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Abstract: Two-dimensional layered materials (2DLMs) have been a subject of intense research
for a wide variety of applications (e.g., electronics, photonics and optoelectronics), due to their
unique physical properties. Most recently, increasing research efforts on 2DLMs have been
projected towards the nonlinear optical properties of 2DLMs, which are not only fascinating
from the fundamental science point-of-view but also intriguing for various potential
applications. Here, we review the current state of the art in the field of nonlinear optics based
on 2DLMs and their hybrid structures (e.g., mixed-dimensional heterostructures, plasmonic
structures, and silicon/fibre integrated structures). We also present several potential
perspectives and possible future research directions of these promising nanomaterials for

nonlinear optics.

1. Introduction

Nonlinear optics is the branch of optics which examines the light behaviour in nonlinear
media.['?] Although the nonlinear optical (NLO) responses of materials are typically inherently
weak (2] the NLO materials play an increasingly important role in all aspects of photonics
(i.e., photon generation, manipulation, transmission, detection and imaging ['**). Indeed, these
NLO materials have enabled various currently widely-used photonic devices (e.g., pulsed
lasers®!, optical switches!®, optical modulators!”!, photodetectors!®, and optical memories!),
underscoring the unparalleled advantages of optical techniques over their electronic
counterparts. Some examples of NLO devices include but are not limited to nonlinear saturable

absorbers for ultrafast pulsed lasers!™ which are widely used in medicine and industrial material
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processing applications, soliton devices for large-scale telecommunication networks*, and
frequency converters!'” for bio-imaging technologies.!'!! Current NLO devices are normally
based on bulk crystals (e.g., silica optical fiber, beta barium borate (BBO), lithium niobate
(LiNbO3)) or traditional semiconductor materials that are combined with various optical
confinement methods (e.g., tight-focusing, photonic crystal structurest!>!3)). Today, we are
envisaging a large range of exciting nonlinear nanophotonic applications (including on-chip

(141" quantum nanophotonics!!, nonlinear plasmonics!'®!). These applications

nanophotonics
have been advanced by a plethora of remarkable concept demonstrations mainly using
traditional NLO materials. However, the current solutions of conventional nonlinear optics
have hit a technical limit imposed by the traditional materials (e.g., relatively low NLO
susceptibility!’*#) and their available fabrication and integration technologies!"**, which
cannot fully satisfy the current growing needs. For example, the integration of NLO materials
with photonic integrated circuits (PICs) is highly desired for many applications, ranging from

(17 to emerging integrated quantum technologies.®!

on-chip light sources for silicon photonics
However, there are substantial challenges in integrating traditional NLO materials with other
material platforms for on-chip applications. Therefore, it is significantly important for future
photonics and optoelectronics to discover new materials with large NLO responses that can be
chip-integrated to tackle the upcoming challenges of nanophotonics. These new materials are
anticipated to provide innovative approaches to enable novel devices with new functionalities,
high performance and new device features (e.g., reduced complexity, size and cost).

Two-dimensional (2D) layered materials (2DLMs) are atomically thin crystals which are

U9 The intensive research efforts on

currently at the centre of significant research effort.
2DLMs were initially ignited by the ground-breaking work on graphene.”?®! Since then, the
interest research towards graphene and other 2DLMs has been focusing not only on their
unique electrical properties, but also on their fascinating optical, mechanical, thermal, and
chemical properties.!!??1*?] Indeed, these 2DLMs have exhibited many remarkable optical
properties (e.g., ultrafast broadband optical response!?*27-?8], large optical nonlinearities!'*2%-32],
and strong excitonic effects!®*'), which have already enabled diverse new conceptual photonic
devices fundamentally different from those based on traditional bulk materials.[!-31:33-35.36]

In this review paper, we present recent advances in 2DLMs based nonlinear optics, their
applications and future perspectives. In Section 2, we discuss the fundamentals of different

NLO processes and the general characteristics of 2DLMs, which make them promising
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candidates for NLO applications. This is then followed by a survey of the current state of the
art of 2DLMs based nonlinear optics. At the end, we conclude with application perspectives on
2DLMs based nonlinear optics in Section 4.
2. Fundamentals of 2DLMs based nonlinear optics
2.1. Fundamentals of nonlinear optics
The optical response of a material to an applied optical field can be expressed by expanding
the polarization P(f), as a power series in terms of the optical field strength E(7), as follows:!-*!
Pt) = xWE@®) + xPE®? + xPE@)3 + -+, (1)
where " is the n™-order NLO susceptibility. The first term ! describes the conventional
linear optical effects, such as refraction and absorption. However, if the optical field is intense
enough or the NLO susceptibility is large, the higher-order (n > 2) terms become significant
(121 which can give rise to radiation at frequencies (e.g., sum frequencies of the input light
signals) different from the input light frequency. The second-order NLO effects, including
second-harmonic generation (SHG, Figure 1(a)), sum- and difference frequency generation
(SFG, DFG, Figure 1(a)), optical rectification and the Pockels effect, are described by the
second-order NLO susceptibility ® in Equation 1. The third-order NLO effects, such as third-
harmonic generation (THG), four-wave mixing (FWM) and intensity dependent refractive
index change (optical Kerr effect and saturable absorption (SA)), arise from the third-order
NLO susceptibility ¥ in the equation. High-order multiphoton absorption/scattering/
luminescence, and high harmonic generation (HHG), on the other hand, are described by the
n-order NLO susceptibility ™, in which # is typically larger than 5. The interaction strength
of the nonlinear processes!!?! typically decreases with n. Therefore, the second- and third-order
nonlinear effects are the most commonly observed processes and are thus widely used for

(12371 yltrafast laserst,

various applications (e.g., imaging!!!!, frequency conversion
modulatorst’), Figure 1(b)).

NLO processes are commonly explained with photon diagrams (Figure 1(a)). In general,
harmonic generation is utilized to convert an optical signal to higher frequencies. In SHG
(THG), two (three) incident photons at the frequency w create light radiation at the frequency
2w (3w), as shown in Figure 1(a). As discussed, SHG and THG are the most frequently used
NLO processes for various frequency conversion applications. Note that NLO processes (in

particular various parametric processes, such as SHG, SFG, FWM) are typically phase sensitive,

therefore efficient nonlinear frequency conversion requires a proper phase relationship between

3
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the interacting waves (i.e., phase-matching!"?). To achieve ideal phase-matching, the common
methods are the use of crystal birefringence and the periodic poling of the crystal.!-]

In DFG, the frequency of the generated photons is the difference of the two input frequencies,
(i.e., w3=wi-w2), shown in Figure 1(a). When two optical waves at frequencies w; and w>
interact in a »® nonlinear crystal, the input light at frequency w> can be amplified in the DFG
process. This is called optical parametric amplification (OPA), which can create tuneable light
amplifiers by mixing the output of two lasers at different frequencies. When such a
amplification process happens inside an optical resonator, the gain from OPA can produce
coherent light oscillation if it is larger than the cavity loss.!'**) These kinds of devices are called
optical parametric oscillators (OPO) and commonly used to produce broad wavelength-
tuneable coherent light sources (e.g., from the near- to mid-infrared™®! or even terahertz
(THz)!'%! spectral regions) which are difficult to achieve with conventional lasers.

Because the input optical field and the dielectric polarization in a material are vector quantities,
the NLO susceptibility is a tensor, which depends on the structure of the material. For
example, #? is a third-rank tensor with 27 Cartesian components. A complete description of
the NLO interaction in the case of SFG, therefore, requires 12 of these tensors yielding a total
of 324 different and complex components that need to be specified.['*! Fortunately, intrinsic
permutation symmetry and crystal symmetry decrease the number of independent components.
Due to the higher tensor rank of the »* and 4, the NLO responses of a material can be
anisotropic, even if the linear optical response is isotropic.[*’! This makes NLO effects (e.g.,
SHG DFG, THG, FWM, Figure 1(a)) a very sensitive method for probing the crystal
orientation of materials.!'*) The second-order and other even-order NLO effects can only occur
in a material that lacks the centre of inversion symmetry.!!) Therefore, the second-order NLO
effects, such as SHG, are dipole-forbidden in centrosymmetric materials. However, second-
order NLO effects can occur at the surface of a centrosymmetric material, due to broken
inversion symmetry at the interface of two different materials.**! On the contrary, third-order
NLO effects are allowed in all materials regardless of the crystal symmetry. It is worth noting
that Raman scattering is also a NLO process. It is a very powerful method for characterization
of materials (including 2DLMs), which will not be discussed here due to space limitations and
a few recently-published review articles.[*!! Nowadays, nonlinear optics is a key enabling

technology for a large range of applications, including light generation (e.g., ultrafast pulse
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generation, optical parametric generation (OPG), THz generation), quantum photonics,
attoscience, imaging and sensing, as shown in Figure 1(b).

2.2. Fundamentals of optical properties of 2DLMs

2.2.1. Graphene

Graphene has numerous remarkable physical properties (e.g., ultrahigh carrier mobility,
ultrafast broadband optical response, high flexibility, robustness and environmental
stability).['>21:22] These intriguing properties arise from its unique crystal structure in which
each carbon atom is covalently bonded to three other carbon atoms forming a hexagonal lattice.
Since the conduction and valence bands of graphene meet at the K point of the Brillouin zone,
graphene is semimetal, see Figure 2(a). The energy-momentum relation of charge carriers is
linear near the Dirac point, and therefore electrons and holes inside graphene behave as

20,21,22]

massless Dirac fermions! , which gives rise to the unique optical properties of

19,26

graphene.!'®! For instance, monolayer graphene has broadband absorption of ~2.3% (defined

by the fine-structure constant!*?). This makes graphene a promising material for broadband

19261 " saturable absorbers****# and modulators®!),

optical devices (e.g., photodetectors!
covering an extremely wide spectral range from the ultraviolet to microwave regions. The NLO
properties of graphene (e.g., SAP?3% THGW>], FWM*521 self-phase modulation!®?,
HHG4, coherent optical injection °°), optical limiting [*) and nonlinear Kerr effect!>’*1) have
recently gathered huge interest. The typical ultrafast (e.g., down to few hundred femtoseconds
[5960y * carrier dynamics enables ultrafast NLO responses of graphene. Due to the
centrosymmetric crystal structure of graphene, the second-order NLO effects are not allowed
in graphene. However, SHG has been observed from the interface in different hybrid graphene
devices regardless of the inversion symmetry in graphene.[6?! Furthermore, the inversion

symmetry can be broken by physical (e.g., structural engineering!®>®¥, external electric field!®”!

