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Artificial materials, characterized by their distinctive properties and customized functionalities, occupy a central
role in a wide range of applications including electronics, spintronics, optoelectronics, catalysis, and energy
storage. The emergence of atomically thin two-dimensional (2D) materials has driven the creation of artificial
heterostructures, harnessing the potential of combining various 2D building blocks with complementary
properties through the art of stacking engineering. The promising outcomes achieved for heterostructures have
spurred an inquisitive exploration of homostructures, where identical 2D layers are precisely stacked. This
perspective primarily focuses on the field of stacking engineering within layered homostructures, where precise
control over translational or rotational degrees of freedom between vertically stacked planes or layers is
paramount. In particular, we provide an overview of recent advancements in the stacking engineering applied
to 2D homostructures. Additionally, we will shed light on research endeavors venturing into three-dimensional

Received 26th September 2023, (3D) structures, which allow us to proactively address the limitations associated with artificial 2D
Accepted 8th February 2024 homostructures. We anticipate that the breakthroughs in stacking engineering in 3D materials will provide
DOI: 10.1039/d3cp046569 valuable insights into the mechanisms governing stacking effects. Such advancements have the potential to

unlock the full capability of artificial layered homostructures, propelling the future development of materials,
rsc.li/pccp physics, and device applications.

“ Changchun Institute of Optics, Fine Mechanics & Physics (CIOMP), Chinese Academy of Sciences, Changchun 130033, P. R. China. E-mail: xuhai@ciomp.ac.cn

b University of Chinese Academy of Sciences, Chinese Academy of Sciences, Beijing 100049, P. R. China

¢ State Key Laboratory for Organic Electronics and Information Displays & Jiangsu Key Laboratory for Biosensors, Institute of Advanced Materials (IAM), Jiangsu National
Synergetic Innovation Center for Advanced Materials (SICAM), Nanjing University of Posts and Telecommunications, Nanjing 210023, P. R. China

4 Institutes of Physical Science and Information Technology, Anhui University, Hefei 230601, P. R. China. E-mail: yansun@ahu.edu.cn

¢ Center of Materials Science and Optoelectronics Engineering, University of Chinese Academy of Sciences, Beijing 100049, P. R. China

T Anhui Key Laboratory of Low-Energy Quantum Materials and Devices, High Magnetic Field Laboratory, HFIPS, Chinese Academy of Sciences, Hefei 230031, P. R. China.
E-mail: lcao@hmfl.ac.cn

Jiamin Wang is currently a PhD
candidate in Condensed Matter
Physics, Changchun Institute of
Optics, Fine Mechanics and
Physics, Chinese Academy of
Sciences (CAS). Her current
research interests focus on the
growth of high-quality single
crystal TMDs, the creation of
defects on TMD crystals with
sub-nanometer precision, and
the comprehensive study of
defect types and properties.

Fang Cheng received her PhD degree

from the College of Chemistry and
Molecular Engineering at Peking
University in 2011. After working
as a research fellow at the
University of Notre Dame, the
University of Toronto and the
National University of Singapore
from 2011 to 2018, she joined the
State Key Laboratory of Organic
Electronics  and  Information
Displays, Nanjing University of
Posts and Telecommunications as a
full-professor. Her current interests
include the surface physicochemistry of low-dimensional materials and
their biomedical applications.

Fang Cheng

Jiamin Wang

7988 | Phys. Chem. Chem. Phys., 2024, 26, 7988-8012 This journal is © the Owner Societies 2024


https://orcid.org/0000-0003-2477-285X
https://orcid.org/0000-0001-7453-7060
http://crossmark.crossref.org/dialog/?doi=10.1039/d3cp04656g&domain=pdf&date_stamp=2024-02-20
https://rsc.li/pccp
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cp04656g
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP026010

Open Access Article. Published on 12 February 2024. Downloaded on 6/17/2026 5:12:27 PM.

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

(cc)

Perspective

1. Introduction

In 2004, graphene was successfully mechanically exfoliated from
its three-dimensional (3D) counterpart of highly oriented pyrolytic
graphite (HOPG)." The exceptional characteristics confined within
this two-dimensional (2D) limit of monolayer structure, including
the quantum Hall effect,”* excellent thermal conductivity," high
mechanical strength,” and ultra-high carrier mobility,” make
graphene a promising material for a wide range of applications.
Concurrently, substantial research efforts have been devoted to
exploiting alternative 2D materials similar to graphene.®™” Numer-
ous materials such as transition metal dichalcogenides (TMDs),**>
hexagonal boron nitride/carbonitride (h-BN/h-BCN),”™® transition
metal carbides/nitrides (MXenes),'*'* silicene,"® phosphorene,”°
and borophene'®"” have been reported to exhibit extraordinary
(opto)electrical, optical, magnetic, mechanical, thermal and emer-
gent properties.

In addition to the pursuit of new artificial layered materials,
the realm of stacking engineering in 2D materials presents
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promising prospects. Notably, the absence of dangling bonds
on the surface of layered materials and the favorable van der
Waals (vdW) interactions between layers facilitate the restack-
ing of layered materials into artificial heterostructures.'®2°
This stacking engineering approach not only overcomes lattice
mismatch challenges but also permits the amalgamation of
diverse 2D material building blocks, each endowed with com-
plementary properties, resulting in the creation of tailored
functionalities."® !

While significant progress has been made in constructing
heterostructures featuring distinct 2D building layers,'*"'**°
there is a concurrent shift in focus towards the exploration of
2D homostructures, characterized by identical 2D layers.>?
Fig. 1 illustrates the chronological roadmap of breakthroughs
in stacking engineering in layered homostructures and outlines
the future trends from 2D to 3D. The emergent properties of
stacked bi-/tri-layered homostructures achieved by controlling
twist angles and lateral sliding between adjacent layers in 2018
and 2021, respectively, have given rise to the emerging fields of
twistronics®*** and slidetronics.>>*¢ These fields are funda-
mentally driven by the modulation of structural symmetry. In
addition, heterophase homostructures formed by distinct struc-
tural phases of chemically homogeneous materials can be
achieved by intra-layer atomic sliding proposed in monolayer
TMDs in 2014. These structures exhibit exotic properties due to
alteration of interlayer coupling. The introduction of new
physics and/or mechanisms of 2D homostructures, such as
moiré flat bands and sliding ferroelectricity, has led to growing
interest in re-evaluating the physical properties of 3D bulk
materials hosting a non-centrosymmetric structure. 3R-MoS,,
which was obtained 70 years ago,*” is found to exhibit sponta-
neous polarization in thin film due to the lack of inversion and
mirror symmetry associated with natural interlayer sliding.”®
Moreover, efforts have been dedicated to the controlled vertical
stacking of 2D layers in 3D bulk structures, with the
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Fig.1 The chronological roadmap of experimental key developments in
stacking engineering within layered homostructures, progressing from the
2D to 3D structure.

introduction of symmetry-breaking elements. The aim is to
address the challenges faced by 2D homostructures, such as
environmental instability, poor scalability, and limited defect
tolerance, which hinder the commercial applications of 2D
materials.

This perspective aims to provide a comprehensive overview
of recent advancements in stacking engineering within layered
homostructures, spanning from 2D to 3D structures. As
depicted in Fig. 1, the primary focus is on achieving precise
control over translational and rotational degrees of freedom
between vertically stacked planes or layers. In Section 2, we
delve into the morphologies and structural phase transitions in
monolayer TMDs induced by changes in intra-layer stacking
sequences, as illustrated in the bottom part of Fig. 1. Illusa-
trated in the middle part of Fig. 1, section 3 outlines the unique
features of stacked 2D homostructures, achieved through con-
trol of the inter-layer rotational and translational degrees of
freedom, as well as the features of heterophase homostructures
brought about by specific structural phase transitions, high-
lighting key recent studies. The endeavors made in stacking
engineering within 3D structures are described in Section 4, as
illustrated in the top part of Fig. 1. Additionally, we provide an
outlook on the future opportunities that lie within stacking
engineering in layered 3D bulk materials.

2. Single layer TMD materials
2.1 Structural phase of monolayer TMDs

TMD materials are composed of transition metal atoms (M),
typically from group-4 to group-10 of the periodic table, bonded
to chalcogen atoms (X), such as sulfur, selenium, or tellurium,
denoted as MX,.>*° Unlike traditional 3D materials, TMD crystals
exhibit a quasi-2D layered structure, characterized by stacked
MX, layers held together by vdW forces, making monolayer TMDs
stable 2D materials. However, differing from graphene with a
truly monolayer atomic structure, monolayer TMDs feature a
triple-atomic-layer structure, where a transition metal layer is
sandwiched between two chalcogen atomic layers.*
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Fig. 2 Atomic layer structures of (a) the 1H-phase, (b) 1T-phase and (c)
1T’-phase of monolayer TMDs. Schematic of energy splitting of transition
metal d-orbitals in (d) trigonal prismatic H and (e) octahedral T crystal
structures. (f) The energy difference between 1T- and 1H-phases for
groups 4, 5, and 6 TMDs calculated by using DFT.3° Reprinted with
permission from ref. 30. Copyright 2018, American Chemical Society.

