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Abstract 21 

    The past few decades have witnessed extensive and intensive studies on 22 

ferroelectric materials with switchable electric polarization due to their broad device 23 

applications. Emerging van der Waals (vdW) layered ferroelectrics ingeniously 24 

assemble strong covalent-bonded polar or non-polar monolayers through weak vdW 25 

forces. These atom arrangements contrast with the stacking of conventional oxide 26 

ferroelectrics, enabling unprecedented ferroelectric physics in terms of polarization 27 

origin, polar stabilization, and switching kinetics. Combined with other inherent optical 28 

and electrical features, the vdW ferroelectrics can undoubtedly provide a new, versatile 29 

platform for advancing fundamental physics and revolutionizing device technology. In 30 

this review, we summarize the unique ferroelectric properties in experimentally 31 

confirmed vdW ferroelectrics, particularly those properties that expand our 32 

understanding of ferroelectric switching. We also elucidate how some of these 33 

properties can intrinsically reduce depolarized instability at the atomic limit. Finally, 34 

we discuss innovative devices enabled by distinct properties of vdW ferroelectrics for 35 

electronic, optoelectronic, and energy harvesting applications, and highlight possible 36 

future research lines. 37 
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 47 

1. Introduction 48 

Ferroelectrics are a class of materials that feature spontaneous electric polarization 49 

(i.e., dipole or polar ordering), which can be reversibly switched by applying an external 50 

electric field,1 mechanical strain,2 or light irradiation.3 Although the first ferroelectric 51 

(i.e., Rochelle salt crystal) was reported in 1920, the boom in the development of 52 

ferroelectrics for theoretical modeling, creative synthesis, and disruptive applications 53 

did not commence until the discovery of barium titanate ferroelectric crystals during 54 

World War II.4 In the following years, preliminary phenomenological models were 55 

established to describe ferroelectric switching and, by using bulk ferroelectrics, device 56 

applications were initially demonstrated. By the late 1980s, the realization of high-57 

quality thin-film ferroelectrics and the maturity in their processing greatly prompted 58 

device use. Since the 1990s, with the discovery of many new ferroelectrics and 59 

significant improvements in the material’s quality, a plethora of ferroelectric 60 

applications have been successfully demonstrated, including memories, radiofrequency 61 

devices, low-power field-effect transistors, solar cells, and actuators.5 Some of these 62 

applications have already been commercialized for practical use. For example, a 63 

ferroelectric PbTiO3 film sandwiched between two electrodes can be densely integrated 64 

into 8 Mbit ferroelectric chips for information storage. These significant achievements 65 

in device applications necessitate an in-depth understanding of their building blocks 66 

(i.e., ferroelectrics) to spur pivotal fundamental advances, such as the atomic 67 

investigation of the polarization origin.  68 

Over recent decades, fundamental studies in ferroelectric realm have suggested 69 

that the material backbone is the family of ABO3 structured oxides (oxide ferroelectrics), 70 

such as BaFeO3 and PbTiO3.6-11 Transmission electron microscope images12-14 have 71 

shown their spontaneous polarization arises phenomenologically from the off-centered 72 

B ions, i.e., structural distortion. This intrinsic polarization involves the collective 73 

interaction of short-range electron-repulsive forces which favors the formation of 74 

paraelectric ordering, and long-range Coulomb coupling which stabilizes the 75 
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ferroelectric ordering.15, 16 Their dynamic interaction can be described by the well-76 

known Landau–Ginzburg–Devonshire model, i.e., double-well potential with respect to 77 

the polarization, which illustrates a distorted crystal structure over a symmetric 78 

structure.17, 18 In this model, there are two minima which are widely considered two 79 

stable polarization states, and to switch between them, an energy barrier must be 80 

overcome.  81 

In reality, the ferroelectric polarization P electrostatically induces bound charges 82 

 =div P at film interfaces, which can in turn create an inner electric field across the 83 

ferroelectric body, i.e., the depolarization field. Its direction is, however, opposite to 84 

that of ferroelectric polarization, which inevitably adds instability (apart from the 85 

mesoscopic electron-repulsive force) to the structural distortion. To maintain the 86 

polarization, compensation charges including those of absorbed interface molecules 87 

and free carriers are necessarily required to screen the depolarization field. Supposing 88 

that the bound charges related to this field are not completely neutralized, the intrinsic 89 

polarization can consequently be destabilized.17, 19 In particular, while the thickness of 90 

ferroelectric films is reduced to several nanometers below the critical thickness, the 91 

magnitude of the depolarization field significantly increases, and its influence on 92 

ferroelectric instability dramatically intensifies, given that the polarization charges 93 

remain nearly constant with variation in thickness. As a result, for most ferroelectrics, 94 

2D polarization may entirely vanish. Thus, the depolarization field poses a huge 95 

challenge to the existence of ultrathin ferroelectrics, particularly unit-cell thick oxide 96 

ferroelectrics. To effectively combat this notorious field and achieve atomic-scale 97 

polarization, a range of viable approaches have been successively proposed1, 20-22. For 98 

instance, an epitaxial strain induced by the substrate can markedly enhance polarization 99 

and oppose depolarized instability at a nanoscale thickness whereas the rationally 100 

introduced compensation charges from conductive electrodes can largely screen bound 101 

charges. Nevertheless, all of these approaches involve the integration of external 102 

elements with ferroelectrics, limiting the stabilization of free-standing ultrathin 103 

ferroelectrics. 104 
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The exploration of new ferroelectric systems beyond oxide counterparts, such as 105 

van der Waals (vdW) ferroelectrics, has the potential to enrich the understanding of 106 

ferroelectric physics and stabilize polarization around the atomic limit through the 107 

material’s inherent physics. In 1994, the first vdW layered ferroelectric, i.e., CuInP2S6, 108 

was discovered in a bulk form with a millimeter thickness,23 far from the thinness 109 

required for probing quantum ferroelectrics. In the following two decades, research on 110 

vdW ferroelectrics with a reduced dimensionality, however, remained stagnant. Since 111 

2015, fueled by 2D material studies, the vdW CuInP2S6 crystal with ionic conductivity 112 

has gradually attracted increasing attention24, 25 and demonstrated stable polarization 113 

down to 4 nanometers. Nearly simultaneously, theoretical works predicted the existence 114 

of 2D free-standing vdW ferroelectrics including monolayer α-In2Se3 and monolayer 115 

SnS.26-30 Shortly thereafter, their experimental breakthroughs have been made with the 116 

findings that the unique dipoles can help conquer the depolarization field.31-35 Strikingly, 117 

in 2018 2D ferroelectric polarization and metallicity, which for a long time were 118 

believed as paradox, were unambiguously demonstrated to exist in 1T WTe2 as thin as 119 

a bilayer,36 indicating new strategies for preserving 2D polarization. Over the past few 120 

years, in addition to the results of novel quantum ferroelectric physics, the 121 

accomplishments of vdW ferroelectrics have encompassed the architectural innovation 122 

and performance optimization of conventional memory, logic, and energy-harvesting 123 

devices. These pioneering early studies27, 30, 37-56 have suggested that the emerging vdW 124 

ferroelectrics, albeit still in their infancy, are an unparalleled platform for the quest of 125 

2D quantum physics and disruptive technology. 126 

Within a vdW ferroelectric, weak vdW forces bind each monolayer together across 127 

vdW gaps while strong intralayer covalent bonds govern the monolayers. These delicate 128 

crystal assemblies (Figure 1 show a comparison with oxide ferroelectrics) allows that 129 

the polarization switching in vdW ferroelectrics exhibits impressive hallmarks, which 130 

are typically absent in oxide ferroelectrics. More importantly, particularly for sustaining 131 

ultimate thin polarization (Figure 1), some of these hallmarks demonstrate promising 132 

approaches to contend with the depolarization field; some of these resulting features 133 



6 

 

also expand our understanding of polarization origin, polarization stabilization, and 134 

switching kinetics owing to the weak interlayer interaction and the periodic vdW gaps. 135 

In addition, the newly discovered vdW ferroelectric properties are significantly 136 

enriched by the material’s other native physical or chemical phenomena. For example, 137 

the fine incorporation of polarized antiferroelectric domains into ferroelectric domains 138 

gives rise to unusual piezoelectric domain walls.57 The natural combination of 139 

semiconducting (or conducting) and ferroelectric behaviors enables ferroelectricity to 140 

be manipulatable in a transistor architecture through leveraging a gate bias.36, 41, 43, 58  141 

Moreover, the vdW ferroelectrics also possess prominent merits that may 142 

encourage device innovation in the post-Moore era. The nanodevices based on vdW-143 

ferroelectric can be freely fabricated on various substrates including silicon, polymers, 144 

and ceramics, but they retain excellent downscaling due to the nature of their material 145 

geometry. By contrast, most oxide-ferroelectric-based devices reside on specific, 146 

exclusive epitaxial substrates1, 8, 9, 14 such as SrTiO3, which greatly limits their practical 147 

applications. Meanwhile, with the thickness downscaling, the vdW ferroelectrics 148 

exhibit largely tunable bandgaps while covering the solar spectrum,59 and are thus 149 

anticipated to revitalize the development of high-performance ferroelectric 150 

photovoltaic devices.60 Furthermore, the cleaved surfaces of vdW ferroelectrics feature 151 

no dangling bonds, and therefore they allow for the construction of ideal interfaces with 152 

two or more assembled dissimilar materials in heterostructure device applications.  153 

The study of vdW ferroelectrics is currently on the rise. Previous research has 154 

preliminarily demonstrated their unusual ferroelectric physics and advanced device 155 

applications. It is urgent to highlight these great achievements and draw more attention 156 

to this burgeoning field. A systematic review on this topic, however, has not yet 157 

appeared. Here, we mainly focus on the progress that has been made in experimentally 158 

confirmed vdW ferroelectrics. We interpret their unique ferroelectric physics in detail 159 

and describe why their atomic-limit polarization can survive in contrast with oxide 160 

ferroelectrics. We also discuss their distinct prototype devices, and give possible future 161 

perspectives. We note that thorough reviews of predicted vdW ferroelectrics can be 162 
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found in other literatures.61-64  163 

2. Unique ferroelectric properties 164 

The unique vdW ferroelectric switching that has been reported can be briefly 165 

summarized into the following five aspects. First, a new origin of switchable 166 

polarization, i.e., the interlayer charge transfer effect, has been found in a polar metal 167 

