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ABSTRACT

Optical materials are undergoing revolutionary transformations driven by nanotechnology. Our ability to engineer structures at a scale smaller
than the wavelength of light enables new properties and functionalities otherwise not available in natural bulk optical materials. A class of such
components—dielectric metasurfaces—employs two-dimensional arrays of designer resonant nanoscale elements whose optical response is
defined by their geometry. While linear regimes of interactions between dielectric metasurfaces and moderately intense light have already
formed a mature field of applied research and engineering, new frontiers are being actively explored in the nonlinear optical regime describ-
ing interactions of metasurfaces with strong optical fields. In this Research Update, we cover the most recent progress along with several
directions of research within the field of nonlinear optics of dielectric metasurfaces. Specifically, we review approaches to design and fabricate
metasurfaces with high local field enhancements that facilitate nonlinear light-matter interactions, outline nonlinearity-enabled functionali-
ties of dielectric metasurfaces, explore resonant metasurfaces in the strong-field non-perturbative regime, and discuss the implications of the
time-variant refractive index in metasurfaces that interact with strong optical fields produced by laser pulses.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). hitps://doi.org/10.1063/5.0048937

. INTRODUCTION

A sufficiently intense beam of light interacting with a mate-
rial can temporarily modify the optical properties of the material,
with the magnitude of such modification being nonlinearly propor-
tional to the amplitude of the electromagnetic field of the incident
light. Examples of nonlinear light-matter interactions are sketched
in Figs. 1(a)-1(c). Nonlinear regimes of light-matter interactions
open a plethora of new optical phenomena, such as the alterna-
tion of the frequency of the output light, multiphoton absorption,
and strong self-action effects, among others. Usually, nonlinear
interactions are weak and become observable only after light trav-
els through a material over relatively long distances consisting of
many thousands of wavelengths. Many conventional nonlinear opti-
cal systems typically require the combination of bulk volumes of a

material with a confining cavity, which increases the photon
lifetime, thus strengthening light-matter interactions. However,
the recent developments of resonant nanostructures facilitating
strong light concentrations opened the path toward efficient
nonlinear processes on a scale smaller than the wavelength of
light.

In the recent past, many demonstrations were performed
with engineered metallic nanoparticles.'* Metals were an attrac-
tive choice as they exhibit extremely high intrinsic nonlinearities.
In addition, the support of plasmon resonances allows for dra-
matic light confinement and local intensity enhancement near plas-
monic hot spots. However, the overall efficiency of the nonlinear
processes in plasmonic nanostructures remained low,”° limited by
ohmic losses, small mode volumes confined within metal surfaces,
and low laser damage thresholds.
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FIG. 1. Materials in strong optical fields. (a) Representation of an electromagnetic wave passing through a material patterned at a subwavelength scale. A sufficiently strong
optical field induces several types of nonlinear light-matter interactions. In this Research Update, we will be primarily interested in the following two types of interactions.
Moderately strong fields may induce material polarization P(E) consisting of linear [P.(E)] and nonlinear [Py.(E)] components (b). Extremely strong fields may cause
generation and subsequent recollision of free electrons and holes driven by the incident electromagnetic field (c).

All-dielectric nanostructures have recently been suggested as
an alternative way to enhance the nonlinear efficiency beyond the
limits associated with plasmonics. High refractive index nanoparti-
cles can support multiple different types of optical modes, including
optically induced magnetic dipole resonances, higher-order multi-
poles, and composite resonances.” '’ High field enhancements near
the magnetic dipole modes and composite resonances increase the
efficiency of nonlinear processes by orders of magnitude compared
to their plasmonic counterparts. Low or negligible absorption at the
pump wavelength allows the electric field to penetrate in nanostruc-
tures and grant access to the nonlinear response of the whole volume
of its material. Another relevant consequence of transparency at the
pump wavelength is the high laser damage threshold of all-dielectric
nanoresonators.

Material platforms employed in the field of nonlinear meta-
surfaces include high refractive index dielectric and semiconductor
materials, such as Si and Ge''""’ [high values of (3) nonlinear sus-
ceptibility tensor], and the group of III-V semiconductors, such as
GaAs and GaP'*"'° [high values of (2) nonlinear susceptibility ten-
sor], among others. Lithium niobate,'”!” titanium dioxide,”’ and
barium titanate’' were employed for nonlinear metasurfaces in spec-
tral ranges down to ultraviolet (UV) wavelengths. Novel emerg-
ing classes of materials are actively explored, including epsilon-
near-zero materials, such as ITO,”*~?* phase-change materials,” and
2D materials, such as WS,,”° GaSe,”” and multi-quantum-well het-
erostructures.”*” Recently, liquid-phase dielectrics have also been
explored as metasurface materials.”

Engineered optical resonances play a central role in the field of
nanoscale nonlinear optics. Resonant effects can intensify electro-
magnetic fields within nonlinear materials by orders of magnitude,
thus dramatically enhancing the efficiency of nonlinear light-matter
interactions.”*>

Il. ENHANCEMENT OF NONLINEAR LIGHT-MATTER
INTERACTIONS AT THE NANOSCALE

In the recent past, several different strategies have been
explored for the enhancement of nonlinear light-matter interac-
tions in metasurfaces via engineered resonances. Here, we overview
some of the approaches. We attempt to provide, where applica-
ble, a figure of merit for efficiencies of nonlinear light-matter
interactions that we discuss below. We note, however, inherent

limitations of any quantitative figure of merit as the reviewed exper-
iments vary by multiple parameters (laser source pulse duration,
repetition rate, peak, and average power). To this end, we predomi-
nantly focus on nonlinear frequency doubling and frequency tripling
effects [second-harmonic generation (SHG) and third-harmonic
generation (THG)], for which multiple experiments have been con-
ducted by several groups. We evaluate the strength of the nonlinear
interaction in the following form of the ratio of the peak pow-
ers of the pump and generated harmonic for second-harmonic and
third-harmonic generations, respectively:

ﬁ, PgHz, _ P‘;H3
(PEr) (PEr)

Here, PgF is the incident peak power of the pump beam at the fun-
damental frequency (FF) and P%,; and P}, are the peak powers of
SHG and THG, respectively. The coefficients 8 and y have units of
W' and W2, respectively, and can be useful as they mitigate some
dependencies on the exact parameters of a particular excitation laser
source.

