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Review

Recent Advances in Twisted Structures of Flatland 
Materials and Crafting Moiré Superlattices

Ghulam Abbas, Yu Li,* Huide Wang, Wen-Xing Zhang, Cong Wang, and Han Zhang*

The past decade has witnessed the occurrence of novel 2D moiré patterns 
in nanoflatland materials. These visually beautiful moiré superlattices have 
become a playground on which exotic quantum phenomena can be observed. 
The state-of-the-art experimental techniques that have been developed for 
crafting moiré superlattices of flatland materials are reviewed. Graphene and 
its heterostructure with boron nitride have now sparked new interlayer twists 
as a new degree of freedom for tuning several angle-dependent physical 
properties, e.g., the appearance of van Hove singularities, tunable Mott 
insulator states, and the Hofstadter butterfly pattern. Moreover, the interplay 
of correlated insulating states and superconductivity is recently observed 
for a so-called magic-angle twisted bilayer graphene. Furthermore, beyond 
graphene, other 2D materials, such as silicene, phosphorene, and the recent 
black phosphorus /MoS2 heterojunctions, which are 2D allotropes of bismuth 
and antimony grown on highly ordered pyrolytic graphite and MoS2, are con-
sidered. Finally, the optically important exciton phenomenon, which depends 
on the moiré potential and has been observed for a moiré superlattice of 
transition metal dichalcogenides, is discussed. This overview aims to cover 
all the fascinating prospects that depend on the moiré superlattice, ranging 
from electronic structure to optical exotics among flatland materials.
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exotic flatland regime of materials has 
triggered rapid advancements ranging 
from fundamental physics to device 
 applications.[1,2] Research in layered mate-
rials started with the one-atom-thick 
carbon allotrope graphene,[3] which has 
since grown into a family of 2D crystals 
covering all types of electronic structures 
including metallic, semiconducting, and 
insulating flatland domains.[2,4] Every 
year thousands of papers dedicated to 
graphene-based materials are published. 
Interlayer vdW coupling in 2D crystals 
allows the electronic properties to be flex-
ibly tuned. Among the methods that are 
available for electronic structure tuning, 
one straightforward approach is contrived 
from the stacking sequence.[5–7] Different 
stacking arrangements can be achieved 
by relying on the weak vdW interactions, 
which provide extended freedom for an 
even greater variety of interlayer twist 
angles. The twisted layer structures that 
were first observed for graphene grown 
using chemical vapor deposition (CVD) 

are now readily achieved by direct growth, such as by using 
controlled transfer fabrication techniques. Recent reports have 
revealed the role of vdW coupling in the growing family of 
flatland materials.[8,9] From an applications point of view, new 
pathways have been explored to develop high-performance 
electronic,[10–12] photovoltaic,[13] photonics and optoelectronic 
devices,[14–54], e.g.,  field-effect transistors[55] and light- emitting 

1. Introduction

For almost two decades layered materials have proven them-
selves to be fascinating building blocks for advanced mate-
rials engineering. These materials with their intrinsic van der 
Waals (vdW) coupled stacks of 2D atomic sheets exhibit novel 
 properties distinct from those of their bulk counterparts. This 
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diodes.[56–59] Moreover, 2D materials and their vdW hetero-
structures have been widely used in energy,[60–62] catalysis,[63–68]  
sensing,[69] biomedicine,[70–76] memristive devices[77–80] and so 
on. However, recent flatland materials have witnessed new 
development contrived from their interlayer twist angles. This 
has been proven to be a highly unique way to temper con-
ventional electronic structures to attain unexpected electronic 
states in materials with flat structures.[5,81]

Overlaying two sheets with mesh produces a panoply of well-
known moiré patterns with beautiful interference. For centu-
ries, artists have been playing with this technique to produce 
textures and shapes that are visually attractive. This craft has 
found its way into advanced 2D material science, where identi-
cally similar 2D bilayers, upon being twisted (i.e., rotated) with 
respect to each other, change their periodic potential to form 
moiré electronic superlattices.

Distinctively different from pristine ground state bilayer 
crystals, the electronic properties of moiré crystals are sensitive 
with respect to the interlayer coupling strengths. These elec-
tronic structures can easily be understood with perturbation 
theory;[82] however, for some special twist angle now termed the 
magic angle, the explanation is not that simple. In particular, 
in the case of graphene, when the bilayer twist angle is smaller 
than 2°, the electronic structure becomes much more complex 
with the appearance of flat bands with unexpected states. In 
the recent most decade, the twist in the stacking sequence has 
been shown to be strongly coupled to diverse physical param-
eters via interlayer interactions.[1,83–91] This opens up an entirely 
new realm to explore the novel physics linked to the electronic 
structure produced as a result of the critical stacking sequence 
of vdW-coupled bilayers. Normally, a graphene bilayer with free 
electrons deviates from the norm to produce exotic new phys-
ical properties around these twisted magic angles. For example, 
a Mott insulator and unconventional superconductivity were 
unexpectedly observed for the first time with graphene twisted 
at a small magic angle because of electron localization within 
the moiré superlattice.[83,84,92]

These new developments in the past decade have set the stage 
for the advent of twistronics.[82,89,93–97] Researchers have taken 
advantage of the relative twist angle and flat bands to craft moiré 
superlattices as a new way of altering the electronic structure to 
tailor the properties of devices based on 2D materials, which are 
rapidly expanding into a family of available 2D building blocks. 
As such, collections of materials from which to select options for 
crafting vdW-coupled heterostructures is central to a variety of 
materials systems. Apart from this diversity, twistronics allows 
this very new realm of physics to be brought to center stage.

Here, we review novel physical insights into the electronic 
structure of the twisted bilayer graphene moiré superlattice, 
along with the highly correlated unprecedented physics asso-
ciated with the magic angle and the potential of tailoring the 
properties for electronic device applications. In addition, we 
consider 2D materials beyond graphene, such as silicene, phos-
phorene, and transition metal dichalcogenides (TMDCs). Our 
review attempts to cover all new breakthroughs in the physics 
of interfacial moiré patterns generated as a result of lattice 
mismatch or engineering of the interlayer twist angle. Finally, 
we provide the outlook for prospective vdW-coupled twistronic 
materials in future generations of electronic devices.

2. Crafting a Moiré Superlattice

From a structural point of view, an understanding of both real 
and reciprocal space projection for moiré patterns generated 
as a consequence of misalignments is crucial. Moiré patterns 
can arise under two conditions, either when the two lattices 
have slightly different parameters or when identical lattices 
are twisted at an angle θ with respect to each other. Here, we 
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first focus on the former, a typical graphene-like commensurate 
bilayer system, which is defined as the rotational change in lat-
tice vector V(m, n) to V′(n, m) with n, m being the coordinates 
with respect to the basis vectors a1 3/2, 1/2( ) and a2 3/2, 1/2( ). 
The rotation angle is defined by the following relation[82]

n nm m

n nm m
cos

4
2

2 2

2 2
θ ( )= + +

+ +
 (1)

where the commensurate cell vectors have the following 
correspondence

;1 2 1 2t na ma t ma n m a
� � � �� � �

VV ( )= = + = − + +′ ′  (2)

This allows us to derive the following important points about 
this superlattice[82,98,99]

i. The commensurate unit cell contains N = 4(n2 + mn + m2) 
atoms.

ii. For θ ≈ 0°, a large cell with large n and m and small |m − n| is 
obtained, whereas large cells can also form θ ≈ 30°, in which 
case |m − n| is large as well.

iii. For c = 60° perfect AB stacking sequences are obtained, and 
for n = 1 (m = 1) and large m (n), θ approaches 60°.

iv. For a smaller angle of rotation θ, a periodic supercell is 
obtained with all types of perfect stacking arrangements  
(AA, AB, and BA) appearing diagonally, as shown in Figure 1.

