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ABSTRACT: Stacking orders in 2D van der Waals (vdW) materials dictate the relative
sliding (lateral displacement) and twisting (rotation) between atomically thin layers. By
altering the stacking order, many new ferroic, strongly correlated and topological orderings
emerge with exotic electrical, optical and magnetic properties. Thanks to the weak vdW

I O

interlayer bonding, such highly flexible and energy-eflicient stacking order engineering has

transformed the design of quantum properties in 2D vdW materials, unleashing the potential
for miniaturized high-performance device applications in electronics, spintronics, photonics,
and surface chemistry. This Review provides a comprehensive overview of stacking order

interlayer twist

Stacking Engineering of vdW Materials

‘ S d.-cmrmaTnEe
\_’_____ ~

interlayer slide

engineering in 2D vdW materials and their device applications, ranging from the typical fabrication and characterization methods to
the novel physical properties and the emergent slidetronics and twistronics device prototyping. The main emphasis is on the critical
role of stacking orders affecting the interlayer charge transfer, orbital coupling and flat band formation for the design of innovative
materials with on-demand quantum properties and surface potentials. By demonstrating a correlation between the stacking
configurations and device functionality, we highlight their implications for next-generation electronic, photonic and chemical energy
conversion devices. We conclude with our perspective of this exciting field including challenges and opportunities for future stacking

order engineering research.
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1. INTRODUCTION

113 The emergence of artificial intelligence and SG technology is
114 transforming the world with novel applications such as the
115 Internet of Things, smart manufacturing, and Al-empowered
116 medical care. Driven by such an information revolution, global
117 data usage is estimated to reach 175 zettabytes by 2025 and go
118 beyond the capacity of current devices’ capability. The relevant
119 electricity consumption by 2030 would soar to more than 20%
120 of global energy demand."” These aspects urge innovations in
121 the materials and device platforms to surpass present units and
122 the long-standing von Neumann architecture. To this end, the
123 two-dimensional vdW materials are emerging as one of the top
124 candidates thanks to their miniaturized dimensionality, various

structural and electronic engineering degrees of freedom with 125
atomically clean interface, as well as large electrical and strain 126
tunability of their remarkable electronic, optical, and 127
mechanical properties.3_8 128

vdW materials are built up by atomically thin layers with 129
strong in-plane covalent bonds. Those atomic layers are weakly 130
bonded together along out-of-plane via the weak vdW force, 131
allowing for exfoliation down to the monolayer with atomically 132
clean interfaces. This weak interlayer vdW bonding also 133
unleashes the flexibility to form on-demand vdW stacking by 134
controlling the relative crystallographic arrangement of atomic 135
layers. Notably, this can be achieved without the need for 136
lattice matching, a requirement that typically constrains the 137
stacking of traditional 3D bulk materials. With the develop- 138
ment of various synthesis methods and polymer-assisted 139

. —13 . .
transfer techniques, the on-demand stacking of various 140
41

vdW layers has become possible, leading to prior intriguin
discoveries such as nontrivial topology in Weyl semimetals,' " 142
valleytronics in bulk 3R-MoS, and topological transport in 143
bilayer-graphene domain walls.'”"” More recently, sliding 144
ferroelectricity arising from polar stacking of nonpolar 145
monolayers such as WTe,'®"” and MoS,”" as well as strong 146
electron correlation found in twisted bilayer graphene further 147
motivate the control of phase competition to access hidden 148
stacking orders for novel correlated physics and device 149
applications.”””” These findings indicate the profound impact 150
of the stacking order in determining crystal symmetry, 151
redistributing charge and spin between neighboring layers, 152
and thus controlling the strength of topological, electron 1s3
correlation and spin properties. 154

The study of stacking orders and their phase transitions in 155
vdW materials is intriguing, with multiple structural control 1s6
degrees of freedom, including relative shifts and orientation 1s7
angles between layers. This is fundamentally distinct from early 1s8
studies focused on intralayer polymorphic phase changes, 159
meaning atomic reconfiguration (e.g., ionic distortion, covalent 160
bond breaking) occurs within one atomic layer including the 161
2H-1T-1T’ transition in MoTe,*”** ferroelectric-paraelectric 162
transition in In,Se; and SnTe,”>*® and charge density wave 163
formation in Ta$S,,”” which have been well reviewed.”***°
However, phase transitions involving various stacking orders 165
are fundamentally different, as they involve interlayer shifts and 166
rotations governed by vdW forces, which are considerably 167
weaker and thus more energy efficient than manipulating 168
covalent bonds. The unbounded flexibility to integrate 169
different compounds in stacking engineering for new 170
heterostructures allows the exploration of the interplay of 171
different quantum orderings from the parent components. For 172
example, the formation of a moiré superlattice with control- 173
lable hopping strength and on-site Coulomb interactions 174
enables a wide range of correlated quantum orderings that 175
were previously inaccessible.”’ > Finally, stacking orders can 176
be controlled using various external stimuli such as electrical
fields, optical pumping, and mechanical stress. These engineer- 178
ing approaches not only enable the creation of new stacking 179
orders but also provide the foundation for the development of 180
advanced electrical and optoelectronic devices based on 181
stacking transitions. 182

1.1. Outline

_ e e
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The goal of this paper is to provide a comprehensive review on 183
the stacking order engineering of two-dimensional materials 184
and their device applications (Figure 1). We will primarily 1ss f1

—
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Figure 1. Overview of stacking order engineering of two-dimensional
layered materials and their device applications.

186 cover the relevant literature after 2018, when studying physical
187 properties associated with interlayer slide and twistronics
188 began to emerge as a vital research frontier. Building upon the
189 two distinct stacking degrees of freedom (slide and twist), we
190 organize this Review into five sections. Following the
191 Introduction, in section 2 we will first review the recent
192 advance in sliding stacking orders and associated sliding
193 phenomena such as sliding ferroelectricity, magnetism and
194 their coupling with superconductivity. The section will
195 introduce the background of sliding stacking orders in vdW
196 materials and review characterization methods to identify
197 stacking orders and reveal stacking transitions via sliding
198 behaviors. Critical insights are offered on the structure—
199 properties relationship and functional properties of sliding
200 orderings. Along with such phase transitions, we will discuss
201 how quantum orders are coupled to the sliding order, including
202 sliding ferroelectricity, sliding controlled magnetism and
203 superconductivity. Following this, engineering approaches to
204 control the sliding behavior are also discussed to reveal their
205 potential to control other properties like ferroelectricity and
206 ferromagnetism. In section 3, we turn to interlayer twist,
207 another degree of structural freedom in stacking orders and
208 review the relevant advances in twistronics enabled by moiré
209 superlattices with interlayer twist in bilayer or multilayer
210 stackings. In particular, this section will cover the basics of
211 moiré superlattices, the fabrication methods and the emergent
212 research trends including large-scale chemical synthesis, the
213 new spin textures, charge and topological orderings in bilayer
214 twisted structures, correlated phenomena in multilayer moiré
215 superlattices, as well as new surface chemistry that arises from
216 interfacial moiré periodical potentials. In conjunction with
217 sections 2 and 3 on the new physical properties enabled by
218 stacking phase engineering, section 4 focuses on the develop-
219 ment of novel and energy efficient devices based on stacking
220 orders, such as memory, quantum emitter, solar cell, and
221 chemical catalytic devices. This section highlights the exciting
222 potential applications for these emergent stacking orders in

[

i

vdW materials. In section 5, we conclude with a discussion of 223
the current challenges and opportunities facing this field of 224
research. In this section, we present the open issues that need 225
future experimental and theoretical exploration pertaining to 226
stacking phase engineering of 2D layered materials, including 227
repeatable and large-scale stacking material synthesis and 228
processing, precise and high throughput theoretical modeling, 229
broadened material choice for slidetronics and twistronics, 230
ultrafast dynamics and domain kinetics in stacking engineered 231
materials and devices as well as new chemical functionality 232
enabled by stacking. 233

2. STACKING ORDER ENGINEERING ENABLED BY
INTERLAYER SLIDING 234

The layered nature of 2D vdW materials enables the possibility 235
of different stacking orders composed of different intralayer 236
crystal phases and/or vertical stacking sequences. Interlayer 237
sliding, referring to the lateral displacement of one layer 238
relative to another, enables control of or creating stacking 239
orders, which can have a profound influence on the properties 240
and quantum orders of the material/heterostructure. Control 241
of interlayer sliding to change the stacking order is an exciting 242
path to efficient low-energy electronics, as the energy barrier 243
needed to overcome the weak interlayer vdW forces is often 244
~1-10 meV/u.c,’**® one to two orders smaller than 24s
conventional covalent or ionic bonds.>>*® In this section, we 246
will begin by reviewing the stacking order of layered 2D 247
materials and the methods available to directly probe the 248
crystal structures. We then provide a broad review of sliding 249
ferroelectricity and electrical control of the sliding order, 250
including experimental demonstrations and theoretical under- 251
standings. We discuss additional engineering approaches to 252
achieve dynamical control of the stacking order, primarily 253
through interlayer sliding, and remark on the coupling of other 254
quantum orders to the sliding order, including sliding 2ss
magnetism and superconductivity, which offer an exciting 256
avenue to realize practical multiferroics. 257

Layered vdW materials may be synthesized in various stable 258
crystalline phases, differing in intralayer atomic positions and/ 259
or the interlayer stacking sequence, leading to a vast array of 260
accessible stacking orders. For example, there are several 261
phases of transition metal dichalcogenide TMD monolayers, 262
including the 1H hexagonal phase that can be stacked in 263
parallel or antiparallel lazrers to form the 2H and 3R stacking 264
orders, respectively.”’ =" Different crystalline phases and 265
stacking orders may be obtained by bottom-up synthesis of 266
individual atomic layers or by top-down exfoliation of bulk 267
crystals. Bottom-up synthesis of atomically thin layers is often 268
achieved by chemical vapor deposition (CVD),”’ ™" as well as 269
atomic layer deposition (ALD),*”*’ molecular beam epitaxy 270
(MBE),*" and physical vapor deposition (PVD).** Top-down 271
techniques involve exfoliation of thin layers from bulk crystals. 272
The most widely used is mechanical cleavage of pristine thin 273
layers (the Scotch tape method), although the yield may be 274
low and the size of exfoliated flakes may be on the micron 275
scale. Chemical exfoliation via intercalants introduced to assist 276
cleaving between layers, and physical exfoliation such as by 277
sonication in liquid to produce shear forces that separate 278
layers, are other common top-down exfoliation techniques.” 279
For top-down methods, crystals are often synthesized by 280
chemical vapor transport (CVT),* as well as the self-flux 281
method,** which has been shown to enable defect densities up 22
to two orders lower than CVT.** A variety of top-down and 283
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Figure 2. All-optical characterization methods that directly probe the stacking/sliding order. (a) Low-frequency Raman spectra of 2H and 3R
stacking regions of bilayer MoS,, showing the red shift of the interlayer breathing mode from the 2H to 3R stacking order. (b) Spatial mapping of
the breathing mode peak shift, indicating 2H(1) and 3R(2) stacking domains. (a, b) Reproduced with permission from ref 57. Copyright 2020
Springer Nature.(c, d) Low-frequency polarized Raman spectra of the 1T’ (c) and T4 (d) phases of room temperature MoTe,. Open circles and
triangles in (c) indicate interlayer breathing and shear modes, respectively. Solid black triangles in (d) indicate extra interlayer shear modes that
appear in the T4 phase. (c, d) Reprinted with permission from ref 60. Copyright 2021 American Chemical Society. (e) Up-converted optical
spectrum for monolayer to trilayer graphene for 1300 nm excitation. SHG appears in the trilayer from noncentrosymmetric ABA stacking. (f) ABA
and ABC stacking domains of trilayer region distinguished in SHG intensity mapping. (e, f) Reproduced with permission from ref 74. Copyright

2018 AAAS.

bottom-up synthesis methods enables access to exciting
stacking orders. For instance, the noncentrosymmetric R-
stacking order of MoS, and MoTe, was directly synthesized by
CVT and CVD, respectively, for studies of their intriguing
nonlinear properties.””*’ Recently, a ferroelectric stacking
order of SnSe was directly synthesized by PVD, in contrast to
the conventional antiferroelectric stacking, yielding a strong
nonlinear optical response from in-plane dipoles that add
coherently upon stacking."® Beyond direct synthesis, arbitrary
stacking orders may be engineered through assembly of
heterostructures from atomically thin layers with polymer-
assisted dry transfer approaches. The “tear and stack”
technique,” " widely used in studies of moiré physics (see
section 3), enables precise control of the twist angle between
artificially stacked layers. Controlling the twist angle between
layers allows for on-demand generation of desired stacking
orders. For example, 1H phase TMD monolayers can be
artificially stacked in the R-stacking sequence by means of the
tear and stack method.”® The ability to fabricate desired
stacking orders on demand enables a large bank of accessible
stacking orders. We thus require direct sensitive probes to
identify and characterize stacking orders and stacking order
transitions, which will be reviewed in the following subsection.

2.1. Characterization Methods to Probe Stacking Orders
with Distinct Interlayer Sliding

The vast array of crystalline phases and stacking sequences of
layered materials provides an exciting opportunity to study
their resulting physical properties and the possibility to tune
properties through driven stacking order transitions. Achieving
dynamical control of sliding orders first requires direct probes
of key structural properties to identify and characterize the
stacking/sliding order. In this section, we will review and
compare characterization methods for stacking orders to reveal
intra- and interlayer vibrational modes (phonons), lattice
symmetry, underlying atomic structure, and other optoelec-
tronic properties sensitive to the stacking order.

2.1.1. Raman Spectroscopy. Raman and infrared (IR)
spectroscopy are noninvasive tools to directly probe the
vibrational modes of 2D materials, sensitive to both intralayer
vibrational modes from lattice distortion and interlayer
vibrational modes where entire layers move uniformly.”” A
Raman-active mode must induce a change in the polarizability,
whereas an IR-active mode must change the net dipole
moment. In a conventional Raman setup, a focused incident
laser excites vibrational modes of the sample (phonons), which
returns red-shifted (Stokes) or blue-shifted (anti-Stokes)
photons, where energy has been exchanged with vibrational
modes. Low-frequency Raman spectroscopy emerged as an
important probe of the shear mode (the adjacent layers slide
relative to each other) and breathing mode (all layers move
together in a direction perpendicular to the plane of layers) of
layered materials, which are typically of much lower frequency
than intralayer modes.””~>* They are useful for understanding
the interlayer coupling and can also indicate the number of
layers present in a 2D material. To access the low-frequency
Raman modes (100 cm™), a narrow line width laser, along
with bandpass and notch filters, are typically necessary to
narrow the excitation spectrum and suppress Rayleigh
scattered light.””**>> Low-frequency Raman spectroscopy
can be used as a clear indicator of the stacking sequence.
For instance, in few-layer graphene the ABA and ABC stacking
configurations can be distinguished by the low shear branch
(C’) appearing in ABC stacking and the high shear branch (C)
appearing in ABA stacking.’*° Identification of the stacking
order through low frequency Raman spectroscopy has also
been demonstrated in MoS,, where the interlayer breathing
mode of the 3R stacking order is red-shifted from that in the
2H stacking order (Figure 2a).””*" Sam et al.”” employed this
characteristic difference to spatially map 2H and 3R stacking
order domains, as shown in Figure 2b. Polarized Raman
spectroscopy, where the polarization components of the
scattered light parallel and perpendicular to the incident light
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Figure 3. Characterization methods that directly probe the stacking/sliding order with atomic resolution. (a, c) HAADF-STEM images of Pbl,
below (a) and above (c) the order—disorder transition temperature. (b, d) Corresponding fits to the locations of Pb atoms below (b) and above
(d) the transition temperature, compared to red circles indicating their expected position in the 4H-Pbl, phase, showing the interlayer sliding.
Reproduced with permission from ref 77. Copyright 2023 Springer Nature. (e, f) AFM topography (e) and near-field infrared nanoscopy (f) of
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and domain walls are identified. Reproduced with permission from ref 86. Copyright 2018 Springer Nature. (g) AFM phase response imaging of
trilayer graphene and corresponding line profile of blue dashed line (h), showing a clear change in the phase shift across domains. Reprinted with
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3ss are detected separately, can help reveal more distinctions in the
356 spectra between stacking orders. For instance, polarized low-
357 frequency Raman was used to distinguish the Ty and 1T’
3s8 stacking orders of MoTe,, where extra interlayer shear modes
359 appear in the T4 phase, which helped identify the existence of
360 both Ty and 1T’ stacking orders in thin exfoliated MoTe,.””
361 Figure 2¢,d show the 1T’ and Ty spectra, respectively, where
362 open triangles (circles) indicate interlayer shear (breathing)
363 modes and the solid triangles highlight the extra modes in the
364 T4 phase.”” Beyond the stacking order, the evolution of shear
36s modes with layer thickness has been shown to be an indicator
366 of layer number in TMDs,"*~®" which can also be seen in the
367 different MoTe, thicknesses in Figure 2c,d. Furthermore,
368 twisted moiré superlattices can host folded acoustic phonon
369 modes, deemed “moiré phonons”, that can be resolved by low
370 frequency Raman spectroscopy.”*~*® Comparing the calculated
371 dispersions with observed moiré phonons enables precise
372 determination of the twist angle, as well as identification of
373 regions of atomic reconstruction where low frequency shear
374 modes dominate and moiré modes are absent. Although low-
375 frequency Raman has emerged as a valuable means of probing
376 the stacking order, it should be noted that intralayer modes at
377 higher frequencies may also indicate the stacking order. For
378 instance, the stacking order dependence of G and G’ (2D)
379 modes of graphene have been used to distinguish ABA and
380 ABC stacking orders.’”® Furthermore, the AA’ and AB
381 stacking orders of MoS, could be distinguished by their
382 differing Raman and photoluminescence spectra,””’" and the
383 T4 phase of MoTe, shows splitting of peaks from intralayer
384 modes, compared to the 1T’ phase.”’

