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Two-dimensional (2D) quantum materials have attracted extensive attention due to their superior properties at the atomic
thickness. Numerous novel physical phenomena, including the quantum Hall effect, fractional quantum Hall effect, quantum
anomalous Hall effect and topological superconductor phase or topological insulator phase, have been discovered on different
2D quantum materials. Over the past decades, various technologies have been developed to prepare the 2D quantum materials
and all of them have demonstrated their specific advantages. In this review, we comprehensively summarize the commonly used
growth methods for the 2D quantum materials and discuss the corresponding controllable growth strategies. Finally, we provide a
summary and a perspective for future studies.

2D quantum material, controllable growth, growth methods

PACS number(s): 68.55.Jk, 74.62.Bf, 81.10.-h, 81.15.-z, §1.20.-n

Citation:
doi.org/10.1007/s11433-022-1989-9

X. Sui, Z. Zhang, and K. Liu, Controllable growth of two-dimensional quantum materials, Sci. China-Phys. Mech. Astron. 66, 117502 (2023), https://

1 Introduction

In the course of human history, material science has played
an important role in the development of technology, from the
Stone Age to the Bronze Age, until the silicon-based material
age in the 20th century and the new material age in the 21st
century. Among all the new materials, 2D quantum materials
have been considered to be a promising candidate for the
innovation of next-generation new technology, mainly due to
their extreme thickness [1-3] (typically down to the atomic
thick, which could in principle realize the fabrication of ul-
trasmall devices), excellent properties like ultrahigh mobility
[4], ultrafast charge transfer [5] and high thermal con-
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ductivity [6] (which is crucial for high-speed devices), full
components including the conductor [7], semiconductor [8-
10], insulator [11,12] and magnet [13-16] (which could
construct full 2D quantum devices) and the compatibility
with state-of-the-art silicon-based processing techniques
(which is essential for future massive industrial applications)
[17-19]. Because of these advances, 2D quantum materials
have demonstrated great potential in the application of
electronics [20,21], optoelectronics [22,23], optics [24,25],
magnetics [26,27] and catalysis [28]. Generally, to realize
these appealing applications, the controllable growth of 2D
quantum materials is a prerequisite [29].

Since the first successful mechanical exfoliation of gra-
phene in 2004 [7], various methods on how to realize the
controllable growth of 2D quantum materials emerged in an
endless stream, every with its own advantages. In this re-
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view, we summarize some of these typical synthesis methods
(Figure 1), including exfoliation, molecular beam epitaxy
(MBE), atomic layer deposition (ALD), physical vapor de-
position (PVD), chemical vapor transport (CVT) and che-
mical vapor deposition (CVD). We systemically discuss their
histories, growth principles, advantages and disadvantages,
scopes of applications and other characteristics. Finally, we
give a summary and an outlook.

2 Exfoliation

Exfoliation is a typical “Top-down” method to obtain mono-
and multi-layer 2D quantum materials, which applied an
external force on the bulk materials to destroy the weak van
der Waals (vdW) interlayer force [30,31]. This external force
can be realized in many forms and the most typical and
famous one is using a Scotch tape. In 2004, Novoselov et al.
[7] produced the first graphene flake by applying a tape to the
bulk highly oriented pyrolytic graphite (HOPG) surface.
Their pioneering work initiated the vigorous research toward
2D quantum materials.

In 2008, Hernandez et al. [32] found that large-yield gra-
phene can be prepared by the sonication-assisted liquid-
phase exfoliation method. This method has been rapidly
developed and become a major strategy for the mass pro-
duction of graphene. In 2010, Zhao et al. [33] demonstrated a
feasible way to produce graphene from graphite using wet
ball milling exfoliation. In the meantime, Knieke et al. [34]
also reported that the free-standing and highly dispersed
mono- and multilayer graphene sheets can be directly dis-
persed under a simple wet grinding process at ambient
temperature. Apart from the liquid-phase exfoliation, dry
milling [35] can be also used for producing a large quantity

Exfoliation

CVD

Figure 1 (Color online) Different methods for the controllable growth of
2D quantum materials.
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of graphene. For example, Lin et al. [36] reported a sulfur-
assisted exfoliation of graphite and they obtained the gra-
phene-sulfur composites and freestanding low-defect gra-
phene sheets in 2013.

In principle, the liquid exfoliation and milling method are
effective in the mass production of 2D flakes, while they
show limits in the control of quality. The mechanical ex-
foliation method is a powerful way to prepare high-quality
2D flakes, however, its layer control and large-scale uni-
formity remain great challenges. Recently, many modified
mechanical exfoliation methods have been developed to
address the layer control and uniformity issues [37-39].

Many groups have found that by selecting a suitable sub-
strate, the external force can be provided to assist the me-
chanical exfoliation process. For example, the interlayer
bonding of Fe;GeTe, (FGT, a ferromagnetism material) is
not strong enough for thin flakes of reasonable size (about
5 um) to survive conventional mechanical exfoliation pro-
cesses. In 2018, Deng et al. [14] developed an Al,O;-assisted
exfoliation method to isolate FGT monolayers (Figure 2(a)).
First, they used Al,O; thin film to cover the FGT bulk
crystal. Then they picked up the Al,O; film with a thermal
release tape. The Al,O/FGT stack was then released by
heating onto a piece of polydimethylsiloxane (PDMS). Next,
they stamped the PDMS/FGT/AL,O; onto a substrate and
quickly peeled off the PDMS. The FGT flakes covered with
Al,O; film were left on the substrate. Figure 2(d) shows an
optical image of 1-3 layer FGT flakes on Al,O; film. And the
0.8 nm steps in the height profile match the FGT monolayer
thickness (Figure 2(e) and (f)), which means that they have
successfully prepared the large monolayer FGT flakes for
further investigations. They demonstrated that this method is
not only applicable to FET but also generalized to other 2D
quantum materials, and could facilitate the exfoliation of
various 2D quantum materials.