Nonlinear generation of second and third optical harmonics in
dielectric nanostructures has been demonstrated at the level of both
isolated nanoresonators and their 2D layouts—metasurfaces. We,
therefore, discuss the resonant characteristics of both the individ-
ual elements and the collective effects induced by the lattice and the
coupling between adjacent elements. The enhancement of nonlin-
ear phenomena is determined by different factors: the quality factor
(Q-factor) of the resonance at the pump wavelength, the Q-factor
of the harmonic resonance, the spatial and spectral overlap between
pump and harmonic resonances, and the efficiency of the coupling
of the pump beam to the resonator. Since second- and third-order
nonlinear light-matter interactions depend correspondingly on the
second and third powers of the electric field inside the nonlinear
material, a prime approach to enhance the efficiency of these phe-
nomena is to enhance the quality factor of the resonance and the
pump mode. Below, we briefly outline several approaches for engi-
neering optical resonances in subwavelength dielectric structures.

A. Mie resonances

Mie resonances were introduced as the exact Mie solutions
of Maxwell’s equations describing light interactions with spherical
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particles.”?* In a more recent past, numerical approaches allowed
application of the concept of Mie resonances to small objects of arbi-
trary shapes. Mie resonances have attracted attention because they
can support both electric and magnetic type resonances of compara-
ble strengths.”*"#>% Typically, individual low-order Mie resonances
have quality factors below ten, and some of the best demonstra-
tions of SHG and THG based on the magnetic dipole resonant
pump yield f=2x10"* W7 and y = 2.6 x 107* W2, respec-
tively. Nevertheless, the fact that multiple resonances can interfere
with one another opens new pathways to enhance the mode Q-factor
in nanostructures.

B. Toroidal moments

Toroidal multipoles represent another example of fundamen-
tal solutions of Maxwell’s equations. While Mie resonances are
conventionally calculated from the expansion of electromagnetic
potentials and charges into a series of multipoles, toroidal multipoles
can be derived via decomposition of the momentum tensors.’”*’
The electromagnetic field produced by a toroidal dipole moment
resembles the field produced by an electric current wire wrapped
into a coil, with the coil being further arranged into a torus shape,
which gives rise to an effective magnetic current loop. The con-
cept of toroidal resonances has also been generalized to higher-order
toroidal moments of both electric and magnetic nature. Toroidal
moments were introduced to metamaterials and metasurfaces first
in microwaves.*! Later on, optical all-dielectric metasurfaces sup-
porting toroidal moments have been proposed theoretically’*** and
demonstrated experimentally.”*® The enhancement of nonlinear
light-matter interactions by toroidal moments has been studied in
optics in plasmonic metasurfaces*” and suggested theoretically in
all-dielectric designs.*

C. Isolated nanoparticles: Anapole modes

Toroidal moments of light gave birth to the concept of opti-
cal anapoles. The first-order anapole excitation is achieved when
an electric dipole and toroidal dipole moments of the nanoparti-
cle have the same or similar amplitude and are out-of-phase.*® The
electric field radiated by a toroidal dipole moment matches the one
that is radiated by an electric dipole, and thus, if the previous con-
dition is satisfied, the radiation patterns of these two multipoles
interfere destructively, canceling the output channels of radiation
leakage. This leads to a non-trivial radiationless current distribu-
tion in the nanoparticle. In general, this interference mechanism
is not enough to suppress outward radiation from the nanoparti-
cle: for external excitation (e.g., illuminating the nanoparticle with
a laser beam), magnetic quadrupole and electric octupole moments
that accompany the toroidal moment remain radiative. Neverthe-
less, this condition leads to an enhancement of the field inten-
sity inside the nanoparticle. Anapole modes were demonstrated to
reach Q-factors estimated around 10-50.*~"* The quality factors of
anapole resonators are mainly limited by the existence of other mul-
tipoles within the same spectral range. One technique to enhance the
electric field confinement by anapoles employed hybrid dielectric-
metallic nanostructures.”* A nanodisk supporting the anapole
condition is surrounded by a gold ring possessing a plasmonic res-
onance at the same wavelength. Another recently proposed tech-
nique to increase the Q-factor of anapole resonances utilized a

RESEARCH UPDATE scitation.org/journal/apm

metallic substrate underneath the nanoresonator. The metallic
plane, to a first approximation, created a mirror image of anapole
modes, allowing it to achieve destructive interference in the radia-
tion pattern of parasitic multipoles, and thus improving mode con-
finement and yielding Q ~ 50 in Ref. 49. This method enabled the
demonstration of THG from Si nanodisks with y = 3.9 x 107 W™
[see Fig. 2(c)].

