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Graphene’s layered structure has opened new prospects for the exploration of properties of other
monolayer-thick two-dimensional (2D) layered crystals. The emergence of these inorganic 2D
atomic crystals beyond graphene promises a diverse spectrum of properties. For example,
hexagonal-boron nitride (h-BN), a layered material closest in structure to graphene is an insulator,
while niobium selenide (NbSe,), a transition metal dichalcogenide, is metallic, and monolayers of
other transition metal dichalcogenides such as molybdenum disulfide (MoS,) and tungsten disulfide

(WS,) are direct band gap semiconductors. The rich spectrum of properties exhibited by these

2D layered material systems can potentially be engineered on-demand and creates exciting
prospects for using such systems in device applications ranging from electronics, photonics, energy
harvesting, flexible electronics, transparent electrodes, and sensing. A review of the structure,
properties, and the emerging device applications of these materials is presented in this paper.
While the layered structure of these materials makes them amenable to mechanical exfoliation for
quickly unveiling their novel properties and for fabricating proof-of-concept devices, an overview
of the synthesis routes that can potentially enable scalable avenues for forming these 2D atomic

crystals is also discussed.

I. INTRODUCTION

Over the centuries, new materials have formed the
backbone in shaping the landscape of technology from
the Si transistor to the use of light-weight, flexible dis-
plays enabled by organic polymers, for example. In this
regard, graphene, a single sheet of carbon atoms arranged
in a hexagonal honeycomb lattice, has catapulted science
and technology to unimaginable new heights in a rela-
tively short period of time since it was isolated from
parent graphite in 2004." Graphene’s two surfaces and
the absence of a bulk, as shown in Fig. 1(a), make it the
thinnest material known and yet this membrane-like
material is 5x stronger than steel owing to the strong
in-plane © and o bonds; interestingly, graphite has been
known to us for centuries in the form of the common lead
pencil as depicted in Fig. 1(a). Graphene exhibits a high
electron mobility >200,000 cm?/V-s at room temperature
and a high thermal conductivity of 5 x 10> W/m-K. It also
has an exceptional ability to carry ultra-high current
densities ~1 x 10° A/em®. Graphene has stirred a great
deal of excitement for a wide range of applications that
are enabled from its remarkable properties, such as rf
transistors,> interconnects,* ultra—capacitors,5 biosensors,®
stretchable electronics,’ thermo-electrics,® photo—voltaics,9’10
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optical applications and plasmonics,'" as well as in nano-
electro-mechanical-systems.'> Needless to say, graphene
has served as a model two-dimensional (2D) system that
has captured the interest of researchers from a diverse array
of fields spanning physics, chemistry, materials science, and
engineering.

While graphene has been shown to exhibit exceptional
promise for a wide range of applications, its lack of a
band gap as illustrated by the E—k diagram in Fig. 1(b)
poses concerns for its attractiveness in some applications,
particularly digital electronics where high ON/OFF ratios
are desired (~10°). Although one approach for inducing
a band gap in graphene is through quantum confinement
by creating graphene nanoribbons (GNRs),'? as shown in
Fig. 1(c) with widths typically <10 nm, the band gaps
nonetheless are small (<few hundred meV), and it is
challenging to maintain pristine edge chirality due to
defects that are induced during the nanofabrication
of such ribbons. Other techniques to induce band gaps
utilize chemical functionalization,"* and the application
of an electric field in bilayer graphene.'” In the latter case,
the gaps are still less than 400 meV and the voltages
required are well in excess of 100 V, which limits
graphene’s use in low-power devices and circuits. In
general, the methods used to induce a band gap in
graphene generally compromise the high mobilities that
pristine graphene has to offer, while at the same time
increasing process complexity.
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FIG. 1. (a) Crystal structures of 2D graphene, which is a single layer of carbon atoms derived from parent graphite. The graphene lattice is a hexagonal
honeycomb arrangement of carbon atoms. The lead pencil, which has been used for centuries, is composed of 3D graphite. (b) E—k diagram for pristine
graphene shows that it does not possess an intrinsic band gap unlike typical semiconductors (e.g., InSb shown here), which exhibit a spectral gap.
(c) GNR exhibiting the arm-chair and zigzag chirality. It is difficult to maintain pristine edges in forming GNRs through commonly used

nanofabrication techniques.

At the same time, the development of novel charac-
terization tools and the ability to manipulate monolayer
thin graphene layers into novel device architectures have
opened possibilities for the exploration of other mono-
layer-thin 2D crystalls.16 Such 2D layered crystals appear
to have distinct and useful properties complementing those
of graphene, and the focus thus far has primarily been on
inorganic material systems. Examples of such 2D layered
materials include hexagonal boron nitride (h-BN), transi-
tion metal dichalcogenides, transition metal oxides, and
topological insulators.'”'® Other traditionally nonlay-
ered structures such as germananes'® (atomic layers
containing germanium) and silicenes?® (atomic layers
of silicon) have also been reported. In addition, a wide
composition range between the boron—carbon-nitro-
gen system,21 and other complex multicomponent

http://journals.cambridge.org Downloaded: 23 Nov 2014

systems such as mica, and talc derived from alu-
mina-silicate layers, also exhibit a graphite-like lay-
ered structure.

