se3, γ-In2Se3, 
and δ-In2Se3 [23]. The resulting phase or phases that 
form can be changed by varying the atomic percent-
ages of indium (In) and selenium (Se) within the 
binary system of indium selenide (InSe). The phase 
diagram shows the stability and composition ranges 
of different phases under different conditions. Here’s 
how changing the atomic percentages affects the for-
mation of various compounds or phases: Phase One: 
As previously stated, indium selenide (InSe) is formed 
when the atomic percentages of In and Se are in a 1:1 
ratio. If the atomic percentage of either element is 
increased or decreased, InSe may still be the domi-
nant phase. However, depending on the composition, 

Figure  5  TEM image of PbS compound. reproduced with per-
mission [60], Copyright 2016, Nature Communications.
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the exact boundaries and stability of InSe may change. 
If the atomic percentage of In is significantly greater 
than that of Se, you can reach a compositional range 
where indium-rich phases or compounds form.  In2Se3 
(indium (III) selenide) or other indium-rich selenides 
could be among these compounds. If the atomic per-
centage of Se is significantly greater than the atomic 
percentage of In, it may enter a compositional range 
where selenium-rich phases or compounds form. 
These compounds could contain Se or various sele-
nides, such as  In2Se3-X (where x represents an indium 
deficiency). The phase diagram, once again, would 
provide more information on the specific composition 
ranges and stability of these phases.

In4Se3

In4Se3 is an interesting n-type thermoelectric mate-
rial for midrange waste heat recovery due to its low 

thermal conductivity. Because of the material’s com-
plex bonding, which consists of strong covalent In-In 
and In-Se bonds coexisting with weaker electrostatic 
interactions, low thermal conductivity can be related 
to it. Strongly bonded [(In3)5+(Se2−)3]− layers and 
weakly bonded In + cations are bonded together and 
co-exist with covalent and ionic bonds [62].  In4Se3’s 
crystal structure was identified as Orthorhombic 
with a Pnnm space group and respective lattice 
parameters are 15.297, 12.308, and 4.081 [65]. In the 
layered structure of  In4Se3, as shown in Fig. 6b, the 
 (In3)5+ clusters are covalently bonded to Se ions in the 
b-c plane, and the layers are connected along the per-
pendicular a-axis by van der Waals interactions. In 
particular, a small number of In atoms form a quasi-
one-dimensional structure [66].

Figure  6  a Binary phase diagram of In-Se reproduced with 
permission [2], Copyright 2014, John Wiley and Sons. Crystal 
structures of b  In4Se3 reproduced with permission [62], c InSe 

reported with permission [63], d  In6Se7 copyright with permis-
sion [64], Copyright 2010, Physica B: Condensed Matter. e 
 In2Se3 reported with permission [63]. Copyright 2018, ACS.
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InSe

InSe comprises of layered crystal structure with hexag-
onal (β-InSe) and rhombohedral (γ-InSe) faces. Rhom-
bohedral layering (γ-InSe, R3m) organized by transla-
tion within the ab plane, and one hexagonal arranging 
(β-InSe, P63/mmc) with every second layer rotated by 
60 degrees around [001] [63]. Hexagonal β-InSe with 
a space group of P6 3 /mmc and lattice parameters of 
a = 4.005 Å and c = 16.640 Å [67]. With a space group 
of R3m and lattice parameters of a = 4.0046 Å and 
c = 24.960 Å, γ-InSe had a rhombohedral structure 
[68]. The crystal structures of β-InSe and γ-InSe are 
shown in Fig. 6c respectively. Van der Waals interac-
tion holds the covalently bonded layers of Se-In-In-Se 
in InSe together [69].

In6Se7

Slavnova, Luzhnaya & Medvedeva and Slavnova & 
Eliseev in 1963 investigated the phases present in the 
In-Se system and described a black crystalline phase 
 In6Se7 [70].  In6Se7 has a monoclinic crystal structure 
with a  P21 space group. The lattice parameters defined 
by Duffin & Hogg in 1966 are a = 9.430 Å, b = 4.063 Å, 
c = 18.378 Å with β = 109.34 Å. All other reports on 
 In6Se7 are matching with the earlier reported values 
of Hogg [71]. Figure 6d shows the crystal structure 
of  In6Se7.

In2Se3

In2Se3 shows outstanding thermoelectric properties 
because of the material’s wide bandgap, low thermal 
conductivity, and high Seebeck coefficient [72]. There 
are various coexisting phases and crystal structures, 
including hexagonal/rhombohedral α/β phases in 
addition to hexagonal γ and δ phases are also present. 
The α and β phases occur in a metastable state and are 
subject to mutual transition when heated or cooled 
[73]. Since from 1910, a compound with stoichiometry 
 In2Se3 has been known, and Klemm first characterized 
it in 1934 [74]. At ambient pressure, a minimum of four 
different polymorphs are present in the bulk mate-
rial: α, β, γ, and δ. In addition, the 2H and 3R phases 
of  In2Se3 appear to be two distinct stacking variants. 
Recent research has shown high-pressure phase tran-
sitions that begin from 3R  In2Se3 [75].  In2Se3 crystal-
lizes in quintuple Se-In-Se-In-Se layers. Some of these 

phases, like many  AIII
2BVI

3 compounds, contain cation 
vacancies and can be categorized based on how the 
vacancies are arranged in the unit cell. The octet rule 
can only be satisfied if one-third of the cation positions 
are vacant, vacancies are especially common in struc-
tures where the cations only have fourfold coordina-
tion. Thus,  In2Se3 has a layered phase without vacan-
cies and others with vacancies [75]. α and β  In2Se3 
crystallizes in rhombohedral α/β(3R) and hexagonal 
α/β(2H) crystal structure. γ-  In2Se3 crystallizes as hex-
agonal structure with lattice parameters a = 7.133 Å 
and c = 19.59 Å with space group  P61 or  P65. δ-In2Se3 
crystallizes as trigonal with a space group of P3m1. 
The lattice parameters are reported as a = 4.014 Å and 
c = 9.64 Å [2]. Figure 6e shows the crystal structure of 
 In2Se3 and its phases.

Indium telluride

Indium telluride shows ultra-low thermal conductivity 
in the mid-temperature range, and it has a band gap 
of approximately 1.01 to 1.13 eV [76]. Figure 7 shows 
the standard In-Te binary phase diagram and demon-
strates the complex stoichiometries of indium tellurides, 
including  In9Te7, InTe,  In3Te4,  In2Te3,  In3Te5, and  In2Te5. 
Specifically,  In2Te3 and  In3Te5 have an α and β phases. 
The formation of different compounds or phases in the 
In-Te system can be influenced by varying the atomic 
percentages: InTe forms when the atomic percentages 
of In and Te are equal. With equal atomic percentages 
of indium and tellurium, this composition represents 
the stoichiometry of InTe. A specific region on the phase 
diagram will indicate the stability of InTe as the domi-
nant phase. If the atomic percentage of indium is greater 
than that of tellurium, the system contains an excess 
of indium atoms. This may result in the formation of 
indium-rich phases like  In2Te3 (indium(III) telluride). 
On the other hand, if the tellurium atomic percentage is 
greater than that of indium, this indicates an excess of 
tellurium atoms. Tellurium-rich phases or compounds 
can form as a result of this. The tellurium-rich phases 
that form will be determined by the composition range 
and will be shown on the phase diagram. The presence 
of a phase,  In4Te3, whose properties are identical to those 
of  In2Te. Additionally, the formulation  In4Te3 agrees 
with the composition of 43% Te reported for the phase 
by Grochowski et al. [77] much better compared to the 
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formula  In9Te7 that they suggested. It is determined that 
 In2Te and  In9Te7 should be estimated as  In4Te3.

In4Te3

In4Te3 poses the orthorhombic Pnnm space group as the 
crystallization space with a = 15.630 Å, b = 12.756 Å, and 
c = 4.441 Å [76]. Figure 8a shows the crystal structure of 
 In4Te3. Two different  In1+ sites exist.  In1+ is bonded to 
four  Te2+ atoms in the first  In1+ site in a distorted square 
co-planar geometry. Edge-sharing  InTe5 square pyra-
mids are created in the second  In1+ site by the bonding 
of  In1+ to five  Te2 atoms. Two different  In2+ sites exist. 
 In2+ is bonded to three  Te2 atoms in the first  In2+ site 
in a trigonal non-coplanar geometry.  In2+ is bonded to 
three  Te2+ atoms in a trigonal non-coplanar geometry at 
the second  In2+ site. Three different  Te2 sites are present. 
The first  Te2 site contains a 5-coordinate geometry bond 
between  Te2 and two equivalents  In2+ and three equiva-
lents  In1+ atoms.  Te2 is bonded in a double bond at the 
second  Te2 site.

InTe

InTe is a semiconducting III-VI compound that 
describes the  In+In3+Te structure. In normal condi-
tions, InTe crystallizes as tetragonal T1Se-type (B37) 
with a space group of Z4/mcm and lattice parameters 
are a = b = 8.63 Å and c = 7.23 Å.  In+ ions are arranged 
by eightfold tetragonal placed anisotropic coordina-
tion by  Te2− ions. The two distinct crystallographic 
positions of the diverse chemical  In3+ and  In+ ions 
inhibit the free movement of electrons from the  In+ 
to the  In3+. InTe changes to the rock salt (Bl) structure 
with Fm ̅3m space group and the lattice parameter 
a = 6.28 Å when hydrostatic pressures of 30 kbar and 
temperature in the range of 670–770 K are subjected. 
In this alteration, all cations are equal and are coor-
dinated by 6  Te2+ ions. By removing the structural 
restriction on the transfer of electrons, the compound 
shows metallic conductivity [82]. Figure 8b shows 
the tetragonal and cubic structures of InTe.

