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Abstract: Since the beginning of research on two-dimensional (2D) materials, a few numbers of 2D ferroelectric materials have
been predicted or experimentally confirmed, but 2D ferroelectrics as necessary functional materials are greatly important in de-
veloping future electronic devices. Recent breakthroughs in 2D ferroelectric materials are impressive, and the physical and struc-
tural properties of twisted 2D ferroelectrics, a new type of ferroelectric structure by rotating alternating monolayers to form an
angle with each other, have attracted widespread interest and discussion. Here, we review the latest research on twisted 2D fer-
roelectrics,  including  Bernal-stacked  bilayer  graphene/BN,  bilayer  boron  nitride,  and  transition  metal  dichalcogenides.  Finally,
we prospect the development of twisted 2D ferroelectrics and discuss the challenges and future of 2D ferroelectric materials.
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 1.  Introduction

Ferroelectric  materials,  which  possess  spontaneous  pola-
rization  that  an  external  electric  field  can  control,  have  ma-
ssive  potential  for  applications  in  field-effect  transistors[1−13]

(FETs),  non-volatile  memory[14−22],  ferroelectric  tunnel  junc-
tions  (FTJ)  devices[23−27],  optoelectronic  devices[28, 29],  neur-
omorphic  computing[30−33],  flexible  nanoelectronics[34−36],
sensors  and  etc.[37, 38].  In  1920,  ferroelectricity  was  first  dis-
covered  by  Valasek[39].  Then,  ferroelectric  films  of  perovskite
structures  were  found  in  the  1950s.  However,  the  spontan-
eous polarization of conventional perovskite ferroelectric thin
films disappears  as  the film thickness  is  below a critical  value
of tens of nanometers to a few nanometers[40, 41]. In the mean-
time, due to the rapid development of integrated circuits, the
feature  size  of  integrated  devices  is  shrinking  and  the  preci-
sion  is  increasing.  The  nano-scale  thin  ferroelectric  films  are
becoming extremely crucial.

Since  the  successful  exfoliation  of  graphene  in  2004  by
Novoselov et al.[42], 2D van der Waals (vdW) materials have re-
ceived much attention. Compared to bulk materials,  the sym-
metry  of  vdW  2D  materials  with  weak  interlayer  interactions
is  lowered  due  to  reduced  dimensions.  This  opens  up  a  new
way to obtain 2D ferroelectric materials beyond the tradition-
al limits of size and dimension[43]. 2D vdW ferroelectric materi-
als,  typically  with a  non-symmetry structure,  can be classified
into  two  groups,  intrinsic  2D  ferroelectrics  and  twisted  2D
ferroelectrics.  To  date,  intrinsic  2D  ferroelectrics  have  been
experimentally  reported,  like  d1T-MoTe2

[44],  In2Se3
[45−50],

CuInP2S6
[51, 52],  SnTe[53],  WTe2

[54] and BA2PbCl4[55] (Table 1).  2D
vdW  heterostructures  can  be  obtained  through  layer-by-lay-

er mechanical restacking, which displays unprecedented phys-
ical  properties  far  exceeding  the  single  layer[56].  Ferroelectric
ordering arises from spontaneous symmetry breaking, and fer-
roelectric  materials  with  different  properties  have  been  dis-
covered in this system. And as the research on 2D vdW materi-
als continued, the fabrication of heterogeneous structures be-
came possible, and people began to realize that reducing the
material size is not the only way to change the material proper-
ties,  twisted  2D  layered  materials  are  also  possible.  The  twist
is  a  new  degree  of  freedom  that  manipulate  unique  proper-
ties[57−73] by rotating alternating monolayers to form an angle
with  each  other.  When  two  layers  of  nonpolar  materials  are
stacked  at  a  certain  angle,  new  synthetic  ferroelectrics
emerge, and this new way is rapidly attracting attention. It ini-
tially  appeared  in  twisted  bilayers  graphene/BN[74] and  then
extended to other vdW layered systems, such as stacked bilay-
ers  boron nitride[75] (BN)  and 2H-type transition metal  dichal-
cogenides  (TMDs)[76],  MX2 (M  =  Mo,  W;  X  =  S,  Se)  (Table  2).
In  this  review,  we will  divide  it  into  four  parts  to  illustrate  in-
trinsic  2D  ferroelectrics  and  summarize  the  current  status  of
the twisted 2D ferroelectrics. Section 2 will briefly introduce in-
trinsic  2D  ferroelectrics,  like  In2Se3,  CuInP2S6 and  d1T-MoTe2.
In Section 3, we will review the twisted 2D ferroelectrics in de-
tail.  Finally,  we  will  provide  perspectives  and  conclusions  on
the future development of twisted 2D ferroelectrics.

