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Abstract: Microstructured all-optical switching, possessing the unique function of light controlling
light, is an important part of the on-chip ultra-fast optical connectivity network and integrated logic
computing chip. Microstructured all-optical switching has attracted extensive research interest, the
latest great developments of which have also yielded progress in nanophotonics, nonlinear optics,
optical communications, and integrated optics, etc. The emergence of two-dimensional materials
with good third-order optical nonlinearity provides an important driving force for the improvement
of all-optical switches. This paper reviews the implementation principles, novel configurations,
improved performance indexes, and research progress based on different two-dimensional materials
for micro/nano all-optical switching. Not only is a systematic discussion of the current state provided,
but also, a brief outlook is afforded on the remaining challenges in the pursuit of the application of
practical on-chip microstructured all-optical switching that is based on two-dimensional materials.

Keywords: all-optical switching; graphene; black phosphorus; transition metal dichalcogenide;
layered material heterostructures

1. Introduction

Micro/nano-scale all-optical devices are considered the core of next-generation ultra-
fast communication and signal processing systems. In the current phase of photoelectric
hybrids, all-optical switching technology must be developed to break through the bottle-
neck of information exchange. As the core component, all-optical switches play a crucial
role in building on-chip ultrafast all-optical switch networks [1]. All-optical switching
is a device based on the light-controlled-by-light concept, which can convert or logically
operate the optical signals in an optical transmission line or integrated optical circuit. The
all-optical switch uses fast optical nonlinearity to achieve a fast and reversible transition
from one state to another for a parameter of the optical signal, such as power, phase, fre-
quency, and polarization, etc. [2]. This lays the foundation for optical computing systems,
optical communication networks, and quantum information processing chips [3]. Therefore,
controlling photons on the micro—nano scale and developing all-optical devices with a
smaller size and better performance have become a hot spot in the international research
frontier, as well as in regard to competition with new technologies.

Because of the scientific importance and practical application of all-optical switching,
it has been conducted for a long time, even dating back to the study of optical bistability in
1965 and also the experimental demonstration of optical bistability in 1976 [4]. However, the
nonlinear refractive index of conventional materials is small and the ohmic loss of metallic
materials is large. These material bottleneck limitations constitute a major obstacle to all-
optical switching. Although optical nonlinearities are related to optical matter interactions
enhanced by microstructures (including microcavities) and optical nonlinearities enhanced
by slow-light effects, it is still difficult to achieve nanoscale all-optical switching with
ultra-high speed, ultra-low energy consumption, and ultra-high switching efficiency is
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still difficult to implement [1]. In addition, large nonlinear magnetization rates and ultra-
fast response times are difficult to achieve simultaneously for conventional third-order
optically nonlinear materials, including semiconductors, polymers, and liquid crystals,
even in previously reported microphotonic devices, where light-matter interactions and
subsequent optical nonlinearities are typically weak [5-7]. This also limits the use of optical
third-order nonlinear materials in the context of all-optical switching.

In fact, in addition to many traditional third-order nonlinear materials, many new
materials have been investigated. Recent studies have shown that two-dimensional ma-
terials have great potential for achieving ultrafast all-optical switching. The remarkable
optical properties of two-dimensional materials make them promising for important appli-
cations in nanophotonics. In this review, we discuss recent advances in microstructured
all-optical switching based on two-dimensional materials, including the special strategies
to address inherent barriers and fundamental challenges for ultrafast nanoscale on-chip
triggered all-optical switching. The basic principles, performance indicators, and novel two-
dimensional materials for realizing ultrafast all-optical switches are reviewed. In addition
to this, the current research challenges are briefly anticipated, as well as the development
directions and future prospects of microstructured all-optical switching that are based on
two-dimensional materials.

2. Basic Concepts and Realization Principles

All-optical switching is based on nonlinear optics, which generally occur when the
optical field that is associated with one or more laser beams propagating in a material are
large enough to produce a polarization field that is directly proportional to the product
of two or more incident optical fields [8,9]. All-optical switching based on a nonlinear
principle operates directly in the optical domain without photoelectric conversion [10],
resulting in high efficiency, low switching noise, low loss [11,12], and switching speeds
that are of nanoseconds, picoseconds, or even less [13]. However, since photons are not
charged, it is not possible to control light by light directly, as the case in electronics; only
nonlinear optical indirect methods can be used. With an external beam of strong light
(controllable pump), or by the intense light of the signal light itself (self-pumped), and the
propagation of the signal light-medium interaction, only then does its optical properties
undergo nonlinear changes. The changes, such as absorption or refraction of the medium
(the imaginary or real part of susceptibilities), occur depending on the change in optical
power, so as to control the signal light wave vector, phase, or polarization, thus resulting in
finally achieving control of the intensity (amplitude) or propagation direction of the signal
light [14]. For instance, the phase shift is given by Equation (1):

Ag = 2mAnFL/A 1)

where F accounts for any cavity resonance enhancement, light travels a distance L, and the
change in the refractive index of light is An. All-optical switches are based on a variety
of different nonlinear mechanisms. The main nonlinear mechanisms and corresponding
switching principles are briefly listed in the Table 1 [15]:

Table 1. Nonlinear mechanisms and corresponding switching principles.

Nonlinear Mechanisms Switching Principles

Optical Kerr effect, self-focusing, self-defocusing,
and the two-photon refraction effect
Saturated and reverse saturable absorption,
two-photon absorption, and dichroism
Reflection at the nonlinear interface or on the
surface of two prisms containing nonlinear liquid

Nonlinear refraction
Nonlinear absorption

Nonlinear reflection
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Table 1. Cont.

Nonlinear Mechanisms Switching Principles

Nonlinear optical rotation effect of liquid crystal
and chiral materials caused by strong light
Frequency doubling, sum frequency, parametric

Nonlinear frequency conversion process, four-wave mixing, stimulated Raman
scattering, etc.
Photo-induced material phase transitions causes a
Nonlinear phase transition change in the refractive index or absorption
coefficient of the medium
Single nonlinear grating and the grating pair are
connected by nonlinear waveguides
The phase difference between the two arms of light
Nonlinear couplers are caused by a strong light incident nonlinear
symmetric optical coupler
Strong light saturates the semiconductor optical
amplifier and changes the phase of light
The change in the refractive index of the
interferometer material is caused by the strong
light, which causes the phase difference between
the two beams to be 7

Nonlinear polarization

Nonlinear gratings

Nonlinear amplifier

Nonlinear interferometer

There are many kinds of all-optical switches and ways in which to realize them. These
include the optical bistable all-optical switching [4,16,17], the optical limiting all-optical
switch [18], the nonlinear interferometer all-optical switching (UNI) [19], the nonlinear
grating all-optical switching [20], the nanophotonics all-optical switch [2,21], and other all-
optical switching. In conclusion, all-optical switching is a device that changes the intensity
or propagation direction of controlled light by controlling the nonlinear optical effect of
light on the medium. Furthermore, it is a key technology and important device for future
optical computing systems, as well as high-speed all-optical communication networks.