Figure 7  Binary phase 
diagram of In-Te is repro-
duced with permission [78]. 
Copyright 1964, Elsevier.
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In3Te4

The bandgaps of  In4Te3 are relatively small, meas-
uring 0.65 eV with four atoms per unit cell,  In3Te4 
crystallizes as a layered rhombohedral structure 
(space group R3m). Te-In-Te-In-Te-In-Te-InTe atoms 
are arranged in a layer-by-layer manner and the 
superconductivity is observed at 1.25 K. The layers 
are placed together to form the 3D crystal through 
weak van der Waals interactions, whereas the chemi-
cal bonds within the sheets are strong and covalent, 
similar to other 2D materials [79]. The high thermal 
stability of  In3Te4 has been demonstrated, and it can 
withstand heat up to 900 °C without losing any of 
its original properties. A rhombohedral structure 
with a = 4.26 Å and c = 40.6 Å was thought to exist in 
 In3Te4. However, it is now known that  In3Te4 has a 
tetragonal structure with a = 6.173 Å and c = 12.438 Å, 

according to Karakostas et al. [83] and Fig. 8c shows 
the structural information of  In3Te4.

In3Te5

The high-temperature form of  In3Te5 poses a hexago-
nal structure, with c = 3.56 Å, a = 13.27 Å, and c/a = 0.27, 
as per the X-ray structure determination. There should 
be 16 Te-2 atoms per unit cell if all the Te-2 atoms are 
packed closely together in an array [78]. At T = 787 K, 
Grochovskii et al. predicted that the  In3Te5 phase 
would form through a peritectic reaction [84].

In2Te3

X-ray studies have revealed that  In2Te3 crystallizes in 
two polymorphic alterations, resulting in two crystal 

Figure  8  The Crystal structure of a  In4Te3 reproduced with 
permission from the materials project, b InTe reproduced with 
permission from the materials project, c  In3Te4 reproduced 
with permission [79]. Copyright 2014, John Wiley and Sons. d 

 In2Te3 reproduced with permission [80]. Copyright 2011, Else-
vier, e  In2Te5 reproduced with permission [81]. Copyright 2021, 
Applied Physics Letters.

16602



J Mater Sci (2023) 58:16591–16633 

phases of α-  In2Te3 and β-  In2Te3. The low-temperature 
α-  In2Te3 phase belongs to the defect fluorite struc-
ture with lattice parameters of a = b = c = 6.16 Å and 
a = b = c = 18.54 Å, respectively. The high-temperature 
phase (above 523 K) is a disordered β-  In2Te3 with a 
defective Zincblende structure [80]. Two modifica-
tions, denoted by α and β, respectively represent the 
formation at low and high temperatures. The struc-
tural framework consists of a network of distorted 
tetrahedral  In2Te3 units, each of which has an In atom 
and three Te atoms bound to it. Neighboring units also 
share a Te atom [85]. Figure 8d shows the structural 
details of  In2Te3.

In2Te5

Pentatelluride includes  In2Te5 as a member. Klemm 
and Vogel have been studied this compound in 1934. 
It is a layered semiconducting substance with a band-
gap between 0.88 and 1.26 eV [81]. Deiseroth and 
Amann summarized the crystal structure of  In2Te5-I 
as a = 4.34 Å, b = 16.36 Å, c = 13.48 Å and  In2Te5-II as 
a = 16.39 Å, b = 4.34 Å, c = 40.74 Å, respectively. Accord-
ing to the In-Te crystal structure data, the  (In2Te5-I) 
and  (In2Te5-II) have the monoclinic crystal system 
with Pearson symbols (mC28 and (mC84) and the 
space groups (C2/c) respectively [86]. Each layer can 
be described as a collection of Te chains and In-Te 

chains that alternate along the a-axis. The Te chains 
are formed from the Te grid along the b-axis, and the 
In-Te chains run along it with a warped structure akin 
to that of NaCl. The compound’s zigzag layered struc-
ture results in structural anisotropy, which helps to 
explain anisotropic phonon behavior. Figure 8e shows 
the structure of  In2Te5.

Indium sulfide

Indium sulfide is a member of the III-VI family of 
semiconducting compounds. Layered crystals are 
some of the prominent members of this group. Like 
its counterparts, indium sulfide forms a tetrahedral 
geometry with its components. While the third S 
atom is unusually located in the adjacent layer, the 
two S atoms and one In atom are all in the same plane. 
Indium sulfide now has a three-dimensional network 
as its crystal structure. The crystal structure of indium 
sulfide exhibits strong anisotropy [87]. Figure 9a illus-
trates the standard In-S binary phase diagram and the 
complex stoichiometries of indium sulfide such as 
α-InS, β-InS,  In6S7, and  In2S3 have α, β and γ phases, 
respectively. The formation of different compounds or 
phases in the In-S system can be influenced by varying 
atomic percentages. For example, if the atomic per-
centage of indium is 50% and sulfur is 50%, it indicates 
a stoichiometric ratio in which the compound contains 

Figure 9  a Binary phase diagram of In-S reported with permission [88], copyright 2013, Elsevier. b The crystal structure of  In2S3. 
Reproduced with permission [89]. Copyright 2019, American Physical Society.
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an equal number of indium and sulfur atoms. InS in 
its purest form corresponds to this composition. If the 
atomic percentage of indium is greater than that of 
sulfur, the system has an excess of indium atoms. As 
a result, indium-rich phases or compounds can form. 
If the atomic percentage of sulfur is greater than that 
of indium, it indicates an excess of sulfur atoms. This 
can lead to the formation of sulfur-containing phases 
or compounds. The composition range determines the 
specific sulfur-rich and indium-rich phases that form, 
which are indicated on the phase diagram.

InS

InS crystallizes in two phases, α-InS, and β-InS as 
shown in the phase diagram. XRD studies confirm 
that InS belongs to the Hexagonal crystal system with 
lattice parameters a = 3.95 Å and c = 10.59 Å [23].

In2S3

In2S3 is a semiconductor with a wide band gap of 
around 2.4 eV. Paul Pistor et al. concluded that  In2S3 
crystallizes in α, β, and γ phases. They also reported 
the structures of  In2S3. α-  In2S3 crystallizes in a cubic 
crystal system with space group Fd3m. The lattice 
parameter a = 10.835 Å was observed at 840 K. β-  In2S3 
crystallizes in a tetragonal crystal system with a space 
group of 14/amd. The lattice parameters a = 7.6231 Å 
and c = 32.358 Å were observed at 309 K. γ-  In2S3 
crystallizes in a trigonal crystal system with a space 

group of p3m1. The lattice parameters a = 3.8656 Å 
and c = 9.1569 Å are observed at 1099 K [90]. Figure 9b 
shows the crystal structure of the  In2S3 compound.

Tin Chalcogenide series

Numerous IV-VI compounds have shown strong 
thermoelectric properties. Tin chalcogenides are one 
of these compounds, and they have excellent thermo-
electric properties in the middle-temperature range 
(600–920 K). Tin-chalcogenides SnX (X = Te, Se, and 
S) have attracted research interest due to their unique 
qualities like low toxicity, eco-friendliness, and 
abundance.

Tin selenide

The two phases of tin selenide with suitable stoichio-
metries are shown in Fig. 10 a, such as SnSe and  SnSe2, 
which displays the standard Sn-Se binary phase dia-
gram. Stoichiometric SnSe forms when the atomic 
percentages of tin and selenium are equal (i.e., when 
there is a 1:1 ratio). This mixture represents the ideal 
compound where tin and selenium are perfectly bal-
anced atomically. An excess of tin atoms in the system 
is indicated if the atomic percentage of tin is higher 
than that of selenium. This can result in the forma-
tion of tin-rich phases, such as  SnSe2, where the ratio 
of tin to selenium is increased. The Sn-Se phase dia-
gram illustrates the stability of different phases based 
on temperature and composition. SnSe is a strong 
thermoelectric candidate for moderate-temperature 

Figure 10  a Binary phase diagram of Sn-Se reproduced with permission [92], Copyright 2016, Journal of Alloys and Compounds. b 
The crystal structure of SnSe. Reported with permission [93]. Copyright 2015, Energies.

16604



J Mater Sci (2023) 58:16591–16633 

energy conversion applications. SnSe has a low ther-
mal conductivity due to its strong anharmonicity and 
a high Seebeck coefficient due to its multi-valley bands 
[91]. SnSe/SnSe2 are binary compound semiconductor 
materials with p/n conductivity based on tin selenide.

SnSe

SnSe appears in two different crystallographic phases: 
orthorhombic (α-SnSe) and cubic (Π-SnSe). The 
mechanical stability of Π-SnSe is more comparable to 
that of α-SnSe. Above 750 K, the orthorhombic crys-
tal structure of SnSe showed a second-order displa-
cive type phase transition from α-SnSe (space group 
Pnma) to β-SnSe (space group-Cmcm) with a = 14.49 Å, 
b = 14.44 Å, c = 14.4135 Å to a = 14.31 Å, b = 14.70 Å, 
c = 14.31 Å. The direct band gap of a-SnSe is wide and 
tunable, ranging from 0.98 eV (bulk) to 1.43 eV. (mon-
olayer) [94]. Figure 10b shows the crystal structure of 
SnSe.

SnSe2

SnSe2 crystallizes in a hexagonal crystal system with a 
P3m1 space group, which is created by an out-of-plane 
van der Waals bond formation between Sn-Se-Sn slabs 
P3m1 (c-axis).  SnSe2’s lattice parameters are a = 3.811 Å 
and c = 6.137 Å. The band gap of  SnSe2 varies greatly, 
ranging from 1.84 eV (bulk) to 2.04 eV. (monolayer) 
[95]. Figure 10 b shows the structure of the tin selenide 
compound and Fig. 11 shows the TEM, SAED pattern 
and HRTEM images of  SnSe2 which shows the struc-
tural information of  SnSe2 [96].

Tin telluride

Due to similarities between their valence band struc-
ture, PbTe, and SnTe are potential to be good thermo-
electric materials [97]. The conduction and valence 
band of SnTe at the L point of the Brillouin zone are 
separated by a tiny band gap (0.18 eV at 300 K), which 
typically produces a sizable bipolar effect. Figure 12a 
illustrates the Sn-Te binary phase diagram; it pro-
vides information about the stability and composition 
ranges of different phases of SnTe under various con-
ditions. It shows the existence of a stable phase which 
is SnTe. When the atomic percentages of Sn and Te are 
in a 1:1 ratio, SnTe forms. This composition represents 
the stoichiometry of SnTe, where the atomic percent-
ages of tin and tellurium are equal. Within the phase 
diagram, there will be a specific region indicating the 
stability of SnTe as the dominant phase.

