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Abstract: Over the last few years, research activities have seen two-dimensional (2D) materials become
protagonists in the field of nanotechnology. In particular, 2D materials characterized by ferroelectric
properties are extremely interesting, as they are better suited for the development of miniaturized
and high-performing devices. Here, we summarize the recent advances in this field, reviewing the
realization of devices based on 2D ferroelectric materials, like FeFET, FTJ, and optoelectronics. The
devices are realized with a wide range of material systems, from oxide materials at low dimensions to
2D materials exhibiting van der Waals interactions. We conclude by presenting how these materials
could be useful in the field of devices based on magnons or surface acoustic waves.
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1. Introduction

Ferroelectricity in Rochelle salt was discovered in 1921 by J. Valasek [1], with the sign
of spontaneous polarization (Ps) being controllable by an external electric field. Since this
discovery, many efforts have been made to enhance technological applications, such as
field-effect transistors (FeFET) [2], sensors [3], photonic devices [4], and optoelectronics [5].
However, the constant demand for higher-performance devices has necessitated increased
efforts toward miniaturization in nanoelectronics, and consequently, toward the prepa-
ration of thin and ultra-thin ferroelectric films. In 2018, H. Wang et al. [6] demonstrated
through the first-principles calculation and Kelvin probe microscopy that in BiFeO3 thin
films, the critical thickness for ferroelectric response can vanish, making this compound a
promising candidate for high-density non-volatile memories. Recently, J. Muller et al. [7]
succeeded in demonstrating the significant potential of FeFET scaling (based on Fe-HfO2) in
advanced nodes, when HfO2 is integrated into 28 nm high-k metal gate (HKMG) technology.
Nevertheless, in all oxide thin films, a non-uniform concentration of oxygen vacancies at
the interface can lead to suboptimal FeFET device performance, such as the wake-up effect
and/or an increase in leakage current [8]. While these results are amazing for technological
applications, achieving a ferroelectric (FE) response as we approach the 2D limit remains
challenging. Therefore, while it is important to improve the synthesis of ultra-thin FE films
to avoid surface dangling bonds and lattice mismatch, the discovery of 2D van der Waals
(VdW) FE materials has overcome these limitations, enabling VdWs to be strong candidates
in the realization of heterostructure-based devices with atomically sharp interfaces. In 1976,
the existence of 2D FE was predicted [9], but the first experimental confirmation did not
arrive until 2015 [10]. Observing both in-plane (IP) and out-of-plane (OP) polarization
in few-unit-cells-thick materials was indeed a big challenge. For example, Chang et al.
observed only an IP polarization in SnTe [11], while an OP polarization was found in the
room-temperature 2D ferroelectric CuInP2S6 [12]. It was only in 2018 that the locking
between IP and OP ferroelectric polarization was observed in 2D In2Se3 [13], leading to the
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exploration of 2D multiferroics, where more than one ferroic order is present. To date, the
list of 2D VdW ferroelectric materials is quite extensive, ranging from inorganic [14–17] to
hybrid organic–inorganic perovskite ferroelectrics (HOIPFs) [18], and electronic devices
based on 2D FE materials have been realized. Particular attention to 2D VdW ferroelectric
materials arises from their semiconducting nature, not observed in traditional perovskite
ferroelectrics, which are generally insulators, leading to new perspectives in the realization
of FeFET devices, thanks to the high carrier mobility typical of semiconductors. How-
ever, the field of 2D materials is largely unexplored; many theoretical predictions have
been made on the wide spectrum of electronic properties in 2D VdW ferroelectric mate-
rials, exhibiting a Curie temperature value close to room temperature [19], and unique
photonic and optoelectronic properties, thanks to the wide range of band gaps covering
everything from deep ultraviolet rays to microwaves of the electromagnetic spectrum. All
these properties are key for modern research and technology applications. In this review,
we discuss some recent developments of ferroelectric devices based on 2D materials [20];
see Figure 1. In Section 2, we introduce the theory of 3D and 2D ferroelectricity, while
Section 3 discusses strategies and mechanisms used for integrating 2D materials in FeFET
and FTJ devices. Sections 4 and 5 focus on optical devices and non-standard applications,
respectively. In Section 10, we outline the future challenges for developing better 2D
ferroelectric/multiferroic devices.

2 Terminals 3 Terminals

MoS2

Material
Opto.

α-In2Se3/
semicond

MoTe2-channel

Graphene-
channel

WSe2/
CuInP2S6

TopGated& 
InSe P(VDF-

TrFE)poly

HfO2

BiFeO3

La0.6Sr0.4MnO3

SrTiO3

GeS, GeSe, 
SnS, and SnSe

CuCrP2S6

In:SnSe/SnSe/
Sb:SnSe

2D Van der Waals

OxidesMultiferroics

FTJ

FeFET

Optoel.

Figure 1. Schematic representation of the main devices and 2D ferroelectric materials currently studied.

2. Theoretical Background

For a material to be ferroelectric, it must have a non-centrosymmetric crystal structure,
a spontaneous switchable electric polarization (P) when an electric field (E) is applied,
and, last but not least, the presence of a unique polar axis. The ferroelectric response is
characterized by P-E hysteretic loops, where the values of remnant polarization (Ps) and
the coercive field (Ec) are determined; these loops disappear above a critical temperature.
Ps and Ec become extremely important in determining the operation voltage and mem-
ory window, which are necessary for the characterization of memory devices [12,21,22].
However, when a ferroelectric material is thinned to a quasi-2D form, it may exhibit some
new behaviors that could depend on its size. These new properties can affect how the 2D
material behaves as a ferroelectric, consequently making it different from its 3D counterpart.
Moreover, transitioning to a pure 2D regime, we observe a different scenario. As demon-
strated by Mermin and Wagner [23] for pure 2D ferromagnetic and antiferromagnetic
systems, the symmetry of continuity is broken. This implies that in a pure 2D system with
a flat surface, free of distortions or dislocations, ferroelectricity is forbidden. The reason is
that transitioning from 3D to 2D weakens the long-range order and decreases the critical
temperature, which in turn makes thermal fluctuations larger than the potential barrier,
hindering ferroelectricity. However, with 2D VdW materials, we are at the limit of the 2D
regime: here, the presence of weak chemical bonds favors weak interactions, consequently
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allowing long-range ordering and, thus, ferroelectricity. Moreover, 2D VdW materials
possess several properties that may aid in maintaining ferroelectric polarization, such as a
stable surface and the ease of functionalizing surface atoms. From DFT calculations and
experiments, it has been observed that, similar to 3D materials, the FE polarization can
have different origins in the 2D limit as well.