 2.  Intrinsic 2D ferroelectric

Due  to  the  rapid  development  of  2D  layered  materials
with various physical  properties,  the realization of  monolayer
ferroelectric  films  has  become  possible.  With  the  develop-
ment of preparation and detection techniques, one can accur-
ately  measure  the  ferroelectric  signal  of  ultrathin  ferroelec-
trics.  Intrinsic  2D  ferroelectrics  are  a  class  of  2D  vdW  materi-
als  in  which  spontaneous  ferroelectric  polarization  arises
from  their  intrinsic  structural  symmetry.  As  a  result,  various
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2D ferroelectric materials have been discovered. Here, we will
discuss  the  intrinsic  2D  ferroelectric  materials,  such  as  In2Se3,

CuInP2S6 and d1T-MoTe2.
In2Se3 has five forms (α, β, γ, δ, κ) depending on the stack-

Table 1.   Proved 2D ferroelectric materials.

Material Tc (K) Polarization Ref.
d1T-MoTe2
In2Se3
α-In2Se3
β’-In2Se3
2H α-In2Se3
CuInP2S6
SnTe
WTe2
BA2PbCl4

RT
700
RT
473
RT
315
270
350
453

Out-of-plane
Out-of-plane
In-plane/Out-of-plane
In-plane
In-plane/Out-of-plane
Out-of-plane
In-plane
Out-of-plane
In-plane

[44]
[47]
[45, 46, 48]
[49]
[50]
[51, 52]
[53]
[54]
[55]

RT: room temperature.

Table 2.   Twisted 2D ferroelectricity.

Material Tc Angle Layers Ref.
Bernal-stacked bilayer graphene/BN
BN
MoSe2
MoS2
WSe2
WS2

—
>RT
>RT
>RT
>RT
>RT

30°/0°
0.6°/0°
0.25°/0°
0.25°/0°
0.25°/0°
0.25°/0°

Four-layers
Bilayer
Bilayer
Bilayer
Bilayer
Bilayer

[74]
[75]
[76]
[76]
[76]
[76]

RT: room temperature.

 

Fig. 1. (Color online) (a) Schematic crystal structure of In2Se3 (reproduced with permission from Ref. [77], © Ding, W. J. et al. 2017). (b) PFM phase
and  amplitude  images  of  a  thin α-In2Se3 flake,  respectively  (reproduced  with  permission  from  Ref.  [45],  ©  2017  American  Chemical  Society).
(c) The phase images for both OOP and IP polarization of a 6 nm thick In2Se3 flake (reproduced with permission from Ref. [46], © 2018 American
Chemical  Society).  (d)  Schematic crystal  structure of 2H α-In2Se3 in 1 to 4 layers.  (e)  Schematic of  IP polarization rearrangement under electric
field. (d) and (e) Reproduced with permission from Ref. [50], © The Royal Society of Chemistry 2021. (f) Ferroelectric hysteresis loops of 8 nm thick
α-In2Se3 film  (reproduced  with  permission  from  Ref.  [48],  ©  Tsinghua  University  Press  and  Springer-Verlag  GmbH  Germany,  part  of  Springer
Nature 2020).
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ing  order,  among  which α-In2Se3 is  the  most  stable  at  room
temperature.  In  monolayer  In2Se3,  Se  and  In  consist  of  differ-
ent covalent bonds in the quintuple layer (QL) 2D In2Se3,  ver-
tically  stacking  by  weak  vdW  interaction[77].  The  stacking  or-
der  of  the  five  monolayers  in  QL  is  Se–In–Se–In–Se  as  shown
in Fig. 1(a).  Through piezoresponse force microscopy (PFM), a
180°  phase  difference  is  observed  in  a  10  nm  thick α-In2Se3

flake (Fig. 1(b)), corresponding to an out-of-plane (OOP) polar-
ization  that  shifts  from  up  to  down  perpendicular  to  the
surface[45].  The  switching  of α-In2Se3 OOP  and  IP  polarization
can  be  obtained  by  writing  opposite  electric  field,  which
shows that the external electric field can control the polariza-
tion  direction  (Fig.  1(c)).  Moreover,  the  IP  and  OOP  polariza-
tions  change  simultaneously,  indicating  that  the  IP  polariza-
tion  and  OOP  polarizations  coexist[46].  In  2H α-In2Se3,  it  pos-
sesses  a  special  interlayer  180°  IP  rotation  stacking  structure
(Fig.  1(d))  and  the  IP  polarization  directions  between  the  lay-
ers  arranged  in  an  anti-parallel  manner[50].  This  indicates
that  the  IP  polarization  is  layer-dependent.  As  illustrated  in
Fig.  1(e),  for  even  layers,  the  polarizations  of  adjacent  IP  po-
larization directions cancel each other and the total IP polariza-
tion  is  zero.  However,  for  odd  layers,  there  is  always  a  rem-
nant IP polarization. When an electric field is applied in the left-
ward  direction,  the  IP  polarization  of  all  layers  changes  its
pointing  to  the  left  (Fig.  1(e)).  At  the  same  time,  due  to  the
strong  intercorrelation  between  IP  and  OOP  polarization,  the
IP  and  OOP  polarizations  are  reversed  at  the  same  time,
which  lead  to  the  interlayer  cancellation  of  OOP  polariza-
tions  for  even  layers[50].  This  particular  polarization  relation-
ship originates from a lateral shift of the central Se atomic lay-
er  induced  by  the  electric  field.  And  the  local  amplitude  and
phase  shown  in Fig.  1(f)  display  a  butterfly  loop  and  hyster-
esis loop with a sharp phase change, which is the hallmark of
ferroelectrics[48].

