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Abstract: Thermoelectric materials have long been proven
to be effective in converting heat energy into electricity
and vice versa. Since semiconductors have been used in
the thermoelectric field, much work has been done to im-
prove their efficiency. The interrelation between their ther-
moelectric physical parameters (Seebeck coefficient, elec-
trical conductivity, and thermal conductivity) required spe-
cial tailoring in order to get the maximum improvement
in their performance. Various approaches have been re-
ported in the research for developing thermoelectric per-
formance, including doping and alloying, nanostructur-
ing, and nanocompositing. Among different types of ther-
moelectric materials, layered chalcogenide materials are
unique materials with distinctive properties. They have
low self-thermal conductivity, and their layered structure
allows them to be modified easily to improve their ther-
moelectric performance. In this review, basic knowledge
of thermoelectric concepts and challenges for enhancing
the figure of merit is provided. It discusses briefly differ-
ent groups of layered chalcogenide thermoelectric materi-
als with their structure and thermoelectric properties. It
also reports different approaches in the literature for im-
proving their performance and the recent progress done in
this field. It highlights graphene as a promising nano addi-
tive to layered chalcogenide materials’ matrix and shows
its effect on enhancing their figure of merit.
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1 Introduction
The demand for clean and sustainable energy sources is a
growing global concern as the cost of energy is rapidly in-
creasing; fossil fuel sources have been shown to affect the
environment. Considering that a large amount of our uti-
lized energy is in the form of heat and that a large amount
of other forms of utilized energy is wasted as heat, the
search for a suitable technology to recover this wasted
heat and limit its harmful effects is essential. Among sev-
eral technologiesused tomeet thesedemands, thermoelec-
tric energy is considered to be of the most interest due to
its unique capabilities. Thermoelectric generators can con-
vert wasted heat into electrical energy. Conversely, they
can transform electrical energy into thermal energy for re-
frigeration applications. The thermoelectric performance
of thermoelectric materials is evaluated by the dimension-
less figure of merit, ZT.

ZT = S2 σ
ktot

(1)

where S is the Seebeck coefficient, σ is electrical conductiv-
ity, ktot is total thermal conductivity, and S2σ is the power
factor.

Thermoelectric materials have several advantages;
these materials are simple, solid-state devices, involve
toxic-free operation, have no moving parts or chemi-
cal reactions, and demonstrate the potential for scalabil-
ity. Besides, thermoelectric materials produce negligible
amounts of greenhouse gas emissions. However, commer-
cial applications of thermoelectricmaterials are limited be-
cause of the low efficiency relative to the cost, which is in-
adequate to compete with conventional power generation
[1]. As a result, extensive work has been done to achieve
high efficiency and widespread applications of thermo-
electric materials.

The first generation of bulk thermoelectric materials
has low efficiency. The interdependence of thermoelectric
properties led to concerted efforts to develop strategies in
the past decade to enhance thermoelectric efficiency, in-
cluding improving the Seebeck coefficient and electrical
conductivity as well as reducing thermal conductivity. Sev-
eral strategies, including nanostructuring and nanocom-
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positing, have been developed and have led to remark-
able progress in enhancing thermoelectric performance
and the efficiency of thermoelectric materials [2].

Various materials have been used for thermoelectric-
ity over awide range of temperatures, including polymeric
and inorganicmaterials. However, inorganic semiconduct-
ing materials were found to be the most efficient for ther-
moelectric applications [3, 4]. Among inorganic materi-
als, layered chalcogenides have attracted attention as they
demonstrate high ZT values with high electrical proper-
ties and low thermal conductivity [2]. Layeredmaterials ex-
hibit layered structure with strong covalent bonds within
the layer and weak van der Waals forces between the lay-
ers. The layered structure provides a way to separate the
movement of charge carriers and phonons; charge carriers
could effectivelymovewithin the layerswhile the phonons
may scatter significantly between the layers due to the
presence of weak van der Waals forces. Several strategies
can be used to improve thermoelectric properties, such
as doping, alloying, nanostructuring, and nanocomposit-
ing [5, 6].

The ZT value has been improved by creating differ-
ent nanostructured materials with different shapes and
forms such as nano-bulk, quantum dots, nanowires, and
nanofilms. The high density of the grain boundaries pre-
sented in those materials results in exceptional thermo-
electric properties. Grain boundaries play an important
role in reducing lattice thermal conductivity by phonon
scattering as well as in modifying electrical properties by
energy filtering low carriers. Compared with conventional-
sized materials, engineering of nanostructuring boosted
the efficiency of thermoelectric materials to a new level for
several thermoelectric systems. The breakthrough in nan-
otechnology demonstrates the advantages to improve ther-
moelectric performance that led to a burst in the field of
thermoelectric nanomaterials [7].

Nanocomposites,which include a combination ofmul-
tiple materials of which at least one has a nanometer
dimension, have gained considerable attention as well.
Layered chalcogenide thermoelectric materials have been
mixed with several additive materials. It has been found
that incorporating nano additive as a second phase of the
thermoelectric material matrix is a simple top-down ap-
proach that allows optimization of thermoelectric proper-
ties to improve electrical properties and reduce thermal
conductivity. However, selecting the type of additive is an
important step to achieve the best possible improvement
in electrical properties and the best possible reduction in
electrical conductivity. These requirements open the door
to the search for nano additives with excellent electrical
properties in order to improve power factors as well as to

contribute to a reduction in thermal conductivity due to
their nanosize.

Graphene is a two-dimensional sheet that is one atom
thick with superior electrical and thermal properties. It
has attracted the attention of researchers since its dis-
covery in 2004 [8]. The availability of bulk quantities of
high-quality graphene [9] makes it a suitable material that
can be utilized as an additive for preparing different func-
tional thermoelectric composites with different matrix ma-
terials [10, 11]. A small amount of graphene embedded
into the thermoelectric matrix can play an essential role
in enhancing the efficiency of the thermoelectric compos-
ites [12]. However, among layered chalcogenide materials,
graphene has been used recently as an additive for bis-
muth telluride.

The aim of this review is to conduct a comprehensive
study of layered chalcogenide materials and the recent
work andprogressmade for improving their figure ofmerit.
First, it discusses thermoelectric properties and different
types of thermoelectric materials. Then it discusses in de-
tail, layered chalcogenide thermoelectric materials, by giv-
ing a basic knowledge of their structure and thermoelec-
tric properties. It summarizes the effect of different mecha-
nisms used in the literature to improve their ZT, including
doping and alloying, nanostructuring, and nanocomposit-
ing. It sheds light ongrapheneas adistinctivematerial that
is used in the field of thermoelectricity to improve ther-
moelectric properties. Finally, it overviews graphene bis-
muth telluride composites and how their thermoelectric
behavior is affected by the addition of graphene. The lim-
ited work on graphene composites showing significant im-
provement has inspired further work for enhancing other
layered chalcogenide materials and thermoelectric materi-
als.

2 Thermoelectric Materials, Basic
Theory and Categories

Thermoelectric materials were discovered in the 18th cen-
tury, and since then, many developments have been
achieved. Thehistory of thermoelectricmaterials is charac-
terized by the progress of the figure of merit (ZT) [1, 13, 14],
which is a thermoelectric quantity related to the conver-
sion efficiency of thermoelectric materials. Three main
properties are contributed to the value of ZT, Seebeck co-
efficient, electrical conductivity and thermal conductivity.
Seebeck coefficient is an electrical property defined as the
amount of voltage generated per unit of temperature differ-
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ence, in units of V/K. Figure 1 illustrates the concept of the
Seebeck effect [3].

Figure 1: Simple diagram illustrating the Seebeck effect. Material A
and material B are subjected to temperature difference ∆T, which
induced a voltage difference ∆V.

Electrical conductivity is the ability of the charge carri-
ers to travel through thematerial under an applied electric
field and is given by:

σ = neµ (2)

wheren is the concentrationof charge carriers, e is themag-
nitude of the electron charge, and µ is the charge carrier
mobility. Thermal conductivity is the energy induced from
applied temperature and transported through thematerial
by both phonons and charge carriers. Thermal conductiv-
ity is the sum of the heat transported by charge carriers
(ke) and traveling of phonons through the lattice (kl). If
one type of charge carrier is predominant, then ktot = ke
+ kl. Good thermoelectric materials should possess as high
ZT as possible; therefore, it is reasonable to expect that
materials with high electrical conductivity, a high Seebeck
coefficient, and low thermal conductivity are required for
thermoelectric applications. However, materials that pos-
sess all these properties simultaneously are not available
in nature. Metals have high electrical conductivity but low
Seebeck coefficient and high thermal conductivity. Insula-
tors exhibit low thermal conductivity and poor electrical
conductivity. Hence, optimizing all thermoelectric proper-
ties is difficult due to the interdependency of the parame-
ters. The interdependency among the parameters is repre-
sented by carrier concentration. Any favorable change in
carrier concentration to improve electrical conductivity is
accompanied by an unfavorable change in another prop-
erty, such as increasing the electrical contribution for ther-
mal conductivity and decreasing the Seebeck coefficient.
Therefore, any optimization of the parameters should con-
sider the carrier concentration [15]. The ideal thermoelec-