Figure 2. Panel(A) shows the electric current and polarization changes when different voltages are
applied to TMCM-MnCl3, which is composed of molecules arranged in layers. Panel (B) shows
the changes of the real part of the dielectric permittivity for different temperatures and frequencies.
Panel (C) shows the piezoelectric coefficient as a function of temperature, demonstrating the ability
to convert electric energy into mechanical energy, and vice versa. In panel (D), a comparison of the
piezoelectric coefficient is shown between TMCM-MnCl3 and other materials performed under the
same experimental conditions, both organic and inorganic. Reprinted with permission from ref. [18].

In 3D BaTiO3 and PbTiO3, polarization is due to the ionic displacement of of Ti4+

ions, driven by the hybridization of Ti-3d and O-2p orbitals; this is similar to what is
observed in 2D SnTe, where the intra-layer displacement between Sn and Te ions induces a
lattice distortion from cubic to rhombohedral [24]. Recently, ionic displacement responsible
for spontaneous polarization was also observed in hybrid organic-inorganic perovskite
ferroelectrics (HOIPFs) materials [18]. HOIPFs have attracted a great deal of attention
from researchers because, even though the polarization in the inorganic part is driven
by ionic displacement, it is not mutually exclusive with the polarization induced in the
molecular (organic) part due to the presence of a permanent dipole moment. Most of
the HOIPF materials are Pb-based. These materials are mainly used in photovoltaics and
photodetection [25]. However, research is advancing toward new lead-free technologies,
and in this context, HOIPF materials also show interesting results. In Figure 2, an excellent
piezoelectric response is shown in TMCM-MnCl3 [18]. Although some details are not
yet clear, first-principle calculations show that the spin texture can be tuned by external
fields [26], thus demonstrating the technological potential of this hybrid organic–inorganic
system. In addition, if polarization results from the product of other electronic ordering
(charge, orbital, or magnetic), it leads to improper ferroelectricity, as seen in TbMnO3
(TMnO) [27], a typical II-type multiferroic. Multiferroic materials are characterized by
more than one ferroic order: in the case of TMnO, ferroelectricity is created by spin-driven
polarization, similar to what happens in monolayer Ni2, where spin chirality generates a
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finite electric polarization. Due to their characteristics, multiferroics are increasingly being
researched for new nanoelectronic applications, aiming to develop reversible systems. This
is due to the magnetoelectric coupling, which allows the control of magnetic properties by
an external electric field and vice versa.

In the following sections, we will discuss how 3D oxides in the 2D limit, 2D VdW
ferroelectrics, 2D multiferroics, and HOIPFs have modified the approach to engineering
devices like FeFET, FTJ optoelectronics, surface acoustic waves, and magnon electronics.

3. FeRAM Devices

James F. Scott is considered the father of ferroelectric devices [28], and even after
many years, ferroelectric materials remain a hot research topic, especially considering
advancements in miniaturization. New applications such as big data, the internet of
things, artificial intelligence, wearable electronics, and more, require increasingly high
computing power in various forms. The celebrated Moore’s law predicts that the number of
transistors, a quantity that strongly correlates with computing power, on a single chip will
grow exponentially [29]. Therefore, digital computation needs fast, low-power switches
that can be packed densely on a chip. This has been achieved by lowering the supply
voltages and shrinking the size of silicon transistors with various material and structural
innovations. Today, silicon transistors are becoming harder and more expensive to scale
down, and they will eventually reach their physical limits when the channel length is
close to atomic scales [30,31]. The best possible strategy is to go beyond CMOS transistors,
searching for other kinds of switches that can process information faster and/or more
efficiently. Many options, such as spin FETs, tunnel FETs, negative capacitance (NC)
FETs, nanoelectromechanical (NEM) switches, and memristor devices, are under active
research [32,33]. Recently, different memory technologies based on ferroelectric materials
have been studied, like ferroelectric rapid access memory (FeRAM), ferroelectric field effect
(FeFET) devices, and ferroelectric tunnel junction (FTJ). These memory devices offer many
advantages, such as fast writing/reading speed, long-lasting data retention, high durability,
and low energy consumption for writing. These excellent features suggest that they can be
used to create high-performance synaptic devices for neuromorphic computing.

