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TOPICAL REVIEW — Moir¢ physics in two-dimensional materials
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Two-dimensional (2D) van der Waals (vdW) moiré superlattices have attracted significant attention due to their novel
physical properties and quantum phenomena. The realization of these fascinating properties, however heavily depends on
the quality of the measured moiré superlattices, emphasizing the importance of advanced fabrication techniques. This re-
view provides an in-depth discussion of the methods for fabricating moiré superlattices. It begins with a brief overview of
the structure, properties, and potential applications of moiré superlattices, followed by a detailed examination of fabrication
techniques, focuses on different kinds of transfer techniques and growth methods, particularly chemical vapor deposition
(CVD) method. Finally, it addresses current challenges in fabricating high-quality moiré superlattices and discusses po-
tential directions for future advancements in this field. This review will enhance the understanding of moiré superlattice
fabrication and contributing to the continued development of 2D twistronics.

Keywords: 2D materials, moiré superlattices, fabrication techniques, chemical vapor deposition (CVD)
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1. Introduction

Since the pioneering work of Novoselov and Geim in
2004, who isolated monolayer graphene using mechanical
exfoliation,[!! the field of two-dimensional (2D) materials has
attracted significant research interest. A variety of 2D mate-
rials have been identified, including transition metal dichalco-
genides (TMDCs),[?-%] hexagonal boron nitride (hBN),[’-!1]
black phosphorus (BP),!!27191 2D transition metal carbides or
nitrides (MXenes),['’2!] etc. The ultra-thin nature of these
materials results in their physical properties being sensitive to
external conditions, such as magnetic field, electric field, and
strain, particularly at low temperature and under strong mag-
netic conditions. This sensitivity of 2D materials allows for a
range of tunable physical properties, underscoring the versa-
tility of 2D materials. Furthermore, the weak van der Waals
(vdW) interactions among 2D materials facilitate the stacking
of these materials into heterostructures without the need of lat-
tice matching.*?! This modular approach resembles construct-
ing with Lego bricks, where carefully chosen functional mate-
rials serve as building blocks, enabling the engineered design
of novel systems with emergent properties rather than mere
additive effects. %3]

In addition to constructing novel 2D systems with vdW
heterostructures, moiré superlattices can be engineered by ex-
ploiting the interlayer twist angle as an additional parame-
ter. These superlattices are obtained by capitalizing the in-
terfacial angles or lattice mismatches of the stacked 2D ma-
terials to create moiré patterns and result in new long-range
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periodic superlattice structures, as shown in Figs. 1(a) and
1(b). The year 2018 marked a significant milestone in moiré
superlattice research, as Cao et al. successfully fabricated
twisted bilayer graphene (TBG) moiré superlattices at the
“magic angle” of 1.1° using the tear-and-rotate method.?*
This breakthrough leads to the observation of a plethora of
fascinating physical phenomena, including the strong cor-

¢ 125

relation effect,®! the quantum anomalous Hall effect, 6]

the fractional quantum anomalous Hall effect,?”-?8 un-

(241 ferromagnetism, >*! moiré

conventional superconductivity,
exciton, Y ferroelectricity,*!! and Wigner crystal.3?) The
field of twistronics is burgeoning, as depicted in Fig. 1(c).

Despite the rich physical properties of moiré superlat-
tices, their measurement is highly contingent on the quality
of the crystal structures. Consequently, each novel physical
phenomenon has inspired researchers to investigate more ad-
vanced fabrication techniques for these structures. With con-
tinuous improvements in the fabrication methods for 2D ma-
terials, the technology for creating moiré superlattices is also
maturing and evolving, facilitating their developments. The
evolution of fabrication technology is shown in Fig. 1(d). The
methods for preparing moiré superlattices are becoming in-
creasingly diverse, with ongoing enhancements in both the
quality and size. It is anticipated that the fabrication of moiré
superlattices will achieve mass production and commercial de-
velopment in the near future, and provide a reliable platform
for the exploration of moiré physics.

© 2025 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.
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Fig. 1. Moiré pattern and evolution of moiré superlattices. Schematic of moiré patterns induced by interlayer twist angles (a) and lattice mis-
alignment (b). Reproduced with permission from Ref. [33]. (c) Timeline of discoveries regarding the physical properties of moiré superlattices.

(d) Evolution of fabrication methods for moiré superlattices.

In this review, we begin with an overview of the structures
of moiré superlattices, followed by a systematic introduction
of the fabrication methods employed for moiré superlattices,
including transfer techniques and growth methods. In particu-
lar, we provide a detailed discussion of the chemical vapor de-
position (CVD) growth method due to its unique advantages
in the preparation of wafer-scale, high-quality, ultra-uniform
moiré superlattices. Finally, we outline the challenges inherent
in the fabrication process and propose some potential solutions
to address these challenges.

2. The 2D moiré superlattices

In twisted moiré superlattice systems, the emergence of
moiré patterns is primarily attributed to the interlayer twist an-
gles between 2D materials. The characteristics of these moiré
patterns in superlattices vary with different twist angles.3*! In
2011, MacDonald and Bistritzer theorized that at a critical an-
gle of 1.05°, these layers form moiré superlattices with flat
bands.?>! The first experimental realization of this “magic-
angle” twisted bilayer graphene (MATBG) moiré superlattice
device was achieved by Cao ef al. in 2018,** as shown in
Fig. 2(a). Subsequently, Wang’s research group successfully

observed and visualized the flat band structure in MATBG
using angle-resolved photoemission spectroscopy (ARPES)
technology. 3!

In the 2D moiré superlattices system with small twist an-
gles, the moiré patterns are modulated by the atomic recon-
struction that arises from vdW interlayer interactions.*”] The
dark-field image of a slightly twisted TBG sample at 0.1° re-
veals a pattern of triangular shapes that switch between two
types of symmetry (AB and BA), aligning with the repeat-

1381 a5 shown in Fig. 2(b). This observa-

ing moiré pattern,
tion indicates the presence of interfacial atomic reconstruction
in TBG. As the angle increases, the clear pattern of the tri-
angle fades, and transitions into straight lines oriented in one
direction, which usually appear in simple twisted moiré su-
perlattices devoid of reconstruction.3*) Moreover, atomic re-
construction substantially contributes to the moiré patterning
in twisted bilayer hBN, resulting in a lattice-relaxed arrange-
ment characterized by alternating triangular AB/BA domains,
which also induces out-of-plane polarization due to the elec-
tric dipole moment.*°! However, in TMDCs systems, it is gen-
erally easy to form near-R-stacked and near-H-stacked moiré

superlattices, as shown in Fig. 2(e).[*!]
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Fig. 2. Structures of moiré superlattices. (a) Schematic diagram of a MATBG device. Reproduced with permission from Ref. [25]. (b) Trans-
mission electron microscope (TEM) dark-field images of TBG with a series of controlled twist angles. Reproduced with permission from
Ref. [38]. A schematic illustration (c) and a scanning tunneling microscope (STM) image (d) of graphene/hBN moiré superlattices with zero
rotation angle. Reproduced with permission from Ref. [42]. (e) Near-R-stacked and near-H-stacked moiré superlattices. Reproduced with
permission from Ref. [41]. STM image (f) and low energy electron diffraction (LEED) pattern (g) of the MoS,/Au(111) moiré superlattice.

