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ABSTRACT
Photonic and optoelectronic devices have been limited in most two-dimensional (2D) materials. Researchers have attempted diverse device
structures, such as introducing some ferroelectric materials to form new hybrid materials that could improve the performance of these 2D
devices. Ferroelectrics might adjust the carrier concentration, mobility, and bandgap of 2D materials to achieve non-volatile control of the
photonic and optoelectronic properties. On the other hand, ferroelectrics have a spontaneous electric polarization that occurs below the
Curie temperature and reverses under an applied electric field. The polarization can be modulated via incident light, while the light wave-
lengths can be tuned through switching the electric polarization. This could improve the performance of 2D photonic and optoelectronic
devices. We believe that 2D materials, as an emerging member of 2D/ferroelectric hybrid materials, will have great potential in photonics
and optoelectronics thanks to their tunable bandgap. Here, we provide a perspective of ferroelectrics on 2D materials for photonics and
optoelectronics. We discuss the concept of ferroelectrics and their fundamentals and then present their unique advantages in optoelectronic
devices.
© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0094965

I. INTRODUCTION

Since Geim successfully prepared graphene through mechani-
cal exfoliation in 2004, two-dimensional (2D) materials formed with
weak interlayer van der Waals forces and strong intralayer covalent
bonds have attracted widespread attention.1,2 The most noticeable
among these 2D materials are transition metal sulfides (TMDs),
graphene, black phosphorus (BP), and MXenes.3–9 In recent years,
search on 2D materials has dramatically increased with the efforts

of many researchers, and they have become a research hotspot
worldwide.

Unlike their bulk parents, 2D materials exhibit unique pho-
tonic and optoelectronic properties due to their diverse electronic
structures and bandgap structures. Several of the 2D materials
with abundant bandgaps ranging from 0 to several eV provide
ultra-broadband light–matter interactions from deep ultraviolet to
microwave.10–17 In addition, the radiative recombination lifetime
between electrons and holes and the optoelectronic response can
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be affected by the reduced dimensionality and associated reduced
dielectric screening effects of 2D materials.18 Moreover, the char-
acteristics of 2D materials without surface dangling bonds and the
atomic thickness make it easier to be integrated with any substrate
through van der Waals forces without lattice matching, suggest-
ing the facile realization of multi-functional photonic and opto-
electronic devices, including photoemitters, photodetectors, optical
modulators, sensors, and nonlinear optical devices,19–35 as shown
in Fig. 1. Therefore, 2D materials become a main stream trend in
photonics and optoelectronics.

Despite providing access to novel photonic and optoelectronic
devices, the limited spectral range or relative weak light absorption
and the short interaction length between light and matter cannot be
ignored. Thereby, the ability of photonic and optoelectronic devices
has been limited in most 2D materials.19,36,37 To address these
issues, many researchers in related fields have attempted diverse
device structures, such as introducing some other smart materials
to form a heterojunction with 2D materials, which could improve
the performance of 2D photonic and optoelectronic devices.38–43

Ferroelectrics, as one of the smart materials, have a spontaneous
electric polarization that occurs below the Curie temperature and
reverses under an applied electric field. As reported previously, fer-
roelectric polarization can be modulated via incident light, while
the light wavelengths can be tuned through switching the electric
polarization.44 Thereby, ferroelectrics can be utilized to improve the
photonic and optoelectronic performances in 2D materials.

II. FUNDAMENTALS OF FERROELECTRICS
Ferroelectrics with robust spontaneous electric polarization

have two or more discrete stable or metastable polarized states in
zero applied electric field, and these polarized states can be switched

between each other under applied electric stimuli. Generally speak-
ing, the concept of electric polarization is crucial to understand
ferroelectricity. The electric polarization is associated with the sepa-
ration between negative and positive charge centers along a specific
direction of the crystal, which is defined as the electric dipole
moment. The dipoles in the crystal can be reoriented to align by
an applied electric field; therefore, the polarization direction can be
changed under an external electric field.45 The characteristics of the
electric polarization in the ferroelectric response to an applied elec-
tric field are usually featured by hysteresis loops (P–E curves). As an
effective and simple tool, the ferroelectric polarization measurement
resulting in a P–E curve is the most common way to understand
ferroelectrics, as illustrated in Fig. 2(a). The ferroelectricity of the
crystal exists only in a certain temperature range. The spontaneous
electric polarization disappears above a critical temperature, accom-
panied by the disappearance of the hysteresis loop. At this time,
the crystal exhibits a structural transition from a polar ferroelectric
phase to a non-polar paraelectric phase associated with a high sym-
metry structure, as shown in Figs. 2(b)–2(d). The phase transition
might be first or second order, corresponding to polarization drop-
ping to zero suddenly or gradually at phase transition temperature.
This temperature is called the Curie temperature or Curie point.45

It is important to note that all ferroelectric materials have their own
Curie temperature.

