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Research on atomic layers including graphene, hexagonal boron
nitride (hBN), transition metal dichalcogenides (TMDCs) and their
heterostructures has attracted a great deal of attention. Chemical
vapor deposition (CVD) can provide large-area structure-defined
high-quality atomic layer samples, which have considerably
contributed to the recent advancement of atomic-layer research. In
this article, we focus on the CVD growth of various atomic layers
and review recent progresses including (1) the CVD growth of
graphene using methane and ethanol as carbon sources, (2) the CVD
growth of hBN using borazine and ammonia borane, (3) the CVD
growth of various TMDCs using single and multi-furnace methods,
and (4) CVD growth of vertical and lateral heterostructures such as
graphene/hBN, MoSa/graphite, WS>/hBN and MoS»/WS,.



1. Introduction

The recent progress of research on atomic layers including graphene, hexagonal boron
nitride (hBN), and transition metal dichalcogenides (TMDCs) has reinvigorated the study of
atomic layers. Reports on graphene can be traced back to early work in the 1960’s with
identification of “monolayer graphite” (i.e., graphene) in 1969'-?, while the first isolation of
properties of graphene, igniting intense interest in a wide range of possible applications and '
further research on its basic properties.>® Atomic layers have been studied in terms of
colloidal science and through chemical exfoliation, and now there is intense interest in their
physical properties and possible role in various applications.” In addition to individual atomic
layers that have been investigated so far, atomic layer heterostructures are being developed.®
10, 1) Various atomic layers and their unique properties have been providing a widespread
platform to open up novel chemistry and physics in two dimensions.> 12

The progress of materials science and condensed matter physics relies on the development
of sample preparation methods, and the research on atomic layers is no exception. The
preparation of atomic layer samples can be performed by bottom-up or top-down methods. By
revisiting a known method of repetitive peeling with adhesive tape that was, for example,

reported in the 1960s for the preparation of ultrathin samples of layered materials such as
13)

metal chalcogenides'”), graphene was isolated on an insulating substrate as reported lin 2005

this method has been referred to as “mechanical exfoliation”. The preparation of monolayer

flakes of graphene, hBN, and TMDCs has been achieved by this top-down method,* 419 and
the finding of massless Dirac fermions in graphene, the observations of quantum Hall and
fractional quantum Hall effects in graphene, the realization of high-performance FETs by
TMDCs, and the optical control of the valley degree of freedom in TMDCs, etc., have also
been accomplished with samples prepared by “tape peeling”, i.e., mechanical exfoliation.*
17-19)

Although there have been significant contributions from the top-down method, bottom-up
methods, such as chemical vapor deposition (CVD), are indispensable in atomic layers
research. The advantages of the CVD growth of atomic layers are roughly summarized as
follows: the realization of large-area atomic layers, layer-number selectivity, and the direct
growth of vertical and lateral heterostructures. The use of large-area flakes facilitates device
fabrication, leading to the more straightforward investigation of the physical and chemical
properties of atomic layers. In addition, large-area samples are essential, in particular, in terms
of device applications, because semiconductor device applications usually need wafer-size
crystals. The layer-number selectivity is another advantage of CVD growth. Because physical
properties strongly depend on the number of layers, layer-number-selective preparation
(particularly monolayer preparation) is crucial in atomic layers research.’” The
exfoliation-based method, however, provides flakes with various layer numbers, and finding
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monolayers, bilayers, and so forth is a time-consuming task. Finally, the growth of
heterostructures is a significant advantage of the CVD method. Even though vertical
heterostructures can be prepared by the transfer-based manual stacking method?, the direct
CVD growth of vertical heterostructures is an important issue. In the case of the
transfer-based manual stacking method, obtaining a clean interface between layers is not easy,
and bubble formation and contamination are significant problems in the preparation of
high-quality vertical heterostructures. In contrast, the direct CVD growth of heterostructures
can provide high-quality heterostructures with clean interfaces because heterostructures are
directly grown through a high-temperature dry process.?>?> In addition, the preparation of
lateral heterostructures by transfer-based methods is, in principle, impossible and can be
prepared only by the CVD method. The advantages shown above are absent in the top-down
method, making the CVD growth indispensable in atomic layers research.

In this review article, we focus on the CVD growth of atomic layers including graphene,
hBN, TMDC and atomic-layer heterostructures. In section 2, the CVD growth of graphene, in
particular, using methane and ethanol as carbon sources, is presented. The CVD growth of
hBN is then discussed briefly in section 3. In section 4, bottom-up approaches to the growth
of TMDC atomic layers using one-furnace, multi-furnace CVD and molecular beam epitaxy
(MBE) are discussed. In section 5, the growth of vertical and lateral heterostructures
including graphene/hBN, TMDC/graphene, TMDC/hBN, and TMDC/TMDC is presented.

