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Abstract

Two-dimensional (2D) van der Waals ferroelectrics with switchable electric polarization offer
exciting possibilities in the fields of physics, materials science, and device engineering. Beyond the
conventional polarization-state regulation through electric-field, 2D ferroelectrics can offer
important additional functionalities through isomeric phases, including paraelectric and
antiferroelectric phases. In recent years, a variety of novel ferroelectric orders have been discovered
in 2D materials, resulting from intra- or inter-layer symmetry-breaking. These hidden phases,
exhibit attractive properties, and understanding their phase transition mechanisms and controlling
the transitions has become a central topic in the field of 2D ferroelectrics. Furthermore, phase
control is a primary step towards scalable synthesis of 2D ferroelectrics and device applications.
Here, we highlight the diverse mechanisms of the phase transitions in 2D ferroelectrics,
particularly intrinsic and extrinsic ferroelectrics. We also summarize different approaches and
respective conditions for phase control. Moreover, the in situ experimental techniques for studying
phase transitions, and the rationalized scalable synthetic methods of 2D ferroelectrics are
discussed. Finally, rich functionalities, opportunities and emerging applications combining phase
control and ferroelectricity in phase-change ferroelectric devices are envisioned, with the

remaining challenges briefly discussed.

1. Introduction

Ferroelectrics are featured with spontaneous elec-
tric polarization that can be reversed by an elec-
tric field. Since the discovery of the first ferroelec-
tric compound Rochelle salt in 1921, ferroelectrics
have been studied in several fields, including physics,
chemistry, materials science and engineering applic-
ations, for over a century [1]. Many traditional per-
ovskite ferroelectrics, such as BaTiOs, [2] BiFeOs,
[3] and PbTiO;, [4], which have been reported,
are insulating with wide bandgaps (2.5-3.5 eV) and
three-dimensional (3D) lattices, which limit their

© 2025 The Author(s). Published by IOP Publishing Ltd

potential applications in devices. The emergent two-
dimensional (2D) materials, [5] such as graphene
and transition-metal dichalcogenides (TMDs), [6]
possess tunable bandgap range (0-2.5 eV), atomic
thickness, absence of dangling bonds, flexibility, and
quantum confinement effects. These materials have
caused a great research upsurge and are highly viable
for a wide range of potential applications [7]. As
the exploration of novel physical properties and the
need for device miniaturization, the field of van der
Waals (vdW) ferroelectric materials is rapidly grow-
ing. 2D vdW ferroelectrics can be classified into
two categories: intrinsic ferroelectrics, [8, 9] such


https://doi.org/10.1088/2053-1583/add749
https://crossmark.crossref.org/dialog/?doi=10.1088/2053-1583/add749&domain=pdf&date_stamp=2025-5-27
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0001-9662-1415
https://orcid.org/0000-0002-4894-7653
https://orcid.org/0000-0002-7411-0734
mailto:wangh@hubu.edu.cn
mailto:apsplau@polyu.edu.hk
mailto:thuchly@cityu.edu.hk
mailto:jiongzhao@polyu.edu.hk
http://doi.org/10.1088/2053-1583/add749

10P Publishing

2D Mater. 12 (2025) 032002

W Han et al

Table 1. Comparison of traditional ferroelectrics and 2D vdW ferroelectrics.

Ttem Traditional ferroelectrics 2D vdW ferroelectrics References
Structure Non-layered; with Layered; atomic thin; without [19]
dangling-bond; strong covalent dangling-bond; weak interlayer
or ionic bond; without vdW gap vdW bond; strong intralayer
covalent bond; possessing vdW
gaps
Origin of ferroelectricity Ionic-displacement; polar Ionic-displacement; [2,20,21]
molecular groups; spin-driven charge-redistribution;
polarization spin-driven polarization
Ferroelectric properties Large polarization intensity of Small polarization intensity of [22, 23]
10-100 Cem ™2 3.5 uCem ™2 (CulnP,Se)
Stability Most are stable under ambient Many are unstable under ambient [23]

conditions

conditions

as SnTe, [10] and extrinsic ferroelectrics, [11] such
as homo- or hetero-stacked bilayer structures [12,
13]. Furthermore, 2D vdW ferroelectrics hold great
potential for a wide range of applications, including
beyond-Boltzmann transistors [14, 15], ferroelectric
field-effect transistors [16], in-memory sensors [17],
and neuromorphic computing [18].

The transition from 3D to 2D vdW ferro-
electrics introduces a myriad of remarkable prop-
erties due to the reduced lattice dimensionality.
These include layer-number-dependent polarization,
quadruple-well ferroelectricity, metallic ferroelectri-
city, moiré ferroelectricity, twisted ferroelectricity,
interfacial ferroelectricity, sliding ferroelectricity, and
stacking ferroelectricity, etc. [10]. We give a compar-
ison of traditional ferroelectrics and 2D vdW ferro-
electrics, as listed in table 1, regarding structure, [19]
origin of ferroelectricity, [2, 20] dimension depend-
ence, [21] substrate dependence, [22] and ferroelec-
tric properties [23]. Despite significant differences
in structure and dimension, traditional ferroelec-
trics and 2D vdW ferroelectrics share certain sim-
ilarities and connections in terms of the origin of
ferroelectricity.

Ferroelectrics normally undergo intrinsic ferro-
electric phase transition at Curie temperature (T)
[24]. Ferroelectricity exists only below T, while the
spontaneous electric polarization vanishes above T
and leads to the paraelectric phase. Previously, the fer-
roelectrics community mostly focused on elevating
T, to ensure a large temperature window and suffi-
cient stability for ferroelectric phases [25]. In other
words, the paraelectric or other phases have been
overlooked. Therefore, most ferroelectric devices only
exploit the reversible polarization dipoles in the ferro-
electric phases [26]. Phase transitions, including fer-
roelectric phase transitions, can be induced by vari-
ous means beyond temperature, such as mechanical
strain, electric field/charge doping, stacking order,
thickness, etc. [27-30]. The large surface-to-volume
ratio, vdW layered structure, and ultrahigh flexibility
make 2D ferroelectrics easier to undergo breaking

of symmetry and phase transitions [31]. This means
that, in addition to the conventional modulation
of electric polarization, 2D ferroelectrics have more
degrees of freedom brought by the extra phases or
so-called polymorphs [32]. For instance, there are
abundant phases in 2D MoTe,, including 3 R, 2 H,
1T, 1T, and Ty, but only T4 phase is proved to be
the intrinsic ferroelectric [33, 34]. 2D In,Se; is also
notable for its polymorphism. The energy difference
among its o, 3, and 3’ phases is not significant, mak-
ing it easy for them to transform into each other [35].
Similarly, MX compounds (where M = In, Ga, Ge
and X = S, Se, Te) also exhibit rich phases and phase
transitions [36].

Although there are some reviews focusing on 2D
ferroelectrics [8] and their applications, [11], there
are few literatures focusing on phase transitions of 2D
ferroelectrics. At the same time, the concepts of Moire
ferroelectricity and sliding ferroelectricity associated
with interlayer phase transitions remain elusive. One
of the most critical challenges facing 2D ferroelec-
trics is the presence of numerous coexisting ferroelec-
tric and non-ferroelectric phases that remain uniden-
tified or elusive. Clarifying the structures, stability,
and phase transition mechanisms of 2D ferroelectrics
remains challenging, while insufficient phase control
hinders the scalable synthesis and application of these
materials. Therefore, there is a crucial need to study
and summarize methods for additional phase control
in 2D ferroelectrics, which could lead to the discovery
of more ferroelectric materials and their applications
in the future.

This review focuses on the additional facile
phase control in 2D vdW ferroelectrics beyond
temperature-induced ferroelectric phase transitions.
We present state-of-the-art discoveries in 2D fer-
roelectrics in recent years, including intrinsic and
extrinsic ferroelectrics. We summarize large-area pre-
paration methods for 2D ferroelectric films under
the guidance of phase transition. Furthermore, we
also discuss various approaches and external stim-
uli for phase control in 2D ferroelectrics, including
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strain, electric fields, and twisted angles. In addi-
tion, we briefly examine in situ experimental tech-
niques for investigating phase transitions. The under-
lying phase transition mechanisms, in particular,
the Moiré ferroelectricity and sliding ferroelectricity
are elaborated. We demonstrate new device applica-
tions that combine phase control and ferroelectricity.
Finally, we provide an overview of the challenges and
future research perspectives on 2D ferroelectric phase
control.

2. 2D ferroelectrics

Ferroelectric materials can undergo changes in their
crystal and electronic structures in response to
external electric, magnetic, or thermal fields. At the
point of a first-order phase transition, latent heat is
involved, while second-order phase transitions result
in gradual changes in physical properties near T.. The
essential difference between the two is that second-
order phase transitions do not involve latent heat,
whereas first-order phase transitions typically do. It is
worth noting that most 2D ferroelectric phase trans-
itions are first-order phase transitions [27, 37].

2.1. 2D intrinsic ferroelectrics

Up to present, the room temperature (RT) 2D
intrinsic ferroelectrics that have been experiment-
ally demonstrated include SnTe ([10, 38]), MoTe,
([39-41]), WTe, ([42]), In,Se; ([43-45]), CulnP, S
([46,47]), SnSe ([48]), SnS ([49]), MoS, ([50]), ReS,
([51].), GaSe ([52]), Ga,Se; ([53]), Bi,O,Se ([54].),
CuCrS; ([55]), Cd;Te;CisOy; ([56]), InSe ([57]),
BA,PbCl, ([58]), NbOI, ([59]), Bi,Te,Os ([60]),
GeTe ([61]), and CuCrP,S¢ ([62]). Meanwhile, other
2D materials exhibiting ferroelectricity under RT
have also been explored, such as Nil, ([63]) and Bi
monolayer ([64]). The main properties of 2D vdW
ferroelectrics are listed in table 2. The milestones are
discussed below.

