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Two-dimensional (2D) materials are at the forefront of current materials research due to their exciting
and unique properties. 2D tellurides are emerging materials which are yet to be fully explored. To
provide an overview of this emergent field, in this review, we discuss the structure, properties, synthesis
methods, and applications of selected 2D tellurides, with stoichiometry of MxTey, and MxNyTez, (M, N
are metal atoms). We present a summary of the latest advances in modeling, experimental synthesis,
and characterization of 2D tellurides. Additionally, stress and strain-induced tunability of the physical
properties have been reviewed, with a focus on the application of 2D tellurides in electronic,
optoelectronic, and magnetic devices. We have discussed many emergent quantum properties of these
materials. Finally, we conclude with a perspective on the future of 2D metal tellurides.
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Introduction
Two-dimensional (2D) materials have currently become the
focus of research with applications in several fields such as opto-
electronics, spintronics, sensors, thermoelectrics, photoelectrics,
superconductors, energy storage, and topological insulators.
Chalcogenides are the materials containing one or more chalco-
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gens: sulfur (S), selenium (Se), and tellurium (Te). A great deal of
research has been aimed towards the synthesis and study of 2D
metal chalcogenides owing to their interesting physicochemical
properties, and applications like optoelectronics, semiconductor
devices [1–3], energy storage, battery electrodes [4,5], supercon-
ductivity, electrocatalysis [6–9], thermoelectricity and gas sens-
ing. In their review, Popescu et al. [10] have summarized the
development of chalcogenides over time. The field of 2D materi-
als that started with the isolation of graphene layers in 2004 has
grown to include many more materials such as transition-metal
dichalcogenides (TMDCs), most popularly MoS2, layered double
1
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hydroxides, metal oxides, metal nitrides/carbides (MXenes),
transition metal halides, hexagonal boron nitride (hBN), black
phosphorous (BP) and other elemental 2D materials such as
phosphorene and arsenene [11,12]. Many of the 2D materials,
especially the TMDCs, MXenes, and BP have intrinsic bandgaps;
and when their dimensionality is reduced, the band structure as
well as excitonic emissions becomes favorable for optoelectronic
devices [13,14]. BP has a unique in-plane anisotropic structure,
whereas graphene and other TMDCs have in-plane centro-
symmetry. The larger ionic radius and the broadening of d-
bands of tellurium as compared to sulfur and selenium, result
in relatively small bandgap (Eg � 1.2 eV) providing device appli-
cations operable in the infrared wavelength range. In terms of
optoelectronic applications, graphene was amongst the first
few materials which attracted much attention due to its wide
bandwidth operation, faster carrier dynamics, and no need for
optimization through bandgap engineering or chirality control;
hence finding various applications in the field of nonlinear
optics [15]. The TMDCs have the tendency to behave as metallic,
semiconducting or insulating at times. Covalent bonds between
the transition-metal and chalcogen atoms along with the weak
interlayer van der Waal (vdW) forces make it easy to exfoliate
these chalcogenides into lower-dimensional structures. Several
properties of 2D materials depend on their thickness (number
of layers). 2D Te, unlike TMDCs, have a helical-chain structure
with strong chemical bonds within the layer. This results in
the preferable growth of 1D Te morphology, imparting the inter-
esting properties, as we will see. Furthermore, the trilayer struc-
ture of Te provides tellurene a higher stability and superior
properties than other 2D materials.

2D Tellurides are the emerging materials in the so called
“postgraphene age”. With high carrier mobility, larger surface
area and IR spectral absorption, these materials show a lot of pro-
mise. Tellurium has a high atomic number (Z = 52) and exhibits
large spin–orbit coupling (SOC), due to which the properties dis-
played by metal tellurides differ from their sulfide and selenide
counterparts. As mentioned above, the larger ionic radius and
broader d-bands in tellurides results in smaller bandgaps when
compared to sulfides and selenides. For instance, 1H MoS2 has
a bandgap energy of Eg = 1.89 eV, while 1H MoTe2 has a smaller
bandgap (Eg = 1.23 eV). The 2H condensed state is a trigonal pris-
matic structure of transition-metal tellurides (TMTs) with two-
layer Te atoms having mirror symmetry along the metal atom
layer; whereas in 1T and 1T0 condensed states, there is an octahe-
dral sandwich structure [16]. Fascinating structural transitions
are observed in 2D tellurides which are responsible for variation
in electrical, optical and other physical properties [17]. Thermo-
electricity is one domain where tellurides outperform other
materials. It has been challenging for the researchers to develop
materials that show a good thermoelectric figure of merit (ZT),
the term quantifying the efficiency of such materials. The best
ZT values of �1 are exhibited by tellurides like Bi2Te3, BiAsTe,
and PbTe [18]. The heavier Te atom (as compared to S and Se)
limits lattice vibrations, reducing the thermal conductivity. The
diverse crystal structures and exciting properties such as high
magnetization, large SOC, and structural phase transitions have
contributed to the increased interest in tellurides [19–21]. These
materials also display a variety of properties that can be chemi-
2
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cally and/or mechanically tuned. Many of the 2D tellurides,
especially the ternary tellurides, show a transition from an indi-
rect to direct bandgap as the number of layers are reduced. The
indirect-to-direct bandgap transition plays a crucial role in
increasing the light absorption and luminescence efficiency that
is observed in photodetectors, solar cells, and light-emitting
diodes (LEDs). Magnetism is a challenging property to achieve
in 2D materials. According to the Mermin-Wagner theorem
[22], long-range ferromagnetic ordering is prohibited in the 2D
isotropic Heisenberg model. However, after the successful syn-
thesis of CrGeTe3 [23], an intrinsic ferromagnetic material, the
domain of magnetic 2D materials with applications in
spintronic-related devices opened up, as other 2D materials
exhibiting magnetism like VX2 (X = Se, Te), Fe3GeTe2, and FeTe,
along with some non-tellurides like CrI3, MnSe2, and FePS3 were
synthesized [24–28]. Table S1 compares the properties of differ-
ent 2D mateirals [29–60] and aims at providing a perspective
on where 2D tellurides stand amongst other 2D materials (see
Supporting Information).

Many of the tellurides also show emergent quantum proper-
ties such as superconductivity and charge density waves
(CDW). In very low temperatures, changes in pressure and mag-
netic field can induce phase changes called quantum phase tran-
sitions (QPT). Superconductivity is a result of QPT. In the
quantum world, many states of matter exist by virtue of sponta-
neous symmetry breaking as per the Landau-Ginzburg-Wilson
framework [61,62]. Superconductivity is explained by breaking
the gauge symmetry [63]. Below a critical temperature, called
the superconductive transition temperature (Tc), the electrical
resistance becomes zero in superconductors, and current flows
without any loss of energy. Tellurides such as PdTe2, ZrTe3,
GdTe3 perform extremely well as superconductors, with Tc of
about 2 K. A majority of superconductors have Tc in the range
of 1 K to 10 K. The Fe-Te systems, however, show very high Tc

(as high as 70 K). Some 2D materials also undergo Peierls transi-
tion (distortion of periodic lattice in a 1D crystal breaking its per-
fect ordering) to show CDW instability. Along with the lattice
distortion, static modulation of conduction electrons lowers
the total energy of the solid. CDW and energy band variations
are observed in lower-dimensional Te systems. While the sponta-
neous symmetry breaking in the Landau-Ginzburg-Wilson the-
ory explains many of the quantum states, including
superconductivity, crystallinity, and magnetism, it fails to work
for some of the newly discovered quantum electronic phases,
notably, topological states. These states came into focus after
topological insulators (TIs) were discovered, that conduct electric
current only along the edges of a 2D material and are insulating
in the bulk. The spontaneous symmetry breaking theory cannot
distinguish between TIs and the topologically trivial insulators.
In TIs, SOC and time-reversal symmetry combine to form the
state of matter [64]. Other topological materials have been subse-
quently discovered with applications in spin electronic devices
and quantum information technology [64–67]. Tellurides also
host many of these novel topological states: Bi2Te3 and ZrTe5
are excellent 2D topological insulators [68,69]. Materials having
semimetallic electronic structures also exhibit nontrivial band
topology. The existence and lack of Fermi surface define tradi-
tional metals and insulators, respectively; however, topological
/10.1016/j.mattod.2021.08.008
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semimetals have bands crossing (touching) at the Fermi energy
[70]. In topological semimetals, fermions (a type of subatomic
particles) arise as low-energy excitations. The semimetals host
two types of fermions – Dirac and Weyl [71]. The Dirac fermions
are protected by different crystal symmetries. And when time-
reversal or inversion symmetry is broken, a spin degenerate fer-
mion splits into two Weyl fermions, changing the closed Fermi
surface to open Fermi arcs. Weyl semimetals have a linear cross-
ing of two bands at the Fermi level. They have multiple Fermi
arcs, which originate from topologically protected surface-states
[72]. Thus, these materials show novel quantum phenomena of
chiral anomaly-induced, negative magnetoresistance (MR), and
supersymmetry. A Weyl semimetal (Type-I) has linearly-
dispersed non-degenerate bands that cross each other at the
Weyl points (Fig. 1(a)). For Dirac semimetals, the Fermi level
has four linearly crossing bands and has a double-degenerate
Dirac cone (Fig. 1(c)). Both the Weyl and Dirac semimetals obey
something called the Lorentz invariance, T(k) < U(k), where T(k)
andU(k) are the linear kinetic and potential terms describing the
Hamiltonian for the two fermions: H(k) = T(k) + U(k) [70,73]. If
the Lorentz invariance is violated, then the Dirac andWeyl cones
FIGURE 1

The two types of Weyl semimetals are shown with a non-degenerate Dirac cone
phase appears as the contact point between e- and h+ pockets. The grey plan
Strongly titled Dirac cone at the topologically protected touching point betwee
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tilt by a significant amount, as can be seen in Fig. 1(b, d). These
are termed as the type-II Dirac/Weyl fermions. PtTe2 is a type-II
Dirac semimetal [73]. The type-II Weyl fermions were first pre-
dicted in the orthorhombic Td phase of WTe2 [71,74]. The Td

phase of MoTe2 has been also established as a type-II Weyl semi-
metal [75,76].

Recently, intensive theoretical and experimental works with
exciting results have ensured increased interest in 2D tellurides,
which indicates upcoming years of research in the field. There
are extensive reviews consolidating the studies on the “beyond
graphene materials”, and vdW layered structures [11,77–79]. A
recent review [17] highlights the structure and electronic proper-
ties of selected layered transition metal tellurides with an empha-
sis on their synthesis and electronic devices. In this work, we
compile and consolidate the information on an exhaustive set
of 2D tellurides. The review aims at providing an overview of
the crystal structure, synthesis methods, properties, and applica-
tions of these materials. We summarize several binary tellurides
as well as discuss the intriguing properties that develop by the
addition of a third element (Fig. 2). We look into the diversity
of properties in these 2D layered materials, including the optical,
. The type-I Weyl semimetal (a) has a point like Fermi surface. (b) The type-II
e represents the Fermi level [71]. (c) Schematic of type-I Dirac fermion (d)
n the e- and h+ pockets (type-II Dirac fermions) [73].
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FIGURE 2

Periodic Table showing the metals (in blue) and Tellurium (in green) that form the binary tellurides discussed in this review.
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electronic, photo-electrochemical, magnetic, and quantum prop-
erties. We then conclude by providing prospects for research in
this field, along with challenges that need to be addressed to
unlock the potential of 2D tellurides in vast areas of applications.