Typically, ferroelectrics are insulators with asymmetry in the
crystal structure. According to the symmetry in crystallography,
ferroelectrics exist only in crystals with a unipolar axis. Of all 32
crystallographic point groups, only ten have special polar orienta-
tions, namely, 1, 2, m, mm2, 4, 4mm, 3, 3m, 6, and 6mm.46 For all
ferroelectric crystals, their structures should belong to one of these
ten point groups. The first discovery of ferroelectricity was reported
in Rochelle salt in 1921 by Valasek. Several years later, a new sys-
tem KH2PO4 (KDP) was discovered as a ferroelectric.47 The modern

FIG. 1. 2D materials in photonics and
optoelectronics.
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FIG. 2. Characteristics of ferroelectrics: (a) and (b) hysteretic response and phase transition of ferroelectrics, (c) electric polarization response curve of paraelectrics, and
(d) corresponding crystal structures of paraelectric and ferroelectric phases.45

era for ferroelectricity can be traced back to the Second World War,
accompanied by the discovery of a simple perovskite BaTiO3 (BT).
So far, thousands of ferroelectrics have been discovered, and the typ-
ical ferroelectrics include inorganic perovskites (such as BaTiO3),
organic polymers (such as PVDF, polyvinylidene fluoride), per-
ovskite molecular ferroelectric semiconductors (such as MAPbI3),
and 2D van der Waals materials (such as In2Se3).48–52

As a subset of pyroelectrics and piezoelectrics,53 ferroelectrics
also exhibit other functional properties, such as piezoelectricity,
dielectricity, pyroelectricity, and related effects (e.g., acoustic-optical
effects, electro-optical effects, nonlinear optical effects, and photore-
fractive effects). The varieties of types and properties have made
them particularly suitable for various applications.

III. MECHANISMS OF FERROELECTRICS
ON 2D MATERIALS

Ferroelectrics have a spontaneous electric polarization, which
can lead to dipole moments occurring in the direction perpendicu-
lar to the surface, resulting in net charges on the surface when the
applied field is zero. The surface chemistry of ferroelectrics can be
influenced in many ways as the bound charges are present on the
surfaces. It can also be modulated by the external electric stimuli
because of the ferroelectric polarization switching under an applied
electric field. In addition, the electric charge could accumulate in
ferroelectrics in response to applied mechanical stress and vice
versa, which can lead to producing a local electric field or mechani-
cal deformation. Thus, the interaction mechanisms of ferroelectrics

on 2D materials are mainly divided into three categories: inter-
face charge effect, lattice strain effect, and carrier injection derived
doping effect.

A. Interface charge effect
It is well known that field-effect transistors (FETs) have been

widely used in numerous areas of the electronics industry. Most
of the combinations of ferroelectric materials and 2D materi-
als are based on the ferroelectric FET structure, which can be
applied to sensors, memory devices, photodetectors, and pyroelec-
tric detectors.54–58 For transistors based on 2D materials that act
as channel semiconductors, ferroelectrics can be used instead of
dielectric materials as gate dielectrics in FETs.59–62 Park et al.59

reported a graphene monolayer on a h-BN FET-based ferroelec-
tric PMN-PT {(1-x)[Pb(Mg1/3Nb2/3)O3]-x[PbTiO3]} substrate, as
shown in Figs. 3(a) and 3(b). The ferroelectric polarization field
could lead to charge-trapping at the interface between h-BN and
PMN-PT, which can affect the charge transport in a 2D material.
The bound charges that derived spontaneous polarizations of ferro-
electrics could produce an ultrahigh electrostatic field at the interface
between ferroelectrics and 2D materials, which can modulate the
background carrier concentration with different polarized direc-
tions. As a result, it can give rise to total depletion/accumulation of
carriers in the 2D material channel and depress the dark current,54,63

as shown in Figs. 3(c) and 3(d).
In addition, the ultrahigh ferroelectric field can modulate the

band structure of 2D materials.54,64,65 Wijethunge et al.64 con-
structed various configurations by encapsulating 2D materials using
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FIG. 3. Polarization derived interfacial charges on 2D materials: (a) schematic illustration of the ferroelectric FET; (b) cross-sectional view of the ferroelectric FET, including
the interfacial trap layer;59 (c) schematic illustration of the MoS2 photodetector; (d) schematic diagram of the device and corresponding energy band in different polarization
states;54 (e) electronic band structure of various bilayer graphene/In2Se3 heterostructures and their corresponding charge density differences;64 and (f) and (g) schematic
illustration of the transfer of photogenerated charges.67