1T' WTe2. Second, a novel stabilization mechanism of switchable polarization, i.e., the 168 

dipole locking effect, has been demonstrated in α-In2Se3. Third, a new kinetics of 169 

switchable polar ordering, i.e., the quadruple-well potential effect, has been unveiled in 170 

CuInP2S6, which accompanies the emergence of negative piezoelectricity and inverse 171 

ferroelectric switching. Fourth, a new piezoelectric domain wall has been found in 172 

CuInP2Se6. Fifth, a strategy for polarization manipulation, i.e., gate tunability, has been 173 

reported in several vdW ferroelectrics.  174 

2.1. Interlayer-charge-transfer-induced polarization 175 

In this section, we examine the interlayer charge transfer in vdW 1T' WTe2, which 176 

is an entirely different polarization origin. 1T' WTe2 holds a distorted common 177 

hexagonal structure, whereas its multilayer crystal structure is non-centrosymmetric 178 

(Figure 2a). Although the noncentrosymmetry is normally needed for ferroelectric 179 

distortion, 1T' WTe2’s polarization switching kinetics under an applied electric field is 180 

indeed involved with vertical charge transfer across each layer, instead of structural 181 

distortion.36, 65, 66 We again stress that, for oxide ferroelectrics, structural distortion is 182 

the common origin of spontaneous electric polarization. Thus, the interlayer charge 183 

transfer should be a nontrivial mechanism, and presents a new dimension to the field of 184 

ferroelectrics.  185 

Fei et al. reported that polar semimetal 1T' WTe2 is an intrinsic ferroelectric with 186 

out-of-plane (OOP) polarization.36 This groundbreaking discovery indicates that 187 

ferroelectricity and metallicity are subtly incorporated into a 2D material, overturning 188 

a long-held belief that these two exclusive features could not mutually coexist because 189 

of the electron screening of long-range Coulomb forces.67 In 1T' WTe2, the switchable 190 

polarization can survive down to the bilayer thickness, which is phenomenally 191 
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attributed to the following reasons. First, the 1T' WTe2 crystal possesses vdW stacking 192 

and a unique atom stacking which therefore provides the structural prerequisite for 193 

interlayer-charge-transfer effect. Second, this completely new regime of polarization 194 

switching does not intertwine with the destabilization from mutual interactions among 195 

the long-range Coulomb force, the depolarization field, and the large number of mobile 196 

electrons. We stress that, for oxide ferroelectrics, these three factors strongly affect the 197 

formation of 2D polarization; albeit favorable for the screening to the depolarization 198 

field at interfaces, the mobile electrons particularly from material interior have a 199 

detrimental effect on long-range Coulomb forces.68 Third, the free electrons from 1T ' 200 

WTe2 itself, as opposed to those from adjacent electrodes in oxides ferroelectrics, 201 

enable an effective screening at the bilayer thickness to the depolarization field but 202 

probably not to the interlayer transfer charges. We note that the old belief that 203 

ferroelectric metal does not exist was based on the structurally-distorted polar materials. 204 

In this respect, the polar metal is a highly correlated system and its polarization closely 205 

tied to at least four sets of balances: the competition between the short-range repulsive 206 

forces and the long-range Coulomb forces, the competition between the interior free 207 

carriers (here we ignore the contribution from the exterior free electrons on electrodes) 208 

and the depolarization field, the competition between the interior free carriers and the 209 

long-range Coulomb forces, and the competition between the depolarization field and 210 

the long-range Coulomb forces. Consequently, it is plausible that the polarization in a 211 

metal would vanish. Fortunately, the 1T' WTe2 is, though, a ferroelectric semimetal but 212 

with a different polarization origin. Most of these complex interactions do not associate 213 

its polarization, largely reducing destabilization and facilely achieving 2D polarization.  214 

Yang et al. theoretically unraveled the interlayer charge transfer effect in 1T' 215 

WTe2.66 As revealed in Figure 2a, two stable polarization states (i.e., state I and state II) 216 

can be reversed to each other via the structural mirror operation along the horizontal 217 

plane. A slight interlayer translation is predicted as a first step to achieve the most 218 

effective pathway. For the state 1 crystal structure, the horizontal distance between Te0 219 

and Te2 is 0.32 Å, whereas that between Te1 and Te3 is slightly more, at 0.4 Å. Moving 220 
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the upper layer along the +x axis by a distance of 0.32+0.4=0.72 Å can produce state 221 

II. Conversely, as for state II the distance between Te0 and Te2 is 0.4 Å, whereas that 222 

between Te1 and Te3 is 0.32 Å. Slightly shifting the upper layer of state II by 0.72 Å 223 

along the –x-axis can give rise to state I. Meanwhile, as a result of the non-224 

centrosymmetric structure in multilayer1T' WTe2, the charges on the sites of Te0 and 225 

Te3 (or Te1 and Te2) are not strictly equal, and will inevitably transfer between these 226 

sites during the interconversion of state I and state II. Consequently, the ferroelectric 227 

polarization of 1T' WTe2 is switchable in the OOP direction.  228 

We now proceed to review the experimental demonstrations of OOP ferroelectric 229 

polarization in 1T' WTe2. Fei et al. manifested the ferroelectric switching by electrical 230 

hysteresis in a sandwiched device geometry that can offer a uniform OOP poling field.36 231 

As shown in Figure 2b, when E⊥ is swept back and forth, electrical curves of a bilayer 232 

1T' WTe2 device feature hysteresis (i.e., bistability), even at room temperature. 233 

However, this remarkable hysteresis can vanish in a monolayer-crystal-based device, 234 

consistent with the centrosymmetric nature of monolayer structure. The authors also 235 

pointed out that these two comparative experiments firmly rule out the possibility of 236 

charge injection into the encapsulated BN layer. Combined with the charge-density-237 

variation test and theoretical prediction,36, 66 the polarization switching in 1T' WTe2 238 

should be closely linked with charge transfer. Note that this electrical hysteresis 239 

measurement only verifies that few-layer (e.g., bilayer and trilayer) samples have 240 

ferroelectric switching, but nor was switching seen in thicker (e.g., 8 nm) one. The 241 

authors ascribe this behavior to the screening of E⊥ on the nanometer scale within the 242 

1T' WTe2 metal, i.e., electrostatic screening effect for bulk metal. Based on the 243 

aforementioned pioneering work,36 Sharma et al. systematically studied bulk 1T' WTe2 244 

at room temperature using high-resolution piezoresponse force microscopy (PFM) in 245 

an N2 environment to avoid surface oxidation.69 As shown in Figure 2c, a thick 1T' 246 

WTe2 crystal exhibits remarkable ferroelectric domains with lines and oval shapes. 247 

Note that while visualizing these domains, the variation in height was excluded by the 248 

authors based on the smooth surface of 1T' WTe2. Upon applying an electric field, the 249 
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1T' WTe2 ferroelectric switching loops were unexpecetedly observed, overcoming the 250 

large leakage current.69 Therefore, these unambiguous results confirm that bulk 1T' 251 

WTe2 semi-metal should retain room-temperature ferroelectric switching.    252 

The 1T' WTe2 embraces not only ferroelectric polarization but also other physical 253 

properties, such as type-II Weyl semimetallicity, two-dimensional spin-torque, and 254 

superconductivity.70-73 If ferroelectricity and these features are taken account together, 255 

the strong intrinsic correlation may create many new intriguing realms for exploration, 256 

for example, the ferroelectric nonlinear anomalous Hall effect. Additionally, 1T' WTe2
’s 257 

primary polarization mechanism, namely the interlayer-charger-transfer effect, is 258 

predicted as a ubiquitous phenomenon,66 which can also be applied to other paraelectric 259 

2D materials such as graphene74 and hexagonal BN for producing switchable polar 260 

ordering by sliding or twisting a single sheet. This prediction is expected to largely 261 

broaden the scope for ferroelectric materials beyond the strict restriction to a few non-262 

centrosymmetric ones. To demonstrate this universe origin, further experiments are 263 

needed. Another interesting fact is that, among the family of WTe2, other monolayer 264 

semimetals including 1T' MoTe2 and 1T  'MoS2 are calculated to retain ferroelectric 265 

polarization as well but with the origin of structural distortion,28, 75 like oxide 266 

ferroelectrics. Such a discrepancy results from their different crystal structures 267 

transformed from the unstable 1T phase: the 1T' WTe2 is orthorhombic (space group: 268 

Pmn21);76 the 1T  'MoTe2 is monoclinic (space group: P21/m);77 1T  ' MoS2 belongs to 269 

rhombohedral (space group: P3̅m1) structure.28, 78 This structural difference can also be 270 

inferred from the fact that the polarization in monolayer WTe2 vanishes while that in 271 

monolayer MoTe2 surprisingly exists. Although monolayer 1T' MoTe2 ferroelectric has 272 

been explored,75 other atomic thin semimetals in transition-metal dichalcogenides 273 

family such as MoS2, MoSe2 and WSe2 remain to be examined. We note that the report 274 

on monolayer OOP polarization in 1T' MoTe2 reveals that free electrons within the 275 

material itself can serve as an interior carrier source to screen the strong depolarization 276 

field at a low dimension, indicating an intrinsic approach to stabilize ferroelectricity. 277 

This stabilization regime is phenomenologically rational but requires additional 278 
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experiments to be verified. Furthermore, even though pilot demonstrations have 279 

phenomenally suggested that the ferroelectric switching in 1T' WTe2 arises from 280 

interlayer charge transfer, its switching kinetics still lacks in-depth understanding. For 281 

example, it is unclear how a vertical poling electrical field can induce an initial lateral 282 

displacement within a bilayer WTe2. Although several theoretical works on the 283 

interlayer charge transfer have been published,65, 66 they all straightforwardly supposed 284 

that a lateral interlayer translation exist and did not mention its underlying process. It 285 

is also unclear that how the free carriers within a semimetal interact with interlayer-286 

transferred charges. The theoretical calculation all assumed that the transferred charges 287 

will not be fully neutralized by free carriers. Attention in these directions must be given 288 

to dig deeper into the switching mechanism. 289 

2.2 Dipole-locking stabilized polarization  290 

In this section we discuss the exotic dipole-stabilization mechanism, termed the 291 

dipole locking effect in III-VI compounds in the form of III2–VI3 proposed by Xiao et 292 

al.32 This effect dictates the simultaneous flipping of in-plane (IP) and OOP polarization 293 

with an applied electric field that intrinsically stems from the unique covalent bond 294 

configuration. The specific chemical bonds in ferroelectric crystals add a new degree 295 

of freedom for stabilizing 2D ferroelectricity and combating the depolarization field. 296 