385 2.1.2. Second Harmonic Generation Spectroscopy.
386 Second harmonic generation (SHG) spectroscopy is an
387 additional optical tool that is a nondestructive probe of lattice
388 symmetry. When sufficiently high-power pulsed laser light is
389 incident on a crystal lacking inversion symmetry, the oscillating
390 electric field drives anharmonic oscillations of the electric
391 dipoles, which can radiate harmonics of the incident light

frequency.”' The strength of the SHG signal is determined by 392
the second order nonlinear susceptibility (y'*)), which can be 393
nonzero only for noncentrosymmetric materials, where the 394
breaking of inversion symmetry enables a net nonzero 39s
contribution from the dipoles in the lattice.”"”* This method 396
has been widely used to identify crystal symmetry in a vdW 397
intralayer and their phase transitions. For instance, gate- 398
dependent SHG measurements revealed a structural transition 399
in monolayer MoTe, driven by electrostatic doping, evidenced 400
by the intensity drop at the transition to a centrosymmetric 401
crystal structure.”® Additionally, separating the polarization 402
components of the SHG signal can help reveal the crystallo- 403
graphic orientation.””””> More importantly, different stacking 404
sequences lead to different lattice symmetries; hence, SHG can 40s
be a noninvasive sensitive probe. For instance, in graphene, the 406
trilayer shows a clear SHG signal, due to noncentrosymmetric 407
ABA stacking, compared to the centrosymmetric monolayer 408
and bilayer,”" which are compared in Figure 2e. The ABC 409
stacking sequence maintains inversion symmetry, enabling 410
mapping of ABA and ABC stacking domains. As seen in the 411
trilayer region on the left of the flake mapped in Figure 2f, the 412
transition from ABA to ABC domains results in a drop in SHG 413
intensity, as centrosymmetry is restored. A similar drop is seen 414
at the transition to the centrosymmetric bilayer region on the 415
right side of the flake.”* Layer dependence of the lattice 416
symmetry was explored with SHG in 2H-stacked MoS, and 417
BN as well, where noncentrosymmetric odd layers show a large 418
SHG signal, whereas inversion symmetric even layers show no 419
significant SHG signal.”” As SHG is an important tool to 420
characterize the stacking order of layered materials, it can help 421
elucidate stacking transitions driven by interlayer sliding, 422
particularly accompanying inversion symmetry changes and 423
therefore the observable SHG. For example, gate-dependent 424
SHG measurements revealed an electrically driven sliding 425
transition in few-layer WTe, from the T4 phase, where the 426
inversion asymmetric P, space group yields a large SHG 427
intensity, to the 1T" phase, where the centrosymmetric P2,/m 428

E https://doi.org/10.1021/acs.chemrev.3c00618

Chem. Rev. XXXX, XXX, XXX—XXX


https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.3c00618?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as

3

42
430
43
43
433
434
435
43
437
438
439
440
44
442
443
444
445
446
447
448
449
450
45
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
47
472
473
474
475
476
477
478
479
480
48
482
483
484
485
486
487
488
489
490
49

o

[~

(=)}

st

=

—

—

—

Chemical Reviews

pubs.acs.org/CR

REVIEY

space group disallows SHG."” Raman measurements showed
the preservation of high-frequency intralayer modes and a large
intensity reduction of the b-axis interlayer shear mode through
the transition, confirming interlayer sliding as the mechanism
of the T4 to 1T’ transition. SHG is also sensitive to magnetic
order, which can break inversion and time reversal
symmetry.”>’® Optical measurements, including Raman spec-
troscopy and SHG, often employed together, have emerged as
critical nondestructive sensitive tools to directly probe the
stacking and sliding orders.

2.1.3. Transmission Electron Microscopy. Purely optical
measurements, limited in spatial resolution by the diffraction
limit, often provide macroscopic information, such as vibra-
tional modes from Raman and overall lattice symmetry from
SHG. It is also vital to probe the underlying atomic structure of
layered materials to identify and distinguish between stacking
orders on the atomic scale. Transmission electron microscopy
(TEM) provides a means of directly imaging the atomic
structure of 2D materials with atomic scale spatial resolution.
For example, cross-sectional STEM was employed to reveal
interlayer sliding as the mechanism of an order—disorder phase
transition in lead iodides (PbL,).”” Figure 3a,c show high-angle
annular dark-field scanning TEM (HAADF-STEM) images
above versus below the transition temperature, and Figure 3b,d
show corresponding fits to the locations of Pb atoms compared
to red circles that denote their expected position in the 4H-
Pbl, phase, clearly showing the change in the stacking order
from interlayer sliding, whereas the intralayer atomic structure
remains the same.”” The stacking order may also be visualized
with TEM in plan view, normal to the surface, by directly
viewing the vertical alignment of atoms between layers, for
instance, to identify the stacking sequence in TMD.”"””
Atomic imaging provides a direct visualization of the stacking
order and is a vital element of 2D material characterization.
Recently, Hart et al®® employed cross-sectional HAADF-
STEM to directly image the debated stacking order of thin
MoTe, flakes. They found the stacking to be highly disordered,
including emergent stacking configurations alongside nano-
scale domains of Ty and 1T’ stacking, compared to the nicely
ordered T, stacking of WTe,. These findings reveal the rich
stacking phases of thin MoTe,, of great importance to
investigations of the quantum orderings in thin MoTe,, and
emphasize the importance of atomic imaging to fully
characterize the structural properties of emerging 2D materials.
Electron diffraction can serve as another probe of the atomic
structure, where the stacking order can modulate the intensity
of diffraction peaks.”*”* Additional examples of using cross-
sectional TEM to visualize the stacking order include the study
of yttrium doped y-InSe,** where they used TEM to directly
image the interlayer compression and layer-by-layer presliding,
the real-time observation of shear-stress-induced interlayer
sliding in MoS, nanoflakes,® and direct imaging of (anti)-
ferroelectric stacking domains in PVD synthesized SnSe.*®
Electron microscopy techniques, particularly STEM, which has
been extensively employed to image stacking orders, offer
atomic scale resolution; however, the substrate and instru-
mentation requirements can pose a challenge, inviting the need
for noninvasive atomic scale probes for quick characterization
of the stacking order with minimal substrate and instrument
requirements.

2.1.4. Atomic Force Microscopy Techniques. Techni-
ques based on atomic force microscopy (AFM) can provide a
noninvasive probe of the stacking order with nanoscale

resolution, beyond the reach of purely optical measurements
(e.g., Raman and SHG). Such techniques rely on obtaining a
measurement contrast between stacking orders, enabling the
identification of different stacking order and domain walls on
the nanoscale. Near-field infrared nanoscopy offers a non-
invasive probe with nanoscale resolution and has been
extensively employed to map stacking order domains and
identify domain walls in few-layer graphene.'®**~*° Based on
an AFM operating in tapping mode, infrared light is focused on
a conductive tip and the back scattered light is detected in the
far-field. The scattering amplitude is sensitive to the
optoelectronic properties of the sample, and thus stacking
domains with different optoelectronic properties may be
distinguished.”® For example, Jeong et al.”” mapped out AA’
and AB domains in bilayer graphene based on the scattering
amplitude contrast that arises from the differing intraband and
interband optical conductivities of the stacking orders, and
Jiang et al.””> mapped ABA and ABC domains in trilayer
graphene whose differing electronic band structures led to the
contrast in the near-field images. The topography data, shown
in Figure 3e, does not identify stacking domains, whereas the
near-field nanoscopy image, shown in Figure 3f, clearly
distinguishes stacking order domains and domain walls.

495

S13
S14

More recently, Shen et al®*’ demonstrated a means of sis

improving the IR contrast with excitation near graphene’s
1585 cm™ phonon frequency and applying a vertical electric
field that activates the otherwise IR-inactive mode. This
enhanced contrast enabled unambiguous determination
between ABA and ABC domains. Scattering-type scanning
near-field optical microscopy has proven to be a reliable
noninvasive probe of the stacking order in few-layer graphene,
offering spatial resolution much finer than Raman or SHG
probes. This technique has also been applied to reveal surface
plasmon polaritons in few-layer graphene dependent on the
stacking order (ABA vs ABC).®

Although near-field infrared nanoscopy can probe the
stacking order, it requires a more complex experiment platform
than conventional AFM, making it advantageous to find
contrast being stacking orders in a conventional AFM setup.
Wu et al.”' demonstrated the ability to distinguish ABA and
ABC stacking domains in few-layer graphene by tracking the
phase shift response in an AFM scan. The phase shift shows
clear contrast between ABA and ABC domains, originating
from their different energy dissipation in the interaction
between the tip and the sample, and domain walls are easily
identifiable, whereas the tomography data shows no height
difference. Figure 3g shows a representative AFM phase image
of trilayer graphene, showing the distinct domains, and Figure
3h shows the line profile for the dashed blue line in Figure 3g,
highlighting the phase contrast between domains. Further-
more, domain walls could be manipulated by using the tapping
of the tip to impart stress waves on domain walls, forcing them
toward the edge where the stored strain can be released.

2.2. Sliding Ferroelectricity That Arises from Polar
Stacking Orders

The discovery of ferroelectricity produced by particular polar
stacking orders, either by natural growth or artificial stacking,
has inspired much recent interest in “sliding ferroelectricity”.
Unlike a conventional ferroelectric material, such as lead
zirconium titanate (PZT) whose spontaneous polarization
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In,Se;, sliding ferroelectricity in 2D materials is caused

https://doi.org/10.1021/acs.chemrev.3c00618
Chem. Rev. XXXX, XXX, XXX—XXX

5§82


pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.3c00618?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as

Chemical Reviews

H stacking R stacking (MX) R stacking (XM)
o 9 S -
M - ) 9
e R RS S
OAO’AO v v o 9O
orlo
Q 9 o p P P o P P
j. 8.8 D.S.0 1 d 3 3
) ‘VI—P T+P
o p P f oo PP
] q < ] g q &
v o o v o v b

pubs.acs.org/CR Review
(¢
9 degrees
>
3
g2
= T
(= =
g 3
— (]
o
s
-10

Figure 4. Polar stacking and PFM mapping of ferroelectric domains. (a—c) Nonpolar H-stacking (a) and polar R-stacking (b, c) of TMDs. (d, e)
PFM amplitude (d) and phase (e) mapping of ferroelectric domains in twisted bilayer MoSe,. Reproduced with permission from ref 20. Copyright

2022 Springer Nature.

a b

%

200

100

Gy (1S)

AAr

Intermediate state

State Il

SHG intensity (a.u.)

E, (Vnm™)

o
(¢

100 -
——0.35Vnm

—-04Vnm™'
75

-100

01 0 01 o

50 -

25 -

Raman intensity (a.u.)
(2]
o
o

(‘'n"e) Aysusjul uewey

0F

8 9

L L . L . Jo
10 11 160 180 200 220

Vy/dy, (V nm™)

Raman shift (cm™)

Translation Path

Figure 5. Early demonstrations of sliding ferroelectricity. (a) Ferroelectric switching of T4-WTe, polarization by varying the out-of-plane electric
field, shown by measured conductance of overlaid graphene. Reproduced with permission from ref 18. Copyright 2018 Springer Nature. (b, c)
Proposed sliding ferroelectricity model via interlayer charge transfer induced by inequivalence between the layers (b) and computed ferroelectric
switching pathway (c) to explain observations in (a). Reprinted with permission from ref 34. Copyright 2018 American Chemical Society. (d, e)
Electrically driven sliding transition between polarization states of T4-WTe,, identified by butterfly shaped hysteresis in SHG intensity (d) and
preservation of both low and high frequency Raman modes (e). Reproduced with permission from ref 113. Copyright 2020 Springer Nature.

ss3 by the interlayer polarization. The stacking order must break
ss4 M, mirror symmetry and inversion symmetry to allow for a net
sss polarity, switchable by an interlayer translation. The weak
ss6 interlayer vdW forces enable a low switching barrier, making
ss7 sliding ferroelectrics an exciting platform to realize multi-
sss ferroics and create practical devices for low energy electronics,
sso such as nonvolatile random-access memory.**”® Here we
seo discuss the nature of sliding ferroelectricity, theoretical
s61 understandings and experimental demonstrations.

s62  2.2.1. Sliding Ferroelectricity in Natural and Artificial
s63 Stacking Orders. Sliding ferroelectricity can exist naturally in
s64 noncentrosymmetric stacking configurations, such as Tg-
s6s WTe,'®'"? and rhombohedral stacked (R-stacked) TMDs.”’
s66 Moreover, artificial stacking provides the opportunity to create
s67 ferroelectricity on-demand by constructing a noncentrosym-
s6s metric stacking conﬁguration.‘%’98 For example, when
seo artificially stacking 1H phase TMD monolayers in an R-
s70 stacking sequences, it creates a noncentrosymmetric stacking
571 order that can exhibit ferroelectricity”® and slightly twisted R-

stacked bilayers to generate a moiré superlattice of ferroelectric
domains. Figure 4a—c schematically shows the nonpolar H-
stacking (a) and polar R-stacking (b,c) orders of TMDs, where
the R-stacking breaks centrosymmetry.”’ In either case
(natural or artificial stacking), ferroelectricity can be verified
through piezo force microscopy (PFM), where ferroelectric
domains can be spatially mapped with nanoscale resolution. An
oscillating electric field is applied at the scanning tip, and the
resulting mechanical response from deformation of the sample,
due to piezoelectric or flexoelectric effects, is measured.””**”” sg1
For example, Figure 4d,e shows vertical PFM mapping of ss2
ferroelectric domains in twisted bilayer MoSe,.”” Furthermore, ss3
the phase of the piezoresponse can reveal the directionality of ss4
the polarization and piezoelectric/flexoelectric coeflicients can sss
be determined.'®~'%* For instance, the drastic contrast in the
piezoelectric coeflicients between even and odd layers of MoS,
shows the need for noncentrosymmetry to host ferroelectric
properties.'”> Lateral PFM may also be used to map in-plane
ferroelectric domains, such as in the recently synthesized
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97. Copyright 2022 Springer Nature.

so1 ferroelectric stacking order of SnSe,*® as well as to probe the
592 response of domain walls.””'*® The surface electric potential
593 can also be mapped with an atomic force microscope (AFM)
s94 operated in Kelvin probe mode (KPFM), which measures the
595 difference in work functions between the surface and tip,103
596 also enabling the spatial mapping of ferroelectric domains.'**
s97  2.2.2. Theoretical Understanding. The natural existence
so8 of sliding ferroelectricity in noncentrosymmetric stacking
s99 orders and ability to create artificial stacking orders on-
600 demand yields a vast array of potential 2D ferroelectrics. 2D
601 ferroelectricity was first observed in WTe,.'® As depicted in
602 Figure Sa, the vertical polarization, probed by conductance
603 measurements using graphene as an electric field sensor, shows
604 clear ferroelectric switching and hysteretic behavior as the
60s vertical electric field is swept.'® The hysteresis path and width
606 could be modified by carrier doping. In response to this
607 discovery, through DFT calculations and computing ferro-
608 electric switching pathways, the polarization switching has
609 been attributed to uncompensated charge transfer between Te
610 atoms,”" arising from the centrosymmetry breaking that yields
611 an inequivalence between the layers. Figure Sb,c shows the
612 inequivalence between Te atoms in different layers (b), and