2D ferroelectrics and investigated the band modulation in 2D mate-
rial/ferroelectric heterostructures. As shown in Fig. 3(e), charge
density arrangement and charge transfer at the contact surfaces
should be changed by polarizing the ferroelectrics, which can lead
to the modulation of the band structure. More interestingly, the
electrostatic field could separate the photoexcited electrons and
holes and prolong the carrier lifetime, thus improving the pho-
togain of 2D material-based photodetectors or enhancing pho-
tocatalytic reaction with highly efficient charge transfer, as illus-
trated in Figs. 3(f) and 3(g).66,67 Therefore, the devices that use a
local electric field generated by polarization to control the prop-
erties of 2D channel semiconductors can greatly improve per-
formance and enrich the functions. Additionally, ferroelectrics
also have excellent pyroelectric properties, that is, a change in
temperature makes their electrical polarization cause a difference
across the material and the interface charge distribution changes;
thereby, infrared light can be used to control the resistance of 2D

devices. Under infrared light, the thermoelectric response of fer-
roelectrics can transform into the resistivity modulation of the 2D
devices; thereby, it perhaps achieves room temperature infrared
detection.68

B. Lattice strain effect
The photonic and optoelectronic properties of semiconductors

can be significantly improved through tuning their band structures.
As mentioned above, the band structure can be modulated by using
ferroelectric-based 2D material/ferroelectric heterostructures owing
to different responses to each contact surface. In addition, strain
engineering is an effective strategy for tuning the electronic structure
and lattice of 2D materials and thus modulating the bandgap.69–72

Therefore, combining 2D semiconductors with ferroelectrics, the
energy bandwidth can also be tuned by strain engineering due to
inverse piezoelectricity for adjusting the crystal structure of the
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2D materials.42,73–77 As shown in Figs. 4(a) and 4(b), Hui et al.
developed an electromechanical device whose biaxial compressive
strain can be applied via a piezoelectric substrate to MoS2.42 When
an external electric field is applied to ferroelectrics PMN-PT, the
electric dipoles gradually tend to orient along the direction of the
applied electric field and cause the crystal to shrink or expand in
a certain direction. The in-plane strain of the ferroelectrics can be
transmitted to MoS2 of the adjacent layer through the interface,
thereby generating the lattice strain to tune the band structure.
The effect of tunable strain is also suitable for other 2D materials,
such as graphene [Figs. 4(c)–4(e)].74 The piezoelectric field-induced
strain engineering in the 2D materials opens an avenue to enhance
the performance of 2D optoelectronics. Compared to chemical
doping and defect engineering, the strain engineering provides a
non-destructive approach to modulate the band structure of 2D
materials.

C. Doping effect
The P–n junction is crucial for the preparation of 2D semicon-

ductor nanodevices with advanced functionalities, and the control
of its carrier type and concentration is needed. How to achieve
controllable doping of 2D semiconductor materials has become an
obstacle to the functionalization of devices. The current research
methods are generally insufficient. However, the remanent polar-
ization of ferroelectrics can be used to electrostatically dope 2D

semiconductors. Controlling the polarization direction of ferro-
electrics, the carrier injection can be modulated to realize p-type
and n-type doping.37,39,55,78 For example, Lv et al.39 reported local
patterned ferroelectric polarization that resulted in p–n doping in
MoS2 optoelectronic devices as shown in Figs. 5(a) and 5(b). The
ferroelectrics P(VDF-TrFE) are in contact with MoS2, which achieve
the carrier doping in MoS2 by local polarization. An AFM tip is
employed on ferroelectrics to switch the local polarization to engi-
neer the p- and n-type doping in MoS2. Guan et al.37 prepared
graphene-based LiNbO3 photodetectors, as shown in Fig. 5(c). As
the pyroelectric effect of ferroelectrics, laser irradiation can generate
local ferroelectric polarization on LiNbO3, which produces a ther-
mal current. However, it may generate a reverse current without
light [Fig. 5(d)]. The types of charges accumulated on both sides
of electrodes 1–3 and electrodes 2–4 are opposite, while the charges
accumulated by electrodes 1–2 and electrodes 3–4 are the same. The
accumulated charges doped at the graphene surface resulted in a p–n
type graphene homojunction. As illustrated in Fig. 5(e), p-type dop-
ing was performed at electrodes 1–3 and n-type doping at electrodes
2–4 on light.