D. Isolated nanoparticles: Bound states
in the continuum

One more promising approach to engineer high-Q modes in
single nanoresonators has recently emerged, inspired by the physics
of bound states in the continuum (BIC).>® The BIC originates from
the complete destructive interference of two or more waves, effec-
tively suppressing all radiative losses. This requires infinitely large
structures or materials with either zero or infinite permittivity.
Nevertheless, dielectric nanoparticles host a wide variety of leaky
optical modes that can be geometrically tuned. When leaky modes
with similar far-field profiles are found at similar frequencies, they
can eventually undergo a strong coupling regime featuring avoided
resonance crossing. This results in one of the two leaky modes
exhibiting an extraordinarily high Q-factor for isolated nanopar-
ticles. Such a condition is called accidental BIC or quasi-BIC,””
owing to the similar physics with the Friedrich-Wingten BIC.%
The Q-factor that such structures can achieve at near-infrared fre-
quencies is on the order of (1 —3) x 1024956162 Recent experi-
ments traced the evolution of scattering spectra of isolated nanopar-
ticles vs their geometrical parameter demonstrating the quasi-BIC
regime for optimal parameter settings.”” The scattering spectra are
fundamentally related to the dynamics of a Fano resonance. It
was shown that the collapse of the leaky mode into the quasi-BIC
state is associated with a divergence of a Fano line shape param-
eter (@ — oo). The high Q-factor of BICs in nanoparticles is very
promising for nonlinear applications. After initial theoretical pre-
dictions for both SHG*” and THG®' with BIC systems, experimental
demonstration of SHG in GaAs nanodisks on an engineered sub-
strate enabled 8 = 1.3 x 107® W1, which is illustrated in Figs. 2(a)
and 2(b).

E. Collective modes in metasurfaces:
Fano resonances

The Fano resonance occurs when a dark (high-Q) mode is
coupled via near-field to a bright (low-Q) mode. This results in
a reflectance or transmittance spectrum exhibiting a Fano line
shape.®“® As the dark mode is excited via the near-field coupling,
the achievable Q-factor can be very high. In Ref. 56, a disk-bar
configuration was adapted for THG. The Q-factor of the metasur-
faces at the pump wavelength was Q = 466, and the measured THG
nonlinear coefficient was y = 1.9 x 107> W™ [see Fig. 2(d)].

F. Collective modes in metasurfaces:
Symmetry-protected bound states
in the continuum

In systems possessing reflection or rotational symmetries,
optical modes of different symmetry classes decouple. In sub-
wavelength metasurfaces, the only radiative channels are plane
waves propagating in the normal direction with respect to the
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FIG. 2. Dielectric nanostructures for enhancement of interactions between materials and optical fields. (a) Concept image of a subwavelength resonator for nonlinear
second-harmonic generation. A portion of the incident beam at frequency w (red) gets converted into frequency 2w (blue). (b) Inset: scanning electron micrograph of the
AlGaAs subwavelength resonator with a Q-factor of 188 facilitated by a quasi-BIC resonance. The plot visualizes the measured intensity of second-harmonic generation
in such AlGaAs resonators as a function of resonator size and the excitation wavelength. Once the resonant conditions are met, the efficiency of the nonlinear optical
process increases by several orders of magnitude.'“ (c) Anapole in a resonator-on-PEC-surface system. Top: schematic illustration of the field distribution of an anapole
resonator on a PEC (perfect electric conducting) substrate. Bottom: scanning electron micrograph of the fabricated resonator on a mirror.% (d) Fano-resonant metasurface.
Bottom: scanning electron micrograph image of the fabricated metasurface. (e) Quasi-BIC in a metasurface. Bottom: scanning electron micrograph image of the fabricated
device.5’ (f) High-Q modes merging.®! (g) Harmonic generation from a metasurface in the continuous-wave (CW) regime. High-Q modes in quasi-BIC GaP metasurfaces
enable the sufficient local field enhancement to observe SHG under CW excitations. The schematic of the quasi-BIC GaP metasurfaces (right).>®

metasurface plane. In this case, the electric and magnetic field
vectors are odd upon C; rotations; thus, modes that are even
with respect to the same transformation are completely decou-
pled from the continuum of radiation and form a BIC. Such BICs
have recently been thoroughly investigated in metasurfaces.”” The

Q-factor of BICs in its pure mathematical sense is infinite;
thus, excitation of these modes is forbidden. Nevertheless,
maintaining an excitation beam that normally impinges on the
metasurface, once the symmetry of the unit cell is broken, cou-
pling of free-space radiation can be achieved. Asymmetry limits the
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Q-factor to a finite value opening radiation channels and convert-
ing the resonance in a so-called “quasi-BIC.” Remarkably, the exact
value of the Q-factor can be fine-tuned by the level of introduced
asymmetry.®® In particular, one can define an asymmetry parame-
ter, &, and in the limit of small perturbations, the Q-factor is shown
to scale as 1/a*. This approach has been adapted for both SHG,"
demonstrating a = 9.6 x 107 W™}, and THG,*® demonstrating a
y=15x 107 W2, The Q-factor of the two works was Q = 500 for
the SHG metasurface and Q = 100 for the THG metasurface. More
recently, in Ref. 57, the authors proposed a symmetric approach
for breaking the symmetry of the meta-atom that enabled a signif-
icant improvement of the Q-factor 1.8 x 10*. Such a high-Q mode
was used as a pump for THG, yielding a nonlinear coefficient of
y=1.4x10"° W [see Fig. 2(e)].

A remarkable approach was recently demonstrated by
Jin et al. in Ref. 51. Researchers studied a nanopatterned silicon
membrane supporting multiple symmetry-protected BICs. By
judiciously designing geometrical parameters of the nanopattern,
Jin and co-authors were able to overlap multiple bound states in the
continuum in the momentum space. As a result, an order of magni-
tude increase in the Q-factor was measured experimentally under
the condition of merged BICs reaching a Q-factor of 4.9 x 10° [see
Fig. 2(f)]. Such super-BIC resonances may find their applications in
nonlinear optics as well as pave the way toward a general strategy of
increasing quality factors of nanostructures via novel interference
scenarios of several resonant modes.

