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REVIEWS I

2D transition metal dichalcogenides

and Andras Kis'?

Two-dimensional transition metal dichalcogenides
(TMDCs) are an emerging class of materials with prop-
erties that make them highly attractive for fundamental
studies of novel physical phenomena and for applica-
tions ranging from nanoelectronics and nanophotonics
to sensing and actuation at the nanoscale. The past years
have seen a strong resurgence of interest in 2D TMDCs,
sparked by the demonstration of the first transistor' and
by the discovery of strong photoluminescence in MoS,
monolayers>>.

TMDC:s have a very long and fruitful history. Their
structure was first determined by Linus Pauling in
1923 (REF. 4). By the late 1960s, around 60 TMDCs were
known, at least 40 of them with a layered structure®. The
first reports on the use of adhesive tapes for producing
ultrathin MoS§, layers, by Robert Frindt, date back to
1963 (REF. 6), and the production of monolayer MoS,
suspensions was first achieved in 1986 (REF. 7). In parallel
with the development of research on carbon nanotubes
and fullerenes in the 1990s, Reshef Tenne and others
led strong efforts in the area of inorganic fullerenes and
nanotubes, which commenced with the discovery of
WS, nanotubes and nested particles®, followed by the
synthesis of MoS, nanotubes and nanoparticles’. The
rapid growth of graphene-related research that started
in 2004 stimulated the development of techniques well-
suited for working with layered materials, opening the
way to new studies of TMDCs and, in particular, of their
ultrathin films.

Sajedeh Manzeli’?, Dmitry Ovchinnikov'?, Diego Pasquier?®, Oleg V. Yazyev®

Abstract | Graphene is very popular because of its many fascinating properties, but its lack of an
electronic bandgap has stimulated the search for 2D materials with semiconducting character.
Transition metal dichalcogenides (TMDCs), which are semiconductors of the type MX,, where M
is a transition metal atom (such as Mo or W) and X is a chalcogen atom (such as S, Se or Te),
provide a promising alternative. Because of its robustness, MoS, is the most studied material in
this family. TMDCs exhibit a unique combination of atomic-scale thickness, direct bandgap,
strong spin—orbit coupling and favourable electronic and mechanical properties, which make
them interesting for fundamental studies and for applications in high-end electronics,
spintronics, optoelectronics, energy harvesting, flexible electronics, DNA sequencing and
personalized medicine. In this Review, the methods used to synthesize TMDCs are examined
and their properties are discussed, with particular attention to their charge density wave,
superconductive and topological phases. The use of TMCDs in nanoelectronic devices is also
explored, along with strategies to improve charge carrier mobility, high frequency operation and
the use of strain engineering to tailor their properties.

Several recent reviews cover the optical properties of
TMDCs and their heterostructures, as well as their use in
various photonics and optoelectronics applications'®>. In
this Review, the focus is mainly on recent results related
to the electronic properties of TMDCs. We start by intro-
ducing the structural phases and electronic band struc-
ture of TMDCs, examining in particular their charge
density wave, superconducting and topological phases.
We then examine the methods that can be used to synthe-
size these materials. The use of TMDCs in devices and
the strategies that can be implemented to enhance mobil-
ity are discussed next, along with their high-frequency
performance and the use of strain engineering to tune
the materials properties.

Structure

TMDC:s exist in several structural phases resulting from
different coordination spheres of the transition metal
atoms. The two common structural phases are charac-
terized by either trigonal prismatic (2H) or octahedral
(1T) coordination of metal atoms (FIG. 1a).

These structural phases can also be viewed in terms of
different stacking orders of the three atomic planes (chal-
cogen—metal-chalcogen) forming the individual layers
of these materials. The 2H phases correspond to an ABA
stacking in which chalcogen atoms in different atomic
planes occupy the same position A and are located on top
of each other in the direction perpendicular to the layer.
By contrast, the 1T phases are characterized by an ABC
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Figure 1| Structure and electronic properties of TMCDs. a | Atomic structure of single layers of transition metal
dichalcogenides (TMDCs) in their trigonal prismatic (2H), distorted octahedral (1T) and dimerized (1T') phases. Lattice
vectors and the stacking of atomic planes are indicated. b | ‘Periodic table’ of known layered TMDCs, organized based on
the transition metal element involved, summarizing their existing structural phases (2H, 1T or other, as in the case of
Pd-based TMDCs) and indicating the presence of distorted structural phases and observed electronic phases.

c | Evolution of the band structure of 2H-MoS, calculated for samples of decreasing thickness. d | Schematic representation
of the band structure of monolayer 2H-MoS,, showing the spin splitting of the bands at the K and K’ points on the corners of
the Brillouin zone. Orange and blue colours indicate up and down spin polarization. Panel ¢ is adapted with permission
from REF. 2, American Chemical Society. Panel d is adapted with permission from REF. 17, American Physical Society.

stacking order. Depending on the particular combination
of transition metal (group IV, V, VI, VII, IX or X) and
chalcogen (S, Se or Te) elements, the thermodynamically
stable phase is either the 2H or 1T phase, but the other
can often be obtained as a metastable phase. The cur-
rent knowledge on the existence of the two phases, in
either stable or metastable form, and on other properties
of TMDCs is summarized in the ‘periodic table’ shown
in FIC. 1b. For example, for five of six possible chemically
distinct bulk TMDCs formed by group VI transition
metals (metal = Mo or W; chalcogen =S, Se or Te) the 2H
phase is thermodynamically stable and the 1T phase can
be obtained as a metastable phase. An exception is repre-
sented by W'Te,, for which the stable bulk phase at room
temperature is the orthorhombic 1T, phase.

The structure of TMDCs is further defined by the
stacking configuration of the individual layers in the case
of multilayer and bulk samples, and by possible distor-
tions that lower the periodicity. These distortions, if
pronounced, can result in the formation of metal-metal
bonds — as it happens, for example, in the dimeriza-
tion of the 1T phase of group VI TMDCs, which results
in the 1T phase, or in the tetramerization of rhenium

dichalcogenides such as 1T-ReS, — or in weaker lattice
distortions accompanying charge density wave phases,
which display rich physics and complex phase diagrams,
as discussed below.