Reproduced with permission from Ref. [43].

In addition to twist-induced moiré superlattices, the lat-
tice mismatch between disparate 2D materials can also result
in the formation of moiré superlattices.[**! Yang ef al. iden-
tified moiré patterns in graphene/hBN heterostructures with
a twist angle of zero degrees,*”! as shown in Figs. 2(c) and
2(d).
sulting in a MoS;/Au moiré superlattice with a moiré pe-
riod of 3.27 nm,[*¥ as shown in Figs. 2(f) and 2(g). Fur-
thermore, an increasing number of moiré superlattices are be-

Moreover, Bao et al. grew MoS; on Au(l11), re-

ing discovered, such as magic-angle twisted trilayer graphene
(MATTG), twisted bilayer-bilayer graphene (TBBG), twisted
monolayer bilayer graphene (TMBG), magic-angle twisted
quadrilayer graphene (MAT4G), magic-angle twisted penta-
layer graphene (MAT5G), and these emerging moiré superlat-
tices provide a reliable platform for the study of moiré physical
properties. [4—48]

The periodicity of moiré patterns is significantly influ-
enced by both the relative orientation angle and lattice mis-
match between the 2D material layers, and can be quantita-

tively described by the mathematical formula!*°!

(14+68)a
V2(1+8)(1—cos6)+ 82

where A is the moiré pattern period of the moiré superlattice,
d is the lattice mismatch size between different materials, a is
the lattice constant, and 0 is the relative angle of rotation.

3. Fabrication of moiré superlattices

Moiré superlattices exhibit a large number of exotic quan-
tum phenomena, making them an important platform for in-
vestigating low-dimensional physics. Moreover, moiré super-
lattices hold vast and crucial potential for future applications.
Consequently, achieving controlled fabrication of moiré super-
lattices is essential for harnessing their potential. Moiré super-
lattices can be produced through various methods, primarily
including transfer techniques and growth methods, which en-
able researchers to modify their properties for specific appli-
cations.

3.1. Stack transfer

3.1.1. Mechanical exfoliation and stack transfer tech-
niques

Mechanical exfoliation and stack transfer are a well-
established technique for fabricating moiré superlattices. Over
time, this fabrication method has evolved and become more
sophisticated, maintaining its status as an indispensable tool
for scientists in the exploration of fundamental physics.

In 2010, Dean et al. fabricated graphene/hBN het-
erostructures using mechanical transfer method.">°! Firstly,
they exfoliated graphene onto a SiO,/Si substrate with a
surface composed of a water-soluble layer and polymethyl
methacrylate (PMMA). Then, they immersed the substrate
with the exfoliated graphene into a water solution, and as the
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water-soluble layer dissolved, the graphene/PMMA floated on
the water surface. Next, they used a glass slide to pick up the
graphene/PMMA and then proceeded to dry it. After drying,
they transferred the graphene onto the prepared hBN/SiO,/Si
substrate, as shown in Fig. 3(a). Due to the absence of hang-
ing bonds on the hBN surface and the atomic-level flatness,
the graphene in the graphene/hBN heterostructures exhibits
high mobility. However, this transfer process inevitably leaves
residual adhesive at the superlattice interface, which can still
impact the intrinsic physical properties of the 2D materials.
To solve this problem, Wang er al. developed a “pick-
up” dry transfer method for fabricating superlattices in 2013,
which features an extremely clean atomic-level interface,
thereby allowing 2D materials to display their inherent phys-
ical properties.>!! Firstly, they used poly-propylene carbon-

Water-soluble
| .
( a) ayer

Si/sio,

PMMA
Graphene

Glass slide

DI water

Floating

BN; E
<

Graphene iv)
(i)

Water-assisted peeling

(c) < PDMS
/// Twist-angle controlled transfer
Epitaxial oriented monolayer MoS,,
5 ® N
/ o’
Water = ~

Si substrate with 300 nm SiO,

Sapphire sW y ‘ 2 ‘
Cut by wafer scriber /‘/ /

Twist-angle controlled sample

Sl - il - s

Photolithography

Spin coating and developing

Si0, etching Au deposition

Si0,

Lift-off (Au-patterned

substrate obtained) Mechanical exfoliation

Surface cleaning

u Ar plasma
. Monolayer
) - - -

Peeling off PDMS
(Monolayer obtained)

ate (PPC) to exfoliate hBN, then placed the hBN/PPC on a
polydimethylsiloxane (PDMS) substrate with the hBN facing
outward. Next, they aligned the hBN/PPC/PDMS with the
pre-exfoliated graphene, and picked up the graphene onto the
hBN, forming a graphene/hBN/PPC/PDMS structure. After-
ward, the graphene/hBN/PPC/PDMS structure is placed over
the pre-exfoliated hBN on a SiO,/Si substrate, creating an
hBN/graphene/hBN/PPC/PDMS structure. Finally, the PDMS
and PPC were removed, yielding an hBN/graphene/hBN het-
erostructure, as illustrated in Fig. 3(b). The pick-up dry trans-
fer method, which fabricates heterostructures with very high
quality, can be extended to the fabrication of superlattices from
nearly all exfoliated 2D materials, with virtually no limit on

the number of layers.

(d)

(8) (h)
~1° twisted MoS,
Bottom ML
hBN

PPC

Si/SiO,

Top ML

20 pm

Fig. 3. Mechanical exfoliation and stack transfer technique. (a) Schematic illustration of the stack transfer process for fabricating graphene-on-hBN devices.
Reproduced with permission from Ref. [50]. (b) Schematic of the vdW technique for polymer-free assembly of layered materials (top); optical image and
atomic force microscope (AFM) image of a multilayered heterostructure (bottom). Reproduced with permission from Ref. [S1]. (c) Schematic diagram of
a corner multilayer MoS, moiré superlattice fabricated using the water-assisted method; optical micrograph, scale bar 300 pm (d) and STEM image (e) of
a double-layer MoS, with 30° angle orientation, scale bar 3 nm; insert is electron diffraction pattern, scale bar 5 nm~!. Reproduced with permission from
Ref. [60]. (f) Schematic diagram of gold-assisted pick-up method for fabricating moiré superlattices. (g) Optical image of exfoliated large-area MoS,, WSe;
and WTe;. (h) Optical image of approximately 1° twisted bilayer MoS, on hBN. Reproduced with permission from Ref. [61].

