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As a combination concept of a 2D material and a superlattice, two-dimensional superlattices (2DSs)
have attracted increasing attention recently. The natural advantages of 2D materials in their properties,
dimension, diversity and compatibility, and their gradually improved technologies for preparation and
device fabrication serve as solid foundations for the development of 2DSs. Compared with the existing
2D materials and even their heterostructures, 2DSs relate to more materials and elaborate architectures,
Received 28th September 2022, leading to novel systems with more degrees of freedom to modulate material properties at the
Accepted 6th December 2022 nanoscale. Here, three typical types of 2DSs, including the component, strain-induced and moiré
DOI: 10.1039/d2mh01206e superlattices, are reviewed. The preparation methods, properties and state-of-the-art applications of
each type are summarized. An outlook of the challenges and future developments is also presented. We
rsc.li/materials-horizons hope that this work can provide a reference for the development of 2DS-related research.
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resulting in the unique properties of carriers different from
those in traditional bulk materials and presenting broad appli-
cation prospects.*® This class of materials are called super-
lattices, and they’'ve been getting a lot of attention since they
were proposed. New elements are constantly added to push
the field forward especially after the appearance of two-
dimensional (2D) materials.>” The concept of integrating them
into a new 2D superlattice (2DS) has given another impetus to
their development.®™!

In a broader sense, a 2D material refers to a film with atomic
thickness in the out-of-plane direction. More than thousand
kinds have been predicted so far.'>'* From the perspective of
element types forming the layer, 2D materials have been
divided into mono- (such as graphene, black phosphorus (BP)
etc.) or multiple-element (hexagonal boron nitride (h-BN),
transition metal dichalcogenide (TMD) etc.) ones. Regardless
of the material, the intralayer atoms are always held together by
chemical bonds, and the neighbor layers are bonded to each
other by the relatively weak van der Waals (vdW) forces."*™*
This dangling-bond-free lattice makes it technically easy to
stack multiple 2D materials arbitrarily, so the forms of 2D
“component superlattices” (CSs) are initially designed just in
imitation of the traditional layer-by-layer structures.'®™® How-
ever, natural advantages of 2D materials in their properties,
dimension, diversity and compatibility present more possibili-
ties for their further performance breakthrough. With in-depth
research, other types such as the in-plane CS, “strain-induced
superlattice” (SS) and “moiré superlattices”” (MS) appear one
after another.”°>* The performances of carriers in these types
are compressed from three to two dimensions. This concep-
tional expansion is not mechanical duplication but makes use
of both the material’s properties and structural characteristics
at a micro/nano scale. 2DSs contribute to further expanding the
performance of electronic components and downscaling the
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size of related devices, so as to expand Moore’s law to the field
of optoelectronics.

Fig. 1 gives a brief introduction of the above three typical
2DSs which covers most of the existing structural systems.
Their main characteristics can be summarized as follows:

(1) CS: similar to the structure of traditional superlattice
materials, CS is usually arranged by different kinds of 2D materials
periodically in the out-of-plane or in-plane directions.'**® The
atomic monoelemental crystals or even their composite films with
thicker thicknesses are selected as building blocks depending on
the field of applications. This structure is currently the dominant
configuration of 2DSs. The interfacial effect and energy band
alignment of each element are generally the decisive factors
affecting the performance of related devices.

(2) SS: the SS can be considered as an evolution from the
basic structure of the CS. When people studied the traditional
GaAs/GaAsP superlattice in as early as the 1980s, they found
that strain/stress is common and non-negligible, affecting the
properties of materials once the lattice mismatch was greater
than ~0.1%.>* With the study of 2D materials being continued
recently, it is found that it is impossible to avoid the periodic
interfacial buckling especially when the strain in the materials
exceeds a critical value (~2-3%).>>*° In this case, the strain is
more important and can induce more novel phenomena. These
morphological changes are also accompanied by the introduc-
tion of localized fields, which can further modulate the band
structures of materials in the in-plane direction.””*® At present,
there are still few reports on SSs and there is no unified
standard to define the structures. Whether the band structure
of a material is subject to periodic modulation caused by
external substances is the main issue here. We collectively refer
to the 2DSs with the above characteristics as SSs.

(3) MS: the MS can be considered as a further extension
of SS, and recently it has been extensively studied as a

Component Superlattice

Moiré Superlattice

Strain-induced Superlattice

Fig. 1 Schematic diagram of 2DSs, including their formations and potential applications.
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separate system.>***> The MS is usually made by stacking two or
more layers of the same or different kinds of 2D materials
together with a relative twisted angle (0) between layers. It
causes an interlayer mismatch in the lattice and a periodic
angle-dependent moiré potential along with the moiré patterns
in a larger area. This potential affects the energy band structure
of the system as a whole, leading to the novel physical phenom-
ena different from the traditional superlattices.

Significantly, we can find that there is no complete bound-
ary in the morphology between the above-mentioned different
2DSs. The existence of multiple influencing factors in a certain
system can even be observed. Although the final properties of a
2DS are determined synthetically, the dominant role is still
relatively clear. As a typical example, when designing a light
emitting diode (LED) device by using a CS system, Novoselov’s
group was more concerned with the influence of energy band
alignment and the tunneling movement of carriers in it rather
than the effects of lattice mismatch.® In another experiment,
Mao et al. identified the influence of strain and ruled out the
moiré potential interpretation even though the moiré patterns
were clearly between the G/NbSe, interfaces.® Therefore, based
on the main factors affecting the properties of 2DSs, we sorted
out and discussed the recent work accordingly.

The research on 2DSs is an emerging field. Although there
were many published reviews, most of them paid more atten-
tion to the properties and applications of a selected type. There
is a lack of overview introduction about 2DSs at present.
In addition, due to their similar architectures to the 2D
heterostructures and metamaterials, there is usually confusion
in the discussion of concept of 2DSs. Whether the de Broglie
wave of carriers in a material can be effectively modulated by
the periodic potential field is an important criterion for judging
as a 2DS. Based on this, we summarize the recent research
studies and reorganize them from the perspective of prepara-
tion, properties and applications of different 2DSs. Following
that, the existing challenges and development are also
discussed. We hope that this review can provide beneficial
reference for the development of follow-up work.

2. Preparation strategies of 2DSs

Preparing high-quality 2DSs is critical because it is the basis for
later applications. Natural vdW superlattices can be separated
from minerals, but the materials got in this way are usually
having single properties.***® Artificial 2DSs is still the domi-
nant objective. Inspired by preparation of 2D heterostructures,
preparing 2DSs can also follow the top-down and bottom-up
synthetic strategy.'®*® The advantage of the former is that we
can arrange different materials in order as desired, but it is
relatively inefficient and inflexible. In contrast, the latter is
simpler but the materials involved are usually limited. How to
integrate the advantages in new strategies has always been
the focus. Here, by summarizing the common preparation
strategies for 2DSs, we briefly introduce three main methods,
including the mechanical transfer, gas vapor growth and
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liquid-assisted engineering. These methods run through the
development history of 2DSs and the preparation efficiency and
qualities of 2DSs have improved greatly (Fig. 2).*”7>°

2.1 Mechanical transfer

Like playing with LEGO, 2D materials can be treated as build-
ing blocks and assembled with one-atomic-plane precision as
designed.'®*™® Generally, two aspects need to be considered
during mechanical transfer: high-quality exfoliation of materials
and subsequent stacking (Fig. 3a).'® The great success of exfolia-
ting graphene in experiment by Geim et al. encourages people to
push the method to improve day by day.”” With continuous
technical optimization recently, many techniques, including the
liquid exfoliation, gold-assisted exfoliation etc., have emerged one
after another.”’™ The variety of materials obtained has been
enriched largely under premise of ensuring high lattice quality,
and the sample size can range from microns to even centimetres.
For example, under the guidance of adhesive energies to gold
surface, Gao’s group exfoliated more than 40 types of single-
crystalline monolayer 2D materials at the same time.>* Both high
lattice quality and excellent properties were exhibited.

After obtaining the high-quality 2D materials, the next is
to stack them artificially. Due to the high degree of spatial
freedom, the type, sequence, position or even twisted angle
between layers can be controlled well. Taking the preparation
of an out-of-plane vdW heterostructure as an example, mechan-
ical transfer generally goes through the following process:>®
first, the same type or different types of materials I and II
(MI/MII) are exfoliated from its bulk to two pieces of Si/SiO,
substrates, respectively. The MI is chosen as the bottom layer,
and the MII as the upper needs to further cover a transition film
composed of a water-soluble polymer and a polymethyl metha-
crylate (PMMA) materials. Second, the silicon slice containing
MII is immersed in a bath and the PMMA with MII can be
obtained from the water surface after dissolving the polymer.
With the help of a microscope operation system, this film can
be transferred to another slice to keep MII aligned on top of MI
precisely. Finally, the I/II vdW heterostructure is successfully
fabricated after dissolving the PMMA in acetone and annealing
the sample at a high temperature in a protective gas environ-
ment to ensure close contact between the interfaces.

