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Abstract

Moire lattices formed in twisted and lattice-mismatched van der Waals heterostructures have emerged as a 
platform to engineer the novel electronic and excitonic states at the nanoscale. This Perspective reviews the 
materials science of moire heterostructures with a focus on the structural properties of the interface and its 
structural-property relationships. We first review the studies of the atomic relaxation and domain structures 
in moire superlattices and how these structural studies provide critical insights into understanding the 
behaviors of quantum confined electrons and excitons. We discuss the general frameworks to manipulate 
moire structures and how such control can be harnessed for engineering new phases of matter and 
simulating various quantum phenomena. Finally, we discuss routes toward large-scale moire 
heterostructures and give an outlook on their applications in quantum electronics and optoelectronics. 
Special emphasis will be placed on the challenges and opportunities of the reliable fabrication and 
dynamical manipulation of moire heterostructures.
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1. Overview

The electronic band theory is a widely successful theory that underpins our understanding of the electronic 
properties of solids and is the basis for many modem electronic technologies. However, N. F. Mott pointed 
out the theory’s limit as it would always predict a chain of hydrogen atoms with half-filled Is orbitals to be 
metallic, which is apparently wrong when the atoms are infinitely apart1. Such a failure of the electronic 
band theory has been observed in a family of insulators with partially filled electronic bands, known as 
Mott or correlated insulators2- ’. In these solids, the Coulomb interactions among electrons are stronger or 
comparable to the electron kinetic energy1- 2- 4 such that electrons cannot be treated as independent particles, 
which violates the basic assumption of the electronic band theory. Most interestingly, these materials can 
exhibit fascinating electronic properties, such as superconductivity5- 6, frustrated magnetism7, and metal- 
insulator transitions8"11, when they are subjected to perturbations, including doping and pressure12"14.

Understanding these emergent phenomena in correlated materials is a major challenge in condensed matter 
physics and requires a new theoretical framework beyond electronic band theory. However, these systems 
are challenging to model due to the inherent complexity of quantum many-body interactions. No analytical 
solutions are known for even the simplest theoretical models, such as the Hubbard model15, where one adds 
short-range Coulomb interactions to the tight binding model16'18.

The difficulty in understanding correlated systems is further exacerbated by the experimental observation 
that different degrees of freedom are often coupled together in these materials19'21. Interactions among 
electrons and ions, such as correlation1- 2- 4, exchange22, spin-orbit2’- 24, and electron-phonon coupling25- 26, 
can all have similar energy scales. A small external perturbation can affect the delicate balance among these 
interactions and lead to phase transitions with drastic changes in the material’s structural, electrical, and 
magnetic properties27'29. Varying one experimental parameter, such as temperature, pressure, or doping, can 
often simultaneously perturb several degrees of freedom19"21, making it difficult to understand the 
emergence of novel phases.

One approach to studying these complex systems is through quantum simulation’0"’’. A quantum simulator 
is a well-controlled many-body quantum system where one can measure the properties of the whole system, 
such as its conductivity, while tuning certain parameters, such as the system’s Hamiltonian and doping 
level’2"’5. In recent years, much progress has been made toward simulating Mott-Hubbard physics using 
arrays of ultracold atoms confined in optical lattices’6"’9. In these systems, parameters such as doping level, 
kinetic energy, and lattice geometry can be readily controlled to investigate their effects on electronic 
phases’8- 39

Recently, van der Waals heterostructures (vdW) made of atomically thin materials such as graphene and 
transition metal dichalcogenides (TMDs) have emerged as another promising platform for studying 
correlated electronic phenomena with highly tunable parameters40"45 (Fig. 1). These materials can be 
assembled into non-covalently bonded heterostructures without the constraints of lattice commensuration. 
Such lattice incommensuration create moire superlattices46 that periodically modulate atomic structure at 
the nanoscale. This in-plane superlattice induces local variations in the heterostructure’s electronic 
structures, leading to the formation of minibands47- 48. This effectively enhances the effective mass of the 
charge carriers and makes correlation effects more prominent in such vdW heterostructures. As a result, 
correlated electronic phases, including Mott insulators44- 49"5’, generalized Wigner crystals50- 54, and 
excitonic insulators55- 56, have been observed in moire materials.

Remarkably, these moire materials are highly tunable, with many parameters such as carrier densities, 
electronic band, and even band topology, controllable by experimental knobs, including external electrical 
field, relative interlayer twist angles, and dielectric environments. This level of control, rather unique to 
moire materials, opens up exciting possibilities for the exploration of the interplay between correlation, 
delocalization, and topology and the potential discovery of emergent electronic phases arising from these 
interactions (Fig. 1).



o_

a:
o
co

<

Q
LU
Q_
LU
O
O
<

(/)o
(/>
>1

■sf

11
U)

t/>

ll

1
Q_

"O£=
CO

Q_

8£=
CD
CD

_Q

O
e
g
CO

2
3= OJ -o £ 
05 05 -Q CO

II
O CD

° o
£2 Q
> <5
05 ^

o g

51
05 CO
$ E

.9-° 

8 m

IS
Q_

I
CD

I
$
Q_
CO

"s-
O£
=3
CO
CD

CO

CO

In this Perspective, we provide a perspective on how moire materials can realize novel correlated and 
topological states of matter, with a particular focus on two-dimensional semiconductors. We begin by 
reviewing the fundamental physics of moire superlattices in two-dimensional semiconductors. We then 
discuss the atomic relaxation and domain structures in moire superlattices and how these structural studies 
provide critical insights into the behaviors of quantum-confined electrons and excitons. Finally, we discuss 
the frameworks for manipulating moire structures and how such control can be harnessed for engineering 
new phases of matter and simulating various quantum phenomena that are of both fundamental interest and 
potential use in information and quantum technologies.

