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a b s t r a c t 

Two-dimensional (2D) ferroelectrics (FEs), which maintain stable electric polarization in ultrathin films, are a 

promising class of materials for the development of various miniature functional devices. In recent years, several 

2D FEs with unique properties have been successfully fabricated through experiments. They have been found to 

exhibit some unique properties either by themselves or when they are coupled with other functional materials 

(e.g., ferromagnetic materials, materials with 5 d electrons, etc.). As a result, several new types of 2D FE functional 

devices have been developed, exhibiting excellent performance. As a type of newly discovered 2D functional 

material, the number of 2D FEs and the exploration of their properties are still limited and this calls for further 

theoretical predictions. This review summarizes recent progress in the theoretical predictions of 2D FE materials 

and provides strategies for the rational design of 2D FE materials. The aim of this review is to provide guidelines 

for the design of 2D FE materials and related functional devices. 
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. Introduction 

Ferroelectrics (FEs), a type of functional material characterized by

pontaneous electric polarization that can be reversed by an external

lectric field, have been the subject of extensive research in both fun-

amental science and device applications since their discovery in 1920

y Valasek [1] . From a fundamental science perspective, the phase tran-

ition, domain dynamics, and coupling among ferroic orderings (ferro-

lectric, ferromagnetic, ferroelastic) are of significant interest. In terms

f device applications, FEs have gained considerable attention due to

heir potential for use in electronic devices. For example, by sandwich-

ng a FE layer between two electrodes, a kind of nonvolatile memory

amed ferroelectric tunnel junction (FTJ) forms, where the two FE po-

arization states represent the two logic states ( “0 ″ and “1 ″ ) and are elec-

rically manipulable and readable [ 2 , 3 ]. Ferroelectric field-effect tran-

istors (FeFETs), which integrate FEs into traditional FETs as a dielec-

ric layer, enable in-memory computing [4] . Additionally, due to their

iezoelectric and optoelectronic properties, FEs also show potential in

lectromechanical and photovoltaic devices [ 5 , 6 ]. The unique proper-

ies and various applications of ferroelectrics make it a crucial field of

tudy in modern material science. 

The miniaturization of electronic devices as a result of advancements

n the microelectronics industry has presented new challenges for fer-
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oelectrics (FEs), particularly in regards to size reduction of materials.

he most commonly used type of FE, perovskite FEs, often suffer from

olarization instability when the thickness is reduced to a few nanome-

ers due to enhanced depolarization field, surface reconstructions, and

efects [7–9] . Significant progress has been made in solving these prob-

ems, and several achievements have been made. For example, stable

ltrathin ferroelectric PbTiO 3 (3 unit cell thick) [10] , BaTiO 3 (4 unit

ell thick) [11] , BiFeO 3 (1–3 unit cell thickness) [ 12 , 13 ] have been suc-

essfully fabricated in experiments. However, it should be noted that

omplex fabrication processes are required to obtain high-quality ferro-

lectric perovskite thin films, and their properties are highly sensitive

o interface lattice mismatch; thus, specific kinds of substrate are re-

uired. Such difficulties have motivated researchers to search for and

esign new types of ultrathin FE materials. 

The successful exfoliation of graphene from graphite by Novoselov

t al. in 2004 marked the beginning of a new research field in two-

imensional (2D) materials [14–19] . 2D materials are typically defined

s crystalline materials with thicknesses down to single- or few-layer,

here in-plane atoms are bonded by strong covalent bonds, and adja-

ent layers are bonded by weak van der Waals (vdW) interactions. The

mergence of 2D materials provides new opportunities for the develop-

ent of ultrathin FE materials. However, in the first decade of research

n 2D materials, studies on 2D FE materials were absent, as most of
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he discovered 2D materials, such as graphene, h-BN, transition metal

ichalcogenides (TMDs), and MXene, have centrosymmetric structures

long the z-direction, prohibiting the emergence of out-of-polarization.

he in-plane polarization is also prohibited owing to the rotation sym-

etry. However, in 2016, two types of 2D materials, SnTe [20] and

uInP 2 S 6 [21] , were experimentally verified to preserve stable in-plane

nd out-of-plane polarization when their thicknesses were reduced to

 few nanometers, marking the discovery of 2D FE materials. To date,

ore than ten kinds of 2D FE materials have been successfully fabricated

nd several 2D FE-based electronic devices with excellent performance

ave also been realized. 