—

=

—

613 computed ferroelectric switching pathway (c)3* Many studies
614 have now applied first-principles calculations with density
615 functional theory (DFT), and calculated ferroelectric switching
616 pathways with the nudged-elastic-band (NEB)'* method, to

understand and/or predict the nature of the spontaneous and 617
switchable polarization in several 2D materials with appro- 61s
priate stacking.>**>*”'%°~"'> The generation of out-of-plane 619
electric dipoles is generally attributed to charge redistribution 620
in noncentrosymmetric van der Waals materials, through 621
interlayer charge transfer’**° or orbital distortion,'”'"" that 62
results in a net polarization. Although a powerful means of 623
theoretically exploring and predicting the switching barrier for 624
sliding ferroelectrics, the inherently small switching barrier, 625
often on the order of 1—10 meV/u.c,”™” is quite small 626
compared to the typical accuracy of DFT calculations (~1 627
kcal/mol) employed by ab initio NEB calculations. Exper- 628
imental studies are therefore imperative to directly probe the 629
sliding process and switching barrier. As will be seen in the 630
following section, experimental studies of sliding ferroelec- 631
tricity are often combined with theoretical modeling to obtain 632
a complete understanding of the sliding process and the 633
switching barriers. 634

2.2.3. Experimental Realizations. Since the onset of 635
sliding ferroelectricity, experimental demonstrations have been 636
greatly expanded. After the first identification of sliding 637
ferroelectricity in few-layer WTe,,'"? researchers employed 638
electrostatic hole doping to trigger the 1T’ to Ty stacking 639
transition, through interlayer sliding. The same interlayer 640
sliding mechanism was found to enable sliding ferroelectricity 641
between the up and down polarization states of the T4 phase, 642
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643 related by an interlayer translation. Vertical electric field
644 dependent SHG measurements reveal the hysteretic behavior
645 indicative of the transition between polarization states, shown
646 in Figure Sd. The ferroelectric switching is observed in both
647 even and odd layer numbers, but the SHG modulation depth is
648 much higher in odd layers because their 1T phase, a possible
640 intermediate state in the sliding, is centrosymmetric,
6s0 disallowing SHG. The up and down polarization states of
6s1 the T4 phase show identical Raman spectra, maintaining low
6s2 and high frequency modes, which are shown in Figure Se, and
6s3 identical SHG polarization patterns, further indicating the
654 switching is merely from interlayer sliding to a degenerate
6ss crystalline structure simply with opposite polarization.
6s6 Electrical control of ferroelectric domains in WTe, was also
6s7 demonstrated through PFM scanning before and after applying
6ss switching bias pulses.'”’

659 In addition to WTe,, sliding ferroelectricity has been
660 observed in BN bilayers, both in parallel stacking and with
661 an interlayer twist that %enerates a moiré superlattice of
662 polarization domains.'”*""™""* The polarization could be
663 switched electrically via dual-gate devices or scanning a biased
664 tip in KPFM measurements. "> Sliding ferroelectricity has
665 also been demonstrated in rhombohedral-stacked TMDs,
666 including MoS,, WS,, MoSe,, and WSe,,”’ where the
667 noncentrosymmetric stacking order was produced by stacking
668 monolayers in parallel with the tear-and-stack method and the
669 polarization state could be switched with an electric field.
670 Control of the stacking order through interlayer sliding driven
671 by carrier doping and electric field has also been demonstrated
672 in few-layer graphene.lls

673 Sliding ferroelectricity in other multilayer structures, and
674 even across layers, has attracted recent attention due to the
675 possibility of generating multiple stable stacking orders.
676 Multilayer MoS, in dual-gate field-effect transistors shows
677 multiple stable polarization states in trilayer and four-layer
678 devices,”” evidenced by nonmonotonic changes in the drain
679 current, as opposed to monotonic stepwise changes indicative
680 of in-plane domain boundary movement. The multiple
681 polarization states are shown in Figure 6 a—c for different
682 layer numbers, where the hollow triangles denote the
683 anomalous intermediate polarization states.”” Repeatability
684 across several multilayer devices and the lack of the extra states
685 in the bilayer device ruled out simple in-plane domain
686 boundary movement. Through an exhaustive theoretical
687 analysis of the three possible sliding pathways ((1) single
6ss layer sliding, (2) nonadjacent layers sliding in opposite
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directions, and (3) adjacent layers sliding in opposite 689
directions), they find single layer sliding (path 1), where 69
individual layers slide one at a time, to clearly be energetically 601
favorable and enable stable intermediate polarization states. 692
Figure 6d shows schematically the three sliding pathways for 693
the trilayer during ramping of the vertical electric field, and 694
Figure Ge shows the total energy profiles for the different 6os
pathways in different layer devices. The energy profiles for all 696
three pathways are shown for the trilayer, showing the much 697
lower barrier for path 1 and the stable intermediate state 698
residing between energy barriers, suggesting thermodynamic 699
stability and consistent with the observed multiple polarization 700
states in multilayer devices. 701

Layer by layer sliding offers an exciting platform to access 702
several stable states of a device. Additionally, control of domain 703
walls and access to multiple polarization states has been 704
demonstrated in multilayer MoS, and WSe, through a gate 70s
bias that modulates the carrier density and displacement 706
field."'” Another interesting possibility of sliding ferroelec- 707
tricity in multilayer structures is across layer sliding when 708
symmetry forbids direct sliding between adjacent layers. For 709
instance, sliding between next-neighbor layers in graphene 710
bilayer intercalated BN was suggested to explain recent 711
observations of unconventional ferroelectricity,' *~'* where 712
symmetry forbids sliding within the graphene bilayer. Figure 7a 713 ¢
shows the observed ferroelectric switching in a device with the 714
top and bottom graphene rotated by ~30°,""* and Figure 7b,c 715
shows the across-layer sliding model (b) and proposed 716

switching pathway (c).'*’ 717

—

2.3. Engineering Approaches To Control Sliding Orders

In vdW materials, the energy barriers for different types of 718
transitions can vastly affect their controllability and applica- 719
tions. For example, lattice reconstruction within an intralayer 720
during a phase transition often involves overcoming significant 721
energy barriers. This can make it challenging to control these 722
transitions for practical applications. On the other hand, the 723
energy barrier for interlayer sliding transitions, which govern 724
the stacking sequence of the layers, is typically much lower— 725
on the order of approximately 1—10 meV/u.c.”*> This low 726
energy requirement potentially allows for easier control over 727
the stacking sequences, offering a viable route for tuning the 728
material’s electronic, optical, and mechanical properties. 729

2.3.1. Ultrafast and Light-Driven Stacking Order 730
Transitions. Leveraging light-driven and ultrafast pumping 731
techniques presents a compelling approach for manipulating 732
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electron diffraction (a) and ultrafast modulation of Bragg peak intensities (b) through driving of the 0.24-THz shear phonon mode of WTe,,
showing the coherent terahertz driven stacking order modulation on ultrafast time scales through interlayer shear sliding. Reproduced with
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WTe,. Reproduced with permission from ref 125. Copyright 2021 Wiley-VCH GmbH. (d) Cross-sectional TEM snapshots of shear-strain-induced
interlayer sliding of MoS,. Reprinted with permission from ref 85. Copyright 2015 American Chemical Society. (e) Raman spectra of Crl; before
and after application of hydrostatic pressure. The shift in Raman peaks indicates the pressure induced stacking order transition from rhombohedral
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the stacking order in van der Waals (vdW) materials,
particularly given this noninvasive method offers critical
information about switching speed, mechanism, and thermo-
dynamics. Such control could also benefit diverse applications
ranging from tunable electronic and photonic devices to
adaptive sensors and spintronic applications. For example, the
dynamic control of the sliding order of WTe, through ultrafast
terahertz femtosecond pulse pump and electron diffraction
probe has been demonstrated.” They suggest that the
terahertz pump induces transient hole doping that weakens
the interlaying coupling and triggers a shear phonon that drives
the interlayer sliding, observed through the intensity
modulation of Bragg peaks from relativistic electron diffraction
measurements. The shear phonon drives the stacking order
from the T4 phase toward the 1T’ phase and is centered on a
new interlayer equilibrium position. Identified Bragg peaks for
WTe, are shown in Figure 8a, and their ultrafast intensity
modulation by terahertz pumping is shown in Figure 8b.*”
Driving of the T4 to 1T’ transition via hole doping directly was
later demonstrated."” Similar ultrafast modulation of Bragg
peaks under optical femtosecond pulse excitation has been
demonstrated, where the same shear phonon mode was
identified.”” They concluded that there are two decoupled
processes, including the shear phonon mode observed in ref 82
and a structural transition to a metastable state, also through
interlayer sliding. The structural transition to the metastable
state occurs over ~5 ps. The decoupling is evidenced by
samples of varying thicknesses having similar phase transition
time constants (~S ps), as well as preservation of the phase
transition in defective samples where shear phonons are
suppressed. Similar light-driven ultrafast control of the sliding
order through triggering of an interlayer shear phonon has
been demonstrated in bulk T4-MoTe, with near-infrared
femtosecond pulses.'”’ The structural transition between the

T4 and 1T’ phase occurs on a subpicosecond time scale,
identified by the intensity of a shear phonon mode and time-
resolved SHG. Additionally, DFT calculations show the
potential to control the stacking sequence of MoS,, through
interlayer translation, on ultrafast time scales with infrared
pulses that coherently excite an interlayer shear mode.'”
Ultrafast pump—probe measurements can also elucidate
interlayer charge transfer, which, as evidenced by the
theoretical understanding of sliding ferroelectricity, is closely
tied to the sliding order. For instance, ultrafast pump—probe
measurements enabled clear observation of the dependence of
interlayer charge transfer on interlayer sliding and stretching in
MoS,/WS, bilayer heterostructures,””'*> where they selec-
tively excited A-excitons in the bottom MoS, layer and probed
A-exciton states in the upper WS, layer. Ultrafast control of the
sliding order offers an exciting avenue to modulate stacking-
dependent properties on ultrafast time scales, such as the
topological properties of WTe,.*”

2.3.2. Chemically Driven Sliding Order Transitions. In
addition to electrical and ultrafast control methods that do not
alter the underlying chemical composition, chemical means,
such as intercalation, can offer a mechanism of long-lasting
control of the stacking order. Intercalation of 2D materials,
where atoms, ions or molecules are inserted between the layers
of the material, effectively modifying the interactions between
those layers and hence affect stacking orders.'** For example,
through X-ray diffraction and complementary DFT calcu-
lations, researchers identified a Li intercalation-induced sliding
phase transition in WTe,, from Ty to the lithiated Ty’ phase.'*
Figure 8c shows a schematic of the structural changes induced
by the Li ion intercalation.'”® Other reports identified the same
lithiated T4'-WTe, phase126 and showed through Bader charge
analysis'*” and DFT calculations that charge doping from the
Li atoms to the Te atoms destabilizes the lattice and the
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Figure 9. Coupling between the sliding order and other electronic orders. (a) Monoclinic and rhombohedral stacking orders of Crlj, related by
interlayer translation. (b,c) MCD measurements before (b) and after (c) applying hydrostatic pressure, indicating stacking order transition, as the
rhombohedral (monoclinic) phase prefers ferromagnetic (antiferromagnetic) interlayer coupling. (a—c) Reproduced with permission from ref 131.
Copyright 2019 Springer Nature. (d) Magnetoelectric coupling predicted in VS,, where ferroelectric switching via interlayer sliding can change the
spin configuration of the antiferromagnetic ground state. Reprinted with permission from ref 109. Copyright 2020 the American Physical Society.
(e, f) Coupling of the sliding ferroelectricity and superconductivity in T4-MoTe, where the superconductive state, indicated by drops in the four-
probe resistance (R,,), could be switched on or off by applying a continuous (e) or pulsed (f) electric field. Reproduced with permission from ref

147. Copyright 2023 Springer Nature.

pathway to the lithiated T" phase becomes more energetically
favorable than to the lithiated T4 phase. The new lithiated T4’
phase features interlayer sliding, changing intralayer bond
lengths, and lattice expansion, compared to the T4 phase. The
anisotropic and large in-plane strain of the lithiated T’ phase,
tunable through the degree of (relatively low) Li intercalation,
enables planar electrochemical actuation.'””

2.3.3. Mechanically Driven Sliding Order Transition.
vdW materials are well-known for their exceptional mechanical
strength yet are very flexible. Therefore, mechanical means can
be another efficient approach to achieve dynamical control of
the stacking orders. For instance, in a cross-sectional TEM
study of interlayer sliding in MoS,, MoS, flakes were
electrostatically coupled to an oxidized tungsten probe,
enabling their nanoscale manipulation and shear-stress-induced
sliding.”> An example is shown in Figure 8d, where the probe
pulls the MoS, flake to the left and the top layer is held in place
and slid off by the induced shear-strain. The zero normal load
shear strength of MoS, could be determined by measuring the
applied shear force with a nanoindenter force sensor.
Mechanically driven translation and rotation between flakes
can also be achieved by AFM tip manipulation, such as in
MoS,/graphite, MoS,/h-BN and graphene/h-BN heterostruc-
tures where epitaxial domains were slid on the substrate by an
AFM tip."”*7"*° This technique probes the lateral force
necessary for sliding, enabling identification of superlibridity
in large-lattice-mismatch heterostructures.'”® Similarly, AFM
tip manipulation has been employed to manipulate stacking

domain walls in few-layer graphene, both in contact mode with
a blunted tip,** and in tapping mode by imparting stress waves
through tapping of tip that force domain walls to move toward
the edge.”’ In addition to shear-stress-induced sliding and
stacking domain manipulation with local probes, hydrostatic
pressure-driven control of the stacking order has been
demonstrated in Crl;, where the stacking transition from
rhombohedral to monoclinic, related through an interlayer
translation, could be identified through Raman indicators and
the corresponding magnetic ground state.”"'** Figure 8e
shows the shift of Raman peaks indicative of the stacking order
transition, due to hydrostatic pressure that enhances the
energetic favorability of the monoclinic phase.'*” The ability to
dynamically control the stacking order, often through
interlayer sliding, is a critical step to accessing the different
stable states and physical properties of different stacking
orders, enabling the tuning of properties and realization of
practical devices. Electrical control mechanisms, ultrafast and
light driven techniques, chemical platforms, and even direct
mechanical control, offer demonstrated and exciting means of
achieving dynamical control of the stacking orders and their
associated properties.

2.4. Sliding Orders Coupled with Other Quantum
Properties

The ability to manipulate stacking orders through interlayer
sliding, as discussed in the previous section, opens new avenues
for tuning other critical properties of 2D materials that are
closely linked to stacking configurations. Specifically, for
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quantum phenomena like magnetism and superconductivity,
which are highly dependent on interlayer coupling, stacking
order transitions are anticipated to exert a substantial influence.
This potent coupling between stacking orders and other
material properties presents a promising pathway for the
development of practical multiferroic materials.

