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Nonlinear optics is a well-established field of research that traditionally relies on the interaction of light with
macroscopic nonlinear media over distances significantly greater than the wavelength of light. However, the re-

cently emerged field of optical metasurfaces provides a novel platform for studying nonlinear phenomena in

planar geometries. Nonlinear optical metasurfaces introduce new functionalities to the field of nonlinear optics
extending them beyond perturbative regimes of harmonic generation and parametric frequency conversion,
being driven by mode-matching, resonances, and relaxed phase-matching conditions. Here we review the very

recent advances in the rapidly developing field of nonlinear metasurface photonics, emphasizing multi-frequency

and cascading effects, asymmetric and chiral frequency conversion, nonperturbative nonlinear regimes, and

nonlinear quantum photonics, empowered by the physics of Mie resonances and optical bound states in the

continuum. © 2023 Chinese Laser Press

https://doi.org/10.1364/PRJ.474387

1. INTRODUCTION

Optical metasurfaces have emerged recently as a very attractive
planar technology for the realization of ultrathin optical ele-
ments with flexible and tunable control of light at the subwave-
length level. Metasurfaces have come a long way in the last few
decades, first as a two-dimensional realization of metamaterials
[1,2] and then expanding rapidly in both design and applica-
tions far beyond the initial demonstrations, showing many
fascinating phenomena with nanostructured surfaces and facili-
tating unique functionalities for a variety of practical applica-
tions [3,4]. Importantly, the fabrication capabilities and
theoretical understanding have matured during that period
to provide a solid background for the exploration of new con-
cepts with metasurfaces [5]. Current efforts of many groups are
focused on the study of tunable and active metasurfaces, includ-
ing flexible control of structured light [6], which are expected to
boost a range of metasurface applications in sensing technolo-
gies and light detection and ranging (LIDAR), augmented real-
ity and dynamic holography, as well as many other applications
discussed in this special issue.

Within this broad spectrum of novel opportunities, nonlin-
ear metasurfaces emerged a few years ago as an exciting and
potentially useful discipline [7]. Nonlinear metasurfaces allow
wavelength conversion and switching that can be employed in
optical information processing for planar switching and routing
elements [8]. Initally, the nonlinear optics in metasurfaces
was realized through plasmonic effects associated with metallic
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surfaces [9,10], for example, in the form of aperture arrays. The
use of plasmonic metasurfaces was natural at that time because
metallic elements allow us to achieve extreme subwavelength
confinement, and they may support strong nonlinear optical
response [9]. However, the downsides of using plasmonic meta-
surfaces are high dissipative losses and thermal heating that
limit their applicability in nonlinear metaphotonics.

All-dielectric metasurfaces that support strong resonances of
their meta-atoms provide a promising alternative to nonlinear
plasmonics [11,12]. Metasurfaces made from high-index di-
electric materials may support optically induced magnetic res-
onances that can enhance nonlinear effects together with
electric nonlinearities usually employed in nonlinear optics
[13]. Furthermore, low losses and high damage thresholds pro-
vide additional advantages for operating resonant metasurfaces
at hich pump intensities, thus allowing the enhancement of
nonlinear processes moving to the regime of nonperturbative
nonlinearities and high-harmonic generation.

Resonances play a crucial role in the physics of metasurfaces
because they allow localization of light below the free-space
diffraction limit by employing high-index dielectric nanostruc-
tures. First, Mie resonances are associated traditionally with the
exact Mie solutions of Maxwell’s equations for spherical par-
ticles [14]. In a broader context, they can be employed to con-
trol the enhancement of both electric and magnetic fields, being
an important requirement for many nonlinear functionalities.
In addition, bound states in the continuum (BICs) [15], being
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localized states of light residing in the radiation continuum, can
provide an essential physical mechanism for trapping electro-
magnetic energy in open resonators for a substantial amount
of time.

Thus, one can identify several physical mechanisms for
electromagnetic field enhancement and mode engineering in
resonant metasurfaces. This includes local resonances, such
as surface plasmon resonances and Mie resonances of individual
nanoparticles, as well as collective resonances, such as guided-
mode resonances and BICs.

One critical issue of dielectric metaphotonics and metasur-
faces is a relatively low refractive index at the visible and near-
infrared (near-IR) frequencies. Increasing the refractive index
by a modest factor using novel methods of material growth,
fabrication, and subwavelength patterning will greatly impact
imaging, integrated photonics, and other applications including
nonlinear optics [16].

Metasurfaces can be fabricated with multiple degrees of free-
dom. They can combine various hybrid or composite materials
such as graphene and two-dimensional single-layer semicon-
ductors, promising novel opportunities for the exploration of
nonlinear effects, generating nonlinear responses far beyond
those of natural materials. The ability to design single “meta-
atoms” and their arrays at will opens the way towards efficient
engineering of the spatial nonlinear phase of the metasurfaces
for the study of spin-controlled nonlinear interactions, direc-
tional nonlinear scattering, and nonreciprocal and topological
effects.

Below, we discuss recent demonstrations of novel regimes
and functionalities of nonlinear metasurfaces, as well as other
applications of metasurfaces to nonlinear optics and photonics.
In particular, we review the recent advances in the rapidly de-
veloping field of nonlinear metaphotonics emphasizing multi-
frequency and cascading effects, nonlinear asymmetric imaging,
chiral frequency conversion, nonperturbative nonlinear re-
gimes, and nonlinear quantum photonics underpinned by the
physics of Mie resonances and BICs.

2. FREQUENCY GENERATION AND WAVE
MIXING

The optical response of the material to an external optical field,
i.e., polarization P, in dipole approximation can be expressed as
power series that depends on the optical field strength E,

P = ¢)[y'VE + ¥ :EE 4 y® :EEE + .. ], (1)

where & is the vacuum permittivity, and ¥ is the nth-order
nonlinear susceptibility tensor. The second term of this equa-
tion describes second-order nonlinear processes such as second-
harmonic generation (SHG) and sum frequency generation
(SFG). The third term describes third-order nonlinear proc-
esses, including third-harmonic generation (THG) and four-
wave mixing (FWM). These parametric nonlinear processes
are phase sensitive; i.e., proper phase relationships between
the pumping and newly generated waves should be maintained
along the propagation direction of the light. In bulk nonlinear
crystals, these interactions build up by propagating over tens to
thousands of wavelengths; thus, phase-matching conditions can
be fulfilled only for limited optical bandwidth. However, in

metasurfaces, these interactions occur within nanoresonators
of subwavelength dimensions that are typically much smaller
than the coherence length, which relax phase-matching require-
ments and enable the simultaneous generation of multiple
frequencies over a broad spectrum range [17,18].

