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Abstract
Stacking two layers of two-dimensional (2D) materials at a twisted angle produces the Moiré
structure, which can give rise to novel quantum-correlated states. The topology, periodicity, and
direction of the resulting Moiré superlattice are strongly influenced by the twist angle, making it
crucial to prepare stacked 2D structures with controllable angles to precisely regulate the
properties of 2D materials. This review outlines the topological design principles of Moiré
patterns, investigates the impact of twist angles on their morphology and periodicity, and
summarizes the diverse properties exhibited by 2D systems at different twist angles. The
fabrication methods for twisted 2D structures, such as direct growth and artificial manipulation,
are analyzed alongside strategies for accurate twist angle control. Additionally, this review
highlights state-of-the-art ultraclean transfer in vacuum, in-situ dynamic twisting technologies
and the development of novel multilayer twisted 2D structures. Finally, the remaining
challenges in the fabrication of twisted 2D Moiré structures are discussed, along with potential
solutions to address these challenges.
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Introduction

Since the artificial exfoliation of monolayer graphene (Gr)
in 2004[1], this single-layer two-dimensional (2D) carbon
material has exhibited strikingly different physical and chem-
ical properties compared to its bulkmaterial, such as ultra-high
electronmobility[2,3], exceptional thermal conductivity[4], and
remarkable mechanical properties[5,6]. With over 2 000 known
2D materials[7,8], this family of 2D crystals encompasses a
wide range of electronic structures: metals (graphene)[9,10],
semiconductors such as black phosphorus, BP and some trans-
ition metal dichalcogenides (TMDCs)[11,12], and insulators
(hexagonal boron nitride, h-BN)[13,14]. These materials offer
significant potential for research and applications in vari-
ous fields, including electronics, optoelectronics, and thermal
management[15–18].

Furthermore, by stacking two layers of 2D materials with a
specific twist angle, a Moiré superlattice with defined period-
icity is formed[19–22]. As the twist angle changes, the period-
icity of the Moiré pattern within this superlattice also shifts,
altering the interlayer interactions and modifying the elec-
tronic states and physical properties. For example, twisted
bilayer graphene (t-BLG) at an angle around 1.1◦ exhibits
Mott insulating behavior and unconventional superconduct-
ivity due to the emergence of flat bands within the Moiré
superlattice[23]. Recent studies have also revealed unique
properties of t-BLG beyond the “magic angle” range[19,24], as
well as novel phenomena such asMoiré excitons in twisted 2D
materials beyond graphene[21,25]. These findings highlight the
crucial role of twisting in modulating the properties of stacked
2D systems. Consequently, the precise fabrication of twisted
2D structures is not only a promising approach for creating
new 2D quantum platforms but also a key technology for con-
trolling their properties.

There are two primary strategies for constructing twisted
2D superlattices: direct growth and artificial manipulation.
Figure 1 summarizes the historical advancements in twisted
2D superlattice fabrication over the past four decades. As
shown in Figure 1(a), Moiré patterns with varying periodicit-
ies were first observed on highly oriented pyrolytic graph-
ite (HOPG) using scanning tunneling microscopy (STM) in
1988, which was attributed to the rotational stacking of surface
graphene[26]. Around 2010, twisted graphenewas successfully
grown on SiC and Cu substrates, facilitated by advancements
in epitaxial growth and chemical vapor deposition (CVD)
techniques[27–30]. After 2021, researchers achieved the growth
of t-BLG over the full range of twist angles (0◦–30◦) and
twisted bilayer MoS2 (t-MoS2) across a 0◦–60◦ range[31–34].
Recent CVD innovations have further enabled precise control
of the twist angle in t-BLG growth[35].

In addition to direct growth, artificial manipulation
methods, illustrated in Figure 1(b), have been extensively
developed to fabricate twisted 2D materials. Techniques such
as flipped folding, rotational pushing, and twisted stacking
are commonly employed. Theoretically, folding a monolayer
2D material at a specific angle can create a twisted bilayer
structure. As early as 1993, graphene folding was observed on

HOPG surfaces via STM[36,49]. Inspired by this, researchers
later developed STM and (AFM) tip-assisted graphene fold-
ing techniques[37,50–52]. Following the successful isolation
of monolayer graphene in 2004, water flushing became the
simplest method for producing folded graphene[38,53,54]. Over
the past two decades, advancements in 2D material transfer
technologies have enabled the construction of large-area, full-
range twisted structures such as t-BLG and t-MoS2 through
transfer and twisted assembly techniques[39–41]. Modern
transfer and stacking methods ensure clean interfaces under
vacuum conditions[46,47,55], allow for continuous multi-layer
twisted stacking[42,56,57], and enable dynamic control of the
twist angle[43–45,48,58].

Although many previous reviews have focused on the
stacking engineering of twisted bilayer systems[59,60],
and have discussed the rich properties of 2D Moiré
materials[21,25,61–63], comprehensive discussions on the theor-
etical design, construction methods, and impact on the proper-
ties of Moiré structures are scarce. Other reviews summarize
variousmethods for creating 2D twisted structures[24,64–66] but
often overlook the precision required in controlling the stack-
ing angles. Therefore, this review aims to provide a timely
and systematic overview of the basic principles, properties,
and fabrication methods of twisted 2D materials. In the first
section, we discussed the relationship among 2D Moiré mor-
phology, periodicity, and twist angle, along with the influence
of twisting on the material properties. In the second section,
we review the methods for obtaining twisted Moiré struc-
tures through direct growth and artificial manipulations. For
the direct growth method, we discussed the key issues in the
growth of twisted homojunctions, heterojunctions, and spiral
superlattices of graphene, h-BN, TMDC, and other 2D mater-
ials. For artificial manipulations, two principal techniques
are employed: macro-scale twisted stacking and micro-scale
in-situ manipulation, with a particular focus on precise con-
trol of the twist angle. Finally, we present an outlook on the
current challenges and future directions in the research on 2D
twisted Moiré materials.

1. 2D Moiré design

Under specific twist angles and lattice mismatches in Moiré
superlattices, a new electronic state is introduced to the 2D
stacked system. For example, the flat-band associated state
emerges in bilayer graphene at a small twist angle[67,68]. Moiré
potential[69,70] and interlayer excitons have also been dis-
covered in twisted TMDCs systems[70–72]. The properties of
these novel electronic states in 2D systems are intricately
linked to the material categories, Moiré periodicity, and geo-
metric morphology.

1.1. Moiré pattern topology

The topological morphology of Moiré superlattices is closely
related to the crystal system of the primitive 2D materials.
Graphene, h-BN, TMDCs, and bismuthene crystallize in a
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Figure 1. Historical development of fabrication technology for twisted 2DMoiré structures. (a) Preparing a twisted 2D superlattice via direct
growth. (b) Preparing a twisted 2D superlattice by artificial manipulation. Reprinted from[26], with the permission ofAIP Publishing. Reprinted
figure with permission from[27], Copyright (2008) by the American Physical Society. Reprinted with permission from[28]. Copyright (2012)
American Chemical Society. Reproduced from[31]. CC BY 4.0. Reproduced from[35], with permission from Springer Nature. Reproduced
from[33]. CC BY 4.0. Reproduced from[36], with permission from Springer Nature. Reprinted from[37], with the permission of AIP Publishing.
Reprinted figure with permission from[38], Copyright (2008) by the American Physical Society. Reprinted figure with permission from[39],
Copyright (2012) by the American Physical Society.[40] John Wiley & Sons. © 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
Reprinted with permission from[41]. Copyright (2016) American Chemical Society. Reproduced from[42], with permission from Springer
Nature. Reprinted figure with permission from[43], Copyright (2016) by the American Physical Society. From[44]. Reprinted with permission
from AAAS. From[45]. Reprinted with permission from AAAS. Reproduced from[46], with permission from Springer Nature. Reproduced
from[47]. CC BY 4.0. Reproduced from[48], with permission from Springer Nature.

hexagonal system, while black phosphorus, MoO3, and CrOCl
belong to an orthogonal crystal system[20,73–76].