The above procedure can be regarded as the basis for
preparing vdW structures. Preparing 2DSs is just an extension
of it, and just certain operations need to be adjusted as
designed. For example, preparing CSs requires repetition of
the procedure, while MSs are concerned more about the twisted
angle between the upper and lower materials. As for the SSs
that need to undergo buckling transitions between 2D materi-
als or even between materials and substrates, in the mechanical
transfer process more attention should be paid to the interlayer
coupling, which determines whether the subsequent samples
can exhibit excellent properties. To ensure this, in a typical
work reported by Andrei’s group, a sandwiched graphene/nano-
pillar/h-BN structure was annealed overnight in an environ-
ment of high temperature and protective gas.”” Recently, with
continuous optimization, the quality and efficiency during

This journal is © The Royal Society of Chemistry 2023
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transfer are improved greatly, making the preparation of 2DSs
technically easier (Fig. 3b).>® The liquid surface pressure and
surface energy are considered to facilitate large-area and high-
quality transfer of materials, and the transition film has been
replaced by polydimethylsiloxane (PDMS) or others for redu-
cing residues.’” ®* The treatment of the substrate is also one of
the important factors affecting the transfer. As an example,
with the aid of bubbles and capillary bridges between graphene
and substrate, Gao et al. realized the face-to-face transfer of
wafer-scale graphene films successfully.®

Mechanical transfer is common in the preparation of vdW
structures. It has obvious advantages in the architecture design
and implementation in space. Due to the high quality of 2D
materials obtained by exfoliation, the heterostructures or even
2DSs prepared in this way usually exhibit excellent properties.
However, the complicated operation and low sample yields are
the main difficulties. It is mostly confined to the laboratory and
fails to integrate with the industrial techniques although the
techniques have improved tremendously.’® Combination with
other methods is the inevitable trend of future development.
For example, recently, Kim’s group has reported a programmed

This journal is © The Royal Society of Chemistry 2023

crystal assembly technique which combines mechanical trans-
fer and gas vapor growth to prepare wafer-scale 2DSs.**

2.2 Gas vapor growth

Gas vapor growth is one of the most developed methods to
prepare large-area, high-quality 2D materials or 2DSs. It is more
compatible with existing semiconductor processing techniques,
endowing it with great potential for industrial applications, espe-
cially in the field of optoelectronics. Here, two important growth
techniques, including chemical and physical vapor deposition
(CVD, PVD) are reported. Different from the previous method of
preparing 2D materials, here we mainly focus on the preparation
of 2DSs.

2.2.1 Chemical vapor deposition (CVD) growth. The CVD
technique tends to be specialized gradually. Its general opera-
tion procedure can be described as follows:'>®°™® first, the
gaseous or solid precursors are fed into a tube furnace. Then,
by regulating the flow of gas, temperature and pressure, the
precursors react chemically and nucleate at the reaction zones
on a target substrate. Finally, the nucleation increases gradually
to form flakes or even a film. This procedure does not appear to

Mater. Horiz., 2023,10, 722-744 | 725
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be complicated, but obtaining the desired fine 2DSs actually
requires very demanding deposition conditions.’>**% In general,
the environment of the chemical reaction, including pressure,
temperature, nucleation space, etc., the reaction procedure, includ-
ing duration, sequence, times, use of additives, etc., and the quality
of chemical reactants, including precursors and substrates, are
all factors that need to be considered. Due to the relatively
rich manipulation parameters, CVD growth has been used for
preparing almost all types of 2DSs mentioned above.

For instance, in 2013, Chiu’s group reported the preparation
of twisted-bilayer graphene (TBG) on Cu foils by using the

726 | Mater. Horiz., 2023,10, 722-744

ambient pressure CVD (AP-CVD) technique for the first time
(Fig. 3¢).”° By optimizing the environment temperature, gas
pressure, and the thickness and purity of the copper foils, the
TBG grains and twisted angle between layers can be regulated
effectively. Similar operations were also reported by Liu’s
group.”””® By further improving the purity of the copper foil
while reducing the pressure in the tube furnace, the overlap-
ping region of TBG samples can approach 100 x 100 um?."?
Besides graphene, in 2014, Liu et al. fabricated the twisted
MoS, bilayers on various substrates.”® In 2021, by precisely
controlling the epitaxy kinetics process, Jo’s group achieved the

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2mh01206e

Open Access Article. Published on 10 December 2022. Downloaded on 11/16/2025 7:17:59 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

layer-by-layer stacking or even arbitrary rotating of TMD
materials (Fig. 3d).”* However, decreasing the nucleation rate
initially and enriching the variety of stacked materials should
be highlighted during the deposition. To solve this problem,
Zhao et al. proposed a general strategy a little earlier.”
By dropping an ethanol-water-ammonia solution onto an
vdW heterostructure, a force-driven rolling-up higher order
CS was synthesized (Fig. 3e). This process is relatively feasible
to operate, and extends the concept of superlattices to one
dimension, offering more freedom in interlayer coupling for
further applications.””””> In addition to the 2DSs mentioned
above, CVD growth also shows good performance for preparing
in-plane CSs.>***% In 2015, Li et al. synthesized the monolayer
WSe,-MoS, lateral p—n junction for the first time and observed
an atomically sharp interface.®® On this basis, by controlling
the reverse flow during temperature swing between successive
growth steps, Zhang et al. deposited two types of TMD materials
alternatively (Fig. 3f).*> In another report, Xie et al also
synthesized the coherent monolayer 2DSs through a modulated
metal-organic CVD method.*® The supercell presented a con-
trollable strain distribution because of the lattice mismatch
between materials. In 2020, the concept of ‘in-plane CS’ was
further extended to perovskites. By controlling ion diffusion
process, Dou’s group exhibited an effective method for prepar-
ing lateral perovskite 2DS first.”® In addition, the CVD techni-
que also provided coping strategies for preparing SSs. In 2020,
by applying the low-pressure CVD (LPCVD) method, Hudson
et al. prepared a graphene film on a polished copper foil at
1020 °C.”” After slowly cooling the sample to 80 K, the covered
graphene was arranged in periodic ripples to form a SS under
the tensile and shear stresses. During this process, the cooling
speed and uniformity are important for the latter properties of
the SSs.

In general, the biggest advantage of the CVD technique is
that it can be used to prepare large-area, high-quality 2DSs, but
in the short term, a breakthrough should be made in the
synthesis of vertical CS. The improvement on controlling
material types, stacking sequences and twisted angles between
layers should also be noticed. In addition, as a common
problem faced in the CVD technique, achieving the preparation
of wafer-scale single crystal is still a focus of research.

2.2.2 Physical vapor deposition (PVD) growth. PVD and
CVD growths of 2DS materials are similar in the selection of
precursors or operation chambers, but PVD growth rarely
involves chemical reactions. The precursors concerned are
usually their bulks, and the lattice matching between 2D
materials or with substrates needs to be focused upon. The
atoms/molecules for deposition should be arranged regularly
on a specific substrate. Guided by this, in 2004, Heer’s group
successfully prepared thin-layer graphene on the surface of a
6H-SiC substrate.”® 2D heterostructures or even 2DSs were also
prepared later.”®%° In 2018, by using a typical molecular beam
epitaxy (MBE) method, Xie et al. successfully prepared an
in-plane IngGag 4As/Ing 44Alp56As  superlattice structure.®
Mismatched stress/strain fields have been proven to be signifi-
cant in material properties. In 2020, an epitaxial growth of

This journal is © The Royal Society of Chemistry 2023
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graphene/h-BN MS was also achieved by Beton’s group.®” The
graphene first nucleated at the edge of h-BN, forming nano-
ribbons of controllable width, and then grew across the entire
surface. Recently, another PVD technique named laser-assisted
epitaxy growth has caught much attention.®* By using this
technique, Hao’s group prepared high-quality, few-layer BP
films of centimetre size.?* Despite these tremendous advances,
the PVD growth is still not developed sufficiently for preparing
2DSs at present. But considering the precise control of the types
and thicknesses of deposited materials, it has great develop-
ment potential in the future.

