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The generation characteristics of nonlinear optical signals and their multi-dimensional modulation at micro-nano scale
have become a prominent research area in nanophotonics, and also the key to developing various novel nonlinear photonics
devices. In recent years, the demand for higher nonlinear conversion efficiency and device integration has led to the
rapid progress of hybrid nonlinear metasurfaces composed of nanostructures and nonlinear materials. As a joint platform
of stable wavefront modulation, nonlinear metasurface and efficient frequency conversion, hybrid nonlinear metasurfaces
offer a splendid opportunity for developing the next-generation of multipurpose flat-optics devices. This article provides a
comprehensive review of recent advances in hybrid nonlinear metasurfaces for light-field modulation. The advantages of
hybrid systems are discussed from the perspectives of multifunctional light-field modulation, valleytronic modulation, and
quantum technologies. Finally, the remaining challenges of hybrid metasurfaces are summarized and future developments

are also prospected.
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1. Introduction

With the flourishing development of micro-nano opto-
electronic devices, the conventional optical components are
unsuitable for contemporary integrated and miniaturized op-
toelectronic systems due to their large size and limitations
imposed by micro-nano manufacturing technologies. The
proposal of metasurfaces has unveiled a new avenue for
the design of optical elements, facilitating the manipulation
of light in ways beyond the reach of natural materials.!=3!
The effective control of polarization, amplitude and phase of
light at subwavelength scales is achievable by introducing an
abrupt change in phase to two-dimensional (2D) or quasi-
two-dimensional metasurfaces made of metallic or dielectric

[4-10

materials. | The first proposal of generalized Snell’s Law

demonstrated the capability of phase-discontinuous metasur-
faces to manipulate light in unconventional ways,?! lead-
ing to a variety of metasurfaces using P-B phase and reso-

nant phase modulation exhibiting numerous intriguing func-

[11-23

tions in the field of linear optics, ] including beam focus-

13,24-27] optical holography, (28341 yersatile

ing and metalens, |
polarization generation,>> and vortex beam generation and
manipulation.[!836-3% The emergence of metasurfaces heralds
the era of planar optics.

Nonlinear optics has been a thriving research field over

S. [40

the past several decades.*’ The second harmonic generation
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(SHG), third harmonic generation (THG), and photoinduced
refractive index variation have extensive applications in fre-
quency conversion, all-optical switching, and electro-optical
switching.[*1=*4! Traditional nonlinear optical crystals have
achieved great success in laser frequency conversion. How-
ever, the rapid advancement of optical computing and quan-
tum optical chips has made the integration of nonlinear optics
into micro-nano sized chips an imperative scientific and tech-
nological challenge. In recent years, the emergence of non-
linear metasurfaces has provided marvellous opportunities for
designing and implementing nonlinear optical elements with

[45-47] The integra-

specific functions in light-field modulation.
tion of nonlinear optical effects endows light-field modulation
with new controllable degrees of freedom such as frequency,
amplitude, phase, and polarization. This enables the multi-
dimensional modulations of the light field while producing a
nonlinear signal, greatly reducing the size and footprint of the
optoelectronic system. Owing to its broadband tunability, a
single metasurface can carry multiple information channels,
significantly enriching the functionality of the micro-nano op-
tical devices.

Nevertheless, despite the benefits offered by the amal-
gamation of nonlinear optical effects, conventional nonlinear
metasurfaces are encountering new challenges in keeping up
with the increasing demand for high nonlinear conversion effi-
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ciency and stable performance of wavefront manipulation. In
the field of nonlinear light-field modulation, nonlinear meta-
surfaces are required to act not only as efficient nonlinear sig-
nal generators but also to modulate the phase of nonlinear
signals at the subwavelength scale. On the one hand, while
dielectric metasurfaces have the capability to produce strong
electromagnetic field enhancement, the complex electromag-
netic resonance modes make it challenging to create indepen-
dent phase modulation units. Additionally, the local electric
field generated by the dielectric meta-atoms is susceptible to
being affected by neighboring meta-atoms, *® resulting in de-
creased phase modulation capabilities compared to plasmonic
metasurfaces. On the other hand, metal materials often exhibit
large ohmic losses and low damage thresholds, and strong ab-
sorption caused by resonance can lead to damage of the metal
structure due to accumulated thermal effects, especially in
the visible band. Additionally, when the power of the pump
laser is high, interference from high-order nonlinear signals

49501 One poten-

like supercontinuum light may be generated. !
tial solution to the dilemmas aforementioned is to amalgamate
the advantages of plasmonic and dielectric metasurfaces with
nonlinear materials to create hybrid nonlinear metasurfaces.
The hybrid nonlinear metasurfaces generally refer to metasur-
faces that combine conventional metasurfaces with other ma-
terials or nanostructures, resulting in metasurfaces containing
more than one type of material. In virtue of the high non-
linear conversion efficiency, stable capability of phase modu-
lation, and ease of integration, hybrid nonlinear metasurfaces
have become promising candidates for multifunctional nonlin-
ear micro-nano devices.

Herein, we will provide a general overview of the lat-
est research progress related to hybrid nonlinear metasurfaces.
This paper is mainly divided into four parts. In the second part,
we will briefly introduce the functions that conventional non-
linear metasurfaces have achieved in light-field modulation,
including plasmonic and dielectric metasurfaces. In the third
part, we will discuss the novel and feature-rich hybrid non-
linear metasurfaces in detail, including their applications in
nonlinear phase modulation, nonlinearity enhancement, val-
leytronic modulation and quantum technologies. Finally, we
will provide a conclusion and make an outlook on future re-
search in hybrid nonlinear metasurfaces.

2. Conventional nonlinear metasurfaces
2.1. Plasmonic nonlinear metasurfaces

The two typical metal nanostructures for nonlinear phase
modulation are the U-shaped split-ring resonators (SRRs)
and the Y-shaped nanoantennas with three-fold (C3) rota-

[46,51-69

tional symmetry. ! SRRs exhibit an electromagnetic re-

sponse over a wide range of wavelengths. U-shaped plasmonic

nanorods generate a ring-shaped surface plasmon current, re-
sulting in both electrical and magnetic coupling, which grants
them remarkable ability in light-field modulation. The SHG of
U-shaped SRRs has been studied since 2012.541 Afterwards,
the wavefront manipulation of SHG was realized by introduc-
ing phase mutation by flipping the U-shaped SRR unit.[>]
Subsequently, based on the same approach, the generation
of second-harmonic Airy beams and vortex beams was also

[36] Furthermore, P-B phase modulation can be

demonstrated.
introduced to SRRs with different rotation angles. Under the
excitation of circularly polarized light, photons with different
frequencies will carry distinct phase factors, which endow a
single metasurface with multiple information channels.>8-60]
Figure 1(a) shows a gradient nonlinear metasurface with U-
shaped nanopores that rotate to generate a spin-selective sec-
ond harmonic vortex beam.[® In addition, SRRs also exhibit a
chiral response to circularly polarized light by changing the in-
cident angle, which extends the functionality of metasurfaces
in another dimension.[®!]