G. Machine learning

Theoretical models, such as anapoles, Fano resonances, and
BICs, provide guidelines for efficient designs of nonlinear nanos-
tructures. However, determination of final details of nanostructure’s
geometries typically relies on iterative 3D numerical full-wave simu-
lations, such as finite-element method (FEM), finite-difference time-
domain (FDTD) method, and others, which are computationally
demanding, especially for solving nonlinear problems. To reduce the
number of trial-and-error iterations of full-wave simulations, vari-
ous optimization strategies are often implemented, such as genetic
algorithms and gradient descent methods.*”"!

Radically different emerging approaches for the design of sub-
wavelength photonic structures are based on machine learning.”> ”*
Among the various machine learning methods, deep neural net-
work (DNN) techniques have demonstrated great potential. DNNs
usually contain multiple hidden layers that provide a sufficient
number of units, which can be used to represent complicated
functions to uncover hidden relations between variables, such as
between nanophotonic structure geometries and their electromag-
netic responses.””’% This makes DNN-based techniques promis-
ing for solving the inverse problem in nanophotonics: to pre-
dict the geometry with given properties, such as to predict design
parameters of a metasurface hosting a high-Q resonance. To this
end, the DNN-based methods have been demonstrated to pre-
dict accurately amplitude’>” %> and phase®”***%> spectra of meta-
surfaces. Employment of DNNs for nonlinear nanophotonics, in
particular, for the enhancement of the efficiencies of light-matter
interactions at the nanoscale sounds particularly appealing,
given the complexity of the wide range of nonlinear optical
interactions.

RESEARCH UPDATE scitation.org/journal/apm

H. From pulsed to continuous-wave
nonlinear nanophotonics

Due to the intrinsically low magnitude of the optical nonlin-
ear response of the materials, nonlinear nanophotonics is dominated
by interactions between matter and short laser pulses with typi-
cal durations on the order of tens and hundreds of femtoseconds.
Such short pulses may reach high levels of peak power, thus enhanc-
ing nonlinear light-matter interactions while minimizing parasitic
effects such as heating and free-carrier dispersion. However, as the
Q-factor of the nanoresonators increases, extreme field intensities
can be achieved even from more modest pump power levels. More-
over, the spectral overlap between the bandwidth of the pump and
the resonance plays a key role in the enhancement of conversion
efficiencies.”® Thus, in view of the most recent progress in reso-
nant nanophotonics, nonlinear light-matter interactions between
nanostructures and continuous-wave (CW) lasers with much lower
peak powers compared to their pulsed counterparts may be within
reach. This road has already been followed in other nonlinear optics
research areas such as photonic crystals and microcavities. In a
recent paper, gallium phosphide metasurfaces with Q-factors vary-
ingfromQ=60to Q=2 x 10® have been used in both femtosecond
and CW regimes™ [see Fig. 2(g)]. It was shown that the increase in
the Q-factor in the CW regime consistently improved the nonlinear
response of the structure. In contrast, in the femtosecond regime,
the SHG conversion efficiency saturated as a function of the Q-factor
after the bandwidth of the resonance has become comparable to the
bandwidth of the excitation pulse.

lll. FUNCTIONALITIES ENABLED BY NONLINEAR
LIGHT-MATTER INTERACTIONS

Nonlinear light-matter interactions hold promise to expand
the range of application of metasurfaces as nonlinearity-enabled
properties and functionalities go beyond the limitations of linear
optics. Here, we discuss several recent demonstrations of meta-
surfaces with functionalities derived from their nonlinear optical
response.

A. Nonlinear wavefront control

Several approaches for engineering the wavefront of parametric
waves have been suggested and demonstrated experimentally. The
methods rely on full control over the phase of generated light within
the 0-27 range, thus allowing wavefront shaping.

A method that relies on resonant phase accumulation was sug-
gested and demonstrated in Refs. 11, 87, and 88. The approach relied
on the generalized Huygens’ principle in nonlinear optics. This
method was used to demonstrate experimentally a nonlinear meta-
surface beam deflector, a vortex beam generator'! [see Fig. 3(a)], a
nonlinear lens” [see Fig. 3(b)], and nonlinear holograms.**

Another demonstrated approach to control the wavefront of
parametric waves based on geometric phase generalized for non-
linear light-matter interactions.”””' Geometric phase metasurfaces,
also known as Pancharatnam-Berry phase metasurfaces, achieve
a continuous phase change linked to a rotation angle of a low-
symmetry nanoresonator. In the nonlinear case of the generation
of optical harmonics, the geometric phase approach connects the
rotation angle of a single nanoresonator to the phase shift at the
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generated harmonic. The nonlinear geometric phase was adopted
in the dielectric metasurface from their plasmonic counterparts.’
Using this method, nonlinear beam deflectors®” and holograms’"!
have been demonstrated in all-dielectric metasurfaces for both
second-* and third-harmonic generation processes.””!

