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Two-dimensional heterostructures: fabrication,
characterization, and application

Hong Wang,? Fucai Liu,® Wei Fu,® Zheyu Fang,”““ Wu Zhou® and Zheng Liu**"9

Two-dimensional (2D) materials such as graphene, hexagonal boron nitrides (hBN), and transition metal

dichalcogenides (TMDs, e.g., MoS;) have attracted considerable attention in the past few years because of

their novel properties and versatile potential applications. These 2D layers can be integrated into a mono-
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1. Introduction

Materials behave significantly distinct in reduced dimensions
when compared with their bulk counterparts, as exemplified
by the form transition from bulk graphite to two-dimensional
(2D) graphene and one-dimensional (1D) carbon nanotube.
Such low dimensional crystals trigger great interest from both
the fundamental and application points of view, especially for
2D graphene and graphene analogues over the last decade. In
fact, the thermal stability of a single-atom-thickness sheet was
studied as long ago as the late 1930s. Theorists predicted that,
at room temperature, the physical reality of free-standing
graphene was impossible due to the minimization of its
surface energy."” Such speculation has been disproved by an
experiment in 2004 when monolayer graphite was successfully
isolated by Geim et al. on silica via mechanical exfoliation.®
Since then, great attention has been paid to the 2D research
field, and as a result, lots of other atomically thin 2D
materials, such as hBN and MosS,, with properties distinct
from that of graphene have been prepared experimentally.
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layer (lateral 2D heterostructure) or a multilayer stack (vertical 2D heterostructure). The resulting artificial
2D structures provide access to new properties and applications beyond their component 2D atomic
crystals and hence, they are emerging as a new exciting field of research. In this article, we review recent
progress on the fabrication, characterization, and applications of various 2D heterostructures.

Now we have 2D semimetals, semiconductors, and insulators,
etc. These 2D members can be stacked or stitched together to
form atomically thin 2D heterostructures. In 2010, Dean et al.
introduced the first atomically thin 2D heterostructures, in
which graphene was placed on top of thin hBN layers. They
demonstrated that hBN can serve as an excellent 2D substrate
for graphene.” Atomically thin 2D heterostructures have
received extensive attention since then and many exciting
experimental results have been reported during the past few
years.” 2

There have appeared many reviews on 2D materials beyond
graphene over the past few years;">™'® however, 2D heterostruc-
tures have rarely been involved.">' In 2013, Geim et al
explained the significance of 2D heterostructures and pro-
posed some possible directions in this area.’” In the present
article, we focus on the fabrication, characterization, and
applications of various 2D heterostructures.

With the upholding by van der Waals forces, it is expected
that one can stack arbitrary stable 2D layers together by the
exfoliation-transfer technique, but for the lateral structures
fabrication, things become more complicated as atoms from
different 2D materials need to bond together to form a well-
stitched lateral junction. Experimentally, some typical lateral
junctions, e.g., graphene and hBN, have been achieved by a
vapor-phase growth method. In this review, after a brief intro-
duction of pristine 2D materials synthesis, we discuss the fab-
rication techniques (emphasizing the vapor-phase growth
and sequential transfer methods), and the morphologies and
structures of 2D heterostructures, and, where possible, the
relationship between the structure and electronic properties
will also be reviewed. In the last part, we summarize recent
progress in electronic and optoelectronic applications of 2D
heterostructures.

This journal is © The Royal Society of Chemistry 2014
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2. Pristine 2D materials synthesis

This review mainly deals with the 2D materials based hetero-
structures. As is well known, vapor-phase growth and the
sequential transfer method have been recognized as two of the
most effective ways to obtain 2D heterostructures. The vapor-
phase growth of 2D heterostructures has much in common
with pristine 2D materials growth. Therefore, before discussing
2D heterostructures fabrication, we will give a short review of
the synthesis of pristine 2D materials, with an emphasis on
the vapor-phase growth method.

Graphene Atomically thin graphene was first prepared by
Geim et al. via a mechanical exfoliation method.” Such gra-
phene has a very high-quality, yet the method has a poor
output. In order to scale up the applications of graphene,
there is a great need to develop a neat and inexpensive method
for the synthesis of large-area and high-quality graphene in
great uniformity and continuity. Silicon carbide (SiC) was
found to be an excellent substrate for the epitaxial growth of
wafer-size graphene in 2004.%° Since then, significant advances
have been made in this area. The quality of graphene has thus
considerably improved in recent years.”’ > The possibility of
large integrated electronics on SiC-epitaxial graphene was also
first proposed around the same time. Hundreds of transistors
on a single chip®® were made by MIT researchers in 2009, with
very high frequency transistors produced on monolayer gra-
phene on SiC.>” Alternatively, a large variety of metals (Ni,**®
Cu’37,39—44 Pt’45—48 C0,37’49'5° Ru,51’52 Ir,53’54 Pd’ss Ag,se Au,57
Ga,58_60 Ge,61‘62 M0,63,64 W,64 Ti’64 Zr’64 Hf,64 V,64 Nb’64 Ta’64
and In®) and alloys (Cu-Ni,**®” Cu-Co,°® Cu-Ag,*® Ni-Mo,”°
Ni-Ge,”" Ni-Au’®) have been demonstrated for the growth of
graphene via a surface reaction process or the surface segre-
gation of carbon upon cooling from a metastable carbon-
metal solid solution using a CVD method (summarized in

Table 1 A summary of the elements and alloys used as substrates for
the CVD growth of graphene. Blue shading refers to substrates suitable
for a few-layer graphene growth. Pink shading indicates polycrystalline
substrates that can be used for growing highly uniform monolayer
(>95% coverage) graphene under optimized CVD conditions. Single-
crystal substrates that support the growth of uniform monolayer
graphene are shaded green. White shading indicates the substrates on
which there is no report of graphene yield
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Table 1). The carbon solubility in the metals and the growth
conditions determine the deposition mechanism, which ulti-
mately also defines the morphology and thickness of the gra-
phene films.”* Specifically, Ni and Cu have been found to be
excellent substrates for growing large-scale and high-quality
graphene in a low-cost and controlled way.>*** To date, single-
crystal graphene up to a centimeter and wafer size®’* 7% and
polycrystalline graphene up to forty inches size’>®® can be
grown by an optimized CVD process.

hBN Hexagonal boron nitride (hBN) is a common nontoxic
material, used for its excellent electrical insulation, high
thermal conductivity, and superior lubricant properties. hBN
atomic layers are an important complementary 2D crystal and
substrate to graphene because their atomically smooth surface
and strong ionic bonding significantly reduce the charge traps
on the surface,®" and thus improve the carrier mobility of gra-
phene by about one order higher than SiO, substrates.”®” Like
graphene, micromechanical cleavage can be employed to
prepare atomically thin hBN from its bulk counterpart.
However, the small size (a few microns and even less) and
extremely low output of the resulting hBN flakes limit its
applications.

Pioneering work on the synthesis of hexagonal boron
nitride atomic layers by a CVD process has been reported over
the past few years. Song et al. demonstrated the large-scale
growth of hBN layers via a low-pressure assisted CVD (LPCVD)
method, using ammonia borane (NH3-BHj3) as the sources of B
and N and Cu as the substrate.®>%* A few months later, Shi
et al. reported a similar approach using borazine (B;N;Hj)
as the source and Ni as the substrate.® Other compounds,
such as trichloroborazine (B;N;H;Cl;) and hexachloroborazine
(B3N;Clg), were also used via pyrolysis to form hBN thin
films.®® Recently, large-area uniform monolayer hBN was
obtained on Cu®”*® and Pt* foils via a LPCVD method. Single-
crystal monolayer hBN up to several microns has also been
synthesized on electropolished or pre-annealed Cu foils.”>*!