2.3 Liquid-assisted engineering

With the help of liquid surface pressure, chemical intercalation
agents or external applied voltage, 2D materials can be exfo-
liated from their bulks in a liquid. By using different deposition
techniques subsequently, 2DSs can be synthesized. This pro-
cess is convenient to operate, but it is always limited by the
material types and it is difficult to ensure a good crystal lattice
quality at the same time. As an example, here we mainly
introduce two techniques: liquid-assisted layer-by-layer deposi-
tion (LLD) and solution-phase self-assembly (SSA). They are
representative in liquid-assisted engineering of 2DSs.

2.3.1 Liquid-assisted layer-by-layer deposition (LLD). The
LLD technique is typical for preparing 2DSs based on the
charge adsorption and self-assembly of nanosheets at an air-
liquid interface. The colloidal suspensions of nanosheets with
opposite charges are generally used as different basic compo-
nents of 2DSs, and the preparation is accomplished just by
immersing a substrate into different liquids sequentially.>”**

For example, in 2007, Li’s group fabricated a composite
Tig.010,/layered double hydroxide (LDH) superlattice and a
Ca,Nbz;04¢/LDH film by alternately adsorbing the negatively
charged metal oxide and the positively charged double hydro-
xide nanosheets (Fig. 3g).>” The thickness of different compo-
nents was controlled at 0.6 nm. In contrast, for preparing 2DSs
by combining materials with the same charge, a connecting
agent such as the polycation/polyanion solution were applied
for help. The nanopieces (TigC00,0, and Tiy¢Fe, 40,) were
connected as 2DSs with the help of poly diallyl dimethyl
ammonium chloride.** The electrostatic adsorption is key but
not limited, so the materials for selection are fruitful.®>%°
Another important liquid-assisted deposition is the Langmuir-
Blodgett transfer technique.®” The nanosheets for deposition are
first mixed with an amphiphilic organic compound and then
spread over water. The hydrophilic side of the mixture is in contact
with the water surface and extends away to the air. A solid-like
single-molecule layer can be formed on the liquid surface as a
result. By this time, by immersing in and removing out of an
appropriate substrate repetitively, 2DSs with multiple components
can be obtained. For example, in 2009, Akatsuka et al. successfully
produced a high-ordered CS film on a silicon wafer and a quartz
glass substrate.®® Li et al also prepared similar samples on
different substrates by using this technique.®’

2.3.2 Solution-phase self-assembly (SSA). Besides LLD, the
SSA technique is also a common liquid-assisted engineering
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method for preparing 2DSs. The difference is that the SSA can
spontaneously intercalate 2D materials just by mixing suspen-
sions of nanosheets with opposite charges.'**° Scalable and
controllable 2DSs can even be prepared conveniently by adopt-
ing modified flocculation.”® For example, the Li* ions were
added into a suspension with manganese dioxide nanosheets
for achieving turbine laminated Li-Mo oxide films.®> 2DSs with
alternating materials were prepared just by mixing differently
charged metal oxides with nanosheet suspensions of a double
hydroxide.?” In 2015, Cai et al. even found that the different
materials with the same charge can be combined to form
2DSs.”® By adding the polycations into the nanosheet suspen-
sion with anions, the surface charges of nanosheet were
modified. The newly formed electropositive and original elec-
tronegative sheets can flocculate together spontaneously. In
2019, Xiong et al. assembled a MoS,/LDH 2DS via SSA using
negatively charged MoS, and positively charged LDH sheets.**
In 2021, Duan’s group reported a novel SSA technique.*® A 2DS
with alternating molecular layers and inorganic 2D monolayers
was obtained by intercalating tetraalkylammonium cations in a
liquid, as shown in Fig. 3h. Different from the traditional SSA
technique, this method can self-refresh the surface of crystal
constantly, alleviating the self-delay effect of organic ammo-
nium intercalation peeling 2D layered crystals, and greatly
ensuring the integrity of large crystal intercalation. It provides
a feasible, low-cost and high-yield chemical means for the
preparation of 2DSs with high quality, and adjustable structure
and function.

Generally speaking, the SSA technique has progressed
greatly in recent years.®® It is simple, efficient and has great
development prospects. Compared with the preparation of CS
materials, this technique may encounter greater obstacles in
preparing MSs and SSs because of the higher requirements for
lattice quality. However, a reasonable design is believed to
controllably hybridize and prepare target 2DSs with special
properties and applications.

3. Properties and applications

In this part, the symbolic properties and recent applications of
different types of 2DSs are mainly focused. The properties of
2DSs are jointly determined by the material components and
architectures, which provides rich variability and freedom
for applications of related devices. It is hard to summarize
regularity for this reason, so here only some common char-
acteristics are described.

3.1 Properties and applications of CS

3.1.1 High surface-to-volume ratio and chemical applica-
tions. High surface-to-volume ratio and fast charge transfer are
the most basic requirements for materials used in chemical
applications, especially in the field of energy conversion. The
CSs prepared by liquid-assisted engineering can meet such
requirements well. In general, such CSs are composed of alter-
nate conductive and oxidizable nanosheets.”® The conductive
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sheets (e.g., graphene, MXenes, and TMDs) can realize rapid
charge transfer, while the oxidizable sheets (e.g., transition
metal oxides (TMOs) and LDHs) can provide high-capacity
energy storage and efficient catalytic reactions.”*®” The close
contact between adjacent sheets facilitates interfacial inter-
actions, resulting in a speeding up of the conversion rate and
an increase in catalytic activity. Based on this, the CSs are of
great value in supercapacitors, rechargeable batteries, catalysts,
and so on. For example, a CS made of alternant LDH/GO/rGO
sheets was reported as a supercapacitor, and a composite
periodically assembled by Co-Al/Co-Ni LDH sheets and gra-
phene was applied as the electrode.”®*'°° Compared with con-
ventional bulk materials, superlattices generally exhibit higher
capacity and faster charge/discharge rate. As reported,
by synthesizing a Ni-Al-LDH/GO CS cathode, Ge et al. improved
the capacity of alkaline hybrid supercapacitors by at least two
times. 72.7% of capacity was retained even after thousands of
charge/discharge cycles (Fig. 4a).”® Similarly, the enhanced
capacity performance was also observed in the Ti;C,/Ni-Co-Al
LDH CSs."”!

For lithium-ion storage applications, a CS composed of
TMOs is ideal because it exhibits better performance as an
electrode due to higher storage capacity. Conventional electro-
des are usually made of MnO, nanosheets. They need to
undergo a conversion reaction and are inactivated during
repeated charge/discharge processes.'®> If the sheets are
replaced by a graphene/MnO, CS, the conversion of MnO, is
constrained and the transformants can be confined in 2D
channels of graphene materials. This can effectively avoid the
capacity decay, greatly improving cycling stability of metal ion
storage.'®® Similarly, the graphene/MnO, CSs also performed
well in Na-ion storage. The theoretical results showed that the
diffusion energy barrier generally decreases as the interlayer
distance increases, suggesting that layer-expanded layered
materials have higher ion mobility and could achieve faster
charge and discharge kinetics.'®* Compared with the materials
with randomly stacked composites, each layer of nanosheets in
the superlattice maintain a large interlayer spacing, which
provides more 2D channels for the rapid diffusion of metal
ions, thereby obtaining superior rate capability.

The ion diffusivity D°"" can be obtained via the formula

pOITT _ 4 (mB VM) ? (AES) ?
nt\ MgS AE;
where t, mg, Mg, Vs and S are the constant current pulse time,
mass, molar weight, molar volume, and the area of electrode-
electrolyte interface, respectively. AE; is the decrement between
original voltage (E,) and steady-state voltage (Es). AE, is the
total change of cell voltage excluding the IR-drop during the
constant current pulse 7. Accordingly, the excellent cycling
stabilities after 5000 cycles with ~0.004% and 0.0078% capa-
city decay per cycle were respectively obtained for Li* and Na*
storage in experiments.'® In contrast, anodes composed of

other TMO/TMD-graphene CSs also show potential in energy
storage.'*®'%” The N-doped graphene/Ti, g,0, was prepared as

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2mh01206e

Open Access Article. Published on 10 December 2022. Downloaded on 11/16/2025 7:17:59 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

(a)

40 20mys!
10mys!

smvs!

