metasurfaces

Introduction

In recent years, metasurfaces have attracted a great deal of
attention from the optics community as highly functional,
broadband, and large-area structures for flat-optics compo-
nents, which are rapidly advancing toward real applications.
While the study of linear properties of metasurfaces is already
being used in engineering, applications of nonlinear metasur-
faces are just beginning to emerge. Detection and generation
of light with new frequencies as well as generation and con-
trol of single photons for quantum information applications
are significant for a range of modern technologies, and they
drive research in nonlinear optical metasurfaces to improve
both performance and functionalities of photonic devices.

In this article, we overview how nonlinear properties of
metasurfaces can be engineered for applications. Multipolar
interferences and enhanced local and collective resonances
drive nonlinear light generation from nanoscale elements,
with controlled direction of high-harmonic generation and
frequency mixing. The nonlinear processes are empowered
by the excitation of electric and magnetic Mie resonances
(defined as localized solutions of Maxwell’s equations for
subwavelength particles) and their nonlinear material interac-
tion, such as switching the phase of the fundamental and har-
monic fields due to the nonlinear response of the component
materials and precise control of structural dimensions at the
nanoscale.
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The field of nonlinear optics is a well-established discipline that relies on macroscopic media
and employs propagation distances longer than a wavelength of light. Recent progress with
electromagnetic metamaterials has allowed for the expansion of this field into new directions
of new phenomena and novel functionalities. In particular, nonlinear effects in thin, artificially
structured materials such as metasurfaces do not rely on phase-matching conditions and
symmetry-related selection rules of natural materials; they may be substantially enhanced
by strong local and collective resonances of fields inside the metasurface nanostructures.
Consequently, nonlinear processes may extend beyond simple harmonic generation and
spectral broadening due to electronic nonlinearities. This article provides a brief review of
basic concepts and recent results in the field of nonlinear optical metasurfaces.

We concentrate on the most recent achievements in the
field, which have been enabled by multiple advances to con-
trol light by nanostructured dielectric metasurfaces made
from resonant structures and strongly nonlinear materials,
(e.g., semiconductors or perovskites). In contrast to the long
established field of metal-based plasmonic metasurfaces, their
low-loss twin, the field of all-dielectric metasurfaces, has
just emerged in the past few years. With respect to the many
applications that enable the control of metasurface parame-
ters, dielectric nanostructures fabricated from a multitude
of high-index optical materials have already outperformed
established metals in particular due to their considerably
lower intrinsic losses.

Recently, research on dielectric metasurfaces has broad-
ened to active' and nonlinear structured surfaces, where in addi-
tion to the low loss, the increased field overlap of the excited
Mie-like resonances with the nonlinear dielectrics and the
higher damage threshold became equally important. Though
this field is relatively new, it has already attracted substantial
attention, since it is expected to enable many advanced pho-
tonic applications in imaging, sensing, signal processing, and
communication. There have been several recent reviews.”™®

Here, we concentrate on the major processes that enable
this progress. We discuss recent new perspectives in materials,
technologies, and applications. We start by introducing major
linear resonance effects exploited to boost and control the
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nonlinear interactions. Driven by important novel functional-
ities of nonlinear metasurfaces (Figure 1), we describe recent
achievements in realizing frequency conversion and high-
harmonic generation. We close by reviewing recent demon-
strations of nonlinear metadevices, realized by using nonlinear
interactions, and finish with our viewpoint on the near-future
directions for this field.

Resonances in metasurfaces

Resonances play a crucial role in the physics of metasurfaces
because they allow substantial enhancement of both the elec-
tric and magnetic fields, which is an important requirement for
nonlinear photonics. We can identify several physical mecha-
nisms for the field enhancement and mode engineering in
metasurfaces. This includes local resonances, such as surface
plasmon resonances, Mie resonances of individual metallic
and dielectric nanoparticles, and collective resonances such as
guided-mode resonances, Fano resonances, and bound states
in the continuum (BIC).

Surface plasmon resonance is the resonant oscillation of
conduction electrons at the surface of a metallic nanoparticle
separating negative (metal) and positive (air) permittivity
materials stimulated by incident light. Such resonances are
associated with strong localization of energy in subwavelength
regions, but with strong absorption by the metal nanoparticles
(typically gold or silver).

Mie resonances are associated traditionally with the exact
Mie solutions of Maxwell’s equations for spherical particles.
In a broader context, they can be employed for the control
of light below the free-space diffraction limit by high-index
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dielectric nanoparticles, and recently, they have attracted
attention because they can support both electric and magnetic
type resonances of comparable strengths.'* !¢

Fano resonance is a fascinating phenomenon of wave phys-
ics observed across various branches of optics, including pho-
tonics, plasmonics, and metamaterials.!” Nanophotonics deals
with extremely strong and confined optical fields at subwave-
length scales far beyond the diffraction limit. Fano resonances
arise from interference between different localized modes
and radiative electromagnetic waves, and are supported by an
appropriate combination of nanoparticles.'” A Fano resonance
typically manifests itself as resonant suppression of the total
scattering cross section accompanied by enhanced absorption
in nanophotonic structures and metasurfaces. Fano resonances
confine light more efficiently and are characterized by a
stronger dispersion (steeper wavelength dependence of scat-
tering strength) than conventional resonances, which makes
them promising for nanoscale biochemical sensing, switching,
or lasing applications.