Under the former condition, adjustment of the lattice length 
also results in moiré patterns, for example, those observed for 
hexagonal boron nitride (hBN) and graphene heterostructures. 
This is because the slightly longer lattice lengths of hBN are 
already a moiré superlattice produced by an incommensurate 
layer and could be amended further by relative rotation,[87,101] 
as shown in Figure  1b. Such a moiré superlattice, for a given 
lattice mismatch δ between two stacked layers with a relative 
rotational angle ϕ, has a unique corresponding moiré superlat-
tice wavelength, given as

1
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δ
δ φ δ
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where a is the lattice constant for graphene. The relative rota-
tional angle θ with respect to the graphene lattice of the moiré 
pattern is given as

tan
sin

1 cos
θ φ

δ φ( )
=

+ −
 (4)

The lattice mismatch produces moiré patterns for all the 
orientations of graphene over hBN.[102] Several techniques 
to fabricate stacked layered structures are known. How-
ever, recent developments in highly sensitive moiré physics 
require more careful control over the relative twist angles 
of the interlayer. Methods that are generally employed to 
achieve such relative twisted layers are nondynamic; in other 
words, once the bilayer has been twisted, the superlattice 
cannot be subjected to any further twist improvisations. In 
Section 2.1, we review the main fabrication techniques and, 
more importantly, recent achievements in terms of control-
ling the angles of a moiré superlattice. Along with more 
advanced improved methods, we present techniques that 
were developed to fabricate devices based on dynamic inter-
layer twisting angles.

2.1. Fabrication Techniques

The burgeoning development of the field of moiré superlattice 
fabrication demands very high control over fabrication tech-
niques to obtain the desired interlayer twist among flatland 
moiré superlattices. A summary of the more recently improved 
fabrication techniques is given below.

2.1.1. SiC-Based Epitaxial Growth

One of the first twisted bilayer graphene samples was actually 
observed for SiC-based epitaxial growth. However, since then 
it became clear that the efficiency of this method was insuffi-
cient to fulfill research and practical needs. This is because the 
number of layers, the size of samples, and more importantly, 
the interlayer twist angle could not be controlled. However, 
scanning tunneling microscopy (STM) analyses of samples 
grown by using epitaxial growth in all studies of graphene fab-
rication revealed the formation of a twisted bilayer graphene 
superlattice as shown in Figure 2.[5,103–105]

Figure 1. Moiré superlattice formed under either commensurate or 
incommensurate bilayers. a) Bilayer graphene moiré superlattice with 
an interlayer twist angle θ. For bilayer graphene, regions of local AA, 
AB, and BA stacking are highlighted as gray, green, and orange regions. 
The generators of the point group D3 of the system are illustrated in the 
inset, where the twist angle θ has been chosen larger enough to make the 
geometry more visible. Reproduced with permission.[100] Copyright 2018, 
American Physical Society. b) Graphene/BN sheets are highlighted as red 
and blue for graphene/BN systems; the moiré superlattice wavelength is 
also shown for zero twist angle system. Reproduced with permission.[85] 
Copyright 2018, American Association for the Advancement of Science.
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2.1.2. Chemical Vapor Deposition

CVD[22] has evolved over the years as a widely used reliable 
method for the production of graphene sheets on a substan-
tial scale.[106,107] In addition, bilayer domains are also formed, 
ranging from a few micrometers to as many as dozens of 
micrometers in size.[108] Irrespective of the superior quality of 
graphene obtained via CVD, the method still does not allow the 
fabrication of multilayer angular graphene sheets. However, the 
preparation of twisted graphene by CVD methods is relatively 
easy. These methods were also found to be useful for producing 
commensurate TMDC with a twisted bilayer moiré superlat-
tice.[109] Very recent methods demonstrated that variation of the 
Ir (111) substrate temperature during the growth of graphene 
can be used to obtain distinct relative rotational angles of 0°, 

±  0.6°, ±  1.1°, and ±  1.7° as shown in Figure  2. These growth 
methods based on rotational epitaxy may provide a route to 
achieve particular orientations in the stacks of 2D materials, 
and, thereby, unique material properties are achieved.[110]

2.1.3. Folding of Single-Layer Graphene

The first graphene flakes were obtained by using mechanical 
exfoliation techniques.[3] For the purpose of scientific investi-
gations, this method provides high-quality graphene samples 
ranging from a few micrometers to more than a dozen microme-
ters. Even though these methods usually have a low sample yield, 
folding can be used to produce an uncontrolled single interlayer 
twist angle and, consequently, a graphene moiré superlattice. 

Figure 2. The collage summarizes the available fabrication techniques for moiré superlattice. The purple box contains images of STM topographs of 
multilayer twisted epitaxial graphene, in which (a) and (e) are for two similar- and disimilar-interference moiré patterns for a large supercell, along 
with zooms b,f), Fourier transforms c,g), and schematics of the layer orientations d,h). Images in the purple box: Reproduced with permission.[104] 
Copyright 2010, American Physical Society. The green box shows device schematics implemented to achive twisted bilayer fabrication from single-layer 
graphene sheets a,b). Images in the green box: Reproduced with permission.[94] Copyright 2017, National Academy of Sciences. The blue box shows 
chemical-vapor-deposited moiré patterens: a) Spot profile analysis–low-energy electron diffraction, b) 2D representation of the coincidence mismatch 
Δ as a function of the rotational angle φGr,Ir, and c) real-space model of the moiré superstructures’ growth over an Ir(111) surface. Imaegs in the blue 
box: Reproduced with permission.[114] Copyright 2019, American Chemical Society. The orange and yellow boxes contain two very new developments, 
one-base one-single-sheet Atomic Force Spectroscopy (AFM) controllable folding is shown in the orange box. Reproduce with permission.[112] Copy-
rights 2019, IOP Publishing. Schematics of a device for achieving rational dynamic 2D heterostructures, along with AFM images are, shown in  yellow 
box. Reproduce with permission.[89] Copyrights 2018, American Association for the Advancement of Science.
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Although this method offers an easy way to a moiré superlattice, 
it also limits systematic control over the twist angles, according to 
studies that aimed to reveal the effect of these angles on the per-
formance of a twisted bilayer system. However, recent improved 
folding techniques suggest that an understanding between the 
orientation of the folding sheets and the stacked twisted angles 
could facilitate the fabrication of tailored moiré patterns.[111] One 
such method shows that graphene can be made to grow under 
such a folded superlattice. The growth seed could be induced by 
scratching a graphene flake carefully with atomic force micros-
copy (AFM) nanomachining to create an additional surface with 
rough edges. Such artificial perturbations are prone to fold-overs 
(Figure 2); alternatively, this could be achieved by simply using 
contact-mode tracing of an actual flake edge.[112]

2.1.4. Pick-Up and Transfer

Modern techniques, such as a high-energy femtosecond laser 
could be used to precisely slice off a freshly exfoliated single 
layer of graphene over SiO2/Si substrates into two straight 
pieces. This, in combination with a custom transfer tech-
nique, could further improve control over the stacked interlayer 
twisting angles to obtain 0.1° precision.[113] Such a controlled 
pick-up and transfer method was demonstrated by Kim et  al., 
who showed that the method relies on detaching a microsized 
sample from the substrate with the help of a semispherical 
shape produced from polyvinyl alcohol-coated epoxy. That is, 
lateral movement is used to separately detach two single-layer 
sheets from the surface of the SiO2/Si substrate and these 
sheets are placed over one another to form a heterostructural 
region in between as also illustrated in Figure 2.[94]

2.1.5. Dynamically Rotatable Heterostructures

A recent advancement is the development of a dynamic rotat-
able heterostructural device by Ribeiro-Palau et  al. Several 
techniques, as discussed above, allow the rotational angle of 
structures to be controlled; however, prior knowledge of the 
crystallographic orientation is essential for all these methods. 
Moreover, once the rotational angle has been set, further altera-
tion during experimental analysis is not possible. This rules 
out sample-to-sample variation in a systematic study of the 
effects of the twisted angle.[115] Dynamical relative rotation 
between stacked bilayers is advantageous in that it allows sig-
nificant freedom over otherwise static fabrication techniques.[89] 
Ribeiro-Palau et  al. demonstrated graphene encapsulated with 
BN as a device with tunable twist. The layers of this tri-layer can 
be rotated relative to one another to fabricate a novel dynamical 
device. Moreover, the approach is expected to be easily extend-
able to the fabrication of generic heterostructures from a variety 
of 2D materials. Furthermore, the ability to tune the band 
structure and controlling the extent to which superconductivity 
depends on the twist angle may be exploited to control a Mott-
like insulator by varying the rotation of the layers.

To summarize the above, each technique possesses a unique 
outcome for moiré superlattice fabrication. As mentioned, epi-
taxial growth methods have become insufficient to fulfill the 

demand, and also lack control over whole fabrication outcomes. 
However, techniques like folding over and pick-up and transfer 
are advancing toward the provision of much more control over 
the desired twist angle. CVD growth is more reliable for prepa-
ration of large quantities of a sample, which can now be used to 
fabricate dynamically rotatable devices of overlaid flatland mate-
rials producing moiré interferences. The collage in Figure  2 
highlights advanced fabrication control over moiré superlattice 
in flatland materials. However, much still needs to be done 
to make careful fabrication of moiré superlattice structures a 
simple routine task for advanced functional materials sciences.