FeRAM is characterized by a metal-ferroelectric-metal (MFM) stack and utilizes the
polarization switching of the ferroelectric material. When an external voltage is applied to
the MFM stack, ferroelectric switching is observed due to the dipoles in the ferroelectric
layer changing direction. Unfortunately, this type of technology has a significant drawback:
to read the memory state, the device has to be erased, and the memory state depends on the
amount of polarization charge on the ferroelectric capacitor. These capacitors are expected
to become smaller with improving technology, leading to many efforts to find alternatives.
FeFET and FTJ have been studied, where the memory state can be read without erasing it,
and the memory cell size can be easily reduced. The switching of polarization in FeFET can
be obtained by applying an external electric field: a FeFET is a device that has a ferroelectric
layer on top of a transistor. By applying a high-voltage pulse to the gate of the FeFET,
the ferroelectric layer can be polarized in two directions. One direction helps turn the
transistor on, and the other helps turn it off. This changes the voltage needed to switch the
transistor, which can therefore be used to store information in the FeFET without destroying
it. However, to make a good and small FeFET, we need to consider two things: first, the
switching voltage depends on how difficult it is to change its polarization and its thickness;
second, the gate voltage is not only applied to the ferroelectric layer but also to another
insulator layer in the gate stack (see Figure 3). This means that there is always some electric
field in the ferroelectric layer, even when there is no gate voltage. This electric field opposes
the polarization of the ferroelectric layer and makes it weaker over time. This affects how
long the information can be stored in the FeFET and how many times it can be rewritten.
To improve the device, we need to choose an insulator layer that has high capacitance and
a ferroelectric layer that has low capacitance. In this way, most of the gate voltage goes to
the ferroelectric layer and not to the insulator layer. The problem with usual ferroelectric
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materials is that they are not hard enough and not thin enough, so they need a relatively
high voltage to switch.

Figure 3. Device with a thin layer of MoS2, as a channel, and a thin layer of ferroelectric Bi4Ti3O12
(BiT)BiT, a material that can switch its electric polarization. How these two layers are connected in (a,b)
is shown. The oxygen atoms that are missing from the BiT layer affect the device performance in (c).
Three different regions are shown: (I) oxygen vacancies can capture or release electrons from the MoS2

layer, changing its conductivity. (II) The oxygen vacancies can move around in the BiT layer when
we apply an electric field, changing its polarization. (III) The oxygen vacancies can interact with the
boundaries between different regions of polarization in the BiT layer, changing its stability. Reprinted
with permission from [34].

Perovskite-based FeFETs are commonly used, but they cannot laterally scale down
below 180 nm. Indeed, a large thickness of the ferroelectric is needed to balance the memory
window, due to low coercive fields Ec [35]. FE-HfO2 offers a solution to this problem: it has
a high Ec of 1–2 MV/cm and can be scaled down in thickness [36]. In the next paragraph,
we will review this particular type of FeFET in more detail.

4. FeFET-Oxides/2D VdW

When building a FeFET, we have to consider the longevity of the memory capacity.
Indeed, how much memory is lost when the device is not in use, how the gate voltage
is spread, and how much charge is injected when writing data depend on the capacitive
voltage divider. This means that to make memory last longer and work better, the best
option is, as mentioned before, to have a high capacitance for the insulator and low
capacitance for the ferroelectric material. FeFETs based on FE-HfO2 can scale down better
than perovskite-based ones. This is because FE-HfO2 has low permittivity [36,37], showing
a fast switching spread (≤100 ns), switching voltages between 4 and 6 V, and data retention
for 10 years. However, for cycling endurance, the problem is that Fe-HfO2 has a high
Ec, making the electric field in the insulator very strong. This causes charge trapping
when writing data, primarily causing reduced data retention, especially with a very thin
interfacial layer [38]. However, recently, Tan et al. [39] demonstrated that even in this
compound, it is possible to achieve an endurance exceeding 1010 cycles. Despite the
promising results shown by oxide-based perovskite FETs, the scalability in terms of size
and therefore of an ever-increasing density of devices have made 2D materials increasingly
important in the realization of FeFETs. Some materials have very thin layers that can be
peeled off, like graphene, transition-metal dichalcogenides (TMDCs), and black phosphorus
(BP). These are called two-dimensional (2D) materials. They have amazing properties for
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structures, electronics, and optoelectronics [40]. They can help improve the performance
and functionality of conventional perovskite FeFETs.

For example, Wang et al. made a FeFET with Bi4Ti3O12 characterized by a regular
stacking of fluorite-like [Bi2O2](2+) slabs and perovskite blocks [A(n−1)BnO(3n+1)]

(2−) (with
n = 3) where the integer n indicates the number of BO6 octahedra that share corners and
form ABO3-type perovskite blocks [34,41]. They used this device to mimic a biological
synapse (see Figure 3). Indeed, the device can store different levels of conductance that fade
over time when exposed to light. This can be used for efficient vector–matrix multiplication.
Du et al. [42] also used a FeFET with MoS2 and BaTiO3 (perovskite) for neuromorphic
vision sensors. The device can sense different wavelengths of light and maintain the
conductance after the light is turned off. It is more sensitive to 450 nm of light than to 532
or 650 nm of light. This feature can be utilized for processing visual information (more
details on optical properties are given in the next paragraph). Recently, Puebla et al. found
that the poling of the BaTiO3 layer is crucial for the hysteretic behavior to perform electrical
measurements as a function of temperature. The hysteresis almost disappears when the
temperature is close to the transition from the ferroelectric to the paraelectric phase [43].