Each component of the terms in Eq. (1) should be consid-
ered while designing a nonlinear metasurface: the value of non-
linear susceptibility, the spectral range of newly generated
frequencies and transparency region of the material, the ability
of the nanostructured design to enhance the local electromag-
netic field through multipolar modes of Mie-type resonances,
and the mode overlap between electromagnetic fields at the
fundamental and newly generated frequencies. In the last cou-
ple of years, a wide variety of Mie resonances have been used to
enhance light at the fundamental wavelength, including electric
and magnetic dipole resonances [19-21], anapoles [22], and
high quality factor (Q-factor) resonances [23-25], including
BICs [26-30]. BICs provide exceptionally high electromag-
netic field enhancement that drastically increases the field in-
side the nanoresonator by orders of magnitude, dramatically
boosting the efficiencies of nonlinear processes. However,
BICs often employ symmetry-broken resonator designs that re-
quire precise control over the design of the metasurface [31,32].
Quasi-BIC (q-BIC) resonances were demonstrated in silicon
(Si) [28,29], aluminum gallium arsenide (AlGaAs) and gallium
arsenide (GaAs) [26], gallium phosphide (GaP) [27,33], and,
recently, hexagonal boron nitride (hBN) metasurfaces [34].
However, high-Q resonances in other material platforms em-
ployed for nonlinear metasurfaces including phase change ma-
terials, chalcogenide glasses, and various transitional metal
dichalcogenides (TMDCs) are yet to be realized.

The high-Q-factor resonant mode at the fundamental wave-
length is quite beneficial to boost the efficiency of the nonlinear
process. But as implied in Eq. (1), field enhancement at the
harmonic generation wavelength is favorable too. So far, the
experimental realization of multiple high-Q resonances at all
frequencies involved in the nonlinear process is quite challeng-
ing and has not been realized yet. Furthermore, while having
highly resonant modes at all frequencies involved in the non-
linear process is desirable, it is not enough since the enhance-
ment of nonlinear generation also depends on the spatial
overlap of the electromagnetic field distributions with respect
to the symmetry conditions imposed by the nonlinear tensor.
The role of the electromagnetic field overlap is prominent be-
tween the two modes employed in frequency mixing processes
such as SFG [35] and FWM [22,36] since it significantly affects
the efficiency of the generated nonlinear process. However, for
SHG and THG in metasurfaces, its role is diminished due to
the high number of Mie modes excited at shorter wavelengths,
which makes the field profile quite complex with a large variety
of components.

This section briefly reviews nonlinear generation and fre-
quency mixing in nonlinear metasurfaces. Tables 1 and 2 sum-
marize recent developments in the field: materials that were
used, nonlinear processes that were studied, linear and nonlin-
ear properties, and if there is a study that reports high-Q res-
onance with Q-factors higher than 300. We highlight a few

recent works utilizing new material platforms for harmonic
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Table 1. Even-Order Nonlinear Processes in All-Dielectric Metasurfaces®

Material Nonlinear Processes Bandgap (eV) x@ (pm/V) High-Q
GaAs SHG [20,26,37], FHG [17]%, SFG [17,35], SWM [17]* 1.42 [38] dy4~209.5 at 1058 nm [38] Yes [26]
Aly15Gag g, As SHG [39] 1.647 [40] R Gans + 0.9 at 1064 nm [41] Yes [26]”
GaP SHG [27,42], SFG [33] 2.26-2.78 [38] d35 ~70.6 at 1064 nm [43] Yes [27]
poly-BaTiO; SHG [44] 3.27-3.38 [45]° dys =~ 17 at 1064 nm [38]° No
poly-ZnO SHG [46] 3.5 [38]° ds3 ~ -5.86 at 1058 nm [38]° No
LiNbO; SHG [47,48] 4 [38] d33 ~ -34 at 1058 nm [38] No
MoS, SHG [49,50] 1.29 [51] d g 220 at 900 nm [50} No
hBN SHG [34] 5.95 [52] - Yes [34]
a-Si SHG [53,54] 1.7 [55] - Yes [56]
a-Se SHG [57] 1.83-1.9 [58] - No

“In the table we present only the largest nonzero element of the y® tensor.

*Fourth-harmonic generation (FHG).

‘Six wave mixing (SWM).

“Fabrication process is similar to GaAs metasurface.

‘Crystalline material value.

/The value was measured for a monolayer.
Table 2. Odd-Order Nonlinear Processes in All-Dielectric Metasurfaces®
Material Nonlinear Processes Bandgap (eV) 2@ (m?/Vv?) High-Q
c-Ge,Sb,Se, Te, THG [59] 0.3 [60] 3.36 x 107!% at 4.5 pm [59]° No
a-Ge,Sb,Se; Te, THG [59] 0.73 [61] 458 x 10" ar 4.5 pm [59]’ No
a-Ge THG [62,63] 0.7 [64] 5.7 x 1071 at 1650 nm [63]” No
c-Si/poly-Si THG [28] 1.124 [38] 2.45 x 107" at 1550 nm [65] Yes [28,66,67]
MoS, THG [49] 1.26 [51] 2.4 x 107" at 1560 nm [68] No
GaAs THG [17], FWM [17] 1.42 [38] 1.46 x 107" at 911 nm [69] Yes [26]
a-Si/a-Si:H THG [56,70,71] 1.7 [55] 6 x 107" ar 1550 nm [12,72]° Yes [56,71]
As,S; THG [73] 2.22-2.5 [38,74] 0.6 x 107" at 1550 nm [74] No
TiO, rutile THG [75] 3.5 [38] 5.6 x 1072° at 1064 nm [76]” No

“Table 2 shows )(531)” or ZS{) approximate values of third-order nonlinear susceptibilities.

“The value was measured for a thin film.

generation in the visible and ultraviolet (UV) ranges, review
theoretical considerations about harmonic generation in meta-
surfaces, and show recent designs focused on the remaining
constraints in conversion efficiencies of harmonic generation.

SHG is one of the most common effects studied in the field
of nonlinear nanophotonics, specifically in nonlinear all-dielec-
tric metasurfaces. SHG is a nonlinear process that requires a
noncentrosymmetric structure of the material; thus, semicon-
ductors, such as GaAs, AlGaAs, GaP, and lithium niobate
(LINbO3) are commonly used. The first few recent works
in the field of nonlinear metasurfaces and nanoresonators em-
ployed GaAs [20] and AlGaAs [77,78]. High nonlinear suscep-
tibilities (see Table 1) of GaAs and AlGaAs are accompanied by
significant absorption in the visible range of the spectrum that
hinders newly generated nonlinear frequencies. A few recent
works have begun to address this issue: there is a report about
SHG [27] from a GaP metasurface with a wider bandgap of
2.26-2.78 [38] that holds the highest SHG efficiency in meta-
surfaces [12]. Another highly nonlinear material is LiNbO;
[79]. The relatively large bandgap of LINbO; (Epg = 4 eV
[38]) has permitted SHG in the visible range of the spectrum
[47,48]; however, a LINDO3 metasurface with BIC resonance is
yet to be realized, attributed partly to the difficulty of nanofab-
rication of LiNbOj.