IV. PHOTONICS AND OPTOELECTRONICS
OF FERROELECTRICS/2D MATERIALS

Since their discovery, 2D materials have been widely used in
photonics and optoelectronics. Until now, a mass of 2D materials

FIG. 4. Tunable strain of ferroelectrics on 2D materials: (a) schematic diagram of the PMN-PT/MoS2 hybrid system, (b) PL spectra of MoS2 under various strains,42 (c)
schematic diagram of the PMN-PT/graphene heterostructure, (d) PMN-PT (002) peaks of XRD with different bias voltages, and (e) 2D peaks of graphene at different bias
voltages.74
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FIG. 5. Ferroelectric polarization caused doping of 2D materials: (a) schematic diagram of a ferroelectric-coupled MoS2 device using an AFM tip as the poling electrode; (b)
coupling between upward polarization in ferroelectrics and carriers in MoS2, which can lead to accumulated holes near the interface;39 (c) optical microscopy image of the
graphene-based LiNbO3 photodetector; (d) charge distribution when the device is illuminated or not illuminated; and (e) photodetector at the p–n junction state.37

have been prepared and numerous unique optical and electronic
performances have been discovered. To be associated with layers
bound by weak van der Waals forces, the photonic and opto-
electronic performances of 2D materials should be optimized by
changing the number of layers, thicknesses, and intercalation to
tune the band structure. In addition to these, combining 2D mate-
rials with various other functional materials (such as dielectrics,
semiconductors, metals, and organic materials) can also expand
the fundamental and applied research of 2D materials. Among
these functional materials, ferroelectrics have been extensively stud-
ied because of their spontaneous electric polarization and strong
inverse piezoelectric effects, as well as the characteristics of the
large dielectric coefficient. Combining 2D materials with ferro-
electrics can take into account the advantages of both to improve
the optical properties of devices. By applying electric fields to 2D
material/ferroelectric heterostructures, one can achieve the mod-
ulation of the photonic and optoelectronic performances in 2D
materials. For the past few years, an increasing number of hybrid
systems combining 2D materials with ferroelectrics have been
used to produce high-performance photonic and optoelectronic
devices.37,44,54,62,79–83

A. Graphene/ferroelectric hybrid system

As the first member of the 2D family, graphene is widely used in
the research of FETs. Traditional FETs mainly use insulating mate-
rials, such as SiO2, as gate dielectrics. Graphene has been reported
to have electron mobilities ranging from 103 to 104 cm2 V−1 s−1

in the form of graphene/SiO2 FETs.84 Ferroelectric FETs fabricated
by using ferroelectrics as gate dielectrics instead of the insulat-
ing dielectric layer SiO2 can effectively improve the mobility of
graphene.38,85,86 Guo et al. proposed a tunable long wave infrared
photodetector based on the graphene/ferroelectric heterostructure.
They found that the periodically polarized ferroelectric domains
can apply a local electrical field at the interface of the ferroelectric
layer and graphene, which enables the graphene plasmonic pho-
todetector have the characteristics of an ultra-high responsivity of
7.62 × 106 A W−1 and a detectivity of 6.24 × 1013 Jones over a
broad infrared detection range of 5−20 μm at room temperature,87

as illustrated in Figs. 6(a)–6(d). The nanoscale ferroelectric domains
can facilitate the spatial regulation of carrier density in graphene,
which can tune the optical and electronic properties of graphene and
consequently enhance its absorption of incident photons.88
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FIG. 6. Graphene/ferroelectric hybrid systems: (a) diagram of the graphene photodetector, (b) ferroelectric domains control the electric field distribution in (a), (c) photore-
sponsivity and (d) detectivity of the device,87 (e) exfoliated graphene transferred onto the PMN-PT substrate, (f) diagram of in-plane biaxial strain applied to graphene, (g)
Raman features of graphene related to the biaxial strain,73 (h) schematic diagram of the pyroelectric bolometer based on graphene, (i) working mechanism diagram in (h),
and (j) simulated total absorption for the devices.68

The PMN-PT single crystal, as one of the ferroelectrics
with excellent piezoelectric properties, is widely used in optical
devices because of its electric and optical properties. As shown in
Figs. 6(e)–6(g), Ding et al.73 used the PMN-PT single crystal as
a piezoelectric actuator to provide tunable biaxial stresses (both
tensile and compressive) to single-layer graphene. The strain is
transferred to graphene through the interface, causing the Raman
peak position of graphene to shift linearly with both the ten-
sile strain and compressive strain, which can be used to tune the
band structures and electronic properties of graphene. Combining
graphene with the piezoelectric has been promised as an impor-
tant route to tailor the optoelectronic and electronic properties of
graphene.