In general, a hexagonal Moiré pattern can be formed by
stacking two layers of hexagonal 2D materials, as shown in
Figure 2(a). For instance, h-BN and graphene are stacked,
and three highly symmetric regions are formed, including AA,
AB, and BA, as illustrated in Figure 2(d). In the AA stack-
ing region, the atoms in the bilayers are highly aligned in the
perpendicular direction, whereas they are misaligned in the
AB and BA stacking regions. In t-BLG, the density of states
(DOS) differs between AA and AB regions because of distinct
interlayer coupling and band structures within the Moiré pat-
tern. AA regions have strong coupling, leading to flat bands
(especially near magic angles), high DOSs (sharp peaks/van
Hove singularities), and localized electrons. AB regions have
weaker coupling, resulting in more dispersive (Dirac-like)

bands, a low V-shaped DOS near the Dirac point, and delo-
calized electrons. This spatial DOS modulation is key to the
unique electronic properties of TBG[77,78]. Similarly, stack-
ing TMDCs such as MoS2 and WSe2 at a 0◦ (H-type) twist
angle produces AA, AB, and BA configurations. A 180◦ (R-
type) twist angle, however, results in AA′, A′B, and AB stack-
ingmodes. Experimental observations confirmed distinct local
electronic states between these two stacking types in twis-
ted TMDC bilayers[79]. For example, in twisted WS2/MoSe2
bilayers, the interlayer distance and strain are greater at the
AA position than at the AB and BA position[80]. Furthermore,
the study indicates that the Moiré potential well for interlayer
excitons is deeper at the AA position than at the AB or BA
positions[81].

In the case of the orthogonal system, as shown in
Figure 2(b), the specific twist angle also determines the overall
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Figure 2. Moiré superlattice with a twisted stacking angle. (a) Hexagonal Moiré pattern produced by homo-hexagonal 2D lattices. (b)
Rectangular Moiré pattern produced by homo-orthogonal 2D lattices. (c) Striped Moiré pattern formed by hetro-geometry consists of
hexagonal and orthogonal 2D lattices. (d)–(f) Highly symmetric regions in the Gr/h-BN Moiré pattern, BP/BP Moiré pattern and Gr/BP
Moiré pattern, respectively. (g) The periodicity and geometry of the hexagonal moiré superlattice; the red and orange lines represent the
two layers of 2D materials with and without mismatch, respectively. The inserted figure depicts the minimum Brillouin Moiré superlattice
composed of two hexagonal lattices in momentum space; the cyan line and green line represent 2D materials with a hexagonal lattice, and the
purple line represents the obtained Moiré pattern. (h) The periodicity and geometry of the BP/BP Moiré superlattice; the red line indicates
the rectangular Moiré pattern, and the blue line indicates the striped Moiré pattern. Reprinted from[82], Copyright (2022), with permission
from Elsevier. (i) The periodicity and geometry of the Gr/BP Moiré superlattice; the green and yellow lines represent the two sides of the
parallelogram. Adapted from[83], with permission from Springer Nature.

topological geometry of the Moiré pattern. For example, in
addition to a rectangular Moiré pattern, a stripedMoiré pattern
appears at a certain twist angle in bilayer BP[84]. Compared
with the hexagonal shape, the rectangle has reduced sym-
metry. Therefore, there are four kinds of high symmetry cen-
ters (AA, AA′, AB, and BA) in this Moiré system, as shown in
Figure 2(e)[85]. In the AA (AA′) stacking region, the atoms in
the bilayer are aligned vertically in the same (opposite) direc-
tion, while in the AB and BA stacking regions, the atoms are
staggered in the same and opposite directions.

A particularly notable case arises when the constituent 2D
materials belong to different crystal systems, and the mor-
phology of the resulting Moiré patterns evolves with the twist
angle. As shown in Figure 2(c), a striped Moiré pattern can be
obtained in a heterojunction formed by hexagonal graphene
and orthogonal BP[83]. This one-dimensional Moiré pattern
has great potential in the anisotropic modulation of light, elec-
tricity, magnetism, and force[86,87]. In this striped Moiré sys-
tem, there are two stacking modes (AA and AB), as depicted
in Figure 2(f).

1.2. Moiré pattern periodicity

In addition to the geometric shape of the Moiré patterns, the
length of the Moiré periodicity is also directly determined by
the twist angle[88]. For example, in a hexagonal system, the
minimum Brillouin zone of the elementary material lattice is
hexagonal, as the insertion depicted in Figure 2(g). Given the
twist angle of the 2D materials is θ, the unit cell parameters
of the lower and upper layers are a and b, respectively, and
the lattice mismatch rate is defined as δ = (b-a)/a. Therefore,
a new hexagonal minimum Brillouin zone of the Moiré pat-
tern can be obtained, which is presented as a purple hexagon
in Figure 2(g), and its vector in momentum space can be cal-
culated as

−−−→
K1K2 =

−−→
ΓK2 −

−−→
ΓK1. The size of periodicity in this

Moiré geometry can be mathematically derived using a, b, and
θ, and the final result is shown in Equation (1)[88,89]. The new
Moiré pattern has a γ-angle deflection relative to the under-
lying material, and γ can be calculated via Equation (2)[90].
In homojunctions, δ = 0, while heterojunctions generally
have a certain lattice mismatch (δ ̸= 0). As illustrated in
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Figure 2(g), the smaller the lattice mismatch is, the more
sensitive the Moiré periodicity is to regulation by the twist
angle[91]. Interestingly, in twisted 2D systems, many unique
physical phenomena, such as atomic reconstruction and the
emergence of flat bands, are concentrated in the small twist-
angle region. A detailed discussion of these phenomena is
presented in Section 1.3.

Compared with that of the hexagonal system, the symmetry
of the orthogonal system is reduced, resulting inmore complex
variations in the Moiré systems, which will be discussed in
detail in Section 1.3. As depicted in Figure 2(h), when the twist
angle in twisted bilayer BP increases from 0◦ to 90◦, the shape
of theMoiré patterns transform from rectangular to striped[82].
When θ is near 0◦, for each side a or b, it is equivalent to the
case of no mismatch, and its Moiré pattern is a rectangle. The
length and width of the rectangle obey the case of δ = 0 in
Equation (1). With the twist angle increasing, the length of
Moiré rectangle becomes progressively smaller and is accom-
panied by a change in the aspect ratio. When θ reaches about
66◦, the aspect ratio of the rectangle begins to increase signi-
ficantly because the short side is much smaller than the long
side, resulting in a visually striped Moiré pattern. The striped
Moiré periodicity in this bilayer BP system reaches the highest
at approximately 75◦ and disappears at around 84◦. In the case
of 90◦, the lattice mismatch is the largest, and the subsequent
periodicity is symmetrical with the previous 90◦.

For the heterojunction formed by hexagonal and orthogonal
2D materials, a parallelogram-shaped Moiré pattern appears.
As shown in Figure 2(i), in the Gr/BP heterostructure[83], there
are two sets of latticemismatches between the lattice cell of BP
and graphene, namely, δ1 = 0.34 and δ2 = 0.028. Eventually,
two Moiré periodicities, λ1 and λ2 will be obtained, which are
the two sides of the Moiré parallelogram. In the small twist
angle region (θ < 7◦), λ1 is much larger than λ2 because of
the smaller lattice mismatch δ2, resulting in a visually striped
Moiré pattern. At larger twist angles (7◦ < θ < 15◦), λ1 and
λ2 become close to each other, resulting in a small parallel-
ogram Moiré pattern. This visually striped Moiré pattern is
also observed in other systems, such as Cu2Se/graphene[92],
BP/WSe2[93], and CrOCl/MoS2[94].

λm (θ,δ) =
(1+ δ)a√

2(1+ δ)(1− cosθ)+ δ2
(1)

tanγ =
sinθ

(1+ δ)− cosθ
. (2)

1.3. Effects of twist angle on material properties

Topological analysis has demonstrated the direct influences
of the twist angle on the geometric shape and period size of
the Moiré pattern in twisted bilayer 2D materials. This not
only introduces a new Moiré periodic potential field but also
changes the local electronic interaction within a period[95].
Therefore, the twist angle is a crucial factor in modulating the
physical properties of the 2D Moiré structure. Using bilayer

graphene as an example, for small twist angles (θ < 1◦),
weakly dispersive bands emerge at low energies, characterized
by a high DOS near the Dirac point[96,97]. At the magic angle
(∼1.1◦), strong interlayer coupling creates ultra-flat bands
near the Fermi level, leading to highly localized electrons
(extremely high DOS). This massive enhancement of the DOS
drastically amplifies electron−electron interactions, making
correlation effects dominate over kinetic energy and enabling
exotic quantum states. Another manifestation of interlayer
coupling is the atomic reconstruction of the Moiré lattice,
where the twist angle causes periodic arrangements of the
AA, AB, and BA stacking modes[98]. When the twist angle is
nearly zero (<2◦), the lower energy associated with AB (BA)
stacking modes results in area expansion of these regions, ulti-
mately forming a distinctive periodic triangular pattern. For
intermediate twist angles (1◦ < θ < 15◦), the band velocity
near the Dirac points in both layers is expected to decrease,
resulting in the formation of two saddle van Hove singular-
ities (vHs) in the DOS distribution[99–101]. For larger angles
(15◦ < θ < 30◦), the band structural characteristics of t-BLG
at low energy are generally similar to those of its monolayer
counterpart[102,103]. Table 1 summarizes the physical proper-
ties of different 2D Moiré superlattices classified according to
their Moiré structural compositions and material types.