Based on similar principles, Y-shaped nanoantennas
with C3 symmetry can also realize various phase modula-
tion functions. As shown in Fig. 1(b), a nonlinear metal-
ens imaging system that integrates ultra-thin planar lenses
with synchronous frequency conversion function has been
demonstrated.[®* By introducing the focusing phase into the
metasurface, an L-shaped object in the near-infrared band was
imaged in the visible range of the second-harmonic signal.
Additionally, Y-shaped nanorods based on P-B phase modula-

1651 making them

tion can also achieve optical image encoding,
suitable as optical encryption devices. Building upon this ca-
pability, the far-field holographic imaging was also achieved
by combining amplitude and phase modulation of SHG.®7!
Figure 1(c) shows a method for nonlinear vectorial hologra-
phy based on geometric phase metasurface.®°! The amplitude
and phase of the left-handed and right-handed circular polar-
ized (LCP and RCP) SHG can be modulated respectively by
controlling the rotation angles of the four meta-atoms in the
metasurface. And through the combination of holographic
calculation and reverse design methods, SH holographic im-
ages with arbitrary polarization distributions can be generated.
Similarly, such plasmonic nanorods with specific symmetry
can also be employed for SH vortex beam generation®* and
THG manipulation. 4]

Moreover, nonlinear metasurfaces also have essential ap-
plications in the THz band.57%! Figure 1(d) shows a nonlin-
ear metalens based on the Fresnel zone plate, which can gen-
erate broadband terahertz radiation and selectively focus its
different frequency components along the optical axis simul-
taneously. The demonstration of controllable emission and fo-
cusing of terahertz waves opens up an avenue for creating var-

ious metasurface-based terahertz emitters, and is expected to
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develop efficient, integrated, and ultra-compact optical devices
in the terahertz spectral region.

In general, the electromagnetic resonance modes in the
plasmonic metasurfaces are uncomplicated, resulting in su-
perior phase modulation ability compared with the dielec-
tric metasurfaces, and thus easier to realize various light-field
modulation functions. However, there are also several obvi-

ous drawbacks in the plasmonic metasurfaces, such as large

Plasmonic metasurfaces

ohmic losses and low damage thresholds. It is liable to cause
structural damage under high-power excitation, which greatly
limits the excitation power and puts an inherent upper limit
on the nonlinear conversion efficiency of plasmonic metasur-
faces due to the nonlinear conversion efficiency depends heav-
Therefore, the
plasmonic metasurfaces still have limitations in practical ap-

ily on the power density of excitation light.

plications compared to dielectric metasurfaces.

Dielectric metasurfaces

Nonlinear
Metalens

Aperture

N

Fig. 1. (a) Schematic of multi-channel wavefront manipulation by introducing P-B phase on U-shaped nanopore metasurface. %! (b) Schematic of
nonlinear imaging using metalens composed of C3 nanoantennas. %! (c) Schematic of P-B phase metasurface for nonlinear vectorial holography.®°]
(d) Schematic of controllable emission and manipulation of THz waves using a Fresnel zone plate based metasurface.3 (e) Schematic of THG
manipulation of P-B phase metasurface composed of Si nanopillars.[8! Left panel: nonlinear beam deflection. Right panel: nonlinear holography.
(f) Schematic of multifunctional nonlinear metasurface composed of silicon elliptical nanopillars for nonlinear beam deflection and generation of
nonlinear focusing vortex beam.[”!! (g) Schematic of the third-harmonic metalens imaging. The insets in the lower left and upper right corners are

L-shaped apertures and their corresponding third-harmonic images, respectively.!”’]

(h) Schematic of nonlinear optical frequency mixer based on

GaAs metasurface. Various new frequencies are concurrently generated after pumping by two femtosecond near-infrared pulses. Inset: scanning

electron microscope (SEM) image of the GaAs meta-atoms, the scale bar is 3 pm.

2.2. Dielectric nonlinear metasurfaces

Dielectric materials are also extensively employed in
light-field modulation.!”'~8%1 Compared to plasmonic metasur-
faces that rely on surface plasmons, dielectric metasurfaces
utilize local resonance of the electric field within the nano-
resonator, resulting in a larger area of nonlinearity than metal
particles. Therefore, it is well-suited for studying higher-order
nonlinear effects. Currently, silicon is one of the most preva-

[75]

lent dielectric materials utilized in light-field modulation. Due
to its excellent refractive index and third-order nonlinear co-
efficient, numerous investigations have focused on designing
dielectric metasurfaces using silicon as a carrier to manipulate
THG. Figure 1(e) depicts the utilization of Si nanopillars with
varying rotation angles to introduce the P-B phase, leading to
beam steering and holographic imaging of THG.®!

Besides the P-B phase, resonant phase modulation is
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a more commonly used technique in all-dielectric nonlinear
metasurfaces. For the dielectric nanostructures, when the driv-
ing frequency deviates from the intrinsic frequency of the elec-
tronic vibration in the structure, the electronic vibration will
lead to changes in both amplitude and phase. Therefore, by
modifying the shape of the nanostructure, the phase and ampli-
tude of the emitted light field can be modulated. As shown in
Fig. 1(f), the phase modulation of the THG signal is achieved
by altering the size of the silicon elliptical nanopillars, beam
deflection, focusing, and nonlinear vortex beam generation are
demonstrated.”!] Based on similar principles, dual-resonant
high-efficiency third-harmonic holographic imaging has also
been achieved.!”?! In addition, dielectric metasurfaces based
on resonant phase modulation can also enable nonlinear met-

alens imaging,!””)

as shown in Fig. 1(g). With appropriate de-
sign, giant localized electromagnetic fields can be formed in-
side the dielectric nanostructures thereby enhancing the gener-
ation of nonlinear signals. Figure 1(h) shows a nonlinear op-
tical frequency mixer based on GaAs metasurfaces.!”>! Due to
the intrinsic even- and odd-order nonlinearity of GaAs materi-
als, enhanced electromagnetic fields and relaxed phase match-
ing requirements, this metasurface can concurrently gener-
ate eleven new frequencies spanning from ultraviolet to near-
infrared regions.

In addition, dielectric metasurfaces can also support other
resonant modes with high quality factor (Q-factor). For in-

r, 182841 and reso-

stance, Mie-resonance, ¥!1 anapole resonato
nance induced by quasi-bound states in the continuum (quasi-
BIC).[8-88] The efficiency of nonlinear signal generation
in quasi-BIC resonant metasurfaces is highly influenced by
the Q-factor of the electromagnetic resonance mode in the
structure. (81 Currently, quasi-BIC resonant metasurfaces have
demonstrated the highest THG conversion efficiency.!”%°!]
Furthermore, dielectric metasurfaces have shown potential
for higher-order harmonic generation.[°>?3] In 2018, Liu
et al. reported the generation of higher-order harmonics in
all-dielectric metasurface.[®”! As a result of intense Fano-
resonance supported by Si metasurface, odd-order harmonics
up to 11th order can be measured.