Synthesis methods
Synthesis strategies for 2D materials can be classified into two
broad groups: top-down and bottom-up approaches. The top-
down approach is mostly used for layered materials and involves
cleaving of atomically thin layers from bulk crystals. It can also
be extended for materials with a higher c/a ratio. Mechanical
forces and acoustic vibrations are the two most commonly
employed techniques to cleave layers of materials. While the
top-down method offers an inexpensive and facile route to
obtain 2D layers, a precise control over the number and size of
layers is not possible. The bottom-up approach addresses this
by synthesizing 2D materials directly from the scratch, giving
control over the morphology and size of 2D sheets. Fig. 3 lists
some of the common synthesis methods that are used to synthe-
size 2D materials in general. Many of the metal tellurides have a
layered structure with stacks of tellurium-metal-tellurium (Te-M-
Te) units bound by vdW forces. Top-down approaches like
mechanical and chemical exfoliation have become the favorite
synthesis routes for the 2D materials having weak vdW forces.
Methods like vapor phase transport, molecular beam epitaxy,
chemical vapor deposition, pulsed laser deposition (PLD), and
other solution-based methods are bottom-up methods and are
suitable for producing 2D structures on a large scale. For more
details on synthesis methods of 2D materials, readers are
requested to go through these excellent reviews [17,80]. In the
supplementary information, we briefly discuss the important
parameters of the commonly used synthesis methods for 2D
4

Please cite this article in press as: S. Siddique et al., Materials Today, (2021), https://doi.org
materials. Table 1 summarizes the synthesis methods employed
to obtain some of the 2D tellurides discussed in this review
[81–93]. Supporting Information.

A lot of tellurides discussed in the review are yet to be synthe-
sized. Density Functional Theory (DFT) calculations have been
used to study their formation and cohesive energies, dynamic
stabilities, and possible synthesis methods. As seen from Table 1,
CrPbTe3, SnSb2Te4, Ge2STe, Sn2STe, and HfGeTe4 have only been
predicted to exist. A negative value of the cohesive energy indi-
cates thermodynamic stability of the material. For example,
CrPbTe3 has a cohesive energy of �3.44 eV, similar to that of
2D silicon. From its phonon dispersion, dynamic stability is also
expected [94]. These results suggest that the material will be
stable once synthesized. The cleavage energy can also indicate
the success of mechanical/liquid-phase exfoliation. For instance,
monoclinic bulk As2Te3 has a cleavage energy of 0.36 J m�2 (like
graphene). They can, thus, be exfoliated to get 2D sheets (which
has already been achieved using CVD) [95]. Similarly, the cleav-
age energies of CrGeTe3 and CrSiTe3 are also comparable to that
of graphite [96]. PdTe2 is a material that exists in two phases –

pentagonal and hexagonal. But only its hexagonal phase has
been synthesized experimentally, even though it has been
shown that p-type penta-PdTe2 is a better thermoelectric mate-
rial, with a ZT value higher than the well-known Bi-Te thermo-
electrics [97,98]. DFT calculations were employed and the
pentagonal phase was found to have dynamic stability. It was
predicted that its monolayers could be fabricated using CVD
[97]. All these materials show exceptional properties, as we see
later, and are capable of bringing significant advancement in
materials science research. One of the aims of this review is to
bring forward such opportunities by better understanding the
current research in this field.
/10.1016/j.mattod.2021.08.008
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TABLE 1

Synthesis methods, applications, and crystal structure of some tellurides.

Synthesis methods 2D
tellurides

Applications Crystal Structure and space group Ref.

Chemical Vapor Transport, Co-
evaporating Knudsen Effusion Cell,
Epitaxial Growth

TiTe2 Optoelectronics, Electronic
Devices

P3̅m1 [99–103]

Pulsed laser deposition, Co-evaporation ZrTe2 Quantum and Electronic
Devices

[104,105]

Atmospheric pressure CVD, Molecular
Beam Epitaxy, Exfoliation

VTe2 Electrocatalysts for Hydrogen
Evolution Reaction

[106,107]

Co-evaporating from Knudsen Cells &
Theoretical predictions

PdTe2 Thermoelectric,
Superconductors

[97,98]

Chemical Vapor Deposition,
Hydrothermal Method

CoTe2 Electrochemical Applications,
Electrocatalysts

P3m1 and Pnnm [108–110]

Chemical Vapor Transport, CVD, MBE,
PVD

MoTe2,
MoxW1�xTe2

Weyl semimetal
Optoelectronic
Memory Devices
Electronic Beam
Collimation
Lens

P21/m [111–115]

Plasma-enhanced CVD, Theoretical
Predictions

As2Te3 Thermoelectric Devices [95,96,116]

Mechanical Exfoliation, Self-flux method FeTe,
Fe1+yTe

Magnetic Devices,
Superconductors

P4/nmm [26,117–119]

Mechanical Exfoliation, MBE Fe3GeTe2 Magnetoresistance, Storage
Devices, Low-power
spintronics

P63/mmc [120–126]

Mechanical Exfoliation, Theoretical
Predictions

CrSiTe3 Magnetic and Spintronic
Devices

R3 [94,127–129]

(continued on next page)
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TABLE 1 (CONTINUED)

Synthesis methods 2D
tellurides

Applications Crystal Structure and space group Ref.

Mechanical Exfoliation, Theoretical
Predictions

CrGeTe3 Spintronic Devices [23,96,129,130]

Theoretical Predictions CrPbTe3 Ferromagnetic, Spintronic
Devices

P4/nbm [94,131]

Theoretical Predictions SnSb2Te4 Light-Harvesting Devices,
Optoelectronic Devices

R3̅m [132]

Mechanical Exfoliation, Theoretical
Predictions

GaGeTe Photovoltaics, FETs, Quantum
Devices, Data Storage Devices

[133–136]

Theoretical Predictions Ge2STe Optoelectronic Devices – [137]

Theoretical Predictions Sn2STe Optoelectronic Devices – [137]

Theoretical Predictions InTeF FETs, Optoelectronic Devices – [138]
Theoretical Predictions HfGeTe4 Electronic Devices Cmc21 [139]
Chemical Vapor Transport, Theoretical

Predictions
ZrGeTe4 Electronic Devices [140]

Self-flux Method, Theoretical Predictions Nb2SiTe4 Optoelectronic Devices P21/c [141,142]
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FIGURE 3

Schematic of some of the common synthesis techniques of 2D materials. The figure also lists a few tellurides prepared using the methods.
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Crystal structure
In this section, the crystal structures of some of the 2D tellurides
of the form MxTey and MxNyTez are discussed. The elemental Te
monolayers, tellurenes are stable in 1T-MoS2-like (a-Te) phase,
while metastable tetragonal (b-Te) and 2H-MoS2-like (c-Te)
phases and have been explored for their enhanced structural
properties. The trigonal structure of bulk Te consists of helical
chains along the [001] direction, which indicates that the z-
direction pointing along the c-axis qualitatively differs from
the layering structures of tellurene [143]. The atomic structure
of trigonal Te is strongly anisotropic, making its nanomaterials
grow into anisotropic structures – nanowires, nanotubes, and
nanorolls. Due to this anisotropy, TeSe2 was developed as an
alternative to tetragonal Te [144]. Another compound close to
elemental Te is SeTe. Its monolayer has two types of atomic struc-
ture: a planar structure where SeTe has a center of symmetry, and
a buckled structure having mirror symmetry along the 45� diag-
onal of the a- and b-axis of the lattice (Fig. 4(d)) [69].

The TMTs of the typeMTe2 typically crystallizes with a layer of
M atoms sandwiched between two Te atomic layers forming Te-
Please cite this article in press as: S. Siddique et al., Materials Today, (2021), https://doi.org
M-Te trilayers. The trilayers are found to be in two structural
phases – 2H and 1T. The 2H phase has a trigonal prismatic coor-
dination of the metal atoms, while 1T has an octahedral one. The
‘2’ and ‘1’ in the notation stands for the number of layers in the
unit cell [145]. In most cases, the 2H phase has higher stability
and shows superior properties than 1T [146]. Tellurides such as
TiTe2, ZrTe2, VTe2, PtTe2, NbTe2 and MoTe2 all have this struc-
ture (Fig. 4(a)) [99,111,147,148]. TiTe2 is an anisotropic system,
and therefore, even in its 2D state, it retains its 3D nature to some
degree; for example, the electronic structure is similar to that of
bulk material [100]. IrTe2 also has a trigonal phase at room tem-
perature (RT). But as the temperature is decreased, it transitions
into a lot of other phases including some topological ones [149].

Among the TMTs, the cobalt system is an interesting material
due to its magnetic, electrochemical, and catalytic properties.
CoTe2 exhibits two different phases – orthorhombic marcasite
and a trigonal CdI2-type structure [108,109]. It exists in non-
stoichiometric, tellurium-deficient compositions to maintain sta-
bility. Similar to cobalt-based tellurides, zinc telluride (ZnTe) is
also a semiconductor that has been studied for its thermoelectric
7
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FIGURE 4

(a) The top and side view of the TiTe2, ZrTe2, and 1T-VTe2 (Te-M�Te trilayer) crystal structure [101,104,106], (b) Top view of hexagonal ZnX (X = O, S, Se, Te)
[183], (c) Top view of monoclinic GaTe (Blue circles – Ga atoms, Red circles – Te atoms) [152] (d) Top view of the square structures of the b-SeTe monolayer
(Green – Se atoms, Brown – Te atoms) [160], (e) The rock-salt structure of b-SnTe (Orange – Te atoms) [158], (f) The rhombohedral tetradymite structure of
group V tellurides (X1 and X2 are the Te sites) [159] (g) Crystal structure of GdTe3 [161], (h) Crystal structure of EuTe4 with square atomic Te sheets and
alternating Eu-Te slabs (Blue – Te atoms) [162].
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and optoelectronic applications. Its heterostructures with other
materials, such as MoS2 and In2Te3, have also been reported to
have superior catalytic properties [150,151]. Given the versatility
of ZnTe polycrystals, the same can be expected for 2D ZnTe lay-
ers. Monolayer ZnTe is predicted to have a hexagonal structure
with a lattice parameter of 4.40 Å and exhibiting a germanene-
like structure (Fig. 4(b)). An sp3 hybridization exists between
the Zn-Te 2D layers.

The group III tellurides also demonstrate a rich variety of crys-
tal structures. The Gallium Telluride (Ga-Te) system is one of the
important members of the III-VI compounds. GaTe and Ga2Te3
have low formation energy which facilitates easier exfoliation
of the bulk samples into 2D sheets, even though neither have a
layered structure. In GaTe, two Ga atoms are sandwiched
between two Te atoms, forming a Te-Ga-Ga-Te structure (Fig. 4
(c)) [21,152]. Ga2Te3 has a zinc blende structure with the Ga
atoms forming an intermediate layer between the Te atomic lay-
ers (Fig. 4(b)). The hexagonal Te lattice shrinks to form an fcc
structure [153]. Both of them show vacancy planes, which results
in ultralow lattice thermal conductivity required for high-
performance thermoelectric materials [154]. Similar to GaTe,
InTe too consists of four sublayers stacked in the sequence Te-
In-In-Te. However, unlike its gallium counterpart, In2Te3 exists
in two crystalline phases – anti-fluorite (a) and zinc-blende (b)
structures. b-In2Te3 only exists at higher temperatures while
the a- phase is stable at lower temperatures, with a transition
temperature of 600 ℃ [155].
8
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The tellurides of group IV and V are best known for their ther-
moelectric properties. Tin Telluride (SnTe) is one of them. It has
Sn deficiency, because of extra Te atoms creating two holes in the
valence band, making it a p-type material. In the ambient condi-
tions, it has a NaCl-type cubic structure (Fig. 4(e)) that transforms
to orthorhombic under pressure, which can be then exfoliated.
There is another structural transformation to rhombohedral at
the Curie temperature, where SnTe forms a ferromagnetic state
[156–158]. The group V elements, such as As, Bi, and Sb combine
with Te to form rhombohedral structures. They are excellent
thermoelectric materials and topological insulators. Because of
their similarity to Bi2Te2S structure these materials are called tet-
radymites. In general, tetradymites are M2X3 compounds (where
M is a group V element; X is a chalcogen), but other mixtures of
M and with two different types of X (e.g., Bi2Te2Se) are also
included in the group (ternary tetradymites). Since both M and
X have similar electronegativities, anti-site defects are formed
which is the reason behind their exceptional thermoelectric per-
formance. The tetradymite structure has a rhombohedral sym-
metry with layers of X1-M-X2-M-X1 stacked along the c-axis
(Fig. 4(f)). X1 and X2 are distinct sites, and this allows the forma-
tion of ternary tetradymites [159]. Because of the nature of
bonds, the X2 bond is more ionic, and hence, more electronega-
tive chalcogen occupies it. It is very difficult to obtain stoichio-
metric Bi2Te3 using normal synthesis methods because of the
ease of formation of defects. Arsenic telluride (As2Te3) exists in
two forms: monoclinic a-phase, which can be transformed into
/10.1016/j.mattod.2021.08.008
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a rhombohedral b-phase under pressure. Both of these phases
show excellent absorbance in the range of 1.6 to 3.2 eV. As
already mentioned, its rhombohedral phase performs well for
thermoelectric applications [116].

