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Bilayer two-dimensional (2D) single crystals have attracted intense interest due to their unprecedented
properties such as van Hove singularities, superconducting state and tunable bandgap, which are
exceptionally greater than those of the existing monolayer 2D materials. Accordingly, the controlled
growth of bilayer domains is of great significance, where the chemical vapor deposition (CVD) approach,
with the development of techniques, has become the most intuitive and flexible way to achieve this goal.
Currently, numerous reports regarding the controllable modulation of the stacking structure and
performance of bilayer 2D materials have been published, especially in recent decades; however, a
systematic review summarizing and analyzing the state-of-the-art advances in this field is not available.
Therefore, herein, we present a summary of the recent research progress on the methods and detailed
strategies for the configuration modulation of bilayer 2D materials. Firstly, the general strategies for the
synthesis of bilayer graphene domains are provided, highlighting the influence of the substrate, gas flow
Received 18th March 2022, and growth pressure. Moreover, bilayer transition metal dichalcogenides (TMDs) and hexagonal boron
Accepted 12th April 2022 nitride (h-BN) are listed. Thereafter, the growth mechanism of bilayer 2D single crystals is discussed in
DOI: 10.1039/d2tc01095j detail, taking bilayer graphene and bilayer TMD single crystals as examples. Finally, together with the
development of bilayer 2D single crystals, the future research challenges towards their controllable growth
rsc.li/materials-c and high quality and scaled synthesis are outlined, aiming to attract considerable interest in this topic.

1. Introduction

In recent years, 2D materials have attracted considerable
attention in the academic and industrial field and emerged
as a wealth of intriguing properties.'™ As an essential prere-
quisite for these crucial properties, the controllable growth of
2D materials with well-tunable thickness has unquestionably
become the desired goal of academia. At present, graphene, h-
BN, and TMDs with atomically single-atom thickness exhibit
amazing applications in the electronic and optical fields.® In
particular, graphene is well known for its application in gas
sensors,” corrosion-preventing agents®® and even energy sto-
rage devices.'® Nonetheless, the use of monolayer graphene,
with an intrinsic zero-bandgap structure, is severely restricted
in next-generation electronic and logic devices. Particularly,
this drawback effectively limits the killer application of
graphene to date. One promising route is to create bilayer
graphene with a Bernal (AB)-stacked structure, which generates
a tunable electronic bandgap in a vertical electric field and
features more novel properties and phenomena. In contrast to
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bulk materials, free of dangling bonds on the surface allows the
stacking of bilayer 2D materials without the limitation of lattice
mismatch. Consequently, the different lattice vectors in bilayer
2D crystals lead to the formation of a superlattice or moire
periodic potential."* The majority of the novel physical perfor-
mances arise from the enhancement in electronic coupling at
the interface such as Mott-insulator state'® and remarkable
superconductivity.’® These novel properties are sensitive to
the twist angle of bilayer 2D materials such as van Hove
singularities."* Furthermore, the relative mechanism presents a
new approach to modulate the properties of bilayer 2D crystals.
With a variation in the interfacial twist angle, the evolution of
the moire pattern introduces exotic optical, electronic and
magnetic properties for condensed matter physics and practical
applications. Therefore, precisely controlling the stacked struc-
ture of bilayer 2D crystals, their twist angle and even interface
state is desirable in this field, allowing the controllable growth of
bilayer 2D single crystals in the near future.

To date, there are three synthetic routes, which can be
considered as three horse-drawn carts driving on the preparation
road, each exhibiting their own merits and disadvantages
(Fig. 1a). These approaches include the direct artificial stacking
method,”™"” tip folding method'®'® and in situ growth
strategy.”® Generally, the artificial stacking method allows the
consecutive transfer of as-obtained monolayer 2D materials and
their construction into bilayers or multilayers with the desired
twist angles by means of an alignment transfer system.
A previous report demonstrated that polydimethylsiloxane
(PDMS) and an h-BN stamp could be used to tear graphene
samples, which inevitably had a negative effect on the near-field
interactions.>* A recent report chose a versatile pyramid stamp
(PS) to assist the precise controlled stacking of bilayer graphene
and had the ability to ensure its transfer on arbitrary substrates
owing to the absence of h-BN.>? Finally, the organic residues
were removed in chloroform and isopropyl alcohol baths. It is
perceived that the stacking strategy is beneficial to obtain high-
quality bilayer 2D materials by means of the typical transfer
system. Meanwhile, in theory, it is versatile for the construction
of stacked bilayers with desirable stacking structures for
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condensed matter physics studies. Of course, the inevitable
residual interlayer polymer contamination leads to interfacial
contaminants. A prior work addressing this problem in this field
was reported by Liu’s group, where they prepared twisted bilayer
graphene via the layer-by-layer transfer strategy, effectively avoiding
interfacial polymer contamination.'® This process is divided
into three main steps (Fig. 2a). Firstly, raw graphene domains
were fabricated on a Cu surface and the surface was spin-coated
with poly(methyl methacrylate) (PMMA) as a protective film.
Subsequently, the PMMA/graphene/substrate system was
dipped in a chemical etching agent to remove the Cu substrate.
After that, a transparent PMMA/graphene film was stacked on
another monolayer graphene domain with a certain twist angle
with the assistance of an optical microscope. Eventually, the
substrate was etched again and the organic residues were
removed via chemical or thermal means. Based on a series of
characterizations, it was concluded that the preparation of
bilayer graphene with various twist angles was successful.
Meanwhile, further analysis demonstrated the absence of inter-
facial polymer contamination in the as-synthesized crystals,
presenting a superior advancement in this field. Another suc-
cess was reported by Zhang’s group for the preparation of
twisted bilayer MoS,."> They used deionized water to peel off
MoS, domains and aligned them with a certain angle by virtue
of a home-made alignment device (Fig. 2b and d). In summary,
significant advances have been attained in manual assembly
methods over the past decades, while exposing some issues
such as their relative complexity and low productivity.

Besides the direct stacking monolayer 2D materials, folding
a continuous monolayer film through mechanical contact
scribing is suitable for assembling bilayer materials. The tools
for mechanical contact scribing are the tips of a scanning
tunneling microscope (STM) and atomic force microscope
(AFM).* Initially, this technique was not ideal due to the weak
control of the folding direction. However, in 2006, Tian and
workers achieved folding and deformation using the tip of an
AFM together with the symmetry of the graphite lattice.>?
A central task is still to achieve precise control of the folding
direction. Recently, Chen’s group reported the atomically
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Fig. 2 Twist angle engineering of bilayer 2D materials. (a) Schematic of the preparation and the corresponding band structure evolution of twisted
bilayer graphene. Reproduced with permission from ref. 16. Copyright 2016, the American Chemical Society. (b) Schematic illustration of the water-
assisted transfer process. (c) Atomically folding and unfolding bilayer graphene by STM tip. Reproduced with permission from ref. 18. Copyright 2019, the
American Association for the Advancement of Science. (d) Various MoS; films with precise twist angles on SiO,/Si substrate. (b and d) Reproduced with

permission from ref. 15. Copyright 2020, Springer Nature.

precise folding of graphene nanoislands along arbitrary orien-
tations through STM manipulation, similar to the traditional
ancient art of paper origami (Fig. 2c)."® Specifically, the twist
angle of bilayer graphene could be widely tuned and the quality
of the bilayer graphene was not destroyed even after folding
and unfolding repeatedly. By moving the STM tip along a
predetermined direction, it can generate bilayer graphene with
various features and knotty twist angles in the range of 60° with
an accuracy of 0.1°. However, the twist angle of folding 2D
materials in some cases is largely limited by the scan orientation
of the tip. The uniformity of the as-synthesized bilayer 2D
crystals has a slight fluctuation owing to the appearance of
wrinkles and blisters. Compared with the above-mentioned
two methods, in situ growth methods such as the chemical vapor
deposition (CVD) process exhibit much more opinions for the
key factors to achieve controllable preparation. In fact, over the
past few years, substantial research has been focused on the CVD
approach for the synthesis of high-quality 2D materials, which
unquestionably emerges as a promising strategy for future
industrial production. Briefly, the key point of the CVD method
depends on the fact that it can achieve the precise control of the
nucleation and growth process by directly modulating the
growth parameters. At present, many publications have demon-
strated that the CVD method is a versatile technique for growing
2D materials with a controllable thickness, large area, stacking
order and high quality.”*” Notably, the reported size of mono-
layer 2D materials has reached the meter scale, providing a
reference and expectation for their scaled practical production.?®
In the case of the CVD process, there are several parameters that
can effectively affect the final state of 2D materials, including
catalyst, gas flow, growth pressure and growth duration.
Herein, we systematically summarize the recent advances in
the mainstream CVD growth of bilayer 2D materials to provide
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detailed insight for researcher. Firstly, the recent progress in
the synthesis of bilayer 2D single crystals is described, where
graphene, TMDs and h-BN are listed successively (Fig. 1b).
Owing to the decisive effect of catalysts, metal Cu and
Cu-based alloys, they are discussed separately, in addition to the
influence of oxygen, hydrogen and other factors. Currently, there
are only a few reports in the literature on the growth of bilayer h-BN
domains. Accordingly, emphasis is placed on the synthesis of
bilayer graphene and TMD single crystals. Meanwhile, to deeply
elucidate the growth process of bilayer 2D materials, the detailed
growth mechanism is provided based on the synthesis of bilayer
graphene domains. Lastly, several challenges confronting research-
ers are provided. This work aims to provide a deeper understanding
of the growth behaviors and a roadmap to synthesize bilayer 2D
materials with uniform thickness and better stacking orders.

2. CVD growth of bilayer 2D single
crystals

The CVD strategy has attracted widespread interest for the well-
controlled growth of 2D materials because it avoids tedious
growth processes such as artificial methods.*® For example,
numerous studies exhibited that this method has the
advantages of controllable thickness, stacked structure, twist
angle, scaled synthesis, etc., strongly relying on the flexible
modulation of the growth parameters such as growth tempera-
ture, gas flow and growth duration.>* > Based on these merits,
in recent years, the quality and size of bilayer 2D single crystals
have greatly improved. Therefore, in this section, we review the
progress of the well-controllable synthesis of bilayer graphene,
h-BN and TMDs, which is based on the modulation of the
growth conditions.

This journal is © The Royal Society of Chemistry 2022
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2.1 Bilayer graphene single crystals

In the era of 2D materials, special attention has been paid to bilayer
graphene, which can be seen as an available candidate to drive the
development of practical applications owing to its open band gap,
as evidenced by its vertical electric field. Furthermore, due to its
other properties, including van Hove singularities,®** supercon-
ductive behaviors® and Mott insulating state,*® it can serve as a
catalyst for further exploration. Besides, it has been reported
that bilayer graphene with miscellaneous twist angles generates
different characters. For example, bilayer graphene with a mini-
mum twist angle of 0.1° gives rise to different electronic states in
graphene systems, demonstrating the importance of precisely
controlling its twist angle."” Among the growth conditions, the
precursor mainly offers the raw materials for the growth of crystals,
where methane is the most universal one. The carrier gas plays a
dominant role in transporting carbon atoms or modulating the
total pressure. Meanwhile, the growth substrate can mainly be
classified into two groups, relying on the distinct solubility of
carbon. One is Cu foil or Cu-Si alloy with low carbon solubility
and the other is a substrate with higher carbon solubility, corres-
ponding to Cu-Ni alloy. Therefore, this section mainly discusses
the synthesis of bilayer graphene single crystals on a Cu substrate
and Cu-based substrate with controllable growth conditions.