Origin of spontaneous polarization. Spontaneous
polarization arises from the shifting of atomic pos-
itions, or the charge redistribution. Actually, there
are other mechanisms, such as polar molecular and
spin texture driven polarization, not discussed here.
As depicted in figure 1(a), a-In,Se; shows the Se—
In—Se—In—Se quintuple layers, and its interlocked out-
of-plane (OOP) and in-plane ferroelectricity stems
from the movement of Se atoms in the central layer.
Furthermore, its ferroelectricity can be maintained to
the monolayer limit [71-73]. The polarization switch
in a-In,Ses by the external electric field is also a struc-
tural phase transition occurring through the move-
ment of the Se atoms. Likewise, bilayer T4-MoTe,
possesses non-centrosymmetric degenerate ground
states, and the shifting of layers with mirror operation
results in the polarization switch [39, 68]. In SnTe, at
the ferroelectric transition temperature T, Sn and Te
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atoms slightly shift along the [74] direction, achiev-
ing the polarizable ferroelectric phase [38]. In bilayer
W'TTe,, the polarization originates from vertical charge
transfer by slight interlayer sliding, and the reversed
polarization arises from mirror operation as well.

Curie temperature of 2D intrinsic ferroelectrics.
2D ferroelectrics will undergo intrinsic ferroelec-
tric phase transition at Curie temperature (7).
Ferroelectricity exists only below T, while above T
the spontaneous electric polarization vanishes and
leads to the paraelectric phase, as shown by the P—
T curve in figure 1(b). Some 2D intrinsic ferroelec-
trics that have been experimentally proven to date
exhibit Curie temperatures above RT, as illustrated in
figure 1(c).

Milestones of 2D intrinsic ferroelectrics
development. Since 2016, researchers have made
significant efforts in controlling the phases of 2D
intrinsic ferroelectrics, resulting in several major
breakthroughs and milestone works in this area.
The first experimental study of in-plane 2D ferro-
electricity in 0.6 nm thick (1 unit cell, 1 UC) SnTe
was reported and its temperature-controlled second-
order ferroelectric phase transition was studied [10].
Notably, the ferroelectric phase transition temper-
ature (T.) of 1-UC SnTe reaches 270 K compared
with the 98 K T. of bulks. Besides, the 2—4 layers
of SnTe also exhibit RT ferroelectricity. At Curie
temperature, SnTe undergoes a cubic to rhombic
structural phase transition, where the two sublattices
of Sn and Te atoms shift towards each other in the
direction [74], producing a polarization state. The
robust RT ferroelectricity in 2D SnTe can potentially
enable a wide range of applications in non-volatile
high-density memories, such as ferroelectric random-
access memory devices.

TMDs with MX, chemical formula (M = Mo,
W; X = Se, Te, S) are important layered materi-
als with rich phases and phase transitions. Among
them, MoTe, has phases of semiconducting 2 H
phase, metallic 1 T’ phase, and ferroelectric Td
phase (figure 1(d)). Monolayer Td-MoTe, has been
suggested to exhibit room-temperature OOP fer-
roelectricity confirmed by PFM, SHG, and TEM.
The ferroelectricity is resulted from the symmetry
breaking by atomic displacements of Mo and Te
atoms [39]. Its ferroelectric appliances also exhibit a
large ON/OFF resistance ratio. This is also the first
report of room-temperature ferroelectricity found in
monolayer MoTe,, which provides a basis for the
study of other TMD materials. The electrostatic-
doping-driven reversible phase transition between
2 H and 1 T monolayer MoTe, evidenced by
in situ Raman and second-harmonic generation
(SHG) spectroscopy was reported [40]. This kind
of electrostatic-doping-driven phase transition by
ionic liquid will show great application potentials in
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Table 2. The main properties of 2D vdW ferroelectrics.

Material (ref.) Polarization direction T, (K) P (uCcm™?) Twisted angle (°) References
a-In,Se; IP, OOP 41,700 11,2.14; Bulk, 11.34 / [43-45]
CulnP,Ss OOP 51, >320 3.5 / (46, 47]
SnTe IP 11,270; Bulk, 100 11,22 / (10, 38]
SnSe IP 11,>380 11,1817 / [48]
SnS IP 11, >300 11,267 / [49]

3 R-MoS; OOP 21, 650 11,0237 / [50]
d1T-MoTe, ooP 11,330 1,017 / [39-41]
Tq-WTe; OOP 2-31,350 02pCm™* / [42]

1 T'-ReS; OoP 21, 405 21,0.07pCm™~" (T) / [51]
GaSe IP, OOP 11,>300 11,4.89 pCm™" (T) / [52]
Ga;Ses IP, OOP 41,450 / / [53]
Bi,0,Se oO0P 31,508 11,284pCm™" (T) / [54]
CuCrs$, IP, OOP 41,500 / / [55]
InSe IP, OOP 50 nm, >300 Bulk, 0.08 / [57]
BA,PbCly IP 21, >300 13 / [58]
NbOI, 1P 61, >300 Bulk, 50 / [59]

Bi; Te; Os P >300 5.57 (T) / [60]
GeTe 1P 11,570 (T) 11,32.8 / [61]
Nil, IP 11,21; Bulk, 59.5 0.0125 / [63]

Bi IP 11,43 / / [64]
CuCrP,S¢ OOP 41,333 Bulk, 16.05 / [62]
Twisted bilayer h-BN OOP 21, >300 2.25pCm™! 0.24 ~ 0.5 [65-67]
WSez, MoSes, WS,, MoS; OOP 21, >300 2.0pCm™! 0.25~2 (68, 69]
Heterobilayer WS,/MoS, OOP 21,>300 1.45pCm™" 0 [70]

P, polarization; T, theoretical calculation; IP, in-plane; OOP, out-of-plane; L, layer; /, unconfirmed; d, distorted.

ferroelectric phase change memory and biomimetic
neuromorphic computing devices.

The discovery of room-temperature ferroelectri-
city in semimetal has opened up possibilities for
its use in ferroelectric devices. Expanding on this
research, Hou et al reported a ferroelectric phase-
change field-effect transistor based on MoTe,, which
leveraged electric-field-induced strain engineering to
enable ultrafast, low-power, non-volatile logic and
memory devices [41]. Ferroelectricity usually occurs
in semiconductors or insulators, and is rarely found
in metals. However, the spontaneous OOP electric
polarization and ferroelectric switching in bilayer and
trilayer topological semimetal WTe, was discovered
[42]. Using graphene as an electric-field sensor, they
also quantitatively measured the polarization intens-
ity of 2D WTe,.

From the Landau-Ginzburg theory, ferroelec-
tric generally has two potential-energy minima cor-
responding two polarization states. In another 2D
intrinsic ferroelectric, CulnP,S¢ possesses four local
energy minima. The coexistence of four polarization
states in CulnP,S¢ and the temperature-, pressure-
and bias-dependent ferroelectric phase transitions
were found [46]. They use piezoresponse force micro-
scopy (PFM) data to reveal an unconventional ferro-
electric property, a uniaxial quadruple potential well
for Cu displacements in CulnP,Ss, which is capa-
citated by the vdW gap. The four-well potential is
structurally caused by the instability of Cu, which can
occupy one or several sites (such as Cul, Cu2, and
Cu3) under temperature, strain and bias. Firstly, at

4

temperature above T 0of 315 K, the Cuions are highly
mobile and can occupy sites at interlayer and int-
ralayer, revealing a spatial disorder of Cu. For strain
factor, at low polarization state, the Cu ions are very
sensitive to strain, and the compression of the lat-
tice along the interlayer direction can cause the dis-
placement of Cu away from the In position. For bias
activating, the Cu ions can be electrically displaced
from its equilibrium Cul position into the vdW
gap, which has a second stable position. The change
caused by this displacement is from a structure with
two low polarization minima to that with two addi-
tional high polarization minima. The Cu ions can
partially movesinto the vdW gap and bond with the
S atom across the gap, doubling the polarization
value.

In addition to their potential use in electronic
devices, the phase transitions of 2D ferroelectrics,
such as in In,Ses, have shown significant promise for
phase control during materials synthesis. The energy
barrier of different phases (o, 3, 8’ and ) is low,
so it is easy to transition between different phases
(figure 1(d)) [35]. Very recently, we have investig-
ated the phase-transition mechanisms of ferroelectric
a-In,Se; and antiferroelectric (AFE) 3’-In,Ses, and
successfully obtained the large-area ferroelectric a-
In;,Se; films by inducing the 3/ — « phase transition
in 2D In,Se; [43, 44]. We also investigated the phase
transition mechanisms between the three phases (o,
B’ and ) by means of in-situ TEM and introducing
different stimulation methods, including thickness,
strain, and Joule heat. The revelation of the phase
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Figure 1. Polarization and polymorphism of 2D vdW ferroelectrics. (a) Origins and mechanisms of spontaneous polarization in
2D intrinsic and extrinsic ferroelectrics. In 2D intrinsic ferroelectrics, ionic-displacement is responsible for the spontaneous
electric polarization. In 2D extrinsic ferroelectrics, charge-redistribution is in charge of the extrinsic electric polarization. (b)
Py—T curve in 2D intrinsic ferroelectrics. Ps: spontaneous electric polarization. T: temperature. T.: Curie temperature. The right
part is a schematic diagram of polarization intensity from P = 0 to P > 0 after twisting in 2D extrinsic ferroelectrics. (c) The curie
temperature histograms of 13 experimentally confirmed 2D intrinsic ferroelectrics with corresponding number of layers. In,Ses
([45].), CulnP,Se ([47].), SnTe ([10].), SnSe ([48].), SnS ([49].), Ga,Ses ([53].), MoTe; ([39].), WTe, ([42].), ReS; ([51].),
Bi;O,Se ([54].), CuCrS; ([55].), NbOI, ([59].), and CuCrP,Se ([62].).(d), the crystal structures of v, 3, and «y phases of In,Se;s
and the 2 H, 1 T/, and T4 phases of MoTe,. From [67]. Reprinted with permission from AAAS.

transition mechanisms lays a foundation for the con-
trolled growth and device application of 2D In,Ses.

