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Abstract

Artificial moiré superlattices are formed by vertically stacking two monolayers of two-dimensional (2D) materials and rotat-
ing one of the layers with a finite twist angle. The resultant moiré pattern in the twisted heterostructures exhibits periodic
length scale larger than that of lattice atoms of the individual layers. Furthermore, the moiré pattern is found to control the
interlayer hybridization in a twisted bilayer heterostructure creating strongly correlated quantum states. Owing to the moiré
pattern—introduced interlayer hybridization, several exotic quantum phenomena such as flat bands, moiré excitons, surface
plasmon polaritons, surface phonon polaritons, surface exciton polaritons, interlayer magnetism, and 2D ferroelectricity are
recently found in the engineered materials with additional twist degree of freedom. Here we review some notable advances
in moiré physics associated with twisted bilayer heterostructures of 2D crystals including (A) flat bands in the twisted bilayer
graphene, (B) exciton superlattices in the twisted transition metal dichalcogenides, (C) topological polaritons and photonic
superlattices in the twisted 2D metal oxides, (D) interlayer magnetism in the stacked 2D magnetic semiconductors, and (E)
ferroelectricity in moiré quantum materials. This story-of-twist begins with (1) an introduction to twisted heterostructures, (2)
a correlation between van der Waals heterostructures and moiré superlattices, (3) how to design and fabricate moiré quantum
materials, (4) discussion on five emergent quantum phenomena associated with twisted bilayer heterostructures as listed
above, and finally (5) what are the challenges in fabrication, characterization, and applications of twisted heterostructures.
This review concludes with an outlook pointing toward innovation in large-area design of twisted heterostructures for their
potential applications in quantum nanoelectronics, quantum photonics, optoelectronics, quantum computing, nonvolatile
memory, quantum emission, and quantum communication. Moiré physics of moiré quantum materials is a relatively new and
extremely exciting area of research. This article provides a general overview of recent advances of moiré physics in twisted
van der Waals heterostructures of 2D materials.
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1 Introduction

Years of research has shown that it is possible to alter the
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three-dimension (3D) down to low-dimensional materials,
i.e., bulk 3D graphite to either two-dimensional (2D) gra-
phene, one-dimensional (1D) carbon nanotubes, or zero-
dimensional (0D) fullerenes or quantum dots. In recent
years, however, a new breakthrough was made in realiz-
ing that reducing the material dimensions is not the only
way to coax a material into exhibiting new characteristics
but so is the idea of twisting layered 2D materials [1, 2].
Twist is an additional degree of freedom that allows two
layers of 2D materials to be twisted on top of one another
to exhibit new properties that the materials would not have
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shown otherwise. Some of the more explored properties that
have shown considerable deviation from expected outcomes
include electronic, optical, and magnetic phenomena [3].
So what happens when the top monolayer of 2D crystal
vertically stacked and rotated with a finite twist angle with
respect to the bottom monolayer? Artificial moiré superlat-
tices are created with the periodic moiré pattern that is found
to control the interlayer hybridization resulting in strongly
correlated quantum phases, which is otherwise not avail-
able in individual monolayers. For example, a monolayer
graphene is a weakly interacting 2D electron system.
Among many recently developed exotic quantum
phenomena found in the twisted heterostructures of 2D
crystals, Fig. 1 presents some key findings in this area
such as flat bands [4-13], interlayer ferromagnetism [14],
moiré excitons [15—18], topological polaritons [19-21],
soliton superlattices [22, 23], and interfacial superlattices
[24-26]. In the process of exploring these new proper-
ties, creative techniques have been developed to design
and visualize such moiré superlattices [3, 27, 28]. Further-
more, computational methods have also been explored in
pursuit of accurately simulating the effects of twist angles
on such quantum phenomena in moiré superlattices [29].

The area of twistronics is exploratory in nature; therefore,
most research conducted thus far is a means of establishing
the groundwork for this newly discovered field.