Recent research found that Au is promising for the high-
yield exfoliation of many 2D quantum materials [40], be-
cause Au has not only a strong interaction with group 16
chalcogens and 17 halogens but also a low chemical re-
activity and air stability. According to that, Huang et al. [41]
identified an Au-assisted exfoliation method that underpins a
universal route for producing large-area monolayers. The
Au-assisted exfoliation process is shown in Figure 2(b).
They applied gentle pressure to make good contact between
the layered bulk crystal and Au, and the adhesive tape was
placed on the outward side of the crystal. Next, they peeled
off the tape to remove the major portion of the crystal. Then
one or few large-area monolayer flakes would be left on the
Au surface. As a result, they isolated 40 types of single-
crystal monolayers, including MoS,, BP, CrSiTe; and PtSe,
as shown in Figure 2(g)-(j). Most of the obtained monolayers
are with millimeter-size and high-quality. The Au-assisted
mechanical exfoliation method can also be used in transition
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Figure 2 (Color online) Substrate-assisted mechanical exfoliation method. (a) Al,O;-assisted mechanical exfoliation method; (b) Au-assisted mechanical
exfoliation method; (c) atomic structure of monolayer FGT; (d) optical image of 1-3 layer exfoliated FGT flakes on Al,Os; (e) atomic force microscopy
(AFM) image of the marked area in (d); (f) cross-sectional profile of the FGT flakes along the white line in (e); (g) optical image of exfoliated MoS, on SiO,/
Si; (h)-(j) optical images of exfoliated BP, CrSiTe; and PtSe,. (a), (c)-(f) Reproduced with permission from ref. [14]. Copyright©Springer Nature. (b), (g)-(i)

Reproduced with permission from ref. [41]. Copyright©OSpringer Nature.

metal dichalcogenides (TMDs) [42,43].

The production of graphene by exfoliation has triggered
the exploration of 2D quantum materials. By choosing a
suitable substrate, the size and the quality of the product can
be sufficiently improved [44-47]. In the past decades, ex-
foliation has been one of the most powerful methods for the
preparation of 2D quantum materials and it has also played
an important role in the exploration of the physical and
chemical properties of 2D quantum materials [48,49].

3 Molecular-beam epitaxy method (MBE)

MBE is an epitaxial growth technique of thin films which
involves the reaction of one or several thermal molecular
beams on a crystalline surface under ultra-high vacuum
conditions [50]. MBE was first developed at IBM and Bell
Laboratories in the 1960s. In 1968, Arthur Jr. [51] first re-
ported the epitaxy of GaAs thin films using separate “mo-
lecular beam” of gallium and arsenic. Alfred Y. Cho and
collaborators jointly developed the technique that we call
MBE today [52]. Firms like Riber introduced the first off-
the-shelf MBE systems in the 1980s, driving the moder-
nization of MBE [53].

In a typical MBE process, the solid source is slowly sub-
limated by heating, and then the gaseous substances react on
the surface of the substrate to realize the epitaxial growth

process. What is more, every MBE equipment is generally
equipped with the reflection high-energy electron diffraction
(RHEED) system for the in-situ characterization of the
crystal growth process (Figure 3(a)).

MBE plays a key role in material synthesis since its de-
velopment. For the fabrication of 2D materials, MBE method
also has several natural advantages, such as (1) the ultra-high
vacuum (UHV) environment. Some 2D monoelemental
materials (also known as Xenes), like silicene [54] and
borophene [55] were firstly fabricated in experiments
through epitaxial growth in UHV environment. In 2015, Zhu
et al. [56] reported the successful fabrication of 2D stanene
(Figure 3(b)) by MBE firstly, confirmed by atomic and
electronic characterizations. (2) The in-situ characterization
ability allowing one to precisely control the sample’s quality.
Ji et al. [57] synthesized and transferred freestanding per-
ovskite oxide films down to the thickness of one unit cell
through MBE (Figure 3(c)). Ugeda et al. [58] synthesized
monolayer NbSe, by MBE technology (Figure 3(d)) and
demonstrated that the 3 x 3 charge density wave (CDW)
order in NbSe, remains intact in two dimensions. Zhang et al.
[59] also reported the growth of Bi,Se; films with various
thicknesses using MBE method and found that the energy
gap opening can be clearly seen when the thickness is below
six quintuple layers (Figure 3(e)). (3) The control of the solid
source, which provides extra freedoms for the synthesis of
2D quantum materials. Zhao et al. [60] showed the self-
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Figure 3 (Color online) Molecular-beam epitaxy method. (a) The schematic diagram of MBE process; (b) atomic structure model for the 2D stanene on
Bi,Tes(111); (c) cross-sectional high-angle annular dark-field images of ultrathin SrTiO5(STO) films of various unit-cell thicknesses; (d) atomically resolved
scanning tunnelling microscopy (STM) image and fast fourier transform (FFT) of single-layer NbSe, at 5 K; (¢) STM image of the 50 quintuple layer Bi,Se;.
(f) Top: schematic diagram of the self-intercalated 2D crystals; down: atomic-resolution scanning transmission electron microscopy-annular dark field
(STEM-ADF) image of monolayer TaS, with different configurations. (g) Top: schematic of the CrBr;-NbSe, heterostructures experimental set-up; down:
STM image of a monolayer CrBr; island on NbSe,. (h) STM image of a 1T/1H-TaS, vertical heterostructure on HOPG; (i) cross-section schematic (top) and
STEM image (bottom left and right) of Al(Ga)N/GaN HEMTs/NbN, on SiC. (b)-(i) Reproduced with permission from refs. [56-63], respectively. Copy-

right©Springer Nature.