2.4.1. Sliding Orders Coupled with Magnetism. An
important avenue is control of magnetic ordering through the
stacking order, such as for nonvolatile electric field control or
mechanical/strain control of magnetism. For instance,
reports'*"'*? demonstrated mechanical control of the
magnetic ground state of thin Crl; by means of hydrostatic
pressure that induces a monoclinic-to-rhombohedral stacking-
order transition, where the two are related by an interlayer
translation. Figure 9a shows the two stacking orders and their
relation via interlayer translation. The monoclinic phase prefers
antiferromagnetic interlayer coupling, whereas the rhombohe-
dral phase prefers ferromagnetic coupling, clearly seen by the
change in hysteresis shape in magnetic circular dichroism
(MCD) hysteresis magnetic field sweeps and in agreement
with theoretical understandin%s of the interlayer coupling of
the different stacking orders. 337135 Figure 9b,c shows the
hysteresis curves before and after application of hydrostatic
pressure, clearly showing the chan%e from antiferromagnetic to
ferromagnetic interlayer coupling.”" Artificially stacking Crl,
monolayers stacked at 180° from each other has also been
predicted to change the magnetic ground states of the stacking
orders."*® In addition to the extensive studies of Crl; and
experimental demonstrations, several theoretical predictions
have been made for the stacking order control of magnetism in
other 2D materials. Coupling between sliding ferroelectricity
and antiferromagnetism has been predicted in VS,, where
switching of the ferroelectric slide via interlayer sliding also
switches the spin configuration of the in-plane interlayer
antiferromagnetic state,'” as shown schematically in Figure
9d. Tuning of the magnetic phase through interlayer sliding
has also been predicted in MnBi,Te,, where ferroelectricity
and antiferromagnetism where shown to coexist in the 2H-
stacking (180° rotated bilayer) configuration.''® Tuning of the
magnetic phase through interlayer sliding and tmagnetoelectric
coupling has also been theoretically explored in MnSe
multilayers, where ref.''> predicts switchable magnetic mo-
ments, and MnTe,/ZrS, heterostructures, where ref."*’
predicts the switching of various topological spin textures.
Along with practical device applications, such as nonvolatile
electric field control of magnetism, control of the coupling
between electric and magnetic orderings, generating new type
of multiferroics is a promising route to explore exciting physics,
such as stron§ magnon-phonon coupling for magnonic
topology,"**~'*" reconfigurable quantum simulatio, "' ~'**
and exotic orderings requiring magnetic or electric dipole—
dipole interactions, including the dipolar Hubbard
mode] 10%144-146

2.4.2. Sliding Orders Coupled with Superconductiv-
ity. In addition to the coupling between ferroelectric stacking
order and magnetism, recent studies have explored the
coupling of the ferroelectric stacking order and super-
conductivity, enabling another important 2D material property
tunable by the stacking order. Such van der Waals
heterostructure platform offers an exciting means of electrical
control of 2D superconductivity and the potential to control
electronic states in Josephson junction geometries.”w’148 For
instance, the simultaneous existence of ferroelectric switching,

attributed to interlayer slidinig, and superconductivity was
shown in bilayer T;-MoTe,.'"” The superconducting state,
observed by sudden drops in the four-probe resistance (R,,),
was found to be closely tied to the internal electric field and
could be turned on or off during ferroelectric switching if the
threshold of the field-driven superconducting transition is close
enough to be breached by the ferroelectric switch,'*” as can be
seen in Figure 9ef. Based on the observed need of both
electron and hole pockets for superconductivity, the authors
propose that an interband pairing interaction involving nearly
nested electron and hole Fermi pockets could be responsible
for the polarization-dependent superconductivity. Electrical
control of superconductivity has also been demonstrated in
magic-angle twisted bilayer1 %raphene (tBLG) sandwiched

925

928

932

between aligned BN layers, ** where similar switching off 933

and on of the superconducting state due to an external field is
observed, showing great promise for control of electronic states
in “magic-angle” tBLG based Josephson junction configura-
tions.' " ~'>* Although a ferroelectric polarization of the magic-
angle tBLG intercalated BN may be important for the observed
bistability,"'*~"*>'** the origin of the gate hysteresis and the
pairing mechanism coupling the superconductivity and ferro-
electric switching remains unclear, requiring further inves-
tigations, and may likely be completely different from the
mechanism proposed for bilayer T4-MoTe,. Ferroelectric
switching has previously been observed in bilayer graphene
sandwiched between BN layers, where the origin of the
terroelectricity is debated, possibly combining sliding ferroe-
lectricity across layers and interlayer charge transfer driven by
electron correlations."'*~"2%'*%

Overall, the sliding order has emerged as an exciting
platform to realize different stacking configurations of layered
2D materials. Direct probes of the crystal structure, and
sensitive measurements of stacking-dependent properties,
allow for complete characterization of the sliding order and
stacking configuration. Furthermore, dynamical control of the
sliding order has now been demonstrated in many systems,
enabling the tuning of exciting material properties, particularly
sliding ferroelectricity. The tuning of important properties
through the sliding order paves the way to understanding and
harnessing the coupling of different electronic orders, such as
ferroelectricity, magnetism, and superconductivity.

3. STACKING ORDER ENGINEERING ENABLED BY
INTERLAYER TWIST

The discovery of superconductivity and correlated insulating
states in magic-angle twisted bilayer graphene (tBLG) in
2018”"%* led to a wide range of exploration of 2D moiré
materials based on graphene, hexagonal boron nitride and
various transition-metal dichalcogenides. This emergent
research frontier, denoted as twistronics, suggests that a
small-angle interlayer twist in vdW bilayer systems can form
moiré superlattices with periodic stacking registry.>”">* Such
nanometer-scale periodic potentials can suppress electron
hopping, induce flat bands with electron density of states
anomalies and enable many strongly correlated phases,
including 2D Mott insulator, Wigner crystal, and 1D Luttinger
liquid.">>~"** Due to the attainable rich correlated phases, the
twisted heterostructures are proposed to be simple yet
powerful quantum simulators to interrogate the vast complex
correlated Hamiltonian.">” In this section, we will introduce
the basics of moiré superlattices and the fabrication methods
and then review the emergent research trends including large-
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Figure 10. Fabrication of moiré superlattices. (a) Schematics of tear and stack method for twisted homobilayer fabrication. (b) Schematics of large-
scale bilayer graphene growth with on-demand twist angles. A piece of single-crystal Cu foil was cut into two pieces with parallel edges (marked in
red and violet). These two sections were then aligned with a rotation angle a between the marked edges. Following this, graphene was grown
epitaxially between the two neighboring Cu(111) surfaces using the chemical vapor deposition (CVD) technique. Bilayer graphene with the same
twist angle & was produced by raising the temperature of the copper and then isolated after removing the copper through etching. (b) Reproduced
with permission from ref 162. Copyright 2022 Springer Nature. (c) Heterosite nucleation strategy for growing tBLG. It represents the schematics of
heterosite nucleation growth of tBLG on a Cu substrate. By controllable gas-flow perturbation, the nucleation site of the second layer graphene
(red) is different from that of the first layer (blue), allowing for different crystalline orientation growth determined by distinct surrounding
environment. (d) Optical images of as-grown tBLGs with different twist angles. The scale bar is 10 ym. Reproduced with permission from ref 163.

Copyright 2021 Springer Nature.

980 scale chemical synthesis, the new spin textures and charge
981 orderings in bilayer twisted structures and correlated
982 phenomena in multilayer moiré superlattices.

3.1. Moiré Geometry in Stacking Structures

983 A moiré superlattice arises when two slightly misaligned
984 periodic lattices are overlaid, leading to the emergence of a
98s new, larger periodic pattern which is distinctly different from
986 the individual parent lattices. The corresponding interlayer
987 coupling results in periodic moiré potentials across the twisted
988 structures. The periodicity of moiré potentials ay is
989 determined by the twist angle 6, the lattice constant mismatch
990 & between the two layers and the average lattice constant a. In
991 the limit of small € and 0, ay can be expressed as ay =

992 a/N @ + &°. Accordingly, there are two types of twisted
993 bilayer structures: a homobilayer built by the same monolayer
994 compound with zero 6 and a heterobilayer based on a different
99s monolayer compound with finite 8. For both cases, in the limit
996 ay; > a, the high- and low-energy physics set by the atomic
997 scale and moiré length scale, respectively, are well separated.
998 Therefore, electrons may be modeled as particles with an
999 effective band mass (m) of the underlying monolayers,
1000 traversing within a smooth periodic moiré potential.'®’ In
1001 this scenario, the electron—electron interaction U and the

and W =~

hopping term W can be estimated as U ~
1002 4neay

wi nx’ . S . :
- ® ——. Here ¢ is the effective dielectric constant, m¥* is

1003 2m, 2m, ayy
1004 the electron effective mass, and ay; is the moiré period. Strong
1005 correlation with U/W > 1 can be achieved by proper selection

of interlayer twist angle with the specific lattice constant ¢, the
electron effective mass m¥, and dielectric constant ¢.

3.2. Assembly of Moiré Materials

To enable on-demand strong electron correlation, the critical
prerequisite is to make high-quality on-demand twisted
structures. In the following, we will review the typical manual
exfoliation and transfer approaches to fabricate moiré super-
lattices and highlight the emerging chemical synthesis
methods.

3.2.1. Tear-and-Stack Method for Homobilayer Moiré
Superlattice. In homobilayers, the precise control of twist
angle in moiré superlattices is of great significance. To sidestep
the hurdle of determining exact crystal orientation in exfoliated
sheets, scientists usually work with a single exfoliated atomic
layer using the tear and stack approach®’~>" (Figure 10a). For
example, to make a twisted bilayer graphene, a single
monolayer graphene on SiO,/Si substrate is split into two
separate flakes, one of which is picked up by a polymer handle
with hBN membrane. Before using the same handle to pick up
the remaining graphene, the substrate is rotated at a small
angle controlled by a high-resolution goniometer stage. Finally,
the hBN/graphene superlattice heterostructure will be trans-
ferred to the targeted device. This technique enables an
accurate alignment of the twist angle up to 0.1°. While
straightforward, the desired twist angle often differs from the
targeted one due to various challenges like uneven stress,
polymer flow issues, stage precision, and lattice adjustments
upon assembly. Detailed discussion of fabrication reproduci-
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bility of a homobilayer moiré superlattice can be found in ref
161.

3.2.2. Polymer Assisted Dry Transfer Method for
Heterobilayer Moiré Superlattice. Moiré superlattices can
also form by overlaying two atomic layers from different
materials with a slight lattice mismatch. In crafting
heterobilayer moiré superlattices, a typical polymer-assisted
dry transfer method is used to stack two monolayers with
known crystal orientations. One approach to determine the
crystal orientations involves aligning the sharp edges of the two
distinct materials, which can be visualized by microscopic
optical imaging for certain types of 2D materials. This
leverages the natural tendency of crystals to fracture along
their crystallographic orientations. An alternative method
involves preidentifying the crystal axis directions using
noninvasive optical techniques, such as polarization-resolved
second-harmonic generation (SHG), suitable for noncentro-
symmetric materials. More details about this method are
discussed in section 3.3.1.

3.2.3. Chemical Synthesis of Moiré Superlattice.
Despite the great success, the manual exfoliation and transfer
method is time-consuming, low yield and typically at the
micrometer scale. On the other hand, chemical vapor
deposition (CVD) has proved to be a powerful technique to
grow monolayer or few-layer 2D materials with large areas and
good homogeneity. Direct growth of moiré superlattices is
appealing to enable high-throughput research and large-scale
applications. However, synthesis of twisted structures is
challenging due to the metastable nature of twisted orders
which results in relaxation back to energetically favorable
nontwisted structures during the high-temperature synthesis
process.'*"1%*71% In the conventional CVD growth, the
orientation of graphene during the growth is primarily
influenced by the environmental conditions near the
nucleation site, resulting in bilayer graphene originating from
the same nucleation center typically displaying either identical
orientations or a specific twist angle of 30° as their preferred
configuration.'®® To enrich the twist angles of the bilayer
graphene, recently, Sun et al.'®? reported a heterosite
nucleation strategy in CVD growth by introducing a gas-flow
perturbation between the nucleation of the first and second
graphene layers, which can change the location of the initiation
of the second layer’s nucleation compared to the first layer, i.e.,
heterosite nucleation (Figure 10c), and thus the local
environment change can result in the variety of the orientation
of the new layer. In their strategy, a sudden increase of H2 and
CH4 is introduced (Figure 10c) since they could supply more
active hydrogen and carbon species, thus promoting the
nucleation and growth of the second layer graphene. As shown
in Figure 10d, the straight edges of the hexagonal tBLG have
been utilized to determine the resulting 8 of the tBLG from
optical microscopy (OM). This unequivocally demonstrates
the successful growth of tBLGs with a diverse range of twist
angles. As the centers of hexagonal graphene domains
conventionally serve as the primary nucleation sites for these
layers, the distinct nonconcentric pattern observed in Figure
10d serves as compelling evidence confirming the heterosite
nucleation behavior of the second graphene layer. Moreover,
an enhanced fraction of tBLGs within bilayer graphene
domains, featuring twist angles ranging from 0° to 30°,
reached an impressive 88%, representing a significant improve-
ment compared to previously reported figures.'*”'®” The high
crystalline quality of these as-grown tBLGs was further

affirmed by the presence of well-defined moiré patterns in
high-resolution (HR) transmission electron microscopy
(TEM). However, this method lacks the on-demand control
of twist angles in the synthetic twisted structures due to the
randomness of the environment of the first and second
nucleation sites and the resulting crystalline growth orienta-
tion. To realize the arbitrary twist angle control, Liu et al.'*
successfully developed a method to control the angle with high

1096
1097
1098
1099
1100
1101
1102
1103

accuracy (<1.0°) in centimeter-scale TBG. The achievement of 1104

precise angle control is accomplished through a process
wherein the twist angle is faithfully replicated from two
prerotated single-crystal Cu(111) foils, forming a Cu/tTBG/
Cu sandwich structure. Subsequently, TBG is isolated using a
tailored equipotential surface etching process (see Figure 10b).
To elucidate the procedure further, a single-crystal Cu(111)
toil is divided into two segments with parallel edges. These two
pieces are then assembled with a rotational angle a positioned
between the marked edges. Subsequent to this, graphene is
epitaxially grown between the two adjacent Cu(111) surfaces
via the CVD method. Heating the Cu to an elevated
temperature yields bilayer graphene with a twist angle «,
which is eventually isolated following the removal of the Cu.
The precision and consistency of these twist angles are
unequivocally demonstrated through comprehensive character-
ization techniques, encompassing optical spectroscopy, elec-
tron microscopy, photoemission spectroscopy, and photo-
current spectroscopy. In addition to CVD, twist angles may be
generated between layers grown sequentially by molecular
beam epitaxy (MBE). Many studies have revealed moiré
patterns in MBE grown stacks, originating from lattice
mismatch and arbitrary rotation between layers.'*~'"* For
example, in a recent study, Khalil et al.'"*” grew WSe,/MoSe,
heterobilayers on top of a graphene substrate by MBE and
found coexistence of domains with arbitrary interlayer twist
angles up to 4°, leading to a flat band observed by angle-
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resolved photoemission spectroscopy. As with CVD, control of 1131

the interlayer twist during MBE growth of stacked layers would

greatly advance the scalability of moiré based heterostruc-
173

tures. -

3.3. Twist Angle and Moiré Pattern Characterization

One critical parameter in moiré superlattices is the twist angle.
It determines the moiré potential periodicity and interlayer
coupling strength, whose accuracy is critical to the resulting
electron correlation phase diagram in moiré superlattices.
Moreover, the fundamental understanding of the electronic
phases also requires the accurate information on the twist
angles for theoretical modeling. Thus, it is important to have
methods to precisely characterize the twist angle and guide the
fabrication of moiré superlattices. In section 2.1 we reviewed
various methods to probe the stacking order. Here we focus on
the twist angle and moiré pattern in twisted structures,
reviewing several typical characterization methods.

3.3.1. Optical Spectroscopy to Identify Twist Angles.
Second harmonic generation (SHG) is a nonlinear optical
process, sensitive to underlying crystal asymmetry.”” When two
layers of material are twisted against each other, the
interference of light at the two layers changes the SHG signal.
For example, Jin et al.'”> combined the polarization-dependent
second harmonic generation (SHG) to determine the twist
angle between WSe, and WS, flakes and use a dry-transfer
method with a polyethylene terephthalate (PET) stamp to
fabricate the WSe,/WS, heterostructure. As shown in Figure
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Figure 11. Twist angle and moiré pattern characterization. (a) Polarization-dependent SHG signal measured on the monolayer WSe, (green
circles) and WS, (yellow circles) regions of their twisted heterobilayer and the corresponding fittings (green and yellow curves), suggesting the
near-zero twist angle. Reproduced with permission from ref 175. Copyright 2019 Springer Nature. (b) Conductive AFM current map of twisted
trilayer graphene double-moiré superlattices and its FFT image. Reproduced with permission from ref 177. Copyright 2022 American Chemical
Society. (c) TEM dark-field images in twisted bilayer graphene showing the alternating contrast of AB/BA domains. Reproduced with permission

from ref 154. Copyright 2019 Springer Nature.

1157 11a, from the 6-fold SHG pattern, the crystal orientation of
1158 WSe, and WS, can be determined with an uncertainty of 0.3°.
1159 Additionally, as mentioned in section 2.1.1, low-frequency
1160 Raman spectroscopy may resolve folded acoustic phonon
1161 modes, known as moiré phonons, which have been shown to
1162 precisely determine the twist angle by comparing with
1163 calculated phonon dispersions.”*~*

1164 3.3.2. Conductive AFM To Map Stacking Domains
116s and Twist Angles. Conductive atomic force microscopy (c-
1166 AFM) can be used to study the twist angle and moiré patterns
1167 created by stacking two-dimensional metallic materials.' 777
1168 In c-AFM, a conductive tip scans across the surface of the
1169 sample under investigation. The electrical current passing
1170 through the tip and the sample is measured, creating a map of
1171 local conductance or resistance. This method can provide
1172 nanoscale resolution, ideal for studying the periodicity and
1173 geometry of moiré patterns (Figure 11b). The twist angle
1174 between layers in a moiré superlattice can be inferred from
1175 observed moiré pattern periodicity.