The hexagonal Moiré system has been the most extens-
ively studied due to the rich variety of primitive materi-
als. Since Jarillo-Herrero observed unconventional supercon-
ducting and correlated insulating phases in t-BLG with a
magic angle of about 1.1◦[23,77], many physical properties,
such as magnetism[140,141], ferromagnetism[142,143], topolo-
gical Chern insulators[144,145], Pomeranchuk effects[110], and
intrinsic quantized anomalous Hall effects[112], have been
discovered in magic-angle t-BLG. Outside the magic angle
region, many fantastic properties are also found in other twist-
ing cases, including correlated states, topological Hofstadter
butterfly, photoelectric effect, orbital magnetic moment, and
quasicrystals (listed and referenced in Table 1).

These findings highlight the angle-dependent diversity
of physical properties in t-BLG and underscore the crit-
ical role of the twist angle in modulating these character-
istics. In addition to the twisted homojunctions of bilayer
graphene, 2D graphene-based twisted heterojunctions, such
as graphene/h-BN, graphene/TMDCs, and graphene/BP, also
demonstrate a range of distinctive properties. Additionally,
as a broad class of 2D materials within the hexagonal sys-
tem, TMDCs exhibit a wide spectrum of electronic properties,
including metallic, semiconducting, and insulating behaviors,
along with unique electrical, optical, magnetic, and thermal
characteristics[18,146–148]. This suggests that TMDCs-based
twisted bilayers could potentially display an even greater vari-
ety of properties.

Unlike highly symmetric 2D materials (e.g., graphene),
orthorhombic-phase materials such as BP exhibit fundament-
ally distinct Moiré superlattice structures owing to their inher-
ent low symmetry and pronounced intrinsic anisotropy. In
such systems, the periodicity and symmetry of the resulting
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Table 1. Physical properties in different 2D Moiré superlattice systems.

Structural composition Materials composition Twisted angle/◦ Physical property References

Hexagonal/hexagonal Gr/Gr 0 Tunable band gap in AB stacking [104]

0.45 Hofstadter topology [105]

0.6 Terahertz photogalvanics [106]

0.79 WSe2 stabilized superconductivity [107]

0.93 Superconductivity and Mott insulating
state

[108]

1.1 Superconductivity [23]

Correlated insulating state [77]

Magnetism [109]

Pomeranchuk effect [110]

Gate-defined Josephson junctions [111]

Intrinsic quantized anomalous Hall effect [112]

1.27 Superconductivity and Mott insulating
state

[113]

1.68 Orbital magnetic moment [114]

1.81 Photo responsible [115]

2 Odd integer quantum Hall states [116]

13 Selectively enhanced photocurrent [117]

1–15 Van Hove singularities [101]

30 Quasicrystal [118]

h-BN/h-BN Tunable ferroelectricity [119]

Gr/h-BN Second Dirac point [120]

Unexceptional band gap [121]

Hofstadter butterfly [122]

Topological currents [123]

Gr/TMDC Flat band and correlated states [124]

Mini bands [125]

Spin–orbit coupling [126]

TMDC/TMDC Topological insulators [127]

Superconductivity [128]

Quantum anomalous Hall effect [129]

Spin-textured Chern bands [130]

Ferroelectricity [131]

Light-induced ferromagnetism [132]

Atomic reconstruction [133]

Interlayer Moiré excitons [81]

One-dimensional Luttinger liquids [134]

Orthogonal/orthogonal BP/BP Interlayer coupling effect [135]

Anisotropic Moiré optical property [84]

Resonant tunneling behavior [136]

Moiré impurities effect [137]

MoO3/MoO3 Phonon Polaritons [138]

Hexagonal/orthogonal Gr/BP Spatially tailored pseudo-magnetic fields [83]

MoS2/CrOCl In-plane optical polarization [94]

WSe2/BP In-plane electronic polarization [93]

Bismuthene/BP-Bi Topological edge states [139]

Moiré pattern exhibit a strong dependence on both the mag-
nitude and direction of the interlayer twist angle. This depend-
ency generates a highly anisotropic Moiré potential and
non-hexagonal Brillouin zones (e.g., rhombic or rectangu-
lar), substantially broadening the parameter space for con-
trol via twist orientation. The complexity of interlayer coup-
ling arises from the spatial orientation dependence of atomic

orbitals—exemplified by the d-orbitals in TMDs—rendering
its strength highly sensitive to local atomic stacking con-
figurations (AA, AB, SP, etc.) and specific twist paramet-
ers. At small twist angles, significant local atomic recon-
struction occurs to minimize the system energy, forming dis-
tinct domains of high-symmetry stacking separated by domain
walls. This reconstruction directly modulates the interlayer
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coupling strength, band alignment, and bandgap characterist-
ics, profoundly impacting the electronic transport and optical
response properties. This is evidenced by phenomena such
as anisotropic electrical conductivity modulation in twis-
ted BP and photon polarization control in twisted MoO3

bilayers[18,146–148]. Crucially, research on orthorhombic 2D
materials and their heterostructures remains significantly less
explored compared to their hexagonal counterparts, necessit-
ating further in-depth investigation.

Lattice symmetry is further reduced in the hybrid hexagon-
al/orthogonal Moiré system, resulting in richer and more
unique properties of the localized electronic states. Therefore,
the Moiré superlattice exhibits strong angle-dependent in-
plane polarizations and topological effects in photonics, elec-
tronics, and magnetism. In addition, owing to the different lat-
tice systems, this hybrid lattice system may give rise to more
unique properties that may not be found in a homo-lattice
stacked system.

In conclusion, the twist angle is not merely a geomet-
ric parameter but also a fundamental control knob for the
emergent properties of twisted 2D superlattices. In twis-
ted bilayer graphene, sub-degree variations can reshape the
electronic band structure, leading to bandgap renormaliza-
tion, van Hove singularities, and the emergence of nearly
flat bands at “magic angles,” which underpin unconven-
tional superconductivity and correlated insulating phases. In
addition to graphene, TMD bilayers exhibit twist-dependent
interlayer coupling and Moiré excitons, producing tunable
optical responses and exciton funneling effects relevant for
valleytronics and optoelectronic devices. In addition, low-
symmetry 2D materials such as black phosphorus or MoO3

display strongly anisotropic Moiré potentials, where the peri-
odicity and electronic coupling depend sensitively on both the
magnitude and direction of the twist angle, enabling modula-
tion of electronic transport and photon polarization responses.
More generally, the twist angle directly influences the effect-
ive lattice symmetry of the resulting Moiré pattern: small
angular changes can alter rotational symmetry, modify selec-
tion rules, and lift degeneracies in electronic or excitonic
states.

2. 2D Moiré fabrication

The novel physical phenomena observed in twisted stacking
systems provide exciting opportunities for exploring the prop-
erties of 2D materials. Research in this area imposes strin-
gent requirements on the precise fabrication of 2D material
stacks, including the compatibility between different mater-
ials, the cleanliness of the transfer and stacking surfaces or
interfaces, and the precise control of the twist angle. Currently,
two primary approaches are employed for constructing twis-
ted 2D materials: direct growth and artificial manipulation.
This section provides an overview of several representative
methods for fabricating twisted 2D materials, discussing their
respective advantages and limitations.

2.1. Direct twisted growth

In the direct growth approach, the growth mode and under-
lying mechanism depend on the material type. Twisted 2D
materials produced by this method exhibit high crystallin-
ity and pristine interfaces, making them ideal for studying
intrinsic properties. However, achieving bilayer 2D materi-
als with tunable twist angles via direct growth remains chal-
lenging. The van der Waals (vdW) surface, characterized by
low surface energy and an absence of dangling bonds, hinders
the adsorption of precursor molecules necessary for second-
ary nucleation. As a result, many 2D materials are confined
to a “self-limiting” monolayer growth mode. Furthermore,
even when bilayer 2D materials are formed, high growth
temperatures impose thermodynamic constraints that align
stacking angles with crystal symmetry, limiting the range of
twist angles. In the following sections, we explore the direct
growth methods for twisted homojunctions, heterojunctions,
and spiral superlattices in materials such as graphene, h-BN,
and TMDCs. Special attention is given to twist nucleation, the
critical step in the growth process. We systematically exam-
ine the factors influencing twist nucleation, including substrate
properties, gas flow dynamics, precursors, and additives.

