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Commensurate, Incommensurate, and Reconstructed
Structures of Multilayer Transition Metal Dichalcogenide

and Their Applications

Hyun-Geun Oh, Younghyun You, Seungyun Lee, Sangheon Lee, Fan Ren,

Stephen J. Pearton,* Jihyun Kim,* and Gwan-Hyoung Lee*

Multilayer transition metal dichalcogenides (ML-TMDs) with commensurate,
incommensurate, and reconstructed structures, have emerged as a class of 2D
materials with unique properties that differ significantly from their monolayer
counterparts. While previous research has focused on monolayers, the discov-
ery of various novel properties has sparked interest in multilayers with diverse
structures engineered through stacking. These materials are characterized by
interactions between layers and exhibit remarkable tunability in their structural,
optical, and electronic behaviors depending on stacking order, twist angle,
and interlayer coupling. This review provides an overview of ML-TMDs and
explores their properties such as electronic band structure, optical responses,
ferroelectricity, and anomalous Hall effect. Various synthetic methods
employed to fabricate ML-TMDs, including mechanical stacking and chemical
vapor deposition techniques, with an emphasis on achieving precise control
of the twist angles and layer configurations, are discussed. This study further
explores potential applications of ML-TMDs in nanoelectronics, optoelectron-
ics, and quantum devices, where their unique properties can be harnessed

for next-generation technologies. The critical role played by these materials

in the development of future electronic and quantum devices is highlighted.

1. Introduction

Transition metal dichalcogenides (TMDs)
have garnered significant attention over the
past decade due to their versatile properties,
including their semiconducting, metallic,
and superconducting properties.['*l These
layered materials, represented by the gen-
eral formula MX, (where M is a tran-
sition metal and X is a chalcogen), fea-
ture strong in-plane covalent bonds and
weak out-of-plane van der Waals (vdW) in-
teractions, making them highly suitable
for mechanical exfoliation and the cre-
ation of atomically thin layers. Research on
TMDs initially began with monolayer sys-
tems, which exhibited remarkable proper-
ties, such as vdW surface, direct bandgaps,
and strong excitonic effects.[1>%*] These dis-
coveries have since paved the way for ex-
tensive studies on multilayer TMDs, unveil-
ing new physical phenomena arising from
interlayer interactions.[®?*?7] In multilayer
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(ML)-TMDs, the relative alignment between adjacent layers plays
a crucial role in determining their electronic, optical, and me-
chanical properties. Specifically, the stacking configuration can
be either commensurate, where the layers are aligned in a well-
ordered, periodic structure, or incommensurate, where a mis-
alignment such as a twist angle or lattice mismatch leads to a
moiré pattern. These commensurate and incommensurate ML-
TMDs exhibit vastly different behaviors owing to the subtle in-
terplay between interlayer interactions, strain, and symmetry-
breaking effects.

In this review, we present a detailed examination of the cur-
rent understanding of ML-TMDs, focusing on their structural,
optical, and electronic properties. We also explore the synthetic
techniques developed to produce these materials with controlled
properties and their potential applications in technologies in-
cluding field-effect transistors (FETs), optoelectronic devices, and
quantum information processing systems. By combining the lat-
estresearch in this rapidly evolving field, this review seeks to pro-
vide a comprehensive foundation for the further exploration and
technological exploitation of ML-TMDs.

2. Structural Classification of ML-TMDs

ML-TMDs can be classified into “commensurate” and “incom-
mensurate” states depending on their stacking registry and the
relative alignment between adjacent layers. The “commensurate
state” is defined as the structure that has perfectly aligned ar-
rangements corresponding to the lowest energy configuration
including two main types of stacking arrangements: rhombohe-
dral (3R) and hexagonal (2H) structures. The “incommensurate
state,” in contrast, is defined as the structure that has a higher
energy state compared to the commensurate state and exhibits
a moiré pattern, which is a periodic interference pattern that
emerges due to the mismatch in lattice orientation with the twist
angle or lattice parameters in vertically stacked hetero-multilayer
TMDs.

The 3R structure shown in Figure 1a is characterized by each
monolayer being aligned in a single direction with a 0° twist an-
gle and an in-plane-shifted arrangement (C;,). In this configu-
ration, the layers are stacked such that the top layer atoms are
displaced relative to the bottom layers, leading to a low-energy
arrangement. In contrast, the 2H structure shown in Figure 1b
has a 60° twist angle between the layers and a hexagonal con-
figuration (Dg,), where the metal atoms in each layer are posi-
tioned directly above or below the chalcogen atoms of the ad-
jacent layers. This arrangement leads to highly symmetric and
energetically favorable stacking in the 2H structure. In contrast,
if ML-TMDs possess a stacking angle other than 0° or 60° or if
they form heterostructures with lattice parameter mismatches
between the layers, they form an incommensurate state with a
moiré superlattice, as shown in Figure 1c. The incommensurate
state is energetically higher than the commensurate state and is
characterized by more complex local structural distortions due to
the twist and strain within the layers, as shown in the calculated
total van der Walle (vdW) energy as a function of the twist angle
(6) in Figure 1d.128-31]

It has been reported that there exist critical angles (9.} and
0 .M near 0° and 60°, respectively) at which the system exhibits its
highest energy state and maximal average local strain near 0° and
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60° twist angles (Figure 1d).2°-33] Below these angles, the struc-
ture is unstable, leading to spontaneous reconstruction to reduce
the total energy and alleviate the lattice strain. The “reconstructed
state” is defined as the structure consisting of commensurate do-
mains and incommensurate domain walls that results from the
reconstruction of ML-TMDs with twist angles below the critical
angles. For angles 0° < 8 < 0.} (R-type), the ML-TMDs are re-
constructed into arranged commensurate MX and XM domains,
which have the lowest energy with alternating triangular config-
urations separated by incommensurate domain walls known as
saddle points (SPs), as shown in the reconstructed R-type poly-
domain structure of Figure le. The presence of these saddle
points allows for some flexibility in the system, which helps to
relieve the strain in commensurate regions.?!3334 Meanwhile,
for angles close to .7 < 6 < 60° (H-type), the reconstructed
H-type polydomain structure forms commensurate hexagonal
XMMX domains, separated by incommensurate SPs as depicted
in Figure 1f. These domains are arranged in a honeycomb-like
pattern, providing another pathway for strain relief.?1:3334] Ag
theoretical studies have shown, the balance between the com-
mensurate domains and the incommensurate domain walls is
critical for determining the structural and electronic properties
of the system.[2-3235-38] Table 1 summarizes the twist angles of
reconstructed ML-TMDs used in previous experimental studies.
As the twist angle approaches 30° at § } < 0 < 8.1, the size of
the commensurate domains steadily decreases, while the width
of the incommensurate domain walls grows. Eventually, at suffi-
ciently high twist angles, the system reaches a fully incommen-
surate moiré superlattice. In this state, the layers exhibit large
interlayer spacing and a rigid, nearly flat lattice structure owing
to the loss of registry between the layers.[3%39]

Interestingly, intermediate-energy valleys were observed for
twist angles above the critical angle (Figure 1d). These energy
valleys correspond to metastable configurations, in which the sys-
tem relaxes into a state with moderate energy. The initial unre-
laxed twisted ML-TMDs near these angles tend to relax toward
these intermediate energy states rather than reverting to com-
mensurate 0° or 60° configurations. This behavior introduces a
degree of twist angle insensitivity, indicating that the electronic
and structural properties of ML-TMDs can remain within a broad
range of twist angles.[***2! This characteristic enables ML-TMDs
to display unique electronic phenomena such as the formation of
flat electronic bands, which are associated with exotic states such
as superconductivity, Mott insulating behavior, and the anoma-
lous Hall effect (AHE).

