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Abstract:

Two-dimensional ferroelectric and magnetic van der Waals materials are emergent platforms
for the discovery of novel cooperative quantum phenomena and development of energy-efficient
logic and memory applications as well as neuromorphic and topological computing. This review
presents a comprehensive survey of the rapidly growing 2D ferroic family from the synthesis
perspective, including brief introductions to the top-down and bottom-up approaches for
fabricating 2D ferroic flakes, thin films, and heterostructures as well as the important
characterization techniques for assessing the sample properties. We also discuss the key challenges
and future directions of the field, including scalable growth, property control, sample stability, and

integration with other functional materials.



1. Introduction

Since the discovery of ferroelectricity and magnetism in two-dimensional (2D) van der Waals
(vdW) materials, 2D ferroics and their heterostructures have attracted enormous research interests
for both fundamental studies and technological developments [1-5]. For ferroic materials, the order
parameters, such as the electric polarization for ferroelectrics, magnetization for ferromagnets and
ferrimagnets, and staggered magnetization for antiferromagnets, can be controlled through
external stimuli (electric field or magnetic field), resulting in switching hysteresis loops (Fig. 1),
domain formation, or even quantum phase transitions [3]. Compared with their bulk counterparts,
2D ferroics can potentially overcome the finite size effects and provide versatile platforms for
imposing nanoscale control of the ferroic order, correlation energy, magnetic exchange, spin-orbit
coupling, symmetry, and topology of the system through electric field effect doping [6] or strain
[7, 8]. Itis also possible to stack different vdW materials into heterostructures that host multiferroic
responses [9-11] or chiral spin textures [12]. Novel ferroic states can be further generated in vdW
multilayers via engineering the twist angle [13-15], layer sliding [14], and stacking order [16, 17].
Capitalizing on the tremendous progress in the computational search and material synthesis,
various 2D ferroics are made available over the last ten years for exploring emergent quantum
phenomena [18] and developing high performance logic and memory devices as well as novel
device applications for neuromorphic and topological computing [2, 19].

Layered CulnP2Se (CIPS) was first confirmed experimentally to be ferroelectric in 2015 [20],
although the theoretical prediction dated back to 1976 [21]. In 2017, magnetism down to
monolayer thickness was discovered in ferromagnetic Cr2GezTes [22] and antiferromagnetic Crl3
[23] using magneto-optical Kerr effect (MOKE). The past few years have witnessed a surge in the

discovery of 2D ferroic materials and their heterostructures. Spontaneous ferroelectric state has



been observed in various ultrathin 2D vdW materials, including CIPS [20, 24-28], CuCrP2Se¢ [29-
32], a- and B-In2Ses [33-41], SnTe [42-44], SnS [45-51], SnSe [52-54], GeS [55, 56], GeSe [57,
58], 1T’-MoTez [59, 60], 1T’-WTez [61-63], and NbOI2 [64-66]. Magnetism has been reported in
a wide range of layered transition metal chalcogenides/halides, including Cr2Ge2Tes [22, 67, 68],
Crls [23, 69-73], CrCl3 [72-76], CrBr3 [72, 73, 77-81], VSe2 [82-84], FesGeTez [85-91], FesGeTez
[92-95], FesGaTez [96, 97], and MnBi2Tes [98-100]. Various emergent phenomena have been
theoretically predicted or experimentally discovered in these 2D ferroics, such as intercorrelated
in-plane and out-of-plane polarization switching [41] and multi-directional memristive effect in .-
In2Ses [101], unconventional quadruple energy well [102], giant negative piezoelectricity [103,
104], and interfacial lattice coupling enhanced piezoelectricity and ferroelectricity in CIPS [105],
structural phase transition induced via electrostatic doping [106] and strain [107] in 1T’-MoTez,
giant spin filter effect in graphene/Crls/graphene tunnel junctions [69], stacking order-induced
magnetic transition in Crl3 [108, 109], interface engineered magnetic skyrmions in Fe3GeTe:z [12,
85], even-odd layer-dependent anomalous Hall effect (AHE) in MnBi2Tes [98], and the interfacial
magnetoelectric coupling in MnSeTe/In2Ses [11]. Emergent ferroelectricity [110-112] and moiré
magnetism [14] have been identified in various stacking-engineered vdW multilayer systems. 2D
ferroic materials and their heterostructures have also been utilized to develop novel device
concepts [2, 113], such as negative-capacitance field effect transistors (FETs) [114-116],
ferroelectric semiconductor FETs [25, 117, 118], memoristors [101, 119], phase-change transistors
[107], programmable rectifiers [120], tunnel junctions with ferroic tunnel barriers [69-74, 121-
124], ferrovalley memory [111], and spin tunneling FETs [6]. Several review papers have
documented the significant progress in the exploration and understanding of the emergent

phenomena [4, 5, 125-128] and development of potential applications [2, 127-129] of 2D ferroics.



Accelerated materials advancement is facilitated by the positive feedback loop between
computational material search, material synthesis, property characterization and modelling, and
device applications. The root of these discoveries lies in the availability of high-quality 2D ferroic
materials. Compared with single crystal samples, 2D thin films possess high tunability of
properties and can facilitate technological implementations due to the scalable growth and
compatibility with industrial processing. This review centres on the recent advancements in the
synthesis of emergent 2D ferroic flakes, thin films, and their heterostructures, including a brief
overview of the synthesis techniques and available characterization methods for assessing the

sample properties, and discusses the existing challenges and future directions in the field.
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Figure 1. Overview of 2D research based on vdW ferroics showing ferroelectric/ferromagnetic

switching hysteresis, research flow, synthesis techniques, and critical material considerations.

2. Synthesis Methods

The synthesis methods for achieving single phase ferroics in the 2D limit can be categorize
into the top-down approaches, where atomically thin flakes are isolated from bulk crystals, and the

bottom-up approaches, which involve direct growth of isolated flakes or continuous films on
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designated substrates. As illustrated in Fig. 1, in the top-down approaches, high-quality bulk
crystals are first obtained by melting growth, flux growth, or chemical vapor transport (CVT)
methods and then then isolated into atomically thin flakes using various exfoliation techniques,
including mechanical, liquid-phase, and electrochemical exfoliations. In the bottom-up approach,
van der Waal flakes and thin films are deposited on the substrates directly, employing techniques
such as chemical vapor deposition (CVD), physical vapor transport or deposition (PVT/PVD), and
molecular beam epitaxy (MBE). The choice of preparation method for 2D ferroics depends on the
desired material properties and potential applications.

Both top-down and bottom-up methods can be applied to fabricate ferroic heterostructures.
The vdW heterostructures can be divided into three categories: vertical heterostructures, horizontal
heterostructures, and core/shell structures (Fig. 2), which can have different types of interfacial
bonding. The vertical heterostructures possess vdW interfaces, which can be realized through
either direct growth (bottom-up methods) or stacking of individual layers (top-down methods).
Both horizontal and core-shell heterostructures involve interfacial chemical bonding and can only

be achieved via the bottom-up methods.

Vertical heterostructure Horizontal heterostructure Core/shell structure

Figure 2. Different types of vdW heterostructures. (a) Vertical heterostructure. (b) Horizontal

heterostructure. (c) Core/shell structure.

2.1 Top-Down Methods
The high-quality single crystals serve as essential material foundations for fundamental studies
of material properties. Ultrathin flakes can then be isolated from the bulk samples through various

5



exfoliation techniques. The exfoliated samples can preserve to the maximum extent the intrinsic
material properties and can be further stacked into homo- and heterostructures that host various

emergent phenomena that are often distinct from the parent vdW materials.

2.1.1 Bulk Crystal Growth

The CVT and flux methods are two primary processes used for synthesizing bulk vdW ferroic
materials [130, 131]. In CVT, the precursor materials and transport agents (such as Iz, Br2) are
sealed in a quartz ampoule, which is put inside a tube furnace with a controlled temperature
gradient [131]. At the hot end of the ampoule, the volatile transport agent combines with the
precursor components to form intermediate molecular species, which then diffuse to the cold end
of the ampoule. When the partial pressure of the intermediate molecular species reaches a critical
level, crystallization occurs at the cold end and the transport agent is released [131]. Many vdW
ferroic materials have been synthesized using CVT method, including FesGeTez2 [86, 132],
FesGeTez [94, 95], Crls [133], CulnP2Se [20, 24-27, 134, 135], In2Ses [136], and NbOI2 [64-66].

The flux method is another effective approach to grow single crystal materials [137, 138].
Unlike CVT, the flux method uses molten solids as solvents (or fluxes) instead of volatile transport
agent. The flux, which is usually inorganic solids at room temperature, such as KCl, NaCl, and Te,
melts at a low temperature [137, 138]. In a conventional vertical flux growth, the source materials
are placed in a small crucible along with a large excess of the flux [138]. A frit filter and an empty
crucible are placed on the top of the source crucible [138]. The entire stack is sealed in a silica
tube and placed in a furnace. At high temperature, the source materials are dissolved into the flux
forming a homogeneous eutectic liquid. When the temperature of the system is slowly reduced,
the homogeneous eutectic liquid becomes supersaturated, leading to the slow nucleation and

crystallization of high-quality crystals [138]. Various vdW ferroic materials have been synthesized



using the flux method, including FesGaTez [96, 97], Cr2GezTes [22, 67, 68], CrTes [139], FesGeTe:
[139], and CulnP2Se [139]. The flux method has high potential for synthesizing high-quality vdW
ferroic crystals with low defects. However, for certain complex vdW materials with unknown

phase diagrams, the CVT method is needed.

2.1.2 Mechanical Exfoliation

The mechanical exfoliation method exploits the adhesive tape to peel off thin vdW flakes from
bulk crystals, which are then laid on a designate substrates for device fabrication [140, 141] or
further dry transfer [142]. It has been widely adopted for fundamental studies of 2D vdW materials
as it capitalizes on the high quality, low defect bulk samples and preserves to the maximum extent
the intrinsic material properties. Figure 3a-c shows the atomic force microscopy (AFM) images
of mechanically exfoliated vdW ferroelectrics CIPS (Fig. 3a) [24-26, 66], a-In2Ses (Fig. 3b) [33,
34, 36], and NbOI2 (Fig. 3¢) [65], where the ferroelectric properties have been characterized via
piezoresponse force microscopy (PFM). Magnetic vdW flakes prepared via mechanical exfoliation
include CrXs (X =1, Br, Cl) (Fig. 3d-e) [23, 69, 72, 73, 75, 76, 78, 81, 143], NiPSs (Fig. 3f) [144,
145], Cr2GeaTes [22], FesGeTez [86, 87], and MnBi2Tes [146-148].

