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Two-dimensional (2D) transition-metal dichalcogenides (TMDCs) exhibit unique electrical,
optical, thermal, and mechanical properties, which enable them to be used as building blocks
in compact and lightweight integrated electronic systems. The controllable and reliable
synthesis of atomically thin TMDCs is essential for their practical application. Recent progress
in large-area synthesis of monolayer TMDCs paves the way for practical production of
various 2D TMDC layers. The intrinsic optical and electrical properties of monolayer TMDCs
can be defined by stoichiometry during synthesis. By manipulating the lattice structure or
layer stacking manner, it is possible to create atomically thin van der Waals materials with
unique and unexplored physical properties. In this article, we review recent developments

in the synthesis of TMDC monolayers, alloys, and heterostructures, which shine light on the
design of novel TMDCs with desired functional properties.

Structure of transition-metal dichalcogenides
Atomically thin transition-metal dichalcogenides (TMDCs)
provide a wide range of unique electrical, optical, and ther-
mal properties that do not exist in their bulk counterparts
(see the Introductory article in this issue of MRS Bulletin)."?
Monolayer molybdenum disulfide (MoS,),? one of the most
important and frequently studied TMDCs, exhibits good
chemical stability and mechanical flexibility. Meanwhile,
its semiconducting nature provides a high ON/OFF cur-
rent ratio in transistors, and TMDC monolayers (MoS,,
WS,, MoSe,, and WSe,) with a direct bandgap give strong
bandgap emission.*® With large carrier mobility and good
mechanical properties, two-dimensional (2D) TMDCs are
considered as promising candidates for wearable and flex-
ible systems.*’

Other TMDC materials, such as molybdenum diselenide
(MoSe,), tungsten disulfide (WS,), and tungsten diselenide
(WSe,), have also attracted much recent attention.®’ Being
an inorganic graphite analogue, all TMDCs share a similar
material structure. Each TMDC layer has a sandwich structure
formed by hexagonally packed transition-metal atoms located
between two layers of chalcogen atoms. Similar to graphite,

a weak van der Waals (vdW) force holds each TMDC layer
together; thus, the bulk crystal can be exfoliated along the
2D surface.

Three main polytypes

In a TMDC monolayer, the transition-metal and chalcogen
atoms form strong covalent bonds, giving rise to several
stacking polytypes and polymorphs. The commonly found
structural polytypes of TMDC are 1T, 2H, and 3R, which refer
to one (1), two (2), and three (3) layers per unit cell stacking
in the tetragonal (T), hexagonal (H), and rhombohedral (R)
symmetry, respectively. Considering MoS, as an example, all
three polytypes of MoS, have regular layered structures with
six-fold trigonal prismatic coordination of transition-metal
atoms (Mo) surrounded by chalcogen atoms (S)."° One
tetragonal-MoS, is a metastable metallic phase, while 2H-MoS,
and 3R-MoS, are thermodynamically stable phases that can
be found in nature. One tetragonal- and 2H-MoS, differ only
by a transversal displacement of one of the two sulfur planes.
As shown in Figure 1a, it has been suggested that lithium-ion
intercalation results in the 2H to 1T phase transformation.!!
Since the 1T structure is typically unstable, a 1T" structure can
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also form by a spontaneous lattice distortion.'>!* On the other
hand, the incorporation of impurity elements, such as Re and
Nb in the MoS, layers, leads to a partial substitution of the Mo
atoms and results in more stable 3R packing.

(2]
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RE OF TWO-DIMENSIONAL TRANSITION-METAL DICHA

Interfacing and quantum confinement in 2D
materials

Because of a large aspect ratio, the interfacing and quantum
confinement in 2D materials are commonly intertwined and
thus, determine their electronic and/or optical properties.'*
Both computational and experimental results have confirmed
that the coupling between electronic transitions and phonons
are significantly improved when MoS, is scaled down from
three-dimensional to 2D geometry. For example, bulk MoS,
is an indirect bandgap semiconductor with very weak photo-
luminescence (PL)." Surprisingly, when the MoS, layers are
thinned down to just a few or to a monolayer thickness, the
PL becomes significant.!s The striking contrast in PL emission
between bulk and monolayer MoS, originally arises from the
quantum confinement in layered d-electron materials, where
the characteristics of the d-electron orbitals comprise the con-
duction and valence bands. Therefore, the emergence of strong
PL in monolayer TMDCs and indirect to direct bandgap con-
version have also been observed in other layered TMDCs such
as MoSe,, WS,, and WSe,.>8?