However, these methods result in moiré patterns with  the pick-up method, Cao et al. introduced a rotation pro-

a high degree of randomness, making it difficult to pre-
cisely fabricate moiré superlattices. In 2018, building upon

cess, creating the tear—rotate—stack transfer method, which al-
lows for precise control over the rotation angle, enabling the
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fabrication of MATBG moiré superlattices.!>*! Utilizing this
method, researchers have successfully synthesized a range of
homogeneous and heterogeneous moiré superlattices, includ-
ing TTG,*”1 TBBG,?! twisted bilayer WSe, (tWSe;),l3
twisted bilayer MoTe, (tMoTe,)P¥ as well as heterostruc-
tures like WS»/WSe, %! and MoSe,/WSe,. 5% Nevertheless,
since each unit cell of TMDCs contains three atomic lay-
ers, and the interaction with the substrate is primarily con-
trolled by the surface atoms, the dipole interaction between
the chalcogen atoms and the oxygen atoms in SiO, is rela-
tively weak.!>’] This makes it difficult for the conventional
pick-up method to exfoliate large areas of TMDCs. Re-
searchers have attempted to treat the SiO, surface with oxy-
gen plasma to clean the substrate surface, but the exfoliation
results are still not satisfactory.’®° Nonetheless, recently,
Liao et al. employed the water-assisted peeling technique,
and successfully achieved millimeter-scale multilayer MoS»

(0] The detailed transfer procedure is illus-

heterojunctions.
trated in Fig. 3(c). Figure 3(d) presents an optical micrograph
of the transferred 30° rotated bilayer MoS,, while Fig. 3(e)
displays a scanning transmission electron microscope (STEM)
image along with the corresponding electron diffraction pat-
tern, clearly revealing a distinct moiré pattern. However, this
method easily traps water molecules at the interface, and is
prone to leaving residual adhesive, hence the need to develop
new transfer techniques.

Researchers have been continuously refining this technol-
ogy to achieve superior transfer outcomes. Wu et al. found
that using a gold-assisted exfoliation method can enable the
exfoliation of bulk TMDCs into 2D materials,[®!! as shown
in Fig. 3(f). This is due to the strong interaction between
gold and the interlayer compounds, which can form quasi-
covalent bonds similar to covalent bonding. Furthermore, this
method can also be used to batch exfoliate TMDCs with dif-
ferent numbers of layers, as shown in Fig. 3(g). Afterward, by
incorporating the tear-rotate-stack method, templated fabrica-
tion of moiré superlattices can be accomplished, as shown in
Fig. 3(h). This method not only facilitates the exfoliation of
2D atomic layers with varying numbers of layers, but is also
scalable, making it applicable to the fabrication of other 2D
moiré superlattices. 162] However, gold atoms introduced on the
surface are difficult to completely remove and can easily affect
the intrinsic physical properties of 2D materials.

3.1.2. Large-scale size transfer techniques

While moiré superlattices fabricated by mechanical exfo-
liation transfer techniques exhibit high quality, their applica-
tions on an industrial scale are hindered by the limited sam-
ple sizes, which range from microns to millimeters. There-
fore, researchers are actively pursuing methods to enable the
large-scale transfer fabrication of moiré superlattices. In 2013,
Martins et al. successfully demonstrated the direct transfer
of large-area graphene onto flexible substrates through a heat-
pressing method. %3] While this method is primarily suitable

for flexible substrates and may not be as effective for other
types of substrates. Furthermore, the Cu foil surface is of-
ten quite uneven, making it difficult to achieve close contact
with the target substrate and potentially resulting in damage
during the transfer process. Quellmalz ef al. improved the
contact between the target substrate and the as-grown sam-
ple by using bisbenzocyclobutene (BCB) as a surface adhe-
sive. Subsequently, the sample was transferred onto the target
substrate through a heat-pressing method. Repeating this pro-
cess allowed for the fabrication of multilayer moiré superlat-
tices, with the specific procedure shown in Fig. 4(a).[®* This
scalable transfer technique is applicable to the fabrication of
various multilayer moiré superlattices, including multilayer
graphene moiré superlattices, graphene/hBN moiré superlat-
tices, and multilayer TMDs moiré superlattices, as depicted in
Figs. 4(b) and 4(c). However, the introduction of BCB in this
transfer technique may affect the characterization of the phys-
ical properties of the moiré superlattices. Consequently, there
remains a need for the development of new large-scale transfer
technologies.

In 2022, Gao et al. utilized a multifunctional small
molecule/PMMA/PDMS as a transfer medium to fabricate
large-scale hBN/graphene/hBN moiré superlattices. %! While
the moiré superlattices fabricated by this method boast high
quality and cleanliness, it is challenging for the small molecule
layer to fully pick up the sample during the transfer process,
which can lead to damage. Additionally, the adhesion strength
between different samples and substrates varies, and the small
molecule layer may not be universally applicable to other 2D
materials. Simultaneously, Lu er al. used a thin layer of
polyvinyl alcohol (PVA) as a transfer medium layer to fab-
ricate moiré superlattices using high-x dielectric 2D materi-
als, as shown in Figs. 4(d) and 4(e). This fabrication method
addresses the issues encountered by Gao et al. in the produc-
tion of moiré superlattices. However, the process of removing
PVA with plasma can damage the underlying sample, making
it unsuitable for delicate 2D materials such as graphene and
TMDs. (6]

In recent years, there have been breakthroughs in the tech-
nology for large-scale fabrication of moiré superlattices us-
ing wet transfer methods. Yuan et al. developed a proton-
assisted flat-to-flat transfer method, achieving wafer-scale fab-
rication of twisted multilayer graphene moiré superlattices, (%3]
as shown in Figs. 4(f)— 4(j). This method utilizes rotation and
heating to expel most of the trapped water at the graphene
interfaces, followed by a hydrogen plasma process that fully
cleans the surface and interface. The residuals on the graphene
are more easily decomposed under hydrogen plasma, result-
ing in an extremely clean surface. This process also facili-
tates the decoupling of graphene from the substrate and the re-
moval of residual water molecules between the graphene and
the substrate. Moreover, by leveraging the wafer-flat align-
ment of graphene, they can control the twist angles and fabri-
cate moiré superlattices of twisted multilayer graphene at vir-
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tually any desired angle. Furthermore, this transfer method  cate graphene/hBN moiré superlattices, TMDCs moiré super-
exhibits excellent scalability and can also be used to fabri- lattices, and so on.