SnTe

The lattice structure of SnTe is determined using XRD. 
SnTe poses cubic structure and lattice parameters are 
a = b = c = 6.31 Å and α = β = γ = 90° in the Fm-3 m space 
group [100]. In atmospheric conditions, SnTe crystal-
lizes in a cubic structure of NaCl type. Under pressure, 
the phase of SnTe changes to an orthorhombic struc-
ture with pnma space group. The lattice parameters 
of the high-pressure phase of SnTe are a = 11.59 Å, 
b = 4.37 Å, and c = 4.48 Å. At 18 Kb pressure, the NaCl 
structure transforms into an orthorhombic structure 
[101]. Figure 12b shows the structure of SnTe and 
Fig. 13 shows theTEM images of precise crystal struc-
tures of SnTe compound.

Figure 11  a TEM image, 
b SAED patterns, and c 
HRTEM images of  SnSe2 
compound [96].
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Tin sulphide

A binary top group metal chalcogenide semiconductor 
called tin(II) sulfide (SnS) favors a layered orthorhom-
bic crystal structure. Weak van der Waals forces 
that hold SnS layers together create a surface that is 
chemically inert, free of dangling bonds, and surface 
densities of states without Fermi level putting at the 
semiconductor surface. This gives SnS a high level 
of chemical and environmental reliability. As shown 
in the binary phase diagram in Fig. 14a. tin sulfide 

has different phases like SnS,  SnS2, and  Sn2S3 with 
α and β phases. In the case of tin sulfide, the phase 
diagram typically shows multiple phases. When the 
atomic percentages of Sn and S are in a 1:1 ratio, SnS 
forms. This composition represents the stoichiometry 
of SnS, where the atomic percentages of tin and sulfur 
are equal. Within the phase diagram, there will be a 
specific region indicating the stability of SnS as the 
dominant phase. An excess of tin atoms in the system 
is indicated if the atomic percentage of tin is higher 
than that of sulphur. This may result in the formation 
of phases rich in tin. On the other hand, a surplus of 
sulphur atoms is indicated if the sulphur atomic per-
centage is higher than that of tin. Sulfur-rich phases or 
compounds may form as a result of this. The composi-
tion range will determine the specific sulfur-rich and 
tin-rich phases that form, and this will be shown on 
the phase diagram.

SnS

Hoffman analyzed the orthorhombic crystal structure 
of SnS in 1935 and gave the unit cell lattice parameters 
of a = 3.98 Å, b = 4.33 Å, and c = 11.18 Å. Since the highly 
electronegative S atoms draw an electron pair, the struc-
ture of SnS appears to be slightly disordered in a virtual 
view, like that of NaCl. Additionally, the nonbonding 
5 s lone pair electrons of the Sn significantly change 
the lattice’s original rock-salt structure into a distorted 
orthorhombic layered structure. These disordered 

Figure 12  a Binary phase diagram of Sn-Te reproduced with permission [98], b crystal structure of SnTe reproduced with permission 
[99].

Figure  13  TEM images of SnTe compound. Reproduced with 
permission [102]. Copyright 2017, ACS.
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layered structures have three short Sn-S bonds between 
each of the six "S" atoms that coordinate each "Sn" atom. 
The α-SnS phase of SnS is a stable low-symmetric phase. 
It goes through an α-type phase transition to a high-
symmetric phase, or β-SnS, as the temperature rises. The 
orthorhombic SnS crystallographically transforms into a 
tetragonal one. The tetragonal phase’s lattice parameters 
are a = 4.23 Å and c = 11.51 Å. The higher temperature 
phase crystallizes in a thallium iodide (TlI) type struc-
ture (B33) with the space group  Cmcm, while the lower 
temperature phase crystallizes in a structure of the ger-
manium sulfide (GeS) type (B16) with the space group 
 Pbnm  (D16

2h) [105].

SnS2

SnS2 has a hexagonal crystal system with P3m1 
space group and lattice parameters of a = 3.638 Å and 

Figure  14  a Binary phase diagram of Sn-S reproduced with permission [103], copyright 2016 Elsevier b crystal structures of Tin 
Sulfide reproduced with permission [104].

Figure  15  TEM images of  SnS2.Reproduced with permission 
[107]. Copyright 2022, Elsevier.
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c = 5.89 Å at room temperature. Figure 15 shows the 
structural information of the  SnS2. Compression in 
the crystal structure of  SnS2 was noticed after hydro-
static pressure of 5 GPa was applied. Pressure causes 
a decrease in the lattice parameters (a, c), Sn–S–Sn 
angle, bond lengths, and volume. Due to the layered 
geometry and sufficient space to compress along the 
c-axis, the change in lattice parameters along the c-axis 
is greater than the a-axis. Sn-Sn-Sn angle, interlayer 
distance, and bond distance are all decreasing [106].

Sn2S3

The equimolar mixture of  SnS2 and SnS is directly 
fused at a temperature of 1079 K to produce the 
 Sn2S3 compound with the mixed valency of tin. Tin 
sequential crystallizes as an orthorhombic structure 
with lattice parameters of a = 8.878 Å, b = 3.751 Å, and 
c = 14.020 Å, whose symmetry is described by the spa-
tial group (Pnma)  [108]. Figure 14b shows the crystal 
structures of tin sulfide. Crystal structure and lattice 
parameters of some mid-temperature range chalcoge-
nide-based TE materials are shown in Table 1.

Strategies to optimize thermoelectric 
performance

Bulk thermoelectric materials from the first genera-
tion, including  Bi2Te3, PbTe, and SiGe, were created 
for applications at various temperatures, including 
room temperature, intermediate temperature, and 
high temperature. Controlled doping and forming 
solid solutions like  Bi2Te3-Sb2Te3, PbTe-SnTe, and 
 Si1-XGeX were the main strategies used in the 1960s 
to improve ZT value. The overall ZT enhancement 
is constrained because there were concurrent reduc-
tions in the charge carrier mobility, even though 
point defects in solid solutions serve to reduce the 
lattice thermal conductivity by increasing heat-
carrying phonons scattering. The thermoelectric 
community was urged to look again at high-per-
formance, advanced thermoelectric materials in the 
1990s for uses such as cooling and thermoelectric 
power generation. The thermoelectric figure of 
merit ZT has improved in recent years, and sig-
nificant progress has been made [114]. Developing 
and boosting the efficiency of thermoelectric sam-
ples is a tedious job because the parameters in ZT 

are interdependent on one another. To get high ZT, 
thermal conductivity should be low electrical con-
ductivity and the Seebeck coefficient should be high. 
BiTe, SnSe, CuSe, half-Heusler, multicomponent 
oxide, organic–inorganic composite, and GeTe/PbTe 
series have all been found to have excellent thermo-
electric properties after years of research and accu-
mulation. Theoretically, graphene has a ZT value 
of 4.8 at 300 K, while  Bi2Te3 nanowires have a ZT 
value of 14 when their diameter is 5 Å. Experimen-
tal measurements showed that n-type SnSe poses 
a ZT value of 2.8 [115]. In contrast, nanostructure 
engineering and defect engineering can significantly 
reduce thermal conductivity, bringing it closer to 
the amorphous limit, while manipulating the carrier 
concentration and band structures of materials is 
effective in improving electrical transport proper-
ties [116]. The best thermoelectric materials, accord-
ing to conventional wisdom, combine an electronic 
crystal structure with an amorphous phonon glass 
to produce a glass-like lattice with low thermal con-
ductivity. The carrier mobility in the electron crystal 
region is unaffected by hosting disorders in the pho-
non glass region or by doping to block phonons [3]. 
To optimize the parameters and to achieve a high-
power factor, low thermal conductivity, or a combi-
nation of the two, a number of strategies have been 
used. By using the right carrier doping, quantum 
confinement, energy carrier filtering, reducing the 
effective mass, and alloying the band structure, the 
power factor can be improved [117]. Interfaces could 
be added to materials to reduce thermal conductiv-
ity and to increase phonon scattering at the atomic, 
nanoscale, and microscale through alloying, nano-
structuring, or multiscale hierarchical engineering 
[118]. This review emphasized the crucial tech-
niques for improving mid-temperature thermoelec-
tric material’s thermoelectric performance, which 
will motivate researchers to investigate more about 
these thermoelectric materials. It is important to 
note that the improvement of thermoelectric prop-
erties is not constrained to the application of a single 
technique. In several studies, multiple techniques 
have been used concurrently to achieve the great-
est improved performance in thermoelectric results. 
The creation of high-performance thermoelectric 
materials and the associated thermoelectric theory 
are therefore seeing increasing interest. Two distinct 
strategies have been developed over the past twenty 
years to find the next generation of thermoelectric 
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materials. The first is the discovery and application 
of novel families of bulk thermoelectric materials 
with intricate crystal structures, and the second is 
the synthesis and application of low-dimensional 

thermoelectric material systems [114]. Thermoelec-
tric performance can be enhanced through doping, 
nanostructuring, nanocomposite, alloying, and co-
doping [3]. The following flowchart (Fig. 16) can 
give some idea of how to increase thermoelectric 

Table 1  Crystal structure and lattice parameters of some mid-temperature range chalcogenide-based TE materials

Sl no. Material Crystal structure Lattice parameters Refs.