Grain boundary and edge reconstruction

The mechanical, electronic, optical, and chemical properties
of TMDC materials strongly depend on their structure. Intrinsic
point defects, dislocations, grain boundaries, and type of edg-
es in TMDC layers have been experimentally identified.'*""?
MoS, growth has been shown to follow a layer-plus-island
(or Stranski—Krastanov) growth mode,*?° where monolayer
MoS, domains initially gather and interconnect with each other
until the full coverage of the monolayer is complete.* Najmaei
et al. have demonstrated that coalescence of TMDC grains leads
to the formation of grain boundaries with arrays of dislocations
of pristine and sulfur-substituted (5|7) fold rings," where (5|7)
means that dislocations consist of 5 and 7 atom ring structures
folded together. Furthermore, a rich variety of point defects and
dislocation cores have been identified in MoS, layers using
aberration-corrected scanning transmission electron micro-
scope (STEM). Figure 1b shows the core structures of (5/7),
(618), and (4/6), and other core structures such as (4|6) and (4|8)
fold rings, which have also been identified by Zhou et al.'”

Figure 1. Structure of transition-metal dichalcogenides (TMDCs).
(@) Three main structural polytypes identified as one tetragonal (1T)-MoS,,
two hexagonal (2H)-MoS,, and three rhombohedral (3R)-MoS,.

(b) Scanning tunneling microscopy images showing the structure with
(5]7) fold rings and new core structures with (4|4), (4|6), (4|8), and
(6]8) fold rings. The yellow white and purple spheres represent top
and bottom S and Mo, respectively. (c) High resolution high-angle
annular dark-field scanning transmission electron microscopy image
of MoSe,/WSe, heterostructures. The image in the yellow dotted
box is a close-up of the region highlighted on the right. (left) The
close-up shows the in-plane lateral heteroepitaxial growth of the
TMDC materials results in well-defined lateral heterostructures of
MoSe,/WSe, with an atomically abrupt lateral interface, as indicated
by the red dashed line in the left micrograph. (a) Reproduced with
permission from Reference 10. © 2014 Royal Society of Chemistry.
(b) Reproduced with permission from Reference 17. © 2013 American
Chemical Society. (c) Reproduced with permission from Reference
21. © 2014 American Chemical Society.

MRS BULLETIN - VOLUME 40 - JULY 2015 - www.mrs.org/bulletin 1 567



SYNTHESIS AND STRUCTURE OF TWO-DIMENSIONAL TRANSITION-METAL DICHALCOGENIDES

Monolayer MoS, has a direct bandgap with strong PL.
PL mapping can also be used to distinguish the grain bound-
ary from pristine TMDC regions. Since the reconstruction
of'atoms along the grain boundaries may generate new states
near the Fermi level, a locally modified PL emission around
the junction of different grains is typically observed. Van der
Zande et al. used PL mapping to image the grain boundaries of
polycrystalline TMDC monolayers.'® Significant differences
in PL intensity and peak shift have also been observed from
polycrystalline MoS, with mirror symmetric and faceted
tilt grain boundaries. The mirror boundary shows an 8 meV
upshift in peak energy and a decrease in peak intensity, while
the tilted boundary shows enhanced PL emission and a 26 meV
upshift in peak energy.'®

Additionally, TMDC materials can also form in-plane
heterostructures, which lead to interesting edge reconstruc-
tion of atoms along the TMDC heterojunctions. As shown in
Figure lc, in-plane lateral heteroepitaxial growth of TMDCs
has recently been realized. Well-defined lateral WS,/MoS,
heterostructures were synthesized via chemical vapor depo-
sition (CVD) and further demonstrated the ability to form an
intrinsic monolayer p—n junction.”! Gong et al. have fabricated
an atomically abrupt lateral interface between MoS, and
WS, with atomic precision.?> An atomically coherent lateral
interface between WS, and MoS, appears as a straight line
and preferentially along the zigzag direction, with occasion-
ally observed lateral junctions along the armchair direction.
Transition-metal elements are found to diffuse over a width
of 1-3 unit cells around the armchair interfaces, which is likely
due to the relatively low stability of armchair edges during
epitaxial growth.

Duane et al. has also reported nearly coherent hetero-
structure between WS, and WSe,.?* However, energy disper-
sive x-ray spectroscopy line scan profiles suggest there is
no atomically abrupt junction formation, and the WS, to
WSe, phase transition typically exists over a length range
of ~35 nm. This gradual interface was attributed to the slow
switching of vapor-phase reactants during growth. Zhang
et al. have also demonstrated direct synthesis of lateral
MoS,/WS, and MoSe,/WSe, heterostructures.?’ Atomic-
resolution STEM has revealed that the lateral heterostruc-
ture picks the zigzag direction of the lattice instead of the
armchair direction. Note that an abrupt heterojunction may
present interesting interlayer excitonic features and distinct
p—n junction properties.

