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Recent Advances in Layered Two-dimensional Ferroelectrics
from Material to Device

Shenmao Lin, Geyang Zhang, Qinglin Lai, Jun Fu, Wenguang Zhu, and Hualing Zeng*

With the advent of the post Moore era, modern electronics require further
device miniaturization of all electronic components, particularly ferroelectric
memories, due to the need for massive data storage. This demand stimulates
the exploration of robust switchable ferroelectric polarizations at the atomic
scale. In this scenario, van der Waals ferroelectrics have recently gained
increasing attention because of their stable layered structure at nanometer
thickness, offering the opportunity to realize two-dimensional ferroelectricity
that is long-sought in conventional thin film ferroelectrics. In this review,
recent advancements are summarized in layered ferroelectrics with highlights
of the fundamentals of intrinsic two-dimensional ferroelectricity, the
emergence of artificial stacking ferroelectricity, and related protype devices
with exotic functions. In addition, the unique polarization control in van der
Waals ferroelectrics is discussed. Although great challenges remain unsolved,
these studies undoubtedly advance the integration of 2D ferroelectrics in
electronics.

1. Introduction

The study of ferroelectricity has gone through more than a hun-
dred years with rich progress achieved that has made great con-
tributions to modern electronics.[1–7] Thin-film ferroelectric ox-
ides represented by PbTiO3, BaTiO3, and HfO2 (or Hf0.5Zr0.5O2)
have been integrated in silicon-based electronics, showing tech-
nical practicality in nonvolatile memories via devices such as
ferroelectric diodes,[8,9] ferroelectric transistors,[10,11] and ferro-
electric tunneling junctions.[12–14] As electronics enter the post
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Moore era, the sizes of ultracompact
electronic devices are approaching
down to several nanometers and even
subnanometers.[15–17] Therefore, to meet
the raised standard of device miniaturiza-
tion, there is growing interest in exploring
nanoscale ferroelectricity in ferroelectric
materials and device communities. For
instance, switchable electric polariza-
tions have recently been demonstrated in
atomically thin freestanding perovskite
membranes[18] and a few nanometers thick
HfO2 .[19] In addition to the unremitting
efforts to realize ultrathin oxide ferroelec-
tric films, another potential route is to
seek robust ferroelectricity at the 2D limit
in van der Waals (vdW) materials, which
benefits from their innate layer structure
with a stable chemical environment and
weak packing interactions at the interface.
These features not only help to overcome

challenges such as surface dangling bonds and giant
depolarization fields in conventional ferroelectrics but
also open the venue to study the unprecedented inter-
play between ferroelectricity and metallicity[20,21] and even
superconductivity.[22]

The ferroelectric properties in vdW materials can be divided
into out-of-plane or in-plane ferroelectricity that is perpendicu-
lar or parallel to the 2D plane, respectively.[23,24] In this review,
we mainly restrict our discussions to 2D materials with out-of-
plane ferroelectricity while leaving the in-plane case briefly men-
tioned. One reason lies in that 2D materials with out-of-plane
ferroelectricity might have greater potential values from the per-
spective of technical applications. For example, 2D out-of-plane
ferroelectricity can be effectively integrated into various vdW
heterostructures as a nonvolatile tuning knob for optical,[25–28]

electrical,[29–35] and magnetic properties.[36,37] Therefore, the de-
vice potential and function tunability of vdW heterostructures
will be substantially broadened. Second, it should be noted that it
is relatively difficult to obtain out-of-plane ferroelectricity in vdW
materials. For in-plane ferroelectricity in vdW materials, the di-
rection of the electric polarization is within the 2D plane. The
crystal lattice theoretically maintains near-infinite periodic ex-
pansions in this direction. Therefore, the 2D in-plane ferroelec-
tricity might resemble that observed in conventional bulk materi-
als and will be hardly affected by the critical size effect. However,
in the out-of-plane direction, the dimensionality decreases, and
the material itself becomes a limited system. To maintain stable
out-of-plane ferroelectric polarization in a single atomic layer, the
structural stability of the vdW material needs to be considered.

Adv. Funct. Mater. 2023, 2304139 © 2023 Wiley-VCH GmbH2304139 (1 of 17)

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadfm.202304139&domain=pdf&date_stamp=2023-06-20


www.advancedsciencenews.com www.afm-journal.de

Merely pure discoveries on 2D ferroelectricity can contribute im-
portantly to enriching the study of the family of vdW materials
with findings on new structures, exotic phases, and extraordinary
mechanisms.[21,38–42]

To date, explorations of 2D out-of-plane ferroelectrics have
mainly been conducted along two lines. One focus is on the
search for intrinsic 2D monolayer crystals that satisfy spatial in-
version symmetry breaking in the out-of-plane direction. The
ferroelectric polarizations mainly stem from the off-center dis-
placement of specific atoms in their unit cells with the forma-
tion of switchable electric dipoles. Stable out-of-plane ferroelec-
tricity and lattice structure benefit from the significant anisotropy
along the same direction in 2D systems. Representative mate-
rials include CuInP2S6 (CIPS),[23,43] 𝛼-In2Se3,[39,40] Bi2O2Se,[44,45]

and d1T-MoTe2.[46] On the other hand, the innate layer degree of
freedom in vdW materials allows the realization of artificial fer-
roelectricity at the atomic scale by stacking two or multiple 2D
monolayers. Switchable out-of-plane ferroelectric polarizations
are induced by interlayer compensation charges. Since the mono-
layer crystals used in stacking can vary from insulators (hexag-
onal boron nitride, abbreviated as h–BN)[47–49] to semiconduc-
tors (ReS2)[50] and even to semimetals (graphene)[51,52] without
constraints on lattice spatial inversion symmetry, these discov-
eries greatly expand the family of 2D ferroelectrics and lead to
the emergence of so-called sliding ferroelectricity (or stacking
ferroelectricity).

In view of the rapid progress in 2D ferroelectrics, we summa-
rize recent advancements from material realization to device ap-
plication. The review is organized as follows: The fundamentals
of intrinsic vdW ferroelectrics are first introduced with a focus
on out-of-plane ferroelectricity and its unique polarization cou-
plings in 2D systems. We next discuss the emergence of artificial
2D stacking ferroelectricity from theoretical predictions to exper-
imental realizations. Based on intrinsic and artificial 2D out-of-
plane ferroelectricity, we review related protype devices with ex-
otic functions, such as ferroelectric field-effect transistors, ferro-
electric semiconductor field-effect transistors, ferroelectric chan-
nel transistors, and ferroelectric tunneling junction devices. Fi-
nally, we provide an outlook of the challenges and opportunities
in the study of 2D ferroelectrics.