Since the SHG process strongly depends on the crystallo-
graphic structure of the material, the used GaAs [20], GaP
[27], and LiNbOs; [47] were monocrystalline. A few recent
works explored SHG in metasurfaces fabricated from polycrys-
talline films, such as metal oxide barium titanate (BaTiO3)
[44] grown bottom-up by pulsed laser deposition and zinc
oxide (ZnO) [46] sputtered on a soda lime glass substrate.
Figure 1(a) shows polycrystalline BaTiO; nanoresonators com-
posed of tightly packed nanoscale BaTiO; grains (20 nm to
200 nm) with a tetragonal crystal structure. The measured
SHG efficiencies do not directly correspond to a specific
second-order susceptibility y? tensor component but rather
reflect an averaged y® that leads to an overall reduction of
the SHG emission compared to a monocrystalline layer.
Despite that, in both works the authors show a significant in-
crease in SHG in the near-UV for the BaTiO; metasurface
[44], and in the vacuum-UV spectrum range for the ZnO
metasurface [40], in comparison with the unpatterned films
due to the Mie-resonance enhancement. Moreover, in sub-
sequent work on ZnO [80], Tseng et al. have successfully fo-
cused the vacuum-UV-band second harmonic in a self-emitting
nonlinear ZnO metalens; see Fig. 1(b).

Discussed noncentrosymmetric materials support the genera-
tion of even and odd harmonics. However, surface nonlinearities
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Fig. 1. Nonlinear resonant metasurfaces for second- and third-harmonic generation. (a) Scanning electron microscope (SEM) micrograph of
BaTiO; nonlinear metasurface that operates in the near-UV spectral range. Inset: atomic force microscopy (AFM) height profile along the
red dashed line [44]. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission. (b) Schematic illustration of ZnO-based
nonlinear metalens focusing self-generated vacuum-UV second harmonic. Inset: SEM image of the fabricated metalens. Adapted from Ref. [80].
Licensed under CC BY-NC 4.0. (c) Schematic of crystalline transition-metal-dichalcogenide truncated cone metasurface that enables single-beam
second- and third-harmonic generation. The bottom-right inset shows the SEM image of the fabricated MoS, metasurface. Reprinted with per-
mission from Macmillan Publishers Ltd. [49]. Copyright 2021. Licensed under CC BY. (d) Artistic representation of the dielectric metasurface
with THG at frequency 3@ generated via cascaded SHG and sum-frequency generation process: 30 = @ + 2. Reprinted with permission from
Ref. [81]. Copyright 2022 American Chemical Society. (¢) Design of Si metasurface on a gold mirror that enables BIC resonance for THG
enhancement. The inset shows the cross section of the unit cell with corresponding materials. Reprinted with permission from Ref. [29].
Copyright 2022 American Chemical Society. (f) SEM image of a three-layer GaAs-based nonlinear metasurface for second-harmonic generation

(SHG). Adapted from Ref. [82]. Licensed under CC BY 4.0.

can also play a significant role and boost SHG in centrosymmetric
materials [49—58]. One intriguing group of materials is TMDCs
such as molybdenum disulfide (MoS,) and tungsten diselenide
(WSey)—van der Waals materials with high refractive index
and relatively large bandgap in the near-IR and visible range
of the spectrum. Recent nonlinear studies show that exfoliated
monolayers of TMDC exhibit extremely high nonlinear suscep-
tibilities with ¥ that can range from 1.2 to 10° pm/V [83],
with enhancement originating from the overlap of SHG wave-
length with the C-exciton of TMDC [84,85]. This fact was taken
advantage of in the paper by Popkova et al. [50], where the au-
thors demonstrate a Mie-resonant metasurface from a thick flake
of MoS, and show enhanced SHG that is generated at a wave-
length that overlaps with the C-exciton. As a result, the MoS,
metasurface produced a 23-fold enhancement of SHG intensity
with respect to the exfoliated unpatterned monolayer of MoS,. As
mentioned earlier, since bulk 2H-MoS, has D6h point group
symmetry and is centrosymmetric, the measured second-order
nonlinear response likely comes only from the top and bottom
surfaces of the nanoresonators.

A similar result was demonstrated in an earlier paper by
Nauman ez 2. [49], where both SHG and THG are enhanced
in a Mie-resonant metasurface that consists of an array of Mie-
resonant truncated cones [Fig. 1(c)]. In this paper, the authors
also show the benefits of the extremely high refractive index of

MoS,; by designing a metasurface that operates in a subdiffrac-
tive regime for nonlinear harmonics and therefore generates di-
rectional emission of SHG and THG.

The results shown are captivating and provide an excellent
base to further explore TMDC:s as a possible material platform
for nonlinear metasurfaces. So far, only hBN-based metasurfa-
ces that support BIC resonances were experimentally realized
[34]. One of the reasons can be difficulty in fabrication process
development since each sample is unique, and its optical prop-
erties depend on an exfoliated flake. The lateral size of the flake
is typically a few tens of micrometers—such a small working
area and uncertainty of exfoliated flake thickness complicate
the process, increase the fabrication time, and limit the repeat-
ability and desirable control of the nanostructure design.

Table 2 summarizes various materials that were employed
for THG and FWM processes that rely on y® nonlinear sus-
ceptibility, including Si, Ge, TiO,, phase change materials such
as germanium antimony selenide telluride (GSST) [59] and
germanium antimony telluride (GST) [86], and chalcogenide
glasses, such as arsenic trisulfide (As,S;) [73]. Unlike with
SHG, there are no restrictions in crystallographic symmetry,
and any material can be utilized.

As we mentioned previously, not only material selection
plays a role in nonlinear frequency conversion. In the following
paragraph, we show a few recent works that provide insight into
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the nonlinear generation in metasurfaces and propose new de-
signs to enhance the efficiencies of nonlinear harmonics.

From the previous example with MoS,, we saw that meta-
surfaces could support the simultaneous generation of multiple
nonlinear processes, such as SHG and THG, due to the relaxed
phased matching conditions between fundamental and nonlin-
ear frequencies [17,49]. However, there has been a debate
about the nature of these processes: is it a pure frequency multi-
plication, or do cascaded nonlinearities play a role? One of the
recent works [81] explores this question and analyzes SHG and
THG processes in a GaAs metasurface in conjunction with
polarization selection rules and crystal symmetries [Fig. 1(d)].
The authors demonstrate different contributions to the signal
at the THG frequency and show that a significant part of it
originates from the mixing fundamental wavelength with the
surface second harmonic. This work experimentally confirms
the importance of surface nonlinearities in nonlinear metasur-
faces and shows that further analyses could provide additional
control over nonlinear frequency mixing.

Interestingly, in a large number of works, nonlinear optical
harmonics in metasurfaces are generated in the opaque region.
In Ref. [73] the authors highlight this question and show that
in metasurfaces the THG process can be enabled by a phase-
locking mechanism between the pump and the inhomogeneous
portion of the third-harmonic signal [87,88]. The propagation
of this inhomogeneous THG component is not affected by the
material dispersion and absorption at the THG wavelength,
thus enabling efficient frequency conversion in the absorptive
region. This theory is quite intriguing and is incredibly impor-
tant for vacuum—UYV light generation, where only a few nano-
meters of material are expected to contribute to harmonic
generation. We hope to see further experiments that can pro-
vide additional insight to this theory.