Rare earth tellurides form something called quasi-layered
compounds: they are not vdW solids but respond to exfoliation
methods. For example, single crystals of GdTe3 (Fig. 4(g)) [161]
and EuTe4 [162], obtained by the self-flux method, can be exfo-
liated to obtain 2D sheets. All the quasi-2D polytellurides (RTen;
n = 2, 2.5, 3) share a common structure of consecutive square Te
sheets separated by corrugated R-Te slabs. The crystal structure of
EuTe4 (Fig. 4(h)) shows that there is a regular, nearly square net
made of a monolayer of Te atoms. Because of the square Te
sheets, the compound has susceptibility towards Peierls
instabilities.

Like other 2D systems, many of the ternary tellurides exhibit
layered hexagonal structures. Fe3GeTe2, SnSb2Te4 and GaGeTe,
all have a hexagonal structure in their 2D forms [120,132,133].
Owing to their layered structure, the three materials have been
synthesized by exfoliation methods. In addition to the scotch-
tape method that gives 4.8 nm thick sheets of Fe3GeTe2 [163],
its 2D films of 0.82 nm thickness were also synthesized using
MBE on (111) GaAs [120]. The CrXTe3 (X = Si, Ge, and Pb) system
has also been extensively investigated. CrSiTe3 and CrPbTe3 have
a hexagonal crystal structure and their monolayers (ML) can be
obtained by exfoliation [94,127]. Bulk CrGeTe3, however, crystal-
lizes into a rhombohedral crystal structure belonging to the R3 ̅
space group [130]. It also has a layered structure with a large
interlayer vdW gap (do = 3.3 Å) making it possible to obtain 2D
flakes from single crystals using mechanical exfoliation [96].
Adding fluorine (F) in the InTe monolayers results in InTeF hav-
ing a buckling-honeycomb structure with space group P3m1.
This honeycomb monolayer forms a tetrahedral structure, where
each In atom bonds with three Te atoms and one F atom.

An orthorhombic structure is also commonly found in 2D
ternary tellurides. 2D Ge2STe and Sn2STe monolayers have a
puckered structure in the space group Pmn21. Both of these mate-
rials have not been synthesized and their atomic structures, elec-
tronic structures, optical properties, and thermodynamic
stabilities have been reported using DFT calculations [137].
HfGeTe4 and ZrGeTe4 also exhibit orthorhombic crystal structure
but they belong to Cmc21 space group [139]. These group IV 2D
metal germanium chalcogenides, MGeX (M = Hf, Zr; X = S, Se,
Te) have chalcogen poor phases and exist in PbFCl structure,
i.e., the Ge and X atoms form a negative anion [140]. Although
ultrathin ZrGeTe4 flakes of 28 nm have been obtained using
the scotch-tape method [164], 2D HGT is yet to be synthesized
[140]. Bulk Nb2SiTe4 is a layered material that is formed by sand-
wiching (Nb, Si) between two Te atoms. Few-layer Nb2SiTe4 has
also been synthesized using the scotch-tape method and has an
orthorhombic crystal structure [148].
Physical properties and emerging applications
Tellurium has eight stable isotopes, with an atomic weight of
127.60 ± 0.03 for its most stable isotope. 130Te (33.8%) and
128Te (31.7%) are the most abundant isotopes, and 125Te and
123Te with I = 1/2 can be used in NMR. However, the only crys-
Please cite this article in press as: S. Siddique et al., Materials Today, (2021), https://doi.org
talline form of tellurium that shows electrical conductivity exists
as a spiral chain polymer. It has a smaller electronegativity than
oxygen and show decreased ionicity and increased bond cova-
lency. The structural confinement in 2D tellurides enhance their
physiochemical properties such as superconductivity, thermo-
electricity, and the existence of topological phases. The 2D struc-
ture also exposes larger surface-active sites for possible binding of
molecules/ions or charge conduction making them suitable for
electrochemical applications. Like other chalcogenides, in tel-
lurides too, by applying strain and varying the number of layers,
properties can be tuned as per requirement. Recent develop-
ments in theoretical and experimental techniques have led to a
lot of exciting properties in the 2D tellurides.

Electronic and transport properties
2D tellurides show a diverse range of electronic properties, as evi-
dent from their band structure (metallic, semiconducting, and
insulating) as well as the existence of quantum phases like
CDW and topological states. The transition metal tellurides
(TMTs) are best known for their electronic properties. They
include MoTe2 that may exist in three different structural phases:
2H, 1T0, and Td. In its 2H phase, MoTe2 is a semiconductor, a
Weyl semimetal in its 1T0 phase. Its Td phase shows topological
Fermi arcs. These arcs are found at the boundary between the e-

and h+ pockets and are enlarged to a significant amount. The
2H monolayer has a direct bandgap of 1.1 eV. Experiments show
that this direct bandgap in monolayer and bilayer changes to an
indirect one in its tetralayer. The trilayer exhibits both nearly
identical direct and indirect gaps [112]. The presence of a near-
zero density of states and a very low resistivity near the Fermi
energy leads to the formation of a pseudogap as a result of the
few electronic states, thus, making the material a semimetal.
Materials like ZrTe2 (Fig. 5(a)) and NbTe2 also show semimetallic
state as revealed by the DFT calculations [104,105,165]. Hall
Effect measurements of NbTe2 give a carrier concentration of
n = 5.46 � 1021 cm�3 having mobility, l = 6.9 cm2 V�1 s�1,
and resistivity, q = 1.74 � 10�4 X cm [165]. It also has a large
pseudo-gap around the Fermi surface. The quasi-2D layered semi-
metal shows anisotropic magneto-transport properties. An
anomalous linear MR of max 30% at 9 T was observed showing
the coexistence of a large quasi-2D Fermi surface and a small
Fermi pocket [166].

The presence of heavy Te atoms with a large SOC results in a
larger splitting of the valence band in MoTe2 compared to MoS2
and MoSe2. Moreover, MoTe2 has a vertical stacking with a non-
centrosymmetric space group Pmn21 and due to lack of inversion
symmetry, Weyl Fermions exist [112]. It shows strong anisotro-
pic band dispersions where Fermi crossings of both electron
and hole type are observed along C-Y direction, but only hole-
like Fermi crossings are observed along the C-X direction. One
interesting property of MoTe2 is the ease of control over doping
and its reversibility. Electrothermal doping (electrothermal
annealing by applying an electric field under vacuum condi-
tions) allows us to control the type of doping (p- or n-type) in
2H-MoTe2 transistors [167]. Under ambient conditions, O2 and
H2O molecules adsorb on the surface of the material. Applying
electric field heats up the conducting channels in MoTe2 causing
adsorbates with less adsorption energy to leave the surface.
9
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FIGURE 5

(a) The calculated band structure of 1ML ZrTe2 showing the semimetallic nature [105], (b) Calculated band structure of SiTe2 and (c) SnTe2 [146], (d) Calculated
ZT figures of merit plotted as a function of carrier concentration of p-type hexa-PdTe2, and (e) p-type of penta-PdTe2 [98], (f) Temperature dependent lattice
thermal conductivity of a monolayer SiTe2 and SnTe2 from 300 to 900 K [146], (g) A comparison of the ZT values of some tellurides
[98,172,173,175,177,184,185], (h) Near band edge of ZnTe under compressive stress and (i) tensile stress [183].
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Excess electrons are left behind: hence n-type doping. When this
material is re-exposed to air, physisorptions of O2 and H2O
results in a p-type doping. Since no external dopant or gas is
required, the process is extremely simple and offers a precise con-
trol over the doping. Thus, the field-effect transistors (FETs) man-
ufactured out of MoTe2 has considerable potential for adaptive
logic circuits.

It has been experimentally demonstrated that the distorted 1T
MoTe2 monolayer shows room temperature ferroelectricity [113].
In most of the materials, there are lower limits to the number of
10
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layers below which the ferroelectric behavior disappears. Also,
the Tc for ferroelectricity decreases as the number of layers
decreases. Ferroelectricity in MoTe2 monolayers make it a
promising material for logical and memory devices. Layer-
dependent electronic properties are also observed in PtTe2. It
changes from a semiconductor to a type-II Dirac semimetal with
a strongly tilted Dirac cone along the C-A direction [73]. The
presence of defects further changes the bandgap of PtTe2 mono-
layers. This presents a possibility of changing the properties of
the material through defect engineering [168]. PtTe2 can also
/10.1016/j.mattod.2021.08.008
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form a heterojunction with Si and can be used as a photodetector
because of its broadband sensitivity in the wavelength range of
200–1650 nm. The heterojunction so formed is of high stability
[169]. 2D PtTe2 is also an excellent electrothermal material, cap-
able of converting electrical to thermal energy with high effi-
ciency. This property is useful in thermochromic displays,
heaters, defrosters, thermotherapy, and heating textiles
[170,171].

2D tellurides also show exceptional thermoelectric properties.
Improving the thermoelectric performance involves an optimiza-
tion between contraindicative properties: high electrical conduc-
tivity but low thermal conductivity for a high ZT [172].
Nanostructuring restricts the scattering of phonons, which low-
ers the lattice thermal conductivity (jL), while maintaining high
electrical conductivity, thus enhancing ZT. A bottom-up wet-
chemical synthesis method has been used to realize 2D Bi2Te3.
ZT values were two-to-four times higher than bulk Bi2Te3
[173,174]. PbTe3 is widely known for its band degeneracy and
“dopability” which increases its ZT value [175]. DFT studies pre-
dict that the ZT value of PdTe2 is higher than Bi2Te3 [97]. The
electrical conductivity over relaxation times for tellurides is more
than sulfides and selenides, resulting in superior thermoelectric
performance. Marfoua and Hong [98] theoretically investigated
the thermoelectric properties of both p-types and n-types of
Hexa and Penta-PdTe2 and found that the best performance
was given by p-type Penta-PdTe2 (Fig. 5(d, e)). Thermoelectric
properties are also predicted in the monolayer 1T phase of SiTe2
and SnTe2 [146]. Their monolayers have ultralow jL resulting in
ZT of 0.46 at 600 K and 0.71 at 900 K for SiTe2 and SnTe2 ML,
respectively. SnTe2 has a strong anharmonicity resulting in a
lower jL of 1.62 W m�1 K�1 as compared to 2.27 W m�1 K�1

for SiTe2 (Fig. 5(f)). Composite structures of Bi0.5Sb1.5Te3 (BST)
nanosheet films, obtained by spin coating followed by drop cast-
ing, show ZT as high as 1.0 [176]. Cu1.75Te nanosheets also show
enhanced thermoelectric behaviour than bulk structures [177].
Excellent thermoelectric properties are also observed in devices
fabricated using ternary Nb3SiTe6, with thermoelectric power of
�230 lV K�1 at 370 K where the electrical resistivity was below
1.5 mX cm [178]. Fig. 5(g) shows a comparison plot of thermo-
electric figure of merit of some of the 2D tellurides.