2. Intrinsic 2D vdW Ferroelectrics

Since graphene was successfully exfoliated in 2004, many 2D
materials have emerged with exotic physical properties, such as
h-BN, the family of transition metal dichalcogenides (TMDs),
and group-IV monochalcogenides. Despite the enormous growth
in 2D material science, ferroelectricity was theoretically predicted
and experimentally confirmed only recently. Due to their superior
nature, including clean vdW interfaces, robustness against depo-
larization fields, and clean surfaces with no dangling bonds, 2D
ferroelectrics are now considered to provide an opportunity in
developing ultrathin memory devices. Here, we summarize the
development and fundamentals of intrinsic 2D ferroelectrics.

2.1. In-Plane Ferroelectric Polarization

In 2016, several theoretical works predicted stable in-plane spon-
taneous polarization in monolayer group-IV monochalcogenides

MX (M = Ge, Sn; X = S, Se). Bulk MX monochalcogenides
adopt an orthorhombic (Pnma) crystal structure similar to black
phosphorus at room temperature, which maintains inversion
symmetry.[53,54] The ferroelectricity of MX is induced by the rel-
ative in-plane displacement of anions and cations, which breaks
the space inversion symmetry. Chang et al. prepared atomically
thin SnTe by using the molecular beam epitaxy technique.[24]

They observed the formation of a domain structure and band
bending induced by spontaneous polarization through scan-
ning tunnelling microscopy (STM) and scanning tunneling spec-
troscopy (STS) and manipulated the polarization through the
STM tip. The above evidence demonstrates the existence of sta-
ble in-plane spontaneous polarization in atomic-thin SnTe down
to a 1–unit cell limit. The ferroelectric transition temperature
Tc of the 1–unit cell SnTe film is as high as 270 K, which is
much higher than the 98 K of the bulk material. In addition, the
2-4-unit cell SnTe film has a higher Tc and room-temperature
ferroelectricity. The Tc enhancement in ultrathin SnTe films is
ascribed to the formation of 𝛾-SnTe.[55] Analogously, robust in-
plane ferroelectricity in monolayer SnSe and few-layer SnS was
observed.[56,57] Moreover, an inverse piezoelectric effect is ob-
served in SnS films with an odd number of layers, manifested as
spontaneous rippling of the film along the polarization direction.
In addition, an electric-field-induced reversible antiferroelectric
to ferroelectric transition at room temperature in layered 𝛼-GeSe
was also reported.[58]

In addition to MX, SbN, and BiP with a phosphorus-like struc-
ture are also predicted to be room-temperature 2D ferroelectric
materials.[59] The in-plane polarization of SbN can reach up to
7.81 × 10−10 C m−1. Based on the controlled ferroelectric do-
mains, polarized 2D ferroelectrics show the potential to fabricate
devices, such as nonvolatile ferroelectric random-access memory
and in-plane ferroelectric tunneling junctions.

2.2. Out-of-Plane Ferroelectric Polarization

Out-of-plane spontaneous ferroelectric polarization was most in-
tensively discussed in the transition metal thiophosphate (TMTP)
family, including CIPS, CuInP2Se6, and AgBiP2Se6.[23,43,60–62] To
date, the ferroelectricity in some TMTPs has been experimentally
confirmed, and CIPS is recognized to be one of their most rep-
resentative. The lattice structure of CIPS is shown in Figure 1a.
The octahedral cages formed by sulfur atoms are filled with metal
cations Cu and In and P−P pairs in the octahedral voids, and a
complete unit cell of CIPS is made up of two adjacent mono-
layers in which the sites of Cu and P-P pairs exchange. Spon-
taneous polarization of CIPS originates from the atomic posi-
tion deviation of Cu cations in each single layer, which breaks
the lattice inversion symmetry. In 2015, Belianinov et al. first
reported the existence of room temperature ferroelectric polar-
ization in layered CIPS with the observation of ferroelectric do-
mains and hysteresis loops in CIPS with a thickness greater
than 100 nm.[43] This work inspired further exploration of ultra-
thin ferroelectric materials.[63,64] For example, Liu et al. reported
room-temperature out-of-plane ferroelectricity in ultrathin CIPS
with a film thickness down to 4 nm (Figure 1b).[23]

As a room-temperature 2D ferroelectric material, CIPS has a
series of unique properties, including the coexistence of negative
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Figure 1. a) Side views of the crystal structure of CIPS with two opposite polarization directions. The polarization direction is indicated by the arrow. b)
AFM topography, PFM amplitude, and PFM phase of CIPS ranging from 100 to 7 nm thick (left). The PFM phase image of 4 nm thick CIPS with written
box-in-box patterns (right). Scale bar, 1 μm.[23] c) The energy change curve as a function of polarization from the zero-displacement Cu site at a fixed
lattice parameter of 13.09 Å. The curve exhibits four local energy minima along the z-axis and two minima in each of the polarization directions along the
z-axis. The inset shows the relaxed structure of CIPS according to the HP phase.[38] d) Map of quantified piezoelectric constant measured by PFM (left).
The color scale depicts the magnitude and direction of the measured piezoresponse. Histogram of the CIPS phase measurements fitted with Gaussian
functions with four distinct maxima (right). Dotted lines depict the theoretically predicted values of the four polarization states.[38] Reproduced under the
terms of the CC–BY license.[23] Copyright 2016, The Authors, published by Springer Nature. Reproduced with permission.[38] Copyright 2019, Springer
Nature.

longitudinal piezoelectric coefficients,[23,65] ionic conduction,[66]

and atypical polarization switching,[67] among which the most
attractive is the existence of a quadruple-well potential.[38] Un-
like the classic Landau−Ginzburg−Devonshire double-well po-
tential, which has two minima corresponding to two polarization
states, layered CIPS has a quadruple-well potential for uniaxial
Cu-ion displacements. The tunable quadruple-well model was
demonstrated theoretically and experimentally by Brehm et al.
The layered structure leads to a second stable Cu site within
the vdW gap, which possesses a small energy barrier difference,
thus forming interlayer bonds with S atoms from adjacent lay-
ers. As a result, four local energy minima exist along the z-axis

(see Figure 1c), with two called the low-polarization (LP) and
the others termed the higher-polarization (HP) phases. Calcu-
lated with density functional theory (DFT), the Cu-ion displace-
ments of LP and HP are ≈1.62 Å and ≈2.25 Å, respectively, and
the polarization values of ±HP (± 11.26 μC cm−2) are more than
twice those in ±LP (± 4.93 μC cm−2). By piezoelectric force mi-
croscopy (PFM), the existence of quadruple-well potential was
demonstrated. Strong piezoelectric responses with four individ-
ual maxima in the histogram were observed from CIPS at room
temperature, as shown in Figure 1d.