(a) Wafer-level transfer of 2D materials (b) Graphene/hBN van-der-Pauw devices

Choice of 2D material on heterostructure covered

growth substrate
Bisbenzocyclo- M \ Force

2D material o
on growth 2D material Graphene
substrate on target wafer covered

butene (BCB)

~Target

wafer

Bonder
(1) Spin-coating of (2) Placement of (3) Wafer chuck (4) Removal of
adhesive on target wafer 2D material bonding growth substrate

Graphene  Graphene/hBN

Formation of 2D material heterostructures

2D material an No graphene
on growth 2D material (C) -
substrate heterostructure

Force on target wafer

Choice of 2D material on
growth substrate

2D material on . \
target wafer

1-layer graphene

==

2-layer graphene
(randomly stacked)
e

=

Bonder
(3) Wafer chuck (4) Removal of

(1) Reuse target wafer to (2) Placement of
form heterostructures 2D material bonding growth substrate

Sites of Raman spectroscopy

Dielectric
PVA

Dielectric pre-deposited

' 10 cm

(f) Pasting Wetting Doping Decoupling
PMMA
graphene

H,O

/
_/
7 SiO,
Si

\ slow spinning / \ fast spinning
/
]
1
1
\
|

\
\
i

() (h)

triple-layer

Fig. 4. Large-scale fabrication of moiré superlattices. (a) Schematic illustration of thermal pressing method for fabricating moiré superlattices. (b) Photograph
of van der Pauw (vdP) devices. (c) Photograph of multilayer graphene superlattices. Reproduced with permission from Ref. [64]. (d) Schematics and
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The proton-assisted flat-to-flat transfer technique for fab-
ricating moiré superlattices is considered one of the most
promising approaches for large-scale industrial production of
moiré superlattices. However, the twist angles require more
precise control. It is believed that the rotational transfer
method will be able to achieve mass production of moiré su-
perlattices once the angle control is improved.

Noting that the wafer-scale moiré superlattices usually
use raw CVD grown samples as raw materials. Therefore,
in the construction of the superlattices, the as-grown 2D ma-
terials must be stripped off from the growth substrate with-
out damage. Currently, a variety of transfer methods have
been developed, such as etching the growth substrate. For
difficult-to-etch metal substrates, researchers have also devel-
oped methods such as the bubble method®! and oxidizing
substrates!’%7!! to quickly separate samples, these previous
large-scale transfer methods have laid the foundation for the
fabrication process of moiré superlattices.

3.2. Growth preparation

Stack transfer technology, while being a complex process
for moiré superlattice fabrication, frequently struggles to meet
the standards for consistency and quality necessary for large-
scale manufacturing. Therefore, researchers have begun to ex-
plore the direct growth method for fabricating moiré superlat-
tices. An increasing number of methods for growing moiré
superlattices are being reported, with the CVD method being
the primary one. Additionally, other growth methods are also
reported, including molecular beam epitaxy (MBE), solvother-
mal synthesis, and so on.

3.2.1. CVD method

The CVD method has been widely used for growth of var-
ious 2D materials and is currently one of the most promising
approaches for large-scale growth of moiré superlattices. The
moiré superlattices form through CVD direct growth, result-
ing in ultra-clean interfaces and high quality. In the following,
we will provide a detailed introduction to the CVD methods
for growing moiré superlattices from the aspects of control-
ling growth conditions, including gas adjustment, temperature
control, substrate control, and compound-assisted regulation.

(I) Gas regulation of CVD grown moiré superlattices

The gas environment plays a crucial role in the CVD
growth of moiré superlattices, as it is one of the key param-
eters for controlling the growth of moiré superlattices. Dif-
ferent gas environments can significantly affect the growth
of 2D materials. In 2013, Wang et al. grew graphene/hBN
vertical heterostructure on Cu foils by altering the composi-
tion of the gaseous precursors and sequentially introducing
volatile ammonia borane gas and methane.!”?! At the same
time, Shi et al. successfully grew MoS; on a graphene/Cu

substrate by introducing a carrier gas into a mixed solution of
ammonium thiomolybdate, forming a MoS,/graphene vertical
heterostructure.[”3! This method of directly changing the com-
position of gaseous precursors to prepare moiré heterostruc-
tures makes it difficult to grow a uniform moiré pattern, hence
there is a need for a novel method to regulate the growth.

Peng’s research group successfully prepared homo-site
twisted bilayer and trilayer graphene with angles of 0° and
30° by almost using a pure H, environment and increasing the
gas flow rate under low pressure,!’#! as shown in Fig. 5(a).
They consider that growth kinetic conditions are one of the
key factors in determining the formation of twisted angles.
The change in gas flow rate disrupts the inherent growth ki-
netic conditions, allowing for the overcoming of higher en-
ergy barriers, thus making the appearance of twisted angles
more likely. Liu et al. grew a series of homo-site twisted bi-
layer graphene with twist angles ranging from 0° to 30° on
the surface of liquid Cu by placing a solid quartz rod inside a
quartz tube, 3! which altered the gas flow rate and gas concen-
tration distribution, as shown in Fig. 5(b). In addition to the
growth of twisted graphene moiré superlattices, researchers
have also grown TMDCs moiré superlattices by altering ki-
netic conditions. Xu et al. grew a series of homo-site twisted
bilayer WS, with twist angles ranging from 0° to 120° on a
Si0,/Si substrate by tilting the substrate, which induced air-
flow disturbances and created a gradient distribution of precur-
sor concentrations,!’® as shown in Fig. 5(c). Meanwhile, Li
et al. established perturbed growth conditions by adjusting the
spatial distribution of airflow near the substrate and the con-
centration of local reactants, resulting in the growth of high-
quality homosite and hetero-site bilayer MoS,.””] These ex-
perimental phenomena further confirm that changing the state
of airflow can disrupt the balance of growth kinetics, thereby
making the control of the growth of twisted moiré superlattices
possible.