All such resonances, including surface plasmon resonances,
Mie resonances, and Fano resonances, can be found in many
systems that include a few nanoparticles, either metallic or
dielectric, and they can be excited and observed in dimers
and in clusters of metallic and dielectric nanoparticles called
oligomers. Compared to plasmonic oligomers, all-dielectric
structures are less sensitive to the separation between the par-
ticles, since the field is localized mainly inside the dielectric
nanoparticles.”® Moreover, since dielectric nanostructures
exhibit almost negligible losses, they allow the observation
of Fano resonances for new geometries not supported by their
plasmonic counterparts. These novel features

lead to different coupling mechanisms between
nanoparticles making all-dielectric oligomer
structures attractive for applications in active
nanophotonics.

Arrays of nanoparticles composed into meta-
surfaces demonstrate richer classes of optical
resonances. First, metasurfaces demonstrate
resonances based on the resonances of individ-
ual nanoparticles, such as mirror-like reflec-
tors for electromagnetic waves.'” In addition,
nanoscale-patterned surfaces and films with
subwavelength periodicity sustain novel col-
lective resonance effects when the input light
couples to leaky waveguide modes.

These resonances were first suggested
for diffractive gratings and termed “guided-
mode resonances” to reflect the fundamental
physics governing these phenomena. They
were previously termed “anomalous modes”
in the scattering of light. In recent years, such

Figure 1. Select examples of useful functionalities of nonlinear metasurfaces. (a) Third-
harmonic generation with nonlinear beam deflection,® (b) resonant second-harmonic
generation,'? (c) two-beam frequency mixing,'" (d) nonlinear metalens,' and (e) nonlinear
hologram.'® Note: o, frequency of exciting light.

phenomena are associated with metasurfaces.
Nevertheless, the resonance physics does not
depend on the structure’s periodicity only in a
fundamental way. Various spectral expressions
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are available with wide parametric design spaces to control the
amplitude, phase, polarization, near-field intensity, and light
distribution on metasurfaces as generalized periodic media.

Periodic media exhibit interesting properties, also support-
ing both leaky edge and non-leaky edge modes for each sup-
ported resonant Bloch wave (as extended wave solutions of
periodic potentials) if the lattice is symmetric. The non-leaky
edge is associated with a BIC, or an embedded eigenvalue,
which is of considerable scientific interest because it can pro-
vide a physical mechanism for trapping electromagnetic energy
for a long time.?'?? A true BIC is a mathematical object with
an infinite value of the resonance spectral width, often called
the quality factor (Q factor). In practice, BIC can be realized
as quasi-BIC, being directly associated with the so-called
supercavity mode,® where both the Q factor and resonance
width become finite. Nevertheless, BIC-inspired localization
of light makes it possible to realize high-Q quasi-BIC modes
in conventional optical structures such as optical cavities,
photonic-crystal slabs, and coupled optical waveguides.

It has been shown recently that the resonant response of
dielectric metasurfaces composed of resonators (often called
“meta-atoms”) with broken in-plane inversion symmetry can
support high-Q resonances directly associated with the concept
of the BIC.** This includes, in particular, broken-symmetry
Fano dielectric metasurfaces for enhancement of nonlinear
effects” and reported sensing with pixelated dielectric meta-
surfaces.” All such structures can be employed in nonlinear
nanophotonics, since they give rise to strong light—-matter
interaction on the nanoscale. It was shown that an asymme-
try induces an imbalanced interference between counter-
propagating leaky waves comprising a BIC that leads to radiation
leakage.?' Similarly, breaking the symmetry transversely, in

the direction perpendicular to a metasurface, with a complex
unit cell allows control of the number, frequency, and type of
high-Q resonances originating from the BIC physics.

Figure 2 shows the concept of quasi-BIC modes in plas-
monic or dielectric metasurfaces with broken in-plane symme-
try. Figure 2a schematically shows a metasurface composed of
a square lattice of pairs of dielectric bars of different widths,
but many other types of meta-atoms are available, as shown
in Figure 2b. Importantly, all such metasurfaces are charac-
terized by the inverse quadratic dependence of the radiative
Q factor on an asymmetry parameter o, as was first proven
analytically (Figure 2c).**

A direct link exists between quasi-BIC states and Fano res-
onances because these two phenomena originate from similar
physics. It has been shown?* that the transmission spectra of
dielectric metasurfaces with broken symmetry near the condi-
tion of the quasi-BIC resonance can be described explicitly by
the classical Fano formula, and the observed peak positions
and linewidths correspond exactly to the real and imaginary
parts of the eigenmode frequencies. The Fano parameter
becomes ill-defined at the BIC condition, which corresponds
to a collapse of the Fano resonance.?’” Importantly, every quasi-
BIC mode can be linked with a Fano resonance, whereas the
opposite is not true—a Fano resonance may not converge to a
BIC mode for any variation of the system parameters.