2. Introduction

2.1 vdW semiconductors and heterostructures

The ever-growing family of 2D materials57"60 offer numerous materials combinations to form moire 
superlattices. Currently, the most studied vdW heterostructures hosting correlated states are made of 
graphene and transition metal dichalcogenides52- 56‘61-64 This is partly because the high quality of their 
crystals and fabrication, which have been optimized over the past decade, allows for studies of pristine 
electronic effects in low-disorder samples65. In this review, we will use transition metal dichalcogenides as 
an example system to illustrate the central ideas, and we expect that these concepts can be generalized to 
other vdW materials.

Transition metal dichalcogenides are a family of layered compounds with a chemical formula of MX2, 
where M is a transition metal, and X can be S, Se, Te66. Within each monolayer, a layer of transition metal 
atoms is bonded to and sandwiched between two layers of X atoms (Fig. 2a top panel). The TMD family 
with different compositions features different electronic properties. In W- and Mo- based compounds, the 
transition metal and chalcogenide atoms occupy the two sublattice sites of a honeycomb lattice within the 
2D plane (Fig. 2a bottom panel). This broken sublattice symmetry gives rise to a bandgap at the comers of 
the Brillouin zone, i.e., the K and -K points67 (Fig. 2b).

Semiconducting TMDs and their heterostructures exhibit intriguing optical properties. In TMD monolayers, 
the gap at K and -K points correspond to the material’s direct bandgap67-69. The size of the gap ranges from 
0.15 to 2.59 eV and can be tuned by alloying different transition metals and chalcogenides67- 70. Optical 
transitions at the K and -K points have different selection rules, such that they couple to circularly polarized 
light of opposite chirality24- 71. As a result of strong Coulomb effects and heavy masses, electrons and holes 
in semiconductor TMD can form tightly bound excitons, with binding energy exceeding a few hundred 
meVs67- 72 Therefore, excitons have large oscillator strength and are the dominant optical species. 
Importantly excitons can interact strongly with free carriers in TMDs via various mechanisms including 
scattering, screening, and phase space filling7-’. This leads to the formation of charged excitons at finite 
carrier doping as well as the density-dependent excitonic spectroscopic properties, such as their spectral 
energies and broadenings74-77. Such a correlation between electrical and optical properties of the TMDs 
allows for local probing of the material’s conductive properties through optical studies. Furthermore, the 
spin-orbit coupling is strong in these materials, which leads to the spin-splitting of tens to hundreds of 
millielectronvolts at the K points24- 61. This spin-orbit locking effect allows for the probe and manipulation 
of both the valley and spin degrees of freedom using light of various polarizations (Fig. 2b).

Recently, significant progress has been made in the experimental fabrication of vdW heterostructures with 
low disorder78-80. The monolayer form of TMDs can be synthesized or isolated from the bulk crystals with 
high crystalline quality (Fig. 2c). Defect density on the order of 1010 cm-2 has been reported81- 82 These 
materials can be combined in a layered fashion to form vdW heterostructures (Fig. 2d). Such 
heterostructures feature not only high electronic and optical qualities thanks to the lack of dangling bonds 
at the interface but also offer unprecedented freedom, including the twist angle engineering5-’- 8-’-86, for 
designing band structures.
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Strong correlation

One of the hallmarks of TMD thin layers is that carriers in these materials experience enhanced correlation 
effects compared to bulk semiconductors. On the one hand, this results from weaker screening and stronger 
confinement due to the reduced dimensionality7’- 87-89 On the other hand, charge carriers in TMDs have 
relatively heavy effective mass and low kinetic energy, partly because of the ^/-orbital nature of the 
conduction and valence bands67- 87

The strong Coulomb interactions and relatively weak electron kinetic energies give rise to strongly 
correlated behaviors even in the absence of moire confinement potential55- 6L 90- 91. This underlies recent 
observations of novel electronic phases in TMD heterostructures, including the formation of Wigner 
crystals in monolayer and coupled MoSe2 bilayers61- 91, as well as exciton insulators in coupled 
heterobilayers55- 56. These strong correlations make these systems a promising candidate for forming exciton 
condensate and superfluid at high temperatures92.

Engineering electronic and excitonic landscape

Beyond the previously discussed correlated states featuring continuous symmetry breaking, one can impose 
a potential landscape on electrons or excitons to reduce their kinetic energy and engineer correlated states 
featuring discrete symmetry breaking. A key advantage of atomically thin materials is the easiness of 
creating energy landscapes. By integrating 2D materials with nanostructures, one induces a periodic pattern 
of strain or dielectric environment to confine electrons and enhance corelation9-’-95. One can also subject the 
electrons in 2D materials to a tunable electrostatic potential by placing the 2D materials onto patterned gate 
dielectrics or electrodes96. In this Perspective, we focus on the method of imposing periodic potentials using 
moire superlattice for simulating quantum systems.

2.2 Moire superlattice - a new quantum simulating system

(/)o
</>
>1

■sf

If
o>

t/>

ll

o y

51
05 CO
$ E

.9-° 

8 m

IS
Q_

I
CD

I
$
Q_
CD

o
£
=3
CD
CD

CD

CD

Moire superlattice

A (quasi-)periodic moire superlattice forms when the stacked two-dimensional crystals have a lattice 
mismatch or a misalignment of their crystallographic axes (Fig. 3a-d). The moire lattice constants Am, is 
determined by both the lattice mismatch between the two layers S and the relative twist angle 0 (the 
derivation from perfect stacking, such as 0 or 60 degrees for honeycomb lattices) as:

Am(0, S)
(1 + S)a

-^2(1 + d)(l — cos 0) + S2

where a is the lattice constant of one of the two layers. The typical size of moire superlattice can range 
from tens of nanometers to hundreds of nanometers for a few percentages of lattice mismatch or a few 
degrees of twist angle.