Pyroelectricity, having temperature-sensitive polarization, is
also an important characteristic of ferroelectrics. For instance,
Sassi et al.68 demonstrated a mid-infrared photodetector based
on single-layer graphene (SLG) on the LiNbO3 crystal substrate

by depositing a floating gate, as shown in Figs. 6(h)–6(j). Under
IR radiation, LiNbO3 can generate a pyroelectric charge ΔQ on
capacitor C3, eventually leading to the modulation of SLG chan-
nel conductivity. As a result, a responsivity of ∼0.27 mA W−1 and
a large temperature coefficient of resistance (TCR) of ∼900%/K
are obtained. Additionally, as mentioned previously, Guan et al.37

found that local ferroelectric polarization can be achieved using
laser irradiation on LiNbO3 due to the pyroelectric effect, lead-
ing to graphene be doped by the positive or negative charges.
The formation of the p–n junction through doping graphene can
improve the light-detection capability of devices, showing a wide
detection range from 405 to 2000 nm and a high responsivity of
∼2.92 × 106 A W−1, as well as a high detectivity of ∼8.65 × 1014

Jones. Thus, combining graphene with ferroelectrics might enable
future explorations and apply for photonic and optoelectronic
applications, such as non-volatile memories, photodetectors, and
phototransistors.89–95
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B. Transition metal dichalcogenide/ferroelectric
hybrid system

Transition metal dichalcogenides (TMDs), as a member of 2D
materials, have a structure similar to that of graphene but with a
non-zero bandgap. TMDs are the compounds of type MX2 (M =W,
Mo, Pt, and Pd; X = S, Se, and Te). Numerous research studies show
that TMDCs are strain-tunable;6,71 thereby, TMDs, in particular, are
more favored for strain engineering, which can tune their electronic,
photonic, and spintronic properties. The strain generated by the lat-
tice mismatch between TMDs and the ferroelectric substrate can
tune the electronic structure and phonon spectrum.42

The ferroelectric field effect is also a basic research method for
tuning and improving the performance of TMDs. The essence of
the ferroelectric field to modulate the photoemission of 2D mate-
rials is to modulate the channel carriers. Many researchers have
combined the ferroelectrics with MoS2 to fabricate FET photoelec-
tronic devices. In these 2D devices, ferroelectrics are usually used as

the gate dielectrics.80,81,96,97 As illustrated in Fig. 7(a), Chen et al.96

designed a new type of FET using 2D MoS2 and P(VDF-TrFE).
The ferroelectric material P(VDF-TrFE) acts as the gate dielectric,
while MoS2 acts as the channel. The polarization of P(VDF-TrFE)
can produce an ultrahigh local electrostatic field on the MoS2 sur-
face, which is much larger than that generated by an external
gate voltage in other traditional FETs. Thus, it can facilitate the
enhanced carrier mobility of MoS2, which can achieve a broad
range photoresponse from visible to 1.55 μm and result in a high
sensitivity of 346.24 A/W under 20 nW illumination of 450 nm
[Figs. 7(b) and 7(c)]. In addition to MoS2, other TMD materials
have also been used to prepare ferroelectric FET devices with further
investigation.98–103 As a result, high performance can be achieved,
such as fast and stable photoresponse, low dark current, and broad
spectral range detection under light ranging from visible to near
infrared.

Negative capacitance behavior in ferroelectrics has so far
been promised to reduce the energy dissipation of electronics.