tric material is called a “phonon glass electron crystal,”
which means it has low thermal conductivity as in glass
and high electrical conductivity as in a well-ordered crys-
tal. After a series of experiments, it was determined that
heavily doped semiconductors are the most efficient bulk
thermoelectric materials as they have the highest power
factor together with low thermal conductivity [16]. Most of
the studies in thermoelectricity and almost all commercial
modules have focused on inorganic thermoelectric materi-
als [3, 17] which includes skutterudites, clathrates, oxides,
nitrides, pnicogens, half-Heusler alloys, Zintl-phase, and
metal chalcogenidematerials. Among inorganicmaterials,
chalcogenides are considered the prime thermoelectric
candidate and have been used extensively due to their reli-
ability and better thermoelectric performance than other
materials [7]. The term chalcogenide referred mainly to
tellurides (Te), selenides (Se), and sulfides (S). Layered
chalcogenides have a high figure of merit mainly because
of their low thermal conductivity. Low thermal conductiv-
ity is attributed to the anisotropic crystal structure and
strong lattice anharmonicity. Their relatively heavy atoms
compared with other thermoelectric materials efficiently
help to reduce thermal conductivity [2]. Layered chalco-
genides could be easily formed into different types of struc-
tures. Moreover, their layered structure enables the modi-
fication and development of their properties at several lev-
els using a variety of strategies. On the atomic scale, reduc-
tion of thermal conductivity by scattering phonons could
be attained with the help of a layered structure by inter-
calation of guest atoms and layers between the host layers.
Further, the lowenergy vibration of atoms could effectively
scatter phonons. In the nanoscale, any stacking faults in
the layered structure could result in a further reduction
in lattice thermal conductivity, whereas in the microscale,
the highly orientedmicrostructure improves the power fac-
tor by enhancing carriers’ mobility in the in-plane direc-
tions [18].

3 Layered Chalcogenide Materials
Layered chalcogenides represent a massive group with
multiplematerials. In the following sectionwe tried to clas-
sify layeredmaterials into groups in which each group has
certain common features between the members: (1) bis-
muth and antimony based materials which are known for
their high performance near room temperature; (2) oxy-
chalcogenides; (3) tin- and indium-based materials [19];
(4) homologous series; (5) layered sulfides, including ti-
tanium sulfides; and (6) ternary ACrX2 layered struc-
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tures [20]. The structure of chalcogenide materials is char-
acterized by layers; the bonds in each layer are strong cova-
lent bonds, which provides in-plane stability. The interac-
tion that holds the layers together is van derWaals. Accord-
ing to the chemical bonding and anisotropic nature of the
crystal structure, there is variation in thermoelectric prop-
erties with different crystallographic directions within the
crystal [19]. Details of the structure of individual material
and their thermoelectric properties and discussion of how
the anisotropic nature of layered materials affects their
thermoelectric properties are presented in the following
sections.

3.1 Structure of Layered chalcogenide
materials

3.1.1 Bismuth and Antimony-Based Layered Materials

In this sectionwe includedBi andSb telluride and selenide
materials, whereas sulfides’ compounds are excluded and
discussed under the sulfide group. Although sulfur lies in
the same group as Te and Se, however, bismuth sulfides
adopt an orthorhombic structure different than rhombohe-
dral structure adoptedbybismuth tellurides and selenides.
Sulfides show lower electrical conductivities compared to
selenide and telluride because of their higher bandgap [21–
23].

Bismuth telluride (Bi2Te3) is a narrow bandgap n-type
semiconductor of (0.21 eV) and an indirect bandgap of
0.15 eV. Bismuth telluride has a distinctive rhombohedral
layered crystal structure with five atoms in each unit cell
forming quintuple layers of Te(1)-Bi-Te(2)-Bi-Te(1) stacked
together by weak van der Waals forces along the c-axis as
shown in Figure 2a. The Te atoms are presented in two
different chemical states as the subscripts 1 and 2 show.
However, within the layers, Bi-Te(2) atoms are bonded by a
strong covalent bond, whereas Bi-Te(1) atoms are bonded
by a covalent-ionic bond [2].

Since its discovery 60 years ago, bismuth telluridewas
first used by Goldsmith as an effective material for refrig-
eration purposes. It has been used as the most promis-
ing thermoelectric material with a high figure of merit
(1.14) near room temperature (200–400 K) [22]. Because
of the weak van der Waals bonds between layers, Bi2Te3
exhibits high thermoelectric properties and demonstrates
easy cleavage along the (001) plane [2].

Bismuth selenide (Bi2Se3) is a narrow bandgap (0.3
eV) n-type semiconductor. Analogous to bismuth telluride,
it has a rhombohedral anisotropic layered structure with
quintuple layers and five atoms in each unit cell [22]. The

Figure 2: (a) Crystal structure of Bi2Te3 (b) Crystal structure of
Bi2Se3.

two Bi atoms and three Se atoms are packed similar to
Bi2Te3 pattern Se(1)–Bi–Se(2)–Bi–Se(1) with weak van der
Waals bonds between neighboring Se(1) planes as shown
in Figure 2b. Compared with bismuth telluride, bismuth
selenide possesses high thermal conductivity because of
the light atomicweight of Se. Therefore, the thermoelectric
performance of Bi2Te3is much better than Bi2Se3 [2].

Antimony telluride (Sb2Te3) is a layered rhombohe-
dral crystal structure p-type semiconductor. Its unit cell
consists of five atoms packed with a similar Bi2Te3 and
Bi2Se3 pattern, Te(1)-Sb-Te(2)-Sb-Te(1). The layers are con-
nected by weak van der Waals bonds, so the cleavage is
apt to occur perpendicular to the c-axis (cross-plane direc-
tion). As an intrinsic semiconductor, Sb2Te3 has attracted
attention for its high electrical conductivity and low ther-
mal conductivity. It is the leading material for thermoelec-
tric applications near room temperature (300–500 K) [24].

3.1.2 Oxychalecognide Materials

Layered oxychalcogenides thermoelectric materials have
gained considerable attentiondue to their intrinsically low
thermal conductivity, moderate Seebeck coefficient and
tunable electrical conductivity [25].

The Bi-O-X system is a group of oxy-layered materials
that has a complex tetragonal structure. One example is
Bi2O2Se,which consists of tetragonal (BiO)n layerswith Se
atoms occupying interlayer positions as shown in Figure 3.
Due to the strong electronegativity of oxygen atoms, oxy-
chalcogen systems suffer from low electrical conductivity.
However, they exhibit a moderate Seebeck coefficient.

BiCuOCh (Ch = S, Se, Te) is a group of oxychalco-
genides that have the structure of space group = P4/nmm
and consist of alternately stacked (Bi2O2)+2 insulating lay-
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Figure 3: Crystal structure of Bi2O2Se.

Figure 4: Crystal structure of BiCuOCh (Ch = S, Se, Te).

ers and (Cu2Ch2)−2 conducting layers as shown in Figure 4.
They exhibit extremely low thermal conductivity and have
poor electrical conductivity due to low carrier mobility.
BiCuOSe was recently reported as a promising thermoelec-
tric material for its high ZT (> 0.8) at a high- temperature
range (923 K). It is a p-type material composed of alternat-
ing insulating (Bi2O2)2+ layerswith conductive (Cu2Se2)2−.
The thermoelectric measurements suggest that the electri-
cal properties of BiCuSe is lower than other thermoelectric
systems; thus the high thermoelectric performance of Bi-

CuSe originates from its very low thermal conductivity in-
stead of its power factor [26–28]. Compared with BiCuSeO,
BiCuOTe has a higher power factor as it has a better hole
mobility attributed to the antibonding between Cu and Te
comparedwith antibonding between Cu and Se. Therefore
hole mobility can be improved significantly in BiCuSeTe
compared with BiCuSeO [26].

3.1.3 Homologous Series

Homologous layered materials are an interesting class
of thermoelectric materials that are built on the same
structure of a certain model and can be expanded by
regular increments in different directions [18, 22]. Exam-
ples of homologous thermoelectric series are CsBi4Te6, a
member of the Cs4[Bi2n+4Te3n+6] homologous series, and
Pb5Bi6Se14, a member of the cannizzarite homologous se-
ries.

CsBi4Te6 is a p-type semiconductor with a narrow
bandgap of (0.1 eV), which is nearly half the value com-
pared with Bi2Te3. It has an anisotropic layered structure
with Bi4Te6 slabs interconnected by Bi-Bi bonds parallel
to the b-axis and altered with Cs+ ionic layers as shown
in Figure 5a. CsBi4Te6 is a potential candidate for thermo-
electric application and exhibits a high figure of merit of
0.8 at low temperatures, which is attributed mainly to the
narrow bandgap [18, 22].

Pb5Bi6Se14 is an n-type semiconductor. Its crystal
structure consists of infinite alternating PbSe- and Bi2Se3-
type layers along the c-axis, forming a three-dimensional
structure, as shown in Figure 5b. The interfaces between
the PbSe and Bi2Se3 layers scatter phonons as well as
charge carriers, leading to a highly anisotropic electri-
cal mobility and lattice thermal conductivity between
in- and cross-plane directions. Electrical conductivity is
much higher in-plane direction than cross-plane direction,
whereas lattice thermal conductivity is slightly higher for
the in-plane direction than for the cross-plane direction.
However, the Seebeck coefficient is insensitive to the crys-
tal orientation and exhibits nearly similar values for both
in- and cross-plane directions. As a result, a higher ZT of
0.46 has been achieved for the in-plane direction at 75 K.
The thermoelectric properties of homologous compounds
can be controlled by modifying the shape and size of the
structural module. Therefore, homologous materials are a
suitable platform for developing new thermoelectric mate-
rials [18].
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Figure 5: (a) Crystal structure of CsBi4Te6. (b) Crystal structures of Pb5Bi6Se14.