In summary, ML-TMDs can be categorized into commensu-
rate and incommensurate states based on their stacking config-
uration. The commensurate state includes low energy 3R and
2H stacking, while the incommensurate state features moiré pat-
terns that emerge due to either a twist angle or a lattice mismatch.
At the critical angles (0.}, 8_1), the system reaches its highest en-
ergy state. When the twist angle decreases below the critical angle
for R-type (0° < 6 < 6.F) or increases above the critical angle for
H-type (6.7 < 8 < 60°), spontaneous reconstruction occurs, form-
ing commensurate domains separated by incommensurate do-
main walls.[?*-31 The electronic properties evolve with structural
changes induced by the twist angle, leading to the emergence of
unique characteristics. The following section will explore these
characteristics in detail.
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Figure 1. Schematics of the atomic structures of twisted TMDs with different stacking types and twist angles: a) R-fully commensurate, b) H-fully
commensurate, c) incommensurate (IC), e) reconstructed R-type polydomains with 3R + IC, f) reconstructed H-type polydomains with 2H + IC.
d) Schematics of the total vdW energy of twisted ML-TMDs as a function of the twist angle and angle-dependent atomic reconstruction. a—f) are

reproduced with permission.311 Copyright 2023, Springer Nature.

3. Properties of Commensurate, Incommensurate,
and Reconstructed ML-TMDs

3.1. Band Structures

One of the unique differences between monolayers and ML-
TMDs is the transition from direct to indirect bandgap as the
number of layers increases. In monolayer TMDs, the conduc-
tion band minimum (CBM) and valence band maximum (VBM)
are located at the +K points in the Brillouin zone, resulting
in a direct bandgap. This direct-bandgap configuration results
in strong photoluminescence (PL), rendering monolayer TMDs
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highly suitable for optoelectronic applications.**] As more lay-
ers are added, the electronic band structure undergoes signifi-
cant changes owing to strong interlayer coupling. In ML-TMDs,
the valence band maximum (VBM) moves from K-point to the I'-
point, transforming the bandgap into an indirect one.[*~*! This
shift occurs because the interlayer coupling affects the states at
the T-point. At the I'-point, the atomic orbitals that form the va-
lence band (mainly the chalcogen p-orbitals) experience stronger
interlayer coupling because these orbitals overlap more effec-
tively in the out-of-plane direction. This enhances overlap at the
I'-point lowers the energy of the states at that location, making
the I'-point states more energetically favorable than those at the

© 2025 The Author(s). Small published by Wiley-VCH GmbH
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Table 1. Summary of critical twist angles at that atomic reconstruction oc-
curs for ML-TMDs.

References Materials Stacking order Twist angle 6
133] MosS, /MosS, R <2°
WS, /WS, H >59.1°
WS,/MosS,
[34] WSe,/MoSe, R <P
H >59°
[40] WSe,/WSe, H >57°
[124] MoS, /MosS, R <0.1°
[125] MoSe, /MoSe, R <0.25°
WSe, /WSe,
[126] WSe, trilayer R <0.23°

K-point. As a result, the VBM shifts from the K-point to the I'-
point. For example, in the case of MoS,, the bandgap decreases
from 1.8 eV in the monolayer to ~1.2 eV in the bulk form, tran-
sitioning from a direct to an indirect bandgap.l*?] Similarly, it
should be noted that interlayer coupling is responsible for the
thickness- and twist angle-dependent behaviors. In ML-TMDs,
charge carriers (electrons and holes) are no longer confined to
a single layer and spread across multiple layers, leading to de-
localized electronic states. This delocalization results in changes
in the band structure and creates opportunities for manipulating
the electronic properties through external factors such as electric
fields.[50->2]

In this section, we explore the influence of different stacking
types and spin—orbit coupling (SOC) on the electronic band struc-
tures of ML-TMDs. In each layer of ML-TMDs, the d-orbitals of
the transition metals play a significant role in the conduction and
valance bands (CB and VB, respectively) at the +K points. There-
fore, variations in the environment around the transition metal
(M) atoms can lead to the splitting of the band structure.l**! In the
3R-stacking type, M atoms experience different environments in
the top and bottom layers (one layer with and the other without
facing adjacent M and X atoms), causing crystal field splitting
and altering the band structure (Figure 2a). The band-edge ener-
gies in both the conduction band (CB) and valence band (VB) are
localized in the top and bottom layers, respectively. When SOC
occurs, spin—orbit splitting and spin-polarization take place in all
bands except those in the I'-M direction due to the lack of inver-
sion symmetry. In the CB, the SOC strength is much smaller than
the band edge difference between the layers, which has only a
minor effect on the band structure. However, in the VB, the SOC
strength is larger than the band edge difference, resulting in four
high-energy spin-split states at the band edges of the +K valleys,
displaying an alternating layer polarization pattern.>*%* In the
case of 2H-TMDs, without considering SOC, the CB in both the
top and bottom layers are doubly generated at the +K points due
to inversion symmetry, with the bands splitting due to interlayer
coupling. When SOC is included, the CB has a fourfold degener-
acy, which is reduced twofold by band splitting (Figure 2b). Un-
like 3R-TMDs, the CB spin states in 2H-TMDs retain their degen-
eracy under SOC owing to inversion symmetry; therefore, each
energy state contains both up and down spins. In the VB, the
SOC increases band-edge splitting with no spin polarization.[>]
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For incommensurate ML-TMDs, lattice relaxation causes
changes in the interlayer distance depending on the twist angle,
which significantly affects the moiré bands. The twist angle in
real space corresponds to a rotation in the momentum space,
leading to a relative rotation of the Brillouin zones associated
with each monolayer (Figure 2c). In this structure, the K points of
each layer are slightly displaced, forming the two corners of the
moiré Brillouin zone, denoted as k. The band structures cal-
culated using the continuum model approach showed a strong
dependence on the twist angle (Figure 2d).>>%¢] As the twist an-
gle increases, the maximum and minimum of the VB top band
shift from x, to y. Accordingly, the electronic band is flattened
at a certain twist angle, called the “magic angle (6,,),” where the
band energies k, and y are consistent.*>*8] Near this angle,
various electronic properties, such as the Mott insulating behav-
ior, superconductivity, and fractional quantum anomalous Hall
effect (FQAHE), have been observed in the fractional filling of
the moiré unit cell.[*:59-6¢]

3.2. Exciton Characteristics

One of the unusual optical features of ML-TMDs is the forma-
tion of interlayer excitons and electron-hole pairs that are spatially
separated due to differences in the CBM and VBM in each layer
but strongly bound by Coulomb interactions between adjacent
layers. The spatial separation between charges in the interlayer
excitons creates a permanent electric dipole moment oriented
along the out-of-plane direction, enabling electrical control over
their optical and transport properties.[®773] Exciton characteris-
tics in commensurate 3R- and 2H-TMDs are largely governed
by interlayer coupling, which varies significantly depending on
stacking order. However, there are conflicting studies regarding
that stacking configuration exhibits stronger interlayer coupling.
Some studies have been reported that 2H-TMDs exhibit stronger
interlayer coupling as evidenced by broader exciton linewidth
and significant interlayer exciton absorption caused by hole de-
localization across both layers.”*77] In contrast, other studies
have been reported that 3R-TMDs exhibit stronger interlayer cou-
pling, highlighting higher charge carrier mobility and enhanced
interlayer interactions.>*787°] However, it is commonly acknowl-
edged that the cause of these characteristics is that inversion sym-
metry is broken in 3R-TMDs, resulting in a distinct excitonic
transition.[3*7480] In particular, it has been consistently observed
that the intensity of the second harmonic generation signal is
significantly higher in 3R-TMDs than in 2H-TMDs, which is at-
tributed to the broken inversion symmetry.>*7¢7°] Therefore, the
study of interlayer coupling and exciton characteristics in com-
mensurate ML-TMDs requires continuous research, as interpre-
tations may vary depending on experimental conditions and ma-
terial properties.