FIG. 7. TMD/ferroelectric hybrid systems: (a) schematic view of MoS2 ferroelectric FETs, (b) and (c) optical properties of MoS2 ferroelectric FETs,96 (d) schematic diagram
of negative capacitance MoS2 phototransistors, (e) Vg−Ids curves at Vds = 0.5 V in the dark and at various incident light powers, (f) dependence of threshold shifts on the
incident optical powers and photocurrent vs threshold shifts extracted from (e), and (g) mechanism of optical detection in the negative capacitance MoS2 phototransistors.63
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The voltage across the rest of the circuit can be enhanced by a
local negative capacitance. Negative capacitance FETs, as a new
type of structure, are expected to break through the Boltzmann
limit and address the power consumption requirements for increas-
ingly dense integrated circuits.63,104–106 On the other hand, the
electrostatic local field derived from ferroelectrics can separate
the photoexcited electron–hole pairs, resulting in a strong pho-
togating effect on 2D optoelectronic devices, which forces more
electrons to cross the energy barrier and forms photocurrent. Tu
et al.63 proposed and fabricated negative capacitance 2D MoS2
phototransistors using a ferroelectric Hf0.5Zr0.5O2 film in the gate
dielectric stack, as shown in Fig. 7(d). Under the influence of
the ferroelectric NC effect and ferroelectric electrostatic local field,
the MoS2 photodetectors exhibited an ultra-steep sub-threshold
slope of 17.64 mV/dec and an ultrahigh photodetectivity of
4.75 × 1014 cm Hz1/2 W−1 at room temperature with lower dark
current [Figs. 7(e)–7(g)].

So far, electrostatic doping by a non-volatile remanent polar-
ization electric field of ferroelectrics is considered as a potential solu-
tion to 2D TMD doping.39,55,56,79,101 As demonstrated in Fig. 8(a),56

both p- and n-type MoTe2 can be obtained via carrier injection
and form a lateral homojunction. The polarization state of the
ferroelectrics can modulate the carrier type. In detail, the polariza-
tion direction of ferroelectric copolymers P(VDF-TrFE) deposited
on MoTe2 was controlled using scanning probes, and then, the
p-type doping in MoTe2 was achieved by the accumulation of
holes or depletion of electrons in MoTe2, while the n-type dop-
ing occurs in the opposite direction. As a photodetector, the p–n
homojunction devices possess efficient self-powered detection and
good optoelectronic properties, such as high photoresponsivity, high
external quantum efficiency, fast response time, and high specific
detectivity [Fig. 8(b)]. Using this method, in the TMD/ferroelectric

hybrid system, lateral n–p, p–n, p–p, and n–n homojunctions can be
arbitrarily formed and altered via controlling the polarization state
of the ferroelectrics.

In addition to electrostatic doping, the non-volatile remanent
polarization electric field of ferroelectrics also leads to the non-
volatile multilevel memory effect, which can be used as synaptic
weight elements of neural network hardware.107–109 As shown
in Fig. 8(c), Luo et al.103 investigated a hybrid optoelectronic
2D memristive transistor consisting of a piezoelectric transducer
(PbZr0.2Ti0.8O3) as the gate dielectric and WS2 as the conducting
channel. The non-volatile ferroelectric polarization of PZT can
modulate the transport properties of WS2, while the light absorption
of WS2 can switch the ferroelectric polarization of PZT. The conduc-
tion states in the WS2 channel can be controlled by light and voltage
through the ferroelectric field effect. A short-term potentiation to
long-term potentiation transition induced by light occurs through
the enhanced memory retention with increasing light intensity
[Fig. 8(d)]. This is very similar to the memory retention of biological
memory systems. Thus, leveraging on the light-induced long-term
and short-term synaptic behaviors in hybrid optoelectronic 2D
memristive transistors, they can be used for neuromorphic visual
synaptic devices and to realize brain-like learning and memory.

C. Other 2D semiconductor/ferroelectric
hybrid system

Black phosphorus (BP), another direct bandgap semiconductor
with a bandgap from 0.3 eV to greater than 2 eV, exhibits good pho-
toelectric properties over a wide spectral range from mid-infrared
to visible wavelengths. Constructing ferroelectric heterostructures
by combining BP with ferroelectrics is usually expected to build
ferroelectric field-effect transistors. In general, the BP ferroelectric

FIG. 8. (a) Schematic of doping in MoTe2 using a PFM controlled polarization direction of P(VDF-TrFE). (b) Photoresponse of the p–n homojunction.55 (c) Schematic
diagram of 2D memristive transistors and mechanism of electrically and optically tunable WS2 channel conductance. (d) Memory retention and relaxation time depend on
the intensity of light.103
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FETs exhibited high linear mobility values and high on/off ID ratios,
which will be appropriate for nonvolatile memory devices.110–113

As shown in Figs. 9(a) and 9(b), Xie et al. designed and devel-
oped a non-volatile photoelectric memory device with “electrical
writing–optical reading” mode based on BP/PZT heterostructure
ferroelectric FETs. By controlling the polarization state of PZT, the
ferroelectric FET device exhibits different photoresponse modes of
positive and negative photoconductivities at various polarization
states. On the basis of the polarization-dependent photoresponse,
the net photocurrent can be used as the readout signal in the device,
and the optical reading in this device can be extremely stable com-
pared to the electrical reading in conventional FET memory devices.
Based on this, the photoelectric-type ferroelectric FET memory
device can exhibit reliable data retention and fatigue performance
with very low energy consumption.