Within the moire unit cell, the local atomic registry, i.e., stacking order, of the material varies in a periodic 
or quasi-periodic fashion. This variation in the local stacking order induces a spatial modulation of the 
material’s electronic structure, such as their local band gap48. This effect can be understood as a variation 
in the interlayer tunneling rates and band hybridizations for different stacking orders. Such a variation 
effectively imposes a potential, often called moire potential, on both charge carriers and excitons of the 
materials, forming the basis of realizing quantum simulators.

Because of the broken inversion symmetry of TMD monolayers, the symmetries of the moire superlattice 
can be highly dependent on the twist angle. For example, the symmetry of two stacked TMD monolayers 
(whether hetero- or homo-bilayers) are drastically different for ~0° and -60° twist angles (also known as 
rhombohedral (R) and hexagonal (H) stacking67) (Fig. 3a-d). The inversion symmetry is restored for -60° 
twist (fully restored for homobilayers) while remaining broken for the ~0° twist, which is distinct from
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graphene bilayers47. Various high symmetry points can be identified in these structures, which often feature 
the energy extrema of electrons and excitons (see Fig. 3 for detailed discussion). Such distinct symmetry 
has a profound impact on both the atomic and electronic structures of the moire superlattice.

Lattice Reconstruction

The atomic structures of the moire lattice can be more complicated than the above picture assuming rigid 
lattices without any structural relaxation. In particular, different local stacking orders can have different 
free energies because of the variation in the interlayer interactions46- 64- 84- 91. This can lead to both out-of- 
plane lattice corrugation and in-plane distortion to maximize the energetically favorable areas46- 84 However, 
these elastic distortions come with an energy penalty, so the atomic reconstruction is a result of the balance 
between interlayer interactions and intralayer lattice distortion.

As a result, the atomic reconstruction is particularly prominent at low twist angles, where only a small 
amount of lattice relaxation is needed46- 91. This leads to the formation of domains with the lowest stacking 
energy separated by domain walls that are dislocations. In R and H stacking, the domains correspond to the 
energetically favorable stacking Rx and R^, and and the resulting domains have distinct shapes and 
symmetries (Fig.3c-d, right panels).

Various techniques have been employed to directly investigate the atomic relaxation at the nanoscale46- 64- 
97-100 p|ectron microscopy such as transmission electron microscopy (TEM) dark-field imaging and 
scanning transmission electron microscopy (STEM) allow for the local determination of atomic registry 
and the study of domain formations (Fig. 3e-h)97- "- 101. However, they often require special sample 
preparation and have limitations in studying fully encapsulated devices. Recently a scanning electron 
microscopy (SEM) technique was developed to image domains in devices covered with thin hBN, allowing 
for the correlation between structural with optical and electrical properties (Fig. 3i)64. Meanwhile, scanning 
probe techniques, such as conductive atomic-force microscopy (cAFM), near-field scanning optical 
microscopy (NSOM), and scanning tunneling microscopy (STM), which measure local electronic and 
optical properties, can also be used to image domain structures46- 98- 100- 102 The combination of these 
techniques could yield critical insights into the structure-property relationship of the interface.

Experimentally it is often observed there is a variation in the domain sizes across a sample46- 64- 91. Such a 
variation can arise from mechanical strain and non-uniform twist angle during the tear and stack process 
and can profoundly impact the electrical and optical properties of the heterostructure. Therefore, directly 
imaging moire domains on fabricated devices can help to identify regions with high spatial uniformity and 
minimize challenges in interpreting electrical transport and optical measurements.

Quantum simulator

The variation of local atomic registry of the moire superlattice modifies the local electronic structure of the 
materials, which acts as a periodic potential for electrons and excitons. The confinement potential, usually 
on the order of a few tens to hundreds of me Vs. Such a potential is strong enough to confine quasi-particles 
such as electrons and excitons in the moire unit cell, and leads to the formation of minibands. Meanwhile, 
the interactions among electrons and excitons can be strong due to the reduced Coulomb screening. In 
particular, the Coulomb interactions between electrons of neighboring moire sites are on the order of tens 
to hundreds of meVs, comparable to the bandwidths of the moire miniband50- 52 Due to the strong 
confinement and correlation, electrons and excitons can form arrays in the moire superlattice, a prototypical 
correlated state. Most remarkably, such moire systems feature highly tunable Hamiltonian, which provides 
exciting avenues for simulating emergent phenomena in many-body quantum systems, including but not 
limited to Fermi-Hubbard and Bose-Hubbard physics (Fig. 4).

In particular, both shape and symmetry of the confinement potential can be controlled. For example, the 
types of lattices (such as triangular vs. honeycomb) can be chosen based on the materials combination10-1" 
105. Homobilayer will have the same potential at R^ and R^ sites, but this is not the case for a heterobilayer
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due to the natural band offset67- 72 This allows for the creation of a honeycomb lattice with and without 
sublattice symmetry. Furthermore, the same atomic lattice can host lattice potential of different geometries 
at different points of the Brillouin zone. For instance, compared with the often studied K points, the moire 
potential at F points can have a six-fold rotational symmetry, which is higher than the underlying lattice106.

Furthermore, the shape of the moire potential can be readily tuned. The periodicity, Am, tunable over a wide 
range by controlling twist angle and lattice mismatch, strongly influences the interplay between localization 
and delocalization. In particular, there is a minimum periodicity for a given depth of confinement potential 
below which quasi-particles cannot be confined10-1. On the other hand, the moire lattice constants should 
not be so large that the first and second minibands are no longer distinguishable105-107 Besides tuning of 
the moire supercell size, the magnitude of the moire potential, determined by the variation in the interlayer
coupling, can also be controlled, such as by applying a perpendicular electric field or external pressure5L
108

Finally, the strength of the interactions between electrons and excitons can be modified. For example, 
reducing the unit cell size Am enhances the Coulomb potential but reduces the Coulomb-to-kinetic energy 
ratio, as the kinetic energy increases more rapidly. Furthermore, the strength of Coulomb interactions 
among electrons can be modulated by the dielectric environment9-1- 94-109- no. Experimentally this can be 
achieved by placing materials of different dielectric constants near the 2D materials to introduce different 
screening. Recent experiments used graphene, whose carrier density can be modulated, as a tunable 
dielectric material to investigate the correlation effects in moire superlattices111-112 Furthermore, the onsite 
interactions, when two electrons or excitons are placed within a unit cell, would increase as the moire lattice 
constants decreases, providing another way to tune the correlation11-1. Similar techniques can also be used 
to manipulate the correlation among excitons, which experience van der Waals interactions and exchange 
interactions for intralayer excitons and dipole-dipole interactions for interlayer excitons.