In other family members of TMTP, such as CuCrP2S6 and
CuInP2Se6, out-of-plane ferroelectricity and anti-ferroelectricity
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were also experimentally demonstrated. Lai et al. predicted that
ferromagnetism coexists with electric-field-driving ferroelectric-
ity in ultrathin CuCrP2S6 and revealed out-of-plane ferroelectric
polarization at room temperature in few-layer CuCrP2S6 (approx-
imately 13 nm thick).[68] Dziaugys et al. reported that the anti-
ferroelectric and ferroelectric phases coexist in CuInP2Se6. The
maximum piezoelectric response was found at the domain walls
(approximately four times larger if compared to that from do-
mains), which is different from the minimum piezoelectric re-
sponse found at the domain walls in ferroelectrics.[69] The phe-
nomenon of multiphase coexistence in CuInP2Se6 extends the
study of domain wall electronics.

In parallel, there is gaining interest in exploring intrinsic fer-
roelectricity in group VI TMDs such as MX2 (M = Mo, W and
X = S, Se) due to their abundant properties. In 2014, Shirodkar
and Waghmare theoretically predicted that 1T-MoS2 has out-of-
plane ferroelectric polarization.[70] The unstable K3 modes due to
the degeneracy of the Fermi surface and strong electron-phonon
coupling cause trimerization distortion of Mo atoms in mono-
layer 1T-MoS2. As a result, the centrosymmetric 1T phase tran-
sitions to a distorted 1T (d1T) phase with broken inversion sym-
metry. This theoretical analysis is also applicable to other TMDs,
such as MoSe2, WS2, and WSe2, providing theoretical support
for ferroelectricity in TMDs. However, room-temperature OOP
ferroelectricity has only been observed in monolayer d1T-MoTe2
thus far.[46,71] The ferroelectricity in d1T-MoTe2 results from the
relative atomic displacements of Mo atoms and Te atoms.

2.3. Intercorrelated in-Plane and out-of-Plane Ferroelectric
Polarization

Another hallmark in vdW ferroelectrics is the discovery of semi-
conducting In2Se3 with unique intercorrelated in-plane and out-
of-plane ferroelectric polarizations. In 2017, Ding et al. predicted
the existence of room-temperature ferroelectricity in In2Se3 and
other III2-VI3 vdW materials, possessing both in-plane and out-
of-plane spontaneous polarization.[39] The crystal structure of
In2Se3 is shown in Figure 2a. A quintuple layer (QL) of In2Se3
has five atomic layers, which are covalently bonded and arranged
alternately in the sequence of Se-In-Se-In-Se atomic layers. The
QLs stack vertically via weak vdW interactions, and different
stacking orders lead to different In2Se3 phases. As the most sta-
ble phase at room temperature, 𝛼-In2Se3 has two stacking or-
ders, namely, the hexahedral (2H) structure and the rhombohe-
dral (3R) structure. The horizontal and vertical distances between
the central Se atomic layer and the two adjacent In atomic layers
are obviously different, which leads to the breaking of the spa-
tial inversion symmetry. The atomic-resolution scanning trans-
mission electron microscopy (STEM) image of 3R 𝛼-In2Se3 is
shown in Figure 2c, demonstrating the layered noncentrosym-
metric lattice structure. When the central Se atomic layer shifts, it
changes the horizontal and vertical distances with neighbouring
In atoms, resulting in simultaneous in-plane and out-of-plane po-
larization switching (Figure 2b). Zhou et al. first experimentally
demonstrated ferroelectricity in 3R 𝛼-In2Se3, and the out-of-plane
polarization is potentially switchable in films down to approxi-
mately 10 nm thick.[72] In 2018, the coupling between in-plane
and out-of-plane ferroelectricity in 3R 𝛼-In2Se3 was experimen-

tally confirmed.[40,41] For example, Cui et al. electrically wrote two
box patterns with opposite voltages in a 6 nm sample via PFM in
the out-of-plane direction and observed that the in-plane electric
polarization changes simultaneously.[40] In the same year, Xue
et al. also demonstrated the phenomenon of intercorrelated in-
plane and out-of-plane polarization in 2H 𝛼-In2Se3.[73] Moreover,
the piezoresponse hysteresis loop of monolayer 2H 𝛼-In2Se3 re-
veals that room-temperature ferroelectricity still persists in the
monolayer limit (≈ 1.2 nm) (Figure 2e).

At the early stage, there are very few vdW ferroelectrics with the
special property of intercorrelated in-plane and out-of-plane elec-
tric polarizations. To expand 2D ferroelectrics with similar elec-
tric dipole locking in 𝛼-In2Se3, Hu et al. experimentally demon-
strated intercorrelated in-plane and out-of-plane polarizations
in 𝛽-InSe nanoflakes at room temperature.[74] Simultaneous in-
plane and out-of-plane polarization switching with bias was ob-
served in 10 nm thick 𝛽-InSe. In addition to In2Se3 and InSe,
similar ferroelectric behavior has also been observed in layered
CuCrS2 by Xu et al.[75] recently with high Tc at 700 K. In layered
CuCrS2, the Cu atoms occupy tetrahedral sites in the interstices
between the two CrS2 layers, and the interlayer spacing between
the Cu layer and the two adjacent CrS2 layers is unequal, which
breaks the inversion symmetry. As Cu atoms shift between sites,
the relative lateral and vertical displacement of the positive charge
center leads to intercorrelated in-plane and out-of-plane polariza-
tion, as observed in CuCrS2.