The emerging bismuth layered oxyselenide (Bi2O2Se), bene-
fiting from high electron mobility and being ultrafast and highly
sensitive in a broad optical spectrum, has great potential for
optoelectronic and electronic applications. As shown in Fig. 9(c),

Yan et al.114 constructed 2D ferroelectric FETs with epitaxial growth
of the Bi2O2Se film on PMN-PT substrates. The polarization state of
PMN-PT in ferroelectric FETs can modulate the carrier density of
the Bi2O2Se film [Fig. 9(d)] and facilitate it to have a response
to external stimuli (including optical and electrical). Specifically,
the device exhibits a polarization-dependent photoresponse under
visible light and infrared light illumination [Figs. 9(e) and 9(f)],
demonstrating the application of devices for optoelectronic coinci-
dence detection. Thus, the reversible and nonvolatile manipulation
of the carrier density of 2D materials can be achieved through
switching the ferroelectric polarization at room temperature.

D. 2D semiconductor/2D ferroelectric hybrid system
In recent years, the van der Waals ferroelectrics have emerged

as a new class of ferroelectric materials.115–121 It is interesting to
combine 2D semiconductors with 2D ferroelectrics to form 2D het-
erostructures in one vertical stack. Held together by van der Waals
forces as free from dangling bonds, such heterostructures allow a far

FIG. 9. (a) Schematic diagram of BP/PZT heterostructure ferroelectric FETs. (b) Schematic illustration of a 6-cell photoelectric memory device.113 (c) Schematic diagram
of the Bi2O2Se/PMN-PT ferroelectric FET structure. (d) Schematic view of the manipulation of the electron carrier density of the Bi2O2Se film via polarization switching. (e)
and (f) Electronic properties of IR and visible light illumination on Bi2O2Se films.114
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greater number of combinations than traditional 3D semiconductor
heterostructures.122,123 The unique 2D heterojunction interface, as
well as the spontaneous polarization of ferroelectrics, enables exotic
interface interaction and carrier dynamics, which can lead to the
realization of high-performance photonics and optoelectronics, such
as ultra-low-power consumption ferroelectric FETs, excellent opto-
electronic synaptic behaviors for memory and logic operations, and
broadband ultrafast photodetection.65,124–131

As typical representatives of 2D van der Waals ferroelectrics,
both In2Se3 and CuInP2S6 demonstrate stable room tempera-
ture ferroelectric performance, which are important for practical

applications based on ferroelectrics. As shown in Fig. 10(a), Li
et al.131 studied the electrostatic coupling phenomena of vdW
MoS2/CuInP2S6 heterostructures. A lot of negative charges were
injected from the tip and trapped at the MoS2/CuInP2S6 interface
when polarization reversed to the upward state, whereas the positive
charges were injected with downward polarization. Charge injec-
tion during the polarization switching seems the governing field
effect, which can tune the photoluminescence and electronic perfor-
mances of MoS2. On the other hand, the polarization performance
of CuInP2S6 would be influenced by the photoactivity of MoS2. For
2D ferroelectric In2Se3, Guo et al.130 proposed an optoelectronic

FIG. 10. 2D semiconductor/2D ferroelectric hybrid systems: (a) schematic diagram of the MoS2/CuInP2S6 heterostructure, (b) photoluminescence mapping images of the
MoS2/CuInP2S6 heterostructure in the initial state after −6 and +8 V switching, (c) photoluminescence spectra of different polarization states, (d) corresponding microscopic
model of exciton and trion emissions for (b) and (c),131 (e) schematic illustration of the biological visual system, (f) structure of the optoelectronic synaptic device, (g) working
mechanism of the retina, (h) schematic diagram of the optoelectronic synaptic device under light stimuli to mimic the retina, (i) postsynaptic current triggered by a pair of light
pulses, (j) paired-pulse facilitation index vs light pulse interval time ∆t, (k) postsynaptic current triggered by several consecutive light pulses, (l) responses of postsynaptic
current under 10 light pulses with different wavelengths, and (m) Pavlov’s dog experiments under electrical and light stimuli.130
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synaptic device based on the 2D van der Waals heterojunction com-
posed of 2D ferroelectric In2Se3 and 2D semiconductor GaSe and
used it to mimic the biological visual system. The reversible spon-
taneous polarization of In2Se3 can be used to tune the conductance
of optoelectronic synaptic devices, thus realizing the simulation of
synaptic dynamics. The optoelectronic synaptic devices can not only
convert light stimuli into electrical signals but also recognize col-
ors like the retina as with the case of the wavelength selectivity. This
response characteristic of optoelectronic synaptic device is similar
to that of the retina under light stimuli. In addition, Pavlov’s dog
experiment was conducted using light pulses defined as food to cause
salivation and electrical pulses defined as bell to trigger a condi-
tioned response, which demonstrated the ability of the device to treat
complex optical and electrical inputs.