3.1.4 Sn- and In-Based Layered Materials

Sn- and In-based systems are typical thermoelectric mate-
rials with low cost and good thermoelectric performance.
Tin selenide (SnSe) is a p-type semiconductor with sim-
ple orthorhombic, layered-structurematerial with a zigzag
accordion chain along the b-axis and a bandgap of 0.86
eV. Each layer consists of two-atom-thick slabs (Se and
Sn) along the in-plane direction, with strong Sn-Se bonds
within the layer and weak Sn-Se bonds between layers
along the cross-plane direction, as shown in Figure 6a.
At a temperature of 800 K, tin selenide undergoes re-
versible transition distortion from the orthorhombic low-
temperature Pnma space group to the orthorhombic high-
temperature Cmcm space group. At this transition temper-
ature, the power factor reaches its maximum value as the
Cmcm phase exhibits a reduction in energy with enhance-
ment in carrier mobility while preserving the low thermal
conductivity [15, 29]. Similarly, In4Se3 forms a layered crys-

tal structure of (In3)+5 clusters covalently bonded to Se
ions in the in-plane. Along the cross-plane direction, the
planes are held together by van der Waals interactions as
shown in Figure 6b. Tin selenide is a p-type semiconduc-
tor with a relatively low carrier density of 1017–1018 cm−3.
At room temperature, it possesses a high electrical resis-
tivity of 10–105 Ωcm. Even with high electrical resistivity,
theobtainedpower factors of SnSe crystals aremoderate at
high temperatures as the crystals possess a high Seebeck
coefficient and are much higher than other materials with
low intrinsic thermal conductivity [29, 30]. Because of the
high electrical resistivity, tin selenide was ignored by ther-
moelectric researchers for a long time [31], until Sassi, S, et
al. reported a high ZT of 2.6 for a single crystal along the
b-axis, 2.3 along the c-axis, and 0.8 along cross the plane
direction (a-axis) [15].

SnS recently has attracted interest as it has the same
structure and chemical bond of tin selenide, as shown
in Figure 6c. It is p-type semiconductor, environmentally

Figure 6: Crystal structure of (a) SnSe, (b) InSe, and (c) SnS.
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friendly and cost-effective, and its resources are earth-
abundant. Similar to SnSe, SnS possesses extremely low
thermal conductivity (below 1 Wm−1K−1) with a high See-
beck coefficient, which makes it a promising material for
thermoelectric application [32].

3.1.5 Layered sulfides

Multiple Sulfides materials have been discovered over the
past 10 years and have proven their efficiency as environ-
mentally friendly thermoelectric materials. TiS2 is a misfit-
layered sulfide that has a layered crystal structure con-
nected by van der Waals forces along the cross-plane di-
rection. TiS2 has a wide range of chemical compositions
with different concentrations of Ti atoms ranging from sto-
ichiometric up to 1+x, where 0 ≤ x < 1. The excess Ti atoms
occupy the places between layers because they are weakly
bonded. TiS2 is considered an efficient n-type material for
thermoelectric applications as it is composed of light, low-
toxic, and earth-abundant elements. TiS2 shows the best
performance at high temperatures for both single as well
as polycrystalline forms. The TiS2 single-crystal possesses
a high power factor; however, its ZT is limited to ~0.16 at
300 K because of the high lattice thermal conductivity [18].
Therefore, the intercalation of the other layers, such as
PbS, BiS, and Sn, has been found to be an effective way of
reducing its thermal conductivity. Figure 7a shows a TiS2
compound structure with the structure of other materials
intercalated between its layers [33].

Misfit layered sulfides are a large layered material
group with a general formula [MS]1+m[TS2]n, where M =

Sn, Pb, Sb, Bi, or rare-earth metals; T = Ti, V, Cr, Nb, and
Ta; and n = 1, 2, 3 [34] and 0.08 <m <0.28. These mate-
rials consist of alternating layers of MS and TS2 where
the TS2 layer provides the electron path way and ther-
mopower whereas the intercalated MS layer suppresses
the transport of phonons [35]. The crystal structure and
physical properties of this misfit family were studied ex-
tensively in the 1990s, however, not many reports on their
thermoelectric properties exist to date. The crystal struc-
ture of [LaS]1.14NbS2 is shown in Figure 7b as an exam-
ple. Recently, misfit-layered sulfides have gained interest
in thermoelectric research for their good thermoelectric be-
havior, where the intercalated NaCl-type MS layer is pri-
marily responsible for the disorder (reduction in κlat) and
the CdI2-type TS2 layer behaves as a charge-carrier path-
way [18]. The entire crystal structure is stabilized through
charge transfer from the MS layer to the TS2 layer. Wan et
al. [33] studied a series of n-type (MS)1+x(TiS2)2 (M = Pb,
Bi, Sn) misfit layer compounds and found that they exhibit
very low thermal conductivity due to the weak interlayer
bond. The figure of merit values of these compounds were
found to range between 0.28 and 0.37 at 700 K with a max-
imum ZT of 0.37 for (SnS)1.2(TiS2)2. Their ZT is affected
by the microstructure due to the anisotropic nature in the
atomic bonds of the misfit layered compounds [18]. There-
fore, tuning itsmicrostructure, which ismainly affected by
its synthesis, is one strategy to enhance its ZT. Jood et al.
[34] preparedmisfit-layeredn-type (LaS)1.2CrS2 andp-type
(LaS)1.14 NbS2 by CS2 sulfurization for 6 and 12 hours fol-
lowed by the pressure-assisted consolidation to produce
randomly and highly oriented samples whose microstruc-
tures were tunable. A highly oriented texture sample pro-

Figure 7: Crystal structures of (a) TiS2 and (b) [LaS]1.14NbS2.
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duced the highest ZT of 0.14 at 950 K among (LaS)1.2CrS2
systems, while the weakly oriented texture produced the
highest ZT of 0.15 at 950 K among (LaS)1.14NbS2.

Recently, a new class of n-type layered sulfide mate-
rials (MnBi4S7 and FeBi4S7) has been reported. They ex-
hibit a complex, monoclinic, low-symmetry layered struc-
ture shown in Figure 8. The complex structure and the
presence of lone pair electrons with Bi+2 are the main rea-
sons for the low thermal conductivity of thesematerials. In
addition, they have a relatively high power factor making
these materials good candidates for low and intermediate-
temperature thermoelectric applications [36].

Figure 8: Crystal structure of MnBi4S7 and FeBi4S7.

Bismuth sulfide (Bi2S3) has received interest for use
in thermoelectric applications due to the high abundance
of sulfur on earth [37]. It is n-type material that crystal-
lizes in a highly anisotropic orthorhombic structure with
a space group Pnma that contains 20 atoms per unit cell.
It has a wide direct bandgap of 1.3 eV; thus it has low
electrical conductivity in pristine form and has a low ZT
value [20, 38, 39].

BiS2-based compounds show relatively high thermo-
electric performance. Their crystal structure is composed
of aBiS2-conducting layer stackedalternatelywith an insu-
lating layer. An example of BiS2-based thermoelectric com-
pounds is SrFBiS2. SrFBiS2 is an n-type material that be-
longs to the tetragonal P4/nmm space group, and its struc-
ture is built up by stacking alternately a SrF layer with
NaCl-typeBiS2 layer, as shown in Figure 9. SrFBiS2 has low
thermal conductivity with a relatively high power factor at
low temperatures. SrFBiS2 is expected to be a parent for
a group of material by doping it with different materials.
Doping is a achieved by substituting Sr+2 site with rare-
earth metal (RE+3) [40, 41].

AgBi3S5 is a new nontoxic n-type thermoelectric ma-
terial with high thermoelectric performance. It has a com-
plex structure composedofNaCl-type fragments [21]. It has
very low thermal conductivity in the temperature range of

Figure 9: Crystal structure of SrFBiS2.

300-800 K due to the unusual vibrational properties asso-
ciated with Ag and Bi atoms [42].

3.1.6 Ternary ACrX2-Layered Structures

ACrX2-layered compounds, where A represents Ni, Cu, or
Ag andX represents S or Se, are a groupofmagneticmateri-
als that exhibit good thermoelectric performance at low to
moderate temperatures [23]. ACrX2 compounds possess a
trigonal-layered structure (R3m), where Cr+3 cations are in
distorted octahedral coordination to the X−2 anions, and A
atoms (Ag or Cu) fill the interlayer spaces and occupy tetra-
hedral sites, as shown in Figure 10. Within the layer, the
atoms of CrX2 are bounded by strong ionic bonds, while
the bonds are weak van der Waals between the neighbor-
ing triple layers. The thermoelectric performance of this
group depends strongly on their synthesis. A highly tex-
tured p-type CuCrS2 sample with high electrical conduc-
tivity has been obtained via a specific heat treatment pro-
cess, whereas the same sample fabricated by ball milling
and spark plasma sintering methods exhibited poor ther-
moelectric performance with a ZT of 0.11. A maximum ZT
of 2 at 300 K and 1 at 848 K was reported by Tewari et al.
and Gascoin et al. [43, 44] for CuCrS2 and AgCrS2, respec-
tively. A ZT of 1.4 was achieved in sandwich-like p-type
(AgCrSe2)0.5(CuCrSe2)0.5 at 773 K [45].
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Figure 10: Crystal structures of CuCrS2.