In order to explore the impact of airflow environments
on the growth of moiré superlattices, countless researchers
have conducted numerous meticulous experiments in search
of regulatory patterns. Sun et al. discovered through experi-
ments that without the introduction of airflow disturbances, bi-
layer graphene has identical nucleation points and selectively

1341 However, when CHy

grows AB-stacked bilayer graphene.
and H, are suddenly increased to cause airflow disturbances,
hetero-site bilayer graphene is more likely to form, as shown
in Fig. 5(d). A series of hetero-site bilayer graphene moiré su-
perlattices with twist angles ranging from 0° to 30° have been
grown using this method, as shown in Fig. 5(e). The influ-
ence of airflow on the growth of TMDCs moiré superlattices
system has also been explored. Recently, Zhou et al. found
that during the growth stage of MoS,, introducing regular air-

flow disturbances could lead to the growth of homo-site bi-
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layer MoS,; whereas irregular airflow disturbances tended to
result in the growth of hetero-site bilayer MoS;, as shown in
Figs. 5(f) and 5(g). (78] 1t is thought that the disturbance of air-
flow alters the growth microenvironment, disrupting the equi-

Epitaxial growth of 1% layer

librium state, thus making the formation of twisted moiré su-
perlattices more likely. However, irregular gas disturbances
cause changes in the nucleation points, leading to the forma-
tion of hetero-site moiré superlattices.
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Fig. 5. Gas adjustment for the growth of moiré superlattices. (a) Schematic illustration of the growth of homo-site graphene moiré superlattices.
Reproduced with permission from Ref. [74]. (b) Schematic of the designed CVD reactor for the growth of TBG. Reproduced with permission from
Ref. [75]. (c) The growth of homo-site bilayer WS, moiré superlattices. Reproduced with permission from Ref. [76]. (d) Schematic of the growth of
hetero-site graphene moiré superlattices. (e) Photograph of as-grown TBG. Reproduced with permission from Ref. [34]. The growth of homo-site (f)
and hetero-site (g) MoS, moiré superlattices. Reproduced with permission from Ref. [78]. (h) Regulation of MoSe; moiré superlattice growth through

airflow direction control. Reproduced with permission from Ref. [79].

In addition to the impact of airflow magnitude distur-
bances on the growth of moiré superlattices, frequent changes
in the direction of airflow can also affect the growth of moiré
superlattices. Peng et al. discovered that during the heating
process, employing reverse airflow could prevent unintended
nucleation, and then reintroducing forward airflow during the
growth process enabled the precursors to uniformly nucleate
on the substrate surface, which is beneficial for growing di-
rectionally consistent MoSe, moiré superlattices,[so] as shown
in Fig. 5(h). Simultaneously, Zhang et al. prepared high-
quality twisted bilayer MoS; (t-MoS;) moiré superlattices us-
ing a similar method.” In summary, airflow control is one
of the key parameters for the growth of moiré superlattices.

By regulating the magnitude and direction of airflow to cre-

ate disturbances, it is possible to control the growth of moiré
superlattices.

(IT) Temperature regulation of CVD grow moiré superlat-
tices

Temperature is one of the most critical parameters in the
CVD growth of 2D materials. In addition to a high flux be-
ing able to overcome the barrier for vertical growth of 2D
materials, 8!l temperature also provides the energy necessary
for the growth of moiré superlattices. Gong et al. successfully
grew lateral and vertical WS2/MoS, heterojunctions in 2014
through a one-step growth strategy, as shown in Fig. 6(b). %!
They found that at a temperature of approximately 650 °C,
the growth of lateral WS,/MoS; heterojunctions is dominant;

when the temperature is around 850 °C, it is easier to grow ver-
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tical WS,/MoS; heterojunctions, as shown in Fig. 6(a). Gong
et al. considered that at low temperatures, kinetic effects are
dominant, making it very difficult for WS, to nucleate and
grow on the surface of MoS,, while the energy required for
WS, to bond and grow at the edges of MoS; is lower. At
high temperatures, thermodynamic effects are dominant, and
WS, has enough energy to overcome the barrier to nucleate
and grow on the surface of MoS, thus facilitating the forma-
tion of vertical heterojunctions.

Besides the TMDCs system exhibiting this pattern, the
growth of moiré superlattices in the graphene system is also
affected by temperature. One year later, Gao et al. grew
graphene on an hBN/Cu substrate, forming a graphene/hBN
moiré superlattice.!®3] They found that when the tempera-
ture exceeds 900 °C, lateral graphene/hBN heterojunctions are
more likely to form; conversely, when the temperature is be-
low 900 °C, vertical graphene/hBN heterojunctions are more
readily formed. Thus, the growth of vertical heterojunctions
in different 2D material systems varies in its dependence on
temperature, often requiring the temperature to be determined
based on the intrinsic properties of the materials themselves.

The one-step growth method for moiré heterostructures
often requires very high temperatures to overcome the barriers
to nucleation and growth, and it is difficult to avoid the forma-
tion of alloy compounds and lateral heterojunctions. There-
fore, researchers have invented a two-step growth method for
moiré superlattices.

Yang et al. firstly grew high-quality

single-crystal WSe; on the substrate at 1100 °C using WSe,

powder; then at 600 °C, they epitaxially grew SnS, on WSe;
using sulfur powder and SnO, powder, forming a SnS,/WSe;
moiré superlattice, as shown in Fig. 6(c).#*! Figure 6(d) shows
the moiré superlattice of SnS>/WSe,, and Fig. 6(e) displays
the moiré pattern formed in the SnS»/WSe, moiré superlattice,
where the lattice period of the moiré superlattice is 2.24 nm.
Additionally, besides the three-atomic-layer TMDCs system
moiré superlattices, five-atomic-layer TMDCs moiré super-
lattices can also be grown using a two-step method. Liu
et al. firstly grew monolayer WSe; and MoS; in a high-
temperature environment and then used them as substrates to
grow BirTez and SbyTes in a low-temperature environment
respectively, forming BiyTe3/WSe; and Sb,Tez/MoS; moiré
superlattices. 3389 Moreover, Zhang et al. directly used WSe»
and In,Ses powders through a two-step growth method: firstly
grew a monolayer of WSe; at 1000 °C, and then epitaxially
grew InySe; on WSe; at 700 °C, forming an In;Ses3/WSe;
moiré superlattice.®”! In addition, researchers have also at-
tempted to firstly grow the bottom 2D material at low tem-
peratures and then grow the top 2D material at high temper-
atures, trying to form moiré superlattices. Gong et al. firstly
grew MoSe; in a low-temperature environment, and then grew
WSe, in a high-temperature environment, finding that lateral
and vertical heterojunctions coexisted.!®®! This is due to the
fact that in a high-temperature environment, the atomic energy
of MoSe; grown in a low-temperature environment increases,
becoming more active, and is more likely to bond with WSe;
at the edges, forming lateral heterojunctions.
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Fig. 6. Temperature control for growing moiré superlattices.