Figure 3 shows several examples of dielectric metasur-
faces supporting quasi-BIC resonances, shown as scanning
electron microscope images of the fabricated structures. Such
metasurfaces have the potential to significantly improve opti-
cal sensing applications as well as to increase the efficiency of
integrated light sources. Figure 3a presents a part of a Si meta-
surface with the highest value of the O factor demonstrated
so far, with Q = 18,511.%® Figure 3b shows

a Ge-based high-Q metasurface capable of
delivering a multitude of spectrally selective
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bines an asymmetric Si nanorod array with
Ge quantum dots embedded directly in the Si
nanorods. For the last metasurface (Figure 3c),
the authors observed light emission intensity
enhancement and specific polarization of far-
field radiation driven by symmetry-breaking-
induced Fano resonances.*

Examples of meta-atoms

N O I
Figure 2. The concept of quasi-bound states in the continuum modes in dielectric
metasurfaces with a broken in-plane symmetry. (a) Schematic of the scattering of light
by an asymmetric metasurface composed of a square lattice of pairs of dielectric bars of
different widths. (b) Examples of asymmetric meta-atoms. (c) Inverse quadratic dependence
of the radiative Q (quality) factor on the asymmetry parameter o (log-log plot). The inset
shows the specific shape of the isolated asymmetric meta-atom. Adapted with permission

from Reference 24. © 2018 American Physical Society. Note: Q,.q, radiative quality factor;
E, electric field; H, magnetic field; k, wave vector.

Frequency conversion in nonlinear
metasurfaces

Resonant excitations in metasurfaces, the dif-
ferent types of which were discussed in the
previous section, boost light—matter interac-
tions. Due to resonant field enhancement inside
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dielectric nanostructures, nonlinear light-matter interactions

can occur for easily accessible excitation intensities. However,

besides the onset of nonlinear effects for reduced excitation
powers and the increased damage threshold as compared to
metal nanostructures, dielectric metasurfaces offer multiple
additional advantages for the generation, control, and exploi-
tation of nonlinear optical effects. These advantages, similar
to field enhancement, derive from resonant excitations in the
thin nanostructured films of dielectric metasurfaces.

The following specific properties can be discussed:

1. Phase matching: The thin-film nature of metasurfaces, with
thicknesses smaller than the wavelength of light, resolves
any phase-matching issue, which otherwise often hampers
nonlinear effects in macroscopic waveguide devices or
bulk crystals. The reduced nonlinear efficiency, a conse-
quence of the strongly decreased interaction length in thin
metasurfaces, can at least partially be compensated by the
discussed resonant field enhancement.

2. Field overlap: Since electromagnetic fields can penetrate
into dielectric materials, there is strong overlap of reso-
nantly excited modes with the nonlinear material of the
dielectric nanostructures composing the metasurfaces.
In contrast to plasmonic nanostructures, where the field is
enhanced mainly at the surfaces of the nanostructures, this
improved overlap gives rise to high nonlinear interaction
efficiencies of dielectric metasurfaces. This overlap is often
strongest for higher-order resonances (e.g., magnetic dipole
resonances).

3. Symmetry breaking: While many nonlinear interactions,
which are present on the microscopic level, do not result
in macroscopic effects due to their suppression by sym-
metries of the materials and fields, nanostructured diclec-
trics can break the symmetry of both the materials on a
nanoscopic level and the fields. The surface-to-volume
ratio is enhanced for nanostructures, strengthening non-
linear surface effects. This can be enhanced further by
breaking the nanostructures symmetries on the nanoscale.
Moreover, compared to the trivial vectorial orientations
of electromagnetic fields in bulk media, the hybridization
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of fields for higher-order modes in high-index dielectric
nanostructures can be the origin of nonlinear interactions,
which are symmetry-forbidden in bulk media.

4. Dispersion: Resonant interactions, as they occur in dielec-
tric metasurfaces, are inherently dispersive in that they
show different behaviors for different excitation fre-
quencies. While this can often be a concern, due to the
obstruction of broadband operation or induction of phase-
mismatch in nonlinear frequency generation, we assume the
perspective that this is a versatile feature, which should be
used to tailor nonlinear interactions. By providing almost
arbitrary control over the frequency dependence of the
density of states in resonant dielectric metasurfaces, higher-
order nonlinear frequency generations can be tailored at
will or short pulses can be nonlinearly reshaped simply by
controlling the linear dispersion properties of metasurfaces.

5. Spatial tailoring: Since the resonant properties of nano-
structured metasurfaces depend strongly on the geometry
of the nanostructures, the resonances can be spatially varied
by varying the nanoscale geometries across the metasur-
faces. While the nonlinear properties of bulk media are spa-
tially homogeneous, this tailorability of the nanostructures
allows tuning the linear and nonlinear properties across
the metasurfaces, the interplay of which can be exploited
for complex spatiotemporal nonlinear beam shaping and
control.

The following is an overview of the demonstrated nonlin-
ear frequency conversion processes by subdividing the field
into second-harmonic generation (SHG) and third-harmonic
generation (THG).