In this review article, we will discuss some emergent
quantum phenomena in twisted bilayer heterostructures
of 2D materials including (A) flat bands in the twisted
bilayer graphene, (B) exciton superlattices in the twisted
transition metal dichalcogenides (TMDs), (C) topologi-
cal polaritons and photonic superlattices in the twisted
2D metal oxides, (D) interlayer magnetism in the stacked
2D magnetic semiconductors, and (E) unconventional fer-
roelectricity in moiré quantum materials. To thoroughly
understand the moiré physics of the above quantum phe-
nomena, this article will begin by presenting the funda-
mental concepts of van der Waals heterostructures and
physics of moiré superlattices followed by a discussion
on how to design and fabricate moiré quantum materials.
The possible challenges with fabrication, characterization,
and applications of twisted heterostructures are also high-
lighted. Few interesting quantum phenomena that will not
be discussed in detail are soliton superlattices [22, 23] and
interfacial superlattices [24—26] in twisted heterostructures
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Fig.1 Emergent quantum phenomena in artificial moiré superlattices formed by vertically stacking two 2D monolayers and rotating one of the
layers with a finite twist angle. Reproduced with permission from Refs. [4, 14, 19, 22, 24]
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of polar van der Waals materials like hexagonal boron
nitride (h-BN).

2 Van der Waals heterostructures and moiré
superlattices

2D van der Waals heterostructures are artificial materials
that are stacked layer by layer in a certain pattern and held
together loosely by van der Waals forces [30, 31]. Covalent
bonds allow the atoms within the plane to remain stable
while the comparatively weaker van der Waals forces in
between the layers hold the layers to be stacked vertically
[32-34]. Every material is made up of repeating patterns of
atoms referred to as a lattice. These lattices may be stacked
in various patterns, the most common being AA-type stack-
ing and AB-type stacking. AA-type stacking occurs when
the lattice patterns align perfectly with one another while
AB-type stacking involves the lattice being slightly offset
from one another [35]. The choice in stacking configuration
does change the properties of the material. This is because
the stacking pattern of the layers alters the ability for elec-
trons to transfer between layers.

Twistronics is the study of the twisted monolayers of
2D materials. In their bulk forms, materials like graphite
and molybdenum disulfide (MoS,) are commonly used
as dry lubricants. The reason being that weaker van der
Waals forces between the layers make rotating or sliding
layers a relatively easy task. When the same principle is
applied to bilayer materials, the ability to rotate layers on
top of one another opens doors for exciting new discov-
eries. When bilayers of material are rotated at a certain
angle with respect to one another, then a more complex
pattern of repetition is observed, called a superlattice.
Rotating layers cause the stacking orders to differ; if the
angle of rotation is in between AA and AB stacking, then
a new pattern arises which is referred to as a moiré pat-
tern (Fig. 2). This pattern is important when considering

Stack + Twist

Fig.2 Transformation of a monolayer graphene via stacking of
another monolayer graphene followed by a small angle-twist to a
twisted bilayer graphene superlattice with moiré pattern that may host
strongly correlated electronic states. The small-angle rotation leads

electronic and mechanical properties due to it mimick-
ing the well-known honeycomb structure that graphene is
known for having, but on a larger scale which alters the
interlayer hybridization. This moiré pattern has also been
shown to create a fractal energy spectrum in a strong mag-
netic field [35]. The angle of rotation between layers plays
an important role in determining which property changes
will be observed. The properties observed at small angle
twist can drastically differ from larger angles. Another fac-
tor that has shown to play a role in twisting properties is
the doping of the material. Experiments have shown that
the characteristics of the doped layers twisted at a cer-
tain angle can be very different from the non-doped layers
twisted at the same angle. Thus far, it has been shown that
twisting stacked layers on top of one another allows for
unique characteristic changes in the materials’s electronic,
optical, and magnetic properties [3].

The twisted 2D monolayers form moiré superlattice
with a moiré wavelength (1), which can be described as
follows [3]:

1+ 9d)ay

1=
V21 + 8)[1 — cosd] + 52

where 0 is the lattice mismatch between 2D monolayers,

. ay-a ’
which can be presented as: 6 = ’(’a—o); ay and a, are the lat-
0

tice constants of two 2D monolayers and 0 is the twist angle
between the layers.