All-optical switching is based on the spatial or temporal nonlinear response of the
material [18,22]. Practical all-optical switching devices can use photonic (or plasmonic)
micro/nano-structures as a matrix, combined with optical nonlinear materials. Nonlin-
ear optical microstructures (including nonlinear photonic crystals (PhCs), PhC nanocavi-
ties [23,24], nonlinear dielectric ring nanocavities side-coupled bus signal waveguides [25],
etc.), nonlinear plasmonic structure-like nonlinear plasmonic nanocavities [26], and non-
linear metamaterials/super surfaces [27], etc., are widely used to construct all-optical
switching. The basic implementation mechanism of all-optical switching is the nonlinear
Kerr effect, which can be defined as a light-induced double refraction or the intensity-
dependent refractive index. The refractive index of nonlinear material can be obtained by
using the nonlinear Kerr effect [28]:

n =ng+ npl 2)

where n is the linear refractive index, 7, is the nonlinear part, and I is the intensity of the
control light.

2.1. Photonic Crystal All-Optical Switching

In the past few decades, photonic crystals have become a rapidly growing field in
quantum physics and micro-optics. One of its major characteristics is that it can control
the propagation of photons and is the host of various new optical nonlinear effects [29].
PhCs are artificial microstructures with a spatially periodic dielectric distribution. The
periodic distribution of the refractive index can produce a photonic band gap (also called
the stop band) in photonic crystals. No photon can pass through the photonic band gap,
and the incident signal light is completely reflected [30]. If the periodic characteristics
of PhCs are destroyed by introducing defects, corresponding defect energy levels will
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be formed in the photonic band gap. Only light with a specific frequency can appear in
this defective energy level. Changes in the permittivity of nonlinear materials change the
spatially periodic refractive index distribution of photonic crystals, leading to changes
in the photonic crystal band structure. Switching photonic bandgap crystals provides
dynamic control of the density of states, which will allow switching on or off of the light
source in the bandgap [31]. In addition, the photonic crystal structure can have an infinite
number of arrangement forms, which makes it possible to realize the all-off switch that is
based on photonic crystals [32]. All-optical switching based on a silicon chip is realized
in photonic crystal nanocavities (~50 ps) [33]. For example, Takasumi et al. proved that
all-optical switches on a silicon chip were realized by photonic crystal nanocavities at a
high speed (~50 ps). D. Nau et al. discussed the optical switching of metallic photonic
crystal slabs with a photochromic polymer [34]. Kengo et al. demonstrated low-energy
all-optical switching by using a combination of photonic crystal nanocavities and strong
carrier-induced nonlinearity in InGaAsP [2]. Zhao et al. demonstrated an ultrafast optical
switching based on photonic molecule-waveguide coupling in a photonic crystal plate
structure [35].

2.2. All-Optical Switching Based on Dielectric Ring Nanocavities

By coupling the bus signal waveguide on the side, the dielectric ring nanocavity can
be used to build all-optical switching devices [25]. As we all know, the resonant mode is
very sensitive to the dielectric constant. Due to the optical Kerr effect of nonlinear materials,
the dielectric constant can be changed by the pump light. In addition, the signal light can
be selected at the nanocavity mode center. Then, the incident light is coupled into the nano-
cavity through the coupling aisle. No signal light can be transmitted through the bus signal
waveguide, which corresponds to the OFF state of the all-optical switching. The nanocavity
mode of the controlled optical pumping deviates from the signal light wavelength, and the
energy coupling between the signal light and the nanocavity mode is cut off, corresponding
to the ON state of the all-optical switching. Therefore, the all-optical switch function is
formed by coupling a dielectric ring nano-cavity and a side bus signal waveguide.

2.3. Plasmonic All-Optical Switching

Recently, surface plasmon polaritons (SPPs) have been found to provide an alternative
way by which to achieve strong nonlinear optical effects, as well as to minimize all-optical
components due to its significantly enhanced optical field strength and light manipulation
in a nanoscale domain [36-38]. Surface plasmonpolaritons (SPPs), a concept of surface
waves, are formed by the combined action of electron oscillations and incident photons,
which are located at the interface of two different media with opposite signs of the real
part of the dielectric constant [39]. For extended metal surfaces, this means that SPPs
are surface electromagnetic wave-propagation modes occurring between metal dielectric
interfaces. For metals in nanoparticles, the response yields local electromagnetic wave
oscillation modes (surface electromagnetic wave propagation modes), which indicate the
presence of local SPPs. In this context, many new physical concepts have been proposed,
including metamaterials, plasmonic nanoparticles, and plasmonic PhCs, etc. Plasmonic
nanostructures have small feature sizes in the order of hundreds of nanometers, as well as
possess the unique property of limiting light intensity to the subwave length range, and
have tremendous near-field enhancement [40].

In recent years, several nonlinear optical devices based on SPPs have been investi-
gated [41-45]. Compared with dielectric nanostructures, plasmonic nanostructures have
stronger optical-confinement and field-enhancement effects, which are suitable for achiev-
ing all-optical switching. Three factors make SPPs an excellent candidate for achieving
ultra-low and ultra-fast all-optical switching. First, SPPs can enhance the interaction be-
tween light and matter due to its powerful local enhancement effect, as this reduces the
pump intensity. Second, changes in the dielectric constant of the ambient medium can
greatly affect the resonant response of SPPs. A small change in the surrounding material
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index can produce a large change in the resonance properties [46], which can also reduce
the pump energy consumptions. Finally, the relaxation time of the plasmon resonance can
reach the sub-picoseconds level, which can ensure ultra-fast all-optical switching. This
makes it feasible to build all-optical switching devices using plasmonic nanostructures.
In the presence of controlled light, the refractive index of the ambient medium material
changes, which leads to a shift in the resonance wavelength of the plasma mode. Com-
pared with other types of all-optical switching, SPP all-optical switching require more
third-order nonlinear optical materials due to their low excitation characteristics. In sum-
mary, typical plasma all-optical switching devices are based on the nonlinear Kerr effect by
using a control-light-induced plasmonic mode shift or window shifts of plasmone-induced
transparency (PIT).

3. Significance Performance Indexes

According to the requirements of practical applications, the five most basic and impor-
tant indicators of all-optical switch are as per the following [47]:

1. Ultrafast switching time (transition time between “ON” and “OFF” states). Switching
time is the time at an output port of a switch when the switch is turned on and off,
measured from the moment the switching energy is applied to or removed from the
switch, respectively;

2. Ultralow threshold control power. The time required for the optical power to change
from the initial state to the on or off state; the switching power is the minimum input
control power required to turn on the output signal light in the optical switch and the
control optical power required for the all-optical switch, which can be controlled in
two ways: self-control and cross-control;

3. Ultrahigh switching efficiency. The transmission or reflection contrast between “ON”
and “OFF” states;

4.  Nanoscale feature size. The nonlinear coefficients of the nonlinear materials used
in conventional optical switching devices are low, thus requiring large dimensions
that make it difficult to accommodate the requirements of small size and low power
consumption in integrated optics. Therefore, it is also crucial to realize nano-sized
optical switches;