Based on the coupled ferroelectricity, the out-of-plane electric
polarization can be switched via an in-plane electric field, and vice
versa.[40,41] This intriguing polarization field control allows the
development of multidirectional and efficient data writing and
reading strategies in ferroelectric memory devices based on 𝛼-
In2Se3-related 2D ferroelectrics.[76,77] Together with their semi-
conducting nature, electrical nonvolatility can be directly inte-
grated into 𝛼-In2Se3-based field-effect transistor devices.[32,78,79]

In general, this remarkable property might have great potential
for the design of advanced 2D electronic devices, which will be
discussed in the following section.

3. Stacking Ferroelectricity in Multilayer vdW
Materials

With the rapid progress in 2D ferroelectrics, a fact that cannot
be ignored is that only a few layered materials have been experi-
mentally verified to have intrinsic out-of-plane ferroelectricity. To
expand this family, the innate layer degrees of freedom in vdW
materials are utilized to artificially produce the so-called inter-
layer sliding ferroelectricity by stacking two or multiple mono-
layers with a twist angle or a relative lateral shift. The inherent
mechanism is distinct from that established in conventional fer-
roelectrics, which is induced by ion displacement. Since sliding
ferroelectricity can be achieved even with nonpolar monolayers,
it greatly opens up new possibilities for the design and realization
of 2D ferroelectrics.

3.1. Theoretical predictions

The earliest prediction of sliding ferroelectricity was proposed in
2017, revealing the universal existence of out-of-plane ferroelec-
tricity in 2D bilayer materials.[42] The theoretical model started
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Figure 2. a) Three-dimensional crystal structure of layered In2Se3 (left). The black dashed square indicates a QL. Vertical top view of the system (right).
Each atomic layer in QL contains only one type of element, and the atoms are arranged in one of the triangular lattices A, B, or C.[39] b) Side views
of one QL 𝛼-In2Se3 with two opposite polarizations. Projection of the atoms into the c and a (or b) axes indicates the principle of intercorrelated
ferroelectricity in 𝛼-In2Se3. Red arrows indicate the directions of the electric polarization.[77] c) Scanning transmission electron microscopy high–angle
annular dark–field (STEM-HAADF) image of the 𝛼-In2Se3 crystal. Inset shows the magnified image overlaid with calculated results. Scale bar, 2 nm.[122]

d) PFM phase images of OOP (left) and IP (right) spontaneous polarization in 𝛼- In2Se3. e) Ferroelectric hysteresis loops of 2H 𝛼- In2Se3 crystals in
the monolayer limit. Inset shows the typical monolayer 𝛼- In2Se3 flake. Curves show the color guides from the corresponding spots in the inset. Scale
bar, 300 nm.[73] Reproduced under the terms of the CC–BY license. [39] Copyright 2017, The Authors, published by Springer Nature.Reproduced with
permission.[73] Copyright 2018, Wiley–VCH. Reproduced the terms of the CC–BY license.[77] Copyright 2020, The Authors, published by Wiley–VCH.
Reproduced with permission.[122] Copyright 2022, Springer Nature.

with bilayer h-BN, as shown in Figure 3a. A natural bulk h-BN
usually has an antiparallel (AA′) stacking configuration, where
the N (B) atoms in each layer completely overlap with the B (N)
atoms in the adjacent layer. This stacking is centrosymmetric and
does not support the occurrence of out-of-plane electric polariza-
tion. Upon a relative lateral shift or twist, the AA′ structure can be
changed into either AA or AB/BA stacking order (see Figure 3b).
For AA stacking, the two BN monolayers are stacked by mirror
symmetry without rotation and are long assumed to be an un-
stable structure. For AB stacked bilayer BN, the N atoms in the
upper layer face the six-ring centers in the lower layer, while the
upper layer B atoms sit exactly on the N atoms in the lower layer.
This stacking order leads to the breaking of the inversion symme-
try, and significant electric polarizations stem from the net charge
transfer between layers. Furthermore, the AB and BA stacking
configurations are associated by mirror symmetry. Therefore, op-
posite interlayer electric polarizations can be established along

the out-of-plane direction, and polarization reversal can be real-
ized via lateral sliding along the armchair direction (as indicated
by the red arrows in Figure 3a), which meets the standard of fer-
roelectrics. Similarly, by twisting with a small angle, as shown in
Figure 3b, periodic ferroelectric domains can be created in the
form of moiré patterns containing AB, BA, and AA stacking or-
ders at different regions separated by domain walls.[80]

According to the above theoretical model, the charge compen-
sation between two monolayers leads to the emergence of 2D
out-of-plane ferroelectricity. Such unconventional ferroelectricity
can probably be extended to many other bilayer vdW materials
with 2D honeycomb lattices, such as few-layer graphene, AlN,
MoS2, and GaSe. To date, many 2D materials can be endowed
with sliding ferroelectricity by precisely controlling the stacking
order with subtle lateral shifting or twisting. In a very recent
theoretical study, all the possible bilayer stacking ferroelectricity
was summarized in all 80 layer groups by performing systematic
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Figure 3. Artificial ferroelectricity in vdW layered materials. a) The theoretical model of sliding ferroelectricity in bilayer BN via interlayer sliding, where the
red arrows denote the polarization directions.[125] b) Periodic moiré patterns containing AA regions separated by AB and BA domains in twisted bilayer
BN.[80] Reproduced with permission.[80] Copyright 2021, The American Association for the Advancement of Science. Reproduced with permission.[125]

Copyright 2021, The National Academy of Sciences (NAS).

group theory analysis.[81] These predictions of stacking ferroelec-
tricity lay a solid foundation for the realization of a large number
of bilayer ferroelectrics.[42,81–83]

3.2. Experimental Realizations of Twisting Ferroelectricity

Since twisted bilayer 2D materials have been most intensively
studied in recent years, we first review the progress of sliding
ferroelectricity realized by twisting. Taking graphene as the most
representative example, monolayer graphene is a kind of 2D
semimetal. When twisting two graphene layers with a magic an-
gle, the electronic structure can be strongly modified with the rise
of many novel phenomena. In 2020, Zheng et al. reported the in-
terlayer switchable ferroelectricity observed in a Bernal-stacked
bilayer graphene[51] device with a moiré superlattice pattern, as
shown in Figure 4a. The transport measurement in the twisted
graphene device showed significant hysteresis between the for-
ward and backwards bottom gate voltage scanning, which sug-
gested the existence of electrical polarization in the out-of-plane
direction. By measuring the remnant polarization, the polariza-
tion density in twisted bilayer graphene was approximately 0.18
μC cm−2. Later, in 2022, Niu et al. designed an optimized device
with a similar twisting manner and observed giant ferroelectric
polarization[52] up to 5 pC m−1.