Overall, dielectric metasurfaces offer a high damage
threshold and strong local field enhancement, making them a
compelling platform for generating and manipulating nonlin-
ear signals and other strong field processes at the nanoscale.

3. Hybrid metasurfaces

As mentioned previously, the concept of metasurfaces has
expanded into the field of nonlinear optics, enabling complete
control of the wavefront of nonlinear beams. The proposal
of hybrid nonlinear metasurfaces has attracted extensive inter-
est, and promoted the exploration and research on nonlinear

materials. We have summarized typical nonlinear optical pro-
cesses (e.g., SHG, THG) in various commonly used nonlinear

3), emission

materials and their key parameters (e.g., ¥, x!
wavelength, and refractive index) in Table 1. Under appro-
priate excitation conditions, the second-order susceptibility of
transition metal dichalcogenides (TMDCs) can reach tens or
even hundreds of nm/V, and they also exhibit third-order non-
linear characteristics. In the following sections, we will dis-
cuss the diverse nonlinear light-field modulation functions of
hybrid metasurfaces based on these nonlinear materials.

Table 1. Basic nonlinear optical properties of commonly used nonlinear
materials. For SHG, x(”) represents x(z), in nm/V; for THG, x(") represents

%), in nm?/V2. The column with the mark — means that the value is already
listed in other columns.

. Emission Refractive
Materials A .
wavelength (nm) index
SHG WS, 9;[94] 415;04 2.72-5.90
0.681%1 560-6659°1 (400 nm-850 nm)!%°]
MoS, 5, 100;1°71 405;197:981 0.89-4.31
320981 7801991 (190 nm—1700 nm)[1%0]
0.0291%91
WSe; 60;11011 700-800; 11011 2.72-5.55
1001021 4081102 (400 nm—850 nm) %%
MoSe,  0.01-0.05103] 600-90011031 3.25-5.73
(400 nm-850 nm)[°!
ZnO  0.0014-0.0140104 5321041 1.89-2.10
(450 nm—4000 nm)!19%]
GaAs  0.24,0.340100] 532, 76611001 3.43-5.04
(260 nm—1880 nm)!107]
LiNbO; 0.0096-0.0514[106] 42611001 2.05-2.44
(400 nm-5000 nm)108]
THG WS, 0.241109] 52011091 -
MoS, 0.24;1991 520;%91 -
0.05-0.21 11101 586-66011101
WSe, 0.110109] 52011091 -
MoSe; 0.2211091 5201109 -
graphene 400111 575;M111 1.49-3.02
0.25-1.201121 433-55011121 (250 nm-1000 nm) {13!
ZnO 0.030114] 500(1141 -
Si 0.135-0.2451151 517142011151 1.67-3.49

(250 nm—1450 nm)!110]

3.1. Phase modulation

In recent years, the 2D materials represented by TMDCs
have drawn considerable attention. Monolayer TMDCs with
an atomic layer thickness not only exhibit outstanding nonlin-
ear properties (x? is about nm/V even under a thickness of
less than 1 nm),[!!7=1291 but also can be effortlessly integrated
into optical nanostructures.!'?!=127] Due to the relaxed phase
matching constraints of 2D materials resulting from their ultra-
thin thickness,!'!'’~12%] plasmonic-2D materials hybrid meta-
surfaces have been proposed as a novel and promising solu-
tion for achieving higher-efficiency nonlinear light-field mod-
ulation.

The principle of phase modulation in plasmonic-2D mate-
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rials hybrid metasurfaces can be briefly illustrated in Fig. 2(a).
For a hybrid system consisting of Au nanoholes metasurface
and monolayer WS, the incident circularly polarized funda-
mental wave is initially applied to the metasurface for P-B
phase modulation. As a result, half of the transmitted circu-
larly polarized light carries an additional P-B phase factor of
260 and is opposite to the polarization states of the incident
light, where 0 is the rotation angle of the meta-atom. Then
the fundamental wave with a phase factor of 20 is further
pumped onto the WS, to generate second harmonics. Since
the SHG process of monolayer WS, needs to comply with the

10LI28] the polarization state of sec-

specific selection rules,|
ond harmonics generated by the fundamental wave carrying
P-B phase factor excited WS, will be reversed, and the corre-
sponding P—B phase factor will become 40.[>°! Therefore, the
efficient nonlinear signal generation and stable phase modula-
tion can be achieved by designing the metasurface phase plate
through backward derivation, which is also convenient even

for the higher-order nonlinear signals.

(a) o 2w gzw eito0

Fig. 2. (a) Schematic illustration of the principle of SH phase modula-
tion in the WS,—Au nanoholes hybrid metasurface.'>”! (b) Schematic of
SHG focusing on a nonlinear metalens based on the WS,—Au nanoholes
hybrid metasurface (left panel). In the right panel, from bottom to top, are
the phase distribution of the fundamental wave passed through the gold
nanoholes and the transmitted SHG signal, respectively. 130
Based on this mechanism, a high-efficiency second-
harmonic metalens is implemented, as shown in Fig. 2(b). The
WS, monolayer is transferred intact to the gold nanoholes
array to form a hybrid metasurface, resulting in the focus-
ing of the SHG signal in the emission direction.['*"] The
gold nanoholes array acts as a phase modulation plate for the
fundamental wave by introducing the P-B phase, while the
monolayer WS, acts as an efficient second-harmonic emit-
ter. And this hybrid metasurface exhibits a large second-
order susceptibility, approximately 0.1 nm/V at a wavelength
of 810 nm, which is 2-3 orders of magnitude greater than
that of conventional plasmonic metasurfaces. In addition, this
2D material-based hybrid metasurface is capable of integrat-
ing functions such as polarization control, beam steering, and

1311 These works pro-

vortex beam generation simultaneously.|
vide new ideas for the design of nonlinear metasurfaces.
Subsequently, researchers have conducted various studies

on nonlinear light-field modulation using the plasmonic-2D

materials hybrid metasurfaces. Figure 3(a) shows a method
for controlling the in-plane nonlinear polarization phase of
TMDCs.!"3?] Coupling a monolayer MoS; to a plasmonic
phased array antenna and adjusting the phase delay between
the two primary axes of the antenna elements to manipulate the
direction of SH emission. Similarly, flexible manipulation of
SHG can also be achieved through nanophotonic gratings, 33!
as shown in Fig. 3(b). Researchers have also applied the po-
larization conversion process of SHG in the hybrid metasur-
face mentioned above to SHG imaging, which indicates the
great potential of hybrid nonlinear metasurfaces in controlling
the polarization states and optical chirality.!'* Figure 3(c)
presents a scheme for generating chiral SHG using plasmonic
vortex metalens./'33 This approach involves transferring WS,
onto a spiral slit on the surface of an aluminum film and utiliz-
ing the enhanced effect of a plasmonic vortex field under spin—
orbit interaction, resulting in a giant SHG circular dichro-
ism. This 2D spiral plasmonic structure is a universal method
for generating near-field vortex fields with tunable topological
charges.