Recently, an advanced exfoliation method has been developed with the assistance of metal
(e.g., Au) or simple metal oxide (e.g., Al203). As the adhesion between metals and 2D materials is
stronger than the interlayer bonding of 2D crystals, it is easier for 2D flakes to be exfoliated on the
metal surface [149, 150]. This advanced exfoliation method enables the production of large-size
2D flakes with high yield [151-154] and has been successfully applied to various 2D ferroic

materials (Fig. 3g) [86, 150].



Figure 3. Mechanical exfoliation. (a) AFM image of CIPS on doped Si. (b) AFM (top) and PFM phase
(middle) and amplitude (bottom) images of a-In,Ses on Au. (¢c) AFM (top) and PFM phase (bottom)
images of NbOI; on Au. (d) Optical microscopy image of CrCls on SiO,/Si. (e) Optical image of CrBr3
on Si0,/Si. (f) AFM and (inset) optical image s of NiPS3 on SiO»/Si. (g) Optical image s of various 2D
ferroic flakes on Au/Ti-coated SiO,/Si. (a) Adapted figure cited from [24]. Copyright © 2016, The
Author(s). (b) Adapted figures with permission from [33]. Copyright © 2017, American Chemical
Society. (¢) Adapted figures cited from [65]. Copyright © 2022, The Author(s). (d) Adapted figure cited
from [143]. Copyright © 2020 IOP Publishing Ltd. (e) Adapted figure cited from [78]. Copyright ©
2022 IOP Publishing Ltd. (f) Adapted figure cited from [145]. Copyright © 2016, The Author(s). (g)

Adapted figures cited from [150]. Copyright © 2020, The Author(s).

2.1.3 Liquid Phase Exfoliation

Liquid-phase exfoliation presents an effective alternative to the mechanical exfoliation method
for achieving high-quality 2D vdW nano-materials [155-158]. It utilizes dispersion and sonication
in proper solvent to achieve exfoliation. As shown in Fig. 4a, bulk crystals dispersed in the solvent
experience the intercalation and agitation stages: the intercalation of ions or molecules between
adjacent layers leads to an expansion of the interlayer spacing and suppression of adhesion;
subsequent sonication then facilitates the breaking of materials into layered flakes, which can be

isolated from the solvent [156]. For example, ferroelectric a-In2Ses flakes have been prepared via
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chemical intercalation in a mixed solution of polyvinylidene fluoride and tetrabutylammonium
bromide [159], yielding large size a-In2Ses flakes with average thickness of 1.6 um, smooth
surface, and high crystallinity (Fig. 4b-c). Liquid phase exfoliation has also been used to achieve
CIPS nanosheets with smooth surfaces and thickness ranging from 50 to above 100 nm (Fig 4d)

[160].
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Figure 4. Liquid phase exfoliation. (a) Process schematic. (b-¢) a-In>Se; flakes. (b) Optical image. (c)
AFM height profile with (inset) topography image. (d) AFM image of CIPS flakes with different
thickness on SiO, substrate. (b-c) Adapted figures with permission from [159]. Copyright © 2022,
American Chemical Society. (d) Adapted figures with permission from [160]. Copyright © 2020

Elsevier Ltd. All rights reserved.

2.1.4 Electrochemistry Exfoliation

Electrochemistry exfoliation method can be utilized for mass production of 2D materials and
has been adopted to synthesize graphene [161-164], transition metal dichalcogeneides (TMDs)
[165, 166], and h-BN [167]. It involves the intercalation of anions or cations into a bulk crystal in
liquid environment. Under a fixed potential between two electrodes, with the bulk crystals serving
as either cathodes or anodes (Fig. S5a) [168], ionic species within the liquid intercalate into the 2D
materials, weakens the interlayer bonding, and expands the layer spacing, resulting in layer
separation. In anodic exfoliation, bulk material serves as the anode and accumulates negative
charges (e.g., SO4%). In cathodic exfoliation, bulk material serves as cathode and attracts positive
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charged ions (e.g., Li"). For example, thin a-In2Ses samples have been produced through a
standard cathodic electrochemical insertion process, with bulk In2Ses as the cathode and a Pt foil
as the anode (Fig. 5b) [169]. Scanning electron microscopy (SEM) studies show that the exfoliated
samples have lateral sizes larger than 5.0 um and exhibit uniform elemental distribution (Fig. 5¢).
Gao et al. used bulk In2Ses as cathode and carbon rods as anode and obtained ultrathin a-In2Ses

flakes, where over 90% of flakes have thickness of 2.2 nm (Fig. 5d) [170].
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Figure 5. Electrochemistry exfoliation. (a) Schematic of anodic and cathodic exfoliations. (b)
Schematic of a-In,Ses exfoliation (left), and optical image s of the experimental setup at 0 minute
(middle) and 30 minutes (right) after intercalation. (¢) SEM image of a-In,Ses flakes (left) and
elemental maps of a a-In,Se; flake. (d) AFM image of a~In,Ses. (b-¢) Adapted figures with permission
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from [169]. Copyright © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (d) Adapted

figures cited from [170]. Copyright © 2022 by the authors.

2.1.5 Heterostructure Stacking

Stacking 2D ferroic flakes into heterostructures can lead to emergent phenomena and novel
functionalities. Figure 6a illustrates the dry transfer process for creating vdW heterostructures,
where a 2D flake is picked up by a polymer film (e.g., gel-film) and transferred onto a target
substrate [142]. The second layer of 2D material is then picked up, aligned at a certain twist angle,
and then placed on the top of the first 2D flake. Repeating these steps can yield a complex
heterostructure. The lattice mismatch between different vdW layers or twisting between the same
type of vdW layers can lead to moir¢ patterns (Fig. 6b). It has been shown that twisting 2D magnet
Crls trilayers possess periodic patterns with alternating ferromagnetic and antiferromagnetic
domains [13] and Crls bilayers can host noncolinear spin textures [14]. Emergent ferroelectricity
has been observed in 2D multilayer systems consisting of non-ferroelectric or even non-polar vdW
layers [171, 172], including stacking-engineered h-BN (Fig. 6¢) [15, 17, 173], twisted TMDs (Fig.

6d) [17, 174], and twisted bilayer graphene (Fig. 6e) [175, 176].
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Figure 6. Heterostructure assembling. (a) Schematic of the transfer and stacking process. (b) Schematic
of moir¢ patterns formed by stacking two honeycomb monolayers with a twist angle. (¢) Schematic of
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near-field nanoimaging (left) and PFM amplitude image (right) of a bilayer h-BN sample. (d) Near-
field mapping of a twisted bilayer of WSe, sample. (¢) Photocurrent mapping of a twisted bilayer
graphene sample. (¢) Adapted figures cited from [174]. Copyright © 2021, The Author(s). (d) Adapted
figure cited from [177]. Copyright © 2023, The Author(s). (e¢) Adapted figure cited from [176].

Copyright © 2021, The Author(s).

2.2 Bottom-Up Methods

Although bulk ferroic crystals provide a route for achieving ultrahigh-quality, crystalline flakes
of materials for scientific investigations, they are not considered suitable for large-area
ferroelectric and magnetic devices. Large-scale synthesis of vdW ferroic thin films using bottom-
up techniques such as CVD, PVT, and MBE, is a critical step in realizing technologically relevant

2D ferroic layers.

2.2.1 Vapor Phase Deposition

Vapor phase-based direct growth methods such as CVD and PVT offer controlled and cost-
effective approaches for producing large-area, high-quality 2D flakes or thin films. The typical
growth apparatus for CVD and PVT consists of a tube furnace, where the vapor-solid process
occurs. Figure 7a shows the schematic growth setup with solid precursors. In the CVD process,
the chalcogen or halogen powder and the metal inorganic compound powder are placed upstream
in the hot zone of the tube furnace. and the substrates are placed downstream (or face down directly
on top of the metal compound crucible). Upon heating, the metal compound and
chalcogen/halogen powders are vaporized and transported downstream in the furnace, coating the
substrate and forming vdW ferroic thin films. As it is better to control the growth temperature of
different source materials according to their melting temperatures, precursors containing different

source materials can be held at different furnace zones for individual temperature control (7source).
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For example, ferrimagnetic Cr2Ss thin flakes has been synthesized using solid source powders of
Cr (mixed with salt NaCl, Tsource ~ 750 °C) and S (Tsource ~ 200 °C) [178], or source powders of
CrCl2 (Tsource ~ 830 °C) and S (Tsource at lower temperature) [179]. Ferromagnetic VSe: flakes has
been synthesized using source powders of V20s (mixed with KI, Tsource ~ 500-700 °C) and Se

(Tsource at lower temperature) [180].
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Figure 7. Vapor phase deposition. (a) Schematic tube furnace system during the vapor phase-based

direct growth of 2D materials. (b) Impacts of various growth parameters.

In the PVT process (also known as PVD), the precursor with the same chemical formula as the
target material is used as the sole source. PVT (or PVD) is characterized by a process in which the
material transitions from a condensed phase to a vapor phase and then back to a thin film
condensed phase. The fundamental difference between CVD and PVT lies in that a chemical
reaction occurs during the CVD growth process [178-182], while only a change in crystalline type
or morphology (without chemical reaction) takes place in the PVD process [45, 183-185].

The parameters governing vapor phase-based direct growth include the precursor choice,
growth temperature, substrate type, gas pressure and flow rate, and growth time (Fig. 7b) [186,
187]. These parameters collectively affect the growth mode, and their impacts can be highly

intertwined. The precursors or source materials act as the reactants for growth and can be either
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vapor or solid sources. Solid precursors such as powders are most used for the synthesis of 2D
ferroic materials, including ferroelectric semiconductors SnS [45, 185, 188] and In2Ses [183, 184]
and 2D magnets CrCls [74] and CrsTes [181, 182]. Since the temperature window for the
decomposition reaction of these solid precursors is very narrow, it is critical to have precise
temperature control for the solid precursors.