3 Design and fabrication of moiré quantum
materials

Moiré quantum materials are twisted heterostructures in
which atomically thin 2D materials are carefully stacked
and rotated with a finite twist angle while the weak van
der Waals force is responsible to hold the 2D layers. There
are several techniques (as presented in Fig. 3) such as (i)

to the formation of a mini-Brillouin zone due the difference between
the two K (or K') wavevectors for the two monolayers of graphene.
Reproduced with permission from Ref. [52]
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optical alignment of crystal edges [36-38], (ii) rotational
alignment during assembly [39], (iii) self-rotation through
thermal annealing [40, 41], and (iv) in situ rotation of 2D
layers [3] that may be utilized when designing, for exam-
ple, twisted graphene/h-BN heterostructures to be studied
for twist-dependent quantum phenomena. These techniques
have evolved since the initial discovery of moiré physics
in twisted van der Waals heterostructures of 2D materials
from only being able to allow for static analysis to allowing
dynamic twist angle analysis.

A wide range of moiré materials have been developed
from graphene, hexagonal boron nitride (h-BN), TMDs, or
magnetic semiconductor crystals to exploit exotic quantum
phenomena [42]. Such moiré quantum materials can be clas-
sified as (i) homobilayers—when two monolayers of same
material are stacked with a twist angle (examples: twisted
bilayer graphene, twisted TMD homobilayers), (ii) heterobi-
layers—when two monolayers of different materials with lat-
tice mismatch are stacked and/or with a potential twist angle
(examples: graphene/h-BN, MoS,/WS,), and (iii) multilay-
ers—when multiple layers of monolayers are stacked with
a twist angle (examples: twisted double bilayer graphene,
twisted double bilayer TMDs, twisted trilayer graphene).
Therefore, the techniques to design and fabricate such wide
varieties of moiré quantum materials may also vary.

4 Emergence of exotic quantum phenomena
in twisted bilayer heterostructures

A slight lattice mismatch between the two 2D monolayers in
a twisted heterostructure leads to the moiré pattern with the
periodic length scale larger than that of lattice atoms of the
individual layers. The moiré pattern is found to control the
interlayer hybridization in a twisted bilayer heterostructure.
Owing to the moiré pattern—introduced interlayer hybridiza-
tion or coupling in twisted bilayer heterostructures, several
exotic quantum phenomena in the broad area of nanoelec-
tronics, excitonic science, magnetism, and photonics are

Fig.3 Fabrication methods for
the design of moiré quantum
materials including twisted

How to Twist 2D Layers?

recently found in the engineered metamaterials with addi-
tional twist degree of freedom. Here we have discussed the
most notable findings for twisted heterostructures of both
homo- and heterobilayers of 2D materials including (A) flat
bands, (B) exciton superlattices, (C) photonic superlattices,
(D) interlayer magnetism, and (E) moiré ferroelectricity.

A. Flat bands in twisted bilayers The relationship between
electron’s energy and its momentum, E(k), is known as the
electronic band structure, which is key to predict the electron
kinetics in a crystal. A crystal is defined as lattice + basis.
In case of a 2D crystal lattice, for example, graphene, the
block electrons are massless owing to the linearly dispersive
energy bands [43]. Certain lattices (also known mathemati-
cally as “line graphs”) may also exhibit “flat bands” in their
electronic band structure [43]. Flat band refers to zero-veloc-
ity points in momentum space of electrons near the Fermi
level such that electron’s kinetic energy is quenched and
hence, Coulomb interactions are enhanced [43, 44]. Such
strongly correlated electronic phases due to flat band for-
mation in certain geometrically frustrated lattices [45] may
give rise to emerging quantum phenomena such as supercon-
ductivity [46], itinerant ferromagnetism [47], and charge-
density wave instability [48] and metal—insulator transition
[49]. Figure 4A presents charge confinement and flat bands
in kagome lattice and kagome metal CoSn [45].