1 PbTe NaCl (rock salt), Fm3m a = 6.460 Å [43]
2 PbSe NaCl (rock salt), Fm 3 m a = 6.125 Å [51]
3 PbS NaCl (rock salt), Fm 3 m a = 5.930 Å [51]
4 PbTe NaCl (rock salt), Fm3m a = 6.448 Å [35]
5 PbSe NaCl (rock salt), Fm3m a = 6.104 Å [35]
6 PbS NaCl (rock salt), Fm3m a = 5.905 Å [35]
7 PbTe Orthorhombic Pnma,(at 6.7GPa) a = 8.157 Å, b = 4.492 Å, and c = 6.294 Å [47]
8 Pb1-XSnXSe NaCl, Fm3m a = 6.0337 Å [54]
9 Pb1-XSnXTe NaCl (rock salt), Fm3m a = 6.3505 Å [54]
10 PbS Face-centered cubic, Fm3m a = 5.9362 Å [41]
11 In2Te5 Monoclinic, C2/c a = 16.66 Å, b = 4.36 Å, and c = 41 Å [81]
12 In3Te4 Rhombohedral, R 3 m a = 4.26 Å, c = 40.6 Å [109]
13 In3Te4 Tetragonal a = 6.173 Å, c = 12.438 Å [109]
14 In3Te5 Hexagonal a = 13.27 Å, c = 3.56 Å [78]
15 In4Te3 Orthorhombic, Pnnm a = 15.630 Å, b = 12.756 Å, c = 4.441 Å [76]
16 α(2H)-In2Se3 Hexagonal, P63∕mmc a = 4.025 Å, c = 19.235 Å [61]
17 α(3R)-In2Se3 Rhombohedral, R3m a = 4.05 Å, c = 28.77 Å [110]
18 β(2H)-In2Se3 Hexagonal,   P63/mmc a = 4.0157 Å, c = 19.222 Å [111]
19 β(3R)-In2Se3 Rhombohedral, R 3 m a = 4.000 Å, c = 28.33 Å [61]
20 γ-In2Se3 Hexagonal,  P61 a = 7.1286 Å,c = 19.381 Å [111]
21 δ-In2Se3 Trigonal, P3m1 a = 4.0181 Å, c = 9.646 Å [61]
22 In3Se4 Rhombohedral, R 3 m a = 3.964 Å, c = 39.59 Å [83]
23 β-InSe Hexagonal,  P63/mmc a = 4.005 Å, c = 16.64 Å [61]
24 γ-InSe Rhombohedral, R3m a = 4.002 Å, c = 24.946 Å [68]
25 In4Se3 Orthorhombic, Pnnm a = 15.30 Å, b = 12.18 Å, c = 4.050 Å [112]
26 In6Se7 Monoclinic,  P21/m a = 9.433 Å, b = 4.064 Å, c = 17.663 Å, β = 100.92° [113]
27 InTe Tetragonal T1Se-type (B37), Z4/mcm a = b = 8.63 Å, c = 7.23 Å [82]
28 β-In2Te3 Cubic, F 4 3 m a = 6.158 Å [85]
29 α-In2S3 Cubic, Fd3m a = 10.835 Å [90]
30 β-  In2S3 Tetragonal, 14/amd a = 7.6231 Å, c = 32.358 Å [90]
31 γ-  In2S3 Trigonal, p3m1 a = 3.8656 Å, c = 9.1569 Å [90]
32 α-SnSe Orthorhombic, Pnma a = 14.49 Å, b = 14.44 Å, c = 14.4135 Å [94]
33 β-SnSe Orthorhombic,Cmcm a = 14.31 Å, b = 14.70 Å, c = 14.31 Å [94]
34 SnSe2 Hexagonal, P3m1 a = 3.811 Å, c = 6.137 Å [95]
35 SnTe Cubic, Fm3m a = 6.31 Å [100]
36 α-SnS Orthorhombic, Cmcm a = 3.98 Å, b = 4.33 Å, c = 11.18 Å [105]
37 β-SnS Tetragonal a = 4.23 Å, c = 11.51 Å [105]
38 SnS2 Hexagonal, P3m1 a = 3.638 Å, c = 5.89 Å [106]
39 Sn2S3 Orthorhombic, Pnma a = 8.878 Å, b = 3.751 Å, c = 14.020 Å [108]
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efficiency and some of the strategies are explained 
in detail in the below of the flowchart (Figs. 17, 18).

Doping

Doping helps to manage the carrier concentration to 
get high efficiency in the TE materials and also helps 
to reduce thermal conductivity by generating scat-
tering centers for phonons and to generate defects. 
By increasing dopants, the density of states can be 
increased this helps to monitor Seebeck co-efficient 
and also increases electrical conductivity. Parker and 
Singh studied the doping of PbSe and they reported 
that the heavily doped PbSe sample gives ZT ~ 2 
in the mid-temperature range [119]. Heng Weng 

et al.reported that Na-doped PbSe gives ZT ~ 1.2 at 
850 K, and Na provides a high hole concentration in 
the system [120]. Sn, I, and Ti-doped PbTe showed 
enhanced ZT of about 50% compared to pristine and 
ZT reaches up to 1.5 at 773 K [37]. Yihuai Li et al. 
reported that Bi-doped PbS shows ZT up to 0.89 at 
773 K, excellent electrical conductivity due to the use 
of  Bi3+ doping to modify carrier concentration and 
mobility and declined thermal conductivity through 
the use of the right defect [17]. Recently, SnSe, a lay-
ered chalcogenide material, has received a lot of atten-
tion for its amazing p-type thermoelectric property, 
notable ZT value of 2.6 at 923 K. At 733 K, the n-type 
SnSe single crystal has a maximum ZT value of 2.2 
along the b axis shown in Fig. 19 and corresponding 

Figure 16  Flowchart to 
optimize the thermoelectric 
performance
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ZT along a,c axis shown in Fig. 19a and a carrier den-
sity of 2.1 ×  1019Cm−3. Figure 17 a displays the tem-
perature-dependent Seebeck coefficient for undoped 
and bi-doped SnSe single crystals across the c-axis. All 
Bi-doped samples have n-type nature, with a Seebeck 
coefficient ranging from 520 to 730 mV  K−1 at 300 K, 
whereas the undoped sample exhibits p-type nature 
and has a Seebeck coefficient of 500 mV  K−1 at 300 K. 
The value of Seebeck coefficient of Bi-doped SnSe 
single crystals reduces with temperature, whereas it 
raises with temperature for undoped SnSe until 650 K. 
Figure 18b displays the temperature-dependent elec-
trical conductivity of SnSe and Bi-doped SnSe along 
the c axis. Electrical conductivity for all the n-type 
samples raises from room temperature to high tem-
peratures, whereas it reduces in the undoped sample 
below 600 K. High electrical conductivity in n-type 
SnSe is caused by an increase in electron carrier con-
centration brought on by Bi doping. Figure 17c depicts 
the temperature-dependent power factor (PF). Due to 
the low electrical conductivity, small PF values have 

been observed in p-type SnSe and in lightly Bi-doped 
samples. The highest PF values observed in highly Bi-
doped SnSe are 10.36 and 11.25 mW  cm−1  K−2 at 673 
and 573 K, respectively. As demonstrated in Fig. 17d, 
the total thermal conductivity of Bi-doped SnSe sin-
gle crystals has been measured over the temperature 
range of 300 to 773 K. The findings indicate that the 
κtot values for the three distinct Bi-doped contents 
have been comparable. It has been noted that the lat-
tice phonons dominantly contribute to κtot in semi-
conductors. Therefore, the effect of electron carriers 
in κtot within n-type samples is minimal. The noted 
thermal conductivities of p-type SnSe, 0.23, 0.33, and 
0.3  Wm−1  K−1, along the a, b, and c axes shown in 
Fig. 18c at about 773 K, are comparable to the ther-
mal conductivity values of n-type SnSe single crys-
tals and corresponding Seebeck coefficient, thermal 
conductivity and electrical conductivity are shown in 
Fig. 17d, 18a, b [118]. Qian Zhang et al. showed that 
at around 873 K, 0.25 atom% In-doped SnTe showed 
a maximum ZT value of 1.1 and they explained that 

Figure 17  Thermoelectric properties of undoped and Bi-doped SnSe along different c-axis a S b σ c PF d κto Reproduced with permis-
sion [118].
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Figure 18  Thermoelectric properties o Bi-doped SnSe along different axis a S b σ c PF d κtot Reproduced with permission [118].

Figure 19  a ZT of undoped and Bi-doped SnSe along c-axis, b ZT of Bi-doped SnSe along different axis. Reproduced with permission 
[118].
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the In substitutes Sn in SnTe compound and it can be 
confirmed by the XRD pattern shown in Fig. 20 [123]. 
Binqiang Zhou et al. reported the Na-doped SnS sam-
ple with a maximum ZT value of 0.8 at 850 K increased 
carrier concentration by nearly about ∼1 ×  1020  cm−3 
[122]. According to Jong-Soo Rhyee et al. ZT has been 
significantly increased, reaching a maximum value of 
1.53 over a wide temperature range in chlorine-doped 
materials. In the  In4Se3-XCl0.03 compounds, the electri-
cal conductivity primarily increases due to a rise in 
both carrier concentration and Hall mobility, and high 
thermoelectric output was found to exist due to charge 
density wave lattice instability along crystallographic 
bc plane. As temperature rises, the main cause for the 
decrease in thermal conductivity is the contribution 
of acoustic phonons [123]. The large electronic affinity 
of Cu compared to Na was shown by Huaxing Zhu 
et al. and are able to effectively reduce the Coulomb 
scattering for charge carriers. As a result, at 730 K, the 
maximum figure of merit ZT for InTe is found to be 
approximately 0.73 [124].