516567l or chemical methods (e.g., chemical doping or etching[®®)).

and multi-layer structure
Very recently, electrically tuneable THG and FWM in graphene have also been
demonstrated.>7%! The results show that the ability to tune the linear and nonlinear responses

of graphene [48:67.71.72.73.74]

can potentially enable various electrically-tuneable NLO devices
based on graphene for future photonics and optoelectronics (e.g., harmonic generation,

frequency comb, THz generation).
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2.2.2. Transition metal dichalcogenides

Transition metal dichalcogenides (TMDs) are the most studied member of the 2D material
family beyond graphene.!!?31-33-33361 TMDs are semiconductor materials with the formula of
MX,, where M refers to transition metal element (e.g., Mo, W, Re) and X to chalcogen element
(e.g., S, Se, or Te). In monolayer TMD crystals, one transition metal atom is sandwiched
between two layers of chalcogen atoms. Weak van der Waals forces bound each MX>
monolayer together in few-layer and bulk TMDs. These TMDs normally possess a layer-
dependent bandgap. For example, MoS,, MoSe>, WS, and WSe> are indirect bandgap
semiconductors in bulk form, but at single atomic layer their bandgap is direct.*®! Note that
bulk TMDs with direct bandgap (e.g., ReS2'*7)) also exists. As monolayer TMDs are typically
semiconductor materials, their optical properties differ from that of graphene significantly,
which can be utilized in various applications. For example, the direct bandgap in monolayer
TMDs enables atomically-thin light emitting diodes.[®! The bandgap of the most studied TMDs
(e.g., MoS2, MoSe>, MoTez, WS2, WSez, WTey) is between ~0.7 and 1.9 eV.[193436.77]

Monolayer TMD materials can even absorb 20% of the light at a specific resonance energy

[19,34,36 [78]

1 and the photoluminescence (PL) behaviour of TMDs is dominated by excitons.

Furthermore, trion lines have also been observed in their PL spectra.l”!

NLO properties of TMD materials are quite fascinating. Thus far, for instance, SAB81
SHGB2921 SFGI) THGP*! fourth-harmonic generation(FHG)® !, optical limiting!!%!,
HHG! and FWM!**1%2] haye been observed in monolayer and few-layer TMDs. In addition,
since TMDs with odd number of layers have no inversion symmetry, second-order (e.g., SHG)
and other even-order NLO effects are allowed in these TMD crystals which are not present in
graphene or typical TMD crystals with even number of layers.!®?! Note that, 3R-phase TMD
crystals have no inversion symmetry despite the parity of the layer number. Therefore the even-
order NLO responses (e.g., SHG!?1%4) are always permitted. Furthermore, the lack of
inversion symmetry enables various spintronic and valleytronic applications.['® In fact,
experimental evidence of valley physics has been seen in monolayer TMDs, where the carrier
populations in distinct valleys (e.g., =K positions of the Brillouin zone as schematically
depicted in Figure 2(b)) can be controlled by varying the polarization of the excitation

light.[105)
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2.2.3. Black phosphorus

Black phosphorus (BP) is a layered material consisting of phosphorus atoms.['%! In contrast to
graphene and TMDs, BP has its own unique optical properties. For example, its direct
electronic bandgap depends on the crystal thickness and can be tuned from ~0.3 to ~2 eV
(corresponding to the wavelength range from ~4 to 0.6 pm).['91%8] This is particularly

appealing for mid-infrared photonics and optoelectronics, as the bandgap of BP can bridge the

gap between the zero-bandgap graphene and the relatively large bandgap TMDs.B!:1%]

Furthermore, the crystal structure of BP is anisotropic (see Figure 2(c)), leading to anisotropic

107,109-111

optical | 1 electrical and thermal properties.!''?! As a result, BP is a birefringent and

dichroic material, opening the field of 2DLMs based anisotropic optics.!!''®!!!] This is
especially interesting for nanophotonic applications requiring the polarization control of the
light.[11%1111 BP has high NLO susceptibility (~10'° m?/V?) (e.g., THG!3>-115] FWMI6NT] and

SAHLIBION "However, the lack of sufficient stability can lead to rapid degradation of the

120

electronic and optical properties of BP 12% limiting the current potential of BP outside the

proof-of-principle research demonstrations. Nevertheless, to improve the long-term stability of

BP devices, some strategies (e.g., capping layer protection by using h-BN layers, ligand surface

[121 119 [118

I'and polymers!!'?], or directly with BP polymer!!!8)) have been demonstrated.

2.2.4. Other 2DLMs

coordination

In recent years, hundreds of 2DLMs have been studied with different properties (yet
unexplored) opening the possibility of discovering novel physics for various applications. Thus
far, these “new” 2DLMs can exhibit a rich variety of physical properties, ranging from that of
a wideband insulator to a narrow-gap semiconductor, to a semimetal or metal. For example,
hexagonal boron nitride (h-BN) is an extremely important member of the 2D material family,
originally known from its insulator properties. In fact, h-BN is at present commonly used as an
atomically flat and ultra-clean substrate (and a tunnelling barrier as well) for 2D hybrid
structures.!!”! For instance, the high electron mobility values of graphene are typically achieved
when graphene is transferred on h-BN crystals.['??) However, h-BN is not only interesting for
electronics but also promising for photonics. In particular, the large band gap of h-BN suggests
that h-BN crystals may be potentially used for ultraviolet light generation in the future
nonlinear optics, which will be discussed in Section 4.7. At the moment, the observation that
defects in h-BN crystal can be used for single photon generation!?*!2*! (similarly as nitrogen

vacancies in diamond!!?*') has gathered large interest, deserving further investigation with NLO
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approaches. In addition, group IIl and IV metal chalcogenides have been experimentally
demonstrated with high NLO responses.[*>"%126] For example, various 2DLMs (e.g., GeSe and
SnS!'?71) have been predicted to have giant NLO responses (e.g., the susceptibility tensor
element y@xx of 5.16x10° pm?/V for monolayer GeSe!'?”)). Further, the extensive
understanding of optical nonlinearity in graphene potentially suggests unique NLO responses
of other massless Dirac fermions that can be observed in many other novel 2DLMs, such as

(128 Dirac and Weyl semimetals!'?’!, and even superconductors.

topological insulators
2.2.5. 2DLMs based hybrid structures

Current research efforts on 2DLMs based hybrid structures are actively involved in the
combination of 2DLMs with other low-dimensional materials, such as zero-dimensional (e.g.,
metallic plasmonic nanoparticles!"*”), organic molecules, quantum dots, fullerene!!*!), one-
dimensional (e.g., nanowires, nanotubes, quantum wires, nanoribbons), and three-dimensional
bulk materials (e.g., inorganic and oxide semiconductors, metals!!32!).131] The creation of the
different mixed-dimensional hybrid structures has introduced a new paradigm with enormous
potential for novel devices.!'!*! For example, thanks to the recent significant advances in the
fabrication methods, it has now become possible to stack different 2DLMs together and

(68.133] Tn this case, atomically thin 2D layers

construct 2D material heterostructures (2DHs).
with different properties can be fabricated individually and then stacked together to construct
van der Waals-bonded heterostructures, in which each layer can be designed independently to
realize functions that were not previously available.[*1:1>3] There have been significant efforts
to investigate different 2DHs, including but not limited to graphene-BN, graphene-BP, TMD-
BN, TMD-BP, TMD-graphene and TMD-TMD combinations."!**! These mixed-dimensional
heterostructures are particularly interesting for photonics and optoelectronics.*!13*! For
example, the realization of different heterojunctions (e.g., Type-I, Type-II, and Type-III)
provides means to engineer the linear and NLO properties of 2DLMs for various desired

[134] The formation of indirect excitons

functions that are not possible with individual 2DLMs.
(i.e., exciton between two different TMDs) has been observed in 2DHs.['3] As a result, 2DHs
can be fully utilized to create novel devices for numerous applications (e.g., exciton-based

1361) It has been shown that NLO processes in these mixed-

optical nonlinearity tuning!
dimensional heterostructures are driven by a coherent superposition of the optical fields from
individual layers!!9-137-138139] "with an interference phase difference dependent on the stacking

orientation of 2DLMs. Therefore, the NLO response of various heterostructures can be
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coherently enhanced if a constructive interference heterostructure superlattice is used. At the
moment, these mixed-dimensional structures have been used for nonlinear optics (e.g., second
harmonic generation®?!, SAI" ) but not fully explored yet.

3. State-of-the-art of 2DLMs based nonlinear optics

Research on 2DLMs based nonlinear optics has attracted huge interest, and this has led to a
significant progress over the past decade. Table 1 summarizes typical NLO processes in
2DLMs and their key parameters (e.g., the NLO susceptibility, conversion efficiency). A large
range of different 2DLMs (e.g., graphene, MoS;, InSe, h-BN, ReS,, GaSe, BP) have been
fabricated with different methods (e.g., mechanical exfoliation (ME), Chemical vapor
deposition (CVD), liquid-phase exfoliation (LPE), pulsed laser deposition (PLD)) for various
NLO processes (e.g., SHG, THG, FWM). In this Section, the current state-of-the art of 2DLMs
based representative NLO processes is presented.