Unlike TMTs, the group III-tellurides are mostly semiconduc-
tors. 2D GaTe has an indirect bandgap of 1.65 eV [21], while the
bandgap of InTe is wider with a value of 2.37 eV. These bandgap
values are thickness-dependent and can also be engineered by
stress or chemisorption [58]. Exposure to air can decrease the
bandgap of 2D GaTe to 0.8 eV. Similar effect of the oxygen func-
tionalization on 2D InTe has also been investigated. It narrows
the bandgap to 0.21 eV decreasing the effective carrier masses
and increasing the work function [179]. The 2D InTe sheet with
oxygen functionalization becomes inert towards oxidation and
degradation. Therefore, it is an ideal material to produce the
quantum spin Hall effect at RT, allowing the development of
high-speed and dissipation-free transport devices. The bandgap
of 2D InTe also makes it a promising material for water photo-
catalysis due to a bandgap higher in value than 1.23 eV (water
splitting value) as well as the favorable positions of the band
edges [180]. Its wide-bandgap is also suitable for applications in
light-emitting devices and photodetectors. InTe is softer than
Please cite this article in press as: S. Siddique et al., Materials Today, (2021), https://doi.org
MoS2 and thus can be easily strained, making it a good candidate
for strain band engineering.

Chang et al. [156] studied SnTe and showed the formation of
domain structures, band bending and lattice distortions, and also
demonstrated ferroelectricity in its thin films. Ab-initio investiga-
tions on the interaction between 2D SnTe and different sub-
strates reveal that it is possible to tune the ferroelectricity of 2D
SnTe films in contact with Ni, Pd, Pt, Si, Ge, CaO, and MgO sub-
strates [157]. Both SiTe2 and SnTe2 monolayers have a
semimetallic character which arises as the conduction band min-
imum (CBM) overlaps with the valence band maximum (VBM)
(Fig. 5(b, c)) and retain this semimetal property even under biax-
ial strain [146]. This, however, is different for As2Te3. The band
structure of a-As2Te3 changes by applying pressure [95]. The indi-
rect bandgap closes at above 6 GPa, with a semiconductor-to-
metal transition. Its electronic properties are anisotropic, with
the carrier mobility of holes is higher than that of electrons.

The Mba phase of TeSe2 is similar to orthorhombic Te and was
the first one to be studied theoretically amongst the TeSe2
phases. It has a wide indirect bandgap of 2.39 eV that converts
into a direct bandgap under a tensile strain, making it suitable
for mechanical sensors and piezoelectric devices [181]. This
Mba phase lacks inversion symmetry giving rise to spontaneous
polarization, having value similar to SnTe, another 2D ferroelec-
tric material that has been fabricated. The change in polarization,
caused by small stresses and/or electric fields, is an important fac-
tor when considering the application of the material in ferroelec-
tric devices [144]. The HcT (hexagonal) phase of TeSe2
monolayer has an indirect bandgap of 0.94 eV as calculated using
the HSE06 exchange–correlation [182]. The bandgap increases
with the application of compressive strain and decreases with
tensile one.

Strain engineering can also provide stability to materials. The
ZnTe monolayer has a buckling band structure, as shown in
Fig. 5(h, i), with a direct bandgap of 1.37 eV. There is a dynamic
instability in ZnTe, due to the presence of imaginary (negative)
frequencies in the phonon dispersion [183]. A small strain shifts
these into the real domain, thus increasing the stability. Applica-
tion of a tensile strain of 2% provides dynamic stability to the
monolayer and changes the bandgap from direct to indirect.
8% of tensile strain completely closes the bandgap giving a semi-
conductor–metal transition.

Moving on towards ternary tellurides, calculations show
HfGeTe4 (HGT) transitions from an indirect bandgap of
0.67 eV in its bulk form to a direct bandgap of �1.3 eV as a
monolayer (Fig. 6(a)) [139]. The higher cohesive energy in 2D
HGT (compared to MoS2, MoTe2, and HfTe2) is due to its
zigzag-shaped layer and is significant for strong adhesion with
metals/insulators, suggesting potential applications of HGT
monolayers in electronic devices once fabricated. Monolayers
of Ge2STe and Sn2STe have not been synthesized to date but their
electronic structure has been studied using DFT [137]. They tran-
sition to a direct band structure as the thickness is reduced to the
monolayer limit. The bandgap can also be tuned by applying an
in-plane strain. Fig. 6(b) indicates a semiconductor-to-metal tran-
sition at high compressive biaxial strains in Ge2STe and Sn2STe
monolayers. An indirect-to-direct transition of bandgap is also
observed in monolayer ZrGeTe4, a layered anisotropic semicon-
11
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FIGURE 6

(a) Plot of bandgap as a function of the number of layers for HGT [139]. ZGT has a similar plot [186]. (b) The bandgap of Ge2STe and Sn2STe monolayers under
the biaxial uniform strain [137]. (c) Changes in the electronic band structure of layered SnSb2Te4 as a function of the thickness (Inset shows the VBM over the
Brillouin zone with SOC) [132].
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ductor [186]. The phonon dispersions for 1, 2, 3 layers and bulk
ZrGeTe4 do not show any imaginary frequencies, predicting the
stability of layered ZrGeTe4. Based on the calculated phonon
spectra, ultra-thin 2D ZrGeTe4 has potential applications in
nanoelectronic devices due to the anisotropic electrical and opti-
cal properties [164].

In most cases, the bandgap changes from indirect to direct
when transitioning from bulk to monolayer. However, the calcu-
lated electronic band structures for different thicknesses of lay-
ered SnSb2Te4 (SST) with and without SOC (Fig. 6(c)) show an
indirect-to-direct transition of the bandgap as the thickness
increases fromML to bilayers (BL) [132]. It has been also reported
that compared to ML, BL show superior electronic transport
properties. The weak anisotropic mobility in the case of ML is
also higher in BL. 2D SST is predicted to have high mobility
(27.82 � 103 cm2 V�1 s�1).

Bulk Nb2SiTe4 (NST) is a layered material with a monoclinic
crystal structure [141]. Few-layer NST, fabricated using the
scotch-tape exfoliation is an intrinsic p-type semiconductor with
12
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a narrow bandgap of 0.39 eV. Measurements reveal that the elec-
tron and hole current are equal, making it ambipolar. There is a
high charge carrier mobility of �100 cm2 V�1 s�1. Zhang et al.
[142] predicted that Nb2SiTe4 monolayers are ferroelastic and it
is possible to tune the anisotropic electronic properties, includ-
ing anisotropic carrier mobility and optical properties, through
ferroelastic switching. Indirect-to-direct bandgap transition can
also be achieved by other means, in addition to the reduction
in dimensionality. In 2D GaGeTe, the indirect bandgap changes
to a direct one under compressive strains of around 2%. A
remarkable decrease in the bandgap has been observed when
the applied strains are increased. The bandgap decreases as the
number of layers (N) increases: Eg = 0.75 eV for N = 1 (semicon-
ducting state), whereas Eg = 0.002 eV for N = 10 (an almost metal-
lic state) is observed for bulk GaGeTe. DFT calculations suggest
that the bandgap of GaGeTe ML can also undergo an indirect-
to-direct transition under the application of an electric field of
0.11 V Å�1. Increasing the electric field to 0.43 V Å�1 can induce
a semiconductor-to-metal transition [133–136]. In addition to a
/10.1016/j.mattod.2021.08.008
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tuneable band structure, 2D GaGeTe also has high mobility of
7.83 � 104 cm2 V�1 s�1 for the p-type majority charge carriers
[135,136] and exhibiting Rashba effects [134].

Optical and optoelectronic properties
2D tellurides have strong light-matter interactions making the
study of their optical properties interesting. MoTe2 and WTe2,
due to the presence of type-II fermions, have an elliptical Fermi
surface. This gives them properties very different from conven-
tional 2D materials. Electronic transport in WTe2 can be con-
trolled by optical manipulations. The material has an
anisotropic bonding: the transmission probability of an optically
excited electron was large along the b-axis leading to small distor-
tion of electron transport. Breaking of inversion symmetry pro-
duces a higher conductance along b-axis as compared to a-axis
[187]. Confinement of the current to the anisotropic direction
can be exploited for applications in optoelectronics such as elec-
tron beam collimation and electron lenses.

Graphene is a highly promising candidate for wideband, high-
speed photodetectors. However, despite its wide band absorption
and high carrier mobilities, a weak photoresponse and low exter-
nal quantum efficiency limits its applications [188]. 2D Ga-
chalcogenides show improved photoresponsivities. Photodetec-
tors made of GaS on Si/SiO2 and PET substrates outperform a
lot of 2D materials-based devices, including graphene and
MoS2 [188]. Similarly, photodetectors fabricated of multilayer
GaTe also exhibit high photoresponsivity of 104 A W�1 along
with photoresponse time of �6 ms at a wavelength of 532 nm.
These values are one of the highest among the reported photo-
transistors made of 2D materials. Compared to GaS, the photore-
sponsivity of GaTe is higher by an order of 2. This is primarily
because of the structural differences between GaTe and GaS (also
GaSe). While all the Ga-Ga bonds in GaS (and GaSe) are perpen-
dicular layer planes, in GaTe, only two-thirds of the bonds are
normal and the other third are parallel to the planes. This gives
GaTe unique properties, such as a direct bandgap of 1.6 eV (while
GaS and GaSe have indirect bandgaps above 2.0 eV) which is
extremely advantageous for optical and optoelectronic applica-
tions [189]. It has an in-plane optical anisotropy in the visible
range of the electromagnetic spectrum [190]. Another study on
phototransistors of GaTe nanosheets show ultrahigh photore-
sponsivity of 274.3 A W�1 and detectivity of �4 � 1012 Jones
for the illumination source wavelength of 490 nm. The GaTe
phototransistors can also be integrated into touch sensitive pan-
els, image sensors and solar cells [191]. They can also be used in
solar cells, radiation detectors, and nonlinear optics. 2D GaTe has
lots of surface defects which also enhance its optical properties.
The defects provide a lot of recombination sites for excitons
resulting in a photoluminescence emission spectrum in the visi-
ble region (480–700 nm) [192]. Another III-telluride, In2Te3, has
high absorption coefficient making them good candidates for
photodetectors and parameter random access memory (PRAM).
As the exposure time of the sample is increased at RT, the resis-
tance does not significantly increase, but at lower temperatures,
the value almost doubles [155]. Examination of the 2D hexago-
nal monolayer of SnTe using DFT calculations predicted that its
monolayer is a stable quasi-direct semiconductor. It was found
to have a strain tunable bandgap of �1.25–2.00 eV [193]. Addi-
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tionally, it has strong absorbance in visible and IR spectral
regions [194], making it ideal for IR optoelectronic applications.

The ternary telluride 2D NST is also an excellent candidate for
optoelectronic devices. Responsivity measurement for 2D NST-
based FETs provides photocurrent of �1 lA and an extremely fast
response with a 310 lW laser, 532 nm wavelength of laser pulses,
50 mV source-drain bias, and zero potential gate. In contrast,
responsivity measurements in mid-IR, with laser power of
�160 nW, laser pulses of k = 3.1 lm, and a source-drain bias of
50 mV, a photocurrent of 100 nA is obtained, which is higher
than the reported values of BP [141]. These properties suggest
that the 2D NST could hold a promising future in ambipolar
devices and mid-infrared detection. Theoretical calculations on
MLs of Ge2STe and Sn2STe predict a strong anisotropy in the
low energy range (less than 10 eV) and large absorption coeffi-
cient (more than 105 cm�1), also indicating possible optoelec-
tronic applications [137].