Among all growth parameters, the source temperature is the one that directly affect the
decomposition reaction of the solid source as it determines the equilibrium concentration of the
source vapor. A slight variation of temperature will lead to a large change of the decomposition
rate, which affect the sample deposition on the substrates. Generally, a higher source temperature
corresponds to a higher source vapor concentration and results in a higher growth rate on the
substrate. The substrate temperature is a critical parameter controlling the growth mode,
affecting both the sample nucleation and the kinetics of lateral and vertical growth. Usually, a
higher substrate temperature is preferable for achieving ultrathin flakes with large lateral size.
However, the high substrate temperature also leads to a higher decomposition probability of the
2D flakes, so the materials may not be successfully grown on the substrate if the temperature is

too high.
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Figure 8. Effect of substrate on growth mode. (a) Schematic of vertical growth of 2D samples on

reactive substrate. (b) Schematic of horizontal growth of 2D flakes on reactive substrate. (c) Optical
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image s of CrCl; samples grown on SiO»/Si, HOPG, and mica via PVT. (c) Adapted figures cited

from [74]. Copyright © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH.

The substrate choice plays an important role in absorbing adatoms from the source materials,
promoting nucleation, and stimulating growth. Figure 8a-b illustrates two possible growth modes
of 2D flakes on the substrates. There are two types of substrates commonly used for the growth of
2D ferriocs: the reactive substrates such as Si/Si02 wafers and the non-reactive vdW substrates
such as highly ordered pyrolytic graphite (HOPG) crystal and mica. For the reactive substrate, the
adatoms/molecules from the source vapor are likely chemisorbed onto the substrate and form
random nucleation sites. Due to the chemical bonding (covalent or ionic) between the adatoms and
substrate, the adatoms have low mobility on the substrate surface and the sample may favour
vertical growth to minimize the interface energy (Fig. 8a). For the non-reactive substrate, besides
individual nucleation sites promoted by defects (e.g., layer edges and grain boundaries), the
adatoms are mostly physiosorbed onto the substrate surface and have high mobility. They can be
attached to the edges of existing flakes either directly from the source vapor or through diffusion
on the substrate. The vdW bonding between the 2D flake and the substrate lowers the interface
energy and favours horizontal growth (Fig. 8b) [189]. In recent studies, the horizontal growth of
various 2D vdW flake has been demonstrated on non-reactive vdW substrates [45, 178-185]. For
example, Wang et al. have shown that PVT growth of CrCls on reactive substrate SiO2/Si prefers
vertical growth mode, producing relatively thick crystals growth mode via PVT method, while on
non-reactive substrates such as HOPG and mica CrCls prefers horizontal growth, resulting in thin
flakes with large lateral dimensions (Fig. 8c) [74].

Pressure in the tube furnace can vary over a wide range from the ambient conditions to vacuum

(several millitorr). The pressure and carrier gas flow rate collectively determine the
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thermodynamic heat and mass transport in the growth apparatus and have a large influence on the
source vapor flux on the substrate. Generally, a lower pressure corresponds to a lower source vapor
concentration and can be used to facilitate controllable reaction. However, some reaction cannot
be initiated at low pressure, e.g., the deposition of Cr2S3 [178, 179], CrCls [74], and CrsTes [181,

182] has been realized at the atmospheric pressure.

2.2.2 Epitaxy Growth

MBE is a powerful technique for epitaxy growth of high-quality 2D vdW materials in the forms
of both isolated flakes and continuous films. As shown in Fig. 9a, the solid source materials are
contained in separate effusion cells and evaporate upon heating. As the growth occurs in ultra-high
vacuum, the evaporated atoms have long mean free paths and do not interact until they reach the
substrate. This facilitates atomic-level control of the growth mode and low impurity density. Once
the arriving atoms stick to the substrate, they can diffuse, absorb, or desorb, and the relative rates

depend on the substrate type and temperature.
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Figure 9. Epitaxy growth. (a) Schematic of MBE growth. (b-c) Schematics of 2D/3D interface (b)

and 2D/2D interfaces (c) for the 2D materials growth.

For the epitaxial growth of 2D materials, the important control parameters include the source

flux ratio, substrate type, substrate temperature, and gas pressure. By systematically optimizing
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these parameters, it is possible to achieve layer-by-layer growth of 2D flakes or films with the
desired stoichiometry, crystal structure, and morphology. An MBE system can contain multiple
effusion cells, each containing one type of source material. The sample stoichiometry and even
polymorph forms can be varied by tailoring the flux ratio of different effusion cells. For example,
in the synthesis of In.Sey, crucible cells containing In2Ses and Se powders have been held at
different temperatures. Controlling the flux ratio can result in InSe films (In2Se3:Se = 1:3) [190],
a-In2Ses films (In2Ses:Se = 1:6) [190], and f~Inz2Ses flakes (In2Se3:Se = 1:10) [191].

For conventional epitaxial growth, the choice of substrates requires compatible crystal
structures and lattice parameters with the target materials due to the 2D/3D interface (Fig. 9b). For
example, sapphire has been used to grow 2D ferroics such as FesGeTe: [88, 89] and FesGeTez [92].
However, the dangling-bond-free surface of 2D vdW materials can also eliminate the lattice
constraint [192]. In previous studies, graphene buffered SiO2/Si or SiC wafers and vdW bulk
crystals such as HOPG have been exploited to create the 2D/2D interface (Fig. 9¢). For example,
continuous ferroelectric In2Ses films have been achieved on Si/SiO2 wafers buffered by monolayer
graphene [190], monolayer films of antiferromagnetic CrCl3 have been deposited on graphene
buffered SiC substrates [193], and isolated ferromagnetic CrBr3 flakes have been synthesized on
HOPG [77] and bulk vdW NbSe: [79]. The vdW layered substrates thus present a versatile venue
for epitaxial growth of 2D materials.

For controlled MBE growth, the gas pressure is typically in the range of 10 to 102 torr. The
slow deposition rate, often below 1 nm per second, facilitates the layer-by-layer growth of 2D
films or flakes on the substrate, minimizing defect and impurity sites. The synthesized epitaxial
samples can possess high crystalline quality and atomically smooth surfaces. The control of the

effusion cell and substrate temperatures is also critical and depends on the material types. In

17



general, the growth temperature for MBE is much higher than those for the CVD/PVT methods.
In this regard, mica is not a good substrate option for MBE growth, since it cannot be used in

temperatures that exceed 750 °C [194].

2.2.3 Other Growth Methods

In addition to CVD, PVD and MBE, several other synthesis methods, including metal organic
chemical vapor deposition (MOCVD), pulsed laser deposition (PLD), and atomic layer deposition
(ALD), can be used to synthesize vdW ferroic materials [195-197]. 2D ferromagnetic CrTez was
grown epitaxially on Al2O3 substrates using PLD [195]. Semi-metallic 1T’ phases MoTe: films
were synthesized on a 4 inch Si02/Si wafer with high spatial uniformity via MOCVD [196]. Highly
crystalline FeSe, CoSe and NiSe films were deposited using ALD process, showing excellent
conformality into 10:1 high-aspect-ratio micro-trenches [197]. Compared to CVD, which uses
solid precursors, MOCVD with liquid or gas precursors and a showerhead configuration provides
much better uniformity and larger scale coverage on the wafer [198], which is critical for industrial
applications. The self-limiting and alternating nature of surface reactions gives ALD its unique
advantages, including excellent reproducibility, precise thickness control, and exceptional
conformality on complex-shaped substrates. Additionally, the low-temperature process in ALD

makes it compatible with back-end-of-line processes [197].

2.2.4 Heterostructure Growth

Despite the numerous reports on the direct growth of vdW heterostructures [199-202], only
few studies have focused on the direct synthesis of 2D ferroic heterostructures. Among them, vapor
phase deposition has been exploited to produce vertical [203-206], horizontal [207, 208], and
core/shell ferroic heterostructures [188] (Fig. 2). For example, Li et al. demonstrated a one-step

CVD method to grow vertical SnS2/SnS heterostructures on mica using S and SnS powders as
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precursors [203]. In a same growth, they have obtained SnS flakes, SnS/SnS: vertical
heterostructures, SnS: flakes in different deposition zones (Fig. 10a). The authors attributed the
different compositions at different substrate positions to the change of precursor concentration,
showing that the SnS vapor concentration decreases with the precursor-substrate distance, while
the S vapor remains the same. The samples tend to form pure SnS with high SnS/S ratio and pure
SnS2 with low SnS/S ratio. When the SnS and S concentrations are comparable, vertical SnS2/SnS

heterostructure start to form.

Flow direction

SnS,/SnS

Mica-3

b Sns/sns,

o |

Core/shell structure

Figure 10. Schematic of heterostructure growth via vapor deposition. (a) CVD growth of SnS flakes,
SnS,/SnS vertical heterostructures, and SnS, flakes at different substrate positions. (b) SnS/SnS,

core/shell heterostructures growth. The core is SnS, and the shell is SnS,.

The SnS/SnS: heterostructures have also been synthesized via CVD, where SnS powder
containing a small proportion of SnS2 phase or S powder has been used to achieve extremely high
SnS/S ratio [188]. The SnS/SnSz core/shell heterostructures form spontaneously with SnS cores
and SnS: shells (Fig. 10b). The key parameter for controlling the shell thickness is the precursor
concentration, which can be adjusted by varying the SnS/S precursor ratio or having the samples

reacting with pure S vapor after growth.
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2.3 Comparison

Table 1 compares the pros and cons of the mechanical exfoliation, vapor phase deposition, and
MBE methods for preparing vdW ferroic flakes and thin films in terms of sample quality,
controllability, uniformity, scalability, and the commercialization potential. We do not include
liquid phase and electrochemical exfoliation for comparison as they are implemented in solvent,
while many 2D magnets are sensitive to water moisture and cannot be produced using these two

methods.

Table 1. Comparison of mechanical exfoliation, vapor phase deposition, and MBE methods for

synthesizing 2D ferroic flakes and thin films.