00 01 02 03 04 05 06
Potential vs. (Hg/HgO) / V

Current density / Ag”
°

MXene

AR .
Sesteas
oo y

o
0
0
Current density (mA cm™)
IS

Fe-N-C/MXene superlattice ; 0.6 09
Potential (vs. RHE)

(b)

View Article Online

Materials Horizons

1500/ @0 1Ag
PDDA-graphene * M " _Na 1000 - s
PBETN o & a Contr
AR o o
X% '-‘%l’ ,,VVV‘E: o 2 MoS: nanosheets
AAAD200.00CCEEROS He E % 70 2 30 4 S 6 70 8 9 100
/ {828 2 28 2 58 26 net ettt ’ % + MoSJgraphene superlattice
Metallic 1T phase * M% o E-
Mos: e AL RRRAR S S
R
Unilamellar metallic MoSz/graphene superiattice 0 0 20 % 49 % ®© M &0 9
Cycle Number
0
(d) — z J=r=
NaCl Carbon g 10 FeP NFSLs
template  1ayer ~~_ FeP < —:-FPBP
< £ eP@KB
2 > v < 20
° ~ =
S \ / @
@ { SR = .§ -30
e = %
¢le Nesd &l g -0
L L 3
2D FeP NFSLs 50
04 03 -02 -0.1 0.0 0.1

Potential (V vs. RHE)

Fig. 4 (a) Schematic and cyclic voltammetry (CV) curves of a Ni—Al LDH/rGO CS supercapacitor. Reproduced with permission.’® (b) Schematic of
effective sodium storage and hydrogen release through MoS,/graphene CSs. Reproduced with permission.’® (c) Fe-N-C/MXene CS and its electro-
chemial oxygen reduction reaction plots. Reproduced with permission.®” (d) Preparation process and hydrogen evolution reaction characterization of a
2D FeP nanoframe superlattice. Reproduced with permission.*® Copyright 2016, Elsevier. Copyright 2018, 2020, American Chemical Society. Copyright

2022, Wiley-VCH.

a high-performance anode material for Na ion storage. The
relevant battery maintained an ultralong cycle life at a high
current density and a low temperature of —5 °C.'%° The gra-
phene/MoS, CSs exhibited ultrahigh performance as anodes for
Na-ion batteries (Fig. 4b), while the SnO/graphene CSs provided
Li-ion storage with excellent cycling stability.”®

In addition, CSs are also applied to improve the catalytic
performance by controlling their electronic motions.'*®*°
Compared with the bulks, CSs formed by ordered-stacked
nanosheets can provide more available active sites and thus
exhibit stronger catalytic properties. In 2020, Jiang et al
proposed a metal cluster function in preparing Fe-N-C-/MXene
CSs.”” Metal clusters were used to regulate the surface charge of
nanosheets, which proves excellent electrocatalytic oxygen
reduction reactions (Fig. 4c). Recently, another hydrogen evolu-
tion experiment using FeP nanoframe CSs has drawn people’s
attention.”® Due to unique topochemical transformation pro-
cesses, the higher efficient and durable electrocatalysts were
obtained here compared with the performance of most pre-
vious FeP-based catalysts (Fig. 4d). The development of 2DSs
provides new opportunities for the design of new advanced
materials and catalysts."""

3.1.2 Quantum tunnelling and optoelectronic device. Light
emission is a typical application of superlattices with the help
of quantum tunnelling behavior of carriers,"”> so people’s
initial desire for preparing CSs is to study their luminescence
properties.>® Compared with traditional 2D materials, the CSs
have better properties in carrier mobility and recombination
probability. Together influenced by the higher efficiency of
photogenerated carrier injection, the related light-emitting
devices have better optoelectronic performance in response
rate, luminous stability and other aspects.

In 2015, Novoselov et al. designed a CS made of few-layered
graphene, TMDs and h-BN materials.*® The graphene acted as

This journal is © The Royal Society of Chemistry 2023

conductive layers, injecting electrons and holes into the TMDs.
The h-BN materials were tunnel barriers (TBs), forming quan-
tum wells (QWs) together with the TMDs on the side.
By superimposing QWs and fine controlling over the tunnelling
barriers, the carrier’s chances of escape are greatly reduced,
increasing the luminous efficiency greatly. Here, the quantum
efficiency of related devices was ~8% (Fig. 5a). Similarly, in
2019, Gu et al. combined a h-BN/WS, CS with a distributed
Bragg reflector (DBR) and invested the exciton-polariton
electroluminescence (EL) at room temperature (Fig. 5b)."'?
Due to the strong coupling between CSs and DBR, the external
quantum efficiency (EQE) can reach ~0.1%. In 2020, Lee et al.
proposed a coupled QW stacked with alternating h-BN and WS,
to observe its photoluminescence (PL) phenomenon. The h-BN
retained interwell interactions dramatically, increasing the
exciton energies in quantum traps. Correspondingly, the PL
peaks appeared and enhanced linearly with the increase of QW
periods.’™® In 2021, Kumar et al. also designed CSs composed
of periodic TMD/h-BN/Al,O; materials."** The luminescence
intensity and efficiency were significantly changed by tuning
the period number and power of excitation light (Fig. 5c).
Notably, although the strong exciton properties of TMDs men-
tioned above are beneficial to luminescence, the relative low
efficiency still poses a challenge to their practical applications.
In contrast, perovskite materials present greater advantages. In
2016, Wang et al. developed a solution-processed perovskite
light-emitting diode and achieved an EQE of 11.7% (Fig. 5d)."*
The performances of devices remained more than 82% after
unpackaged even they were placed in an atmosphere with 40%
humidity for 2400 h.

In addition, the above quantum tunneling of carriers
between barriers can also give rise to exotic properties of
materials such as the negative differential resistance (NDR)
phenomenon.’'® In conventional type III heterostructures, a
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band structures and NDR behaviors of a h-BN/WS, CS device. Reproduced with permission.**® Copyright 2015, 2016, 2019, 2021, Nature Publishing

Group. Copyright 2020, American Chemical Society.

weak electric field drives carriers tunneling from the maximum
valence band (VB) of one material with lower energy to mini-
mum conduction band (CB) of another with higher energy. But
when the bands with lower energy move up under an increased
field, carrier transportation will be hindered, manifested as the
tunneling current of the device decreases. This downward trend
does not continue until the current rises when the new bands
are matched by continuous excitation of the external electric
field. As a whole, the current of the device will experience a
period of decline in the process of overall increase. If the
heterostructure is replaced with a superlattice with multiple
QWSs, this NDR phenomenon can occur many times.""”"*® The
influence of this band alignment is more significant in CSs due
to the sharper interface between layers, so a more obvious NDR
behavior was predicted in 2014."*° The corresponding experi-
mental phenomenon has also been observed by Lee et al. in
WS,/h-BN CSs in 2020 (Fig. 5¢).'"?

3.1.3 Interfacial effect and superconductivity. As for the
CSs constructed in a periodic out-of-plane stacking architec-
ture, they have abundant interfaces and can be convenient for
electron interactions. The electrons correlate strongly together
influenced by the quantum confinement effect, and the charge,
spin, orbit and lattice are coupled simultaneously, inducing
phase transitions in CSs exhibited as novel physical phenom-
ena such as superconductivity.””® For example, in 2020,
Checkelsky’s group prepared Ba;NbSs/H-NbS, CSs for the first

730 | Mater. Horiz., 2023,10, 722-744

time (Fig. 6a)."*! Due to the inversion symmetry breaking, a
mixed spin-orbit texture on the H-NbS, layers was obtained,
which results in a Berezinskii-Kosterlitz-Thouless (BKT) tran-
sition of this architecture at about 0.82 K. In another work,
Li et al. also observed the coexistence of superconductivity and
ferromagnetism in SnSe,/Co(Cp), CSs.122 Normally, the above
two phenomena are exclusive with each other because of the
contradictorily ordered Cooper pairs. But here, by constructing
a superlattice, a good amount of electrons in Co(Cp), were
injected into SnSe,, resulting in an increase in the density of
states (DOS) near the Fermi surface and triggering a semicon-
ductor to superconductor transition. This process weakens the
coordination field of Co(Cp), and leads to its high spin state
with ferromagnetic behaviors (Fig. 6b). It can be seen that the
huge contact area, strong interfacial coupling effect and
prominent electron-giving and electron-receiving ability of
different components in CS materials are the main reasons
for triggering the transition at low temperatures. Thereafter,
Li et al. demonstrated a similar phenomenon in another TaS,
molecular CSs.'* Due to the strong spin-orbital scattering,
a superconductivity transition could be observed at ~3.8 K
(Fig. 6¢).

3.2 Properties and applications of SS

The properties of CSs, especially in the field of optoelectronics,
are mainly attributed to their periodic modulation of band

This journal is © The Royal Society of Chemistry 2023
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superconducting transition at temperatures below 0.8 and 4 K, respectively. Reproduced with permission.
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structures, but the complex preparation process always limits
the further development. So, it is natural to think of other
methods to achieve the modulation, gradually leading to other
types such as SSs. 2D materials possess a high Young’s
modulus and usually exhibit stronger mechanical strength than
their bulk materials.'** By inducing strain or other factors to
change the band structures, the interfacial performance of 2D
materials can be tailored effectively. When introducing the
modulation periodically at the nanoscale, the carrier transpor-
tation will be greatly altered, causing behaviors like conven-
tional superlattices.®""'>>'2¢ This is one of the main bases to
judge whether the material studied is SS. Due to an emerging
material system in almost the last 5 years, most related works
are still focused on the properties exploration now.