The  strong  out-of-plane  polarization  of α-In2Se3 can  im-

prove  the  sustainability  of  switchable  polarization  and
provide  a  new  pathway  for  field-effect  transistors  and  non-
volatile  memories.  Based  on  this,  Si et  al.[3] proposed  a  novel
ferroelectric  semiconductor  field-effect  transistor  (FeS-FET)  as
shown  in Fig.  2(a).  The  FeS-FET  consists  of  a  heavy  p-type
doped Si substrate as the back gate electrode, 15 nm HfO2 or
90 nm SiO2 as the gate insulating layer, 2D α-In2Se3 as the fer-
roelectric  semiconductor  channel  and  30  nm  Ti/50  nm  Au  as
the source/drain electrode. Finally,  an optimized 10 nm Al2O3

capping  layer  is  grown  on  top  of  the α-In2Se3 channel.  The
device  exhibits  high  performance  with  a  large  memory  win-
dow,  a  high switching ratio  of  over  108,  a  maximum on-state
current of  862 μA/μm and a low supply voltage.  The conven-
tional Fe-FET structure has a short hold time due to the depol-
arization  field  and  gate  leakage  current[78−80].  In  contrast,  the
FeS-FET  design  can  eliminate  the  charge  trap  by  moving
charge  to  shield  the  depolarization  field.  At  the  same  time,  a
high-quality  amorphous gate  insulator  is  chosen to  eliminate
the gate leakage current and improve performance. For ferro-
electric  memories,  ferroelectric  materials  with  two  switch-
able  stable  polarization  states  are  suitable  for  random  access
measurement  systems  that  require  easy  switching  between
the two stable  states  to  store  information[5]. α-In2Se3 exhibits
strong  out-of-plane  ferroelectricity  at  room  temperature  and
maintains  ferroelectric  polarization  at  the  atomic  scale,  mak-
ing it a basis for making nonvolatile memories. Unlike the con-
ventional  Fe-FETs,  Wang et  al.[19] demonstrated  ferroelectric
channel  transistors  (FeCTs)  for  a  nonvolatile  memory  using
the 2D ferroelectric semiconductor material α-In2Se3 as a chan-
nel,  and  the  structure  is  shown  in Fig.  2(b).  A  30  nm  Al2O3 is
used  as  the  bottom  substrate  layer,  the  conducting  channel
is  an h-BN/α-In2Se3/h-BN layer,  and a heavily  p-doped Si  sub-
strate  is  used  as  the  global  gate  (GG).  With  sufficient  write
and  erase  spikes,  the  FeCTs  exhibit  stable  nonvolatility  with
high and low states exceeding 103. Meanwhile, the nonvolatil-

 

Fig. 2. (Color online) (a) Schematic structure of α-In2Se3 FeS-FET and switching characteristics of α-In2Se3 FeS-FET (reproduced with permission
from Ref. [3], Copyright © 2019, Mengwei Si et al.). (b) Schematic structure of α-In2Se3 FeCTs and switching characteristics of α-In2Se3 FeCTs (repro-
duced with permission from Ref. [19], Copyright © 2021, Shuiyuan Wang et al.).
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ity  of  FeCTs  is  programmed  at  a  basic  erase  and  write  (LRS-
HRS).  The  LRS-HRS  ratio  decreases  with  decreasing  write
width,  but  still  writes  efficiently  for  40 ns,  which is  consistent
with the ultrafast switching of ferroelectric polarization. Over-
all,  2D α-In2Se3 provides  a  promising  prospect  to  build  high-
density  and  high-efficiency  emerging  memory  and  computa-
tion-integrated devices as an alternative solution.

In addition to In2Se3, CuInP2S6 and MoTe2 have also attrac-
ted  extensive  studies  as  intrinsic  ferroelectrics.  The  atomic
structure  of  CuInP2S6 consists  of  a  sulfur  framework  in  which
Cu,  In,  and  P–P  triangular  patterns  are  filled  by  octahedral
voids.  Its  bulk  consists  of  vertically  stacked  vdW  interactions
filled  with  weakly  interacting  layers  (Fig.  3(a)).  The  ferroelec-
tric  phase  transition  of  the  bulk  CuInP2S6 was  first  observed
in  1994[81].  The  origin  of  the  ferroelectricity  was  demon-
strated in  1997 by  predicting the  hopping mechanism of  the
thermally activated Cu(I) migration along the polar axis in the
paraelectric phase[82]. About 21 years later, Belianinov et al.[51]