Electronic band structure

The diversity of chemical compositions and structural
phases of TMDC:s results in a broad range of electronic
properties, both from the point of view of the band
structure character (metallic or insulating) and of the
emergence of correlated and topological phases. We
discuss here the basic features of the band structure of
TMDCs formed by group VI transition metals Mo and
W combined with S and Se (an overview of the elec-
tronic properties of TMDCs is presented in FIC. 1b).
In their thermodynamically stable 2H phase, MoS,,
MoSe,, WS, and WSe, are semiconductors. This prop-
erty drew attention to these TMDCs as 2D materials for
electronic devices'. The evolution of the band structure
of 2H-MoS, as calculated from first principles? (density
functional theory) upon reducing its thickness from
bulk to monolayer is shown in FIC. 1c. The positions of
the valence and conduction band edges change with
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decreasing thickness, and the indirect bandgap semi-
conductor bulk material turns into a direct bandgap
semiconductor monolayer?*. The calculated values for
the bandgap of bulk and monolayer 2H-MoS, are 0.88
and 1.71 eV, respectively’’. The experimental value for
the bandgap of monolayer 2H-MoS, is 2.16eV (REF. 13).
Importantly, the valence band maximum and the con-
duction band minimum are located at the two inequiva-
lent high-symmetry points K and K’, which correspond
to the corners of the hexagonal Brillouin zone. This
property is common to monolayer 2H-MoS, (and other
group VI monolayer 2H-TMDCs) and to graphene, and
enables the observation of valley-dependent physical
phenomena and potential valleytronics applications.
Another important peculiarity of monolayer 2H-
TMDC:s is that they lack inversion symmetry, which
results in a spin splitting of the electronic bands driven
by the spin—orbit interaction. Because points K and K’ do
not correspond to the time-reversal invariant momenta,
the spin degeneracy of the conduction and valence band
extrema at these points is lifted. This effect is particu-
larly strong in the valence band, in which spin split-
ting values range from 0.15eV in monolayer 2H-MoS,
to 0.46eV in 2H-WSe, (REF. 14). This trend is under-
stood by considering that the spin—orbit interaction
is a relativistic effect, and hence is stronger for heavier
elements. Even though the spin splitting of the con-
duction band is about an order of magnitude weaker?,
it is not negligible. Because of time-reversal symme-
try, the spin splitting of bands at K and K’ is opposite;
the resulting band structure of monolayer 2H-MoS,
relevant to realistic charge-carrier concentrations is
schematically represented in FIG. 1d. This property is
referred to as spin-valley coupling'® and implies that
the valley polarization of charge carriers is automatically
translated into their spin polarization. This intrinsic
property of TMDCs may be used to design spintronic
devices that do not involve magnetic materials'>*%.

Charge density wave phases. At low temperature, a 1D
metal with non-interacting electrons is unstable against a
small periodic distortion of the underlying lattice, which
is accompanied by the opening of a bandgap at the Fermi
energy, resulting in insulating behaviour. The period of
the distortion, which arises from the interaction between
electrons and phonons, is given by Q=2k,, where k; is
the Fermi momentum' . Such a distortion leads to a
modulation of the electronic charge density, the so-called
charge density wave (CDW). Chan and Heine*' demon-
strated that a modulation of the charge density without a
coupling to phonons cannot exist, therefore establishing
the equivalence between CDW's and the concept of peri-
odic lattice distortions. A 2D or 3D metal with a nested
Fermi surface (that is, a Fermi surface with large parallel
sections separated by a nesting vector Q) has a hidden
1D character and can also undergo a CDW distortion
with periodicity Q at low temperature, owing to a log-
arithmic singularity in the electronic response function
(or bare susceptibility)'**"*2,

The discovery of CDW phases in the group V lay-
ered dichalcogenides, in both the 2H and 1T phases of
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Ta$, and TaSe,, and in 2H-NbSe,, led to renewed interest
in this theory?*?*. The phenomenology of the CDW in
dichalcogenides is rich and diverse and strongly depends
on the chemical composition and crystalline phase of the
material. For example, 2H-NbSe, undergoes a triple-Q
transition at T, =33 K. This CDW is nearly commen-
surate (that is, the CDW wavelength is nearly an integer
multiple of the lattice constant) and results in the forma-
tion of a superlattice with roughly 3 x 3 periodicity; the
wave vectors are Q,=b,/3(1 - ), where § <<1 represents
the decommensuration, and b, are the three reciprocal
vectors of a triangular lattice”. Unlike in other CDW
materials, the periodicity is almost independent of tem-
perature and does not show any first-order transition to
a commensurate phase, sometimes referred to as lock-in
transition. The displacement of the atoms is very small
(of the order of 0.05 A) and the effect of the CWD on
the physical properties is moderate, with only a small
increase of the resistivity®. If the temperature is further
lowered, the material becomes superconducting®. By
contrast, 1T-TaS$, exhibits a sequence of incommensu-
rate (T'=600K), nearly commensurate (T'=350K) and
commensurate (T~ 180K, with a V13 x V13 periodicity)
transitions with a significant displacement of Ta atoms
(up to 0.24 A) that strongly effects the electronic proper-
ties (FIG. 2a). The transition from the normal state to the
incommensurate phase is second order and is accompa-
nied by a small jump in the resistivity. By contrast, the
nearly commensurate and commensurate transitions
are strongly first order and are associated with a large
increase in resistivity?*?. Furthermore, the commensu-
rate phase exhibits an interesting Mott insulating char-
acter arising from the narrowing of the conduction band
induced by the distortion®*.

Following these results on bulk TMDCs, CDW phases
in monolayer TMDCs were investigated, with particu-
lar attention to the CDW ordering vector and transition
temperature®. First-principles calculations suggested
that 2H-NDbSe, in its monolayer form has a CDW phase
with a different periodicity compared to that of the bulk
(4x1, as opposed to 3x3x 1) and a larger gain of elec-
tronic energy, hence a higher transition temperature®.
Experimentally, a considerable enhancement of the
transition temperature from T, =33 K in the bulk to
Tpw = 145K in the monolayer was reported™. However,
other authors have not found such an enhancement
and reported a 3 x 3 periodicity for the monolayer®. By
contrast, for the isostructural 2H-TaSe,, first-principles
calculations suggested the same periodicity for the bulk
and the monolayer (3 x 3)*. Several studies addressed
the CDW phase in thin films of 1T-TaS, with thick-
nesses down to one monolayer®-%, but the evolution
of the commensurate and nearly commensurate phases
upon reducing the dimensionality is still under debate.
Experimental studies of 1T-TiSe, with reduced thick-
ness revealed a CDW with the same ordering vector
as in the bulk (resulting in a 2 x 2 superlattice), with a
slight enhancement of the critical temperature®*. The
absence of a hole pocket in the Fermi surface at the '
point indicates that the pristine material is a small band-
gap semiconductor rather than a semimetal with a small
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Figure 2 | Correlated and topological phases of TMDCs. a | Temperature—pressure phase diagram of 1T-TaS, showing
various charge density wave (CDW) phases. The deformation patterns corresponding to the different phases are shown.
b | Phase diagram of superconductivity in electrostatically and chemically doped 2H-MoS,. ¢ | Band structure of
monolayer 1T"-MoS, showing the band inversion characteristic of the quantum spin Hall phase. The inset shows the