2.1.1 Cu catalyst. Since Cu was first chosen as the growth
substrate for graphene in 2009,?” it has been an ideal candidate
for synthesizing monolayer graphene due to its low cost and
low carbon solubility. To date, a meter-size single-crystal
graphene film was created by Liu’s group, which is considered
the closest industrial production.®® Although there are
numerous reports demonstrating the remarkable properties
of Cu substrates, a key point is the intrinsically low carbon
solubility in bulk Cu, which results in the self-limited growth of
graphene. Briefly, there is almost no possibility of obtaining
extra graphene layers once the first graphene layer covers the
whole Cu substrate. Recovering the catalyst ability of the Cu
surface for the continuous decomposition of the carbon
precursor is desirable for a breakthrough in growing bilayer
graphene films. Thus, modifying the growth parameters is
important such as the selection of a high flow of carbon
precursors, the introduction of extra oxygen, increasing the
partial pressure and employing other methods to achieve the
growth of bilayer graphene.

2.1.1.1 Hydrogen. Nearly one decade ago, Duan et al
successfully fabricated bilayer graphene with a high H,
concentration.* During the process, hydrogen not only acted
as an etching agent to affect the ultimate morphology of gra-
phene but also assisted the metal catalyst to facilitate the
dehydrogenation of CH,. The growth of graphene is actually a
balance between nucleation and etching. Therefore, they mod-
ified the H,/CH, ratio up to 40 to terminate the coverage of the
monolayer graphene film on the whole surface. The lateral
extending growth of the monolayer graphene ceased and par-
tially exposed Cu at the upstream end still enabled the decom-
position of the CH, species. As shown in the schematic diagram
in Fig. 3a, the small decomposed fragments flowed upstream to

This journal is © The Royal Society of Chemistry 2022
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downstream to achieve the continuous growth of bilayer graphene
domains. Meanwhile, to increase the coverage of bilayer gra-
phene, they turned the reaction pressure to a low level (1 mbar)
in the initial stage to ensure the nucleation of bilayer graphene,
and then increased the pressure to 5 mbar to accelerate the
growth rate (Fig. 3b). Upon increasing the growth time, a uniform
graphene film with higher coverage was obtained. The Raman
spectroscopy results exhibited that the ratio of bilayer graphene
was up to 99% and the AB stacking was up to 90%. The SAED
patterns with the zone axis of [0001] exhibited the monocrystalline
character of the bilayer graphene. Besides, dual-gate graphene
devices were fabricated based on the as-obtained samples. The
hole carrier mobility was estimated to be 1500-4400 cm>V ™" s™*
and the electronic mobility 1400-3000 cm> V" s,

Likewise, Hong’s group achieved the selectively patterned
growth of bilayer graphene via a two-step CVD method with the
aid of H,.*® Initially, a mixture of gases of methane, H, and Ar
was introduced following the conventional CVD growth
method. Then, combining photolithography and the oxygen
etching technique, the as-obtained continuous graphene film
was transformed into a strip configuration, and thus a portion
of the Cu substrate was exposed in the reactive atmosphere
(Fig. 3c). Regarding this as the regrowth substrate, a mixture of
gases including carbon feedstock was introduced again for the
second growth (Fig. 3d). In this period, the second nucleation
simultaneously presented at the exposed Cu surface and was
underneath the patterned graphene. Eventually, the unetched
graphene area regrew into bilayer graphene and the residual
exposed Cu surface was covered by monolayer graphene. It
should be noted that the above-mentioned growth conditions
during the regrowth procedure should be precisely controlled
to avoid unwanted reactions. Especially, engineering the gas
flow of H, can achieve the conversion from monolayer to
bilayer. With an extremely high gas flow of H,, the graphene
edges would be passivated and detached from the Cu surface
(Fig. 3e). Subsequently, the carbon species diffused underneath
the existing graphene domains and the adlayer growth of
graphene was achieved. This strategy has widely expanded the
possibility for the synthesis of various micropatterns such as
chairs and stars. AFM measurement of the as-obtained samples
clearly exhibited that there were some rubbles or wrinkles on
their surface.

The role of H, was further studied by virtue of an ab initio
molecular dynamics (AIMD) simulation.** In detail, atomic H
was attached to the edges of the top layer graphene, generating
a gap between the Cu substrate and graphene edges to allow the
growth of an adlayer. AIMD simulation indicated that the edges
of C would strongly bond to the Cu surface to impede the
diffusion of C without the participation of hydrogen atoms.
In contrast, the presence of H atoms detached from the Cu
surface favors the diffusion of C active species to the bottom of
the first layer. Thereby, a bilayer graphene film was delivered
by controlling the pressure of H,. Based on the theoretical
reference, the bilayer graphene grew synchronously at high H,
pressure, and gratifyingly the coverage of bilayer graphene could
reach up to 95% with the flow of H, at 7 sccm. For simplicity, the
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Fig. 3 Effects of the gas flow of H, during the growth of bilayer graphene single crystals. (a) Schematic showing the growth process of bilayer graphene
under a high gas flow of H,. (b) Different morphologies of bilayer graphene under different pressures. (a and b) Reproduced with permission from ref. 39.
Copyright 2012, the American Chemical Society. (c) Optical micrograph of stripe patterned graphene on Cu foil. (d) Regrown patterned graphene
transferred on Si/SiO, substrate. (e) Growth mechanism of bilayer graphene by regrowth process. Reproduced with permission from ref. 40. Copyright
2018, the American Chemical Society. (f) Schematic showing the transformation from monolayer graphene to bilayer or multilayer graphene with
increasing H, pressure. Reproduced with permission from ref. 42. Copyright 2014, the American Chemical Society. (g) Edge passivation modes with low
and high H, flow rates, respectively. (h) Relative energy as a function of the twist angle in both models. (g and h) Reproduced with permission from ref. 44.

Copyright 2020, the American Chemical Society.

graphene edges could be passivated by the metal surface or
hydrogen atoms by precisely controlling the pressure of H,
(Fig. 3f).*> The graphene edges tended to be directly passivated
by the Cu surface with a lower hydrogen pressure and exhibited
H-terminated edges under high H, pressure. The metal-passivated
graphene edges were active to adsorb C monomers to extend the
lateral growth of the first layer. In contrast, the H-terminated
graphene edges were not active to absorb the C monomers, and
accordingly the diffusion of these species under the graphene film
to form bilayer graphene domains was favored. Benefitting from
theoretical demonstrations, Li et al proposed an unusual
chemical ‘gate’ growth process to reveal the different growth rates
of different layers by modulating the H, pressure.*® H-passivated
graphene edges with fewer graphene edges bonding to the Cu
surface gave rise to the rapid diffusion of C atoms and the faster
epitaxial growth of the bottom layer with the open ‘gate’. In
contrast, the Cu-passivated graphene edges under a lower H,
pressure resulted in the opposite phenomenon with the close
‘gate’. This newly provided growth mode is expected to provide a
guide for precisely controlling the size of the different layers in
bilayer or multilayer 2D materials.

Besides, the concentration of H, can affect the stacking
orientations of bilayer graphene domains (Fig. 3g).** The
relative interlayer coupling interaction between the mutual
graphene layers or between the graphene layer and Cu surface
guides the twist angle of bilayer graphene. An increase in H,

13328 | J Mater. Chem. C, 2022, 10, 13324-13350

concentration resulted in the stronger interlayer coupling of
adjacent graphene layers, which caused a decrease in the twist
angle. Therefore, AB stacking is the preferred structure for the
H-passivated model. DFT calculations further revealed the roles
played by the interaction factors between the graphene layer
and Cu surface in the stacking orientations of bilayer graphene
(Fig. 3h). There was a transferring tendency for the stacking
orders from AB staking to more energetically favorable twisted
graphene in the case of Cu-passivated edges. Based on the
fundamental studies, it was reported that the AB-stacked
structure accounted for 77% of the bilayer graphene. This
well-developed ability is beneficial for exploring the possible
applications of bilayer graphene in practical electronics.

2.1.1.2 Oxygen. The curial role of oxygen has been revealed
and oxygen has been widely applied during the growth process.
With the participation of oxygen, a centimeter-scale monolayer
graphene film was produced as a result of the reduction
in the nucleation density and activation energy of edge
dehydrogenation.*> Meanwhile, the growth behavior progres-
sively transformed from edge-attachment-limited to diffusion-
limited mode.

Recently, the effect of oxygen during the growth of bilayer
graphene has been deeply discussed.*®*” Ruoff's group
creatively achieved the growth of half-millimeter size bilayer
graphene single crystals in an oxygen-activated CVD process.

This journal is © The Royal Society of Chemistry 2022
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An intrinsic flat Cu foil was folded into a Cu pocket and defined
as interior (O-free) and exterior (O-rich) sides, respectively. After
introducing CH,, the O-rich exterior surface was covered by
large-area bilayer graphene domains, whereas only isolated
dendritic graphene islands were observed on the O-free interior
surface (Fig. 4a). The second graphene domains underneath
the first graphene layer presented monocrystalline character, as
revealed by low-energy electron diffraction. Careful analysis of
the 2D band of Raman measurement showed that the AB-
stacked structure in the bilayer graphene was over 80%, matching
well with the transmission electron microscopy (TEM) results. To
further confirm the effect of O atoms, the same growth conditions
were introduced into the O-rich and O-free sides. The experi-
mental results indicated that O activated the growth of the bilayer
graphene domains and played an indispensable role in this
process. The O atoms tended to combine with the H atoms to
form a stable OH group, which made C-H bond cleavage much
simpler (Fig. 42). Therefore, the overall dehydrogenation energy of
CH, dramatically decreased and C species were allowed to diffuse
through the Cu pocket to nucleate the second layer (Fig. 4f). It
should be noted that the interior surface of the Cu pocket had no
possibility of forming bilayer graphene domains owing to the
huge energy barrier without O atoms.

Zhu’s group also proved the effect of oxygen by designing a
distinctive device to grow bilayer graphene.*® Here, pre-treated
quartz was placed underneath a flat Cu foil. With an increase in
temperature, the flat Cu foil became soft and presented a

This journal is © The Royal Society of Chemistry 2022
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difference in its two sides (Fig. 4b and c). After the growth
process, large-area bilayer graphene domains were formed on
the top side of the Cu foil and only several monolayer graphene
domains were discretely distributed on the bottom of the Cu
foil (Fig. 4d and e). Generally, the backside quartz provided
continuous oxygen during the CVD growth process, which
extremely facilitated the diffusion of C atoms in the bulk Cu.
In contrast to the top side, the release of oxygen significantly
suppressed the nucleation of graphene on the back side of the
Cu foil. Therefore, the presence of oxygen generated a strong
effect on the crystallinity of bilayer graphene.

2.1.1.3 Growth pressure. Other growth conditions empiri-
cally affect the quality and formation of bilayer graphene such
as the cooling rate and system pressure.*®*° Yu et al. adapted a
complex varying pressure CVD (VACVD) method for the growth
of a continuous bilayer graphene film.*® Initially, Cu foil was
annealed in a pure H, atmosphere under ambient pressure to
reconstruct the crystal arrangements of Cu foil. Once the
annealing process ended, the pressure of the whole system
was modulated to 3 Pa. Afterward, a mixture of CH, and H, gas
was introduced for the growth of graphene, and meanwhile the
total pressure stably reached the ambient condition again. With
a variation in the pressure from 3 Pa to 101 kPa, the concen-
tration of C fragments gradually increased, breaking the self-
limiting growth of monolayer graphene and driving the growth
of extra graphene layers. In this VPCVD process, a lower H,/CH,
flow rate ratio was more advantageous for the transformation of
monolayer to bilayer patches (Fig. 5a). With the appropriate
flow ratio of H,/CH,, a uniform large-area bilayer graphene film
was formed. It should be noted that the VPCVD growth system
was a non-equilibrium process. This system gave rise to the
inhomogeneous growth of the second layer, and thus directly
resulted in the random shape evolution of bilayer graphene.
Raman spectra with a negligible D band proved the high quality
of the as-obtained graphene (Fig. 5b). By analyzing the intensity
of the 2D band and 2D/G, the successful formation of a bilayer
graphene film with over 90% AB-stacked structure was demon-
strated (Fig. 5¢). The following TEM and select area electron
diffraction (SAED) results were in good agreement with the
Raman data.