Hence, monolayer vdW ferroelectrics can unexpectedly sustain polarization at room 297 

temperature despite their polarization restricted in part by the depolarized instability. 298 

More importantly, no external elements including epitaxial strain as in oxide 299 

ferroelectrics are introduced into the monolayer for holding polar ordering. We note 300 

that the III-VI ferroelectric compounds still possess the structural distortion origin. 301 

Among these compounds, ferroelectric α-In2Se3 has received considerable attention31-302 

34, 37, 42, 44, 45, 56, 58, 61, 79-88 and is taken as an example to interpret the effect. The 303 

ferroelectric α-In2Se3 indeed possesses two polymorphs: a hexagonal structure (2H) and 304 

a rhombohedral structure (3R).82 Both of them preserve IP and OOP polarization at 305 

room temperature and exhibit the dipole-locking effect.32, 35, 79, 81 306 

It is indispensable to determine the polarization origin of α-In2Se3 with crystal non-307 
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centrosymmetric analyses. As shown in the left panels of Figures 3b and 3c, both 2H 308 

and 3R α-In2Se3 crystals are constituted by the regular stacking of quintuple layer which 309 

is composed of five atom layers in the sequence of Se-In-Se-In-Se. Their structural 310 

differences relate to the disparate arrangements between two neighboring quintuple 311 

layers: for the 2H structure the upper quintuple layer can be arranged by first mirroring 312 

and then shifting the lower one; for the 3R structure the upper one can be achieved by 313 

solely shifting the lower one without mirroring the operation. Despite of the stacking 314 

difference, their non-centrosymmetry stems from the different spacing between the 315 

central Se atom layer and its two adjacent In atom layers. This unique intralayer 316 

covalent bond configuration results in the emergence of their IP and OOP dipoles. 317 

Because these two types of perpendicular dipole share an origin (displacement of an Se 318 

atom relative to its neighboring In atoms), the electrical switching of each dipole can 319 

render the reversal of the other one, which in principle is termed the “dipole locking 320 

effect”. It should be re-emphasized that by this entangling interaction within the 321 

quintuple layer, the intralayer dipoles can be delicately stabilized at room temperature. 322 

In the case of a multilayered specimen, the vdW gaps may warrant that such intralayer 323 

stabilization receives a small degree of perturbation from interlayer interactions, and 324 

thus the interlayer influence could be ignored. Generally, the intralayer dipoles can, in 325 

part, be deemed as an isolated system, whose stabilization is nearly immune to the 326 

neighboring layers in an equilibrium state. Whether the stable, switchable polarization 327 

in α-In2Se3 exists does not therefore rigorously depend on sample thickness. When the 328 

thickness is increasingly thinned, the ferroelectric α-In2Se3 can always maintain the IP 329 

and OOP polarization regardless of thickness and resists the impact of the 330 

depolarization field even at the atomic-scale.  331 

To better understand the dipole locking effect, Ding et al. employed the first-332 

principle calculation26 to predict the most effective kinetic pathway in the absence of 333 

an electric field (Figure 3a). The kinetics of polarization reversal between two stable 334 

states is associated with coordinated atom movement, which can be confined in three 335 

upper Se-In-Se layers with three stages. In the first stage, after overcoming the highest 336 
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activation energy (0.066 eV), the atoms in three upper layers will move entirely along 337 

positive a-axis (see the small green arrows), and the α-In2Se3 crystal transforms into a 338 

metastable structure. In the second stage, the central Se atoms rotate 60° around the C 339 

sites, giving rise to another degenerate structure (see the bottom schematic of 340 

Figure 2a). In the final stage, the In-Se atoms of the upper two-atom layers shift 341 

along the negative a-axis and rotate 60° away from the direction mentioned in the 342 

second stage. After the crystal transformation in these three stages, the OOP 343 

polarization reverses from downward to upward while the IP polarization 344 

simultaneously switches from [110] to [1̅1̅0]. Theoretical estimation also shows 345 

that, in the presence of IP and OOP electric field ranging from 0 to 0.3 V/Å, the 346 

corresponding activation energy slightly decreases by 0.003 eV and 0.01 eV, 347 

respectively, and the interlocked dipole can be fully toggled at 0.3 V/Å. 348 

Having systematically elucidated the physics of the unique dipole locking 349 

effect, we now review the experimental breakthroughs that realized this novel 350 

mechanism. First, we examine the dipole locking effect in 3R structured α-In2Se3. 351 

Xiao et al. used a second-harmony generation (SHG) measurement, which is 352 

sensitive to probe crystal’s asymmetry,89 to verify the concurrent dipole flipping 353 

across α-In2Se3 at both IP and OOP directions.32 As shown in Figure 3b, SHG signals 354 

originating from the IP dipole of trilayer 3R α-In2Se3 under normal incidence 355 

shows a strong response, in contrast with the signals from the substrate. After an 356 

OOP poling field is written into the sample in a square pattern as marked by the 357 

dashed line, the corresponding OOP polarization can reverse, which is 358 

accompanied by the IP dipole flipping. As a result, dark lines occur at the boundary 359 

of the patterned area owing to destructive optical interference arising from the 360 

reversal of IP nonlinear optical polarization and the related IP lattice asymmetry. 361 

Such dark lines prove the unique dipole locking in two orthogonal IP and OOP 362 

directions. Second, we examine this effect in 2H structured α-In2Se3. Apart from the 363 

SHG measurement mentioned above, PFM can also be used to demonstrate the 364 

simultaneous flipping of IP and OOP ferroelectric polarization, which is done by using 365 
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the twisting motions of the PFM probe at high frequency. Based on this technique, 366 

Xue et al. successively applied two kinds of OOP poling fields with opposite 367 

directions into the two square patterns (Figure 3c).35 In response to such fields, 368 

both IP and OOP polarization reversals collected from a 2.3-nm-thick 2H α-In2Se3 369 

can be detected, as evidenced by the remarkable contrast in the PFM phase mapping.  370 

The unique locking effect between IP dipoles and OOP dipoles offers another 371 

novel route to hold structural distortion at the atomic limit and accommodate the 372 

impact of the depolarization field. In principle, this regime is realized by the 373 

specific covalent bond configuration between the two inner In atom layers and 374 

central Se atom layer. In the OOP (or IP) direction the structural instability, caused 375 

by the depolarization field, is counterbalanced or reduced by the IP (or OOP) 376 

covalent bonding. Such a neat OOP and IP locking effect, therefore, promises that 377 

monolayer ferroelectricity in α-In2Se3 can survive at room temperature.35 378 

Meanwhile, the dipole locking also ensures the coexistence of OOP and IP 379 

piezoelectricity in 2H α-In2Se3 at a thickness as thin as the monolayer (See application 380 

part for detail).85 We stress that further progress can be made in the following directions. 381 

The polarization amplitude for both 2H and 3R α-In2Se3 at various thicknesses is still 382 

unknown so far. The atomic visualization of dipole-locking based ferroelectric 383 

switching under an applied electric field has not yet been achieved. This may be 384 

atomically captured by high-resolution transmission electron microscopy with specific 385 

components. The gate-tunable ferroelectric switching is still ambiguous with respect to: 386 

whether its origin results from the screening effect between domain walls and carriers 387 

or the switched ferroelectric domain (see section 2.5 for more details). The layer-388 

dependent ferroelectricity in 2H α-In2Se3 is currently under debate: from the view of 389 

structural analysis the IP ferroelectricity in even layers will definitely be canceled out;90 390 

however, indeed the IP ferroelectric switching can be experimentally observed even in 391 

a multilayer. Furthermore, in the family of α-In2Se3, the other ferroelectric compounds 392 

are also worthy of study. But special attention should be given to the identification of 393 

crystal phase due to the ferroelectricity that exists in the 2H α phase, the 3R α phase 394 
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and the ' phase. 395 

2.3 Quadruple-well potential  396 

    In this section, we introduce the quadruple-well potential enabled by ion migration 397 

across the vdW gaps in the family of thio- and seleno-phosphate vdW ferroelectrics 398 

which represents another new ferroelectric property. As widely adopted by common 399 

ferroelectric systems,91 the well-known double-well potential has two symmetrical 400 

energy minima that depict stable polarization states. Besides these two, Brehm et al. 401 

reported additional two symmetrical energy minima for thio- and seleno-phosphate 402 

vdW ferroelectrics.92 This is enabled by the presence of a stable position within vdW 403 

gaps for displacive metal ions. In total, there are four minima occurring in the potential 404 

energy curve: one pair with low polarization (LP) and the other pair with high 405 

polarization (HP), which are termed the quadruple-well potential.  406 

The extensively studied vdW CuInP2S6 ferroelectric crystal24, 25, 40, 50, 51, 92-98 is 407 

taken as an example to present a concrete interpretation of quadruple-well potential. 408 

With this new switching behavior, the CuInP2S6 switchable polarization has been 409 

confirmed at a thickness as thin as 4 nm (i.e., around 6 layers). We note that such 2D 410 

polarization can survive likely because the charged Cu ions move and approach the 411 

material interfaces under an applied electric field, and thus contribute to screening the 412 

depolarization field. We note that, in ferroelectric switching, this ion motion along c 413 

axis is entirely different from that in oxide ferroelectrics where there is only a small 414 

shift from the center.  415 

The relaxed crystal structure, for an equilibrium lattice constant (c lattice 416 

parameter) of 13.09 Å, is shown in Figure 4a, which usually concerns the two LP 417 

minima. In CuInP2S6, the Cu atom indicated by the blue ball is highly mobile along the 418 

z-axis, and its displacement to equilibrium sites is responsible for the kinetics of 419 

intrinsic ferroelectric switching. When the metal Cu atom is electrically compelled to 420 

migrate across vdW gaps, as exhibited in Figure 4b, a stable Cu position is attained 421 

within the gaps, and Cu forms new interlayer bonds with S atoms in the adjacent layers. 422 

This position commonly relates to the two HP minima. To better decipher the migration 423 
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process, Brehm et al. employed first-principal calculation to investigate the possible 424 

kinetic pathway and energy barrier92 through displacing the Cu atoms to and beyond 425 

the equilibrium state (Figure 4c). The result reveals that under a c lattice constant of 426 