As previously stated, electromagnetic field enhancement is
an important aspect of harmonic generation. A great deal of
previous research in nonlinear Mie-resonant metasurfaces dis-
cusses and employs high-Q-factor photonic modes such as
q-BICs that can significantly increase the efficiencies of newly
generated nonlinear frequencies. The record-breaking efficien-
cies of nonlinear harmonics achieved in metasurfaces [27,28]
utilize BICs that rely on symmetry breaking, either by using
asymmetric geometries of nanoresonators [89] or by using a
non-normal incident angle. One of the recent works [29] dem-
onstrates that BICs can be achieved in metasurfaces by using
magnetic dipole resonances coupled to a mirror. The intro-
duced design does not require broken symmetry or depend
on incident polarization: it is an array of silicon nanodisks that
sits on top of a thin dielectric layer with a mirror underneath
[Fig. 1(e)]. To show the performance of the metasurface, the
authors demonstrate THG that benefits from the strongly en-
hanced electric field at BIC resonance. Measured THG effi-
ciencies are the highest reported so far using femtosecond
laser pulses, Pryc/Ppump = 1.8 x 107°.

As the Q-factors in metasurfaces break records, the band-
width mismatch between the laser pulse and the resonance de-
creases the possible harmonic efficiency. The emerging field of
high-Q time-variant metasurfaces, where the refractive index of
the metasurface rapidly varies at the timescale of a pump pulse

duration, shows how to overcome that by introducing a chirp
to the pump pulse [90]. Another way to match the bandwidch
with the resonance is by pumping the high-Q metasurface with
a continuous wave laser. With other requirements for effi-
cient harmonic generation fulfilled, such as a high nonlinear
coefficient, BIC-boosted enhancement at the fundamental
wavelength, and newly generated wavelength in the material’s
transparency region, the highest to date efficiency of the non-
linear generation process was achieved in the GaP metasurface
(27], PstiG/Ppump = 4 x 107, The normalized conversion
efficiency [12] is (Psuc/Ppump) - d = 8 104 W', where
Pspyi is the SHG peak power, Py, is the peak power of
the incident pump, and 4 is the spot size divided by the unit
cell size.

A different direction to boost nonlinear frequency conver-
sion has been considered in a few other recent studies: to
enhance generated harmonics, authors use multilayered meta-
surfaces [82,91]. For example, Marino ez 4/. [82] demonstrate a
GaAs metasurface that consists of three layers of nanodisks
[Fig. 1(f)]. When the metasurface is pumped at its magnetic
dipole resonance, the use of a few layers improves the SHG
efficiency by 15 times with respect to its one-layer counterpart.
Despite increased complexity in the fabrication of multilayered
nanostructures, we believe that it is a feasible direction in non-
linear metaoptics since it increases the interaction length of the
fundamental pump with the material that can enhance the non-
linear generation and provide an additional degree of freedom
to control nonlinear generation.

In this section, we have provided an overview of the recent
advances in SHG and THG in nonlinear metasurfaces to
show the possible pathways for further studies in this area.
Developing new fabrication techniques and exploring new
materials is essential and can provide us with novel function-
alities of nonlinear metasurfaces. For example, harmonic gen-
eration in electro-optic materials such as BaTiO;3 and LiNbOj;
can show electrical control [92,93] and tunability of nonlinear
response [79]; chalcogenide glasses, such as As, S, are also quite
promising for nonlinear frequency all-optical control, which
has been reported just recently [94]. Moreover, merging differ-
ent materials, including metasurfaces with TMDC flakes
[95-99], also shows new pathways for nonlinear frequency con-
version. Finally, further development of the fabrication process
of multilayered metasurfaces [82,100,101] will allow us to con-
trol the optical nonlinear response of each layer separately,
which will definitely be beneficial in nonlinear metadevices.

3. NONLINEAR IMAGING AND ASYMMETRIC
PARAMETRIC GENERATION

One of the important directions of the recent research is the
demonstration of nonlinear holographic metasurfaces com-
posed of dielectric resonators such as C-shaped Si nanoantennas
[66]. In this case, the incident laser is enhanced by their fun-
damental resonance, whereas the generated third-harmonic sig-
nals create high-efficiency nonlinear holograms. On the other
hand, nonlinear metasurfaces can facilitate new phenomena in-
cluding the imaging of objects through a dielectric nonlinear
metalens [102]. Schlickriede ez /. [102] illuminated objects
by infrared light and recorded their generated images at the
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visible third-harmonic wavelengths. The authors suggested a
generalized Gaussian lens equation for nonlinear imaging, veri-
fied both experimentally and analytically.

As a characteristic example of the most recent achievements
in the field of nonlinear resonant metasurfaces, below we dis-
cuss the recent demonstration of asymmetric parametric gen-
eration of light with nonlinear bianisotropic metasurfaces
reported by Kruk ez a/. [103], where third-harmonic images are
generated for two reversed directions of illumination when the
positions of the infrared emitter and the visible light receiver
are exchanged.

We notice that one of the important proposed functionalities
of metasurfaces is associated with asymmetry in both the gener-
ation and transmission of light with respect to reversals of the
positions of emitters and receivers. Nonreciprocity arises in vari-
ous branches of physics, where it underpins many phenomena
and applications [104]. A nonreciprocal system is defined as a
system that exhibits different received—transmitted field ratios
when its source and detector are exchanged. In electromagnet-
ism, nonreciprocity was first experimented by Faraday in 1845,
explicitly described by Stokes in 1840 and by Helmholtz in
1856, reformulated by Kirchhoff in 1860, anticipated in non-
linear media by Rayleigh in 1873, and extensively applied by
Planck in 1900 in connection with blackbody radiation [104].

Nonreciprocity may be generally classified as either linear or
nonlinear. In both of those cases, it results from breaking time-
reversal symmetry, by an external bias force in the linear case, and
by a combination of self-biasing and structural asymmetry in the
nonlinear case [104]. In the nonlinear case, nonreciprocity can
be realized with nonlinear light—matter interaction in metasur-
faces as was suggested theoretically a few years ago [105,1006].
Mahmoud [105] suggested to create a Faraday rotator without
an external magnetic field, by employing chiral metasurfaces

(a)

Different image
generation (3w)

combined with nonlinear elements integrated into a Fabry—
Perot cavity. For nonlinear response, the authors suggested to
employ varactor diodes with the realization for microwaves.

Bianisotropy was suggested for achieving asymmetric optical
response, including asymmetric reflection, absorption, optical
forces, light trapping, and lasing. These asymmetric effects
originate from magnetoelectric coupling and asymmetrical field
enhancement. In the linear regime, breaking symmetry of all-
dielectric nanoparticles led to geometrically tunable magneto-
electric coupling and different backscattering scenarios [107].
These theoretical predictions were verified in experiment [108]
for bianisotropic particles supporting both electric and mag-
netic Mie-type resonances, revealing that the particle with bro-
ken symmetry exhibits different backscattering for the opposite
excitation directions. A metasurface composed of such bianiso-
tropic particles demonstrates that the metasurface is character-
ized by different reflection phases when being excited from the
opposite directions [108].