Compared with twisted bilayer graphene, the twisted homo
or heterobilayer of TMDs might offer a broader diversity for
electronics,[84–87] which benefits from their moderate bandgaps.

In 2H-stacked bilayer TMDs, the upper layer metal atoms are ver-
tically aligned with the bottom layer chalcogen atoms, which fol-
lows global inversion symmetry. Similarly, the centrosymmetric
2H phase of bilayer TMDs can be broken by stacking two mono-
layers with a small twist angle. In 2020, Weston et al. reported the
atomic structure and electronic properties in twisted WS2 and
MoS2 with atomic-resolved STEM and conductive atomicforce
microscopy (AFM).[88] By using the tear-and-stamp transfer tech-
nique, WS2 and MoS2 homo and heterobilayers with parallel (P)
or antiparallel (AP) alignment can be fabricated at various twist-
ing angles (𝜃 < 3°), where perfect P alignment would lead to a
3R stacking order and AP alignment would produce a 2H stack-
ing phase. A small angular deviation from the perfect P or AP
alignment would result in a periodic moiré pattern. For imper-
fect P or AP orientations, lattice reconstruction reconstructed the
moiré pattern into lattice domains, which can be clearly observed
from the diffraction contrast in low-magnification STEM. In ad-
dition, Wang et al. characterized the ferroelectric properties in
similar triangular domains with the PFM technique on a small-
angle twisted bilayer MoSe2.[89] Weston et al. reported the obser-
vation of ferroelectric domain networks in bilayer MoS2 and their
correlation with the interlayer twist angle by combining electric
transport measurements.[90]

As predicted, the artificial ferroelectricity can be applicable to
insulating 2D materials such as h-BN. In 2021, to prove this,[47,48]

Stern et al. stacked two 3 nm thick h-BN thin layers with a small
twisting angle on a conducting substrate. By Kelvin probe force
microscopy (KPFM), they observed oppositely polarized domains

Adv. Funct. Mater. 2023, 2304139 © 2023 Wiley-VCH GmbH2304139 (6 of 17)
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Figure 4. Twisted ferroelectricity in 2D Moiré lattices. a) BN-encapsulated bilayer device with a schematic diagram of the BLG/BN moiré superlattice
pattern and four-probe resistance for a hysteretic device.[51] b) Images of lattice domains with diffraction contrast at low magnification, and colors
highlight different types of domains.[88] c) Direct measurement of oppositely polarized domains in two twisted 3 nm thick h-BN thin layers by AFM
operated in KPFM.[49] Reproduced with permission.[49]Copyright 2021, The American Association for the Advancement of Science. Reproduced with
permission.[51] Copyright 2020, Springer Nature. Reproduced with permission.[88] Copyright 2020, Springer Nature.
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Figure 5. Sliding ferroelectricity in vdW multilayers. a) Geometric structure of state I and state II of bilayer WTe2, where the red arrows denote the
polarization directions.[93] b) Conductance G of trilayer and bilayer devices, which are sensitive to the out-of-plane electric field E⊥.[21] c) Two energy-
degenerate ferroelectric structures (states A and A′) and a high-symmetry nonpolar structure (state B) of bilayer ReS2. The red and blue arrows indicate
the opposite polarization direction.[50] d) SHG spectra obtained from monolayer and bilayer ReS2. Temperature dependence of the SHG intensity of
bilayer ReS2. PFM phase and amplitude images for four layers of ReS2 on graphene.[50] Reproduced with permission.[21] Copyright 2018, Springer Na-
ture. Reproduced with permission.[50] Copyright 2022, American Physical Society. Reproduced with permission.[93] Copyright 2018, American Chemical
Society.

stemming correspondingly from the AB and BA stacking re-
gions, as shown in Figure 4c.[49] Since domain walls can be lo-
cally pushed through mechanical disturbance and electrical dis-
turbance at the nanoscale,[91,92] the local stacking order in stack-
ing bilayers can be changed in the same way. In this work, a re-
versible polarization switch was accompanied by relatively mov-
ing the interface by tip punching. The dynamic flipping of the po-
larization was visualized in the KPFM images, which fitted well
with the results from DFT calculations.

3.3. Experimental Realizations of Sliding Ferroelectricity

The earliest experimental discovery on stacking ferroelectricity
can be dated back to 2018. Fei et al. conducted vertical electric

transport measurements on WTe2 thin layers, which was actually
the first experimental verification of sliding ferroelectricity.[21]

They designed a device with WTe2 thin layers sandwiched by
two h-BN dielectric sheets, as shown in Figure 5b. Using few-
layer graphene as gate electrodes, they observed bistable con-
ducting states and clear switchable hysteretic behavior in bi-
layer and trilayer devices. In contrast, such hysteresis loops were
not observed in monolayer WTe2. However, the origin of slid-
ing ferroelectricity from multilayer WTe2 was unclarified at that
time. Later in the same year, Yang et al. revealed the mecha-
nism by first-principles calculations, and the theoretical results
were consistent with the experimental observations.[93] The ge-
ometric structures of bilayer WTe2 were classified into state I
and state II, as shown in Figure 5a. Interlayer sliding leads to
the transition from state I to state II but with reversed vertical

Adv. Funct. Mater. 2023, 2304139 © 2023 Wiley-VCH GmbH2304139 (8 of 17)
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polarization. The nonequivalence between the upper and lower
layers therefore gives rise to uncompensated charge transfer and
vertical polarization. Similarly, the mechanism of sliding ferro-
electric bilayer WTe2 is applicable to multilayers.