Among various flat band systems that appear in bulk sol-
ids, we will now focus on creating the strongly correlated
quantum phases in a magic angle twisted bilayer graphene
superlattice (Fig. 4B) which also exhibits Mott-insulating
phase and unconventional superconductivity [4, 50]. A peri-
odic moiré pattern is constructed when a second layer of
graphene is introduced and rotated at a small angle with
respect to the first graphene layer [51]. This periodic moiré
pattern extends throughout the superlattice and exhibits a
strong localization of electronic wavefunctions at AA stack-
ing domains. Figure 4B shows moiré patterns in twisted
bilayer graphene with moiré wavelength (1) =a/[2sin(6/2)],
where a=0.246 nm is the lattice constant of graphene and
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Fig.4 A Charge confinement and flat bands in kagome lattice and
kagome metal CoSn. B Twisted bilayer graphene system: moiré
superlattice with AA and AB stacking, band energies, STM topogra-

0 is the twist angle. Figure 4B depicts the twisted bilayer gra-
phene system with moiré superlattice of AA and AB stack-
ing, band energies with flat bands based on ab initio tight-
binding method, STM topography of moiré superlattice,

phy, normalized LDOS, and stacking order model. Reproduced with
permission from Refs. [4, 45, 51]

local density of states (LDOS) corresponding to flat bands,
and stacking order model.

A 2016 report by Cao et al. [52] studies the magne-
totransport properties of twisted bilayer graphene which
provides promise for further investigation. A more recent
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paper by Cao et al. [4] extends the study of van der Waals
heterostructures to include bilayer graphene to show that
twisting the layers a “magic angle” of 1.1 degrees allows
for flattened electronic bands. These bands exhibit Mott-
like insulator states when half-filled. The paper poses that
continued research of twisted bilayer graphene may open
many doors to the mysterious world of many body quantum
phases. Upon further investigation of twisted bilayer gra-
phene “magic angle,” Cao et al. [50] was able to develop a
superconductor with some of the strongest observable pair-
ing strength between electrons. They show measurements
of twisted bilayer graphene having comparable features to
cuprates by electrostatic doping the previously observed
Mott-like insulating states. In response to the discovery of
superconductivity in twisted bilayer graphene, Laksono et al.
[53] followed up with a model that predicts multiple combi-
nations of insulating and superconducting phases.

Though this phenomenon is still relatively new, there
have been a considerable amount of attention given to
twisted bilayer graphene and little to other heterostructures.
Another recent study [54] has crossed that bridge and has
applied first principles density functional theory to calcu-
late the electronic and structural transformations in twisted
bilayer molybdenum disulfide (MoS,). MoS, has structural
differences compared to graphene but when considering
twisted layers, the two materials have comparable flat band
bandwidths which can influence the electronic structure in
the observed moiré patterns similar to the effects seen in
graphene. It has also been found that doping these flat bands
in MoS, may lead to transitions between states depending
on the amount of filling, similar to the way twisted bilayer
graphene becomes a Mott insulator at half-filling.

B. The influence of moiré potentials on excitons in twisted
bilayer heterostructures Three-atom-thick TMDs such as
MoS,, WS,, MoSe,, and WSe, are a class of layered 2D
crystals with weak interlayer van der Waals bonding and
strong intralayer covalent bonding [55, 56]. Owing to the
van Hove singularity induced strong optical absorption and
exciton generation in the visible part of the electromagnetic
spectrum, TMDs are suitable for strong light-matter interac-
tions in optoelectronic devices [57, 58].

The twisting of vertically stacked 2D layers of TMDs
forms periodic energy potentials referred to as moiré poten-
tials [59]. The influence of the moiré potentials on excitons
formed by type-II band alignment in twisted bilayer TMD
heterostructures results in interesting opto-electrical and top-
ographical changes [60-62]. Diffusion of excitons can take
place either in a single layer (intralayer exciton diffusion)
or between bilayers of TMDs (interlayer exciton diffusion)
[63]. The interaction of an excitons’ electron and hole, gen-
erated via optical absorption, forms a valley pseudospin. The
valley pseudospins of excitons observed in twisted TMDs
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have longer lifetimes when involving interlayer excitons [64,
65] as opposed to intralayer excitons. The longer lifetimes
make interlayer excitons more efficient information carriers
compared to short-lived excitons [66]. This emerging phe-
nomenon paves the way for new electronics as the tuning of
excitons via twisting bilayers proves to be a valuable tool
in the field of solid-state quantum information technology.