Mobini ez al. [109] suggested theoretically to employ this
scattering asymmetry for highly asymmetric SHG in bianiso-
tropic AlGaAs metasurfaces. The authors demonstrated that
the theoretical ratio of second-harmonic power for the forward
and backward illuminations can be increased by around four
orders of magnitude. This effect is obtained by altering geomet-
rical parameters that coincide with q-BIC resonances. They
argued that this directional generation of higher-order waves
can be potentially useful for nonlinear holograms.

The first experimental demonstration of asymmetric third-
harmonic nonlinear metasurfaces was reported recently by
Kruk ez al. [103]. The authors suggested theoretically and dem-
onstrated in experiment all-dielectric metasurfaces producing a
nonlinear asymmetric generation of light. When infrared light
passes through the metasurfaces, specifically encoded images

Fig.2. Asymmetric generation of third-harmonic images with nonlinear nonreciprocal metasurfaces. (a) Directional formation of images achieved
at the third-harmonic-generation frequency by using nonlinear anisotropic dielectric metasurfaces with asymmetric geometry and strong magneto-
optical coupling [110]. The unit cell is composed of subwavelength nanoresonators based on silicon nitride and amorphous silicon. (b) Experimental
realization of the bilayer metasurface: scanning electron microscopy image of the sample, before its embedding into the homogeneous environment.
(c) Experimental results. Nonlinear optical response detected in transmission at the third-harmonic frequency for forward and backward excitation at
a wavelength of 1475 nm. Each experimental image is assigned its own individual minimum and maximum levels of camera counts. Adapted from

Ref. [103]. Copyright 2022 Springer Nature Ltd.
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are observed, as presented in Fig. 2. But when the authors
flipped the metasurfaces to the opposite side, they observed
completely different images.

Figure 2(a) presents the main concept of asymmetric gener-
ation of the third-harmonic images with metasurfaces when the
harmonic fields are generated differently in both forward and
backward directions of excitation. Such nonlinear metasurfaces
have been realized in experiment by creating lattices of bilayer
bianisotropic resonators as shown in Fig. 2(b) embedded into
a homogeneous environment. With these bianisotropic metasur-
faces, the third harmonic is generated asymmetrically for two
different propagation directions. The experimental results are
presented in Fig. 2(c), which shows the nonlinear images de-
tected for the third-harmonic fields in transmission for forward
and backward excitation at a wavelength of 1475 nm [103].

Finally, we mention other recent theoretical proposals
[111,112] for creating nonreciprocal nonlinear metasurfaces
in the absence of any external bias to obtain free-space nonre-
ciprocity. This is achieved by introducing a nonlinear Kerr-like
response demonstrating that for certain input intensities the
metasurface can become highly nonreciprocal, allowing large
transmission in one direction and low transmission in the other.
The first experimental demonstration of such nonlinearity-
induced nonreciprocity in free-space metasurfaces has been re-
ported just recently by Cotrufo ez a/. [113] who implemented
this concept for free-space radiation using silicon metasurfaces
supporting asymmetric q-BIC resonances.

4. NONLINEAR CHIRAL METASURFACES

Many phenomena in nature, including multiple biochemical
processes, are governed by the fundamental property of chirality.
An object is called chiral when its mirror image cannot be super-
imposed with the original object, and many examples of chirality
can be found at all scales in nature, from organisms to biomo-
lecules and amino acids, which often occur only in one handed-
ness. Circular dichroism (CD) spectroscopy was suggested as a
powerful optical technique for the study of chiral materials
and molecules. It gives access to an enantioselective signal based
on the differential absorption of right and left circularly polarized
light. In natural media, chiral effects are weak, so that chiral plas-
monic structures and chiral metamaterials were suggested as a
new tool for achieving strong chiroptical responses [114].

Here we discuss how to enhance linear and nonlinear cir-
cular dichroism in dielectric metasurfaces with optically in-
duced Mie resonances [14] and chiral BICs [115].

Shi et al. [116] employed the symmetry-reduced dielectric
metasurfaces composed of “meta-atoms” with high birefrin-
gence supporting winding elliptical eigenstate polarizations
with opposite helicity. Figures 3(a) and 3(b) show an example
of a chiral metasurface supporting chiral BIC resonances. Shi
et al. [116] demonstrated experimentally chiroptical responses
with ultrahigh Q-factors (up to Q ~ 600) and near-perfect
circular dichroism (CD & 0.93) at optical frequencies.

Circularly polarized light interacting with resonances of
nanostructures in the nonlinear regime and nonlinear chiral
metasurfaces has been studied intensively for plasmonic struc-
tures and plasmonic metasurfaces where the nonlinear signal
originates from “hot spots” being dependent on the handedness
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Fig. 3. Examples of enhanced nonlinear chiral response of metasur-
faces. (a), (b) Optical chiral quasi-BIC metasurface composed of arrays
of meta-atoms resonantly transmitting RCP light but transforming it
to LCP light. (c) Experimentally measured THG intensities for chiral
metasurface, compared to Si thin film. Inset shows a photographic im-
age of the light spot of THG. Adapted from Ref. [116]. Licensed
under CC BY 4.0. (d) Measured third-harmonic chiral dicroism
spectrum in nonlinear dielectric metasurface that supports multiple
quasi-BIC resonances. Dashed lines are guide for eyes. The resonant
wavelengths are marked with solid vertical lines [118].

of the nanostructures [117]. Dielectric chiral BIC metasurfaces
can realize maximal nonlinear CD with promising active chiral
applications.

Figure 3(c) shows the experimentally measured THG inten-
sity under RCP/LCP pumping. Clear THG emission contrast
yields nonlinear CD as high as 0.81. The THG efficiency is
significantly enhanced by the g-BIC resonances, as compared
to the THG emission intensity by a reference Si thin film.
Limited by the operating band and loss of the objective lens,
the effect of THG visible to the naked eye can be realized when
the incident power is large enough, as shown in the inset of
Fig. 3(c) [116].

The resonant metasurfaces supporting chiral BICs may pro-
vide a route to the study of chiral light—matter interaction for
many types of photonic systems based on quantum dots and
halide perovskites or operating with small chiral molecules.
This approach allows the experimental realization of inherent
chirality with BIC-resonant dielectric metasurfaces that may
improve the design of chiral sources of light and boost the ap-
plications of chiral metasurfaces in photonic and quantum
systems.

Very recently, Koshelev ez a/. [118] engineered a chiral sil-
icon metasurface with L-shaped meta-atoms for enhanced non-
linear chiroptical response of THG, as shown in Fig. 3(d). They
demonstrated theoretically and observed in experiment the pro-
nounced circular dichroism (CD) at the Mie and g-BIC reso-
nances. The transmission spectra for LCP and RCP pumps
demonstrate the increase of linear chirality in the vicinity of the
resonances [118]. In addition, strong nonlinear chiroptical re-
sponse associated with high efficiency of the THG leads to large
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nonlinear circular dichroism varying from +0.918 £ 0.049 to
-0.771 £ 0.004 for the samples with different asymmetries.
We notice that the reported value of nonlinear circular dichro-
ism exceeding 0.9 is record high compared to the CD values for
nonlinear metasurfaces reported earlier.