dispersion of the topological edge states. 26, inverted gap energy; CCDW, commensurate CDW; E,

o’ fundamental gap

energy; n,p, electron carrier density; NCCDW, nearly commensurate CDW; T, superconductive transition temperature.
Panel a is adapted with permission from REF. 29, Macmillan Publishers Limited. Panel b is adapted with permission from
REF. 56, AAAS. Panel ¢ is adapted with permission from REF. 62, AAAS.

band overlap (this question has long been debated for
bulk samples, with several experiments supporting
either view). The CDW in 1T-TiSe, is therefore a semi-
conductor-to-semiconductor transition, with a slight
increase of the bandgap induced by the distortion. The
electronic structure of 1T-TiSe, is strongly reminiscent
of the excitonic insulator proposed by Kohn, Jérome and
Rice**!, but never unambiguously observed in real sys-
tems. The question of whether the CDW in TiSe, should
be regarded as a manifestation of an exciton condensate,
or simply as driven by electron-phonon interactions, is
still a matter of debate™*.

Although the theory underlying CDW driven by
Fermi surface nesting is well established, the question
of whether this theory actually applies to TMDCs (or
any real system) is debated. The difficulty of identifying
a nesting vector by inspecting the Fermi surface and the
strong modifications of the electronic structure induced
by the distortions have led some to argue that the Fermi

surface nesting hardly has a role in TMCDs, and that
the distortions are mainly due to strongly anisotropic
electron-phonon matrix elements with enhanced values
at the CDW wave vector®*,

Superconductivity. Interestingly, all bulk TMDCs display-
inga CDW state in their phase diagram also exhibit super-
conductivity, with the exception of 2H-NbS,, which is only
superconducting*2. The two phases can either compete or
coexist. However, superconductivity is much more robust
than the CDW phase, as it does not depend on the nest-
ing of the Fermi surface. In TMDCs, the superconducting
state can be either intrinsic or induced by chemical doping,
electrostatic doping or applied pressure. In the 2H phase of
NbSe,, TaS, and TaSe,, superconductivity coexists with the
CDW phase at low temperatures”*-*. In TMDCs with
the 1T phase, such as semimetallic 1T-TiSe, (REFS 46,47)
and 1T-TaS, (REFS 29,48), the superconducting state
emerges as the CDW order melts, either under applied
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pressure or upon chemical doping by means of copper
intercalation. A competition between a low-temperature
distorted phase and a superconducting phase was also
observed in the newly found material IrTe,. The exact
nature of the distorted phase has not been clearly iden-
tified yet; its suppression upon chemical doping leads to
superconductivity with a critical temperature of up to 3K
(REF. 49).

The superconducting behaviour of bulk TMDCs per-
sists in the 2D limit. Recently, the first experimental evi-
dence for truly 2D intrinsic superconductivity in TMDCs
was reported for monolayer 2H-NbSe, (REF. 33). The 2D
superconducting state is of the Kosterlitz—Thouless
type™, as evidenced by the voltage-current characteristic
measured close to the critical temperature®*% Although
the critical temperature (T,.=3K) is even lower than that
of the bulk material (T.=7K), the in-plane critical field
B, (the minimum magnetic field required to destroy
the superconducting state) is an order of magnitude
larger than that of the bulk and, more importantly, about
seven times larger than the paramagnetic Pauli limit®'.
The enhancement of the in-plane critical field is not a
new phenomenon in itself, but the underlying mecha-
nism is unusual and is understood as arising from the
combination of reduced dimensionality and strong
spin-orbit coupling®. In a monolayer 2H phase TMDC,
the spin splitting of the K and K’ valleys can be seen as
an effective out-of-plane Zeeman field. Because of the
spin-valley coupling, such spin splitting is compatible
with Cooper pairing, and therefore the superconducting
state in monolayer TMDC:s is characterized by an Ising-
like polarization of spins in the out-of-plane direction.
This makes the superconducting state more robust
against in-plane magnetic fields. In addition to the
theoretical interest, it was pointed out that Ising super-
conductors could be useful for observing topological
superconductivity and as an alternative route to engineer
Majorana fermions in solid-state systems®-*>.

Superconductivity can also be induced in gated thin
films of 2H-MoS, (FIC. 2b), in which electrostatic charge
doping accumulates charge carriers in the outer layer,
simulating a monolayer doped sample®>***". Super-
conductivity induced by gating has also been realized in
thin films of 2H-WS, and 2H-MoSe, (REFS 58,59).

Topological phases. TMDCs have also attracted consid-
erable interest as materials that could host novel topo-
logical electronic phases®®'. According to theoretical
predictions, monolayer group VI TMDCs in their 1T"
phase exhibit a band structure with inverted chalcogen
p and transition metal d bands® (FIG. 2¢). In addition,
the presence of a relatively strong spin-orbit interac-
tion results in the opening of bandgaps of a few tens of
millielectronvolts in 1T’ sulfides and selenides of molyb-
denum and tungsten. This gives rise to the quantum spin
Hall phase, or, equivalently, to the 2D Z, topologically
insulating phase, characterized by the presence of helical
edge states immune to backscattering. These theoretical
predictions are still awaiting experimental confirmation,
but TMDC-based quantum spin Hall insulators would
enable technological applications of this topological
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electronic phase. These 2D materials are certainly more
suitable for practical applications than other quantum
spin Hall insulators known to date: that is, HgTe/CdTe®*
and InAs/GaSb®® quantum wells and bilayer Bi**®¢’.
Bulk distorted 1T-phase tellurides of molybdenum and
tungsten are semimetals, which gives rise to very large
non-saturating magnetoresistance in WTe, (REFS 68,69).
The non-centrosymmetric polymorphs of these materials
were predicted to host a Weyl semimetal phase” "2, which
was, to some degree, experimentally confirmed”>”.