intercalation of Ta into bilayer transition TaS, during growth,
and they synthesized a class of ultrathin, covalently bonded
materials by controlling the flux ratio of Ta and S
(Figure 3(f)). (4) The versatile compatibility, providing op-
portunities for the synthesis of vdW heterostructures through
the choice of suitable solid source and substrate. Kezilebieke
et al. [61] fabricated vdW heterostructures that combine a 2D
ferromagnet with a superconductor, and observed 2D topo-
logical superconductivity in the system (Figure 3(g)). Vaio
et al. [62] realized an artificial vdW heterostructure of 1H/
1T-TaS, hosting heavy-fermion properties (Figure 3(h)). Yan
et al. [63] grew an AlGaN/GaN quantum-well hetero-
structure directly on the top of NbN superconductor by MBE
(Figure 3(i)), combining the quantum effects with the ex-
cellent properties of semiconductors.

The birth and development of MBE technology are of
significant importance in the progress of material science.

Novel physical phenomena like fractional quantum Hall ef-
fect [64], quantum spin Hall effect [65], quantum anomalous
effect [66] and topological superconductivity [61] were
discovered in materials fabricated by MBE. The advantages
of in-situ characterization and high-purity of MBE method
are attractive for the preparation of current 2D quantum
materials.

4 Atomic layer deposition method (ALD)

ALD is a thin-film deposition technique based on the se-
quential use of a gas-phase chemical process. Before 2000,
this technology was called atomic layer epitaxy (ALE) [67],
and later it was called ALD because most films grown using
sequential, self-limiting surface reactions were not epitaxial
to the underlying substrates [68]. ALD or ALE was devel-
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oped in Finland in the 1970s. Tuomo Suntola, the pioneer of
ALE, prepared ZnS using the primary version of ALE
technology in 1974. He then applied for an ALE patent in
1977 [68] and published the first literature on ALE about
ZnTe in 1980 [69]. Later in 1988, Microchemistry sold the
first commercial ALE reactor F-120 [68].

ALD could be used to grow the atomic-scale films owing
to the self-limiting surface reactions on the surface of the
substrate. At the beginning of the ALD process, the surface is
covered by ligands. The alternating precursors are introduced
as a series of sequential, non-overlapping pulses. In each
pulse, the precursor molecule reacts with the surface in a
self-limiting way. When all of the reactive sites on the sub-
strate are consumed, the reaction terminates (Figure 4(a) [70-
75]). After an ALD cycle, the ligands on the surface are
similar, so the deposition process can be cycled [76,77]. By
changing the number of cycles, the experimenters can con-
trol the thickness of the thin film to the Angstrom or
monolayer level. Besides, ALD can fabricate materials uni-
formly with high precision on complex and large substrates
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at a low temperature.

A variety of 2D quantum materials including graphene
[70], hexagonal boron nitride (h-BN) [78,79], TMDS [80,81]
and group IIIA-VA metal chalcogenides [82] have been
synthesized by ALD. Zhang et al. [70] prepared large gra-
phene sheets with excellent quality at a growth temperature
as low as 400°C (Figure 4(b)). Park et al. [71] developed
micrometer-scale and wafer-scale WS, on SiO,
(Figure 4(c)). By changing the cycling number, Tan et al.
[72] realized the growth of mono- to multilayer thick MoS,
film on a sapphire wafer substrate at 300°C (Figure 4(d)).

Reactive ligands on the substrate surface are the keys to the
ALD process. Wang et al. [73] obtained a uniform ultrathin
ALD coating on perylene tetracarboxylic acid (PTCA)
functionalizing graphene surface (Figure 4(e)). This method
can selectively introduce densely packed surface groups on
graphene. In addition, ALD technology can also realize the
directional deposition of substances on the surface of the
substrate. Kim et al. [74] used ALD to deposit Pt pre-
dominantly on the grain boundaries, folds and cracks of
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Figure 4 (Color online) Atomic layer deposition method. (a) The schematic diagram of ALD process; (b) high-resolution TEM image of the graphene; (c)
high-resolution TEM image of three-layer WSe,; (d) 10 and 50 cycles of the ALD MoS, film on a 2-inch sapphire (001) substrate; (¢) ALD of Al,O; on
pristine graphene and ALD of Al,0; on PTCA-coated graphene; (f) selective ALD growth on graphene; (g) high-angle annular dark-field STEM cross-
sectional image with energy-dispersive X-ray spectroscopy (EDX) elemental mapping of an In,Os transistor. (b) Reproduced with permission from ref. [70].
Copyright©Royal Society of Chemistry. (c) Reproduced with permission from ref. [71]. Copyright©IOP Publishing. (d) Reproduced with permission from
ref. [72]. Copyright©Royal Society of Chemistry. (e) Reproduced with permission from ref. [73]. Copyright©(2008) American Chemical Society. (f), (g)
Reproduced with permission from refs. [74,75], respectively. Copyright©Springer Nature.
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graphene. They successfully achieved the enhanced chemi-
cal reactivity of these line defects for the application of high-
performance hydrogen gas sensors (Figure 4(f)). What is
more, semiconductor processing is also one of the main
application fields for the recent development of ALD. Si et
al. [75] reported the In,O; transistors fabricated by ALD. The
channel lengths could be down to 8.0nm and channel
thicknesses down could be to 0.50 nm. The equivalent di-
electric oxide thickness is down to 0.84 nm (Figure 4(g)).
ALD has recently been investigated as a new technique
for synthesizing 2D quantum materials due to its atomic-
level precision, thin-film uniformity, conformality on sub-
strates of any shape, and the advantages of growth at low
temperatures even down to room temperature. About 25
types of 2D quantum materials and over 80 ALD processes
have been reported in the past decades [83]. With the de-
velopment of the ALD process, researchers can produce
large-scale high-quality 2D quantum materials more pre-
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5 Physical vapor deposition method (PVD)