In the monolayer structure of MX,, the on top stacking of
two chalcogen atomic layers leads to the trigonal prismatic
coordination of metal atoms. The formed 1H-phase exhibits out-
of-plane chalcogen-metal-chalcogen elemental AbA arrange-
ments, as illustrated in Fig. 2(a). By rotating the top chalcogen
layer by 60° with respective to the bottom chalcogen layer, the
octahedral coordination of metal atoms is achieved, forming the
1T-phase. This 1T-phase features out-of-plane elemental AbC
arrangements, as shown in Fig. 2(b)."*> For some TMDs, the 1T-
phase is unstable and will relax to the distorted 1T’-phase due to
the formation of metal-metal bonds, as depicted in Fig. 2(c).

The stability of different structural phases (H-, T-, and
distorted T’) in monolayer TMDs depends on the ligand field
splitting of d-orbitals and the number of d-electrons of transi-
tion metals.>'* The splitting of d-orbitals under trigonal
prismatic H and octahedral T crystal fields is illustrated in
Fig. 2(d) and (e), respectively. The H-phase presents three
energy levels (d,z, dyey2 », and d, ), while the T-phase features
two energy levels (dy, xzy, and dz,2_2). The coordination pre-
ference is determined by the number of electrons occupying the
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lower energy d.» orbital. Density functional theory (DFT) calculations
generally indicate that group-4 TMDs favor the T-phase, whereas
group-5 and group-6 TMDs favor the H-phase (Fig. 2(f)).*° However,
exceptions exist, such as WTe,, where the T’-phase with lower
periodicity is obtained.>

2.2 Structural phase transition and advancements

The electronic properties of monolayer TMDs in their T- and H-
phases are distinctive and are governed by the interaction
between the metal d- and chalcogen p-orbitals.**>® Generally,
monolayer T-/T’-MX2 normally exhibits metallic behavior due to the
partial filling of the lowest d,y .. orbitals. This metallic character
holds promise for applications in electrocatalysis and energy sto-
rage. In contrast, H-MX, is semiconducting due to the full occupa-
tion of the lowest d,. orbital, resulting in an optical bandgap of 1.0-
2.5 eV.”” Notably, monolayers 1H-MoS, and 1H-WSe, demonstrate
good semiconducting behavior, making them suitable for opto-
electronic device applications.®® Furthermore, beyond metallic***°
and semiconducting electronic phases,> monolayer TMDs also
exhibit a diverse range of electronic phases, including Mott
insulating,"* charge density waves (CDWs),">** and superconduct-
ing states,"* which are subjected to the structural phase. For
instance, monolayer 1T-TaS, is accepted as a Mott-insulator,**
whereas monolayer 1H-TaS, is a superconductor."®*® Additionally,
specific TMDs manifest topological electronic phases, such as the
quantum spin hall effect in group-6 1T"-MX,.”>>* These electronic
phases in T-, T'- and H-phases, whether stable or metastable, are
summarized in Fig. 3(a).

The sandwiched stacking arrangement of monolayer TMDs
with X-M-X' triple-atomic-layers introduces additional transla-
tional or rotational degrees of freedom, offering opportunities
for stacking engineering, often termed a structural phase transi-
tion. Due to their distinct electronic properties, such as metallic T-
phases and semiconducting H-phases, phase transition can alter
the properties of monolayer TMDs, without the need for the
introduction of additional atoms.*® 1t is widely accepted that
electron injection can trigger the structural phase transition. Thus,
various external stimuli, including laser irradiation,”” electron
beam irradiation,” electric field,° magnetic field,"" thermal
heating,*®> electrostatic ~doping,”®®* mechanical strain,*
absorption,®®® pressure,”®”* chemical intercalation,”*””® and pro-
ton intercalation,” have been identified as effective strategies. For
a more detailed description and summary, readers are recom-
mended to refer to excellent reviews written by Yao Xiao®® and by
Xinmao Yin.*

Here, we provide brief examples based on the advancements
in structural phase transition of TMDs.

(i) Reversible phase transitions and sensing devices: the rever-
sible transition between the H-phase and T-/T'-phase can be
achieved through distinct external stimuli. For instance, alkali metal
intercalation, such as Li-ions, can donate electrons to group-6 1H-
MX,, inducing a transition from the semiconducting 1H-phase to
metallic 1T-phase, whereas a mild annealing process can gradually
restore the 1H-phase.”” Other stimuli, such as electrostatic
doping,®** mechanical strain,”**’ 772 and absorption

pressure,
of gases, chemicals and biomolecules (Fig. 3(b)),****”** can also
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initiate phase transitions. The changes in electronic conductivity
(Fig. 3(e)), and optical response of different structural phases, such
as second-harmonic generation (SHG) characterization of lattice
symmetry (Fig. 3(f) and Raman characterization,*®** are highly
sensitive and selective. These characteristics make them suitable for
applications in sensing and actuating devices.

(ii) Irreversible transition to the metastable phase: currently,
one of the primary methods for producing monolayer TMDs
involves exfoliation from bulk TMD materials. However, the
experimental synthesis of metastable bulk TMDs remains a
challenge, hindering the direct preparation of the corresponding
metastable monolayers. In this regard, inducing irreversible
phase transitions from stable phases represents a promising
strategy to access metastable phases and elucidate their physical
properties. For example, the charge transfer along with inter-
facial tensile strain occurring at 1H-MoS,/metal interfaces trig-
gers a transition to 1T’-MoS,,*>®” which is proposed to be a
quantum spin hall insulator (Fig. 3(g)).>°

(iii) Creation of lateral heterophase homostructures: the
irreversible and area-selective transition from the stable H-
phase (T-phase) to metastable T-/T’-phase (H-phase) can be
triggered by high-energy particle irradiation, such as electron
beam,*® ion beam®® and laser irradiation.®® These methods
offer advantages, such as local patterning, controllable inten-
sity, and high efficiency. The area-selective phase transition
results in the creation of lateral 1T/1H heterophase homostruc-
tures (cf. Fig. 3(c)). The reduced contact resistance improves the
performance of transistor devices by yielding low subthreshold
swing values and large on/off ratios.”” As an illustration, laser
irradiation of 1H-MoTe, generates Te-vacancies, causing a
transition from the semiconducting H-phase to metallic T'-
phase with controlled patterning.®” The covalent bonds at the
phase boundary and matched work function between H- and T-
phases facilitate the formation of an ohmic heterophase homo-
structure. The reduced electron scattering at the electrode/1T-
MoTe,/1H-MoTe, interfaces results in an increased carrier
mobility, which is 50 times higher than that at the electrode/
1H-MoTe, interface (Fig. 3(h)). Consequently, a high and ther-
mally stable on/off current ratio of 10° is achieved.

(iv) Fabrication of vertical heterophase homostructures:
monolayer phase transition enables the fabrication of vertical
heterophase homostructures, or 1H-/1T-MX,, as illustrated in
Fig. 3(d) by minimizing the risk of contamination during the
transfer or film deposition process. This allows for the construc-
tion of distinct electronic phases associated with H- and
T-phases. This feature, combined with the rich variety of chemical
compositions, positions TMDs as an excellent platform for explor-
ing emergent properties, such as Majorana fermions®® and Kondo
lattice,”" due to the complex interaction between combined elec-
tronic states.”®"°° Further details will be discussed in Section 3.3.

In other words, the above is just a few examples of the
applications that can benefit from the structural phase transi-
tions in monolayer TMDs. The ability to control and manip-
ulate these transitions opens up new avenues for tailoring the
properties of TMDs and exploring their potential in various
technological domains. Although significant progress has been
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Fig. 3 (a) The currently known existing structural phases (2H, 1T or distorted T) and the observed electronic phases of the layered TMDs.'? Reprinted
with permission from ref. 12. Copyright 2017, Macmillan Publishers Limited. The schematic of (b) sensing and actuating devices utilizing MX,, (c) lateral 1T/
1H MX; heterophase homostructures and (d) vertical 1T/1H MX, heterophase homostructures. (e) The optical micrograph of the 1T'-1H-1T’ MoTe; field
effect transistor device and the current—bias voltage (/-V) characteristics of all possible connections.>® Reprinted with permission from ref. 55. Copyright
2017, American Chemical Society. (f) The variation of SHG intensity of monolayer MoTe, under forward bias. An increase in voltage bias results in the
formation of the T'-phase, exhibiting a pronounced decrease in SHG intensity.>® Reprinted with permission from ref. 56. Copyright 2017, Springer Nature.
(9) The band structure of 1T’-MoS, shows a fundamental gap (Ey) and an inverted gap (20).5° Reprinted with permission from ref. 50. Copyright 2017,
Springer Nature. (h) Variation of the carrier field-effect mobility with temperature for 2H-MoTe, and 1T’-MoTe, contacts.>” Reprinted with permission
from ref. 57. Copyright 2015, The American Association for the Advancement of Science.

made, the precise control of structural phase transition
remains a challenge, particularly concerning achieving a com-
plete transition to the target phases.