Ultrafast and nonlinear photonics is one of the applications of
layered materials. The Supporting Information briefly discusses
the nonlinear properties in 2D materials [195–198]. Tellurene is
known to exhibit nonlinear optical response (nonlinear refrac-
tive index, n2 = 10�5 cm2 W�1), with particularly strong Kerr
nonlinearity [199]. These results will make the use of 2D Te as
nonlinear photonic diodes for telecommunications and all-
optical switchers possible. The TI Bi2Te3 also show broadband,
ultrafast, third order nonlinearity. The n2 of multilayer Bi2Te3
was measured to be 10�11 cm2 W�1, which is close to that of Bi2-
Se3. TIs in general have good nonlinear saturable absorption
properties even in their bulk form. The monoclinic a-As2Te3,
which has similar lattice parameters to Bi2Se3, is considered
one of the best thermoelectric materials [200]. It is equally
promising in the field of photonics. Its nonlinear absorption
coefficient is predicted to be larger than Bi-chalcogenides. The
saturable absorbers manufactured using a-As2Te3 cover a wide
bandwidth from 1.5-1.9 lm, which can be expanded to 3.7 lm
[200]. GaTe also shows interesting nonlinear optical properties.
The broken inversion symmetry of GaTe allows it to have a sec-
ond harmonic generation. Both the second and third-order non-
linearities are not dependent on the number of layers, unlike
MoS2 where the nonlinear optical coefficients decrease with
increasing thickness [201]. Due to these properties tellurides
can be expected to have a large impact in the telecommunica-
tions industry.
Electrochemical properties
Recently, 2D tellurides find applications for their electrochemical
properties [202–206]. Cobalt is a transition metal showing multi-
ple oxidation states (Co2+, Co3+, Co4+) and has a high reduction
potential. These properties of Co along with the large number of
active sites for ion migration between the layers in 2D systems,
2D CoTe and CoTe2 hold potential for supercapacitor applica-
tions [110,206]. The electrochemical measurements show
improved charge storage and excellent capacitance retention
capability in them (Fig. 7(b)) [206]. Bulk CoTe2 also exhibits elec-
trocatalytic properties [108]. Its nanosheets (Fig. 7(a)) show
excellent electrical conductivity and breakdown current density
as high as graphene nanoribbons [110].
13

/10.1016/j.mattod.2021.08.008

https://doi.org/10.1016/j.mattod.2021.08.008


FIGURE 7

(a) AFM image of CoTe2 nanosheet [110]. (b) CV curves of CoTe asymmetric supercapacitors at different potential windows at 100 mV s�1 [206], (c) CV curves
of 2D GaTe with 14 F g�1 specific capacitance at 10 mV s�1 [192]. (d) Band edge positions of single-layer materials relative to the vacuum level at zero strain
[180].
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Among other TMTs, the surface properties of PtTe2 are also
extremely interesting. Platinum itself is an important catalyst
in many inorganic and organic reactions. Bulk PtTe2 is a chemi-
cally inert material. However, DFT calculations show that the
monolayers of structured 1T-PtTe2 (Pt4Te7) show excellent cat-
alytic activity for hydrogen evolution reaction (HER) [202]. PtTe2
also demonstrates a high hydrophobicity with a water contact
angle of 117�. This value is much higher than the other 2D
chalcogenides (98� for MoS2 and 83� for WS2) and is a result of
the presence of holes on the surface. This contact angle does
not change with the thickness of the 2D PtTe2, demonstrating
the intrinsic nature of the hydrophobicity [203].

Studies pertaining to gas sensing show GaTe as a promising
material. DFT studies investigated the optical properties and
adsorption capability of gas molecules on GaTe monolayer and
reported that adsorption energies are favorable for binding with
NO2 and SO2 gas. The adsorption of the molecules reduces the
bandgap as compared to pristine GaTe but improves the absorp-
tion coefficient drastically. The values in the case of 2D GaTe are
close to the absorption coefficients of lead-halide perovskites.
The loss function and reflectivity of the adsorbed material are
also enhanced, especially in the UV region [204]. Recently, the
possibility of using 2D GaTe in mechanically-flexible supercapac-
itors was explored. The material shows a �96% charge retention
even after 10,000 charge–discharge cycles, indicating high mate-
rial stability. Its specific capacitance of 14 F g�1 at a scan rate of
10 mV s�1 is the highest amongst the 2D chalcogenides, demon-
strating its promise for applications of energy storage devices
(Fig. 7(c)) [192]. Another group III-Te compound, InTe is pre-
14
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dicted to show a photo-absorption better than other InZ (Z = S,
Se) MLs. A comparison of band edge positions of mono-layered
relative materials is shown in Fig. 7(d) [96]. In addition to water
splitting, 2D layers of InTe can also be used as photocatalysts.
This becomes possible because of the large surface area and
reduction in the “distance” to the reaction sites that the photo-
generated electrons and holes need to travel, reducing the prob-
ability of recombination [205].
Magnetic properties
Intrinsic magnetism in 2D materials was not known until
recently. Magnetism in 2D materials have been traditionally
introduced using defect engineering, surface functionalization,
doping, and straining [24,207]. In 2016, with the discovery of
intrinsic magnetism in Cr2Ge2Te6 and CrI3, the possibility of
the existence of 2D ferromagnets was confirmed. Following this,
other 2D materials exhibiting magnetism like MnSe2 [28], Cr2-
Ge2Te6 [23], VX2 (X = Se, Te) [24], Fe3GeTe2 [27], FePS3 [25],
and FeTe [26] were synthesized.

Complex structures of the form CrXTe3 (X = Si, Ge, Pb) are fer-
romagnetic semiconductors, and form when the high-spin state
of S = 3/2 for a Cr3+ ion ferromagnetically couples to the three
nearest Cr3+ ions [127]. Single crystals as well as MLs of CrSiTe3
are intrinsically ferromagnetic. DFT studies show that the cleav-
age energy for CrSiTe3 is 77 meV/atom, lower than that of MoS2
(43.7 meV/atom). Resultantly, monolayers of CrSiTe3 can be
obtained by scotch-tape exfoliation [208]. This, however, makes
the measuring the thermal conductivity along c-axis challeng-
ing. In the ab plane, the thermal conductivity (jab) of paramag-
/10.1016/j.mattod.2021.08.008
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netic CrSiTe3 shows phonon glass behaviour. The low jab at RT
further decreases as the temperature is decreased. However, as
the temperature crosses Tc, jab increases rapidly and peaks at
8 K. This implies that the glassy behaviour is a result of phonon
scattering by magnetic fluctuations. Even below Tc, the conduc-
tivity remains significantly lower than those of crystalline solids,
indicating the strong spin–lattice coupling in CrSiTe3 that keeps
the phonon thermal conductivity from fully recovering below
the Curie temperature [209]. Their ferromagnetic–antiferromag
netic (FM-AFM) transition, bandgap variation (Fig. 8(a)), and
the nearest neighboring Cr–Cr distance can be tuned by applying
external elastic strain [127,128]. In bulk form, it is difficult to
introduce large elastic strains because of the high plasticity in
materials. The plasticity is limited due to nanostructuring allow-
ing us to apply elastic strains [127]. Antiferromagnetism in
CrSiTe3 arises when the Cr-Cr distance is reduced (applying com-
pressive strain), while ferromagnetic behavior is observed when
this distance increased. Increasing the strain increases the stabil-
FIGURE 8

(a) Variation of bandgap values with applied strain for FM and AFM configuration

FM) varies with the increase of strain. A positive EAFM–FM indicates the stability o
tensile strain on Curie temperature for CrSiTe3 and CrGeTe3 [129]. (d) Adsorption
pristine monolayer Cr2Ge2Te6 and with H, Li, Na, and K adsorption. The magnitu
temperature-dependent longitudinal resistance for 12 nm thick FGT device. The
right inset shows the first derivative of the longitudinal resistance as a function o
at (g) 2 K and (h) 5 K [155], (i) MR vs magnetic field || c-axis at a selected temp
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ity if its ferromagnetic state while preserving the semiconducting
behavior (Fig. 8(b)). By applying a tensile strain of 8%, the Tc

increases to 290 K [127]. This shows CrSiTe3 ML has potential
applications in spintronic devices at RT.

The single crystals of CrGeTe3 are also ferromagnetic semicon-
ductors, exhibiting an indirect bandgap and Tc of 61 K, which is
higher than CrSiTe3 (32 K) [96]. CrGeTe3 has a smaller vdW gap
(3.3 Å) than CrSiTe3 (3.32 Å) [129]. Both CrGeTe3 and CrSiTe3
have large magnetic anisotropy energy (MAE), which stabilizes
the magnetic order at finite temperatures and overcomes the
thermal fluctuations [210]. Fig. 8(c) shows the effect of strain
on 2D CrXTe3 (X = Si, Ge). Heisenberg model-based Monte Carlo
simulations predict that the Tc of ML CrGeTe3 (CrSiTe3)
nanosheets increase from 57.2 (35.7) K at the equilibrium state
to 108.9 (91.7) K under 5 % strain [129]. Adsorption of hydrogen
or alkali metal ion (Li, Na, K) on the surface of the unit cell (at the
top of Cr atom) can alter the electronic/magnetic properties of
the isostructural Cr2Ge2Te6 (Fig. 8(d)). With adsorption of the
s [127] (b) The energy difference between AFM and FM configurations (EAFM–

f FM over AFM configurations [127]. (c) Plot showing the effect of applied
configurations of Cr2Ge2Te6. (e) A bar chart showing the variation of MAE in
des of the MAE increase with the increasing size of the adatom [210]. (f) The
upper-left inset shows an optical image of the Hall bar device. The bottom-
f temperature [123] MR at h = 90� with different exposure time in ambient air
erature [104].
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H atom, a magnetic moment appears in Cr because the adatom H
redistributes charges around neighboring Te atoms, improving
the ferromagnetism in Cr2Ge2Te6. It however, remains semicon-
ducting with a bandgap of 0.95 eV. But, adsorption of alkali
metal pushes the Fermi energy up to the conduction band, turn-
ing Cr2Ge2Te6 into a ferromagnetic metal. The surface adsorption
also leads to an increase in the MAE, hence increasing the Tc

(Fig. 8(e)) [210].
Another structurally similar material, CrPbTe3 (CPT) mono-

layer, although not fabricated, is predicted to exhibit a ferromag-
netic ground state, high Tc (110 K) (larger than that of CrI3,
CrSiTe3, and CrGeTe3), and in-plane magnetic anisotropy.
Because of this anisotropy, properties such as cleavage energy,
bandgap, and Curie temperature in 2D CPT monolayer can be
tuned by applying strain. A 4% tensile strain increases the Tc to
150 K. The CPT monolayers show strain-induced
semiconductor-to-metal transition and spin reorientation transi-
tion from in-plane to perpendicular magnetic anisotropy under
compressive strains.