2. CVD growth of graphene
2.1 CVD growth of graphene

Although the term “graphene” appeared and was even standardized in 1986, 29 its
deposition on insulating substrates ignited its research in the past decade.?”>2® Driven by its
superior properties and therefore potential applications,® 234 as well as the unprecedentedly
rich physics,* ® significant effort has been made to obtain or synthesize graphene in a
controlled manner. Methods including mechanical exfoliation, thermal decomposition of
SiC,” chemical exfoliation,>3® and CVD37 3% have been used to produce graphene. Each of
these methods has its own advantages and disadvantages, so in principle, the preparation
strongly depends on the final use of graphene product. CVD is, however, undoubtedly the
most widely investigated method so far,3® owing to its potential in large-scale production, just
as been demonstrated in study of carbon nanotubes (CNT).*” Indeed, there are a lot
similarities in mechanisms of graphene and CNT growth, and initial attempts of the graphene
CVD inherited not only recipes but also research methodologies from CNTs, particularly
single-walled carbon nanotubes (SWNTs).*? However, recent fast development of graphene

synthesis has made graphene growth very different from conventional CNT growth. Some of



the new findings on graphene formation can perhaps provide feedback about the growth
mechanism of CNTs, and may even facilitate the controlled growth of CNT, as will be

discussed in detail in the following sections. Selected events in the CVD synthesis of

graphene from methane and ethanol are summarized in Fig. ‘1‘
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Figure 1. Timeline of selected progress in CVD synthesis of graphene from methane and ethanol.

2.2 Polycrystal graphene

The growth of monolayer graphene over transition metals occurred many years prior to the
isolation of graphene in 2004.) For instance, Banerjee et al. investigated the pyrolytic

formation of graphite films on Ni, Cu, and Pt from carbon suboxide (C302), and showed

variations in the growth rate and thickness of the films.*" They noted that

“In particular, substrates of nickel and iron are of interest. They are highly active catalysts
for the decomposition of carbonaceous gases, apparently because of the incomplete filling of

their 3d bands. In addition, they markedly increase the crystallinity of the carbon formed as
decomposition product.”

A similar work can also be found in the research of Blakely and coauthors in 1970-80s, when

they reported a series of work on the surface segregation of mono- and multilayers of
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graphene on Ni, Pt, Pd, and Co.*>»*) They even studied the influence of crystal orientation on
growth, which has also been investigated during the past decade by many groups.** 49

Besides these studies of graphene growth by surface scientists, the modern CVD synthesis of
graphene has followed a trajectory from synthesis of multilayer films with inconsistent layer
numbers as a function of lateral position in the film to the more controlled synthesis of
monolayer only. Early attempts include reports by Somani et al.,*® Obraztsov et al.,*” Yu et
al.* All these early attempts resulted in a few to few tens of layers of graphene with varying
thickness across the film. One work that opened the way for graphene application in
electronics was performed by Kim et al. in 2009, who achieved the CVD growth of
wafer-scale graphene and presented a versatile strategy for transferring graphene onto a
different substrate.>” Their work, as well as subsequent studies by other groups,*®*” opened
the practical utilization of graphene as a new material from laboratory research to industrial
application.

Before 2009, the most studied metal substrate for graphene synthesis was Ni. However, Ni
generally suffers from the difficulty in precise control over the thickness of the obtained
material. Usually, the product contains both mono- and multilayer graphene. This is attributed
to the high solubility of carbon in Ni. By precipitation from the bulk Ni to the surface, the
extra growth of the graphitic film occurs during cool-down(as discussed further below).?
Many strategies have been proposed to increase the proportion of mono-layer graphene.
Controlling the cooling rate, surface morphology, growth reagents, and adopting low
pressures and temperatures, have all been proven to be capable of increasing the proportion of
the monolayer in the product.®:31-52

In parallel, many other metals were proposed as candidates to support graphene growth.
Graphene has been synthesized on Ru,” ) Co,>® Pd,*® Rh,°” Au,”® Pt,° and other metal
substrates,® D although the ‘processing window’ varies from metal to metal. One thoroughly
studied metal is Ru. Ru has a hexagonal closest packed structure, and low carbon solubility,
and easily form a crystalline surface at high temperatures. These properties make single
crystal Ru a good choice for the epitaxial formation of graphene, and high-quality mono- and
bilayer graphenes have been successfully synthesized on Ru (0001) surface.%> % Since many
experiments have been performed in UHV, the structure of graphene on Ru and thus the
metal-graphene interface, have also been studied.®*%”) Pt is another metal that has been well
studied for graphene growth.’% 6% 69 Large mono- and bilayer graphenes can be formed on
both single- and polycrystal Pt at ambient pressure. The Cheng group also demonstrated that
transfer of graphene from Pt to another substrate is feasible through a bubble-assisted transfer,

in which the Pt substrate can be repeatedly reused for growth and transfer.”” Another



approach is the use of metal alloy, and the Liu group stated that an alloy of Ni-Mo yielded