B. Nonlinear lenses

The advancement in all-dielectric metasurfaces led to the devel-
opment of flat lenses of submicrometer thickness. The concept has
been transferred to the field of nonlinear metasurfaces, while nonlin-
ear focusing and holography”® and second-harmonic imaging’” have
been demonstrated first in plasmonic metasurfaces. More recently,
all-dielectric nonlinear metalenses were demonstrated for focus-
ing nonlinear imaging of objects as well as higher-order correla-
tions of light from objects.”” Interestingly, the wavefront control by
nonlinear metasurface lenses was not grasped by conventional lens
equations routinely used in linear optics, and modified nonlinear
lens equations were suggested phenomenologically. Moreover, since
the superposition principle of waves does not hold in the regime of
nonlinear optics, such lenses were also demonstrating image forma-
tions accompanied by the autocorrelation function of the order of
optical harmonics, thus carrying information about the coherence of
light.

e Asymmetric light generation
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b Imaging with nonlinear lens

FIG. 3. Functional nonlinear metasur-
faces. (a) Silicon metasurface control-
ling wavefront of the generated third-
harmonic optical beam.!! (b) Imaging of
an L-shape aperture through a nonlin-
ear metasurface lens.®’ Infrared light is
transmitted through an aperture, and a
visible image is formed by a metasur-
face generating third harmonic. (c) All-
optical ultrafast switching in the silicon
metasurface at the magnetic dipole Mie
resonance.”> (d) The theoretical con-
cept of nonreciprocal forward/backward
transmission in the nonlinear metasur-
face.® (e) Generated independent visi-
ble images in transmission for the oppo-
site directions of infrared illumination by
a nonlinear metasurface.%

Experiment

C. Optical switching and ultrafast tuning

Nonlinear metasurfaces have also been suggested as ultra-
compact optical switches. Several nonlinear optical processes have
been applied in proof-of-concept demonstrations, including reso-
nantly enhanced nonlinear absorption in silicon™ [see Fig. 3(c)],
nonlinear change in a refractive index at low optical power in chalco-
genide glasses,”® injection of free carriers,”” and nonlinear absorp-
tion saturation'”’ in direct bandgap semiconductors, such as GaAs,
which were employed for metasurface-based switches.

D. Nonreciprocity and optical isolation

Optical nonreciprocity is the enabling property for several key
functionalities in photonics, including optical isolation. The major-
ity of optical systems are reciprocal, and nonreciprocity may be
achieved in only a few conceptual pathways, one of which relies on
nonlinear light-matter interactions.

Several theoretical proposals on achieving optical nonreciproc-
ity in dielectric metasurfaces have been made recently for a different
design starting from single-layer silicon structures’ [see Fig. 3(d)]
and then two-layer structures,'”’ which due to Kerr nonlinearities of
the material may be employed to realize a diode-like functionality in
nanoscale optics. A theoretical proposal of an optical resonator made
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from Si and ITO was suggested in Ref. 102. The design exploited
optical nonlinearities of ITO in its epsilon-near-zero-regime,'’” sug-
gesting nonreciprocal far-field radiation patterns.

E. Asymmetric control of light

Closely related to nonlinearity-induced nonreciprocity are pro-
cesses of asymmetric frequency conversion and mixing in nonlinear
nanoresonators and metasurfaces. Plasmonic designs with asym-
metric nonlinear responses have been explored in the past theoreti-
cally'?#1% and experimentally.'’° Recently, all-dielectric translucent
metasurfaces have been demonstrated that produced images in the
visible spectral range via third-harmonic generation when illumi-
nated by infrared radiation” [see Fig. 3(e)]. By design, the meta-
surfaces generated completely independent images for the opposite
directions of illumination. This has been achieved via engineered
bi-anisotropic coupling between electric and magnetic Mie reso-
nances supported by the metasurfaces.

IV. HIGH OPTICAL HARMONIC GENERATION
AND NON-PERTURBATIVE NONLINEAR REGIMES

Nonlinear optics of dielectric metasurfaces was originally dom-
inated by second- and third-order nonlinear processes such as SHG
and THG, examples of which were discussed above. These nonlinear
processes are conventionally described within a perturbative frame-
work, that is, assuming that the nonlinear component of material
polarization is only a small perturbation to its linear counterpart.
However, sufficiently intense optical excitations can bring materials
beyond the boundaries of the perturbative approximation.

One of the most exciting outcomes of intense-field light-matter
interactions is the effect of high-harmonic generation (HHG). HHG
was observed in the decades following the development of the first
lasers. Some of the milestone observations were the generation of
optical harmonics up to the 11th order in gas plasma in 1977'" [see
Fig. 4(a)] and 33rd harmonic generation in 1988.'%" The physics of
high-harmonic generation differs fundamentally from that of typ-
ical lower-order nonlinear processes, such as second- and third-
harmonic generation. One consequence of the perturbative approx-
imation is the scaling law of intensities of optical harmonics as
Inw o< Ij), where I, is the intensity of the pump beam and I, is
the intensity of the n-th harmonic beam. This becomes inapplica-
ble for descriptions of high-harmonic generation processes. One of
the remarkable features of HHG is that the intensity of harmonics
tends to a plateau, thus deviating strongly from the predictions of the
perturbative model. Another striking difference is that HHG gener-
ation exhibits a cutoff frequency after which no harmonics can be
observed.