2.1.1. Twisted growth of graphene. Graphene, a widely
studied 2D material, is synthesized using two methods: epi-
taxial growth on SiC (0001) substrates and CVD on metal
substrates like Cu or Ni. In the SiC epitaxy process, high-
temperature evaporation of silicon leaves behind carbon atoms
that crystallize into graphene. By adjusting the temperature
and growth time, graphene sheets ranging from a few to dozens
of layers can be produced, typically adopting the AB (Bernal)
stacking configuration owing to its energetic stability[149]. SiC
substrates feature two types of atomic terminations: Si faces
and C faces. In 2008, Hass et al. observed “rotational stack-
ing faults” in graphene grown on C-face SiC, characterized
by a 2.2◦ twist angle[27]. These findings, validated by low-
energy electron diffraction (LEED) and x-ray azimuthal scans,
are shown in Figure 3(a). Later, in 2010, Miller et al. repor-
ted ‘double-moiré’ patterns in trilayer graphene grown on
SiC(0001), resulting from continuous twisting influenced by
interlayer lattice strain[150]. These studies marked early efforts
in directly growing twisted graphene.

Despite these advancements, only a few twist angles have
been achieved in SiC epitaxial graphene, with limited con-
trol over the interlayer twist angles. Consequently, attention
has shifted toward CVD as an alternative. CVD is a widely
used in-situ growth method for producing large-area, high-
quality monolayer 2Dmaterials, including graphene, on trans-
ition metal substrates such as Cu and Ni[153]. However, two
significant challenges remain for the CVD growth of twis-
ted graphene: (1) the self-limiting growth mechanism, which
complicates stable multilayer synthesis, and (2) difficulty in
controlling interlayer twist angles owing to stacking energy
equilibrium.
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Figure 3. The t-BLG fabricated by the direct growth method. (a) LEED and x-ray azimuthal scans by growth of t-BLG by the ectopic
nucleation strategy. Reprinted figure with permission from[27], Copyright (2008) by the American Physical Society. (b) Dark field TEM
image of polycrystalline t-BLG grown on Cu. Reprinted with permission from[28]. Copyright (2012) American Chemical Society. (c) 0◦

and 30◦ grown twisted multilayer graphene. (d) Calculated interface energy of t-BLG on Cu.[151] John Wiley & Sons. Copyright © 2014
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (e)–(f) The t-BLG array grown on Cu by using patterned PMMA as a seed. Reprinted
with permission from[152]. Copyright (2013) American Chemical Society. (g)–(h) Ectopic nucleation of t-BLG on Cu (g) and the twist angle
distribution histogram (h). Reproduced from[31]. CC BY 4.0. (i)–(j) Mono-nucleation of t-BLG on liquid copper (i) and optical microscope
image (j).[32] John Wiley & Sons. © 2023 Wiley-VCH GmbH. (k) “Pre-stacked substrate-angle replication” approach for the growth of
twisting designable t-BLG. Reproduced from[35], with permission from Springer Nature.

Over the past two decades, considerable efforts have
focused on angle-controllable twisted graphene synthesis via
CVD. In 2012, researchers discovered that bilayer graphene
with various twist-angle domains could be grown on poly-
crystalline Cu substrates[154–157]. Figure 3(b) illustrates the
grain boundaries with different twist angles marked for each
domain[28]. To achieve single-crystalline twisted graphene,
efforts have shifted to single-crystalline Cu substrates. Yan
et al. successfully grew bilayer and trilayer graphene with
single-crystal domains on Cu foil, where the interlayer angles
predominantly exhibited 0◦ and 30◦ orientations, as shown in

Figure 3(c)[151]. The first-principles calculations in Figure 3(d)
revealed that these orientations arise from a lower inter-
face energy during nucleation, highlighting the importance
of controlling the nucleation kinetics. To facilitate multi-
oriented nucleation, Lu et al. patterned PMMA seeds on
single-crystalline Cu foil, enabling the growth of single-
crystalline t-BLG arrays with varied twist angles, as depicted
in Figure 3(e)[152]. The hexagonal outlines of the primary and
secondary layers in Figure 3(f) confirm the single-crystalline
nature of each domain, with twist angles distinct from their
orientations.
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However, as shown in Figures 3(b), (c), and (f), multilayer
graphene typically grows homonuclearly, resulting in sym-
metrical lateral growth that limits the variety of twist angles.
Breaking this symmetry requires controlling the nucleation
kinetics. In 2021, Sun et al. achieved ectopic nucleation by
introducing gas turbulence during growth, enabling the syn-
thesis of t-BLG with a wide range of twist angles, as shown
in Figure 3(g)[31]. This approach resulted in a high t-BLG
domain yield of 88%, as shown in Figure 3(h). Additionally,
Liu et al. recently developed a local space-confined in-situ
CVD technique for mono-nucleation of t-BLG on liquid Cu
substrates, as shown in Figure 3(i). This method produced t-
BLG with twist angles ranging from 0◦ to 30◦, as demon-
strated by the optical microscopy images in Figure 3(j)[32].
The introduction of a narrow gap between a quartz tube and
rod confined precursor collisions, generating activated car-
bon intermediates that favored a thermodynamically unstable
twisting growth mode.

Despite these advances, the twist angles of t-BLG synthes-
ized via either heterotopic or homotopic nucleation remain
randomly distributed. Achieving precise control over twist
angles has emerged as a critical goal. Recently, Liu et al.
introduced a “prestacked substrate-angle replication” method,
enabling designable growth of large-area t-BLG[35]. As illus-
trated in Figure 3(k), by pre-folding single-crystal Cu foil at
a desired angle, graphene grown epitaxially on the Cu (111)
surface replicated the folding angle during high-temperature
growth. After wet transfer, t-BLG with predetermined angles
was obtained, providing a novel bottom-up approach for fab-
ricating twisted 2D materials.

2.1.2. Twisted growth of 2D materials beyond graphene.
For the growth of twisted 2D heterostructures beyond t-BLG,
such as Gr/h-BN, TMDC/Gr, and h-BN/TMDC heterojunc-
tions, a “two-step growth” method is commonly employed.
In this approach, the first 2D material layer is synthesized via
CVD and serves as a substrate for subsequent layer growth.
Like those of bilayer graphene, the twist angles between these
3- or 6-fold symmetric materials are typically 0◦, 30◦, or
60◦, aligning to minimize stacking energy. For example, Song
et al. utilized prefabricated nucleation sites to sequentially
grow h-BN and graphene on a Cu (111) substrate, achiev-
ing a twist angle of 0◦ between h-BN and graphene[158].
Likewise, achieving twisted TMDC/Gr and h-BN/TMDC het-
erojunctions through the “two-step growth” method is chal-
lenging. As shown in Figures 4(a) and (b), MoS2 grown on
graphene and WS2 on h-BN tend to form with preferred ori-
entation angles of 0◦ and 60◦[159,160]. This method gener-
ally yields highly oriented bilayer structures, as illustrated in
Figure 4(c), with NbS2/MoS2 single-crystal flakes in identical
orientations[161]. These examples highlight that while the
“two-step growth”method is versatile for synthesizing 2D het-
erojunctions, it is unsuitable for producing heterolayers with
specific twist angles. The spontaneous alignment during nuc-
leation, driven by the stacking energy and crystal symmetry,

underscores the need for more precise control during CVD
synthesis.

Following the discovery of graphene and t-BLG synthesis,
the rapid development of TMDC materials and the emer-
gence of twistronics have made constructing bilayer TMDCs
with tunable twist angles a key challenge. In 2014, Liu et al.
demonstrated that CVD-grown bilayer MoS2 typically exhib-
ited twist angles of 0◦, 15◦, and 60◦ under standard growth
conditions[163]. However, for nearly two decades, the direct
synthesis of twisted TMDCs (t-TMDCs) with a wider range
of angles has remained elusive. This limitation was finally
overcome in 2024, when two research groups independently
reported methods for directly synthesizing t-MoS2 with arbit-
rary twist angles. Xu et al. introduced a reconfigured nuc-
leation CVD strategy assisted by NaCl, enabling the direct
growth of bilayer MoS2 with arbitrary twist angles, as shown
in Figure 4(d)[33]. This process involves single-point nuc-
leation, as confirmed by the optical microscopy results in
Figures 4(e) and (f). The confined space and NaCl-assisted
nucleation significantly increased the yield of twisted bilayer
MoS2 to 17.2%, achieving discrete full-angle coverage, as
illustrated in Figures 4(g) and (h). A higher salt ratio provided
more precursors and facilitated non-equilibrium nucleation
under turbulent gas flow, producing a variety of twisted bilayer
MoS2 structures. Simultaneously, Zhou et al. employed a
flow-perturbation CVD method to directly grow t-MoS2 with
diverse twist angles[34]. These results corroborated Xu’s find-
ings, emphasizing the sensitivity of t-MoS2 formation to gas
flow patterns. They further demonstrated control over homo-
site and hetero-site nucleation by adjusting the gas flow pro-
gram. Notably, a commensurate twist angle of approximately
22◦ in the homo-site nucleation accounted for 16% of the
structures, attributed to its low formation energy.