While all of the above-discussed materials possess intrinsic
magnetic order, the Curie temperatures are still extremely low
for practical applications. Only with high strains, a Tc of 290 K
was achieved in CrSiTe3. The Fe-Ge-Te system, forms an impor-
tant category exhibiting intrinsic 2D ferromagnetism having rel-
atively higher Tc (as high as RT) without any strain/dopant. 2D
Fe3GeTe2 has a strong, perpendicular magnetic anisotropy
(PMA) and a high Tc of 230 K [121]. The material has a near
square-shaped magnetic hysteresis loop signifying a hard mag-
netic phase along with a large coercivity of up to 550 mT at
2 K [120,122]. Magnetotransport measurements on thin films
of Fe3GeTe2 reveal kinks at �210 K in temperature-dependent
longitudinal resistance, Rxx–T plots for a 12 nm FGT Hall bar
device. The observed kinks in both Rxx and its first temperature
derivative (Fig. 8(f)) and lower-right inset respectively) demon-
strate a magnetic phase transition from paramagnetism to ferro-
magnetism at that temperature [123]. 2D Fe3GeTe2 synthesized
by both MBE and exfoliation methods show an antiferromag-
netic coupling [124]. A negative remnant magnetization has
been observed at 90 K, which indicates the creation of antiferro-
magnetic coupling (AFC) within the ferromagnetic bilayers. The
presence of antiferromagnetism in 2D Fe3GeTe2 plays a crucial
role in magnetoresistance applications. Due to its unique mag-
netic properties, it has been suggested for compact low-power
spintronics [120,122,124], voltage-controlled magneto electron-
ics [163], and magnetic storage [125] applications. Fe3GeTe2
forms trilayer vdW heterostructures with other layered materials
such as hBN and graphite [126,211]. Magnetic tunnel junction
devices are fabricated as FBT/hBN/FGT which exhibit an ideal
tunneling spin-valve behavior. This ideal behavior is a result of
the vdW nature of Fe3GeTe2 and thus, similar can be expected
from other vdW ferromagnetic materials [126]. Another newly-
found ferromagnetic material and a member of the FGT family,
Fe5GeTe2 has a Curie temperature in the range of 280–310 K (de-
pending on the thickness of the material) [212]. Similar to Fe3-
GeTe2, atomically thin flakes of Fe5GeTe2 can be easily
obtained by micromechanical exfoliation. 2D Fe5GeTe2 is also
an excellent candidate for making functionalized vdW
heterostructures at RT. DFT calculations show its magnetic
16
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moment increases significantly from 1.65 lB to 2.66 lB by apply-
ing biaxial strains [213]. The strain-tunable nature of magnetism
will play an important role in the fabrication of heterostructures.
While Fe5GeTe2 is similar to Fe3GeTe2 in many aspects, their
physical properties differ. The PMA in 2D Fe3GeTe2 increases
monotonically as temperature decreases. However, in Fe5GeTe2,
PMA is first observed at 200 K and as the temperature is
decreased, it increases to a maximum at 120 K and then decreases
[212]. Fe5GeTe2 also shows interesting butterfly-shaped magne-
toresistance that is thickness-dependent [214].

Magnetoresistance (MR) is the change of electrical resistance
of a material due to an externally applied magnetic field and
has applications in magnetic storages, sensors, and spintronics.
Interesting properties are exhibited by the 2D tellurides in the
measurement of MR. In In2Te3, it decreases with increasing tem-
perature but does not change with time of exposure (in magnetic
field). MR also varies quadratically with increasing magnetic field
at 2 K and 5 K due to weak anti-localization effects (Fig. 8(g,h))
[155]. Reports show that in low temperatures, the layered WTe2
showed extremely large positive MR of 452,700% at 4.5 K in
14.7 T and 13,000,000% at 0.53 K in 60 T, when the current
direction was along the tungsten chains and magnetic field per-
pendicular to the dichalcogenide layers [215]. No indication of
resistivity saturation, even at a very high applied field, makes
WTe2 a unique material. WTe2 has a small overlap between
valence-band and conduction band states along with having
excitonic-insulator-like character [216]. Thus, each electron has
a corresponding hole, making it a nearly perfectly balanced
electron-hole population and giving the highly non-saturated
MR at a very high field. When the magnetic field is applied par-
allel to the electric field, 2D WTe2 shows a negative MR [217] as a
result of chiral anomaly [218] thus, distinguishing type-II Weyl
semimetals from the type-I [219]. A fast fourier transform (FFT)
of the second-order derivative of MR shows that the frequencies
reported are due to quantum oscillations arising from four ellip-
soidal Fermi surfaces, two-electron pockets (a and b) and two-
hole pockets (c and d) [220]. The MR in ZrTe2 deviates from Koh-
ler’s rule by showing very high values of MR at low temperatures
(Fig. 8(i)). The MR is also larger than most topological insulators.

Mechanical properties
Silicon telluride, Si2Te3 has a unique structure that imparts inter-
esting mechanical properties to it. The Si atoms form a Si-Si
dimer and fill two-thirds of the metal sites in a hexagonal lattice
formed by Te atoms. The dimers have four possible orientations:
along the 3 horizontal (in-plane) directions and one out-of-plane
direction. Because of the low energy barrier for rotation of the
dimers, the Si2Te3 has a structural variability [221]. 2D Si2Te3
has one of the highest critical strain of 38% above which no
phase transformation occurs and has an ideal strength of
8.59 N/m, that is lower than popular 2D materials, indicating
an extremely high flexibility for applying mechanical strain to
tune properties [222]. The bandgap of the material can be tuned
as well as an indirect-direct bandgap transition can be induced by
applying mechanical strain.

Defects in a material play a key role in influencing the physi-
cal properties of materials. Vacancies directly influence the elec-
tronic properties of group IV-tellurides (XTe, X = Si, Ge, Sn and
/10.1016/j.mattod.2021.08.008
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Pb) [223]. The p-type nature of the group IV-tellurides is due the
prominence of X-atom vacancy. A Te-vacancy, on the other
hand, converts SiTe from a semiconductor to a semimetal. More-
over, vacancy defects reduce the mechanical strength of XTe
monolayers due to smaller elastic moduli.

The tetradymite Bi2Te3 is an extraordinary thermoelectric
material and a topological insulator. These properties are greatly
influenced by dislocations. Low-angle grain boundaries, that
arise due to lining up of dislocations, scatter phonons in the
mid-frequency range improving the thermoelectric performance
of the material [184]. Mechanical strength is also desired in a
good thermoelectric material. A composite of graphene oxide
nanoparticles (GNP) and MnTe was prepared. Inclusion of
0.25% of GNP improves the mechanical properties, such as frac-
ture toughness by 33%. The inclusion of GNP also improved ZT
values, as it reduces thermal conductivity and increases the See-
beck coefficient [185].

Bi2Te3 films on the flexible substrate of indium tin oxide
coated PET (polyethylene terephthalate) have also been used in
flexible nonvolatile memory devices due to its nonvolatile bipo-
lar resistive switching characteristics and good mechanical flexi-
bility [224]. Even WTe2 nanosheets when drop-cast on Au/Ti
coated PET substrate result in flexible supercapacitors with excel-
lent flexibility and high mechanical strength. The supercapaci-
tors could bend between 0�-90� without much change in the
cyclic voltammetry curves [74].

Anisotropy in 2D materials can be exploited to develop
direction-dependent devices such as polarized-optics and pho-
todetectors, artificial synaptic devices, and digital inverters.
Applying uniaxial tensile strain reveals anisotropic mechanical,
electronic, and optical properties in As2Te3 nanosheets. The
monoclinic nanosheets show more tensile strain along the crys-
tallographic x-direction than along the y-direction. The reason
behind this is the bond elongation along x-direction as compared
to a coupled result of bond elongation and structural deflections
due to a lower elastic modulus along the y-direction. The As-Te-
As bonds have remarkable stretchability (more than three times
that of graphene layers), making these materials ideal for flexible
semiconductor applications. Its indirect bandgap increases with
decreasing thickness.

Other emergent properties
Topological properties
Quantum states of matter were first discovered in 1980. They are
defined in terms of their nontrivial topology of the quantum
mechanical wave function. The best-known example of a topo-
logical phase is the quantum spin Hall (QSH) insulators, also
known as, the 2D topological insulators (TIs). They are insulating
in bulk and have two 1D conduction channels in each of the
edges, conducting pure spin-current. Bulk Bi2Te3 is predicted to
be a TI [225] with massless Dirac-like surface states protected
by time-reversal-symmetry [226]. The bulk conduction band
(CB) is not observed near the Fermi energy (EF) demonstrating
an intrinsic TI behavior. The study of thickness-dependent band
structure using Angle-Resolved Photoemission Spectroscopy
(ARPES) (Fig. 9(a–d)) shows a single-Dirac-cone surface state
forms at two quintuple layers (2QL), and the bulk CB becomes
smaller when it goes to 5QL from 2QL [226]. However, an
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intense bulk electron pocket comes at the Fermi level because
of vacancies and anti-site defects in bulk TIs [227]. Simulations
predict that the crossover regime from 3D to 2D with the QSH
effect occurs in an oscillatory manner with respect to the layer
thickness [228].

The type-II Weyl semimetals are also important topological
materials. WTe2 was the first type-II Weyl semimetal to be discov-
ered. It was predicted that eight separated Weyl points exist in
bulk WTe2, which are connected by Fermi arcs on the (001) sur-
face. The Fermi arcs are topological boundary states emerging at
the surface of bulk Weyl semimetals. The connected Weyl points
are of opposite chirality and exist in different Fermi arc lengths
[229,230]. 1T0-WTe2 monolayers exhibit QSH state [231–233]. It
exhibits a quantum Hall conductance without the application
of magnetic field due to topologically protected, dissipation-less
edge states that build an energy gap [234] opened by band inver-
sion and strong SOC. First-principles calculation of 1T0-WTe2
monolayer show topological band inversion, which forms a
Dirac cone and leads to a bulk bandgap. The bulk bandgap is a
result of symmetry-breaking due to the distorted structure of
WTe2, which lowers the dz2 orbital below EF, lifts the dxz orbital
near the C point, and hybridize the bands due to SOC (Fig. 9
(e)) [231]. Below 100 K, WTe2 monolayers become insulating in
their bulk portion but remain conducting along the edges. This
is not observed even among the bilayers [235].

Given that both MoTe2 (see Section “Electronic and transport
properties”) and WTe2 show exceptional topological properties,
theoretical studies were carried out to predict the behaviour of
MoTe2 when doped withW. The results indicated a phase change
in MoTe2 from a semiconducting to a metallic state [114]. In fact,
MoxW1�xTe2 is a semimetal, where the topological Fermi arcs are
above the Fermi level. The two Fermi arcs are connected by the
same Weyl point and the Fermi arc is not disjoint and looks like
a ripple [115]. Later, 2D MoxW1�xTe2 (x = 0.09) was fabricated by
exfoliating its crystals. The study of Mo0.91W0.09Te2 revealed a
semiconductor transition from an indirect-to-direct bandgap of
1.10 eV at the monolayer limit [114].

In IrTe2, strain can be used to tune the topological properties
in 2D semimetals and induce phase transitions. It is a type-II bulk
Dirac semimetal with the Dirac point slightly above the Fermi
level [149]. It shows multiple phases as the temperature is
decreased from RT. At RT, IrTe2 shows a trigonal phase, which
changes to monoclinic as the temperature is decreased to 7 ℃.
The monoclinic structure is also called the q1/5 phase where a
periodic 5 � 1 � 5 structure is formed. The transition follows
first-order kinetics. The ordering kinetics is dependent on the
thickness of the thin-films: the transition slows with decreasing
thickness. A metastable superconductive state is realized due to
supercooling by virtue of thinning [236]. As the temperature is
further decreased to �93 ℃, a new periodic phase, q1/8 is formed
with 8 � 1 � 8 structure [237]. In addition to these, a lot of
degenerate low-temperature phases exist at the surface of IrTe2.
It has a strong SOC which gives it properties such as CDW and
superconductivity. The 6 � 1 phase of the material has been sta-
bilized by applying uniaxial tensile strain [149]. A tunable super-
conducting behavior has also been predicted under a uniaxial
compressive strain. These properties make the material suitable
for applications in memory, oscillator, and superconductor
17
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FIGURE 9

(a) Band structure of ultrathin films of Bi2Te3 using ARPES intensity maps 1QL (b) bulk (c) 2QL (d) 5QL [226]. (e) Calculated band structures for WTe2 to show
the evolution from 1T-WTe2 along the 0–Y direction [231]. (f) The magnified view of the Rashba spin splitting of InTeF at CBM, (g) Variation of Eg as a function
of strain for InTeF [138]. Schematic band diagrams for the top and bottom surface states of the 5-layer MnBi2Te4 sample. Dashed parabolas denote surface
bands under zero magnetic field. The bands collapse into LLs (blue horizontal lines) under an external magnetic field. Red horizontal lines represent Fermi
level EF that is tuned by the backgate in our experiment. (h) and (i) display the band configurations of the observed n = �1 and n = �2 states, respectively
[239].
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devices. Alloying it with tantalum yields TaIrTe2, which is a uni-
directional noncentrosymmetric type-II Weyl semimetal and was
recently synthesized. A slightly tilted Dirac cone was observed in
its electronic structure implying anisotropic spin transport prop-
erties and possible application as an information storage unit
[238].