13.09 Å, two LP states locating at the inner minima and two HP states residing at the 427 

outer minima, simultaneously occurs in the energy versus polarization profile. Note that 428 

these four polarizations are all along the OOP direction, namely the z-axis. The inner 429 

local energy minimum in Figure 4c corresponds to a Cu displacement of ~1.62 Å with 430 

polarization PLP =±4.93 C cm-2, while the outer minimum refers to a Cu-ion 431 

displacement of ~2.25 Å with polarization PHP =±11.26 C cm-2. Note that this outer 432 

energy minimum is essentially produced by the stable Cu position within the vdW gap, 433 

which extends the typical two polarization states (±PLP) to four states and hence 434 

represents an unique ferroelectric property. As shown by the potential profile in Figure 435 

4c, the energy barrier between LP and HP is smaller than the thermal energy. 436 

Nevertheless, both polarizations can be stabilized at room temperature at a feasible c 437 

lattice parameter or strain, which can be enforced by adjusting the scanning bias of 438 

PFM probe.  439 

The presence of quadruple-well potential can be corroborated by PFM 440 

measurement. In principle, due to their different structural distortions, the two crystal 441 

structure phases including the Cu ion within and beyond vdW gaps, can produce 442 

different piezoresponses, which can be quantitatively probed by PFM. During 443 

measurement, CuInP2S6 crystal was transferred onto the In4/3P2S6 substrate such that 444 

piezoelectric and non-piezoelectric responses could be conveniently identified. As 445 

shown in Figure 4d, there is a strong piezoresponse from ferroelectric CuInP2S6, which 446 

is in contrast with the nearly zero signal from In4/3P2S6. The histogram of the 447 

piezoresponse extracted from Figure 4d indicates four notable peaks (Figure 4e) that fit 448 

well with the four polarization states in the potential well profile that were theoretically 449 

predicted (Figure 4c). From the histogram, a pair 16.6 ± 0.8 pm V–1 and −11.8 ± 1.3 pm 450 

V–1 is identified as the positive and negative polarization states of the LP, while a pair 451 

2.7 ± 0.7 pm V–1 and 2.9 ± 1.0 pm V–1 represents the two polarization states of HP. By 452 
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contrast, the theoretical prediction of piezoelectric constants for LP is -15.6 ±0.6 pm/V, 453 

whereas that for HP is -2.5±0.7 pm/V. This consistency between experimental 454 

piezoelectric constants and theoretical estimation confirms the existence of four 455 

polarization states.  456 

We also consider the following concomitant ferroelectric behaviors. Upon 457 

applying an electric field, the Cu ions can first move through intralayer and then into 458 

vdW gaps, leading to the polarization switching and the emergence of the quadruple-459 

well potential. We remark that the quadruple well is strongly contingent on vdW gaps’ 460 

ion migration, and will presumably vanish at the monolayer limit. This makes it unclear 461 

whether monolayer CuInP2S6 retains polarization switching. If it does, it is also unclear 462 

how the switching kinetics evolves compared to the aforementioned complex 463 

ferroelectric switching. Since the demonstrated thinnest thickness for CuInP2S6 464 

ferroelectric is barely 4 nm which corresponds to around 6 layers, the exploration of 465 

these confused points at the ultimate thickness will be extremely interesting. In addition, 466 

the following directions are albeit vital to elaborate the quadruple well potential but are 467 

still unclear: (1) the impact of ion migration on tunnel transport in a ferroelectric tunnel 468 

junction across CuInP2S6 insulator (i.e., dynamic tunnel transport with respect to the 469 

Cu ion movement); (2) the effect of defects on the ion migration and quadruple-well 470 

potential; (3) the concrete behaviors of Cu ion at material interfaces (e.g., is there ion 471 

accumulation at one interface and ion deficiency at the other one?). Due to the 472 

ingeniously combined distinct properties−ferroelectric switching and ionic 473 

displacement−in vdW CuInP2S6, the study of this family of material may lead to the 474 

development of complex physics in pyroelectric, electrocaloric and thermal fields. It 475 

may also motivate novel and high-performance devices (see device section for more 476 

details). 477 

Because of the emergence of the quadruple-well potential, some other new 478 

ferroelectric physics in CuInP2S6 have been discovered as well, for instance, negative 479 

piezoelectricity,94 alignment of polarization against an electric field (i.e., inverse 480 

ferroelectric switching),99 and negative slope of polarization versus electric field.100 481 
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These three exotic phenomena all correlate with the Cu ion movement across the 482 

material’s body. We note that the third effect can be elucidated by the explanations of 483 

the second. Therefore, the negative piezoelectricity and inverse ferroelectric switching 484 

are discussed in detail, as below. 485 

2.3.1 Giant negative piezoelectricity  486 

Negative piezoelectric materials feature contraction responses when an electric 487 

field is applied along the polarization direction, which are different from elongation 488 

responses in common positive piezoelectric materials. These types of materials are 489 

quite scarce. For a long time, the only experimentally explored material was 490 

ferroelectric polymer poly (vinylidene fluoride) (PVDF) and its copolymers. With the 491 

extensive studies on vdW ferroelectrics, another class of negative piezoelectrics is 492 

found in thio- and seleno-phosphate ferroelectrics in 2019,94 i.e., CuInP2S6, which is 493 

essentially enabled by strain-tunable quadruple-well potential.92 494 

We first look into the underlying mechanism of unique negative piezoelectricity 495 

using stress-tunable potential curves. Brehm et al. predicted that the exotic CuInP2S6 496 

potential landscape can be dramatically tuned by changing c-lattice parameter (Figure 497 

5a), which is equivalent to macroscopically applying stress.92 At a smaller c-lattice (i.e., 498 

compressive stress) the +LP energy minima will disappear while at a larger c-lattice 499 

(i.e., tensile stress) it is the +HP minima that will vanish. One can also see that, through 500 

varying the c-lattice, the quadruple-well potential in vdW CuInP2S6 is able to transform 501 

into double-well potential (Figure 5a), indicating that polarization values located at 502 

potential minima are contingent on c-parameter or stress. To quantitatively present their 503 

underlying relationships, Brehm et al. calculated the +LP polarization values as a 504 

function of applied stress92 as shown in Figure 5b. At around zero stress, the linear fit 505 

of polarization values versus stress can be used to precisely deduce piezoelectric 506 

coefficient, according to dkij=𝜕𝑃𝑘/𝜕𝑇𝑖𝑗. The negative correlation between Pk and Tij 507 

reveals that CuInP2S6 possesses an abnormally negative piezoelectric coefficient (i.e., 508 

−15.6±0.6 pm/V). In conclusion, from a theoretical perspective, this unique property 509 

originates from the vdW stacking and Cu ion migration, as evidenced by the formation 510 
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of multiple-well potential via Cu ion migration in Figure 4 and by the strain-tunability. 511 

You et al. have experimentally probed such a negative piezoresponse effect using 512 

a set of PFM hysteresis loops such as polarization versus electric field, strain versus 513 

electric field and d33 versus electric field.94 We note that, although You et al. also 514 

provided a theoretical interpretation for this effect, the calculation from Brehm and 515 

coauthors seem more convincing. As shown in Figure 5c, when an electric field 516 

increases from zero to its positive maximum (i.e., stage 1), the polarization of CuInP2S6 517 

is incrementally aligned to the same direction with the electric field, and consequently 518 

changes from a negative value to a positive one. Meanwhile, the electric-field-induced 519 

strain almost linearly increases, reaches a peak at the coercive bias and finally decreases 520 

to a negative maximum. Accordingly, CuInP2S6 expands at a small electric field and 521 

further contracts at a large field that exceeds the coercive field. As the electric field 522 

decreases from the positive maximum to zero (i.e., stage 2), polarization can be stably 523 

maintained but the strain linearly drops to zero. These electromechanical characteristics 524 

in stages 1 and 2 indicates that CuInP2S6 is a negative piezoelectric material and its 525 

estimated piezoelectric coefficient is as high as -95 pm/V (the right panel of Figure 5c).  526 

Neumayer et al. affirmed that, in addition to the giant negative piezoelectricity, 527 

CuInP2S6 also shows a great negative electrostriction of −3.2 m4/C2.38 This value is 528 

roughly 100 times larger than that in well-established lead zirconate titanate. More 529 

interestingly, such a unique negative electrostriction can be maintained even at a 530 

paraelectric state above Curie temperature. The combined giant negative 531 

piezoelectricity and great negative electrostriction make CuInP2S6 highly promising for 532 

fabricating flexible high-performance electromechanical devices. We note that, aside 533 

from inverse piezoelectric response, the electrostriction is the other electromechanical 534 

response when an electric field is applied; electrostriction response is proportional to 535 

the square of electric field while inverse piezoelectric response maintains linearity with 536 

the electric field. Even though electrostriction in part relates to the negative 537 

piezoelectric responses in CuInP2S6, the mechanism of unusual electrostriction 538 

properties deserves further exploration.     539 
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2.3.2 Inverse polarization switching 540 

In contrast with common positive polarization switching, we define inverse 541 

polarization switching as polarization alignment against the direction of an applied 542 

electric field. This unique, interesting phenomenon was first discovered by Neumayer 543 

et al. in CuInP2S6. It has the same origin99 as the quadruple-well potential mentioned 544 

above: a synthesis result of Cu ion unidirectional migration across vdW gaps, unlike 545 

the dipole reorientation in other ferroelectrics. 546 

Neumayer et al. used a negative pulse train with different widths to pole a 547 

CuInP2S6 flake whose initial polarization points downward.99 By systematically 548 

analyzing the corresponding piezoresponses, an abnormal polarization transition was 549 

identified (see Figure 6a). At the first state (i.e., the duration below 0.7 s) CuInP2S6 550 

polarization is expectedly aligned with the electric field from -LP to +LP, and then to 551 

+HP. However, at the second state (i.e., duration exceeding 0.7 s) the polarization shows 552 

an abrupt transition from +HP to -HP, which is surprisingly against the orientation of 553 

applied electric field and contradicts the polarization-switching mechanism in other 554 

reported ferroelectrics. The change in polarization direction under an applied electric 555 

field can also be used to explain the negative slope of polarization versus electric field 556 