Synthesis

MoS, and WS, are probably the only TMDCs that occur
in nature in the form a layered crystal. The first high-
performance transistors made of monolayers of MoS,
were obtained from crystals of the naturally occurring
mineral molybdenite'. Bulk crystals of other TMDCs are
grown using the chemical vapour transport method’,
which enabled the first studies of the optical and electri-
cal properties of MoS,, MoSe, and WSe, crystals in the
1960s°. In this growth method, the precursors (Mo and
Se in the case of MoSe,)” are mixed in stoichiometric
proportions with the addition of a transport agent (I,,
Br, or ICl,) and put into an evacuated ampoule inside
a multi-zone furnace with a varying temperature gradi-
ent. The material is transported to the colder part of the
ampoule, where crystal growth takes place. A detailed
review of crystal growth and characterization can be
found in REF. 76.

High-quality natural or synthetic crystals can be used
as a source of thin flakes. Similarly to graphene, which
can be obtained by mechanical peel-off with sticky tape
from graphite, single crystals of TMDCs can serve as
a source of monolayers"”””%, which can then provide a
platform for a range of fundamental studies and device
demonstrations. Because micromechanical exfoliation
requires only bulk crystals, a decent optical microscope
and adhesive tape, it is a very popular method for rapid
prototyping of devices based on TMDCs and other lay-
ered materials, and has greatly contributed to the rapid
expansion of research in this area. However, this method
is not scalable; moreover, the relatively small areas of
uniform material and the haphazard nature of material
deposition can be limiting factors for more extensive
studies. Liquid-phase exfoliation based on organic sol-
vents* is a scalable alternative to mechanical exfolia-
tion and allows the production of solutions containing
flakes with controllable thickness. The first experiments
on liquid-phase exfoliation through Li intercalation date
back to the 1970s*, with a report on solutions containing
single-layer MoS, from the 1980s’. Recent methods for
the exfoliation of TMDCs in liquid using Li intercala-
tion are being intensively explored®>*’. The drawbacks
of exfoliation through Li intercalation include reported
phase transitions from the semiconducting 2H to the
metallic 1T phase®™®® and the limited size of the flakes,
which results in overlaps between the flakes and in a
large in-plane resistance of the films®.

One of the first scalable methods developed for the
direct growth of TMDCs was molecular beam epitaxy
(MBE). The principle of operation is schematically
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illustrated in FIC. 3a through the example of the growth of
GaSe on MoS,. Detailed information on this growth
method can be found in REF. 86. An ultrahigh vacuum
chamber (with pressure typically below 107 mbar) con-
tains several sources — in this case Ga and Se — to form
molecular beams. Deposition is performed on a pre-
heated substrate while the thickness and substrate crys-
tallinity are monitored in situ by reflection high-energy
electron diffraction and low-energy electron diffraction.
The group of Atsushi Koma published numerous reports
on the MBE growth of TMDCs in the 1980s and 1990s,
demonstrating the successful growth of MoSe, and GaSe
on a number of substrates, including other layered mat-
erials*”~*. MBE-based growth of 2D materials largely
differs from traditional 3D epitaxy. Because TMDCs

a Molecular beam epitaxy
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\
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----- RHEED camera
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Figure 3 | Growth methods for the synthesis of ultrathin TMDCs. a | In molecular
beam epitaxy, high-purity elemental source materials are co-evaporated in ultrahigh
vacuum. The right panel is an atomic force microscope image of monolayer GaSe grown
on MoS,. b | Chemical vapour deposition is based on the direct chemical reaction
between different precursor materials. An optical image of triangular single-crystalline
domains of MoS, grown on SiO, is shown on the right. ¢ | Metal-organic chemical vapour
deposition is based on the decomposition of metal-organic precursors and their
subsequent chemical reaction. On the right, a false-colour dark-field transmission
electron microscopy image shows a continuous monolayer of MoS, with different grain
orientations. RHEED, reflection high-energy electron diffraction; TMDC, transition metal
dichalcogenide. Panel a is adapted with permission from REF. 90, Elsevier. Panel b is
adapted with permission from REF. 220, American Chemical Society. Panel c is adapted
with permission from REF. 110, Macmillan Publishers Limited.

do not contain dangling bonds, they can in principle be
grown on other layered materials and passivated surfaces
(for example H-passivated Si) without the need to sat-
isfy lattice matching conditions. The weak van der Waals
interaction can be exploited to achieve epitaxial growth,
in which the lattice structure of the substrate can be used
to align the orientation of the overlayer” — an essential
requirement for growing high-quality films. Epitaxial
growth can occur either if the substrate and the overlayer
are lattice-matched, such as for MoSe, on GaAs, or if a
commensuration condition can be satisfied, such as for
MoS, on sapphire®. If these conditions are not met, the
resulting films will be polycrystalline and contain many
dislocations, such as for MBE-grown MoSe, on an amor-
phous SiO, substrate®. Such defects and grain boundaries
can result in variable-range hopping through localized
states in MBE-grown MoSe, and MoTe, on sapphire sub-
strates®. MBE performed in ultrahigh vacuum growth
chambers combined with scanning tunnelling micros-
copy or angle-resolved photoelectron spectroscopy pro-
vided access to the intrinsic properties of materials such
as MoSe, (REFS 94,95) and NbSe, (REF. 33). Furthermore,
various types of vertical heterostructures of 2D materi-
als could be realized, for example, SnSe,/WSe, (REF. 96),
MoSe,/Bi,Se, (REF. 97) and MoSe,/graphite®. Thus, MBE
is a useful tool for fundamental studies of 2D materials
and their combinations, although the electrical properties
of as-grown films require further improvement.