Chemical exfoliation of TMDCs

The mechanical cleavage technique, first used to produce
graphene in 2004,> is the typical exfoliation method to pre-
pare monolayers and multilayers from their bulk crystals.?
Although pristine, large-size, single-layer TMDC nanosheets
can be obtained by mechanical cleavage, its low through-
put has limited practical applications. Alternatively, chemi-
cal exfoliation has been developed to realize high-yield and
large-scale production of TMDC nanosheets in solution phase.
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In this section, we focus on various kinds of chemical exfoliation
approaches for TMDC nanosheets, with an emphasis on the
advantages and disadvantages of each method.

Direct sonication in common solvents or polymer
aqueous solutions

As a typical example, Coleman and co-workers demonstrated
that bulk TMDC crystals can be effectively exfoliated by direct
sonication in common solvents (e.g., N-methyl-pyrrolidone
[NMP] and dimethylformamide [DMF]).* A number of single
or a few-layer TMDC nanosheets, such as MoS,, WS,, MoSe,,
NbSe,, TaSe,, NiTe,, and MoTe,, were prepared from their
bulk crystals using this method. Both theoretical calculation
and experimental results revealed that the degree to which the
surface energies match between the solvent and the layered
crystal can be used to minimize the enthalpy of exfoliation
and is a key factor for achieving effective exfoliation. For
example, in the case of exfoliation of MoS,, NMP is the most
effective solvent whose surface tension matches well with the
surface energy of MoS,.

Typically, solvents with surface tensions close to 40 mJ/m?
are required to exfoliate most layered compounds.?3?
Unfortunately, it was found that water, the most commonly
used solvent, has a surface tension of 72 mJ/m?, which is not
suitable for exfoliation of TMDC sheets. Intriguingly, Zhang
and co-workers reported that a water—ethanol mixture is suit-
able to exfoliate and disperse 2D TMDC nanosheets by soni-
cation, although individually, neither water nor ethanol has
proved to be a suitable solvent for the exfoliation of TMDC
crystals.*® This obvious difference is attributed to the change
in solubility parameters upon mixing of the solvents. This
method is convenient, economical, and potentially scalable
since water and ethanol are commonly used solvents.

Coleman and co-workers also reported on the exfoliation
of TMDC crystals by sonication in a polymer aqueous solution.’!
They found that a number of layered crystals can be exfoliated
in water in the presence of a polymer, resulting in well-
dispersed TMDC nanosheets coated with the polymer. Large-
scale production of 2D TMDC nanosheets can be achieved
by direct exfoliation or polymer-assisted methods.** Due to
limitations of the sonication process, however, the yield of
single-layer sheets produced by these methods is relatively
low, and the lateral size of the sheets is relatively small and
non-uniform (from several nm to several hundred um range).*
Moreover, the polymers coated on the TMDC nanosheets are
undesirable for some applications.?!

lon intercalation and exfoliation

The intercalation of layered TMDC crystals with n-butyllithium
in hexane followed by exfoliation in water via sonication
was developed in the 1970s to produce single-layer TMDC
nanosheets.** ¢ In this process, the lithium (Li) ions were interca-
lated into the layered spacing, and they reacted with the TMDC
crystals to form Li-intercalated compounds (e.g., for MoS,, the
compound is LiMoS,, where x is the number of Li atoms).*>**
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The Li-intercalated compounds were then sonicated in water
or ethanol to obtain well-dispersed single-layer sheets.

Note that the H, gas generated from the reaction between
lithium and water (or ethanol) also helps to further push the
stacked TMDC layers apart. Based on this method, a range of
well-dispersed TMDC monolayers, such as MoS,, WS,, and
TiS,, have been prepared in high-yield and large amounts. It is
worth pointing out that the yield of single layers obtained
by this method is much higher than that using the direct soni-
cation or sonication in polymer aqueous solution. A unique
advantage of this method is the phase transformation from the
2H to the 1T phase of some TMDC nanosheets (e.g., MoS,
and WS,) during the interaction process. This offers great
opportunities to realize superior performance

RE OF TWO-DIMENSIONAL TRANSITION-METAL DICHA

Vapor phase deposition of TMDCs

The synthesis of uniform and large-area TMDC layers is an
essential requirement for their practical application in elec-
tronic and optical devices.®’ Vapor phase deposition, a bottom-
up synthesis strategy, provides a synthetic route that can be
employed to obtain monolayer TMDCs, heterostructure alloys,
and multilayer stackings. It shows great promise to generate
high-quality TMDC layers with scalable size, controllable
thickness, and excellent electronic properties.