On the other hand, it has been reported recently that in-
commensurate ML-TMDs exhibit distinctive interlayer excitons,
which are trapped in periodic potentials created by the moiré pat-
tern, and referred to as moiré excitons.[®1#8] The moiré pattern
induces spatially varying local atomic registries, creating a peri-
odic potential that traps excitons and can lead to their localiza-
tion. Therefore, moiré excitons can be artificially controlled by
structural adjustments using the twist angle, as demonstrated
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by corresponding theoretical studies.#2#-2] Three moiré exci-
ton states, indicated as I, I, and III in Figure 2e, were observed
in the WSe, /WS, moiré superlattice with a near-zero twist an-
gle by measuring the absorption characteristics using reflection-
contrast spectroscopy.l®!] These states disappear when the twist
angle increases at a large twist angle of § > 3°. In addition, the
WS, /MoSe, hetero-bilayers show twist angle dependence, where
the absorption energy blue-shifts as the twist angle approaches
30° from 0° or 60°, owing to the increased kinetic energy from
the momentum of the moiré exciton.®?!

As the moiré pattern changes depending on the twist angle, the
diffusion length and lifetime of the moiré excitons also change
(Figure 2f). At a twist angle of 0°, the moiré potential is stronger
than that at 60°, leading to a shorter exciton lifetime owing to the
reduced diffusion length. As the twist angle increases, the moiré
period decreases, and the momentum of the moiré excitons in-
creases. Consequently, moiré excitons have longer lifetimes be-
cause their increased kinetic energy allows them to tunnel more
easily between moiré supercells. Conversely, as the moiré period
increases, exciton tunneling diminishes exponentially, resulting
in localized moiré excitons and shorter lifetimes. 348

For reconstructed ML-TMDs, on the other hand, atomic re-
construction leads to the formation of multiple ultraflat bands.
Unlike the moiré potential of a rigid structure, which gradually

www.small-journal.com

modulates the band structure with mostly curved dispersion, the
reconstructed system forms a modulating confining potential, ef-
fectively creating periodic quantum wells. This transformation
results in an increased moiré potential depth, which enhances
exciton localization.[**0]

Studies on ML-TMDs over three layers have also been re-
ported. Compared to twisted homo-bilayer TMDs, twisted homo-
trilayer TMDs with the same twist angle exhibit an increased
moiré potential depth. Additionally, as the twist angle increases,
the moiré period decreases, similar to the twisted bilayer TMDs,
leading to an increase in the moiré potential depth.[*] On the
other hand, in twisted hetero-trilayer TMDs, it has been revealed
that stacking a specific single-layer TMDs on top of a twisted
hetero-bilayer TMDs can enhance PL by increasing light absorp-
tion and exciton population.®*] Furthermore, a study on four-
layer twisted ML-TMDs with a twist angle between the two bilay-
ers has been reported. Compared to the 1L.-WSe, /1L-W Se, moiré
superlattice, the moiré excitons in the 2L-WSe, /2L-W Se, moiré
superlattice were more localized at the same twist angle, which
is attributed to the encapsulation effect of the additional top and
bottom WSe, monolayers.[*]

Valleytronics in ML-TMDs, meanwhile, has emerged as a
promising platform for quantum information storage and op-
toelectronic applications due to its ability to control valley
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Figure 2. Schematics ofthe crystal and band structures with spin—orbit coupling of a) 3R and b) 2H bilayer MoS,. a,b) are reproduced with permission.[>3]
Copyright 2018, American Physical Society. ¢) Schematics of the Brillouin zone of the twisted MoSe, /WSe, heterostructure and the moiré band structure
including indirect transition due to a finite momentum mismatch between the two layers. d) Emergence of flat bands depending on twist angle in twisted
bilayer WSe,, including calculated band structures along with the Chen numbers of the first two bands. Reproduced under terms of the CC-BY license.[>®!
Copyright 2021, Devakul et al., published by Springer Nature. e) Schematic of the moiré exciton (inset) and reflection contrast spectrum of the WSe, /WS,
moiré superlattice with three prominent peaks corresponding to distinct moiré exciton states. Reproduced with permission.[3' Copyright 2019, Springer
Nature. The inset of e) is reproduced under the terms of the CC-BY license.l3”] Copyright 2020, S. Brem et al., published by American Chemical Society.
f) Twist angle dependence of the lifetime of a moiré exciton in three MoSe, /WSe, bilayers with 1°,2.2°, and 3.5° twist angles. The inset summarizes the
extracted fast and slow decay components in the three twisted bilayer samples. c) and f) are reproduced with permission.[33] Copyright 2021, American
Physical Society.
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polarization through moiré potentials, interlayer coupling, and
external fields. In twisted bilayers and hetero-bilayers, moiré
superlattices create periodic potential landscapes that spatially
modulate excitons, leading to enhanced valley polarization reten-
tion and prolonged exciton lifetimes.®’] The twist angle plays
a crucial role in tuning valley properties, with small twist an-
gles suppressing valley mixing and large twist angles facilitat-
ing valley-polarized free charge carrier transfer.*®) Additionally,
interlayer excitons, formed by spatially separated electron-hole
pairs across different layers, exhibit significantly longer lifetimes
than intralayer excitons, making them ideal for valley informa-
tion storage and manipulation.[®®*°] External electric fields fur-
ther allow precise tuning of valley dynamics by shifting inter-
layer exciton energies, enabling robust valleytronic memory and
logic devices.[*”! Moreover, magnetic fields can selectively align
electron spins along valley axes, integrating spin and valley de-
grees of freedom for potential quantum applications.['®] These
mechanisms position multilayer and twisted TMDs as a versa-
tile platform for valley-based optoelectronics, offering potential
breakthroughs in quantum computing, valleytronic memory, and
tunable light-matter interactions.[1!]

In summary, one of the unique optical properties of ML-
TMDs is the formation of interlayer excitons, where electron-
hole pairs are spatially separated between layers but remain
strongly bound by Coulomb interactions, creating a permanent
out-of-plane dipole moment that enables electrical control over
their optical and transport properties.[®’73] In commensurate
ML-TMDs, exciton characteristics are influenced by inversion
symmetry in 3R- and 2H-TMDs, but conflicting reports on in-
terlayer coupling strength necessitate careful evaluation of ex-
citon properties.>**7+ %% In incommensurate ML-TMDs, moiré
patterns generate periodic potentials that trap excitons, form-
ing moiré excitons, whose properties can be tuned by adjust-
ing the twist angle.®"? In reconstructed ML-TMDs, atomic
reconstruction creates periodic quantum wells with ultraflat
bands, enhancing exciton localization more effectively than a
rigid moiré potential.[“**) ML-TMDs with more than three lay-
ers also exhibit increased moiré potential depth and modified
optical properties.[***] Furthermore, valleytronics has emerged
as a promising platform for quantum information storage and
optoelectronic applications by utilizing moiré potentials, inter-
layer coupling, and external fields to manipulate valley polariza-
tion, where small twist angles suppress valley mixing while large
twist angles enhance valley-polarized charge carrier transfer, en-
abling tunable valleytronic functionality.[**1%!] Consequently, the
diverse exciton characteristics in ML-TMDs open new possibili-
ties for next-generation quantum devices, high-performance op-
toelectronic components, and tunable light-matter interactions,
positioning them as a versatile platform for advanced nanotech-
nology applications.