3. Correlated electrons in moire superlattice

The moire potential can lead to correlated electronic states by reducing the electron kinetic energy via 
confinement and enhancing the relative strength of correlation energy. These correlated states manifest as 
insulating states at partial filling of the moire minibands and were first observed in twisted bilayer 
graphene44-114 near the magic twist angle. In contrast to graphene, the charge carriers in TMDs have a large 
mass, which allows for band flattening to occur over a wider range of twist angles, making the correlated 
states more robust, possibly occurring over a wider range of twist angles5-1- 8-1- 84 Transport studies show that 
at half-band filling, a correlated insulator appeared that is tunable with both twist angle and displacement 
field (Fig. 5a)5-1. At a 5.1° twist, zero-resistance pockets were observed on doping away from half-filling at 
temperatures below 3 K, indicating a possible transition to a superconducting state5-1.

Interestingly, a perpendicular electric field applied across the vdW heterostructure can change the depth of 
moire potential and dispersion of the moire minibands, which effectively modifies the effective mass of the 
carriers (Fig. 5b). By controlling both the displacement field and the carrier densities, one can control the 
competition between electron delocalization and correlation and induce both bandwidth- and filling- 
controlled metal-insulator transitions51- 62 This has enabled detailed investigation of the phase transition 
between correlated insulating states and the Fermi liquid, such as fine tuning of quantum critical transitions 
(Fig. 5c)51- 62, which provides a system for investigating quantum critical transitions which also occur in 
other Mott insulators.

Beyond simple tuning of the bandwidth, the topology of the moire minibands can also be controlled by the 
perpendicular electric field. When the displacement field is strong enough to reverse the band offset 
between two different materials, it is possible to change the orbital nature of the moire minibands and 
introduce band inversion52- 115. This enables the switching between a band insulator and a topological 
insulator and the realization of a quantum Hall insulator at full filling of the moire minibands in a 
MoTe2/WSe2 heterostructure. Even more intriguingly, by tuning the band topology with an electric field at
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the half-filling, the system goes through a topological phase transition from a Mott insulator to a quantum 
anomalous Hall insulator115 (Fig. 5d). These results demonstrate that the moire system forms a rare platform 
for studying non-trivial topology in conjunction with strong correlation effects.

Optical characterizations have also proven to be a powerful tool for studying correlated states in moire 
systems44- 49"54- 6L 116. These methods circumvent the challenges of fabricating Ohmic contact to TMDs117 
and can provide complimentary information on the correlated states by probing a diffraction limited spot. 
For instance, the exciton spectra are sensitively dependent on the concentration of free carriers, because 
excitons in TMDs can strongly interact with free charges and form charged excitons and Fermi polarons88. 
Recent experiments have identified the discontinuity in the gate-dependent PL and reflection spectra near 
the half-filling of the moire superlattice as a signature for the formation of Mott insulator118. Furthermore, 
scattering of excitons can provide critical insights into electronic and magnetic ordering of the system. For 
example, when electrons form a regular lattice structure in a Mott insulator, the excitons experience a 
periodic scattering potential which modifies the dispersion of the excitons by a umklapp process91' 119 
Measuring the spectral features of these umklapp peaks as a function of electron density and magnetic field 
could reveal both charge and magnetic ordering of the correlated states (Fig. 6a).

In addition to using excitons to probe electrons in the same layer, the excitons can also be used to remotely 
sense electronic states in a nearby layer (Fig. 6d)54- 116. Because the binding energy of the excitons 
sensitively depends on the dielectric environment, a slight change in the dielectric constant or, equivalently 
conductivity of nearby materials can modify the excitonic energies. For example, excitons experience 
weaker screening from nearby insulators than metals, which results in larger binding energies. This is 
particularly a strong effect for the excited states because the excited states with large Bohr radius experience 
stronger effects of the remote layer than Is excitons110"120. Remarkably, insulating states beyond Mott 
insulator and band insulator, such as generalized Wigner crystals, have been observed at factional fillings 
ofWSe2/WS2 moire lattice (Fig. 6e)54.
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Beyond transport and optical studies, other novel techniques have also been developed for studying 
correlated states at fractional fillings. One such technique, called optically detected resistance and 
capacitance (ODRC, Fig. 6b)50, applies a high-frequency AC voltage to a gate electrode covering part of 
the heterostructure. Because of the high contact resistance, carriers cannot be easily injected into the 
heterostructure from the metal-TMD contact but rather redistribute themselves in response to the applied 
voltage. The redistribution current, which can be measured from the variation of the exciton spectra, 
provides a measurement of the sample’s conductivity (Fig. 6c). Furthermore, the generalized Wigner crystal 
can also be visualized by scanning tunneling STM99-10°, using a graphene layer as a sensor. These methods, 
combined with transport measurements, can provide a more complete picture of the correlated states in 
moire systems.

4. Excitons in moire superlattice

Heterostructures of vdW materials can host various types of excitons, which allows for the simulation of 
many-body Bosonic systems with different types of interactions (See Fig. 7). The abundance of exciton 
species and strong Coulomb interactions gives rise to an exciting playground for exploring novel exciton 
states in these materials, ranging from single photon emitter arrays and topological excitons to exciton 
condensates55- 56"92"103"121.