Semiconducting vdW materials with moderate bandgaps
might have broader application prospects. In this sense, it is
of great significance to explore the existence of sliding ferro-
electricity in 2D semiconductors aside from metals, semimet-
als and insulators. In a combined theoretical and experimen-
tal study by Wan et al., sliding ferroelectricity was verified in
multilayer semiconducting ReS2.[50] In bilayer ReS2, upon dif-
ferent lateral slidings, as shown in Figure 5c, there are two
energy-degenerate ferroelectric structures (states A and A′) and
a high-symmetry nonpolar structure (state B). First-principles
DFT calculations revealed that the vertical polarization and in-
terlayer translation in multilayer ReS2 are strongly coupled,
which hints at the existence of switchable ferroelectric po-
larizations. By using PFM and second harmonic generation
(SHG) measurements, out-of-plane ferroelectricity in ultrathin
1T′-ReS2 with layer number N ≥ 2 was confirmed, as shown
in Figure 5d, via clear evidence from the observation of the
ferroelectric to paraelectric phase transition and artificially cre-
ated domain walls. In other TMD family members, such as
MoS2, WS2, and related heterostructures, sliding ferroelectricity
has also been identified recently. In 2022, Rogée et al. synthe-
sized untwisted, commensurate, and epitaxial MoS2/WS2 hetero-
bilayers by chemical vapour deposition and observed unexpected
out-of-plane ferroelectricity and piezoelectricity. Their DFT cal-
culations showed that interface inversion symmetry breaking
and interlayer sliding could produce such ferroelectricity with-
out invoking twisting angles.[94] In multilayer 3R-MoS2, Meng
et al. designed dual-gate field-effect transistors with different film
thicknesses and observed abnormal intermediate polarization
states.[95]

4. Device Applications with 2D Ferroelectrics

With the reversibility and long-term retention of electric polar-
izations, ferroelectrics have played an important role in non-
volatile memory devices. In ultrathin devices, oxide ferroelectrics
usually have difficulty in reducing the leakage current aris-
ing from outstanding interfacial issues. Benefitting from the
inert and saturated surfaces in vdW ferroelectrics, the above
device interface properties can be optimized with the estab-
lishment of sharp band edges and the minimization of in-
terfacial traps.[96] Thus, 2D ferroelectrics based devices might
have superior electric performance, such as higher on/off ra-
tio, higher carrier mobility, and enhanced photovoltaic response.
Here, we introduce several representative architectures of 2D
ferroelectrics based nonvolatile memories and optoelectronic
devices.

4.1. Ferroelectric Field-Effect Transistors (FeFETs)

FeFET utilizes ferroelectric materials as the gate dielectric layer
to tune the resistance of the channel. With the retention of elec-
tric polarizations, the on or off state can be maintained, thus

functioning as nonvolatile memories. In 2019, Wan et al.[31]

reported a 2D FeFET based on atomically thin 𝛼-In2Se3. As
shown in Figure 6a, ultrathin 𝛼-In2Se3 layers, graphene, and
heavily doped SiO2/Si served as the top-gate dielectric, conduct-
ing channel, and back gate, respectively. Atomically thin h-BN
was used to improve the device interface properties and enhance
the intrinsic conductivity of graphene. Figure 6b shows the op-
tical image of the FeFET device, in which the thickness of the
𝛼-In2Se3 layers is down to 2.6 nm. By applying the top-gate volt-
age (VTG), the electric dipoles in 𝛼-In2Se3 were electrically polar-
ized in the out-of-plane direction, which would significantly dope
graphene with different types of carriers via the induced screen-
ing charges, leading to a shift in the Fermi level (EF) of graphene
and modulation of its conductivity. To be used as a nonvolatile
memory device, the stable states of upwards and downwards are
supposed to be able to represent the logic bits. As shown in
Figure 6c, the authors used heavily doped p-type graphene as
the conducting channel, whose initial EF is far from its Dirac
point. The resistance contrast ΔR

R
(defined as |

RP↑−RP↓

RP↑+RP↓
|, where RP↑

and RP↓ represent resistances with upward and downward elec-
tric polarization, respectively) was successfully increased from
1% (neutral graphene) to 58.5%. In addition, after ±3 V po-
larizing, the residual resistances were still distinguishable in a
time span of 1000 s. After over 105 cycles of repeated writing
and erasing, the performance of the device remained stable. In
addition to using gapless graphene as the conducting channel,
Huang et al.[34] proposed a dual-gated heterostructure FeFET
with MoS2 as the channel and CIPS as the ferroelectric gating
layer in 2020. With the insertion of h-BN and the dual-gated
coupling device configuration, the device shows a high on/off
ratio (107), low off-state current (10−13 A), and a relatively long
retention time (104 s). Other FeFETs using similar CIPS/MoS2
structures with an on/off ratio over 104 have also been
reported.[29]

Although these pioneering works successfully show the prac-
ticability of 2D FeFETs with a remarkable on/off ratio up
to 107, as a kind of memory device, the retention time is
not long enough at that stage. To overcome this issue, Wang
et al.[97] demonstrated an all-vdW FeFET in 2021 with a 10-
year memory retention. Their device utilized a heterostruc-
ture of CIPS/graphene/h-BN/MoS2. Along with the h-BN di-
electric, the graphene served as an internal gate, which min-
imized the depolarization in the device. Therefore, the device
not only shows an on/off ratio greater than 107 but also has
a 10-year memory retention and endurance of more than 104

cycles.

4.2. Ferroelectric Semiconductor Field-Effect Transistors
(FeS-FETs)

Different from the FeFET, which essentially lies on the ferroelec-
tric gating layer, the FeS-FET integrates the electrical nonvolatility
directly by using a semiconducting ferroelectric material as the
channel, as shown in Figure 6d. In 2019, Si et al.[32] proposed an
FeS-FET using 𝛼-In2Se3 as the channel with passivation provided
by Al2O3 to enhance performance (Figure 6e). Owing to the semi-
conducting feature of ferroelectric In2Se3, there is intricate inter-
play between the mobile charges and the electric polarizations.

Adv. Funct. Mater. 2023, 2304139 © 2023 Wiley-VCH GmbH2304139 (9 of 17)
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Figure 6. Nonvolatile memories based on 2D 𝛼-In2Se3. a) Schematic diagram and b) optical image of the FeFET with a vertically stacked graphene/h-
BN/𝛼-In2Se3 structure. The white arrows in the concept diagram indicate the direction of electric polarization.[31] c) The hysteretic ferroelectric gating
in p-FeFET. The upwards and downwards arrows represent the bistable ferroelectric polarizations in 𝛼-In2Se3. The small bidirectional red arrows in
the hysteresis loop indicate the resistance states for the remnant electric polarizations. The inset shows the initial Fermi level of heavily doped p-type
graphene. The red dashed lines indicate the final EF after the electric polarization of 𝛼-In2Se3 thin layers.[31] d) Schematic diagram of the comparison
between FeFET and FeS-FET. In FeFETs, the ferroelectric insulator serves as a gate dielectric, while in FeS-FETs, the ferroelectric semiconductor serves as
the channel.[32] e) Schematic of the experimental 𝛼-In2Se3 FeS-FET with ALD passivation and a false-color SEM image of a fabricated 𝛼-In2Se3 FeS-FET.[32]

f) The ID-VGS characteristics of an 𝛼-In2Se3 FeS-FET with 90 nm SiO2 as the gate dielectric.[32] g) Schematic diagram and h) false-color AFM image of
𝛼-In2Se3 FeCTs, which integrate memory and computing functions.[79] i) A typical neural STP simulation under short negative spikes.[79] Reproduced
with permission.[31] Copyright 2019, Wiley–VCH. Reproduced with permission.[32] Copyright 2019, Springer Nature. Reproduced the terms of the CC–BY
license.[79] Copyright 2021, The Authors, published by Springer Nature.