3.1. Harmonic generation

After the first experimental demonstrations of harmonic generation in 2DLMs (e.g., surface
SHG in graphene!®, SHG in MoS;*** THG from graphene***”*] and MoS, [>7),
significant research efforts have been directed to this topic. Since then, demonstrations of SHG
and THG have been reported from a wide range of monolayer and few-layer 2DLMs, including
BPLI41IS141] (e 8586911 WS,8587]  MoSe 901421 GaSel929%1431  GaTel126] h-BNIE2144]
MoTe 881431 [nSel'*6] ReS,*¥); and AgInP,Se!'*”) Most of these results have revealed that
2DLMs exhibit exceptionally large NLO susceptibilities (e.g., ¥®~nm V! )28 implying
huge potential of these materials for various applications (e.g., ultrafast pulse
characterization®], telecom wavelength conversion!!43:141,

3.1.1. Second harmonic generation

The lack of inversion symmetry can give rise to strong SHG signal under intense optical
pump.®>34 The observation of SHG in monolayer MoS> with ~800 nm excitation wavelength
was reported in References 324, It demonstrated that SHG in monolayer MoS: is orders of
magnitude larger than that of bilayer or bulk MoS,, as expected from their crystal symmetry

properties.[®?] Note that SHG signal also has been observed in monolayer graphene!®!6?!

, even-
number layered MoS>!"13% and WSe,!!*!! flakes, and spiral WS, nanosheets!!3?] by symmetry
breaking. In addition to the NLO response at the wavelength of ~800 nm, another interesting
wavelength range is ~1550 nm, commonly used for optical telecommunication related

applications. With the fundamental wavelength close to 1550 nm, the reported y® values (i.e.,
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in the range of few pmV™! for MoS,*>?153] and MoSe,**!#?)) are clearly lower than that
measured with 800 nm lasers. The difference between results measured at 800 nm and 1550
nm was attributed to resonant enhancement of SHG.!'#]

The effects of strongly bound excitons on the SHG in monolayer TMDs have attracted much
attention.[¥4136:142 Reference [*¥ tuned the excitation wavelength from ~680 to 1080 nm to
study the wavelength dependence of the SHG in monolayer MoS,. It was found that the SHG
intensity is significantly enhanced when the SHG wavelength overlaps with the energy of the
C exciton (~2.8 eV), as shown in Figure 3(a). Second-order sheet susceptibility value of
~8x10* pm? V! was reported, when the SHG is in resonance with the C exciton.®¥ For
comparison purposes, an effective bulk-like second-order NLO susceptibility is typically
obtained by dividing the sheet susceptibility with the thickness of the monolayer (e.g., 0.65 nm

for MoS; [1*¥)) yielding an effective bulk-like second-order susceptibility of ~0.1 nm V1.8

s [82.137] 87]

Roughly similar values were also reported for MoS> in other studie as well as for WS»!
and WSe,*!! at the same wavelength range. The tunability of y® is particularly appealing for
many applications. For example, 2DLMs based NLO devices in which the nonlinear
conversion processes (e.g., SHG, OPA, and FWM) can be electrically switched on and off
could enable new applications in optical signal processing and on-chip ultrafast light generation.
As the magnitude of the second-order NLO susceptibility of TMDs is largely related to the
exciton resonance condition, the tunability of SHG response in monolayer WSe> has been
demonstrated by using electrostatic doping.['*) In Reference [*®), it was shown that the SHG
from WSe: is enhanced by a factor of ~4 with 160 V gate voltage change (Figure 3(b)). In
addition, reference ['*?! studied the SHG dispersion in monolayer MoSz(-xSexx alloys as a
function of Se doping (x). By measuring the SHG in a wavelength range between 500 and 900
nm, it was reported that the SHG signal is enhanced at the exciton peak. The results demonstrate
the possibility of engineering NLO response of 2DLMs with material composition.

In monolayer MoS», the two polarization components of SHG depend on the crystal orientation
ast®?: I=Iocos*(36) and 1,=losin*(36), where @ is the angle between the mirror plane and the
input light polarization, I is the maximum intensity of the SHG®*, and I and 1, are the SHG
intensity components parallel and perpendicular to the input light polarization, respectively.
Therefore, SHG can be efficiently utilized to probe the crystallographic orientation of 2DLMs,
by measuring the SHG intensity parallel or perpendicular with the excitation polarization

direction.[®?!

10
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One of the key challenges in the utilization of NLO effects of 2DLMs is the reduced light-
matter interaction length at the atomic thickness scale, limiting the conversion efficiency.[!>%*
84.87.9L137.142] Ty Reference %31, SHG conversion efficiency in MoS; (at the 810 nm excitation)
of approximately 10”7 was measured with the fundamental pump peak intensity of ~10 GW cm’
2, In Reference *®!, conversion efficiency in WSe; (at the 1470 nm excitation) of ~ 4x1071°
was measured with the fundamental pump peak intensity of ~24 GW cm™. Note that the
conversion efficiency of ~4x107'° is large when taking the monolayer thickness into account.
For example, it is an order of magnitude larger than what one would achieve if conventional
transparent nonlinear crystals are scaled to the same thickness.[>!*%!5] For even-order NLO
effects (e.g., SHG), another challenge is the fact that they only exist in samples without
inversion symmetry (e.g., odd-number of layers of 2H-MoS,!). This has been addressed by
using static electric fields to break the inversion symmetry in bilayer MoS»!!%", WSe!!>! and

61.65.1561 or by utilizing different crystal phases of the same material.['] In

monolayer graphene!
Refs. [1931041 3R phase of MoS., which is not centrosymmetric, was shown to produce SHG
signal at any layer thickness. By using 3R phase MoS,, the interaction length inside the NLO
material can be increased for higher conversion efficiency. Other possible route for increasing
the SHG interaction strength is to combine 2DLMs with various optical structures (e.g.,
waveguides!'*”], cavities!!®15%160] "interference structures!'¢:192). For example, in Reference
(1571 'monolayer MoSe> was transferred on top of a 220 nm silicon on insulator slab-waveguide
with an increase of around 5 times in SHG conversion efficiency. In Reference [1®Y), continous-
wave pumped SHG in GaSe was demonstrated with a silicon photonic crystal cavity. More
details on how to address the challenges in the utilization of NLO effects of 2DLMs will be
discussed in Section 4.10.

3.1.2. Third harmonic generation

In contrast to SHG, THG can be possibly generated in materials regardless of whether they are

45-47] reported on the observation of THG in graphene.

centrosymmetric or not.['*! References |
For instance, Reference 7 obtained a #® value of graphene by comparing the THG signal
from graphene to that of SiO, based substrates (e.g., fused silica), reporting that #'* of graphene
(~10" m? V) is nearly 3 orders of magnitude larger than that of fused silica (~ 2.5x102? m?
V-2).[121 Note that the reported y® values of graphene measured with various excitation

wavelengths range from ~1071° m? V2 #4541 o <1071 m? V24161 Sych large deviation

between the measured values reflects the challenge in accurate measurement of optical

11
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nonlinearity of nanomaterials. On the other hand, the large deviation of the measured 7 values
in graphene also highlights that the optical nonlinearity in graphene and other 2DLMs can be

164] strain

very sensitive to various parameters (e.g., substrates!’1621641 defects [, doping !
[166]  chemical treatment [°’1). Despite these deviancies, it is clear that 2DLMs possess large
third-order susceptibilities potentially for a wide range of applications. Other 2DLMs (e.g.,
MoS:>*7 in Figure 3(c), BP!!4!15:141] and GaSel®) have also been shown to possess 7> in
the same range as graphene for relatively large THG. Worth noting that Reference ! found
that THG in MoS; is around 30 times stronger than the SHG (Figure 3(c)). In addition, it has
been demonstrated that THG can be used as a rapid and large-area characterization method for
determining the crystallographic orientations of exfoliated BP [!!4 and the grain boundaries of
chemical vapor deposited TMDs."7]

3.1.3. High harmonic generation

High harmonic generation can provide an alternative light source in the deep ultraviolet or even

the X-ray spectral range. Indeed, the HHG method has been widely used to produce pulses with

[167 168

attosecond!'®”) (or even zeptosecond!'®) durations for various fundamental research

experiments (e.g., monitoring electronic motion inside materials). Traditionally, HHG is
observed from atomic gases!'® and more recently from various bulk crystals (e.g., ZnO!7%,
and GaSe!'”!). However, the underlying mechanism of HHG in bulk solids is still under
debate.[1!]

HHG was experimentally observed in graphene °* and MoS,.["%! For example, Reference °4
studied the 5™, 7™ and 9™ harmonics in graphene, and observed that HHG signal in graphene
is dramatically enhanced under elliptically polarized excitation. It has been found that the 7
and 9™ harmonics are significantly enhanced with elliptical polarization compared with the
linear polarization excitation result. It was suggested that the HHG mechanism in solids can be
characterized by the ratio between the bandgap and Rabi frequency. Due to the zero-bandgap
of graphene, the HHG in graphene is in the semimetal regime where the efficiency of the HHG
reaches a maximum value at a certain finite pump field ellipticity. In this case, the
perpendicular polarization components with respect to the major axis of the pump laser are
strongly enhanced.!