5. Manufacturability. In addition, all-optical switches need to be reliable, low cost to
produce, and simple to process.

The most important of these switching characteristics are switching time and control
power. The emergence of a new optical switch begins with the consideration of these two
characteristic parameters. However, these two parameters are often contradictory, e.g.,
liquid crystals and semiconductors have low switching power, but it is difficult to make
the switches all become fast-responding [48]. Kerr dielectrics and organic materials have
fast switching speeds [12], but the required switching power is too high. Due to these
contradictions, all-optical switches cannot, as of yet, be practically applied thus far. In order
to solve the practical problems of all-optical switches, it is necessary to select the appropriate
parameters and to optimize the design. While the most widely used conventional 1 x 2
and 2 x 2 mechanical optical switches are not affected by polarization and wavelength and
have millisecond switching speeds, they are still large in size—which limits their large-scale
application. Additionally, when metal elements are used for nanoscale light confinement,
there are problems of low efficiency and losses [49]. Therefore, in recent years, the research
and development of optical switches has adopted many new techniques, mechanisms, and
materials; in addition, the scale of optical switches is also increasing. Various approaches
have been proposed, and three methods have been widely used: synthesizing novel third-
order nonlinear optical materials; constructing novel structures and mechanisms to enhance
nonlinear interactions; and seeking novel physics and ideas to achieve all-optical switches.
Thus far, it is still a challenge to realize the ultra-low power consumption, broadband
operation, and high switching efficiencies of ultra-high speed on-chip-triggered all-optical
switches at the same time.
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Since the switching time depends mostly on the response time of the nonlinear material
and the switching efficiency depends on the size of the nonlinear sensitivity of the nonlinear
material, for conventional third-order nonlinear materials, it is difficult to obtain ultra-fast
responses and huge nonlinear refractive indexes at the same time. In addition, resonant
excitation enhances the optical nonlinearity while reducing the temporal response of the
nonlinear material. Typical pump power and response times are GW cm 2 and several
hundred picoseconds, respectively. The high power consumption and low response time of
all-optical switches severely limit their practical applications. In integrated photonic circuits,
in addition to these key important performance metrics, there are many performance
metrics, such as on-chip trigger and wideband (or multiple) wavelengths. These excellent
metrics are becoming a key concern for researchers. Thus far, it is still a challenge to achieve
the ultra-low power consumption, broadband operation, and high switching efficiencies of
ultra-high speed on-chip-triggered all-optical switches simultaneously.

For the all-optical switching based on nonlinear optical effects, the main performance
of the optical switch depends on the material quality. Additionally, for optical bistable
switching devices based on the Kerr effect, the nonlinear refraction coefficient 1, and linear
absorption coefficient xg of the material are important parameters. It can be shown that
the critical input light intensity of the device is I. o< Awg/n2 (A is wavelength). This means
that the smaller &g and larger ny, then the lower the switching power. Therefore, 1,/ Ax
is a quality factor to measure the goodness of the optical switch material. Materials with
large nonlinear refraction coefficients and small absorption coefficients are necessary to
design the optical switch in order to obtain a low switching power. If the response time of
the material is also considered an important factor for a fixed operating wavelength, the
quality factor of the optical switch can be written as per the following:

n2

Q=% ®)

onoT
Typical nonlinear optical material characteristic parameters are shown in Table 2.

Table 2. The characteristic parameters of several nonlinear optical materials.

Nonlinear Materials 112/ (cm?/W) ap/em ™1 /s Q/[em3/(s-W)]
PleLiql'lid .crystal (ferroelectric 107 103 10-3 10-7
liquid crystal, etc.)
Semiconductors (GaAs, etc.) 10-8 10* 10-8 1074
Organic materials (PTS, etc.) 1016 1071 1012 1073
Glass (Si, SiO2, etc.) 10720 10°° 10714 10°1

4. Two-Dimensional Material

In order to meet the application requirements of ultra-fast all-optical devices, it is neces-
sary to combine new two-dimensional materials with strong nonlinearity. Two-dimensional
(2D) materials exhibit a variety of electronic properties, from insulating hexagonal boron
nitride and semiconducting transition metal dichalcogenides (TMDs, such as molybde-
num disulfide) to semi-metallic graphene, as shown in Figure 1 [50]. The successful
preparation of two-dimensional materials has completely released the huge potential of
two-dimensional materials in the research field of all-optical devices. In recent years, 2D
nanomaterials have been favored and sought after by researchers due to their unique
structural characteristics and novel physical properties. Additionally, a large number of
graphene-like structures have been predicted theoretically or synthesized experimentally,
such as hexagonal nitride sheds, black phosphorus, transition metal-sulfur compounds, and
germanene, etc. Currently, these two-dimensional materials form a particularly complete
class of low-dimensional nanomaterial systems, with a wealth of properties and functional
attributes to meet the needs of almost all research areas. Based on the characteristics of the
layered structure of two-dimensional materials, different two-dimensional materials can
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form heterogeneous structures, which is extremely important for the realization of various
all-optical optoelectronic devices.

Ultraviolet rays Visible light Infrared rays Microwaves Radiowaves
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Figure 1. Examples of 2D materials covering a broad spectral range [50]. (a) Electromagnetic spectrum.
(b—e) Are the atomic structure and the band structures of (b) hBN, (c) MoS,, (d) BP, and (e) graphene.

The dimensionality of a material not only defines its atomic composition, but also
determines, to a great extent, the properties of the material itself. Among them, the
most famous material in the field of two-dimensional material technology is carbon-based
material. The discovery of and research on carbon materials have promoted the progress of
modern science and technology. After the early research boom of 0D fullerenes (C60) [51]
and 1D single-walled carbon nanotubes [52], Geim and Novoselov et al. successfully
exfoliated 2D graphene monolayers in 2004, for which they were awarded the 2010 Nobel
Prize in Physics [53]. It is this hexagonal monolayer of sp? hybridized carbon atoms that
has particularly striking mechanical and electronic properties, such as a linear dispersion
relation in its energy band at the K-high symmetry point in the Brillouin zone. The special
energy band structure has led to many novel physical phenomena, such as the anomalous
quantum Hall effect. In addition, it has opened up a whole new field of research in “Fermi-
Dirac” physics. Not only that, graphene has a high transparency of 97.7% [54], has excellent
mechanical properties [55], and is also an excellent conductor of electricity and heat [56,57].
Currently, graphitic materials have been successfully applied to build light-transmitting
conductors, thermal interface materials, and potential barrier transistors, etc. [58]. In
addition, the density of the states of graphene is near the Dirac point, and the Fermi energy
level can change significantly with the carrier density shift. Thus, four-wave mixing can be
enhanced by a slow light photonic crystal waveguide that is coated with a single layer of
graphene. The energy gap in the patterned nanoribbons can be tuned by a proper selection
of the bandwidth of the preparation, which shows the flexibility of graphene in all-optical
switching [59]. Overall, the discovery of graphene can be said to have truly opened a new
chapter in the study of two-dimensional materials. The great success of graphene has
also encouraged researchers to actively search for other two-dimensional materials with
novel physical properties. Many theoretically proposed two-dimensional monolayers have
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also been synthesized, including the derivatives of graphene, such as black phosphorus,
transition metal carbides, and hexagonal nitrides [60,61].