3. Graphene Moiré Superlattice

Carbon is the materia prima of all organic matter, mainly 
because of its versatile bonding ability. Apart from this, it has 
been extended to reveal many of its bonding configurations 
in its elemental allotropes, which have attracted considerable 
attention, and which have their respective unique physical prop-
erties that depend on various factors. These versatile physical 
properties mainly vary in their unique correspondence to the 
dimensionality of the different allotropic forms of graphene. 
From 0D fullerenes to 1D carbon nanotubes, 2D layers of gra-
phene offer much more freedom with an sp2-hybridized honey-
comb network of carbon atoms. 2D materials show much more 
promise than 0D and 1D materials in the field of vdW interfa-
cial engineering. This translates into exotic physical properties, 
such as excellent mechanical strength,[116–118] ultrahigh thermal 
conductivity,[119–122] and broadband light transmittance.[123–126] 
Thus, before providing more details we first discuss the 
 elementary electronic structure of graphene, which we explain 
within the perturbation theory for electronic structures.

3.1. Typical Electronic Structure

The graphene monolayer lattice is formed by a hexagonal unit 
cell that contains two atoms of carbon. This arrangement results 
in interpenetrating triangular lattices, as shown in Figure  1a. 
Similar to a benzene ring, each of the sp2-hybridized carbon 
atoms forms three σ-bonds with other in-plane neighboring 
carbon atoms, whereas the pz-orbital forms more dispersed 
π-bonds. Overall, π-bonds are mainly responsible for the charac-
teristic dispersion of bands with a conical shape around the zero 
energy points K and K′ (Dirac Points, Figure 2b,c), which are also 
responsible for novel semimetallic electronic and physical prop-
erties. From a dimensionality point of view, the electronic struc-
ture of graphene differs from that of carbon nanotubes, where 
1D band folding leaves carbon nanotubes either metallic or semi-
conducting with respect to the folding sequence and resulting in 
much denser density of states with van Hove singularities.[127,128]

3.2. Bilayer Electronic Structure

As the number of layers increases, the electronic structure 
starts to vary under the influence of interlayer electronic 
 coupling, and this also affects the properties. For a bilayer 
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system, interlayer hopping modifies the band structure of the 
π-bands, which are energetically at very similar levels. The lin-
early dispersed degenerate π and π* bands split into four nearly 
parabolic bands. The electronic properties of graphene bilayers 

are generally interpreted in terms of AB-type stacking, which 
refers to the energetically favored AB-type or Bernal stacking 
sequence for bilayer graphene. An AB-type bilayer system has 
the carbon atoms in the second layer located at the center of a 
hexagon in the first layer, as shown in Figure 3c. A small gap of 
a few meV can be opened by application of an electric field per-
pendicular to the 2D plane (Figure 3d) for the valence and con-
ductance bands of otherwise isolated gapless bilayers, which is 
promising for field-effect transistors.[129–135]

Overall, despite considerable research effort, the perfor-
mance is still not sufficiently satisfactory for logical applica-
tions, mainly because of the many defects related to the stacking 
sequence. In the case of the energetically less favorable AA-type 
stacking, the system remains a gapless semimetallic system. 
Under ordinary conditions, AA stacking with domains that con-
tain imperfections allows conductive pathways and diminishing 
bilayer graphene field-effect transistor performance. Apart from 
AA- and AB-type stacking, the layers comprising a bilayer struc-
ture could be mutually twisted, in which case the CC bonds 
of neighboring layers are rotated with respect to each other by a 
certain angle (0° < θ < 180°). Stacking sequences such as these 
are directly achieved by CVD growth,[136–141] mechanical exfolia-
tion,[130,132,142] or special transfer techniques.[129,143–145]

3.3. Twisted Bilayer Graphene

The twisted layers in bilayer graphene contribute to making 
the electronic structure too intriguing and complex to explain 
by way of the simple perturbation theory of electronic struc-
ture. Twisting leads to the formation of moiré patterns with 
long periods as illustrated in Figure  4a. In this case, the two 

Figure 3. a) Honeycomb lattice of graphene formed by two interpen-
etrating triangular lattices, with a1 and a2 being the lattice unit vectors. 
b) Brillouin-zone lattice structure with corresponding Dirac cones are 
located at the points K and K′. c) Electronic dispersion in the honeycomb 
lattice with the energy spectrum and an enlargement of the energy bands 
close to one of the Dirac points. a–c) Reproduced with permission.[234] 
 Copyright 2009, American Physical Society.

Figure 4. a–c) Illustration of electronic band for structure of monolayer a) and AB-stacked bilayer b) graphene along with band opening under an 
applied out-of-plane electric field E for AB-stacked bilayer graphene c). d) Lattice configurations of AA-stacking, AB-stacking, and twisted bilayer 
 graphene. Reproduced with permission.[236] Copyright 2017, Wiley-VCH.
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Dirac cones couple via periodic interactions within the larger 
supercell, restoring linear band dispersions that are absent 
from the Bernal stacking of graphene. These Dirac cones were 
experimentally observed for 11 layers stacked over the carbon 
face of SiC,[146] and these sheets showed transport properties 
highly similar to those of isolated graphene. This was mainly 
attributed to twist defects that normally remained unaddressed 
in early studies carried out on graphene bilayers or multilayer 
systems.

Subsequent theoretical studies were conducted to explain 
the orientational disorder observed in experiments.[147,148] These 
studies not only confirmed the peculiar experimental observa-
tion of multilayer orientation disorder in graphene stacks,[104,149] 
they also showed that the Dirac cones were preserved as in a 
single layer but the Fermi velocity was reduced significantly, 
especially for rotations at a smaller angle.[82,99] At the point at 
which the Dirac velocity was shown to cross the zero level sev-
eral times, as shown in Figure 4c, for a certain magic angle the 
moiré band actually flattens and the two layers become more 
strongly coupled.[99,149]

The first moiré superlattice in graphene, which formed the 
topic of an in-depth investigation, was discovered to exist in 
CVD grown flakes of graphene.[5] In bilayer twisted graphene 
systems, the characteristics of the Dirac points distinctively 
differ from those of the pristine single-layer constituents. In 
these twisted layers, the Dirac cones separated by ΔK make 
contact with each other, and form two new saddle points in 
the positive and negative energy regions, contributed by the 
upper and lower layers, as shown in Figure  6a. These elec-
tronic modulations are imaged as two pronounced distinct 
high-density states around the Fermi level as van Hove sin-
gularities (VHS).[151] Their appearance around the Fermi level 
makes these singularities much more interesting, as they could 
be regulated or even made to coincide with the Fermi level to 
form flat bands at the magic twist angle (θ ≈  1°) as shown in 
Figure 5c. Their dependency on the rotational angle θ was also 
demonstrated both experimentally and theoretically, as shown 
in Figure 6b,c.[92,95,151–153] These features were recently exploited 
to achieve exotic properties for very small angle twisted bilayer 
graphene moiré superlattice structures.[88] The relationship 
of the VHS separation to the twist angle θ was derived and is 
expressed in the form of an empirical formula

2VHS FE K t�ν∆ = ∆ − θ (5)

where 2 sin
2

K K
θ∆ = , νF is the renormalized Fermi velocity, and tθ 

is the interlayer hopping energy.
At large twist angles, the crossing energy is sufficiently far 

from the Dirac point and physics of the low-energy part of the 
Dirac cones is indistinguishable from that of a single layer. 
However, for very small angles (θ >  3) modifications occur, in 
which case the Fermi νF renormalization is given as[154]
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For Bernal stacking, where 0.4t t≈θ
⊥ , it was found that for 

very small twist angles the Fermi velocity is not only dependent 
on the twisting angles as shown in  Figure  7a, but also on 

interlayer coupling. This is accompanied by discreet Landau-
level quantization of Dirac massless fermions.[155] The discreet 
Hofstadter butterfly spectra are also shown in Figure 7b.