2.3 Mechanism of structural phase transition

The kinetics and transformation pathways of structural phase
transitions in monolayer TMDs are still open questions. Within
this unique “monolayer homostructure” of TMDs, the sliding of
atomic layers kinetically within the sandwiched structure plays a
crucial role."" This sliding is facilitated by the reduction of elastic
energy constraints in 2D materials. Fig. 4(a) illustrates the phase

7992 | Phys. Chem. Chem. Phys., 2024, 26, 7988-8012

transition from H- to T-phases, as well as from H- to 60° (or 180°)
rotational H'-phases in monolayer 1H-MoS,, achieved through
intra-layer S- and Mo-plane sliding, respectively.

To monitor the dynamic process of structural phase transi-
tion, in situ structural studies in both real space and reciprocal
space are highly desirable.**®" Fig. 4(b)-(e) present the as-sequential
aberration-corrected scanning transmission electron microscopy
(STEM) images of monolayer 1H-MoS, at 600 °C, along with
the corresponding schematic illustrations.>® The heating pro-
vides the activation energy for atom displacement, and contin-
uous electron beam irradiation during STEM measurement

This journal is © the Owner Societies 2024
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Fig. 4

Intra-layer atomic layer sliding induced structural phase transition. (a) Schematic of 1H- to 1T- and 1H- to 1H’-phase transition of monolayer

MoS; in basal plane and cross-sectional views. STEM images along with the corresponding schematic illustrations of (b) monolayer 1H-MoS, doped with
Re substitution dopants and atomic movement 1H- to 1T-phase transition at (c) t = 100 s; (d) t = 110 s; (e) t = 220 s. Schematic of (f) a-phase nucleation,
(g) sliding in the S- and Mo-planes leading to the transition tendency from the H-phase to the T-phase, and (h) formation of the T-phase. Three different
boundaries are found at three edges between the 1T- and 1H-phases.>® Reprinted with permission from ref. 59. Copyright 2014, Springer Nature Limited.

triggers the atomic displacement in the initially exfoliated Re-
doped H-MoS, monolayer (Fig. 4(b)). After 100 s, constriction of
three Mo zigzag chains as illustrated in Fig. 4(f) leads to two
non-parallel intermediate o-phase bands, as shown in Fig. 4(c).
At 110 s, 1T-MoS, has emerged at the corner of the contacted o-
phase bands (Fig. 4(d)), resulting from the sliding of S- and Mo-
atoms as illustrated in Fig. 4(g). This newly formed 1T-phase
enlarges in size with further electron beam irradiation
(Fig. 4(e)). Simultaneously, two B- and y-boundaries with struc-
tures illustrated in Fig. 4(h) are observed. Notably, the Re-
dopants substituting Mo-atoms serve as n-type dopants.'®>
The additional electrons provided by Re-atoms facilitate the
atomic arrangement distortion, which explains the nucleation
tendency of the a-phase at the vicinity of Re dopants (Fig. 4(d)).

In addition to the atom mechanism, accompanying changes
in electronic structures and vibrational properties can provide
valuable insights into the charge mechanism of structural phase
transition. Synchrotron-based time-resolved techniques, such as
time-resolved and angle-resolved photoemission spectroscopy (tr-
ARPES),'” and infrared and Raman spectroscopy,'®*'%* offer
nanometer spatial and femtosecond temporal resolution, making
them ideal tools to track the intricacies of intra-layer atomic
plane sliding associated with structural phase transitions.

This journal is © the Owner Societies 2024

3. Stacking engineering in 2D
homostructures

The field of 2D materials expanded to bilayer or multi-layer homo-
structure systems,'*
mechanical properties change dramatically with stacking order.'””
In vertically stacked bilayers and multi-layer homostructures, the
translational or rotational degrees of freedom are more easily
manipulated compared to monolayers. This is due to the weaker
out-of-plane vdW interaction and the stronger in-plane covalent

whose electronic, optical, magnetic, and

bonding, resulting in smaller energy barriers. Recent findings have
highlighted that the inter-layer twisting and sliding in these struc-
tures offer intriguing electronic properties and fascinating physics
not found in the constituent layers,”*'°® opening two new fields of
“twistronics” and “slidetronics”. Both fields are still at their early
development stages and hold infinite possibilities.

3.1 Stacked 2D homostructures by inter-layer twisting

In 2018, unconventional superconductivity in bilayer graphene
was discovered by rotation of the top graphene layer with
respect to the bottom one by the “magic angle” of 1.1°.>> The
small twist angle induces the intriguing electronic properties
distinguishing from the constituent layer. This breakthrough

Phys. Chem. Chem. Phys., 2024, 26, 7988-8012 | 7993


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cp04656g

Open Access Article. Published on 12 February 2024. Downloaded on 6/17/2026 5:12:27 PM.

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

(cc)

PCCP

has catalyzed the technological, experimental, and theoretical
progress of restacked 2D materials, leading to the emergence of
the field of “twistronics”, which explores the interplay between
the twist angles and electronics.

Several techniques have been developed to accurately manip-
ulate and control the fabrication of stacked 2D materials with
desired twist angles and to identify these angles. The stacking
techniques include tear-and-stack,' optical alignment of crystal
edges,""® and in situ rotation mediated by atomic force micro-
scopy tips.""" The tear-and-stack technique is commonly used for
fabricating homobilayers and homotrilayers. As illustrated in
Fig. 5(a)-(d), a hemispherical handle is utilized to pick up a thin
h-BN flake and then partially contact a source 2D monolayer. The
different interaction strengths between the h-BN-2D monolayer
and handle-2D monolayer result in the tearing of the 2D

(_ g (S gy

N O

(f) (9) som (D)

Opm

Fig. 5 (a)-(d) Illustration of the tear-and-stack technique for a homo-
bilayer with fine twist angle control. (a) Schematic of a hemispherical
handle picking h-BN for twisted graphene substrates. The top of panel (b)
shows the schematic of the h-BN substrate partially aligned with graphene
under an optical microscope. (c) Part of graphene in the monolayer is lifted
up by a hemispherical handle substrate with h-BN, rotated at a special
angle, and then (d) moved laterally to stack with the remaining graphene
on the substrate to achieve precisely aligned twisted bilayer graphene
(tBLG). The bottom of panels (b)-(d) illustrated the corresponding optical
image.1°° Reprinted with permission from ref. 109. Copyright 2016, Amer-
ican Chemical Society. (e) tBLG forming the moiré superlattice.!** Rep-
rinted with permission from ref. 113. Copyright 2017, National Academy of
Sciences. (f) High-resolution TEM image of tBLG shows a clear moiré
period, and the inset shows the fast Fourier transform (FFT) of the image,
which shows precisely the twist angle of 29°.'* Reprinted with permission
from ref. 114. Copyright 2016, The Authors, published by Springer Nature.
(g) Atomically resolved STM topography of tBLG with a twist angle of
0.79°15 Reprinted with permission from ref. 115. Copyright 2019, The
Authors, under exclusive licence to Springer Nature Limited. (h) Charac-
teristics of tBLG with a twist angle of 5.0° determined using conductive
atomic force microscopy (C-AFM), showing a clear atomic stacking
structure having a moiré period.1'® Reprinted with permission from
ref. 116. Copyright 2019, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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monolayer after lifting the handle. The hemispherical handle is
then laterally translated to pick up the remaining part, achieving
aligned stacking. The precise control of the twist angle can be
achieved by carefully rotating the hemispherical hand during the
pick-up sequence. However, the limitations such as restricted
sample area, twist angle inhomogeneity, constraint on the num-
ber of stacking layers, and poor reproducibility of this technique
hinder its large-scale fabrication, characterization, and industrial
applications. Recently, millimeter size twisted bilayer graphene
has been grown by the plasma-enhanced chemical vapor deposi-
tion (CVD) method,"**> making it an alternative strategy for large-
area homogeneity twisted homobilayer fabrication.

Accurately determining the twist angle in stacked 2D layers
remains a challenge due to the possibility of relaxation to the
energetically favorable configuration. Even slight deviations in
the angle can lead to distinct properties. For instance, insulat-
ing states and superconductivity were reported in tBLG at a
twist angle of ~0.93°""” where unconventional superconduc-
tivity emerged at ~1.1°.>* Several effective methods have been
developed for predicting and quantifying the twist angle includ-
ing STEM,"* scanning tunneling microscopy (STM),'"> atomic
force microscopy (AFM),"'® Raman spectroscopy,'*> photolumi-
nescence (PL) spectroscopy'"® and second-harmonic generation
(SHG).**?