Beyond hexagonal twisted materials such as t-BLG and
t-MoS2, researchers have begun exploring the direct growth
of tetragonal twisted 2D materials. In 2024, Liu reported
a precursor-regulated CVD method for high-quality twisted
multilayer BiOCl[162]. By alternately introducing H2O and O2

precursors, secondary nucleation with a twist angle on the
underlying BiOCl was achieved. As shown in Figure 4(i),
the resulting twisted BiOCl exhibited large lateral sizes, high
crystal quality, and twist angles ranging from 10◦ to 42◦.
Density functional theory calculations revealed that polar H2O
adsorption on the BiOCl (100) surface caused stable atomic
dislocations during initial nucleation, enabling the formation
of rotated layers. This precursor-regulated approach offers a
novel pathway for synthesizing twisted 2D materials.

2.1.3. Spiral growth of the multilayer 2D Moiré
structure. Unlike twisted bilayer superlattices, continuous
multilayer twist systems exhibit more complex Moiré pat-
terns, interlayer coupling, charge transfer, and optoelectronic
properties[164–166]. However, fabricating such structures poses
significant challenges, particularly in achieving continuous
multilayer twisted 2D materials with discrete layers. To date,
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no reliable method exists to grow continuous multilayer twis-
ted 2D materials with clearly separated layers.

As shown in Figure 5(a), screw-dislocation-driven (SDD)
spiral growth offers a unique approach to producingmultilayer
Moiré superlattices, though the layers are not discrete[167].
This method provides a versatile and high-throughput tech-
nique to fabricate spiral superlattices with four-dimensional
(4D) control over x, y, z, and θ (twist angle). While the spatial
coordinates (x, y, z) can be controlled by adjusting chemical
kinetic parameters, tuning the twist angle (θ) requires lever-
aging non-Euclidean substrates.

Typically, the SDD growth mechanism occurs on planar
Euclidean substrates, where screw dislocations form edge-
aligned triangular spirals, as illustrated in Figure 5(b)[168].
However, when spirals grow on conical surfaces, they fol-
low the substrate’s curvature, resulting in consistent twist
angles between layers, as illustrated in Figures 5(c) and
(d)[168]. Steeper cone inclinations promote the formation of
supertwisted spirals with larger twist angles. The interaction
between the screw dislocation core and the non-Euclidean sub-
strate is key to controlling the twist angle.

Spirals, including aligned spirals and supertwisted spirals,
represent a novel type of Moiré superlattice. The twist angle
between adjacent spiral layers can be modulated by strain
or substrate properties. For example, Figure 5(e) shows an
aligned WS2 spiral grown on a flat substrate[169]. Here, the
SDD mechanism introduces strain, producing a small twist
angle between layers that is challenging to detect optically
but measurable via STM. Figure 5(f) presents an atomic-
resolution STM image of an aligned three-layer WS2 spiral,
where the Moiré pattern arises from strain-induced twist
alignment[167]. In contrast, supertwisted spirals with large
twist angles can be synthesized on non-Euclidean substrates.
As depicted in Figures 5(g) and (h), these larger angles are
clearly visible in both optical and AFM images[169].

As summarized in Figure 5(i), numerous 2D spiral materi-
als have been successfully synthesized, creating a new library
of twisted materials[170–179]. Compared to the growth meth-
ods for t-BLG or t-TMDCs, the spiral structure offers superior
crystallinity and cleanliness while enabling high-throughput
production of continuous multilayer twist structures—
something previously unachievable. Consequently, spiral

10

https://creativecommons.org/licenses/by/4.0/


Int. J. Extrem. Manuf. 8 (2026) 032007
A review of the fabrication of twisted two-dimensional material...

Shen J et al.

(a) W
Si/SiO2

≈0° ≈13°
13°

13°
13°

13°
13°

13.5°

10 μm

3L

AA

Br
BS/W

BW/S

Si/SiO2 Si/SiO2
S

(b) (c) (d)

(e) (f) (g) (h)

(i)

2.4 nm

500 nm 400 nm

5 μm 200 nm

Anti-clockwise

Clockwise

2 μm 2 μm

MoS2 MoSe2WS2 WSe2 SnS

Graphene h-BN BiOCl Bi2Se3SnSe2

Figure 5. Spiral multilayer twisted 2DMoiré structure fabricated via the CVDmethod. (a) Perspective view of the schematic of a spiral WS2
nanosheet. Reprinted with permission from[167]. Copyright (2022) American Chemical Society. (b) A flat substrate surface yields aligned
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Copyright (2024) American Chemical Society. Reprinted with permission from[167]. Copyright (2022) American Chemical Society. (g)–
(h) The optical microscope image (g) and AFM image (h) of supertwisted spiral WS2. Reprinted with permission from[170]. Copyright
(2024) American Chemical Society. (i) Different spiral twisted 2D structures.[171] John Wiley & Sons. © 2022 Wiley-VCH GmbH.[170]

John Wiley & Sons. © 2024 Wiley-VCH GmbH.[172] John Wiley & Sons. © 2023 Wiley-VCH GmbH. Reprinted with permission from[173].
Copyright (2017) American Chemical Society. Reprinted with permission from[174]. Copyright (2021) American Chemical Society.[175] John
Wiley & Sons. © 2022 Wiley-VCH GmbH. Reprinted with permission from[176]. Copyright (2019) American Chemical Society. Reproduced
from[177]. CC BY 4.0.[178] JohnWiley & Sons. © 2016WILEY-VCHVerlag GmbH&Co. KGaA,Weinheim.[179] JohnWiley & Sons. © 2014
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Moiré superlattices are poised to significantly advance twis-
tronics and optics research and applications.

2.2. Transfer and twisted assembly

Direct growth can produce Moiré structures with ultra-clean
interfaces, but this approach faces several challenges in con-
structing twisted 2D superlattices: (1) achieving twisted nuc-
leation requires complex and precise control of growth para-
meters, with the strategy further constrained by the varying

growth modes and conditions of different materials; (2) the
random distribution of twist angles makes it difficult to obtain
samples with customized angles; and (3) the limited sample
size (<100 µm) restricts large-area applications in future twis-
tronics. An alternative and more widely adopted method is
mechanical transfer and twist assembly, where 2D materi-
als are isolated as building blocks and vertically stacked at
predefined angles. This approach overcomes the limitations
of size and the randomness of twist angles and offers broad
applicability for fabricating twisted 2D structures.
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2.2.1. Transfer and twisted assembly methods. Since
monolayer graphene was first isolated and transferred onto a
SiO₂/Si substrate via Scotch tape, clean transfer techniques
for 2D materials have become crucial for property investiga-
tions and device applications[1,180]. In this process, 2D mater-
ials are mechanically peeled from the growth substrate and
transferred to the target substrate using a transfer medium,
which is later removed by etching or dissolving[181–183]. As
shown in Figure 6, transfer methods are categorized based
on the transfer medium: polymer-assisted wet transfer, metal-
assisted semi-dry transfer, and 2D material-assisted pure dry
transfer. The assembly of twisted 2D materials builds upon
these techniques, essentially involving a controlled sequen-
tial transfer process. Different transfer media interact uniquely
with 2D materials, leading to variations in the defect dens-
ity, contamination, and uniformity of the resulting Moiré
superlattice.

Polymer-assisted transfer involves the use of polymers
such as PMMA or PDMS as support layers, as depicted in
Figure 6(a)[184–186]. The main steps are as follows: (1) spin
coat or laminating polymers such as polymethyl methac-
rylate (PMMA) or polydimethylsiloxane (PDMS) on the sur-
face of the 2D material; (2) separate the 2D material from
the substrate by etching the substrate or wedging water
molecules into the interface; (3) with the support of the
polymer, laminate the peeled 2D material to another layer

of the prepared 2D material surface at a certain angle; and
(4) finally, remove the polymer by dissolving or thermally
releasing it. This method is widely applicable and suitable
for large-area twisted structures. However, polymer residues,
bubbles, and wrinkles can cause contamination and non-
uniform stress, deforming the Moiré pattern. In addition to
PMMA and PDMS, a variety of organic materials, such as
polyvinyl alcohol (PVA)[187], polystyrene (PS)[188], cellulose
carbonate (CA)[189,190], polyvinyl pyrrolidone (PVP)[191] and
polypropylene carbonate (PPC)[192], have also been developed
as transfer layers in recent years in pursuit of a cleaner stacking
interface.

Metal-assisted transfer uses metals such as Au or Ag to
facilitate the process, as shown in Figure 6(b)[193–197]. The
steps include the following: (1) A pre-deposited metal film is
stacked on the surface of the 2D material, or a metal film is
directly evaporated onto the surface of the 2D material; (2)
a single layer of 2D material can be peeled off to the metal
surface; (3) the peeled single layer of 2D material is bon-
ded to the surface of another 2D material at a certain twist
angle; and (4) finally, the metal medium is removed by an etch-
ing solution. This method is particularly effective for TMDCs
because of their strong metal interactions. For instance, Huang
et al. demonstrated the transfer of various 2D chalcogen-
ides and halides using Au[195]. While organic contamination
is minimized, this approach introduces metal ion residues
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and etchant-related impurities. Notably, metal-assisted trans-
fer supports ultra-clean, vacuum-compatible assembly[47,198],
making it suitable for certain high-precision applications,
which will be discussed in detail in Section 2.2.4.