In 2017, Andrei’s group reported a feasible route to intro-
duce a pseudomagnetic field to graphene by inducing periodic
strain.’” The band structure of graphene was reconstructed into
pseudo-Landau levels (PLL) and a sequence of PLL peaks in the
DOS were observed (Fig. 7a). The similar phenomenon was
reported again in 2019.%° Interestingly, this time they presented
a new way for making flat bands in another graphene SS, which
is expected to be a theoretical basis for the important role of
this SS in superconductivity. Almost at the same time, Banerjee
et al. also reported an intense pseudogauge field generated in a
graphene SS.”” The carbon-carbon bond length changed and
affected Dirac electrons. The DOS fluctuates periodically with
an applied bias, and the period is directly related to the spatial
scale of the periodic strain in SS (Fig. 7b). In addition to the
above research, the quantum confinement enhancement and
periodic energy valley properties are involved recently, which
also predicts the prospect of SS applied in the photovoltaic
fields."*”"*® In 2020, Tian’s group investigated the difference of

This journal is © The Royal Society of Chemistry 2023

interfacial interaction between the pristine graphene and SS
(Fig. 7c)."*® Compared with the relatively low photocurrent
value in the central region of the superlattice, the photocurrent
increased significantly at the interface between original gra-
phene and SS. By analyzing the photothermoelectric current
(Iprg) formula Iprg = AS-AT/R, where AS, AT and R are respec-
tively the Seebeck coefficient difference between the two
regions, temperature difference around the light point and
device resistance, they concluded that the large Seebeck coeffi-
cient shift caused by the deformation of the internal band
structure plays a key role here.

Apart from the periodic strain, introducing the external
localized fields can also modulate the performance of
2DSs.**! By transferring a 2D material onto a substrate
with periodic nano-structures as the design, the material may
behave as a superlattice. In this sense, the definition of above-
mentioned SS can be further extended. For example, in 2018
Chen et al. applied an out-of-plane periodic electric field on
the silicene and observed the typical NDR behaviors usually
presented in CSs (Fig. 7d)."** Interestingly, the devices exhibit
controllable valley and spin degrees of freedom for modulation,
suggesting a broader application prospect. In another work,
Forsythe et al. transferred an h-BN/graphene/h-BN heterostruc-
ture onto a SiO, substrate with periodic triangular/square
nanohole arrays.”” When the material was stimulated by a
magnetic field, the fractal mini-gaps of the Hofstadter spectrum
were observed (Fig. 7e). The quantum Hall effect is completely
caused and amplified by the band structure modification arising
from the substrate. The intensity of the magnetic field that needs
to be applied here is nearly an order of magnitude lower than that
in most MSs.'**'** Similarly, by designing an h-BN/graphene/h-BN
heterostructure etched with periodic nanoholes, Jessen et al. also
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(a) Left: SEM image of a graphene/Au pillars SS sample. The periodic dots and dark lines are Au pillars and strain-induced graphene ripples,

respectively. Right: Spatial-dependent dI/dV curves of the SS sample. Different from the featureless V' shape of unstrained graphene, the SS graphene
sample exhibits many peaks here, indicating the presence of pseudomagnetic field. Reproduced with permission.>” (b) Pseudogauge fields and calculated
DOS of a graphene SS. When the strain period applied to the material changes, the energy peak period of Landau quantization changes accordingly.
Reproduced with permission.”” (c) Schematic and enhanced photocurrent of a graphene SS. The difference in Seebeck coefficients between the pristine
and folded graphene enhances the photothermoelectric effect at the interface. Reproduced with permission.'?° (d) Structural schematic and NDR
behaviors of a silicene $S. Reproduced with permission.**? (e) Schematic and longitudinal resistances at different normalized densities and magnetic fields
of a graphene/dielectric hole SS. Reproduced with permission.?” Copyright 2017, 2020, American Chemical Society. Copyright 2018, American Physical

Society. Copyright 2018, Nature Publishing Group.

modulated the band structure of graphene.?® In 2021, by placing
graphene/h-BN on SiO, nanoarray structures, Dean et al. synthe-
sized another SS and observed the main and satellite Dirac cones
later."®

In addition to the above reports that 2DSs can be achieved
by an applied field, considerable recent work has focused
on conducting periodic nanomachining on 2DCSs to directly
regulate their properties. For example, a CS prepared with
periodic stacking of graphene and dielectric films has been
reported as a hyperbolic metamaterial, and it absorbs an
incident electromagnetic wave perfectly in the near-infrared
(NIR) band.'®*® By preparing a nanograting on its surface, the
absorption can be further extended to the visible range.
In another work, Yan et al. periodically arranged graphene
with an organic buffer layer and etched it into ribbons and
discs. After the treatment, the materials can modulate the
plasmon in graphene and respond to polarization or strongly
absorb terahertz or far-infrared waves.'®” In this case, the
2DSs and metamaterials have many similarities in their pro-
perties. A clearer definition is needed in the future to distin-
guish between the two.

732 | Mater. Horiz., 2023, 10, 722-744

Apart from the above discussion, there are still several
points to note about SSs. First, due to the high Young’s
modulus, the deformation of 2D materials under the action
of vdW forces between the interfaces is inevitable when trans-
ferring them onto other 2D materials or substrates. Once the
strain exceeds a critical value, the periodic interfacial buckling
will appear and the changes in material properties cannot be
ignored. This is the reason why people hope to regulate the
properties of 2D materials by constructing SSs. Second, regula-
ting the band structures of original materials for tuning their
properties is still dominant in most of the existing SSs.
But because the specific physical mechanisms involved are
different, it is hard to describe the strain in the superlattice
quantificationally. At the same time, considering the different
natures of materials itself and the forms of strain, it is also
difficult to establish an accurate correspondence between
strain and the related properties/applications. Finally, whether
the strain plays a major role in the process of material property
changes needs a comprehensive consideration. Multiple forms
of interactions are observed simultaneously in a certain class of
superlattices, and they may work together to cause a particular

This journal is © The Royal Society of Chemistry 2023
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property of the material. This is also one of the main reasons it
is hard to quantificationally evaluate the influence of strain.
However, in-depth research in this area will require a great deal
of work to be done.

3.3 Properties and applications of MS

From the perspective of the development of 2DSs, the research
of MSs does not show obvious lag compared with others.'?®
However, it is indeed the research on superconductivity and
Mott-like insulating properties reported on TBG that has
attracted more attention.*"*> Up to now, the components of
designed MSs have been extended from different 2D materials
to others such as photonic crystals.”?® An emerging ‘twistro-
nics’ involving the studies of light spin/valleytronics, localiza-
tion/delocalization phenomena, topological exciton bands, etc.
are developing vigorously.***'°7142 gince this field is in its
initial development stage, most of the research on MSs is still in
the performance exploration. To be different from the existing
review work, here the complex theoretical descriptions are
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avoided and the introduction of the material properties and
related practical applications are mainly focused on.

3.3.1 Electrical properties and related devices. In 2018, Cao
et al. observed the superconductivity and Mott-like insulating
properties in TBG at low temperatures (<1.7 K) for the first
time.>"*> When the upper and lower layers of graphene are
rotated relatively at small angles to each other (magic angles,
MAs), the bands near the Fermi energy of the whole material
system will become flat (Fig. 8a). The effective masses of
carriers rise high and the Fermi velocities drop to zero. The
original weakly correlated Fermi liquid transforms to a strongly
correlated 2D electron system, which is demonstrated
again with the Fourier transform photocurrent spectroscopy
recently.'”® From the phase diagram in Fig. 8a, both the
insulating and superconducting phases in TBG can be
observed. The occurrence of each condition just depends on
the electrons filling state per unit cell. Similar results were also
reported in a 0.93° TBG-MS."** These works attracted attention
and propelled people to do more research on the related
MSs.'*> 148 For example, Cao et al further studied the
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(a) Schematic (left), energy band structure, DOS (middle) and temperature-dependent four-probe resistances (right) of different TBG-MS
samples. Two superconducting domes are observed. Reproduced with permission.?*
and resistance map (right) with different Landau fans and applied displacement fields of a TTG-MS sample. Reproduced with permission.
and rectified electrical properties of a BP orientation-dependent photodiode. Reproduced with permission.