3.3. Carrier Mobility and Electrical Conductivity

In commensurate structures, electronic band structure differ-
ences according to the presence or absence of inversion sym-
metry cause the electrical characteristics to differ between stack-
ing types. It has been reported that 3R-TMDs have a higher con-
ductance than 2H-TMDs because of stronger interlayer coupling
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through band splitting originating from the absence of inver-
sion symmetry (Figure 3a—c).>* In addition, in the case of in-
tralayer transport, there is no difference between the 2H- and 3R-
TMDs, whereas in the case of interlayer transport, the 3R-TMDs
have a lower interlayer resistance than the 2H-TMDs because of
stronger interlayer coupling.

In incommensurate ML-TMDs, the charge-carrier mobility is
highly sensitive to the twist angle.[°%102193] At small twist angles,
strong interlayer coupling and the formation of minibands in
the moiré superlattice can localize charge carriers, significantly
reducing their mobility. In this case, the flat bands in the moiré
superlattice trap carriers in specific regions, limiting their move-
ment and resulting in low mobility. As the twist angle increases,
the miniband effects weaken, allowing the carriers to move more
freely, and the mobility increases. At large twist angles, each layer
behaves similarly to decoupled monolayers, where the mobility is
primarily determined by the scattering mechanisms within each
individual layer. For this reason, experimental results have been
reported that mobility is higher at a twist angle of 30° compared
to 0° in both bilayer and trilayer TMDs.[1%%]

Twisted ML-TMDs have recently gained significant attention
owing to the emergence of novel quantum phenomena such as
correlated electronic states, sparking active research into their
diverse potential applications.[*1:°9-62104] At the magic angle, the
electronic band structure flattens, giving rise to flat bands. In
these flat bands, the kinetic energy of the electrons is significantly
reduced, causing the electrons to localize at specific lattice sites
and allowing electron-electron interactions to dominate.[1 In
a typical system, the kinetic energy of electrons is sufficiently
high to allow them to move freely, whereas, in the flat bands
formed at the magic angle, the reduced kinetic energy leads to
stronger electron-electron correlations. These strong correlations
are responsible for the Mott insulating behavior, a phase in which
electrons, despite being present in sufficient numbers to con-
duct electricity, are unable to move freely because of the repul-
sive Coulomb interactions between them. This phenomenon is
a hallmark of strongly correlated systems, where the traditional
band theory cannot adequately explain the insulating behavior.

While the Mott insulating phase is an insulating state, it of-
ten serves as a precursor to superconductivity. Twisted bilayer
graphene has a flat band at the magic angle (~1.1°) and an in-
sulating phase (Mott insulator) in the half-filling state. Further-
more, it was reported that twisted bilayer graphene has super-
conducting states over and below the half-filling carrier density
with a Mott insulating state of = 1.16° below T. = 0.5 K, as
shown in Figure 3d,e.[®”) The same phenomenon was observed
in the flat band of twisted ML-TMDs. Twisted bilayer WSe, ex-
hibited a Mott insulating state under a critical temperature (T)
when half-filled near the magic angle of 4°-5.1°. In addition, an
insulating response occurred in the half-filled 3.5°-5.1° twisted
bilayer WSe, below 35 K, and superconducting behavior with
zero resistance was observed in a state slightly off-half-filled be-
low 3 K (Figure 3f,g).*1631%] Moreover, the superconductivity
of twisted bilayer WSe, was observed by the supplementation
of contacts, improved design of the dual-gated device, and re-
duced moiré inhomogeneity to ~#2—3% of the moiré density over
a large channel area.[®] It was found that the superconductivity
is observed in only the layer-hybridized region of the twisted bi-
layer and strongly confined near the filling factor of v = 1. In
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Figure 3. a—c) Electrical properties of commensurate ML-TMDs, a) Schematic of charge transfer in a 3R-bilayer TMDs device, b) Output characteristics,
and c) effective mobility versus channel carrier density of a bilayer WS, FET with 2H and 3R stacking. a-c) are reproduced under the terms of the CC-BY-NC
license.[>*] Copyright 2023, Li et al., published by American Association for the Advancement of Science. d) Schematic of a twisted bilayer graphene device
for four-probe measurement and e) four-probe resistance, R,,, with two superconducting domes next to the half-filling state. d) and e) are reproduced
with permission.[62] Copyright 2018, Springer Nature. f) Schematic of a twisted bilayer WSe, device and g) doping of two superconducting regions away
from the insulating state. f) and g) are reproduced with permission.[*!l Copyright 2020, Springer Nature. h) Schematics of a twisted bilayer MoTe, device

for measuring the Hall resistance (R,,), and i) fractionally quantized R

Xy?
with permission.[1%] Copyright 2023, Springer Nature.

addition, a phenomenology distinct from that observed in
graphene moiré systems was demonstrated, including a contin-
uous transition from a superconductor to an insulator by tuning
the external electric field and two nonspontaneous spin- or valley-
polarized metallic states.

To summarize, in commensurate ML-TMDs, inversion sym-
metry affects electrical properties, with 3R-TMDs exhibit-
ing higher conductance than 2H due to stronger interlayer
coupling.**! In incommensurate ML-TMDs, charge carrier mo-
bility depends on the twist angle, decreasing at small angles due
to miniband formation and increasing at larger angles as lay-
ers decouple.[?6192103] At the range of the magic angle, band flat-
tening enhances electron correlations, leading to Mott insulat-
ing and superconductivity.!*>9621% The ability to control these
quantum phases through twist angle engineering offers excit-
ing opportunities for applications in quantum computing and
other advanced technologies.[¢-66.1%] By adjusting the twist an-
gle, researchers can explore the rich phase diagrams of twisted
ML-TMDs, uncovering new correlated states and quantum ef-
fects that can be harnessed for future devices. The potential of
twisted ML-TMDs for quantum information processing, high-
performance computing, and unconventional superconductivity
continues to drive research in this rapidly evolving field.

3.4. Anomalous Transport Behaviors

Twisted ML-TMDs exhibit the AHE, where a transverse voltage
is generated in response to a longitudinal current even with-
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which represents the FQAHE in twisted bilayer MoTe,. h) and i) are reproduced

out an external magnetic field.['%11% Unlike the ordinary Hall
effect, which arises from the Lorentz force, the AHE is driven
by Berry curvature, an intrinsic property of the electronic band
structure that acts like an effective magnetic field in momen-
tum space.[111112] [n twisted ML-TMDs, Berry curvature emerges
due to moiré superlattice effects, strong spin—orbit coupling, and
time-reversal symmetry breaking induced by internal magnetism
or external perturbations.l'""11*] The moiré superlattice modifies
electronic bands, breaking spatial inversion symmetry and cre-
ating nontrivial Berry curvature distributions, while the strong
spin—orbit interaction enhances valley-contrasting effects. When
Berry curvature is present, charge carriers experience an anoma-
lous velocity perpendicular to the applied electric field, leading
to a transverse current as if they were moving in a real mag-
netic field.''518] This effect has been theoretically analyzed us-
ing first-principles electronic structure calculations such as den-
sity functional theory combined with Wannier function methods
to extract Berry curvature and Chern numbers, as well as con-
tinuum models that provide an analytical approach to studying
moiré bands and their topological properties.[5¢110-120]