2D material-assisted transfer is also known as vdW inter-
action transfer. van der Waals materials such as h-BN can
be used as transfer media to pick up and transfer 2D mater-
ials because of their strong interactions[180]. This method is
often used for the transfer and encapsulation of monolayer
and twisted bilayer graphene[180,199,200]. The basic steps are
shown in Figure 6(c): (1) PDMS is used as the support layer,
PPC is used as the adhesion layer, and the h-BN sheet is first
selected as the transfer layer; (2) h-BN is attached to the sur-
face of the target 2D material; (3) at a relatively low tem-
perature (40 ◦C), h-BN can peel off the target 2D material
from the SiO2/Si substrate; (4) the selected 2D material is
attached to the surface of another 2D material at a certain
angle; and (5) at a relatively high temperature (110 ◦C), the
heat-softened PPC can be peeled off from the h-BN surface,
leaving the twisted 2D material encapsulated by h-BN on the
substrate. This technique avoids contact with organic mater-
ials or solutions, making it the cleanest method for assem-
bling twisted 2D materials. It is the preferred approach for
studying electromagnetic transport properties and is compat-
ible with glove box and vacuum operations, enabling the
assembly of air-sensitive materials. However, the limited size
of h-BN (<100 µm) constrains its application to large-scale
twistronics.

2.2.2. Alignment principle and twist angle control. The
interlayer rotation angle (θ) is a critical parameter in the pre-
paration of Moiré superlattices, as it directly influences their
period, structure, and properties. Precise control of θ dur-
ing the transfer and assembly process is essential for accur-
ate fabrication of 2D Moiré superlattices. Given variations in
material type, preparation methods, and morphology, select-
ing an appropriate alignment technique is vital for achieving
this precision. Typically, the alignment process is performed
on a 4D transfer stage, as illustrated in Figure 7(a), which
allows for relative movement in three axes (x, y, z) and rota-
tion (θ) between two films[56]. The upper 2D material, suppor-
ted by a polymer layer, is attached to a transparent glass sheet
for real-time observation via a long-working-distance micro-
scope. Two primary alignment methods are commonly used to
control the twist angle: reference straight edge alignment and
tear and rotational stacking. Each method offers varying levels
of accuracy.

In “reference straight edge alignment”, the straight edge
refers to the edge of the 2D materials. These edges may
be naturally formed in the 2D crystal or artificially fabric-
ated. For instance, in C₃-symmetric materials such as CVD-
grown TMDCs, the triangular morphology corresponds to
armchair (AC) or zigzag (ZZ) crystal edges. When two tri-
angles are stacked, the interlayer twist angle (θ or θ + 60◦)
reflects the relative orientation of the crystals, as shown in
Figure 7(b). This approach is commonly applied to twist-angle

homojunctions or heterojunctions of TMDCs, as shown in
Figure 7(c)[71]. In addition to naturally grown edges, arti-
ficial cutting and patterning can be used to create refer-
ence lines for twist-angle determination, as described in
Figure 7(d). For example, patterned straight edge align-
ment has been employed to fabricate t-BLG and t-MoS2
(Figure 7(e))[40,197,205]. Alternatively, crystal edges formed
along principal crystallographic axes (PCAs) after mechanical
exfoliation, such as the dashed lines in Figures 7(f) and (g),
can also serve as alignment references[201]. Additionally, these
crystallographic axes orientations (AC or ZZ) of TMDC crys-
tals can be detected by second harmonic generation (SHG),
which is a nonlinear optical response sensitive to crystal
orientation under polarized laser irradiation, as illustrated
in Figure 7(h)[202,206]. This method is suitable for TMDC-
based homojunctions and heterojunctions. For example, 0.5◦-
twisted WSe2/WS2 heterostructures have been achieved using
this technique, as shown in Figure 7(i)[72]. Recently, Shen
et al. developed vacuum thermocompression bonding trans-
fer technology and the ‘wafer flat alignment’ strategy to
achieve wafer-scale Moiré superlattice preparation[203]. As
illustrated in Figures 7(j)–(m), since MoS2 and the growth
substrate Al2O3 maintain a strict epitaxial relationship, when
two MoS2/Al2O3 wafers are stacked face to face, the angle
between the wafer flats is the angle between the MoS2 layers.
This hard contact transfer process greatly reduces the material
deformation caused by traditional polymer-assisted transfer,
thereby improving the accuracy and uniformity of the Moiré
superlattice. The accuracy of the reference straight edge align-
ment schemes mentioned above depends largely on the size
and shape of the straight edge of the material, as well as the
resolution of the optical microscope. The alignment accuracy
of these alignment strategies varies between 0.2◦ and 0.5◦.

As shown in Figures 7(n)–(p), in the ‘tear and rotational
stack’ alignment technique, a portion of the 2D material is
picked up, rotated by a defined angle (θ), and stacked onto the
remaining material to create a twisted homobilayer[204]. This
technique leverages the consistent crystal orientation within
a single 2D crystal flake and does not require straight edges
or external markers. The precision of the twist angle depends
solely on the rotation accuracy of the transfer stage, achieving
a minimal error of ±0.1◦.

2.2.3. Assembly of the multilayer twisted 2D Moiré structure.
Spiral growth can produce continuous multilayer 2Dmaterials
with twisted angles, but the layers are not entirely discrete and
have limited area sizes. Currently, the only method to create
discrete multilayer twisted angles is through multiple artificial
stacking processes. For instance, as shown in Figure 8(a), Kim
et al. fabricated multilayer graphene with continuous twisting
angles by cutting single-crystal monolayer graphene on a Cu
surface into parallel pieces, aligning their straight edges, and
performing multiple PMMA-assisted transfers[42]. This artifi-
cially stacked graphene system exhibits controllable chirality
through variations in the stacking orientation and layer num-
ber, as depicted in Figure 8(b). Similarly, Liao et al. achieved
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angle-controllable bilayer and tri-layer twisted MoS2 using a
PDMS-assisted multiple transfer method[205].

In PMMA- or PDMS-assisted transfer processes, each
additional layer involves a transfer and release step, which
introduces interlayer contamination. Such contamination
accumulates with successive transfers. To address this issue,
Mannix et al. developed a robotic 2D material-assisted
assembly process, as shown in Figure 8(c)[46]. This method
usesMoS2 as a transfer medium for subsequent layers within a
vacuum environment, which is controlled via mechanical pro-
gramming, thereby minimizing contamination. Angle control
in this process employs the “tear-and-rotational-stack” tech-
nique described in Section 2.2.2. This method also enabled
the observation of atomic reconstruction in twisted four-
layer WS2 at high twist angles (⩾4◦). Recently, Shen et al.
developed a water-assisted van der Waals force decoupling

and recombination scheme for the rapid assembly of large-
area multilayer twisted TMDCs. As shown in Figure 8(d), this
scheme also avoids the contamination of interlayer organic
matter and greatly improves the assembly efficiency[56].
Aligned by manually cutting straight edges, as mentioned in
2.2.2, controllable circular polarization activity was observed
in the multilayer twisted TMDC system.

Beyond single-layer continuous twisting, the continu-
ous stacking of thick-layer 2D materials can also regulate
their properties. For example, in 2D nonlinear optical crys-
tals such as rhombohedral boron nitride (r-BN) and 3 R-
MoS2, thickness-induced phase mismatches limit exponen-
tial increases in the SHG intensity. Hong et al. demonstrated
that interlayer twist angles in 2D materials generate a non-
linear geometric phase, compensating for phase mismatches
in thick layers[207]. As shown in Figure 8(e), continuously
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twisted r-BN films exhibit enhanced SHG with a conversion
efficiency of ∼8% and controllable polarization, which tra-
ditional crystals cannot achieve. Similar multilayer twisted
stacking to achieve phase matching in nonlinear optics has
also been successfully applied to other 2D materials, such as
TMDC systems[208].

Recently, Li et al. combined single-layer continuous trans-
fer, multilayer continuous transfer, and 2D/3D material mixed
assembly strategies to construct MoS2/Al2O3 optical crys-
tals with continuously twisted thick layers[57]. As depicted
in Figure 8(f), single-crystal monolayer MoS2 wafers were
repeatedly transferred viametal-assisted processes, with align-
ment angles controlled by wafer-flat edges. Multilayer 3 R-
MoS2 films were then stacked on PDMS surfaces and reas-
sembled into thick-layer crystals through straight-edge align-
ment, PDMS-assisted transfer, and continuous twist stacking.
More importantly, as illustrated in Figure 8(g), optical phase
matching was achieved by introducing oxide films and inter-
layer twist angles in the artificial 3D crystal, resulting in a
remarkable 573-fold SHG enhancement.