Vapor phase reaction for monolayer TMDC growth
As shown in Figure 3, there have been attempts to produce
TMDC layers via sulfurization of a transition-metal or metal

for specific applications (e.g., electrocatalysis
and transistors) via phase engineering.’”* E
Recently, Loh and co-workers reported a
modified method to produce TMDC sheets
with large size. First, bulk TMDC crystals were
expanded with hydrazine (N,H,) by the hydro-
thermal method.?* Sodium naphthalenide rather
than n-butyllithium was used as the intercala-
tion agent. By using their method, a variety of
TMDC sheets, such as MoS,, TiS,, TaS,, and WS,,
with lateral sizes up to tens of micrometers,
were obtained. However, the intercalation pro-
cess needs high temperatures (e.g., 100°C) and
long reaction times (e.g., three days). Moreover,
uncontrollable lithium/sodium intercalation
leads to incomplete lithium intercalation or

low yield of single layers or decomposition of
TMDC nanosheets into metal nanoparticles
and Li,S.

Recently, Zhang developed an electrochem-
ical Li-intercalation and exfoliation method to
produce various TMDC nanosheets (Figure 2a),
including MoS,, WS,, TiS,, TaS,, ZrS,, and
NbSe,.***! The layered bulk crystals were
integrated in a Li-ion battery cell as the cathode,
and a lithium foil was used as an anode. The
Li interaction process was conducted during
the discharge process. Based on this method,
a series of single or few-layer TMDC nanosheets,
such as MoS,, TiS,, TaS,, and WS, (Figure 2b),
could be prepared with high yield and at a large
scale, in which the yield of single-layer MoS,
and TaS, sheets reached over 90%. In contrast to
intercalation with organometallic compounds,
this electrochemical Li-intercalation method can
be easily carried out at room temperature in less
than six hours. Importantly, the Li-intercalation
process could be well controlled by monitor-

Cu foil

Bulk material

Nanosheet
over-insertion of lithium, resulting in either a __ dispersion

Battery Testing
System

Lithium-ion
Discharge
battery arg
Tﬂu sample out
) Immerse uhimd :
1) Sonication material in H,0
e G
2) Removal
of Cu foil

Dismantled cell

E
i

Figure 2. Chemical exfoliation of transition-metal dichalcogenides (TMDCs). (a) Schematic
illustration of the electrochemical Li-intercalation and exfoliation process for synthesis
of single- or few-layer TMDC nanosheets. First, bulk layered materials were coated on a Cu
foil and used as the cathode; lithium foil was used as the anode. The electrochemical lithium
intercalation was performed, and finally the lithium-intercalated material on Cu foil was
sonicated in water to obtain the nanosheet dispersion. (b) Atomic force microscopy images
of the TMDC nanosheets deposited on SiO, substrates and the corresponding height profiles
at the indicated edge sites (white dotted boxes). (a) Reproduced with permission from

Reference 39. © 2011 Wiley. (b) Reproduced with permission from Reference 40.

ing the discharge curve to avoid insufficient Li © 2012 Wiley.

intercalation or over Li insertion.
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Figure 3. Synthesis of transition-metal dichalcogenide monolayer and substitutional
doping. (a) MoS, growth via thermal decomposition of thiosalts. Precursor (NH,),MoS,
was dip-coated onto SiO,/Si or sapphire substrates followed by the two-step annealing
process. The as-grown MoS, film can be transferred onto other arbitrary substrates.
(b) Schematic of the strategy for growing large-area atomically thin MoS, layers via chemical
vapor reaction of MoO, and sulfur powder. MoO, evaporates at the growth temperature
and reacts with sulfur vapor to form monolayer MoS, on the substrate. (c) Lattice
structure illustration for substitutional Nb doping of MoS, and charge-transport behavior
comparison between Nb doped and pristine MoS,. A digital photograph (inset) shows
the synthesized crystal (scale bar = 3 mm). The /-V measurement (right) shows the gate
voltage (V) dependence of the channel current of undoped MoS, and Nb-doped multilayer
MoS,. The Nb-doped multilayer MoS, exhibits p-type conduction with much weaker gate
voltage dependence and much higher ON-current compared to monolayer MoS,. (d) Typical
scanning electron microscopy morphology (left) and photoluminescence spectrum (right)
of the obtained ternary MoS,,Se,_, nanosheets. Note: /4, drain current; V, drain
voltage; L, distance between MoO, and S powder. (a) Reproduced with permission from
Reference 42. © 2012 American Chemical Society. (b) Reproduced with permission from
Reference 43. © 2012 Wiley. (c) Reproduced with permission from Reference 52. © 2014
American Chemical Society. (d) Reproduced with permission from Reference 53. © 2014
American Chemical Society.

oxide thin film, thermal decomposition of thiosalts,** and
vapor phase transport of TMDC powders.” However, it remains
a challenge to obtain a high-quality TMDC with a desired
number of layers, since the thickness of the precursor coating
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or the amount of reactant needs to be precisely
controlled. Li et al. have reported a strategy for
growing large-area atomically thin MoS, lay-
ers via chemical vapor reaction of MoO, and
sulfur powder (Figure 3b).** During TMDC
growth, the transition-metal oxide in the vapor
phase undergoes a two-step reaction, where a
suboxide compound likely forms during the
reaction, which serves as an intermediate that
diffuses to the substrate and further reacts with
sulfur vapors to grow TMDC layers.