The high-harmonic generation that was first studied in gasses
and plasma could be commonly described with the three-step rec-
ollision model'"”!''? within a framework of the strong-field approxi-
mation.''! At the first step, an atomic gas undergoes ionization via
the quantum tunneling mechanism upon optical excitation. During
the second step, the ionized free electron is accelerated by the oscil-
lating optical field initially from and then toward the parenting ion.
At the final third step, the electron recollides with the ion. High-
harmonic generation in atomic gases and plasma has been studied
for decades, which has led to its applications in extreme-UV light
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sources,'!” generation of ultra-short light pulses,'’* and diagnos-
tics techniques at atomic and molecular levels, such as probing of
molecular orbitals.''* Gas-phase HHG, however, involves expensive
vacuum setups and complicated methods to confine the source gas
within the interaction volume, thus limiting its applicability. More
recently, HHG from solids has been demonstrated''” [see Fig. 4(b)],
revealing rich new physics''® and offering systems with more com-
pact form factors. Bulk solids, thin films,'!” and 2D materials''®!"”
have been studied. Processes of HHG from solids were found to
contradict predictions of both the perturbative theory of nonlinear
optics and the three-step recollision model within the strong-filed
approximation used to describe HHG in gases. Although details of
the solid-state HHG mechanism remain a topic for debate,''® the
major differences with gas-state HHG originate from the high den-
sity of solids, leading typically to significant overlap of neighboring
atomic orbitals. Another significant difference of solid-state systems
is that due to their high density, the electron has a chance of recom-
bining not with its parenting core but a neighboring core. Finally,
the intensity scaling law of HHG as a function of pump intensity
may be linear''® in striking difference with the quadratic behavior
typically observed in gas-phase HHG. Various approaches toward
the detailed descriptions of the solid-state HHG can be found in
Ref. 116 and references therein. Links between HHG from gases and
solids have been studied recently’”’ and remain an area of active
research.

A. HHG in dielectric subwavelength structures
and metasurfaces

Solid-state platforms allowed HHG to enter the realm of
nanoscience, and several pathways to nanoscale HHG have been
explored, including plasmonic nanostructures'’* as well as all-
dielectric Fano-resonant metasurfaces'”’ and gratings.'”’ Some of
the first experiments on HHG in subwavelength structures were
conducted using plasmonic materials. Vampa et al. employed an
array of gold nanoantennas to enhance optical harmonic gener-
ation in the underlying silicon substrate.'”* They observed up to
ninth order harmonic generation and were able to achieve ten
times overall enhancement of the harmonic generation intensity and
estimated a 10°-10* times enhancement in optical hot spots cre-
ated by the antennas. Han et al. employed arrays of hybrid gold-
sapphire truncated nanocones to generate harmonics up to 13th
order in the extreme-UV spectral region at wavelengths as short as
60nm.'”” The all-dielectric design further mitigated limitations of
metallic nanostructures, such as relatively low laser damage thresh-
old and absorption losses. Liu et al. demonstrated generation of
optical harmonics up to 11th order in a silicon metasurface!’! that
facilitates a sharp resonance mode that is associated with an opti-
cal analog of electromagnetically induced transparency. A similar
design was conceptualized earlier for third-harmonic generation™®
and described in terms of Fano resonances. This leads to a multi-
fold enhancement of optical fields inside silicon resonant elements.
Zograf et al. demonstrated the generation of up to 11th optical har-
monics in dielectric metasurfaces hosting optical modes associated
with bound states in the continuum.'”* A set of metasurface host-
ing detuned quasi-BIC modes was developed, which allowed tracing
transitions between perturbative and non-perturbative nonlinear
regimes experimentally. The use of non-centrosymmetric materials,
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Observations of high harmonic generation (HHG) spectra in various media
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FIG. 4. Generation of high optical harmonics. (a)-(c) observations of high harmonics in (a) plasma, (b) bulk solid state crystals, and (c) in judiciously designed arrays
of all-dielectric subwavelength resonators (metasurfaces). (d) Concept image of a metasurface producing multiple optical harmonics. (e)-(j) Examples of subwavelength
metal—dielectric and all-dielectric systems for high-harmonic generation. (a) Adapted with permission from Burnett et al., Appl. Phys. Lett. 31, 172-174 (1977). Copyright
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such as GaP, enabled the generation of both even and odd high har-
monics in transparent metasurfaces over the entire visible range.'”°
Even-order optical harmonics up to sixth order and odd harmonics
up to ninth order have been observed. Importantly, to avoid laser-
induced damage and utilize ultrahigh power excitation, single-shot
experiments have enabled a unique physical regime, where the elec-
trons acquire enough momentum to cross the Brillouin zone edges
and engage in highly nonlinear Bloch oscillations.'**

HHG generation at the subwavelength scale differs substan-
tially from HHG in bulk solids. The formation of electron-hole
plasma can significantly alter the optical properties of the material
during the interaction, which, in turn, changes the optical properties
of subwavelength structures. In particular, the resonant wavelength
and Q-factor, among other parameters, become dynamically depen-
dent on the optical excitation regimes and nonlinear light-matter
interactions. We would expect to see a development of new design
principles for non-perturbative nonlinearities that would take into

account dynamic changes in the index of refraction and absorption
occurring on ultrafast time scales.®*!*

At present, non-perturbative nonlinear processes at the
nanoscale require a self-sufficient ansatz that includes both the
non-perturbative response of the underlying materials and
the field-dependent resonant properties of the nanostructures.
Research on lower-order perturbative nonlinearities at the
nanoscale rests on extensive developments of the past covered in
multiple reviews.”%13-132 One of the first steps toward bridging
the gap between perturbative and non-perturbative nonlinearities
at the nanoscale was attempted by Zograf et al. in Ref. 123. In
that study, researchers merged together two approaches: design
principles of BIC metasurfaces,® used successfully for perturba-
tive nonlinear optics,”® with the Keldysh model of free-carrier
generation accounting for tunneling and multiphoton absorption
processes,'** used in the past for non-perturbative nonlinear optics.
Calculations of field enhancements via the BIC mechanism together
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with calculations of plasma-hole density generated in resonant
hot spots via non-perturbative light-matter interactions led to
a successful description of experimentally observed processes of
generation of optical harmonics transitioning from perturbative to
non-perturbative regimes.