Finally, we mention that Frizyuk et /. [119] studied the
nonlinear response of a dimer composed of two identical Mie-
resonant dielectric nanoparticles illuminated normally by a
circularly polarized light. They have developed a general theory
describing hybridization of multipolar modes of the coupled
nanoparticles and revealed nonvanishing nonlinear circular di-
chroism in the SHG signal enhanced by the multipolar reso-
nances in the dimer, provided its axis is oriented under an angle
to the crystalline lattice of the dielectric material.

5. STRONG NONLINEAR EFFECTS

When light interacts with materials, weak nonlinear effects are
manifested in the generation of the lower harmonics, including
the second or third harmonics, and they can be described by a
conventional perturbation theory. However, sufficiently intense
light can temporarily modify optical properties of the material
proportional to the amplitude of the incident light. Such strong
light—matter interaction regimes can lead to novel phenomena,
such as an induced shift of the frequency of the generated
harmonics, multiphoton absorption, as well as the generation
of higher harmonics with relatively strong intensities. Recent
progress in the physics of resonances supported by dielectric
metasurfaces allows experimental observation of such effects,
due to the energy concentrations on scales smaller than the
wavelength of light. As discussed in the recent review paper
[120], engineered optical resonances play an important role in
the field of nanoscale nonlinear optics, and they can intensify
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electromagnetic fields within nonlinear materials by orders of
magnitude. Below, we describe several of such effects facilitated
by strong light—matter interaction in resonant metasurfaces.

As described above, dielectric metasurfaces can support
sharp optical resonances enabled by the BIC physics observed
in experiments as q-BIC resonances with large but finite
Q-factors. The BIC resonances allow the enhancement of
light—matter interaction at the subwavelength scale facilitating
strong nonlinear effects. Strong narrow-band field enhance-
ment in g-BIC metasurfaces leads to a change of the refractive
index not described by perturbative theories. Sinev ez al. [121]
demonstrated such effects in the study of ultrafast self-action
effects in silicon metasurfaces revealed in the nonlinearity-
induced dependence of the THG efficiency. They observed
experimentally a transition from the subcubic to super-cubic
regimes for the generated third-harmonic light in the multipho-
ton absorption regime.

Figures 4(a) and 4(b) summarize the observation of self-
action effects with resonant silicon metasurfaces [121]. The au-
thors employed a silicon metasurface with an asymmetric unit
cell composed of two parallel bars of different widths [see the
inset to Fig. 4(b)] supporting a spectrally sharp transmission
resonance in the near-IR with a Q-factor of about 900. The
observed blue shift of the TH wavelength above the threshold
value of the pump power can be associated with the self-action
effects of subpicosecond laser pulses, as illustrated in Fig. 4(a),
driven by a strong field ionization in nanostructured silicon
induced by multiphoton absorption [121]. Figure 4(b) shows
the experimentally measured dependence of THG spectra on
pump power; each spectrum is normalized to the third power
of its pump intensity.

To evaluate the optical response of silicon metasurface, Sinev
et al. [121] used the theory employing Keldysh photoionization
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Fig. 4. Observation of self-action effects and high-harmonic generation with resonant silicon metasurfaces. (a) Scheme of the ultrafast self-action
effects in the metasurface supporting quasi-BIC resonances. (b) Experimentally measured dependence of THG spectra on pump power; each spec-
trum is normalized to the third power of its pump intensity. Right: measured (dots) and simulated (solid lines) evolution of the spectral position
(blue) of the THG peak and its linewidth (red) with an increase of the pump power density. Inset shows an SEM image of the resonant metasurface.
Adapted with permission from Ref. [121]. Copyright 2021 American Chemical Society. (c) Spectrum of high harmonics generated by 100 fs laser
pulses. The pale blue area is the spectral range not covered for a particular spectrometer. Right: power dependence of the generated fifth to eleventh
harmonics for 100 fs pump pulses. Adapted with permission from Ref. [122]. Copyright 2022 American Chemical Society.
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with a direct bandgap for silicon as the main source for the con-
duction band carrier density. Within this approach, the refractive
index changes can be derived from the Drude-like model with
the modified laser-induced electron plasma. Then, the homo-
geneous distribution of free carriers inside silicon nanostructures
is assumed. The authors compared the pump-dependent change
of the wavelength of the generated third harmonics, and its
linewidth shown in Fig. 4(b). In the experiment, the peak
blue shifts by 0.6 nm with the change of pump power from
20 to 200 GW /cm?. The measured mode linewidth increases
to two and a half times with a growth of the pump power. This
numerical model predicts a similar change of the linewidth and
peak position shown with solid lines in Fig. 4(b). The numerical
model predicts a growth of the concentration of free carriers
up to values of 5 x 10'® cm™ for pump power densities corre-
sponding to the power of 10 mW.

The concept of optical BICs can be employed to generate
high harmonics from dielectric metasurfaces and observe exper-
imentally the transition from perturbative to nonperturbative
regimes of nonlinear optics. Zograf et al. [122] designed silicon
metasurfaces supporting q-BIC resonances in the mid-IR fre-
quency range. The BIC resonance at the fundamental wave
allows strong energy concentration in the metasurfaces boost-
ing the generation of higher harmonics, namely from third to
eleventh odd optical harmonics extending through the near-IR
to the visible spectral ranges, as shown in Fig. 4(c). They con-
firmed that the observed harmonic generation originates from
the power enhancement realized for the optimal metasur-
face geometry, and they have studied the dependence of the
fifth harmonic on the pump, with a deviation from the pertur-
bative regime. Zograf et al. [122] observed a dramatic efficiency
enhancement and spectral narrowing of the high-harmonic
generation for varying the pump pulse duration from the sub-
picosecond to the picosecond regime.

Another observation of high-harmonic generation from
metasurfaces was reported by Shcherbakov er a4l [123] who
demonstrated highly efficient high-harmonic generation from
GaP metasurfaces driven by intense mid-IR laser pulses. They
observed the generation of even and odd harmonics covering a
wide range of photon energies between 1.3 ¢V and 3 eV with
minimal reabsorption. The resonantly enhanced conversion ef-
ficiency facilitates single-shot measurements that avoid material
damage and pave the way to study the controllable transition
between perturbative and nonperturbative regimes of light—
matter interactions at the nanoscale.

High-order harmonic spectra strongly depend on the crystal
orientation with respect to the driving laser polarization.
Notably, even-order harmonics would coexist with odd-order
harmonics only if the intrinsic inversion symmetry of the
material is broken [124-126]. The mechanisms responsible
for the generation of nonperturbative odd and even high-order
harmonics are currently under debate and attributed to differ-
ent quantum phenomena in semiconductors, such as intra-
band and interband transitions [127], quantum interference
and interplay of direct (from valence to conduction band)
and indirect (involving multiple bands) transitions [128],
but also transition dipole amplitude and phases [125] and
a finite Berry phase [129]. These effects can be explored

theoretically by first-principles studies using time-dependent
density functional theory (TDDFT) or by solving semiconduc-
tor Bloch equations (SBEs) for a particular electronic multi-
band structure [130]. The latter quantum approach is less com-
putationally expensive and can be coupled to Maxwell equa-
tions to investigate the nonlinear optical response of single
resonators or even metasurfaces [131].