100% monolayer coverage. 7"

While many metals have been used for monolayer or multilayer growth, Cu has been the
metal most frequently used including for scaled-up production,’ as will be discussed in the

next section. (Figure 2 shows graphene grown on Cu.)
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Fig. 2. (A, B) SEM images of graphene grown on a Cu foil. (C, D) Optical microscopy image of

graphene transferred onto a SiO/Si substrate and a glass plate, respectively. Reproduced from Ref. 72.

One of the most significant advantages of Cu is its robustness. On all other different metals,
there are usually narrow windows that monolayer graphene can form so it is not always “easy”
to find the right conditions for growing monolayer graphene, while on Cu, in most cases, it is
fairly “difficult” to form a second layer. This is normally called a self-limiting process, which
is now understood to be due to the ultralow solubility of carbon in Cu and therefore from a
surface-mediated growth mechanism.>” The different mechanism between Ni and Cu was
successfully demonstrated by isotope labeling; we note that isotope labeling has also been
used in CNT research.”>7>) At the same time, the formation of graphene on Cu seems to be
less sensitive to the Cu crystal orientation (many subsequent studies show that growth can
readily span grain boundaries of Cu without affecting itself).”*”® Together with its easy

accessibility and low cost, Cu (mainly foil) has evidently become the most successful metal



template and has opened a new generation of graphene CVD. Numerous exciting
breakthroughs including the roll-to-roll growth of 30 inch graphene,?? the growth of graphene
with single crystals up to the cm scale,’” and the new development of growth on Cu (111)
foil 8182 Considering the explosive development of Cu-based CVD, instead of reviewing the
complete history of graphene growth by Cu-based CVD, we will focus on the recent progress
in the synthesis of large graphene single crystals, which has generated considerable interest

over the past four years.

2.3 Larger graphene single-crystals

Initially, graphene films synthesized on Cu were polycrystals, with typical graphene
single-crystal domain sizes of about tens of micrometers.”” The grain boundaries in these
films decrease both the electrical and mechanical qualities of graphene films.” 8% Driven by
the superior properties of structurally perfect graphene films, since 2011, efforts have been
directed towards enlarging the single-crystal graphene domains up to the millimeter and even
the centimeter scale.

Among major progresses of optimizing CVD conditions to realize the synthesis of
millimeter-scale single-crystal graphene, several factors have been considered crucial. First,
using a low partial pressure of the carbon precursor (which typically has been methane)
significantly increases the chance of obtaining large single crystals. The Ruoff group reported
that, at low flow rates and partial pressures of methane, single-crystal graphene flakes as large
as 0.5 mm could be synthesized.’¥ Following this pioneering work, many other research
groups obtained millimeter-size graphene using a methane partial pressure as low as several
Pa. Second, smoothing and cleaning the Cu foil surface, either by electropolishing or
long-term annealing, or melting followed by resolidification, can reduce the nucleation
density through the decrease in the number of preferred nucleation sites.®> 3¢ Third, some
techniques such as using Cu foil pockets or enclosures, Cu foil tubes, or Cu foil sandwiches
are believed to contribute to the smoothing of the foil surface, slowing down the evaporation
of Cu, and thus preventing contamination, which can increase the size of single crystal
graphene regions formed inside these enclosed spaces.®¥ Chen et al. showed that, by
combining the strategies of low-partial-pressure methane, very smooth Cu surfaces, and Cu
pockets or Cu tubes, graphene single crystals as large as 2 mm can be synthesized.”® Recent
results reveal that a small amount of oxygen, produced, for example, by using an oxygen-rich
Cu foil or by deliberately introducing oxygen directly into the growth chamber, increases the
growth rate and final size of the obtained graphene single crystals.”” 7% 37 Graphene single

crystals of cm-scale diameter were obtained through the selective use of oxygen with the Cu



foil.