It is interesting to note that while carbon-based nano-
materials, such as three-dimensional (3D) graphite and
diamond, 2D graphene, quasi one-dimensional (1D) carbon
nanotubes (CNTs), GNRs and nanofibers, and zero-
dimensional fullerene spheres, have captured the atten-
tion of researchers for several decades now, these
materials are all derived from a single element on the
periodic table, namely carbon arranged in various struc-
tural forms. On the other hand, the wide range of
compositions of other 2D layered materials span the
periodic table and one can expect to see a rich and exciting
spectrum of structures and properties. For example, h-BN
and HfS, are insulators, while NbSe,, a transition metal
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dichalcogenide is metallic, and monolayers of other transi-
tion metal dichalcogenides such as MoS,, WS,, and WSe,
are direct band gap semiconductors. The rich variety of
properties that 2D layered material systems offer creates
exciting prospects for their device applications in elec-
tronics, sensing, photonics, catalysis, bioengineering,
energy harvesting, and flexible electronics.> This paper
provides an overview of 2D layered nanomaterials, which
are poised to play an important role for enabling innovative
and exciting applications over the coming years.

Il. NONGRAPHENE 2D LAYERED CRYSTALS

The research activity in this emerging and interdisci-
plinary area will greatly benefit from the knowledge and
infrastructure that has been established for graphene over
the past decade. Devices constructed from 2D materials
offer potential advantages due to the interesting properties
these materials possess, which arise from their structural
attributes that are discussed in Sec. II. A. This is followed
by a more detailed description in Sec. II. B of the possible
application areas these materials are likely to impact in the
future. Finally, recent progress made in the synthesis of
these materials is discussed in Sec. II. C.

A. Structure and properties

A host of 2D layered crystals are known, which include
the transition metal dichalcogenides,” transition metal
oxides,?* and nitrides.>> Needless to say, such material
systems push the limits of vertical scaling. In particular, the
transition metal dichalcogenides exhibit a wide range of
electronic, optical, mechanical, chemical, and thermal
properties and have been known to us in their bulk form
for decades.

The transition metal dichalcogenides consist of hexagonal
layers of metal M atoms [from group 4B (e.g., Ti, Zr, Hf),
group 5B (e.g., V, Nb, Ta) or group 6B (e.g., Mo, W),
group 7B (e.g., Tc, Re), and group 10B (e.g., Pd, Pt)],
which are sandwiched between two layers of chalcogen
atoms X (S, Se or Te) with stoichiometry MX,; the
structural arrangement of this is shown for the case of
MoS, in Fig. 2, where M = Mo and X = S. As with
transition metal dichalcogenides and many of the other
layered material systems, the intralayer bonding is primar-
ily due to the strong covalent in-plane bonding between
the atoms, but the interlayer bonding is governed by the
weaker van der Waals interaction. In fact, it is this weak
van der Waals interaction that is responsible for the ease
with which these materials can be mechanically cleaved
through exfoliation into individual layers. Depending on
the combination of the transition metal atom and the
chalcogen atom, a wide variety of transition metal dichal-
cogenides are possible, as illustrated in Fig. 3, each
offering a unique set of properties.

- - = \'
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FIG. 2. Crystalline structure of layered MoS, where the Mo atom is
sandwiched between the S atom. Although the intralayer bonding is
through the strong covalent interaction, the interlayer bonding occurs
via the weak van der Waals interaction. Unlike graphene, monolayers of
MoS, exhibit a large and inherent band gap ~1.8 eV and it is also a
direct-band gap semiconductor. Reprinted with permission from Ref. 44,
Copyright © Macmillan Publishers Ltd: Nature (2011).

Such properties have been deduced theoretically using
first principles density functional theory to compute the
band structures of these materials. While 88 combinations
of MX, compounds are possible, these calculations show
that only about 44 of these are stable in their monolayer
form.?® Their properties range from semiconducting,
metallic, semimetallic, ferromagnetic, or superconducting
depending on the atomic coordination of the transition
metal and the number of electrons in the d-band. In going
from group 4B elements (Ti, Zr, Hf ) of the periodic table
to group 10B (Pd, Pt) elements, the nonbonding d-bands of
the transition metal are progressively filled, which has an
impact on their ensuing properties. To illustrate this, the
d-bands in NbSe, and ReS, are not fully occupied, which
lend them their predominantly metallic character.”” In con-
trast, when the d-bands are completely filled, the materials
exhibit semiconducting (e.g., MoS; and PtS,) and, in some
cases, insulating (e.g., HfS,) characteristics.”® In other
cases, superconductivity has also been observed in layered
MX, materials such as TiSe, through Cu intercalation.?>=°
It is interesting to note that as we traverse down the Group 6
chalcogen atoms, the d-bands become increasingly diffuse,
and this spreading of the bands reduces the band gap of the
semiconducting MX, materials in going from the smaller
atomic number element S to the larger atomic number
element Te; for example, MoS, has a band gap of ~1.3 eV,
while MoTe, has a lower band gap of ~1.0 eV.>

While the properties of the broad class of 2D layered
materials are diverse and interesting in the bulk, progress
in isolating single layers of sp>-bonded graphene from
bulk graphite has led to similar findings, which suggest
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FIG. 3. The transition metal dichalcogenides are an example of 2D layered materials. Depending on the combination of the transition metal M and the

chalcogen atom X (S, Se, Te), a wide range of properties can arise.

monolayers of nongraphene 2D layered materials may
also have unique properties that differ from the bulk.”!
For example, in exfoliating single layers of MoS, from bulk
MoS, crystal, the absence of the sp, orbital interaction
between adjacent MoS, layers causes the band gap to widen
through quantum confinement effects. Besides the increase
in band gap, this change in orbital hybridization turns
single-layer MoS, from an indirect-band gap semicon-
ductor to a direct band gap semiconductor. This indirect-
to-direct band gap transition has also been predicted
theoretically for other MX, materials such as WS,, which
has a bulk indirect band gap of 1.3 eV, while monolayers
are direct band gap semiconductors with a band gap of
2.1 eV.?’ The selenides of tungsten,32 as well as the
monolayers of MoSe, and MoTe,, show similar char-
acteristics.”> Table I provides a summary of the general
properties and the band gap values for a number of
layered materials.