Taken together, these advances illustrate that both con-
tinuous twisting and discrete multilayer stacking approaches
are expanding the structural design space of 2D materials.
Building on these efforts, an emerging frontier is the deliberate
construction of multi-twist-angle or “super-Moiré” structures,
in which more than one twist parameter is introduced within
a single heterostructure. Unlike conventional bilayer systems
defined by a single angle, these architectures provide an expan-
ded design space with multiple Moiré periodicities, yielding
richer band reconstructions and unprecedented tunability of
correlated states[209,210]. Recent demonstrations includemulti-
step stacking protocols to construct trilayer and multilayer
Moiré systems with distinct angles, as well as spiral growth
methods that naturally generate rotational gradients across a
single flake. In addition, robotic stacking under vacuum has
shown promise for integrating multiple layers with sub-degree
precision, thereby offering a feasible pathway to controlled
multi-angle assemblies.

From a feasibility perspective, the fabrication of super-
Moiré structures faces challenges in alignment accuracy, inter-
layer contamination, and scalability. However, the potential
payoffs are substantial: super-Moiré lattices have been pre-
dicted and observed to host coexisting flat bands, tunable cor-
related phases, and topological states[211,212]. These features
make them highly relevant not only for fundamental studies of
correlated electron systems but also for next-generation opto-
electronic and quantum devices. Looking forward, combining
the cleanliness of direct growth with the precision of auto-
mated stacking may provide viable routes toward large-area
super-Moiré fabrication. As such, the development of super-
Moiré architectures should be regarded as a critical direction
for future research, where advances in fabrication methodo-
logy and fundamental physics are expected to reinforce one
another.

2.2.4. Vacuum transfer for ultraclean 2D Moiré structure.
The clean transfer of 2D materials constitutes a fundamental
prerequisite for their reliable characterization and applic-
ation across diverse scenarios, as it is essential for pre-
serving their intrinsic properties. Conventional transfer tech-
niques, particularly those utilizing metals or 2D materials
as transfer media, effectively eliminate organic contamina-
tion. However, they inevitably introduce airborne molecular
adsorbates at 2Dmaterial interfaces. Therefore, vacuum-based
transfer strategies offer a powerful solution to this challenge,
enabling the assembly of pristine van der Waals interfaces.
This principle was demonstrated by Kang et al. who compared
the layer-by-layer assembly of multilayer MoS2 in air versus
vacuum[213]. X-ray diffraction characterization revealed that
vacuum-stacked samples exhibited a smaller (001) lattice spa-
cing and a reduced full width at half maximum, directly indic-
ating that a cleaner vdW interface was achieved under vacuum.
Building upon this foundation, Mannix et al. advanced the
methodology by developing a vacuum-based, mechanically
controlled system for robotic stacking[46].

Recent breakthroughs have further enhanced ultra-clean
transfer capabilities. Shen et al. achieved large-area, ultra-
clean transfer of TMDCs under ultra-high vacuum (UHV)
10−10 mbar using a metal deposition-assisted dry transfer pro-
cess, as illustrated in Figure 9(a)[55]. As shown in Figure 9(b),
this technique enables the fabrication of novel TMDC/Cu
Moiré superlattices, which are unattainable via conventional
growth methods due to the redox activity of TMDCs and
metals. Critically, this approach creates a conductive metal
substrate for TMDCs, which can be used for various sub-
sequent high-fidelity surface-sensitive tests, such as STM
and angle-resolved photoemission spectroscopy (ARPES).
Figure 9(c) shows that the cleavage chamber of this UHV sys-
tem is interconnected with various surface testing equipment.
The cleanliness afforded by this transfer method, combined
with in situ surface-sensitive techniques, allowed the authors
to observe a 2 × 2 charge density wave (CDW) and its Fermi
surface nesting mechanism in monolayer MoS2 for the first
time.

In addition to metal deposition-assisted transfer, pre-
fabricated metal films also serve as effective mediators for
vacuum-assisted 2D material transfer via a direct lamination
approach. Wang et al. used inorganic flexible silicon nitride
(SiNx) films covered with Au films to transfer various 2D
materials, thereby fabricating 2DMoiré heterojunctions under
UHV conditions[47]. The SiNx-based transfer layer was fabric-
ated into a cantilever beam structure, the structure and com-
position of which are shown in Figures 9(d) and (e). As shown
in Figure 9(f), the transfer steps are referenced to the metal-
assisted transfer in Section 2.2.1. The thickness and compos-
ition of the metal film can be changed to adjust the adhe-
sion properties, thereby achieving transfer and release, with
a yield of nearly 100% for various 2D materials. The tech-
nology is compatible with transfer in air, glove boxes, or
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(h) Instrument for performing UHV assembly for 2D material transfer and integration. (i) Close-up of the optical lens, cantilever and sample
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UHV at temperatures up to 350 ◦C, enabling the reliable fab-
rication of clean 2D stacks. The twisted graphene hetero-
structures were assembled in UHV by this technology, and
the uniformity of the Moiré superlattice was improved ten-
fold compared to traditional transfer techniques, as demon-
strated by the STM image in Figure 9(g). Figures 9(h) and
(i) show the appearance and internal components of this
vacuum transfer device, respectively. Vacuum transfer techno-
logy has the potential to eliminate the cleanliness bottleneck
in the nanofabrication of 2D materials and provide a path to
scale up.

2.2.5. In situ dynamic twisting. The transfer and stack-
ing methods enable the flexible construction of artificial
Moiré superlattices, accommodating diverse materials and
large-scale manufacturing. However, these methods are lim-
ited in dynamically controlling the twist angle of the Moiré

superlattice. To realize real-time angle regulation, two main
approaches—in-situ rotation and in-situ folding—have been
developed.

The concept of in-situ rotation originated from the
thermally driven rotation observed in 2D materials[43,58,214].
Owing to the ultralow friction between layers of van der
Waals materials, twisted flakes can rotate under external
forces to minimize the stacking energy[215]. In 2016, Wang
et al. demonstrated the directional movement and rotation
of graphene on an h-BN surface via AFM tips, dynamically
regulating the twist angle and properties of the graphene/h-
BN Moiré heterojunction[43]. This strategy has since been
applied to other heterojunctions, such as MoS2/graphene and
MoS2/h-BN[44,58,214]. Figure 10(a) illustrates the AFM-driven
movement of MoS2 domains on graphene[214]. Similarly, in
2018, Palau et al. used AFM tips to control the rotation angle
between h-BN and graphene by pushing h-BN as a ‘gear,’ as
shown in Figures 10(b) and (c)[44]. Furthermore, Kapfer et al.
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employed AFM tips to manipulate the Moiré patterns of het-
erogeneous 2D layers by in-plane bending of single-layer
2D ribbons, enabling continuous twist angle variation, as
depicted in Figures 10(d)–(f)[216]. This approach offers valu-
able insights for strain engineering in ultralow-disorder Moiré
systems.

In-situ folding is another significant method for creat-
ing bilayer structures with adjustable twist angles. The first
demonstration of in situ folding was reported by Roy et al. in
1998, who used STM tips to fold and unfold a single graphene
layer on a HOPG surface[37]. Later, in 2008, Schniepp et al.
achieved reversible folding of graphene sheets using AFM tips
to study their bending properties[217]. More recently, in 2019,
Chen et al. introduced a precise and versatile technique for
graphene origami[45]. As shown in Figures 10(g) and (h), STM
manipulation allows graphene nanoislands (GNIs) to fold and
unfold along arbitrary directions, forming bilayer graphene
with tunable twist angles. Figure 10(i) displays a Moiré pat-
tern of a 1.6◦ t-BLG island obtained through in-situ STM
folding.

Both STM- and AFM-driven techniques operate on a
microscopic scale, requiring sophisticated equipment and spe-
cialized skills. To address these limitations, macro-scale con-
trol methods have recently emerged. In 2020, Yang et al.
developed a direct in-situ rotation method based on the
‘tear-and-stack’ technique, enabling dynamic rotation and
translation in 2D van der Waals heterostructures[218]. For
example, in the PDMS/PMMA/h-BN/graphene/h-BN stack,
relative movement between graphene and h-BN is achieved
by manipulating the handle layer, thus altering the twist
angle, as illustrated in Figures 9(j)–(l). This method has
been further advanced with microelectromechanical systems
(MEMS) to enable precise, in-situ tuning of 2D interfaces,
as shown in Figures 10(m) and (n)[48]. The MEMS-based
generic actuation platform for 2D materials (MEGA2D)
allows voltage-controlled operations, including approaching,
twisting, and pressurizing. A key application of this plat-
form is the development of integrated light sources with
real-time, wide-range tunable polarization achieved through
dynamic twist angle adjustment. The advancement of in-situ
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Table 2. Comparison of major fabrication methods for twisted 2D Moiré.