TMDs Transition metal dichalcogenides (TMDs) are a
diverse and large class of layered materials, consisting of
more than 40 members which possess a variety of physical
properties.'** % Molybdenum disulfide (MoS,), as a represen-
tative of the TMD family, has recently attracted tremendous
attention as a channel material for field-effect transistors.'**
With a large “ON/OFF” ratio and reasonable charge carrier
mobility, this material may be a good candidate for application
in semiconducting technologies. Developments in the vapor-
phase growth of TMDs can be primarily divided into solid
state sulfurization of the transition metal containing films'®
and chemical vapor growth through the reaction of sulfur and
transition metal oxides.'®'°” In the case of MoS, thin films,
an easy approach was first developed by sulfurizing molyb-
denum films in order to prepare MoS,.'% In addition to silica,
monolayer and high-quality MoS, was also grown on nearly
lattice-matching mica substrates, and the growth was proposed
to follow an epitaxial growth mechanism.'®® With various aro-
matic molecules as growth seeds, large-area uniform mono-
layer MoS, was synthesized on diverse substrates.'*>''° So far,
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Table 2 Experimental results on some 2D monolayers grown from the
vapor phase

Band Max Max mobility
gap polycrystalline Max single on SiO,/Si
Monolayers  (eV) film size crystal size (em®>Vv~'s™h
Graphene 0 40 inches®” 5.08 cm® 16 000”7
hBN ~6.0 7cmx7cm®® ~10 pm®>t —
MoS, ~1.8 1cmx3cm® ~123 pm®* 7%
WS, ~2.1 1lcmx1cm®” ~180 pm*®  0.46"
MoSe, ~1.5 15cmx2cm®  ~135um* 50
WSe, ~1.7  ~1inch*® ~50 pm*°° 90'%°

high-quality and single-crystal MoS, layers can be synthesized
via various methods and have been comprehensively character-
ized in terms of atomic structures, electronic transportation,
and electronic logic devices. The preparation of wafer-size con-
tinuous MoS, films and large single-crystal domains is an
ongoing challenge. Besides MoS,, many other layered sulfides
and selenides, such as WS,,°*°”'! MoSe,,”>'** and WSe,,"°
were also prepared by a similar vapor-phase growth method.
We note that, compared to the surface reaction growth of gra-
phene and hBN, the vapor-phase growth of TMDs is less con-
trolled and has poor repeatability. In Table 2, we summarize
the progress on pristine 2D materials growth from the vapor
phase, including the maximum polycrystalline film and single
crystal size, and the maximum mobility (on SiO,/Si) that have
been achieved so far.

3. Fabrication and structural
characterization of 2D
heterostructures

3.1. Lateral heterostructures

“Lateral heterostructure” refers to a material system that con-
sists of different 2D crystals bonded in a single atomic layer; it
is an extension of the conventional “heterostructure” concept
into the 2D regime. Modification of the pristine 2D materials
fabrication technique allows us to obtain different 2D layers in
one plane. Due to their relatively small lattice mismatch
(1.7%) and the same crystal structure, graphene and hBN were
considered to be integrated into a single atomic layer. The elec-
tronic band structures and properties of these lateral gra-
phene-hBN (G-hBN) heterostructures were expected to be
different from that of pristine graphene and hBN,"**™"** giving
rise to the potential for the development of band-gap-
engineered applications in electronics and optoelectronics.™*®
Experimentally, it has been demonstrated that the shape-con-
trolled lateral heterostructures could find applications in 2D
electronic devices, such as p-n junctions, atomically thin inte-
grated circuitry, and in split closed-loop resonators.'”**8
3.1.1. Lateral G-hBN heterostructures with randomly dis-
tributed domains. As discussed earlier, high-quality graphene
and hBN can both be synthesized on metal substrates (Cu, Ni,
et al.) by CVD with different precursors. It is reasonable then
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that one can modify the growth process to deposit graphene
and hBN domains in one plane. Fig. 1a is an illustration of a
two-step growth method: hBN (graphene) domains were firstly
grown on metal substrates, followed by the growth of graphene
(hBN) domains on the uncovered metal surfaces. With
this procedure, graphene and hBN lateral heterostructures
can be created on various metal single crystals under UHV
(Fig. 1b).""® These samples are suitable for atomic scale
characterization of the interface structures, but are not feasible
for scalable fabrication. CVD on poly-crystalline Cu was used
as a simple way to realize the G-hBN lateral heterostruc-
tures. 7118120121 Mivata et al. found that during the two-step
deposition of graphene and hBN on Cu foils, the hBN growth
was initiated preferentially at the edge of the graphene grains
(Fig. 1¢)."*?

In addition, the one-step growth method may also lead to
lateral heterostructures. Fig. 1d shows an experimental con-
figuration for preparing such lateral G-hBN heterostruc-
tures."' At ~1000 °C temperature, CH, as the C source and
NH;-BH; as the B and N sources were simultaneously intro-
duced into the furnace to support the growth of G-hBN hetero-
structures on Cu foils. Fig. 1e shows an AFM image of the
resulting hybrid film. Based on the experimental results and
theoretical calculations, Ci et al. believed that the hybrid hBNC
films (BN concentrations >10%) consisted of randomly dis-
tributed domains of nanometer-sized graphene and hBN
connected in one plane, forming a large number of lateral
heterostructures. By adjusting the partial pressure of CH, and
NH;-BHj;, they could tune the BN concentrations in the hBNC
films, and therefore modify the properties of the hBNC
films."*® Liu et al. further demonstrated that by optimizing
the growth conditions, the graphene and hBN domain size
in the hBNC films could be increased to a few hundreds of
microns."'®

Chang et al. performed experimental investigations of the
phase separation and band structure of hBNC films at low BN
concentrations."'* The BN content in the graphene layers was
tuned by changing the heating temperature of the NH;-BH;
precursor, and was further confirmed by X-ray photoelectron
spectroscopy (XPS). The structural evolution of the hBNC film
with different BN concentrations was characterized using
TEM. As shown from Fig. 2a-2c, no BN phase was observed in
2BNG (2% BN-doped graphene) film, and the segregation of
the BN domains is found to occur for BN concentration above
8%. Fig. 2d is an illustration of the structural evolution in
hBNC films with different BN concentrations. Such a structural
evolution has a significant influence on the electronic struc-
ture of hBNC films, as confirmed by the X-ray absorption (XAS)
and emission (XES) spectroscopy measurements. Fig. 2e shows
the C K-edge XAS and K, XES spectra of pristine graphene and
hBNC samples. We note that the band gap increases with the
BN concentrations, reaching 600 meV for the 6% BN-doped
sample. Further increases of the BN concentration will lead to
a decrease in the band gap. For a BN concentration of 52%, no
band gap is observed, which is similar to the pristine graphene
situation."™ The band gap opening in BN-doped graphene was

This journal is © The Royal Society of Chemistry 2014
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Fig. 1 Synthesis and characterizations of lateral G-hBN heterostructures with randomly distributed domains. (a) A schematic of the two-step
growth procedure. (b) SEM image of lateral G-hBN heterostructures grown on a Rh(111) substrate.'*° (c) SEM image showing the higher density of
hBN nucleation at the edge of a graphene grain.'?? (d) A schematic of the CVD setup for growing G-hBN heterostructures.* (e) An AFM image
showing hBNC film with a uniform thickness (scale bar: 1 pm).}2® Reprinted with permission from: (a, b), ref. 119, © 2013 ACS; (c), ref. 122, © 2012
The Japan Society of Applied Physics; (d), ref. 114, © 2013 ACS; (e), ref. 123, © 2010 NPG.

attributed to the breaking of the carbon sublattice sym-
metry.">* We also note another experimental report about the
band gap opening in the hBNC film, which was made by Ci
et al. Using temperature-dependent resistance measurements,
they revealed a ~18 meV band gap in hBNC film with a 56%
carbon content (Fig. 2f), and attributed it to the quantum con-
finement and/or spin polarization at specific C-BN bound-
aries."®® These experimental results confirm that the electronic
structure of hBNC varies depending on the stoichiometry of
carbon and BN.

3.1.2. Shape-controlled lateral G-hBN heterostructures.
Although lateral G-hBN heterostructures have been theoreti-
cally and experimentally investigated,’'”'** the fabrication of
heterostructures with the size and shape of different domains
engineered precisely for novel electronic devices has been scar-
cely realized. Gong et al. developed a novel method to con-
struct shape-controlled lateral heterostructures.'>® As shown in
Fig. 3a, they first transferred CVD-graphene to a Si substrate,
then a 50 nm thick SiO, layer with predefined patterns was
deposited on top of the graphene, and then the whole chip
was loaded into a CVD furnace to convert the uncovered gra-
phene to hBN or hBNC, with boric acid as the B source and
ammonia as the N source. When the SiO, mask was removed,
they obtained lateral G-hBN heterostructures. This method
relies on the ability to chemically convert graphene to hBN at
high temperatures with foreign B and N sources. Furthermore,
if the conversion reaction time is less than 2 h, graphene will
be partially converted to hBNC. Therefore, G-hBNC-hBN
lateral structures can also be fabricated with a two-step conver-
sion process.'*¢