Experimentally, photoluminescence has emerged as
a key technique to confirm this quantum confinement
induced indirect-to-direct band gap transition in some
monolayer 2D d-electron material systems, such as MoS,
and MoSe,. In the case of MoS,, the photoluminescence
peak is the strongest for monolayers [Figs. 4(a) and 4(b)],
and the height of the peak weakens as the number of layers
increases, as shown in Fig. 4(a).*** Band structure
calculations of MoS,, as depicted in Fig. 5, illustrate the
indirect nature of the electron transitions from the bulk
[Fig. 5(a)], 4-layer [Fig. 5(b)], and bilayer [Fig. 5(c)] MoS,,
where the valence band maximum lies at the I' point,
while the conduction band minimum lies half-way
between the T-K line.>* In contrast, the valence band
maximum and the conduction band minimum line up at
the K-point for monolayer MoS, [Fig. 5(d)], validating its

direct gap semiconducting characteristics, as seen exper-
imentally [Fig. 4(b)].*

Besides this observed band gap transition from indirect-
to-direct gap, it is also interesting to note that the band
gaps in some bilayer MX, materials can be tuned through
the application of an external electric field. For example,
density functional theory calculations conducted on bilayer
MoS,, WS,, MoSe,, and MoTe, show that their band gaps
undergo a gradual semiconducting-to-metallic transition
through the application of an external electric field oriented
orthogonal to the plane of the layers.>**” While similar
observations have been made in bilayer graphene, the range
of tunability in graphene is much lower. The critical electric
field for this semiconductor-to-metal transition decreases
with increasing atomic number of the chalcogen atom, i.e.,
in going from S, Se to Te (Fig. 6). For example, the critical
field for MoTe, is found to be the lowest (1.5 V/nm),
followed by MoSe, (2.2 V/nm), while the highest critical
field is seen for MoS, (2.7 V/nm). This interesting trend has
been attributed to the increasingly diffuse nature of the
valence p, orbitals of the chalcogen atoms with increasing
atomic number, which makes charge transfer from the
chalcogen atom to Mo easier under the same electric field.*®

Low temperature phenomena such as superconductivity
and charge density wave effects have also been observed
in some MX, compounds such as NbSe, and TaS, and
Cu-intercalated TiSe,.>”** Besides the transition metal
dichalcogenides, the chalcogenides of group III (GaSe,
GaTe, InSe), group IV (GeS, GeSe, SnS, SnSe), and
group V (Bi,Ses, BiTes) also show a graphite-like layered
structure and have prospects in electronics, photonics, and
energy harvesting; incidentally, Bi,Se; and Bi,Te; are
also topological insulators, besides being common
thermoelectric materials in the bulk.
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TABLE 1. Example layered materials and their general properties.

Property Band gap (bulk) Band gap (monolayer)
Material trends/remarks Refs. 18 and 28 Refs. 18 and 28
Graphene 0eV 0eV
h-BN Insulator 597 eV 6.07 eV
Group 4B: Ti, Hf, Zr Semiconducting and insulating. Diamagnetic
Sulfides: TiS,, HfS,, ZrS, HfS,: 1.96 eV

Selenides: TiSe,, HfSe,, ZrSe,

Refs. 29 and 30
Tellurides: TiTe,, HfTe,, ZrTe,
Group 5B: V, Nb, Ta

TiSe, (with Cu intercalation) superconducting

Metallic or semimetallic, superconducting,

charge density wave; paramagnetic, antiferromagnetic,

diamagnetic
Sulfides: VS,, NbS,, TaS, NbS, metallic — Ref. 27
Selenides: VSe,, NbSe,, TaSe,
Tellurides: VTe,, NbTe,, TaTe,
Group 6B: Mo, W
Sulfides: MoS,, WS, Semiconducting
Selenides: MoSe,, WSe,
Tellurides: MoTe,, WTe,
Group 7B: Tc, Re
Sulfides: TcS,, ReS,
Selenides: TcSe,, ReSe,
Tellurides: TcTe,, ReTe,
Group 10B: Pd, Pt
Sulfides: PdS,, PtS,
Selenides: PdSe,, PtSe,
Tellurides: PdTe,, PtTe,

Semiconducting

ReS, metallic — Ref. 27

PdTe; is superconducting

Tellurides are semimetallic and/or diamagnetic
Small-gap semiconductors and/or diamagnetic

Semiconducting and/or diamagnetic

MoS,: 1.0-1.29 eV (indirect)
WS,: 1.35 eV (indirect)

MoS,: 1.9 eV (direct)
WS,: 2.1-1.8 eV (direct)
MoSe2: 1.44 eV (direct)
MoTe,: 1.07 eV (direct)

Tellurides are metallic and paramagnetic.