The most practical method for the synthesis of
high-quality TMDCs is chemical vapour deposition
(CVD, FIG. 3b). This method does not require ultrahigh
vacuum chambers and is thus cheap and relatively easy
to integrate into existing industrial processes. The first
reports of MoS, synthesis were based on the sulfuriza-
tion of Mo pre-deposited on the substrate®, upon dip
coating of substrates in a (NH,),MoS, solution followed
by annealing in gas flow'*!?!, or upon the growth of
multilayers from MoO, and S precursors'®>. However,
in these early reports there was no control over the mat-
erial thickness; only in 2013 the growth of monolayer
domains of MoS, on SiO, was reported in two simulta-
neous publications'**'*. The working principle of CVD
is shown in FIG. 3b; in the example shown, MoO, and S
react at elevated temperature, leading to the growth of
MoS, on the substrate. The as-grown domains on SiO,
have good optical and electrical properties, displaying
room temperature field-effect mobilities on the order of
5cm?V~'s™ (REFS 103,104), but have random lattice ori-
entation with respect to each other and thus form grain
boundaries of different types. These grain boundaries
are predicted to have a plethora of electronic properties,
for example, 60° grain boundaries could have metallic
nature'®. The investigation of the electrical transport
properties of large-area devices fabricated from similar
materials showed that the presence of grain boundaries
decreases the mobility of large area films'®. The need
to control the orientation of domains motivated further
developments; for example, atomically smooth c-plane
sapphire was used to promote the epitaxial CVD growth
of monolayer MoS, (REF. 91). In contrast to the growth
on SiO, substrates, systematic alignment was observed,
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owing to the commensurate lattices of MoS, and sap-
phire. A two-probe field-effect mobility of ~25cm?V~'s™!
was preserved on a length scale of 80 um, through ~16
grain boundaries. Thus, the engineering of the align-
ment of separate flakes can lead to a better control of
the electrical properties of large area films.

A growth method related to CVD is metal-organic
CVD (MOCVD), which is based on the use of gas-phase
precursors'”’ 1%, and was first used for TMDC synthesis
in the 1990s'”. Gas precursors are supplied to the main
chamber with controlled flux (FIG. 3¢). Recently, wafer-
scale synthesis of MoS, and WS, on various substrates was
demonstrated, and the resulting samples displayed good
electrical properties. For example, the MoS, sample had
an electron mobility of ~30cm?V~'s™! (REF. 110). The dis-
cussed CVD results mainly regard MoS, growth. In addi-
tion to MoS,,, other TMDC:s, such as MoSe, (REFS 111-113),
WS, (REFS 107,110,114-120), WSe, (REFS 109,121-123), ReS,
(REFS 124-126), ReSe, (REF. 127), Mo'Te, (REFS 128,129) or
WTe, (REF. 129), can be grown both by CVD and MOCVD.
However, the electrical properties of the large-area films of
these materials are not yet well characterized and require
further investigation.

Different types of TMDC heterostructures can also be
grown using CVD. In particular, atomically sharp inter-
faces between monolayers of MoS, and MoSe, (REF. 130),
WSe, and MoSe, (REF. 131), MoS, and WS, (REF. 132),
MoSe, and WSe, (REF. 131), WS, and WSe, (REF. 130), and

a
S
x
W-Se WS, -WSe,
WS, (MoS,) (MoS,-MoSe,)
b B 3 Drain (Pd)

~WSe,

Source (Ti)

Figure 4 | Examples of synthesis of 2D TMDC lateral heterostructures.

a | Schematic drawing showing the growth of lateral heterostructures based on 2D
transition metal dichalcogenide (TMDC) materials. b | High-angle annular dark-field
scanning transmission electron microscopy image of the lateral heterostructure formed
between MoSe, and WSe,. c | Opticalimage of a p-n junction based on a MoS,/WSe,
lateral heterostructure. Panel a is adapted with permission from REF. 130, Macmillan
Publishers Limited. Panel b is adapted with permission from REF. 131, Macmillan
Publishers Limited. Panel c is adapted with permission from REF. 133, AAAS.
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WSe, and MoS, (REF. 133) have been realized by CVD.
The benefits of this approach over manual assembly
through transfer techniques are that the interfaces are
atomically sharp, as shown in FIC. 4a,b, and that there
are no residues from the transfer process. Theoretical
modelling predicts exotic behaviours for such hetero-
structures'*: for example, efficient charge separation'**
and valley filtering within one material'”. Moreover,
these artificial materials could be used as p-n diodes
without resorting to in situ doping or transfer processes,
as shown in the example in FIC. 4¢, where a lateral bound-
ary between WSe, and MoS, serves as a p-n junction'*
and can be used as a light-emitting diode.

Semiconductor devices

Mobility engineering. The suitability of 2D materials for
applications based on quantum transport is determined
by the mean free path of charge, spin or valley carriers,
which for charge carriers is directly proportional to the
charge carrier mobility. Although the theoretically pre-
dicted values for the charge carrier mobility are very
promising for 2D TMDCs'**"'¥, the mobility is in prac-
tice limited by disorder and by the presence of scattering
sources. These can be intrinsic charged point defects or
defects in the surrounding dielectric or at the semicon-
ductor/dielectric interface, which can trap charges and
scatter mobile charge carriers. Intrinsic and remote opti-
cal phonons in the environment of the 2D semiconductor
can further limit the mobility close to room temperature.

Theoretical calculations for monolayer MoS, predict
a room-temperature electron mobility in the range of
10-1,000cm*V's™! and low-temperature values exceed-
ing 10°cm?V~'s™, depending on factors such as the impu-
rity density and the dielectric environment'*>*$1%_ The
measured mobility for atomically thin MoS, is almost two
orders of magnitude lower than that of its bulk counter-
part"7®1%_ The degradation of the mobility when going
from bulk to thin-film samples can be understood con-
sidering that atomically thin materials are more sensi-
tive to environmental factors owing to their increased
surface-to-volume ratio. Remote optical phonons and
Coulomb scattering from the interfacial charge traps are
proposed to be the dominant reasons behind the low
carrier mobility in MoS, atomically thin layers.