17 3.3.3. TEM Imaging of Moiré Superlattices. Trans-
1177 mission electron microscopy (TEM) is an invaluable technique
1178 for investigating the twist angle in moiré superlattices and for
1179 mapping out domain reconstructions.'>* In TEM, an electron
1180 beam is transmitted through an ultrathin sample. The
1181 electrons’ interactions with the sample generates an image
1182 revealing information about the atomic structure, crystallinity,
1183 and various other nanoscale features. High-resolution TEM
1184 (HRTEM) allows direct visualization of the atomic lattice and
1185 hence the superlattice periodicity. The moiré pattern observed
1186 in HRTEM images can be used to infer the twist angle.
1187 Furthermore, TEM can be used to map out domain
1188 reconstructions in the superlattice. This domain reconstruction
1189 is associated with metastability in the relaxation and
1190 reconstruction of the lattice structure, especially in hetero-
1101 structures with very small twist angles (6). For instance, a
1192 commensurate phase is seen in barely twisted bilayer graphene
1193 (0 < 0.5°), where the lattice undergoes reconstruction to
1194 create a triangular network of alternating AB and BA stacking
1195 domains (Figure 11c).

3.4. Novel Physical Properties in Twisted Stacking
Orderings 1196

Since the first discovery of the magic-angle twisted bilayer 1197
graphene and underlying strong electron correlation, tremen- 1198
dous efforts have been dedicated to twisted homobilayer and 1199
heterobilayer systems based on graphene and hexagonal 1200
transition metal dichalcogenides MX, (M = Mo, W; X = S, 1201
Se). Several exciting many-body quantum phenomena have 1202
been discovered, including strong correlations and super- 1203
conductivity in twisted bilayer graphene,**” moiré exci- 1204
tons,"’%'”?" charge ordering and Wigner crystallization in 120
transition-metal chalcogenide moiré structures.'>™"¥1%% 1306
These research examples have been nicely reviewed by refs 1207
160 and 181—183. Beyond the aforementioned material 1208
platforms, the study of twistronics has recently been rapidly 1209
expanded to a broader range of 2D materials such as 2D 1210
magnets, topological 2D materials and multilayer systems. The 1211
novel interplay between spin and charge orderings in these new 1212
moiré superlattices has resulted in exotic topological and 1213
correlated phenomena including nonlinear spin textures, 1214
Luttinger liquid, fractional Chern insulators and fractional 1215
quantum Hall effect. In addition, there is an enthralling avenue 1216
of research underway that centers on exploring chemical 1217
processes influenced by the moiré physics. In this section, we 1218
will review these exciting advances dedicated to investigating 1219
new physics in new material systems as well as moiré-related 1220
chemical phenomena. 1221

3.4.1. Noncollinear Spin Textures in Moiré Magnets. 1222
Noncollinear spin textures refers to magnetic configurations in 1223
which the orientations of individual magnetic moments do not 1224
lie uniformly along a singular axis. Noncollinear magnetism 1225
encompasses a range of unique magnetic phases, such as spiral 1226
magnetism, helical magnetism and skyrmions, which have 1227
technological potential for energy-efficient spintronic applica- 1228
tions."**~"%® Magnetic competition, where opposing forces for 1229
different spin alignments coexist, has been identified as a key 1230
mechanism to achieve noncollinear spin textures. In light of 1231
this aspect, moiré magnetism is becoming a key tool for 1232
shaping and managing noncollinear spin textures in twisted 1233
two-dimensional magnetic crystals, where interlayer magnetic 1234
exchange competition can be controlled by local moiré atomic 1235
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Figure 12. Moiré magnetism and noncollinear spin textures. (a) Schematics of a moiré superlattice structure of a small-twist-angle Crl, bilayer. R,
M and AA represent rhombohedral, monoclinic and AA stacking, respectively. (b) Illustration of a magnetic domain wall with noncollinear spin
textures formed between the R- and M-stacking regions. (a, b) Reproduced with permission from ref 194. Copyright 2022 Springer Nature. (c)
Scanning NV magnetometry magnetization map of twisted bilayer Crl; at 4 K. Nanoscale antiferromagnetic (AF) and ferromagnetic (FM) domains
are clearly resolved. Reproduced with permission from refs 193 and 195. Copyright 2023 Springer Nature and 2021 AAAS, respectively. (d) Out-
of-plane magnetic field BL dependent normalized MCD data at 10 K for 1.1° tDB, 2L and 4L Crl;. Black arrows indicate the spin flip transitions.

1236 registry. This vision was first theoretically investigated by
1237 several groups.'”” """ For instance, Hejazi et al.'®® presented a
1238 comprehensive theoretical framework using continuum field
1239 theory to study moiré patterns in two-dimensional vdW
1240 magnets.lw’188 Through this approach, they focused on
1241 twisted bilayers of Néel antiferromagnets on the honeycomb
1242 lattice and discovered a complex phase diagram with
1243 noncollinear spin textures that arise from spatial varied
1244 interlayer exchange interactions determined by underlying
124s moiré potentials and local stacking registry. These seminal
1246 works spur a broad interest for experimental investigations in
1247 the emergent spin textures in twisted vdW magnets.'”*™'"
1248 These studies focus on prototypical vdW magnet Crl; due to
1249 its stacking-dependent interlayer magnetism. Its magnetic
1250 ground state can transition from antiferromagnetic to
1251 ferromagnetic by altering the layer stacking from monoclinic
1252 to thombohedral.*""** Accordingly, a twisted bilayer Crl; can
1253 showcase both monoclinic and rhombohedral stacking regions,
1254 suggesting the simultaneous presence of antiferromagnetic
1255 (AF) and ferromagnetic (FM) domains (Figure 12a). Besides,
1256 at intersections between ferromagnetic and antiferromagnetic
1257 domains, spins are expected to adopt noncollinear config-
1258 urations, diverging from their typical parallel or antiparallel
1259 alignment (Figure 12b). Building upon this exciting rationale,
1260 Xie et al.'”” investigated engineering noncollinear spin textures
1261 in twisted double-bilayer (tDB) Crl.'”> Their research
1262 revealed optimal noncollinearity within specific twist angles.
1263 Minimal twist angles resulted in lattice alterations, favoring
1264 only monoclinic and rhombohedral stacking. In contrast, larger
1265 angles led to dominant ferromagnetic interactions, over-

shadowing intricate interlayer exchanges. Notably, at a near 1266
1° twist, spins canted in one layer, producing noncollinear spin 1267
textures between ferromagnetic and antiferromagnetic do- 1268
mains. These textures could be adjusted with moderate 1269
magnetic fields. Using reflective magnetic circular dichroism 1270
(MCD), they studied the magnetic properties of twisted 1271
double-bilayer Crl; heterostructures as a function of magnetic 1272
field. While they detected common steep spin-flip patterns 1273
linked to the antiferromagnetism in thin Crl; layers, a distinct 1274
slowly changing magnetization with increasing applied 1275
magnetic field was observed in a near 1° twist angle Crl; 1276
bilayer—bilayer stacking (Figure 12d). This behavior was 1277
attributed to shifts in the noncollinear spin textures via 1278
intralayer and interlayer magnetic domain wall motion. Beyond 1279
the micrometer-scale magneto-optical probing methods, 1280
scanning single NV center spin magnetometry has been 1281
applied to interrogate the finer domain structures in twisted 1282
Crl;.'”® With 50 nm spatial resolution, this technique used by 1283
Song et al'”® has directly visualized the coexistence of 1284
ferromagnetic and antiferromagnetic domains (Figure 12c). 1285
However, to directly observe the noncollinear spin textures and 1286
predicted skyrmion behaviors, atomic-resolution methods such 1287
as spin-polarized scanning tunneling microscopy may be 1288
employed and a systematic phase parameter space study is 1289
needed. On the other hand, researchers are investigating the 1290
device potential of such emergent moiré magnetism. Cheng et 1291
al."”? built a dual-gate device based on twisted bilayer—bilayer 1202
Crl; sandwiched by top and bottom h-BN flakes. They have 1293
observed the high electrical tunability of magnetic anisotropy 1294
and interlayer exchange in magnetic switching events. Note 1295

https://doi.org/10.1021/acs.chemrev.3c00618
Chem. Rev. XXXX, XXX, XXX—XXX


https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.3c00618?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as

f13

Chemical Reviews

pubs.acs.org/CR

REVIEY

o
o

0.6
0.4
0.2

E(eV)
o
o
<
]

-0.2 S—X

-0.4

-0.6
r

Monolayer WTe,
Side view

a‘\‘{:}\}"&\o\‘;’; B 10%F ' ' I Devi'ce no'. 1]

Top view e

0 ~5°
T=18K

R hard

Device no. 1

-10 -5 0 5 10
n, (1 0'2 cm?)

Figure 13. (a) Schematics of moiré pattern for two sheets of GeSe with rectangular unit cells stacked at a relative twist. (b) DFT band structure
calculation of twisted bilayer GeSe showing emerging flat bands at the edge of conduction and valence bands. (a, b) Reproduced with permission
from ref 176. Copyright 2020 Springer Nature. (c) (top) Crystal structure of monolayer WTe, with rectangular unit cell outlined by the dashed
line. (bottom) Moiré superlattice by W atoms only, showing periodic 1D strips (AA and AB stripes). (d) c-AFM image of the tWTe, moiré
structure showing periodic 1D strip patterns. (e) Doping dependent four-probe resistances measured for two orthogonal atomic plane directions at
1.8 K. The inset is an optical image of the corresponding tWTe, device. The dashed white (yellow) line outlines the top (bottom) monolayer
WTe,, and the red squares represent the contact regions. (c—e) Adapted with permission from ref 155. Copyright 2022 Springer Nature.

1296 that Crl; may not be an ideal material platform for device
1297 applications because of their fast degradation in ambient
1298 condition, although recently developed atomic-layer deposition
1299 methods show effective protection over years.'””'”” Never-
1300 theless, these works lay the foundation for future moiré
1301 magnetism device studies using other air-stable van der Waals
1302 magnets.

1303 3.4.2. Luttinger Liquid Phase in Rectangular Moiré
1304 Semimetals. The ability to engineer a certain moiré potential
1305 by the choice of the underlying lattice and the superlattice
1306 parameters can enable the study of intriguing phenomena that
1307 are challenging to realize experimentally but may be
1308 approached by a suitable moiré structure. A prime example
1309 is the Luttinger liquid (LL) model, which offers profound
1310 insights into 1D strongly correlated electronic systems.'”® Of
1311 particular interest is the expansion of this model to two
1312 dimensions, where coupled-wire models are predicted to host
1313 exotic quantum phenomena such as spin—charge separation,
1314 non-Fermi liquids, quantum Hall states, topological phases,
1315 and quantum spin liquids."””*°” Due to the difficulty in
1316 engineering a system of tightly packed 1D wires, a genuine
1317 experimental realization has been elusive. Recently, Kennes et
1318 al.'’® predicted that 1D moiré potentials can be found in
1319 twisted bilayer germanium selenide with rectangular unit cells
1320 (Figure 13a),"’® distinct from the 2D moiré potentials
1321 observed in rhombohedral twisted bilayers. Such highly
1322 anisotropic superlattice modulation can result in a flat band
1323 along one certain dimension (Figure 13b).

1324 Along this line, Wang et al.'>> demonstrated a 2D array of
1325 1D Luttinger liquids in a moiré superlattice made by twisted
1326 bilayer WTe, with rectangular unit cells.">> In the small angle
1327 twisted bilayer WTe, (tWTe,) moiré lattice, the Te layer forms
1328 a triangular superlattice, while the W layer displays 1D stripe
1329 patterns (Figure 13c), highlighting the inherent anisotropy of

the WTe, monolayer. In their study, such 1D stripes were 1330
visualized using conductive atomic force microscopy (Figure 1331
13d), and corresponding twist angles can be estimated using 1332
the observed distance d between adjacent stripes as d = a/ (2 1333
sin(6/2)) for small 6 values, with a being the rectangular unit 1334
cell length. Their study focuses on transport anisotropy 133s
analyses of two devices with respective angles of about 5° (d 1336
~ 7.2 nm) and 6° (d & 6.0 nm). Four-probe resistance (R,,, 1337
Ry.q and Reasy) is measured against gate-induced doping in 1338
devices at 1.8 K for two orthogonal atomic plane directions. In 1339
Figure 13e, Ry,q and R, show noticeable deviation when 1340
changing doping to the hole side. The resistance anisotropy 1341
ratio reaches an unusually high value near 1,000 in the hole- 1342
doped regime, which is far beyond the intrinsic resistivity 1343
anisotropy induced by the measurement geometry and the 1344
anisotropic crystal lattice. Further altering doping type or 134s
increasing temperature diminishes the anisotropy ratio to near 1346
one, implying the striking transport anisotropy is intrinsically 1347
tied to the formation of 1D Luttinger liquid ordering at the 1348
hole-doping regime. Besides the exceptionally large transport 1349
anisotropy and conductance power law analysis, the authors 1350
further conduct band structure modeling using a continuum 1351
model analysis method, which suggests that a set of distinctly 1352
anisotropic bands emerge only in the hole-doping regime. This 1353
study presents a novel gate-tunable platform using twisted 1354
WTe, stacks for future exploration of interconnected wire 1355
models with predicted exotic quantum phenomena like spin— 13s6
charge separation, quantum Hall states and quantum spin 1357
liquids.'”” =% 1358

3.4.3. Topological Phenomena in Moiré Super- 135
lattices. Moiré superlattices of layered materials are emerging 1360
platforms for various types of topological effects and unravel 1361
rich interplay physics between topology and electron 1362
correlation,””” "’ resulting from their highly tunable flat 1363
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Figure 14. Topological states in moiré superlattices with strong electron correlation. (a) Longitudinal resistivity p,, of an ABC-TLG/hBN moiré
superlattice Hall bar device, as a function of top gate voltage V, and bottom gate voltage V, at T = 1.5 K. A correlated Chern insulator state (C = 2)
is found at 1/4 filling of the hole minibands at large displacement field D. The inset shows the optical image of the device. Reproduced with
permission from ref 208. Copyright 2020 Springer Nature. (b) Gate-dependent Hall resistance of AB-stacked MoTe,/WSe, heterobilayer at 300
mK. The region of a QAH insulator state is outlined by the blue dashed circle. (c) B-field dependence of Hall resistance R,, of the QAH insulator
state at varying temperatures. Reproduced with permission from ref 210. Copyright 2021 Springer Nature. (d) Photoluminescence intensity plot as

a function of hole doping and photon energy in twisted bilayer MoTe,.

The trion photoluminescence intensity drop at specific filling factors v result

from the formation of correlated insulating states. (e) Magnetic field dependent RMCD signal at selected filling factors of twisted bilayer MoTe,,
indicating the formation of correlated ferromagnetic states. (f) (top) Optical Landau fan diagram of twisted bilayer MoTe, by spectrally integrating
PL intensity as a function of magnetic field and carrier density. (bottom) Wannier diagram with a C = —1 QAH state at v = —1 (black line), C =
—2/3 fractional QAH (FQAH) state at v = —2/3, and C = —3/5 FQAH state at v = —3/5 (blue lines). The consistency between the experimental
data and theoretical calculations suggests the observation of the integer and fractional QAH states. (d—f) Adapted with permission from ref 31.

Copyright 2023 Springer Nature.