2.2.2D extrinsic ferroelectrics

Except from the intrinsic 2D ferroelectrics, depend-
ing on the stacking order, 2D vdW bilayers can exhibit
polarized states by assembly of non-ferroelectric
materials, as seen in h-BN and TMDs, which we
call 2D extrinsic ferroelectrics. The high-density fer-
roelectric domains in these bilayers can be effect-
ively controlled using electric fields or mechanical
strain, including twist torque. Ferroelectricity has
been recently experimentally uncovered in a series of
2D moiré superlattices and heterostructures through
extrinsic stack engineering designed to break the
inversion symmetry. With the discovery of magic-
angle graphene superlattices, [69] the concept of
‘twisted-angle’ was also introduced into the field of
ferroelectricity. Thus, ferroelectricity can be artifi-
cially created in stacked moiré superlattices of 2D
layers.

Break of stacking symmetry and interlayer charge
transfer. In natural or assembled 2D bilayer, the
transfer of interlayer charges through hybridization

between occupied states in one layer and unoc-
cupied states in adjacent layers can cause an
OOP electric dipole. The physical essence of
twisted-ferroelectricity,  interfacial-ferroelectricity
and sliding- ferroelectricity proposed at present
is interlayer-charge-transfer induced polarization
or charge-redistribution induced polarization. For
instance, the emergent moiré ferroelectricity and
odd-parity electronic ordering in graphene-based
moiré heterostructures (hBN/BLG/hBN) was first
reported [75].In 2021, Yasuda et al [65] and Stern et al
[66] reported the successful engineering of interfacial
ferroelectricity in hBN layers by artificially stacking
the parent non-polar compound. They proposed the
phase-change mechanism involves an artful inter-
action between charge redistribution and ionic dis-
placement (figure 1(a) down panel) [67]. In 2022,
two research groups [68, 69] independently demon-
strated the existence of interfacial ferroelectricity
in stacked bilayer TMDs, including WSe;, MoSe;,
WS,, and MoS,. In another work, we reported the
OOP ferroelectricity and piezoelectricity in untwis-
ted MoS,/WS; heterobilayers arising from symmetry
breaking and interlayer sliding [70]. Furthermore,
Deb et al reported that the parallel WSe, and MoS,
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multilayers revealed multiple polarization states and
‘ladder-ferroelectrics’ by a cumulative interfacial
effect [76].

New phase transition mechanisms revealed in 2D
extrinsic ferroelectrics. 2D extrinsic ferroelectrics
typically undergo a ferroelectric phase transition at
critical twisted angle or/and stacked layers (N¢). N
means the number of the stacked layer, including
two aspects, one is twisted three layers or more of
the same material and another is the total number
of layers of heterogeneous stacking. Ferroelectricity
exists only above N, as shown by the P—N curve
in figure 1(b). AA’ layer stacking in bilayer hBN
makes h-BN non-polar. AB or BA stacking can pro-
duce an OOP electric dipole with polarization ori-
ented downward or upward, respectively [65-67]. For
Rhombohedral (R)-stacked bilayer TMDs, by break-
ing the OOP mirror symmetry, an OOP polarization
(=P or +P) arises due to the vertical alignment of
different types of atoms [77, 78]. Other 2D moiré
superlattices and heterostructures exhibiting ferro-
electricity at RT have also been investigated, such as
hBN/BLG ([75].), WSe,/BP ([79].), MoS,/WS, [70]
and WTe,/WSe, ([80].).

Furthermore, we have recently made significant
progress in understanding the phase transition mech-
anisms in vdW InSe and other metal monochalco-
genide layers. Our research has revealed a more com-
prehensive phase transition that involves both int-
ralayer atomic reorganization (close to intrinsic) and
interlayer stacking reorganization (close to extrinsic).
Notably, we have discovered that mechanical stim-
uli can induce these phase transitions in vdW InSe
and similar metal monochalcogenide layers ([81].).
The study of ferroelectric behavior in these metal
monochalcogenides ([52].) presents a more complex
and intriguing phenomenon that is currently being
investigated.

3. Scalable synthesis of 2D ferroelectrics

The scalable synthesis and phase engineering of 2D
ferroelectrics are crucial for their application in vari-
ous fields.

2D ferroelectrics have great potential for future
devices. However, the shift of 2D ferroelectrics from
lab to fab is still in its infancy, and meeting indus-
trial requirements and reproducible manufacturing
standards has been a big challenge. We summarized
the current growth status of several representative
2D intrinsic ferroelectric materials, including growth
size and method (table 3). At present, only MoS, can
reach the industrial-scale 12 inch, and good perform-
ance and repeatability [81]. Other 2D ferroelectrics
still require long periods of trial and error. Are there
particular methods that appear promising? From the
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Table 3. Growth size and method of 2D vdW ferroelectrics.

Material Size (mm) Method References
Mo$; 300 CVD (82]
MoTe; 25 CVD [83]
In;,Ses 10 CVD [43]
WTe, 10 ALD +CVD  [84]
SnS 50 CVD (85]
SnSe 150 CVD [86]
SnTe 50 CVD [87]
BizOQSe 3 CVD [88]

current experience with MoS,, it seems that metal-
organic chemical vapor deposition (MOCVD) is a
promising approach for other 2D ferroelectrics.

Growth of MoS,. Although 2H-MoS, is non-
ferroelectric, the transition to a ferroelectric phase
can be achieved through phase transitions, twisting,
or 3 R stacking enginerring. 8 inch monolayer MoS,
is already available by low-thermal-budget MOCVD
method with a growth temperature less than 300 °C,
which can meet the temperature requirements of the
silicon back-end-of-line (BEOL) integration process
[82]. Despite MOCVD’s advantages, because inor-
ganic CVD has advantages over MOCVD in terms
of cost and safety, researchers have still been explor-
ing growing wafer-scale monolayer MoS, through
inorganic precursors. They ensured uniform growth
of single-layer MoS, by pre-depositing a layer of
amorphous Al,O3 on a 12 inch silica substrate and
releasing the precursor in a controlled manner [82].
The MoS,-based transistor arrays show excellent
performance, which provides the basis for the con-
struction of industrial pilot lines. More importantly,
through phase engineering, twisting engineering,
stacking engineering, ferroelectric phase MoS, can
be obtained, even with a size of 12 inch. For example,
by twisting 2 pieces of MoS; film at a small angle, so
as to obtain 12 inch of ferroelectric film.

Growth of MoTe,. The preparation of large-area
single-crystal film is the key to the practical applica-
tion of 2D ferroelectrics. Utilizing the phase trans-
ition mechanism to synthesize 2D ferroelectric
films has recently become effective. As depicted in
figure 2(b), The CVD growth of 1 inch wafer-scale
single-crystalline 2 H MoTe, films on an insulating
substrate by a seeded epitaxy method was reported
[83]. Unlike traditional CVD, they grew the 2D
MoTe, films in a confined space by a solid-to-solid
phase transition and recrystallization process. First,
they obtained polycrystalline 1 T/ MoTe, film, and
then transferred a 2 H MoTe, seed crystal onto the
film. Afterward, 30 nm Al,O; film was deposited
on the wafer by atomic layer deposition (ALD) to
separate the Te gas (figure 2(b)). Next, a small hole
was made in the seed to introduce Te gas. Thus,
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Figure 2. Scalable synthesis and phase engineering on 2D ferroelectrics. (a) Photo of two 12 inch wafers of bare fused silica
substrate and monolayer MoS, growth. (b) Up panel, schematic for the phase-transition growth of wafer-scale single-crystalline
2 H MoTe; film. Down panel, OM image of 1 T'/2 H interface, and photo of 1 inch MoTe; wafer. (c) Up panel, schematic of the
CVD-based synthesis of 8-, 3’- and a-In,Ses films. The 8 and 3 phases can be grown by CVD and the a phase can be prepared
by transferring the 3’ phase to non-flat surface. Down panel, photograph of the large-area In,Ses films with three phases. Panel
(a) Reproduced from [82], with permission from Springer Nature. Panel (b) From [83]. Reprinted with permission from AAAS.
Panel (c) Reproduced from [43], with permission from Springer Nature.

b MoTe,: CVD and phase transition

»~ Te atoms

ey

vertical epitaxy in-plane 2D-epitaxy

B B! a
THE HONG KONG .
OLY TRCHNIC! ERSITY
R -

the in-plane 2 H/1 T/ MoTe, heterophase junctions
were obtained after vertical epitaxy. Subsequently,
phase transition and recrystallization started from
this heterophase, ultimately leading to the growth
of a single crystal 2 H MoTe, film via in-plane

2D-epitaxy.

Growth of In,Se;. Most of the 2D ferroelectrics are
difficult to grow directly, such as T4-MoTe,, a-In,Ses,
etc. If the phase transition mechanism between fer-
roelectric and non-ferroelectric phases is understood,
subsequent phase engineering can indirectly synthes-
ize the ferroelectric phase. Very recently, we repor-
ted the CVD-based phase-controllable synthesis of
large-area single-crystalline In,Ses; films with three
phases and a hetero-phase junction by manipulat-
ing the vacancy and strain, as shown in figure 2(c)
[43]. First, a short-distance CVD method is used to
grow centimeter-size /3-In,Ses film using In,O; and
Se powder as precursors. The short distance between
precursor and substrate can provide a stable and uni-
form concentration supply of indium source. After
introducing S-InSe powder to In,O3 as the mixed
precursor, the films on mica show different Se/In
ratios and Se vacancy concentrations, realizing the
transformation from S to 8’ phase. 8-InSe may serve
two roles during the CVD growth of In,Se; films:
changing the Se vacancy and acting as a seed to pro-
mote the growth of the 8’ phase. After transferring

the ’-In,Se; films onto non-flat surface like PET
or Au-coated silicon, the in-plane strain will release
and the (3'-In,Se; phase will transform to a-In,Se;
phase. The phase transition was utilized to pro-
duce an in-plane a—f’ hetero-phase junction with
a ferroelectric—antiferroelectric configuration, which
improved non-volatile memory device performance.

In summary, for large-scale 2D instrinsic ferro-
electrics growth, such as WTe, [84], SnS [85], SnSe
[86], and SnTe [87], by the CVD or ALD 4 CVD
method, they can obtain a size of more than 10 mm
(figure 2(d)). For the ternary compound, Bi,O,Se
can only be obtained in a maximum size of 3 mm
by CVD [88]. Regarding other 2D ferroelectrics, it is
worth noting that their growth sizes are currently lim-
ited to the micron meter scale. Therefore, extensive
research and exploration in this field are still neces-
sary to advance our understanding and unlock their
full potential.