Behind these techniques that were adopted to increase the size of graphene single crystals,
the key is to decrease the density of nucleation sites. Comparing the growth rates of graphene
reported in the past five or six years, one may easily observe that the growth rate has not
increased many-fold. In 2009, the grow rate was about ~6 um/min as revealed by isotope
labelling,>® while in 2013, 1-cm-diameter graphene was obtained in a 12 h CVD at a growth
rate of ~7 pm/min.”” However, the nucleation density nowadays is many orders of magnitude
decreased compared with the first report on Cu (10%10° vs 0.01 mm2). At this stage,
nucleation generally randomly occurs on the foil. In this sense, controlling the precise growth
density through, for example, site selective growth techniques,” may be an important step to
further enlarge graphene single crystals. At the same time, unlike the growth of SWNTs that
usually decelerates after a short time (usually called catalyst deactivation),®® 8 the factors
that limit graphene growth are, in many case, technical issues, e.g., the evaporation of Cu
after a long CVD time. It might be forecasted that relatively high growth rates are needed for

larger graphene single crystals.

There is another strategy that has recently been proposed by Lee et al., who claimed that
wafer-scale wrinkle-free single-crystal graphene can be obtained on silicon using a
hydrogen-terminated germanium buffer layer.”” Unlike on Cu foil where graphene has more
than one dominant orientation preference,*> 7 °D graphene flakes formed on this substrate
have identical orientations and finally merge into single crystals without apparent grain
boundaries (although the sizes of initially formed grains were only few micrometers). Also,
the authors claimed that the weak interaction between graphene and the underlying
hydrogen-terminated germanium surface enabled the facile etch-free dry transfer of graphene
and the recycling of the germanium substrate for continual graphene growth. Prior to this
work it was found that graphene islands (domains) formed on Cu (111) have identical
orientations.®!-°? More recently, the ‘seamless stitching’ of graphene domains was discussed
and 4x6 c¢cm? single crystal graphene was presented as obtained on polished copper (111)
foil 8%

2.4 Recent progress in ethanol CVD

In the previous studies on graphene CVD, the widely used carbon source is methane.*% 72
The choice of methane was due to its stability at high temperatures as it was perceived that
high temperatures might favor higher quality graphene.””? However, for future industrial
production, other alternative carbon sources, particularly those in liquid form at room

temperature, may be used owing to their easier storage and transport. Also, it remains



fundamentally interesting how different carbon sources influence graphene formation.

Indeed, since 2009, many other hydrocarbons and carbon-containing materials in gas,” %%
liquid,” %0 and solid states,”® have all been proven to be at least effective for forming
graphene. One of the most promising candidates, as proposed by Maruyama et al., in 2002 for
the CVD growth of SWNTs, is ethanol.!%?)

Ethanol is known as a cheap, clean, nontoxic liquid, which has been proven to be one of the

most efficient carbon sources for the growth of SWNTs.!00

The oxygen in its molecular
skeleton etches the less stable amorphous carbon by-product and therefore results in
impurity-free SWNTSs. For graphene growth, the recent discovery that oxygen is helpful for
increasing the growth rate of graphene and passivating the excessive nucleation perks more
interest.””)

The first graphene CVD using ethanol as a carbon source was achieved soon after the first
report on the CVD growth of graphene. In 2010, Miyata et al. synthesize monolayer graphene
on Ni using ethanol as the carbon source in the ambient pressure CVD.!°D Later, in 2011
Guermoune et al., performed a more systematic experiment using alcohols, namely methanol,
ethanol, and propanol, and obtained high-purity monolayer graphene in all three alcohols.!%?
The mobility of the obtained graphene was around 2000 cm?/Vs. In 2013, Zhao et al. further
studied the growth behavior of graphene from ethanol on different facets of Cu and concluded
low-index Cu facets of Cu(111) and Cu(100) play a critical role in the following self-limiting
process of a continuous graphene sheet, whereas the Cu(110) and high-index facets favor the
nucleation and formation of secondary layers.!®® High quality graphene form on Cu at a
relatively low temperature 800°C. More recently, Chen et al. have produced monolayer
graphene single crystals up to 5 mm, which is on the same order of magnitude as those
obtained from methane.!®® In general, although not as widely used presently as methane,
ethanol seems to possess the same capability of producing monolayer graphene, regardless of
the quality or size of the obtained graphene crystal.

At the same time, some differences between ethanol and methane were also observed in
these studies. For example, in their first report, Miyata et al. believed that via flash cooling
graphene was formed on Ni by a nonsegregation mechanism.'°) Zhao et al. further confirmed
that ethanol followed a nonsegregation mechanism by isotope labelling.!®® Zhao et al.
recently found that ethanol is also capable of producing bilayer graphene, within which over
94% of the layers are Bernal-stacked.!”> One interesting phenomenon observed here is that
bilayer growth follows a layer-by-layer epitaxy mechanism, and a continuous substitution of

graphene flakes occurs in the as-formed graphene (first layer), which is significantly different



from previous observations in methane CVD.!%: 197 The existing oxygen in ethanol may have
played an important role in the growth, particularly in the etching and substitution of carbon
atoms in the as-formed graphene, although further study is still needed to verify the role of
oxygen. Nevertheless, ethanol has proven its potential in the controlled CVD synthesis of
polycrystal graphene, large single crystal monolayer graphene, ands AB-stacked bilayer
graphene. Some representative graphene samples recently obtained by ethanol CVD are

shown in Fig. 3.