(
𝜕𝑃

𝜕𝐸
< 0 where P and E are polarization and electric field, respectively), which is a third 557 

unusual switching effect of CuInP2S6. This effect represents a new finding for accessing 558 

negative capacitance to overcome Boltzmann limit for energy-efficient uses. If one is 559 

interested in the negative capacitance development, Jorge and coauthors’ review article 560 

is a good source.17 Now we return to the third state (i.e., duration exceeding 0.9 s) in 561 

Figure 6a: the CuInP2S6 polarization switches back to +LP and is realigned to the same 562 

orientation with the applied electric field. Obviously, by using unipolar poling pulses 563 

with fixed amplitudes but different widths, the change in polarization orientation is 564 

enabled, during which the inverse ferroelectric switching occurs. 565 

As shown in Figure 6b, the inverse polarization switching can be vividly depicted 566 

as the Cu ion movement across vdW intralayers and gaps. Remarkably when the electric 567 

field compels Cu ions to move upward, the polarization transition between four states 568 
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(-LP, +LP, -HP and +HP) strongly depends on the Cu ion position. The -LP and +LP 569 

states are associated with the Cu location within intralayers whereas +HP and -HP states 570 

correspond to the position within vdW gaps. Under an upward electric field, the 571 

transition from +HP to -HP leads to the inverse ferroelectric switching. To provide 572 

further insight into the Cu displacement, Neumayer et al. also plotted a schematic 573 

trajectory to clearly present Cu positions with respect to polarization states (Figure 6c). 574 

The Cu ions have a unidirectional migration that periodically crosses vdW layers and 575 

gaps, resulting in the abnormal polarization transition in Figure 6 and the quadruple-576 

well potential mentioned in Figure 4. 577 

The inverse ferroelectric switching features a unipolar poling voltage, unlike the 578 

bipolar voltages used for common ferroelectric switching. Together with multilevel 579 

polarization states, it will provide new opportunities for ferroelectric memories with 580 

high-density data storage and low-power consumption. 581 

2.4 Piezoelectric domain walls 582 

We now consider an unusual domain walls−piezoelectric domain walls in polar 583 

vdW materials. These walls are a new domain structure over which special boundaries 584 

separate polar and nonpolar domains with different piezoresponses. Dziaugys et al. 585 

investigated this unique physical phenomenon in vdW antiferroelectric CuInP2Se6, 586 

which belongs to the family of thio- and seleno-phosphate vdW ferroelectrics.57 They 587 

found that the piezoelectric domain walls exhibit the strongest piezoresponses, an up to 588 

fourfold enhancement over what is found within domains. The authors attributed this 589 

phenomenon to the coexistence of nonpolarized antiferroelectric and polarized 590 

ferroelectric phases. 591 

To investigate this unique domain wall in CuInP2Se6, the measurement 592 

temperature was cooled to 140 K. Figures 7a and 7c show significant piezoresponses: 593 

the irregular boundaries divide piezoresponse mapping into two different regions; the 594 

ferroelectric phase shows a greater piezoresponse over the antiferroelectric phase; the 595 

greatest peizoresponse comes from the irregular boundaries. For comparison, Dziaugys 596 

et al. examined the piezoresponses of CuInP2S6 as indicated in Figures 7b and 7d. By 597 
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contrast, the domain boundaries in CuInP2S6 show a near zero piezoresponse and their 598 

adjacent domains have opposite piezoresponses with almost the same amplitude. These 599 

findings confirm that the piezoelectric domain walls in CuInP2Se6 exist and separate 600 

disparate ordering regions. Moreover, the authors also demonstrated that an electric 601 

field applied onto PFM probes can markedly modulate the piezoresponses of these 602 

walls, and what’s more, the strong responses can disappear through the application of a 603 

negative probe voltage.    604 

This type of domain wall enriches our understanding of topological structures in 605 

polar ferroelectrics. The neat coexistence of ferroelectric and antiferroelectric phases in 606 

CuInP2Se6 demonstrates that non-polar materials can be artificially designed and 607 

engineered with localized polar regions, and vdW heterostructures can be 608 

functionalized. We note that Dziaugys et al. made the first step toward unveiling this 609 

new domain structure. Nevertheless, to adequately decipher it, much work remains to 610 

be done. For example, the regime of piezoelectric domain walls with ferroelectric and 611 

antiferroelectric phases split into different regions is still not well understood. Its 612 

stabilization is particularly fascinating due to the instability caused by the fact that: one 613 

side of the wall has no charges but the other side carries polarization charges. 614 

Additionally, the disappearance of domain wall piezoresponse enabled by a negative 615 

voltage suggests that this new piezoelectric wall can also be written or erased in the 616 

same way as the ferroelectric walls, and thus it is a new entity for constructing domain 617 

wall electronics. 618 

2.5 Gate-tunable polarization 619 

The next fascinating property that we examine in vdWs ferroelectrics is gate 620 

tunable polarization. This is essentially created by the semiconducting characteristic of 621 

several vdW ferroelectrics such as α-In2Se3 and SnS, and their transistor architectures. 622 

The gate tunability is unprecedented and non-trivial in ferroelectric realm. On one hand, 623 

its implementation in oxide ferroelectrics, such as BaTiO3 and PZT, presents huge 624 

challenges due to the large bandgaps and low conductivities. On the other hand, it 625 

allows for the manipulation of structural asymmetry to further control over 626 
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ferroelectricity. 627 

Xue et al. first demonstrated gate-tunable polarization in semiconducting α-In2Se3 628 

ferroelectric.58 As seen in the gate tunable I-V curves in Figure 8a, a gate field between 629 

the back gate and the grounded source terminal can open or close switching windows. 630 

This suggests that the polarization of α-In2Se3 channel can be flipped by gate biases, 631 

given that the charger trapping effect has been ruled out in planar α-In2Se3 devices. 632 

With the decrease in gate biases, the switching windows are markedly enlarged, 633 

signifying an increase in polarization magnitude across α-In2Se3 channel. We note that 634 

this gate tunability detected by electrical measurement indeed involves complex 635 

ferroelectric physics, for example, carrier injection by back gates, domain switching 636 

underneath the grounded electrode, and source-drain Schottky barrier change. 637 

Therefore, its exact underlying mechanism in α-In2Se3 needs experimental clarification, 638 

using, for example, in-situ PFM measurements.  639 

Bao et al. utilized SHG measurement to unambiguously find that intrinsic 640 

centrosymmetry breaking is responsible for gate-tunable switching windows in 641 

semiconducting SnS ferroelectric.43 They fabricated a lateral few-layer-SnS device on 642 

silica wafer and observed remarkable hysteresis (see Figure 8b), a signature of 643 

ferroelectricity. They also conducted I-V hysteresis loops as a function of gate biases, 644 

from which P-E loops were derived with the equation P=
∫ 𝐼𝑑𝑉

𝑠𝑣
  where I, V, s and 𝑣 645 

indicate current, voltage, effective area and scanning velocity, respectively (see Figure 646 

8c). As the gate bias is lowered, particularly to a negative value, the P-E switching 647 

windows grow remarkably (Figure 8c). To account for this gate-tunable polarization, 648 

SHG measurement was employed to probe crystal asymmetry with regard to gate biases. 649 

As revealed in Figure 8d, a negative gate bias can displace off-centered ions farther 650 

from the equilibrium sites and induces stronger dipoles (SHG intensity) than a positive 651 

gate voltage. 652 

The gate tunability of ferroelectric polarization can create an opportunity for 653 

systematically studying the interplay between ferroelectric instability, topological 654 

structures, and free carriers, which have not yet been addressed so far in oxide 655 
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ferroelectrics. We believe that, by injecting free carriers into ferroelectrics, the 656 

ferroelectric domain walls could be manipulated due to the disturbed screening effect 657 

of polarization charges at domain walls. This manipulation method may offer a new 658 

degree of freedom in engineering ferroelectric domain walls apart from electrical and 659 

optical methods. 660 

3. Novel ferroelectric devices 661 

In this section, we talk about novel and advanced devices for information storage 662 

and energy harvesting enabled by the unique vdW ferroelectric properties. These 663 

innovative devices incorporate some new technologies for constructing devices that 664 

thus far have difficulties to realize using oxide ferroelectrics. 665 

3.1 Multidirectional switchable memristors 666 

The dipole-locking effect fundamentally enables IP pulse programming of OOP 667 

resistance switching and OOP pulse programming of IP resistance switching, which can 668 

be described with the term “multi-direction-switchable memristive phenomena”. Xue 669 

et al. demonstrated these phenomena using a delicate device structure,58 composed of 670 

an α-In2Se3 fake sandwiched by predefined source-drain electrodes at the bottom and 671 

circular electrodes at the top (Figures 9a). As shown in Figures 9b, after applying an IP 672 

programming pulse on source-drain terminals, the OOP electrical IV curves exhibit 673 

remarkable current switching. Meanwhile, the OOP programming pulse also affects the 674 

IP current switching (Figure 9c). At the α-In2Se3 device level, an IP (or OOP) poling 675 

pulse can reverse the corresponding IP (or OOP) polarization, leading to IP (OOP) 676 

resistance switching; simultaneously, in the normal direction, the related OOP (or IP) 677 

polarization and resistance can also be switched due to the dipole-locking effect.  678 

Prototype nanoscale memory devices, which are based on either OOP polarization 679 

or IP polarization of ferroelectric α-In2Se3, have shown potential for high-density 680 

information storage in the post-Moore era. When these α-In2Se3 memory devices are 681 

densely integrated, on the one hand the multi-direction-switchable memristive 682 

phenomena provide a new avenue for adjusting and further decreasing device variations 683 

within the array; on the other hand, they are also expected to help significantly reduce 684 
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peripheral circuitry through multiterminal design. Note that even although the 685 

multiterminal design inevitably decreases integration density, cumbersome peripheral 686 

circuitry in a conventional memristor array also hampers attempts to increase the three-687 

dimensional monolithic integration density. Therefore, to implement the strength of 688 

multidirectional switchable memristive phenomena, we believe that a tradeoff between 689 

multiterminal design and integration density will remain in future vdW ferroelectric 690 

memristors. 691 

3.2 Optoelectronic ferroelectric memories 692 

Optically-controlled ferroelectric polarization in vdW α-In2Se3 can be used to store 693 

and retrieve light information, and to achieve optoelectronic ferroelectric memories by 694 

using only a single ferroelectric. These unprecedented memories feature simplified 695 

device structures,59 i.e., a single ferroelectric bridging two electrode terminals, 696 

compared to other similar devices based on vdW materials.101-103 The successful 697 

implementation of such novel ferroelectric memories in vdW α-In2Se3, rather than in 698 

conventional oxide ferroelectrics, is ascribed to the ingenious combination of superior 699 

semiconduction, excellent optical properties and stable polarization in a single 700 

ferroelectric α-In2Se3. 701 

Xue et al. demonstrated prototypical optoelectronic ferroelectric memories by 702 

using a photocurrent-driven domain wall, which marked the first attempt to 703 

technologically apply optically-controlled ferroelectric polarization in device 704 

application.59 In Figure 10a, the enclosed area shown with white dashed lines indicates 705 