PVD is a vacuum deposition method to produce high-quality
solid materials in a physical way. The common PVD pro-
cesses are sputtering and evaporation. PVD is developed in
the 1850s due to the evolution of vacuum electric technology
in the mid-1600s [84]. The first documented evaporation
experiment was carried out in the early 1870s by Stefan and
in the early 1880s by Hertz [85]. At the 1960 Electro-
chemical Society meeting in Houston, TX, Blocher, from
Battelle Columbus (OH) Laboratory coined the term “PVD”
[85]. In 1966, Powell et al. [86] pointed out the physical
vapor deposition technique in a book entitled Vapor De-
position, which is used to distinguish it from other deposition
methods.

About the process of PVD, the solid material to be de-
posited is converted into a gaseous state by high-temperature
heating first. And then it moves to the vicinity of the sub-
strate under the airflow. Finally, the vapor reconstructs on the

cisely. substrate surface to form a thin film (Figure 5(a)). PVD is a
@) PVD process
p ot
Gas
000000
Substrate
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Figure 5 (Color online) Physical vapor deposition method. (a) The schematic diagram of PVD process; (b) AFM images of the graphene layer grown on the
Cu foil by the decomposition of C4, molecules. (¢) Scanning electron microscopy (SEM) image of triangular MoS, monolayer crystallites grown on a 300 nm
Si0,/Si substrate. The inset shows the 60 corners of a selected crystallite with a clean surface. (d) Optical image of monolayer InSe. (¢) 3R phase WS, with
different shapes in different regions. The inset shows typical SEM image of 3R phase WS,. (f) AFM image of SnS crystals with different thicknesses from
bulk to monolayer; (g) optical image of large-scale a-MoOj; crystals; (h) SEM image of as-grown nanoribbons from Bi,Se; evaporation. (i) High-
magnification optical image and AFM image of Bi,Te; with multiple step edges. The number of quintuple layers is marked in AFM (black). (b) Reproduced
with permission from ref. [87]. CopyrightORoyal Society of Chemistry. (c) Reproduced with permission of ref. [88]. Copyright©ACS Publications. (d)
Reproduced with permission from ref. [89]. Copyright©OIOP Publishing. (¢) Reproduced with permission of ref. [90]. Copyright©John Wiley and Sons. (f)
Reproduced with permission from ref. [91]. CopyrightOSpringer Nature. (g) Reproduced with permission of ref. [92]. Copyright©IOP Publishing. (h)
Reproduced with permission from ref. [93]. Copyright©Springer Nature. (i) Reprinted (adapted) with permission from [94]. Copyright©American Chemical

Society.
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vaporization coating technique that involves the transfer of
material at the atomic level. Coatings deposited by PVD tend
to have thin thicknesses, which can range from atomic layers
to several microns. At the same time, it has low environ-
mental requirements, so it has wide application potential in
the semiconductor industry.

For 2D quantum materials, PVD is also a convenient
synthesis method. High-quality PVD graphene growth by
fullerene decomposition on Cu foils was reported in 2017
[87] (Figure 5(b)). Wu et al. [88] synthesized high-quality
monolayer MoS, single crystals up to 25 pm in size on a
variety of standard insulating substrates (SiO,, sapphire and
glass) by PVD (Figure 5(c)). Zhou et al. [89] demonstrated
the successful synthesis of monolayer InSe by PVD
(Figure 5(d)). Zeng et al. [90] synthesized large-area trian-
gular 3R phase WS, and WSe, with different layer thick-
nesses (Figure 5(¢)).

Importantly, PVD provides convenience for the explora-
tion of 2D quantum material properties and applications.
Higashitarumizu et al. [91] explored the purely in-plane
ferroelectricity in monolayer SnS synthesized by PVD
(Figure 5(f)). Zhong et al. [92] reported controllable growth
of large-size 2D a-MoO; single crystals with a few nan-
ometers thick and over 300 pm in lateral size for high-per-
formance solar-blind photodetectors (Figure 5(g)).

PVD is also a powerful method for the research on the
topological insulator. Peng et al. [93] observed Aharonov-
Bohm oscillation in Bi,Se; nanoribbons, providing direct
transport evidence of the robust, conducting surface states
(Figure 5(h)). Kong et al. [94] reported the synthesis and
characterizations of ultrathin Bi,Te; and Bi,Se; nanoplates
with thickness down to 3 nm (3 quintuple layers) by PVD
(Figure 5(i)).

PVD is a widely used technique for the fabrication of thin
films and surface coatings. PVD technology has a low im-
pact on the environment and can control the composition and
thickness of the film well, which provides great convenience
for the synthesis of 2D quantum materials, but the demand
for raw materials limits some of its applications.