(a)

(b)

Raman intensity (2. u.)
|

Fig. 3. Mono- and bilayer graphenes synthesized from ethanol: (a) optical image of mm-scale
single-crystal monolayer graphene on Cu and SEM image of the sample transferred onto SiO;
substrate; (b) optical image of a 300 pm AB-stacked bilayer graphene synthesized and its

corresponding Raman spectra.

3. CVD growth of hexagonal boron nitride

The development of graphene growth technique has also stimulated researchers to apply the
same approach to the growth of other two-dimensional materials. Atomic layers of hBN are a
representative sample. Even though the synthesis of the hBN bulk crystal has a long history,
here, we focus our attention to recent progresses of the CVD growth of hBN atomic layers on
metal substrates. Similarly to the CVD growth of graphene, mono- and few-layer hBN can be
precursors of hBN, ammonia borane (BNHg, borazane), %12 borazine (B3sN3He), 3119 and
the combination of ammonia and diborane!!” are used in place of methene and ethanol for
graphene. Even though these hBN sources are solid or solution at room temperature, these
compounds are easily evaporated by moderate heating and thus can be used for CVD growth
under ambient and low-pressure conditions. In terms of stability under ambient condition,

ammonia borane CVD can be conducted with a simple setup for laboratory
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experiments.!® 112 In the same manner as graphene, the growth of micrometer-sized
monolayer hBN crystals was achieved on Cu and Co substrates (Fig. 4).!% 119 This indicates
that these metal substrates have similar catalytic effects and solubilities for boron and nitrogen
atoms as observed for carbon atoms on Cu.

Despite such success with the methodology developed in graphene studies, there are still
several issues to be resolved for the practical use of CVD-grown hBN. First, current CVD
techniques still lack a production method for a high-quality and perfectly uniform multilayer
of hBN, which is highly required as an atomically flat and ultraclean dielectric layer for
application in electronics. To date, the high carrier mobility of graphene has been realized
using bulk hBN single crystals grown in solutions such as barium boron nitride and nickel
molybdenum.!'® 119 Furthermore, the grain size of CVD-grown hBN has been limited to
several tens of micrometers unlike CVD graphene. ''% The grains of the hBN crystal become
trigonal because of the threefold symmetry of the crystal lattice. Long-time growth leads to
the formation of continuous films with grain boundaries where pentagon-heptagon (5/7)
defects were observed.'?” This may result in the degradation of intrinsic electric and
mechanical properties. As reviewed in the heterostructure section, applications using hBN
highly require the combination of hBN with other two-dimensional materials. Therefore, it is
still highly desired to develop a technique for directly growing hBN on other two-dimensional

materials.

Monolayer h-BN

Fig. 4. Atomic force microscopy image of a trigonal monolayer hBN grain grown on Cu foil.
Reproduced from Ref. 110.

4. CVD growth of transition metal dichalcogenides

Important early experiments on TMDCs have been performed using samples exfoliated
from bulk crystals. For example, the first investigation of the FET properties of monolayer
MoS; showing a high on/off ratio (~ 10®) and the first demonstration of intense PL emission
from monolayer MoS; have been performed using MoS, samples prepared by exfoliation.!®
) These pioneering works have ignited intense research interest toward TMDCs, and the

following important works on TMDCs, such as the optical control of valley polarization and



the observation of the valley Hall effect, have been urged to appear; these works have also
been performed using the samples prepared by exfoliation. In addition to a sizable bandgap
larger than 2 eV, the optical control of the valley degree of freedom is lacking in graphene,
and the experimental observation of the valley-related physics has clearly demonstrated that
TMDC is a promising post-graphene material.?'"?* Although exfoliated samples have been
playing an important role in TMDC research, the CVD growth of TMDCs has attracted much
attention. As discussed in the introduction section, the advantages of CVD growth are
summarized as follows: the realization of large-area atomic layers, layer-number selectivity,
and the direct growth of vertical and lateral heterostructures. The selective formation of a
monolayer is an important advantage of the CVD growth of TMDCs because direct bandgap
and valley-related properties can be seen particularly in the monolayer.'?? In addition, recent
reports on the direct CVD growth of TMDC heterostructures (discussed in the next section)
have also makes the CVD growth of TMDCs indispensable in TMDC research.

) e .
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Fig. 5. Schematic diagram of single-furnace method for growth of MoS, from MoO; and
elemental sulfur. Reproduced from Ref. 125.