α-In2Se3 channel, which connects T3 terminal and T4 terminal. After the application of 706 

-4 V poling voltage onto T3, a ferroelectric domain wall is created across the channel 707 

(Figure 10b). Interestingly, upon being illuminated by light, this domain wall moves 708 

toward T3 terminal, whereas the light is removed, it stabilizes at a position in a non-709 

volatile manner (see Figure 10c), which is favorable for light information storage. 710 

Subsequently, when a +4 V poling voltage is applied, the ferroelectric domain wall can 711 

be fully erased (Figure 10d). Notably, after light irradiation, this domain wall in α-712 

In2Se3 is reconfigurable, movable, and erasable. Meanwhile, with the same 713 
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experimental conditions, the time-resolved current was collected from the device as 714 

shown in Figure 10a to characterize device electrical properties (Figure 10e). The non-715 

volatile photoresponse shown in Figure 10e and in-situ PFM results in Figures 10b, 10c 716 

and 10d demonstrate the capability of optically storing and electrically erasing light 717 

information in ferroelectric domain walls. The underlying mechanism can be attributed 718 

to the disturbed screening to domain walls by photogenerated carriers.59 719 

Two-terminal optoelectronic ferroelectric memory represents the first progress to 720 

use ferroelectric domain walls to store light information, which is realized in a non-721 

volatile manner through photocurrent-driven domain walls. This device has a simplified 722 

structure, and shows promising for uses in constructing device arrays for neuromorphic 723 

vision sensors and image recognition. Along these lines, the device’s optical writing 724 

time needs to be optimized toward a nanosecond scale, which can likely be done by 725 

using quantum dots adorned on α-In2Se3 surfaces to enhance light absorption. Another 726 

fascinating line is to achieve photonic in-memory computing chips that physically 727 

combine light sensing, logic and memory functionalities. We note that the 728 

commercialized mainstream optoelectronic memories are based on silicon but have 729 

separate sensing and memory cells which inevitably results in energy consumption and 730 

decreased speed due to the data shuttling between these two parts. However, photonic 731 

chips based on this new-technology could overcome these issues. 732 

3.3 Ferroelectric semiconductor transistors 733 

The new type of ferroelectric semiconductor transistors proposed by Si et al.,47 734 

feature a semiconducting ferroelectric as a channel material. Unlike conventional 735 

ferroelectric transistors that use insulating ferroelectrics with a poor dielectric property 736 

as gate dielectrics104 (Figure 11a), the novel ferroelectric semiconductor transistors 737 

enable the use of high-quality amorphous gate insulators, which potentially eliminates 738 

gate leakage currents. As shown in the right panel of Figure 11a, the polarization 739 

switching upon applying a large gate-source electric field can trigger hysteresis in 740 

channel conductivity through modulating interface Schottky barriers. We emphasize 741 

that successfully developing such a novel ferroelectric device would benefit from a 742 
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material incorporating a semiconducting property and stable ferroelectric polarization 743 

in a material. 744 

 Si et al. employed ferroelectric α-In2Se3 to demonstrate ferroelectric 745 

semiconductor transistors.47 A layer of Al2O3 was grown on the device by atomic-layer-746 

deposition at low temperature to prevent α-In2Se3 surface degradation. As exhibited in 747 

Figure 11b, a marked hysteresis is observed as the gate voltages sweep back and forth. 748 

More importantly, the obtained ID-VGS curves reveal the high performance of α-In2Se3 749 

ferroelectric semiconductor transistors: a high on/off ratio of over 108 read at VDS=1V, 750 

and a high extracted field-effect mobility of 312 cm2 V−1 s−1 in forward scan and 488 751 

cm2 V−1 s−1 in reverse scan. Output ID-VDS curves (Figure 11c) demonstrate a maximum 752 

drain current of 671 μA μm−1, applicable for high-speed electronic application. In 753 

addition, Wang et al. reported the application of α-In2Se3 ferroelectric semiconductor 754 

transistors in neuromorphic computing84 as shown in Figure 11d. An electrical spike 755 

was applied onto the gate and synaptic connectivity was emulated by the change in 756 

ferroelectric channel conductivity. With the firing of identical pulses, the α-In2Se3 757 

device shows periodic potentiation and depression.     758 

This ferroelectric semiconductor transistor sidesteps the use of oxide ferroelectrics 759 

as gate dielectrics which usually have poor dielectric properties, but directly utilize 760 

semiconducting vdW ferroelectrics as channel materials. This new device should 761 

therefore reduce the large leakage currents and the influence of interfacial charges on 762 

polarization stability, which often deteriorates retention performance for traditional 763 

ferroelectric field-effect transistors. Further lines can proceed along the large-scale 764 

integration of these new devices for complex computation. 765 

3.4 VdW ferroelectric heterostructure-based devices 766 

VdW ferroelectrics are essentially free from dangling bonds, and are easy to be 767 

artificially assembled with other dissimilar materials without considering lattice 768 

matching. These characteristics enable the realization of novel, low-dimensional, high-769 

performance, heterostructure-based devices. Combing vdW ferroelectric insulators (e.g. 770 

CuInP2S6) with high-mobility 2D materials (e.g. MoS2) can create purely 2D 771 
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heterostructure transistors and memories44, 51, 96, 105 (see Figure 12a), that are distinct 772 

from 2D-3D hybrid transistor devices in terms of architecture.104, 106 Si et al. were the 773 

first to implement this device concept to achieve a vdW ferroelectric heterostructure-774 

based transistor for memory applications,51 whose ID-VTG hysteretic curves are 775 

presented in Figure 12b. We note that the demonstrated performances of, for example, 776 

on/off ratio and subthreshold swing are not competitive and leave much room for 777 

improvement.  778 

Later, Wang et al. achieved vdW ferroelectric heterostructure-based negative 779 

capacitance transistor showing high performances mainly for logic applications.105 780 

They noted that a top gate, constructed by vdW ferroelectric heterostructure, can reduce 781 

gate leakage currents due to its ideal insulator-semiconductor interface, and further 782 

enhance on/off ratio. As shown by the top-gate biases versus drain-source currents in 783 

Figures 12 c, the transition between off-current and on-current is steep, particularly in 784 

the reverse sweep, resulting in a subthermionic value. The minima can reach 39 and 28 785 

mV dec−1 for both forward and reverse sweeps, respectively (see Figure 12d). By 786 

optimizing dielectric thickness and ferroelectric capacitance, the hysteresis in Figure 787 

12c is largely suppressed even to zero and the subthreshold swing is greatly decreased 788 

as well, constituting an ideal hardware for logic operations. 789 

In addition, Wu et al. also demonstrated a ferroelectric tunnel junction by using 790 

vdW ferroelectric heterostructures,107 i.e., CuInP2S6 and graphene stacking (see Figure 791 

12e). In these devices, graphene and Cr act as a bottom electrode and a top electrode, 792 

respectively, for sandwiching ferroelectric CuInP2S6. Such a configuration forms 793 

asymmetric Schottky barriers, through which ferroelectric switching can effectively 794 

modulate tunnel electroresistance and attain a value of over 107 (see Figure 12f).   795 

The 2D ferroelectric heterostructures are stacked by assembling disparate 2D 796 

materials but retain at least one ferroelectric sheet. Since 2D materials encompass rich 797 

properties including semimetality, insulativity, ferroelectricity, ferromagneticity and 798 

superconductivity, these diversities provide a functional reservoir for building strongly 799 

correlated ferroelectric interfaces where, for example, by amplifying gate biases 800 
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ferroelectric switching allows the negative capacitance to be accessed for low-power 801 

transistors; via Schottky barrier modulation, ferroelectric switching enables the giant 802 

electroresistance of high-performance tunnel junctions. Furthermore, these vdW 803 

ferroelectric interfaces are also promising for spintronic devices: through the proximity 804 

effect ferroelectric switching can control over ferromagnetism and further achieve non-805 

volatile electric-field-modulated ferromagnetic switching. 806 

3.5 Piezoelectric nanogenerators with flexible design 807 

Xue et al. demonstrated that the dipole locking effect bestows vdW α-In2Se3 808 

ferroelectric with piezoelectricity in both IP and OOP directions irrespective of sample 809 

thickness.85 (Figures 13a and 13b). Such unique piezoelectric characteristics are more 810 

practical compared to the piezoelectricity in TMDCs family and BN, which is solely 811 

confined to the IP direction and is dependent on sample thickness (the piezoelectricity 812 

exists in an odd layer but vanishes in an even layer; with an increase of thickness the 813 

piezoelectric constant decreases and finally vanishes).61 If constructing nanoscale 814 

piezoelectric devices such as piezoelectric nanogenerators and piezotronic devices, it 815 

will be more flexible and simple to deposit metal electrodes on α-In2Se3 without 816 

identifying the sample thickness and considering the polarization direction. As 817 

indicated in Figures 13c and 13d, an α-In2Se3 piezoelectric nanogenerator can be 818 

facilely acquired following two steps: first, a stochastic-thickness flake exfoliated from 819 

the parent crystal is transferred onto a PE substrate; second, metal electrodes are 820 

flexibly made to form electrical contact with the piezoelectric material. Upon applying 821 

a periodic strain, the corresponding piezoelectric outputs with alternative current 822 

(Figure 13e) are obtained because of the modulation of the Schottky barrier height on 823 

the metal-semiconductor interface by piezoelectric polarization charges. More 824 

importantly, the coupling of IP and OOP piezoelectricity guarantees that under any 825 

strain direction, there will always be piezoelectric outputs (see outputs along x and y 826 

directions for reference). Additionally, Dai et al. reported that the rhombohedral α-827 

In2Se3 ferroelectric, distinct from hexagonal α-In2Se3 used in Figures 13a-13e, is also 828 

capable of flexibly creating piezoelectric devices regardless of sample thicknesses108 829 
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(Figures 13f-13h).  830 