3.4. Magic-Angle Moiré Superlattice

In the last two years, twisted bilayer graphene has undergone 
unprecedented developments specifically related to so-called 
“magic angle” twisted bilayer graphene. As mentioned above, the 
existence of moiré bands between the layers of twisted bilayer gra-
phene was predicted theoretically almost a decade ago. For larger 
twist angles, it was shown that these bands arise when subjected 
to twist-modulated electronic tunneling between the two layers 
in a spatially periodic way, whereas for very small twist angles 
they are almost flattened when the modulation wavelengths 
become extremely long.[82,99,150] However, early studies remained 
unclear about the mechanism underlying the formation of these 
flat bands. Further details were subsequently revealed with the 
help of tight binding models,[156] such as that the flattening is 
not monotonic with respect to the twisting angles and the band 
only completely flattens for discrete twist “magic angles” as show 
in Figure 5c.[149] This is also strongly indicative that the genera-
tion of flat bands, only for discrete small angles, presents the 
opportunity to control strongly correlated electrons on demand. 
Cao et  al. recently discovered unconventional superconduc-
tivity for such a strongly correlated magic-angle twisted bilayer 
moiré superlattice of graphene. In addition, this long-wavelength 
moiré superlattice had insulating states at half-filling, which was 
unforeseen in the absence of strong interlayer coupling. Thus, 
we first consider the former case first.

3.4.1. Insulator and Superconducting Phase Interplay

Above we discussed the need to renormalize the Fermi velocity 
for long-period moiré superlattices with smaller twist angles. 
The velocity almost equals zero for a so-called magic-angle 
(≈1.1°) twisted bilayer graphene system. In the samples pre-
pared by Cao et  al. with a twist angle of 1.08°, the flat bands 
start to behave as insulating states for half-fillings. Figure  8c 
shows schematics for the formation of such a flat band as a 
result of hybridization between the two stirring Dirac points 
at the magic angle. In Figure 8a, the mini-Brillouin zone path 
illustrates high symmetry lines around these hybridized Dirac 
points. The band structure (Figure  8b), calculated with an ab 
initio tight binding model from first principle calculations, 
accurately shows band flattening along the mini-Brillouin zone 
path. For such a system, Cao et al. showed that at carrier half-
filling, the behavior of these bands is similar to that of Mott 
insulator states. Figure 8d shows the results of tests that were 
performed to assess the conductive performance of such a 
system. The Dirac point is located at n = 0. The lighter-shaded 
regions are superlattice gaps at carrier density n  =  ± ns  =  ±   
2.7 × 1012 cm−2. The darker-shaded regions denote half-filling 
states at ±ns/2. The inset shows the density locations of the 
half-filling states in four different devices. These Mott-like insu-
lator states at the half-filling points are expected to be due to 
strong electron–electron Coulomb interactions.[157,158]
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In another research thread of Cao et al., they achieved zero 
resistance current for an electrostatically doped ≈1.1° “magic-
angle” twisted graphene moiré superlattice of which the perio-
dicity ≈13  nm. This happened to be an unprecedented break-
through, namely the unexpected discovery of superconduc-
tivity in magic-angle twisted bilayer graphene. The question 
that remains is whether the insulating states observed for the 
twisted bilayer system promote the observed superconductivity. 
The answer is not straightforward; one exotic possibility is that 
both are mutually dependent. In a special case, the strongly 
interacting quasiparticles, which move in a correlated-electron 
environment, favor an insulating state locally. An example 
thereof is found in cuprates, which exhibit superconductivity at 
significantly higher temperatures.[159,160] Although the phenom-
enon could not yet be explained, further details may be revealed 

by studying magic-angle twisted graphene moiré superlat-
tices. A specific connection scientists have succeeded in estab-
lishing between the two phenomena is the moiré filling factor 
“vm” (i.e., the fraction of filled states in a given band), which 
is an electronically tunable factor. Figure 9a shows the original 
four-probe device Cao et  al. used to study superconductivity 
in twisted bilayer graphene with a very small angle. Figure 9b 
shows the measured resistivity for two different devices with 
slightly different twist angles. The device labeled M2 with a 
twist angle of 1.05° clearly shows zero resistivity at a tempera-
ture of ≈1.7  K, confirmation of superconductivity. Figure  9c is 
an illustration of two correlated insulating and superconducting 
states in proximity of one another, which is also similar to a 
cuprate superconductor as a function of vm.[161] This property 
is tunable via electronic gate implementation and the tuning 

Figure 5. a) Graphene bilayer superlattice along with unit cell highlighted by red lines. b) Form the red to blue region, as we move along the moiré 
pattern, a maximum energy can be seen at AA, gradually vanishing at AB or BA stacking domains. Distances are measured in units of k 1

θ
− , where kθ = 

2kDsin(θ/2) with kD being the Dirac wave vector. c) Moiré bands: Energy dispersion for the 14 bands closest to the Dirac point plotted along the k-space 
trajectory A → B→ C → D → A for w ¼ 110 meV, and θ ¼ 5° (left,), 1.05° (middle), and 0.5° (right) and DOS (bottom). d) Energy as a function of twist 
angle for the k ¼ 0 states. Band separation decreases with θ as also evident from in band structures. e) Full dispersion of the flat band at θ = 1.05°. 
a–e) Reproduced with permission.[149] Copyright 2011, National Academy of Sciences.
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experiments also revealed that insulating states occur at most 
integer values of vm, whereas, as far as superconductivity is con-
cerned, it occurred at vm close to, but not equal to, an integer 
(Figure 9c).

3.4.2. STM/STS of Magic-Angle Twisted Bilayer Graphene

As shown and discussed in Section  3.4.1, magic-angle twisted 
bilayer graphene exhibits two totally different phases at  different 

Figure 6. a) Illustration of mini Brillouin zone path for twisted bilayer graphene along with touching Dirac cones and how these form saddle point 
around Fermi level. b,c) The LDOS for moiré pattern and its variation along with plot of moiré pattern VHS separation energy as a function of change 
in twist angles. a–c) Reproduced with permission.[151] Copyright 2012, American Physical Society.

Figure 7. a) Angle dependence of Fermi velocity renormalization. Reproduced with permission.[154] Copyright 2011, American Physical Society.  
b) Hofstadter butterfly spectra of twisted bilayer graphene in the intermediate-coupling regime at a few selected twist angles. The top row in (b) is for 
commensurate angle θ = 1.067° and incommensurate angle θ = 1.3°, whereas the bottom row is commensurate angle θ = 1.872° and incommensurate 
angle θ = 2.5°. Reproduced with permission.[155] Copyright 2012, American Chemical Society.
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levels of electronic charge densities, a superconductive and an 
insulating phase, as shown in Figure 9c. Although conductivity 
studies were highly informative in this regard,[83,84] much of 

this very new correlated physics behind the magic-angle moiré 
superlattice of bilayer graphene still needs to be explained. This 
intriguing interlayer coupling and unexpected correlated phase 

Figure 9. a,b) Schematic design of four probe fabricated device for measuring superconductivity in a magic-angle twisted graphene moiré superlattice 
a), along with measured resistivity plot with an inset optical image of device M2 b). a,b) Reproduced with permission.[84] Copyright 2018, Springer 
Nature. c) The schematic illustration of strongly correlated insulating (CI) and superconducting phases as a function of moiré factor. Reproduced with 
permission.[161] Copyright 2019, American Physical Society.

Figure 8. Electronic structure along with conductance plot for twisted bilayer graphene. a,b) Mini Brillouin zone path a) along the corresponding 
electronic band dispersion b). c) Illustration for interlayer Dirac point hybridization. d) Measured conductance G of magic-angle TBG device with  
θ = 1.08° and T = 0.3 K. a–d) Reproduced with permission.[83] Copyright 2018, Springer Nature.
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in magic-angle moiré patterns has ignited scientific intuition. 
Recent STM and scanning tunneling spectroscopy (STS) tech-
niques were employed to directly visualize the local density 
of states to obtain deeper insights and find new pieces of the 
puzzle in an attempt to understand magic-angle moiré superla-
ttices of graphene.[162–165] While we were preparing this review, 
four major relevant studies surfaced. Each of these studies pre-
sents key highlights to be noted along with certain discrepan-
cies between them.[166] These results raise many new questions 
that have yet to be answered to enable a complete under-
standing of the exotic unexpected electronic correlated phase of 
graphene with a magic-angle moiré superlattice.

These studies relied on the techniques of STM and STS to 
reveal topographic information about the local density of states 
at the surface of the twisted bilayer sheets. The surface was 
studied by scanning a sharp tip, to which voltage was applied, 
across the surface, and, depending on whether the voltage is 
positive or negative, electron tunneling occurs, thereby causing 
variation in the electric current as the surface positioning of the 
tip changes. Schematics of which  are shown in Figure 10a,b.