4. External stimuli for phase transition in
2D ferroelectrics

External stimuli have been identified as means of con-
trolling the phases and ferroelectricity of 2D materi-
als. Currently, a range of external stimuli that can trig-
ger phase transitions have been studied in 2D ferro-
electrics, including strain, electric field, electrostatic
gating, electric current, temperature/laser, defect,
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Table 4. The main phase transitions and trigger factors in 2D ferroelectrics.
Phase A — Phase B 2D ferroelectrics Trigger factors References
a— B In;,Ses Temperature, electric current, strain, [43, 44]
thickness
B =« Strain, thickness [43, 44]
B—pB Defect [43]
a—y B =y Electric current [44]
2H—1T MoTe; Electrostatic doping, electric field, [40]
laser, defect, strain, hot electrons,
e-beam, temperature
MoS, Electrostatic doping, e-beam [27]
1T —-2H MoTe; Electrostatic doping, electric field, [40]
strain
MoS; Electrostatic doping [27]
1T = Ty MoTe, Temperature [89-92]
2H — Ty MoTe, Dimensionality [93]
Normal — superconductor MoTe, Temperature [39]
Cubic — rhombohedral SnTe Temperature [10]
LP < HP CulnP;,Se Temperature, pressure, and bias [47]
Monoclinic — trigonal Thickness [94]
R3m — Cm GeTe Electric-field, temperature [61]
Pc—C2/c CuCrP,S¢ Temperature, spin [63]
AFE — FE SnS, SnSe Reduced dimensions, temperature [48, 49]
GeSe Electric-field, temperature [95]
PE — FE WTe, Interlayer charge transfer [42]
GasSes Defect [53]
ReS;, GaSe, InSe Interlayer sliding, interlayer charge [51,52,57]
transfer
MoS, Mechanical pressure, thickness [50]
BA,PbCly, Nil,, NbOI,, Temperature [54-56, 58—61]
BizOzSe, Bi2T6205,
Cd7Te7C18017, CuCrSz
Bi Thickness [64]
hBN/BLG Moiré superlattice potential, twisted [75]
angle
hBN/hBN Twisted angle, stacking, interfacial [65-67]
ferroelectrics
‘WSe,/BP, WTe,/WSe, Stacking [79, 80]
TMD/TMD 3 R stacking, interfacial ferroelectrics, [77, 78]
interlayer charge transfer
MoS,/WS, Heteroepitaxy, symmetry breaking, [70]

interlayer sliding

Notes: AFE: antiferroelectric; FE: ferroelectric; PE: paraelectric; LP: low polarization; HP: high polarization; BLG: bilayer graphene; BP:

black phosphorus; TMD: transition metal dichalcogenides.

twisted-angle, stacking, etc. We have summarized the
major phase transitions and the external stimuli in 2D
ferroelectrics, as listed in table 4.

Strain-induced transition. A strain-release induced
B — « phase transition in 2D In,Se; film has been
recently discovered [43, 44, 96, 97], as depicted in
figure 3(a). After transferring the CVD-grown 2D j3’-
In,Se; film from mica onto flexible substrates (PET,

etc.) or non-flat substrates (gold-particles-patterned
Si0,/Si), the B’-In,Se; film can be transformed to
a-In,Se; film through a complete phase transition.
The 5’ — « phase transition mechanism has been
investigated by density functional theory (DFT) cal-
culations, in situ Raman and in situ TEM, con-
firming the film delamination and interfacial strain
release [52, 53]. Upon phase transition, a lot of
wrinkles appeared in the o-In,Se; film due to the
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Figure 3. External stimuli that can drive the phase transitions in 2D ferroelectrics. (a) Strain driven 8’ — « phase transition in
2D In,Ses. (b) Defect induced 3 — 3 phase transition in 2D In,Ses. (c) Electric-field triggered AFE — FE phase transition in 2D
GeSe. (d) Electrostatic-gating induced 2 H<+1 T’ phase transition in 2D MoTe;. (e) Temperature/laser induced 2 H — 1 T’ phase
transition in 2D MoTe,. (f) Thickness-driven 2 H — T4 phase transition in 2D MoTe;. (g), Twisted-angle induced PE — FE
phase transition in hBN/hBN Moiré superlattice. (h), Interfacial polarization induced PE — FE phase transition in hBN layers. (i)
Stacking/heteroepitaxy induced PE — FE phase transition in MoS,/WS, heterostructures. Panel (a) and (b) Reproduced from
[43], with permission from Springer Nature. Panel (c) Reprinted with permission from [95] Copyright (2022) American
Chemical Society. Panel (d) Reprinted with permission from [40]. Copyright (2017) American Chemical Society. Panel (e) From
[97]. Reprinted with permission from AAAS. Panel (f) [93] John Wiley & Sons. © 2021 Wiley-VCH GmbH. Panel (g) From [67].
Reprinted with permission from AAAS. Panel (h) Reproduced from [77], with permission from Springer Nature. Panel (i) From

[70]. Reprinted with permission from AAAS.

delamination process. From the in situ TEM study by
piezo-driven nanomanipulator, the phase transition
process has been observed and captured, which
proves the strain relaxation in the compression-
relaxation process. The o« — (3’ phase transition
in 2D In,Se; film has been achieved by tensile
strain inside TEM as well. Therefore, a complete
and reversible phase/polarization transition process
(8" — o — ") can be realized on the same 2D In,Se;
sample.

The strain-induced polarization transition was
also observed in 2D MoS, [98]. Lipatov et al reported
a stable room-temperature OOP polarization order-
ing and switching in 2D MoS, flakes by applying
mechanical pressure with an atomic force microscope
(AFM) tip. Ferroelectric MoS, exhibits a 1 T” phase
with a distorted trigonal structure. As another mem-
ber of 2D TMDs, MoTe; is a typical polymorphic
material, including 2 H, 3 R, 1 T, 1 T/, and 1 T4
phases [99]. Compared with other TMDs, the energy
difference between the 2 H phase and 1 T’ phase of
MoTe, is much smaller (~35 meV), which makes it

convenient for the phase transition of 2 H <> 1 T’
by various external stimuli [100]. By applying/releas-
ing a small tensile strain of 0.2% by AFM tip, the
reversible 2 H <» 1 T’ phase transition in MoTe,
flakes was realized [101]. Inspired by this principle,
Wau et al reported a MoTe,-based phase-change field-
effect transistor using strain engineering, highlighting
its potential for use in low-power, non-volatile, and
fast-switching memory devices [41].

Defect-induced transition. For the CVD growth of
2D In,Ses, we found that by adding 3-InSe powder
into the In, O3 precursor, the AFE 3'-In,Se; films can
be readily obtained [43]. While without 3-InSe pre-
cursor, we can only acquire PE (3-In,Ses, as shown
in figure 3(b). According to the DFT calculations,
the stability of the 8’ phase can enhance with the
increasing Se vacancy concentration. Thus at high
temperatures, the Se deficiency can transform the
B-InSe into (’-In,Se;. Through a combination of
experimental evidence and theoretical calculations, a
route for growing continuous 3’-In,Se; films based
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on the vacancy-promoted 8 — (3’ phase transition
and the seed effect has been identified.

Electric-field-induced transition. The electric field
is an effective means for flipping the polarization of
2D ferroelectrics and can stimulate their phase trans-
itions, as shown in figure 3(c). Orthorhombic GeSe
bulk is experimentally shown to be an intrinsic AFE
material without the net polarization, and with a high
T of 700 K [95]. Theoretical calculations have sug-
gested that the AFE state in GeSe represents the low-
est energy state. The FE state (+Py and —Py) is meta-
stable, and their energy difference is 4.39 meV per
atom. Triggered by an external in-plane electric field,
a reversible AFE to FE phase transition at RT in 2D
GeSe was realized, as confirmed by in situ PFM and
SHG measurements.

Similarly, in 2D MoTe,, the small energy dif-
ference between 2 H and 1 T phases makes the
phase transition prone to occur. In the vertical 2 H-
MoTe,- and Mo;_,W,Te,-based memory devices,
Appenzeller et al reported the electric-field-induced
phase transition from 2 H to 2 Hy and T4 phases
[102]. This controlled electric switch by phase trans-
ition shows the potential of 2D resistive random-
access memory (RRAM) devices.

Electrostatic-gating-induced transition. Electrostatic
gating and ion intercalation is another efficient way to
excite the phase transitions of 2D ferroelectrics [30].
Reed et al predicted that electrostatic-gating could
trigger the semiconductor-to-semimetal phase trans-
itions in 2D TMDs, such as MoS, and MoTe, [103].
By electrostatic-gating using an ionic liquid, Wang
et al reported the phase transition between 2 H and
1 T/ monolayer MoTe, evidenced by in situ Raman
and SHG spectroscopy (figure 3(d)) [40]. The gate
voltage reverses the phase transition and exhibits a
hysteretic loop in Raman spectra. This electrostatic-
gating-driven phase transition has the potential to
enable new phase-change devices of 2D materials.
In 2019, a reversible 2 H-1 T’ phase transition in
MoS, by Lit ions electrostatic-gating was realized
[104]. The local 2 H-1 T/ phase transition of MoS; by
controlling the migration of Li™ ions under an elec-
tric field can lead to the resistance change in the 2D
MoS; layer. The increase or decrease of local Li™ ions
concentration results in the MoS, resistive switching
between the metallic state (1 T’ phase, low resistance
state) and the semiconducting state (2 H phase, high
resistance state). The high in-plane diffusion rate
of Li™ ions enable efficient ion coupling through a
local ion exchange in multiple MoS; devices, which
is similar with the synaptic competition and synaptic
cooperation effects in bio-inspired artificial neural
networks.