This journal is © The Royal Society of Chemistry 2014

In addition, Levendorf et al. and Liu et al. developed a
two-step, scalable approach to create planar G-hBN struc-
tures,""”""® in which periodic arrangements of domains with
sizes ranging from tens of nanometers to millimeters were
created. The approach started with the CVD growth of hBN on
Cu/Ni foils; then the as-prepared hBN was lithographically pat-
terned, and finally graphene was grown in the patterned hBN
atomic layers (Fig. 3b). Via this approach, the controlled
size and shape of different domains were achieved and sharp
G-hBN interfaces could be created, e.g., G-hBN rings (Fig. 3d),
G-hBN squares, and G-hBN stripes."'® TEM imaging and
elemental analysis show that the interface between graphene
and hBN are contiguous. The width of the interface is
less than 1 nm. However, it is still a challenge to get atomic
resolution images of the interface by annular dark field
scanning transmission electron microscopy (ADF-STEM) due
to the polymer contamination on the surface. The seamless
integration of graphene and hBN makes it possible to fabricate
complicated hybridized structures, where hBN can serve as an
insulating dielectric matrix for graphene and as an important
complementary component. For instance, a G-hBN split
closed-loop resonator'” is directly grown using a similar CVD
approach as discussed above. This split closed-loop resonator
generates a resonating frequency at ~1.9 GHz, a value close
to the value of copper strip based on similar geometries."*®
Levendorf et al. fabricated perfectly flat lateral junctions
between electrically conductive graphene and insulating
hBN (Fig. 3e). They demonstrated that such a structure
could be used for producing atomically thin integrated
circuits.""” These results suggest that lateral G-hBN films

Nanoscale, 2014, 6, 12250-12272 | 12253
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Fig. 2 Structural evolution and band gap opening in hBNC films. (a) High-resolution TEM image of a hBNC film showing the layer number. Inset is
the electron diffraction pattern taken at the corresponding region. (b) High-resolution TEM image of 2BNG (2% BN-doped graphene) sample. Inset is
the corresponding fast-Fourier transform (FFT), showing only the graphene crystalline structure. (c) High-resolution TEM image of 8BNG sample
depicting the distribution of hBN domains (encircled regions) in graphene. The inset is the FFT of the image, indicating the presence of the crystalline
domains of both graphene and hBN. (Scale bar is 5 nm). (d) Schematic diagram depicting the structural evolution in BNG films with the increase in
BN concentration. (e) Normalized C K-edge XANES and Ka XES spectra at the n—xn* region of the BNG films. (f) A resistance-versus-temperature
curve for a hBNC film. The inset shows In(R) as a function of T~* in the temperature range from 50 to 100 K. The linear fit (solid line) shows that the
data are well described by R(T) « exp(EA/kgT). E, is the band gap and kg is Boltzmann’s constant. Reprinted with permission from: (a—e), ref. 114, ©

2013 ACS; (f), ref. 123, © 2010 NPG.

can be grown directly by CVD, thus providing opportunities for
the fabrication of various novel devices, although further
efforts are required to optimize their performances.

3.1.3. Interface structure of G-hBN lateral heterostructures.
For the characterization of lateral heterostructures, there are
two fundamental issues to be addressed. The first is whether
an epitaxial structural relationship can exist between the com-
ponents. The other is how the different atoms bond at the
interfaces. Scanning tunneling microscopy (STM) is a powerful
tool for investigating the atomic scale information at the
interface of lateral heterostructures. Significant progress
has been made in the STM characterization of lateral G-hBN
junctions."'*'*%129 Fig, 4a shows G-BN heterostructures on
Ru(0001), the growth was performed in UHV by consecutive
exposure of Ru(0001) single crystals to ethylene and borazine
at high temperatures. Moiré structures of monolayer graphene
and hBN on Ru(0001) feature differently in the STM images

12254 | Nanoscale, 2014, 6, 12250-12272

(Fig. 4a), which makes it possible to distinguish the monolayer
graphene and hBN areas. Though the graphene moiré struc-
ture terminates in an atomically sharp edge, there is an inter-
facial zone to connect hBN with graphene, which display as
faint lines (L) and atomic-scale point-like protrusions (Fig. 4b).
The atomic-scale investigation suggests that the interfacial zone
is a substitutional B-C-N phase, which forms in the beginning
of the BN growth process due to the incorporation of C from
the metal surface into the growing hBN. By using an additional
well-controlled O, etch process to etch C adatoms and possibly
some of the graphene edge before the BN growth, they
obtained G-BN heterostructures with atomically sharp inter-
faces, as shown by the high resolution STM image (Fig. 4c)."*°
This study provides insight into the influence of growth con-
ditions on interfacial structures of 2D lateral junctions.

Due to graphene and hBN both being epitaxially grown on
the same single-crystal substrate, it is reasonable to assume

This journal is © The Royal Society of Chemistry 2014
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Fig. 3 Shape-controlled lateral G-hBN heterostructures fabrications. Schematics of the fabrication procedures for lateral G-hBN heterostructures

by: (a) a spatially controlled conversion process,*?®

and (b) a two-step growth process.'® (c) Optical image of G-hBN strips on a SiO, substrate fabri-

cated by the method illustrated in (a), scale bar: 10 pm. (d) SEM image showing G-hBN rings fabricated by the method illustrated in (b). (e) False-
color dark-field TEM image showing a suspended G-hBN junction. Reprinted with permission from: (a, c), ref. 126, © 2014 NPG; (b, d), ref. 118, ©

2013 NPG; (e), ref. 117 © 2012 NPG.

that they have the same lattice orientation. However, it
remained unclear whether such an in-plane epitaxial relation-
ship of graphene and hBN can be realized on a polycrystalline
substrate. As we mentioned earlier, lateral G-BN heterostruc-
tures have been successfully grown on Cu foil substrates by
several groups,'"”""®'?° but the interface structures were rarely
investigated, possibly due to contaminations on the G-hBN
surface during sample preparation. Liu et al. demonstrated the
heteroepitaxial growth of lateral graphene and hBN junctions
on polycrystalline Cu foils. They first performed a H, etch
process to obtain a fresh edge of graphene grown on Cu, then
monolayer hBN was grown from the fresh edges of graphene
with NH;-BH; as the source (Fig. 4d)."*" Fig. 4e shows the STM
image of the boundary of lateral G-hBN heterostructures grown
on Cu; graphene and hBN regions can be differentiated by
their distinct scanning tunneling spectra (STS: dI/dV vs. V
spectra) (Fig. 4f). We note a seamless connection of graphene
and hBN at the boundary (zigzag orientation), indicating a
high-quality heteroepitaxial growth. Furthermore, Liu et al.
also demonstrated that under a low growth rate, the hBN
lattice orientation is solely determined by the graphene seed,
independent of the underlying Cu lattice."*!

To summarize, G-hBN lateral structures have been success-
fully created and extensively investigated. It should be noted

This journal is © The Royal Society of Chemistry 2014

that TMD materials with a similar lattice structure are ideal
candidates for the construction of lateral heterostructures,
because of the similar structures and many vibrations in the
TMD 2D materials. For example, it is expected that the MoS,/
WS,;, MoS,/MoSe,, or similar TMD heterostructures can be syn-
thesized using the vapor-phase growth method. Considering
that many TMDs are semiconductors with different band gaps,
it would be quite interesting to study the transport and light
emitting properties along their interfaces. Very recently, it has
been demonstrated that monolayer lateral heterostructures
composed by MoSe, and WSe,, can be synthesized via a
simple physical vapor transport method."*® This study will
lead to the exploration of semiconducting heterostructures
within a single atomic layer.

3.2. Vertical heterostructures

Layered crystals are characterized by strong intralayer covalent
bonding and relatively weak interlayer van der Waals bonding.
Since various methods have been proposed to make atomic
layered 2D materials, such as graphene, hBN, TMDs, and
oxides, it becomes possible to pick, place, and stack atomic
layers of arbitrary compositions and thus to build unique arti-
ficial architectures techniques with desired functionalities.

Nanoscale, 2014, 6, 12250-12272 | 12255
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Fig. 4 STM characterization of lateral G-hBN junctions. (a—c) G-hBN heterostructure grown on Ru(0001).*?° (a) Low-magnification STM image
showing no characteristic moiré structure near the interfaces of pure graphene and hBN. (b) High-magnification image of the G-hBN boundary. (c)
High-resolution STM image showing atomically sharp G-hBN interface formation by sequential graphene growth, oxygen etching of C adatoms, and
hBN growth.*?® (d) Illustration of lateral G-hBN heterostructures grown on Cu foils. The process involves hydrogen etching of the graphene edge
before hBN growth.'?! () STM image (8 nm by 5 nm) of a G-hBN boundary, with colored dots marking the locations of the STS acquisition. (f) d//dV
curves color coded by location and offset for clarity, with horizontal lines indicating zero differential conductance.'®* Reprinted with permission

from: (a—c), ref. 129, © 2013 ACS; (d—f), ref. 121, © 2014 AAAS.