The effect of the moire superlattice on excitons can be understood, to the first order, as the periodic 
modulation of the quasiparticle bandgap associated with the variation in the local atomic registry and 
corrugation. The moire pattern can affect strongly the center-of-mass motion of excitons but influence 
weakly the relative motion of electrons and holes, since the moire unit cell is larger than the exciton radius 
(~l-3 nm for intralayer excitons110" 120). The moire potential is typically a few tens to hundreds of 
millielectronvolts67" llb" 104' 122, depending on the stacking type (H-type versus R-type), materials 
combination, and exciton species (intralayer versus interlayer), which traps excitons at the high symmetry
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points of the moire lattice. Recent experiments suggest that a more complicated picture nay be needed when 
the electron and hole energy minima are located at different points in the moire lattices. In this case, the 
electron and hole correlation can be significantly modified from that of free excitons, leading to a sizable 
spatial separation of electrons and holes and the formation of so-called charge transfer excitons12". 
Nevertheless, the overall picture of spatially confined excitons remains valid. Importantly, the moire- 
trapped excitons can have distinct optical selection rules and optical dipoles from free excitons because of 
the different local stacking registries and symmetries124. For example, valley excitons at different high 
symmetry points of M0X2/WX2 bilayers are predicted to couple to circularly polarized light with the exact 
opposite handedness104.

Moire trapping of excitons provides an excellent platform for simulating many-body Bosonic systems. In 
the low-density regime, if the interactions among the excitons are strong enough, it is possible to realize a 
Bose-Hubbard model, where each moire unit cell only hosts a single or a few excitons. This creates an array 
of single photon emitters with potentially tunable energies and selection rules125. Therefore, it is particularly 
important to engineer and enhance the strength of exciton interactions. On the other hand, in the high- 
density regime, the moire trapping can be helpful for creating exciton condensates and superfluid, which 
were predicted to exhibit high condensate temperatures92.

Another intriguing property of moire excitons, predicted by theory, is the possible emergence of 
topologically non-trivial excitonic bands105. In particular, electron-hole exchange interactions effectively 
impose an in-plane pseudo-magnetic field for the valley pseudospin and induces a valley Berry phase. The 
moire potential reduces the size of the Brillouin zone and creates minibands of excitons, making it possible 
to have exciton bands with non-zero Chem number when the valley degeneracy is lifted by an external 
magnetic field105.

4.1 Homobilayers

In homobilayers, interlayer hybridization modifies their electronic band structure and makes the system an 
indirect bandgap semiconductor84- ILx 126"128. While excitons at the direct transition of K points resemble 
intralayer exciton, the lowest-energy excitons at the momentum-indirect gap are often a hybrid between the 
interlayer and intralayer excitons11"-129"1"1. The twist angle impacts the energetics of the direct and indirect 
excitons126- L"2, by controlling the hybridization and size of the indirect gap. Additionally, the different 
symmetries at around 0° versus 60° twist angles can strongly influence the excitonic behaviors. Experiments 
show that the K-K intralayer excitons are split into two in R-type bilayers, which are degenerate in H-type 
stacking1"". Similarly, the hybrid excitons at the indirect gap can have electric dipoles pointing either up or 
down in H-type stacking but become layer polarized in R-type stacking (Fig. Sa-b)1"". These effects can be 
understood as an out-of-plane polarization associated with the broken mirror and inversion symmetry in R- 
type stacking. Remarkably recent experiments show that an external electric field can flip this out-of-plane 
polarization by inducing an in-plane sliding motion between the two layers (Fig. 8c)1"4. This effectively 
functions as a ferroelectric material and provides a powerful way to tune the electronic and excitonic 
properties1"4-135.
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These observations provide critical insights for understanding excitons in homobilayer moire superlattice. 
When the lattice reconstruction effect is strong, twisted homobilayers can be thought of as a series of 
perfectly stacked domains separated by domain walls. The motion of excitons in these domains can be 
impeded by the domain walls. Recent experiments used a SEM technique to image the domains in the 
twisted WSe2 homobilayers64 and correlate their optical properties with domain sizes. It was found that 
direct excitons at the higher energy can move to the lower-energy position leading to single peak emission 
(Fig. 8d). This occurs if the moire periodicity is small (< 10 nm) so that the excitons can reach the lower 
energy position before they recombine.

4.2 Heterobilayers
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In most heterobilayers, a type-II staggered band alignment forms at the interface featuring strong charge 
transfer based on first-principal calculations67" L"6"L"8. The lowest energy excitons are spatially indirect with 
lower oscillator strength and longer lifetime compared with intralayer excitons1"9"14". These interlayer 
excitons can be both momentum direct or indirect, dependent on the materials combination and the twist 
angle137"138.

Experimentally it has been observed that interlayer excitons in moire superlattice exhibit multiple peaks 
with equal energy spacing, which was attributed to the quantized exciton levels due to the confinement 
effects (Fig. 9a)144. Interestingly, very sharp excitonic PL emission has been observed at low excitation 
power, with hnewidths of-100 peV in a MoSei/WSei heterobilayer (Fig. 9b)145. Recent experiments show 
that the photons emitted exhibit antibunching behaviors, with a sub-unity second order correlation function 
g® (0) = 0.28 + 0.03 (Fig. 9c), which suggests single photon emission from these sharp peaks146.

On the other hand, reflection measurements often probe the momentum-direct intralayer excitons due to 
their larger oscillator strength, often at higher energy than interlayer excitons. In WSe/WS2 and 
MoSe2/WS2 heterobilayers, the intralayer excitons of the selenides are split into three peaks separated by 
-100 meV and -70 meV (Fig. 9d), respectively6""147, indicating strong moire potential. A rich variety of 
intralayer moire excitons can exist. For example, under a vertical electric field, certain moire excitons 
exhibit energy shift and anti-crossing behaviors, suggesting that they are layer-hybridized rather than purely 
intralayer148. Furthermore, density-dependent reflection spectra show that moire excitons can be either 
Wannier with electron and hole wavefunctions located at the same high symmetry points or charge-transfer 
excitons with the hole and electron located at different positions of the moire unit cell147.