The worked carried out by these teams reveals the spa-
tial arrangements of the carbon atoms under twisted bilayer 
coupling strain.[163] These details are essential for the exact 
modeling of the moiré superlattice for such twisted bilayer 
systems. The parameters for the model can be extracted by 
carefully quantifying the variation between the moiré fringes 
in the twisted bilayers. A closely related STS analysis carried 
out by Jiang et  al. showed that a magic-angle moiré superlat-
tice exhibits a pseudogap phase at half-filling points and that 
it results in broken rotational symmetries, whereas com-
pletely filled or empty flat moiré bands do not display this 
behavior. Xie et  al. used the same technique and established 
that the simple mean-field approach breaks down to explain 
the features observed for their local density of states (DOS) 
visualization by STM. In contrast, extended phenomenological 
extended-Hubbard-model cluster calculations, which are usu-
ally the first choice for highly correlated superconductors (e.g., 
cuprates), were sufficient to produce spectroscopically observed 

features.[165] Overall, these insightful investigations with STM/
STS techniques provided valuable insights into the sym-
metry breakdown of the local unexpected electron correlation 
observed in magic-angle moiré superlattice graphene. However, 
further improvements in these techniques are expected to elim-
inate unexplained discrepancies observed between the studies 
carried out by different groups. For example, an improvement 
is expected by conducting STM studies at lower temperatures 
as this could shed new light on the relationship between con-
trasting superconducting and insulator states.

4. Beyond Graphene

The large perturbation of an electronic structure under twisted 
bilayers has been extended to a method for electronic struc-
ture tunability. In the recent literature, we noticed explora-
tions of moiré superlattice patterns in materials beyond bilayer 
graphene, which reveal exotic new physical phenomena for 
electronic band engineering. The ability to strongly modulate 
low-lying electronic states around the Fermi level by varying 
the stacking rearrangements has been well established.[5,84,167] 
In Section 3, we comprehensively reviewed recent progress to 
control the moiré superlattice of graphene and all new physical 
insights relating to the crossover of Dirac cones and flat band 
formations near the so-called magic-angle attribute to the rota-
tion of the Brillouin Zone. Below we discuss twisted bilayer 
superlattices beyond graphene and their potential ability to 
tune the electronic structure of 2D materials.

4.1. Silicene

Silicene also possesses Dirac fermion characteristics that 
have attracted an equal amount of attention parallel to gra-
phene.[168–173] Interlayer coupling in silicene is much stronger, 
with STM studies supported by ab initio density functional 
theory (DFT) methods showing that a hybridized sp2–sp3 

Figure 10. a,b) Schematic illustration for STM tip scanned across moiré superlattice a), along with density of states shown for both tip and sample b). 
When a voltage is applied (not shown), the values start to shift with respect to each other, as moving along electrons start to “tunnel” between the tip 
and the sample. Under the tunneling effect, a recordable electric current is produced. The number of states in the tip at a given energy its density of 
states is independent of the energy. Therefore, the variation in the current as function of voltage varies proportional to the density of states (DOS) of 
scanned sample. a,b) Reproduced with permission.[166] Copyright 2019, Springer Nature.
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electronic structure can form in 2D distorted silicene layers 
(Figure 11a). Similar to graphene multilayers, silicene was also 
modified to produce moiré patterns by using an interlayer 
twisting angle of ≈21.8°. The results show that a periodic poten-
tial capable of modulating the electronic dispersion at vHs for 
silicene moiré superlattices, was generated.[174] Li et  al. grew 
multilayer silicene samples on Ag (111) by molecular beam 
epitaxy. The 2D structure produced was in agreement with 
theoretical ABA 3 3×  unit cell model predictions as shown in 
Figure 11a,b. Apart from explicitly explaining the 2D structure, 
Li et al. also found long periodic patterns (1.7 nm) which they 
further intuitively explored as moiré patterns. Interestingly, 
these long periods were then used to estimate the twisting 
angle as being 21.8° via the moiré equation

/ 2sin
2

D a
θ= 














 (7)

where a is the lattice length for silicene. This allows estimation 
of the miss-orientation angle “φ” between the 3 3×  silicene 
lattice and the moiré superlattice, which in this case was esti-
mated to be 19.1° and was confirmed by experiments.[174]

After structural elucidations with the help of DFT ab initio 
methods in combination with STM analysis, the electronic 
structure was carefully explored. The theoretical and experi-
mental DOS observation also clearly shows the characteristics 
of the periodic moiré pattern in real space in the form of the 
occurrence of a hexagonal potential. Such a periodic potential 
pattern is inverted for energies higher than the Fermi level. 
Apart from Dirac points at −0.1 V (as shown in Figure 11). The 
STS scans across the moiré patterns also show discontinuities 

attributable to flat bands[175] that are consistent with both 3 3×
silicene and a moiré superlattice. In contrast, dissimilarly, the 
moiré patterns of twisted silicene show distinct vHs at −1.2 and 
+0.75 V as can be seen in Figure 11f. The misalignment could 
have been caused by bending of the tipinduced band during 
scanning.[176] Overall, the twisted superlattice experiences rota-
tion of the Brillouin zone by the same twisting angle. Owing 
to interlayer electron hopping, the overlapping Dirac cones 
generate two saddle points that are symmetric with respect to 
the Dirac point as also illustrated in Figure 11e. However, it was 
inferred from the angle-resolved photoemission spectroscopy 
(ARPES) measured Fermi velocity that interlayer coupling in 
silicene is much stronger, which enables vHs to be produced 
at larger angles such as 21.8°, as shown in Figure 11c,f. In com-
parison, this behavior disappears because the interlayer cou-
pling in a graphene moiré superlattice breaks down for twisted 
angles exceeding 15°.[151] In a more recent study by Zhi et  al., 
the moiré superlattice has been shown to produce moiré pat-
terns in multilayer silicene. A low buckled electronic Kagomé 
lattice was induced under moiré interferences. Lattice impose 
quantum interferences formed unique 1D edge states localized 
at higher energies for such a 2D systems.[177]

In summary, silicene sp2–sp3 mixed hybridization states 
lead to enhanced robust interlayer interaction in multilayer 
silicene and this interaction is much stronger compared to 
that in multilayer graphene. Compared to the graphene moiré 
superlattice, silicene is therefore advantageous in that it allows 
interlayer hopping for even larger twisting angles, which is 
unachievable for graphene. This broadens the scope for engi-
neering the electronic properties of multilayer moiré superlat-
tice structures.

Figure 11. a,b) The ABA 3 3√ × √  unit cell of silicene along with STM image. a) Reproduced with permission.[170] Copyright 2012, American Physical Society. 
c,d) The moiré superlattice model for a twist angle of 21.8° along with STM observed periodic bright and dark regions of moiré patterns for a 1 nm unit 
across field of image. e,f) Illustration for symmetric formation of vHs on either side of the twisted Dirac points for bilayers along with experimental 
STS spectra clearly showing bumps for vHs. b–f) Reproduced with permission.[174] Copyright 2016, American Chemical Society.
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4.2. Phosphorene

2D black phosphorus (BP) has emerged as a dynamic elec-
tronic material because of its versatile electronic properties.[178] 
Exotic features, such as a tunable direct band,[179] high car-
rier mobility,[180] anisotropic Landau levels,[181,182] and inter-
esting anomalous magneto-optical transport properties have 
already allowed its full potential to be unlocked in the science 
of advanced materials.[183–185] Modulation of the electronic 
 structure of the moiré periodic potential has stimulated the 
exploration of modulation of the twist angle in 2D materials 
beyond graphene. Struck by current development, BP has also 
been fabricated and simulated for a range of twist angles to 
unlock the moiré bilayer superlattice, which is a new electronic 
phenomenon.[186–190] The stacking arrangements are shown to 
directly induce direct bandgaps ranging from 0.78 to 1.04  eV, 
which could be further developed provided the heterostructure 
with MoS2 is determined to be an efficient effective solar-cell 
material with type-II heterojunction alignment.[191] Here, we 
review the potential contribution of phosphorene, with its ani-
sotropic rectangular lattice, toward developing moiré physics.