6 Chemical vapor transport method (CVT)

CVT is a synthetic method that a condensed phase (typically
a solid) is volatilized in the presence of a gaseous reactant
(transport agent) and deposited elsewhere usually in the form
of crystals. The history of CVT can date back to the 1850s.
Bunsen was the first man to describe a vapor transport re-
action about the formation of hematite in nature in 1852.
Many scientists including Saint-Claire-Deville, Troost,
Hautefeuille, Mond and Biltz, et al., made great contribu-
tions to the early observation and experiments of the CVT
technique. Werner Fischer was the first to clarify the basic
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principle of a CVT process in 1932. Later, Harald Schéfer
described CVT qualitatively and quantitatively, and build a
model, which is of great significance for the subsequent
promotion and wide application of CVT [95].

A CVT process usually reacts in a closed system: in the
sublimation zone (temperature 7;), the solid sources react
with the transport agent to form a gaseous intermediate,
which increases the pressure of the gaseous intermediate in
this region, resulting in a flow to the deposition zone; in the
deposition zone (temperature 7,), the gaseous intermediates
are decomposed into solid sources and transport agent. The
solid sources then undergo chemical reactions to generate the
target crystal product, and the released transport agent in-
creases the partial pressure here so that it can flow back to the
sublimation zone for further reaction. In this way, a small
amount of transport agent continuously circulates and
transports solid sources in the sublimation zone and the de-
position zone, and promotes the continuous synthesis of the
target product [96,97] (Figure 6(a)). Using this method,
large-scale single crystal samples can be finally produced.

Thousands of materials including intermetallic, halides,
oxides, sulfides, selenides, tellurides, chalcogenide-halides
and pnictides have been synthesized by CVT [95], which
also provide the possibility for the preparation of 2D quan-
tum materials. WTe, bulk crystal was produced by CVT with
bromine as the transport agent [98] (Figure 6(b)). Alloy like
WSey -y Tess w=0.1) Was also prepared by CVT with iodide as
the transport agent [99] (Figure 6(c)). With suitable pre-
cursors, selectively doped samples can be also prepared. Li et
al. [100] prepared the high-quality Fe-doped SnS, by CVT
for field-effect transistors (Figure 6(d) and (e)).

For materials that are not stable in air, like black phos-
phorus (BP), CVT method is very suitable for their growth
due to its sealing properties. Using CVT technology, BP with
large size, good crystallinity and high yield can be obtained,
and it is now widely used in the preparation of BP [101]
(Figure 6(f)). Since CVT always produced crystals with high
qualities, the obtained samples are commonly exfoliated into
monolayers or few layers to carry out the further investiga-
tion [102] (Figure 6(g)). Besides the exfoliation of an as-
grown sample, by reducing the temperature gradient, the
concentration of reactants, and choosing a suitable transport
agent to slow down the reaction rate, even monolayer sam-
ples can be prepared using the CVT method. Jiao’s group has
successfully prepared several 2D monolayer materials, in-
cluding TiSe, [103] (Figure 6(h)), MoS, (Figure 6(i)),WS,,
MoSe,, Mo,W _S, and ReS, [104].

CVT technology has unique advantages in the preparation
of single-crystal bulk materials. Combined with mechanical
exfoliation technology, it provides a high-quality sample for
the exploration of the properties of 2D quantum materials.
Currently, it is more widely used in the manufacture of
TMDs and BP and it can also find its place in the preparation
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Figure 6 (Color online) Chemical vapor transport method. (a) The schematic diagram of CVT process; (b) photograph of WTe, large bulk crystal; (c)
photograph of 2H WSe, 4Te, 4 large bulk crystal; (d) optical image of the Fe, y,;Sny ¢70S, flake. (e) High-resolution STEM image of the Fe ,;Sn¢79S, flake.
The red circles are Fe atoms. (f) The magnified photo of BP micro ribbons; (g) AFM image of few-layer BP flakes on a SiO,/Si substrate; (h) AFM image of
thin TiSe, flakes; (i) AFM image of thin MoS, flake. (b) Reproduced with permission from ref. [98]. Copyright©OSpringer Nature. (c) Reproduced with
permission from ref. [99]. Copyright©John Wiley and Sons. (d), (¢) Reproduced with permission from ref. [100]. Copyright©Springer Nature. (f) Reprinted
(adapted) with permission from ref. [101]. Copyright©(2016) American Chemical Society. (g) Reprinted (adapted) with permission from ref. [102].
Copyright©(2018) American Chemical Society. (h) Reprinted (adapted) with permission from ref. [103]. Copyright©(2016) American Chemical Society. (i)

Reproduced with permission from ref. [104]. Copyright©John Wiley and Sons.

of other 2D quantum materials in the future.

7 Chemical vapor deposition method (CVD)

Chemical vapor deposition is a vacuum deposition method to
produce high-quality and high-performance thin films in
chemical ways. The earliest reported chemical synthesis of
metal thin films was probably by Johann Schroeder in 1649
[85]. The production of lamp filaments and the nickel pro-
duction in the 19th century promoted the development of
modern CVD. Mond, van Arkel and Moers et al. have con-
tributed a lot to CVD [105]. In 1966, the term “chemical
vapor deposition” was proposed to distinguish it from other
thin film growth techniques [86].

In the CVD process, the solid precursor is heated into a
gaseous reactant under a specific gas atmosphere environ-
ment. The gaseous reactants are adsorbed on the heated
substrate surface and then diffused. The subsequent hetero-
geneous chemical reactions at the gas-solid interface led to
the formation of continuous thin film via nucleation, growth

and coalescence. Finally, unreacted species and gaseous by-
products are desorbed from the substrate surface, leaving the
reactor (Figure 7(a)). In principle, there are a variety of
chemical reactions and they generally have fewer require-
ments for vacuum environments, which broaden the appli-
cation scope of CVD technology [106,107]. In the past
decades, various types of CVD systems have been devel-
oped, including plasma-enhanced CVD [108] and metal-or-
ganic CVD (MOCVD) [109] techniques.