2.1.1.4 Morphology of Cu surface. In terms of the controlled
synthesis of monolayer graphene single crystals, this can be
achieved via a relatively smooth Cu surface such as the Cu (111)
facet, owing to its low carbon solubility. Recently, it has been
reported that bilayer graphene domains rather than mono-
layers prefer to grow on a rough Cu surface with several height
and spacing protrusions.’® Thereby, the morphology of the Cu
surface such as roughness is another essential factor in the
preparation of bilayer graphene, which can affect its quality.

Generally, Cu foil tends to exhibit a smooth Cu (111) surface
after annealing in an H, atmosphere. In contrast, Cu foil is
prone to presenting a rough surface when annealed in a CH,
atmosphere. Meanwhile, the height and spacing of the protru-
sions can be modified by varying the gas flow of the precursors
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Fig. 5 Growth of bilayer graphene by controlling the growth pressure and
morphology of the Cu surface. (a) SEM image of bilayer graphene patches.
(b) Raman spectra of monolayer and bilayer graphene transferred onto
SiO,/Si substrates. (c) Raman spectra exhibiting two different staking
orders of bilayer graphene. (a—c) Reproduced with permission from
ref. 48. Copyright 2016, The Royal Society of Chemistry. (d) Characterization
of uniformly rough Cu surface. (e) Morphology of Cu surface after CH4-
annealing. (f) As-grown bilayer graphene after 20 min. (e and f) Reproduced
with permission from ref. 50. Copyright 2021, the American Chemical
Society. (g) Schematic of various graphene domains with bilayer or trilayer
configurations. (h) Typical optical image of bilayer graphene crystals. (i)
Raman spectra of bilayer graphene single crystal at points A and B in panel
(h). (g and i) Reproduced with permission from ref. 52. Copyright 2014,
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

and the annealing time. Thus, based on these strategies, Chee’s
group successfully fabricated a uniform rough Cu surface, and
then synthesized a uniform and high-quality bilayer graphene
film on a well-designed Cu surface.”® After electrochemical
polishing measurement, the Cu foil was loaded in the CVD
reaction furnace and annealed at 1000 °C under a CH, atmo-
sphere. The Cu surface absorbed a certain amount of carbon
atoms and transformed into a mixture of Cu (111) and Cu (311)
facets, becoming a uniformly rough structure (Fig. 5d). As shown
in Fig. 5e, there was a large and regular facet on the Cu surface.
Then, the surface continued to adsorb carbon atoms during the
synthetic process to break the self-limited mode, finally forming
bilayer graphene. For example, when the growth time was pro-
longed to 20 min, an entirely uniform bilayer layer was obtained,
as shown in Fig. 5f. The assessments indicated that the as-
obtained bilayer film possessed high transparency and low
resistance. The intensity of the SAED patterns indicated that the
coverage of AB-stacked bilayer graphene was 99%. Further
exploring the reason for the high ratio of AB-stacked structure,
the difference in work function between the smooth surface with
(111) orientation and rough surface with (311) orientation was
calculated. The result exhibited that the (311) surface provided a
much more stable path than the smooth Cu (111) surface for the
synthesis of bilayer graphene. Meanwhile, the energy of the
shifting process from AA-stacked to AB-stacked continuously
decreased and there was no energy barrier with a variation in
these two stacked structures on the Cu (311) surface. Hence, the
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experiment and theory in this work are favorable for under-
standing the growth mechanism. To further determine the
influence of the Cu facet, Choi et al. grew bilayer graphene on
Cu (111) and Cu (311)/(110) facets, respectively.>! They observed
nearly the same phenomenon as that in ref. 38.%° Bilayer graphene
on smooth Cu (111) was prone to be AB-stacked with 30° twisted
configurations, while they presented a small twist angle of less
than 5° on the Cu (311)/(110) surface with atomic-stepped edges.
DFT calculation confirmed the energetically favored small-angle
twisted bilayer graphene on the Cu (311)/(110) facet. Thus, better
control of the configurations of the Cu surface is desirable for
fine-controlling the stacked structure of bilayer graphene.

To obtain single-crystal bilayer or trilayer graphene
domains, a double annealing process was performed on Cu
foil, and then a clean Cu surface mainly exhibiting Cu (111)
lattice was obtained.’” During the first annealing process, the
contaminations and existing sharp wrinkles were completely
removed, which facilitated the formation of Cu edges. In the
case of the mild second annealing process, the Cu foil was
slightly preheated, retaining the as-formed Cu steps. This design
ensured the generation of single-crystal graphene pyramids with
preferred 0° and 30° interlayer stacking orientations. After
growth, the samples were subjected to optical characterization
and Raman analysis. It was found that the crystals exhibited
varying sizes of monolayer, bilayer, and trilayer hexagons, and
finally exhibited a pyramid structure (Fig. 5g). All the crystals
nearly shared a common nucleation center and the second layer
grew on top of the first layer with the preferred 0° and 30°
rotation angles. The lateral dimensions of the monolayer gra-
phene single crystals could reach up to 100 pm. The Raman
spectrum demonstrated the AB-stacked structure of the as-
obtained bilayer graphene (Fig. 5h and i). The negligible D peaks
demonstrated the high quality of the graphene single crystals
without obvious defects. Subsequently, they systematically
revealed the preferred orientations of the graphene crystals on
the Cu substrate and emphasized the critical role of the Cu steps.

They displayed the importance of the Cu steps during the
angle preference phenomenon. In the case of the clean Cu
substrate without impurities and obvious wrinkles, the Cu
steps became the low-energy nucleation sites for C atoms.
The microscopically straight and closed atom arrangements
of the Cu edges were verified by characterization. The graphene
edges were more prone to bond with the step atoms of Cu to
consume their dangling bonds, and thus the strong interface
bonding deeply rendered a variation in the graphene orientation
with respect to the Cu (111) lattice. Consequently, the energy-
preferred graphene-Cu step states affected the orientations
between the graphene and Cu (111) surface, leading to the
mutual orientation-preferred structures between the graphene
layers. Among the formed orientations, the 0° and 30° interface
configurations with straight zigzag (ZZ) and armchair (AC) edges
exhibited the minimum interface energy, respectively. In the
case of other angles, the interface was significantly unstable with
both disordered Cu steps and highly buckled graphene edges.
The same conclusion was gained based on the charge density
difference among the various graphene-Cu systems. Notably, the
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Cu steps were not covered by the first graphene layer and were
still exposed as nucleation sites for the second graphene layer.
Guided by the edge-step nucleation process, the newly created
graphene layers still presented the preferred 0° and 30° orienta-
tions with respect to the Cu surface.

2.1.1.5 Precursor. Besides the most ubiquitous precursor
methane, the use of other carbon species such as ethanol with
a higher carbon content and other elements has been reported
to grow bilayer graphene. Not only the above-mentioned release
of oxygen lowers the dehydrogenation energy of methane, but
also generates decomposition products including H,O and H,,
which can act as etching agents at high temperature.”® Conse-
quently, the growth phenomena are different from that reported
for bilayer graphene using methane as a precursor. In brief, the
growth of bilayer graphene with ethanol follows a layer-by-layer
epitaxial growing process. The first graphene layer conforms to
the surface-mediated process and maintains self-limiting beha-
vior for a short time. Owing to the etching effect of H, or H,O
coming from ethanol, flake substitution begins to occur as the
process continues. Meanwhile, the newly introduced ethanol
fragments trigger the growth of the second layer on top of the
as-obtained graphene. The whole growth process till the end is
accompanied by flake-by-flake substitution.

e /\\\‘\ #Nucleation site of the 1t Iayerf
T 4 #Nucleation site of the 2™ layer
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Analogous to a previous report, Wang’s group reported the
growth of uniform bilayer graphene film with a coverage of 90%
by precisely optimizing the pressure ratio between ethanol and
Ar* The SAED pattern showed a set of 6-fold symmetric
diffraction spots, revealing the AB-stacking structure of bilayer
graphene. Moreover, they further explained the second layer
growth mechanism by establishing the growth configurations
and conducting first-principles calculations based on the Cu
(111) mode. Generally, C monomer, CH and CH, radicals with
strong binding energy facilitate the nucleation of the first layer.
When the nucleation of bilayer graphene occurs, the aforemen-
tioned three radicals exhibit a lower binding energy than that
for the nucleation of trilayer graphene, indicating that the
growth of the second layer would occur together with the third
layer. In contrast, the weakened binding strength of the CH;
radicals on the Cu/bilayer graphene layer can contribute to the
nucleation of the bilayer graphene and prevent the growth of
the third layer. Specifically, CH; radicals, owing to their suita-
ble binding energy on graphene, are the most active species to
promote the growth of bilayer graphene.

Instead of adopting other precursors, recently, Chen’s group
reported the decaborane-assisted growth of high-quality 30°
twisted bilayer graphene on Cu foil.”> Rather than a layer-by-
layer growth behavior, they proposed that the growth of twisted
bilayer graphene obeys a simultaneous growth mode with the

-y
-

10 1/nm 10 1/nm

Fig. 6 Evolution of bilayer graphene single crystals via CVD process. (a) Bilayer graphene domains grown on Cu foil. (b) SEM image showing typical
bilayer graphene crystal. (c and d) SAED patterns showing the same rotation angle of 30°. (a-d) Reproduced with permission from ref. 55. Copyright 2021,
IOP Publishing Ltd. (e) Schematic diagram showing heterosite nucleation strategy. (f) Optical images of twisted bilayer graphene with various twist angles.
(g) Optical images of twisted bilayer graphene domains. (h) HRTEM images of bilayer graphene domain with clear Moiré patterns. (i) Relationship between
layers and flow rate of H, and CHy,. (e-i) Reproduced with permission from ref. 57. Copyright 2021, Springer Nature.
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assistance of decaborane, indicating that the twisted bilayer
graphene synchronously grew from the nucleation seeds to
millimeter-sized twisted graphene domains (Fig. 6a). There
were two fascinating points in this experiment. One was the
introduction of decaborane and the other was the selection of
less diluted CH,. After treating the Cu substrate, decaborane
was spun onto it as a catalyst for the decomposition of methane
in the growth process. Both Raman spectroscopy and SEM
characterization revealed the successful preparation of bilayer
graphene and its high uniformity (Fig. 6b). The ingenious
phenomenon was that there was no boundary between the
two layers, demonstrating that the growth of the two graphene
layers resulted from the same nuclei with the same growth
rates. Referring to the SAED patterns, the two sets of 6-fold
symmetry diffraction spots indicated the presence of 30°
twisted bilayer graphene (Fig. 6¢ and d). To reveal the involvement
of decaborane, they conducted a contrast experiment under the
same parameters and found that there was no presence of bilayer
graphene without decaborane. Methane was catalyzed and
decomposed into carbon species with the help of hydrogen and
decaborane in the initial process. Then, several as-existing active
carbon species were loaded as the seeds of twisted bilayer
graphene. With time, the lateral size of the twisted bilayer
graphene simultaneously enlarged, and finally reached a dynamic
equilibrium state. Therefore, decaborane acted as the cocatalyst
for the top graphene layer, which had no direct contract with the
Cu substrate, decomposing methane at the edges of the first layer
of the twisted bilayer graphene. Besides, decaborane also affected
the thickness and stacking order of the graphene domains. The
other necessary point is the low methane content, which was
conducive to forming a 30° rotational angle rather than a small
twist angle. This successful work provides an extra path for the
application of 30° quasicrystal twisted bilayer graphene.

In the above-mentioned method for the synthesis of twisted
graphene, a major obstacle is the immutable twist angle. It is
well known that bilayer graphene with a 1.1° magic angle
exhibits superconducting ability at a critical temperature of
1.7 K, whose properties are beyond that of existing 2D material
systems.'**® Bilayer graphene with a specific twist angle is
generally synthesized via a manual restacking process such as
the tear and stack method.’® In the case of the CVD growth
strategy, bilayer graphene prefers to share a common nucleation
site with the same surrounding microscopic environment, which
unquestionably forms AB-stacked and 30° twisted configurations.
Hence, there is a dilemma to fabricate bilayer graphene with
varying controlled twist angles via CVD methods.