Early first-principle studies of twisted bilayers showed that 
a large achievable twist angle between bilayers, such as 90°, 
imparts the ability to tune the anisotropy of the electronic struc-
ture and optical transitions by using simple gating methods 
manageable at the laboratory scale. A laboratory-accessible gate 
voltage can induce a hole effective mass that is 30 times larger 
along one of the axes compared to the other Cartesians, and 
two of the Cartesians can be inverted by flipping the sign of the 
gated voltage.[189] This was a significant improvement, adding 
to the available tunable degrees of freedom in black phos-
phorus with a twisted bilayer. However, thousands of atoms are 
required to model the moiré superlattice for very small twist 
angles and this superlattice has therefore become impossible 
to study within the framework of general Khon–Sham DFT.[187] 
Kang et al. overcame this problem by integrating LAMMPS[192]  
for structural relaxation and by analyzing the force fields of the 
mechanical properties. For the electronic and transport proper-
ties they used RESCU,[193] a MATLAB-based Kohn–Sham den-
sity functional theory (KS-DFT) solver. which uses the Cheby-
shev filtering technique., It basically exploits the fact that only a 
subspace spanning the occupied Kohn–Sham states is required, 
and solving accurately the KS equation using  eigensolvers can 

generally be avoided.[194] This allowed them to compute the 
important physical parameters, which are listed in Table 1. Sig-
nificant anisotropy was observed for the computed mobilities 
and this increases the degrees of freedom influencing the elec-
tronic structure of BP bilayer structures.

Recent experimental evidence shows that, for large twisting 
angles as observed by Fang et  al., the interlayer interactions 
extend beyond vdW interactions and start to develop weak inter-
layer covalent bonding features.[189] These interactions clearly 
support the stronger interlayer coupling interactions in such a 
2D twisted bilayer superlattice. The fact became evident from the 
abnormal blueshifts exhibited by their Ag

1 and Ag
2 Raman peaks 

and the correspondingly unique optical reflections attained in 
these samples, as shown in Figure 12. The use of DFT calcula-
tions also clearly suggested that the interlayer interactions were 
significantly stronger than simple interlayer coupling, such as in 
the twisted bilayer BP samples that were prepared.

A new study by Zhao et  al., which surfaced very recently, 
shows deeper understanding toward this weak interlayer cova-
lent bonding feature arising in twisted BP flakes, which they 
carefully prepared with twist angles in the range 2°−19°.[190] 
Similarly, a very recent DFT study of Liu et al. illustrates 
how the electronic properties can be tuned via interlayer 
twist dependent coupling effects of BP bilayers, as shown in 
Figure 13.[237] The interlayer cohesive energy varies in periodic 
interval of about 36⁰ for Ecoh vs θ (Figure 13a). This periodicity 
is a direct influence of the coupling strength (α) of the two 
lone pairs orbital overlaps on the adjacent layers as illustrated 
in Figure 13a. Similar coupling was evident in work by Zhao  
et al.[190] The variation of band gap is shown as a function of 
twist angles in Figure 13c. Stronger interlayer interactions 
changes the intralayer and interlayer electron distributions and 
leads to anisotropic electronic[237] and vibrational properties.[190] 
Overall, the physical characteristics observed for large-angle 
twist moiré superlattices of BP differed from those of graphene 
because electronic structure modulation was achieved even for 
significantly larger twisting angles, as was observed in the case 
of silicene (discussed in Section 4.1).

The tremendous progress in fabricating and characterizing 
2D vdW heterojunction materials is discussed in Section 2. The 
local potential induced by the moiré pattern and consequent 
wave-function localizations and the concomitant drastic reduc-
tion in the carrier mobility (as in BP) should be experimentally 

Table 1. Structural information of all small twist angle moiré superlattice modeled for BP by Kang et al.[187] The untwisted BP is formed by expanding 
the primitive cell of BP (AA stacking) with a factor of p and n along the x and y directions, respectively. Alongside crystal information, additional com-
puted effective masses and motilities by means of deformation potential method are also listed. From the listed data, it can be roughly concluded 
that the moiré pattern wavelength roughly varies inversely to twisting angles, and electronic mobility has much more pronounced effects of twisting 
angles.

Twist angle [θ] 0° 1.8° 2.2° 2.7° 3.6° 5.4°

Number of atoms 8 8068 5604 3588 2020 900

n ×p 1 × 1 24 × 42 20 × 35 16 × 28 12 × 21 8 × 14

Supercell size [Å] 3.31 × 4.38 140.70 × 106.35 117.25 × 88.63 93.90 × 70.98 70.35 × 53.17 47.00 × 35.35

me∗ 0.13 0.84 0.45 0.29 0.20 0.17

mh∗ 0.12 0.16 0.16 0.16 0.16 0.16

μe 2.56 0.13 0.41 1.14 2.25 5.06

μh 4.46 4.55 4.48 4.79 5.06 4.75
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verifiable by STM/STS methods, and could provide an inter-
esting strategy for designing nanoelectronic devices.

4.3. Van der Waals Heterostructures

The first moiré superlattice that was critically observed for 
incommensurate heterostructures was that of graphene/BN.[102] 
This heterostructural superlattice provided unprecedented 
experimental access to the fractal spectrum and led to the first 
ever study of Hofstadter’s butterfly and the fractal quantum 
Hall effect in the moiré´ superlattice of vdW heterostructures 

of graphene and BN.[154,195] Apart from this study, the last 
decade has not seen many investigations pertaining to such a 
moiré pattern generated for incommensurate heterostructures.

However, in 2019, Zhang et al. fabricated a range of structures 
with a twist angle between monolayer BP and monolayer MoS2 
with the intention to study the band modulation effects using 
ab initio (first principle) calculations. The bandgap was signifi-
cantly altered with no notable trend in the range 0.51, 0.72, 0.48, 
and 0.85  eV for periodic supercells molded by twist angles of 
0°, 36.10°, 90°, and 125.44°, respectively. Generally, the positions 
and orbital contributions of conduction band minima (CBM) 
and valance band maxima (VBM) in BP/MoS2 heterojunctions 
are altered as the two layers twist relative to each other, while 
the major orbital contributions, i.e., the d 2z  states of the Mo 
atoms and pz states of the P atoms, remain unchanged. How-
ever, application of an electric field to these twisted BP/MoS2 
heterostructures results in bandgap transitions from indirect-to-
direct and direct-to-indirect transformations.[196] This opens up 
the opportunity for band modulations and for optimizing the 
electronic structure for photovoltaic and relevant applications.

STM has become an essential tool to explore the moiré patterns 
in twisted flatland materials. One such very recent study was car-
ried out by Ster et al., who explored 2D allotropes of bismuth and 
antimony grown on highly ordered pyrolytic graphite and MoS2. 
They modeled the structures by fitting their experimental obser-
vations using a simple superposition model. This allowed them 
to explain the moiré pattern formed by mixed stacking sequences 
without relying on commensuration of the layered structures.[197] 
Their study is a first of its kind for  interpreting the moiré pat-
terns of any pair of 2D layered stacks. However, this also shows 
the vast opportunities that remain undeveloped owing to the 
dearth of explorations and the unavailability of comprehensive 
knowledge of this class of moiré patterns.

This unique rotational degree of freedom could provide 
unmatchable control over flatland materials by tuning their 
atomic structures for the moiré potential; consequently, 
this could result in the discovery of electronic structures for 
advanced electronic applications. A particular class of mate-
rials that has seen significant advancement because of their 

Figure 13. a) The Cohesive energy (Ecoh) and coupling strength (α) of lone 
pairs as a function of twist angle (θ) with approximate oscillation periods 
of 36° and 33°, respectively. b) Partial charge density of CBM and VBM and 
electrostatic potential along z direction for AB, and θ = 19.211 and 24.921, 
respectively. c) Band positions for bilayer BP with various twist angles. 
The dashed black and red lines are the CBM and VBM of monolayer BP. 
The vacuum level is set to zero. Reproduced with permission.[237] Royal 
Society of Chemistry.

Figure 12. a,b) The crystal structure of 70.53° twisted bilayer BP a), along with an illustration of three high-frequency Raman active phonon modes 
in BP b). The Ag

1 mode has a vibration direction perpendicular to the 2D BP plane, so interlayer coupling exerts more influence on it. c) Plot of the 
blueshift value versus twist angle in Ag

1, B2g, and Ag
2. Values of the top layer and bottom layer are plotted separately. Reproduced with permission.[188] 

Copyright 2019, ACS.
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heterostructural moiré patterns are TMDCs, which are reviewed 
separately below.