The versatility demonstrated by hybrid nonlinear meta-
surfaces offers the potential for full optical generation of vor-
tex beams. Nonlinear vortex beams possess a helical wave-
front phase at the harmonic frequency, providing an addi-
tional degree of freedom. The wavelength of the n-th har-
monic signal is exactly 1/n of the fundamental wavelength,
which geometrically improves the capabilities of communi-
cation and information encoding. In 2021, the generation of
SH vortex beams with large topological charges (up to 28)
based on Au-WS; hybrid metasurface was experimentally
demonstrated.['>°! To optimize imaging quality and avoid the
dissipation of the SH vortex beam during free space propaga-
tion, a focusing phase is added. The doughnut-shaped light
field distribution can be clearly observed at a focal length of
50 pum, as shown in Fig. 3(d). This result may open up new av-
enues for generating harmonic optical vortices in optical com-
munication.

The manipulation of nonlinear wavefronts by hybrid
metasurfaces has not only brought a series of breakthroughs
but also opened up a new field of vision, leading to the devel-
opment of nonlinear computational holography technologies.
Metasurface holography is an imaging technique that involves
the calculation and inversion of the phase information of a de-
sired object, followed by the use of a metasurface to create
a corresponding phase plate to reconstruct the object image.
Nonlinear computational holography is a promising method
for encoding and processing information due to its excellent
capacity to carry and edit large amounts of information. How-
ever, it also places higher demands on the nonlinear conversion
efficiency and wavefront manipulation performance, which is
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quite challenging. In 2020, the chirality-selected SH holog-
raphy using a WS,—Au hybrid metasurface was reported,!!36]
as shown in Fig. 3(e). In this study, binary amplitude modu-
lation was introduced into the gold metasurface, resulting in
an improvement in both the average intensity and the imag-
ing quality of the hologram. Subsequently, a novel resonant
hybrid nonlinear metasurface was proposed to achieve high-
efficiency generation and amplitude-phase joint modulation of
SHG.!'37]' As shown in Fig. 3(f), the metasurface consisted of
a series of V-shaped gold nanoholes with different open an-
gles, which were used to modulate the amplitude and phase of
the fundamental wave. The experimental results indicated an
improved imaging quality and signal-to-noise ratio compared
to the pure phase modulation.

Hybrid nonlinear metasurfaces have wide applications
not only in the visible region, but also in the microwave
and terahertz (THz) regions. On the one hand, graphene has
been applied to construct hybrid metasurfaces to control wave-

front due to its robust plasmonic response in the microwave
region.['381 As shown in Fig. 3(g), the phase modulation
and far-field radiation pattern tuning can be realized through
changing the voltage applied to graphene. On the other hand,
functional devices based on graphene hybrid metasurfaces
have also been demonstrated in the THz region, such as po-
larization converter, switchable wave deflection device, and
dualpolarity tunable focusing mirror.!'**) Figure 3(h) shows
an electrically tunable graphene hybrid metasurface with the
function of focusing terahertz energy.!'*’! The focal length
of the metalens can be electrically tuned within a range of
two millimeters, making it a promising candidate for tera-
hertz imaging. In addition, low energy THz wave modulators
based on graphene-dielectric hybrid metasurfaces have also
been demonstrated,'"*!) providing a valuable reference for the
design of dynamic light modulators and sensors in the THz

region.

(a) (b)

(e)
SH§HologEams)
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Fig. 3. (a) Schematic of MoS;-plasmonic phased array antennas hybrid metasurface for SHG steering. 11321 (b) Schematic of CdSe nanobelt—Al, Oz—
Au gratings hybrid metasurface for SHG steering.!!33! (c) Schematic of chiral SHG from the aluminum plasmonic vortex lens (left panel). The
simulated local field enhancement of aluminum nanoslit was designed at the C-exciton resonance of WS, (right pane]).“35] (d) Experimentally
measured propagation of the emitted SH vortex beam along the z-axis with 10 pm steps, the topological charges are 20, the focal plane at

z=>50 um. The inset in the upper left corner shows the phase distribution of the focus array, vortex array, and focus-vortex array, respectively.

[129]

(e) Schematic illustration of WS;—Au nanoholes hybrid metasurface for chirality-selected SH holography.!'36] (f) Tllustration of the operational
mechanism of resonant hybrid nonlinear metasurface. The desired y-polarized SHG is modulated under an excitation of a y-polarized incident
laser at a wavelength of 810 nm.[!37] (g) Schematic of microwave graphene hybrid metasurface (left panel). The detailed drawing of the graphene
sandwich structure is shown in the lower right corner. The upper right corner shows the reflection phase of the meta-atom.[!38] (h) Schematic of
electrically tunable THz metalens composed of graphene and Au nanopores. The inset shows the SEM image of a single meta-atom. [140]
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3.2. Nonlinearity enhancement

Improving the interaction between light and matter has
always been the focus of nonlinear optical devices. In addi-
tion to the applications in phase modulation and beam ma-
nipulation, hybrid nonlinear metasurfaces based on 2D ma-
terials have also exhibited remarkable performance for non-
linearity enhancement.!4%143] Figure 4(a) shows the combi-
nation of monolayer WS, and Ag nanogratings, a 400-fold
SHG enhancement is realized using surface plasmon resonant

1441 Moreover, it also in-

mode supported by Ag nanogratings. !
tegrates the capability of controlling the polarization state of
SHG.

Besides plasmonic metasurfaces, the combination of
2D materials with dielectric metasurfaces can also achieve
tremendous nonlinear enhancement. [127-143] Figure 4(b) shows
a hybrid metasurface composed of T-shaped silicon nanopil-
lars coupled with a 2D GaSe flake. The high Q-factor and
large mode area generated from the quasi-BIC supported by
the metasurface are utilized to uniformly enhance the SHG of
GaSe flake by nearly 4 orders of magnitude under continu-
ous wave pumping.''#6l This finding has the potential to ad-
vance the development of high-power coherent light sources.
The hybrid metasurface based on Fabry—Pérot (F-P) micro-
cavity can also yield a giant enhancement in nonlinear optical
response.! 2% By coupling a monolayer WS, with a SiO,/Si
hole array to form an F-P micro-cavity and tuning the pump
wavelength to match the resonant mode of the micro-cavity, a

SHG enhancement of approximately 1580 times is achieved,
as depicted in Fig. 4(c).

In addition to the SHG enhancement, hybrid metasur-
faces have also demonstrated efficacy in the sum-frequency
generation (SFG).['*l As shown in Fig. 4(d), the second-
order nonlinearity of GaSe flake can be augmented through
Fano-resonance supported by silicon metasurface. Similarly,
high-efficiency frequency mixing can also be realized by cou-
pling a monolayer WS, with a dielectric photonic crystal (PC)
waveguide, as shown in Fig. 4(e). The monolayer WS, served
as an efficient nonlinear emitter and the counter-propagating
Bloch surface waves are simultaneously launched via the grat-
ing couplers. By simultaneously lifting the spatiotemporal
overlap of two counter-propagating Bloch surface waves and
the nonlinear crystal, the efficient nonlinear frequency mix-
ing will occur at the WS, region.!'?3] In addition to their
potential for nonlinearity enhancement, hybrid metasurfaces

n[148,149

have also shown promise in laser generatio I and pulse

1501 Figure 4(f) shows a novel scheme of hybrid meta-

150

shaping.!
surface to shape the temporary profile of a pulse. !>l The over-
all hybrid structure is composed of monolayer MoS, and TiO,
nanorods located on a distributed Bragg reflector (DBR). Un-
der normal incidence, the introduction of in-plane asymme-
tries induces a quasi-BIC resonance, and a variety of pulse
shaping operations are realized upon enlarging the permittivity
variation of MoS,, including pulse compression, expansion,
splitting and higher-order distortion.