One common challenge in fully understanding moire excitons, however, is related to inhomogeneous twist 
angle and domain sizes, discussed in Section 2. The non-uniform strain distribution can split the exciton 
peak into multiple ones, making it difficult to attribute the observed phenomena to an ideal moire 
superlattice. To address this issue, it is important to fabricate and identify samples with homogeneous 
domain sizes using various imaging techniques. The moire effects can also be verified by varying the moire 
periodicity, which should change the energy splitting of moire excitons. Additionally, polarization-resolved 
PL measurements can provide important insights into the origins of the PL peaks as random strains can 
modify the selection rules145.

5. Challenges and outlook

A central materials challenge in the study of moire physics is the non-uniform twist angle across the 
heterostructure. Such variations in the twist angle can be a major source of disorder that needs to be 
carefully considered to fully understand moire physics. On the one hand, one can combine techniques such 
as SEM and SNOM to establish the local intrinsic structure-property relationships of moire superlattices. 
Another intriguing approach is to dynamically control the twist angle by rotating one layer on top of another, 
as has been demonstrated in several vdW heterostructures of graphene and hBN (Fig. lOa-c). Dynamically 
varying the global twist angle offers a promising route for systematically investigating the structural- 
properties relationship in a single device149" 15°, if this technique can produce highly homogeneous samples 
in various materials. Furthermore, in-plane bending of a single component layer can intentionally create 
twist angle variation, likely in a more controlled fashion151. These methods for continuous tuning of twist 
angels with high spatial homogeneity can will be essential for investigating the structural-properties 
relationship in a single device149" 15°,

Beyond understanding the roles of twist angle variations, various approaches need to be explored to 
minimize angular disorders during stacking. For example, automated transfer techniques with precise 
motion and temperature control might reduce twist variation by rendering less strain buildup during the 
stacking while increasing the throughput. Mechanical cleaning at an elevated temperature152"15" can help 
remove blisters from fully formed heterostructures and reduce interfacial disorders. Robotic stack assembly 
in vacuum also helps to create pristine interfaces and could be promising for fabricating heterostructures
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with a high level of spatial uniformity101. Suspended heterostructures allow for the isolation of the materials 
from substrate disorders and clamping, and can be integrated into electromechanical devices for dynamical 
strain control154"159. The proper choice of material combinations can also contribute to ameliorating this 
issue. The higher stiffness of multilayer 2D materials compared with monolayers could lead to less strain 
buildup and more homogeneous domains160-161. In heterostructures with large lattice mismatch, the moire 
superlattice constant and their electronic structures are less sensitive to the twist angle, providing another 
way to circumvent this challenge51- 52-115.

Direct synthesis of vdW heterostructure, such as by chemical vapor deposition, may avoid some issues 
associated with the stochastic nature of the mechanical stacking process. However, the exact synthesis of 
arbitrary twist angle remains difficult despite significant recent progress (Fig. 10d-i)126-162-164 One way to 
achieve better control over twist angles is to leverage growth kinetics, dislocations, lattice mismatch, and 
external strain164"166. Meanwhile growing perfectly aligned heterostructure which is thermodynamically 
stable, is another promising route for realizing moire superlattices with minimal angular disorder. As a 
result, efforts to improve the direct synthesis of monolayers, which typically contain more disorders than 
exfoliated ones at present, will be critical.

From a fundamental scientific perspective, moire materials with such remarkable tunability, will continue 
to enable the access of various many-body phenomena in both fermionic and bosonic systems. The 
correlated states can feature tunable spin Hamiltonians in different lattice geometries and can be used to 
simulate frustrated magnetic states and fractionalized spin liquids106-167. A variety of collective phases can 
be realized in a single device, including exciton insulators55- 56, exciton condensates92, and even Wigner 
supersolids121, allowing us to investigate how these phases compete in the quantum regime. Electrical and 
magnetic manipulation of electrons and excitons allows for detailed investigation of the interplay between 
correlation, delocalization, and topology. An intriguing question is whether one can coherently control the 
properties of individual electrons and excitons, such as their spins and valleys, like in an atomic array. If 
successful, this not only create an exciting system for entangling a large number of particles that could be 
useful for both quantum science and technology168.

The quantum states of electrons and excitons in moire materials offer enormous potential for novel 
technological applications. For example, the realization of superfluid and superconductivity in moire 
materials could enable voltage control of dissipationless current flow, which may form the foundation for 
novel electronic and optical switches. Similarly electrical control of excitonic flow enables excitonic 
devices for optoelectronics169- 170. The topological exciton band in moire materials can lead to valley- 
polarized edge exciton flow without backscattering105, which can have applications in classical and quantum 
optoelectronics. When embedded in cavities, the interactions among moire excitons can be further enhanced 
for nonlinear and quantum optical applications171-172 The quantum emitter arrays provide an electrically 
tunable source for single photons, and an external electric field can control the positioning of the emitters 
in the moire pattern while inverting their optical selection rules10-1. This enables the generation of circularly 
polarized single photons and the potential creation of a spin-photon interface.