Unlike graphene, the two-dimensional hexagonal boron nitride (hBN) monolayer
structure is a wide-band insulator material [62]. Single-layer hBN nanosheets can be
considered graphene-like materials, equivalent to graphene in which half of the carbon
atoms are replaced by nitrogen atoms and the other half by boron atoms; moreover, they
are white in color, such that they are often called white graphene. Compared to graphene—
which possesses excellent electrical conductivity—hexagonal boron nitride is a wide band
gap insulator material, which has especially good thermal and chemical conductivity, as
well as neutron-absorption capabilities. Two-dimensional hexagonal boron nitride can also
change its band gap width by introducing impurity atoms or atomic site lattice defects to
obtain semiconductor properties. Secondly, the hBN monolayer structure has a near-flat-
band-energy band signature throughout the Brillouin zone, while graphene has a linearly
dispersive energy band near the Fermi energy level and thus forms a perfect Dirac cone,
which is a zero-bandgap semimetal [61,63,64].

Two-dimensional material black phosphorus (BP), ever since it was reported by Prof.
Zhang and Prof. Chen in 2014 [65], has been a hot topic of research in the field of two-
dimensional materials. Black phosphorus is one of the three main isomers of phosphorus
and is the most thermodynamically stable compared to the other two (i.e., red phosphorus
and white phosphorus). Black phosphorus has four crystal structures, orthogonal, rhombic,
simple cubic, and amorphous (which is orthogonal under atmospheric and room tempera-
ture conditions). Similar to graphite, bulk black phosphorus is a layered material consisting
of layers of individual atoms superimposed by van der Waals interactions. However,
unlike graphite, the atoms within the same layer within black phosphorus are not in the
same plane. In addition, the phosphorus atoms in the same layer are in two planes above
and below, showing a honeycomb-like folded structure. It is this folded structure that
makes the crystal structure of black phosphorus asymmetric, resulting in properties that
are very different from other two-dimensional materials, such as graphene, which exhibits
a very pronounced anisotropy. First of all, black phosphorus has anisotropic mechanical
properties, the asymmetry of which will lead to different mechanical properties in different
directions. The photon—electron interaction is more pronounced when the incident light
is polarized along the armchair edge direction of the BP nanosheet when compared to
the zig-zag edge direction. Thus, the optical absorbance, transmittance, and reflectance
properties provide a means to indicate the orientation of the BP crystal. Optical anisotropy
further provides opportunities for the application of polarization-dependent linear and
nonlinear optical devices, based on stripped BP nanosheet materials. Meanwhile, the
photoelectric properties of BP are directly related to its layer number. BP is 1.51 eV, which
can emit red light via excitation, and the band gap of the sample becomes smaller as the
thickness increases.

In subsequent explorations, researchers have gradually shifted their focus to the
monolayer material systems of transition metal dichalcogenides (TMDs) [63]. Compared
to the traditional two-dimensional materials, two-dimensional transition metal materials
are more abundant, and research on these materials accounts for half of the research
field of two-dimensional materials [66]. In current research progress, two-dimensional
transition metal materials generally have numerous advantages over graphene, making
them very promising for applications in electronic devices, such as field-effect transistors,
lithium-ion batteries, sensors, and photocatalysis, etc. [67]. The TMDs also exhibit a
number of low-temperature-specific phenomena, including superconductivity, charge
density waves, and Mott phase transitions. These unique properties are often retained
when these materials are stripped into a single layer or a few layers. Due to the local effect,
additional interesting properties can also be added [68,69]. Similar to graphene, when
two-dimensional TMDs are thinned from a macroscopic bulk to a few layers or a single
layer, its two-dimensional or even two-dimensional thickness exhibits particularly different
physical properties from the bulk material. In contrast to the semi-metallic character of
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graphene, the TMDs show more potential for all-optical switching research due to their
rich band gap variety. Therefore, TMDs are expected to surpass graphene and open up
completely new research opportunities for inorganic two-dimensional materials.

In addition, the TMDs obtained by inserting carbon elements into the lattice of metallic
materials are a diverse group of material systems with many interesting properties and
promising applications. These materials usually have good metal conductivity and catalytic
activity comparable to those of noble metals. Recently, the development of transition metal
carbides has entered the research field of two-dimensional materials; for example, Duan
et al. successfully prepared large-area, high-quality two-dimensional x-Mo2C ultrathin
layer structures via the process of chemical vapor deposition (CVD) [70,71]. Moreover,
this general synthetic method can be used to obtain more two-dimensional materials with
unique properties. Such stable, high-quality two-dimensional crystalline materials not only
provide a new material platform for research in the field of superconductivity physics, but
also exhibit the characteristics required for an ideal material in the preparation of all-optical
open-light devices.

5. All-Optical Switching Based on Two-Dimensional Materials

Although all-optical switching has seen significant progress in the field of plasma
and photonic crystals, it is still a great challenge to achieve all the required indicators
of all-optical switches. The nonlinear refractive index of traditional materials is small,
and the ohmic loss of metals is still large. Additionally, it is difficult to achieve large
nonlinear susceptibility and an ultra-fast response time at the same time for traditional
nonlinear optical materials (as shown in Table 2), which also limits the application of optical
third-order nonlinear materials in all-optical switches. In recent years, two-dimensional
(2D) materials, represented by graphene, have been especially investigated in the field of
new photonic devices (including photodetectors, optical modulators, optical absorbers,
fiber lasers, etc.). Through numerous photonic studies, these materials have gradually
developed into emerging candidate materials with the ability to move the current research
from the nanometer scale to the two-dimensional scale. Two-dimensional materials can be
tuned from insulator to metal based on their layer thickness band gap, which can be used
in the application of broadband photonic devices. Two-dimensional materials similar to
graphene, such as topological insulators (BiySes, BiyTes, and Sb,Te3) and transition metal
bihalogenated hydrocarbons (MoS,, WS, WSey, etc.), are widely studied.

5.1. Graphene

Graphene plasma provides a distinct and outstanding platform for nonlinear all-optical
switching due to its high nonlinear electrical conductivity and tight optical constraints.
Graphene is widely applied in optical devices, such as fiber lasers, broadband modulators,
polarizers, and optical switching, etc., because of its high optical nonlinearity and wide-
wavelength-range non-dispersive nonlinear optical response.