The CVD growth of TMDCs can be roughly divided into two types: single-furnace and
multi-furnace methods. The single-furnace method is the simplest method and has firstly
reported.'?> Figure 5 shows a schematic diagram of the single-furnace method to grow MoS;
atomic layers. In this method, the metal source (MoO3) and elemental sulfur are placed in a
quartz reactor heated at 650 °C, leading to the vaporization of both MoO; and sulfur to grow
MoS; flakes on a substrate placed nearby; in this case, SiO2/Si substrates were used. TMDCs
can be directly grown onto insulating substrates such as SiO/Si, sapphire, mica, and hBN
because the CVD growth of TMDCs does not require catalytic action, which is different from
those for graphene and hBN. Using the single-furnace method, large-area monolayer MoS,,
whose grain size is larger than 100 pm (Fig. 6), has been prepared.!?® Note that carefully
cleaned substrates are an important factor of large-area high-crystallinity MoS; growth. The
grown MoS; flakes have various shapes including triangle, hexagonal and star-shape;
triangular is the most frequently observed crystal shape of CVD-grown TMDCs.!?” The
formation of triangular MoS; is different from that of CVD-grown graphene, owing to the
preferential formation of zigzag edges composed of metal or chalcogen during the CVD
growth. When the surface coverage increases, MoS; grains merge to form a large-area single



sheet, where grain boundaries such as 8-4-4 and 5-7 exist (Fig. 6).129
a b

Fig. 6. (a, b) Optical microscopy images of MoS; grown on SiO»/Si substrates. Triangular MoS,
crystals are seen as blue contrasts. (b,c) An atomic resolution TEM image and corresponding

structure model of a grain boundary of grown MoS,. Reproduced from Ref. 126.

Even though the single-furnace method is a simple and facile preparation technique for
monolayer MoS», the application of this method to the preparation of other types of TMDCs
is not feasible; this method needs a metal source that can vaporize at the growth temperature
of TMDCs (typically around 700 °C). It is, in principle, possible to increase growth
temperature to prompt the vaporization of metal sources, but, in this case, chalcogen
immediately vaporizes before the formation of TMDCs. MoOs is a suitable metal source with
sufficiently low sublimation temperature, and the single-furnace method with MoOs as a
metal source has been utilized as a facile growth method for MoS; atomic layers.'?® Another
possible metal source is metal chloride that vaporizes well below the growth temperature.
However, metal chlorides such as MoCls and WClg are very sensitive to moisture in air and
readily decompose to produce HCI; these metal sources are not easy to handle.

This problem can be solved using the multi-furnace method. In this approach, chalcogen
vaporization and TMDC growth (and/or metal source vaporization) can be performed at
different temperatures, and TMDC growth can be maintained at high temperatures (~ 1000
°C) with the continuous supply of chalcogen. This method can be applied not only to Mo but
also to other metals, leading to the growth of TMDCs including MoS,, WS>, MoSe>, WSea,
and so forth.'?>!3 In this method, metal sources can be vaporized during the growth or
deposited prior to sulfurization. WOs3, for example, is thermally evaporated to deposit on a
substrate, which is followed by sulfurization under sulfur flow at high temperatures.
Large-area WS; films (~1 cm?) have been prepared through this procedure (Fig. 7).13> WO;
can also be supplied by vaporization, where the substrate and WOj3 are put in a furnace heated
at a high temperature and sulfur is supplied upstream under buffer gas flow.!*% 37 This has
also produced large-area monolayer WS, and it is reported that the grown monolayer WS>
shows ambipolar FET characteristics with an ionic liquid top gate. Similarly, large-area
monolayer WSe; has been grown using WO3 and selenium as a metal source and chalcogen.



The grown WSe: shows ambipolar characteristics and a high hole mobility of 90 cm?/Vs.!3?

The three-furnace method has also been reported, where a metal source, chalcogen, and a
substrate can be independently heated using three independent furnaces. The independent
control of each source and the substrate contributes to the controlled growth of high-quality
TMDCs, and the grown WS, on hBN shows the sharp photoluminescence peak (FWHM 25

meV at 2.01eV) at room temperature.>¥
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Fig. 7. (a) Schematic presentation of CVD growth of WS; with two independent heating systems.
The growth of WS; and the supply of sulfur are separated in this method. (b) Grown large-area
WS, film on SiO»/Si substrate. Reproduced from Ref. 135.