A large number of vertical heterostructures, including G/hBN
(Graphene on hBN) stack, hBN/G (hBN on Graphene) stack,
G/TMD stack, TMD/TMD stack, and G/hBN superlattice, have
been investigated in experiment and in theory, and some of
them show great potential for applications in electronics, opto-
electronics, etc. The creation of artificial 2D layers via combinator-
ial technologies has been proposed, where the manipulation,
transfer, and stacking of isolated, mechanical exfoliated 2D
layers could be employed to create high-quality stacking. This
multi-step growth can be used to sequentially synthesize different

12256 | Nanoscale, 2014, 6, 12250-12272

layers on proper substrates for scalable 2D stacks. Liquid exfolia-
tion and assembling can be employed to produce massive 2D
layers and will be applicable to most 2D materials. The overall
composition of these solids can be controlled by varying the
initial concentration of the mixture. As a novel approach, mixing
exfoliated atomic layers of various compositions will produce
random layer stacks and could lead to enormous possibilities for
new types of stacked layers. In addition, the stacking layers could
be also created by heteroepitaxial growth, even with a large lattice
mismatch between the grown and the substrate materials.

This journal is © The Royal Society of Chemistry 2014
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Fig. 5 Vertical G/hBN heterostructures fabricated by the transfer process. (a—c) Optical images of graphene (a) and hBN (b) before and after (c)
transfer. Scale bars, 10 pm. (d) Schematic illustration of the transfer process used to fabricate graphene-on-BN devices. Reprinted with permission

from ref. 4, © 2010 NPG.

3.2.1. Graphene and hBN (G-hBN) stacks. The successful
preparation of atomically thin 2D materials makes it possible
to stack them together to form vertical heterostructures.
G/hBN and hBN/G stacks are the first demonstrated examples
of this kind of 2D heterostructures.

Transfer method. Mechanical exfoliation allows the prepa-
ration of a large variety of 2D layers on a substrate, thus
one can pick these 2D flakes and stack them to form vertical
heterostructures. In 2010, Dean et al. developed a transfer
technique to obtain high-quality G/hBN stacks,” as shown in
Fig. 5d. The key idea of this method is to use a micromanipu-
lator to precisely place graphene closely aligned to the BN
flakes under an optical microscope, then the two different
layers are attached closely by van der Waals forces. Fig. 5a—c
show the optical images of graphene, hBN, and the resulting
G/hBN stack on 285 nm SiO,/Si substrates. Electronic transport
measurements on the graphene on the hBN device show a
high carrier mobility up to 60 000 cm® V™' 57, indicating that
hBN serves as a perfect substrate for graphene electronics.”
This method has provided a strong impetus for many sub-
sequent research investigations into the properties and appli-
cations of vertical 2D heterostructures. Additionally, we also
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note that other modified transfer techniques have been develo-
ped in the last few years.'*!7*3*

hBN has an atomic-level smooth surface that can suppress
rippling in graphene. Xue and Decker et al. investigated the
topography and local electronic structure of graphene on hBN
substrates using STM, respectively.®"'*> As shown in Fig. 6a,
the roughness of graphene on hBN is greatly decreased com-
pared to that of graphene on SiO, substrates. Furthermore, it
was also demonstrated that the charge density inhomogeneity
in graphene on hBN was significantly reduced compared to
that of graphene on SiO,. Therefore, the low density regime
and the Dirac point can be more readily accessed for graphene
on hBN substrates, allowing an investigation of the intrinsic
transport properties of graphene.

As we already know, the interface is critically important to
the performance of a heterostructure device. High-resolution
STEM can provide us a cross-sectional view of vertical hetero-
structures. During the fabrication of heterostructures by
the layer by layer transfer method, absorbates such as hydro-
carbons tend to get absorbed and trapped between the layers,
and are then observed as bubblers at the interface with SEM.
The number of these bubblers can be largely reduced with

Au/Pd contact layer

Fig. 6 Characterizations of vertical heterostructures composed of graphene and hBN. (a) STM topographic image of monolayer graphene on hBN
(up) and SiO, (down) showing the underlying surface corrugations.®? (b) Graphene-hBN superlattice consisting of six stacked bilayers. Right: STEM
image showing the cross-section and intensity profile; Left: Schematic of the layer sequence. Scale bar, 2 nm. Reprinted with permission from: (a),

ref. 81, © 2011 NPG; (b), ref. 12, © 2013 NPG and ref. 136, © 2012 NPG.
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heat treatment of the heterostructures. Fig. 6b display a cross-
sectional STEM of a graphene-BN superlattice, which consists
of alternate graphene and hBN bilayers. The spacing between
hBN and the graphene planes is found to be indistinguishable
from the basal plane separation in bulk hBN, therefore,
the superlattice shows an atomically sharp interface.’*® It is
believed that such an atomically sharp interface can hardly be
achieved via the direct growth method. However, as will be
shown later, recently Lin et al. demonstrated that the vapor-
phase growth of TMD layers on epitaxial graphene on 6H-SiC
(0001) can also lead to atomically sharp interfaces."”

Synthesis methods. Though the mechanical transfer method
has produced very high quality heterostructures suitable for
lab research, the small sample size and poor output limit its
application. Furthermore, vertical heterostructures fabricated
by this method are usually randomly stacked, and particular
stacking orders between different layers remain difficult to
achieve. Therefore, it is highly desirable to develop a scalable
method to synthesize these heterostructures.

The technique to grow high-quality pristine 2D materials by
CVD can be added to the toolbox for the creation of large-area
vertical heterostructures. Individual 2D layers can be grown

Graphene

Ru(0001)

400nm
CT Tl

Graphene/h-BN
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separately, and then transferred layer by layer to form a large-
area stack. Vertical heterostructures prepared by this method
have found applications in large-scale 2D electronics and
photoelectronics.****° However, the wet transfer method that
is widely used inevitably brings cracks and contaminations to
the films, thus a high-quality interface of the stack cannot be
expected. An alternative method is the direct growth of one
kind of 2D material onto another to fabricate vertical 2D het-
erostructures. This method allows the realization of a clean
heterostructures interface if the “as-substrate” 2D layer is free
of dangling bonds.

As mentioned earlier, the CVD growth of hBN shares a lot
in common with graphene. For example, copper was found to
be the most suitable substrate for both of their growths. We
can imagine that the two materials could be integrated into
stacks with a rational design of the CVD process. There exists a
lot of research on the growth of graphene and hBN stacks. The
first demonstration of a large-area 2D materials stack was the
fabrication of hBN on graphene (hBN/G) heterostructures."*
Here, graphene is first grown on Cu foils, following by the
growth of hBN (Fig. 7a). The size of the hBN/G stack can be up
to a few centimeters. The graphene is a monolayer, while hBN

e

s h-BN
e h-MLG/h-BN

BLG/h-BN

A

1400 1,600 2,600 2,800

Raman shift (cm™™)

Intensity (a.u.)

h

Fig. 7 Vertical graphene and hBN heterostructure synthesis. (a) Schematic of the two-step CVD synthesis of hBN on graphene: graphene was
grown on Cu foils first, followed by the growth of few-layer hBN. (b) Optical image showing that the hBN on graphene films are uniform and con-
tinuous on the substrate.2*® (c—e) Graphene grains growth on exfoliated hBN flakes by PECVD. (c) is a schematic of the growth process, (d) and (e)
show the AFM image and Raman spectra for the prepared graphene grains on hBN.2*! (f) 1.5 x 1.5 ym? AFM image showing the monolayer graphene
nanodomains grown on hBN by MBE.}*? (g) HRTEM image of a 10-layer BN film grown on monolayer graphene by magnetron sputtering.*** (h)
Low-resolution TEM images of few-layer hBN/G hybrid stacking prepared by the liquid phase exfoliation-mixing method.'** Reprinted with per-
mission from: (a, b), ref. 140, © 2011 ACS; (c—e), ref. 141, © 2013 NPG; (f), ref. 142, © 2012 Elsevier Ltd; (g), ref. 143, © 2012 ACS; (h), ref. 144, © 2012
ACS.
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is a few nanometers thick. From the optical image in Fig. 7b,
we can distinguish the regions of the hBN/G stack, pure
graphene, and the SiO, substrates by their contrast.