Co‑doping

Recently co-doping has experienced extensive 
research and is a promising method for enhancing 
the performance of thermoelectric materials. Co-
doping is a strategy where different dopants are 
added to the cationic and anionic sides of the base 
compound to improve their efficiency. The dopant’s 
selection is mainly based on the atomic radius of the 

base element. If the atomic radius of the dopant is 
greater than the matrix element the crystallite size 
increases, on the other hand, if the atomic radius of 
the dopant element is smaller compared to the matrix 
element, then the crystallite size decreases. By lower-
ing the ionization energies of acceptors and donors, 
co-doping can effectively increase the dopant solu-
bility, activation rate, and carrier mobility [125]. This 
technique of co-doping two resonant dopants not just 
to improves the material’s efficiency across the tem-
perature range, but also inspires researchers to seek 
out other, unusual combinations of dopants to fruit-
fully optimize the material’s electronic structure [126]. 
Haotian Fan et al. explained the effect of co-dopants 
like Ag-Sb to the PbSe and how thermal conductiv-
ity is reduced based on HRTEM images. An HRTEM 
image of the Ag-Sb co-doped PbSe sample in Fig. 21c 
demonstrates the presence of features at the nanoscale. 
It is evident that the crystal grains contain a number 
of well-crystallized nano-regions and wavy patterns 
that are several nanometers wide. These PbSe nano-
structures with Ag and Sb doping would effectively 
scatter phonons to reduce the thermal conductivity 
of the lattice. Additionally, micrograins contain a 
lot of dislocations (Fig. 21c(2) and c(3)). These flaws 
cause the lattices to be severely twisted and distorted, 
which would strongly scatter phonons. These flaws 
should result from nanoscale elemental fluctuations  
[127]. Sandhya Shenoy et.al studied the tailoring of 
SnTe’s electronic structure through the co-doping of 
Zn with Ag, Ca, and Mg and they explained how the 
dopants enhance the thermoelectric performance and 
play complementary roles. While M (M = Ag, Ca, Mg) 
widens the band gap, thus preventing bipolar trans-
portation and aids in improving the band conver-
gence performance at higher temperatures. The band 
gap widening enhances thermoelectric performance 
by decreasing bipolar transport, minority carriers’ 
ability to contribute to Seebeck, and carriers’ ability 
to conduct heat across the band gap. When Zn is co-
doped, resonance states develop as a doubly degener-
ate split-off band from the initially eight-fold degen-
erate valence band maxima. Zn introduces resonance 
level and causes hyper-convergence to increase the 
Seebeck at low temperatures. Additionally, they simu-
lated electronic structure of co-doped SnTe samples to 
examine the co-doping’s effects (Fig. 21a). Compared 
to  Sn14AgZnTe16, the band gap of  Sn16Te16 is found to 
increase from 0.081 eV to 0.329 eV. Zn further modifies 
the electronic structure, and this property is known 

Figure  20  XRD patterns for the  InXSn1−XTe (x = 0, 0.0025, 
0.005, and 0.01) material [121].
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to raise the Seebeck values at room temperature by 
increasing the proportion of degenerate valley that 
contribute to the transport properties. The change in 
the conduction band region caused by the addition 
of M (M = Ag, Ca, Mg) is an intriguing aspect worth 
mentioning in this context. A heavy electron conduc-
tion band is generated at the R point as a result of 
the loss of the degeneracy of the conduction band 
minima. The light electron conduction band is con-
verged as the dopant is switched from Ca (0.723 eV) 
to Ag (0.191 eV) to Mg (0.012 eV). This shows that the 
dopant can successfully alter the conditions to act as 
an n-type and also enhance the transport properties 
in an n-type material. In contrast to pristine SnTe, co-
doped samples showed prominent peaks closer to the 
Fermi level in their densities of states (DOS) (Fig. 21b). 
The partial density of states (pDOS) plot demonstrates 
that in SnTe, Te ’p’ orbitals form the valence states and 
Sn ’p’ orbitals as conduction states. They noticed that 
as the temperature rose, the electrical conductivity val-
ues decreased, indicating the semiconductor’s typical 
degenerate nature  [124]. Some of the mid-temperature 
materials doped and co-doped with different elements 
and their thermoelectric figure of merit, ZT are listed 
in Table 2 (Fig. 22).

Alloying

Alloying of elements was found to be a successful 
strategy for enhancing ZT but in a different way than 

the doping effect. The process of combining two or 
more metallic elements to form an alloy is known as 
alloying. An alloy is a substance made of different met-
als or metals combined with one or more non-metallic 
elements. In order to meet particular requirements 
for various applications, alloying is used to improve 
specific properties of the base metal(s). The ability of 
alloy formation to scatter heat-carrying phonons and 
improve the performance of thermoelectric materials 
has also been widely recognized since the 1950s. By 
using alloy scattering, it is possible to significantly 
improve both the electronic properties and the lattice 
thermal conductivity [149]. In order to understand 
their impacts on lattice strains for  kL-reduction, it also 
controls the defect structures involving both dense in-
grain dislocations and precipitate-induced interfaces 
at low temperatures and they reported the reduced 
thermal value as 0.8 W  m−1  K−1 as shown in Fig. 23c. In 
 NaYEu0.03Cd0.03Pb0.9-y the maximum Seebeck co-effi-
cient (310 µv/K) is reported for Y = 0.010 concentration 
at 850 K as shown in Fig. 23a and maximum resistivity 
is about 6.3mΩcm for Y = 0.010 concentration as shown 
in Fig. 23b. The maximum ZT of about 2.5 for Y = 0.030 
concentration at 850 K as shown in Fig. 23d [150]. Tian-
Ran Wei et al. combined PbSe and p-type polycrystal-
line SnSe, they reported that due to strain and mass 
fluctuations, the lattice thermal conductivity decreased 
by 12 at.% from 1.4 to 0.85 W  m−1  K−1. It’s interest-
ing to note that the Pb substitution has little effect 
on the Seebeck coefficient and carrier concentration, 

Figure  21  a Electronic structure and b DOS of SnTe and co-
doped SnTe, Reproduced with permission  [128]. Copyright 
2021, Elsevier c HRTEM image of Ag-Sb doped PbSe, C.1) 

showing grain boundaries and dislocations (C.2) and (C.3) 
detailed view of dislocations in C.2. Reproduced with permission 
[127]. Copyright 2015, Elsevier.
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indicating a constant effective mass and an unaltered 
valence band maximum. Multiple carrier scattering 
mechanisms were combined into a clear model that 
demonstrated how temperature and composition 

affect mobility [151]. SnTe has been alloyed with MnTe 
and functions as a significant replacement for thermo-
electric PbTe, which contains hazardous Pb. A record 
peak ZT and a superior average ZT among literature 

Table 2  List of some mid-temperature materials doped and co-doped with different elements and their thermoelectric figure of merit, 
ZT

The abbreviations listed in the column for the synthetic technique stand for the following ideas: BM ball milling, HP hot pressing, M 
melting, MG melt growth, Q  quenching, A  annealing, G grinding, HT hydrothermal method, GGM  Gradient growth method, SPS spark 
plasma sintering, Bm Bridgeman method, MA mechanical alloying, SSR  solid-state reaction

Sl.No Material Type Method Dopant ZT T (K) Ref

1 PbTe p MG Na 1.3 700 [129]
2 PbTe p BM + HP Tl 1.3 673 [130]
3 PbTe n M + Q + BM Bi 1.1 773 [15]
4 PbSe n BM + HP Al 1.3 850 [131]
5 PbSe n MG Ga 0.9 900 [132]
6 PbSe n MG In 0.8 700 [132]
7 PbS n A + G + HP Cl 0.7 850 [56]
8 PbS n HT Bi 0.89 773 [17]
9 SnSe p M + HP Zn 0.96 873 [133]
10 SnSe1-XSX n M + HP I 0.8 773 [134]
11 SnSe n GGM Bi 2.2 773 [118]
12 SnSe n M + BM + HP Br 1.3 773 [135]
13 SnSe p HT Cu 1.2 873 [136]
14 SnTe p BM + HP In 1.1 873 [121]
15 SnTe p M + SPS SrTe 1.2 823 [137]
16 SnTe p M + SPS Bi 0.9 823 [137]
17 SnTe p MG Mg 1.2 860 [97]
18 SnS p Bm Na 1.1 870 [138]
19 SnS p MA + SPS Ag 0.6 873 [139]
20 SnS p M + Q + A Na 0.65 800 [122]
21 In2Se3 – M + BM + SPS Cu 0.55 846 [72]
22 In4Se3 n Bm Cl 1.53 698 [123]
23 InSe – DFT Bi 0.65 800 [140]
24 In4Te3 n SPS Se 0.56 670 [22]
25 InSe n SPS Sn 0.66 700 [21]
26 In4Se3 n Bm Cu 0.97 723 [141]

Co-doping

27 PbTe n MG Cr and I 2.0 500 [142]
28 PbSe p High-pressure Ag and Sb 1.03 600 [127]
29 PbTe p MG K and Na 1.3 700 [143]
30 SnSe n MA + SPS Ti and Pb 0.4 773 [144]
31 SnSe n M + SPS Na andAg 1.2 785 [145]
32 SnTe p HP Bi and Zn 1.6 840 [126]
33 SnTe p M + Q + HP In and Se 0.9 873 [146]
34 SnTe p M + Q + HP Ge,Sb and Bi 1.1 873 [147]
35 In4Se3 n SSR + SPS Pb and Sn 1.4 733 [148]
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high-performance performance SnTe in the alloy form 
result from alloying with MnTe up to 15% mol. Both 
the band structure for a power factor enhancement 
and the phonon scattering for a reduction in lattice 
thermal conductivity is improved [152]. Yingcai Zhu 

et al. demonstrated the addition of  AgInSe2 to p-type 
PbSe allows for the simultaneous understanding of 
multiple valence band and strong phonon scatter-
ing. Large weighted mobility is made possible by 
the numerous valley, indicating improved electrical 

Figure 22  a Electronic band structure and b DOS c TEM images of  AgInSe2 added PbSe samples. Reproduced with permission [188]. 
Copyright 2022, Springer nature.