Melinda et al. first demonstrated lithographically patterned graphene ribbon struc-
tures in 2007 and found that the energy gap was closely related to the ribbon width [59].
However, in order to facilitate the peak performance of classical nonlinear devices, based
on the strong deterministic interaction between single photons in single-photon nonlinear
optics, Gulans et al. proved that this field confinement causes the deterministic interaction
between two plasma polaritons (i.e., photons) on the picosecond time scale, as shown in
Figure 2a [72]. This also shows that the single photon switch and the nonclassical light can
be realized through this interaction. Without optimized phase matching, Gullans achieved
a 17 nm bandwidth and —23 dB conversion efficiency. At the same time, M. Takahashi
et al. proposed an optical switch controlled by a saturable absorption of graphene that
was vertically inserted or loaded on the waveguide, as shown in Figure 2b [73]. The
saturated absorption of graphene-inserted fiber and graphene-loaded waveguides show
that the measured absorption modulation depth can meet the switching requirements
experimentally. The optical saturable absorption of single-layer graphene that was ver-
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tically inserted between optical fibers and covered on ion-exchanged waveguides was
measured for picosecond switching applications. In the proposed switching, the complete
switching was realized by controlling the amplitude of signal light through the structure of
two cascaded Mach-Zehnder interferometers. In order to control the amplitude of signal
light, M. Takahashi et al. used saturated absorption in graphene. When switching, the
modulation depth of the amplitude is required to be 2.414, and the corresponding intensity
is 7.65 dB. In the graphene-loaded waveguide with a length of 7 mm, the modulation ab-
sorption depth of more than 10 dB was obtained experimentally. To achieve the switching
and modulation of optical interactions with deeply sub-wavelength films, Shraddha et al.
reported experimental observations of the all-optical modulation of light in a graphene
film [74]. However, conventionally synthesized graphene relies on high-temperature and
vacuum devices, which can present detrimental transfer steps that degrade the quality of
graphene, thereby affecting the efficiency of nonlinear optical operations and lacking a
customized pattern with a minimal footprint, as well as lacking a convenient fabrication
process. Kelvin J. A. Ooi et al. demonstrated the laser-assisted direct in situ synthesis of
multilayer graphene on a side-polished fiber plane under ambient conditions. Four-wave
mixing (FWM) with grown graphene is used to elucidate ultrafast all-optical switching
near 1550 nm to confirm nonlinear response improvements. It was demonstrated that im-
pressive switching performances can be obtained at sub-MW /cm? optical pump intensities
with phase extinction modulations of graphene plasma waveguides [75]. In addition, the
large surface-induced nonlinear enhancement caused by the tight confinement effect can
potentially make the propagating plasma pump power drop to the pW range.
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Figure 2. (a) A doped graphene disk confines photons [72]. (b) Waveguide structure with an
overlaid graphene sheet [73]. (c) Ultrafast all-optical switching based on FWM mixing in situ
synthesized graphene [76]. (d) Nonlinear transmission variation in all-optical switching for Fano
resonance in two-dimensional photonic crystals [77]. (e) Schematic diagram of an all-optical control
of graphene-supported metal-insulator-metal WG and the electric field distribution of characteristic
modes |E|? [78]. (f) The schematic diagram of the side-polished two-core fiber Michelson interferom-
eter [79]. (g) The schematic diagram of laser-induced graphene-based diffraction grating [80].
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Further, Debnath et al. used laser irradiation in ambient conditions to synthesize
multilayer graphene directly along the polished surface of a D-shaped fiber, as shown
in Figure 2c [76]. They conducted ultrafast all-optical switching experiments on grown
graphene at nearly 1550 nm by using the four-wave mixing (FWM) technique. They con-
firmed that 58.5% of the improvement in the nonlinear response came from graphene.
Mehrdad Hoseini et al. achieved all-optical switching using nonlinear transport variations
of the Fano resonance of a two-dimensional photonic crystal (PhC), as shown in Figure 2d.
The light intensity enhancement due to Fano resonance and focus was added together to
provide greater refractive index variation at the prescribed pump intensity. With a modula-
tion depth of 90%, this reduces the threshold input intensity of the pump for conversion
to ~MW /cm?. In addition, they investigated the transient state of the structure, and an
optical bistable-based all-optical switch was proposed to achieve a bistable switch with a
modulation depth of 50% and a switching time of about 180 fs [77]. Xiang et al. designed
the light path of an all-optical switch using spatial cross-phase modulation. The results
showed that the control beam can modulate the phase change in the signal light (532 nm)
to achieve the on/off function [81]. This predicts that the SXPM-based ultra-sensitive
switching device may provide new ideas for all-optical switching. In 2020, Masaaki et al.
proposed an ultrafast all-optical switch using graphene-loaded deep-subwavelength plas-
monic waveguides (30 x 20 nm?) with a switching energy of 35 f] and a switching time of
260 fs, as shown in Figure 2e [78]. In the same year, Chu et al. investigated an all-optical
phase shifter and switching for a Michelson interferometer (MI) graphene-decorated side-
polished twin-core fiber (TCF), as shown in Figure 2f. An optical switching extinction ratio
of 7 dB was obtained with a rise (fall) time of 55.8 ms (15.5 ms) [79]. In 2022, Popkova
et al. used Bloch surface waves (BSWs) to enhance graphene-light interactions in order
to achieve all-optical switching, whereby the magnitude of the reflection change reaches
0.3% at the fluence of 40 uJ cm~2 [82]. In 2023, Taghizadeh et al. investigated the effect of
terahertz fields on the optical response of Landau quantized graphene monolayers and
discussed the possibility of achieving ultrafast all-optical switching using terahertz field
strength in the near infrared, as shown in Figure 2g [80].

In recent years, all-optical switches based on graphene and Mach-Zehnder interfer-
ometers have been widely studied. In 2019, Hao et al. proposed and experimentally
demonstrated an all-optical switch based on a graphene-coated fiber Mach—Zehnder in-
terferometer (MZI) (as shown in Figure 3a) with rise and fall times of 30 ms and 50 ms,
respectively [83]. In the same year, Armaghani et al. also proposed an all-optical graphene
switch based on the MZI, as shown in Figure 3b, where the switch operation can be accom-
plished by generating a 180-ohm phase difference between the two arms of the graphene
MZI [84]. In 2021, Qiu et al. proposed and experimentally demonstrated a graphene-
on-silicon nitride (SizNy) all-optical switching based on an MZI (as shown in Figure 3c),
with rise and fall time constants of 571 ns and 1.29 us, respectively [85]. Recently, Jiang
et al. proposed a graphene-buried balanced MZI structure, as shown in Figure 3d, for
a low-power all-optical switch with an actual pump power absorbed by the graphene-
activated switch of around 2.2 mW; the rise and fall times of the switch were 1.0 and 2.7 ms,
respectively [86]. Table 3 summarizes the rise time, fall time, and switching energy of
graphene based all-optical switching with different structures.

Table 3. Characteristic parameters of several all optical switching based on graphene.

Structure Rise Time  Fall Time Switching Energy Reference

graphene-loaded deep-subwavelength
plasmonic waveguides
graphene decorated side-polished twin-core fiber
Michelson interferometer

260 fs 260 fs 351] [76]

55.8 ms 15.5 ms / [77]
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Table 3. Cont.

Structure Rise Time  Fall Time Switching Energy Reference
graphene-coated fiber Mach—-Zehnder interferometer 30 ms 50 ms 4.8 mW [83]
graphene-on-silicon nitride (Si3Ny) all-optical switch
based on Mach-Zehnder interferometer 571 ns 129 us / [83]
graphene-buried balanced Mach-Zehnder interferometer 1.0 ms 2.7 ms 22mW [86]
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Figure 3. (a) Graphene-based fiber Mach—Zehnder all-optical switches [83]. (b) All-optical switches
based on graphene and insulated metal plasma waveguides [84]. (c) Graphene-on-silicon nitride
all-optical switching [85]. (d) Graphene-buried balanced Mach-Zehnder interferometer [86].