SHG

SHG, the creation of one high-energy photon (at the so-called
second-harmonic [SH] frequency) from two low-energy pho-
tons (at the so-called fundamental harmonic [FH] frequency)
of a single excitation beam, is a second-order nonlinear opti-
cal process. On the molecular level, it is the strongest non-
linear process when compared to higher-order nonlinearities.
However, second-order nonlinear effects are

often suppressed on the macroscopic scale by
the centrosymmetry or amorphous character
of most materials, by which the second-order
nonlinear response of an atom or molecule is
annihilated. Moreover, on the macroscopic
scale, the dispersive nature of the material’s
response gives rise to different phase veloci-
ties of FH and SH waves by which they accu-
mulate a phase difference during propagation.

Figure 3. Examples of metasurfaces with broken in-plane symmetry supporting quasi-
bound states in the continuum resonances, shown as scanning electron microscope
images of the fabricated structures. (a) Silicon metasurface demonstrating the highest
values of the quality factor,® (b) the structure of one pixel of the pixelated germanium
metasurface employed for biosensing,?® and (c) silicon metasurface with Ge quantum
dots embedded in the silicon nanostructures showing enhanced light-matter interaction.
Insets show enlarged parts of the scanning electron microscope images.

This effect, which is frequently referred to as
phase mismatch, leads to destructive interfer-
ence of SHG over macroscopic propagation
distances and limits its efficiency.

Bulk crystal or waveguide techniques such
as birefringent phase matching or quasi-phase
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matching have been developed to counteract the destructive
effect of dispersion in SHG, the subwavelength thickness of
metasurfaces renders phase mismatch irrelevant. Moreover,
the microscopic centrosymmetry of materials can be broken
on the nanoscale by the nanopatterning in metasurfaces,
giving rise to SHG in materials, which would be symmetry-
forbidden in their bulk form.

SHG was investigated in non-centrosymmetric metal
nanostructures early in the development of plasmonic meta-
surfaces.’'*? These plasmonic implementations of the meta-
surface suffered from intrinsic losses of metals and from their
relatively low damage thresholds induced by these losses
due to heating of the nanostructures. This latter fact, in par-
ticular, limits the applicability of nonlinear applications due
to the power dependence of SHG efficiencies. It has been
shown that by switching to dielectric metasurfaces, nonlin-
ear efficiencies could be considerably boosted. This was
discussed first for optomechanical nonlinearities,* and soon
after, second-order optical nonlinearities with SHG were pro-
posed.’* Due to challenges in the large-scale fabrication of
nanostructures from non-centrosymmetric crystalline materi-
als, some of the research focused on single nanostructures,
acting as nonlinear antennas.*>*' These resonant nanostruc-
tures were made from second-order nonlinear crystals, includ-
ing SiC,* AlGaAs,* 3840 Zn0,* and GaAs,*" where the work

from Reference 41 had been solving existing directionality
problems of SHG by using (111)-grown crystals instead of
previously used (100) crystals. In some of these studies on
nonlinear antennas, entire arrays of antennas were fabricated
and characterized to increase the detected SHG signal by col-
lecting the nonlinear response of several antennas at once.
Since these works focused on the dynamics of the isolated
antennas while disregarding collective effects, they have not
been considered as metasurfaces.

Eventually, the realization of real metasurfaces with densely
arranged nanoparticles (as shown in the examples of Figure 4)
concentrated on III-V semiconductors with high second-order
nonlinearities, GaAs*** and AlGaAs.**% In these metasurfac-
es, SHG efficiency was increased as compared to homoge-
neous films by a factor of 10*, initially by exploiting magnetic
dipole resonances in symmetric nanoresonators,* but later, an
even higher efficiency (enhanced by a factor of 13 as com-
pared to GaAs nanodisks) was obtained by Fano resonances in
broken symmetries.* Frizyuk et al.’ recently discussed how
symmetries of the resonances interacting with the symmetries
of complicated nonlinear tensors in such III-V semiconduc-
tor nanoresonators can be exploited for efficient nonlinear
processes.

Due to the small energy gap of I1I-V semiconductors, they
are limited to SHG in the near infrared spectrum or otherwise
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resonance schemes and for controlling the angular emission spectrum of the second harmonic (SH). (a) By employing the magnetic dipole
resonance in a GaAs metasurface illustrated by its scanning electron microscope image, strong SHG from bulk and surface nonlinearities is
observed in (b) with 10* enhancement with respect to an unpatterned GaAs film.*? (c) Utilizing Fano resonances in broken symmetry GaAs
metasurfaces (inset shows the scanning electron microscope image of the structure), SHG could be resonantly enhanced by a factor of 13
with respect to GaAs nanodisks, as plotted in (d).“® (e) Interference of electric and magnetic dipole resonances in a GaAs metasurface gave
rise to SH emission into different diffraction angles plotted in (f) for an excitation wavelength of 890 nm.* (g) Modulation of Mie resonances
via Bragg scattering at both fundamental and second harmonics in an AIGaAs metasurface was exploited to enable paraxial SHG into

the zero order, as demonstrated by the measured angular spectrum in (h).*® Note: NA, numerical aperture; E®, electric field at fundamental
frequency; E?*, electric field at second-harmonic frequency.
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suffer from absorption. Ferroelectrics such as lithium niobate
and barium titanate have been explored for realizing nonlin-
ear metasurfaces and nanoresonators, with applications in the
visible or even ultraviolet spectrum.**3 Due to the lower ¢
of these ferroelectrics as compared to III-V semiconductors,
the Q factor of the resonances and the achieved SHG efficien-
cies were quite low. In some studies, this was mitigated by
hybridizing the ferroelectric nanoresonators with plasmonic
nanoresonators to increase the field enhancement.*%