Beyond the AHE, the quantum AHE (QAHE) is a quantized
version of the AHE, where the Hall resistivity becomes quantized
in integer multiples of h/e?, even in the absence of an external
magnetic field. The QAHE is a manifestation of a topologically
nontrivial electronic structure in which chiral edge states are pro-
tected by the topology of the system and contribute to dissipa-
tionless edge transport. These chiral edge states arise from the
nonzero Chern number of the bulk bands, which is a topological
invariant that characterizes the band structure.['1%121l The QAHE
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Figure 4. a) Schematics of polarization by R-type stacking configurations. a) is reproduced with permission.l'?’] Copyright 2022, Springer Nature.
b) Snapshots of DF-TEM images, which represent the changes in polarization domains under a vertical electric field, and c) their corresponding nor-
malized polarization AA as a function of vertical electric fields, which represent the ferroelectricity of twisted bilayer WSe,. b,c) are reproduced with
permission.|128] Copyright 2023, Springer Nature. d) Schematics of a back-gated graphene device with a twisted WSe, bilayer on top and e) near-field
scattering amplitude mapping of the device carried out with a photon energy of @ = 880 cm™" and Vg — Venp = 10V, where Vep is the moiré-averaged
charge neutrality. d) and e) are reproduced under the terms of the CC-BY license.['32] Copyright 2023, S. Zhang et al., published by Springer Nature.
f) Schematics of a dual-gate bilayer 3R-MoS, device and g) average domain-switching speed with a varying electric field. f,g) are reproduced with

permission.!'33] Copyright 2024, American Association for the Advancement of Science.

characteristics have been observed in AB-stacked MoTe, /W Se,
moiré hetero-bilayers.[''% In contrast to the AA-stacking type, the
QAHE state with broken time-reversal symmetry and nontrivial
bands emerges by controlling the bandwidth and band topology
by intertwining the moiré band with an electric field in the out-
of-plane direction of each layer in the AB-stacked hetero-bilayer.
Through this, in the zero magnetic fields, the Hall resistance (R,,)
is quantized to h/e? at filling factor v = —1 that is one hole per
moiré unit cell and the longitudinal resistance (R,,) vanishes. The
AB-stacked MoTe, /W Se, moiré hetero-bilayer was found to have
a quantized Hall resistance of h/e? at low temperatures (x2.5 K)
in zero magnetic field. In addition, a Mott insulator-to-QAHE in-
sulator phase transition was observed upon applying an external
electric field.

A more exotic extension of the QAHE is the FQAHE, in which
the Hall resistivity is quantized in fractional multiples of h/e?.
The FQAHE arises from strong electron—electron interactions
in systems with topologically nontrivial band structures. In con-
trast to the integer QAHE, which is driven by a single-particle
band topology, the FQAHE is a many-body phenomenon that re-
quires the formation of strongly correlated states, such as frac-
tional quantum Hall states, in the absence of an external mag-
netic field. ML-TMDs provide a promising platform for explor-
ing the FQAHE owing to their tunable electronic interactions
and potential for hosting strongly correlated electron phases.
Large spin—orbit coupling and the possibility of inducing flat
bands in TMDs heterostructures with a magic angle can enhance
electron correlations, which are key components for realizing
the FQAHE.[108109120.122] The FQAHE has been experimentally
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demonstrated in an AA-stacked twisted multilayer MoTe, (=3.6°).
Atv=-1, —%, and —% states, each has a fractionally quantized
value of Hall resistance R, = h/e?, %h/ e, and %h/ €2, respectively
(Figure 3h,i).[108109120]

In ML-TMDs, both the integer and fractional QAHE rely on the
interplay between the topological band structures, magnetic or-
dering, and strong electron correlations. The tunability of TMDs
properties through various external parameters, such as the elec-
tric field, strain, and doping, offers a unique opportunity to ex-
plore a wide range of quantum phases and topological phenom-
ena. As the field of 2D materials continues to grow, ML-TMDs
are likely to play a central role in the study of QAHE, providing
new insights into both fundamental physics and potential tech-
nological applications.

3.5. Sliding Ferroelectricity of Reconstructed ML-TMDs

Vertical ferroelectric switching occurs via in-plane interlayer slid-
ing without vertical ion displacement in reconstructed ML-TMDs
with multiple domains.['*-131] In 2H-stacked ML-TMDs, alter-
nating metal and chalcogen layers preserve the inversion sym-
metry and suppress ferroelectricity. In contrast, noncentrosyms-
metric stacking induces out-of-plane polarization, which enables
ferroelectricity. In the case of 3R-stacked twisted bilayer TMDs,
the MMXX domains are non-polarized, and the MX and XM do-
mains are polarized in the opposite direction (Figure 4a), leading
to zero total vertical polarization owing to the same distribution
of domains. The MX (XM) domains have a downward (upward)
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polarization because of the vertical alignment of faced M and X
atoms. These domains exist alternately according to the moiré pe-
riod, which is known to change the distribution of domains under
an external electric field. Therefore, the total polarization of the
3R phase can be modulated via interlayer translation using an ex-
ternal electric field. Unlike 3D ferroelectric materials that have a
depolarization field at the interface between the TMDs and the
substrate, the clean vdW interface in the 3R-TMDs bilayers fur-
ther enhances polarization and causes the layer to slide through
an external electric field, resulting in polarization reversal.[123-131]

Real-time external field-dependent changes in the MX and
XM domains have been observed using operando dark-field
transmission electron microscopy (DF-TEM) (Figure 4b,c) to re-
veal the correlation between domain morphology and sliding
ferroelectricity.[128) When a vertical electric field is applied par-
allel (antiparallel) to the polarization direction of the MX (XM)
domains, the stacking energy of the MX (XM) domains became
lower than that of the XM (MX) domains. This stacking en-
ergy difference acts as a driving force for the domain transition
through atomic sliding, leading to a change in the ratio of the
MX and XM domains and a large hysteresis owing to the dy-
namics of the domain wall motion and their interaction with the
pinning sites in the material (Figure 4b,c). Piezoresponse force
microscopy (PFM) and Kelvin probe force microscopy have been
employed to investigate the electromechanical surface deforma-
tion and electrostatic force in 3R-type polydomain bilayer TMDs,
respectively.[12#12] Tt has also been reported that the ferroelec-
tric moiré domains can be visualized through near-field infrared
(NFI) nanoimaging by imprinting polarization in the moiré do-
mains on the plasmonic response of graphene (Figure 4d,e).[132!

Recently, the potential for creating fatigue-free ferroelectric de-
vices using the sliding ferroelectricity of twisted bilayer 3R-MoS,
has been demonstrated (Figure 4f,g).1!33] This 2D ferroelectric
device exhibited neither a wake-up effect at low cycles nor sig-
nificant fatigue, even after 10° switching cycles under varying
pulse widths. Moreover, the device showed a total stress time
of up to 10° s under an electric field and an ultrafast switch-
ing speed of ~0.3 ns for a 1000 nm-diameter domain. However,
challenges remain regarding the controllability of domains, long-
term stability, selective switchability, and scalability. Neverthe-
less, we expect that the sliding ferroelectricity of ML-TMDs can
provide platforms for non-volatile memory and potential applica-
tions through further in-depth research.