Figure 23  Thermo-
electric properties of 
 NaYEu0.03Cd0.03Pb0.9−y alloy 
a S b ρ c κ, κl d ZT. Repro-
duced with permission [150].
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properties. Strong phonon scattering brought on by 
numerous nano-scale precipitates and dislocations 
leads to extremely low lattice thermal conductivity. 
As a result, they obtained a remarkable ZT of 1.9 at 
873 K in p-type PbSe. They showed that by adjusting 
the composition, it is possible to achieve a combina-
tion of band manipulation and microstructure engi-
neering, which is anticipated to be a common method 
for enhancing thermoelectric performance. To figure 
out the origin of the enhanced Seebeck coefficient, 
DFT calculations were made. With the incorporation 
of  AgInSe2 in the PbSe matrix, they noticed a signifi-
cant change in the electronic band structure (Fig. 22a). 
Doping causes the bandgap to widen, which reduces 
the bipolar effect and makes it easier to increase the 
Seebeck coefficient. According to DFT results, the 
incorporation of Ag is primarily responsible for the 
enlarged bandgap. Ag and Se have a greater difference 
in electronegativity (0.62) than Pb and Se (0.22). Ag 
will therefore increase the charge transfer between the 
cation and anion at Pb sites, resulting in a wider band-
gap. It’s interesting to note that Na doping increases 
the bandgap to about 0.38 eV. The L band is also made 

flatter. The band flattening character is also revealed 
by the sharp peaks reflected in the density of states 
(DOS) for the valence band (Fig. 22b). The energy off-
set (∆E1-2) between the L and Σ bands is shortened 
simultaneously as the band is elevated. Surprisingly, 
the Λ point activates a third valence band that main-
tains the same energy level as the Σ band (Fig. 22a). 
The increased Seebeck coefficient and the weighted 
mobility are the result of these multiple valence bands’ 
ability to provide a large effective mass without sig-
nificantly affecting carrier mobility [149]. According 
to the TEM images of the PbSe sample (Fig. 22C(1,2), 
the PbSe matrix contains numerous nanoscale pre-
cipitates. Strip-like dislocations are additionally seen 
(Fig. 22 c(1)’s circled regions). Both multiscale disloca-
tions and nanoscale precipitates function as efficient 
phonon scattering centers. The strong phonon scatter-
ing caused a significant reduction in the lattice ther-
mal conductivity of the sample, bringing it to its amor-
phous limit of 0.31 W  m−1  K−1 at 873 K. This will lead 
to a ZT of 1.9. Some of the mid-temperature materials 
alloyed with different elements and their thermoelec-
tric figure of merit, ZT are listed in Table 3 (Fig. 24).

Figure 24  a TEM image of the  In2Te3 nanowire with EDS spectrum data b High-magnification TEM image of the nanowire, c HRTEM 
image of the  In2Te3 nanowire. Reproduced with permission [162]. Copyright 2019, Materials Research Bulletin.

Table 3  List of some mid-
temperature materials alloyed 
with different elements and 
their thermoelectric figure of 
merit, ZT

Sl.No Material Type Method Alloyed with ZT T (K) Refs.

1 Cl doped PbS n M Bi 0.8 823 [154]
2 PbTe p A EuTe and CdTe 2.5 850 [150]
3 PbTe p HP CdTe 1.7 700–800 [149]
4 PbSe n M + SPS CdSe 1.4 873 [155]

PbSe p M + A SrSe 0.8 813 [156]
5 SnSe p M + A + SPS PbSe 0.85 800 [151]
6 SnTe p M + Q + A MnTe 1.3 900 [152]
7 SnSe p SPS SnS 1.2 793 [157]
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Nanostructuring

The idea of "nanostructuring" describes how mate-
rials are structured and constrained in size at the 
nanoscopic level. By introducing nanometer-sized 
polycrystalline and interfaces into bulk materials, 
nanostructured thermoelectric materials are intended 
to increase phonon scattering and decrease lattice ther-
mal conductivity [158]. Because of their outstanding 
thermoelectric performances, nanostructured mate-
rials become the most potential candidates for com-
mercial use among different types of thermoelectric 
materials. Because the density of states (DOS) near the 
Fermi level can be improved through quantum con-
finement, resulting in an increase in thermopower. 
Because phonons over a wide range can be effectively 
scattered by a high density of interfaces, resulting in a 
decrease in the lattice thermal conductivity. The low-
dimensional thermoelectric materials are thought to 
have greater thermoelectric properties than their bulk 
counterparts. There is an effective increment in the 
ZT value can be found in 1D and 2D thermoelectric 
materials [114]. Hicks and Dresselhause are the first to 
propose theoretically the high ZT value by nanostruc-
ture engineering in 1993 [159]. Their model suggested 
that increasing the Seebeck coefficient and decreas-
ing thermal conductivity due to phonon scattering 
at the interfaces would improve ZT. Quantum well 
and superlattice structures (2D TE materials): Better 
thermoelectric devices may be made with quantum 
dot superlattice (QDSL) structures, which have a delta-
function distribution of density of states and discrete 
energy levels as a result of three-dimensional quantum 
confinement, a potentially more advantageous carrier 
scattering mechanism, and a drastically reduced lat-
tice thermal conductivity. Harman et al. developed 
quantum-dot superlattices in the PbTe-PbSeTe sys-
tem, described as PbSe nanodots embedded in a PbTe 
matrix and showed ZT = 1.6, which is significantly 
higher than their bulk counterparts (ZT = 0.34) [160]. 
This work was motivated by the prediction that quan-
tum confinement may lead to an increased Seebeck 
coefficient and therefore higher ZT. According to 
Rogacheva et al [161]. the n-PbTe/p-SnTe/n-PbTe het-
erostructures’ thermoelectric properties depend on the 
SnTe quantum well width in a distinct nonmonotonic 
manner. It is reported that the maximum thermoelec-
tric power factor corresponds to  dSnTe = 2.5 nm and that 
the results are understood based on a size quantiza-
tion of the energy spectra in the SnTe QW. As phonons 

can be scattered by the interface between layers, the 
layers may decrease the phonon thermal conductiv-
ity and as a result, ZT has increased. Nanowires (1D 
TE materials): Due to stronger phonon scattering and 
quantum confinement compared to two-dimensional 
counterparts, quantum nanowires may have a greater 
improvement in thermoelectric performance. Further-
more, it has been suggested that the additional phonon 
scattering on the inner and outer surfaces of nanotubes 
makes them have lower lattice thermal conductivity 
than nanowires [114]. As shown in Fig. 25d in the 
case of the  In2Te3 nanowire the maximum reported 
ZT value is about 1.8 at 300 K and by observing Fig. 25 
a and c we can conclude that as temperature increases 
the Seebeck coefficient and resistivity decreases. 
Maximum Seebeck co-efficient is reported as 72µv/K 
and resistivity is about ~ 26mΩ.cm at 300 K, but the 
total thermal conductivity was found to increase with 
increasing temperature, and it is minimum at 300 K 
as shown in Fig. 25b. By observing TEM and HRTEM 
images, Fig. 24b is a comparatively smooth surface 
compared to that of etched Si nanowires; this suggests 
that the effect of the surface roughness on the thermal 
conductivity will not be significant, Fig. 24a–c shows 
the TEM and HRTEM images of the samples [162]. 
Some of the mid-temperature nanostructured mate-
rials and their thermoelectric figure of merit, ZT are 
listed in Table 4.

Nanocomposites

The low-dimensional material systems are currently 
being put together as nanocomposites, which consist 
of an assembly of nanoclusters that exhibit short-range 
low dimensionality and are embedded in a host mate-
rial. This creates a bulk material with nanostructures 
and numerous interfaces that scatter phonons more 
effectively than electrons [171]. The next logical step 
for extending the success of nanostructures to more 
scalable material is nanocomposites with reduced 
thermal conductivity by interface scattering. A prom-
ising method for creating bulk samples with nano-
structured constituents is provided by nanocompos-
ite thermoelectric materials. From the perspective of 
material characterization and property measurement, 
such nanocomposite materials are simple to work 
with. Phase interfaces are produced when material 
dimensions are reduced to the nanometer level, and 
they are crucial for improving the properties of the 
material. Knowing the connection between structure 
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and property directly depends on the ratio of rein-
forced material volume to the surface area used in the 
preparation of nanocomposite materials [172]. Maria 
et al. synthesized PbTe-PbS nanocomposites by bot-
tom-Up approach of functional nanocomposites using 
core–shell nanoparticles as building blocks and they 
reported the ZT of 1.1 at 710 K. This report provided a 
reason for the lower thermal conductivities by point-
ing to the partial phase alloying, incoherent interfaces, 

and mismatched acoustic impedances of the PbTe and 
PbS phases [173]. Yim et al. investigated the thermo-
electric properties of Indium-Selenium nanocompos-
ites synthesized by utilizing mechanical alloying and 
spark plasma sintering. They also demonstrated that 
the prepared samples displayed n-type conductivity at 
room temperature, with Seebeck coefficients ranging 
from −159 to −568 µV  K−1. To further improve the ther-
moelectric figure of merit in In-Se-based compounds, 

Figure 25  Thermoelectric 
properties of  In2Te3 nanow-
ires a ρ b κ c S d ZT. Repro-
duced with permission [162]. 
Copyright 2019, Materials 
Research Bulletin.

Table 4  List of some mid-temperature nanostructured materials and their thermoelectric figure of merit, ZT

The abbreviations listed in the column for the synthetic technique stand for the following ideas: MBE Molecular-beam epitaxy, VT 
vapour transport, VP vapour deposition, and TCVDThermal chemical vapor deposition, MHT Microwave Hydrothermal method

Sl.No Material Type Method ZT T (K) Refs.