Encouraged by the fact that hBN can serve as an excellent
dielectric substrate for graphene research, much effort has
been directed toward the direct synthesis of G/hBN hetero-
structures. Yan et al. reported the growth of a large-area bilayer
graphene on hBN substrate with the assistance of Ni.'** CVD-
grown hBN was transferred to a SiO,/Si substrate, followed by
spin-coating a few nm thick polymer films, and then evaporat-
ing a 500 nm Ni film on the top, after first annealing the
substrate at 1000 °C with an Ar/H, flow and dissolving the Ni
film, so that twisted bilayer graphene could be found on the
hBN.'* Son et al. demonstrated the metal-free growth of gra-
phene pads on hBN layers by atmospheric chemical vapor
deposition (APCVD); the graphene pads showed a thickness of
~0.5 nm and sizes up to 110 nm."*® Wang et al. demonstrated
the growth of a large-area G/hBN stack on a Cu substrate by
a two-step CVD process.'”” The ambition of this work was
to realize large-scale graphene electronics with hBN as a
perfect substrate; however, the mobility of the grown graphene
on hBN substrate was only of the order of 10°, which may
result from the limited quality of the grown graphene and
hBN as well as their interface contamination. In spite of
these achievements, however, it should be noted that in these
studies, the lattice orientation relationship of graphene and
hBN in the vertical stack was not investigated.

Realization of lattice alignment is an important issue for
2D stacks. As the lattice mismatch between graphene and hBN
is small (1.7%), a natural question is whether an epitaxial
relationship can be realized between hBN and graphene lat-
tices. Using a plasma enhanced chemical vapor deposition
(PECVD) method, Yang et al. reported the growth of graphene
grains on hBN crystals with a fixed stacking orientation
(Fig. 7c-e). The half-integer quantum Hall effect (QHE) was
observed in the 2D superlattice structures, which indicated
the high quality of the stack."*' However, the size of the grown
graphene grain is only hundreds of nanometers, and it is still
a challenge to achieve large-area continuous G/hBN vertical
heterostructures. Roth et al. successfully grew heterostacks
consisting of monolayer graphene on hBN on a Cu(111) sub-
strate under UHV. The lattice of graphene and hBN were well
aligned in the heterostacks.'*® Tang et al. also demonstrated
the ability to grow graphene grains on hBN crystals with a cata-
lyst-free CVD method,"*>**® where they found that graphene
aligns precisely with the underlying hBN lattice, within an
error of less than 0.05°."°° Kim et al. demonstrated the growth
of G/hBN and hBN/G hybrid structures, using a sequential
CVD growth method with Cu foil as a catalytic metal substrate.
Both lateral and stacked heterostructures can be observed in
the same sample. For stacked layers, turbostratic stacking and
the lattice-aligned stacking of graphene and hBN were both
observed, depending on the synthesis sequence."”"

Although much effort has been directed toward the CVD
synthesis of G/hBN stacks, the quality of G/hBN is still far from
that of the exfoliated samples. Also, the layer number control

This journal is © The Royal Society of Chemistry 2014
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of the G/hBN heterostructures is another issue that has not
been well addressed.

In addition to the above synthetic techniques, other
approaches have also been proposed for the preparation of
vertical G/hBN heterostructures. Garcia et al. demonstrated the
molecular beam epitaxy (MBE) growth of graphene on exfo-
liated hBN flakes, but the graphene domains are limited to the
nanometer size (Fig. 7f)."** Lin et al. reported a hydrogen
flame method to prepare graphene on hBN flakes with PMMA
as the carbon source."”” Lin et al. demonstrated that a micro-
wave method can be used for the fabrication of graphene on
hBN crystals.">® Sutter et al. demonstrated the synthesis of
high-quality few-layer BN with a uniform thickness on a mono-
layer graphene covered Ru(0001) substrate by the magnetron
sputtering of B in N/Ar (Fig. 7g)."** A liquid-phase method
was also successfully applied for the preparation of stacked
atomic layers. Gao et al. reported that randomly stacked
layers of graphene and hBN can be obtained by a chemical
exfoliation-mixing method (Fig. 7h). Hybrid G/hBN films
with various concentrations, from pure graphene to pure hBN,
were also prepared. These stacked hybrid materials show
interesting electrical, mechanical and optical properties dis-
tinctly different from pure graphene and hBN.***

One common characteristic of vertical heterostructures
composed of small lattice mismatch materials is the appear-
ance of moiré patterns (superlattices). As an example, moiré
patterns in G/hBN heterostructures have been widely investi-
gated. The layer by layer transfer method allows the formation
of graphene and BN stacks with random rotation angles,
which further leads to moiré patterns with different wave-
lengths (Fig. 8a). Fig. 8b shows the wavelength of the moiré
pattern (black) and rotation angle (red) as a function of the
lattice rotation angle ¢ between hBN and graphene. Due to the
1.8% lattice mismatch, a maximal moiré wavelength of about
14 nm is expected for graphene and hBN with a 0° lattice
rotation.”

The moiré pattern, as a weak periodic potential, may result
in the electronic structure of the heterostructures being
different from their original components. For example, the
moiré pattern of G/hBN stacks can introduce superlattice
minibands or a small gap in graphene’s band structure.”'>*
The inset of Fig. 8c displays one possible reconstructed band
spectrum for graphene on hBN. These minibands can be
observed by transport measurements when the lattice mis-
match angle is less than 1°. Experimentally, the lattice align-
ment can be realized by the mechanical transfer method with
the identification and alignment of the crystallographic edges
of the graphene and hBN crystallites.*” The inset of Fig. 8d
shows the moiré pattern of the aligned graphene and hBN.
Fig. 8c shows the typical behavior of the longitudinal resistivity
versus the carrier density n. In addition to the usual resistance
peak at the main charge neutrality point, two additional resist-
ance peaks appear symmetrically. These extra neutrality points
are attributed to the minibands resulting from superlattice
potential induced by the hBN. Furthermore, in Fig. 8d, we can
see the Hall resistance changes sign and passes through zero

Nanoscale, 2014, 6, 12250-12272 | 12259
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Fig. 8 Moiré superlattice and transport properties in G/hBN heterostacks. (a) Schematic of the Moiré pattern formation. The Moiré wavelength
varies with the mismatch angle.® (b) Superlattice wavelength (black) and rotation (red) as a function of the angle between the graphene and hBN lat-
tices.® (c, d) Transport properties of Dirac fermions in moiré superlattices. (c) Longitudinal resistivity as a function of n. Positive and negative values
of n correspond to electrons and holes, respectively. Inset shows one possible spectrum of graphene on hBN. (d) Hall resistivity as a function of n.
The Hall resistivity changes sign at high electron and hole doping. Inset is an AFM image showing the moiré pattern.” (e, f) Moiré superlattice in epi-
taxially grown G/hBN stacks. (e) AFM image of the grown G/hBN stacks, showing a trigonal moiré pattern. (f) Resistance versus V, at various T of the
G/hBN superlattice.** Reprinted with permission from: (a), ref. 6, © 2013 NPG; (b), ref. 5, ©® 2012 NPG; (c, d), ref. 7, © 2013 NPG; (e, f), ref. 141, ©

2013 NPG.

near the neutrality points where the additional longitudinal
resistance peaks appear.’

Moiré superlattice effects can also be observed in 2D stacks
fabricated by direct growth method. Yang et al. observed a tri-
gonal moiré pattern in graphene grown on hBN flakes by AFM
(Fig. 8e). It was noted that all the moiré patterns of different
graphene grains followed the same orientation, indicating that
different graphene grains form a single crystal. The measured
moiré periodicity is 15 + 1 nm, which is in agreement with the
modelling result of 14 nm with a zero rotation angle. The
typical resistance behavior of monolayer graphene (Fig. 8f)
also shows two additional peaks at both sides of the
main peak, which are attributed to new Dirac points induced
by the moiré superlattice potential; such an interpretation is
in agreement with the calculated energy dispersion spectrum
of graphene epitaxially grown on hBN with a zero rotation
angle.'*!

In addition to the long-range superlattice potential effect,
the interaction of the graphene and the closely aligned hBN
also allows the band gap opening in graphene due to the
local breaking of the carbon sublattice symmetry,'>**>™%” and
thus, a higher “ON/OFF” ratio can be expected in these vertical
devices, compared to pristine graphene electronic devices.
Furthermore, unlike the doped-hBNC materials system,
graphene’s extremely high carrier mobility in these vertical
heterostructures can be sustained due to the preservation of
the structural integrity. Theoretically, G/hBN stacks, hBN/G/
hBN sandwich structures, and G-hBN superlattices with a par-
ticular stacking order have been considered, and the finite
band gaps have been predicted in these structures.">%!

12260 | Nanoscale, 2014, 6, 12250-12272

However, experimental realization of these graphene and hBN
heterostructures remains a great challenge. Again, the direct
CVD growth method may shed light on realizing the lattice
alignment in these 2D heterostructures.