3.2 Anisotropy

Due to the layered crystal structure of layered chalco-
genide materials, the materials exhibit a significant
anisotropic structure and properties of in-plane direction
versus cross-plane direction. In a single crystal, the lamel-
lar structure leads to an easy cleavage of planes that are
perpendicular to the cross-plane direction. The atomic in-
teractions within the plane are characterized by covalent
bonds and the layers are held by weak van der Waals
bonds along the cross-plane direction. The difference in
the nature of the atomic bonds in various directions re-
sults in anisotropy in thermoelectric properties whenmea-
sured in different directions. Thermal and electrical con-
ductivity, in most of the materials, are much lower in the
cross-plane than within the plane direction [46]. This is
attributed mainly to weak van der Waals interactions be-
tween the planes. The weak bonds act as a thermal and
electrical boundary that heavily scatter phonons and elec-
trons [47]. In several studies, the Seebeck coefficient was
found to be isotropic and independent of the crystallo-
graphic direction [46, 48–51]. However, in some other stud-
ies [34, 52], the Seebeck coefficient exhibit anisotropy in
different directions. Zhao et al. [50] reported on the ther-
moelectric performance of a SnSe single crystalwith signif-
icant anisotropy in different directions. They reported ul-
trahigh ZT equals 2.6 in the b direction (within the plane),
and a high ZT equals 2.3 in the c direction (which is in-
plane direction, perpendicular to b but in the same plane).
They reported a significantly reduced ZT of 0.8 across the
plane direction (perpendicular to the bc plane). Similarly,
thermal and electrical conductivities have been found to

be two and four times higher for the in-plane direction
than the cross-plane direction in an n-type Bi2 (Te1−xSex)3
single crystal, whereas no significant difference in the See-
beck coefficient has been reported. In total, ZT has been
found to be two times higher within the plane direction
than in the cross-plane direction [48]. In polycrystalline
and nanostructured materials, it has been found that for
the crystals, the grains tend to be oriented in a signifi-
cant preferential orientation due to the lamellar structure
when they are pressed or sintered, whereas the nanostruc-
tured material parts tend to grow in a preferred direction.
The anisotropic nature of the bonds,where intralayer cova-
lent bonds are stronger than interlayer covalent bonds, led
grains to grow perpendicular to the applied pressure [34,
53]. Hence, they exhibit anisotropic thermoelectric prop-
erties in the direction of pressing that is not perpendicu-
lar. Bi2S3 has a lamellar structure that forms a long chain
parallel to the (001) direction. The XRD pattern of the pre-
pared Bi2S3 nanoribbon proved the anisotropic structure
and the tendency of the ribbon to grow along the preferen-
tial (001) direction [54]. Based on the XRD pattern for the
surface of the several sintered pellets of (MS)1+x(TiS2)2ma-
terials, Wan et al. [33] reported that the crystals preferred
to align perpendicular to the pressing direction as they ob-
served sharp (00l) peaks, which represent the planes per-
pendicular to the pressing direction; very few (h k l) planes
were detected, as seen in Figure 11. The degree of orienta-
tion of the planes is high so that the thermoelectric proper-
ties of the polycrystalline samples approach the values of
the properties reported for in-plane single crystals for the
samematerials. Chere et al. [51] found that the grains in the

Figure 11: XRD patterns of (BiS)1.2(TiS2)2, (SnS)1.2(TiS2)2 and
(PbS)1.18(TiS2)2. Reproduced from Ref. [33].
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p-type SnSe polycrystalline material grew preferentially
along the (400) and (111) planes. Therefore, anisotropic
thermoelectric properties have been observed. Electrical
conductivity was very high when measured perpendicu-
lar to the press direction, but thermal conductivity was
much lower along the pressing direction leading to higher
ZT along the pressing direction. Sassi et al. [53] reported
anisotropic thermoelectric properties in homologous n-
type Pb5Bi6Se14−0.25I0.25. A bar-shaped compressed sam-
ple was cut in parallel and perpendicular directions to
the pressing direction, and thermoelectric properties were

measured in both directions. ZT was calculated to be 0.5
in the perpendicular direction and about 0.35 in the paral-
lel direction. In another study, Xu et al. [49] found that the
electrical conductivity of n-type SnSe2 is about two times
higher in-plane direction than in the cross-plane direction,
whereas thermal conductivity is about twice or three times
higher. In another study [34], the XRD pattern of the sur-
face perpendicular to the pressing direction of the n-type
(LaS)1.2CrS2 and (LaS)1.14NbS2 compacted samples show
that the crystals are orientedalong the (001) planes.Highly
anisotropic thermal and electrical properties have been

Table 1: Layered chalcogenide materials with their ZT values.

Material Type ZT T,K Reference
Bi2Te3 n 0.4 300 [55]
Bi2Se3 n 0.75 423 [56]
Ti1.008S2 n 0.12 300 [57]
Cu0.1TiS2 n 0.5 800 [58]
(BiS)1.2(TiS2)2 n 0.28 700 [33]
(BiS)1.2(TiS2)2 n 0.24 750 [59]
(SnS)1.2(TiS2)2 n 0.37 700 [59]
(PbS)1.18(TiS2)2 n 0.28 700 [59]
(SnS)1.2(TiS2)2 n 0.37 673 [60]
(Yb2S2)0.62NbS2 p 0.1 300 [61]
(LaS)1.14NbS2 p 0.02

0.15
300
950

[34]

(LaS)1.2CrS2 n 0.12 950 [34]
MnBi4S7 n 0.21 700 [36]
FeBi4S7 n 0.19 600 [36]
Bi2S3 n 0.08 773 [39]
Pb5Bi6Se14 n 0.01 300 [62]
Pb5Bi12Se23 n 0.01 300 [62]
Pb5Bi18Se32 n 0.03 300 [62]
SnSe (single crystal) p 2.62 (b-axis) 923 [15]
SnSe p 0.5 820 [15]
SnS p 0.41 848 [32]
InSe n 0.525 600 [63]
In4Se3 n 0.6 700 [64]
AgCrSe2 p 1 848 [44]
CuCrS2 p 0.9 350 [65]
CuCrSe2 p 0.17 300 [43]
NiCr2S4 n 0.024 313 [66]
Bi2O2Se n 0.2 800 [67]
Bi4O4S3 n 0.03 300 [68]
Bi1.9O2Se n 0.12 773 [69]
BiCuSeO p 0.5 650 [70]
BiCu0.975SeO p 0.81 650 [70]
BiCuOTe p 0.51 600 [26]
BiCuOS p 0.07 650 [71]
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observed in the in-plane and cross-plane directions. For
example, electrical resistivity was ~170 and 280 µΩ m at
950 K for in-plane and cross-plane directions, respectively.
This is mainly because the oriented texture allows higher
mobility of carriers within the plane, whereas scattering
them at the interfaces between the layers. Similarly, ther-
mal conductivity is lower in the cross-plane than in the
in-plane direction because the interfaces scatter phonons.
The large grains reduce the number of phonons scattered
at grain boundaries.

Grain alignment in a preferred orientation in polycrys-
talline materials has been found to be effective in enhanc-
ing the ZT by enhancing the power factor in the in-plane
direction. However, in several studies [34, 46] where poly-
crystalline materials were prepared in nanograin forms,
it was found that the grains are randomly oriented, and
in turn, there was no significant improvement in ZT af-
ter nanostructuring. Although nanostructuring has a sig-
nificant effect on reducing thermal conductivity, the ran-
domness in grains orientation has a negative impact on
the power factor, which in turn does not show any en-
hancement in total ZT. Therefore, it is a challenge to
keep small grains with partial alignment to improve the
power factor to a level close to that of a single crystal
while keeping the fine grain to reduce thermal conductiv-
ity. Yan et al. [46] achieved partial grain alignment in n-
type Bi2Te2.7Se0.3 by repressing the pressed samples with
a larger diameter die at a higher temperature. By this way,
small grains were forced to be aligned in-plane perpendic-
ular to the pressing direction. They reported an enhance-
ment in ZT from 0.85 for random grains to 1.04 after par-
tial alignment of grains perpendicular to the press direc-
tion. Although ZT along the pressing direction decreased,
this will not be considered because only the direction of
high ZT is used in thermoelectric devices. Jood et al. [34]
reported the effect of the degree of orientation on ther-
moelectric properties of n-type (LaS)1.20CrS2 and p-type
(LaS)1.14NbS2 materials. They prepared highly oriented
and randomly oriented microstructure samples of both
materials. They found that both highly and randomly ori-
ented samples of (LaS)1.20CrS2 material provide ultralow
thermal conductivity perpendicular to the pressing direc-
tion. The highly oriented texture provides higher electri-
cal conductivity, which results in a higher power factor
and higher ZT in the in-plane direction in both samples.
Similar to (LaS)1.20CrS2, the power factor of the oriented
(LaS)1.14NbS2 sample was higher (22%) than the random
texture in the in-plane direction as a result of higher See-
beck coefficient and higher electrical conductivity. How-
ever, it possesses higher thermal conductivity, which was
40% higher in the oriented sample than the random one,

which overcomes the increment in power factor and leads
to a lower ZT in the oriented sample. Table 1 illustrates ex-
amples of layered chalcogenide materials with their ZT at
different temperatures.