Choi et al. observed that interlayer exciton lifetimes are
temperature dependent with different twist angles [60].
The dependence on twist angle originates from the spac-
ing between the electron and hole. The lifetime of inter-
layer excitons increases as the conduction band minimum is
twisted away from the valence band maximum. In doing this,
the interlayer exciton also experiences a decreasing dipole
moment resulting in decreasing emission intensity [61].
When moiré potentials are introduced to interlayer excitons,
the excitons experience localization which leads to new opti-
cal selection rules at three-fold symmetry sites or slow the
diffusion process [61]. This is because the spin-singlet and
spin-triplet can couple to in- and out-of-plane polarized
light making them equally bright in measurements while
at three-fold symmetry sites. Bilayer heterostructures such
as h-BN-encapsulated MoSe,-WSe, at low temperatures
and h-BN-encapsulated WS,-WSe, at near 0° twist angle
reported multiple interlayer exciton resonances in photolu-
minescence measurements for both ground and excited states
that further prove the alternating selection rules.

Alternatively, the moiré potential impact on intralayer
excitons is smaller than that of interlayer excitons. However,
it is still possible to tune the energy spacing and oscillator
strength of resonances by twisting the bilayer heterostruc-
ture. In this case, a valley of pseudospin with a momentum-
space Berry phase, when in combination with a moiré poten-
tial and a Zeeman field, leads to the transport of excitons
along the edge states [59, 62]. Despite the changes in twist
angles, the selection rules remain the same making intra-
layer excitons coupled to light. When coupling optical and
electrical fields, proportionality has been observed between
the density of states of moiré potentials and changes in the
induced optical contrast of WSe, intralayer resonance giving
rise to insulating states at certain densities [61].

In some studies, hybridized excitons [67] have been
observed to be tunable by both electrical and optical fields.
These occur when optical oscillations are transferred from
intralayer excitons to degenerate interlayer excitons while
sharing electron or hole states. Complications in determin-
ing exciton delocalization exist due to the differences in
the orbital natures of the two component layers present in
bilayer heterostructures [61]. Figure 5 presents interlayer
and intralayer excitons in twisted TMD heterostructure with
corresponding moiré potential energy at different stacking
regions.
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C. Photonic superlattices in twisted heterostructures Devel-
opment in photonics is not far behind than the exotic elec-
tronic quantum phenomena that we discussed in the context
of twisted bilayer heterostructures. Like electronic properties
are dependent on twisted lattices of 2D crystals, photonic
behavior also changes with twist degrees of freedom. Quan-
tum photonic phenomena are observed not only in isolated
2D crystals but also in van der Waals heterostructures. These
are including surface plasmon polaritons (SPPs) in graphene
[68], surface phonon polaritons in hexagonal boron nitride
(h-BN) [69-72], tunable plasmon—phonon polaritons in
graphene-h-BN heterostructures [73], and surface exciton
polaritons in transition metal dichalcogenides [74-78]. It
will be interesting to see if further engineering the 2D van
der Waals heterostructures via twisting one of the layers will
have any effect on the polariton physics.

Moiré patterns in twisted bilayer graphene results into the
flat band—induced transition of Mott insulator to supercon-
ducting phases owing to the interlayer-hybridized strongly
correlated electrons. Similar to quantum electronic transport
in the twisted bilayer graphene-based moiré superlattices,
surface plasmons, a collective oscillations of photon and
graphene plasmon, can also be controlled with confined
propagation in the periodic superlattice structures [21, 79].
To understand the propagation of SPPs in twisted bilayer
graphene, it is critical to look at the periodic superlattice
structure of twisted bilayer graphene with small angle.
TBG exhibits triangular moiré lattice with commensurate
AA domains having large density of states and the spa-
tial period is separated by the incommensurate AB and
BA triangular domains (as shown in Fig. 6A) [23, 51, 79].
Therefore, strength of electronic correlations or periodic
potentials spatially varies across the moiré lattice of twisted
bilayer graphene as well as at moiré domain walls called
“solitons” (as shown in Fig. 6A). Twisted bilayer graphene

Fig.5 A Interlayer and intra- A
layer excitons in B twisted
transition metal dichalcogenide
heterostructure with C corre-
sponding moiré potential energy
at different stacking regions.
Reproduced with permission
from Ref. [63]