5. FTJ-Oxides/2D VdW

On the other hand, the FTJ is a device that consists of a very thin layer of ferroelectric
material between two electrodes, or interfaces, which are different. The switching of
polarization, by applying an electric field, changes the barrier height that electrons must
cross when tunneling through the device. This barrier height affects the device’s resistance,
which can be either high or low, depending on the polarization direction. This is known
as the resistive switching effect, and it can be used to store information in the FTJ without
destroying it. The tunneling electroresistance (TER) effect measures the change in resistance
when the polarization is switched. It is usually between 10 and 100 times [44]. There
are two ways to achieve a very high TER: the first is to use a barrier with strong electric
polarization, and the second is to use a material (like a semiconductor) as the electrode,
thereby modulating the barrier width and thickness through field-induced carrier depletion.
A good FTJ is expected to show a retention time of up to 10 years and a very high cycling
endurance of >1014. Recently, researchers have found ways to significantly increase TER,
to more than 104. One way is to use BiFeO3 as the ferroelectric, which has a much larger
polarization [45,46]. However, to improve FTJs for scaling, the ferroelectric layer should be
very thin. Even in this case, the implementation of 2D materials with perovskite oxides
in FTJ has been studied. Li et al. made an FTJ with MoS2 as a semiconductor electrode
and BaTiO3 as a ferroelectric layer [47]. The polarization of BaTiO3 can change the band
alignment and the carrier properties of MoS2, significantly varying the tunneling current.
MoS2 can change its conductivity more than graphene when the polarization of BaTiO3
switches, resulting in a very high ON/OFF ratio of 104. The FTJ also depends on the
interface between BaTiO3 and MoS2. Some molecules can affect the polarization of BaTiO3
because the interface with MoS2 is generally realized under ambient conditions. So, if
NH3 molecules make the polarization more stable, H2O molecules (a layer of water at the
interface) make it less stable. As we have reported before, 2D materials seem to play an
important role in the development of new devices. In particular, research is focused on 2D
VdW ferroelectric materials, due to their very thin layers, ability to switch polarization with
electric fields, and special structure that makes them easy to stack together. This makes
them ideal for FeFET and FTJ devices. Many 2D materials have been predicted to possess
this property theoretically, but only a few have been confirmed experimentally. About
ten 2D ferroelectric materials have been tested thus far: WTe2, d1T-MoTe2, SnTe, CIPS,
BA2PbCl4, α-In2Se3, β-In2Se3, 2Hα-In2Se3, SnSe, and SnS [11,12,48–53].

Generally, the performances of FeFET and FTJ can differ depending on whether we
have a two- or three-terminal device (see Figure 4). In the following, the differences between
these two types of devices are described, with an emphasis on how 2D VdW ferroelectrics
can be utilized to enhance device performance.
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(a)

Three terminals

(b)

Two terminals
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Figure 4. Schematic representation of the device structure with (a) three terminals and (b) two terminals.

Two-terminal devices with 2D ferroelectrics feature the FE layer sandwiched between
two electrodes. The polarization in the FE layer depends on the voltage pulse applied to
the top electrode. For example, if the pulse is positive, the polarization points downward,
attracting the negative electrons in the substrate to the interface and making the depletion
width smaller, as shown in Figure 5a. On the contrary, when the pulse is negative, the
polarization points upward and repels the electrons in the substrate away from the interface,
making the depletion width larger, as shown in Figure 5b. The bound charges at the
interface are not fully screened by the electrons, creating a depolarization field that opposes
the polarization. This leads to energy band bending at the interface, as shown in Figure 5.
The potential barrier should be higher when the pulse is negative than when it is positive.
This implies that electrons can cross the depletion region more easily when the pulse is
positive, due to the lower barrier and narrower width, switching the device to a low-
resistance state. When negative pulses are applied repeatedly, the device will develop an
opposite polarization that grows larger over time. This will increase the depletion width
and barrier height, leading to higher resistance. Conversely, the device will start with
upward polarization and high resistance when it receives negative pulses. Then, if positive
pulses are applied, the resistance will decrease as the amplitude of the positive pulses
increases. This demonstrates how FE polarization affects the depletion width and potential
barrier height, creating memristive behavior in the sandwich structure.
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Figure 5. Metal layer (Pt), a layer that can change its electric polarization (ferroelectric), and a layer
that can change its resistance (NSTO), can store information in two different states. In (a,b), it is
shown how the electric charges are arranged in the device when it is in the low-resistance state
and the high-resistance state, respectively. In (c,d), the energy levels of the different layers change
when the device switches from low to high resistance are proposed. Reprinted with permission from
ref. [54].

The three terminals of FeFET devices are the gate, source, and drain, and they offer
some advantages over two-terminal devices; three-terminal FeFETs can write and read
data in different ways, making it easier to adjust their power consumption. When spikes
are applied, the electric field changes the direction of the polarization domains in the
ferroelectric film. The polarization domains change increasingly as more spike pulses are
applied. This affects the number of electrons in the channel region, which in turn alters the
channel conductivity. Many researchers have utilized 2D materials for the channel to create
FeFETs that can function like synapses. They combined 2D materials with various types of
ferroelectrics, such as conventional ones (Zr-doped HfO2, P(VDF-TrFE), PZT) or 2D ones
(CIPS and α-In2Se3). Next, we will review some of the latest three-terminal ferroelectric
memory devices based on 2D materials, and how they change performance compared to
two-terminal devices [55–59].

6. 2D VdW-2 Terminals Devices

α-In2Se3 is a material that has both IP and OP ferroelectricity, meaning it can have
electric polarization in different directions. It retains this property even when it is very thin,
down to a single layer, and can operate at high temperatures above 200 °C [13,51,60–62].
It also has a semiconductor bandgap of about 1.39 eV, which makes it suitable for pho-
todetection [63]. With its excellent optoelectronic properties, it can be used to create
photo-transistors with a high gain of about 105 A/W [64]. Because of these features, α-
In2Se3 can be used in various devices, such as FeFETs, where it acts as the ferroelectric gate
layer, FeFETs, where it acts as the ferroelectric semiconductor (FS), and FS junctions, where
it forms a junction with another semiconductor, like β-Ga2O3 [65]. Liu et al. [66] developed
photodetectors with ferroelectric reconfigurable dark current and responsivity based on
α-In2Se3. By using both the ferroelectric and semiconductor properties of α-In2Se3, combin-
ing three-terminal FeFETs into a two-terminal device structure with crossbar geometry, the
device showed memristive behavior, where the conductance was controlled by changing
the height of the Schottky barrier induced by the OP ferroelectric polarization (Figure 6).
They found that the dark current could be reduced by 50 times from 660 nA in the Pup state
to 14 nA in the Pdown state. The responsivity can also be adjusted accordingly from 5 to
241 A/W. Moreover, they observed that the α-In2Se3 FSJs have excellent optoelectronic
properties, such as a fast response speed of 43 µs and a wide response spectrum from
visible to 980 nm.