Despite their ultrathin thickness and stable polarization, 2D FE ma-

erials also possess unique properties compared to traditional bulk per-

vskite ferroelectrics. The weak interlayer interactions in 2D FEs result

n clean surfaces with minimal dangling bonds and defects, making them

asier to integrate with other materials. A clean interface is a prerequi-

ite for materials to maintain their intrinsic properties after integration

ith 2D FE materials, and this is key to achieving controllable and ex-

ellent performance in electronic devices [22] . In addition, compared

o the insulating properties of traditional perovskite ferroelectrics, 2D

E materials are usually semiconductors with good carrier mobilities,

aking them suitable for use as channel materials in FET. A new type

f electronic device, ferroelectric semiconductor field-effect transistor

FeS-FET), has been fabricated based on such properties [ 23 , 24 ], provid-

ng new opportunities for solving charge-trapping problems at semicon-

uctor/dielectric interfaces in traditional FeFETs, as well as related in-

emory computing. Furthermore, some novel properties have also been

bserved in 2D FE materials and their bulk counterparts (bulk vdW FEs).

or example, bulk and multilayer CuInP 2 S 6 exhibit a unique quadruple-

ell potential [25] , which has never been observed in traditional per-

vskite FEs. Coupling between 5 d electron-induced spin-orbital coupling

SOC) and ferroelectricity has been predicted to emerge in layered per-

vskite FEs Bi 2 WO 6 [26] , enabling control of spin texture through re-

ersal of FE polarization. 

The field of 2D FE materials is still in its early stages of develop-

ent, motivating researchers to discover and design more 2D FE materi-

ls with excellent properties. Advances in high-performance computing

nd theoretical methods have made density functional theory (DFT) cal-

ulations, high-throughput calculations, and machine learning powerful

ools for material design [27–31] . To date, tens of new 2D FE materials

ave been theoretically predicted, offering a wealth of candidates for

xperimental fabrication. This review presents recent progress in the

heoretical prediction of 2D FE materials and summarizes the strategies

or their design. Readers interested in the fabrication, properties, and

elated devices are encouraged to refer to previous reviews in the field

32–37] . In the following, we begin with a short summary of the cur-

ently fabricated and predicted 2D FE materials, and then focus on the

trategies for designing 2D FE materials. Finally, we provide a perspec-

ive on the development of 2D FE materials and summarize the existing

hallenges. 

. Currently fabricated and predicted 2D FEs 

This section provides a short summary of the 2D FE materials that

ave been reported to date before we discuss their theoretical design

trategies. Currently, there are tens of 2D FE materials that have been ei-

her experimentally fabricated or theoretically predicted. Some of these

D FE materials possess the same prototype structure but different chem-

cal elements (e.g., CuInP 2 S 6 and CuCrP 2 S 6 ), which can be viewed as the

ame material family. Here summarize eight different types of 2D FE ma-

erial families, as shown in Table 1 . Each 2D FE family is named after

 representative material in the group and the corresponding structure

rototypes are depicted in Fig. 1 . It is worth noting that while these eight

amilies cover a significant majority of the 2D FE materials reported so

ar, there are still some single cases, such as functionalized graphene,

ismuth oxychalcogenides, and 2D magnetoelectric multiferroics, that
323 
re not included. For further information on these materials, readers

ay refer to the references [38–44] . 

. Strategy-I: designing new 2D FEs under a given structure 

rototype 

The most notable characteristic of FE materials is spontaneous po-

arization, which requires the structure of ferroelectric materials to be

on-centrosymmetric to achieve the separation of positive and negative

harge centers. In addition, the polarizations of FE materials must be

readily) switchable, which is the key difference between FE and polar

aterials. Thus, the following criteria must be met when designing 2D

E materials theoretically: 

(i) The designed materials should be able to retain stable non-

entrosymmetric structures. 

(ii) The non-centrosymmetric structure should be the ground state

f the designed materials. 

(iii) There should be a transition path that allows the FE polarization

o be readily switched. 