Molecular beam epitaxy (MBE) is another bottom-up approach for the growth of various
semiconductor thin films. MBE has been widely used as a highly controllable method of
preparing thin films: the application of MBE to TMDCs is however still limited. Early studies
on the MBE growth of TMDCs have been reported around 1990 by the Koma group. In their
work, they have grown MoSe; and NbSe; in a UHV chamber (8 x 10 Pa), where the metal
source and Se were evaporated by an electron beam evaporator and a Knudsen cell,
respectively.!*® They have also demonstrated the growth of vertical TMDC heterostructures
by the direct MBE growth of a TMDC layer onto another TMDC layer, which they call van
der Waals epitaxy.!3® Similarly, MoSe, and HfSe> have recently been grown by MBE, and the
electronic structure of MBE-grown MoSe; has been investigated by scanning tunneling
microscopy.!*% 14D From the results of the scanning tunneling spectroscopy of MBE-grown
monolayer MoSe;, the single-particle electronic gap of monolayer MoSe; has been
determined as 2.18 eV, and the exciton binding energy of 0.55 ¢V has also been determined as
the energy difference between the single-particle gap and optical gap.'*) Although the MBE
growth of TMDCs has not been investigated very well, MBE has potential for growing
high-quality TMDCs and heterostructures in a controlled way, which is expected to contribute
to the elucidation of fundamentals of TMDCs and future applications; MBE can precisely
control the supply rates of metal and chalcogen, allowing for the consecutive growth of
heterostructures.

5. CVD growth of atomic layer heterostructures

The fabrication of desired atomic layer heterostructures is one of the most important
challenges in current research on two-dimensional materials.'*? For example, the use of hBN

as a substrate allows us to access the intrinsic transport properties of graphene.?) Until now,



research on atomic layer heterostructures has mainly focused on two different types of
structures, namely, vertically stacked atomic layers, the so-called van der Walls
heterostructures,'? and in-plane (lateral) heterostructures. Actual forms of these structures
have been realized over the last several years, and attract much attention. For the controlled
fabrication of these systems, vapor-phase growth techniques including CVD definitely play an
important role. In the following section, we briefly review current topics and challenges in

growth studies of heterostructures based on atomic layers.

In initial studies, van der Waals heterostructures have been primarily prepared by
mechanical exfoliation and multiple transfers of atomic layers of materials such as graphene,
boron nitride, and transition metal dichalcogenides (TMDCs).2!: 43-149  Although the
exfoliation and transfer processes are basically simple and have been improved to produce
clean heterostructures,'#3 149 geveral challenges still exist. For example, during the transfer,
the samples may accidentally have ripples, impurities, lattice strain, and cracks. These factors
could deteriorate interlayer coupling and charge transport properties. Additional heat
treatment is sometimes necessary to remove impurities such as water for the improvement of
interlayer coupling and flatness.'*” Furthermore, the size of exfoliated samples is severely
limited for device applications. To overcome this difficulty, many research groups have tried
to develop direct growth techniques for producing clean and large-area heterostructures. One
of the most important challenges is the direct growth of high-quality graphene on hBN (and
hBN growth on graphene). To develop wafer-scale, high-performance graphene-based devices,
the direct growth has been tried by various vapor phase growth techniques including CVD.?>
148,149 In particular, a plasma-assisted deposition method enables the epitaxial growth of
graphene single crystals on hBN with a fixed stacking orientation (Fig. 8).>% There have been,
however, no reports on high carrier mobilities of CVD graphene directly grown hBN. Further
improvement and preferably breakthroughs are essential for the direct growth of graphene and
hBN systems.
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Fig. 8. (a) Schematic illustration of the growth mechanism. (b) Atomic force microscopy image of
as-grown graphene showing aligned hexagonal grains. The scale bar is 200 nm. Reproduced from Ref.
22.

Similar vertical heterostructures are also realized for the combination of graphene (or
hBN) and TMDCs, and two different types of TMDCs. In the former case, TMDCs are
normally grown on graphene (graphite) and hBN, 23-25 128, 141, 150-134) hecause the growth of
TMDC does not require catalytic substrates and can be induced on various types of substrates
with high chemical and thermal stabilities in the presence of sulfur and transition metals. In
this regard, graphene (graphite) and hBN are ideal substrates because of their atomically flat
surfaces, inert surface properties, and exceptional chemical and thermal stabilities (Fig. 9). In
particular, exfoliated surfaces are very clean and are used to grow high-quality TMDCs, as
confirmed by the uniform optical spectra of TMDCs (Fig. 10).24 25 The preparation of such
high-quality samples will enable further investigation of the intrinsic properties of atomic
layer TMDCs. This approach would, therefore, be useful for the growth of unexplored
two-dimensional materials as well as of TMDCs.