1 Nanostructured  InXSn1-XTe p BM + HP 1.1 873 [121]
2 PbSeTe-based quantum dot superlattice n MBE 2.0 300 [160]
3 SnTe nanosheets p Ion-exchange reaction 1.1 923 [163]
4 SnTe nanocrystals p MHT 0.49 803 [164]
5 Nanostructured PbS n VT + BM 0.94 710 [165]
6 2D-SnSb2Te4 p DFT 2.6–5.5 300–750 [166]
7 2D-PbSb2Te4 p DFT 0.7–2.2 300–750 [166]
8 2D-PbBi2Te4 p DFT 1.6–4.2 300–750 [166]
9 Se quantum dot/Nanostructured SnSe p HT 2.0 873 [167]
10 SnS nanosheets p Li-intercalation and exfoliation 0.078 450 [168]
11 In doped SnTe nanowires p VD 0.07 300 [169]
12 In2Te3 Nanowires p TCVD 1.8 300 [162]
13 2D InTe n DFT 2.7 300 [170]
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the electrical conductivity can be increased without 
affecting the Seebeck coefficient, and the thermal con-
ductivity is reduced by increasing phonon scattering 
with boundaries, which will induced by nanoscaled 
particles, the boundaries regions [174]. Lisi Huang 
et al. showed that SnSe/rGO nanocomposites were 
synthesized in situ using a simple, one-step bottom-
up solution process and they specifically mentioned 
that the nanocomposite method helps to enhance the 
electrical conductivity over the low-temperature range 
due to increased carrier concentration and signifi-
cantly lowering the material’s lattice thermal conduc-
tivity, which can be attributed to enhanced phonon 
scattering from high-density SnSe/rGO interfaces 
[175]. Figure 26 depicts the temperature dependence 
of the prepared composite’s TE properties (α, σ, κ, and 

ZT). When evaluating TE properties, the highest ZT 
value 1.2 is obtained at 750 K as shown in Fig. 26d. The 
conductivity is more in pristine sample compared to 
the composties as shown in Fig. 26b. The maximum 
value of Seebeck coefficient was found to increase to 
240 µv/K as temperature increases from room tem-
perature to 750 K in case of X = 0.5 composite sample is 
shown in Fig. 26a. Due to its larger Seebeck coefficient, 
PF in the composite samples is higher than the pristine 
sample in the temperature range of 300–750 K. How-
ever,   low thermal conductivity was found to be 2.44 
W  m−1  K−2 at 750 K for X = 0.5 composite sample, as 
shown in Fig. 26c. Some of the mid-temperature nano-
composite materials and their thermoelectric figure of 
merit, ZT are listed in Table 5.

Figure 26  Thermoelectric properties of SnTe/PbTe4 composites a ρ b α c κ d ZT [190]. Reproduced with permission. Copyright 2020, 
ACS.
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To sum up, improving thermoelectric efficiency is 
essential for the creation of thermoelectric materials 
and modules. Numerous methods, such as nanostruc-
turing, doping, and composite materials, have been sug-
gested to increase the effectiveness of thermoelectrics. 
Researchers have been able to significantly enhance 
the thermoelectric performance of materials by apply-
ing these techniques. Additionally, it has been demon-
strated that a synergistic combination of several strate-
gies can increase efficiency even further. Maximizing 
thermoelectric efficiency, however, requires a thorough 
understanding of material properties, device design, 
and manufacturing procedures. The development of 
high-efficiency thermoelectric material is crucial despite 
these obstacles because it could lead to the creation of a 
sustainable energy source for a variety of applications.

Some of the growth techniques mentioned in 
Sect. “Strategies to optimize thermoelectric perfor-
mance”, are schematically shown in Fig. 27.

Drawbacks of mid‑temperature range 
chalcogenide‑based thermoelectric 
materials

There are several drawbacks associated with mid-
temperature range thermoelectric materials. Limited 
efficiency: Although mid-temperature range thermo-
electric materials has improved efficiency compared 
to low-temperature materials, they still fall short in 
comparison to high-temperature thermoelectrics. 
Cost: The production of mid-temperature range ther-
moelectric materials is typically more expensive than 
low-temperature materials because of the require-
ment of complex processing and manufacturing 
methods like the Bridgeman method [193]. Material 
availability: Mid-temperature range thermoelectric 
materials are less abundant than low-temperature 
materials, which can limit their availability. Stability: 

Table 5  List of some mid-
temperature nanocomposite 
materials and their 
thermoelectric figure of 
merit, ZT

The abbreviations listed in the column for the synthetic technique stand for the following ideas: ZM 
zone melting, NP nano precipitation

Sl.No Material Type Method ZT T (K) Refs.

1 PbSe-Ag p Bottom-up (Solution processed) 0.97 723 [176]
2 BST/PbSe p M + BM + S 1.56 400 [177]
3 PbTe p M + Q + HP 2.0 773 [178]
4 PbTe/graphene n Wet chemical method 0.7 670 [179]
5 PbS/Ag n Bottom-up 1.7 850 [60]
6 PbTe/PbS n M + A 0.76 573 [180]
7 PbTe/PbS n NP 1.4 750 [181]
8 PbTe/Si n NP 0.9 675 [182]
9 SnSe/Ag2Se p BM + SPS 0.74 773 [183]
10 Cl doped  SnSe2/SnSe n M + Q 0.56 773 [184]
11 SnS/SnO p Polyol method 0.0036 325 [185]
12 SnTe p M + Q 1.02 873 [186]
13 SnSe/PbTe p M + BM + HP 1.26 880 [187]
14 CuInTe2/SnTe p Cation exchange 1.68 823 [188]
15 SnTe/PbS p SPS 0.8 873 [189]
16 SnTe/PbTe p M + BM + A 1.2 750 [190]
17 In-Se n MA + SPS 0.84 673 [174]
18 In-Se/SrTiO3 n SSR 0.21 600 [191]
19 InSe/In4Se3 n SSR 0.25 600 [191]
20 In4Se3-In n ZM 0.9 700 [192]
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Mid-temperature range thermoelectric materials 
may experience performance degradation over time, 
especially when subjected to high temperatures or 
stress. Performance variability: The performance 
of mid-temperature range thermoelectric materials 
can vary greatly depending on the material used the 
and manufacturing process, leading to difficulties in 
ensuring consistent performance. These are general 
drawbacks of mid-temperature range thermoelectric 
materials.

Will discuss the drawbacks of each series specifi-
cally, Lead Chalcogenides (such as PbS, PbSe, and 
PbTe) are widely studied mid-temperature range ther-
moelectric materials. Some specific drawbacks associ-
ated with these materials include Toxicity: Lead is a 
toxic element and its presence in thermoelectric mate-
rials raises concerns about the environmental impact 
of their use and disposal [194]. Instability: Lead Chal-
cogenides are prone to phase transitions and structural 
changes, which can negatively impact their thermo-
electric performance. Low thermal conductivity: Lead 
Chalcogenides have relatively low thermal conductiv-
ity, which can limit their efficiency as thermoelectric 
materials. High cost: The production of Lead Chalco-
genides can be expensive, which may limit their adop-
tion in commercial applications. Limited mechanical 
stability: Lead Chalcogenides can be brittle and prone 
to cracking, which can make them challenging to use 
in applications where mechanical stress is a concern.

Tin Chalcogenides (such as SnS, SnSe, and SnTe) 
and Indium Chalcogenides (such as InS, InSe, and 
InTe) are promising mid-temperature range thermo-
electric materials. Some specific drawbacks associated 
with these materials include Synthesis difficulties: Tin 
Chalcogenides can be challenging to synthesize with 
high purity and uniform composition, which can nega-
tively impact their thermoelectric performance. Lim-
ited stability: Tin Chalcogenides are prone to phase 
transitions and structural changes, which can nega-
tively impact their thermoelectric performance over 
time. Poor mechanical stability: Tin Chalcogenides 
can be brittle and prone to cracking, which can limit 
their use in applications where mechanical stress is a 

concern. High cost: The production of Tin Chalcoge-
nides can be expensive, which may limit their adop-
tion in commercial applications.

In Sect. “Strategies to optimize thermoelectric 
performance”, various strategies for strengthening 
the thermoelectric abilities of typical medium-tem-
perature thermoelectric materials like PbTe, PbSe, 
PbS, SnSe, SnS, SnTe, InSe, InS, and InTe have been 
discussed. The strategies include electrical transport 
optimization, thermal conductivity reduction, band 
structure tailoring, defect management, and material-
specific approaches. These optimization strategies 
were designed to address and mitigate the draw-
backs associated with these materials. Each of these 
materials presents unique challenges and addressing 
their specific drawbacks is key to improving their 
thermoelectric efficiency. Despite these drawbacks, 
mid-temperature range thermoelectric materials hold 
great potential as a promising alternative to high-
temperature thermoelectrics, especially in applications 
where high-temperature materials are not feasible. To 
overcome these challenges, further research is needed 
to improve the efficiency, stability, and scalability of 
mid-temperature range thermoelectric materials.

Applications of mid‑temperature range 
chalcogenide‑based thermoelectric 
materials

Mid-temperature range chalcogenide-based thermo-
electric materials have a broad range of applications 
across various fields due to their ability to efficiently 
harness waste heat, generate power from temperature 
gradients, and provide precise thermal control. Some 
general applications of thermoelectric materials such 
as, waste heat recovery: One of the most significant 
applications of thermoelectric materials is in capturing 
and converting waste heat from industrial processes, 
power plants, and vehicle exhaust into electricity. This 
can improve energy efficiency and reduce greenhouse 
gas emissions. Portable power generation: Thermo-
electric generators (TEGs) can be used in remote or 
off-grid locations to power sensors, communication 
devices, and other small electronic devices, such as 
in military operations, environmental monitoring, 
and wilderness exploration. Automotive: Thermo-
electric generators can help to improve the fuel effi-
ciency of vehicles by converting some of the waste 
heat from the engine into electricity, which can be 

Figure  27  Schematic diagrams of techniques used to synthe-
size the samples a Bridgeman method b Aqueous solution syn-
thesis method c Hydro-solvothermal synthesis d elting method 
e Mechanical alloying method f Chemical vapour deposition 
method [5]. Reproduced with permission. Copyright 2020, 
American chemical society.

◂
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used to charge the vehicle’s battery or power auxil-
iary systems. Aerospace: In aerospace applications, 
thermoelectric materials can be utilised for power 
generation in satellites, spacecraft, and space probes. 
Electronics Cooling: Thermoelectric coolers (TECs) are 
used to control the temperature of electronic compo-
nents and semiconductor devices. They can be used 
as either heat source or heat sink for precise thermal 
management applications. Medical Devices: Ther-
moelectric devices are used in medical applications, 
such as temperature control for laser systems, port-
able refrigeration for vaccines and medications, and 
temperature regulation for laboratory equipment. 
Wearable Technology: Thermoelectric generators can 
be integrated into wearable devices to harvest body 
heat and extend the battery life or power low-energy 
sensors and components. Industrial Processes: They 
can be used for maintaining specific temperatures 
in industrial processes, such as in chemical reactors 
and furnaces. Solar Power: In concentrated solar 
power (CSP) systems, thermoelectric materials can be 
employed to convert high-temperature heat from solar 
collectors into electricity. Consumer Electronics: Some 
consumer electronic devices, such as camping stoves 

with USB chargers, use thermoelectric generators to 
charge small electronic devices. Combined Heat and 
Power (CHP) Systems: Mid-temperature thermoelec-
tric generators can be used in paired heat and power 
systems, to simultaneously produce electricity and 
useful heat for residential, commercial, and industrial 
applications. Thermal Batteries: Mid-temperature ther-
moelectric materials can be incorporated into thermal 
batteries for energy storage, allowing for the storage 
of excess heat and its conversion back into electricity 
when needed. These are some general applications of 
mid-temperature range chalcogenide-based TE materi-
als and are illustrated in Fig. 28.