MnBi2Te4 is another TI that has been widely studied. A phe-
nomenon called layer magnetization has been observed where
they exhibit magnetic states in odd-layer flakes under vertical
magnetic fields. Samples with an odd number of layers, e.g., 3
and 5 layers become ferromagnetic while a 4-layer sample
18
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remains antiferromagnetic. Fig. 9(h, i) shows the band diagrams
for the top and bottom surface states of this 5-layer sample. This
can be attributed to the substrate-induced disorders or asymme-
try in the sample [239]. In a similar study, single crystals of
MnBi2Te4 were seen to exhibit magnetic order below 25 K which
was a result of antiferromagnetic interactions between Mn layers
and topological quantum states [240].

Phase transitions
The different topological phases are classified according to their
electronic band topological indices. Some materials possess
phases that are topologically completely different. The most
/10.1016/j.mattod.2021.08.008
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studied materials for such phase transitions are the Mo- and W-
chalcogenides. As already discussed, these materials possess two
stable phases that are competing in energy, viz., 2H and 1T0. In
the 2H phase, TMTs are semiconducting with a topologically
trivial band structure while in the 1T0 phase, they are topologi-
cally insulating. Since the differences between the phases are
due to different stacking arrangements, the transformation is dif-
fusionless and martensitic in nature [241]. The transition is from
a nontrivial topological phase to a trivial one, with a high energy
barrier, giving both the phases long term stability and hence
making them suitable for applications in data storage devices.
Multiple techniques have been proposed to facilitate the transi-
tion from a 2H to a slightly less stable 1T0 such as: laser irradia-
tion, and ionic liquid gating. However, these methods are not
perfect. Not to mention, the fabrication of 1T0 phase itself is dif-
ficult. Zhou et al. proposed, based on DFT calculations [241], the
use of a laser of terahertz frequency to illuminate TMDs, which
would lead to ultrafast transition between 2H and 1T0 phases.
The proposed method is contactless, athermal and non-
destructive/non-invasive.

Ultrafast phase transition induced by THz illumination has
also been observed in the Ge-Sb-Te (GST) alloys which are widely
used in optical drives. GST are phase change materials, existing
in amorphous and crystalline phases with the transition between
them being ultrafast (within 10�8 s). The amorphous regions of
the optical disks store the data. The use of laser crystallizes the
illuminated regions overwriting the data by heating the parts
of the disk above glass-transition temperature. Materials in the
GST family include GeSb2Te4, and Ge2Sb2Te5 [242]. Doping Sb2-
Te also produces a material similar to GST that show good optical
contrast. Typical dopants include Ge, In and Ag. In fact, Ag5In5-
Sb60Te30 has being used in rewritable optical drives (DVD-RW)
[243].

Electrostatic gating has been recently identified to induce
structural phase transition from semiconducting (2H) to a
semimetallic phase (1T0) in monolayer MoTe2. A certain surface
charge density is required, in presence of stress, for such a transi-
tion. The gate voltage however is very close to the breakdown
voltage of 2H MoTe2 that can potentially cause problem in a lab-
oratory/industrial setting. Alloying with W to form MoxW1�xTe2
can reduce the required gate voltage [244]. The dynamic control
of structural phase transitions through gating is a novel mecha-
nism that is not available for bulk materials. In 2D forms, the
2H phase is more stable compared to 1T0, that is, the energy
states in 2H are lower than the 1T0 phase. The excess electrons
introduced in the 2H phase of the material under electrostatic
bias increase the total energy of the 2H phase; as a result, the
ground state switches from 2H to 1T0, leading to a phase change.
This transition is purely structural resulting in a different crystal
structure and is different from the CDW transitions in TaS2 and
TaSe2 due to gate doping [245]. The structural phase transition in
MoTe2 and MoxW1�xTe2 through electric-field can be used in
resistive random-access memory (RRAMs). For this, instead of
transitioning from 2H to 1T0, a transient state 2Hd is chosen.
The 2Hd phase shows behaviour ranging from semiconducting
to metallic, and in general, is more conductive than 2H. Due to
this, devices manufactured out of these two materials can be
reversibly transformed between a high resistive state to a low
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resistive state, hence giving the working principle behind RRAMs
[246].

One of the most widely used method to induce phase trans-
formation is strain engineering. Our discussions this far show
strain can be effectively used to tune properties like magnetism,
and electronic band structure in few materials. Strain modulated
phase transition has been extensively studied for MoTe2. A ten-
sile strain of 0.2% can lower the 2H-1T0 transition temperature
down to RT. This transition is homogenous and reversible. Since
such a transition is associated with a large decrease in resistance,
MoTe2 can be used to develop extremely sensitive sensors [247].
Furthermore, Hou et al. explored electric-field induced strain that
reversibly transforms MoTe2 between its two phases for FETs
[248]. Moreover, the TeSe2 monolayer, which was developed as
an isoelectronic compound of the tetragonal form of Te, was
found to be stable and exhibit three structures HcT, MH, and
Mba. The HcT and Mba phases adopt a layered structure. The
three forms can be transformed into one another under the
application of uniaxial tensile or shear stress [144].

Phase transition can also be induced by thermal treatment
and chemical doping. The former involves irradiating 2H-
MoTe2 with laser that thins the MoTe2 flake and induces a tran-
sition from 2H to 1T0. This is different from the martensitic dis-
placive phase transition discussed above. The phase transition,
in this case, is triggered by the evaporation of Te atoms due to
irradiation. Cho et al. deposited 2H-MoTe2 on top to form a het-
erophase homojunction that is stable at 300 ℃ [249]. The carrier
mobility of this transistor was found to be 50 times that of tran-
sistors of MoTe2 as a perfect ohmic contact is achieved in this
case. Chemical doping too can be employed for phase engineer-
ing. In WTe2, by substituting the Te atoms with S or Se to form
WSe2(1�x)Te2x, the 1Td metallic phase can be transformed into
the 2H phase [250].
Rashba effects
The Rashba effect is the splitting of the spin bands in crystals.
The presence of heavy atoms in a crystal leads to a spin–orbit
coupling (SOC), which results in shifting of the VBM and CBM
from their symmetry points in the Brillouin zone. The two dis-
cussed compounds of the Se-Te system (SeTe and TeSe2), in addi-
tion to having excellent electronic and optical properties
[251,252], form a topological insulator with Rashba SOC and
band topology [160]. The electronic structure of buckled SeTe
also reveals a Rashba-like splitting of bands near the Dirac cone.
First-principles calculations show anisotropic band dispersions
near the Fermi level. A Dirac-semimetal state exists because of
the anisotropic band dispersion, inversion symmetry, and a sig-
nificant SOC. Dynamical stability at T = 0 K is predicted in the
SeTe ML without any soft phonon modes and is predicted to
maintain its structural integrity at RT. In the presence of strain,
from �5% to 1%, the bandgap decreases, closing entirely at 1%
and then again increases from 1% to 5%. Thus, there is a topolog-
ical phase change at 1% strain. In crystals lacking an inversion
symmetry or noncentrosymmetric materials, the electronic
energy bands are split by SOC. An essential feature of SOC is that
the electrons moving in the electric field, experience magnetic
force even in the absence of an external magnetic field [253].
19
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Rashba effect is also predicted in MLs of fluorinated InTe.
They are stable, functionalized structures having a large Rashba
spin splitting of about 1.08 eV Å with the splitting energy (ER)
of about 10 meV (Fig. 9(f)), which is amongst the largest reported
in 2D materials [254]. The Rashba effect allows the material to be
tuned by applying an electric field, making it ideal for spintronics
devices like spin FETs. 2D InTeF monolayer also has a tunable
direct bandgap. The bandgap changes between 0.78 to 1.67 eV
with the application of strain from �10% to 10% (Fig. 9(g))
[138]. It is also predicted that the Rashba effect and the direct
bandgap characteristics of the monolayer would be retained on
a substrate, thus making the fabrication of heterostructures
possible.

Superconductivity
Iron telluride (FeTe) is a parent compound for many Fe-based
chalcogenide superconductors. It has an antiferromagnetic
ordering below 70 K, which becomes superconducting with Te-
site doping [117]. Fe-based superconductors have high supercon-
ducting transition temperatures (up to 56 K at ambient pres-
sures). The material has a high magnetic moment. Its
susceptibility increases with decreasing the temperature below
300 K but decreases drastically at 70 K, as shown in Fig. 10(a),
due to coupled magnetic and structural changes to the
orthorhombic phase [117,118]. Electrical conductivity shows a
similar pattern – it increases with decreasing temperature and
then suddenly decreases below 70 K [117]. Fe1+yTe bulk crystals
are grown by the self-flux method [119]. Properties of its thicker
flakes (>30 nm) are similar to bulk samples. With the transforma-
tion from paramagnetic to antiferromagnetic at 62 K, a structural
phase change is observed from tetragonal to orthorhombic. For
intermediate thickness, there is a semiconducting phase transi-
tion at 10 K. The reasons for the appearance of superconductivity
in FeTe flakes are – (i) change in Fe–Te–Fe bond angles because of
tensile strain, (ii) oxidation, which changes the Fe 3d valence
state and suppresses the local magnetic moment. For even thin-
ner flakes, the material exhibits insulating properties and an
enhanced MR at low temperatures. As the thickness decreases,
the nanoflakes begin to behave like a highly disordered 2D sys-
tem, exhibiting localized states, with positive MR at low
temperatures.

Other TMTs like TiTe2, NbTe2, and PdTe2 also exhibit super-
conductivity. TiTe2 is a semimetal, but under high pressure, it
can act as a superconductor. The superconductivity emerges with
phase change from hexagonal to monoclinic at 5.4 GPa and
becomes robust at 50.2 GPa. At ambient pressure, the hexagonal
TiTe2 is hole-dominated, but after the phase transition (at
19 GPa), the majority carriers change to electrons. Fig. 10(b)
shows the temperature–pressure phase diagram indicating the
metallic, weakly localized, and superconducting phases [102]. A
unique free charge carrier and phonon-coupling lead to the
emergence of CDW and superconductivity in NbTe2. This arises
during the synthesis of NbTe2 where it experiences a reduction
of dimensionality. It has been observed that the superconducting
transition of this material occurs at 0.5 K and that it depends on
the current density. PdTe2 shows superconductivity below the
critical temperature of 1.7 K. ML 1T-PdTe2 is a narrow bandgap
semiconductor. Two MLs is the critical thickness where the
20
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vdW coupling is feasible and the material transitions to a metal-
lic phase. A transition to type-II thin-film superconductivity is
also observed from type-I bulk superconductivity below a critical
thickness of 10 MLs [97]. Fig. 10(c) shows a comparison of the
transition temperature of a few superconducting tellurides, and
it can be clearly seen that FeTe-based superconductors outper-
form the others.

Charge density waves
TiTe2 has interesting structural and electronic properties, partic-
ularly, its 1T polytype. It is considered a textbook example of
Fermi liquid and shows a charge density wave (CDW) phase tran-
sition at 92 ± 3 K on cooling, which is not observed in bulk mate-
rial and bilayers. The CDW state is a quantum state of periodic
modulation of the electronic charge density along with a peri-
odic distortion of the atomic lattice [106]. CDW in TiTe2 was
unexpected because DFT calculations did not show any tendency
to distort towards a 2 � 2 CDW structure. The transition occurs,
however, at a lower temperature of 100 K compared to other sim-
ilar materials like TiSe2, indicating that the driving force for dis-
tortion is considerably weaker in TiTe2 [101]. The reason
speculated was the higher tensile strain of ML stabilizing the
CDW distortion. VTe2 also exhibits a CDW state. The CDW tran-
sitions were studied, and two associated phase changes were
observed one corresponding to two resistance switching states
(Fig. 10(d)), and the other to, two pronounced Raman blue shifts.
These phase transitions can be switched and controlled by
electric-field and thus, find applications in memory devices
[106]. The magnetic ordering in the VTe2 shows a very high mag-
netoresistance and a perfect spin Seebeck effect, making it ideal
for applications in spintronics and quantum devices [107].