Another widely studied 2D FE material is CuInP2S6 (CIPS). Its crystal structure is
characterized by Cu and In cations filling the octahedral sulfur cages, with P–P pairs



Solids 2024, 5 53

occupying the voids (see Figure 7). CIPS has been reported to exhibit room-temperature
ferroelectricity [12]. Bochang Li et al. [67] have fabricated ferroelectric diodes based on 2D
ferroelectric CIPS, showing strong resistive switching behavior with a switching ratio of
more than 6 × 103. The diodes can emulate key synaptic features, proving their potential for
neuromorphic computing system applications. The energy consumption per spike is only
5.63 pJ. Moreover, the diodes have minimal cycle-to-cycle variability. A retention study
shows a switching ratio of 28 after 2100 s, confirming that the diodes can emulate long-term
potentiation and depression. In particular, the authors constructed a 3 × 3 CIPS crossbar
array with good consistency among all devices, which can demonstrate pattern learning
and memory behaviors.

Figure 6. The device uses three thin layers of different materials: the top layer is single-layer graphene
(SLG), the middle layer is a-In2Se3, the bottom layer is few-layer graphene (FLG). In (a,b), the device
is shown. In (c,d), the thickness and the structure of each layer are measured via scanning with a tiny
probe. In (e,f), the a-In2Se3 layer shows the property of changing the polarization. Reprinted with
permission from ref. [66].

(a)

(b)

Figure 7. The atom arrangement in CCPS, a material made of copper, chromium, phosphorus, and
sulfur. In (a) we can see how the different layers of atoms are stacked on top of each other. In (b), we
can see how the atoms are distributed within each layer. The colors used to represent the atoms are as
follows: green for copper, blue for chromium, red for phosphorus, and yellow for sulfur. Reprinted
with permission from ref. [67].
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7. FeFET-2D VdW-3 Terminals Devices

Among three-terminal devices, an interesting work by Xuhong Li et al. [68] is note-
worthy. They have successfully developed a new 2D gate dielectric material, In2Se3−xOx,
by exposing α-In2Se3 to oxygen plasma in a process compatible with complementary metal–
oxide semiconductor technology. This dielectric material enables the fabrication of an
all-2D FeFET that integrates sensing, memory, and computing functions. It has excellent
properties, such as an equivalent oxygen thickness [69] of less than 0.15 nm, and a leakage
current of less than 2 × 10−5 cm−2 at a gate voltage of 1 V. Using this dielectric layer along
with the α-In2Se3 ferroelectric gate material, they achieved an all-2D FeFET photodetector
with high performance, including a high on/off ratio (≃105) and detectivity (≤1013 Jones),
demonstrating a multifunctional retinomorphic sensor device based on this photodetector.

In the field of three-terminal devices, the use of 2D FE organic materials is notewor-
thy. Zhaoying Dang et al. [70] showed how the ferroelectric copolymer P(VDF-TrFE), an
organic ferroelectric material known for its low crystallization temperature, easy fabrica-
tion method, and high flexibility [71,72], can be used to create three-terminal ferroelectric
synaptic transistors with p-type doping and high mobility. Their FeFETs boast a high
mobility of 900 cm−2V−1s−1 and a large on/off ratio of 103, consuming very low energy
per pulse event, making them ideal for artificial synapses (see Figure 8). In particular, they
demonstrated that these FeFETs are different from previous polymer-based FeFETs on 2D
semiconductors with van der Waals (VdWs) interface contact, which typically used low
mobility 2D nanosheets, such as ambipolar MoTe2 or n-type MoS2, and had small conduc-
tance variations [55,73]. Indeed, they developed FeFETs that achieve high performance
and low energy consumption. They switch on/off with a large ratio and maintain high
mobility under a small voltage, using only about 40 fJ of energy per event. They can also
emulate various synaptic plasticity and memory consolidation processes by updating their
synaptic weights, demonstrating that this device offers a promising approach to creating
an energy-efficient and highly integrated artificial neural system.

Figure 8. A device using two organic materials, copolymer poly(vinylidene fluoride-trifluoroethylene)
P(VDF-TrFE) and black phosphorus (BP), to create a memory element that can store information
by switching its electric polarization, is shown. P(VDF-TrFE) is a polymer that can change its
polarization by applying an electric field, and BP is a thin layer that can conduct electricity. Reprinted
with permission from ref. [70].

8. Optoelectronic Devices

Two-dimensional (2D) materials have band gaps ranging from 0 to several eV, enabling
them to interact with electromagnetic waves from deep ultraviolet to microwaves [74–78].
The radiative recombination lifetime between electrons and holes, and the optoelectronic re-
sponse can be influenced by the reduced dimensionality and the weaker dielectric screening
effects of 2D materials [79]. Furthermore, 2D materials have no surface dangling bonds and
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are only one atom thick, making them easy to integrate with any substrate through VdW
forces without lattice matching. The photonic and optoelectronic properties of these VdW
materials can be enhanced by adjusting the number of layers, thicknesses, and intercalation
to modify the band structure. This makes them suitable for creating various photonic and
optoelectronic devices, such as photo-emitters, photodetectors, optical modulators, sensors,
and nonlinear optical devices [80,81]. Therefore, 2D materials are a major trend in photonics
and optoelectronics. However, challenges exist in using 2D materials for these devices,
such as limited spectral range, weak light absorption, and short interaction length between
light and matter [74]. To overcome these challenges, many researchers have experimented
with different device structures, such as combining 2D materials with other smart materials
(like dielectrics, semiconductors, metals, and organic materials) to form hetero-junctions. A
promising choice of smart materials in this direction is ferroelectrics: their spontaneous and
switchable electric polarization is ideal for achieving full control of device behavior and
properties by external electric fields [82]. Interesting features of ferroelectrics include the
strong inverse piezoelectric effect and a generally large dielectric coefficient. Additionally,
previous studies have shown that ferroelectric polarization can be influenced by suitable
incident light pulses [83], opening the route to ultrafast control of electric properties. By
applying electric fields to 2D material/ferroelectric hetero-structures, the photonic and
optoelectronic performances of these materials can be modulated. In recent years, an
increasing number of hybrid systems combining 2D materials with ferroelectrics have been
used to create high-performance photonic and optoelectronic devices. Thus, ferroelectrics
can enhance the photonic and optoelectronic performances of 2D materials.