® MoS;\MoSe;,
m WS;\MoSe,
u WS,\MoS;

® WS,\NbSe,

0

5 10 15 20 25 30
Twist angle (°)

(a) Schematic and optical images of WS,/MoS, vertical heterojunctions and lateral

heterojunctions. (b) Schematic of one-step growth of WS;/MoS; heterostructures. Reproduced with permission from Ref. [82]. (c) Optical images of
SnS,/WSe; heterojunction, scale bar 200 pm. Schematic of two-step growth method (d) and moiré pattern (e) of SnS,/WSe, moiré superlattices, scale
bar 2 nm. Reproduced with permission from Ref. [84]. (f) Schematic of a temperature gradient strategy for the growth of TMDCs heterojunctions.
(g) Wafer-scale WS,/MoS;/MoSe,/NbSe,/PtTe, heterojunctions. (h) The proportion of moiré superlattices with different twist angles. Reproduced

with permission from Ref. [8§9].
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The growth of high-quality moiré superlattices often be-
gins with the growth of the underlying 2D materials that re-
quire high growth temperatures, followed by the growth of
the top 2D materials that require lower growth temperatures.
Based on this, Zhou ef al. developed a strategy for growing
multilayer vertical heterojunctions using a temperature gra-
dient, as shown in Fig. 6(f).[%1 They constructed more than
25 types of wafer-scale moiré superlattices, with the layer
number of moiré superlattices reaching up to five, such as
WS,/MoS,/MoSe,/NbSe,/PtTe,, as shown in Fig. 6(g). Ad-
ditionally, Zhou et al. also obtained the twist angle statistical
distribution of the moiré superlattices, as shown in Fig. 6(h).
In summary, temperature is one of the key factors in the growth
of moiré superlattices, and a high-to-low temperature strategy
can be employed to achieve large-scale growth of moiré super-
lattices. However, since the high-to-low temperature approach
dictates the stacking growth sequence of the moiré superlat-
tice, this growth strategy also exhibits certain limitations.

(IIT) Substrate selection of CVD grown moiré superlat-
tices

Growth substrate is another critical factor to affect the
growth of 2D materials. The type of substrate material, cat-
alytic activity, surface morphology, geometric structure and
even the lattice orientation can significantly impact the growth
of moiré superlattices.””®! For example, Zhang et al. suc-
cessfully grew a graphene/hBN vertical heterostructure on a
Ni film by using the catalytic ability of the substrate and the
precipitation mechanism of growth,®!! as shown in Fig. 7(a).
Firstly, they sequentially deposited a Ni film, (B, N) source,
and a C-doped Ni film on a SiO,/Si substrate, followed by an-
nealing in a high vacuum environment. Carbon atoms near
the surface precipitated on the surface first, and then B and
N atoms diffused to the substrate surface to nucleate and
grow, ultimately forming a graphene/hBN moiré superlattice,
as shown in Fig. 7(b). This method, due to the unevenness
of the deposited substrate, makes it difficult to grow high-
quality moiré superlattices. A year later, Fu et al. grew high-
quality MoS,/hBN moiré superlattices on a Ni-Ga alloy/Mo
foil substrate, as shown in Fig. 7(d).[°?! They firstly placed the
Ni-Ga alloy on top of the Mo foil and then performed high-
temperature annealing to ensure close contact between the Ni-
Ga alloy and the Mo foil. Subsequently, they introduced am-
monia borane precursors to grow an hBN thin film on the Ni-
Ga alloy substrate, and then switched the precursors of H,S
to grow MoS; on top of the hBN film, forming a MoS,/hBN
moiré superlattice, as shown in Fig. 7(c). Due to the diffusion
of Mo atoms to the substrate surface at high temperatures, fol-
lowed by their permeation through the hBN and reaction with
S atoms on the hBN surface to form MoS,, this method has
addressed the issue of substrate surface roughness. However,
the non-uniform diffusion of Mo atoms across the hBN surface

makes it difficult to create large-area uniform moiré superlat-
tices, necessitating the development of new growth techniques.

Researchers have attempted to change the surface mor-
phology and geometric shape of the substrate to enable epi-
taxial growth of 2D materials on the surface to form moiré
superlattices. Bierman et al. firstly discovered the growth
of PbS helical tree-like nanowires in materials with screw
dislocations,®*! sparking a surge in the growth of nanomate-
rials on substrates with screw dislocations. In 2018, Tay et al.
studied the impact of flat substrates and substrates with screw
dislocations on the growth of graphene.!®! They found that
the growth of graphene on a typical flat substrate follows an
interfacial nucleation mechanism and the growth of few-layer
graphene proceeds from top to bottom. However, on a sub-
strate with screw dislocations, the growth of graphene is driven
by the screw dislocations, with graphene epitaxially growing
from bottom to top along the trajectory of the screw disloca-
tions, thus making it easier to form twisted graphene moiré
superlattices. In 2020, Zhao et al. grew twisted multilayer
WS, moiré superlattices and twisted multilayer WSe, moiré
superlattices on substrates with screw dislocations, and they
found that the twist angles of the grown moiré superlattices
varied with different screw dislocation angles,[95] as shown in
Figs. 7(e)-7(h). Microscopic structural analysis reveals a di-
rect correspondence between the crystal lattice twist and the
geometric torsion of the layers, resulting in the formation of
moiré superlattices at the interlayer interfaces. In addition,
researchers have also grown moiré superlattices of MoS,,”°!
SnSe,®”! Sb,Tes, 98! SnS, % and others on substrates with
screw dislocations.