1364 electronic bands, lattice geometry, and correlation effects. For
1365 instance, recently in samples of Bernal stacked-bilayer
1366 graphene/h-BN superlattices, the fractional Chern insulators
1367 have been seen in a very large magnetic field (30 T).”** Except
1368 for a heterostructure, in a magic-angle twisted BLG, eight FCI
1369 states have been seen at low magnetic fields (5 T).”*' Pierce et
1370 al.”** reported a series of incompressible states with
1371 unexpected Chern numbers, observable even at zero magnetic
1372 field, caused by a broken translation symmetry that doubles the
1373 moiré unit cell and divides each flavor band into two distinct
1374 bands in MATBG. In addition to the rich topological
1375 phenomena observed in MATBG, twisted monolayer—bilayer
1376 graphene (tMBG) has garnered interest due to its reduced
1377 crystal symmetry and the ability to modulate its bandwidth and
1378 topological properties through an external electric field. The
1379 anomalous Hall effect has been detected in correlated metallic
1380 states adjacent to most odd integer fillings of the flat
1381 conduction band. Furthermore, correlated Chern insulator
1382 states have been observed by applying an external magnetic
1383 field.***> Moreover, Chen et al.>°® observed a correlated Chern
1384 insulator state and ferromagnetic state in dual-gate device
1385 geometry (Figure 14a). By manipulating the vertical displace-
1386 ment field, they demonstrate that the magneto-transport
1387 properties in a moiré superlattice formed by ABC-TLG/hBN

exhibit contrasting behaviors for minibands characterized as
trivial (C = 0) versus those with a topological nature (C # 0).
Notably, a correlated Chern insulator exhibiting a quantum
anomalous Hall effect with C = 2 emerges when the
topological hole miniband reaches approximately one-quarter
filling. Such correlated Chern insulators break time-reversal
symmetry spontaneously, leading to pronounced ferromagnetic
hysteresis and an anomalous Hall resistance of approximately 8
k€ even at zero external magnetic field.

The requirement of an external magnetic field may hinder
the application of those topological phenomena into energy
efficient nanoelectronics. A well-known example bypassing this
limitation is the quantum anomalous Hall (QAH) state, which
displays an integer quantum Hall effect without any magnetic
field due to its inherent ferromagnetism. In 2D layered
materials systems, the integer quantum anomalous Hall
(QAH) state has been experimentally realized in both twisted
graphene and twisted transition metal dichalcogenide (TMD)
systems (Figure 14b,c).”%%*'%**%**> Eurther integrating with
strong interactions between electrons, fractional-QAH
(FQAH) states without magnetic fields can arise.”>¢7 %%
These states have the potential to support fractional
excitations, such as non-Abelian anyons, which are vital for
topological quantum computing. Despite the great potential,
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Figure 15. Mixing of moiré-surface and bulk states in twisted thin films. (a) Schematic of a graphite-BN heterostructure device with one of the
interfaces aligned. (b) Graphite conductivities o, and (c) 0,y as a function of the bottom gate induced carrier density ny, for aligned device and
nonaligned device at T = 0.24 K. (a—c) Reproduced with permission from ref 250. Copyright 2023 Springer Nature. (d) Schematic of a moiré
graphite thin film device including a top layer graphene on top of a thin graphite film (10 layers) with 0.84° twist angle. (e, f) Landau fan diagrams
acquired by sweeping V,, and V,,, respectively. Distinct from reference Bernal stacking graphite, the Landau fan diagrams in twisted graphene—
graphite differ substantially depending on which gate is swept, suggesting the moiré surface state can significantly affect the bulk graphite
magnetotransport. (g) Ilustration of the hybridization of moiré (top red part) and bulk graphite states (blue part) at high magnetic field by the
formation of a standing wave in the lowest Landau bands of graphite. (d—g) Adapted with permission from ref 238. Copyright 2023 Springer

Nature.

1412 experimental realization of the FQAH state remains a major
1413 challenge, as it requires a physical system with spontaneous
1414 symmetry breaking topology and electron correlation. Recent
1415 theoretical works propose that TMD moiré bilayers with a
1416 rhombohedral stack can support topological flat bands with
1417 contrasting Chern numbers across different spin/valley
1418 sectors.”>’ % Both integer and fractional QAH states are
1419 anticipated. Building upon these exciting inspirations, Cai et
1420 al.’" and Zeng et al.”” have experimentally demonstrated the
1421 predicted FQAH states at zero magnetic field in twisted
1422 MoTe, bilayers. In the former study, the authors first
1423 interrogated the photoluminescence (PL) intensity at T =
1424 1.6 K as a function of doping density and photon energy in
1425 dual-gate twisted MoTe, devices with a twist angle of ~3.7°.
1426 They found at filling factors v = —1 and —2/3 in the doping
1427 regime, there is a nontrivial PL intensity drop from the trion
1428 (charged exciton) emission and the PL peak blue shift (Figure
1429 14d). Under a magnetic field of about 1 T, a faint feature at v =
1430 —3/5 can be seen. The noticed decrease in PL intensity is a
1431 signature of the emergence of correlated insulating states
1432 which reduces available hole particles for trion creation.”**
1433 Through magnetic circular dichroism measurements, they
1434 further identified strong ferromagnetic states with these filling
1435 factors (Figure 14e). By using trion photoluminescence as a
1436 probe, the authors documented a Landau fan chart that
1437 displays linear alterations in carrier densities tied to the v =
1438 —2/3 and —3/5 ferromagnetic states under a magnetic field
1439 (Figure 14f). These alterations align with the Streda formula
1440 progression for FQAH states with fractionally quantized Hall
1441 conductance values of o,, = —2/3 é&/h and —3/5 é*/h.

Furthermore, the v = —1 state showcases a progression in line 1442
with a Chern number of —1, consistent with the anticipated 1443
QAH state. The topological states observed can be transitioned 1444
to topologically trivial states through electrical field control. 144s
The identified fractional quantum Hall (FQAH) states with 1446
filling fractions of —2/3 and —3/5 are anticipated to 1447
accommodate Abelian anyon excitations characterized by 1448
fractional statistics. The authors claim that there is potential 1449
to observe non-Abelian anyons in other fractional filling states 1450
with enhanced sample quality, which is foundational for 14s1
achieving topological quantum computation. Moreover, these 1452
studies offer a unique platform to explore various proposed 1453
concepts in FQAH states with unparalleled control using 1454
electric fields, doping levels, temperatures, and magnetic fields. 14ss

3.4.4. Novel Physical Properties in Multilayer Twist 14s6
Systems. So far, research on moiré superlattices is primarily 1457
focused on twisted bilayer structures. Recent exploration on 14s8
the formation of moiré flat bands in few-layer or even thin bulk 1459
vdW materials has unleashed fundamentally new effects.”*>~>** 140
One example is the discovery of a moiré quasicrystal.”* 1461
Quasicrystals are ordered yet aperiodic solid structures. A 1462
quasicrystalline pattern can continuously fill all available space, 1463
but it lacks translational symmetry. They are intriguing due to 1464
their ability to exhibit forbidden symmetries that are not found 1465
in standard periodic crystals. Advances in this field have led to 1466
many exciting theoretical predictions of new topological and 1467
superconducting phenomena.”**™**° However, deliberately 1468
creating quasicrystals is nontrivial, and now only a handful of 1469
examples have been demonstrated.”*”**® Thus, a versatile 1470
material system capable of on-demand engineering of 1471
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Figure 16. Moiré-assisted chemical processes. (a) Schematics of the electron transfer process in a MoS, moiré superlattice during hydrogen
evolution reaction (HER) activities. (b) Polarization curves of the MoS, nanoscroll with moiré superlattice, MoS, bilayer, Pt, and bare glassy
carbon electrodes. A lower overpotential (—153 mV) at —10 mA/cm? current density and a smaller Tafel slope than those in the pristine MoS,
bilayer, suggesting a better HER performance enabled by the moiré superlattice structure. (a, b) Reproduced with permission from ref 254.
Copyright 2019 American Chemical Society. (c) Near-field phase map of the twisted double trilayer graphene sample overlaid with precise
positions of water droplets (red) revealed by a concurrently captured topographic map. The alignment between these water droplets and specific
stacking domains indicates selective wetting governed by moiré patterns. Reproduced with permission from ref 255. Copyright 2023 American

Chemical Society.

quasiperiodic patterns could expedite experimental realization
of those novel theoretical concepts. Recently, Uri et al.**’
presented a novel, highly tunable quasicrystal made by twisted
trilayer graphene with two distinct twist angles. The three
incommensurate moiré lattices, defined by the pairs of layers i
and j, form a moiré quasicrystal with the quasi-periodicity
established at moiré lengths of several nanometers. To explore
its electronic property, the authors measured its four-terminal
resistance and found strong asymmetry in transport properties
with respect to the electric displacement field D — —D,
consistent with expected unequal twist angles. To verify the
realization of a moiré quasicrystal, the authors further
measured the longitudinal resistance as a function of the
total doping density and electric displacement field D. They
observed two resistive peaks at different total doping densities.
An insulating state with large longitudinal resistance can occur
when the moiré unit cell defined by any pair of two adjacent
layers holds four electrons to fully occupy the electron bands.
The observed two insulating states directly confirm the
formation of a moiré quasicrystal from two incommensurate
moire unit cells. Along this line, they interrogated the
correlation physics in this new system. They observed
superconductivity (T, &~ 0.4 K) adjacent to a flavor-
symmetry-breaking phase transition, hinting at the significant
role electronic interactions play in this region. Although the
exact origin of the prominent presence of interaction
phenomena is unclear, this study ushers in a new family of
interacting quasicrystals with large tunability, which is not
attainable by conventional metallic-alloy quasicrystals.*******>°

Another triumph is the discovery of mixing of the moiré-
surface and bulk states in graphite.””’ The findings challenge
the common assumption that a moiré pattern, constrained to a
singular two-dimensional interface, is unable to significantly
alter the characteristics of a three-dimensional bulk crystal. In
this report, the researchers investigate electronic states in thin
graphite film sandwiched by hexagonal boron nitride with an

aligned configuration (Figure 15a). The presence of moiré
superlattice potential at the graphite/BN interface can
surprisingly alter the electronic properties of the entire bulk
graphite thin film. In this study, the authors constructed hBN/
graphite/hBN heterostructures by positioning thin graphite
films (~5—10 nm in thickness) on an hBN substrate and
encapsulating this configuration with an additional hBN
crystal. They found that devices with a nonaligned interface
show a nearly featureless carrier-density dependence of
longitudinal o¢,,(n) and transverse ny(n) conductivities in
small B. While for the aligned graphite interface, oxy(n) shows
multiple zero crossings that are accompanied by peaks in
0,.(n) (Figure 15b,c). This suggests that a moiré superlattice
at the interface of graphite markedly modifies its surface states,
resulting in an entirely different transport observed between
aligned and nonaligned devices. Combined with band structure
calculations of Fermi-surface projections, the distinct behavior
is explained by the recurrence of electrostatically induced
surface states occupied by electron- or hole-like charge carriers,
which dominates the bulk transport in the semimetallic
graphite systems. More strikingly, the difference becomes
more pronounced with a high magnetic field (>10 T) and
cryogenic temperature down to 30 mK. In aligned structures
with a moiré superlattice, they observed the development of
Hofstadter’s butterfly, the fractal quantum Hall effect, not just
in the near-surface 2D states but across the entire graphite film
by gating either the bottom (nonaligned) or top (aligned)
moiré interface. The mixing of interfacial moiré bands and bulk
electronic states is understood by two factors: the electronic
system reducing from a 3D semimetal to 1D Landau bands in a
strong magnetic field, and the subsequent formation of
standing waves in these bands due to the finite thickness of
graphite films which connect and mix the moiré interfaces and
bulk electronic states (Figure 15g). This striking mixing of
moire-surface and bulk states is not alone; instead, it is
expected to be universally present in semimetallic layered
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Figure 17. Transistors based on sliding ferroelectric y-InSe. (a) Illustration of a device structure of a sliding ferroelectric channel transistor
(SFeCT). (b, c) Transfer characteristics of the device modulated by the top gate and back gate, separately. (d) Schottky barrier change calculated
according to (b) and (c). (e, f) Band diagram of SFeCT in two polarization states: (e) up and (f) down. (a—f) Adapted with permission from ref

257. Copyright 2023 American Chemical Society.

1544 material systems. Similar phenomena have also been observed
1545 in another study on graphitic twist structures where the moiré
1546 potential is localized to one surface of the structure,”**
1547 achieved by rotating a flake of monolayer graphene by a small
1548 twist angle atop a Bernal graphite thin film (Figure 15d—f).
1549 Taken together, these findings demonstrate that a single moiré
1550 interface on a graphitic thin film can significantly alter the
1551 properties of the entire film and pave the way to explore mixed
1552 dimensionality coupling physics of the interfacial moiré
1553 superlattice potential extended into various bulk 3D electronic
1554 systems with exotic quantum orderings including magnetism
1555 and superconductivity.

1556 3.4.5. Surface Chemistry Influenced by Moiré Super-
1557 lattices. Exploring how unique moiré superlattices and the
1558 local stacking orders can affect the surface chemistry is an
1559 aspect that has been largely unexplored previously. Previous
1s60 studies suggested that MoS, is a promising catalyst for
1561 hydrogen evolution reaction (HER) applications thanks to its
1562 low cost, earth abundance, and excellent stability.ZSI’252 To
1563 further improve the HER activities, interlayer potential barrier
1564 engineering is considered a critical factor because the HER
1s6s process involves the hot electrons hopping from the
1s66 conductive substrate to the active sites by overcoming the
1567 interlayer potential barriers.”>® Inspired by this hypothesis,
1568 Jiang et al.”>* have fabricated a MoS, moiré superlattice with a
1569 twist angle of about 7.3° and demonstrated enhanced HER
1570 efficiency. Pristine bilayer MoS, was prefabricated on 300 nm
1571 SiO,/Si by a laser molecular beam epitaxy (LMBE) technique.
1572 Then the bilayer film was exposed to a water bath process to
1573 introduce tensile strain to form a twisted MoS, scroll with a
1574 moiré superlattice. The TEM results suggested that a moiré
1575 superlattice with a ~ 7.3° twist angle was successfully created.
1576 With this twisting angle, they observed an enhancement in

hydrogen evolution reaction (HER) activities using an
electrochemical microcell technique, which exhibits a current
density of —10 mA/cm” at an overpotential of —153 mV and a
Tafel slope of 73 mV/dec (Figure 16a,b). The enhancement is
attributed to a nontrivial reduction in interlayer potential
barriers, which allows for the easy transfer of electrons from a
conductive substrate to the active sites within the MoS,
superlattice. This conclusion is further supported by first-
principles calculations and ultralow frequency Raman spectra.
The study provides a novel pathway to overcome limitations
for further enhancing HER performance and unveils intriguing
opportunities for the application of moiré superlattices in fields
such as catalysis and energy storage and the development of
two-dimensional functional devices.

Besides, Hsieh et al.”** investigated the domain-dependent
surface adhesion in twisted vdW heterostructures. To gain a
microscopic insight, the authors applied a combination of mid-
infrared near-field optical microscopy and atomic force
microscopy. The study found that metallic nanoparticles
(Field’s metal) selectively adhere to rhombohedral stacking
domains of the twisted double bilayer and double trilayer
graphene, while avoiding Bernal stacking domains (Figure
16¢). This domain-dependent adhesion is found to be robust
across different conditions and with different materials, such as
water droplets. Furthermore, the authors demonstrated that
the manipulation of nanoparticles at particular stacking
domains, by pushing with the AFM tip in contact mode, can
alter the domain size, rearranging the moiré superlattice near
the nanoparticle on the micron scale. These results shed light
on a new direction for manipulating the surface chemistry and
structuring of moiré systems through domain-dependent
surface interactions, offering a unique approach to manipulate
the surface chemistry of moiré systems.
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Figure 18. Memory devices based on stacking vdW materials. (a) Schematic of dual-gate h-BN-capped WTe, device. (b) Electrical conductance G
with butterfly shape switching (upper plot) and nonlinear Hall signal (lower plot) in trilayer WTe,. The observed nonlinear Hall signal sign is
switching, which is due to the flipping of the Berry curvature dipole. (c) Side view of the unit cell along the b—c plane illustrating potential stacking
sequences in WTe,, including monoclinic 1T’ and polar orthorhombic T, variants (T, or Ty,). Depictions of Berry curvature distribution in
momentum space are also provided. Spontaneous polarization (P), Berry curvature dipole (D). Yellow spheres: W atoms. Black spheres: Te atoms.
(a—c) Adapted with permission from ref 19. Copyright 2020 Springer Nature. (d) I-V outputs of the bilayer h-BN ferroelectric tunnel junctions
with monolayer graphene intercalation (Au/1Gr/BBN/1Gr/Au). (e) Calculated tunneling electroresistance of the bilayer h-BN sliding ferroelectric
tunnel junction with and without monolayer graphene intercalation. (d, e) Reprinted with permission from ref 262. Copyright 2022 The Royal

Society of Chemistry.