4 Strategies for Improving
Thermoelectric Performance

Traditional thermoelectric materials did not possess ideal
thermoelectric properties. Designing and optimizing ther-
moelectric materials with high efficiency is a complex and
challenging task. It is believed that the best thermoelec-
tric materials provide amorphous phonon glass to achieve
glass-like lattice low thermal conductivity with crystal
electronic structurewhere electrons have high electric con-
ductivity. The phonon glass region is suitable for hosting
disorders and doping for blocking phonons without af-
fecting the carrier mobility in the electron crystal region.
Researchers have searched for thermoelectric materials
that have a complex crystal structure and large molecu-
lar weight [29]. Skutterides and clathrates are, for exam-
ple, cage-like materials with voids that could be occupied
by foreign atoms. The inserted atoms have the ability to
rattle in the cage and result in scattering the phonons
and enhancing lattice thermal conductivity [72]. Layered
chalcogenide materials possess low thermal conductivity
because of their intrinsic lattice anharmonicity [73], which
is measured by the Gruneisen parameter. The Gruneisen
parameter is an indication of how much phonon vibra-
tions are deviated from harmonic oscillation in crystal lat-
tice. Anharmonicity of the chemical bonds plays an impor-
tant role in limiting the lattice thermal conductivity [28, 74].
In addition, layered chalcogenides possess low thermal
conductivity in the cross-plane direction because of the
weak van der Waals interactions (soft bonds) between the
layers; however, for those materials to be widely used in
commercial applications, further reduction of thermal con-
ductivity is still required. Besides, the Seebeck coefficient
and electrical conductivity must be improved [22]. Several
strategies have been followed with the aim of decoupling
the parameters and attaining a high power factor, low ther-
mal conductivity, or a combination of both. Improving the
power factor canbe attainedby appropriate carrier doping,
quantum confinement, energy carrier filtering, lowering
the effectivemass, andmodifying the band structure by al-
loying [30, 75]. Thermal conductivity could be reduced by
adding interfaces in order to intensify phonon scattering at
the atomic, nanoscale, andmicroscale by forming solid so-
lutions (alloying), nanostructuring, or all-scale hierarchi-
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cal architecturing [30, 75]. It is worth noting that the evo-
lution of thermoelectric properties is not limited to the use
of only one method. More than one method has been uti-
lized simultaneously in several studies to attain the high-
est improvement in thermoelectric performance. Methods
for improving thermoelectric performance include doping,
nanostructuring, and nanocompositing.

4.1 Doping

Adjusting the carrier concentration shows the best im-
proved thermoelectric effect in semiconductors. Heavily
doped semiconductors are the best thermoelectric mate-
rials with a greater power factor than the undoped coun-
terpart [3, 76]. Dopant additions have been shown to have
a significant impact on the electron density distribution
in thermoelectric chalcogenides [59, 77]. Moreover, doping
can play an important role in reducing the lattice thermal
conductivity by creating defects and scattering phonons.
However, the doping level should be optimized to a cer-
tain limit in a way that increases electrical conductivity
and does not affect the Seebeck coefficient [3, 7, 78]. Wei
et al. [79] studied the effect of Na, Li, and K doping with p-
type SnSe. The results showed that Na is the most efficient
dopant. The addition of 1% Na to SnSe increased the car-
rier concentration, which led to a maximum ZT of 0.8. In
this study, the dopant atoms disturb the pseudopotential
of the lattice and act as scattering centers for the carriers,
which in turn affect the carrier’s mobility. The difference
in size between the matrix atoms and the dopant leads to
an extra scattering of carriers. As the difference of radius
increases (in case of Li+ andK+), more scattering of the car-
riers is expected. This is likely the reason why themobility
of carriers decreases more than Na and Ag.

Figure 12: Electrical resistivity of In-doped Bi2Te3 bulk samples
versus temperature. Reproduced from Ref. [84].

Silver has been found to be an effective dopant com-
pared with Na when added to SnSe because of its high
solubility when subjected to repeated heating and cool-
ing. According to these results, Ag was able to increase
the carrier concentration to 9×1018 cm−3, leading to an
improvement of the electrical conductivity and power fac-
tor [80, 81]. However, similar to the previous study, the
mobility of the doped sample has been found to be much
lower than the pristine sample (12 cm2 V−1 s−1 and 7 cm2 V
−1 s−1 for pristine and 5% Ag- doped SnSe, respectively),
which suggest that Ag atoms scattering the carriers. In an-
other study [77], it was found that doping n-type SnSewith
PbBr2 led to a significant improvement in carrier concen-
tration whereas the carrier mobility is affected negatively
by increasing carrier concentration. Overall, electrical con-
ductivity was found to be higher for the first addition of 1%
and 2% PbBr2 than those of 3% and 4%which is due to de-
crease of the mobility after scattering of the carriers. How-
ever, doping with 3% PbBr2 lead to an enhancement of ZT
to 0.54 at 793 K. Zhang et al. [82] studied the effect of sev-
eral dopings of p-type SnTe and found that 0.25 atom% In-
doped SnTe improved the Seebeck coefficient significantly
and increasesZT to 1.1 at 873K.However, electrical conduc-
tivity was found to decrease with doping due to the reduc-
tion of carriermobility, which indicates that dopants affect
the carriers’ mobility. In addition to the improvement in
electrical conductivity, ultralow thermal conductivity has
beenachievedwhendopingp-typeSnSewith0.01Cu, lead-
ing to a total improvement of ZT to 1.2 at 873 K [83]. The
enhanced electrical conductivity is attributed to the high
carrier concentration induced by Cu dopants, whereas the
presence of Cu atoms plays an important role as scattering
centers for the phonon. A significant reduction in the lat-
tice thermal conductivity, which led to a measurable im-
provement in ZT, was reported by Putri et al. [59], who
used chromium as a dopant for n-type (BiS)1.2(TiS2)2 mis-
fit layer compound. The calculated ZT values for doped
samples with different doping amounts (x = 0.025, x = 0.05,
x = 0.1) exhibit an increase in ZT to 0.24–0.3. Themain con-
tribution for chromium doping in this study corresponds
to its role in reducing total thermal conductivity. Indium
has been added to Bi2Te3, and a maximum ZT of 1.1 was
achieved at 448 K [84]. The enhancement was attributed
to an effective increase of electrical conductivity because
of high carrier concentration and a reduction of thermal
conductivity due to phonon scattering. In this study, sev-
eral amounts of In were added; however, In with x = 0.1
exhibited the best thermoelectric behavior. Although dop-
ing increases the carrier concentration, which contributes
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Table 2: ZT of doped layered chalcogenide materials.

Material Dopant Type ZT T, K Reference
Bi2Te3 Pb (0.3 at%) n - 473 [78]

Bi0.5Sb1.5Te3 Sb p 1.3 380 [86]
BiSb2Te3 In p 1.4 500 [85]
Bi2Te3 In (1%) p 0.65 385 [93]
Bi2Te3 Ce n 1.29 398 [94]
Bi2Te3 I (0.1 %) n 1.1 448 [84]
Bi2Te3 Cr (1%) p 0.8 325 [95]
Bi2Te3 Cu n 1.09 336 [96]
Bi2Te3 Ge p 0.95 298 [97]

Bi2Te1.9Se1.1 Sbl3 n 1.1 600 [98]
Bi0.5Sb1.5Te3 Cu p 1.17 530 [99]
Bi0.5Sb1.5Te3 Mn p 1.3 430 [100]

Sb2Te3 Sulfur p 0.95 423 [101]
TiS2 Co (0.3) n 0.03 310 [102]
TiS2 Cu (0.02) n 0.45 800 [103]
TiS2 Sn n 0.46 623 [104]

TiS1.5Se0.5 Cu (0.05) n 0.54 700 [105]
(BiS)1.2(TiS2)2 Cr (0.025) n 0.3 750 [59]
(SnS)1.2(TiS2)2 Cu - 0.42 720 [106]

Bi2S3 BiCl3 n 0.6 760 [19]
Bi2S3 CuBr2 n 0.72 773 [38]
Bi2Se3 Te (1.5%) n 0.67 473 [107]
Bi2Se3 Cu (0.1) n 0.54 590 [108]
Bi2Se3 Ni n 0.1 298 [109]
Bi2O2Se Ag n 0.072 673 [110]
Bi2O2Se Cl n 0.23 823 [111]
Bi2O2Se Ge n 0.25 723 [112]
Bi2O2Se Ge n 0.3 823 [113]
BiCuSeO Sr p - 300 [27]
BiCuSeO Sr p 0.76 873 [114]
BiCuSeO Ba P 1.1 923 [115]
BiCuSeO Mg p 0.67 923 [116]
BiCuSeO Ca p 0.9 923 [28]
BiCuSeO Na p 0.91 923 [117]
BiCuSeO Zn p 0.65 873 [118]
BiCuSeO Sn p 1.09 773 [119]
BiCuSeO Pb p 1.14 823 [120]
BiCuSeO Sm p 0.74 873 [121]
BiCuOTe K p 0.69 700 [122]
AgBi3S5 Cl n 1 800 [42]
CsBi4Te6 SbI3 (0.05) p 184 [123]
CsBi4Te6 SbI3 (0.06%) p 0.8 225 [124]
Pb5Bi6Se14 I n 0.5 700 [53]
Pb5Bi6Se14 Te n 0.5 723 [125]