Beyond TMD- and graphene-based heterostructure, we expect that the exploration of new material systems 
and innovative device architectures will further expand the potential for discovery in stacked 
heterostructures. Collaborative efforts between chemists, physicists, and materials scientists will be crucial 
in advancing the field of moire materials and realizing these potential applications. With these efforts, the 
study of quantum phenomena in moire materials has the potential to unlock new possibilities for 
engineering and controlling quantum systems.
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Fig. 2 Crystal structure and band structure of transition metal dichalcogenides (TMDs) and their 
heterostructures, a, Atomic structures of monolayer TMDs. b, Direct bandgap and optical selection rule 
in typical monolayer TMD. c, High-resolution STM topographic images of MoSe2. d, Cross-sectional 
STEM image of a MoSe2/MoS2/WS2 heterostructure with the electron beam aligned with the armchair axis 
of MoS62 (right) and M0S2 (middle). Panels adapted with permission from: c, Reproduced with permission 
from Edelberg et al, Nano Lett. 19, 4371 (2019). Copyright 2019 American Chemical Society; d, 
Reproduced with permission from Kang et al, Nature 550, 229-233 (2017). Copyright 2017 Springer 
Nature Ltd.
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Fig. 3 Stacking order and lattice reconstruction of moire superlattices, a, b, Sideview of 2H vs. 3R
stacking, c, Moire lattice for R stacking before and after relaxation, d, Moire lattice for H stacking before 
and after relaxation. The symmetry group of the moire superlattice would be a subset of the individual 
component lattice. The overall symmetry of the superlattice can be identified by examining the high 
symmetry points of the moire lattice which also often correspond to the critical points of stacking-dependent 
electronic properties. The 0° or rhombohedral stacking feature three high symmetry points, R$, R^, and 
Rx ■ Rx is the perfectly aligned point with overlapping chalcogenide (X) atoms (R% is close and practically 
identical to R$). At R^ (Rx), an X atom from one layer is directly over (below) an M of the other layer in 
a so-called Bernal stacking46. The local mirror symmetry, with a mirror plane between the two layers, is 
broken at both R^ and Rx, but restored at Rx. Similarly, the high symmetry points of the H stacked bilayer 
can be identified and named as , H^, and H^,. In both cases, the moire superlattice can be viewed as a 
triangular lattice of perfectly stacked region (R$ and H^) surrounded by a honeycomb lattice made of two 
types of stacking (R% and R^, Hx and H^, respectively), e, Moire pattern on an R-stacked MoSVWSe?
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heterobilayer as revealed by STEM, f, TEM dark-field image of twisted bilayer graphene with a twist angle 
of 0.1°. g, SEM image of a twisted bilayer WSe2 showing a reconstructed moire pattern with triangular AB 
and BA (3R) stacking domains. Panels adapted with permission from: e, Reproduced with permission from 
Zhang et al, Sci. Adv. 3, el601459 (2017). Licensed under a Creative Commons Attribution (CC BY) 
license; f, Reproduced with permission from Yoo et al, Nat. Mater. 18, 448-453 (2019). Copyright 2019 
Springer Nature Ltd; g, Reproduced with permission from Andersen et al., Nat. Mater. 20, 480-487 (2021). 
Copyright 2021 Springer Nature Ltd.
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Fig. 4 Tunable parameters in a moire quantum simulator. Am: lattice constant of a moire superlattice. 
Em. depth of moire potential. U: on-site Coulomb interaction, t: kinetic energy. J: exchange interaction, e: 
dielectric constant. Changing one physical parameter sometimes influences several parameters in the 
Hamiltonian. For instance, decreasing the moire lattice size Am increases both the kinetic energy 1 and the 
Coulomb repulsion U.
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Fig. 5 Correlated electronic phases in moire superlattice, a, Resistance as a function of carrier density 
n for WSe2 homobilayers with different twist angles revealing correlated states. All are measured at 1.8 K. 
The dashed lines refer to the zero resistance for each curve, b, DFT calculations showing a displacement 
field modifies the dispersion of the hole moire bands of a MoTe2/WSe2 heterobilayer, c, Bandwidth- and 
filling controlled metal-insulator transition. Resistance as a function of displacement field D and band 
filling v for a WSe2 homobilayer with a twist angle of 4.2°. The band filling v is defined in units of electrons 
per unit cell of the moire superlattice. All data are collected at 1.6 K. d, Quantum anomalous Hall states 
emerging in an AB-stacked MoTe2/WSe2 heterobilayer. Longitudinal resistance of as a function of top and 
bottom gate voltages drops to near zero near quantum anomalous Hall insulator in the dashed circle region. 
Vtg and Vbg control the filling factor v and displacement field E independently along the white arrow 
directions. All data are collected at 0.3 K. Panels adapted with permission from: a, Reproduced with 
permission from Wang et al., Nat. Mater. 19, 861-866 (2020). Copyright 2020 Springer Nature Ltd; b, 
Reproduced with permission from Li et al, Nature 597, 350-354 (2021). Copyright 2021 Springer Nature 
Ltd; c, Reproduced with permission from Ghiotto el al, Nature 597, 345-349 (2021). Copyright 2021 
Springer Nature Ltd; d, Reproduced with permission from Li et al, Nature 600, 641-646 (2021). Copyright 
2021 Springer Nature Ltd.
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Fig. 6 Optical characterizations for correlated states in moire systems, a, Chemical potential 
dependence of the differential reflectance (with respect to energy E ) of a MoSeVhBN/MoS62 
homobilayermoire heterostructure. Umklapp exciton resonances can be observed near the half-filling, b, 
Schematic for ODRC measurement in a WSe2/W$2 heterostructure. A high-frequency AC voltage applied 
to region 1 leads to charge redistribution between region 1 and 2. The corresponding variation in the carrier 
densities in region 2 can be optically detected via a lock-in measurements. Ci, Cb and C2 are the geometric 
capacitances of the system while R and Cq are the doping-dependent resistance and quantum capacitance 
of region 1, respectively, c, Resistance and capacitance values extracted from ODRC signal of a WSe2AV$2 
heterostructure at different frequencies as a function of doping density, d, Schematic of the device structure 
utilizing Rydberg excitons for the detection of correlated states, e, A series of insulating states in a 
\VSe2AVS2 heterobilayer are revealed by blueshifts of the 2s exciton resonance of a remoted WSe2, 
accompanied by an enhancement in the spectral weight. Panels adapted with permission from: a, 
Reproduced with permission from Shimazaki et al, Phys. Rev. X. 11, 021027 (2021). Licensed under a 
Creative Commons Attribution (CC BY) license; b, c, Reproduced with permission from Regan el al., 
Nature 579, 359-363 (2020). Copyright 2020 Springer Nature Ltd; d, e, Reproduced with permission from 
Xu et al, Nature 587, 214-218 (2020). Copyright 2020 Springer Nature Ltd.
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Fig. 7 (a) Schematics of intralayer and interlayer excitons. The intralayer excitons behave similarly to their 
monolayer counterparts but experience additional effects from the neighboring materials. The interlayer 
excitons featuring spatial separation of the electron and hole have weaker oscillator strength and permeant 
dipoles17"-174 Therefore, they have longer radiative lifetime and their energies can be tuned by electric-field 
via a Stark effect86'L< L"9-141175. Interlayer excitons can be created in electron hole bilayers of TMDs both 
by electrostatic gating and optical pumping176"178. Furthermore, in certain cases, one of the electron or hole 
can be delocalized across the two layers, leading to a hybrid exciton states with characteristics of both 
interlayer and intralayer excitons5"'85"ILx 129'147'148 (b) Energy diagrams of momentum-direct and -indirect 
excitons.