Temperature/laser-induced transition. Temperature
is one of the most important factors leading to
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phase and polarization transitions. 2D ferroelectrics
not only can undergo a ferroelectric phase trans-
ition above the Curie temperature, but also other
thermal-induced or laser-induced phase transitions
may occur, such as in MoTe; and In,Se;. Bulk MoTe,
possesses a reversible temperature-induced structural
phase transition between 2 H- and 1 T’ phases [96]. In
2015, we reported the laser-induced 2 H — 1 T’ struc-
tural phase transition in 2D MoTe; flakes (figure 3(e))
and the ohmic hetero-phase homojunction devices,
significantly improving carrier mobility [97]. Using
in situ TEM study, we proposed that Te vacancy
can induce local phase transition in MoTe,. Besides,
the temperature-driven phase transitions between
1 T/ and the ferroelectric Td MoTe, phases are also
reported [89-92]. For the bulk, the 1 T/ phase trans-
itions to T4 phase at ~250 K by inversion sym-
metry breaking. Different from the phase transition
temperature of bulk 1 T’-MoTe,, the temperature-
driven phase transition is gradually inhibited with
thickness decreasing. Even at the same thickness, the
phase transition and critical temperature of different
samples are significantly different, which may be due
to the atomic defects or local strain [93].

For In,Ses;, due to the small energy difference
between «, B and ' phases, the phase trans-
itions can occur at relatively low temperatures. The
« — [ transition temperature ranges from 550 to
650 K with decreasing thickness of In,Ses flakes [98].
Furthermore, the  — [ transition can be triggered
by ordinary laser or nanosecond laser pulse to fab-
ricate in-plane a—/3 heterostructures for photodiode
and integrated photonic memory devices [99, 100]. In
the study of Joule-heat-induced transition, by using
in situ electrical TEM approach, we realized the phase
transitions among the FE «-In,Ses;, AFE (3’-In,Se;
and PE 7-In,Se; [44]. When the tungsten tip con-
tacts the 2D In,Ses films, the current produces Joule
heat locally near the tip. As a relatively low current
is applied, a-In,Se; can transform into (’-In,Se;.
When a higher current is applied, a-In,Ses can dir-
ectly transform into y-In,Se;. Here, the controllable
phase and ferroelectric polarization in 2D In,Se; can
be a valuable guide for exploring the phase transitions
in other 2D ferroelectrics.

Thickness-induced transition. Compared to the
bulk or 3D materials, 2D materials can reach an
atomic-level thickness, even by a simple Scotch-tape
exfoliation. Dimensionality reduction from 3D to 2D
results in physical property changes (e.g. Curie point),
mechanical property changes (e.g. OOP bending),
and makes 2D materials more sensitive to external
fields. 2D vdW ferroelectrics are also different from
conventional ferroelectrics. For instance, bulk SnS is
centrosymmetric. As the thickness is thinned down
to several layers, the centrosymmetric is preserved
in the even-number-layer SnS flake, but is removed
in the odd-number-layer SnS flake, creating in-plane
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polarization [36]. The ferroelectricity in monolayer
group-IV monochalcogenides MX (M = Ge, Sn;
X =S§, Se) was predicted and part were experimentally
verified. The thickness-dependent relation of spon-
taneous polarization and odd-number-layer of MXs
reveals that the polarization intensity decreases with
the increase of the number of layers. The thickness-
dependent effect is also found in 2D In,Se; [44].
When the number of layers is equal to or greater than
4 layers, In,Se; maintains a 3’-phase. In contrast,
when the number of layers is less than 4, the super-
spots in the SAED pattern disappear, showing a phase
transition from f’-In,Se; to a-In,Se;. Thus, dimen-
sion or layer number, as an important parameter, is
also one of the mechanisms causing 2D ferroelectric
phase transformation. The room-temperature slid-
ing ferroelectricity in 2D 1 T’-ReS, was verified by
experiment with number of layers more than one
[51]. However, when the thickness is reduced to a
single layer, its ferroelectric property disappears and
becomes a non-ferroelectric phase. This may be due
to the fact that reversing symmetry in the monolayer
prevents polarization from occurring.

Due to the large-specific-surface-area and
quantum confinement effect, the phase transition
of 2D materials is very different from that of bulk
materials. For 2D MoTe,, the direct the phase trans-
ition from 2 H to T4 was also achieved by annealing.
In order to avoid MoTe, evaporating at high vacuum
and high annealing temperature, they used upper and
lower 2 pieces of h-BN flakes for encapsulating [93].
By high annealing temperatures, single-crystal 2 H-
MoTe, exhibits a anomalous dimensionality-driven
phase transition to polycrystalline T4-MoTe, with a
60° tilt-angle difference in all the grains (figure 3(f)).
They tested the phase transition temperatures for
samples with 1-7 layers and plotted a phase diagram
of the annealing temperature (T,) and the num-
ber of layers. The phase transition is dimensionality-
dependent, and thinner 2 H-MoTe; performs a higher
transition temperature. If T is higher than the phase
transition temperature of thin MoTe, and lower than
the phase transition temperature of thick MoTe;, the
phase transition occurs only in the thick region. Based
on this principle, they can control the phase transition
region, as well as prepare the 2 H-T4 hetero-phase
junction.

Twisted-angle-induced transition. Creating sym-
metry breaking in non-ferroelectric parent com-
pounds is crucial to obtain spontaneous polariz-
ation and ferroelectricity. Since the discovery of
magic-angle graphene and other 2D superlattices, the
twisted-angle gives an excellent opportunity to engin-
eering symmetry in 2D materials [74, 105]. Graphene
and h-BN are non-polar crystals with a centrosym-
metric vdW structure. By introducing a moiré super-
lattice potential, Zheng et al discovered the switch-
able ferroelectricity in sandwich structural hBN/BLG
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layers, realizing the twisted-angle-induced transition
from PE to FE [75]. In 2021, Shalom et al and Herrero
et al reported that they could turn the intrinsic
centrosymmetric h-BN into ferroelectric [65-67].
Bulk h-BN exhibits AA’ stacking and centrosymmet-
ric. However, the AB or BA stacking can break the
inversion symmetry, and trigger the distortion of
the N-2p, orbital, which can create an OOP electric
dipole (—P and +P) [106]. After applying a magic-
angle twist between the h-BN sheets, large AA regions
separated by AB and BA domains with distinct polar-
izations can be obtained (figure 3(g)). In Shalom’s
paper [66], the authors design two stacking modes:
twisted angle of 0.5° and untwisted. In the twisted
structure, this small twist exerts an evolving interlayer
translation, creating a moiré pattern. In this case,
there is a redistribution of charge between the h-BN
layers, leading to polarization and ferroelectricity. For
the untwisted mode, the authors introduce a displace-
ment at the interface between the h-BN flakes, which
can induce the interfacial polarization below.

Interfacial-polarization-induced transition. In
addition to the ferroelectricity induced by twisted-
angle, the interfacial polarization in multiple lay-
ers is also a cause of ferroelectricity. The interfa-
cial ferroelectricity can be produced at the interface
between two h-BN flakes, which are stacked with no
twist [67]. As shown in figure 3(h), the top layer is
switched between parallel and antiparallel stacking
orientations, and the vertical charge redistributions
cause interfacial net polarization (P,). The introduced
interfacial sliding or displacement with thickness of
an odd number of layers at the interface between
the flakes ensures antiparallel stacking (AA’, AB1’,
or AB2’) on one side and parallel stacking (AA, AB,
or BA) on the other side. This structure will trigger
a redistribution of charge, which results in polar-
ization and ferroelectricity. Moreover, the interfa-
cial charge transfer by interlayer sliding also leads to
the spontaneous polarization in 3 R MoS; and the
yttrium-doped y-InSe [50, 57]. Specifically, P. Meng
et al found the anomalous intermediate polarization
states in 3 R Mo§; layers, and they proposed that layer
number and interlayer dipole coupling play import-
ant roles in interfacial ferroelectricity. In another
native centrosymmetric 2D material GaSe, its ferro-
electricity stems from the intralayer sliding of the Se
atomic layers, which breaks the mirror symmetry of
local structures [52].

Stacking/heteroepitaxy-induced transition. Except
for the twisted-angle-induced and interfacial-
polarization-induced ferroelectricity, the stacking
or heteroepitaxy growth without twisted-angle can
also create ferroelectricity. In 2022, we reported the
OOP ferroelectric and piezoelectric in untwisted,
CVD-grown MoS,/WS, heterobilayers (figure 3(i))
[70]. The MoS,/WS, heterobilayers show a large ds;
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piezoelectric constants of 1.95-2.09 pm V~1, higher
than In,Se;. By combining theoretical and experi-
mental results, the ferroelectricity of MoS,/WS; het-
erostructures is suggested to originate from the sym-
metry breaking and interlayer sliding. Additionally,
in the stacked BP/WSe, heterostructures, in-plane
electronic polarization and spontaneous photovol-
taic effect have also been found [66]. The examples
discussed above demonstrate that vdWs stacking or
heteroepitaxy without twisted angles can effectively
create extrinsic polarization.

Gaining a clear understanding of the thermo-
dynamics and kinetics involved in phase transitions
of 2D ferroelectrics is crucial for controlling crys-
talline phases and uncovering new phases. In the
subsequent discussion, we will delve into several
common mechanisms of 2D ferroelectrics, providing
detailed insights into these aspects.

5. More features of phase transition in 2D
ferroelectrics

Small energy differences. In general, when there are
small energy differences between different phases,
phase changes occur more easily. One of the most
well-known examples of this is observed in mono-
layers of 2D molybdenum (Mo)- and tungsten (W)-
based dichalcogenides (MoX;, WX,, where X = S, Se,
Te). Every MoX, or WX, monolayer may have several
stable and/or metastable phases (semiconducting 2 H,
metallic 1 T and 1 T’). The DFT calculated ground-
state energy differences of MoX, or WX, monolay-
ers without strain are shown in figure 4(a), which
reveals that the energy difference between the dif-
ferent phases is relatively small, especially 2 H and
1 T' MoTe, (43 meV, figure 4(b)) [33]. Therefore,
MoTe; is the most studied 2D phase-change material,
and the phase transition between 2 H and 1 T/ can
be achieved by a variety of ways, such as temperat-
ure, laser, electric-field, defect, strain, etc (figure 3).
The kinetic study conducted on the phase transition
of MoTe2 reveals that the transition from the 2 H
phase to the 1 T’ phase is observable within a spe-
cific time frame of 50 s. Regarding the kinetic path-
way of ferroelectric transition, an atypical case is the
layered CulnP,S¢ (CIPS) with quadruple-well poten-
tial property, which induces its ferroelectricity, negat-
ive piezoelectricity, and ionic conductivity [46]. The
calculated change-in-energy curve plotted as polar-
ization including high-polarization (+HP) and low-
polarization (£LP) states is depicted in figure 4(c).
The energy differences between =HP and +LP states
are very small, and the switching between different
polarization states is relatively easy by temperature,
pressure, and bias. The Cu atom can be electrically
displaced from its equilibrium Cul position into the
vdW gap, which has a second stable position. This dis-
placement causes the CIPS to change from a structure
with two low-polarization minima to one with two
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additional high-polarization minima. We believe the
existence of multiple well minima with polarization is
a common occurrence in 2D vdW ferroelectrics.