3.2.2. TMD-TMD stacks. Nearly lattice-matched TMDs
based vertical heterostructures constitutes another material
system that is currently receiving considerable attention, both
in the theoretical and in experimental aspects. Theoretically, a
large variety of TMD heterobilayers with different stacking
orders were calculated. It was found that the electronic struc-
tures and optical properties of the new artificial stacks are
modified to be different from that of pristine TMD
layers."®>'7° For example, Terrones et al. demonstrated that
a direct band gap ranging from 0.79 eV to 1.16 eV can be
realized in TMD heterobilayers with particular stackings. It is
important to note that in this direct band gap, electrons and
holes are physically separated and localized in different
layers.'®® Furthermore, it has been demonstrated that the
moiré pattern in the MoS,/MoSe, heterobilayer caused by a
lattice mismatch or rotation can also have a significant effect
on the electronic structures of the 2D heterostructures.'®”
Therefore, band gap engineering could be realized in these
TMD heterostructures, which could further provide opportu-
nities for the construction of novel electronic and opto-
electronic devices.

Experimentally, TMD-based vertical heterostructures were
synthesized many years ago, using the van der Waals epitaxy
(VDWE) method. VDWE refers to the growth of layered
materials onto clean surfaces with no dangling bond, even if
there is a large lattice mismatch between the two layers. The

This journal is © The Royal Society of Chemistry 2014
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resulting heterostructures are held together by weak van der
Waals forces. Moreover, due to the absence of a dangling
bond, the surface defects will be significantly reduced, result-
ing in a high-quality interface. The first layered materials pro-
duced by VDWE can be dated back to 1985 when Koma et al.
grew ultrathin NbSe, and MoSe, on the cleaved face of MoS,
single crystals by VDWE."”! Very sharp and defect-free inter-
faces were found in their sample. Since then, many TMD
layers and their heterostructures have been produced by the
VDWE method, and which have been summarized in a recent
review."?

The successful isolation of pristine TMD atomic layers from
their bulks, allows the fabrication of ultrathin TMD-based ver-
tical heterostructures via a sequential transfer method as men-
tioned earlier, similar to the graphene and hBN system. Fig. 9a
shows an optical image of a WSe,/MoS, heterobilayer. The
rotated diffraction patterns shown in Fig. 9b along the [001]
zone axis indicate a 12.5° rotation between the two lattices,
therefore, the moiré pattern can be clearly observed in the
HRTEM image, as shown in Fig. 9c. Photoluminescence (PL)
and absorption spectroscopy were used to investigate the opto-
electronic properties of the WSe,/MoS, heterobilayer. As
shown in Fig. 9d, a striking shift ~100 meV between the PL
and absorbance peaks was observed. Due to the band offset of
MoS, and WSe, (Fig. 9e), the optically excited excitons relax at
the MoS,/WSe, interface before recombination, thus resulting
in a lower PL excitonic peak energy.'”> More recently, WS,/
MoS, heterostructures were prepared by transferring CVD-
grown monolayer WS, onto MoS,. It was shown that in such
vertical heterostructures, the interlayer interaction could be
tuned from noncoupling to strong coupling by thermal
annealing.”?

In addition to the transfer method, TMD stacks can also be
fabricated via a vapor-phase growth method. A recently demon-
strated example of this is the synthesis of WS,/MoS, heterobi-
layers, which was achieved by the sequential sulfurization of
transition metal oxides. MoO;, WO3, and S as the precursors
were loaded into the furnace at the same time. Due to the
large difference in melting points of MoO3; and WOj3, it is possi-
ble to realize a sequential growth by controlling the tempera-
ture; that is, the MoS, monolayer is grown first on the
substrates and then the WS, monolayer is grown on top of it.
The fast Fourier transformation (FFT) from the STEM images
in the WS,/MoS, junction area showed identical hexagonal
diffraction spots, which confirmed that the two monolayers
have the same crystallographic orientation."”*

In short, TMD stacks will bring more opportunities, not
only because of the flexible choice of TMD layers, but also
because of the unique structures and physical properties of
these 2D layers. For example, their similar crystal structures
and growth conditions ensure the possibility of synthesizing
large-size hybrid structures using the CVD method. The band
gap variations in the TMD layers (0.1-3 eV, from half-metal to
semiconductors) provide different elements for multiple pur-
poses. These new architectures may contribute greatly to
future electronic and optoelectronic devices.

This journal is © The Royal Society of Chemistry 2014
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Fig. 9 Characterization of WSe,/MoS, stacks. (a) Optical microscope
image of a WSe,/MoS, heterostructure on a SiO,/Si substrate. (b) The
electron diffraction pattern of the heterobilayer shown in a, with the
pattern of MoS, and WSe, indexed in green and blue colors, respect-
ively. (c) HRTEM images of a boundary region of monolayer MoS, and
the heterobilayer, showing the moiré pattern. (d) Normalized PL (solid
lines) and absorbance (dashed lines) spectra of monolayer WSe,, MoS,,
and WSe,/MoS, stacks. (e) Band diagram of WSe,/MoS, heterobilayer
under photoexcitation.”? Reprinted with permission from ref. 172, ©
2014 National Academy of Sciences.

3.2.3. Graphene and TMD (G-TMD) stacks. Graphene and
TMDs have distinct properties but can be integrated into
hybrid structures to realize novel functionalities. Recently, it
has been demonstrated that vertical G/TMD/G stacks show
great promise in high “ON/OFF” ratio FET, and in high per-
formance optoelectronic and photovoltaic devices.*'*'”> Here,
we review recent experiments on the fabrication of G-TMD ver-
tical heterostructures.

G-TMD stacks can be prepared by transferring and stacking
individual layers. The technique for growing large-area gra-
phene and MoS, films allows the fabrication of large-area
G-MosS, stacks by a PMMA-assisted transfer method, as shown
in Fig. 10a."*° In addition to direct transfer, other procedures
have also been developed to synthesize G-MoS, vertical hetero-
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Fig. 10 Synthesis of MoS, and graphene stacks. (a) Photo of a large-
area graphene on a MoS, stack fabricated by the transfer method.**° (b)
Optical image of MoS, layers grown on exfoliated graphene with
F16CuPc as a seeding promoter.'°° (c) Schematic illustration and (d) AFM
phase images of MoS, layers grown on graphene by VDWE.'” (e—g)
Cross-sectional HRTEM images of MoS, grown on: (e) flat graphene, (f)
defective graphene, and (g) SiC partially covered by graphene.™*” Rep-
rinted with permission from: (a), ref. 139, © 2014, rights managed by
NPG; (b), ref. 109, © 2014 ACS; (c, d), ref. 177, © 2012 ACS; (e—g), ref.
137, © 2014 ACS.

structures. Ling et al. found that MoS, growth from sources of
MoO; and S powders can be promoted by using aromatic
molecules as seeds on various substrates. They demonstrated
that MoS, layers tend to grow on bare SiO,/Si substrates rather
than on graphene or hBN substrates. However, when using
F16CuPc as a seed, F;sCuPc can stay on graphene or the hBN
surface at a growth temperature of 650 °C. After growth, mono-
layer MoS, is found to be formed on graphene and hBN flakes
(Fig. 10b).'*® Recently, Fu et al. prepared large-area G/MoS,
(graphene on MoS,) heterostructures by heating Mo-oleate
complex coated sodium sulfate under a N, atmosphere."”®
VDWE has been used for the preparation of high-quality
G-TMD stacks. Shi et al. demonstrated the VDWE growth of
few layer MoS, on a CVD-graphene/Cu foil substrate using
(NH,4),MoS, as a precursor (Fig. 10c and d)."”” They believed
that the surface of CVD-graphene is free of dangling bonds,
which makes it possible for the growth of lattice-mismatched
MoS, on it via weak van der Waals forces. They investigated
the orientation relationship of CVD-grown MoS, and the
underlying graphene substrate using SAED, and found that
though the grown monolayer MoS, film is polycrystalline, a
large fraction of the MoS, grains grew with the same orien-
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tation as the underlying graphene. However, it is still a great
challenge to control the MoS, layer numbers in the stack when
using (NH,4),MoS, as a precursor. In addition, epitaxial gra-
phene grown on 6H-SiC (0001) free of dangling bonds was
identified as an ideal substrate for various van der Waals het-
erostructures formation. The vapor-phase growth of MoS,,
WSe,, and hBN using MoOj3;, WO;3, S, Se, and ammonia borane
powders was found to be compatible with graphene/SiC sub-
strates, thus leading to the formation of hBN/G and TMD/G
stacks. It was found that the structures of the underlying gra-
phene determined the nucleation behavior of MoS,. A flat gra-
phene surface supports uniform MoS, growth on top
(Fig. 10e), while wrinkles/defects on the surface of graphene
promote the growth of MoS, adlayers (Fig. 10f). However,
MoS, nucleation cannot be observed on the bare SiC (0001)
surface without graphene (Fig. 10g). Furthermore, from the
HRTEM image, we note that the grown MoS,/G stacks exhibits
atomically sharp interfaces, which indicates that the direct
growth method may also lead to high-quality 2D hetero-
stacks."®” Recently, Shim et al. reported the growth of MoSe,/G
heterostructures, and they found that the photo-generated
charge carriers in MoSe, can be readily transferred to gra-
phene, leading to quenching of the PL intensity in monolayer
MoSe,.”®