4, Fabrication of ML-TMDs

Various methods, such as the mechanical stacking of exfoliated
flakes and chemical synthesis, have been used to produce ML-
TMDs with commensurate or incommensurate structures. The
most representative method for fabricating ML-TMDs with a de-
sired twist angle is the tear-and-stack method using mechanically
exfoliated TMDs flakes.['3#136] In this process, a polymer-coated
elastomer stamp is used to partially pick up and tear an exfoliated
TMDs flake. Subsequently, rotation is performed at the desired
angle and then transferred to the remaining flake to produce the
multilayer 2D material.['3>13¢] However, this method limits the
size of fabricated ML-TMDs. By applying this method, a com-
bined method of epitaxial growth and the tear-and-stack tech-
nique has been employed for the large-area fabrication of twisted
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ML-TMDs.['] First, MoS, is epitaxially grown on a c-sapphire
substrate using chemical vapor deposition (CVD) and then cut
into a constant rectangular size. Second, twisted ML-TMDs with
a specific twist angle is fabricated by transferring the TMDs film
onto the other using PDMS (Figure 5a,b). However, the fabrica-
tion of wafer-scale twisted ML-TMDs using this method is chal-
lenging.

Therefore, considerable efforts have been devoted to di-
rectly synthesizing commensurate and incommensurate ML-
TMDs.[13713] The 2H and 3R phases of TMDs can be selectively
grown by CVD through the precise control of the growth tem-
perature, as shown in Figure 5¢,d.l¥7] After single-layer MoS, is
grown at 700 °C, the second layer of MoS, is grown at higher
temperatures of 750 and 800 °C. Bilayer MoS, with stacking type
of 3R and 2H is synthesized at 750 and 800 °C, respectively. A
higher second-step growth temperature reduces the wettability
of the substrate, leading to the growth of a second layer on top
of the monolayer. Furthermore, the stacking type is determined
by the second-step growth temperature, as the free energy of the
2H phase becomes lower than that of 3R with increasing tem-
perature. In addition, remote epitaxy was proposed to grow R-
stacked ML-TMDs on a-plane sapphire because the stacking con-
figuration of R-stacked bilayer WS, is more energetically favor-
able across the atomic steps of a-plane sapphire than that of the
H-stacked ones.['*] With the increasing interest in twisted bi-
layer TMDs, a synthesis method involving the direct CVD growth
of twisted bilayer TMDs with various twist angles has been pro-
posed, as shown in Figure 5e,f.39) When a NaCl promoter was
used, bilayer MoS, with different twist angles was fabricated.
However, this method makes it difficult to achieve only the de-
sired twist angle, and the distribution of twist angles follows a
Gaussian distribution.

The growth of single-crystalline commensurate ML-TMDs
is important because multilayers provide another opportunity
to control the band structures and electrical properties of the
same TMDs through thickness. Step-guided growth was demon-
strated for uniformly aligned ML-TMDs on stepped sapphire
surfaces.!*141l The thickness of ML-TMDs can be controlled by
controlling the step height of the sapphire surface, guiding the
simultaneous nucleation of ML-TMDs with aligned edges, and
promoting the continuous growth of ML-TMDs films. In addi-
tion, it has been demonstrated that 3R-TMDs can be grown at
the interface between Ni and TMDs with thickness control by
utilizing the diffusion of metal and chalcogen species through a
single-crystalline Ni foil, as depicted in Figure 5g, which is called
interfacial epitaxy. On the Ni surface, the precipitated metal and
chalcogen atoms formed aligned MX, nuclei and grew into uni-
directionally oriented single-crystal 3R-TMDs.['*2 The hypotaxy
method was suggested as a synthetic method for fabricating
single-crystalline ML-TMDs, as depicted in Figure 5h.'*3] Hy-
potaxy is the downward growth of single-crystal ML-TMDs under
the guidance of a graphene template placed on top of a transition
metal film via chalcogenization. This method enables the fabri-
cation of single-crystal ML-TMDs with precise thickness control
on various substrates.

Various fabrication methods for ML-TMDs continue to be
actively explored. However, to enhance the practical feasibil-
ity of ML-TMDs for various applications, the development of
wafer-scale synthesis techniques is essential. In the case of
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Figure 5. a) Tear-rotate-stack method using epitaxially grown TMDs and b) images of twist angle-engineered multilayer MoS,. a) and b) are reproduced
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Copyright 2024, Xu et al., published by Springer Nature. g) Schematics of interfacial epitaxy in single crystalline ML-TMDs growth. Reproduced with
permission.l42] Copyright 2024, American Association for the Advancement of Science. h) Schematic of the growth mechanism of hypotaxy in single

crystalline ML-TMDs growth. Reproduced with permission.['43] Copyright 2025, Springer Nature.

commensurate ML-TMDs, several recent studies have demon-
strated fabrication methods that allow precise layer number
control at the wafer scale.!**-13] In contrast, for incommensu-
rate ML-TMDs, research on wafer-scale synthesis techniques
that achieve a desired twist angle remains extremely limited.
Since transfer techniques inherently impose size constraints, a
completely new synthetic approach is required to realize these
structures without relying on post-synthesis stacking.

5. Potential and Applications of ML-TMDs

ML-TMDs exhibit unique electrical and physical properties ow-
ing to their interlayer interactions, making them promising ma-
terials for next-generation devices. Key characteristics, such as
the layered structure, interlayer excitons, and ferroelectricity,
have attracted significant attention for applications ranging from
enhancing traditional devices, such as FETs, to developing novel
prototypes. In this section, we highlight the potential of ML-
TMDs to overcome the limitations of monolayers and offer in-
sights for future research.

5.1. Device Applications of Commensurate ML-TMDs

Early research on the applications of ML-TMDs mainly focused
on utilizing the layer-dependent properties of commensurate
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ML-TMDs structures with 2H and 3R. The electrical and phys-
ical properties of ML-TMDs vary depending on the number of
layers, making it crucial to select the appropriate layer count
for enhanced device performance. A notable example is the
vertical tunnel FET (TFET), which utilizes a layered structure
to overcome the performance limitations of conventional FETs
(Figure 6a). In this device, band-to-band tunneling (BTBT) oc-
curs in the out-of-plane direction of the ML-TMDs channel, sur-
passing the thermionic limitation of the subthreshold swing.!1*4]
The tunneling barrier width of the channel can be tuned by ad-
justing the number of layers of the ML-TMDs to achieve supe-
rior switching performance. Bilayer MoS, provided a sufficiently
low tunneling barrier width while preventing leakage current, en-
abling the realization of a sub-thermionic subthreshold swing
with 231.1 mV dec™! at room temperature (Figure 6b). The bi-
layer channel also offers the advantages of a higher density of
states and strong resistance to interface scattering compared with
a monolayer.”?!