reported  that  CuInP2S6 reached  50  nm  experimentally,  and
the  thickness  of  the  films  varied  from  50  to  500  nm.  Using
band  excitation  PFM  (BE-PFM)  to  detect  the  films,  the  do-
main with a  thickness  of  100 or  more than 100 nm has  good
contrast  and  the  50  nm  domain  is  likewise  recognizable.
However,  it  cannot  be  detected  beyond  this  range,  as  in
Fig. 3(b). One year later, Liu et al.[52] reported the room temper-
ature  ferroelectricity  of  ultrathin  CuInP2S6.  As  demonstrated
in Fig.  3(c),  the  CuInP2S6 ultrathin  flakes  were  still  ferroelec-
tric  at  a  thickness  of  a  few  nanometers.  At  the  same  time,  a
significant butterfly loop and 180° switching of the phase sig-
nal were observed at 4 nm, thus further confirming the ferro-
electric  polarization  in  ultrathin  CuInP2S6.  Besides,  Liu et  al.
proposed  a  ferroelectric  diode  based  on  CuInP2S6/Si  hetero-
structure  using  a  30  nm  CuInP2S6 flake  with  Au  as  the  top
electrode,  which  can  be  assigned  ON  and  OFF  states,  corres-
ponding  to  its  low  and  high  resistance  states,  respectively
(Fig. 3(d)).

Compared  to  CuInP2S6 and  In2Se3,  TMDs  still  need  to
achieve  ferroelectricity.  Various  structural  phases  are  based

on  different  TMD  compositions,  such  as  2H,  1T,  1T'  and
d1T[83].  Among  them,  2H  structure  is  a  stable  semiconductor,
1T  structure  is  unstable[84, 85],  and  1T'  is  an  octahedral  struc-
ture distorted from the unstable 1T structure[84, 86]. And the dif-
ference  between  1T'  and  d1T  phases  mainly  stems  from  the
different ways of  atomic distortion.  While  several  materials  in
the  family  of  TMDs  have  theoretically  been  demonstrated  to
be ferroelectric potentially[87−89],  few experiments have accur-
ately  confirmed  their  ferroelectricity.  In  2019,  the  room-tem-
perature  ferroelectricity  of  monolayer  d1T-MoTe2 was  ap-
proved by Yuan et al.[44]. Fig. 4(a) shows images of d1T-MoTe2

under  optical  microscopy  and  atomic  force  microscopy
(AFM). d1T-MoTe2 monolayer thickness is about 0.8 nm, simil-
ar  to  expected.  PFM  measurements  recorded  the  phase  and
amplitude  of  the  out-of-plane  hysteresis  of  monolayer  d1T-
MoTe2 with  a  180°  difference  between  the  two  polarization
states,  indicating  room-temperature  ferroelectricity.  Also,  the
PFM  phase  comparison  shows  an  antiparallel  polarization  of
d1T-MoTe2,  further  confirming  the  d1T-MoTe2 ferroelectricity
(Fig.  4(b)).  To  determine  the  intrinsic  reason  for  the  appear-
ance  of  ferroelectricity  in  d1T-MoTe2,  the  structure  of  d1T-
MoTe2 was  further  characterized  as  shown  in Fig.  4(c),  which
demonstrates the trimerized structure of d1T-MoTe2, confirm-
ing the non-centrosymmetric and similar to their calculations.
Trimerized  structures  with  vertical  displacement  of  Te  atoms
cause  spontaneous  polarization.  In  addition,  the  monolayer
d1T-MoTe2 ferroelectric  film  is  well  suited  to  build  nanoscale
nonvolatile  ferroelectric  tunnel  junctions  (FTJ)  devices  be-
cause  of  its  thinnest  thickness,  out-of-plane  polarization,  and
room  temperature  stability.  In  this  study,  a  2D  vdW  d1T-
MoTe2/graphene FTJ device was fabricated. The two polariza-
tion  directions  were  distinguished  by  representing  the  on
and off states of the device, which has an on/off resistance ra-
tio of about 1000 and good reproducibility (Fig. 4(d)).

In  conclusion,  although  the  current  evidence  is  insuffi-
cient,  the  research  has  provided  opportunities  for  potential
2D  ferroelectric  materials,  including  vdW  and  conventional
ferroelectric materials. Based on the demand for the miniaturiz-

 

Fig. 3. (Color online) (a) Schematic crystal structure of CuInP2S6. (b) AFM images and BEPFM images of CuInP2S6 flake (reproduced with permis-
sion from Ref. [51], Copyright © 2015, American Chemical Society). (c) AFM images and PFM images of CuInP2S6 flake. (d) Electric characteriza-
tion of  the vdW CuInP2S6/Si  diode (Inset:  schematic  structure of  ferroelectric  diode based on CuInP2S6 heterostructure).  (a),  (c)  and (d)  Repro-
duced with permission from Ref. [52], Copyright © 2016, Fucai Liu et al.
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ation of next-generation memory and logic devices,  more ex-
periments  are  needed  to  add  new  members  to  the  2D  ferro-
electric  family.  Recently  a  new type of  stacked engineering is
quietly changing the future of 2D ferroelectrics.