5. Moiré Excitons

The emerging physics of moiré patterns in twisted bilayer 
graphene has already led to exotic unprecedented electronic 
structural phenomena, such as the observation of vHs,[5] band 
flattening,[156] the fractal quantum Hall effect,[88,195] tunable 
Mott insulators,[83,198] and unconventional superconductivity.[84] 
Undoubtedly, after graphene, one of the most popular 2D mate-
rials is MoS2, a TMDC.[199–201] We thus focus on discussing the 
way in which developments in twisted graphene have inspired 
the initial footsteps to investigate twisted bilayer TMDCs. This 
has proven to provide altogether new freedom of control over 
optically important moiré excitons. Strong intralayer covalent 
bonding makes it possible to exfoliate these materials, similar 
to graphene, but it also conveys unique semiconducting proper-
ties, in sharp contrast to graphene. This semiconducting nature 
also distinctively renders it optically active, thereby giving it a 
broader role in electronic and optoelectronic applications.[200–202]

Among the growing population of flatland materials, 
TDMCs are highly sensitive to crystal structure symmetry and 
interlayer coupling.[203–206] This also makes them highly suscep-
tible to stacking sequences, considering that we are focusing on 
periodic moiré patterns generated as a result of a slight shift in 
otherwise perfectly aligned monolayer stacks. Here for TMDCs, 
on the basis of the nature of the monolayers that form a moiré 
superlattice, we divide moiré superlattices into those that form 
either homobilayer or heterobilayer moiré patterns. Further, a 
heterobilayer moiré superlattice can readily be generated as a 
result of lattice mismatch or further can be amended via inter-
layer twists similar to the moiré superlattice of graphene/BN 
heterobilayers, as discussed in Section 2.1.

5.1. Homobilayer Moiré Superlattice

Parallel to the moiré superlattice in graphene, scientific intuition 
guided by theoretical predictions has paved the way toward dis-
covering notable effects of optical excitations in TMDCs,[86,90,91,207] 
which are influenced directly by the moiré potential in 2D valley 
semiconductors.[207–209] Naik and Jain performed first-principal 
calculations on MoS2 and were able to discover band flattening 
analogous to that of graphene at the valence band edge of the 
homobilayer moiré superlattice for twist angles of 56.5° and 
3.5°.[210] The observed flattening of the valence band was accom-
panied by electrons that are spatially localized entirely at the AB 
stacked regions for a relaxed atomic moiré superlattice. This was 
predicted to directly influence the dynamics of excitons.[210]

STM analysis supported by electronic structure calculations 
also proved that the bilayer separation varied as a function of 
twist. As the sulfur atoms at the interface experience repul-
sions, the indirect optical transition energies subsequently 
undergo pronounced shifts, as shown in Figure  14.[211,212] Ye 
et  al. directly analyzed the influence of the twist angle of the 
indirect bandgaps of MoS2. They used a dry transfer process 
to carefully stack CVD-grown flakes of MoS2 to obtain different 

twist angles. This involved dividing the MoS2 flakes over the 
SiO/Si substrate into upper and lower sections. Later, each 
section was carefully transferred to polymethyl methacrylate 
(PMMA) to enable the SiO/Si substrate to be etched. The 
PMMA-supported section of the MoS2 flake can be covered with 
a glass slide coated with polydimethylsiloxane. The next step 
was to realign the two parted sections on top of each other to 
form a stack with a variety of twist angles.[213]

Analysis of the electronic structure by angle-resolved photo-
emission spectroscopy showed band variations between the 
flakes twisted at angles of 0°, 13.5°, 26.5°, 39°, 47.5°, and 60°. The 
change in indirect band edges for the VBM and CBM observed 
between the Γ and K points, respectively, for dispersion along 
high symmetry points is discernible with different twists as 
shown in Figure 14. It can be concluded, from work carried out 
by Naik et  al. and confirmed by photoluminescence measure-
ments,[211,213–215] that variation of the bandgap is mainly attribut-
able to the energy change of the VBM at Γ, which shows that the 
bandgap depends more strongly on the interlayer distance, which 
directly determines the coupling strengths. However, the inter-
layer twists indirectly allow the interlayer distances to be dictated 
and weakly depend on the change in the energy of the VBM, 
which allows new freedom for electronic structure modulations.

These findings have a direct impact on future developments 
by providing physical insight into the optical and electronic 
properties of the moiré superlattice of TMDCs. The bandgap, 
electron transport, and spin/valley properties can be controlled 
by tuning the interlayer coupling, because the ability to control 
the interlayer coupling is important for the development of 
TMDC-based devices.

5.2. Heterobilayer Moiré Superlattice

Facile exfoliation is a significant benefit of a compact strong 
covalent monolayer framework with weak interlayer attractions. 
This also allows the TMDC layer to be readily interchanged to 
form artificial heterobilayer structures currently more com-
monly known as heterostructures. The large family of TMDCs 
includes layered materials with various types of electronic 
structures, from semiconducting to semimetallic to metallic 
in nature. These heterostructures offer the possibility to engi-
neer new materials by modifying the interlayer interactions. 
These modifications have become achievable by using careful 
transfer[216–218] or CVD growth methods.[219] Considering the 
entire collection of known TMDC layered crystals, one fea-
ture that stands out is their direct-band semiconductor elec-
tronic structure, which allows these materials to interact with 
light.[220–222] Heterobilayers stacked on top of each other are 
known to produce type-II band alignments,[223,224] which actu-
ally constitutes CMB and VBM localization into different layers. 
This naturally results in photoexcited electrons and holes being 
produced in different layers.[225–229] However, strong Coulomb 
interaction among these interlayer pairs keep them bound; 
hence, they are more generally referred to as interlayer exci-
tons, as illustrated clearly in Figure 15.[230,231]

The fabrication of heterojunctions does not only give rise 
to modifications of the electronic structure. Generally, the two 
layers to be stacked upon each other are most likely to have 
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different lattice parameters. This situation is conducive for the 
creation of incommensurate monolayer periodic moiré pat-
terns for a heterostructural lattice. These moiré patterns can be 
amended by adjusting the interlayer twist angles of these het-
erobilayer moiré superlattices. In these moiré superlattices, the 
metal heteroatoms (i.e., Mo and W) of neighboring layers appear 
on top of each other only for periodic moiré wavelengths. Atoms 

stacked in different configurations are known as registries, 
which also cause the valence and conduction bands to have dif-
ferent energies, which is STM verifiable, as shown in Figure 15a 
for the MoS2/WSe2 heterobilayer moiré superlattice.[219] These 
conditions lead to the formation of periodically changing bands, 
which can trap electrons at the moiré potential, if the variation 
in the band energies is sufficiently large. The periodic moiré 

Figure 14. a) Homobilayer crystal structures alignment showing bilayer MoS2 with twist angles of 60° (2H phase), 30°, and 0° (3R phase). b,c) MoS2 
moiré superlattice unit cell for a bilayer structure with a twist angle of 7.2° b) along with high-resolution ADF-STM image of an experimentally fabricated 
bilayer with a twist angle of 8.5° and a moiré quasiperiodicity of 2.5 nm c). a–c) Reproduced with permission.[211] Copyright 2014, American Chemical 
Society. d) DFT calculated electronic band dispersions for 60° and 30° twisted MoS2 bilayers overlays shown by red and black dash bands along with 
band decomposed charge densities for M–Γ–J–K high-symmetry points along the BZ path. d–f) ARPES measured band dispersion for M–Γ– K overland 
with white lines from DFT calculation along with the bottom section showing ARPES measurements for samples with various twist angles (i.e., 0°, 
13.5°, 26.5°, 39°, 47.5°, and 60°) prepared by a dry-transfer method. d–f) Reproduced with permission.[212] Copyright 2016, American Chemical Society.
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obtained in this way can be controlled and tuned by engineering 
the interlayer twist. Consequently, the electronic properties can 
be controlled by exploiting an entirely new degree of freedom for 
an optically important collection of flatland materials.[86]

Figure  15b shows the four periodic configurational points 
of the MoS2/WSe2 moiré superlattice and these are denoted 
as AA, ABSe, Br, and ABW for convenience, depending on 
which atoms from opposite interlayers are facing each other 
(Br denotes atoms facing bridges of the opposite layer). Zhang 
et al. calculated the electronic structure for all four of these reg-
istry points for the rotationally aligned structure. Representa-
tive models show that direct band type-II alignments are pre-
served with the CBM and VBM located in the MoS2 and WSe2 
monolayers, respectively (Figure  15c). However, for the four 
point representative models the interlayer distances were calcu-
lated to decrease in the order AA > Br > ABW> ABSe. Along with 
their calculations, Zhang et al. also presented a careful analysis 
of the band variations using STM/STS.[219] This study showed 
that the registry between vdW layers dictates the behavior 
of interlayer electronic coupling, control over which could be 
expected to allow novel 2D electronic systems based on vdW 
heterostructures. Later, Yu et  al. showed that the vdW hetero-
structures of 2D semiconductors are naturally endowed with an 
ordered nanoscale landscape, i.e., a moiré pattern, which later-
ally modulates electronic and topographic structures.[89] They 
were able to realize a wide-range-tunable wavelength of long-
lived wavelength excitons, whereas among other moiré effects, 

these excitons could be made to flip the spin optical selection 
rule of the periodic emitter arrays by electric field.