In addition to the vertical heterostructures discussed above,
there are also a large number of other stacks that have been
prepared. VDWE is an effective way to obtain diverse hetero-
structures. To date, graphene, graphite, hBN, mica, and many
TMD crystals have been used as good substrates for VDWE,
upon which other types of 2D materials, such as topological
insulator layers, can be grown. Dang et al. reported the VDWE
growth of ultrathin topological insulator Bi,Se; nanoplates
with defined orientations on exfoliated few-layer graphene
by a catalyst-free vapor-phase transport method.'”® Similarly,
Gehring et al. prepared Bi,Te,Se nanoplatelets on exfoliated
hBN. The mobility of Bi,Te,Se on hBN was greatly enhanced
compared to Bi,Te,Se on SiO,/Si substrates.'”® In addition,
other layered heterostructures, such as MoS,/SnS,,'* TaS,/
hBN,"®" TaS,/mica,'® MoS,/mica,'”® MoSe,(NbSe,)/mica,"®*
Bi,Se;(Bi,Te;)/mica,"®® and Te/mica,"®* etc., were also reported
experimentally. Furthermore, by using the well-developed
sequential transfer method, one can stack arbitrary stable 2D
materials together to form heterostructures. Recently, many
other new 2D members (silicene,'®>™'®® phosphorene,'®*'%°
etc.) with novel properties have been successfully prepared,
providing great opportunities for future 2D heterostructures
research, e.g. for optoelectronic devices based on vertical p-n
junctions by stacking p-type phosphorene and n-type TMDs."**

4. Application

Because of their unique properties, such as strong electron—
hole confinement, extreme bendability, and high transparency,
2D materials have attracted significant interest for both funda-
mental research and in practical applications.">*** In addition
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to the research on individual graphene-like 2D materials, a lot
of effort has also been focused on the hybrid heterostructures
and devices of 2D materials.'>'® Creating artificial heterostruc-
tures via stacking different 2D crystals on top of each other
establishes a whole family of new materials with unusual
characteristics and exciting possibilities for novel 2D devices.
In the following section, we will review the applications of 2D
heterostructures in the field of electronic and optoelectronic
devices.

4.1. Electronic devices

Since the first report of graphene and its electric field effect,’®
graphene has been one of the hottest research topics in elec-
tronic devices applications.'®® The absence of an energy gap
limits the “ON/OFF” ratio in graphene transistors. Therefore,
various approaches, such as using bilayer graphene,'®*'%>
nanoribbons,'® or quantum dots,'®” have been adopted to
open the band gap of graphene, but to date, they all result in
the degradation of the electron transport properties of gra-
phene. Alternatively, heterostructures based on graphene and
other 2D materials provide opportunities to design novel
device structures for electronic application.®'*'*%1%8 Because
of the atomic layer thickness of each layer in the vertically
stacked 2D heterostructures, the heterointerface can be tuned
by gate voltage. Britnell et al. reported a field effect tunneling
transistor (FETT) based on vertical graphene heterostructures.®
The atomically thin hBN or MoS, layer acts as a barrier layer
between two graphene layers, as shown in Fig. 11a and b. By
applying a gate voltage between the Si substrate and the
bottom graphene layer, the Fermi level in the graphene layers
could be tuned, resulting in the tenability of the tunneling
current. Because of the wide band gap of hBN (5-6 eV), the
barrier height formed in the G/hBN/G FETTs is much higher
than the change of Fermi level in graphene, which leads to the
low “ON/OFF” ratio of the FETT. Instead of hBN, Georgiou
et al. used WS, as the barrier materials in FETTs.'® WS, has a
relatively small band gap (1.4 eV) and only a weak impurity
band, which allows for switching between tunneling and ther-
mionic transport regimes. The G/WS,/G FETTs exhibit much
better transistor characteristics, including an “ON/OFF” ratio
of 10° and a high “ON” current. The mechanism of charge
transport in vertical stacked heterostructures depends on
the thickness of the barrier layer. When the barrier layer is
thinner, the tunneling current is the dominant component in
charge transport; here, the transistor shows a high current
density but low “ON/OFF” current ratio. For thicker barrier
layers or when applying lager gate voltage, the charge transport
is dominated by the thermionic emission through the Schottky
barrier."® In addition, the stacked heterostructure is only a
few atomic layers thick, so bending has almost no effect on the
transistor performance, which makes it suitable for transpar-
ent and flexible electronics.

The polarity of the vertically stacked transistor can also be
obtained by incorporating different layered materials between
the graphene layers. For example, by inserting Bi,Sr,CO,Og
between the graphene layers, the vertically stacked devices
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show p-channel characteristics. A complementary inverter
based on graphene, Bi,Sr,CO,0; (p-channel), graphene, MoS,
(n-channel), and a metal thin film vertically stacked hetero-
structure has been demonstrated with a larger-than-unity
voltage gain (Fig. 11c and d). The vertically stacked hetero-
structure opens up a new dimension for the high-density
integration of functional devices and circuits.

Except for FETT devices, heterostructures have also been
used in other applications, such as in memory cells. By com-
bining the unique electric properties of monolayer MoS, with
the conductivity of graphene, 2D heterostructures capable of
information storage have been demonstrated by Bertolazzi
et al.>®" The memory device utilizes MoS, and graphene as the
channel and ohmic electrodes, respectively, with a charge trap-
ping layer in the form of a few-layer graphene floating gate.
A factor of 10* difference between the memory program and
erase states was achieved, because of the high sensitivity of the
monolayer MoS, to the presence of charges in the charge trap-
ping layer. Choi et al. also studied similar memory cells, using
hBN, instead of HfO,, as the barrier layer, as shown in Fig. 11e
and £.*°° In their case, two types of the memory devices were
compared: one with graphene as the FET channel, hBN as the
tunnel barrier, and MoS, as the charge trapping layer; and the
other with MoS, as the FET channel, hBN as the tunnel
barrier, and graphene as the charge trapping layer. By varying
the thicknesses of 2D materials and by modifying the stacking
order, the hysteresis and conductance polarity of the memory
cell could be controlled. Although a 2D materials-based
stacked heterostructure can provide a platform for future
flexible and transparent memory device operations, numerous
scientific challenges, such as the development of integrated
memory cell arrays with ultra-large density and low power con-
sumption, need to be considered in the future.

Compared with the vertical stacked heterostructures dis-
cussed above, fabrication of a lateral structure is still a big
challenge. Recent advances in the CVD growth of both gra-
phene and hBN have enabled the precise fabrication of G-hBN
lateral structures. A G-hBN lateral structure with atomic lattice
coherence can be formed by either the direct growth of hBN at
the edge of graphene, or by chemically converting graphene to
hBN. Electronic devices based on G-hBN lateral structures have
also been investigated, such as field effect transistors, resona-
tors, etc. By changing the concentration of carbon in the
channel, the mobility and the “ON/OFF” ratio of the device
can be tuned. Because of the insulating properties of hBN,
electrically isolated graphene devices can be fabricated in
a single, atomically flat sheet based on the G-hBN lateral
structure, as shown in Fig. 11g and h.'"” Such hybrid struc-
tures are particularly useful for ultraflat three-dimensional
electronics.

4.2. Optoelectronic devices

Due to the direct band gap, strong photoluminescence, and
large exciton binding energy, monolayer TMDs are promising
materials for optoelectronic application,?***°® such as photo-

detectors,>*>?**  light-emitting devices,’*>*°® and photo-
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Fig. 11 Electronic device of graphene-based 2D heterostructures. (a) Band structure of G/hBN/G heterostructure under finite gate (V) and bias
voltage (V). (b) I-V characteristics for a typical G/hBN/G FETT.® (c) Three-dimensional schematic illustration of a complementary inverter by verti-
cally stacking graphene, p-type Bi,Sr,Co,0g, graphene, n-type MoS,, and a metal thin film. (d) The inverter characteristics from the device shown in
(c), with an inverter gain of about 1.7.°° (e) Optical images of a heterostructured memory device based on G/hBN/MoS,. (f) Transfer characteristic
of the memory device shown in (€).2°° (g) The left panel is the optical image of a G-hBN lateral heterostructure with electrodes contacting graphene
strips. The right panel is the -V characteristics of the indicated devices in the left panel. (h) Schematic and electrostatic force microscopy (EFM)
image of a graphene—graphene cross-junction fabricated by transfer process. The inset shows the -V characteristics.**” Reprinted with permission
from: (a, b), ref. 8, © 2012 AAAS; (c, d), ref. 199, © 2013 NPG; (e, f), ref. 200, © 2013 NPG; (g, h), ref. 117, © 2012 NPG.

voltaics.””” Engineering the electronic properties of TMDs by

designing heterostructures provide a much wider range of can-
didates for optoelectronic applications. In this section, we
focus on the application of heterostructures in photodetectors,
photovoltaics and light-emitting devices.