Mechanical Exfoliation = Vapor Phase Deposition MBE
Experimental setup cost Low Affordable High
Process throughput Low High High
Sample quality Excellent Good Excellent
Controllability Poor Good Excellent
Uniformity Poor Good Excellent
Scalability Poor Good Excellent
Commercialization potential Low High Low

The mechanical exfoliation approach has been widely exploited for obtaining high quality 2D
ferroic thin flakes. The exfoliated samples preserve the pristine ferroelectric/magnetic properties
of the materials, which is critical for fundamental studies. While this method is low cost, it cannot
produce scalable, wafer-size samples and is thus not viable for industrial applications.

Vapor phase deposition such as CVD and PVT is a cost-effectiveness method to produce large-
scale 2D flakes and films with controlled shape, size, and thickness. It can also control the
structural phase and stoichiometry and enable heterostructure construction. These advantages

make vapor phase deposition promising for industrial production of 2D ferroics, as demonstrated
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for CVD-graphene films [209, 210]. The main drawback of this technique is the relatively low
sample quality of 2D ferriocs, including high-density defects and grain boundaries, compared to
those synthesized via mechanical exfoliation and MBE growth.

Epitaxial growth like MBE offers distinct advantages over the exfoliation and vapor deposition
techniques in controlling sample quality and growth mode. The MBE technique provides precise
control of sample growth at the atomic level, so the synthesized flakes or films can be highly
uniform with low defect density. For the layer-by-layer growth mode, samples with well-defined
crystal structure and orientation can be achieved by choosing proper substrates. However, the MBE
growth is characterized by its complex growth conditions, relatively slow growth rates, constraints
on the substrate/sample sizes, and high operation cost for maintaining the ultrahigh vacuum
conditions, thus not viable for industrial production. Also, not all materials can be easily

evaporated and deposited via MBE, limiting the choice of source materials.

3. Characterization Techniques
3.1 Characterization of 2D Ferroelectrics

2D ferroelectrics presents a significant challenge to conventional electrical methods for
characterizing dielectric properties and P-E loops due to the markedly reduced sample dimensions
in comparison to their bulk counterparts. It is thus imperative to employ more sensitive techniques
or local probes to investigate ferroelectricity at the nanoscale. The PFM, second-harmonic
generation (SHG), and scanning tunneling microscopy (STM) techniques have proven effective in
probing the properties of 2D ferroelectrics.

AFM-based techniques such as PFM and conductive-AFM (c-AFM) are powerful technique
to visualize ferroelectric domain structures, identify and control polarization directions, and

quantify the piezoelectric responses of nanoscale materials [211]. Employing a conductive AFM
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probe as an in situ electrode, PFM detects the local piezoelectric deformation induced by the tip
bias. It has been exploited to investigate ferroelectricity and piezoelectricity in a wide range of 2D
materials [24, 33-35, 41, 65, 105, 212]. For example, PFM phase and amplitude images have been
utilized to resolve ferroelectric domain structures in a-In2Ses (Fig. 3b and 11a) [33, 35, 41] and
CIPS (Fig. 11b) [24, 212]. The domain structure can be further controlled locally using c-AFM. It
has been shown that the polarization direction of a-In2Ses can be precisely controlled by c-AFM
(Fig. 11a) [35]. For CIPS flakes, domain writing yields irregular, diffusive domain walls (DWs)
(Fig. 11b) [24], which can be attributed to the highly mobile Cu ions. By studying the
piezoresponse amplitude as a function of tip vias voltage (Vbias), it is also possible to quantify the
piezoelectric coefficient (d33). As shown in Fig. 1le¢-d, thin CIPS flakes interfaced with
ferroelectric oxide Pb(Zr,Ti)Os (PZT) exhibit a much stronger PFM amplitude signal compared
with those prepared on dope Si and Au, which has been attributed to the interfacial lattice coupling
with PZT [105]. It results in a lattice distortion of the interfacial CIPS layer that tilts the quadruple
energy well, which favors the metastable state, leading to an enhanced positive d33 in CIPS (Fig.
11d). In situ PFM has been exploited to track the evolution of domain structures at elevated
temperatures for CIPS on PZT (Fig. 11e), which reveals a ferroelectric Curie temperature (7¢)
exceeding 200°C, over 50% enhancement over the bulk value. This value is in good agreement

with theoretical prediction considering the interfacial lattice distortion [105].
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Figure 11. Characterizations of 2D ferroelectrics. (a) PFM phase images of domains written in a-
In,Se; flakes. (b) PFM phase images of domains written in CIPS flakes. (¢) PFM amplitude vs Viias
for 14 nm CIPS on PZT, doped Si, and Au. (d) ds; for 14 nm CIPS on PZT, doped Si, and Au. (e) In
situ PFM phase images of 13 nm CIPS on PZT with prepatterned domains at 200°C (top) and 225°C
(bottom). (f-g) Optical image (f) and SHG mapping (g) of nonstoichiometric Cri+sSe; (o: intercalated
metal atoms) triangular nanoflakes. (h-j) SHG characterizations of CIPS. (h) Polar plot of SHG
intensity parallel to light polarization as a function of crystal angle. (i) Polar plots of SHG intensity
along horizontal and vertical directions (lab coordinates) vs light polarization. (j) Temperature
dependence of SHG intensity. (k-n) STM characterizations of 1 UC SnTe films. (k) STM image of
SnTe on graphene with (upper inset) topography image across a DW and (lower inset) close-up view
of graphene substrate. (1) STM image (left) and spatially resolved d//dV spectra (right) close to edges
with opposite polarization. (m) Schematic of in-plane polarization induced band bending. (n) STM

images of SnTe film before (top) and after (bottom) a positive voltage pulse. (a) Adapted figures with
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permission from [35]. Copyright © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (b)
Adapted figures cited from [24]. Copyright © 2016, The Author(s). (c-¢) Adapted figures with
permission from [105]. Copyright © 2023 American Chemical Society. (f-g) Reprinted figures cited
from [213]. Copyright © 2023, The Author(s). (h-j) Adapted figures cited from [24]. Copyright ©
2016, The Author(s). (k-n) Reprinted figure with permission from [42]. Copyright © 2016, The

American Association for the Advancement of Science.

SHG is the lowest order nonlinear optical response based on light-matter interaction and can
be generated by non-centrosymmetric materials. Its sensitivity to inversion symmetry breaking in
crystalline and electronic structures makes it highly effective for probing polar or magnetic order
in nanomaterials. For example, Rogée et al. revealed the out-of-plane ferroelectricity in untwisted
MoS2/WS: bilayer arising from broken symmetry and interlayer sliding and studied the broken
centrosymmetry using SHG [214]. The intensity of SHG emission depends on the interlayer angle
between MoS2 and WSz, resulting in stark differences in intensity between the 3R and 2H-like
stacking modes. SHG mapping images can serve as a high throughput tool for assessing emergent
polar properties. For example, it has been used to identify sliding and defect-engineered
piezoelectricity and ferroelectricity in nonstoichiometric TMDs that are nominally
centrosymmetric (Fig. 11f) [213]. Liu et al. first probed the crystal structural symmetry associated
with ferroelectricity in CIPS via SHG [24]. The SHG intensity as a function of the crystal structure
shows the six-lobe pattern, revealing the hexagonal symmetry of the shifted Cu and In sublattices
in CIPS in the ferroelectric phase (Fig. 11g). The polarized SHG as a function of excitation light
polarization shows four-lobe symmetry that marks the noncentrosymmetric point group m of the
system (Fig. 11h). The temperature dependence of SHG intensity reveals that the ferroelectric
Cure temperature (7c) of CIPS is close to 330 K and does no vary significantly with flake thickness

between 10 and 100 nm (Fig. 11i).
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STM is a sensitive tool for resolving atomic-scale structural features [215] and domain
structures [216] of 2D ferroelectric materials. This approach detects the tunneling current between
a sharp tip and the sample, which varies exponentially with the distance between the atoms of the
tip and sample surface, providing topography information with atomic resolution. The ferroelectric
behavior can be uncovered at the nanoscale by identifying the crystal symmetry and structural
phase boundaries via STM. STM has been conducted to investigate and control ferroelectricity in
various 2D materials, including the characterization and switching of the ferroelectric order in -
In2Ses [39], observation of the in-plane ferroelectricity of B’-In2Ses with a 7c of 200 °C [217],
investigation of ferroelectricity and ferroelectric domain switching in monolayer phosphorus-like
a-phase Bi [218], and manipulation and control of ferroelectric domains in monolayer SnSe [54]
and SnTe [43]. Chang et al. reported a systematic STM study of ferroelectricity in SnTe film, which
reveals the stripe domain structure and the associated lattice distortion in a one unit-cell (UC) SnTe
film along the [010] direction (Fig. 11j) [42]. The edges of different in-plane polarizations are
charged, resulting in opposite bending direction, which is confirmed by spatially resolved d//dV
spectra (Fig. 11k-1). The domains of SnTe have also been manipulated by applying local voltage

pulses via the STM tip (Fig. 11m).