In this section, we will introduce CVD technology from
three of its most famous products, i.c., graphene, h-BN and
TMDs.

7.1 Graphene

As the first exfoliated 2D quantum material, graphene has
led the research trend in the low-dimensional materials. The
unique physical properties of graphene have great applica-
tion potential in electronic and optoelectronic devices, so the
preparation of large-area and high-quality graphene has long
become a pursuit in material science.
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Figure 7 (Color online) Chemical vapor deposition method for graphene. (a) The schematic diagram of CVD process; (b) the schematic diagram of local
feedstock feeding; (c) photograph of an ~1.5-inch single-crystal graphene on CugsNi,s; (d) the schematic diagram of the continuous production of single-
crystal Cu(111) foil; (e) optical image of unidirectionally aligned graphene domains on Cu(111); (f) the schematic diagram of diffusion-to-sublimation growth
of multilayer graphene in the Cu-Si alloy; (g) photograph of centimeter-scale monolayer, bilayer, trilayer and tetralayer graphene transferred to a SiO,/Si
substrate; (h) schematic of the hetero-site nucleation for growing tBLG on a Cu substrate; (i) optical images of as-grown tBLGs with twist angles of ~3°, ~6°,
~18°, ~21°. (b), (c) Reproduced with permission from ref. [114]. Copyright©Springer Nature. (d), (¢) Reproduced with permission from ref. [121].
Copyright©Elsevier. (f), (g) Reproduced with permission from ref. [127]. Copyright©Springer Nature. (h), (i) Reproduced with permission from ref. [128].

Copyright©Springer Nature.

In the past decades, a lot of research work has been de-
voted to improving the quality of graphene [110]. One of the
methods is to suppress nucleation sites and reduce the
number of polycrystalline splices, thereby reducing the
density of grain boundaries. To completely eliminate the
grain boundaries in solid polycrystalline Cu, Geng et al.
[111] employed a liquid Cu surface system to obtain uniform
nucleation distribution and low graphene nucleation density.
The self-assembly of graphene flakes could be enabled into
compact and ordered structures. In 2013, Zhou et al. [112]
maintained a catalytic inactive Cu,O layer during the initial
nucleation stage to reduce the graphene nucleation density.
Hao et al. [113] also discovered that the graphene nucleation
could be decreased by oxygen on the Cu surface, and they
realized the repeatable growth of centimeter-scale single-
crystal graphene domains.

Another approach is increasing the single-domain growth
rate and reducing the number of nucleation sites at the same
time. In 2016, Wu et al. [114] designed a locally feeding
carbon precursor to a desired position of an optimized Cu-Ni
alloy (Figure 7(b)) and synthesized an ~1.5-inch-large gra-

phene monolayer in 2.5 h (Figure 7(c)). A single nucleus on
the entire substrate could be formatted by the localized
feeding method, and an isothermal segregation mechanism
was activated that greatly expedites the growth rate. Later,
scientists also found that the way of specific local element
supply can speed up the decomposition of reactants, which
could also increase the growth rate. Xu et al. [115] and Liu et
al. [116] utilize the supply of local oxygen and local fluorine,
respectively, to significantly reduce the decomposition bar-
rier of the carbon source, and even convert the endothermic
reaction into an exothermic reaction. The method greatly
increased the reaction rate, up to ~200 um/s, which is the
fastest growth record of graphene reported so far.

For the growth of 2D quantum materials, the method of
single-domain control can only achieve the preparation of
materials on the micrometer to centimeter scale. To achieve
large-scale applications, it is necessary to control the co-
ordinated growth of multiple crystal domains into one large
single crystal. In 2014, Lee et al. [117] found the unidirec-
tional alignment of multiple seeds on the germanium (110)
surface due to the anisotropic twofold symmetry. It was
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merged to uniform single-crystal graphene with predefined
orientation. Therefore, the selection and preparation of the
single-crystal substrate become the key to the growth of
large-scale graphene. In theory, the size of the single-crystal
substrate directly determines the epitaxial size of graphene.
The surface of single-crystal Cu(111) is considered to be the
most ideal substrate for the epitaxial growth of monolayer
single-crystal graphene, because both the Cu(111) lattice and
the graphene lattice have C3 symmetry, and the lattice mis-
match degree is only 4%. Meanwhile, the epitaxial growth of
graphene on Cu shows self-limiting properties [118].
Nguyen et al. [119] prepared the ultra-flat single-crystal Cu
(111) film on a 2-inch sapphire by magnetron sputter using a
single-crystal Cu target to grow wafer-scale single-crystal
graphene. They also prepared large-area Cu(111) foil from
Cu foil [120]. In 2017, Xu et al. [121] invented a method for
the rapid growth of a single nucleus driven by an interface
temperature gradient (Figure 7(d)) to obtain a Cu(111) single
crystal. Based on that, they prepared a half-meter long sin-
gle-crystal graphene film (Figure 7(e)) with >99% ultra-
highly oriented grains.

For graphene, multilayer structure and its stacking order
provide the fundamentally interesting properties of tuning a
material from metallic to semiconductor [122,123] and even
superconductor [124,125]. Huang et al. [126] reported large-
area, high-quality AB-stacked bilayer and ABA-stacked
trilayer graphene films on single-crystal Cu/Ni(111) alloy
foils. Nguyen et al. [127] proposed an approach for con-
trolling the layer thickness and crystallographic stacking
sequence of multilayer graphene films at the wafer-scale via
Cu-Si alloy (Figure 7(f) [114,121,127,128]). They reached
the growth of one to four graphene layers (Figure 7(g)).