(b) Schematic (left), temperature-dependent resistances (middle)
148 (c) Schematic

149 (d) Schematic, TEM images and

temperature-dependent NDR behaviors of a trilayer orthogonal BP MS. Reproduced with permission.*** Copyright 2018, 2021, Nature Publishing
Group. Copyright 2018, Wiley-VCH. Copyright 2021, American Association for the Advancement of Science.
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properties of a twisted bilayer-bilayer graphene (TBBG) in
2020."** The richer phase diagrams and more sensitive corre-
lated insulating states to environments were observed. In 2021,
they prepared a magic-angle twisted trilayer graphene (TTG)
and proclaimed a system with more controllable properties.'*®
The broken-symmetry phase per unit cell was the forming
reason. Based on the subsequent observations of re-entrant
superconductivity at large magnetic fields (> 5 T), they believed
that a mechanism resulting in non-spin-singlet Cooper pairs
plays a key role."*” Almost at the same time, Kim’s group did a
similar experiment in a 1.56° TTG."*® Compared with TBG, the
superconductivity here was more robust and the maximum
critical temperature rose higher at ~2.1 K. By changing the
integer fillings, temperatures and displacement field intensi-
ties, the superconductivity phases can be tuned accordingly
(Fig. 8Db).

The flat band properties in TBG or TTG have promoted the
rapid development of similar systems, but their practical appli-
cations in electronics are still rare.>>"*? People are trying to do
research from the perspectives by considering different materi-
als and device structures. In 2018, Xin et al. fabricated the
orientation-dependent diodes by observing the rectification in
few-layered BP vdW MSs."*® The armchair (AC) orientation of
the upper BP is vertical to the lower one (vertical-twisted BP),
and maximum rectification ratio of the diode reaches 115
(Fig. 8c). In contrast, the devices made of ‘parallel-twisted BP’
show completely different linear ohmic behaviours.'****° The
anisotropic band structure of BP and the discrepant effective
mass of electrons and holes are the main reasons for this
phenomenon. Based on the formula AE = kg7 - In(mj/n,),
where kg, T and m are the Boltzman’s constant, kelvin tem-
perature and effective mass of carriers respectively, the band
difference (AE) between the armchair (AC) and zigzag (ZZ)
orientations could be estimated. Similar results were also
found by Lee’s group in 2021, but the difference was the
observation of a symmetric nonlinear voltage-current curve
instead of the rectification phenomenon.™ This may be
related to the oxidation protection on BP in the former experi-
ment. By fabricating more complex BP-MS structures, Lee et al.
further prepared the resonant tunnelling diode, which exhibits
a typical NDR phenomenon (Fig. 8d). In order to explore the
mechanism, a physical model described by two-band block
Hamiltonians was established. They believed that the different
crystalline orientations between adjacent BPs lead to the
changes of band structures, so that the QW states originate
from the electronic wavefunction confinement appeared,
resulting in the resonant tunnelling behaviors similar to that
in traditional superlattices. Significantly, the BP MSs here
present great advantages in modulating and optimizing the
performance of related devices in normal environment. This is
different from the TBG systems in that their flat band proper-
ties are usually observed at low temperatures.

3.3.2 Optical properties and related devices. Compared
with the electrical properties, the optical properties of MSs
are studied earlier in experiment due to the more predictable
mechanism and simpler preparation of samples. For instance,
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in early 2009, Andrei’s group has observed the Van Hove
singularities (VHSs) in the density of states in TBG by using
scanning tunnelling spectroscopy. By changing the rotation
angles between the stacked graphene layers, the positions of
VHSs change gradually regardless of the lattice commensur-
ability.®® In 2013, Moon et al theoretically predicted the
relationship between rotation angles and VHSs.">> The excep-
tional characteristic has a great influence on the optical proper-
ties of TBG especially for its optical conductivity values, which
causes the sample at a certain twisted angle to have an unusual
response to incident light with a particular wavelength.
This conclusion is verified in the enhanced photo-absorption,
Raman spectroscopy and second/higher harmonic generation
measurements, et al.*>>**® For example, in 2012, Kim et al.
obtained the relationship between the incident light and
Raman vibration intensity of TBG with different twist angles
(0.)."* 0. = 3a-Ejaser/h-vp4n, where a, Ejgser, & and v are the
lattice parameter of graphene, Raman excitation laser energy,
reduced Planck’s constant and Fermi velocity in monolayer
graphene, respectively. Through the formula, we can simply
establish the relationship between the interlayer twist angle
and the wavelength with an enhanced photoresponse. In 2021,
Ha et al. further explored the third harmonic generation (THG)
in the same system.'”® When the energy band gap at the VHSs
matches the three-photon resonance of incident light well, the
THG efficiency is found to be greatly improved by up to 60 times
compared with the normal monolayer graphene (Fig. 9a).

With the deepening research in recent years, the optical
properties exploration of MSs has been expanded in a large
range, such as in the field of optical coherent injection, chiral
circular dichroism, light-induced ferromagnetism and so
on.””1%% The different material systems have also attracted
constant attention. For example, in 2020, Qiu’s group predicted
that the photonic dispersion of phonon polaritons in twisted
a-MoO; can transition topologically from hyperbolic to ellipti-
cal contours with changing the sample angle.'®® Under a
particular rotation (photonic MA), the dispersion flattens and
causes diffractionless polariton propagation. This expectation
was confirmed in the experiment afterwards and the light
wavelength was compressed 40 times in this method, suggest-
ing an important development prospect in nanoimaging or
other fields (Fig. 9b). Similar results were also confirmed by
Chen et al. subsequently."®*

Apart from the optical research mentioned above, the PL of
MSs is also an engrossing field which is closest to practical
applications at present. Different from the zero bandgap of
graphene material, TMDs or photonic crystals have a greater
advantage in light emission due to its sizeable bandgap.
In 2014, Liu et al. studied the luminescence properties of
MoS,-MSs and discussed the interlayer exciton coupling by
observing the variation of spectral peaks.®® Subsequently, var-
ious groups studied in detail the relationship between PL and
twisted angle of different TMD-based MSs, respectively.'¢>¢*
Due to the momentum mismatches and formation of reso-
nance hybridized excitons during rotation, the twisted angle
can still lead to a huge difference in the luminescence

This journal is © The Royal Society of Chemistry 2023
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Fig. 9 (a) Left: Scanning THG image of a graphene sample with uneven thicknesses. Right: Typical THG spectra of the graphene sample at different
regions excited by 520 nm laser. The TBG position can be excited by the strongest signal. Reproduced with permission.**® (b) Schematic (left), near-field
amplitude distribution (middle) and its Fourier transformed dispersion curves of a twisted a-MoOz sample. A highly oriented amplitude distribution in the
middle indicates anisotropic topological polariton transportation. Reproduced with permission.*®° (c) Schematic (left), PL spectrum (middle) and a typical
interferograms (right) above threshold of a 0°-twisted WSe,—MoSe, exciton laser. Reproduced with permission.’® (d) SEM image (left), normalized
spectra (middle) and intensity/linewidth evolution curves of a nanostructured magic-angle laser on InGaAsP multiple QWs. A phase transition from
spontaneous emission to laser above threshold can be found from the normalized spectra. Reproduced with permission.t”* Copyright 2019, 2020, 2021,
Nature Publishing Group.

properties even if the material remains unchanged. Although potentials in solar energy harvesting, electroluminescence and
the mechanism of the TMD-based MSs is still controversial, the so on, the photodetection is still the most practical in this
spin-valley locking effect and controllable moiré exciton proper- field."”>'”* In 2016, due to the twist-angle-dependent VHSs of
ties in electromagnetic fields also lay a solid foundation for TBG, Liu’s group observed the enhanced photoresponse related
their practical applications."®*™® In 2019, Paik et al. integrated to the wavelength of incident light in this system for the first
a WSe,-MoSe, bilayer material with a silicon nitride grating time."”* By integrating the TBG with plasmonic nanostructures,
resonator.””® By accurately matching the momentum of the they achieved up to an 80-fold increase in photocurrent. Almost
TMD-MS and stimulating the interlayer excitons, they achieved at the same time, Tian’s group observed similar phenomena
a more than 100-fold increase in light emission across the and described in detail the polarization-dependent charac-
lasing threshold (Fig. 9¢). An extended spatial coherence length teristics of related devices (Fig. 10a).*'”* Subsequently, by
proves laser generation rather than ordinary luminescence. In  effectively collecting multiple hot carriers in graphene/h-BN
2021, Ma’s group further introduced the concept of MSs into MSs photodetectors, Wu et al. also enhanced the photocurrent
photonic crystals and fabricated the samples which contains and improved the EQE of graphene.'”> Notably, most of the
two in-plane sets of nanohole arrays with a twisted angle in a response bands of the above devices are focused on the visible
single InGaAsP material."”* Due to the stronger field confine- range, and the twisted angles are relatively large. By contrast,
ment, the devices made of these nanocavities can emit lasers if the rotation of MS is limited around the ‘MA’, the transition
with a narrower spectral linewidth (Fig. 9d). of carriers between mini-bands available during energy band