It is anticipated that the surface energy control
of the growth substrate is critical for the nucle-
ation and crystallization of TMDC layers.*#*
The presence of aromatic molecules has been
shown to provide better wetting between pre-
cursors and the substrate surface to promote
TMDC nucleation.* Van der Zande et al. have
reported a refined chemical vapor reaction
route for ultra-large MoS, synthesis.'® The
growth of the TMDC layer was found to be
sensitive to the properties of the substrate
surfaces. By using clean substrates and fresh
precursors, ultra-large MoS, crystalline islands
with an average size between 20 um and 100 pm
were obtained. Najmaei et al. found MoS, crys-
tals with triangular shapes commonly nucle-
ate and form on the step edges."” Therefore, it
is possible to control the growth location of
MoS, layers by patterning the substrates using
conventional lithography processes. The pat-
terns on the growth substrate can significantly
reduce the nucleation energy barrier of MoS,,
thus realizing the synthesis of TMDC lay-
ers at predefined locations. Eichfeld et al.
have demonstrated a highly scalable syn-
thesis approach of large-area WSe, (yield-
ing >8 um size domains) via metal-organic
CVD (MOCVD) using tungsten hexacarbonyl
(W(CO),) and dimethylselenium ((CH;),Se)
as growth precursors.* The MOCVD method
allows for excellent control over the process
conditions, which is critical for large-scale, high-
quality TMDC production.

The direct vapor phase reaction of transition-
metal oxide and sulfur/selenium has been
widely applied by many research groups to
produce TMDC layers such as MoS,, WS,,
MoSe,, and WSe,.*’ The vapor phase reaction
method allows the growth of single-crystalline
TMDC flakes directly on arbitrary substrates

without the need for an additional transfer process for elec-
tronic device fabrication. It has become a widely adopted
approach for producing TMDC monolayers for electrical
property studies.
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Figure 4. Photoluminescence (PL) from vertically stacked transition-metal dichalgonide
heterostructure. (a) Schematic of the MoS,/WSe, van der Waals heterojunction;

(b) PL spectra of monolayer MoS, (blue), monolayer WSe, (red), and stacked MoS,/WSe,
heterostructure (green) after thermal annealing. The recombination of the electron-hole
pairs at the interface gives lower energy than MoS, and WSe, itself. (c) Schematic of
the band alignment of the MoS,/WSe, heterostructure. The MoS, and WSe, junction

is a Type Il heterojunction. Excited electrons in WSe, tend to accumulate in the MoS,
conduction band, and holes in MoS, tend to accumulate in the WSe, valence band at
the interface. Note: e, electrons; h, holes. Reproduced with permission from Reference 70.

vapor transport method, where iodine was used
as the transport agent. However, this method
could only produce MoS,:Nb bulk crystals,
which need further exfoliation to obtain atomi-
cally thin-layered 2D materials for electronic
device fabrication. The MoS,:Nb device exhib-
its p-type conduction, but the gate voltage (V)
dependence becomes much weaker, which can
be attributed to the degeneracy of the Nb dop-
ing level.

TMDC ternary van der Waals alloys
The intrinsic bandgap of TMDCs can be engi-
neered by their stoichiometry. Recently, both
Mo, WS, and MoS, Se, ,, (x = 0 — 1) alloys
have been synthesized via CVD.%5 As shown
in Figure 3d, the successful synthesis of TMDC
alloys provides a versatile change in their band
structure, and a tunable bandgap emission has
been observed.

Additionally, being an important 2D diluted
magnetic semiconductor, Co-doped MoS, has
recently been investigated both theoretical-
ly and experimentally.’® Li et al. reported the
synthesis of large-scale Co,Mo,_,S, (x =0.16)
nanosheets by an adapted CVD method,*
where Co,0, and MoO; powder were used
as precursors, and sulfur was placed at a hot
zone to generate sulfur vapor for the growth.
The Co,Mo,_,S, nanosheets exhibit #-type semi-
conducting transport behavior. Interestingly,

© 2014 American Chemical Society.

when the growth temperature is increased from

Substitutional doping of TMDC layers for bipolar
transport

Both n- and p-type TMDC-based field-effect transistors are
required in order to integrate them in low-power consumption,
high-performance, complementary logic circuits. Meanwhile,
bipolar carrier conduction is also essential for TMDC-based
optoelectronic devices, such as light-emitting diodes and
photodetectors, which require electron—hole pair generation
and recombination. MoS, has been widely accepted as an
n-type semiconductor due to omnipresent sulfur vacancies.*®

Although p-type doping for TMDCs can be achieved by
surface adsorption*’ or intercalation of electron accepting
molecules,*3° substitutional doping is considered a more
practical and stable approach since the dopant is secured by
covalent bonding. Density functional theory has been used
to study possible substitutional doping strategies for MoS,
monolayers,! where the replacement of Mo by Nb is the most
promising p-doping method.