Besides the thickness control, the interlayer twist angle is
another important parameter to study the physical properties
of graphene [129,130], so the preparation of high-quality
large-area bilayer graphene with rich rotation angles is im-
portant. Sun et al. [128] demonstrated a CVD approach for
growing high-quality twisted bilayer graphene (tBLG) using
a hetero-site nucleation strategy, which enables the nuclea-
tion of the second layer at a different site from that of the first
layer (Figure 7(h)). They found that the fraction of tBLGs in
bilayer graphene domains with twist angles ranging from 0°
to 30° has been improved to 88% (Figure 7(i)).

7.2 Hexagonal boron nitride (h-BN)

h-BN, also called white graphite, is an insulating 2D quan-
tum material [131]. It is widely used as the ideal substrate
and plays an important role in the fundamental science and
technology fields [132,133]. There are many recent reports
on the synthesis of h-BN, among which, CVD is the most
powerful way to produce large-area high-quality h-BN films.

Different from the centrosymmetric structure of graphene,
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the boron and nitride atoms in the h-BN lattice are alternately
arranged and have a non-centrosymmetric structure. When h-
BN is epitaxially grown on a centrosymmetric surface, such
as Cu(111), the nucleation and growth energies of h-BN in
the two orientations of 0° and 180° are degenerated, so they
appear on the substrate with the same probability. With the
continuous growth of the crystal domains, the two orienta-
tions of h-BN are spliced with each other to form twin grain
boundaries [134]. To solve that, many efforts have been
made.

In 2016, Li et al. [135] found that h-BN domains grown on
onefold symmetric Cu(102) or (103) share a unique or-
ientation. In 2019, Wang et al. [136] found that the coupling
of Cu(211) step edges with h-BN zigzag edges breaks the
equivalence of antiparallel h-BN domains (Figure 8(a) [136-
139]), and they realized the unidirectional single-crystal h-
BN growth on Cu(110) facet (Figure 8(b)). In 2019, Chen et
al. [140] constructed steps on the Cu(111) substrate, also
realizing the single orientation growth of h-BN on the steps.
Unlike the coupling effect between the solid substrate sur-
face and the h-BN, h-BN also can form circular grains with
interaction with liquid metals. Lee et al. [137] synthesized a
single-crystal h-BN film on a liquid Au, because the limited
solubility of boron and nitrogen atoms in liquid Au promotes
the high diffusion of adatoms on the surface, and then pro-
vokes the circular formation of h-BN grains (Figure 8(c)).
They further evolve into closely packed unimodal grains
through self-collimation of boron and nitrogen edges in-
herited by electrostatic interaction between grains
(Figure 8(d)). Similar phenomena of single-crystal self-
alignment were reported on liquid Cu [141].

Compared with monolayer h-BN, the multilayer structure
is also highly desired for the applications of electronic de-
vices [142,143]. Kim et al. [138] used Fe foil (Figure 8(e)) to
synthesize large-area multilayer h-BN film by CVD with a
borazine precursor. Using a slow-cooling rate control, the
boron and nitrogen atoms would diffuse out of the Fe surface
to form multilayer h-BN (Figure 8(f)). Besides, Shi et al.
[139] also reported a vapor-liquid-solid growth method to
achieve uniform thick h-BN films by using molten Feg,B 5
alloy and N, as reactants (Figure 8(g)). They finally obtained
a uniform multilayer h-BN film with a thickness of 5-50 nm
(Figure 8(h)).

7.3 Transition metal dichalcogenides (TMDs)

TMDs are critically important for a variety of high-end ap-
plications due to their excellent electronic and optical
properties [ 144-146]. CVD method is also the most powerful
strategy to synthesize TMD materials.

In 2012, Lee et al. [147] synthesized large-area MoS,
atomic layers on SiO, by using MoOj; and S powders as the
reactants. Gao et al. [148] reported the ultrafast growth of
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Figure 8 (Color online) Chemical vapor deposition method for h-BN. (a) The schematic diagram of the configuration of the h-BN lattice and the atomic
step on Cu(110); (b) SEM image of as-grown unidirectionally aligned h-BN domains on the Cu(110) substrate; (c) the schematic diagram for the growth of
single-crystalline h-BN film by means of self-collimated circular h-BN grains with a rotation invoked by the attractive Coulomb interaction of B and N edges
between grains. (d) High-resolution TEM image of single-crystalline h-BN film. The inset shows the fast Fourier transform of the whole image. (e) Schematic
diagram of a multilayer h-BN film frown on a Fe foil; (f) cross-sectional TEM images of an as-grown multilayer h-BN film on a Fe foil; (g) schematics of
multilayer h-BN grown on sapphire with Feg,B g alloy and nitrogen as reactants; (h) cross-sectional TEM image of multilayer h-BN on sapphire. (a), (b)
Reproduced with permission from ref. [136]. Copyright©Springer Nature. (c), (d) Reproduced with permission from ref. [137]. Copyright©2018, The
American Association for the Advancement of Science. (), (f) Reproduced with permission from ref. [138]. Copyright©Springer Nature. (g), (h) Reproduced

with permission from ref. [139]. Copyright©OSpringer Nature.

high-quality uniform monolayer WSe, with a growth rate of
~26 pum s”' on reusable Au substrate, which is about 2-3
orders of magnitude faster than those of most 2D TMDs
grown on nonmetal substrates.