In actual practice, the stability of the designed materials can be eval-

ated preliminarily by checking whether the initial structure is main-

ained after structural relaxation, and the dynamic stability can then be

urther evaluated by checking the presence of soft modes in the phonon

ispersions. The thermal stability of the designed materials can be eval-

ated by checking their structural evolution under certain temperature

olecular dynamics simulations. The ground states of the designed ma-

erials can be identified by comparing the energy difference between

he centrosymmetric (paraelectric (PE) phase) and non-centrosymmetric

FE phase) structures. The ferroelectric switching barrier and path can

e calculated using the nudged elastic-band (NEB) method. The magni-

ude of polarization is most commonly determined using the Berry phase

ethod (modern theory of polarization) [73–76] . For 2D FE materials

ith out-of-plane polarization, the polarization can also be calculated

y integrating 𝜌z along the z-direction owing to the existence of vac-

um in the unit cell, where 𝜌 is the local charge density (containing

oth ionic and electronic contributions), and z is the coordinate along

he out-of-plane polarization. Additionally, the electronic properties of

he designed materials should also be investigated. Generally, FE mate-

ials are either insulating or semiconducting because, in principle, the

onduction electrons in metals screen out the internal electric field aris-

ng from the FE polarization. Recently, however, both bulk and 2D FE

etals have been experimentally discovered [ 65 , 77 , 78 ], indicating the

ossibility of metallic FE materials. However, the mechanism of the co-

xistence of ferroelectricity and metallicity should be investigated fur-

her to provide a deeper understanding. Investigation of the electronic

roperties of the designed 2D FE materials will also provide guidelines

or the design of related functional devices. 

Given the above general framework, the most intuitive way to design

D FE materials is to use the structure of an experimentally fabricated

D FE material as a prototype and then design new 2D FE materials

y trying different combinations of chemical elements. It is noted that

 large number of materials can be generated owing to different com-

inations of chemical elements; thus, high-throughput calculations and

achine learning methods are usually employed to facilitate the screen-

ng of sTable 2D FE materials. For example, in 2020, a group of 2D FE

aterials, M I M II P 2 ×6 (M I , M II = two kinds of metal atoms, X = O , S,

e, Te), was theoretically predicted using machine learning methods

47] . The workflow of the screening process is illustrated in Fig. 2 a.

eginning with the structural prototype of 2D FE CuInP 2 S 6 , 2964 dif-

erent types of 2D FE materials were generated through different com-

inations of chemical elements. Primarily, 605 of the 2964 materials

ere selected, and the FE materials were identified by simply evaluat-

ng the vertical displacement of metal atoms. Then, 605 selected materi-

ls were employed as the training dataset to train the machine learning

odel. The precision of the machine-learning model was evaluated by

omparing the DFT and machine-learning results. To improve precision,
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Table 1 

Families of 2D FE materials that are reported currently (experimentally fabricated or theoretically predicted). For the abbreviation in the table, “Y ” represents 

one or more 2D FE materials belonging to the materials family have been fabricated; “OOP ” and “IP ” represent “out-of-plane polarization ” and “in-plane polarization ”, 

respectively; “exp ” and “th ” represent experimental and theoretical results, respectively. AFE represents antiferroelectric. 

Materials family Fabricated? Polarization direction Thinnest thickness Refs. 

CuInP 2 S 6 type Y OOP 4 nm (exp) [ 21 , 45–49 ] 

SnTe type Y IP 0.63 nm (exp) [ 20 , 50 ] 

𝛼-In 2 Se 3 type Y OOP & IP 2 nm (exp) [51–56] 

𝛽’-In 2 Se 3 type Y IP (AFE) 1.05 nm (exp) [ 57 , 58 ] 

d1T-MoTe 2 type Y OOP 0.8 nm (exp) [ 59 , 60 ] 

Sliding ferroelectrics Y OOP bilayer, ∼0.3 nm (exp) [61–66] 

Sc 2 CO 2 type (functionalized MXene) N OOP monolayer (th) [ 67 , 68 ] 

Hf 2 Ge 2 S 6 type N OOP monolayer (th) [69–71] 

Fig. 1. Structure prototypes of the eight 2D FE materials families shown in Table 1 . Polarization directions are shown by the black arrow. For sliding ferro- 

electrics, we take AB-stacked bilayer h-BN as an example to show their structures and polarization directions. The structure prototypes are replotted according to 

the structure reported in [ 20 , 21 , 52 , 59 , 61 , 67 , 69 , 72 ]. 
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93 additional materials were added to the training dataset during the

raining process. The remaining 2066 materials were classified using

 trained machine-learning model. Finally, the stability and properties

f the screened materials were investigated in detail. A total of 44 2D

E semiconductors and 16 2D FE metals were identified through DFT

alculations. 