In addition, ab initio calculations conducted on other
single-element materials such as Si suggest the similarity
of sp® bonded 2D silicon—silicene—to graphene,
which also exhibits a linear dispersion relationship near
the K point, just like graphene.39 These theoretical cal-
culations also show that planar 2D silicon appears to
be unstable and that a buckled morphology for silicene
seems to be energetically more favorable. Driven by the
success of graphene research, interest in silicene con-
tinues to grow, but only a few experimental reports have
appeared, which have verified the presence of silicene on
Ag(111) substrates through scanning tunneling microscopy
and angular-resolved photoemission spectroscopy
investigations.?’

While 2D layered materials exhibit a range of exciting
properties as discussed, certain key issues, such as the role
of doping, contacts and strain, are discussed in more detail
here, due to the impact these have for enabling practical
device applications to emerge from such materials.

The ability to control the doping of semiconducting 2D
layered materials to selectively form p- and n-type regions
is a necessary requirement to realize complimentary logic
circuits. Besides selectively doping n-type and p-type
regions in the same parent semiconductor, forming lateral
heterostructures of dissimilar materials, similar to recent
work with graphene and h-BN,*° suggests prospects for

the realization of other 2D lateral n-type and p-type
heterostructures. Vertical heterostructures of alternate
n-type and p-type semiconductors are another possibility
for forming such p—n junctions. In all such proposed
schemes, the issues to be resolved include identifying the
appropriate substrates, where both the n-type (e.g., MoS,)
and p-type (e.g., WSe,) semiconductors can be synthesized
laterally or as vertical heterostructures. While the transfer of
the parent 2D material onto a target substrate is one possible
avenue, this approach introduces added process complex-
ities, in addition to potential defects.

Another important factor to consider is the role con-
tacts play in determining the device performance of the 2D
layered materials for transistor applications for example,
as has been the case for Si devices,41 or nanocarbon
materials.*>** While bulk MoS; is seen to exhibit a rela-
tively high carrier mobility, the observed electron mobility
in single-layer MoS, is unexpectedly low.'®** This has
been attributed to the Au contact to the 2D semiconduct-
ing MoS,, where a tunnel barrier results at the Au-MoS,
interface and suppresses electron injection into MoS,.*
Popov et al.** suggest that the low mobility of monolayer
MoS, field-effect-transistors (FETs) may have more to
do with an inappropriate choice of contacts and may not
necessarily be due to the presumed low mobility of the
monolayer MoS, itself. Theoretical ab initio density
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FIG. 4. (a) Experimental results showing the intensity of the lowest
energy photoluminescence peak decreasing with layer number.
(b) Monolayers of MoS, show a pronounced photoluminescence
peak, which is not evident in bilayer MoS,, indicative of an indirect-
to-direct band gap transition for monolayer MoS,. Reprinted with
permission from Ref. 35. Copyright © The American Physical Society:
Phys. Rev. Lett., 2010.

functional calculations have yielded insights that suggest
Ti as an appropriate contact material for monolayer MoS,
in contrast to Au.*’ The low work function of Ti, coupled
with its d-electron orbitals, suggests that it mixes favorably
with the 4d states of Mo, making it a suitable, low-resistance
ohmic contact for MoS,. Clearly, finding appropriate
materials to serve as contacts to semiconducting 2D layered
materials will be an active area of research for enabling
high-performance devices in the future.

It is also remarkable to note the strong influence that
mechanical strain has on the band gap of some 2D
layered semiconducting materials.*®™*° This is especially
attractive in the case of MoS,, which has an in-plane strength
comparable to that of steel and has the ability to accommo-

date strains well in excess of 11% without showing signs of
mechanical degradation.”® In general, strain in semicon-
ductors modifies the lattice constant and crystal symmetry
[Fig. 7(a)],*° causing the energy bands to shift, which in
turn induces changes in the relative effective masses.”!
Specifically, the band structure of monolayer and bilayer
MoS, appears to be strongly perturbed under uniaxial
tensile strain up to 2.2%, where Raman spectroscopy and
photoluminescence measurements were conducted in situ.*®
The optical band gap was found to decrease at a rate
of ~45 and ~120 meV/% of strain for monolayer and
bilayer MoS,, respectively. In addition, at an applied
strain of ~1%, the photoluminescence intensity decreased,
which is suggestive of a strain-induced direct-to-indirect
band gap transition for monolayer MoS,, as shown in
Fig. 7(b).*°

Theoretical calculations on the role of strain in MoS,,
MoSe,, MoTe,, WS,, WSe,, and WTe,, indicate that the
properties of these materials are sensitively dependent on
strain, where the semiconducting direct band gap charac-
teristics can be transformed to metallic under certain strain
ranges.’* For example, the unstrained lattice constant of
MoS, is 3.16 A, and the direct band gap characteristics,
which is seen for strains from —1.3% to 0.3%, undergoes
an indirect band gap transition [e.g., point ¢ in Fig. 8(a)]
metallic transition for strains close to 10% [e.g., point d in
Fig. 8(a)]. The corresponding calculated band structures
for the various strain levels are shown in Fig. 8(b).
These early reports clearly suggest the potential for
strain engineering to modify band gaps, carrier effective
masses and mobilities, to yield a number of interesting
tunable devices.”