In specific TMDs such as WSe, and WS,, the mobility dif-
ference between electrons and holes varies with the number
of layers, leading to a shift in the dominant carrier type.}*’]
This suggests that the diverse transport behaviors of n-, p-,
and ambipolar types can be induced in the same 2D chan-
nel by simply manipulating the number of layers. Ambipo-
lar conduction with a high on/off current ratio can be used
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Figure 6. a) Schematic of the TFET with a bilayer MoS, channel and b) transfer characteristics showing subthermionic subthreshold swing
(<60 mV dec™") at three distinct drain voltages (Vps). a) and b) are reproduced with permission.['#4] Copyright 2015, Springer Nature. c) Schematic of
the CMOS-like 2D inverter utilizing a 12 nm-thick ambipolar WS, channel, along with its d) voltage transfer curves and e) corresponding gain charac-
teristics (V)y: input voltage, Vour: output voltage, Vpp: supply voltage). c—e) are reproduced with permission.!'#6] Copyright 2020, American Chemical
Society. f) Energy band diagram of MoS, with different thicknesses at the metal contact interfaces (®ypick, Ppthin» Egthick: Eghin: SBHs and energy
bandgaps of thick and thin MoS,). g) Layer-dependent contact resistance of MoS, FETs (inset: log scale). f) and g) are reproduced with permission.[1#7]

Copyright 2017, The Royal Society of Chemistry.

to fabricate reconfigurable logic devices. Ambipolar ML-TMDs
can be reversibly switched between n- and p-type conduction
via electrostatic control, allowing for a single-channel config-
uration without the need for extrinsic doping. This capabil-
ity simplifies the fabrication process, reduces costs, and pro-
vides significant advantages for device miniaturization. A com-
plementary metal-oxide-semiconductor (CMOS)-like inverter
has been successfully implemented using a single ML-WS,
channel (12 nm-thick) with ambipolar conductance, achieving
a notable gain of 78 without extrinsic doping, as shown in
Figure 6¢c—e.[146]

The layer-dependent bandgap of TMDs can be used to reduce
the contact resistance of metal electrodes and introduce diverse
functionalities into 2D devices. By adjusting the number of layers
in the ML-TMDs channel, the band alignment between the ML-
TMDs and metal electrode can be optimized to lower the Schot-
tky barrier height (SBH) at the contact region (Figure 6f).'*] A
smaller SBH in thicker TMDs reduces the contact resistance and
increases the carrier mobility, ultimately enhancing the operat-
ing speed and power efficiency of the device. Trilayer MoS, chan-
nel exhibited much smaller contact resistance by two orders of
magnitudes compared to the monolayer in MoS, devices with Al
contacts (Figure 6g). By combining the TMDs channel with dif-
ferent layer numbers in the source and drain regions, a rectifier
consisting of the same TMDs can be realized owing to the dif-
ference in the SBH between the two electrodes.['*®! This diode-
like behavior can be exploited to fabricate high-performance op-
toelectronic devices, such as photodetectors and photovoltaic
cells.
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The ability to control transport properties by varying
the number of layers optimizes device performance while
maintaining compatibility with existing semiconductor
technologies.}+1#6-148] This intrinsic tunability allows ML-
TMDs-based devices to overcome conventional material
limitations, enhancing their potential for integration into
advanced electronics. Future studies should extend the in-
vestigation of layer-dependent transport to incommensurate
and reconstructed ML-TMDs to further clarify their electronic
properties. A comprehensive understanding of these effects
will be critical for expanding the applicability of ML-TMDs in
nanoelectronics.

5.2. Optoelectronic Applications of Interlayer Excitons

In contrast to monolayer TMDs with only intralayer excitons,
ML-TMDs exhibit both intralayer and interlayer excitons. Inter-
layer excitons, characterized by the spatial separation of electrons
and holes in different layers, exhibit distinctive properties such
as strong binding energy, prolonged lifetime, and tunable dipole
moment. These unique characteristics suggest the possibility of
developing interlayer exciton-based optoelectronic devices. Al-
though these are still in the primary stages, several studies have
reported the implementation of advanced optoelectronic devices
using interlayer excitons.[1#-153]

Excitonic devices are advanced optoelectronic systems that
include exciton transistors and exciton diodes, which can be
used for information processing by controlling the transport of
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Figure 7. Schematic of a) excitonic transistor based on a WSe,/MoS, hetero-bilayers and b) interlayer exciton with an out-of-plane dipole moment
(p) whose flow can be controlled by an external electric field (E). a) and b) are reproduced with permission.['*] Copyright 2018, Springer Nature.
) Schematic of a single quantum emitter composed of MoSe, /WSe, hetero-bilayers with a moiré pattern. d) Second-order correlation function showing
a g2 (0) value of 0.28 that demonstrates photon antibunching from moiré-trapped interlayer excitons. c) and d) are reproduced under the terms of the
CC-BY license.[">"] Copyright 2020, Baek et al., published by American Association for the Advancement of Science. e) Schematic showing the formation
of a moiré miniband and the spatial separation of electrons and holes in multilayer MoSe, with a moiré pattern. f) Comparison of the PL spectrum
between monolayer and multilayer MoSe, with a moiré superlattice, demonstrating strong interlayer interactions induced by the moiré structure. €) and

f) are reproduced with permission.!'33] Copyright 2024, Wiley-VCH.

excitons. Among the different types of excitons, interlayer exci-
tons have excellent potential for implementation in low-loss ex-
citon transistors owing to their long-range transport based on
their prolonged lifetime. The control of the interlayer exciton flow
over a micrometer-scale distance has been demonstrated in the
MoS,/WSe, heterostructure (Figure 72a).'*! In addition to the
spatial separation of electrons and holes in individual layers, the
heterojunctions of different TMDs show indirect transitions of
interlayer excitons owing to the lattice mismatch and twist angle,
leading to a reduced recombination rate and extended lifetime
of interlayer excitons. Three control gates were positioned along
the exciton diffusion pathway, and an electric field was applied in
the out-of-plane direction of the channel to modulate the energy
profile of exciton transport. When no electric field was applied to
the control gate, interlayer excitons generated at the input region
by laser irradiation showed a long diffusion distance of 3 um, re-
sulting in electron-hole recombination and light emission at the
output region. In contrast, when a voltage was applied to the con-
trol gate, an energy barrier was formed in the exciton diffusion
pathway, effectively hindering exciton transport (Figure 7b). Sim-
ilarly, controlling the interlayer exciton diffusion was also demon-
strated in WSe, homo-bilayers.!1>]

The possibility of utilizing interlayer excitons as a single quan-
tum emitter was demonstrated in twisted ML-TMDs with a moiré
superlattice.’>! Tuning the twist angle between the MoSe, and
WSe, layers formed a moiré pattern that confined the interlayer
excitons within the moiré potential, resulting in photon anti-
bunching (Figure 7c,d). Photon antibunching is a phenomenon
in which photons from light emitters are separated individu-
ally, indicating that the moiré-trapped interlayer excitons are true
single-quantum emitters. The low second-order correlation func-
tion g (0) of 0.28 indicates that photon antibunching occurs in
twisted MoSe, /W Se, (Figure 7d). Such a single quantum emitter
has the potential to implement a qubit, which is the basic unit of
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quantum information processing and is important for quantum
communication and computing.[*>2] Precise control over the size
and period of the moiré potential provides a uniform environ-
ment for interlayer excitons, making ML-TMDs an ideal platform
for quantum emitter arrays.

ML-TMDs offer significant potential for enhancing the perfor-
mance of traditional optoelectronic devices, particularly for ex-
tending their detection ranges. Although monolayer TMDs are
generally limited in infrared light detection owing to their large
bandgap, multilayer MoSe, with a moiré structure has success-
fully extended the detection range to the near-infrared (NIR)
region.[’>®] The strong interlayer coupling in the moiré super-
lattice generates moiré minibands and spatially confines elec-
trons and holes in different layers, enabling effective NIR detec-
tion (Figure 7e). The PL peak of the interlayer excitons further
confirms the strong interlayer coupling in the moiré structure
(Figure 71).

Interlayer excitons in ML-TMDs provide a unique platform
for controlling optical and electronic properties at the nanoscale.
Their spatially separated charge carriers enable long exciton
lifetimes and strong dipole interactions, which are crucial for
advanced optoelectronic applications.'**13] Recent progress in
moiré superlattices has expanded the ability to control interlayer
exciton behavior through twist angle engineering. Further ad-
vancements in scalable synthesis and stacking precision will be
essential for improving device performance and stability in com-
mercial applications.