Prominent examples of these hybrid systems are graphene/FE overlayers. By using
ferroelectrics as gate dielectrics instead of standard insulating dielectric layers, the mobility
of graphene can be effectively improved. This improvement enables the creation of a tun-
able long-wave infrared photodetector based on the principle that the periodic polarization
of ferroelectric domains can apply a local electric field at the interface between the ferro-
electric layer and graphene. Consequently, the graphene plasmonic photodetector achieves
ultra-high responsivity over a broad infrared detection range at room temperature [84]. The
nanoscale ferroelectric domains also aid in regulating the carrier density in graphene, tuning
its optical and electronic properties, and enhancing its absorption of incident photons [85].
Additionally, local ferroelectric polarization can be induced using laser irradiation on
LiNbO3, which produces thermal currents due to the pyroelectric effect. Therefore, the
accumulated charges injected into the graphene surface result in a p–n junction. The forma-
tion of this p–n junction through doping improves the light-detection capability of devices,
offering a wide detection range and high responsivity and detectivity [82]. Thus, combining
graphene with ferroelectrics may enable future explorations and applications in photonics
and optoelectronics, such as non-volatile memories, photodetectors, and photo-transistors.

Another recent example of hybrid systems includes those composed of Fes and black
phosphorus (BP). BP is a direct semiconductor with a bandgap ranging from 0.3 eV to 2 eV,
boasting good photoelectric properties across a wide spectral range, from mid-infrared to
visible wavelengths. When combined with Fes to construct ferroelectric field-effect transis-
tors (FeFETs), BP-FeFETs generally exhibit high linear mobility values and high on/off ID
ratios, making them suitable for nonvolatile memory devices [86,87]. By controlling the FE
polarization, the FeFET device can display different photo-response modes of positive and
negative photoconductivity at various polarization states. The net photocurrent can be used
as the readout signal, offering extreme stability compared to electrical reading in conven-
tional FET memory devices. As a result, the photoelectric-type FeFET memory device can
exhibit reliable data retention and fatigue performance with very low energy consumption.

BP is not the only possible choice for constructing field-effect transistors. For instance,
bismuth-layered oxyselenide (Bi2O2Se) is an emerging material with high electron mobility
and ultrafast, highly sensitive properties across a broad optical spectrum, holding great
potential for optoelectronic and electronic applications. Moreover, 2D ferroelectric FETs
can be realized by epitaxially growing a Bi2O2Se film on PMN-PT substrates [88]. The
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polarization state of PMN-PT in FeFETs can modulate the carrier density of the Bi2O2Se
film, allowing it to respond to both optical and electrical excitations. The device exhibits
a polarization-dependent photo-response under visible and infrared light illumination,
enabling reversible and nonvolatile manipulation of carrier density through the switching
of ferroelectric polarization at room temperature.

It is worth mentioning that organic ferroelectric compounds have been exploited for
optical applications too. In this case, the ferroelectric top layer is designed to suppress
dark current and enhance photo-responsivity. For instance, ferroelectric poly(vinylidene
fluoride-trifluoroethylene) (P(VDF-TrFE)) has been shown to significantly increase the
photo-responsivity of InAs-based mid-infrared photodetectors [89], MoS2- and MoTe2-
based photodetectors [90], and InSe-based photodetectors [91].

Moreover, van der Waals ferroelectrics have attracted considerable attention in recent
years [92]. VdW forces offer the intriguing possibility of combining 2D semiconductors with
2D ferroelectrics, creating 2D vertically stacked hetero-structures. These heterostructures,
held together by van der Waals forces without any dangling bonds and free from lattice mis-
match issues, allow for more flexibility than traditional hetero-structures. The bidimension-
ality and spontaneous polarization of ferroelectrics can induce novel interface interactions
and carrier dynamics, enabling high-performance photonics and optoelectronics devices,
such as FeFETs with ultra-low power consumption, optoelectronic synapses with excel-
lent memory and logic functions, and ultrafast photodetectors with broadband response.
Among the 2D VdW ferroelectrics, In2Se3 and CuInP2S6 are typical examples that show
stable ferroelectric performance at room temperature. For example, in MoS2/CuInP2S6
hetero-structures [93], the FE polarization direction can determine whether positive or
negative charges are trapped at the interface, effectively changing the semiconductor from
n-type to p-type and vice versa. Also, the photoluminescence properties of MoS2 can be
adjusted by the field effect caused by charge injection during polarization switching, while
the photo-activity of MoS2 may affect the polarization behavior of CuInP2S6.