Now, using raw materials such as metal oxides and sulfur
powder as precursors is the mainstream way to synthesize
TMDs, but due to the high melting points of their metal and
metal oxide precursors, many TMDs are difficult to produce.
In 2018, Zhou et al. [149] demonstrated that molten-salt-
assisted CVD method can be broadly applied for the synth-
esis of a wide variety of 2D TMDs. The salt decreases the
melting point of the reactants and facilitates the formation of
intermediate products, thus increasing the overall reaction
rate (Figure 9(a) [149-153]). They successfully synthesized
47 compounds, including 32 binary compounds, 13 alloys
and two heterostructure compounds. Besides, the quality of
the TMDs is also an important aspect of its controllable
growth. Zuo et al. [154] reported a strategy of using active
chalcogen monomer supply to grow high-quality TMDs in a
robust and controllable manner. They produced MoS,
monolayers with photoluminescent circular helicity of ~92%
and electronic mobility of ~42 cm>V™'s ' and a uniform
quaternary TMDs alloy with three different anions. For
concrete applications, the controllable synthesis of large-area
monolayer TMDs is highly desired. Yang et al. [150] de-
signed a face-to-face metal-precursor supply route
(Figure 9(b)) to synthesize 6-inch uniform monolayer MoS,

on the solid soda-lime glass. Yu et al. [151] employed in-
dependent carrier gas pathways in a three-temperature fur-
nace to grow wafer-scale MoS, on single-crystal sapphire
wafers (Figure 9(c)).

The direct growth of 2D quantum materials on insulating
substrates is the key to advancing their future electronic
device applications. However, for a long time, the epitaxial
growth of TMDs on insulating substrates could not eliminate
the antiparallel domain issues [155]. In 2021, Wang et al.
[152] reported the successful epitaxial growth of 2-inch
single-crystal WS, monolayer films on vicinal a-plane sap-
phire surfaces by a dual-coupling-guided mechanism (Figure
9(d) and (e)). In the meanwhile, Li et al. [156] designed the
miscut orientation towards the 4 axis (C/4) of sapphire to
break the degeneracy of nucleation energy for the antiparallel
MoS, domains. This method could lead to more than a 99%
unidirectional alignment. Choi et al. [157] also reported the
single-crystal growth of TMDs monolayers via the atomic
smooth gold surface as a universal growth template.

Despite advances in the growth of monolayer large-area
single-crystal TMDs, the controlled epitaxial growth of
multilayers remains a big challenge [158]. Very recently, Liu
et al. [153] engineered the atomic terrace height on c-plane
sapphire to enable an edge-nucleation mechanism
(Figure 9(f)). They finally realized the uniform nucleation
(>99%) of bilayer MoS, on a c-plane sapphire (Figure 9(g)).
Wang et al. [159] reported the growth of high-quality mul-
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Figure 9 (Color online) Chemical vapor deposition method for TMDs. (a) The schematic diagram of the reactions of molten-salt-assisted CVD. (b) Top:
schematic diagram of a face-to-face metal-precursor supply route; down: photograph of a 6-inch continuous MoS, film on soda-lime glass synthesized for
~8 min. (c) Photos of 2-inch MoS,/sapphire and sapphire substrate, inset: low-energy electron diffraction (LEED) pattern; (d) schematic of the growth process
of a WS, monolayer on vicinal a-plane sapphire; (e) false-color SEM image of O,-etched WS, films; (f) thermodynamic analysis on different layer MoS,
growth on c-plane sapphire; (g) photograph of monolayer (left) and bilayer (right) MoS, films on annealed sapphire substrates. (a) Reproduced with
permission from ref. [149]. Copyright©Springer Nature. (b) Reproduced with permission from ref. [150]. Copyright©Springer Nature. (c) Reproduced with
permission from ref. [151]. Copyright©American Chemical Society. (d), (¢) Reproduced with permission from ref. [152]. Copyright©Springer Nature. (f), (g)

Reproduced with permission from ref. [153]. Copyright©Springer Nature.

tilayer MoS, 4-inch wafers via the layer-by-layer epitaxy
process.

8 Summary and outlook

To summarize, the controllable preparation of 2D quantum
materials is vital for manufacturing high-performance elec-
tronic and optoelectronic devices. Several preparation tech-
nologies have a profound history and demonstrate their
specific advantages. In this review, we systematically sum-
marize the synthesis methods for the controllable growth of
various 2D quantum materials.

At present, the growth of single-crystal graphene and h-BN
has already reached the meter or submeter scale, which
meets the requirement for industrial mass production.
However, the growth of other single-crystal 2D quantum
materials remains at the centimeter or millimeter scale,
which restricts their applications. We believe that the
abovementioned technologies and strategies can help realize
the preparation of various large-scale single-crystal 2D
quantum materials soon.

In addition to the size, the thickness of the 2D film is an
important aspect. Thicker films can integrate the properties
of monolayers and demonstrate new properties beyond those
of monolayers. Recently, progress has been made on the
controllable growth of few-layer graphene, h-BN, and MoS,,
but the number of layers is still less than ten. A large thick
single-crystal film is yet to be developed for future
applications.

Furthermore, multilayer 2D quantum materials with con-
trollable doping density, designed stacking structures, twis-
ted angles, or specific heterostructures demonstrate
considerable potential for innovation in scientific research.
However, their controllable growth remains a great challenge
that deserves more exploration in the future.

It is believed that the development of quantum technology
is based on the quantum materials, and using the technolo-
gies summarized herein, the properties of the 2D quantum
materials can be more precisely regulated to meet the needs
of the wvarious applications, thereby driving remarkable
progress in today’s technology.
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