3.2 Characterization of 2D Magnets

It 1s challenging to characterize 2D magnetism via conventional magnetometry such as the
superconducting quantum interference device (SQUID) and vibrating sample magnetometry,
which rely on having sufficient mass of the magnetic materials. The commonly used techniques
for probing 2D magnetism include magnetotransport, magneto-optic effect (MOKE), reflective

magnetic circular dichroism (RMCD), magnetic force microscopy (MFM), nitrogen vacancy (NV)
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magnetometry, Lorentz transmission electron microscopy (TEM), scanning transmission X-ray
microscopy (STXM), photoemission electron microscopy (PEEM), and Raman spectroscopy.
Magnetotransport is one of the most accessible characterization techniques for probing the
magnetic state of nanoscale conducting systems. Various Hall effects, including anomalous Hall
effect (AHE), planar Hall effect, quantum Hall effect, and quantum AHE, and magnetoresistance
(MR), including longitudinal MR, anisotropic MR, and tunneling MR, can be used to identify the
magnetic Curie temperature 7c or Néel temperature 7n, coercive field (Hc), and magnetic
anisotropy [219, 220]. For conductive 2D magnets, AHE is among the most common means of
obtaining hysteresis loops in exfoliated samples [91, 93, 95]. Leveraging the Berry phase effect
associated with the broken time-reversal symmetry, the amplitude of AHE signal also provides
information about the out-of-plane magnetization [221]. For example, the competing magnetic
orders in Fe3GeTez have been studied by combining AHE and MR measurements [91]. AHE has
been used to systematically explore the layer-number-dependence of magnetic hysteresis, giving
insight into how flake thickness affects the magnetic anisotropy [95]. May et al. used temperature-
dependent AHE hysteresis to confirm the magnetic order in an exfoliated FesGeTe: flake and

identified a 7c of about 280 K (Fig. 12a-b) [94].
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Figure 12. Characterizations of 2D magnets. (a-b) AHE in 28 nm Fe;GeTe,. (a) AHE hysteresis at
various temperatures. (b) Temperature dependence of AHE signals with (inset) optical device image.
Scale bar: 20 um. (c) Schematic MOKE setup. (d) AFM (left) and MFM (right) images of an exfoliated
CrCls flakes on Si. (¢) Schematic NV magnetometry setup. (f-g) Raman studies of MnBi,Tes samples.
(f) Temperature dependence of integrated Raman intensity in a 2-SL sample. (g) Raman spectra for 4-
SL, 2-SL, and 1-SL samples. (h-1) Images of skyrmion lattice in FesGeTe;. (h) Lorentz TEM image at
B,=—-40mT and 7= 160 K after field cooling at different tilting angles with respect to x axis. (i) STXM
image at B, = —80 mT (left) with (inset) the fast-Fourier transform image and (right) schematic of the
skyrmion lattice. The hexagonal unit cell of the skyrmion lattice is outlined. (a-b) Adapted figures with
permission from [94]. Copyright © 2019, American Chemical Society. (c) Reprinted figure with
permission from [222]. Copyright © 2020 Wiley-VCH GmbH. (d) Adapted figures with permission
from [223]. Copyright © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (e) Adapted
figure cited from [81]. Copyright © 2021, The Author(s). (f-g) Adapted figures cited from [224].
Copyright © 2022, The Author(s). (h-i) Adapted figures with permission from [225]. Copyright (2021)

by the American Physical Society.
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Optical techniques such as MOKE and RMCD have been extensively used to characterize
magnetic thin films [226]. Figure 12¢ shows the schematic setup for MOKE measurements [222].
When light is reflected from a magnetic surface, it experiences a rotation in polarization and
change in intensity, which is analogous to the Faraday effect for transmitted light [227]. The
rotation in polarization plane in a MOKE signal (the Kerr angle 6k) is directly proportional to
sample magnetization parallel to the beam. For example, MOKE measurements have been used to
probe magnetism in the magnetic 2D Cr2GezTes [22] and Crls [23]. Magnetic circular dichroism
detects the different absorption between left and right circularly polarized light induced by sample
magnetization parallel to the light propagation direction, and the RMCD technique has been
applied to probe the out-of-plane magnetization of bilayer Crlz /69].

Scanning probe-based techniques such as MFM and scanning NV-magnetometry can visualize
magnetic domains and DWs at the nanoscale. MFM detects the magnetic interaction between a
magnetized cantilever and the sample. Figure 12d shows the MFM images taken on an exfoliated
CrCls flake with different thicknesses, which reveals spontaneous domain formation [223]. Figure
12e illustrate the schematic setup of NV-magnetometry [81], which is among the newly developed
methods for exploring 2D magnets [228-230]. It exploits the spin-triplet ground state in the
negatively charged NV in diamond to detect magnetic fields with high sensitivity at the nanoscale.
NV-sensing can be integrated with scanning probe microscopy (e.g., AFM), where an NV-center
is implanted near the apex of a diamond nano-pillar probe. NV-magnetometry can achieve spatial
resolution much higher than optical methods: depending on the distance between defect and
sample, the resolution is usually on the order of tens of nanometers. It can be used to detect stray
fields at the sample surface to deduce the magnetization distribution of a 2D flake. The ability to

accurately measure the size and shape of nano-domains can also provide insight into the magnetic

28



anisotropy of the sample. Compared with techniques such as MOKE and MFM, the NV
magnetometry can reveal quantitative information of local magnetization [231] and provide vector
mapping of magnetic structures [232]. For example, NV-magnetometry has been used to study
layer-dependent magnetism in Crls and quantify sample magnetization in various regions [231].
The application of NV-magnetometry to 2D materials is a rising field, with commercial systems
becoming available in recent years.

Electron and x-ray microscopy techniques have been widely used to resolve magnetic domains
and spin textures in 2D magnets. Lorentz TEM provides phase information of spin orientation,
which can be used to resolve spin textures such as skyrmion in 2D magnets [233]. It is based on
TEM and exploits the deflection of the electron beam due to the Lorentz force exerted by sample
magnetization to generate contrast in an image. This method can provide nanoscale resolution for
visualizing spin orientations and has been used to study skyrmion lattices. Owing to their 2D nature,
layered 2D magnets are readily compatible with this method. For example, Lorentz TEM has
successfully been used to image domain structures and skyrmions in both Fe3GeTe: [87, 225, 234,
235] and Cr2Ge:Tes [236], providing valuable insight into the formation and dynamics of
topological spin textures in 2D magnets. Figure 12h shows the Lorentz TEM images of quasistatic
Neéel-type skyrmion lattices in Fe3GeTe2, where the phase information of the spin texture is clearly
illustrated by tilting the sample [225]. Scanning transmission x-ray microscopy (Figure 12i) [225]
and PEEM [85] have also been exploited to visualize the magnetic domains and skyrmion lattices
in FesGeTez with high spatial resolution.

In addition to being a critical tool for standard structural characterization, Raman spectroscopy
can also be used to study magnetism in 2D materials. Magnetic phase changes in a material are

often associated with subtle structural changes as well. Such interactions can result in spin-phonon
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coupling, which allows indirect coupling between magnetic behavior and the Raman response
[235]. Consequently, magnons can be detected using Raman measurements [224, 237, 238].
Signatures of magnetic behaviors in the Raman spectra include the emergence of a new peak
beneath the 7c, shifting and splitting of a peak in a magnetic field due to Zeeman splitting, and
changes in the polar Raman symmetry. Raman spectroscopy has also been used to explore spin-
phonon coupling related to skyrmions [239]. Raman hysteresis loops can be extracted by
measuring the intensity of a certain peak as a function of magnetic field. Using polarized Raman
spectroscopy, detailed information about spin-phonon coupling and magnon modes present in a
sample can be obtained by controlling the chirality of the incident light and applying selection
rules [237, 240]. Lujan ef al. reported magnons and spin fluctuations in magnetic MnBi2Tes flakes
via magneto-Raman measurements (Fig. 12g), which show that the magnon mode only appears in
the two septuple layer (SL) sample [224]. From the temperature dependence of the Raman intensity,

I~ of 17.5 K is deduced (Fig. 12f).

4. Progress in van der Waals Ferroics
4.1 2D Ferroelectrics

A variety of 2D vdW materials have been reported possessing ferroelectricity, with their
electronic behaviors spanning from insulators to semiconductors and semi-metals. The vdW nature
of interlayer interaction also enables artificially engineered ferroelectricity. Notable examples
include ferroelectricity achieved by changing the stacking order between 2D layers with lateral
shifts or twisted angles [15, 17, 171-176]. It is of rising research interests to explore the physical
mechanisms underlying 2D ferroelectricity and harness their capabilities in novel nanoelectronic
applications, such as ferroelectric FETs, NC FETs, ferroelectric tunnel junctions, and memristors

for nonvolatile memory, energy-efficient logic, and neuromorphic applications [2]. Table 2
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provides a comprehensive summary of representative 2D vdW ferroelectrics, including their

polarization direction, 7c, and synthesis methods.

Table 2. Representative 2D ferroelectrics with their properties and synthesis methods.

Materials  Polarization Tc Synthesis Methods
CulnP:S¢  OOP 315 K (bulk) [241] CVT and ME [20, 24-27, 66, 134, 135]; LPE [160]
CuCrP2S¢ OOP 190 K (bulk) [242] ME [29-31, 243]
Intercorrelated ME [33-37, 136, 217, 244]; LPE [159]; ECE [169,
In2Se; > 473 K (bulk) [2] 170]; MBE [39, 190, 191, 217]; CVD [33, 183]; PVT
OOP & IP
[33,183]
SnTe 1P g? OKK(lzlllE()) [52]] MBE [42, 43]; PVT [44]
SnS P 800 K (bulk) [2] LPE [245, 246]; MBE [46]; CVD [51, 247, 248];
> RT (1L) [45] PVT [45-50, 185, 188, 249]
SnSe P ~337 K (~41.4 nm) ME [251, 252]; LPE [253]; MBE [54, 254]; CVD
[250] [255]; PVT [53, 250]
ME [55, 256]; LPE [257]; CVD [258, 259]; PVT [56,
GeS 1P > RT (FL) [55] 207, 260]
GeSe IP >700 K (30 nm) [58] ME [58, 261]; LPE [262, 263]; PVT [109]
GaSe OOP & IP > RT (14 nm) [264] ME [264]; MBE [265, 266]; CVD [267]
1T-MoTe2 OOP >RT (1L) [59] ME [59, 107]; CVD [60]
IT-WTe:  OOP ; Si)ogléfg‘il)kg 6[12]] ME [61-63]
NbOI. OOP > RT (82 nm) [65] CVT and ME [60, 64, 66]

OOP: out-of-plane. IP: in-plane. nL: n-layer. FL: few-layer. RT: room temperature. ME: mechanical

exfoliation. LPE: liquid phase exfoliation. ECE: electrochemistry exfoliation.