One of the future strategies to tailor nonlinear effects such as
high-harmonic generation and nonlinear frequency mixing is
to explore multiple resonances in metasurfaces. In particular,
Xiao et al. [132] (see also Ref. [133]) suggested theoretically
a novel approach for dynamically switchable high-harmonic
generation metasurfaces by exploiting polarization-controlled
dual BIC resonances. They calculated numerically efficient
third- and fifth-harmonic generation from direct parametric
processes and cascaded processes based on degenerate FWM.
They demonstrated that the BIC resonances and generated har-
monics enhanced resonantly by BICs can be switched on or off
with high selectivity with respect to the fundamental pump
polarization. This approach provides an effective tuning mecha-
nism exploring the polarization degree of freedom for switch-
able nonlinear subwavelength sources of light.

Another interesting approach to expand the bandwidth of
the resonant interactions in resonant metasurfaces is based on
the concept of Q-boosting, where the Q-factor of a metasurface
rapidly increases with time. Shafirin ez 2l [134] employed
coupled-mode theory to demonstrate that the bandwidth
limit of dielectric silicon—germanium metasurfaces can be ex-
panded by coupling a broadband signal to a bandwidth-
matched resonance realizing Q-boosting at a timescale faster
than a resonator lifetime. They predicted the third-harmonic
enhancement by factors of 8 (peak) and 4.5 (integrated) against
the best-case static metasurface.

6. QUANTUM NONLINEAR OPTICS

Rapid progress in quantum technologies has not left aside
the field of all-dielectric metasurfaces [135]. Flat optical
metasurfaces have a future to become essential building blocks
for on-chip quantum light sources, optical components, rout-
ing elements, as well as single-photon detectors that are vital
in various applications, including quantum computing, quan-
tum information, quantum sensing, and quantum communi-
cation [136].

Below we review very briefly recent progress in nonlinear
metasurfaces as nonclassical light sources. Specifically, we dis-
cuss the recent studies of photon-pair generation in dielectric
metasurfaces through the simplest nonlinear optical processes,
being spontaneous parametric downconversion (SPDC), first
observed in Ref. [137]. In SPDC, a pump photon splits into
two daughter photons, called signal and idler. The emission of
such a pair can be viewed similarly to the spontaneous emission
of single photons: the pump photon excites the nonlinear sys-
tem and then the two-photon spontaneous transition down
brings the system back to the ground state. This transition,
mediated by the second-order susceptibility, leads to the spon-
taneous emission of a photon pair. Like a single-photon tran-
sition, it requires the vacuum field for its explanation. Similarly,
the enhancement of this vacuum field due to a resonance at one
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Fig. 5. (a) Artist’s representation of SPDC from a LiNbO; metasurface: the pump wp is incident from the substrate side; photon pairs w; and w;
are collected in reflection. (b) Spectrum of production of photon pairs enhanced by Mie resonance in LINbO3; metasurface shown by red diamonds,
referenced to unpatterned film of the same thickness shown by gray stars. Reprinted with permission from Ref. [141]. Copyright 2021 American
Chemical Society. (c) Schematic illustration of multiplexed entangled photon generation in a multi-resonance semiconductor metasurface. Inset
shows SEM image of GaAs metasurface that supports BIC resonance before metasurface was transferred on the transparent substrate. (d) Measured
SPDC spectra of non-degenerate photon pairs in GaAs metasurface where the signal photon is emitted at the electric dipole BIC mode wavelength
(purple vertical solid line). (e) Measured SPDC spectra of GaAs metasurface when two types of non-degenerate photon pairs are produced: signal
photons are emitted at wavelengths of electric dipole BIC resonance (orange solid vertical line) and the magnetic dipole BIC resonance (green vertical

solid line) [142].

of the frequencies increases the probability of a two-photon
transition.

As we would expect from the quantum-classical correspon-
dence principle, nonlinear Mie-type optical nanoresonators and
metasurfaces that are made from highly nonlinear materials,
relax phase-matching conditions (i.e., momentum conserva-
tion), and have resonant enhancement of electromagnetic fields
can also be used to enhance vacuum fluctuations by orders of
magnitude. This was recently predicted theoretically [138,139]
and realized experimentally using single nanoresonators [140],
Mie-resonant metasurfaces [141,142], and metasurfaces with
nonlocal resonances [143]. The first demonstration of Mie-
resonant photon-pair generation via SPDC in all-dielectric
metasurfaces used an array of truncated pyramids made from
LiNbOj; see Fig. 5(a) [141]. The authors showed two orders
of magnitude enhancement of degenerate photon-pair produc-
tion in the metasurface in the vicinity of the Mie resonance
with a Q-factor of 100, compared with an unpatterned film
of LiNbOj of the same thickness [Fig. 5(b)]. An order of mag-
nitude higher rate enhancement of photon-pair generation was
achieved in later works that use high-Q resonances such as non-
local resonances in silica-glass metagratings fabricated on top of
LiNbOj thin film [143], and Mie-type q-BIC resonances in
broken-symmetry GaAs metasurfaces [142]; see Fig. 5(c).

More interestingly, when the pump wavelength is not pre-
cisely at half of the frequency of the resonance, the metasurface
emits one photon of the pair w, at the resonance wavelength, and
the conjugate photon ®; at the wavelength defined by the energy
conservation law @, = w, + ;. Such non-degenerate bipho-
tons were demonstrated recently in the previously mentioned
GaAs metasurface [142]: SPDC spectra [Fig. 5(d)] exhibit
two peaks at the wavelengths of the signal A, and idler ; photons,
and only the signal photon wavelength overlaps with the BIC
resonance wavelength. In that case, the idler photon wavelength
can be spectrally tuned by changing the pumping wavelength
without losing the rate of SPDC. Because the vacuum field seeds
SPDC uniformly over the spectrum, and because momentum

conservation is relaxed, multiple efficient SPDC processes can
be driven simultaneously in a multi-resonant metasurface.
Two pairs of non-degenerate entangled photons in SPDC spec-
tra were measured for the metasurface that supports two Mie
high-Q resonances at 4, wavelengths; see Fig. 5(e).

The authors in Refs. [142,143] also show the violation of the
Cauchy-Schwartz inequality to prove the generated photons’
nonclassical nature and entanglement state. Furthermore, non-
linear metasurfaces with high-Q resonances and relaxed momen-
tum conservation create a way to generate cluster quantum states
[142]—entangled states of multiple photons when muldple
pumping sources are used. These cluster states are building
blocks in one-way quantum computation and are impossible
to be produced in bulk nonlinear crystals.