In the FeS-FET, mobile charges are allowed to accumulate at both
the bottom and top surface of the channel, depending on the rel-
ative alignments of the conduction or valence band edges and the
EF that are controlled by the electric polarizations. The drain cur-
rent is therefore modulated. In addition, since the electric field
intensity across a semiconductor is strongly affected by the effec-
tive oxide thickness (EOT) of the insulating dielectrics, the polar-
ization in 𝛼-In2Se3 can be further tuned by controlling the EOT.
In the high-EOT condition, the electric field across the semicon-
ductor is not strong enough to penetrate the channel, and only
local polarization occurs near the oxide/semiconductor interface.
In the low-EOT condition, the electric field is strong enough to
trigger full polarization switching in the ferroelectric semicon-
ductor. Therefore, combining these features, the FeS-FET de-
vice achieved a high on/off ratio (108), a large memory window,
and a maximum drain current of 862 μAμm−1 (Figure 6f). An-

other FeS-FET employing the cointegration of 𝛼-In2Se3 and CIPS
was also reported.[35] The dipole coupling of CIPS and 𝛼-In2Se3
leads to enhanced polarization and thus reaches a larger memory
window.

4.3. Ferroelectric Channel Transistors (FeCTs)

With the exponential increase in memory capacity, the bandwidth
for data transfer between the central processing unit and memory
becomes a bottleneck, which is known as the Von Neumann bot-
tleneck. Memristors offer a solution of being directly integrated
on the processor chip to overcome this bottleneck.[98] Thus, ferro-
electric memristors have recently been widely studied in neural
computing.

Adv. Funct. Mater. 2023, 2304139 © 2023 Wiley-VCH GmbH2304139 (10 of 17)
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In 2020, Wang et al.[79] proposed FeCTs based on 𝛼-In2Se3,
which integrates the functions of nonvolatile memory and neu-
ral computation. As shown in Figure 6g, the device used a 40 nm
thick 𝛼-In2Se3 as the channel, a 20 nm h-BN layer as the top gate
dielectric, 30 nm Al2O3 as the bottom dielectric layer, and a heav-
ily p-doped silicon substrate as the global gate. Another 20 nm
h-BN layer was used between the 𝛼-In2Se3 layer and the Al2O3
for interfacial optimization. The false-colour AFM image of the
device is shown in Figure 6h. Ferroelectric semiconducting 𝛼-
In2Se3 features the coexistence of both mobile charges and po-
larized bound charges. When the 𝛼-In2Se3-based FeCTs are po-
larized, positive and negative bound charges are distributed on
the upper and lower surfaces of the channel, while the positive
and negative mobile charges accumulate on the opposite sides,
forming a built-in electric field to maintain the polarization-
bound charge. Therefore, FeCTs have a longer retention time
and improved endurance of nonvolatile memory. The working
mechanism is the same as the FeS-FET, as discussed above. It
should be noted that the gate dielectric in the device has a high
EOT, resulting in incomplete polarization switching and local-
ized mobile charge distribution. The top gate used does not cover
the channel completely, resulting in a weaker polarization that
will depolarize in a short time. However, with the accumulation
of pulses, a nonvolatile polarization can ultimately be formed.
These two processes of volatile and nonvolatile polarization are
similar to the neural computing simulations of short-term plas-
ticity (STP) and long-term plasticity (LTP) in biology. Figure 6i
shows that, using top gate voltage spikes to stimulate presynap-
tic input and channel current as postsynaptic current (PSC), with
the increase of the spike amplitudes, the PSC exhibits incremen-
tal variations in response to the spikes while returning to the ini-
tial state quickly, which mimics a typical biological STP. Even-
tually, the 𝛼-In2Se3-based FeCTs integrate the nonvolatile mem-
ory and computing functions and achieve a 40 ns fast writing
speed with a low energy consumption of 234/40 fJ per spike for
excitation/inhibition.

𝛼-In2Se3 has been mostly used in recent studies on synap-
tic devices due to its out-of-plane and in-plane polarization cou-
pling, which is suitable for developing multiterminal synaptic
devices.[78,99–103] Besides, 𝛼-In2Se3 has also been further studied
in reservoir computing (RC), which is a framework for compu-
tation that maps input signals into higher dimensional compu-
tational spaces through the dynamics of a fixed non-linear sys-
tem very recently.[104–106] Compared to other recurrent neural net-
works, RC benefits from the following two aspects. The first is its
low training cost because the training is performed only at the
readout stage. Second, the computational cost is low since a vari-
ety of naturally physical systems can be used as the reservoir.[107]

In addition to 𝛼-In2Se3, synaptic devices based on other 2D ferro-
electrics such as CIPS,[108–110] SnS[56,111] and SnSe[112] have also
been demonstrated.