Four recent papers reported investigations of the interac-
tion of light with twisted heterobilayer moiré superlattices of 
TMDCs. The investigation revealed larger variations in ener-
gies for changing registries occurring at the moiré wavelength 
of heterobilayer TMDC structures. Two of these investigations 
focused on the MoSe2/WSe2 heterobilayer moiré superlattice. 
Tran et al. studied samples of the MoSe2/WSe2 moiré superla-
ttice prepared with a small rotational misalignment. The nov-
elty of their work was that it provided experimental insight 
into the optical properties. They were able to locate the peaks 
of interlayer excitons on the emission spectra, and determined 
the extent to which the energy separation between peaks and 
polarization of the emission depended on the twist angle of the 
moiré superlattice structure.[90] In their original report, they 
hinted toward the need to conduct an experiment to resolve 
individual interlayer excitons confined within a supercell. The 
experiment would involve the implementation of either a near-
field optical probe or combined STM and optical spectroscopy 
studies, and would help to further establish the influence of 
the moiré potential. Seyler et  al. studied individual interlayer 
excitons trapped by the moiré potential for the same system, 
i.e., a MoSe2/WSe2 heterobilayer moiré superlattice.[91] Their 
observations include highly polarized emission spectral lines, 
which they further split into multiple peaks by applying a mag-
netic field. The emission line spectra deliver a fingerprint of the 

Figure 15. a,b) STM image of the moiré pattern a), and STM image for atomic resolution, zoomed-in b). The description for four different periodic 
registries along moiré superlattice vector and their interlayer distances from rotationally aligned models are denoted as AA, Br, ABW, and ABSe.  
c,d) The weighted electronic band dispersion showing the direct type-II band alignment at the K point of the BZ along with theoretical posterior strain 
corrected shifting of critical points as highlighted in band structure showing direct change under different denoted registries. a–d) Reproduced with 
permission.[219] Copyright 2019, The Authors, published by American Association for the Advancement of Science.
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magnetic moment and the minima or maxima of each valley of 
the electronic band dispersion of the pairs (i.e., electron–hole 
pairs) that formed a specific exciton. Apart from this, in work 
carried out by Seyler et al., many separate peaks were detected 
within the laser excitation spot, which points toward inhomo-
geneity in the moiré superlattice potential, thereby resulting in 
nondegeneracy traps. More precise fabrication techniques with 
accurate scanning techniques are expected to deliver improved 
results. Another very recent study, which was carried out by Jin 
et al., revolved around light adsorption as a result of the moiré 
potential. This phenomenon was examined by fabricating a 
slightly different system consisting of WSe2/WS2 for experi-
mental investigations.[232,234–236] Comparison of the conven-
tional WSe2-A exciton resonance on the absorption spectra was 
sufficient to distinguish multiple emergent peaks from moiré 
excitons as they were also found to be distinctly gate dependent. 
Jin et al. fitted a theoretical model and showed that a stronger 
moiré potential becomes the foundation for the generation of 
multiple flat exciton minibands. The last of the four papers pre-
sents an interesting and entirely new concept of hybrid excitons. 
Alexeev et al. discovered that intralayer excitons can proceed via 
a mix-up (hybridized) with interlayer excitons.[233] Their study 
of MoSe2/WS2 revealed that the conduction band is delocalized 
over both layers of the moiré heterojunction. This feature was 
also found to amplify the influence of the moiré potential on the 

optical features of these heterojunctions. The optical features 
that were explored in these four recent papers are summarized 
in Figure 16. However, these studies are expected to be only the 
first small footsteps toward the complete understanding and 
control over individual moiré potentials. Thus, in-depth knowl-
edge of the size and depth of these potentials is expected to lead 
to the discovery of single exciton traps. This offers the potential 
for obtaining tunable periodic light emitters in the fascinating 
world of twisted flatland materials.

6. Summary and Outlook

In summary, the craft of producing emerging flatland materials 
with a moiré superlattice has led to exceptional breakthroughs 
in recent years. These visually beautiful patterns that are gener-
ated as a result of the rotational misalignment of commensurate 
layers or by mismatching lattices of incommensurate layered 
structures directly influence the electronic structures of 2D mate-
rials. Interlayer twist provides entirely new opportunities to tailor 
the electronic properties of 2D van der Waals materials. However, 
it remains difficult to control these twist angles when fabricating 
new structures. Recent encouraging developments have made it 
possible to more accurately control and stack the layers by using 
a variety of fabrication methods, such as epitaxial growth, CVD, 
monolayer folding, pick-up, and transfer methods, as well as the 
fabrication of devices with dynamically rotatable monolayers. 
The demonstration of fabricated moiré superlattice structures in 
recent years are foreseen to lead to the development of state-of-
the-art twistronics with emergent material phases endowed with 
exotic properties, such as superconductivity and magnetism, 
which may be controlled by varying the rotation.

Recent advances in STM/STS has enabled investigations to 
be carried out that provide new insights into electronic structure 
modulations for very small so-called magic-angle band flattening 
in twisted bilayer graphene layers. These flat bands happen 
to oscillate to generate two intrinsically different phases, one 
strongly correlated insulating (CI) and the other superconducting, 
for different carrier concentrations. Magic-angle twisted bilayer 
graphene is already providing us with a new understanding of 
superconductivity in a strongly correlated system. In terms of 
the design of new superconductors with a record high critical 
temperature, “Tc,” twisted bilayer graphene provides a clean and 
highly tunable platform to serve as testing ground. Apart from 
STM/STS analysis, valuable insights could be obtained by using 
higher resolution and more sophisticated techniques such as 
ARPES. However, this is simply a new beginning filled with sur-
prises along the twisted bilayer graphene track. In this regard, 
materials such as silicene have already broadened the scope by 
exhibiting interlayer hopping, even for larger twist angles, which 
is unachievable for the graphene moiré superlattice.

In parallel to the enhanced understanding of the moiré 
superlattice is the establishment of a semiconductor class of 
flatland materials. In particular, the twist angle of phosphorene 
was shown to directly influence the localization of the electronic 
wave function in free space and this is accompanied by con-
comitant drastic reduction of the carrier mobility. The Raman 
peaks of twisted stacked systems are indicative of stronger 
interlayer coupling. The other development that took place is 

Figure 16. Schematic illustrations of excitonic formation under hetero-
junctions formed by TMDCs. a) Interlayer excitones produced under 
CBM and VBM localizations on different layers, whereas Alexeev et al.[232]  
observed that b) conduction band can disperse over both heterobilayers 
to give hybrid excitones. Reproduced with permission.[235] Copyright 2019, 
Springer Nature.
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that evidence of the existence of localized moiré excitons was 
found within the moiré superlattice of heterobilayer TMDCs. 
The discovered optical phenomenon could lead to highly tun-
able quantum arrays under the influence of periodically mod-
ulated moiré potential. The strong interlayer coupling in het-
erostructures can induce distinct concentrated regions of exci-
tons. This produces additional moiré excitons that are specially 
trapped in well-separated moiré potential wells to consequently 
form a quantum array in the extended moiré superlattice. Most 
importantly, the condensed exciton bandwidth also renders this 
artificially produced exciton superlattice a promising platform 
to realize unprecedented exotics, such as a topological exciton 
insulator or a strongly correlated exciton Hubbard model. Apart 
from type-II alignments, resonant interlayer hybridization in 
the MoSe2/WS2 structure is exciting as it happens to produce 
hybridized exciton states that inherently show the spectral 
properties of both intralayer and interlayer excitons. For such 
a material, the twist-angle-controllable resonant effects could 
establish a new approach for engineering carriers and the 
exciton band-structure by fabricating flatland materials with a 
moiré superlattice.
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