Recently, Liu’s group proposed a groundbreaking heterosite
nucleation method by means of the gas-flow perturbation
strategy.”” Specifically, the nucleation of the second layer is
fueled by suddenly increasing the flow rates of H, and CH, after
the growth of the first layer (Fig. 6e). The sudden variation in
the growth environment triggers the nucleation of the second
layer near the edges of the first layer rather than the original
nucleation center. Meanwhile, the gas-flow perturbation breaks
the equilibrium in the intrinsic system and the growth of
bilayer graphene with various twist angles, and therefore
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formed an overwhelming amount of AB-stacked bilayer
graphene. As shown in Fig. 6f, a wide array of twisted bilayer
graphene with a non-concentric nucleation structure was
revealed by SEM characterization. About 86% twisted fraction
in bilayer graphene was obtained, which is much higher than
the fraction without the perturbation. Modulating the degree of
flow perturbation resulted in the control of the different levels
of nucleation center sites, thus achieving the controllable
growth of bilayer graphene with various twist angles (Fig. 6g).
As revealed by the high-resolution TEM (HRTEM) characteriza-
tion, all the twisted bilayer graphene showed clear Moiré
patterns (Fig. 6h) and the electronic carrier mobility of the
twisted bilayer graphene reached 67000 cm® V™' s, which
demonstrated the high quality of the bilayer graphene crystals.

The carbon labeling technique presented a better under-
standing of the elaborate growth mechanism. The total growth
process obeyed the surface-mediated growth mechanism, where
the second layer occurred under the first layer. Therefore, the Cu
substrate effectively influenced the directions of the graphene
domains. The significantly strong interactions between them
facilitated the wide twisted distribution of bilayer graphene rather
than only the AB-stacked structure. Notably, there are three key
points to this success. Firstly, prohibiting the growth of the
second layer before completing the growth of the first layer.
Secondly, ensuring that the nucleation of the second layer
initiated from the gas-flow perturbation. Thirdly, providing suffi-
cient carbon feedstock for adlayer growth. The increasing content
of CH, and H, was important for the nucleation and growth of
bilayer graphene (Fig. 6i). Thus, this report presents potential for
fabricating bilayer graphene with various twist angles via the
versatile CVD method.

In summary, breaking the surface self-limiting mode opens
a pathway for growing bilayer graphene on Cu substrates. Both
AB-stacked and other twisted bilayer graphene have been
successfully fabricated in recent years. Obviously, Cu is an
appropriate substrate to grow bilayer graphene. However, there
remains some challenges in this field such as studying more
detailed growth mechanisms, exploring more precise control of
the graphene structure and even finding simpler synthetic
technology, which need to be solved in the future.

2.1.2 Cu-based binary alloy. Generally, Cu substrates,
which feature self-limited growth processes and low carbon
solubility, have limited application during the growth of bilayer
graphene. With the development of the market and industry,
high requirements have been put forward to fabricate appro-
priate graphene domains for various demands. For example,
precise control of the number of graphene layers because it
obviously affects the properties of the resulting graphene.’® In
this case, alloy substrates, combining the advantages of differ-
ent metal components such as Cu-Ni,”® Cu-Si®* and Cu-Co®
generates unique merits towards the synthesis of bilayer gra-
phene single crystals.

2.1.2.1 Cu-Ni alloy. Generally, Cu-Ni alloy has been widely

reported as a growth substrate for bilayer graphene in the CVD
growth process. Ni substrates exhibit relatively higher carbon
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solubility and catalyst ability than Cu substrates.?” Accordingly,
carbon monomers can adequately diffuse into the bulk Ni, and
subsequently precipitate on the surface to form multilayer
graphene. Furthermore, the catalytic ability of Cu-Ni alloy is
indeed much better than that of pure Cu and effectively avoids
the precipitation of multilayer graphene film. Consequently,
based on these properties, Cu-Ni alloy correspondingly prevails
in the growth process. The design of Cu-Ni alloy and the
modulation of growth parameters have been drastically
explored to prepare high-quality bilayer graphene single
crystals. Thus, here, we summarize the tremendous advances
in this field.

2.1.2.1.1 Ni content in Cu-Ni alloy. Firstly, to ensure the
homogenous surface morphology of graphene, depositing Cu
after Ni is more conductive than the opposite deposition
sequence for the fabrication of Cu-Ni substrates.®* Ago et al.
substantiated that lots of Ni atoms will dissolve in bulk Cu to
replace Cu atoms at a high processing temperature, accordingly
leading to the formation of a very rough surface. However, a
rough surface inevitably results in the degradation of the
quality of graphene.

The Cu/Ni ratio of the bulk alloy is always a promising
solution to control the growth of graphene given that it closely
affects the coverage and layers of single crystals. In this regard,
an increase in the concentration of Ni results in the generation
of bilayer or even multilayer graphene. Recently, Ruoff’s group
creatively established a correlation between the Ni concentration
and graphene layers.®* Specifically, by heating Ni-plated Cu (111)
foil, a set of monocrystalline Cu/Ni (111) foils was obtained,
whose Ni content could be regulated by adjusting the amount
of Ni coating (Fig. 7a). In addition, the design of a single-crystal
Cu-Ni alloy, thoroughly avoiding the interaction between
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Fig. 7 Synthesis of bilayer graphene on monocrystalline Cu—Ni alloy.
(a) Schematic of preparation of single-crystalline Cu—Ni alloy. (b) Optical
images of bilayer graphene islands, bilayer film and trilayer graphene.
(c) Raman spectra showing monolayer, AB-stacked bilayer and ABA-
stacked trilayer graphene. (d) Stress-strain responses for 260 nm PC and
260 nm PC-bilayer graphene film, respectively. Reproduced with permis-
sion from ref. 63. Copyright 2020, Springer Nature.
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graphene and impurities, ensured the high quality of the bilayer
graphene domains. Initially, an Ni film was plated onto both
sides of a Cu (111) surface and thermally treated to obtain Cu-Ni
alloy. The Cu-Ni alloy presented a well monocrystalline char-
acter, as revealed by EBSD maps and XRD patterns.

After introducing methane with a gas flow of 1 sscm at
1075 °C, large-area AB-stacked bilayer graphene single crystals
were eventually obtained on the Cu-Ni alloy substrate
(16.6 at%) (Fig. 7b). The morphology of graphene tended to
be monolayer in the case of an Ni concentration of 10.2 at%.
The growth behaviors presented high resemblance with the
growth process on the Cu surface. A further increase in the Ni
content (12.9 at%) resulted in the emergence of bilayer
graphene domains. Besides, the coverage of bilayer graphene
increased as the ratio of Ni varied from 12.9 at% to 16.6 at%.
The Ni content in the Cu-Ni alloy gradually increased up to 18.2
at%, where high amounts of carbon atoms segregated at the
interface, inducing the formation of trilayer graphene single
crystals (Fig. 7c). The TEM studies demonstrated the “inverted
wedding cake” structure of the bilayer graphene single crystals,
indicating that the second small layer was under the top
continuous film. The performance of the dual-gate graphene
transport device demonstrated the tunability of the bandgap in
bilayer graphene. By employing a polycarbonate film as a
support, the average Young’s modulus of polycarbonate-
bilayer graphene was determined to be about 3.48 GPa owing
to its superior properties compared that in other reports
(Fig. 7d). Based on fundamental experiments, they further
speculated the elaborate segregation-dominated growth mecha-
nism by virtue of the ToF-SIMS technique and hydrogen etching
phenomena. This method advances the scaled production of
bilayer graphene via the CVD approach.

2.1.2.1.2 The design of Cu-Ni alloy. Several novel
experimental techniques have recently emerged for the
growth of bilayer graphene on Cu-Ni binary substrates. Yoo’s
team proposed the fabrication of an asymmetric Cu catalyst by
depositing Ni film on the back side of a partial Cu film to break
the carbon solubility symmetry in Cu foils, which was effective
for the growth of bilayer graphene.®® Furthermore, simply
regulating the thickness of the deposited Ni film could change
the number of layers of as-grown graphene. Wafer-scale AB-
stacked multilayer graphene was produced with an Ni film at a
thickness of 200 nm. Further characterization of the as-grown
bilayer graphene showed that it exhibited a low R at the same
transmittance and high quality with nearly negligible defects.
In recent years, Ni-Cu gradient alloy has been designed to
synthesize large-size bilayer graphene single crystals. In 2018,
Gao et al. reported the preparation of bilayer graphene crystals
with a lateral size of up to 200 um on an Ni-Cu gradient alloy
(Fig. 8a).%° The Ni-Cu gradient alloy was fabricated by annealing
Cu foil with Ni film sputtering on the one side at 1050 °C for
5 min. The Ni atoms gradually distributed to form a Ni-rich side
and Ni-poor side, respectively. Due to the high catalyst ability of
the Ni metal, the first layer of graphene grew on the Ni-rich
surface initially, whereas only a small proportion monolayer was
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Fig. 8 Preparation of bilayer graphene on Ni—Cu gradient alloy. (a) Schematic diagram showing the process for the preparation of the Ni—-Cu gradient
alloy and growth process of bilayer graphene. (b) Optical images revealing the morphology of graphene on the Ni-rich side and Ni-poor side,
respectively. Reproduced with permission from ref. 65. Copyright 2018, the American Chemical Society. (c) STM images of bilayer graphene after 10 h
CVD growth process. The insert is the corresponding FFT pattern. (d) STEM image showing perfect AB-stacked structure of bilayer graphene.
(e) Evolution of the coverage and the ratio of AB-staked structure varying with CVD growth time. Reproduced with permission from ref. 66. Copyright
2020, the American Chemical Society. (f) Schematic illustration of the growth behaviors of trilayer graphene in Ni-Cu gradient alloy. (g) Schematic of
the relationship among the substrate curvature, interlayer interaction and in-plane strain. Reproduced with permission from ref. 43. Copyright 2020,

The Author(s). Springer Nature.

formed on the Ni-poor surface (Fig. 8b). With an increase in the
reaction time, the carbon diffused from the Ni-poor side to the
Ni-rich side through a carbon back-diffusion manner, similar to
the previous report. This approach mainly relies on the different
concentrations on the two sides of the Ni layer. ToF-SIMS
showed that the concentration of the Ni-rich surface was 20 times
higher than that in the other side, and thus the graphene growth
ratio on the Ni-rich surface and Ni-poor surface was 100%/18%.
The main contribution of this strategy is the production of high-
crystalline bilayer graphene and uniform sizes of as-obtained
bilayer graphene domains. Raman spectra demonstrated the
presence of two configurations, i.e., AB-stacked structure and
30° twisted bilayer graphene.

The gradient Ni-Cu alloy is not only suitable for the growth
of AB-stacked bilayer graphene single crystals, but also allows
the controllable synthesis of trilayer graphene, as reported.
Two years later, Gao and colleagues creatively reported the
successful synthesis of trilayer graphene with controllable
ABC yields (Fig. 8f)."* The key insight was the emerging
substrate topography, which improved the stability of the
ABC structure. Specifically, there was a quasi-periodic pattern
with strikingly different curvatures, which introduced in-plane

13334 | J Mater. Chem. C, 2022, 10, 13324-13350

interlayer strain, affecting the atomic registry between two
adjacent layers. Thus, a structural transformation between
ABC and ABA directly occurred with the dislocation formation.
With the aid of DFT calculations, they concluded that the
curvature of the Ni-Cu surface resulted in the appearance of
interlayer dislocations, consequently ensuring the existence of
ABC domains (Fig. 8g). For example, large ABC domains with
z-R,°R interfaces could stably exist on the substrate with
appropriate surface curvatures. After being transferred onto
an Si/SiO, substrate, trilayer graphene with both ABC and ABA
configurations presented enlarged lateral dimensions owing to
the disappearance of interlayer dislocation pairs on the flat
surface.