(a) (b)

©Ga

ik

£GaSe

Off cavity

SHG, SFG SHG,
3

Silicon

o+ 0,

Fig. 4. (a) Schematic of WS;—Ag nanogratings hybrid metasurface for SHG enhancement and polarization states to control. The inset shows
simulated electric field distribution at a second-harmonic wavelength in the nanogroove.!'#4! (b) Schematic of GaSe-Si hybrid metasurface for
SHG enhancement (left panel). The right panel shows simulated magnetic field distribution at quasi-BIC mode in the x—y plane (up) and an

SEM image of a single T-shaped silicon nanopillar (bottom)./14¢

! (¢) Schematic of the hybrid metasurface based on F-P micro-cavity for SHG

enhancement. The monolayer WS, is laid on top of the SiO,/Si substrate with holes (left panel). The right panel shows optical images of SH
signals on cavity (up) and off cavity (bottom) under the same pump power.[!?0 (d) Illustration of SHG and SFG from the GaSe-silicon hybrid
metasurface. Inset: schematic of L-shaped silicon meta-atom.!'#7! () Schematic of monolayer WS,-dielectric PC waveguide hybrid metasurface
for efficient frequency mixing process.!!?3] (f) Schematic illustration of monolayer MoS,—TiO, nanorods-DBR hybrid metasurface for various
temporal pulse-shaping operations (left panel). The side view of the meta-atom is composed of in-plane symmetry broken TiO, nanorods and

Ti0,-SiO; DBR (right panel).[ 3%
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Moreover, hybrid nonlinear metasurfaces can also be flex-
ibly constructed by combining a variety of materials other than

151-163] Eigure 5(a) depicts a four-channel mul-

2D materials.|
tiplexed third-harmonic holographic imaging technique using
a chiral Au-ZnO hybrid metasurface.!'>! Specifically, the S-
shaped gold nanoholes serve as phase modulation plates, while
the ZnO is filled in S-shaped Au nanoholes, functioning as a
THG source. Under the excitation of LCP or RCP fundamen-
tal wave, the LCP and RCP components of the TH hologram
can be designed independently. This work has demonstrated
circular dichroism of approximately 0.38 and a significant TH
conversion efficiency of up to 10>, which will contribute to
the new generation of optical encryption and optical signal
processing.

Another dielectric material, LiNbO3, has attracted con-
siderable interest for frequency conversion due to its large
second-order nonlinear susceptibility and wide transparency
range from ultraviolet to mid-infrared spectrum.['®’l Re-
searchers have proposed a SiO; photonic crystal that based on
LiNbOj; thin film substrate to construct the BIC light field,!>?]
as shown in Fig. 5(b). The incident light field can be effi-
ciently localized in the LiNbO3 thin film, and a resonant mode
with a Q-factor of 980 supported by the metasurface leads to
a tremendous enhancement of SHG, which is more than 1500
times stronger than that of bare LiNbO3 thin film. Similarly,
the quasi-BIC-LiNbO3; hybrid metasurface can be utilized for
broadband THz wave generation and enhancement.!!6! Addi-
tionally, the nonlinear optical process can also be enhanced by
the resonance with high Q-factor caused by symmetry break-
ing. Figure 5(c) shows a hybrid metasurface composed of
III-V semiconductors like Alyg5Gag 15As and GaAs, which
feature a configuration with broken symmetry.[!33] Due to the
strong field confinement within the Fano-resonant nanostruc-
ture, a multifold enhancement of SHG is achieved without
considering the phase matching.

In addition, the well-known multi-quantum-well (MQW)
metasurface is also a type of hybrid metasurface, which has

45,52,1541 Belkin et al. reported a rel-

been extensively studied.!
atively large second-order susceptibility (y? ~ 54 nm/V) in
the mid-infrared region (~ 8 wm) by coupling the plasmonic
metasurface to an MQW semiconductor structure.®) Subse-
quently, MQW-based hybrid metasurfaces were proven to be
capable of producing circular dichroism and beam manipula-
tion for SHG and THG,['>*! as shown in Fig. 5(d).

In general, the hybrid nonlinear metasurfaces have sub-
stantially expanded the research of metasurface devices. They
have promoted the development of nonlinear optical devices
by implementing multi-dimensional light-field modulation,
such as phase, polarization, and amplitude, which has pro-
vided a promising platform for developing high-efficiency and
multifunctional nonlinear nanodevices.

GaAs substrate

Fig. 5. (a) Schematic of ZnO-Au nanoholes hybrid metasurface for multi-
plexed TH holograms with four channels. Inset: SEM image of S-shaped
nanoholes, the scale bar is 800 nm. "> (b) Schematic of LiNbO3-SiO, pho-
tonic crystal hybrid metasurface for SHG enhancement.!'3?! (c) Schematic of
broken symmetry hybrid metasurface based on Fano resonance for SHG en-
hancement. Inset: SEM image of L-shaped meta-atoms./'>3! (d) Schematic
illustration of MQW-based hybrid metasurface composed of C3 and C4 rota-
tional symmetry for chiral SHG and THG manipulation, respectively.[!34]

3.3. Valleytronic modulation

The modulation of valley photons is a frontier research
field, wherein the optical nanostructures provide an indelible
contribution. TMDCs possess two degenerate yet unequiva-
lent valleys (K’ and K) located at the extreme points of the
energy band within the Brillouin zone.!'%”! Owing to the nat-
ural inversion symmetry breaking, opposite Berry curvature
is formed at the K’ and K valleys, which corresponds to oppo-
site orbital angular momentum respectively.[!681691 Ag a result
of spin—orbit coupling, the spin states of electrons in mono-
layer TMDCs become mutually locked with their correspond-
ing valleys, leading to a specific selectivity of electrons in dif-
ferent valleys to circularly polarized excitation, as illustrated
in the inset of Fig. 6(a). The resulting valley degree of freedom
is called valley pseudospin, which is a new degree of freedom
in addition to the charge and spin, that has given rise to the
emerging field of valleytronics.[170:171]

The emission of valley excitons carries valley informa-
tion, enabling the transfer of information from electrons to
photons and providing a new means of transmitting and storing
information. Valleytronics has garnered widespread attention
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in recent years due to its numerous advantages over conven-
tional electronics, including higher processing speed, lower
power consumption, greater integration, and reduced informa-
tion loss.!!71=178] Through the incorporation of electrodes to
MoS,, researchers are able to observe and control the valley
Hall effect (VHE), opening up the possibilities for leverag-
ing valley degrees of freedom as information carriers for next-

1691791 However,

generation electronics and optoelectronics.
practical applications of valleytronic devices still face certain
limitations. Firstly, VHE typically requires low temperatures,
which is unfavorable for the application of valleytronics at
room temperature. Secondly, the lifetime of valley excitons in

173,180.1811 apd there is

monolayer TMDCs is extremely short, !
competition between spontaneous radiative and non-radiative
processes during the recombination of valley excitons, leading
to low photoluminescence (PL) efficiency. Thirdly, phonon as-
sisted intervalley scattering in monolayer TMDCs may lead to
valley mixing, resulting in low valley polarization. 821851 Fi-
nally, the photons emitted by valley excitons are usually scat-
tered in all directions in free space, which poses a challenge
for efficiently collecting valley emission.