For the predicted 2D FE metal, the mechanism of the coexistence

f ferroelectricity and metallicity was further understood by investigat-

ng the spatial charge distribution. The left panel of Fig. 2 b, c show

he partial charge densities in the range of |E− E F |< 0 . 05eV ( E F is the

ermi level) of the two predicted 2D FE metals InZrP 2 Te 6 and AuZrP 2 S 6 .

ecause the conducting electrons are mainly contributed by the elec-

ronic state near the Fermi level, these results indicate that the conduct-

ng electrons of the predicted 2D FE metals are mainly located on the

pper surface of the materials. The reduced conducting electron den-

ities, defined as ∫∫ 𝜌𝑐 ( ⃗𝑟 ) 𝑑 𝑥𝑑 𝑦 , where 𝜌𝑐 ( ⃗𝑟 ) is the conducting electron

ensity, are represented by the blue line in the right panel of Fig. 2 b,

. The reduced charge density difference between the FE and PE phases

∫ [ 𝜌𝐹𝐸 ( ⃗𝑟 ) − 𝜌𝑃𝐸 ( ⃗𝑟 ) ] 𝑑 𝑥𝑑 𝑦 ), which reflects the densities of the electrons

ontributing to the polarization, is shown using the red dashed line in

he right panel of Fig. 2 b, c. This demonstrates the spatial separation

f the conducting electrons and electrons contributing to polarization.

oreover, the conducting electrons in InZrP 2 Te 6 and AuZrP 2 S 6 were

ainly contributed by atoms exhibiting no (or very less) displacement

see Fig. 3 of Ref. [47] for details), which is consistent with the “decou-

led electron mechanism ” proposed by Puggioni and Rondinelli [79–

1] . These results provide clues for understanding the coexistence of

erroelectricity and metallicity in predicted 2D FE metals. 

Abundant new 2D FE materials can be predicted by exploring vari-

us chemical element combinations under a given structure prototype.

oreover, such a strategy provides guidelines for identifying specific
324 
D FE materials for FE functional device fabrication. A recent exper-

mental technique, heteroatoms intercalation, has enabled the fabri-

ation of functional devices by inserting functional materials into the

raphene/metal interface [82–87] . For example, rectification and tun-

eling devices were made by intercalating silicene and SiO 2 into a

raphene/Ru interface [ 84 , 87 ]. It is desirable to fabricate FE func-

ional devices using the intercalation technique because the perfor-

ance of FE functional devices highly depends on the interface con-

itions [ 22 , 88 ], while the introduction of contaminations is avoided in

uch a technique benefiting from the elimination of the transfer pro-

ess. Motivated by the above considerations, the feasibility of fabri-

ating FE functional devices by intercalating 2D FE materials into the

raphene/Ru interface was theoretically investigated [56] . Monolayer

-In 2 Se 3 , which is also referred to as QL-In 2 Se 3 (a monolayer In 2 Se 3 
ontaining quintuple atomic layers), has the potential to be a promis-

ng candidate for intercalation because it contains few chemical ele-

ents. However, it was found that QL-In 2 Se 3 loses its ferroelectricity

nce intercalated into the graphene/Ru interface owing to the strong

onding between QL-In 2 Se 3 and Ru, as shown in Fig. 3 a, d. Given

hat SiO 2 was successfully intercalated into the graphene/Ru interface

nd that the intercalated SiO 2 is weakly bonded to Ru, an alternative

ethod is to intercalate 2D FE metal oxide into the graphene/Ru in-

erface. Based on the above considerations, two types of 2D metal ox-

des, QL-M 2 O 3 ( M = Al, Y), were identified as stable FEs. Moreover, it is

roved that QL-M 2 O 3 ( M = Al, Y) maintains ferroelectricity after interca-

ation into the graphene/Ru interface, as reflected by the electrostatic

otential drop in Fig. 3 e, f (only the case of QL-Al 2 O 3 is shown as an

xample). 

The electronic properties of the graphene/QL-M 2 O 3 /Ru heterostruc-

ures were further investigated to provide guidelines for the design

f functional devices. Herein, the case of QL-Al 2 O 3 is considered as
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Fig. 2. Theoretical prediction of the 2D FE materials family M I M II P 2 ×6 . (a) Workflow of the screening process of 2D FE M I M II P 2 ×6 . (b), (c) Partial charge density 

of the two predicted 2D FE metals InZrP 2 Te 6 and AuZrP 2 S 6 . The energy range of the partial charge is |E− E F |< 0 . 5eV . Right panel: reduced conducting electron density 

(blue line) and reduced “FE − PE electron density difference ” (red dashed line) of InZrP 2 Te 6 and AuZrP 2 S 6 [47] . 