In addition, the ability to stack dissimilar 2D atomic
layers into 3D super-lattices and heterostructures offers
exciting prospects for enabling new physics to emerge
that couples electronic, optical, thermal, mechanical and
related properties into a single platform. Such artificially
engineered van der Waals solids should open up a new
paradigm to enable new vistas in device possibilities
that would otherwise be unimaginable. In fact, recent
experimental reports on the vertical integration of
heterostructures of 2D layered materials have already
led to demonstrations of novel physics and innovative
devices to emerge from such structures. As one example,
Yu et al.’* formed heterostructures of graphene and MoS,,
where they reported high-efficiency photocurrent genera-
tion from such 2D layered vertical heterostructure junctions.
Through the integration of graphene-based single or dual
gates below and above the vertical heterostructures, the
amplitude and polarity of the photocurrent in the vertical
heterostructures was tuned by the external graphene gate.
The concomitant external and internal quantum efficiency
was demonstrated to be 55% and 85%, respectively, sug-
gesting that the photocarrier generation, separation, and
transport processes can be successfully controlled by the
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FIG. 5. Band structure calculations for MoS, show that the conduction band minimum lies half-way between the I'-K line while the valance band
maximum is at the I point for (a) bulk, (b) 4-layer, and (c) bilayer MoS,. (d) For monolayer MoS,, the conduction band minimum and the valence
band maximum line up at the K point, confirming the direct band gap transition that is observed experimentally. Reprinted with permission from

Ref. 34, Copyright © The American Chemical Society: Nano Lett. (2010).
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FIG. 6. Results of band gap tuning with an externally applied electric
field for various MX, materials. The semiconductor-to-metal transition
occurs within a range of E-field from 1.5 to 2.8 V/m for the materials
shown. Reprinted with permission from Ref. 38, Copyright © The
American Physical Society: Phys. Rev. B (2011).

application of an external electric field in such vertical
heterostructures of 2D layered materials.

In earlier work on heterostructures, 2D layered materials
such as h-BN and MoS,; have served as tunneling barrier
layers between graphene electrodes, which yielded a
vertical bipolar FET.>® The tunneling time for electrons
to traverse the nanometer-thick barrier was demonstrated to

be extremely small in the range of femtoseconds, which far
exceeds the switching frequency of conventional planar
FETs and provides a promising example for the potential
of 2D heterostructures for beyond-CMOS architectures.
Vertical field-effect tunneling devices have also been
constructed with such heterostructures, where a 2D WS,
barrier layer was used with graphene, and a very high
ON-state current was demonstrated at room temperature for
devices formed on transparent and flexible substrates.>®
Vertical heterostructures of semiconducting MX,
materials with graphene have also shown to be photoactive,
where an incoming photon generates electron—hole pairs
within the band gap of the semiconducting MX, material.
The electron—hole pairs are then separated at a p—n junction
and extracted as a photocurrent from the highly conducting
and transparent graphene electrodes formed on flexible
substrates.”” For example, with a graphene-WS,-graphene
trilayer, a photoresponsivity >0.1 A/W was achieved
experimentally, which corresponded to an external quan-
tum efficiency of above 30%. Despite the fact that the
layers are only a few monolayers thick, ab initio calcu-
lations of WS,, WSe,, and MoS, show critical points or
strong peaks to arise in the electronic density of states of
these materials in the visible range. These critical points in
the electronic density of states, also known as Van Hove
singularities, lead to an enhancement in optical absorption.
Interestingly, Van Hove singularities have also been
observed in 1D materials, such as single-walled CNTs
but are not present in 3D materials since the density of
states is continuous in the latter case. The unique manner
in which the d-orbitals of the transition metal combine
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FIG. 7. (a) The atomic crystal lattice displacements shown pictorially
for monolayer MoS, under strain. (b) The induced strain in some 2D
materials, e.g., MoS,, has the effect of changing the optical properties
from direct band gap to indirect with an applied strain as low as 1%.
Reprinted with permission from Ref. 46, Copyright © The American
Chemical Society: Nano Lett. (2013).

with the p-orbitals of the chalcogen atom to form the
valence and conduction bands leads to highly localized
electronic bands that result in the Van Hove singularities
in the density of states of these materials. Britnell et al.”’
also demonstrated that besides the presence of Van Hove
singularities, the efficiency for electron—hole pair genera-
tion in these 2D heterostructures was enhanced by an order
of magnitude with the incorporation of plasmonic gold
nanoparticles on the 2D surface.

In other recent work on vertical heterostructures, MoS,
and amorphous-silicon (a-Si) vertical stacks were used to
create a photodetector’® that exhibited a rise and fall time
of about 0.3 ms, making it roughly 10x faster compared
to a-Si devices. Such examples present a convincing case
for new physics to emerge in 2D vertical heterostructures
that has the potential to open up interesting avenues for
enabling innovative electronic, photonic, energy harvesting,
sensing and other related devices.

At the same time it is also clear that the need for
high-quality, defect-free materials, the importance of
basic science and discovery for creating a library of new
2D crystals with exciting properties, and for developing
processes that enable easy integration of such thin atomic
layers into device architectures will be areas of great
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FIG. 8. Theoretical calculations show the effect of compressive and
tensile strain on the optical and electronic properties of monolayer MoS,.
(a) The lattice constant for unstrained MoS, is 3.16 A. Direct band gap
characteristics are present for a strain in the range of —1.3%—0.3%.
For strains larger than this, an indirect band gap transition (e.g., point c) is
seen that transitions to a metallic state for strains close to 10%
(e.g., point d). (b) The corresponding calculated band structures,
which illustrate the changes in band gap occurring at various strain-levels,
where changes in curvature also impact the electron and hole effective
masses. Reprinted with permission from Ref. 52. Copyright © The
American Physical Society: Phys. Rev. B (2012).

importance in the future research of 2D materials.
The challenges of synthesizing such structures with atom-
ically smooth interfaces, particularly using scalable tech-
niques, will remain an important area of research to fully
exploit the promise of these materials. In the next section,
Sec. II. B, more details on specific device applications
arising from such 2D layered materials are discussed,
followed by an overview in Sec. II. C of the recent progress
that has been made in developing synthesis techniques for
forming these materials.