Fig. 5(e) illustrates the moiré superlattice of bilayer graphene.
The STEM, STM, and AFM imaging techniques provide detailed
real-space structural characteristics as depicted in Fig. 5(f)-(h),
respectively. The twist angles can be determined from the
corresponding moiré period. In addition, Raman spectroscopy,
PL spectroscopy and SHG serve as powerful tools for determining
the twist angle by examining the angular dependence of char-
acteristic signals. The combination of Raman, PL spectroscopy,
and SHG allows for a remarkable improvement in the uncertainty
to ~0.01°.

Different inter-lattice interactions at various stacking angles
give rise to variations in lattice vibrations. Fig. 6(a) displays the
Raman spectra of bilayer graphene, illustrating the evolution of
various signature modes with changing twist angles.'*® As the
twist angle increases, the intensity of the G peak and 2D band
attributed to the graphene single layer progressively enhances,
exhibiting a distinct angular dependence. At ~9°, a new feature
of R' appears. At a specific twist angle of ~12°, R’ disappears
and R appears. This is due to the presence of a static potential
energy in rotationally stacked bilayer graphene that arises from
the interaction between the two layers. This static potential
energy can transfer the momentum of light-excited electrons to
graphene, leading to a special phenomenon called double-
resonance Raman scattering.*! In addition, two additional
modes, (ZO'), and (ZO')y, accompanied by a strong back-
ground, emerge at this twist angle. At a larger twist angle of
>20°, all new modes disappear, lifting G and 2D modes.

The energy bands are also affected by the inter-layer twist
angle, resulting in the change in the PL peaks, making PL an
effective method for detecting the twist angle. Fig. 6(b) repre-
sents the PL spectra of randomly-twisted WS, bilayers."*® For
on top AA-stacking (0°) and AB-stacking (60°), two major peaks
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Fig. 6 (a) Raman spectra of monolayer and bilayer graphene with different twist angles. The inset shows the energy spectrum after subtracting the
background.?® Reprinted with permission from ref. 120. Copyright 2013, American Chemical Society. (b) Comparison of PL spectra of a randomly twisted
WS, bilayer and a 0° and 60° twisted bilayer and monolayer (1L) at a 532 nm excitation wavelength.*'® Reprinted with permission from ref. 118. Copyright
2015, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (c) Schematic diagram of bilayer 1H-MoS, stacked at an angle of 6—-25° and (e) the corresponding
optical microscopy image. Azimuthal angle ¢ in panel (c) represents the angle between the incident laser polarization direction and the armchair
direction. (d) The polarization-resolved SHG measured in flake (1), flake (2) and stacked areas (3) in (e).}?? Reprinted with permission from ref. 122.

Copyright 2014, American Chemical Society.

corresponding to the direct transition peak A and the indirect
transition peak I are observed. Their intensities show distinct
twist angle dependence. The intensity of peak A is enhanced
with increased twist angles, whereas peak I disappears.

Twist angle determination can also be achieved through
polarization resolved SHG measurement, which detects
decoupled signals from top and bottom layers. For the monolayer
1H-MoS, with three-fold rotational symmetry, I oc cos*3¢ (I, oc
sin®3¢), where ¢ is the azimuthal angle of the incident laser
polarization with respect to the armchair direction, as shown in
Fig. 6(c). The intensity reaches maximum when the polarization
direction of the incident laser is parallel to the armchair direction
(¢ = 0°). As shown in Fig. 6(d), the polarization-resolved SHG of
MosS, flake (1) and flake (2) (Fig. 6(e)) shows a six-petal pattern
with the petals aligned along the vertical bisector of each flake.
The SHG of the stacked area (3) also shows a six-petal polariza-
tion pattern and the petals are located in the direction between
the two nearest vertical bisectors of flake (1) and flake (2). The
fitted data for the relative angles of the two sets of petals (@fake1 =
0°, and @aakex = 25°) yield a twist angle of 0-25° for the stacked
MoS, flakes.'*?

With the ongoing advancement of fabrication and detection
techniques, there is a focused effort to conduct in-depth
research aiming at uncovering twisted systems and under-
standing the fundamental aspects of phenomena dependent
on twist angles, driving sustained progress in this field.

This journal is © the Owner Societies 2024

3.1.1 Twisted graphene systems. The discovery of corre-
lated insulator states and superconductivity in tBLG>*>*12%124
has sparked the field of moiré physics. At its core, moiré physics
is centered around the concept of moiré flat bands, which arise
from the interference of electronic wavefunctions due to relative
rotation of the bilayer graphene lattice.'*® Flat bands are energy
bands in the electronic structures with negligible dispersion.
Fig. 7(a) presents the flat band structure of tBLG with a magic
angle of 1.05°. In these flat bands, the energy of electrons does
not change with their momentum, leading to high localization
and low kinetic energy of electrons. The narrow bandwidth
allows the electrons to move in almost only one dimension,
resulting in the larger effective mass of the electrons.

The moiré flat bands are of wide interest and explored by
researchers. The discovery of the flat band in magic angle tBLG
has encouraged extensive research in the field.

(i) Emergent phenomena: the formation of a moiré super-
lattice in tBLG induces the modifications in interlayer coupling.
The electron-electron and/or electron-phonon interactions
become very strong in this confined geometry, resulting in changes
to the band structure. This results in rich electron topology and
correlation effects,'6114116:1277130 a5 ghserved in correlated insu-
lating states, spin-polarized correlated states,"*" topological edge
states,"*” topologically protected helical edge states, orbital
ferromagnetics,*>"**™'*® Mott-insulating states, unconventional
superconducting states, and Chern insulators."?”*>
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(ii) Dimensional tunability: increasing the number of gra-
phene layers facilitates effective adjustments of the moiré band
through interaction between flat bands and Dirac bands.
Fig. 7(b) illustrates the magic angle twisted trilayer graphene
(tTLG), featuring aligned top and bottom layers of graphene
and a twisted middle layer at a magic angle of ~1.5°. The
calculated electronic band structures with (top panel) and
without (bottom panel) the electric field are shown in
Fig. 7(c). At the zero electric field, tTLG has a set of flat bands
and gapless Dirac bands. By applying an electric field that
breaks the mirror symmetry, hybridization between the flat
bands and the Dirac bands occurs, which allows controlling the
bandwidth and interaction strength in the flat bands."*” Com-
pared to tBLG, tTLG demonstrates a larger moiré superlattice
with better electronic structure tunability and superconducting
properties.

An additional example is the twisted double bilayer gra-
phene (tDBLG), composed of two AB-stacked BLGs stacked at a
certain twist angle (Fig. 7(d)). The corresponding band struc-
ture shown in Fig. 7(e) demonstrates more obvious flatness at
the top of the valence band and the bottom of the conduction
band under the action of an appropriate displacement field D,
thus favoring the formation of flat bands.'*® These examples
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demonstrate the multidimensional tunability of graphene
stacking systems, which provides an effective platform for the
study of strongly correlated systems and opens new avenues for
the study of correlated states and topology performance.

(iii) Additional heterostructures: beyond homostructures,
considerable efforts have been made to explore similar phe-
nomena in graphene-based moiré systems beyond homostruc-
tures, such as twisted graphene/h-BN heterobilayers'*® and
graphene/MX, heterobilayers."*®> These discoveries provide
potential opportunities for understanding and developing
novel quantum materials and electronic devices. For detailed
information on heterostructures, which is beyond the scope of
current discussion, please refer to reviews 144-146.

3.1.2 Twisted few-layer TMDs. The remarkable advance-
ments made in moiré tBLG in recent years have motivated
the investigation of similar effects in twisted few-layer TMDs.
The distinct electronic and lattice structures of TMDs give rise
to distinct modulation of physicochemical behaviors through
twist angle stacking engineering.

(i) Unlike graphene, which exhibits sp, hybridization among
carbon-atoms, TMDs involve d orbitals of transition metals,
leading to stronger Coulomb interactions. In addition to robust
observation of the Mott insulating state, correlated electronic
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(a) Moiré bands and the corresponding DOS of tBLG with a twist angle of 1.05°. The lowest conduction band and the highest valence band near

the T point become very flat.>® Reprinted with permission from ref. 23. Copyright 2018, Macmillan Publishers Limited, part of Springer Nature. All rights
reserved. (b) Schematic diagram of tTLG. (c) The calculated energy band of tMBLG with (top panel) and without (bottom panel) the electric field.'?®
Reprinted with permission from ref. 125. Copyright 2021, The Authors, under exclusive licence to Springer Nature Limited. (d) Schematic diagram of
tDBG. (e) Two parabolic dispersion bands of tDBG with and without displacement field D.*2® Reprinted with permission from ref. 126. Copyright 2020,

The Authors, under exclusive licence to Springer Nature Limited.
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phases, such as the Wigner crystal state, Chern insulating state,
strip phase, and antiferromagnetism, are observed in twisted
TMD homobilayers.'?"147715°

(if) Unlike single-atomic-layer graphene, monolayer TMDs
possess a triple-atomic-layer structure that allows lattice relaxa-
tion within the inter-layer space in twisted TMDs. This relaxa-
tion leads to the stabilization of flat bands at large twist angles,
facilitating the emergence of strong correlation physics across a
broad range of twist angles."*® However, this relaxation pre-
sents a double-edged sword. The resulting irregularly distrib-
uted chalcogen atoms within the inter-layer space complicates
the stacking configuration.">" Therefore, careful attention
should be given to determining the relationship between the
twist angles and properties.