4.4. Ferroelectric Tunnel Junction (FTJ) Devices

An FTJ is a kind of two-terminal vertical heterostructure using
a ferroelectric layer as the tunneling barrier with average barrier
height (ABH) modified by switching the ferroelectric polariza-
tion. The change in ABH results in different tunneling electrore-

sistances (TER).[113] In FTJs based on conventional ferroelectrics,
the typical TER ratio ranges from 10 to 106,[114] which is limited
by a relatively low change in ABH of value below 0.1 eV. In 2020,
Wu et al.[113] fabricated an FTJ with a giant TER ratio over 107.
In the device, they used a 4 nm thick CIPS as the tunneling bar-
rier and graphene and chromium as the asymmetric contacts, as
shown in Figure 7a. The high TER ratio comes from the giant bar-
rier height modulation up to 1 eV from the ferroelectric doping
in graphene. As shown in Figure 7b, the ferroelectric polarization
of CIPS dopes graphene from relatively intrinsic to n-type or p-
type, resulting in a significant change in the ABH. Such efficient
tunnelling barrier height modulation was attributed to the all-
vdW nature of the CIPS/graphene interface. Figure 7c shows the
I-V characteristics with a high on/off ratio, which was supported
by the nonequilibrium Green’s function simulation results (the
dashed line).[115]

A drawback of CIPS is the relatively low Curie temperature at
315 K compared to other 2D ferroelectrics and conventional oxide
ferroelectrics. Therefore, CIPS-based FTJs might suffer device
failure due to the thermal effect. Thus, Tang et al.[116] proposed a
vdW FTJ device based on 𝛼-In2Se3, which realizes an on/off ratio
of 104 at room temperature. Since the Tc of 𝛼-In2Se3 is ultrahigh,
their device still functions normally at a high temperature of
470 K. Similarly, other vdW ferroelectric-based FTJs have also
been reported in d1T-MoTe2

[46] and SnTe.[24]

4.5. Optoelectronic Devices

2D ferroelectric semiconductors are suitable for optoelectronics
due to their scalability, clean surfaces, and moderate bandgap.
For example, the optoelectronic response of 𝛼-In2Se3 has been
studied for a long time.[117,118] However, it was not until 2019 that
its connection to ferroelectricity was established.[25] Among pre-
vious optoelectronic studies on conventional ferroelectrics, there
is intensive interest in investigating the bulk photovoltaic effect
(BPVE), which is a kind of nonlinear optical process that can
generate an above-bandgap voltage and exceed the fundamental
Shockley-Queisser (S-Q) limit on efficiency.[28,119,120] In 2021, Li
et al.[28] reported the enhanced BPVE in 2D ferroelectric CIPS. As
shown in Figure 7d, the device was fabricated on a SiO2/Si sub-
strate employing an ultrathin CIPS layer sandwiched by two lay-
ers of graphene as the top and bottom electrodes. The ferroelec-
tric polarizations of CIPS are able to tune the alignment of the en-
ergy band and lead to an asymmetric energy potential barrier ,[113]

as shown in Figure 7e. When illuminated with light, with a bro-
ken inversion symmetry, the photogenerated electron and hole
pairs will be separated, generating a direction switchable pho-
tocurrent (Figure 7f). In addition, the performance of these 2D
ferroelectric photovoltaics falls in between the one–dimensional
and three–dimensional bulk photovoltaics, implying that the de-
vice dimensionality is one of the key factors for developing high-
efficiency BPVE-based photovoltaics.

In addition to optoelectronics and photovoltaics, Zha et al.[121]

reported RC systems driven by both electrical and optical
pulses very recently. Utilizing a metal-ferroelectric-insulator-
semiconductor (MFMIS) architecture, in which the semicon-
ducting Te layer serves as the photoactive channel and the fer-
roelectric CIPS layer is used to introduce memory behavior, they
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Figure 7. FTJ and photovoltaics based on CIPS. a) Schematic diagram of the Cr/CIPS/graphene FTJ.[113] b) Band diagrams of the FTJ in the on/off state,
where cyan arrows represent the built-in polarization field in the CIPS and pink arrows indicate the tunneling current.[113] c) I-V characteristics with an
on/off ratio over 107.[113] d) Schematic diagram of the 2D BPVE device.[28] e) The band diagrams for the graphene/CIPS/graphene heterostructure at
the upwards and downwards electric polarization states and paraelectric phase of CIPS.[28] f) The output I-V curves under different poled states.[28]

Reproduced under the terms of the CC–BY license.[28] Copyright 2021, The Authors, published by Springer Nature. Reproduced with permission.[113]

Copyright 2020, Springer Nature.

constructed a fully memristive in-sensor RC system that can si-
multaneously sense, decode, and learn messages transmitted by
optical fibers. In addition, a multimode RC system consists of
optoelectronic synapses based on 𝛼-In2Se3 was also reported,[122]

showing the potential of 𝛼-In2Se3-based optoelectronic synapses
for developing high-performance computing systems.

5. Summary and Outlook

To summarize, with vast efforts involved in recent years, a con-
sensus has been recognized that atomically thin vdW ferro-
electrics are promising candidates for ultimate electronics and
optoelectronics in the post Moore era. In addition to robust
2D ferroelectricity, many intriguing features, such as electric-
dipole locking, ferroionic coupling, negative piezoelectricity, and
enhanced photoresponse, have been revealed. These properties
make 2D ferroelectrics an unprecedented platform to explore the
interplay between electric polarization and ionic/electronic con-
ductivity, optical excitonic interaction, mechanical flexibility, and
superconducting correlation and raise numerous inspirations of
novel functional devices beyond physics.

At current stage, 2D ferroelectrics have shown potential appli-
cations in nonvolatile memories, neuromorphic devices, photo-
voltaics, photoelectric detectors, etc. However, there are several
challenges that may hinder the future industrial applications of

2D ferroelectric devices. First, although many efforts have been
devoted to explore vdW ferroelectrics, only a few 2D intrinsic
ferroelectric materials have been experimentally discovered to
date, resulting limited material choices for device fabrications.
To expand the family of 2D vdW ferroelectrics, more theoretical
and experimental efforts are still needed. Second, it is still chal-
lenging to obtain large-area and high-quality 2D ferroelectrics
at the monolayer limit. The widely used mechanical exfoliation
method suffers the issues of limited sample size and yield that
fails to meet the demand of manufacturing uniform devices at
large scale. It is necessary to develop advanced methods of syn-
thesizing ultrathin 2D ferroelectrics. In addition, the develop-
ment of large-scale integration processes for efficiently prepar-
ing wafer-scale devices and improving the stability of 2D ferro-
electric devices will also provide rich research opportunities in
various fields. The third challenge in the research field of 2D fer-
roelectrics might be the universal control of polarizations or fer-
roelectric domains. There is a need to develop a new method of
polarization control beyond electric switching due to the mate-
rial breakdown problem that originates from their atomic thick-
ness. A recently demonstrated effective method is mechanical
switching via the flexoelectric effect.[123,124] The use of mechan-
ical manipulation is completely free from external electric fields,
which can avoid the material breakdown problem under the
2D limit.
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