Combining fast response time, due to the high mobility of
graphene, and strong light absorption, due to large direct
band gap of MoS,, photodetectors based on vertical G/MoS,
stacks have shown a very high photogain, greater than 10%'°

Due to the presence of a perpendicular effective electric field,

12264 | Nanoscale, 2014, 6, 12250-12272

the photoelectrons produced in the MoS, layer after light
absorption are subsequently injected into the graphene layer,
rather than trapped in MoS,. A similar mechanism has also
been applied to other semiconductors, such as graphene-
quantum dot hybrid heterostructures.”’®® Besides the high
photoresponsivity, a gate-tunable persistent photoconductivity
was also observed in the G/MoS, heterostructure, as shown in
Fig. 12a and b.>°° The persistent photocurrent is due to a com-
bined effect of carrier localization in MoS, and the external
gate electric field.

This journal is © The Royal Society of Chemistry 2014
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With analogy to the FETT device, the light-matter inter-
action in vertically stacked heterostructures was also studied.
2D heterostructures consisting of TMDs sandwiched between
graphene sheets exhibit a photoresponsivity of 0.1 A W',
which is because the Van Hove singularities in the electronic
density of states of TMDs guarantees enhanced light-matter
interactions, leading to enhanced photon absorption and an
electron-hole creation.’ Recently Yu et al. demonstrated a way
to control the photocarrier generation, and the separation and
transport processes using an external electric field in the G/
MoS,/G vertical heterostructure.'”> They showed that the
amplitude and polarity of the photocurrent in the gated verti-
cal heterostructures can be readily modulated by the electric
field of an external gate to achieve a maximum external
quantum efficiency of 55%. More recently, high photorespon-
sivity has been achieved in all-graphene bilayer vertical hetero-
structures.>'®*'* Two graphene layers are separated by a thin
barrier layer, and a photocurrent is generated from the tunnel-
ing current through the interlayer formed between the p- and
n-type doped graphene layers, or from the strong photogating
effect.

p-n junctions are the essential elements for optoelectronic
devices. Although the vertical heterostructures have been
extensively studied, p—n junctions based on the same 2D semi-
conductor are relatively unexplored, due to the difficulty in the
p-type doping of 2D materials. The p—n junctions consisting of
n-type 2D materials and p-type conventional semiconductors
have been investigated. Electroluminescence has been
observed in monolayer MoS, and p-type silicon p-n junctions,

o (pA)

t (min)
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as shown in Fig. 13a and b.*'*> A carbon nanotube-MoS, het-
erojunction p-n diode responds strongly to optical irradiation,
with an external quantum efficiency of 25% and a fast photo-
response of about 15 ps.**?

Furthermore, scientists have tried to individually contact
layers of p-type WSe, and n-type monolayers or few-layer TMDs
(MoS,, WS,) to create an atomically thin p-n junction with the
type II band alignment.'”**%721¢ Here, excellent diode charac-
teristics with well-defined current rectification behavior were
demonstrated in these devices, as shown in Fig. 13c and d."”?
Besides the rectifying current-voltage characteristics, the p-n
junction can also be used in other optoelectronic devices. A
photovoltaic response has been observed across the p—n inter-
face, and the collection of photocarriers can be enhanced by
sandwiching the atomic p-n junction between graphene
layers.””> An electrically driven light emitter has also been
demonstrated, in which electroluminescence originated from
the exciton emission and hot electron luminescence.*"*

The p-n junctions discussed above are mainly vertically
stacked heterostructures. Lateral p-n junctions have been a big
challenge, due to the precise control over the growth and due
to the lattice matching issues. Because of the ambipolar behav-
ior of some TMDs, p—n junctions can be formed in the lateral
plane by electrostatic doping. The first lateral p-n junction was
formed by the ionic gating of MoS, under specific con-
ditions.**® p-n junctions based on a WSe, monolayer have
been demonstrated independently by several groups.>'”:*!92°
As shown in Fig. 13e and f, in these structures two separated
gates are used to form the p- and n-type doping regime, which
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Fig. 12 Photoresponse properties of 2D heterostructure-based devices. (a) Schematic of the vertical G/MoS, device architecture, (b) Photocurrent
induction and switching operation of the G/MoS, device under different gate voltages. The vertical shaded columns and blue (dotted) lines indicate
the presence of light and the application of gate pulses, respectively.?’? (c) Schematic of the G/WS,/G device. (d) /-V curves for a device taken
under illumination (left axis) and in the dark (right axis) at different gate voltages after doping.® Reprinted with permission from: (a, b), ref. 209, ©

2013 NPG; (c, d), ref. 9, © 2013 AAAS.
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Fig. 13 Optoelectronic devices based on 2D p—n junctions. (a) Cross-sectional view of the structure of the MoS,/Si heterostructure device. (b) Elec-
troluminescence spectrum and fitting of the MoS,/Si heterostructure.?'? (c) Optical image of the monolayer WSe,, WSe,/MoS, heterostructures, and
monolayer MoS,. (d) /-V characteristic of the WSe,/MoS, heterostructure.'”? (e) Schematic of a monolayer WSe, device with split gate electrodes.
(f) 1=V characteristics of the device under optical illumination for different biasing conditions.?*” Reprinted with permission from: (a, b), ref. 212, ©
2014 ACS; (c, d), ref. 172, © 2014 National Academy of Sciences; (e, f), ref. 217, © 2014 NPG.

allows them to operate as light emitting diodes, photovoltaic
solar cells, and photodetectors under different bias condition.

Although extensive research has been focused on 2D hetero-
structures in recent years, device applications remain largely
unexplored. The flat and dangling-bond-free surfaces of 2D
crystals allows the on-demand fabrication of heterojunctions
with the desired band alignment, using a library of numerous
2D metallic, semiconducting, or insulating 2D layers, revealing
unusual properties and new phenomena. Further optimization
of the band alignment, fabrication techniques, and interface
lattice mismatching will lead to the design of new devices with
novel functionalities, such as valley-based electronics and
optoelectronic devices.**"**>

5. Conclusion and outlook

Great achievements in graphene and graphene analogues have
stimulated the exploration of 2D heterostructures ever since
the discovery of graphene. These studies have brought us to a
brave new world of 2D materials and their heterostructures. In
this review, we have summarized recent progress on the fabri-
cation, characterization, and applications of 2D vertical and
lateral heterostructures.

Vapor-phase growth has been recognized as a most effective
way to obtain high quality graphene, hBN, TMDs, etc. Recently,
increasing research has shown that direct growth could also
serve as an important method of 2D heterostructures fabrica-
tion. More importantly, this routine could lead to the for-
mation of heterostructures consisting of lattice aligned 2D
layers with atomically sharp interfaces, for both vertical and
lateral cases, as confirmed by the graphene and hBN system.
In the last section, we reviewed recent progress on the appli-
cations of atomically thin 2D heterostructures. It has been

12266 | Nanoscale, 2014, 6, 12250-12272

demonstrated that 2D heterostructures can find promising
applications in high-mobility electronics, tunneling FET,
memory devices, photodetectors, etc.

Although in the past few years significant effort has been
poured into this emerging field of 2D heterostructures, there
still exist a number of significant issues that need to be
addressed and explored. The first challenge will be the large-
area fabrication. Surely, at present, 2D heterostructures pre-
pared by exfoliation-transfer technique seem good only for lab
studies, and a more scalable fabrication approach is highly
desirable. To this end, direct growth as a promising way needs
to be further explored to produce large-area and high-quality
heterostructures in a controlled manner. In addition, with the
improvement of fabrication and transfer techniques, other
unique heterostructures may be designed by finely tuning the
parameters, like band alignment, lattice mismatch, etc. For
example, by utilizing strong spin-orbital coupling in TMDs,
novel valleytronics-based heterostructure devices are highly
expected. Considering that increasing numbers of 2D layers
with distinct properties have been synthesized and isolated
experimentally, it will be quite exciting to expect what will be
brought to us in the future by the kaleidoscopic landscapes of
those amazing 2D layers and their heterostructures.
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