In the latter case, TMDC-based vertical WS2/MoS; bilayers have recently been formed
through CVD processes (Fig. 11).!> In this case, Mo atoms contribute to crystal growth at an
earlier stage than W atoms, resulting in the self-assembly of TMDC-based heterostructures
even in the case of a single-step growth process. The same approach has also been applied to

the formation of lateral heterostructures based on TMDCs, as described below.
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Fig. 9. (a) Schematic illustration of atomically thin MoS, grains grown on graphene. (b) Fast Fourier
transform (FFT)-filtered image of high-resolution scanning transmission electron microscopy (STEM)
imaging of the monolayer MoS; film supported on the graphene membrane. (c) FFT pattern from the
STEM image of the monolayer MoS; film supported on the graphene membrane. Reproduced from
Ref. 23. (d) Schematic illustration and (¢) SEM image of monolayer WS, grown on hBN. Reproduced
from Ref. 24.
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Fig. 10. (a) Optical microscopy image and (b) schematic illustration of WS, monolayers grown on

graphite (graphene). (c) Photoluminescence spectra of WS, monolayers grown on graphite and SiO,/Si



substrates measured at 79 K. (d) High-resolution TEM image of few-layer WS, grown on graphene.
Reproduced from Ref. 25.

Fig. 11. Schematic illustrations of (a) the vertically stacked WS,/MoS, heterostructures synthesized at
850 °C and (b) the WSy/MoS; in-plane heterojunctions grown at 650 °C. (c) Atomic resolution
Z-contrast STEM images of the in-plane interface between WS, and MoS, domain. The scale bar is
0.5 nm. Reproduced from Ref. 155.

In addition to such vertical heterostructures, recent progresses in growth techniques such
as CVD and physical vapor transport have allowed for the synthesis of lateral heterostructures
based on monolayer graphene/boron nitrides %9 and two different types of monolayer
TMDCs 3% 164160 One of the most interesting aspects is that lateral heterostructures have
one-dimensional interfaces, which have been theoretically predicted to exhibit unique electric
and magnetic properties such as half-metal and spin polarization.'¢-1®)  Recently,
TMDC-based lateral heterostructures have attracted much attention owing to their
semiconducting properties, which are essential for the realization of novel functional

electronics and optoelectronics such as chiral light-emitting devices.

Basically, lateral heterostructures can be prepared through the two-step growth process.
For graphene/hBN lateral heterostructures, 36199 individual grains of monolayer graphene
are usually synthesized from carbon sources such as methane, and hBN monolayers are, then,
grown from ammonia borane (or borazine) on the same substrates, as illustrated in Fig. 12.
When the hBN growth is initiated preferentially at the edge of graphene grains, the
crystallographic orientation of hBN can be determined by the structure of graphene edges.
This edge-initiated growth can be regarded as one-dimensional heteroepitaxy, where graphene
edges act as an epitaxial substrate for the hBN growth. It is noted that a similar process can
produce a unique monolayer alloy based on boron, carbon, and nitrogen atoms.!’% ") For
TMDC-based lateral heterostructures!>> 164169 various combinations are adopted mainly for
semiconducting Mo- and W-based TMDCs such as MoS;, MoSez, WS;, and WSe; (Fig. 11).



More recently, similar lateral heterostructures have been demonstrated for monolayer
Mo1xWxS2 TMDC alloys, which have composition-dependent tunable bandgaps.!”” Because
of the many compositional variations of TMDC series, more studies will be expected for the

growth of various TMDC-based heterostructures with novel functionalities.

L ."!’!m\

Fig. 12. (a) Schematic illustration of epitaxial growth of hBN at graphene edges. Black, blue, red, and
small gray spheres indicate C, N, B, and H atoms, respectively. (b) Scanning tunneling microscopy
image at a graphene-BN boundary (7.5 x 5 nm% sample bias: 0.5 V). (Inset) Height profile along the
white dashed arrow across the boundary. Reproduced from Ref. 160.

6. Summary

In this review article, we have focused on CVD growth of atomic layers and atomic-layer
heterostructures. After the discovery of graphene, growth technique of atomic layers has
greatly advanced and past 10-years research has proven that there is a very bright future in
science and application of atomic layers. The wide variety of atomic layers, graphene, hBN,
TMDCs and heterostructures, have been emerging from CVD growth, and these CVD-grown
large-area structure-defined 2-dimensional materials have been providing a platform to test
basic questions in 2-dimensional systems. In addition, unique characteristics of atomic layers,
such as ultra-thin structure, high carrier mobility and high-performance FET action, have
clearly demonstrated the enormous possibility in future applications. Significant research
efforts, by physicists, chemists, materials scientists, have been devoted to growth and
characterization of atomic layers, which leads to basic understanding of the growth and
properties of atomic layers. These basic understandings on the fundamentals of atomic layers



will make quantum jumps toward a rich array of future science and technologies.
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