The dipole-locking effect in α-In2Se3 favors the existence of IP and OOP 831 

piezoelectricity at any thickness. This allows us to flexibly construct piezoelectric 832 

nanogenerators and ignore the polar axis and sample thickness which must be 833 

considered when fabricating 2D-materials-based energy-harvesting cells. We note that 834 

further studies can be conducted on (1) the enhancements of piezoelectric outputs for 835 

α-In2Se3 nanogenerators by for instance doping piezoelectric α-In2Se3; (2) piezotronic 836 

or piezophototonic device applications (the piezotronics refer to the strain-modulated 837 

carrier transport by the change in Schottky barrier height; the piezophototronics tune 838 

the generation, separation and recommendation of photo-carriers by the strain-839 

controlled Schottky barrier height). 840 

4. Summary and outlook 841 

In terms of polarization origin, polar stabilization, and switching kinetics, the vdW 842 

ferroelectrics exhibit unprecedented physics compared to oxide ferroelectrics. These 843 

physical properties, which essentially stem from the vdW stacking and the weak 844 

interlayer interaction, suggest effective strategies to combat the notorious 845 

depolarization field. For instance, the interlayer charge transfer gives rise to the 846 

spontaneous polarization in 1T' WTe2 rather than normal structural distortion and the 847 

screening of the depolarization field by interior free carriers, which allows switchable 848 

polarization to survive down to the bilayer thickness. The dipole locking harnesses the 849 

exotic covalent bond configuration to resist the depolarization field and stabilizes the 850 

polarization switching in α-In2Se3 to a thickness as thin as the monolayer limit. The 851 

quadruple well potential differs from the common double-well potential by possessing 852 

two additional wells related to Cu stable positions within CuInP2S6 vdW gaps. Its 853 

corresponding Cu ion migration likely accumulates charges at the interface, which 854 

contribute to the screening of the depolarization field and favors the stabilization of 4-855 

nanometer ferroelectric switching in CuInP2S6. 856 

Other incorporated physical and chemical properties also broaden the scope of 857 

vdW ferroelectric physics by adding new ingredients into polarization switching. 858 
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Piezoelectric domain walls, a new domain concept, arise from the natural existence of 859 

ferroelectric and antiferroelectric phases, which feature stronger piezoresponses at the 860 

boundaries but weaker piezoresponses within domains. The gate tunable polarization 861 

enables the manipulation of ferroelectricity or ferroelectric domain walls through a gate 862 

bias, offering a new avenue to explore free-carrier-dependent polarization switching. 863 

Moreover, as vdW materials, layered ferroelectrics have no dangling bonds across the 864 

surfaces, which provides an opportunity to flexibly construct ideal interfaces with two 865 

or more assembled different materials for more complicated electronic systems. Further, 866 

the vdW ferroelectrics are anticipated to extend Moore’s law for future electronics and 867 

optoelectronics,109 and have shown promising applications in multifunctional memory 868 

devices, transistors and energy harvesting cells. Hence, the vdW ferroelectrics entail a 869 

new paradigm for both fundamental and technological exploration. However, much 870 

work remains to be done on this topic, which, in light of the material group, can be 871 

summarized as follows. We note that the outlook for the mentioned typical 872 

ferroelectrics can be extended to their corresponding family members. 873 

    In addition to ferroelectricity, the nonlinear anomalous Hall effect, Weyl 874 

semimetallicity, superconductivity, and non-saturating magnetoresistance are also 875 

found in the 1T' WTe2 crystal.67, 70 Such fusion and subtlety motivate us to consider the 876 

following fundamental questions. Is there an intrinsic connection between 877 

ferroelectricity and these basic physical properties? If this connection exists, could 878 

ferroelectric switching be used to modulate them and spur memory device innovation? 879 

The answers to these questions need support and validation through both theoretical 880 

and experimental methods. Additionally, the predicted ubiquitous effect, i.e., the 881 

interlayer charge transfer, also requires more experimental efforts made in non-polar 882 

2D materials, such as h-BN. This effect will largely expand the ferroelectric material 883 

library beyond the prerequisites of non-centrosymmetry to paraelectric counterparts. 884 

Furthermore, even though the interlayer charge transfer has been unambiguously 885 

identified as the origin of 1T' WTe2 crystal, its switching dynamic still lacks an in-depth 886 

understanding. For example, how does a vertical poling electric field shift the IP 887 
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interlayer sliding for polarization switching? How do the free movable electrons within 888 

1T' WTe body influence switching? In addition, despite being in the same material 889 

family, the 1 T' WTe2 and MoTe2 exhibit different polarization origins (the latter origin 890 

is structural distortion) due to different atomic arrangements, which can be revealed 891 

from the fact that the polarization in monolayer WTe2 vanishes while that in monolayer 892 

MoTe2 surprisingly exists. In the transition metal dichalcogenide family, the 893 

investigation of ferroelectric switching in other semimetals such as MoS2, MoSe2 and 894 

WS2 will also be interesting. Finally, albeit the presence of ferroelectric switching in 895 

bilayer 1 T' WTe2, the measurement was indeed performed at a low temperature. 896 

Considering practical use, the room-temperature realization of bilayer ferroelectric 897 

switching is also a promising direction for future research. Regarding device 898 

application, since the 1 T' WTe2 is a metal, it is best to use its multilayer as “ferroelectric” 899 

electrodes for integrating with other functional 2D materials. For example, the 1 T' 900 

WTe2 and graphene can act as two separate electrodes to bridge MoS2 for constructing 901 

ferroelectric-field-modulated photodetectors or solar cells. This design may be 902 

beneficial from the asymmetric Schottky barrier modulated by ferroelectric switching, 903 

vdW-contacted electrodes without damaging bonds across interfaces, which may lead 904 

the 1 T' WTe2 to develop high-performance ferroelectric heterostructure devices. 905 

    As the α-In2Se3 crystal is a displacive ferroelectric, the atomic visualization of its 906 

polar evolution under applied electric fields is highly desired, which can help further 907 

understand the dipole-locking effect. The magnitude of ferroelectric polarization for 908 

both 3R and 2H α-In2Se3, and their associated thickness dependence also remain 909 

quantitatively unmeasured. Along these lines, the thickness-dependent IP polarization 910 

in 2H α-In2Se3 is under debate: through non-centrosymmetric analysis one can observe 911 

that the IP polar of 2H phase may be cancelled out in even layers while as evidenced 912 

from PFM measurement and IV curves, polarization exists in multilayers including 913 

even layers. Moreover, the systematic studies on the switching dynamics of α-In2Se3 914 

ferroelectric polarization are intriguing and worthy of specific exploration; the 915 

manipulation of ferroelectric domain walls by gate biases and the in-depth investigation 916 
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of the carriers’ effect on domain walls have not yet been done. Furthermore, future 917 

research on In2Se3 ferroelectric device applications could include the developments of 918 

high-quality material synthesis, high-performance device optimization, and high-919 

density device array. We note that, since In2Se3 crystal has several polymorphisms such 920 

as α,  and , mixed-phase In2Se3 is usually synthesized using chemical methods when 921 

pure α-phase is intentionally grown. The controllable synthesis of single-phase, large-922 

area α-In2Se3 is thus challenging but promising for scalable 2D memory fabrication. 923 

When large-size α-In2Se3 crystals are desired, an appealing application is to fabricate a 924 

crossbar-structured memristor array with multiple terminals for adaptive neuromorphic 925 

computing. Considering the excellent optical properties of α-In2Se3, such array devices 926 

are also anticipated to demonstrate neuromorphic vision systems and photonic in-927 

memory computing chips integrating both light sensing, logic and memory. However, 928 

the single device performances of these device arrays such as switching time, retention, 929 

endurance also need to be largely improved to at least approach commercial 930 

requirements. Regarding energy-harvesting applications, the piezoelectric outputs of α-931 

In2Se3 nanogenerators should be thoroughly enhanced for example series circuits or 932 

material doping. 933 

The movement of Cu ions in ferroelectric CuInP2S6 gives rise to some new 934 

puzzling questions as below. What are the behaviors of Cu ions in the vicinity of 935 

material interface? Is there charge accumulation at the interface as the charged Cu ion 936 

approaches the interface? Does the monolayer preserve switchable polarization? At the 937 

atomic monolayer the switching behaviors may in part differ from those in multilayer 938 

because the lack of vdW gaps likely restricts the Cu migration at the intralayer and 939 

produces new quantum phenomena. Aiming to resolve these unclear questions is 940 

indispensable for future progress. In addition, during ferroelectric switching the 941 

influence of Cu migration on tunnel transport across CuInP2S6 insulator is unexplored. 942 

The experimental demonstration of precise control of the four potential wells is an 943 

interesting direction that may be favorable for enhancing the density of ferroelectric 944 

information storage. The impact of sulfur vacancies on mobile Cu ions and potential 945 
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curves remains elusive as well. With respect to the device applications, accessing the 946 

+HP and -HP of CuInP2S6 in a device architecture will be valuable for practical use. On 947 

the one hand, electrical access may boost the bias amplification effects of negative 948 

capacitance and lead to low-power transistors with steep subthreshold slopes. On the 949 

other hand, it can also enhance the electroresistance of ferroelectric tunnel junctions via 950 

the large ferroelectric modulation at the interface. Moreover, the access of +HP and -951 

HP will also facilitate the realization of high piezoelectric outputs in flexible CuInP2S6 952 

piezoelectric nanogenerators. 953 

The task of examining a large number of predicted vdW ferroelectrics63, 64, 110 to 954 

find large polarization material also seems urgent because their experimental confirmed 955 

counterparts are not only scarce but also feature small polarization. Exploring vdW 956 

multiferroics is equally promising.39, 80, 111, 112 Apart from intrinsic vdW multiferroicity, 957 

strategies based on theoretical calculation have been proposed for achieving non-958 

intrinsic multiferroicity in vdW materials, for instance, artificially stacking vdW 959 

ferroelectrics and vdW ferromagnetic, or doping vdW ferroelectrics with magnetic 960 

atoms. The experimental realization of either intrinsic or non-intrinsic vdW 961 

multiferroics would unlock the potential of next-generation computation.  962 
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 1193 

Figure 1. Schematic comparison of crystal structures of a typical vdW ferroelectric 1194 