CIPS is one of the most studied vdW ferroelectric materials due to its relative large bandgap,
large out-of-plane polarization, and above room temperature 7c [2]. The majority of studies on
CIPS is based on mechanical exfoliation. Bulk CIPS crystals are typically synthesized using the
chemical vapor transport method (Fig. 13a) [135], which is one of the most used techniques for
producing high-quality bulk crystals. In this process, a stoichiometric mixture of Cu, In, P, and S
(in a 1:1:2:6 ratio) serves as the precursor. All the powders are sealed in an evacuated silica tube
and heated to 600 °C for two weeks. Air stable CIPS single crystals are subsequently formed in

the tubes. Figure 13b shows the X-ray diffraction (XRD) scan of CIPS samples prepared with CVT ,
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which shows a single crystalline structure with space group of Cc, and flakes exfoliated from the
CVT sample show clear layered structure and smooth terraces (Fig. 13c¢) [135]. The exfoliated
CIPS flakes can be transferred to different base layers for further engineering their ferroelectricity.
For example, Wang et al. showed that the interfacial synergy between CIPS and ferroelectric oxide
PZT promotes polar alignment in ultrathin CIPS flakes (Fig. 13d-f) and enhanced 7c (Fig. 11e),
which have been attributed to lattice distortion induced tilting of the quadruple well [105]. Liu et
al. showed that laying CIPS flakes on a corrugated surface can lead to spontaneous DW motion
and investigated the effects of curvature and stress on the ferroelectric energy profile [134].

Another extensively studied 2D ferroelectric is a-In2Ses, which possesses both out-of-plane
and in-plane components of polarization and intercorrelated switching [41]. Ferroelectricity was
initially reported experimentally in exfoliated thin o-In2Ses samples, and the polarization is
switchable in flakes with thickness down to 10 nm [33]. The exfoliated a-In2Se3 samples show
spontaneous ferroelectric domains [244]. Exfoliated a-In2Ses can be further integrated with other
2D materials, forming functional heterostructures. Figure 13g shows the high resolution scanning
TEM (STEM) image of an h-BN/a-In2Ses heterojunction, which can be used to develop ultra-fast
ferroelectric memory and neural computing [136]. Element mapping (Fig. 13g) and Raman spectra
(Fig. 13h) have been used to analyze the chemical and structural properties of the a-In2Ses samples,
and PFM measurements have been utilized to characterize the polarization switching hysteresis
(Fig. 13i) [136] and assess the in-plane polarization [41] in exfoliated a-In2Ses flakes. Unlike CIPS,
domain writing via c-AFM can have precise control of polarization reversal and yield sharp DWs
in a-In2Ses (Fig. 11a) [35, 136, 244].

Besides CIPS and a-In2Ses, other ferroelectric materials such as CuCrP2Se [29-31, 243], SnSe

[251, 252], GeS [55, 256], GeSe [134], 1T°-MoTe2 [59, 107], 1T’-WTe2 [61-63], GaSe [264], and
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NbOIs [64-66] have also been prepared using the mechanical exfoliation method. Specifically,
single crystal synthesis followed by mechanical exfoliation can provide fast experimental input to

theoretical material search of novel 2D ferroelectrics [65, 268].
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CVT growth of CIPS crystals. (b) XRD of CVT CIPS on Si/SiO:. (c) AFM topology and (inset) optical
images of exfoliated CIPS flakes. (d-f) PFM study of CIPS on PZT. (d) PFM phase image of bare PZT
with prepatterned domains. (¢) AFM and (f) PFM phase images of the same area with CIPS transferred
on top. (g-1) Characterizations of exfoliated CVT a-In2Ses. (g) STEM and element mapping of an h-
BN/a-In,Ses heterojunction. (h) Raman spectra of a-In,Ses flake suggesting hexagonal structure. (i)
PFM amplitude and (top inset) phase hysteresis loops taken on 40 nm a-In;Ses, with (bottom inset)
schematic setup. (a-c) Adapted figures with permission from [135]. Copyright © 2019 Elsevier Ltd. All
rights reserved. (d-f) Adapte figures with permission from [105]. Copyright © 2023, American

Chemical Society. (g-i) Reprinted figures cited from [136]. Copyright © 2021, The Author(s).

Notable progress has been made in vapor deposition of 2D vdW ferroelectrics. For example,

high-quality a-In2Ses flakes have been synthesized via both PVT [39, 190, 191, 217] and CVD
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[42, 43]. Triangular-shaped a-In2Ses flakes down to monolayer thickness have been obtained
utilizing In2Se3 powder as the precursor, and the lateral size of the flakes has reached about 10 pm
(Fig. 14a-c) [183]. Large a-In2Ses flakes with about 50 um lateral sizes have been deposited on

mica substrates using In203 and Se powders in a Ho/Ar mix gas environment (Fig. 14d-g) [269].
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setup. (b) Optical image. (c) High resolution TEM image with (inset) diffraction pattern and (lower
right) schematic crystal structure. (d-g) CVD a-InsSe;s. (d) Schematic growth setup. (e) Optical image.
(f) Raman spectrum of an as-grown flake thicker than 5 nm. (g) Diffraction pattern with (inset) TEM
image. (h) STEM image (left) with elemental mapping of Sn (middle) and Te (right) taken on PVT
SnTe samples. (i-j) PVT SnSe. (i) Optical image. (j) PFM phase (left) and amplitude (right) images. (k)
TEM image of a PVT-grown SnS flake (left) with DP (right). (I-p) One-step CVD-grown SnS/SnS;
core/shell and vertical heterostructures. (1) TEM image of SnS/SnS; core/shell heterostructure, with (m)
high-resolution TEM image of the boxed area. (n) Optical image of SnS/SnS; vertical heterostructure,

with (o) Raman spectra along the solid arrow. (p) Raman spectra taken at the edge (i) and center (ii) of
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the sample, marked as the dashed lines in (0). (a-c) Adapted figures with permission from [183].
Copyright © 2015, American Chemical Society. (d-g) Adapted figures with permission from [269].
Copyright © 2016, American Chemical Society. (h) Adapted figures with permission from [44].
Copyright © 2014, American Chemical Society. (i-j) Adapted figures cited from [53]. Copyright ©
2023 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH. (k-p) Adapted

figures with permission from [185]. Copyright © 2020, American Chemical Society.

After the discovery of the ferroelectricity in group IV monochalcogenides, significant progress
has been made to the vapor deposition of this class of materials, including SnTe [44] (Fig. 14h),
SnSe [53, 250] (Fig. 14i), SnS [45, 185, 188, 249] (Fig. 14k), GeS [207], and GaSe [267]. Shen et
al. pioneered the synthesis of SnTe nanoplates using the PVT method (Fig. 14h) [44]. These
nanoplates were cultivated on SiO2/Si substrates at temperatures ranging from 300 to 450 °C in an
argon atmosphere, employing vapor-liquid-solid and vapor-solid mechanisms. This process
yielded nanoplates with lateral dimensions of tens of microns and thicknesses around a hundred
nanometers. Notably, the crystalline orientation of these nanoplates depends on the growth
substrate temperature: (100) nanoplates and nanoribbons are prevalent at 350-450 °C, while (111)
nanoplates and nanoribbons dominate at around 300 °C. These nanoplates, with either (100) or
(111) surface orientations, are optimal for maximizing topological surface states [44]. Chiu et al.
reported reliable PVT growth of 2D SnSe flakes (Fig. 14i) [53]. The PFM amplitude and phase
maps of the as-grown SnSe flake show spontaneous formation of in-plane ferroelectric domains
(Fig. 14j). Sutter et al. have achieved PVT and CVD growth of a range of group IV
monochalcogenides, including SnS flakes [185], GeS flakes [207], SnS/SnS: core/shell
heterostructures [185, 188], SnS/SnS: vertical heterostructures [185], and SnS/GeS lateral
heterostructures [207]. The SnS flakes are in the orthorhombic structure and have quasi-square

shapes (Fig. 14Kk) [185]. The SnS/SnS2 core/shell heterostructures (Fig. 141) show similar shapes
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as the single-phase SnS flakes (Fig. 14k) [185, 188]. However, high-resolution TEM clearly
reveals several nanometres thick SnSz (about 10 atomic layers) at the edge of the flake (Fig. 14m)
[185, 188]. The SnS/SnS2 vertical heterostructures have been synthesized by incorporating extra
sulfur during growth (Fig. 14n) [185]. Raman spectra confirms that SnS: layers form on the top
of the SnS flake in the center area (Fig. 140-p) [185].

Recently, MBE has been exploited to successfully synthesize a range of two-element vdW
ferroelectrics, including In2Ses with different phases (Fig. 15a-b) [39, 190, 191, 217], SnTe (Fig.
11j-m) [42, 43], SnS (Fig. 15c-e) [46], SnSe [54] (Fig. 15f-i), and GaSe [265, 266]. Bao et al.
reported layer-by-layer MBE growth of thin SnS samples with robust in-plane ferroelectricity (Fig.
15c-e) [46]. PFM studies reveal the presence of the ferroelectric domains (Fig. 15d). The odd-even
layer effect on ferroelectric polarization in SnS further confirms the effect of inversion symmetry
breaking (Fig. 15e). MBE growth can also facilitate in situ STM studies. Chang ef al. synthesized
monolayer SnSe flakes with robust in-plane ferroelectricity (Fig. 145) and manipulated the

ferroelectric domains by applying a bias voltage pulse to the STM tip (Fig. 15g-i) [54].
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Figure 15. 2D ferroelectrics prepared via MBE. (a) AFM topography images of InSe (left), mix of InSn

and a-In,Se; (middle), and a-In,Ses (left). (b) STM image of B’-In,Ses (left) and ’-InSe; (right). (c-
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e) MBE-grown SnS. (¢c) AFM topography image. (d) PFM amplitude image. (e) schematic of
ferroelectric order in SnS. (f-i) STM study of MBE-grown SnSe. (f) STM resolved d//dV mapping of
SnSe flakes with different in-plane polarization directions. (g-i) d//dV mapping of a monolayer SnSe
upon sequential ferroelectric switching. (a) Adapted figures with permission from [190]. Copyright ©
2018, American Chemical Society. (b) Adapted figures cited from [191]. Copyright © 2021 The
Authors. Advanced Science published by Wiley-VCH GmbH. (c-¢) Adapted figures with permission
from [46]. Copyright © 2019, American Chemical Society. (f-i) Adapted figures with permission from

[54]. Copyright © 2020, American Chemical Society.