Fig. 3. Ferroelectricity of QL-In 2 Se 3 and QL-Al 2 O 3 in the graphene/QL-In 2 Se 3 (Al 2 O 3 )/Ru heterostructure [ 56 ]. (a)-(c) Relaxed structure of graphene/QL- 

In 2 Se 3 (Al 2 O 3 )/Ru heterostructures, where the polarization of QL-Al 2 O 3 points towards and away from graphene in (b) and (c), respectively. (d)-(f) Plane-averaged 

electrostatic potential (ESP) of graphene/QL-In 2 Se 3 (Al 2 O 3 )/Ru heterostructures. 

325 
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Fig. 4. Possible FE functional devices based on graphene/QL-Al 2 O 3 /Ru heterostructure [ 56 ]. (a),(b) Layered-resolved projected density of states of 

graphene/QL-Al 2 O 3 /Ru heterostructure, where the polarization points towards and backwards graphene, respectively. (c) Schematic of two kinds of FE functional 

devices based on graphene/QL-Al 2 O 3 /Ru heterostructure. 
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n example to demonstrate. The layer-resolved projected density of

tates (PDOS) of the graphene/QL-Al 2 O 3 /Ru heterostructure is shown

n Fig. 4 a, b, where the polarization points towards and away from

raphene, respectively. As shown in Fig. 4 a, when the polarization

oints towards graphene near the graphene/QL-Al 2 O 3 interface, the

onduction band of QL-Al 2 O 3 is located below the Fermi level, and

he heterostructure is conductive. However, when the polarization

oints backwards to graphene, a tunneling barrier forms near the

raphene/QL-Al 2 O 3 interface, as shown by the yellow region in the

ayer-resolved PDOS in Fig. 4 b. Enabled by the polarization modu-

ation of the barrier width, the resistive state of the graphene/QL-

l 2 O 3 /Ru heterostructure can be modulated by the polarization di-

ection, whereby the graphene/QL-Al 2 O 3 /Ru can function as an FTJ,

hown schematically in the left panel of Fig. 4 c. Moreover, the dop-

ng type of graphene in the heterostructure is also modulated by the

olarization direction, as shown by the PDOS of graphene in Fig. 4 a

nd b. Thus, based on the graphene/QL-Al 2 O 3 /Ru heterostructure, the

ore part of the graphene photodetector, graphene p-n junction, can

e fabricated by poling the adjacent QL-Al 2 O 3 domain in a different

olarization direction, as shown by the schematic in the right panel

f Fig. 4 c. 

In summary, designing 2D FEs under a given structure prototype us-

ng different chemical element combinations provides an intuitive way

o discover new 2D FEs as well as guidelines for the design of related FE

unctional devices. 
326 
. Strategy-II: design new 2D FEs by designing new 2D FE 

tructure prototype 

Designing new 2D FEs under a known prototype structure provides

n effective way to discover new 2D FEs. However, limited by the pre-

iminarily given structure prototype, it is challenging to discover new 2D

E materials whose atomic configurations have not yet been explored

y such a strategy. An alternative strategy to design new 2D FE materi-

ls is to begin with the design of a new 2D FE structure prototype, and

hen search for materials that are stable under the designed structure

rototypes. The limitation imposed by the rare amount of 2D FE struc-

ure prototypes is lifted in such a strategy. Moreover, according to the

tructure-property relationship, the new structural prototype provides

ossibilities for the discovery of new properties. 

Investigating the soft phonon mode (phonon mode with an imagi-

ary frequency) of 2D materials may provide insight into designing new

D FE structure prototypes. It is well known that, for some perovskite

erroelectrics, the paraelectric-to-ferroelectric phase transition is driven

y soft-mode-induced structural distortion. In some cases, this scenario

olds true for 2D materials as well. For example, the ground state of

onolayer MoS 2 exhibits a 2H structure. The 1T structure of MoS 2 , as

hown in Fig. 5 a, is not stable, as reflected by the soft mode near the

-point in the phonon dispersion ( Fig. 5 e). The vibration mode corre-

ponding to the imaginary frequency at the K-point is indicated by the

reen arrows in Fig. 5 b, involving the in-plane displacement of the Mo
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Fig. 5. Prediction of 2D FE d1T-MoS 2 monolayer [ 60 ]. (a) Structure of 1T-MoS 2 monolayer. (b) Vibration mode of the imaginary frequency of 1T-MoS 2 at K-point. 