In addition to the characteristics of the Cu-Ni alloy, other
parameters such as the growth duration are effective candidates
for controlling of the stacked structure of bilayer graphene
domains. According to theory, AB-stacked bilayer graphene is
the most stable state on Cu-Ni alloy, which is analogous with Cu
as a growth substrate, while 30° twisted bilayer graphene is
frequently accompanied with the AB-stacked structure during
the growth process.> Meanwhile, bilayer graphene with a 30°
twist angle is preferably formed on the Cu-Ni alloy than the Cu
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surface. Thus, to resolve the mixed stacked structure of bilayer
graphene, Ago et al. found that a gradual transformation occurs
for the stacked structure of bilayer graphene, whose structure is
prone to only the AB-stacked structure with an elongation of the
CVD growth process.®® They synthesized bilayer graphene at a
high temperature on a high Ni ratio of Cu-Ni alloy with a rapid
growth rate. These growth conditions greatly benefited the
isothermal segregation of bilayer graphene. After the growth
process was complete, the system was cooled to room tempera-
ture quickly to prevent the formation of unwanted products.
The STM image and high-resolution STEM image taken of the
samples evidenced the AB stacking structure of the bilayer
graphene domains (Fig. 8c and d), respectively. As shown in
Fig. 8e, the proportion of bilayer graphene reached up to 93%
after 10 min reaction, which highlights the efficiency of this
method. Subsequently, there was a direct trend of an increasing
amount of bilayer graphene with AB-stacked configuration
upon extending the CVD growth time. Eventually, the ratio of
AB-stacked bilayer graphene approached 99.4% after 10 h.
However, it should be noted that the coverage of bilayer gra-
phene after 10 h growth did not decrease and a 5 x 3 cm” bilayer
graphene film was obtained. The specific growth mechanism
includes two stages, ie., surface-mediated process and iso-
thermal segregation process. CH, was labeled with >CH, and
3CH, species and Raman characterization conducted under
three experimental growth conditions. According to the Raman
spectra for the different growth conditions, bilayer graphene was
formed in the first 30 min, while it underwent a structural
reconstruction when twisted bilayer graphene transformed into
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AB-stacked bilayer graphene. Notably, there were no exchanged
carbon atoms in this process. The first graphene layer was
formed via surface processes with a high carbon concentration
and high growth temperature. With an increment in the carbon
content, isothermal segregation began to promote the growth of
the adlayer under the first layer. The growth of the two layers
finished once the Cu-Ni alloy was completely covered by
graphene. Next, the second layer of twisted bilayer graphene
had a tendency to be re-dissolved in the Cu-Ni bulk and
sequentially resegregated to form an AB-stacked structure, which
was the most energetically favored state. Consequently, the ratio
of AB-stacked configuration gradually increased and bilayer
graphene with other twist angles became negligible with time.
Likewise, the continuous supply of CH, assisted the reconstruc-
tion behaviors of bilayer graphene by suppressing the evaporation
of carbon atoms and H, etching at high temperature. The above-
mentioned approach is suitable for the scaled production of high-
ratio AB-stacked bilayer graphene.

Overall, based on the above-mentioned typical advances, the
control of the Ni content in the Cu-Ni alloy for the creation of
graphene domains is the key point in this system. High-quality,
large-area bilayer graphene can be realized, accompanied by the
regulation of other parameters. Therefore, Cu-Ni alloy is very
suitable for the ultimate commercialization industry goal,
together with the roll-to-roll or batch-to-batch production method.

2.1.2.2 Cu-Si alloy. Recently, significant process has been
made in the fabrication of highly uniform bilayer graphene
or trilayer graphene without mixtures in the graphene layer.

pu and Si sublimationr—>
| - .

28.7 at.% Si

0

Fig. 9 Fabrication of bilayer graphene with Cu-based binary metal as substrate. (a) Evolution of bilayer graphene on Cu-Si alloy. (b) Morphology of
graphene on Cu-Si substrate with different Si contents. (a and b) Reproduced with permission from ref. 60. Copyright 2020, Springer Nature. (c) Raman
mapping showing good uniformity and high quality of AB-stacked bilayer graphene. Reproduced with permission from ref. 61. Copyright 2013, The Royal

Society of Chemistry.
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In 2020, Lee’s group creatively achieved the regulation of layers
and stacked structure of a monocrystalline graphene film on
Cu-Si alloy.®® The formation of SiC was considered to be a
critical factor in the controlled growth of graphene. Overall,
four steps were included during the synthesis process (Fig. 9a).
Firstly, Cu-Si alloy was formed by annealing Cu foil at 900 °C in
an H,-rich atmosphere. Subsequently, methane was introduced
in the furnace, resulting in the synthesis of SiC. Subsequently,
the flow of methane was stopped and the temperature of the
system was elevated to 1075 °C. The high temperature led to the
cleavage of the preformed Si-C bonds and the sublimation
of the Si atoms. The C atoms were reserved to act as the
nucleation sites of bilayer or multilayer graphene and extend
to single crystals during this process. Finally, the whole SiC film
was converted into graphene domains, stitching together to
form a continuous graphene film.

Besides, both the Si content and methane concentration had
an effect on the thickness of the graphene domains. A small
content of Si atoms tended to result in a random non-uniform
graphene thickness, while a much higher Si content in the
Cu-Si alloy severely limited the growth of graphene owing to
the decreased catalytic ability of the Cu surface (Fig. 9b). Based
on this conclusion, methane at 0.03% content was employed
for the growth of bilayer graphene with a fixed Si concentration
(28.7 at%). The 2D bands in the Raman spectrum of the bilayer
graphene showed nearly identical line shapes with that of
the exfoliated graphene, confirming the presence of the AB-
stacked structure. Further performing statistical calculations, it
was shown that the bilayer graphene exhibited 100% AB
stacked structure and there was no other stacked orders for
the trilayer graphene as well. This approach is also generally
suitable for the regulation of the layer numbers in other 2D
materials.

2.1.2.3 Cu—Co alloy. In addition to Cu-Si alloy, Co—-Cu alloy
is also a promising candidate for controlling the layer numbers
and the stacked orders of bilayer graphene. In the case of pure
Co, it possess the minimum lattice mismatch with graphene
and its d-states show strong electronic coupling with the
graphene m-states, which are conducive for the synthesis of
graphene. Nevertheless, graphene grown on Co substrates
generally showed a mixture of multilayer morphology. Jiang
et al. synthesized Co-Cu alloy to achieve controlled layers of
graphene domains.®’ The fabrication process of the Co-Cu
alloy is similar to that of the Cu-Ni alloy, in which a Co thin
film was deposited on Cu foil by radio frequency sputtering.
Uniform graphene with controlled layers could be synthesized
on its surface. The number of graphene layers was significantly
dependent on the thickness of the Co thin film. Bilayer gra-
phene tended to grow on the 80 nm Co layer. Raman mapping
gave clear evidence that the coverage of bilayer graphene was
99% (Fig. 9c). The excellent optical transmittance characters
and electrical properties classified the as-obtained graphene
among the best ranking to date. Besides, employing 80 nm and
205 nm Co thin films resulted in the formation of monolayer
and trilayer graphene, respectively.
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The growth mechanism is distinctly different from that of
surface-mediated or precipitation processes in traditional
transition metal binary alloys. It is interesting to understand
the self-regulating role of the Co atoms in this synthesis process.
Initially, methane precursor is catalyzed by the top Co layer. The
active carbon species prefer to dissolve in the Co layer due to its
high carbon solubility. Meanwhile, the Cu atoms tend to diffuse
to the Co atoms via lattice vacancies. Notably, the diffusion rate
of C atoms is faster than that of Cu atoms. With an elongation of
the growth time, the diffusion of Cu atoms into the Co layers
causes the C atoms to segregate out from the Co-Cu alloy
surface, eventually forming bilayer or multilayer graphene.
Overall, the Co layer acts as a higher carbon capture layer and
the inter-diffusion of Cu atoms reduces the solubility of Co,
driving the segregation of C atoms to form graphene.

Briefly, CVD, as an easy-to-understand approach, exhibits a
large reversible capacity and high flexibility in growth of bilayer
2D materials. There are many degrees of freedom available for
controlling the stacking orders, crystalline quality and lateral
size, including selection of the growth substrate, introduction
of oxygen, variation of the growth temperature and modulation
of the total pressure. In parallel with the summary of the
abovementioned current advances, the detailed procedures
for the controllable synthesis of bilayer graphene domains or
films on Cu and Cu-based alloy are provided in Table 1, aiming
to stimulate more research in this field.

2.2 Bilayer TMD single crystals

As an indispensable member of the 2D material family and the
perfect partner to graphene, TMDs have gradually become a
research hotspot,*”’® which usually consist of transition metal
elements such as Mo, W, and V and chalcogen atoms including
S and Se.”* 2D TMDs have a distinct structure from graphene,
where the transition metal atoms interact with the in-plane
chalcogen via strong covalent bonds, forming sandwiched
structures.”” In sharp contrast with the rigid covalent inter-
action, the interaction between neighboring layers is demon-
strated to be van der Waals (VdWs) force, allowing the
exploration of the properties of bilayer or multilayer TMDs.”®
Meanwhile, this unique configuration offers an extra degree of
freedom to understand and modulate the original stacking
orders of bilayer TMDs, aiming to achieve their expansive
applications. To the best of our knowledge, monolayer TMDs
exhibit lower carrier mobility, resulting from the scattering of
interface impurities. However, bilayer TMDs, owning their
interlayer coupling and charge screening, generate more
intriguing performances, emerging as a promising candidate
in the family of 2D materials.”*”> The development of bilayer
TMDs not only stimulates competitive applications in the field
of phototransistors,”® photodetectros,”” solar cells,”®”® and
light-emitting diodes (LED),**"®* but also provides a possible
platform to study fundamental physical properties.®*~%

In the case of the CVD growth conditions for TMDs, Cu and
Ni catalysts are not desirable owing to the presence of the S
element. Therefore, the growth of bilayer TMDs on SiO,/Si,
sapphire,®® mica and even Au substrates will be elaborated in
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Fig. 10 Treatment of the precursor to obtain bilayer TMD crystals. (a) Schematic illustration showing gas flow with forward and reverse directions.
(b) Optical images showing different structures of the as-grown WSe; crystals with different annealing times. The scale bars are 100 um. (c) Effect of
annealing treatment on the solid source materials. The scale bars are 10 um. (d) Atom ratio of Se/W as a function of annealing time. (a—d) Reproduced
with permission from ref. 87. Copyright 2021, the American Chemical Society. (e) Fan-like morphology of as-obtained WS,. (f) Optical images of
as-grown WS, with the various contents of WOs. (g) Average areal ratio of bilayer to monolayer increasing with the volume of WOs solution. (e-g)

Reproduced with permission from ref. 89. Copyright 2021, Elsevier B.V.

this review. Besides the substrate, the precursor state, growth
temperature, and gas flow of H, have an influence on the
growth process of bilayer TMDs. Here, in this part, we system-
atically provide an update-to-date summary of the recent
advances in bilayer TMDs.

2.2.1 Growth precursors. There are two promising strategies
to precisely control the growth of bilayer TMDs, involving
stability and concentration. A detailed discussion is provided
as follows. Firstly, in the case of the generally employed solid
precursors, a crucial problem is the control of extra vapor
pressure and the vapor elemental composition. In particular,
the growth behaviors of solid pressure will gradually vary with
the growth time, presenting a great challenge in the controlled
growth of bilayer TMDs in terms of lateral size and layer
numbers. Thus, great efforts have been devoted to alleviating
these phenomena.