B. Device applications
1. Electronic devices

The 2D transition metal dichalcogenides and other 2D
crystals offer properties that complement those of graphene.
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As mentioned, transition metal dichalcogenides such as
MoS,, MoSe,, WS,, and WSe, have an inherent and
appreciable band gap that can extend the possibilities of
such materials in electronics, photonics and related appli-
cations, beyond that of graphene.5 ? As an example, one of
the most important applications of semiconductors is in
transistors for digital electronics, which continue to be
driven by miniaturization and Moore’s Law.

In general, 2D materials can potentially replace con-
ventional semiconductors for ultra-scaled thin-body tran-
sistor applications given their pristine interfaces that are
free of dangling bonds and where transport and scattering
is confined to the plane of the material, to enable low-power
and low-dissipation devices. Interestingly, electrical char-
acterization of single-layer MoS, FETs has shown that it is
an n-type material, with a mobility of 0.5-3 cm?/V-s'¢%,
which is substantially lower than the bulk mobility of
MoS,.°! Through measurements conducted at cryo-
genic temperatures, the electron transport in 2D layered
MoS, transistors on SiO,/Si appears to be dominated by
trapped charges in the SiO, substrate, which forms
a wide band of localized states where conduction occurs
through the variable range hopping mechanism and
leads to carrier localization.®® This coulombic mecha-

Drain

HfO, ——

$i0; ——

Si substrate

(c)

nism for scattering in 2D layered materials originates from
the randomly charged impurities that lie at interfaces,
and often the appropriate choice of dielectrics can
enhance mobilities.®*"%* For example, while the initial
monolayer MoS, FETs were constructed using an SiO,
gate, when a high-k, top-gate dielectric such as HfO, was
used, as shown in the schematic of Fig. 9, the mobility
increased to 200 cm?/V-s,** besides also possibly modi-
fying the phonon spectrum in the top-gated MoS,
interface. These top-gated transistors from 2D mono-
layers of MoS, with high-k HfO, dielectrics showed
ON/OFF ratios many orders of magnitude larger than
the best graphene transistors at room temperature,** and
the mobility of single-layer MoS, devices was compa-
rable to graphene nanoribbon devices but much lower
than that of either pristine graphene or Si transistors.®
Theoretical calculations of mobility in monolayer MoS,
have also considered the role of deformation potentials
and Frohlich interactions,®® and mobility has also been
investigated as a function of temperature to shed
insights into other scattering mechanisms in 2D lay-
ered materials,®’ such as acoustic and optical phonon
scattering, surface interface phonon scattering, and
roughness scattering.'”

(b)
Top gate

Monolayer MoS,
Source

vl

FIG. 9. The first FET device fabricated from a single flake of MoS,, isolated in (a) and shown in (b) as a fabricated device. (c) A schematic of the
transistor architecture depicts the top-gated device where a high-k material, HfO, used as the inter-layer dielectric, enhanced the transistor
performance. Reprinted with permission from Ref. 44, Copyright © Macmillan Publishers Ltd: Nature (2011).
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Work conducted by Yoon et al.%® using nonequilibrium
Green’s function quantum transport simulations, in addition
to other reports,®” suggest that MoS, transistors appear to
be well suited for low-power, low-speed applications.
This assertion has largely been driven by the heavier
electron effective mass (m* = 0.45mg) and hence lower
mobility of charge carriers in MoS,, in comparison to
high-performance III-V materials, such as GaAs or InSb.

Combining semiconducting 2D layered materials
with 2D dielectrics, such as h-BN, which is most
similar in structure to graphene, allows for the design
of metal/dielectric/semiconductor interfaces for het-
erostructure FETs or tunneling devices, as described
earlier.’® To further elaborate on tunneling devices, it
is interesting to note the impact of rotational alignment
on 2D graphene-based tunneling devices, such as twisted
graphene layers’® and graphene-insulator-graphene junc-
tions.”" Interestingly, in both cases, it is shown that a large
resonant current peak is produced at certain relative rota-
tional angles of the electrodes, where the coupling between
the layers is treated to be spatially uniform. When the elec-
trodes have a near perfect rotational alignment, the non-
linearity in the I~V characteristic is shown to be the strongest,
although follow-up work’® seems to suggest tunneling
does not necessarily get amplified at specific rotational
angles. Experimentally, resonant tunneling has also been
observed in h-BN/graphene heterostructure devices,”
where the ultra-fast switching times in such devices may
potentially enable applications in high-frequency logic
devices, although the role of rotational alignment in such
heterostructures was not specifically discussed.