In contrast to graphene, MoS: has a finite bandgap and thus the mechanism of HHG in MoS:
[101]

(and possibly other TMDs) is different from that in zero-gap graphene.’* Reference
studied the HHG in MoS» with an intense mid-IR excitation (0.3 eV). Figure 3(d) shows the
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HHG spectra generated in MoS, 1!} which reveals that several harmonics up to the 13™ order
emerge in the visible range. It was found that the odd-order harmonic efficiency per layer
exhibits significant enhancement compared to the bulk, which is attributed to the electronic
correlation effects.!'%! It was proposed that due to reduced dielectric screening in atomically
thin semiconductors, the electron-hole interactions would be enhanced. Therefore, the
oscillator strength of the strongly bound excitons would increase, enlarging the probability of
the electron-hole recollision process. The electron-hole recollision could then be a source of
HHG in atomically thin semiconductors, analogous to electron-ion recollision in atomic
gases.['% Reference 172 demonstrated that various underlying wave packet dynamics (e.g.,
collision, pair annihilation, quantum interference and dephasing) are detected in high-order
spectral sidebands in a 60-nm-thick sheet of WSe, (and also monolayer WSe; [!73l). HHG with
odd orders up to 47 was reported with a THz-driven scheme in the same WSe; flake. The results
indicate that lightwave-driven charge transport can be utilized for attosecond pulse generation
with 2DLMs. Nevertheless, the key findings of these proof-of-principle HHG results (including
strong fourth harmonic generation [**) observed in monolayer 3*101:1731741 and thick-layer 72!
2DLMs suggest that much more research efforts are likely to come in the near future, which
will fully discover the possible mechanisms behind the HHG emission in various atomically
thin 2DLMs.

3.2. Four wave mixing

Four wave mixing is a third-order NLO phenomenon, in which interaction between light beams
at two or three different wavelengths occurs to produce one or two new wavelengths. FWM is
widely employed for various applications, such as wavelength conversion, optical signal
amplification, imaging and many other light manipulation applications.!!*! Recently, various
2DLMs (e.g., graphene 9301751 MoS, 3], MoSe; 1192, and BP!!'6117) have been utilized for
FWM based applications (e.g., signal processing [20-116-148176])

Graphene based FWM was first reported in the near-infrared region.[*”! Figure 4(a) shows the
measured NLO response of monolayer graphene as a function of the emission wavelength for
several combinations of pump wavelength A1 and A». As discussed already above, the values
determined for y® of graphene vary significantly from ~10'° to ~107"7 m? V-2,[45:49.96,163]
Nevertheless, the ® of graphene is still large, when the atomically thin nature of the material
is taken into account. This is usually attributed to the coherence of NLO processes with the

strong interband electron transitions.[*"!
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The FWM induced NLO effects in TMDs were first investigated from MoS: thin films and
MoS;-graphene heterostructures with NLO microscopy.l”’! Figure 4(b) shows the FWM
spectrum obtained from a tri-layer MoS; thin film by introducing pump-probe laser beams at
different wavelengths.”>] The FWM imaging indicates that the total FWM intensity is linearly

(931 possibly attributed to the sum of incoherent

proportional to the number of MoS» layers
contributions from each individual atomic layer (Figure 4(c)).”*! Considering that the SHG
intensity from TMDs displays an even-odd oscillation and decays ! with increasing flake
thickness, FWM provides an easy method to measure the film thickness of few-layer MoS: and
other TMD films, similar to other third-order NLO responses (e.g., THG).

By integrating 2DLMs with various photonic structures (e.g., photonic crystal cavities®®",
microring resonators!”’!, microfibers1781) FWM based NLO devices have been realized. For
example, high QO-factor silicon photonic crystal microcavity has been used to demonstrate
cavity-enhanced FWM in graphene, as shown in Figure 4(d).>%! The conversion efficiencies
were observed up to 107 at a cavity O-value of 7,500 with low pump power of 600 pW.5
Reference ¥ demonstrated a FWM based wavelength conversion by transferring graphene
on the end-face of the fiber. A 3-dB tuning range of around 12 nm was obtained with a peak
conversion efficiency of 2x107 for 10-Gbit s' non-return-to-zero signal processing.!'*! Due
to its ultra-high nonlinearity and broad operation bandwidth, graphene-coated microfiber
enables multi-order cascaded FWM, potentially applicable for supercontinuum generation and
frequency comb applications.!®!!

More recently, ultrafast optical switching with FWM in BP was investigated (Figure 4 (e)).['!°]
FWM induced wavelength conversion was enhanced by depositing BP on a D-shaped optical
fiber, with an estimated conversion efficiency of ~107. It verified that BP is able to perform
ultrafast optical switching at high speed up to 20 GHz. Considering the environmental
instability of BP, few-layer BP was synthesized!'!”) with metal-ion-modification against
oxidation and degradation "', providing a new effective option for photonic applications
toward high performance and enhanced stability.

3.3. Saturable absorption

At present, ultrafast lasers are widely used for numerous applications, ranging from basic
research to telecommunication, medicine, and industrial material processing.[>!” These lasers
with output pulse duration in picosecond or femtosecond timescale can be constructed by

placing a saturable absorber inside a laser cavity. While the real part of the third-order NLO
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susceptibility (i.e., Re(y)) is responsible for typical third-order NLO processes (e.g., FWM
and THG), the imaginary part (i.e., Im(y®)) dominates the nonlinear absorption such as multi-

(155 Note that higher-order susceptibility

photon absorption, optical limiting and SA property.
(e.g., Im(x®)) can also contribute to SA. In principle, most light-absorbing materials can be
used as saturable absorbers in their resonant absorption wavelength range, which are widely
utilized in the passively Q-switched and mode-locked lasers as well as all-optical
modulators.[253%38] For SA materials, typical macroscopic saturable absorber parameters are
the operating wavelength range, the saturable fluence (or intensity), the non-saturable loss, the
modulation depth and the recovery time.[?%3%

In the past decade, the demonstration of graphene based saturable absorbers has created a new
paradigm for building ultrafast pulsed lasers.[>3-2>2*3 Figure 5(a) shows SA in graphene at
different pump wavelengths, which indicates its broadband operation property. A typical
graphene integrated fiber laser is shown in Figure 5(b). More recently, other 2DLMs have also
been demonstrated for saturable absorbers (e.g., MoS, BO3LISOISH “yyQ, HSLIS2] yyQe, 1831
MoTe, 181184 WTe 1841 ReS, (1851 BPIILISI86h Thys far, 2DLMs have been integrated in

187]

various lasers (such as solid-state!'®”) waveguide!!3®], fiber[?3:25:29.30.:43.189.190]

, and
semiconductor' ! lasers) to generate ultrashort optical pulses.

Intensive research efforts on 2DLMs based SAs have demonstrated that 2DLMs can provide
cost-effective saturable absorbers with superior performance for compact ultrafast lasers. For
example, with the help of the broadband absorption of graphene, a single saturable absorber
can realize mode-locking operation with an operation bandwidth of up to >1000 nm."*¥ Broad
operation bandwidth of graphene was also demonstrated by the wide wavelength-tunable
output (Figure 5(c)).**'%°1 Thus far, 2DLMs based ultrafast lasers have been reported to
produce mode-locked pulses with the output wavelength covering from 635 nm!3! to 2.8um°!,
pulse duration of sub 20-fs [!?1 (Figure 5(d)), the repetition rate of >10 GHz!'**), and the
average power of >10 W.!""4 Overall, the advantages of 2DLMs based saturable absorbers

include broad operation bandwidth [ fast recovery time!®*3%, electrical tunability ['>74!

, Cost-
effective, easy fabrication and integration®® and multi-functionality (e.g., integrated
photodetector and modulator!'?l). For example, a recent example of adding additional
functionalities to the lasers was demonstrated in Reference [!'!], which utilized the anisotropic
optical properties of BP for linearly polarized ultrafast pulse generation with a degree of

polarization of ~100% [''!l (Figure 5 (e)). The SA property can also be used for all-optical
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modulation.*!! Due to their ultrafast recovery time, 2DLMs based all-optical modulators may
operate significantly faster than their electrical counterpart.!*®!%3] Reference **! demonstrated
a graphene integrated all-optical fiber modulator with ~200 GHz bandwidth (Figure 5 (f)),
which clearly shows high potential of 2DLMs for ultrafast signal processing. In addition, higher
modulation depth can be potentially achieved with TMDs than graphene in the visible spectrum
range due to their strong absorption in the visible spectrum range.!]

4. Perspectives of 2DLMs based nonlinear optics

4.1. Fundamental limits of nonlinear optics

The fundamental physical limits of nonlinear optics have long been theoretically discussed not
only to determinate the technological potential of nonlinear optics, but also to enable a wide
perspective on the current NLO devices for performance improvement.l'®! 2DLMs are the
ideal material family to address the limits due to their atomically-thin nature. For example, it
will be very beneficial to fully understand how the material properties of 2DLMs affect their
NLO responses. Currently, it is still hard to precisely calculate the properties of new
nanomaterials. Additionally, it can be very difficult to accurately measure the properties of new

nanomaterials that can be highly susceptible to environmental disturbances (e.g., substrates

[71,122,164] 164]

chemical and laser treatments®”). For
graphene!'”’, even now in 2017, after various NLO properties (e.g., SHG in bilayer and
multilayer graphenel®!-6366.1981 THGI7 FWMI*, SAI23-2] and optical limiting!>®!) have been
extensively investigated, a long-running discrepancy still exists between some of the
experimental observations (e.g., graphene nonlinear susceptibility!!%>!*?1). For example, there
is a huge variation in measured parameters of graphene SA!?>2°31 and THG7#%%%] (Listed in
Table 1), even though they are the most comprehensively studied NLO properties of graphene.
Further, the measured NLO coefficients of other 2DLMs also differ a lot from each other (e.g.,
~3-order of magnitude difference!®?-84200-202] jn (2 of MoS,, ranging from 0.1 to 100 nm V!
[82-84.200.2011 "Table 1). In this regard, more reliable and accurate characterization and calculation
methods are needed. Note that the methods and the figures of merit that are used for
characterization of traditional bulk NLO crystals are not always directly applicable to 2DLMs.
For example, the traditional definition of nonlinear susceptibility involves polarization per unit
volume U2, which is an ill-defined figure-of-merit for 2DLMs since these materials contain

only surface.l®® Therefore, in certain cases, it might be more appropriate to compare the NLO
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processes in 2DLMs with the ratio between the harmonic signal power and the incident pump
power (i.e., harmonic conversion efficiency).[*”