(i.e., hexagonal α-In2Se3) and a representative conventional ferroelectric (i.e., 1195 

BiFeO3). Both structures are presented along the [100] direction. The distinct vdW gaps, 1196 

for example in α-In2Se3, are marked by yellow, enabling some unique ferroelectric 1197 

physics in contrast with conventional ferroelectrics. These vdW gaps also facilitate the 1198 

mechanical exfoliation from parent crystals for novel heterostructure-device 1199 

construction. 1200 
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Figure 2. Charge transfer effect in vdW WTe2 (a) Schematic crystal structures 1218 

showing two different polarization states of WT2. Reproduced with permission from 1219 

Yang et al., J. Phys. Chem. Lett. 9, 24 (2018). Copyright 2018 American Chemical 1220 

Society.66 (b) Top: device geometric structure used in the measurement. Bottom: 1221 

conductance G (ferroelectric switching) of a bilayer WT2 device as a function of E⊥. 1222 

Reproduced with permission from Fei et al., Nature 560, 336 (2018). Copyright 2018 1223 

Springer Nature.36 (c) PFM mapping collected from a bulk WT2 crystal. The right panel 1224 

shows the magnified domain images, as indicated by the white rectangle. Reproduced 1225 

with permission from Sharma et al., Sci. Adv. 5, eaax5080 (2019). Copyright 2019 1226 

American Association for the Advancement of Science.69 1227 
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Figure 3. Dipole locking effect in vdW α-In2Se3. (a) Energy profile of the kinetic 1243 

pathway to interpret simultaneous reversal of the IP and OOP polarization in monolayer 1244 

α-In2Se3. The green and black arrows indicate IP and OOP dipoles, respectively. 1245 

Reproduced with permission from Ding et al., Nat. Commun. 8, 14956, (2017). 1246 

Copyright 2018 Springer Nature.26 (b) SHG mapping before and after a square pattern 1247 

was written into a dashed area to demonstrate the dipole locking effect in a 3R α-In2Se3 1248 

sample. Reproduced with permission from Xiao et al., Phys. Rev. Lett. 120, 227601, 1249 

(2018). Copyright 2018, the American Physical Society.32 (c) IP and OOP PFM phase 1250 

images after electrically writing two square patterns along the OOP direction to 1251 

demonstrate the dipole locking effect in 2H α-In2Se3 crystal. The sample is 2.3 nm thick. 1252 

Reproduced with permission from Xue et al., Adv. Funct. Mater. 28, 1803738, (2018). 1253 

Copyright 2018 WILEY-VCH.35 1254 
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Figure 4. Quadruple-well potential in vdW CuInP2S6. (a) and (b) Schematic crystal 1268 

structures of CuInP2S6 for interpreting four polarization states. (c) Predicted potential 1269 

well profile: energy versus polarization. (d) Quantitative piezoelectric constant 1270 

mapping of CuInP2S6 flake. (e) Histogram of the extracted piezoelectric constant value 1271 

from (d). The Gaussian function was used to fit the four distinct maxima. Reproduced 1272 

with permission from Brehm et al., Nat. Mater. 19, 43, (2020). Copyright 2020 Springer 1273 

Nature.92 1274 
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 1292 

Figure 5. Giant negative piezoelectricity in vdW CuInP2S6. (a) The predicted lattice-1293 

parameter (i.e., strain) dependent potential landscape in the case of positive polarization. 1294 

The polarization is estimated along the c axis. The equilibrium of c-lattice is 13.09 A. 1295 

(b) Theoretical polarization values as a function of stress for +LP state. The stress is 1296 

applied along the z axis of CuInP2S6. Reproduced with permission from Brehm et al., 1297 

Nat. Mater. 19, 43, (2020). Copyright 2020 Springer Nature.92 (c) Hysteresis loops of 1298 

polarization-electric field, strain-electric field, and d33-electric field of CuInP2S6. 1299 

Reproduced with permission from You et al., Sci. Adv. 5, eaav3780 (2019). Copyright 1300 

2019 American Association for the Advancement of Science.94 1301 
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 1316 

Figure 6. Inverse polarization switching in vdW CuInP2S6. (a) Polarization with 1317 

respect to applied pulse duration. The back arrow indicates the direction of applied 1318 

electric field. (b) Schematics of structural evolution for the switching pathway in (a). 1319 

The red circles show the exact atom position switched by applied electric field. (c) 1320 

Relative Cu displacement with respect to applied pulse duration for the pathway in (a). 1321 

The intralayer, vdW gap and polarization change are highlighted. Reproduced with 1322 

permission from Neumayer et al., Phys. Rev. Appl. 13, 064063, (2020). Copyright 2020, 1323 

the American Physical Society.99 1324 
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 1340 

Figure 7. Piezoelectric domain walls in vdW CuInP2Se6. (a) CuInP2Se6 1341 

piezoresponse mapping for the signal Acos() (A and  dictate amplitude and phase, 1342 

respectively). For comparison, CuInP2S6 piezoresponse mapping is also shown in (b). 1343 

Note that the data in (a) was collected at 140 K in ultrahigh vacuum while that in (b) 1344 

obtained at room temperature in a special environment. (c) and (d) The corresponding 1345 

profiles of piezoresponse signals extracted from the white dashed lines in (a) and (b). 1346 

Reproduced with permission from Dziaugys et al., Nat. Commun. 11, 3623, (2020). 1347 

Copyright 2020 Springer Nature.57 1348 
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 1364 

Figure 8. Gate tunable polarization in vdW In2Se3 and SnS. (a) Pinched hysteresis 1365 

loops tuned by different gate biases for an α-In2Se3 device. The top shows an α-In2Se3 1366 

device sketch. Reproduced with permission from Xue et al., Adv. Mater. 31, 1901300, 1367 

(2019). Copyright 2019 WILEY-VCH.58 (b) Pinched hysteresis loops of a SnS device. 1368 

(c) P-V hysteresis loops under different gate biases for a lateral SnS ferroelectric device. 1369 

(d) SHG intensity as a function of gate biases. Reproduced with permission from Bao 1370 

et al., Nano Lett. 19, 5109 (2019). Copyright 2019 American Chemical Society.43 1371 
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 1388 

Figure 9. Multidirectional switchable memristive phenomenon (a) Schematic of the 1389 

device structure. The electrodes are composed of bottom source-drain stripe metal and 1390 

top circular metal.  (b) OOP current (resistance) switching measured from terminal 1391 

T2-Source1. The switching results from IP source-drain poling. During measurement, 1392 

the source and drain are grounded. (c) IP current switching triggered by OOP pulse 1393 

poling. The small-area switched domain by OOP biases leads to the small current 1394 

change in IV curves.  Reproduced with permission from Xue et al., Adv. Mater. 31, 1395 

1901300, (2019). Copyright 2019 WILEY-VCH.58 1396 
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 1412 

Figure 10. Optoelectronic ferroelectric memories. (a) AFM topography of the used 1413 

α-In2Se3 device. The poling pulses are applied onto T3 terminal. PFM study and 1414 

interpretation of ferroelectric domain wall evolution under different experimental 1415 

conditions: (b) after -4 V poling, (c) after -4 V poling and subsequent light illumination, 1416 

(d) after +4 V poling. (e) Drain-source currents with electrical poling and light 1417 

illumination. Reproduced with permission from Xue et al., Adv. Funct. Mater. 2004206, 1418 

(2020). Copyright 2020 WILEY-VCH.59 1419 
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 1436 

Figure 11. Ferroelectric semiconductor transistors. (a) Schematic illustrations of 1437 

ferroelectric transistor (Fe-FET) and ferroelectric semiconductor transistor (FeS-FET). 1438 

The right panel shows polarization bound charge distribution under different poling 1439 

conditions. (b) Hysteretic ID-VGS transfer curves. (c) ID-VGS output curves. Reproduced 1440 

with permission from Si et al., Nat. Electron. 2, 580, (2020). Copyright 2020 Springer 1441 

Nature.47 (d) Schematic of a solid-state synapse emulated by a ferroelectric 1442 

semiconductor transistors (top panel), and potential and depression responses with 1443 

identical pulses. Reproduced with permission from Wang et al., Adv. Funct. Mater. 1444 

2004609, (2020). Copyright 2020 WILEY-VCH.84 1445 
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 1461 

Figure 12. VdW ferroelectric heterostructure based memory devices. (a) Schematic 1462 

of vdW ferroelectric heterostructure based transistors where insulating vdW CuInP2S6 1463 

ferroelectric acts as a gate dielectric and MoS2 serves as channel material. (b) ID-VTG 1464 

transfer curves of a typical vdW ferroelectric heterostructure based transistor under 1465 

different drain-source voltages. Reproduced with permission from Si et al., ACS Nano 1466 

12, 6700 (2018). Copyright 2018 American Chemical Society.51 (c) Ids-Vtg transfer 1467 

curves from another work and their corresponding leakage currents (blue). (d) 1468 

Subthreshold swing with respect to Ids. The data is extracted from (c). a, c and d are 1469 

reproduced with permission from Wang et al., Nat. Commun. 10, 3037, (2019). 1470 

Copyright 2019 Springer Nature.105 (e) Schematic of a ferroelectric tunnel junction 1471 

made from vdW ferroelectric CuInP2S6 and graphene heterostructure. (f) Read 1472 

tunneling current for on state and off state. For e and f, reproduced with permission 1473 

from Wu et al., Nat. Electron. 3, 466, (2020). Copyright 2020 Springer Nature.107 1474 
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 1486 

Figure 13. Flexibly designed piezoelectric nanogenerators. Hexagonal α-In2Se3 1487 

based energy harvesting device (a-e). (a) OOP piezoelectric constant and (b) IP 1488 

piezoelectric response as a function of α-In2Se3 thickness. (c) Photo and (d) Schematic 1489 

cross section of the piezoelectric energy cell. (e) Electrical outputs for the device in (c). 1490 

Reproduced with permission from Xue et al., ACS Nano 12, 4976 (2018). Copyright 1491 

2018 American Chemical Society.85 Rhombohedral α-In2Se3 based energy harvesting 1492 

device (f-h). (f) Output currents and (g) output voltages as a function of sample 1493 

thicknesses. (h) Peak currents and peak voltages with respect to sample thicknesses. 1494 

Reproduced with permission from Dai et al., Nano Lett. 19, 5410 (2019). Copyright 1495 

2019 American Chemical Society.108 1496 
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