Experimentally, Suh and co-workers have demonstrated
that Nb doping in the MoS, layer leads to stable p-type con-
duction, as shown in Figure 3¢.’ The Nb-doped MoS, crystals
with a nominal 0.5% Nb doping were grown by a chemical

680°C to 750°C, CoS, gradually grows on the
surface of CoMo,_,S, following the shape of the underlying 2D
layers.

Synthesis of artificial TMDC heterostructures
vdW layered materials have strong in-plane bonding and
weak vdW interplanar interactions. Combining the unique
properties of different 2D layered materials, including graphene,
h-BN, and TMDC:s, into hybrid vdW heterostructures offers
the possibility to create novel 2D building blocks with new
functionalities for versatile applications.’” The success of
vdW hybrid materials is manifested in flexible photovoltaic
devices®™* and field-effect tunneling transistors.®® MoS,/
graphene or graphene/MoS, heterostructures also have shown
great potential in many novel applications, such as electronic
logic and memory devices,” ultrasensitive detection of deoxy-
ribonucleic acid (DNA) hybridization,®! hydrogen evolution
reaction,®>% and energy storage.®*%

On the other hand, considerable effort has been made
in creating heterostructures formed by different 2D semi-
conducting TMDCs. The main theme originates from the
heterostructures of conventional Group IV or III-V semi-
conductors with different bandgaps, which already lie at
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Figure 4 shows the PL spectra for an artifi-
cially stacked MoS,/WSe, heterobilayer with
interlayer coupling. Apart from the band edge PL
from the MoS, (1.85 eV) and WSe, (1.67 V),
a Type I PL at 1.60 eV can be observed, indica-
tive of interlayer coupling.

However, the fabrication of such artificial
heterobilayers with the anticipated interlayer
coupling remains challenging, since peel-and-
paste processes would contaminate the hetero-
interface, which could completely destroy the
interlayer coupling and result in two indepen-
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Figure 5. Raman spectra of the MoS,/WSe, heterojunction. (a-d) Raman spectra of

MoS, (blue), uncoupled MoS,/WSe, heterojunction (green; uM/W), coupled MoS,/WSe,
heterojunction (red; cM/W), and WSe, (black). The curves are shifted for better comparison.
The characteristic peaks for MoS, are at 387 cm™’
402 cm™ (A’; mode; out-of-plane vibration), and those for WSe, are located at 250 cm™’

(E’ and A’, degenerated mode). Raman bands at 260 cm~' and 450 cm~' correspond to the
second order LA(M) phonon (2LA(M)). Raman band at around 284 cm™" is a characteristic
peak for bulk MoS,. In an odd number of layers, it is called E” due to the symmetry involved.
The presence of the layer-sensitive Raman bands suggests strong MoS, and WSe, layer
interaction. (e) Optical microscopy image of the MoS,/WSe, heterostructure. (f) Spatial
mapping of the Raman intensity for WSe, A%,
Raman bilayer signature is only observed and distributed uniformly in the stacked region.
(a—f) Reproduced with permission from Reference 70. © 2012 American Chemical Society.

(E' mode; in-plane vibration) and

peak in the selected area shown in (e). The

dent monolayers. This problem can be partial-
ly resolved by post-fabrication annealing.”*"?
Figure 5 shows, in addition to the interlayer
Type II PL emissions, the layer-number sensi-
tive Raman out-of-plane mode A?,, for WSe,
(309 cm™') and MoS, (463 cm™), as well as the
appearance of the anomaly E” mode for MoS,
(286 cm™), which are also good indicators for
the presence of interlayer coupling.”
Compared to the approach based on artificial
stacking, direct CVD growth is more prom-
ising for the mass production of various high-
quality TMDC heterostructures with scalable
size, controllable thickness, contamination-free
interfaces, and reproducible electronic and opti-
cal properties. Remarkably, Gong et al. report-
ed a scalable single-step vapor phase growth
method for the formation of WS,/MoS, het-
erostructures.?” By controlling the growth tem-
perature, either vertically stacked or in-plane
interconnected WS,/MoS, heterostructures can
be formed. At high growth temperatures, ver-
tically stacked WS, layers on top of the MoS,

{'n'vl M!sualm

the heart of modern semiconductor electronics and opto-
electronics. Layer-by-layer stacking of TMDCs with differ-
ent bandgaps thus represents a 2D analogue, which opens
up opportunities for engineering material properties for
device applications. For example, by combining n-type MoS,
and p-type WSe, monolayers, it is possible to realize atomi-
cally thin vdW p—n junctions. Artificial stacking through “peel-
and-paste” processes (i.e., mechanical transfer of one TMDC
monolayer onto another) is the most straightforward method
to construct TMDC heterostructures.