Recently, Duan and colleagues explored a procedure that
introduced a pre-annealing step in a reverse flow before the
extra nucleation and growth steps.®” The reverse flow, as shown
in Fig. 10a, flowed from the substrate to the precursor,
which was conducive to avoid unnecessary gas-phase reactants.
A pre-annealing process was performed on the precursor at
1120 °C for 30 min. Subsequently, the gas flow was immediately
switched to the forward direction for the growth of a uniform
bilayer WSe, film. Highly ultra-uniform WSe, single crystals

13338 | J Mater. Chem. C, 2022, 10, 13324-13350

with controlled layers were achieved, whereas the WSe,
domains featured a mixed layer thickness and random lateral
size without the pre-annealing process (Fig. 10b). Meanwhile,
the high temperature not only facilitated the evaporation of the
precursors and the growth rate of the domains but also
promoted the atomic migration on the substrate, and further
gave rise to the rapid growth of the domains. Further in-depth
exploration revealed that the morphology and composition of
the solid precursors changed with an increase in the processing
duration. On the one hand, the proportion of small particles
decreased from 90% to 40% after 60 min pre-annealing process
(Fig. 10c). On the other hand, the atom ratio of Se/W signifi-
cantly decreased as the pre-annealing duration increased,
which was mainly attributed to the faster volatility of the Se
element (Fig. 10d). This atom ratio, minimizing the poorly
controlled Se elements, was effective to guarantee a stable
supply of reactive vapor and conducive to the precise control
of the layer thickness. Therefore, homogeneous bilayer WSe,
single crystals were obtained with a pre-annealing time of
30 min and monolayer WSe, single crystals with a uniform
growth rate and thickness were obtained with a longer pre-
annealing time. The atomic-resolution STEM characterization
of the bilayer WSe, indicated the presence of AA’ stacking in the
WSe, single crystal, similar to the results revealed by the FFT
pattern. After 5 min growth, the lateral size of the bilayer WSe,

This journal is © The Royal Society of Chemistry 2022
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film reached up to 600 um. The FET devices based on the
bilayer WSe, single crystals exhibited the highest mobility of up
to 145 cm® V' 57!, which is the best value to date. Recently,
Huang et al. chose WO; film arrays as growth precursors, which
were predeposited on the substrate by thermal evaporation,
achieving large-area high-quality homogeneous TMD crystals.®®
The content of WO; could be precisely controlled by varying the
thickness and size of the WO; arrays. Meanwhile, H,S gas as
the S source was transferred by Ar to the reaction zone. With
the ability to precisely modulate the precursors and the ratio of
W/S, it was observed that there was a typical U-type relationship
between the layer number and W/S ratio. This indicates that a
low W/S ratio significantly promoted the growth of multilayer
WS, domains and the number of layers gradually decreased
with an increase in the W/S ratio. Further calculations revealed
that the W/S ratio directly affected the competition between the
growth of the domains along the lateral and vertical directions.
Consequently, pure WS, crystals with a controllable monolayer,
bilayer or trilayer could be obtained on the substrate. This
general strategy offers a pathway to mediate the metal/chalco-
genide ratio to achieve wafer-scale monocrystalline TMD films
for further exploring their practical applications.

Alternatively, solution or aqueous precursors have also been
employed for the growth of uniform bilayer TMD single
crystals. Balakrishnan et al. chose as-synthesized aqueous
WO; nanorods and S powder as the precursors for the con-
trolled growth of bilayer WS, domains.®® The morphology and
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evolution of the WS, domains varied with the content of WO,
nanorods, allowing the growth of bilayer and trilayer structures.
It should be note that the morphology of the bilayer WS,
presented a fan-like structure, where three facets presented a
bilayer and the remaining facets remained uncovered. That
indicated that the bilayer and trilayer WS, selectively grew on
the substrate owing to the difference in the luminescent facets.
In detail, the growth of the first layer obeyed a hexagonal
manner, namely two different sets of arrangements in the six
facets in each WS, domain (Fig. 10e). In addition, further
observing the growth behaviors of WS, under different concen-
trations of WO; (Fig. 10f), as shown in Fig. 10g, there was a
direct trend of the layers of WS, increasing with an increase in
the dispersion volume, and the areal coverage of bilayer WS,
also monotonically increase as a function of the WO; content.
One of the regions transformed to a bilayer structure with the
volume of 200 pL. Thus, the use of a liquid precursor is suitable
for the regulation of the quality, size and thickness of the
samples. Yan et al. employed aqueous ammonium molybdate
with a volume of 4 mL, 5 mL and 6 mL spun on an Si surface to
synthesize MoS, single crystals with a specific thickness.”
Overall, solution precursors are effective to control the thick-
ness and uniformity of bilayer 2D materials.

Regarding the content of the precursors, the coverage and
growth mechanism depend on the concentration of the source.
In general, the initial nucleation of the second layer materials
begins at the center of the first layer, which also inevitably leads
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Fig. 11 Growth process of bilayer TMD single crystals. (a) Growth process of the second layer of MoS, based on different concentrations of Mo source.
(b) Evolution of bilayer MoS, from the edges of monolayer MoS,. (a and b) Reproduced with permission from ref. 91. Copyright 2021, Elsevier Ltd and
Techna Group S.r.l, respectively. (c) Deposition of carbon nanoparticles on a sapphire substrate. (d) Bilayer WS, with homogeneous thickness. (c and d)
Reproduced with permission from ref. 95. Copyright 2019, Springer Nature. Weinheim.
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to the exposure of the bottom layer. Li and co-workers reported
the growth of bilayer MoS, crystals with complete coverage of
the top layer.”® Specifically, a novel device used to ensure
that the high concentration of Mo source was designed, where
MoS; powder was loaded in a tube with a small vent hole. This
ensured the high concentration of Mo source in the growth
system by confining the precursor flow to only one direction.
Meanwhile, the glass substrate was placed very close to the
MoO; powder and kept a certain distance from the S source.
The well-designed CVD system created an Mo-rich edge for the
growth of bilayer MoS,. Specifically, the Mo-rich edge acted as
the nucleation site of the second layer and gradually grew
horizontally from the edges to the center of the monolayer
MoS, (Fig. 11a and b). This unique growth process ensured the
formation of bilayer MoS, with the two layers possessing the
same size. As revealed by optical images, the lateral size of
the bilayer MoS, crystals was approximately 35 um. The high
quality and uniform thickness were substantiated by a series of
AFM images.

Finally, it was reported that introducing extra aromatic
molecules is viable for homogeneous nucleation, such as PMMA,
perylene-3,4,9,10-tetracarboxylic acid tetrapotassium salt, and
reduced graphene oxide.””** Based on this strategy, Huang
et al. successfully fabricated high-quality WS, by means of
carbon nanopatrticles.”” Initially, a burning candle was placed
underneath a sapphire substrate, where the concentration of
carbon nanoparticles could be regulated by the burning time
(Fig. 11c). With this as the substrate, the solid precursors were
heated at 350 °C and 1000 °C, respectively, in a double-zone CVD
growth furnace. After maintaining the growth time for 10 min,
bilayer WS, domains with a lateral size on the mm-scale could be
synthesized. During this process, the carbon nanoparticles
reached the surface of the sapphire and facilitated the genera-
tion of intermediate WO;_,. The size of the carbon particles
decreased with an increment in the WO; vapor. WO;_, had a
tendency to gather around the carbon particles, and thus

Stage A-B
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resulted in a locally high concentration of WO;_,. Then, S
reacted with WO;_, and formed bilayer WS, domains. Overall,
it is necessary to understand the roles of the carbon particles in
the growth process, including enhancing the adsorption of WO;,
facilitating the generation of WO;_,, and providing nucleation
sites for bilayer WS,. As shown in Fig. 11d, the as-obtained
triangular bilayer WS, possessed a homogeneous thickness, in
which the surface was flat and the edges were sharp. HRTEM
revealed the high crystallinity of the bilayer graphene domains.
AFM and Raman spectra were used to determine the thickness of
the samples. The as-fabricated bilayer WS, FET exhibited a
mobility of 34 ecm® V' s, which is higher than that of
monolayer WS, in the present work.

2.2.2 The growth temperature. Although intense efforts
have been made, control of the stacking order of bilayer TMDs
remains a challenge, where bilayer TMD crystals usually pre-
sented a mixture of AB and AB’-stacking. The AB-stacked
configuration is the most frequent and stable state because of
its shortest interlayer space and strongest interlayer coupling.
In addition, as-obtained bilayer TMDs generally include mixed
monolayer, bilayer and even trilayer regions. This results in a
decrease in film quality and not suitable for integration in
electronic devices. Among the growth parameters, the growth
temperature is significant in the regulation of the stacked
structure of bilayer TMDs. For example, Pan’s group demon-
strated a temperature-selective physical vapor deposition trend
that triangular 3R-phase WS, crystals were largely distributed on
the substrate when the temperature was 1140 °C, whereas hexagon-
shaped 2H-phase WS, domains occurred at a temperature of
around 950 °C.”® In another example, Gao and co-workers creatively
achieved the growth of bilayer MoS, with an identical AB-stacked
structure, which required a high-growth temperature in the synth-
esis process.” The elevated growth temperature (900 °C) enabled
the regulation of the nucleation and extension of the second layer
in a stable growth environment. The SEM and photoemission
electron microscopy (PEEM) images demonstrated bilayer MoS,
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single crystals featuring a coinciding AB-stacked order without the
presence of other configurations. This approach creates a new
avenue for the controlled synthesis of bilayer TMDs by varying the
temperature.

With further exploration, two years ago, Zhang et al
achieved the epitaxial growth of completely bilayer MoS, single
crystals in a customized temperature system, together with a
reverse hydrogen flow, via a two-stage CVD growth method.’® As
shown in Fig. 12a, the growth process follows two stages,
including A-B stages and C-D stages, representing the growth
process of monolayer MoS, and bilayer MoS,, respectively.
It was found that a customized temperature at 700 °C was
appropriate to synthesize the first monolayer crystals, while a
higher temperature was beneficial for the growth of bilayer
MoS, crystals because a high temperature (e.g., 750 °C or
800 °C) prevented the lateral epitaxial growth at the edges of
the monolayer domains. The growth temperature also determined
the stacked structures, wherein 750 °C favored the growth of the
AA-stacked structure, while 800 °C was optimal for the AB-stacked
structure (Fig. 12b). Besides, a reverse hydrogen flow was intro-
duced in the system at the swing stage (B-C stage). As mentioned
above, the reverse hydrogen flow provided significant benefits in
preventing the formation of randomly distributed monolayer
MoS, domains and undesirable new nucleation centers. The
reverse gas flow resulted in the nucleation of the second layer
over the as-obtained MoS, from the original nucleation centers.
As revealed by the optical images, triangles and hexagons were the
dominant shapes of the bilayer MoS, crystals. The lateral size
of the complete bilayer MoS, single crystal was up to 300 pm.
The TEM images showed a well-aligned honeycomb Ilattice,
further indicating the high-quality single-crystalline nature of
the samples. This approach is robust for the growth of other
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bilayer TMDs, ternary alloys and quaternary alloys, simply
by choosing the corresponding precursors and optimizing the
growth temperature.

In the case of bilayer WS,, Fan et al. synthesized a series of
twisted WS, bilayers, such as 0°, 13°, and 30° at a well-regulated
temperature via the CVD method (Fig. 12¢).”® It was found that
bilayer WS, with an AA or AB-stacked order was prone to occur
at a lower temperature of about 850 °C, while the stacked orders
preferred to be random at high temperature because the high
temperature gave the driving force to overcome the angle
mismatch between adjacent layers. Subsequently, further
exploration of the unique structure of bilayer WS, was con-
ducted. The twisted bilayer WS, exhibited weakened interlayer
coupling due to its larger interlayer space than that of the AA or
AB-stacked structure. The photoluminescence curves showed
the absence of an indirect transition peak, indicating the direct
bandgap structure of the twisted bilayer WS,, which is different
from the AA and AB-stacked bilayer WS, with an indirect
bandgap. Thus, twisted bilayer WS, can be considered as a
quasi-direct bandgap material owing to its weakened interlayer
coupling.