Alternative realizations of metasurfaces and isolated
nanoresonators were based on centrosymmetric materials,
such as amorphous selenium,> (001)GaP,* nanocrystalline
Si,% and amorphous Si.”” To induce the normally symmetry-
forbidden second-order nonlinear response from these nano-
structures, the symmetry breaking property from the previous
discussion was exploited using geometric symmetry breaking
either at the surfaces or at the nanocrystal boundaries in the
nanoresonators.

THG

THG, the creation of one high-energy photon (at the so-called
third-harmonic [TH] frequency) from three low-energy FH
photons of a single excitation beam, is a third-order nonlin-
ear optical process. On the molecular level, it is weaker than
the previously discussed second-order nonlinearity. However,
unlike second-order nonlinear effects, third-order effects do
not require non-centrosymmetry and are observed on a mac-
roscopic scale (length scales comparable to or larger than the
wavelength) for all materials. Therefore, the widely available
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Si, and to a lesser extent Ge, became the materials of choice
for the realization of THG in metasurfaces. While the find-
ings from symmetry breaking have not been considered for
the nonlinear properties, all other arguments remain equally
important for THG. Due to the large frequency shift from FH
to TH, dispersion in resonant metasurfaces becomes more
important for THG than for SHG.

Similar to SHG, the basic effects of THG in resonant
dielectric nanostructures have been studied in isolated nano-
antennas of Si*® and Ge.* Also similar to SHG, it was discov-
ered that magnetic dipole modes should be favored against
electric dipole modes, because of their better field overlap
with the nonlinear medium and the higher Q factor.>®%° Further
improvement of THG efficiency was achieved by increasing
the Q factors based on the excitation of the hybrid superposi-
tion of the dipole and toroidal modes (often called “anapole
modes”) in Ge nanoresonators® and by increasing the field
concentration based on hybridization of Si nanoresonators
with plasmonic gold structures.®!

Due to the maturity of Si nanofabrication, an understand-
ing of THG in isolated Si nanoantennas could be realized in
large-scale metasurfaces,'**62% as summarized in Figure 5.
Based on the high precision of Si nanofabrication, compli-
cated geometries can be fabricated, with the well-established
Mie-like resonances of the individual nanoresonators giving
rise to collective resonance effects, such as Fano resonances,®
BIC,'** and topologically protected states.®® Makarov et al.
demonstrated an alternative to nanofabrication by electron-
beam lithography by using self-adjusted laser lithography for
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Figure 5. Third-harmonic generation (THG) in Si metasurfaces with different nanoscale geometries for exploiting specific resonance
schemes. (a) Utilizing a Fano-resonant Si metasurface illustrated by its scanning electron microscope image, strong near-field enhancement
resulted in strongly polarization dependent THG, seen by the strongly different THG intensity spectra plotted in (b) with 1.5 x 10°
enhancement compared to an unpatterned Si film.®2 The inset in (b) illustrates the polarization orientation of the excitation. (c, d) By
employing trapped modes in spindle-shaped Si nanoparticles, the THG could be resonantly enhanced by a factor of 3 x 102 (c) Scanning
electron microscope image of the Si nanostructures. (d) Polarization dependent measured THG spectra. The upper left inset illustrates the
polarization orientation of the excitation with respect to the spindle-shaped Si nanoparticles.® (e) Multipolar interference in cross-shaped
nanoscale apertures in Si thin films gave rise to THG plotted in (f) with 102 enhancement compared to the unpatterned Si film, where the
measured THG (“Exp”) agrees well with calculations (“Cal”).®® (g) Bound states in the continuum and critical coupling were systematically
studied for their THG enhancement (h) depending on the asymmetry parameter o, which characterizes the geometrical asymmetry of the
employed Si double bar structure by determining the relative width reduction of the thinner silicon bar as compared to the thicker bar.™

MRS BULLETIN - VOLUME 45 « MARCH 2020 - mrs.org/bulletin M 215



NLINEAR OPTICS WITH R

writing nanostructures, potentially allowing for inexpensive
large-scale fabrication.®* Besides studying THG in metasur-
faces, which consist of a large number of nanoresonators,
some work also concentrated on exploring the effects arising
from the transition from single dielectric resonators to oligo-
mers that consist of a small number of dielectric nanoresona-
tors.”% Many of the resonance effects in metasurfaces have
already been observed in oligomers, due to the interaction of
three or four resonators.