(c) Structure of d1T-MoS 2 monolayer. (d) The electron density difference between 1T-MoS 2 and d1T-MoS 2 monolayer. (e),(f) Phonon dispersions of 1T-MoS 2 and 

d1T-MoS 2 , respectively. 
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toms and the vertical displacement of the S atoms. Driven by the soft

ode, a new monolayer MoS 2 structure featuring trimerized Mo atoms

marked by blue triangles in Fig. 5 c) forms, which is referred to as dis-

orted 1T (d1T)-MoS 2 . The phonon dispersion of the d1T-MoS 2 mono-

ayer is shown in Fig. 5 f. The absence of the soft mode indicates that the

1T-MoS 2 structure was stable. Furthermore, the centrosymmetry of the

riginal 1T-MoS 2 structure was broken by the vertical displacement of

he S atoms, inducing out-of-plane polarization. The charge density dif-

erence between d1T-MoS 2 and 1T-MoS 2 is spatially asymmetric along

he z-direction ( Fig. 5 d), further proving the existence of out-of-plane

olarization. Based on the above evidences, the d1T-MoS 2 monolayer

as predicted to be a 2D FE material in 2014 [60] . Subsequently, d1T-

oTe 2 was successfully fabricated in 2019. Moreover, it was experimen-

ally verified that d1T-MoTe 2 was still able to maintain ferroelectricity

hen its thickness was reduced to the monolayer limit, which is the

hinnest of the experimentally reported 2D FEs with out-of-plane polar-

zation [59] . 

In addition to investigating the soft phonon mode, exploring 2D ma-

erials exhibiting ion-transport-like behavior may also provide insights

nto the prediction of 2D FE materials with a new structure prototype.

he displacement of ions is the source of ferroelectricity in most FE

aterials, and the ion transport-like behavior offers the potential to in-

uce such displacement and thus ferroelectricity. For example, one of

he most well-known 2D FE materials, CuInP 2 S 6 , demonstrates both fer-

oelectricity originating from the displacement of Cu atoms and Cu ion

ransport properties [45] . Another example is the theoretical prediction

f the 2D FE material family M 2 (Ge, Sn) 2 Y 6 . One of the recently discov-

red 2D ferromagnetic materials, Gr 2 Ge 2 Te 6 [89–91] , exhibits Ge atom

nterlayer flipping behavior under high-pressure [ 92 , 93 ] and during the

morphous Cr 2 Ge 2 Te 6 crystalline process [94] . This indicates the pos-

ibility of inducing ferroelectricity in Cr 2 Ge 2 Te 6 -like structures through

e atom displacement. Beginning with the centrosymmetric Cr 2 Ge 2 Te 6 -

ike structure (denoted as M 2 ×2 Y 6 ), a new 2D FE structure M 2 ×2 Y 6 is

enerated by inducing X-dimer displacement, where M are metal atoms,

 are Si, Ge, Sn atoms, Y are S, Se, Te atoms. Using high-throughput

alculations, 16 M 2 Ge 2 Y 6 and 28 M 2 Sn 2 Y 6 monolayers were identified

s sTable 2D FEs. Among the predicted 2D FE M 2 ×2 Y 6 layers, eight

ere predicted to be potential 2D FE metals, such as Pd 2 Ge 2 Te 6 and

s 2 Sn 2 S 6 . All of these materials contain 5 d transition metal elements,
327 
uggesting a connection between metallicity in the FE M 2 ×2 Y 6 layer

nd the presence of 5 d electrons. However, this hypothesis requires fur-

her verification. The details of these materials are documented in Ref.

 69 , 95 ]. 

The formation mechanism of the 2D FE M 2 ×2 Y 6 monolayer can be

urther understood by investigating the phonon dispersions of M 2 ×2 Y 6 .

ere, one of the identified 2D FEs, Hf 2 Ge 2 Te 6 , is considered as an exam-

le to demonstrate. The structure and phonon dispersion of Hf 2 Ge 2 Te 6 
n the centrosymmetric phase (denoted as centrosymmetric I, short for

1) are shown in Fig. 6 a and d, respectively. Clearly, an optical phonon

and with an imaginary frequency emerges in the phonon dispersion

f the C1 phase Hf 2 Ge 2 Te 6 monolayer, thereby indicating that the C1

hase is not stable. The vibration mode of the imaginary frequency at

he Γ-point is shown in Fig. 6 g, mainly owing to the vertical displace-

ent of the Ge dimer. This soft mode breaks the centrosymmetry of

he C1 phase, resulting in the formation of the FE phase. The structure

nd phonon dispersion of the Hf 2 Ge 2 Te 6 monolayer in the FE phase

re shown in Fig. 6 b and e, respectively. The absence of an imaginary

requency proves the dynamic stability of the FE Hf 2 Ge 2 Te 6 monolayer.