5.2. Black Phosphorus

Black Phosphorus (BP) has anisotropic nonlinear optical responses and varies with film
thickness, which is quite different from other typical two-dimensional layered materials
(such as graphene and transition metal dihalides). The most promising feature, thus
far, of BP may be that it fills a gap in the 2D family [87,88]. Firstly, the band gap of
BP is layer-dependent and covers 0.3 to 2 eV [89]. Due to its relatively strong out-of-
plane quantum confinement, its bandgap-tuning range is much larger than that of other
two-dimensional materials. This tunable bandgap property offers multiple advantages,
with the large tuning range leading to the flexibility required in electronic or photonic
applications. Next, BP transistors offer a compromise between carrier mobility and the
switching ratio. Mobility and the switching ratio are the simplest metrics to characterize
transistor performance. BP is now attracting a great deal of research interest. Normally, BP is
a layered orthorhombic crystal with phosphorus atoms arranged in a puckered honeycomb
lattice, where in a separate layer each phosphorus atom is bound to three neighboring
atoms via sp>-hybridized orbitals, which is unlike the sp?-hybridized carbon atoms in
graphene. In the base plane, the folding of the lattice leads to two unequal directions: the
x-direction (i.e., the armchair edge) and the y-direction (i.e., the zig-zag edge).

In 2015, Li et al. generated ultrafast (i.e., a pulse duration down to 786 fs at mode
locking) and large energy (Q-switched pulses up to >18 nj) pulses in a fiber laser in the
~1.5 um NIR communication band based on the nonlinear optical properties of BP [90].
Similarly, the Sotor research group successfully obtained an ultrashort pulse with a band-
width of 10.2 nm and a duration of 272 fs in the 1550 nm communication band using a
BP-based SA [91]. All of these properties make it possible to achieve nonlinear and ultrafast
all-optical applications, based on BP.
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Mid-infrared

In 2016, Markus et al. designed a SiO;/black phosphorus/SiO, heterostructure, as
shown in Figure 4a, to achieve ultra-fast measures of BP at the nanoscale and to achieve
switchable interface polaritons [92]. Where the surface phonon mode of the SiO; layer
hybridizes with the mode of the BP, it can then be activated by photo-induced inter-
band excitation. In the Reststrahlen band of SiO,, the hybrid interface polariton has
surface-phonon-like properties. In addition, it also possesses a well-defined frequency and
momentum, as well as an excellent coherence. The results show that the surface mode
activates in 50 fs and disappears in 5 ps with the recombination of electron-hole pairs in BP.
Debnath’s group not only performed ultrafast all-optical switching experiments on grown
graphene at nearly 1550 nm using the four-wave mixing (FWM) technique, as shown in
Figure 4b, but also exploited the evanescent field interaction between propagating light and
BP to achieve FWM [93]. They performed FWM-based wavelength conversion experiments
on modulated signals in the frequency range up to 20 GHz by using a BP-based nonlinear
optical device consisting of a side polished fiber or a D-shape that was deposited with BP.
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Figure 4. (a) The SiO, /BP/SiO, heterostructure [92]. (b) A schematic diagram of the experimental
apparatus for FWM observation in a BP-deposited apparatus [93]. (¢) A Kerr switch based on black
phosphorus [94]. (d) The Kerr switcher in a BPQD-deposited nonlinear fiber optical device [95].
(e) The response time of black-phosphorus-functionalized microfiber coil resonators with different
pump powers [96].

The refractive index of black phosphorus is affected by high-power laser light, which
is also known as the optical Kerr effect. This phenomenon enables all-optical exchange in
all-optical network components. To evaluate the applicability of metal-ion-doped layer-less
BP in all-optical signal processing under a nonlinear Kerr effect, a deposited sample placed
onto a microfiber with a swift field interaction scheme of transmitted light and BP was used
by Zheng et al. [94]. The basic operating principle and experimental setup of the Kerr switch
are shown in Figure 4c. This BP-clad microfiber device can be used both as an optical Kerr
switch with an extinction ratio of up to 26 dB and an operation range of more than 18 nm and
an FWM-based wavelength converter with a maximum conversion efficiency of —59.15 dB.
The results show that, thanks to the high nonlinear optical index and protection of several
layers of BP that were doped with metal ions, the new nonlinear optical device can be used
as a broadband all-optical processing device with high stability and durability, which may
constitute the first prototype of BP-based optical Kerr exchange devices. In 2018, Wang et al.
demonstrated, for the first time, experimentally that the sub-band structure of ultrathin
black phosphorus (BP) nanosheets is caused by strong many-body effects and unique
quasi-one-dimensional band dispersions. The photoexcitation processes of two different
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sets of BP nanosheets were demonstrated through careful analysis of photoluminescence
spectra and femtosecond time-resolved transient absorption spectra. The BP nanosheets
based on the energy band structure exhibit a significant optical switching effect during the
generation of photocatalytic reactive oxygen species (ROS) [97]. Wang et al. demonstrated
an optical Kerr switch with an extinction ratio of 20 dB with BP quantum dots deposited
on the microfiber as shown in Figure 4d. The conversion efficiency of this wavelength
converter in the RF band is about —40 dB [95]. In 2021, Yin et al. performed all-optical
modulation experiments in a cavity of black-phosphorus-functionalized microfiber coil
resonators (MCR). The resonance wavelength and extinction ratio responses to the incident
pump power were ~0.033 nm mW ! and ~0.180 dBm mW !, respectively, with an average
rise/fall time of ~9.58/8.53 ms. The device can be applied to all-optical modulators, optical
switches, or tunable optical filters [96].

Table 4 summarizes the rise time, fall time, and extinction ratio of BP based all-optical
switching with different structures. In summary, BP is still in its beginning, although
it has recently attracted much research attention and has seen great progress. From a
practical point of view, fundamental and technical issues are raised. These issues pose great
challenges, as well as chances, for upcoming research in BP-based optics and photonics.

Table 4. Characteristic parameters of several all-optical switching based on BP.

Structure Rise Time Fall Time Extinction Ratio Reference
SiO, /BP/SiO, heterostructure 50 fs 5ps / [92]
BP-clad microfiber device / / 26 dB [94]
BP quantum dots deposited on the microfiber / / 20 dB [96]
BP functionalized microfibre coil resonator 9.58 ms 8.53 ms ~0.180 dBm mW—! [97]

5.3. Transition Metal Dichalcogenide (TMDs)

Two-dimensional transition metal dichalcogenides (TMDs), which are denoted by the
formula MX; (where M denotes a transition metal element and X denotes a chalcogen, such
as S, Se, or Te), are considered highly anticipated candidates for the next generation of
electronics and photonics, with three advantages [98-107]: firstly, the weak van der Waals
interactions and the lack of surface dangling bonds make the construction of heterostruc-
tures easy, thus eliminating the strict thermal and lattice matching requirements [107,108].
Secondly, the coupling of broken inversion symmetry and spin orbit in certain single-layer
TMDs provides us with a new platform for studying valley electronics and fabricating spin-
tronic devices [64,107,109-111]. Thirdly, certain TMDs (e.g., 2H MoS,, 2H WSe;) exhibit
indirect—direct bandgaps as the number of layers is reduced to a single layer, which can
stimulate various optoelectronic applications, such as photodetectors, photovoltaic devices,
and light-emitting devices [112-116].