(iif) Depending on their elemental composition and poly-
morphic structure, TMDs feature a range of physical properties,
including metallic behavior, band insulator states, Mott insu-
lator state, CDW states, superconducting states and topological
quantum states.®* The continuous tuning of interaction phe-
nomena by adjusting the twist angle enables the exploration of
the intricate relationship, including competition, coexistence,
or cooperation among intertwined states of Mott-insulating,
CDW and superconducting states. Moreover, this twist angle

View Article Online
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stacking engineering offers an alternative avenue for addres-
sing a fundamental question in the field of high-temperature
superconductivity: can unconventional superconductivity
emerge in doped Mott insulators?

(iv) Emergent optoelectronic features,
excitons™?* and trions, relying on the strong light-matter inter-
action and the valley-dependent optical selection rule have been
discovered in twisted homobilayers comprised of semiconduct-
ing TMDs,"**'>* opening up exciting possibilities for their appli-
cation in valley electronics, nanophotonic devices and quantum
technologies."’

Moiré excitons, as illustrated in Fig. 8(a), are quasiparticles
formed by combination of an electron and a hole trapped in the
moiré superlattice. As neutral particles, they follow bosonic
statistics and interact mainly through dipole interactions. The
moiré excitons have discrete photoluminescent emission lines
with ultra-narrow linewidths (cf Fig. 8(b)).*>® The triple rota-
tional symmetry at the potential energy minimum gives the
moiré-trapped exciton a valley character and strong circular
polarization properties.

Moiré trions (Fig. 8(c)) are considered to be excitons with an
additional charge carrier trapped in the moiré superlattice,
resulting in a net charge of +1/—1. Fig. 8(d) shows the

such as moiré

(b)
—— WSe, monolayer XX~
Homobilayer
£
S
=
=
k7]
c
2
£
1
o
Moiré Jexcitons
1.50 1.55 1.60 1.65 1.70 1.75
Energy (eV)

(d)

—T T
MoSe2 ML :T :A
1
1

--~/\:/\/___‘
57° !

T
o <
~

|

NS
¥V

1 I 1 0
160 165 1.70 175

Energy (eV)

1.55

Fig. 8 (a) The moiré superlattice leads to the formation of a periodic moiré potential, which traps excitons.*®® Reprinted with permission from ref. 160.
Copyright 2023, Wiley-VCH GmbH. (b) The PL spectra of monolayer WSe, and twisted homobilayer WSe,. Many split photoluminescence emission lines
emerged in the low energy region for twisted WSe,.2°6 Reprinted with permission from ref. 156. Copyright 2022, The Authors, under exclusive licence to
Springer Nature Limited. (c) Schematic diagram of moiré trions, capturing an exciton with an extra charge carrier.*> Reprinted with permission from
ref. 157. Copyright 2021, The Authors, under exclusive licence to Springer Nature Limited. (d) The reflectance contrast (AR.) for twisted MoSe; bilayers.
AR. = (R — Ro)/Ro. in which R and R, represent the sample and background reflectance respectively.’®! Reprinted with permission from ref. 161. Copyright

2021, American Chemical Society.
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reflectance contrast of twisted MoSe, homobilayers at various
twist angles. Besides the free exciton signals guided by a dashed
blue line, moiré trion reflectance guided by a dashed red line is
enhanced. As charged particles, they follow Fermi statistics,
and in addition to dipole interactions, they can interact
through long-range Coulomb interactions. The charged nature
of moiré trions makes them exhibit unique characteristics in
their interaction with external electric and magnetic fields."”
In addition, moiré-trapped trions display distinctive valley
properties. Through electron doping, the valley polarization
can be switched from a large common circular polarization to a
neglected cross-circular polarization; while through hole dop-
ing, the valley polarization can be switched from a neglected
cross-circular polarization to a large common circular polariza-
tion. The found long valley polarization time offers potential for
valley electronics applications and emerging nanophotonic
devices."”®>°

The field of moiré physics in twisted systems is still in its
infancy. There are many untapped possibilities for exploring
the widely tunable electrical and optical properties, as well as
exotic phenomena, arising from the interactions between
charge, spin, valley and collective excitations. However, the
challenges persist. The limited availability of techniques with
high temporal, spatial and energy resolutions, coupled with the
absence of experimental probes capable of accessing the var-
ious degrees of freedom of charge, spin, lattice, orbital, and
valley, hinders an adequate experimental understanding of the
underlying physics.
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3.2 Stacked 2D homostructures by inter-layer lattice sliding

In addition to rotational degrees of freedom, translational
degrees of freedom offer an additional avenue for exploring
the exotic properties of stacked 2D homostructures that are not
present even in the constituent materials. The phenomenon of
sliding ferroelectricity and ability to finely tune the magnetic
properties of stacked 2D homostructures, achieved through
precise control of inter-layer sliding, have given rise to the
emergence of the field of “slidetronics”, which explores the
interplay between the inter-layer sliding and electronics.

3.2.1 Sliding ferroelectricity in layered materials. Ferro-
electrics, known for their spontaneous switchable electric
polarizations, primarily resulting from ion displacement, holds
significant potential for nonvolatile random-access memory
applications. Favorable vertical ferroelectrics have been discov-
ered in few 2D monolayers, such as CulnP,Sg,'®* In,Se;,'®
SnTe,'®* sns,'®> SnSe,'*® GaSe,'®” and MoTe,,"®® most likely
due to traditional vertical ion displacement. The atomic-scale
thickness of ferroelectricity in 2D materials, coupled with their
vdW nature avoiding interface lattice mismatch issues, makes
them suitable for device construction.

Recently, a significant breakthrough has been achieved with
the discovery of sliding ferroelectricity in stacked bilayer h-
BN.'® This discovery revealed that the vertical ferroelectric
state, which is absent in bulk or monolayer counterparts, can
be switched by lateral inter-layer sliding. Fig. 9(a) presents the
different stacking configurations of bilayer h-BN. For on top AA’

PO
A

c) Illustration of the atomic arrangement of AA’, AB, and BA stacking of bilayer h-BN. Nitrogen and boron atoms are shown in silver and green,

respectively. AA’" antiparallel stacking with central inversion symmetry and no net charge transfer. AB and BA parallel stacking with perpendicular
distortion of the 2p, orbital of nitrogen (light blue), producing an out-of-plane electric dipole.**® Reprinted with permission from ref. 169. Copyright 2021,
The Authors, under exclusive licence to Springer Nature Limited. (d) Schematic diagram of inter-layer translation of bilayer TMD with the opposite
direction of polarization.'’° Reprinted with permission from ref. 170. Copyright 2018, American Chemical Society.
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stacking, which is present in bulk h-BN, wherein the N-(B-)
atoms between adjacent layers are vertically aligned, a nonpolar
state is expected due to parallel mirror symmetry. However, by
lateral sliding the layer by one bond length along the B-N bond
direction, an AB arrangement is achieved (¢f. Fig. 9(b)). This
configuration places the upper N-atoms at the center of the
hexagonal lattice of the lower BN layer, while the lower B atom
is positioned at the center of the hexagonal lattice of the upper
BN layer. The symmetry-breaking causes a net charge transfer,
resulting in polarization along the out-of-plane direction. The
direction of polarization can be reversed by displacing one h-
BN layer by one B-N bond length relative to the other h-BN layer
(BA configuration ¢f Fig. 9(c)). The weak vdW inter-layer
coupling results in ultralow switching barriers compared to
vertical ion displacements, enabling high-speed data writing
with low energy cost.

The successful achievement of sliding ferroelectrics, primar-
ily driven by a net charge transfer resulting from inter-layer
inequality triggered by lateral sliding, has significantly
advanced the burgeoning field of 2D sliding ferroelectricity. In
the subsequent two years, numerous homobilayers or homotri-
layers, including ReS, and a series of TMDs such as MoS,, WS,,
and MoSe,,"”" have been endowed with ferroelectricity via con-
trolled stacking sequences.'”> However, not all stacking systems
can exhibit ferroelectricity. The fundamental principle underlying
sliding ferroelectrics is that (i) vdW bilayers or trilayers are non-
centrosymmetric, and (ii) the equivalent state can be achieved
through a mirror operation with respect to the horizontal plane in
the center and lateral inter-layer translation'” (¢f Fig. 9(d)).