Nevertheless, it is of great significance to carefully measure the NLO responses of various
2DLMs to fully understand the fundamental physics of their NLO properties. This can be
associated with advance theoretical techniques to quantitatively understand various NLO
phenomena in 2DLMs. Recently, optical nonlinearity measurement of different TMDs 2% (i.e.,
monolayer and few-layer MoS,, MoSe>, WS>, WSe», graphene, BP, Figure 6) has been
simultaneously carried out on a substrate. The typical ¥'® and x® of different monolayers are
listed in Figure 6. This constitutes the first opportunity for an accurate and detailed comparison
of NLO responses of 2DLMs in a controlled experimental environment.°*) The results reveal
feasibility of linking the linear and NLO responses of different 2DLMs 2321 to predict
responses of unknown 2DLMs. In the future, it is anticipated that a large range of 2DLMs will
be further inspected on their physical properties (including NLO properties), which will then
be combined with a theoretical framework to substantially advance our understanding of
2DLMs. The short-term goal is to identify unknown trends to predict, understand and
differentiate physical properties (including NLO properties) of 2DLMs. This will lead to
efficiently discover 2DLMs with high performance (including high optical nonlinearity) from
the family of hundreds of new different 2DLMs that have not been touched in the lab so far. It
is worth noting that this can significantly benefit the whole nanomaterial research community
in its effort to understand the extraordinary structures and functions (e.g., NLO properties) of
various nanomaterials (including quantum dots, nanotubes, nanowires) beyond 2DLMs. The
ultimate goal is to artificially create new nanomaterials for devices with superior performance
(e.g., ultra-high NLO response).

4.2. 2D material characterization

Material characterization is a scientifically and technologically important task to provide
relevant information about the properties of the materials that enable the state-of-the-art
devices to function. However, currently, it is challenging to accurately measure various
physical properties of nanomaterials (including atomically-thin 2DLMs). As explained in
Section 3, the intensities of SHG and THG signals are much higher in 2DLMs than that
generated in the substrate, producing a high contrast between the substrate and the materials.
It demonstrates that various NLO processes allow the measurement of various properties of

2DLMs. 45971141 This is well aligned with the recent efforts of using various NLO processes
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(e.g., multiphoton processes!'!l, Raman, FWM) for characterization of biological samples.
Reference [°7) observed 4 different grain boundaries in CVD grown MoS, monolayers by
mapping the SHG and THG signal intensities (Figures 7(a) and 7(b)). The angle between
crystal axes on neighbouring grains (i.e., A1 and Az, and B; and B») is extremely small, ~1°,
making these grain boundaries irresolvable with Raman measurements. SHG measurements,
which are known for their sensitivity to deduce the crystal orientations and grain boundaries
[82-84,139,200-202.205] " 3150 fail to resolve these grain boundaries due to the small difference between
the crystal axes. In this case, Reference °”) showed that THG can be more effective to detect
these grain boundaries. Further, the crystallographic directions of exfoliated 2D material flakes
(e.g., BP) have been recently characterized by using multiphoton microscopy, see Figures 7(c)
and 7(d).[''* As observed, the crystallographic directions of the BP thin films are clearly
measured by observing the THG signal intensity as a function of the excitation laser
polarization direction.!!'¥ The layer thickness of the 2D material flakes can also be evaluated
from the intensity of the multiphoton signal.*>!'¥] The advantage of nonlinear multiphoton
microscopy is that it is extremely straightforward and very fast. It was noted that an area of 450
x 450 pm? can be imaged with a multiphoton microscope in about 5 s or less, highlighting its
speed advantage compared to other commonly used characterization techniques (e.g., Raman,
PL). The accuracy and the speed of the multiphoton microscopy make it a very useful
characterization tool for characterization of 2DLMs (especially CVD grown large-scale
2DLMs P7) in the near future.

Further, it is well-known that various structural defects (e.g., vacancies, adatoms, grain
boundaries, edges) in the materials and external environments (e.g., substrate, strain) around
the materials can significantly affect the NLO responses of the materials.!"*! This also has been

experimentally observed in 2DLMs (e.g., effects of substrates!!®?!, defects ['%°!, doping ["1-164],

1 (145,166 [97

strai 1 and chemical and laser treatments °’!). These results have shown that nonlinear
optics can be potentially used to characterize the properties of 2DLMs. On the other hand, these
effects can be utilized to engineer the NLO responses in 2DLMs. For example, the structure
defects can be beneficial by trapping carriers and excitons, enabling unprecedented
functionalities (e.g. defect induced single photon generation ['232%l)  This can possibly
introduce new NLO phenomena (e.g., multi-photon excited single photon emission, all-optical

nonlinear switching with only one or a few photons).
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4.3. Bio-imaging and sensing applications

NLO imaging (e.g., SHG and two-photon luminescence imaging methods) has attracted wide
attention in both fundamental research and biomedical applications, due to its good
biocompatibility, large imaging depth, superior spatial resolution, minimized tissue
fluorescence background, and the reduction of photo-damage in biological tissues.!'!! For
example, in contrast to the one-photon (i.e., linear optical) processes based luminescence
imaging methods, near-infrared excitation (700-1350 nm) based two-photon luminescence
imaging approach can enable larger penetration depth (even up to 1800 pum) into tissues,
significantly pushing the fundamental imaging penetration depth limit.”! Reference [ first
used graphene oxide as a non-bleaching optical probe in biomedical diagnostics. The result
shows that functionalized graphene oxide can be employed for three-dimensional two-photon
luminescence imaging in laser-based cancer micro-surgery.?®®! Two-photon luminescence of
nitrogen-graphene quantum dots was also investigated with femtosecond laser excitation and
applied for two-photon cellular imaging.?’2%! Similarly, it was demonstrated that S6
ribonucleic acid aptamers conjugated graphene oxide can be used for selective two-photon

).[210

imaging of SK-BR-3 breast tumour cell (see Figure 8(a) | Besides graphene, MoS;

[211] and

quantum dots have been reported for bio-imaging by up- and down-conversion PL
multiphoton emission.!?'?! The method combining good biocompatibility and physiological
stability of MoS2 quantum dots enables high-performance bio-imaging of HeLa cells, as shown
in Figure 8(b). ?'!! As demonstrated by these pioneering studies on bio-imaging with graphene
and MoS;, 2DLMs are very promising candidates for non-invasive bio-imaging
applications.[*!3] Note that other NLO effects in 2DLMs (e.g., FWM, OPG) also can be used
for bio-imaging applications.

Nowadays, sensors are used almost everywhere and play an important role in our lives. Owing
to the atomically thick interaction length, the NLO interaction between light and 2DLMs needs
to be further enhanced for practical sensing applications. By utilizing polariton in 2DLMs (e.g.,
graphene plasmons 2*217] exciton in TMDs), strong confinement will increase the NLO
response by orders of magnitudes, potentially enabling practical sensing applications.[*!8] In
Reference >8] nano-graphene can serve as optical sensors of charge- and dipole-carrying
analytes with single-molecule sensitivity. An elementary charge or a weak permanent dipole
carried by the molecule was shown to be sufficient to trigger observable modifications in the

nonlinear response of the graphene nano-islands through atomistic quantum-mechanical
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simulations. In particular, a strong SHG signal, forbidden by symmetry in the unexposed
graphene nanostructure, emerges due to a redistribution of carriers produced by interaction
with the molecule, as shown in Figure 8(c).?!8 These results pave the way toward
ultrasensitive NLO detection of dipolar molecules that can be achieved by utilizing the
extraordinary NLO properties of graphene and other 2DLMs. In principle, other approaches to
enhance NLO response in 2DLMs, such as optical cavities P%!*8), waveguides ['*71 (e.g., slot

(2191 photonic crystal fibers!'?!) (discussed in Section 4.10) can also be utilized for

waveguides
bio-imaging, sensing and other enabling applications, deserving further investigation in the
near future.

4.4. THz wave technology

Terahertz radiation (from ~0.1 to 10 THz) has the ability to pass through a wide range of
substances, thus possessing numerous potential applications in biomedical imaging, security,
remote sensing and spectroscopy.?>Yl However, present THz technologies seriously suffer from
the lack of compact and efficient room temperature THz sources and detectors. This greatly
limits the proliferation of various practical applications.!??"!

Research on THz technologies with 2DLMs has attracted huge interest. In contrast to numerous
fascinating theoretical concepts proposed on THz generation in graphene!??!l, currently, main
experimental demonstrations still concentrate on bulk materials (e.g., thick-layer graphite [22%,
topological insulators 2% thick-layer MoS; 2> and WS, [?*]). There are only few
experimental demonstrations with monolayer and few-layer graphene for ultrafast, broadband,
and cost-effective THz light emission.[>>?26227-228] For example, experiments on graphene
excited by femtosecond optical pulses at oblique incidence (Figure 9(a)) have shown second
order nonlinear photon-drag-currents associated with THz generation at room

[226.228] The photon drag effect can induce carriers driven by in-plane surface field

temperature.
into transient current (Figure 9(b)). It generates THz waves ranging from 0.1 to 4 THz with an
optical-to-THz conversion efficiency [?*%1 of ~1.5 x 107!! | indicating a second-order nonlinear
process (Figures 9(c¢) and (d)). The photon drag induced THz generation can be enhanced by

n 2! and modulated by applying gating [2*°!, showing the potential

surface plasmon excitatio
of 2DLMs based efficient THz sources.