 3.  Twisted 2D ferroelectricity

vdW  materials  with  natural  ferroelectricity  are  scarce.
Many  layered  vdW  crystals,  such  as  graphite,  h-BN  and  TMD
have a stable stacking structure and are usually centrosymmet-
ric, so they are not qualified as ferroelectrics. However, the ver-
tical  polarization  of  ferroelectric  materials  interprets  another
property for the localized stacking between layers: moiré ferro-
electricity.  Bilayer  twisted  2D  ferroelectrics  can  induce  the
moiré  ferroelectricity,  and  different  ferroelectric  domains  can
be generated by stacking. New research in stacking engineer-
ing has changed the recognition of 2D vdW ferroelectrics and
brought  a  path  to  discover  new  ferroelectrics.  In  this  review,
we will discuss some twisted 2D ferroelectric materials includ-
ing  Bernal-stacked  bilayer  graphene/BN,   bilayer  boron  ni-
tride, and  bilayer TMDs.

 3.1.  Bernal-stacked bilayer graphene/BN

Ferroelectric materials have electrically tunable electric di-
poles induced by spatial separation between the average cen-
ters of positive and negative charges within a unit cell. There-
fore,  graphene,  composed only of  carbon atoms,  is  theoretic-
ally  challenging  to  achieve  ferroelectricity[90].  However,
Zheng et al.[74] proposed a new device structure by aligning a
bilayer  graphene sandwiched by  two BN flakes,  which exhib-
it  a significant hysteresis behavior of  graphene resistance un-
der  the  applied  external  electric  field. Fig.  5(a)  shows  a
Bernal-stacked (AB) bilayer graphene (BLG) structure with half
of  the  carbon  atoms  in  the  upper  layer  on  top  of  the  empty
centers of carbon hexagons in the lower layer[91]. Fig. 5(b) illus-
trates  a  schematic  of  a  bilayer  graphene  dual-gate  device
with  Bernal-stack  graphene  sandwiched  between  two
hexagonal boron nitrides. And there is a certain relative angle
between the two BN at the top and bottle. Device H2 and H4
both use two BN flakes sandwich a BLG with different angles.

The relative angles of the device H2 and H4 are 30° and 0°, re-
spectively.  H2  and  H4  show  striking  hysteresis  behavior
(Fig.  5(c)).  The  standard  BLG  device  N0  (without  BN  layers)
shows no hysteresis  when scanning the bottom gate voltage
(VBG)  or  top  gate  voltage  (VTG)  backward  and  forward,  while
H2 and H4 exhibit significant hysteresis. The difference is that
the resistance peak appears  in  the opposite  sequence,  show-
ing  an  advanced  mode  for  H2  and  a  retarded  mode  for  H4.
To explain these phenomena more closely, they tested the rela-
tionship between the four-probe resistance and the variation
of VBG and VTG.

First, VTG is  in  the  range  of  –8  to  8  V, VBG is  in  the  range
of  –10  to  10  V  and VTG is  scanning  fast  and VBG is  scanning
slow  with  the  origin  at VTG = VBG =  0  V  (Fig.  5(d)).  At  this
point,  the  device  H4  is  indistinguishable  from  a  normal BLG.
Then,  reversing  the  scan  direction  and  extending VBG down
to  –15  V,  the  resistance  ridge  suddenly  becomes  parallel
to  the VBG axis.  This  behavior  is  like  the  bottom  gate  losing
its  function,  which  the  authors  describe  as  ‘layer-specific  an-
omalous  screening’  (LSAS).  After VBG =  –20  V,  reversing VBG

again  (Fig.  5(d)),  the  LSAS  phenomenon  stops  and  restores
to  normal  BLG  behavior,  however,  the  LSAS  phenomenon
also  occurs  after  scanning  a  certain  distance  from  the  origin.
Similarly,  after  reversing  again,  the  resistance  changes  im-
mediately into the normal BLG behavior, and the LSAS behavi-
or  appears  after  a  distance  beyond  the  origin  (Figs.  5(e)  and
5(f)). Finally, a parallelogram formed by the resistance peaks can be
obtained  using  the  backward-and-forward  scan  direction
(Fig. 5(g)), this points to the fact that the BLG/BN structure ex-
hibits a dramatic hysteresis phenomenon under the action of
an external electric field, demonstrating the ferroelectricity of
BLG/BN. The system described in this study has strong hyster-
esis  and  stability  and  can  be  used  as  a  high-performance
memory.

The  first  presentation  of  this  stacking  engineering  ap-
proach  brings  an  entirely  new  way  of  thinking.  It  opens  up  a
new field for vdW assembly where it is possible to create artifi-
cial vdW ferroelectric structures from non-ferroelectric materi-
al.  Not  only  in  Bernal-stacked  bilayer  graphene/BN,  but  also

 

Fig.  4.  (Color  online)  (a)  Optical  microscopy  and  AFM  images  of  d1T-MoTe2.  (b)  PFM  phase  hysteretic  and  butterfly  loops  of  monolayer  d1T-
MoTe2.  (c) Schematic atomic structure of d1T-MoTe2.  (d) Electric characterization and structure of the FTJ device d1T-MoTe2.  (a-d) Reproduced
with permission from Ref. [44], Copyright © 2019, Shuoguo Yuan et al.
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in  bilayer  twisted  BN  demonstrates  unprecedented  ferroele-
ctricity.