4.2 2D Magnets

A growing family of magnetic 2D materials has been synthesized and explored in recent years
[4, 130, 270-272]. These materials exhibit diverse electronic and topological states, encompassing
insulators, semiconductors, conductors, and topological insulators, and the host magnetic
behaviors ranging from ferromagnetism [22, 72, 73, 86, 273], ferrimagnetism [178, 179, 274, 275],
and antiferromagnetism [23, 72-74, 76]. Additionally, magnetic homo- and heterostructures can
be constructed through stacking or direct growth of magnetic multilayers, which can potentially
lead to distinct magnetic orders compared with the parent materials and give rise to emergent
phenomena such as majorana edge modes [80] and noncollinear spin textures [12, 14]. Table 3
provides a comprehensive summary of representative 2D vdW magnets, including their magnetic

order, Tc or T, and synthesis methods.

Table 3. Representative 2D magnets with their properties and synthesis methods.

Materials  Magnetic Order Sp m model TcorTn Synthesis Methods
(Anisotropy)
Cr:Ge:Tes FM Heisenberg Tc =40 K (bilayer), and ME [22, 276, 277]
(PMA) 66 K (FL) [22]
Crls A-type AFM (FL) Ising Tn=45K (1L) [23] ME [23, 69-73, 231]; MBE
FM (1L) (PMA) In =47 K (FL) [72, [278]; CVT [133]
73];
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CrBrs FM Between Ising  Tc =37 K (FL)[72, 73]; ME [72, 73]; MBE [77, 79,

and Heisenberg 80]; CVT [133]
(PMA)
CrCls A-type AFM (FL) XY (IMA) In=17K (FL) [72-74, ME [72, 73, 76]; MBE
FM (1L) 76]; [193]; CVT [133]; PVT
[74]
o-RuCls Zigzag-type AFM In=7-8 K (1-3L) [279] ME [279]; MBE [280];
CVT [281]
FesGeTe: FM Ising (PMA) Tc =120K (3L), and ME [85-87, 273]; MBE [88,
145 K (4L) [86, 273] 89, 282]
MnPS3 Néel-type AFM Ising (PMA) In=78 K (FL) [283] ME [117, 283]
FePSs Zigzag-type AFM Ising (PMA) Tn=~118 K (thickness ~ ME [284, 285]
independence) [284]
VSe: FM (IMA) Tc =470 K (FL) [286] MBE [79, 83, 287]; CVD
[84, 288]
CrSe: FM Tc =15K (1L),and 110 MBE [290]; CVD [289]
K (16L) [289]
1T-CrTe: FM (PMA) Tc =~187-212 K (~130  ME [292]; MBE [293-295];
nm to ~7.5 nm) [291] CVD [291]
MnBi:Tes  A-type AFM (PMA) In=23K(5L),21 K ME [224, 296]; MBE [98,
(4L), and 18 K (3L) 99]
[296]

FM: ferromagnetic. AFM: antiferromagnetic. PMA: perpendicular magnetic anisotropy. IMA: in-plane

magnetic anisotropy.

Mechanical exfoliated Cr2Ge2Tees [22] and Crls [23] flakes are the first 2D materials that have
been shown to persist magnetic orders down to atomic thickness. Since then, a wide range of 2D
vdW magnets have been successfully exfoliated from bulk crystals, and their magnetic properties
have been investigated via magnetotransport, magneto-optical, Raman spectroscopy, electron
microscopy, and scanning probe techniques (Fig. 16). For example, the ferromagnetic properties
of few-layer Cr2Ge2Tes were investigated using MOKE [22]. The temperature-dependent Kerr
signals indicate that Tc of Cr2Ge2Tes varies with flake thickness, with thinner flakes displaying
lower Tc values. For regions thicker than 4 layers, the sample exhibits strong MOKE signal at 40
K. In the bilayer region, on the other hand, strong MOKE signal emerges at much lower

temperature.
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The ferromagnetic order in monolayer to FL Crl3 has been identified via magneto-optical and
magnetotransport studies [23, 69-73]. The MOKE signal of a monolayer flake shows a single
hysteresis loop, suggesting that monolayer Crls exhibits ferromagnetism, while the bilayer flake
shows vanishing signal at magnetic fields up to 0.65 T, indicating antiferromagnetic order [23].
Tunneling MR of FL CrX3 has been studied in graphite/CrXs/graphite tunnel junctions (Fig. 16a)
[69-74]. For a bilayer Crl3 junction, the tunneling current remains constant at low perpendicular
magnetic fields and exhibits a sharp, step-like increase when reaching a critical magnetic field
value (Fig. 16b) [69]. This sharp switching of current points to a spin-flip transition in
perpendicular magnetic field, which lowers the tunnel barrier for spin aligned with the magnetic
field. Such type of transition is consistent with the RMCD (Fig. 16¢) and the earlier MOKE results
[23], revealing perpendicular magnetic anisotropy in Crls. Thiel ef al. have imaged the magnetic
domains in 1-9 layer Crls flakes via scanning single-spin magnetometry based on diamond NV
centers and discovered a puncture-induced magnetic transition from antiferromagnetic to
ferromagnetic interlayer ordering in FL Crl3, which has been attributed to a monoclinic to

rhombohedral structural transition (Fig. 16d) [231].
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Figure 16. 2D magnets prepared via mechanical exfoliation. (a) Schematic of a graphite/CrXs/graphite

tunnel junction. (b) Tunneling current / and (c) RMCD signature as functions of perpendicular magnetic
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field taken on a FL graphene/bilayer Crls/FL graphene junction. (d) Schematic of structural change
induced magnetic phase transition in bilayer Crls. (¢) Optical images of exfoliated MnBi,Te; flakes. (f)
PEEM images of 130 nm Fe;GeTe; flakes on 16 nm (top) and 1.5 nm (bottom) Pd. (g) Lorentz TEM
image (top) and expanded view of the boxed area (bottom) taken on 70 nm Fe;GeTe, on (Co/Pd)io. (h)
Optical image of a MnPS; flake with different thicknesses. (i) Optical image of FePS; flakes. (a)
Adapted figure cited from [74]. Copyright © 2022 The Authors. Advanced Science published by
Wiley-VCH GmbH. (b-c) Adapted figures with permission from [69]. Copyright © 2018, The
American Association for the Advancement of Science. (¢) Adapted figures cited from [224].
Copyright © 2022, The Author(s). (f-g) Adapted figures cited from [85]. Copyright © 2020 The
Authors, some rights reserved, exclusive licensee American Association for the Advancement of
Science. (h) Adapted figure cited from [117]. Copyright © 2019 IOP Publishing Ltd. (i) Adapted figure

with permission from [285]. Copyright © 2016, American Chemical Society.

Both bulk single crystals and exfoliated flakes of FesGeTez have been investigated. Deng et
al. have isolated FesGeTe: thin flakes via the advanced exfoliation method with the assistance of
Al203 layer [86]. This method is easier to obtain ultrathin samples than the conventional
exfoliation method [224, 296] (Fig. 16e). It has been shown that sample thickness and interfacial
layers have critical influences on the characteristic magnetic domain structures or spin textures in
FesGeTez. Ding et al. has reported the Bloch-type magnetic skyrmion bubbles in bulk single
crystals of FesGeTe: [87]. Lorentz TEM studies show that strip magnetic domains in 167 nm thick
FesGeTez samples transform into skyrmion bubble patterns in a perpendicular magnetic field.
PEEM studies of 130-150 nm Fe3GeTe: flakes on Pd reveal predominant strip domains in samples
on thick (16 nm) Pd and coexistence of magnetic bubble domains when the Pd thickness is reduced
to 5 and 1.5 nm (Fig. 16f). Lorentz TEM studies show the emergence of Néel-type skyrmions in

70 nm FesGeTez on (Co/Pd)10 substrates (Fig. 16g) [85].
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Other 2D magnets such as MnPSs [117] and FePSs [285] have also been prepared with
mechanical exfoliation, with large isolated flakes obtained (Fig. 16h-i). Raman spectroscopic
studies have been performed on MnPS3 to examine the thickness-dependence of magnetic phase
transition, and stable magnetic order has been observed in bilayer samples [117].

To date, direct vapor phase deposition approach has been successfully utilized to synthesize
various 2D magnets, and progress has been made in acquiring ultrathin samples with uniform
thickness and large size. For example, highly crystalline Crls, CrBrs, and CrCl3 samples were
initially synthesized on yttrium stabilized zirconia (YSZ) substrates via CVT [133]. Most of the
samples are thicker than 100 nm, with only a small fraction of the flakes thinner than 10 nm (Fig.
17a-b). Recently, Wang et al. have reported direct PVT growth of thin CrCls flakes down to
monolayer thickness with well-defined shapes on HOPG and mica substrates (Fig. 8¢) and
characterized the magnetic properties using graphite/FL CrCls/graphite tunnel junctions [74].
Figure 17c shows the tunneling MR of a 6-layer CrCls junction at 2 K and 17 K. At 2 K, the
tunneling current increases gradually with perpendicular magnetic field and saturates at 2.5 T.
Compared to the sharp current switching associated with spin-flip transition in Crl3 (Fig. 17b)
[69], the spins in CrCls continuously rotate in magnetic field, pointing to an in-plane magnetic
anisotropy [74]. At 17 K, the tunneling current shows a weaker field dependence and does not

saturate up to 6 T, showing that the sample is approaching 7.
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Figure 17. 2D magnets grown via vapor phase deposition. (a) Optical image of CrBr; grown on YSZ
substrate, with (b) thickness histogram. (¢) Tunneling current / vs B of a 6-layer CrCls-based tunnel
junction. Inset: Optical image of the device. (d) CrTe, flake thickness as a function of growth
temperature, with (inset) corresponding optical images. (¢) VSe; flakes thickness as a function of Ar
flow rate, with (inset) corresponding optical images. (f) TEM stoichiometry analysis of VSe; on Cu
grid. Inset: Optical image of as-grown VSe; on mica substrate. (a-b) Reprinted figure cited from [133].
Copyright © 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
(c) Adapted figures cited from [74]. Copyright © 2022 The Authors. Advanced Science published by
Wiley-VCH GmbH. (d) Adapted figure cited from [291]. Copyright © 2021, The Author(s). (e-f)
Adapted figure with permission from [288]. Copyright © 2017 WILEY-VCH Verlag GmbH & Co.