Theoretical studies based on first-principles ab initio calcu-
lations suggest that the MoX,/WX, (X =S, Se) heterostructure
exhibits a Type II semiconductor heterojunction with a stag-
gered bandgap alignment.®%® Observation of the interlayer
Type II optical transition is a fingerprint of interlayer coupling
between two dissimilar TMDC monolayers. Indeed, PL from

572 M MRS BULLETIN - VOLUME 40 - JULY 2015 - www.mrs.org/bulletin

monolayer with the preferred 2H stacking can
be formed. On the other hand, low temperature growth mostly
results in lateral heterostructures of WS, on MoS, with atomi-
cally sharp heterojunctions.

Similar MoSe,—WSe, lateral heterojunctions have also
been fabricated by Huang et al. using the vapor—solid growth
method.” Atomically resolved transmission electron micros-
copy (TEM) of the lateral heterostructure shows an undis-
torted lattice structure with substitution of one transition
metal by another at the interface. Lateral heterostructures of
the same transition metal but with different chalcogen atoms,
such as MoS,—MoSe, and WS,—~WSe,, have also been real-
ized by Duan and co-workers using in situ modulation of the
chalcogenide vapor-phase reactants (sulfur/selenium) during
growth.? Lateral heterojunctions can be formed epitaxially at
the edges of existing TMDC domains. In particular, by com-
bining n-type WS, and p-type WSe, laterally, monolayer p—n
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Figure 6. Synthesis and properties of heterostructures based on transition-metal dichalcogenide/2D layered materials. (a) Atomic force
microscopy image of MoS, flakes grown on graphene/Cu foil substrate. (b) Cross-sectional high-resolution transmission electron
microscopy (HRTEM) images of WSe,/epitaxial graphene. (c, left) Cross-sectional HRTEM image of MoS,/graphene. White lines denote
layer-to-layer distance for MoS, (0.67 nm) and graphene (0.4 nm). (c, right) The I,V characteristics of a MoS,/graphene transistor device.
Inset optical microscopy (OM) image shows the device architecture (scale bar = 50 pm). The photoresponse of the device suggests
a Fermi level shift of the graphene channel due to hopping of photoexcited electrons from MoS, to graphene. (d) Typical OM image
of MoS,/exfoliated h-BN using F,;CuPc as a promoter. The monolayer MoS, is light purple; h-BN is light green and dark green due to
their thickness differences. (e) Low-energy electron microscopy image and (inset) low-energy electron diffraction pattern (marked by
dotted white circle and “1” in microscopy image, at 50 eV) of a WS, crystal grown on h-BN. (f) Scanning electron microscopy images

of monolayer MoS, on a mica substrate. (g) Helicity resolved photoluminescence (PL) spectra (left) and the corresponding circular
polarization scatter-plot as function of emissive photon energy (right). The high value of PL helicity at room temperature indicates a long
lifetime for the photogenerated excitons in their original valley at the K point. (a) Reproduced with permission from Reference 78. © 2014
American Chemical Society. (b—c) Reproduced with permission from Reference 80. © 2014 American Chemical Society. (d) Reproduced
with permission from Reference 44. © 2014 American Chemical Society. (e) Reproduced with permission from Reference 83. © 2014
American Chemical Society. (f-g) Reproduced with permission from Reference 20. © 2014 American Chemical Society. Note: /, drain
current; V,, gate voltage; S, source; D, drain; c,, right-handed polarization component; c_, left-handed polarization component.

new device concepts and fascinating physics phenomena will
emerge in the near future.

diodes or even complementary metal oxide semiconductor
inverters can be constructed.”
For better control of the synthesis of either vertical or

lateral TMDC heterostructures via CVD growth, indepen-
dent and programmable control of chemical vapor sources
of transition metals and chalcogens are desired. If such a
CVD system becomes available, more sophisticated TMDC
heterostructures, such as one-dimensional quantum wires,
sandwiched 2D quantum wells, or vertical/lateral superlat-
tices, can be realized by programmable control of the vapor
sources as a function of time during growth. With rapid
advances in the synthesis of novel TMDC heterostructures,

Synthesis and properties of heterostructures
based on TMDC/other layer materials

Since h-BN has an atomically flat surface without dangling
bonds or charged impurities,” it is expected that TMDC/
h-BN heterostructures will show enhanced intrinsic proper-
ties such as high PL quantum yield and mobility compared to
TMDCs on Si0,.”%”7 Recently, various approaches for the
growth of TMDCs on graphene or h-BN templates have
been tried. Kong et al. first reported, in 2012, a method for
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epitaxial growth of MoS, on a graphene/Cu foil for a vertical
heterostructure by low-pressure chemical vapor deposition
(LPCVD) (Figure 6a).” They used (NH4),MoS, dissolved
in an organic solvent, N,N-DMF, as a precursor, which formed
MoS, epitaxially on the graphene surface via thermal decom-
position at low temperatures of 400°C. Even though there is
relatively large lattice mismatch between MoS, and graphene
(~28%),” the intrinsically weak vdW interaction between the
two materials plays an important role in the formation of the
MosS,/graphene heterostructure, indicating that graphene can
be a template for epitaxial growth of MoS,.