Muminating resonant nanostructures with pulse trains at
intensities that drive non-perturbative processes may result in
unwanted effects such as temperature and free-carrier plasma
buildup, as well as multi-pulse laser damage.'** In order to study the
responses of nanostructures bypassing the side effects of pulse trains,
in Ref. 126, a single-pulse excitation scheme has been employed.
The metasurface was driven into the regime where the Bloch fre-
quency, wp = eEa/h (e is the elementary charge, E is the electric field
strength in the metasurface, a is the crystal lattice period, and % is
the reduced Planck’s constant), has reached the values exceeding the
pump frequency by a factor of four, therefore enabling a transition
between the perturbative and non-perturbative regimes of harmonic
generation.
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V. TIME-VARIANT METASURFACES

As shown above, metasurfaces have provided unique ways of
controlling the flow of light by employing spatial arrangements of
resonant subwavelength particles of designer shapes. The optical
properties of metasurfaces are governed by a three-dimensional dis-
tribution of the complex refractive index 7(r), which often can be
considered static. However, this constraint has been recently lifted
by time-variant metamaterials and metasurfaces, whereby tempo-
ral modulations of the metamaterial’s refractive index 7i(r,t) can
expand the physics of their optical response and offers novel func-
tionalities. Here, we analyze the recent reports that utilize the tem-
poral dimension to control the frequency and propagation flow of
light and outline the potential directions of this exciting area of
metaphotonics.

Spatiotemporal light control with metamaterials and metasur-
faces'*>!°° has attracted a lot of attention through extending the
versatility of light wave control in metasurfaces to the temporal
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FIG. 5. Time-variant metamaterials enable frequency conversion beyond parametric frequency mixing. (a) The concept of four-dimensional metamaterials. The optical
response of a time-variant metamaterial is defined by both the spatial and temporal dependences of the constituent materials’ refractive indices. (b) The concept of time-
variant Huygens' metadevices.'” The periodic modulation of both electric and magnetic polarizabilities of the metasurface allows spatiotemporal effects for sideband
frequencies. (c) Linear frequency conversion of THz radiation in a time-variant metasurface with a step-like temporal boundary.'*8 Being driven at 0.6 THz, the metasurface
creates radiation at new frequencies at as high as 1.2 THz due to time-dependent conductivity. (d) Time-variant semiconductor metasurfaces enable frequency conversion
in the near-infrared, with transmittance being greater than unity for certain spectral bands.'° (e) Silicon-based metasurfaces driven by strong mid-infrared femtosecond
pulses show photon acceleration, i.e., self-frequency shift, in the third-harmonic response, whereby the central frequency of the THG radiation can be as high as 3.1w. 40
(f) Frequency conversion of the third-harmonic response in a time-variant germanium metasurface. 4!
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dimension. Figure 5(a) outlines this idea: in a conventional meta-
material, the unusual optical properties are achieved via a judi-
ciously chosen distribution of the refractive index 7(r) in space.
In a time-variant metamaterial, an additional degree of freedom is
added by controlling the refractive index as both functions of space
and time : 71(r, t). Being spatially inhomogeneous, metasurfaces can
alter amplitude, phase, polarization, and angular momenta of light,
leading to scattering, diffraction, and spatial mode mixing. Anal-
ogously, in a temporally inhomogeneous metamaterial, frequency
modes can be mixed, whereby the harmonic function in the form
of E(r, t) = E(r)e™™" is no longer a solution of Maxwell’s equations.
Marrying the spatial refractive index engineering with nanotech-
nology and the temporal refractive index engineering via nonlinear
light-matter interactions opens new approaches to demonstrate
various effects in photonics using time-variant metasurfaces, such
as frequency conversion and nonreciprocal propagation at the
nanoscale.

A. Frequency conversion in time-variant metasurfaces

A parametrically modulated electromagnetic system can actas a
frequency mixer.'** The simplest examples include radio-frequency
circuits with parametrically changing elements and FM radio. In
nonlinear optics, examples of phenomena induced by parametric
modulation include sideband generation through Raman or Bril-
louin scattering.'*’ In metasurfaces, two distinct approaches to time
modulations can be identified: harmonic modulation and step-like
modulation. While the first approach can provide a wider range
of accessible frequency detunings, the second approach is gener-
ally more efficient in transferring energy between frequency modes.
These approaches provide different outlooks on the range of attain-
able frequency, which, in both cases, is approximately determined by
the Fourier spectrum of the parametrically driving stimulus.

Usually, the harmonic modulation of the material’s parame-
ters is achieved via a high-frequency electrical drive. Harmonically
modulated metasurfaces have been demonstrated in a wide spec-
tral range, from radio frequencies,'”” THz'*® to near-infrared.'**
Figure 5(b) conceptualizes the idea of a harmonically driven meta-
surface that generates frequency sidebands at w + Q, where w is the
free-space radiation frequency and Q is the driving frequency. Here,
the metasurface is engineered to perform various operations on the
sideband radiation, including spatial discrimination, lensing, and
other operations associated with metasurfaces. The authors showed
a variety of frequency-multiplexed functionalities at microwave fre-
quencies using varactor diodes as tunable elements. A potential
application based on these effects is a compact beam deflector that
could steer one or more generated sidebands at different directions
and scan them over the full 47 solid angle. This functionality could
benefit the development of new compact radar systems for full-angle
and multitarget detection.