Additionally, flat phonon bands were observed in the phonon dis-

ersion of the FE Hf 2 Ge 2 Te 6 monolayer. Generally, the vibration modes

f the flat phonon band are localized and thus can be activated in-

ependently, and this may cause the emergence of a new phase in

he Hf 2 Ge 2 Te 6 monolayer. Based on these considerations, the vibration

odes of one of the flat phonon bands (marked by blue) at the K- and

-points were investigated, as shown in Fig. 6 h, i, which tend to sep-

rate the two Ge atoms in the Ge dimer. These vibrational modes in-

icate the emergence of another centrosymmetric phase of Hf 2 Ge 2 Te 6 
denoted as centrosymmetric-II, short for C2), where the two Ge atoms

re located at the upper and lower surfaces of Hf 2 Ge 2 Te 6 and are mirror-

ymmetric relative to the M atom plane. Such a structure is dynamically

table ( Fig. 6 f), but has a higher energy than the FE phase, which is

he metastable phase of the Hf 2 Ge 2 Te 6 monolayer. The existence of the

2 phase enables two possible FE switching paths: FE-up →C1(C2) →FE-

own. Details of these two paths can be found in Ref. [69] . More interest-

ngly, it has been predicted that HfO 2 exhibits flat phonon band-induced

cale-free ferroelectricity, featuring independently switchable polariza-

ion in an adjacent unit cell [96] . Such characteristics are also predicted

o emerge in the FE Hf 2 Ge 2 Y 6 ( Y = S , Se, Te) monolayer ( Fig. 6 j), mak-
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Fig. 6. Formation mechanism of ferroelectricity in M 2 ×2 Y 6 and its novel properties[69]. (a)-(c) Structure of Hf 2 Ge 2 Te 6 monolayer in centrosymmetric-I, 

ferroelectric and centrosymmetric-II phases, respectively. (d)-(f) Phonon dispersions of Hf 2 Ge 2 Te 6 monolayer in centrosymmetric-I, ferroelectric and centrosymmetric- 

II phases, respectively. (g)-(i) Vibration modes of the points marked in (d)-(e), and the schematic of the formation of ferroelectric and centrosymmetric-II phase. Red 

arrows represent the displacement of Ge atoms. (j) Ferroelectric switching barrier of Hf 2 Ge 2 Y 6 from uniformed polarization-up state ↑↑↑↑ to uniformed polarization- 

down state ↓↓↓↓. Each barrier corresponds to the polarization reversal in one unit-cell. (k) Schematic of a high-density storage device based on ferroelectric M 2 ×2 Y 6 
monolayer. 
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ng it promising for applications involving high-density storage, where

he size of the memory unit can shrink to a one-unit-cell length ( Fig. 6 k).

Designing new 2D FE structure prototypes provides an alternative

ay to design new 2D FE materials, which overcomes the limitations

mposed by known 2D FE structure prototypes. Moreover, this strategy

rovides fresh opportunities to discover new properties associated with

ew structures. 

. Strategy-III: design new 2D FEs through stacking engineering 

The previous two strategies focus on designing intrinsic 2D FE ma-

erials, meaning those that possess an inherent non-centrosymmetric

tructure. Most 2D materials have a centrosymmetric atomic configu-

ation, which precludes the possibility of ferroelectricity in their mono-

ayer form. Stacking engineering provides an opportunity to design new

D FE materials. Generally, when 2D layers containing binary or more
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hemical compounds are stacked in a bilayer form, the local atomic con-

gurations of the top and bottom layers are inequivalent at some specific

tacking modes. Such inequivalence induces interlayer charge transfer

nd subsequent out-of-plane polarization. An example is bilayer h-BN.

n 2017, it was predicted that AB-stacked bilayer h-BN is a 2D FE mate-

ial with out-of-plane polarization [63] . Lately in 2021, such theoretical

redictions were verified experimentally [ 61 , 62 ]. The key to inducing

erroelectricity is the stacking mode. For bilayer h-BN, the most sta-

le stacking mode is AA’ stacking, where the B(N) atoms in the upper

ayer were located above the N(B) atoms in the lower layer, as shown in

ig. 7 a. Such a stacking mode maintains inversion symmetry and, thus,

annot be ferroelectric. Another metastable stacking mode of h-BN is

B stacking, while the energy difference between AA’ and AB stacking

s very little [97–99] , thus AB-stacked bilayer h-BN is also observed in

xperiments. In the AB stacking mode, the B atoms in the upper layer

re located above the N atoms in the lower layer, whereas the N atoms
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Fig. 7. Schematic of the AA’ AB and BA stacking mode of bilayer h-BN, as well as the polarization in AB- and BA-stacked bilayer h-BN [61] . 
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n the upper layer are located at the empty site of the hexagon ring of