The sliding mechanism underlying the 2D sliding ferro-
electrics, distinct from conventional ferroelectricity due to ion
displacement, provides advancements from a design viewpoint,
described as follows:

(i) Artificial 2D ferroelectrics can be achieved through stack-
ing engineering, utilizing non-ferroelectric monolayers that
range from insulators to metals. In conventional ferroelectrics,
metallicity and ferroelectricity are considered incompatible
because the free-carrier screening effect in metals counteracts
the polarization switching induced by an external electric field.
However, recent findings have shown that spontaneous polar-
ization can be directly measured in metallic bilayer and trilayer
1T'-WTe,."”>"7* Fig. 10(a) illustrates the breaking of central
inversion symmetry in stacked trilayer structures compared to a
1T-WTe, monolayer. Bi-stability, indicating ferroelectric
switching characteristics, is observed over a temperature range
from 4 K to 250 K (¢f: Fig. 10(b)), which is absent in a monolayer
(¢f. Fig. 10(c))."”?

These discoveries underscore the significance of lateral
lattice sliding as a materials-by-design approach. This approach
significantly expands the pool of candidates for designing
ferroelectric materials beyond insulators. In addition, the cou-
pling between sliding ferroelectricity and intrinsic physical
properties of various 2D building blocks, such as
magnetism,"”® nontrivial topology,’”” excitonics, photonics,
electronics, valleytronics, and spin-orbitronics,'”® enables the
electronic-field control of phenomena for device applications,
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which warrants further exploration.'”® For instance, the slide
ferroelectricity in stacked magnetic 2D bilayers facilitates the
rational design of 2D multiferroic homostructures hosting
ferroelectricity and (anti)ferromagnetism. The magnetoelectric
coupling will allow for the electric-field control of magnetism
for applications in magnetic memories. The ferroelectric polar-
ization enhances Rashba-type spin orbit coupling, which can be
utilized to convert the pure spin current to charge current.'®°
The switchable polarization will enable the electric-field control
of the sign of the charge current for next generation spintronic
device applications.

(ii) The 2D materials are stacked at a twist angle in the form
of periodic arrangements of AA, AB, and BA, and the polarization
directions are also arranged periodically. Fig. 10(d) illustrates the
periodic sliding stacking domains formed within twisted bilayer h-
BN at a small angle.”® These domains, characterized by AB and BA
stacking with opposite polarizations, create a ferroelectric region
with periodic changes. Fig. 10(e) shows the periodic triangular
ferroelectric domains detected in twisted bilayers h-BN.'®!
Recently, moiré ferroelectricity has been found in broader homo-
bilayers, including conducting graphene,'® insulating h-BN,'”>'8?
and semiconducting TMDs,'® 184-186
These provide promising materials for exploring emergent phe-
nomena due to the interplay between ferroelectricity and twisted
correlated electronic states, such as superconductivity, which are
not expected to coexist.'®”

(iii) The atomic-level uniformity of 2D ferroelectrics and
their vdW coupling nature, which avoids interface lattice mis-
match issues, make them well suited for integration with
conventional electronic devices. One of the examples is the
integration of ferroelectric materials into field-effect transis-
tors, which can effectively reduce the operation voltage limit
and minimize power loss."®®

3.2.2 Sliding magnetism in vdW magnetic materials. Mag-
netic materials hold great promise for practical applications in
spintronic devices. In 2017, magneto-optical Kerr effect (MOKE)
microscopy revealed the intrinsic long-range ferromagnetic
order in few-layer Cr,Ge,Tes'®® and the Ising ferromagnetic
properties in monolayer Crl;.'*° Subsequently, a variety of vdW
magnetic materials with intrinsic long-range magnetic order in

as well as heterostructures.

monolayer or few-layer form were discovered, including
VSe,,'! Fe;GeTe,, % CrBr;,'** MnSe,,'*” CrCls,"*® VsSeg,'*”
Cr,Te;, "% CrTe,,"” NiBr,,2%° Cr;Te,,?°! Nil,,?°*> and CrSe,.2%
Their magnetic properties exhibit significant dimensionality
dependence. For instance, monolayer, trilayer and bulk Crl;
exhibit ferromagnetism, whereas bilayer Crl; exhibits
antiferromagnetism."® The 2D nature of these materials, com-
bined with their excellent electrical and optical properties,
make them essential building blocks for magnetic, magneto-
electric and magneto-optical applications.?**?°®

In addition to the dimensionality effect, theoretical calcula-
tions predict that the stacking order plays a crucial role in
determining the magnetic ground state.’°® By altering the
stacking order, the transition between antiferromagnetism
(AFM) and ferromagnetism (FM) can be achieved. This has
been confirmed experimentally in bi-layered CrBr;. Monoclinic
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no bistability.”* Reprinted with permission from ref. 173. Copyright 2018, Macmillan Publishers Ltd, part of Springer Nature. (d) Schematic diagram of
twisted bilayer h-BN forming moiré superlattice ferroelectricity.?> Reprinted with permission from ref. 25. Copyright 2017, American Chemical Society.
(e) Twisted h-BN ferroelectric domain image with a triangular period.'”® Reprinted with permission from ref. 175. Copyright 2021, The Authors, published

by Springer Nature.

R-type (parallel) stacking (Fig. 11(a)) as revealed by STM exhi-
bits antiferromagnetism determined by spin-polarized STS
shown in Fig. 11(b), whereas rhombohedral H-type (anti-
parallel) stacking (Fig. 11(c)) exhibits ferromagnetism
(Fig. 11(d)).>°” The inter-layer sliding alters the bond angles
and distances of Cr-Br-Br-Cr, and the super exchange interac-
tions controlled by the directional hybridization of the Br p-
orbitals and Cr d-orbitals affect the inter-layer coupling and,
consequently, the inter-layer magnetism.

The tunability of stacking order in 2D magnetic materials
can be triggered by hydrostatic pressure. The reflective mag-
netic circular dichroism (RMCD) signal shown in Fig. 11(e)
indicates that an inter-layer antiferromagnetic to ferromagnetic
transition occurs in few layers of Crl; at sufficiently high
pressure.>®?° This phenomenon is attributed to the shift in
stacking mode from monoclinic-to-rhombohedral (illustrated
in Fig. 11(f)) as evidenced by polarization-related Raman mea-
surements (Fig. 11(g)).

8000 | Phys. Chem. Chem. Phys., 2024, 26, 7988-8012

Similar to sliding ferroelectrics, inter-layer twisting (Fig. 12(a))
is another effective approach to fine-tune the magnetic ground
states. The coexistence of AFM and FM has been observed in
twisted bilayer Crl;,>'**'" twisted double-trilayer Crl;, and
double-bilayer Crl;**> due to the periodical presence of mono-
clinic and rhombohedral stacking arrangement, as illustrated in
Fig. 12(b)-(d), respectively. However, the question of the influ-
ence of moiré superlattice on the magnetic ground states
remains open.

Several challenges need to be addressed toward the practical
application of stacked 2D magnetic homostructures. Firstly,
obtaining large-area few-layer materials remains a significant
hurdle. Secondly, the transition temperature of current 2D
magnetic homostructures is far below room temperature, limit-
ing their practically. Thirdly, the poor stability in air poses
challenges for long-term application. Therefore, substantial
efforts are still requested to overcome these challenges in the
realm of 2D magnetic materials.

This journal is © the Owner Societies 2024
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permission from ref. 207. Copyright 2019, The American Association for the Advancement of Science. (e) RMCD signals of pristine and stressed bilayer
Crls. (f) Schematic diagram of the bilayer Crls stack. The upper diagram indicates a rhombic structure stacking, and the adjacent ferromagnetic
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Springer Nature Limited. (g) Polarization angle dependence of Raman spectra of five-layer Crlz before (left) and after (right) applying pressure at 90 K.2°°
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Reprinted with permission from ref. 209. Copyright 2019, The Authors, under exclusive license to Springer Nature Limited.