We have discussed how 2D materials and ferroelectrics can form hybrid systems with
remarkable photonic and optoelectronic features. For example, graphene can benefit from
the local electrostatic field induced by ferroelectric polarization in graphene–ferroelectric
heterostructures or graphene-based ferroelectric FETs. This field can enhance the carrier
mobility and photon absorption of graphene, leading to extremely high photo-responsivity
and detectivity. Furthermore, by switching the polarization direction of ferroelectrics,
we can tune the carrier concentration in graphene, creating a p–n junction that enables
broad-spectrum detection and high performance. Moreover, the remnant polarization of
ferroelectrics can reduce the energy consumption of the graphene/ferroelectric device.
Graphene can also be modulated by stress from ferroelectrics due to the inverse piezoelec-
tric effect, altering its band structure and electronic properties. This modulation strategy can
be applied to other 2D materials, such as TMDs. For example, in MoS2-based ferroelectric
TETs, ferroelectrics serve as the gate dielectrics and MoS2 as the channel. The ferroelectric
polarization generates a strong local electrostatic field on the MoS2 surface, enhancing
its carrier mobility and photo-response. The field can also separate the photo-generated
electron–hole pairs, significantly impacting the photo-gating effect on MoS2-based opto-
electronic devices, increasing the photocurrent, and achieving ultra-high photo-detectivity
at room temperature with low dark current. Ferroelectrics exhibit various physical phe-
nomena, such as ferroelectricity, piezoelectricity, dielectricity, and pyroelectricity, all of
which can be exploited to manipulate 2D materials with diverse functionalities. Despite
the increasing number of 2D material/ferroelectric systems studied and the remarkable
enhancement of 2D material properties achieved in recent years, the field of ferroelectrics
on 2D materials is still emerging, with many challenges remaining. These include enabling
2D nanodevice applications based on 2D material/ferroelectric hybrid systems.

Large-scale transfer of 2D materials is a common step in making 2D material/ferroelectric
nanodevices, which can affect the quality and performance of the 2D materials and needs
further research. The 2D material/ferroelectric interfaces are influenced by many factors
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(charge, strain, interface, surface trap states, etc.), and it is unclear how these factors change
with different 2D materials and ferroelectrics. The understanding of 2D material/ferroelectric
interfaces and the modulation of 2D materials by ferroelectric polarization is still incomplete.
The reliability and stability of 2D nanodevices based on 2D material/ferroelectric hybrid
systems need to be enhanced.

9. Nonstandard Applications
9.1. Magnon Electronics

Most of the 2D materials we have discussed so far exhibit only one type of ferroic
order, such as ferroelectric, ferromagnetic, or ferroelastic. However, interest in 2D materials
that possess two or more ferroic orders has recently grown. These are referred to as 2D
multiferroic materials, and they hold great potential for both scientific and technological
applications [6,94–97]. To make ideal multiferroics, different order parameters need to
be strongly coupled, allowing easy switching of electric polarization, magnetization, and
lattice strain by applying different external fields. Multiferroics have unique properties
due to the cross-coupling between the ferroic orders through magnetoelectric, piezoelectric,
or magneto-elastic interactions (see Figure 9). For example, in a multiferroic with both
ferromagnetic and ferroelectric orders, an electric field can change the magnetization, and
a magnetic field can alter the electric polarization. In a multiferroic with ferroelectric and
ferroelastic orders, stress fields can change the electric polarization, and an electric field
can modify the lattice strain. This allows for the design and construction of multipurpose
devices that meet the diverse and promising needs of individuals and industries. In this
framework, the research community has focused on multiferroic magneto-electric (ME)
materials, considered key to new dissipationless electronics. Here, magnons play a cru-
cial role. Magnons are quasi-particles associated with the eigen-excitations of magnetic
materials known as spin waves, generally excited by magnetic fields. They are unique
in that the collective motion of spin can propagate, thus transferring a signal, even in
an insulating system [9], realizing information transport without ohmic losses (since no
electrons are transferred) and over macroscopic distances, especially when a spin spiral
order is defined; see Figure 10. The first example of devices based on magnons was re-
ported by A. Khitun et al. [2,98], who theoretically illustrated a magnon logic circuit based
on magneto-electric cells connected via spin-wave buses, consisting of ferromagnetic ma-
terials. They estimated and compared both CMOS and magnonic circuits. Since 2011,
significant research efforts have been focused on magnon-based logic circuits. Indeed,
Manipatruni et al. [99] showed how to switch and read magnetoelectric states and found
that devices based on the ME effect use significantly less energy (10 to 30 times), less voltage
(5 times), and offer more logic density (5 times) for switching. Additionally, they can main-
tain their state without power, important for modern computing. Kuzmenko et al. [100]
found that magnetic waves in a type of iron compound (SmFe3(BO3)4) can be controlled by
both electric and magnetic fields. They showed that the terahertz radiation produced by
these waves can be switched on and off by an electro-magnetic field, as the field changes the
direction of the spins, affecting how the waves are generated in the iron compound. These
example are based on 3D oxide films, but even in this case, the challenge of miniaturization
is pushing scientists to verify if it is possible to find 2D multiferroics. Some studies using
basic theory showed that multiferroics can indeed exist in 2D form; however, experimental
results are still lacking. For example, Thuc T. Mai et al. [101] explored how two types of
vibrations, related to the magnetic order (magnons) and atomic motion (phonons), can
interact in a layered material called MnPSe3. This material’s magnetic moments align
in the same direction within each layer but oppositely between adjacent layers. Using
advanced quantum mechanics principles, they calculated how these vibrations behave,
demonstrating that Raman scattering can observe magnon–phonon interactions. More
recently, Wang et al. [102] showed that in layers of CuCrP2S6 characterized by both ferro-
electric and ferromagnetic orders, it is possible to control in-plane anisotropy of current,
magnetism, and magnon modes by changing electric polarity, temperature, and magnetic
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field. This finding opens up new perspectives in the use of 2D multiferroics for applications
like artificial bionic synapses, multi-terminal spintronic chips, and magnetoelectric devices.

Figure 9. Representation of how magnetic anisotropy is switched by ferroelastic strain in CrSBr, CrSI,
and CrSCl monolayers. Reprinted with permission from ref. [103].

Figure 10. Schematic representation of the spin-wave state, anti-aligned state, and spin-
polarized state.