A step-like perturbation of the metasurface’s refractive index
can be achieved through pumping with strong optical pulses. An
ultrashort laser pulse rapidly generates free-carrier plasma that can
shift the center frequency of a resonator by an amount proportional
to the Drude term in the permittivity of the plasma,

1 wf,(t)

AR(t) = —— 22T
a(t) 271 w? + iycw
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where 7 is the static, unperturbed refractive index of the mate-
rial; w,(t) = \/N(t)e?/egm* is the plasma frequency; and y, is the
inverse collision time. Here, A#i(t) represents dynamic modifica-
tions of both the refractive index of a material and its absorption
coefficient. First demonstrations of frequency conversion in rapidly
generated gaseous plasmas date back to the 1970s and 1980s;'#>'4¢
however, ultrahigh power laser radiation was needed to generate
sufficiently dense plasma. It has recently been established that meta-
surfaces can provide a platform for frequency conversion in semi-
conductor plasmas at orders-of-magnitude less intensities, making
it possible to create frequency converters on a chip. Frequency con-
version due to step-like modulation of the refractive index has been
reported in THz'**!*” and infrared'**~'*! spectral ranges.

The process of frequency conversion in time-variant metasur-
faces with a single optical mode can be described using temporal
coupled-mode theory,'**

a(t) + [iw(t) + ya(t)]a = Vxs: (1),

where a(t) is the amplitude of the metasurface’s mode, w(t) is the
time-variant eigenfrequency of the mode, y;(¢) is the time-variant
damping factor, s, () is the external excitation, and « is its cou-
pling constant to the metasurface’s mode. If w(t) and y,(t) can
be externally controlled by either high-frequency electrical drive
or an optical pump, the emitted radiation, given, for instance, by
s_(t) = s+(t) — /xa(t), can contain frequency components that
have not been present in the initial excitation. A general exper-
imental setup for demonstrating the frequency conversion effects
in time-variant metasurfaces triggered by an optical pump is given
in Fig. 5(d). Here, the probe pulse E;"mbe(t) o< s, (t) is exciting the
mode of the metasurface before the pump Epump(7) comes at a
time 7> t. The pump imposes a certain step-like dynamics onto
w(t) and y(t); the result is monitored by measuring the normal-

ized spectrum of the output pulse T(w) = FT|E‘gfuthe(t)/ ;"mhe(t) 2
where FT denotes the Fourier transform. A typical spectrum out-
put from a GaAs metasurface driven by femtosecond pulses'*’ is
shown in Fig. 5(d). Here, it can be seen that T(w) > 1 at certain
frequencies, denoting frequency conversion due to time modula-
tion, which was also verified in metasurfaces based on amorphous

germanium.'*’

VI. CONCLUSIONS AND OUTLOOK

Dielectric nonlinear metasurfaces constitute a rapidly devel-
oping field of research driven by the advancements in the design
and nanofabrication of subwavelength optical resonators. In this
Research Update, we provided a brief overview of strategies and
future directions of nonlinear light-matter interactions in dielectric
metasurfaces.

We surveyed various analytical approaches in designing res-
onant nanostructures via composite resonances, including anapole
modes, Fano resonances, and bound states in the continuum. As
a general trend, the research pursued an increase in the Q-factor
of the optical modes at play for boosting the efficiency of the non-
linear interactions in nanoresonators and metasurfaces. A remark-
able recent achievement enabled by careful engineering of high-Q
modes was the demonstration of a nonlinear optical process in a
metasurface under continuous-wave excitation. This is in striking
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contrast to common experimental approaches employing short-
pulse, high peak power laser sources. Nonlinear nanophotonics in
the CW regime of moderate light intensities enabled by recent
and ongoing efficiency enhancements in high-Q metasurfaces bear
promise for both fundamental and applied research.

We discussed the perspectives of employing machine learning
to facilitate further advancements of nonlinear metasurfaces. The
progress of machine learning applications to photonics will lead
to the rigorous prediction of the nonlinear response, where every
aspect of the complex process of nonlinear light-matter interactions
can be taken into account. This could facilitate substantially further
developments of nonlinear metasurfaces and open up an avenue
of opportunities for advanced nonlinear metasurface designs and
functionalities.

We reviewed several emerging research directions facilitated
by the advancements of dielectric nonlinear metasurfaces. Ultra-
strong optical fields coupled with resonant nanostructures provide
exciting new opportunities for efficient high-harmonic generation
and non-perturbative light-matter interactions at the nanoscale. We
expect to see developments in the fundamental understanding of
non-perturbative nonlinear processes and, in particular, HHG in
dielectric and semiconductor structures engineered on the subwave-
length scale. We further expect to see the development of applied
aspects of nanoscale HHG toward the miniaturization of novel light
sources, such as extreme-UV and attosecond pulse lasers.

We concluded our Research Update by surveying effects in
time-variant metasurfaces, an important extension of exiting capa-
bilities of dielectric metasurfaces to control the frequency of light.
While frequency conversion in time-variant metamaterials has seen
tremendous interest in the past couple of years, there are other
exciting directions where the temporally driven meta-atoms can
shine. One of them is in creating nonreciprocal devices,'**1°%15!
which utilizes the Lorentz reciprocity breaking. The exotic cases
of radio-frequency camouflage have been enabled by quasiran-
dom temporal modulation.'*” The possibility of information encod-
ing in orbital angular momentum degrees of freedom has been
enabled.’”*** One of the fundamental tenets of electromagnetic
resonators, the time-bandwidth limit, has been challenged in res-
onators with time-variant parameters.”>'>> Finally, a plethora of
effects related to Floquet-type temporal Hamiltonians, traditionally
associated with topological photonics,'*® can utilize the synthetic
frequency dimension in time-variant resonators,'”” opening avenues
for novel topological systems based on time-variant metasurfaces.

We believe that the nascent field of strong-field effects in
dielectric metasurfaces can provide unique conditions and materials
with tailored nonlinear responses,’”® seeking applications in novel
compact light sources and all-optical telecommunications.
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