4. STACKING ORDER ENGINEERING FOR DEVICE
APPLICATIONS

1611 In this section, we provide a concise overview of pivotal
1612 advancements in device development that leverage the unique
1613 attributes of stacking orders in vdW materials. Our primary aim
1614 is to highlight the distinct advantages that these stacking orders
1615 offer in the realm of device innovation. One notable benefit is
1616 the relatively low energy barrier associated with transitioning
1617 between different stacking orders, which has the potential to
1618 significantly reduce energy costs in phase transition-based
1619 devices. Additionally, the ability to manipulate twisting angles
1620 in these stacking arrangements grants an extra degree of
1621 freedom for tailoring electrical, optical, and mechanical
1622 properties. This includes the tuning of electronic band
1623 structures, thereby creating new opportunities for device
1624 optimization. Furthermore, certain stacking configurations are
1625 intentionally designed so that each layer serves a distinct
1626 purpose, resulting in multifunctional devices. In light of these
1627 advantages, we will review device developments that exploit
1628 stacking orders for a range of applications, spanning electrical,
1629 optical, and chemical domains.

1610

4.1. Electrical Applications

1630 The electrical modifications induced by stacking transitions
1631 hold particular promise for the creation of nonvolatile memory
1632 and electronic transistor devices. For instance, stacking orders
1633 that feature ferroelectric dipoles—such as in twisted or 3R-
1634 stacked boron nitride bilayers—have potential applications as
1635 ferroelectric dielectric materials. These could be integral to the

development of ferroelectric memories and ferroelectric tunnel
junctions. Furthermore, transitions in stacking orders can
result in alterations to topological electronic properties. This
opens new avenues for the invention of advanced quantum
electronic devices.

4.1.1. Transistors. The out-of-plane polarization can be
switched by interlayer translation, distinct from the ion
displacement in traditional ferroelectrics. The intriguing
switching mechanism makes sliding ferroelectricity promising
for both fundamental research and device application.
Benefiting from the weak interlayer dipole coupling, cumu-
lative polarization states can be achieved in sliding ferroelec-
tricity, which have been confirmed by the electrical transport
measurement and Kelvin probe force microscopy.”*

Ferroelectric materials are commonly used as dielectric
materials for ferroelectric transistor development. Even though
the 3R BN possesses a large bulk polarization of 7.6 £C/cm?,
most of the other sliding ferroelectricity’s polarization is below
the level of 4C/cm? which limits their direct usage as dielectric
materials.”® However, Bian et al.”*’ introduced a novel strategy
to ferroelectric transistors by employing sliding ferroelectric
materials y-InSe as a channel material and achieved a high-
performance transistor with a significantly large on/off ratio
(10°) and a wide memory window (4.5 V).’ In their design, a
7-InSe flake was selected as a conducting channel, and a y-InSe
based dual-gate sliding ferroelectric channel transistor
(SFeCT) was fabricated as shown in Figure 17a, where
monolayer graphene was used as the source-drain electrodes
due to its large tunability of its Fermi level.>® The transfer
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characteristics of the device modulated by the top gate and
back gate are illustrated in Figure 17b,c, respectively, where the
drain—source voltage (V) is fixed as 1 V. When the device is
tuned by the top gate or back gate separately, a significantly
larger memory window up to 4.5 V was observed with
sweeping back gate, and there is a clear increase as the
sweeping range of back-gate voltage increases, which was not
observed in the application of the top gate. It indicates that the
sliding ferroelectricity controlled by the back gate modulates
the Schottky barrier between graphene and y-InSe (see in
Figure 17d—f). For example, when a positive back-gate voltage
is applied, the dipole direction in y-InSe is switched upward
and induces hole doping into graphene and decreases the
Fermi level in graphene due to the electrostatic effect. As a
result, the Schottky barrier gets modified, even withdrawing
the back gate. This process essentially achieves a memory state
switching through controlling Schottky barrier with electrically
tuning sliding ferroelectric polarization.”*’

4.1.2. Memory Devices. Stacking order transition leads
not only to the ferroelectric polarization switching but also
changes of electronic properties such as topological properties,
superconductivity, and electron correlation.'*******° It opens
a new approach toward unconventional memory devices, such
as Berry curvature memory."”” Wang et al.*®' theoretically
predicted the ferroelectric nonlinear anomalous Hall effect in
time-reversal invariant few-layer WTe, where the nonlinear
anomalous Hall current changes its direction in odd-layer
WTe, (except for the 1T’ monolayer) but stays the same in
even-layer WTe,. This even—odd oscillation is due to the
different behaviors of Berry curvature dipole and shift dipole,
which reverse or remain unchanged depending on the
ferroelectric transformation in even- and odd-layer WTe,.**!
An experiment by Xiao et al.'’ demonstrates that Berry
curvature dipole reversal happens together with the transition
between different sliding ferroelectricity orders in T4 few-layer
WTe,. Based on a dual-gate device geometry, odd layers of
WTe, are sandwiched between two dielectric material h-BN
membranes, as shown in Figure 18a. By applying an electric
field to flip the polarization direction of the WTe, and induce
sliding transition between Ty and Ty, orders, the nonlinear
anomalous Hall voltage switches the sign due to the reversal of
Berry curvature dipole, as shown in Figure 18b,c.

Another possible group of memory devices based on sliding
ferroelectric materials are ferroelectric tunnel junctions (FTJs),
in which sliding ferroelectric flakes serve as a new tunneling
barrier. Ferroelectric tunnel junctions (FTJs) are a type of
electronic device that combines ferroelectric and tunneling
phenomena. These junctions consist of two metal electrodes
with a thin ferroelectric insulator layer sandwiched in between,
and its spontaneous polarization can be switched by applying
an electric field. This switching can lead to a change in the
tunneling current in the device, which is known as the
tunneling electroresistance effect.”®® The introduction of a
sliding degree of freedom into the FTJs allows the develop-
ment of efficient memory devices with ultralow energy cost
considering the energy barrier of sliding ferroelectric switching
is at the level of 1—10 meV/u.c.”** For example, vdW sliding
ferroelectric tunnel junctions (FTJs) have been modeled by
Yang et al.”®” through first principles. The moiré pattern in
bilayer hexagonal boron nitride (BBN) induces ferroelectric
polarization, which can be switched by an external electric
field. However, they found that the tunneling electroresistance
is close to zero, indicating no ferroelectricity in BBN based

SFT]Js. The contradiction is caused by the fact that the metal
(Au, Pt)/BBN contact electric field is very large, about 1 V/
nm, and it quenches the ferroelectricity in the staggered BBN;
hence, the staggered BBN loses its spontaneous polarization
and its ability to switch polarization by sliding. To address this
issue, graphene is utilized as an electrode material due to its
low work function, approximately 4.5 eV, in contrast to
metallic electrodes like Au (5.1 eV) and Pt (5.65 eV). As a
result, the Gr/BBN contact electric field is around 0.3 V/nm,
preventing the suppression of ferroelectricity in the staggered
BBN. The Au/1Gr/BBN/1Gr/Au SFTJ can achieve a giant
TER up to 10,000% (Figure 18d,e).”**

4.2. Optical Applications

The unique stacking capabilities of vdW materials contribute
to the extended lifetime of excitons by spatially separating
electrons and holes, thereby reducing wave function overlaps
between them. This spatial charge separation gives rise to
permanent electric dipole moments or polarization dipoles in
ferroelectric stacking orders. As a result, it becomes possible to
design optical and excitonic devices that are controllable via
external electric fields, such as photovoltaic quantum emitters
and excitonic lasers. Additionally, the stacking flexibility allows
for the creation of tunable heterostructure quantum wells
featuring ultraclean interfaces. Moreover, the substantial
exciton binding energies—on the order of 10—100 meV—in
these stacked heterostructures effectively stabilize excitons,
paving the way for room-temperature optical devices.

4.2.1. Photovoltaic Device. Sliding ferroelectricity works
as a new platform to develop a controllable photovoltaic effect
(PVE) as spontaneous polarization and PVE are concomitant
physical properties. For example, Luo et al.”** studied the
photogalvanic effect (PGE) in a narrow-band gap ferroelectric
bilayer Zrl,. They found that peak photoresponse in the bilayer
p-Zrl, (ferroelectric) is about S times greater than in the
bilayer s-ZrI, (paraelectric). The intrinsic ferroelectric field of
the material enhances the separation efficiency of photo-
generated carriers and decreases the recombination rate of
electron—hole pairs, which results in improved efliciency of
photoelectric conversion and a larger photoresponse.”®*

Besides the prerequisite polarization for charge separation,
sliding ferroelectricity in ultrathin layered materials also reveals
high photovoltaic efficiency thanks to its unique atomic
thickness, enhanced quasiparticle interactions and ultrafast
interlayer carrier dynamics. For instance, Yang et al.”®® created
a photovoltaic device leveraging its homogeneous polarization
based on 3R-MoS,, which showed an external quantum
efficiency of up to 16% at room temperature, a major
improvement over the highest efficiency observed in bulk
photovoltaic devices.”®> This record-high conversion efficiency
is a result of the combination of three factors: (a) enhanced
depolarization field effect (DEP) in the atomically thin
rhombohedral MoS,, (b) exciton-enhanced light—matter
interaction, and (c) ultrafast interlayer relaxation. The
depolarization field effect (DEP) manifests as an electric field
created by the bond charge at the surface or interface where
polarization concludes. When the thin film is positioned
between two electrodes, the DEP becomes nonzero if the
induced charges in the electrodes cannot entirely offset the
polarization charges. This discrepancy leads to the movement
of photocarriers and, subsequently, the generation of a
photovoltaic current. The reduced screening in electrodes
and thinner film thickness will help to enhance the DEP effect.
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Figure 19. MoSe,/WSe, moiré heterobilayer and quantum nature. (a, b) Schematic and optical image of the device, separately. (c)
Photoluminescence (PL) spectra of excitons (IXs) at various gate voltages. The PL spectra display distinct peaks labeled as E1, E2, and E3
corresponding to different excitonic states. (d) Photon energy versus gate voltage plot for peaks E1, E2, and E3. The electrical dipole moments are
fitted to be ~420 meV nm V™. (e) Time-resolved normalized PL intensity of the single emitter under 80-MHz pulsed excitation at 1.63 eV with an
average excitation power of 4 yW. Lifetime is fitted to be 12.1 + 0.3 ns by a single exponential decay fitting. (f) Second-order photon correlation
statistics were conducted using 2.3 yW continuous-wave excitation at 760 nm, demonstrating clear antibunching with a g(z)(O) value of 0.28 + 0.03
obtained from the fitted experimental data represented by the red solid line. (a—f) Adapted with permission from ref 268. Copyright 2020 AAAS.

1789 By using graphene to be the electrode and few-layer
1790 thombohedral MoS,, they could get almost 95% of the DEP.
1791 Driven by the strong DEP, which creates a built-in potential
1792 difference between the graphene and the MoS,, the photo-
1793 excited carriers in MoS, transfer to the graphene electrodes
1794 within a few picoseconds. This ultrafast interlayer relaxation
1795 can help increase the charge transfer efficiency and reduce
1796 energy loss. In the last factor, the excitons are bound pairs of
1797 electrons and holes that can couple with photons to form
1798 exciton—polaritons, which are part light and part matter. The
1799 exciton—polaritons can interact more strongly with other
1800 particles, leading to various effects. In the case of 3R-MoS,, the
1801 exciton—polaritons can increase the charge transfer rate and
1802 directionality between the MoS, and the graphene, resulting in
1803 a higher photovoltaic current. Similar work has been done by
1804 Wu et al.”° The heterostructure composed of bilayer and four-
180s layer 3R-MoS, exhibited a spontaneous photovoltaic effect,
1806 where photoexcited carriers in MoS, transferred asymmetri-
1807 cally to the graphene under a largely unscreened depolarization
field. The findings reveal that devices consisting of just two
atomic layers of MoS, exhibit a photovoltaic effect with an
1810 external quantum efficiency of 10% at low temperatures, along
1811 with a picosecond-fast photocurrent response, translating to an
1812 intrinsic device bandwidth at approximately the 100-GHz level.
1813 Finally, some sliding ferroelectrics exhibit a switchable out-
1814 of-plane polarization and an unswitchable in-plane polar-
1815 ization. The out-of-plane polarization induces a bulk photo-
1816 voltaic effect (BPVE) along the z-direction, which can be
1817 reversed by flipping the ferroelectric order. On the other hand,
1818 the in-plane polarization induces a BPVE in the xy plane,
1819 which remains robust even when the ferroelectric order is
1820 flipped. As a result, these materials possess both switchable and
1821 unswitchable BPVE properties, offering opportunities for
1822 designing photoelectric devices with either switchable or stable
1823 characteristics.”

1808
1809

4.2.2. Quantum Emitter. The bounded electron—hole
pairs (excitons) trapped in periodic moiré potentials are highly
localized. Such quantum confinement results in a finite
electronic density of states attainable at each moiré potential
site, which can act similar to artificial atoms for quantum
emission. Moreover, the properties of moiré excitons, such as
emission wavelength and spin optical selection rules, can be
electrically tuned, providing a unique platform for high-
performance single-photon emitter arrays and entangled
photon sources.””” Yu et al.*®” reported that vdW hetero-
bilayers based on MoX,/WX, heterobilayers (M = Mo, W; X =
Se, S) exhibit moiré patterns, which create superlattice
potentials. Within these potentials, interlayer excitons demon-
strate a distinctive spin-dependent complex hopping behavior,
resulting in a remarkable spin—orbit splitting in the exciton
bands. Moreover, by applying a perpendicular electric field or
adjusting the moiré periodicity through strain tuning, the
hopping behavior can be deactivated, effectively transforming
the superlattices into precise arrays of nanodots, which act as
uniform quantum emitters.”®” Baek et al.>*® built MoSe,/WSe,
moiré heterobilayer samples as shown in Figure 19ab. By
changing the top and bottom gates, the relation between moiré
interlayer excitons (IXs) and external electric field revealed a
tuning range of approximately 40 meV (as shown in Figure
19¢,d), which is significantly larger than that observed in
multilayer WSe, quantum dots.”*”*”® Photon antibunching, a
phenomenon observed in quantum optics, where photons
exhibit nonclassical behavior, has been characterized by
measuring the power-dependent PL and second-order
correlation function g (Figure 19¢,f). The fitted g (0)
value is 0.28 + 0.03, which is well below the threshold of 0.5 as
unequivocal evidence for the quantum nature of the light
emitted by the moiré-trapped 1Xs.”*® Furthermore, Zheng et
al.””" recently showed experimental proof of the enhanced
localization of moiré excitons in the twisted WSe,/WS,/WSe,
heterotrilayer. Multiple excitons splitting has been observed,
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voltammetric measurement. (b) Steady-state voltammograms of 2 mM Ru(NH,)¢** in a 0.1 M KCl solution. The insert is the half-wave potential.
(c) Mlustration of the interface of electrodes—electrolyte. (d) Energy diagram of interfacial charge transfer. (e) Experimental local k° versus 6,
compared to theoretically predicted (GM) values of k° at AA, AB/BA and SP stacking regions. (a—e) Adapted with permission from ref 285.
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1860 which has a line width four times narrower than the moirée
1861 excitonic behavior of the twisted WSe,/WS, heterobilayer.””!
182 4.2.3. Interlayer Exciton Laser. The existence of room-
1863 temperature moiré excitons has been reported in MoS,/WSe,
1864 heterobilayers by Lin et al,>”* and they found that moiré
186s potential leads to wide emission tunability and suppressed
1866 nonradiative recombination in IXs; by integrating moiré
1867 superlattices with silicon topological photonic crystal nano-
1868 cavities (Q-factor, >104), they can achieve ultralow-threshold
1869 lasing with emission wavelength extended to the optical fiber
1870 communication (OFC) O-band (1260—1360 nm), high side-
1871 mode suppression ratio (SMSR), and the highest spectral
1872 coherence.”””