Unlike graphene, certain members of the TMD family are true semiconductors with
a significant band gap. In particular, molybdenum and tungsten-based dihalides exhibit
optical forbidden bands in the 1-2 eV range and are suitable for near-infrared absorption
and emissions. Although these materials, interestingly, have an indirect band gap in the
bulk and layer-less form, they have become direct gap semiconductors with strong photolu-
minescence at the monolayer level [112,117]. TMDs have been shown to have direct energy
gaps in the near infrared to the visible spectral region, and thereby, a new window has
been opened for photonics and optoelectronics. TMDs normally show resonant absorption
in visible light, enabling pulsed fiber lasers in the visible region. Symmetry breaking in
the TMDs leads to finite second-order optical nonlinearities. The d-electrons in layered
TMDs can give rise to a variety of physical properties. Furthermore, the photolumines-
cence increases with decreasing coating thickness. When using two different laser power
densities, a broad-range switch between the exciton and trion of the monolayer WS, can
be reversibly achieved, thus resulting in a continuous modulation of its photon absorp-
tion [118]. Seyler et al. reported a mechanism for electrically controlling second-order
optical nonlinearities in a monolayer WSe;, thereby demonstrating that monolayer TMD
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field-effect transistors represent a new class of an electrically tunable nonlinear optical
device [119]. Wu et al. demonstrated a fiber optic all-optical phase shifter, as shown in
Figure 5c. It uses a layer-less two-dimensional material, such as tungsten disulfide (WS),
which is deposited on a tapered fiber. The WS; absorbs the injected 980 nm pump light
(control light) and generates heat. A maximum phase shift of 6.17t is achieved near 1550 nm
due to the thermo-optical effect, which changes the refractive index of the WS, and the ta-
pered fiber. The device has a loss of 3.7 dB. In addition, it also has an all-optical switch with
an extinction ratio of 15 dB and a rise time of 7.3 ms, which was obtained by constructing a
single-arm MZI with a WS, phase shifter [120]. This all-fiber, low-cost, and compact optical
phase shifter and switch demonstrates the potential of two-dimensional transition metal
dihalide compounds for all-optical signal processing devices. In addition, the nonlinear
refractive index and third-order nonlinear magnetization of SnS were characterized, for
the first time, by Wu et al. In addition, its powder-related nonlinear refractive index was
also experimentally verified. On this basis, a new type of nonlinear all-optical switch was
proposed as shown in Figure 5a. The results show that the phase change in the signal light
(633 nm) can be controlled by another control light (532 nm), thus realizing the on/off
mode of the all-optical switch [121]. In 2022, Xu et al. experimentally designed MoTe2
quantum dots-based all-optical switching as shown in Figure 5g in order to manipulate
light (A = 457 nm) against signal light (A = 532 nm) using the spatial cross-phase modulation
(SXPM) method [122].
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Figure 5. (a) Schematic of SXPM in a few-layer SnS [121]. (b) Schematic diagram of the Z—scan
experimental setup [123]. (c) Experimental setup of the all-optical phase shifter and switching,
based on a WS,-tapered fiber [120]. (d) Schematic of the optical microscopic top-view image and
switching characteristic of the few-layer MoS, MSM PDs [124]. (e) Optical switching characteristics
and stability of monolayer MoS2 phototransistors (in room temperature) [125]. (f) MoS, drop casted
on a terahertz asymmetric split ring resonator structure [126]. (g) MoTe, quantum dots, based
all-optical switching [122].

The most studied material in TMDs, Mo0S,, is a novel two-dimensional nanomaterial
with broadband high optical gain and fast optical switching. As such, it is promising to
be the next generation of optical devices. Yin et al. made the first phototransistor based
on a mechanically exfoliated monolayer MoS,, as shown in Figure 5e. Furthermore, the
observed switching duration of the current rise (from OFF to ON) or the decay (from ON
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to OFF) process was only around 50 ms [125]. Tsai et al. reported, for the first time, on
a new-layered MoS, as Schottkymetal-semiconductor-metal photodetectors (MSM PDs)
that are capable of broadband photodetection from visible to UV wavelengths at operating
temperatures, in harsh conditions, of up to 200 °C. Ata 10 V bias, photogain up to 13.3 leads
to ultrahigh responsivity and detectivity for MoS, up to 0.57 A/W and ~1010 cm Hz1/2/W,
which was previously not obtainable in pristine graphene and MoS2-based PDs. Moreover,
MoS; MSM PDs show a very fast and stable optical response with a rise time of around
70 us and a fall time of approximately 110 ps, as shown in Figure 5d. Although the thickness
of several layers of MoS; is only 1.9 nm, their light absorption in the visible region is as high
as 10% [124]. In 2014, Zhang et al. investigated the nonlinear optical properties of MoS,
nanosheets from the visible to the near-infrared band using the hydrothermal exfoliation
method, as shown in Figure 5b. The laser experiments showed that the mode-locker, based
on MoS; with few layers, can generate stable mode-locked laser pulses with a central
wavelength of 1054.3 nm, as well as a 3 dB spectral bandwidth of 2.7 nm and a pulse
duration of 800 ps [123]. In 2017, Yogesh et al. demonstrated that sharp Fano resonances in
molybdenum disulfide-coated metamaterials, consisting of asymmetric split ring resonator
arrays, have ultrasensitive active switching and modulation, thus allowing for ultrafast
switching of Fano resonances on a 100 ps time scale, as shown in Figure 5f [126]. Table 5
summarizes the rise time, fall time, and extinction ratio of TMDs based on all-optical
switching with different structures.

Table 5. Characteristic parameters of several all-optical switches based on TMDs.

Structure Rise Time Fall Time Extinction Ratio Reference
WS; deposited tapered fiber 7.3 ms / 15dB [120]
Few-layered MoS, as Schottky metal
semiconductor metal photodetectors 70 ps 1O ps / [124]
phototransistor based on mechanically 50 ms 50 ms / [125]

exfoliated monolayer MoS,

5.4. Layered Material Heterostructures

Two-dimensional materials have attracted much attention from researchers due to
their unique optical band gap structure, extremely strong light-matter interactions, and
large specific surface areas. Graphene, hexagonal boron nitride (h-BN), and certain other
transition metal dihalides (TMDs) have emerged as promising new materials. They are
composed of strong covalent bonds transversely, which provide great in-plane stability.
The recent development of vapor-phase growth techniques for two-dimensional materials
has further paved the way for directly synthesizing vertical and lateral heterojunctions.
Each layer in a two-dimensional layered material consists of a covalently bonded, dangling-
bond-free lattice and is weakly bonded to neighboring layers via van der Waals interactions.
This makes it possible to separate, mix, and match highly different atomic layers in order
to create a wide range of van der Waals heterostructures without the limitations of lattice
matching and processing compatibility [110]. Integrating two-dimensional materials with
a variety of nanoscale materials can create a wide range of van der Waals heterogeneous
structures with previously impossible functions. The exfoliation and restacking of various
2D materials opens up a flexible path for the design and creation of a new generation of
optical switches. As a result, the heterojunctions of 2D-layered materials have become a
hot new topic, opening up new areas of material science and device applications [127-129].
For example, it has been shown that laminates of graphene and hexagonal boron nitride
(hBN), molybdenum disulfide (MoS,), or tungsten disulfide (WS2) can run tunneling tran-
sistors [130,131]. This is in addition to phenomena, such as Coulomb drag resistance [132]
and the fractional quantum Hall effect [133], which can also be observed.