3.3.3 Photoelectronic properties and photodetectors. The variation will cause the material to respond to electromag-
photoelectric properties of MSs correlate the electrical and netic waves with longer wavelengths. Guided by this idea,
optical behavior of related devices, focusing on their conversion in 2019 Xia’s group designed a TBG photodetector with
of optoelectronic signals. Although the MSs have shown great 1.81° twisted angle and measured the photoresponse in the

This journal is © The Royal Society of Chemistry 2023 Mater. Horiz., 2023,10, 722-744 | 735
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(d) Schematic and photocurrent mapping of a WSe2/BP photodetector excited by a linearly polarized 532 nm laser. Reproduced with permission.”®
(e) Schematic and 2D polarization-dependent photocurrent of a twisted BP/BP/Bi,Ses fiber-integrated polarimeter. Reproduced with permission.?8©
Copyright 2016, Wiley-VCH. Copyright 2021, 2022, American Association for the Advancement of Science. Copyright 2020, 2022, Nature Publishing

Group.

mid-infrared range.'”® By gate-tuning the Fermi level in TBG to
the bandgap, the device can achieve a maximum photorespon-
sivity of 26 mA W' at 12 um (Fig. 10b). Recently, by breaking
the symmetry and introducing quantum geometric contribu-
tion to graphene through moiré deformation, they further
observed the bulk photovoltaic effect (BPE) in 1.2° TBG samples
at 5 and 7.7 pm wavelengths, relating the BPE to the anisotropic
conductivity by the following equation: V oc E (0-cos(2¢) —
0yyy-Sin(2¢)), where ¢ is the orientation angle of the in-plane
field E with respect to the voltage collection direction (x axis).
Since the photoresponse of TBG is directly related to incident
light intensity and polarization here, the related devices
achieved the full-Stokes polarimetry and presented a great
development prospect in on-chip photodetection (Fig. 10c)."””
Combined with the heat capacity influence of this material
system, it is expected to further expand the detection wave-
length and improve the detectivity."”®

In addition to the graphene-based MS mentioned above,
recently the MS made of other 2D materials have also attracted
extensive attention in photodetection. In 2021, Akamatsu et al.
designed a WSe,-BP MS and observed its spontaneous

736 | Mater. Horiz., 2023,10, 722-744

photocurrent without actuation by a bias voltage.'”® Different
from the traditional heterostructures, the strict crystal align-
ment needs to be considered. Only when the threefold rota-
tional symmetry of WS, is parallel to the AC direction of BP, the
interesting phenomenon can occur. From the photocurrent
map we can find that the photoresponse appears in the stack-
ing area instead of the material-electrode junction (Fig. 10d).
This is similar to that in the BP homostructures, and the
geometrical and topological nature at the WSe,-BP interface
play a key role.”® In another work, Xiong et al. integrated a
few-layered Bi,Se;-BP-BP MS into the end face of a fiber to
measure the intensity and polarization of incident light rigor-
ously (Fig. 10e)."®° They established the following relationship
between photocurrent (1), light power (P) and polarization angle (¢):

I1=mP,

I = Icsin(2¢) + I-sin(4¢ + @) + Iy, where m and n are fitting
coefficients, and ¢, ¢, and I, are the polarized angle, initial
polarized angle and light power, respectively. The in-plane
anisotropic properties of BP and ingenious geometric structure
of devices are mainly considered. Based on the above formulas,

This journal is © The Royal Society of Chemistry 2023
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the detector here can detect both the intensities and polarized
angles of incident light, which also provides a new idea for the
practical applications of MSs in polarization optics.

3.3.4 Other properties and potential applications. The
magnetic response of MSs has attracted much attention
recently due to their closely related quantum or topological
properties.****>™° Similar to other properties, the magnetic
study of MSs also starts from TBG materials. The linear
dispersion at low energy enables them to have strong elec-
tron-electron interactions, resulting in an arresting modula-
tion of quasiparticles by Landau quantization in a magnetic
field. The most intuitive manifestation of this quantization is
the emergence of Fermi velocity renormalization and the
quantum Hall phenomenon.*®*#* When the Fermi level of
TBG is adjusted between two Landau levels by changing the
magnetic field intensity, a platform for Hall conductivity can be
observed.'® These magnetic behaviors do not necessarily
require the material to be in an external magnetic field, but
can also be achieved by controlling the layer twist angle, moiré
carrier filling or electrical field. For example, in 2012, Wang
et al. theoretically predicted the existence of pseudo-Landau
levels if a bias is applied to adjust the Fermi level of TBG
samples to their VHS peaks.'*® Soon afterwards, Liu et al.
tailored the pseudomagnetic fields successfully in a gra-
phene/BP MS.'® Recently, Xu’s group further discovered that
the optical excitation can also induce ferromagnetism in TMD
MSs.'*® This is probably due to the exchange coupling between
moiré-trapped holes interacted by the excited excitons and thus
exhibiting ferromagnetic ordered behaviors. When one hole is
in every three moiré unit cells, the hysteresis loops can appear
in the reflective magnetic circular dichroism signal signifi-
cantly (Fig. 11a).

Fig. 11

(b)
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In addition to the above magnetic novelty, MSs also present
outstanding performance in mechanics and thermodynamics."*®
For example, by studying the tribological properties of h-BN/
graphene MSs, Zheng’s group found that lattice mismatch can
lead to microscale structural superlubricity at the interface.'®” The
friction changes little even in rotation of the dislocation contact
and the shear stress here is about orders of magnitude lower than
that in homogeneous junctions. The smooth soliton-like motion
of the moiré pattern ridges was demonstrated crucial through the
kinetic simulations. Not long ago, Zhang et al. also studied the
stick slip behaviors of the same material system in detail.'®® The
stick slip manifests at both the atomic and moiré scales when a
nanoscale tip is slid on the h-BN/graphene MS surface (Fig. 11b).
Interestingly, because the structural lubricity of the material is
closely related to its thermal characteristic, the h-BN/graphene MS
also provides an excellent platform for its thermodynamic study.
In 2021, Ren et al. studied the interfacial thermal transport of this
system as the twisted angle changed. This rotation caused the
surface undulations between layers, enhancing the interfacial
phonon scattering and influencing the thermal conductance
accordingly."®’

Besides, the interlayer coupling of carriers MSs also greatly
affects the chemical reaction rate of materials. Taking the TBG
material as an example, especially when the incident light
energy matches well with the interval between VHSs, the
chemical reactivity of graphene material will be greatly
enhanced. Based on this, in 2015, Liu’s group investigated
the chemical reaction between TBG and benzoyl peroxide (BPO)
systematically."”® The TBG with 13° twisted angle has been
shown faster chemical reaction rate (Fig. 11c). A similar
phenomenon in the reactions of TBG with diazonium salts
was also observed soon after by Luo’s group.'®! According to
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(a) Schematics (left top) and optical-induced ferromagnetism phenomena (right) of a voltage-regulated WS,/WSe, MS at 1.6 K. The exciton-

mediated long-range spin—spin interactions play a key role here (left bottom). Reproduced with permission.?®® (b) Left: STM and schematic images of a

graphene/h-BN MS. Right: The corresponding unusual stick slip measurements both at the moiré and atomic scales. Reproduced with permission.
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(c) Comparison of chemical reactions between BPO and TBGs with different twisted angles through the Raman signatures. For some samples with
specific angles, the reaction rate is enhanced. Reproduced with permission from.**® Copyright 2022, Nature Publishing Group. Copyright 2022, American