Beyond single devices, multiple transistor devices
have also been integrated to enable digital circuits, such
as inverters and NOR logic gates by patterning electrodes
on a single layer of MoS, on which the circuits are
fabricated.”* Recently, complex integrated circuits built on
bilayer MoS, were also demonstrated, which included an
inverter circuit and a logic NAND gate to achieve static
random access memory operation.75 In addition, the scal-
ing trends of Si transistors pushes billions of transistors in
smaller and smaller areas, which poses a serious concern
in mitigating heat management issues. However, through
phonon engineering in the atomically sharp interfaces
of 2D materials, thermal transport across interfaces can
be tuned and optimized, which will play a major role in
determining the performance of ultra-high-density nano-
scale circuits. Thermally induced transitions in 2D layered
materials also creates an interesting potential for enabling
innovative device applications. For example, in work con-
ducted by Tongay et al.,”® a thermally induced indirect-to-
direct band gap transition was observed in few-layer MoSe,
using photoluminescence, where a temperature increase
drove few-layer MoSe, toward the 2D limit. It has been
hypothesized that a temperature rise in few-layer MoSe,
leads to thermal expansion, which thermally decouples

adjacent layers. In contrast to MoSe,, where the indirect
band gaps and direct band gaps are nearly degenerate, MoS,
on the other hand did not exhibit this indirect-to-direct band
gap transition with temperature. Few-layer MoSe, thus
provides an example of a 2D layered material where the
optical properties can be controlled reversibly from indirect
band gap to direct band gap by modulating the external
temperature, which may provide interesting prospects for
device applications in the future.

2. Optoelectronic, photonic, and energy-harvesting
devices

The d-orbital conductivity of the metallic components
in the case of transition metal dichalcogenides makes them
an interesting material system for exploring optical prop-
erties.”® As discussed earlier, bulk MoS, films, which have
been used in the lubricant industry for many years,
transform from an indirect band gap semiconductor with
aband gap of ~1.2 eV to a direct band gap semiconductor
with a gap of ~1.8 eV for single—layers.35 The intrinsic
band gap in these layered materials can be tuned depending
on the choice of materials, varying the ratio of each of the
components, and the number of layers that are present.
This suggests that the optical absorbance in such materials
can be engineered, which makes them particularly attractive
for optoelectronics applications, including photo-detectors,
lasers, and light-emission devices. Conversely, they can
also be an interesting choice for light-absorbing materials in
photovoltaic applications.

A phototransistor has been demonstrated from single,
mechanically exfoliated layers of MoS,, which can serve
as a photo detector, where the photocurrent was shown
to depend on the incident light intensity.”” Coupled with
the fast response time, high photo-responsivity, and good
stability, such devices appear to exhibit promising char-
acteristics when compared to similar graphene devices.
In addition, by using MoS; layers of different thicknesses,
photo-detection can be tuned for different wave lengths,
where single- and double-layer MoS, were shown to be
effective for detecting green light, while triple-layer
MoS, was well suited for red light.78 Besides MoS,,
other 2D thin films, such as WS,, have also been shown
to be photosensitive,”’ and Table I provides examples of
other optically active materials.

The 2D layered semiconductor materials are also
very attractive for light emission devices, as was dem-
onstrated recently in photoluminescence experiments.
Photoluminescence is seen in monolayer MoS,, and the
quantum yield of the monolayer MoS, was measured to be
much higher than for bilayer and bulk MoS, as shown in
Figs. 4(a) and 4(b).>*% However, observation of photo-
luminescence in 2D layered materials needs to be explored
further, given that the quantum yield measured so far in
MoS, is much lower, ~4 X 10*3, which is more than
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2-orders of magnitude lower than that would be expected
for a direct gap semiconductor.® Increasing the quantum
yield in such materials by understanding the photolumi-
nescence emission and quenching processes can increase
their potential in photonic and optoelectronic devices.

Given the tunable, direct band gaps of some of the 2D
transition metal dichalcogenides and their relative earth
abundance, they also appear to be a promising choice for
solar cells, potentially opening up prospects for multi-
junction solar cells that capture photons from the visible
to the near-infrared.®° In fact, early work conducted on
some MX, materials shows that they have large optical
absorption (>10" m~! across the visible range), which
implies that 95% of the light can be absorbed by a 300-nm
film.>” Bernardi et al.®' have explored monolayers of
MoS,, MoSe,, and WS, and have shown that a layer as
thin as 1 nm has the exceptional ability to absorb 5-10% of
the incident light. When compared to conventional solar
cell materials such as GaAs and Si, the absorption in some
of these 2D layered materials is an order of magnitude
higher. Moreover, Bernardi et al. explored two types of
device architectures. The first was based on a Schottky
barrier solar cell formed from heterostructures of MoS,
and graphene, and the second was an excitonic solar
cell formed using heterostructures of MoS, and WS,.
Their work illustrated that despite the active layers being
just 1 nm thick, they can still attain a power conversion
efficiency of up to ~1%, corresponding to approximately
1-3 orders of magnitude higher power densities than
the best existing ultrathin solar cells. In addition, as dis-
cussed earlier, the strong light-matter interactions in some
MX, materials can lead to a large photon absorption, which
arises from the Van Hove singularities present in these
materials that can benefit solar cell applications as well.””
The optical absorption in these 2D layered materials was
further improved by the use of plasmonic gold nanospheres,
as discussed earlier,”’ that were created on top of the 2D
heterostructures, which yielded a 10-fold increase in the
photocurrent. Similarly, interesting reports have emerged
recently, which have incorporated MoS, with organic
semiconductors for the realization of hybrid bulk hetero-
junction solar cells,®” as well as electrochemical solar cells
where WS, in combination with TiO, acts as a promising
absorber material.*> These preliminary reports suggest
that some 2D semiconducting monolayer materials hold
promise for photovoltaic applications, where such devices
can potentially be formed on low-cost, transparent and
flexible substrates.