Different from transient photocurrent induced THz generation in graphene, the underlying
mechanism of THz generation in MoS: can be surface optical rectification under reflection

1’1.[224

configuratio 1 Few-layer MoS; can generate THz radiation efficiently ranging from 0.1-3.5

20



WILEY-VCH

THz under linearly polarized femtosecond laser excitation (800 nm central wavelength, 35 fs
pulse duration). THz wave amplitude generated in MoS; is quadratic with the pump electric
field, also indicating the generation origin from a second-order nonlinear effect (i.e., optical
rectification). The investigations on layered MoS> can not only deepen the understanding of
NLO rectification process but also potentially provide a sensitive and noninvasive method to
characterize the surface and interface properties of MoS, by THz surface emission
spectroscopy.

Currently, the THz light intensity generated in graphene and other 2DLMs (e.g., MoS») is still
not strong enough for practicable THz sources mainly due to their atomically thin interaction
length. Full potential of 2DLMs for THz generation still deserves further exploration by
designing novel approaches (for example, stacking multiple monolayers, heterostructures,
evanescent mode integration) or coupling with graphene plasmons!>*!l, optical cavities,
waveguides or antennas'?*?! (as discussed in Section 4.10). Further, NLO processes are one of
the most dominant methods to detect THz light.[*”) In this regard, 2DLMs with their relatively
large optical nonlinearity can be potentially used for integrated THz light detections.

4.5. Quantum photonics

Quantum photonics is the research field that utilizes semi-classical or quantum physics to

[233] Potential applications of quantum photonics include

understand light-matter interactions.
large-scale secure data transfer systems, quantum computers and efficient search engines for
databases.!?*3! 2DLM:s based nonlinear optics may find new applications in quantum photonics.
Thus far, the field of 2DLMs based quantum photonics has mainly been focusing on the linearly

operated single photon sources (SPSs) which emit only one photon per excitation process.

§[234] §[235]

Current state-of-the-art SPSs use nonlinear crystal , atom trap , color centers of
diamond(**®), and semiconductor quantum dots.[**”] Recently, 2DLMs based SPSs have been
demonstrated using two different concepts: emission via localized defects (e.g., in h-BN

123.124206]y ‘and via localized strain fields (e.g., in TMDs 123206) In general, the

crystals |
emission mechanism can be explained by linear optics. However, from the nonlinear quantum
photonics perspective, entangled photon pairs (EPPs) have been of particular interest in the
field of quantum photonics. In fact, EPP is one of the most important building blocks of
quantum technologies (e.g., the fabrication of Einstein-Podolsky-Rosen type photon pairs).
During the last few decades, efficient means have been searched to create EPPs by utilizing

spontaneous down-conversion process 2*® and Kerr nonlinearity induced spontaneous FWM
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(2391 in NLO materials. The strength of these NLO effects depends on the second and third order
NLO susceptibilities, respectively. As a result, a larger optical nonlinearity can enable a more
effective way for realization of the EPPs. However, down-scaling of the currently widely used
bulk crystals into PICs would be important for future quantum technologies but has so far been
proven challenging due to difficulties in integrating the traditional NLO bulk materials in PICs
for on-chip applications. Therefore, 2DLMs (e.g., graphene, BP, GaSe, MoS,, etc), that can
easily be integrated in PICs may find applications in the field of quantum photonics (e.g.,
spontaneous down-conversion and FWM based quantum light sources, manipulation and
storage of quantum states of light in integrated circuits). As an example of this perspective, we
note the recent theoretical predictions which postulate that graphene plasmonic nanostructures
can combine the strong confinement of optical fields and the large intrinsic optical nonlinearity
in graphene for EPPs [®*l and NLO interactions at the few photon level.[?4"!

4.6. Attoscience and strong field physics

Attoscience generally refers to the utilization of attosecond (~107'8 s) pulses of particles (e.g.,
electrons or photons) in the investigation and manipulation of the ultrafast dynamics in

[241

materials./**! For this purpose, pulsed lasers with the duration in the attosecond scale (or even

in the zeptosecond scale) are required. Thus far, attosecond pulses have been mainly created

170,242

via HHG processes.! I'In fact, if the HHG process involves only virtual levels, the NLO

response is in theory immediate, and therefore could occur at a time scale of sub-femtosecond

1701 “and argon and krypton gas jets [**?1). Recently, HHG

(as demonstrated in bulk crystals !
signal has been observed in 2DLMs 41911721731 (discussed in Section 3.1.3). Although it
should be noted that the duration of the generated pulses has not thus far been measured, the
observation of HHG!'®!! in atomically thin 2DLMs demonstrates the ability to study strong-
field and attosecond phenomena in materials of reduced dimensionality.[!%!-16]

Furthermore, recent demonstrations have shown that strong-field driven phenomena with
nanoscale structures typically occur in sub-cycle duration, which has been widely explored to

understand the collective electron dynamics and generate optical-field-driven currents on

243 o [244]

attosecond timescale.!?**! Referenc shows that current induced in graphene by few-cycle
optical pulses can be controlled with a precision on the attosecond time scale. This indicates
that field-driven processes, such as HHG in graphene and other 2DLMs, can be very interesting
for various new attoscience applications (e.g., sub-cycle photoemission, attosecond metrology,

attosecond control of electronic processes).
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4.7. Broadband light sources

A possible field where 2DLMs may also find new applications is broadband light generation
(e.g., ultraviolet (UV) and infrared light generation). With suitable 2DLMs, realization of
compact photonic circuits with on-chip UV light sources would find various applications, e.g.,
in sensing, light therapy®! and photolithography.”?**) However, transparent materials with
large NLO susceptibility in the UV region are hard to find, the UV cut-off edge of most
materials lies well above 200 nm. Based on the transparency advantage, h-BN?*"I and other
large-bandgap 2D material insulators could be suitable candidates for UV generation around
200 nm via various NLO processes (e.g., harmonic generation, SFG®>?*] Raman and
FWM!'2)). To our best knowledge no such demonstrations yet exist and thus the utilization of
2DLMs for UV light generation still remains elusive. In addition, BP and other narrow bandgap
2DLMs can be potentially used for infrared light generation (e.g., via harmonic generation and
differential DFG). It is worth noting that white light emission in graphene has been
demonstrated with continuous wave!?*”) or ultrafast pulsed®®! light pumping. Photon emission
generates typically throughout the visible spectral range with energies both larger and lower
than the exciting one, in contrast with conventional PL processes.! Such NLO processes (e.g.,
avalanche multiphoton ionization!>*’!, inter-valence charge transfer!**"!) can also be utilized for
construction of new types of broadband light sources (e.g., white, UV or infrared light
generation).

4.8. Optical parametric generation

Optical parametric generation is a NLO process that commonly uses #'* of NLO crystals to
amplify an optical signal (i.e., OPA®!) or directly generate coherent light output (i.e.,
OPOI?*2l), The challenge of using 2DLMs for OPAs and OPOs is to achieve strong light-matter
interaction for efficient light amplification. This is very hard to be directly obtained with
monolayer 2DLMs. Reference [2°*! theoretically reports that the phase-matching-free OPOs are
possible with micro-resonators adopting TMDs as gain materials. Note that the second-order
NLO effects are only present in TMDs with odd-number of layers, thus TMDs with even-
number of layers cannot be used. Another possible solution is to use 3R phase TMDs, which
are non-centrosymmetric with arbitrary layer number.['%1% Further, using heterostructure
lattices also can coherently increase the NLO response.

Another possible route for achieving OPAs or OPOs with 2DLMs could be to utilize FWM

based parametric gain. FWM is a third-order NLO process and thus present in any number of
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layers. In Reference [**, FWM from silicon nitride waveguide was used to create an OPO
operating at 1550 nm. Similar approach in which 2DLMs are combined with waveguides ['*”]
or cavities could be a potential solution for the construction of an OPO or OPA (discussed in
Section 4.10), offering a pathway for the fabrication of CMOS compatible light amplifiers and
sources at the telecommunication wavelengths. If successful, 2DLMs based OPOs can offer
novel light sources having various distinctive properties (such as wide operation bandwidth,
low-threshold, high-gain and dual-wavelength output), different from the previously reported
2DLMs based lasers.?>! Such new parametric devices enabled by 2DLMs will be more
compact, stable and cheap than the existing counterparts, suitable for various emerging
applications. For example, gate-tunable NLO responses in 2DLMs (e.g., graphene and TMDs)
can fully enable electronically tunable integrated light sources (e.g., frequency combs) for
metrology, sensing, and on-chip telecommunication.

4.9. Nonlinear optics with polaritons

Dipole-type polaritonic excitations (e.g., plasmon-polaritons in graphene!>**], phonon-

NB3:257 "and excitons in TMDs 238) play a key role in understanding light-

polaritons in h-B
matter interactions in various 2DLMs and their heterostructures.l*»?>° Thus far, the majority
of NLO experiments demonstrated with 2DLMs were investigated with pump wavelengths oft-
resonant from these polaritons. In principle, extremely strong NLO responses can be
anticipated using a pump with the wavelength resonant to the polaritons. For example, it has
been shown that SHG can be strongly enhanced if the excitation photons are resonant with the
exciton in 2DLMSs.*® In principle, tightly-confined and low-loss polaritons, such as plasmon-
polaritons in graphene and phonon-polaritons in h-BN, are possible to be utilized to
significantly improve the NLO interaction. As theoretically demonstrated, graphene plasmonic
resonance can be utilized to enhance the NLO responses (e.g., FWM and HHG) in various
graphene nanostructures, see Figure 10(a).?!*?!%! For a graphene nano-island with a side
length of 8.4 nm and doped with charge O = 3e, illuminated by two collinear light pulses of
central energies hw = 0.41 eV and hwz = 0.66 eV, extremely high wave-mixing efficiency
was theoretically calculated when one or more of the input or output frequencies coincide with

2141 By tuning the charge density in graphene

the plasmon resonance of graphene nano-islands.!
nanostructures (e.g., via gating), enhanced nonlinear responses can be realized over a wide
spectral range in the visible to near-infrared.l”* Indeed, the enhanced nonlinear mixing of near-

infrared and mid-infrared light was experimentally detected in arrays of graphene
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nanoribbons.?%%! Note that intrinsic NLO response can enable all-optical plasmon coupling in

211 Huge enhancement of NLO response created by the

graphene with visible light pulses.!
plasmonic resonance in 2DLMs (e.g., plasmonic excitation of graphene for THz and mid-
infrared light generation, modulation and manipulation) can support the exceptional potential
of various NLO applications, including novel light sources (e.g., spasers), nonlinear light
modulators, light multiplexers, metasurfaces, and sensing devices.