Interlayer

exciton exciton

Intralayer

system provides a unique photonic crystal platform to study
SPPs without depending on complex lithography process-
ing. This is because the twisted bilayer graphene produces
soliton lattice (periodic pattern of solitons) which behaves
as periodic array of scatterers to manipulate graphene plas-
mons [79]. Such soliton superlattices are also observed in
twisted h-BNs using nano-IR spectroscopy [22]. Yet another
promising discovery for nanophotonics shows that adjust-
ing the angle between twisted bilayer graphene results in
measurable differences in plasmon wavelengths [80]. F. Hu
et al. [80] present a method to observe plasmonic behav-
ior in twisted bilayer graphene through the use of a scat-
tering-type scanning near-field optical microscope as well
as a numerical model, dubbed the spheroid model, that can
be used to quantify such behavior. By analyzing the near-
field scattering amplitude and phase at varying angles, it
was concluded that twisted bilayer graphene does support
infrared plasmons in the Dirac linear regime. Additionally,
the study shows that the spheroid model proved to be accu-
rate for twist angles greater than 3° since lower twist angles
in bilayer graphene exhibit flat bands which deviate from
the Dirac approximation. Plasmonic studies may benefit
greatly with further investigation of adjustable parameters
in twisted bilayer materials. In contrast to the study of pho-
non polaritons in polar van der Waals materials, there has
been recent report on emergence of phonon polaritons in
twisted bilayers of a-phase molybdenum trioxide (2-M0Oj5)
[19] as shown in Fig. 6B. Here phonon polariton dispersion
has been observed to make tunable transition from hyper-
bolic to elliptical dispersion contours, which are due to the
interlayer polariton hybridization analogous to the twisted
bilayer graphene-based interlayer hybridization-induced flat
band system [19].
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D. Interlayer magnetism in twisted magnetic semiconduc-
tors By now, we have seen that the twisted bilayers of 2D
nanomaterials have unique physics to offer in the context
of electrical and optical properties. This is because of the
strong electronic and optoelectronic interlayer coupling.
The magnetic properties are observed in atomically thin 2D
materials, specifically chromium trihalide, CrX; (X=Cl, Br,
I) family [81, 82]. It has recently been observed that van der
Waals bilayer materials exhibit interlayer magnetic coupling,
which are dependent on stacking order through rotation and
translation between the layers [14], thus opening a new
direction to investigate. A 2015 report on bulk layered Crl,
depicted temperature-dependent structural phase transition
from rhombohedral at low temperature to monoclinic at high
temperature [83].

This phenomena provided evidence to study the corre-
lation between crystal structure and magnetic properties
with a possibility of finding magnetism in 2D form [83].
Indeed recent experiments revealed interesting magnetic
phenomena including ferromagnetism in the monolayer Crl;
and interlayer antiferromagnetism in its bilayer form [14].
Another sister compound material in the chromium trihal-
ide family, CrBr;, shows ferromagnetic interlayer coupling
observed via polar reflectance magnetic circular dichroism
[84]. Figure 7A: left panel shows the crystal structure (top
and side views) of monolayer CrBr; in which Cr atoms are

Fig.7 A Crystal structure of A
monolayer CrBr; and corre-
sponding magnetic hysteresis.
B Interlayer antiferromagnetic
coupling in an R-type stacked
bilayer CrBr;. C Interlayer
ferromagnetic coupling in an
H-type stacked bilayer CrBr;.
Reproduced with permission
from Ref. [14]

@ Br (top)
®cr

@ Br (bottom)

arranged in a honeycomb lattice surrounded by Br atoms
from top and bottom [14]. The corresponding magnetic hys-
teresis is presented in Fig. 7A: right panel for a monolayer
CrBr;. In contrast, to study the interlayer magnetic coupling
in a bilayer CrBr; crystal, two-stacking geometry such as
R-type and H-type is considered by Chen et al. [14]. If both
top and bottom layers in CrBr; are aligned in the same ori-
entation, it corresponds to R-type stacking order. In con-
trast, if both top and bottom layers are of 180° orientation, it
corresponds to the H-type stacking. The R-type and H-type
stackings exhibit interlayer antiferromagnetic and ferromag-
netic coupling as presented in Fig. 7B and C measured via
in situ spin-polarized scanning tunneling microscopy and
spectroscopy [14]. Figure 7 presents crystal structure of
monolayer CrBr; and corresponding magnetic hysteresis,
interlayer antiferromagnetic coupling in an R-type stacked
bilayer CrBr;, and interlayer ferromagnetic coupling in an
H-type stacked bilayer CrBrs.