1873 Beyond the layered solid-state quantum materials, research-
1874 ers have translated the moiré superlattice concept and exotic
1875 properties into photonic structures. Recently, Mao et al.””?
1876 introduced a novel mechanism for achieving laser light
1877 confinement through what they refer to as “magic-angle
1878 lasers”. This innovative approach involves the creation of
1879 localized states within periodically twisted photonic graphene-
1880 like superlattices. In their study, they fabricated two sets of
1881 triangular lattices of nanoholes within the same semiconductor
1882 membrane with a specific twist angle. Each lattice defines a
1883 photonic graphene lattice, contributing to the construction of a
1884 magic-angle flat band, while the membrane incorporates
1885 InGaAsP multiquantum wells (MQWs) as a gain material,
1886 emitting light at a telecommunication wavelength. Their
1887 investigation revealed that interlayer coupling results in a flat
1888 photonic band characterized by nondispersive features and
1889 robust field localization. In contrast to existing reports relying
1890 on a single photonic lattice, their magic-angle laser nano-
1891 cavities exhibit three noteworthy distinctions: (a) These
1892 magic-angle laser nanocavities achieve confinement through
1893 mode coupling between two twisted layers of a photonic
1894 graphene lattice, eliminating the need for a full bandgap. (b)

1895
1896

They can achieve a high quality factor (over 400,000) because
there is an in-plane dominant momentum concentrated along
the edges of the first Brillouin zone of the single photonic 1897
graphene lattice beneath the light cone in the strongly confined 1s9s
modes. (c) They can form flat bands with a significantly 1899

narrow bandwidth, enabling compact and reconfigurable 1900
nanolaser arrays.”” 1901
4.3. Surface Chemical Applications

Stacking engineering of atomically thin layers can enable 1902

enhancing catalytic activity and tuning chemical reactivity, by 1903
leveraging their substantial band structure modification 1904
capability. For example, monolayer 1H MoS, is a direct band 1905
gap semiconductor (Eg = 1.8 eV), while bilayer 2H or 3R 1906
stacking MoS, has an intrinsically indirect band gap (E, is 197
around 1.53 eV),”’* and the value may vary depending on the 1908
twist angle between the layers. For example, one study found 1909
that the indirect band gap value of 2H BL-MoS, increased to 1910
1.7 eV when the twist angle was close to 60°,>”* and for 3R, the 1911
indirect band gap value decreased to 1.4 eV when the twist 1912
angle was close to 0°.>7° Besides, stacking engineering with 1913
different material species can form heterostructures with 1914
distinct bandgaps and electron affinity. Bilayer MoS, stacking 1915
with WSe, changes the band structure and leads to a 0.8 eV 1916
direct band gap and electron affinity energy as 3.9 eV while this 1917
value is 4.1 eV for pure bilayer MoS,.””°~*"* The bandgap and 1918
electron affinity engineering has been predicted to be useful for 1919
photocatalytic water splitting. For instance, by tailoring the 1920
band gap of a photocatalyst like TiO, through doping, which 1921
results in the distortion of the TiO, crystal lattice and decrease 1922
in the band gap. This enables the absorption of visible light and 1923
enhances photocatalytic activity.”* By adjusting and properly 1924
engineering the electron affinity, researchers can control the 1925
migration and recombination of photogenerated electron—hole 1926
pairs, affecting the reaction rate at the catalytic sites and 1927
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optimizing charge separation and transfer processes, thereby
leading to increased reaction rates.”*'

More recently, moiré superlattices give another
freedom of the engineering of electron band structure,
particularly creating electronic density states anomaly. Bilayer
graphene has been shown to have a moiré flat miniband if the
layers are stacked at specific twist angles, often referred to as
the magic angles.”®" Given many chemical reaction processes
such as catalytic reactions rely on the attainable surface active
electron density, such flat band emergence with giant density
of states, in principle, can significantly promote a wide range of
chemical processes. Indeed, exploration of how the moiré flat
band impacts electrochemical activity has attracted much
attention recently. Yu et al.”*° reported that heterogeneous
charge transfer kinetics of twisted bilayer graphene electrodes
show strong twist-angle dependence, with the most pro-
nounced improvement seen near the magic angle (~1.1°). To
interrogate this chemical process, scanning electrochemical cell
microscopy (SECCM) has been used to measure electro-
chemical activity of twisted bilayer graphene samples with an
interlayer twist angle 6,, that is controlled in the range of 0.22—
5.1° (Figure 20a). The SECCM involves a nanopipette filled
with electrolyte solution that forms a nanoscale electro-
chemical cell with the tBLG surface. By analyzing the current
that flows between the tip and the surface, SECCM can map
the electrochemical activity with high spatial resolution.”*® The
half-wave potential (E,,,), which refers to the potential (or
voltage) at which half of the maximum current is observed
during a redox process, has been measured in the different
thicknesses of graphene (Figure 20b). The anodic shift that
takes place as the graphene thickness increases aligns with
previous studies, while in 1.15° tBLG, even though consisting
of just two graphene layers, it is similar to graphite and shows
almost electrochemically reversible behavior in the thin
electrode’s basal plane, indicating enhanced reaction kinetics
in 1.15° tBLG. This means the flat bands of tBLG, where the
electrons have very low kinetic energy and high density of
states, have the potential to modulate the electron transfer
processes between tBLG and the solution-phase redox couple.
To examine this, an external electric field (V,,,) has been
applied, which can be understood through two changes: V as
the chemical potential and Vg as the electric double layer
(Figure 20c). When applying V,,, throughout the solid—
electrolyte interface, €x undergoes a shift of eV, compared to
the band edge, while eV shifts the entire band compared to
the energy of the redox molecule (Figure 20d). Since the
energy levels of the states that can give or receive electrons
depend on how much Vy and V, influence them, and the
outer-sphere electron transfer rate constant k.4 (for an
electroreduction reaction) relies on the density of states
(DOS) near €g, which can be tuned by the twist angle 6,, this
ultimately indicates that k.4 depends on 6,. The experiment
and theoretical model have been built to examine dependence.
The intrinsic electron transfer rate k° as outlined in the

Butler—Volmer (BV) formulation is ki\d/ = 10 ¢ /R (V=)
27 A potential-dependent prefactor A(V,,,) has been
introduced to the BV equations to accommodate the potential
for variations in the DOS with V... As shown in Figure 20e,
the kinetics can be influenced by the interlayer moiré twist
angle, and particularly there is an enhancement between 6,, =
0.8° and #,, = 2°. This is attributed to the increased DOS

caused by the flattened bands, the energy of which is matched

282,283

with the formal potential of redox couples (Ru(NH;)¢"/?").
Moreover, an anomalous enhancement of k® at low twist angles
is observed, which is also influenced by the topological defect
regions. Topological defect regions are regions where the
moiré pattern is disrupted by lattice mismatch or twist angle
deviation. Since the main increase in DOS is localized at AA
regions while much lower DOS is found at AB/BA or SP
stacking regions, the predominant factor influencing the
observed k° variation is the changing fraction of AA stacking
areas when 6,, < 1.5°. On the other hand, due to the pinning
effect of the positive local rotations around the AA stacking
sites, which are nearly unaffected by the global twist angle for
0,, < 1.5° k3, remains constant at about 0.2 cm s™'. As 0,
increases, the effects from both the flat bands and the lattice
relaxation process lessen, leading to a convergence in the rate
constants k3, and k3 when 6, is 4° or greater (Figure 20e).%%

To conclude, the tunable nature of moire-derived flat bands
in van der Waals architectures can offer a distinctive material
platform to manipulate and probe interfacial charge transfer
and chemical transformations. During the atomic reconstruc-
tion of the moiré superlattice, the atoms rearrange themselves
to minimize their energy and strain. This process changes the
local geometry and electronic structure, which then affects its
electrochemical properties. Furthermore, the localization in
topological defect regions due to the moiré-derived flat bands
can be tuned by the precise control of the interlayer twist
angle, which can be used to control the transfer rate for the
external-sphere electron transfer reaction.”*® All the exciting
results show that flat-band engineering with moiré architec-
tures is expected to become a powerful strategy for tuning the
chemical reactivity of various 2D surfaces.

5. SUMMARY AND PROSPECT

In conclusion, we have reviewed the exciting progress on the
new phase physics and device applications enabled by stacking
engineering of layered materials. By tuning the interlayer
sliding and twisting in various vdW stacking compounds, one
can substantially tailor the electronic, optical and chemical
properties. Looking forward, many research opportunities are
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anticipated for this important yet nascent field in the aspects of 2027

(1) repeatable and large-scale stacking material synthesis and
processing, (2) precise and high throughput theoretical
modeling, (3) broadened material choice for slidetronics and
twistronics, (4) ultrafast dynamics and domain kinetics in
stacking engineered materials and devices, and (5) new
chemical functionality enabled by stacking engineering.

5.1. Repeatable and Large-Scale Stacking Material
Synthesis and Processing

In section 3.2.3, we have reviewed the pioneering study for
chip-scale synthesis of on-demand stacking structures, yet with
limited demonstration only for twisted bilayer graphene with
certain substrate Cu foil assistance. The lack of methods for the
large-scale synthesis and assembly for a wide range of 2D
heterostructures with deterministic stacking orders impedes
the industrialization of devices based on these structures.
Addressing this challenge requires a multipronged approach
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that encompasses several key areas. First, the development of 2043

scalable synthesis techniques for producing high-quality 2D
heterostructures is crucial. Current approaches, such as
chemical vapor deposition (CVD) and molecular beam epitaxy
(MBE), have shown promise for synthesizing individual 2D
materials at the wafer scale.”®*°> However, these methods
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need to be optimized and adapted for the synthesis of high-
quality heterostructures with well-defined stacking orders
including thermodynamically metastable twisted structures.
As the energy difference between various stacking orders can
be as low as 1—10 meV/u.c.,>™*° a great challenge arises in the
synthesis method that requires extremely accurate control over
parameters. Alternatively, it urges the development of large-
scale transfer techniques, leveraging the dry transfer method or
the use of polymers as support layers, to enable the controlled
assembly of heterostructures with deterministic stacking
orders.

5.2. Precise and High Throughput Theoretical Modeling

The diverse attainable material compounds in layered materials
enable hundreds of possible sliding configurations and twisting
homo- and heterostructures. So far, only a very small portion
of them have been explored experimentally. High throughput
computational methods are urgently needed to survey and
screen potential stacking orders and guide experimentalists to
realize desired properties. For example, current observed
sliding ferroelectrics enabled by polar stacking are with small

spontaneous polarizations on the order of 0.1—1“—%.36 The
cm

high throughput computational material screening may
facilitate the realization of sliding ferroelectrics with much
larger polarization, which is more favorable for ferroelectric
memory and transistor applications. On the other hand, precise
theoretical modeling of moiré superlattices for their equili-
brium quantum properties and collective excitations are
challenging. The complexity comes from the very large moiré
large unit cell to compute, strong electron correlations, and
lattice reconstructions. Recently, large-scale first-principles GW
plus Bethe—Salpeter calculations have been developed to study
moiré excitons in WS,/WSe, heterobilayers.””* With improved
accuracy compared to the typical continuum model, the study
reveals a rich set of moire excitons that could not be
computationally accessed before. We expect more efforts along
this line can overcome the underlying computational
challenges for stacking phase engineering and lead to many
new and exciting experimental discoveries.

5.3. Broadened Material Choices for Slidetronics and
Twistronics

The current research on stacking orders predominantly targets
graphene, h-BN, and common TMDs. However, broadening
the investigation of stacking orders to encompass other 2D
vdW materials, such as phosphorus, MXenes, and transition
metal monochalcogenides known for their remarkable
optoelectronic and magnetic properties, will pave the way for
novel device innovations and a deeper understanding of
interlayer coupling physics. Beyond conventional 2D materials,

2095 Janus 2D TMDs have recently emerged as promising

2096
2097
2098
2099

candidates for optoelectronic applications. Their monolayers
inherently break horizontal inversion symmetry, enabling an
out-of-plane dipole and large nonlinear optical response””*~***
(e.g, SHG and shift photocurrent). Moreover, incorporating

2100 Janus 2D TMD monolayers into heterostructures with other

2101
2102
2103
2104
2105
2106
2107

conventional TMDs, such as MoS, and MoSe,, may bolster the
nonlinear optical response through enhanced interlayer
coupling.”* These unconventional 2D materials introduce
new stacking orders that impact their interlayer coupling and
resulting nonlinear optical properties,””"*”® yielding a
promising candidate for slidetronic and twistronic based
optoelectronic devices.

AA

5.4. Domain Kinetics and Ultrafast Dynamics in Stacking
Engineered Materials and Devices

By exploring the electronic structure alongside structural
evolution, we can gain a deeper understanding of the
relationship between stacking order and material properties,
paving the way for innovative device applications and new
insights into the fundamental physics of interlayer coupling.
While the kinetics of stacking order transitions have been
primarily explored theoretically,”*"'*'*" experimental valida-
tion is essential. Although several optical experiments, such as
SHG and Raman spectroscopy, have identified symmetry
changes during stacking transitions, in situ structural
investigations employing techniques like TEM, X-ray diffrac-
tion, or ultrafast electron diffraction are crucial. Specifically,
these studies can elucidate the potential pathways for sliding
transitions, offering valuable feedback for the theoretical
development of the thermodynamics of stacking transitions.
Additionally, incorporating multicontrol parameters into these
in situ structural studies, such as electrical, optical, and
mechanical fields, will enrich our understanding of thermody-
namics under external perturbation and may result in the
discovery of nonequilibrium stacking states. In tandem with
structural evolution, probing electronic structure is essential to
further illuminate the structure—property relationship in
stacking transitions. Techniques like angle-resolved photo-
emission spectroscopy or scanning tunneling microscopy can
reveal changes in band or topology during the subtle relative
shifts that occur during phase transitions.

5.5. New Chemical Functionality Enabled by Stacking
Engineering

In sections 3.4.5 and 4.3, we have highlighted recent
explorations into the surface chemistry of moiré materials.
The interlayer electron transfer behavior at the interface can be
strongly modified by emergent flat bands, moiré domains and
modified interlayer potentials. We expect that the manipulation
strategies using moiré patterns will evolve into a universal
approach for adjusting the chemical reactivity of diverse 2D
material species beyond graphene and MoS,. Moreover, the
successful demonstration of large-scale moiré architectures
with repeatable twist angles would be appealing for industrial
chemical conversion applications.

On the other hand, the stacking engineering of layered
materials can unleash the tremendous opportunities to create
previously inaccessible structures for desired chemical func-
tional properties.””””*" For example, the energy storage
capabilities of Ti;C, MXene are often hindered by structural
collapse due to layer stacking, resulting in reduced capacitance.
By mimicking the superlattice effect of magic angle graphene,
Wu et al.>”” have created a more stable, hexagonal few-layered
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Ti;C, free-standing film through microscopical regulation of 21ss

rotation mismatch. This not only mitigates structural issues but
also greatly enhances Ti;C,’s capacitance as a supercapacitor
electrode under long charge—discharge cycles.

Overall, the engineering of interlayer sliding and twisting is
one of the most important research frontiers in 2D quantum
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2187
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2160

materials. The works reviewed highlight the critical role of 2161

stacking ordering engineering to discover new quantum
orderings, enable efficient surface chemistry and develop
high-performance electronic and optoelectronic functional
devices. We hope the above prospects of stacking ordering
engineering will encourage a wide range of researchers with
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2167 different research backgrounds to further advance this exciting
2168 research field.
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BBN bilayer hexagonal boron nitride 2277
SFeCT sliding ferroelectric channel transistor 2278
Vs drain—source voltage 2279
FTJs ferroelectric tunnel junctions 2280
SDF sliding degree of freedom 2281
PVE photovoltaic effect 2282
DEP depolarization field 2283
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2284 BPVE bulk photovoltaic effect

2285 IXs interlayer excitons

2286 PL photoluminescence

2287 OFC optical fiber communication

2288 SMSR side-mode suppression ratio

2280 MQWs multiquantum wells

2290 SECCM scanning electrochemical cell microscopy
291 TBG, t-BLG or tBLG twisted bilayer graphene
2292 DOS density of states

2293 BV Butler—Volmer

2294 vdW van der Waals

2295 OM optical microscopy

2296 FFT fast Fourier transform

2297 tDB twisted double bilayer

2298 tWTe, twisted bilayer WTe,

2299 MCD magnetic circular dichroism

2300 TLG trilayer graphene

2301 QAH quantum anomalous Hall

2302 FQAH fractional-QAH

2308 HER hydrogen evolution reaction

2305 Symbols

2306 A wavelength in free space

2307 n refractive index

2308 E,/, half-wave potential

2309 k®  intrinsic electron transfer rate

2310 kY intrinsic electron transfer rate in AB stacking regions

2311 kY, intrinsic electron transfer rate in AA stacking regions

2312 F Fermi level energy

2313 0, twist angles

2314 k4 outer-sphere electron transfer rate constant

2315 kBY, rate constant for the reduction reaction derived from the
BV model

2316 @ transfer coeflicient

2317 R molar gas constant

2318 F Faraday constant

2319 apy  moiré periodicity

2320 6  lattice constant mismatch

2321 a  lattice constant

2322 U electron—electron interaction term

2323 W hopping term

2324 ¢ effective dielectric constant

2325 m¥ electron effective mass

2326 b reduced Planck’s constant

2327 h Planck’s constant

2320 ¢ elementary charge
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