Further, the group velocity of polaritons in 2DLMs and their heterostructures can be
exceptionally slow 32611 with ultra-long propagation lengths and lifetimes. Such unique slow
light effects will open up new opportunities for enhancing the NLO interaction between light
and matter for various applications (e.g., harmonic generation, pulse compression and soliton
generation).!?$?! For instance, dispersion engineering in 2DLMs with various structures (e.g.,
nanoribbons, nanodots) can facilitate the generation of soliton pulses at the deep-
subwavelength scale, thanks to the combination of graphene's intrinsic self-focusing
nonlinearity and graphene plasmonic confinement effects.[>%3] Therefore, 2DLMs and their
heterostructures potentially can introduce new horizons for generation, propagation and
manipulation of soliton pulses over short length scales, at low powers and with ultrafast pulses
for all-optical signal processing applications.

In monolayer TMDs, the lack of inversion symmetry along with strong spin-orbit coupling
leads to the spin-valley coupling.?425] One of the intriguing consequences induced by spin-
valley coupling is the valley polarization observed in monolayer (also in biased or folded
bilayer) TMDs [105:139.266] " ywhere the electron-hole pairs in distinct valleys can be selectively
excited by circularly polarized light. More recently, the valley selection rule has been
demonstrated in various multiphoton processes (e.g., SHG and two-photon luminescence in
TMD monolayers (WS2, WSez)) 11362671 which is opposite to the one-photon linear optical
process. 1051392661 For excitation with left circular (right circular) photons at the fundamental
frequency o, the SHG photons at frequency 2w are right-circularly (left-circularly) polarized
with almost 100% helicity!?®*! at +K (—K) points in the Brillouin zone, as shown in Figure
10(b).!"*%) This might be interesting to combine with various vector beam excitations.?¢®!
Moreover, SHG can be enhanced when the excitation photons are resonant with the A
exciton'®® which is also electronically tunable.['*S] Therefore, it is expected that the exciton
related NLO responses and their valley-dependent properties in 2DLMs and their

heterostructures will ignite a new research area worthy of deep exploration. For example,
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strongly coupled cavity exciton-polaritons have been experimentally demonstrated through
interaction between bound electron-hole pairs in 2DLMs and the cavity optical field for NLO
applications.[?*! Topological polaritons and exciton-mediated superconductivities in 2DLMs
have also been theoretically predicted.?’%! The collective coherence of the quasiparticle nature
of these exciton-polaritons in 2DLMs and their heterostructures can provide a new NLO
material platform for various intriguing nonlinear quantum phenomena *’% (e.g., crossover
between Bose-Einstein and Bardeen-Cooper-Schrieffer condensed states [2711),

4.10. Optical nonlinearity enhancement in 2DLMs

As we mentioned previously, the NLO light-matter interaction builds up coherently with
increasing thickness in a conventional NLO crystal (with the efficiency of the interaction
typically dictated by the phase-matching conditions [?). Therefore, even with perfect phase-
matching, the efficiency of the frequency conversion depends on the effective path length
inside the nonlinear material. Since 2DLMs contain only one (or few) atomic layers, the
interaction length is limited to (sub-) nanometer scale. Hence, the atomically thin nature of the
2DLMs poses strong limitations on total conversion efficiency for NLO applications. More
research efforts are likely being directed in the near future towards the development of optical
configurations which enhance NLO interaction. Indeed, several schemes have recently been
proposed to improve the light-matter interaction, including phase-matched approaches (e.g.,
atomically phase-matched approaches %! or with patterning layered materials?’*'), waveguide
integration!!'"!1% plasmonic enhancement!!3%-214216.260] (3150 mentioned in Sections 4.3 & 4.9)
and optical resonators.!">®1%% In particular, by utilizing various photonic resonators (e.g.,
photonic crystal cavity, Figure 11(a); microsphere cavity, Figure 11(b); microdisk resonators,
Figure 11(c), hybrid nanoantennas), it is anticipated that 2DLMs based integrated photonic
structures are promising for future NLO applications. In addition, metallic plasmonic
polaritons!!*%*73! (Figure 11(d)) and photonic metamaterials *’¥, with benefits of easy
fabrication, integration and local field enhancement, would be suitable to enhance the optical
nonlinearity of 2DLMs. Additionally, electrically tuneable functionality in 2DLMs (e.g.,
graphene and TMDs) provides a powerful method to tune the generation of NLO signal for
practical applications, which is challenging with traditional NLO materials. For example,
electrically controlled optical frequency comb generation or OPOs could be achieved by
integrating micro-resonators with 2DLMs (Figure 11(e)). This potentially possesses a large

range of applications in metrology, sensing and high-capacity telecommunication.[?>]
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5. Conclusions and outlook

The major advances of nonlinear optics have enabled the realization of myriad technologies
that are playing a crucial role in our modern society. Today, the field of 2DLMs based nonlinear
optics is still in its infancy, even though it has gained an increasing amount of attention because
it may allow the realization of a vast number of technologically relevant applications that have
not been achieved before. For instance, the present THz technologies suffer from the lack of
compact room temperature THz sources, preventing their usage in biomedical imaging,
security, remote sensing and spectroscopy. Recent demonstrations show that ultrafast,
broadband, and low-cost THz light emission in 2DLM:s is possible by utilizing the NLO effects.
Further, 2DLMs and carbon nanotubes?’ based saturable absorbers are one of the best-known
examples in the field of nanomaterials based nonlinear optics, which have relatively high levels
of readiness for commercialization. All-optical signal processing is another topic in which
2DLMs based nonlinear optics could find practical applications.

Thanks to the recent progresses made in the fabrication processes of 2DLMs, various 2DLMs
could be embedded in PICs (e.g., silicon waveguides and other integrated optical circuits)
relatively easily and cost-effectively. In addition, 2DLMs can offer a large range of enabling
functions!!”! (e.g., electronics, energy storage and conversion, sensing, photonic and
optoelectronic functions) due to their diverse properties. In this regard, multi-functional optical
devices®! (e.g., multi-functional modulator and photodetector'?’”), multi-functional modulator
and plasmonic waveguide!>’®)) have been demonstrated with 2DLMs. This will not only
provide a significant advantage for electronics and photonics in terms of possible integration
with an "all-in-one" solution, but also offer new devices with superior performance (e.g.,

277] electronically tunable NLO devices). In principle,

simultaneous modulation and detection [
similar strategy can be utilized to simultaneously operate 2DLMs based NLO devices for
demonstration of devices with other multi-functionalities. Further, as noted above, 2DLMs
based nonlinear optics could find applications in attoscience, quantum photonics, UV
generation and spin/valleytronics. On top of this, the recent progresses in 2DLMs based bio-
imaging have also attracted huge attention due to possible performance improvements. In fact,
2DLMs have already been shown to be very promising candidates for non-invasive probes in
the near future bio-imaging applications. Benefited from all the listed advantages of 2DLMs,

we believe that 2DLMs based nonlinear optics will pave the way for a wide variety of novel

applications in various cross-disciplinary fields. Hence, if the production of environmentally
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stable, large-scale and high-quality 2DLMs is successfull®®!1%271 the future of this relatively
new field is likely to be bright with the next few years revealing not only new research

demonstrations but also the technological applications.
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Table 1. Typical NLO processes in 2DLMs.