3. Devices on flexible and transparent substrates

The 2D layered materials, given their atomically thin
architectures, appear to be ideally suited for flexible elec-
tronics, as well as transparent substrates for optoelectronics
applications. For large-area, low-cost electronics,
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2D MoS, or other 2D crystals may be an alternative
to low-mobility materials such as amorphous silicon or
organic semiconductors, which degrade easily with
time, to enable potentially higher frequency devices on
conformal and flexible substrates. Together with graphene
and insulating materials such as h-BN, 2D semiconducting
materials may be an attractive choice for constructing
digital circuits on flexible and transparent substrates for
applications such as paper-like transparent displays,
wearable electronics, and solar cells.

In addition, the mechanical properties of MoS, also
appear to be very attractive given the strong intralayer
covalent bonds; the in-plane strength of MoS, has been
found to be 30 times larger than steel, where a Young’s
modulus of 270 GPa was measured.”® In general, the unique
combination of high-strength, excellent out-of-plane flex-
ibility, low broadband absorption, and outstanding and
diverse electronic properties, 2D materials of nitrides,
oxides, and sulfides can be envisioned as promising
earth-abundant materials for components in flexible and
transparent electronic applications, where conductors,
semiconductors, and dielectrics are needed.

C. Synthesis approaches for 2D layered systems

Synthesis of high-quality materials in scalable ways is
one of the most important challenges in the emergence of
any new material with promising properties. While isolating
single layers of 2D layered crystals through mechanical
exfoliation has proven to be the natural choice for quickly
unveiling their intriguing properties and exploring their
device possibilities, there is an urgent need to explore novel
synthesis techniques that can provide a path for scalable
manufacturing. Progress in the nanomanufacturable syn-
thesis of these materials will be vitally important for
propelling this field forward in the coming years. For the
large-scale synthesis of such nanomaterials, solvent-based
exfoliation methods®* have been demonstrated recently,
which yield mono and few layer nanosheets. Such materials
have proven valuable in forming hybrid and composite
materials, potentially in a scalable manner. Another tech-
nique for forming thin layers of transition metal dichalco-
genides is ion intercalation. The intercalation of transition
metal dichalcogenides by ionic species such as Li allows the
layers to be exfoliated in liquid.*> In this procedure, a
powder of a transition metal dichalcogenides is placed in
a lithium-based solution to allow lithium ions to intercalate
between the layers. The material is then placed in water,
which reacts vigorously with the lithium; the hydrogen gas
that evolves from this reaction results in layer separation.
It is not surprising that such solution-based techniques result
in material that contains more structural imperfections com-
pared to other approaches such as vapor-based techniques.

Nonsolution based approaches such as chemical or
physical vapor deposition offer more control on the
physical properties, which is important when considering
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such materials for electronics, photonics, or magnetic
device applications where defect-free materials are highly
desirable. Unlike the vapor-based growth techniques for
graphene and CNTs, which require catalysts for growth,
the synthesis of 2D chalcogenide materials is not a cata-
lytic process. One way for synthesizing MoS, is to expose
deposited Mo metal to a sulfur vapor by heating a solid
sulfur source to temperatures in excess of 700 °C.*® The
thickness of the MoS, grown appears to be dictated by the
thickness of the predeposited Mo metal. Another interest-
ing report that has emerged recently presents a synthetic
technique that can enable the growth of centimeter-scale,
uniform, high-quality MoS, films with controlled layer
number.®’ These reports of some 2D layered materials are
still relatively early in development but hold promise for
the production of uniform, large-area sheets of transition
metal dichalcogenides and other 2D layered materials. The
quality of samples and the role of defects such as grain
boundaries will be extremely relevant for the device
applications emerging from such 2D layered systems.

Another approach that may need to be revisited includes
van der Waals epitaxy, which provides a potential avenue
to fabricate many kinds of ultra-thin heterostructures con-
sisting of metals, semiconductors, and insulators by
using various transition metal dichalcogenide materials.®®
This technique relaxes the lattice matching requirement
encountered in, for example, the molecular-beam epitaxy
growth of traditional semiconductors and allows for the
possibility to synthesize a wide portfolio of heterostructures
on different substrates by using various transition metal
dichalcogenides to yield atomically sharp interfaces that are
free of dangling bonds.

lll. SUMMARY AND FUTURE OUTLOOK

Although the idea of separating individual layers
from 2D layered solids is straightforward, the challenges
in obtaining large single crystal domains, chemical mod-
ification, characterization and modeling of such materials,
transfer of these layers onto appropriate substrates,
manipulating these and fabricating devices are significant.
The importance of preparing mono-, bi-, and few-atomic
layer materials with control and the ability to control
chemical doping, carrier density and contact resistance,
modification and lattice manipulation of atomic layers
to tailor electronic, optical, magnetic, thermal, and mechan-
ical properties will be of paramount importance for realistic
applications to emerge in the coming years. The ability to
engineer the material properties in these 2D layered
materials will provide promising prospects for using
these materials in device platforms for a wide variety of
applications, and the lessons learned from graphene
research should help accelerate progress in these intriguing
and exciting materials for electronics, photonics, sensing,
energy harvesting, flexible electronics and related applica-
tions in the coming years.
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