5.3. 2D Ferroelectric-Based Applications
The switchable polarization of 2D ferroelectric materials has

great potential for use in next-generation non-volatile memory
and low-power devices. Two types of 2D ferroelectric devices
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Figure 8. Schematic comparison of the device structures of a) FeFET and b) FeSFET, where FeSFET allows the integration of high-quality insulators,
reducing gate-leakage current and charge trapping at the interface. c) Amplitude and phase images from vertical PFM on 0.25° twisted bilayer MoSe,
(orange dots: triangular domains, red dotted lines: domain walls, scale bars: 200 nm). d) Ferroelectric hysteresis of a graphene-channel sensor, observed
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(Ry: resistance of the graphene channel, Vg: bottom gate voltage, dg: thickness of the bottom dielectric). c) and d) are reproduced with permissio

n.[125]

Copyright 2022, Springer Nature. e) Schematic of the spontaneous shear transformation in epitaxial 3R bilayer MoS,, along with a TEM image showing
the partial screw dislocation. f) Ferroelectric hysteresis observed in the transfer curves of shear-transformed 3R MoS, FET under different gate voltage

sweep ranges (Vg: gate voltage, Vs: drain voltage, Ips: drain current). e)

exist: ferroelectric FETs (FeFETs) and ferroelectric semiconduc-
tor FETs (FeSFETs). In FeFETs, 2D ferroelectric materials are
used as the gate dielectrics, as shown in Figure 8a. The polar-
ization direction of the gate dielectric can be manipulated using
an electric field, which modulates the conductivity of the semi-
conductor channel. Although the use of TMDs has been con-
fined to the channel and conventional ferroelectric materials have
been employed as dielectrics, recent studies have revealed that
twisted ML-TMDs with polydomains can be used as ferroelectric
insulators.'?>1%*] In contrast, a 2D ferroelectric semiconductor
can be used as the channel for FeSFETSs, as shown in Figure 8b.
FeSFETs alleviate the constraints on selecting insulator materials
such that conventional high-quality insulators can be used, offer-
ing benefits in terms of gate-current leakage and trapped charge
atthe interface.["®*! Unlike conventional ferroelectrics, ML-TMDs
with weak vdW interactions exhibit ferroelectricity through in-
terlayer shear motion, resulting in a lower switching barrier and
faster switching speed (Figure 4g). This unique mechanism en-
ables FeSFETSs to operate at lower voltages while maintaining sta-
ble polarization states, reducing the high power consumption as-
sociated with conventional ferroelectric dielectrics. Additionally,
the absence of dangling bonds on the surface of ML-TMDs facil-
itates the formation of atomically sharp interfaces, minimizing
defects that typically degrade device performance in conventional
ferroelectric thin films.[156157]

The ferroelectricity in ML-TMDs is closely related to the break-
ing of stacking symmetry.'?! In a twisted WSe,/WSe, homo-
bilayer with an R-stack, two triangular domains of MX (down-
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and f) are reproduced with permission.l'?’] Copyright 2023, Springer Nature.

ward polarization) and XM (upward polarization) have been de-
tected using PFM (Figure 8c). An external electric field can mod-
ulate the net polarity through the movement of the domain
walls, enabling polarization switching. When a graphene sen-
sor was placed on top of the twisted WSe,/WSe, homo-bilayer,
it exhibited robust ferroelectric hysteresis at room temperature
(Figure 8d), indicating its suitability for non-volatile memory ap-
plications.

The fabrication of a FeSFET consisting of epitaxially grown
3R-type ML-TMDs channels was recently demonstrated. Spon-
taneous shear transformation induced ferroelectricity in the 3R
MoS, epilayers.['””] The dominant AA phase (nonpolar) in the
CVD-grown 3R MoS, epilayers spontaneously transformed into
the AB (upward polarization) or BA phases (downward polar-
ization) owing to energetic instability (Figure 8e). This transi-
tion also induces the formation of mobile partial dislocations
within the 3R MoS, channel, enabling reversible polarity switch-
ing through interlayer sliding under an applied electric field.
This process triggers charge redistribution between the layers
and modulates the net polarity. The hysteresis loop in the I-V
curve of the MoS, FeSFET increased in proportion to the gate
voltage sweep range (Figure 8f). The MoS, FeSFET showed a
data retention time exceeding 10* s and an endurance surpass-
ing 10* cycles. In non-volatile memory applications, the stability
of repeated polarity switching and resistance to fatigue are critical
performance factors. This exceptional reliability originates from
the vdW interaction between layers in ML-TMDs, which enables
sliding ferroelectricity with a relatively low energy barrier. As a
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Figure 9. Structural classification of ML-TMDs, highlighting their diverse properties and potential applications.

result, polarization switching can be achieved at lower electric
fields compared to conventional ferroelectrics, reducing power
consumption while minimizing the fatigue effect.'>%%’] Addi-
tionally, epitaxially grown MoS, /WS, hetero-bilayers showed fer-
roelectricity in both 2H- and 3R-like configurations owing to sym-
metry breaking by different upper and lower layers.['®! The ap-
plied electric field of >2.4 V nm™! induced a lateral sliding of
1.83 A between the layers, leading to charge redistribution and
polarization inversion. In this MoS, /WS, hetero-bilayer, polarity
switching has been applied to ferroelectric tunnel junction de-
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vices, which have emerged as a promising technology for non-
volatile memory.

Sliding ferroelectricity in ML-TMDs offers a novel platform for
next-generation low-power memory technologies.[12>127:154158]
Their vdW interfaces allow robust polarization switching without
the constraints of conventional ferroelectrics. Recent advances
in stacking engineering have enhanced ferroelectric stability and
tunability in these materials. Further research should focus on
optimizing device architectures and scaling up fabrication tech-
niques to enable practical applications.
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6. Conclusion and Outlook

ML-TMDs exhibit unique properties arising from interlayer in-
teractions such as bandgap engineering, moiré minibands, and
correlated electronic states that are unattainable in monolayers.
These properties, dictated by factors such as stacking order,
twist angle, and number of layers, have enabled significant
advancements in applications ranging from vertical TFETs to
quantum devices leveraging moiré superlattices. Although
mechanical stacking offers precise control over twist angles,
its scalability is limited. In contrast, CVD enables large-area
synthesis but lacks fine-angle control, highlighting the need for
improved synthesis methods. For the scalable fabrication of ML-
TMDs with controlled twist angles, integrating the advantages of
both mechanical stacking and CVD has been considered as a po-
tential approach. A promising strategy involves growing TMDs
on substrates that facilitate single-crystalline growth, followed
by wafer-scale transfer techniques to precisely control the twist
angle.['7102] Figure 9 summarizes the structural classifications,
optoelectronic properties, and diverse potential applications.

The ability to precisely engineer the interlayer interactions in
ML-TMDs provides significant opportunities for enhancing de-
vice performances and developing novel device architectures. Al-
though research on ML-TMDs is still in its early stages, a deeper
understanding of the mechanisms governing interlayer interac-
tions is critical. Moreover, the development of scalable synthesis
methods capable of accurately controlling the interlayer angles
without compromising material quality is essential. As this field
advances, ML-TMDs are well-positioned to drive innovation in
next-generation electronic and optoelectronic applications, estab-
lishing themselves as foundational elements for future nanotech-
nology.
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