Thermodynamic stability. Entropy is a broad quant-
ity, so a reduction in dimension from 3D to 2D can
resultin a large reduction in latent heat. Thus, in most
cases, much less energy is required to induce readable
phase transitions in 2D materials compared to 3D
materials. 3'-In,Se; was first discovered in 1975, but
its phase transition to «-phase was never discovered.
2D (’-In,Ses is thermodynamically metastable phase
since the discovery of strain-induced phase [43]. The
stable CVD growth of /3’-In,Se; films on mica is pos-
sible because the film is tightly attached to the atom-
ically flat mica surface and its strain maintains this
structure. Once the film is removed from the flat sub-
strate and transferred to an uneven substrate, it will
spontaneously transition to the thermodynamically
stable a-phase (figure 4(d)). For example, we pre-
deposit an array of gold particles on the SiO,/Si sub-
strate, and then transfer the 5’-In,Se; to the inter-
face between the gold array and the SiO,/Si sub-
strate (figure 4(e)). On the uneven gold array, the
metastable 3'-In,Se; film spontaneously undergoes a
phase transition into the stable a-In, Se;. However, on
the flat Si0O,/Si substrate, the film still maintains the
original ’-phase. Finally, an in-plane 3’-a hetero-
phase junction is fabricated.

Recently proposed unconventional forms of fer-
roelectricity, including twisted ferroelectricity, moiré
ferroelectricity, interfacial ferroelectricity, stacking
ferroelectricity, and sliding ferroelectricity, have
opened new possibilities in the realm of 2D vdW
ferroelectricity. These unconventional ferroelec-
tric phenomena mainly emerge because of struc-
tural phase transitions and interfacial charge trans-
fers. Broadly speaking, they can be categorized into
two main groups: moiré ferroelectricity and sliding
ferroelectricity.

Moiré ferroelectricity. The 2D moiré superlat-
tices provide a powerful platform for introducing
new electronic structures and new physical phe-
nomena. Moiré ferroelectricity can be produced
by a small-angle-twisted stacking of two layers.
Before moire ferroelectricity came out, it was dif-
ficult to imagine that centrosymmetric semi-metallic
graphene could exhibit ferroelectricity. By using
Bernal-stacked bilayer graphene within two h-BN
layers (hBN/BLG/hBN), the unconventional moiré
ferroelectricity was first realized [75]. The Bernal-
stacked bilayer graphene itself is non-ferroelectricity.
However, When the h-BN layers encapsulate the
graphene, the moiré superlattice potential and sym-
metry breaking are produced. Similar moiré ferro-
electricity cases are also found in twisted h-BN layers
(figure 5(a)). Bulk h-BN is AA’ stacking with non-
ferroelectricity, and the AA stacking is not stable. AB
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Figure 4. Phase transition mechanisms of 2D vdW ferroelectrics. (a) Ground-state energy differences among monolayer MoS,,
MoSe;, MoTe,, WS,, WSe,, and WTe;. (b) The small energy differences (43 meV) between 1 T/ and 2 H MoTe,. (c) Calculated
change-in-energy curve plotted as polarization including high-polarization (£HP) and low-polarization (+-LP) states.

(d) Predicted total energy curves plotted as strain for bilayer 3’-In,Ses and a-In,Ses flakes. e, Sketch diagram of strain-induced
transition of 8’-In,Se; by Au-particle array. Panel (a) Reproduced from [33], with permission from Springer Nature. Panel (c)
Reproduced from [46], with permission from Springer Nature. Panel (d) and (e) Reproduced from [43], with permission from

or BA stacking is stable and polarized (figure 5(b))
[65, 66]. As depicted of left panel in figure 5(a), the
small-angle twisted h-BN bilayer can form large AA
areas separated by AB and BA domains. After atomic
relaxation (right panel in figure 5(a)), this moiré pat-
tern of alternating polarization AB and BA domains
makes h-BN possessing moiré ferroelectricity [67].
Furthermore, twisted bilayer h-BN can act as a sub-
strate that provides electrostatic moiré potential
(V) for other functional layers [107]. As shown in
figure 5(b), different stacking configurations produce
different charge redistributions. Using moiré poten-
tial, twisted bilayer h-BN can regulate the electronic
bands of functional layer, such as inhibit the exciton
diffusion in MoSe,. Therefore, electrostatic moiré
potential (V) can be used to characterize the electric
polarization generated by moiré ferroelectricity.

Sliding ferroelectricity. Different from the moiré
ferroelectricity, the sliding ferroelectricity is real-
ized via interlayer or lateral translation by about
one bond length or untwisted stacking of bilayers.
As depicted in figures 5(c) and (a) typical example
is the distorted T-phase 2L-MoTe,, where sliding

between layers (a + b) is similar to mirror opera-
tion along the horizontal axis, resulting in the non-
centrosymmetric degenerate ground states and OOP
switching of polarization [68]. This ferroelectricity
of bilayer T4-MoTe, stems from interlayer sliding.
The emergent OOP ferroelectricity in CVD-grown
untwisted MoS,/WS, heterobilayer is also attrib-
uted to symmetry breaking and interlayer sliding
(figure 5(d)). The interfacial charge density differ-
ence of 3R-stacking MoS,/WS, indicates the interfa-
cial charge transfer and redistribution between the
upper and lower layers [70]. The OOP polarization
found in R-stacking bilayer WSe;, MoSe;, WS, and
MoS; can be switched by an in-plane sliding motion.
The meseared ferroelectric built-in interlayer poten-
tials reveal that the charge redistribution causes the
polarized electric field between layers. If a larger
twisted-angle is used in a moiré bilayers, the inter-
layer strain will be introduced. This is the biggest dif-
ference between moiré ferroelectricity and sliding fer-
roelectricity. For example, in the strain field study
in twisted-bilayer-graphene shows that (the twisted-
angle is less than 2°), when the twisted-angle is
applied to 1.23°, the interlayer strain is about 0.22%,
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Figure 5. Comparison of the moiré ferroelectricity and the sliding ferroelectrics. (a) Structural sketchs of the small-angle twisted
bilayer h-BN and the calculated local-registry index (LRI) map after atomic relaxation. (b) Top and side views of the hBN parallel
interface of AA, AB, and BA stacking structures. Down panel, the corresponding calculated charge redistribution.

(c) Cross-sectional depiction of two stacked few-layered flakes of grown h-BN (AA’) without twisting. (d) Interlayer differential
charge density for the polarization up and down, respectively. Panel (a) adapted with permission from [67], AAAS. Panel (b)
adapted from [107], Springer Nature Limited. Panel ¢ adapted from [68], Springer Nature Limited. Panel (d) adapted from [70],
AAAS. From [67]. Reprinted with permission from AAAS. Reproduced from [107], with permission from Springer Nature.
Reproduced from [68], with permission from Springer Nature. From [70]. Reprinted with permission from AAAS.

greater than that of 0.16° [108]. It indicates that a rel-
atively larger twisted-angle will bring about a larger
interlayer strain in the moiré bilayers. This is not the
case in sliding ferroelectricity.

6. In situ techniques for 2D ferroelectrics

In situ techniques provide the best means of studying
the mechanism of phase transitions in real-time. In
this regard, in situ TEM, in situ PFM, in situ Raman,
in situ SHG and in situ Back-scattered electron chan-
neling contrast imaging (BSECCI) are particularly
useful.

In situ TEM. By constructing different reactors or
micro/nano devices in TEM holders, it can provide
different external fields, such as heat, electrons, light,
strain, and electrical bias, which can excite the phase
transitions of 2D ferroelectrics. It makes in situ TEM
a powerful tool to probe the structural phase trans-
itions of 2D ferroelectrics from the nanoscale to
atomic scale in real time. These structures include fer-
roelectric polar domains, electric-field distribution,
and atomic structures [109]. At the same time, we can
also understand how structure affects their proper-
ties and functions. Recently, we provided a compre-
hensive phase transition study of 2D In,Ses by In situ

TEM, including the 8-InSe — (’-In,Se; transition by
heating, the 3’<>« transition on In,Se; film by strain
(figure S1(a)), the « — B’ — v and o — ~ transition
by electrical [43, 44].

In situ Raman. The Raman effect originates from
the inelastic scattering of materials to laser photons.
Raman spectroscopy is useful for fingerprinting the
structural information of materials, which is asso-
ciated with the vibrational modes of lattices with
Raman activity. Thus, all factors that can influence
the vibrational modes of lattices, such as the temper-
ature, electrostatic, electric-field, voltage bias, strain
and chemical state, can affect the Raman spectrum
[110]. In turn, we can also use the changes in Raman
spectra to study the structural change in real-time
in 2D materials. For 2D ferroelectrics, in situ Raman
is an effective method to investigate their structural
phase transitions (figure S1(b)) [40].

In situ SHG. Second-harmonic-generation (SHG) is
a nonlinear optical effect and can produce the fre-
quency doubling of light. Noncentrosymmetry is the
primary requirement for an SHG process due to the
zero SHG coefficient (x* = 0) in all centrosymmet-
ric structures [111]. A ferroelectric crystal is non-
centrosymmetrical and can be identified by SHG. By
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applying different external stimuli in real-time, in situ
SHG becomes a non-destructive technique to observe
the symmetry change of 2D ferroelectrics and it can
determine the Curie temperature (7). Recently, Wan
et al measured the ferroelectric transition temperat-
ure in 1 T'-ReS, multilayers by in situ heating SHG
(figure S1(c)) [51].