9.2. Surface Acoustic Waves

Light particles, or photons, are too large to probe the tiny features of some new
materials, such as patterns of electric charge or twists and turns of atomic layers. To
overcome this limitation, we can use sound instead of light. This is achieved by sending
surface acoustic waves (SAWs) along the surface of a special material that converts sound
into electricity (see Figure 11). Traveling along the surface of a solid material without losing
much energy, SAW can control devices that work with electricity and light. These sound
waves are very small and affect only the top layer of the material. They are also easy to
create, detect, and manipulate. They can interact with other types of waves or particles in
the material, such as light, electricity, magnetism, or spin [104,105] . Sound waves traveling
along the surface of a solid material are fast and small. They have the same frequency as
light waves but are much shorter. This allows them to be used in creating devices that are
very small and compact [106].

One-atom-thick 2D materials have a large surface area that can interact with other
elements. This makes them highly effective for devices utilizing sound waves. SAW
can alter how these thin materials interact with light and vibrations, creating new effects
and ways to move particles. These devices can be used for processing and transmitting
information with electricity and light. SAW also generates electric fields that can influence
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the electric charges in thin materials. Many researchers are exploring the interaction
between SAW and thin materials, discovering various effects like the acousto-electric
effect [107], which happens when sound waves control thin materials. They have also
predicted other effects, such as the valley spin-acoustic resonance [108] and the acoustic
spin Hall effect [109], which have not been experimentally tested yet.

+

-

Figure 11. Schematic overview of surface acoustic waves; details in the main text.

With the explosion in 2D material research, compounds like MoS2 and WSe2 are widely
used in SAW-based optoelectronic modulation devices. For example, Zheng et al. [110] made
a device comprising a BP–MoS2 van der Waals heterojunction, two thin materials stacked
together. They investigated the impact of SAW on the device’s light response by measuring
the electric current produced by light in the device. They discovered that the photocurrent
was 103 times higher than when the SAW was off. On the other hand, Datta et al. [111]
studied the effect of SAW on the light emission of a very thin WSe2 film. They found that
the sound waves altered the energy levels of the material, facilitating the separation of
light particles. In summary, sound waves can modify how various materials and structures
interact with light and electricity by altering their energy levels. The open question is
how the use of 2D FE materials can contribute to this field. We believe that by utilizing
the coupling between 2D ferromagnetic and FE or 2D multiferroics, it will be possible to
conceive a reconfigurable device using SAW.

10. Conclusions

In the future, we hope to witness more discoveries of 2D ferroelectric and multiferroic
materials, a deeper understanding of their physics, and the design of more devices utilizing
the enhanced properties of 2D compounds. We have reported that it is possible to obtain
FeFET and FTJ devices based on 2D VdW with performances comparable to well-known
ferroelectric oxides at low dimensions. Simultaneously, there is potential for further im-
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proving these devices using 2D multiferroic materials, opening new opportunities for
magnon spintronics. However, current research on 2D multiferroics is predominantly
theoretical, and the experimental aspect is significantly lacking. Optoelectronic devices
based on this new class of materials are likely to change, at least in part, the landscape
of current technologies, but there is still a long journey ahead. In particular, all factors
that can influence desired performances (charge, strain, interface, surface trap states, etc.)
are not yet perfectly understood, and it remains unclear how these factors may change
when different 2D materials and ferroelectrics are combined. Additionally, the reliability
and stability of 2D nanodevices based on the 2D material/ferroelectric hybrid system still
need to be validated outside of laboratory settings. It is crucial to explore and develop new
2D materials/ferroelectric devices. These issues and challenges are significant for both
fundamental research and practical applications. Integrating 2D materials and ferroelectrics
can lead to novel nanodevices and enhance the properties of 2D materials, benefiting the
photonic and optoelectronic industries.

New physics can arise from combining 2D materials, considering that ferroic order
can interact with other properties, namely: (1) ferromagnetic (FM) ordering, (2) spin–
orbit coupling, (3) topological quantum phases, and (4) the coexistence of metallicity and
ferroelectricity in 2D materials.

Let us comment on each point separately:

(1) Combining 2D FE materials in FE/FM heterostructures, it is possible to overcome
the difficulties in researching natural 2D multiferroic materials, which allow the
electric manipulation of magnetic properties [112]. At the same time, this can lead to
unknown interactions at the interface, and consequently, to new functionalities and
technological devices.

(2) Materials with 5d electrons are suitable for investigating the interaction between FE
order and spin–orbit coupling [113], as they can exhibit strong spin–orbit coupling
effects. Furthermore, the nonvolatile control of topological states, such as the transition
from topological to trivial states induced by polarization, can be achieved in 2D
systems where FE order and topological features are linked [114].

(3) It is possible to observe unexpected phenomena when combining ferroic order with
2D topological insulators. It is well known that structural symmetry breaking is
associated with the emergence of dipole polarization, meaning that combining FE and
a topological phase could allow for the observation of Rashba splitting and potentially
the control of spin vortex and valleytronics features [115].

(4) Ke et al. [116] reported that by stacking 2D ferroelectric materials α-In2X3 (X = S,
Se, Te), for example, where the polarization points out of the plane, it is possible to
change the depolarization field and adjust the band gap. In this way, they claim that
this creates ferroelectric metals with switchable polarization, high carrier mobility,
and high electrical conductivity, controlling the metallic surface state by altering the
number of layers or applying an external voltage. This work opens a new path to the
smart design of electrocatalysts without transition metals, offering high-quality and
voltage-switchable electrocatalysis.

In conclusion, in our study, we collected the latest discoveries on 2D ferroelectric
materials and their applications. We have found that research in the FE domain is rapidly
growing but still relatively scarce, indicating that the area requires more exploration, and
many important findings are still on the way. Ferroelectricity is, and will increasingly be in
the future, one of the main characters on the stage of advanced technologies. With time,
investments, and efforts, the technological potential of 2D ferroelectrics is limitless.
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