SnSe Na (1%) p 0.8 800 [79]
SnSe K p 0.8 800 [79]
SnSe Na (1.5 at.%) p 0.8 773 [51]
SnSe (0.5% Na +0.5% K) p 1.2 773 [126]
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Table 2: ... continued

Material Dopant Type ZT T, K Reference
SnSe Zn p 0.96 873 [127]
SnSe Ag p 0.6 750 [80, 81]
SnSe Sm p 0.55 823 [128]
SnSe I n 0.8 773 [129]
SnSe BiCl3 n 0.7 793 [130]
SnSe Bi n 2.2 773 [75]
SnSe PbBr2 n 0.54 739 [77]
SnSe LaCl3 p 0.55 750 [131]
SnSe Br n 1.3 773 [132]
SnSe Ge p 0.6 823 [133]
SnSe Ge p 0.77 800 [134]
SnSe Cu p 1.2 873 [83]
SnSe Cu p 0.7 773 [135]
SnTe In (0.25 at%) p 1.1 873 [82]
SnTe Ca&In p 1.65 840 [136]
SnS Ag p 0.6 873 [81]
SnS Na p 0.65 800 [137]
SnS Na p 1.1 870 [138]

InSnTe Al (0.1) p 0.28 668 [139]
In2Se Sn (0.05) p 0.66 700 [140]
In4Se3 Cl (0.03) n 1.53 700 [141]
In4Se3 Cu (0.3 wt%) n 0.97 723 [142]
In4Se3 Fe (0.05) n 0.44 723 [143]
In4Se3 In n 1.13 723 [144]
In4Se3 Pb&Sn n 1.4 773 [145]

to enhancement in electrical conductivity, the effect of al-
loying scattering on carriers’ mobility is also significant.
If the effect of doping on increasing carrier concentration
does not overcome the decrease of carriers’ mobility, elec-
trical conductivity cannot be improved. Therefore, doping
should be optimized to a value for which increasing the
carrier concentration overcomes the effect of alloying. Fig-
ure 12 shows a graph of electrical resistivity versus differ-
ent iodine contents; resistivity decreases at an optimum
doping level, which results in improved electrical conduc-
tivity. Doping has been found to have a significant effect
on shifting the service temperature at which the peak ZT
value is achieved. For example, indium doping [85] in p-
type Bi2Te3 showed an enhancement of ZT up to 1.4 and
shifted the service temperature of Bi2Te3 from room tem-
perature range to 500 K. In this study, it was found that
doping has a significant effect in broadening the bandgap,
hence suppressing the bipolar effect and increasing the
Seebeck coefficient. In addition, doping optimized the con-
centration of intrinsic point defects, which in turn led to a

reduction in thermal conductivity. Shifting the maximum
ZT to a high temperature, 380 K, has been reported when
alloying p-type Bi2Te3 with Sb [86]. Several other stud-
ies reported a shift in the service temperature. Liu et al.
[87] reported a peak ZT of 0.8 at 573 K for n-type Bi2Te2S.
Hua et al. [88] reported a value of 0.92 at 710 K for p-type
Ag0.01Sb1.85In0.15Te3. Wang et al. [89] reported a peak ZT
value of 0.86 at 600 K for n-type Bi2Te1.5Se1.5. In addition
to doping, alloying of elements was found to be an effec-
tivemethod for improving thermoelectric performance but
differently from the doping effect.With alloying, the power
factor increaseswhile thermal conductivity decreases. The
reduction in lattice thermal conductivity is a result of the
atomic disorder generated by the alloyed foreign element.
The guest material acts as a scattering center for phonons,
and the degree of scattering depends on the mass ratio
of the alloy constituents [3, 90]. Simultaneously, alloying
is an efficient way to improve the power factor by mod-
ifying the band structure and creating a path for carrier
transport [30]. Alloyed semiconductors with high carrier
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concentration are the best bulk thermoelectric materials.
The thermoelectric properties of antimony telluride when
alloyed with bismuth telluride improve significantly. The
power factor and figure of merit of 25% Bi2Te3-75% Sb2Te3
alloy at room temperature reached 3.1×10−3 Wm−1K−2 and
0.85, respectively [91]. In another study, the maximum
power factor reached 3.81×10−3 Wm−1K−2 at 300 K and ZT
reached 0.97 with 80% Sb2Te3 [92]. Table 2 summarizes
some layered chalcogenide materials doped with various
dopants and their ZT.

4.2 Nanostructuring

Reducing at least one structural dimension of the thermo-
electric materials to the nanoscale range by nanostructur-
ing is a valid approach for improving the figure of merit
ZT. Nanostructuring can be controlled either by produc-
ing nanomaterials such as nanofilms, nanowires, quan-
tum dots, nanoparticles, and superlattices or by decreas-
ing the grain size to the nanoscale range, as in the case of
nanobulkmaterials [3]. Nanostructuring is an efficientway
to reduce thermal conductivity and enhance the power fac-
tor by generatingmany interfaces in thermoelectricmateri-
als that can block phonon transport. Grain boundaries, es-
pecially when the grain size is comparable with the mean
free path of phonons, can scatter phononsmore efficiently
than electrons while acting as a potential barrier for low-
energy charge carriers. Filtering of low energy charge car-
riers has a significant effect on keeping the potential differ-
ence through the material and can enhance the Seebeck
coefficient [90, 146]. However, in some cases, carrier mo-
bility is affected by the disturbance arising from phonon
scattering, leading to a reduction in electrical conductiv-
ity [7]. High ZT by nanostructure engineering was first pro-
posed theoretically by Hicks and Dresselhause [170]. They
published a theoretical model calculating the Seebeck co-
efficient and thermal conductivitywhen confining the elec-
tron in a two-dimensional quantum well. Their model
predicted improvement of ZT as a result of enhancing
the Seebeck coefficient and reducing thermal conductivity
due to phonon scattering at the interfaces. Not long after,
Venkatasubramaniam et al. synthesized Bi2Te3/Sb2Te3 su-
perlattices and reported a high ZT value of 2.4 [148]. Sev-
eral studies have employed nanostructures and success-

fully produced nanomaterials with a high value of ZT
due to a reduction in thermal conductivity [3, 149, 150],
whereas someother studies reported a significant improve-
ment in the Seebeck coefficient in addition to the reduc-
tion of thermal conductivity [24, 149–151]. For example,
low thermal conductivity with a total improvement in ZT
has been achieved in ball-milled p-type SnTe as a result of
phonon scattering at grain boundaries [82]. A similar im-
provement due to a significant reduction in thermal con-
ductivity has been achieved in n-type Bi2Te2.7Se0.3 ultra-
thin nanowires. In this study [149], the ZT value was in-
creased to 0.95, which is 13%higher than the conventional
grain size sample. In contrast, preparing nanobulk Bi2Te3
represents a 30% improvement in the power factor com-
paredwith the conventional sample, especially at low tem-
peratures (325–425 K) [151]. Wan et al. [152] prepared lay-
ered metal sulfides (BiS, SnS) with alternative stacking of
TiS2 layer and metal sulfides. In this work, they found sev-
eral nanoscale stacking fault, including staging disorder
for BiS and translational disorder for SnS. The presence of
the nanoscale stacking fault results in a reduction of ther-
mal conductivity along the layers demonstrating phonon
blocking; the electricalmobility has not deteriorated.How-
ever, the amorphous structure with extra boundaries in
polycrystals and nanostructured materials has a signifi-
cant effect on the carriers’ transport. Wei et al. [79] found
that carrier mobility in doped SnSe was lower in the poly-
crystal sample than in the single-crystal sample. This was
attributed to several reasons, including the extra scatter-
ing of carriers at grain boundaries and the misorientation
of the crystals. Similarly, Dharmaiah andHong [153] found
that the carrier mobility of Sb2Te3 nanobulk is decreased
due to the scattering of charge carriers at the grain bound-
aries and the voids. Rarely, it was found that introducing
amorphous and fine nanostructure does not affect the elec-
trical conductivity. Xie et al. [150] found that electrical con-
ductivity has not decreased in the sintered melt spinning
Bi0.52Sb1.48Te3 sample which exhibits a fine and amor-
phous structure compared with the same zone melted and
sintered samples. The authors suggested that this may at-
tributed to the fact that the coherent interfaces between
grains can be beneficial to carrier mobility. To a certain ex-
tent, they can compensate for the negative effect of amor-
phous and nanostructure. Table 3 summarizes some lay-
ered chalcogenide nanomaterials and their ZT.
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Table 3: ZT of some layered chalcogenides nanostructures.