 3.2.  Bilayer boron nitride

In 2021, Yasuda et al.[75] have revealed the electric polari-
zation  and  ferroelectric  switching  in  twisted  BN  with  AB
stacking  structure.  Unlike  bulk  hBN,  bilayer  BN  is  formed  by
two  BN  monolayers  stacked  in  parallel  with  two  polarization
AB or  BA stacking orders[92, 93].  In  the AB (BA)  stack,  the B  (N)
atoms  in  the  upper  layer  are  on  top  of  the  N  (B)  atom  in  the
lower  layer  while  the  N  (B)  atom  in  the  upper  layer  is  on  top
of the B (N) lower in an atom (Fig. 6(a)). Using PFM, the polariz-
ation  of  small-angle  twisted  bilayer  BN  have  been  probed,
where  the  different  piezoelectric  response  of  AB  and  BA  do-
main  regions  responds  to  different  out-of-plane  polarization
(Fig. 6(b))[94]. Interestingly, the out-of-plane polarization is cor-
related  with  the  stacking  order.  Namely,  the  polarization  can
be switched by the shear motion of one-third of a unit cell[94],
which  differs  from  the  conventional  ferroelectric  switching
mechanism.  Yasuda et  al.  fabricated  a  dual-gate  device  com-
posed by metal top gate (Au/Cr)/hBN/Graphene/bilayer 0° par-
allel  stacked  BN  (P-BBN)/hBN/metal  bottom  gate  (PdAu).
Fig.  6(c)  demonstrates  the  graphene  resistance  as  a  function
of  top  gate  voltage  (VT),  by  scanning  the  top  gate  backward
and  forward,  and  no  hysteresis  phenomenon  is  observed.
In  contrast,  a  clear  hysteresis  phenomenon  can  be  seen
(Fig.  6(c))  as  the  bottom  gate  is  scanned  backward  and  for-
ward  to  explore  the  graphene  resistance  related  to  the  bot-

n = εhBN(VB/dB + VT/dT)/e εhBN
dB dT

e

n = εhBN(VB/dB + VT/dT)/e + Δnp
n = εhBN(VB/dB + VT/dT)/e − Δnp

tom  gate  voltage  (VB).  For  a  dual-gate  scan  can  independ-
ently  control  the  charge  on  graphene  and  the  electric  field
on P-BBN, the standard dual-gate device have a unique diagon-
al  resistance  peak  characteristic,  which  corresponds  to  the
charge  neutralization  condition,  following  the  equation:

,  where  is  the  charge  permittiv-
ity  of  hBN,  and  are the distances from the bottom gate
electrode  and  the  top  gate  electrode  to  the  graphene,  res-
pectively,  and  is  the  charge.  As  illustrated  in Fig.  6(d), the
device  T1  which  composed  by  metal  top  gate
(Au/Cr)/hBN/Graphene/bilayer 0.6° parallel stacked BN (P-BBN)/
hBN/metal  bottom  gate  (PdAu)  exhibit  two  diagonal  peaks,
corresponding to BA and AB stacking, respectively. Instead of
abrupt changes,  the two diagonals gradually shift  to the oth-
er  diagonal,  the  origin  is  mainly  due  to  the  change  of  do-
mains from the BA stack to the AB stack (shown in the inset).
As  the  polarization  flips,  the  total  carrier  concentration
changes  from  (BA  stack)  to

 (AB  stack),  resulting  in  a  shift
of  the  resistive  peak.  Comparing  the  twisted  and  non-twis-
ted  devices,  there  are  two  differences:  (1)  The  coercive  field
of  the  twisted  bilayer  BN  is  much  smaller  than  that  of  the
non-twisted  bilayer  BN.  (2)  The  polarization  switching  of  the
twisted bilayer BN occurs slowly,  and the polarization switch-
ing  of  the  non-twisted  bilayer  BN  changes  sharply.  Finally,
the  temperature  and  polarization  relationship  of  P-BBN  is
demonstrated in Fig. 6(e). Remarkably, the measured polariza-
tion  is  almost  independent  of  temperature  below  room  tem-
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Fig. 5.  (Color online) (a) Schematic crystal structure of Bernal-stacked bilayer graphene (reproduced with permission from Ref.  [91],  © Springer
Nature 2022). (b) Schematic of dual-gate devices N0, H2 and H4. (c) Four-probe resistance for devices N0, H2 and H4. (d) Hysteretic transport beha-
vior for device H4. (Inset: ‘zigzag’ patterns illustrate how data are obtained.) (e) and (f) Forward and backward scan for VBG sweep between –50
and 50 V. (g) The difference between measured in (e) and (f). (b-g) Reproduced with permission from Ref. [74], © Zheng Z et al. 2020.
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perature[92].  The thermal vibration of atoms within in-plane is
inhibited  by  the  covalent  bonds  within  the  intralayer,  mak-
ing the polarization insensitive to temperature. Although an in-
creasing  temperature  causes  a  broadening  of  the  resistance
peak,  the  ferroelectric  hysteresis  phenomenon  is  still  per-
sisted  at  room  temperature.  Such  a  feature  allows  a  bilayer
BN to write polarization by a voltage pulse of a few Volts and
read it in a nonvolatile way (Fig. 6(f)). These works’ research ex-
pands the prospects of 2D ferroelectric materials for electron-
ic, spintronic and optical applications.