Material Emission wavelength [nm] Fabrication NLO coefficient (3")* n** Thickness Substrate
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50019 640-6652001:78005-971 1: ME[82-34.95,150] 3200%21; 10000133 200, BLUSTIS0L RIS 01 Quartz[32841; Sapphire! 37
MoSe» 600-9001; 7751571 PLDPYI;MEN7 1-50 - MLPO157] Si0,?9; Sil157]
MoSx(1-»Seax 500-9001142) cvDl4l 2-8l142] - ML SiO,[147]
WS, 415871;530-6600! 2] CVDE%1321 68 [1521:900 187 30000(60)7 MLE7;Spirall!5?] Si0,#7);Quartz[1>2!
WSez 400[91];516_795[86,136,151] ME[86’136’151];CVD[91] 0.4-6[136];1000[91] 4(8000)[136]; 0.1(106)[91] ML[86’91’136];BL[151] Si02[86,91,136,151]
JELG InSe 5301146] MEL146] - - 9-25 nm('4¢] Quartz [14€]
MoTe; 5001881 ME®8] 150881 - FLI®8] SiO,%8
h-BN 405[82.144] MEPF2;CyDI144] 2000821 - MLEZ;BLI44LFLE2 Quartz!®?;Sapphire!!44]
GaSe  400[1431;7501601:78011:600-800021 MEP?-143:1601: Cy D21 1.8%91:70-240021;3001143) 4.8 (1000)P”] MLP?1;91[99:1601:9_1 QLI43] Si0,%1431:Quartz®?
GaTe 7601126] ME!!26] 11.5(126) 1.8 (290) 7-57 nm!'20] Si0,1126]
AgIIIP286 400[147] ME[147] 10—2 X X(Z)MOSZ[IM] _ ML[147] Si02[147]
MoS> 52005971;586-66004 CVDPSIT MEP49) 2.40961: -1 20497 0.24(750)%1;32(750)! MLP>971:5 nm4) GlassP?1;SiQ,*4+9597]
MoSe» 520 ME 2.2 6.6(2700) ML Si0,2%3]
WS, 520 ME 2.4 2.4(2700) ML Si0,2%]
WSe» 520 ME 1 2.8(2700) ML SiQ,2%31
THG ReS, 505081 MEP8] 53081 2(2100)P8 MLP#] Glass¥!
BP 590[114,115,141] ME[!14,115,141] 16114115110 % ) gaphencl41) 0.7(2200)11141 ~10 nm'411512 4101411 §§Q,[114.115]: Glass!141]
[47]. §9()[45,96]. 5 7 5 [46]. [47,69,70,96]. [47,96].5 _1 ()[70] 3010)47]- [47,96]. Q3 (),[45,46,69].
Graphene 263 ,5[%(3 ;575 [69,] CVD oty 1 a ;5-10 5 10 [(9%0) S ML4547.:69.70.96] Glass ,Sl([)%] ;
433-5501"%%590-1030 ME!- 4001 42000 0.1(1500)°%;1(8000) Quartz
GaSe 5200 MEP* 1600 2.3(1000)* FLP] Si0,
GaTe 52011261 ME!26] 2000(126] 4(290) 7-57 nm!'2¢! SiO,l126]
700[69];760-840[49]; ME[49,69,148]; 14000[49]; 10-2 (80)[69]; ML[49-51,69,70,177,178]; Si02[69];Glass[49];
Graphene 360-1566170):~1550[5051.148,177.178] Y DI50.51,70,177,178] 5.300170] 1073(3.2)[1481;108(600)(5) FLL148] Quartz!701; S{l50.51,148,177,178]
FWM 3 fos, 430-4500%1 MED3] ; - 1-8L153] Quartz®
BP ~1550[116:117] LPEL16117] . 10301161, 1401171 4.3 nm!"6;18 nm(17) Glass! 1161171
*: for SHG, y®x10"'m V1; for THG and FWM, y¥x10""m? V-2, **: Conversion efficiency (x10'%) (excitation peak power, unit: W). ML: monolayer; BL:
BBO -12 -
22.2%x107" m V

bilayer; FL: few layers. SiO::Si0,/Si substrate. For comparison, NLO properties of typical bulk crystals are given as follows: d3;

s qptVP03531.8x10°2 m V4 4 +1.4x 108 m? V2P

_~
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Figure 1. Fundamentals of nonlinear optics. (a) Examples of different nonlinear frequency
conversion processes, such as SHG, DFG, THG, and FWM. Input photons at various
frequencies (e.g.,o for SHG and THG, ®; for DFG, ®; and ®; for FWM) can be converted into
photons at different frequencies (e.g., 2® for SHG, 3w for THG, w; and w3 for DFG, w3 and
w4 for FWM). (b) Examples of typical NLO applications. TPA: two-photon absorption; rij:

electro-optic coefficient, An: intensity dependent refractive index change.
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Graphene

Figure 2. Fundamentals of 2DLMs. (a) Electronic band structure of graphene. Reproduced
with permission.??! Copyright 2009, American Physical Society. (b) Electronic band structure
of monolayer TMDs. Reproduced with permission.?**! Copyright 2016, Nature Publishing
Group. (¢) Crystal structure of BP showing the in-plane anisotropy between armchair (AC) and
zigzag (ZZ) crystal directions. Reproduced with permission.!?¥ Copyright 2014, Nature
Publishing Group.
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Figure 3. Harmonic generation in 2DLMs: (a) Measured absorption (solid lines) and second-
order susceptibility (circles) of MoS». Data shown on blue is from monolayer and green is from
tri-layer MoS,. Exciton peaks (i.e., A, B and C) are also indicated. Reproduced with
permission./??) Copyright 2013, American Physical Society. (b) SHG intensity of monolayer
WSe, with different gate voltages. Reproduced with permission.!*?) Copyright 2015, Nature
Publishing Group. (¢) SHG, THG and FHG in monolayer MoS;. Inset: THG image of a MoS»
flake.”®! (d) HHG in monolayer MoS>. Reproduced with permission.??! Copyright 2016,
Nature Publishing Group.
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Figure 4. FWM demonstrations in 2DLMs. (a) Emission spectra of a graphene flake excited
with pump pulses at different wavelengths, (41, A2). The dashed line represents the wavelength
dependence predicted by nonlinear quantum response theory. Reproduced with permission.?*
Copyright 2010, American Physical Society. (b) FWM dependence on pump-probe beams
(Apump, Aprobe) in a tri-layer MoS; flake. Reproduced with permission.”®! Copyright 2016,
American Chemical Society. (c) FWM images of a mechanically exfoliated few-layer MoS>
flake with different thicknesses. Reproduced with permission.”®! Copyright 2016, American
Chemical Society. (d) Graphene integrated photonic crystal cavity for FWM. Inset: E.-field
distribution from computation. Reproduced with permission.[”*! Copyright 2012, Nature
Publishing Group. (e) Schematic illustration of FWM-based wavelength conversion in a BP-
deposited integrated fiber device. Inset: bandgap of BP. Reproduced under the terms of the CC-
BY license. [''®) Copyright 2017, Nature Publishing Group.
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Figure 5. Saturable absorption in 2DLMs. (a) NLO absorption of graphene at different
wavelengths. (b) A typical configuration of 2DLMs based ultrafast fibre lasers. Inset: an optical
image of a BP (marked by pink dotted line) integrated fiber device. The red dot indicates the
optical fibre core. PC: polarization controller; LD: laser diode; WDM: wavelength division
multiplexer; EDF: Erbium-doped fiber; ISO: isolator. (¢) Broadband tunable output spectra of
a graphene Q-switched fiber laser.['31 (d) Sub-20 fs optical pulses generated with a graphene
mode-locked laser. Reproduced with permission.!”?! Copyright 2017, Optical Society of
America. (e) Linearly polarized output of a BP mode-locked fiber laser. (f) Schematic of a
graphene-coated microfiber ultrafast all-optical modulator. Image courtesy of Prof. Liming

Tong.
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Figure 6. THG imaging of a few common 2DLMs (i.e., mono- and few-layer TMDs, BP, and
graphene). The typical y® and y® of monolayers are listed. Note that y® of BP and graphene
is zero due to their centrosymmetric structures. The pump wavelength: 1560 nm. Scale bar: 10

pum.
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Figure 7. Nonlinear optics for 2D material characterization. (a) Optical image of a CVD grown
MoS; flake highlighting the different grain boundaries (GBs 1-4). (b) Multiphoton microscopy
images of the CVD grown MoS; flake show how different crystal domains and GBs can be
resolved from multiphoton microscopy images by varying the excitation laser polarization
direction. The experimentally measured contrast (upper panel) agrees extremely well with the
simulated multiphoton signal (lower panel). Scale bars: 10 um. (¢c) THG image with overlaid
AC crystal directions of 8 different BP flakes which crystal directions were characterized
utilizing the angular dependence of THG to the excitation light polarization direction. (d) Polar
plot shows the measured angular dependence of the THG and demonstrates that the THG
intensity changes with polarization directions. The red and purple arrows indicate the AC and

77 crystal directions of the measured BP flake.
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Figure 8. Nonlinear imaging and sensing with 2DLMs. (a) Schematic setup of aptamer-bound
graphene oxide-based two-photon luminescence imaging platform for selective cancer cell
imaging. Reproduced with permission.!” Copyright 2014, American Chemical Society. (b)
Up-conversion cellular imaging of MoS> quantum dots (inset) under an 800 nm excitation.
Reproduced with permission.[?!!] Copyright 2016, American Chemical Society. (¢) Second-
harmonic polarizability of the graphene nano-hexagon in the absence (blue curves) or presence

[218

(red curves) of a nearby charge-carrying molecule. Reproduced with permission. ?!8 Copyright

2016, American Physical Society.
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Figure 9. THz generation in graphene. (a) A femtosecond optical pump pulse illuminates the
multilayer graphene and transient photon drag current generated in the plane of the graphene
sheets emits a THz pulse. (b) Transient non-thermal electron and hole distributions in the inter-
band regime for an oblique illumination in graphene. (c) Experimental electric field waveform
emitted by the multilayer graphene illuminated by s-polarized femtosecond optical pulses at
800 nm central wavelength under an incidence angle ¢ = 25° and its associated spectrum (d).
Inset of Figure (c): Nonequilibrium electron population distribution generated by p-polarized

[226

femtosecond optical pulses at oblique incidence. Reproduced with permission.?2, Copyright

2014, American Chemical Society.
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Figure 10. Nonlinear optics with polaritons in 2DLMs. (a) Illustration of an armchair triangular
graphene nano-island; enhanced wave-mixing when one or more of the input or output
frequencies coincide with a plasmon resonance of graphene nanoislands. Reproduced with
permission.[??8), Copyright 2015, American Chemical Society. (b) Valley-dependent SHG
selection rules: circular polarization-resolved SHG spectra showing the generation of counter-
circular SHG. Inset: Inter-band valley optical selection rules for SHG. Reproduced with

permission.[??%], Copyright 2015, Nature Publishing Group.
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(@) (b)

Figure 11. Optical nonlinearity enhancement in 2DLMs by integrating with (a) photonic
crystal cavity, (b) microsphere cavity (inset: coated 2DLMs), (c) microdisk resonator, (d)

metallic plasmonic structures. (e) Electrically tunable NLO devices based on 2DLMs.
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