2.2.3 Hydrogen. As an imperative factor in the growth of
bilayer TMDs, precise control of the content of hydrogen has
attracted intense interest. According to previous reports, the
lateral size of TMDs usually increases with an increase in the
pressure of the chalcogen precursor. Therefore, it is of great
importance to increase the content of chalcogen atoms and the
intermediate phase, wherein H, is beneficial for the formation
of intermediate phases and is indirectly conducive for the
preparation of large-area bilayer TMD single crystals. Taking
MoS, as an example, previous reports claimed that the presence
of H, prohibited the lateral growth of the first MoS, flakes, thus
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leading to the evolution of a bilayer structure in 2D materials.’®
Zhang’s group further reported the in-depth exploration of the
role of H, in the growth process. They concluded that the
relatively high gas flow of H, was responsible for the increase
in bilayer MoS,.'*® Thus, considering the early studies, H, is
extremely apt to react with MoOj; to form intermediate MoO;_,,
which preferentially combines with S to generate MoS,
domains. Therefore, slightly increasing the H, flow to 6-8
scem, the areal coverage of bilayer MoS, had a sharp increment
and reached the maximum when the H, flow was 10 sccm
(Fig. 13a and b). Meanwhile, HRTEM characterization com-
bined with the corresponding SAED patterns revealed the
monocrystalline lattice structure of the as-synthesized bilayer
MoS,. It is worth mentioning that a much higher gas flow
would result in the formation of lots of particles and small
monolayer flakes, which is mainly ascribed to the reduction of
intermediate MoO;_,. Thus, modifying the gas flow of H, at a
relatively balanced state is essential to obtain bilayer MoS,.
2.2.4 Growth substrate. SiO,, owing to its low cost and
thermal stability, has been widely applied as the growth sub-
strate of most TMDs. However, there are specific drawbacks
that weaken the properties of bilayer TMDs. For example, the
trapped charges in the interface between SiO, and TMDs
reduce the mobility of materials and the roughness of the
surface and the amorphous structure generate inferior quality
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in the samples. Consequently, choosing the appropriate sub-
strate is meaningful for the controlled growth of bilayer TMDs.
Compared to SiO, substrates, commercial sapphire generally
produces atomic step-terrace structures once annealed at high
temperature. Nuclei prefer to absorb at step sites rather than
terraces due to their stronger binding energy. Consequently,
the atomic steps can guide the alignment of single crystals and
be more conducive for the production of monocrystalline 2D
materials.

Considering the predominant effect of the substrate during
the growth process, Li et al. recently reported a method in
which the synthesis of bilayer 2H-WSe, crystals is conducted on
a c-sapphire substrate via a one-step CVD approach.'® It was
noted that a dual-tube configuration reaction furnace was
invented to accumulate the reactant species for the growth of
materials. With an increment in Se powder, the nucleation of
bilayer WSe, began to occur, which subsequently enlarged to
the pm-scale. It should be noted that too much Se element
hampered the expansion of the growth dimensions and the
vertical stacking of the WSe, crystals. The nucleation sites were
initially formed along the atomic step direction, similar to the
graphoepitaxy process (Fig. 13c and e). The most striking
conclusion was that the atomic steps on sapphire with WSe,
covering became more applicable than that of the uncovered
bare surface. Hence, the growth of the second layer follows the

Table 2 The detailed growth process and properties of bilayer TMDs and h-BN crystals

Time Domain  Performance
Method  Precursor Temp. (°C) (min) Key points size (em*v's™ Ref.
APCVD WSe, powder 1150 5 Introducing a pre-annealing step with reverse flow 600 um 97 (Average) 87
145 (highest)
APCVD WO; film arrays H,S 1000 —  Tuning the W/S ratio 8 cm? 20 (RT) 88
(Film)
APCVD Aqueous WO; 850 10  Controlling the content of WO, precursor pm-scale — 89
solution; S
APCVD HgMON,Oy,, S 750 — Tuning the content of HgMoN,O, aqueous solution pm Responsivity: 90
7160 AW ™'
Detectivity: 6.62 x
10" Jones
APCVD S, MoO; S: 120 —  Using a tube with a small vent hole to confine the pm 32.6 (RT) 91
Mo precursor
On/off ratio: 10
MoO3: 760
APCVD S, WO, S: 350 10  (a) Carbon-nanoparticle assisted CVD pm 34 (RT) 95
On/off ratio: 6 x 10°
WO5: 1000

(b) On sapphire substrate

Two-stage S, MoOj3 700/750 20  (a) Growing the first layer at 700 °C and growing the 300 um  38-75 (RT) 98
thermal second layer at 750 °C
CVD
On/off ratio: ~10*
(b) Introducing a reverse N,/H, flow
APCVD S, WO, 1100 20  High temperature generating random twisted WS, pum — 99
bilayers
APCVD S, MoO; 800 5 Modulating the gas flow of H, pm 21 (RT) 100
On/off ratio: 1.1 x 10’
APCVD Se, WO, WO;: 890-900 15  Growing on c-plane sapphire with atomic steps ~ pm 40 (RT) 101
Se: 250-260
LPCVD Ammonia borane 1050 — (a) Constructing Cu enclosure structure 60 pm — 106
(b) Relative higher precursor amount
LPCVD Ammonia borane 1025 20- (a) Higher H, gas flow um — 105

60

(b) Fe as growth substrate
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step direction also. The second harmonic generation (SHG) and
low-frequency Raman techniques were utilized to detect the
stacking orders of the bilayer WSe, (Fig. 13d). Both techniques
substantiated the 2H stacked structure of WSe,, which was the
most stable state among the five high-symmetry structures of
TMDs. The intensity of the two peaks in ultra-low-frequency
could be used to identify the stacked configurations. This
report of atomic steps on c-sapphire guiding the growth of
bilayer WSe, gives new insights into the controllable growth of
high-quality materials, thus paving the way towards future
applications in practical industrial technology.

Significant advances have been achieved in the controllable
growth of high-quality bilayer TMD single crystals over the past
decades. Table 2 summarizes the relative advances including
the growth process and properties of bilayer TMDs and h-BN
crystals, presenting opportunities for the creation of a material
platform for fundamental studies and practical applications.

2.3 Bilayer h-BN single crystals

h-BN, an analog to graphene, is a layered material with an ultra-
flat surface and no dangling bonds, but a typical insulator with
an indirect bandgap. h-BN has been found to be a potential
candidate in the materials market for applications such as
graphene-based FETs, where the carrier mobility can be extremely
improved by inserting monolayer or multilayer h-BN into the
interface between graphene and SiO,/Si substrate. Impressively,
the growth of single-layer h-BN has witnessed a huge break-
through with the recently reported growth of a 100-centimeter
square h-BN single-ctystal film on Cu foil.’®® This work shed light
on the synthesis of 2D materials including bilayer h-BN crystals.
As is known, the electronic structure of h-BN is a function of its
layer number and detailed stacking orders.'®® Bilayer h-BN,
in which individual layers are assembled via van der Waals
interaction, generates a series of new characters. In fact, in
contrast to graphene, it is difficult to obtain-large area and
high-quality h-BN bilayer samples via the exfoliation method,
which is partially attributed to the strong interactions between
the adjacent BN layers. Meanwhile, the mechanical cleavage
method to fabricate h-BN is not scalable for practical technology.
According to considerable studies, CVD is regarded as a promising
candidate for the synthesis of h-BN owing to its easy management.
However, to date, little is known about the growth of bilayer h-BN
and no breakthroughs have been proposed for the precise control
of h-BN layers via the CVD method. This is because the synthesis of
bilayer h-BN is still in its infancy. The enlargement of the limited
size and the minimizing of the non-negligible defects remain an
open question. Typically, there are five symmetry stacking order
possibilities for bilayer h-BN crystals, including AA’, AA, AB/, A'B
and AB states (Fig. 14a)."*'® Among these structures, AA’ is the
most natural state, in which the B atoms of the upper layer are
placed above the N atoms of the bottom layer. Shifting each layer of
AA-stacked bilayer h-BN, as shown in the schematic image, enables
the generation of the AB configuration, which is only slightly less
stable than the AA-stacked state.

Previously, Spencer’s group reported the synthesis of bilayer
h-BN single crystals with a size of 60 pm by adopting

This journal is © The Royal Society of Chemistry 2022
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Fig. 14 Controllable growth of bilayer h-BN crystals via CVD method. (a)
Schematic of five stacked structures of bilayer h-BN. (b) SEM images
featuring AA’, AB, and 30° twisted stacking configurations. (c) SEM images
of bilayer graphene with a white nanoparticle in the center after etching.
(b and c) Reproduced with permission from ref. 106. Copyright 2017, the
American Chemical Society. (d) SEM images showing the different cover-
age and lateral sizes of the adlayer during different growth times.
(e) Growth behaviors of precursors under a high gas flow of H,. (ff HRTME
images of as-obtained h-BN samples. (g) SAED patterns revealing AB-
stacked structure of h-BN. (a and d-g) Reproduced with permission from
ref. 105. Copyright 2019, IOP Publishing Ltd.

complicated growth conditions."®® Inspired by a previous inves-

tigation, a Cu-pocket designed with three edges slightly sealed
was used as the catalyst for the disintegration of ammonia
borane. To obtain large-size of single crystals, they adopted a
series of measures including thicker Cu foil, Cu-pocket device,
high-pressure annealing process and inserting a zigzag bent
copper to reduce the nucleation density of the h-BN crystals.
The layer numbers exhibited a strong dependence on the
amount of ammonia borane precursor. A further increase in
the precursor content led to thicker h-BN single crystals. In the
case of 65 mg precursor, only the monolayer morphology was
found to exist. An increment in the content of ammonia borane
gave rise to the dominant growth of bilayer h-BN domains,
which gradually enlarged with an increase in content (Fig. 14b).
This intriguing phenomenon can be ascribed to the unique
growth behaviors, where the B and N atoms desorbed from the
inner surface of the Cu pocket, enabling their direct deposition
on the as-grown h-BN layer after ammonia borane sublimated
and decomposed into B and N atoms in the healing zone.
Specifically, in contrast with the typical case that builds blocks
of bilayer h-BN crystals that need to cross through the edges of
the first layer, this approach effectively avoided the capture
effect generated by the edges of the first layer. Hence, the
unique synthesis process is extremely conducive to the generation
of large-size bilayer h-BN domains owing to the absence of the
capture effect. The lateral size of the bilayer h-BN crystals could
reach up to 60 pm in the present work. As revealed by the SEM
images, each layer of h-BN crystals shared the same geometric
center with the first layer, indicating that the growth followed the
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defect-mediated mechanism (Fig. 14c). In the case of the stacked
orders of the bilayer h-BN, statistics exhibited that preferred 60°
twisted bilayer h-BN proportion was about 88%, while the 0°
stacked structure only accounted for 10%. The more detailed
growth mechanism needs to be further explored.

To date, lots of efforts have been continuously devoted to the
controllable growth of bilayer h-BN crystals. With Fe and Cu as
substrates, Zettl et al. achieved the growth of bilayer h-BN and
preliminarily proposed the growth mechanism (Fig. 14d).'%?
Solid ammonia-borane and the growth substrate were sepa-
rately placed in two zones with different heating temperatures,
where the temperature of the former was 70-90 °C, while that of
the latter was 1025 °C. It is worth noting that the heating
temperature was relatively lower than the previous report and a
higher H, gas flow (100-200 sccm) was employed to boost the
etching effect to prevent the merging of the dispersed mono-
layer h-BN domains. In this case, the gaseous precursor
enabled access the metal surface during the entire growth,
therefore absorbing or dissolving in the substrate and generat-
ing adlayers (Fig. 14e). Owing to the direct contract between the
h-BN adlayer and substrate, the stacked structures of the bilayer
triangular h-BN crystals, with a common centroid, were
governed by the transition metal catalyst. Meanwhile, the
aligned layers, such as the AA stacked structure, relaxed into
the AB ground via interlayer sliding at elevated temperature.
Specifically, the metal surface forced the alignment of the h-BN
adlayer, hence resulting in AB-stacked h-BN. The HRTEM
images combined with SAED patterns demonstrated the
AB-stacked structure of h-BN and confirmed the absence of
other stacked structures in these samples (Fig. 14f and g). In
summary, this work provides a synthetic method to grow pure
AB stacked bilayer h-BN by rationally optimizing the growth
parameters and provides deep insights to understand the growth
mechanism. To realize the controllable growth of bilayer 4-BN,
more efforts should be spent exploring elaborate growth
mechanisms and simplifying the production conditions.