To overcome the limitations in the development of
valleytronics, researchers have conducted forward-looking
works by combining TMDCs with nanostructures, [186-188]
The propagation characteristics of the surface plasmon po-
laritons (SPP) can be utilized to separate valley excitons
into different directions by introducing the photonic spin
Hall effect (PSHE).[!39-192] Tn 2018, Kuipers et al. coupled
the valley pseudospin in WS, with the transverse optical
spin angular momentum (t-OSAM) induced by SPP in Ag
nanowires, achieving the separation of valley excitons at room
temperature.!!%3 As shown in Fig. 6(a), the valley pseudospin
of WS, can be coupled with t-OSAM of the same handedness,
and photons from different valleys will propagate in the op-
posite directions along the Ag nanowire. Subsequently, they
utilize the local t-OSAM in ZnO nanowires to selectively ex-
cite valley pseudospin in few-layer WS,, resulting in the re-
versal of the propagation direction of valley photons in the
waveguide.!'**! Likewise, by coupling monolayer TMDCs to
asymmetric nanogrooves, the asymmetric SPP modes can also
be induced in groove waveguides through PSHE caused by

193] Figure 6(b) presents a novel approach

spatial asymmetry.|
for separation and preservation of valley photons.!'°®! In this
scheme, a monolayer WS, is sandwiched between an Au film
and TiO, nanowires. The valley pseudospin of WS, is intelli-
gently encoded and stored in the beating patterns generated by
the interference of gap modes supported in the waveguide gap.
High-fidelity propagation and directional routing of WS, val-
ley photons are realized for the first time at room temperature,
as shown in Fig. 6(b). This hybrid system not only showcases

the valley fidelity of up to 98%, but also makes subsequent

use of the separated valley information, such as nonreciprocal
valley photon circulator and binary encoding.

In addition to valley excitons separation, hybrid meta-
surfaces have also been utilized to detect and enhance val-
ley dark excitons that are difficult to collect due to the near-
field radiation attenuation or out of plane dipole radiation of

,[197.198

exciton ! which has prominent value for the modula-

tion of photon information. Similarly, the hybrid structures
also offer an efficient route for probing valley coherence.!!*”)
As shown in Fig. 6(c), the polarization-dependent metasur-
face is coupled with a monolayer MoS,, which generates an
anisotropic vacuum field in close proximity to the monolayer
MoS,. This work theoretically demonstrates the spontaneous
generation of valley coherence.

Besides the near-field enhancement, hybrid metasurfaces
also exhibit remarkable functionality in manipulating valley
photons. In 2019, Hu et al. proposed a novel nonlinear opti-
cal interface for efficient coherent steering of nonlinear valley
photons in monolayer WS,.[2%' As shown in Fig. 6(d), a hy-
brid metasurface is formed by a plasmonic metasurface and
monolayer WS,. By introducing the P-B phase into the gold
nanoholes, the SH valley photons from the K and K’ valleys
of WS, can be controlled and directed. This hybrid metasur-
face system can also be employed to manipulate the radiation
direction of valley excitons.?”!l' As shown in Fig. 6(e), the
plasmonic metasurface can induce an additional momentum
that is related to the array period on the geometric phase gra-
dient, resulting in the propagation direction of the SPP mode
being locked by the optical spin—orbit interaction. Conse-
quently, excitons with distinct valley polarizations manifest
chirality-dependent propagation on the metasurface, as shown
in Fig. 6(e). The platform presented in this study achieves a
high valley contrast of up to 40% and stabilizes the intervalley
coherence at 5%—8%.

In addition, the near-field local coupling induced by hy-
brid systems based on localized surface plasmons (LSP) can
achieve effective enhancement of valley-polarized PL at the
nanoscale.[?022931 Figure 6(f) presents an Au-MoS, hybrid
metasurface, where the near-field coupling enables effective
energy transfer from the Au metasurface to the monolayer
MoS;, leading to the enhancement of PL by over 10 times.[?%3]
The chiral near-field induced by LSP in hybrid metasur-
faces can also modulate the valley-polarized PL.[187:204-206]
As shown in Fig. 6(g), a hybrid metasurface for the mod-
ulation of MoS; valley-polarized PL has been reported.?%4]
The MoS, monolayer is sandwiched between gold film and
chiral Au metasurface, and the generation and radiation of
valley excitons can be modulated by near-field interaction,
thereby modulating the valley polarization. Similar principles
are used to modulate the circular dichroism of WSe, PL ra-

diation at low temperatures.?’S In addition, a designed LSP
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resonant hybrid system can also tune the emission direction of

207.208] 1y ef al. have fabricated a three-

the valley photons.|
dimensional V-shaped antenna with chiral characteristics, 2%
the antenna includes two gold nanorods with monolayer MoS;
sandwiched in between them, as shown in Fig. 6(h). The
interaction between light and matter can be significantly en-
hanced by forming LSP resonance in the overlapping region
of nanorods, leading to an enhancement of PL by about three

orders of magnitude. Furthermore, the far-field radiation di-

to unidirectional through the near-field coupling and far-field
interference of nanoantennas. The chiral coupling character-
istics in the hybrid system increase the valley polarization of
TMDC:s from 18% to 47%.

The aforementioned studies collectively indicate the out-
standing performance of hybrid systems in valleytronics. The
hybrid systems offer a concise and reliable approach for lever-
aging the valley degrees of freedom, and advance the research
on nonlinear, quantum, and valleytronic nanodevices at room

rection of monolayer MoS; can be modulated from isotropic ~ temperature.
(a)
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3.4. Quantum technologies