The encapsulation of monolayer MoS, with a HfO,
dielectric layer enabled the first demonstration of a tran-
sistor based on monolayer MoS, (REF. 1) and, in general,
on a 2D TMDC semiconductor. Subsequent temperature-
dependent mobility measurements'*' on monolayer MoS,
in a multiprobe geometry gave the first insights into
mobility degradation in monolayer TMDCs. For devices
with an exposed MoS, channel, mobility increases with
increasing temperature until it reaches a peak value at
T=200K, after which it starts to degrade again, indicating
that scattering from charged impurities is the dominant
mechanism limiting the mobility at low temperatures.
In this regime, increasing the temperature increases the
thermal energy of the carriers and their thermal veloc-
ity, which in turn reduces the scattering cross section.
Above ~200K, phonon scattering becomes the domi-
nant scattering mechanism. As temperature increases,
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the number of phonon modes available for scattering
increases, resulting in reduced mobility. The deposition
of a thin layer of a dielectric material with a high dielec-
tric constant «, such as HfO,, on MoS, enhances the low-
temperature mobility, owing to the effective screening of
the static Coulomb scattering from charged impurities'*
(FIC. 5a). Adding a metallic top gate on the surface of the
dielectric results in a further increase in the mobility;
the measured electron mobility has an impurity-limited
value of 120180 cm?V's™. The mobility starts decreas-
ing above 20K (FIC. 5a) and in the 100 - 300K range it
can be fitted using the power-law dependence y= T,
where y has values in the range of 0.55—0.78. This value
is much smaller than the experimental values found for
bulk crystals (y=2.6 (REF. 140)) or for bare monolayers
(y=1.4 (REF. 141)), showing that the presence of the top
gate can reduce the rate of mobility degradation with
rising temperature, and can allow the observation of
the metal-insulator transition and of band transport'*'.
Temperature-dependent conductivity measurements fur-
ther support this interpretation. Bare MoS, devices show
transport features that can be fitted using a variable-range
hopping model, which is typical of electrical transport
through localized states in disordered low-dimensional
systems. Here, the disorder can come from intrinsic
defects, adsorbates or defects in the substrate. In the pres-
ence of a material with a high dielectric constant and top
gate, the transport displays thermally activated behav-
iour with conductance proportional to e ®/*sT (where
E, is the activation energy and k; is the Boltzmann con-
stant), which indicates the effective screening of charged
impurities and results in a reduction of disorder.

Dielectric environment engineering promises an
effective approach to mobility enhancement'*'*!,
However, it is important to understand the intrinsic elec-
trical transport properties of 2D semiconductors in the
absence of the dielectric layer, which can influence the
charge impurity scattering or the remote optical phonon
scattering. A promising avenue for the achievement of
high mobilities consists in the elimination of external
impurities, such as adsorbates from the atmosphere or
impurities originating from the fabrication process. This
can be done by in situ annealing in vacuum'#, which
enhances the conductivity of the MoS, channel, increases
n-type doping levels and significantly reduces the con-
tact resistance, resulting in low-temperature mobilities
of 250cm?V-'s! and 375cm?V's™ in unencapsulated
mono- and bilayer MoS,, respectively. Combining this
approach with the use of substrates with a high dielec-
tric constant results in the highest room-temperature
mobility reported to date (~150 cm*V~'s™! for monolayer
MoS, deposited on HfO,)". Using polymer substrates
with high optical phonon frequencies also resulted in
improved mobility for MoSe, (REF. 144).

The encapsulation of MoS, in hexagonal boron
nitride'*> (hBN; FIG. 5b), combined with the use of
graphene as the contact between the metal and the
MoS, layer', resulted in the highest low-temperature
mobilities measured to date, owing to the reduced
number of adsorbates and the low roughness of the
hBN substrate. Magnetotransport measurements

revealed low-temperature values of the Hall mobility
reaching 34,000 cm®V~'s™! for six layers of MoS, and
1,000 cm*V-'s™! for monolayer MoS, (FIG. 5¢). The values
for the critical exponent y are in the range of 1.9-2.5,
which is higher than that for HfO, (REF. 141). This could be
attributed to the less efficient suppression of homopolar
phonon modes by a relatively thin hBN film as compared
to 30 nm of HfO, with metallic gates. Modelling of the
various potential scattering sources suggests that long-
and short-range interfacial scattering are the limiting
factors for the low-temperature impurity-dominated
mobility'®. Because the impurity-dominated mobility
increases with the layer thickness, it can be excluded that
short-range intrinsic defects and bulk charged impurities
have a role in determining its value. A similar improve-
ment in the mobility as a result of encapsulation was
reported for WS, (REFS 147-149).

These high mobility values enabled the observation
of Shubnikov-de Haas (SdH) oscillations in the electri-
cal conductivity at low temperatures and high magnetic
fields. However, for the MoS, sample with graphene
contacts encapsulated in hBN'#, the presence of high-
mobility graphene implies that the SdH oscillations
could contain contributions both from graphene and
MoS,. The contribution of graphene to the SdH oscil-
lations is suggested by the observation of plateau-like
behaviour in the measured Hall resistance, which could
be attributed to the onset of the quantum Hall states in
graphene and by the discrepancy between the carrier
densities estimated from Hall measurements and from
SdH oscillations. Magnetoresistance measurements
performed on p-type WSe, encapsulated in hBN** with
metallic electrodes enabled the observation of SdH oscil-
lations (FIC. 5d) and of the quantum Hall states in mono-
and bilayer WSe,. In this case, the absence of graphene
excludes any contribution to the SdH oscillations other
than that from the WSe, layers, and the carrier density
extracted from the SdH oscillation frequencies agrees
well with the Hall measurements assuming a twofold
degeneracy of the Landau levels.

The reduction of extrinsic sources of scattering
highly improves the low-temperature mobility. An ave-
nue for further improvement would consist of imple-
menting the strategies used for controlling the intrinsic
limiting factors for the mobility, such as crystal defects.
By combining methods that reduce intrinsic scattering
with encapsulation techniques, which reduce extrinsic
scattering, could lead to further improvements in both
room- and low-temperature mobilities.

High-frequency operation. High mobilities are impor-
tant for device operation based on quantum transport.
However, reducing the channel length can result in
improved transistor performance and operating fre-
quency, reducing the importance of the mobility for
devices with sub-10nm gate lengths. At such short
length scales many 2D materials are expected to show
ballistic transport. The main limiting factor for device
performance in this case is direct tunnelling between the
contacts, which can degrade the off-state currents and
thus lower the on/off current ratio.
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Figure 5 | Mobility in TMDC-based devices. a | Temperature dependence of the mobility for a transistor based on
monolayer MoS, with the exposed channel, and for the same transistor encapsulated in HfO,and with a top gate.