E. Ferroelectricity in moiré quantum materials Ferroelec-
tric materials exhibit spontaneous polarization (formation
of electric dipoles through separation of + ve and — ve charge
centers) even without the application of an external electric
field. Such a polarization can be switchable by applying a
strong electric field in a ferroelectric material. Owing to the
intrinsic remnant and switchable polarization characteristics,

-
w

di/dV (a.u.)
N

-
-
T

-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3

% Magnetic field (T)

A\
moms
mms

V,=15V

15 10 05 00 05 1.0 15
Magnetic field (T)

02 01 00 041 02
Magnetic field (T)

oArco g | s acols

QATAR UNIVERSITY @ Springer




822 Emergent Materials (2021) 4:813-826
A
A-1: Bernal Stacked Bilayer Graphene (BLG): Lattice, Band Dispersion A-2: Polarization and FE Switching
and Layer Polarization, and Device Architecture with Moiré o510 Ve R
Superlattice s " tl ] |
P : AN

Vi

os{gatay L | L
02 0 _x_ 1 0. 35 3 0| 0.
Dy feg V) ! D, Jro ¥ nm™) | |
\ 51Device H4 6 Device Ha | e
— W
Top lay ‘("\‘.y’m( :f’h

Bottom layer ‘é ‘é
Bottom layer S / A 5
@ \ [ @
e o | / €
" 2 2 —= Forward
3 3 - Backward
5 s — Forward
E<O E=0 E>0 o o «— Backward
20 cycles —=Forward
0 0
-02 D, [ D, 02 -0.2 [ 02
D, J/eq V nm™) D, J¢o (V nm™)

B-1: Atomic Arrangements of AA’ (Bulk) and AB and BA Stacked h-BN

B-3: Temperature-dependence

AA' (bulk)

Study of Ferroelectricity in Stacked

Bt Bilayer h-BN
e '&*3 o’&&é&o
. . . T r
E E Q(ok, g g 20t .
52 Peoeooo0e0000000 4
ad 1.96 , .
s . . . e 15¢ T 1
B-2: Switching of Ferroelectric Response in Twisted h-BN Crystals o £
o D192
. i i . = &
WS T ] X 102 -
non-twisted ; a \>_<,
Feo % .-!/f | = .88 :
[° gool ' H 0.5+ ) . 1
Y 3
%3 s 91 | . T(K) sl
2 -
1 - N 2 0.0 L | L | :
: 0 . | | . 0 100 200 300
-0.04 0.00 0.04 0.08 -0.2 0.0 0.1 0.2
Vy/dy (Vinm) Vi/dg (Vinm) T (K)

Fig.8 A Ferroelectricity in Bernal stacked bilayer graphene/boron nitride moiré system. B Ferroelectric response in AB stacked bilayer hexago-

nal boron nitride. Reproduced with permission from Refs. [91, 92]

ferroelectric materials are suitable for advanced electronics
and energy applications such as nonvolatile memory [85],
neuromorphic computing [86], and solar cells [87]. Ferro-
electric phenomenon is observed not only in bulk materials
with noncentrosymmetric structure but also in thin films
of few nanometers and even down to unit cells [88-90].
Many 2D nanomaterials with high polarizability or noncen-
trosymmetric structures have shown ferroelectric response
as observed via experimental or theoretical studies. Few
examples include 1 T MoS,, 1 T MoTe,, GeSe, and In,Se;.

Here we will discuss the signature of ferroelectric phe-
nomena in moiré quantum materials such as Bernal stacked
bilayer graphene and AB stacked bilayer h-BN [91, 92]. This
is because these engineered moiré quantum heterostructures
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QATAR UNIVERSITY