High-harmonic generation and frequency
mixing

High-harmonic generation (HHG) was first reported for rare
gas atoms and was considered as one of the fundamental
processes in strong-field physics and attosecond photonics.”
Recently discovered HHG in solids” provides a new way to
investigate novel strong-field photonic applications that can-
not be realized in gases. In particular, this suggests the pos-
sibility of generating and controlling the high harmonics
directly from subwavelength nanostructures.

order is collected and the total area of structured Si is only
47% of the unpatterned film under the same illumination spot.
The lower bound conversion efficiency for the fifth harmonic
generated from the metasurface can be estimated as ~5 x 107
at an excitation intensity of 0.07 TW cm 2. When the polariza-
tion of the excitation pulse is perpendicular to the nanobars, a
configuration in which the bars’ dipolar resonance is not excited,
only the fifth and seventh harmonics are observed (solid green
line). In this case, the yield for the fifth harmonic is similar to
the unpatterned film and only a weak seventh harmonic is seen
above the noise level, but reduced by a factor of 12 compared to
the same harmonic yield in the parallel configuration.
Metasurfaces made from III-V semiconductors have been
employed to show the frequency mixing, including generation
of the second-, third- and fourth harmonic, as well as four-wave
mixing and six-wave mixing nonlinear processes.'" Such a
metasurface consists of a periodic array of cylindrical resona-
tors with three layers: the top is an SiO, etch mask that is an
exposed hydrogen silsesquioxane photoresist, the middle is the

The effect of nanostructures on solid-state HHG

is twofold—first, each individual nanoscale 10°
feature interacts with and scatters fundamental
light in a nontrivial way depending on its geom-
etry. Second, HHG emission profiles in the far
field can be controlled by arranging the location
of individual nanostructures.

All-dielectric resonant metasurfaces pro-
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wavelength due to its resonant features. When
the metasurface was resonantly excited, the
high-harmonic signal was orders of magnitude
higher compared to an unpatterned Si film at
moderate driving intensities. Figure 6a shows
the high-harmonic spectrum produced by the
metasurface at an incident excitation intensity
0f 0.071 TW cm. When the fundamental field
is polarized along the nanobars, odd harmonics
from the fifth to 11th are observed (solid red
line), while no harmonics higher than the fifth
are observed in unpatterned Si (dotted black
line). At this intensity, the fifth harmonic is
enhanced by the nanostructured metasurface
by a factor of 30 compared to the unpatterned
film, even though only the zero diffraction

centered at

in the inset)

(laser,) and

Wavelength (nm)

Figure 6. High-harmonic generation in semiconductor metasurfaces. (a) Spectra of the
high harmonics generated from a Si metasurface, demonstrating the possibility to generate
harmonics ranging from fifth (HH5) to 11th (HH11) order when the excitation pulses

L = 2320 nm are polarized parallel (red line) and perpendicular (green line)

to the nanobars on the metasurface (shown by the scanning electron microscope picture

. The dotted black line is the high-harmonic spectrum from the unpatterned

Si film for comparison.” (b) Frequency up-conversion spectrum obtained from a GaSe
metasurface when pumped by two continuous wave lasers at wavelengths of 1540.0 nm

1543.9 nm (laser,), showing second-harmonic generation (SHG, from laser,

and SHG, from laser,) and sum-frequency mixing (SFG from laser, and laser,) peaks.
(c) Spectrum of frequency mixing exhibiting eleven peaks originating from seven different
nonlinear processes when two optical beams at wavelengths A, ~ 1.57 pm and A, ~ 1.24 ym
are used to simultaneously pump a GaAs metasurface. Blue labels: harmonic generation

and photoluminescence (PL) arising from two-photon absorption with one pump beam.
Red labels: frequency mixing that involves both pump beams."" Note: HHG, high-harmonic
generation; THG, third-harmonic generation; FHG, fourth-harmonic generation; o,, frequency
corresponding to A;; w,, frequency corresponding to A,.
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GaAs layer, and the bottom layer is the oxide (Al :Gay;5),0;."
When two femtosecond pump beams simultaneously pump
the GaAs metasurface with wavelengths overlapping with the
magnetic and electric dipole resonances, the nonlinear genera-
tion of 11 new frequencies with spectra spanning from ultra-
violet to near-infrared can be detected (Figure 6¢). Due to the
small feature size of the resonators, the metasurface relaxes
phase-matching conditions, which leads to the possibility of
the generation of a few different nonlinear processes at the
same time. The newly generated frequencies can be divided
into two groups. The first group relies only on one beam—
SHG, THG, fourth-harmonic generation, and photolumi-
nescence. The second group of signals relies on two pump
beams—sum-frequency mixing (SFG), six-wave mixing, and
three peaks that correspond to four-wave mixing processes.

Nonlinear metadevices

Metasurfaces emerged as a two-dimensional (2D) version
of metamaterials with properties beyond those described by
effective or averaged parameters. Being structured on the
subwavelength scale, metasurfaces substantially extended

NONLINEAR OPTICS WITH RESONANT METASURFACES

the concept of diffraction gratings, and they became a para-
digm for engineering electromagnetic space and controlling
the propagation of waves. The current research agenda is to
achieve tunable, switchable, nonlinear, and sensing func-
tionalities of flat optics, creating a platform for the emerg-
ing field of planar metadevices, which we define as devices
with unique and useful functionalities realized by structuring
of functional matter on the subwavelength scale. Here, we
summarize and discuss several experimentally demonstrated
nonlinear metadevices engaging nonlinear response of their
subwavelength components.