Nanostructure material Type ZT T, K Reference
BiSbTe NC bulk p 1.4 373 [154]
Bulk nanostructured Bi2Te3 n 1.1 340 [151]
Nanostructured BiSbTe p 1.3 373 [155]
Bi2Te3 nanoplate n 0.62 400 [156]
Bi2Te3 ultrathin nanowires n 0.96 380 [149]
Bi2Te3 nanoparticles n 0.62 - [157]
Nanobulk Bi0.5Sb1.5Te3 p 1 300 [158]
Nanobulk Bi2Te3 0.94 398 [159]
Nanobulk Bi0.52Sb1.48Te3 p 1.56 300 [150]
Flower-like Bi2Te3 nanosheet n 1.16 - [160]
Nanoporous in the bulk Bi2Te3 p 1.38 473 [161]
Bulk nanostructured Bi0.4Sb1.6Te3 p 1.12 350 [162]
Bulk nanostructured Bi0.5Sb1.5Te3 p 1.4 300 [163]
Bulk nanostructured Bi0.5SbyTe3−y p 0.7 373 [164]
Bi0.4Sb1.6Te3 porous thin film p 1.8 298 [165]
Bi2Te3 nanoparticles n 0.61 423 [157]
Sb2Te3 nanosheet p 0.58 420 [24]
Sb2Te3 nanoplates p 0.55 400 [153]
Bi2Se3 nanoflakes n 0.096 523 [166]
Bi2S3 nanobulk n 0.5 450 [167]
SnSe nanowires p 0.156 370 [168]
SnSe thin films p 0.055 501 [6]
SnSe porous nanosheets p 0.12 310 [169]

4.3 Nanocompositing

Incorporating a second-phase material, especially a nano
additive, into thermoelectric materials to develop a com-
posite is an effective strategy to combine the high electrical
conductivity of the basematerial with the low thermal con-
ductivity of the composite. Introducing a large structured
material compared with the nano-additive atom leads to
the presence of a high density of interfaces [147]. These in-
terfaces act as barriers to scatter the phonons efficiently
and cause decreasing thermal conductivity. In addition,
the interfaces scatter and filter low-energy carriers, result-
ing in an improvement in the Seebeck coefficient without
severely affecting electrical conductivity [17, 90, 171–173].
Phonons are scattered more than electrons in nanocom-
posites because the phonons’ mean free path is greater
than the carriers’ mean free path, leading to stronger scat-
tering of phonons rather than electrons. In some cases, the
introduced interfaces lead to a reduction in electrical con-
ductivity, so it is essential to select a proper additive ma-
terial [174, 175]. Moreover, producing some composites is
limited by the high fabrication cost as well as poor scala-
bility and rarity of the element [176]. For several years, a

considerable amount of work has been done using differ-
ent nanoadditives in order to enhance the performance of
layered chalcogenide materials. Here, nano-additives are
classified into carbon-based and noncarbon materials.

4.3.1 Carbon-Based Layered Materials Composites

Carbon-based materials, including carbon black, carbon
nanotubes, graphene, and graphene oxide have been
introduced to layered chalcogenide materials. Yeo and
Oh [177] found that the dispersion of 0.12% multiwall
carbon nanotubes (MWCNT) into p-type (Bi0.2Sb0.8)2Te3
matrix improves ZT from 1.03 for a pristine sample
to 1.41 for the nanocomposite at room temperature.
Although the presence of the grain boundaries and
MWCNT/(Bi0.2Sb0.8)2Te3 interfaces resulted in extra scat-
tering of the carriers and hence reduced electrical con-
ductivity, the overall improvement is attributed mainly to
the reduction of thermal conductivity as a result of strong
phonon scattering. Li et al. [178] reported a high figure of
merit of 1.21 for polycrystalline p-type SnSe when incorpo-
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Table 4: Comparison between important properties of carbon nan-
otubes and graphene.

Properties Carbon
nanotubes

Graphene

Electrical conductivity
(S m−1)

5000 106

Thermal conductivity
(W/m K)

3000 5000

Fracture strength (GPa) 45 124
Specific surface area
(m2/g)

≈ 100 to 1000 2630
(theoretically)

rated with 2.5 vol% of carbon black. The improvement is
attributed mainly to the increase in electrical conductivity
resulting in a high power factor. Recently, graphene has
gained significant interest for its superior thermoelectric
properties. Graphene is the first two-dimensional sheet of
hexagonally sp2 hybridized carbonmaterial arranged into
a periodic ring structure. It is the thinnest material avail-
able in nature [8, 179–181]. It has high electrical conduc-
tivity, and its thermal conductivity is much higher than
most materials measured at room temperature [10, 176].
Compared with carbon nanotubes, which exhibit distinc-
tive properties, graphene has higher thermal conductivity
and higher electrical conductivity, and it possesses a large
surface area that allows interaction with other atoms in
the matrix [182]. Table 4 shows a comparison of proper-
ties between carbon nanotubes and graphene [181]. The
charge transport properties and the carrier mobility en-
able graphene to be a useful material for thermoelectric
devices. Utilizing graphene as an additive for several ma-
terial matrices has emerged for use in thermoelectric sys-
tems in order to develop a high-efficiency composite. A
small amount of graphene could play an important role
in blocking phonon scattering and reducing the thermal
conductivity of the composite. Due to the high electri-
cal mobility of carriers in graphene, it can maintain the
electrical conductivity of the composite [3, 183]. Based
on a detailed literature review, graphene has not been
used with layered chalcogenide materials, except in sev-
eral studies with bismuth telluride and bismuth selenide
[12, 13, 146, 175, 183–194]. However, a common trend ob-
served for all thermoelectric properties is that there is a lim-
ited content of graphene for enhancing the properties. De-
spite the improvement that is achieved in composites with
several graphene contents compared with the pure sam-
ple [185, 191, 192], most studies have achieved maximum
ZT with a relatively small amount of graphene. This could
be attributed to the aggregation of carriers and scatter-

Figure 13: Thermal conductivity as a function of temperature for BiS-
bTe + x wt% graphene. All composite samples have lower thermal
conductivity than the pristine sample. Reproduced from Ref. [191].

Figure 14: Temperature dependence of the Seebeck coeflcient of
bulk Bi2Te3 and Bi2Te3 composite. The addition of graphene leads
to an increase in the Seebeck coeflcient. Reproduced from Ref.
[187].

ing at the interfacial boundaries with increasing graphene
content [192]. With an optimum amount of graphene, the
thermal conductivity of graphene composites has been
found to reach a minimum value compared with the pris-
tine samples [12]. Figure 13 shows the thermal conductiv-
ity of several composite samples with different graphene
contents compared with the pure sample of BiSbTe [191].
The significant reduction of thermal conductivity was at-
tributed to the high density of grain boundaries, defects,
and interfaces that could effectively scatter the phonons.
The Seebeck coefficient does not show a fixed trend with
increasing graphene content. In some studies, the See-
beck coefficient decreased compared with the pure mate-
rial when adding graphene [12, 146, 190, 192], which is
expected as the number of charge carriers accompanied
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Table 5: ZT of some layered chalcogenides carbon-based composites.

Matrix Additive type Optimum
loading

Type ZT T, K Ref.

SnSe Carbon black 2.5 vol% p 1.21 903 [178]
Bi2Te3 Carbon nanotubes - n 0.85 473 [195]
Bi2Te3 Single-wall carbon nanotube - n ZT enhanced25-30% [196]
Bi2Te3 GNS 0.2 vol% n 0.21 475 [190]
Bi2Te3 Monolayer graphene 0.05 wt% n 0.92 402 [187]
Nanowire
Bi2Te3

GNS 1 wt% n 0.4 300 [186]

Bi2Te3 GQD 0.405 n 0.46 450 [188]
(Bi0.2Sb0.8)2Te3 Multiwall carbon nanotube x = 0.21 wt% p 1.47 348 [177]
Bi0.5Sb1.5Te3 Graphite 0.05 p 1.05 320 [197]
Bi0.5Sb1.5Te3 Expanded graphene 0.1 vol% p 1.13 360 [192]
Bi0.36Sb1.64Te3 RGO 0.4 vol% p 1.16 393 [191]
Bi0.4Sb1.6Te3 GNS 0.3 vol% 300K

0.4 vol% 400 K
p 1.29

x= 0.3 vol%
1.54
x= 0.4 vol %

300
440

[12]

Bi0.48Sb1.52Te3 GNS 0.05 wt% p 1.25 320 [175]
Bi0.4Sb1.6Te3 GNS 0.05 wt% p 1.26 423 [146]
Bi85Sb15 Graphene nanoparticles 0.08 wt% n 173 [11]
Bi2Te2.4Se0.6 Multiwall carbon nanotube - n 0.8 425 [198]
Bi2(Te0.9Se0.1)3 Multiwall carbon nanotube x = 0.015 vol% n 0.98 423 [199]
Bi2Te2.7Se0.3 Unoxidized graphene nanoplates 0.05 wt% n 0.8 400 [184]
Bi85Sb15 Gr 0.5% n 0.39 260 [194]

Figure 15: Temperature dependence of electrical conductivity of
Bi0.5Sb1.5Te3 – Expanded graphene (EG). Reproduced from Ref.
[192].

by the addition of graphene increases [187]. Other stud-
ies [184, 187, 190, 191] have shown that Seebeck coefficient
followed a reverse trend. Agarwal et al. [187] found that the
incorporation of monolayer graphene increases the See-

beck coefficient for the composite sample compared with
the pure sample as shown in Figure 14. Several studies
have shown that electrical conductivity is improved with
increasing the graphene content up to a certain optimum
limit [146, 175, 192]. This finding was attributed to the pres-
ence of the highly conductive graphene [13, 186]. For ex-
ample, the addition of graphene from x = 0.1 wt% up to
10 wt% except at x = 0.5 wt% was found to increase elec-
trical conductivity for both powder and nanowire n-type
Bi2Te3 composites [186]. At x = 0.5wt%, the unexpected re-
duction in electrical conductivity could be attributed to the
carrier transport at the interfaces of nanostructuredBi2Te3
and graphene, which has different potential energies that
affect the composite and result in decreasing carrier con-
centration. Suh et al. [192] found that the incorporation
of 0.1% expanded graphene (EG) increases the conductiv-
ity in the whole temperature range, as shown in Figure 15.
This improvement in electrical conductivity is attributed to
the enhancement in both carriers’ concentration and mo-
bility indicating an excellent effect of expanded graphene.
However, the extra amount of graphene beyond the opti-
mum level leads to a reduction of both carriers’ concen-
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Table 6: ZT of some layered chalcogenides non carbon-based composites.