In situ PFEM. The basic principle of PFM is to utilize
the inverse-piezoelectric effect: the AC field is applied
to the material surface by the AFM probe, resulting
in surface deformation of the material. PFM has been
widely used to characterize the piezoelectric and fer-
roelectric materials, including the piezoelectric coef-
ficient, the ferroelectric domain imaging and domain
switching behaviors [112]. In situ PFM operating in
various fields can be used to observe the changes of
ferroelectric properties in real-time. Recently, Guan
et al reported a reversible AFE to FE phase transition
at RT in 2D GeSe triggered by an external in-plane
electric field (figure S1(d)) [95].

In situ BSECCI. BSECCI is an imaging technique
in the SEM that exploits the channeling effect of
back-scattered electrons with respect to crystal lattice
planes [113]. In 2D twisted bilayers, BSECCI can also
provide a clear contrast and hence becomes a power-
ful tool to visualize the domain structure in 2D fer-
roelectrics. Using BSECCI, researchers can observe
the subtle changes in the ferroelectric domain and
domain walls (DWs). By applying an external elec-
tric field, we can adopt in situ BSECCI to observe the
real-time change of ferroelectric domains with clear
contrast. Recently, Weston et al used in situ BSECCI
to investigate the evolution of triangular domain net-
works by applying an electric field (figure S1(e)) [78].

7. Multiferroic and superconducting
phases in 2D ferroelectrics

In addition to ferroelectricity, 2D ferroelectrics
can exhibit other interesting properties, like multi-
ferroicity (antiferroelectricity, ferromagnetism, fer-
roelasticity) and superconductivity, etc.

AFE transition. Layered thiophosphates, with a for-
mula of CulnP,Xs (X = S, Se), have emerged as
2D ferroelectric, ferrielectric or AFE. Ferrielectricity,
the equivalent of ferrimagnetism, can be considered
as AFE order but with a switchable polarization.
Recently, Song et al presented that CulnP,Ses pos-
sessed AFE ground state and ferrielectric- AFE trans-
ition in a thickness of 6-8 layers [114]. Afterward,
Dziaugys et al reported the formation of a par-
tially polarized AFE state and ferrielectric domains
surrounded by the corresponding phase boundar-
ies through quantitative imaging of nanoscale piezo-
electric properties, as depicted in figure S2(a) [115].
The possible coexistence of ferrielectric and AFE
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states are evidenced by optical spectroscopies, Raman
spectroscopy and DFT calculations. Moreover, they
can manipulate the ferrielectric/ AFE phase trans-
ition by the electric field on the nanoscale, show-
ing a new functionality in 2D ferroelectrics. For 2D
B’-In,Se;, it was first reported as 2D ferroelectric,
[116] but subsequent research suggests that it is more
closely related to 2D AFE [117]. Xu et al revealed
the in-plane antiferroelectricity in 2D 3’-In,Se; by
optical and atomic scale electron microscopy with
first-principles calculations. 2D ’-In,Se; exhibits
an unconventional nanostripe ordering, where indi-
vidual nanostripes exhibit local ferroelectric polariz-
ation, while adjacent nanostripes are antipolar, res-
ulting in a net polarization of zero. This AFE trans-
ition through the ordering of the superstructure is an
intriguing phenomenon in 2D ferroelectrics.

Ferroelastic transition. As a type of ferroic prop-
erty, ferroelasticity indicates the switchable spon-
taneous lattice strain by mechanical excitation. In
2021, Xu et al demonstrated the ferroelasticity in
2D AFE f3'-In,Se; flakes with few-layer thickness, as
shown in figure S2(b) [118]. The 2D spontaneous
strain stems from the in-plane AFE distortion evid-
enced by both atomic TEM and in situ x-ray dif-
fraction. The equivalent strain orientations lead to
three ferroelastic domain variants isolated by 60° and
120° DWs. The detailed domain switching mech-
anism is uncovered by in situ optical microscopy
test on PET. Ferroelasticity switching between fer-
roelastic domains can be achieved with an external
strain of <0.5%, demonstrating the potential for reg-
ulating the AFE polar structure and DW patterns
through mechanical excitation. The discovery of 2D
ferroelasticity in 2D ferroelectrics may lead to the
development of novel memory and sensing devices.

Ferromagnetic transition. Due to the novel phys-
ical properties (magnetoelectric coupling, etc.) and
multifunctional applications (memory device, spin-
tronic device, etc), multiferroic materials with simul-
taneous ferromagnetic and ferroelectric orders have
gained broad interest [63, 119]. Recently, Du et al
reported a 2D multiferroic material of metallic p-
doped SnSe with the coexistence of ferrimagnetism
and ferroelectricity (figure S2(c)) [120]. The metal-
lic feature in 2D p-doped SnSe arises from the local
mixed phase of SnSe, microdomains and subsequent
interfacial charge transfer. 2D p-doped SnSe shows a
RT ferrimagnetism with a T, of 337 K. The DFT cal-
culations revealed that the asymmetric DOS of two
spin channels gives rise to a total magnetic moment of
~0.7881 up, much higher than that of intrinsic SnSe
(~0.5175 up), evidencing the existence of ferrimag-
netism in SnSe flakes.

Superconductive transition. In addition to multi-
ferroic phases, the superconducting phase transition
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is also found in 2D ferroelectrics. Superconductivity
is a phenomenon in which the resistance of mater-
ials changes to zero below transition temperat-
ures. High electrical conductivity in superconduct-
ivity counteracts the electric polarization, so that
superconductivity and ferroelectricity are generally
mutually exclusive. Jindal et al recently reported
the coupled ferroelectricity and superconductivity
in bilayer T4-MoTe,, as depicted in figure S2(d)
[68]. They observed a first-order superconductor-to-
normal transition in bilayer MoTe, together with a
ferroelectric transition driven by the electric field.
In MoTe; devices, charge-carrier doping and electric
polarization can be independently adjusted, allowing
for switching of the electrical polarization by chan-
ging the external field, which transforms the super-
conductor into a normal metal. The strong coup-
ling between superconductivity and ferroelectricity
enables ferroelectric control of a superconductor,
potentially leading to the development of quantum
devices in the future [121].

8. Emerging applications of 2D
ferroelectrics

Berry curvature memory. Berry curvature is a phys-
ical quantity that characterizes the topological local
entanglement between a crystal’s conduction and
valence bands. In 2D quantum materials, the stack-
ing order of vdW layers can change the crystal sym-
metry and the electronic properties, including Berry
curvature and ferroelectricity. Recently, an electric-
ally induced stacking transition for designing Berry
curvature non-volatile memory in 2D ferroelectric
T4-WTe, was discovered [122]. They made a dual-
gate device based on W'Te, flakes encapsulated by two
h-BN flakes, as depicted in figure 6(a). A small num-
ber of carriers are injected under a longitudinal elec-
tric field to the WTe;, layers, allowing each odd layer
to produce in-plane interlayer sliding. The consid-
erable Berry curvature in WTe, layers is utilized to
read data stored between these moving atomic layers.
This quantum feature can distinguish stacking orders
and metal polarization states, as different stacking
orders exhibit distinct Berry curvatures. This finding
addresses the long-standing challenge of reading the
real-space weak polarity in 2D ferroelectric metals.

RRAM. 2H-MoTe, and 1T'-MoTe, phases are prone
to generate phase transition by electrical stimulation
due to their lowest energy difference in all TMDs.
Because of the differences in resistance and ferro-
electricity between 2H and 1T or T4 phases, the
memory performance using this phase transition can
be obtained by switching the resistive and polar-
ization states. In 2019, Appenzeller et al reported
the electric-field-induced phase transition from 2H
phase to 2H4 and Ty phases in the vertical 2H-MoTe,
and Mo, _, W, Te,-based RRAM devices, as shown in
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figure 6(b) [102]. Unlike traditional RRAM devices,
MoTe, exhibits conductive filaments and new crystal
structures, including a previously unidentified 2Hy4
phase, as revealed in the study. The structure of this
phase differs from the well-known 2H, 1T’, and Ty
phases, and can be used to regulate the high and low
resistance states of the device by applying an electric
field. The RRAM devices exhibit an ultrafast resist-
ive switching speed of 10 ns and a high on/off current
ratio of 10° with programming currents lower than
1 piA. This study suggests that controlled phase trans-
itions can be achieved through electrical manipula-
tion in 2D ferroelectrics, indicating their significant
potential for use in memory devices.

Ferroelectric phase change transistor. In addition
to applying an electric field to change the phase of
2D MoTe,, its phase can also be altered by apply-
ing strain. A non-volatile MoTe, phase change tran-
sistor by strain engineering was shown in figure 6(c)
[41]. MoTe, can be switched from 1T’ to 2H phase
driven by electric-field-induced strain on ferroelec-
tric Pb(Mg1/3Nb2/3)0_71Ti0_2903 (PMN-PT) single—
crystal substrate. Compared to the normal on/off
ratio limitation of field-effect transistors, the MoTe,
phase-change transistor can achieve an ultrahigh
on/off ratio because the ‘on’ state of this device is fully
metallic, resulting in a high current. Additionally,
contact engineering can significantly reduce the ‘oft’
state current, enabling large non-volatile changes
in channel conductivity. This strain-driven, non-
volatile phase-change transistor demonstrates the
potential of 2D materials in the development of
superfast (sub-nanosecond) and low-power con-
sumption (attojoule) logic and memory devices.