Wang et al.’ suggested a general approach for engineer-
ing the wavefront of parametric waves of arbitrary complex-
ity generated by a nonlinear metasurface. They designed
all-dielectric nonlinear metasurfaces with a highly efficient
wavefront control of the third-harmonic field, and demonstrat-
ed the generation of nonlinear beams at a designed angle and
the generation of nonlinear focusing vortex beams, as shown
in Figure 7a—b. Their nonlinear metasurfaces produced phase
gradients over a full 0-2n phase range. Figure 7a shows a
directionality diagram (back-focal plane image) of the forward

‘a]  Nonlinear beam deflector

[b] Nonlinear vortex generator

A 2 (ii)
Nonlinear metalens iz
lg p
Q0
<C
An
== (iii

Figure 7. Examples of nonlinear metadevices exploring spatial control of nonlinear fields with metasurfaces. (a) Nonlinear beam-deflector
metasurface.® (Bottom) Schematic of the nonlinear beam deflector showing the excitation at frequency  and the deflected third-harmonic
generation (THG) at frequency 3w. Top: Directionality diagram (back-focal plane image) of the forward third-harmonic field. (b) (i) Nonlinear
vortex beam generator.® Cross sections of a generated donut-shaped vortex beam taken (i) perpendicular to the optical axis and (jii) along the
optical axis of the beam. (c) (i) Principle of linear and nonlinear metasurface-based sensing. (i) Influence of the linear sensing mechanism
on absorbance. (iii) Influence of nonlinear sensing scheme on THG. The dashed lines indicate the wavelength for which the strongest signal
change could be observed in the demonstrated sensing scheme.” (d) Nonlinear metasurface hologram. (i) Scheme of the setup. (i, inset)
Scanning electron microscope images of the C-shaped Si metasurface. (jii) Experimentally obtained holographic image for a wavelength

of 483 nm."™ (e) (i) Schematic concept of a nonlinear metalens, with L-shaped apertures imaged on a screen with the help of the nonlinear
metalens consisting of triangular nanoantennas. (i) Measured second-harmonic generation distribution in image plane compared to (jii) the
corresponding simulation.”” Note: , frequency of exciting light; TH, third harmonic; n, index of refraction; A, wavelength.
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third-harmonic field. A total of 92% of the third-harmonic field
is directed into the designed angle 6 = 5.6°.

The idea to employ nonlinear metasurfaces for sensing has
been suggested as an example of application of plasmonic
metasurfaces.”” A refractive index difference, An, in the
environment of the metasurface causes a shift of its resonance
frequency. In nonlinear sensing, the resonance is driven at
frequency o, and the resonantly enhanced third harmonic at
frequency 3w serves as the sensor signal (Figure 7¢). Because
of the nonlinear conversion process, one can observe a larger
sensitivity to a local change in the refractive index as com-
pared to the commonly used linear localized surface plasmon
resonance sensing.”? Furthermore, simultaneous detection of
linear and nonlinear signals allows comparison of both meth-
ods, providing further insight into the working principle of
this sensor. While the signal-to-noise ratio is comparable, non-
linear sensing gives about seven times higher relative signal
changes, which could improve applications, for example, for
refractive index or single molecule sensing.

Nonlinear holographic metasurfaces have been intensively
studied due to their potential in practical applications.'>*7
Gao et al.” demonstrated a novel mechanism for nonlinear
holographic metasurfaces. In contrast to conventional studies,
their all-dielectric metasurface is composed of C-shaped Si
nanoantennas. The incident laser is enhanced by their funda-
mental resonance, whereas the generated THG signals are
redistributed to the air gap region via the higher order reso-
nance, significantly reducing the absorption loss at short wave-
lengths and resulting in an enhancement factor as high as 230.
After introducing abrupt phase changes from 0 to 2z to the C
elements, high-efficiency THG holograms have been experi-
mentally generated with the Si metasurface (Figure 7d).

Another attractive application of metasurfaces is imaging
by planar metalenses, which enables device miniaturization
and aberration correction compared to conventional optical
microlens systems. An abrupt phase change of light at meta-
surfaces provides high flexibility in wave manipulation with-
out the need of accumulation of propagating phase through
dispersive materials.”® With nonlinear responses, optical func-
tionalities of metalenses are anticipated to be further enriched,
leading to completely new application areas. Schlickriede
et al.”” have demonstrated an ultrathin nonlinear metalens
using SHG from gold meta-atoms with threefold rotational sym-
metry. The desired phase profile for a metalens was obtained by
a nonlinear Pancharatnam—Berry phase (see Reference 77) that
is governed by the meta-atom orientation angle and the spin
state of the fundamental wave. For a near-infrared Gaussian
laser beam, the authors realized the spin-dependent focus-
ing effect of SHG waves at both real and virtual focal planes.
Furthermore, they showed that objects illuminated by near
infrared light can be imaged at a visible wavelength based on
the SHG process at the metalens, as shown in Figure 7e. The
concept of a nonlinear metalens not only inspires new imaging
technologies, but also provides a novel platform for generating
and modulating nonlinear optical waves.
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Several groups have studied optical switching by employ-
ing two-photon absorption,” carrier injection,” intensity-
dependent refractive index of chalcogenide glass,*® and strong
absorption saturation.®' In particular, Shcherbakov et al.” real-
ized an ultrafast tunable metasurface consisting of subwave-
length GaAs nanoparticles supporting Mie-type resonances
in the near infrared. Using transient reflectance spectroscopy,
they demonstrated a picosecond-scale absolute reflectance
modulation of up to 0.35 at the magnetic dipole resonance of
the metasurfaces and a spectral shift of the resonance by 30 nm,
both achieved at unprecedentedly low pump fluence of less
than 400 pJ cm™2. Their findings enable a versatile tool for
ultrafast and efficient control of light using light. However,
practical ultrafast and efficient metadevices based on these
effects are yet to be demonstrated.