The orientation of the substrate can also affect the growth
of moiré superlattices. Recently, Liu’s research group has
been able to grow twisted bilayer graphene with designed an-

1001 Firstly, they cut

gle through ingenious structural design.|
the Cu(111) copper foil into two parallel-edged segments,
Sub-

sequently, they used the CVD method to epitaxially grow

then aligned one vertex and rotated it by any angle.

graphene between the two copper foils, then increased the tem-
perature to obtain bilayer graphene with the designed twist an-
gle, and finally etched the copper foil to separate the bilayer
graphene with the designed twist angle, as shown in Fig. 7(i).
Figures 7(j) and 7(k) present the TEM images and electron
diffraction patterns of the 30° twisted bilayer graphene, re-
spectively. However, this growth method is currently limited
to materials of graphene, and new growth methods need to be
developed for other types of moiré superlattices. In summary,
the substrate plays an essential role in the growth regulation
of moiré superlattices, and altering the substrate approach can
introduce new variables to control the growth of moiré super-
lattices.
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Fig. 7. Substrate control for the growth of moiré superlattices. (a) Schematic illustration of the co-segregation growth process for graphene/h-BN heterostruc-
tures. (b) Optical images of the as-grown sample transferred to a SiO,/Si substrate. Reproduced with permission from Ref. [91]. (c) Surface catalysis and
precipitation mechanism on the substrate for the growth of MoS,/hBN moiré superlattices. (d) TEM images of MoS,/h-BN heterostructures. Reproduced
with permission from Ref. [92]. AFM images of aligned WS, spirals grown on flat substrates (e) and screw dislocation substrates (f). (g) STEM image of a
super-twisted WS;. (h) moiré patterns of WS, superlattices. Reproduced with permission from Ref. [95]. (i) Schematic for the growth TBG with designed
angle. moiré patterns (j) and SAED patterns (k) of 30° TBG. Reproduced with permission from Ref. [100].

(IV) Compound-assisted regulation of CVD grown moiré
superlattices

Compound-assisted growth plays a significant role in the
growth of 2D materials, as it can reduce the melting tem-
perature of precursors and even lower the formation energy
of vertical heterostructures, thereby accelerating the growth
of 2D materials.['°!! Tn 2015, Li er al firstly used alkali
metal halides to assist in the regulation of the growth of 2D
TMDCs, resulting in the growth of high-quality, large-scale
monolayer WS, and WSe,.[19?] This is due to the chemical
reaction between the tungsten oxide precursor and the alkali
metal compounds, forming low-melting-point tungsten oxy-
halides, which can promote the nucleation and growth of WS,
and WSe; in a high-temperature environment.!'%3] Since then,
a wave of research on salt-assisted control of the growth of
2D materials has been initiated. Using the salt-assisted growth
strategy, researchers have also grown high-quality, large-area
monolayers of MoS,, 1%l MoSe,, 191 SnS,,!1%] NbSe,,[107]
and so on.

Furthermore, the compound-assisted method is also used
to regulate the growth of moiré superlattices. In 2018, Fu

et al. mixed the precursor with NaCl and, using a one-
step growth method, successfully prepared NbS2/MoS; moiré
superlattices.!'®! Moreover, Xia’s research group grew large-
area, high-quality WS,Se,>_,/WS,Se,_, moiré superlattices
using a salt-assisted and two-step growth method, as shown in
Figs. 8(a) and 8(b).['%°! The primary purpose of using NaCl-
assisted growth is to lower the melting and boiling points of
the precursor materials, making it easier for the precursors to
vaporize and then deposit onto the substrate for nucleation and
growth.

In addition to using alkali metal halides, researchers have
also discovered other types of compound-assisted methods for
growing moiré superlattices. Shao et al. successfully grew
twisted bilayer WS, moiré superlattices with a twist angle of
60° by introducing tin (Sn) atoms, as shown in Fig. 8(c).[!!0]
The interlayer introduction of Sn significantly facilitates the
formation of a 60° twisted bilayer structure by diminishing the
interlayer stacking energy barrier. In the absence of Sn, the 0°
arrangement of layers turned out to be the most stable, requir-
ing less energy than the 2H phase. However, when Sn was
present, the 60° layer arrangement with the 2H phase became
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the most stable. Additionally, researchers have improved this
method and obtained new approaches for growing moiré su-
perlattices. Zheng et al. utilized SnO, and KOH to assist in the
growth of twisted bilayer WSe, moiré superlattices, as shown
in Fig. 8(d).l""! They successfully grew twisted bilayer WSe,
moiré superlattices with a small angle of 1.5°, as depicted in
Fig. 8(e). Researchers think that KOH can promote the pref-
erential growth of 2D materials, facilitating the growth of the
second layer.

In addition to the type of salt affecting the growth of
moiré superlattices, the amount of salt also influences the
growth of moiré superlattices. Recently, Xu et al. system-
atically investigated the impact of the ratio of NaCl salt to
precursors on the growth of MoS; moiré superlattices,!' %! as
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shown in Figs. 8(f) and 8(g). They found that a high salt ratio
could promote the rapid growth of moiré superlattices, which
is due to the increase in the size and density of nucleation in
a high salt ratio environment, making it easier to form bilayer
or multilayer MoS;. Therefore, by controlling the salt ratio,
one can regulate the nucleation density and size of nuclei to
grow large-area, high-quality moiré superlattices. In summary,
compound-assisted growth is an important means of regulat-
ing the growth of moiré superlattices. By synergistically con-
trolling different influencing factors and introducing new vari-
ables that can be fine-tuned to control the structural properties
and alignment of the superlattices, thereby enhancing the qual-
ity and uniformity. It is believed that more universal methods
for growing moiré superlattices will emerge in the future.
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Fig. 8. Compound-assisted regulation for growing of moiré superlattices. (a) Schematic illustration of salt-assisted growth of WS,Se, /WS, Sep
moiré superlattices. (b) Photograph and STEM image of WS,Se; ,/WS,Se;_, moiré superlattices. Reproduced with permission from Ref. [109].
(c) Schematic illustration of SnO;-assisted growth method and optical images of bilayer WS, moiré superlattices. Reproduced with permission from
Ref. [110]. (d) Growth of bilayer WSe, moiré superlattices assisted by SnO, and KOH. (e) Optical image of approximately 1.5° tWSe,. Reproduced
with permission from Ref. [111]. (f) Illustration of the CVD setup for the synthesis of twisted bilayer MoS,. (g) Growth of MoS, moiré superlattices

with varying NaCl ratios. Reproduced with permission from Ref. [112].
3.2.2. Other direct growth and synthesis method

Molecular beam epitaxy (MBE) is an epitaxial technique
used for growing superlattice structures, allowing for pre-
cise control over composition and doping distribution on a
nanoscale. MBE grows superlattices within an ultra-high vac-
uum (UHV) chamber, thereby ensuring a pristine environment
essential for the epitaxial process.!!'3] The UHV conditions
enable precise control of the growth rate, making MBE par-

ticularly well-suited for growing complex structures with both
small (< 2%-3%) and large lattice mismatch. This capabil-
ity facilitates the fabrication of 2D structures with incredibly
smooth, atomic-level surfaces.[!'¥] Therefore, MBE is also a
crucial technique for the growth of moiré superlattices. For
grew a CrBr3/NbSe;
moiré superlattice using the MBE method and observed the

instance, in 2020, Kezilebieke et al.

phenomenon of topological superconductivity.!!!'>! The fol-
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lowing year, Zhao et al. grew a 1T-TiTe,/1T-TiSe; moiré su-

[116] and they discovered the en-

perlattice using this method,
hanced charge density wave state phenomenon. In addition to
growing TMDCs moiré superlattices, MBE can also be used
to grow graphene-based moiré superlattices. Pham et al. used
the MBE method to grow MoTe,/graphene moiré superlattices
on the SiC substrate.!!!”] Moiré superlattices grown using the
MBE method have extremely clean atomic layer interfaces and
very high quality.