V. OPPORTUNITIES AND OUTLOOK
In this Perspective, we showed the photonic and optoelectronic

properties of the hybrid systems combining 2D materials with fer-
roelectrics. For example, in graphene–ferroelectric heterostructures
or graphene-based ferroelectric FETs, ferroelectric polarization can
apply a local electrostatic field to graphene to enhance carrier mobil-
ity and the absorption of incident photons, resulting in ultra-high
photoresponsivity and detectivity. Additionally, controlling the two
polarized directions of ferroelectrics, the carrier concentration can
be effectively modulated to realize p-type and n-type doping in
graphene to form a p–n junction, leading to a wide detection, high
responsivity, and detectivity. Moreover, since the remnant polar-
ization exists at zero electric field, the graphene/ferroelectric device
has lower energy dissipation. As graphene is also a stress-tunable
material, the band structure and electronic properties of graphene
can be modified by the provided stresses from ferroelectrics due
to the inverse piezoelectric effect in graphene/ferroelectric systems,
which can achieve the improvement of graphene performance. The
modulation of graphene combining it with ferroelectrics is also
applicable to TMDs and other 2D materials. For ferroelectric TETs
based on MoS2, ferroelectrics instead of traditional dielectrics act
as the gate dielectrics and MoS2 as the channel. The ferroelec-
tric polarization produces an ultrahigh local electrostatic field on
the MoS2 surface, which can facilitate the enhanced carrier mobil-
ity of MoS2 and achieve a broad range photoresponse and a high
sensitivity. Meanwhile, the local electrostatic field can separate the
photoexcited electron–hole pairs, resulting in a strong photogat-
ing effect on MoS2-based optoelectronic devices, which forces more
electrons to cross the energy barrier and forms photocurrent, achiev-
ing ultrahigh photodetectivity at room temperature with lower dark
current. Ferroelectrics have rich physical properties, such as ferro-
electricity, piezoelectricity, dielectricity, and pyroelectricity, which
may be used to modulate 2D materials with a variety of functions.
Although more and more 2D material/ferroelectric systems have
been investigated and the performances of 2D materials have been
significantly improved in recent years, the research of ferroelectrics
on 2D materials is still in its infancy, and there are still many prob-
lems to be solved to realize 2D nanodevice applications based on 2D
material/ferroelectric hybrid systems.

The process of preparing 2D material/ferroelectric nanode-
vices often involves the large-scale transfer of 2D materials. How

to not damage the 2D materials or reduce their performance dur-
ing the transfer process requires further exploration. There are
many influencing factors at the 2D material/ferroelectric inter-
faces (charge, strain, interface, surface trap states, etc.). What might
happen if coupling 2D materials to ferroelectrics with various prop-
erties. Despite recent activity, the intrinsic mechanism of the 2D
material/ferroelectric interfaces and modulation of 2D materials by
ferroelectric polarization are not completely investigated and under-
stood. In addition, the repeatability and stability of 2D nanodevices
based on the 2D material/ferroelectric hybrid system need to be
improved. Moreover, new 2D materials/ferroelectric devices need
to be discovered and explored. Furthermore, considering this enor-
mous number of combinations, theoretical guidance is needed in
future research. The above issues and challenges are of great interest
from basic research to industrial applications. The developments of
prototype nanodevices combining 2D materials with ferroelectrics
and the improvement in performances of 2D materials have poten-
tial to drive future innovation in the photonic and photoelectronic
industry. Combining 2D semiconductors with ferroelectrics, elec-
trostatic doping in 2D semiconductors by a non-volatile remanent
polarization electric field of ferroelectrics is considered as a potential
solution to 2D semiconductor doping.
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