o_

a:oco

<

Q
LU
Q_
LU
OO
<

(/)
o
(/>
>1

■sf

11
U)

t/>

ll

1
Q_

"O£=
CO

Q_

8
£=
CD
CD

_Q

O
e
g
CO

2
3= OJ -o £ 
05 05 

-Q CO

II
O CD

° o
£2 Q
> <5
05 ^

o g

51
05 CO
$ E

.9-° 
8 m

IS
Q_

I
CDI
$
Q_
CO

"s-O
£
=3
CO
CD

CO

CO

-0.1 0 0.1 
Ez (V nm_1)

-0.2 -0.1 0 0.1 0.2 

Vj/dy (V nrtf1)

gj 1.60 A_<10nm Am <10 A = 25 ± 10 nm A = 50 ± 10 nmAm<10nm

Intensity (a.u.)

Fig. 8 Experimental observation of excitons in homo- moire superlattice, a, b, Excitons in the domains 
of marginally twisted MoSe2 bilayers exhibit a preferred dipole orientation. Inset: schematic of Xu with 
different preferred dipole moment (/r) orientations. All data are collected at 4 K. c, Electric field dependence 
of the polarization in an R-stacked WSe2 homobilayer, d, Correlating the optical properties of twisted WSe2 
homobilayer with their moire lattice constant. Am: lattice constant of the moire superlattice at different 
positions. The higher-energy K-valley momentum-direct intralayer exciton (type II) emerges as Am 
increases (Am > 10 nm). All data are collected at 4 K. Panels adapted with permission from: a, b, 
Reproduced with permission from Sung et al, Nat. Nanotechnol. 15, 750-754 (2020). Copyright 2020 
Springer Nature Ltd; c, Reproduced with permission from Wang el al, Nat. Nanotechnol. 17, 367-371 
(2022). Copyright 2022 Springer Nature Ltd; d, Reproduced with permission from Andersen et al, Nat. 
Mater. 20, 480-487 (2021). Copyright 2021 Springer Nature Ltd.
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Fig. 9 Experimental observation of excitons in hetero- moire superlattice, a, Evidence of trapped 
excitons in MoSe2/WSe2 heterobilayers with different near-zero twist angles: 1° (bottom) and 2° (top), b, 
Trapped interlayer moire excitons from a MoSe2/WSe2 heterobilayer with a twist angle of 2° at different 
excitation powers. Inset, a representative PL peak under low excitation power exhibiting narrow linewidth. 
c, Second-order photon correlation statistics show antibunching of interlayer moire excitons from a 
MoSe2/WSe2 heterobilayer with a twist angle of ~ 60°. The g® (0) can be revealed by fitting (red solid 
line). The black dashed line shows the experimental limitation for (0). d, Doping-dependent reflection
contrast spectra of a R-stacked WSe2/WS2 heterobilayer. Distinct behavior for the intralayer WSe2 moire 
excitons I, II and III can be observed. The shift of peak III under doping is highlighted with white lines for 
clarity. Panels adapted with permission from: a, Reproduced with permission from Tran el al, Nature 567, 
71-75 (2019). Copyright 2019 Springer Nature Ltd; b, Reproduced with permission from Seyler et al, 
Nature 567, 66-70 (2019). Copyright 2019 Springer Nature Ltd; c, Reproduced with permission from Baek 
et al., Sci. Adv. 6, eaba8526 (2020). Licensed under a Creative Commons Attribution (CC BY) license; d, 
Reproduced with permission from Naik et al, Nature 609, 52-57 (2022). Copyright 2022 Springer Nature 
Ltd.
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Fig. 10 Advances in controlling twist angles of a moire system, a-c, AFM-rotatable graphene/hBN 
heterostructure. Three different orientations of the top BN are displayed (referenced to the ATM coordinate 
system), d-g, Optical images of a M0S2 monolayer and twisted M0S2 bilayers with different twist angles 
synthesized by CVD method, h, Simulated supertwisted spirals with increasing positive or negative twist 
angles, i, ATM image of a representative WS2 supertwisted spiral grown around W0X particles on a non- 
Euclidean Si02/Si substrate. Panels adapted with permission from: a-c, Reproduced with permission from 
Ribeiro-Palau el al, Science 361, 690-693 (2018). Licensed under a Creative Commons Attribution (CC 
BY) license; d-g, Reproduced with permission from Liu et al, Nat. Commun. 5, 4966 (2014). Copyright 
2014 Springer Nature Ltd; h, i, Reproduced with permission from Zhao et al., Science 370, 442-445 (2020). 
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