3. Mechanism of bilayer 2D single
crystals

To the best of our knowledge, it is difficult to maintain stable
growth conditions during the CVD process because even slight
changes in the growth parameters may strongly affect the
reproducibility and controllability of the production process.
Therefore, it is necessary to understand and explore the growth
mechanism to control the growth of 2D bilayer graphene. There
are two typical growth steps in the CVD process, namely,
nucleation and growth, occurring on the substrates, which
are the main routes to modulate the processing parameters.
Here, we use the growth of bilayer graphene and TMD single
crystals as examples to summarize the growth mechanism.

3.1 Bilayer graphene single crystals

During the growth of bilayer graphene, it is essential to discuss
the relationship between the two growth layers. The majority of
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Fig. 15 Growth mechanism of bilayer graphene. (a) Schematic showing
three growth modes of bilayer graphene. (b) Schematic exhibiting edge
states of partially grown graphene with low hydrogen and high hydrogen.
Reproduced with permission from ref. 44. Copyright 2020, the American
Chemical Society. (c) Schematic diagram of graphene growth on asym-
metric Cu foil through the back-diffusion process. Reproduced with
permission from ref. 64. Copyright 2017, WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim.

the literature is based on three growth modes, that is, the
top-growth mode, bottom-growth mode and simultaneous
nucleation growth mode (Fig. 15a). The first view is the top-
growth mode. In this case, the second layer is usually smaller
than the first layer. It was suggested that this phenomenon
strongly depends on the catalytic ability of the Cu surface.
Owing to the fact that the first layer is the closest to the
substrate, it grows more rapidly than the second layer, which
results in a larger size of the first layer. The key point of the top
growth mode is to break the self-limiting process, where Cu
catalyzes the decomposition of the precursors and causes the
formation of a monolayer graphene film. The continuous
monolayer graphene film covering the Cu surface extremely
passivates the catalytic behavior, preventing the further decom-
position of the carbon sources for the growth of bilayer or even
multilayer graphene domains. Duan et al. adopted a high H,/
CH, ratio to create a balance between growth and etching.*®
Consequently, the uncovered and catalytically active Cu surface
was sufficient to decompose the precursors and enable the
continued growth of the bilayer graphene domains.

In contrast to the top-growth mode, several reports in the
literature provide strong evidence for the bottom-growth mode,
where the second layer grows under the first layer (larger layer).
It has been reported that the bottom growth mode is completed
through either a surface diffusion process or back-diffusion of
carbon species. In the case of the surface diffusion process,** it
has been exhibited that hydrogen gas plays a crucial role in
controlling the stacking orders of bilayer graphene. With an
increase in H,, the original Cu-passivated edges transform into
H-passivated edges, which not only guarantees the formation of
bilayer graphene domains but also alters the stacking orienta-
tions of the bilayer crystals. The combination of graphene
edges with H atoms impedes the attachment of carbon atoms
to the graphene edges (Fig. 15b). Accordingly, the interaction
between the Cu surface and H-passivated edges becomes weak,
allowing more carbon species to diffuse under the first layer to
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form an adlayer. Meanwhile, the interaction between the adjacent
layers governs the twist angle instead of the epitaxial relationship
between the Cu surface and graphene film. DFT results showed
that the energy at 0° is the single minimum location, corres-
ponding to the as-obtained SAED pattern, both demonstrating the
AB-stacked order of bilayer graphene.

The other debate about the top-growth mode is the back-
diffusion growth mechanism. The low carbon solubility of the
Cu surface allows some of the carbon species to diffuse through
the bulk Cu and segregate from the bilayer graphene. Similar to
previous reports, Hao et al. achieved the growth of bilayer
graphene monocrystals on the exterior side of a Cu-pocket by
means of oxygen.*” With the participation of oxygen atoms, the
precursors could effectively dehydrogenate into carbon species.
Then, the carbon species diffused into the Cu bulk and gradually
segregated to form the first layer. It was demonstrated that the
growth of the first graphene layer is controlled by a surface-
mediated process, while the appearance of an adlayer is
governed by the diffusion of carbon atoms from the interior
side. Most ingeniously, the growth of the second layer was
conducted at high temperature isothermally instead of
traditional carbon precipitation during the cooling process.
Meanwhile, the full coverage of the first layer on the exterior
side of the Cu-pocket did not restrict the formation of an adlayer,
which is distinct from the interior side. This mechanism was
further demonstrated by Cho’s group.®* By means of an asym-
metric Cu catalyst and characterization via the isotope labeling
technique, the carbon back diffusion growth mechanism was
speculated. Initially, the carbon atoms at the front side of the Cu
foil unquestionably participate in the growth of the first gra-
phene layer; nevertheless, the C atoms absorbed on the back
surface of the Cu-Ni alloy gradually diffuse into the front to grow
the graphene adlayer. The growth of the adlayer graphene
proceeded through the diffusion of the carbon species and edge
attachment of the C atoms to the nuclei on the Cu surface, which
was different from the carbon-segregation mode (Fig. 15¢c). The
growth of the adlayer ceased once the Ni atoms in the backside
nearly vanished. One year later, Johnson et al. designed an Ni-Cu
gradient alloy to elaborate the growth mechanism on the Ni-Cu
gradient alloy, which consisted of an Ni-poor side and Ni-rich
side.®® Owing to the difference in Ni content, the top graphene
layer tended to grow on Ni-rich surface other than Ni-poor side,
while the bottom layer of graphene was formed via carbon atom
back-diffusion from the Ni-poor side to Ni-rich side. This phe-
nomenon was attributed to the high carbon solubility of the
Ni metal.

A novel growth mode was recently proposed by Liu et al. with
the aid of decaborane, where the top layer and bottom layer
share the same growth speed simultaneously.>® Notably, there
was no significant chromatic aberration at the edges of
the graphene seed. Through the continuous supply of carbon
sources, the edges of the graphene gradually extended to a large
area under the catalysis of the Cu surface. With an extension in
the time for the growth process, the edges of graphene strongly
captured the decomposed carbon atoms and the size of the
bilayer graphene increased accordingly. The growth of bilayer

This journal is © The Royal Society of Chemistry 2022

View Article Online

Journal of Materials Chemistry C

graphene domains ceased once the growth and etching process
reached a dynamic balance.

3.2 Bilayer TMD single crystals

Compared with bilayer graphene, less is known about the
detailed growth behaviors of bilayer TMDs. In the case of
bilayer TMD crystals, the second layer generally forms on top
of the first layer. AA-Stacked and AB-stacked structures are the
most stable states in the twisted bilayer TMD family. At present,
precisely controlling the growth of bilayer TMDs mainly relies
on the modulation of the growth conditions. For example, a
high gas flow of H, greatly facilitates the growth of the second
layer. It has been reported that H, act as a reducing agent and
catalyst during the growth process.”>'% Generally, H, reacts with
the precursors such as MoO; and WO; to form intermediate
species, which have a greater affinity to combine with S and
directly generate TMD crystals. It should be noted that the
amount of intermediate MoO;_, or WO;_, will increase as the
gas flow of H, increases, which offers much more possibilities
for the deposition of the second TMD layer. Thus, the introduc-
tion of H, is suitable for the growth of vertical bilayer TMDs.

For the generation of bilayer TMDs with various twisted
angles, high temperature is a crucial measure to break the
energy barrier. For instance, according to the typical case
mentioned above,”® bilayer WS, crystals with random twisted
angles are usually observed at a high temperature, whereas only
AA-stacked and AB-stacked bilayer WS, domains are formed at
a lower temperature. This is because high temperature paves
the way to overcome the angle mismatch between the adjacent
layers. Thus, it is meaningful to gain deep insight into the
variation of the growth temperature, which will be beneficial to
achieve the controllable growth of twisted bilayer TMDs.

In summary, from the perspective of growth mechanism,
there is still a long way to go to explore the detailed growth
behaviors, which can serve as an important platform to achieve
the precise controlled growth of bilayer TMD single crystals.

4. Perspective and prospect

Certainly, the progress in bilayer 2D materials presents signifi-
cant advances and opportunities in academic studies and social
development. Based on this intensive success, we provided a
comprehensive overview about the controllable growth of
bilayer 2D single crystals by finely modulating the growth
parameters. We emphasized the influence of oxygen, hydrogen,
growth pressure, growth temperature, etc., aiming to inspire
the future roadmap for the controllable growth of bilayer 2D
materials. Meanwhile, the possible growth mechanism based
on the combination of experiment and theoretical calculation
was also highlighted. Even though the latest research has
comprehensively reported the growth of wafer-scale size bilayer
2D materials, it is still challenging to achieve the controllable
growth of bilayer 2D materials with the desired layer number,
twist angle and surface morphology. The detailed challenges
existing in this field are listed as follows.
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Fig. 16 Roadmap for the synthesis of bilayer 2D single crystals.

Firstly, it is necessary to explore the growth mechanism to
guide the fabrication in the future. Currently, the growth mecha-
nism for the synthesis of bilayer graphene domains has gradu-
ally been fully understood, while the newly proposed
synchronous growth mode still deserves more attention. In
particular, for bilayer h-BN domains, it is essential to uncover
how bilayer h-BN is formed under the metal catalyst and how to
precisely modulate its stacking order and twist angle. Besides, in
the case of all CVD-grown 2D materials, the explanation of the
growth mechanism at atomic-scale remains a formidable chal-
lenge. Accordingly, more advanced techniques should be devel-
oped to help drive a deep understanding of the growth process.

High crystalline bilayer 2D materials and the precise con-
trollable growth of 2D materials are the essential pursuits for
researchers in this field. Notably, plenty of novel properties
including van Hove singularities'” and tunable bandgap are
related to the detailed twist angle. At present, AB-stacked bilayer
graphene domains and other energy-favored stacking orders of
bilayer h-BN and TMDs are the main productions. However,
there are significant limitations in the fabrication of bilayer 2D
crystals with arbitrary but controllable twist angles. If this can be
achieved, bilayer 2D materials with desired configurations will
be born with exotic properties such as superconductivity arising
from a “magic” angle. Besides, as-grown bilayer materials are
usually turbostratic, namely, the mixing of the monolayer,
bilayer and even multilayer. Thus, devoting much more effort
to tuning the parameters is a good idea to address this issue.

The ultimate goal of materials development can be summar-
ized to move from laboratory studies towards practical applica-
tion, where realizing mass production and finding killer
applications for bilayer 2D domains have been considered as
the main obstacles. Here, large-scale high-quality monolayer
graphene production is taken as an example. Back in 2010, lijima’
s group creatively realized the synthesis and transfer of a 30-inch
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monolayer graphene film via the roll-to-roll technique.'”® Liu’s

group also overviewed the recent progress towards the mass
production of CVD graphene films and proposed the crucial
limitation in the development of future high-quality mass
fabrication.'® Consequently, large quantities of bilayer 2D mate-
rials are expected to be produced to meet the impending needs of
the market. Powdered by advanced mass production strategies, it
is also urgent to find the killer application that demands large
quantities of high-quality graphene films. In fact, in contrast with
monolayer graphene, bilayer graphene, possessing extra interlayer
coupling, exhibits lots of electronic properties such as a zero-
resistance superconducting state at 1.7 K.>*>''° Meanwhile, dual-
gate FETs with continuously tuned bandgaps have completely
surpassed monolayer FETs with a zero bandgap structure.'"
Thus, it is desirable to break the game-changing principles.

Furthermore, the scope of these challenges is clarified in
Fig. 16, where the growth mechanism, controllable growth,
high quality, scaled synthesis and novel applications of the
representative growth process are presented.''> We anticipate
exciting achievements in both theoretical studies and practical
applications of bilayer 2D materials in the future. However, it
should be noted that this is far from overnight success and
there is a long journey toward industrial production.
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