The research conducted over the decades has 
shown that nanostructured metal chalcogenides are 
the most significant materials for designing high-
performance energy conversion and storage devices, 
as well as for detecting impurities in gas and aque-
ous media, and for biomedical applications [55]. The 
potential use of lead-based chalcogenides, PbTe, 
PbSe, and PbS, as thermoelectric energy convert-
ers and electronic devices, has led to the extensive 
experimental study of these materials over the past 
few decades [36]. PbTe has been extensively studied 

Figure 28  General applica-
tions of mid-temperature 
range chalcogenide-based TE 
materials.
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as a thermoelectric material since 1950s, under the 
direction of Ioffe in the Soviet Union and Fritts at the 
US-based 3 M corporation. PbTe’s traditional uses 
include power generation for space mission appli-
cations such as NASA space mission with ZT ~ 0.8 
[149]. It is additionally utilized in steel metallurgy, 
solar cells, and phase change materials for digital 
recording, among many other things [51]. PbS is a 
prominent narrow-band-gap semiconductor. It is 
employed in a variety of devices, which include pho-
todetectors with a wide range of wavelengths from 
infrared (IR) to ultraviolet (UV), high-efficiency solar 
cells, thermoelectric transducers, as well as optical 
switches [55]. PbSe’s infrared behavior has been 
studied since 1940s and it has found various appli-
cations in photodetectors and thermal imaging. The 
invention of nanoscience has recently boosted atten-
tion to photovoltaic applications [16].

Indium selenides with layer structures, such as 
 In4Se3,α/β-In2Se3, and β/γ-InSe, have received a lot of 
attention over the past few decades because of their 
potential use in thermoelectrics, solar cells, Li-ion 
batteries, photodetectors, and memory devices.In4Se3 
forms a layered structure of  (In3)5+ multivalent groups 
bonded to Se ions, whereas α/β-In2Se3 and β/γ-InSe 
form atomic layers of Se-In-Se-In-Se and Se-In-In-Se, 
respectively. Anisotropic bonding properties, such as 
intense intralayer covalent bonding as well as weak 
interlayer van der Waals interactions, result in highly 
anisotropic optical, electrical, and thermal properties. 
Because of their anisotropic photon structures and 
large surface-to-volume ratios, as well as photon and 
carrier confinement effects, layered indium selenide 
nanomaterials are expected to have superior physi-
cal properties [83]. Due to its high bandgap, indium 
sulfide has potential uses such as photoconductive, 
Photoluminescence materials and high-performance 
solar cells [195]. Indium tellurides are commonly used 
in electronics as well as optical capturing mechanisms 
or instruments.  In2Te5 is a Penta telluride member, 
serves as a layered semiconductor with a bandgap 
of 0.88–1.26 eV [81]. Early studies only reported on 
the bulk’s crystal structure, electric conductivity, and 
thermoelectric power. Additionally, both experimen-
tal and theoretical research reveals anisotropy in the 
thermal conductivity of  In2Te5. Given the character 
of the in-plane anisotropic crystal structure,  In2Te5 
could show a variety of anisotropic physical properties 
and find use in feasible optoelectronic and electronic 
devices with distinct anisotropic properties [81].

Because of its unique properties such as direct band 
gap, large absorbability, adjustable electrical proper-
ties, thermal as well as chemical stability, and layered 
structure, SnS semiconductor is a potentially benefi-
cial material for a wide range of applications, such 
as photovoltaics, optoelectronics, chemical sensors, 
solid-state batteries, holographic, photoelectrochemi-
cal cells, lithium-ion batteries, infrared detectors, and 
so on [105]. Tin selenide has a direct bandgap, which 
can absorb and emit light efficiently. This property 
makes it an ideal material for optoelectronic applica-
tions, such as solar cells, photodetectors, and light-
emitting diodes (LEDs). Tin Selenide has been used in 
energy storage devices like lithium-ion batteries, due 
to its high electrical conductivity and stability [94]. It 
is also used in spintronics which is a technology that 
uses the spin of electrons to store and process informa-
tion as well as in wearable electronics and to convert 
solar energy into electricity and used in phase-change 
memory devices, super capacitors, rechargeable bat-
teries, photovoltaic fields, and topological insulator 
[196]. SnTe has excellent thermoelectric properties and 
can be used in thermoelectric generators to convert 
waste heat into electricity, used in solar cells because 
of its high absorption coefficient in the visible and 
near-infrared regions of the electromagnetic spectrum, 
making it a promising candidate for use in thin-film 
solar cells, and also used in optoelectronic devices 
such as light-emitting diodes (LEDs), photodetectors 
[197]. The extreme anharmonicity of chemical bonds 
within the SnSe layered compound is responsible 
for the extremely low κ, which is only 0.35  Wm−1  K−1 
at 923 K. As a result, SnSe represented a significant 
advancement for the thermoelectric community and 
provided direction for the investigation and develop-
ment of high-efficiency thermoelectric materials [198].

Outlook for future direction

This review has clarified the status of chalcogenide-
based thermoelectrics and their potential; these 
materials provide both opportunities and difficul-
ties, furthermore, it draws attention to the fact that 
thermoelectric engineering and science are entering a 
dynamic new era. The future of this technology will be 
shaped by a convergence of knowledge in the domain 
of materials science, thermoelectric device engineer-
ing, and system integration as researchers, engineers, 
and innovators set out on this journey through the 
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fusion of innovation, sustainability, and practical-
ity. As research progresses, material scientists and 
engineers continue to explore novel materials with 
advanced synthesis techniques, and cutting-edge 
characterization methods. The goal is to optimizing 
mid-temperature thermoelectric materials in terms of 
Seebeck co-efficient, power factor and thermoelectric 
figure of merit (ZT) and addressing practical concerns 
such as material cost and environmental impact and 
overcoming their inherent drawbacks. Mid-tempera-
ture thermoelectric materials may play vital role in 
fulfilling the growing energy demand for effective 
and sustainable energy solutions in industries, auto-
mobiles, the medical field, defense, etc.

Conclusions

This paper provides a review of mid-temperature ther-
moelectric materials along with the advancements 
made in thermoelectric performance measurements. 
It provided a discussion on several techniques, such 
as doping, co-doping, alloying, nanostructuring, and 
nanocompositing that have been employed to improve 
their thermoelectric properties. Due to the alteration 
of the electron density as well as the scattering of 
carriers along with phonons by the defects induced, 
doping and alloying have been demonstrated to be 
effective in improving power factor and reducing 
thermal conductivity. Additionally, ZT is enhanced 
by nanostructuring into various nano-shaped forms. 
The power factor is raised by low-energy carrier fil-
tering, whereas thermal conductivity is decreased by 
phonon scattering at interfaces. Chalcogenide-based 
mid-temperature thermoelectric materials are found 
to be very promising when compared to other conven-
tional thermoelectric materials. Because of a reduction 
in structural dimensions, the thermoelectric response 
of PbX (X = Se, Te, S) monolayers has significantly 
improved. The narrow bandgaps and large density of 
states (DOS) that correspond to the bandgap edges are 
the reasons for the improvement in the thermoelec-
tric response. As a result, the large Seebeck coefficients 
and high electrical conductivities were simultaneously 
obtained, resulting in significant thermoelectric PF 
and ZT at room temperature. When compared to the 
ZT values of 0.48, 0.45, and 0.30 obtained for bulk PbS, 
PbSe, and PbTe, respectively, at 723 K, a ZT value of 
1 for PbX monolayers at room temperature is notice-
ably better. SnSe challenges recognized standards to 

identify a promising thermoelectric material because 
it is made up of light elements and has a small, basic 
unit cell. Without optimizing the carrier concentra-
tion, the record high ZT of 2.6 at 923 K for single crys-
tals of SnSe along the b-axis was attained leading to a 
moderate power factor of 8.5  Wcm−1  K−2 at 923 K. We 
still have several problems to resolve before we can 
develop a high-performance thermoelectric module 
based on tin chalcogenide. Despite being a homolog 
of PbTe, thermoelectrics researchers were unable to 
achieve the same high ZT in SnTe, which suggests that 
there are a lot of unexplored opportunities for future 
research. In SnTe thermoelectrics, high p-type car-
rier optimization is still difficult. Despite the fact that 
research on the thermoelectric properties of  In4Se3 has 
recently begun, ZT improvements have been impres-
sive, with ZT values of 1.53 and 1.4 for single crystals 
as long as polycrystalline materials, respectively. The 
maximum ZT of 0.6 in  In2Se3 and InSe-based thermo-
electric materials have been achieved due to their low 
thermal conductivity. Power factor improvement is 
the main concern for their ZT enhancement. Devel-
oping effectively doped structures without altering 
the crystal structure is a key tactic for increasing their 
power factor. The main barriers to achieving high ZT 
for  In3Se4 nanostructured materials are the low car-
rier concentration and electrical conductivity.  In3Se4 
can obtain increased carrier concentration and elec-
trical conductivity through optimum doping, which 
can then result in a reasonable ZT, by altering its elec-
tronic structure. This review summarizes the state 
of knowledge regarding lead chalcogenides, indium 
chalcogenides, and tin chalcogenides belonging to 
mid-temperature range thermoelectric materials. It 
summarizes structural features, strategies to improve 
ZT, thermoelectric properties, drawbacks, and appli-
cations of materials in every aspect. There have been 
several ideas put forth for improving their thermoelec-
tric properties, but even more, studies are needed to 
improve the thermoelectric performance of mid-tem-
perature chalcogenide-based thermoelectric materials.
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