he lower layer. Such an atomic arrangement causes distortion of the

 orbitals, thus inducing polarization in AB-stacked h-BN. By interlayer

liding, AB-stacking can be transformed into BA-stacking to achieve po-

arization reversal. Featured by the interlayer sliding enabled polariza-

ion switching, such materials are named as sliding ferroelectrics. Bi-

ayer 1T’-WTe 2 , InSe, AlN and ZnO etc., have also been predicted to be

liding ferroelectrics [ 63 , 64 , 66 ]. 

. Summary and outlook 

The miniaturization of electronic devices has sparked significant re-

earch interest in ferroelectric (FE) thin films. As traditional perovskite

Es usually suffer from polarization instability below a certain critical

hickness, the discovery of 2D FE materials provides other opportuni-

ies. To date, several kinds of 2D FE materials have been fabricated

xperimentally, and it has been proven that they can preserve the FE

olarization when their thickness is reduced to a few nanometers or

o the monolayer limit. Additionally, 2D FE materials exhibit proper-

ies that are not found in traditional bulk ferroelectrics, such as clean

nterfaces, insensitivity to substrate selection, and good mobility as a

emiconductor, making them promising for use in new FE functional

evices. Marked by the experimental discovery of 2D FE materials in

016, research on 2D FE materials is still in its first decade. This field

s rapidly advancing and there is still much room for exploration. In

his review, we discuss the recent progress in the theoretical design of

D FE materials and summarize some strategies for the design of 2D

E materials The goal is to provide guidelines for the theoretical pre-

iction of 2D FE materials and inspire future research in this field. The

ollowing are some possible directions for future research on 2D FE ma-

erials. 

(i) Theoretical design of 2D FE materials with large polarizations,

emiconducting properties, and a new structure prototype. To date, 2D

E candidates have been limited. The theoretical prediction of 2D FE

aterials with the facilitation of high-throughput calculations and ma-

hine learning methods remains desirable. Certain properties should be

oted during the design process. The first is the magnitude of polar-

zation. Currently, the most prominent obstacle for 2D FE materials is

hat their polarizations are much smaller than those of traditional per-

vskite FEs. The design of 2D FE materials with a large polarization and

he investigation of the mechanism to enhance the polarization of 2D

E materials is highly desired from both application and fundamental

esearch perspectives. In addition, the design of 2D FE semiconductors

ith large carrier mobility will provide candidates for new types of FE

unctional devices. Based on the structure–property relationship, the de-

ign of 2D FE materials with new structures may provide opportunities

or overcoming these problems. 

(ii) Coupling between FE ordering and other properties, for exam-

le, ferromagnetic (FM) orderings, valley degrees, spin-orbital coupling

SOC), and topological properties. Such coupling may provide opportu-

ities for the design of new functional devices. For example, with respect
329 
o 2D systems, coupling between FE and FM orderings can be achieved

n single phase magnetoelectric multiferroics [41–44] or FE/FM het-

rostructure [100–106] , enabling the electric control of magnetic prop-

rties, thus are highly-desired in spintronics. Coupling between FE polar-

zation and valley degree of freedom provides platform to realize polar-

zer driven by electrical means [107] . Coupling between FE polarization

nd SOC motivate the research on 2D ferroelectric SOC semiconductor,

 kind of functional materials enabling electrical control of spin texture

 108 , 109 ]. Materials containing 5 d electrons are suitable candidates for

tudying the coupling between FE ordering and SOC because strong SOC

an be expected in such materials. Nonvolatile control of topological

tates, for example, polarization control of the transformation between

opological and non-trial states, can also be realized in 2D systems where

E ordering and topological states are coupled [ 110 , 111 ]. 

(iii) Domain dynamics of 2D FE materials. The FE domain is a crucial

torage unit for FE-based memory devices and the size and properties

f the FE domain affect the performance of these devices, such as their

esponse to external strain and electric fields. Currently, studies on the

omain of 2D FE materials are limited and this area is ripe for further

esearch. Theoretical studies at different scales can be carried out using

FT calculations, ab initio and classical molecular dynamics simulations,

nd phase-field simulations. 
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