Fig. 6. (a) Schematic illustration of WS;—Ag nanowire hybrid system for directional emission of valley excitons in WS,. Inset: Schematic
diagram of optical selection rules and directional coupling of WS, valley exciton.!!?3! (b) Schematic illustration of Au—~WS,-Si0,-TiO, hybrid
system for directional routing of WS, valley photons (left panel). The right panel shows the experimental results of the valley router under
o+ (up) and o— (bottom) excitations, the scale bar is 1 um.“%J (c) Schematic of a hybrid metasurface composed of designed polarization-
dependent metasurface and suspended monolayer TMDCs for spontaneous generation of valley coherence.l!*” (d) Schematic illustration of
Au-WS; hybrid metasurface for coherent steering of SH valley photons. The |0, ®) denotes a linearly polarized fundamental wave, and the
|[4+,2w) and |—,2®) denote RCP and LCP second-harmonic beams, respectively.!>%"! (e) Schematic of a hybrid metasurface composed of WS,
and plasmonic array for manipulation of valley directional emission (upper panel). The lower panel shows the experimental real-space leakage
radiation image of the SPP launched by 6+ (left) and o — (right) excitations on the plasmonic metasurface, the inset shows the SEM image of
the hybrid metasurface.?°! (f) Schematic of a MoS;—Au nanorods hybrid metasurface for near-field coupling and energy transfer. The MoS,
monolayer is sandwiched between Au nanorods and Au film. Inset: side view of the hybrid system.[?%3] (g) Schematic of a MoS>—Au nanorods
hybrid metasurface for modulation of valley polarization. The MoS, monolayer is sandwiched between chiral Au nanorods and Au film. 204!
(h) Schematic of directional emission measurements of MoS,—Au nanorods hybrid system. [208]

[210

quantum tunneling,”!°! and quantum self-interference.

Recently, the application of metasurfaces in quantum op-
tics has garnered increasing interest. The interaction between
light and matter will give rise to quantum behaviors under

appropriate conditions, such as quantum entanglement,?%]

As mentioned previously, hybrid metasurfaces have demon-
strated excellent capabilities for light-field modulation in clas-
sical optics. If extended to the field of quantum optics, hy-

brid metasurfaces hold the potential to tackle challenging
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problems such as developing high-efficiency single-photon

s[212214] and entangled photon sources, [42215-220]

source as
well as enabling efficient modulation and detection of quan-
tum processes.[221-227]

Metasurfaces are considered an indispensable technique
for enhancing quantum emission.[*?$22°] The traditional
single-photon source relies on the spontaneous emission of a

2301 The rate of single-photon spontaneous

two-level system.!
emission can be increased by combining metasurfaces with
quantum dots (QDs).[212]' A5 shown in Fig. 7(a), the PL re-
sponse of sparsely distributed QDs embedded in semiconduc-
tors can be significantly enhanced by coupling with plasmonic
metasurfaces. The plasmonic metasurfaces improve the trans-
fer of hot electrons and lead to a superlinear relationship be-
tween the PL response and the pump intensity even under
weak excitation. This discovery is of great significance for
designing efficient single-photon sources. Besides, the hybrid
metasurfaces composed of metal and 2D materials can also en-
hance the emission efficiency of single-photon sources, which
is more commonly employed compared to QDs. As shown
in Fig. 7(b), a hybrid metasurface is developed by integrat-
ing plasmonic nanoparticles with 2D hexagonal boron nitride
(hBN).[213] In this work, the coupling of hBN and nanopar-
ticles array provides a high-quality and low-loss cavity, and
the hybrid metasurface demonstrates a boost in emission ef-
ficiency and a decrease in PL lifetimes due to the amplified
Purcell effect in the weak coupling region, while preserving
the single-photon characteristics of the emitter.

The generation of entangled photon pairs is a crucial
Cur-
rently, one of the most widely used technologies for gener-

component of quantum communication technologies.

ating entangled photon pairs is spontaneous parametric down
conversion (SPDC).[3!1 However, the efficiency of SPDC
is exceedingly low in the usual spontaneous quantum non-
linear processes owing to its very weak nature. Numerous
methods have been implemented to enhance the efficiency of

s,1232] 233

SPDC, including resonator: waveguides,>*3 and pho-

2341 But it is still challenging to integrate due

tonic crystals.!
to their cumbersome size. The proposal of metasurfaces ef-
fectively resolves this aporia and enables the generation of
entangled photon pairs utilizing SPDC within the visible and
near-infrared spectral range. Tsai et al.>'! integrated met-
alens with a BBO crystal to focus the laser at the center of
the BBO crystal, as shown in Fig. 7(c). They successfully
achieved path entanglement of high-dimensional photon pairs
and generated entangled photon pairs of up to six photons, as
well as effortlessly switching between high-dimensional en-
tangled states. This work provides a unique platform for in-
tegrated devices of quantum light sources. In 2019, Neshev
et al.?'% proposed an optical nanoantennas configuration that
exhibits Mie-resonance at both pump and two-photon wave-

lengths, as shown in Fig. 7(d), with a photon-pair produc-
tion rate through SPDC of 35 Hz. This work is the first pro-
posed spontaneous entangled photon-pair generation source at
the nanoscale, opening up a pathway for designing individual
nanoantenna to resonantly enhance the SPDC process. Addi-
tionally, in the same year, Okoth et al.!?*) reported the first-
ever observation of SPDC without phase matching. A LiNbO3
crystal, with a thickness of 6 um, was employed as a planar
geometry source. The momentum conservation requirement
was relaxed by capitalizing on the uncertainty relation of the
position—momentum of the thin layer. In 2021, Jin ez al.*!'7}
proposed a hybrid metasurface that consisted of periodic sil-
ver nanostripes and bulk LiNbQOj3, as shown in Fig. 7(e). This
hybrid metasurface accomplished the efficient production of
entangled photon pairs through SPDC at room temperature,
with highly coherent emission directions perpendicular to the
metasurface.

In addition to plasmonic nanostructures, SPDC can also
be achieved in hybrid dielectric nonlocal metasurfaces.?!8 As
depicted in Fig. 7(f), an extra enhancement of the SPDC pro-
cess in LiNbOj3 thin film can be achieved through the guided
mode resonance of SiO, gratings, which leads to a 450-fold
increase in the production rate of entangled photon pairs com-
pared to bare LiNbO3 thin film. Moreover, the concept of
BIC can be introduced to dielectric metasurfaces. Kivshar et
al.1>3%1 put forth a new strategy that remarkably enhances non-
linear response at the micro-nano scale by adopting the con-
cept of BIC. The x(z) in AlGaAs nanoantennas is compara-
ble to the cutting-edge on-chip scale whispering gallery mode
resonators.>37! Furthermore, similar methods can be adapted

to non-classical fields.[238

I Chekhova et al.”>'°! prepared an
array structure of GaAs by introducing symmetric protected
quasi-BIC resonance, as shown in Fig. 7(g). The efficiency of
photon-pair emission was at least three orders of magnitude
higher than that of bare GaAs thin film.

The flexible capability of metasurfaces to modulate the
electromagnetic field enables substantial degrees of freedom
in photon emission. Recent studies have shown that metasur-
faces can achieve complex control over quantum light sources,

214.221.2241 and manipulation of

including phase modulation!
emission direction.?>3! Figure 7(h) shows a novel approach
to generating single-photon carrying spin angular momentum
(SAM) at room-temperature.!?>>] The hybrid metasurface con-
sisting of a stand-alone quantum emitter and concentric peri-
odic width-varying dielectric nanoridges produces highly di-
rectional circularly polarized light, wherein the optical meta-
surface facilitates the transformation of nonradiative coupling
between quantum emitters and surface plasmons into a colli-
mated stream of SAM encoded single-photon with designed
handedness. In addition, researchers have reported the re-

alization of chiral single-photon emission through the cou-
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pling of strain-induced quantum emitters in monolayer WSe;
with the whispering gallery mode of a Si3N4 ring-shaped
(2261 a5 shown in Fig. 7(i). In this hybrid system,
the intrinsic spin states of the quantum emitter are coupled

resonators,

to the propagation direction of the cavity mode, resulting in
the spin—orbit locking, which leads to the chiral single-photon
emission.