 3.3.  Transition metal dichalcogenides (TMDs)

Similarly, synthetic ferroelectricity was achieved in the twis-
ted TMDs system. In the conventional 2D ferroelectrics, the fer-
roelectricity of 1T phase TMDs have been predicted or experi-
mentally  confirmed[90].  The  bulk  TMD  crystal  is  the  symmet-
ric  inversion,  but  the  symmetry  is  broken  when  exfoliated  to
a  monolayer.  Alternatively,  the  symmetry  of  TMDs  can  be
tuned  by  controlling  the  stacking  angle  of  two  monolayers.
When  two  layers  are  stacked  in  an  antiparallel  manner,  the
hexagonal-stacked (H-stacked)  is  formed and symmetry  is  re-
stored.  Conversely,  when  two  layers  are  stacked  in  parallel,
the  rhombohedral-stacked  (R-stacked)  is  formed[95],  which
breaks  the  out-of-plane  mirror  symmetry.  There  are  two
forms  of  R-stacked  arrangements,  MX-  and  XM-stacked  for-
ms. In MX-stacked, every M-atom is on top of an X-atom, and
in  XM-stacked,  each  X-atom  is  located  on  an  M-atom[96]

(Fig.  7(a)).  At the same time, the two stacking orders are con-
verted  by  lateral  shift.  The  out-of-plane  polarization  is  swi-
tched  to  each  other  by  interlayer  shear  motion,  thus  achiev-
ing interfacial ferroelectricity[94]. Wang et al.[76] has revealed fer-
roelectricity  in  twisted  MoS2,  MoSe2,  WS2 and  WSe2. Fig.  7(b)
shows the PFM image of 0.25° bilayer twisted MoSe2 at room-
temperature, showing clear contrast between MX and XM do-
mains  with  opposite  out-of-plane  polarization  for  each  adja-

n + Δnp

n − Δnp

cent domain, originating from the piezoelectric or electrostat-
ic effects[96].  Lateral PFM images of 0.2° bilayer twisted MoSe2

in Fig.  7(c)  are  applied to  study the response of  the  opposite
out-of-plane  polarization  of  MX  and  XM  domains  under  out-
of-plane  electric  fields.  As  the  bottom  voltage VB changes
from –4 to 2 V,  the domain walls  move,  causing the domains
to shrink until it disappears, and when VB is swept back, the do-
mains  expand.  Furthermore,  Wang et  al.  fabricated  a  dual-
gate  device  comprising  R-stacked  bilayer  twisted  TMDs  as
shown in the inset of Fig. 7(d),  which demonstrates the ferro-
electricity  by  recording  the  graphene  resistance  as  a  func-
tion of  the bottom gate.  The structure of  both device d1 and
d2 from top to bottom are the metal Au/Cr,  top hBN flake,  0°
bilayer  WSe2,  bottom  hBN  flake  and  graphene,  while  the  top
hBN  thickness  (dT)  of  d1  device  is  25.6  nm  and  the dT of  d2
device  is  16.1  nm. Fig.  7(d)  displays  the twisted bilayer  WSe2,
MoSe2,  WS2,  and  MoS2 devices,  respectively.  They  all  show
prominent  hysteresis  when  sweeping  the  bottom  gate,  and
the hysteresis mainly originates from the change of MX (XM)-
stacked to XM (MX)-stacked. The hysteresis only occurs as the
bottom  gate  scan  indicates  that  the  hysteresis  originates
from the bilayer twisted TMDs between the bottom gate and
graphene. Further, ferroelectric polarization changes the carri-
er concentration in graphene, causing a shift of graphene res-
istance peak. Thus, the 0° bilayer WSe2 d1 device exhibits a di-
agonal feature corresponding to the graphene charge neutral-
ity point resistance peak for a fast  scan of  the top gate and a
slow  scan  of  the  bottom  gate.  As  the  bottom  gate  is  swept
backward,  the  diagonal  feature  of  the  graphene  resistance
peak  changes  abruptly  (Fig.  7(e)).  The  shift  of  the  resistance
peak  is  due  to  the  carrier  concentration  change  caused  by
the  electric  polarization  of  the  R-stacked  bilayer  twisted  TM-
Ds,  which,  like  the  bilayer  twisted  BN,  changes  from 
(Up  polarization)  to  (Down  polarization).  Unlike  the

 

Fig. 6. (Color online) (a) Schematic crystal structure of AB-stacked and BA-stacked BN. (b) PFM phase and amplitude images of twisted bilayer BN,
respectively.  (c)  Resistance Rxx of  graphene for  the device as  a  function of  the top gate and bottom gate,  respectively (Inset:  dual-gate P-BBN
device structure). (d) Ferroelectric switching in twisted bilayer BN. (e) Temperature dependence of polarization and graphene resistance Rxx, re-
spectively. (f) Room-temperature operation of a ferroelectric field-effect transistor. (a-f) Reproduced with permission from Ref. [75], © 2021 Americ-
an Association for the Advancement of Science.
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0° bilayer WSe2 d1 device, the 0° bilayer WSe2 d2 device (dT is
16.1  nm)  has  a  stepped  ferroelectric  polarization  switching
(Fig.  7(f)).  The independent  shift  of  every  domain wall  causes
this  multi-step  switching.  In Fig.  7(g),  the  0°  bilayer  WSe2 d1
device can maintain ferroelectricity at room temperature. The
R-stacked bilayer TMDs can embed ferroelectricity in the semi-
conductor  to  realize  ferroelectric  semiconductor  field-effect
transistors[97].