This last device is shown in the inset. b | Schematic depiction of a MoS, Hall bar device encapsulated in hexagonal boron
nitride (hBN). The close-up view shows a cross section of the metal-graphene-MoS, contacts. ¢ | Temperature
dependence of the Hall mobility, y,, for MoS, devices with various thicknesses encapsulated in hBN. The dashed line
shows the power law g, = T7; the values of y used for the fit for each device are shown. The low-temperature values of 4,
reach 34,000 cm?V-'s™ for 6 layers of MoS, and 1,020 cm? V-'s™! for monolayer MoS,. d | Shubnikov-de Haas oscillations
in encapsulated monolayer WSe,. The longitudinal (R,) and Hall (R, ) resistances are measured as a function of the
magnetic field at a temperature of 1.6 K and a hole density of 7.9 x 10'2cm™. Shubnikov—de Haas oscillations appearin R
starting at magnetic field ~4.5T. The oscillations exhibit a density-to-frequency ratio of 2e/h (where e is the charge of the
electron and his the Planck constant), which is an indicator of twofold degenerate Landau levels. The Shubnikov—-de

Haas oscillations in R are followed by the appearance of steps in R

indicating the developing quantum Hall states.

xy"

CVD, chemical vapour deposition; L, layer; n,p,, 2D carrier density; TMDC, transition metal dichalcogenide. Panel ais
adapted with permission from REF. 141, Macmillan Publishers Limited. Panels b and c are adapted with permission from
REF. 145, Macmillan Publishers Limited. Panel d is adapted with permission from REF. 150, American Physical Society.

For devices based on graphene, owing to the high
mobility and saturation velocity, the high-frequency
performance exhibits low impedance, large transcon-
ductance (g, =dI,/dV,,,) and high intrinsic cut-off
frequency f, (the frequency at which the current gain
becomes unity). However, in addition to the cur-
rent gain, which is relevant in demodulators for tele-

communication, the power and voltage gain are

important factors for high-frequency operation. For
graphene, because of the absence of a bandgap, the max-
imum oscillation frequency f, . (the power gain cut-off
frequency) is not as high as f,. Also, the voltage gain
(A,=g./g,) is limited by the relatively high drain con-
ductance g,, because the absence of a bandgap makes
it difficult to achieve current saturation in graphene
transistors''>2,
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High-frequency 2D TMDC devices, owing to the
presence of a sizable bandgap, are expected to exhibit
voltage and power gain in addition to the current gain.
Simulations of ballistic quantum transport predict that
values of f. above 100 GHz could be obtained in MoS,
transistors with a channel length of 15nm (REF. 153).
Although still far from this number, the first radio-
frequency MoS, devices'** integrated with coplanar
waveguides showed operation in the gigahertz fre-
quency range with a de-embedded cut-off frequency
for current amplification (f;) of 6 GHz, as well as a
power gain cut-off (f ) of 8.2 GHz and voltage ampli-
fication above 5 GHz, demonstrating the feasibility of
realizing logic circuits based on TMDCs operating in
the gigahertz range.

Reducing the channel length below 100 nm and
improving the contacts by edge injection' results in
fr=25GHz, f,, =16 GHz and voltage amplification up
to 45 GHz. Further optimization of the contacts and
device geometry could be achieved using self-aligned
devices'™®. In addition, the promising radio-frequency
behaviour of MoS, transistors enables the fabrication of
electronic elements such as radio frequency amplifiers
and digital inverters on rigid and flexible substrates'**'*’.
Although the reported radio-frequency performance of
flexible MoS, transistors (f;=~13.5GHz, f, ..~ 10.5 GHz)
is comparable to that of flexible devices based on sili-
con nanomembranes (f,~3.8 GHz, f, =12 GHz)"® and
worse than that of flexible devices based on III-V semi-
conductors (f,=105GHz,f, _~22.9 GHz)'”, the realiza-
tion of radio-frequency electronics on flexible substrates
exploits the extraordinary mechanical properties of 2D
materials, such as the high Young’s modulus, high break-
ing strength and elastic behaviour. These properties make
TMDCs an attractive alternative to commercial semi-
conductors for state-of-the-art flexible radio-frequency
circuits. More detailed studies are needed to investigate
the radio-frequency performance of flexible MoS, devices
subject to deformation.

Strain engineering in TMDCs. The high strength of
2D TMDCs, which can endure strains of up to 10%
before breaking'®’, makes them promising candidates
for strain engineering, because it allows the application
of strains high enough to induce considerable changes
in the materials properties. Their three-fold symme-
try is also advantageous, making it possible to vary the
properties using lower strains as compared with those
needed in graphene, which has six-fold symmetry'¢-'62,
Calculations suggest that tensile strain would reduce
the bandgap of semiconducting TMDCs'®*~'%, turning
them into indirect semiconductors'®>'®*1%-172 and that
the bandgap would fully close at a level of biaxial tensile
strain of ~10%'¢>'%*. In addition to the bandgap, strain
is expected to modulate the charge carrier effective
masses'®!”, thermal conductivity'”*'”, dielectric prop-
erties'”?, spin-orbit coupling'”*'”® and on-state currents
in TMDC transistors'®!7>!%, Thus, strain engineering
is a viable approach for the realization of various types
of electronic, optoelectronic, electromechanical and
spintronic devices with tunable characteristics'’.

Heterostructures formed by vertically stacking dif-
ferent TMDC:s are also expected to be strongly affected
by strain'®?'®, which could originate from the interlayer
interactions and from lattice mismatch. As in the case of
monolayers, strain could be used to modulate the band-
gap of hybrid bilayers' and multilayers. Other theoreti-
cal studies investigated the effect of strain on anisotropic
TMDCs'™, of which ReSe, and ReS, are the best known
examples. Their distorted 1T phase structure gives rise to
a strong dependence of the strain response on the direc-
tion in which the strain is applied. The carrier mobility
might be significantly enhanced if strain is applied in the
direction perpendicular to the layers.

A wide range of strategies was exploited for apply-
ing strain in nanomechanical devices incorporating
2D TMDCs. These include the use of: wet-etching'®
(FIC. 6a) or polymer sacrificial layers'® for the fabri-
cation of suspended devices; transfer on a substrate
with pre-patterned holes or trenches'¥; tailored nano-
patterns'®; flexible'®*! or pre-stretched'®* substrates
(FIC. 6b); and thermal'” or piezoelectric expansion'.
Optical techniques, such as photoluminescence spec-
troscopy!#-1°11941 Raman spectroscopy#19%19:1% and
absorption spectroscopy'®, have been used to monitor
the effect of strain on the optical bandgap and vibra-
tional modes of 2D MoS, and other TMDCs!'?"!%,
Photoluminescence measurements'”® confirmed theoret-
ical predictions that strain could reduce the bandgap'®
and revealed a redshift of ~70meV/% strain for the
direct gap transition and of ~110meV/% strain for the
indirect gap transition in bilayer MoS,. However, photo-
luminescence spectroscopy can only be used on mono-
and bilayer samples. Raman spectroscopy showed that
the strain-induced symmetry breaking shifts the Raman
modes in mono- and bilayer MoS,, splitting the doubly
degenerate in-plane vibrational modes'.