Fabrication method Angular precision Scalability Interface cleanliness Device integration suitability

Direct growth Low (discrete preferred angles) Moderate Ultra-clean pristine
interface

Limited to
substrate-compatible
systems

Transfer assembly (manual) High (±0.1◦–0.5◦) High Contamination (polymers,
residues)

Widely compatible,
flexible

Robotic stacking (vacuum) High (±0.1◦–0.5◦) High Ultra-clean, vacuum
compatible

High, suitable for
encapsulated devices

In-situ twisting Continuous tunability Lab-scale Clean Excellent for fundamental
studies

dynamic twistin technology holds significant potential for
investigating the structure-property relationship within Moiré
superlattices.

2.3. Comparison of major fabrication methods for twisted 2D
Moiré

Although a wide variety of fabrication routes for twisted 2D
Moiré have been developed, their differences are often more
complementary than competitive. To provide a clearer under-
standing, it is useful to analyze these methods through a com-
parative framework that highlights their respective advantages,
limitations, and application relevance. Table 2 summarizes
four major strategies—direct growth, transfer-based assembly,
robotic stacking, and in-situ twisting—according to angular
precision, scalability, interface cleanliness, and suitability for
device integration.

Direct growth methods, including CVD and other epi-
taxial growth methods, are highly valued for their scalabil-
ity and pristine interfaces. The absence of polymer residues
or external contamination ensures that the resulting hetero-
structures are ideal for probing intrinsic electronic or optical
properties. However, thermodynamic constraints and lattice
symmetry strongly bias the stacking orientation, restricting the
available twist angles to discrete values. This limitation makes
direct growth poorly suited for exploring correlated electron
states that demand sub-degree precision, such as the ∼1.1◦

“magic-angle” in bilayer graphene. Nonetheless, direct growth
remains the most practical route for wafer-scale optoelectronic
and photonic devices, where large domain size and interface
quality outweigh angular flexibility.

In contrast, transfer-based assembly offers a very differ-
ent balance. Techniques such as polymer-assisted transfer,
van der Waals pick-up, or tear-and-stack approaches enable
highly accurate angular control, with errors as small as±0.1◦.
This makes transfer-based assembly indispensable for fabric-
ating quantum Moiré platforms where flat-band physics, cor-
related insulating phases, or unconventional superconductiv-
ity emerge only within narrow angular windows. However,
the reliance on polymer or metal supports inevitably intro-
duces residues, wrinkles, and bubbles, compromising interface
cleanliness and reproducibility. As a result, while this route

excels in angular precision, its limited scalability and contam-
ination risks hinder large-area device integration.

Robotic stacking under vacuum has recently emerged as a
promising strategy for scaling up the fabrication of twisted 2D
structures. Compared with manual transfer, robotic platforms
provide greater reproducibility, automation, and compatibil-
ity with large-area assembly. In particular, vacuum environ-
ments suppress interfacial contamination, yielding ultra-clean
van der Waals interfaces. A unique advantage of this approach
lies in its ability to integrate different types of materials, such
as graphene and h-BN, into precisely aligned heterostructures.
This multi-material capability makes robotic stacking attract-
ive for optoelectronic and quantum devices requiring encapsu-
lation and dielectric engineering. On the other hand, the tech-
nique still faces notable challenges: full automation has so
far been optimized for polycrystalline films, while extending
to single-crystalline flakes remains difficult, especially when
assembling multiple discrete layers. Furthermore, throughput
and domain size are constrained by the availability of large-
area exfoliated or grown single crystals. Despite these lim-
itations, robotic stacking represents a key intermediate route
that balances cleanliness and accuracy with partial scalability,
and it is expected to play a central role in bridging laboratory
demonstrations and device-level integration.

Finally, in-situ twisting techniques, including AFMmanip-
ulation and MEMS-based actuation, provide a unique oppor-
tunity to dynamically tune twist angles in real time. This
capability allows researchers to continuously explore twist-
dependent properties, rather than relying on static, discretely
fabricated structures. While such approaches are unlikely to
become scalable fabrication routes, they serve as powerful
experimental platforms for probing fundamental physics and
guiding theoretical models.

Building upon the comparative analysis above, it becomes
clear that each fabrication route has distinct advantages
but also inherent limitations, and none can simultaneously
achieve scalability, angular precision, interface cleanliness, or
device compatibility. This realization underscores the need
to look beyond conventional bilayer systems and toward
emerging architectures with multiple twist angles or “super-
Moiré” structures. Unlike single-angle bilayers, these com-
plex assemblies introduce an additional degree of structural
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freedom, enabling richer band reconstructions, novel correl-
ated phases, and unprecedented tunability in optical and elec-
tronic responses. Recent progress in robotic stacking, spiral
growth, and multi-step assembly has demonstrated the feasib-
ility of constructing suchmulti-angle superlattices. As fabrica-
tion techniques evolve, the convergence of precision stacking,
ultra-clean transfer, and scalable growth strategies will be crit-
ical for translating these proof-of-concept demonstrations into
practical platforms. In this context, super-Moiré architectures
not only represent a natural extension of current fabrication
strategies but also mark a frontier direction where advances in
methodology and fundamental physics are likely to reinforce
each other, opening new avenues for twistronics research and
device innovation.

3. Perspectives

In summary, since the discovery of unconventional supercon-
ducting and correlated insulating states in magic-angle t-BLG,
twisted Moiré superlattices have emerged as a powerful plat-
form for exploring novel properties in 2D materials. Despite
significant progress in the fabrication and study of twisted 2D
materials over the past two decades, many challenges remain
unresolved.

First, in terms of 2D Moiré structure design, substantial
advancements have been made in hexagonal Moiré super-
lattices, but low-symmetry systems have rarely been repor-
ted. Symmetry breaking is crucial for tuning the topological
electronic states, optoelectronic properties, and electromag-
netic polarization of materials. Therefore, developing low-
symmetry 2D materials and twisted stacking systems holds
immense potential for applications in optical, electrical, and
magnetic devices. While some studies have focused on fab-
ricating graphene/BP heterojunctions, there remains a vast
space to explore cross-symmetry 2D Moiré systems. Both
two-step growth methods and artificial stacking are viable
approaches. The construction of such cross-symmetry sys-
tems could unlock new avenues for discovering unique prop-
erties in 2D materials. Additionally, to achieve more effi-
cient structure-property research, computational efforts should
integrate advanced artificial intelligence and big data technolo-
gies to predict the unique properties of 2D systems under spe-
cific structural configurations and twist angles. This can guide
experimental efforts to uncover phenomena akin to the 1.1◦

magic angle in t-BLG.
To controllably construct twisted Moiré superlattices, a

direct growth method and artificial stacking strategy have
been developed. On the one hand, the direct growth method
ensures clean, pristine interfaces but faces three main chal-
lenges: (1) the inability to obtain a bilayer structure with a
desired twist angle, which is determined by material sym-
metry and thermodynamic equilibrium. Therefore, breaking
the material symmetry or thermodynamic equilibrium dur-
ing growth is the key to achieving different twist angles.
Controlling reaction temperature, temperature gradient, reac-
tion time, and rawmaterial concentration are important factors
formanaging thermodynamic equilibrium. Changing substrate

stress and introducing material defects may alter the mater-
ial symmetry. (2) The direct growth of twisted heterojunc-
tions remains unreported, which significantly limits progress
in this area. However, this field is promising and offers con-
siderable room for exploration. For example, CVD methods
used for t-BLG and t-MoS2 could be adapted to directly grow
twisted TMDC heterojunctions through a two-step process.
(3) The lateral dimensions of twisted 2D materials grown via
CVD, including t-BLG and t-MoS2, are currently limited to
less than 10 microns, which restricts their large-scale applic-
ations. The ‘pre-stacked substrate-angle replication’ techno-
logy reported by Liu et al. may be further developed to achieve
the direct growth of large-area twisted 2D materials other
than graphene systems. On the other hand, artificial stack-
ing offers high compatibility but faces challenges of contam-
ination and damage during the stacking process. Compared
with wet transfer methods, dry transfer in a high-vacuum
environment minimizes contamination from solvents, reduces
bubble and wrinkle formation, and prevents damage, making
it a promising approach for achieving ultra-clean interfaces.
Furthermore, vacuum-compatible techniques enable surface-
sensitive analyses, such as scanning electron microscopy and
ARPES, allowing for direct observation of the surface elec-
tronic states of Moiré superlattices at the atomic scale. Finally,
with the development of in-situ dynamic twisting technology,
more ‘magic angles’ and special properties are expected to be
discovered in other 2D materials beyond 1.1◦-induced super-
conductivity in t-BLG.
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