Li et al. [144] took a different approach: the authors inte-
grated an array of 10 x 10 gallium nitride metalenses with non-
linear beta-barium borate (BBO) crystal and demonstrated a
100-path SPDC photon-pair source. Two-, three-, and four-
dimensional two-photon path entanglement was experimen-
tally confirmed. Moreover, multiphoton state generation was
also shown. The purity and indistinguishability of four- and
six-photons produced by different metalenses were confirmed
using Hong-Ou—Mandel interference. The metalens-array-
based quantum photon source provides a route for the gener-
ation and control of complex quantum states and is promising
for the development of compact integrated quantum devices.

The field of nonlinear quantum metasurfaces is on the rise,
and, similar to classic nonlinear metasurfaces, we expect it to
broaden to other materials, designs, and functionalities (see
Refs. [145,146]). For example, SPDC in thin films of GaP
was reported just recently [147]. We believe that in future
works, nonlinear quantum metasurfaces will be used for non-
classical light generation via SPDC and spontaneous four-wave
mixing (SFWM) in a broad range of the spectrum, from UV
to IR, with unique tunable properties of generated quantum
states, such as entanglement, polarization, direction, orbital an-
gular momentum, and wavelength.
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7. CONCLUSION AND OUTLOOK

Nonlinear optics requires efficient methods for nonlinear prop-
erties engineering. In bulk media, this engineering is achieved
by selecting appropriate crystals with anisotropic properties or
by employing the concept of quasi-phase matching with arti-
ficially fabricated bulk structures. Both of these strategies allow
the enhancement of parametric frequency conversion, such as
second-order processes based on binary periodic poling of natu-
ral crystals, equivalent to a discrete phase change of the non-
linear polarization.

Nonlinear metamaterials allow nonlinear responses to be
tailored through the engineering of their constituent elements
and by providing novel degrees of freedom in the design of ar-
tificial materials with nontrivial nonlinear optical properties.
Metasurfaces are two-dimensional planar structures that origi-
nate from the basic concepts of metamaterial physics. They
introduce even broader possibilities via engineering arrays of
optical resonators underpinning the emerging field of flat
optics. As a result, metasurfaces do not require any phase-
matching conditions, and their performance relies on the local
enhancement of both electric and magnetic fields, so resonan-
ces play an essential role in the physics of nonlinear metasur-
faces. Thus, nonlinear photonics of metasurfaces is driven in
many cases by resonances in dielectric nanostructures: optically
induced multipolar electric and magnetic Mie resonances,
guided-mode resonances, and BICs. These resonances allow
us to boost subwavelength confinement of local electromag-
netic fields in dielectric nanostructures with high refractive in-
dex values, enhancing many effects in nonlinear photonics and
offering novel opportunities for the subwavelength control of
light at the nanoscale.

A significant challenge that remains is the relatively low val-
ues of the refractive index at the visible and near-IR frequencies.
As mentioned recently [16], increasing the refractive index by
a modest factor with modern methods of growth, fabrication,
and subwavelength patterning will have a high impact on many
applications of dielectric metasurfaces, including nonlinear
photonics. In addition, the limited product of Q-factor and
bandwidth restricts the utilization of ultrashort pulses for ex-
citing strong nonlinear responses of ultrahigh-Q metasurfaces.

We have presented above some recent (mainly, over the last
two years) developments in the field of nonlinear photonics
of metasurfaces deviating from the traditional discussions of
the SHG and THG with nonlinear metasurfaces and their
conversion efficiencies [12,13,148,149]. In particular, we have
emphasized multi-frequency effects, cascaded harmonic gener-
ation, asymmetric frequency conversion, and the nonlinear chi-
ral response of metasurfaces. Most of the effects reported for
nonlinear metasurfaces highlight the importance of the opti-
cally induced magnetic response of engineering nonmagnetic
resonant structures for many applications in optics. In addition,
we have discussed nonperturbative nonlinear regimes, which
might introduce new design strategies in the field of nonlinear
metasurfaces, and applications of nonlinear metasurfaces to
quantum photonics, underpinning efficient flat-optics quan-
tum metadevices.

Many novel directions in all-dielectric resonant photo-
nics are expected to appear soon. One of these novel ideas
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is associated with the recently suggested concept of Mie voids.
Indeed, Mie solutions are discussed usually for a sphere made of
a high-index material with the refractive index 7; being placed
in a surrounding medium with lower refractive index 7,
(namely, 7; > n,). However, the opposite case is also possible,
and we may consider low-index voids placed in high-index di-
electric surrounding media (7, < 7,) [150]. Dielectric Mie
voids can support localized optical modes, thus confining light
in air. Importantly, these Mie void modes are not affected by
loss and dispersion of the surrounding dielectric media [150].
They can be used for novel applications, as well as in combi-
nation with dielectric resonant nanoparticles and dielectric
metasurfaces.

Current advances in tunable resonant nonlinear metasurfaces
will allow us to achieve full all-optical control over the transient
behavior of nonlinearities at femtosecond switching speeds.
Recently, studies revealed the importance of temporal (femtosec-
ond) responses of nonlinearities that will make metasurfaces very
demanding for high-speed data processing. High-index semicon-
ductor metasurfaces with rapidly tuned high-Q resonances en-
able a novel class of time-variant metasurfaces that allow the
dynamic control of the nonlinear optical response in time-variant
semiconductor metasurfaces supporting high-Q resonances [62].
Time-modulated metasurfaces can be employed for dynamic
wavefront engineering and space-time photonics for the switch-
ing/tuning mechanisms providing the key to enable photonic
technologies for the next generation of nanoscale pulse shapers,
optical switches, and light sources [151].

Combining the advantages of all-dielectric metasurfaces
with a resonant response would allow tunable control over the
electromagnetic fields [152], also realizing novel types of chiral
biosensors based on high-Q resonances, and thus increasing
both device sensitivity and their multiplexing abilities. Modern
integrated photonics requires developments in device design,
material synthesis, nanofabrication, and characterization. The
combination of these efforts can be realized with all-dielectric
metasurface-based photonics underpinning new, not yet
demonstrated applications. We envisage that many novel dis-
coveries in all-dielectric resonant metaphotonics will be dem-
onstrated in the coming years.

There are still many challenges to overcome. One important
problem arises from the use of constituent materials. All-dielec-
tric nanostructures are less lossy but show smaller values of
nonlinear response, and their larger mode volumes due to the
diffraction limit that increase the device footprints. Transparent
oxides and two-dimensional materials have been successfully
adopted as important materials to create hybrid metasurfaces
[153]. For tunability, metasurface-based photonics needs to
employ a combination of old and novel materials such as poly-
mers, perovskites, TMDCs, and phase change materials [154].
This would enable diverse functionalities of metasystems and
metasurfaces for efficient spatial and temporal control of light
expanding applications of these concepts in nanolasers, tunable
metadevices, metachemistry, and the design of a new genera-
tion of sensing devices.

We expect that more novel materials with distinguished
nonlinearities at the nanoscale will emerge soon, and the re-
cently emerged concepts of nonlinear metasurface photonics
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will find applications in the development of flexible electronic
and optoelectronic devices, including nanolasers and detectors
for miniaturized optical systems for holography, augmented
reality, LIDAR, etc. We believe that we will soon witness many
novel discoveries in this and related fields that are difficult to
predict now and that the best in this field is yet to come.
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