However, compared to CVD samples, they are very unsta-
ble in atmospheric environments. Moreover, achieving precise
angle control remains a challenge in the current MBE growth
process for moiré superlattices. Additionally, a key feature of
(18] ¢ypi-
cally only a few angstroms per second, which results in a rel-

MBE technology is its extremely low growth rate,

atively low yield for MBE, making it challenging to achieve
large-scale commercial production.

Apart from the epitaxial techniques of CVD and MBE
for direct growth 2D moiré superlattices, solvothermal syn-
thesis is another direct synthesis method. This method in-
volves the fabrication of materials through chemical reactions
within a closed environment, employing organic solvents or
non-aqueous solvents as the reaction medium at specific tem-
peratures and pressures.!' ! For example, Gong et al. synthe-
sized MoS,/graphene moiré superlattices using graphene ox-
ide and (NH4)>MoS, through a solvothermal synthesis.! 1201 At
the same time, Yu et al. synthesized MoS,/graphene moiré su-
perlattices using a similar method,!">!1 which exhibited highly
efficient and stable electrocatalytic properties. The stable re-

(a) Tip

Fixed force

Tip move direction

MoS,

Graphene

action conditions of the solvothermal synthesis method allow
for the batch production of moiré superlattices. However, due
to the small size of the synthesized moiré superlattices, they
are difficult to apply in practical applications.

3.3. Tip manipulation method for accurate twist angle

The properties of moiré superlattices manifest within a
narrow twist angle range of +0.1°,11>21 making precise con-
trol of the twist angle crucial. However, directly grown moiré
superlattices exhibit a wide range of interlayer twist angles,
posing a significant challenge for precise control. Addition-
ally, stacked transfer techniques still struggle to achieve ac-
curate control within this small range. Here, we will further
introduce the tip manipulation method for preparing moiré su-
perlattices, which enables precise control within such a narrow
range.

Tip manipulation, a prevalent method in dynamic manip-
ulation, entails the precise folding or rotation of 2D atomic
layer materials using a tip to fabricate moiré superlattices.[!%3]
For example, Liao et al. obtained MoS,/graphene moiré
superlattices by rotating triangular MoS; on graphene by
arbitrary angles with an accuracy of 0.1° using AFM tip
manipulation,['?* as shown in Figs. 9(a) and 9(b). Further-
more, Dean’s team used the identical technique to accurately
rotate hBN atop graphene at arbitrary angles with an accuracy
of 0.2°, producing hBN/graphene moiré superlattices at rota-
tion angles of 0°, 45°, and 70°.'>] Likewise, Hu et al. lever-

aged AFM for the precise manipulation of in situ rotation in
126]

twisted bilayer graphene.!

Fig. 9. Tip manipulation for fabricating moiré superlattices. (a) Schematic illustration of MoS; rotation on graphene via AFM-tip manipulation. (b) AFM
images of the MoS,/graphene Moiré superlattices. Reproduced with permission from Ref. [124]. (c) Schematic of Moiré superlattices fabricated with
an STM tip (top) and STM images of graphene moiré superlattices (bottom). Reproduced with permission from Ref. [127].

In addition to rotational manipulation via AFM tips, STM
tip manipulation also serves as a dynamically adjustable tech-
nique for preparing moiré superlattices. Gao’s research team
employed STM tips to fold graphene nanoislands in arbitrary
directions, creating TBG with adjustable rotation angles rang-
ing from 0° to 60° and an angular precision of 0.1°.1>7] Fig-
ure 9(c) displays STM images of the TBG prepared with ro-
tations of 54.4° and 1.6°, where the moiré patterns are dis-
tinctly visible. However, tip manipulation is highly dependent
on sophisticated equipment and advanced techniques, thus in-

curring significant costs. Moreover, the moiré superlattices
constructed by this method are typically small in size, making
them unsuitable for large-scale fabrication and application.

4. Summary and outlook

The advent of 2D materials and vdW heterostructures has
granted us an unparalleled capacity to innovate and engineer
novel materials. The researchers used lattice dislocation or

rotational distortion in 2D materials to design moiré super-
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lattices, enabling precise control of their band structure and
revealing a large number of interesting physical phenomena.
The precise and controllable preparation of high-quality super-
lattices is the foundation of future physical property develop-
ment and application exploration. This review systematically
introduces the fabrication methods of moiré superlattices, in-
cluding the stacked transfer techniques, direct growth methods
and tip manipulation. It mainly explores in detail the impact of
the gas environment, temperature, substrate, and compound-
assisted regulation on the CVD growth of moiré superlattices.

In general, although numerous transfer methods for
preparing moiré superlattices have been developed, significant
challenges remain in scaling up production while maintaining
high-quality production. Issues such as structural degradation,
interface contamination, and the uneven and inaccurate angle
control continue to impact the physical properties of moiré
superlattices. While the pick-up transfer technique excels in
preserving clean interfaces, it is prone to generating bubbles,
inconsistent angular misalignment, and struggles with large-
area fabrication. The proton-assisted method provides an ef-
fective means to obtain wafer-scale moiré superlattices with
clean interface, but it lacks precise twistangle control. Further
research should focus on obtaining high-quality ultra-uniform
raw materials, developing large-size and high-precision trans-
fer platforms, and integrating the advantages of various exist-
ing transfer methods.

CVD is currently the most promising method for large-
scale growth moiré of superlattices, and the obtained moiré
superlattices have an ultra-clean surface and very high quality.
However, challenges remain in achieving uniform multilayer
superlattice and precisely controlling interlayer twist angles.
Additionally, the growth temperature constraints of 2D mate-
rials limit the range of moiré superlattices that can be grown.
Relying solely on individual gas control, temperature regula-
tion, substrate tuning, and compound assistance is insufficient
to overcome the aforementioned challenges, researchers need
to comprehensively adjust to achieve high-quality, large-area
CVD growth of moiré superlattices by comprehensively regu-
lating these variables and introducing new controls in the fu-
ture.
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