KGaA, Weinheim.

Ultrathin CrSez flakes have been successfully synthesized via CVD using CrCls and Se
precursors [289]. Monolayer CrSe: flakes are formed on dangling-bond-free WSe: layers,
supporting that vdW-type substrates facilitate horizontal growth. The thickness of CrSe: flakes
depends sensitively on the growth temperature. Reducing the growth temperature from 720 to 700
°C decreases the average flake thickness from 10 to 4 nm, which has been attributed to the

enhanced surface energy. RMCD studies show that monolayer samples exhibit a soft hysteresis
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loop with the hysteresis window disappeared at 50 K, while the 16-layer sample shows a square
hysteresis that persists above 100 K, indicating robust perpendicular magnetic anisotropy.

The CVD growth of 2D magnet CrTe2 also depends highly on the growth temperature (Fig.
17d) [291]. Hexagonal CrTe: flakes have been synthesized on bare SiO2/Si substrate using CrClz
and Te precursors. Decreasing the growth temperature from 993 to 973 K reduces drastically the
average flake thickness from 47.9 to 1.2 nm. The thickness of CrSez can also be tuned by
introducing H2 process gas, with the thinnest flake achieved at Ar/Hz flow rate of 200 sccm/10
sccm.

High quality VSe: flakes were successfully synthesized via CVD in 2017 [288], while
magnetism in VSez was first reported in MBE samples in 2018 [83]. Figure 17e illustrates tuning
of VSez flake thickness via the carrier gas flow [288]. The sample thickness decreases from about
90 to 4.9 nm as the Ar flow increases from 500 to 100 sccm. The CVD samples of VSe2 possess
large lateral dimensions (tens of microns) with high uniformity (Fig. 17e-f). Recent MFM studies
of CVD-grown VSe: flakes show high magnetic phase contrast and domain formation in flakes
thinner than 2 nm, pointing to above room temperature ferromagnetism [84]. The MFM signal
becomes gradually weaker with increasing flake thickness and diminishes in sample thicker than
6 nm, suggesting the change of magnetic anisotropy or 7c.

MBE has been exploited to achievable controllable growth of a wide range of 2D magnets,
including Fe3GeTe: (Fig. 18a) [88, 89, 282], MnBi2Tes (Fig. 18b) [98, 99], VSe: (Fig. 18c¢) [83,
287], Crls (Fig. 18d) [278], CrBrs (Fig. 18e) [77, 79, 80], CrCls [193], RuCls [280], and CrTe:
(Fig. 18f) [293-295]. Epitaxial growth of 2D magnets on a vdW substrate can naturally lead to
vertical heterostructures with 2D/2D interfaces. For example, Kezilebieke et al. reported epitaxial

growth of ferromagnetic CrBr3 on 2D superconducting NbSe: substrate (Fig. 17e), and the CrBr3
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samples show ferromagnetic ordering with out-of-plane magnetic anisotropy down to monolayer
thickness [79, 80]. MBE-grown samples enable the in situ STM characterizations without been
exposed to air, which is critical for the study of moisture-sensitive 2D magnets such as CrXs. For
example, low-temperature STM imagining reveals 1D majorana edge modes in monolayer CrBr3

on NbSe2 [80].

Ge(111)

SrTiOs(111)

Figure 18. 2D magnets prepared via MBE. (a) STEM image of FesGeTe,/Fe;Ge; grown on (111) Ge.
(b) STEM image of MnBi,Tes film grown on (111) SrTiO;. (¢) STM image of VSe; flakes on HOPG.
(d) STM image of Crl; flakes on (111) Au with (inset) the height profile along the dashed line. (¢) STM
image of a monolayer CrBr; grown on NbSe; crystal. (f) STM image of monolayer 1T-CrTe, with (inset)
an expanded view of 1 nm? area. (a) Reprinted figure with permission from [282]. Copyright © 2022,
American Chemical Society. (b) Reprinted figure with permission from [98]. Copyright © 2022,
American Chemical Society. (¢) Reprinted figure with permission from [287]. Copyright © 2019,
American Chemical Society. (d) Adapted figure with permission from [278]. Copyright © 2020
Elsevier Ltd. All rights reserved. (e) Adapted figure cited from [79]. Copyright © 2021 The Authors.
Advanced Materials published by Wiley-VCH GmbH. (f) Adapted figure cited from [293]. Copyright

© 2022, The Author(s).

5. Challenges and Future Directions
Despite the tremendous progress in the discovery of new 2D ferroic materials and

heterostructures and the design and understanding of various emergent phenomena, several key
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challenges remain in the material synthesis. In this section, we discuss the challenges in
synthesizing 2D vdW ferroic materials and heterostructures, including high throughput, scalable
growth, quality control, and deterministic creation of heterostructures, and future directions for

developing effective top-down and bottom-up synthesis methods.

5.1 Challenges

High throughput synthesis: Recent advances in data-driven computational discovery,
particularly enabled by density functional theory (DFT) combined with machine learning, have
facilitated the high throughput prediction of 2D ferroic materials [65, 268, 297-300]. In contrast to
the large numbers of materials that are theoretically predicted to exhibit ferroelectricity or
magnetism at atomic layers, experimental verification remains limited. It is thus instrumental to
develop high throughput synthesis techniques that can bridge the gap between theoretical
predictions and experimental studies.

Scalable Growth: Current synthesis methods for 2D ferroic materials primarily occur within
laboratory settings, while the production of cost-effective wafer-scale samples remains challenging.
Encouraging developments have been made in other 2D materials, such as CVD-grown wafer-
scale graphene [301], h-BN [302], and WS2 [303]. Advancing industrial-compatible vapor
deposition techniques for 2D ferroics is critical for developing their technological applications
[304].

Stability of 2D ferroics, particularly 2D magnets: Ambient stability and environmental
reactions pose significant challenges in 2D ferroics research, particularly for magnetic materials.
Many 2D magnets are prone to degradation when exposed to air, moisture, and thermal fluctuations,
demanding specialized preparation methods such as glovebox environments or encapsulation

layers to maintain their integrity [69, 72-74, 76]. These constraints limit their practical applications.
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Recently, air-stable 2D magnets have been synthesized, including CrsTes [181], 1T-CrTez [291],
and CrSe2 [289]. Synthesis of more air stable 2D magnets or finding solutions to streamline
encapsulation or enhance air stability is essential for expanding their applicability and enabling

broader exploration of their intrinsic properties.

5.2 Development Trends and Future Directions

Top-down methods: With the development of computational material search, it is expected
that there will be rapid expansion of the repertoire for 2D ferroic bulk crystals available for
exfoliating isolated thin flakes and synthesizing customized heterostructures. While mechanical
exfoliation has proven invaluable for the initial exploration and fundamental understanding of 2D
ferroic materials, it has built-in limitations associated with contamination from tape residue, low
yield, small sample sizes, and uncontrollable flake shapes. It is thus of enormous interest to refine
the mechanical exfoliation technique for achieving contamination-free, scalable, and high-
uniformity production of 2D ferroic materials. Efforts have been made towards optimizing the
exfoliation parameters, tape and substrate selections, and substrate surface treatment (e.g., via UV
ozone) to reduce tape residue, increase yield, and enhance reproducibility of thin flakes. The
development of automated exfoliation systems can streamline the process and minimize human
intervention, leading to more consistent results and increased throughput. Liquid and
electrochemical exfoliation techniques can be further developed for high throughput sample
preparation in conjunction with the discovery with new vdW ferroics that are insensitive to
moisture, and the key challenge is to optimize conditions for achieving low-defect, high-quality
samples with high uniformity.

Bottom-up methods: For vapor phase deposition, efforts to enhance sample quality and yield

involve optimizing growth parameters, exploring novel precursor materials, and developing
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innovative growth techniques to minimize defects and improve crystalline quality. Techniques
such as MOCVD and ALD are promising for synthesizing large-scale vdW thin films with
excellent uniformity and crystal quality, while their implementation in 2D ferroic growth remains
to be further developed. It is also of interest to advance vapor deposition methods for epitaxial
growth and in situ property characterization, which are conventionally expected for MBE growth.
In addition, streamline the vapor phase deposition, pre-growth substrate and post-growth sample
treatments, heterostructure construction, and in sifu characterization in a gas-environment-
controlled apparatus can offer avenues for enhancing material/interface qualities and exploring
intrinsic material properties, especially for 2D magnets that are sensitive to air and moisture.

For MBE, the growth complexity increases substantially with the number of elements in the
compound. Efforts to expand the range of viable materials and heterostructures involve exploring
alternative source materials and substrate combinations, as well as exploring the parameter space
for in situ tuning of sample composition, polymorphs, and material types. Recent development of
MBE and laser MBE based remote epitaxial growth of complex oxide membranes such as SrTiO3
[305] and BaTiO3 [306] on substrates buffered with patterned graphene points to a new route for
achieving high quality interfaces between functional oxides and vdW materials. It is conceivable
that similar approach can be applied to vdW ferroic buffered substrates to create novel 2D/3D
heterostructures with tailored functionalities.

Creation of multifunctional heterostructures and integration with semiconductor
technology: Expanding the scope of 2D research and applications involves the creation of
functional 2D ferroic heterostructures. The 2D/2D interfaces can host emergent phenomena such
as charge-transfer [289], magnetoelectric coupling [11], spin-dependent tunneling [69, 72-74], and

topological spin textures [307-310]. For example, giant tunneling MR has been realized in FL
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graphene/Crls/graphene heterostructures [61], and a long-retention FeFET has been built based on
CIPS/graphene/h-BN/MoS: heterostructure [311]. Integration of 2D ferroics with ferroelectric and
piezoelectric oxides and polymers can further expand the property tuning capacities and introduce
new coupling mechanisms [107, 312-314]. Scalable synthesis of high quality and even epaxial
2D/2D [314] and 2D/3D interfaces [315] between 2D ferroics and other functional materials can
facilitate the exploration of various interfacial synergies and develop novel device concepts [113,
316, 317]. Looking forward, 3D monolithic integration of these 2D ferroic heterostructures with
conventional semiconductor technology can promote the implementation of for developing high

performance, energy-efficient electronics, spintronics, and neuromorphic computing [2, 304].
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