Lin et al. also demonstrated the direct growth of MoS, or
WSe, on epitaxial graphene on a SiC substrate, as shown in
Figure 6b.8%! Strain, wrinkling, and defects on the surface of
graphene can be nucleation centers, and, in particular, MoS, on
graphene can lead to a 10° times improvement in photoresponse
compared to MoS, alone, possibly due to the higher crystal qual-
ity of MoS, with an atomically sharp interface and the screening
of the charge scattering from SiC by graphene. Subsequently,
Lin et al. reported uniform MoS,/graphene heterostructures on
sapphire substrates.®? Sapphire was used to maximize the film
size of the heterostructure and avoid possible chemical reactions
between growth substrates. The number of MoS, layers were
controlled by changing the amount of the precursor, MoCl,. The
cross-sectional high-resolution TEM image shown in Figure 6¢
(left) reveals direct evidence for a vertical heterostructure of
MoS, and graphene with interlayer spacing of 0.67 nm and
0.4 nm, respectively. A Fermi level shift of the graphene chan-
nel on the MoS,/graphene heterostructure was observed due
to hopping of photoexcited electrons from MoS, to graphene
(Figure 6c, right).

Kong et al. grew MoS, monolayers on mechanically exfoli-
ated h-BN substrates using F,CuPc as a seeding promoter, which
was deposited on h-BN by thermal evaporation (Figure 6d).*
Okada et al. reported the growth of WS, single layers on
mechanically exfoliated h-BN using WC,, and elemental sul-
fur as precursors by an atmospheric pressure CVD system.*
The WS, grown on h-BN exhibited an intense sharp PL emis-
sion peak centered at 2.01 eV with a very small full width at half
maximum of ~26 meV, indicating high-quality WS,. Moreover,
they measured low-energy electron diffraction patterns of WS,/
h-BN, shown in Figure 6e, indicating a distinct crystallographic
relation between WS, and h-BN. This observation reveals the
presence of substantial interaction between WS, and h-BN.

Similar to graphene and h-BN, fluorophlogopite mica
(KMg,;AlSi;0,,F,) is also atomically flat and has a hexagonal
crystalline structure with small lattice mismatch (~2.7%) with
MoS,. Thus, it is considered to be a good template for TMDC
growth by CVD methods. Ji et al. reported that centimeter scale,
single-layer MoS, could be grown on mica using LPCVD
(Figure 61).% They suggested that even a small lattice mis-
match between mica and MoS, can induce intrinsic strain that
quenches the PL. Figure 6g shows helicity-resolved PL spec-
tra and corresponding circular polarization for MoS, on mica
and on Si0,/Si after transfer.?’ The complementary colored
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curves inside the circular polarization scatter-plot are the
adjacent-point-averaged results. The degree of circular polar-
ization is defined as:

Plo.)=(1(0.) - (o ))/(1o)+ 1), ()

where /(c,) and /(c_) denote the PL intensity of the right- and
left-handed components, respectively. MoS, on mica exhib-
ited a low PL helicity, P(c,), of less than 0.1, whereas MoS,
transferred onto SiO,/Si from mica showed a PL helicity
of ~0.35 because of a dramatically decreased /(c_) at room
temperature. This phenomenon is due to the released strain of
MoS, being transferred onto the SiO,/Si substrate. The high
PL helicity means a long lifetime for the photogenerated exci-
tons, indicating high-quality MoS,.

Summary

Semiconducting TMDC materials with tunable doping levels
make them complementary to graphene and other 2D materials.
Various methods have been developed for the synthesis of
monolayer and few-layer TMDC nanosheets, among which
the exfoliation method generates a range of well-dispersed
TMDC monolayers in high-yield and large amounts, while
chemical synthesis approaches can produce TMDC materials
on the wafer-scale that are useful for the fabrication of elec-
tronic and optoelectronic devices. In addition, the electrodis-
persive properties and the semiconducting nature of TMDCs
can be tailored by chemical doping and bandgap engineering.
Novel properties and new phenomena also arise from 2D het-
erostructural stacking. To realize practical applications, more
effort is required to address many issues related to the growth,
including layer number control, size control, selective-area
growth, and direct growth of heterostructures.
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