Matrix Additive type Optimum Loading Type ZT T,K Reference
Bi2Te3 Bi semimetal 5 vol% n 0.4 323 [203]
Bi2Te3 Ag 2 vol% n 0.77 475 [200]
Bi2Te3 Ag NW 1.5 vol% n 0.71 474 [201]
Bi0.5Sb1.5Te0.3 Al NP 0.3 vol% p 1.5 323 [202]
Bi0.4Sb1.6Te3 Cu7Te4 5 wt% p 1.14 444 [204]
Bi0.48Sb1.52Te3 WSe2 - p 1.27 360 [205]
Bi0.5Sb1.5Te3 SiC 0.1 vol% p 0.97 323 [174]
Bi0.3Sb1.7Te3 SiC 0.4 vol% p 1.33 373 [210]
Bi0.5Sb1.5Te3 Cu3SbSe4 1 vol% p 1.6 476 [206]
Bi0.5Sb1.5Te3 Mn 0.2% p 1.46 320 [162]
Bi0.4Sb1.6Te3 CulnTe2 0.2 wt% p 1.45 400 [217]
Bi2Te3 Al2O3 1 vol% n 0.99 400 [211]
Bi2Te3 Bi2Se3 10–15% n 0.7 400 [207]
Bi2Te3 Te - n 2.27 375 [218]
Bi0.48Sb1.52Te3 PbTe 0.05 atm% p - 300 [219]
BiSbTeSe ZnSb 0.5 p 1.13 410 [220]
Bi0.46Sb1.54Te3 ZnTe - p 1.4 400 [221]
TiS2 Bi 0.05 n 0.03 300 [222]
TiS2 PbSnS3 0.5 mol% n 0.44 650 [223]
TiS2 MoS2 3 mol % n 0.29 573 [215]
Bi2S3 Bi - n 0.36 623 [36]
BiCuSeO Cu2Se 20 vol % p 0.44 823 [214]
BiCuSeO SiC 8 % p 1.32 873 [216]
BiCuSeO La0.8Sr0.2CoO3 20 vol % p 0.67 873 [224]
SnSe PbTe 1.5 vol% p 1.26 880 [208]
SnSe SnTe 0.5 mol% p 1.6 ± 0.2 875 [209]
SnSe SiC 1 wt% p 0.125 300 [213]
SnSe MoS2/G 3.2 wt% p 0.98 810 [225]
SnSe Ag2Se 1% p 0.74 773 [226]
InSe In4Se3 - n 0.25 600 [63]
InSe/In4Se3 SrTiO3 - n 0.21 600 [63]

tration and mobility due to the aggregation of graphene
and scattering at the interfaces. The total improvement in
the electrical properties, along with the reduction in the
thermal conductivity of the composited samples, leads to
a significant improvement in ZT. However, the maximum
value of ZT is limited by the graphene content as well as
the temperaturewhereZT ismeasured. It isworthmention-
ing that the same sample could have twomaximum ZT val-
ues with different graphene contents at different tempera-
tures. For instance, Li et al. [12] found that the sample ex-
hibitsmaximumZT at 300Kwith a graphene content of 0.3
vol%, while it reaches its maximum valuewith a graphene
content of 0.4 vol% at 440 K. Table 5 summarizes different
chalcogenide materials with carbon-based composites.

4.3.2 Non–Carbon-Based Layered Material Composites

Besides carbon-based materials, layered materials have
been mixed to improve their thermoelectric properties
with other noncarbon additives like metals [162, 200–202],
semi metals [203], metal alloys [63, 204–209], and ceram-
ics [63, 198, 210–213]. One example is the dispersion of
silver nanoparticles in the bismuth telluride matrix [200],
which improved ZT of the composite approximately three
times compared with pristine bismuth telluride. The sil-
ver nanoparticles were uniformly dispersed on the grain
boundaries and were found to play an effective role in sup-
pressing the grain growth of bismuth telluride as well as
creating lots of interfaces and defects within the matrix,
forming a hierarchical structure. The hierarchical struc-
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ture causes strong scattering of phonons, which reduces
the thermal conductivity and enhances the Seebeck coef-
ficient through the carrier filtering effect. Ju and Kim [213]
tried to enhance the thermoelectric performance of p-type
SnSe by introducing SiC into the matrix. They found that
the formation of the composite improved the power factor
and effectively reduced thermal conductivity. As a result,
ZT of the composite was larger than the pristine sample.
Liu et al. [214] introduced copper selenide (Cu2Se) into p-
type BiCuSeO. An enhancement in thermoelectric perfor-
mancewas achievedwith a 30% increase in ZT at 823 K. In
this study, It was found that the electrical conductivity of
the composite increases due to the high electrical conduc-
tivity of Cu2Se. The Cu2Se nanoparticles filled the voids
among the BiCuSeO grains and acted like electrical con-
tacts among the matrix, which in turn increased electrical
conductivity. Accordingly, the Seebeck coefficient while
thermal conductivity increased due to the thermal conduc-
tivity contribution of charge carriers. However, the 275%
increasing in electrical conductivity of the composite over-
came the reduction in the Seebeck coefficient and incre-
ment of thermal conductivity and enabled the highest ZT
value of 0.44. Aside from the overall improvement in ZT,
it has been found that introducing a second phase mate-
rial in thematrix can play a significant role in reducing car-
rier concentration as well as the carriers’ mobility. Ye et al.
[215] prepared then-type TiS2 – xMoS2 nanocomposite and
found that the electrical conductivity decreased compared
with the pristine sample in the whole temperature range
especially when x increases above 3. They attributed the
reduction in electrical conductivity to both a reduction in
carriers’ concentration and the reduction in carriers’ mo-
bility. As MoS2 sample is p-type with hole charge carriers,
an electron-hole combination would occur in the compos-
ite at the interfaces between MoS2 and TiS2 leading to a
reduction in carriers’ concentration. Moreover, the large
difference in bandgap between the TiS2 and MoS2 creates
a potential barrier that would scatter low energy carriers,
hence reducing carriers’ mobility. A similar reduction in
the electrical conductivity was reported when doping Bi-
CuSeO with SiC. Feng et al. [216] suggested that due to the
poor electrical conductivity of SiC, the carrier concentra-
tion of the composite decreased. Moreover, the presence
of SiC nanoparticles reduced the grain size and increased
the boundaries where carriers are scattered and filtered,
thus suppressing the mobility. Table 6 summarizes some
layeredmaterial compositeswithnoncarbonadditives and
their ZT.

5 Conclusion and Future Outlook
This paper gave an overview of the properties and struc-
ture of layered chalcogenide thermoelectric materials as
well as the progress that has been achieved in measuring
their thermoelectric performance. It presented a discus-
sion of several strategies that have been used to enhance
their thermoelectric properties, including doping and al-
loying, nanostructuring, and nanocompositing. Doping
and alloying have been found to be effective for enhanc-
ing the power factor due to electron density modification
as well as reducing thermal conductivity due to the scat-
tering of carriers and phonons by the defects induced.
Moreover, nanostructuring into several nanoshaped forms
improves ZT. The scattering of phonons at the interfaces
helps to reduce thermal conductivity, while the filtering of
low-energy carriers increases the power factor. Similarly,
the introduction of second-phase material into the ther-
moelectric matrix enhances ZT by improving the power
factor and reducing thermal conductivity. The interfaces
created by the additive act as barriers for filtering the low
charge carriers and scattering phonons. In this context, we
have discussed graphene as a promising nanoadditive ma-
terial for preparing thermoelectric layered chalcogenide
composites. Bismuth telluride has shown a significant im-
provement in power factor and thermal conductivity when
mixed with graphene. Continued research is required in
order to prepare low-cost and high-quality materials. As
there is still a deficiency in the studies of graphene-layered
chalcogenide thermoelectric materials, it is of great inter-
est to study the cases of graphene composites with differ-
ent chalcogenide materials and report its effects.
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