@ Springer

are seen to exhibit strong electronic correlations and spon-
taneous symmetry breaking, which are prerequisites for the
ferroelectricity in low-dimensional systems. Zheng et al.
showed switchable ferroelectricity in Bernal stacked bilayer
graphene sandwiched between two hexagonal boron nitride
layers [91]. Figure 8A displays the ferroelectric response in
Bernal stacked bilayer graphene/boron nitride moiré system.
The lattice structure of Bernal stacked BLG system, energy
band dispersion as a function of vertical electric field, and
BN-encapsulated BLG with moiré superlattice pattern are
presented in Fig. 8A-1. The electric polarization and fer-
roelectric switching are also depicted in Fig. 8A-2. Ferro-
electric response is also observed in AB stacked h-BN as
reported recently by Yasuda et al. [92]. Figure 8B displays
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the ferroelectric response in AB stacked h-BN. The arrange-
ments of boron and nitrogen atoms in AA’ (bulk structure
of h-BN), and AB as well as BA stacked h-BN crystals with
possible polarization are schematically presented in Fig. 8B-
1. The ferroelectric switching as a function of vertical elec-
tric fields is shown in Fig. 8B-2. Figure 8B-3 presents the
temperature dependence of ferroelectricity in stacked bilayer
h-BN system.

5 Challenges with design, characterization,
and applications of moiré quantum
materials

The area of moiré physics and moiré quantum materials is
still a very new and promising field of research with many
possibilities still untouched. However, there exists acute
challenges in design, characterization, and applications of
moiré quantum materials. First, the stability of some of
the 2D crystals needs to be investigated through interfacial
engineering or encapsulated method without affecting the
twisted heterostructures. For example, the 2D magnetic
materials [93-95] and their stacked/twisted topology pos-
sess excellent platform for advanced spintronic applications;
it is also critical to realize that 2D magnetic materials are
unstable in ambient conditions. Several methods have also
been developed to stabilize the air-sensitive 2D magnetic
materials including (i) atomic layer deposited ultrathin MgO
passivation layer on CrBr; magnetic materials [96] and (ii)
isolating air stable 2D Ta;FeS¢ magnetic material with
intrinsic long-range ferromagnetic order [97]. Second, there
are major challenges in designing large-area twisted hetero-
structures of 2D crystals without using any transfer-related
steps. Most of the twisted heterostructures are through
mechanical exfoliation and stacking approach. The ability
to in situ control the small angle twist of two 2D materi-
als while visualizing the moiré superlattices and measur-
ing the quantum phenomena will be a major step ahead in
area of moiré physics and moiré quantum materials [98].
The role of defects, strain, edges in 2D crystals on twisted
superlattice architecture, and associated quantum phenom-
ena will be interesting to study. Third, the structural, opti-
cal, and electronic characterization of moiré superlattices
to explore strongly correlated physics is strictly limited to
sophisticated tools and analysis. Fourth, the integration of
moiré quantum materials in electronic or quantum photonic
circuits will multiply their functionalities, but a great deal of
research is essential to achieve this. Furthermore, 3D metal
contacts to 2D twisted heterostructures (moiré quantum
materials) as well as the contact geometry and interfacing
may sacrifice the carrier transport and dynamics in the moiré
quantum material devices. Exploring the contact topology

and interfacial engineering to the moiré quantum material
devices will benefit their applications [99, 100].

6 Opportunities and outlook

Moiré physics based on twisted van der Waals heterostruc-
tures of 2D quantum materials is a new and promising area
of research with multitude of possibly unknown properties
and phenomena. The ability to isolate, stack, and dynami-
cally rotate a wider range of 2D crystals and scaling fab-
rication methods may lead to exciting new technological
applications in nanoelectronics, photonics, optoelectron-
ics, quantum computing, nonvolatile memory, quantum
emission, and communication. Here we have discussed
some emergent quantum phenomena found in moiré super-
lattices of 2D crystals. Unconventional superconductiv-
ity and resonant tunneling are among many exciting new
properties also observed in van der Waals 2D heterostruc-
tures with twist degree of freedom. Many mysteries still
cloud the topic of moiré physics that may be answered
by further research and development on twisted bilay-
ers or trilayers or multilayers. We envision that the area
of moiré materials and moiré physics requires some key
developments in superlattice growth, in situ twist control,
and stability of materials and devices. These include (i)
development in design of large-area moiré superlattices via
transfer-free direct growth through chemical vapor depo-
sition, (ii) in situ control of twist angles during property
measurements at extreme conditions, and (iii) strategies
for crystal stability of certain 2D magnetic materials and
stacked/twisted devices.
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