To summarize, hybrid metasurfaces have shown promis-
ing potential in the field of quantum optics. The integration of
metasurfaces and nonlinear materials has greatly improved the
efficiency of generating single-photon and entangled photon
pairs, and provided more degrees of freedom for modulating
quantum states, enabling a range of functions that cannot be
achieved in the classical optics.

(b)

1000 r

3

T

o

2

(7]
f(x%

1

T
{ ]
s
=

® metasurface

Normalized PL Intensity
s
T
%,
1

I i
0.1 1 10

Excitation Power

Metasurface

(c)

Metalens
array

Counts [cts/s]

775 780
A [nm]

Fig. 7. (a) Schematic illustration of a quantum dots-metasurface hybrid system for improving the single-photon emission (left panel). Superlinear
PL responses of quantum dots with (solid circle) and without (hollow circle) metasurface (right panel).'?! (b) Schematic of hBN-plasmonic par-
ticles array hybrid metasurface for enhancing the quantum emission.>!3! (c) Schematic of BBO-metalens hybrid system for quantum source. >!!
(d) Schematic of entangled photon-pair emission of AIGaAs nanoantenna based on SPDC.21¢! (¢) Schematic of entangled photon-pair generation
through SPDC in hybrid metasurfaces composed of Ag nanostripes and LiNbO3.1217] (f) Schematic of hybrid metasurface composed of SiO,
gratings and LiNbO3 thin film for efficient generation of spatially entangled photon pairs./?'8! (g) Schematic of SPDC using symmetry-protected
quasi-BIC resonances in a dielectric metasurface.[! (h) Schematic of hybrid metasurface for the generation of circularly polarized single-
photon. A nanodiamond containing a nitrogen vacancy center is located in the center of a metasurface composed of hydrogen silsesquioxane
circular nanoridges with azimuthally varying widths deterministically fabricated atop SiO; spacer and Ag substrate.?>! (i) Optical image of
hybrid metasurface device for single-photon emission, the monolayer WSe; is outlined by the dotted black lines (left panel). PL spectrum of

chiral emission (right panel).[220]

4. Conclusions and perspectives

We present a thorough review of the recent advances in
hybrid nonlinear metasurfaces. Our focus centers on the in-
novation of hybrid nonlinear metasurfaces in light-field mod-
ulation, viewed from the vantage point of conventional plas-
monic and all-dielectric nonlinear metasurfaces. We discuss
the pivotal role of hybrid systems in four essential aspects:
multifunctional phase modulation, nonlinearity enhancement,
valleytronic modulation, and quantum technologies. The hy-

brid metasurfaces are in the joint fields of stable wavefront ma-
nipulation, nonlinear metasurfaces and frequency conversions,
providing a potential platform for nonlinear light-field modu-
lation. Particularly, the hybrid systems comprising nanostruc-
tures and 2D materials have shown remarkable capabilities in
modulating valley photons and entangled photons, while also
have advantageous for integration. This provides a great im-
petus for the fields of valleytronics and quantum optics. It

follows that the combination of nanostructures and nonlinear
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materials turns out to have synergistic benefits, and their rich
photophysical properties make various novel concepts of pho-
tonic devices possible. Nonetheless, challenges still remain.
(i) The fabrication of hybrid structures usually involves
combining multiple nanomanufacturing processes, given that
these structures typically comprise various materials. For
the nanostructures that required high precision, the current
fabrication methods like electron beam lithography and pho-
tolithography cannot guarantee the yield. Therefore, higher
requirements are placed on nanofabrication techniques. ]
(i1) The ultra-thin size of hybrid metasurfaces results in
a relatively short effective length of light-matter interaction,
mostly at the subwavelength scale. Therefore, their nonlinear
conversion efficiency is still lower compared to conventional
nonlinear crystals like BBO, LBO, etc. This greatly restricts
the application of metasurfaces in integrated devices. Hence,
it is necessary to explore new systems with higher nonlinear
responses to further enhance the nonlinear conversion effi-
ciency. A feasible approach is to initiate with the resonant
modes of nanostructures and apply the mode coupling theory
to explore novel electromagnetic resonance modes. For in-
stance, introduce the concept of BIC or other resonant modes
and construct optical cavities with higher Q-factor to gener-
ate higher-order nonlinear signals.[32402411 Another viable
approach is to initiate with nonlinear materials, such as the
multi-layer stacking of 2D materials that exhibits superlinear

242-245] which provides a powerful

second-order nonlinearity,[
means for enhancing processes like SPDC and optical para-
metric amplification (OPA).[>#%247] Additionally, attempts can
be made to modify the atomic concentration in the 2D material
heterostructures, such as chemical doping, to modulate their
overall nonlinear properties. 243!

(iii) Enhancing the nonlinear conversion efficiency would
facilitate the extension of light-field modulation to higher-
order nonlinear effects, thereby enabling the achievement of
more functions. The research on light-field modulation in hy-
brid systems based on dielectric-2D materials is still in its
infancy. Dielectric metasurfaces, with their ability to attain
ultra-high Q-factors and damage thresholds, hold promise for
higher-order harmonic light-field modulation.

(iv) Research on hybrid metasurfaces in quantum optics
is ongoing, we believe that the full potential of metasurfaces
has yet to be fully exploited. Building upon the enhanced
SPDC process facilitated by hybrid metasurfaces, the incorpo-
ration of phase modulation is expected to enable the realization
of a more stable and multi-dimensionally tunable integrated
multiphoton-entangled source. And the tunable phase-change
materials can be introduced and expected to modulate the pho-
ton emission direction and polarization on quantum coupled
metasurfaces, through temperature and voltage control. There-
fore, the potential for further development of quantum hybrid

metasurfaces is immense.

(v) Valleytronic devices are still far from practical appli-
cations due to the limitations such as low valley polarization,
low radiation efficiency of valley excitons, and short propa-
gation distance of valley photons. Based on the multidimen-
sional modulation of hybrid systems on valley polarization,
new hybrid spin-valley-photon ecosystems at the nanoscale
can be further explored to improve the coupling efficiency
between valley photons and nanostructures and overcome the
aforementioned limitations. This is of paramount significance
for constructing large-scale valleytronic network systems at
room temperature, and has broad prospects in valley-photon
computing chips in the future.

In summary, the hybrid nonlinear metasurfaces in light-
field modulation are currently undergoing in-depth research
and rapid development. With the exploration of advanced
nanofabrication techniques, emerging materials, and new
physics, the aforementioned challenges may be resolved. We
expect that the future research on hybrid metasurfaces will
yield more photonics devices with brand-new functions, and
further broaden the horizons of nanophotonics.
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