Physical Society. Copyright 2015, American Chemical Society.
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Table 1 Summary of applications of 2DSs
Applications Type Materials Symbolic parameters Ref. Year
Energy storage CS LDH/rGO Capacity up to 650 F g~* 40 2014
CS Ni-Al LDH/rGO  72.7% initial capacitance maintains after 10 000 cycles 95 2016
CS MoS,/graphene  Anode delivered specific capacity of 240 mA h g~ * at 51.2 A g ' and more than 96 2018
380 mA h g~ ' at 10 A g~ ' over 1000 cycles, onset potential of 88 mV, Tafel slope of
48.7 mV decade !
CS Fe-N-C/MXene A positive onset potential of 0.92 V, strong durability of 20 h 97 2020
CS Co-Al LDH-NS/  Long cyclic life, specific capacitance up to 1204 F g ' under 5 mv s~ * 99 2012
GO
CS  B-Ni(OH),/ Highest specific capacitance of 660.8 F cm 100 2013
graphene
CS  TizCy/Ni-Co-Al-  Specific capacitance of 748.2 Fg™ ' at 1 Ag~ ', maximum energy density of 45.8 Whkg™' 101 2017
LDH as positive electrode
CS SnO/pristine Reversible capacity of 633.9 mA h g~ " at 0.05 A g™, 700 cyclesat 1 A g~ " 107 2020
graphene
CS CoFe-LDH/ A voltage of 1.59 V at 10 mA cm ™ > 109 2019
NiFe-LDH
SS  VOPO,- Specific capacity of 160 mA h g™, energy density of ~570 W h kg™* 102 2020
graphene
SS WS, wrinkle An overpotential of 121 mV versus reversible hydrogen electrode 198 2021
arrays
MS WS, An overpotential of 60 mV at 10 mA cm ™2, Tafel slope of 40 mV decade * 194 2021
MS  MosS, An overpotential of —153 mV at —10 mV ¢cm™>, Tafel slope of 73 mV decade™" 195 2019
Superconductivity CS Ba;NbSs/ A BKT transition at ~0.82 K 121 2020
H-NbS,
CS Tas, A superconductivity transition at ~3.8 K 123 2020
MS TBG (1.1° + A superconductivity transition at ~1.7 K 21 2018
0.1°
MS  TBG (0.93° + A superconductivity transition at ~0.3 K 144 2019
0.01°)
MS  TTG (~1.56°) A superconductivity transition at ~2.1 K 148 2021
MS TBG (> 1.1°) Largest superconductivity transition temperature is ~3 K with pressure 196 2019
NDR properties CS  WSe,/SnSe, Peak-to-valley current ratio (PVCR) of 1.8 at 300 K, PVCR of 2.8 at 80 K 116 2021
CS MoTe,/ PVCR of maximum ~137 199 2021
hexacarbonitrile
SS Silicene PVCR of 4.7 under a low operating bias at room temperature 132 2018
MS BP PVCR of 3 at 300 K, PVCR of ~9 at 4.8 K 151 2021
Photo absorption CS rGO/PDDA Broadband absorption of >80% of unpolarized light from 300 to 2500 nm 136 2019
SS BP Absorption band edge shift of up to ~0.7 eV 127 2016
SS MosS, Enhanced broadband absorption from 677 to 905 nm 201 2015
MS  TBG (10°/13°) ~3 times the photo absorption of ordinary monolayer graphene 153 2016
MS  Perovskite (30°) 28.5% enhancement of light harvesting 173 2021
Photodetection SS BP Peak detectivity of 5.97 x 10° Jones at 1 = 4.0 um (0.4%; compressive), 8.45 x 10° Jones 126 2021
at A =2.0 pm (1.0%; tensile)
SS Graphene Photoresponsivity of 1.8 x 10~* AW ™' (> 15 times higher than pristine graphene) 129 2020
wrinkle
MS TBG Maximum photoresponsivity of ~1 mA W' of 13.0° TBG at A = 532 nm 72 2016
MS TBG Photoresponsivity of ~9 mA W~ of 10.0° TBG at 4 = 633 nm 153 2016
MS TBG Photovoltage of 1.2-2.2 mV of 10.0° TBG, 0.88-1.62 mV of 12.0° TBG 174 2016
MS  Graphene/h-BN A zero-bias photoresponsivity of 0.3 AW " at A = 660 nm 175 2016
MS TBG Photoresponsivity of 26 mA W' of 1.81° TBG at 1 = 12 pm 176 2020
MS TBG Response time around 4 ns, response ranges from visible to THz 178 2020
Luminescence CS Graphene/ Quantum efficiency of ~8% 33 2015
TMDs/h-BN
Cs h-BN/WS, EQE up to ~0.1% 112 2019
CS TMD/h-BN/ >90% narrow band absorption, Rabi splitting of up to 170 meV 114 2022
Al O3
CS Perovskite EQE up to 11.7%, energy conversion efficiency of 5.5% at 100 mA cm > 115 2016
CS InAs/GaSb MWIR LED: 6.7 W cm ™~ st * 193 2017
SS MosS, PL emission is quenched >50% with respect to that at unstrained interfaces 125 2019
MS  MoSe,/WS, Tunable PL peaks around ~0.1 eV 164 2019
MS  WSe,-MoSe, 100-fold intensity enhancement of emission, spectrum width of 2 meV, 2000 of Q-factor 170 2019
(0°)
MS  Photonic crystal Bandwidth of ~0.000091 nm, lasing threshold of ~6 kW cm > 171 2021
MS  TBG (17.5°) 5-Time enhancement in PL 197 2019
Topological SS Graphene A modulated short-range (~1-10 nm) pseudo-gauge field (~100 T) 77 2021
properties wrinkle
SS Graphene/h-BN  Pseudo-magnetic fields up to ~800 T 202 2020
MS  h-BN Ferroelectric with oppositely polarized dipoles 200 2021
738 | Mater. Horiz., 2023,10, 722-744 This journal is © The Royal Society of Chemistry 2023
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the Gerischer-Marcus electron transfer theory analysis and
electronic structure calculations, they believed that the variant
distribution of DOS in energy gap leads to different reactivities.
In 2018, the chemical reaction research of MSs is further
extended to TTG materials.'®> The 30°-30° TTG displayed the
highest phenyl radical grafting speed.

4. Opportunities and challenges

The appearance of 2DSs provides a platform for expanding the
properties and applications of 2D materials, such as in the field
of electronics or optoelectronics. Although this concept is
drawn from earlier knowledge of conventional semiconductors,
the atomic lattices and unique properties of 2D materials bring
new opportunities for their development. In particular, when
the introduction of interfacial moiré properties brings spintro-
nics and twistronics into public horizon, 2DSs cannot be
regarded as a brief imitation and expansion of traditional
materials and structures. Table 1 summarizes the application
status of 2DSs in different fields. Most of the work (~70%) took
place within the last five years, indicating an emerging attrac-
tive field and broad prospects in the further.'®*>%

However, this field is still far from developed and it faces
many challenges for development. To simply judge the current
status and future trend, we evaluate different 2DSs from six
aspects (Fig. 12). Two main issues are primarily believed to be
addressed after in-depth analysis. First, high-quality, wafer-
scale and convenient preparation of 2DSs is a basic for further
development. This is consistent with the current problems
faced by the preparation of 2D materials and their heterostruc-
tures, while the more complex architectures of 2DSs face more
serious requirements. Taking the MS as an example, its proper-
ties are directly impacted by the material type, stacking order,
twisted angle, interfacial coupling and other factors. Preparing
an MS sample design is undoubtedly full of challenges if all the
above factors are taken into account. Similarly, when preparing
CSs, the preparation efficiency and alternative material types
need to be considered; the fabrication accuracy of micro/
nanostructures and compatibility with 2D materials should
be concerned in SSs preparation. In general, self-assembly

Industrial Preparation
production \ difficulty
Application Preparation
scalability quality
CS
SS

Development <
perspective

\ MS
Commercialization

Fig. 12 Comparison diagram of different 2DSs in full scales. For each
aspect, we will evaluate it on a scale of 1 to 5.

This journal is © The Royal Society of Chemistry 2023
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technique has great potential due to the rapid and high-quality
preparation of materials, and the integration of multiple prepara-
tion technologies will be the trend for development.>°32%

Second, theoretical prediction, including the construction of
physical model and simplified calculation, of 2DSs’ properties
is another key to promote the development. The initial research
on the properties of CSs is indeed based on the expansion of
traditional knowledge, but the new forms of 2DSs also bring
much unpredictability to novel phenomena. For example, the
research on luminescence performance of CSs in recent years is
still a recurrence of multiple QW model. It is not completely
reasonable to only consider the influence of band offsets but
ignore other factors such as the moiré potential, correlated
states, chirality and topology in materials. There are no strict
structural boundaries for different 2DSs in principle, but it is
necessary to open up new paths to comprehensively consider
the above factors and obtain predicted results quickly. The
theoretical simulation that relies on traditional first-principles
calculation will face great computational pressure.””2%”

In conclusion, this review introduces the common 2DSs
from an overall perspective. We reorganize the existing classi-
fications, and mainly focus on the preparation methods, pro-
perties and applications. If the 2DSs are applied practically,
how to realize their industrial preparation and predict their
properties conveniently are two key problems. Although many
challenges exist, such new conceptional materials are still
attractive because of the more versatile manipulation of mate-
rial properties. It can be predicted that the related research in
theory and experiment will develop in more diversified 2DSs.
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