Summary and outlook
For efficient nonlinear processes in optics, engineering the
nonlinear properties of media becomes an important task.
The well-known approach for engineering nonlinear optical
properties is the quasi-phase-matching scheme for enhancing
second-order processes such as SHG, based on binary peri-
odic polling of natural crystals, which is equivalent to a dis-
crete phase change of the nonlinear polarization. Continuous
control of the phase of the nonlinear susceptibility can greatly
enhance flexibility in the design; the latter becomes possible
with metamaterials. Thus, nonlinear metamaterials have fun-
damental significance in nonlinear optics for tailored non-
linearities, as they provide novel degrees of freedom in the
design of optical materials with nontrivial nonlinear response.
Metasurfaces, assembled from 2D arrays of optical reso-
nators, do not require any phase-matching condition, and
they rely on local enhancement of both electric and magnetic
fields, so resonances play an important role in the physics of
nonlinear metasurfaces. In this article, we have outlined the
most recent advances in the emerging field of nonlinear meta-
surfaces largely driven by dielectric nanostructures support-
ing Mie-type and guided-mode resonances. This is a rapidly
developing field with great potential for applications in new
types of beam control devices, frequency conversion with flat
optics, next-generation displays, and quantum processing.
Subwavelength confinement of local electromagnetic fields
in resonant high-index dielectric photonic nanostructures due
to individual Mie and collective Fano resonances, as well as
interference physics of the different types of bound states in
the continuum, can boost many effects in nonlinear optics,
thus offering novel opportunities for subwavelength control
of light at the nanoscale for components of future nonlinear
metadevices. These are defined as devices having unique and
useful functionalities through structuring functional matter on
the subwavelength scale. An open challenge in this respect is
set by the limited product of Q factor and bandwidth, which
restricts the utilization of ultrashort pulses for exciting the
nonlinear response of metasurfaces with ultrahigh-Q fac-
tors, due to the finite bandwidth of the resonant enhancement.



However, strong non-perturbative nonlinear effects might
introduce new solution strategies in this direction.

Further developments are expected from introducing
new materials for realizing nonlinear metasurfaces. As one
example, the nonlinearity of Si-based devices is limited to
a third-order nonlinearity due to the crystal symmetry of
Si. Hence, the nonlinear efficiencies remain relatively low,
which hinders their practical applications with low-power
lasers. However, combining Si metasurfaces with 2D GaSe
flakes can assist high-efficiency second-order nonlinear pro-
cesses, including SHG and SFG.*? The obtained SHG from the
Si—GaSe metasurface is approximately two orders of magni-
tude stronger than THG from the bare Si metasurface. In addi-
tion, the resonant field enhancement and GaSe-induced strong
second-order nonlinearity, make it possible to observe SFG
as well. Besides the hybridization of dielectric metasurfaces
with various types of 2D materials,® the direct nanopattern-
ing of strongly nonlinear atomic membranes is a future attractive
direction to develop atomically thin nonlinear metasurfaces.®>%
Other prospective future developments of the field can be
associated with novel directions such as nonlinear topologi-
cal photonics® and realization of quantum effects with flat
optics.®38¢ The field of metasurfaces has attracted a great deal
of interest for applications of the methods of deep machine
learning and global optimization using advanced concepts of
physics-inspired theory of neural networks.®”:

Another interesting future direction is to control light—
matter interactions of organic—inorganic perovskite materials,
and their applications in energy harvesting and photonic devices
by combining them with resonant dielectric metasurfaces.
Organic—inorganic halide perovskites have received extensive
interest owing to their high solar conversion efficiencies and
low fabrication cost.?” The combined effects of the two classes
of materials, perovskites and metamaterials, can be explored
with a design of hybrid structures by patterning perovskites
into metasurfaces or placing perovskites on top of a resonant
metasurface to control the carrier dynamics and boost the
device performance and efficiency for solar cells and photode-
tectors. Thus, a new approach of engineering perovskites with
metasurfaces can bring revolutionary steps toward developing
novel linear and nonlinear planar photonic devices.

Nonlinear metasurfaces highlight the importance of opti-
cally induced magnetic response of engineering nonmagnetic
resonant structures for many applications in optics, includ-
ing optical sensing, parametric amplification, ultrafast spa-
tial modulation of light, and nonlinear active media, as well
as both integrated classical and quantum circuitry and topo-
logical photonics, underpinning a new generation of highly
efficient flat-optics metadevices.
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