Semimetallic 2D ZrTe3 also exhibits CDW transitions. The
crystal structure of the ZrTe3 has “infinite” rods of ZrTe3 prisms
stacked into a chain along the b-direction. This is related to the
prototypical NbSe3 crystal structure. However, because of the
CDW transition at 63 K, the conduction properties deviate from
typical NbSe3 type materials. There is a gap in the Fermi surface
(FS) in the CDW state due to the formation of electron-hole pair
with wave vector qCDW, which leads to the nesting of a portion of
FS with another. This gapping induces anisotropy in many prop-
erties of the material, including electrical resistivity [255]. It was
observed that with increasing pressure, qCDW changes its values,
and above 5 GPa, the CDW state abruptly disappears [256]. There
is also the appearance of superconductivity beyond 5 GPa. Super-
conductivity arises because the charge carriers that went into sta-
bilizing the CDW state becomes available.

Rare-earth tellurides (R-Te) form a family of quasi-2D CDW
compounds. The CDW transition temperature (TCDW) varies with
the mass of the rare-earth element; lighter rare-earth elements
show only one CDW order�300 K, whereas the heavier elements
show a second one at a lower temperature. In R-Te, there is
always a feud between superconductivity and CDW. Since both
these quantum phenomena are a result of electron–electron
and electron–phonon interactions, when one dominates, the
other is suppressed. Superconductivity can be achieved by sup-
pressing the CDW in these materials using high pressure. At high
pressures, the CDW state of GdTe3 is suppressed and shows
superconductivity at low temperatures [161,257]. At 5 GPa, it
/10.1016/j.mattod.2021.08.008
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FIGURE 10

(a) The DC magnetization plots for the single-crystal of FeTe, measured in the applied magnetic field of H = 1 kOe [117]. (b) Temperature-pressure phase
diagram of TiTe2 [102]. (c) A comparison of the critical temperatures (Tc) of some 2D tellurides showing superconductivity [97,102,117,118,236,257,258], (d)
Temperature-dependent resistivity of 7 nm thick film exhibiting two abrupt jumps corresponding to CDW phase transitions at 135 and 240 K [106]. (e)
Thickness dependence of TCDW in GdTe3 [161]. (f) The temperature dependence of magnetic susceptibility. Paramagnetic behavior is observed above 7.1 K in
EuTe4 [162].
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was observed that the critical temperature for superconductivity
rises from 1.5 K to 3.5 K. The reason behind this was speculated
to be either a structural phase transformation from orthorhom-
bic to tetragonal phase or because of tellurium inclusions which
themselves are superconducting above 5 GPa. It has also been
observed that the magnetism in rare-earth tellurides is decoupled
from the CDW and semiconducting states [257]. TCDW of GdTe3
also has a negative correlation with thickness (Fig. 10(e)) [161].
The reasons were attributed to the enhancement in the elec-
tron–phonon coupling, the chemical pressure on the GdTe3 slab,
and the expansion of the Te inner-layers. The ability to manipu-
late TCDW by varying the thickness is useful as it may allow opti-
cal and electronic applications at RT.

Unlike other R-Te compounds, which show a metallic CDW,
EuTe4 has a semiconducting CDW. The reason being a nesting-
Please cite this article in press as: S. Siddique et al., Materials Today, (2021), https://doi.org
driven CDW phase lowering the electronic energy and imparting
semiconducting properties. Hall measurements show that it is a
p-type semiconductor with low carrier concentration. The mag-
netic susceptibility plots show EuTe4 to have an antiferromag-
netic phase transition with a Néel temperature, TN = 7.1 K. A
kink is observed in the temperature-dependence of electrical
resistivity (Fig. 10(f)), indicating a first-order phase change [162].
Future perspectives
Interaction of Tellurium with various elements impart unique
properties to the materials formed. Nanostructuring and obtain-
ing 2D sheets further enhances these exciting properties. The
review shows that while the 2D Te have the potential to bring
significant advances to the technological field, a lot of work is
required to improve our understanding of these tellurides, and
21

/10.1016/j.mattod.2021.08.008

https://doi.org/10.1016/j.mattod.2021.08.008


R
ESEA

R
C
H
:R

eview

RESEARCH Materials Today d Volume xxx, Number xx d xxxx 2021
optimize them and their synthesis route to make full use of their
properties. 2D tellurides show excellent superconductivity, elec-
tronic, and topological properties. The most important property
is the versatility of tellurium and its ability to form compounds
with such a large number of elements, despite having a weak
chemical activity. The 2D structure provides dangling bonds
for ion/molecule attachment which in turn provides better elec-
trochemical performance. Some of the most advanced recent
applications have been discussed in Supporting information
[224,259–273].

Compared to tellurides of the type MxTey, there are only a few
experimental reports on ternary tellurides, with many reports
being theoretical predictions. While electronic structure calcula-
tions can provide useful information about structural stability,
optical and electronic behavior, it is still of fundamental impor-
tance to synthesize and characterize these materials in order to
obtain a detailed understanding of their properties and test the
feasibility of device fabrication. Various large scale synthesis like
chemical vapour deposition methods and mechanical exfolia-
tions are widely used [267,274]. Mechanical exfoliation, which
started with scotch-tape to separate layers of graphene, has
now improved where the adhesion of chemical bonds is used
to obtain better morphology of the 2D materials. The deposition
techniques like CVD and PVD have proven to be extremely use-
ful in the synthesis of 2D materials, not just tellurides. Among all
the synthesis methods, they have the highest yield and also gives
precise control over the morphology, with desired large grain
sizes, and orientation. Though we obtain a lesser yield, multi-
layer self-intercalation compounds can be synthesized by MBE
methods for precise structure control [275,276]. MBE is a slow
technique, but this works towards the advantage of researchers
because it gives precise control over the grown layers, and allows
monitoring the layers during their growth. Stable heterostruc-
tures can be fabricated with abrupt interfaces that are highly
desirable in devices such as transistors. A disadvantage of MBE
is that it has an extremely fast nucleation rate. This results in
small grain sizes that may be undesirable for many applications.
From the discussion on binary systems, we see that they behave
very differently from sulfides and selenides, by exhibiting proper-
ties such as superconductivity, topological semimetallic proper-
ties, and supercapacitance. Doping or alloying them with
another element can enhance their behaviour. For example, by
alloying InTe with Fluorine, Rashba spin was brought forward
in 2D InTeF. Adding a third element allows tuning the properties
to obtain functionalized ternary tellurides [7].

Heterostructures are another venue that can be explored with
2D tellurides. Heterostructures provide flexibility in the bandgap
values and can give us the ability to fine-tune the electronic and
optical properties. It also helps to realize more functionalities
with the 2D materials. A number of the above-mentioned mate-
rials, like ZnTe and In2Te3, and InTeF, have proven to perform
well as heterostructures or show compatibility towards multiple
materials. One easy way to obtain them is to let a layer of oxide
formation on the surface. Oxide films have defects in them
which act as additional states which enhance the optical proper-
ties of the material.

The optical properties of 2D tellurides are superior compared
to their bulk parent materials. Their use will further enhance
22
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the optical behavior and broaden the optical range of absorp-
tion/emission when making optical hybrid/heterojunction
devices. Their atomically-thin nature allows them to be depos-
ited on existing optical devices to improve their performance.
During the synthesis of 2D materials by mechanical exfoliation
and other physical techniques, defects are introduced in the
material. Defect engineering in 2D materials can improve the
optical performance of devices. Large scale production and use
of 2D tellurides in device applications are needed to make them
competitive with their selenide and sulfide counterparts. Doping
and alloying of 2D tellurides also remains largely unexplored.

A vast gap remains in our understanding of magnetic proper-
ties of 2D tellurides including the effect of layer thickness, sub-
strate and the role of defects. The electrocatalytic activity of
these 2D tellurides also needs more exploration. 2D tellurides
provide several degrees of freedom to tune their catalytic proper-
ties. For instance, the exposed planes and active sites can be con-
trolled using different synthesis technique. Alloying different
cations can also improve the catalytic performance, as has been
shown recently in 2D transition metal disulfides [7,277]. Cata-
lysts are also greatly affected by external factors such as temper-
ature, magnetic field and light exposure. 2D materials are highly
surface sensitive, hence tuning the material based on the effects
of these external factors can also open up new fields for research.

As discussed earlier in this Review, even though the topolog-
ical properties of 2D tellurides have been studied theoretically,
experimental verification of these predictions are still lacking.
2D structures of Bi2Te3 are a prime example that have been pre-
dicted to be topological insulators but remain to be verified
experimentally. Type-II Weyl semimetals also exhibit this nature.
Further these materials can be chemically functionalized or
doped to restrict the electron conduction to preferred channels
in the material.

While 2D tellurides offer a lot of promise, the limited research
which has existed for a long time restricts us from exploring all
the possible applications of these materials. One of the reasons
for this is the high toxicity of tellurium. There have been
attempts to make thermoelectric generators to power biomedical
devices [259]. Bi2Te3 was the material that was used in the stud-
ies, and the authors claim that in limited quantity, the material
does not have adverse effects on the body. However, both bis-
muth and tellurides are toxic and in case of heavy exposures,
can cause problems like skin rashes, diarrhoea, headache, drowsi-
ness, nausea, tremors, and convulsions. Similar to bismuth tel-
luride, CdTe also has applications in biological labels. However,
studies carried out show that quantum dots of CdTe are not
excreted out of the body through urine or stool and, due to its
long half-life can have serious consequences to the body [278].
But given the therapeutic benefits of tellurium and its com-
pounds, the means to modify the surfaces of the materials to
make them more biocompatible needs to be devised.

Also, many of the known tellurides are unstable even in their
bulk form, including some isolated 2D structures. They are
highly prone to oxidation and defects are formed relatively
easier. As tellurides are prone to oxidation, exposure of samples
and devices to environmental is to be avoided by storing the
sample in vacuum conditions. Fonseca et al. [58] have also
reported that the properties of the synthesized sample do not
/10.1016/j.mattod.2021.08.008
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change when kept under vacuum conditions. In addition to
chemical stability, ensuring structural stability is equally impor-
tant. The 1T phase of VTe2 is stable only in ML and for multi-
layer and bulk, the 1T structure distorts to form 1T0 [279]. In
some materials like ZnTe ML, strain is required to provide
dynamic stability to the 2D layers. These challenges coupled
with the satisfactory performance of the materials used commer-
cially leads to the reluctance of adopting these materials for com-
mercial applications. But even with limited research, the 2D
telluride system has materials that show rich structural chemistry
and unusual properties. The field holds a lot of promise and is
certainly worth exploring. We hope the present work will con-
tribute to further works on these exciting materials.

Conclusions
In this review, we have explored the most interesting properties
of a wide array of emerging 2D tellurides. We start with a brief
discussion of the structures and the properties of MxTey and Mx-
NyTez, where M, N are elements other than Te and x, y, z � 1. Sev-
eral of these materials are yet to be synthesized and their stability
and properties have only been predicted by theoretical simula-
tions. For the materials that have been synthesized, we have
summarized the synthesis methods. Tellurides have been popu-
lar for their thermoelectric and topological properties, as the best
known thermoelectric and Weyl semimetal are Bi2Te3 and WTe2
respectively. In addition to these, we find there are also other
properties such as superconductivity, magnetism (ferromagnetic,
antiferromagnetic), supercapacitance, charge density waves,
strain-tunable electronic and optical properties.
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