Spatially inhomogeneous strain profiles, generated,
for example, by depositing TMDCs on pre-patterned
substrates'®®, can create a spatially varying bandgap in
an initially homogeneous material, and can result in the
appearance of the funnel effect, in which optically excited
electron-hole pairs drift to areas of the sample where the
bandgap is lower before recombining (FIG. 6¢). This effect
can be exploited to produce light-emitting devices that
can be locally configured using strain'®.

The strain-induced modulation of electrical trans-
port can be attributed mainly to the piezotronic and pie-
zoresistive effects, which originate from the piezoelectric
effect and from the strain-induced bandgap tuning in
TMDCs, respectively. 2H polymorphs of 2D TMDCs
with an odd number of layers are piezoelectric because
of broken inversion symmetry'***®. Both the conver-
sion of strain to voltage® and of voltage to strain (actu-
ation)'® have been reported for MoS,. In this context, the
piezotronic effect arises owing to piezoelectric polari-
zation charges appearing at the sample edges, which
increase or decrease the Schottky barrier height at the
contact depending on the direction of the polarization
field. Unlike the piezoelectric effect, the piezoresistive
effect, which is due to the strain-induced modulation
of the bandgap, appears both in odd and even-layered
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Figure 6 | Strain engineering in TMDC-based devices. a | Scanning electron microscope image of a device with a
suspended MoS, channel; electrical contact electrodes clamp the suspended membrane. The suspension is achieved by
wet-etching the underlying oxide substrate and ensures the mechanical degree of freedom required for applying strain

using a probe. b | Three-dimensional rendering based on an atomic force microscope image of a wrinkled few-layer MoS,
flake. An elastomeric substrate is stretched before the deposition of MoS,. The strain is then released, producing a
buckling-induced delamination of the MoS, flakes, which results in a localized strain profile. ¢ | Schematic depiction of the
funnel effect due to the localized strain profile in MoS,. Owing to the application of local strain (top panel), the bandgap of
the material s locally modified (bottom panel), giving rise to the funnel effect: excitons drift hundreds of nanometres to
recombine in the regions of the sample with a lower bandgap. This results in the formation of areas exhibiting
strain-induced localized emission. d | Strain-induced bandgap tuning and piezoresistivity due to mechanical deformation
of the MoS, membrane for mono-, bi- and trilayer MoS, devices. The graph shows experimentally extracted values for the
bandgap change rate and for the piezoresistive gauge factor. ¢, strain; £, energy of incoming photon; E_, bandgap energy;
PL, photoluminescence; TMDC, transition metal dichalcogenide. Panels a and d are adapted with permission from REF. 185,

American Chemical Society. Panels b and c are adapted with permission from REF. 192, American Chemical Society.

atomically thin TMDCs. Electromechanical experi-
ments on locally strained, suspended MoS,, in which
electrical conductivity measurements are performed in
parallel with mechanical deformation applied using an
atomic force microscope, can quantify the piezoresis-
tive effect. The resulting gauge factors (the ratio of the
relative change in electrical resistance to the strain) are
greater than 100 for mono- and bilayer MoS, (REF. 185)
(FIG. 6d). The piezoresitive coefficients for mono- and
bilayer MoS, are comparable to those of state-of-the-art
silicon strain sensors*> and two orders of magnitude
higher than that of graphene?****. However, MoS, has
a much higher fracture strain (as high as 11%)'® than
silicon (0.7%)?%, thus it would be more suitable for
flexible strain sensors for use on curved surfaces and
highly deformable objects, such as biological tissue.
The presence of both piezoresistive and piezoelectric

effects in MoS, makes this material a promising candi-
date for ultralow power piezoelectric transduction logic
devices*?”. The exploitation of these effects has been
demonstrated in MoS,-based flexible photodetectors, in
which the optical response could be modulated using
piezophototronic effects?®.

The combination of high breaking strain and favour-
able electrical and optical properties makes 2D TMDCs
highly promising materials for the realization of large-
area, high-performance flexible devices and circuits.
Research on flexible 2D TMDC devices started in 2012
and has achieved performances superior to those of
organic, amorphous and metal oxide thin-film tran-
sistors. Learning from the experience with graphene,
the top-gate device structure was avoided for flexible
TMDC transistors®®?'", preventing the reduced yield
and weaker performance caused by complications
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related to the fabrication of the gate stack on flexible
substrates?2. Instead, for TMDC thin-film transistors,
the gate structures and channel regions were fabricated
separately and transferred together later??, or embed-
ded gate structures*®*'" and ionic gel gating®**"* were
used. It is also important to note that the concept of
flexible devices extends to stretchability in addition to
bendability, making TMDCs particularly suitable for
these applications. Stretching flexible TMDC transistors
would allow piezoresistive strain sensing®'**'°. Recently,
TMDC-based integrated circuits on flexible substrates
were also realized?”.

Conclusions

We have summarized some of the recent key results
on the electronic properties of 2D TMDCs, and in
particular of MoS,, which is the most studied TMDC
material because of its robustness and the high availa-
bility of the raw material. Owing to their wide range of
electrical properties, the atomic-scale thickness of their
single layers and the possibility of obtaining a direct
bandgap in semiconductor TMDCs, these materials

display a rich physics and hold promise for a wide range
of applications in low-power electronics, flexible elec-
tronics, optoelectronics, straintronics or spintronics.
Furthermore, TMDCs show promise for biophysics
applications, such as DNA sequencing and personalized
medicine, because nanopores based on atomically thin
membranes of TMDCs were shown to provide a rapid,
high-resolution method for DNA sequencing. Although
the atomic thickness of TMDC-based nanopores ena-
bles the necessary spatial resolution for nanopore DNA
sequencing, the fast translocation speeds of DNA across
such ultrathin membranes limits the detectability of sin-
gle nucleotides. This issue has been addressed by using
ionic liquids to create a viscosity gradient that can con-
trol the DNA translocation across MoS, nanopores®'#2%°.

The rapid progress of the field of TMDCs is reflected
in the large number of scientists working on these mat-
erials and in the fast rise in the number of publications.
However, the field is in many ways still in its early stage,
with a large number of TMDC materials that have not
been seriously studied or even synthesized yet and which
promise many more exciting discoveries.
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