Hetero-phase junction ferroelectric transistor.
Phase change engineering of 2D ferroelectrics can
usually fabricate the in-plane homojunctions or
hetero-phase junctions, such as 2H-1T MoS,, 2H-1T"
MoTe;, etc. For instance, by utilizing the strain-driven
phase transition of In,Ses;, we have prepared an in-
plane a0’ hetero-phase junction ferroelectric tran-
sistor with a ferroelectric- AFE configuration, which
exhibits outstanding non-volatile memory perform-
ance, as demonstrated in figure 6(d) [43]. Encouraged
by the strain-release induced phase transition, we
used e-beam evaporated Au pattern as a rough sur-
face and SiO,/Si substrate as a flat surface to fabricate
an a—f3' hetero-phase junction by one-step trans-
fer. After transfer onto the Au pattern, the pristine
B’ -phase In,Se; film transforms into «-phase in the
uneven Au pattern area owing to the release of in-
plane strain, while the area on the flat SiO,/Si sub-
strates remains intact, maintaining the pristine (3’
phase. Some wrinkles appear in the a-phase area,
a signature of film delamination and S’-a phase
transition. The Raman mapping result shows that the
two-phase merged area is uniform, and the interface
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Figure 6. Emerging device applications of 2D ferroelectrics with additional phase control. (a) Upper panel, schematic of dual-gate
WTe, memory device. Lower panel, electric-field-driven longitudinal conductance (upper left) and nonlinear Hall signal (lower
left) in WTe,, and the corresponding calculated Berry curvature in the 2D Brillouin zone at the Fermi level (right). (b) Left panel,
schematic of a vertical MoTe, device, and atomic HAADF image of T4 phase and 2 H phase. Right panel, I-V curves of a vertical
MoTe; device. (c) Left panel, schematic of the MoTe; ferroelectric strain device. Right panel, three full G-E loops of the unipolar
MoTe;, device. (d) Left panel, schematic of the FET device (above) and the corresponding band diagram (below) of a3’
junction. Right panel, NVM retention performance of the a—{3’ junction device by gate-voltage write and erase. Panel (a)
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is sharp and seamless. The a—3’ junction benefits
from the built-in field and the degree of freedom
in polarization control under an external electric
field, and its device shows a wider hysteresis window
(43.8V under—40.0—40.0 V sweeping) and greater
non-volatile memory performance (retention time of
22000 s and endurance for 6000 cycles) than that of
the single-phase devices.

9. Challenges and outlook

Despite the discovery of some phase transition mech-
anisms in 2D ferroelectrics in recent years, their
research and development still face numerous chal-
lenges. Firstly, the phase transition mechanisms
between ferroelectric and non-ferroelectric phases of
most intrinsic 2D ferroelectric materials are poorly
understood. Additionally, the mechanism for trans-
forming non-ferroelectric materials into extrinsic fer-
roelectricity is still in its early stages of research. In
future research, we suggest focusing on several key
areas:

Exploring and creating new 2D ferroelectrics. The
first task is to discover new intrinsic 2D ferroelec-
tric materials and investigate their phase transition
mechanisms using both in situ and ex situ approaches.

Currently, only 23 types of intrinsic 2D ferroelec-
tric materials have been experimentally validated, and
the development rate lags behind that of intrinsic
2D magnetic materials (which were discovered in
2017, and now over 50 have been confirmed) [123,
124]. Searching for new 2D ferroelectric materials is
extremely important for the basic physical research
and future device applications. However, due to the
weak polarization intensity of 2D ferroelectrics, it is
difficult to be applied in electronic devices at the cur-
rent stage. How to improve the polarization intens-
ity of current 2D ferroelectric materials and find new
materials with strong polarization are two urgent
research directions. In order to improve the efficiency
of research, we can use artificial intelligence (AI) to
explore ways to improve the polarization intensity
of current 2D ferroelectric materials, such as doping,
modification and so on. At the same time, we can also
use Al to predict new 2D ferroelectric materials with
strong polarization.

Besides, first-principles calculations can help us
to find new intrinsic 2D ferroelectrics. For instance,
monolayer monochalcogenides MX (M = Ge, Sn;
X =S, Se) were predicted to show spontaneous in-
plane electrical polarization and ferroelectricity in
2016, however, GeS has not yet been proven to be
ferroelectric [36]. Other materials like GaS, GaTe,
VOI,, VS,, Bi,O,S, Bi,O,Te, etc. have also shown
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promising potential for room-temperature ferroelec-
tricity in theoretical studies [8, 125, 126]. SHG and
PEM are valuable tools for identifying ferroelectric
materials and measuring their Curie temperatures.
In addition, in situ/ex situ TEM and Raman spec-
troscopy can be used to probe their phase transition
mechanisms, including thermodynamics and kinet-
ics, under various external stimuli. The BSECCI tech-
nique can reveal the evolution of DWs under an
electric field.

Understanding phase transitions mechanisms and
domain dynamics. Understanding the novel ferro-
electric orders down to the atomic scale are import-
ant in the various emerging 2D ferroelectric phases
including intrinsic ferroelectrics and extrinsic fer-
roelectrics, such as those induced by twisted-angle,
stacking-order, and heteroepitaxy. By uncovering the
underlying physics of these mechanisms, we can
develop new strategies for manipulating and optim-
izing the ferroelectric properties of 2D materials.
This knowledge is essential for the development of
next-generation electronics, energy harvesting, and
sensing devices that rely on the unique properties
of ferroelectric materials [127]. For non-vdW ferro-
electric films, such as BiFeO; and Pb(Zr,,Tigg)O3
(PZT), researchers have studied their kinetics and
dynamics of ferroelectric switching at atomic resol-
ution by aberration-corrected transmission electron
microscopy [128, 129]. However, for 2D ferroelectrics
including In,Ses, research on the atomic mechanisms
of ferroelectric switching is still limited. Therefore, a
key future task is to investigate the atomic-level mech-
anisms of 2D ferroelectricity using state-of-the-art
techniques, including 4D-STEM, differential-phase-
contrast, and momentum-resolved EELS (q-EELS)
[130]. Additionally, machine learning algorithms can
be used to process TEM data and provide quantitative
results.

Creating new extrinsic ferroelectrics. Through
various methods such as twisting, stacking, or
heteroepitaxy-based phase engineering, non-
ferroelectric 2D materials can be transformed into
ferroelectric materials, significantly expanding the
pool of available ferroelectric materials. Additionally,
new approaches must be developed to create extrinsic
ferroelectrics from non-ferroelectric 2D building
blocks. For instance, 5-In,Ses; and black phosphorus
(BP) are non-ferroelectric vdW layered materials,
which may transition to 2D ferroelectrics by stack-
ing two layers with a small twisting angle. Moreover,
constructing vertical or transverse heterojunctions
with ferroelectric materials can break symmetry and
induce polar DWs [32]. In addition, strain engineer-
ing is an effective method to break the C; rotational
symmetry, such as in a bended MoS, device [131].
Meanwhile, the C; rotational symmetry breaking can
trigger the structural phase transition as well. Other
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methods for phase control and symmetry breaking
include molecule intercalation, [24] atom doping,
[132] and electron-beam irradiation [133].

Wafer-scale growth. Large-scale commercial applic-
ations of 2D ferroelectrics require the growth of
wafer-scale single-crystal thin films with uniform-
ity and low-cost [134]. However, most samples are
limited to the micrometer scale, with only a few
reaching centimeter-size. However, a recent low-
thermal-budget growth method (growth temperat-
ure < 300 °C) for monolayer 8 inch MoS, films has
been reported, which is a silicon complementary
metal-oxide—semiconductor compatible route and
can be integrated in the BEOL process [135]. This
method could provide inspiration for growing large-
area 2D ferroelectric materials through MOCVD at a
low growth temperature.

Discover multiferroicity and their coupling effect.
2D multiferroic vdW materials with both ferroelec-
tric and ferromagnetic (antiferromagnetic) proper-
ties have been the focus of research in recent years,
including Nil,, [62] CuCrP,Ss, [63] p-doped SnSe,
[120] and Fe-doped In,Se; [136]. Because the mag-
netoelectric coupling effect can realize the control of
magnetic field, 2D multiferroic vdW materials have
potential applications in spin-ferroelectric transist-
ors and magnetic memory. In addition to looking for
intrinsic 2D multiferroic materials, we can artificially
create multiferroicity. Another approach involves cre-
ating 2D ferromagnetic materials with inherent ferro-
electricity by twisting and stacking two layers of such
materials. Investigating the response of 2D multi-
ferroic vdW materials to external stimuli like light and
strain is also an area of interest. Understanding the
optical-ferroelectric-ferromagnetic coupling effect in
these materials, holds promise for the development of
multifunctional devices.

Constructing novel ferroelectric-based devices.
Compared to traditional 3D ferroelectric mater-
ials, 2D ferroelectrics offer significant advantages,
including their atomic-scale thickness and the flexib-
ility of stacking engineering, akin to ‘LEGO’ blocks.
This stacking flexibility allows us to not only utilize
the properties of individual 2D materials but also
leverage the coupling properties of their heterojunc-
tions. One current disadvantage of 2D ferroelectrics
is their relatively small OOP polarization value, one
order of magnitude lower than that of traditional
ferroelectrics such as HfO,, PVDF and Pb(Zr,Ti)O;
[137]. Hence, using strong polarization materials as
dielectric, substrate, or intermediate layer can greatly
improve the polarization intensity and memory per-
formance of the 2D-3D hybrid devices [138]. In
addition, constructing a ferroelectric-ferromagnetic-
based multiferroic heterojunction device using a 2D
or 3D ferromagnetic material shows promise for
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magnetic memories and spin transistors, due to the
magnetoelectric coupling effect [139]. Furthermore,
utilizing the structural and ferroelectric phase trans-
itions of 2D ferroelectrics to construct memory
devices is a new trend for future developments in this
field.

Memristor with crossbar structure is one of the
main structures of the commercial memory. They can
form neural networks through large-scale crossbar
arrays to conduct parallel and efficient in-memory
computing [140]. In 2D vdW ferroelectrics, ferroelec-
tric and structural phase transitions can be used as
memristor switching mechanisms. Such memristors
can be controlled by electric-field or strain, such as
the recently reported MoTe, phase-change memris-
tor and phase-change memtransistive synapses [141,
142]. Furthermore, there is a need for further explor-
ation into the operational mechanisms of 2D ferro-
electric memristors [ 143, 144]. Understanding how to
achieve phase-change memristors and enhance their
performance requires significant research and devel-
opment. There is still a substantial amount of work
awaiting us in this area [144, 145].

We strongly believe that the phase engineering in
2D vdW ferroelectrics is a promising area for future
physics and materials research, with the potential
to yield novel physical properties, new phase trans-
ition mechanisms, new 2D vdW ferroelectrics, innov-
ative preparation methods, and advanced electronic
devices.
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