Stacking engineering opens new directions for the discov-
ery  of  ferroelectric  materials.  Theoretically,  any  two  nonpolar
vdW layered structures can be stacked together to achieve fer-
roelectricity  heterogeneous/homogeneous  structures  as  long
as the inversion symmetry is  broken at  the interface.  Such an
approach  dramatically  expands  the  variety  of  2D  vdW  ferro-
electric  materials.  In  the  future,  it  may  involve  coupling
between different types of materials, giving rise to the discov-
ery  of  more  novel  materials,  such  as  coupling  with  magnetic
vdW  materials,  which  may  lead  to  the  discovery  of  atomic-
ally thin multiferroic vdW systems. Although twisted 2D ferro-
electrics  have  fantastic  potential,  people  need  more  time  to
explore  various  physical  mechanisms  due  to  stacking  and
face many challenges, such as stability, scalability, and practic-
al  applications  in  electronic  devices.  Our  discussion  here  is
just the beginning of this new field.

 4.  Summary and perspective

The  twisted  2D  ferroelectrics  based  on  stacking-engin-
eered  is  a  new  and  promising  research  field.  It  has  many  un-
known phenomena and essences. In this review, we summar-
ize  the  recent  research  and  progress  of  twisted  2D  ferroelec-
trics  and  provide  a  platform  for  subsequent  practical  and
theoretical  studies.  Traditional  3D ferroelectric  materials  have

been  successfully  used  in  many  industrial  applications,  driv-
ing  the  rapid  development  of  technology.  With  the  develop-
ment  of  characterization  and  fabrication  methods,  there  will
be more and more ways to discover new twisted 2D ferroelec-
tric  materials  and reveal  their  unique physical  properties  and
mechanisms.

Generally,  this  stacking-engineered  design  approach  for
twisted 2D ferroelectrics can be extended to other 2D vdW ma-
terials, such as group III chalcogenides GaS, GaSe and InSe[94],
and  even  2D  ferromagnetic  insulator  CrI3,  to  explore  novel
twisted  2D  multiferroics.  Meanwhile,  the  distinctive  physical
properties  of  twisted  2D  ferroelectric  materials  empower
next-generation  electronic  devices  with  high  performance,
low  power  consumption  and  high  integration,  for  example,
non-volatile memory with a high switching ratio and low leak-
age current, new Fe-FET and the ability to complete the neur-
al  network  calculation  of  the  memory  and  computing  integ-
rated  device  has  great  potential.  Still,  at  present,  the  design
of electronic devices using twisted 2D ferroelectrics is very lack-
ing, the main reason is that for the new type of ferroelectrics,
people still need to be more explicit about its internal mechan-
isms.  This  is  something  that  needs  to  be  gradually  explored
in  future  research.  At  present,  only  a  few  vdW  materials  can
maintain ferroelectricity for a long time at room temperature.
There  is  an  urgent  need  to  develop  new  approaches  to  im-
prove their stability, as well as twisted 2D ferroelectrics are cur-
rently  insufficient  in  optical,  electrical,  thermal,  mechanical
and magnetic studies,  and probing tiny ferroelectric  polariza-
tion is still a significant challenge. Finally, the ultimate goal of
2D ferroelectric  materials  is  to design intelligent devices with
better  performance,  so  more  2D  ferroelectric  materials  with
ideal  properties  and  new  corresponding  intelligent  device

 

Fig. 7. (Color online) (a) Schematic crystal structure of H-stacked and R-stacked (MX and XM) TMDs, respectively. (b) PFM phase and amplitude im-
ages of MoSe2, respectively. (c) Schematic illustration of lateral PFM measurement on MoSe2. (d) Resistance Rxx of graphene for TMDs device as a
function of the top gate and bottom gate, respectively (Inset: dual-gate R-stacked TMDs device structure). (e) Ferroelectric switching in small-an-
gel twisted bilayer WSe2 d1 device. (f) Schematic of polarization switching in WSe2 d1 and d2 device and temperature dependence of graphene
resistance Rxx, respectively. (a-f) Reproduced with permission from Ref. [76], © 2021 Springer Nature 2022.
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structures  need  to  be  discovered  and  realized.  In  summary,
the  study  of  twisted  2D  vdW  ferroelectrics  is  still  in  its  in-
fancy. It requires further exploration not only in the material se-
lection  but  also  in  the  potential  mechanisms  and  properties.
And this research may lead to exciting breakthroughs in nano-
electronics, photonics, non-volatile memory, memory and com-
putation integration and communication.
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