3.3 Heterophase homostructures

Inter-layer twisting and sliding in stacking homostructures
with maintained intra-layer structures, as mentioned in the
previous subsection, primarily modify inter-layer coupling due
to symmetry breaking. Another strategy to alter inter-layer
coupling is achieved at the interfaces of heterophases, which
are homostructures formed by distinct structural phases of
chemically homogeneous materials. As described in Section
2.2, the distinct physical properties exhibited by the T-phase
and H-phase of monolayer TMDs make them promising plat-
forms for building 1T-/1H-heterophase homostructures. This,
in turn, allows for the improvement of device performance and
the exploration of innovative physical behaviors in the fields of
electronics, optoelectronics and spintronics.>"* For instance,
artificial heavy fermions have been observed at the 1T-/1H-TaS,
heterophase homostructure (¢f. Fig. 13(a)). These arise from the
Kondo coupling between the local magnetic moments confined
in the 1T-TaS, monolayer and conduction electrons of 1H-
TaS,.”* As illustrated in Fig. 13(b) and (c), 1T-TaS, exhibits a

This journal is © the Owner Societies 2024

flat band structure due to Mott-localization, while 1H-TaS,
displays a metallic band structure, respectively. The electronic
hybridization at the 1T-/1H-TaS, heterophase leads to a heavy-
fermion hybridization gap at the 1H-TaS, side, as illustrated in
Fig. 13(d). The creation of 2D Kondo lattices and the associated
many-body correlations open up possibilities for exploring
unconventional metallic and superconducting states beyond
those found in standard correlated materials.

Structural phase transitions can be an effective strategy for
the fabrication of heterophase homostructure.

As mentioned in Section 2.2, external stimuli can overcome
the energy barriers and induce structural phase transitions of
as-obtained monolayer TMDs. These external stimuli serve as a
promising strategy for the formation of heterophase homo-
structure with in situ structural modulation. For example, laser
irradiation has been utilized to trigger the surface phase
transition from 1H-MoTe2 to metallic 1T'-MoTe, transition,
resulting in the creation of an ohmic heterophase homostruc-
ture (Fig. 13(e)).”” Thermal annealing can induce the surface

Phys. Chem. Chem. Phys., 2024, 26, 7988-8012 | 8001
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1T-TaS, to superconducting 1H-TaS, transition (Fig. 13(f)). The
charge transfer resulted in the Fermi level alignment at the 1H-/1T-
Tas, interface, suppressing the CDW state in 1H-TaS, and enhan-
cing the corresponding superconducting transition temperature
(Fig. 13(g)).>° An electric field applied through STM pulse can also
trigger a similar surface 1T- to 1H-TaS, transition,>** although
suffering relaxation issue. The magnetic field has been found to
cause a 1H- to 1T-MoS, transition,*"* while the properties of the
resulting heterophase are less pronounced.

Utilizing external stimuli as a strategy enables in situ structural
phase transition and the creation of heterophase homostruc-
tures. The resulting clean and sharp interfaces are essential for
comprehending the underlying physics mechanisms. However, it
is crucial to address the potential unexpected damage introduced
by irradiation and thermal treatment, as it can cause the devia-
tions in intrinsic properties. Electric and magnetic fields, serving
as non-destructive methods, deserve further investigation despite
the challenge related to relaxation.®®

Other approaches, including conventional exfoliation and re-
stacking techniques and controllable synthesis through direct
growth by controlling the synthesis conditions, also contribute
to the formation of heterophase homostructures.”'*'**'” How-
ever, they are beyond the scope of perspective review, which
centers on the precise control of translational or rotational
degrees of freedom between vertically stacked planes/layers.

8002 | Phys. Chem. Chem. Phys., 2024, 26, 7988-8012

In summary, significant process has been made in under-
standing the interplay of microstructure and physical proper-
ties in 2D homostructures, such as twistronics and slidetronics
in homobilayers and homotrilayers, as well as exploring emer-
gent physical behaviors in heterophase homostructures. How-
ever, several challenges persist.

(i) One major challenge is the lack of large-scale fabrication
techniques that can avoid defects and achieve clean interfaces,
as these factors significantly affect performance variability in
2D materials based on large-scale circuits.

(ii) The coexistence of twisting and sliding in twisted homo-
structures complicates the intrinsic physics underlying experi-
mental observations, impeding our understanding of the
dominant factors determining physical properties.

(iii) The relaxation from a twisted state or a metastable-
polymorph in heterophase homostructures can lead to the
degradation of physical properties, thereby limiting their prac-
tical applications.

4. Layered 3D materials

The success of stacking engineering in the limited number of
homostructures (bi- and tri-layers) raises the question of
whether similar phenomena can be achieved in 3D structures,

This journal is © the Owner Societies 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cp04656g

Open Access Article. Published on 12 February 2024. Downloaded on 6/17/2026 5:12:27 PM.

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

(cc)

Perspective

View Article Online

Annealed at 250°C
)

Fig. 13
homostructures.®*
of the 1T'/2H MoTe, homostructure produced by laser radiation.””

S ‘\ N R o
ﬁ(’\% §40 :
S S P W W % 15
: 82 .
e 7"& g
. VI L O

2H/1T-TaS, vdW heterostructure

PCCP
(c) (d)
_ 08 08F
> S
204 L 04
> >
g O 8 0fF——ZC =
(0 1H-TaS, | & N
04 e s . 04
r r K MK r r K M
= laser

== laser

1T ’-MoTe,

0 50 100 150 200 250 300
Temperature (K)

(a) Sketch of the 1T/IH TaS, heterophase homostructure. (b)-(d) Calculated band structures of 1T, 1H, and 1H/1T bilayer TaS, heterophase
Reprinted with permission from ref. 91. Copyright 2021, The Authors, under exclusive license to Springer Nature Limited. () Schematic diagram
Reprinted with permission from ref. 57. Copyright 2015, The American Association for the

Advancement of Science. (f) Schematic diagram of the transformation of the bulk TaS; surface layer into the H-phase by thermal annealing. (g) After annealing, 1T-

TaS, shows a higher superconducting transition temperature at 2.1 K.*°

overcoming the issues related to environmental stability, fragi-
lity, scalability, and relaxation 2D homostructures suffering.
However, the increased dimensionality strongly affects the
electrostatic and elastic interactions and therefore physics
involved,*>3® presenting a significant challenge for stacking-
engineering in layered 3D materials.

(i) In 3D bulk materials, the restoration of out-of-plane dielec-
tric screening results in a reduction in the strength of electron-
phonon interactions. The ferroelectricity observed in 2D homo-
structures with restricted dielectric screening in the out-of-plane
direction is not expected in a 3D material as the electrical
polarization will be fully screened by free electrons. In addition,
enhanced dielectric screening hinders the structural phase trans-
formations compared to their 2D counterparts. External stimuli,
which are highly effective in controlling structural phase transi-
tions in 2D materials, may not be feasible in 3D materials.

(if) Owing to the constraint in the out-of-plane direction, the
elastic energy penalty along a structural transformation path-
way is more significant in 3D materials compared to 2D
materials. The substitution of van der Waals adhesion energy
with long-range elastic energy fundamentally alters the energy
landscape of structural transformation in 3D materials, leading
to the slower transformation.

While stacking engineering in 3D bulk materials loses great
challenges, driven by the intriguing physics and functionality,
attempts have been made to do thin films.

This journal is © the Owner Societies 2024

Reprinted with permission from ref. 30. Copyright 2018, American Chemical Society.

4.1 Inter-layer lattice sliding in layered 3D thin films

The development of translational degrees of freedom in stacked
2D homostructures prompts a re-examination of the ferroelectri-
city in layered 3D materials, in particular non-centrosymmetric 3R-
and 6R-phases of TMDs where inter-layer stacking misalignment
occurs naturally.”” Fig. 14(a) illustrates the atomic structures of
parallel stacked 3R-phase and anti-parallel stacked 2H-phase of
TMDs.*>*'® In the 2H-phase with AA’ stacking, the presence of
inversion symmetry rules out the occurrence of spontaneous
polarization along the out-of-plane direction. In contrast, the lack
of inversion and mirror symmetry in the 3R-phase facilitates the
charge transfer between adjacent atomic layers, leading to the
emergence of out-of-plane spontaneous polarization.

Recently, cumulative polarization has been observed at the
interfaces between adjacent layers in multilayer regions.>®
Fig. 14(b) and (c) show the image and surface potential map
of naturally grown 3R-MoS, flakes with 2-7 layers. Fig. 14(f)
displays the potential and thickness from the line cut in
Fig. 14(b) and (c), respectively. The aligned polarization leads
to a linear increase in total polarization as a function of layer
number, as guided by the solid black line in Fig. 14(g), demon-
strating the cumulative interfacial effect due to the weak
coupling between adjacent polarized interfaces.

Fig. 14(d) and (e) present the image and surface potential
map of naturally grown 3R-MoS, flakes with 7-13 layers,
respectively. The potential values (¢f Fig. 14(g)) display less

Phys. Chem. Chem. Phys., 2024, 26, 7988-8012 | 8003


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cp04656g

Open Access Article. Published on 12 February 2024. Downloaded on 6/17/2026 5:12:27 PM.

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

(cc)

PCCP
(a)
Crystal structure
(f)
S
£
3
ID.
>¥
I
-385
Fig. 14

View Article Online

Perspective

o 0 *
g B -6
13

2 4 6 8 10 12
Layers

(a) Schematic of the atomic structures of the 2H- and 3R-phases. The (b) image and (c) surface potential map of 3R-MoS,; flakes with 2-7 layers.