Raman scattering photo luminescence and absorption spectra can be used to char-
acterize interlayer interactions. In addition, exciton dynamics can be studied using tran-
sient absorption spectra. This allows electronic and optical properties to be elucidated
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non-destructively, accurately, and efficiently, thereby optimizing the fabrication of these
stacked junctions and improving the design of new structures [134-143]. Ferrari et al. first
demonstrated that the profile of the 2D Raman peak evolves with an increasing number
of graphene layers. Lui et al. found a significant difference in the Raman 2D peak shape
between ABA and ABC stacked tri- and quad-layer graphene [144]. Cong and Zhang et al.
also found that the M-band profile at ~1750 cm~! and the peak position in the G-band were
very sensitive to the stacking order of the few layers of graphene [145,146].

Isolated atomically layered two-dimensional materials can be combined into connec-
tions with precisely defined configurations, such as lateral junctions and vertical junc-
tions [147-149]. Early studies have shown that van der Waals stacks of 2D materials work
especially well and greatly enrich the optoelectronic applications of 2D materials.

The weak van der Waals inter-layer force is able to isolate two-dimensional monolayers
and restack them into arbitrary stacking heterojunctions without regard to atomic com-
mensurability. Two-dimensional heterostructures are van der Waals-bonded heterostruc-
tures, which offer greater flexibility than conventional covalently bonded heterostruc-
tures. Without the constraint of atomically precise commensurability, it is possible to
create high-quality semiconductor heterointerfaces. Two-dimensional heterostructures
that have been studied include graphene-BP, TMD-TMD, TMD-graphene, and TMD-hBN
combinations [127,128,150,151]. Heterogeneous structures involving TMD have strong
light-matter interactions and unique optical properties that are essential for all-optical
modulation applications [152]. It has been demonstrated that graphene-semiconducting
TMD-graphene heterostructures exhibit strong photo-matter interactions, which can lead
to large photon absorption and photocurrent production [153]. Another experiment shows
that hole transfer from the MoS, layer to the WS, layer is very fast, within 50 fs of pho-
toexcitation. This opens up the possibility of new types of two-dimensional light trapping
devices [140]. Optoelectronic devices based on an MoS, /WSe, vertical heterojunction have
also recently been demonstrated, as shown in Figure 6b [154]. In 2016, large nonlinear refrac-
tion (11 = 0.2 x 1077 cm? /W) and ultrafast dynamic relaxation times (intraband relaxation
time ;= 270 £ 20 fs; inter-band relaxation time o= 3.6 & 0.2 ps) of the graphene—Bi, Tes
heterostructure were reported [155]. Recently, an anisotropic infrared plasmonic broadband
absorber based on graphene-BP multilayers was proposed by Cai et al.
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Figure 6. (a) Schematic diagram of the MoS,/WS, heterostructure [139]. (b) MoS,/WSe;
hetero—diode and current—voltage characteristics of the MoS, /WSe, vertical heterojunction under
light [154]. (c) Epitaxial growth lateral graphene—hBN heterostructures [156]. (d) Schematic diagram
of the transverse epitaxial growth of WS;-WSe; and MoS;-MoSe; heterostructures [71].
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The vertical junctions of two-dimensional atomic-layered materials can be achieved
via simple mechanical transfer without lattice mismatch [157]. However, lateral hetero-
junctions cannot be achieved through mechanical transfer, and lateral epitaxial growth
is the best method for preparing atomic-layered lateral heterojunctions. Unlike verti-
cal Van-der-Waals-stacked heterojunctions, lattice mismatch is a key issue for seamless
transverse 2D junctions. In addition, lattice mismatches between MoS; and WS,, MoSe,
and WSe,, MoS, and MoSe;, WS, and WSe;, and graphene and hBN are relatively small
(<4%) [156,158-163]. The Van der Waals heterostructures can be achieved via transfer or
direct epitaxial growth by using these two-dimensional layered materials. Xu et al. system-
atically investigated photocurrents in monolayer-bilayer graphene homojunctions [164].
Howell and colleagues studied photocurrent generation in both monolayer and multilayer
MoS,; film interfaces [165]. Graphene—boron nitride(BN)-based two-dimensional lateral het-
erostructures have been reported [156,165-167]. It has also been successfully demonstrated
that the lateral heteroepitaxial junctions of two-dimensional layered semiconductors can be
grown using the lateral heteroepitaxial approach. Graphene and hBN have a tight lattice
match (1.7%); therefore, a near-perfect transverse graphene hBN junction can be achieved.
In addition, Levendorf and colleagues reported the versatile, scalable regeneration of hBN
monolayers, which can be performed from the edges of pre-patterned graphene mono-
layers [162]. Liu et al. proposed that growing graphene in a flat hBN atomic layer can
form a transverse graphene-hBN heterostructure, as shown in Figure 5c [156]. Duan et al.
prepared the transverse heterostructures of MoS,, MoSe, and WS,, and WSe; through the
in situ modulation of the vapor-phase reactants. Moreover, Raman and photolumines-
cence mapping studies showed that the resulting heterostructured domains exhibit clear
structural and optical modulations [71].

6. Summary and Outlook

In recent years, profound achievements have been made in the field of all-optical
switches in terms of nonlinear materials, device structures, triggering methods, advanced
performance indicators, and chip integration compatibility. Materials with excellent third-
order nonlinear optical response properties are an important basis for improving the
performance index of all-optical switches. Two-dimensional materials are represented by
graphene, black phosphorus, and TMDs. The emergence of new materials with good third-
order optical nonlinearity provides an important impetus for the improvement of all-optical
switches. This not only provides a way to build ultrafast nonlinear media, overcoming
the inherent material limitations that constrain the development of integrated photonic
devices, but also provides a lab-on-chip platform for the study of novel physical effects.

The integration of 2D materials into photonic platforms is currently limited. Although
2D-material all-optical switches are not yet well established, they may be better suited for
on-chip integration by using simple, inexpensive, and scalable post-processing techniques.
Within the rich family of 2D materials, there are many more candidates to explore. In
addition, the bottlenecks with respect to their use for large-scale applications may soon be
replaced by recent breakthroughs in wafer-scale synthesis methods and manufacturing
processes [168,169]. In the last few years, certain breakthroughs in switching times and
energy consumption have been made in integrated optical switches, aided by, for example,
two-dimensional materials. However, it is still hard to further reduce the energy consump-
tion to the attojoule-level, which is necessary for large-scale photonic-integrated circuits
in the future. This requires a detailed, systematic, and in-depth exploration of the mecha-
nisms that enhance light-matter interactions, i.e., the mechanisms and methods that control
the interaction of multiple physical fields (i.e., light, heat, and electric fields) within the
medium. The ultra-fast switching of attojoule-level energy consumption can be achieved
based on emerging nanomaterials, as well as the properties of plasma, nanophotonics, and
hybrid integration. More efforts must be made in this area to further improve performance.
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