The (d) image and (e) surface potential map of 3R-MoS; flakes with 7—-13 layers. (f) Flake thickness and surface potential obtained from line cuts marked in
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dependence on layer number 7, suggesting complex interfacial
polarization configurations. The multi-polarization states,
including upward polarization (N;) and downward polarization
(N,) and resulting from anti-aligned polarization, are proposed
and illustrated in Fig. 14(e). The local potential can be accu-
rately represented by a combination of N; and N | polarizations.
For example, in a specific local stacking configuration with 7
layers, various polarization combinations such as 6, 5,1y,
4,24, 3,34, 2,44, 1,5, and 6; may be detected. Fig. 13(g)
shows the detection of four of these combinations. Recently, the
cumulative polarization states in the 3R-MoS, multilayer have
been confirmed by the electrical transport measurement.'”>

Consequently, controlling the stacking sequence of adjacent
layers in 3D structures with inter-layer sliding in a similar
fashion can enhance the surface potential resulting from co-
aligned polarization and promote the emergence of out-of-
plane ferroelectricity, which provides further encouragement
for future investigations.

4.2 Inter-layer twisting in layered 3D thin films

The first attempt to introduce twisting in an h-BN film
(>100 nm) resulted in only one interface with twisting,'® as
illustrated in Fig. 15(a). The twist angle was defined as 0° for AA
stacking and 60° for AA’ stacking, which occurred naturally, as

8004 | Phys. Chem. Chem. Phys., 2024, 26, 7988-8012

shown in Fig. 15(b). Positive (negative) twist angles were
defined as clockwise (anticlockwise) rotations, as illustrated in
Fig. 15(b). The electron diffraction pattern and moiré superlattice
of twisted h-BN thin film with twist angles of 2° and 10° are
presented in Fig. 15(c)—(f), respectively. To investigate the influ-
ence of twist angle on electronic structures, cathodolumines-
cence (CL) was utilized, involving exciting electrons in materials
with high-energy incident electrons. Fig. 15(g) demonstrates that,
for the film with the same thickness, the CL intensity at
~300 nm and room temperature generally increases with an
increase in the twist angle from 2° to 27°, and the peak position
redshifts. The presence of pinned twisted states without relaxa-
tion allows for continuous tuning of twist angles between 30° and
—30°. As shown in Fig. 15(h), the CL intensity monotonously
increases with twist angles in both positive and negative direc-
tions. The band gap determined from the CL emission peak
position is found to decrease from 4.5 eV at 0.5° twist angle to 4.0
eV at +27° twist angle. The calculated moiré flat band at small
twist angles reduces the band gap from 5.77 eV to 4.48 eV. The
increased bandwidth with twist angles, as calculated from the
continuum model, explains the reduction in the energy gap.
The continuous control of the optical emission intensity and
energy gap at room temperature enables their practical applica-
tion. The extension of the twist-related phenomenon from the

This journal is © the Owner Societies 2024
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(a) Illustration of a twisted h-BN multilayer with interior interface twisting. (b) Schematics of stacking configuration of two h-BN planar unit cells.

(c) Electron diffraction pattern and (d) STEM image of a twisted multilayer with a twist angle of 2°. (e) Electron diffraction pattern and (f) STEM image with a
twist angle of 10°. (g) CL spectra of double-multilayer interfaces of the same thickness with different twist angles. The evolution of (h) cathodolumines-
cence intensity and (i) luminescence energy as a function of twist angles.?'® Reprinted with permission from ref. 219. Copyright 2021, American Chemical

Society.

bi-/tri-layer to thick film makes the manipulation technique
easy and overcomes the relaxation issue, paving the way for its
industrial compatibility.

5. Outlook

Stacking configurations of vertically stacked layered homo-
structures have a significant impact on their physical properties
due to the modulation of structural symmetry and inter-layer
coupling. Fig. 16 illustrates the progression of stacking engi-
neering in layered homostructures. Controlling the rotational

This journal is © the Owner Societies 2024

and translational degrees of freedom of stacked layered homo-
structures is thus an effective route to manipulate their proper-
ties and explore exotic physics for advanced functionalities. The
former results in the burgeoning new field of “twistronics”,
wherein the manipulation of the rotation angle of twisted
bilayer or multilayer homostructures unveils emergent proper-
ties such as unconventional superconductivity, strong electron-
electron correlations, orbital ferromagnetism, and topological
excitons. Similarly, stacking modulation by lateral inter-layer
sliding has also been exploited to alter the electronic, optical
and magnetic properties of 2D bilayer or multilayer homostruc-
tures, giving rise to a new field termed “slidetronics”. An
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Fig. 16 The schematic illustration depicting the progression of stacking
engineering in layered homostructures. The manipulation of physical
properties and exploration of exotic physics for advanced functionalities,
achieved by controlling the rotational and translational degrees of free-
dom, offer an alternative route for device applications.

alternative strategy specific for TMDs is the change of intra-
layer stacking sequence, a phenomenon termed structural
phase transition. These transitions, most likely achieved by
atomic layer translational sliding, lead to the creation of lateral/
vertical heterophase homostructures. This not only improves
device performance, but also enables the exploration of inno-
vative physical behaviors and functionalities. The advanced
functionalities observed in artificial 2D homostructures pave
the way for their diverse applications in devices.

However, limitations associated with artificial 2D homo-
structures, such as fragility, atmospheric instability, poor repro-
ducibility, small size, structural relaxation, and lack of
scalability, hinder their adequate characterization and in turn
their practical applications. Spontaneous translational or rota-
tional inter-layer stacking in 3D bulk crystals can overcome
these limitations. In particular, this enables a comprehensive
understanding of the mechanism underlying the stacking
effect, thereby paving the way for the rational design of func-
tional devices. In contrast to conventional methods that modify
the physical and chemical properties of materials, such as
doping, dimensionality manipulation, intercalation and apply-
ing pressure, stacking engineering offers a versatile approach
that spans from 2D to 3D in layered homostructures. Remark-
ably, it is simple and clean, avoiding the introduction of
impurities while preserving the mechanical strength and sta-
bility of materials. Furthermore, the method seamlessly inte-
grates with device fabrication, making it highly promising for a
wide range of practical applications.

Multiscale integration

The progression from 2D to 3D stacked structures will foster
the development of materials with enhanced mechanical, elec-
trical, and thermal properties. The integration of diverse mate-
rials on multiple length scales will enable the creation of
hierarchical architectures with tailored properties at different
dimensions. In particularly, Gao et al. have developed a general
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high-to-low temperature strategy to stack grow various multiblock
vdWSHs (van der Waals superconductor heterostructures) at a
wafer scale. The number of layers of 2D superconductors in the
vdWSHs can be precisely controlled in their newest research
report.”*° This will pave the way for the realization of robust and
multifunctional materials for aerospace, automotive, and other
high-performance applications.

Quantum materials engineering

The exploration of quantum phenomena in stacked homostruc-
tures is anticipated to yield breakthroughs in quantum com-
puting, communication, and sensing. By the deliberate
engineering of interactions between quantum states, research-
ers can create platforms for the manipulation of qubits, advan-
cing the field of quantum information science.

Sustainable technologies

Stacking engineering offers a unique opportunity to design
environmentally friendly materials and devices. The utilization
of abundant and non-toxic elements in layered structures can
lead to the development of sustainable technologies, such as
eco-friendly batteries, efficient catalysts, and low-power electro-
nic devices, contributing to a greener future.

Bridging theory and experiment

As the complexity of stacked structures increases, there is a
growing need for robust theoretical models and computational
tools that can accurately predict their properties. Bridging the
gap between theoretical predictions and experimental observa-
tions will facilitate the rational design and optimization of
novel materials, accelerating innovation in the field.

Challenges and limitations

Despite the promising outlook, several challenges must be
addressed. Firstly, achieving control over inter-layer/intra-
layer stacking in bulk crystals, where deviations from the
energetically favorable stacking configuration occur, remains
a great challenge that requires dedicated efforts. Secondly, the
precise control of interfaces, defects, and atomic arrangements
in stacked structures remains a formidable task. Thirdly, scal-
ing up the fabrication techniques to produce these structures at
industrial scales while maintaining their desired properties
presents significant challenges.

Overall, stacking engineering, including inter-layer transla-
tional sliding, inter-layer rotation, and intra-layer translational
sliding induced phase transitions, has presented a pivotal step
toward creating layered homostructures from 2D to 3D, which
opens up new frontiers in tailoring properties, functionalities,
and applications (Fig. 16). The current progress of stacking
engineering in layered homostructures not only enriches our
understanding of the properties of materials, but also reshapes
the landscape of materials science. Although numerous chal-
lenges lie ahead, the advancement of stacking engineering in
layered homostructures, progressing from 2D to 3D, holds the
promise of captivating opportunities and underscores urgency
for further exploration.
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